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AMCP 706-201

FOREWORD

The Helicopter Engineering Handbook forms a part of the Engineering Design

Handbook Series which present. engineering data for the design and construction of
Army equipment.

This volume, AMCP 706-201, Preliminary Design, is Part One of a three-part Engi-
neering Design Handbook titled Helicopter Engineering. Along with AMCP 706-202,
Detail Design and AMCP 706-203, Qualification Assurance, this part is intended to set
forth explicit design standards for Army helicopters, to establish qualification require-
ments, and to provide technical guidance to helicopter designers in both the industry
and within the Army.

This volume, AMCP 706-201, discusses the characteristics and subsystems which
must be considered during preliminary design of a helicopter. Additionally, possible
design problems encountered during helicopter design are discussed and possible solu-
tions suggested. The volume is divided into 14 ,hapters and is organized as described
in Chapter 1, the introduction to the volume.

AMCP 706-202 deals with the evolution of the vehicle from an approved preliminary
design configuration. As a result of this phase, the design must provide sufficient detail
to permit construction and qualification of the helicopter in compliance with the
approved detail specification and other requirements. Design requirements for all
vehicle subsystems also are included in AMCP 706-202.

The third volume of the handbook, AMCP 706-203, defines the requirements for
airworthiness qualification of the helicopter and for demonstration of contract compli-
ance. The test procedures used by the Army in the performance of those additional tests
required by the Airworthiness Qualification Program to be performed by the Army also
are described.
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AMCP 706-201

PREFACE

This volume, AMCP 706-201, Preliminary Design, is the first section of a three-part
engineering handbook, Helicopter Engineering, in the Engineering Design Handboxok
series. It was prepared by Forge Aerospace, Inc., Washington, D.C., under subcontract
to the Engineering Handbook Office, Duke University, Durham, N.C,

The Engineering Design Handbooks fall into two basic categories, those approved
for release and sale, and those classified for security reasons. The Army Materiel
Command policy is to release these Engineering Design Handbook., to other DOD
activities and their contractors, and other Government agencies in accordance with
current Army Regulation 70-31, dated 9 September 1966. It will be noted that the
majotity of these Handbooks can be obtained from the National Technical Information
Service (NTIS). Procedures for acquiring these Handbooks follow:

a. Activities within AMC, DOD agencies, and Government agencies other than
DOD having need for the Handbooks should direct their request on an official form
to:

Commander
Letterkenny Army Depot
ATTN: AMXLE-ATD
Chambersburg, PA 17201

b. Contractors and universities must forward their requests to:

National Technical Information Service
Department of Commerce
Springfield, VA 22151

(Requests for classified documents must be sent. with appropriate "Need-to-Kno,w
justification. to Letterkenny Army Depot.)

Users of the handbook are encouraged to contact USAAVSCOM, St. Louis, Mo.,
Flight Standards and Qualification Division (AMSAV-EFI), with their recommenda-
tions and comments concerning the handbook. Comments should be specific and
include recommended text changes and supporting rationale. DA Form 2028, Recom-
mended Changes to Publications (available through normal publications supply chan-
nels) may be used for this purpose. A copy of the comments should be sent to:

Commander
US Army Materiel Command
ATTN: AMCRD-TV
5001 Eisenhower Avenue
Alexandria, VA 22333

Revisions to the handbook will be made on an as-required basis and will be dis-
tributed on a normal basis through the Letterkenny Army Depot.
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CHAPTER 1

INTRODUCTION

1-0 INTROP 1CTION Army helicopters are classified with respect to the
general mission they are developed to accomplish.

This volume, Preliminary Design, is Part One of a Classes of interest are:
three-part engineering design handbook series on hell- 1. Attack Helicopter (AH). A fast, highly ma-
copter engineering. The other two parts are AMCP neuverable, heavily armed machine used for combat
706.202, Detail Design, and AMCP 706-203, Qualtflca- fire support and helicopter escort missions. The attack
tion Assurance. helicopter may well be a compound vehicle, i.e., with

Preliminary design is the initial engineering activ- auxiliary forward propulsion and/or a stub wing used
ity in the development of any new weapon system. to unload the main rotor in high-speed flight.
The capability defined by the U.S. Army, first in the 2. Cargo Helicopter (CH). Medium- and heavy-
Required Operational Capability (ROC). and then, lift classes that are intended primarily for heavy load-
more specifically. in a Request for Quotation (RFQ) carrying missions. The loads may be carried internally
or Request for Proposal (RFP). is the basis for the or externally. These helicopters generally have a wide
development of a new system. During preliminary range of center of gravity (CG) travel.
design the characteristics necessary to provide the

) required mission capability are combined with the 3. Observation Helicopter (OH). A small, light
characteristics necessary to insure an acceptable cost machine that may be useful for a variety of missions
of ownerhip. Since these characteristics sometimes including surveillance, target acquisition, command

and control, etc. Light armament may be installed.
tend to conflict, the preliminary design process com-
prises many tradeoffs and compromises. offering a 4. Training Helicopter (TH). A small helicopter
challenge to the creative capability of the contrac- usually with seating only for instructor and student-
tor's engineering organizations. pilot, or a helicopter of one of the other mission classes

Detail design is that portion of the design cycle that specifically assigned to the training mission.
commences upon award of a development contract. 5. Utility Helicopter (UH). A class that is assigned
During detail design all subsystems and components a wide variety of missions such as medical evacuation,
must be defined completely, by specifications and/or transporting personnel, and/or light cargo loads. Speed
drawings, so that the helicopter can be assembled and and maneuverability are required in order to minimize
qualified. The requirements unique to the detail design vulnerability when operating over hostile territory.1 5are discussed in AMCP 706-202, while the require-
ments for qualification are described in AMCP 706- This handbook discusses the design requirements ap-

203. plicable to Army helicopters for all missions under
Helicopters are defined, for the purposes of this visual flight rule (VFR) operation, day or night. As

handbook, as those aircraft which derive both lift and such, the scope of this document has been limited to
propulsive force from a powered rotary wing and have cover the basic aerial vehicles. Design requirements for
the capability to hover and to fly rearward and side- mission-essential equipment-e.g., weapons, sensors.
ward, as well as forward. Existing configurations used cargo-handling equipment-are beyond this scope and
by the Army include a single lifting rotor with an an- are not discussed, although the helicopter-integral in-
titorque rotor, and tandem lifting rotors. A compound terface requirements for such equipment are included.
helicopter is a helicopter which incorporates fixed-wing The design of power plants, batteries, generators or
surfaces to partially unload the lifting rotor and/or alternators, and similar components. are also beyond
additional thrust producing devices. Such devices sup- the scope of the handbook.
"plement the thrust-producing capability of the lifting The US Army's mission assignments in land war-
rotor(s). fare result in an operational environment that is severe.

1-I
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almost infinitely variable, and yet unique. The Army selection of a candidate design is its cost effectiveness,
must be prepared to operate anywhere in the world in with the cost of prime interest being life-cycle cost,
climate that is hot or cold, in atmosphere that is humid Chapter 3 discusses helicopter performance. In-
or dry, and on terrain that is rugged or level. The eluded are the fundamentals of rotary-wing aerody-
Army's materiel and equipment, including its helicop- namics and the inherent relationships between basic
ters, must be capable of effective performance in any of design parameters with specific mission performance
these environments. Furthermore, the helicopters must requirements defined. A parametric analysis can be
operate with the combat force, making regular use of performed to select or define the geometric and aerody-
unprepared or rapidly cleared sizes. Servicing and or- namic characteristics of the design. With these charac-
ganizational maintenance will be performed in similar teristics known, detailed performance can be calculated
surroundings. The Army helicopter, therefore, must be over the entire operational envelope.
sufficiently rugged to perform its mission effectively Chapter 4 treats st•uctural design. The applicable
under such diverse operating conditions, yet be me- design criteria are defined and discussed. The applica-
chanically simple in order to be maintained easily with- tion of these criteria to a given design with specific
out specialized facilities and equipment or highly performance results in the definition of loads pertinent
skilled personnel, to all structural components. The static strength

In addition to being able to perform its assigned adequacy of the components is then determined by
mission effectively in a variety of operational environ- stress analysis. A large number of helicopter compo-
ments, the Army helicopter must be designed for safety nents are subject to oscillatory or repeated loadings of
and survivability. Safety can be enhanced by design. sufficient magnitude that fatigue rather than static
Hazards must be identified and appropriate action strength is the critical structural design consideration.
taken to minimize both the probability of occurrences Methods of fatigue life determination are discussed.
and the consequences of equipment failure and/or hu- Chapter 5 discusses the dynamics of helicopters. Of
man error. Provision must be made for the protection particular concern are the potential instabilities of
of personnel following damage to the helicopter those parts of the helicopter-both rotating and non-
whether as a result of combat-related accidents, or nor- rotating-that are subject to oscillating loads. Methods
mal peacetime operations. Therefore, as this handbook of analysis of the responses of these systems and the
is concerned with design and development of helicop- design requirements and techniques for preventing
ters for the U.S.Army, it discusses not only the methods these instabilities are discussed.
of providing the performance characteristics essential Chapter 6 discusses handling qualities, or those char-
to assigned missions, but also those additional design acteristics of the helicopter which result from and de-
requirements and characteristics necessary for surviva- pend upon the interrelation between its stability and
bility and safety. control characteristics. Design requirements are de-

This preliminary design volume is organized in a fined separately for stability and control, but ýhe intent ._
functional manner. The design process requires the is the achievement of flying qualities appropriate to the
coordinated activities of a number of engineering disci- assigned mission of the helicopter.
plines. In order to facilitate the evaluation of the suita- Chapters 7, 8, and 9 discuss the design requirements
bility or adequacy of a given design by specialists in pertinent to those subsystems not previously described
each applicable discipline, this volume has been ar- in detail that are fundamental to the operation and
ranged to discuss the various disciplines in separate performance of the helicopter. These are the drive sys-
chapters. The integration of individual mission and de- tern. the power plant and its supporting subsystems.
sign requirements into a complete and coordinated de- and secondary power subsystems.
sign is treated from two important, but different, points Chapter 10 discusses the subject of weight and bal-
of view in separate chapters. This document may be ance which is essential to any aircraft. Included are
used as a guide for the development and/or review of discussions of weight and balance determination meth-
a proposed response to a Government solicitation. ods and weight control guidelines pertinent to preli,-

In Chapter 2 the definition and determination of nary design.
mission effectiveness are discussed. The performance Chapter I I discusses maintainability requirements.
capabilities must be combined with the availability for Included are those considerations essential during the
assignment to obtain a meaningful measure of mission design phases to assure maximum maintainability of
effectiveness. The design alternatives available, mean- the helicopter. Chapter 12 discusses the characteristics
while. permit a given level of effectiveness to be of reliability and availability. Those design considera.
achieved at various levels of cost. The final criterion for tions and requirements that contribute to the achiee-
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, ment of required levels of reliability and availability mentation listed. The intent of this chapter is to provide
also are reviewed. Lt definition of the inlrmnation needmi to permtit a de.

In Chapter 13 the integrated design is discussed. The tailed eialuation of all possible characteristi.s of a pro.
selection of an arrangement and configuration includes pxsed d&.sign.
the consideration of all pertinent lesign require- Throughout this volume, the mandatory design re-
ments-whether they pertain to the complte helicop. quirements have been identified with the contractual
ter, the individual subsystem, or the personnel who will language that makes use of the imperative word
operate and maintain it. The requirements applicable to "shall". To assist in the use of this document in the
the complete helicopter depend upon the assigned mis. planning of a helicopter program, the word "shall" has
sions and the operational environment, and also upon been italicized in the statement of each such require.
"the capability to be delivered to the assigned duty. There- ment.
fore transportability may impose restraints upon opera- Since the preliminary design requirements for in-
tional characteristics or upon the methods of manufac- dividual programs may vary from the level of detail
ture and assembly oftthe helicopter, described in this volume, the procuring activity will

The final chapter (Chapter 14) of this part of the specify in its Request for Proposal the extent to which
handbook defines the documentation which may be these requirements are applicable to the design of a
required to define the proposed design. A given heli- given helicopter.
copter program will probably not require all the docu-
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CHAPTER 2

MISSION EFFECTIVENESS

2-1 INTRODUCTION conjunction and in balance with associated subsystems
and components. This concept is depicted in Fig. 2-1.

The ultimate measure of the value of a helicopter is The inputs to the helicopter are figurative rather
its effectiveness in performing its assigned mission(s). than literal in this example; they refer to the require-
Until recent years quantitative treatment of the system ments and constraints placed upon the vehicle by its
value concept usually has resulted in considerable disa- association with the other elements. In a sense, the
greement as to what constitute meaningful measure- helicopter output is its mission performance. This out-
ment criteria and evaluation techniques. The demand put contributes in part to the overall output of the
for greater performance and the corresponding escala- parent system, which, in turn, represents mission per-
tion of costs, however, have necessitated the develop- formance.
ment of better, more useful mission effectiveness es- Mission effectiveness, then, becomes the measure-
timating methodologies. ment of this performance, be it for the parent system

Although most actual computations normally are or any of its components. Actually, the component
performed as a part of requirements derivation and are variables have the same relevance to this larger system
refined further during concept formulation, an under- as they do to the subsystem; the primary differences are
standing of mission effectiveness provides design engi- the degree and level of definition. Although the subse-
neers and program management personnel with essen- quent paragraphs are oriented toward the helicopter,
tial guidance during preliminary design. Their the overall applicability of the concept to weapon sys-
technical decisions must reflect careful consideration of tem design should be borne in mind.
the many parameters and trade-offs that contribute to
the ultimate effectiveness of the resulting helicopter. 2-2.1 MILITARY SYSTEM REQUIREMENTS

This chapter provides the general background infor-
mation about and discusses the philosophy of the mis- Military system requirements may emanate from
sion effectiveness concept, along with a number of ap- several sources. Among these sources are:
proaches and methodologies used in quantification 1. The potential for improved v' . ilities offered
thereof. Detailed instructions ;elative to application of by state-of-the-art advancemewL.
the techniques have been omitted, however, as being 2. Recognized deficiencies based upon operational
inappropriate for the preliminary design phase and experience
hence beyond the scope of this handbook. Refs. 1-27 3. An identified threat for which no counterthreat
and AMCP 706-191 provide depth of detail with re- exists
spect to specific analytical methods. 4. Concepts evolved from long-range studies of

postulated future operations and from long-range tech-

2-2 MILiTARY SYSTEM nical forecasts.
REQUIREMENTS AND MISSION The requirenints normally will specify what types of
EFFECTIVENESS missions and levels of performance the system should

be capable of delivering. For example, an observation
The helicopter must interface with the other relevant helicopter may be required to perform surveillance,

elements, e.g., combat, logistic (or support), command, artillery adjustment, command and control, and simi-
control, and communication subsystems, within the lar missiuns. In performing these missions, the helicop-
parent organization or system. In other words, a heli- ter should be capable of attaining given levels of range,
copter must perform its mission as a completely inte- speed, and payload for each type of mission. The speci-
grated component, providing support for and acting in fication also may require provisions for weapon, sur-

2-1
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veillance, and/or communication equipment installa- 1. Mathematical modeling
tions, 2. Simulation (manual or automated)

It is the task of the designer to analyze and assimilate 3. War gaming
the specifications and to produce-through technical
skill, trade-offs, and optimization-the system that has 4. Field experiments
the highest probability of satisfying the military system 5. Troop testing
requirements at the lowest possible cost (Ref. 1). 6. Cost-effectiveness analysis
2-2.1.1 Operations Research (OR) 7. Human factors analysis and testing

In most instances the development of quantitative
design objectives from the sources lited in par. 2-2.1 is Selection of the appropriate technique is dependent to
characterized by a series of broad and highly iterative a large degree upon the nature of the particular prob-
analytical studies. The science of operations research lem, the available resources, and the skill and philoso-
(OR) is one of the principal tools in this effort. phy of the analyst.

The generalized procedural steps used in OR studies In general, OR attempts to project a quantified over-
are: view of the entire system so that its sensitivity to the

1. Formulation of the p:oblem particular subsystem or component, e.g., the helicop-
2. Establishment of measures of effectiveness ter, can be measured. Estimates of expected mission2. Estaierminatiof measducles of reffetivenes d performance, requirements for operational and sup-
3. Denstermitionexercise, and collt io s of arel t d porting force structures, and system costs are typical
4. Construction, exercise, and analysis of a repre- outputs of the analyses.

sentative model

5. Derivation and interpretation of the solution(s) 2-2.1.2 Budgetary Considerations
6. Verification of the solution(s) by experiment
7. Recommendations and implementation (Refs. 2 The continual demand for improved performance

.and 3). capabilities, which usually translate into increasedcomplexity with an attendant growth in total system
Toe actual analytical techniques and methodologies cost, has magnified the importance of budgetary con-

that are used in each step are far too numerous to siderations in recent years. The use of cost-effectiveness
catalog or define here. For example, Step 4 could be methodologies in OR normally allows the projection of

implemented by one or a combination of the following a first-order estimate of the costs necessary to the pos-
OR procedures: tulated mission objectives.
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SIt is important that the fiscal requirements of the erable trade-off, iteration, and compromise, even in the
system in question be tempered by the demands of preliminary design phase. The result is the basis for an
other systems within the overall military structure. In optimized configuration that can be translated into
turn, the military requirements must be weighed preliminary hardware design.
against other national objectives. In other words, some The next step is to compare the candidate designs in
degree of balance must be achieved within budgetary order to select the one that best appears to meet the
constraints. It is not unusual, therefore, to find that user or military system requirements.
many desirable proposed military system requirements Practical or "real-world" constraints, e.g., cost,
must be relaxed or abandoned because of budgetary state-of-the-art, threat, and complexities arising from
considerations. This circumstance forces the establish- the .ade-offs associated with hardware design, may
ment of priorities to insure that the essential character- render some of the military system requirements infea-
istics of the system are retained without undue degra- sible or incompatible. Provisions must be made to per-dation of its capabilities. mit re-evaluation, modification, or revisions as neces-

Setting priorities is one of the most critical tasks in sary. Unreasonable adherence to unrealistic or obsolete
the formulation of military system requirements. The requirements eventually may cause serious degradation
user must be made to realize that practical constraints of mission effectiveness by unduly compromising the
exist. For example, a particular desired capability helicopter.
might result in severe weight penalties, exceed the cur-
rent state-of-the-art, or be prohibitively costly. Thus, 2-2.3 MISSION-EFFECTIVENESS EQUATION
the trade-offs must be weighed before a firm statement
of need is finalized. The user should be expected to One standard approach to the problem of measuring
temper the statement of requirements accordingly, but the mission effectiveness of a helicopter is to consider
this should not imply a stifling influence upon the ulti- four primary, measurable factors or variables-three
mate conceptual design. Rather, it demands that sound operational and one economic. The operational factors,
bases and rationales be developed tojustify and validate as defined in AMCP 706-134, are mission readines$.
each of the system requirements. Further, evidence survivability, and overall performance; the economic
must be presented to indicate that appropriate inter- variable is cost.
faces with, and sensitivities of, other systems and the The operational factors are defined as follows (Ref.
budget have been analyzed. 5):

1. Mission readiness. A measure of the degree to

2-2.2 DESIGN CYCLL which an item is operable and committable at the start
of a particular mission, when the mission is called for

In the preliminary design phase, the user's mission at an unknown (random) point in time.
requirements are translated into a general configura- 2. Survivability. A measure of the degree to which
tion. The purpose is to determine whether the military an item will withstand a hostile, manmade environment
system requirements are obtainable within the con- without suffering abortive impairment of its ability to
straints of money and state-of-the-art. A degree of risk accomplish its designated mission.
or uncertainty usually is present ., new designs. This . Performance (overall). A measure of how well
risk can be tolerated when the budget will permit ade- an item executes its designated mission, i.e., the output
quate supporting research and/or development concur- resulting from the use of the item.
rently.

Corporate design philosophy and experience influ- The economic factor, or cost, essentially is an expres-
ence the preliminary design phase to a considerable sion of the resources-measured in dollars-required
extent. Normally, a number of configurations are de- to design, produce, test, and operate an item during its
signed, with each incorporating the proprietary fea- life cycle.
tures for which the particular company is noted. In The ultimate objective of the design cycle is the op-
addition, each design reflects thL. company's interpreta- timization of all helicopter system components to maxi-
tion and understanding of the military system require- mize the contribution of each factor to mission effec-
ments and design criteria. tiveness. In this form the objective appears to be

Fig. 2-2 depicts conceptually the manner in which all somewhat abstract and difficult to visualize in con-
elements of a design are brought together to satisfy the crete, quantitative terms. The design phases. however.
user's requirements. This process is repeated separately demand that mission readiness, survivability, perform-
for each proposed configuration and consists of consid- ance. and cost be translated into terms that will guide
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Fig. 2-2. Configuration Composition and Optimiration (Ref. 4)

the importance of maximizing the contribution of each

factor during design is emphasized.READINESS

2-2.3.2 Economic Factor

SURVIVABILITY MISSION The economic factor, or cost, associated with mis-
EFFECTIVENESS sion-effectiveness considerations conceptually assumes

the role of a common denomiator that relates the
PERFORMANC - operational factors. In other words, a specific amount

of mission effectiveness per dollar can be obtained from
the contribution of specific values of mission readiness,

Fig. 2-3. Contribution of Operstional Factors to survivability, and performance. Similarly, levels of each
Mission Effectiveness are achieved at a dollar cost, e.g., mission readiness per

dollar, survivability per dollar. This concept is illus-
trated by Eq. 2-2:

the detailed development of a helicopter with maxi- Mission Effectiveness (Mission Readiness
mized mission effectiveness. Dollar ' Dollar

Survivability

2-2.3.1 Operational Factors Dollar

The operational factors-mission readiness, surviva- Perforrnance (2-2)
bility, and overall performance-are the primary con- Do
tributions to mission effectiveness. The relationship Here again, the equation is conceptual and cannot
may be visualized by the schematic shown in Fig. 2-3. necessarily be quantified. It does illustrate, however,

Mathematically, this relationship may be illustrated the necessity of bringing all facets of the design effort
by the following conceptual, probabilistic equation into an overall degree of technical harmony and eco-

nomic balance, so that the end result can be considered
Mission Effectiveness =flMission Readiness. a successful configuration. For example, excessive per-

Survivability. formance at the expense of mission readiness clearly is
undesirable, especially if the costs of achieving the un-

Perfoimancc) (2-1) called-for level of capability are high.

Techniques have been developed that attempt toMission effectiveness is stated as the product of the bring all of the relevant operational and economic fac-
factors, each of which can be expressed as a probability tors into acceptable compatibility. A most useful con-
P Each factor must be maximized independently with cept in this regard is the application of the cost-effec-
respect to the requirements, i.e., P approaches 1. Be- tiveness methodologies that are detailed in subsequent
cause in practice the ideal P I 1 can never be reached, paragraphs.
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2-3 OPERATIONAL FACTOR As an MC effectiveness measure, the prohabilistic
, ANALYSIS approach does not apply. The helicopter either has the

required provision P = I, or it does not, symbolized
Eqs. 2-1 and 2-2 are conceptual and somewhat ab. as P 0. The only realistic measurement that might

stract. Each of the operational factors is far too com- be applied from the MC standpoint, therefore, is time;
plex and consists of too much detail to be reduced to i.e., how rapidly can the design provisions be used when
such a simplistic mathematical model. Furthermore, called upon?
the assumption of independence of terms implicit in If the effectiveness of MC items is to be measured,
these equations is questionable from a practical view- the user should endeavor to establish design criteria in
point, e.g., decisions concerning survivability generally the statement of military system requirements. The use
will have considerable effect upon mission readiness of OR (par. 2-2.1.1) can assist in setting reasonable
ind performance, and vice versa. Therefore, it is neces- design objectives.
sary to make a more detailed examination of the opera- 2a
tional factors and the relevant subfactors in order to
present a system overview to the helicopter designer. Availability in the classical sense has two primary

subfactors: reliability and maintainability. Reliability,
in turn, is related to mean-time-between-maintenance-

2 M N Iactions (MTBMA), which is defined as the total fune-

In the broadest sense, mission readiness can be con- tioning life, for a particular interval, of an item divided
strued to have two separate, identifiable facets. One by the total number of maintenance actions within the
may be termed "mission capability" and is defined to population during the measurement interval. Maintain-
mean a configuration containing all of the equipment ability is related to mean-time-to-repair (MTTR), and
and facilities necessary to allow conduct of the mis- is defined as the total corrective maintenance time di-
sion(s) for which it was designed. The other facet is vided by the total number of corrective maintenance
"availability" in the classical sense, i.e., readiness based actions during a given period of time (Refs. 5 and 6).
upon the operational condition of the configuration. Availability A, therefore, may be derived as a proba-
The designer is concerned primarily with enhancing or bility from the equation
maximizing the availability of specified equipment on
the basis of mission capability requirements. A (Reliability. Maintainability)

2-3.1.1 Mission Capability (MC) MTBMA= MBM + TT "dinmensionless (2-3)

Mission capability (MC) refers to those design provi MTBMA + MTTR i
sions that will permit the helicopter to be available for
specific missions required of the military system. For Fig. 2-4 depicts the typical trade-off between reliabil-
example, it may be desirable that the helicopter have ity and maintainability as it affects availability. It
multimission capabilities, such as armed scout and should be noted that increasing maintainability actu-
medical evacuation; provisions for rapid and simplified ally is the inverse of MTTR in this figure. Also, as the
conversion from one mission configuration to another MTBMA, and therefore reliability, are improved for a
promote readiness of the vehicle to accept new assign- given MTTR, the availability increases. Improved
ments. maintainability, or reduced MTTR, also improves

Strategic deployability is another example of MC. In availability (AMCP 706-134).
the event that deployment is desired at a distance The designer's task, therefore, is clear-cut- any
beyond the design performance range, provisions either means available should be used to improve both subfac-
for rapid disassembly/assembly with maximum dimen- tors, provided that unreasonable costs or degradation
sions that will permit air transportability or for in-flight to the other aspects of mission effectiveness are not
refueling equipment may be required. Note: Ferry incurred. Where possible, the user should identify mini-
range is a performance factor rather than a mission mum limits of acceptable availability for the system as
readiness factor. shown in Fig. 2-4.

Another aspect of MC might be a requirement for Unfortunately, rapid technological advances and the
rapid response. The designer, therefore, must weigh corresponding demands for greater mission capabilities
self-start capability, freedom from extensive preflight and higher levels of performance have resulted in
checkout and warmup, etc. marked increases in system complexity, i.e., more ele-
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SA,= A,4

= A, " , 2  A43 A., dimensionless (2-4)

I0 .... *--*. where

. CURVES. =A, system availability,
r. 0.60 1 dimensionless

- CURVES OF -4 = subsystem availability,
0.50 CONSTANT dimensionless

SAVAI LABILITY Theoretically, the subsystem availability could be com-
, •puted as a function of the component availability

MAINTAINABILITY

Fig. 2-4. Trade-offs In Reliability and A
Maintalnabllity (AMCP 706-134) AC t. AC 3 dimensionless (2-5)• .2 " A¢ ( 2 -5

The implications of complexity are clear; the greater
SYSTEM X the number of components, the higher the probability

of reduced availability. The designer's objective is to

SUBSYSTEMS provide the desired levels of mission performance and
2 other factors without an undue proliferation of subsys-

3 tems and to provide improved availability through in-

COMPONENTS .creased reliability and maintainability.
1 .2-3.1.2.1 Reliability

"Reliability may be defined as the probability that an
item will perform satisfactorily for a specified period of
time when operated under prescribed conditions (Ref.
6). In a sense, reliability is a measure of the deviation

of an item from perfection; i.e., a perfect item would
never fail and, thus, would have a reliability probability
of P = 1. The usual history of failure rates is shown

_____in Fig. 2-6. After initial debugging during the develop-
mental test period, the failure rate for a given item
tends to stabilize at a constant level until the item

Fig. 2-5. Illustration of System Complexity approaches the end of its designed lifetime, when the
failure rate increases duir to wearout. During the period
of normal useful life, the failure rate is relatively con-
stant and occurs by chance.

ments, which may result in losses in availability (Ref. Generally. as operational time or complexity of an
6). The proliferation of subsystems, components, etc., itenm increases, the failure rate becomes exponential.
is illustrated in Fig. 2-5. This illustrative breakdown The complexity relationship is shown in Fig. 2-7
could be extended to the most basic element. (Refs. 4 andf8).

System X is composed of a series of subsystems, with The relationship between reliability R. failure
each subsystem comprising a series of components, rate. and mean.time-betweeu-failures (MTBF). (Ref.
which in turn involve a series of basic elements. The 7). is given by:
overall system availability is computed as the product
of each subsystem iwvailability (assuming independent R(t) e-ht, dimensionless (2-6)
A, for simplicity).
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S• NORMIAL USEFUL LIFE "---'----

.ACCEPTANCET STESTING3 & n.wAoT_
'" INITIAL --4eIRO T__

OPERATIONAL PERIOD
DEBUGGING _L I

PERIOD I MTBF
I I I I

TIME -

T LIFETIME OF ITEM

Fig. 2-6. Failure Rate History During Operating Lifetime of Items (Ref. 7)

where where
t = time, hr R, = subsystem relia;';,ty,

X = failure rate = I/MTBF, hr' dimensionless
The effect of complexity upon a system is cumula- X, = subsystem failure rate, hr""
tive-dependent upon the collective reliabilities of its A, = system failure rate, hr-
subsystems and components-in the same mannur as R, = system reliability, dimensionless
for availability (Eq. 2-4). The prediction of reliability for a system actua'!y is

a far more complex process than Eqs. 2-5, 2-6, and 2.7
R R= would indicate. The implications of Eq. 2-7, however,

are clear; the designer must maximize the degree of

reliability of each subsystem to achieve satisfactory
e-x\t e2 *- *3t e--nt (2-7) overall system reliability.

The user, too, has the burden of establishing deflni-
tive reliability design objectives as a part of the military
system requirements. Tre problem is basically one of

7 1 balancing the cost of achieving the desired level of
reliability against the costs and effects of failing to per-
form an assigned mission because of in-service break-

Sdown. The trade-offs are exceedingly difficult in that all ,d

potential operational applications and operating envi-
ronments must be considered.

In order to satisiy established reliability require-

I ments, the designer must optimize his reliability re-
Ssponse in terms of weight, size, and cost. To assist inI, this process, he may select one or more of the reliability

design techniques listed in Table 2-1.
Table 2-1 indicates that most techniques involve a

weight penalty. The net result of increased system
COMPLEXITY weight, especially when applied to helicopters, is an

adverse effect upon weight-sensitive performance fac-
Fig. 2-7. Reliability as a Funwtion of Complexity tors such as payload, range, and speed. Degradation of

(Ref. 7) performance may lead in turn to reductions in helicop-
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ter survivability. This points up again the necessity for in determining system availability (Eq. 2-6). is a mea,-
considering all elements of a system during design. ure of maintenance effectiveness and i, defined as, a

The quest for increased reliability continues far characteristic of design and installation expressed a%
beyond the development of the first prototype. in- the probability that an item will be retained in. or re.
provements are sought throughout the service life of ,,to. a spccitid .ondition within a ,ivcn peiod ol
the system, up to the point at which improvements no time when the maintenance is performed in accordance
longer are cost-effective. A continuing reliability pro- with prescribed procedures and resources (Ref. 5).
gram has other beneficial aspects as well. It provides: Maintainability is related to the term MTTR (Ref. 6).

1. A check on the accuracy of the initial design These definitions indicate the impact of maintenance
requirements, assumptions, decisions, and predictive considerations upon military operations. First, success
techniques2 in performing an assigned mission, i.e., mission effec-

2.Anmpirical deesign tiveness, is a function of maintainability: for example.
3. A technique for improving initial design short-comingsA a reconnaissance helicopter requiring excessive mainte-

nance may miss vital time-sensitive mission objectives

The mechanisms for establishing and operating a relia- due to downtime. Second, ill-designed maintenance

bility improvement program should be planned as an concepts lead to intolerable costs during the life cycle
integral part of the helicopter system life cycle, of the system. Third, faulty maintenance design provi-

sions have tremendous impact upon the entire logistic
2-3.1.2.2 Maintainability support and technician training systems, requiring

Maintenance is defined as all actions necessary for greater spare part sxockage and distribution and the
retaining an item in, or restoring it to, a specified condi- training of greater numbers of personnel (AMCP 706-
tion. Maintainability, the companion term of reliability 134).

TABLE 2-1
SUMMARY OF RELIABILITY DESIGN TECHNIQUES

TECHNIQUE DESCRIPTION ADVANTAGES DISADVANTAGES

USES PARALLEL OR MULTIPLE ASSURES CONTINUITY OF OPERA- INCREASES:

REDUNDANCY SUBSYSTEMS 'COMPONENTS TO TION IN THE EVENT 01- A SUB 1. SYSTEM COMPLEXITY
PERFORM SOME TASK FUNC - SYSTEM ( OMPONENT FAILURE. 2. MAINTENANCE REQUIREMENTS
TION. 3. SIZE AND WEIGHT

IS THE NORMAL OPERATION OF OPERATES SIGNIFICANTLY BE- LESSENS OPERATING EFFIC-
SUPSYSTEMS 'COMPONENTS LOW DESIGNED STRESS LEVELS. IENCY. INCREASES SIZE AND

DERATING CONSIDERABLY BELOW MAX WEIGHT PER DEGREE OF OUT-
[MUM DESIGN OUJTPUT CA- PUT iv.g., Ih.'hp)
PABILITY

DIAGNOSTIC USES INSTALLED MONITOR- WARNS OF POSSIBLE FAILURE INVOLVES COST OF MONITOR
AIDS ING DEVICES TO SENSE IN- BEFORE OCCURRENCE EQUIPMENT REQUIRES SPECIAL-

CIPIENT FAILURES IZED MAINTENANCE OF MONITORS.

UTILIZES TIME-PROVEN COM- REDUCES CHANCE OF FAILURE OLDER COMPONENTS MAY NOT
PONENTS IN LIEU OF NEW DURING BREAKIN PERIOD - BE AS EFFICIENT - INCREASED

CONSERVATIVE DEVELOPMENTS. LESS EXPENSIVE WEIGHT.

DESIGN UTILIZES EXTRA SAFETY MAR- PROVDES ADDITIONAL ASSUR- MIGHT INCUR A WEIGHT PENALTY.
GINS IN AREAS O7 STRESS. ANCE OF FAILURE - FREE OP-

ERATION

REFINES DESIGN BY ITERA- PROVIDES MORE ASSURANCE TESTING MAY NOT DUPLICATE

COMPONENT TION, i.-.. TESTING COM- OF RELIABLE INSERVICE OP- ALL INSERVICE OPERATING

DEVELOPMENT PONENT, THEN REDESIGN ERATION. CONDITIONS ENVIRONMENTS
INCREASES TIME, COSTS REQUIRED.

PROMOTES EASE OF SERV- EXTENDS LIFE OF COMPONENTS' INCREASES TIME, LABOR REQUIRED.
SERVICING ICING/ROUTINE MAIN- ITEMS, THUS ENHANCING RELI-

TENANCE. ABI LI TY.
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TABLE 2-2
SUMMARY OF MAINTAINABILITY DESIGN CONSIDERATIONS

tEHNILF ITION IMPLICATION

A 'EASL'RE or THE RELATIVE EASE OF AD- HIGH ACCESSIBILITY, V\HICH ALLOWS FOR MORE
AC[C'ESSIS-LITw MISSION TO THE VARIOUS AREAS OF AN RAPID CHECKING, SLRVICING, REMOVALAND

I TEi 'REF. 2 * REPLACEMFNI , LOWERING OF MTTA.

ADEOQATE 'IARKING 01- ITE.IS. PARIS, REDUCTION OF CIRCUIT TRACING AND RELAT-
\IIt'-\TN". F.Tt.,T(1 LACILITA'E REPAIR AND RE- ING ITEMS 10 INSTRUCTIONS. LO'E.'INu 0)

•LACEME%? REI:. I .iTTR. PROMOTIONOF SAFETY,

ABILITN TO SUBSTITUTE FUNCTIONALLY ABILITY TO REPLACE ITEMS V.ITHOUT DIFFICULTY;
IVERCwA\6EABIL!TY AND 'OR H'NYSICAL LN L INE ITE'.I FOR LOI'.ER MTTR.

DEFECTIVE ITEM.

PROVIS!ON OF BUILTIN SAFETY PRE- MORE UNDIVIDED ATTENTION TO TASK BY
SAFETý CAUTIONS TO rEDLUCE SERVICE TECHNICIAN.

REPAIR RISKS.

SIMLIF CATION REDUCTION IN THE DEGREE OF COMPLEXITY FE\`ER MAINTENANCE TASKS TO PERFORM.
PRESENT IN SVSTEI SUBSYSTEM. LOWER MTTR (ALSO IMPROVED RELIABILITY,

ESTABLISHMENT OF DESIGN TECHNIQUES REDUCTION OF NONSTANDARD ITEMS AND
ST-%NDARDIZATION To ACHIEVE THE GREATEST PRACTICAL BURDEN ON LOGISTIC SUPPORT.

UNIFORMITY,

PACKAGING OF DIFFICULT-10 MAINTAIN REDUCTION OF REPAIR TIME IN FIELD. THUS
UNITIZATION OR UNMAINTAINABLE COMPONENTS FOR PERMITTING RAPID TURNAROUND.

AND EASY REMOVAL AND REPI ACEMENT;
\IODUI.ARIZATION RELATED TO INTERCHANGEABILITY AND

STAND ARDIZATION.

IMPROVED USE O 'QUICK-TO IJSE" FASTENERS REDUCTION OF SERVICE TIME OR REQUIREMENT
MAINTENANCE TRANSPARENT PANELS BETTER LLIBRI- TO SERVICE.

EQUIPMENT CANTS ETC.

Ref AMCP 706-134

The prime responsibility for reducing maintenance performance--can bring about measurable improve-
requirements lies with the system designer because fea- ments in and savings for the entire military system.
tures that significantly enhance maintainability must
be incorporated into the design at the outset. Improve- 2-3.2 SURVIVABILITY
ments introduced after fabrication, especially on com-
plex systems, have only marginal or diminishingly ef- A
fective results when measured against the efforts equation (Eq. 2-1) is survivability which for purposes

of this equation was defined in par. 2-2.3.'expeded Ref.9).Because mission accomplishment is of primary con-

Some of the principal maintainability design consid- cern, it follows that protection of the lives and well-
erations available to the system designer are summa- being of the crew and of the mission-sensitive equip-
rized in Table 2-2. ment (fire controls, sensors, etc.) is mandatory. Also, if

The complex and important subject of maintainabil- the concept of mission effectiveness extends over the
ity is discussed at length in Chapter 11. The purpose of lifetime of the helicopter, rather than only fo~r a single

introducing the subject here is to emphasize that the
designer's successful application of maintainability 1 The term survivability, from the mission-r'cctit cness point otf
techniques can have an impact far beyond that of pure view, should not be confused with "crash stir% iiliu'i "'crish-

mission effectiveness. A helicopter system that reduces worthiness" considerations. Although "crash suiivihahilitv" is a
S spare part inventories, that can be service:! with ordi- vital factor in helicopter design. and normally is includcd as amparechartinic-tooles, that r equi o specalwized portion of the survivability program during declopmcnt. it doec.snary mechanic-tools, that requires nspecialzed sup- riot contribute directly to mission effectiveness, Ft-rwhcrmorc.
port equipment, and that requires no additional person- quantitative treatment, if possible. is ijc:osistcrit uith the hlasic
nel with specialized training-all without sacrificing approach to mission effectiveness.
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sortie, any design feature that might prolong system be employed to reduce system vulnerability. Maneuver-
usefulness by minimizing incurred damage must be ability (the ability to take rapid evasive action), the use
considered. For purposes of discussion, those aspects Of of suppression-fire or counterfire, and the use of elec-
survivability having to do with combat Invironments tronic countermeasures are typical active measures.
will be referred to as "vulnerability". Various design techniques can be employed to

Two primary aspects of vulnerability must be consid. reduce the vulnerability of a helicopter to hostile fire.
ered from the design point of view: (1) the avoidance
of detection by hostile forces, and (2) the minimization Providing armor and shielding for the crew and for
of the possibility that crippling or catastrophic failure certain critical components is a highly effective means,
will be induced by hostile fire. but one that imposes major weight penalties. Redun-

Existing design techniques and devices can reduce dant or backup subsystems and components, especially
vulnerability; however, resultant effectiveness must be those that are separated widely within the structure,
measured through interaction with a predicted threat prevent catastrophic loss when severe battle damage is
environment, e.g., hostile defensive sensors and weap- received by one system (see Chapters 9 and 13). Multi-
ons, or weather, pie load path design prevents immediate or progressive

Detection avoidance involves reduction of the heli- failure due to impact by distributing loads in other
copter signature in order to render the vehicle less no- parts of the structure. An analogous technique is the
ticeable to enemy sensors, both human and electronic. use of ballistic-resistant components, e.g., bell cranks
Several types of signatures are common to helicopters
-acoustics, infrared (IR) radiation, and radar. Engi- or rods that deform but do not fail when struck by
neering design techniques have been developed that fragments or high velocity debris. Self-sealing fuel cells
mitigate the undesirable effects of each type of signs- and fire-retardant materials are other preventive meas-

ture (see Chapters 8 and 13); however, these techniques urea (Refs. I c and 12).
usually result in some loss of performance and/or a The degree to which vulnerability reduction capabili-
weight penalty. For example, a typical IR suppression ties should be incorporated into a design must be speci-

device for a helicopter power plant might cool the ex- fled by the user in the military system requirements.
haust duct and provide shielding to restrict the hostile Achieving balance among the available alternatives is
viewing angle of the sensor. The penalties associated an extremely difficult trade-off task. Where significant
with such a device for a 1500-hp gas turbine engine design differences exist, among alternatives, however, it

might be as much as 50 Ib, and could cause a loss of is possible to obtain some measure of the melative vul-
more than 2% in shaft horsepower. While the penalty nerability of each design by inserting each into models
seemingly is small, it should be accepted only after of threat environments. These models essentially are
careful consideration of alternatives, combat scenarios representing possible situations in

Under some conditions, both static and dynamic, which the helicopter might be expected to operate.
lnonreflective treatments for Based upon empirical data and theoretical calculations,

windscreens and curved suirfaces may be specified to in evaluation of the relative vulnerability is possible.
reduce the possibility of visual acquisition. There nor- This technique is satisfactory, provided the threat etyvi-

mally is a relatively minor weight penalty associated ronment is recognized to be artificial and may have
with these treatments. little or no relevance to the eventual operating situa-

The ability to operate a helicopter at extremely low tion.
altitudes, i.e.. nap-of-the-earth, is another means of
avoiding detection. This technique normally demands
a high degree of maneuverability and excellent flight 2-3.3 PERFORMANCE
handling qualities, both of which are performance sub-
factors. This type of operation presents difficulties in Basically, performance is the output of a system. In A
navigation and in the avoidance of unforeseen obstruc- the mission-effectiveness equation (Eq. 2-1), the per-
tions. In some types of operations these difficulties can formance factor is essentially a Figure of Merit in
be allayed by using specialized navigation devices and probabilistic form, representing an assessment of the
terrain following/avoidance equipment, but this equip- relative worth of system output during the conduct of
ment imposes a weight penalty and increases system assigned tasks. The performance factor also may be
complexity (Ref. 10). considered as an overall indication of capabilities: i.e..

Once the helicopter has been detected by an enemy, the performance levels that are expected to be achieved
a combination of both active and passive measures can when the system is committed to a missioni.

2-10
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2-3.3.1 Performance Requirements or two available helicopter types for the entire range of

Until the early 1960s, the overall performance applications as used to be the practice
To take advantage of increased performancecapabilities of helicopters were relatively limited. Tech- capabilities, it has become necesary for the usr to be

nological improvements-including reduction of para. highly specific and definitive with respect to:
sitic drag, improved rotor systems, auxiliary propul.
sion, and lighter weight structures and engines-have 1. Identification of the classes of missions that lend
resulted in considerable growth in almost all aspects of themselves effectively to helicopter applications; e.g..

helicopter operational capability. Figs. 2-8 and 2-9 de- attack, observation, utility tactical transport, and
pict the improvements achieved in cruise speed and the heavy-lift
reductions made in structural weight (Ref. 13). 2. Identification of the significant operational

The increase in the spectrum of obtainable perform- parameters for each class of` mission
ance has had a major impact upon military planning.. 3. Statements of minimum acceptablt perform-
Whereas, in the past, use of helicopters for certain mis- ance for each class of mission
sions was considered impossible because of perform- 4. Statements of priorities to be considered in con-
ance deficiencies, new operational applications such as duct of performance parameter trade-off analyses
attack and heavy-lift missions now have become feasi- 5. Statements of requirements for mission aug-
ble. It is possible today to optimize configurations for menting/enhancing equipmenw to be installed; e.g.,
particular classes of missions, rather than to use the one weapons, fire control systems, sensors, cargo-handling

equipment, and navigation and communication equip-
ment.

300
- • .o •..,L•..---'" The statement of performance criteria evolves during

the formulation of the military system requirements
W 2(par. 2-2.1). Normally, the criteria take the form of

__"_._-- I minimum acceptable levels of performance for each
00 flight parameter that is significant for the mission class.

S0 [iCertain parameters are extremely sensitive to mission
-4...type; e.g., design-limit speed is an important parameter

0 1 _ , __for the attack mission but of little value to the heavy-lift
1945 1955 1965 helicopter, and maneuverability may be significant toYeARthe attack and light observation missions but of lesser

importance to the utility mission.
Fig. 218. Trends in Helicopter Cruise Speeds (Ref. To augment the statement of requirements, the user

may devise a mission profile (or several profiles for
multimission capabilities) to assist the designer. A mis-

, sion profile essentially is a synthesized scenario repre-I- •j...... " / sentative of the possible functions the helicopter is to.perform. Fig. 2-10 depicts a hypothetical mission pro-

• . Trile for a heavy-lift mission. The mission normally is
, -K.-r-,-. designed to extract the maximum desired performance

capability from the configuration.

S--- 2-3.3.2 Performance Effectiveness

Traditionally, the performance of helicopter systems
_ .. . . .has been described in terms of standard flight parame-

ters, e.g.. speed, rate of climb, range. and payload. With
respect to military applications, however, the trend has

Fig. , I ' . been toward the establishment of more operationall.
oriented measures such as productivity. target acquisi-
tion and engagement capabilities, and maneuverability.

Fig. 2-9. Trend of Structural Weights for The latter terms are quantified by manipulating the
Helicopters (Ref. 13) aforementioned flight parameters according to mission
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profiles (par. 2-3.3) or by inserting the candidate con- computed or input probabilities with series of random
figuration into complex simulations. numbers) commonly are used. but techniques also have

As mentioned previously, the flight parameters are been developed for providing complete distributions of
dependent upon, and extremely sensitive to, the in- possible results without recourse to Monte Carlo meth.
tended class(es) of mission(s). In some instances the ods. The parametric approach cau be used in cases in
entire design may be established on the basis of a single which some semblance of boundary condition% is
mission performance requirementt e.g., the heavy-lift known (Rer. 1).
mission may specify the vertical lift of a specific weight This type of simulation process provides an assess-
at 4000 ft altitude, 95"F, out-of-ground effect. Al- ment of the probability that targets can be acquired and
though details may vary during the parametric analy- engaged under certain sets of design conditions, This
sis, such a requirement probably will fix the amount of information not only is helpful in evaluating perform-
installed power and the general size and configuration ance, but also can be used in design trade-off analyses.
of the helicopter system (Ref. 14). The designer must The designer may employ user-supplied profiles to
analyze each mission and military system requirement assist in the optimization of candidate configurations.
to determine the critical design parameters. This step When the user has specified the installation of perfor-
"is his point of departure. mance-enhancing equipment, the designer may resort

Certain functionally oriented aspects of performance to sophisticated simulations (computer models) to de-
effectiveness, e.g., target ac ,isition and engagement termine maximum expected effectiveness. From such
capabilities, do not lend themselves to direct measure- techniques it should be possible to derive a probabilistic
ment. Regardless of the inherent and augmented Figure of Merit representative of the value of the par-
capabilities of the helicopter, its ultimate effectiveness ticular configuration.
really is dependent upon the hostile environment Another technique used to evaluate performance fac-
---enemy battlefield array, organization, deployed of- tors is an item-by-item comparison of each candidate
fensive and defensive equipment, and battle plans. The configuration. Both the designer and the user normally
enemy disposition only can be hypothesized from the employ some matrix of this type in their respective
best available intelligence. Considerable abstraction or evaluations. Where significant differences in parameter
deviation from available data may be necessary or levels exist, the selection often is easy. It would be
desirable. If suitable enemy arrays can be constructed, assumed that a configuration having the highest levels
it is possible to insert the helicopter or groups of heli- for each parameter would provide the best overall level
copters represented by the inherent and augmented of performance (Ref. 4). Problems arise, however,
performance parameters into computer simulation when the order changes from one parameter to
models of varying degrees of complexity. Various tech- another, and/or when the differencs in performance
niques exist for treating significant unknown variables, level are small. For example, Configuration A may
Monte Carlo techniques (successive comparisons of have a 3% advantage in payload over Configuration B,

-T AMBIENT CONDITIONS
4000 It 95 F

To START ENGINES AT BASE
T, VERTICAL TAKEOFF WITH MAXIMUM FUEL AND CREW
T CLIMB TO CRUISE ALTITUDE a FEET
T, FLY d, MILES AND LAND TO TAKE ON FULL, EXTERNAL PAYLOAD OF Y TONS
T4 VERTICAL TAKEOFF
T, FLY d, MILES AND HOVER OUT-OF-GROUND EFFECT, DISCHARGE PAYLOAD
T,, RETURN TO BASE
T, LAND WITH I MINUTES FUEL RESERVE

NOTE REPRESENTATIVE BOUNDARY CONDITIONS OR STATE OF OPERATION MUST
BE STATED.q , CRUISE AT 99". AIRSPEED FOR BEST RANGE.

Fig. 2-10. Representative Mission Profile, Heavy-lift Helicopter
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while B may be 2% faster than A. Thus, unless the user engine. In general, an increase in ton-mile performance9 can indicate a priority of importance for each required is attained for a given engine only with increasing ,•- t

parameter. the comparison method may be of marginal phistication of airframe design e.g., drag reduction or
salue. lighter weight structure , which, of course, is reflected

in higher costs.
Note that the information given in Fig. 2-1 1 is insuf-

2-4 ECONOMIC ANALYSIS ficient to allow a specific design choice to be made until
a criterion is applied. Some knowledge of what level of

2-4.1 GENERAL performance actually is needed must be incorporated.

This paragraph discusses the use of economic analy- Thus. if a fixed effectiveness level of 5000 ton-miles of
sis. often termed cost-effectiveness analysis, as an aid in cargo-carrying capability is considered sufficient, a de.
design trade-off decisionmaking. Elements of an eco- sign using Engine A clearly would be less expensive
nomic analysis are presented, along with detailed dis- than a design using Engine B to attain the same 5000-
cussions of criteria cost concepts, cost estimation, and ton-mile capability. On the other hand. if a fixed effec-
the use of simulation models in economic analysis. tiveness level of at least 7000 ton-miles of capability is

required, only a configuration that uses Engine B can
2-4.2 ELEMENTS OF ECONOMIC ANALYSIS ,neet the requirement.Consider also the adjustment of the fixed cost crite-

The elements of an economic analysis are: rion level in determining the final choice. For example,
1. Statements of the design objective and of the if $5 billion initially is considered a reasonable fixed

effectiveness measures to be used to determine accom- cost to the Army for a cargo helicopter fleet, then a cost
plishment of the objective approximating $6 billion using Engine B also should be

2. Specification of the candidate means (alterna- considered because this alternative offers a substantial

tives) by which the objective might be accomplished increase in cargo transport capability over that attaina-
3. Measurements of the costs associated with the ble from either the Engine A or B designs at the $5 V

billion level.
potential use of each candidate means One additional criterion, dominance, is valid equally A,

4. A set of relationships (a model) that relates the for decisionmaking. This is the rare but preferred situa-
cost of each candidati means to its corresponding effec- tion in which one design always is more effective than

tivenessalI5.iAvcrieriooctall other choices at all cost levels.
5. A criterion or criteria with which alternatives Further treatment of criterion forms is found in Refs.

are compared and upon which selection may be made. 17 and 18.

Further discussion of the elements of an economic
analysis are contained in Refs. 15 and 16. 2-4.4 COST ANALYSIS

2-4.3 FORMS OF CRITERIA This discussion provides the designer with a basic
introduction to cost concepts, methods of cost estima-

Normally, a fixed effectiveness or fixed cost form of tions, and the role of cost estimation in the decision
criterion is established first, and then the sensitivity of process. .1
the fixed level upon the most promising choices is ex- The term "cost analysis" means many things. Foi
amined. A fixed effectiveness criterion would minimize the purposes of this handbook, cost analysis shall be
the cost to attain a given effect. A fixed cost criterion concerned with the resources (usually expressed in dol-
would maximize the effectiveness attainable at a fixed lars) required to design, produce, and operate Army
cost. helicopters. The results of such analyses. together with

Fig. 2-11 presents continuous plots of effectiveness effectiveness, will aid designers in arriving at design
versus cost of ownership for two versions of a cargo trade-off decisions.
helicopter design, where the objective is to choose be- Cost analyses developed during a concept design I
tween two alternative engines, phase normally are less accurate than those developed

The measure of effectiveness is the payload range in a system procurement or operational phase. The
capability, defined as the maximum ton-miles attaina- reason is that planning, or design, involves projections
ble at the best-range speed. Each curve on the chart for programs that reach further into the future and are
represents a continuous lockis of points, with each point specified less clearly than are prograrmming or budget-
being a single airframe design configuration for a given ing actions. In general, a far higher degree of uncer-
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tainty in cost data can be tolerated in design planning Ref. 20 presents a technique for quantitatively eval-
than would be acceptable in the later phases. Recogni- uating the impact of uncertainty in cost analysis.
tion of this fact is important to both the designer and
the cost analyst in selecting an appropriate level of 2-4.4.1 Cost Concepts
detail and precision to be applied in design decisions. 2-4.4.1.1 Life Cycle Cost

Two major sources of uncertainty exist in cost analy- One cost concept generally used to select among

sis: competing designs is life cycle cost, which is the sum-
1. Inadequate or inaccurate specification of the mation of all expenditures required from conception of

system being costed a system until it is phased out of operational use. The
2. Statistical inaccuracies in the cost-estimating re- life cycle cost (also termed total system cost or "cradle-

lationships (CERs). to-grave" cost) of an Army helicopter may be divided
into the following time-phased parts: research and de-
velopment, initial investment, and annual operating

Cost estimates characteristically err on the low side,often underestimating total system costs by factors of costs. Another way of dividing these costs is into non-
tota sysem b facors recurring and recurring expenditures. Briefly, these

two or more. Post-examination of several sets of pro- re.uring arecurrined as fhese
gram cost estimates (Ref. 19) has shown that the major categories are defined as follows:
rearon for underestimation is a significant change in 1. Nonrecurring:
system specification. Thus, the system subjected to cost a. Research and development. Includes all costs
analysis is quite unlike the system that eventually is of hardware, engineering, test, and other ac-
procured and enters the Army inventory. This fact tivities necessary to qualify a system for use
should not discourage the designer from using costs to b. Initial investment. Inclhdes all costs of pro-
aid his decisions regarding design approaches, how- ducing an item and procuring the operating
ever. The important consideration in the use of cost in personnel necessary for its use by the Army.
decisionmaking is that all data used to aid a given 2. Recurring:
decision must be attained consistently and arrayed on a. Operations. Includes all costs-such as fuel,
a comparative basis. Thus, decisions made upon the operations, personnel, replacement, and train.
basis of such data are valid within the context in which ing-of operating the system throughout its
they are made. They will, in most cases, remain so for service life
a given system even where other system factors change. b. Maintenance. Includes all costs of spares, re-

U, " , ', -'-I-1 -

ENGINE B DESIGNS -7
z

b

' ENGINE A DESIGNS

3) 4
101-YEAR COST MOF IXFD QUANTITY FLIFET. 1nI I ons

Fig. 2-11. Cost and Effectiveness for Various Designs
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pair parts, maintenance personnel, etc., re- B, and baseline cost minus $95 million for Engine C, A) quired to maintain a system in operational where there is no need to evaluate the baseline cost in
readiness, absolute terms.

For example, this cost concept might be used to aid Although it can be argued that such data provide no

selection of one from among two or more competing basis for determining the total cost of any of the pro.

helicopter engines. Given equal survivability, availabil- gram choices, nor do they give any indication of per-
ity, and performance factors, a determination would be centage differences among alternatives, it also can be

made of which engine installation offers the least life argued that, in the absence of any better information,
cycle cost to the Army for a selected service life. the incremental cost information can aid a selection

The designer should be. warned, however, that use of among alternatives. Forms of selection criteria are dis-
the life cycle cost concept involves some difficulties, cussed in par. 2-4.3.
The first is the magnitude of the task of assembling
sufficient historical data on similar systems and force 2-4.4.1.3 Real Resource Utilization
structures to generate meaningful cost-estimating rela-
tionships for the new system concept. Such a task re- Cost analysis also could be called 'resource analy-
quires extensive and continual effort in data collection, sis" because it involves the estimation of the resource
analysis, and update. A second problem area, institu- implications of alternative courses of action. Resource
tional constraints, involves the difficulty experienced utilizations may be expressed in terms such as mainte- P
by groups other than top-level Army agencies in ob- nance hours per flight hour, pounds of fuel consumed
taining access to relevant and sometimes sensitive his- per flight hour, or number of quality control inspec-
torical information with which to assemble an adequate tions required per component assembly. The utility of
cost data bank. Finally, there is the problem of the such measurements should not be ignored in making
perspective of the cost analysis organization; e.g., a design decisions. The need to convert such physical
private contractor cannot be faulted for displaying resource measurements into dollar costs arises out of
more concern for initial costs (the contractor's price to the desirability of putting differing resource measure-
the Army), in the face of competition, than for the ments into commensurate terms as a basis for weighing
Army's costs of operating and maintaining the deliv- the relative importance of each. The potential con-
eted item. sumption of resources, expressed as dollar costs, allows

unlike resource uses to be compared or totaled: a dollar
2-4.4.1.2 Incremental Cost consumed for fuel is equal in value to a dollar con-

The concept of incremental cost involves the com- sumcd to pay a mechanic. In this way, the designer ca
parative use of the increment (difference) in costs be- make comparative and unbiased choices among re
tween alternatives. This amounts to a "top-of.the- source expenditures.
iceberg" analysis and eliminates the need for the large In some cases, however, the analyst will encountei
effort required for a total system cost comparison, physical resources that are constrained by other thar.

Thus, for example, if all engines being considered as dollar costs and that cannot be expressed meaningfully
candidates for a helicopter design already were quali- in dollar terms. Such a constrained resource might be
fled fully, the prior incurred R&D costs would not need the production capacity of an existing manufacturing
to be considered in the selection process because there facility. Management business risk decisions. insuffi-
is no way to recover prior expenditures ("sunk" costs). cient time to build new facilities, or similar factors may
By the same token, if all engines had demonstrated that exclude a given design alternative, even if no explicit
they essentially were equal in maintenance factors, limitation is placed upon dollar resources.
there likewise would be no reason to convert this infor- Another example is the consideration of the value of
mation to dollar costs because the impact would be the human life during a survivability trade-off study. The
same for each engine choice. In other words, the de- value of human life is not conmmensurate with other
signer need use only costs that differ among the en- resource measurements and. hence, its %alue cannot be
gines, e.g., initial procurement costs and annual operat- expressed in terms of payment of survivor benefits, or
ing costs. The total difference would allow the analyst the costs of training and travel of replacement person-
to rank the engines in terms of incremental costs. For nel. While dollar costs consumed for such activities are
example, the incremental 10-yr Cost of Ownership for commensurate in every way with other dollar costs.
a 2000-engine fleet, assuming a baseline cost for Engine their use would tend to mask the implications of the
A. might be baseline cost plus $40 million for Engine trade-off of human lives for dollars.
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2-4.4.1.4 Joint Costs C cost at end oftn time periods,
dollars.,

Joint costs are generated when more than one system
uses a specific resource. Normally, joint resources are M -hr ,ftim,.. periods.

t hose involved in the functions of command or support. oniess

Joint costs that can be considered as "overhead" may i' nn rate (expressed
be classified as either fixed or variable. The use of fixed lecimal) per time period.
joint resources does not change with the systems or dim,,ensionless
organizations using them; as a result, no incremental

5. Inflated cost. That which uses an estimated in-costs need be allocated to the system designs being at fator tosincreae presen-ay estimatef in-fiatonfctorto ra-ease present-dayv estimate,, of ex-
compared. Variable joint costs, on the other hand, oc-

cur when a change in the system design results in penditures to be made in later years.

changes in the joint resource requirements or uses. As 6. Indirect cost. Not identified with the unit or
such, an appropriate proportion of the change in the system that generates it. Indirect costs are joint costs:
incremental variable joint cost properly should be al- i.e., they reflect the use of resources that support more
located to the change in system design, than one unit or system.

An example of such an unequal allocation of incre- 7. Investment cost. Nonrecurring costs required tomental joint costs in a design trade-off analysis is the take a systemn from the developmental stage to operat-difference in the number of support-services personnel ing capability within a force. These consist of costs for

necessary to support the maintenance personnel re- initial procurement of the system and initial training.
quired by a fleet of one helicopter model versus a fleet and allowances for mair-tenance and combat parts in-
of another design that requires fewer maintenance per- ventory.

omaintain an equal level of availability. 8. Operating cost. Recurring cost required to keep

2-4.4.1.5 Other Cost Concepts a system in an active force.
9. Opportunity cost. Cost of resources consumed

Additional cost concepts, such as discounted costs
and time-phased costs, routinely ar, ecountered in in following one course of action and, therefore, una-
force structure and programs. How. is unlikely vailable to any alternative course of action.

that they will be needed while anal vzi•, 'r design 10. Price. The dollar amount paid to a seller. The
trade-off planning. Concept-, d delit. with price is only part of the cost to the buyer because the
which the cost analyst sh lu e tamiliar buyer also must pay the cost of ownership.

I. Amortized costs. m.d by dividingr 11. Residual value. The estimated current worth of
costs by the estimated service life of the system, remaining assets when a system is removed from the

2. Constant dollar cost. A cost whose value active inventory (also termed salvage value).

throughout time may be affected by inflation or defla-
tion, but these effects are segregated. The cost is 2-4.4.2 Cost Estimation
"frozen" in time and expressed in dollars of a particular This paragraph defines cost-estimating relationships

(CER) and describes how they are obtained and the3. Direct cost. That cost related solely to the sys- purposes they serve. The objective is to supply the de-
tem that generates it. This term often is used to distin- sign engineer with sufficient knowledge to judge the
guish operating unit costs from support costs (see item value and individual validity of CERs as aids in making
6). design trade-off decisions. A discussion of the statisti-

4. Discounted cost. U. * to show the time prefer- cal analysis techniques used to derive these relation-
encc for postponed commitments to expenditures. Dis- ships is beyond the scope of this handbook.
counted cost also may be termed present cost and is A CER may be defined as a statement of how the
obtained by the formula costs of a system are influenced by changes in one or

more variables of that system.
In certain cases, a simple factor type of CER may be

P = C ( l + r)-m . dollars (2-8) possible. For example, in estimating fuel consumption

costs, a simple multiplier can be apr lied to the number

where of pounds of fuel consumed to obtain the annual cost
of fuel. Quite often, however, CERs can become far

PC present value of cost, dollars more complex, especially where an interdependency
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cxists hetween the number and size of engines selected '
) or use on a single helicopter and the cost of mainte- .

, nance of that vehicle.

2-4.4.2.1 Data Development '

The most fundamental step in deriving cost-estimat-
ing relationships is the collection of data related to
current models used in operations and environments
similar to those for which the new design is being pro- ,"
cured. Historical records are the most common source --........

of such data. Other data are obtained from tests and
specially designed field experiments. .

Two types of data are collected. First is the informa- .
tion that defines the dependent variable. i.e., costs of
various operations. Second are those data that define
the independent or interdependent variables, i.e. those NUMURF HU' ICOP'S

that describe how the costs were generated. The dif-
ficulty here is that most influential factors seldom are
apparent. The principal task of the cost analyst is to Fig. 2-12. Typical Curvilinear CER
assess the independent variables and to test the strength
of the relationships between cost and the operations
that generate cost. Those that prove to have both strong dollars
and reliable relationships are selected as the CERs to a the amount by which Y
be used in predictive analyses. For example, in the case increases for a unit increase in
of helicopter depot maintenance costs, data might be X, dollars
collected on maintenance cost versus flying hours, X the number of direct personnel
numbers of takeoffs and landings. or helicopter gross b = constant cost, dollars
weights. The relationship that offered the highest pre- In this example there is a minimum cost of support
dictive reliability would be the preferred CER for es- personnel b that must be assumed even if the number
timating cost of depot maintenance for similar helicop- of direct assignees is minimal or zero. Obviously, this
ter operations. relationship also could be expressed graphically as a

straight line (linear) variation of Y as a function of X
2-4.4.2 2 CER Display Formats with a Yintercept value of b. In either case. the inter-

Ther.: ar. three principal methods used to display pretation should be straightforward. The choice of dis-
cost-est r.Zin-g relationships: graphical formats, tabu- play format is strictly for the convenience of the ana-

lar formats, and mathematical formulas. The simplest lyst.
form of mathematical CER is the multiplying factor. There are certain CERs-the nonlinear and often
The CERs used to estimate the pay and allowances of irregular relationships-that do not lend themselves
military personnel normally are expressed with such a readily to mathematical form. In this case the graphical
factor. Thus. the total cost for pay and allowances of format is preferred. One of the more common forms of
direct military personnel associated with a given heli- graphical displays of CERs is that shown in Fig. 2-12.
copter fleet equals the number of personnel assigned A typical curvilinear CER is plotted on log-log graph
directly to the fleet times the average pay and allow- paper. Note that this curve is somewhat curvilinearance factors (dollars per man). rather than a straight line, and thus would prove dif-

A similar CER presentation takes the fbrm of the ficult to express directly in mathematical form. Fre-

linear equation. For example, the cost of support per- quently, a simplification is applied to such a relation-
sonnel sometimes is expressed as a function of the num- ship that makes the assumption either that the curve is
ber of direct personnel in the form linear or that it can be dealt with as a series of litlear

segments. In any event, it often is easier in the case of
Y = aX + b , dollars (2.9) irregular relationships to plot the results graphically

where and then read required values directly from the result-
ing plot.

Y cost of support personnel. The third common fot m of CER is the tabular pre-
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TABLE 2-3 that the empty-weight-versus-cost relationship is the
CONSTRUCTION COST AS MULTIPLE OF most consistent trend of those examined. The statistical

EQUIVALENT U.S. COST (U.S. = 1.0) technique for quantifying the quality of fit of a straight
_ _ _ _ _ _ -line drawn through these data is termed correlation

KOREA 0.90 analysis; a perfect fit yields a correlation coefficient of
FEDERAL REPUBLIC OF GERMANY 1.10 unity, and no correlation yields a zero correlation coef-
"FRANCE 1.35 ficient. A coefficient of variation is a second statistical
VI ET NAM 1.40 measure and is a quantification of the degree of scatter
PANAMA 1.60 of the data; i.e., the lower the coefficient of variation,

SPHILIPPINES 2.35 the better the relationship. The coeffi cients of correla-
". tion and variation for the three relationships examined

"are shown in Table 2-5. In the cases examined the
sentation. Several CERs lend themselves well to this relationship between depot maintenance cost and hell-

""3i format, as shown in Table 2-3. copter empty weight offers the highest coefficient of
Other less common forms of CERs are nomograms correlation and the lowest coefficient of variation.

and multivariate equations; the former is a type of Therefore, it clearly is the best of the three CERs for
graphical display, while the latter can be used only predicting depot maintenance costs on similar helicop-
when aided by computer. ters.

Another statistical technique, regression analysis,
4, 2-4.4.2.3 CER Derivation now is applied to this relationship. Regression analysis

;' is used to express the trend line and the confidence
The first step in CER derivation is the collection of i sd~ xrs h rn ieadtecniecTheirstoril datep on similar operationis (par. 2o n 1. bands. The trend line is the best fit linear relationshiphistorical data on similar operations (par. 2-4.4.2.1). that can be put through the data points. In this case the

The second step is to assess the strength of the interde- trend line for CER is Cost ($/flt-hr) = 3.06 + 7.20
pendencies between cost and the physical data that (empty weight X 10-). The 95% confidence bands
describe a system or operation. This step is aided prin- are shown in Fig. 2-14 and represent a statistical calcu-

bsasclayslation that yields a subjective confidence that 95% of
cp For example, assume that a significant degree of all measured values will fall between the bands.
analysis has been made of several types of helicopters
for three years of operations in both U.S. Army and
related military operating organizations. The analyses 24.. Use of CEas
have shown that, for a selected subset of the data that Like any predictive relationship, a CER is a tool for
relate most directly to the design, depot maintenance determining that which we wish to know based upon
costs are related to the continuous maximum power that which already is known or which can be measured.
level of the engines, to the airframe empty .weight, and Where a sufficient body of historical data exists for
to the maximum design gross weight. Now the factor analysis, a variety of CERs can be developed.
must be selected that offers the best CER for prediction The degree to which costs can be used to aid deci-
of depot maintenance costs. The data for this hypo- sionmaking is as sensitive to the validity of the CERs
thetical example are shown in Table 2-4. as it is to the validity of the physical relationships that

The next step is to plot the depot maintenance cost describe the design alternatives. Similarly, it is impor-
for the three years versus the independent variables. tant to avoid using the direct cost of producing an item
These plots are shown in Fig. 2-13, and it is apparent of hardware as the sole cost criterion, and instead, to

TABLE 2-4
CER TEST DATA

DEPENDENT VARIABLES INDEPENDENT VARIABLES
DEPOT MAINTANENCE. GROSS EMPTY ENGINE

COST. Sf11-hr WEIGHT WEIGHT. POWER ,
HELICOPTER I Y FY'69 FY'70 1' X I ii, x in n x 10 "o

CH A 7 8 8 11 2
CH B , 2..5

CH C 14 2 2
CH4 3 .6 ] 2.5
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consider the total cost implications of selecting one 30 - -.

design over another.
Par. 2.4.5 describes, by example, how CERs can be zr TREND LINE

combined with a knowledge of the effectiveness of vari-. // / I
ous designs to aid design trade-off decisionmaking. 9 20 -.... . -

Simulation modeling and the decision criteria related to bol-
cost-effectiveness techniques are discussed.

Further data concerning cost-estimating techniques ,
and cost factors useful to the task of conducting heli- z
copter design trade-off analyses are presented in Refs. = 10 9V'. CONFIDENCE
19 through 27. BANDS

0

C0 10- 20L30
, EMPTY WEIGHT, Ih x 10)"'

• . ~10" Fig. 2.14. Selected CER With Trend Line and

- 1 . fi.Confidence Bands J

- 0 10 20 30
4 GROSS WEIGHT, lb x 10' 24.5 SIMULATION MODELING: AN

20 .EXAMPLE

- 0 Any discussion of design trade-off analysis must in-
S - dclude simulation modeling because of the importance

1 of such modeling in relating unit effectiveness to total
system cost.

-_-This paragraph uses an example of choosing between
0 two engines for a cargo helicopter. It is assumed that

S0 10 2o 30 a choice of either engine design yields insignificant dif-
EMPTY WEIGHT, lb x 10 3

ferences in the estimated performance and survivability
20 of the basic helicopter. Differences exist only in the

O- estimated vehicle availability and the initial investment
cost.

10 There are five elements in cost-effectiveness analysis.
as specified in par. 2-4.2:

I. Objective. To provide a capability to deliver one

0 2 5 .5million flight hours of helicopter cargo airlift per year
PO2.E 5 71 5 for a period of 10 yr. Thus, the measurement of effec-POWER, hp x 10

tiveness is the number of airlift hours available.
2. Measure of cost. Ten-year cost of owaership otFig. 2the total fleet of identical cargo helicopters.
3. Design choices:

a. Helicopter with Engine A
TABLE 2-5 b. Helicopter with Engine B.

COEFFICIENTS OF CORRELATION AND 4. Criterion of choice. That design which meets
VARIATION the objective at the least cost shall be preferred.

5. Model. The fifth element, the model, is devel.
GROSS WT EMPTY WT POWER oped herein.

COEFFICIENT OF CORRELATION 0.93 0. 0. 0.81 The data available to begin the analysis are shown in
COEFFICIENT OF VARIATION 0.24 0.15 0.32 Table 2-6. in addition. it is known that the mean cost
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of helicopter maintenance is $240 per maintenance per year per helicopter of'
hour. design type x, hr

Two imjortant facts should be noted for the con- A, unit availability ratio for design
struction of the model: type x helicopter. dimensionless

1, Helicopters are procured by the Army in fleet An equation expressing the 10-yr cost of ownership
quantities and not as individual units. As such, a corn- C,, is:
mitment of resources to one design or method can be
assessed properly only in terms of the full costs and
effects that the com m itm ent yields. C I " "\.1.) . - hr', C,,II,.

2. The design of a helicopter is specified fully in a
single unit, Therefore, measurements that characterize * n tI3 -t i(r

the capabilities of a given design are determined and Ih.hr ' .'' d (
expressed most readily for a single unit.

The difference in measurement levels between deci- where
%ions regarding program resource allocations and those
involving design information is both typical and 11, initial investment cost of one
proper. To the analyst, however, it presents a require- helicopter unit of design type x,
mert to bridge a gap in information. The solution to dollars
this need is to construct a model or series of relation- c,,,, = operating cost for design type
ships that simulates the operational use of the helicop-
ter fleet. The model takes information that is known-d

= .. organizational cost ofsingle-unit capability, or cost and maintenance C
data-and structures it to obtain a semni-realistic simu- maintenance, dollars/maint-hr
lation of a total organization use. In this way the A quantitative example of the cost calculations for the
desired measures of fleet effectiveness and fleet cost are fixed effectiveness method is shown in Eqs. 2-12
obtained. thruugh 2-14. This example is based upon the assump-

A model that can be used in this way for the cargo tions that Ef, = 106 fit-hr/yr and H 1 = 1000 fit-
helicopter design study is shown in logic flow form in hr/helicopter-yr. Combining Eqs. 2-10 and 2-11 and
Fig. 2-15. solving for C, we obtain

The same can be expressed mathematically with two
equations. An equation expressing the fixed effective-
ness criterion is 103HI'

Co - 2 + 10 7 C
10 A o1pr

Efr= NxtA , flt-hr/yr (2-10)

+107 fit-hr 0maint , dollars (2-12)where. fth

Ej,. = effectiveness criterion, fixed
effectiveness, fit-hr/yr

N, = number of helicopters in the Evaluating this equation for both designs, we obtain
fleet of type x helicopter for Design A

H =planned flight hours available

T (12 +3)10• [2.0X 106] + 107(110)TABLE 2-6 Ct [2.0 X
TYPICAL ANALYSI DATA12

+ 107( ý1.25) 240
ENGINE A ENGINE +

INITIAL INVESTMENT COST . MILL ION $ 2 1.8

MEAN OPERATING COST, S PER FLT--HR 110 801 $6.60 X 109 (2-13)
MTBMA, HR 12 15

MTTR, HR 3 5
RATIO OF MAINTENANCE HOURS

TO FLIGHT HOURS 1.25 1.67S... ... and for Design B
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r sFig. 2-1y. Logic Flow Diagram for Design Trade-off Model

5)103 would be fundamentally the same. A more complex

= (15 + [1.8 X 1061 + 107(80) and perhaps more realistic model might be constructed10o• 1 by adding further elements such as actual crew replace-

ment policies, part stockage, and fuel costs. Similarly,
+107(1 .67) 240 the effectiveness simulation might be portrayed more

realistically by using a random selection of typical mis-
=$7.20 X 109 (2-14) sion profiles or a probabilistic simulation of unsched-

uled maintenance action.
A discussion of such probabilistic models is beyond

Thus, for the chosen level of effectiveness a $600 mil- the scope of this handbook. However, Ref. 21 describes
lion saving results if the helicopter design that uses such a model used for helicopter design trade-offstud-
Engine A is chosen. ies. In building a simulation model, the analyst should

"The choice of Design A was not apparent readily make sure that the addition of further detail and com-
from the original data. Indeed, the initial .unit cost of plexity not only will improve the simulation of reality,
Design A is 11% higher than for Design B. This exam- but also will improve the accuracy of the simulation,
pie points out the danger of using only partial cost data consistent with the needs of the problem and the inher-
to evaluate a design trade-off decision. This is further ent accuracy of the input data.
emphasized by the two 10-yr cost equations as evalu-
ated for the two helicopter designs. The total initial
investment cost of Design A (Eq. 2-13) is $2.5 billion
or approximately 38% of the total 10-yr cost; thus, the 2-5 LIST OF SYMBOLS
recurring costs contribution to the 10-yr cost of owner-
ship amounts to 62%. For Design B these recurring A = availability, dimensionless
costs are 67% of the total. In either case they have a A, = component availability,
significant impact and should not be ignored. dimensionless

Although the example used was simple, the actual A, = subsystem availability,
process of model building for more complex problems dimensionless
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A, = system availability, 2. MethodologyNotebookforAction O.fteem GT-l';ii' , dimensionless 501-N, U.S. Army Management School. ••..

= unit availability ratio for design 3. S. M. Shinners, Techniques of System
type x helicopters, Engineerln, McGraw-Hill Book Co., New

ifdimensionless York, 1967.
a = amount by which Y increases 4. D. 0. Ellis and F. 3. Ludwig, Systems
a for amountb hict increasen, Philosophy, Prentice-Hall, Inc., Englewood

for a unit increase in X, lfs .. 92SCliffs, N.J., 1962.
dolla•s 5. V. G. Hajek, Project Engineering, McGraw-

Sb = constant cost, dollars Hill Book Co., New York, N.Y., 1965.
C = cost e.t end ofm time periods. 6. R. E. Barlow and F. Proschan, Mathematical

dollars Theory of Reliability, John Wiley and Sons,
CIO = 10 yr cost of ownership, dollars Inc., New York, N.Y., 1965.

C.,., organizational cost of 7. R. E. Machol, Ed., Systems Engineering
"maintenance, dollars/maint-hr Hand&bok4 McGraw-Hill Book Co., New

CP, operating cost per hour for York, N.Y., 1965.
design type x dollars 8. I. Bazovsky, Reliability Theory and Prac-

Ej;. effectiveness criterion, fixed tice, Prentice-Hall, Inc., Englewood Cliffs,
effectiveness, flt-hr/yr N.J., 1961.

H = flight hours available per year 9. G. W. Gilmer and B. D. Olson, "Maintenance:
from helicopter unit of type x Tough Talk for Designers", Astronautics and
hr Aeronautics, 6, No. 7 (July 1968).

11., ll = initial investment cost of one 10. H. G. Smith and J. Ht. McDermott, "Design-

unit of design type x, dollars ing for Crashworthiness and Survivability",
m = number of time periods, Journal of the American Helicopter Society,

dimensionless 13, No. 4 (October 1968).
helicopters in the 11. F. P. McCourt, Factors Influencing Aircraft .

fleet of type x, dimensionless Survivability, Advance Paper for Man-Mobili-
P = probability, dimensionless ty-Survivability Forum, Indianapolis, Ind.,

dollars 1967.PC = present value of cost, dollars
dimensionless 12. Turnbow, et al., Crash Survival Design

R, = subsystem reliability, Guide, TR 71-22, USAAMRDL, Revised GCc-

dimensionless tober 1971.
= system reliability, dimensionless 13. B. A. Schriever and W. W. Seifert, CoChmn,Air Transportation 1975 and Beyond: A Sys-

r = discount rate (expressed is a
tems Approach, Report of the Transportationdecimal) per time period.

dimensionless 1 Workshop, The MIT Press, 1968.
t = time, hr 14. A. Gessow and G. C. Myers, Jr., Aerodynam-
' = number of direct personnel, ics of the Helicopter, The Macmillan Co., New

dimesionessYork, 1952.
dimensionless 15. C. J. Hitch, Decision Making in the Defense
dollars Department, Gaither Memorial Lectures, Uni-

S= failure rate =1/MTBF. hr't versity of California, April 1965.= subsystem failure rate. hr' 16. I. Heymont, et al., Guide for Reviewers of Stu-
, = system failure rate. hr' dies Containing Cost-Effectiveness AnalysisýResearch Analysis Corp., McLean, Va., Sep-

tember 1966.
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CHAPTER 3

PERFORMANCE

3-1 INTRODUCTION 1. The classic or "pure" helicopter that had no
separate means of propulsion; i.e., all of the power was

This chapter describes procedures for the prelimi- supplied to the rotor or rotors (Ref. 5)
nary optimization of helicopter performance. In the 2. The autogyro, whose rotor was kept in rotation
preliminary design, performance evaluations neces- during flight by aerodynamic forces only, the engine
sarily are tentative, but proper use of historical data power being supplied to a propeller that provided a
and available analytical techniques will minimize un- forward thrust component for translational flight. The
certainties and avoid difficulties and delays in the detail rotor thus was wholly a lifting device.
design and qualification assurance phases. 3. The compound or hybrid helicopter, in which

Aerodynamics and propulsion are the primary areas part of the power was supplied to the rotor for produc-
for performance optimization. Methods for evaluating ing lift and part to a propeller for providing propulsion.
these elements are described in this chapter. This intro- The helicopter was enhanced greatly by the addition of
duction describes the e- Aution of the theoretical basis a fixed wing to reduce the lift component provided by
of helicopter performance evaluation, along with the the rotor in translational flight, thereby enabling higher
major preliminary design problems and the potentials forward speeds to be achieved without encountering
of helicopter performance. severe fluctuations in rotor lift. Such periodic fluctua-

Although the conception of the helicopter preceded tions had been responsible for high rotor drag and in-
that of the autogyro by at least several centuries, the herent vibrational problems.
discovery by Cierva of the optimum blade angle for
autorotation of a freely rotating rotor was probably the
most vital step toward practicable rotary-wing flight. It 3-1.1 WORKING STATES OF A ROTOR
permitted achievement of a slow descent, making it
possible for the helicopter to land safely in the event of Glauert (Ref. 10) and Lock (Ref. 11) have analyzed
engine failure, the working states of a rotor in terms of two parameters

The reports of Glauert (Ref. 1) and Lock (Ref. 2) F and f, thrust coefficients defined by the equation
formed the earliest theoretical bases for investigating
the physical principles of rotary-wing flight. Analysis
at'first wus confined to the autogyro, but Glauert later dTý 47rrp(V - P? F
developed a theory of helicopter performance during dr
vertical ascent (Ref. 3) that was extended to cover hori- 47wp V' f lb/ft (3-1)
zontal flight (Ref. 4) with the rotor axis vertical. Squire f
(Ref. 5) extended the analysis to flight with the rotor
axis inclined forward to give a component of rotor where
thrust for propulsion. Wheatley (Ref. 6) made further dT = thrust of the blade elements at
fundamental contributions to tke early literature on radial distance r, lb (i.e., the
helicopter performance. thrust resulting from the

The era of the autogyro (Ref. 7) merged into that of momentum imparted to the air
the helicopter by Focke's demonstration (Ref. 8) in in an annulus of radius r and
1938 of adequate controllability in the hover mode. A thickness dr)
series of papers by Bennett (Ref. 9) on rotary-wing VD = rate of descent, fps
aircraft summarized the state of knowledge in 1940; it v = rotor-induced velocity at the
was clear then that there were three main categories of annulus, fps
rotary-wing aircraft: p = density of air, slug/ft"
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Hence, the velocity of flow through the annulus is mately equal to the power required for level flight at a
(VD - v) when VD > v, and (v -- V0) when given forward speed.

By using the empirical relationship between Fand 3-1.2 POWER REQUIRED FOR LEVEL FLIGHT
/given in Eq. 3-1 in the ý,gion where there is recircula- The energy equation of a helicopter is derived fronm
tory flow through the disk, Bennett (Ref. 12) shows the assumption that the power expended is equal to the
that a rotor autorotative is partially a propeller in the power supplied from the engine or engines. This power
"vortex ring state" and partially a windmill in the

"windmillmay be transmitted wholly to the rotor or rotors (of a" "indi rke itte. wherTheerewisandmi pwaeshe, a s pure helicopter), wholly to a propulsive propeller or jetwhich VD > v, i.e., where there is an upwash, absorbswhich t ra (of an autogyro), or partly to the rotor and partly to a
more torque from the air than can be expended in (
profile drag; therefore, the autorotative rotor at zero propulsive propeller or jet (of a compound helicopter).
torqae.must expend excess torque in the "vortex ring The power is expended mainly in:
state" where VD < v, i.e., where there is a downwash. 1. Induced drag of the rotor or rotors

In powered level flight or in a climb the rotor is
working mainly in the "normal propeller state". V 2. Profile drag of the rotor blades

now becomes 7, the helicopter speed, and the velocity 3. Body drag.
of flow through the annulus at radius r is ( V + v). For
uniform distribution of v over the disk-an ideal as. The induced power varies inversely with forward
sumption-the rotor can be considered as an "actuator speed. The profile power increases from its value in the
disk", a useful concept with which to compare the hover mode as the square of the forward speed and the
effects of nonuniform distribution and the effects of power due to body drag increases as the cube of that
losses due to profile drag and unsteady flow. speed.

Margler and Squire (Refs. 13 and 14) show that even The total power requirement during translational
in powered level flight there are regions of upwash as flight from hover to maximum speed initially decreases
well as downwash. Thus, the blade elements are sub- to a minimum value associated with best endurance,
jected to periodic variations in angle of attack due to then increases at higher forward speeds. At these
the distribution of induced velocity and, therefore, ex- speeds the parasite power, which is expended to over-
perience periodic variations in torque that may fluctu- come body drag, becomes predominant. Typically, the
ate from a negative (windmill) value in an upwash to power required for hovering is about twice that re-
a strong positive (propeller) value in a downwash. Even quired for maximum endurance. Hence, at low transla-
with uniform distribution of v over the disk (a state that tional speeds the helicopter operates in the region of the
is unachievable in operation), a downwash results in an power curve where power decreases with forward
effective "wash-in" of angle of attack and, therefore, in speed.
increased loading toward the tip. Conversely, a uni- It is evident that body drag must be kept to a mini-
form upwash results in an effective "wash-out" and, mum if high cruising and maximum speeds are to be
therefore, in decreased loading toward the tip. attained. Use of a propeller or propulsive jet for for-

The velocity distribution over the disk for any con- ward propulsion would assist in maintaining a small
dition of flight can be calculated from Glauert's era- fuselage angle of attack, and hence keep body drag to
pirical values of F and f, using the method a minimum. The rotor drag at high speed can be
established by Ref. 12 for power-off descent. In the minimizcd by using a fixed wing to off-load the rotor.
"vortex ring state", the rotor power ranges from zero thus avoiding periodic blade tip stall.
in autorotation to nearly full power in the hover
.mode.

Stewart (Ref. 15) has determined in experimental 3-2 AERODYNAMICS
flight the boundaries between the three main working

states of a rotor for a typical helicopter. His work has
shown that, as the forward speed increases, the rotor
remains substantially in the normal propeller state up In this paragraph the relationships of basic theories
to higher sinking speeds. With the rotor in autorota- used in classical methods for calculating rotor pe,-form-
tion, the "windmill brake state" applies to lower sink- ance are compured to show the considerations and pro-
ing speeds as the forward speed increases. Thus, the cesses required in building a realistic analytical per-
rate of loss of potential energy in a glide is approxi- formance model.
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3-2.1.1 Hovering Flight account and added to the Ideal induced power of Eq.
3-5.3 .. o n ToIn general, profile power hp. is given by

The most elementary analytical model for estimatingthe performance of a hovering rotor can be derived by P ob h Orurct dr (3-6)

applying the momentum and energy conservation laws hp 1100
to the air mass influenced by a rotor disk. The power
applied by the disk equals the rate of change with time
in kinetic energy of the airflow (&KNA_, , which is
assumed to be steady and uniform over the disk area: where

b = number of blades
T= KE ' •2  , ft-lb/sec (3-2) c = blade chord at radius r, ft

At 2 n = rotor angular speed, rad/sec
=j = section drag coefficient at

radius r, dimensionless
and the thrust is equal to the change of momentum R = rotor radius, ft
across the disk For a blade with constant chord A, but varying elemen-

tal drag coefficient ct, we use the mean drag coefficient

T = (pA,) 2  , lb (3.3) CD and the profile power expression becomes

4400 ¢D(3-7)
where 4400 - bR Z -(7

A = rotor disk area, ft2
T = rotor thrust, lb
v.' = rotor-induced velocity through To maintain consistency in this approach, the blade

the rotor disk, fps section lift coefficient c1 also is assumed constant along
.2 = rotor-induced velocity infinitely the blade (permitting the use of the mean lift coefficient

downstream, fps C.) and the corresponding expression for rotor thrust
Hence, V2 = 2v, indicating that the induced velocity is obtained. Normally, thrust T is given by
infinitely far downstream is twice that at the actuator
• disk, and TT= 7-- c(Wb) 2c, dr ,lb (3-8)

Sv=: , fps (3-4)
and for the conditions stated, this becomes

Finally, the induced horsepower hp, is given by T obC C , lb (3-9)
6 l

TO T3/ 2

hp1 = 350 = 55O ý (35) Obviously, lift and drag coefficients do vary along

the blade. However, if a relationship between the mean
values of lift and drag coefficients can be established,

This expression for induced horsepower is the the power and thrust relationships of Eqs. 3-7 and 3-9
theoretical ideal. In reality, of course, the induced can be exercised. Such a relationship, between mean lift
velocity is not constant over the disk area and has a and drag coefficients, is shown in Fig. 3-1 for one rela-
rotational component. Also, wake vorticity, three- tionship between the mean lift coefficient CL and the
dimensional flow at the blade tip, and blade profile drag ratio Cr/o', where Cris the thrust coefficient and or the
combine with other power losses to decrease the rotor rotor solidity. The additional refinement required to
efficiency when converting shaft power to thrust. To make this elementary analytical method suitable for
estimate a more reasonable lifting rotor power demand, approximating simple-geometry-rotor hover perform-
profile drag losses and energy losses incurred because ance is the consideration of blade tip losses. The pres-
of the vorticity effects at the blade tips are taken into sure differential along the blade span is dissipated at the
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0.04 C B O W . and Eq. 3-10 can now be reduced to the simple form,€• CURVE BASED ON WIND 6

TUNNEL DATA AND FLIGHT CL = a - + C'Qo
uj 0.03 TEST DATA ON SIKORSKY -- + ce, C,

METAL BLADES I
w .-

CD OR T "+ D ,dimensionless (3-13)

0.01 where

,OCoQ = induced torque coefficient,
0 .. 0.4 06 08 10 dimensionless

MEN 0.4 0C6 0.8 1N 0 12 Co = profile torque coefficient,
MEAN LIFT COEFFICIENT Cdimensionless

(r = rotor solidity, bc/(vrR),
Fig. 3-1. TypIcal Mean Drag and Lift Coefficients dimensionless

Empirical corrections to the mean drag coefficient to
account for Mach number effects and to the inducedtip by the circulation of air flowing from the lower to torque coefficient CQ. to account for nonuniform down-

the upper surface of the blade. This circulation persists wash can be introduced easily to make the theory as
over a portion of the tip area that, conseque•atly, gener- exact as is necessary for any specific rotor for which
ates no lift. Semi-empirically, this condition is treated
by assuming a tip loss factor Bthat reduces the effective
radius for lift calculations. Typical values of B range 3-2.1.1.2 Figure of Merit
from 0.93 to 0.98, depending upon rotor blade loading. An index of rotor efficiency for converting shaft
This parameter is discussed further in par. 3-2.1.1.4. power to th~vst is given by the ratio of the theoretically

The total power hp required jy a hovering rotor ideal power to the actual power required. This index is
includes the induced power of Eq. 3-5, modified to called the rotor Figure of Merit M, expressed nondi-
include the tip loss factor B, and the profile power of mensionally as
Eq. 3-7:

C 3/2
T312  pbcR4 2(1 M 0.707 T32 ,dimensionless (3-14)

550B%'12pA 4400 D CQ

For convenience, the thrust T, torque Q• and power P For the ideal rotor, ihe Figure of Merit would equal
expressions can be nondimensionalized into coff, unity; however, this value can be achieved only when
cients CT, C 0 and C4 where blade tip and profile drag losses are nonexistent. One

simple method of evaluating rotor performance is to
examine a plot of thrust to power (power loading

= T ,dimeruionless (3-11) Th,,) vs thrust to rotor disk area (rotor disk loading
CT pirR2 (nR)9 w) for various Figures of Merit. This relationship is

illustrated in Fig. 3-2. The value M = 0.75 may be
considered representative of a relatively efficient rotor.

C : - _ Q (\ The use of Figure of Merit for rotor design and evalua-
e pfrR3-(R•" prR3(fR)Z \1) tion is discussed further in par. 3-2.1.1.7.

3-2.1.1.3 Blade Element Theory
= C(p , dimensionless (3-12) The blade element theory provides a more realistic

method of analyzing hover performance by giving due
consideration to blade profile drag losses. The rotor

where blade is analyzed as being made up of individual blade
torque, lb-ft elements, each of which contributes to performance.

P power, ft-lb/sec Each spanwise element of the blade then may be con-
3-4
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) ~20

16 . , . . , .

ROTOR FIGURE OF MERIT M

CD 4

0 0 2 4 6 8 10 12 14
DISK LOADING w, lb/ft2

Fig. 3-2. Disk Loading Ys Power Leading

sidered as a two-dimensional airfoil section, and the This represents the elemental thrust on a annulus of
thrust and torque can be determined by integration. To thickness Arat a radius r. From momentum considera.
derive a better representation of the inflow, and the tions the equivalent expression is
resultant lift and inplant forces, at each blade element,
this method is complemented by use of momentum AT= p(2vrir),(2v) , lb (3-16)
theory. The rotor disk then is divided into elemental
annuli and the change in momentum (elemental
thrust), for each is equated to the blade element lift for Solving Eqs. 3-15 and 3-16 simultaneously givesa given blade pitch. This approach is depicted in Fig.

3-3 for a hovering rotor, where io, a, and & are defined
below and V is the total velocity relative to the blade V= L[bcr 2  Cos - cdsin#)'j ,fps (3-17)
element. 8v 1 co

AT AL. cos 0 -AD sin 0 Both c, and cd vary with angle of attack a, and angle

of attack is dependent upon induced velocity v, i.e.,
or (3-15) a = 0 - Tan '[v/(lr)], where 0 is the blade section

[c-opbC(sWc)s pitch angle. Eq. 3.17 is transcendental in v, requiring
A, [c, cos & - cd sin 01 ,r lb an iterative solution if nonlinear variations of ce anddC with a are considered. With the use of a digital

computer, this is accomplished by assuming a value for
where v, computing a and the corresponding c, and Cd coeffi-

L = lift, lb cients from appropriate two-dimensional airfoil char-

ID = drag, lb acteristics (accounting for local stall and compressibil-
= inflow angle, Tan-' rv/(Ilrad ity effects), thereby obtaining a new value of v. This
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process then is repeated until convergence within the factors Is confirmed for most purposes by test. For
required tolerance is obtained. Again, tip loss is in- tail rotors with low aspect ratio Art (AR
cluded by applying a "tip loss factor" that assumes radiuse/blade area) and high solidity or, both Eqs. 3.18
complete loss of lif over a portion of the blade at the and 3-19 yield values for B that are too high for good
tip. Reasonable accuracy is achieved using this two- correlation with test results.
dimensional approximation of a tip loss factor. How-
ever, three-dimensional tip effects and the wake 3-2.1.1.5 Vortex Theory-Three-dimensional
nonuniformity caused by a finite number of blades limit Considerations
the usefulness of this method for detailed rotor design. The methods of analysis in pars. 3.2.1.1.1 and 3-

3-2.1.1.4 Tip Loss Factor 2.1.1.3 consider three-dimensional effects only to the

The value of the tip loss factor to be used in the extent of including a semi-empirical tip loss factor.
calculations described is dependent upon the quantity However, to evaluate the real situation, the rotor vortex ;

being computed, i.e., thrust or power for a given pitch pattern and the character of the generated wake struc-
angle or thrust for a given power. The selected mode ture must be analyzed because these factors affect the
of application attempts to predict all of these quantities induced velocity distribution along a blade. The vortex
with the same tip loss factor. It is assumed that the lift theory provides the basis from which analytical treat-
and induced drag are integrated from root to radius ment of three-dimensional considerations can be
BR (integrated from r = 0 to r = 0.97R, where derived and completes the list of classical approaches

tip loss factor = 0.97) while the profile drag is used in the development of methods for calculating
integrated from root to tip. realistic rotor hovering performance.

Two approximate formulas for B are offered (Ref. The vortex pattern created beneath a hovering rotor
16), one as a function of blade loading and one as a by a blade consists of a helical vortex sheet, the diame-
function of blade geometry (blade radius R, and tip ter and helix angle of which change as the slipstream
chord c4¢): contracts. Fig. 3-4 illustrates the path of the vortex

sheet at the blade tip. The vortex sheet starts behind the
blade and rolls up into a pair of counter-rotating vor-

•T tices near the blade tip and root. The induced velocity
=1- I -b , dimensionless (3-18) distribution at the rotor and the resultant rotor loading

are determined by the combined influence of the vortex
and patterns generated by a number of blades. At the same

time, the exact vortex pattern and the vortex strength
B = I - -- , dimensionless (3-19) are dependent upon the magnitude and distribution of

2R the rotor loading. A complete analysis, therefore, re-
quires consideration of the coupled effects of wake

These formulas yield similar factors for conventional shape, wake vortex strength, and rotor lift. Ref. 17
main rotors where B=0.97, and the adequacy of these provides a detailed description of the various theoreti-

AL ATArA

Fig. 3-3. Moments maid Forces of a Hovering Rotor
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cal approaches used to develop mathematical models of BLADEM(1)
I the vortax system and identify the modifications made

to the theoretical concepts to encompass recent physi-
cal evidence of blade vortex interference and rotor ,
wake characteristics. J

The position of the vortex generated by each blae . , _').
tip relative to the rotor tip path plane is dependent
upon the contraction of the near -wake. Consideration BLADEQ
of this contraction, therefore, is most important in an . 1
analysis of the rotor blade interference caused by the -

proximity of the shed vortex to the following blades .j
The distortion in local angle of attack at the blade tip "-.
caused by the passage of a strong vortex generated by - VORTEX SHED
the preceding blade, as depicted in Fig. 3-5, produces BY BLADE(I)
severe profile drag losses not predicted by the pre- I
viously discussed classical methods. Omission of this 3-
effect can result in highly optimistic performance esti-
mates especialy for high disk loading, high wolidity
rotors. Accurate definitio- of the wake geometry also in Ref. 18. The airfoil characteristics used in conjunc-
is necessary to obtain correct axial and radial position- tion with the PWMA are shown in Figs. 3.6 and 3-7.
ing of the vortex elements in the wake, which is essen- These data originate from two-dimensional wind tun-
tial for rotor geometry design optimization. nel tests of a production blade specimen using the .
,;.: NACA 0012 airfoil section.
3-2.1.2.6 Theoretical Three-dimensional

Prediction Method 3-2.1.1.7 Empirical Prediction Method

Excellent agreement between theory and expirimen-
tal results has been demonstrated with the Prescribed A method that is considered to give excellent results
SWake-momentum Analysis (PWMA) (Ref. 18). Tins in rapid prediction of rotor hovering performace at

analysis uses the basic strip momentum theory, modi. high rotor loadings is the Figure of Merit Ratio (FMR)
fled to include the effects of the near wake by adding method. This method is based upon emnpirical evalua-
a wake-irduced "interference" velocity to the strip tion of isolated rotor whirl stand test data, and it is
momentum calculated inflow. The wake geometry used useful particularly for high rotor loading conditions
by th. PWMA is defined simply in terms of basic rotor where most other methods are highly optimistic. A
parameters to which the w-'-- is particularly sensitive, significant result of this evaluation is that rotor solidity,
It has been investigated i,.,.pendently by analytical rather than number of blades or individual blade geom-
and experimental studies, all of which indicate basic etty, appears to be the principal factor affecting rotor
agreement. An outline of the major iterative methods performance for a given tip Mach number and blade lift
fc,. use in the PWMA computer program is presented coefficient.

By equating rotor thrust (corrected empirically for
blade tip losses) to rotor lift, it can be shown that the
mean blade lift caefcient El is proportional to the

C N•-~ _-y. . parameter Cr/cr. This more readily m,-asured pa -rne-
.. -ter, together with rotor solidity a-, and tip Mach num-ber M,, is now used . a parameter in establishing rotor

performance.
As noted in par. 3-2 1.1.2, the Figure of Merit for the

ideal rotor would be unity. Realistically the maximum
value of tht Figure of Merit M, must take into ac-
courn birde profile drag and tip losses. Using the torque
"coefficient (CV) expression of Eq. 3-13 (which takes
into account profile drag and tip lcsses>. Eq. 3-14 ,nm

Fi. 3-4. Vortex Pattern Bemnah Hovet-ug Rotor be rewratten as 3.7
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The Figure of Merit Ratio (FMR) is now defined as
0.707 CT3 /2  the ratio between the actual Figure of Merit (taking

. CT1 , dimensionless (3.20) into account tip Mach number M,, blade root cutout,
1 ÷ . and other practical considerations) and the msximum

B2/2 8 Figure of Merit. The basic FMR is established empiri-
cally by normalizing all test data to - 8 deg linear blade
twist and 20% root cutout based upon derivatives devel.

The nmaimum realistic Figure of Merit M,. can now oped from strip analysis considerations. Figs. 3-9, 3.
be plotted as a finction of Cr/" for selected values of 10, and 3-11 present the resulting trends of FMR with
o, (Fig. 3-8) using the following empirical values: solidity a- for several values of C-/o" and tip Mach

B = 0.97 numbers of 0.55, 0.60, and 0.65, respectively. Actual
a = dc/da = 5.73, rad'- data points for these trends are shown to illustrate the
a = 6Cr/(oaaB'), rad level of uncertainty inherent in the faired lines. Figs.

CD 0.0087 - 0.0216a + 0.4a' 3-12 and 3-13 show the blade twist 0, and blade root

MACH NUMBER ____S1.21 / -- 0.3 ,
0.

I-i

f= 2-0-60 100 140 1.0""0 80 , i

"U,.QANGLE OF ATTACK adeg

-0 .

-0.)

FIg 3-. NACA 0012 Airfoil Lift Coefficient

2.0
i ; , I/" ! \ -- +..... -1--

M S MACH NUMBERC j 0.3 l - - o•i--- -• k - -

? U.
- ... 0.7

0 - .__
0 20 40 60 80 10 120 140 160 180

AIRFOIL ANGLE OF ATTACK a, deg

Fig. 3-7. NACA 0012 Airfoal Drag CoeficIent
I a
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,SOLIDITY

) 0.84

"- / • '0.0s

V.~o
I~o,

=06

0 .05 0.06 0.07 0.08 0.09 0.10 0.11

RATIO OF THRUST COEFFICIENT TO SOLIDITY CT 0,

dimensionless

Fig. 34. Maximam Figm of Merit

cutout corrections. In reducing the test data. rotor 1.00
whirl stand performance is adjusted for ground effect "lklr"•0 CT'

using the Cheeseman and Gregory correction (par. 3- .1oW
2.1.1.8), and the results at discrete tip Mach numbers
are cross-plotted to provide performance at the three & V.

Mach numbers presented. D 0.80
There are inherent variants, which should be recog- 0 ,,O.12

nized whenever this method is used, and which contrib- X N, X .

ute to the scatter on the plotted data points. These %t

include: K g

1. Tip shap. W 0.60 se

2. Airfoil section 0080

3. Leading edge ab:asion strip geometry 0 " '

4. Reynolds number. LT IX
Blade planform and section camber are two other 0"40 0.08 0.16 0.24

important parameters that need to be considered in SO IDITY a

detail rotor design. Blade taper has an eftct upon rotor
performance similar to that resulting from increased Fig. 3-. Fimre of Merit Ratio for M, - 0.55

blade twist. Both factors tend to provide a more uni-
form inflow distribution; this relieves the blade loading
at the tip, which, in turn, reduces tip losses by decreas- profile drag losses can be significant at high rotor load-

ing the strength of the tip vortex. In addition, the corn- ings.
bined power saving derived from lower induced and Section camber design considerations usually are
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.0 - - demonstrated. Effects of various airfoils upon hov
Q.D'O0 • 0.06 CT /11 performance (horsepower required) can be appro

_.O--.... 0 .• 9 . imated by use of Eq. 3.7 with Co adjusted for t:
appropriate section.!--2

_X 0
SFULL SCALE .-

- .~TlST14 -0

CTI 0
0.60-0.060o

_ 0.080C

ILE 0.98 I
0.40 X

0.08 0.16 0.24 /
SOLIDITY -

S3.10. Fi reof Merit Ratio for M, =0.60

0.94- -
0 - -16

1.00 --- " EQUIVALENT LINEAR TWIST 0 , deg

'~ ~RD0; C.06 CT• -SALSCL

Fig. 3-12. Blade Twist Correction - Baseline:

oQ4.o.6o-.060C.0ao

"-.0-• ,8deg

U. 0.010 %• .8

S0.8 X-
1.02

14,.12 I-%
CT I ~ ., . I. -SALLSCALE

CT 0 :
0.60 -- MAIN ROTOR

0.060 I-
0.080 T <T STS
0.10 a Ilk 0.98- __

0.40E 0,0!x4-
0 0.08 0.16 0.24

SOLIDITYGOLDSTEIN-LOCK\

Fl. 3-11. Flpe of Merlt Ratio for M, =0.65 0

geared to meet specific performance requirements for a
particular flight regime, and wind tunnel test programs
are conducted to optimize the section characteristics ____0___
sought. Section pitching moment characteristics nor- 0.900 20 40
r ally are the undesirable side effects of camber in a ROOT CUTOUT, 1RA
rotating wing, insofar as rotor control load and blade
stiffness requirements are concerned. However, means Fit. 3-13. BRide Root Cutout Correction -

of minimizing inhewet pitching moments have been Ba.sl.e. 20% Cutout
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3-2.1.1.8 Ground Effect C3/2 C_
w' When a hovering rotor is near the ground,the" 2 6T, T,

velocity is resisted and reduced by the presence of the Ace BA + 3 B2

ground. This factor decreases the inflow to the rotor for
a particular disk loading, resulting in a thrut increase 4
for a given blade pitch angle. Conversely, at a constant + 4 2 dimensionless
thrust the power required to hover is reduced. The " 8"
additional thrust attainable at a given power level per-. (3-22)
mits greater payloads in cases where hover out-of. C32
ground effect (OGE) is not necessary, and where tmns. .2 .. + - a ,

lational flight can be initiated from the in-ground B, 3 a B2

effect (IGE) wheel height. Ground effect corrections
have been attempted theoretically using mirror image 482
rotor systems and combinations of sources and sinks to + - B2 , dimensionles
simulate the obstruction of the wake. One such ap-
proach is that developed by Knight and Hefner in Ref.
19. In this analysis the rotor is replaced by a cylindrical where
voztex of strength r and the ground by an image vortex thrust coefficient corrected for
cylinder as shown in Fig. 3-14. The resulting induced C threuscediienf due to goureduced inflow due to ground
velocities, of equal magnitude, act in opposite direc- effect. dimensionless
tions and thus cancel each other at the ground. This a =- slope of lift coefficient vs angle
image vortex system can be solved by potential theory

for an idealy twisted rotor (circulation constant along of attack curve (dc/dak),

the blade radius and independent of the distance above rad -,

the ground) to obtain the variation of the induced 81, 82 = coefficients of equation Cd =

velocity along the blade for a range of rotor heights. 8o + 8,a + 82ac,
Then, using the components of the ideal torque equa- dimensionless
tion that vary with thrust and inflow velocity (the pro- Calculation of A will provide a family of nondimen-
file drag component o'C4/8is omitted), an incremental sional curves for selected values of Cr/o'0 (Fig. 3-15).

torque coefficient A CV can be calculated. The value of These can be used readily to compute changes in power
AC,2 out-of-ground effect is designated ACU,, and a required to hover as a function of the rotor height
* ground effect correction factor A is defined as above the ground Z; these curves can be approximated

by A = [Z/(2R)]"1. This theory has been shown to be
A ,dimensionless (321) accurate for Z/R> 1; empirical methods, discussed in

succeeding paragraphs, should be used at lower
heights.

Theoretical ground effect corrections involve ideal
where C•C and ACq are given by rotors, and do not accountfor all factors that influence

the rotor wake. To develop realistic analytical models,
flight test data and small-scale investigations have been
used to determine empirical modifications to theoreti-

ROTOR cal ground effect equations. Cheeseman and Gregory
(4L-ý R (Rtd. 20) have used a mirror image rotor system

ROTOR HEIGHTP. theoretical upproach and single rotor helicopter test
-GROUND PLANE data to develop an empirical relationship. By use of the

ideal power relationship, which states that the main
rotor power equals the product of the rotor thrust and

IMAGE the induced velocity, the thrust augmentation ratio can
be expressed as 'T. = v.,v at a constant power.

g3-14. Replasemat of Rotor and Ground by The velocity induced at the center of the rotor by its
Cylinda Vortex ad Imam = Vert" mirror image is

3-11
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Z ROTOR HE IGHT ABOVE "•=+

R- ROO RA+

16(ZR)= l +(V/,)=I dless (3-26)
21 16 Z/ ) [ I //

S•d,•; + ' / where
1. CT' "qc =Cheeseman forward Rlight

•. , i 0.5 ' ; /efficiency factor
S• ,..v.. , ..1 In hover V = 0 and when C(0.25,qc,a V'o-)'l

i .5, _rl a] = 1, Eq. 3-26 approximates Eq. 3-24.
F-- 08 1-2.5•---, The Cheeseman equation correlates well for lightly

3.5 loaded rotors. For'higher disk loadings, however, the
•" 1 I• • i ! equation is somewhat optimistic and flight data should

0.4 - + ! be used if available. Ref. 20 also includes an analysis of
I [ .... l + tandem ground effect.

] i ll I [Aircraft IGE vertical drag (par. 3-2.1.1.9) decreases
00 0.2 0.4 0.6 0.8 1.0' from its OGE value. This decrease normally is con-

GROUND EFFECT CORRECTION FACTOR .\ tained in the empirical ground effect correlation. Flight
tests of a helicopter at a series of wheel heights provide

Fg 3-15. Knlht mand Hefner Ground Effect a good estimate of the IGE characteristics of that par-
Correction titular vehicle. These data then can be used, in conjunc-

tion with theoretically or empirically derived coffee-
tions, to define the ground effect characteristics for a

Au helicopter similar in shape and vertical drag to the
•u 161rZ--- ,_p 323 lgttested aircraft.

3-2.1.1.9 Vertical Drag/Thrust Recovery

Assuming v,. and Av are constant over the disk, v Vertical drag Dvis the drag upon the aircraft caused
equals (v. -- Av) and by rotor-induced velocities and is analogous to the

parasite drag that occurs in forward flight. Vertical
_24) drag is added to gross weight to determine the total

T I - (R2/16Z), dimensionless (3.4 vertical thrust to be provided by the rotor. In vertical

climb, the airflow velocity is increase•l, causing greater
vertical drag. Thrust recovery is the thrust augmenta-

To determine the effects of blade loading on ground tion resulting from the proximity of the airframe to the
effect, the OGE thrust T. from blade element theory rotor, which creates a partial "'ground effect". Wake
must be stated, distortion around the fuselage usually is relatively mi-

nor; but when wings or bulky equipment are incor-
i T, = pabcnW•(/ /2 b (-5 porated, the wa~e distortion becomes significant. The

2downwash is increased at outward radial stations. Ad-
•+ ditional power required due to the distorted wake is

included in the thrust recovery term. In practice, the
where net vertical drag, which is the net effect of the down-

a =slope of lift coefficient versus load and the thrust recovery, ranges in value from 2%
angle of attack curve (dcl/da), to 10% of the gross weight. The influence of the net
tad-• vertical drag is even more important when considered

X, inflow ratio, ( V sin a - 0)4 in terms of payload, because the given percentages are
(flfi). dimensionless doubled or tripled.

Using Eqs. 3-23 and 3-25 and the inflow ratio X, rela- Ile analysis of vertical drag is base upon empirical
tionship, Cheesemnu derives the following equation: methods at the pramt time. Ile purely theoretical
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analysis of an airframe as a three-dimensional body The method also can be used by obtaining the polar) immersed in a nonuniform, accelerating, and separat. area moment ratio of each element separately, entering
ing flow would be a very difficult task. Therefore, a Fig. 3.16 for each I, ratio, and summing the elemental
combination of simplified theoretical methods and test net vertical drag values. The advantage of the second
data is used in vertical drag prediction. The two basic method Is that the relative weighting of cylindrical and
means for evaluating vertical drag are the polar area flat plate elements is simpler. However, the total air-
moment of inertia ratio method and the strip analysis craft effect-including representative interference and
method. thrust recovery effects-as determined by testing is

1. Polar area moment of inertia ratio method. This lost.
method is based upon a simple velocity distribution The method as presented does not compensate for
beneath a hovering rotor over areas of characteristic the effects of rotor geometry, rotor characteristics, and
shape. fuselage (element) vertical position; additional correc-

tion factors must be applied for any effect that will
The basic assumption underlying this approach is influence the wake geometry significantly.

that the rotor has a parabolic spanwise blade loading, A sample net vertical drag calculation for a typical
which is true for low linear-twisted blades. For a para- compound helicopter is given in Fig. 3-17.
bolic loading, the velocity distribution is triangular and 2. Strip analysis method. A vertical drag predic-
the slipstream dynamic pressure varies parabolically tion method that inherently should be more accurate
along a blade, i.e., as a function of r . Since the vertical than the polar area moment of inertia method is strip
drag of an element is the product of the slipstream analysis. This method consists of the determination of
dynamic pressure, drag coefficient, and fuselage (or the slipstream geometry below the rotor and the esti-
wing) element area, the drag is proportional to (area X mation of element two- and three-dimensional drag
r 2), or polar arta moment of inertia 1. The I ratio coefficients produced by the interaction of this wake
is now defined as the ratio between 1. and the polar area with the airframe. A thrust recovery factor is applied
moment of inertia of the rotor disk, (ir R ")/2. to the gross drag to give the net vertical drag.

Section drag coefficients (normally difficult to deter-

mine directly), thrust recovery, and flow peculiarities Experience has shown that the appropriate drag co-
are not calculated directly, but are accounted for by efficients are difficult. to determine due to uncertaintie.s
using test results for the variation of net vertical drag in actual Reyialds numbers and to complexities in
with the polar area moment of inertia. Fig. 3-16 pre- body shape. Correlation with test data has indicated
sents the net vertical drag as a percentage of rotor that drag coefficients higher than normal two-dimen-
thrust versus I, ratio for the extreme body geomet- sional steady-state drag coefficients must be used.
ties-cylinders and flat plates---and an average heli- An accurate determination of the wake geometry is
copter fuselage. The usefulness of this figure can be necessary for reasonable calculation of impingement
enhanced by the addition of comparable lines for addi- velocities. Wake geometries may be determined using
tional fuselage types. various techniques; e.g., analytical free wake velocity

Use of this method is rapid and includes the (allow- distributions; analytical velocity distribution at a blade,
ing steps: extended below the rotor using the results of smoke

a. Draw the planform of the helicopter, studies or wake velocity measurements (Ref. 21); or
b. Assume a nominal wake contraction to 90% at wake surveys using hot wire or pitot static probes. A

the fuselage, and divide the helicopter within this wake typical isolated rotor wake distribution is shown in Fig.
area into cornvenient geometric elements. 3-18. Experiments have shown that the wake is dis-

c. Calculate the polar area moment of inertia for torted by the presence of a surface; the wake is ex-
each Calmeicuelatenthe par ara mmen oerltia f panded by the body, causing a greater portion of the

each geometric element and add the results. airframe to be affected by the downwash, as shown by
d. Calculate the polar area moment of inertia of Fig. 3-19.

the rotor disk, #rR'/2. Use of the strip method involves the division of the
e. Obtain the ratio of airframe to rotor polar mo- aircraft planform into small elements. The velocity at

ment of inertia, 14 ratio (Item c divided by Item d). each element is found from wake velocity charts, and
f. Enter Fig. 3-16 at the total aircraft I ratio and representative drag coefficients are assumed. Using the

read the total net vertical drag percentage on a curve conventional drag equation D = CnpV 3A/2, the total
representative of the fuselage shape under considera- download can be found. This value is increased to ac-

count for interference and protuberances (z 10%) and

3-13
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reduced to reflect the thrust recovery (z 30%), giving Power required to operate each piece of equipment
the net vertical drag. is determined for particular flight conditions. The total

The uncertainties of both of the methods cited are efficiency can te summarized in two convenient for-
large, up to ±3% of the gross weight at a 9S% confi- mats, as shown in Fig. 3-20. The format of Fig. 3-20(A)
denae level. Small.scale data have been used to provide gives a mean efficiency and assumes that power re-
correction factors used In the methods, along with a quired by each component varies linearly with main
limited amount of flight test data. In the latter case, rotor power at a given advance ratio, g, where I equals
vertical drag is derived from a comparison of isolated Vcoso./(flR). Fig. 3-20(B) accounts more accurately
rotor whirlatand test data with flight test information. for the variation in gearbox power requirements and in
The uncertainty of prediction can be removed only the tail rotor power absorption, but does not account
when present methods are modified by results from fully for the variation of tail rotor power with velocity.
coordinated fall-scale vertical drag tests, out-of-gpound If greater accuracy is required, the efficiency must be
effect, conducted expressly to examine the mechanisms calculated for each combination of power level, air-
of thrust recovery and download, speed, and atmospheric condition.

Uncertainties in the strip analysis method result
from the difficulty of determining appropriate drag co- -212 Forward Flight
efficients and the proper wake profile. The strip analy-
sis method, however, is very useful in trending. When 3.2.1.2.1 Energy Methods
the approximate base vertical drag value is known, the
effects of changes in wake geometry due to alterations A relatively simple approach to forward flight rotor
in twist distribution, solidity, or fuselage shape can be performance calculation is the energy method. The

evaluated with relatively good accuracy. power absorbed by the rotor may be divided into the

Wind and ground effect cause additional uncertain- following elements:
ties due to wake distortion, and these factors are dif- 1. Induced power, to sustain lift
ficult to estimate accurately. 2. Profile power, to overcome the drag of the rotor

3-2.1.1.10 Power Train Effects blades
3. Parasite power, to pull the fuselage and rotor

Mhin rotor power must be increased to allow for head through the air
other sou rces of power consumption. Losses from these 4. Climb power, to change the aircraft potential
sourcem normally are stated in an overall power train erera n
efficiency factor q'. Included in this factor is power energy
absorbed by accessories, transmissions, transmission- 5. Acceleration power, to change the aircraft or
driven oil pumps and cooler blowers, generators, by- rotor kinetic energy
draulic pumps, and tail rotor. 6. Power required to overcome vertical drag.

S ASE A 0, AI AK I
( -- CONTRACTION TO 0.9R L-

>0

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14

POLAR AREA MOMENT OF INERTIA RATIO

fi 3-16. Verticl Drag
3-14.
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AREA NO. Ip, ft4 Ip ROTORft 4  Ip RATIO

1 0.0667 x 106 4.02 x 106 0.0166
2 0,0375 x 106 4.02 x 106 0.0094
3 0.0068 x 106 4.02 x 106 0.0017
4 0.0985 x 106 4.02 x 106 0.0245
5 0.0037 x 106 4.02 x 106 0.0009

:,6 0.0728 x 106 4.02 x 106 0.0181

TOTAL 0,0712

METHOD 1 - USE TOTAL Ip RATIO, VERTICAL DRAG Dv =7.7 %

METHOD 2 - USE ELEMENTS

Ip RATIO OF FUSELAGE AND NACELLES 0.0531, Ov =3.8%
IF RATIO OF WING 0.0181, Dv 3 .3 %

TOTAL 0.0712 7.1%

ADD 10% FOR INTERFERENCE Dr= 1.1 x 7.1%=7.8%

Fig. 3-17. Sample Net Vertical Drag Calculation for Compound Helicopter

In steady, level flight the power required by the rotor V =/(V- v sin a )2 + (P cos ay , fps (3-27)
can be grouped into the following elements:

1. Induced power to sustain a force normal to the I,

flight path Similar to the development of the induced power

2. Profile power to overcome the drag of the rotor hp, in hover (Eq. 3-5),
blades

3. Parasite power to sustain a force along the flight T r:(
path. hp, 5 = 0 (v- Vsana) (3-28)

These are discussed separately in the paragraphs that

and can also be expressed as the change in KE of the

3-2.1.2.1.1 Induced Power air mass (pA V) passing through the rotor

The induced power in forward flight is the power
required to accelerate air downward to create a force
normal to the flight path. An induced velocity v is hp, = 0 [(V--P2 sin a)2

added to the free-stream velocity V, as shown in Fig. + (VZ cos a)2 - V2 ] pA V' (3-29)
3-21 , such that the resultant velocity V 'is given by

3-15
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0 OWNWASH VELOCITY RAI2
0 RATIO I To N 4-2VW sina + 202 ,ft 4 /sed 4  (3-31)

0.0100he-1
0.2.

Nondimensionalizing by introducing the induced
/0.5 velocity in hover v0, where u0 equals[ T/(2pA)]' (Eq.

0.4 3-4), we arrive at Wald's Equation (Ref. 22)

/1. 1.5 2.5 V\4

So0.6 / (_) ino
z 4 L0.0

2.0 I\ /V 2
00.8 • + - I , dimensionless (3-32)

0 0.2 0.4 0.6 0.8 1.0 +O
RELATIVE DISTANCE FROM ROTOR . r,'R

This equation had been plotted by Coleman, et al. (Ref.
g Io 3-18. Wake Profile, O rt-of-pround Effect, 23) and has the form shown in Fig. 3-22. The solution

for v in Eq. 3-32 is not straightforward. The thrust is

assumed vertical for the computation of induced

- A IRCRAFT WIDTH

z 0 *:

0ex . 0.
V0  0L Cluad0.5 3.0 cr

~0.4 2.0_

0: Q 2.0
0•. L, ADVANCE RATIO .

DOWNWASH VELOCITY RATIO v/vo 00.0 (A008 I I I w
"0 0.2 0.4 0.6 0.8 1. Po

RELATIVE DISTANCE FROM ROTOR C. r.'R 1.,

P&g 3419. Wake Profile, Out-of-ground Effect, With C
,mraft (Estimated) MAIN ROTOR POWER COEFFICIENT CG'

Since the thrust T equals the change in momentum Fig. 3-20. Formats for Total Efficiency
perpendicular to the rotor plane,

T pA V'v 2  ,lb (3.30) V T
V

AT ROTOR2
Combining Eqs. 3-28, 3-29, and 3-30 results in the same DOWN ST R
relationship between v2 and v as for hover flight,
namely, v. = 2v. Equating the right hand side of Eqs. Fig. 3-21. Calculation of Resultant Velocity W'in
3.28 and 3-29, and substituting for v2, we obtain Forward Flight

3-16
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power, and the parasite power is left as a separate term. W V w
, The profile and the parasite powers are discussed in hp,, 5-0 2 A (3-37)

pars. 3-2.1.2.1.2 and 3-2.1.2.1.3, respectively. Po

With the rotor angle of attack a 0, Eq. 3-27
I.. j ~becomesTo.i -To make use of Eq. 3.37, vlvo is determined from Fig.

3-22.
V=V + , fps (3-33) 3.2.1.2.1.2 Profile Power

The profile power hp. in forward_flight is computed
and Eq. 3-31 reduces to assuming a mean drag coefficient CD. In general

2Wl
Tr' 2f2 R
-- -- =0 , ft4 /sec4  (3-34) hpo = (., "8

Solving Eq. 3-34 yields where

)k advance ratio using only the
__ I_2 ) 2 •/2 component of velocity normal

2= + T + /2 fps (335) to the blade in the plane of
rotation, Vcos a/(AlR),
dimensionless

Wi r t lazimuth angle of rotor blade
When T/(2pA)4V 2/2, v is approximately equal to from its downwind position,
T/(2pA F). Using Eq. 3-28, we arrive at rad

Nondimensionalizing and accounting for the sign of
T12 the velocity in the reversed flow region, we havehpjýlO• A (3-36)

C. C(X + ;j Sin V;)3 d~do

which is the induced power required to produce lift. Co = j ( sn
Assuming that the thrust Tis equal to the gross weight "1

W, and considering that the effective blade radius in _
the production of thrust is only BR, the induced power
also can be expressed as . + nd 3

where
*, Co,, profile power coefficient,

C dimensionless
~1.c____ ____x =generalized radial distance,

""��"______rIR, dimensionless
Integrating Eq. 3-39 gives

-J0t 0a deg-

Co 8 + 3),dimensionless (3-40)

L 3 . The advance ratio p, used in Eqs. 3-38 and 3-39 is
. .defined using only the component of velocity normal to

NORMALIZED FLIGHT SPE EDI V,'i v the blade in the plane of rotation. Consideration of the
radial and vertical velocity components in these equa-

Fig. 3.22. Wald's Equation tions would be very difficult; however, it has been
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shown that Eq. 3-40, accounting for Ohse velocities, is all elements, assuring, in effect, that the inflow velocity
approximately cubed is always positive.

3-2.1.2.1.3 Ptasite Power
CPO -j--(I + 4.65#2) ,dlimensionle (3-41) The power required to overcome all drag not formed

in producing lift is called parasite power. The method
widely used to calculate this power is that of summa-

and, using the basic power coefficient equation and tion of component parasite drag contributions. In mak-

substituting for w profile horsepower hp. becomes ing an assessment of aircraft component drag by thismethod, it is convenient to use the equivalent flat plate
(PbcR4Wszc0  concept, where the drag is expressed as the area fof a
p= 4 () flat plate, with a drag coefficient of unity, that would4400 ( produce the same drag force as the component under

consideration. The drag force D normally is defined as

Eq. 3-42 equals Eq. 3-7 when A -0. Pv2
The mean drag coefficient Cp is found from Fig. 3-1 D = 2 CD$=qCDS ,lb (345)

when the mean lift coefficient C is determined by cal-
culating thrust in a manner analogous to the power P
integral where

q = dynamic pressure, (pV2)/2, psf

' BIsIo R CD = drag coefficient, dimensionless
T= " " (fr +SLUR sin 0)' drd;P S = component reference area, ft2

and in terms of an equivalent flat plate area f,

-2 ; wl -uoa ifJ)'r d 1b (3-43) D=qf ,lb (3-46)

2j CL (11P MlR sinkdd9t1b
The parasite power hp, is, therefore,

Integrating Eq. 3-43 and using the basic thrust coeffi- DV qfTV
cient equation yields the mean lift coefficient U hpP =--0 = 5-- (3-47)

6CT/o
CL p dimensionless (3-44) where

L= B + U Bp2 
- ds fr = the total equivalent flat plate

2 area of all components,

At high forward speeds a significant portior. of the 180 deg
rotor disk is in a region of reversed flow, where the
rotational speed of the inboard blade elements is less V
than the flight velocity. Hence the local velocity at the
blade element *YL impinges the blade trailing edge. This V
occurs near 4 = 270 deg, within an area defined by
r = - )A sin 4 (Fig. 3-23). The effect of the reversed 27090 de

flow is incorporated into Eqs. 3-43 and 3-39 for thrust
and profile power coeffiv:ients, respectively. The por-
tion of the disk in reversed flow is assumed to have a R SF

negative lift equal in magnitude to the lift calculated for
that region by Eq. 3-43. The profile power is not af- 0 deg

fected directly by the direction of flow, but a correction
is required to maintain a positive drag contribution for Fig, 3-23. Effect of Reversed Flow
3-18
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including their mutual relatively quick answers when computer services are
interference effects, ft' unavailable.

From Eqs. 3-45 and 3-46 the value off for a particular 3-2.1.2.2.1 Wheatley Methodcomponent is3-.... WhalyMto
The general integral expressions for thrust, drag, and

f= CDS ft2  (3-48) torque for a rotor using the blade element theory are
exceedingly complex. By means of certain simplifying
assumptions, Wheatley developed the theory to the ex-

The value of the component drag coefficient CD is de- tent that further refinement would make the expres-
pendent upon the reference area, e.g., wetted area, pro- sions unmanageable. The assumptions used are:
jected area, etc., under consideration and the relative I. Induced angles of attack ai, inflow angles -0,
location of the component, which may be under the and blade flapping angles 13 are small such that
influence of secondary flow rather than freestream sin a, = a,, sin q4 4, and sin/3 =3
flow. An excellent source of information concerning 2. The radial component of the resultant air
the drag coefficients of aircraft components is Ref. 24. velocity at each blade element may be neglected.

One major source of drag in a helicopter is the main 3. The flapping hinge is located on the axis of
rotor head/pylon assembly. Important facts derived rotation.
from tests to date include: 4. The profile drag coefficient and lift-curve slope

I. Significant drag reduction is attainable with a are constant.
properly configured fairing. 5. Blades are considered rigid.

2. The rotor head/pylon combination must be 6. Blades have linear twist; i.e., pitch is of the form
considered as a whole. Isolated rotor head drag is not 0 = 60 + (r/R)O, where 01 is the difference between
a true measure of total effect. root and tip pitch angles.

3. The rotor head wake and associated turbulence 7. The expression for blade flapping is of the form
in the tail area can be influenced significantly by rotor /3 = ao - a, cos 4 - b, sin 4 - a2 cos 24 -

head/pylon geometry.
4. A rotor head fairing must be seled b1 sin 2 *, where 4' is the azimuth angle of the

aerodynamically, particularly at the junction with the blade from its downwind position.
pylon, to be effective. 8. Powers of p. of the fifth magnitude and above

The total drag area of the aircraft usually is cal- are neglected.
culated for a level aircraft attitude. However, an esti-
mate of the trim attitude for various forward flight In addition to the given assumptions, approximateconditions must be made, and drag area variation with methods are introduced for dealing with blade tipcondtios mst e mdeand ragare vaiaton ith losses and with the effect of reversed flow over the
fuselage angle of attack established. This is essential to losses ad e e
realistically estimate the power requirements. The ef- retreating blade.
fect of fuselage lift (positive or negative) should also be To bring the resulting Wheatley expressions for rotor
established, since this can also affect the power require- thrust torque and drag into a manageable form, the
ments to maintain a given flight condition. method of "t-coef;cients" may be used (Ref. 26). For

a given rotor tip loss factor B and a Lock number
3-2.1.2.2 Blade Element Theory y cpaR4lI, (where is the mass moment of inertia

The blade element theory for determining the char- of a blade about the flapping hinge, slug-ft), the
_.cteristics of a lifting rotor in t'orward flight has been theoretical equations for thrust coefficient, flapping co-
in the development stage for a number of years. The etficients, torque coefficients, and profile drag-lift ratio
progress in the early years is summarized in Ref. 16, may be written as polynomials in terms of the inflow
which'also contains a basic treatment of the theory. ratio X, the advance ratio p., and the blade pitch angle
This paragrapt, deals primarily with the theory and parameters 0, and 0,. The coefficients in these expres-
techniques developed by Wheatley (Ref. 25) and Bailey sions (the "t-coefficients") have been evaluated over a
(Ref. 26). The Wheatley/Bailey method largely has range of f.'s for B = 0.97 and - = 15. The Lock
been replaced by the more refined theories that now are number y is the ratio of the aerodynamic forces affect-
possible with the aid of digital computers. However, it ing blade flapping to the flapwise moment of inertia of
is the basis upon which the more sophisticated methods the blade. The "t-coefficients" are relatively insensitive
are founded and still is useful as a means for obtaining to changes in B and y (Refs. 16 and 26).
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3-2.1.2.2.2 Iterative Procedure cause the induced velocity becomes large relative to the

When using the Wheatley equations for a particular forward-flight speed. In either of these cases,

flight condition, an iterative solution is necessary. In
general, X and 0o are not known, and must be solved Di CT
by iterating between the equations that contain thetwo L R 2p(u 2 + x 2 )112  dimensionless (3-53)

known dependent variables.
To reduce much of the iterative work necessary in

deriving forward flight performance, a method has From Eq. 3-46
been developed that uses charts to facilitate the proce-
dure. The approach taken is a combination of blade DP _ pV2f f dimensionless (3-54)
element analysis and energy methods. The total power LR 2L R rRo2 CLRhpr in unaccelerated steady level flight may be ex-
pressed as

DoIL, may be obtained fromthe Bailey tables for any
hpT = hpi + hp, + hpp (3-49) specific combinations of X and 0 and charts have been

constructed from those results that relate Do/LR to

C1 ,/o" at specific levels of D/LR. These charts are
where subscripts are given in Ref. 16 for untwisted blades and in Ref. 27.

T = total The basic steady forward flight performance may be
i = induced evaluated as follows:
o = profile 1. Given a required Cp/o- and p., assume
p = parasite D/LR.

The total effective drag D, is given by 2. Calculate D,/LR and D,/LR.

3. Determine Do/LR from charts.
De =D 0 + Do + D , lb (3-50) 4. Sum the (D/Lj)'s to get D/LR for comparison

with that assumed.

or 5. Repeat Steps I through 4 for another assumed
D/LR and interpolate to find Do/LR for which output

DD D matches input.
D D + - ,dimensionless (3-51) 3-2.1.2.2.3 Blade Stall

L L L L An additional important result of simple blade ele-

ment theory is the prediction of section angle of attack
where over the rotor in order to evaluate the extent, if any, of

Lt = rotor lift, lb blade stall. For rotor blades the maximum blade angle
For Lt= T, az0, T/(2pA)( 02/2, and v,< V, using of attack occurs at the blade tip near * = 270 deg.
Eq. 3-36 we have Consequently, stall usually begins at that point and

a 10 .2 70 can be used as a criterion for the onset of stall.
At the retreating tip, the angle of attack is

D1 Div P, _T 2\l

LR LV LR -2p-AV)( L V/

L R V CLR VO ,ra (X5LR CLR- dimensionless (3-52) a1.0.270 04 -- , tad (3-55)
2PiR

2 V2  4

where
where 3// =-0, + 2 b, 3 = a0 + B, + a,.

CL, = rotor lift coefficient, Therefore, using the Bailey method, a, 1,27o can be
Liq1[(l/2)pV1frR'l. found for any given 0 and ,. The remaining portions
dimensionless of the rotor continue to function normally. but

At speeds lower than p. = 0.10 or at large rotor angles develop more than thei," share of thrust to corn-
of attack, this expression for D,/L, breaks down be- pensate for the losses experienced in the stalled
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region, which yields less lift but more drag. In- inputs for inflow, advance ratio, collective and cyclic
dications are that the profile power factors are in- pitch angles, and starting values of the flapping angle

• creased in proportion to the degree by which the and its derivatives. Two-dimensional airfoil and span
retreating blade tip angle exceeds the stalling angle. data (as a function of angle of attack and Mach num.
thus ber) also must be provided.

oCDpiR2 (VR) 3  The GRP computer program is based upon the solu-
hpo = • + 4.651A2 tion of the flapping motion from highly nonlinear equa-

tions for the sum of the moments about the flapping
!.0,270-DD• hinge in a shaft-axis system. These moments are the

+ . (3-56) aerodynamic moment MA, the weight moment M,, the
ast -- aDD / inertia moment M,, and the elastic flapping hinge re-

straint ME, such that M, + Mw + M, + Me = 0.
where A numerical solution is found by finite differences and

aDD = angle of attack for drag a step-by-step procedure, knowing that the steady-state
divergence, rad flapping is periodic#3(*) = 0(* + 21r).

a,, = angle of attack where Time-averaged values of rotor forces and moments
objectionable stall occurs, rad are found by summing along a blade and averaging

The forward speed at which onset of blade stall first around the azimuth the aerodynamic loads on the
is noted generally is the speed for best range. This is due blade. Iteration to specific lift and drag values can be
to the marked increase in profile power required at accomplished by modifying the inflow and the collec-
higher speed. Vibration levels also seem to increase at tive pitch or longitudinal cyclic pitch using a Taylor
the higher speeds due to asymmetrical loading, series and partial derivatives with respect to the param-

eters cited, based upon the Wheatley-Bailey method.
3-2.1.2.2.4 Numerical Methods The flapping iteration is started with the new initial

High-speed computers permit detailed iterative cal- values for inflow and collective pitch or longitudinal
culations using element theory. (par. 3-2.1.2.2). The cyclic pitch. A solution is reached when the drag and
theory described in Refs. 25 and 26 can be used without lift components are within specified tolerances. The
the aid of advanced numerical methods in the low- basic flow chart is presented in Fig. 3-24.
speed flight regime, but is subject to inaccuracies in
moderate- to high-speed flight regimes. 3-2.1.2.2.5 Graphical Method-NASA Charts

The current applied-element theory of the General- The charts of Ref. 28, also known as the NASA

ized Rotor Performance (GRP) Computer Program Charts or Tann-.r Charts, are a series of curves devel-
eliminates assumptions of the simpler methods, includ- oped from the Generalized Rotor Performance pro-
ing Mach number effects on c, and cd, reversed flow gram (par. 3-2.1.2.2.4). The numerical procedure wasregion characteristics, and some of the restricting small used to calculate nondimensional rotor performance

angle assumptions. This method does retain some as- for linear blade twists 01 of -8, -4, and 0 deg, for
sumptions, however, among which are: advance ratios p, from 0.25 to 1.4, and advancing tip

I. Steady-state airfoil data Mach numbers M, between 0.7 and 0.9. Use of the
2. Two-dimensional flow at each blade section (no charts is recommended where high-speed computers

spanwise flow) are not available. Sufficient information is obtainable
3. Constant rotational speed about the shaft axis from them to evaluate a rotor system. The charts are
4. Uniform rotor inflow presented in terms of dimensionless coefficients of rotor

lift C., drag CD, and total torque Cc, for various values5. Rotor blade rigid in bending and torsion.
of rotor control plane angle of attack ac.,

Numerical methods exist to eliminate all of the given Fig. 3-25 illustrates a typical pair of charts. These
assumptions except 3, with an associated increase in curves are calculated for a nominal configuration con-
program complexity. A nonrigid blade, for example, is sisting basically of rectangular-planform blades with a
useful for stress calcillation as well as for aerodynamic 25% cut-out, zero offset, and a tip loss factor of 0.97.
analyses. A rotor solidity of 0.1 is used in the charts but correc-

The basic numerical method is useful in level flight, tions to other solidities can be calculated readily. De-
climb, or descent calculations. In addition to rotor ge- tailed examples of the use of these charts are given in
ometry values, the GRP computer program requires Ref. 28.
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I1. INPUTS .Th power required to operate aircraft accessories,
2. ASSUMED VALUES transmissions, and the tall rotor can be combined into
3. STARTING VALUES a single efficiency factor -q (par. 3-2.1.1.10). Total

power coefficient CPr is calculated by dividing the
charted torque coefficient CQM by the efficiency.

FLAPPING
ITERATION C(ONE REVOLUTION) Che

_NCP, =, dimensionless (3-57)

C HECK CONVERGENC9E
OF I3 AND d(3/dO Tail rotor performance can be obtained from the charts

YES NCO to ,.stablish this efficiency.

3.2.1.2.2.6 Radial Flow Corrections

CHECK a, AND bis The numerical methods and the charts described in
AGAINST SPECIFIED pars. 3-2.1.2.2.4 and 3-2.1.2.2.5 do not consider the

TOLERANCE radial component of rotor velocity U, parallel to the
YTS NO blade span. The radial component U, (Fig. 3-27), which

significantly increases the profile drag, can be ex-
S MODIFY pressed as

AU,•7,R cosp + Xs2R ,fps (3-58)

FORCE AND MOMENT For a first-order approximation
INTEGRATIONS

MRP f 0 , fps (3-59)

CHECK TOLERANCEON LIFT AND ORA adding the tangential component U, equal to (far +
YES NWO aflR sin *,), the resultant velocity Uof U, and U, can be

I ~approximated
PRINT MODIFY

0,,.-, AND ,sOR ...... U [(V"e +/ ,y7R sin \0)2

0o,, AND Bis +'uRAcosjp) 2 j] 2  ,fps (3-60)

FIg. 3-24. Bmic Flow Chart for Numerical Method The integration and averaging of expressions for the
rotor force perpendicular to the control axis Hand the
decelerating torque provide an expression for the pro-

The NASA Charts represent the performane of ani file torque coefficient Cgo
isolated rotor. To obtain total aircraft performance,
airframe aerodynamics also must be considered. The /
airframe contributes lift and drag as functions of body CQ =-- (I + n) + n=•) , d'less (3-61)
pitch, yaw attitude, and flight velocity. Expressions for o 8
d&I u/dVand daf,,/dVmay be found by flight testing
and then used to select the proper body attitude to enter
curves showing the variation of lift and drag with body and n, and n2 are evaluated numerically from the com-
attitude (where 4/,,and a. are the yaw angle and angle plete expression. The sum of n, and n2 ranges from 4.5
of attack, respectively, of the fuselage reference line), at )A = 0.0 to 4.89 at ,k = 0.50. Ignoring the radial

* Examples of these curves are shown in Fig. 3-26. flow yields
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FIg 3-25. Typical Charts for EstimatIn Performance

IOCD\ vides an index of the level of aerodynamic interference.
CQ l• ~ (1 + 3A2 ) ,dimensionless (3-62) This ratio is referred to as the tandem rotor interference

Co factor K such that:

The differences between Eqs. 3-61 and 3.62 must be CQT -CQo
added to the profile power assumed by the NASA K-, -,-, = I + -- , imensionless (3-64)
Charts and the numerical computation. The radial flow Q "o C
correction A C(° then is equal to

_C where
-io - (niL2), dimensionless (3-63) Cor - total torque coefficient of the

tandem rotor system,

•) dimensionless
where n has the following values (Ref. 29): Co. = profile torque coefficient foc the

n single rotor, dimensionless
C•, = total torque coefficient of each

0.00 1.50 single rotor, dimensionless
0.10 = 1.57 0.10 .50 ACQ increase in tanidemn torque
0.20 = 1.57 coefficient over the single rotor
0,30 = 1.78 torque coefficient,
0,40 = 1.78 dimensionless
0.50 -- 1.890.60 = 2.03 Co = induced torque coefficient of
0.60 = 2.03 the single rotor, dimensionless
0.75 = 2.24 The theoretical ideal induced power hp, required by
1.00 2.62 ga tandem-rotor system to generate a given thrust then

For C given value of drag coefficient, the value of can be expressed in terms of simple momentum theory
A C0 can be calculated and added to the value Co from (Eq. 3-5) -s
the charts.

3-2.1.3 Tandem-rotor Interference KT3 1 2

hpi K = (3-65)
Aerodynamic interference caused by the overlap or 5520pA

intermesh of tandem-rotor systems increases the power
required to produce a given total thrust over that re-
quired for the same rotors when isolated. Because the In this case A is the projected disk area of the two rotors
profile drag coefficient of a rotor operating at moderate (see Fig. 3-28).
thrust ccefficients is nearly constant, this increase in In the hovering regime numerous tests have resulted
total powz;r is attributable to an increase in induced in a power correction factor as a function of rotor shaft
power only. For a given tandem-rotor overlap, the ratio spacing ratio st (see Fig. 3-28) that agrees reasonably
of the induced power of the tandem-rotor system to the well with theoretically derived trends (Fig. 3-29). The
induced power of the two isolated single rotors pro- test data, obtained with rators employing blades with
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Fig. 3-26. Airframe Effects, Effect of Fuselage Pitch and Yrtw

Up expected, between the theoretical curves for uniform
and parabolic Rpanwise blade loading derived in Ref.

•• Ur'• 30. The estimation of vertical drag (par. 3-2.1.1.9) must
include the effects of the increased downwash of the
adjacent or overlapped rotors.

In forward flight, the effect of interference on in-
duced power is considerably greater than in hover he-

Fig. 3-27. Velocity Componeats cause the air inflow is nearly horizontal, reducing the
effective aspect ratio of the lifting system by about
one-half compared with two isolated rotors. This effect

planforms and twists consistent with standard practice can be approximated analytically by using the analogy
(not assuming "ideal" twist or taper) fall, as would be of two wings in tandem, with appropriate values of gap
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and stagger, and defining the induced downwash rela- tionship in the system (Ref. 31). The induced power
correction factor K. that results from this approach is
expressed as

SATKu . 1 +- , dimensionless (3-66)

22

where didcdpwritreec aaeei
A(A A1 3  sa gie raibfthyitnc ewe

~ +7- ROTO SHAF SPCN dimension2 less, (seFi.3-68)
R~~~~~ yR = aese age a

and the wake skew angle yis calculated approximately
Fig. 3-28. Projected Disk Area, Overlapping Rotors from

) TYPICAL
PARABOLICýV

T UNIFORM /

Tr'- /

U- 0 /

1.4
I- .~ \ THE ORETICAL-PARABOLIC LOADING e.3

.~~~ T~HEORETICAL-UN'IFUHMLAON.
Zý1.3

Uj TEST POINTS
~1.2 X WNAA TN 0-534

C-, a

0

LU 1.0>- 0.2 0.6 1.0 1.4 1.8 2.2
= ROTOR SHAFT SPACING RATIO SO dimens ion less

Fig. 3-29. Hovering Induced Power C~orrecton Due to Overlap
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"U 3-2.1.4 Fixed Aerodynamic Surfaces
s ROTOR SHAFT SPACIN.G/R Estimation of the characteristics of a wing or fin

R_ _ ... -.. surface under a given set of conditions can be accom-
___ plished readily provided that information on lift and

1.6 --- -... -- drag coefficients as a function of angle of attack is

_____" ,available for some given aspect ratio. At a required lift
coefficient, the angle of attack, drag coefficient, and lift

1.2.-- curve slope for the planform under consideration are
UJ found by the method of Ref. 32. This method includes

the introduction of spanwise efficiency factors into the
~ 0.8 - 2.0 •theoretical relationship between two-dimensional and

____ ____I three-dimensional airfoil characteristics based upon an1a elliptical distribution of lift over the three-dimensional
U . .. (finite span) wing. Once the general nondimensional

___-__ ..... _ __ _ _aerodynamic characteristics of the wing or similar sur-
c nface are established, the lift and drag forces at any

"-0condition are calculated by the conventional relation-WAKE SKEW ANGLE y deg ships of fixed-wing aerodynamics,

Fig. 3-3•. Tandem-rotor Interferenee Factors L -SC lb2- CL , b(3-69)

•/= an" 1.5f )and
2-= n, rad (3-68)

pV2

D = 2 SCD ,lb (3-70)

where
T -- thrust of forward rotor, lb
Al = area of the forward rotor, ft2  where

Eq. 3-67 is presented graphically by Fig. 3-30. Note S = planform area of the surface,ft2
that this method, at reasonable values of -y(O
deg ! 7•< 10 deg), indicates a value for d, of the order
of 1.8, which represents a 90% increase in the induced 3-2.2 COMPOUND CONFIGURATIONS

power of the tandem system over that for the single 3-2.2.1 Speed Capability of Helicopters
rotor. This method provides a guide to the order of
magnitude of tandem-rotor interference in forward A compound helicopter is one that has a wing to

flight. However, consideration of tip losses, which relieve the rotor of its lifting requirements, partially or
reduce the diameter of the stream tube of infiowing air, totally, and an auxiliary propulsion device to relieve the

rotor of its propulsion requirements partially or totally.
decreases the effective aspect ratio even more; hence, Such a helicopter can achieve a higher maximum for-
induced power correction factors of more than 2.0 are ward speed than can a conventional helicopter, and
possible. Actual variation of K. with forward speed is retains hovering capability.
difficult to establish because it varies with aircraft ge- The maximum speed attainable by a conventional
,whetry. Furthermore, flight techniques such as sideslip helicopter is limited by drag divergence on the advanc-
flight have been developed to compensate for the rotor ing blade and/or by one of the several phenomena
interference penalty. The amount of sideslip used is lumped together under the term "blade stall" on the
determined by the best trade-off between the reduction retreating blade. To obtain the highest maximum air-
in power losses due to rotor interference and the in- craft speed, a rotor speed must be selected that allows
crease in parasite powcr that results from sideslip the retreating blade to experience blade stall at the
flight, same time that the advancing blade experiences drag
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CONVENTIONAL HELICOPTERSI--• HELICOPTER WITH WING
18 "- - - ' HELICOPTER WITH AUX, PROPULSION

---- COMPOUND HELICOPTER
1,6

12 o

CL

~T4

0140' 150 160 170 180' 190 200 210 220 '230 240 250

AIRSPEED V, kt

&Fi. 3-31. Retreating Tip Angle of Attack

divergence. Fig. 3-31 shows the retreating tip angle of obtain the smallest physical dimensions, lightest
attack (which is an indicator of blade stall) as a func- weight, and most efficient design that can satisfy simul.
tion of forward speed for a conventional helicopter, a taneously all of the requirements specified.
helicopter with a wing, a helicopter with auxiliary pro- For any aircraft the design requirements tend to be
pulsion, and a helicopter with both a wing and auxiliary conflicting, but for compound helicopters the conflict
propulsion (compound helicopter). In this example, the is dramatic and is characterized by the philosophy that
same rotor is assumed on each of the aircraft. The rotor whatever helps the high-speed capability hurts the boy-
has a solidity of 0. 1, a blade twist of - 5 deg, and a ering capability and vice versa. For a given payload and
hovering disk loading of 5 lb/ft2. The rotor, and hence mission time, the size of the aircraft is determined by
tip, speed is adjusted with forward speed so that the the type of auxiliary propulsion and the rotor disk
advancing tip Mach number is kept constant at 0.92. loading selected. If the mission requires a relatively
Fig. 3-31 shows that, for a retreating tip angle of attack short period of high-speed flight, a simple turbojet or
of 12 deg, both the conventional and the winged heli- fanjet engine may be used; this approach is attractive
copter can fly to about 1'A kt, the helicopter with especially when a compound configuration evolves
auxiliary propulsion fan fly to about 235 kt, and the from an existing helicopter design. For relatively long
compound hellcoptar has no speed limitation due to high-speed mission legs, the complexity of a propeller
blade stall. The riaximun speeds of the first three usually will prove to be justified by its higher propul-
types might be ra ied slightly by optimizing solidity sive efficiency. Another configuration that might be
and twist, but the values presentd are typical of the considered during preliminary design is a pressure-jet
present state-of-the-art. rotor that operates in autorotation in high-speed flight

while the driving gases are ducted to a nozzle for for-
3-2.2.2 Prliina. y Deugn Conskderations ward propulsion.

Once it has been decided that a compound f.elicopter If, for the sake of simplicity, a separate jet engine is
configuration is necessary to satisfy a given speed re- selected for auxiliary propulsion, the selection of the
quirement, the goid of the preliminary design effort rotor power plant rating and the rotor disk loading is
should be the same as for any other aircraft; i.e., to based upon the hovering requirement and the basic
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trade-off is the same as for a conventional helicopter: the disk loading times the wing area exposed to the
i.e., the larger the power plant, the higher the disk rotor wake.
loading can be, thus producing a smaller aircraft. If a The selection of the wing span involves a trade-off
propeller is chosen for auxiliary propulsion and is to be study. Large span has the advantage of less induced
driven by the same engine as the rotor, the engine drag in forward flight, but has the disadvantages of
rating usually is set by the high-speed requirement and higher structural weight and more download in hover
the rotor disk loading selected is the highest at which due to greater rotor wake velocities at the outer sections
the hover requirement can be met. In some cases the of the wing. The selection of the wing span must be
disk loading is not determined in this manner but is based upon a judgment as to the relative importance of
limited to some smaller value by a maximum limitation the conflicting requirements of speed, hover perform-
upon the rotor downwash velocity or by consideration ance, and empty weight.
of good autorotational characteristics. The selection of wing incidence with respect to the

rotor shaft will be influenced by the desire to operate
3.2.2.3 Selectinn of Configuration the rotor at low angles of attack at high speeds in order

Parameters to minimize the oscillatory rotor loads. Thus, the rotor

3-2.2.3.1 Wing disk ideally should be horizontal at high speeds and the
wing incidence, adjusted for the rotor-induced down-

The wing is required for high-speed operation, but it wash angle, will be equal to the angle of attack at which
produces performance penalties ii, hover. Therefore, the wing develops the required lift coefficient.
the definition of its parameters is an exercise in "least- For most compound helicopter designs, the wing
worst compromise" rather than in "optimization". thickness, taper ratio, and airfoil section are chosen on
These wing parameters, discussed below, include: the basis of the same considerations as are used in

1. Area designing a fixed-wing aircraft to be flown at low sub-
2. Span sonic speed. These factors are structural efficiency, low
3. Incidence drag, and a high maximum lift coefficient.
4. Incorporation of flaps Flaps on the wing of a compound helicopter might
5. Location. be considered for several reasons, e.g., to minimize the

basic wing area if the required area is dictated by a
The wing area will depend, to a large extent, upon maneuver requirement. In such a case the additional

the predicted performance, vibration, and stress char- complexity of a flapped wing and its increased drag
acteristics of the rotor. From a performance stand- during the maneuver would have to be weighed against
point, the rotor should carry as much load as possible the predicted decreases in hover download and, possi-
at high speed; but from vibration and stress stand- bly, wing weight. Another possible application of a
points, the rotor should be unloaded completely. Thus, wing flap is to decrease the hover download by deflect-
the design criterion for wing lift is some fraction of the ing the flap down 90 deg, thereby decreasing the wing
aircraft gross weight at high speed, and the value of this area exposed to the rotor wake. An additional use for
fraction is dependent upon the degree of confidence in a flap is to decrease wing lift during entries into autoro-
the rotor design. Once the design value of wing lift is tation by upward dflection of the flap. This require-
selected, primarily upon the basis of experience with ment applies primarily to configurations that do not
similar aircraft, the wing area can be calculated. use propellers for auxiliary propulsion; the phenome-

Another type of criterion that might define the wing non that generates this requirement is discussed in par.
area is a specified maneuver, such as a 2-g turn at 150 3-2.2.4.3.
kt. If the combination of the rotor, as defined by the Items that slfould be considered in choosing the ver-

Sspecified hover capability, and the wing, as defined by tical location of the wing generally are the same as for
Sthe high-speed requirement, is not sufficient to produce a fixed-wing aircraft. These include crashworthiness,

2 g's, either the rotor blade area or the wing area must fueling convenience, crew visibility, landing gear ar-
be increased. In some cases it will prove advantageous rangement, external store loading, and field-of-fire re-
to make the change to the wing rather than to the rotor; striction. In addition, the designer of the compound
but, to minimize the wing structural weight and the helicopter must provide adequate clearance between
download in hover, the wing area should be no larger the wing and the rotor during maneuvers and between
than is necessary to satisfy the most critical require- the wing and ,the ground during slope landings. In
ment. Based upon theory and some test data, the wing choosing the fore-and-aft location of the wing, it should
download in hover is equal approximately to one-half be recognized that the wing can be used to increase
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longitudinal stability by locating the aerodynamic cen-
ter of the wing to the rear of the most aft operational ' . . . .I: center of gravity (CG) position. Sweepback should be 800 - -l

considered if the -tructural design dictates that the
wing spars should jot,, the fuselage forward of the most

7i00 4-taft CG position.

3-2.2.3.2 Rotor - 0

The broad requirements for the rotor are: in hover, Ui1 ~
to operate efficiently; at moderate speeds, to provide its
share of the required maneuvering capability; and, at S 500
high speeds, to produce as much lift as possible without M
producing excessive vibration or loads. Once the disk M
leading is chosen, either on the basis of using all of the < 400
installed power to hover or on the basis of maximum

allowable downwash velocity, several other rotor
parameters must be defined: 140 180 220 260 300 340

1. Tip speed AIRSPEED V, kt

2. Solidity
3. Twist Fig. 3-32. Tip Speed Limitations for Operation at
4. Airfoil section. Constatt Mach Number

The rotor tip speed will be established by the combi-
nation of the maximum forward speed and the maxi- The rotor solidity is determined by one or the other
mum allowable advancing tip Mach number. Current of two requirements, hover performance or maneuver
practice places this Mach number at 0.85 to 0.95, to capability. For a given disk loading and tip speed, the
avoid drag divergence, depending upon the tip airfoil solidity helps to define the hover Figure of Merit. It has
section used. Fig. 3-32 shows maximum tip speed as a been shown that the Figure of Merit is also a function
function of forward speed for several Mach numbers, of Cr/a', twist, and tip Mach number (par. 3-2.1.1.7).
Whether the resulting rotor speed should be used For steady turns, the rotor must supply whatever lift
throughout the flight envelope is dependent upon addi- the wing cannot. The solidity that meets this require-
tional design considerations. The weights of the rotor ment is
and the drive system can be minimized by designing for
a relatively high hover tip speed (700-800 fps). If the nW -L
maximum tip speed dictated by the high-forward-speed d'less (3-71)
requirement approaches these values, then the same tip p°Ptm ax Cd (3)71)
speed should be used throughout the flight envelope; P(STR)2A
but if the tip speed for high-speed flight is considerably
below this range, a two-speed design should be consid-
ered in order to take advantage of the potential weight where
saving. Factors that must be considered when making n = load factor for turn,
this decision are the potential problems involved in dimensionless
operating the rotor over a wide rpm range; noise due W, = helicopter gross weight, lb
to high tip speeds in hover; and, in the case of a corn- L.. = maximum lift of wing, lb
pound with a propeller, the desire to operate the pro- The usable value of (Cr/o'), for a new rotor design
peller at low tip speeds in hover and at high tip speeds is not defined easily, but a compilation of wind tunnel
in forward flight (the opposite of the requirement for and flight test data leads to the empirical plot of
the rotor). The latter problem can be eliminated by (Cr/).,5 asa function of advance ratio g, of Fig. 3-33,
declutching the propeller from the drive system in which represents the boundary above which the rotor
hover and low-speed flight. The power thus saved in profile power rises rapidly, indicating significant areas
hover should be enough to justify the weight of the of blade stall. The solidity corresponding to the best
clutch and perhaps even its development cost. hover Figure of Merit and the solidity that satisfies the
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from separating prematurely, yet does not affect the'0w v critical Mach number materially. "

3-2.2.3.3 Auxiliary Propulsion

0.10 If a jet engine is selected for propulsion, the choice
of Its location is relatively flexible, with constraintsSimposed by balance considerations; the necessity to

0.08 - - -avoid placing critical components, ground personnel,
or flammable ground objects in the hot exhaust; and

L C -noise levels in the cockpit and passenger/troop cabin.
S• 0.06 -...- . The selection of the best location for a propeller is

more difficult and involves finding a location where
the propeller will not be in the way of the rotor in

cc 0.04 flight and landing conditionis, of the ground during
slope landings, of people during normal and emer-
gency situations, of fire from flexible weapons, and of

- 0.02 debris or jettisoned stores. At the same time, the com-
plexity of the drive train, the noise in the cockpit and
passenger/troop cabin, and the structural dynamic

0 0.2 0.4 0.6 0.8 1'0 response should be held to a minimum.
ADVANCE RATIO The basic advantage of a prcpeiier over a jet engine

is that the propeller moves more air. For the same
reason large propellers are preferred to small propel -

Fig. 3-33. Maximmm Thrust Coeffcient/Solidity for lers; the larger the diameter, the higher the propulsive
Steady Flight efficiency. However, an increase in propeller size in-

c-eases its weight and the weight of the associated drive
train, and adds to the difficulty of integration into the

maneuver requirement should be compared and the design. Thus, another trade-off decision must be made
highest value chosen for the design. in choosing the optimum propeller diameter based

High blade twist is helpful in increasing the hover upon high-speed capability versus empty weight. Other
performance, but it can produce large osci!latory blade propeller parameters that must be selected are rpm and
loads at high forward speeds. The trade-off is difficult totpl activity factor. Propeller selection is discussed in
to assess during preliminary design so a moderate value par. 3-3.3.2.
ofa tuA propeller usually responds more rapidly to pilot

ord er mis demands for changes in thrust than does a jet engine.
1is However, this is a secondary advantage of propellersIn oderto perae a hih sped ithhighadvnc- because rapidity of horizontal thrust control normally
ing tip Mach numbers, the airfoil section of the blades is not a critical consideration for compound helicop-

section should be thin. In order to be efficient in hover ters.
and to have good maneuvering capability, the bladc.s
should be thick. The trends of critical drag divergence 3-2.2.3.4 Torque Balancing and Directional
Mach number MDD and of section maximum lift coeffi- Control
cient ci,= with thickness ratio are shown on Fig. 3-34. Compound helicopters using rotor arrangements
A partially satisfactory theoretical solution to these with natural torque balancing-such as those with tan-
conflicting requirements is to use a blade that is tapered dem. coaxial. synchropter. or jet-powered rotors.-
in thickness from the root to the tip where the highest achieve directional control in the same manner as
Mach numbers are experienced. Whether or not this do conventional helicopters with these rotor con-
actually can be done is dependent somewhat upon the figurations.
method of blade construction (par. 4-9.1). Forward In the case of the single-rotor, shaft-driven, corn-
camber, sometimes called "droop snoot", may be used pound helicopter, however, there is a possibility of us-
to make thin sections act like thicker sections with ing the auxiliary propulsion device instead of a tail
respect to maximum lift coefficient by giving the criti- rotor for antitorque and directional control. When this
cal upper nose a gentler contour that keeps the airflow device is acting as a primary control, its reliability is a
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Fig. 3-34. Effect of Airfoil Thickness Ratio on Limit Airfoil Section
Characteristics

major consideration which precludes the use of a sepa- rotor it eliminates. The power would be essentially the
rate jet engine for this purpose. same if the product of the total disk area and the dis-

If a single propeller is used, the possibility of employ- tance between the propellers was the same as the prod-
ing it either as a swiveling tail rotor or in conjunction uct of the disk area and the moment arm of the tail
with flow-turning vanes should be considered; both of rotor. For most practicable configurations, it will be
these systems have been flown on prototype aircraft. found that this product for wing-mounted propellers is
When the two functions are combined, the swiveling one-third to one-quarter that for a tail rotor and, conse-
tail rotor is lighter than the combination of a separate quently, the power required for antitorque is three to
propeller and tail rotor-but at the cost of mechanical four times that used by a tail rotor. However, for com-
complexity in the swiveling mechanism and in the con- pound helicopters having a large power plant because
trol system, which must make the transition from rud- of the high-speed requirement, but limited to a low disk
der pedal control in hover to a propeller pitch control loading by downwash considerations, the high power
in forward flight. (In high-speed flight, an airplane rud- required by this antitorque scheme may not produce a

* der can be used for directional control.) The pusher significant penalty.
propeller with flow-turning vanes also combines the If a conventional tail rotor is to be used, the trade-
two functions but involves the same control com- offi are the same as for a conventional helicopter; i.e.,
plexity. In addition, this device becomes ineffective at the larger the tail rotor, the less power it requires but
some rearward speed that may be below that required the more it weighs and the more awkward the design
to hover over a spot in a tail wind. becomes. Because the tail rotor experiences the same

Another possibility for using the auxiliary propul- forward speed as the main rotor in forward flight, it is
sion device for antitorque and directional control exists ;ogical .to use the same tip speed unless the tail rotor
if two wing-mounted propellers with differential thrust blade tip section has a different critical Mach number
are used. This scheme however, while feasible, can re- than that of the main rotor. The critical thrust condi-
quire substantially more power in hover than the tail tion for the tail rotor will come either in balancing main
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rotor torque during a full-power vertical climb at sea 3-2.2.4.2 Calculating Procedure for Power
level or in hover under a high-altitude, hot-day condi- Required
tion. Both situations should be analyzed and the one The calculation of the power required for a corn-
requiring the highest solidity should be preferred. pound helicopter in level flight is more complicated

than that for a conventional helicopter but still is rela-
3-2.2.4 Compound Helicopter Performance tively straightforward. The following procedure can be

performed by hand calculation or programmed on a
3-2.2.4.1 Wing/Rotor Lift: Sharing computer:

It is useful, in developing methods for calculating 1. Obtain by wind tunnel testing, or by estimation,
compound helicopter performance, to think of the air- plots of effective lift and drag areas and pitching mo-
craft as a biplane having an upper wing with an adjusta- ment volume (L/q ft2, D/q ft2, and M/q ft, respec-
ble flap corresponding to the rotor and its collective tively) versus the angle of attack of the fuselage refer-
pitch control. If the upper wing of a biplane has a larger ence line af,, for the complete aircraft without rotors.
span than the bottom wing, it pays to carry most of the 2. For the selected gross weight and forward
lift on the upper wing to take advantage of its lower speed, assume a series of values for fuselage angle of
span loading and, thus, its lower induced drag. The attack. Based upon small-angle assumptions, which are
same idea applies to a compound helicopter if the rotor valid for compound helicopters in level flight, the re-
diameter is greater than the wing span. This is illus- quired rotor thrust, or lift L., is:
trated by examining the following basic equation for
the drag D of the compound: L

LR=W- ,lb (3-74)

D=Dp +Dow+ DoR
2 R

LR2 L 2 3. Calculate the rotor tip path plane angle of at-+ 2 -r2 ~ + Wb
2 --R2  2  2 ,lb (3-72) tack a, as

r2)R =~ Gus ±+57.3 - +±ata1 ±+i , dcg (3-75)

where
b= wing span, ft

Subscripts where
w = wing a = longitudinal tilt of rotor tip
R = rotor S path plane relative to rotor

If it is assumed that the first three terms are independ- shaft, deg
ent of lift, then the variation of drag with lift is depend- = angle of rotor shaft relative to
ent only upon the last two terms. The drag then is
minimum when a reference perpendicular to the

fuselage reference line, deg
and, for T/(2p.4)< V'/2 Eq. 3-35 results in

W
LR = lb (3-73) LR

1 + (b/2R) 2  ' R fps (3-76)

For the highest performance, the rotor should be oper-
ated up to the above stated value of lift, or to the limit (The rotor-induced downwash at the wing is assumed

as defined by excessive oscillating loads. The oscillatory to be equal to the momentum value of induced velocity
load trend corresponds roughly to the product of col- at the rotor disk.)
lective pitch and the cube of the advance ratio. The and
point at which these loads become limiting is a function
of the structural and dynamic characteristics of the a,,- Wg( Shd)

rotor and fuselage and may not be known fully until the at$ = aMR/•aas , deg (3-77)
aircraft flies.
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where with the wing as compared to the increase in power
As,, = distance between helicopter CG associated with the rotor.

"and rotor shaft, parallel to
fuselage reference line, ft 3-2.2.4.3 Autorotation of a Compound

MR = rotor pitching moment, lb-ft Helicopter
4. Use rotor performance charts for the correct Autorotation of the rotor of a compound helicopter

advance ratio, and, knowing rotor thrust (lift) and ro- requires the same conditions as for other helicopters;
tor angle of attack, find collective pitch and plot it as i.e., the lift vectors on the blades must be tilted far
a function of fuselage angle of attack. enough forward to overcome the drag of the blades. A

5. Select even increments of collective pitch and fully unloaded rotor cannot autorotate because it has
tabulate the corresponding values of rotor thrust, rotor no lift vectors to tilt forward. For this reason if the wing
angle of attack, and fuselage angle of attack. is large enough to support the entire weight of the

6. Use rotor charts to find rotor shaft power and helicopter during entries into autorotation at high
H force for the selected values of collective pitch and speeds, it is difficult to load the rotor enough to enable
rotor thrust. it to autorotate. One solution is for the pilot to perform

7. Compute total power associated with the rotor steady turns at a load factor high enough so that bothas the sum of main and tail rotor requirements and the wing and the rotor are required to produce lift.transmission and drive system losses. Another solution is to reduce the wing lift mechanically
with spoilers, with an incidence reduction, or with an8. Compute the required propulsion thrust 7T, as
up-deflected flap. For compounds with propellers, it is

D a R not necessary to aut6rotate the rotor initially if the
T - q +H+L , lb (3-78) propeller pitch can be reduced sufficiently to operateq R 57.3 the propeller as a windmill; this procedure allows

power to be extracted from the airstream at high speeds
so as to keep the entire power train operating until the

S where speed is low enough to allow the rotor to be used inSH = rotor H-force perpendicular to normal autorotation.
control axis, lb

9. For propeller-powered compound helicopters,
the propeller power hpp is 3-2.3 WIND TUNNEL TESTING

3-2.3.1 Objectives
hp 55 (379) The objectives of wind tunnel testing are one or more

of the following;
1. To support a specific design projectwe = propeller efficiency factor, 2. To perform research into fundamental

dimensionless phenomena
Subscript 3. To investigate advanced concepts.

P = propeller
The upper plot of Fig. 3-35 shows the results of This paragraph deals with the preliminary design as-

using the foregoing procedure to computce the power pects of wind tunnel testing that are included in the first
required for a typical compound helicopter. The ad- of these objectives.
vantage of operating at high collective pitch angles is
evident. The bottom plot of the figure shows the 3-2.3.2 Support of a Project
product of collective pitch and the cube of the ad- In the discussion of wind tunnel testing that follows,
vance ratio (this parameter is roughly proportional to it should be remembered that test planning should con-
the oscillatory loads) and indicates the disadvantage sider the reliability of the resulting data. Dimensional
of operating at high collective pitch. Fig. 3-36 shows similarity, particularly in terms of Reynolds number
component power requirements for operation at and Mach number, is desired, but the relationship be-
collective pitch values of 4 and 10 deg. The primary tween model size and tunnel size also must be consid-
e.ect of operating at a higher collective pitch angle is ered because of the significant influence of wind tunnel
a more significant decrease in the power associated wall effects upon helicopter test data.
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3-a2.321 Arrmlrgan tblt tde values of drag will be obtained by tetig mllscl

are tested during preliminary design to produce early 1~a~ )~e fnr~na
estimates of drag and stability and to provide an oppor- tations, due to configuration changes.
tunity toimprove these parameters before the design is Two sources of drag, discutr -d for illustrative pur-
frozen. Results from such tests are extremely sensitive poses, are the rotor hub and the aft end of a typical

to Reynolds number and it is unlikely that absolute cargo compartment. The latter often is designed with
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a very large closure angle because of the tactical advan- stall or compressibility effects, the Reynolds numbers
tage of rear ramp loading. The rotor hub is a bluff body and the oscillting aeroelastic twist-which is a func-
that, although difficult to fair as a unit, can benefit tion of blade structural and centrifugal stiffness in
from streamlining of individual components. During bending and in torsion-play very important roles;
wind tunnel testing the hub should be rotated to obtain matching these characteristics with small-scale rotors
proper values of hub/pylon drag. so far has not been practicable. In the case of interfer-

The hub not only produces drag of its own, but, in ence effects, however, useful results can be obtained
many cases, induces flow separation on the portion of with a rotor that is similar geometrically, but not neces-
the fuselage behind it. The degree of separation often sarily dynamically, to the full-scale rotor. The interfer-
can be reduced through the use of some form of a ence effects may be significant especially in producing
vortex generator or boundary layer control specifically pitchizig moments during the transition from hover to
tailored through wind tunnel tests. In a similar manner, forward flight and in producing rotor-fuselage interfer-
the problem of separation behind a blunt cargo com- ence deag in all flight conditions.
partment can be attacked through changes in fuselage
lines or the use of strakes or vortex generators. Wind 3-2.3.2.3 Dynamic Models
tunnel testing of high-performance helicopters inevita- An investigation of oscillatory loads and of the dy-
bly involves evaluating the reduction in drag resulting namics of the rotor and its control system can be made
from a retractable versus fixed landing gear. with a rotor model that is scaled both geometrically

and dynamically in terms of the natural frequencies of
3-2.3.2.2 Powered Models its flapping, inplane, and torsional blade modes and of

ein a complete series of wind tunnel the control modes associated with control system flexi-
The scond hasebility. Unfortunately, the knowledge of these frequen-

tests is the addition of a powered rotor to the airframe
model. The resulting model is useful for determining cies comes near the end of the design effort, and it ismode. Th resltin modl i useul fr deermiing likely that the actual rftor will be flying be¶'ore the '

rotor-airframe interference effects and stability deriva- model can be designed, b ilt ted. Neverthe
tives but has not proven to be particularly useful in model can be designed, built, and tested. Nevertheless,

tive bu ha no prvento b paticlary uefu in the availability of a dynamic wind tunnel model during
* determining the performance of the rotor itself because the flig ion of t prna c can be mo rant

of significant aerodynamic and dynamic scale effects. the flight test portion of the proestian important

In extreme flight conditions involving significant blade phenomena as they arise (Ref. 33). o i

3-2.3.2.4 Special Models
3000 1An example of a special wind tunnel test that mightS 4 d I' ,

be required to support other phases of the design effort
2000 - . . D.AAS"TE is the measurement of engine inlet pressure recovery0- ý,"AtL ROTO.i

__ _PRPELL R AND and flow distribution at the face of the compressor. For
.. TRANSMISSION this type of test, it is necessary to install a pump in a -1100 .. .. ,• .''•:. ..:-;.- ^• /"m '''/ /LOSSES i

Z 1 AN OR0.....0. model to induce the correct airlow into the inlet. A
_ .- -second type of test involves measuring pressures on the

0____,________________ "_____ windshield and other critical components through useof pressure tubes connected to a manometer board or

3000 to a scanning pressur a transducer. It may be desirable
n- =.,: to measure bending moments in such components as
I :wings and horizontal stabilizers to allow the designers

-3 2000 TIAIL ROTOR, to use measured values, rather than theoretical (which
--AST PFOPELLER AND

MA *-TRANSMISSION normally tend to be conservative). Th- resulting design
MAIN R0TOR LOSSES will thus have minimum structural weight. Also, it may

,- -- be necessary to conduct external store jettison tests
. I.. .. wi: II the wind tunnel model to establish the flight enve-

.___._.--.L. ------ lope in which dropped stores fall clear of the aircraft,140 IV.)4 18o1 210l 2. 240 •

AIRSPEED V. kt and to determine whether a positive ejection me-
chanism--such as a spring or an explosive device-is

Fig. 3-36. Component Power at Two Values of required. Wind tunnel jettison i..sIs require models of
Collective Pitch stores that must have the correct aerodynamic shape,
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weight, and CG location. The model must be such that ger or more precision in the wind tunnel than in flight
the ratio of aerodynamic forces to inertia forces is cor- (Ref. 35). Full-scale tests currently are limited by tun-
rect for the model scale and the wind tunnel speed nel capability to speeds of less than 190 kt and to rotor
being used to simulate flight conditions. Results rre diameters of less than 65 ft. The aircraft should be
recorded with movie cameras taking front and side equipped with flight test instrumentation for measuring
views. The model need not have rotors, but it helps in rotor loads, a real-time monitoring system, and a quick-
interpreting film results if the tip path planes of the acting remote control system.
main rotor(s), tail rotor, and propeller are defined with Mounting the helicopter on the wind tunnel balance
wire hoops. system changes the dynamic environment from that of

free flight in two significant ways. First, the balance
system has its own set of modes of oscillation that, if

For a rotor design that pioneers in the use of a new excited at their natural frequencies by oscillating rotor
airfoil section, it is desirable to obtain the airfoil charac- loads, can confuse the dynamic data being measured at
terstics for use in the rotor analysis, in a two-dimen- the rotor and, in some cases, can lead to structural
sional tunnel. These characteristics should include lift, failures. To avoid such problems, the natural frequen-
drag, and pitching moments throughout the angle of cies of the balance system should be predetermined by
attack, Mach number, and Reynolds number ranges in shake tests and rotor speeds then selected so as to avoid
which the blade elements operate. Ref. 34 contains a them; or the balance natural frequencies should be
complete description of a typical steady-state, two- changed by modifications to the mass, damping, or
dimensional wind tunnel test. A variation of this type structural stiffness. The second significant change ir
of test involves testing the airfoil while it is subjected the dynamic environment arises from the ability of the
to oscillating plunge and pitch motions at various mean wind tunnel supports to provide essentially immediate
angle of attack settings. The results then can be used to reactions to aircraft loads and moments. This is in
evaluate the nonsteady characteristics of the airfoil as contrast to the aircraft in free flight, which produces
repreented by the hysteresis loops in lift, drag, and reactions proportional only to aircraft inertia. The
pitching moment. Another type of two-dimensional consequence of this difference is that rotor forces-
testing used to evaluate three-dimensional effects is the which in free flight would cause the aircraft to move
testing of the airfoil at the various values of sweep that and to relieve the forces-are not relieved in the wind
can occur on the blade and that have been found to tunnel but may build up to catastrophic magnitudes.
affect the maximum lift coefficient significantly. Three- For this reason it is important to be able to monitor
dimen.sional effects can be obtained by testing a blade critical rotor loads and to relieve them quickly with the
tip at various sweep angles. All of the steady, non- control system.
steady, and three-dimensional airfoil characteristics
can be used in the sophisticated rotor analysis pro- 3-2.3.3 Model Design Considerations
grams that account for blade element sweep, unsteady
tip vortex induced flows, and blade flapping and tor-
sional flexibility. Models without rotors, which are used for studies of

drag and stability qualities, should be designed simi-
3-2.3.2.6 Testing of Actual Hardware larly to comparable fixed-wing models. The model

Wind tunnel testing of component hardware often is should be as large as possibie and the test tunnel speed
required to support the design and analysis effort fur- as high as possible to enable testing at high Reynolds
ther. For example, the drag of antennas and external numbers. This is important especially when determin-
stores and the aerodynamic loads opposing the motion ing the drag of bluff body components such as rotor
of rotating weapon turrets and gun-sights are difficult hubs, landing gear, or weapons. Consideration must be
to predict analytically or with small-scale models, but given to compressibility effects, which frequently can
are evaluated easily in a wind tunnel, become significant due to high local Mach numbers

The testing of a complete aircraft in a full-scale wind and can result in considerable error in the translation
tunnel generally is not included in the early project of small-scale results to full scale.
planning. During the flight test phase, however, it may The use of transition strips to establish the turbulent
become desirable to investigate one or more specific boundary layer at the forward part of each component
problems in the areas of rotor dynamics, stability, or is recommended. Because the determination of hub
performance, and the designer may dete.anine that drag is an important objective of this type of testing, the
these problems can be investigated with either less dan- hub should be built as accurately as possible. Blade
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stubs with a span equal to the chord should be installed if. either words, the testing time can be ',-uced drasti-
to duplicate the hub-blade junction. If practicable, the cally at the cost of model complexity. For models with-

,W hub should be rotated with a motor at a speed corre- out cyclic pitch, the flapping of the tip path plane must
sponding to the full-scale advance ratio at the test tun- be monitored closely to prevent tail boom strikes at
nel speed. Major components should be made remova- high collective pitch and tip speed ratios.
ble and the model should be designed for testing both 3-2.3.3.2.3 Rotor Power Supply
right side up and upside down to evaluate both hub F
drag and landing gear drag away from the influence of For some specialized tests, the rotor can be tested in
the balance supports. autorotation and therefore Yio power supply is required.

The more usual test, however, requires that the rotor
3-2.3.3,2 Models With Rotors be powered. The model power plant will be scaled

down from the zctual power plant by a scale factor
3.2.3.3.2.1 Rotor Design dependent on the specific similarity requirements of the

In this type of model, the rotor diameter should be test. For pressure-jet rotors, compressed air is used
as large as possible to allow testing as closely as possible from the shop supply or from a special compressor,
to full-scale Reynolds numbers. If the primary focus of depending upon the quantity of air required. Successful
interest is the high-speed regime, the rotor diameter shaft-driven model tests have been conducted using
can be up to 75% of the tunnel test section width. If electrical and hydraulic power. Many wind tunnels
low-speed problems are to be investigated, the rotor now use pneumatic motors for scale models.
diameter should not exceed 25% of the test section The electrical system of powering models usually
height so as to minimize recirculption of the rotor wake consists of a variable-frequency motor-generator, set
from the tunnel floor. The model rotor tip speed should outside the test section, and a synchronous motor in the
be the same as that proposed for the full-scale helicop- model. Most suitable synchronous motors are water-
ter in order to preserve true Mach numbers and in- cooled so as to obtain'high power in a small envelope.
duced velocity effects. When it is not possible to oper- The wires and cooling tubes to the motor, along with
ate the tunnel at such a speed, the design rotor speed any instrumentstion wiring, should be attached to theateshould be reduced in order to maintain the true d model in such a way as to introduce minimum forcess vance ratio, because this is a primary rotor parameter and moments due to air loads or changes in angles ofwhile Mach number and induced effects are secondary attack. In addition, all wiring should be shielded toparameters, avoid interference. Fig. 3-37 shows how this may.beThe scaling of mass and structural parameters for done.
dynamic models should attempt to match natural fre- A hydraulic system that has been used satisfactorily
quencies and ratios of acrodynamic-to-inertia parame- consists of a constant speed-constant volume pump
ters -io as to allow investigation of flutter, mechanical with a controllable bypass valve outside the test section
vibration and stability, p:rformance, and fl: ing quali. and a hydraulic motor in the model. The bypass valve
ties (Ref. 33). is used to control the amount of fluid going to the

model and, hence, its speed. To prevent hydraulic pres-
3-2.3.3.2.2 Rotor Control Systems sure from producing excessive balance tares, the tubing

running from the pump to the model support should be
Depending upon the objectives of the model test, the straight with solid elbow fittings as shown in Fig. 3-38.

rotor control system may be either nonexistent or It still will be necessary, however, to evaluate the
nearly as complete as that of the actual aircraft. The balance-teading tares as a function of hydraulic
simplest models have flapping or teetering rotors, no pressure for making final corrections to the test
cyclic pitch, and collective pitch that is adjustable only results.
during a model change. Data points taken with this
type of model always will have the tip path plane tilted 3-2.3.3.2.4 Instrumentation
with respect to the shaft, except for specific combina- The sophistication of model instrumentation will be
tions of shaft angle of attack and tip speed ratio for each dictated by the objectives of the test program. Simple
collective pitch setting. For some types of tests these tests might use only the tind tunnel balance system,
out-of-trim data are valid and useful, but for other tests whereas more complikated tests might require instru-
only tritmn conditions -..e of interest. The incorporation mentation on the oruer of that used for flight tests, e.g.,
of a remote control system for both cyclic and collec- strain gages and various types of potentiometers to
tive pitch allows each datum point to represent a trim measure rotor and control system loads and positions.
condition at the desired rotor thrust and hub moment; The recording of measurements in the rotating system
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requires either slip rings or a radio transmitter attaching the entire rotor system to the rest of the
mounted on the hub, both systems having been used model with a separate strain gage balance systemsatisfactorily. should be considered. This attaching method las the

For many types of testi, it is necessay to differenti- advantage of being outside the rotating system (thus
ate between the thrust of the rotor anti the lift on the not requiring slip rings), and it can be used to measure
rat of the model. Rotor thrust can be obtained by not only thrust but shaft torque, rotor pitching and
awasuring: roiling moments, and longitudinal and lateral rotor

I. The tension in the rotorshaft forces as well. Such a balance system should be de-
2. The average beding moment in the rotor hub signed so as to introduce no new modes of vibration

or blade root with natural frequencies in the range of the test rotor
3. The average blade coning. speeds,

All of the methods require measurements in the rotat- For model rotors in which dynamic phenomena are
ins system, and the last two methods rely upon a cali- primary considerations, it is important that critical
bration that may be difficult to perform in a wind measurements be monitored continuously. Some tests
tunnel. (It should be noted that measuring rotor thrust require not only several critical displays but several
always is a difficult task whether in a wind tunnel or observers to monitor them. No compromise should be
in flight.) As an alternative approach, the possibility of made concerning the number of critical loads to be
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Fi. 3-37. Installatioa of Eleetriely Powered Model
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FIg. 3-38. Isitalatou of Hydraulically Powered Model

displayed on an oscilloscope, with the limits clearly developing oscillograph or on a Brush recorder. All
marked. A maximum of information, clearly displayed data should be recorded on permanent oscillographs or
in a recognized farbion, and alert personnel are re- tape recorders for subsequent data reduction. It is
quired for satisfactory testing. Any dynamic measure- highly desirable in critical tests to have continuous

S ments that are important to decisions that must be motion picture coverage. A means must be provided for
made during the test should be recorded on an instant- identifying the various types of data being recorded
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with tunnel run number and, if possible, with a stand& boundary is assumed to be established and the test is
a•d time signal. concludt.d without actually subjecting the model to the

Rotor speed can be determined in several ways. In instability. Determination of stability boundaries is one
rotors driven by a variable-frequency electrical system, of the most dangerous aspects of wind tunnel testing
the frequency meter on the motor-generator set can be and should be attempted only after a maximum effort
calibrated to moad rotor speed directly. In more elabo- has been made by analysis to predict these instabilities.
rate models, a tachometer generator can be belt- or
Sear-driven by the rotor shaft with a conventional air- 3-2.3.5 Data Reduction
craft tachometer at the operator's station. For very
precise measurement, an Event-Per-Unit-Time Coun- 3.2.3.5.1 Wind Tunnel Wall Corrections

ter can be used to count the electrical impulses gene- Wind tunnel wall corrections for rotorn are a fune-
rated by one or more magnets fastened to the rotor tion of the wake skew angle and the dimensions of the
shaft as they pass an induction coil on the nonrotating tunnel test section with respect to the rotor diameter.
portion of the model. The same electrical impulse. can For cases in which the roto, wake skew angle is near
be recorded as an indication of rotor azimuth position 90 deg (the wake is going straight back from the rotor),
on any system that is being used to record loads or the corrections are the same as for a circular wing of
dynamic data. the same span. For cases in which the skew angle is

near 0 deg (as in hover), the recirculation inside the test

3-2.3.4 Test Procedures section probably will produce unstable test conditions
that will make quantitative measurements useless. For

The test procedures for rotorless helicopter models skew angles between the two extremes, wall correction
are the same as those for models of fixed-wing aircraft: methods are given in Ref. 36 for a variety of test section
angle of attack runs at zero yaw and yaw -uns at repre- dimensions and shapes.
sentative angles of attack-all at the highest practicable
tunnel speed that results in the best available correla- 3-2.3.5.. Presentation of Results

tion of Reynolds number and Mach number to full- The preferred form for the presentation of results of
scale conditions. Configuration changes should include wind tunnel tests of helicopter models is omewhat
stabilizer incidence changos and removal of of in- different than for fixed-wing models. The wing is the
dividual components. In some cases, flow visualization principal source of aerodynamic forces upon an air-
using tufts or oil sublimation will be useful in defining plane so it is customary to nondimensionalize mea-
sources of drag. sured forces and moments based upon the wing dimen-

A model with a rotor introduces four additional test sions. This procedure allows a quick comparison with
parameters: advance ratio, collective pitch, longitudi- other airplanes and the form is the same as that used
nal cyclic pitch, and lateral cyclic pitch. For dats points in the analysis of performance and flying qualities. On
representing trim conditions, the collective pitch a helicopter, however, the rotor is the principal source
should be such as to produce the desired rotor thrust of forces and moments, and these factors are related
and the cyclic pitch should be such us to produce the closely to the forces and moments on the rest of the
desired pitching and rolling moments about the CG. aircraft. For this reason rotor characteristics are nondi-
Once the trim point has been established, stability mensionalized based upon the rotor dimensions, but
derivatives can be determined with respect to angle of the forces and moments of the remainder of the aircraft
attack, forward speed, rotor speed, cyclic pitch, collec- are presented best, in the form of D/q and M/q as a
tive pitch, and side slip angle. function of angle of attack and sideslip angle where

Tests of dynamic or full-scale models often involve these quantities refer to full-scale formes and moments.
the determination of stability boundaries for certain Note that D/q is the equivalent flat plate area, which
modes of oscillation. The procedure for this type of is the normal unit of drag used in helicopter analysis.
investigation is to establish the trim conditions and Fig. 3-39 shows a typical set of test data tor a model
then to measure the time the model requires to damp without rotor.
to half-amplitude following a control system doublet. Rotor data--either from a rotor-alone test or from a
The boundary then is approached by increasing rotor complete model-with-rotor test-should be presented
thrust or tunnel speed by a small increment and repeat- in the same format as is used in analysis. The independ-
ing the doublet. A running plot of the inverse of the ent variables that specify the test ;.onditions are tunnel
time to damp to half-amplitude is maintained. As soon speed V, tip speed fiR, angle of attack of the shaft
as the plot can be extrapolated to zero, the stability ak, collective pitch, longitudinal cyclic pitch, and lat-
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Fig. 3.39. Typkcal Resuts for Model Without Rotor

eral cyclic pitch. The corresponding dependent varia- negligible. Upside-down mounting is not always practi-
bles of most interest are C/lo, CxRo/0, Cp/o-, cable with actual helicopter rotors, but it usually is
Cp0 /O-, and ac and their variations. A typical plot of feasible for model rotors designed from the beginning
wind tunnel data for a rotor is shown in Fig. 3-40 as for whirl tower use. Depending upon the primary pur-
taken from Ref. 37. pose of the whirl tower, it may be equipped to measure

rotor thrust and power, blade loads, control system
3-2.3.6 Other Related Tests loads and positions, blade track, and wake characteris-

tics. In some stability investigations, it is useful to gim-
3-2.3.6.1I Rotor Whirl Tower bal-mount the rotor support on a frame that can simu-

Whirl towers are used: late the actual pitch and roll inertias of the aircraft.

1. To measure the hover performance of existing Such tests should be conducted in near-zero wind con-

rotors ditions (under 3 kt), especially if performance charac-

2. To verify the structural integrity and dynamic teristics are desired.

stability of new or modified rotors 3-2.3.6.2 Download Test Facilities
3. To track blades to a tolerance

Because every pound of fuselage or wing download
4. To do specialized research into such factors as

airfoil characteristics, wake structure. noise, and decreases the payload capability by a pound in hover,
ground effect, it is important to be able to determine this penaltyaccurately during the preliminary design phase. Ana-
In order to Mllow testing in out-of-ground-effect condi- lytical procedures using calculated wake characteristics
tions, a conventionally mounted rotor should be at least and estimated drag coefficients for the aircraft compo-
one diameter above the ground. If the rotor can be nents in the wake are useful as first estimates, but these
mounted upside down, a tower height of 40% of the should be verified by using the model designed for the
diameter will be sufficient to make the ground effect wind tunnel and a whirl tower using a geometrically
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scaled rotor (Fig. 3-41). For structural simplicity, and 1. Shaft drive system. This system use a turbo-
to avoid ground effect, the rotor can be mounted with shaft engine(s), either a free power turbine or a coupled
its axis horizontal and the model mounted beside it version, to supply the shaft horsepower necessary for
with a separate support and balance system. To insure driving the helicopter rotor(s)/propeller(s) through a
that the wake characteristics are the same as at full shafting and gearing system. The coupled version nor-
scale, the rotor model should be capable of developing mally is not used due to the superior performance char-
the same disk loading and tip speed as the actual rotor. acteristics of the free turbine in a helicopter environ-
The effect of the ground upon download can be deter- ment, such as better fuel consumption at part loads and
mined by mounting a ground plane next to the model better power control under fluctuating load conditions.

In the free turbine, gas generator speed is independent
of helicopter rotor speed.

3-3 PROPULSION 2. Reaction drive system. This system uses a tur-
bofan or turbojet engine to provide reaction force. One

3-3.1 PROPULSION SYSTEM ANALYSIS method uses a series of ducts to carry the exhaust gases
3-3.1.1 Prqwlsion Techniques to the helicopter rotor, where they are expelled through

nozzles in the trailing edge and/or tips to drive the
Two types of helicopter gas turbine engine propul- rotor. Another method uses engines mounted at the

sion techniques will be discussed in this paragraph: ends of the helicopter rotor blades to drive the rotor.
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-, - Primary emphasis in this paragrph will be on the YEA 19e0 1970

"this emphasis property reflects the projected helicopter
design trends for the foreseeable future. Furthermore, 1000 --

the thermodynamic concepts enunciated generally will ,
be applicable to the reaction system as well. 80o

3-3.1.2 Gas Turbine Engine Characteristics IM -

The gas turbine engine cycle variables of primary & 40o-
interest to the helicopter designer are specific fuel con-
sumption SFCand specific power SHPiW.,where SHP 200
is the shaft horsepower and IW the weight flow of air. 1000 3000 WWo 7000

SFCexcrts a primary influence upon helicopter range SHAFT HNORSQWBE SIP

and endurance. The major effects of SHP/WN are upon
engine size and weight. While cycle pressure ratio, d o- 3.42. Eaige. Weight YS SaMft Horsepower
sign philosophy, and engine configuration also can af-
fect the final engine size and weight significantly, the
largest single influence is airflow rate V,. For a given
power ratingthis is established by the cycle value of Q2 0.7-----
SLIP. u

Before reviewing the cycle analysis for gas turbine -0.6 1960

engines, it may t-.~ helpful to provide an overview Of gSas 1 11
turbine engine technology. Figs. 3-42 and 3-43 %,how 0 1970

the historical improvements in engine SFrCand weight 1 =
along with some estimates about the future. The major • 0.4 - 00 -i0 7

S 1000 3000 s50700) reasons for performance improvements have been in- SHA HORSEOW' SHP

Fg 3-43. Eagie Specific Fuel Co. , vs
SShaft Horsepmwer

I'II
I

R OPTIONAL creases in cycle pressure ratio and turbine inlet temper-- • GROUND
SPLANE ature.

STRAINROTOR GAGE 3-3.1.2.1 Cycle Description
DRIVE BALANCE

SYSTEM SYSTEM Theanalytical model for the gas turbine engine is the

Brayton cycle shown in Fig. 3-44. A complete analysis
of the cycle is included in AMCP 706-285. The discus-
sion here is limited to a review of the critical parame-
ters and of their effects upon the performance charac-
teristics of the engine. This discussion will assume an\\

air cycle, i.e., the working fluid is assumed to be air
It 'with constant values of specific heat and molecular

weight throughout the cycle. While this assumption
I \ does not reflect accurately the real conditions in a gas

II turbine engine, it does permit a straightforward devel-
opment of the fundamental engine characteristics in
closed analytical form. The refinement of accounting
for variable gas properties, while essential to the engine
designer, does not contribute to an understand'n of

Fig. 3.41. Aruigememt of x3owaled Facility the turbine engine interrelations.

3-43
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.. .. ... -r---ratio yields minimum SC, and increases beyond op-

4• timum give corresponding increases in SFC Typical
I....] results are shown in Fig. 3-45, along with a comparison

ISOBARIC with the ideal case.

3-3.1.2.3 Specific Power
5 The other dependent cycle variable of interest to the

-- ISENTROPIC '---helicopter designer is specific power, i.e., the power
12 1 SO.AlIýI_ produced in the cycle by each lb/sec of airflow. This

2 cycle variable is a major index of engine weight for a
_________ ._______ _ given power capability because it establishes the engine

ENTROPY S envelope.
For the ideal air cycle, specific power, unlike

• g 3-44. Gas Turbine Engine Cycle (Generalized) SFK is a function of both cycle pressure ratio and
turbine inlet temperature T,. From the definition of
SFC it follows that

As shown in Fig. 3-44, the ideal turbine engine cycle
is made up of two isentropic(constant entropy) and two
isobaric (constant pressure)processes. In this ideal case, SHP W /Wa Cp(T 4 - T3 )
air is compressed without losses from State 2 to 3, SC SFC (3-80)
heating (fuel addition) takes place at constant pressure a
from 3 to 4, followed by isentropic expansion through
the turbine from 4 to 5. The cycle is completed, concep-
tually, by cooling the exhaust gases from 4 to 2. This, where
of course, takes place in the atmosphere, external to the SHP = shaft horsepower
engine. W. = weight flow of air, lb/sec

For the free power turbine engine cycle, the power Wf= engine fuel flow, lb/hr
required to drive the compressor is provided in the SFC = specific fuel consumption,
expansion from 4 to 4.5. The useful or output power is lb/hp-hr
represented by the expansion from 4.5 to 5. This model c, = specific heat at constant
assumes that the gas, generator turbine is located up- pressure, BtufIb-*R
stream of the output turbine (power turbine). While T = total temperature, 'R (T3 at
this is not a necessary constraint for free power turbine turbine station 3 etc.)
engines, it is normal. The output power is the difference This relationship is plotted in Fig. 3-46. Eq. 3-80 is
between the total expansion power developed (4 to 5) valid for both the ideal and real cases because it is an
and the compressor power required (3 to 2). identity by definition.

3-3.1.2.2 Specific Fuel Consumption (SFC)
The gas turbine engine, like any other heat engine, is 0.7 INT

constrained to less than 100% thermal efficiency by o
two factors. First. even if process losses (pressure • INLET TEMPERATURE
losses, inefficiencies in compression/expansion, rada-
tion heat losses, etc.) could be prevented, the second 0.5 2 - Z000OR
law of thermodynamics demands that only a portion of -• 2
the thermal energy (fuel) added to the cycle can be ----
converted into useful work. For the ideal case of no A-

process losses and constant gas properties, the SFC , 0.3 -"0

expressed as lb fuel/hp-hr, is only a function of cycle c
pressure ratio. If a second set of constraints relating to 5 7 9 11 13 15 17
individual process efficiencies is considered, it is found ENGINE PRESSURE RATIO P3/p2
that an optimu'm pressure ratio exists for each combi.
nation of ef,,iency and maximum cycle temperature Fig. 3-45. Effect of Gas Turbine Cycle, Parameters
(turbine inlet temperature). This optimum pressure Upon Sped&tt Fuel Conmampon
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S3-3.1.3 Process Analysis pass the required flow rate. The concept is useful, how-

In the paragraphs that follow, the gas turbine engine evier, aeovenin foro lo e of ctyhlcountinefrseas inutipon-" is broken down for analysis into its primary elements/ vie coenntmhoofaouigfoiduin
processes: system losses.

The fundamental constraint for the energy equation
is that the gross energy level is unchanged, with energy

2. Compressor conversion taking place between velocity and static en-
3. Combustor thalpy.
4. Turbine
5. Exhaust (duct). h2 =ho + - , Btu/Ib (3-81)

For each element, a simple statement of the first law of +t(

thermodynamics (AMCP 706-285) is applied, together
with appropriate constraints, to yield the analytical where
basis for detailed calculations. g = acceleration due to gravity, fps'

Results for each major engine component are devel, h = enthalpy, Btu/lb
oped subsequently. Note that the results from the ap- J = mechanical equivalent of heat,
plication of the first law are energy balance statements. ft-lb/Btu (1 ft-lb = 778 Btu)
Other thermodynamic relationships are introduced as Subscripts
required to translate the fundamental equations into 0 = freestream conditions at
statements concerning such factors as component pres- velocity V
sure ratio and temperature ratio. 1, 2 etc. = conditions at cycle stage 1, 2

For each equation developed, a parenthetical note is etc. (see Fig. 347)
added when tht result applies only to either the ideal For the ideal case of a reversible process, the temper-
or the real case. When the result is applicable to both, ature ratio and pressure ratio relationships are
no note is appended.

The individual processes discussed subsequently areideal and real cases.me1+ionless (3-82)
diagrammed for convenience in Fig. 3-47 for both the I + - I Mo2 dimensionlessideal and real cases. T

3-3.1.3.1 Inlet
The inlet converts the kinetic energy associated with

the free stream or forward flight velocity into stagna- P2 _ /T 2
tion pressure and temperature. In a real engine the Po 0-•) dimensicnlet% (3-83)

stagnation state (velocity = 0) is never reached, be-
cause an infinite cross section would be required to where k = ratio of specific heats cy'c,

dimensionless
1F T •M = Mach number, dimensionless

3000-R p = total pressure, lb/fl'
S250 - "

C, " A number ofefficiency or loss definitions can be used•.• ," "lTURBINE INLETTEMPERATURE to describe the real process. Perhaps the most straight-

2500OR forward is inlet pressure loss ratio, defined as Pressure
Loss = (p2' - A )/p, where the prime value p'. is the

Oideal. Typical values range from 1-3% and can be as-
, -2000OR sumed constant over the flight and power ranges.

3-3.1.3.2 Compressor
5 0

5 7 9 11 13 15 17 The basic assumption for the compression process is
ENGINE PRESSURE RATIO 3 /P2 that it takes place adiabatically (no heat added or re-

jected). Of course, some heat loss to the environment
fi 3-46. Effect of Gm Turbise Cycle Parameters does occur. Compressor case temperatures of 1000F

Upon SpecfIC Power and higher will be commonplace with high ( > 15:1)
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prerure ratios, and it is clear that these temperatures (%k

result in hest loss to the atmosphere. However, while lToe (-)
this heat loss-expressed in BtuAr-may be substan- - 1- 1(3.

tial, it is negligible when expressed in terms relevant for

the energy equation (Btu/hr)Ab ail. Similar remarks

concerning external heat loss are relevtr,tt frsr hoth the A representative range of compressor polytropic eAtl-

combustor and the turbine expansion processes dis- ciency is 80-90%.

cussed later.
With this assumption, the energy rwlation simplifies 3-3.1.3.3 Combustor

to: For the combustion process fv'k 0 r 'id the energy
added in the combustor in the form of fuel Q (Btu)

lequals the change in enthalpy A& While this equation

= -- (A - 2) , Btufb (3-84) establishes the basic energy relationship, a further ex-

pansionis required to translate this into more sig&.fI-

cant terms involving fuel-to-air ratio, heating value of

where the fuel, compressor exit temperature, and turbine inlet

Wk = shaft work, Btu/lb temperature. The combustion process is a complex one

The negative sign indicates that work is done on the and is discussed in detail in AMCP 706-285. The ideal

system. For the ideal reversible case, the pressure ratio process assumes that all of the energy released from the

to temperature ratio relationship is: fuel is captured in the air streams without loss It also

assumes complete combustion and hence release of all

I-- u, the energy available. Because neither of these as-

p T Ir3 \ -I- I sumptions is valid, a combustion efficiency i is intro-

P2 dimensionless (3-85) duced to account for deviations from the ideal energy

S. .eaddition. A representative range of combustion effi-
ciency is 98-99%.

In addition, stagnation pressure drop takes place

In the process, a compressor polytropic efficiency q, is during combustion and has two components: the fric-

introduced as tion pressure drop and the momentum pressure loss.

-.. .. .. --- - 4 .

' . . 5 - 9

ENTROPY S

KEY: 1-2 INLET DIFFUSER

2-3 COMPRSSOR
3-4 COMBUSTOR
4-- TURBINE
5-9 EXHAUST DIFFUSER

(Ref. SAE ARP 6818)

Mg. 347. Gas Turlnme Eagine Cycle Proceas---lSl and Real
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3-3.1.3.4 Turbine C
This expansion process also is assumed adiabatic, as LEKG"C/OilBUSTOR EXIT

in the compressor, resulting in the energy equation EA
O jCOMPRESSOR EXIT

W~f= (hz--h4 )=Cp(Ts T 4 ) ,Btu/lb (3-87) LE/ . OEML, URBINE LEAKAGE

CD MID COMPRESSOR
C o LEAKAGE

As with the compressor, a turbine polytropic efficiency Q -J
-", is introduced such that -

U-

U.'N=P4 1/?Il •

AIRFLOW LEAKAGE, %

, dimensionless (3-88) Fig. 3-48. Effects of Leakape Upon Specific Fuel
\Ts/ conumption

3-.3.7 .3.5 Exhaust Duct perature levels in order to attain minimum SFC and

This element is similar to the inlet in terms of the maximum SHP/Wo compounds this difficulty by rais-
energy relationship. Again it is assumed that both ing static force levels and temperature gradients

and Wh are zero, giving an energy relationship of the throughout the engine.

same form as for the induction system (Eq. 3-81).
In the case of a turboshaft engine, the exhaust system The effects of leakage are shown in Fig. 3.48 for a

normally is designed to diffuse the relatively high tur- typical engine cycle. It can be seen that the degradation
.7 bine exit Mach number to a low value in the it plane. in SFC varies depending upon the location of the leak. I

In this case, the ideal and real processes also are of the Fundamentally, the losses due to leakage increase as
same form as for the ram compression process of the the leak point moves aft in the compressor (more work
induction system (Eqs. 3-82 and 3-83). is done on the air and then lost to the cycle). As the leak

A turbojet or turbofan engine that might find appli. point moses aft from the combustor exit through the
cation as a turbojet or turbofan tip drive power plant turbine, two independent effects take place. First, the
would use an accelerating exhaust nozzle rather than a fuel that has been burned with the leakage air also is
diffusing duct. lost. Second, as the leak point moves aft through the

turbine, less and less expansion work potential is lost
3-3.1.3.6 Other Considerations and the SFCand SHP/ Wdegradation decreases. If the

The preceding paragraphs developed the funda- leak occurs in the exhaust duct, no important effects

b mental descriptive relationships for the individual com- are apparent.
ponents, as well as the overall dependency of SFC and Ar important distinction must be made between
SHP/W, upon cycle/component characteristics. These these effects and those to be expected from an engine

results now require consideration in conjunction with that suddenly "springs a leak". In the. latter case, re-
the effects of: match effects between turbine and compressor will de-

efrom the engine grade SFC and SHP/W, even more because turbine1. Air leakage fgeometry optimization, presumed for each point of Fig.
2. Turbine cooling air 3-48, no longer will apply.
3. Reynolds number effects 2. Cooling. The demand for better engine perform-
4. Gas property variations ance, lower SFC, and higher SHPIW,, leads to higher
5. Fuel heating valves, pressure ratios and turbine inlet temperaturcs. Because
I . Leakage. The performance penalties associated currently available materials will not permit operation

with air leakage from the engine are severe. While every at temperatures equal to required gas temperatures,
effovr is made to minimize leakage, design constraints turbine cooling is used. Cooling air from the compres-
never permit the attainment of a leak-free system. The sor is circulated through the turbine elements to main-
tendency toward higher operating pressures and tem- tain material temperatures within acceptable limits.
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Turbine cooling air can be thought of as a special data. This note on gas properties is intended primarily
form of leakage-where the leaked air is lost to the as a caution against using standard air data.
cycle temporarily, throttled to a lower pressure, and 5. Fuel heating value. The heating value of a given
then reintroduced into a downstream turbine. The fuel is determined in calorimeter tests conducted under
losses associated with turbine cooling air then become "standard" conditions; the reactants (fuel and air) are
a function of where the air is extracted from the corn- brought to 77F, ignited, and the products cooled to

77F. The heat released in this cooling process is the
preor (midpoint, exit, etc.) and where it is introduced heating value (H V). To use accurately the H V thus

determined, the combustion equation must reflect that
3. Reynolds number effects. The discussion to this neither the reactants nor the products are at 77F in the

point has concentrated upon thermodynamic consider- gas turbine engine.
ations. It should be recognized, however, that a ther-
modynamic approach. while giving point-to-point rela- 3-3.1.4 Partial Power Cycle Analysis
tionships (compressor work = -Ah), usually cannot
address the details of how the process takes place. In The cruise power requirement for helicopters nor-
particular, the design of compressors, tu,-bines, corn- mally is well below the power required for hover.
bustors, inlets, and exhaust systems is largely the work Hence, the SFC point of primary interest to the heli-
of the engine aerodynamicist. It is this discipline that copter designer may not be given by design point cycle
configures the detail blading and sets tip speeds, illci- results. Fig. 3-49 shows the typical variation of SFC
dence angles, and flow paths to meet the thermody- with SHP as a percentage of maximum SHP for a gas
namic cycle goals. As in any aerodynamic device, the turbine engine. The typical power range for cruise also
flow regimes and loss characteristics are sensitive to the is indicated.
absolute value of Reynolds number. The significance The degradation in SFC at partial power is caused
for an aircraft engine is that the operating Reynolds primarily by the reduction in engine pressure ratio.
number in the engine decreases significantly as the air- Component efficiency variations with power modula-
craft operating altitude increases. Associated with the tions are not a primary influence on SFCdegradation,
lower Reynolds number &ft increased altitude is degra- at least for the free power turbine engine. Careful atten-
dation of compressor efficiency and compressor flow tion to detail component design and matching actually
capacity, and possibly a combustor pressure drop. Al- can result in component efficiency improvement at par-
though the Reynolds number in the turbine also de- tial powee.
creases, efficiency and flow characteristics usually are The fundamental characteristics of the partial power
not affected because the initial sea level Reynolds num- operating mode ior both free power turbine and cou-
ber typically is very high. pled turbine designs are developed in the paragraphs

that follow.
The subject of Reynolds number effects has been For this analysis, it is assumed that the power tur-

treated exten.ively in the technical literature. Defini- bine nozzle remains choked throughout the power
tive treatment in this handbook obviously is impossible.
The subject is mentioned here primarily to caution heli-
copter designers that sea level data will not necessarily 0.8
be applicable at altitude.

4. Gas properties. As noted in par. 3-3.1.2.1, the C __

assumption of coastan, gas properties leads to straight- 0
forward and quickly aveilable analytical results. While 6
these give valuable insight into the major operating 66- 0.-
parameters of the cycle, they will not be sufficiently ' -
accurate for generating engine performance data. In CRUISE RANGE

particular, the specific heats vary through the engine as U
a function of local gar temperatures and composition.
The composition changes from air in the compressor to 0.4 40 6_1 _0

a combination of products of combustion and air at the SHA6F S O SHP

combustor exit and through the turbine. Modern, high- SHAFT HORSEPOWER SHP.

speed, digital computers handle these variables with Fig. 3-49. Variation of Specific Fuel Consumption
ease, usually by storing the applicable thermodynamic With Shaft H# tepower (Typical)

3-48
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* range, and that component efficiencies remain con- for each point along the SFCoperating line. As a conse-
stant. Both assumptions are excellent approximations quence of the assumption of a choked power turbine

2 of actual engine conditions. Further partial power pre- nozzle, the referred flow into the gas generator turbine
dictions based upon this model are appropriate to two- remains at a fixed value. This leads to:
rotor compressor designs. In this case, extension of the
basic reasoning permits accurate prediction of the in- p P (T4/TS)1a ,

dividual compressor operating lines. a) P- (" d J
With these assumptions, it can be shown that partial (W )ded

power turbine inlet temperature ratio and engine pres-
sure ratio are related by Eq. 3-86. An alternative ex-
pression in terms of compressor temperature ratio is Hence, each point along the operating line of Fig. 3-50

will yield a unique value of partial power percent. This
r /T 11also is presented on Fig. 3-50 when the percent power
rFT,/T2  11 =[ T,/T)- ,d'less (3-89) data are shown as a family of lines. The intersection

L(Ts/T2)- Po .TT aJ points with (T4/T 2)/((/T7) - 1J = constant give
the power and SFC characteristic shown in the inset.
The technique outlined for integrating design point

where with partial power/SFC cycle calculations should
Subscript prove valuable in itself. Perhaps more important, how-

des = design ever, is the conclusion that partial power engine per-
par = partial power or load formance at helicopter cruise power essentially is estab-

The SFC partial power operating line thus can be lished by the engine design point selection. Some fine
plotted on the design point cycle chart once the design tuning of partial power SFC is possible through tech-
point is selected, as shown in Fig. 3-50 (baseline data niques such as free power turbine speed selection and
reproduced from Fig. 3-45). component efficiency matching. However, there are

Partial power (as a percentage of design power) also fundamental constraints operating to force reduction in
) can be superimposed upon the data of Fig. 3-50. the primary cycle variables (pressure ratio and peak

temperature) and hence increase in SFC at partial
SHP power settings.

P %SHP The approximations of SFCcharacteristics will dem-
onstrate a distinct advantage for the free power turbine

fSHP/W W engine over the coupled type, given equivalent design

r _ _ (la d'less (3-90) points for both. While this trend is considered valid in
I(Waddes general, a particular engine design could show the ad-

vanttage to be negligible after other engine requirements

are imposed upon the design selection process.
The first term is a function of T/ T2 and TIT2 and
component efficiencies, and therefore can be calculated 3-3.1.5 Reaction Systems

Drive configurations using reaction principles are
possible and have been built. Two such reaction sys-0o.7

i IS HP SFC tems are:
6 00 .42• . 1. Hot (or warm) gas system, in which pressurized

oPERATING N40 10.53 gas is carried through the i..otor and exhausted rear-
'J .- 3POR LINE , - - ward at the rotor tip. The thrust developed by this

-J 40. , PREEEC 2000OR - high-velocity exit stream provides the required rotor
•--=__F -I I [ DESIG NJ-

_ -PO•"IT drive power.

0.4 10,POWER - -2500OR 2. Tip drive system, in which a turbojet or turbo-
7R EF ERNER fan engine is mounted at the rotor tip. The jet or fan

10 15 20 thrust supplies the necessary rotor drive power.
ENGINE PRESSURE RATIO P3. P2 The selection of an optimized reaction system over

Fig. 3-50. Variation of Cycle Parameters With a conventional design cannot be made upon the basis
Partial Power Operation (Typical) of the system thermodynamic characteristics, instead,
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minion performance and economics are the major cri. It Vt 2

terla ulding suchdecisions. The paragraphs that follow
are restricted to development of the thermodynamic (V, Vt - Vt 2) + [(V, - Vt)2 /2)
model and governing equations for reaction systems.
No attempt is made to indicate where such systems 2 dimenslonleas (3-93)
might prow superior to conventional designs. 1 + (VeIVd)

3-3.1.5.1 Hot Gas Cycle where

The hot gS cycle, like the tip jet, eliminates the need V, = exit velocity, fps
for a transmission system. Beca', conventional trans- V, = rotor tip speed, fps
mission system weight represents 8-12% of helicopter The term (, - V,) is the absolute value of exit
gross weight, this would appear to be a significant ad velocity (stationary observer). This formulation of ,, is
vantage. However, a penalty in fuel consumption is identical to that of propulsion efficiency for turbojets

incurred. Also, in addition to mission fuel weight, other and turbofans, where V replaces the usual flight
of the velocity term V The exit velocity V, is dependent upon

subsystem weights are affected, particularly that the amount of compression work done in the rotor as
roor, which generally becomes hravier, well as the gas power produced by the turbine engine

With conventional power transmission systems, cycle. A relationship for %, in terms of rotor tip speed
power is transferred from the engine to the rotor at an and the cycle power produced, while more cumber-
efficiency of 95-97%. For the ideal hot gas system, this some, is considered appropriate for this paragraph on
power transfer efficiency is dependent upon the kinetic cycle analysis. From the rdationship (per unit mass)
energy "losses" of the exit stream. In the real case,
friction and heat loomes through the rotor duct also Work Produced = Cycle Work + Comprenlon Work

must be considered. - + (-

1. Ideal Gas Flow. The helicopter rotor acts as

both a compressor and a turbine. As the gas flows
radially outward, it is compressed in proportion to the the transfer efficiency % can be expressed as:
square of the rotor tip speed. When the gas expands
through the tip jet r.ozzle, a propulsion force is pro. yV (+ V__T, .ov\
duced that is proportional to the exit gas velocity (rela- 17tr = •o +jY) - ,d'less (3.95)

tive to the nozzle). Because this force acts at a radius
about the center of rotation, power is produced that is
propoional to the product of exit gas velocity and where V0 is defined on the basis of cycle performance,
rotor tip speed. This drive power balances the sum of such that the kinetic energy or head that would be
comp power required and the usual rotor drag developed by the gas if it were expanded isentropically
power. to ambient pressure would equal V0/(2g) (ft-lb/lb).

Analogous to the concept of propulsion efficiency, a 2. Real Gas Flow. In real gas flow, friction and
transfer efficiency for the system is defined as the ratio heat transfer losses occur through the rotor. In this

of useful work produced to the total energy expended. case, a loss factor LF is defined as:
Here the kinetic energy "wasted" in the exhaust must
be accounted for. With this definition, the transfer effi. (V' )2 - Ve2

ciency n. is given by LF , dimensionless (3-96)
Vt

useful work
useful work -J exit kinetic energy * d1es (3-92)

where
V,' = no-loss exit velocity, fps
V, = actual exit velocity, fps

or, per unit mass With this definition, the transfer efficiency %,, becomes
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,bearings and mounts also must pay special attention to
2 ii. 2 1V + (I - ) the gyroscopic forces attendant to the rotor rotation.

IpV\ 21 3-3.2 ENGINE CHARACTERISTICS AND
-- , dimensionless (3-97) SELECTION

3-3.2.1 Basic Considerations

The selection of the helicopter engine must be based
Fig. 3.51 shows results for both the ideal and real flow upon the system approah. All characteistics influenc-

aironf uthbe sytmapcnsidere caan~dsthe influence fec
ing the performance of the engine as installed in the

3-3.1.5.2 Tip Jet aircraft must be considered and the influence of each
characteristic weighed in the final selection.

The Figure of Merit for the tip jet, defined as the Basic trade-offs--among performance, development
ratio of useful power produced to total energy eX- time, cost, maintainability, durability, and reliability
pended, takes the familiar form of the jet transfer effi ---are made during the development of an engine, and
ciency •,,'(,,) subsequently become important aspects in engine selec-

tion. The airframe manufacturer cannot evaluate per-
2 formance on the basis of the engine alone, as the endlet) 1 V dmensones 3 result he seeks is the total helicopter system perform-

ance. Engine configuration (size, weight, and arrange-

ment), interface requirements, and other airframe-
The similarity with the hot gas cycle propulsion effi- limiting factors must be considered in the overall
ciency formulation is apparent. For the tip jet case, evaluation. Engine costs and development time (if ap-
however, further expansion of this basic relationship is plicable) can be evaluated relative to program scope;
not required because there is no intervening duct be- however, maintainability, reliability, and durability, aI-
tween the gas generator and the propulsion nozzle. though important, lack uniform criteria.

The thermodynamic nature of the tip jet as a rotor Two engine types are in use in helicopters: the recip-
drive system is relatively straightforward. However, rocating, or piston, engine and the turboshaft engine.
unique problems can arise in the mechanical design of The current trend is toward the exclusive use of the
such a system because of the steady g-field imposed. turboshaft engine because it is lighter, smaller, and
This new environment demands particular care in the more reliable than the piston engine; however, the pis-
design of fuel and lubrication systems. The designers of ton engine is more efficient (lower SFC) at present and

has a longer history of Army usage. Current gas turbine
engines in the 2000- to 3000.hp class produce approxi-

0.8 mately 4 hp/lb of engine weight at maximum power,LF • PRESSURE JE. LOS'S FACTOR LF_ 0 whereas piston engines produce less than I hp/lb. This
UJ weight advantage permits more payload on the gas

L.) U-turbine engine-powered helicopter. The smaller relative
-. size of the gas turbine engine reduces, aerodynamic

., drag, permits more convenient location on, or within,
S0.4 the helicopter and allows greater payload.2• Reliability of an engine is dependent to a degree upon

- -_- -i - -1 - - I the state of development of the individual engine. The
S0.2 experience of the Army with turbine engine-powered

Laircraft clearly indicates that the rotary motion of the
gas turbine engine shows a significant inherent im-

C-0 , provement over the reciprocating motion of the piston0 02 0.4 0.6 0.8 1.0 engine -insofar as reliability is concerned. Gas turbine
RATIO OF PRESSURE JET ROTOR TIP SPEED engines used in helicopter applications have a time-

TO EQUIVALENT CYCLE VELOCITY Vt V0  between-overhaul (TBO) on the order of 1200 hr

Fig. 3-51. Pressmre Jet Tranfer Effideney as a whereas reciprocating engines have a TBO on the order
Fuet.oa of Cycle Losses of 500 hr.
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?ýuel consumption may be higher for the gas turbine ence in SFC, However, as the load is decreased from the
engine. The SFC usually is 0.5-0.7 lb/hr-hp, whereas design condition, the SFCof the single-spool (coupled)
the SFC for a comparable piston engine would be ap- engine increases more rapidly than does that of the free
proximately 0.4. However, the SFC of the gas turbine power turbine design. The primary advantage of the
engine is continuing to decrease as further development free power turbine design over the single-spool or cou-
permits the use of higher compressor pressure ratios pled engine is the increased operational flexibility, be.
and more efficient components. cause the gas generator and the power turbine can be

Because of the lower maintenance costs of the gas operated at different speeds. Thus, the gas generator
turbine engine (lifetime system costs of parts and labor) speed can be controlled-to tailor the air weight flow
and the lower cost of turbine fuel compared to aviation W., to obtain better component efficiencies, and obtain
gasoline, the lifetime cost of the gas turbine engine is more favorable pressure ratios and turbine inlet tern-
lower than that of the piston engine (Ref. 38). peratures-independent of the rotor speed require-

Three other advantages of the gas turbine engine ments. Because of the improved efficiency of the free
over the piston engine are: power turbine design. most helicopter turboshaft en-

1. Improved ability to start at low temperatures gines are of this type.
2. Ability to produce full power immediately (no 3-3.2.1.3 Cycle Modifications

warmup)
3. Ability to burn a wide range of fuels. In the selection of design parameters for a helicopter

engine for a given set of mission profiles, extensive
Because of the advantages of the gas turbine engine, studies are made of the Brayton cycle (idealized gas

from the overall system viewpoint, and the trend to. turbine cycle). These studies involve various combina-
ward the exclusive use of that engine in Army helicop. tions of compressor pressure ratios ane tiarbine inlet
ters, only the gas turbine engine is considered in the temperatures, with realistic values of comrponent effi-
following discussion. ciency, pressure loss, and leakage.

Two other modifications are considered for special
3-3.2.1.1 Gas Turbine Engine missions-the use of regeneration and reheat. Both

Fig. 3-52 is a photograph of a cutaway of a typical techniques are shown schematically in Fig. 3-54. Re-
turboshaft engine. Beginning at the left of the engine generation involves the use of a heat exchanger to ex-
tne major components are the gearbox, the compressor tract some of the energy (heat) left in the gases a% they
(consisting of five axial stages and one centrifugal leave the turbine and to transfer this energy to the air
stage), and an annular combustion chamber surround- leaving the compressor (Fig. 3-54(A)). The recovery of
ing the four-stage axial turbine, this energy reduces the amount of fuel required to heat

Ref. 39 lists the characteristics of gas turbine and the air to the turbine inlet temperature, thus reducing
piston engines used in military helicopters. It includes the SFC and increasing the efficiency.
turboshaft engines with power levels from 317 hp to The regenerator has a particularly beneficial effect
4800 hp, but SFC ranges only from 0.48 to 0.69. upon the efficiency at partial power. In fact, gas turbine

engines with regenerators have been fabricated that
33.2.1.2 Coupled and Free Power Turbine improed efficiencies over diesel engines. The

Engines disadvantages of the regenerator are its size, weight,
Two basic configurations of turboshaft engines are and cost. Unless the flight range of the helicopter is

possible: the single-spool type, called the "coupled en- long, it usually is not possible to justify a regenerator
gine"; or a type with a separate power turbine, usually by the weight of fuel saved. Consequently, it would
called the free power turbine engine (Fig. 3-53). In Fig. appear that only for special missions will regenerators
3-53(A) the gas turbine engine has a single spool and be employed in helicopter engines.
the excess power of the turbine (over that required to The reheat cycle shown in Fig. 3-54(B) incorporates
drive the compressor) is available to power the helicop- a combustion chamber between two turbines. Because
ter. In the engine shown schematically as Fig. 3-53(B) the primary combustor operates with a lean fuel/air
the gas generator turbine extracts only enough power ratio, sufficient oxygen is available to react with addi-
to drive the compressor. The remainder of the energy tional fuel. Reheat increases the work output of the
is extracted by the power turbine with an independent power turbine because the turbine output is propor-
(free) shaft to power the helicopter. As discussed in par. tional directly to the inlet tempeiature. For a typical
3-3.1, there is no difference in the thermodynamics of case of an engine with a pressure ratio of 8:1 and a
the two engines and, at design load, there is no differ- turbine inlet temperature of 1600*F, a reheat combus-
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COMBUSTION•t CHAMBER

COMPRESSOR 1TG
*GEARBOX 5 AXIAL CENTRIFUGALTUBN

Fig. 3-52. Cutaway of a Typical Turboshaft Engine (T53L-13)

tor would increase the output of the engine from 88.5 the output and thermal efficiency of a basic cycle turbo-
Btu/Ib-of-air to 114 Btu/lb-of-air, or 29%. The energy shaft engine can be written in terms of the pressure and
is added at a lower pressure so that, thermodynami- temperature ratios, specific heats, and component ef-
cally, the efficiency of the reheat cycle--compared to ficiencies.
the basic cycle--must decrease. To obtain the optimum design pressure ratio for a

Reheat combustors can be made reasonably small given value o," T, for the cycle (with the s•implifying
and lightweight; it is primarily the complexity of the assumptions), these equations may be differentiated
control that makes reheat undesirable. If power turbine and set equal to ?ero. It is assumed that the component
cooling is required as a result of reheat, further com- efficiencies are not functions of pressure ratio. (As pres-
plications are encountered because the power turbine sure ratio is increased in actual engines, however, thtL
normally would not require cooling. However, for spe- component efficiencies do decrease.) For maximum
cial applications, the reheat cycle could show system output
advantages.

_ = T 4 1/2 •

3-3.2.2 Selection of Design Point Cycle 17_ -e-
Parameters opt out Tl

From an examination of Figs. 3-44 through 3-47
which are presented for the simple Brayton cycle (no
regeneration or reheat), it is obvious that high compres- where
sor pressure ratios and T,'s are required for high spe- T, turbine inlet temperature -
cific output and low SFC Assuming constant specific 2540°F (30000R)
heats (c, = 0.24, c, = 0.17), no pressure drop, and no q, compressor polytropic
change in mass flow (perfect gas, isentropic process), efficiency = 0.83
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,= turbine polytropic efficiency = timum pressure ratio in the actual engine is not 11.7 for
0.87 maximum output and the optimum pressure ratio for

the optimum compressor pressure ratio PA/A is shown maximum thermal efficiency is not 29.8, the ratios are
to be of the order of 12 and 30, respectively. These values

indicate the importance of a high value for pressure
__ ,1.41 ratio; they also indicate that an engine does not give
ý (-I) [1%30.8579)('4' both the highest specific output and the least SFCat the

A opt out same pressure ratio. It should be noted that the curves

of Fig. 3-46 (specific power venus pressure ratio) are
= 11.7 (3-100) relatively fiat and that there is little, if any, loss in

specific power as the cycle pressure ratio is increasedFor maximum thermal efficiency (minimum SFC a

more complex rjlationship results (Ref. 40). Ev&!uation beyond abMut 12.

of the expresaion for the same T, and component effici. In the previous example the T4 was selected as

encies reslts in avalue of A/A = 29.8. 2540F. Much engineering effort must be devoted to the

Because of the simplifying assumptions introduced selection of the T, for a given engine. All values of
in deriving the equations, the results obtainod are only T4 above approximately 1800'F require the use of air
approximate. The equations are useful, however, and bled from the compressor for cooling of the turbine at
are sufficiently correct for obtaining general perform- least in its early stages. This is accomplished by bleed.
ance characteristics of the engine; i.e., while the op- ing air early in the compression cycle and passing it

COMPRESSOR TURBIN E XHAUST DUCT

BURNER
2 3 4 5 9

(A) SINGLE SPOOL GAS TURBINE ENGINE

GAS PRODUCER POWER TURBINE

1 2 3 44.5 5 9

(B) FREE TURBINE GAS TURBINE ENGINE

Fig. 3-53. Helicopter Turboshaft Eagines
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VCOMPRESSOR TURBINE
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(A) BASIC CYCLE WITH REGENERATION

POWER
COMPRESSOR TURBINE TURBINE

©45 06

REHEAT NZL

P3
DIFFUSER p

4/ 4b .51

I-

ENTROPY S

(B) BASIC CYCLE WIITH REHEAT

j Fig. 3.-54. Modifleatlons to the Basic Gus Turbnrhe Engine Cycle

through the turbine blades, from which it exits down- output. Therefore, careful studies must be made to se-
Sstream into the turbine gas flow. lect the proper balance between the increase in workSAn estimate of cooling air requirements for blade associated with increased T, and the loss in work asso-
Scooling is given in Fig. 3-55. It should be noted that as ciated with the air bled for cooling.

the air is bled from the compressor for turbine cooling, Developmental engines have been operated at 3000"F
'• it is lost for turbine work (at least for the cooled stages) with cooled blades, but the 7, of existing engines is wellj and consequently there is a significant loss in engine below this value--in the range of 1900-2250F. Turbine
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32 - large models, the compressor pressure ratio is expected
to increase in the future, leading to attendant increases

28 -- in specific power and efficiency.
It should be note, that the shaft output of an engine

- can be increased by increasing the weight flow of air
SW, through the engine, because the output is propor-
tional directly to Wi,. The SFC of the engine is not

- -- significantly changed by changing the airflow rate.
As stated earlier, the choice of the desired engine

4 parameters and then an engine for a given helicopter,
z must be based upon the system approach. Apparent

12 - -- basic design improvements are often offset by disadvan-
tages. Examples are:

Z 8 - -. As compressor pressure ratios are increased,
overall compressor efficiency decreases and the corn-

4 - pressor becomes heavier; furthermore, the number of
gas producer (compressor power) turbine stages in-

2400 2 2800 3000 3200 WO0 3i00 creases, or each stage becomes more heavily loaded,
TURBINE INLET TEMPERATURE. OR with a decrease in efficiency.

2. As T, is raised, either more exotic turbine mate-
If 3-55. Eftct of Turine Inlet Tejmpratre on rials must be used or cooling air must be bled from the

To Cooling Air Requiremeats compressor and ducted to the turbine, with the result-ing complications and losses associated with that pro-

cess.
inlet temperatures and pressure ratios are expected to Therefore, the advantages of a higher compressor pres-
continue to increase in the future. sure ratio or a higher T, must be balanced against theCurrently, turbine engine compressors can be built design, development, and production problems. Re-
with pressure ratios of about 25 with good efficiency. quired power can also be achieved by increasing enginie
Compressors with pressure ratios greater than approxi- size so as to increase the airflow through the engine.
mately 12 must have variable stators and/or two or Increases in overall efficiency will only be attained by
more rotors operating at different speeds to obtin good improvements in compressor and/or turbine detail de-
operating characteristics. This complication, combined sign and/or component efficiency.
with the extremely short blades associated with the
small airflows through the current sizes of helicopter 3-3.2.2.1 Partial Power Operation
engines, tends to keep the pressure ratios of helicopter After a preliminary choice has been made for the
engines less than 15. Several of the current designs of design values of compressor pressure ratio p3 /A and
helicopter engines have compressors using several axial T,, the operation of the engine must be investigated.
stages with a final centrifugal stage to assist in over- Because the major portion of the operating life of a
coming the problems associated with the operation of helicopter engine is at less than full power, considerable
the shortest blades at the discharge end of the compres- effort must be directed toward selecting the partial
sor. power design point parameter such that output and

Ref. 39 shows that current military helicopter en- efficiency will not degrade excessively as the value of
gines have compressor pressure ratios of about 6 to 8, T, and engine gas producer speed decrease as the power
with a maximum value of 14. Researchers are looking is reduced. If such factors as weight, size, and compo-
into means of increasing the pressure ratio of the com- nent efficiency could be held constant, it would be
pressor by increasing the pressure ratio per stage of desirable to select a pressure ratio greater than the
both axial and centrifugal compressors while maintain- optimum for the maximum power condition.
ing good efficiency. Success in this research would
mean that small, lightweight, efficient, high-pressure- 3-3.2.2.2 Analytical Design
ratio compressors could be built. As the size of the The gas turbine engine manufacturers have devel-
engine increases, so does the ease of increasing the oped computer programs that design the components
pressure ratio. Thus, for all engines, but especially the of an engine for selected vlues of airflow, pressure
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"ratio, turbine inlet temperature, etc. These programs of environmental conditions. The range of conditions
are combinations of theory and experience since it is may be specified as unassisted or assisted starts.
not possible to handle many of the flow and structural 2. The control system must provide transient oper-

mechanics problems theoretically. In the analvwis of the ation (more or less power) with a minimum response
compressor, for example, a typical program would pro- time while avoiding stall, overtemperature, and burner

duce is an output such elements as the number of blowout.
stages, the rotational speed, the blade shapes, blade 3. The engine must accelerate or decelerate
spacings (solidity), compressor weight, and compressor smoothly to new power levels and must operate stably
efficiency; allowance would be made for boundary lay- at a selected operating point.
ers on the blade and casing surfaces, and radial equilib- 4. The control system must keep the engine oper-
rium would be treated, A program might be ,-ritten for ating at or below the maximum turbine inlet tempera-
the design point and a separate program for partial ture, the maximum rotative speed, and the maximum
power operation, or the programs might be combined output power.
to produce, as outputs, the basic hardware design and Table 3-1 lists the definable regimes of operation, the
the compressor operating parameters for the complete effects of the independent variables upon performance,
range of operating conditions. It is possible to design and the possible control parameters.
the program so as to display the operating parameters
as they are being calculated so that input variables may 3-3.2.3.1 Simple Control System
be changed and recalculations made and displayed. The simpler and, in general, smaller helicopter en-

After computer designs of all components are pre- nes inorporate a simple control system. A schematic

. pared, they are integrated into a complete engine pro- of a typical control system for a free turbine enine is

gram and the overall engine performance is calculated. p
Most of the secondary effects--variation of component presented as Fig. 3-56. In this control scheme only fivevariables are sensed: compressor discharge pressureSefficiency with flow rate and speed--r included in

these computer programs so that they are much more At gas producer speed N,,f power turbine sped N,,

accurate than the simplified analyses discussed earlier,. throttle position, and fuel pump discharge pressure

* Obviously, these computer programs are extremely r. The system shown is a pneumatic-mechanical sys-

valuable in reducing design time and costs and in s tem where the pneumatic air is supplied by the cor-

lecting a most likely combination of components from pressor. The rotor speeds are sensed mechanically by

the infinite combinations possible. Unfortunately, there two flyweight governors driven through gears at speedsS I te ifinte cmbiatins ossile.Unfrtuntel, tere proportional to N,, and N,, respectively.
are limitations in these programs because of the com- porioallto fue andlow ,srespctively.
plexity of factors such as fluid mechanics and struc- Basically, fuel flow is a function of p, with modula-

tural mechanics in gas turbine design. Some of the tions obtained by opening bleed valves through the
S~action of the governors sensing N, and N, The fuel

incompletely understood problems are boundary layer contof te g s se ns ing the el
control system is based upon controlling the engineseparation, three-dimensional flow around compressor power output by sensing N,. With the throttle in

of combustionicow, mixing, mixing in the presence ground idle, N, is controlled by the N. regulator. With
istics for c combustion, blade vibration character- the throttle fully open, AT will be held constant atcomplex shapes, and blade vibration charac- 100% of maximum and N. is established by power
tenistics in the presence of a high velocity gas flow. turbine governor action upon the gas producer fuel

, Thus, the components and engines still require consid-
atecontrol. The control system is designed for a reduced

ricated. fuel flow during the initial starting cycle. N, must be
15% of maximum for fuel flow to begin. As p., in-
creases, a bellows acts to increase the fuel flow in ac.

3-3.2.3 Control System cordance with an acceleration schedule; this continues
until at 52% of maximum N. the flyweight governor

The control system of a helicopter engine enables the acts to reduce the flow, stabilizing to an equilibrium of
engine to operate in the many modes required. Ideally, 62.6% of maximum N, with the throttle in ground idle.
the system controls the engine so that either minimum At this condition, N, will be less than 100%. When the
SFC or maximum acceleration is achieved, depending throttle is moved to full open with minimum collective
upon the requirements of the pilot. The general control pitch, the fuel flow will be increased to the acceleration
requirements for the helicopter engine are (Ref. 41): schedule and N, and N, will increase. N, will increase

I. The engine must start throughout a wide range until it reaches 100%, at which time the power turbine
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governor will act to hold the fuel flow constant. At this The variable compressor vanes are positioned to pro.
condition N, will be between 78% and 82%. If the vide good compressor efficiency and compressor stall
throttle is open fully and the collective pitch is in- margin throughout the power operating range.
creased, N, will droop. The decrease in flyweight force The variable turbine vanes are controlled to maintain
in the power turbine governor changes the bleed valve rated gas generator turbine inlet gas temperature T,
position so as to cuuse the fuel flow to increase to over most of the output power range. Special engine
restore N, to 100%. The increase in fuel flow causes shutdown features must be provided for engine protec-
N, and the T, to increase, which increases the energy tion.
flow to the power turbine, restoring N, to 100%. As In a typical operating mode for a helicopter engine
power demand increases, the fuel flow continues to incorporating variable compressor and turbine vanes,
increase until N, reaches a maximum of 100%; with the engine is started automatically and T, increases as
No at 100%, this is the maximum output of the engine, the throttle is advanced from idle. The maximum value

Obviously. this discussion is simplified. There are of T, is reached early in throttle travel. After reaching
compensatory devices such as an overspeed device that the maximum value, the temperature is held constant
shuts off fuel flow at an N o 1% noetmea h aiu autetmeauei edcntnshtt of It2%, an overtempera- by varying the geometry. Increasing fuel flow increasesture device, and a throttle setting so that the pilot can the gas gener.. Lor speed while holding maximum T,operate the engine with N, at other than 100%. minimizes fuel consumption. Power modulation is

S3-3.2.3.2 Variable-geometry Control System achieved by gas generator speed governing with fuel
flow. The specd setting of the gas generator governor

There are three variables that a more complicated is a function primarily of throttle mnsition and com-
engine control system must control directly: fuel flow, pressor inlet air temperature.
variable vanes in the compressor, and variable vanes in The compressor variable vanes are scheduled as a
the turbine. function of gas generator speed and compressor inlet

Fuel flow is regulated to provide power changes, to air temperature. The schedule is set to maintain good
control the gas generator speed, to limit the power compressor efficiency and stall margin during both
turbine speed, to limit the output power, to )revent steady-state and transient operation.
overtemperature during transient operation, to avoid The turbine variable vane schedule is a function of
compressor stall, and to prevent burner blowout, throttle position. Because throttle position leads gas

TABLE 3-1
CONTROL PARAMETERS

(A) DEFINABLE REGIMES OF OPERATION:

1. STARTING 6. MAX POVýER
2. ACCELERATION 7. IDLE
3. DECELERATION
4. SHUTDOWN 8. MAX ROTOR SPEED

5. CRUISE POWER 9. MAX GEAR

(B) EFFECT OF INDEPENDENT VARIABLES ON PERFORMANCE:
INDEPENDENT VARIABLE WHEN EFFECT ON OPLRATION

1. FUEL FLOW INCREASING INCREASES TURBINE TEMPERATURE,

POWER, m
2. ROTOR BLADE PITCH ANGLE INCREASING REDUCES rpm

3. COMPRESSOR VARIABLE UNLOADING INCREASES STALL MARGIN AT LOW
GEOMETRY SPEEDS

4, TURBINE VARIABLE OPENING IMPROVES SURGE MARGIN CHANGES
GEOMETRY SPEED RELATIONSHIP

(C) POSSIBLE CONTROL PARAMETERS:
I1. THROTTLE POSITION 7.P, 11. T
2. GAS GENERATOR. rpm 8. P 12. T
3. POWER TURBINE, rpm
4. ROTOR BLADE ANGLE 9. P4 13. T

5. GEARBOX TORQUE I1). P. 14. 1.
6. FLIGHT CONDITION
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) Fig. 3-S6. Schematic Ifiagram of a Simple Gas Turbine Engine Control (Ref. 42)

generator speed on transients, the vanes are positioned for which a rotor must be designed. The rotor must
to aid in providing minimum transient response time. provide sufficient thrust and hence lift for sea level

A safety feature usually designed into the control hovering and an additional margin of thrust for verticalI system provides automatic shutdown of the fuel valve climb and for hovering at higher altitudes. In forward

,in the event of gas generator or power turbine over- flight the rotor provides the propulsive thrust as wellSspeed or excessive turbine temperature. as the lift to sustain the aircraft. The rotor also provides

the required aircraft control forces for roll and pitch,
3.3. ROTOR AND PROPELLER ANALYSIS as well as acceleration fore, aft, laterally, and vertically.
3-3.3.1 Rotor Configurations As the rotor moves through the air in forward flight,

R o tit cxperiences changes in airflow that give rise to peri-
3-3.3.1.1 Rotor Types odic fluctuations of aerodynamic forces. Fig. 3.57 de-

The primary distine,! -hing features of rotary-wing picts the rotor motion in forward flight. At position A
aircraft are the rotor system and the drive system asso- a blade element is advancing into the helicopter airflow
ciated with the configuration. In shaft-driven systems, and its velocity relative to the air is (fir + V). At
the transmissions use gear and bearing design tech- position C the blade element is retreating from the
niques that are quite similar to those used in other helicopter airflow and its velocity relative to the air is
fields, although the degree of refinement in design has (fir - V). At Points B and D the velocity is fIrnormal
been carried to a very advanced state. The rotors used to the blade radial axis but has a radial flow velocity
in helicopters, however, find almost no counterpart varying, from + V to - V Thus, the rotor blade ele-
elsewhere and are unique in their operating conditions. ments experience a gross fluctuation in velority normal
Many distinct types of rotors have been used success- to the radial axis of ± V during every revolution. In
fully, and to see why these have found application, it addition, the blade experiences varyitig inflow/outflow
is necessary to outline the range of operating conditions velocities during each revolution. Corresponding to
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B to have somewhat higher vibration levels, while the

V VELOCITY OF multibladed configurations tend to have reduced vibra-
ROTOR tion levels, provided the blades are all in balance. The

A FORWARD most common number of blades lies in the range of two
to five, and two blades usually are used for simplicity.

_- _- . .A The trend in larger modern helicopters seems to be
R .moving toward increased numbers of blades.\R

3-3.3.1.2 Rotor Hub Geometry

o3 To illustrate better the actual configurations of rotor
hubs, some typical hub geometries are considered in the

Fig. 3-57. Plan View of Rotor in Flight paragraphs that follow.

There are two general types of fully articulated ro-
this total velocity variation, the blades experience vary- tors. In one the flapping and lag hinges are separatcd,

ing lift and drag forces during every revolution, and in the other these hinge axes intersect. The first

To accommodate the wide range of requirem.ents, type is shown schematically in Fig. 3-58. In this rotor

rotor systems have evolved into a few fundamental design, the flapping hinge passes through the center of

types, namely: rotation. In Fig. 3-59 a similar hub arrangement is

1. Fully articulated rotors, in which the blades are shown except that the flapping hinge is located out-
attached to the hub by means of hinges that allow the board of the center of rotation. Such a configuration is

blades to move freely up and down (flap) in a vertical known as an offset hinge hub. Fig. 3-60 is a photograph
plane about the horizontal hinge, and by hinges that of an early hub of the type shown in Fig. 3-58. The
allow the blades to rock back and forth in the plane of second category of fully articulated rotors, those with
rotation (lead-lag motion) about a vertical hinge. In coincident flap and lag hinges, is shown schematicallyreetathn blead-lare mouionte aboto avertheal hubnstruin Fig. 3-61. This hub is also of the offset type. Aeffiect, the blades are mounted to the hub structure
upon universal joints, photograph of a typical hub of this type is shown in Fig.

3 -62.
2. Semirigid or floating-hub rotors, in which the The two-bladed semirigid (teetering hinge) rotor

blades are connected rigidly to each other through a configuration is popular for smaller rotors. The sim-
hub structure and th, rotor is allowed to tilt or rock plest form is shown schematically in Fig. 3-03. A
with respect to the rotor drive shaft. When a two- photograph of the same configuration is shown in
bladed rotor is mounted in this fashion, it usually has Fig. 3-64.
a single teetering hinge and the blade motion resembles A good example of the floating hub is that used by

* that of a child's teeter-totter. Doman (Fig. 3-65). The rotor unit itself is rigid or
3. Fully rigid or hingeless rotors, in which the hingeless except for the necessary feathering or pitch

. blades are connected rigidly to the hub structure and change bearings. The entire rotor assembly is mounted
the hub in turn is connected rigidly to the rotor mast. to the vertical mast by means of a universal joint, and
No flapping or lag hinges are used in these rotors. the power to the rotor is passed from the drive shaft

4. Flex-hinge or strap-hinge rotors, in which a de- through the joint.
gree of rigidity for the blade connection is achieved that Fig. 3-66 illustrates a hingeless rotor as exemplified
lies between that of a freely hinged blade and the high by the rotor on the B61kow BO 105 helicopter, which
value of stiffness found with rigid connections, incorporates feathering hinges for blade pitch change.

In all of these rotor systems some type of blade pitch 3-3.3.1.3 Rotor Control Systems
change hinge is incorporated. Such hinges allow the
blades to pivot about an axis that runs parallel to the Control of the helicopter is achieved primarily
blade span. The pitch change hinge often is referred to through the control of the rotor system. Although the
as the blade-feathering hinge and is usually located so helicopter, in principle, can move in three mutually
as to pass near the quarter chord of the blade. perpendicular directions and can rotate about three

The numbers of blades that have been used on rotors axes, in practice some of the controls are normally
include as few as one counterwcighted blade and as coupled together so that four independent pilot con-
many as eight blades. One.bladed configurations tend trols are provided. These are:
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PITCH CONTROL
,/ ARM

IFEATHERING HINGEFLAPPING - (--

j E.,L•' • i• ROTOR BLADE

• ,• •"••LA•LAA•G HINGE

•,'CENTER OF LA DAMER
-•',ROTATION HUB

Fig. 3-58. Fully Articulated Rotor With Central Flapping Hinge

OFFSET DISTANCE LAG HINGE PITC H ARM

,j . , o, _ ___J_ OTOR

-- ••; ,Z • -- €',. OFFSE1T FEATHERING HINGE '

CENTER . FLAPPING HINGE
OF ROTATION DAMPER

Fig. 3-59. Fully Articulated Rotor With Offset Flapping Hinge

1. Vertical control. This control allows the vertical and use of differential torque in helicopters with coaxial
position of the aircraft to be selected at will. The usual rotors. In forward flight aerodynamic surfaces also can
technique used is to change the thrust of the rotor by be used, but in low-speed flight they are ineffective.
changing the pitch (angle of attack) of the rotor blades. 3. Longitudinal control. In this control, pitching
An increase in pitch leads to an increase in thrust if and fore and aft translation are coupled together. The
constant rotor speed is maintained. Some designs have rotor produces both a horizontal force component and
tried to keep the blade pitch fixed and to vary the thrust a moment tending to pitch the fuselage. As the aircraft
by varying engine speed, but none of these designs have tilts in the desired direction, the rotor tilts in that direc-
advanced to full production because of the limited re- tion also, and an additional force is exerted in the
sponse available with fixed pitch systems. desired direction. In a helicopter having a single rotor,

2. Yaw or directional control. This control allows the control forces and moments are generated by that
the pilot to select a prescribed heading by providing for rotor. In a tandem configuration the large displacement
rotation of the aircraft about a vertical axis that is fixed between rotors allows the use of both differential thrust
relative to the aircraft. The most common s&chemes for and individual rotor tilt to achieve pitching of the air-
obtaining yaw control are use of a tail rotor in single- craft for control.
main-rotor machines, the differential tilting of rotors in 4. Lateral control. This control allows the pilot to
helicopters with tandem or laterally disposed rotors, move the aircraft horizontally in a direction perpen-
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Fig. 3-60. Photograph of Fully Articulated Rotor With Separated Hinges

CENTER OF i OFFSET CONTROL ARM 3jROTATION _ .•.DISTANCE ..
i

/ROTOR 5LD
FEATHERING

HINGE •

// DAMPER UNIVERSAL JOINT
FOR FLAPPIN-5
AND LAGGING

Fig. 3-61. Schematic of Fully Articulated flub With Coincident Hinges
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Fig. 3-62. Photograph of Fully Articulated Rotor With Coincident Hinges

SCONTROL ARM
TEETERING HINGE CNOA

CENTER OF ROTATION BLADE FEATHERING

Fig. 3-63. Schematic of 'Two-bladed Semirigid Rotor

dicular to the fore and aft motion. It is similar to the control except tha, the laterally disposed configuration

longitudinal control in that rolling action and lateral is analogous in this case to the tandem longitudinal
translation are coupled together to achieve the desired control.
aircraft response. The techniques used to achieve lat- Lateral and longitudinal control through the rotor

eral control are the same as riscussed for longitudinal usually are achieved by producing moments about the
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rotor hub, by tilting the rotor thrust ven:tor, or by a moments are exerted upon the fuselage. The action of
combination of the two. If the rotor of a helicopter is this type of control is illustrated in Fig. 3.67. If the
tilted at an angle with respect to the fuselage, a change rotor tilts, a horizontal force component H exists that
in the resultant thrust vector results and forces and can accelerate the aircraft, %nd a moment is created

Fig. 3-64. Fhotogrmpb of Two-bladed Semirigid Rotor

•~ ~~EMOVABLE STEEL SPAR • I

HOUSING FOR SWASHPLATE,
CONTROL CYLINDERS,

OIL PUMP AND GOVERNOR

S,.'OIL SUMP

Fig. 3-65. Floating Hub Rotor

3-64



I AMCP 706-201
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J

Fig. 3-66. Modem HIagelm Rotor

S... about the aircraft CO that can cause the fuselage to tilt The mnit common technique is to vary the pitch or
in response to the rotor tilt. angle of attack of each blade cyclically once per revolu-

Two general means exist for obtaining the necessary tion. This varying pitch technique is called cyclic pitch
effective rotor tilt. If the rotor is of the semirigid or control. As the pitch is increased periodically in a given
floating hub type, it is possible actually to tilt the hub azimuth region, increased lift forces aile generated that
body in the direction desired. Aerodynamic forces will cause moments to be exerted upon the blades. If the
cu-se the blades to follow the hub and the tip path blades are articulated, they flap in response to these
plane will tend to line up parallel to the hub. This type moments. Because the resultant flapping occurs once
of control is called direct control and has found use per revolution, an effective tilting of the whole rotor tip
only in small autogyros and jet-driven rotors in special path plane occurs and the resultant thrust vector tilts
cases. in response. If the rotor is rigid, the lift moments on the

blades resulting from cyclic pitch cause a precession of
the rotor to a new tilted position. Because the rotor is

H connected rigidly to the transmission and fuselage, the
precessional actions must carry the fuselage as well as
the rotor to the new position. It should be noted that

T_ _ ,, \in almost all modern rotors, blade pitch can be con-
' •trolled directly by the pilot.

- ' T, ORIGINAL THRUST VECTOR 3-3.3.1.4 Elements of Rotor Motion
, TILT OF ROTOR \tTz - THRUST VECTOR AFTERTTOFRTOT T UT VEFTO Trom an aerodynamic and dynamic standpoint, the

H " HORIZONTAL FORCE COMPONENT ideal rotor is a rigid one with an infinitely stiff struc-
ture. In such a system the applied air loads and dy-
namic loads cause no deflections of the system and the
problems of dynamic response disappear. However, as

Fig. 3-67. Tilt of Rotor Thkmst Vector has been found repeatedly by designers who have
worked with rigid or even semirigid rotor systems, the
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components are not infinitely stiff; instead, varying do- Fig. 3-68 depicts a simplified rotor as viewed from
grees of flexibility are inherent in their design. Thiis above. The rotor rotates in a counterclockwise direc,
flexibility results in components that reopond dynami- tion with the downwind position as the zero degree
cally to the various loads imposed upon the b.-Jes. point of reference.

To illustrate this point, consider the flapping motion To obtain a clear picture of the fundamentals of
(or flapping degree of freedom) of one blade attached blade motion, consider a rotor made up of blade ele-
to a hub structure that is attached rigidly to the rotor ments that consist of a single square paddle with a
mast. A given blade can be attached to the hub by chord length c, a span length Ar = I, and a mass
several means: m, = W,/g. It is assumed that the paddle supporting

I. A flapping hinge at the centerline arm is hinged at the center of rotation and that the
ihinge supporting arm introduces no inertial or aerodynamicforces. It also is assumed that the hinge axis lies in the

3, A flapping hinge with a spring to restrain the plane of rotation and is perpendicular to the blade span
blade flapping about the hinge axis.

4. A spring strap retention or flexural hinge re- For the purposes of the equation of motion, consider
placing the bearings this simple blade element as rotating about a vertical

5. A stiff flexural hinge axis in a vacuum, with no aerodynamic forces acting
6. Direct attachment to the hub without any upon it. (n Fig. 3-69, which shows the rotor from the

hinges or separate flexures (rigid or hingeless rotor). rear, /0, is the flapping angle of the blade element.
Summing moments about point 0, we find

The listing of attachment methods merely indicates a
relatively continuous spectrum of increasing stiffness of Wblade mounting. Because the blade is the same regard- -A / Cos - _ ,lb-ft (3-101)

less of the attachment method, maximum resistance to
motion will come when the blade is mounted directly
to the hub and the least resistance will come when the where
simple flapping hinge is used. The other methods pro- , = blade element mass moment of
vide varying degrees of stiffness. The blade attached inertia, slug-ft2

directly to the hub will bend under the load and tends
to act as an equivalent flexure hinge itself. Conse-
quently, the demarcation between the flexural mount- 180 dVtV
ings and the rigid rotor becomes indistinct. None of the -V - VELOCITY OF
configurations actually is rigid for this would require ROTOR
infinite stiffness; none of the configurations is com- 0/ FORWARD
pletely without stiffness because centrifugal force acts 0d

as a powerful force to govern the flapping motion of the 270 deg /
Each of these mounting configurations will have as- \'

sociated with it a natural frequency of flapping motion .- - .
that will be dependent upon the stiffness of the mount-
ing method. Tlhus, the primary difference among the 0 deg

various means of blade attachment lies in the variation
over a limited range of the dynamic response of the Fig. 3.8. Rotation of Blade Increment, Plan View
rotor to the loads imposed upon it. Because the cen-
trifugal restoring moment is so powerful, differences in I
blade mounting techniques produce relatively small ef- I
fects upon the flapping response except in the case of - w.
small rotors, where high stiffnesses may be achieved. ,

This discussion, therefore, deals primarily with the -.

motions and operation of the fully articulated rotor.
This type is the most widely used, and it demonstratesmost of the phenomena necessary for an understanding
of rotor operation. Fig. 3-69. Rotation of Blade Increment, Rear View
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3 flapping angular acceleration, ,= 1 , rad/sec (3-108)
rad/sec2

W, weight of blade element, lb
For the very small angles of motion involved in ordi- or the natural frequency of the paddle blade is equal
nary rotor flapping motion, sin P,=•.. and cos exactly to the rotational speed of the rotor.
0,= I; hence It can be shown readily that this result is true for any

articulated rotor freely hinged for flapping at the cen-
terline of rotation. This means that the rotor blade in

i 0 + W P20r1 = lb-ft (3-102) such a system requires essentially no force to cause ita. g
to flap once per revolution. Because once-per-revolu-
tion flapping is actually a tilting of the rotor disk, it

Because for the paddle element I, - (Wlg)rl, follows that little control force is required to tilt the
rotor thrust vector in the direction desired for aircraft
control.

S+ = - -g ,rad/a€c (3-03) The foregoing analysis of flapping motion is a greatlyar
simplified summary of the operation of an actual flap-
ping rotor. As discussed previously, all other rotor con-

This equation can be compared to the equation of a figurations tend to increase the flapping stiffness above
simple vertical spring mass system where this fundamental value. The added stiffness that can be

m = mass, slug achieved with most rotors, however, falls in a range
k = spring constant, lb/ft such that the natural frequency of the lowest flapping
x = displacement of the mass, ft or flap bending mode tends to be just slightly above
R = linear acceleration of the mass, rotor speed at the operating point. Typically, for a

ft/sec, uniform blade mounted without hinges to rigid hub, the
The equation of motion for this systun i- lowest flapping frequency is only approximately 20%

above the frequency of the same blade hinged at the
nt + kx = lg , lb (3-104) centerline of rotation.

3-3.3.1.5 Characteristics of Rotors

or Each of the various rotor configurations presented
has certain unique characteristics that tend to recom-

t+( k• x =g , ft/sec2  (3-105) mend it for particular operating conditions.
\ 3-3.3.1.5.1 Fully Articulated Rotors

This type of rotor allows a great amount of flexibility
The most important portion of this equation is the in design. For example, the number of blades may

homogeneous portion given by range from three up to eight or more, and to rotor
diameters in excess of 100 ft. The individual blade flap-

) + = 0 ping hinges insure that the moments in the blade struc-
k x 0 ture reduce to zero at the hinge; thus, bending moments

in both the blade root attachments and the hub struc-
ture are reduced by the presence of the hinge. The

The solution leads to the natural frequency a, of the individual hinges allow the blades to flat freely in re-
vibrating mass which is sponse to changing gross weight, maneuver, or gust

load conditions. In the case of pullup maneuvers, as the
W k\ 1/2 '3107) thrust of the rotor increases, the blades will cone up to

no, = ,sec a new position, yet the bending moments at the flap-
ping hinges will remain essentially zero.

In addition, it is possible to use a wide range of hinge
By direct analogy the natural vibrating frequency configurations to accomplish a specific design objec-

wo of the flapping paddle blade can be obtained from tive. For example, offset of the flapping hinge from the
the coefficient of P, in the equation. Hence, for the center of rotation, as illustrated by some of the preced-
blade case ing figures, provides for a large increase in control
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power exerted by the rotor. The moments exerted on hub structure is mounted upon a set of bearings whose
the fuselage by the tilt of the rotor thrust vector are axis is normal generally to the blade span axis. The two
augmented by the moments created by the centrifugal blades are mounted on the hub by means of pitch
force components acting at the offset hinges. It is p.,ssi- change bearings. Because the blades are mounted di-
ble to tilt the hinges so that blade flapping and pitch rectly to the hub, they can flap in unison in a manner
change are coupled together to achieve certain desired similar to a teeter-totter, and hence this type often is
results. It is also possible to incorporate pitch cone referred to as a teetering rotor. The teetering action of
coupling which reduces blade collective pitch whenever the blades allows them to perform first harmonic or
the total thrust of the rotor tends to increase, once-per-revolution flapping in a completely satisfac-

The primary advantage of the fully articulated rotor tory manner.
system is its versatility. It can be used with a wide range Because forward flight air loads are complex, rotor
of sizes, gross weights, and numbers of blades, and a blades are loaded at marty higher frequencies that are
variety of hinge configurations. multiples of rotor speed. In the articulated rotor, the

Although many advantages accrue with the use of blades can flap in response to these higher frequencies.
the fully articulated rotor, it has certain inherent draw- In the teetering rotor, the blades cannot flap individu-
backs. When a rotor blade flaps, its center of mass ally; and as a consequence, these higher frequency
moves radially in the centrifugal field created by the loads introduce bending moments into the blade roo!
rotation of the rotor. This radial motion gives rise to and hub structure.
Coriolis accelerations that lead to large forces in the Two-bladed teetering rotors usually are designed so
inplane direction of the rotor blades. These flapping- that the blades have a fixed coning angle. The coning
induced inplane forces in turn can lead to high bending angle of a rotor is the average angle between the blades
moments in the chordwise direction near the rotor hub. and a plane perpendicular to the axis of rotation. The
To alleviate these high moments, the lag hinges are coning angle of a hovering rotor is shown in Fig. 3-70.
located outboard from the center of rotation and allow The lift and centrifugal forces tend to move the blade
the blades to oscillate through a small angle around the upward to a position of equilibrium. If a hinge is incor-
hinge. Although these lag hinges reduce the bending porated for each blade, each blade will turn through the
moments induced by the Coriolis accelerations, angle •0. This average angle is called the coning angle
another serious problem arises when blade chordwise because in hover the rotor blades tend to form a cone.
freedom i- allowed. It is possible for the lead and lag The blades of a two-bladed teetering rotor are attached
motions of the individual blades to couple with motions to the hub with a builtin value of coning angle ,00. This
of the fuselage and landing gear that can lead to a average coning angle counteracts the steady lift mo-
destructive instability known as "ground resonance" ments of the hub quite effectively for a particular design
(par. 5-2.5). To prevent destructive ground resonant thrust and rotor speed. If, however, the thrust of the
oscillations, it is necessary to add lag dampers around rotor is changed drastically due, for example, to a sud-
the lag hinges to limit the lead-lag oscillations by ab- den takeoff or large overload, the bending moments in
sorbing their energy. the hub can increase greatly. This is because the two

The combination of flapping hinges, lag hinges, lag blades are attached rigidly to the hub and hence cannot
dampers, and the associated bearings, spindles, hous- cone further upward to alleviate the increased loading
inAs, retainers, plus the lubrication provisions, leads to conditions.
considerable complexity in the rotor hub of a fully Because the rotor assembly is mounted upon a single
articulated rotor. In addition, because of the arrange- teetering axis, it is possible to generate oscillating mo-
ment of the hinges and the blade motions associated
with the hinges, the pitch control mechanisms for these
rotors become more complex in order to prevent un-
wanted coupling between blade motion and pitch TEETERING BEARING

change. Thus, complexity is the major drawback of the "
fully articulated rotors.-ROTOR BLADE "

II ROTR HUB CONING
3-3.3.1.5.2 Two-bladed Teetering Semirigid .RTO SHAF- ANGL

Rotors R

The two-bladed semirigid rotor is used widely be-
cause of its inherent simplicity and relatively low cost. Fig. 3-70. Side View Showing Coning Angle of a
In the configuration most commonly used, the rotor Hovering Rotor
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ments in the drive shaft as the blades flap in response Elimination of the flap and lag hinges leads to a
to forward flight loads. The effects of such oscillating considerable simplification in the design of the rotor
moments in both the transmission system and the rotor hub because the many bearings, spindles, housings, and
hub bearings must be considered. seals associated with these bearings also are eliminated.

The flapping bearings of a two-bladed teetering rotor Because the blades can carry moments directly into the
essentially are unloaded because the centrifugal force of hub and then directly into the rotor mast, hingeless
one blade pssses through the hub structure and directly rotors can develop a large amount of control power.
to the opposite blade. Another advantage of such a The added moments can be used to achieve more rapid
rotor is that it can be designed so as to preclude the control response from the helicopter than normally
occurrence of ground resonance instabilities through would be associated with an articulated rotor. The
use of blades that have a great deal of stiffness in the elimintvion of the hinges also results in a simplification
chordwise direction. The added stiffness requires added of tht rotor control system, because mony of the links
weight, but the result is a very durable and rugged rotor and elements found in an articdlated rotor are elimi-
system. nated or reduced in size.

The size and weight ranges of the teetering two- Hingeless rotors have some inherent drawbacks,
bladed rotor have been relatively limited. Typically, however. Because the blades are connected directly to
rotor sizes have ranged from 15 ft up to more than 50 the hub and the hub is connected directly to the rotor
ft in diameter and aircraft gross weights from a few mast, any changes in thrust loading or air loading will
hundred pounds to somewhat over 10,000 lb. As these produce bending moments in the blades and hub struc-
rotors get larger, their dynamic vibration and weight tures. Also, a mean coning angle is built into the hub
problems tend to increase, attachment, as with the teetering, two-bladed rotor.

Thus, a sudden pullup can lead to high stresses in the
3-3.3.1.5.3 Modified Two-bladed Rotors blade roots and hub. In addition, all the harmonic load-

Several variations of the standard two-bladed teeter- ings above the first will tend to cause high blade and
ing rotor have been studied and developed. In most hub stresses, and operation at gross weights or rotor) versions an attempt is made to allow the coning angle speeds other than the design values will increase the
of the rotor to change under load. One method is to average moments in the hub region. T1.! net result of
incorporate a central coning bearing assembly that is these increased loads is that fatigue stresses can become
separate from the teetering bearings. Thus, as the load very high, and therefore the useful life of the hub may
changes, the blades cone to a new equilibrium position be relatively short. To reduce the stresses induced by
and the blades flap about the teetering hinge. Other these loadings, it often is necessary to increase the stiff-
types use a common teetering-coning hinge that accom- ness and weight of the blade roots and hubs, and the
plishes the same result. Another variation was used on resultant rotor weight penalties can become very large.
the 135-ft-diameter, two-bladed XH-17 helicopter ro- The alternative to increasing hub stiffness and weight
tor, which was driven by pressu., jets at the tips of the has been to reduce stiffness in the flapping direction.
blades. In this configuration, each blade was mounted The flexure thus provided will alleviate high stresses
onto the hub by means of flexural straps that acted as and still result in a relatively simple configuration, but

I,, hinges and allowed the blades to cone or flap as the control power will be reduced somewhat.
necessary under load. Ground resonance instabilities can be avoidoed in

Most of these variations of the simple teetering rotor hingeless rotors in a manner similar to that used in
result in a reduction in the moments induced due to teetering rotors. A high degree of chordwise stiffness is
blade loading changes and, as a result, allow these ro- required such that the lowest natural chordwise fre-
tors to be used over a much larger range of sizes and quency is above the r'otor speed under operational con-
gross weights. However, some of the dynamic and ditions. Rotors without lag hinges have been operated
structural weight problems associated with chordwise with chordwise frequencies below operating rotor
actions still remain. speed, but such an approach must be pursued only with

caution and a comprehensive test program.
3-3.3.1.5.4 Rigid or Hinge/ess Rotors The floating hub rotor combines features of the

The primary feature of the rigid or hingeless rotor is hingeless rotor hub system with the tilting feature of
the absence of both the flapping and the lag hinges. the teetering rotor. In this design, the hingeless rotor is
Blade feathering bearings still are used, however, to sllowed to tilt in any direction on the rotor mast in the
permit the collective blade pitch change necessary to manner of the first-harmonic flapping of an articulated
vary rotor thrust and obtain aircraft control. rotor. Thus, the floating hub rotor retains the sim-
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plicity of the hingeless rotor and the transient first a. Two rotors coaxially mounted and rotating in
harmonic stresses on the hub are alleviateOl. Because a opposite directions
builtin coning angle is used and because the blades b. Two rotors displaced laterally to the fisclage
cannot flap in response to higher harmonic loadings, and rotating in opposite directions
the floating hub rotor can develop high moments and c. Two rotors mounted in tandem and rotating
stresses like the hingeless rotor. The floating hub rotor in opposite directions
also must be designed carefully so as to prevent the d. in opposite directionsof goundresoanceinstbiliy; ad. Two rotors, rotating in opposite directions,
occurrence ofwhose blades intermesh with each oter by
cause the rotor hub assembly is free to tilt and perform whose amountsrmeuh roth can berb
first harmonic flapping readily, its control power is varying amounts. Such rotors can be ar-
reduced to that found in ordinary articulated rotors ranged either laterally or in tandem.
with a small offset in the flapping hinge. But an in- e. Various numbers of rotors greater than 2, in-
crease in control power can be achieved by incorporat- cluding 3-, 4-, and 6-rotor configurations.
Ing spring restraint in the tilting hub.
3-3.3.1.6n Othetran Rtor Systiltin Consid s Use of jet-driven rotors stems from the desire to
3-3.3.1.6 Other Rotor System Considerations eliminate the torque problem at its source. If the blades

The means employed to counteract the driving are driven by the reaction forces of jets located within
tor4ue necessary to turn the rotor always has been a the rotating system, e.g., on the blades, the only shaft
governing characteristic in helicopter design. To pro- torques passed through to the fuselage are those due to
vide an efficient lifting system with a minimum amount bearing friction and power takeoffs for auxiliaries.
of installed power plant weight and cost and a mini- With jet drives, both the torque problem and massive
mum fuel consumption rate, the rotor diameter must be transmissions are eliminated. There are, however,
made very large in comparison to an ordinary propel- many ot e d liaiated Th the optimum

ler. It also is necessary to design the rotor so that blade many other difficulties associated with the optimum

tip velocities remain somewhat below sonic speed. use of jet drives; and although many jet drives have

These characteristics of large diameter and limited tip been proposed and attempted, no purely jet-driven ro-
speed result in the large, slow-turning rotors common tor configuration has had sustained production. The
to today's rotary-wing aircraft. most important drawback to their use has been a rela- J

Since torque Q can be expressed as tively high fuel consumption rate that hz• !=.ited them
to short-range, special-purpose missions. New tech-

= (3-109) nology in turbines and materials, however, may allow
- ,reconsideration of these designs in the future. Some

typical jet-driven rotor configurations include:

1. Tip-mounted engines:
it is evident that the slow turning rotors result in high
values of torque. As shaft torques increase, transmis- a. Ram jet engines

sion size, weight, complexity, and cost increase as well. b. Pulse jet engines
To alleviate the effects of severe torque loadings, trade- c. Gas turbines
offs must be made among the various conflicting design d. Rockets
requirements so as to obtain a good overall balance in 2. Pressure jet systems:
the final configuration. a. Compressed air to tip jet

Because of the severe torque loading considerations,
many seemingly unrelated rotor configurations have b. Compressed air to tip afterburner
been suggested, studied, and developed, and a few hav. c. Turbofan exhaust to tip jet
reached production status. Configurations employing d. Turbojet exhaust to tip jet.
shaft power include the following: The use of engines mounted at the blade tips is beset

1. Single main rotor: with problems such as those resulting from centrifugal
a. Single rotor with antitorque tail rotor in rear force and control loads. The pressure jet configurations

of aircraft suffer from blade design limitations and duct losses.
b. Single rotor with laterally disposed an- Maximum engine installation simplicity is achieved

titorque rotor through the use of the "hot cycle" systems of Items 2c
2. More than one main rotor: and 2d.
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- 3-3.3.2 Propeller Selection ance in hover and transition. Acceptable cruise
S) performance can be obtained by large reductions in

* , 3-3.3.2.1 Propeller Types rotational speeds between takeoff and high speed flight.
Throughout the history of propeller-driven aircraft, A disadvantage is that the success of this concept is

the most widely used propeller configuration has been dependent upon the availability of engines with large
the conventional free-air, variable-pitch type, usually rpm spreads at a small loss in SFC between takeoff and
incorporating from two to four rigidly retained blades. high-speed conditions. Moreover, the high advance
For special applications, several other propeller con- ratios in cruise ,And at V,. tend to reduce efficiency.
cepts show promise. These include the shrouded pro- This reduced efficiency may be offset by using very low
peller, the variable-camber propeller, the variable- activity factor blades, but at the expense of increased
diameter propeller, the multibladed prop-fan with and propeller weight.
without shrouds, and the rotor-prop. Each of these 3-3.3.2.2 Helicopter Application
concepts offers specific characteristics to meet particu- Performance requirements for propellers for coin-
lar aircraft requirements. pound helicopters differ considerably from those nor-

Adding a shroud to a conventional propeller permits mally associated with conventional propeller-driven
performance to be maintained with a reduction in aircraft. In the latter case, the propeller provides the
diameter and affords substantial noise attenuation. For thrust requirement for all flight regimes, including
larger, high-speed aircraft, particularly those with takeoff, climb, cruise, and V... Because of this
VTOL capability, the variable-camber concept pro- broad operating spectrum, the aerodynamic design of
vides the best potential for improving overall perform- the propeller becomes a comprehensive analysis ef-
ance by matching the propeller to both takeoff and fort. The final propeller configuration generally is
high-speed level flight conditions. This is accomplished that which meets the primary performance
by pairing conventional blades such that in takeoff they requirements at the expense of some compromise in
function mutually as a slotted flap airfoil and in cruise off-design conditions.

Sas two independent, low-camber airfoils. Full-scale The helicopter application does not involve this wide
tests of this concept have shown reduced noise in addi- operating spectrum. With a compound helicopter, the

Stion to confirming the cambering effect of the paired propeller normally is used only for cruise, and accord-
blades under static conditions. Although at a much ingly it is optimized for maximum efficiency at the
earlier stage of development than the variable-camber design cruise conditions. A second design condition
propeller, the variable-diameter propeller offers results when the propeller is driven by the same en-
another way to improve the matching of takeoff and gine(s) that drives the main rotor. Thus, during hover,
cruise performance. However. because of the increased where no forward thrust is required, the propeller is
airfoil thickness and limitations on blade twist distribu- designed to absorb minimum power because esch
tion necessary to permit blade telescoping for reduced horsepower lost to the propeller results in a loss of 8-10
diameter, the high-speed efficiency of this concept in- lb of thrust. Therefore, in some cases the propeller
herently is below that of the variable-camber concept. cruise performance might be compromised so as to
Moreover, no noise reduction at takeoff can be an- attain minimum power in hover. Other considerations

* ticipated. influencing propeller aerodynamic design include in-
It is well known that propeller noise can be reduced flight reversing for air braking and the use of the pro-

by operating at a low tip speed, provided that the blade peller as an antitorque rotor by swiveling it about a
area is sufficient to prevent stall. A low-tip-speed, mul- vertical axis. Finally, the downwash of the main rotor
tibladed prop-fan offers the potential of reduced noise on the propeller during hover and climb must be con-
and small diameter at performance levels comparable sidered.
to a conventional propeller. Further advances in per- In summary, although the performance spectrum is
formance, noise reduction, and compactness may be narrower, the selection of propellers for helicopters in-
obtained from a shrouded prop-fan that combines the volves several unique considerations not encountered
favorable characteristics of the multiblades and the in conventional aircraft propeller installations.
shroud.

For large VTOL craft incorporating a tilt-wing or 3-3.3.2.3 Analytical Procedures
tilt-rotor for transition from hover to level flight, the Successful propeller design involves two prime con-
rotor-prop has certain attractions. The hinged reten- siderations: attainment of the required aerodynamic
tion permits large diameters with narrow, low-activity- performance and structural integrity. Thus, the success
factor blades at reasonable weights for high perform- of the design effort is dependent upon the availability
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of reliable aerodynamic and structural design criteria. Because an adequate theory has not been derived for
Accordingly, propeller manufacturers are devoting calculation of reverse thrust and windmilling drag, an
considerable effort to the development of the analytical empirical method has been developed from test data to
design methods discussed briefly here. predict propeller performance for these off-design oper-

"The most reliable and widely used propeller perform- ating conditions with acceptable accuracy.
ance calculation method is based upon an advanced The main function of the propeller-to produce
form of the blade element theory. In this theory, the thrust at a minimum expense in power-must be ac-
aerodynamic forces acting upon a series of radial ele- complished with hardware that affords maximum relia-
ments are calculated and then integrated over the blade bility at minimum weight and cost. Thus, it is essential

Sradius to establish the total forces. The vortex theory that structural design criteria and material develop-
and Goldstein's solution (Ref. 43) for the radial distri- ment be commensurate in refinement with the aerody-
bution of circulation for a finite number of blades have namic criteria.
now been applied to the tlade element theory. Thus. an The design of a propeller system begins with blade

* analytical method has been evolved that permits the definition involving both aerodynamic and structural
* accurate calculation of the efficiency of any arbitrary considerations. The blade definition generates the

propeller configuration, operating at any imposed con- steady and vibratory loads to which the propeller must
dition. be designed and consequently affects the design of the

Over the years this method has been refined, along barrel, actuator, control, and gearbox. To aid the de-
with the associated two-dimensional airfoil data, to the signer, many theoretical analyses and associated com-
point where comparisons with experimental data on puter programs for obtaining optimum structures have
both full-scale and model propellers indicate an ac- been derived and developed. These programs cover
curacy of better than ±2% in the vicinity of the design both steady and vibratory stresses as well as many
point and only slightly lower accuracy for off-design secondary structural aspects. A detailed discussion of
points. The method has been programmed on a digital these structural design tools and their application to
computer from which up to 200 efficiency points per hardware design is presented in AMCP 706-202.
minute can be calculated. Included as options to this
basic program are subroutines for calculating aerody- 3-3.3.2.4 Propeller Seloction Procedure
namic twisting moments on the blades and computing
total and azimuthal distributions of air loads with in- 3-3.3.2.4.1 Basic Considerations

clined and nonsymmetrical inflows. In the propeller preliminary design phase, only aero-
More recently, a noise subroutine has been added as dynamic sizing is carried out in detail. The other design

San option based upon an extension of the work of Ref. considerations, particularly blade structure, usually are
44. This program uses the propeller air loading distri- estimated on the basis of past experience and prelimi-
bution computed by the method outlined above and nary analysis merely to assure the feasibility of the
calculates from it both far and near field sound pressure aerodynamic selection.
levels in terms of decibels at any prescribed location for The computerized strip analysis methods developed
any propeller geometry and operating condition. If re- from the refined theory form the fundamental criteria
quested, the program also computes perceived noise used by the industry to design propellers for all applica-
levels (PNL) and effective perceived noise levels tions. Moreover, their derivatives and the empirical
(EPNL) corrected for tone and time duration. methods reviewed are used to compute most of the

For tilt-wing VTOL aircraft, in which the propeller aerodynamic data and to support structural design.
is in transition from hover to horizontal flight, a new Recognizing the need for a more convenient propel-
method, based upon rotor theory, has been developed ler performance analysis method for use in preliminary
to compute the six moment and force components design, the propeller industry has published general-
generated by the propeller during transition. The ized performance calculation manuals based upon the
method can handle cyclic propellers as an option. computer programs and propeller performance the.ry.

For shrouded propellers and shrouded prop-fans, the These manuals, widely used throughout the aircraft
blade element calculation method is based upon the industry, present static and inflight performance data
one-dimensional, inviscid, incompressible momentum covering a complete range of potential operating condi-
theory from the work of Ref. 45. In order to incorpo- tions for a family of propellers, with variations of the
rate shroud drag, an empirical correction has been major geometric parameters. In addition to perform-
evolved that is dependent upon the shroud exit area ance data, the manuals include methods for estimating
ratio and the free-stream Mach number. propeller weight and far-field noise at zero airspeed.
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One recommended set of such manuals (Refs. 46, 47, fR

and 48) covers conventional propellers, shrouded pro- = Idr , dinensionless (3-112)
pellets, and variable camber propellers, respectively. --

The preliminary design procedure detailed subse-
quently is based upon the data included in Ref. 46 for
conventional propellers. The discussion covers the con- where
cept of the process, definition of the basic performance " blade element design lift
and prime blade geometric parameters, use of general- coefficient, dimensionless
ized performance plots and other aerodynamic data, whence
and a step-by-step procedure for propeller selection.
All of the necessary aerodynamic data are presented in o1.0 (TR'yd•-•-) ,d'less (3-113)
the series of charts included herein. To facilitate the Cd, L 1  Cide(demonstration of this method, a sample propeller selec-

tion problem for a hypothetical, representative helicop-
ter is set up and the selection process is undertaken in with this term being weighted similarly toactivity fac-
detail. ttwytor.

3-3.3.2.4.2 Definitions Other parameters-such as those that define the aer-
odynamic shape of a blade, the thickness ratio, and the

On a nondimensional basis, propellers are defined by twist distributions-have some effect upon blade per-
Activity~ ~ ~ ~ ~ ~~tws fatrdiasdfndsal npople oetheyb:reonothused asoprme variales ipn thise methodnumber of blades, blade activity factor AF, and inte- formance. However, their effects are equivalent to

grated design lift coefficient CL, small changes in the activity factor and CL,, and there-Activity factor AF was defined early in propeller fore they are not used as prime variables in this method.

technology as a power absorption factor. It is defined These parameters, along with airfoil section choice, are
rigorouslyincluded in the later optimum blade process.

The nondimensional coefficients advance ratio A,
R-f' R power coefficient Cp, and thrust coefficient Cr, used to

AF = 10 ) J br3 dr ,dimensionless (3-110) determine propeller performance, are defined by
DV

J = -- ,dimensionless (3-114)where nD

D = propeller diameter, ft
R propeller radius, ft _ PnD-
b = elemental width, ft P =,p 3D$
r = elemental radius, ft

In nondimensional terms, SHP(po/p)

_ io~I /b p1.02~3 \3( ) dless (3-115)S2003 0
AF= 10)

16' T pn2DS=pn o

Activity factor today is used as a weighted measure T(Po/p)
of the width distribution of the blade, e.g., a blade with - (N\2/D.,\ , d'len (3-116)
a purely rectangular planform derives half of its activ- 6610 03

ity factor from the outer 15% of the blade. The numeri-
cal weighting results in convenient values for the
AF, normally between 50 and 150. where

With the advent of laminar flow airfoil sections with
unlimited section design ift coefficients independent of V = true airspeed, fps
thickness ratio, the term integrated design lift coeffi- n = propeller speed, rps
cient C,, was defined as: N = propeller speed, rpm
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P engine power, ft-lb/sec 0.3 (Fig. 3-73). Comparable charts for two additional
SHP = engine output shaft horsepower values of CL, and three additional values 3f AF are

T = propeller thrust, lb included in Ref. 46, together with a comparable set of
The propeller efficiency factor ip is defined as charts for four-bladed propellers. Selection of design

parameters for a given specification requirement can be
TV C7__J accomplished by crossplotting appropriate values from

= P , dimensionless (3-117) these charts. The data are limited to conditions where

there is no compressibility, i.e., the sections are op,:rat-
ing below their critical Mach numbers.

and thrust is now stated as The performance charts are based upon a constant
velocity through the propeller disk because blocking

550 SHP r7P effects, i.e., the actual velocity through the disk, vary
T=. lb (3-118)

V greatly with the aircraft geometry that is in close prox-
imity to the propeller installation. These blocking ef-
fects have an influence upon the absolute values of
performance; however, they usually do not change the

3-3.3.2.4.3 Performance Ca/cu/at/on Method comparative performance values of propellers of differ-

A generalized performance calculation method for ent designs. Therefore, the elimination of blocking ef-
propellers operating at normal flight speeds is de- fects from the procedure will not detract from the use-
scribed. The form selected was governed primarily by fulness of the method for preliminary design propeller
the consideration of ease of usage and the elimination selection. In general, blocking has the same effect upon
of the principal deficiency of existing empirical meth- the optimum efficiency as upon the actual rfficiency.
ods, i.e., the deterioration of accuracy at extreme oper- An empirical method, based upon actual propeller
ating conditions and blade geometries. Accordingly, tests, is used to calculate the minimum shaft horse-
the method incorporated a series of performance charts power required to drive the propeller at full speed at
with each chart accurately defining performance for a static conditions and also for the calculation of reverse
specific propeller geometric configuration over the thrust. This method is referred to as the generalized
complete range of potential operating conditions. thrust and torque chart method and uses the charts of

It is good design practice on compound helicopters Figs. 3-74 through 3-82. Although minimum horse-
to select a propeller that does not involve compressibil- power required is sensitive to variables such as blade
ity. Fig. 3-71 presents the criterion for no compressibil- thickness, twist, camber, and width distribution, expe-
ity loss in the form of the maximum allowable inte- rience has shown that the empirical method suffices for
grated design lift coefficient CL, as a function of aircraft preliminary design application. In the final blade op-
Mach number and NDf!, where f, is the ratio of the timization procedure, the minimum power figure is cal-
speed of sound at sea level standard day to the speed culated by a refined strip analysis method. However,
of sound at the specific operation condition. the reverse thrust performance still must be calculated

An ideal performaiwe chart is provided for three- with the empirical method because the strip analysis
bladed propellers (Fig. 3-72). This example chart repre- theory does not apply.
sents the performance of propellers with minimum in- Performance requirements for compound helicop-
duced losses and zero profile losses for a finite number ters vary. The airframe manufacturer usually will
of blades. An actual propeller design never can achieve specify a maximum propeller diameter that will fit into
optimum performance; but by careful tailoring for the his design envelope. Because a given engine is specified,
design condition, it is possible to approach the op- the power available to the propeller and the thrust
timum. Interpolation among charts that present a sys- requirements also are known. At times the propeller
tematic variation of each major shape parameter will rotational speed is specified; at other times it is undeter-
define performance for any desired propeller configura- mined because gearboxes must be designed to be mated
tion. The performance charts provided for the general- to the main rotor. At this stage, consideration must be
ized performance method, therefore, depict the varia- given to weight and noise as well as to performance. A.;
tion of the power coefficient Cp with advance ratio J the diameter becomes smaller, the activity factor also
and efficiency 71p. Example data are presented for becomes lower, and the propeller system consequently
three-bladed propellers with given values of blade inte- will be lighter. A reduction in propeller tip speed gener-
grated design lift coefficients CL, and activity factor AF ally w,'! reduc. the system noise level.
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A generalized weight formula that has proved to be the main rotor drive shaft. A shaft-driven propeller is
fairly accurate has been developed ove- the years. The used in installations where the propeller is slaved to the
total system weight Win pounds is given by main rotor drive shaft. The latter propeller does not

include pitch lock, feathering capability, deicing, or a
I(D\':*/B\' (A.F. 0.6 ×control, and its structure is lighter. A gearbox may or

W=K1  Xmay not be included.

ND . o, 0.5S \ 1 3-3.4 OTHER PROPULSIVE DEVICES

(l + 1.0)° 10 /- - As noted earlier, the pure helicopter is limited to
' forward flight speeds below 200 kt because of corn-

+ K2 (Torque) 0° 2 4  , lb (3-119) pressibility effects on the advancing rotor olade and
stall effects on the retreating blade. Beyond that speed,

where the portion containing K, is the propeller weight the main rotor becomes ineffective aerodynamically.
and the portion containing K2 is the gearbox weight. Faster forward speeds may be achieved by compound-
The K factors are a function of propeller type as well ing.
as of materials. For compound helicopter applications, The discussion of auxiliary propulsive devices
two propeller types can be considered. A conventional focuses on the speed range above 150 kt. The addition
propeller-including barrel and blades, spinner, pitch of auxiliary propulsive devices to the basic helicopter
actuator, pitch lock, deicing capability, feathering ca- design introduces several new factors to be considered
pability, control, and a gearbox--is employed in instal- in the system design. First, the propulsive device is
lations where the power input comes directly from the selected from among four principal types: propeller,
engine, which either is separate or is decoupled from shrouded propeller, turbofan, and turbojet. Second,
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0.06.01 = (0 -- P)/V, dimensionless
the merit of the devices decreases in the order listed-

0.04 0.014 propeller, shrouded propeller, turbofan, turbojet-in

St/ the speed range of interest because the exhaust veloci-
S0.02" - 0.01 ties increase in that order.

"�0 The requirement to provide much of the total powerj /aboard the vehicle in the form of shaft power for driv-
0 - [ 0.010 ing the main rotor under hover conditions, combined

, with the more favorable propulsive efficiency of pro-

= -0.02 - - - pellets or shrouded propellers, favors the selection of
SI 'these devices for auxiliary propulsion. Depending upon

0.04 C the application, however, other factors may lead to

8-0" selection of one of the other types. For instance, weight,
Ui complexity, and reliability considerations may reduce

,-0.06 - - 0.004 • the relative merit of propellers and shrouded propel-
S lers.-0.0 - .0®2 S3-3.4.1 Propeller Propulsion

01 00Propellers designed for primary propulsion in com-2DE t 0 10. 2.D, dpound helicopters are similar in most respects to thosefor conventional aircraft. However, the propeller or

rotor for antitorque control more closely parallels the
3-74. Adv lc e RtWP Zero Portion of main rotor in its operation. Biut even that parallel has
Geualins Torque od Thrs Chats

SC O X (3;'B)'"XQAJ ' 0

these devices introduce the possibility of using the de-
vices for antitorque and directional (yaw) control as oc., =QC X (38)"' X QAF] -

well as propulsion. Finally, the design of the main con-
trol system must accommodate the interfacing of the Qc
auxiliary propulsion device with the main rotor during 7.V

transition from low to high flight speeds, and must
provide the additional controls needed for operation of No. OF
the propulsive devices alone. f BLADE CORRECTION

Considerng the ideal propulsive efficiency•n, of the B (3.
different types of propulsive devices - 3 1.40

..023 .00
4 0.788

TV I
dimensionless (3-120) •

=C INTEGRATED DESIGN

e 0.8 - LIFT COEFFICIENT
where t1 1

T = propulsive device thrust, lb 0.4>_

V = free stream velocity relative to t 0.7
the propulsive device (flight-i
speed), fps 0.6 . ..... . ..

P = power transferred from the i L
engine to the propulsive device, 80 120 160 200
ft-lb/sec ACTIVITY FACTOR AF

Vj = effective exhaust jet velocity far
behind the propulsive device, Fi7. 3-75. Effect of Activity Factor om Torque
fps Coefficient
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severe limitations because of the complex range of flow I. Use of differential (cyclic) pitch control for a
fields within which the tail rotor may operate. single propeller

"2. Use of differential thrust for twin propeller con-
3-3.4.1.1 Primary Propulsion figurations

Having decided to employ propeller propulsion for 3. Provision of turning vanes in the propeller slip.
primary thrust in high-speed flight, the system designer stream
must consider several factors. For example, the number 4. Swiveling the propeller about a vertical axis.
of propellers to be used and their locations on the heli- The power required for this function may be higher
copter must be determined, and the drive train, its than that needed for a comparable tail rotor under

controls, and the propeller aerodynamic controls must hon or loeped fo igh cprbetioto uset
be designed. In the selection of positions for the propel- hovering or low-speed flight ciJnditions because the

moment ann length is smaller in practicable configura-
ler(s), the most advantageous location from an aerody- tions. In the case of a single propeller configuration,
namic viewpoint probably is forward of the main rotor combining the functions of propulsion and control re-
slipstream because this allows a relatively smooth and quires a significant compromise in the design of the
predictable inflow. Another advantage of the forward prer a t w oudrade ruise peromnce Unlocation is the benefit accrued from the flow of the propeller that would degrade cruise performance. Un- ,
poeloc n sipstheam bnef cre the wingsurface.Analo s of t der high-speed flight conditions, fixed aerodynamicSpropeller slipstream over the wing surface. Analyses of surfaces normally are provided to unload the tail rotor,

such flows may be found in Refs. 49 ard 50. Such sus rmally are powed toquired.

factors as operational considerations and complexity thus reducing the power required.

and weight of the systems also may influence the loca- 3-3.4.1.2 Tail Rotor
tion of the propeller(s). For example, if only one pro-
pellet is used for primary propulsion, it may be advan- The tail rotor of a conventional helicopter with a
tageoums to combine the drive trains for the propulsive single rotor generally consumes 8-10% of the engine
propeller and a separate tail rotor at the rear of the power under hovering conditions and somewhat less
airframe. (34%) under forward flight conditions. Depending

The propeller(s) used for auxiliary propulsion may upon the design of fixed aerodynamic surfaces that may
provide antitorque control and directional (yaw) con- be. incorporated, the tail rotor may be unloaded sub-
trol in the following ways: stantially at higher flight speeds. The aerodynamic flow
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) field experienced by the tail rotor includes the follow- rate propellers for antitorque control and forward
ing conditions: flight. On the other hand, the design requirements for

1. Static operation in hover a tail rotor and a propeller for forward flight speeds
above 150 kt differ significantly, and a single propeller2. [nplane component of freestrearn velocity in deindthnlebhprusveadntore

forward or rearward fihas for the main rotor designed to handle both propulsive and antitorque
3.fPosite orr w flight, ffunctions is inefficient in both. The propeller for auxil-
3. Positive or negative freestream velocity along iary propulsion, for example, requires a distribution of

the rotor axis in sideward flight or yawing motions, twist far different from that desired and normally em-
including operation in the "vortex ring" state ployed in tail rotor design. Also, the higher flight

4. Significant interaction with the induced flow speeds could involve the transmittal of a large fraction
field of the main rotor under all conditions. of the total power aboard the vehicle to the thrust-

producing propeller. In this case, the complexity ofThus, the design of the tail rotor involves semiempirical swiveling elements in the drive train might be undesira.-:

compromises. Control normally is effected by pitch ble.
changes. A detailed discussion of the factors involved
in the design of conventional tail rotors may be found
in Refs. 51 and 52.

The potential merit of employing a swiveling tail A shrouded (duacted) propeller for forward flight
rotor to provide auxiliary propulsive thrust in forward propulsion offers certain advantages over conventional
flight has been studied in flight tests (Ref. 53). In this free propellers, particularly under low-speed or static
case, the tail rotor had a fixed pitch and could pivot conditions. However, the improvement in efficiency
about a vertical axis under the control of the helicopter diminishes at higher speeds because of the drag of the
rudder pedals. Adequate control power was demon- shroud. Although the concept is not new and the state-
strated, and the transition from hover to forward flight of-the-art in design is suitable for preliminary design
was smooth. This design obviously has the advantage purpo'ses, more data are needed for refined analysis,
of simplicity through avoidance of the necessity for including off-design performance at various angles of
pitch controls and other elements associated with sepa- attack.
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There are two important design considerations for a crease of velocity at the plane of the propeller (converg.
shrouded propeller: ing inlet).

1. The provision of a shroud around a propeller is
beneficial only when the device operates at sufficiently The first consideration arises from taking into ac-h v lue ocount the drag of the duct, which is part of the total
high values of the thrust coefficient Crp given by propulsive device. It implies that the device will func-

tion best either under static conditions ( V = 0) or at
high disk loadings T /A,. There is little point in

CTs - dtmenstonless (3.121) shrouding a lightly loaded propeller. The requirement
sp to operate at higher disk loadings for forward flight

leads to inherently lower propulsive efficiencies by
comparison with lightly loaded, unshrouded propel.

where len.
Cr. = total thrust coefficient for the The total thrust of a ducted propeller includes con-

shrouded propeller, tributions from both the duct and the propeller. Ac-

dimensionless cording to Ref. 54, a partial thrust coefficient for the

A, = area of the propeller disk, ft2  thrust Cr. of the propeller alone should be introduced.

V = free stream velocity, fps
Ts= = total thrust of the shrouded

propeller, lb C = _-_2- , dimensionless (3-122)
2. The duct should be designed to provide an in- Tp

CT = CTeff T x (3$8)*""x TA] -C

T'c = TCeff [T C X (3 x81° K TAF ] \Tc

No. OF BLADE

CORRECTION

0 ."2 0.40

3 1.00
______ _4 0.788

S0.9

,,,_ INTEGRATED DESIGN
o =LIFT COEFFICIENT CLi=0. 7

0.8

ACTIVITY FACTOR AF

D 10040/

F~.3-82. Effect of Activity Factor on Thrust Coefficient
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where
A = pressure rise across the .C-

propeller, psf 
C

From Bernoulli's equation, applied to the flows up-
stream and downstream from the propeller, &p a:,_ _

p( V1 - V-)/2. Using approximations of the simple U"
momentum theory of propellers, in the absence of the Li INCREASING CD
duct the ratio of the velocity at the plane of the propel- ,
"ler V, to the free stream value V would becL

V +0.01mnsoles (313 0.1 1010.0;v+ v o. 1~iO .0 O.
P V+ = I- 1 + t/12 , dimensionless (3-123) THRUST COEFFICIENT FORV SHROUDED PROPELLER CT,,

where FIg. 383. Variatiot of Shrouded Propeller

= (V - V)V dimensionless Performm as Inffleased by Shroud Drag

The thrust coefficient Cr. for the unshrouded propeller
becomes for 8 positive (converging duct) and assuming equal

thrust coefficients, 4 will be lower for the ducted pro-
C = , +=-2-) , dimensionless (3-124) peller and so -q. will be higher. This comparison

should not be interpreted to imply that the values of
CT., for free propellers and CTe., for ducted propellers
d iigned for the same application would be chosen to

The presence of the shroud will alter the velocity at the be equal.
plane of the propeller. Under this condition an incre- In accounting for the drag of the duct by defining a
mental velocity ratio 8 is defined so that suitable drag coefficient CD, the overall propulsive effi-

VP 1 ciency of the shrouded propeller would vary, as illus-
-V + -2 +- ,dimenionless (3-125) trated in Fig. 3-83. As shown, depending upon the

design of thc duct and the resulting CD value, the pro-

pulsive efficiency ,% decays rapidly at the lower thrust
coefficient values. P

Depending upon the design of the shroud, 8 may be The design of a ducted propeller involves the aerody-
positive or negative. For the ducts of interest here, 8 nanics of both the duct and the propeller. The propel-
should be positive (converging ducts). The thrust coef- ler design follows well-developed methods for axial
ficient Crs1 for a shrouded propeller then becomes flow fans, as described in Refs. 55, 56, and 57, given the

flow field interference effects of the duct. The aerody-
CT ==2 Ii+ +6 dimensionless (3-126) namic design of the duct may be treated by the method

TP 2 /of singularities, i.e., by replacing the duct by a suitable
distribution of ring vortices (Ref. 54). In determining
the total circulation of the ring airfoil, it is necessary in

The corresponding ideal propulsive efficiency for the this procedure to account for the interference effects of
shrouded propeller 'q,3 from Eqs. 3-120 and 3-124, is the propeller upon the flow about the ring airfoil. The

influence of the propeller may be characterized by a
distribution of vortex rings over the surface of the pro-

I -peller, in addition to a cylindrical vortex tube repre-
p~p 1+/I/2 senting the downstream jet flow. Characterization of a

given geometry by this method involves lengthy corn-d (putations leading to the solution of the resulting inte-
+1 gral equation, as in the conventional aerodynamic the-

ory of wings. For preliminary design purposes, some
vhich is dependent upon the thrust coefficient of the simplifications may be acceptable, such as characteri-
)ropeller alone. Comparing the expressions for CT, zation of the shroud by a cylindrical distribution of ring
md CTras in Eqs. 3-126 and 3-124, it may be seen that, vortices, or even a single, suitably positioned vortex
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(Ref. 58). One of the features of better duct design, 3-3.4.3 Turbofan and Turbojet Propulsion
apart from the requirement to provide a positive 8, is
a relatively large inlet lip radius of curvature, on the Turbofan and turbojet engines, because of their rela-
order of 5-10% of the inlet duct radiuis (Ref. 54). tively high exhaust velocities, are lower in propulsive

Several aspects of ducted propellers require consider- efficiency than propeller or ducted propeller devices.
ation in the selection of such devices for auxiliary pro- Nonetheless, there are factors that may lead to their
puluion. A comparison of the ducted propeller with a selection for some auxiliary propulsive purposes.
free propeller must account for the fact that the ducted The basic arrangement of a turbofan engine is shown
propeller may be loaded to its tip, and the effective in Fig. 3.88. The turbojet engine configuration may be
advance ratio may not vary to the point where pitch visualized simply by removing the fan, its turbine, and
controls are needed in the ducted propeller. Turning the external ducting. The compressor C, the burner,
vanes may be provided in the ducted propeller to and the turbine T, form the basic gas generator unit. In
recover the rotational energy of the slipstream. The the turbofan configuration, part of the energy gene-
disk loading of a ducted propeller (100-500 psf) tends rated by the gas leaving the gas generator drives the fan
to be substantially higher than that for unducted pro- turbine T2 , and the remainder of the energy available
pellers (10-100 psf); this leads to higher speeds, bower
torques, and thus lighter weights at a given power level.
These merits are reduced by the weight and drag of the so
duct and the resulting lower propulsive efficiency.

The ducted propeller has been considered for all- . j0
titorque control in the form of a propeller-in-fan config- I

uration for the SA.341 (Ref. 59), and has been used in E t
the past on other nonproduction vehicles. tb 0- --' 1

Figs. 3-84 through 3-87 illustrate wind tunnel results ? 1 29 Ceg

for the ducted propellers used in the Bell Aerospace 0
X-22A (Ref. 60). Fig. 3-84 shows the dimensions of the 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

duct; typical performance data for different propeller CL ADVANCE RATIO J

pitch angles P are presented in Fig. 3-85; and some test
results involving flow separation from the shroud, in- Fig. 3-85. Performance Data for the Ducted
cluding the effects of model scale, are presented in Figs. Propeller Overall Efficiency at Different
3-86 and 3-87. Propeller Pitch Angles

PROPELLER

! I RADI US

0.072
DUCTif

ELLIPSE POELE

47.625 14.00 T,46.65
42.375

S~21.520
- •DUCTr. .

49.00 I L
ALL DIMENSIONS IN in.

Fig. 3-84. Disensions of the Expermental Duct for Ducted Propeller Tests
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I produces thrust in the exhaust nozzle A.. In the turbo- For turbofan engines for the auxiliary propulsive appli-
jet, all of the available energy in the gas generator cation, high bypass ratios (above 3) are necessary if

-. exhaust is employed directly for thrust production in these engines are to be reasonably competitive.
the exhaust nozzle. The bypass ratio BPR for the turbo- Figs. 3-89 and 3-90 illustrate the performance
fan engine is defined as the ratio of the mass air flow parameters relative thrust and thrust specific fuel
rate through the fan to that through the gas generator. consumption (TSFC) as a function of airspeed for a

range of bypass ratios, and compare these parameters
with a turboprop.

Because of the high. propulsive power required at
higher, flight speeds, integration of the propulsion and
rotor power systems must be considered. The converti-

100 ble fan/shaft (CF/S) engine concept discussed in Ref.
61 accomplishes this objective. The CF/S concept in-
volves an engine that can provide shaft power under

80S6PaRTIO-- OVER BrTRE low-speed flight conditions and propulsive thrust by
-U.PSTREM LIP means of turbofan configuration at higher flight speeds.

60 Advantages of integration of the fan into the en.
ONSET OF LOCAL SEPARATION gine--as opposed to a separate fan unit-include

lighter weight, lower drag, benefits of precompression
'400 for the flow entering the compressor of the gas genera-

tor, and simpler installation. Such an installation is
_20 ,, illustrated in Fig. 3-91.

Turbojet engines probably would not be selected for
compound helicopter designs requiring sustained auxil-

0 0.2 0.4 0.6 0.8 1.0 iary propulsion primarily because of their relativelypoor propulsive efficiency (high 1SFC) at such flightI/CT speeds. On the other hand, if mission requirements

dictate only short periods of auxiliary propulsion forFig. 3-41. Flow Separation on the Lower Part of the high-speed dashes, turbojet engines may appear more
Entrance Lip of the Propeller Uwt favorable because of their relatively lighter weight by

comparison with turbofan engines of comparable
thrust. Early investigations of vehicle dynamics with
auxiliary propulsion frequently were performed using
small turbojet engines as auxiliary propulsive units be-

0 V cause of their simplicity and the economy of adding the
00, •units on existing helicopters. The subject of auxiliary

propulsion unit selection and installation configuration
so .is treated extensively in Refs. 62 through 65.

7-ft DIAMETER MODEL

60 -.•,, /__ _ 3-3.4.4 Augmentation Systems
6 N ODWFIErF33..

One way to avoid sizing a helicopter power plant for
0 -o %. continuous operation at the extremes of the required

power specifications when continuous full-power oper-
"ation is not actually needed is to provide a system for

20 1 5 SCALE MODEL temporary augmentation of the power available. For
example, a requirement for 6000-fl elevation, 95"F day,

0 I 1 l 1 and takeoff power with one eigine out could be met in
0 0.2 0.4 0.8 0.8 1.0 this manner. Augmentation methods (Refs. 66 and 67)

1 CT include:
1. Precompressor injection of liquids. This proce-

Fig. 3-87. Flow Sepamtioe on the Upper Part of the dure is intended to lower the temperature of the air
Entrame Up of the Propeller Dud entering the compressor and thereby to reduce the re-
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quired work of compression. Evaporation of the liquid 4. Augmenting the compressor flow by various

within the compressor produces effects similar to inter- methods (variable geometry and bleed arrangement)

cooling between stages. However, the use of water/al- 5. Overspeed and overtemperature operation of

cohol injection is not acceptable to the U.S. Army due the engine
to contamination problems in field use 6. Interburning between turbine stages

2. Supercharging the compressor by using a sepa 7. Use of separate gas generators to increas the

rate precompressor stage driven by a separate, external 7. Use o ass generate

turbine, or by the power turbine through a clutching power turbine mass flow rate
arrangement 8. Use of separate auxiliary engines

3. Intercooling the compressor by using stored 9. Bypassing the regenerator in engines with re-

coolants 
generation.

BURNER FAN

( T TUO N NN

DIFFUSER BURNER HPT LPT

AA7ý

FAN

(B) FRONT FAN-TURBOFAN ENGINE

FIg. 348. Sehematie Diagrams Illustrating Component Arrangements in Turbofan
Engines (AMCP 706-285)
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The results of use of water/alcohol injection ahead
m of the compressor, in a specific application are shown

in Fig. 3-92. In computing the augmentation, it was
assumed that the evaporation of the water/alcohol
mixture occurred by a wet compression process within
the compressor. However, actual systems suffer from:

1. Adverse effects of high relative humidity in the
ambient atmosphere

2. Variation of the sites of the evaporation process
within the compressor due to varying water/alcohol to
air ratios and engine operating conditions, along with
,'esidence times within the compressor that are too
short for complete evaporation

4.0

E0 FUEL FLOW C
S201.HRUST OF TURBOFAN AT

Fig. 3-91. Sample Configuration of a Convertible
Fan/Shaft Engine

0 100 200 300 400 500
AIRSPEFD V. kt

8000 ft - 95'F DAY
TURBINE INLFT T1•PERATURE TA 0F

Fig. 3-89. Comparison of Performance for 16 r--
Turboprop and Turbofan Engines

1.50 -- 4

I 
1

0.80 - Io
z 0.80 TUIBA ~1.20 - -

O na)

1.10-

0.60

L 0 3r 30 41.00 5

0 0.006 0.0'1 0.015 0.02 0.025 0.03

.O c0.40 -WATER/ALCOHOL.AIR RATIO

Li 3. The complexity of the additional water supply
Fig. 3-90. Thrust Specific Fuel Consumption (TSFC system and storage requirements (which are sensitive to

for Turboprop. Turbofan, and Turbojet Engine a a the required duration of the augmnentation) and attend-
2Function of Flght Speed ant engine controls.

~3.-89

(Ref.67



AMCP 706-201

3-4 HELICOPTER PRELIMINARY 34.1.1 Optimization in Helicopter Design
DESIGN STUDY The objective of the preliminary design study is the

specification of the best configuration to accomplish a

34.1 PARAMETRIC ANALYSIS given set of mission objectives. Implicit in this objective
are the following two steps:

Psis required during the heliopter 1. Define the helicopter configurations that willParametric analysis mee theire mission requrliments.
preliminary design study because of the many design meet the mission requirements.

parameters to be specified. A number of these parame- configurations.
ters are interrelated in such a manner that a variation
in one parameter may result in the simultaneous In the language of classical optimization theory, Step
change of one or more related parameters. The study I is the definition of constraints. Step 2 requires the
of the relationships among design parameters and of selection of an objective function and the maximization
theeffects of variations of these parameters upon hel.. of this function within the domain bounded by the
copter mission perfecrmance is the proper domain of constraints. The application of optimization to helicop-

Sparametric analysis. ter design is discussed in the paragraphs that follow.

The complicated nature of helicopters, as well as the 3.4.1.1.1 Objective Functions
importance of many variables that are not quantified Selection of the best helicopter configuration to sat-

* easily, has precluded the overall optimization of heli- isfy a given set of mission objectives starts with the
copter configurations by classical techniques. How- definition of what is meant by "best", or, the selection
ever, classical optimization techniques may be applied of an objective function. Some possible optimization
to design problems where the pertinent relationships criteria are;
are well known and defined. Also, the availability of 1. Minimum cost
large-capacity computing equipment makes possible 2. Minimum size
further application of classical techniques to helicopter 3. Minimum gross weight
design. These techniques are discussed in par. 3-4. 1. 1. 4. Maximum performance (payload, range, endur-
A schematic diagram of a typical preliminary design ance, etc.)

* study is shown in Fig. 3-93 (Ref. 68). 5. Maximum performance per unit cost.
Parametric analysis is a continuing task during the

preliminary design study. In the early stages, the para- (Actually, because optimization usually is referred to as
metric ant .ysis furnishes preliminary estimates of de- a process of maximization, the objective functions for
sign paravietucs based upon the state-of-the-art. As the those criteria listed as minimum should be replaced by
design become. more clearly defined by the design syn- their negatives for computational purposes.)
thesis and related tasks, the scope of the parametric The selection of an objective function is dependent
analysis may be narrowed and more detail furnished on upon its suitability for the purposes of the particular
selected parameters and relationships, design study and upon the ease (or even possibility) of

The principal use for data from the parametric anal- computing values for the function from information
ysis is in design synthesis. During the preliminiry de- normally available during the preliminary design
sign study there is a continuous interchange of informa- study.
tion betweeti the design synthesis and parametric For instance, consider minimum cost. In order to
analysis. The parametric analysis will provide informa- optimize a design according to this criterion, it is neces-
tion regarding trade-offs between major design varia- sary to know the effect upon cost of variations in design
bles, including data on the effects of the variation of parameters such as disk loading and power loading. It
particular design variables on helicopter or subsystem is necessary to consider not only development and
performance. The principal relationships used in the manufacturing costs, but also the costs of operation.
preparation of these data are discussed in par. 3-4.1.2. maintenance, provisions, and spares over the life cycle

The actual conduct of the parametric analysis study of the helicopte.-. The development of refined cost anal-
will depend upon the way in which the mission require- ysis methods may make it easier to optimize on a cost
ments are specified irt the requirement document. Soxme basis in the future than has been possible in the past.
simple examples of the manner in which studies are In contrast to the general nonavailability of suitable
conducted are given in par. 3-4.1.3. cost relationships, a consid-rable volume of helicopter
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PRELIMINARY DESIGN DESCRIPTION

I WEIGHT ANDI •lemneBALANCE

I ANALYSIS

DESIGN, SYNTHESIS

SPARAMETRICP ANALYSIS WIND TUNNEL

7 I _TESTING

S~REVIEW O'F
I CO0NTRIACTOR EXPERIENCEI

STATE- OF-THE-ART REVIEW

Fig. 3-93. Helicopter Preliminary Derigp Study

weight data has been accumulated. Minimum gross In general, the variables v,, Y2,. .. ,v,, may not take on
weight is, therefore, a practical choice for an optimiza- values outside some finite range determined by the mis-
tion criterion. sion objectives. The constraints bounding acceptable

Maximum performance per unit of cost more corn- configurations involving interrelated variables usually
monly is called maximum cost-effectiveness, and re- will be in the form of an inequality such as./'(v,,
quirements for cost-effectiveness analysis are a part of V2 ...- v-0) > a or/( v,, P2 .. v.) < b, where a and bare numerical values. An example of a mission-speci-
all new military design studies. However, due to the aenmrclvle.A xml famsinseiall ew ilitry esig stdie. Hoeve, du tothe fled constraint is illustrated in Fig. 3-94. In the figure,
aforementioned limitations on cost data, cost-effective-

which presents power loading against disk loading fornets usually is not treated at the configuration optim i- agi e h o rc il n ,t e o m n t on f p w rl ad g
zation level. For a discussion of cost-effectiveness in
helicopter design, see par. 2-4. and disk loading must lie in the shaded region to satisfy

the specified hover requirement.
3-4.1.1.2 Constraints In addition to the mission-specified constraints,

some constraints arise from physical limitations. For
For any objective function chosen, a given set of instance, the rotor usually is constrained to operate at

problem variables v1, v2,.... v, should result in a unique a tip speed Mach number below that value at which
value for the function. The variables are design parame- significantly increased drag and vibration occur due to
ters such as disk loading, power loading, and tip speed. compressibility effects. Minimum acceptable levels of
In general, the larger the number of variables carried rotor blade noise may result in an even lower value for
through the analysis, the more nearly optimum the maximum Mach number at the blade tip.
solution, but also the more complicated the computa- Other constraints, such as a minimum gross weight
tional procedure. Whenever possible, the analysis objective or a minimum installed horsepower require-
should be limited to a few important independent varia- ment, may be specified directly in the requirement
bles; values for less important variables should be document.
drawn from experience, engineering judgment, or Actual examples of constraints that arise in helicop-
suboptimization (par. 3-4.1.1.4). ter design are discussed in pars. 3-4.1.2 and 3-4.1.3.
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cate the sensitivity of the objective function to small
changes in the independent variables. These sensitivi-
ties become more important as the design process pro- .
ceeds, and practical limitations are placed upon some
variables.

GIVEN VALUE OF Graphical techniques also have several important
SHOVER CEILING disadvantages. When using graphs, it is possible to

carry only a few major parameters through the design
SCONSTRAINED REGI process from beginning to end, and other important

c variables must be assigned values based upon experi-
ence and judgment. If it is found necessary at some

DISK LOADING w, Ibift 2  later time to change one of these assigned values, a
considerable time delay may result while the entire

Fig. 3-94. Misuion-specifled Constralnt procedure (or a large part of it) is carried out for the
new value(s). In addition, as more is learned about the
fundamental relationships in helicopter design, more

3-4.1.1.3 Optimization Techniques detail will be needed in the design process. Graphical
Mathematical programming techniques such as lin- techniques have a limited potential for extension to

ear, nonlinear, quadratic, and dynamic programming account for the advancing state-of-the-art in helicopter
have been applied successfully to optimization prob- design.
lems in many diverse fields. These techniques are used
to maximize a specialized objective function (usually 3-4.1.1.4 Suboptimization
linear) of many variables, subject to many specialized Optimization rigorously applied requires that each
constraints (linear, quadratic, etc.). These techniques independent variable be specified completely in deter-
usually are not appropriate to overall helicopter design mining the optimum and that a change in any of the in-
optimization because of the large number of imposed dependent variables results in a value of the objective
restrictions. However, the number of independent vari- function no larger than the optimum. In praztice, this
ables usually can be kept small by exercising good engi. rigorous application of optimization cannot be used in
neering judgment and suboptimization. Maximum helicopter design for two reasons. First, there are many
seeking methods, including graphical methods, then independent variables, resulting in an unmanageable
can be used to advantage, optimization problem. Second, any variable must ap-

pear in the objective function in order to be used in
3-4.1.1.3.12 Maximum Seeking Methods optimization. For common objective functions such as

The inlependent variables in helicopter design nor- gross weight or cost, the relevant estimating relation-
mally are continuous. The number of possible combina- ships have been derived on the basis of a few major
tions of parameters, therefore, is infinite, and all combi- variables; thus, other variables are superfluous for op-
nations of parameters cannot be tested in order to pick timization.
the best. Thus, a sequential technique is needed to vary The term "suboptimization" is used here to denote
the independent variables according to some pre-estab- optimization on a limited scale, whereby a few variables
lished plan so as to approach a maximum in the short- are assigned values that maximize some intermediate
est possible time. objective function that experience has shown to be im-

A detailed discussion of maximum seeking methods portant for helicopter performance. For instance, main
is beyond the scope of this handbook. For a complete rotor soliditi may be chosen to maximize rotor Figure
study of these methods, see Refs. 69 and 70 or any of Merit, a measure of the nondimensional induced
recent book on operations research. power loss in a rotor when converting torque into hov-

3-4.1.1.3.2 Graphical Techniques ering thrust.
The most commonly used techniques in engineering 3-41.2 Basic Relationsips for Parametric

optimization are graphical. Graphical methods are Analysis
straightforward and easily understood, and the engi-
neer can use them independently of computers and Parametric analysis uses relationships from power
programmers. In addition, graphical presentations not plant analysis, aerodynamic analysis, weight analysis,
only 'rndicate optimum sets of parameters, but also indi- and perhaps cost analysis to define those helicopter
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designs that will meet the mission specifications, and 12
from them to pick the best design relative to some I 00'
optimization criterion. In most cases, the relationships 10 - - " 0.85
arc approximate for two reasons. First, mathematical '= -,0.85

of raliy. econ, ' 8 4- ~i-.~- 1, 7:1models are merely approximations of reality. Second,
many of the relationships are empirical or at least use ,-
simplifying assumptions. = ,

The mathematical forms or empirical fairings that • 4 4 "
may be used to specify a relationship between design ..
variables are not unique. The evolution in helicopter 2 -
analysis brings increasing precision, and simplifying
assumptions are removed with regularity, usually at the 40 60 80 100
expense of computational economy. POWER, I0 max continuous hp

A particular relationship between design variables
must be based upon a consideration of design study Fig. 3-95. Altitude Dependence of Turbine Engine
operational factors, among which are: Power

I . Need for precision at the particular design stage
2. Availability of needed data
3. Acceptability of any time delay involved in air as a perfect gas. The curve will be found to agree

Scomputations reasonably well with data for actual engines with thesame efficiencies 7),., •epressure ratio 'r,. and turbine
4. Cost of computations. inlet temperature T,. Fig. 3-95 also presents a curve of

The paragraphs that follow present some of the fun- the "hot day" performance of the engine, with a hot
damental relationships used in parametric analysis. In day defined by increasing the standard temperature by
each case the form of the relationship has been chosen 57 deg F &t all altitudes.
to allow its use without tb, necessity for elaborate corn- 3-4.1.2.1.2 Temperature Dependence of
putations. The basic methods of parametric analysis Available Power
remain valid regardless of the means used to compute
the required relationships. Two factors combine to decrease the power output

of a gas turbine engine as ambient air temperature in.
3-4.1.2.1 Engine Performance Relationships creases. Most important is the fact that engine thermal

The engine performance relationships pertinent to efficiency decreases with increasing temperature. In ad-
parametric analysis are the temperature dependence dition, increasing temperature at constant atmospheric
and altitude dependence of engine power output, and pressure results in a decrease in air density that in turn
the relationship of fuel consumption to engine power causes a decrease in the mass of air flowing through the
output. turbine per unit of time. For use in parametric analysis,

empirical data for the temperature dependence of
O Altitude Dependence of Power power output generally are satisfactory. Fig. 3-96, corn-
Output puted from theoretical considerations, illustrates the

The power output of a gas turbine is proportional variation of available power with ambient temperature
directly to the mass of air flowing through it per unit keeping T., constant.
of time. Owing to the reduction of density of the ambi-
ent air for a given volume flow, this mass decreases 3-4.1.2.1.3 Specific Fuel Consumption
with altitude. On the other hand, under standard con- The specific fuel consumption of a gas turbine engine
ditions gas turbine thermal efficiency increases with is shown in Fig. 3-97. This figure (Ref. 71) represents
altitude due to decreasing ambient air temperature. a fairing of test data. Althotigh the data upon which the
Parametric analysis makes use of curves of percent curve is based are not current, the curve represents the
maximum continuous power (at sea level) plotted ver- normal trend of specific fuel consumption with varying
sus altitude. These may be derived from test data for a power setting.
single engine or faired from data for a number of repre- 3-4.1.2.2 Helicopter Power Requirements
sentative engines. To illustrate the effect of altitude on
engine performance, Fig. 3-95 was plotted from a The power requirements of a helicopter can be di-
theoretical analysis of the Brayton cycle, considering vided into the following categories:
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120 --- - - rhp hp, +hp, +Jhpp (3-128)
HOT DAY

_f SEA LEVEL The dependence of these power requirements upon hel-
S100 T4 - 2000'R icopter design variables is described in par. 3-2, and is

r. 7: simplified and summarized in the paragraphs that fol-
-- - - -- - I - , -0.85 low.

0.85

I 3-4.1.2.2.1.1 Main-rotor Induced Power
LLL STNAThe main-rotor induced power is the power required

60STANDARD to overcome the induced drag of the main rotor. The
_...-_ .L _ DAY induced power requirements in hover and in forward

40 60 80 100 flight are:
POWER, $ max continuous hp 1. Hover. In hover, the induced power is given by

the expression
Fig. 3-46. Temperature Dependence of Turbine

Engise Power
hpi = 5- B (3-129)

.1.5
', U.. C, ,-- SEA LEVEL whereS== !. - 5000 ft€ -- 50tw = rotor disk loading T,'QrA2 ),

- : lb/ft2

/- .-,B = tip loss factor, dimensionless

0 _ The expression for induced power given in Eq. 3-129 is
30 40 50 60 70 80 90 100 derived from moirentum theory and is based upon a

POWER, max continuous hp uniform distribution of flow through the actuator disk.
In the more realistic case of triangular flow distribution

Fig. 3.97 Go Tumrbe Specific Fuel Cosumption (Ref. 71)

1.13T __

1. Main rotor power hpw 550--'- B (3-130)
2. Control power (tail rotor power)
3. Accessory power
4. Auxiliary propulsive power The factor B, accounting for the loss of lift at the blade
5. Gear and transmission losses, tips due to three-dimensional flow, can be computed

from Eq. 3-18 for rotors of low solidity.
All of the requirements do not apply to all helicopter 2. Forward flight. In forward flight, the induced
c'nfignrations, but each power requirement must be power is less than in hover because of the lift of the
estimated carefully when it is appropriate to the config- rotor Jue to forward velocity. Induced power can be
uration under study. expressed as

3.4.1.2.2.1 Main Rotor Power 1.13T
The main rotor power requirement may be divided hPw K5 (3-131)

further into the following categories:

1. Main-rotor induced power hp,
2. Main-rotor profile power hp.

An estimate of the induced power correction factor3 t. can be obtained from Wald's Equation (Eq. 3-32).
The total main-rotor shaft power rhp requirement is When Eq. 3-32 is modified to express forward velocity
given by Vin knots, and the tip path plane assumed to be paral-
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lel to the helicopter velocity vector, a,, =0, the factor 3.4.1.2.2.1.3 Paresite Power
K. is simply the ratio of the induced velocities W/YO0.
Therefore Parasite power hpis the power required to overcome

the parasite drag of the helicopter. In the absence of
auxiliary propulsion, this power must be supplied byS+ ". '2 1l.69V\'..

1.6V I , dimensionless (3.132) the main rotor.
'0 Parasite drag in aeronautical theory usually is taken

to be exactly opposite in directior, to the velocity vec.
tor. However, in helicopter design a simplification re-

Using the expression for v0 suits if the parasite drag is limited only to the drag
opposing horizontal motion. The vertical component of
parasite drag is considered as an increase in download-

V = V1BW ',2P9) fps (3-133) ing (vertical drag).
The standard expression for parasite power (par. 3-

2.1.2.1.3) is given by Eq. 3-47. In hover or vertical
values of K. can be computed. A plot of K. at sea level climb, where the forward velocity vanishes, there is no
for various values of disk loading is given in Fig. 3.98. parasite drag.

3-4.1.2.2.1.2 Main-rotor Profile Power 3-4.1.2.2.1.4 Power Requirements for

Profile power is the power required to overcome the Tandem-rotor Configurations
profile drag (skin friction and pressure drag) of the
main rotor. Profile power in forward flight may be The profile power and pgrasite power requirements
computed from Eq. 3-42. for tandemerotor configurations are given by the same

In hover, the advance ratio A, vanishes, giving a expressions used for single rotors. The induced power,
lower value for bp0, For the computation of the mean however, requires a special treatment. The geometry of
drag coefficient CD, see par. 3-2.1.2.1.2. a tandem-rotor configuration is shown in Fig. 3-99.

In terms of thrust and blade loading wa-, Eq. 3-42 The tandem-rotor effective disk area 4, is computed
can be rewritten as on the basis of effective blade length BR, and also

accounts for any overlapped areas. The induced power
hp, in hover is given by the expression

h T p(= 43 C/ (I +4.65p 2 ) (3-134)
hp0 440 

K (3-135)
5p =50" 2pA

where
a drotormsolidity, bcR, The tandem-rotor interference factor K is discussed in

i par. 3-2.1.3.
In forward flight the value of hp, given by Eq. 3-135

must be multiplied by a factor K, as in the case of a2 1.0 single-rotor configuration.

Ck : 0.8 - 10 T

Ckl 0.6 2 3T, I(TT ~
LLJ"' ' DISK LOADING

S0.4 wlb-t

C3 .The factor K. is computed from Eq. 3-137, derived in
0""Ref. 71 from momentum theory,

00 100 200 300

AIRSPEED V, kt (I A, 1.69V ! .d'less (3-137)

Fig. 3-98. Induced Power Correction
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where and profile power, which may be computed from Eqs.
v = [T/(2pA,)•"2  3-131 and 3-134, respectively, if the main rotor varia-
Av = vertical area equal to single bles are replaced by thL 'norresponding tail rotor varia-

rotor plus vertical gap area bles. The tail rotor thrust must be sufficient to coun-
(Fig. 3-99) teract the main rotor torque and also to provide

3-4.1.2.2.2 Control Power adequate yaw control and maneuvering ability.

Control power is the power required by the tail rotor 3-4.1.2.2.3 Accessory Power
in single-rotor configurations to counteract the torque Accessory power hp,, is the power required by ac-
o( the main rotor and to provide directional control. cessories such as generators. air conditioners, and

The main rotor torque Q is given by the equation winches. Accessory power is computed by summing
the power requirements of all the accessories, in-

550 rhp b-ft (3.138)' cluding the losses in the power takeoffs from theIb (3 power plant or drive system.

3-4. 1.2.2.4 Auxiliary Propidsive Power
This torque must be balanced by a counter torque pro-
duced by a tail rotor thrust Trj at the end of a tail rotor Auxiliary propulsive power hp.,x is the power re-
moment arm S*. quired by a propeller or other auxiliary propulsion de-

vice. Auxiliary propulsion is employed with or without
Q = T sr , lb-ft (3-139) fixed aerodynamic surfaces to permit higher forward

speeds than can be obtained when all propulsive re-
quirements are met by the main rotor.

Combining Eqs. 3-138 and 3-139, the expression for tail Auxiliary propulsion may be supplied by a jet engine
rotor thrust is obtained, separate from the main engine(s). In this case it is

necessary for the .iuxiliary engine only to provide suffi-
T 550 Iy cient thrust to overcome the parasite drag of the heli-

TRlb (3-140) copter and the profile drag of the wing (if a wing isTRused). However, use of a separat engine is not the

usual procedure in helicopters because of the low pro-
Tail rotor power hprj is composed of induced power pulsive efficiency of a jet engine at low speed (par.

OVERLAP

S, .
",L ,-" . - -VERTICAL GAP

4--

DIRECTION

OF FLIGHT

FI. 3-9. Tamade-rotor Geometry
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3-3.3.4). When such a configuration is used, it usually
is to allow inexpensive modification of an existing de- CT,(Y 0.09
sign. The more normal practice is to use a propeller F20 ' . 0.55 HOVER
driven by the main engines. Power requirements for the D LIFT CURVE SLOPEE,
auxiliary propeller are discussed in par. 3.2.2.4.2. , 0 deg ftl10 3

3-4.1.2.2.5 Gear and Transmission Power 15 0__ a---
Losses 10-

Gear and transmission power losses hp, comprise .
that power which is lost in friction associated with the c 10,
drive train. These losses usually are estimated frompast experience with similar components as a percent- a.''

age of the total horsepower requirement for the heli-
copter. 5 2 4 6 8 1 0
3-4.1.2.2.6 Total Helicopter Power DISK LOADING w, lb f12

RequirementReqireentFi&. 3-100. Hover Power Lmotdg at Altitude
The total helicopter power requirement BHPis given

by
hpTR = K,(BHP) (3-143)

BHP= rhp + hpTR + hpa,, + hp, + hpr (3-141)

The factor hp, usually is computed as a fraction
The power requirements for hover, fbrward flight, and Kc of BHP from the relationship
climb are discussed in the paragraphs that follow.

hpg =K,(BHP) (3-14)
3-4.1.2.2.6.1 Hover Power Required

Outiýof-ground Effect (OGE)
where the values of K, and K. are estimated from statis-

For most helicopter designs, the most stringent tics of past helicopter designs.
power requirement is to support hover out-of-ground A useful presentation of power required in hover is
effect (OGE) at the design altitude and temperature shown in Fig. 3-100, where the power loading T1. is

condition. given by
It is possible that the propeller (if used) can be disen-

gaged in hover so that hp.,, vanishes. However, the b
clutch installation may result in unacceptable cost and Thp HP
weight penalties. In such cases the propeller is kept in
motion with the pitch set so as to produce zero net
thrust. The value of hp,,. then is just the power re- where
quired to overcome the propeller profile drag. W, = gross weight, lb

The main rotor power in hover rhp,,. is given by The curves of horsepower required to hover at alti-
tude, shown in Fig. 3-100, can be converted to require-

rhp•,o i hpi + hp. (3-142) ments for installed sea level maximum continuous
horsepower by applying a factor to account for the loss
of engine power output at altitude. The altitude correc-

The induced power and profile power are given by tion factors are given by Fig. 3-95. A temperature ad-
Eqs. 3-129 and 3-134 (with A. 0), respectively. The justment factor can be read from Fig. 3-96 if the hover
thrust Tto be used is the sum of gross weight and hover conditions are required to be met at temperatures other
download (vertical drag). The computation of hover than standard. The resulting curves are shown in Fig.
download is discussed in par. 3-2.1.1.9. 3-101.

The factor hpr, in Eq. 3-141 can be computed from Implicit in the curves of Figs. 3-100 and 3-101 are
the considerations in par. 3-4.1.2.2.2, or may be es- values of f1R, a%, B CD, and hover download Dp The
timated as a fraction K, of BHP, i.e., values of CD, A and or are dependent upon the rotor
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CT/(7 - 0.09 Fig. 3-102 shows that, for a tip Mach number M2 of

-t -0.55 - 0.55, the Figure of Merit is maximized over a wide
~20- LIFT CURVE SLOPE HOVER range of values of cr when a value of 0.09 is assigned

0.1 ev to Cri/c. The optimum value of Ckr is lower for a tip
", 0 t I ALTITUDE, Mach number of 0.65. A plot of maximum Figure of

ft 10~ -- _ Merit (from the curves of Fig. 3-102) versus the corre-

""- 15 sponding values of Cr/r is shown for two tip Mach
Q~ 5 - numbers in Fig. 3-103. It can be seen that such a figure

\ I I "••T'--I-J I can be used to select an optimum value of Cr/c" for

SO - { - •. given values of the other rotor parameters.
0The use of optimum values of Cr/c" will result in a

considerable simplification of the expression for main
rotor hover profile power. The value of solidity will be

1 [ given by
2 4 6 a 1O

DISK LOADING w, Ib ft2  CT

a dimensionless (3.146)

Fig. 3-101. Sea Level Power Loading (CT/°)='t

Upon applying the definitions of thrust coefficient

0.75 I Cr and disk loading w, and rearranging,

10.08 CT/by w/co = p(flR)2 (CTIc)oPt , lb/ft2  (3-147)
.= •,0.09

, 0.70"- - --- 0.10 Inserting this expression for w/or into Eq. 3-134 and
", "- 0 .0.08 combining with Eq. 3-130 gives the total rhp to hover

,.I• / . - .,- • - - 2"-- 0.09 OG E rhP11o.•:,

0.0..13T +__lR (3-148)

it.. / TIPMACHNUMBERM5O
- 0.55 -

' ~---0o.65Ir6 / The value of rotor tip speed fiR usually is governed
0.0.00 0.04 0,08 0.12 0.16

SOLIDITY <

Fig. 3-102. Rotor Figure of Merit Z

design. The rotor solidity cr may be chosen to maxi- 0.0 .70
mize the rotor Figure of Merit using curves similar to 0.

those in par. 3-2.1.1.7. A plot of rotor Figure of Merit
against solidity for various values of the ratio Clcr for _
two tip Mach numbers is shown in Fig. 3-102. These = 0.65 -- . TiP MACH NUMBER M'

curves are computed by the following procedure: 0 .6 I

1. For a selected value of C,lcr, tabulate values of • 0.65

maximum Figure of Merit for selected values of solid- i i i
ity. 0.06 0.07 0.08 0.09 0.10

2. Multiply the maximum Figure of Merit by the BLADE LIFT COEFFICIENT CT
Figure of Merit Ratio FMR for the appropriate values
of o-, CT/cr, and M, and plot. Fig. 3-103. Maximum Rotor Figure of Merit
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\ by consideration of retreating tip blade stall or advanc -
,.J ing tip compressibility in forward flight..-

3-4.1.2.2.6.2 Hover Power Required In-ground G wS ibtt

Effect (IGE) 0210 I
--- 4

The power required to hover in-ground effect (IGE) '
is determined by applying a ground effect correction to • 0. ..1 L -- -

the OGE hover power requirement. The total rhp to ("-"I
hover IGE is then given by rhpmOr where 5 0 5

> 0,0M 50 too 150 200 250

rhpM=o [A (AC0  + ° P0)1 550 (3-149) AIRSPEED V, kt

Fig. 3-104. Power Required in Forward Flight

An estimate of A (par. 3-2.1.1.8), valid only for
Z > k, is given by

3f -Z CL AVAILABLE POWER
A J± dimensloiiess (3-150)SIPOWER REQUIRED IN

r FORVIARD FLIGHT

For computations at lower wheel heights, see par. 3-
2.1.1.8. o

3-4.1.2.2.6.3 Power Required In Forward Flight <Rn BEST R!C

The expression for main rotor power in forward
flight rhpfis given by combining Eqs. 3-131, 3-134, and AIRSPEED V, kt
3-47

Fig. 3-105. Climb Power Determination
1,13T r-w 1/'

rhpff 550L25J'u
3-4.1.2.2.6.4 Power Required to Climb

I fp(nIR )3 f r"V3

(I +6The expression for helicopter rate of climb R/C(par.
3-4.2.6) is

If auxiliary propulsion is provided, hp., will be sub-
tracted from this expression. ASHP X 33,000 X K

A typical plot of inverse power loading required in RIC - ,ft/min. (3.152)
forward flight versus forward velocity is shown in Fig.
3-104. The dip in the curve is due to the fact that the
induced power term of Eq. 3-151 predominates in low-
speed flight while the parasite power term predomi- The factor ASHP is the additional power (over that
nates at high speed. The additional power requirement required to maintain altitude) available to climb, and
due to blade stall and compressibility effects at high Ko is the climb efficiency factor. Obviously a helicopter
speed is not shown in Fig. 3-104 because the problems R/Cwill be at maximum when the forward velocity is
associated with these effects preclude normal flight at that which minimizes the power requirement in level
such speeds. forward flight, as shown in Fig. 3-105. If vertical climb

The curves of I ig. 3-104 presume a constant altitude, is required, ASHPmust be read at the ordinate for zero
a constant rotor tip speed, and a constant value of forward velocity. In this case, the installed power must
.fr/ W,,. Any of these parameters may be varied to gener- be sufficient to produce the required rate of climb as
ate sets of parametric curves if required for analysis. given by Eq. 3-152.
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3-4.1.2.3 Fuel Requirements used in climbing. In this case, the value of SFC( is the
3-4.1.2.3.1 Fuel Flow in Hdover SFC at NRP. The ratio of fuel required to climb from .altitude h0 (ft) to altitude h, (fit) at a rate of climb

The computation of fuel flow in hover is accom- R/C (fpm) to mean gross weight RF is given byplished by the use of Fig. 3.106. Chart A is a cross plot

of Fig. 3-101 for a fixed gross weight and shows the
design power loading appropriate to the normal rated
power NRP required for hovering at the design hover hi -ho dRP
altitude. At a selected altitude, determine the power R IW C "-d , dimensionless (3.154)
loading required. Calculate the %NRP as shown, and R 6/ t
enter Chart B at that value. Read the specific fuel
consumption SFC from the appropriate altitude curve
(interpolating as required).

Fig. 3-106 also shows the construction of Chart C,
which introduces the fuel weight ratio rate dR,/d,
where R, is the ratio of the fuel weight to the gross -
weight (fuel weight/ W,). Values of dR,./dt are cal- DESIGN HOVER
culated for various altitudes, and hence unique values . r - LTIT

of T,, and SFC, and plotted as shown.

3-4.1.2.3.2 Fuel Flow in Forward Flight I D
The fuel flow in forward flight is of prime impor- L .....-- "-ALTITUDE

tance in the selection of a helicopter configuration that • - - -
is required to have a specified range or radius of action. C _ I_-_-_-_-_-_-_-_-_-_-

The computation of this parameter is illustrated in Fig. 'o NRP=100( Thp /Thp)
3-107. Chart A is a typical plot of reciprocal power
loading T,-' as a function of airspeed for a fixed disk r
loading and altitude (as described in Fig. 3-104). C
The chart also shows the available reciprocal power % CHART B
loading at normal rated power NRP. The procedure =-I SEA LEVEL
followed to obtain SFC from Chart B is the same as Oft
for hover flight and as illustrated in Fig. 3-107.

Chart C is constructed in the same way as that on U..•

Fig. 3-106, and shows the minimum value for ----- --
dRFI/dt, which defines the flight speed conditions for U___ i t

(5. ' ___ _

maximum endurance. Fig. 3-107 introduces, in Chart C L NRP - -....
D, the fuel rate ratio per unit range dR,/dRg. This is Y
calculated as shown in the figure. The minimum value -

of dR,/dRg indicates the~conditions pertinent to cruise L . .-

for maximum range. In practice, normal cruise is con-
ducted at a slightly higher airspeed than shown for dRFdt SFC/Thp

reasons discussed extensively in par. 3-4.2.4. - :

3.4.1.2.3.3 Fuel Flow in Climb
The fuel weight ratio rate during climb is given by : CHART C

(dRF SFCCI
= T , hr-' (3-153) ,._

-rp ds ,_ 9 ALTITUDE

where it is assumed that normal rated power NRP is Fig. 3-106. Fuel Flow in Hover
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"3-4.1.2.4 Helicopter Weight-estimating upon statistical data from previous helicopter designs.
in ddiionRelationships For more detail on weight estimation and for guidance
In addition to the equations for required power, the regarding appropriate parametric relationships, see

parametric analysis requires a set of equations for es- par. 10-2.4.
timating helicopter gross weight as a function of major For configuration selection, an equation expressing
design parameters, the ratio of empty weight (less fuel tank) to gross

Weight-estimating relationships usually are based weight as a function of major design parameters is
required. The parameters upon which the empty
weight ratio is dependent should be the ones that will
be used in configuration selection techniques. For the

CHART A techniques discussed in par. 3-4.1.3, the empty weight
-INVERSE POWER LOADING -/ ratio should be a function of gross weight, tip speed,

disk loading, power loading, and number of engines.
O Additional parameters, such as equivalent drag area,.I 

can be included in the configuration selection process
- - - . REQUIRED POWER at the expense of additional computational effort.

I-- I

1_ _ _3-4.1.3 Techniques of Configuration

I.. AIRSPEED V, kt Selection

--- P 10The domain of feasible helicopter configurations is
NRP 100 (T-p'/Th-es) defined by balancing qarefully the conflicting require-

2- ments of the aerodynamic analysis and the weight anal-
8: HAR B - SE LEVEL -- ' ysis. A definite link between the aerodynamic and

.,",,,--5000 ft weight requirements is the fuel weight ratio RF.- - L. VEL The design mission requirements normally will in-
. " -lude either a range requirement or an endurance re-

-- i quirement. Either of these, when combined with other
C C.3 , " t mission requirements, will result in a minimum re-a - , ,- _
,E, ". ... I -- -NRP quired RF. Parametric analysis will define this mini-

CL mum R~as a function of selected major design parame-
IdRF/dt(SFC)ThpI I ters. Meanwhile, the weight analysis will define a

.. r maximum available RFas a function of the same set of

CHART C parameters. A feasible helicopter configuration is one
S / (dR i BEST ENDURANCE SPEEDI for which the minimum required Rris no less than the

2 (FRdtmin maximum available R,,.
-:I The set of feasible configurations established by the
- I RFmethod may be analyzed further to determine which

,• configuration optimizes some selected objective func-
_ _J.. . tion.

#-AIRSPEED V~kt The RF method for helicopter design is discussed in
dRFidRg( R Ref. 71, where minimum gross weight is the criterion

•,R F, t used for optimization.

CHART D3-4.1.3.1 Feasible Configurations

3-4.1.3.1.1 Installed Power and Tip Speed
selection

-J The RF method for configuration selection discussed
i VCR here requires a value of installed power loading to be

C AIRSPEE -V - selected in advance. This value usually is selected onAIRSPEED V, t the basis of the most rigid hover requirement. To deter-

mine the most rigid requirement, power loading charts
Fig. 3-107. Fuel Required in Forward Flight such as those shown in Fig. 3-100 must be prepared for

3-101
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each specified hover requirement (in terms of altitude, where
ambient air temperature, IGE, or OGE) and a compos- K. weight of fuel tank per pound
ite curve of power loading versus disk loading is then of fuel, dimensionless
prepared. Each point on the composite power loading and the factor 1/(1 + KF) hence accounts for fuel tank
curve will be the minimum power loading shown on weight. The empty weight to gross weight ratio 4 is a
any of the individual power loading curves for the par- function of gross weight, disk loading, power loading,
ticular disk loading, and tip speed. Therefore, the fuel weight ratio is a

In some cases the climb or forward flight require- function of there same variables. For selected values of
ment may predominate. In such a case, the power load- power loading and tip speed, the resulting RFav as a
ing required for the predominating flight condition will function of W,, will be as shown in Fig. 3-108.
replace the relevant portion of the composite hover
power loading curve. 3-4.1.3.1.3 Required Fuel Weight Ratio

The rotor should be most efficient in producing The fuel required to perform a mission at a specified
thrust when operating at design maximum tip speed. range is the sum of the fuel required to climb to cruise
The rotor is constrained to operate at a speed no greater altitude, the cruise fuel required, and any additional
than that for which retreating tip blade stall occurs at fuel required for starting, maneuvering, and descent at
the maximum forward speed. An additional considera- destination. The required fuel weight ratio R,. is ex-
tion that may limit the tip speed is the compressibility pressed by the equation
at the advancing blade tip. The resulting vibration level
or incremental power requirement may effectively limit R = (X
the tip speed. Because tip speed appears in both the Freq
aerodynamic and weight relationships, it may be car-
ried over into the optimization procedure at the cost of (ARFI + ARF2 + ARF3) , d'less (3-157)
increased computational effort.

3-4.1.3.1.2 Available Fuel Weight Ratio where

The R, method of defining feasible helicopter con- difelirese
figurations requires the comparison of available R, dimensionlweg
with required R,. The available fuel weight ratio flimb, rationreqeclimb, dimensionless
RF, is derived from weight relationships. The weight AR& = fuel weight ratio required to
W,, of fuel and fuel tank is given by the equation cruise, dimensionless

AR,, = fuel weight ratio required to
WF = W - W - W -0w ,lb (3-155) start and maneuver,

dimensionless

where
-= gross weight, lb DISK LOADING w, Ib 'ft2 w

= payload, lb
W, = crew weight, lb 2
S= ratio of empty weight to gross W

weight, dimensionless •
Upon dividing by gross weight, ._

-J

R', = x w3 > >W

WS ,d'less (3-156) GROSS WEIGHT W., Ib

Fig. 3-108. Available Fuel Weight Ratio
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The factor K, accounts for a fuel raserve expressed
as a fraction of initial fuel load. If starting and
maiieuvering are assumed to occzr at normal rated 0 D;SK L:OADING w, Ib/ft2power NRP, the fuel requirement per pound of gross ? W

"weight is given by

tIPF CNRP]-_
AR3 s ] dimensionless (3-158) W

where 3: W 2>CI W2

At = the time required for starting D
and maneuvers, hr

SFCNxp = the specific fuel consumption at GROSS WEIGHT Wg, Ibl
'all power, lb/hp-hr

The term ARn is given by Eq. 3-154, where it is desig- Fig. 3-109. Reqlal1!d F8e0 Welght Ratio
nated R• 1 . If a return trip is specified in the mission

• ' reouirement, the values of AR& and AR& must be
doubled. The value of A Rn is given for a simple con-

* stant altitude cruise mission of range Rg (n mi) by DISK LOADING w, Il, ft2

LOCUS OF MINIMUM
dRF WEIGHT CONFIGURATIONS

wh er 2  P' , dimensionless (3-159) w

where the value of dRr/dRg i i computed as shown in ,W 3  W2 7W
Fig. 3-107. For more complicated mission profiles and ; W3 >W2

JLL. Wrelated analyses refer to pars. 3-4.2.3 through 3-4.2.7. "1 t
The value of dR FdRg, and hence of the required fuel

weight ratio P, , is a function of gross weight, power E LERGI
loading, tip speed, and f//W. The selection of values wI FOR R
of power loading and tip speed is discussed in par. FORw_=_w_
3-4.1.3.1.1. Th• j•,-i•eter JTIW, may be carried as a GROSS WEIGHT W. #b
variable, or a value ,n'.y be assigned based upon wind
tunnel tests or upon a statistically based estimation
procedure. When specific values of all other parameters Fig. 3-110. Comfiguratlo Selmdtlo
have been assigned, a plot of required fuel weight ratio
for several values of disk loading can be obtained. Such
a plot is shown in Fig. 3-109. RF and R,-,r curves for each disk loading defines the

minimum gross weight contiguration for that disk loat'.
ing. The locus of minimum weight configurations also

The required fuel weight ratic of Fig. 3-109 and the is shown. If the objective for optimization is minimum
available ý'uel weight ratio of Fig. 3-108 are shown plot- gro"s weight, the optimum configuration (gross weight
ted together in Fig. 3-110. The condition for a feasible atid disk leading) can be read directly from Fig. 3-110.
configuration is 'lhe basic RF method can be extended by including

in the analysis additional parameters such as tip speed
RF > R1 ,dimensionless (3-160) 11 R or .tr/ Wr Thf, resulting graph then would consist

of a number of sets of RA curves, each set generating a
•ocus of minimum gross weight configurationh. The
choice of an optimum design is dependent upon the

The shaded region on*i Fig. 3-110 is the feasible region optimization criterion sdected. Optimization is dis-
for di-sk loading w,. The point of L..erseciion of the cussed in more detail in paragraphs that follow.
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3-4.1.3.2.3 Cost Effectiveness

A preferred optimization criterion is maximum cost
effectiveness (effectiveness per unit cost) for some ap-

. FOR MINIMUM WEIGHT propriate measure of effectiveness. As an illustration of
CONFIGURATIONS this method, radius of action will be used as the ineas-

ure of effectiveness. The curves of Fig. 3-109 are validcc only for a given radius of action. Hence, the feasible loci
of minimum weight configurations in Figs. 3-110 and
3-112 also are valid only for that single radius of actioia.
Loci of minimum weight configurations for several

__radii of action Rg,, Rg2, Rg3, (dashed lines) are shown
GROSS WEIGHT Wq. Ib in Fig. 3.113 superimposed upon constant cost lines.

Also shown are lines of constant radius of action per
Fig. 3-111. Main Rotor Radius unit cost (solid lines). These cost-effectiveness lines sur-

round a "peak" because the value of cost-effectiveness
is increasing on the concave sides of the curves. The

3-4.1.3.2 Optimization maximum cost-effectiveness configuration is found at
• 3.4.1.3.2,1 Minimum Weight and Minimum the top of the peak.

. The cost-effectiveness method also can be used withSize Configurations a number of other effectiveness measures such as en-

The relative sizes of the minimum gross weight con- durance or payload.
figurations from Fig. 3-110 can be seen in Fig. 3-111.
This figure is a plot of main rotor radius as a function
of gross weight for the minimum weight configurations 3-4.2 MISSION PERFORMANCE
shown in Fig. 3-110, used to determine the effects of

sizeor eigh liitatonsor equiemets tat iso This paragraph presents the methods used to calcu-Ssize or weight limitations or requirements that also late helicopter mission performance capabilities for amight be applicable to the desig,. The rotor blade specific configuration. A typical helicopter mission
radius R is given by the equation profile is depicted in Fig. 3-114. Noted on the profile

are the mission elements that are analyzed when deter-
mining the mission performance capability of a config-

R = ,ft (3-161) uration. To calculate the performance, it first is neces-
sary to determine the aircraft maximum gross weight
at takeoff. The takeoff capability is dependent upon

Fig. 3-111 in conjunction with Eq. 3-161 shows that the
disk loading w for a minimum weight configuration
increases much more rapidly than does the gross LOCUS OF MINIMUM
weight and hence the rotor radius decreases. Therefore, : WEIGHT DESIGNS
the minimum size configuration for a given mission
profile generally is ýhf heaviest allowable configura- ¶

tion.

3-4.1.3.2.2 Minimum Cost Configurations "-

A replot of the feasible locus of minimum weight - MINIMUM COST
configurations (from Fig. 3-110) is shown in Fig. 3-112, c.i /' CONFIGURATION
superimposed upon constant cost lines. The constant CONSTANT COST /J
cost lines in this figure represent trends only and should// CURVES/ t
not be considered precise in shape o- value. The mini- / ' /
mum cost configuration is the. ;.onfiguration defined by DISK LOADING w, Ib t t2
the point of tangency betwfea the lowest cost curvt and
the locus of minin.,;m weight configurations. ]Fg. 3X112. Minimum Cost Configurations
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ambient conditions and the takeoff criteria. For hell- CONSTANT ALTITUDE CRUISE
copters, the takeoff criteria usually are based upon ei- AT eFST RANGE SPEED

ther hover out-of-ground-effect or hover in-ground- TO
effect capability. Once the maximum takeoff gross C A •.,TIJDE OESCEND TO

weight capability has been determined and the elements LANDING SITE

of the mission specified, the mission fuel requirements HOVER

can be calculated. Fuel allowances are calculated for ,.ITH PAYLOAD HOVER AND

engine and rotor startup and pretakeoff checks (usually A/LFASE PAYLOAD

termed "warmup"), hover, climb to cruise altitude, a
cruise over the specified range or for the specified en- P.AFWUP AT NORMAL POV.ER LAND WITH 10 FUEL RSERVE

durance, and hover time at landing. From a given max-
imum takeoff gross weight, which includes the fuel
requirements, and with the weight of the aircraft, asso- TAKEO;F SITE LANDING SITE

ciated equipment, and crew defined, the payload capa- RANGE

bility for the mission can be determined.i Fig. 3.114. Typical Mlisson Profile

3-4.2.1 Hover Ceiling

3-4.2.1.1 General
e chovering OGE, and when hovering close to the ground,Hover ceiling is defined as the maximum altitude at which is termed hovering IGE. The upper portion ofwhich a given helicopter can remain aloft stationary the chart shows OGE performance capabilities over a

wonithonrespelct opthegonner zaailtesro windfelcityd range of pressure altitudes and ambient temperature
* conditions. Helicopter capabilities are affcted conditions. By entering the chart at specified altitude
markedly by ambient temperature and proximity to the and temperature conditions, the OGE gross weight ca-
ground. pability can be read at the corresponding point on the

Fig. 3- 1 ! 5 represents a typical format used to show gross weight scale. By following a path to the appropri-
helicopter hover ceiling capability when hovering at a ate wheel height parallel to the guidelines shown on the
wheel (skid) height greater than approximately two bottom of the chart, the IGE hover gross weight capa-
rotor diameters above the ground, which is termed bility can be determined. This format generally is used

when presenting hover capabilities in the pilot's operat.
MAXIMUM COST-EFFECTIVENESS ing manual, and in technical documents such as deiailMA MOS-FEUTIVENE specifications and proposals.

CONFIGURATION
R /The reduction in gross weight capability that is dis-

RADI played on the hover chart at high altitude and high
temperature is characteristic of turbine-powered heli-

E3 copters. The decreased capability is a result principally
of the engine-power-available characteristics. Power re-

SR 92/ quired for constant gross weight is relatively insensitive
-,F R81 Ito altitude and temperature variations.

Hover ceiling capabilities generally are shown for a
gross weight range extending from the minimum oper-

S%, % .ating weight to the maximum gross weight rpproved
for the aircraft and for a range of altitudes extending
from sea level to the maximum operating altitude.
Transmission torquz limitations on power available,
and altitude limitations on specific components, may
restrict the performance capabilities of the aircraft. On
flight handbook and detail specification charts, ambi-
ent temperatures for the approved or design operating

DISK LOADING w, Ib 'Q2 range generally are shown. For specific technical inves-
tigations or system analvsis sties, the temperature

Fig. 3-113. Cost-effectiveness Optimization and altitude ranges generally are narrower and may be
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limited to the temperature or altitude of interest. ties and controllability characteristics when operating
The variation in gross weight capability as a ffunction near the ground (2-ft skid height).

of wheel or skid height shows that the proximity of the
ground influences, by its effect upon the downwash 3-4.2.1.2 Method of Analysis
field, the performance of a rotor. As the helicopter The analysis method flow diagram in Fig. 3.116 de-
approaches the ground in hover, the blade pitch re- picts the steps used when calculating hover ceiling ca-
quired to produce a given thrust is reduced, with a pability. Chart A of Fig. 3-116 depicts the installed V

resultant decrease in induced power required. When shaft horsepower characteristics as a function of amibi-
this condition exists, the helicopter is hovering IGE. As ent temperature for various altitude conditions. In-
the height above the ground is increased, the benefit of st~a1led shaft horsepower is developed from the basic
ground effect decreases, resulting in an increase in in- uninstalled engine power available charactersitics with
duced power. A point finally is reached at which the adjustments that account for losses from elements of
height above the ground can be increased further with the airfrme inlet an(' A'haust system; e.g.. inlet geome-
no resultant increase in hover power required. At this try and screens, particle separators, and infrared sup-
point, the aircraft is hovering OGE. The significant pressors. The adjustments also include an allowan!e 'For
parameter determining the benefit derived from ground bleed air extracted from the compressor stages for anti-
effect is the ratio of rotor height -Above the ground to ice protection of engine inlets when operating in cold
rotor diameter ZIR. Based upon measured helicopter ambient conditions or for cabin and cockpit air-condi-
characteristics, there is little evidence of ground effect tioning systems when operating in hot ambient condi-

I above ZIR = 2.0. tons. The engine power rating used for calculating boy-
Whnstudying specific configurations, the distance ering capability is selected based upon the duration of

between the rotor hub and the wheel or skid is ac- hover specified for the mission. Maximum power isI
counted for and performance usually is shown as a used when the hover portion of the mission is less than
function of wheel or skid height. The minimum recoin- 5 or 10 min in duration. Intermiediate power is used for
mended wheel height is determined from flying quali- hover of up to 30 min and maximum continuous power

10.000 ALTITUDE LIMIT

.~2.000 '

t ,;

4 TRANSMISSION
4 4000 - -- ~TORQUE LIMIT

I I DESIGN GROSSI

100I

0 1

0 10,000 20,1)00 30,000 40,000

GROSS WEIGHT W0. l1)

Fig. 3-115. Hover Ceiling
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I'.) is used for mission% requiring hover periods in excess externally. Because the externally suspended cargo 11111

S...• of 30 rain. Chart H of Fig. 3-1 16 depicts the aircraft poses a drag penalty upon the coilfiguration, speed ca-
•"power required characteristics for hover OGE as a pability and range capability are reduced. Fig. 3-118

function of the weight coefficient Cip, defined as depicts typical characteristics for internal and external
WIpA(M'R)J. The power required may be determined payload range capabilities of a helicopter.
theoretically or by testing of models or full-scale con- Asfrayicatopainataosattaef
figurations, When the power required is derived Asfrayicatopainataosattkef
theoretically, it is developed for the basic rotor (see Fig. goswihwe uli de oices h ag
3-117) and adjustments are made to account for verti- capability, a commensurate reduction in payload is

cal drag on the fuselage due to rotor downwash; tail necessary. When the internal fuel capacity is reached,X,
•rotor losses (for single-rotor helicopters) or rotor inter- large rt-ductions in payload p~ro.duce relatively ,;V.i.ll

ference losses (,for an overlapped tandem-rotor helicop- increases in range. capability. The range capability canI
ter); transmission system losses; accessory power re. be extended significantly, however, by adlding inter-
quired for pumps, blowers, and electrical generators; nally or externally mounted auxiliary fuel tanks, as
and additional power must be added when the helicop- shown by the dashed line on Fig. 3-118. Limitations
ter is to be operated at critical combinations of thrust upon the payload capability can result from space re-j
and high tip Mach numbers where significant corn- strictions or from floor loading limitations for internal
pressibility losses are incurred. These adjustments be- cag , nd f o th dei nl m ai ns f t e c r o
tween basic isolated rotor performance and actual air- hokntecaefetralods
craft performance are illustrated clearly in Fig. 3-1 17. Payload capability for a helicopter is defined as the

To calculate hover ceiling capability, enter Chart A
S~~of Fig. 3-116 at the ambient conditions desired. The taefgrswihtlstesu ofhemsonul
.•example is shown for ambient conditions of 5000 ft required, the fixed useful load, and the aircraft empty'

presurealtiudeand teperaureof 9"F.At tose weight. Aircraft empty weight and fixed useful load are
• • ~~~~ambient conditions, the installed shaft horsepower can inentcacersisoayspiicofguto. :

•/ be determined and the nondimensional power coeffi. Takeoff gross weight is dependent upon the takeoff
Scient, Cp,!ian be calculated. Using the ambient temper- criteria specified. Required mission fuel is dependent

S •ature, the Mach number of the blade tip M, can be upon the mission profile specified and normally in-
calculated by dividing the tip speed fIR by the speed of eludes a 5% increase over that which is calculated by
sound a at that temperature.,hrtBi then entered at using the engine manufacturer's specification. These

the power coefficient and Mach number to determine items are discussed in more detail in the paragraphs :
the weight coefficient ou:t-of-ground-effect C-101 ., that follow. .,
which is converted to gross weight capability and plot- •
ted on the hover ceiling chart (Chart D) for the selected 3-4.2.2.2 Definition of Weights
ambient temperature. Similarly, Chart C is used to
determine the gross weight capability when hovering The takeoff and landing gross weights of the helicop-

IGE at the example wheel height of 30 ft, and is the traecmrsdo h lmnslstdmpr 026

basis for the IGE hover ceiling chart (Chart E). 34222I TkofGosWih

3-4.2.2 Payload Examples of takeoff criteria normally used to define

3-4..2. Genralmission takeoff gross weight are hover OGE, hover
3-•..2. GenralIGE at a specified %~he. height, %vertical takeoff at a

Helicopter mission performance criteria generally specified vertical rate of climb, and structural himita-
require transportation of a specified payload over a (ions. For gross weights in excess of those that allow !
specified distance. The payload may be in the form of hover IGE capability, a rolling takeoff may be speci-
troops, troop supplies and ammu,,ition, weapons. or fied. In some cases, the takeoff gross weight may be •

vehicles. Many of these items can be loaded efficiently established by the en route cruise capability with one
into the cabir, of the helicopter. In many instances, engine inoperative or by perforniance requirement.%
however, the dimensions of'th,; load exceed those of the specified for the helicopter at a given landing site. The
cabin. Because of the ability of the helicopter to hover structural !imitation on takeoff gross weight may be
over a fixed point, these loads may he suspended and any one of the design limitations, such as basic strue-

Stransported externally to the cabin. In some cases it rural design gross weight or alternate design gross
',simply is more efficient to acquire and deposit the cargo weight. depending upo~n the mission.
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CHART A
ENGINE PERFORMANCE

8EA LEVEL

INSTALLED S.0oo ft
SHAFT ?3.O0J0 t

HORSEPOWER*- -*
SHP

OAT, F 95

CHART B CHART C
HOVER PER1FORMANCE OGE HOVER PERFORMANCE IGE

WEIGHT -- WHEEL
COEFFICIENT HEIGHt3

C .

dimensionlessL
POWER COEFFICIENT Cp, POWER COEFFICIENT C,

dimensionless dimensionless

=p tHP[,A(2RY] 1x 5501

CHARTD

HOVER CEILING

5,000 _ . FIXED OAT
ALTITUDE,

ft

GROSS WEIGHT OGE Wg: lb
WqG,0  2C CHART E

~,A(Q R)2
LINES OF CONSTANT ALTITUDE

WHEEL
HEIGHT 3

GROSS WEIGHT IGE VWg, lb

Fla. 3-116. Hower Ceiling CalcWulioU Procedure
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I

th BASIC ROTOR POWER .FUSELAGE DOLVNLOAD
STHEORYi _ R`O`•ITOR LOSSES'

E TRANSMISSION LOSSES
! ACCESSOY OSE

COMPRESSIBILITY LOSSES

- A

* B

ACTUAL AIRCRAFT
_ PERFORMANCE IN

HOVER

*, TAIL ROTOR LOSSES ON SINGLE ROTOR HELICOPTERai ROTOR-ROTOR INTERFERENCE LOSSES ON OVER LAPPED
j TANDEM ROTOR HELICOPTER

POWER COEFFICIENT C, SHP k, dimemsionless
pA(IRI3

Fig. 3-117. Aircraft Hover Power Development

3-4.2.2.2.2 Empty Weight whether or not the stripping can be accomplished in the

"The items that make up the empty weight of a field,
helicopter are given in par. 10-2.6. They comprise a
completely assembled, ready-to-fly helicopter, and in- 342.22.3 Basic Weiht
clude the fluids required for operation of various sys- The basic weight comprises the empty weight, all
tems, e.g., transmission oil and hydraulic fluid. Not fixed operating equipment, mission armament, auxil-
,included in empty weight are the trped fluids for iary fuel tanks, ballast, and trapped and unusable fuel
engine lubrication or the trapped or unusable fuel in thefulsse.Seil.tm'ob osdee spno h and oil. The basic weight of a given aircraft will vary
fuel system. Special items to be considered as part of theop
empty weight of a given helicopter will be incorporated with equipment. The chas in whe n
in the applicable model specification. For special mis. crating equipment. The term "basic weight", when
sions requiring maximum useful load, it may be desira- qualified with a word indicating the type of mission
ble to reduce the empty weight by stripping, i.e., remov- involved--basic weight for combat, basic weight for
ing nonessential items. The extent of the stripping is ferry-may be used in conjunction with directives
dependent upon the objective of the mission and upon specifying equipment for those missions.

In preliminary design, the weight of internal auxil-

OHOOK LIMITATION l fuel tanks (bladder) is estimated based upon 0.3
LTERNAL CARGO KIMITATION lb/gal of auxiliary fuel, while external auxiliary tank

weight is estimated based upon 0.5 lb/gal oi auxiliary
SA INTERNAL CARGO fuel.

0 MISSION

C1D AUBILIARY 3-4.2.2.2.4 Fixed Useful Load/ A' TANKS
EXTERNJAL CARGO

M>INFixed useful load is comprised of items such as oil,MISSIONT crew, crewmen's baggage, and emergency and other
FULLINTEGRAL. specified auxiliary equipment.
FUEL CAPACITY

RANGE, n mi 34.2.2.2.5 Operating Weight

Operating weight is the sum of the empty weight and
Fig. 3.118. Payload-range Cqahility the fixed useful load.
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3-4.2.2.2.6 Useful Load Fl

Useful load includes all items from the fixed useful Fuel Required lb (3-162)

load list plus fuel, cargo, ammunition, bombs, drop
loads, passengers, and external auxiliary fuel tanks (if
they are to be disposed of during flight).

where

34.2.3 Mission Profile Wf = fuel flow, lb/hr
8= ambient pressure ratio,

3-4.2.3.1 Mission Profile Definition Pb,,p,,Pd,t, dimensionless

Fuel calculations for determining the payload-range 0 = ambient temperature ratio,

capabilities of helicopters are dependent upon the mis- T,,bT,,d,, dimensionless

sion profile specified. Innumerable variations in mis- At = time increment, hr

sion profile can be developed by rearrangement of a few 8V,/D = generalizing coefficient,
basic elements. The typical mission profile is depicted dimensionless
schematically in Fig. 3-114. 3-4.2.3.2.2 Hover at Takeoff

The engine fuel consumption rate shall be increased
5% over that quoted by the engine manufacturer to In many cases, the hover time at takeoff is negligible
compensate for variations among service aircraft and and is not included in the mission profile, particularly
operating techniques. The fuel grade is generall) that when payloads are carried internally. However, the
which is considered standard for the engine(s) installed, hover time required for external load acquisition can be
and the fuel weight is based upon the associated fuel significant, and in this case the fuel requirements must
density. Typical helicopter turbine engine fuels include be considered in determining the total mission fuel. By
JP-4 grade at 6.5 lb/gal and JP-5 grade at 6.8 lb/gal. using the hover performance and engine fuel flot char-
Deviations from these expressed normal conditions are acteristics shown in Fig. 3-120, fuel required for hover
cited in MIL-M-7700 and MIL-C-501 1. is obtained as follows:

I. For the specified ambient condition (OGE) and
3-4.2.3.2 Mission Profile Elements the takeoff gross weight, calculate the dimensionless

""o!e to:owing paragraphs detail considerations af- weight coefficient Co. = W,/(pAW 2 R 2).

fecting Y ,ght and fuel consumption for each phase of 2. Enter Chart A of Fig. 3-120 and read the dimen-
the typical mission profile depicted in Fig. 3-114. To sionless power coefficient Cp required to hover at take-
simplify data presentation the concept of referred or off.
generalized values is introduced at this time by use of 3. Convert Cp to generalized engine power re-
generalizing coefficients 8 and 0, where 8 is the ambi- quired SHP/(6v'•) and enter Chart B to determine the
ent pressure ratio P/P,,d,,, and 0 the ambient tempera- generalized engine fuel flow Wl/(•V•).
Sture ratio T/ . 4. Calculate the fuel burned during hover at take-

3-4.2.3.2.1 Warmup off by using Eq. 3-162 with the appropriate hover
time.

Engine start and aircraft checkout commonly are
termed "warmup". A normal fuel allowance for
warmup is 5 min at normal power and is calculated by
use of a chart similar to Fig. 3-119 prepared from the ENGINE SPECIFICATION

manufacturer's performance data for the engine in- -5',INCREASE

stalled. The method is as follows:
1. For the specified ambient condition, calculate =

the generalized shaft horse power SJP/(6v'0) using -ý -

maximum continuous power. ENGINE SPECIFICATION

2. Enter the chart for the calculated value of
SHP/(8v'D) and obtain generalized fuel flow GENERALIZED

Wf/(6V") using the 5% increase curve. SHAFT HORSEPOWER SHP hp', ,I.

3. Calculate the fuel required for warmup using
the following equation and the appropriate warmup Fig. 3-119. Engine Fuel Flow Characteristics
time At in hours: (Typical)
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3-4.2.3.2.3 Climb to Cruise Altitude

) Time, distance, and fuel required to climb to cruise ALTITUDE/
altitude are accounted for whui determining absolute
operational capabilities of a helicopter, but usually are
ignored when simple, comparative analyses are con-
ducted. Often, when climb fuel allowance is accounted
for, no distance credit is taken. Fig. 3-121 is a typical
chart showing time, distance, and fuel required to
climb. The development of this chart is presented in
par. 34.2.6.4.

3.4.2.3.2.4 Cruise at Constant Altitude ALTIT DE
Cruise generally is conducted at best range speed but

conditions may require maximum speed as limited by u-

the normal power of the engines. In some cases, maxi-
mum speed may be limited by the structural capabili-
ties of the helicopter or, for external load missions, the
speed may be limited by the aerodynamic instability of
the external load. This is depicted in the helicopter
speed capability chart of Fig. 3-122.

After establishing the aircraft takeoff gross weight,
the mission profile (see Fig. 3-114), the desired range, ALTITUDE
and the range-fuel data presented in Figs. 3-123 and
3-124, the fuel for cruise can be determined. A detailed
description of the development of Figs. 3-123 and 3-124 -j

is presented in par. 3-4.2.4. The specific range repre-
"sents the nautical miles traveled per pound of fuel

CHART A
HOVER PERFORMANCE GROSS WEIGHT W. Ib

I--ii .S

F•ig. 3-121. Time, Distaace, ad Fuel To Climb from
S&Sea Level

-=

POWER COEFFICIENT Cp,
dimensionless

TAKEOFF BEST RANGE SPEED
CHART B GROS,' 'NIEIGHT%.

ENGINE FUEL FLOW CHARACTERISTICS " I STRUCTURAL
"ENGINE SPEC. LIMIT SPEED
- 5o INCREASE. I--

,-- EXTERNAL NORMAL
ECARGO SPEED -' A-POWER"" HOREPOE SPEC.Sa, • = SPEED

GENERALIZED SHAFT HORSEPOWER
AIRSPEED V, ktSH P/(131). hp

Fig. 3-120. Hover Fuel Calculation Fig. 3-122. Helicopter Speed Capability
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BEST RANGE SPEED 3. From the initial cruise gross weight subtract
NORMAL POWER SPEED one-half of the fuel requirement obtained in the steps

!t. "just discussed to obtain an approximate average cruise

\A-ENVELOPE gross weight.
N SPE4. Re-enter Fig. 3-123 at the average cruise gross

>S weight and read a new specific range.
* t5. Recalculate the fuel required as in step 2 and

S W T , Idetermine a new average cruise gross weight.GROSS WEIGHT W9 INIT IAL CRUISE

Wq Ilb qAVERAGE CKASE The iteration process is required because the average
gross weight over the cruise portion of the mission is

Fig. 3-123. Specific Range Performance less than the initial cruise gross weight by one-half of
the fuel burned. Because the specific range perform-
ance increases as gross weight decreases, a fuel require-
ment based upon the initial gross weight will be greater
than necessary.

Rg6- Rgmtss= Rg1  Normally, only one or two iterations are required to
Rg - . -?J converge average mission gross weights to a point

where th,. fuel requirement change is insignificant. In
"a few cases, however, a third iteration may be necessary

g I" [before this condition is reached. An alternative, more
- direct method for determining cruise fuel is to use a

2:" range index curve (see Fig. 3-124). This curve also is
S , • 5 entered at the initial cruise gross weight, but a range

QC IU R& is read. From R& the desired mission range
- Rg,, is subtracted yielding Rg. Reenter the range

cindex at Rg1 and obtain the end cruise gross
GROSS WEIGHT Wg, Ib weight. The difference between initial cruise and end

cruise gross weights is the cruise fuel required.
Fig. 3-124. Range Index Curve 3-4.2.3.2.5 Descent to Landing Site

The fuel used during the descent from cruise altitude
usually is considered negligible and no distance credit

burned. The weight of fuel burned in a mission of range usuallo nsd e
Rg (n mi) in time t (hr) is fw (lb). Thus, the specific
range Rg/fw can also be expressed as (Rg/t)/(fw/) or 3-4.2.3.2.6 Hover at Landing Site
V/w(n mi/lb) where Vis the true airspeed in kt and As with hover at takeoff, hover time at landing usu-
Wf the fuel flow in lb/hr. In order to use the range-fuel ally is negligible for internal load missions. With exter-

data of Figs. 3-123 and 3-124, the initial cruise gross nal cargo, the hover time is significant due to the time
weight must be determined. For the particular mission involved in depositing the cargo. The method of obtain-
profile being discussed; the helicopter must warm up,
hover, and climb before initiating the cruise portion of ing the fuel requirement is identical to that describedhove, ad cimbbefre nitatig te cuis potio of for hover at takeoff with :he exception that the gross
the mission. Therefore, the fuel burned during hover, weight at the end of the cruise is used to establish the
warmup, and climb is subtracted from the takeoff gross wer req ed.

power required.
weight to obtain the initial cruise gross weight. By
using the specific range performance of Fig. 3-123, *-he 3-4.2.3.2.7 Reserve Allowance

S cruising fuel required is determined as follows: Reserve fuel allowance often is specified as 10% of
1. Enter Fig. 3-123 at initial cruise gross weight the total initial fuel at engine start. For very short

and read the associated specific range. missions this results in a very small reserve allowance;
* 2. Calculate the approximate cruise fuel required therefore, 20- or 30-min cruise at best endurance speed

for the mission by dividing the desired range by the or best range speed is used instead. Employing the
* specific range; i.e., Fuel (lb) = Range (n mi)/Specific elements of the mission profile of Fig. 3-114, the total
* Rangc (n mi/lb). fuel, less reserve, required for the mission is the sum of
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the fuel required for warmup, hover at takeoff, climb W, I cruising at altitude provides the best payload-
to altitude, cruise, and hover at landing. For a 10% fuel range capability. This trend reversal is a result of the
reserve, the total fuel and reserve fuel are expressed by nature of the range-fuel performance shown by the
the following equations: specific range performance curve in Fig. 3-128.

Total Fuel = (Total Fuel Less Reserve)/0.9 }The development of specific range performance isexplained in detail in par. 3-4.2.4 and is used here only
and (3.163) to clarify the effect of altitude upon payload-range ca-

pability. At a high takeoff gross weight W,,,the specific
Reserve Fuel = 0.11 (Total Fuel Less Reserve) range is much better at sea level than at 3000 ft; i.e.,

for a fixed range, the fuel burned will be less and the
A typical summary payload-range calculation chart is payload will be greater for the sea level cruise or, if the
presented in Fig. 3-125, and includes a step-by-step fuel is held constant, the range for sea level cruise will
procedure for calculation of the fuel required for each be greater. For a low takeoff gross weight, the specific
of t - mission elements and the associated payload for range parameter shows the reverse effect; i.e., cruising
a given range, using the specific range performance at altitude provides better specific range capability than
method. This chart consists of the flight condition, the cruising at sea level.
step number to indicate the correct order for calcula- For short-range missions, the time and fuel required
tion. the item being determined, and the appropriate to climb to the best cruising altitude usually negate the
unit of each item. The column to the right is to be filled benefit of the better cruise performance attained. How-
in with the values associated with the specified pay. ever, for ferry missions over long distances, best-range
load-range mission. When used in conjunction with the capability is obtained by climbing to maintain the op-
previously discussed mission elements, the chart pro- timum cruise altitude as fuel is burned off, as indicatedvider. an orderly and accurate approach for obtaining by the dashed curve of Fig. 3-128.

helicopter payload-range capabilities. 3-4.2.4 Rang.
3-4.2.3.3 External Load Mission

Range capability of a helicopter is a product of the
When the payload is to be carried in the form of fuel consumption rate of the configuration at the speci-

external cargo, the payload-range capability of the heli- fled cruise speed. The cruise speed specified is depend-
copter may be reduced significantly (see Fig. 3-116). ent upon the objectives of the mission. The paragraphs
The reason for this reduction is the increased drag that follow describe how range capability varies as a
produced by the load. For a fixed airspeed Vthe addi- function of speed, cruise altitude, gioss weight, and
tional power ASHPrequired is proportional directly to wind strength and direction.
the increased drag AD. This increase in power required
results in a higher engine fuel flow rate; therefore, the 3-4.2.4.1 Specific Range Parameter
specific range V/Wfis lower for external load missions Computation
than for internal load missions. In addition, the safe In order to compute the specific range parameter,
airspeed for transport of an external load may be lower which is a measure of the range capability of the config-
than the speed for best range, causing a further reduc- uration, the following basic information must be availa-
tion in specific range (Fig. 3-126). hie:

For fixed conditions of mission profile, takeoff gross 1. Engine fuel-flow characteristics as. illustrated in
weight Wg, empty weight W, and range Rg, the fuel Chart A, Fig. 3-129
required to perform the mission with an external load 2. Power-required characteristics as illustrated in
will be greater than that required with an internal load. Charts B, and B,, Fig. 3-129.
As a result, the payload will be smaller. This fact is
illustrated by Points A and B on Fig. 3-118. Chart A of Fig. 3-129 is typical of turboshaft engine

fuel-flow characteristics. Over a substantial portion of3-4.2.3.4 Effect of Altitude on Payload-range the useful range of .he curve, the fuel-flow characteris-
Capability tics may be approximated by the linear equation

The typical effect of increasing cruise altitude on W,/(WV") = a + $1-SHP/(86 "), where a and.3 are
payload-range capability is depicted in Fig. 3-127. At constants representing the y-axis intercept and slope,
a high takeoff gross weight Wm, the payload-range ca- respectively, of the relationship between generalized
pability is better for cruising at sea level than for cruis- fuel flow rate W(/b380) and generalized shaft horse-
ing at altitude. But for a low takeoff gross weight power SHP/(WV/) This is a convenient form for
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the computation that follows. (The actual engine hovering tip Mach number M0 method; Chart B2 is the
characteristics are obtained from the manufacturer's generalized shaft horsepower SHP/(8 VI), generalized
detail specification.) gross weight W/,8 , generalized true airspeed V/141 ,

Charts B, and B2 of Fig. 3-129 represent two com- and generalized rotor speed N/I/V method. The
moo methods of presenting helicopter performance equivalence of these two methods can be shown as
data. Chart B, is the dimensionless Cp, C., 1L, and follows: the thrust coefficient Cris defined by Eq. 3-11.

MISSION FUEL REQUIREMENTS

STEP ITEM UNITS PAYLOAD-RANGE
CONDITION NO. MISSION

I TAKEOFF GROSS WEIGHT (TOGW) Ib
PRE-TAKEOFF 2 WARMUP FUEL Ib

3 HOVER FUEL AT TOGW Ib

4 INITIAL CLIMB GW Ib

CLIMB 5 RATE OF CLIMB fpm
TO 6 TIME TO CLIMB TO ALTITUDE minCTO 7 SPEED FOR BEST CLIMB kt

CRUISE 8 DISTANCE COVERED IN CLIMB n mi
_9 FUEL USED IN CLIMB Ib

10 INITIAL CRUISE GW Ib
11 INITIAL SPECIFIC RANGE n mi Ib

CRUISE 12 CRUISE DISTANCE-RANGE n mi

OUTBOUND 13 APPROXIMATE CRUISE FUEL Ib
14 AVERAGE CRUISE GROSS WEIGHT Ib
15 AVERAGE SPECIFIC RANGE n mi Ib
16 ACTUAL CRUISE FUEL lb
17 INITIAL DESCENT GW lb
18 RATE OF DESCENT fpm

DESCENT 19 TIME TO DESCEND TO ALTITUDE min
20 FUEL USED FOR DESCENT lb

OPERATION AT 21 LANDING GW Ib
LANDING SITE 22 HOVER FUEL AT LANDING GW ib

PAYLOAD DE1 ERMINATION

DETERMINE A WEIGHT EMPTY Ib
DTERATINE W FIXED USEFUL LOAD IbOPERATINGWT C OPERATING WT Ib

D WARMUP FUEL Ib
HOVER FUEL Ib

DETERMINE F CLIMB FUEL lb
G CRUISE FUEL lb

MISSIO& FUEL H DESCENT FUEL lb

R I HOVER FUEL Ib
RESERVE FUEL j MISSION FUEL LESS RESERVE Ib

K RESERVE FUEL Ib
L TOTAL MISSION FUEL lb

PAYLOAD=TAKEOFF GROSS WEIGHT - OPERATING WEIGHT - TOTAL MISSION FUEL

Fig. 3-125. Payload-range Calculation Chart
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By using the standard definition of o = P/Po, the

following equation is obtained:

LDLU NTERNAL CA)G
XTERAL CTC= , dimensionless (3-164)

= c °p°A(2R)2

CLU Also, o, = 8/0, and tip speed fIR can be expressed as
a function of rotor speed N(rpm) by (wR/30)N. Thus,

GROSS WEIGHT Wg, Ib Wl/
= g-

Fig. 3-426. Specific Range Perfornmance T oA (iR) 2 1^2

- CRUISE AT ALTITUDE _ 900 gd (3

- CRUISE AT SEA LEVEL - g, dless (3-165)

WEIGHT °
Wg EMPTY We CONSTANT

2 MISSION Because the grouped terms are constant for a specific

% PROFILE = CONSTANT configuration, it can be concluded that generalized data

'%'t.g%2 •presented 
at constant W,/8 and constant N/lv is

%_ equivalent to presenting data at constant Cr as in the
>> dimensionless method.

In a similar manner it can be shown that the dimen-
-J Wg 1  sionless power coefficient Cp is equivalent to

% 550(30)3 P/(6 0)
IT3 • 3 L N/ /-O)3 J ,d'less (3-166)

CP=p0 A 3R3  J(N
RANGE. n mi

Again the grouped terms are constant for a specific

Fig. 3-127. Payload-range Capability configuration, and data presented in the generalized

method are equivalent to those in the dimensionless

method.
The final comparison of the two methods is made

OPTIMUM ALTITUDE with respect to forward speed and advancing tip Machnumber M,/,. The advance ratio j. is defined as the ratio

-of forward speed Vto rotor tip speed fiR and therefore
SW = 15.000 ft can be expressed as

C• •-<11 10,ooo ft

(V W• ~ - LEVL--R I[" SEA -dimensionless (3-167)
I/V'/'° ) ---- (V WISN - -- '----- LEVE -irR lkA/Tro]

(/;) 000-

.___1___--Thus, data generalized in terms of V/ ,• andW- , V<, N/v'-can be related directly to advance ratio for a

.;ROSS, WE1GHT specific configuration. 'The advancing tip Mach numi-
ber Mi is given by:

.3-1221. Optimum Specific Range I!rformance M I, * o . (9 ± i) , dimensioniess (3-1689
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whereradius ratio (rIR) x and
azimuth angle 4s, dimensionless

roortpere ume

h overtipg MaR)ch nubrsubstitutlqg for M, and using the relationship a

hoversiong,(lRe a~vT where a, is the speed of sound at standard sea

=rotor blade Mach number at level temperature, the following expression is obtained.

CHART A CHART B, CHART 8,

-, 
0 IES~r!E 

GENERALIZED
AC, ~ g PARAMETERS

Z .'1 SHP ARE REFERRED BY:

-v"U -A 1.4P AAiBIENT PRESSURE

\SHP(..ýTh I -~PATIO

~ ~ i M pAMBi EN i

\SHP (
4

i)RAT

CDNTAN A'.ITD

5', EROIND ATR

0 0

LU.

a, ' \SH 
C Nc

3: 
r +'--.-- 4 '

4-J -0rI

SH'AFT HORSEPOWER SHP, hpAISEDVk

SPEC:FIC RANGE V W,. n m, 10.

CHART E BEST

RANGE 99'- BEST,
E RAýNGE

'A AIRSPEED V, ki

Fig- 3-129. Fe-men!' :Required for S~iecific Ri~nge Comptitsthio
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R (+a for a turboshaft engine at zero power) and is dis-
MI.o, 90 =- + cussed in further detail in the next paragraph. Specific

. a (IRrange shall be computed at an airspeed commensurater with the 99% best-specific-range value providing that
ff' N I + 30 V/- (3.169) airspeed does not exceed any airspeed limitations. The

= o 3) I f [ 0 selected airspeed is the higher of the two speeds at
which specific range is equal to 99% of the maximum

Again it is shown that the advancing tip Mach number, available at a specific gross weight. This practice allows
which is experienced at a given value V/VTJ and the helicopter to cruise at speeds 5-7% faster while
NvV, can be expressed in terms of the corresponding sacrificing only 1% in range capability. Thus, a signifi-
tt and M0 in the dimensionless system. cant increase in mission speed is realized with an

The previous discussion shows that the two methods associated reduction in mission time and hence im-
can be used interchangeabl, and will give equal per- proved helicopter productivity. Furthermore, as fuel
formance values for a given combination of flight is used and gross weight decreases, the best-range air-
speed, gross weight, and rotor speed, provided that the speed increases. By starting cruise at the higher speed
rotational tip Mach number M0 is held constant. To the helicopter remains at a better-than-99%-specific-
obtain model or flight test power polars for a sere& of range airspeed without constant changes in control
gross weight conditions to be used at a specified ambi- settings.
ent temperature condition, it is necessary to hold a The total helicopter effective drag D, is derived in the
constant test tip Mach number M0 . following manner. For conventional fixed-wing aircraft

Even though the two methods are shown to be with reciprocating or jet.engine power plants, the total
equivalent, the generalized method is becoming in- power requir.ment can be expressed as drag D times
creasingly popular for two reasons: the aircraft velocity V. in knots, i.e.,

1. The generalized method uses quantities that are
of a familiar magnitude. 1.6914D

2. A significant number of performance compari- SP (3-170)
sons are made at sea level standard conditions where
8 and 0 have values of unity, and thus the performance
figures can be used directly in dimensional form. The and the resulting value of SHPcan be used to determine
dimensionless method requires elaborate cai relations the fuel-flow rate. This definition also would apply to
even for the standard day condition. a helicopter with a reciprocating engine power plant.

Helicopter performnance data are obtained from the However, for a helicopter with turboshaft engine(s) the
following sources: expression must be modified slightly because turbo-

1. Flight test shaft engine fuel-flow characteristics vary slightly from
2. Wind tunnel model test the linear relationships that apply to reciprocating and
3. Theoretically estimated performance. jet engines. Chart C, Fig. 3-129, illustrates a typical

turboshaft engine fuel-flow curve. Except at extremelyBy applying the appropriate factors representing the low powers, the fuel-flow power relationship can be
specified ambient conditions, the dimensioual forms of l
engine characteristics and aircraft performane (ob- approximated by Wf = a(8vl) + fl(SHP). The por-enie hratrstc adarcat efrmne o- tion of the power spectrum for which this approxima- :
tained from either the dimensionless or the generalized tion of the por s et whic thi appr1xima-C and D tion is valid is normally between 30% and 100% ofmethod) F re obtained as illustrated in Chflow shall b normal rated power. Assuming the fuel used prior to
of Fig. 3-129. The engine specific fuel flow shall be the production of useful SZIP is proportional to the
increased by 5% to satisfy Military Specification re- number of engines, the total fuel-flow rate can be ex-
quirements.

By combining the information on Charts C and D pressed as

(Fig. 3-129), the specific rangi V/IW can be determined
as a function of airspeed as illustrated by Chart E. The p,'1  na [ /) +S lb/hr (3-171)
maximum value of specific range occurs at a speed t=i S HP]
designated as best-range speed. This speed corresponds
to the point of maximum lift-to-drag ratio LID,, as
illustrated in Chart D. D, is the helicopter total effec- where
tive drag (including consideration of a finite fuel flow n number of engines
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The term (na/, ) (801 ) represents an effective addi- and on the low-speed sido of the optimum range speed,
tional power when viewed relative to the engine fuel with no sacrifice in range. If the cruise speeds are re-
flow versus power slope (,8), as illustrated in Chart D stricted further, the range performance is reduced sig-
of Fig. 3-129. Extending the effective drag definition, nificantly. Chart E further illustrates the specific range

available when flying within the constraints shown in
na 1.69 VD, VDe Charts C and D.

SP + -(6%1/r') = 550 325 (3-172)
3-4.2.4.3 Range Index Method

From the specified range cruise schedule presented
an effective drag D, is obtained that accounts for the in par. 3-4.2.4.2, the helicopter range performance can
basic fuel consumption of a tLrboshaft engine when be computed as follows. During flight, a decrease in
producing zero power. Chart D graphically illustrates helicopter gross weight A Ws is equal to the amount of
the effect of turboshaft fueJl-l-ow characteristics upon fuel consumed-A fuel = A W.. To determine the
cruise speeds. As a consequence of these characteris- range capability for an initial weight W., and final
tics, maximum available range with turboshaft engines weight W,,
occurs at higher cruise speeds than is the case with
reciprocating engines.

3-4.2.4.2 Variation With Gross Weight R

The method ,resented in the previous paragraph es- JW Wftablishes the specific range parameter as a function of 9o

airspeed only. To determine the optimum helicopter
range capability, it is necessary to determ , e the speed
schedule that is flown as the gross weight decreases due This expression normally is evaluated by numerical
to fuel burnoff. Charts B and C, Fi,. 3-130, illustrate integration to determine range capability. A useful
typical speed schedules. method for solving range problems, which is helpful

At high gross weights, the helicopter speed may be especially if a great number of missions are to be
limited by the structural flight envelope. At intermedi- analyzed, is the range index curve. Fig. 3-131 illustrates
ate weights, the speed generally is limited by the maxi- the development of this curve.
mum continuous power (normal power) available, cor- Chart A of Fig. 3.131 shows the cruise speed capabil-
rected for ram effects. Noted on Chart B is the ity associated with the specific range and range index
incremental power derived from ram effects at high curves of Charts B and C. This is a convenient presen-
cruise speeds. Due to the comparativeiy low forward tation format and is used when calculating mission
flight speeds and the typical ram recovery characteris- cruise time. From the incremental range equation, the
tics of helicopter engine inlets, only a small increase in index curves may be developed by cumulative integra-
power available can be expected due to ram effects. tion of the expression. The trends shown in Chart C are
Therefore, power correction for ram generally is ig- indicative of the performance capabilities generally ob-
nored and static engine power often is used. At mid and tained. The integration normally is carried out over
low gross weight conditions, the helicopter is able to fly gross weights ranging from minimum operating weight
at 99% of best-range speed. to the aircraft maximum gross weight. The convex na-

Charts D and E, Fig. 3-130, depict the effect of speed ture of the index lines indicates that the increment in
upon the specific range parameter using the engine available range increases with decreasing W for a con-
fuel-flow characteristics of Chart A in the same manner stant amount of fuel burnoff.
as with Fig. 3-129. Chart D illustrates the fact that the Chart C also illustrates the use of a range index
normal power and structural envelope restrictions limit curve. The range capability is obtained by entering
operation at high gross weights to speeds below the Chart B at the initial cruise gross weight W,o to obtain
desired 99% best-range speed. Severe speed restrictions the Rgo index, and by entering at the final gross weight
would be required, however, before an appreciable im- 1f', (established by amount of fuel c imed) to deter-
pact upon the aircraft range capability would occur. As mine the Rg1 index. The mission rant hen is given by
shown, a 5-7% reduction in flight speed causes the Rg,,,, = R - Rg. Thus, the range can be deter-
aircraft to fly near the 100% best-range speed (better mined for any amount of fuel used up to and including
range); a further 5-7% airspeed reduction places the full fuel. The special case of a ferry mission is discussed
cruise speed at about 99% of best specific range speed in par. 3-4.2.4.6.
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CI' HAR'r A CHART B CHART C '
STRCTUAL99% HEST RANGE,-

-•!;:• _ 1 ,.,'" .O•AENVELOPE.• Z:" RAM, P OWER N O'WILSPEoOWER SP EED :"-:

I... 1•tRANGE SPEED •• /'•:

"'CHART D RANGE SPEED NO' ,A POWE

-•;•!"'-• ~ ~~~BEST RANGE NOIAsEDWR,

aj) AIRSPEED V. kt 4

SPEED SPEEDD . t [:.i.•

x•'; °- I '
,•. 99%BES RANE NRMALP STRUCTURA

.U SEE S E NVELOPE;

.. ,• G R O S S W E IG H T W . l h ,

•;. Fig. 3-130. Specific-range/Gross-weight Schedule:.

} 3-4.2.4.4 Effect of Altitude and Gross Weight B, Fig. 3-132, shows typical variations of cruise speeds
•;on Range as a function of altitude and gross weight. Chart C

";; illustrates the resulting variation in specific range with
•:Charts A1 through A3, Fig. 3-132, illustrate th• effect attd.A ahgoswiha liuecidto
:• ~of alt:,tude upon cruise speed for a nominal gros, exists at which the optimum specific range is available.
i!- weight. At low altitudes, the helicopter is able to fly at This altitude corresponds to a condition where the heli-
.,• best-range speeds. As altitude increases, the normal copter is operating at the optimum LID, for the par-
•- power and structural envelope speeds decrease, e-•using ticular gross weight.
• !limitations upon the maximum allowable speeds. Chart The increase in available specific range with increas-
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A 02 CHART A that for low gross weights the maximum increment of

range for a given fuel weight is available at high alti- .
99% BEST RANGE SPEED 44, tudes; conversely, the maximum increment is available

_ -' " " •- , 1 E at low altitudes for high gross weights. This is a result
of the altitude trends shown in Chart C. At all altitudes

SRUA in Chart D, the lower weights exhibit superior rangeS-- STRUCTURAL

ENVELOPE increments for a given fuel weight.

--oss WEGHT ,, 3-4.2.4.5 Effect of Wind on Range Capability
Prevailing winds affect both range capability and

CHART S optimum cruise speed. To compute the specific range
parameter with the effect of wind incorporated, it is

9 % BEST PANGE necessary only to add tail wind or to subtract head
NORMAL POWER wind from the true airspeed to find the resultant

STRUCTURAL ground speed. The specific range expression becomes:
~~ENVELOPE

Specific Range ( , n mil/lb (3-174)

GROSS WEIGHT W,, lb

Chart A, Fig. 3-133, illustrates the effect of wind on
w,,, f the optimum airspeed required to maximize range ca-

pability. Chart B illustrates the variation of specific
RANGE INCREMENT = ABOVE SHADE range and airspeed for optimum range; the optimumfAG WNCRAREN

airspeed decreases for tail winds and increases for headVitt winds. Charts C and D present the variation of range

with gross weight and winds. From Chart D, wind
effects are shown to have a significant impact on the

CHART C trends of the range index curve and can result in sub-

Rg" .0 , ONSTANT stantial adjustments in range capability when consider-
-1*-- 4- ALTITUDE ing large quantities of cruise fuel.

INCREMENT 3-4.2.4.6 Ferry Range Capability and Range
- Extension

MINIMUM I To determine maximum range capability for a given
' OPERATING configuration, the helicopter is considered as carrying

WEIGHT ito T no payload. Limitations that affect the'ferry range ca-
___pability are fuel capacity and takeoff criteria. Substan-

GROSS WEIGHT W,. Ib tially increased range capability can be achieved by
adding auxiliary fuel tanks. With their use, the empty

Fig. 3-131. Ramp Ildex Method weight of the conflr.ration will increase by about 0.5
lb/gal of auxiliary fuzi for external tanks and 0.3 lb/gal I
for internal bladder tanks. Examples of takeoff criteria

ing altitude for lower gross weights is attributable to used when studying ferry mission capability are hover
the improvement ;n turbothnft engine efficiency that requirements OGE or IGE, takeoff distance required to
occurs with increasing altitude. At high gross weights, clear a specified obstacle, or use of a rolling takeoff 'I
the increased power required due to altitude overcomes from a runway. In some cases, the takeoff gross weight
the improved erngine characteristics. The locus of maxi- may be limited by the design maximum gross weight.
mum specific ran-ge points in Chart C represents an The range capability of multiengine helicopters can
optimum altitude schedule for obtaining the maximum be extended further by shutting down one engine after
available range at each gross weight. Chart D depicts the gross weight is reduced sufficiently as a result of
the effects of gross weight and altitude upon the range fuel consumption and maintaining crsixse on the re
index curves developed previously. This chort indicates maining operating engine(s). This improvement in
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"CHART A, CHART A CHART A

ALT~ SEA LEVEL ALT -6.000 ft ALT 10,300 It

NOWRMA NORMAL NORMAL
POERPOWER POWER

STRUCTURAL STRUCTURAL

* TRCTRA IENVELOPE tk ENVELOPE

AaTIRSPEED 1' AIRSPEED T IRSPEED,
jot ~V. kt ~k

CHART B 4 NORMAL POWER

SSEA LEVEL
LEL- ,.SPEED

>" 5,L~0ot - .J

I 1-000 f 4 L -t X STRUCTURAL ENVELOPE
SPEED

99',, BEST
RANGE SPEED

GROSS WEIGHT W,, Ib

S~OPTIMUM
ALTITUDE

s5,000 ft
P• L SEA LEVEL

GROSS WEIGHT W,,. Ib

CHART D SEA LEVEL
6.000 ft

A 10.000 It
Rg

ST
RANGE goI 10 /

• INCREMENT =Rg .

( mi (we

0i I 0

GROSS WEIGHT W,. Ib

Fig, 3-132. Effect of Aitude SaW Grom Weight on RAn

range derives princinaily from the SFC characteristics down one engine, the remaining engine(s) operate at
of the turbine engine. At low gross weights, the reduced higher powers and nearer their maximum efficiency,
power required for best-range speed precludes operat- thereby extending the range over that acldevable when
ing the engines at the optimum SFC level. By shutting all engines are operating. This technique has been used
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to establish world distance records for helicopters. Un- weight plus required fuel reserves and fixed useful load.
der normal circumstances, however, it is not common To gain the most advantageous flight conditions, the
practice to shut down one engine on ferry missions. alrcraft performs a cruise climb at the optimum alti-

A helicopter ferry mission requires the use of operat- tude-gross weight schedule of par. 34.2.4.4. Chart A of
alg conditions that will optimize range capability. Fig. 3.134 illustrates a typical altitude schedule for a

Thus, the aircraft starts at its maximum allowable gross ferry mission. The initial portion of the mission is per-
weight and cruises until its weight reaches the empty formed at low altitude (best for high gross weight range

CHART A

Ie")

o'm

n "AIRSPEED V. kt

CHART B g'
TAI NSPECIFIC RANGE= V !-WIN

Uj CONST GROSS WEIGHT
CONST ALTITUDE ,.*

- ZERO WIND

HF.AWIND BEST RANGE

AIRSPEED V. kt

CHART C

LL TAILVJND
U > ZERO WIND

r- 

'•

HEADWIND

GROSS WEIGHT %V,,. lbt

CHART D TAILWIND
ZERO WIND

C 'HEADWIND

GROSS WEIGHT W,. Ib

Fig. 3-133. Effect of Wind on Ranp Cablity
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performance). Altitude is increased as fuel is burned off cally to one generalized limit but are dependent upon
\and gross weight decreases. The associated airspeed altitude and temperature. The effects of normal power

schedule is shown in Chart B, Fig. 3-134, and it nor- and structural envelope limitations normally need to be
mally is limited by the structural envelope or by normal considered only in the event of high gross weights or
power at high weights, and by 99% best-range speed at extreme ambient temperature conditions. Range per-
lower gross weights. Chart C, Fig. 3-134, depicts the formance can b- computed at any desired altitude by
gross weight-range schedule for a ferry mission and using Chart D and the appropriate pressure ratio 8 for
illustrates the benefit of flying an optimum altitude the socific altiwude, Chart D is shown for constant
schedule as opposed to a constant altitude. In using an N/Mi However, the variation of specific range with
optimum altitude cruise-climb, however, the power re- N/VO-is relatively minor compared with the effects of
quired to perform the climb must be considered. Chart gross weight and altitude.
D illustrates the incremental climb power, which can The generalized method is not as accurate as the
be computed using a rate of change of potential energy dimensional approach, but in most cases it has suffi-
relationship. The K, term in the expression is a climb cient accuracy for preliminary design range calcula-
efficiency term. A more complete explanation of the tions. The generalized format also lends itself to ex-
calculation of climb power is presented in par. 3-4.2.6. plaining how increased range capability is obtained by
Climb effects can be integrated into the specific range performing a cruise climb.
computation by modifying the expression to: Fig. 3-136 illustrates generalized power polars at

constant generalized rotor speed. Superimposed upon
Chart A, Fig. 3-136, are lines that determine

Specific Range + nmi/lb (3-175) ('/DA),ma at each gross weight. The locus of
S ie = +(.SHp)CI (L/De)C points forms a cruise schedule from which

the maximum range at each generalized gross weight
can be obtained. Chart B illustrates that there is a point

However, it can be obtained with sufficient accuracy by on the cruise schedule at which the optimum LID, is
taking the operating conditions at the midpoint of the available. The generalized weight and airspeed corre-
mission, computing the shaft horsepower required for sponding to this point provide the optimum specific

- climb ASHPI,, determining the associated incremental range value that can be achieved. For range missions
fuel-flow rate A Wpand calculating the climb fuel as the initiated at gross weights above the W,/8 for
product of A Wfand t (the total mission time). This fuel (L/D, maximum specific range is obtained by flying
component then is unavailable for cruise, and the ferry at sea level and following the cruise schedule cited.
range is computed using the remaining fuel and level When sufficient fuel is burned to decrease the grloss
flight specific range values. Chart E illustrates the ef- weight to the W,/8 for (L/D%,,, the aircraft then be-
fect of cruising at optimum altitude as opposed to con- gins a slow climb to maintain the W,18 value as the
stant altitude. The climb power correction represents a gross weight decreases further. This procedure allows
small reduction in the overall range capability, the aircraft to cruise at optimum LID, and, therefore,

to obtain optimum range performance capability. For3-4.2.4.7 Range Parameter in Generalized-F4Pr arange missions initiated at gross weights below the
W,/8 for (L/O•,,, the maximum range is obtained by

As an alternative method for preliminary determina- climbing initially to the altitude that gives W,/8 equal
tion of performance, he*-opter range performance can to the desired value and then continuing a slow climb
be computed in the generalized form without first com- to maintain this value as fuel is burned off.
puting dimensional quantities. Fig. 3-135 illustrates the
development of a generalized specific range parameter. 3-4.2.4.8 Breguet Range Equation

The procedure used to compute the generalized Breguet developed an expression for the maximum
range parameter is similar to that of par. ?-4.2.4.6, range Rg,, of a fixed-wing aircraft with a reciprocat-
differing only in the generalized nature of the final data. ing engine power plant. The result is of the form (Ref.
Charts A through C, Fig. 3-135, depict the develop- 72):
ment of the rartge parameter as a function of general-
ized airspeed and generalized gross weight. The locus -
of best range and 99% best range speeds is illustrated ( 2 5 .n -- n mi (3-176)
in Chart C. Normal power and structural envelope R9m. W3

limits are not shown because they do not collapse typi-
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whore q, propulsive efficiency,
c = shaft engine specific fuel dimensionless

consumption, lb-fuel/hp-hr This expression assumes that the aircraft is cruising at
WV Wji = initial and final gross weight, (L/D),.. throughout the mission by being flown at

respectively, lb constant angle of attack to maintain CL and CD con-
stant while velocity is allowed to vary.

CHART A

dh - hd
dR q cdt

RANGE. n mi

"CHARTB I

U ,, _99'-. BEST

RANGE.RANGE SPEED
STRUCTURAL ENVELOPE

OR NORMAL POWER SPEED
RANGE, n mi

Uj O~PTIMUM ATITUD

CONSTANT ALTITUDE

RANGE. n mi

CHARTOD \SHpCI d

Z SPECIFIC RANGE INCLUDING CLIMB = V

POWER w , I l(SHP),,

RANGE, n mi

OPTIMUM ALTITUDE ONE ENGINE INOPERATIVE
CHART E N " AT LOW WEIGHTS

MULTIENGIM I

SINOPERATIVE THROUGHOUT MISSION

0 OPTIMUM ALTITUDE , CLIMB POWER
OPTIMUM ALTITUDE C

L CORRECTION
CONSTANT ALTITUDE TAKEOFF

SAUXILIA TANKS CRITERIA

INTEGRAL REQUIRED
il , FUEL CAPACITY [

GROSS WEIGHT W,. Ib

!g 3-134. Ferry Rauge Mision
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CHART AC

N,; N ,W1 CONSTANT F

2 .4

iU

GENERALIZED POWER'SHP 9A v9 hp 0 GENERALIZED AIRSPEE D V/vg. kt

L-. 4- -J
V Ve7 AV -

GENERALIZED SROCIIC RANGE - r, nml

CHART C
LU N v' CONSTANT

BEST RANGE 99', BEST
SPEED RANGE SPEED

W, 'iI

-7,

GENERALIZED AIRSPEED V I)kt

'U, CHART D
S N/V5 CONSTANT

99% BEST RANGE SPEED

GENERALIZED GROSS WEIGHT W,/5. lb

Fig. 3.135. Generalized Rang Paruinter

"A similar expression was determined by Breguet for where
a fixed-wing aircraft with a turbojet power plant: c' = jet engine specific fuel

consumption (function of) ( 295' 1/2 altitude), lb-fuelAb-thrust-hr

SC 9 /o" = ambient density ratio,
Max adimensionless

This expresion is valid strictly only when cruise is at'
F- , nmi (3-177) constant altitude; however, Perkins and Hage (Ref. 72)

/~t determined that it gives results within 3% of the op-
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timum range obtained by flying an optimum altitude 3251%

The Breguet approach can be extended to helicopters VOW = (

with turboshaft power plants by making a f'ew modifi-
cations. The incremental range is given by Eq. 3.173.
Using Eq. 3-171, the incremental range equation The range thus is determined to be proportional to
becomes LID, and the range again can be maximized by per-

forming a cruise-climb to maintain L/D, at its op-
--VdW timum value as weight is reduced by fuel burnoff.

d-Vd
g = , + .' V ,n mif (3-178) 34.2.5 Endurance

The endurance of a helicopter is defined as the length
of time for which it can remain airborne while using a

Now, introducing effective drag D, (Eq. 3-172), and specified quantity of fuel. Search operations at slow
speeds (80-120 kt) or loiter operations are examples ofassuming lift equal to weight, the incremental range

expressionspecial mission requirements that require maximum
endurance capability. The maximum endurance capa.
bility is achieved by operating the helicopter at the

-325 1IL\ dw speed for which minimum power is required. In the
dRg =----- W , n mi (3-179) discussion that follows, the method of analysis is de-

"" Wscribed and the effects of gross weight and altitude
upon endurance are discussed. In addition, an alterna-
tive analysis method that uses the Breguet endurance

which integrates to equation is presented.

. N =CONSTANT S -

W'\ ,, INCREASING

CRUISE CONDITION

U- 0CRUISE CONDITION FOR

0E CRUISE CONDITION FOR
(L D,.. AT EACH Wg/1"

V /// GENERAL IZED AIRSPEED V/ T. kt

• N/1r" CONSTANT CHART B

. (L "D..) : OPTIMUM SPECIFIC

L"D.. AT 99", OF SPECIFIC
RANGE AT ( L, D,) 0 P1

n GENLRALIZED GR )SS WEIGHT t,, ,;. ll

Fig. 3-136. Generalized Helicopter Performance
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3-4.2.5.1 Analysis Method dW

The endurance capability can be determined if the t -= ,hr (3-182)
following elements are available: JW Wf

1. Fuel flow versus power characteristics (general-
ized) of the installed engine(s)

2. Airspeed versus power polars (generalized or This expression normally is evaluated by numerical
dimensionless) for the helicopter, integration to determine endurance capability.

Another approach to this solution, one which is par-
Charts A, B1, and B2, Fig. 3-137, illustrate typical ex- ticularly valuable if a number of endurance require-
amples of these elements. ments are to be analyzed, is the endurance index curve

The engine fuel flow characteristics are obtained shown in Chart F, Fig. 3-137. The index curve is ob-
from the manufacturer', detail specification, and the tained by cumulative integration of the expressiont
aircraft performance can be obtained from one or more -A WW/g .The trends presented are typical of results
of the following sources: flight test data, wind tunnel obtained for helicopters with turboshaft engines. If the
model test data, or theoretically estimated data. The integration is performed from the maximum aircraft
engine fuel flow characteristics shall be 5% above the weight to the minimum operating weight, the curve can
manufacturer's specification to comply with Military be used for all gross weights of interest. Fig. 3-137 also
Specification requirements (MIL-C-501 1). The dimen- presents an example of the use of the index curve. The
sional charts for helicopter performance (Charts C and incremental endurance is obtained by entering the en-
1), Fig. 3-137) can be obtained by applying the appro- durance index curves of Chart F at the initial gross
priate factors representing the specified ambient condi- weight W• to determine the k iadex, and at the final
tions to either dimensionless or generalized data be- gross weight W,, (dictated by amount of fuel con-
cause the. two methods yield equivalent results (par. sumed) to determine the t, index. The endurance incre-
3.4.2.4). ment then is given by t-ti.

The endurance capability of an aircraft is solely a
function of the rate at which fuel is consumed during 3-4.2.5.2 Effect of Gross Weight and Altitude
flight. To maximize endurance it is necessary to mini- on Endurance
mize fuel consumption W/. The engine power require- The effects of gross weight and altitude on endurance
ments therefore must be kept at a minimum, and this capability are shown in Fig. 3-138. For constant alti-
requires that the aircraft be flown at the airspeed for tude conditions, the endurance increment increases
minimum power as illustrated in Chart D of Fig. 3-137. with decreasing gross weight for a constant increment
From Chart D the power requirements at the speed for in fuel consumption. Fig. 3-138 further illustrates that
maximum endurance can be obtained; entering Chart higher altitudes offer slightly better endurance capabili-
C at the required power, the fuel consumption of the ties especially at high gross weights. The range benefit
engine(s) can be determined. The minimum fuel flow resulting from increased altitude is attributable to the
thus is established as a function of gross weight, and improvement in the efficiency of the turboshaft engine
Chart E illustrates the typical trend of increasing fuel with altitude as well as to the decreased fuselage and
flow requirements with increased gross weight. The blade profile drag.
incremental endurance At is defined by The effect of variation in minimum power required

due to small changes in rotor speed is relatively minor
compared to the effects of gross weight and altitude,

AWS and generally can be ignored.
At hr ,h (3-181) Prevailing winds, which are an important considera-

tion whcn computing range performance, have no ef-
fect upon endurance capability because enaurance is
dependent solely on fuel consumption rate.

where the fuel burned is equal to the change in aircraftweiht.3-4.2.5.3 Breguet Endurance Equation
weight.

The total endikrance of an aircraft starting at an The approach used by Breguet to develop an expres-
initial gross weight W,, and ending at a final gross sion for range capability also can be used to obtain an
weight W,1 is given by endurance expression. For a fixed-wing aircraft with a
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CHART A CHART B CHART B,

M,, CONST IIR N CONSTANT
I" Ii INCREASING

C.4

2zU DIMENSIONLESS z
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\W iT 51)',AU~i .. ' ' - AMBIENT TEMP-

SH b! V/(QR) ERATURE RATIO
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SHP."(AV 7 ). hp

CHART C CHART 
7
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o ,I
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reciprocating engine power plant, the endurance ex- and from Eq. 3-179
pression is (Ref. 72)

dRg 325 _L\ dW%
37.9-- X V ,hr (3-18'.,°,,= - = -o.. TV ,o;e

max ~ ~ I /

7Wo1/2 1 To integrate Eq. 3-186, it is helpful to make use of
/ ,hr (3-183) another system of dimensionless quantities that in-

S j hreludes a free stream dynamic pressure term (q=[(W9 104p(1.69 P)'/2) similar to fixed-wing convention. The hel.

icopter coefficients tbr lift L, and effective drag DA are
To achieve maximum endurance, the quantity given by
CI' 2 /Co must be maximized. -:ue to a- in Eq. 3-183,
the maximum endurance is available at low altitudes L = -p(.69w(2R)2L ,for equivalent values of C"'2 /CD

For a fixed-wing aircraft with a turbojet power plant, I 2W. 1t/2 (3-187)
a similar expression is obtained: " = 1.- 1^2 i" }(,kt

V T.6-9 :p-2-R;Y ~ ,kt

t a I=-) In ,hr (3-184)
Dex X \.691 ,lb

(3-188)
LrID =L ID dim~ensionless* This expression is strictly valid only for constant alti- e c e,

tude because SFC is a function of altitude. Optimum
endurance is obtained when the aircraft maintains a whewre
flight velocity that maximizes (L/D)/c'. 1.69 V velocity, fps (V is velocity in

Extending the Breguet technique to helicopters with kt)
turboshaft power plants, a similar expression can be 2R= rotor diameter, ft "obtained. The incremental endurance is given by Eq. -= rotor solidity, dimensionless
3-182. Thus A development of this dimensionless system can be

found in Ref. 73. Eq. 3-186 then rearranges to
dt= - ,hr (3-185)

H dt=-- j j Xt~~ _2___

L1 12 d W g h(31 9
ALTITUDE %-D- ) 3/ ,hr (3.189)

i and integrating over the limits of W10to 91,, yields

2t [P (2R7 9] ~1 /2 1 Lc 3/2•

L Cl
hr (3-190)

GROSS WEIGHT GW, lb L %W1  W%0
Fig, 3-138. Effect of Grows Weight and Altitude on

Endurance For typical helicopters with turboshaft power plants,
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POWER AVAILABLE capability is determined by entering at a specified
, POWER-,-/ AVAIL weight and pressure altitude to determine the rate of

climb at standard temperature conditions on the base- ..
line, and then following the guide line to obtain azi

EXCES Papproximate correction for operations at nonstandardSEEXCESS POWER/
/ AVAILABLE temperatures. This format provides only an approxi-

A\ SHP ./ / BLADE STALL mate correction for operations at nonstandard temper-
LIMIT atures because the guide lines represent a mean of the

variation of engine power available and aircraft power
-- •required with temperature over a range of altitudes.
Wi CONSTANT WA Forward rate of climb R/Cis calculated with the aid

FRLEFIHof the power relationship of Eq. 3-191.
POWER REQUIRED FOR LEVEL FLIGHT

33,000(ASHP)K

"R/C =, , fpm (3-191)

"AIRSPEED V, kt

Fig. 3-139. Level Flight Power Required where
ASHP = excess power available above

level flight power required at a

the product generally is constant with altitude, showing fixed airspeed as shown in Fig.
a slight increase in endurance capability with increased 3-139, hp
altitude. K, = climb efficiency factor,

dimensionless
3-4.2.6 Rate of Climb-Maximum and Maximum rate of climb for a given weight occurs at

Vertical the speed at which power required for level flight is at
a minimum. This speed increases with increasing

3-4.2.6.1 Basic Considerations weight and altitude. A typical plot of minimum level
Rate of climb capability is derived from the power flight power required, obtained from a "crossplot" of

available beyond that required for level flight or hover. existing power polars, as shown in Fig. 3-142, is used
The variation with forward speed in power required for as the basis for determining the excess power available

level flight and power available is shown in Fig. 3-139. used in Eq. 3-191.
The excess power available is represented by the cross- Flight test experience on existing helicopters has
hatched area. Typical rate of climb characteristics for shown that a climb efficiency factor K, must be applied
a helicopter are shown in Fig. 3-140. to allow for transmission efficiency, rotor efficiency

Methods for determining the climb efficiency term (induced velocity and power variations in climb), and
K., the rate of climb capability at low forward speeds increases in fuselage download. The increase in down-
amid at maximum forward speeds, and the vertical rate load results from the added vertical component of the
of climb are described in the paragraphs that follow, flight path velocity and the increase in rotor induced

velocity.
3-4.2.6.2 Forward ClimbveoiyFig.3-14 1 illust iorwm as uThe climb efficiency factor can be obtained from

Fig. 3-141 illustrates typical formats used to present flight test data simply by relating the actual climb per-
forward climb performance. The charts define specific formance to that determined from the theoretical
climb capabilities at fixed gross weights and ambient power relationship (ASHP - W/(R/C). If flight test
conditions tor a given engine power level. Chart A data are not available, the following method is used to
presents RIC performance variation with altitude at define the value of K, at a given airspeed. The rotor
various gross weights and standard day temperatures at performance map shown in Chart A, Fig. 3-143, is
altitude. Chart B provides RIC data at a given gross generated either from model test results (including ro-
weight, showing the effect of nonstandard day tempera- tor and fuselage) or from theoretical trim and power
tures at altitude. analyses that provide for both rotor and fuselage effects

A format frequently used to present climb capability (fuselage drag, download, and rotor/fuselage interfer-
in Operator's Manuals is shown in Chart C. Climb ence). The lines of constant power define the locus of
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TYPICAL VALUES
TYPE A/C K
TANDEM-

R/#ASHP x 33,000 x Kp HELICOPTER 0.87

ROTOR 0.82*

I _ __,,.,- .:., .L .. •

R ASHP x 33.000 x Kp ~fpm

!E

LI-

"AIRSPEED V. k A

*ADDITIONAL 5% FOR TAIL ROTOR POWER

Fig. 3-140. ".rl Capability

possible lift and propulsive force F,, combinations for a Climb velocity is determined with the aid of Eq.
particular helicopter configuration. The level flight 3-193 using the climb angle y derived in Eq. 3-192. The
trim condition shown in Chart A is defined for a pro. airspeed for which the rotor map is presented repre-
pulsive force of zero for various gross weights and pow- sents the flight path speed V~,,,
crs. In level flight, the climb angle y is zero and, there-
fore, the lift equals the gross weight. V= V t sin~ y fp (3.1931)

Chart B, Fig. 3.143, illustrates the vector diagram
used to calculate rate of climb using excess net propul-
sive force AF,, at constant gross weight. The asoiated where V,., and Vpj are in ft/sec units.
force relation3hip is shown in Chart C. An arc of con- The increased power required to achieve the cal-
stant gross weight is constructed across the lines of culated climb velocity is the difference between the trim
constant power. A resultant vector representing gross point and the operating point defined on the power map
weight is drawn from the origin to each operating point at constant gross weight. This increased power is comn-
on the power curves and is resolved into an excess bined with the climb velocity in Eq. 3.194 to calculate
propulsive force AFTand a net lift W, cos v. The excess the value of K,
propulsive force defines the climb angle as shown in Eq.
3-192. K1,i dimensionless (3-194)

~y= in1(AF~W,),deg (3-92) The climb efficiency factor is developed at airspeeds
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defined by minimum level flight power required. Be- The engine power available at a desired ambient condi-
cause rotor efficiency in a climrh remains essentially tion is derived from data provided by the engine manu-
constant at speeds above minimum power, K, varies facturer (see Chart A). Chart B then is used to deter-
with rate of climb and is difficult to determine for a mine the associated minimum level flight power
"general condition. Therefore, to insure an accurate required at a given weight.
evaluation of climb performance in tlc. low-speed re- The excess power-the difference between power re-
gion, the use of power maps in lieu of the power equa- quired and power available--is used in Eq. 3-191 with
tion is recommended, the previously established K. it determine the climb

Fig. 3.144 illustrates the calculation technique used rate. This process is repeated at different weights and
* with Eq. 3-191 to determine maximum rate of climb.

CHART A CHART B
*CROSS P'LOT

OR SERVICE,, •, STANDARD TEMPERATURE
C.EILING, BEST CLIMB SPEED W, 30,300 Ib

BEST CLIMB SPEED

C --

% 0

-2" 1' " 1" 23 GOS WIG T .I

% C,

RATE OF CLIMB R/C. fpm

MULTI"ENGINE NORMAL POWER CLIMB CAPABILITY

CHART C

MULTIENGINEBEST CLIMB SPECID
P/ ~ 100% ROTOR SPEED

7ft 00
6000

-20' 10' 01 10- 23' GROSS WEIGHT Wi,. lb
DEVIATION FROM STANDARD

TEMPERATURE. "C
NORMAL POWER CLIMB CAPABILITY SUMMARY CHART

Fig. 3-141. Forward Climb CapMbIlty--Graidcal Format
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ambient conditions in order to obtain the series of climb sect the power required curve for the desired rate of
curves shown in Chart C. climb. From this intersection, trace down to determine

the gross weight. The gross weight and pressure alti-
3-4.2.6.3 Service and Combat Ceilings tude then are combined to form the ceiling capaoility

Service ceiling is defined as the maximum altitude ai (Chart D). OEI service ceiling is calculated in a similar

which the aircraft exhibits a 100 fpm rate of climb manner.

capability at a given temperature, while combat ceiling 3-4.2.6.4 Time, Fuel. 4nd Distance to Clinmb
requires a climb capability of 500 fpm. These ceilings
normally are defined at besi climb speed, using normal A typical graphical presentation of the time re-

ot intermediate engine power ratings. Fig. 3-145 illus. quired, fuel used, and horizontal distance covered in a

trates the standard presentational format for multien- climb was shown in Fig. 3.121. These curves provide

gine service andccmbat ceilings, andone engine inoper- a direct reading of climb ai a given altitude as a func-

ative (0E1) service ceiling. A ceiling is derived by tion of gross weight.

entering the appropriate chart at the desired gross shedethrou of the folimg relationi
weight and temperature; e.g., for a typical helicopter at plished through the use of the following relationship:

a gross weight of 36,000 lb and operating at an ambient
temperature of 20"C, the multiengine service ceiling is At_,. ,h_*.3.95
8000 ft, the combat ceiling is 7000 ft, and the OEI 1/2 ,ran (3-195)
service ceiling is 4700 ft.

The ceiling capability chart is determined from a
cross-plot of the climb capability/attitude chart (Fig. where
3-141) at the climb rate associated wi'h service or com- w e = change in altitude, ft
bat ceiling. An alternative calculation method, which (R/C)o = initial rate of climb, fpm
can be used in the absence of a climb capability plot, (R/C), = final rate of climb, fpm
pis depicted in Fig. 3-146. First, the values of minimum Fuel consumed and horizontal distance traveled during
power required for level flight (Chart A) are adjusted the climb are cIculated from the time to climb and the
to reflect the additional climb power required for the average buel flow rate and true airspeed applicable dur-

100 and 500 fpm climb rates, using the power relation- ing the climb. For climbs of long duration, several

ship of Eq. 3-19 1. These values of total power required smaller increments oi altitude change may be used,

in climb are plotted in Chart C for a given altitude and smalle rements f titue ange may beind

temperature. Then, the resultin8 data are combined with the results for time, fuel, and distance each being

with -the given power available at the ambient condition summed to obtain the inal result.

of interest to calculate ceiling capability as follows. 3-4.2.6.5 Vertical Climb
Enter Chart B at a specific pressure altitude to deter- Fig. 3-147 illustrates the manner in which vertical
mine the engine power available at the ambient temper- Fig. 3-147illtratesene r in whicertical

* ature. Trace right to Chart C at fixed power and inter- climb capability is presented in performance docu-
ments. Chart A presents sea level vertical rates of climb
at various temperature conditions as a function of gross
weight. Vertical climb capability for a series of gross

E R weights at varying altitudes is provided by Chart B.
00 STANDARD SPEE Chart C presents OGE hover capability with a vertical

,,p g 1climb correction chart in a manner normally incor-
porated in an aircraft Operator's Manual. Use of this

. =)E,. format is initiated by determining the OGE hover capa-
CYC-• ,bility at the ambient condition of interest from the

upper portion of the chart. The correction for a given
"R/Cthen is applied by following the guideline to obtain
the maximum gross weight at which the desired verti-
cal climb capability exists.

Fig. 3-148 presents a typical breakdown of hover
GROSS WEIGHT W., Ib power required and illustrates the relationship of the

component power requirements to the excess power
Fig. 3-142. Minimum Level Flight Power Required used to calculate vertical climb.
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Mw vertical climb capability, neglecting downlomd, The total velocity Uls defln'4 4or a specified thrut
is epreised in term of the total velocity through the and engine power available as
rotor disk &Wd the equivalent rotorlinduced velocity

fv•n-.,&n•po(fl
RIC W= 6(- •,,j) ,fpm (3-196) U = T ops fps (3-197)

where
U = total velocity through the rotor,

fos where
v = rotor-induced velocity in the ,*p., = SHPE , - (transmission losses

climb, fps + tail rotor horsepower)

CHART A CHART C
NET LIFT L, lb NET LIFT L. lb
I- W coos 71 (= INW cos 1f)

SLADE STALL SP

LEVEL FLIGHT LIMIT
TRIM POINTS TRUE AIRSPEED " BEST CLIMB

(FLIGHT PATH I SPEED

LIMIT

CONARTN W,

OPERATINGt
S~~POINT %"-

II

I l= CLIMB ANGLE

LI

NET PRIOPUILSIVE FORCE F,,, Ili NET PROPULSIVE FORCE F l, b

(A) TOTAL AIRCRAFT PERFORMANCE MAP

CHART t

",,:- cl.M ' ' • / / lNET LIFT L. Ili
/:.LIMB V,,

HORIZONTAL REFERENCE

W.,

(B) HELICOPTER FORCE DIAGRAM

3l. 3143. Anlpleaflom of Rotor/Power Nb to al1mb Perfonanee
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CHART A CHART 5
ENGINE POWER AVAILABLE MULTIENOINE MINIMUM LEVEL. FLIONT POWE WIUIE

MAXIMUM POWER STANDARD) TEMPERATURE
100Y# ROTOR SPE IW ROTOR 8FEM

IMULTIENGINE TRANSMISSION LIMIT

LINES OF CONSTANT TEMP.

JALT 4 0 00  ____________________

z PRESSJRE ALTITUDE, ft GROSS WEIGHT Wo, lb

%SPx 33.000 xKp
CHART C W

CLIMB CAPABILITY

STANAR DAY

M A

(I/c),

RATE OF CLIMB R'C.fom

F~.31444 NIAIIIIIII Fowwfi Rafts of Cftb Dehiminati

Ap. = rotcr proflle horsepower
(theoretical) SS0

T =gromweiht + hover =fp (3-1"9)
download, lbT

The equvalent Yotor-induced velocity in climb is
* related to both the total velocity and the hover-induced where

velocity asfollowL 4 g,=4e (4*p + tanl rotor

4,, hover horsepower required a.
a, I fp(s 98 the spec~dW thrust

u II& analsis umes that the rotor profile power in
- vertical climb is equivalent to that in hover. This a-

sumption is valid for a rotor employinag blades or non-
The rotor-induced velocity in hover can be expressed linear twist and has sufficient accuracy for application

as to a typical bla ck with linear twist.313
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The computation of vertical climb capability as
discussed is based upon a zero fuselage downloadD .. CS V +~) ,b(32)
condition. Fuselage vertical drag in a vertical climb is V,1 2 DV cl c
dependent upon the sum of the climb velocity and
the rotor-induced velocity. An increase in fuselage
download during a vertical climb requires an increase where
in rotor thrust over that required to hover. Eq. 3-200 Col, = mean drag coefficient of
presents a method of calculating vertical drag in fuselage in vertical flow.
climb D~:dimensionless

k. Sy-planform area of fuselage
exposed to the vertical flow, ft'

CHART AINTERMq0IATC POWER

CHART A 100", ROTOR SPEED CHART

101 1p~m RATE OF CLIMB (SERVICE CEILING, 500 fpm RATE OF CLIMB 'COMBAT CEILING,

CC'

*ail

20.000 3D.000 40.000 50,000 20,000 30.000 43,000 50,000

GROSS WEIGHT W,. lb
MULTIENGINE SERVICE CEILiNG

CHART C OEI SERVICE CEILING
10.000

z .0 00 .C %- -

6000' 1 ENGINE INOPERATIVE

% MAXIMUM POWFR

2,000 - -

20.000 30,000 40,000 50.000

GROSS WEIGHT W_, lb
OEI SERVICE CEILING

FIft 34145. Service and Combat Ceiling Capability
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CHART A
MINIMUM LEVEL FLIGHT POWER REQUIRED

BEST CLIMB SPEED
STANDARD TEMPERATURE oz

GROSS WEIGHT W,. Ib

lot I0 500 tW(
\SP OR \SHP,,kl " 0 Cs,33.000 K,,

CHART B CHART C

ENGINE POWER AVAILABLE e. TOTAL POWER REQUIRED IN CLIMB

; MULTIENGINE f STANDARD TEMPERATURE

TRANSMISSION LIMIT a PRESSURE ALTITUDE CONSTANT

C,N .... GROS WEGH W, Ib
PRESSURE ALTITUDE. ft GROSS WEIGHT W,, lb

CHART D
CEILING CAPABILITY

0 STANDARD DAY

H C'
GROSS WEIGHT W,. Ib

Fi.3-146. Ceillfg CAPabilty Caklcultle

A more rigorous calculation of vertical climb down- 3-4.2.7 Takeoff and L dnln
load would relate the individual fuselage section drag
coefficients and areas to their positions relative to the 3-4.2.7.1 General
rotor, and would allow for downwash velocities less
than 2v, i.e., not an infinite distance downstream (par. Typical takeoff proflile ate shown in Fig. 3-149.
3-2.1.1.9). The vertical takeoff profile can be achkeed by a heli-

copter only if power available is in excess of that re-
quired for hover out-of-ground effect (HOGE). The
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OUIS3 uko pafti b. used whuen the hellcopter has realistically base upon a height-velocity profile such
kas power available tha that required to howe in- as that shown in Fig. 3-150.
raund effect (MGM - When a helicopter is operatd in accordance with its

A pratical consideratio that usualy dictato the height-velocity lim~t~atns, the takeoff is accomplished
takeoff priClle used in service is the IWumIO3 Pil10U by accelerating in level flogt from hover to the airspeed
bandin cagbility followin an engine failure Unass at which the altitude above the ground can be in-
the helicopter is capAble (or very nearly so) of hoverins creased. By climbing at the minimum safe speed. the
with one engine inoperative 0111, it cannot return with aircramft can climb at the maximum climb angle until it
safety vertically to thetakeoff point folloing an eallinO e asapeiedotclhig.Mnmu tkof
falhwe. A typica safe takeoff height/velocity coridor cenas&4idosal egt iiu aef

is sowIn ~g.3.10. or heicoterwit suficent distance capability is derived from the power available
power to HIOGE. the maxim um safe hover height at in excess of that required for level, unaccelerated flight.
zero velocty is typically About 0.5 to 0.6 times the rotor The excess power required for acceleration and climb

* diameter. Tberefome takeoff capabilities are estimated is depicted in Fig. 3-151.

CHART A CHART 8

SEA LEVEL
.0 ~ $TANOARD

MULTIENGINE *ATMOSPHERE

INTERMEDIATE POWER
I01YO ROTOR SPEED _ ~

ts.. .i•t" " ,. :• ,,,. .' .. . 0

•, .¢

VERTICAL RATE OF CLIMBSR/C\, fPni VERTICAL RATE OF CLIMB R/C'v. fPm

VERTICAL CLIMB CAPABILITY

CHART C

-~ MULTIENGINE
INTERMEDIATE POWER

% ~IWo% ROTOR SPEED

...r., ... .. . ..

0 ~ BASE LINE (HOVER DGE)

•: ... ": • 76-0D
3,! f! CLM

GROSS WEIGHT W,1. lb

Fi.3-147. Veftle.o Clab Perfonmance
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MAIN ROTOR POWER
AVAILABLE FOR CLIMB INDUCED

~ ~'2 ) TRANSMISSIOOCIYNAN POWICA ROEATECD....i OF *TRS N
ICLIMB AT CONSTAINT THRUST TAIL ROTOR

ACC LOSS IPROFILE POWER TAIL ROTOR POWER

MAIN ROTOR POWERz,
AVAILABLE

HOVERENGINE POWER

AVAILABLE

SHIAFT HORSEPOWER RSOUIRED SH *,hp

F Xg 34& Detuvinamadwm of Vertica Mob CapabIty

POWER AVAILABLE
LESS THAN HOGE

POWER AVAILABLE POWER REQUIRED
GREATER THAN HIOGE

POWER REQUIRED

VERTICAL TAKEOFF

Ný OBSTACLE

F HOVER

SI10 ft .ROLLING TAKEOFF

--TAEOFFDISTANCE (HOVER IGE)
ROLLING TAKEOFF DISTANCE

F~.3.149. Takeoff Proftl

The landing capability also is predicated upon ob- orally are not capable of providing an adequate airspeed
serving the safe height-velocity profile shown in Fig. indication at speeds below 20.30 kt during takeoff and
3-150. A typical landing profile is shown in Fig. 3-152. landing operations.

Another consideration when determining the takeoff Throughout the takeoff and landing operations.
and landing distance capabilities is the ability to pre- speed and at 'tude change continually under the influ-) sent a readable, repeatable airspeed indication to the ence of the pt. *s control inputs. Consideration of thiz
pilot during the takeoff and landing maneuvers. Hell- nonunitbnn motion rarely is necessay when determin-
copter airspeed measurement systems in use today gen- ing performance capabilities of the helicopter. T'he
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takeoff distance calculations that follow can be made The power available and the aircraft attitude limita-
with sufficient accuracy by considering only the lift. tions shown in Chart B, Fig. 3-153, define the maxi- K.
drag, and propulsive forces while ignoring the inertia mum propulsive force available for accelerating the
forces associated with the nonuniform motions that aircraft. This propulsive force is divided by the gross
occur during the maneuver, weight to define the variation of horizontal acceleration

am capability with true airspeed as indicated in Chart
3.4.2.7.2 Takeoff Performance A, Fig. 3-15.

The takeoff maneuver consists of three separate Integration of this curve, by taking increments in
parts: acceleration, rotation, and climb. The para- airspeed and average acceleration a,, defines the in-
graphs that follow describe the method for analyzing crese in true airspeed with time presented in Chan B,
each phase nf the maneuver. A series of helicopter Fig. 3-160. Strip integration of the airspeed/time varia-
performance charts, including fuselage characteristics, tion results in the total distance associated with the
is used to derive the basic data. acceleration phase of the takeoff maneuver shown in

Chart C. To define the performance characteristics
3-4.2.7.2.1 Acceleration with accuracy, the strip integration must use very small

Chart A, Fig. 3-153, illustrates a performance chart increments of velocity and time. This integration is
and the method of obtaining the propulsive force F. and accomplished mott efficiently by a computer.
power required at a fixed lift (constant vertical thrust)
for evaluating Il-vel acceleration. Chart B, which is 3-4.2.7.2.2 Rotation
derived from Chart A, presents a summary of net pro- When the target airspeed for climb is reached, t.lie
pulsive force AF, for the airspeed range of interest helicopter is rotated from a nose-low attitude to the
during the acceleration. To provide an accurate ap- trim attitude for climb, and a fixed airspeed is main-
praisal of capability, this diagram reflects IOE opera- tained. This attitude change may be u much as 20 deg
tion. for takeoffs using moderate power. During the rota-

= WHEN OPERATING
IN THIS AREA THE AIRCRAFT

A I CANNOT LAND SAFELY
AFOLLOWING AN ENGINE FAILURE

PERFORMANCE CAPABILITY

TYPICAL AIRSPEED
MEASUREMENT LIMITATION

STAKEOFF 77
CORRIDOR AVOID AREA

AIRSPEED V. kt

FI&3.SO He-t1e-doeldty Pr.•ef-
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THRUST WEIGHT

OGE

-•,,- ,,POWER DEFICIENCY'

-"FROM OGE OPERATIN ENGINE POWER
, AVAILABLE

:•"•\SH P F-OR LEVEL

-Po•. ACCELERATIONFO•'•4•p •\ SHP AVAILABLE FOR
CLIMB OGE

&II

U..

TARGET AIR(SPEED
(ROTATE & CLIMB)

AIRSPEED V, kt I
ACCELERATE AT CONSTANT

WHEEL HEIGHT

Fig. 3-151. Power RequIrements for Takeoff

tion, the aircraft continues to accelerate slightly in the where
horizontal plane while accelerating vertically to the (AG/A), = nominal pitch rate, deg/sec
power-limited rate of climb speed. A rigorous analysis O0, = trim climb attitude, deg
of the rotation would include specific aircraft pitch rate O8, = acceleration attitude, deg
capability ag/dt and evaluation of the horizontal and If airspeed and altitude are assumed constant during
vertical acceleration at constant power and some aver- the rotation, the distance required for the rotation is
age pitch attitude. equal to the product of the rotational airspeed and the

A reasonable approximation of the distance traveled rotational time from Eq. 3-201.
during rotation ;s made by assuming a typical pitch rate
(8-10 deg/sec) and calculating the time required to 3-4.2.7.2.3 Climb
rotate. The power-limited climb attitude is defined Following the rotation, the aircraft initiates the
from power charts at the desired airspeed and rate of climb phase at a constant speed. The power map of Fig.
climb. Eq. 3-201 is used to derive the time interval for 3-155, Chart A, is used to derive the rate of climb
rotation At,,: capability at the fixed airspeed. A vector representing

gross weight is drawn to the various operating points
along the constant-power lines, and the resulting excess

-e net propulsive force is converted to a steady rate of
, ec (3-201) climb using Eqs. 3-192 and 3-193. A summary of rateof climb capability at fixed gross weight and several
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airspeeds and power levels is presented in Chart B, Fig. distance required to travel from level acceleration
3-155. Because the aircraft is climbing away from the height to obstacle heigbt.
ground at some forward speed, ground. effect is not Fig. 3-156 presents a series of charts that detail the .'"

included. This chart is used to derive the time and climb distance analysis. Chart A of Fig. 3-156 is
derived from Chart B of Fig. 3-155 at a given engine

VERTICAL LANDING / -

r POWER AVAILABLE
GREATER THAN HOGE

PPOWER REQUIREDA

[ A--rlTnc ........ OBSTACLE
ATTITUDE • POWER AVAILABLE OBSACI

LFLARE I LESS THAN HOGE

DECELERA-- PONER REQUIRED

STOP HOVER IO
I IGE TOC: - E NIE)
I 1T~~OWNH ROLL-ON (SINGLEEGN

I.GROUND ROLL4DW LANDING\ & AUTOROTATION/
k-.-----HOVER LANDING DISTANCE

ROLL-ON LANDING DISTANCE

Fig. 3-152. Landing Profile

CHART A IN-GROUND EFFECT CHART B

NET LIFT L, Ib GROSS WEIGHT =COýNSTANT PITCH
I�N-�GR�OUN�DEF�FC4s/ATTITUDE

IN-GROUND EFFECT LIMIT
Vfltpath -20 kt -- -5.2% ,ENGINE

0A5 POWER
AVAILABLE

OPERATING 3-a
•POINTS TRIM CL

AZUPOINT

RESULTANT I 0.5
THRUST a

L=W 9  "

NET PROPULSIVE FORCE Fp, Ib AIRSPEED V.kt

Fig. 3-133. Development of Takeoff Level Acceleration Capability
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V POWER
AVAILABLE

2

-AVERAGE ACCELERATION ( 8
LU .

aA.

V, V2

AIRSPEED V, fps

LU
LU

\V) 2) iAVEýRAGEE (V,) sV\

TIME I, see

CHART C

Ca

LU

TIME t. sec

Fig~. 3-154. Takeoff Performa-ee- Acceleration Phase

power. Chart B, Fig. 3-156, is defined for several flight to climb at a selected airspeed. Chart C, Fig. 3-156, is
path airspeeds using Chart A and Eq. 3-202 constructed using the horizontal component of the

flight path speed.
A/s = Vý,GAz) , ft (3.202)

As= Vfi "t~o 1 Vf 323
A given obstacle height is used to determine the time 1Pfh"')Att (32)
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where y is Sin` (VJ/V,&,,j). 3.4.2.7.3.1 Approach
ofThe clteepnges o dfinhed c aiboutvTe mrvdsaximeaumrlibe
The climb angle y defined above provides a measure Multiengine landing capability is developed fromof the steepness of the climbout. The maximum climb power charts in a manner similar to that used in deter- -'

angle, as limited by power available, will provide the power tskin a manesil ar tha uaedin deter-mining takeoff capability. For the landing situation,
minimum takeoff distance. Considerations of low- negative values of net propulsive force are used to de-
speed operation in the height-velocity diagram and fine the rate of descent at a fixed gross weight and
low-speed airspeed measurement system accuracy may several airspeeds. Fig. 3-157 illustrates the develop-
LEmil the climb angle to less than maximum obtainable ment of the power requirement tbr the initial descent
with available power and thereby lengthen the takeoff at fixed airspeed. The diagram is constructed similarly
distance. to Fig. 3-155 and the resulting negativi. propulsive

3-4.2.7.3 Landing Performance force is converted to a steady descent rate using the
relationships of Eqs. 3-192 and -193, with the climb

The landing maneuver consists of three phases: ap- angle y replaced by the descent angley o. Chart B, Fig.
proach, attitude flare, and deceleration. This is illus- 3-157, is derived from Chart A for constant gross
trated in Fig. 3-152. During the initial descent to the weight at several flight path airspeeds Vj, .,k and :1
landing area, the airspeed and the rate of descent are negative propulsive forces - AF,. The rate of descent
held constant. As the ground is approached, an attitude normally is limited to the zero power (autorotation)
flare is initiated (pitch attitude rotation) by increasing condition. If the rate of descent is increased beyond this
pitch attitude above the flight trim value. During the condition, the rotor speed will increase above the trim
initial flare, the rate of descent is reduced to zero for power-on setting.
a hover landing condition or to an acceptable descent Fig. 3-158 illustrate6 the analysis of the initial ap-
rate for a roll-on landing. The final approach is made proach phase of landing. An average value for the ap-
at zero or a small rate of descent with pitch attitude prOach rate of descent is chosen from Chart A, Fig.
sufficiently above trim to supply a decelerating thrust. 3-158. Because the landing is not power-limited, several
When there is not sufficient power to perform an IGE combinations of approach airspeed and rate of descent ,
hover, a roll-on landing at some forward airspeed is are possible. Approach speeds of 30-40 kt and rates of

required. The geometry of the particular helicopter will descent of 1000-1500 fpm are conditions commonly
dictate landing pitch attitude limitations based upon used for both dual- and single-engine landings. Chart I
tail rotor, landing gear, or fuselage clearances. B is derived using several values for approach rate of

CHART A CHART B
NET LIFT L, LB GROSS WEIGHT = CONSTANT

(Wg cos y) GUT-OF-GROUND EFFECT

FLIGHT PATH POWER SHP,hp
TRUE AIRSPEED 0N

40 kt ENGINE
OUT-OF-GROUND EFFECT POWER 4

E AVAILABLE
OPERATING TRIM POINT U

POINT CONST
LU

NET LIFT1
y -CLIMB ANGLE

NET PROPULSIVE FORCE F, Ib RATE OF CLIMB Vcj, fps

Fig. 3-155. Development of Takeoff Performance Climb Capability
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descent and various descent times as shown on the ous treatment of this transient condition would employ
chart. power charts to define the propulsive force and net lift

... The distance traveled during the initial descent as at each fuselage angle during rotation. An approxima-

shown in Chart C, Fig. 34°158, is defined by the honrizon- tion of the height lost and distance traveled during
tal component of the flight path speed in the same fuselage rotation is derived using a typical pitch atti-
manner as climb distance is calculated (Eq. 3-203) but tude rate (8-10 deg/sec). The time is calculated as
with descent angle yD= Sin` (V 0/V•,,•) in lieu of
climb angle.
3-4.2.7.3.2 Rotat/on (At)f/ ? (•l /t) (3-204)

During the rotation phase, the fuiselage is rotated
nose-up to provide horizontal deceleration and to
reduce the rate of descent. Deceleration is achieved by where
converting the negative propulsive force associated Of = body attitude for level
with the rate of descent to a decelerative force. Rigor- deceleration, deg

OD= body attitude during approach,
deg

The average rate of descent during rotation and the
CHART A flare time increment are used to define the height loss

S'during the initial flare,

POWER AVAILABLjCONSTANT ()fl= (At)f, ft (3-205)
o PWER AVAILABLE -- CONSTANT 2__

'YFLIGHT PATH SPEED Vflt path ,fps The horizontal distance traveled is equal to the product
C Tof the approach airspeed and the time required to flare,

S CHART B from Eq. 3-204.

% 3-4.2.7.3.3 Deceleration
. . . .The final attitude flare is accomplished at a fixed rate

of descent while the helicopter is being decelerated to
the horizontal touchdown speed. Fig. 3-159 illustrates

iAt TO CLIMB the use of power charts to determine the power require-
TIME Ad, sec i ments and decelerative forces. The vector diagram of

___Chart A, Fig. 3-159, is constructed in a manner similar

CHART C to the takeoff condition diagram; however, the net pro-
pulsive force is negative. Chart B defines the power
requirements during the deceleration for a fixed gross

ýs R E weight. At the higher airspeeds, autorotation (zero
2" t•s REQUIRED power) limits the deceleration: maximum attitude
_ limits deceleration at the low airspeeds.

The deceleration capability shown in Chart A, Fig.
3-160, is derived from Chart B of Fig. 3-159 for the

TIME At, sec specific gross weight. Chart B, Fig. 3-160, presents a
END OF time history of approach velocity while Chart C, Fig.
ATTITUDE 3-160, defines the distance traveled during the decelera-
ROTATION tion. The total landing distance over a specified obsta-

cle height is the sum of the three component distances
Fig. 3-156. Takeoff Performance - Climb Phase of the landing maneuver.
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3-4.3 AISNPKE"D.ATIJDE UMIS errors but Including the sea level standard adiabatic (
S~ compressible flow correction. (Thls latter correction is ,
-34.3.1 Qqnwl included in the calibration of the airspeed instrument

Airspeed-altitude limitatnms of helicopters em be dials.)
categorzd as those relating to power, structural integ- 2. CAS. Calibrated airspeed is equal to the air-
rity, stability, maneuverability, and comfort. The rela. speed indicator reading corrected for position and in-
tive importance of each factor is dependent upon the strument mrror. (As a result of the sea level adiabatic
configuration and the operatio.4 application. For ex. compressible flow correction to the airspeed instru-
ample* a helicopter carrying bulky external loads can ment dial, CAS is equal to the true airspeed (TAS) in
be speed-constrained by those loads. Mission require- standard atmosphere at sea level.)
ments may include extreme maneuver ability, which 3. EAS. Equivalent airspeed is equal to the air-
means substantial control margins and maneuvering speed indicator reading corrected for position error,
capabilities, and the airspeeds and/or altitudes at instrument error, and for adiabatic compressible flow -'

"which these are not available become limitations upon for the particular altitude. (EAS is equal to CAS at sea
the helicopter flight envelope, level in standard atmosphere.)

Helicopter speed capability tends to decrease with 4. TAS., True airspeed of the helicopter relative to
altitude as retreating blade stall produces excessive undisturbed air.
blade and control system vibratory loads. The addition
of a wing permits speed capability to be maintained to The true airspeed to equivalent airspeed relationship
higher altitudes. Adding auxiliary propulsion allows TAS = EAS(po/p)"2 is shown graphically in Fig. 3-
Shigher sped at all altitudes provided adequate power 162. Indicated airspeed often is used in describing hefi-
is available (Fig. 3-161). copter performance because flight handbooks are in the

The paragraphs that follow discuss the various heli- pilot's frame of reference. The discussion following,
copter airspeed-altitude constraints and their sen- however, limits itself to use of true airspeed, a practice
sitivity to design parameters and mission requirements. consistent with the requirements of MIL-C-50 I1 for

definition of standard aircraft characteristics.
3-4.3.2 Diitions Altitude also can be defined in several ways. Abso-

lute, or tapeline, altitude is the measured distance
Speeds commonly defined are: above a ground reference, as would be recorded by a

1. IAS. Indicated airspeed is equal to the pitot radar altimeter. Pressure altitude is the altitude above
static airspeed indicator reading as installed in the heli- mean sea level in a standard atmosphere at which a
copter without correction for airspeed indicator system given barometric pressure is to be found. Pressure alti-

CHART A CHART B

NET LIFT L, Ib
FLIGHT PATH 1 WgCOS) d) Wg =CONSTANT

TRUE AIRSPEED -40 kt
OUT*OF*GROUND ENGINE POWER AVAILABLE,

EFFECT ~_ _ _ _ _ _ _

!•: TRIM POINT!

SWe=CONSTANT ' ' OPERATING C.

)'. ,d .OE'SCEN T' -cc
+ ANGLE \F to* 'lo

NET PROPULSIVE FORCE Fp, Ib RATE OF DESCENT VD, fps

Fig. 3157. Development of Approach Rate of Descent
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tude is recoriled by a standard barometric altimeter ent performance factors. In this dscuusaon, however,
that is set to a standard sa level pressure of 29.92 in. altitude refers to presure altitude under standard at-*,) of mercury. Density altitude is pressure altitude ad- mospheric conditions.
justed for temperature deviations from standal e.g.,
MIX0 ft pressure altitude at 95'F is equivalent to 9600 3,4,3,•1 Cp ntradyti
ft density altitude (same density as 9600 ft pressure
altitude at standard day temperature). Density altitude The fundamental limitation up -,ti flight speed is

* often is a convenient way to normalize density-depend- the power available. Power-f•' .z ,eis simply the
speed at which required pof,.. ouash avilable power.
Available power may be const. ainod by engine output

CHART A or by transmission rating. The engine rating usable for

ENGINE POWER AVAILABLE each speed category generally is defined by the aircraft
detail specification or, in its absence, by MIL-C-SO I.

Ui GROSS WEIGHT - CONSTANT Power-limited speed usually is maximized at some
.• APPROACH RATE nominal altitude and varies only slightly with altitude

OF DESCENT at standard temperature. However, temperature varla-
tion has significant impact upon power available be-

L_ "cause the power output of turbine engines is very sensi-
.4 tive to ambient temperature.

P The minimum flight speed of a helicopter also can be
power-limited. At zero airspeed, altitude is constrained

Oby the OGE hover ceiling. The power-limited speed
RATE Fenvelope is shaped like an inverted power-requred

curve.
CHART B- Constraints also are imposed by requirements for

safe recovery in the event that an engine becomes inop-

A. Ah (OBSTACLE TO FLARE) erative. This criterion will normally define minimum
and maximum speed limitations. The altitude-velocity

< l diagram defines the airspeed altitude envelope within
o which the aircraft can operate and still recover safely

-- ~from an engine power loss (Fig. 3-163).
The low-speed/altitude boundary is determined by

the ability to autorotate and land safely in the case of
hV0 %t)power loss. Recoverability from partial or complete

power loss also may define the high-speed boundary.
TIME At, sec At speeds above some limiting value, a sudden reduc-

tion in power may produce an unacceptable loss of
rotor rpm or altitude before speed can be reduced to the

CHART C 1 •new power limit. This characteristic is a dynamic one

APPROACH RATE OF"I that is dependent upon rotor inertia and pilot response,
DESCENT IESCNTOIand thus is not generalized easily. However, as helicop-

,OSAL • R)ter speeds approach 200 kt, it may become an impor-

=. A k S tant constraint upon allowable speed at low altitude.
___ (OBSTACLE TO F Obviously, one engine inoperative (OEI) criteria are

19S influenced directly by the aumber of engines installed.
- Introduction of transmission rating limitations upon

AS_• Vfttavailable power is a method often used to insure ade-As fitpth (CO"'v)(A 0 quate power margin.

TIME At, sec 3.4.3.4 Structural Constraint

Pig. 3-158. Laoding Perfem"ce - Aro* Structural limitations upon helicopter flight speeds
Phane can be broken down into those relating to one or more
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of four areas: the airframe, the rotor blades, the rotor and compressibility on the advancing blade, contribute
control oystem, and the rotor shaft. to increased vibratory stresses. For a given rotor system

Airframe structural integrity for level flight is keyed and rpm, stmiss-limited speed tends to vary inversely ,_

to dynamic pressure. The surface pressures, both pos. with gross weight. Both main and tail rotor blade
tive and negative, generated by the slipstream must be stresses, of course, must be considered.

within design limits. Helicopters assume various pitch Rotor system control loads represent one of the most
and sideslip orientations depending upon CG location significant constraints upon helicopter speed. As withand cideponroienptainsdthepressures mupo Ce location blade stresses, control loads have both a steady and a
and control input, and the pressures must be acceptable vibratory content. Steady loads are a function of blade
within a given range of this angular orientation. Be- l
cause surface pressures are directly proportional to free loading and control system geometry, while vibratory

stream dynamic pressure, speed is very critical. Within loads.

approi~riate margins for trim orientation and gust con- Because it is configured to govern blade pitch angle,ditions, the airframe structural true airspeed envel6pe the control system is very sensitive to blade bending

will increase with altitude and temperature as air den- and aerodynamic pitching moments. Thus, control
sity decreases (following a constant equivalent airspeed loads build up rapidly with blade deflection when the
line). retreating blade tip begins to stall, and an aerodynamicRotor blade stresses represent another important nose-dow i pitching moment is generated. The onset of
structural constraint. Th- degree of blade structural blad e stc an be related The ange ofdamage that may occur is'dependent upon both steady retrea' ;,g blade stall can be related to the angle of
adamage tatomay occures s dependerte. un brthe steady attack of the blade tip, which in turn is established by
and vibratory stresses generated. The higher the steadyF
stress, the lower the allowable vibratory stress for the dynamic pressure and required blade lift. For a
same damage criteria. Steady stress is a function given gross weight, therefore, onset of stall is propor-
S primarily of gross weight and centrifugal force, and is tional to the square of the net tip speed and air density.

relatively insensitive to speed and altitude. Vibratory Thus, for a given level of acceptable control load, limit

stress, on the other hand, arises because of variations speed will vary approximately as:

in loading as the blade rotates azimuthally, and is
speed-sensitive. As speed increases, the variation in the V S - fps (3-206)
loading on the advancing and retreating blades in- lam -p, (
creases, causing higher vibratory loads and correspond-
ing stresscs. Both high angle of attack and stall on the
retreating blade, and possibly negative angle of attack where

CHART A CHART B
_W = CONSTANT

IN-GROUND EFFECTEFFECT

Vf~tat~mOktENGINE POWER AVAILABLE

/a OPERATING U

L g ,RESULTANT ~ ?A. ~ ~
THUS ~ ALTITUDE 4 '0/

AUTOROTA•iON LIMIT
NET PROPULSIVE FORCE FP, b AIRSPEED V, kt

Fig. 3-159. Deteminatioa of Landing Deceleration Capability
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I,...k -retreatIns bladle stall factor T A ,

dependent u~on blade geomety EAS K-71 I
and loading, lbl/ft'

CHART A
-MAX. ATTITUDE LIMIT DCLRTO

SV DECELERATION
AUTROAT ONTRUE AIRSPEED TAS

LIMIT EQUIVALENT AIR-SPEED E-AS

AIRSPEED V. ft sac
FIf. 3.162. Reladombp Detwean True aud

CHARTB Bqian k*

cm-

UjVI AVERAGE V,
~t As VSAt 4 AVOýID

TIME FROM TOUCHDOWN I, sac

CHARTC __________ID _

0 AIRSPEED V, kt

It3-163. Typical Altitude-velcodty Migantm

For conventional helicopters, che empiriCal constant
TIME FROM TOUCHDOWN t, sec: k generally is in the order of 50 Wb/ft2

A large number of rotor modifications that can help
Fig. 3-160. Landing Perforrmace - Deceleratio, alleviate retreating blade stall and attendant control

phase loads suggest themselves. The maximum blade lift coef-
ficient can be increased with cambered airfoil sections
or boundary layer contiol with appropriate considera-

WITH WING tion for the associated aerodynamic pitching moment.
WITH AND Spanwise loading can be optimized with high twist,
WING PROPULSI ON second harmonic featherirng control, and laiterak CG

/ offset obtained with offset or semirigid flapping hinges.
S HELICOPTER And, of course, the rotor can be unloaded either by

increasing blade area or by incorporating a wing and/
or auxiliary propulsion.

4 Rotor shaft stresses in bending are caused by the hub
moment generated by the rotor to trim the helicopter

AIRSPEED V, kt in an acceptable attitude. The required hub moment is
a function of gross weight, speed, and CG location. If
a requirement to keep the airframe reasonably level at

FIg. 3-161. Typical Altitude-speed Lhnits extreme CG excursions demands very high hub mo-
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S3-4.3.6 Maneuverability and Controllability

, IControllability is a less-specific property than stabil-
SCONTROL g ity, and relates to speed, accuracy, and the ease with

S LOADS i which the helicopter can be made to maneuver from the

I AIRF tME. ~ Esteady-state flight condition.
I The most obvious controllability limitation is that

BLADE - .' established by maximum available control travel. A
STRESS •helicopter obtains forward propulsion by superimpos-

ing a longitudinal cyclic blade angle variation on top of
AIRSPEED V, kt the collective pitch required to provide lift. The loca-

tion of the CG imposes the most significant variant in
I. 3-164. Typical Stractarl Altitede-sieed control requirements. The aerodynamic trim of the air-

Constraints frame in forward flight imposes variations at higher
speeds. Climb or descent attitude and power condition
introduce additional variables to be considnred. Speed

ments, limiting shaft stresses may constrain speed or often is restricted by aft locations of the CG, and there-

altitude. fore can' be limited by inadequate blade angle or pilot

The general character of individual structural al. control travel. A control margin for necessary maneu-
titude/airspeed limits now can be summarized. Air- vering from the steady-state trim flight condition must

be kept available and, in general, it should be at least
frame constraints are proportional to dynamic pressure 10% throughout the operational flight envelope.
so that allowable true airspeed increases with altitude Collective pitch constraints also can limit speed and
(Fig. 3-164). Blade stresses are dependent chiefly upon altitude capabilities at lower speeds because the re-
gross weight and speed, and are independent of alti- quired blade angle increases with inflow in climb and
tude. Control loads are a function of both gross weight forward flight and inversely with air density at constant
and altitude, and generally represent the most limiting gross weight.
structural constraint. Shaft stresses generally are not At low speeds, tail rotor adequacy must be consid-

limiting. ered. The tail rotor must counteract main rotor torque
It must be remembered that the sensitivity of blade and also must provide sufficient additional yawing mo-

stresses and control loads to gross weight is more prop- ment for precise hovering control and maneuvering.
erly a sens-tivity to blade lift, so that speed increases Bu.cause the latter usually involves transient rather
can be realized through the use of wings and/or auxil- than steady-state operation, power is not the limiting
iary propulsion to unload the rotor and expand the factor. Instead, the sensitivity of tail rotor response (the
envelope, slope of thrust with rudder input) and the absolute

pitch-limited thrust of the tail rotor are constraining.
3-4.3.5 Stablity Constraints Tail rotor thrust/pitch sensitivity is related to blade

loading, and decreases markedly as the blades begin to
Stability is the tendency to return to equilibrium stall. A reasonable ground rula is that sensitivity should

following a disturbance. A flight condition resulting in not decrease to less than half the steady trim value. At
any uncontrollable instability is unacceptable, and, in high speed, a vertical fin helps trim main rotor torque,
fact, a generous margin must be provided for level and tail rotor thrust/pitch sensitivity is enhanced
flight condiaons to accommodate necessary maneuver- greatly. Thus, tail rotor adequacy considerations do not
ing and potential gust loadings. affect the high-speed envelope except to the degree that

Stability constraints upon airspeed consist of those tail rotor stresses become significant. The altitude-air-
introduced by the retor, the blades, the airframe, and speed constraints imposed by main rotor control limits
an external load. Generalization as to the relative im- and tail rotor adequacy, then, look something like Fig.
portance of these, and definition of specific trends with 3-165.
regard to altitude or gross weight, is found in Chapter The altitude-airspeed envelope also can be restrict .d
6. The significance of'stability limits cannot be overem- by considerations of crew and passenger comfort. Coi n-
phasized, however, as the consequences of flying inad- fort factors include atmospheric oxygen content, vibra-
vertently into an unstable regime can be catastrophic. tion, noise, and attitude.

3-150



.: ........... . . . ...-. ... ..17 AMCP 706-201
The most obvious altitude constraint is the oxygen

level in the ambient atmosphere. Without pressuriza- WITH AUXILIARY PROPULSION

Stion or special oxygen apparatus, personnel should not.
be exposed to extended operation at pressure altitudes .x

above 10,000 ft, where the oxygen pressure is two- 0 ARPE
thirds that at sea level. ISE0Vk

Several of the structural and st bllity constraints also
may cause undesirable vibration. Fuselage vibration , 1
induced by the rotor, engines, and transmission gener- WITH WING

ally increases with gross weight and forward speed -- - -MI-

(Fig. 3-166). The unique response characteristics of the
airframe significantly affect the local impact of vibra-
tion, and precise tuning often can reduce the vibratory Fig. 3-167. Fuselage ritch Attitude
impact at specific flight conditions. Continuous flight
obviously permits leas vibration than short spurts at speed increases, the helicopter nose must be dropped to
maximum speed. The need to operate sensitive equip- provide necessary rotor propulsive force without exces-
ment such as gunsights or motion sensors also may sive blade flapping. A forward CO condition aggra-
limit the acceptable level of vibration. r

The nose-down attitude of the aircraft cannot exceed yates the problem. Often, high-speed helicopters incor-
porate built-in forward rotor shaft incidence asthat acceptable to the crew and/or passengers. As compensation. Use of a wing to unload rotor lift also
can aggravate the attitude problem., because the rotor

ABSOLUTE BLADE PITCH/ must be tilted even further forward to provide propul-
PILOT CONTROL TRAVEL LIMIT sive frcc with a smaller thrust vector. Use of auxiliary

propulsion, on the other hand, eliminates the need for
the rotor to tilt forward and allows the aircraft to be
trimmed level (Fig. 3-167).

o•! •/ Noise, both external and internal, imposes a final
WT A Vpotential constraint upon speed. As speed increases, the
AND CG MARGIN retreating blade may stall and the advancing blade tip

is exposed to higher Mach numbers. The resulting pres-
sure impulses are observed as noise and may be unac-

TAILQROTOR ceptable. Crew or passenger tolerance to the noise
ADEGUACY I transmitted internally by the rotor, engines, or drive

system also may restrict allowable speed for sustained
Sflight.

AIRSPEED V. kt

Fig. 3-165. Altitude Constraints Imposed by Main 3-5 SPECIAL CONSIDERATIONS
Rotor Control Limits and Tail Rotor Adequacy

3-5.1 AUTOROTATIONAL
CHARACTERISTICS

3-5.1.1 Basic Mechanism of Autorotation
SHORT DURATION TOLERANCE LýEVEL

SCONTINUOUS OLERNCE LEVEL One of the important features of a helicopter, in
contrast to most other types of aircraft, is the ability it

I affords to make a landing following a complete power
I failure with a reasonable expectation of no injuries atld

no structural damage. Both the military and the FAA
recognize this capability by requiring that it be demon-

AIRIEED V. k; -trated even in multiengine helicopters. Autorotation
not only is used following power failure, but also is

FIg. 3-166. Typical Vibration Characteristics generully the fastest means of descent in case of other
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unexpected events such as fire, severe vibration, or con- at which the rotor slows down if the pilot takes no
trol system malfunction, action following the power failure can be derived by

The basic mechanism of autorotation and hover is assuming that the decelerating torque is proportional to -'

illustrated in Fig. 3-168, which shows the lift and drag the square of the rotor speed. The resultant equation is
vectors acting upon a blade element in hover, in a slow a function of the original torque Q and rotor speed
vertical descent, and in a fast vertical descent. The lift fl0 :
vector is held constant for the three flight modes by
decreasing the pitch of the blade as the rate of descent
is increased. It may be seen that at some rate of descent rads(C2  (3.207)
the lift vector L, which always is perpendicular to the
local resultant velocity, will be tilted forward enough to
balance the drag vector D. At this point, no power isrequired to keep the blade element rotating and •t is in Eq4. 3.207 ca be rewritten as a nonlinear integral equa-
requioredto. kee the blade oelaeompent rotoratig adift is tion in terms of the equivalent time t, during which the
autorotation. In the cas of a complete rotor, the lift total kinetic energy could be converted into power at
and drag forces on every blade element will not neces- the initial level; e.g., by increasing collective pitch as

i sarily be balanced, but the integrated torque due to the the rotor speed decreases:
forward tilt of the lift vectors on all of the elements will
balance the integrated torque due to the drag on all of L
the elements. This balancing of the torque applies to '"R
autorotation in forward flight as well as in a vertical
descent.

For a given combihation of disk loading and collec- / /

tive pitch, vertical autorotation is a stable flight condi- ' v /

tion that is defined by a unique combination of rotor Q
speed and rate of descent. This means that if the rate
of descent increases, both the blade lift and its forward
tilt also will increase with a resulting increase in rotor (POWERED FLIGHT)
speed. The latter produces another increase in lift and
a corresponding decrease in the rate of descent back to L
its original value. If the rotor speed increases without
an accompanying increase in the rate of descent, the lift //I SLOW VERTICAL
vector will tilt back and the drag vector will increase, DESCENT
thus causing the rotor speed to return toward its initial (TOTAL DRAG
value. Similarly, in forward flight autorotation is stable V / (TTA DRAG

4 -V DECELERATING
at a given combination of forward speed, disk loading, DR TORQUE)
and collective pitch and is defined by a unique combi- !V
nation of rotor angle of attack with respect to the flight (B) SLOW VERTICAL DESCENT
path, glide path angle with respect to the horizon, and (TOTAL DRAG PRODUCES A DECELERAT ING TORQUE)
rotor speed.

3-5.1.2 Entry into Autorotation

The entry into autorotation is the maneuver occur-
ring between the instant of power plant failure and the
point at which steady autorotation is achieved. In nor- 0 R
mal flight, the helicopter rotor requires power to keep r itl
it rotating. If the source of power suddenly fails, the
rotor initially will require the same power but, being
unable to obtain it from the power plant, will obtain it
from its own kinetic energy by slowing down. During-(C) FAST VERTICAL DESCENT
this process, it can approach a stalled condition that, if (TOTAL DRAG PRODUCES A SMALL OR ZERO TORQUE)
actually encountered, would bring the rotor to an un-
controllable flight condition. An equation for the rate Fig. 3-168. Basic Medhalalsw of Autorotation
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,':,It", sec•

k 0 0.4 0.8 1.2 1.6 2.0 2.4 2.8
[• TIME t, sec

Fig. 3-169. Rotor Sgd Dey F wolloing Power Fail.re

S f 2l reduction in coning, is large enough to cause a blade
'n V- K dt , dimensionless (3-208) strike on the fore-body.

0 'no\ In order to give the pilot an opportunity to react with

sufficient rapidity, he must be given an adequate indica-

where tion of engine failure. This generally is not a problem
in a reciprocating-engine helicopter because the change

ISI0 /2 120/2 in noise level is readily apparent. With turbine-powered) Q - , sec (3.209) helicopters, however, the prime source of noise in the
._ ( 0 f0,o ) cockpit may be the transmission, which produces es.

sentially the same noise level whether under power or
not. For this reason an engine failure alarm system

The denominator of the second form of the expression separate from the normal flight and engine instruments
for t, is the rotor power. For most helicopters and flight may be required. The signals that can be used to trigger
conditions, the equivalent time is between I and 4 sec. the alarm include a rotor speed below some preset level;
Eq. 3-208 has been evaluated for s-veral values of high rotor speed deceleration i-ates; zero or negative
equivalent time and the results plotted on Fig. 3-169. torque between the engine and the transmission; or a
It may be seen from this figure that the rotor speed can sudden drop in engine temperature, pressure, or fuel
decay by as much as 35% in the first second after flow. It may be necessary to use more than one of these
power loss. signals to avoid nuisance alarms.

To prevent a dangerously low rotor speed, the pilot During entry into autorotation from hover, the pilot
must initiate prompt control action following power may elect either to make a nearly vertical descent all
failure. In hover and low-speed flight, the proper pilot the way to the ground or to make a transition to for-
action is to reduce the collective pitch in order to ward-flight autorotation. Because the rate of descent in
reduce the power required, and quickly to obtain the autorotation is proportional roughly to the power re-
rate of descent necessary for steady autorotation. At quired by the rotor, the minimum rate of descent oc-
high speeds, the decrease in collective pitch may be curs at the forward speed corresponding to the mini-
delayed if, instead, an immediate cyclic nose-up flare is mum point on the power-required curve. Vertical
performed. This flare simulates a rate of descent by descents are practicable only on helicopters with low
establishing an attitude such that the air is coming disk loadings; such helicopters also normally require
upward through the rotor. Another reason for this type lower power for hovering. When entering vertical au-
of entry into autorotation at high speed is that collec- torotation, a special problem may occur as the helicop-
tive pitch reduction causes the rotor to flap down in ter accelerates toward its stable rate of descent and
front, thus delaying achievement of the condition of passes through the critical part of the "vortex ring"
upward flow through the rotor. Sometimes this nose- state. The vortex ring state exists between the hover
down flapping, in conjunction with the accompanying mode and the autorotation mode for vertical descent.
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,.
inthiscondition, the rotor carries with it a mass of valueofJ - 7determined in Eq. 3-211and Vacan
rotating air, like a amoke ring, which is rotating down be found in turn by multiplication by vo from Eq. 3-4.
through the mlddle of the rotor and up on the outside. Note that from Fig. 3.170, an average value of Vn is 2.0.
This mass of air becomes very unstable in the critical Thus the rate of descent in vertical autorotatlon is ap-
part of the vortex ring state and breaks down in large proximately twice the corresponding value of the in-
and random fluctuations that act upon the rotor as duoed velocity in hover. For sea level conditions
sbarp-edged puts, producing a situation in which the (p = 0.002378 slug/fl), this gives approximately:
helicopter is difficult to control. Fortunately, the vor-
tea ring state either can be passed through quickly by VD s, 29%, , fps (3-212)
decreasing rotor power or alleviated by descending
with a moderate amount of forward speed.

During autorotation at forward speed, the rotor (This equation, icidentally, also gives a good approxi-
speed sometimes is difficult to raise from the low value mation for the rate of descent of a parachute.)
it decreases to during the entry if the minimum collec-
tive pitch setting is not low enough to maintain the -.

rotor speed at the desired value. In these cases, the In forward flight autorotation, the rate of descent
rotor speed can be increased by making steady turns; can be calculated either by an approximate method
the increased Imod factor and corresponding increased when quick results are required or by a more rigorous
angle of attack increase the flow of air up through the method when greater accuracy or the effect of configu-
rotor and, thus, the energy that can be extracted from ration changes are desired. The approximate method is
the airstream. This extra energy allows autorotation at based upon the concept that the power available is
a higher rotor speed at the expense of a higher rate of supplied by the rate of loss of potential energy and the
descent. assumption that the power required is the same as for

level flight at the same speed. The equation for rate of
3.5.1.3 Calculation of the Rate of Descent descent using the approximate procedure is

in Autorotatkon 550hpreq

3-5.1.3.1 Vertical Autorotation VD= 5S pP323 .

The equation for the rate of descent V', in steady (
vertical autorotation may be derived by the method in I
Pef. 16 by setting the idealized rotor equation for
torque coefficient equal to zero:

Q C c3/2 J
•=2.4..,:-

- 0 , dimensionless (3-210) -

.. 2 .2 -

In this equation the descent and induced velocities >

have been nondimensionalized by dividing by the in- >
duced velocity in hover vo. Eq. 3-210 can be rewritten 2 2.0
as

OC/81.8- 
- __ -

SVD - ,Idimesionless (3-211) W>)

S1.6 t I ,t
0 04 0.8 1.2 1.6 2.0

In the autorotative condition, the nondimensionalized NET VERTICAL VELOCITY VD-- F. dirrensionless
rate of descent PD, and the nondimensionalized net
velocity through the rotor V - V are related as Fig. 3-170. Noadimueoual Velocities In Vertical
shown on Fig. 3-170. Thus iD can be found for the Autorotatioa
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PERPENDICMJAR
TO GLIDE~' PERP ENDICULAR

PATH TO FUSELAGE REF. AXIS

HORIZON = e •'U

9' " Fig. 3-171. Forces on Helicopter In Antorotalon

This equation cannot be considered more accurate than speed along the flight path, tip speed, and density in-
±-15% because the power required in autorotation is volves the following steps:
not the same as for forward flight due to the difference 1. Estimate the torque that the rotor must supply
in local blade element angle of attack distributions and in autorotation to drive the tail rotor, transmission, and
fuselage drag contributions for the two flight condi- accessories. Compute the corresponding value of nega-
tions. tive Co/o.

A more accurate method is based upon the use of 2. For the value of Cr/o corresponding to the
rotor charts (par. 3-2.1.2.2.5) and the equation of forces particular gross weight, tip speed, and density and the
along the glide path acting upon the helicopter as value of Cq/oc determined by Step 1, use a suitable
shown in Fig. 3-171. Substantiation of this method is rotor chart for the proper tip speed ratio to find the
determined through actual flight test by the "sawtooth collective pitch 0o
rate of descent" procedures discussed in AMCP 706- 3. For values of Cr/A• and 0o determine the angle

203. The rate of descent ist and the -orce fom the rotor
charts.

VD = V sin 7 D ,fps (3-214) 4. Find the fuselage angle of attack am as

Using small-angle assumptions, sin YD is estimated by ,= (3-216)

n TcR +D+H
Sin =' dimensionless (3-215) 5., Find the fuselage drag as

Sq ,lb (3-217)
The calculation procedure for a given gross weight,
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-W9,(-hIo) =J (12- V)

3600 + ±- (2° -2
::30 FLIGHT TEST POINT -550 d ft4b

R3200 ( fOM Ref. 74
2C OALT 5,000 ft
_UALT 10000 ft The horsepower hp in Eq. 3-218 is assumed to be the20 - 10,000-f- average between the two conditions, and the time tis the

2 8 0 00 time required to decelerate from V. to V, using the
- component of gravity along the climb path. The alti-

-,- -.- - tude gained is
* , 2400 CALCULATED CURVE

-:(0 -• 0"•-,) + 0
";!•/• ht h0 7--

2000 - ----

5 SoF(hpo+ hpI)l [vi-v, 1-- - - -_ ss o L + 'i Lgs - v,

1600 -- ,ft (3.219)
0 20 40 60 80

AIRSPEED V, kt
where

Fig. 3-172. Rate of Descent in Autorotation (CTIo).,.
= Cos' ,deg (3-220) ...

"where D/q is g function of at. as measured in a wind
tunnel or obtained by estimation. a,: and

6. Calculate the rate of descent and the glide angle
from Eqs. 3-214 and 3-215.

The results of a sample calculation using this method LCTIa)ax, (rad/sec9 (3-221)
are shown on Fig. 3-172 for the UH-1, along with

-•: points determined in flight test (Ref. 74).plIn Eqs. 3-220 and 3-22 1, the value of (Cr/o1),,,. may be

estimated using the lower boundary of Fig. 3-173,
which has been compiled from a study of wind tunnel

* 3-5.1.4 Glide Distance and flight test results and represents the boundary
SThe radius of the zone within which the pilot must above which the rotor profile power rises rapidly, in-s he hrandig spofthe followithing whh pwer filureist dicating significant areas of blade stall. The equation•./ ~~~select his landing spot following a power failure is equal frtemxmmgiedsac hni

to the horizontal projection of his maximum glide dis- for the maimum glide distance then is

tance from the altitude at which he established a• " V!
steady-state autorotation. This altitude is either the al- dmax h , ft (3-222)
titude at which power failure occurred or the altitude VD
to which he can zoom (speed reduction climb) follow-
ing power failure. The zoom maneuver is possible when
the power failure occurs at a forward speed V0 higher
than the autorotational speed V,. The equation for the
altitude gained during the zoom is derived from the The objective of the flare maneuver is to make a
equation for the change of energy. transition from steady-state autorotation, with moder-
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ate forward and vertical velocities, to a touchdown, STEADY CYCLIC COLLECTIVEA U TO RO TA T IO N FLA RE FLA RE
with small or no forward and vertical velocities. An A LA .LARE
idealized flare maneuver is illustrated in Fig. 3-174 and
starts with a cyclic flare at constant collective pitch, in ALTITUDE.

which the increased rotor thrust and its aft tilt compo- I
nent are used to decrease both the vertical and horizon- TOUCHDOWN
tal velocitilcomponents. At the end of this cyclic flare, COLCTE

the aircraft should be near the ground with its vertical PITCH. .

velocity VD = 0 or within the design sink speed of the

landing gear Vd and with the horizontal velocity cor- CYCLICAF

responding to autorotation at the angle of attack to PITH. i
FVDwhich the helicopter has been pitched. The flare angle

of attack is the highest angle from which the helicopter PITCH . !
can be rotated nose-down to a level attitude, in the time ATTITUDE.

dep I

during which the rotor energy can be used to develop
hovering thrust. The final rotation and collective flare
are used to bring both velocity components as close to .t se.
zero as possible.

The maximum allowable touchdown speed is de- ROTOR .-
pendent upon vehicle configuration and landing gear . I I ', "
capability. A maximum touchdown speed of 15 kt is :"_
specified in MIL-H-8501. A means of estimating this RATE OF
speed during design is given oy the following proce- DESCENT. I" ! '
dure: GROUND DISTANCE. ti-,,.0

1. Calculate the maximum allowable angle of at-
tack a.. at the end of the cyclic flare as a function of Fig. 3-174, Idealized Flare Maneuver
the maximum nose-down pitch rate , and the time
th,, available for the maneuver

amax Omaxt hov deg (3-223)

0.20 R,• " REGION TO where
I N~,TRIM ROTOR TO j•i
i -•1^. ~tnSTEADY I. _2;-

REGION OF STEAD
S0.16 FXCESSIV ONDITIONS-- 2 (nor P'•nin)!

- PROFILE , thov 5 550hp -, (3-224) ,I

ITO STAL

_ and

So0.0 REGION OF -- '

IUNSTALLED = g r(
-- OPERATION C(rad/sc) (3-225)

For this maneuver, the value of (Cr/cr),, a may be
0 -found from the upper boundary on Fig. 3-173, which
0 0.2 0.4 0.6 represents the limits of conditions in which the rotor

ADVANCE RATIO i can be controlled even though much of it is stalled. In .I

some cases, the maximum allowable angle will not be
Fig. 3-173. Maximum Rotor Capability as defined by Eq. 3-223, but will be limited to some
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smaller value by the pilot's loss of visua4l contact with a pilot will induce while making an autorotational flare,
the ground at high angles. so the designer must be guided by his judgment and

2. From Fig. 3.175, find the value of the minimum experience.
advance ratio at which autorotation can be sustained at
the maximum flare angle while still developing a verti- 3-5.1.6 Height-Velocity Curve
cal component of rotor thrust equal to the gross weight.

3. Find the minimum touchdown velocity in kt as 3-5.1.6.1 Single-engine Helicopters

The ability of the helicopter to demonstrate an actual
p,,,i,,(fZ oR--(g ~It )/2 flare and landing at a touchdown speed within the

1.69 ,design capability of the landing gear is restricted by the
initial combination of altitude and forward velocity
whose boundaries define the height-velocity curve or
"deadman's curve". A typical height-velocity curve is

where (ax ti,.,)/2 is the decrease of forward speed shown in Fig. 3-163.
during the rotation. A first approximation of the height-velocity curve

Although the rate of descent in steady autorotation can be generated during preliminary design by a cnmbi-
does not enter into the calculation of the touchdown nation of empirical and analytical considerations as
velocity in a direct manner, it does affect the pilot's outlined in Ref. 75. This method makes use of the
chances of achieving the idealized flare that has been generalized nondimensional height-velocity curve
assumed. The cyclic flare is a precision maneuver in shown on Fig. 3-176, which has been generated from
which the pilot, using only his cyclic and collective experimental data cbtained using several single-engine
controls, must solve simultaneously the equations of helicopters as flown by skilled test pilots. For this rea-
motion for vertical forces, horizontal forces, and pitch- son the method is cousidered to produce a minimum
ing moments so as to end the flare within narrow limits unsafe area, but not necessarily an operational envelope
of height above the ground, rate of descent, forward for everyday flying. The lower boundary was obtained
speed, and angle of attack. The higher the rate of de- with no delay in collective pitch reduction and the
scent at the start of the cyclic flare, the less time he has upper boundary with a one-second delay.
to correct prior control inputs in order to perform the In order to establish the diagram for a given helicop-
maneuver satisfactori:y and to make his actual touch- ter, three heights and one airspeed must be found: low
down within the limitations of the landing gear design hover height hl•, high hover height hh,, critical hover
sink speed. The flare maneuver can result in large blade height h,,,, and critical airspeed V,,,.
flapping angles, and the designer must provide surfi- Th, value of h&o can be calculated by assuming that
cient cleara ice between the aft fuselage and the rotor the pilot is alert and immediately can establish a rate
to prevent blade strikes. No simple analytical proce- of descent equal to the landing gear design sink •peed
dures are available for computing how much flapping Vd and that he can maintain that rate of descent

0.35 0.15 (CT m' or.

0.30 0.10 "

__ 0.250

0.

< 0.20 . . .. . .. . .
U 0.15

0.05

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
FLARE ANGLEa.,X,, deg

Fig. 3X175. Conditions for Autorotation at End of Cyclic Flare
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,,- during the time that the available kinetic energy of the 1000
rotor can provide power equivalent to that required for

hover IGE without exceeding a value of blade section
lift coefficient c, of 1.2. The latter is a figure that is 800
achievable by at least two out of three helicopters, ac-
cording to Ref. 75. The resultant equation is C-600--

v a 'n:(1-2.24V .7-
h =4 o oT - , ft (3-227)

10I 0lApqHOGEA >6400------------------
200

where A is the ground effect parameter and is shown "
as a function of the rotor height-to-diameter ratio on
Fig. 3-15. 0

Analysis of the experimental height-velocity data 0 1000 2000 3000 4000 5000

produced the relationship between the high hover (CRITICAL VELOCITY) 2 
Vert,kt

2

height hh1and V2 shown on Fig. 3-177 and also identi-
fied Vj, as a function of the speed for minimum power F 1 gh
VE and C1/cr a. shown on Fig. 3-178. Fig. 3-77. High Hover Height

The final required altitude is , which, according
to Ref. 75, can be considered to be 95 ft for all single-
engine helicopters until further flight test programs are 0 Ct/c -161 21086 42
carried out in this field.

) 80 CL 2 C.4,
CL 2 C- - -. - - - -

h 0

>+

- 0.4 >

o 40

. 0 .8 - - - -- -

-1.0 (h iVcrit-i

0.8 z z - -0 20 40 60 80 100
o 0VELOCITY FOR MINIMUM POWER V, kt

Fig. 3-178. Critical Velocity

0.44 --

0.2 'The method has been used to calculate the height-
4 jx 2 velocity curve for the UH-l I nd the results are p'lotted-T on Fig. 3-179 along with flight test points representingh~o 0 0 0.2 0.4 0.60o.8 1.0 1.2 both Waie and critical landings from Ref. 74. It may be

VX / Vcr•t seen that, for a maneuver that is highly dependent upon

pilot technique, the calculated curve is reasonably close
Fig. 3-176. Generalized Nondimensional to the measured points. As previously mentioned, this

Height-velocity Curve for Single-engine Helicopters method can be used only to define a minimum unsafe
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450 T1 T value that is one-half the speed at which the remaining
FLGH TES0 1)AT 173OI~SF power can maintain a rate of descent equal to the land-

350 ~ ~ ~ Rf 74--0 AELADN ing gear design sink speed Vd, or one-half the forward -'

350C 0 0 CAFE LANDING speed at which

CALCULATED CURVE ssoihn -hn~250 -'e ray Old =, fps (3-229)

too 0- Based upon the experimental data given for the CH-
* - ______ 47B in Ref. 77, the correspondirg critical height k(,,

50 can be assumed to be 50 ft instead of the 95 ft used for
0 ofsingle-engine helicopters. The high hover height h,,, can

*0 10 20 30 40 50 60 70 80 90 100 be found as a function of V,, from Fig. 3-177. Fig.
AINSPEED V, kt 3-180 shows the height-velocity diagram for the CH-

47B determined by the procedure outlined, along with
Fig. 3-179. Height-velocity Curve for UH-1 fih etpit rmRf 7

are%. The "avoid" area is unconservatively small and 3-5.2 MANEUVERING PERFORMANCE
can be considered only a first approximatiu~n of an This paragraph describes the methods used to comn-
operational limitation. pt eiotrpromnei aevrn lgtThe second, or high-speed, portion of the 'height- pThe helicoparmters peroranc signifmaneuvrin afligt.ma
velocity curve shown on Fig. 3-163 is simply a warning Theudesingn cparameter tate sigentificdandtlyi affectima-
that a power failure at high speed and close to the neuporianc capabiityuared identfedand thrmir relative b
ground is a dangerous situation. No analytical method iprac sdsusdi eea em.Eutosb
has been developed for predicting this portion of the which the designer may compute performance in ac-
curve and some presentations omit it entirely. Two
considerations regarding the high-speed portion of the 600 -------

height-velocity curve are worth noting. First, the pilot FLIGHT T EST POINTS FRO M
can be assuived to be alert and able to react quickly to Ref. 77 -t

a power failure. Second, for most helicopters, when the 50W..40,000 1b

rotor slows down at constant collective pitch, the in- SALVL 1ONITO*
crease in tip speed ratio causes the rotor to flap back .. CALCULATED CURVE
so that a pitchup is started automatically. This pitchup 4 400 L/ 4 -----
tends to keep rotor speedi from decayintg and at high I-
speeds results in the start of a zoom maneuver.<'

* 3-5.1.6.2 Multiengine Helicopters 3W

A power failure that results only in a partial loss of
power is obviously less of a problem than a complete zAVOID
power failure. The height-velocity curve for this case/
can be developed in the same way as for the single-/ 7 /

engine helicopter. The equation for the low hovf1i7; // *4.-4-
height is//,'/

V [In2.(( - 2.24vc7)

h o 11OO hPHOG - hPUV)A ft(-2)0 10 20 30 40 50 60 70
AIRSPEED V,kI

Rtf. 76 recommends using for the critical speed V,,, a Fig. 3-180. Height-velocity Curve for CH-47B
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,w celerated flight are presented and the limitations of climb may be approximated by Eq. 3-191. The effi-
current theories are mentioned. ciency constant K. is typically about 0.85 for climbing

The theory of maneuvering performance of helicopi- flight and 0.80 for descending flight. Autorotational
era is in its infancy. There is no definitive literature on performance may be computed from Eq. 3-191 by set-
the subject, so an unpublished theory based upon en- tins the power available ASHP to zero.
ergy and momentum theory is presented. It has been Excess power also may be used to accelerate the
found useful in comparing the performance of a wide vehicle at constant altitude. The time required to accel-
variety of helicopter designs. *rate from V, to V2 is given by

The limitations of the performance of a rotor in ma-
neuvering flight are dependent heavily on its design. A
viable theory that would account for all the variations ( ) dV sec (3-230)
of rotor systems would have to include dynamic, acro- J 550(hp1, - hpmq) " s
elastic, and structural effects, as well as aerodynamic ,,
effects. Although the technologies associated with each
of these effects include theoretical approaches to the
problem of predicting maneuvering flight limitations, In deriving Eq. 3.230, it was assumed that all the
the currently available methods must be applied sepa- excess power is used to generate a force that accelerates
rately because of the complexity of combining them. the vehicle horizontally. Although this force appro-
The most common limitations are aerodynamic (stall), aches infinity as velocity approaches zero, the equation
dynamic (vibration), or aeroelastic (flutter). Only the is so arranged that the integrand goes to zero in hover-
aerodynamic limitations of rotor performance are de- ins flight.
fined quantitatively here; the others are discussed in Decelerative performance may be computed simi-

, qualitative terms. larly. The power required by the rotor during a cyclic
flare decreases because the flow state approaches that

3-5.2.1 Power Required in Accelerated of autorotation. The amount of this reduction in the
Flight rotor power must not be negative, however, because it

The power required of the helicopter in equilibrium would cause rotor overspeed. Therefore, all the power
level flight must be determined before its performance required at a given speed is assumed to generate a force
in accelerated flight can be computed. Methods for this Fthat decelerates the vehicle by means of the equation
determination are discussed in par. 3-2. req ,

If power available exceeds that required for unac- F = ,lb (3-231)
celerated level flight, this excess power may be used: .d

1. To change energy states
a. By climbing (or descending if power is defi- The time to decelerate from V2 to V, is given by

cient)
b. By accelerating (or decelerating if power is

deficient) fv Wig
2. To induce normal acceleration t I dV ,Sec (3-232)

a. At constant energy (called sustained load fac- J V d
tor capability)

b. With loss of energy (called transient ioad
factort capability), which is the same as Eq. 3.230 if hp,, is set to zero.

3-5.2.2 Changing Energy States 3-5.2.3 Normal Acceleration Capability Y

The capability of the aircraft to change energy states Excess power may be used to increase lift above the
is limited by the power available because power is sim- l-g-flight value in order to turn the aircraft in either the
ply the rate of change of energy. Excess power may be vertical (symmetrical pullup) or the horizontal (con-
used to increase altitude (potential energy). The rate of ventional turn) plane. The normal acceleration pro-

duced by a given amount of excess power is nearly
•"o Under this definition, a constant-speed descending turn per- independent of flight path orientation, so the ac-

formed at constant load factor uses rotor transient load factor celerated flight performance equations can be derived
capability, from considerations of level turning flight.
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Increasing the angle of attack of an airfoil increases performance are reflected in the cockpit. These plac-
its lift, but also increases its drag; therefore, in ac. arded maximum rotor loads and speeds can be con-
celeatingl flight more power is required. This increased verted into rotor lift coefficients and advance ratios.
power is absot .,d by the rotor when both collective Fig. 3-181 shows a typical example of such a relation-
and cyclic pitch controls are used to attain load factors ship (Ref. 80). The rotor blade lift coefficient t, shown
that require full power. A maneuver (turn) of this kind is dimensionless and is equal to 2CT/a'. The values of
demonstrates the aircraft sustained load factor capabil. t, that result from the placarded airspeed limits are
ity. It is apparent that sustained load factor perform- indicated by the flagged, open triangles; the solid trian.
ance is dependent highly upon the amount of excess for
power available gle are data points transient load factor maneuver-
poWhe svti her ning flight. The dashed line was computed from the

When still higher normal acceleration is demanded, eroleatnsishwadrpeetshevus
the aircraft can lose either altitude (potential energy) or oft a
airspeed (kinetic energy) in exchange for the required t at which power divergence occurs for a teetering
total power. Turns of this kind make use of the rotor rotor. The values applicable to other types of rotors or

using difftrent airfoil sections may vary significantlytransient lomdl factor capability, which may be limited from these.by blade stall, rotor instabilities, or vibration. Thepower required i-or transient load factor maneuvers is Although the t, versus At characteristics of rotor sys-
quite high, however, and energy is lost rapidly. Fur- tems vary widely, an aerodynamically limited value of

tq at different advance ratios can be computed if the
thermore, the capability of the rotor to absorb power variation of maximum lift coefficient with Mach nun-
diminishes because it approaches the autorotative flow.• bet for the blade section used is known. The analytical
state at high angles of attack (Refs. 78 and 79). There--- •" model for this computation is illustrated in Fig. 3-182.
fore, helicopters always will be limited in their capabil-ity to decelerate in high load factor maneuvers when Throughout the retreating blade region, the blade sec-.mat in gloadcfactorhmaneuverstwhen tions are assumed to be at the maximum lift coefficient

Scompared with fixed-wing aircraft which are not sub- ott h ld tto twihtersliglf o

ject to this reduction in capability to absorb power. out to the blade station at which the resulting lift a o-

Compound helicopters with propellers geared to the ments of the advancing and retreating blades are equal
rotor are not restricted in the same way as helicopters, and opposite, and the lift is assumed to be zero beyond
Sbut in this regard are like fixed-wing aircraft. that station. Fig. 3-183 shows the results of such an

but n tis rgar arelik fixd-wng arcrft.analysis for two relationships of maximum lift coeffi-
Sustained load factor performance is a function not cnt to Mac relsoids indicte data

only of the excess power available hp.,, but also of the cient to Mach number. The solid triangles indicate data
induced velocity and the change in rotor profile power from maneuvering flight tests. The circles show datafo full-scal windit tunnd teht ofng theo samrofiley

with angle of attack. If all available power is used to tom.
produce normal acceleration, the following equation e.

expresses the normal load factor n:

0.4

n '•I W.-V- ,dimensionless (3-233) 0G_

0.3 -- l- - -AEUEIGFIH% A

where0

S49o 224 * PLACA IED ' -. _
-4.u fps (3-234) '<' AIRSPEED

2q d' U LIMITS

0.0.1 0.24
where v is obtained from Eq. 3.35. The value of %,may it
be approximated as 2v, if the data necessary to use Eq. 0 - I
3-234 are not available. 0 0.2 0.4 0.6 0.8 1.0

The transient load factor capability of a rotor is cal- ADVANCE RATIO 1, dimensiOnless

culated by dividing the maximum attainable lift coeffi-
cient by the l-g lift coefficient for the same flight condi- Fig. 3-181. Typical Rotor Thrust Capability (Ref.
tion. Thrust and airspeed limitations upon helicopter 80)
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RETREATING CENTER OF
BLADE ROTATION

L REVERSE ADVANCING

FLOW BLADE...

REGION REGION REVERSE FLOW, NO LIFT
NO LIFT OUTWARDE

LIFT MOMENTS
ARE EQUAL

SECTION A-A

Fit. 3-182. Analytical Model for Maximum Rotor Thust

This relatively simple approach to the aerodynamic 3-5.2.4 Effect of Wings
limitation of rotor thrust appears to be reasonably ac-
curate for at least one rotor system and it predicts the The effect of wings upon load factor capability is to
correct trend with increasing airspeed. However, the increase the change of lift that corresponds to a change
adequacy of the method to account for the effects other in the aircraft angle of attack. The equivalent induced
than aerodynamic which were discussed previously has velocity w,,for z wing may be determined by including
not been demonstrated for all types of rotors. There- the 62 component of drag in the same way as for the
fore, empirical methods based upon test data for rotors rotor.) comparable to that being proposed may be equally ef-
fective for preliminary design purposes. r

It is apparent from Fig. 3-183 that the transient load ! A 1 *I
factor capability of rotor systems decreases rapidly weeqW + a2  2 ps (3-235)
with increasing speed. Significant improvements in

transient load factor capability can be made by careful
attention to the blade section properties at different where
radial locations along the rotor blade.

Lw
0w = 2peVA 1  (3-236)

S0.4 ref'II •" •

r • ,where
0.3 MANEUVERING a. = wing lift curve slope, rad'

u•L .2 %' I FLIGHT DATA Ae,," = vrb2/4, ft'

0 .2 WIND TUN EL.. AR = wing aspect ratio, b2/Sý
0. 0j, W- DATA dimensionlessS0 -b = wing span, ft

S.0 e wing span efficiency factor,
U 0.1dimensionless

P 1 0 .L = wing lift, lb
0 N1.0 S = wing area, ft'

L MACH No. 0It Eq. 3-235 is similar to Eq. 3-234 because the same
0 0.2 0.4 0.6 0.8 1.0 momentum theory approach was used for both the

ADVANCE RATIO ji, dimensionless fixed-wing and the rotor equations. The sustained
normal load factor n for a fixed-wing aircraft can be

Fig. 3-183. Analytical Aerodynamic Maximum expressed in a form similar to Eq. 3-233 for helicop-
Thrust ters:
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n = + _T k500 (3-237) a, = kinducedrincremental angle of

1+~ 323) whr attack, ralreena
Wt [,- (P/PO)l V, Differentiating Eqs. 3-238 and 3-239

where dc,,--, awAw~q 1 - 4Aq .lb/rad (3.242)
k empirical constant, (fps)'

The additional term k/.(p/po)1V' ] accounts for the
rapid increase in wing drag at speeds near stall. It may where
be neglected for calculadions of turning performance at
speeds higher than about 130% of wing stall speed.

The energy expressions for pure helicopters and for 2 pA Ib/rad (3-243)
fixed-wing aircraft may be combined for the computa- -_f(,s 2

tion of the sustained turn performance of winged heli-
copters. The equations presented are based upon the This last expression (Eq. 3-243) for rotor thrust
assumptions that the wing has fixed incidencc, that it change with angle of attack at constant collective pitch
is positioned below (in the downwash of) the primary is derived from linear rotor theory. It represents the
lifting rotor, and that its lift does not affect rotor thrust product of the dynamic pressure at the tip of the blade,
significantly. The equations may be modified to ac- the blade area, the slope of the blade section lift curve,

count for other configurations. and the advance ratio of the rotor. If collective pitch is
The fundamental technique for computing constant. reduced in high load factor maneuvers, a greater

energy turning performance is to use all of the excess change in angle of attack will be required for the same
power to produce lift; i.e., to overcome the additional load factor than if the collective pitch is fixed. This is
induced drag that accompanies additional lift. Equa- one way the division of lift between the wing and the
tions must be developed for rotor thrust and drag and rotor in maneuvering flight may be controlled.
for wing lift and drag, as well as for the changes in these The change of normal acceleration with angle of
quantities in accelerated flight. The following relation- attack may be determined from Eqs. 3-240, 3-242, and
ships assume that downwash angles are small, that 3.243:
momentum theory is valid for determining rotor in-
duced velocity, and that the value of induced velocity dn I [ (a
at the rotor disk changes with wing angle of attack by +(a q) x
W /Vradians: fus

Lw aAq(a+ A f, -u ) ,lb (3-238) ( d'less (3-244)WWW V 4Aq

where The first term of Eq. 3-244 represents the increase in
a. = wing angle of incidence, rad thrust and the last term represents the decrement of
A. = wing area, ft2  wing lift caused by increased rotor-induced velocity.

From Eq. 3'243 it can be shown that the wing contribu-
T= 2pA V, ,lb (3-239) tion of Eq. 3-244 reduces to aA,,q{1-[oa/(4M)]}. The

term in braces may be thought of as the load factor
effectiveness of the wing, which is zero if A± -

nW5 =T+Lw lb (3-240) cra/4 and becomes increasingly positive at higher
speeds. Because a is typically about 2 Ir, if or = 0.065,
the zero-lift value of ,& is 0.102, which corresponds to

The change in wing lift with angle of attack is given by a speed of about 45 kt. At this low speed the small-
angle assumption is imprecise enough that an exact

LW ML allw 8a, 8T solution of Eq. 3-238 demands the use of the more
'--precise term, Tan-' (WV). However, the wing load fac-

tor effectiveness term shows how the wing helps in
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maneuvering flight. The load factor effectiveness of the 3-5.3.1 AUtotatko,
.. wing would be 0.75 at 180 kt and only 0.5 at 135 kt. A unique feature of the helicopter is its ability to

Thus, it is apparent that a wing is effective in maneu- effect an autorotative landing in the event of total
vering flight only at high forward speeds. However, ro- power failure. The installation of more than one engine
tors designed for high forward speeds have higher improves the reliability of the aircraft in that power
solidities than the 0.065 of the example given pro- failure of one engine does not make such a lading
viously: a value of about 0.11 is typical. This greater necessary. Redundancy and improved performan ar
solidity of the rotor reduces the wing oad flctor effec- realized through multiple engine installations.
tiveness; at 180 kt it would be reduced from 0.75 to Methods for analysis ofautorocational performance

F . hau0.575. are discussed in par. 3-5.1. Both vertical and forward
From Ecs. 3-235 through 3-244, an equation for an flight autorotstion are analyzed, with the special case

effective induced velocity of the wing and rotor com- of partial power loss mentioned briefly.
bined v.. may be derived and sustained load factor A rapid assessmen: of the szfety margin, system
performance computed. If f/ represents the fraction of adequacy, or gross weight capabiity of a helicopter to
the vertical force supported by the wings, then the effect an autorotative landing can be made by establish-
induced power may be computed from ing an autorotative index A. criterion. Such an index

can be simply the ratio of the rotor rotational kinetic
P, = L w,, + 7Vq energy to the power required to hover, at a given gross

weight;

Al All sec (3-247) :nWVZ R W ft.lb/sec (3-245) A I 1 l O G(

The constant-energy turn performance of a winged *herr
Shelicopter (see Eqs. 3-233 and 3-237), is given by I rotor inertia, slug-ft

.The value of such an index is dependent upon the "I
S550hpx availability of flight test data. which is the only reliable

n = ' + ,dimensionless (3-246) basis to use as a reference for comparison. Once this
"Ws;• wV reference is established, the index can be used on other

;ystems under study and their merits judged relative to
known characteristics of similar aircraft. Under this

where vj,, is computed for level flight in equilibrium, criterion an Alof no less than 1.7 appears to be accepta-
so that n = 1. ble operationally for single-rotor aircraft.

Transient load factor maneuvers generally are ac-
companied by a greater change in the aircraft angle of 3-5.3.2 Performance With One Engine
attack than are constant-energy maneuvers. In tran- Inperatlve (OEI)
sient load factor maneuvers, the wing produces more The requirement to maintain a 100-fpm rate of climb
lift than the given equations indicate. Although further with ona engine inoperative (OI) normally is not criti-
work in this area is necessary, the methodology is cal for helicopters with three or more engines. How.
straightforward and the equations presented in this ever, the analysis that follows is valid for the loss of
paragraph should be sufficient to extend the theory. one or more engines.

I',,,t speed for minimum power and therefore for
3-5.3 ENGINE(S) OFF/INOPERATIVE maximum power loading is used to derive maximum

CONDITIONS performance, according to these criteria. Fig. 3.184
shows a typical level-flight power required curve and

General performance considerations and trim re- the intersection of OEI power available. Because the
quirements are discussed to highlight the helicopter power required (and available) to hover is about twice
one-engine off/out operational characteristics. Meth- that for the best rate of climb speed, the loss of one
ods for determination of helicopter performance engine in a twin-engine aircraft still leaves sufficient
capabilities with one-engine off or inoperative also are power to continue flight. The difference between the
described, power available and the power required is the climb
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LOW SPEED I INTERMEDIATE I HIGH SPEED REGION change with gross weight, speed, and atmospheric con-
REGION I SPEED REGIONI ditions, the trend remains as illustrated. Using Fig.

SCI 3.186 to optimize the operating rpm for a given set of
conditions, the range of rpm that will provide sufficient

8i OEI POWER power to sustain flight can be found. Fig. 3-187 illus-
I AVAILABLE trates the effect upon fuel consumption characteristics

- - of varying engine speed. For typical flight conditions,

the maximum range for a twin-engine helicopter can be
increased by about 15% by shutting down one engine.

- SPEED INTERVAL NORMALLY Similarly, endurance is increased by about 25%. The

FLOWN FOR BEST RANGE increase in range or endurance resulting from shutting
SPEED FOR BEST CLIMB RATE down an engine normally will be smaller in the case of
JAND FLIGHT ENDURANCE

AIRSPED V, LIT Ea helicopter with three or more engines unless the avail-
AIRSPEED V. kt able multiengine power greatly exceeds the power re-

quired, in which case large gains in endurance andS3-18C. Power letwhidd Ckaradetela/ In range may be possible. Fig. 3-188 shows typical trends
Stsaiy4tate Forward Fnogt of best range speed, maximum SFC, and corresponding

rotor speed management with gross weight. This type
of information is of great value to the pilot, in case of

power avariable, and the rate of climb /C foloss of one engine, when maximum fuel saving is para-
condition can be defined by Eq. 3-191. Climb perform-
ance with one engine operative is calculated by the
same methods as when all engines are operative, mak-
ing appropriate adjustments in all parameters for the
reduced value of ASHP.

3•5.3.3 OEI Range and Endurance - FIXED rpm

A multiengine helicopter can cruise efficiently with "

one engine inoperative provided sufficient power is C -
available for the particular flight conditions. A turbine
engine manifests a significant improvement in fuel flow W- DUAL
per horsepower (SFC) at high power levels, thus mak- • • ENGINE I OEI, SINGLE
ing it attractive to shut down one such engine as a L. •OPERATION I ENGINE
means of increasing either range or endurance. Engine- i. I ',-'OPERATION
power on/idle/off management is desirable in a multi- ,- POWER (PER ENGINE, hp
engine aircraft for optimizing range or endurance.
While the multiengine reliability then is dependent Fig. 3-185. Specific Fuel Consumption vs Engine
upon the ability to restart the inoperative engine, other Power
flight characteristics in the intermediate speed region
are not affected adversely as in a fixed-wing multien-
gine aircraft, where thrust asymmetry will require large
control forces for trim (par. 3.5.3.5). As illustrated in
Fig. 3-184, the speeds for both best endurance and best
range occur in the aircraft intermediate speed region.

When the OEe capability becomes critical for con- CL cL
tinning flight, rotor and engine speed must be opti-. -

mized to provide a sufficient margin between total OR A

power available and power required and to minimize POWER DEMAND

fuel flow rate. Fig. 3-185 shows the variation of SFC at
a fixed engine rpm. The fuel saving possible by shutting
down one engine is shown clearly by the slope of this ENGINE SPEED. rpm

curve. While the exact shape of the SFC curve will vary
from engine to engine and the operating powers will Fig. 3-186. Effect of Engine/Rotor Rpm on Power
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3-5.A~ei TakN W lam ng . Takeoff procedures can be clusifled Into three basik

- I. vertical
cu.As helicopter development baa led to improved 2 biu

payload capabilities, varimu regulation~s, both commer- 3. Horizontal.
cial and military, have evolved! to insures 6, e n b ascfih ah frteepoeursaesonI
level of safety during thes maneuvers. Bas Mo3 ahsfrtes rcdue es9wiI

Takeoff fligt path profiles generally art predicated
__________________upon the Occurrence of aft engine malfunction during

OUAL ENINE OPEATIONoff and therefore rejcting or continuing the fligt
with the remaining engines) if possible For multi..-

!.I-. Sine helicopte~rs the critical decision point (CDP) is
defined as a conmbination of speed and altitude at
which. If an engin sudel becomes inoperathve, i.

L.L.OEI takeoff can be rejected and a safe landing effected
M within the heliport (prepared surface) boundaries. As

Z __________ an alternative, CDP alilows the flight to be continued
ENGINE SPEED, rpm with a clearance past the edge of the helipor of no less

than R, (Fig. 3-189), with the minimum height of the
F,34187. Varlatioa of Faed Flow W16 Eagle flight path yielding an obstacle clearance of no less than

%gM H2 and maintaining an obstacle clearance of no les
than H3 during the single-enine climbout. The magni-

_____ _____ _____tudes of H,, H2, and H, are dependnt upon individual
mission requirements and should be provided by the
procuring activity, or selected on an objective basis and
approved by the procuring activity.

- - In Fig. 3-189 the distance s, defines the prepared
________landing surface, or field size, and is predicated upon the

I Irejected takeoff distance plsaurcraft length, although
_ ___ the 011 landing distance alOw must be considered in

__________this determination. The distances h3 anid s, are the cri-
teria for establishing the takeoff procedures Although

____ the oblique procedure yields greater operating weights
than does the vertical, the minimum climbout speed is

M ____ limited by the ability of the airspeed system accurately
UJ and repeatedly to indicate the desired speed. Present

The use of the vertical procedure eliminates the re
____ quirement for the airspeed system by using a visual

grounid refaerec to maintain near-ver"ia ascents. The:
effects of operating weight and field size requirements

____________upon takeoff procedure ame shown in Fig. 3-190.
For all takeoff procedures the flight path must noot go

____________into the "&void" region of the height-velocity (H-V)
________limitation curve (par. 3-5.1) for the operating weights

9 I under consideraton.
_____ Considerations for landing are similar to those for

takeoff; with the CDP having its equivalent in the land-
ing decision point (LDP). LDP can be defined as the

GROSS WEIGHT. lb point from which the aircraft can clear the front of the
prepared surface by HI and make a safe landing if an

Fig. 3-188. Maximsm Rapng Minapmmt Variables engine malunctions at or past that point, or can accel-

3-167



AMCP 706-201

VERTICAL -- -- NRA

CDP

P'REPARED

I SURFACE --.

OBLIQUE
COD!

PREPARED LANDING,
SURFACE

HORIZONTAL

_D H.

PREPARED LANDING SURFACE

Fig. 3.189. Flight Path Profiles for Takeoff Procedures

HORIZONTAL TAKEOFF H, and H12 should be obtained from pertinent military

2 OBIQUETAKEFF~.\---requirements.
:\L4 TAKEFF. The preparped surface size requirements established

SVERTICAL '-~frlnigare based upon the point-to-point distance
~ TAKEFF~ .measured from the point where the aircraft passes

through height H, to a full stop plus the helicopter
length. A safety factor generally is applied to this dis-

0 _________________ tance to account for variables such as threshold clear-

FIELD LENGTH, It ance and runway surface condition.
The field size requirement for a given helicopter is

F pertia 3.9. nlene t of Takeoff Prcen established as the greater of the lengths required for the
Opertin Weght nd iel S~rejected takeoff and landing maneuver. Field size re-

crate and continue the flight 0111 and maintain an quirements for landings generally will follow the same
'A obasacle clearance of H12 (Fig. 3-191). The values for trend as shown in Fig. 3-190.
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PREPARED SURF ACE

Fig. 3.191. Landing Profile

3-5.3.4.1 Calculation of Flight Paths minated when a specified tolerance with v/vo is
The calculation of takeofT and landing profiles in. reached; generally, three or four passes are sufficient.TheTh calcuatio powe thenf ann lanin eppressed ind-en

volves the analysis of rotor aerodynamics in accelerat- The induced power then can be expressed nondimen-
ing low-speed flight (V < 60 kt). Because blade ele- ionally for any flight condition as
ment theory or numerical methods are not adaptable
readily to low-speed flight regimes, energy methods are CT3 12 (lo2
employed. The energy method outlined in par. 3-2 Cp1 =-- dimensionless (3-249)
yields an acceptable base for estimating flight profiles,
although some of the simplifying assumptions must be
modified. During takeoff and landing maneuvers the In the evaluation of takeoff and landing perform.
rotor experiences large tip path plane angular changes, ance, acceleration OGE and IGE must be taken into
and the assumption that rotor thrust is vertical account. Ground effect data covering a wide range of
no longer is valid (a,,, t0). Therefore, the rotor- thrust levels and forward speeds must be available for
induced velocity as defined by Eq. 3-35 of par. 3-2.1 i accurate analysis of ground clearance and vertical
used directly. Its form should not be simplified by small touchdown speeds. The incorporation of ground effect

assumptionsb rotor a into the consideration of power required modifies Eq.
effect upon induced power in low-speed flight. The 3.249 tovalue of v/lv can be solved by an iterative process.

First, however, Eq. 3-32 of par. 3-2.1 is divided by its C 3/2

first derivative with respect to v/vo.Theiterativeproc".r cA
ess would take the form - f2Be

' I= I first estimate The method outlined in par. 3.2 illustrates the proce-
Vo dures for evaluating power requirements for a known

-2 -- I --' operating weight. In a takeoff or landing analysis the
'-2 ° ( \ (Z) sin helicopter generally starts from a steady-state flight

condition and engine power is applied. Thus, the rela-
+ (..I) (__ J tionship that thrust equals gross weight plus vertical

-E = Y- _drag is no longer valid and must be expressed asP 4' 4(2 ••6 ) ,(t•sin a](32)

, \ ° FV Tcos, 1,-(W, +DV) .lb (3-251)
( 2

Fm = T sin &,., - Dm . lb (3-252)

V Iv~~ ,dimensionlessFH sn, ,l(32)
Vo The total thrust vector may be assumed to be perpen-

dicular to the tip path plane axis in low-speed flight.
The flight path then can be computed from the equa-

The resubstitution of (v/vo), for v/vo can be ter- tions of motion
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SV , = + 11 ft (3-253) typical trade-offs and acceptable solutions covered in
=V 2 (Figs. 3-193, 3.194, and 3.195. The flow chart for a

landing routine analytical model is shown in Fig. 3. -

196, with typical trade-offs and acceptable solutions
ASH VH At + faH (A)2 , ft (3-254) covered in Figs. 3-197, 3-198, and 3-199.

The discussion contained herein generalizes actual
situations. The analysis of a specific situation will re-

where quire that the effects of the independent variables upon
the particular operational roquirements be explored in
much more detail.

a = -�.~.-, a' - W , fps (3-255) 3-5.3.4.3 Weight-altitude-temperature

Characteristics

The procedures previously outlined indicate the
The rotor thrust for a given power input and rpm basic methods for establishing the maximum operating

change can best be found from th,• total power equation weight for a prescribed takeoff procedure. The CDP
by an iterative process and the twin-engine climbout torque (TEQ) are al-

I + I _ -n) = hpi + hp, lowed to be a fallout so as to establish the maximum(SHF)ti 1 2 weight capabilities for a given altitude and tempera-

ture. A weight-altitude-temperature (WAT) curve
+ hpp 4. hpI (3-256) based upon variations of CDP and TEQ with altitude

and temperature becomes operationally unfeasible.
The thrust-power relationships for the induced Also, these variations do not safely account for the

power hp, and the profile power hp0 are given in par. conditions when the aircraft is not loaded to the maxi-
3-2. The thrust relationship to the climb power hpI may mum allowable operating weight for which the takeoff
be derived from Eq. 3-191. Due to the complexities of procedure was established.
solving directly for thrust, a reasonable approximation To establish an operationally feasible takeoff proce-
of actual flight profiles can be obtained by selecting dure that can be used for any gross weight-altitude-
finite time intervals and using the average SHP, fIR, temperature combination, the procedure that follows is
V, and Vyas constants across the selected time interval, used:
This, in effect, yields a step function integral of the The CDP, TEQ and maximum allowable operating
flight path; the smaller the time intervals, the more weight are established for a given altitude, temperature,
accurate the computed flight path. and defined takeoff procedure. The result is referred to

As can be seen from this analysis, the helicopter as the base procedure CDP. For operational practica-
trajectory during the takeoff and landing maneuvers is bility, this CDP is held fixed for all WAT combina-
dependent strictly upon the cyclic input (tip path plane tions. The TEQ is used to the extent of determining the
angle) and the rate of power application. At the point vertical velocity at the base procedure CDP. This verti-
of assumed engine malfunction, the control inputs-cy- cal velocity is then held fxed for all W" -ombina-

clic and collective-become the controlling factors for tions.
attaining desired climbout speeds and using available The steps for determining each altitude and tempera-
rotor kinetic energy for niinimizing the distance to the ture other than the base point are:
minimum point on the continued flight path, or for
minimizing the vertical impact speed for rejected v . Establish weight-TEQ relationship for the fixed

takeffsandlandngs Hih-sped omptersarere- velocity at the decision point. This appears as Curve
takeoffs and landings. High-speed computers are re- ()i i.320
quired for practica ble evaluation of flight paths. 2. For tear i -2. For three TEQs, establish operating weight ca-

3-5.3.4.2 Procedure for Calculating Takeoff pability for safe rejected takeoff from design decision
and Landing Problems point. This is Curve (B) in Fig. 3-200.

Although no single procedure covers all possible 3. Compute continued flight regime at three TEQs
takeoff and landing problems, a generalized method to obtain operating weight for safe continued flight, as
of establishing takeoff and landing operational capa- shown in Curve (C) of Fig. 3-200. The operating weight
bilitles is outlined herein. A flow chart for a routine will be the lower of the weights defined by the intersec-
analytical takeoff model is shown in Fig. 3-192 with tion of Curves (A) and (B) or (A) and (C). These three
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'~~V~u'N~~
1

INIPOrt SPEED

7''N

paya p.R,1ý co (ml4Io;U-~o.

FIRST~OI>DO. S'EZEOTLO':D WE

w02I'JIO.2.!L SPEE A' ;O.C1/ LAGE GOP.:T Oil0

CURVE ': IF VERTICAL OPERATION: CRE2: DESIPED SOLUTION

d.INCREASE '.7EIG.' "LOT MARGIN SH10ULI 11E I 3- It FROM PEAK
fi. INCREASE COP CUPVE 3: IF VERTICAL OPERA' ION:
IF NOFJVERTICAL OPERATIC0\ -Fl..D SPEED AT COP.: a. ECRIEAE Mum-GW

i.REDUCE POV.ER LEVEL USED DOUMING DECN ~I,. DECREASE CDP
COLLECTIVE FLARE THIS'.'ILL MAINIVIIZE HORIZONTAL IF NONVERTI.CA "ORATION

DISTNCE EJIRC a.INCRAS BED AT COLLECTIVE FLARE POINT
h.INCREASE tWEIGHT 1). INCREASE SPEED AT TOUCHDOWYN POINT

INCREASE CD ADJUST ai OR 1) M1OVE.

Fig. 3.194. Outputs-Rejected Takeor. After Engine Malfbnction

SH. MATCHEDSOUIN

CONTINUED
TAKLOFF

4 1
REJECTED

ýP TAKEOFF

I _ _ _ _ _ _ _
OPERATING WEIGHT lb REJECTED TAKEOFF DISTANCE ft

1. THE COP IS THAT POINT FROM WHICH THE AIRCRAFT CAN CONTINUE ITS PLIGHT AFTER
ONE ENGINE MALFUNCTIONS AND MAINTAIN A MINIMUM HEIGHT OF 'X It IN RELATION
TO THE TAI" FF SURFACE OR REJECT THE TAKEOFF AND CONTACT THE GROUND WITH
A VERTICAL IMPACT SPEED OF NO GREATER THAN 'Y' ft sec.

2. THE INTERSECTION OF THE CURVES ESTABLISHED FROM CONTINUED PLIGHT RUNS AND
REJECTED TAKEOFF RUNS YIELDS THE OPERATING WEIGHT-COP.SHP(: 0, COMBINATIONS
WH.ICH SATISFIES BOTH CONDITIONS.

3. THE FIELD LENGTH REQUIREMENTS ARE BASED ON THE REJECTED TAKEOFF DISTANCE.
BECAUSE THE COMPUTED DISTANCE IS THE POINT-TO-POINT DISTANCE OF THE MAIN
WHEEL THE AIRCRAFT LENGTH MUST BE ADDED TO THE COMPUTED DISTANCE.

4. THE MINIMUM REGUIRED FIELD LENlGTH IS ECUAL TO THE GREATER OF THE TWO LENGTHS
DEFINED BY THE REJECTED TAKEOFF AND THAT REQUIRED FOR LANDING. (Fig 3-1991

M~g. 3419. Detersaiation of Matelsod CDPa for the Coutinvud F%*gt SMi
Rejected Takeoff Cam
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SIMILAR TO THAT SHOWN IN Fig3. 3 194.

Fi.3-07. Landig Declalc Point (LDP) Charactarkati With Vertical and
Horizosaul Appumac Speed
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PILOT
MARGIN IMPACT SPEED

CRITERIA

TOUCHDOWN SPEED

HEIGHT OF COLLECTIVE FLARE, ft

OUTPUT LANDINGS
THE OUTPUT FOR LANDINGS IS TREATED IN THE SAME MANNER AS THAT

FOR REJECTED TAKEOFF.

SECONDARY ITERATIONS
DIAGNOSTICS-

a AIRCRAFT LANDED SHORT OF PROSPECTIVE LANDING SITE.
FIX. INCREASE SPEED AT EDGE OF HELIPORT.

b AIRCRAFT LANDED BEYOND PROSPECTIVE LANDING SITE.
FIX: DECREASE SPEED AT EDGE OF HELIPORT.

DECREASE OPERATING WEIGHT.

RESULTS YIELD CURVE:
(1) a REDUCE POWER LEVEL USED DURING CYCLIC FLARE.

b INCREASE VERTICAL APPROACH VELOCITY (REQUIRES LOP INCREASEl.
c INCREASE WEIGHT.

(2) DESIRED SOLUTION, PILOT MARGIN SHOULD BE j 5 ft FROM PEAK.
(31 a INCREASE 'PEED AT COLLECTIVE FLARF POINT.

b INCREASE SPEED AT TOUCHDOWN POINT.
c DECREASE VERTICAL APPROACH VELOCITY (REQUIRES LOP DECREASEi.
d DECREASE WEIGHT.
e INCREASE HORIZONTAL APPROACH VELOCITY (REQUIRES LDP DECREASE,.

Fig. 3-198. Primary Iteration for Impact Velocity With Height-collective Flare

a-zI- .. SOLUTIONS

LANDINGS

HORIZONTAL APPROACH LANDING DISTANCE, ft
SPEED, kt

Fig. 3-199. Determination of Matched LDPs for the Imding and Balked Landing
Cues
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S FIXED DECISION POINTii,) I ~ (BREJECTED TAKEOFF(AFIEV T

CAPAILIT / -DECISION

W PO)INTr

U. /.e-() CONTINUED FLIGHT
CAPABILITY

OPERATING WEIGHT, lb)

Fix~ 3.200. Weight /Twin-cngine Torque (TEQ) Relatioahip

curves will have a common TEQ-operating weight in. trimmed flight. Note that primary control is derived
1)tersection for the base procedure point, from the antitorque device(s) at the aft section of the

fuselage. The size of the vertical fin and/or its camber,
the adequacy of control range on the tail rotor, the

3-5.3.5 Aircraft Trim Characteristics control range in the movable rudder (if available), and .
the roll attitude conthbution of each become the pri-

For the conventional single-rotor helicopter, the loss mary design attributes for study under this flight situa- I
of one engine will require a change in yaw control when tion. Efficient use of energy in driving the free turbine,
operating in the region where the remaining engine(s) wtth very low exit velocity as a consequence, makes the
cannot provide the required torque. In this case, the residual thrust small and, therefore, not a critical factor
aircraft will be slowed to the power condition at which in the trim equation. Also, most engine installations areJtrim requirements can be satisfied. Fig. 3-201 shows the located very close to the transmission and the yawing
moments acting upon the aircraft while in sideslip moment produced by residual engine thrust is minimal.

MAIN ROTOR
TORQUE QjDIRECTION OF ROTATION

ESIDUL X TIL ROTOR THRUST TTR

VRTICAL FIN FORCE TF

ky

(TT4 T)=QH j (Fv) (x) - Tj)(Y)

Fig. 3-201. Moments Acting on Aircraft While in Sideslip Trimmed Flight
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3 I,= propeller blade section
345 LIST OF SYMBOLS elemental width, ft

= number of blales
A rotor = di area, ar 2 = wing span, ft
AF prot er d iisk ar b. = coefficient of sin ,n term in

AF propeller activity factor, Fourier series for flapping
dimensionless angle 0 as a function or

Al = autorotative index, sec anileth as a dni of

AR = aspect ratio, dimensionless aeimut ng si g orir

A, = effective disk area of tandem = coefficient of sin •/in Fourier
rotor, It: series for flapping anglerotor ft'relative to the rotor shaft,

A, = coefficient of cos * in Fourier relate tolt otor sathseries that expresses blade pitch hence lateral tilt of tip path
ae0rielthativxrses t e rotor plane, positive up on retreatingangle 0 relative to the rotor sddgo a

shaft, hence lateral cyclic pitch, side, deg or rad
deg or rad C0 = drag coefficient, dimensionless

a = slope of lift coefficient versus C mean drag coefficient,,

angle of attack curve, per rad dimensionless

or per deg CL = lift coefficient, dimensionless

speed of sound, fps = mean lift coefficient,

- numerical value (function of dimensionless

variables Vt, K 2, .... V.) CL, = integrated design lift coefficient

= linear acceleration, fps? (propeller blade), dimensionless

a0 = speed of sound at standard Cs = rotor lift coefficient,

sea-level temperature, dimensionless

dimensionless C, = power coefficient, dimensionless

a. = coefficient of cos ml' term in C9 = torque coefficient,

Fourier series for flapping dimensionless
anglef/ as function of azimuth CO9 = torque coefficient OGE,

angle *, deg or rad dimensionless

a,, = coefficient ofcos * in Fourier Cr = thrust coefficient, dimensionless
series for flapping angle ,# C,. thrust coefficient OGE,

relative to shaft, hence dimensionless4
longitudinal tilt of tip path
plane with respect to the rotor r, thrust coefficient corrected for

pin front, deg reduced inflow due to ground
shat P upeffect, dimensionless

or radA Cw weight coefficiait,
B = tip loss factor, dimensionless Cw dimeioess

BlIP = total helicopter horsepower hizonle forc

required Cx - rotor horizontal force

BPR = bypass ratio, the ratio of the coefficient, dimensionless

mas rate of airflow through c - blade chord, ft

the fan to that through the shaft engine specific fuel
consumption, lb-fuel/hp-hr

core s generator, jet engine specific fueldimensionless consumption,
BR = effective blade length, ft lbofumlpb-thrust-hr
B,, = coefficient of sin * in Fourier

series that expresses blade pitch m section drag coefficient,

angle 0 relative to the rotor c, = section lift coefficient,
shaft, hence longitudinal cyclic dimensionless
pitcha, deg or tad

b numerical value, (function of c• = specific heat at constant
variables V, V2..... V,) pressure, Btu/lb-'R
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,= specific heat at constant ft-lb/Stu (I ft-lb = 778 Btu)volume, Btu/lb.°R = advance ratio, dimensionless
D = drag, lb K = tandem rotor interifrence- diameter, ft factor, dimensionlessA - helicopter total effective drag, Kr = weight of fNel tank per poundlb of fuel, dimenionless

-, helicopter effective drag of gear ditrnsionloss
coefficient, dimensionless ratio, dimansionless

Do. - hover download, lb K aio c im encfon ,
d = glide distance, ft K - climb efficiency factor,
y = induced power interference dimensionless

parameter, dimensionless K, = fuel reserve factor,
e - wing span efficiency factor, dimensionless

dimensionless K, = control power ratio,F = force, lb dimensionless
= thrust-coefficient, dimenaionless Ki = induced power correction factor/f equivalent flat plate drag area, (forward flight), dimensionlessft: K, = factor related to propeller
= thrust coefficient, dimensionless weight, dimensionlessfr = ratio of speed of sound at K, = factor related to gearbox

standard day sea level to speed weight, dimensionless
of sound at specified operating KE = kinetic energy, ft-lb
conditions, dimensionless k = retreating blade stall factorfw = weight of fuel, lb dependent upon blade geometry

=4 = fraction of vertical force and loading, Ib2/ft'
supported by wing, = empirical constant, (fps)'
dimensionless = r-p.-cific heat ratio c./c,,g = acceleration due to gravity, dimensionless
ft/se 2  

= spring constant, lb/ft
H = rotor H-force perpendicular to L = lift, lb

ror shaft, lb L, -= helicopter lift coefficient,
= clearance height, ft dimensionless

lV = heating valve of fuel, Btu/lb LF = loss factor, dimensionless
h = altitude, ft M = Mach number, dimensionless

-enthalpy, Btub = rotor Figure of Merit,
hp = horsepower, hp (I hp -= 550 dimensionless

ft-lb/sec) = monment, lb-ft
hp. = accessory power, hp A = tip Mach number,

hpo.. = auxiliary propulsive power, hp dimensionless
hpo = gear and transmission power = rotor tip Mach numberlosses, hp (hovering), dimensionlessl = man moment of inertia of = rotor blade Mach number at

blade about fapp ine ofnge, radius ratio (r/) x andslug.ft2 azimuth angle *J, dimensionless

= rotor moment of inertia, N = matn, slug
slug-Af N = rotational speed, rpm

I, = polar area moment of inertia, Nr = an producer rotational speed,
ft4  

rpm
= angle of rotor shaft relative to N, = power turbine rotational speed,

a reference perpendicular to the rpm
fuselage reference line, deg NRP = normal rated power, hp/ = mechanical equivalent of heat, N/IV, = generalized rotor speed, rpm
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n, - load factor, dimensionless V = helicopter speed, fps
- number of 'engines - true airspeed of forward flight, ,

-Propeller speed, rev/sec kt
x. a,, oh - numeical Vostant , resultant velocity, function of v

dimensionless and Vin forward flight, fps
pVD - vertical rate of descent, fpsP =power, ft-lb/s~ec

P,, = power transferred from the = nondimenulonalized vertical
rate of descent, dimensionless

engine to the propeller V1 = airspeed for minimum power,
ft-lb/sec kt

p = total pressure, lb/ft2  kt
p" - total pressure (ideal cycle), V; n duct exit velocity, fp Q

lb/ft2  V = no loss duct exit,,,.'ty, fbsSrotor torque, lb-ft Vj = effective exhaust jet velocity far

= energy added in the combustor behind the propulsive device,
in the form of fuel, Btu/sec fps = v a e$ dnam pessreIb/t2VLt = local velocity at blade element, •

q - dynamic pressure lb/ft2  
p

A = rotor or propeller radius, ft Vp = axial velocity at the plane of
= resultant force vector on blade the propeller, fps

element, lb V, = sink speed at time of impact,
A/C = rate of climb, fpm fe

A•, = fuel weight to gross weight V = rotor tip speed, fps
ratio, dimensionless WV/ = generalized airspeed, kt

RP = range, n mi Vo = forward speed at time of power
r = elemental radius, ft failure, fps

Ap = main rotor shaft horsepower V1, ..... V, = selected variables
rp = compression ratio, W = weight, lb .

dimensionless W, = weight flow of air, lb/sec
S = reference area, ft W, = crew weight, lb

= wing area, ft2  W = = weight empty, lb
SFC = specific fuel consumption, WF = weight of fuel and fuel tank, lb

lb/hp-hr = engine fuel flow, lb-fuel/hr
S = afthorsepowr W(1) = generalized engine fuel flow,;i gri~~SP = shaft horsepower l-ulh

SHPt($v/) = generalized shaft horsepower lb-fuel/-r
distance, ft=' gross weight of helicopter, lbs = distance, ft W,18 = generalized gross weight,

st = rotor shaft spacing ratio, dimensionless
"dimensionless W= payload, lb

T = thrust, lb W, = shaft work, Btu/lb
= rotor or propeller thrnst, lb w = rotor disk loading, lb/ft2

= total temperature, OR w,, = equivalent induced velocity for

= power loading, lb/hp a wing, fps
r = time, see or hr x = generalized radius ratio r/R,

= endurance, hr dimensionless

t, = rotor blade lift coefficient, = displacement along longitudinal
dimensionless axis, ft

t,= time required to dissipate rotor y = lateral displacement, ft
kinetic energy in hover down Z = height from rotor centroid to
to rotor speed corresponding to ground, ft
stall at initial rotor thrust, s-c a = angle of attack, rad or deg

U = total velocity through rotor = turboshaft fuel flow intercept at
disk, fps zero power, lb-fuel/hr

V = free stream velocity, fps
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AMCP 706-20117' ac =arotor control pne nle of 8 = helicopter pitch attitude, deg c,

_a = induced incrmental angle of V- altitude temperature ratio,

ax = rotor tip plane path angle of = rotor blade ion pitch aigle,
attack, degror blade seto pitch angle a aiu ai

= tip Path Plane tilt, dg de or rad•, ~~ ~ ~ ~ ~ ~ ~ O ow=tppt lnetk el8 blade pitclh Anlie It radius ratio •'
aw = wing angle of incidence, rad ( , d8
"a,.# = rotor blade element angle of = ollective pitch

.attack, at radius ratio (i) x0 = total blade twist root to tip,
and azimuth Angle *, rad or deg
'de A = ground effect correction factor,

= flapping angle, rad or dg dimeionless
= propeller pich angle, dog = inflow ratio, dimensionleus

= helicopter yaw angle, des X adv=nce ratio, dimensionless

-= turbhaft el flow dope = rotor-induced velocity, fpa
f versus shaft horsepower, 1= generalized induced velocity,
lb-fuel/hr-hp

= rotor coning angle, rad or dog= dimensioness
strength, 2/Vo = rotor induced velocity in hover

OGF. fogv = flight path angle with reapect = rotor-inducd velocty
to horizon, deg dotr ed velo i t

= Lock number, dimensionless do=wnstrea, fps

= wae skw Aglerad(Vi - V)VV, dimensionless= wake skew angle, d p = density of air, slug/ft3
' AR,1 = fuel weight ratio, required to Po = NACA standard sir density at
ARF2 fuclimb, dimensionuless sea level, 0.002378 slug/t
, AR 2 = fuel weight ratio required in = rotor solidity, dimensionless

"cruise, dimensionless = ratio of ambient sir density to
AR,) = fuel weight ratio required to standard eam level density,

staft and maneuver, dimensionless

8 = altitude pressure ratio, = empty weight to gross weight
icmt. dmn onles ratio, dimensionless

= incremental velocity ratioAngle, rd:• ~~~~~~~(change in Vp,/V)due to the=rorinowage d
(change in a p ldu cto = azimuth angle of rotor blade.,presence of a propeller duct,frmisdw in
dimnsones from its downwind position.

8, 8, and 8 dimensionlessor dg
coefficients of equation C, = - yaw angle, dog
dieni + 8ne + f2al = rotor angular speed, rmd/sec
dimensionless i(R = rotor tip speed, fps

• •. V1W• generalized specific range,n spec w, = natural frequency of vibration,
=. n mi/lb-fulel tad/se

'9 = efficiency, dimensionless Saipb
F Subscripts

= mechanical efficiency of the , = aerodynamic
helicopter, dimensionless average

1c = Cheeseman forward flight acc = acceleration
efficiency factor, dimensionless amb = ambient

I? = expansion efficiency, av = available

dimensionless b = combustion

ti= propulsive efriciency, C = compressor
=.dimensionless ch = chart

71tr(jet) jet transfer efficiency, cl = climbt. dimensionless = cuime
.... Cr = cruise
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DD - draS diergence t-= sta1

esiffetieT = seailvl rotor
Dq=dequvaent S = shrogednpriplle
ex = axe=eeato sI = strandferd
D d= dvergial encV = setiall
fd=sfdeig T = totalt
£= eorast fic h = turing
*= eflutie xR =wthi rosettor lniuiaxI.'.' eat = equivalet pat taxgnial

fus = Nex ey it espec to trtransy)eri
F = herticnal fiz = wtrepctovertical ()ai

MIC -=forward fInghtun efecw = wiangado nta odto

i = wih inl-th p re peatiton logiuinal(x

faa = hovelag conwith on respcto, lniesaterl)aisn

10GE = hvrin-ground elffect 0 fistndadontal condition foI wose

hi = hinhdiuleete operaneg.fowtiron, h fial

init = initial rotor. Also, engine station 2

ley = level flight (compressor inlet)
10 =low 3, 4, etc. =subsequent stations in turbine

Max = maximum engine, or equivalent
man = maneuver thermodynamic cycle. See Fig.
min = minimum 3-53 for designations.

mis= mission Prefixes
mm= nominal d = differential of

NAP =normal rated power A. = functionn of

00£ out-of-ground effect REFERENCES
qW=o ptmu

P = poelr1H.Glauert, "A General Theory of the Au-
P =presstae togyro", R. & M. No. 11I11, British Aeronauti-

= parasite cal Research Committee, November 1926.
= perpendicular 2.C. N. H. Lock, "Further Development of Au-

= proplsivetogyro' Theory", R. & M. No. 1127, British
par parialloador pwerAeronautical Research Committee, 1927.

V 3.rto H. Glauert, "Vertical Ascent of a Helicopter",
R. & M. No. 1132, British Aeronautical Re-

RID rae ofdesentsearch Committee, November 1927.
r = rdial4. H. Glauert, "Horizontal Plight of a Helicop-

ref = reference tee', R. & M. No. 1157, British Aeronautical
mgq = required Research Committee, March 1928.
res = residual 5. H. B. Squire, "The Flight of a Helicopter", R.

rw= rotation & M. No. 1730, British Aeronautical Research
s = single rotor Committee, November 1935.

= single blade element 6. John B. Wheatley, NACA Report Nos. 434
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CHAPTER 4

STRUCTURAL DESIGN

4-1 INTRODUCTION A design parameter fundamental to basic helicopter
loads is design limit flight speed Vn.. Other speeds (par.

This chapter is concerned with the definition of 4-2), used primarily for developing fatigue spectra, are
structural design criteria for helicopters, the determi- percentages of the design limit flight speed or of the
nation of basic loads based upon these criteria, and tho maximum level flight speed VH 1
demonstration, by preliminary structural analysis, of Three values of gross weight to be used in prelimi-
the adequacy of the structure to withstand these loads. nary design are minimum design gross weight, basic
The design criteria included are based primarily upon, structural design gross weight, and maximum alternate
existing Military Specifications. In some areas accepta-
ble criteria are not provided by these specifications and, gross weight. These criteria are defined and their appli-

,experience dictates the requirement. Some cation discussed in par. 4-3. Other helicopter weights,threfore, (par.enc 4-4)te ise basedeent upnseeaofihmcni
instances of the latter are fatigue spectra and fail-safe applicable to specific loading conditions, also are dis-
criteria. -cussed.

Design criteria are developed for the following con- The determination of flight and takeoff loading re-
ditions: quirements (par. 4-4) is based upon several flight condi.

1. Flight and takeoff tions that must be examined at maximum and mini-
2. Landing mum design rotor speeds, both power-on andpower-off. Some of the design conditions are design
3. Ground limit speed, symmetrical dives and pullouts, vertical
4. Controls takeoff, rolling pullout, and yaw. Additional maneu-
5. Special loadings vers and missionconditionsof significance in the deter-
6. Miscellaneous. mination of component fatigue or service lives also are

discussed.
These criteria, together with the design parameters and Landing load criteria reflect the fact that Army heli-
characteristics of a given model helicopter, are used to copter environments include unprepared landing areas,
calculate basic loads. Methods for the determination of adverse weather and terrain, and relatively inex-
loads applicable to components such as rotor systems perienced personnel. Par. 4-5 lists preliminary design
and landing gear are described in detail. For those requirements for level and asymmetric landings, withcomponents for which the load determination proce- and without forward speed, for various helicopter sizes,

dure is explained adequately in available publications, weights, and configurations. Reserve energy require-
appropriate references are cited. ments and crash load factors also are specified.

It is a practical impossibility, to analyze structural Ground handling can impose critical loads upon the
adequacy for every loading condition a helicopter aircraft structure. Par. 4-6 describes preliminary design
might encounter. However, experience has shown that requirements for taxiing, jacking and mooring, and
there are only a few critical loading conditions. During towing and transport.
the preliminary design process, these critical conditions Loading conditions resulting from acceleration and
must be identified and the applicable loads calculated, braking of the rotor are discussed in par. 4-7. The most
If the helicopter can withstand these critical loads, it critical conditions usually occur when maximum en-
will have an adequate margin of safety for all other gine power is applied to the system at low rotor speed,
loads normally encountered. causing peak torques in the transmission and large

Army helicopters are classified by mission utilization bending moments on the rotor blades. The rotor-brak-
(See Chapter 1); preliminary load development is ac- ing load to be considered involves bringing the rotor to
complished with the end use of the vehicle as guidance. rest from a low rotor speed.
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Preliminary design for hard points required for the limited by blade stall or compressibility effects. For
attachment of external stores involves load analyses to preliminary design, VH shall be not less than the maxi-
insure the structural integrity of hard-point fittings and mum level flight speed attainable in forward, sideward,
their supporting structure, store and pylon fairings, and and rearward at each applicable gross weight using
adjacent structures affectedby the presence of external intermediate power. Minimum values of 35 kt are re-
stores. Requirements for use of test data and models for quired for V,, in sideward or rearward flight with spe-
analyzing hard-point loads are given in par. 4-8. cific values being established by the procuring activity

Substantiation of the structural adequacy of rotor, for each model helicopter. These determinations de-
drive, and control systems is described in par. 4-9. The pend upon individual mission requirements.
determination of applicable loads, both steady and al- The second design flight speed is VDL, design limit
ternating, is discussed, together with appropriate meth- flight speed. This speed is defined as a given percentage
ods for preliminary structural analysis. Control system above VH. The ratio VDL/VH shall be not less than 1.25
load origins, the criteria for structural design, and for attack, 1.20 for utility, and 1.15 for observation,
methods of localizing loads are given in this paragraph. training, cargo, or heavy-lift helicopters.
Structural consideration must be given to ultimate The design flight speeds are used throughout the
loads, both in flight and during ground handling, and preliminary design process as a basis for evaluating
to periodic (fatigue) loads, critical loading conditions. Specific applications of the

The structural substantiation of the airframe is design flight speeds appear throughout this chapter.
treated in par. 4-1%. For purposes of this discussion Additional flight speeds also are specified for in-
air. rame structure includes the fuselage, wing and em- dividual loading conditions. Examples of these are:
pennage, landing gear, and mission equipment installa- 1. Autorotational dive speed VT, :the design maxi-
tions. Limit loads are to be multiplied by the ultimate mum flight speed in autorotation
factor of safety (1.5), and a positive margin against 2. The flight speed for minimum rate of descent
fflilure is to be maintained. Yielding is not permitted at in autorotation vV, ,.,1
limit load and failure is not permitted at ultimate load. 3. The flight speed for maximum rate of climb
One exception to this requirement is in the design of V
certain landing gear such as skid gear; experience has qucr the forward flight speed at which power re-

shown that 'Yielding of the energy-absorbing skid or quired for level flight is minimum, hence at which
spring device may be permitted for the limit condition power available for climb is maximumspecified. 4. Cruise speed V, : the highest forward flight

Because it contains a large complement of rotating speed at which specific range (n miAb fuel) is 99% of
Becus i cntinsa are omlemntofroatng maximum

machinery and has a rotor that constantly generates a

cyclic load input, a helicopter operates in a severe 5. Endurance speed V, :the flight speed at which
fatigue environment. A large number of dynamic com- fuel consumption rate (b/hr) in level forward flight is
ponents are designed primarily so that they will provide minimum.
adequate fatigue strength. A design requirement is a Values of these flight speeds may be stated in the
minimum fatigue or service life, generally 3600 hr, for helicopter detail specification. If they are not so speci-
parts that cannot be designed fail-safe. Methods for fled, they should be calculated (see par. 34).
determination of service lives are discussed in par. 4-I1. The operating limit flight speed is the "never-
Both preliminary estimates and the final determina- exceed" speed VNE. The value of this "red-line" air-
tion, which is based upon flight load surveys and speed should be equal to VDL. However, vibration or
laboratory tests to failure, are treated. stress limits upon helicopter flight speeds may be found

during the flight test program. In such cases VNE may
have to be less than VDL. During preliminary design,

4-2 DESIGN FLIGHT SPEEDS VNE shall be assumed equal to VDzL.

Helicopter speeds pertinent to landing conditions areAt least two design flight speeds shall be used in discussed in par. 4-5.3.
preliminary structural design' The first is V., the de-
sign maximum level flight speed in forward, rearward,
or sideward flight. MIL-S-8698 defines V,, in forward 4-3 GROSS WEIGHTS
flight as the maximum speed attainable at the basic
design gross weight in level flight using intermediate Three gross weights W, are significant to the pre-
(formerly military or 30 miin) power, or as may be liminary design of helicopters: minimum design,

4-2



AMCP 706-201

basic structural design W,,. and maximum alternate +Z
m mdesign gross weights W,..

dThe minimum desig o ight is the lowest gross
weight considered practicable for flight. This gross
weight for all models shall consist of all items of the Z
helicopter basic weight (see Chapter 10) plus: ,000

1. 5% of usable fuel Fz F x
2. Minimum quantity of oil consistent with Item I
3. Minimum crew (170 lb).

This gross weight represents a helicopter returning /
from a mission with all disposable payload items ex- / -

pended. Maximum load factor and angular accelera- M
dion are obtained at the extremities of the helicopter
during flight maneuvers at this gross weight.

The basic structural design gross weight for all heli- VECTORS ARE SHOWN IN THE

copter models shall be the takeoff gross weight with POSITIVE DIRECTION ALONG SODY

full internal fuel and with full internal and external AXES. LEFT HAND RULE APPLIES TO

load items required for the performance of the primary MOMENTS.
mission, as defined in the helicopter detail specifica-
tion. Inclusion of full internal fuel in this definition of Fig. 4-1. Positive Sign and Vector Conveations for
basic structural design gross weight is a departure from Force Acting an the HelicopterMIL-S-8698 that has been found necessary to provide

adequate strength in Army helicopters. Design gross
weight, as defined in Chapter 10, remains the basis for 4-4 FLIGHT AND TAKEOFF LOADING
performance calculations.

The maximum alternate design gross weight shall be
as prescribed in the helicopter detail specification. In
any case, the maximum alternate design gross weight 44.1 FLIGHT ENVELOPES AND MISSION
shall not be greater than the maximum gross weight at PROFILES
which the helicopter can take off from an unprepared F
field of 800-ft length and clear a 50-ft obstacle in not Forces and moments acting upon the helicopter dur-

less than ar additional 200 ft. Such takeoff shall be at ing
sea level ol a •.candard day and shall use the lesser of acting along and about three mutually perpendicularseanlevelia ,candard odmaxiy m tandshall sio theolwrque, body axes. Sign and vector conventions for the forces
intermediat, power or maximum transmission torque. an
The load factors n, applicable to this gross weight moments acting along these principal axes are as
shall be the load factors nb specified for the basic struc- depicted in Fig. 4-1 Note that this coordinate system
tural design gross weight multiplied by the ratio of the is the opposite of that used to define the motions of the
basic structural design gross weight to the maxim un helicopter (Chapter 6).baltesrate design gross weight, nto te nmaxu). At any instant in time, all aerodynamic and inertiaThese load factors shall not be less than 2.0. (Load forces shall be in equilibrium, and the following condi-
factor n is the ratio of a given load to the weight with tions shall be satisfied:
which it is associated.) The maximum alternate design 1. Summation of forces along each of three mutu-
gross weight shall be used for landing and ground- ally perpendicular reference axes equals zero
handling conditions to the extent specified. 2. Summation of moments about each of three

In the development of design loads for conditions for mutually perpendicular reference axes equals zero.
which these design gross weights are applicable, the
range of center of gravity (CG) locations resulting from Rotor thrust shall be in equilibrium with the aerody-
all practicable arrangements of variable and removable namic and inertia forces acting upon the aircraft. For
items for which provision is required shall be consid- the case of trimmed l-g flight, the rotor thrust T is
ered. Gross weights to be used for design shall be all equal to the resultant of the weight W, and the aerody-
critical gross weights between the minimum and the namic drag D, and has a line of action in opposition to
maximum alternate design gross weights. the resultant F, of these two forces, as shown in Fig.

4-3



AMCP 706-201

about the y-axis. This moment causes the aircraft to
pitch about they-axis, and the resulting angular accel-
eration when multiplied by inertia results in a moment .
counterbalancing the applied moment, as shown in Fig.
4-3.

PFor angular accelerations, a system similar to that
for linear accelerations is used, except that the force
F, acting upon any element in the aircraft is also a
function of the distance x'of that element from the CO,
and is defined by the equation

Fig. 4-2. Resolution of Weight and Drag i (inx'O , l(43
Trimmed Flight w ,(

4-2. (For simplicity, the drag force is shown as acting whe-
through the CG of the helicopter.) whereYw = weight of element, lb :~

For flight conditions in which there is no angular w= wenghta ofcelemetint, lb /ec
acceleration, inertia and gravity forces shall be dis- aglraclrtordsc
tributed in the same manner as weights, with their Any unbalance between the rotor thrust and the air-trib*.e inthe amemaner a weght, wih teir craft gross "weight will cause a corresponding accelera-

Stion in the vertical direction a, and load factor n, (Eq. ii

gravity forces, for convenience in analysis, are com- 4r2) such that
bined as the product of a normal load factor n, and the 4 c
gross weight W, Tcos *R =nz Ws ,lb (4-4)

F= ,nW lb (4-1)

where
where T rotor thrust, lb

F, normal force component, lb aN angle between thrust vector and
The equation defining the relationship between load vertical, rad
factor n, and linear acceleration a, for zero pitch atti- The same rationale can be applied to any flight condi-
tude is: tion, e.g., a rolling or yawing maneuver.

The primary modification for a compound helicopter
a dfrom a structural standpoint is that force-generating

nf = I + d (4-2) systems other than the rotor are introduced. These

additional systems are generally wings, either with or
where without auxiliary lift and control devices such as flaps

g = acceleration due to gravity,
32.2 ft/sec2

Additional forces and moments are created during
those flight conditions in which the helicopter is being
maneuvered by the pilot, or in which external forces
such as gusts cause the aircraft to be accelerated in
either a linear or an angular fashion. These forces and
moments produce linear and angular accelerations that ,
result in balancing inertia forces and moments. The Xx' J - 0
aircraft, when considered as a free body, remains in
equilibrium. nz W9

As an example of the stated principles, fore or aft
movement of the control stick changes the direction of Fig. 4-3. Moments Resulting From Control Stick
thrust of the rotor, resulting in an unbalanced moment Movement
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and aileron, and thrust producers such as propellers or 1, This method defines load factor capability of a rotor
.. auxiliary jet engines, in terms of the maximum mean blade lift coefficient

1si4., The expression for load factorcapability n,, is:4-4.1.1 Basic Flight Loading Conditions

During its life cycle a helicopter is subjected to a B3 + JB'+ 2  _ ' ,
wide variety of loads, many for short durations of time. ( +
Some loads are generated by pilot input and some origi- Ct 83 + MA2 U3

nate from natural sources such as gusts and rough t
landing surfaces. A helicopter lives in a severe fatigue
environment because of its large complement of rotat.-i / \2/ a \3

ing machinery and its rotor that constantly generates a " N.(4-5)

cyclic load input. The dynamic components-includ- '/ s ao
ing drive shafts, transmissions, rotor hubs, and blades
-- are sized primarily from a consideration of fatigue
strength. Although many portions of the airframe are

a3  rotor coning angle, rad or degdesigned from the standpoint of ultimate strength, a B = rotor blade tip loss factor,
thorough fatigue investigation is necessary in those dimensionless
areas most affected by dynamic or oscillatory loads di nensionles s
arising from sources such as rotors or weapons. p. = advance ratio, (Vcosa,)/(fR),

Critical flight loading conditions normally consid- dimensionless
ered in the design of a pure helicopter are defined in ii = rotor speed, rad/sec
MIL-S-8698. These conditions are: V = forward flight speed, fps

1. Maximum speed (design limit speed VD1,, R = rotor radius, ft
a. = rotor angle of attack, tad or deg

2. Symmetrical dive and pullout at design limit and subscripts
speed VOL and at 0.6 VN, approximately the speed of = = trimmed 1-g flight
maximum load factor capability N = value at maximum load factor,

3. Vertical takeoff (jump takeoff) n .
4. Rolling pullout The formula is conservative because the maximum
S. Yaw mean rotor lift coefficient is an ideal theoretical value,

6. Autorotational maneuvers, usually not achievable with actual rotor blades. Modifi-
cations can be made to account for factors such as

These flight conditions must be examined at maximum blades tapering in thickness and blade root cutout
and minin.um design rotor speeds. In addition, a areas.
pushover maneuver to the minimum design load Lift capability of auxiliary lifting devices-such as
factor, which usually is 0.0, shall be investigated, wings, horizontal tails, and ailerons--is determined by

Design of a compound helicopter requires investiga- classical methods defined in texts on aerodynamics and
tion of conditions other than those defined in MIL-S- loads. Airloads theoretically should be based upon the
8698. Other conditions to be examined will be associ- maximum wing lift force coefficient representing
atcd with the lift or propulsion forces generated by the the highest angle of attack at stall for which the wing
wing stabilizer or auxiliary lift and propulsion devices, is analyzed, but never should be less than those corre-
and will, in general, follow classical aircraft design sponding to the design limit load factor. The forn e
methods. Flight conditions requiring investigation coefficient should be multiplied by an appropriate fac-
shall be applicable loads defined in MIL-A-8860, MIL- tor to compensate for transient lift forces above those
A-9861, MIL-A-8865, and MIL-A-8866. Applicability actually achievable by the wing at steady-state stall. A
will be determined by the individual aircraft configura- factor of 1.25 is recommended to cover momentary
tion. loads during gusts and sudden maneuvers. An alternate

Considerations other than those defined in these factor may be substituted when dynamic airfoil charac-
Military Specifications may be necessary for particular teristics are available and can be used in the derivation.
situations or specialized aircraft missions in order to For compound helicopters and other aircraft con-
insure adequate strength ir, the aircraft. figured with both wings and rotors, a rational combina-

Load factor capability can be derived directly in tion of the lift capabilities of both devices is required.
terms of rotor thrust by the method contained in Ref. The present state-of-the.art is such that only a small
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"amount of data is available on compound helicopters, different purposes, it is necessary to define a variety of
The effective lift capabilities and the interactions be- missions that a specific helicopter will perform during
tween wings and rotors are not well defined, its design life. An estimate of the percentage of useful."

It is conservative to add the lift capability of the life that will be spent performing each mission also
wings directly to that of the rotor, neglecting any lag must be made.
in response time between the rotor and the wings. This A large number of variable parameters enters into
approach would be conservative for any type of control the determination of fatigue life. In addition to defining
system used in a compound helicopter-from an air- aircraft missions in quantitative terms, it is necessary to
craft that is flown purely in the helicopter mode with- make estimates of a large number of factors and to take
out auxiliary controls such as ailerons, elevators, and these into consideration during generation of a fatigue
rudders to an aircraft that has a wide array of aerody- loading spectrum. Some of the more important of these
namic control devices on wings and empennage. Time variables are:
lag in response between forces generated by the wing
and those generated by the rotor will vary widely, de- at Aing
pending upon configuration. The rotor response, in at landing

general, will tend to lead the wing response when no 2. Flight altitudes
auxiliary control devices are installed on the wing be- 3. Number of takeoffs and landings per mission
cause wing lift is dependent upon a change in angle of 4. Loads due to external stores and/or cargo slings
attack of the entire aircraft. This criterion for structural 5. Airspeeds
design of compound helicopters is treated further in
par. 4-4.2. 6. CG range

Because of the uncertainties of estimating interaction 7. Rotor speeds
among body, rotor, and wing, it is difficult to compute 8. Gust effects
the drag forces acting upon the aircraft accurately by
analytical methods. As a result, preliminary design Cal- it9. Mad number , dura to ofplt
culations are best developed from aerodynamic drag
data obtained in the wind tunnel. Values of lift, drag, 10. Sinking speed during landing
and pitching moment for all attitudes and angles of 11. Autorotation.
attack can be obtained for the complete aircraft, vehi-
cle-less-rotor, vehicle-less-wing, and vehicle-less-wing- Two typical mission profiles for an armed helicopter
and-rotor. These data can be used directly in calculat- are shown in Figs. 4-4 and 4-5. Such mission scenarios
ing basic air loads for structural design purposes. will be defined by the procuring activity and used by
Verification of wind tunnel model data can be obtained the aircraft developer as the basis for fatigue analysis.
later on full-scale aircraft during the flight test pro- Information contained in the mission profiles will be
gram. expanded into a spectrum of flight and ground condi-

tions as shown in Table 4-1.
44.1.2 Mission Profile and Fatigue Time for each event and the number and duration of

Analysis events occurring during the aircraft life are determined
from engineering estimates based upon the class of heli-

Because the rotor system and dynamic components copter, field experience with that class of aircraft, and
of a helicopter are sized principally from fatigue con- estimated performance of the vehicle itself. These esti-
siderations, fatigue analysis is a basic requirement of mates normally are made by the aircraft designer and
helicopter design. The design shall insure that the heli- approved by the procuring activity. Percentage of flight
copter is capable of achieving the operational design time spent in each flight condition then can be com-
flight requirements, is safe to operate, is free from puted from the equation in Note 2 of Table 4-1.
fatigue failure throughout its design life, and has ade- Inherent in the profile is a definition of aircraft life,
quate reliability with a minimuim of maintenance. At expressed in flight hours. This value usually will be
the same time, it is important to avoid penalizing the defined by the procuring activity prior to initiation of
aircraft with excessive weight so that it cannot perform aircraft development.
its mission efficiently. Because a helicopter is flown at a variety of air-

Fundamental to achieving these aims is a clear defi- speeds, weight and CG distributions, rotor speeds, and
nition of the missions the aircraft is to perform. Be- altitudes, the flight condition spectrum must be ex-
cause most helicopters will be used for a number of panded further, as indicated in Table 4-1, to consider
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ti - SAGNG 'TARGET OF

SSTAGING OPPORTUNITYI;!. AREA

AIR CAVALRY
TROOP BASE

9
TARGET OF OBJECTIVE AREA

OPPORTUNITY
AVERAGE MISSION DURATION 45 min
PERCENTAGE OF TOTAL SERVICE TIME 30%
AVERAGE WEIGHT AT TAKEOFF 14,000 lb
AVERAGE WEIGHT AT MISSION COMPLETION 11,000 lb
TYPICAL FLIGHT ALTITUDE 500 ft
AVERAGE NUMBER OF TAKEOFFS AND LANDINGS 1.0

PHASE % MISSION TIME VELOCITY
RANGE, kt

I TAKEOFF AND HOVER 2.0 0 .- 40
2 FLIGHT TO STAGING AREA 6.0 40 - 150
3 RENDEZVOUS 10.0 0 - 50
4 ESCORT A.T CRUISE SPEED 10.0 100 - 150
5 INVESTIGATE AND NEUTRALIZE

GROUND TARGET OF OPPORTUNITY 5.0 150 - 200
6 DASH TO RETURN TO ESCORT 3.0 180 - 200
7 ESCORT AT CRUISE SPEED 10.0 100- 150
8 DASH TO SECURE OBJECTIVE AREA 5.0 180 -200
9 SECURE OBJECTIVE AREA,

PROTECT LANDING AND SUPPORT
LANDED TROOPS 14.0 40 - 150

10 ESCORT AT CRUISE SPEED 10.0 100 - 150
11 INVESTIGATE AND NEUTRALIZE

GROUND TARGET OF OPPORTUNITY 5.0 150 - 200
12 DASH TO RETURN TO ESCORT 3.0 180 - 200
13 ESCORT AT CRUISE SPEED 10.0 100 - 150
14 RETURN TO BASE 5.0 40- 150
15 HOVER AND LANDING 2.0 0 - 40

Fila. Escort Mbion Profile
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AIR CAVALRYTROOP BASE

GROUND TROOP
HEADQUARTERS

AVERAGE MISSION DURATION 60 rain
PERCENTAGE OF TOTAL SERVICE TIME 25%
AVERAGE WEIGHT AT TAKEOFF: INITIAL 14,000 lbSECOND 12,000 lb

AVERAGE WEIGHT AT MISSION COMPLETION 1O0,00 lb
TYPICAL FLIGHT ALTITUDE 1,000 ft
AVERAGE NUMBER OF TAKEOFFS AND LANDINGS 2.0

PHASE • MISSION TIME VELOCITY
RANGE, kt

I TAKEOFF AND HOVER 2.0 0 - 40
2 FLIGHT TO RECONNAISSANCE AREA

AT CRUISE SPEED 10.0 40 - 150
3 RECONNAISSANCE 35.0 40- 150
4 INVESTIGATE AND NEUTRALIZE

GROUND TARGET OF OPPORTUNITY 6.0 150 .- 200
5 FLIGHT TO GROUND TROOP

I-HEADQUARTERS AT CRUISE SPEED 10.0 40 - 150
6 LANDING AND HOVER 2.0 0 - 40
7 TAKEOFF AND HOVER 2.0 0 .40
8 FLIGHT TO TARGET AT CRUISE SPEEO 10.0 40- 150
9 ENGAGE AND NEUTRALIZE TARGET 6.0 40. 150

10 RETURN TO BASE AT CRUISE SPEED 15.0 40-. 150
11I HOVER AND LAND 2.0 0.. 40

Fig. 4-5. Recounaiumnce Miaudon Profile
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S:-'• TABLE• 4-1

FLIGHT CONDITION SPECTrRUM FOR FATIGUE ANALYSIS

NO.OF EXPANSION PARAMETERS
EVENTS .1IEIGHT. ROTOR

I T IME DURING CG SPEED ALTITUDE
FLIGHT PER AIRCRAFT :, FLIGHT DISTRI- OISTRI- DISTRI-

CATEGORY FLIGHT CONDITION EVENT LIFE TIME BUTION BUTION BUTION

HOVER AND AIR TAXI NOTE NOTE NOTE
LOW SPEED CRUISE 1 1 2

STEADY MEDIUM SPEED CRUISE--
FLIGHT, HIGH SPEED CRUISE "-

POWER ON MAX LEVEL FLIGHT
SPEED
DIVE :I?EED ! ,, ,,

LOW SPEED TRANSITION NOTE NOTE NOTE
HIGH SPEED TRANSITION 1 1 2

TRANSI- TRAITION0 TO
TION AUTOROTATION

TRANSITION FROM
AUTOROTATION

CYLIC AND COLLECTIVE NOTE NOTE NOTE
PULL-UPS 1 1 2
ROLLING PULL-OUT _

RIGHT TURNS
LEFT TURNS
STEEP CLIMBING TURNS
RIGHT
STEEP CLIMBING TURNS!i ~LEFT ..

POWANEUVERO TURN.ON-THE-SPOT
" POWER ON DYNAMIC YAW (RUDDER

REVERSALS)
LONGITUDINAL CONTROL
REVERSAL
VERTICAL CONTROL
"REVERSAL
QUICK-STOP
JUMP TAKEOFF ___ "

FLARE

AUTOROTATION STEADY NOTE NOTE NOTE
DESCENT 1 2
AUTOROTATION RIGHT
TURN

AUTOROTATION LEFT• ~TURN
POWER OFF AUTOROTATION PULL-UP

AUTOROTATION RUDDER
REVERSAL
AUTOROTATION LATERAL
CONTROL REVERSAL -

AUTOROTATION VERTICAL
CONTROL REVERSAL
AUTOROTATION FLARE

NOTES:
1. VALUES DETERMINED BY ENGINEERING ANALYSIS OF MISSION PROFILES
2. ' FLIGHT TIME - TIME PER EVENT X NUMBER OF EVENTS DURING AIRCRAFT LIFE X 100
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o000 - 4-4.2 LIMIT LOAD FACTORS

- - -, - .-. 4.4.2.1 Symmetrical Flight

- -•.1- _ - -The nature of the forces and moments acting upon
S300 . .. a helicopter is discussed in par. 4.4.1 and a discussion

S-of load factors a they relate to the rotor hub is included
in par. 4-10.2. A clear concept of limit loads is anS100 " -- - MODEL AHIG: important factor in the efficient design and safe opera-

0 " tion of a helicopter. The discussion that follows pro-
S" ,1 .. vides more information on limit load factors as they

01 apply to various types of maneuvers and flight condi-
- 11 !tions.

S10 -------- I = The vertical accelerations that establish the maneu-
57- S.-- ver limit loads can be related to the maximum thrust

3MODEL UN-IC , capability of the rotor. The maximum load factor is the

V" MOE, I q ratio of the maximum possiblethrust thatcan be devel-
M OD 1.'. oped by the rotor to the gross weight. The maximum

0.2 0.6 1.0 1.4 1.8 2.2 thrust is determined by assuming the maximum lift
NORMAL LOAD FACTOR nz. dimensionless coefficient at all blade sections. This, according to Ref.

4, may be represented by:
Fig. 4-6. Frequency of Occurrence of Load Factors

(Ref. 2)

mex (4-6)
these parameters because fatigue life is affected greatly maz pbcR(flR)

by each.-
For armed helicopters, estimates of the amount of

firing of guns and other weapons also are required in
order that fatigue lives of structural components at- 1.0

fected by these loads can be determined.
In addition to the spectrum of flight conditions, se- 10 - -

verity distributions of load factors due to pilot-initiated
maneuvers and gust encounters are required. Fig. 4-6
(Ref. 2) is representative of the severity of load factors 1 '0-.
due to maneuvers and gusts during the life of an attack U W
helicopter and a utility helicopter, while Fig. 4-7 (Ref. - -\ -

3) represents such load factors for a fixed.wing aircraft. a0.

Fig. 4-7 presents cumulative frequency of occurrence, ? 0-2,000 ft-I \,
which Is the probability of occurrence of a given or 10' 2.0'00-1000 ft 41

greater gust velocity. 2 D 0 t

Data presented in Fig. 4-6 are suitable for use during
preliminary design and analysis of attack and utility 10- -. ,-

helicopters, while Fig. 4-7 is suitable for all helicopter
classes (pars. 4-4.2 and 4-4.3). Fatigue damage due to
landings and ground conditions (pars. 4-5 and 4-6) also - - -

must be included in the conoputation of fatigue life of
the helicopter. Final determination of fatigue life of the o-1' -

airframe and dynamic components (par. 4-11) can be 0 20 4o so
made only after laboratory fatigue testing of specimens
and determination of the magnitude of loads during the Fig. 4-7. Derived Gust Velocity EAcounter
flight load survey. Diribution (Ref. 3)
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where peculiar to the varied missions performed by Army
Cr = thrust coefficient, helicopters are necessary to assure procurement of

T/[pwrA(flR)21, dimensionless vehicles that will provide satisfactory service through-
fiR = rotor tip speed, fps out their useful lives. A substantial amount of flight

p = air density, slug/ft load data now has been acquired on Army helicopters
a = rotor solidity, be, /(rR), in operational environments. These data should be re-

dimensionless viewed as a part of the preliminary design effort on a
b = number of blades new helicopter.
C' = blade chord (effective), ft Ref. I summarizes some early flight test data on load

The lift coefficient for the basic structural design factors obtained in maneuvers. The maximum load fac-
gross weight, in the same manner, may be represented tor measured in the test program covered by the report
by: was 2.68 g obtained by a combined cyclic and collective

pullup during autorotation at 50 mph with motion of
the collective control delayed approximately 1.5 sec.

= (4-7) Other high load factors obtained during the tests were:d(LOT =pbcR(SIRýi

1. Cyclic pitch pullup, level flight, 85mph; 2.38 g

"2. Cyclic pitch pulluo. autorotation, 80mph; 2.55 g
The maximum possible load factor n, or maxi- 3. Cyclic pitch pullup, 5-deg dive in autorotation,

mum g load obtainable at basic structuralesign gross 50 mph; 2.52 g.
weight then would be obtained from Eqs. 4-6 and 4-7
as an altrnate to Eq. 4-5: Fig, 12b of Ref. 5 summarizes data obtained on tur-

bine-powered helicopters with gross weights less than
(CT/°V)Max (4.g) 10,000 lb. These data showed a maximum maneuver

Max (CT/a) desin load factor of 2.5 g and fewer than 50 accumulated
occurrences above 2.0 g for each 1000 hr in operation.

Ref. 6 summarizes load factor data obtained on three
This maximum attainable load factor can be com- light observation helicopters and two large load-lifting

puted for a given rotor system and vehicle combination, helicopters. Maximum maneuver loads for the light
However, MIL-S-8698 has established limit load fac- helicopters generally did not exceed 2.5 g, and the num-
tors to be used in the design and qualification of three ber of occurrences above 2.0 g also was fewer than 50
different clases of helicopters. They are shown in Ta- per 1000 hr. The maximum maneuver load factors for
ble 4-2. The requirements of one of these classes proba- the heavy-lift helicopters were all below 2.0 g. Similar
bly will be applicable to any new helicopter design. On data for AH and UH helicopters are shown in Fig. 4-6
the other hand, the Request for Proposal (RFP) may (Ref. 2).
establish requirements that are different. In addition, In contrast to the case of positive acceleration, the
more up-to-date test data on similar vehicles may be limitations on negative load factor provided by reach-
available that justifies different limit load factors. These ing 'CL are of little practical interest. Control mo-
data also should be considered. ments are reduced during negative accelerations and all

The determination of realistic load factors has been data show that -0.5 g is an adequate negative accelera-
a continuing effort by industry and various Govern- tion for consideration in design. Inherent blade motion
mental agencies. Structural design criteria that are limitation is one of the factors affecting the magnitude

of negative acceleration. The most common sources for
TABLE 4-2 negative load factors are gust loads (par. 4-4.3).

HELICOPTER DESIGN LIMIT LOAD
FACTORS 4-4.2.1.1 Control of Limit Load Factors

-. ...... MISSI.. As flight speed increases, a given rotor angle-of-
LIMIT MRSSION attack change produces a larger thrust increment so

i ODFCOSCLASS 1 3.IC.5AHOTION that large load factorsma be reached withoutlag
CLASS I -3.5..-0.5 AH. OH. TH, UH attitude changes. The maximum loads thus may be

L O ADS F A C TO, R S. C L A S S I F I CA T I O t h a l a r g e l o d f c o s m a e r a h d i h u a g
CLASS I1 +3.0, -0.5 CH. PAYLOAD < 5000 lb obtained by variation in rate of control application,
CLASS III -2.5, -0.5 CH, PAYLOAD > 5000 1b magnitude of control movement, and airspeed.
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Artificial limitation of load factors may be accom- accordingly, causing an increase in the required thrust.
plished by: A diagram of these level flight forces is shown in Fig.

I. Rotor speed regulation 4-9. Higher load factors are more likely in the high-
2. Dampers in controls speed regime of level flight because the relatively large

thrust increment from the rotor facilitates large load
3 g t nfactors with modest flight attitude changes. Larger

Except for rotor speed regulation, these artificial meth- control capability, however, is available in the airspeed
ods of limitation have not been popular for helicopter range around 0.6 V,'f
design and operation. 4. One-g dive. A 1-g dive maneuver consists of

SLimit load factors for configurations such as co- operating the helicopter, in a dive attitude with rotor
pounds and helicopters with unconventional rotors thrust approximately equal to gross weight (load factor
must be established on an individual basis. However, - 1.0). This maneuver often is used (per MIL-S-8698)
the general approach for these unconventional vehicles t demonstrate maximum speed followed by maximum
is the same in that the load factors used must be justi- loadefactrd te pumlsp from e d ive.
fldtooghyb et n nltiaaa load factor during the pullup from the dive.
fled thoroughly by test and analytical data. 5. Pullup. The pullup demonstrates maximum

4-4.2.1.2 V-n Diagram load factor for symmetrical flight. The design condi-
Typical K-n diagrams are shown in Fig. 4-8. The tions of MIL-S-8698 are at airspeeds of V.L and 0.6

load factors shown are the limit load factors for hypo- Vp for maximum rotor speed and minimum rotor
thtical helicopter designs. The upper limit of 3.5 g and speed. Fig. 4-10 shows a diagram of forces encountered
the lower limit of -0.5 g in the low airspeed and iii the maneuver. The loads originate from gravity, aer-
normal airspeed region were established by MIL-S- odynamic pitching moment, inertia, and the centrifugal
8698. The limits at high airspeed were determined by force caused by the angular velocity of the helicopter
rotor blade stall and blade tip Mach limits. The load following an arc. Longitudinal loads also are encoun-
factor n. shown in this diagram is: tered at the rotor hub point of attachment because ofthe force associated with the moment and because of

a: the drag and the longitudinal component of the gravity
?i= cos 0 ± (4-9) load. These longitudinal loads must be considered for

"this maneuver as well as for other maneuvers to which
they are applicable. Lateral loads also are applicable in

where symmetrical flight maneuvers because of lateral move-
0 - pitch angle of helicopter body ments, directional controls, and tail rotor thrust. Even

axis, deg though these longitudinal and lateral loads have their
associated limit load factors, they are not discussed in

4-4.2.1.3 Maneuvers (Symmetrical Flight) as much detail because their magnitudes are small corn-
Various maneuvers that are classified as symmetrical pared with the vertical thrust loads and longitudinal

flight maneuvers include the following: moments.
1. Hover. Hover is normally at or near zero air-

speed and the load factor is one. 4-4.2.1.4 Rotor Speed and Power Ranges
2. Takeoff and climb. Vertical takeoff and vertical There is a significant difftarence in load factor consid-

climb are inherent capabilities of the helicopter. A eration between power-on and power-off operations.
jump takeoff maneuver consists of rapid application of The allowable range of power-on rotor speed is rela-
collective pitch on the ground while the rotor is turning tively small, being limited on the high side by engine
at maximum power-on rotational speed. The maximum limits and on the lw side by helicopter rotor blade stall
vertical load factor from this maneuver seldom exceeds and associated vibration and comfort levels. Power-off
1.6. A maximum rate of climb from takeoff is a demon- operation, on the other hand, has a comparatively large
stration maneuver and results in relatively modest ac- allowable range of rotor speeds. The maximum allowa-
celerations and associated load factors of 1.5 and less. ble rotor speed in autorotation is considerably higher

3. Level flight. The resultant thrust load during than the maximum speed allowable power-on.
level flight is reacted by the weight of the vehicle, the This maximum power-off rotor speed limit is essen-
inertial load due to longitudinal acceleration, and the tially the design limit of the rotor (with some reduction
drag load from airspeed. As airspeed and longitudinal for a factor of safety). The minimum power-off rotor
acceleration increase, the longitudinal load increases rpm may be set at the lowest level from which, as
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Fig. 4.Typical V-n Diagrms Showing Flight Maneuvers

shown by flight test experience, rotor speed recovery The .zonfiguration that involves a lighter-than-nor-) can be accomplished in a safe length of time. As shown mal gross weight also should be considered. Certain
in Eq. 4-, the maximum thrust capability T, of the missions may call for off-loading a portion of the fuel
rotor varies directly ai (flAR) Trhe maximum possible and cargo. This creates a condition where the relation-
thrust capability of the rotor is, therefore, at the maxi- ship between rotor thrust capability and actual gross

mum oto sped, hichis powr-of coditon. weight results in a higher limit load factor. The princi-
Thisreltioshi, whch ltiatey reult inthe pat requirement for application of this higher load fac-

determination of the maximum possible limit load fac- tor would be for certain equipment items.
tor, is illustrated in Fig. 4-11, which is a graph Of 4-4.2.1.6 Fatigue Analysis

maxmumposibl veticl lad actr vrsu roor The effect of a particular maneuver on fatigue life
speed for a hypothetical rotor system. This graph must be determined by inflight measurement of the
shows that the power-on operating range is below the ste othcmpntsfrwihheaigele
maximum normal load capability of the rotor. Thus, inoatnisedd.Crincm nnsmya-

demostrtio manuves ivoling oadfacors cumulate damaging fatigue cycles during high-speed
should be conducted under partial power and autorota- flight with a relatively modest load factor increase. On
tional flight conditions where the rotor can be operated thohehadhierldfcosinterlgt

at ahighr sped.regimes may result in no fatigue damage. It is essential,
therefore, that information on both the load factor and4-4.2.1.5 Load Factors for Other Than the resulting stress is known.

Normal Gross Weights In addition, it is important to have an accurate meas-
If a helicopter is operated at a weight greater or less urement or estimate of the maneuver time spectrum. A

than the normal design gross weight, it must be as- typical maneuver time history showing load factor ver-
smied that a different maneuvering load margin is sus time is illustrated in Fig. 4-12. TIhis type of maneu-
available. For this reason it is customary to specify a ver time history may be used to determine the approxi-
higher-than-normal gross weight-normally called an mate number of load cycles at each load factor for the
alternate design gross weight (par. 4-3>-in the detail particular flight condition. The number of such ma-
specification. The load factor for this configuration neuvers in a given time can be estimated from data such
should not be less than 2.0 (MIL-S-8698). as that in Ref. 6. A total cycle count for load factors
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and associated stresses then can be accumulated to es- to verify the maximum limit load capability or desig,
tablish the effect of the maneuver upon the fatigue life of the rotor and helicopter system. ,
of a component, •,

This procedure would be repeated for all other ma- 4.4.2.2 Asymnmtrical Flight
neuvers that h,.%e been determined to be critical for
fatigue life of components. The preliminary design task Combined load factors (vertical, lateral, and Ion-

gitudinal) and simultaneous rotational accelerationsshould include definition of the possible maneuver cmiet sals h aiu odfcosdrn
cmi speotrmestablish the maximum load factors duringspectrum for the helicopter being designed. It is not asymmetrical flight operations. Power-on, power-off,

possible to make a definitive fatigue analysis without• and rotor speed variations also art applicable to asyrd.
flight test data from the actual helicopter, but back-
ground data may be used in a preliminary analysis that cal flight maneuvers include rolling pullups, sideslipsis of value and may assist in achievement of a near-i. otimu basc deignand yaw, and sideward flight.
o b dA rolling pullup maneuver consists of a pullup while

the helicopter is in a rolling flight attitude. The roll or
4-4.2.1.7 Static Analysis bank attitude results in a load factor n, = 1/co• •,

The static analysis of the helicopter should be based where 9S = bank angle measured between the rotor
upon one or several critical maneuvers that result in the shaft centerline and vertical. This load factor then is
maximum possible limit load factors. These maneuvers increased in proportion to the pullup and turn rates

also should be included in the structural demonstration with the additional normal loads applied as shown in

T•

- DM.m

It

nF• Fit= + T2

nw

Ftg. 4-9. Level Fliglt Forme
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0 +PITCHING MOMENT/R

FLIGHTDURIN
MAOEUVE

W ~ g 42.P~pMnue

Fig. 4-10. The primary load factors encountered in3.

the tolling pullup maneuvtr are in the normal ver-
tical direction. However. the longitudinal and lateral
loads also are significant. as is the lateral moment 2.0 -

required for the roll rate, sod all shall be considered.
The rolling pullup, maneuver is one of the principal
design maneuvers of MIL-S-8698.1. e

The sideslipe, yaw, and sideward flight maneuvers ~
provide the highest lateral load factors. Limit load fac-
tors for the tail boom and directional control system 0~ 4
also ame established by these maneuvers. TIME I. sec

Tm.2. / Td.. Manever-Tim. Spectrum

"~ ~W'/ ~4-4.3 GUSTS

O POERATING 1It has been established that the reaction of a helicop.,
LiIMIT,t3'* . ter to gusts is less severe than is the reaction of a

~2.0.----=- . 1fixed-wing aircraft. Ref. 7 summarizes test results from
2.0__ operating a helicopter and a fixed-wing aircraft side-by.

0 ~ - - ---- POWER OFF side and shows much larger load factors from gusts for
OPERATING the fixed-wing aircraft. Other tests have given the same

S ~-LMI results.
1.0 1However, load factors on helicopters due to gusts are

6~ 2%..... 100oX. -115'% not insignificant. An incremental load factor of 0.9 due
0 to a gust was experienced by a commercial helicopter

ROTO SKD Nq mmduring a test in the Chicago area (Ref. 8).
ROTO 9'EO NR f~mThe trend toward higher airspeeds for helicopters

Fig.4-Il Maimum~ ~ ~l~makes gust criteria more significant because gust load
4 M hý ad utr v RoorSpeed factors normally increase with airspeed. A gust load

(HypelbedWa Sot Typica Rotee) criterion is given in MIL.S-8698, including definition
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of a gust alleviation factor. This factor, according to the tion of stirspeed. This is consistent with the gust load
specification, varies as a function of disk loading and criteria for fixed-wing aircraft (MIL-A-8861), where
becomes equal to ut .'t 6 psf and above. Studies (Ref. the increments! load factor due to gusts is proportional
9), however, have t' gust alleviation factors in ac- directly to equivalent airspeed. A comparable relation-
cordance with this specification to be too conservative ship is not given in MIL-S-8698.
and to result in load factors that are excessive. It is Rotorcraft other than the pure helicopter, which has
apparent that gust load factors should be established freedom for blade flapping, shall be given special con-
carefully. The best approach during the preliminary sideration in regard to gust load factors. Blades stiff or
design stage is to review the available data, especially rigid in the flapwise direction, along with auxiliary
data on similar vehicles, and to establish and then to wings, would tend to make such a rotorcraft behave
justify the gust load factors to be used for tht. new more likes fixed-wing aircraft. Supporting data on gust
design. effects are mandatory for this kind of aircraft.

Because gust load factors have been a relatively im- Gust load factor data also are required for ground
portant aspect of fixed-wing aircraft design, a large conditions when the rotor is stopped or in transition
amount of data on gusts has been accumulated. One between the running and stopped positions. The behav-
such example is Ref. 10, which contains infoicmation i or of rotor blades in the transitional period under gusty
such as gust length versus gust velocity and cumulative conditions is an important consideration in the design
frequency of occurrence per mile of flight. Additional of the rotor hub. The structural criteria for the up stops
data on cumulative frequency of occurrence are given and droop stops of the blades often are based upon gust
in Fig. 4-7 (Ref. 3). factors. Gust loads on fixed surfaces also shall be con-

sidered and are a function of the gust velocity, the
4-4.3.1 Conditions Requiring Gust Load surface area of exposure, and the effective inertia of the

Factors vehicle. The dynamic response of the helicopter to the

The factors that e iter into the determination of gust specified gust loads also shall be examined.
load factors include:

1. RFP and applicable specifications 4-4.3.2 Gust Influence
2. Fatigue considerations
3. Airspeed range The response of a lifting rotor to gusts is difficult to

predict analytically, even when using computers, be-
4. Configuration cause of the transient nature of the disturbance and the
5. Exposed surfaces. large number of variables involved. A rigorous math-

ematical analysis should include trL-nsient blade flap-The RFP and the referenced specifications often es- ping, blade flexibility, induced velocity changes, andtablish specific requircments overtical motion of the vehicle. For preliminary design,
sidera, ions. MIL-S-8698, for example, cites a specific however, both computer data and flight data (such as
gust velocity (o be applied, together with the schedule h ef. 9) aeuful d s b d t the(maximus

for gust alleviation factor discused previously. The Ref. 9) are useful and should be used to the maximum
gust velocity specified is 50(o'& )fps where o = extent practicable.

p/pc, the tatio of the density of air at the altitude under
consideration to the density of air at sea level. There- 1 +2.0

fore, the gust velocity t - considerecd at sea level is 50
fps. FAR Part 29 specifies a gust velocity of 30 fps for
design. +1. 7

Fatigue considerations rcquire gust load factor data, I-

especially if the critical design loads for the helicopter
are set by gust conditions, or if the expec~ed operational 0
environment is one in which gusty air is normal.

The operating O.rspeed is an important factor in the
determination of gust loads. Ref. 7 shows lower gust 1-si
load factors at lower speeds from both calculate1 data 5 AIRSPEED V. kt

and test data. This has be-n confirmed in other tests
and invest~ga,,ns (Ref. 9). Fig. 4-13 is a Y-P diagiam Fia 4-13. Gust load Factor vs Helicopter Forward
showing mne i,,ttive load fActors due to gusts as a fur, c- Velocity

4-16



AMCP 706-2"11

Oust velocity causes a change in velocity through the 4-4.3.4 Fatigue Loadings
-). rotor, resulting in a change in rotor thrust. This change

in thrust is related primarily to a change in angle of The influence of gust loadings upon the fatigue life
attack of the rotor a*. The incremental load factor of helicopter components depends upon the relative
from the thrust change may be calculated by an ap- sensitivity of the particular vehicle to gust conditions.
proach that considers the gust to produce only an an- Fig. 4-7 shows a cumulative frequency of occurrence
gle-of-attack change and that neglects any alleviation per mile of flight versus gust velocity. From this figure,
factors. This may be expressed in the following manner at 2,000 to 10,000 ft, one occurrence of 50 fps or more
(Ref. 7): per 1.3 million mi of flight is indicated. Gusts of 30 fps

or higher will occur only once per 27,000 mi. If these
data are appropriate for a given helicopter, gust loading
would have a small effect upon fatigue life because

An dCT (flR) 2  TR2  (4-10) 30-50 fps gusts normally would result in a load factor
v=d- V " W0 less than limit load factor when a reasonable alleviation

da Ifactor was applied.

where 4-5 LANDING CONDITIONS
An = load factor increment

U = gust speed, fps 4-5.1 DESIGN LIMIT LANDING
V = flight speed, fps REQUIREMENTS

Because the change in angle of attack is influenced byvehicle inertia, gust wave shape, and other physical Army operating cnvironments involve unprepared
conditions, a gust alleviation factor is established by areas and terrain types that must be considered in the
computation or by test data. The most accurate factor selection of a landing gear type and in subsequent de-
is based upon test data from similar vehicles, sign iterations. Consideration of both level and asym-

When considering gust alleviation factors for heli- metric landings-with and without forward speed-at
.. opters, data on fixed-wing aircraft sometimes have varying helicopter sizes, weights, and configurations is
been used for comparative purposes. Helicopters, how- essential. The parameters of the landing gear design or
ever, differ from fixed-wing aihcraft in that the velocity configuratoon sensitive to the anticipated operational
at the helicopter blade-tip leading edge is higher in factors are likewise of interest.
relation to the gust velocity than is the velocity at the
wing leading edge. Another factor is the flexibility and 4-5.1.1 Symmetrical Landings
load attenuation provided by the flapping hinges and Symmetrical landings can be accomplished in more
flexible blades normally used on helicopters, than one manner-from hover; during a power-on ap-

Information on the atmospheric gusts pertinent to proach with forward velocity, possibly including drift;
the helicopter is of fundamental importance to prelimi- fully autorotational with or without forward speed, and
nary design. Much of this information is included iii possibly with drift; :r, in rare cases, under emergency
Ref. 10, and those data should be used for estimating conditions involving abnormal descent velocity. These
gust load factors, especially in cases where the Alevia- rare, emergency landings usually are attributable to
tion factors are computed. battle damage, vehicle malfunction, adverse weather or

terrain conditions, or pilot error.
4.4.3.3 Gust Loads During Maneuvers Power-on landings normally result in relatively low

descent velocities at ground contact, usually not ex-
The superposition of gust loads and maneuver loads -eeding S fps. Fully autorotational landings rofely are

occurs infrequently, and generally the combination of performed with large multimigine helicopters but are
these loads does not exceed the helicopter limit load. frequent with the smaller single-engine models, to the
The limit maneuver load factor is determined by the point that they shall be considered as normal landings.
maximum capability of the rotor (par. 4-4.2), and ex- These normal autorotatinal landings usually do not
ceeding this load factor is not possible even with the exceed 6.5 fps descent velocity at ground contact. In
addition of a gust load. Maneuvering under gusty air bWttle zone operations, a descent velocity of 8 fps way
conditions zs not normally a helicopter demonstration be considered a normal sinking speed at ground con-
requirement, tact. Under emergency conditions, or in unusual situa-
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tions as noted, descent velocities of 15 fps or more ters, that evasive maneuversbe performed immediately
occasionally may be encountered (Ref. 1I). before and during the landing flare. The design descent

The sinking speeds at ground contact in all of these velocities must be increased in such cases to reflect
operating conditions are affected significantly by such these special tactical requirements.
vehicle design parameters as autorotational minimum
descent rate; vehicle size, configuration, and weight; 4-5.1.1.2 Landing Attitude Requirements
density altitude (Ref. 12); and many other factors. It Landing conditions that require structural load con-
may be necessary to increase the minimum design sink sideration are the following variations of attitudes and
rates in order to allow for unusual or abnormal vehicle loadings:
parameters. 1. Tricycle gear, both with and without a 0.25

4-5.1.1.1 Design Sinking Velocity minimum drag factor on all contacting wheels (Fig.
Minimum values for the design limit sinking speeds 4-16):

at ground contact are given by MIL-S-8698 as: a. 3-point

1. Minimum flying weight and basic structural de- b. Nose first, near level
sign gross weight-8 fps together with 0.67 W, rotor lift c. Aft first, near level'
throughout the impact d. Aft first, maximum nose-up (as limited by

tail-bumper)Y
2. Alternate design gross weight---6 fps together e. Tail-bumper or tail wheel first (if applicable)

with 0.67 W, rotor lift throughout the impact. f. 50% maximum vertical load for Conditions

Due to the inadequacy of these criteria to account for lb through Ie applied in any horizontal direc-
the severe usage of Army helicopters under combat tion one gear at a time, in combination with
conditions, the design sink speed shall be a minimum the vertical loads. Free-swivelling nose gear
of 10 fps in lieu of 8 fps for all new designs. The hori- shall be assumed to line up with the obstruc-
zontal speeds with which the design limit sinking speed tion load (lockable or steerable nose gear
shall be combined shall include all values between shall be treated as nonswivelling).
zero and 120% of the speed corresponding to minimum g. Conditions la through If with spin-up and
power required for level flight at the landing gross spring-back loads, if more critical.
weight. 2. Skid gear, both with and without a 0.5 drag

Factors to be considered for any particular combina- factor (Fig. 4-17):
tion of design configuration and operational environ- a. Perfectly level
ment are: b. Nose first, near level

1. Steady-state descent velocity in autorotation (or c. Aft first, near level
with all engines at flight idle for multiengine helicop- d. Aft first, maximum nose-up
ters) e. Tail-bumper first

2. The forward velocity associated with the mini- f. Level landing on symmetrical obstructions
mum steady-state autorotational descent velocity located at forward contact points, and, alter-

3. Maximum operational density altitude to be de- natively, midway between the skid attach
signed for as a normal anticipated operating require- points.
ment 3. Tail-wheel gear, both with and without a 0.25

4. Disk loading minimum drag factor on all contacting wheels (Fig.
5. Vehicle sizv landing gear configuration as 4-18):

indicated by Fig. 4-14, where A = effective additional a. Level (main first)'
drop height

6. Vehicle low-spoed stability and control If the aft (or main) gear is not located more than 15 deg aft
(and below) the CO with reference to thc normal level attitude7. Pilot location relative to CG or relative to (fuselage reference line), no pitching relief to the impact loads is

ground contact (Fig. 4-15). As a general rule, the likeli- to be considered. l-owever, if the aft (or main) gear is located more

hood of higher descent velocities at ground contact than 15 deg aft (and below) the CG, pitching relief may be consid.
increases as the pilot's distance ahead of the CG and ered (Ref. 13). provided the additional (pitching) momentum is

ahead of or above the initial ground contact point is considered in regard to possible critical secondary impact of the
ire,,forward gear and provided the effect of ,he increased height of theincreased. CG above ground at initial contact is accounted Cot as the gear8. The requirement, for certain types of helicop- position is moved aft.
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A:______________ GROUND LI NE

(A) CONFIGURATION EFFECT

al C_ U2

A2 L2 I
2 CG

(42 al GROUND LINE

(B) SIZE EFFECT

lFig. 4-14. Consideratons Affecting Design Limit Sinking Speed

b. 3-point 4. Quadnicycle gear, both with and without a 0.25
c. Tail first minimum drag factor on all contacting wheels (Fig.
d. 50% maximum vertical load for Conditions 4-19):

3a and 3c applied in any horizontal direction a. 4-point
one gear at a time, in combination with the b. Nos first, near level
vertical loads. Free-swivelling tail gea c. Aft first, near level' (footnote p. 4- 18)
shall be assumed to line up with the obstruc- d. Aft first, max nose-up' (footnote p. 4-Mt~
tion load (lockable or steerable tail gear shall e. Tail-bumper first (if applicable)
be treated as nonswivelling). f. Uneven terrain, near level attitude; either suf,

e. Conditions 3a through 3c with spin-up and ficient terrain unevenness shall be assumed
spring-back loads, if more critical. so as to result in a three-point loading, or
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alternatively, a vertical unevenness equal to gear shall be assumed to line up with the
2% of wheelbase, crest to trough, shall be obstruction load (lockable or steerable for.
assumed at the most critical wave length and ward geam shall be treated as nonswivelling).

Nskew angle for the particular gear coafigura- h. Conditions 4a through 4d with apin-up and
tion. For this condition, 75% of the ground spiSm lod& if more critical.
load factor at the CO for Condition 4a, but
not less than 2.0 S. may be usad.4-.13 WegtadCFcor

S. 501% maximum vertical load for Conditions 4511. WehtadCFcos
4b through 4f applied in any horizontal direc. The Ca, to be considered in conjunction with any
tion one gear at a time, in combination with landing weight shal include the most adverse combina-
the vertical lo'ads. Free-swivelling forward tion of vertical, longitudinal, and lateral limits for the

62

OR VELOCITY
~, GROUND LINE

PILOT'S VERTICAL I VELOCITY VELOCITY V EICIN~ VL Qý T-N~ACCELERATION)= C ACCELERATIO&J ' ACCELERATJ!

(A) PILOT LOCATION vs CG

(6) PILOT LOCATION vs INITIAL GROUND CONTACT POINT

F~.4-15. Effects of P"%letsLeades Upsa SaiMNg Spesi at Touchiewu
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particular helicopter, between and including minimum
•.. flying weight and alternate design gross weight.

As a minimum, the weights to be considered in re-
gard to landing requirements are basic structural de-
sigp gross weight, minimum design gross weight, and
alternate design gross weight. A 'EIE"

The mass moments of inertia to be considered at any
weight and CG should reflect the most adverse distri-
bution within the weight and CO limits chosen for
investigation. This consideration should include exter- -.. ,._ __ .___ ,
nal as well as internal weight items, provided they es- .
sentially are attached rigidly to the vehicle.

4-5.1.1.4 Evaluation of Vehicle Designs

Factors affecting the maximum sinking velocities at B ,J0SE CIRS T

ground contact for optimizing helicopter designs in-
clude:

1. Disk loading. Higher disk loading means higher

'Ci AFT FIRST

fA 3-PQINT

(0) AFT FIRST, Max NOSE UP

(BI NOSE FIRST Fig. 4-17. Landlng Attitudes, Skid Gear

"- induced power losses in the rotor, and thus higher de-
scent velocities in autorotation, other factors being
equal.

2. Blade loading. Very little variability of this fac-
tor is noted in modern helicopter designs (Refs. 13 and

C) AFT FIRST, NEAR LEVEL4).

3. Vehicle aerodynamic cleanness. By reducing
drag, sinking velocities in autorotation are reduced in
several ways:

a. the LID improvement results in higher for-
ward velocity at a given sinking velocity

b. the glide angle thus is flattened
(D) AFT FIRST, Mix NOSE UP c. the optimum minimum sinking velocity is re-

duced slightly because of the reduction in in-
g ad Tduced power loss at the increased forward

SF/it 4-16. TAndg Attiouwl Tricycle Gear speed
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___ ____- -, 4.5.1.1.5 Preliminary Substantiation
Requirements

SWhere a particular design or mission requirement
indicates adverse factors of the types in par. 4-5.1.1.4,
the values of sinking velocities to be used for prelimi-

S..E.'. A'N . ',',• nary design must be substantiated in a rational manner.• This may be accomplished either by analytical corn

parison relating back to the (minimum) conventional
criteria, or by actual landing test demonstrations under
similar conditions--comparing the more unconven-
tional design to a similar, operationally proven, design.
In most cases, analytical comparisons should suffice for
preliminary design purposes.

5B $-.•'INT

S4-5.1.2 Asymmetrical Landings

In general, the limit descent velocities, at the vehicle
CO, to be used with asymmetrical landing conditions
for preliminary design purposes, are not different sig-
nificantly from the values to be used with the level
landing conditions of par. 4-5. 1. 1. The most prominent

VC TAIL cIRST

Fig. 4-18. Landing Attitudes, Tail Wheel Gear ... ._-_

d. the better glide path permits more time for
pilot reaction to winds and terrain variables

e. the higher forward speed provides more vehi- (A) 4-POINT • "\
dc kinetic energy, which can be converted to
rotor kinetic energy during the final flare.

4. Control power and vehicle response. The ability
to maneuver precisely during the approach, flare, and
final touchdown has an important effect upon descent
velocity at ground contact, although this effect is dif- (BI NOSE FIRST
ficult to define in an absolute sense.

5. Pilot visibility and location relative to the vehi-
cle CO and to the point of initial ground contact (Fig.
4-15). The poorer the visibility in the forward-down-
ward-sideward directions, the poorer will be the pilot's
ability to minimize the descent velocity at ground con- IC) AF
tact &ad also the greater the chance of pilot error in
judging the flare maneuver relative to the terrain. Simi-
lar effects result as the pilot's location is moved forward
and upward relative to the initial ground contact point
(as may occur in larger vehicles). Also, as the pilot is _ _

positioned farther forward of the CG, pitching acceler-
ations and velocities at his station become larger in (0V AFT FIRST, Max NOSE UP
comparison to the accelerations and velocities at the
CG, thus reducing "pilot feel" during the crucial final
portion of the landing maneuver. Fig. 4-19. Landing Attitudes, Quadricycle Gear
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factors causing asymmetrical landing impacts in nor- 7. Drift
. mal operation (Fig. 4-20) are: 8. Yaw attitude or velocity

I. Variable wind direction or gusty wind condi- 9. Roll attitude or velocity
tions 10. Slope landings.

2. Adverse terrain or obstructions
32. Advere teriin oBecause the sinking speeds at L ,und contact are

affected by many different vehicle design parameters4. Evasive tactics prior to and during the landing (Refs. 12 and 15), it may be necessary to increase the

maneuver 10 fps minimum design limit sink rate (par. 4-5.. 1..1)
S. CO extremes or other vehicle factors to account for unusual or abnormal vehicle and opera-
6. Inexpert piloting tional parameters. The horizontal landing speeds for

asymmetrical landings shall be the same as for level
landings (par. 4-5.1.1.1).

4-5.1.2.1 Landing Attitude Requirements
Asymmetrical landings require design consideration

of the follawing variations of attitudes and conditions
using, as a minimum, the same limit sinking velocities
as for level landings (par. 4-5.1.1.1):

I. Tricycle gear, both with and without a 0.25 drag
factor on all contacting wheels (Fig. 4-21):

(A) ADVERSE TERRAIN a. One aft gear first, near level'
b. One aft gear first, maximum nose-up'

Ec. Each of Conditions la and lb with spin-up
and spring-back loads, if more critical

d. Drift landings, aft gear first, near level, verti-
cal reaction at each gear equal to 50% of
maximum vertical reaction from level and
near-level symmetrical landings (par. 4-5.1.1.2,
Conditions la and lc), inward side load
on one gear equal to 80% of applicable verti-

(B DRIFT OR YA' cal load and outward side load on other gear
equal to 60% of applicable vertical load
simultaneously, zero drag load

e. Landing with roll velocity: each of Condi-
tions la through 1c, with 0.25 rad/sec rollvelocity at ground contact in the most ad-
verse combination with 75% limit sinking
velocity

(C) ROLL f. Landing with roll displacement: each of Con-
ditions la through Ic, with 5-deg roll attitude
in the most adverse combination with 75%
limit sinking velocity

" If the aft (or main) gear is not located more than 15 deg aft
(and below) the CG with reference to the normal level attitude
(fuselage reference line). no pitching relief to the impact loads is
to be considered. However. if the aft (or main) gear is located more
than 15 deg aft (and below) the CG. pitching relief may be consid-

'O) SLOPE LANDING ered (Ref. 16). provided the additional pitching momentum is
considered in regard to possible critical secondary impact of ttle
forward gear and provided the effect of the increased height of the

F 4-20. MWit Coammo Asymmetrical Landing CG above ground at initial contact is accounted for as the gear
Attiuds position is -toved aft.
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2. Skid gear, both with and without 0.5 drag factor

(Fig. 4-22):K..
a. One skid first, near level laterally; nose first,

near level longitudinally; level longitudinally;
aft first, near level longitudinally; and aft

'• .\ \T first, maximum nose-up
(A) ONE AFT GEAR FIRST b. One skid first, without drag but with 0.5 fric-

tion factor acting inboard on one skid and
obtboard on the other. Assume same atti-
tudes as for Condition 2a.

c. Level landing on asymmetrical obstruction
located at one skid forward contact point

Sd. Tail-bumper-first attitude, with 0.5 friction
coefficient acting up to ±30 deg from aft,

"(B) ONE AFT GEAR FIRST,• whichever is more critical(B) ONE AFT GEAR FIRST,

Max NOSE UP e. Level landing with yaw velocity: a yaw
velocity at ground contact sufficient to de-

S• velop asymmetrical 0.5 friction factors as a
transverse couple applied at the most critical
locations on the skids and alternatively as a
longitudinal couple, zero symmetrical drag

6 "f. Level landing with roll velocity: Condition
(C) DRIFT 2a, with 0.25 rad/sec roll velocity at ground

13\ contact in most adverse combination with
•-,,,• • •75% limit sinking velocity ,

g. Landing with roll displacement: Condition

(DV ROLL

Fig. 4-21. Asymmetrieal Attitudes, Tricycle Gear (A) ONE SKID FIRST

g. 50% maximum vertical gear load for Condi- - ': -

tions la and Ic applied in any horizontal di-
rection one gear at a time, in combination
with the vertical loads. Free-swivelling nose
gear shall be assumed to line up with the
obstruction load (lockable or steerable nose
gear shall be treated as nonswivelling if more (8) DRIFT OR YAW
critical).

h. Slope landing: a 15-deg ground slope in the
most adverse direction in combination with •:I/ __ I II
an 8 fps descent velocity

i. Tail-bumper-first attitude with 0.5 friction
factor acting up to ± 30 deg from aft, which-
ever is more critical. (0) ASYMMETRIC OBSTRUCTIONS

Fig. 4-22. Asymmetrical Attitudes, Skid Gear

4-24

"" ......... .. , , .,-



AMCP 706-201

2a, with 5-deg roll attitude in the most ad. of applicable vertical load simultaneously,

verse combination with 75% limit sinking zero drag load
velocity e. Landing with roll velocity: each of Condi-

h. Slope landing: a I 5-deg slope in the most ad- tions 3a through 3c with 0.25 rad/sec roll
verse direction in combination with an 8 fps velocity at ground contact in the most ad-
sinking velocity, verse combination with 75% limit sinking

3. Tail-wheel gear, both with and without a 0.25 velocity
drag factor on all contacting wheels (Fig. 4-23): f. Landing with roll displacement: each of Con.

. Oditions 3a through 3c with 5-deg roll attitude
a. One main gear first, level attitude2 (footnote in the most adverse combination with 75%

p. 4-23) limit sinking velocity
b. One main gear first, near 3-point attitude2

g. 50% maximum vertical gear load for Condi-
c. Each of Conditions 3a and 3b with spin-up tions 3a through 3c, applied in any critical

and spring-back loads, if more critical horizontal direction one gear at a time, in till
d. Drift landings: main gear first, level, vertical combination with the other gear vertical.*

reaction at each gear equal to 50% of maxi- loads. Free-swivelling tail gear shall be as-
mum vertical reaction from level and 3-point urumed to line up with the obstruction load
symmetrical landings (par. 4-5.1.1.2, Condi- (lockable or steerable tail gear shall be
tions 3a and 3b), inward side load one gear treated as nonswivelling, if more critical).
equal to 80% of applicable vertical load and h. Slope landing: a 15-deg slope in the most ad-
outward side load on other gear equal to 60% verse direction together with a sinking

velocity of 8 fps
4. Quadricycle gear, both with and without 0.25

drag factor on all contacting wheels (Fig. 4-24):
a. One side first, near level laterally; nose first,

near level longitudinally; level longitudinally;
aft first, near level longitudinally; maximum
nose-up' (footnote p. 4-23)

b. Condition 4a with spin-up and spring-back
loads, if more critical

(A) ONE MAIN GEAR FIRST c. Drift landings: one, or both, aft gear first,
near level, vertical reaction at each gear equal
to 50% of maximum vertical reaction from
4-point and near level symmetrical landings

-• (par. 4-5.1.1.2, Conditions 4a through 4c),
inward side load on gear on one side equal to
80% of applicable vertical load and outward
side load on gear on other side equal to 60%

(8) ONE MAIN GEAR FIRST, of applicable vertical load simultaneously,
Max NOSE UP zero drag load

d. Landing with roll velocity: Conditions 4a and
4b with 0.25 rad/sec roll velocity at ground
contact in most adverse combination with
75% limit sinking velocity

e. Landing with roll displacement: Conditions
4a and 4b with 5-deg roll attitude in the most
adverse combination with 75% limit sinking
velocity

f. 50% maximum vertical load for Conditions
() DRIFT OR YAW 4a and 4b applied in any horizontal direction

one gear at a time, in combination with the
Ftg. 4-23. Asymmetrcal Attitudes, Tail Wheel Gear vertical loads. Free-swivelling nose gear shall
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landing gear configuration to conform to adverse ter-•'• "•'.'rain conditions (especially in regard to quadricycle-

type gear)
2. Yaw stability and control: the degee to which

the vehicle can be maintained in optimum horizontal
(A) ONE SIDE FIRST ing maneuver under normal expected variations of

wind and terrain conditions

3. Roll stability and control: the capability of
"maintaining optimum roll alignment with respect to
the ground under the normal expected variations of
wind and terrain

4. Slope landing capability: heavily dependent
upon the overali helicopter configuration, including

_______type and configuration of landing gear, control power,
S.. .. . '"size, etc.

(B) DRIFT OR YAW

4-5.2 RESERVE ENERGY REQUIREMENTS

4-5.2.1 Reserve Energy Descent Velocities

7. The reserve energy requirements for helicopter land-
(C) 3-POINT (ADVERSE TERRAIN) ing impacts are important to both the safety and the

continued operational availability of the vehicles under
F, . 4-X4 Asymmeb• Attitoda, QvMreycle the anticipated military operating environment (Ref. .71

i.ear A11). As noted in par. 4.5.1.1 and in Ref. 17, it is impor-
-"r tant not only to specify the design limit descent

velocity, under which no landing gear damage is in-

•I be assumed to line up with the obstruction curred, but also to specify a more severe descent

load (lockable or steerable nose gears shall be velocity under which limited damage to the landing

treated as nonswivelling). gear and/or airframe would be acceptable operation-
g. Slope landing: a 15-de slope in the most ally. The value of this latter descent velocity has been

verse direction, with a sinking velocity of 8 spCilied in MIL-S-8698 as Vi45times the design limit
descent velocity, resulting in a minimum value of ap-

h. Tail-bumper..flrt attitude: with 0.5 friction proximately 10 fps. This value does not rofiect the
factor acting up to ±30 deg from aft, which- much wider variability of the helicopter operating envi-
ever is more critical. ronment (Ref. 18), especially with regard to terrain,

weather conditions, rate of descent during landing ap-
4.5.1.2.2 Weight ancLCG Factors proach, and the more severe demands upon pilot skill.

The weights and CGs to be considered for asymmet- Thus, the criteria for the design reserve energy descent
rical landings should be the same for symmetrical land- velocities at ground contact for Army helicopters are as
ings (par. 4-5.1.1.3). It is important that the most criti. follows:
cal vehicle mas moments of inertia in roll and pitch 1. N¶11 X (design limit sinking velocity) =
also be considered in this regard. 12.24 fps. Under this severity of impact, minor, quickly

repairable or replaceable damage to the landing gear
4-5.1.2.3 Evaluation of Vehicle Designs components only is to be permitted. No damage to the

Factors affecting the local sinking velocities and atti- airframe that would prevent continued safe vehicle op-
tudes at ground contact during asymmetrical landings eration is permitted.
for optimization of helicopter design are noted in the 2. 2.0 X (design limit sinking velocity) = 20 fps.
following paragraphs (these are in addition to the fac- Under this severity of impact, major landing gear dam-tors of par. 4-5.1.1.4): age is permissible, provided that complete collapse or

1. Conformability (Fig. 4-25): the ability of the sudden catastrophic failure does not result and that
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i(A

(A) PITCH

(C) WRACKING (QUADRICYCLE)
(B) ROLL

fig 4.25. Cm-aiderations Affecting Conformsbility of Landing Gear to Terrain

only minor, field repairable damage to the airframe is drop tests, and actual service experience to reduce sub-
likely to be incurred. stantially the likelihood of blade-to-boom interference

("boom-chops") during the landing impact.
Formerly it was thought that reserve energy impact

capability was dependent largely upon reserve strength
Considerations (which adds cost and weight penalties), but now it has

As stated in par. 4-5.2.1 and Ref. 19, it is essential been proven that relatively low landing load factors are
that means be provided in helicopter landing gear de- acceptable, and even desirable, provided adequate
sign to absorb additional impact energy while limiting provision is made in the landing gear desigit for energy
the magnitude of the loads imposed upon the vehicle, dissipation and load compensation. This is true particu-
Characteristics that help in achieving maximum re- larly of vehicles that are to be operated routinely for
serve energy capability include the effective dissipation pilot training or in the battle zone environment. As
of the initial impact energy so as to minimize bounce shown in Ref. 17, little or no weight and/or cost pen-
and the severity of secondary impact, and effective load alty need result from the provision of relatively severe
compmsation for "hydraulic lock" (Ref. 20) of air-oil reserve energy capability in a landing gear design, pro-
shock struts or for the elastic "spring" effect of under- vided proper optimization of the desired characteristics
damped landing gear designs. A yielding "structural is included during the preliminary design stage of a
fuse" (e.g., honeycomb-filled cylinder in landing gear vehicle. For example, substantial experience now is
system with yield load above normal landing gear limit available on helicopters with landing gears having re-
load) has been fotnd to be most effective in limiting serve energy descent velocity capabilities on the order
vehicle damage for the unusually high descent veloci - of 15 fps, even though the design limit ground load
ties occasionally etrcountered in service. factor was on the order of 2.0 to 2.5. These landing

As an important side benefit, effective energy dissi- gears also are among the lightest in the industry, ex-
pation--or deadening---and load-limiting "structural ploding the myth of an excessive weight penalty for an
fuse" have been found by computer studies, extreme adequate reserve energy capability.
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While structural yielding can be utilized efficiently in K rotor kinetic energy
achieving adequate reserve energy capability at little or hov. r power
no overall weight penalty, there no doubt are alterna-
tive concepts that would be effective for achieving the rg
specified objectives. rotor kinetic energy(4-11)

K2  sink rate energy

4-5.2.3 Other Considerations 1,

KE- f 2
.~ ft-lb

_2 (A m
Because the reserve energy descent velocities speci-

fied inherently take into account abnormally severe
impact conditions, detail consideration of such addi- where
tional parameters as density altitude, gross weight, = polar mass moment of inertia
wind and terrain, etc., is not necessary. The basic struc- of rotor, slug-ftW
tural design gross weight should be used for prelimi- 11.4 rotor speed for autorotation,
nary design purposes, along with only the most proba- rad/sec ýV
ble vehicle attitudes and ground frictional con- f, - minimum rotor speed at which
siderations during the severe impact. It also should rotor thrust = helicopter
be kept in mind that these extreme values of vrtical weight, rad/sec
velocity at ground contact are generally the result of an Hover power required and autorotational sink rates
excessive descent velocity during approach, an incom- are taken from performance data normally available for
pleted or insufficient flare maneuver,or excessive hover the particular helicopter configuration being consid- 4
height in relation to available rotor energy after corn- ered. The value K, may be interpreted physically as a
pletion of the landing flare. Loss of engine power near comparative "stand-off time", while value K2 may be
the ground, or battle damage, also occasionally are interpreted physically as a comparative capability of
contributing factors. Except for the landing from a arresting the sink rate. The effects of relative landing
hover, appreciable forward velocity may exist, along gear impact capability and of relative vehicle kinetic
with some drift component. Ref. 11 indicates that the energy due to forward speed, as well as of relative
forward velocity at impact generally is no greater than control power, also must be taken into consideration
that for best approach speed-power-off, i.e., best glide along with the autorotational constants noted.
angle. Therefore, for design purposes the reserve en- Ref. 21 uses the results of three height-velocity flight
ergy descent velocity shall be combined with a hori- test programs to formulate a semi-empirical procedure
zontal velocity equal io 120% of the speed for mini- for showing the effects of density altitude and helicop-
mum power required. This combination of velocities ter gross weight on the shape of the height-velocity
should be considered throughout the attitude range (H-V) diagram for autorotational landings.
from 15-deg nose-down to the maximum nose-up atti-
tude attained during a maximum horizontal decelera-
tion maneuver. 4-5.3 CRASH LOADS

The helicopter shall be designed for protectilon of
4-5.2.4 Autorotwtional Capability Indices the occupants during a crash. In the paragraphs that

(Landings) follow, the application of crashworthy structural de-
sign features for maximum protection of occupants is
discussed. Included is a discussion of the aircraft crash

"At least two or more autorotational indices have environment, fuselage structural design considerations,
been found useful in judging the comparative capability and controlled deformation of structure (primary, sec-
of helicopters to make successful autorotational land- ondary, and crew seats). Retention of equipment such
ings (Ref. It). In general, these methods are used to as transmissions, rotor masts, seats, and occupants in
determine an "autorotation constant" K, which is a the cabin and cockpit regions is discussed. The reten-
ratio of the useful rotor kinetic energy KEeither to the tion of other equipment and stores as applicable to
power required to hover or to the autorotational sink occupant protection from "missiles" within the deccle-
rate energy (or power) as in the following equations: rating fuselage also is discussed.
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4.5.3.1 Crash Envir, . .-at the rotor blades d&flect downward which can have ser-
• "• ous consequences, in addition to striking the ground

The crash environments of aircraft range from the and rolling the aircraft. For example, the torsional and

insignificant hard landing to the nonsurvivable landing. bending load transmitted to the rotor mast and trans-
When an aircraft crashes, motion continues until the mission upon contact of the blade(s) with the ground
kinetic energy has been attenuated, primarily through tends to tear the transmission free and displace it into
the application of force through distance. The decelera- the occupied sections of the aircraft. In addition, verti-
tive force is a function of the kinetic energy of the cal deflection of a rotor at impact may permit the
aircraft and the distance through which it moves dur- blades to pass through parts of the fuselage, creating an
ing deceleration, intrusion hazard for the occupants in those regions.

In the crash of an aircraft with a purely vertical During a typical crash the aircraft structure progres-
velocity component, this movement is permitted by sively collapses at its crush strength. The total deforma-
deformation of both the terrain upon which the aircraft tion distance of the structure is a function of the kinetic
crashes and of the structure of the aircraft. If the air- energy of the aircraft and the structural depth and
craft crashes on soft soil, considerable soil deformation strength. The decelerative loads transmitted to the oc-
will occur and the decelerative load will be less because cupied sections of the aircraft thus are reduced from
of the distance traveled against the force compacting or those experienced by the contact point of the aircraft.
moving the soil, and against the crushing strength of Additional deformation distance reduces the loads ex-
the ffuselage. If the aircraft crashes on a rigid surface perienced by the occupants and occupied portions of
such as concrete, the deformation distance essentially the aircraft.
will be supplied entirely by the crushing fuselage, re- Survivable accidents (defined by evaluation of pres-
suiting in a higher load factor. ent-day aircraft structure and existing accident rec-

If the aircraft crashes with a high longitudinal com- ords) are explained in Ref. 11. Deceleration-versus-
potent of velocity, the longitudinal decelerative load- time pulses and, thus, the defined impact velocity
ing can be a function of many things. These include changes representative of the 95th percentile survivable
friction, plowing and gouging of earth, aircraft Ion- crash environments, have been determined for the vari-
gitudinal crush strength (in the case of barrier impact), ous directions and are presented in Table 4-3. Ter-

S .or local crush strength of the fuselage impacting local minology is defined in Fig. 4-26. Helicopters should be
barriers such as trees, posts, and rocks. designed to protect all occupants in crashes having

Combinations involving longitudinal, vertical, and these characteristics. However, the peak g levels listed
lateral components of velocity include longitudinal, are a result of the structural strength of existing aircraft
vertical, and lateral decelerative loads. Relatively high and are not necessarily desirable design levels. Heli-

vertical decelerative loads also can be applied through copters shall be designed to protect the occupants in
the process of rapidly changing the direction of the crashes which produce the design velocity changes
longitudinal velocity component of the aircraft struc- listed. Because of variations in the impacted surface,
ture, as when an aircraft with high longitudinal velocity aircraft orientation, and effect upon mission perform-
impacts a relatively rigid surface at even a very slight ance, environmental conditions have been reduced to
angle. Consequently, consideration must be given to design criteria for various critical portions of the air-
the existence of high vertical decelerative loads in acci- craft. These criteria are presented in the discussion that
dents consisting of primarily longitudinal impact follows.
velocity components, as well as in accidents having
high vertical velocity components. 4-5.3.2 Structural Design

The crash environment for helicopters provides a
high potential for rollover because of the vertical loca- The aircraft, once involved in a crash, is expendable,
tion of the CO and because of the turning rotor. Rotor and preference is given to occupant protection. There-
strikes on trees or other obstacles tend to flip the air- fore, the helicopter should be designed to provide the
craft on its side. Because more than half of the signifi- maximum degree of protection possible to the occu-
cant survivable accidents of rotary-wing aircraft now pants. The structure surrounding occupied areas shall
involve rollover, lateral retention and strength and ceil- be the strongest in the aircraft and shall remain rca-
ing support strength in the occupied regions are of sonably intact. If the protective shell collapses around

extreme significance. the occupants during a crash, then efforts to improve
Another environmental hazard can be created by the their chances for survival by improvement of occupant

main rotor of the helicopter. When the aircraft crashes, restraint systems or by reduction of post-crash hazards
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ar futile. The structure shall be designed to cush and upon yield strength is "aderable for the crash load om-
deform in a controlled, predictable manner so that dition (Ref. 11). In areas where gross structual defor-
fornes and decelerations impoewd upon occupants are matiom are anticipated, joints should be desgned and
minimized while still maintaining the protective shell, analyzed to reduce the p robability of failure under large
This means that analysis fr crashworthiness must con- angular deflactions a linamr displacements and to
sider the large deflections of structural members and provide maximum capability for energy absorption.
joints, with loading in the phatic strain runge. Crushed structure that remains intact and in place

Airframe structure shouk be designed first for nor- can help to shield remadning structure and personmel
mal flight loads, landing loads, and ground handling from damage in subsequent impacts. During a crash
loads; but the requirements of crashworthines should loads are rapidly increasing, not instantaneou. In most
be kept in mind. A dynamic analysis should be made caes, a minimum of 10 noec is required for loads to
to determine impact forces and acceleraticus, particu- reach maximum values. Under such conditions, inertial
larly those decelerative forces transmitted to the struc- effects may be of importance although strain rate ef
ture that supports personnel seats. This avalysis is fects in materials probably are insignificant. Material
neosary to determine the degree of structural ductility is required to insure that crushing, twisting.
deformation required to permit personnel survival and and buckling of the structural shell can occur without
to determine methods to prevent complete failurt of rupture
that structure that surrounds personnel. In order to The structure that contacts the impact surface first
permit plastic deformation of the structure, the use of is usually the first to deform. The localized deformation
a safety factor of 1.0 with a margin of safety o(O.0 based continues either until the kinetic energy of the aircraft

TABLE 4-3
SUNMMARY OF DESIGN 11 . •--%S FOR HELICOPTERS

VELOCITN t'EAK AVERAGE PULSE
IMPACT DIRECTION CHANGE, ACCEL, ACCEL, DURATION

fps g g t .sec
LONGITUDINAL (COCKPIT) 50 30 15 0.104

LONGITUDINAL (PASSEN- 50 24 12 0.130
GER COMPARTMENT)

VERTICAL 42 48 24 0.054

LATERAL 25 16 8 0.097

CRASH PULSE

2I
_ I

- SUGGESTF¶1 TRIANGULAR
A A/_ DESIGN PULSEJu-,_" A V E R A G E g - - '-

t

C--,

TIME t, sec

ft. 4-2&. Tyia Impat Pulse for Helicopter
Si4-30•
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AMCP 706-201'I is absrmbed or untd! the localized deformation capabil- levels that are survivable from the standpoint of general
ity is exhausted. Additional structure then can be in- cockpit and cabin collapse.

*, valved in the deformation. For example* a circular- The threat of general cockpit and cabin collapse un-
shaped ftwelage. when loaded radially, defonms in a der vertical impact may be reduced by:
ammer that produces a continually increasing contact 1. Transfer of mass froin the top of the fuselage to
surface. T-,is characteristic can be used RaIly to pro- the cockpit and/or cabin floor
vide desrabie force y iu deformation and occupant 2. Localized strengthening at locations of large
protective shell strength in an aircraft fu.ela8c, concentrations of mass attached to upper structure

Occupant survival considerations include: 3. Design of subfloor, sidewall, cockpit, and cabin
1. Increasing the energy-absorption capacity Of structure that increases elastic energy absorption or

the structure srr g the oupiable areas. Ener- provides for plastic energy absorption at loads less than
gy-abbing capability of the structure beneath the the general collapse load to maintain primary cabin
floor is extremely important because helicopter crashes integrity
typically involve a relatively high vertical deceleration integrity4. Use of energy-absorbing landing gear to reduce

the severity of cockpit and cabin decelerations for mi-
2. Designing the structure that makes initial con- nor impacts.

tact with the ground so as to minimize gouging and
o of soil, hence reducing the deceleration and 4-5.3.2.3 Longitudinal Impact

r gthe logitudinal forces The helicopter shall be designed to withstand a Ion-
3. Designing for safe breakaway of components gitudinal impact into a rigid wall or barrier with an

such as the tail rotor boom and external stores during impact velocity change of 20 fps without serious injury
a crash to effect a reduction in the mass of the aircraft, to the occupants, including crew members.
hence reducing the strength required in the c€ r-kpit and The helicopter also shall be designed to withstand
cabin structure for energy absorption longitudinal crashes onto terrain surfaces with 50 fps

S4. Reinforcement of cockpit and cabin structure to velocity changes without serious injury to the occu-
permit withstanding of crash forces without significant pants. The underbelly of the aircraft shall be designed

•~ . reduction in occupiable volume to minimize gouging and plowing of soil to minimize
5. Designing tiedowns of equipment located in oc- the decelerative loading and limit it to the design val-

cupied areas for retention during a crash. ues. In order to accomplish this, a ductile material
having an elongation of at least 10% should be used.

4-5.3,2.1 Lateral Impact In addition, it is recommended that belly skins on air-
craft weighing up to 3000 lb should be capable oa' sus-

The helicopter shall be designed to withstand lateral taining running loads of 1500 lb/in.; over 3000 lb but
im•act on a rigid surface (such as concrete) with under 6000 lb, 2400 lb/in.; and over 6000 lb, 3000
velocity changes of 30 fps without serious injury to the lb/in. over at least the forward 20% of the basic fuse-
occupants. The helicopter must provide the required lage length.
degree of protection for lateral crashes in which the
fuselage is rotated ± 20 deg about its roll axis and 4-5.3.2.4 Combined Vertical and Forward
±20 deg about its yaw axis. Resultant Velocity

The helicopter shall be designed to withstand
4-5.3.2.2 Vertical Impact crashes with a resultant impact velocity change of 50

The helicopter shall be designed to withstand verti- fps without serious injury to occupants. The sink
cal crashes onto a rigid surface with impact velocity velocity component applied simultaneously with the
changes of 42 fps without serious injury to the occu- longitudinal velocity component shall not exceed 42
pants. The helicopter shall be designed to provide the fps.
required degree of protection for vertical crashes in
which the fuselage is rotated ± 15 deg about its pitch 4-5.3.2.5 Rollover
axis and ± 30 deg about its roll axis. The helicopter shall be capable of acting sod-

The design shall include provisions for reducing the type terrain at a 5-deg impact angle up to a horizontal
decelerative loads imposed upon occupants. A recom- velocity of 100 fps without overturning. In addition,
mended provision is energy-absorbing passnger and with the helicopter inverted or on its side, the structure
crew seats that protect occupants in crashes at energy shall be able to withstand the loads resulting from the
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basic structural design gross weight and the following restraint system include human tolerance limits the
load factors: design input pulse, the occupant weight, the weight of

1. 4.0 perpendicular to a waterline the seat, the cushion, and the restraint system.
2. 4.0 parallel to a waterline Additional factors that affect the design of load-
3. 2.0 laterally, limiting seats include the weight of the movable part of

the seat and the available stroke distance. 1l1e occupant
4-5.3.2.6 Landing Gear weights to be considered in design of crew seats range

The landing gear shall be capable of totally decele- from 211 to 146 lb, representing the 95th to 5th percen-
rating a fully loaded helicopter (basic structural design tile Army aviator, respectively. Crew seat strength
gross weight) from an impact velocity of 20 ljs with shall be based on the 75th percentile soldier at a weight
only minor airframe damage and without transmitting of 235 lb; however, design of the energy-absorbing sys-
excessive forces to the fuselage or to the occupants (par. tern must include conpideration for the full range of
4-5.2. 1). The gear shall not penetrate into the occupied occupant weights. Dynamic analyses of the cushion,
section of the helicopter, occupant, seat, and restraint system must be accom-

4-5.3.2.7 Overhead Masses plished to establish an optimum load-limiting system
within the available stroke length. Stroke length should

Massive components located overhead, such as the be maximized to achieve the maximum protection for
transmission and rotor mast and other items that might the occupant.
cause injury to personnel, shall be designed to with- The seats shall be capable of maintaining their struc-
stand the following separately applied loads: lateral, - tural integrity and attachment to the airframe during
18 g; longitudinal, ± 20 g; and vertical, + 20 g and floor angular and linear deflections resulting from a
- 10 g. For simultaneously applied loads, each of the crash. Attachments, therefore, shall be capab!e of un-
cited loads shall be applied in turn at its maximum dergoing angular and linear displacements while main-
value while the remaining two are reduced to one-half tamning design shear, tensile, and compressive loading
of their maximum values, requirements. Floor attachment joints shall be capable

of allowing a universal ± 10 deg angular rotation with-
4-5.3.3 Seat and Restraint System Design out failure. Attachments of seat members to seat sup-

To perform their intended retention functions, the port structures shall be capable of permitting the linear
seat, attachments, and supporting structure shall pos- misalignment of the floor attachment points without
sess sufficient strength to reduce the occupant velocity imposing excessive loads on seat members.
to zero r'elative to the heliopter structure to which the The load-carrying capacity of components that are
seat is attached. In addition, both the restraint system deformed beyond their elastic limit shall be considered
and the seat shall possess physical characteristics that in determining the ultimate strength of the seat. The
tend to reduce rather than to amplify the decelerative use of ductile materials is desirable. Materials having
load transmitted to the occupant from the helicopter an elongation of 10% or greater are recommended for
structure. Because the harness and the sect provide the use on all critical structural members on seat and re-
interface between the occupant and the helicopter and straint systems.
will be in contact with the occupant for leng periods of Detailed information and requirements on seat and
time, comfort must not be reduced significantly t ,- restraint system design may be found in Ref. I I and
forts to increase crashworthiness. Crew seats sha, te MIL.-S-58095.
designed in accordanee with MIL-S-58095.

During a potentially survivable crash, the load that 4-5.3.4 Other Equipment and Stores
the supporting structure must carry can be reduced
through deformation of the seat structure, by load- All equipment and stores that are carried openly in
limiting devices, or through a combination of both. The the crew or troop/passenger compartments and are of
objective of intentionally load-limiting seat systems is sufficient nr critical size, mass and location to consti-
to use the space between the seat and the floor for lute a hazard to personnel when torn free in a crash
relative displacement of the seat and occupant with shall be provided with restraint devices and/or be an-
respect to the airframe, thus decreasing the load trans- chored securely to structure capable of restraining the
mitted to the occupant. The intent is to maintain tolera- equipment in a survivable crash. Minimum design load
ble loads upon the occupant throughout the crash factors fe.. such items shall be in accordance with par.
pulse. Factors that affect the final design of a seat and 4.5.3.2.7.
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It is a relatively simple task to restrain small items 4-6.1.1.1 Two-point Braked Rollj of ancillary equipment to withstand the specified static For either a nose-wheel or a tail-wheel configuration,
kmils without significant weight penalties. For larger the requirements of MIL-A-g862 shall apply for the

items, however, weight penalties might be incurred. In two-point braked roll except that the vertical load fac-additiom anid pethmpst more important, the available tor at the CG shall be 1.2 for all gross weights. Ti
supportng structure may not be capable of withstanid, loading condition is shown in Fig. 4-27.

ing the lods anticipated. For this reasn the use of load
limiters for heavier equipment or stores may be an 4-6.1.1.2 Three-point Braked Roll
option to the static strength requirements. If load limit- The requirements of MIL.A-8862 shall apply to the
era ane employed, they shall conform to the seat reten- three-point braked roll of helicopters with nose wheel
tion pnciples described in Ref. 11. Also, if the strok- landing gear, except that the vertical load factor at the
ing of such load limiters allows the equipment or stores CG shall be 1.2 for all gross weights. This loading
to enter the occupant strike envelope, the equipmint condition is shown in Fig. 4-28.
shall be padded in accordance with Ref. 11. 4-6.1.1.3 Unsymmetrical Braking

For nose-wheel helicopters, the unsymmetrical brak-
4-6 TAXI AND GROUND-HANDLING ing requirements of MIL-A-8862 shall apply.

LOADING CONDITIONS 4-6.1.1.4 Reverse Braking

Taxiing and ground-crew handling can impose criti- For both nose-wheel and tail-wheel helicopters, the

cal lads on the helicopter basic rtructure, landing gear, reverse braking requirements of MIL-A-p862 shall ap-
and ground-handling equipment. This paragraph pre- ply.
sents the taxiing and ground-handling criteria that 4-6.1.1.5 Wheel, Brakes, and Tire Heating
shall be considered during the preliminary design of In the selection of wheels, brakes, and tires, the re-
certain portions of the helicopter, based on MIL-S- quirements of MIL-W-5013, MIL-T-5(l1, and MIL-B-
8698 and MIL-A-8862. 8584 are applicable. The heat generated during braking

S Loatd factors and weights that are onsistent with shall not result in stresses that will cause explosion or
realistic operating conditions shall be used. Thus, it failure of these components during and subsequent to
may be necessary to go beyond the minimum arbitrary prolonged and repeated brake application.
load factors specified in MIL-S-8698.

"44.1.2 Turning

4-6.1 GROUND MANEUVERING The turning requirements of MIL-A-8862 shall ap-
ply to both nose-wheel and tail-wheel helicopters. The

Ground maneuvering conditions may occur while following formulas based upon loads and dimensions as
the helicopter is at its maximum weight; therefore, defined by Fig. 4-29, may be used to determine the
Iads shall be computed using the maximum alternate loads. For the gear on the outside of the turn
design gross weight. Ground maneuvering loads are
caused by various Naking conditions, by turning or
pivoting, and by operation over uneven surfaces. While F Wb We

=0.5 -- +n - ,lb (4-12)
calculating the critical loadings, it should be kept in d t

mind that the purpose is to determine whether the
mauimum load in a local portion of the structure is
more severe or more critical in magnitude and/or di- F8,,t=nSFv t lb (4-13)
rection than that which results from normal landing
conditions.

"44.1.1 Braking Conditions FvA= ,lb (4-14)

Only three-whee. landing gear configurations, either
nose wheel or tail wheel, are ionsidered in the para- FsA = n, FVA lb (4-15)
graphs that follow. For quadricycle gear configura-
tions, criteria comparable to those given shall be appli-
cable. In Eqs. 4-12 through 4-15 the value of the lateral load
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factor it, MAll be the overturning value, n, = For auxiliary Sear the values of Eqs. 4-12 through
0.5 b#(dc) although n, need not be greater than 0.5. 4.15 sall be used.

For the gear on the inside of the turn
44.1.3 PlVogn

Wb we The pivoting requirements of MIL-A-88U2 shall ap.
VM2  - b (.16 piy to both nos-ewheel and tail-wheel helicopters.

4-6.1.4 Tax~ing

FsM =MF, ,lb (4-17) The taxiing requirements, or MIL-A-8862 shall Wp
-N2  ply to both nose-.wheel and tail-wheel helicoptars

In Eqs. 4-16 and 4-17 the value of the lateral load factor .. 5 SealT lgwC dton
n, shall be the value giving maximum vertical and side The special tail Sear conditions of MIL-A-8862 shall
load on the wheel on the inside of the turn, x, =apply to tail-gear helicopters. These special conditions
0.Z5bu/(do), although n, need not be greater than 0.5. include a tail-gear obstruction condition.

Fx

flEW FX 0 .8Fz

4 fzW Fz 12W
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442 JACKING AND MOORING CONDITIONS 442.2 Mooring Loads

As a part at the peliminy design oE the helicopter, With the helicopter secured in the static attitude and
the kd invesatifim should include loading due to with rotor blades secured and control surfaces locked,
jacking and mooring. This paiagraph presents the c ai- a 70-kt wind shall be imposed from any horizontal
teria for there conditions anda discuom of •pplim- direction. Under those conditions a helicopter of con-
tiom. ventional configuration generally will not develop

loads that exceed the friction resistance of the landing
gear, even with the helicopter in an empty weight con-

,4.2.1 Jackg Loads figuration.
For maintena•ce such as repairing or cuanging land- Eq. 4-18 is used to compute the horizontal wind load

""S CC2oiponmis and for weighing and bancging
the helicopter, jack points are provided. The jack-point
fittings and their backup structure must be analyzed for )
the forces imposed. Jackinb loads for helicopters shall F1 C DP2 A lb (4-18)
be in accordance with MIL-A-8862 except that the D -
maximum alternate design gross weight shall apply.
Jacking condition generally do not present overaIl
stncural design problems but may produce loads that where
are critikal locally. A = presented arms ft'

Ca = drag coefficient, dimensionless
F• V = wind speed, fps

With the addition of wings to the helicopter configu-
WHEELS ON ration, a significant lift force may be developed. TheOUTSIDE

"pOF TUj mooring system must react the resultant of the lift and
SAn drag (wind) loads. The wing lift L would be

F S, nsW

L L p2)S lb (4-19)

FS~ where
CL = lift coefficient, dimensionless

WHEELS ON S = wing area (planform), ft'
INSIDE The lift coefficient CL in this case is based upon the

b a OF TURN angle of attack that the wing presents in the static
. •_-attitude.

A. PLAN VIEW

"4-6.3 TOWING AND TRANSPORT LOADS
,W "This paragraph considers the loads developed during

towing and transport. While towing is traditional and
requires no amplification, transport does. Transport
refers to delivery by land vehicle, by airplane, or by

- F ,.helicopter (including sling carriage).

ED E4-4.3.1 Towing Loads6 END ViEW

The towing lequirements of MIL-A-8862 shali ap-
ply to all helicopters, except that the applicable weight

ft. 4-29. Tuelm shall be the maximum alternate design gross weigh,.
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4-6.3.2 Transport Loads Figs. 4-30(A) and (B) show the relationship of horse-

For purposes of design for transport, a limit load power and torque, respectively, to rotor speed for a
factor of 2.67 is considered appropriate for application typical free-turbine engine. Line G-A-F in both figures
to the CG within a 30-deg vertical cone at the hoisting depicts a typical rapid acceleration from ground idle to
(sling) attachment or on the support points as mounted flight idle. The engine will accelerate from Point 0 to
in truck, train, or aircraft. Gross weights must b~e ap- Point A (gas generator topping) with little rotor speed
propriate to the loading condition; for the sling condi- change. As rotor speed increases (Point A to Point F),
tion, full internal fuel shall be included, while for vehi- the engine maintains topping conditions until the gov-
cle transit, neither fuel nor payload need be included. erned rotor speed is reached. In the governed range, the
For truck, train, and aircraft delivery, the helicopter engine governor schedules power, through fuel flow, to
sometimes is disassembled, supported in cradles, and .match engine conditions to flight idle power required.
boxed. Transportability considerations are discussed in From Fig. 4-30 the effect on the baseline accelera-
par. 13-3. tion case (Line G-A) of the principal system and envir-

onmental factors can be shown as follows, using the
relationship between inertia 1, torque Q, and angular

4-7 MISCELLANEOUS LOADING acceleration AN/At'

CONDITIONS 1. Rotor speed at ground idle. Ground idle speed
at a lower power is shown by Point LG. A rapid accel-

4-7.1 ROTOR ACCELERATION eration from this condition is shown by Line LG-B,
which is parallel to the base Line G-A but intercepts

Rotor acceleration is the result of an unbalance of the topping torque line at a higher peak value.
torque acting upon the drive system. 2. Engine acceleration time. The engine (gas gen-

The case considered herein will be limited to acceler- erator) accelerates to peak torque along Line G-A with
ation from ground idle to normal operating rotor speed. little rotor speed change. If the engine were to be ac-
During rapid accelerations, the rotor and drive systems celerated more rapidly (Line G-C), less rotor speed
can be subjected to high transient torque loads that can change would occur and peak torque would be higher;
overstress the system momentarily. The primary con- if the engine were to be accelerated more slowly (Line
siderations ,re initial rotor speed, response of the en- G-D), the peak torque during the engine acceleration
gine to pilot command, and inertia of the rotor/drive time would be lower.
system. In most applications, integrated engine control 3. Total rotor/drive system inertia. An increase in
systems or automatic engine start equipment are incor- inertia would lower the rotor speed change and in-
porated to assist the pilot in avoiding an overtorque crease the peak torque (Line G-C), while a decrease in
condition during startup and normal missions. inertia would decrease peak torque (Line G-D).

Generally, the most critical conditions will occur 4. Ambient temperature. A decrease in ambient
when maximum eniePower is applied to the systemuengine temperature normally will increase the rotor speed at
at low rotor speed, causing high peak torques in the ground idle, increase the engine acceleration rate, and
mast and transmission and high inplane bending mo- increase the maximum torque available.
ments on the rotor blades.

The peak loads developed during a maximum power The procedure for estimating the loading condition
acceleration are functions of the particular engine and resulting from acceleration of the rotor system involves
rotor/dcive system. The load, acting upon a rotor with the determination of pound idle speed. peak engine
articulated blades are not necessarily distributed torque, and rotor blade loads.
equal' v to each of the rotor blades. However, the loads 4-7.1.1 Determination of Ground Idle Rotor
upon a rotor that does not incorporate drag hinges are Spemd
distributed equally. The distribution of loads upon ar-
ticulated and rigid rotors is considered in par. 4-7.1.3. Thle ground idle speed is determined by equating

The facto.i influencing peak engine torque devel- engine power available to the aerodynamic rotor load-
oped in a maximum acceleration, are: ing at the minimum pitch or thrust position. The air-

frame manufacturer usually has some latitude in selec-tion of the engine power-hence, rotor speed-at
2. Engine acceleration time ground idle. Selection of rotor speed for ground idle
3. Total rotor/drive system inertia involves insuring that the rotor system is stable with
4. Ambirnt temperature. regard io blade flapping and ground resonance. Other
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Aerodynamic load in this equation is the power ab-
sorbed by the rotor at minimum collective pitch and OR Qot + lp ,b-ft (4-23) \.
100% flight rotor speed N.

4-7.1.2 Dtermlnatlon of Peak Engine With this information, the rotor speed change during
Torque the engine aeccleration can be estimated and, by ase of

In order todetermine the peak traient torquedevel- the typical torque/speed relationship givep in Fig. 4-

oped in a rapid engine acceleration, an estimate of 30(B), the peak torque Q, can be approxinawed.
rotor speed change ANduring engine acceseration must The distribution of Ote peak tronsient torque in a

be made. From the basic relationship for angular acrel- drive system that connects twv o" tz rotoei is pro
eration, the equation desribing the expression for portiona! to the inertia of each rotor/drive and ev zheaN is derived: xerodynamic load of each ro•or. Thus, the total env'ne

torque Qto transmitted through each rrior dAie sha
is defined by

A t,3 0) r( 3 (4- 2 1 )
&V , 12. - - .rp

OR/D F969)A

where
1,,w = total rotor/drive system mass Q42)

moment of inertia, slug-ft2  + OA, 15-f (4-24)
= average torqut acting on the

rotor/drive system, lb-ft
At = engine acceleration time, sec where

The engine acceleration time is listed in engine model It, = single rotor/drive system mass
specifications. The maximum allowable time for accel- moment of inertia, slug-ft2  ,
eration from ground idle to maximum power is 10 sac QCPj•,D = QCPofsingle rotor/drive
(MIL-E-8593). The engine manufacturer usually ad- system . dimensionless
justs the engine to produce a sea level standard day During rapid aceerations, the torque distribtibt usu-
acceleration of 6 sec or less. ally is dependent more upon inertia ratio than upon

The average net torque available for acceleration of aerodynamic lods.
the rotor is the average engine torque minus the aver- For rapid engine accelerations, the peak torque Q,
age aerodynamic rotor torque. The aerodynamic transmitted by the rotor shaft is estimated by use of Eq.
torque QA can be estimated by: 4-24, with Q, replaced by Qp.

Because the maximum available torque of turboshaft
(N.V Y engines increases as ambient temperature decreases,

Q• = (QC ,) T ,lb-ft (4-22) more power is available and engines accelerate faster at
A Qlower temperatures. Therefore, transient torques dur-

ing accelerations also will increase with decreasing am-
bient temperature, as discussed briefly in par. 4-7.1.

where The temperature at which maximum power occurs can
QCP - ratio of aerodynamic rotor be determined from the engine specification. This tem-

torque at minimum collective perature usually is dependent upon the engine control
pitc.h and 100% rotor speed and is not necessarily the lowest ambient temperature
to T, dimensionless for which the engine is qualified.

7' = total (one or more engines) To determine the peak transien: torque loads at the
engine torque at maximum temperature at which maximum power is produced, the
rated power, lb-ft pertinent parameters must be recalculated. Engine ac-

The engine output torque during a rapid acceleration celeration time At can be approximated as a function
can be estimated by a function of time to the nth power of the absolute temperature ratio ms follows:
t* where n varies from 4 to 6. Thus, tCu engine torque
QEbetween ground idle Qw and its peak value Qp can A1 Oats ec (4-25)
be approximated by:
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wAt =cewhile operating the engine at its idle speed. For these
r= acceleration time t ny conditions, the torque rating required of the brake will

ambient temperature r,, sec be low, usually less than 10% of the maximum torque
&tsv = acceleration time at standard experienced during rotor acceleration to flight speed.

atmospheric temfperature, (59'F The rotor-braking load to be considered involves
or 519RM), sec bringing the rotor to rest from a low rotor speed

* = ratio of absolute temperatures, (ground idle or lower). Normally, the brake will decel-
7; /519, dimensionless erate the rotor in 15-30 sec by the application of a

constant pressure to the braking surface. Higher pres-
sure may be required when the rotor is to be held

When high transient torques are applied to a rotor at during engine startup. Under certain conditions, appli-
low rotor speeds, and wht,;-e centrifugal stiffening ef- cation of the brake at low rotor speed will cause the
fectsate small, the rotor blades will bc subjected to high transmission to stop almost instantaneously, while the
inplane bLoding. To estimate the blade loads, the rotor Wlades will continue their motion until they strike
two-je acting at the rotor hub must be determined. The the lead stops. On r.gid rotors the blade motion will
equation used for cal'mulaing rotor hub torque Q.b is continue until the kinetic energy of the rotor is ab-

sorbed by blade chordwise bending. In either case, the
,- _ iertia loads of the rotor must be considered.

= ( .WE -A) - The maximum torque transmitted by the brake is a
Sto,,,I ]function of initial speed, length of application, and fre-

quency of application. The brfake manufacturer's speci-
.Ip fication usually provides sufficient information from

+ Q./' lb-ft (4-.6) which to determine these torques.

SThrough replae-v -nt of Qr bQ,. -n ýq. 4-26, the 4-8 SPECIAL LOADING CONDITIONS
S.. peak torques to -hich th' rotor hub will be %ubjected

doring a rapid engine acc•dlcrhion can be estims:ed. 4-8.1 HARD-POINT LOADS
Criteria for distribuation of loads ou articulited or 4-4.1.1 External Store Installations

rigid rotors are prtvidcA in MIL-S-8f98- For the pur-
pose of analyzhng rotor acceleration kads.n 'riteria fr.n When hard points for the attachment of external
this specirication are interpreted as follows- stores are required, the stores to be considered will be

i. Rigid re~tort. Fiw rotor blades without drag specified by the procuring activity. Normally, a varia-
hinges, a,6 will be distributed ei4ually zo each blade. tion of loading conditions and stores must be consid-

2. Articulated roiors. Thz inerd1a load will be dis- ered, including but not necessarily limited to auxiliary

tributed to each Mlade but the aerodynam~c load will be fuel tanks, spray tanks, smoke dispensers, bombs, gun
Sdistributed to any two bldes of a three-blad rotor or pods, mine and flare dispensers, rocket launchers, and

bads tof missiles. The contractor shall insure the structural in-
•ny three blades of a four-bladed rotor or any four tegrity ofr.

blades or a five-bhaed rotor. The duration of the un-
balanced aerodynamic load should be considered as the 1. Hard-point fittings and their supporting struc-

time per revolution divided by the number of blades. At ture
the start of acceleration from ground idle, centrifugal 2. Store and pylon fairings
effects can be so low as to allow the blades to strike the 3. Control surfaces and adjacent hWicopter struc-
drag stops. In this case, the momentum change caused ture affected by the presence or operation of the stores.
by that collision must be considered and distributed 4-8.1.1.1 Design Criteria
similarly to the aerodynamic load.l All external store installations, whether latent (fuel

tanks, droppable munitions) or active (guns, rocket
launchers, power-ejected munitions), must be substan-

Generally, rotor brakes are designed to decelerate tiated for static and dynamic loads, as applicable. The
the rotor quickly during rotor shutdown. Also, a rotor following loads must be considered:

Sbrake often is required for use on parked aircraft to I. Flight loads: (par. 4-4.1)
prevent wind-caused rotor rotation or rotor rotation 2. Landing loads: (pars. 4-5.1 and 4-5.2)
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3. Taxi and ground-handling loads: (par. 4-6) ter structural members for which stores loads are criti-
4. Ejection loads (power-ejected stores) cal, to the point(s) at which other loading conditions
5. Fatigue loads due to gun firing, rocket launch- are critical.

ing, etc. For crash conditions, the supporting structure for
6. Crash loads: (par. 4-5.3). the hard-point installation must be substantiated up to

the point that the loads are resisted by shear forces in
Ejection loads applicable to power ejected stores a beam, bulkhead web, or skin; there is no requirement

should be provided in the system specification. Fatigue to show a balanced structure beyond that point.
loads applicable to external stores installations are dis-
cussed in par. 4-8.1.1.7. 4-8.1.1.6 Aerodynamic Load Determination

If crash loads on external stores are not specified, the The following aerodynamic loads must be deter-
crash load factors used shall be the same as the crash mined on a preliminary basis for the full range of poten-
load factors specified as applicable to other mass items tial flight attitudes:
(transmission, engine, etc.) which would endanger the E Lift, drag. and associated bending moments on
occupants of the helicopter in the event of a survivable the stores
crash. 2. Pressure distribution in the region of the stores

4-8.1.1.2 Weight 3. Aerodynamic buiffeting on control surfaces in
As a rule, static loads for hard points must be devel- the wake of the stores.

oped for the maximum weight of the stores to be sup- Analytical methods, described in par. 3-2.1, or wind
ported. However, if the sequence in which the .dsposa- tunnel testing, described in par. 3-2.3, may be employed
ble load is expended or the combination of store loading for load determination. Wind tunnel data may be
with rotor capability or maneuver rate are such that the derived from prior tests of comparable configurations
loads on the hard points could become critical with or from preliminary tests of the proposed configura-
partial loading, then these combinations must be con- tion. These aerodynamic loads must be added to the
sidered in the development of the static loads, inertia loads to determine critical static loads, to deter-
4-8.1.1.3 Center of Gravity mine fairing and closure loads, or to estimate the

fatigue lives of structures subject to oscillatory loads.If provisions are made for boresighting, if partial

store loads can be carried, e.g., rocket pods not fully 4-8.1.1.7 Dynamic Loads
loaded, or if flexible weapons are to be mounted on the When external stores are installed, dynamic loads in
hard points, static loads must be developed for the the helicopter may be generated from one or more of
extreme travel of the CG of the store. the following sources:

4-8.1.1.4 Methods of Analysis I. The response of the stores to rotor-induced vi-
It is usual for the geometry of the fitting installation bration

and the structural arrangement of the store pylon to 2. The reactions to store activation (gun firing,
result in a statically indeterminate structure. There are rocket launching, flare dispensing, etc.)
several generally accepted methods of determining the 3. The control-surface loads generated by aerody-
loads on such structures, and any of them may be used, namic disturbances induced by the stores
including Refs. 22, 23, and 24. If the store is suspended 4. The blast overpressures of store activation im-
by a rack, the suspension loads shall ba determined in pinging upon adjacent structure.
accordarace with the appendix of MIL-A-8591. The
load factor diagrams of this specification are not appli- All external store installations shall be substantiated
cable to helicopters, for the dynamic loads that arise from any or all of these

sources. Adequate consideration must be given to all
4-8.1.1.5 Extent of Substantiation known factors that influence these loads, as described

The local support structure for external stores must in the discussion that follows.
be substantiated for the loads, shears, bending mo- Vibratory loads arising from response of the stores to
ments, and torsions resulting from the loads on the rotor-induced vibration are influenced by the following
external stores under all conditions consdered in par. variables that must be known or assumed in order to
4-8. 1. 1.1. !.The local support structure for the stores is determine the resulting dynamic loads:
those pylons, frames, fittings, skins and other helicop- 1. The weight and the CGY of the store, and their
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variation with the release of expendable load in part or calculated. For stores with variable mass-such as
whole mine dispensers, fuel tanks, or rocket launchers-the

2. The mass moments of inertia of the store about mass that produces the coincidence between the
its three principal axes predominant main rotor harmonic frequencies and the

3. The stiffness of the internal structure of the natural frequency of the support system must be corn-

store, particularly in the area contacted by the sway- puted and reported.
brace pads Substantiation of local support structure for external

4. I astores for vibratory (fatigue) loads is required to the
porting structure same extent that substantiation is required for crash

5. Variations in the gross weight and CG of the loads (par. 4-8.1. .5).

helicopter and in rotor speed. 4-8.1.2 Reaction Forces

Reaction forces are influenced by factors such as In order to analyze the effects of j.-ttisoning stores,
recoil loads, total impulse, and rate of fire of weapons, some consideration of helicopter stability and coatrol
and by the natural frequency and damping ch.racteris- parameters must be included. In general, an asymmet-
tics of the hard-point supporting structure. These fac- ric jettison will create an offset CG and a rolling mo-
tors are d iscussed in deta il in pars. 4-8.1.2 and 4-8.1.3. m e tt hat w ill ten att a ggravate any a lr cl earance

ment that will ten Jl to aggravate any potential clear ance
The shapes of the stores, the speeds and maneuvers problem between the store and elements of the helicop-

of the helicopter, and the shapes and locations of the ter. Therefore, the jettison impulse should be sufficient
control surfaces are the principal factors influencing to provide a safe clearance margin, but should be mini-
the loads generated by aerodynamic disturbances. mized as much as possible in order to relieve the rolling
Wind tunnel data are the best means of confirming the moment input and the support loads. This specific im-
characteristics of the airflow in the area of interest pulse may be determined in the following manner:
because analytical predictions cannot account reliably 1. Determoe the force developed against the store
for the effects of flow interferences.

Loads resulting from the impingement of blast over- by the jettison mechanism at any instant during the
pressures upon adjacent structures are influenced by jettison sequence.
the pressure and velocity of the shock wave, the loca- 2. Plot this force versus the time of the jettison

tion of adjacent structure, and the natural frequency sequence and integrate the curve thus developed.
and damping characteristics of the structural elements. For developmental power-jettison mechanisms, an
These factors are discussed in detail in par. 4-8.1.4. estimate based upon tests can be used and the expected

4-8.1.1.8 Flight Load Determination range of variations can be stated conservatively.

Flight vibratory loads shall be determined finally by Reaction loads to the hard points may be developed
aFRight vibradturvy (nloads sha weadeterine firing e from the kn3wn or assumed power-jettison force.a flight load survey (including weapon firing where However, helicopter inertia relief must be ignored in

applicable) as described in Chapter 8, AMCP 706-203.

For preliminary design, vibratory loads must be deter- calculating these reaction loads to include the possi-

mined or established by rational means and the effects bility of symmetric jettison.

investigated by means of appropriate analysis. 4-8.1.3 Firing Frequency Dynamics
A dynamic model of the airframe structure that in-

cludes at least the first three flexible modes in the verti- The installation of repeated-fire weapons on heli-
cal and lateral directions must be computed from the copters has in many cases been a trial-and-error proc-
estimated weight and stiffness distributions. A maxi- ess, with designi modifications following test results
mum of 2% of critical damping must be used in the until the system was acceptable. Some weapons-such
structural model. The mass and inertia of the store and as the 40 mm XM129 Grenade Launcher and the 7.62
the spring rate and damping of the support system also mm XM134 Machine Gun-have required littk if any
must be included in the dynamic model. Unless inten- dynamic analysis. For larger weapons-such as the 20
tional support system damping is provided, a maxi- mm M61 Cannon-the . ecoil adapters were developed
mum of 2% of critical damping in the support system with consideration of the firing rate and the dynamic
must be in the analysis. The model must be subjected characteristics of the support system. Dynamic analysis
to oscillatory loads simulating the loads imposed upon usually can be used effectively in tailoring the recoil
the airframe by the rotor. The responses of the store system, in selecting the firing rate of the weapon sys-
and the oscillatory loads in the support system must be tem, and in estimating the design fatigue leads.
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Generally, because of the complex Atructure of the 3. Large-deflection, out-of-plane response of a pin-
support system, reaction forces can be determined ac- jointed framework
curately only by firing tests; however, an analysis using 4. Elastic-plastic response of a rectangular plate
the impulse of the projectile, the firing rate, and the 5. Dynamic response of a beam with coupled
calculated dynamic characteristics of the support sys- bending and torsion
tern can give reasonable design parameters. The reac- 6. Coupled bending torsional response of rotor
tion forces usually are significantly lower for a helicop- blades subjected to blast loading.
ter support system than for a hard stand. The only
C__..;ption is when the firing rate or one uf its first few Alternatively, the dynamic responses of specific struc-
harmonics coincides with a lightly damped natural fre- tural elements may be determined experimentally by
quency in the support system. The support structure testing representative sections of the structure. The re-
should be designed to avoid resonance of its funda- suits of either approach must be corroborated during
mental modes with the firing rate and, if possible, with qualification testing.
the first two harmonics of the firing rate. If gun design The effects of repeated exposure to the structural-
parameters require that the weapon fire at a funda- response loads must be considered when locating items
mental frequency of the suppo,' system, provisions for of equipment whose operating characteristics might be
damping the support system response should be consid- affected by such exposure. Such equipment must be far
ered. enough from the interior side of the exposed structural

element or its mounting structure to preclude any oper-
4-8.1.4 Blast Overpressures ating failure or deficiency due to such exposure.

If active weapons are close enough to the helicopter 4-8.2 EXTERNAL CARGO
for blast overpressures to impinge upon adjacent struc-
tural elements, the affected areas must be substantiated The helciopter is unique in its usefulness for carrying
for this additional loading. This substantiation may be external cargo. Many shapes and sizes of external
by test or by a combination of test and analysis. The cargo, both rigidly attached (but removable) and sling
aim of the analytical procedure is to determine the loaded, have been lifted and transported. Most external
loads and stresses in the structural elements that result cargo transported by helicopters is handled by an exter-
from their dynamic responses to the blast loading. An nal sling attached to the airframe structure. A variation
analytical approach usable for design purposes is de- in application of the external sling is the use of a hoist
scribed in Ref. 25. This reference also presents an excel- to lift loads into the cabin. Also, the lifting and aerial
lent bibliography of additional work in the field, towing of downed aircraft have proven to be effective

In order to determine the desired dynamic response applications for the external cargo sling. With the de-
characteristics, two important parameters must be velopment of helicopters such as the HLH which carry
known or determined: (1) the free-field blast pressure, all cargo externally, rigid attachments will become
and (2) the time of arrival of the blast wave as it sweeps more common.
across the structure under consideration. For guns, in-
cluding those with muzzle brakes, blast diffusers, or 4-8.2.1 Rigidly Attached Extenal Cargo
blast suppressors, the analytical procedure described in This discussion of rigidly attached external cargo is
Volume I of Ref. 25 may be used or the data may be limited to the design requirements imposed upon the
determined experimentally. For rocket launchers, mis- helicopter structure. However, these requirements are
siles, or power-ejected munitions, the data must be de- based upon the possibility that the rigidly attached con-
termined experimentally because no adequate analyti- tainer will be "man-rated", i.e., a "people-pod". The
cal procedure exists. The RFP may provide such helicopter attachments must, of course, withstand
available test data as are pertinent, maximum flight maneuver and landing loads, but the

With these two parameters defined, the dynamic re- most important considerations are the crash load con-
sponses of specific structural elements may be deter- ditions. During preliminary design consideration also
mined. For the cases that follow, the analytical proce- must be given to such things as container location and
dures described in Volume- II of Ref. 25 may be protection from ground impact or other obstructions
employed and the results corroborated during qualifi- for crash protection. The crash condition should be
cation testing: handled as an impact/energy problem, as discussed in

1. Elastic response of a rectangular membrane par. 4-5.3, instead of by the use of arbitrary load fac-
2. Response of a simply supported circular plate tors. When handled in this manner, the helicopter
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structure must deform a predetermined amount to ab-
surb the crash energy. in determining the magnitude of OPERATORS

the loads for estimates of the degree of c61iapWe re- MANUAL LIMIT

quired of the airframe, impact velocities must be as- -,
sumed. These velocities shall be those associated with >
& 95% survivable crad as defined in Ref. I I. A more
complete discussion of the crash loads is provided in - -

par. 4-5.3.

4-4.2.2 Sling-loaded External Cargo

The combined loads for designing the sling support DRAG

fitting will consist of the static weight of the external
load and the aerodynamic loads adjusted for inertia and
safety factors. Also to be considered is sling-load Fig. 4-31. Drag Limits for Helicopter Fittings
bounce, as discussed in par. 4-10.6.

4-8.2.2.1 Static Loads action of this load relative to the helicopter fitting

The magnitude of the dead weight sling load re- should be derived from the flight attitude normal for
quired normally is established in the system specifica- the helicopter, when operating without sling load, at

tion. However, for those cases where the exact load is the flight speed for which the aerodynamic load acting
not specified, and for consideration of growth possibili- on the sling load is calculated. Alternatively, the line of
ties, the maximum sling load weight should be equal at action can be considered to act within a cone of action
least to the difference between the basic structural de- of 30 deg from the vertical. The relationship of the
sign gross weight and the minimum design gross weight helicopter to the vertical depends upon the flight atti-
(par. 4-3). If an alternate design gross weight is speci- tude required at the maximum speed with sling tad.
fled for the helicopter, the sling load fittings shall be
"capable of accommodating a proportionately higher
load. Several characteristics of sling-loaded cargo operat-

ing conditions make the consideration of asymmetrical
S4-8.2 2.2 Aerodynamic Loads loading necessary for design of the helicopter interface

Aerodynamic loads may be an important considera- fitting. All sling loads are subject to pendulum oscilla-
tion for sling-loaded external cargo. Their significance tion and to yaw or a minor amount of directional insta-
is a function of the shape, volume, and density of the bility. In order to account for these conditions, the
external loads being considered. For high-density cargo fitting loading direction should be assumed to vary
the aerodynamic loads usually can be ignored. Vertical proportionally to the control capability of the helicop-
loads are experienced from rotor downdraft, and drag ter.
and lift loads are encountered in forward flight. Addi-
tional drag loads sometimes are imposed artificially to 4-4.2.3 Lifting and Aerial Towing
provide flight stability to the slung cargo. The allowa-
ble magnitude of the drag loads must be determined Lifting and aerial towing of down e' aircraft recently
from prior test experience, aerodynamic analysis, and have become important uses for the external sling. The
wind tunnel test data. The maximum extenial drag loading applied to the helicopter interface fitting will
load, once determined, establishes an operational limi- not be altered beyond that discussed in the previous
tation on the aircraft as indicated in Fig. 4-3 1. This, in paragraphs during the preliminary design stage for the
effect, limits the amount of drag that must be reacted towing application.
by the helicopter fitting. The primary differences in the loading considera-

tions are those brought about by the aerodynamic char-
S4-8.2.2.3 Combined Loads acteristics of the towed vehicle. Specifically, these are

The maximum combined sling loads to be applied to lift, drag, and flight stability-all of which are consid-
the helicopter fitting are determined by vectorially add- erations for the particular lifting and towing operation.
ing the dead weight and the aerodynamic loads. The If the lift characteristics of the towed vehicle in-
resultant load then is increased by a dynamic magnifi- troduce a problem, its aerodynamic surfaces can be
cation factor of 2.0 to obtain the limit load. The line of modified by the temporary installation of spoilers.
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Flight stability during the towing operation can be im- floors consists of surveying the various load arrange.
proved by the attachment of a drogue chute. These meats anticipated for the vehicle and then laying out a K...
modifications will increase the drag, thus reducing the pattern of a minimum number of fitting attachment
maximum permissible flight speed. points that fits any and all helicopter p6rsonnel, equip-

ment, and cargo loading conditions. This would in-
clude provisions for cargo load tiedown, seat attach-

4-8.3 FLOORING AND WORK PLATFORMS ment, personnel restraint, special loading re-

Structural design criteria for floors and work plat- quirements, and any attachment included for special
forms depend to a great extent upon the ultimate use mission requirements defined in the RFP system speci-
of the particular helicopter being developed. This pars- fication. The fittings should be located in a standard
graph lists design criteria for distributed and concen- pattern (Ref. 26). Whe the most effic t itting ar-

trated design loads for the floor and platform areas as rangement has been established, additional structure as

well as local loads to be applied at the tiedown fittings. required is provided for the floor.
Also discussed are requirements such as interchangea- Cargo loading aids such as tracks and floor pulleys
bility and replaceability, and the need for ruggedness can introduce concentrated loads. Thus, particular at-
and durabilihy. tention should be given to distributing the load among

the fittings already provided. The loading aids and as-
sociated criteria will depend upon the cargo loads for
which provision is required; such information normally

Lightweight design is a major consideration for heli- will be included in the RFP system specification.
coptei flooring. The lightest weight materials that are Design limit floor pressures shall be 75n, psf for
capable of meeting the structural requirements, and are crew floors mnd 300 n, psf for cargo areas. The load
economically feasible, shall be used. Specific criteria factors n, shall br- 3.5 plus increments due to angular
are described in the paragraphs that follow. The type accelerations from maneuvers, or the load factor result-
of loading--crew or cargo-will determine the strength ing from hard landings up to 15 fps, whichever is
requirements. greater. In addition, the following criteria shall apply.

Thu personnel restraint and seat load paths normally 1. The cargo floor shall have a local loading caps-
pass through the floor structure and into the basic bility for a 50-psi limit load applied to a single 0.5
helicopter structure. The floor itself, therefore, does not ft2 area (8 in. x 9 in. to 3 in. x 24 in.)within any 6ft2
carry the entire seat restraint load, even though the area.
fittings may be located at the floor surface and give 2. A cargo floor panel, 18 in. square and supported
partial support to the floor. The ultimate load require- at two edges, shall withstand the impact from a sturdy
meats for these personnel restraint fittings are the ap-
plicable crash loads (par. 4-5.3). pine box, uniformly loaded so that the box and its

The fittings for cargo tiedown also are attached to contents weigh 200 lb, dropped from a height of 15 in.

the basic helicopter structure, directing the tiedown above the panel (distance between panel and lowestcorner of box) so that one corner of the box strikes theload paths through the floor in the same manner as the cente' of the panel. The local deformation in the floor
personnel restraint fittings. caused by this impact shall not exceed 0.3 in. A line

The same fittings often are used alternately for per- between the corner of the box and the contact shall be
sonnel restraint and cargo tiedown, depending upon vertical upon impact. The corner radius of the box shall
the operational mission. A well-executed preliminary

not exceed 0.5 in.design develops a maximum degree of multiple usage
for the floor fittings. The design loads applicable to the 3. The cargo floor and loading ramps shall with-
tiedown fittings are due to flight maneuvers and to the stand, without undue surface wear or evidence of
appropriate crash conditions, to prevent shifting of fatigue cracking, the effects of 1000 complete trips in
cargo so that occupants of the helicopter are not endan- a fixed path of a 1000-lb load applied by a steel wheel
gered. 8 in. in diameter and 2.5 in. wide.

One of the objectives in helicopter floor design is to 4. The cargt. floor shall have the capability to
resolve most of the floor loads into a pattern where the withstand track and/or tire pressures consistent with
concentrated load-carrying fittings, such as tiedown the applicable vehicle loading requirement. The appli-
and seat attachment fittings, also provide the major cable single-axle weight loads will ae as specified by the
support for the fibor. An approach that has proven to procuring activity. The cargo floor and loading ramps
be succeshal for the preliminary design of helicopter shall be capable of withstanding the loads resulting
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from application of a limit load factor of 2.0 to the shall be used as a guide for personnel loadings during
loads imposed during loading of vehicles having the the design of these components.
maximum applicable axle loads. Doors and hatches include the following closures for

all openings provided in the helicopter for entry, egress,
4-8.3.2 Work Platform Design Criteria and access:

Work platforms are used for supporting mainte- 1. Access doors
nance personnel, tools, and, in some cases, certain heli- 2. Hinged or sliding canopies
copter parts; therefore, they are subject to concentrated 3. Sliding, d&ors
lods. For preliminary design purposes, work plat- 4. Passenger doors
forms shall be capable of supporting a 200-lb man with
"all his weight on one foot at a load factor of 1.5 without
permanent deformation. If the platform is sufficiently 6. Cargo compartment doors

large to support more than one person, the load criteria 7. Emergency doors
shall be increased proportionately. In all cases, allow- 8. Escape hatches.
ance for support of tools and the appropriate helciopter
parts also shall be made. This paragraph discusses the structural design cri-

teria for the doors and hatches including distributed

4-8.3.3 Interctamgeabgilty and load, concentrated load, and deflection criteria. Re-Replaceability quirements for quick removal and replacement during
normal operation, and for emergency jettison and/or

Floors of helicopters are subject to heavy usage and, personnel egress, are specified.
therefore, the surface may need periodic replacement.

In case a panel of the floor is damaged and requires A4.l Design Criteria
replacement, it should be replaceable at the organiza-
tional maintenance level without the aid of special tools A series of mock-ups and component investigations) and with a minimum expenditure of time. during the preliminary design development is recomi-

As interchangeability of floor parts, fittings, and pan- mended for achieving optimum door and hatch con-
els is advantageous, attention should be paid to stand- figurations. Operational design criteria to be consid-
ard spacings and standard design configurations (Ref. ered during this preliminary design stage include:
26). 1. Doors and hatches shall withstand the airloads

See par. 11-2 for a more detailed discussion of inter- resulting from flight at maximum speed VDL and side-
chaugeability/replaceability. slip angles.

32. Doors shall be rugged and resistant to rough
4-8.3.4 DUraglity handling or lack of maintenance during V.rvice opera-

Floors and work platforms of helicopters must be tion.
durable in order to withstand heavy service and rough 3. Doors shall provide easy access to seats and
handling. The materials used in these areas must be cargo loading areas.
resistant to corrosion and deterioration, and any por- 4. Doors and hatches shall provide easy egress in
ous material must be treated to reduce moisture ab- case of emergency.
sorption. Good drainage should be provided, especially 5. Sealing fo rain, snow, and external environ-erg

for work platforms where snow or ice might accumu- m ea ll proi ded...+,-n r

late and create a safety hazard. The preferred surface
for a work platform is corrugated metal that is self- 6. Mechanisms shall operate under all applicable
draining and inherently skid-resistant. environmental and weather cond, ons.

7. Handles shall be easy to operattw't must resist
4-8.4 DOORS AND NATCHF. being twisted or broken off inadvertently.

8. All doors that may restrict the egress of person-
Doors and hatches must be easy to operate and nel shall be easily removable and the opening clean and

rugged, and particular care is required to minimize clear in times of emergency.
their malfunctioning in the field environment. The ap- 9. Doors and hatches shall withstand applicable
plication of human engineering principles is an impor- wind gusts in eithe7" the open or closed position.

taut loading consideration, and MIL-STD-1472 10. Doors shall be so arranged and located that the
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aerodynamic loads in forward flight will not force them they should not be stronger than the internal parts that
open. they operate. This precludes continued attempts byl\,...

1I. Production tolerances and structural deflec- trapped personnel to open an emergency door after the
tions resulting from limit loads shall not interfere with mechanism has failed, and causes them to seek alter-
satisfactory operation of the doors and hatches. nate exits. Additional criteria for emergency handle
4-8.4.1 .1 Concentrated Loads lotas and design may be obtained from Ref. 28.
4-8.All.1c oncentrated Laoatds wSeal loads may originate from either static seals orAll concentrated loads as~sociated with the use and

operation of doors and hatches terminate in the latche preuzed seals. Pressurized seals have a greater po-tential for creating concentrated loads on the hingesand hinges. The sources of these loads are: and latches of the doors. Presmuriza tio normally is
1. Open canopy or open vent door during - supplied by the engine compressor tystem or by an

prah or taxi operation auxiliary power system. The seal mum be analyzi.4 for
maximum loads, and these loads should not cause an

3. Outward push from persotnel
4. Hndls (orml an emrgecy)unlatching tendency.4. Handles (normal and emergency) The air loads on doors and hatches for helicopters

5. Seal loads probably are minimal when compared to the many
6. Air loads personnel-oriented loads. The air loads, however,
7. Rough handling, should be investigated, including the application of the

If a sliding or hinged canopy is used, it should be appr te gust criteria as outlined in per. 4-4.3.
designed to withstand an air load from taxi operations Consideration of rough handling of doors is reconi.
of up to 60 kt. The closing mechanism should provide mended during the preliminary design stage. Exper-
for closing of the canopy in not more than 10 sec with ence from past field operation is most helpful in es-
one motion by one hand. All sides shall be locked. The timating loads. A checklist of rough handling
loads for operating this opening and closing mechanism conditions with estimzted resultant loads is one method
should be based upon the criteria of MIL-STD-1472. of examining these possible problems. The list could
Additional and more detailed design criteria for an include items such as:
overhead canopy may be obtained from Ref. 27. These 1. Using an opened door as % step
same criteria apply to a vent door if such a door is
provided. 2. Failing to latch the door in a strong wind

All doors that are subject to damage by ground gusts 3. Testing the strength of the handle as a curiosity
shall be provided with a means to absorb the energy 4. Wind loads from other helicopters being run up
resulting from a 40-kt ground gust occurring during or taxied nearby or flown close overhead.
opening or closing. These doors and access doors or
panels shall be provided with a positive hold-open fea-
ture that will withstand gust loads to 65 kt when the
door or panel is in the open position and unattended. Cargo doors shall be capable of being opened at all

Due to possible inadvertent loading by personnel, flight speeds up to 80 kt EAS. It must be possible to 4
doors into personnel compartments should be capable perform the function of opening the doors while in
of withstanding a load of 300 lb without opening. This flight at all speeds from 0 kt (hover) to 80 kt EAS; if
load is assumed to be applied upon a 10in! are at any the doors are opened at low speed. flight at speeds
point on the surface of the door. Doors into other greater than 80 kt EAS should be possible. The highest
compartments also may be subjected to similar loading speed practicable without adverse effect upon the de-
conditions. The magnitude of the load applied depends sign is desired.
upon the use and application of each door under mou- Personnel compartment doors, and particularly the
sideration. The 30O-lb load shalr be applied in all cases doors to troop compartments, shall be capable of with-
if a lower requirement cannot be justified. standing the loads resulting from flight in the doors-

The normal door handle load for operation should open configuration at all flight speeds up to a minimum
not exceed 10 lb and emergency handles should be 110% of cruise speed (the higher speed at which spe-
designed to operate at 10-30 lb. These emergency han. cific range is 99% of maximum). The highest speed in
dies shall withstand an emergency load of 300 lb. The the doors-open configuration that is practicable with-
handles shall be designed to break at 300+ lb, and out adverse effect upon the design is desired.
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4-8.4.1.3 Def•ction Criteria the detail design and are discussed in Chanter 11,

SThe most important deflectIon criterion isthe saur- AMCP 706-202.

ance that dellectim from any and all sources shall not 44L4.2 Removal and Replacement
pweoent the door or hatch from performing its task as
a satisfactory closure. Als, the door or hatch shall be Fat removal and replacement of doors and hatches
free to opt and close under all operating conditions should be possible. Full consideration of this require-
sad eveclafly uI.er emergency conditim. This men ment during the preliminary design is necessary for the
that adequate clearance shall be provided where de- establishment of satisfactory configurations.
flhction are anticipated. In those cases where deflec-
tion are present, t shll not tend to disngage the 4-.4.3 Emergency Jettison and/or
latching system but. instead, either should increase the Peronnl Egress
engagement without interference or should not affect it. Most personnel compartment doors are equipped

The following sources of deflections that could affect with jettison devices. These devices are periodically
the p•rformance of doors and hatches are presented checked as an operational tnd maintenance procedure.
and discussed briefly as a checklist for preliminary de- MIL-STD-1472 states that the simplest possible es.
sign consideration: cape mode consistent with safety and effectiveness s/oll

1. Flight and landing gear loads. Deflections from be provided. Ref. 28 states that emergency hatches
flight loads ad landing gear loads are coridered nor- and doors should be designed to be opened quickly,
Mal and shall not be very large. operated easily, and, wherever possible, jettisonabce.

2. Seal prssurization. Deflection from seal pres- These, and other criteria pertinent to emergency
surization must be checked and the seal shall be evacuation of personnel, are discussed in further detail
located so that any deflection resulting from its opera- in par. 13-2.2.1.
tion is in a direction to improve latch engagement.

- 3. Manufacturing. Permanent de•lv-tions some- 4-.4.4 Siz of Openings
times are encountered in the manufacturing process as The size of the openings for helicopters should be as

.. a result of deforming purts to meet the established con- small as possible, yet large enough to permit efficient
tour. performance by personnel and to provide adequate

4. Overloads. Permanent deflections may be en- convenience and safety. All openings that personnel
countered from overloads due to hard landings, or may contact must have well-rounded and smooth edges
other abnormal operating conditions. Effort should be with no obstructions.
made during the preliminary design stage to establish
basic door and hatch configurations that are inherently 4-8.4.4.1 Access Openings
forgiving under unusual deflection conditions. Access openings that provide for adjusting and han-

4-8.4.1.4 Production Tolerance dling interior items shall be sufficiently large to permit
the required operations and, if possible, to provide an

• !The basic preliminary design of the doors and adequate view of the components being worked on. The
hatches should include the consideration of dimensions of the openings shall be no less than those

practicable production tolerances. Manufacturing shown in MIL-STD-1472 for the appropriate access
representatives should be consulted to determine the requirements for arms, hands, or fingers. Allowance
tolerances that can be held reasonably when door should be made for maintenance personnel wearing
and frame structures are made in separate jigs. There cold weather clothing.
must be sufficient clearace between the door and
frame so that tolerance buildup catinot cause 4-8.4.4.2 Entry Openings
interference between the door. or any attachment to The size of entries often is established by the RFP or

* the door, and the frame. The minimum clearance by the size of the equipment and cargo to be tranm-
never should be loss than 0.20 in. ported. Such openings should be sized to provide ade-

Flushnes, and gap tolerance requirements between quate clearances and to permit convenient and expedi-
the doors and the helicopter skin oecome a matter for tious loading and unloading of the specified equipment
performance consideration and should be allowed for and cargo. Those openings that are provided primarily
in the basic door configuration estaklished during the for personnel entry shall be sized to accommodate the
preliminary design stage. The exact limits and methods 95th percentile man (MIL-STD-1472) with adequate
for achieving these limits must be worked out during clearance for comfort and convenience.
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4-8.4.4.3 Egress Openings weight on one foot, unless it can be snown that two ,

The primary concern for size of egress openings is cannot use the same step at the same time.
related to emergency exit. The emergmcies to be con- 4.8.5.1.3 Other Considerations
sidered include aerial escape, ground evacuation, and considerations for the preliminary designditching. Th1ese requirements are discussed in par. 13- Other osdrtnsorhepliiryein
2.2. T. stage of steps for helicopters are concerned primarily

with the safety aspects. For all steps, attention must be
given to the provision of an effective nonskid surface.

4-8.5 STEPS AND HANDHOLDS This can be accomplished by several methods, includ-
In order to achieve the optimum compatibility be. ing the app! ,'ation of nonskid material per MIL-W-

tween the equipment and human performance, con- 5050 and MIL-W-5044. In order to retain the nonskid
veniences such as steps and handholds must be pro- condition provided in the design, consideration must be

vided to make possible the best use of the equipment. given to the possible environmental conditions, and
Well-placed steps and handholds will enable mainte- provision should be made for features such as drainage
nance personnel to accomplish necesmary maintenance and adaptability to easy clearing of ice and snow or
quickly, safely, and effectively. This applies especially other environmentally caused obstructions.
to helicopters because a large proportion of their high- If removable *-,r hinged steps are used, It is manda-
niaintenance components and equipment is located tory that a means be provided for assuring their re-
relatively high above the ground when the vehicle is turn to the propar flight operational position prior to

parked. tolkeoff. In cases where the step itself is a protuber-

There are virtually no specifications available that ance, it should be identified by noticeable color
provide detailed guides for the provision and design of coding or the equivalent.
steps and handholds for helicopters. The most appro- 4452 Handholds
priate source of general guidance is MIL-STD-1472.

The need for and location of a handhold are best
4-8.5.1 Steps established by experience. Thus, use of a mock-up or

After the need for a step is established, the require- experience on a similar installation is essential.
ments of size, strength, and other considerations next 4-8.5.2.1 Size and Clps.rcnce Requirements
must be established. Sizing should be provided so as to for Handholds
accommodate the ?nd to 98th percentile anthropome-e
try summarized in MIL-STD-1472. There are a number of shapes applicable for Ise as

handholds, among which are the towel bar, T-bar, J-
4-8.5.1.1 Size and Clearance Requirements bar, and recessed and knob shapes. Recommendations

There are three general types of steps, all of which for dimensions and clearances for these various shapes
are associated with different size and clearance require- are given in MIL-STD-1472.
ments. The type-internal recessed, external fixed, or The size of the handhold should be in accordance
removable-selected for a particular installation will with the purpose for which it is provided. It may be
depend upon its weight, cost, and other usage and sys- designed for grasping by two hands, by one hand, or by
tern considerations. two fingers. Two-handed handholds are not common

for helicopters, but both the one-hand and two-finger
4-8.5.1.2 Strength Requirements configurations are useful.

The strength requirements of the steps and their
mounting will be established by the RFP and/or the 4.8.5.2.2 Strength Requirements
proposed application of the preliminary design. Unless The strength requirements of each handhold should
otherwise specified, the weight of the personnel for be determined on an individual basis, with considera-
which the steps and associated fittings are designed tion of circumstances such as the possible mechanical
should be assumed to be the 95th percentile, as shown force advantage. The first consideration is the require-
in MIL.STD-1472. ments of the RFP; then other information from eperi-

A limit load factor of 2.0 must be assumed, together ence and testing should be considered. MIL-STD-1472
with the standard ultimate factor of 1.5. In cases where may be used as a general guide for typical arm and
a lower limit load can be justified, a reduction of the 2-g hand forces.
"limit is acceptable. The structural design of all steps For preliminary design purposes, unless more accu-
shall allow for use by two men each applying his rate information is available, the strength of the hand-
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J hold should be based upon the weight of the 95th per. a blade as it rotates. It is evident that the various peaks
centile U.S. Army personnel (MIL-STD-1472). The and valleys in the spanwise airload distribution pro-
handhold should be designed for a limit load factor of duce significant harmonic content, causing blade stress
1.0 with the normal ultimate load factf- or 1.5. and aircraft vibration. The soutces of the blade airloads

Local circunstances may alter these load require- are numerousand complex. For ease of discussion, they
mants. If a two-finger handhold is being provided, the we grouped into four areas:
design load may be reduced accordingly, or, if the
handhold is positioned so that an additional dynamic I. Impressed blade pitch
load could be applied, the strength of the fitting must 2. Airflow
be increased. 3. Rotor position and motion
4-8.5.2.3 Other Considerations 4. Airfoil cl teristics.

Often, the most convenient handhold is a portion of
the sttuctue that already is available. The utilization 4-9.1.1.1 Impressed Blade Pitch
of available surfaces and projections as handholds
should be encouraged, but the structure supporting There are three basic sources of impressed blade
there surfaces and projections must allow for the addi- pitch: blade twist, control inputs, and pitch coupling.
tional loads. I. Blade twist. Negative twist, in which the outer

end of the blade has a smaller pitch ang!t than the root
end, is used to provide a more uniform lift distributionROSTRUCTURAL SUBSTANTIATION along the blade. The redistribution of load caused by

ROTOR, DRIVE, AND CONTROL twist generally produces higher vibratory stresses for
SYSTEMS higher values of negative twist. For a possible explana-

Substantiation of the structural adequacy of a heli- tion of this phenomenon, see Fig. 4-33. The primary
.... / copter and of its comp ce with the criteria outlined contributor to the vibratory bending stresses is the dis-
in the preceding paragraphs is accomplished by analy- symmetry between the loads on the advancing ane re-
ds and/or test. The required analyses consist of the treating rotor blades in forward flight. Blades with high
calculation of stresses resulting from the application of negative twist carry negative lift outboard and positive
appropriate loads to the various components of the lift inboard on the advancing side, and carry positive
structure and, by comparing these stresses with those outboard lift on the retreating side of the rotor disk,
allowable, the determination of individual margins of producing significant harmonic excitation of the blade.
safety. The development of the basic loads and the The loading distribution for an untwisted (Odeg twist)
substantiation of the rotor, drive, and control systems blade is quite different; the loading on the advancing
in accordance with pertinent criteria is discussed in the side is similar to that on the retreating side, thus reduc-
paragraphs that folMow. The substantiation of the air- ing the diseymmetry and the resultant vibratory blade
frame structure, including installation and support of stresses.
all helicopter subsystems is discussed in par. 4-10. 2. Control inputs. Main rotor controls generally

include both collective pitch and cyclic pitch, produc-
4-9.1 ROTOR LOADS--STEADY AND ing a steady pitch angle and a one-per-rev variation in

UNSTEADY pitch angle on the blade, respectively. Tail rotor control
generally is limited to collective pitch. Both pitch in-

4-9.1.1 Auonada puts lead to airloads in all harmonics due to interaction

In producing the desired lift and propulsive forces, with other parameters.
the rotor blades encounter time-varying dynamic and 3. Pitch coupling. A third source of impressed
aerodynamic loads that cause steady and vibratory blade pitch is the coupling between blade pitch and
stresses, aircraft vibration, and noise and that can lead other degrees of freedom of the rotor. The principal
to blade instabilities. It must be assumed that the air- coupling terms are pitch-flap 83, and pitch-lag a,, in
load and dynamic load distributions are in equilibrium, which blade pitch varies with blade flapping or coning,

When a helicopter is in forward flight, the airload and with blade lalging or hunting, respectively. Pitch
distribution on a rotor blade varies substantially both coupling also exists with flap bending/torsion and
along the blade radius and around the azimuth. Fig. chord bending/torsion degrees of freedom of the
4-32 shows a typical variation of the normal force on blades.
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4-9.1.1.2 Airflow search has indicated that radial flow may be significant

Twa.. prime factors influencing blade airloais, are for. for some conditions. For the primary velocity compo-
Twa prive~ Vandrotor tipnspeen de !rnThem are fr- nent at a blade section, tangential velocity UT, the mag.

wardI velocity end rotor tip speed flR. These are nitude at a point A on the blade, at radius r from the
related by the advance ratio p = V/(fil R), which hub, is given by
dentotes the size of the reverse flow region of the rotor
disk. This region forms a circle centered at azimuth = W + V
angle 4 = 270 deg with a diameter of 1AR (see Fig. (4-27)
4-34). Reverse flow can be significant in that air flowi~ig + P (4-27)
over the blade from the trailing edge can produce large = ;TR + M sin fps
pitching moments about the blade pitch axis. For nor-

mal helicopter advance ratio, the dynamic pressure in
the reverse flow region is low, and this effect is not where
significant. However, for compound configurations in 4 = blade azimuth angle, deg
which rotor speed will be lowered to give advance Because dynamic pressure is proportional to U., there
ratios approaching 1, reverse flow effects will be signifi- are one- and two-per-rev variations in dynamic pres-
cant. sure due to thl gt sin * term. For a given tip speed these

For most flight conditions, the dynamic pressure is harmonic components become larger at higher advance
created primarily by the tangential velocity of air over ratios.
a blade. Analyses generally have included the vertical The variations in tangential velocity atound the

of velocity, which will be discussed later, azimuth also affect airloads by v.-ying the effective
but have neglected the radial component. Recent re- angle of attack along the blade. By neglecting radial

FWD

270 90
SCo/a- 0.0093

(I9 ROTATION

S= 0 deg

Fg. 432, Costor Map Over the Rotor Disk of Tet Airlaim, lb/lu.
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I) -8 deg TWIST Odeg TWIST

(A) ADVANCING
SIDE ( g90 deg)

RADIUS RADUIS
r/RAdiensionless 1.0 (B) RETREATING 0 r/R, dimensionless

SIDE (O =270deg)

FIg. 4-33. Effect of DB .le TwWst an Lonlag Di6l6tion

flow effects, this change in angle of attack cm be deter- ally and radially, the angle also will be a function of
minied by considering tangential airflow and the flow azimuth and will have many significant harmonics,) vertically up (inflow) through the rotor disk. The net the number depending in part ppu the rotor inflow
airflow is not parallel to the rotor disk but is in a model used.
drecton • iven by the vector sum of the inflow Up and For most design applications, uniform inflow ovor
the tangential velocity Cr. This has the ct o the rotor disk is assumed. The value of the induced

Tan" the ang ebothk and ay angleimu inflow is given by classical momentum theory (Ref 4).TIn reality, the inflow over the rotor disk is not uniform;
the strength of the vortices in the wake of each blade

FWD determines the induced inflow distribution. The loca-
SV tion of the tip vortex for each blade of a rotor at low

and high speeds is shown in Fig. 4-35. The presence of
S180 deg the wake elements near the rotor disk affects inflow

esper'Wily in the immediate vicinity of the vortex. Com-
puter programs for calculating the nonuniform inflow
over a rotor disk have been developed (Refs. 29 and 30).
These have assumed that the wake is as shown (see Fig.
4-35); i.e., the wake does not distort due to vortex

r A interaction. Research now is under way to define the
270 90 deg rotor inflow when wake distortions are taken into ac-

count (Ref. 31). The wakes move due to vortex interac-
tion as shown (see Fig. 4-36). Distortion effects may be

R "important for compound configurations, in which the
wake remains very close to the rotor disk due to the

= deg nearly zero rotor shaft tilt when the rotor is not re-
quired to supply propulsive force.

0In addition to the effect of rotor wake upon inflow,
there v•e other effects that getaerally art not included

44 in rc'utine design analyses but that can affect the rotor
PIS• 4-%X. R "M View ( e Don inflow. The presence of an airframe and ptopellers will
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alter main rotor inflow (Ref. 32). In the case of the tail 4-9.1.1.4 Airfoil Characteristics
rotor, the influence of the rotor wake and flow over the
main rotor hub, as well as blockage due to the tail In the earliest rotor performance analyses, designers

pylon, can be significant factors (Refs. 33 and 34). assumed that an airfoil could be, represented simpiy as
a lift-curve slope and an angle of attack. This model

4-9.1.1.3 Rotor Position and Motion neglected stall, but as long as the vehicle was instaged-

Both the Up and Ur terms are affected both by the power limited (as early helicopters were) and operated
actual blade location in space and by the motion of the at low flights speeds, little or none of the rotor disk
bladc. The forward velocity of the aircraft must be encountered stall. A more sophisticated model avoided
corrected by the sum of the rotor shaft inclination to stall by not permitting the blade section lift coefficient
the flight direction and the local blade flapping angle to exceed some fixed value. (In these models, drag and
to arrive at the local Upand Ucomponents of forward section pitching moment customarily were ignored.)
velocity. In addition, the out-of-plane or flapping In fixed-wing practice the primary importance of

* velocity of a blade element affects the U•, ter'm, while
secigifcan term forlproving affectstherodynamic wha stall is the definite upper limit to lift. However, stall on
lag velocity affects UT. The flapping velocity term is a
significant term for providing aerodynamic damping of aheiotrsacmpndbyomnyterfetsf

the blade. near-equal importance that the simple models pre-
It would require a lengthy derivation to define how viously mentioned are inadequate for prediction of ro-

all of the elements discussed specifically enter into the tor airloeds and stresses. Therefore, two-dimensional
angle-of-attack calculation and the dynamic pressure aerodynamic data were introduced into the analyses.
calculation. This is discussed in Refs. 35, 36, and 37. A Thete data, based upon two-dimensional wind tunnel
typical angle-of-attack distribution for a rotor at high data, were used because the aspect ratio of a helicopter
forward speed is shown in Fig. 4-37. A typical local rotor blade normally is large enough that finite aspect
velocity (Mach number) distribution from which the ratio corrections can be neglected. Such effects are
dynamic pressure is calculated is shown in Fig. 4-38. represented insxend by an empirical "tip loss" and/or
These two clements, along with the airfoil characteris- "root loss" in the lift (and sometimes pitching moment)
tics, must be known to define the airloads on a rotor and by the addition of a drag coefficient increment for
blade. surface roughness and similar effects.

V LOW SPEED ROTOR W/AKE••"• •.';

HIGH SPEED ROTOR WAKE

f. 4-35. Noudluted Rotor Wake Geomeury (Wake Skew Neglected)
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WAKE PROM PHOTOS U CLWK

SIDE VIEW

ftg 4.36 Walte Trajdorin for One Blab. (Hoverlg FU9t, OGE)

With the ind~usio of two~dimensional aerodynamic while a small component of drag is out of the plane of
d"e it is itsaructive to observe the effects of Wit drag, rotation.
and pitching moment on rotor loads, particularly in the It ia obvious that both of these forces are capable of
vicinity of stall. ift, as commnlxy defined, is perpe- providing a momnent about the blade foathering axis.
dicular to the relative wind. Thus, the primary compo- With a blad deflected above or below the feathering
nmot of lift is in the flapwise direction, which is out of axis, momnents tending to increase or decrease blade
the plone of rotation. However, a small inplane coampo- pitch may be generated by those airloads that are ec-
sent exist and many tend either to retard blade rotation centric to the feathering or control axs. When the
(thus requiring added power) or to aid it (as in the case elasi axis of the blade is ahead of or behind the feath-
of antoratatian). Its magnitude may be sinular to that ering axis, the airoods also can cause moments that
dt the airfoil drag force. Conversely, the primary result tend to increase or decrease pitch. These effects may
ofsarfi drag as exciaton of blade chordwis bending, tend partially to cancel each other, by appropriate

blade design these nmoments may be arragged to be
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compensating. The blade aerodynamic pitching mo- a rapid increase in both drag and pitching moment
ment then becomes the primary excication in blade components of aerodynamic excitation. Thus, if a seg-
torsion. ment of a blade penetrtes the stall region momentarily

Because of variations in Mach number, Reynolds as it proceeds around the azimuth, local impulsive
number, and angle of attack, each spanwise portion of loading will occur and may excite various vibratory
the rotor blade stalls at a different azimuthail loration, modes. As Mach number increases, it becomes more
For some conditions, the lift stall is sharp and well important to include finite aspect ratio effects in the
defined; for others, it is simply a region where lift ceases determination of applicable airfoil characteristics. This
increasing with angle of attack and remains constant. is particularly true of pitching moment coefficient
However, steady-state stall always is accompanied by qv for its effect upon blade torsion.

DIRECTION OF FLIGHT

R ETREATING GLAOE

C 2 STALLCOMPRESSIBILITY

/ DVANCII+40 BLADE
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180 deg (137 kt CH-53A AT LOW ALT)

SI'\4-

"- l~i438.Much Number Distribution at High Forward Speed

Because stall chrceitc aywidely with airfoil quately the nonlinearities encountered. While Mach

tigtin oud seony heaifol at aplcabe o he th ucetantesindecrbig heflow fedmake data
priurdeinThis s o lastu.Mn ei ttemr xrm ahnmesquestionable be-
€opershav ben biltwith only a few different airfoil cause of wall effe-cts, transonic flow, and other corn-
sectons anddat onthese sections are available plications in gathering the initial airfoil data in the

readly.Win tuneldata on a more exotic section wind tunnel. Reynolds number effects often are lumped
contemplated oranew design often are unavailable, or with Mach number because, during a constant chord
very expensive to obtain; but because the flow field airfoil test in a given atmosphere, Reynolds number
itself is difficult to define, the data from a closely and Mach number vary together.
rlated "standard" section often can be used without Recent analytical improvements in the treatment of

sgiiatloss of accuracy. An evemt more common airfoil properties include attempts to include radial
practice during preliminary analysis is to neglect the flow and unsteady aerodynamic effects. Radial flow
effect upon section characteristics of production/oper- effects are the helicopter analog of swept-wing theory,
atioral departures of airfoil contour such as erosion and arise from considering the skewed flow on the
strips, blunt trailing edges, and tabs,from the theoreti- airfoil. Skewed flow implies that th¢e airfoil section as
cal section contour, sceen by the airstream should be modified to account for

In most of the more advanced computerized analy- the fact that the flow does not run perpendicular to the
ses, the lhft, drag, and blade-pitching moment coeffi- span, and that the total velocity and dynamic pressure
cients are obtained from a table look-up procedure also are modified. Further work is required in this area
bused upon both angle of attack and Mach number. (see Chapter 3). Unsteady aerodynamic effects arise
Such tables are generated either from wind tunnel data from the fact that the actual rotor blade angle of attack

or from the collections of such data in the literature and changes too rapidly to be represented properly by
the classic source for such data is Ref. 38. In either steady-state aerodynamics. Most existing unsteady

!case, the table look-up procedure should handle ade- data were obtained for simple harmonic motion of an--- 
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airfoil (Refs. 39 and 40), while rotor blades execute The gust having been described, the means of apply-
multiharmonic motion. Thus, work on the application ing it to the rotor system are considered. I*• the simplest
of unsteady aerodynamic data to helicopter rotors re- rotor models the gust is converted into an instantane-
quires careful consideration of the proper means of ous effective change in the inflow ratio AX, and this
making the data and the environment comptible. A�A is applied sumulfaneously to the entire rotor disk.For a more sophisticated description, a gust penetra-
4-9 tion model is used. This method requires that the gust1.1.5 Transient Loads be applied to each blade element/time combinatio, as

Two of the more important perturbations encoun- a local change in the flow field rather than as a change
tered by helicopter rotors are gust loads and flight in the average downwash. The effect of the gust is
maneuver loads. Both are amenable to simplified de- accounted for in the analysis as a change in angle of
scriptions and are treated in detail only rarely. Here, attack, which in turn can be accounted for in complex
both simplified and detailed models will be discussed blade analyses such as are discussed in par. 4-9.1.2.
for completeness. The load transient produced by a maneuver is in

The actions of a gust in producing a load transient some ways analogous to the gust load transients pre-
on a rotor begin with the change in angle of attack that viously discussed. Pilot action initiates an angle of at-
a shift in the flow field logically will cause. This tack change in the rotor system, producing forces and
changes the lift, drag, and moments appearing on the moments fed from the rotor to the aircraft, which then
rotor blade. The blade reacts to these changes and in responds dynamically. However, the maneuver loads
so doing feeds a force and moment change into the are a closed loop; the dynamic response of the aircraft
airframe. The airframe reacts to these forces and to any causes further changes ir. the aerodynamic loading; and
added forces the gust produces (such as a change in the the process repeats. While the gust situation involves
lift of the body and wing). Thus, a gust produces a load excitation primarily in one direction, with dynamic re-
transient that occurs as an aerodynamic impulse, fol- sponse alleviating the loading without truly changing
lowed by dynamic responses that tend to alleviate the the qualitative character, maneuver loads are multidi-
initial shock. rectional and the dynamic responses are of much more

The aerodynamic impu~se is a function of the ampli- significance. This easily is seen in, for example, a roll.
tude and wave form of the atmospheric disturbance, To obtain a large roll acceleration, the lift must be
but is not easily predictable because a given angle of asymmetrical. At high roll rates, gyroscopic precession
attack change &a or ma not cause a corresponding is significant. Similarly, a 30 deg/sec roll rate on a large
linear change in CL, CD,and CM. Stall effects and other helicopter (rotor diameter of about 70 ft) implies a
nonlinearities complicate the picture. vertical velocity component at the tip of about 20 fps,

In addition to this uncertainty in the effect of a given which increases the angle of attack on one side and
Aa, it should be realized that the Aa is itself an un- decreases it on the other.
known because a gust is a near-random atmospheric There art two common means of modeling maneu-
disturbance. To further complicate matters, the gust ver loads. In the first case, only the primary effect of
alleviation produced by aircraft dynamic responses is a a maneuver-the increase in load factor on the aircraft
complex phenomenon that varies with the vehicle un- and thus the lift required from the rotor disk-is con-
der study. In the light of such complexities, simplifica- sidered. This also may include consideration of redistri-
tions commonly are adopted. bution of airloads to reflect a changed hub moment.

Discrete gust models are used for design purposes in However, this method is inadequate for prediction of
examining the limit blade response or extreme load. the details of the blade loading and the resultant
This involves modeling only the limit gust of interest, stresses. A more exact approach involves applying, at
Because of their direct effect upon blade angle of at- the rotor hub, the acceleration and rotation time histo-
tack, vertical gusts are much more critical and are the ties actually felt there, along with the corresponding
only ones normally considered. Experience has shown time history of contro, positions. Thir has the effect of
that severe step functions do not occur in the atmos- fully describing the maneuver and has been found to
phere; that dynamic response alleviation often is quite provide insight into the source of the stress changes
significant; and that a better empirical approach can caused in maneuvering flight. This may be done in a
account for both effects (par. 4-4.3). Such an approach closed loop-assuming that the forces and moments
might use ramp and/or trigonometric functions. A typ- that the rotor produces are consistent with the acceler-
ical example is a 50-fps sine-squared function with a ations of the hub by which one describes the maneuver
ramp length of 90 ft (see Ref. 9). ---or it may be done open loop, ignoring the need •or
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fuselage dynamics to obtain a consistent set of dynamic general form of root boundary conditions, from fully
conditions. As long as the maneuver is well known articulated through rigid.
(such as a banked turn, roll, and dive pullout) and the The fact that the normal modes are orthogonal does
model has been shown to be consistent for earlier cases, not preclude the inclusion of dynamic coupling terms
open loop operation probably is adequate. Further de- in the description of the rotor system. This is achieved
scriptions of this type of analysis can be found in Ref. by simply including the coupling effects as applied
41. forces. Based upon the desired degree of accuracy, th:

physical description of the blades may include the ef-

4-9.1.2 Analytic Approach to Rotor Load fects of any or all of the following: blade twist, chord-
Prediction wise mass unbalance, counterweights, noncoincidence

of elastic axis and quarter chord, and radially varying
Accurate analytic prediction of the loads generated blade properties.

by a rotor requires a sophisticated mathematical de7 To obtain the dynamic system differential equations
scription of the dynamic characteristics of the rotor of motion, the absolute translational and rotational
system, together wilh accurate definition of aerody- coordinates of motion of any bi, de element are ob-
namic forcing functions. The dynamic complexity of tained. This is achieved conveniently through a series
rotors and the aerodynamic environment in which they of coordinate transformations, which allow definition
operate makes this no simple task. By way of example, of the blade velocity vector that is used to specify the
a system comprising only the rotor blades and the rotor blade kinetic energy. Potential and dissipation energies
hub will be discussed. This neglects airframe/rotor sys. resulting, for example, from blade root springs and
tern dynamic coupling, dampers are obtained readily through use of the rela-

The primary objective is the prediction of the re- tive coordinates of motion. The analytic forms of these
sponses of the rotor blades to the aerodynamic forces. energy functions having been obtained, the method of
The respooses having been established, the rotor loads Lagrange may be used to establish the differential equa-
c~n be calculated. To do this, the differential equations tions. Lagrange's method states that
of motion of the dynamic system are set up first.

A common method of representing the blade dynam. d(aT/841)
ics is to assume that the blade displacements q& can be dt T/aq, + a V/aq, + aD/aq3  Q3 (4-28)
represented by the sum of a series of modal coordinates
(Fig. 4-39). These modal coordinates, by separation of
variables, can be represented by the product of the where
mode shape variables 4o,(x) (functions of blade radius T - kinetic energy, ft-lb
only), and by a function that defines the magnitude of V = potential energy, ft-lb
the particular modal participation ,(a function of time D = dissipation energy, ft-lb
only). The modal functions generally are referred to as q, = coordinates, or degrees of
normal or principal modes and have the important freedom, defining system
mathematical property of being orthogonal; i.e., mo- motion, ft
tion in each norm al mode can exist independently. The Q, are applied generalized forces that will be dis-
Thus, the number of normal modes chosen is equiva- cunsed in a subsequent paragraph. For accurate repre-
lent to the number of degrees of freedom describing the sentation, significant nonlinear terms generally are re-
notion of each blade. This method can be applied to tained in the equations. In addition to these
represent the flapwise, chordwise, and torsional blade nonlinearities, the equations contain time-dependent
displacements. Clearly, the greater the number of coefficient ternis-the dependency arising from the ro-
modes chosen to define the deflections, the more accu- tational nature of the system.
rate the representation. The number used is dependent The aerodynamic characteristics of a given airfoil
upon the order of the highest forcing frequency. In cannot be calculated accurately. Linear analytic ex-
practice, a total of approximately 10-15 modes gener- pressions defining the airfoil characteristics can be used
ally is sufficient to define the motions of each blade. in certain stability studies, but such a practice generally

The mode shapes and correspond, ig frequencies can is not acceptable for accurate prediction of rotor loads.
be obtained by any standard method of obtaining the There are many reasons for this, not the least being the
free vibration characteristics of a continuous system, very complex nature of the airflow around the airfoil,
e.g., the method of Myklestad (Refs. 41 and 42). This part ularly in regions of stall or high Mach number
modal representation is applicable to blades with any operation. For this reason aerodynamic inputs rely
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• , upon the results of larlpe numbers of wind tunnel tests The generaiized forces Q,, which as stated earlk•'
(see par. 4-9. I. 1.4). may be the result ofdynamic couplinll or aerodynlunk• /

The Nmdymtmic forces expe•eneed by the rotor eft'ects, may be obtained by employing the principle e(
system, in addition to being functims of the aemdy- vWtua! work. This in its simplest form s.•at• that I
namic characte•fics of the b•ade• are functions of the i

rotor system displacements and velocities. For this tea. a[Xo] I
son there is a high degree ofcouplinlg between dynamic •, • Pt aq, , Ib (4-29) i
system motions and the aerodynamic environment.

In producing thrust, a mtorgenerates inducedveloc-
isles across the rotor disk (Ref. 31). These velocities
are important as they affect the blade angle-of-attack where
distributions and, hence, bhde load characteristics. P, •- forces applied at say station/,
They are the result of the shed and trailing wakes gene- Ib
rated by the rotor blades, and various degrees ofsophis- X, -- absolute position vectors of the
tication may be employed in predicting their effects, points L ft
The simplest method assumes a uniform distribution of Combining the dynamic system equations and the
induced velocities across the disk, whereas the most g•ner•lized forc•,ng functions leads to a complex, non-
rigorous methods calculate the free wake geometry and linear set of second order differential equations with
the resultant induced velocity distribution across the time-dependent coefficients. These can be solved only
disk. The degree of accuracy requtred in the rotor loads by numerical techniques and high-speed computers.
prediction determines which method is employed. Briefly, the method employed is to compute the systei• !

I
I

+• Ist MODE

••'•' •.. 2nd MODE

• (x) ... ---.
-4: '

qB(xt) . •i(X).•i(t))
i=1

3rd MODE
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FIg 4.40. Elesuuats in Analysis

response characteristics at each instant of time as the basically linear functions of several independent rotor
. blades travel azimuthally. In this way the transient parameters and can be computed by transfer function,

blade deflections and the moments and stresses consist- superposition techniques. Transfer coefficients that re-
ant with these deflections are obtained. At the same late rotor parameters to harmonics of moment are pre-

Fortesteadyhelight alldbladeschtrackfinrthewsame mannerotime, the shears and moments at the blade root ar sented in the form of design charts for a widi, range of
calculated, parameters and operating conditions. Detailed proce-

dures for using these design charts in conjunction with
teFore hubdy forces and momdens mra y bnese tanne, performance charts (Ref. 45) are described and illus-therefore, hub forces and moments may be obtained tae ihsml acltos h ehdi hw

fromtrated with sample calculations. The method is shownfroma smmaion ver0 badesof he oot hemand to provide quantitatively accurate results at advance
moments derived from a single blade analysis. How- ratios from 0.25 to 0.4.
ever, under certain circumstances, e.g., certain condi-
tions of turbulence, a multibladed analysis is necessary. 4-9.1.3 Preliminary Design Considerations

Fig. 4-40 shows in block form how the elements
discussed may be structured to form the basic analysis. The basic requirements for rotor blade analysis are

It has not been possible here to discuss all of the contained in MIL-S-8698. In addition, checks of cen-
important aspects of rotor load predictions. For exam- trifugal stress, static bending stress and deflection, and
pie, the effects of airframe dynamics or airframe/rotor resonant frequencies are used in the early stages to size
interference have not been included; but it has been the blade structure.
shown that the problem is complex and requires sophis- Before the blade can be analyzed structurally, the
ticated treatments to obtain accurate forecasts of the various axes of the blade must be located. Because
rotor response and load characteristics. More detailed symmetrical airfoils umvmly are used, the blade chord
information is available in Refs. 35, 36, 37, and 43. is taken as the centerline of symrmeiry of all sections of

Unfortunately, few simplified procedures give mean- the blade structure. This leaves the axes perpendicular
ingful results. There is, however, a simplified method to the mean chord-the flexural (or neutral) axis for
for estimating flapwise bending moment characteristics chordwise bending, the shear center, the feathering ax-
of rotor blades (Ref. 44) that merits mention. This is-to be located, and the center of tensile restraint and
report shows that the flapwise bending moments are the mass centroid (or CG) of the entire blade.
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Symmetrical airfoils with practicable construction, moduli of elasticity-arc sufficient to determin( the
operatin at low Mach numbers and below stall, have flapwist and chordwise bending stresses, shear strews,
their aerodynamic centers at the quarter-chord point torsional rigidity, torsional stresses, spar weight, #.t\d
(Fig. 4-41). This usually is used as the location of the natural frequencies.
feathering axis and the mass centroid to avoid stall and Approximately six stations along the blade .
torsional divergence. The shear center also is located at lected, and the spar section is laid out at each,
the quarter-chord because the summation of all tor- The properties of each section are cavi:; ,. at-
sional shears should be zero; any other location would dividual curves of cross-sectional area and fks. wi•e and
produce a torsional shear moment. To keep the blade chorowise moments of inertia are plotted against blad:
straight in flight, the intersection of the flapping and radius. Because a plot of blade mass distribution also
lead-lag hinges also is placed at the quarter chord; is required for use in the calculation of blade weight,
consequently, the flexural axis should be at the same natural frequencies, and stresses, an estimate of the
location. The blade structure must be proportioned so weights of the nonstructural blade components at each
as to place these axes in approximately the correct station is included, based upon experience and trend
location. If they are not, an iterative step is needed at studies.
this stage, altering the distributions of mass and/or Centrifugal stresses created in the spar by blade rota-
stiffness to correct the deficiency. tion then are checked at several stations along the blad,;

Although symmetrical airfoils normally are used, it spar. Slight modifications are made, as required, to the
may with some blade sections be desirable to locate the spar wall thickness to adjust for overstressed or under-
mass centroid and the shear center forward of the aero- stressed conditions.The centrifugal stress should be se-
dynamic center for greater blade stability. lected on the basis of repeated application, (start-stop

Because the blade is subjected to various combina- cycle) and with consideration for the superposition of
tions of flapwise and chordwise bending, centrifugal vibratory stresses in flight. A maximum value of 20%
tension, flapwise and chordwise shear, and torsional of allowable tensile stress can be used.
moments, it is necessary to determine the spar cross- With the blade approximately sized in this manner,
sectional area, flapwise and chordwise moments of in- the blade is considered to be cantilevered horizontally
ertia, nuss distribution, mean area enclosed by the spar at the root, and static bending stresses and deflections
outer and inner boundaries, spar mean line perimeter, are computed. Modifications may be made to the span-
and wall thickness at several locations (Fig. 4-42). wise taper to adjust the tip deflection to a value suitable
These properties, in addition to the inherent properties for adequate operating clearance of other airframe
of the spar material--such as its tensile and shear components (par. 13-1) and to provide a positive mar-

.----. 25 C • ,MASS CG CHORDWISE
MASS DISTRIBUTION

,.X\AERODYNAMIC
MAK'
FEATHERING -CENTER
FLEXURAL
SHEAR

AIRLOAD CG CHORDWISE

AIRLOAD DISTRIBUTION

Fig. 4.41. Tyical Blade Cross-sectional Ioading
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gin of safety with a limit load factor of 4.67 for ground
handling.

Buckling of the spar may occur at a stress below the ~W
allowable static stress if the campresvive stress due to 1~00-
bending exceee & critical value. The subsequent analy- 70
sis treats the spar wall as a curved plate and defines a5)
critical compressive stress as a function of the dimen- 40 -c- 0-
sionsand modulus of elasicity of the plate. N - N

The dimensionas used in the buckling analysis arec'=70
taken from scale drawings of the blade spar sections. By E 20 -- r/t =1000-) ignoring sharply curved front and rear extremities of 00
the spar. acircular arc is fitted to the upper or lower 10 ---

spar wall shape, using athree-point fit. The radius of 7 - -- - ----

4curvature rand wall thickness t, both in in., are used L
in selecting the proper curve for determination of the Z 4

dimsensionless constant K,, (Fig. 4-43). The chordal d3 - -----

width W of the spor, also in in., is used to determine2
the abcissa W2/(446 on the graph. The selection of the2
appropriate value for Wis very important inasmuch as
its contribution to the critical stress is of the second 1 2 3 45 7 10 20 30 40 50 70 100
order (W ').Appropriate values of t and WV, combined SHAPE FACTOR W'/ (rEt), dimensionless
with modulus of elasticity A in psi, and K, are used in
the calculation of critical buckling stress F11 in the
equation: Fl&,4-43. Determination of Constant K, to

Calculate Critical Budding Stres (Eq. 4-39)
Et2

F~=K-j psi (4-30)
cV The blade now is sized to approximately the propor-

tions required by dynamic loading considerations. In

F,,( may then be plotted against rotor radius. It is ai subsequent analytical steps, severe dimensional
limiting value of axial compressive stress for the blade changes involving complete iteration of previous work
spar. Bending stress may exceed this value by the are unlikely. The calculation of resonant frequencies
amount of the tensile stress superimposed by centrifu- for flapwiae and chordwise bending are discussed in
gal force. Trhus, the conditions for which buckling par. 5-3.
becomes a critical design consideration are most likely Small adjustments now are made in the section pro -
to be those wherein the rotor is stopped, or nearly erties to correct for dimensional changes that have
stopped. been made during these preliminary analyses. Tor-
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sional stiffness is calculated for each section by stand. 4-9.2.2 Analysis of Rotor Loadsard methods, e.g., Ref. 46. The properties nnw are
rhe determination of lov'.s on an individual rotor X.

ready for more extensive stress calculation, and can b blade is discussed in par. 4-9. 1. The combination at the
plotted against rotor radius for convenience, hub of the periodically varying loads on the rotor

Rotor blade stress and fatigue analysis are discussed blades and the resultart loads that are transmitted
in detail in par. 4-I . through the hub to the airframe are discussed in par. 5.2.

Th• physical characteristics of helicopter rotors, as
decribed by the distribution of mass and elastic prop-

4.9.2 HUB LOADS er-ies and the aerodynamic environment in which
they operate, are far from linear with respect to either

The hub is the central structure of both main and tail radial lucation or azimuthal orientation. The typical
rotors. On any kind of helicopter the hub transmits digital computer analysis, therefore, treats the rotor by
flight loads to the airframe, and on shaft-driven heli- considering various aerodynamic and dynamic effects
copters it ii the structure through which the drive at discrete points as a function of radial location and
torque is distributed to the blades. azimuth position. By increasing both the number of

radial locations and the number of azimuth positions,
the solution for the nonlinear physical system may be

4-9.2.1 Characteristics of Rotor Hubs obtained to within an acceptable degree of accuracy.

The blades of all rotors are attached to a mechanism For preliminary design, the principal uses of corn-
that permits their pitch or incidence to be varied. This puter analyses are the screening of proposed structural
mechanism is usually the most outboard portion of the configurations and the initial dynamic tuning to avoid
hub. (In some rotors this function is accomplished by resonance with known excitation frequencies. The cur-
twisting the blade itself.) Inboard, the nonpitching part rent techniques include the computation of aerody-
of the hub may have hinges that permit the blades to namic forces along the blades based upon steady-state
move in the flapping and lead-lag planes. aerodynamic coefficients. These forces are applied to

Rotor blades will seek an equilibrium position in the rotating beams that are restrained to the mast by appro-
vertical plane by moving around the flapping hinge, priate hub kinematics so as to represent the boundary
real or simulated. The main loads determining the equi- conditions for rigid, semirigid, gimbaled, or articulated
librium position are the thrust, or vertical airload, and rotors, as appropriate. The resulting steady and vibra-
the centrifugal force. Because the centrifugal force is tory blade moments then are calcu!ated for use in the
10-20 times as large as the vertical airload, the blade stress calculations. The resultant shear loads at the hub
axis will have a slight angle with respect to the plane are combined to form the forces that will cause the
of rotation. This angle is known as coning angle. fuselage to vibrate. Much design effort is spent toreduce the oscillatory loads in the rotor and to mini-

If a load that varies once per revolution is applied to
the blade, the latter will respond with a once-per-revo- mize the vibration level at high forward velocities. Ro.
lution motion about its flapping hinge. The result is a tor hubs generally are fatigue-critical components, and
tilt of the plane in which the blade is moving, with the their substantiation must include fatigue life deterni-
angle of tilt equal to the flapping angle of the individual nation (par. 4-11).

Nondimensional coefficients that are convenient forplane of rotation of all blades. expressing thrust capability are the blade-loading coef-

The thrust vector will tilt with the plane of rotation ficient t1
and will have a component in the direction of tilt. It is
this component that makes the helicopter move in the 2T
direction of rotor tilt. In level flight the vertical compo- bcRp( )2  dimensionless (4-31)
nent of the thrust vector is.equal to the weight of the
helicopter.

A number of different types of rotor hubs have been
developed and are in use. The characteristics of the and the mean blade lift coefficient C
fundamental concepts employed for rotor control are
discussed in par. 3-3.3. The advantages and disadvan- 7T
tages of the various types are reviewed in that discus- CL cRp(iR)2  dimensionless (4-32)
sion.
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T = rotor thrust, lb LOAD .

b number of blades
c = blade chord, ft .3

R = rotor radius, ft ."' t- CONSTANT
11 = rotor speed, rad/sec
p = ar density, slug/ft' 42 _

These coefficients are related

ROTOR THRUST

n BASIC STRUCTURAL DESIGN GW
"- 0 -- +*.....I--... ..

The rotor-thrust coefficient Cr 0l

DESIGN OPERATING POWER-OFF

C2 (4-34) Min Min Max

r Rf 'POWER-ON DESIGN
Max Max

ROTOR SPEEUJ NiR p
is not as convenient an expression of thrust capability
because it includes the rotor solidity oa (the ratio of
blade area to disk area) Fig. 4.44. Typical Flapwise-load Envelope

7Cr = aC . or
(4-35) stant over the rotor-speed range. If the load factor is

. =correct for the normal operating speed, it is too con-
= tservative at lower speeds.

Until recently, most rotor blades used symmetrical 4-9.2.2.2 Inplane Loads
sections, such as NACA 0012. With these blades, the In powered flight, drive torque is transmitted from
loads in maneuvers consistently were less than t, = the drive shaft or mast through the hub to the blades.
0.35, or 1= .23. Newer blade designs, using camber Along each blade, this torque is balanced by the inplane
in the forward part of the section, have greater lift components of the airload. In forward flight and ma-
capacity; blade-loading coefficients of 0.38 can be at- neuvers, the position of this basic equilibrium point
taied. Airfoil sections now being developed should oscillates as the airload varies: and the oscillation may
make it possible to reach t, = 0.40. be reinforced if its frequency is near the natural fre-

As the forward speed of the helicopter increases, quency of the lead-lag motion.
rotor thrust capability is reduced. This is because the In articulated rotors, the loads cause oscillatory lead-
blade is subjected to conditions of airspeed and inflow lag motions that are damped by a mechanism in the
angle that are different for each azimuth position. The hub. In rotors that are stiff inplane, the inplane loads
blade reaches conditions of limit lift capability, or stall, are only lightly damped. The loads transmitted by the
in some azimuth positions earlier than in others. Vibra- blades to the hub may be balanced by opposing loads
tion and control problems associated with this occur on the other blades. Because it is difficult to calculate
rence will prevent the rotor from reaching its maxi- limit loads in lightly damped structures that are excited
mum thrust capa•lities under these conditions. at frequencies near resonance, the design limit loads for

inplane-stiff rotors usually are derived from flight -tesl
4-9.2.2.1 Flapwise Loads data on similar configurations. The limit root inplane

Current structural desig- requirements dictate that moment MI.,,. can be expressed conveniently in terms
a rotor be substantiated for a static flapwise load enve- of drive torque Mr and the number of blades b. For
lope as shown in Fig. 4-44. The conditions represented powered flight
by the envelope can be substantiated by demonstrating
that the rotor in question satisfies the load conditions MT
at the corners of the envelope. Such an envelope, how- M 11 = -b 0 K) , lb-ft (4-36)

ever, is unrealistic because thrust capability is not con-
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and for power-off conditions level flight loads by appropriate factors. Suitable values
for the appropriate factors generally can be found by

MT statistical analysis of flight load data for previous deo - .
M m (0 ± K) lb-ft (4-37) signs.

4-9.2.3.2 Maneuver Loads
In these equations K is an empirically determined fac- Although the mean loads and the load amplitudes
tor. under the transient conditions of a given maneuver can

Flight loads measured on various chordwise-stiff be calculated, the results are far less accurate than are
two-bladed and three-bladed rotors during maneuvers those for the level flight conditions. One reason for this
have shown peak moments corresponding to K = 3.0 is that the load level reached in actual maneuvers is
for small helicopters and to K = 4.5 for medium-size dependent strongly upon pilot handling and transient
helicopters. Eecause a large number of parameters in- response. Also, many factors, both known and un-
fluence the magnitude of the peak inplane bending mo- known, that cannot be considered in the analysis have
ments reached, K factors cannot be specified for classes an influence on the result. Therefore, the general ap-
of helicopters. The choice of the proper factor for the proach of analyzing for fatigue based upon steady flight
limit chordwise moment is left to the discretion of the conditions and applying appropriate factors to cover
designer. Moments for new designs can be derived by maneuvers has proved to be more practicable during
using K factors determined from flight load data for preliminary design. This is in addition to a static analy-
similar helicopters. sis that uses a limit-load envelope that includes any

peak loads that would be experienced in maneuvers.
4-9.2.3 Design Loads for Fatigue 4-9.2.3.3 Ground-air Load Cycle

It is important that allowable levels for oscillatory or
fatigue loads be established during preliminary design. A tape o repetis, lo n that usu a te s red
The frequencies of these loads range from multiples of by stat analysis, but that may require separate treat-
the rotor speed to once or less per flight. Because the ment because of the possibility of fatigue damage, is the
number of cycles accumulates rapidly at the higher ground-to-air load cycle. For certain parts of the rotor,
frequencies, fatigue damage cannot be permitted for the especially the blade-retention system and the flapwise
load levels that occur at the frequencies; and, con- flexures, the stress cycle from standstill through runup
versely, high loads should not occur at frequencies high to flight is considerable. If the helicopter is used for
enough to accumulate a critical amount of fatigue dam- many flights of short duration, fatigue damage may

age. Therefore, the loading spectrum of the helicopter accumulate in a relatively moderate number of load
(par. 4-4.1) is an important criterion in the design of its cycles, e.g., less than 10', of high stress level. The
rotor hub. Fatigue analysis is discussed in detail in par. material S-N curves, plots of failure load versus num-

ber of cycles to failure, are not well defined at numbers
of cycles less than 10' because fatigue tests are not run

4-9.2.3.1 Endurance Load Level regularly at such high stress levels. However, if the
Because it is impracticable during preliminary design designer is aware that a considerable number of high

to analyze each component for a complete loading stress cycles may occur, he has the option to safeguard
spectrum, a common practice is to use the oscillatory the structure by the introduction of an additional factor
loads that occur in high-speed level flight as a yardstick in the preliminary static analysis.
for fatigue analysis and to apply factors to these loads
to account for the material, the load spectrum, and the 4-9.2.4 Miscellaneous Loading Conditions
desired life of the components (Ref. 47). The level flight A qurrber of conditions may produce loads on the
loadings can be calculated if the necessary parameters hub that need to be investigated separately. These con-
(weight, power, and drag) and the rotor dimensions ditions are discussed briefly in the paragraphs that foi-
and speed are known. Whenever feasible, the endur- low.
ance limit for the hub components is established at or
above these load levels so that no fatigue damage ac- 4-9.2.4.1 Starting and Shutdown Loads
cumulates in high-speed level flight. Oscillatory loads Upon starting the rotor, the drive torque is balanced
resulting from maneivers and other conditions in the only by the inertial loads along the blades. The blades
loading spectrum for which fatigue damage can be per- of articulated rotors lag and hit the lag stops that are
mitted to accumulate can be related to the high-speed necessary to limit this motion. Drive torque distributed
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over tue blades, theefore, provides a loading condition avoided, and the design shall be such that, should it
for the stop and the adjacent structure. In the s~me happen inadvertently, no components of primary im-
way, shutdown loads arise from the application of a portance to flight safety are damaged.
rotor brake. Tih rated torque of the brake, distributed
over the blades, is the loading condition for the lead 4-9.2.4.4 Folding Loads
stop &ad its adjacent structure. Fo- a rotor that is stiff If the hub has provisions for folding the blades, the
inpwme, the starting or shutdown torque is usually mi- structure should be substantiated for the loads ex-
nor in comparison to the rated torque at the rotor perienced throughout the range of motion from folded
operating speed. to unfolded. There is no specification criterion applica-

The criteria upon which these loads are based am ble to this kind of operation. The gravity loads should
given in pars. 4-7.1 and 4-7.2. be multiplied by a moderate factor (2.0) to cover

ground handling, and a minimum wind velocity of 45
4-9.2.4.2 Wind Loads kt should be included to cover the likelihood that the

A rotor can be vulnerable to damage from wind operation may be performed in wind, and to he consist-
loads when the helicopter is parked, or when the rotor eant with par. 4-9.2.4.2.
is turning at less than its operating speed. These loads
upon stationary blades, tethered or free, can be cal-
calatd readily. During runup and shutdown, however, To protect rotor blades from damage when the heli-
the rotor may pass through rotor speeds where flapping copter is parked, they should be moored or tethered.
due to the wind load becomes divergent, resulting in The mooring or tiedown loads shall be determined in
very high loads in the hub. Establishing applicable a rational manner, based upon the criteria given in par.
loads in this condition is left to the designer, using a 4-6.2.2.
rational baw appropriate for the rotor system under 4-9.2.4.6 Hoisting Loads

If the rotor hub has provisions for hoisting the heli-
4.9.2.4.3 Stop-banging Loads copter (either special purpose hoisting lugs or other-

Freely flapping rotor blades are supported at rest by wise) the loads shall be based, upon the basic structural
Slower flapping stop, or "droop stop", which may be design gross weight minus crew and payload and shall

either a rigid part of the hub or a mechanism that include a load factor of 2.0 (par. 4-6.3). The helicopter
moves out of the way to provide flapping freedom in may be hoisted either by appropriate ground equip-
flight. As a rule, gimbal-mounted and seesaw rotors do meat or by another helicopter. In the latter case the
not have droop stops; instead, flapping freedom of the applicable load should include a component of drag
entire hub is limited by a stop. In either case, the flap- upon the helicopter durin. tanspor LO

ping stops experience loads whenever the motions of
blades or the rotor exceed the available travel, and no 4-9.3 MECHANICAL DRIVE SYSTEM LOADS
load requirement exists for this condition. However,
the flapping stop and rotor structure of articulated ro- Drive system loads occur primarily as a result of thetori sMrl bure staticuweight transmission of engine power to the rotors. The initialtors shallbesubstntpiad limit load factor of 4.67 (pir. prime mover load, starting at the engine as torque,
4-9.1.3). In the case of seesaw and gimbal-mounted produces various dynamic and static loads as the input
rotoM a foot moment should be added to account for horsepower i3 transmitted through the drive train to
the e loads of the other blade or blades. the rotor system(s). The following loads generally are

Altholh atrary, the limit load factor of 4.67 will present on helicooter drive systems and must be consid-
cover many cam on the ground where the blades strike ered during the predesign phase of the aircraft:
;. flapping stops. These cases may include ground I. Steady torques

"ridling (transport, taxiing, hoisting), turning the ro- 2. Oscillating torques
at low speed in a strong wind, and also the case 3. Axial or thrust loads

where the helicopter is parked with the rotor unteth- 4. Radial loads
ered while another helicopter hovers in close proximity 5. Tangential loads
or overhead.

It should be noted that the loads incurred when the 6. Bending loads
flapping stops are hit in flight are of an altogether 7. Rotating beam loading
different order of magnitude. This condition must be 8. Structural deflection loads
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9. Misalignment loads tional speed N in rpm by the formula
10. Torque reaction loads
II. Mast bending and shear loads ON
12. Aircraft load factor p 63,000 (438)
13. Gust loads
14. Crash loads A fundamental principle is that torque Q is propor-
15. Dynamic loads from resonances tional inversely to rotational speed. The influence ofthe
16. Dynamic loads from geometric effscts torque value varies in magnitude among the different
17. Gear tooth contact loads types of components. For example, transmission gear
18. Frictional loads stage weight varies approximately as the 0.7 power of
19. Loads that produce brinnelling torque, while shafting weight varies approximately as
20. Bearing loads, bearing cage loads, and bearing the 0.38 power of torque. This explains the potential of

preloading. achieving lighter weight drive systems with higher
speed components. Drive system state-of-the-art is im-These loads combine to develop stresses, both steady proving continuously to allow higher rotational speeds

and :nillatory, that must be accounted for adequately provg tinuusl to allow higher r on pee
thiougn the proper selection of materials and allowable through the use of improved materials, higher comio-
stmess-2s. Values of allowable stress specitted in MIL- ne got accuracy, and better understanding of dynamic
HDBK-5 may be used fot sizing helicopter drive sys- loadings of bearings, gears, and other critical compo-
.rm components. When data for proposed materials are nents.
not provided by MIL-HDBK-5, the values used must The load spectrum must include all possible tran-
be validated on a rational basis. sient and overload conditions so that design limit loads

The magnitudes of the applicable drive system loads may be established. Duration of transient loads also is
are dependent upon the mission spectra projected for important for determining fatigue damage cycles and
the life of the vehicle. A growth factor should be con- possible life limits to fatigue-loaded parts.
sidered in the preliminary design. Designing the drive The load and rpm spectra for a typicai small helicop-
system initially for moderate design stresses assures ter may appear like those shown in Tables 4-4. 4-5. and
minimum development risk while also providing for 4-6.
subsequent growth. The difference between the initial

The maximum continuous (normal power) enginedesign stress and the maximum allowable operatingstress represents the initial growth potential. T;iis rating must be matched to the airframe power require-

growth potential should provide for an increase in en- ments for the mission spectrum. The input power must

gine power capability that usually will be specified in be distributed properly in a manner such as is shown

the RFP. in Table 4-6. It should be noted that in one flight condi-
tion-autorotation-the rotor is driving, resulting in

4-9.3.1 Load Spectra side gear tooth loading and possibly in reversed thrust
loads on some bearings. Although these loads are not

The drive system designer must know the power high. this condition still must be provided for in the

required for the typical design mission spectrum and gear tooth development and in the bearing configura-
aircraft gross weights. Rotational speeds must be speci- tion selection.
fled for the various power requirements because design
stresses are based upon torque loadings, and fatigue 4-9.3.2 Cubic Mean Load
considerations are related to numbers of cycles when
loads are above the material endurance limits. Also,
drive system rotational speeds must be defined, particu- The sizing of bearings and the computation of bear-
larly for long shaft sections. The section properties of ing life, as well as a preliminary detcrinination of gear
the shafting must be selected so that no critical speed tooth compressive fatigue (Hertz) st ress. arc dependent
resonances occur within ± 10% of any operating speed upon the cubic mean load. This is because the compres.
of any setion of the shafting (see MIL-T-5955 and par. sive fatigue loading is related to both bearing life and
5-5). gear tooth surface durability approximately inversely

Horsepower is related to torque Qin lb-in, and rota- as the cube of the load.
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TABLE 4-4
RPM RANGE-TYPICAL SMALL HELICOPTER

TAIL
POWER-ON ENGINE DRIVE SHAFT TAIL ROTOR MAIN ROTOR

MINIMUM rpm 6,000 2,170 2,914 495
(1W00, N,)

MAXIMUM rpm 6,210 2.257 3,093 515
(104-o Np)

POWER-OFF

DESIGN
MINIMUM rpm 666 2.283 380

DESIGN
MAXIMUM rpm 2.486 3.407 567

TABLE 4-5
ENGINE HORSEPOWER-TYPICAL SMALLL: I ph (4-39)

TAKEOFF POWER 300 hp AT 6.000 rpm OR where
(5-mm RATING) 312 hp AT 6.240 rpm

MAXIMUM CONTINUOUS POWER 270 hp AT 6.000 rm OR = |
281 hp AT 6.240 rpmn281340 hp AT 6.240 rpm P, = power required at load

10-sec TRA*IENT 340 hp AT 6 000 PEm spectrum condition i4 hp

(MGT LIMITS PER P,, = max rated power, hp

ENGINE SPECS __ _, = ratio of time at load spectrum

*MGT -- MEASURED GAS TEMPERATURE condition i to total load
spectrum time, dimensionless

The cubic mean load Fmay be defined by the follow- By use of the small helicopter example of Table 4-6, the

ing equation: input cubic mean power would be approximately 270

TABLE 4-6

LOAD SPECTRUM-TYPICAL SMALL HELICOPTER

MAIN TRANSMISSION

CONDITION BEFORE TR* AFTER TR" TR GEARBOX, - TIME

DRIVE, hp DRIVE, hp hp

CRUISE 260 237 23 84

HOVER 270 244 26 5

AUTOROTATION 2 17 15 7

CLIMB 300 265 35 3.6

TRANSIENT 340 280 80 0.4

MANEUVER 150 0.01

"TR = TAIL ROTOR
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hp for the main transmission and 26 hp for the tail 4-9.3.4 Fatigue Loads
rotor gearbox. These loads are converted into torque Historically, most drive system failures of a serious
according to Eq. 4-38 and used for gear tooth sie and nature are caused by fatigue fractures. The following
bearing life determinations, list indicates some of the reasons for past service-.

Gear teeth must be designed for a balance between related fatigue failures:
surface durability and tooth bending fatigue loading 1. Consistent operation above specification torque
such that the gear teeth will, based on initial design limits (high stress/low cycle loads)
loads, have an infinite fife. Properly designed gear teeth 2. Stress raisers (notches) caused from tool marks
will have a surface pitting as their principal life-limiting and scratches in critical areas
failure mode. Gear tooth strength parameters and cri- 3. Undetected damage allowed to remain on the
teria arediscussed further inChapter 4, AMCP 706-202 aircraft; e.g., bullet or fragment damage, buckled drive
and Refs. 48-51. shafts from tail rotor strikes, and corrosion

4. Inadequate fatigue testing to establish realistic
4-9.3.3 Steady Loads component life5. Higher loads in critical areas than indicated by

Most drive system loads are fatigue-related dynamic stress analysis
loads. However; low cycle and static loads also must be 6. Metallurgical defects, resulting in reduced en-
considered. For example, crash loads on the mounting durance limits
system and ultimate loads on drive shafting should be 7. Quality control problems, e.g., section sizes less
established to account for brush, tree, grass, and water than minimum tolerance limits
strikes by the tail rotor. Mounting loads, in addition to 8. Assembly errors
torque-related loads, should include crash load factors 9. Reduced strength caused from overheating by a
in accordance with par. 4-5.3. previous malfunction; i.e., spinning bearing races,

Tail rotors add thrust and bending loads to the tail jammed bearings from loss of oil and overheating, and
rotor drive shaft that must be combined with the dy- excessive deflections
namic loads in determining endurance limits. Main ro- 10. Poor process control; e.g., grinding-burn cracks
tors may be supported so that the rmain transmission at gear tooth roots, loss of case hardness as a result of
components are unaffected by rotor lo.ds. If the rotor improper grind clean-up, hydrogen embrittlement
loads are reacted by the drive system, associated deflec- from plating, and chemical attack of critical surfaces11. Misalignment during mounting of accessories
tion effects must be considered, along with the normal 11. M ringsmounting of accessoriesman and drive shafts, causing excessively high alternatingload reaction design. Also, the integrity of the main bending moments.
rotor supporting structure is a critical parameter and
may require higher design loads than internal gearbox It can be seen that human factors are critical and
components so that autorotation is still possible in must be accounted for in order to attain adequatecompnens sotha autrottio is til posibl in fatigue lives or endurance limits.
event of an internal gearbox failure. Steady loads from Tiguel orlenduanc lts.

the se f rtorbraes lsomus bereatedthrughthe Torsional oscillations and alternating bending mo-
the use of rotor brakes also must be, reacted through the ments in drive shafts must be verified by and correlated
transmission housing. Par. 7-6.5 describes predesign with flight test strain gage data before new helicopters
considerations for rotor br,? -. become operational. This is necessary because some

Control system bell cranks and levers often are sup- reversed loading cannot be fully analyzed-such as tor-
ported from the drive system housings. Loads from the sional oscillations caused by engine fuel-governor servo
control system should be reacted adequately with a instabilities, combined loading from multiple load
minimum of deflection and with ar. adequate margin of paths, internal deflections, and rotor feedback oscilla-
safety. tions during various maneuvers and flight attitudes.

Some gearboxes have provisions for internal gearbox

jam-up protection by means of a shear-section struc- 4 Load Analysis for Typical
tural fuse that will open to permit maintenance of rotor Helicopter
speed. Careful consideration must be given to the de-
sign criteria for such components to insure that mal- The following subsystems, typical of single rotor-tail
functions do not occur under any normal operational rotor helicopter of small- to utility-size, are sufficiently
conditions of the aircraft, different to require specialized load analysis treatment:
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I. Main and taii rotor gearboxes normal may be required to account for the loads en-
2. Free-wheeling unit (clutch) countered from typical Army missions.
3. Limit loads, which are the maximum operational

SPiralnbevel gear stage static loads, for which permanent deformation is not
4. Planetary gear stage permissible, are higher than loads causing fatigue
5. Spur or helical gear stage stresses. For the small helicopter example, the limit
6. Main housing loads are:

7. Drive shafts and couplings. I. Thrust: 430 lb

4-9.3.5.1 Main and Tail Rotor Gearboxes 2. Angle of Thrust: 15 deg
3. Input Torque: 3260 lb-in.

Tail rotor gearboxes and most main rotor gearboxes. 4. Control System: 585 lb.
not only transmit torque with a change in speed and
direction, but also support and react rotor loads. These Typical small helicopter tail rotor gearbox loading
rotor loads must be cansidered during the predesign of diagrams are shown in Fig. 4-45. It can be seen that a
the gearbox and output gear shaft, complex set of loads, both steady and cyclic, must be

As described in par. 4-9.3.1, the rotor cubic mean reacted through the gear shafts to the housing via
loads must be determined for the aircraft mission spec- bearings and finally to the attaching aircraft struc-
tra. A typical thrust spe.;trum for a small helicopter tail ture. Gear shaft B, the tail rotor drive shaft. is the
rotor gearbox is showa in Table 4-7. most highly loaded element. and is frequently the

A cubic mean tail rotor thrust, derived from Table only life-limited part of the gearbox. A description of
4-7 and using Eq. 4-39, must be assumed to act in the loads from input torque T. and output torque T,.
conjunction with a mean transverse load. These thrust control loads P, and P2, and tail rotor reaction loads
and transverse loads act in conjunction with the design R7 and R, is shown in Table 4-8. A main transmission
torque spectrum. that supports the main rotor would have similar load

The output-shaft bending-fatigue loading also is af- characteristics to consider in its design.
fected by cyclic torques and loads from the rotor. For All the shaft loads described in Table 4-8 must be
the small helicopter example, a ± 150-lb cyclic load is An t the housingstrough th bearingsus a
applied perpendicular to the shaft centerline in con- combination ofa iand tr ou sings an.• uncionwit a yclc orqe o __450Ib-n.combination of axial and radial loads. Housing and
junction with a cyclic torque of ±450 lb-in, bearing deflections must be controlled to prevent addi-

Additionally, the shaft shall have a calculated criti- ti ng deflections at t h gena
cal speed margin of ± 10% of any operating speed of tionai loading from excessive deflections at the gear

any shaft section, as required by MIL-T-5955. Stati- mesh.
cally, the shaft should not take a permanent set from Gear tooth contact loads vary during the tooth meshtall, te saftshold ot tke pemannt et rom from sliding to rolling action. These loads result in
normal operating mission or handling loads. Small heli- fom sliding tomrolling ation. THerload t i
copter military missions, for example, frequently in- tooth bending, compressive fatigue (Hertz), and the

volve tail rotor strikes of various objects such as birds scoring or wear-producing pressure-velocity (P-V) fac-
tors. Values of P-V may be high enough to result in

"or tall grass, and the helicopter must be capable of tocsi war or scorin g unles ubtion !
'mission completion without excessive tail rotor vibra- provided. Deflections or geometrical errors causing less
tions. As a result, shaft stiffnesses that are higher than than optimum tooth pattet,-s may cause gear tooth

TABLE 4-7 contact loads to become unmanageably high. Excessive
TAIROOR HUT SLE4wear, causing short MTBFs and TBOs, will result int•, TAIL ROTOR THRUST SPECI'RUM-TYPICAL pormsinefcves.

Spoor mission effectiveress.
S H OField failures of the drive train have resulted in the

past from inadequate load analysis. Rotating beam4 • TAIL ROTOR THRUST SPE.CTRUM •LOH '
TT Ebending loads are especially serious if quality control

CONDITION THRUST. lh TIME, o problems also are present; e.g., stress raisers from poor

EXTREME MANEUVER + 390 0.3 machining, less-than-minimum sections, or heat treat-

I POWER OFF ment deficiencies.

MANEUVER + 230 44 Because all loads must pass through the gearbox
"INTERMEDIATE + II 77.4 housing and attachment lugs into the aircraft structure,
INT CRUISE + 70 17.9 redundant load paths should permit adequate struc-

__ -_, ___ rural integrity in the event of a loss of one load path,
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such as a mounting lug. The gearbox housing should be Other helicopter applications may require continu-
"designed to be strong enough to react crash loads with- ous overrunning when more than one rotational speed \ .

out either causing catastrophic results during flight or is used by the drive system. For example, the XV-3
injuring the crew during crash conditions. tilting prop-votor helicopter used a two-speed transmis-

It can be seen from the previous discussion that the %ion that required continuous operation of separate
loads applied to a tail rotor gearbox. or any gearbox free-wheeling units in either the helicopter or the high
that reacts rotor loads, combine- into a complex pattern
that is difficult to analyze. Although a complete analv-
"sis normally would not be performed during the also require one-way clutches so that free-wheeling can
preliminary design phase, the prin,:ipal static and dy- occur in the event of an engine shutdown. One-way
namic loads should be analyzed sufficiently to insure clutches usually are located in the high rotational speed
structural integrity within the selected size. weight. and areas, where torques are lower, for best weight and
performance of the drive unit. cost-effectiveness.

Both operating modes, drive and free-wheel, must
4-9.3.5.2 Free-wheeling Unit be considered during a load analysis because eachmode

Free-wheeling units are one-way clutches that trans- contributes different loads to the drive system.
mit torque in one direction, but that free-wheel in the I. Drive mode. The operating, or torque-transmit-
"opposite dir&tion. During autorotational flight they ting, mode transfers tangential forces by a wedging
allow rotor sA-ed to be maintained without the rotor action whereby the inner race and outer races are con-
airloads being required to drive the engine or other nected by sprags or rollers. Sprag-type clutches should
drive train components. be positioned and separated so that multiple load paths

TAIL ROTOR . %. .Y (15 FLAP) "

•:" T,
AIRCRAFT STRUCTURC

r A

S/ F .

P2

Fig. 445. Typical Tail Rotor Gearbox Load Diagram
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transmit torque equally at a precise wedging angle be- minimize power loss and lubrication requirements.
tween the races. The angle is selected so that at maxi- Sprags and rollers are controlled by springs so that
mum or limit torques the sprags will not go over center contact with the races should never be lost due to cen-
or slip. trifugal forces. This feature also insures engagement

when sudden torque is applied in the drive direction
In this mode, the following should be analyzed: and minimizes impact loads upon engagement. Normal

a. Surfrfce compressive fatigue (Hertz atress) of forces during the free-wheel mode must be low because
the races and rollers the differential speeds between inner and outer races

b. loop, stresses of the races are high. The heat generated by friction in the free-
c. Position of sprags or rollers at maximum wheeling mode must be stabihized to allow continuous

toad. or high-altitude autorotational clutch operations. Suc-

Extremely hard sprags or rollers and races are re- cessful one-way clutches require a lubrication system
quired to prevent brinelling and compressive fatigue and surface finishes adequate to maintain an oil film.
failures. Minimum case hardnesses of R( 60 and ade- Further information on overrunning clutches is in-
quate support by proper vore structures are required cluded in par. 7-6.
for the free-wheel components. 4-9.3.5.3 Main Transmission Bevel Gear

Both inner and outer races must be sufficiently rigid
to prevent excessive deflections under the high hoop
stress loads. Cases of free-wheeling unit failure have Par. 4-9.3.5.1 discusses tail rotor gearbox loads using
occurred when the sprags went over center because of a spiral bevel gear example for a small helicopter. This
excessive race strains. Bearing support and geometric paragraph deals with predsign concepts involving
accuracy must permit equal loading over the length of main transmission loads. Main transmissions typically
the sprags or rollers. Excessive end loading may cause differ from tail rotor gearsets in the following areas:
brinelling and affe-, the overrunning free-wheeling L. Wider range of speeds and loads
mode. 2. Wider tooth faces and higher tooth contact

2. Free-wheel mode. Successful one-way clutch ratios
operation is dependent upon a low coefficient of fric- 3. Larger reduction ratios
tion between the races and sprag or roller units to 4. More complex lubricazion systems

5. More critical tooth contact patterns

TABLE 4-8 6. Combined loadings (two gears on one shaft)
TAIL ROTOR GEARBOX LOADS 7. Ring gear mounting requirements

8. Bearing arrangements.
LOAD TYPES DESCRIPTION

F TANGENTIAL. GEAR 10O0TH STEADY ±OSCILLAYING Whenever drive train direction changes are required
Fr RADIAL, GEAR TOOTH RADIAL COMPONENT OF in aerospace applications, spiral bevel gears most likely

TANGENTIA L will be used. One common bevel gear system being usedFa XIL.GER OOH A XIAL IOMFONI:NI OF
TANGENTIAL. in aerospace applications has gear tooth geometry ar-

WS .. IOTATING iEAM S.EARF -•Arilý-U-16 { - --
W...T.TIN...A..S.ER.FATI.U4 ranged to achieve a balance in bending and compressive

IV ROTATING BEAM BENDING -- FATKLOE LOADS
b MAST-HEARATE ODSCLI 4 fatigue allowable loads and in gear tooth reaction loads

MAST SHEAR STEADY 4OSCILLATING

I S ENDING STEADY .OSLILLATING (radial and axial). The gear tooth geometry in many
To TORQUE REACTION LOADS STEADY ýCYCLIC - high-load applications considers tooth contact ratios

,FROM TAIL ROTOR, adequate to minimize gear noise. Gear tooth geometry
T5ORUE --A- CD LOADS
_f INPUT DRIVE, al;o can be adjusted to produce lower net loads for

P I& P C t- T'roOT -.. AfA, II. efficient bearing sizes and arrangements. Bearing radial
DEFLECTION LOADS

R - CTAILUBIC "EA• AVERA and thrust loads are deternoned by a vectorial summa-
TAIL 4 STEADY LOAD

R DRAG LOAD FROM ROTOR S•IEADY -,N(.LLDIN6- tion of the tangential, radial, and thrust loads produced
AND FPLANE AREA GUS! LOADS, by bevel gear geometry. When more than one gear is

s DYNAMIC iTLOADS supported by a bearing complex, all the vectors from
VIBRATION FRO RWALANCE
""AI toAPS each gear sy.item must be combined.
RESONAND FAROMOCITICAL S Trends indicate that input gear stages will be re-I 5EEDS AND HATWIONICS

MISALIGNMENT OF ROTOR quired to operate at higher and higher speeds in the
"JOUNTI(, future. The current state-of-the-art includes gear tooth
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peripheral speeds to 30,000 fpm. Dynamic loads at lems in past designs. Further information about this
higher speeds must be considered and analyzed in the type of installation is contained in Chapter 7.
preliminary design phase to insure feasibility. Damping Bearings should be arranged for the most efficient
techniques and/or a higher degree of tooth accuracy management of the gear load paths. Gears and their
also should be considered to minimize dynamic loads bearings should be designed as a unit to obtain the
at the higher speeds. optimum package. Manufacturer's recommendations

The trends are to employ gears of finer pitch with must be reviewed, understood, and qualified by the
larger contact ratios (more than two teeth in contact) transmission designer. It also is important that the
in order to provide quieter gears and higher allowable bearing manufacwurer understand the application as
loads. Wide tooth faces, approaching 33% of the cone fully as possible prior to making recommendations.
distance, require greater design and manufacturing ac- The bearing manufacturers can be relied upon to verify

=uracy to optimize tooth contact patterns at maximum the most efficient arrangements and bearing geometry
continuous powejý ratings. Pinions and gears normally for minimal deflections and optimum bearing life.
are straddle-mounted and supported so that deflections Anti-Friction Bearing Manufacturers Association
are minimal and consistent; however, overhung mount- (AFBMA) life calculations also may be used. Present
ing Arrangements can provide adequate stiffness. Tooth practice is to use computer programs to determine the
developments and gear cutting equipment must be able optimum bearing design.
to assure constant contact pattern control in produc-
tion. A gear tooth with a large contact pattern area is 4-9.3.5.4 Planetary Gear Stages
required to assure a load distribution compatible with Planetary gears are used commonly on the higher
calculated bending and compressive fatigue margins, torque output stages because the torque loading can be
With these controls, and with high quality gear materi- shared by multiple planet pinions. If six planets are
als that are carburized and ground properly, Gleason used, for example, gear tooth loads can approach one-
bending stress allowables in the range 35,000-40,000 psi sixth those experienced with a single mesh stage Much
and compressive fatigue (Hertz) values to 260,000 psi finer gear diametral pitches are possible, along with
can be expected durin3 the 1970s. smaller gear diameters. Generally, planetary stages are

Gear wear and scoring are functions of the load- more compact and potentially lighter, but at the ex-
carrying ability of the lubricant uscd. Latest state-of- pense of more complexity by virtue of the larger num-
the-art developments indicate that scoring and wear are ber of gears and bearings required.
related to the Ryder scoring index of the oils. The The arrangement of planetary drives most com-
Ryder scoring index is determined by a standard test monly used is the fixed ring type with the sun gear
procedure and reflects the load narrying capability of a driving and the planet carrier being the driven or out-
lubricant. Continuing improvements in the synthetic put member. This arrangement typically produces a
lubricants will result in continuing reductions in gear reduction ratio above 3.0 to I. Other arrangements of
wear rates. planetary drives have been used in helicopters to pro-

Bolt mounting of ring gears to gear shafts should duce reversed direction drive by fixing the planet car-
include an adequate number of bolts so that the fric- rier. Driving of the ring gear with a fixed sun is used
tional forces (from clamp-up) can carry the maximum when reduction ratios less than 2.0 to I are desired.
torque to eliminate potential fretting or erosion prob- A load diagram of a standard helicopter planetary
lems. Hole clearances and bolt head seating must be stage having a driving sun gear, a driven planet, and a
such as to preclude the possibility of only one or two fixed ring gear is shown in Fig. 4-46.
fasteners carrying the torque load. There have been The sun gear tangeiitial forces T, and the separating
several cases where bolt heads have popped as a result forces S, of all meshes, assuming equal load sharing,
of bending loads on the bolts. Best design practice al- will provide a balanced load condition on the stn gear.
lows only tensile loads in the mounting bolts, with The tangential load T, on the planet gear at its two
sufficient tension to permit the static friction forces to mesh points produces a resultant output load W, at
be higher than the highest expected transient load. The each planet equal to the sum of the applied tangential
static friction coefficient selected for the load analysis loads. The separating loads Sp are equal and opposite,
should consider oil-lubricated members and not dry resulting in a zero force at the output necessary for
coefficients of frictions. Some ring gears have been maintenance of planet gear tooth alignment and posi-
mounzý d so that splines carry the torque loads. How- tioning under load. A couple. resulting from twisting
ever, fretting corrosion from the working of relatively deflection, occurs a% a function of rigidity and the
flexible ring gear-, has been the cause of service prob- amount of off.set betwveen the planet pinion line of ac-
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Fi.4-4. Plaaeary ystm Load Diogram

tion and the torque reaction centerline of the output base without transmission jamming is an important

-. member. consideration for future predesign evaluations.
"Although planetary systems are the lightest and

most compact units for high-torque gear stages, their 4-9.3.5.5 Spur and Helical Gear Systems
design must provide for minimum component misa- The present state-of-the-art in helicopter and engine
lignment in order to attain a near uniform distribution spur and helical gear systems is documented in Refs. 52
of load on all planets. Development programs some- and 53. Also, AGMA and Aerospace Gearing Corn-
times are required to optimize gear tooth involute pro- mittee standards are well developed and should be used
file modifications in highly loaded systems. Tooth scor- in predesign gear tooth sizing and load determinations.
ing tendencies resulting from inaccuracies and and helical spur gears have been used for! S t r a i g h t a n h e i a s p r g a s h v b e n u d f o

deflections of the multiple gear meshes usually are con- primary transmission drives, while straight spur gears
trolled by proper balance of involute profile modifica- usually are used in tail rot ,r and accessory arives. The
tions. A small lead modification also may be developed use of spur gears that produce only radial and tangen-
to assure equal loading across the tooth taces. tial forces,'and require no provision for gear thrust

The floating sun gear requirement may present a loads, simplifies the design and assembly-disassembly
development problem on the spline drive if the angular procedures. Bearings may have a degree of axial free-
misalignment, spline length, and lubrication are not doam, thus requiring no preloading or shimming. The
correct. Fretting of the splines may result in short-life lack of thrust with spur gears permits mounting with
components. roller bearings, which provide higher capacity per

Cal .30 and .50 hits and loss of lubrication are more pound of weight. The weight of the gear, if mounted on
critical with planetary systems than others, as evi- a vertical shaft, normally can be reacted by the end
denced by battle statistics and test programs with cur- faces of the rollers. Ball bearings also can be used in lieu
rent U.S. Army helicopters. However, this problem has of a roller bearing if desired. In lightly loaded systems,
been alleviated by providing for a redundant oil supply such as accessory drives, ball bearings more commonly
in the original gearbox design. The ability to return to are used. A trade-ofT exists, however, because spur
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gears usually are noisy compared to single or double ness. The castings usually require minimum wall thick-
helical gear% with their higher tooth contact ratios. nesses of approximately 0. 188 in. to assure sound struc-

When loads are insignificant, such as in tachometer ture compatible with foundry practices. Because the
and lube pump drives, lightweight spur gears of lower minimum wall thickness is defined by these process
quality than the primary gear stages have been used in requirements, housings usually are designed conserva-
an effort to reduce cost. However, service experience tively for static strength, Fatigue loads on housings also
has shown that premature transmission removal and should be considered, particularly in the mounting lug
o~erhaul has resulted because of excessive accessory areas. Good design practices are required to minimize
gear tooth wear. This wear eventually may activate the deflections resulting from gear and bearing loads.
chip detection system or cause iron content levels in the Bearing reaction load paths are analyzed to assure
oil analysis to exceed prescribed limits. To be cost- adequate backup support structure. Experience has
effective, the accessory drive train should have ac- shown that some transmissions have had to be derated
curacy and hardness adequate to achieve a life at least because excessive housing deflections prevented devel-
equal t", and preferably longer than, the primary train. opment of gear tooth contact patterns suitable for max-

Hlelical gears are used commonly for high-horse- imum capacity. Efficient location of casting structure
p•,wer applications. The helical gear permits higher will permit low weight/hp t-ansmissions.
tooth contact ratios, resulting in a generally smoother The amplitudes and directions of the loads resulting
and quieter drive. The helical gear produces axial loads from the vectorial addition of tangential, anial, and
that are proportional to the helix angle, and these loads radial loads must be known to assure proper placement
must he reacted by the bearing arrangement and hous- of stiffening ribs. The load paths then can be directed
ing. to the transmission support structure in the most effi-

With the advent of practicable electron beam (EB) cient manner. Large, unsupported flat plate areas
welding techniques. (wo helical gears may be matched should be avoided to minimize gear deflections.
in a herringbone arrangement to eliminate or cancel the Gearbox mounting loads related to maximum design
axial loads that are characteristic of helical gear torques must be controlled to preclude failures. The
meshes. This method of manufacture dispenses with attachment fittings should be adequate to maintain
the center tool relief groove otherwise required for a support integrity in event of internal transmission fail-
one-piece herringbone gear. The herringbone arrange- ures. Extra margins are needed for those designs re-
ment also can be achieved with a two piece design. quiring transmission pylon support for rotor loads. The
Bearings for herringbone gears can be of lower capacity strength calculations for all mounting lugs and attach-
and simplified to accept only radial loads. This type of ments must consider rotor-induced fatigue loads.
mesh requires axial freedom of one member to the Crash loads must be specified and controlled so that

,0#,,- to permit equalization of gear tooth loads on the the transmission pylon does not tear loose and endan-
dk ,tle width gear, requiring the bearing of one gear to ger the crew. Impact loads must be considered when-
provide axial location and to react the weight of the ever the soft supports reach the end of their tr.,vel.
gear mesh. Simulated aircraft tests should be specified in the sys-

A trade-off of efficiency exists whenever spur, hell- tem specification to assure crash integrity.
cal. or double helical gears are used as idler gears, i.e., Transmission housings may be used to react some of
for positioning or control of direction of rotation. the steady and vibratory rotor control loads. Determi-
When an idler gear is located in a drive train, it is nation of the control load applied to the transmission
driven by one gear while it drives another gear. This is necessary for sizing of housing support areas. These
results in a load on the idler axis equal to the sum of loads, if pos-iible, should be based upon test data for
the loads of both meshes. For example, if the idler were similar aircr2ft. Again, excessive deflections may affect
i" line with the adjacent gears, the bearing loads on the control stability and/or gear performance.
idler would be double those of an equivalent single
mesh drive. Fig. 4-46 shows the same additive loading -

condition for planetary pinions. The paragraphs that follow treat gear shaft loads
that have not been discussed in par. 4-9.3.5.1. Refer-4-9.3,r).6 Main Housing Loads
ence also should be made to the detail discussions of

Helicopter transmission housings usually are con- pars. 7-5 and 7-6.4.
structed from aluminum or magnesium because of their Gear shaft loading, including aerodynamically in-
low den,ities and because a considerable portion of the duced loading, becomes perhaps the most complex
housing is sized to a minimum practicable wall thick- loading condition of the drive system. The tail rotor
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output gear shaft, as s' )wn in Fig. 4-45, is an example. quency, short unsupported shaft sections are suitable.
" * ) The loads are three-dimensional, are abalyzed in the x-, Bearing supports must be designed to senifloat so as to

y-, and z-directions; and then are combined vectorially prevent airframe deflections from inducing high loads
to obtain shear and bending moments. These combined on the drive shaft and/or bearings. If the shaft is de-
loads ultimately are absorbed as radial and axial loads signed to operate above the first critical speed, damping
through the bearings. A typical loading diagram, a of the shaft is required during runup of the aircraft.
shear diagram, and a bending moment diagram for the Helicopters using tail rotors also must use long drive
y-direction are shown in Fig. 4-47. They are for the shafts. These shafts initially are sized to carry the de-
output shaft shown in Fig. 4-45, and it can be seen that sign torque. Wind-up deflections can be large with
the most critical section occurs at the sharp change of these high length-to-diameter-ratio shafts and, with
diameter at the outboard face of the driven bevel gear. reversed loading also present, a dynamic analysis is
Similar diagrams are developed for the x- and z-direc- desirable to assure operation outside the torsional natu-
tion, and loads then are combined vectorially to deter- ral frequencies.
mine locations and magnitudes of the maximum corn- Combat experience on a typical scout helicopter mis-
bined loads. These loads then are used to determine sion has shown the need for an extra safety margin in
adequate strength at the critical sections. the shafting design due to tail rotor blade strikes on

Loads for the gear shaft should distinguish fatigue vat;ous objects and water. The high peak torsional
and static loading conditions. Failures normally occur loads transmitted to the drive shaft from blade impact
from fatigue loading and primarily from excessive loading have buckled or wound up some drive shafts,
rotating beam stresses. Drive shafts can carry steady causing a shortening or bending of the shaft. This re-
and cyclic torque loading, depending upon the configu- suits in a potential failure of the shaft or mating compo-
ration, and the cyclic loading may be as high as the nents for which this type of loading was not initially
steady torque. considered.

Drive shafts that connect gearboxes and the en- Stresses on drive shaft couplings are similar to the
gine(s) usually are designed to operate below or 1e- torsional stresses on drive shafts, except that couplings
tween two shaft critical speeds. Therefore, multiple also must absorb the reversed bending loads caused
drive shaft beariug supports usually are not required. from misalignments. These misalignments can be quite
For shafts operating below the primary harmonic fre- large when soft-mounted engines or transmissions are

involved. It is essential that the maximum operational
misalignment be known so that proper coupling types137 Ib272 I• 2680 Ib 85 can be selected. The maximum operational misalign-

ments must include the initial installation misalign-
ments, i.e., engin--to-transmission centerline offsets or

LOADING DIAGRAM "I nonpArallelism tolerances, as well as maximum values
FOR ")E y- | MOST of inflight deflections. These additive deflections must
DIRECTION CRITICAL not be above the limitations of the coupling design.

SECTION Whien couplings are short-coupled on relatively short
137 lb drive shafts, the designer must take care to align and

SHEAR.DIAGRAM..35 lb I minimize deflections properly. Types of couplings and
their respective capabilities are discussed in par. 7-6.

2815 Ib

4-9.4 CONTROL SYSTEM SUBSTANTIATION

lb-in.This paragraph describes the substantiation of the
helicopter control systems during the preliminary de-

3ENDING 09 lb-in. I sign. Methods to be used for the determination of the
DOMENT 9 096 b-i186 loads are presented for cyclic, collective, directional

lbiIAnA . and miscellaneous control systems, and the require-
ments for analysis and evaluation of the strength and
reliability of these systems arc outlined. The impact of

Fig. 4-47. Loading Diagram for y-Directon system failure also is discussed.
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4-9.4.1 Control System Description rotor shaft by a spline and is attached to the swashplate
edge with a ball and socket connection. Two hinges

Helicopter cockpit controls typically consist of a accommodate variations in swashplote height and tilt.
floor-mounted cyclic pitch control stick, a collective Attached to the circumference of the rotating swash.
pitch control stick, and directional control pedals. In plate are the pitch links, one for each rotor blade. The
helicopter configurations having a single main rotor upper end of the pitch link is attached ,o the control
and a tail rotor, vertical control is obtained by the horn of the blade. The pitch links impart a pitch motion
collective control system, lateral and longitudinal con- to the rotor blades, controlling the angle of attack of the
trol by the cyclic control system, and directional con- blade and the magnitude and direction of rotor thrust
trol by the tail rotor control system. The collective (Fig. 4-50).
control system consists of a series of push-pull rods, The position of the swashplate determines the height
bell cranks, and brackets that carry the pilot-applied of the pitch link relative to the blade and, consequently,
control force from the collective stick (which is located the pitch angle of the blade. Raising or lowering the
on the left side of the pilot's seat convenient to the swashplate parallel to the rotor shaft centerline raises
pilot's left hand) to the root of each main rotor blade. or lowers all pitch links and changes the angle of attack
Vertical control is obtained by feathering each main of all blades simultaneously. This is known as collective
rotor blade by an equal amount. control input. Tilting the swashplate results in a pitch

The cyclic control slistem, in order of force transmis- link height that varies on a sinusoidal basis with a cycle
sion, consists of a floor-mounted cyclic stick (operated of one rotor revolution. Changing the angle of attack
*by the pilot's right hand); a series of push-pull rods, bell of the blades in this manner is called a cyclic pitch
cranks, and brackets to the swashplate on the drive change. As illustrated in Fig. 4-51, a cyclic pitch
shaft; and push-pull rods from the swashplate to the change alters the direction of the rotor thrust vector
rotating rocker arms that are connected to the roots of while a collective pitch change alters the magnitude of
the main rotor blades. Lateral and longitudinal control the vertical component of rotor thrust. To obtain ac-
is obtained by tilting the swashplate, causing cychic ceptable feel and force levels at the cockpit controls
feathering of the main rotor blades and tlus tiltip% the may require power boost snd/or isolation of the lower
main rotor disk plane in the direction of the desired control system from rotor-induced loads. Conventional
motion. A typical control system is shown schemati- mechanical control systems are categorized by the de-
cally in Fig. 4-48. gree of mechanical influence in the system. Each of the

In the case of tandem-rotor helicopters, the cockpit system types illustrated in Fig. 4-48 is discussed in the
controls are unchanged, but the necessary control mo- following paragraphs:
ments are produced in a different manner. Longitudi- I. TYPE I. Mechanical flight control system. A
nal control is produced by differential collective pitch reversible control system wherein the cockpit controls
of the fore and aft rotors, while lateral control is ob- are linked mechanically by a series of rods and bell
tained by cyclic feathering of the blades of the two cranks directly to the control horn of the rotor blade.
rotors and tilting of both thrust vectors in the same Such systems commonly include bungee capsules to
direction simultaneously. react control loads that are too high for pilot reaction.

A typical system of upper controls is shown in Fig. A diagram of a bungee capsule is shown in Fig. 4-52.
4-49 primarily to identify terminology. There can be 2. TYPE I1. Power-boosted flight control system.
much variation in the configuration details of upper A reversible control system wherein the pilot effort,
control systems, but they are similar in concept. which is exerted through a set of mechanical linkages,

The stationary swashplate, which encircles the rotor is boosted by a power source at some point in the
shaft, is nonrotating and has three degrees of freedom: linkages.
vertical translation, lateral tilt, and longitudinal tilt. 3. TYPE III. Power-operated flight control sys-

A rotating swashplate ring rests atop the stationary te3. An irreversible control system wherein the pilot,

swashplate ring and is separated by a thrust bearing, through a set of mechanical linkages, actuates a power
The rotating swashplate is driven by a linkage to the control that in turn moves a linkage attached to the

rotor shaft and rotates with the rotor system. The rotat- control horn of the rotor blade. I areversibility results

ing ring has the same degrees of freedom as its station- from the isolation of each end of the system from the
ary counterpart and follows all motions imparted to the loads applied at the opposite end.
stationary ring on a one-for-one basis.

The linkage that drives the rotating ring is referred The helicopter control system also may incorporate
to as the drive scissors. It normally is affixed to the a stability augmentation system (SAS). A typical SAS
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UPPER ROTATING
CONTROLS Z

TYPETP II

UPPER STATIONARY CONTROLS

LOWER CONTROLS

fi 4-48. Typal Mai Rotor Control System Seb•ematic

consists of a sensing gyro, an -lectronic control pack- tional control pedals must be mixed with the lateral
age, and an extensible link in the mechanical portion of motion of the cyclic stick to control the positions of the
the control system for each helicopter axis to be stabil- two swashplates.
ized. 1Te SAS opposes, with limited authority, any
transient motions of the helioopter about the stabilized 4-9.4.2 Desription of Load Sources and
axis. The extensible links are iastalled in push-pull rod Reacions
locations between the cockpit and the hydraulic boost
actuators. The primary control loads on a helicopter are aero-

Directional control of the single-rotor configuration dynamic and dynamic, and they originate in the sys-
is obtained by feathering each tail rotor blade by an tems in which blade angle of attack is being controlled.
equal amount. The pilot applies the control force to Main and tail rotor blade pitching moments are fed
foot pedals, and the force is transmitted through cables back into the control system through the pitch links.
or push-pull rods to the tail rotor gearbox. A linkage While performing their primary function of position-
carries the force along or through the output shaft to ing the blades, the pitch links also must react the blade
the tail rotor. A typical tail rotor control is shown torsional moments. The magnitude of this load on the
schematically in Fig. 4-53. pitch link ic a function of the blade pitching inertia, the

In the tandem-rotor helicopter, directional control is blade torsional moment, and the normal distance from
produced by lateral tilt of The rotor thrust vectors in the blade pitch axis to the pitch link. In the unstalled
opposite directions. Thus, the motions of the direc- flight regime, the harmonic content of the alternating
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portion of the pitch link load is primarily one/rev as The periodically varying pitching moments about
shown in Fig. 4.54, the blade feathering axis feed back into the control

Blade moments arecaused by inplane movement of system (see par. 6-3). In the case of main rotors, the
the blade center of pressure (CP) away from the feath- reaction divides between the collective and cyclic sys-
"ering axis. These movements may be caused by acrody- tems. Tail rotors have no cyclic system and hence their
namic CP shifts or by inplane deflections of the blade collective system must react the entire feedback load.
"due to Coriolis forces and aerodynamic drag. Also, By considering the parts of various control systems.
blade flapping will cause feedback loads in systems including the pilot and the controlled element, the
where 83 (mechanical coupling between the blat pitch sources and reactions of loads are determined. The path
setting 0 and flapping angle 13) is provided. As the of the pitch link loads is through the body of the pitch
blade flaps in such systems, blade pitch angle also must links into the attachment lugs of the rotating swash-
change and the pitching inertia of the blade must be plate ring. The rotating ring also is loaded by the drive
overcome. Upon the inception of moment stall, a scissors. The steady force required to drive the rotating
higher frequency loading occurs over a portion of the controls acts tangentially to the rotating swashplate.
rotor cycle. This load, resulting from a torsional blade Except for friction losses, ali loads are transferred
oscillation, occurs when the blade is located at approxi- through the swashplate bearing to the stationary con-

mately 270 deg azimuth. A typical stalled pitch link trols below. Loads on the stationary swashplate ring as
wavefonn is shown in Fig. 4-54. well as on the individual control linkages can be cal-

ROTOR BLADE

. STATIONARY SYSTEM A'

ROTATING SYSTEM 7

PITCH HOUSING

ROTOR SHAFT CONTROL HORN

DRIVE SCISSORS

PITCH LINK

"~ - ROTATING
SWASHPLATE RING

UPPER BOOST
ACTUATOR

- SATONRYUPPER BOOST
STATIONARY ACTUATOR-I SWASHPLATE

LONGITUDINAL R

SUPPORT SYSTEM

Fig. 4-49. Typical Upper Cumtrol System on Aft Rotor of a Tandem Helicopter
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f IF,. 4-50. BlIe Pitch Motion for Fully Articulatei Rotor

culated as a function of pitch link loads. Swashplate integer multiples of the number of blades and will be
thrust loads are obtained by summing the pitch link the same frequency as the integer multiple of the num-

jloads with the proper phasing. Swashplate moment in ber of rotor blades.
the fixed system may be obtained by calculating mo-
ments due to the pitch link loads about the lateral and 4-9.4.2.1 Trim Actuators

longitudinal axes. The loads reacted by the individual Trim actuators are introduced into a system to give
control linkages also are determined in this manner. the pilot force-feel and to allow centering of the stick

The loads generated by the drive scissors and carried to trim out CG and airspeed effects. These actuator

through the swashplate bearing by friction are rela- utilize a spring(s) to provide the required trim force.

tively small. Because they are in the plane of the swash- Because the pilot must work against the trim spring,
plate, as opposed to pitch link loads that act 90 deg some of his effort will be reacted by the trim unit. The
out-of-plane, they need not be a primary consideration spring forces must be sufficiently light to permit hover-
in these calculations, but some provision must be made ing control. The maximum load that the trim device

to react them to prevent rotation of the fixed controls. will be required to react is equal to the maximum spring
The harmonics of stationary swashplate loads are a deflection multiplied by the spring rate.

function of the number of blades in a rotor system and
the harmonics of the pitch link load. Alternating thrust 4-9.4.2.2 Rate Restrictors

on the stationary swashplate can result only from pitch In systems in which rapid pilot stick movement can
link load frequencies of integer multiples of the number result in excessive loads, restrictors sometimes are in-
of blades. The alternating thrust will be of the same stalled to limit (by hydraulic means) the rate at which
frequency as the pitch link load frequency. Alternating the pilot can move the controls. Load absorbed by this;
moment on the stationary swashplate results from type of mechanism is a function of the velocity of stick
pitch link frequencies of one greater or one less than motion.
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4-9.4.2.3 Hydraulic Boost ever, some or all of the steady loads may be fed back
to the pilot.

When designing a boosted control system (Type II),
pilot effort must be added to the hydraulic effort to 4-9.4.2.4 Power Systems
obtain the highest load in the system between the blade A power system (Type III, hydraulic or electrical)
and the actuator support. Irreversible features, which is one that applies and reacts all of the load to the con-
react vibratory load from the conmrolled components, trolled component. The pilot moves a servo-mech-
may be added to the boost system. In this case, vibra- anism, valve, or rheostat. Redundancies are necessary
tory feedback loads are not reacted by the pilot. How- in the hydraulic or electrical portion of these systems
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to allow for possible system failures. Division of the the vibration to be isolated (usually b/rev, where b is
" load between primary and backup systems must be the number of blades). The spring may consist of a strip

considered during the design of powered control sys- of spring steel of proper length, with the appropriate
terns. mass fastened to the free end to provide the required

frequency. When this isolator is mounted at a pivot
4-9.4.2.5 Stability Augmentation point ia the control system where it is excited by the

Stability augmentation systems are designed to have undesired frequency, it will vibrate in response and
a particular "authority" to control the system. In the hence will "absorb" the troublesome vibration. Such an
case of a system containing extensible links for output, isolator is effective only against vibrations very close to
these links must be capable of reacting loads on the its own natural frequency. Therefore, its usefulness is
same basis as the push-pull rods they replace. questionable if the rotor speed, and hence the vibration

frequency b/rev, varies significantly (> ± 1.5%).4-9.4.2.6 Vibration Absorbers

It is possible to install dynamic absorbers in uniso- 4-9.4.2.7 System Stops
lated (Type I and Type II) control systems to provide Stops are located at various places in the system to
isolation of vibratory forces being fed back from the prevent overtravel and subsequent jamming, or inter-
rotor system. A typical isolator is a spring-mass system ference, of moving parts. One set of stops usually is
having a natural frequency equal to the frequency of chosen to serve as the primary point at which system

rigging takes place. The stops react control system
loads only under specified conditions in which maxi-

== TENSION ADJUSTMENT mum control displacements are required.

4-9.4.3 Determination of Loads

RETAINING RING Limit pilot effort loads given in Table 4-9 shall apply
ATTACHMENT in control system design. These loads shall be dis-

LUG ,tributed through the system to the point of irrcversibii-
ity and are to be applied with the pertinent cockpit

,I control in any position within its limits of travel. For
the design of dual-control systems, 75% of the pilot-
applied load shall be applied, in the same direction or

SPRING in opposition, simultaneously at each control station.
When duplicate or redundant control circuits are em-
ployed, the control system loads shall be applied to
each system separately with the other system discon-
nected.

RETAINING RING Beyond the point of reversibility, either the boost-
plus-pilot-effort loads, power unit loads, or feedback

SSHAFT loads shall apply for design, depending upon the type
of system and the magnitude of these loads. However,
the loads specified or calculated for a control system
are not necessarily the final criteria for preliminary
design. The combined stiffness of the blade and control
system required to avoid rotor instabilities, including

ADJUSTABLE LENGTH flutter and weave, should be considered. Preliminary
ROD ENO sizing often must be based upon required stiffness

rather than on load.
Various techniques are used for the prediction of

control system loads. The loads in the upper control
system can be related directly to the pitch link loads.
The pitch link loads in turn can be related to the loads
on and the responding motions of the rotor blades.

Fig. 4-52. Typical Buae Capule Control load calculations, therefore, are related to the
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blade load determinations discussed in par. 4-9. 1. Such The procedure for determining blade control loads
methods are suitable at least for the prediction of pitch begins with the computation of flapwise response. The
link loads in unstalled level flight, resulting flap motions then are used in the chordwise

The complex analytical methods required to corn- response determination. (Coriolis loads are a result of
flap motions.) Lastly, these results are inputs to the

pute preliminary control system design loads are han- program used to determine torsional response. In turn,
died best through computer studies. Fig. 4-55 presents the pitch link loads about the feathering axis are com-
"an outline of a computer method that is related directly puted.
to blade airloads. Details of control load analysis are Portions of the control system that rotate must be
beyond the scope of this handbook becaus, of the many oriented in the proper position whet. distributing load.
detail differences in systems. As an example, a swashplate is a type of cam that will
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Fig. 4-54. Pitch Link Load Waveform

4 distribute load sinusoidally. At certain azimuthal posi- The second is considered only a- a ground h,•-'
tions, no load is transmitted. A rational orientation of condition (par. 4-9.2.4.3).
the entire system is required as load distribution pro- Mach instability results froi blade tip speeds ap-
"gresses. proaching the speed of sound. As Mach I is ap-

Main rotor control loads usually are mixed at some proached, the airflow across the blade is distorted,
"point in the system, i.e., cyclic and collective loads as changing the relationship between the center of lift and
in Table 4-9 are mixed above the swashplate to obtain the pitch axis and producing a torsional moment of
the loads to be applied to the blade pitch control horn. one-half/rev frequency. Accurate predictions of the
In the single main rotor/tail rotor configuration, there critical Mach number and the magnitude of pitch link
is no need for a mixer in the directional control system. loads during operation a! that Mach number are not
In tandem-rotor systems, where directional control is within the present state-of-the-art. Some production
obtained by differential lateral cyclic control of the fore helicopters currently are operating at Mach numbers as
and aft rotors, loads from the cockpit cyclic, collective, high as 0.96 with no apparent problems, while Mach
and directional controls must be combined, instability has been osberved on other helicopters oper-

Other load-producing phenomena that warrant ating in the same Mach number region. This apparent
identification are Mach instability and droop stop discrepancy may be a result of differences in airfoil
pounding. The first of these normally is not considered design.
in detail during preliminary design of a control system. Droop stops are provided to limit the downward
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travel of a horizontally hinged rotor blade and to pre- can be magnified by the influence of external forces,
vent blade-fuselage contact during ground operations such as the rotor downwash of an adjacent helicopter. \.
When the hub arm hits the droop stop, the resulting To allow for this type of situation, a load factor of 4.67
conm.ition is referred to as droop stop pounding. If the is recommended. Experience has shown this to be a
CG o, the blade is not coincident with the blade pitch reasonable value for a droop-stop-poundirg limit load.
axis, the inertia of the blade at impact will cause a Because of the varying flat plate area or lift-to-weight
pitching moment that must be reacted by the pitch link. ratios that exist in blades of different construction,

Definition of those maneuvers that generate high other load factors may be equally rational An applica-
fatigue loads in the control system is difficult. Experi- ble limit load factor must be established rationally for
ence has shown that the maneuvers themselves nor- each blade design and assessment must be made of the
really do not produce fatigue loads of significant mag- impact upon control loads.
nitude. For example, a maneuver conducted at one
altitude sometimes will produce much higher loads 4-9.4.5 Miscellaneous Controls
than an identical maneuver at another altitude. Ma- Miscellaneous controls-such as those for the engine
neuvers are critical when they prematurely induce the throttle, landing gear retraction and extension, rotor
load-producing phenomena discussed previously, brake, fuel shutoff, and parking brake-shall be de-

signed for limit pilot loads ranging from 150 lb (cranks,
wheels, or levers) to 133 in.-lb (twist grips) for the

Criteria pertinent to ground loading of controls are desired range of control forces as listed in MIL-STD-
very limited. MIL-S-8698 specifies wind loads on un- 1472.
secured helicopters. Even these criteria must be inter- 4-9.4.6 System Failure Effects
preted to define the combination of steady and gust
winds necessary to derive realistic design loads. The impact of system failures upon design loads

There are various ground load situations that can should be considered during the preliminary design of
generate control system loads. The most obvious is a control systems. If difficulty in predicting operating
wind-induced torque moment on the blade, and MIL- loads is experienced due to system complexity or lack
S-8698 provides the criteria for this situation. The of experience with a given mechanism, conservative
wind should be considered to act upon the blade at the factors should be introduced into the loading analysis.
angle that results in the greatest pitching moment. Another technique that can be useful in satisfying sys-

Control load i resulting from the weight of the blade tem requirements is to incorporate redundancy.

TABLE 4-9
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Fig. 4-55. Block Diaam, Control Load Determination

It is not sufficient to design against traditional sys- at the next convenient inspection period, failure of an
tern failures such as static, fatigue, or jamming. Lack individual part'should be recognizable so that it can be
of system stiffness also will promote failure because the replaced.
controls are only a pert of the rotor dynamic system.
Rotor weave and similar instabilities are caused by 4-9.4.7 Control System Substantiation
"spongy" control of the blades.

Dual hydraulic systems are required when a control This paragraph discusses the initial sizing and sub-
cannot be pilot-actuated following a single hydraulic stantiation of control components during preliminary

system failure. design. It is important, for purposes of this discussion,
Fail-safe methods should be used where practicable. to identify preliminary design as the period before parts

In this case, failure of a critical member shifts the entire have been fabricated and hence neither bench test nor

load to another remaining member; therefore, the full flight test data are available. The analyst thus must rely
design load and required stiffness criteria also are appli- upon past experience, structural criteria, and predicted

• cable to the redundant part. At the time of a failure, or loads.
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The sizing of control components is a matter of ground conditions, such as high winds or during main-
equating strength to load, The design loads are gAene- tenance functions, also should be considered during
rated from structural criteria, the resultant stresses are preliminary design. K.
determined by analysis. and the design stresses then are
comparcd with allowable stresses. An iterative process 4.9.4.7.1.1 Static Design Load
continues until a favorable balance between design and The initial '.aep in sizing an element in the control
allowable stress is achieved. The maximum anticipated system is th: identification of the applicable critical
static loads (limit loads) are evaluated against the mini- load(s). Each load or combination of loads required by
mum expected yield strength to verify that no struc- the criteria is applied at the applicable cockpit con-
tural yielding can occur. In .,ddition, the maximum trol(s) and reacted at the system isolation point. The
anticipated static load is multiplied by a safety factor, loads and reactions upon each element of the control
and the structure is evaluated against minimum ex- system are determined from statics (equilibrium of
pected ultimate strength to verify that no failure can forces) and control system geometry. The most adverse
occur. A s!ructural evaluation of the effects of alternat- (highest load) position within the possible travel is as-
ing (fatigue) loads also is conducted. In the case of sumed.
fatigue loads, both the magnitude of str'ss and the The critical element load for each possible failure
number of cycles of stress are important. Each cycle of mode is identified from the described load study and a
alternating stress above the endurance stress level is free-body diagram then is drawn. This process is re-
damaging to the structure. After exposure to many peated for each element in the control system to deter-
cycles of fatigue stress, it may be necessary to retire mine the maximum loads for each loading condition.
components from service to preclude fatigue failure. While push-pull rods usually are critical in tension or
The prediction of the fatigue life is a more complex task compression, bell cranks and bolts may be critical in
than the evaluation of a single maximum static load. bending. Therefore, loadings for each possible failure

The control load criteria and basic loads are dis- mode must be established.
cussed in pars. 4-9.4.3 through 4-9.4.5. Analysiý meth-
ods are found in textbooks and in contractor design 4-9.4.71.2 Analysis
manuals. Static strength allowables for metals are Stress, deflection, or stability for each of the possible
found in MIL-HDBK-5 (nonmetals are not common in failure modes must be determined by analysis. For ex-
control systems). ample, for a push-pull rod, tension stresses are deter-

Fatigue design allowables are not documented mined in the section through the bolt hole in the rod
widely, primarily because of the many factors that af- end, at the minor diameter of the rod end threads, and
fect material fatigue strength. Fatigue life determina- at the major diameter of the threads in the barrel of the
tion is discussed in detail in par. 4-1I. rod. The shear-bearing failure mode of the rod end alco

Preliminary design of fatigue-critical control compo- is evaluated. The rod then is analyzed for the maximum
nents does not eliminate the necessity of a bench test compression load, particularly for column instability.
program to determine actual fatigue strength; the vari- Structural failure normally is associated with a con-
ables affecting component fatigue life demand bench dition where the applied stress exceeds the strength of
testing. However, if an expected level of fatigue ',ife is the material, leading to breakage. Another classical
to be achieved in test, a thorough preliminary design mode of failure is structural collapse or instability
evaluation is required. Close attention to the character- Such failures cannot be predicted by knowing the stress
istics of fatigue during preliminary design will mini- in the member but rather depend upon geometric fac-
mize the necessity for subsequent redesign. tors and material stiffness. Expressions for the critical

or column failure load for columns with different end
4-9.4.7.1 Lower Controls conditions and nonconstant cross sections, may be

The lower controls arc a system of mechanical link- found in Refs. 22 and 46. Derivations of these expres-
ages from the pilot to the control system isolation point sions can be found in Ref. 54.
(par. 4-9.4.1). Criteria relating to pilot-applied loads Structural analysis also includes consideration of
normally dictate the size of the lower controls. The deformation. Evaluation of control system deforma
design loads (Table 4-9) are based upon the physical tions may be required to assure adequate clearance for
limits of a pilot and are much larger than the forces moving parts and to optimize the stiffness of the con-
normally required to operate the system. They seldom trols. The interaction of control system stiffness and
are encountered and hence are considered as static rotor blade performance is discussed subsequently. Ap-
loads. Possible control system loads resulting from propriate expressions for deformations due to axial
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load and transverse loads as well as solutions to beam 4-9.4.7.2 Rotating and Stationary UpperJ deflection problems for numerous end conditions and Controls
loading combinations are tabulated in Ref. 46.

Another consideration during preliminary design is The rotating and stationary upper controls usually
structural resonance. Structural collapse can occur if a are sized by alternating loads, i.e., by fatigu., considers-
structure is subjected to vibratory loads near the natu- tions. The effects upon the control syl' -m of peak static
ral frequency of the structure', thus the natural fre- loads during the extreme, but seldom encountered, ma-
quency of control components should be well separated neuvers and during ground conditions must be evalu-
from rotor and drive system frequencies. Ref. 55 is one ated. However, control components normally are ade-
of many texts that present the fundamental equations quate for ultimate design loads if they have been sized
pertinent to the investigation of structural resonance. to withstand the periodic (alternating) loads occurring

4.9.4.7.1.3 Material Allowables during each rotor revolution for the numbers of cycles
accumulated during the design fatigue life.

MIL-HDBK.5 contains the standards of strength The criteria for determining the magnitude of the
and stNness properties of metals commonly used in design alternating loads are not covered specifically in
control systems and also contains allowables for fasten- the applicable specification (MIL-S-8698). The intent
ers and, to a degree, the strength characteristics of of the specification is to minimize the possibility of
structural elements such as tubes, fatigue failure and to provide a minimum of 1000 hr of

Test coupons of a given metal exhibit small varia- service life. However, preliminary design objectives for
tions in strength and stiffness properties. The statistical current Army helicopters well exceed the 1000-hr mini-
significance of this scatter is included in MIL-HDBK-5 mum life requirement.
data. Strength information is classified statistically Control loads experienced by a helicopter can be
while stiffness data are average values; MIL-HDBK-5 regulated by such factors as speed, gross weight, and
"A" or "S" values are recommended. An "A'" value is maneuvers. However, design loads related to rotor stall
a strength level expected from 99% of the material with may be used to initiate preliminary design because
a confidence level of 95%, while an "S" value is a stalled conditions are a practicable limit.

. material specification minimum. In the event that
MIL-HDBK-5 or other approved sources do not con- 4-9.4.7.2.1 Alternating Design Loads
tain the required allowable stress, the values used for
analysis shall be justified or validated by the designer. The detailed fatigue analysis of a control component

requires an understanding of the magnitude and fre-
4-9.4.7.1.4 Margin of Safety quency of the alternating loads in relation to the in-

The margin of safety MS is the numerical expres- tended use of the helicopter. For example, the magni-
sion of the balance between design stress and allowable �ude of the alternating pitch link load at a given densitySimply stated, altitude typically varies as a function of gross weight

and airspeed.
Fig. 4-56 shows typical pitch link loads at a common

S= Allowable Stress - ! (4-40) density altitude for two gross weights as a function of
Stress due to Design Load airspeed. Considering only the loads shown in Fig. 4-

56, the required pitch link fatigue strength is dependent
upon the amount of time the helicopter spends at each

When the margin of safety is zero, or has a small posi- weight and at the various airspeeds involved.
tive value, a desirable balance between allowable and The curves in Fig. 4-56 are for steady-state level
design stresses has been achieved. If the design is good flight conditions; the load shown is the unstalled alter-
fundamentally, small positive margins imply a mini- nating load of Fig. 4-54(A). Operating the helicopter at
mum-weight structure. Zero margins rarely are different density altitudes will result in different pitch
achieved because of material and design constraints, link loads at each gross weight.

Margins of safety are determined for both design The introduction of control displacement% to accom-
limit and design ultimate 'oads and stresses relative to plish helicopter maneuvers will cause alternating pitch
allowable yield and ultimate stresses, respectively, at all link loads to increase above the steady-state value dur-.
critical locations for all control components. These ing all or portions of the maneuver. The magnitude of
margins shall be tabulated for ease of review and evalu- this increase will be related to the type, duration, and

* ation. severity of the maneuver.
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It is apparent that the analytical determination of 3. Component material (steel, aiuminumor com-
pitch link loads for all altitudes, gross weights, rotor posite)
speed, and airspeeds in level flight and in maneuvers 4. Desired growth potential (possible new airfoils). .
is impracticable. Measured flight loads covering these No single factor can be recommended for all helicop-
variables ultimately will be required for the final deter- ters. Experience with helicopters of similar configura-
mination of component fatigue life, but for preliminary tion is the best guide. It is doubtful that any factor less
design a single alternating load is preferable and is than 1.2 would prove adequate.
available. The state-of-the-art is such that pitch link Because the pitch link alternating load is fundamen-
loads for steadystate fight conditions can be predicted tally a one-per-rev load, the number of cycles of alter-
adequately even into the blade stall region (par. 4- nating load accumulates rapidly. For example, if the

* 9.4.3). helicopter operates at 300 rotor rpm, the pitch link
Fig. 4-57 displays the significant features of a pre- experiences 18,000 load cycles per flight hour, or 18 X

dicted alternating pitch link load as a function of air. 106 cycles in 1000 flight hours. Therefore, to provide
speed. The blade stall region is identified by sharply an acceptable fatigue life, it is imperative that the level
Sincreasing pitch link loads, together with an increase tin flight pitch link loads be below the endurance limit for

e c o t i i rthe part. Hence the pitch link should be sized for infi-frequency due to the introduction of higher harmonics e life, i.e., design load endurance limit, at the
of rotor speed, as seen in Fig. 4-54(B). design pitch link load.

The helicopter level flight structural envelope nor- d

mally is limited to airspeeds at or only slightly beyond 4-9.4.7.2.2 Static Strength
the inception of blade stall. This is because of the rapid In addition to the requirement to provide adequate
rotor load increase with small increments of speed fatigue strength, the capability of the rotating and sta-
beyond this point. Maneuvers conducted within the
flight envelope usually result in loads higher than the tionary upper controls for the extreme maneuver and
level flight values, due to the fact that, during the time ground-handling load conditions must be evaluated.
that the maneuver is producing positive accelerations, The design limit load for the extreme maneuver may bederived by multiplying the maximum level flight pitchthe helicopter is effectively at a higher gross weight. link load (steady plus altenating) by a factor approxi-

The design load for the pitch link, and from it the
load in other upper control components, may be based mately equal to the design load factor for the helicop-

ter. The rotating and stationary controls should beupon the load predicted at the inception of blade stall, e. Terttn n ttoaycnrl hudevaluated for these loads in the same way that the lower
The predicted load, increased by an experience factor, controls are evaluated for pilot-applied loads (par. 4-becomes the design load. The factor will vary with:1. Cnfiuraton tandm o sinle)9.4.7.1).1. Configuration (tandem or single) The hydraulic force required of the boost actuators

2. Utilization (maneuver spectrum) is determined from the loads during maximum maneu-

HEAVY GROSS 4WEIGHTI
W 2E

LIHTROSS WEIGHT

AIRSPEED V. kt

Fig. 4-56. Altenmating Pitch Link Lead vs Airspeed
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ver conditions. The hydraulic actuator system must ated and controlled to optimize rotor blade perform-
have sufficient pressure and piston cross-sectional area ance. The requirements for control system stiffness
to provide control capability (to change blade pitch) should be established early in the program and pro.
under these maximum load conditions. Boost systems vided for in the preliminary design phase.
powered by other than hydraulic means also must func-
tion in the presence of these maximum loads. 4-9.4.7.3 Structural Concepts

4.9.4.7.2.3 Stiffness Requirements The majority of helicopter control components in

The proper functioning of the control system is de- existence foday are safe-life designs. The safe-life

pendent not only upon strength, but also upon stiffness, method predicts the fatigue life of a component analyti-
The fundamental equation of dynamic motion for a cally, using component fatigue strength as determined
-simple spring-mass system as shown in Fig. 4-58 is by test, fatigue loads as measured in flight, and the

anticipated utilization of the vehicle in service. Fatigue
1_ + KO (41) life determination is discussed in par. 4-11.

A fail-safe structure is one in which an obvious indi-
cation of an impending structural failure is provided

where and can be detected in sufficient time to preclude a

I = mass moment of inertia, slug-ft2  catastrophic situation from developing. Fail-safety is a

o= pitch angle, rd structural concept that will receive increased attention

= angular acceleration, r in the next generation of helicopter control systems.
Some examples of fail-safe design are:K = spring rate, ft-lb/rad

Eq. 4-41 and Fig. 4-58 represent a simplification of I. Redundant load paths. Either of two load paths
the actual case, with both damping terms and forcing can carry the required flight loads safely for the dura-
functions omitted. Also, K repreaewts the total tor- tion of the inspection interval. Regularly scheduled in-
sional spring rate of the systenm, which comprises the spections must be adequate to detect fdilure and actu-
spring rates of the rotor blide and the control system ally must be conducted for the method to achieve its
considered in series; it is the amount of torsion required purpose.
to produce one radian of angular deflection, antl in- 2. Standby load paths. An alternate load path be-
cludes the deflection in the control system necessary to gins to carry load only after a structural failure in the
achieve the blade deflection. The dynamic response of primary load path. Once again, the routine inspection
the system is a function of (K/l)°'. Hence, K, including must be capable of detecting the failure and must be
the contribution of the control system. must be evalu- enforced for the method to be effective.
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3. Partial failure indicator. A positiv,.indication of 4.10.1 FUSELAGE STRUCTURE
partial failure is given in sufficient time to avoid a
catastrophic situation. For example, laminated struc. 4-10.1.1 Fuselage System Description
ture may be used, and initial failure of a single laminate The fuselage is defined as that structure which sup-
could release a dye as an indication of failure. In ports the useful load, supports and connects the dy-

another system, a ;vuctural crack may be detected by namic components, and provides an interface between

means of an internal pressure change. A hollow struc- the aerodynamic and ground environments, The fuse-
•..ture is pressurized or evacuated and a crack in the teardnmcadgon niomns h ue

uture s pressure ev uatian a in the lage components include ihe cabin and cockpit, rotor
structure permits pressure equalization with the out pylon, engine compartment, cargo and baggage com-
side air. partments, and tail boom.

Fail-safe structural concepts are currently in devel- The cockpit and cabin contain shear and bending
opment and should be considered in the preliminary structure that supports crew, passengers, fuel tank, anddpeint oequipment (useful load); and interconnecting shear, ax-

ial load, tors:,onal, and bending structure for the sup-
port of dynamic components. This portion of the fuse-
lage alsohas secondary structure and fairings to provide

4-10 AIRFRAME STRUCTURAL airstream protection for the occupants and ati external
SUBSTANTIATION contour as required for aerodynamic efficiency.

Seating provisions must include anchoring structure
The structural design criteria applicable to Army capable of retaining the occupants during crash condi-

helicopters are defined in the preceding paragraphs, tions.
and the preliminary design substantiation requirements A rotor pylon is a structure, mounted upon the fuse-
for several subsystemis are discussed. In the cases of the lage, that supports a main rotor(s) at sufficient height
rotor and mechanical drive subsystems, the substantia- to give the rotor clearance over the tail boom and tail
tion of the structural adequacy of the components can- rotor (if applicable), fuselage, and personnel on the
not be readily separated from the development of the ground. 3hear and bending are the primary loadings for
applicable loads. However, in the cases of the airframe a pylon structure.
subsystems, the sizing of components and the substan- The engine compartment structure must have fire-
tiation of the ability of the subsystems to withstand the walls and provisions to support the engine and mechan-
critical design loads are independent of the determina- ical drive components. Firewalls generally are flat pan-
*ion and development of tnese loads. In the paragraphs els that, if not stiffened for efficient shear capacity,
that follow, the substantiation of the adequacy of these must be stiffened to prevent panel vibration at engine
subsystems and components during the preliminary de- or drive system operating frequencies. Such vibration
sign phase is discussed. The airframe is further subdi- may result both in fatigue failure of the panel and
vided into fuselage, wing and empennage, landing gear, increased noise levels in adjacent compartments.
and internal and external equipment installation sub- Cargo and baggage compartments must have tie-
systems for purposes of this discussion. down provisions to retain the contents. Compartments

CONRO SST EM STIFFNESS

0

Fig. 4-58. Spring Mass System
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ut•vd for cargo or baggage should not contain un- length of the load paths and of the weight of secondary
protected control linkages, wiring, or flammable fluid structure upo surfac @eF uselage loads also can be
lines because linkages could be fouled and jammed, and affected considerably by drive system loads and by the
unprotected wiring and/or lines are-a fire hazard. arrangement of the rotors relative to the fuselage. In

A tail boom is a structure that attaches a tail rotor the last few years, fail-safe structural considerations
and its mechanical drive to the ,luselage. Loading is have become another important preliminary design
primarily in shear, bending, and torsion. Auxiliary aer- co,,sideration for the fuselage. with regard not only to

odynamic surfaces, such as a vertical fin and a horizon- improved flight safety, but also to greater resistance to
tal stabilizer, often are mounted on the tail boom. Care battle damage and increased assurance of successful
should be exercised in the design of the tail boom to mission accomplishment.
provide adequate stiffness so that the tail boom, with The basic fuselage structure is loaded, in general, by
all of its supported masses, will not have natural fre- a complex system of external loads, e.g., rotors ancd
qutncies close to operating frequencies. landing gear, that are reacted by the inertia of the

vehicle and its contentR. The internal member loads

4-10.1.2 Load Sources generally are distributed among redundant load paths
in a manner dependent upon the relative stlffnesses

The major sources of fuselage load are the rotors, of the various load paths. For analysis purposes,
which produce large static and vibratory loads, and the this internal load distribution is accomplished either
landing gear, which produces high static loads. The by a comprehensive computer program such as
landing gear loads actually are dynamic in nature, but that of Ref. 56, or mathematical model-modified by
because peak landing loads are applied for a relatively experience and simplified by engineering judgment-.
short period they are evaluated against static strength that is amenable to solution with a desk calculator.
properties. After the determination of the critical external and

Next in importance are mass-item inertia loads due internal loads for the fuselage, the structural sizing of
to flight and landing manuvering accelerations. Air- the individual members is accomplished in a standard
loads due to the dynamic premure of high-speed flight manner by structural analysis.

) also are important. Such airloads produce the critical An additional factor involved in helicopter fuselage
Sdesign loads for windscreen, fins, stabilizers, wings, and design is structural stiffness. Stiffness requirements are

fairings. determined largely by the rotor configuration, and they
Mechanical drive systems produce loads at the fuse- cannot be overlooked inasmuch as the fuselage is a part

lage attachments for speed-change or direction-change of the dynamic system. A requirement for additional
gearboxes. In many cases the gearbox supports a shaft stiffness may add weight if the increase is accomplished
that powers a rotor or propeller; and, therefore, the in a nonoptimum manner (Ref. 57).
rotor loads are distributed to the fuselage through the
gearbox. 4-10.1.2.1 Flight Maneuver Loads

Control system loads on the fuselage occur at loca- Flight maneuver loads as they affect the fuselage are
tions where mechanical advantage and directional associated with either steady-state or transient motions
changes take place. Anchor points for boost or power about or along the three coordinate axes of the helicop-
cylinders require particular design attention due to the ter. Examples of maneuvers involving relatively steady-
high vibratory loads fed back from rotor controls. state motions are banked turns, hovering turns, side-

Finally, loading produced by equipment, cargo, and ward flight, yawed flight, and spiral dives. Examples of
payload occurs during accelerated maneuvers. Han- maneuvers involving transient motions are flares, pull-
dling loads during ground positioning and jacking also ups, pushovers, entries into or recoveries from steady-
must be considered during the preliminary design. state maneuvers, rolling or yawed pullouts, and control

Although secondary structural elements may not be reversals. In general, steady-state maneuvers such as
highly loaded under flight or landing conditions, they those in Fig. 4-59 are performed with near-constant
may have a significant loading during manufacture and linear and angular velocities along or about the three
this must be considered. vehicle axes, and thus normally do not involve signifi-

If other factors are equal, the lightest fuselage will be cant angular accelerations. Similarly, the transient ma-
the smallest one that adequately can enclose the re- neuvers shown in Fig. 4-60 require changing angular
quired personnel and/or cargo, fuel, fixed equipment, and/or linear velocities, and normally involve angular
and power plant/drive system. This is due to the heavy accelerations. The major linear (along the axes) accel-
dependence of the weight of primary structure upon the erations occur in the vertical (lift) direction, with
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smaller values of acceleration along the other two axes. weights; and in some helicopters, it may be poibl to
The various accelerations of the fuselage that are of exceed these specified accelerations at the basic struc-
"concern for preliminary structural design are derived tural design gross weight. Because the abilitytodevel- ..
from the forces and moments applied at the main ro. op sufficient rotor lift to exceed the design load factrs
tor(s) and tail rotor (if applicable) during these ma- may be of operational or military value (allowing in-
neuvers. These include lift, drag, and side loads as well creased maneuverability, better speed and/or altitude
as roll, pitch, and torque moments from the main rotor, capability, or increased ferry range), as well as being
along with similar types of (yaw) forces from the tail advantageous from the standpoint of safety, it may be
rotor. In addition, there are aerodynamic loads from desirable to base the prelminary structural design upon
the tail surfaces (par. 4-10.2). the actual maximum lifting capability of the rotor(s).

Par. 4-4.2 specifies the values of vertical acceleration However, there is some design load factor for any par-
to be used for helicopter structural design at basic ticular type of helicopter beyond which little opera-
structural design gross weight and maximum alternate tional or military advantage can be realized. This is
design gross weight conditions. It is possible in most because the increased structural weight offsets any
helicopters to exceed these accelerations at light gross other gains.

,!i~i •LIFT

INERTIA REACTION
WEIGHT WEIGHT (Ig)

(A) BANKED TURN

LATERAL COMPONENT
/ OF MAIN ROTOR THRUST

TAIL ROTOR
THRUST

(81 HOVERING TURNS

Fg 4-59. Typical Steady-state Maneuvers
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SROTOR TILT
TILFT ROTOR LIFT

PITCHING INERTIA ROTOR HUB MOMENT
MOMENT t 1HERE APPLICABLE'I

INERTIA FORCE

A O'.'LLUPI ROTOR TILT
o 'S HUB ' " '

't;EtlT N;HERE
A PPLICABLE

INERTIA FORCE

PITCHING INERTIA
MOMENT

(B) PUSHOVER

FIg 4-60. TyPical Transient Maneuvers

Fig. 4-61 shows the relationship of load factor faces. Generally, the gust loads may be expected to ý,e
X, to pitching velocity 6 and airspeed V for quasi- critical onli for the aft portions of the fuselage struc-
steady-state conditions, I.e., a pullup into a climb with ture, such as the tail boom. Depending upon the config-
no reduction in forward speed. The relationship -be- uration, inertia loads due to pitching or yawing acceler-
tween bank angle #and load factor x, for turns at con- ations resulting from gust loads can be quite high in

v stant altitude, as shown in Fig. 4-59(A), is presented in these areas. Gust loadings on auxiliary lifting surfaces,
Fig. 4-62. if provided, also must be investigated for simultaneous
" 4 2tloads imposed upon the fuselage.•:i4-10.1.2.2 Gust Loads

Gust load criteria are given in par. 4-4.3. The critica 4-1.1.2.3 Landing Loads
effects upon the fuselage structure normally result from Landing loads (pars. 4-5.1 and 4-5.2) should be ap-
the gust ioads applied to the horizontal or vertical sur- plied to the fuselage structure wherever the specified
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,0•0 - - fuselage prime structure in the vicinity of the various

landing gear attachments. In addition, landing condi-
tions often can produce the most severe pitching and

S4.o rolling accelerations that will be applied to the fuselage.
Asymmetrical landing conditions may be critical for

I the main central portion of the fuselage because of the
. ,wracking, or torsional, loading. Landing impact loads

3 FL T PITC SPEEDE, 'Ps and attendant vehicle accelerations normally are oo-

S .v I tained for preliminary design purposes from computer
COS!- nprograms developed for this purpose (par. 4-10.3). The

2.0 values obtained later are confirmed by actual landing
"' •gear drop tests.

It is important for the designer to keep in mind that
.0 ... flight safety, flight design loads, and strength consider-

F~LOIT Yeations are of higher priority for structural design pur-
I poses than are landing or crash loads to which the

o helicopter may be exposed only rarely. Thus, any00 weight penalty due to providing structure adequate for
AIRSPEED V. fps the landing and crash loads must be considered as a

trade-off against such requirements as performance,
Fig. 4-61. Lead Factor vs Airspeed For Various fuel, payload, armor, or armament. It is essential that,

Pitch Velocities during the preliminary design phase, all possible means
be investigated to avoid imposing unnecessary weight
penalties due to nonflight loads. For example, addi-
tional landing gear stroke or the provision of yielding
deformation may be utilized to attenuate landing loads.

4-10.1.2.4 Crash Loads

Crash load requirements are outlined in par. 4-5.3.
2.0 . ......... The provision of crashworthiness in the fuselage struc-

"N ture is not only a design load problem but, even more
important, a load-limiting problem. In general, infor-

1.0 ...- - mation from Ref. 11 should be used for fuselage
preliminary design from the crash load viewpoint. Ref.
17 also presents design objectives and methods for ac-

0 I complishing and evaluating crashworthiness provi-
0 10 20 30 40 50 60 70 sions, along with a discussion of the weight penalty

BANK ANGLE 6, deg versus safety improvement trade-off and guidelines for
trading off load factor versus deformation distance un-
der load during survivable crash impact.

Fig, 4-62. Load Factor ve Bank Angle Generally speaking, vertical crash accelerations at
the floor line of the fuselage cannot be attenuated to the
full extent required for minimization of injury to the

conditions are likely to be the critical loadings. Perma- vehicle occupants. This is because of the added crush-
nent deformation or other damage detrimental to the ing or yielding distance under load that would have to
fuselage prime structure shall not occur prior to obvi- be provided below the floor level in the fuselage. How-
ous damage to the landing gear installation, ever, from a design viewpoint there are several pos-

In applying the design landing loads to the fuselage, sibilities: (1) providing additional deformation under
it is important to consider the simultaneously acting load within the seats, (2) suspending the seats to the
main rotor, tail rotor, and driving torque loads to the airframe in such a manner that the entire seat displaces
extent that the resulting combination may be critical. vertically the desired distance under the desired decel-
From a preliminary design standpoint, the landing eration loads, and (3) provision of equivalent deforma-
loads usually are critical for at least that portion of the tion under load by the combined seat/substructure.
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Under probable helicopter crash impact conditions, the occupied areas are not violated. Frangible rotor
the provision of energy absorption features in the hori- blade tip design also should be considered in order to
zontal direction is of relatively less value, particularly minimize helicopter damage from blade strike.
where horizontal velocity components may be high. There is a vehicle "size effect" upon crash survivabil-
Frictional plowing effects of the terrain inherently give ity because more deformation distance is Inherently
excellent energy absorption provided the fuselage available in larger vehicles for attenuation of the decel-
structure is designed to fail uniformly and not become eration g's, provided that equivalent use is made of the
a "scoop". Energy absorption provisions within the available deformation distance within the lower fuse-
fuselage are desirable for "solid wall" impacts and for lage.Thus, it is possible to obtain significantly lower
sideward impacts. Rollover protection of the occupied crash impact load factors for larger helicopters.
cabin/cockpit area also should be provided (par. 4-5.3).

The criteria for crew and passenger restraint systems 4-1 0.1.2.5 Other Loadings
are given in par. 4-5.3. Wherever possible, without sig- Other fuselage loadings include:
nificant weight penalty, additional deceleration capa- 1. Cargo and passenger floor loadings. In general,
bility in the forward direction is desired. However, the crew and passenger seat support loadings will be criti-
provision of adequate restraint capability in the for- cal for the crash load factor requirements of the model
ward and sideward directions is effective only if the specification. Design floor loadings are given in par.
occupant restraint system (harness) completely con- 4-8.3. Higher values of floor loading may be specified
trols the horizontal motions of the occupant (and pre- in the detail model specification, and lateral and hori-
vents his sliding out from under the harness) while he zontal values also are normally specified. Where
is subjected to the anticipated horizontal forces, regard- wheeled or tracked vehicles are to be carried, their
less of vertical deformations of his seat and/or its sup- special localized loadings also must be considered.
port while attenuating anticipated simultaneous verti-cal orcs. hussholde andlegpelic rstrint Provision may be required in the flooring design for
cal forces. Thus, shoulder and leg/pelvic restraintcargo.
adequate for maximum occupant survivability under
severe crash impacts should be provided. 2. Drive system reaction loads. The fuseiage s.truc-

It is highly desirable that the control pedals not fail ture supporting the drive system components should

under the maximum loads that may be applied by the not fail at loads below those corresponding to the fail-

* crew's feet during crash impact. Local items of mass in ure loads for the drive system itself. Thus, the fuselage

the cockpit/cabin area should be supported to the an- support structure should be designed to remain safe for

ticipated load factor corresponding to their particular continued flight and landing after any transient over-

location. Instrument clusters or control consoles that load within the failure limits of the drive system. L'su-

may be a secondary impact hazard to the occupants ally, these system failure limits will be determined hy

should be designed either to break away completely in the torsional strengths of the drive shafts or their inter-

a noncritical direction or to provide additional local connections.

energy absorption in case they are struck by a crew 3. Control load reactions. It is essential that the
member. Delethalizing of the control stick also is desir- most severe combinations of the design limit control
able. system loads be used as the design limit fuselage sup-

All provision for deformation under load, including port structure loads. Combined or opposing load'.
the occupant restraint harness and seat structure, should be applied in the case of dual controls, and loads
should be of a damped or plastic nature if possible, from hydraulic or other power actuators also must be

rather than of an elastic or spring nature. Undamped considered (par. 4-9.4). The critical control system
elastic deformation can result in dynamic overshoot to reaction loads should be applied to the fuselage struc.

even higher peak loads than otherwise would occur ture in combination with the other design limit loads
with a well-damped elastic or plastically deforming for the fuselage.
rigid restraint system (Ref. 17). 4. Fuel tank support structure. Inasmuch as post-

Finally, it is desirable that sufficient support strength crash fire remains one of the major helicopter accident
be provided to prevent the rotor(s) and transmission(s) hazards, it is essential that the fuselage structure in the
from separating from the fuselage during a survivable vicinity of the fuel tanks be designed not only to sup-
impact. Where the rotor(s)/fuselage configuration is port the fuel tanks up to the specified rupture limits.
such that the blades could hit the occupied cockpit/ but also to avoid types of failure that would be likely
cabin area even if the rotor did not tear loose from its to tear or puncture the tank under severe impact condi-
supports, additional cabin protection is required so that tions. Consideration also should be given to location of
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fuel cells so as to allow them to break away from the by computer. As detail weights and configurations are I
aircraft at specified loadings, determined, the computer inputs are changed easily

5. Induced or secondary loads. Structural deflec- and the results updated promptly.
tions, resonant amplifications, and stiffness require- 4-10.1.3.1 Weight Distribution
ments are possible sources of secondary, or induced,
loads in primary fuselage structure. These loads must A graphic presentation of weight versus station is
be identified and evaluated, and appropriate values prepared for the extreme CG conditions from the

must be added to other critical loads, weight statements. Items that have specific attach-
ments can be distributed as concentrated loads. Items

4-10.1.2.6 Load Paths such as fuel, cargo, and structural weight must be dis-
It is essential that at least one load path be provided tributed as running loads. An example of weight distn-

to resist each critical loading that may be imposed bution is presented in Fig. 4-63. The illustration is for
based upon any of the specified loadings. For static a tail boom, but the same procedure is applicable to the
stability there must be at least one independent con- fuselage. It is necessary to investigate all loadings, in-
straint for each independent loading degree of freedom. cluding the minimum flying weight condition, because

It is desirable that more than one load path be provided critical equipment loadings may occur during ac-
for the critical loadings so as to produce the degree of celerated flight maneuvers under such conditions.
structural redundancy needed for a fail-safe structure 4-10.1.3.2 Unit Shear, Moment, and Torsion
and to resist catastrophic failures from battle damage, Distribution
fatigue damage, or other undetected failure.

As a rule, the more direct the load path between the External loads from the rotors and landing gear

externally applied loads and the internal resisting iner- cause each item supported by the fuselage to undergo

tial forces, the lighter will be the fuselage structure for an acceleration during maneuvers or landings. In devel-

a given overall design strength level. It also can be oping the unit shear, moment, and torsion distribu-
shown by elastic-energy structural weight analogy tions, assumptions are made as to how each load source
(Ref. 58) that the structure with the shortest load paths will load the fuselage. For a unit case (flight maneu-

generally will be the stiffest structure. vers), a unit load factor to the CG is applied separately
"The greater the extent to which the major supported along each axis. Unit angular accelerations aiso are

loads (fuel, payload, and engines) are located closely
below and around the main lifting rotor(s), the shorter

* the prime load paths can be. The fuselage load paths
that are determined during the preliminary design .- D

phase largely will determine the weight of the primary i <
fuselage structure. ___

4-10.1.3 Determination of Loads ,0.861

Essentially there are four steps in determining loads
for the fuselage: 0.8

I. Weight distribution (I g)
2. Unit shear, moment, and torsion distributions 5 .6-
3. Specific maneuver and landing condition load 0.503

distributions (shear, moment, and torsion) _ J
4. Critical condition selection, and superposition

of system loads. o 0.025

The applicability of the unit method to preliminary r•0.214 0.?I "'" 0 .100

analysis may be questioned because detailed informa- 0.11
tion normally is not available. However, satisfactory 0 40 8 0 0 20
preliminary distributions are obtained by using prelimi- TAIL 4 0 01 STAT ION 1 ', i0.

nary weights and configurations in spite of a limited

number of inputs. It is recommended that the data for
fuselage load determination be calculated and plotted Fig. 4W63. Typical Tail Boom Weight Distribution
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applied separately about each axis. The result will be a 30
series of curves depicting the reaction by inertia loads 20
of unit linear and angular accelerations applied to the .
helicopter CG. Because not all the items are located on 10 -

the helicopter centerline, a load factor along a given 0 0 To
axis also may produce moments about the other axes. .. TAIL . STATION-x. "- -

Positive sign conventions should be defined, as
shown on Fig. 4-I, for a single main rotor/tail rotor -20 . . ......
configuration. -30

Curves then are computed for each unit case by sum- > ___- __

ming the shears, moments, and torques beginning at
fuselage station zero and progressing toward the aft " --

C)
end. The vertical shear V, due to a unit vertical load -60 -______

factor (n, = 1) is determined by integrating the corn- 70
bined static load applicable for the chosen loading con-

dition and CG location. The curve starts with zero 0
shear at the most forward part of the helicopter fuse- -90 -...
!age and increases to a maximum at the aft end. It is _ __0evident that V• = V. = where n• =1 for V/,
n 1 = I for V...and n= I for V.
The unit moment curve M,. (n,. = 1) is obtained by Fig. 4.64. Unit Loading for Tail Boom

integrating the shear curve V, (n, = 1) starting at the
most forward part of the fuselage. It also is evident that, where x, y and z represent the coordinates of the point
because on the fuselage; X., y. and zirepresent the coordinates ofSny = 1 for M•,andn 1 = 1 forM•.The=Ifor M , andn, = I cu sobn by. athe helicopter CG; and all coordinates are measured inThe • (• = ) crve s otaind b a smmaion inches. Those load factors that depend upon location
of the individual moments starting at the front of the
fuselage. Applying the same procedure to a load factor on the fuselage are treated in the manner describedofulage.,Applisseng theame procedu hre to , a lod f previously for the constant unit load factors, resulting
of nM 1, it is seen that M = -M1 where n• = in more shear and moment curves.
• for M,, and n• I 1 for M, These two unit loads maybe small and, if so determined, may be neglected in In addition to inertia load factors resulting from the
bsmalandifsodeterminedtmayfibeneglectedoangular accelerations, certain concentrated masses are
determining the final fuselage loading , large enough that their local moments of inertia are of

Now, considering a unit loading of n. = 1, many of importance. Examples of these items are landing gear,
the mass items might be displaced vertically from the i ne, riidroos stucre and are it shoulassumed structural shear center, giving rise to a unit engine, rigid rotors, structure, and armament. It should
assum Md s her cne givinglris o t be remembered that fuel and oil have only small local

*loading 31, where n• = 1. A similar analysis of the
ld dmoments of inertia, depending upon viscosity and tankSloads due to a side load results in a unit loading M1, shape, and do not act as solids when an angular acceler-
where n,, = 1.

'i Unit angular accelerations a equal to 1.0 rad/sec2  ation is applied. The local inertia moments M of these
produce inertia load factors at any point on the fuselage individual masses due to angular acceleration ca are
that are niaven byl given by M, =- I a, with the appropriate axis in-

dicated by the subscript i. These moments are trans-

ferred to the fuselage in the manner described pre-
1.0 viously for the unit load factors. Combining these

- -moments with the distributed loadings due to angularacceleration gives the final unit shear and moment
curves for unit angular accelerations. Fig. 4-64 pro-

1 0 1vides an example of a unit loading curve based on the
x *: y example weight distribution of Fig. 4-63.

1.0
18 - (x-.)a -(z-,)a 1 (4-44)
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4-10.1.3.3 Specific Maneuver and Landing T, = tail rotor thrust, lb
Condition Load Curves W = helicopter gross weight, lb

Although many operational loading conditions are For landing conditions, the critical condition is a
specified, only a few are important enough to be consid- power-off landing (the main rotor torque is zero). Sink
ered during preliminary design. In certain instances, rate is not high during power-on approaches and, there-
loading conditions can be combined conservatively for fore, the power-off case is used for design. For landing,
design purposes.

A computer program is used to determine the actual T= j W (4-47)
9

limit loads due to the static loading, i.e., the shears and
moments due to the unit load factors and angular accel-
erations are multiplied by the design load factors and Therefore, summing vertical forces
angular accelerations.

The external forces and moments must balance the n W = nW +W, (4-48)
internal inertia loads and moments:

or

n1 =InI + (4-49)
My =Ityci, --~a,~ .- a- (4-45)

where nj is determined by drop test (par. 4-5). The
z Z Y Y X- X special dynamic landing, where a forward-velocity

landing is made with the ground reaction not directed
where through the CG and the resulting pitching moment is

M = moment, lb-in, reacted by inertia, must be analyzed to determine the
1, = moment of inertia, slug-in? angular accelerations.

product of inertia, slug-in? Tlt_ limit internal shear loads are combined with the
Subscripts indicate axes of interest, applicable external loads to create shear Vand moment

Loads contributing to the moments are main and tail Mcurves, as shown in the example curves in Fig. 4-65.
rotor thrust, drag, torque and side forces, airloads on The combined shear curve then will be described at
aerodynamic surfaces. landing gear, armament recoil, any station sta as
etc.

One more set of equations is required in order to = t
determine the actual loading curves For flight condi- .'ta ext ,lb (4-50)
tions,

Th

-D
nx / sta

g M~ ~j 1 ~sax
H+ Tt 0

ny = • (4-46) AlaY 1W + Jo Fxt(Sta--x) .lb-in. (=:;

-L
nZ W where

g x = station at which shear o:
external force is applied, in.

where
L = lift, lb 4-10.1.3.4 Critical Condition Selection and
D = drag, lb Superposition of System Loads
H = side force, ib The design flight, landing, crash, and ot-er loading
7' = main rotor thrust, lb conditions applicable to helicopters are presented in
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Fig. 4-65. Typical Fuselage Shear and Moment Curves

pars. 4-4 through 4-8. From these conditions, critical be considered over the center section of the fuselage.
loading conditions for specific portions of the fuselage Pullups and level landings produce the maximum verti-
structure can be selected. The CG load factors and cal bending moments, which are critical for the bending
external loads can be derived for these conditions. and stringers.
the loading curves developed as explained in par. 4- The maximum yaw condition, or unsymmetrical
10.1.3.3. landing, will be critical for the torsion-carrying struc-

Identification of critical conditions is difficult, being ture (skin). The maximum yaw condition can be corn-
dependent both upon mission applications and upon bined with n, = 2 to obtain preliminary design loads
the fuselage configurations being considered, e.g., tan- for the shear and torsion-carrying skin panels. Frames

dem-rotor and single-rotor with tail rotor. and bulkheads are located where controls, gearboxes,
A tandem arrangement of two main rotors, with the landing gear, equipment, and useful load items are at-

useful load supported between them, allows a larger tached .ir supported. This distributes coacentrated sys-
CG range and, therefore, peak bending moments must tern loats into the skin and, together with secondary
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frames, reduces skin panel sizes. Rotor pylons carry 4-10.1.5 Fatigue Conslderations
both the tension due to lift and the bending and shear
due to drag and side forces down to the fuselage Fatigue considerations usually are less significant in

proper. Crath loads are applied to large items of mass the preliminary design of the fuselage than for dynamic

that, if torn loose, would endanger the occupants. components such as rotor or drive systems. Often,
For single-rotor helicopters, pullup and level landing when the vibratory loads transmitted to the fuselage are

reduced to the levels necessary for pilot comfort, the
moments determine the design of the forward fuselage fatigue stresses are at a level where good desig, materi-
downbending stringers, frames, and bulkheads locted fatduestresse farecato qalevel whelresl goo aadesiguate-

ndr the stringers, frad es, andimulkheads onditin f fals, and fabrication quality will result in an adequate
under the usefri load. The maximum yaw condition fatigue life. Also, except at the rotor pylon armea and
contributes critical side bending and torsion to the tail major attachment areas of the primary structure, the
boom. The dynamic landing (forward velocity or rue- normal fuselage structure is sufficiently redundant to
on) presents the maximum vertical bending for the tail provide a reasonable amount of ftil-safety should a
boom. A nosedown landing will r,%ut in the highest fatigue crack develop. Steady stress levels Arso are
shear and upcending in the forward fuselage. The max. lower in the fus elage structure than in rotor or drive
imum roll condition or unsymmetrical landing gives system components because most of the structure is
maximum pylon side bending. critical for elastic stability rather than for material

strength. However, local stresses an the vicinity of Ma-
jor disassembly attachments and main rotor pylon

4-10.1.4 Fail-safe Aspects structure-as well as in structure immediately adjacent
to tail rotor, tail surfaces, and tail rotor or main gear-

Fail-safe or damage tolerant design is achieved by box attachments--may be more critical for material
providing multiple active load paths, inactive backup strength rather than for elastic stability and, thus, re-
structure, or a design that inhibits propagation of fail- quire more detail consideration of probable fAtigue
ures. Important to all fail-safe methods is the inspection stress levels.
feature; the design must make it highly improbable that Fatigue load considerations for the fuselage (Ref. 59)
a failure, once initiated, will go undetected. Fuselage involve oscillatory loads from main and tail rotors,
components such as rotor pylons, tail boom attach- including effects of maneuvers and centrifugal unbal-
ments, and transmission attachments all are candidates ance (especially from the tail rotor); aerodynamic exci-
for fail-safe design. tation of surfaces in the rotor wake; ground to air cy-

In the multiple active load path design, the critical cles; and weapon firing. Practical considerations
loads should be applied with one path failed, and ade- should allow for amounts of main and tail rotor unbll-
quate stiffness also must be incorporated to meet all ance and for out-of-track conditions in service consid-
pertinent dynamic requirements with one load path erably in excess of normal drawing and manufacturing
failed. It has been popular to design structure so that limits. Fuselage fatigue loads are affected greatly by
after one load path has failed, the remaining structure increased vibratory load responses or amplification due
can support a specified percentage of limit load, but this to airframe resonances lying at, or close to, known
is not necessarily adequate. Instead, the structure must rotor transmitted frequencies (Fig. 4-66); such as I-per-
continue to take the applied fatigue loads until the rev and N-per-rev of both the main and tail rotor (N
failure is detected and repaired. Therefore, anticipated equals the number of blades per rotor).
fatigue loads should be calculated for the structure and Occasionally, it may be impracticable to avoid oper-
adequate strength provided so that no further failure ating at near-resonant conditions for all gross weight
will occur prior to the next regular inspection, conditions. If such is the case, some damping or detun-

Often a failurc of one load path will change the stiff- ing system must be employed in the cockpit or cabin
ness of the structure so that a change in the dynamic area to achieve the vibration levels required for crew
environment will signal the pilot that damage has oc- comfort. In this case, the actual vibratory loa&s being
curred. A higher level of vibration or noise may result transmitted into the fuselage structure from the ro-
even though system stiffness still is adequate. tor(s) may be considerably higher than the overall in-

second inactive load path implies complete failure ternal fuselage vibratory response would indicate and
of one load path witb the secondary member taking all still may require extensive investigation.
the load following failure of the primary structure. The In general, the vibratory loads transmitted from the
same criteria obviously apply regarding ability to con- rotor are reduced significantly as the number of blades
tinue operation until a repair is made. in the rotor is increased, assuming equivalent avoid-
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Fig. 4-66. Rotor Vibratory Loads Transmitted to Structure

ance of blade resonant frequencies. Also, a greater 4-10.1.6 Internal Loads
number of blades per rotor increases the spread be-
tween I-per-rev and N-per-rev, giving the designer Current helicopter requirements generally are best
greater leeway to avoid resonant response to the rotor- satisfied with fully enclosed, well-streamlined mono-
induced loads. coque or semimonocoque shell construction, with the

Improvement of the fatigue quality of the fuselage is skin and/or stiffening members carrying the major in-
tern&l loads. Structures of this type inherently are

PCible without weight penalty through use of adhe- redundant in structural function. The determination of
sive bonding, shot peening, or coining-in high-stress the internal load distribution in redundant or discon-
concentration areas of the structure; specification of tinuous monocoque or semimonocoque structures re-
adequate materials and parts inspections; adequate quires consideration of the way the loads are transmit-
clamping or preloading; or use of cast or machined ted into and out of a structural member. This is true
parts with fillets adequate to reduce or avoid stress especially at a discontinuity or at an attachment fitting,
concentrations. Fiber-reinforced plastics, which may and in the case of division of the internal loads among
be used for certain portions of the fuselage structure, the redundant members.
also tend to exhibit excellent fatigue strengths in rela- By St. Venant's principle, conventional, simple,
tion to their static strength levels, standard beam, column, tension, shear, and torque box
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formulas of structural analysis textbooks should be ap- 4.10.1.8 Substantiation
plicable except at local areas of significant change in
the structural section or at points of load application. Substantiation of the fuselage structure for prelimi- \
Where discontinuities exist in the structure, additional nary design purposes should consist of:
&nalysis incorporating elasticity considerations such as 1. A thorough basic load analysis
"shear lag" (Ref. 60) also should be used. Where the 2. Salection of the loading conditions most likely
load is distributed among structural members, a redun- to be critical for the primary structure
dancy of the internal loads is indicated, and special 3. A comprehensive internal load analysis for the
elasticity methods such as "least work" or elastic en- selected critical external loading conditions.
ergy should be used.

These steps are followed by a member and skin sizing
type of preliminary stress analysis. Experience with

4-10.1.7 Preliminary Sizing similar fuselage designs may be drawn upon for sub-

Once the basic external and inertial loads for the stantiation where such data are available. Otherwise,
fuselage have been determined, and the primary load sufficient analytical investigation must be accom-
paths have been established tentatively by preliminary phshed to assure that the critical and allowable stresses
design layout drawings, the internal load distribution in all of the major members have been obtained. The
can be determined for the initial member sizes, skin substantiation may draw upon information such as
gages, etc. Emphasis should be placed upon optimizing published test data and preliminary specimen test data.
the structural design, i.e., maximizing the strength Any unusual or unconventional structural features al-
versus weight and cost. This optimization also must ways should be investigated in considerable detail to
consider stiffness in order to minimize vibratory re- reduce later program risk. Margins of safety at all criti-
sponse of the fuselage, cal sections shall be tabulated for review and evalua-

Ref. 57 presents methods for optimum structural tion.
design, using a "structural index" to scale similar struc-

tures of different sizes and loading intensities and com- 4-10.2 WING AND EMPENNAGE
pare them on the basis of equivalent optimum allowa- SUBSTANTIATION
ble stresL and primary structural weight. The elastic
energy structural weight analogy of Ref. 58 also allows A wing installed on a helicopter is subject to a
prediction of theoretically "ideal" (ninimum) struc- velocity rangt from low-speed rearward and sideward
tural weights based upon the design loading and stiff- flight to maximum forward airspeed. The wing may
ness requirements for the structure, the strength-to- contain fuel tanks, external store mounts, and engine
density ratio of the material, the design geometry, and and landing gear mounts. The helicopter wing design
the type of stress. This weight prediction technique, will differ from the conventional fixed-wing arrange-
although limited in practical application, is useful par- ment in that different angles of incidence will appear on
ticularly for preliminary design as a potential medium the left-hand and right-hand wings because of the
for weight efficiency comparison prior to finalization of" asymmetrical induced velocities of the rotor. Ailerons
the hardware letails. Ref. 61 details the use of elastic- and trim tabs may be necessary for some helicopters
energy principles for theoretical strength/weight op- with articulated rotors, but may not be required on
timization of a complex structure; the lightest, i.e., rigid-rotor designs.
most optimum, structure results when the strain energy For the general treatment of wing loads, the best
densities of all elements of the structure are equal. method is to build up the total loading by superimpos-

Computer programs, such as that of Ref. 56. can ing the applicable individual loading distributions as
be used to analyze complex redundant structures discussed in the fuselage loads section. For conven-
such as a complete semimonocoque fuselage. These ience, all such distributions should be given with re-
programs take into account a multiplicity of external spect to a common load reference-axis system.
load conditions, structural redundancy, resistance to In general, the horizontal stabilizer may be treated
inertial loads, and internal loads such as those imposed in a manner similar to the wing. Its functions basically
by drive systems or controls. At the present time, struc- are to stabilize the helicopter about the y-axis and to
tural sizing input iterations to the computer program provide aerodynamic damping of the pitching motion
are made by the designer and structural analyst. In the of the vehicle. On a true helicopter, the horizontal sta-
future, complete structural synthesis may be performed bilizer area is usually rather small, acting merely as a
by the computer. weather vane. On a compound helicopter, however, its
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, fixed-wing aircraft, although no elevator is present. ponents.
This is because at high velocity the rotor only contrib- The inertial components are dependent upon the
utes a stabiizing moment correction to the equilibrium, weight distribution of the configuration pertinent to the
while the stabilizer contributes its lift and damping loading case under consideration (for a given structural

forces. Therefore, the contribut.on of the roll rate and stiffness). The aerodynamic components are dependent

wol accelerations dependent distribution is more pr upon pertinent velocity, altitude, temperature, and atti-

"'ounce__ tude (for given vehicle geometry). The propulsion coni-
ponents follow from the performaie analysis, and the

If a propeller and tail rotor are in the immediate landing gear loads are determined from forward
proximity of the stabilizer, their inflow velocities must velocity, sink speed, total effective lift, runway rough-
be added to the stabilizer loading. Also, a distribution ness, runway slope, and gross weight-again pertinent
of rotor downwash must be considered, dependent to the load case under consideration.
upon rotor lift and forward velocity. The effects of Although single conditions can be hand-calculated
rotor downwash and propeller and tail rotor inflow on easily, computer methods are preferred. Also, the many
the stabilizer load distribution must be investigated to loading conditions of the fatigue spectrum that must be
establish design loads. For gust and maneuver re- analyzed make it desirable to conduct all loading analy-
sponse, it should be noted that the local inertial load ses on a computer program capable of accepting the
factors are quite different from those at the aircraft CG input for any loading condition. It is beyond the scope
because of the rotational accelerations, of this handbook to present such a program in its en-

If a pusher propeller is installed, then the horizontal tirety, because many program steps are tailored to the
stabilizer may support the tail rotor. The eccentric particular vehicle, but the essential steps are:
placement of the tail rotor mass can affect the dynamic 1. Lay out a geometric grid for the definition of the
response characteristics of the entire vehicle, loading distributions and make sure to represent con-

The structural analysis of the veitical stabilizer is centrated loads and moments on points such as jack
similar to that required for the wing and horizontal pads, tank pylons, armament mountings, and landing
stabilizer. The vertical stabilizer damps and stabilizes gear fulcrum. Include allowance for gear extension and
the motion about the z-axis. On most conventional brake moments.
helicopters it supports the tail rotor and partially 2. Lay out a geometric grid for the definition of
blanks off the tail rotor inflow. On some configjra- internal loading (shear, moment) at significant lofa-

tions, a tail landing gear may be mounted on the verti- teons. Povidef r p op entatio n oepi

cal stabilizer. ,ions. Provide for proper representation of steps in

SAny empennage loading that constitutes a torsional shears and moments by defining one station immedi-

excitation should have a driving frequency remote from ately before the applied load, and one immediately

the fuselage torsional natural frequency. Because fluc- beyond the applied load.

tuation of airloads due to rotor velocity will be gov- For actual design it is convenient to prepare the
erned by the rotor frequency and its harmonics, these geometric data once in matrix form for the entire vehi-
frequencies must not be coincident with any ot the cle. and then to store the data. The third step is to
fuselage or lifting surface natural frequencies. Because compile the loading input for the individual load cases
natural frequencies are functions of both total mass and and arrange the output in a convenient tabulation of
mass distribution, it is necessary to investigate various shears and moments. These data are grouped as:
weight configurations. 1. Applied distributed and concentrated loading

grid:
4-10.2.1 Basic Considerations a. Weight or mass distribution

(1) Empty weight
For any loading condition, the helicopter first must (2) Fuel and payload

be in steady-state or dynamic equilibrium. Each par- b. Airload distribution factors
ticular condition obtained from the mission analysis or
the design envelope, therefore, will be related to a per- (I) Zero lift distribution
formance analysis or landing load analysis of the total (2) Lift distribution due to angle of attack (pitch
vehicle. For each particular wing or empennage load- angle), etc.
ing condition, the equations describing the equilibrium c. Dynamic increment distribution factors
state must include all applicable inertial, aerodynamic, (I) Dynamic landing
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(2) Dynamic taxi analysis demands treatment of a complete vehicle equi-
(3) Gust librium condition, it is necessary for economic use of
d. Unit concentrated loads the computer to define shear and moments with the
(I) Main landing gear left help of a free-body diagram. Such definition has the
(2) Main landing gear right, etc., including added advantage that the actual reactions of the major

pads, lugs, etc. structural components upon one another are shown on
S2. Load case data: the plotted diagram

a." WgA step-by-step development of the equations for.a. Weight configuration loading analysis is not presented. For digital computa-
b. Inertial load factors tion, such equations would be developed using FOR-
(2) Maneuver load factor TRAN notation rather than algebraic symbols because
(2) Dynamic landing factor of better flexibility in notation of subscripts.
(3) Dynamic taxi factor, etc. It is convenient to describe the weight distribution as
c. Aerodynamic factors a basic helicopter distribution, equal for all configura.
(1) Pitch, roll, and yaw angles tions, plus an incremental payload weight distribution
(2) Pitch, roll, and yaw rates for the individual mission configuration.
d. Velocities Selection of a geometric model grid for mass distri-
(1) Flight speed bution as shown on Figs. 4-67 and 4-68 permits ar-
(2) Sink speed. rangement of the weight data in matrix form {WTI as:

The same method may be followed for the empen- {WT} - W + {WCONf{$} (452)
nage, using its particular geometry and distributions,
while the load case data may be applicable for the entire
vehicle. In fact, the described procedure was developed
to analyze a complete airframe, including the fuselage, where
Entries such as dynamic landing and taxi distribution {W} = matrix of cmpty weight,
factors were based upon a separate modal analysis nor- lb
malized on a reference input load. This reference load {WCON} I matrix describing the
was contained in the program equations, such that the incremental payload weight
input multipliers for dynamic landing factor 2b(2) and distribution, lb
dynamic taxi factor 2b(3), for example, were calculated JSJ = selection matrix for" incremental
from the landing gear load inputs, weight, dimensionless.

The analytical methods discussed in this paragraph The inertial force at any grid point is obtained by multi-
are essentially the same as those used on conventional plication by the corresponding load factor.
fixed-wing aircraft. Dynamic loads, however, must be The distributed inertial forces are determined by
treated more thoroughly because of the risk of reso- these operations. By adding the aerodynamic forces
nance at harmonics of the rotary component frequen- and the externally applied forces, the shear forces at
cies (see Chapter 5). One cannot define an independent any location on the structure may be calculated by
set of loadings for the wing and empennage. Instead, using an applicable geometric matrix.
they are an integral part of the total vehicle, and will The moment arms from each force to the location on
respond in a particular way for a particular loading the structure where the moment is calculated are deter-
condition. mined for inertial forces, aerodynamic forces, and ex-

The dynamic load treatment for landing and taxi ternally applied forces, respectively, and moment equa-
conditions in this paragraph is an example of a possible tions are derived.
method of presentation when dynamic inputs are oh- The geometric grid models on Figs. 4-67 and 4-68
tained from a separate analog or digital program. How- show, for clarity, only one of the three possible force
ever, it would not be too cumbersome to substitute any and moment components at each load station. Moni-
other presentation preferred by 1he structural dynamics toring stations as a rule appear in pairs to account
engineer (see Chapter 5). properly for steps in the shear and moment curves.

4-10.2.2 Sign Convention 4-10.2.3 Inertial Loads

Because the left and right wings on a compound Static loading conditions are independent of time,
helicopter are different, and because the fatigue loading and inertial loads are due only to the acceleration due
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.) Fig. 4-67. Left Wing Load Grid, Showing Load Stations and Monitoring Stations

to gravity or to the sustained steady maneuvering load I = mass moment of inertia,
factor. Transient maneuvering, takeoff, landing, and Ib..n.-sec2

gust loads, however, are time-dependent, and the local C = rotational damping coefficient,
inertial forces become dependent upon the local accel- Ib-sec-in./rad
eration of the structure. This acceleration is simply the K = rotational spring constant,
second time derivative of the local deflection or, in i.I/a
other words, is dependent upon the mode shape of the i.l/a
dynamic response of the structure to the forcing func- x=hrzna ipaeet n
tion (see Chapter 5). Such mode shapes are different for 0 = pitch angle, rad
different designs and loading conditions because of F(t) = time-dependent external force,
their dependence upon mass distribution, structural lb
damping, structural stiffness, and the applied forcing M~)= time-dependent external
function as they appear in the general equilibrium moment, lb-in.
equations These equations ~must be specific to the entire system,

and with the actual restraint for the airborne vehicle
mx + cx• + kx = F(/') (free-free), and with applicable gear restraint (gear stiff-

(4-53) ness) entered.
10 + CO +1O = M(t) For each dynamic loading condition the accelera-

tions .x and 0 can be obtained at any lumped mass
station and, by normaliiing on a unit inpu• in F(t) and

where Mirt), the results may be tabulated in a matri.,. These
m = mass, Ib-sec2/in. dynamic loads are especially important on the wing and
c = damping constant, lb-sec/in. empennage because of the relative flexibility of these
k = spring constant, lb/in, structures with respect to the fuselage.
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A survey of taxi and landing runs for different con- ordinate at the force station
figurations of the helicopter at varying velocities and y = dynamic response factor xj/x,
sinking speeds can be made on an analog computer. for a ramp force excitation
-From studies on a dynamic structural model, the with zero damping (see Fig.

prominent mode shapes of the dynamic response can be 4.71).
established, and incremental dynamic load factors at subscript i - station along the span 0--4c
the mass reference points can be calculated. An exam- where the weight W, is
pie of the qualitative effects of a dynamic load factor concentrated
increment upon the shear and bending of the wing is
shown in Fig. 4-69.

For a unit gearload Fthe incremental load factor at 4-10.2.4 Aerodynamic Load Distribution
the reference point (see Fig. 4-70) is found from: The aerodyn mic load distribution-derived from

the general expressions for aerodynamic forces and mo-
ments as functions of dynamic pressure, angle of attack,

.n i (-4) and appropriate coefficients-also can be expressed in
F4-4) matrix form.

W,(X,)2 The coordinates of the center of pressure of the force
0 components for this particular distribution may be ar-

ranged in matrix form, and a simple integration proce-
where dure will give shears and moments at any desired loca-

X, corresponding mode shape tion on the structure.
ordinate normalized on X= 1 Similar distributions can be written for zero lift dis-

F =normalized mode shape tribution. lift due to roll and yaw velocities and acceler-

31COMMON " 4-.
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Fig. 4-68. Empennage and Aft Body Load Grid, Showing Load Stations and
Monitoring Stations
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ations, and any other aerodynamic parameters that wise lift distribution, which can be related1 to the load-
need to be considered. Fig. 4-72 shows a typical span- point Slid of Figs. 4-67 and 4-68.
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The imp•ct upon the structure from blast pressure stated. As with the aerodynamic distribution, these
due to weapon firings is dependent upon the particular loads must be entered on the corresponding load sta-
.haracterstics of the weapon system and upon the tion grid points.
proximity of such a system to the structure. Therefore,
the dsigner must obtain the relevant data, e.g., that 4-10.2.5 Gust Loading

shown on Fig. 4-73, from the supplier of any such ord- Gust intensity usually is given in terms of a vertical
nance. Also, the duration of this pressure must be gust velocity Uk, and its intensity as a probability func-

/F(t)
C;n

LL X. x5tt)
OLLI

iA~ =l t

TIME t, sec
F(t) = APPLIED FORCE
X (t) = DISPLACEMENT
x.(t) = STATIC EXTENSION FOR ZERO MASS

X = MAXIMUM STATIC DISPLACEMENT
= MAXIMUM DYNAMIC OVERTRAVEL

t' = TIME TO REACH MAXIMUM APPLIED FORCE
t' = TIME TO REACH MAXIMUM STATIC DISPLACEMENT

Fig. 4-71. Ramp Force Excitation
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Stion of miles flown. The probability distribution is used from these changes will differ from the original I -g lift
to determine gust fatigue loading spectra and may be and, therefore, will cause an incremental load factor on
used to determine design limit loads (par. 4-4.3). the vehicle.

For fixed-wing aircraft, an empirical gust alleviation
factor is defined, and the analysis is based upon an 4-10.2.6 Ground-handling Loads
incremental change in angle of attack. Ground-handling load criteria are specified in par.

For a compound helicopter, however, such a rela- 4-6. The requirement for equilibrium is, of course, that
tively simple presentation is not valid because of the the resultant of all reactions opposes the action at the
entirely different aerodynamic environment of rotor specified tow lug. The location of ground and inertial
and wing and the difference in structural stiffness be- reactions for the same tow force might be quite differ-
tween the rotor and the vehicle. It is not correct to treat ent, causing a different load path with respect to the
the rotor separately and the vehicle as a fixed-wing vehicle, as shown in Fig. 4-76. Externally applied loads
aircraft and then add up the results. The only correct resulting from these conditions are entered-together
presentation is to find the dynamic response of the total with the landing gear, propeller and tail rotor loads
vehicle to a time history of V. I- Ld,. (equivalent flight -into the external load matrices.

speed plus design gust velocity, also equivalent air-
speed). Methods of analysis on this subject are mostly 4-10.2.7 Mooring, Jacking, Hoist, and Sling
proprietary and have not been treated in the literature. Loads
Also, because dynamic response is peculiar to the par-
ticular design configuration, general treatment of the Mooring and jacking criteria are given in par. 4-6.2.
subject is inconclusive as far as actual hardware design The mooring loads are based upon exposure of the
is concerned. Recent trends in gust intensity definition unattended aircraft to severe gusty winds from any
in terms of the power spectral density of gusts are direction. The manufacturer usually will specify

described in FAA ADS-53. recommended mooring practice. In applying the cri -

One aspect, not fully explored for compound heli- teria, the applicable landing gear deflections should be

) copter design, is the effect of wing stall at low. velocity, considered in the determination of exposed areas and

. where the value of A = L,/ V, may result in signifi- moment arms. If parking on the soil of an unprepared
cant lift loss and cause significant negative vertical ac- field is specified, deflection due to soil impression (and
celerations. Because such lift loss subsequently affects "digging") should be considered.

the rotor inflow velocity, a time history of the total Jacking provisions usually are made on all landing
event must be considered in order to evaluate the asso- gear units to facilitate tire and brake service. The air-
ciated rotor response. craft is usually emptied fir maintenance, and jacking

As shown in Fig. 4-74, depending upon which value provisions on the aircraft structure thus allow for a

of a is pertinent at the time that the gust occurs, the specified empty weight. To insure safety for the work-

incremental &a may result in the wing angle of attack ing crews, lateral and vertical load factors also are

a entering the stall region. specified. It is mandatory that only approved jacking
Where the original lift force equilibrium may be equipment be used.

represented by point (A) on Fig. 4-75, the gust may Hoists and slings usually will be applicable to the

eprchange this to point (B) or (C), while the rotor ing fuselage only, but they also may be applied to an in-
experience its own increment (R). The net lift resulting board wing store mount. Therefore, it is essential that

the rated loading of such mounts includes appropriate
dynamic factors resulting from maneuvers during air-
lifts by other helicopters. Examples are gusts encoun-

APPLICABLE TO tered within the specified operational weather limits,
v"PARTICULAR ORDNANCE and the inherent dynamic effects of the sling or hoist

system (cable, rope, belt webbing, hoist speed, and
braking characteristics). Also, any pendulum action or
wind and drag forces should be within the stability

-j <boundaries of the aircraft.

DISTANCE FROM NOZZLE. It 4-10.2.8 Structural Design Requirements

The criteria for the structural design of the wing and
Fig. 4-73. Typical Ordmnce Blast Pressure empennage include avoidance of buckling due to air
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Fig. 4-74. Effect of Velocity on Incremental Lift Coefficient in Gust Encounter

application. The dissipation of such loads into the
0 ,structure should be such as to avoid structural crip-

= e__.0__, pling.
j - ... The true theoretical airfoil shape will be affected by

a) -0 structural deformation due to local pressures. and corn-
2 C" (Ai bined torsion and bending of the wing. Because such

0 •(C) deflections will affect airfoil performance, the aerody-
namic criteria must provide a tolerance for the magni-

Stude of these local panel deflections, usually specified
for level flight at a given airspeed and for the ,'chicle

Fig. 4-75. Wing and Rotor Gust Load Comparison at rest on the landing gear. Therefore, a specific stiff-
at Low Airspeed ness of the skin panels is required, dictating a minimum

skin gage at different locations on the aircraft. Fig. 4-77
lasshows the general effect of panel dimensions on the
loads or ground-handling loads. The structural defini- critical shearflow, with the stiffening effect of the panel
tion of buckling, as in column buckling, will not apply radius appearing as an additional term. The factors
to such structures as the wing and empennage. How- K, and K1 should be obtained from an approved stress
ever, panel buckling, as described, for example, in Refs. analysis manual. Skin gages also may be limited by the
22 and 23, should be considered as a criterion for the size and type of fastener used (see MIL-HDBK-5).
properties of a skin-stringer combination where the Thus. either appearance or aerodynamic cleanliness re-
buckling load per unit width can be derived from the quirements may dictate a heavier skin gage than would
bending moment divided by the effective height be- have been required for strength or stiffness only. Manu-
tween upper and lower surfaces. This analysis will pro- facturing practice, usually described in material proc-
vide the critical compression stress of the panel config- essing specifications by each manufacturer, is another
uration. limiting factor in the choice of skin gages.

During ground-handling, only hard points in the Depending upon the proximity of the tail surfaces to
structure-such as jack pads, mooring lugs, or towing the engine exhaust and upon the acoustical output of
lugs on the gear-may be used for concentrated load the engine, it might be necessary to design the local
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Fig. 4-76. Comparison of Towing Conditions With Different Restraints

structure-to withstand sonic fatigue. This entails the
selection of panel parameters for which the response to
the random noise input produces stress levels below the

)f. endurance limit of the structure. Careful consideration
must be given to edge design, support symmetry. fas-
teners. local deflection possibilities. stiffetter restraints.
etc.. because this type of loading behaves like a continu-
ous frequency sweep. passing through all the natural
frequencies of the structure and accumulating millions
contained in Ref. 59.

S RESTRAINT'

'! P, 4-10.2.9 Combined Loading Conditions

,TAENT .' . Whatever the detail structure of the wing may be, in
its simplest form it may be represented schematically as

Fig. 4-77. Allowable Shear Buckling Shearflow shown in Fig. 4-78.
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The first approach of the substantiation effort is to 4-10.3 LANDING GEAR SUBSTANTIATION

determine the spanwise loading distribution accordinir
to conventional cantilever beam analysis, obtaining Landing gear loads are dependent upon descent

shear and moment diagrams and showing the three

internal force components and three moment compo- tiguration eneliy crberia are specified in par.

nents at each spanwise station on a convenient ret.er- figuratio. . Der cent velocity crith i a resen io ild i atr

ence axis. This operation must be repeated for all signif. 4-5.1. For the purpose of this presentation, load factor

icant loading conditions in order to find the actual determination is discussed: then specific loads are ex-

combined loading for each condition. For instance, plained with special emphasis on type of gear (wheel,

combined shear and torsion for two condition-, ma% skid. and float). The landing gear then can he sized and

compare as presented in Fig. 4-79. and comhincd hend- substantiated for the critical landing and ground han-

ing and axial load may be compared on the basis of Fig. dling loads.
4-80.

4-10.3.1 Load Factor Determination

4-10.2.10 Stress Analysis

It thus is possible to represent all combined loading The landing load factor ultimately is determined by

conditions in an envelope as shown in Fig 4-81. giving drop tests. but for preliminary design purpose, an ap-

all the loading details required for stress analysis. propriate value can be assumed. Generally. the landing

e aload factor is chosen so that it is equal to that expectedT h e can tilever be am rep resen tatio n gives all o f the d r n u l p m n u e .T i s u e h t t e , r c

equilibrium forces and moments required for wing and during a pullup maneuver. This assures that the struc-

emennage design, as well as the rea'tions at the fuse- ture is a halanced design. Ii any case. it is recoi-
meamded that n ... not he Iess than 2.67 because es.en

lage mating plane to be entered as actions on the fuse- men or t ia l crash wil ge an ultim at e l a f ct
a minor vertical crash will gimte an ultimate load factor

lage. Margins ofsafety for both limit and ultimate loads of at least 4.0.

Shall be determined and tabulated for all the primary Having chosehi the load factor n.. the energy absorp-

structural members of the wing and empennage. with lion deflection-including all components such as tires.

emphasis upon the fittings for attachn'ent to the main shock struts. elastic or yielding springs,. and float

fuselage structure. The analytical melhods and tech- bags-can be determined. The energy to be absorbed

niques to be used are well described in such ,tandard upon landing is kinetic energy KE plus %,"ential energy

tex:,s is Refs. 22 and 23. Ph. or

Fig. 4-7H. Schematic Ream-rib Structure
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Fig. 4-79. Comparison of Combined Shear am Torsion for Two Loading
Conditions

W V 2  n, = load factor, dimensionless
U• + PE = 8 + W(I- L)b ,jtb (4-55) L = rotor lift ratio = rotor

lift/gross weight ( = 0.67 from
par. 4-5.1), dimensionless

Absorbed energy AE is R, = ground reaction, lb
K = energy absorber efficiency, d'less

AE = KR , (n1 W - LWA ,ft.lb (4-56) W, = gross weight, lb
8 - absorber deflection required

where during a limit landing, ft
P, descent velocity (par. 4-5.1), fps Equating Eqs. 4-55 anid 4-56

4-113



. -1

AMCP 706-201

V2 ever, when an oleo strut is being used together with a
+ (I -L)6 = b (n2 -. )6 t (4-57) tire, care must be exercised in the selection of the

proper value of K. The respective deflections of the oleo
strut and the tire must be considered, and a composite
value of K determined, based upon the total deflection

and solving for 8 8 being the sum of tire deflection and oleo deflection.
Tht. landing gear then is designed to provide this

V2F 2 value of total deflection during a limit landing.
V5 = _ _ _ ft (4-58) The limit landing gear load or ground reaction R,, is,
2g- K(n -L)-(I -L by definition.

As written, Eqs. 4-56 through 4-58 are strictly accu-
rate only for landing gear systems containing only one Rg, W, (n -LI ,lb (4-59)
energy absorbing component or device. For example,
with an elastic spring absorber such as used with skid
landing gear, the appropriate value of K = 0.5. How- This load is divided among components of the land

CONDITION A CONDITION B

O S, 4t Sv 4
"__Mx (2h) _,O' M,. (20•

ANz (2 1) Mz •

Fig. 4-80. Combined Bending and Axial Lead for Two Loading Conditions

M A

CONDITION .. •CONDITION/ ... Y
A B

(Sx S

MY MX'

-10LDCONTITIONN
A- B /

ENV.ELOPE OF ALL (SENVELOPE OF ALL

CONDITIONS CONDITIONS
U

Fig. 4-81. Combined Loading Condition Envelopes at a Particular Location
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ing gear (nose, tail, and main) for design purposes as The critical loading condition is maximum forward\...presented in the paragraphs that follow. CO at design gross weight. The method follows:,,
' I~. Determine: o

4-10.3.2 Specific Landing Gear Load i410.3.2 SetWii = gross weight of helicopter, lb
I = pitching moment of inertia,

Criteria for the specific conditions that shall be con- lb-in.-sec,
sidered are detailed in par. 4-5. 1.1 (level landings) and a, b, c, and d = dimensions identified in Fig.
par. 4-5.1.2 (asymmetric landings). For the applicable 4-82, in.
type of landing gear the loads for each condition must k1, k2, kc, and
be determined by rational or conservative methods. k4  = spring rates identified in Fig.
Critical loads then are used in the design of the gear and 4-82, lb/in.
attachments and applied to the fuselage. 2. Evaluate-

4-10.3.2.1 Wheel Gear Loads
Loads on the tire, oleo strut, and support structure K1 =k 2 +k 4  , lb/in.

are in accordance with par. 4-5.1.
As most of the landing conditions for wheel gear are K2  k2c + k4 d , lb

explicit and the determination of loads is straightfor-
wcrd, no further treatment is necessary here. The con- K3  kI + k3  , lb/in. (4-60)
ditions to be considered, with due regard to critical
weight and CG position, are: KA4  1kb k 3 a , lb3

1. Spin-up and spring-back (with appropriate vet- K- k b2 + k2 c2 + ka2 4- k4 d 2  ,lb-in.
tical reaction)

2. Maximum vertical reaction level landings with-
out and with forward speed (with appropriate fore and . Determine values of P,, P,. and M0 for static
aft load) condition:

3. Asymmetric landings with drift or horizontal
forces at one wheel reacted by helicopter linear and
rotational inertia about the CG P =Mo=O ,lb (4-61)

4. Taxiing (braking, turning, and obstruction)

5. Ground handling (towing) P

6. Landing gear e .-ension and retraction
7. Special conditions. where "

The helicopter rotor and landing gear combination L ratio of rotor lift to gross
must be designed for freedom from ground resonance.
With a configuration having lead-lag hinges and oleo weight 0.67 (par. 4-5.!.1.1)

landing gear, it is probable that an instability of the 4. Evaluate the static deflections:
helicopter on its gear will take place unless sufncient
damping is provided in either the rotor system or the
oleo strut (par. 5-2.5).

4-10.3.2.2 Skid Gear Loads Xsr K K2 KZ 2 KKK
KIK4+ K 2 K 3- KK 3KThe analysis that follows outlines a procedure for

determining loads for the dynamic landing condition (K2 - K
for helicopters equipped with skid landing gear. The T in. (4-62)
helicopter is assumed to have two horizontally ZS=K ,K, + K2K -AK K
mounted "spring tubes" as energy-absorbing devices.
With the skid runners in contact with the ground, the K1 K4P P
system may be represented schematically by a mass OsT K-K.Kad
supported by four springs, as illustrated in Fig. 4-82. KIK +K2 K -K K K
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5. Determine frequencies: K

I W/g
a. If K, does not equal K3, solve the following ...

equation for the three roots w'1, w+, and

2 2 /K,

K1 K3~~~.;l (K+4-64)~_43 33 77+T

1 KK+K K (4K6)
K: + K + 4 4•

6 14 23 +3 W 42

1>lWf) 6. Evaluate Q,, Q2, Q3, R,, R2, and R3 from i
K, wK~

•~~~~~ = -1 __Wato uet raiyK"• K n/sc (4-+6K K4 43 2 Ig+

•ib. If K, = 14, determine the frequencies for the R 1 = =

three natural modes: \- K4g

(RV9) Iz Wgg -+

22

. - : • p× . !3K_ K 2_K_3__KKK I /

Fig. 4-82. Schematic of Spin'Ig Substitution for Skid Ga
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where 9. Set up the following eqt.ations:
generalized displacement x,/z,.
dimensionless (1 Qtz 1 cosy1 + • 2Q2z 2 cos f 2

R, generalized displacement S,/z,. + W3Q3z 3 cosv 3  "
S~in)

SK, = KI. use WZz cos3' + W2 z2 cos3 2

A•+ (3Z 3 cos' 3  2 0o (4-70)
Q• --. fia =0

K4=-j WRO ~R zI Cos3'1 + Wo2 R 2 z 2 cosy'y2

for (4-66)

KIg K3g 
+ W3R3 23 Cos7 3

"W, w, Solve for z, cos y, z. Cos Y/! and z, Cos

1o. For i = 1. 2. and 3, evaluate:

and fori= 2andi= 3. use
( 2, sin -t,

K2  3'. =Tan- - xi Q z,
(4-67) zi CQsy

(4-71)

with R, from Eq. 4-65 zi sin ll

7. Determine initial conditions at t = 0 (time 2 , sin'
skids contact ground): sin n"[Tan ,0 = R.z,

X=xo

z = Zo i =i (4-68)
I . Substitute the solution to Eqs. 4-69, 4-70, and

0 = O 0 = 0 4-71 into the following equations:

,., is varied until the maximum horizontal ground
reaction is equal to one-half the vertical ground reac- x x sin (wt +3, 4- x sin (w2 t±. 2 )
tion.

8. Set up the following equations: + x sin (..3+ 73) + XST

+ Q2z2 sin 2  z =z in (wt + y,) + z sin(co3t+'V 2 )

+Zsin t 4-2
+ Q3z 3 sin 33 X XST + z3 sin ( 3t + 3) + ZST (4-72)

Ssin + z2 sin 2 + z3 sin' 3 = Z-- ZT 00 si + )+2 sin(o 2 t+y 2 )

A,,sn ,+R~2 sn(4-69) + 03 sin (w3 t + 73) +Os
RIISinl 3'I + Z2 Sin 7Y2 3(~

+ R3 z 3 sin' 3 = 0o-+ siT

Fig. 4-83 presents representative curves as obtained
Solve for z, sin y,. z2 sin y2, and z2 sin y,. from Step I I and the equations:
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w speed and at the reserve energy sink speed. This ratio
__S x- + (k2 + k4 )x - (k2 c + k4  can be calculated, using Eqs. 4.57 through 4-59, with -

appropriate values of sink speed Vabsorber efficiency
K, and rotor lift ratio L for the design limit and reserve

.E Z. + (k1 + k3 )z + (k b - k3 a)o = P (4-73) energy conditions.
K

4.10.3.4 Preliminary Structural Sizing
10" + ( k b2 + k2c2 + k3a2 + k4d2 ) -(k 2 c+ k 4d)x The preliminary structural sizing of the lending gear

+ (k b- ka)z = Afo normally can be accomplished using standard detail
methods of structural analysis, in combination with the

where design limit and reserve energy loads as well as the
various other design loads, and including ground-han-

. L Wx X (distance to CG) throughout dling loads. The methods of Ref. 57 should be used
landing. whenever possible to assure an optimized structural

4-10.3.2.-3 F-loat Gear Loads configuration. Very-high-strength materials normally
can be specified for the landing gear components inas-

Float gear can be analyzed in a manner similar to much as flight safety is not involved and the critical
skid gear with changes in the forward, aft, and side landing gear loads rarely are encountered.
components. Unless specified otherwise by the procur. Energy absorption sizing for the normal limit con-
ing activity, the criteria of FAR Part 27 are applicable tact velocities usually relates to sizing the oleo strut (if
for float landing gear. The dynamic condition is less applicable) and the flexible series member, such as tire
severe than that for skid gear. or beam. Sizing for the reserve energy requirements in

accordance with par. 4-5.2 involves the plastically de-
4-10.3.3 Reserve Energy Loads forming element, or structural load-fuse. Also, there

A reserve energy condition is used for ultimate de- may be size and/or configurational effects that require
sign of the landing gear. The criteria for this condition stiffness or damping of the oleo struts in roll or pitch
are given in par. 4-5.2. The increased load due to the (such as to prevent ground resonance or for better ter-
reserve energy condition can be expressed in terms of rain conformability) that is different from the damping
the ratio of the ground reactions at design limit sink required for the vertical impact. Thus, some method of

10 -5 .
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Fig. 4-83. Time History of Level Landing With Forward Velocity
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mechanically or hydraulically separating the symmetri- a serious stability and control problem. Also, upon
cal and asymmetrical energy absorption characteristics subjecting a mission equipment mounting location to

" .. of the landing gear may be necessary. preliminary structural analysis, it may become appar-
J. ent that the internal structure of the helicopter must be

4-10.3.5 Substantiation of Landing Gear revised to provide efficient load paths.
Design Therefore, the preliminary struct. "al analysis for

mission equipment shall encompass more than merely
SSubstantiation of heliopter landing gear designs a stress analysis. It shall include considerations of loca-

should consist of a thorough discussion of any unique tion that might affect personnel accommodations, han-
or unconventional features, their technical or other ad- dling characteristics, and safety concepts. Essential
vantages, and the possible technical risks involved. Im- considerations include CG locations, stiffness, maneu-icosieratioads, aerodynamiG locatios, stciffoass, moaneu-
pact absorption characteristics, both limit and reserve ver loads, aerodynamic loads, recoil loads, location
energy, should be justified based upon combinations of relative to crew, and ease of maintenance of mission
theoretical analyses. computer dynamic simulation equipment.
studies, and comparison with existing drop test data.
The ground loads due to the limit and reserve energy 4-10.4.1 Equipment Loads
impacts-as well as the other miscellaneous design The basic loads associated with helicopter equipment
load requirements of MIL-S-8698 and MIL-A- shall, where possible, be based on the criteria that have
8862--should be investigated to a reasonable degree s tal ished i n the fe inp ra thisbeen established in the foregoing paragraphs of this
of confidence prior to structural sizing of the landinggear components. Special loading conditions may be chapter. It is recognized, however, that such equipment
necessary for particular landing gear configurations involves a wide variety of components and assoc'iated
(par. 4-5.1). The miscellaneous ground-handling operating conditions; therefore, some operating condi-
(paur.m4-5.1). Thef. 62ilscell ousdground-handling tions will not have been covered in the previously est.-b-
requirements of Ret'. 62 also should be investigated lished criteria. In those cases where the exact criteria

omtheon, ,ine, loand snda point. Layneedtoeing ge have not been discussed, the logic behind the criteria
motion, -wThess. and damping may need to be in- that were established and discussed should be used in
ve. 1;,..dwi! with regard to assuring freedom from the esalhigtenwctraned.Adtoalqup
likehh.. of ground resonance (see Ref. 63 for establishing the new criteria needed. Additional equip-
-detaih J methods of substantiation). ment criteria and requirements also may be establisheddeai t ehd fsbtnito) in the RFP.

"A • After the design loads, impact requirements, and
ground resonance suitability requirements have been Equipment loads resulting from maneuver and crash.. _: • roud reonace uitbiliy rquiemens hve een load conditions are discussed here, with emphasis on
investigated, structural sizing of the various landing loa ndito re disuede with empasis on; the need to restrain equipment within the cabin area
gear components can be accomplished using standard
structural analysis procedures. Margins of safety for during a crash and to restrain equipment installed out-

limit and reserve energy conditions shall be calculated mounted and pod-mounted armament loads are in-
and tabulated for principal landing gear components. couded.;•; eluded.

4.10.4 SUBSTANTIATION OF MISSION 4-10.4.1.1 Equipment Types

EQUIPMENT INSTALLATIONS A representative listing of equipment items has been

divided into three broad categories:
Normally, the mission equipment requirements for a 1. Equipment installed within the cabin

helicopter have been established by the time the design 2. Equipment installed internally, but outside of
is subjected to its preliminary structural analysis. How- the cabin area
ever, because this equipment is not a part of the basic 3. Externally installed equipment.
helicopter, there may be a tendency to overlook provi-
sions for such equipment in the initial preliminary de- This listing should be adequate for establishing the
sign. This procedure is unacceptable because the effi- methods and constraints for determination of the re-
ciency in adapting the helicopter to the use of mission quired basic loads.
equipment often determines system effectiveness. In
fact, the design integration of mission equipment provi- 4-10.4.1.1.1 Cabin Equipment

sions into the basic helicopter may be the most impor-
tant task in the early design stages. For example, a Equipment installed in the cabin includes, but is not
nonoptimized location of a weapon pod may result in limited to:
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1. Environmental control system components 1. The design flight load factors and angular accel-
2. Fire extinguishers erations

3. Pilot operated sights or observation equipment 2. Weights and moments of inertia of the equip-

4. Oxygen equipment ment

5. Electronic c 3. Location of the equipment relative to the heli.

6. Personnel armor copter CG.

7. Instruments Limit load factors are discussed in par. 4-4.2. Equip-
8. Other mission equipment. ment and equipment mounting shall be designed for

the limit load factor of 3.5 that is required by MIL-S.
4-10.4..1.2 8698 for Class I service, unless a different factor is

justified.
The weight of mission equipment normally will be

Equipment installed outside the cabin but inside the specified in the RFP. An accurate weight must be es-
helicopter includes, but is not limited to: tablished for each component, including those compo-

nents not specified by the RFP. Also, the location of
2. Environmental control system components the equipment must be determined. In those cases
S2. Pneumatic system components where disposable loads such as fuel or ammunition are
3. Hydraulic system components carried, the locations for varying load conditions must
4. Ballast be examined to establish the most critical loading. Iner-
5. Engine and engine accessories tial moments due to angular accelerations can be im-
6. Battery and electrical components portant, and an item of equipment located at a signifi-
7. Power supplies for instrumentation and elec- cant distance from the helicopter CO may be subjected

to significant load factors as a result of these accelera-*tronics tostions.
8. Electronic components In addition, the location of the equipment CO in
9. Fuel tanks and oil tanks relation to its mounting points may be an important

10. Coolers and radiator3 consideration, with significant increases in support
11. Mission equipment. loads resulting from offsets or eccentricities in the sup.

port system.
4-10.4.1.1.3 Externally Installed Equipment Other flight-related loads that sometimes may ex-

ceed the flight maneuver loads are landing, taxiing, and
Externally installed equipment includes, but is not ground-handling loads. The load factors associated

limited to: with these operating conditions also must be consid-

1. Belly-mounted armament ered. The landing criteria are discussed in par. 4-5, taxi

2. Pod-mounted armament and ground-handling loads in par. 4-6.

3. Auxiliary fuel tanks 4-10.4.1.2.2 AirLoads
4. Mission equipment.

Exterdlly mounted eluipment is subjected to air
4-10.4.1.2 Load Types loads caused by airspeed, rotor downwash, and gusts,

All loads, including those within the equipment, and in some cases by tail rotor or propeller thrust.
must be accounted for and considered in the design of Significant reductions in air loads may be obtained by
a helicopter The primary consideration in this discus- the use of proper airfoil shapes and streamlined fairings
sion, however, is the externally applied loads. These on the exposed equipment-good design practice dic-
loads include inertial loads from flight maneuvers, air tates such an approach. However, the air loads never
loads, vibratory loads, and crash loads, can be eliminated and must be included in any design

analysis.
4-10.4.1.2.1 Flight Maneuver Loads The air loads are best determined from test data. If

testing is impracticable, applicable loads must be devel-
In the determination of inertial loads from flight oped by analytical methods. The loads from rotor

maneuvers, the three required inputs for the computa- downwash and tail rotor or propeller thrust may be
tion are: determined by application of an estimated air velocity,
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a drag coefficient, and the reference area of the equip- tatigue failure of flight instrument and avionic equip-
ment in the air stream. An important consideration is ment installations as a result of the vibratory loads to
the proximity of the equipment installation to the ro- which they are exposed shall be considered.
tors and propellers. The determination of these loads Vibratory loads from rotor and propeller blade
may initiate additional design iterations, resulting in a downwash impulses must be evaluated for all exter-
more efficient configuration. nally installed equipment. The frequency is a direct

The gust criteria have been discussed in par. 4-4.3. function of the rotational speed and number of blades.
The resultant air velocity associated with the limit gust The magnitude of the load is determined by test or by
should be applied so that the most critical and largest rational analytical means, as discussed in par. 4-
area is exposed. 10.4.1.2.2.

The determination of' firing frequency loads from
4-10.4.1.2.3 Vibratory Loads armament installations and gun pods is discussed in

par. 4-8.1.3. Loads from blast overpressure and reac-
Vibratory loads on equipment are caused by vibra- tion loads from jettison or launching operations are

tions from several sources, among which are: discussed in pars. 4-8.1.2 a-d 4-8.1.4.
I. Self-imposed v;b'ation 4-10.4.1.3 Determination of Loads
2. Helicopter structural vibration
3. Rotor and propeller blade downwash frequency The determination of the basic loads associated with3. Rotoroandy propl b ldet dequipment and equipment installations often is limited
4. Aerodynamic buffeting during preliminary design to the most critical loading

5. Armament firing frequency. condition. All applicable loading conditions are consid-
ered, the most critical combination selected, and the
loads determined. The critical loads will be useful for

frequency and are experienced only occasionally are d
blast loads from armament and reaction loads fromof the equipment, as well as of fittings
blettiloadn fror au rmamentions. reand other structural compronents of the helicopter.jettison or launching operations.

Equipment vibratory loads often are the critical
loads that establish the structural configuration. Once

the strength for these loads is adequate, all other loads
--including flight maneuver and crash loads-become Crash loads are the critical design loads foi equip-

secondary in importance. This is applicable especially ment that is stored in the cabin. All equipment must be
to certain armament installations where the firing fre- restrained so that clearance is maintair'd between it
quency loads are high. Another factor is the large re- and all personnel during any crash within the limits of
duction in allowable cyclic stress or endurance limit human survivability. A properly designed cabin will
caused by stress raisers, which do not reduce signifi- maintain its shape during a crash, and it is essential that
cantly the allowable stress for an ultimate load such as pieces of equipment do not become loose missiles that
a crash load. can injure the occupants. In addition, under the pre-

The self-imposed equipment vibratory loads origj- scribed crash load factors the structural fittings sup-
nate from equipment containing rotating or oscillating porting the equipment must not deform to the extent
components such as fans. These vibratory loads should that the occuprnts can be injured.
be isolated 7"om the helicopter where possible, but their Location ,of equipment is an important factor for
consideration must be a part of the preliminary design crash consideration. Because the maximum impact
basic load analysis. velocity is normally in the vertical direction for heli-

All equipment will be subjected to helicopter struc- copters, equipment stored on the floor or in the lower
tural vibration, and allowance for the resulting loads portion of the cabin is less likely to bec(;mc lethal. This,
cannot be neglected during the preliminary design however, does not make the separation of a componernt
stage. This is particularly true of installations for sensi- in this area from its attachment an acceptable condi-
tive equipment such as flight instruments and elec- tion. It is characteristic to have the cabin experience at
tronic assemblies. The vibratory loads on these compo- least one bounce after the major crash impact. There-
nents must be determined and used in the design of fore, it is mandatory that the equipment be retained in
appropriate vibration mounts. The most direct ap- its attached position to prevent personnei injury during
proach for establishing these loads often is review of the negative acceleration cycle. The requirement, then,
test data from similar helicopters. The possibility of is to provide fittings on the equipment and the helicop-
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ter that will withstand without separation all load fac- sign conditions. Both fuel and oil tanks require special
tors prescribed for the crash condition. consideration for crash conditions because of their

Several special equipment items that are located in post-crash fire hazard. However, both types of tanks
the cabin warrant specific attention, namely: have specific requirements for pressure tests when in-

I. Components that could be stored loose-small stalled in the helicopter. A more complete discussion of
arms, flight handbook, briefcase, etc. the engine installation, and of fuel system and oil sys-

2. Shock-mounted equipment tern requirements, is included in pars. 8-2, 8-4, and 8-5.
3. Movable components such as armament sights All equipment items should be reviewed to deter-

that require temporary storage. mine the likelihood of cabin penetration in the event of
a crash. This applies especially to high-density itemsLoose equipment must be stored in a location that uhsbatrealstancraieetoicut.

reducessuch as batteries, ballast, and certain electronic units.
The walls between compartments of a helicopter nor-

conditions, and it must be tied down with straps or
eqivaet dvcsapbeof withstanding the pre- mally do not provide a very significant barrier againstequivalent devices capable ofwtsadn h r- loose equipment moving at a velocity of 10-40 fps.

scribed load factors. Equipment such as the flight

handbook, for example, is less dangerous if located in Mountings for system components such as pumps,
starters, generators, pneumatic assemblies, and envi-

the lower forward portion of the cabin. Small arms or ronmental control system items normally are designedbriefcases should not remain loose in the cabin; en- rnetlcnrlsse tm omlyaedsgeclosed s should ne in thatiare by stiffness and vibration requirements. Even though
strong compartments should be provided that are some justification can be made for certain items of

strong enougnto arestinstalednsensitivems euripeng ta equipment being permitted to separate from their nor-
Shock mounts are installed on sensitive equipment to mal positions during a crash, in the most acceptable

isolate helicopter vibratory loads. Because these loads configusition a p rts in the as accengleseldom exceed 1 g, particular attention should be paid configuration all parts will remain together as a single
assembly during all operations including a crash. Crash

to the effect of basic crash load factors to these compo- loads, therefore, have maximum priority as the critical
nents. Avionic and flight instrument installation also load requirement unless vibratory or maneuver load
shall be evaluated to assure their ability to withstand conditions exceed them. Clear justification for any de-
the vibratory loads without failure due to fatigue.

Movable components such as variable position arma-
mient sighting equipment also must remain intact and 4-10. 4.1.3.3 Loads on Externally Attached
in position during a crash. The crash loads should ap-
ply to the unit and its mounting in its stored position,
provided it is used only during specific operational con-
ditions where a crash is extremely unlikely. The provi- The basic loads for externally attached equipment
sion of a structurally sound stored position is manda- often are furnished as part of the RFP because the
tory for the protection of members of the crew who external items tend to be mission-essential equipment.
normally use the device. The primary items classified as externally mounted

mission equipment are hooks and slings for external
4-10.4.1.3.2 Loads For Equipment Installed cargo, weapon pods, and similar items such as anten-Internally but Outside of Cabin

na%, tanks, and special lights. The specific loads that
must be provided for in the support and accommoda-

Crash loads are not necessarily the critical design tion of externall) mounted mission equipment are lift,
loads for a number of equipment items installed inside drag, downwash, gust, inertia, jettison, buffeting, re-
the helicopter but outside of the cabin. The determina- coil, and drogue.
tion of critical loads depends upon the location of the The flight maneuver loads applied to weapon pods
specific item of equipment. An engine located just for preliminary structural analysis should be based
above the cabin, for example, must be restrained from upon the maximum capability of the helicopter. The
penetrating the cabin and, therefore, the crash load loads must include componenws due to pitch, roll, and
criteria may be critical. On the other hand, if the engine yaw velocities, and accelerations as determined by pod
is located in a low position remote from the cabin, such location in addition to the load factor at the CG. In
that the occupants of the cabin would not be endan- establishing aerodynamic loads, it is preferable to use
gered when the engine broke loose from its mounts quantitative data from similar vehicles or from wind
under crash conditions, other loads such as flight ma- tunnel tests. Loads must be based upon speeds up to
neuver and vibrational loads would be the critical de- Vil.
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Gust loads can be an especially important considera- quencies. This has been a problem in previous helicop-
tion for large-area components for whiqh the gust load ter/sling load configurations, and available data should
could be a significant factor in the sizing of the fittings. be reviewed for the purpose of avoiding the problem. If

The crash condition should be considered as an im- such loads are inevitable, the fitting design must allow
pact energy problem in which much of the impact load for them at the preliminary design stage.
is absorbed by deformation of the basic helicopter. The
criteria of par. 4-5.3 will provide a high probability of Jettison loads, landing loads, and emergency release
occupant survival under a crash impact velocity of 42 loads for the external cargo sling probably will not
fps in the vertical direction. For consistency with this determine the size of the external equipment mounting
capability, any externally mounted piece of equipment fittings, but they should be examined as a final check.
that might injure an occupant of the helicopter if it The jettisoning of an assembly normally is an emer-
should break loose from its mounting shall have the gency action. The reaction loads may be as high as the
strength to withstand deceleration of at least 20 g with- limit load but should not exceed this amount. Any
out separation. fitting that may be subjected to a jettison load should

Certain externally mounted mission equipment may be checked for this condition during the preliminary
be permitted to break loose from the helicopter if there design stage.
is assurance that no injury will result. In cases where Normal landing conditions should not affect the
fuel is involved, the requirements of the most recent preliminary sizing of externally mounted mission
criteria for crashworthy fuel cells should apply. equipment fittings. However, these fittings should be

At the preliminary structural analysis stage, it nor- checked for the reserve energy landing condition (par.
mally is considered sufficient to size the fittings for 4-5.2) if applicable. Landing with side or drag loads
mission equipment on the basis of maximum maneuver produces large angular accelerations that may result in
and maximum static loads. In many cases, however, it critical loads for certain installations.
is advisable to consider fatigue loading conditions on
certain externally mounted mission equipment. This is 4-10.4.2 Load Paths
applicable especially for equipment such as weapon
pods, where recoil load may be of such magnitude that A most important consideration in the preliminary
low-cycle fatigue becomes a consideration. Some mod- design of a helicopter is the provision of load paths that
ern weapons accumulate cycles at a very high rate and, will result in maximum stiffness. This is true especially
if the loads are known to be high, the possibilities of in the case of externally e•ounted mission equipment.
fatigue must be considered during the preliminary anal- When an inherently stiff support is used, more flexi-
ysis period. The effect of blast upon the surrounding bility in helicopter utilization is offered for missions
skin, as well as load impulses, also must be considered. where variation in the weight of externally mounted

There are a number of other areas concerning fatigue mission equipment is desirable. Adequate stiffness
of externally mounted mission equipment that may be reduces the critical nature of the installation because
used for reviewing the fittings for possible fatigue prob- resonant frequencies are more likely to be above the
lems. They include: operating range of the rotor.

This support stiffness can be achieved best by the use
pI. Mount stiffness. The stiffness of the fitting that of efficient load paths. These load paths should lead

supports the mission equipment assembly ::aould be into at least two primary load-carrying fuselage struc-
estimated anglytically. This stiffness then can be used tural members with a minimum amount of eccentricity.
in computing the resonant frequency of the assemblyd When inspection capability can be provided, a fail-safe
fitting combination. The computed frequency shouldexteally
be at least 25%. and preferably 50%, above the recoil montedumision ipment suhal tos eaponfreqenc or ainroto frqumces.mounted mission equipment such as those weapon
frequency or main rotor frequencies, pods that operate with relatively high shock and recoil

2. Aerodynamic excitation. Data on aerodynamic loads.
buffeting and any information on tendencies of flutter There are configurations, however, where one load
in mission equipment installation should be examined path to a primary structural member is adequate. In all
carefully. cases, the length of the load path to basic structure

3. Sling load bounce. The combined stiffness of the should be as short as possible.
external ',ing and the helicopter sling attachment fit- The provision of good load paths is a primary func-
ting must be such that the sling load does not tend to tion of preliminary design analysis. In the cast of cargo
bounce in resonance with the rotor or rotor blade fre- loads, there is a large variation in loadings and load
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locatims. Therefore, special study of load paths in the patient will be acting in their most efficient direction in
cargo compartments is required. case of a crash.

4-10.4.3 " Othr Con1,idationls 6. Human factors. Human factors must be consid-
ered in all preliminary design, but especially with re-

The preliminary structural analysis becomes an iter- gard to internal cargo loading. The number of alterna-
ative process during the design stage because there are tive loading possibilities is quite large, and the
considerations other than loads and fundamental struc-Stural design. These include: placement of fittings and other provisions must assure
tthe most appropriate location and distribution of the

I. Functional requirements. The functional opera- loads
tion of a unit of mission equipment may dictate certain
aspects of its installation. An external litter, for exam- 7. Boresighting. Installations involving weapon

pie, is most useful if located near a door or window, pods probably will have requirements for boresighting,
Performance of certain avionic antennas is highly de- which could result in the need for multiple fittings
pendent upon location. Special lights also require more instead of a single fitting.
than normal consideration. 8. Vibration. The magnitude of the vibrations ini-

2. Performance. Helicopter performance never tiated by mission equipment is an important considera-
can be minimized, regardless of how vital is the mission
equipment being installed. Allowance must be made for n for flight comfort and, consequently, for mission
the mounting of fairings for reduction of aerodynamic effectiveness. Careful consideration of the possible vi-

loads. In addition, equipment performance as a func- bration spectrum should be a part of the preliminary
tion of its specific location on the helicopter must be structural analysis. Historical flight test data and flight
studied. Certain flight control and electronic compo- evaluation information are good sources for such infor-
nents must be located in specific areas where the envi- mation; analytical estimates also are useful.
ronment is satisfactory or where they are accessible to 9. Ground and landing clearance. The location of
the crew. Historical data on similar helicopter installa- externally mounted mission equipment sometimes is
tions are valuable for such considerations. restricted by its proximity to the ground while the heli-

3. Weight. Past results have indicated that inade- copter is parked. The preliminary structural analysis
quate weight' control sometimes is exercised on mission should include consideration of maximum deflections
equipment provisions. Each fitting and load path must

for both normal and hard landings. The deflections ofbe ev alu ated o n an in d ivid ual basis w ith th e goal of th la d n g e r t e m o ti g f t n ,a d t e m s i n
reducing weight. The evaluation of the specific fitting, elaing gear, thountingofitting an the missio
of course, must be preceded by evaluation of all other equipment assembly should be considered in the analy-
factors that have affected its weight. SIS.

4. CG locat.on/weight and balance. Effort should 10. Spare parts and maintenance. All maintenance
be made to locate weight items in such a manner that and support requirements should be sufficiently simple
a minimum CG shift is effected and that the weight to assure reliable operation and service at the organiza-
items are as near as possible to the lifting rotor(s). From tional level. The mounting provisions and fittings must
a crash survival standpoint, the CG should be as near lend themselves to ease of inspection and must be acces-
to the ground as possible to minimize rollover. sible for service, repairs, and replacement. The fitting..

5. Safety. Safety aspects must be considered dur- should be protected from possible adverse environmen..
iltal conditions that might reduce their structural integ..S~ing the development of installation provisions for mis-

sion equipment. Hazards that may be associated with rty.

each unit of mission equipment must be identified and 11. Yaw stability. Yaw stability considerations are
allowed for in the installation design. This study may applicable primarily to mission equipment such as
result in modification of mounting locations and in the weapon pods, where recoil loads from firing and
installation of additional equipment. Litter installa- launching could be relatively high. The locations of
tions must be placed so as to provide the maximum these assemblies relative to stabilizer surfaces also may
comfort and safety to the occupants and to other pas- be a factor in the yaw stability considerations.
sengers or crew members. The litters must be fasterned 12. Asymmetrical loads. External asymmetrical
securely to a structure of sufficient strength to with- loads could be experienced when some externally
stand crash loads without breakaway. Also, the litters mounted mission equipment is jettisoned. The effect
should be oriented .so that the safety straps securing the from such loads should be examined.
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4-10.4.4 Preliminary Sizing frequency of alternating load, fatigue life is stated in
hours rather than cycles.

After the basic loads have been established and ac- horraertncylsFollowing determination that a given component iscumulated and the tentative locations of the mission
ti tinloaded critically by alternating loads and hence subject

equipment erminedlltion ittingsar other provisions to fatigue analysis, the loading must be defined in de-have been determined by preliminary layout, the initial tail, and the fatigue properties of the component must
sizing and structural analysis can be made. In most be determined. A determination then can be made of
cases, the fitting design at this stage will be based upon the fatigue life of the component. Each of these phases
Slimit load and ultimate load values, of the analysis is discussed in the paragraphs that fol-

The preliminary structural analysis should include low.
several considerations pertaining to the materials from During preliminary design it normally is not practi-
which the fittings will be made. If the fitting is to be cable to determine component fatigue lives because the
made from a casting, for example, there must be an fatigue properties cannot be defined without compo-
allowance for the casting factors. If a forging is nent tests and the fatigue loadings cannot be deter-
planned, a check should be made to assure that the mined without flight tests. It is appropriate, however,

design being evaluaied can be manufactured with . to identify those fatigue-critical components (par. 4-
acceptable metallic grain direction. 11.2) for which the design objective will be infinite life
4-10.4.5 Substantiation and those for which a finite life will be established. The

preliminary stress analysis report shall include sub-
The preliminary sizing of the externally mounted stantiation of acceptable life characteristics for all rotor

mission equipment fittings can be substantiated by cal- system components as a minimum. In these substantia-
culating their weights and comparing the results with tions th. properties of ihe components shall be es-

P. previously established weight allocations. This proce- timated and the critical alternating loads shall be devel-
dure provides a quick first-order substantiation. In ad- oped by rational and conservative methods. The
dition, a thorough review of the load paths must be methods for determination of component properties
made to assure that there is a path for each load, and and of applicable fatigue loads shall be included in the
that the path is direct and of minimum length. If these report.
requirements are fulfilled and the preliminary struc- Although final determination of fatigue lives is a part
tural analysis indicates adequate strength, the fitting of the airworthiness qualification of a new helicopter
designs are adequate for preliminary design purposes. (AMCP 706-203),the methods for these determinations
The margins of safety for critical loading conditions for also are discussed in the paragraphs that follow. These
the fittings for attachment of major items of mission methods are applicable for both preliminary design and
essential equipment shall be calculated and tabulated. final qualification. In the latter case, of course, test data

will be used and the spectra of applied loads will be
more complete.

4-11 FATIGUE LIFE DETERMINATION
4-11.2 FATIGUE-CRITICAL COMPONENTS4-11.1 GENERAL

All components for which a fatigue life determina-
Many helicopter components are subject to alternat- tion is required are defined as fatigue-critical compo-

ing loading at fairly high frequencies. The primary nents. All rotor system components-blades, grips,
source of these loads is the harmonic variation of the hubs, control borns--and all control system compo-
aerodynamic loading of a rotary wing in translational nents, rotating and nonrotating, between the rotors and
flight. The critical loading on these components is not a point of load isolation shall be fatigue-critical compo-
a static load, to be compared with the yield strength, nents. All drive shafts shall be fatigue-critical com-
but rather is a fatigue load. ponents-along with all drive system support struc-

Fatigue strength of a given component can be de- turcs including engine mounts and main transmission
fined in terms of an endurance limit, or it can be stated and antitorque rotor gearbox mounts and supports.
in terms of a fatigue life. The endurance limit is the A fatigue life determination shall be made for all
maximum value of alternating stress to which the com- fatigue-critical components. If this determination indi-
ponent can be subiected for an infinite number of cycles cates infinite life, the component no longer need be
without failure. Fatigue life is that number of stress classified as fatigue-critical for the specific mission
cycles that can be sustained prior to failure. For a given loading. A new life determination shall be made in case
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TABLE 4-10 cluding consideration of usable fuel load and expenda-
SUMMARY OF TYPICAL MISSIONS FOR UH ble payload.

CLAIS•S HELICOPTER -
Using the detail specification as a beginning point,

.SS. N mission profiles and other information about prospec-

A 1ERSCNEL '; five use of the helicopter should be analyzed to estab-
lish rough percentages of time in the various modes of

VIRE SF R'. ESS'•C flight. The potential helicopter missions shall be evalu-

N • NA -1 R ated for altitudes, and this factor considered in the
detailed breakdowns. Once these percentages have been

!_XE• 'AD- :established, each group of maneuvers (in ground effect,
level flight, transition, etc.) can be considered individu-

S. .... L "E AZ A' ' \ ally and a detailed breakdown of flight time calculated

F RA, NG for each particular maneuver. Next, each of the in-
dividual maneuvers should be considered separately

G• PERRY and the specific airspeed breakdown within the maneu-

H SHORT-HAUL \P TRANS1CR- ver developed. Finally, a careful analysis produces the
gross weight and rotor speed breakdowns. Table 4-Il
is a sample mission analysis for one of the missions to

of any change of fatigue loading upon the component. be considered. Fig. 4-84 presents the mission profile for
Such changes may result from changes to the mission the mission analyzed in '.able 4-11. The same type of
gross weight, to a mission profile, or to the mission profile would be constructed for each of the other as-
frequency (anticipated utilization), signed missions, and a frequency of occurrence analysis

similar to Table 4-I1 would be made for each mission.

4-11.3 FATIGUE LOADINGS
4-11.3.1 Determination of Composite

As discussed in par. 4-4, fatigue loadings vary with Maneuver Spectrum
flight conditions, with the most severe loadings result-
ing from maneuvers. The frequency of occurrence of a Because flight loads are dependent upon the density
given loading, or the number of occurrences per 100 hr altitude at which the flight condition occurs, it is neces-
of helicopter operation, is dependent upon the mission sary to establish a frequency of occurrence distribution
profiles of the individual missions assigned, togethe, as a function of altitude. (It is acceptable to establish
with the frequency of performance of each mission. The altitude ranges and to determine the frequency of oc-
frequency of occurrence distribution is obtained by currence within each such range.) Table 4-12 is an
considering carefully all factors that affect the fre- example of such a distribution. Each of the assigned
quency of performance of each of the applicable flight missions is listed, together with the relative frequency
conditions. of performance of each in the selected range of density

In formulating the frequency of occurrence distribu- altitude hd (0-4000 ft hd in Table 4-12). The relative
tion, the following factors should be considered: frequency of each mission is presented as percentage of

1. Helicopter missions as defined in the applicable utilization. Similar distributions for the other two alti-
specification (see Table 4-10 for a summary of these tude ranges (4000-8000 ft and 8000-12,000 1t) are not
missions for the example being considered) shown separately, but their effect is included in Table

2. Frequency of performance of each assigned mis- 4-13, which gives a composite flight condition fre-
sion queacy of occuiince distribution for the helicopter.

The effects of each of the eight assigred missions shown
3. Frequency of occurrence of individual flight in Table 4-10 are included, and the relative frequency

conditions through analysis of all missions, primary of operation in each of the three altitude ranges is
and alternate. Effects of field environment based upon shown.

pertinent operational experience and anticipated de- The missions listed in Table 4-10 are considered typi.
ployment should be included. cal of those that might be considered applicable for a

4. Density altitudes at which each leg of the appli- UH class helicopter. Comparable lists can be prepared
cable mission profiles will be flown for other classes of helicopters, based upon mission

5. Practicable gross weight operating ranges, in- assignments included in the RFP or in the helicopter
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TABLE 411
FREQUENCY OF OCCURRENCE FOR MISSION A (PERSONNEL

TRANSPORT)

BASE TO FIELD RETURN TO BASE

TIME PER NO. OF TOTAL NO. OF TOTAL MISSION
MISSION TIME: 120rain MANEUVER EVENTS NO. OF EVENTS NO..OF % TIME

EVENTsec mn mmi

I. HOVER IGE 1 2.00 1 1.16 2.63
2. 'OVER OGE 1 0.12 1 0.12 0.20
3. LOITER A/S 27.61 23.00
4, LEVEL FL'GHT 0.6 VNE 1.54 1.54 2.58
5, LEVEL FLIGHT 0.7 VNE 0.30 0.30 0.50
6. CRUISE 0.8 VNE 9.40 7.05 13.72
7. CRUISE.,1.9 VNE 18.61 15,51 28.65
8. HIGH-SPEED VNE 4.54 4.54 7.56
9. FLAT PITCH FLIGHT IDLE 1 2.00 0.40 2.00

10 NORMAL START 120 1 1.67
11. NORMAL SHUTDOWN 60 op.00 0.63
12. IGE TURNS 6 10.08
13. IGE CONTROL REVERSALS 1 0.03
14. IGE SIDEWARD FLIGHT 5
15. IGE REARWARD FLIGHT 3
16. VTO TO 40 ft AND ACCEL. , .o 0.10 0.17
17. NORMAL TAKEOFF AND ACCEL 3 0.25
18. SLIDE TAKEOFF AND ACCEL.
19. TE SLIDE-ON LANDIN';
20. TE APPR.AND LANDING 1 0.33 0.28
21. SE APPR.AND LANDING
"22. SE APPR.WITH TE RE
23. TE CLIMB 5 4.62 1 0 76 4.46

. ~24. SE CLIMB •• •

25. ACCEL.CLIM S TCRUIS 24 41 1.60 1.3326. OGE TURNS 12.1.60 1.33

27. OGE CONTROL R S A 2 0.03 0.03
28. CYCLIC PULL-UPS 02 .0.033
29. DECEL.TO DESCENT AS 30 3 1.50 I 0.50 I 1.67
30. TE DESCENT 5 2.52 1 1.67 3.50
31. SE DESCENT
32. TE TO SE TRS IN CLIMB 2
33. TE TO SE TRS IN CRUISE 2
34. SE TO TE TRANSITION 4
35. SLING LOAD LIFTOFF
36. SLING LOAD LANDING 0
37. MIN PWR.APPR-PWR.REC IGE 24 1 0.40 0.33
38. FIRE SUPPRESSION PUSHOVER 2 6 0.20 0.17
39. FIRE SUPPRESSION DIVE 14 6 1.40 1.17
40. FIRE SUPPRESSION PULL-UP 10 6 1.00 0.83
41. FIRE SUPPRESSION HIGH'g" TURNS 6 6 1.20 1.00

"TOTAL 100.00

NOTES. TAKEOFF GROSS WEIGHT - 10,000 lb VNk VELOCITY NEVER TO
LANDING GROSS WEIGHT . 8.850 lb BE EXCEEDED
APPROXIMATE MISSION RADIUS 60 ml IGE IN GROUND EFFECT

CRUISE ALTITUDE , 2,000 fIt ABOVE OGE OUT OF GROUND EFFECT
TERRAIN A S AIRSPEED

TAKEOFF ALTITUDE RANGE 0 TO 4000 It TRS TRANSITION

TE - TWIN ENGINE REC RECOVERY
SE - SINGLE ENGINE VTO VERTICAL TAKEOFF
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detail specification together with secondary missions 4-11.3.2 Determination of Gross Weight and
such as ferry and training. Rotor Speed Distributions

In any case the procedure used in developing the The frequency of occurrence distributions of mission
composite maneuver spectrum is the same: gross weight result from analysis of each of the applica-

1. Develop a typical profile for each applicable ble mission profiles to determine takeoff gross weight,
mission. fuel consumption rate, mission duration, and amount

2. List the flight conditions and maneuvers Ire- ant' rate of depletion of expendable payload.
quired during completion of the profiled missions. For the example missions of Table 4-10, this analysis

3. Estimate the time per condition or event, is presented in Fig. 4-85. This figure shows the varia-
4. Estimate the number of occurrences of each tion of gross weight for each of the eight missions in the

condition and event per mission. form of the cumulative percentage of total mission time

5. Accumulate times for each condition and/or at or below a given gross weight. By use of the percent-

event and convert to percentage of mission time. age total time for each mission as the weighting factor,

6. Estimate relative frequency of performance of a single, composite relationship of cumulative time at
or below a given gross weight can be developed.

assigned missions as percentage of total time. For the example case, three gross weight ran-
7. Estimate relative frequency of performance of ges-7500-8200 lb, 8200-9500 In, and 9500-10,500

assigned missions at specified altitude or range of alti- lb-were selected. From the composite variation of
tudes as percentage of total time at altitude. mission gross weight with time, the percentage total

8. Accumulate percentage of total time at specified time for occurrence of, or operation in, each gross
altitude or range of altitudes, using percentage of total weight range was determined. These percentages are
time for each type of mission (Item 6) as a weighting shown in Table 4-14. As with the effect of altitude,
factor. acceptable alternative procedures would use either spe-

9. Accumulate percentage of total time for each cific values or more-and hence narrower-ranges of
occurrence or event at specified altitude or range of values of operating gross weight.
altitudes, using percentage time at altitude for each The final parameter to be considered in the develop-
mission (Item 7) as a weighting factor. ment of the fatigue loading spectrum is the rotor speed. \

10. Accumulate composite percentage of total time The frequency of occurrence of rotor speeds less than,

for each occurrence or event, using percentage total equal to, and greater than the design value must be
time at each specified altitude or range of altitudes estimated. The anticipated use of the helicopter, opera-

e8) as a weighting factor, tional experience with other helicopters with similar
mission assignments, and the characteristics of the ro-This procedure was employed to develop the example tor speed control system (engine governor and control)

spectrum given by Troles 4-11, 4-12, and 4-13. This must be considered when making this estimate. In the
composite spectrum must be distributed further by mis- case of the utility class helicopter being discussed, an
sion gross weight and rotor speed to develop the fatigue estimate was made for the distribution of rotor speeds
loading spectrum that will be used in fatigue life deter- above and below the design value during level flight
minations. conditions. It was assumed that maneuvers would be

DECEL DESCENT ACCEL
A; rErD TO CRUISE AIRSPEED

ACCEL.TO CRUISE AIRSPEED DECEL TO DESCENT AIRSPEED

CLIMB /EC ANT

TAKEOFF, HOVER, ACCEL R
TO CL!,.!B AIRSPEED APPROACH AND LANDING

Fig. 484. Schematic Mission Pr'nile--Personnel Transport Mission
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TABLE 4412
"K> FREQUENCY OF OCCCU'nENCE--ALL MISSIONS

A IB IC D IE IF IG H

'=UTILIZATION
S..... !0031. 00 0 . 0 [2.00 15.00 1 2.C [i;0 [ 0

MANEUVER TIME

1. LOITER A/S 23.00 30.00 1.00 0.50 0.49 5.44 0 0.422. LEVEL FLIGHT 0.6 VN~e 2.58 0.58 2.00 1.00 0.98 3.71 0 1.12

3. LEVEL FLIGHT 0.7 VNE 0.50 2.00 3.50 2.43 2.73 6.67 8.33 1.96
4. CRUISE 0.BVNE 13.72 7.61 9.60 10.43 7.84 8.68 60.00 11.19
5. CRUISE 0.9 VNE 28.65 29.70 36.43 31.67 17.15 5.21 12.44 34.13
6. HIGH-SPEED VNC 7.56 2.49 11.38 2.43 39.08 3.33 7.00 3.08

7. IGE HOVER 2.63 2.10 8.51 7.45 1.73 4.73 1.45 1.40
8. OGE HOVER 0.20 0.03 0.50 2.48 0.22 0.17 0 0
9. FLAT PITCH/FLIGHT IDLE 2.00 2.00 0 0 12.26 2.00 0 11.29

10. NORMAL START 1.67 1.33 6.15 4.76 1.95 3. 1.11 5.60
1.NORMAL SHUTDOWN 0.83 0.66. 3.08 2.38 0.98 0.56 2.81

12. IGE TURNS 0.08 0.07 0.31 0.71 0. 9 0.06 1.12
13 IGE CONTROL REVERSALS 0.03 0.03 0.08 0.26 0. 0.5 1 0.2014. IGE SIDEWARD FLIGHT 0 0 0.13 0.40, . 28 0 0.70

16. vrOTO 40 ftANDACCEL. 0.17 0.07 0.31 9 0.9 0 0.2817. NORMAL TAKEOFF AND ACCEL. 0.25 0.20 0.8' 0.,.46 0.17 0.84

18. SLIDE TAKEOFF AND ACCEL. 0 0 .5 0.04 10 0
S19. TE SLIDE-ON LANDING 0 0 - 0 0.05 0 0

20. TE APPR.AND LANDING 0.28 . .78 0.98 3.28 0.18 1.87
21. SE APPR.AND LANDING 0 0
22. SE APPR.WITH TE REC IGE 0 , 0.40
23. TE CLIMB 4 1 8.21 3.50 5.37 3.43 6.33
24. SE CLIMB 0 0 1.79 0 0
25. ACCEL.CLIMB AiSTO CRUISE 1.33 1.• 1.23 2.86 1.17 2.05 0.28 2.24
26. OGE TURNS 1.33 3.53 1.03 3.79 0.52 3.44 0.29 1.87
27. OGE CONTROL REVERSALS 0.03 0.02 0.05 0.21 0.12 0.55 0.01 0.20
28. CYCLIC PULL-UPS 0.03 0.02 0 0.07 0 0.55 0.02 0

29. DECEL TO DESCENT A/S 1.67 2.33 1.54 3.57 1.47 2.50 0.22 2.8030. TE DESCENT 3.50 5.01 5.18 8.37 3.92 6.72 4.44 8.41
3 A. SEDESCENT 0 0 0 0 0 2.55 0 0
3. TE TO SE TRANSITIONIN CLIMB 0 0 0 0 0 2.55 0 0
33. TE TO SE TRANSI FION

IN (IRUISE 0 0 0 0 0 0.05 0 0
34. SE TO TE TRANSITION 0 0 0 0 0 0.22 0 0
35. SLING LOAD LIFT OFF 0 0 0 0.48 0 0.66 0 036. SLING LOAD LANDING 0 0 0 0.48 0 0.66 0 0
37. ,q4N PWR.APPR:PWR.REC IGE 0.33 0.27 1.23 2.86 1.17 0.67 0 0

138. FIRE SUPPRESSION PUSHOVER 0.17 0.27 0 0 0 1.11 0 n
39. FIRE SUPPRESSION DIVE 1.17 1.87 0 0 0 7.78 0 0
4- FIRE SUPPRESSION PUI.L-UP 0.83 1.33 0 0 0 5.55 0 0
41. FIRE SUPPRESSION HIGH"g"STURNS 1.00 0.80 0 0 0 2.50 0 0

MOTE: VNE FOR MISSION D IS THE VNE FOR SLING LOAD AND

IS NOT THE SAME VNE USED FOR OTHER MISSIONS.
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TABLE 4-13
COMPOSITE MANEUVER SPECTRUM

DENSITY ALTITUDE

SE = SINGLE ENGINE i I X
TE = TIN ENGINE 0 T 4 TO 8 8TO 12

___TIME

M.'ANEUVER 40.0 f 50.0 10.0 COMPOSITE

1. LOITER A S 18.55 17,76 17.51 18.05
2. LEVEL FLIGHT 0.6 VE 1.53 2.88 2.71 2.32
3. LEVEL FLIGHT 0.7 VE 1.94 1.93 1.78 1.92
4. CRUISE 0.8 VNE 10.68 6.01 4.02 7.68
5. CRUISE 0.9 VNE 29.42 17.71 12.23 21.85
6. HIGH-SPEED V 7.24 23.07 31.11 17.54

7. IGE HOVER .24
8. OGE HOVER
9. FLAT PITCH FLIGHT IDLE 2.92

10. NORMAL START 2.59
11. NORMAL SHU FDOWN 12
12. IGE TURNS0.
13. IGE CONTROL REVERSALS 0.0
14. IGE SIDEWARD FLIGHT -.
15. IGE REARWARD FLIGHT 3 3
16. VTO TO40 IAND AC
17. NORMAL TAKEO F A EL "
18. SLIDE TAKFIN N19. TE SL 0.1

20.* TýACHOACH ýAN21.20 CTHAl Gp.0

22. S' E % A W I TH RE.I 00

23. TE CLV 4.36
24. SE CLI% 0.04
25. ACCEL.CL1,ArI TO CRUISE 1.62
26. OGE TURNS 2.19
27. OGE CONTROL REVERSALS 0.06
28. CYCLIC PULL-UPS 0.03
29. DECEL.TO DESCENT A/S 2.02
30. TE DESCENT 4.84
31. SE DESCENT 0.05
32. TE TO SE TRANSITION IN CLIMB 0.01
33. TE TO SE TRANSITION IN CRUISE 0.01
34. SE TO TE TRANSMTION 0.01
35. SLING LOAD LIFTOFF 0.02
36. SLING LOAD LANDING 0.02
37. MIN.PWR. APPR-PWR. REC.IGE 0.50
38. FIRE SUPPRESSION PUSHOVER 0.17
39. FIRE SUPPRESSION DIVE 1.21
40. FIRE SUPPRESSION PULL-UP 0.86
41. FIRE SUPPRESSION HIGH"g"TURNS 0.66

TOTAL 100%0t

'THIS COLUMN IS THE COMPOSITE SPECTRUM TO BE USED IN LIFE DETERMINATION.
THE VALUES OF No. I THROUGH No. 41 ARE IDENTICAL TO HOSE LISTED FOR 0 TO

4000 Iti.
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U' NOTE: LETTER DESIGNATES MISSION /
93(TABLE 4 10) /IE
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" S"'il. 4-85. Misslco Gross Weight Variation With Time

TABLE 4-14
GROSS WEIGHT, ALTITUDE, AND ROTOR SPEED DISTRIBUTIONS

LEVEL FLIGHT MANEUVERS
-AT OF rpm W1bGROSS WEIGHT ALITDDENSITY .:A :AT ' Frm 'V MD

RANGE ANGE VTa ALTITUDE LOW HIGH RANGE rpm'

7500 TO 8200 lb 0 TO 4000 ft 20 40 10 90 20

"8200 TO 9500 b• 4000 TO 8000 ft 5 5 10 90 35
9500 TO 10,500 Ib 8000 TO 12P00 ft 45 10 10 90 45

performed with the rotor speed maintained at the de- also is appropriate to select a minimum number of
sign value. flight conditions as representative of the more comp!ete

The gross weight, altitude, and rotor speed distribu. maneuver occurrence tables required for test purposes.
tions are shown in Table 4-14 as percentages of total Experience with helicopters performing similar mis-
time. These values then are applied to the flight spec- sions is usually a sufficient basis upon which to select
trum for use in fatigue life calculations. maneuver and flight conditions that will be critical for

Determination of the loads on each fatigue-critical the individual fatigue-critical components.
component ultimately will be accomplished during the The fatigue loading spectrum shall be prepared by
flight load survey (AMCP 706-203). During prelimi- the contractor and approved by the procuring activity.
nary design it is necessary to use calculated loads. It This spectrum must be developed carefully. It must
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distribution adequately describes the scatter, some-
times a log-normal or a Weibull distribution is applica-
ble. Numerous tests of homogeneous material usually

ce ,4 will describe a smooth curve. The acceptable level of
risk must be determined and the mean curve reduced
by an amount that will exclude all but the number of
test points representing that risk. As an example, it is
common practice to use a normal distribution and to
compute the standard deviation cr of the failing vibra-

STEADY STRESS f, Psi tory stress at a constant number of cycles and steady
stress. This deviation usually is between 10% and 1%

Fig. 4-86. Goodman Diagam of the mean value of vibratory stress at failure. The
mean curve then is reduced by three standard devia.
tions, which excludes all but about one point in 800.

represent the proposed utilization of the helicopter rea- The limiting value of structural reliability is then
listically with respect both to frequency of performance 799/800 or 0.9987 for a single component, which is an
of the assigned missions and to the maneuvers and adequate level of risk for most applications. If the low-
flight conditions required during the performance of est test point remains below the adjusted curve, i.e., lies
each of the missions. more than three o" below the mean curve, consideration

must be given to passing the adjusted curve through the
lowest test point. When the data being used are compo-4-11.4 FATIGUE PROPERTIES
nent test data, it becomes more important that the
adjusted curve lie below the lowest test point.

Fatigue properties for use in preliminary design are
A full-size component is more likely to fail than abased m ainly on sm all specim en test results. Sm all sm l te t p ci n b ca eit h s a ar r vo u e f

specimen fatigue data are compiled into a constant-life stesse cime n ecse tha aularge vomeno• faigu digram(alo kown s aGooman iagam) stressed material. In essence, the full-size component
fatigue diagram (also known as a Goodman diagram) can be thought of as a large number of small specimens

bunched together; the failure of any one will initiate the
small specimens for fixed numbers of cycles of vibra-
tory stress to failure, defining the permissible vibratory red of the eN c omp on nt A oriae fact for
stresses for all applied steady stresses from zero to the
ultimate tensile stress of the material. Compressive be determined by comparing full-size and small speci-ulsteady stresses normally are not applicable to rotor men fatigue test results, or from statistical studies suchsystem dseign, and the effects of compressive stress as Ref. 64.The smoothness of the surface, the degree to which
upon the constant-life diagrams may be ignored. it may have been work-hardened, the presence of shot-

An S-N diagram is constructued from the constant-' peening, and the amount of protection against corro-
life fatigue diagram for each steady stress under consid- sion, erosion, or nicks and scratches in service all influ-
eration. A vertical line drawn at a given value of steady enc erallow vibratr stress.

stress on the Goodman diagram intersects each con- ence the allowable vibratory stress.
start-life line at the value of vibratory stress corre-
sponding to that number of cycles (Fig. 4-87). Cross-
plotting in this fashion produces the mean S-N diagram

for the steady-stress levels of interest for smooth, small
spl.imens. Each point on these curves represents a
combination of steady stress, vibratory stress, and
number of cycles for which 50% of the specimens will
survive a d 50% will fracture.

For design purposes, it is necessary to reduce the _J

vibratory stress level to eliminate most of the failures. - ----_ I ,
Therefore, it is necessary to describe the nature of the 0"! 10 101 10? I03 104 101 l0 101 ,08

scatter experienced in fatigue testing of the material, NUMBER OF CYCLES N
i.e., to determine or select a type of statistical distribu-
tion of the test points. In many instances, a normal Fig. 4-87. Typical S-N Curve
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The working S-Ncurve--which incorporates reduc-
tions for scatter, size, and surface--probably will have 7-1
ordinates between 25% and 50% of those of the mean I
curve based on small specimens. The complete S-N ML-
diagram (for any combination of steady stress, scatter, W-- I
size, and surface) starts at 1/4 cycle, which defines a LL AL^
failure in terms of the application of the component. As *, 2 =__LUIU

an example, a statically loaded member, in an applica- \
tion in which deformation is unimportant, does not fail I
until it is fractured. In contrast, a machine member
whose exact size and shape are important, or which is cI,
to be loaded repeatedly, never must be allowed to yield,
and the occurrence of an induced stress in excess of the '.
elastic I'mit signifis a failute. For rotor blade analysis, 104 105 106 1 07 108
tile value of the ordinate at 1/4 cycle should not be NUMBER OF CYCLES N
higher than yield str.ess FJl.15 or ultimate stress
F,./1.50, whichever is less. The tangent at 1/4 cycle Fig. 4-.8. S-N Curve Shapes for Steel and
approaches the horizontal because the second 1/4 cycle Aluminum
cannot do wore fatigue damage than the First 1/4 cycle
did. The curve will be concave downward at the left
end, and concave upward on the right. The point of life (at leas 1000 hr). For a similar part in steel, how-
inflection is usually between I0 and 106 cycles, and is ever, the same loads must be multiplied by a factor of
influenced by the manner in which the working curve the order of 1.4 to compensate for the more rapid ac-
has been reduced from the mean curve. Beyond 10' cumulation of fatigue damage in steel at stress levels
cycles, the curve flattens so much that for many materi- above endurance. Comparable factors may be used to
als it can be considered to have a constant ordinate, adjust for a flight spectrum in which a larger propor-
which is called the "'rndurance limit". For those mate- tion of the time is spent in maneuvers, as for an attack
rials whose S-N curves have a noticeable 3lort beyond helicopter. The magnitude of these factors can be found
10" cycles, the ordinate at 10' cycles can be considered by a statistical analysis of flight load data for previous
as an endurance limit for preliminary design purposes. designs. Mission profile and fatigue analysis are dis-

"The curves for aluminum alloys, for example, have cussed in par. 4-4. 1.2 and par. 4-11.3.
a gradual slope that continues past 10' cycles (see Fig. The fatigue properties, including endurance limit,
4-88) whereas those for steel alloys are steeper initially for critical helicopter components ultimately must be
but flatten at about 10W cycles. In Fig. 4-88 the S-N determined by test either of actual components or of
curves have been made nondimensional by plotting the appropriate material specimens. Component fatigue
ratio of failure stress S to endurance limit stress E. testing is discussed in Chapter 7, AMCP 706-203. The

The significance of the shapes of the S-N curves can S-N curves derived from actual component test data
be seen in the following example. If an aluminum part shall be reduced for scatter using a minimum of three
is sized so that the stresses produced by loads that standard deviations. If sufficient specimens are not
occur 10' times during its useful life can be supported tested to failure at the same vibratory stress level to
without failure, then loads of twice that magnitude can permit definition of a standard deviation, the test cu-ve
be carried for 2.5 X 10' cycles. In contrast, a steel part shall be reduced by a minimum of 25% to obtain a
sized for loads that occur 10' times during its life will working curve to be used in fatigue life determination.
take loads of twice that magnitude only for 6 X Analytical substantiation of infinite life, based upon
10' cycles; thus, if the parts are sized so that the most small specimen endurance limit data, is discussed in
frequent loading produces stresses at the endurance par. 4-11.8.
level, an aluminum part will withstand more cycles at
load levels above its endurance limit than will a steel
part. 4-11.5 FATIGUE LIFE

An aluminum part designed for infinite life bWsed on
the stress levels of high-speed level flight in a medium- An engineering approach to fatigue life prediction is
sized utility helicopter will absorb the damaging loads the "cumulative damage hypothesis" or Miner's Rule
caused by maneuvers and still have a useful component (Ref. 65). It is explained by reference to Fig. 4-89.
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stress once per flight. Additional stress cycles, due to
S 'acceerating and decelerating a complex dynamic sys-

tern, are predicted best on the basis of stress surveys of--- ;•,S-N CURVE

similar belicopters.
For the example shown, a simplified, schematic

"stress history of rotor start and stop also is shown (see
E 1 _- - _ Fig. 4-90). The portions of the stress history are broken

-. , __ down into cycles (a, b, c, and d) of various steady and
, e - ,vibratory stress levels. Not all of the loading conditions

.tI L..L . _ I I_ shown will apply to all components.
,. 2 10 3 i03 10 10 0 l07 Cycle (a) is due to the response of the blades to theNU0BER OF CYCLES N starting impulse, Cycle (b) represents running through

a resonant frequency, Cycle (c) is the basic application

Fig. 4-89. Example S-N Curve and removal of steady flight stress, and Cycle (d) repre-
sents the blades hitting the damper stops. These stress
cycles are shown in Table 4-15 under the heading

The theory is that compor'ent failure will occur when "'Starting and Stopping". For this portion of the table,
,N cycles of a constant altern.iting stress eanal to S, the lower steady stress level requires the use of a differ-
have been applied. If the tjart in question is exposed to ent S-N curve than is applicable for the normal rotor
alternating stresses of uaequal magnittide, the fatigue speed portion of the loading spectrum.
damage at each different stress level is dependen upon The abscissa of the S-N curve for each stress is taken
the number of cycles of stress applied versus the capa- from the appropriate S-N diagram and entered under
bility of the part at that stress level. Hw-Lie. if n, r •cles aallowable cycles". I he ratio of elapsed cycles to allow-
of stress equ*l to S, are applied, the fatigue damage is able cycles is the "damage", or fraction of fatigue life
equal to n 1/N. LiV.-wise, if n, cycles of stress equal to used up. In this example only Cycle (c) results in any
_S, are applied, the fatigu,.. dimage is equal to n,/N 2,. fatigue damage. The conditions tabulated are for 100 hr
Part failure is anticipated vf'.ci the summation of of typical operation. The calculated fatigue life is ob-
n,/N, + nI/N, + nVIN3 + .. equals unity. Hence, tained from the following proportion, in which the
Miner's hypothesis states that fatigue. failures occur fatigue life is the length of hours for which damage =

when 1.00:

calculated fatigue life (hour.) 1.00 damage (4-75)

1.0 (4-74) 100 hr damage in 100 hr

where An example calculation is showrn in Table 4-15.
N, - number of cycles of operation Two important points pan be noted from the exam-

at a specified stress level pie. First, the conditions that will occur for large
M, = abscissa of the working S-N amounts of time must produce stresses below the en-

curve at the specified stress durance limit. Examples of this are cruise and steady
level hover for this mission. Second, the life calculation is

The way in which the calculation customarily is or- dominated by the high-load-factor cotwition, which ac-
ganized is shown in a more realistic example. The oper- counts for roughly 40% of the fatigue damage. To
ating conditions are listed in Table 4-15. For each con- improve fatigue life, it is necessary to reduce the load
dition, the steady and vibratory stresses at a critical factor, reduce the stresses associated with the load fac-
location on the blade spar are given, along with the tor, or reduce the number of cycles at this c'ndition.
number of elapsed cycles of loading at these stresses per Because the design load factor and the amount of time
100 hr of operation of the helicopter. (number of cycles) at that condition are determined by

The effect of repeatedly starting and stopping the the assigned missions and their frequency of perform-
rotor is to add a small number of cycles of relatively ance, apparently the only approach available to the
high strerses, which have been found to result in fatigue designer is the reduction of the vibratory stress level,
damage to some components. The most obvious stress which requires a redesign. However, prior to undertak-
cycle is due to applying and removing steady flight ing to redesign either the system or the component, it
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S... IrTABLE 4-15

FATIGUE LIFE CALCULATION

OPERATING CONDITION STEADY VIBRATORY ELAPSED ELAPSED ALLOWABLE DAMAGE,
(200 rpm EXCEPT STRESS. SI.ESS, TIME, CYCLES. CYCLES,

AS NOTEDI Ksi ± Ksi hr N M YM

STARTING AND STOPPING:
(al INITIAL ACCEL. 0 5.0 - 8x10 "
-(b RUNUP 10 5.0 - 16xI0' -,

1c) STEADY FLT. STRESS 10 10.0 - 8x10' 1.0x101 0.000008
(d) STOPPING 0 5.0 - 8x10

1

WARMUP AND TAKEOFF 10 7.5 2.50 3x10
4

HOVER-STEADY 20 5.8 21.40 2.6x10
HOVER-TURNS AND 20 8.0 4.60 4.5x10 4  

1,8x10i 0.000250
REVERSALS

CRUISE 20 7.b 64.30 7.7x10' .-
MANEUVERS AND GUSTS: 50 j(X0

L.F.= 1.13 20 7.6 5.00 1.0x10
4  

-

1.:38 20 8.0 1.25 1.5x0
4  1.8y 108 0.009080

1.88 20 li:.0 0.42 5.0x10
3  

45,0x0
6  

0.001100
2.13 20 12.2 0.25 3.0x103 b.0x10 0,006000

2.50 20 13.3 0.16 1.9x10 2.3x100 0.008300
2.75 20 14.5 0.10 1.2x10" 1,2x100' 0.010000

FLARE. 220rpn 1 24 9.0 0.02 2.0x10' 5.0x0O' 0.000050

TOTAL DAMAGE IN 100 hr 0.025788 0.025788

CALCULATED F`ATIGUE LIFE =T ,2s58 = 3880 hr

usually is appropriate to re-examine the meas.,d reduced from the flight data with the assumption that

) flight load data. The data included in Table 4-15 are the maximum values of steady and oscillatory load
occur throughout the entire maneuver, for the number

O-NE FLIGHT of cycles actually recorded during the maneuver
200 (Chapter 8, AMCP 706-203). This method of data re-

duction is preferred because it is known to be conserva-
tive. By reanalyzing the flight data to reflect more accu-

10 rately the actual number of cycles at each level of
U, damaging stress, a new fatigue life can• be calculated. If

5 •this less conservative fatigue life also is unacceptably
low, the part must be redesigned or flight restrictions

TIME iNOT To SCALE imposed to preclude operations that will result in early

A' SIMPLIFIED START STOP STRESS HISTORY fatigue failure.

. .- A 4-11.6 SERVICE LIFE CALCULATION

_A5 a Service life, or retirement time, for fatigue-critical

S";components for which a finite fatigue life is calculated
4a, INITIAL ACCELERATION ib, RUNUP often is specified as a period less th.-n the calculated life

in order to reduce further the probability of failure in'•--" •-•=o ... "•service. For example. for those components for which

*' . the calculated fatigue life is 4000 hr or less, the service
t, k 1 ,19 , 11 life may be taken as 75% of the calculated life, while

S-,for calculated lives greater than 4000 hr, the service life
1(0 STEADY FLIGHT 1d) STOPPING may be taken as 2000 hr plus 37.5% of the calculated

(8) STRESS CYCLES life. The service life for each fatigue critical component
4-0. ... Cshall be approved by the procuring activity, basedupon the fatigue life determined by the contractor.
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4-11.7 SPECTRUM TESTING If the test loading spectra are based upon flight test
data for the helicopter, with loading frequencies based \.

The fatigue life determinations discussed in par. 4- upon the proposed utilization, spectrum testing can

11.5 rely upon the linear cumulative damage hypothe- approach a laboratory reproduction of operational ex-
sis and upon the development of S-N curves applicable perience. Successful completion of a given number of

to the individual component. These S-N curves are blocks or flights prior to failure then would be directly
representative of component fatigue life. However, ap-

developed by subjecting samples, whether simple plication of an appropriate life reduction factor to ac-
material specimens or actual structural components, to count for scatter is required. Adequate methods for
appropriate combinations of steady and alternating determination of this factor are not available in the
stresses. The steady stress must be essentially the same literature. Therefore, the factor and the component
for all test points defining a given S-N curve and the fatigue life must be determined and substantiated case
alternating stress is a constant amplitude, or value, for by case.
each sample tested. When the test loading spectra are prepared from

An alternate type of fatigue test applies varying am- calculated loads, the determination of fatigue life
plitudes of alternating stress, combined with the appro- becomes more difficult. If, when ight test data become
priate steady stress level. This spectrum testing at- available, the test spectrum is found to be generally
tempts to reproduce the loadings to which the similar to that based upon flight test data, a modifica-
component will be subjected in service. Fatigue life tion of the life reduction factor must be established to
determination then is based upon the number of times permit determination of component life with statistical
the specimen withstands the repetition of the complete reliability comparable to that for a spectrum based
load spectrum prior to failure. upon a flight load survey. However, if the test spectrum

Two different types of loading spectra are possible. is not comparable directly to that based upon fligl,: test
The block loading spectrum consists of grouping sepa- data, further analysis of the data is required.
rately the loadings representative of a large number of Fo- the case where the applied load spectrum is not
flights. This type of testing would be most appropriate comparable directly to the flight load survey spectrum,
to components subjected to relatively simple loading the fatigue life determination is made by linear cumula-
(amplitude of alternating stress not greatly dependent tive damage calculations (Ref. 66). The number of test
upon severity of maneuver) but with a large variation cycles applied first is reduced by the applicable test life
in steady stress level. For example, this type of testing reduction factor. An S-N curve then is developed for
was applied to the tension-torsion wire pack for the the component by determining the value of stress con-
AH-56A. The unit block represented approximately centration factor, or notch factor K1, which, when ap-
5% of the anticipated life of the unit. The spectrum plied to the small specimen S-N curve for the compo-
consisted of repetition of th! alternating loadings en- nent material, will predict exactly the reduced life using
countered at normal rotor speed when the steady stress cumulative damage calculations. This curve then is
(due primarily to centrifugal force) was at its highest used in conjunction with the loading spectrum defined
level. The number of cycles of start-stop loading corre- by the flight load survey to determine the fatigue life of
sponding to the same period of time, or number of the component. This determination would use the
flights, then were grouped together at the end of the method described in par. 4-11.5.
block. If, at a later date, the fatigue load spectrum for a

The flight-by-flight spectrum consists of the varia- component changes-as a result either of altered mis-
tions of both steady and alternating stresses representa- sion profile or frequency of occurrence, or of helicopter
tive of operational experience. Higher loads encoun- weight growth or flight envelope change-the effect
tered less frequently than once per flight are introduced upon fatigue life must be determined. When the compo-
periodically in order to include their effects in terms of nent S-N curve has been determined by test, the fatigue
both amplitude and frequency. The flight-by-flight life for the new spectrum can be determined readily by
spectrum is applicable to those' components whose the method described in par. 4-11.5. If the component
loadings and/or load paths are complex. This type of was subjected originally to spectrum tests, the new
loading produces at various points in the specimen the fatigue life determination requires either new tests with
full range of amplitudes and combinations of bepding an amended spectrum or the derivation of an applicable
and torsional stresses that represent the operational S-N curve by the means described by Ref. 66. Experi-
environment. Components such as rotor blade reten- ence with derived S-N curves is limited and the reliabil-
tions may be tested in this manner. ity of fatigue life determination based upon them is not
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widely accepted. For this reason spectrum testing of higher than the maximum measured vibratory stress,
S.... fatigue-critical components shall not be used without infinite life shall have been demonstrated.

prior approval of the procuring activity.

4-12 LIST OF SYMBOLS
4-11.8 INFINITE FATIGUE LIFE A = cross-sectional area, in.2

The fatigue life of a component is infinite if all alter- AE = absorbed energy, ft-lb

nating stresses are below the endurance limit. For corn a linear acceleration, ft/sec2

ponents such as control system parts for which stiffness = panel length, in.

is a primary design criterion, infinite life may be a0 = rotor coning angle, rad or deg

achieved without compromise. Infinite life may be B = rotor blade tip loss factor,

demonstrated without test in certain cases. dimensionless

The Goodman diagram can be used to demonstrate b = number of blades

infinite life. Fig. 4-86 includes an endurance limit dia- = panel width, in.

gram in the form of the I7lO810 cycle line. This diagram C = rotational damping constant,

was prepared from small sample data and, therefore, lb-sec-in./rad

represents the mean endurance level for the given C, = drag coefr-cient, dimensionless

material. By application of a factor for data scatter, an CL = lift coefficient, dimensionless

ideal endurance level diagram can be obtained. Reduc- CL = mean blade lift coefficient,

tion of this limit by a stress concentration factor Kr dimensionless

appropriate for the configuration of the component and CL,. = maximum mean rotor lift

the imposed loads results in an endurance level appro- coefficient, dimensionless

priate for the component under evaluation, considering C, = trim one g mean rotor lift

design configuration, and manufacturing processes, in- coefficient, dimensionless

e cluding surface treatment (Fig. 4-91). Reduction of the CT = rotor thrust coefficient,

resulting component endurance limit by 67% provides dimensionless

a working curve acceptable for fatigue life calculation. c = blade section chord, ft

If the maximum measured fatigue stress falls below = damping cOnstant, lb-sec/in.

this operating curve (Point A), infinite life is demon- c, = blade chord (effective), ft

strated, and fatigue testing is not required. When the D = drag force, lb

maximum measured fatigue stress lies above the oper- = dissipative energy, ft-lb

ating curve (Point B), the part shall be subjected to E = endurance limit, psi

fatigue testing. If the S-N curve developed as a result Young's modulus of elasticity,

of this testing demonstrates an endurance limit that is psi
F = force, lb

= horizontal wind load, lb
F, = compressive stress critical for

,SALL SAMPLE DATA IMEANI buckling, psi

- DATA SCATTER CORRECTION FR resultant f"ce, lb
F,, F. F, = force components along

v, ~- - STRESS CONCENTRATION CORRECTION
ENDURANCE LIMIT FOR MATERIAL coordinate axes, lb

COMPONENT ENDURANCE LIMIT Fu = ultimate stress, psi
- ... F = yield stress, psi

REDULCTION MATERIAL f = stress level, psi
YIELD

S_ ERATING CURVE STESS g = acceleration due to gravity,
A0  8 ~•32.2 ft/sec2 or 386.4 in./sec'

_ __ _ H = side force, lb
STEADY STRESS I os, h = altitude, ft

I = mass moment of inertia,
lb-in.-sec2 or slug-ft2

Fig. 4-91. Analytical Demonstration of Infinite = pitching moment of inertia,
* Fatigue Life lb-in.-sec' or slug-ft2
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-I polar mass moment of inertia Q*D= torque of single rotor/drive

of rotor, slug-ft2  system, lb-ft

IR D = single rotor/drive system mass Q, = generalized forces, lb
moment of inertia, slug-ft" QCP = ratio of aerodynamic rotor

IWO, = total rotor/drive system mass torque at minimum collective

moment of inertia. slug-ft' pitch and 100% rotor speed to

K = empirical factor. dimensionless F, dimensionless
= energy absorber efficiency. QCPRD = QCP of single rotor/drive

dimensionless system. dimensionless

= rotational spring constant, q = shear flow, lb/in.

lb-in./rad or lb-ft/rad qR= blade displacement, in.

K, = constant, dimensionless q, coordinates, or degrees of

Kr = stress concentration factor freedom, defining system

(notch), dimensiont-ss motion, in. or ft

* KE = kinetic energy. ft-lb R = rotor radius, ft

k = spring constant, lb/in. = curved panel radius, in.

L = lift, lb = reaction force, lb

, = rotor lift ratio, dimensionless R, = generalized displacement, in-.

M = moment, lb-ft or lb-in. r = distance from elemental mass

= abscissa of S-N curve to center of rotation, ft

M, = inplane moment, lb-ft r, = radius of curvature of spar, in.

M7 = drive torque, lb-ft S = wing area (planform). ft'

M, = pitching moment, lb-in. = failure stress, psi

MS = margin of safety, dimensionless ISI = selection matrix for incremental

m = mass, general, lb-sec2/in. or weight, dimensionless
lb-sec2/ft Sv etc. = shear load at monitoring

N = allowable number of cycles ststion, lb
from S-N data sta station

= rotor speed or engine output T = kinetic energy, ft-lb

speed, rpm = rotor thrust, lb

= number of blades in the rotor T. = ambient temperature, "R or T

NO* = flight rotor speed, rpm T total engine torque at

N, = number of cycles of operation maximum rated power, lb-ft

No = ground idle rotor speed, rpm T, = tail rotor thrust, lb

n = exponent, dimensioniess t = thickness, in.

= load factor, dimensionless time, sec

= number of cycles applied at a t, = ratio of time at load spectrum

specific streas level in a loading condition ito total load

spectrum spectrum time. dimensionless

n, = drop test load factor, At = engine acceleration time, sec

dimensionless t, = blade loading coefficient,

"n, = lateral load factor, dimensionless
dimensionless U = gust speed, fps

P = applied load, lb U, = design limit gust velocity, fps

= power, hp EAS
= cubic mean load, hp Up = inflow velocity, fps

Pi = forces applied at station 4 lb Ur = tangential velocity, fps

PE = potential energy, ft-lb V = forward flight speed, kt or fps

"Q = torque, lb-ft or lb-in. = potential energy, ft-lb

= average torque acting on the = shear, lb

rotor/drive system, lb-ft = wind speed, fps

Q, = generalized displacement. VDLt = design limit flight speed, kt

dimensionless VD,, = autorotational dive speed, kt
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Vn = design maximum level flight A = increment
speed in forward, rearward, or 8 = required deflection during a
sideward flight, kt limit landing, ft

V•=v - operating limit flight speed 8 = pitch angle, rad or deg
("never-exceed" speed), kt - blade pitch angle, rad

VV, ,, = flight speed for minimum rate = pitch angle of helciopter body
of descent in autorotation, kt axis, deg

V, = cruise speed (highest forward - ratio ot aosolute temperatures,
flight speed at which specific T,/519, dimensionless
range is 99% of maximum), kt = rotational velocity, rad/sec

V = flight speed for maximum rate = rotational or angular
of climb, kt acceleration, rad/sec2

Vt, = equivalent flight speed, kt X = normalized mode shape
= derived gust velocity, fps ordinate, dimensionless

V, = endurance speed (flight speed at = inflow ratio, dimensionless
which fuel consumption rate in pk = advance ratio, dimensionless
level forward flight is minimum, p = air density, slug/ft3 or
kt lb-sec2/in. 4

V. = maximum velocity, kt a- = rotor solidity, bc,/(7rR),
V, = descent velocity, fps dimensionless
W = weight, lb 4P = roll, or bank, displacement, deg

- chordal width of spar, in. or rad
=I matrix of empty weight, = blade mode shape variable, in.

lb Xi = absolute position ve/-tors of the
WT1 = weight data, in matrix form points ain. or ft

WCONI = matrix describing the incre- 'I = blade azimuth angle, deg
mental weight for specific con- fl = rotor speed, rad/sec
figuration, lb fl.,, = minimum rotor speed at which

,Wt: gross weight, lb rotor thrust = helicopter
w = weight of an element, lb w6ght, rad/sec
X arm of rotor thrust vector IR = rotor tip speed, rad/sec

about CG w = response frequency, rad/sec
x - coordinate in longitudinal = vibrating frequency, rad/sec

direction, in. w., = natural frequency, rad/sec
x location of helicopter CG, in. Subsci ipts
x= distance from any element to A = aerodynamic

the aircraft CG, ft = autorotation
x = velocity, general, in./sec a = maximum alternate design

x = acceleration, general, in./sec2  condition
Y = coordinate in transverse b = basic structural design

direction, in. condition
Y location of helicopter CG, in. ave = average
z = coordinate in vertical direction, cr = critical

in. E = engine
z location of helicopter CG, in. ext = external
a angular acceleration, rad/sec2  GI = ground idle

- anale of attack, rad gr = ground

aj = rotor angle of attack, rad i = station
a, - induced angle of attack, rad = integerr3 = blade flapping angle, rad int = internal

= coning angle, rad ij = axes of interest
y= dynamic response factor for lim = limit

given excitation, dimensionless max = maximum
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min = minimum Gust Response at High Forward Spee4 AIAA
N = value at maximum load factor, Paper 68-981, 1968.

10. Philip Donely, Summary of Information
o = initial condition Relating :o Gust Loads on Airplanes, NACA

R/D roor diveReport 997, 1950.
ST =statc dflecion11. Turnbow et al., Crash Survival Design

STD = stanicdardecodtions Guide, TR 71-22, USAAMRDL, Fort Eustis,
s = sideVa., Revised October 1971.

sta = stto 12. R. Pegg, Calculating Changes in the Helicopter
t tri condtionHeight-velocity Diagram Wilth Changes in Den-

ult = ultimate sity.Altitude and Gross W~eight~, Thesis submit-
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CHAPTER 5

DYNAMICS

¶ 5-1 INTRODUCTION lation is dependent dire:tly upon the detailed charac-
teristics of the mechanical system. Such instabilities

The dynamic characteristics of rotary-wing aircraft may lead to large amplitudes of motion and failure of
are unique in the field of aviation. Dynamic considera- the machine part. In some cases, the rate of amplitude
tions in helicopters involve blade design, controi sys- increase may be so great as to be categorized as "explo-
tems,, and pilot and passenger comfort, and directly sive". On the other hand, some instabilities may have
affect service life and maintenance of the aircraft. Satis- slow growth rates and can be controlled. Some may
factory dynamic analysis and design will mean a reach a definite amplitude and grow no further; these
smooth, dependable aircraft. Inadequate iyna .ic anal- are "limit cycle" instabilities. In some cases, addition
ysis may result in a catasth, phic failure in a develop- of external damping may be sufficient to prevent the
ment program, or in a helicopter that must enter serv- occurrence of the instability or to limit its amplitude.
ice with a restricted flight envelope. For helicopters, the most prevalent vibrations fall

Consideration of dynamics in this chapter includes into the free and forced vibration categories. Typically,
the related areas of vibration, nature of exciting forces, most rotor blade bending and transmission shaft vibra-
response, resonant systems, and self-excited vibrations tions are of the forced vibration category. The bouncing) or instabilities, of a blade on the droop stops would be typical of a free

Vibrations of mechanical systems fall into three vibration. Ground resonance-a coupled oscillation
categories: between rotor blade lag motion and fuselage motion

1. Forced while on the ground-is an example of an instability
2. Free and one that can be explosive.

3. Self-excited. Flutter is the self-excited, undamped, simple har-
monic vibration of an aerodynamic surface and its asso-

In the case of forced vibrations the dynamic system ciated structure in one or more of its natural modes. It
will continue to oscillate as long as an external alternat- is caused by the combining of aerodynamic, inertial,
ing force is applied. When the forL,; is removed, the and elastic effects in such a manner as to extract energy
amplitude of the vibi ition will decay at a rate that is from the airstream. At the critical flutter speed, the
dependent upon the damping or rate of energy dissipa- amplitude of oscillation following an initial disturbance
tion in the system. If the frequency of the exciting force will be maintained. At a higher speed, the amplitude
approaches the same value as a natural frequency of the will increase.
dynamic mechanical system, the amplitude of the too- Divergence is the static instability of an aerodynamic
tion of the mechanical system will become large and surface which occurs when the tonional rigidify of the

will be limited by the dampine within the system. Such structure is exceeded by aerodynamic twisting ino-
a condition is known as resonance. ments. If the elastic axis of a wing is aft of the aerody-

A free vibration is one in which a dynamic mechani- namic center, the torsional moment about the elastic
cal system is displaced from its rest or equilibrium axis due to the lift at the aerodynamic center tends to
position and is released-, then the system proceeds to increase the angle of a~tack. this further increases the

oscillate with an amplitude that also decreases at a rate lift and, therefore, the torsional moment. Foe speeds
that is dependent upon the amount of damping present. below some critical speed (the divergence speed), the

A self-excited vibration of a mechanical system more additional increments of twist and moment become
properly is termed an instability. Instability in a dy- smaller so that at each speed below the divergence
namic system is characterized by growth of the ampli- speed an equilibrium position finally is attained (i.e..
tude of a vibration with time, even in the absence of any the process of moment increasing angle and thereby
external exciting force. The rate of increase of the oscil- increasing moment, etc., is convergent). Above this
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critical speed the process is divergent. Because the lift The forces that are transmitted to the fuselage will
force on a rotor blade section is opposed largely by a be equal in general to the frequency in the rotating
component of the centrifugal force, the chordwise sepa- system ±.U, where f is the rotor speed. It also is
ration between the aerodynamic center and the center possible that, for certain numbers of blades on a rotor
of gravity has a significant effect on torsional diver- and certain inplane frequencies, cancellations of in-
gence. plane forces can result (Ref. 1). Because of these cancel-

The various types of vibration phenomena arc pre- lations and the frequency changes that can occur with
sented in greater detail in subsequent paragraphs of this rotors, it often is difficult to pinpoint the exact source
chapter, of any vihration frequency that may be found in the

The primary reason for the emphasis on dynamics fuselage oi'a helicopter.
lies in the nature of main rotor and drive system opera- The rotor itself as a dynamic device displays other
tion and the importance of these systems to the whole important ;haracteristics. As indicated in par. 3-3.3, a
machine. Both of these systems can provide vibratory fluly articulatel bhde tends to flap as a rigid beam at
force or motion inputs into the airframe. The airframe a natural frequency close to rotor roattional speed. Be-
in turn can respond to these inputs in a variety of ways. cause of the centrifugal twisting moments on a blade
For instance, if the frequency of the vibratory force is section, the lapping frequency of a torsionally rigid
close to the natural frequencies of the fuselage, reso- blade without pitch control restraint also tends to be
nance may occur with resultant unpleasant vibration close to rotor speed. The motion of the rotor blade in
levels in the cabin. It also is possible that coupling the lag direction is dependent directly upon the details
between the rotor and the fuselage may exist, causing of the mounting provisions at the hub, but for a typical
feedback from the fuselage into the rotor with adverse fully articulated blade the lag frequency is approxi-
results. mately one-third of the rotor speed. As detailed in par.

The rotor is the primary object of concern in any 5-3 various coupling actions can occur among the flap-
study of the dynamics of rotary-wing aircraft. It is the ping, lagging, and pitching motions of the blades.
source of most of the vibratory forces, and is a corn- Rotor blades are long, narrow structures and are
plicated dynamic system. Not only does it rotate, but quite flexible. Consequently, they respond to time-
its individual components also describe various mo- varying airloadings in a dynamic fashion. Typically,.
tions while they rotate about the drive shaft. Blade the blades bend or twist in ce-tain characteristic normal
flapping, lagging, and pitch change occur periodically modes. Each of these modes of motion has a corre-
in response to airloads and pilot control action. Rotor sponding natural frequency. If the frequency of the
blade flexing takes place in response to the airloads. applied airloads becomes close to any of the-e natural
The forces that are generated within the rotor by these frequencies, the blades will respond by bending or
actions usually are multiples of the rotor rotational twisting in the mode affected by the airload. Such am-
frequency and are harmonic in nature. The forces enter plified bending can lead to high blade stresses or high
into the fuselage in a unique fashion. Alternating thrust forces in the control system. The topic of blade re-
forces or torques will enter the fuselage at the same sponse to aerodynamic forcing function is presented in
frequency as the force that occurs in the rotating rotor. greater detail in pars. 4- 9.1 and 4-11. 1, along with a
However, the rotor tends to act as a filter, and will discussion of blade motion and structural dynamic re-
cancel out all harmonics that are less than the number sponse.
of blades on the rotor. In the remaining paragraphs of this chapter, various

In the case of inplane forces in the rotor and the areas of dynamics are covered in greater detail. Air-
change necessary when moving from rotating to sta- frame dynamics are discussed in par. 5-2. Par. 5-3, on
tionary coordinates, the designer may expect these rotor dynamics. emphasizes the potential instabilities
forces to be fed into the stationary fuselage. If there that can take place. Other paragraphs deal with lifting
should be a simple mass imbalance in the rotor, an surface dynamics and the torsional characteristics of
unbalanced centrifugal force would act radially out- helicopter drive systems. Because of its comprehensive
ward from the center of the ro.Jr. Viewed from the nature, a thorough review of Ref. 2 should be consid-
rotating system, this unbalance would be seen as a force ered as a supplement to this chapter.
of constant dmplitude. Viewed from the stationary
coordinates, the unbalanced force of constant ampli-
tude would rotate once per revolution. In the case of
alternating inplane forces, a similar action would take
place.
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5-2 AIRFRAME DYNAMICS ANO
VIBRATION0A A A

5-2.1 GENERAL V
WA SIMPLE PERIODIC VIBRATION

Mechanical vibration is a term that describes the
oscillatory motion resulting from fluctuating forces
acting upon a dynamic system, that is, a system pos-
sessing mass and elasticity. A helicopter is subject to 0
vibrations induced by the rotors through the shafts or
through strodynamic vortex impingement upon the (B) COMPLEX PERIODIC VIBRATION
structure, and by the engines, gearboxes, or other per-
tions of the dynamic drive train through the component
mounting structure. Generally, main rotor(s) excita- O!

tion through the shaft is the most significant source V %V
pertaining to aircraft comfort. The resulting oscilla- TIME t
tions are measured in terms of frequency, direction.
and amplitude. (C) NONPERIODIC VIBRATION

The frequency of a regularly repeated motion is de-
fined as the number of complete cycles per unit time. Fig. 5-1. Three Types of Vibration
The simplest kind of vibration is that which exhibits a
single frequency. Simple vibration is not encountered in
helicopters; these aircraft vibrate at two, three, or even velocity: i = x(5-1)
four frequencies. These frequencies usually are multiple
harmonics of the rotor excitation frequency. For exam-
pie, a three-bladed helicopter usually vibrates at IP, 3P', acceleration: Y - x (5-2)
6P, and 9P, where P is the rotational speed of the rotor
in revolutions per unit time. In general, the more blades where
a helicopter has, the less likely it is that the harmonic whore
frequencis will be significant; e.g., a five-bladed rotor X = displacement, ft
usually exhibits only I P and 5P. The interaction between each of these variables af-

Some vibrations are nonperiodic in that a plot of fects the efficiency with which pilots and crew members
displacement versus time shows no regularity. Non- can carry out their tasks and, therefore, must be taken
periodic vibrations typically are caused by gusts, con- into account in the design of rotary-wing vehicles.
trol inputs, projectile hits, and some types of weapon During preliminary design of any helicopter, it is
firing. The types of vibration are shown in Fig. 5-1. necessary to analyze the vibration characteristics of the

Vibration also may be classified as translational and airframe under steady.state conditions in order to as-
• rotational. From a human comfort and performane sure compliance with the vibration requirements. The
standpoint, rotational motion usually is insignificant, vibration levels experienced by t. structure, aircraft
while vertical, lateral, and sometimes longitudinal components, crew, passengers, and cargo will depend
translational vibrations are important. upon the attributes of the forces and the structure.

The parameters used in describing the intensity of In their normal environment, humans are not re-

vibratory motion are the amplitudes of the excursions. Interomaevinet.h asaentr-
quired to counteract the effects of vibration. Thus,

Amplitude usually is measured by the displacement of when asking a crew to perform flight tasks in a vibra-
the oscillation about its mean position. This amplitude tory environment such as a helicopter, care must be
can be expressed by either single amplitude or double taken to insure that the vibratory effects will not be so
amplitude (see Fig. 5-2). severe as to degrade crew performance. Specific effects

The amplitude of vibration for the simple harmonic of excessive vibration on man are:
motion illustrated also can be expressed in terms of
velocity or acceleration. In particular, the velocity and I. Motion sickness
acceleration amplitudes of a simple harmonic motion 2. Interference with orientation and coordination
are related to displacement amplitude by the following 3. Discomfort, and finally pain and damage to tis-
expressions: sues
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4. Interference with senses of touch, vision, etc.. rated by the rotor system and minimizing the response
and with the performance of skilled tasks of the fuselage to the vibratory loads. \.....

5. Immediate or short-term phenomena such as The first step in determining vibratory loads consists
fatigue. loss of sleep, psychosomatic or neuropsychi- of defining the airload distribution on the roto7 blades.
at-ic symptoms Several methods are available:

6. Long-term cumulative impairment of brain 1. Blade applied load analysis:
function, circulation, etc. a. Uniform inflow

b. Variable inflow
The direct biological effects of vibration are recog- 2. Wind tunnel test data.

nized easily. More difficult to assess. but even more

important in their implications, are the vague indirect With the airload distributions defined, the blade re-
effects of vibration upon human behavior and the abil- sponse and finally the vibratory rotor forces can be
ity to work. Recent research efforts have been devoted assessed, Available methods are:
toward developing tools with which to measure the I. Blade response analysis:
workload involved in flying rotary-wing vehicles. Suc- a. Rigid blade
cessful development of such tools will permit objective b. Flexible blade
measurement of effort expended in flying a vehicle, and c. Uncoupled or coupled edgewise, flatwise, and
thus will throw light on the effects of vibratory environ- torsional
ment on performance and pilot efficiency. d. With or without main rotor head impedance

2. Use of rotor force measurements from similar

5-2.2 VIBRATION CONTROL ANALYSIS AND aircraft.
DESIGN TECHNIQUES With the rotor vibratory forces defined, the sen-

Considerable attention must be devoted to the dy- sitivitv of the aircraft to these forces should be deter-
-"' mined. Some of the available methods are:

namic design of a helicopter if a vibration environment n. seofte avail h
within the existing specification is to be expected. The 1. Fuselage analysis:
paragraphs that follow outline the various analytical a. Rigid airframe

and test methods that can be used by the helicopter b. Flexible airframe

design engineer to help insur' an acceptable vibration c. Uncoupled or coupled airframe modes
environment. It should be recognized that use of these 2. Shake testing
tools only can increase the probability and confidence 3. Use of flight test data from similar aircraft.
that an aircraft will exhibit an acceptable vibration
environment in service, because it virtually is impossi- As stated previously, the use of these tools does not

ble (technically and economically) to conduct a design guarantee an aircraft with an acceptable vibrational

. program that would guarantee design goals. environment. It is, therefore, most beneficial to make
Controlling n-per-revolution vibrations of the air- provisions for vibration control in the design of the

frame involves design considerations in both the rotor aircraft. Typical examples of vibration control devices

system and the fuselage. Basically, design effort should ate:

be directed toward minimizing vibratory loads gene- 1. Rotor blade tuning

SINGLE AMPLITUDE 7

t--A PSTION ,

M" • \DOUBLE
< AMPLITUDE

TIME t

Fig. 5-2. Simple Harmonic Motion

5-4



AMCP 706-201

2. Rotor vibration absorbers plication of forces (such as the main and tail rotor hubs
,.i 3. Cockpit or cabin vibration absorbers on a helicopter), and sufficient additional points to

4. Transmission support structural tining represent adequately the shapes of all of the normal
5. Airframe structural tuning modes to be considered.

The equations for such a system can be written most6. Airframe component .structural tuning conveniently in matrix form (Ref. 3). If the number of7. Crew seat and seat cushion design. coordinates is N, then the mass matrix [MJ, the damp-

Further information on the details of blade applied ing matrix [C), and the stiffness matrix [K] are square,
load analysis and blade response analysis can be found symmetrical, and of order N The displacements y, and
in par. 4-9. Techniques of fuselage analysis are dis- the applied forces f are represented by N x I columncussed in the paragraphs that follow. Design criteria matrices (vectors), where each element is a funct._;,-u .Jfpussedtinet tohelcptgras vatifonlels. Dlson ariterea time and represents the displacement of, and the forceviewed, at, a particular coordinate. The equation, then, is writ-

ten
5-2.2.1 Vibration Analysis

The characteristics of the forces that affect the re- + [CJfl + [Kb'f (5-3)

sponse of the structure are the frequency content, the
amplitudes and relative phases at each frequency, and For the steady-state condition at a frequency w, the
the distribution over the airframe. The major forces of column matrices f, and y, may be written
excitation in helicopters are at discrete frequencies and
are applied at specific points rather than distributed f, =e . Ib
over an area (see par. 5-2.4). Thus, in order to predict (5-4)
precisely the vibration levels to be expected in a heli- , ft
copter, it is necessary to know the points at which the Ye
applied forces act and the amplitude of the component
at each frequency. The amplitudes of these forces may where f and y are column matrices representing the
be known only approximately during preliminary de- amplitudes and are not functions of time t.
sign. However, knowing the frequencies and points of The separate elements are, in general. complex,
application, it is possible to determine the sensitivity of representing the relative phasing between the force
the airframe to each of these components and thus to components and the response of each of the coordi-
determine whether any corrective action is necessary. nates. For example, if an element off is real, then the

The vibrations of the airframe may be represented as real part of an element of y is the component in-phase
a superposition of the responses of each of its normal with the force and the imaginary part is that compo-
modes to each of the applied forces (see par. 5-2.2.2). nent that is out-of-phase by 90 deg with the force. This
This approach is useful especially ducing preliminary relationship is shown in Figs. 5-3 and 5-4.
design, because the natural frequencies and mode Substituting the steady-stae .onditions of Eq. 5-4
shapes alone will give a good indication of whether or into Eq. 5-3 results in the following equation of motion
not the structure can be expected to be overly sensitive
to any particular component or force.

5-2.2.2 Equations of Motion Y

The equations of motion of the airframe, using pres- f
ent state-of-the.art techniques, are formulated by con-
sidering the structure to consist of a number of lumped t-_
masses interconnected by spring and damping ale- C TIMEt t
meats. The number of masses and number of degrees %of freedom used will depend upon the detailed informa- %

tion available and the analyst's judgment as to the most
rational representation of the structure. As a minimum,
however, the degrees of freedom (coordinates) should
include all the points of interest (such as the pilot seat Fig. 5-3. Time History of an Element of f, and y, in
and vibration-sensitive instruments), the points of ap- Steady State
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y = . Numerical methods for calculating the natural
frequencies and normal modes are discussed in par.
5-2.2.4.

PHASE ANGLE The normal modes 4, are orthogonal with respect to
RRe(y) REAL the mass matrix [M], i.e., 40.M4M,,, = 0, when m *

n and +'MO, = n•, the "generalized mass' or "mod-
-IW al mass" of the nth mode, when m = n. This prop-

, erty allows separation of the response of the structure
into the responses of each mode treated separately as
a single degree-of-freedom system.

Congider y to be a linear combination of the normal
Fig. 5.4. Complex Representation of Condition of modes as follows:

Fig. '5-3
N q,,= (5-8)

[-wM + IwC + KIy =J" (5-5) n=

The type of damping often associated with structures where q, is the amplitude of the nth mode. Substitute
is of the form such that C =(g/o) K, i.e., the damping this into Eq. 5-6 and use Eq. 5-7 to get
force is proportional to the deflection (spring force) but
in phase with the velocity (Refs. 4 and 5). Typical
values for the structural damping coefficient g for heli- N
copter structures range from 0.02 to 0.08. The para- (5-9)
graph that follows shows that this small value of g has
little effect upon the response except in the vicinity of
a resonance. It generally is inadvisable to operate close
inough to a resonance for the effect of damping to be Premultiply by , and use the orthogonality reltton.
significant. Thus, for the purpose of this analysis, the ship to eliminate all terms of the summation except for
damping term may be ignored and the equation of n =n, resulting in
motion will be written as follows:

q , 2 MO Tf-
[-W'M + g]5' = f (5-6)

Tf
q.= r ~ 1(S-1Il)

5-2.2.3 Normal Mode Solution 2 (-1
If Eq. 5-6 is considered with no force acting (V = 0), L ! -

the so!ution for y would be trivial (zero) except in the
special cases where the determinant of - coM 4- K is
zero. This will occur at special values of o = w, the Thus, the excitation of each mode may be calculated
"natural frequencies" of the system. If there are N independently of the others (Eq. 5-11) and the response
degrees of freedom, there ordinarily will be N distinct of the structure then can be formed by summing the
natural frequencies. Corresponding to each o., there is separate responses of each mode (Eq. 5-8).
a solution y = 6, the "normal mode". The normal As seen from Eq. 5-11, the excitation of a mode by
modes are the relative displacements of the points that a force applied at a point is dependent upon the relative
have been v'hosen as the degrees of freedom of the amplitude of the mode at that point iorf, the general-
stiucture. These quantities satisfy the equation ized mass of the mode m., and the proximity of the

frequency of the force '.) to the natural frequency of the
KO,, = w,2M, (5-7) mode to,.

"As an illustration of the effect of the mode shapes
upon the response of a system, consider Fig. 5-5, which

obtained from Eq. 5-6 with f 0, w = w,,. and is an illustration of a typical normal mode of a helicop-
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ter fuselage. Consider the vibration of Point A due to
unit forces of the same frequency at Points B, C, and
D. Based upon the relative amplitudes of the mode -g = 0.0
shape shown, it is apparent that, in this mode, Point A - =- 0.l
responds most to a force at Point D, second most toa a
force at Point C, and least to a force at Point B. The '"
minimum excitation of a mode will occur when the _

force is near a node (zero amplitude) and the maximum
will occur when the force is applied near the point of W4[
maximum amplitude. Similarly, for the same excita-
tion, points near a node will respond least and points
near an antinode will respond most.

The excitation of the mode is dependent strongly
upon the forcing frequency and the natural frequency
of the mode in question. How the amplitude response
of a mode varies with the forcing frequency is shown I
in Fig. 5-6. This is a plot of q. versus 0/0. from Eq. 0
5-11. Also shown are the effects of the structural damp- L- L,

ing parameter g. It is apparent that when the excitation
force is not near a resonance (natural frequency), the Fig. 56. Relative Modal Amplitude vs Forcing
value of the damping coefficient is immaterial. It also Frequency
is undesirable to operate the vehicle in the frequency
range in which the effect of damping is significant. This
partly is because of the relatively high amplitudes of cant deflections only over a small region of the struc-
vibration to be expected. Another undesirable feature ture.
is the steep slope of the response curve (Fig. 5-6). This Based ,ipon the previous discu~ssion, the following
means that small changes in frequency of excitation or conclusions can be stated:
natural frequency of the helicopter can make large dif- 1. Points in the airframe near the high deflection
ferences in the vibration level. Such changes could re- regions of an excitable mode will be subject to greater
suit from operation over the usually small rotor speed vibration than points near nodes.
range or normal changes in p.ayload. Thus, in addition 2. Modes having high deflection near sources of
to the high vibration levels to be expected, the vibration forcing will be subject to greater excitation than those
will be difficult to predict and will change significantly having nodes near the forcing source.
over normal operating conditions.

In addition to the considerations of shape and fre- 3. Modes with natural frequencies within about
quency, one other parameter that affects the vibration 10% of a forcing frequency will tend to be excited
level is the generalized mass m, *,r M#. As shown significantly.
in Eq. 5-11, modes having a small generalized mass will 4. Modes with natural frequencies within about
tend to be excited more severely. Modes having small 20% of a forcing frequency may be excited significantly
generalized m , however, usually will have signifi- and the response may be quite variable under normalvariations in rotor speed or payload.

5. Modes having small generalized masses will
' tend to be excited easily, but exciting forces and re-

sponses may be limited to local areas on the structure.
xiA

STTO 5-2.2.4 Methods of Calculating Normal

T Modes and Natural FrequenciesSn
C3 The previous discussion described certain character-

istics of the vibration response of an airframe in terms
of the normal modes of the structure. There are a num-

! FI 5-5. Typal Normal Mode of a Helicqoter In ber of rational methods available for computation of
Plane of Symmetry normal modes and natural frequencies. The proper one
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to select will depend upon the data available (which When Steps 6 and I are proportional to each other, the
will vary considerably during preliminary design), and ratio is the natural frequency squared and the deflec- ..
the type of structure under consideration. Because the tion is the normal mode. When they are not propor-
numerical procedure for most of the methods is labori- tional, then the result of Step 6 is used in Step I and

the procedure is repeated until convergence. It can be
ous, the selection of a particular rational method may the p d is repeated uil convergen t cawewhic ofthee mthod ha ben crn- shown that this iteration will converge on the lowestdepend upon which of these methods has been coni-
dpendriueonfrequency mode contained in the trial. It is important
puterized. to note that during the integrations of Steps 3, 4, andThe information available during preliminary design 6 it is necessary to take the boundary conditions into
often is insufficient to allow the reliable computation of account. It may be necessary to tatrro along unknown

modes such as torsion or coupled bending-torsion of initial conditions until a later step when they can be
the fuselage. The modes most amenable to computation evaluated. The details of these computations are coy-
at this stage are those of uncoupled bending in the ered in the references given.
vertical or lateral directions. These also are the modes When modes above the first are desired, it is neces-
that usually are the most susceptible to excitation. sary to remove all components of the lower modes from
Thus, it often is appropriate to represent tht fuselage the trial mode shape. When solving a free-free system,
as a beam in transverse bending. In the methods availa- it also is necessary to remove the two rigid-body modes
ble. the structure is divided into a number of seg- representing uniform translation and rotation about
ments-tv-ically 10 to 20 in the early design stages. A the CG. These procedur.s are trcated adequately in the
lumped mass and an average effective bending rigidity references.
El are estimated for each segment. Some available The method of matrix iteration using influence coef-
methods that are suited especially to this representation ficients is equivalent analytically to the Stodola Method
are given subsequently. but is more suited to automatic computation. This

The mode that can be expected to be closest in fre- method is discussed in Refs. 4 and 7 where the free-free
quency to the major applied forces usually will be other condition is treated specifically.
than the one with the lowest bending frequency. Thus, An alternate method of computing the higher modes
the method used must be capable of obtaining normal by matrix iteration, which is particularly suitable for
modes above the first. In addition, it is recognized that automatic computation, is presented in Ref. 7.
the boundary conditions for a vehicle in flight are those
of a free-.free beam. The method used shall handle this 5-2.2.4.2 Myklestad Method
condition properly. Another important method is that attributed to

In addition to the beam representation, the more Myklestad (see Refs. 4 and 5). In this procedure, which
general finite element approach is discussed in par. is a modification of the I rolzer Method, the frequency
5-2.2.4.3. This method may be suitable when sufficient is varied and the shape of the beam ;s computed at each
structural detail is available, frequency. When all the boundary conditions are satis-

fied, the frequency used is the natural frequency and
5-2.2.4.1 Stodola Method and Matrix the deflection is the corresponding normal mode shape.

Iteration The result often is shown as a plot of an applied force
The Stodola Method is used for beam bending (see versus forcing frequency. Whenever the curve crosses

the axis (the force is zero), a natural frequency exists.
Refs. 5 and 6). The general approach is: The main advantage of this method is that no special

I. Assume a trial mode shape (deflection). treatment is required for special boundary conditions
2. Compute the shape of the inertial loading by such as fret-free, and it is unnecessary to obtain the

multiplying the mass by the assumed mode shap., lower modes before calculating the higher ones. Care
3. Compute the shear by numerically integrating must be exercised, however, to avoid skipping one or

this loading, more modes.

4. Compute the bending moment by integrating 5-2.2.4.3 Finite Element Analysis
the shear.th5shar. DitThe essence of the finite element technique consists

5. Divide the bending moment by the local El to of the formation of the stiffness matrix of a structure
obtain the radius of curvature. by superimposing the effects of small standard elements

6. Integrate two more times to obtain the deflec- such as pltes and rods. These elements are joined at
tion and compare with Step 1. points (nodes) and the stiffness elements relating to
5-8
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these points are obtained. Once the stiffness matrix is 5-2.3.1 Airframe Modification
obtained and a mass matrix is calculated, matrix itera- When excessive vibration is predicted because an
tion (as in Ref. 5) may be used for the free-body modes. airframe natural frequency is close to a forcing fre-
It will be necessary to extend this procedure, however, quency, it may be possible to change the frequency
to take into consideration all six rigid-body modes. tugh itrmay cha nge the fre r

This technique usually involves the use of a large, the frequency; removicng mass wil lncrease it. The
cothee frequency removiag aass weqire tcrhe it.Thecomplex computer program and requires the knowl- greater the deflection of the point at which the mass is

edge of considerable structural detail. When the neces- changed, the more effective the change will be. It is
sary information is known, such methods may provide und , of core to add masse ly for this

the ostrelibleresutsundesirable, of course, to add mass solely for this pur-
the most reliable results. pose. It also is unlikely that there will be excess mass

5-2.2.4.4 Other Methods that may be removed to increase the frequency. It may
There are other methods that should be mentioned. be possible, however, to shift one or more mass items

The Rayleigh and Rayleigh-Ritz Methods (Refs. 5 and from low deflection to high deflection regions to lower
7) can be. used to obtain the lowest frequenty bending the natural frequency or to do the reverse and raise the7)canobe. uised to obtaprrinathe lowestreu be nduhinghr frequency. Of course, other constraints such as lielicop-
mode. This is not appropriate here because higher trC n h tlt fteiesivle utb
modes than the first generally are excited in helicop- cered Sh chang e ma invoivel mase anters considered Such changes may involve large masses and

te mebs.
The method of Associated Matrices (see Refs. 8 and therefore may be quite impracticable, except possibly in

9) allows representation of different parts of the struc- the early design stages when major rea.rrangements of'
ture in different ways (e.g., beam, lumped parameter) equipment are still feasible.
and permits the assumed elastic axis to bend and follow It also is possible to change the natural frequencies
the shape of the fuselage. This method is useful espe by changing the stiffness. The most effective areas are
cially where a simple straight beam is an intuitively where the curvature is the greatest. Increasing the stiff-

ypoor rewpresentationm ness will increase the frequency. Such a change proba-

When the analysis is being made of a symmetrical bly will tend to be more effective and more practicable
Sstructure (such as the uncoupled vertical bending of a than a mass change. The effect of the accompanying

-....... pair of wings), the free-body motions can be separated mass change must be considered if it is significant.
half the struc- The extent of the modification required can be deter-

into cantilever- and pin-free motions of mined by selecting points at which changes may be
ture. This method is treated in Refs. 5 and 7.

consider a flexible portion o made and repeating the original analysis with a rela-
Often, it i ncessary to tively small change at each of the points in question.

the airframe that is attached to a stiff and heavy por- For small change t ch in the squeothe
tion, such as a tail boom that in turn is attached to the For sn~all changes, the change in the square of the
main fuselage. Under such a condition, an approxima- frequency will be proportional to the change in stiffness

and inversely proportional to the change in mass at
tion of the tail boom vibration characteristics may be
obtained by treating it as a cantilever beam. Methods each point. By use of the solutions obtained, it now is
such as this represent the lowest level of sophistication, possible to determine the magnitudes of the changes

but can be useful during preliminary design to provide necessary to obtaii the required change in frequency.
an early warning of a potentipl vibration problem. 5-2.3.2 Vibration Absorbers
5-2.3 VIBRATION REDUCTION When it is not feasible to change the character ,f the

vibration response of the fuselage through structural

There are several potential methods of reducing vi- changes, it may be possible to make local improve-
bration levels. If possible, the most desirable method ments through the judicious use of dynamic vibration
would be to reduce the applied vibratory force. This absorbers (see Refs. 10 and 11).
consideration is, however, outside the scope of this The main disadvantage of these devices, is ihat their
paragraph. Par. 5-2.4.1 refers to a device that absorbs added weight ordinarily serves no other purpose and
vibratory forces at the hub. thus reduces the effective payload of the vehicle. An

The remaining methods, in one way or another, in- application in which an available mass (in this case, a
volve modification of the structure. These may be di- battery) was used as an absorber mass is given in Ref.
vided into the categories of airframe structural modifi- 12.
cation, vibration absorbers, and vibration isolators. The narrow band width of an undamped absorber is
Each is discussed in the paragraphs that follow, not as severe a disadvantage in helicopters as in other
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vehicles because the excitation frequency varies rela- is shown in Fig. 5-7. In this model all the masses to be
tively little. However, even small var>tions may have isolated--such as the transmission, the main rotor
significant effects, especially when the absorber mass is shaft, the main rotor and the control mechanisms--arc
smail. A variable tuning absorber for use in helicopters lumped at their resultant CG and designated as a point
has been developed and is described in Ref. 13. mass m2 having a mass polar moment of inertia about

When an ab•.srber has a small mass (the only feasible its centroidal axis of /2. The remainder of the helicopter
circumstance in a helicopter), it causes a small change and its cargo are lumped at the resultant CG and desig-
in the natural frequencies but produces a significant nated as a point mass m, having a mass polar moment

* change in the deflection shape by reducing the ampli- of inertia of I.
tude of motion at the point of application. Thus, it is The procedure in designing a rotor isolation system
most effective when the point in question has a large may be simple or complex, depending upon whether
deflection in the excited mode. shaking lorces or shaking moments are produced at the

The dynamic vibration absorber basically is a simple rotor hub. Teetering rotors produce only shear forces
spring mass system tuned to the frequency of excita- and moments about the axis of rotation, whereas rigid
tion. When it is undamped, it acts to make the deflec- rotors may produce both flapping moments and shears
tion of the point of attachment equal to zero. Damping at the rotor hub. Articulated rotors also may produce
and off-tuning tend to deteriorate the effectiveness of moments due to offset. In each case, the system may be
the absorber. described by thf. equations of motion for the system of

In general, the use of absorbers is not recom- Fig. 5-7 as follows:
mended except when no other method has been suc-
cessful.

"5-2.3.3 Vibration Isolation

Another potential means of reducing vibration in the
fuselage is to isol te the major soice of vibration. In
a helicopter, this is the main rotor. This concept has
been in the research stage for many years. Two recent M21 12

approaches to the problem using active and passive ISOLATED MASS

devices are given in Refs. 14 and 15. In each case, the
rotor and tramsmission (and possibly the engine) are
separated from the rest of the airframe by devices that
reduce the transmissibility of the predominant frequen- 02 V
cies. The analytical investigation of vibration isolation
is discussed in the paragraphs that follow.

SPRING K

5-2.3.3.1 Mathematical Metheds"GIMBAL

Because of excessive static deflections, no attempt is
made to isolate vertical shaking forces by the use of
spring elements. In fact, the vertical stiffness usually is j ..
given as large a value as possible. The commonly used I
rotor isolation systems are reducible to the equivalent
of a system in which the isolated mass is mounted in
a gimbal in such a manner that only relative angular M.,I.
motions of the fuselage and the isolated mass are per- FUSELAGE
mitted. The relative angular motion of the isolated . ]
mass with respect to the fuselage is resisted by an X

equivalent angular spring. On the assumption that the
conditions required for feasibility have been met, the
problem may be simplified further by solving the roll
condition and the pitching condition as separate copla- Fig. 5-7. Mathematical Model of an .'alation
nar problems. A mathematical model of such a system System

5.10
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(MI, + n1J ' ?:/.j. 1 By similar logic a normalized response O0,,• may be
r mnhW2 d, + + t,' )W 2 , + ,n'!IOW2 developed for exciting moments applied at the rotorI•... 2  " ,AJ head. Thustn~l•• (I2 + nm2hl)W2 J/' + m'•

S0, II (5-12) ,M m, + M2)-MM2w -hf)] x
0,MJr 2h2  

,+1 X4#t ++, 2
L0J L(m, + in2 )

[K(mi im2 h2 + (mr +m2 X11 + 12)
wheret 2 1 ?n, (11f2+1i(h

(QI (h +OpF for a shear force of amplitude F + I,12,(MI + m2)4 d'le s (5-15)
L.q+ PP:."l

and The optimum attenuation of the rotor forces occurs

when the normalized response is a minimum. It will be
IQI for a moment of amplitude M noted that if the numerator of the response function is

set equal to zero, a value of fdefining the gimbal loca-
tion may be calculated so that the angular motion of the
fuselage is zero. However, in practice, other considera-
tions, such as reducing the relative motions between the

mer's rule. Thus, for shear excitation at the rotor hub transmission and its various input and output drive

shafts, govern the selection of the gimbal point. It then
becomes a matter of selecting a stiffness within the

f constraints of system natural frequency and static de-
[Kw' M[Mrn2h" + (MI +M2X11 +- )1 flection characteristics. If the designer is successful in

- W4 mm 2 + 1(f- h)2  locating the natural frequencies of the isolated package
+ I,12(m, + rn .'I, at one-third to one-half of the forcing frequency, good
+/2(mI + m2 )lJ] .rad/lb (5-13) isolation results. A typical normalized response for a

small helicopter is shown in Fig. 5-8.
In this discussion the analysis has been simplified

If the numerato," and the denominator of this expres- greatly by the assumption that both the rotor and the

sion both are divided by the stiffness K, which then is fuselage may be treated as rigid bodies. The assumption
made infinite, a response is obtained for the case of the is valid if the fuselage and blade vibration modes are

isolate, the mass being attached rigidly to the fuselage separated sufficiently from the forcing frequency.

(no isolation). As a means of measuring the effective- However, as helicopters become larger, this premise
ness of an isolation system, the normalized response is becomes less tenable; also, static deflections of the se-

defined as the ratio of the given response to the re- lected isolator springs become larger than can be tole-
rated. In these cas, ; the whole fuselage and rotor mustspo nse that w ould occur if there w ere no isolationl Sys- b o sd r d a u t - e r e o -r e o y t m

tem. Thus, the normalized response for shear excitation be considered as a multi-degree-of-freedom system.
O0""' is The mode frequencies may be adjusted or degrees of

freedom may be added at the transmission, which may
prove to be desirable. It is necessary to consider each
configuration on its own merits.

iN" -mfp)(/--h) 5-2.3.3.2 Recent Developments
+ K[lp~m, + -z) + m~h] X A method that may be used to solve the isolation

,MMh2 + (M, + mO(Xl + 12)1 X problem for an intermediate-to-large helicopter is
XKlmtmOh2 + (m+, + M2 X1l,+ 12)1 called the DAVI (Dynamic Antiresonant Vibration
-- t2 (m n2 (I, f + 1, (f- h)t Isolator) (Ref. 15). The essentir.l elements of the system

are indicated in Fig. 5-9. In this system the isolated
+ ,1•(m, + m2 )]i X -mass is attached to the fuselage through a spring ele-

!ln+ i ) +- mnhJ], dless (: 14) ment in parallel with a weighted lever; the mass and its
i 5-Il
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Fig. 54. Normalized Response for a Typical Isolation System

FIt port beam. By attaching the airframe only to the ,__

nodal points of the beam. the fuselage is isolatedI ROTOR ~ completely.4;.,

5-2.3.3.3 Fail-safe DesignWEIGHTED LEVER "

The design and inspection of isolation systems can be
made such as to insure against complete failure. De-

FUSELAGE z(t) pending upon the rotor system used, the effects of a
MASS reduction or increase in stiffness or cross-stiffness due

to the failure of an elastic element may result in a

destabilization of the system, such as ground reso-
Fig. 5-9. Principal Elements of the DAVI System nance. These effects should be considered in the overall

design of the rotor control and isolation system. The
hazards due to such a failure of an elastic element may

mechanicalryadvntageth i aare suchrthats uat theaseleted be minimized by distributing the required stiffness over '1forcing feundoppo- several elastic elements in order to minimize the change

site to the spring force. Thus, theoretically, there is no in stiffness. Sometimes means can be provided to insure
resultant force acting upon the fuselage. The proposed that the element functions even if failure occurs; for
design merits consideration in future designs as well as exam the elsme r is eaed in compression ,nfor rerofitexample, the elastomner is preloaded in compression. In .
for retroft.

Another recent development particularly useful in general, the designer will provide means to limit the
helicopters with rotors having low n/rev frequencies moticn of the isolated package by using mechanical
(n equals number of blades) is the nodalized beam stops, cables, or auxiliary nonlinear springs to restrict
concept described in Ref. 16. This concept advocates the motion in the event of a failure of the elastic ele-
suspending the entire helicopter airframe from a sup- ments.

5-12I t
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5-2.4 EXCITATION SOURCES forces into the fixed system transmitted are still only at
. harmonics that are multiples of the number of blades.

The dominant vibratory forces in a helicopter are They are produced, however, by forces in the rotating
those forces transmitted through the rotor hub or by system that are one harmonic above or one harmonic
rotor/wing aerodynamic interference. Them forces are below the transmitted frequency. For example, a three-
largely aerodynamic in origin. Other aerodynamic and bladed rotor transmits a third harmonic lateral force
,mechanical sources of excitation exist bu• •neraliy are (or rolling moment) that is due to second and fourth
of minor importance compared to the rotor forces. harmonic inplane loads. Table 5-1 shows how the loads

transmitted by the hub are dependent upon the number
5-2.A.1 Rotor Frces; of blades in the rotor, as well as the frequencies of the

The steady-state forces acting upon a rotor blade are blade input forces.
at frequencies that are harmonics of the rotor speed. If The just-described characteristics of the transmitted
the blades all are identical aerodynamically and iner- forces are true rigorously only if all the forces acting
tially, then the only vibratory forces or moments trans- upon each blade are the same when the blades are at the
mitted to the fuselage will be at harmonics that are same azimuthal position. This wi.l be the case only
multiples of the number of blades. Thus, a two-bladed when the blades are identical. When there are small
rotor will transmit only multiples of two cycles per discrepancies in aerodynamic or inertial characteris-
revolution forces, and a three-bladed rotor only multi- tics, complete cancellation of terms will not occur and
pies of three (see Refs. I and 17). at least small components of other harmonics will be

Consider first the vertical forces and shaft torque. transmitted. This effect has been recorded in wind tun-
The vertical shear force F of each blade can be ex- nel tests (Ref. 18) and from flight test data (Ref. 9).
pressed as Except for the first harmonic force due to steady effects

such as blade unbalance, the only forces that will be

F=fo +f, cos 0 +gt sin i +f2 cos 20 +g2 sin. 2 + significant will be at harmonics of rotor speed, as in-
dicated previously.

. + fm cos ao + gm sin m 0l (5-16) A study of main rotor hub excitation of helicopters
is reported in Ref. 15 in which the available data from

where several sources were examined. The data contained
= azimuth angle of one rotor considerable scatter; however, reasonable generalized

Sblade, rad criteria were obtained. These standardized excitationamplitude of cos component of levels, based upon amplitude of the predominantamplitudforce, lb n/rev component being unity, are: the 1/rev compo-
aoonent, 0.10; the 2n/rev component, 0.40; and the•:. g• amplitude of sin component of

force, lb 3n/rev and 4n/rev, 0. 10.
• ~Rotor blade dynamics can have a significant effect '
Thus, if the force on blade "A" is F(qi), then the force
on blade "B" is FQ* + 2w/n), etc. where n is the upon the amplitude of the forces transmitted through
number of blades. When those expressions are the hub. When a blade natural frequency is close to the
summed, there results frequency of a force that is not cancelled at the hub, a

potential problem exists due to the amplification of the
F10101  forces. For example, on a four-bladed rotor, the follow-

F A +f cosn +g, sin n +f2, c ing natural frequencies should be avoided: 4/rev out-
n =of-plane, and 3/rev and 5/rev inplane and/or torsion.

+ g2, sin 2no + . +fin cos mn;P The resonant frequencies for flapwise and chordwise
bending must be computed as functions of rotor speed,

+ gmn sin mnf (5-17) using plots of blade weight distribution and moments

of inertia (par. 4-9). The determination of blade reso-
nant frequencies could proceed in a simple, closed-form

Because the vector representing shaft torque is in the calculation if mode shapes, blade root restraints, and
same direction, the same form results. hub motions were known accurately. Usually these

Forces whose vectors rotate in the plane perpendicu- only can be estimated, so that an approximate solution
lar to the shaft behave in a slightly differctt fashion is the best that can be obtained without extensive itera-
when resolved into the fixed system. These forces are tion. The method of Ref. 19 usually produces results
inplane shear, radial shear, and pitching moment. The that are accurate to within 10%, and has been used

5-13

.



71 ""TT

AMCP 706-201

widely for preliminary design calculations. This 5-2.4.2 Other Sources
method assumes that the centerline of rotation is rigid
in space, and that rotation is at a constant angular All the comments of the previous paragraph apply
velocity. The mode shapes are assumed and used as the equally well to a tail rotor, a lifting fan, a pmi puluive
basis for frequency calculations, as in the Rayleigh propeller, or any similtr rotating aerodynamic '.utface.

The blade pitching moments mentiontV- . "•
Method. Blade root restraint in the hub is taken as
either a frictionless pivot or a rigid joint in the flapping
and lead-lag planes. Masc and stiffness distributions are
taken as linear functions of radius, which involves some U, __LE S1e717degree of fairing the actual distributions. Provisions are

made for representation of concentrated mass at the tip 80 . .. 16

of the blade. For the appropriate root restraint and 15
mass and stiffness distributions, coefficients of rotating 70 14
and nonrotating resonant frequencies are taken from 13
graphs. The various modal frequencies then can be 60 OPERATING 12
shown on a Southwell diagram (see Fig. 5-10) in which (pm
the frequencies are plotted against rotor speed, with
lines superimposed to show multiples of rotor speed. a I

In examining the Southwell diagram for coincidence >2nd MO9
of exciting and resonant frequencies, it is well to keep 40 8
in mind that root restraint nearly always is more flexi- 7
ble than assumed, so that the resonant frequencies pre- 30
dicted by Yntema's Method (and even by many more _J 5
sophisticated techniques) are often too high. It thus is
safer to have an indicated resonant frequency occur 0-.
-slightly below coincidence with an exciting frequency 3
rather than slightly above it. 10 2

One device, the "bifilar absorber" described in Ref.
20, is designed to eliminate the major inplane compo- 100 _200_ 30_
nent of excitation at the hub. This is a rotating pendular 100 200 300
mass mounted at the main rotor hub and acting as a ROTOR SPEED (1. rDm
vibration absorber. It has the advantage of eliminating
the vibratory force almost at its source. Fig. 5-10. Southwell Diagram

TABLE 5-1
INPLANE LONGITUDINAL OR LATERAL BLADE FORCES

TRANSMITTED TO FUSELAGE

FREQUENCY OF FREQUENCY OF LOAD ON HUBperrev
VARYING LOAD TWO-BLADED THREE-BLADED FOUR-BLADED
ON ONE BLADE. ROTOR ROTOR ROTOR

per rev

1 STEADY AND 2 STEADY STEADY

2 3

3 2 AND 4 -- 4

4 -. 3

5 4 AND 6 6 4

6 5- 4

5.14 "
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2.4.1 can be transmitted to the fuselage as vibratory
excitation through the control system. This con-,idera-/

tion is discussed in Ref. 21. Similar considerations ap- A
ply to any control system, whether manual, augmented, A

or automatic.
All rotating components such as engines, transmis.

sion gears, and couplings are potential sources of vibra-
tion. These often are mounted on resilient mountings 0 ,"
that act as isolatorm (see par. 7-7). For a general discus- A

sion of such sources, see Ref. 22,
A --

5-2.5 GROUND RESONANCE 'J 9 ..

Because the instability known as "ground reso-A t
nance" involves the dynamics if the airframe as well as
of the rotor, it is appropriate that there should be a
discussion in this paragraph in addition to that of par. 0) ( ii
5-3.3.3. Presented here is a briefsummary of the clawsi- ,,27?
cal Coleman theory (Ref 23) and a common method
of evaluating the ground rts.onance characteristics of a Fig. 5-l. lntor Viewed in Fixed System Oscllating
rotor-.fuselage combination. It should be noted that this in Ground Resonan ye Mode

type of ground resonance is applicable to hinged rotors
with snwall hinge offsets where there is no consideration
of rotor aerodynamics. Mechanical instability (ground
and air) analysis of hingeless rotors or hinged rotors
with large flap hinge offsets must include rotor aerody-
namics in order to obtain meaningful results. This type CY
of mechanical instability is treated in Ref. 24 and dis- LU
cu.sed further in par. 5-3.3.3. 1.._
5-2.5.1 Description of the Phenomenon .. , U ABLE

Ground resonance is a self-excited mechanical insta-
bility caused by coupling of the motion of the hub in ROTOR SPEEDQ
the plane of the rotor and the motion of the rotor CG
due to inplane motion of the blades. This potentially
destructive instability usually occurs when the helicop- Fig. 5-12. Plot of Roots of Undamped Ground
ter is on the ground and the landing gear spring and Resonance Equations
damping rates affect the motion of the hub. The phe-
nomenon will be discussed briefly, first for the common
case of three or more hinged blades. tend to increase, there is an instability. For a given set

The inplane motion of the blades causes the CG of of parameters, the instability manifests itself as a range
the rotor to be displaced from the hub. This condition, of rotor speeds in which an unstable oscillation will
tor a four-bladed rotor, is illustrated in Fig. 5.11. occur. The solutio-t obtained by solving Coleman's

This whirling of the CG of the rotor in turn produces equations for the case of no damping is shown in Fig.
an oscillating force on the hub. The hub can be consid- 5-12.
ered to consist of effective masses, springs, and damp- The phenomenon for a one- or two-bladed rotor is
es. These quantities retlect the characteristics of the essentially the same, except that the unsymmetrical
fuselage and, in generol, will be different in the lateral condition introduces certain complications into the
and fore-and-aft directions. The rotating force applied equations; there are more ranges of instability associ-

v to the hub causes it to deflect; this motion in turn ated with this condition. This is well treated in Ref. 23.
applies forces to the blades, tending to cause inplane Further physical descriptions of the phenomenon are
motion. When this interaction is such that the motions given by Refs. 25 and 26.

5-15
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5-2.5.2 Important Parameters B

The parameterm involved in the computation of the - "
ranges of instability are discussed subsequently. I.. (5-19) --- '

There are three quantities associated with the hub (
degree of freedom: the effective mass ,i,.. the spring 8,.
constant K. and the damping constant B. In general, X "
there will be several %alues of each of these parameters 1

in each direction depending upon the mode of the fuse.
lge under consideration. For preliminary design of a are used to represent the hlade and hub damping, re-
helicopter, it usually is sufficient to consider the fuse- spectively. The rotor angular velocity 11 and the angu-
lage to be a rigid body on the landing gear. which sup- lar whirling velocity (a measured in the fixed system
plies all the spring and damping effects. Parameters are writter'nondimensionally in terms of w,.
such as the tire stiffness (vertical and lateral) and the
effect of gear txtension (under partially airborne condi-
tions) must be considered. The first step in an analysis should be to calculate

The parameters associated with the rotor are: blade any undamped instability ranges. The blade parameters
mass ti lag hinge offset e: distance b of center of mass are fixed. but ordinarily there will be several sets of hub
of blade from lag hinge: radius of gyration r of blade: parameters to be analyzed. There should be an analysis
centering spring rate KO, and blade damping Bd. These for each hub natural frequency up to the vicinity of the
parameters are constants for a given design. Blades maximum operating rotor speed. In addition, the effect
without lag hinges may be simulated by an effective lag of any parameter such as gross weight or landing gear
hinge and centering spring that will give the same low- strut extension that will affect the hub natural frequen-
est frequency and will approximate the mode shape. cies should be investigated.

These quantities commonly are grouped into the fol- The method given in Ref. 23 allows the computation
lowing dimensionless parameters: of undamped instability ranges. Chart.; showing the

ranges for values of A1, A,. and A, are given for
s = 0. 1, oc. for rotors with two or more blades, where
s is the ratio of the hub spring rates in the two direc-

A, e tions. Thus the charts touch the entire range from rigid
Ar2 to free in one direction and include the case of isotropic

"b I + 2T2)supports (s = 1). The data obtained from such a study
will give a good indication of any potential instability
ranges within the operating conditions of the helicop-

A2 = (5-18) ter.
r If an instability range is indicated and the configura-

tion is such that blade and hub damping are feasible,
-P then it may be possible to eliminate this unstable range

A3  r through the use of dampers. As shown in Refs. 23 and
2(1 + 25 for the case of rotor% with three or more blades, a

specified product of the two damping ratios is required.
This clearly implies that damping of both the hub and
blade is required to eliminate the instability. Ref. 25

where gives an approximate form for this product as

I - blade mass moment of inertia AX > A3  (5-20)
about lag hinge. slug-ft -
hub natural frequency
(reference), rad/sec

JA. mass ratio nn,./(mf + nmb)
I + -A, +A2  AA.c• = (5-21)

In addition, the two dimensionless parameters I -A,

5-16
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A more detailed solution, correbponding to the case vibratory acceleration at the personnel stations shall
ki of infinite stiffness in one direction, has been presented not exceed 0.2 g up to 20 Hz, and vibratory velocity

in convement chart form in Ref. 26. shall not exceed 0.7 in./sec for frequencies greater
For an articulated rotor with three or more blades, than 20 Hz. During slow and rapid linear accelera-

the usual means of avoiding the instability is to use tion or deceleration between any speeds within the
appropriate blade and landin:;. Sear dampers as dis- flight envelope, vibration levels at the personnel
cussed previously. For two-coladed rotors without stations shall not exceed a velocity of 1.0 in,/sec for
hinges, inplane nritural frequencies normally are above frequencies up to 50 H7. and a double amplitude of
the critical range for ground resonance. Therefore such 0.003 in. for all frequencies above 50 Hz.
resonance is avoided (Ref. 26). Because two-bladed ro- In the low-frequency region (below 10 Hz), the vi-
tors with lag hinges are susceptible to shaft-critical bration requirements are complicated by the presence
instabilities over a wide speed range, they are very sel- of human body responses. There is a vertical resonance
dom considered. near 5 Hz, while a resonance near 2 Hz is the dominant

mode in horizontal vibration of a seated man. The
resonant frequencies and maximum transmissibilities

CESIG CRITEIAAN D are affected by many factors including muscle tension,
CONSIDERATIONS body position and posture, weight of clothing and

With respect to criteria, information for designers in equipment, and the complexity of the e'citation, Air-terms of allowable vibration levels is available from a frame vibration leve's for acceptable comfort in the

great many sources. The only available specification cockpit and cabin will vary at low frequencies due to

that has vibration levels aimed at preventing crew dis- the important resonances.

comfort is MIL-H-8501. However, experience has It should be noted that these new requirements do

shown that the vibration levels specified, if strictly ob- not represent final comprehensive vibration criteria
served, would not yield a satisfactory design. Pilot and relating to pilot and crew comfort and performances.
" passenger experience has shown that levels cosidera- For example, the cumulative degradation of comfort
pasbenger ex n s that l s conside caused by vibrations at more than one frequency has
bly below the 0.15-~g requirement of MIL-H-8501 are

required for low frequency comfort (Ref. 27). More been disregarded. Likewise, the combined effects of
realistic criteria considering both helicopter reliability 8-hr exposure to noise, extreme temperature, and vibra-

and crew comfort, based upon data presented in Refs. tion upon pilot task performance have not been ex-

27 and 28, are being incorporated into new military plored fully.
Refs. 29 and 30 describe the work completed in the

specifications superseding the MIL-H-8501 vibration field of visual disturbances. The designer should review
requirements. These new vibration characteristics re- and utilize these data where possible.
quirements are as follows:

1. Controls. Vibration levels in any direction at all 5-3 ROTOR SYSTEM INSTABILITIES
controls shall not exceed an acceleration of0.10g for
frequencies up to 5 Hz, a velocity of 1.4 in./sec for 5-3.1 GENERAL
frequencies between 5 and 32 Hz, and a double ampli-
tude of 0,008 in. for frequencies above 32 Hz. This Rotor system instabilities have been characterized by
requirement shall apply at all steady speeds within the a variety of names such as flutter, low-frequency flut-
helicopter design envelope, during slow and rapid tran- ter, stall flutter, wake flutter, whirl flutter, ground reso-
sitions from one speed to another, and during transi- nance, air resonance, vertical bounce, weaving, shuf-
tions from one steady acceleration to another. fling, pilot-induced oscillation (PlO). and others. A

2. Personnel stations. At the pilot, copilot, and more systematic way of classifying rotor system in-
passenler seat structure (near the floor), at the stabilities is according to the essential mode contents of
pilot and copilot heel rest positions (on the floor), the unstable oscillations. In the subsequent discussion,
and at litter stations, at all steady speeds between unless otherwise stated, the vibration modes and the
30 kt rearward and cruise velocity V.. vibratory ac- frequencies will be described in a hub-fixed rotating
celeration shall not exceed 0.0S g at or below the reference system. If we assume a rigidly supported ro-
fundamental main rotor passage frequency (n/rev) tor hub and swashplate, and ignore coupling effects,
and vibratory velocity shall not exceed 0.6 in./sec at there are three types of structural modes:
frequencies greater than n/rev. At steady speeds 1. Blade pitching or torsion modes with aigular
from V_, to design limit velocity Vw, the maximum displacements about a longitudinal blade axis
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2. Blade flapping or flap-bending modes with out- signals are fed back into collective or cyclic pitch con-
of-plane blade displacements trols.

3. Blade lead-lag modes with inplane blade dis- All coupled blade modes are characterized by the
actualMlao moeaaecopeplacements. fact that each blade performs the same oscillation as

every other blade except for a difference in phase.
The actual modes are coupled aerodynamicaily, elasti- There are four types of multiblade, coupled, modes:cally, and inertially; they include some blade pitching 1. Collective modes, where the phase angles of all
or torsion and some blade out-of-plane and/or inplane blade oscillations are identical
motion.

With resl~ect to the principal mode contents, the 2. Differential collective modes, which are posei-
designer can distinguish among three types of instabili- ble only for even-bladed rotors, where the oscillations
ties: of subsequent blades are in counter phase

1. Blade flutter 3. Regressing modes, where the location of maxi-
2. Flapping instability mum blade deflection rotates in a rotor-fixed reference
2. FLapping instability, system opposite to the direction of rotor rotation

4. Advancing modes, where the location of maxi-
Blade flutter, including wake and stall flutter, essen- mum blade deflection rotates in a rotor-fixed reference
tially involves a blade pitching or torsional mode that system in the direction of rotor rotation.
may or may not be coupled with out-of-plane or inplane
blade modes. The flutter frequency is equal to or lower If we count posiiions of the blades in the direction of
than the corresponding natural frequency of the purely rotation from 0 to the n- 1, and if we a.ssume that
structural torsional mode. Flapping or flap-bending in- each blade oscillates with a circular frequency to, then
stability involves an out-of-plane blade mode that may Fig. 5-13 represents the phase relationship for the first
or may not be coupled with blade pitch, torsion, or regressing mode. The deflection ??, of Blade No. 0 as a
lead-lag motions. The instability occurs at high roeor funm:tion of aot is shtown in the curve. Blade No. I leads
advance ratios and, depending upon aerodynamic cou- in poase by 21r/n; Blade No. (n - I) lags in phase by
pling effects, may have a frequency substantially differ- 21r/n. Fig. 5-13 shows Blade No. 0 in its maximum x
ent from the natural frequency of the corresponding, deflection. After elapse of a time 27r/(w n), Blade No.
purely structural out-of-plane mode. Lead-lag instabil- (m - 1) will reach maximum deflection. The location
ity involves an inplane blade mode and may or may not of maximum blade deflection, therefore, rotates back-
be coupled with blade torsional or out-of-plane mo- ward with respect to rotor rotation. Fig. 5-14 repre-
tions. This type of instability is easiest to identify be- sents the phase relationship for the first advancing
cause, even in the case of coupling with either torsion mode. Blade No. I lags in phase by 2fr/n, and the
or out-of-plane blade motions, it occurs with a fre- location of maximum blade deflection rotates forward
quency approximately equal to the natural frequency of with respect to the sense of rotor rotation.
the corresponding structural inplane mode. The second regressing and advancing modes are char-

In addition to the oscillatory types of instabilities, acterized by Blade No. I leading and lagging respec-
there are aperiodic divergences. Frequently, the tively Blade No. 0 in phase angle by 4-7r/n. tne third
analytically easier-to-determine aperiodic divergence regressing and advancing modes by a leading and lag-
boundary is only slightly different from the oscillatory ging phase angle respectively of 67t/n, etc. The nth
stability boundary and, therefore, can be used as an blade is identical to the Oth blade and, with respect to
approximation of the latter.

If the previous assumption of a rigidly supported
rotor hub and swashplate is removed, there are several
ways in which single-blade modes can be coupled. The -
flutter modes of the single blades are coupled through
swashplate-tilting and swashplate-vertical motions....
The flapping and flap-bending modes of the single
blades are coupled through hub-tilting and hub-vertical II - I n 0 ' I
motions. The lead-lag modes of the single blades are
coupled through hub-lateral and rotational motions.
Finally, couplings between the individual blades can Fig. 5-13. Phase Relations of Blades (n -- 1), 0, 1
occur if blade flapping deflection or flapping moment in Regressing Mode
5-18
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the Oth blade, must have a phase lead or lag equal to lead.lag mode becomes unstable. The phenomenon
a multiple of 2w. called air resonance is similar, except for the inclusion

For even-bladed rotors, the phase diff.rence of the of aerodynamic effects, whereby instability also can
oscillations of subsequent blades can be ±r. In this occur in the first advancing lead-lag mode, Whirl flut-
case, the regressing and advancing modes are identical ter is a rotor-airfrmme instability involving advancing
and such a mode suitably is called a differential collec- or regressing flapping or flap-bending modes. Vertical
tive mode, represented in Fig. 5-15. bounce involves an unstable collective flapping or flap-

For an ,bladed rotor it is necessary to introduce bending mode, while P10 can be produced by pilot
x multiblade generalized coordinates. For a two-bladed coupling with either advancing or regressing flapping
rotor, the two multiblade coordinates describe the or lead-lag modes. Finally, it has been established that
mode contents of the collective and differential collec. coupling of blade modes resulting in unstable charac-
tive modes. For a three-bladed rotor, the three multi- teristics is possible not only through hub and swash-
blade coordinates describe the mode contents of the plate motions or feedback controls, but also through
collective and the first regressing and the first advanc- purely aerodynamic blade coupling whereby the tip
ing modes. For a four-bladed rotor the four multiblade vortices of one blade affect the lift, drag, and torsional
coordinates refer to the collective, the differential col- moments of th'-, trailing blade.
lective, and the firt regressing and the first advancing
modes. For a five-bladed rotor, the five multiblade
coordinates describe the mode contents of the collec- 5.3.2 SINGLE-LADE INSTABIUTY
tive, the first and second regressing, and the first and ANALYSES
second advancing modes, etc. The differential collec- The single-blade analysis assumes that the hub and
tive and the higher-than-first regressing and advancing the swashplate are supported rigidly. Usually such an
modes are self-contained and do not feed forces or analysis w~ll provide only a crude approximation of an
moments into the airframe. However, due to their aero- instability, the actual stability limit being lowered or
dynamic coupling with the other, nonself-contained raised by the various coupling mechanisms between
modes, they influence the dynamic stability limits. blades. The fact that a single-blade analysis does not

Much of the published dynamic stability work is uncover any instability should not preclude further
limited to single-blade treatments. The earliest and best probing or studying of multiblade, coupled rotor-air-
known multiblade analysis concerns mechanical inste- prbnorsuygofutbadcpldoo-i-know mutibide nalyis oncrns echnica inta- frame instabilities, which will be discussed later.
bility, or ground resonance, when the first regressing

5-3.2.1 Single-blade Flutter and Torsional
Divergence

Most flutter work has been done for zero rotor ad-
vance ratio. In this case there are three types of flutter:
classical, wake, and stall.

A classical flutter analysis (Ref. 31) is simikr to thatS n 0 7-
I t (n -1) for a fixed wing except that the variation of relative

airspeed over the blade length is considered in a type
of strip analysis and that additional terms from Coriolis

Fg 3-14. Fm Rdatlovs of Blades (n - 1), 0, 1 accelerations are included. Reduced frequencies
In AdvalciI Mode ,// Vfor helicopter blades are in the order of 0.1 to 0.3,

using a representative velocity Vat 0.7R or 0.8R, %here
b is the half-chord of the blade in ft, to is the angular

7 ki! frequency ofthe blades in rad/sec, Vis the relative flow
velocity in ft/sec, and R is the rotor radius in ft. Ac-

3 I cording to classical flutter theory, oscillatory angle of
attack changes produce a lift that is smaller than for the

'0 - Ij 0 1 equilibrium condition and that lags in phase. Lift defi-
w~t ciency and phase lag are functions of the reduced fre-

quency bo/, V(see Fig. 5-16). The pitching inertia of the
Fig. 5-15. Phae Relations of Blades (n - 1), 0, 1 blade is increased by an aerodynamic term, and there

"in Differential Collective Mode is an aerodynamic pitch damping term. Often it is pos-
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0 - B 0.7 o, at low blade pitch and increases to o, at high
0--. 0 blade pitch. Fig. 5-17 should be considered merely as

A 5 b an example and not as a typical case. The unsteadyV, airfoil moment characteristics depend in a complex
manner upon Mach number. Reynolds number, mean
angle of attack, amplitude of angle of attack, and re-

Fig. 5.16. Lift Deficiency OA/OB and p'uis Lago duced frequency. The available data for NACA 0012
Ys Reduced Frequency boo V and 23010 oscillating airfoils show maximu-n unstable

pitching moment characteristics for mean angles of at-
tack of 15 to 20 deg, reduced frequencies of 0.2 to 0.4,

sible to omit the phase lag of the lift, the aerodynamic and Mach numbers of 0.3 to 0.4. Stable pitching mo-
pitching inertia, and the aerodynamic pitch damping: ments occur at both lower and higher values of mean
this is called the "quasi-static" approach. In a further angles of attack, of reduced frequency, and of Mach
simplification, all damping terms are omitted-includ- number.
ing the vertical damping. One then obtains a system Correlation of analytical and experimental results on
that is conservative over the entire speed range up to single-blade flutter usually is not very good, even at
the flutter speed and that now is characterized by a zero advance ratio. For forward flight conditions, with
coalescence of the torsional and an out-of-plane mode. their time-variable relative velocities, no valid flutter
In many cases the approximation for this frequency analysis is available at present. However, a frozen
coalescence method is quite good. azimuth type of flutter analysis can be useful in order

The principal parameter determining the flutter to avoic large blade loads, because such high loads
speed is the offset of the chordwise CG from the aero- invariably occur in conditions for which the frozen
dynamic center (a.c.). If this offset is zero, flutter usu- azimuth analysis predicts flutter. The two most critical
ally is not possible. For a given aft location of the CG azimuth angles (measured counterclockwise from the
with respect to the a.c., increasing torsional stiffness rear of the rotor disk) are 90 deg, where the relative
tends to increase the flutter speed. However. the situa- velocity is maximum, and 270 deg, where the angle of
tion is more complex when pitch-flap coupling is used attack is maximum and where conditions of reversed
that ;an lead to flutter in a higher flap-bending mode. flow exist over a portion or all of the blade. Fig. 5-18,
Because most helicopter blades are designed so that taken from Ref. 31, shows the torsional amplitude ver-
chordwise CG and a.c. are close together, flutter rarely sus chordwise CG location, computed from a sophis-
has been a problem at zero advance ratio. ticated single-blade program, for an articulated blade

At low blade angles of attack and at low lift, wake operating at advance ratio tk = 0.3 at low pitch. If the
flutter may develop. This is caused by a rotor blade 90-deg azimuth condition is frozen, the blade flutters at
operating close to its own wake or to that of th-. preced- an aft chordwise CG position of.somewhat above 0.10.
ing blade (Ref. 32). Flutter of this type, if it occurs, While actual flutter does not occur because of the tran-
disappears with increasing lift and increasing advance sient nature of this condition, the frozen azimuth flut-
ratio. ter limit does indicate a region of rapidly increasing

At high blade angles of attack, stall flutter may devel- torsional amplitude. Exceeding this limit would lead to
op. This is caused by a hysteresis loop of pitching excessive blade loads or deflections.
moment versus angle of attack feeding energy into the Similarly, the 270-deg frozen azimuth flutter limit
pitching oscillation. Data on oscillating airfoil charac- provides a useful indication of the upper advance ratio
teristics in the vicinity of stall are scarce. Ref. 33 in- boundary that would lead to rapidly increasing tor-
cludes such data for a NACA 0012 airfoil. Fig. 5-17 sional loads and deflections. For advance ratios ,m one
taken from Ref. 34 shows a flutter boundary measured or more, when the entire retreating blade expernert-.'.
with a single-blade rotor versus blade pitch angle for a reversed flow and when the aft chordwise COi locai•n
NACA 23012 airfoil when the chordwise CG is at 37% with respect to the reversed flow a.c. is about 0.5. the
and the elastic axis at 26%. The flutter speed drops 270-deg frozen azimuth flutter limit is quite close to the
rapidly with increasing blade pitch angle. Classical flut- corresponding torsional divergence limit, which is
ter theory evaluated in Ref. 31 results in this case in a easier to compute. Fig. 5-19, taken from Ref 35. shows
reduced flutter speed of V/(&i,) = 5 and a flutter for a nonarticulated rotor the computed torsional stress
frequency ratio of w/0, = 0.47, where Vis taken at amplitude versus advance ratio g together with the'
0.8R and w, is the natural frequency of the blade in 270-deg frozen azimuth torsional divergence limit roi
torsion. The experimental flutter frequency w is about an advancing blade tip Mach number of 0.85. Again it
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is seen that the torsional frozen azimuth divergence 8
boundary is in a region of rapidly increasing torsional
stress amplitudes. The torsional divergence boundary
at 270 Jeg azimuth is an important limitation to high ' --

advance ratio operation. Fig. 5-20, also taken from Ref.
35, shows this limitation in the form ofsuch a boundary ___

intersecting the boundary of 0.85 Mach number at the 4
advancing blade tip. x

C-07 270
5-3.2.2 Singigbla" e FlaIng Instability 2 AZIMUTH

In a vertical or low advance ratio flight condition, DIVERGENCEo A LIMIT
blade flapping instability is possible in the case of a L I
power failure without a sufficiently rapid reduction in o 01.0 1.2 1.4 1.6 1.8

ADVANCE RATIO .

F .590 Fig S-19 osoa te Amplitude vs Advance
W0.04 •- AZIMUTH R r 1 atio, Nonarticulated Blade

F FLUTTER
LZ 0.03 - LIMIT

blade pitch to values within the autorotational range.:• 0.02 . ... sedi nrae ni heu-lwvlct hog0.0 In this case, rotor speed is lost and helicopter sinking
speed is increasd until the up-flow velocity through

C)i the rotor produces an up-flapping aerodynamic mo-L I • ment on the blade that no longer can be balanced by the

0-0.02-0.04-0.06-0.08-0.10-0.12-0.14 down-flapping moment of the centrifugal force. At
CHORDWISE CG POSITION high advance ratio this situation also can occur without

power failure- -f a frozen azimuth angle of 180 deg is
FIg. 5.18. Toraomal Aplitulde vs Cbordwise CG consideied. Fc a rigid blade hinged at the rotor center

PoFltime for/, = 0.3, Articulated Blade and on the assumption that the quasi-steady aerody-
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namic analysis of Ref. 36 is valid, flapping divergence ferential equations with periodic coefficients. The tran-
at 180-deg azimuth will occur for sient solution to such a system of equations can be

- + >written in the form

6  8 1( = [A(t)] [ak exp (Xk + iWk)] (5-23)

T This limit is shown in Fig. 5-21 for a tip loss factor of
B = 0.97 and for values of pitch-flap coupling ratio 16
,•, of 0 and -0.5. Because of the transient nature of the

frozen azimuth unstable condition, actual instability of UNSABL
the blade occurs at substantially higher values of rotor UNSTABLE
advance ratio I and Lock number y, and is of an 12 -

oscillatory type. It is interesting, however, that the " BOUNDARY
frozen azimuth divergence limit usually agrees with an / ax =15
entirely different limit computed in Ref. 37 and also
shown in Fig. 5-21 in dashed lines. The Ref. 37 limit I 8 180' AZIMUTH -
was obtained by calculating, for a condition of blade tip F LAP
Mach No. 0.85, the maximum flapping angle following • DIVERGENCE
a sudden gust input of 30 fps at zero azimuth and 4 _
limiting this maximum flapping angle to 15 deg. The STABLE
beneficial effect of negative pitch-flap coupling ratio
O& (positive 83) is evident for both sets of limit curves. of B 0.97
This result is for a rigid blade only, and blade flexibility 0 0.5 1.0 7 1.5
in torsion and bending has a very significant effect, as ADVANCE RATIO
will be shown later.

By use of the linearized flapping equations as given
in Ref. 36, it is possible to define a flapping stability Fig. 5-21. Frozen Azimuth Flapping Instability
margin with the help of Floquet's theory of linear dif- Boundary

S -.
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S~Fig. 5-20, Boundary from Advancing Tip Mach No. 0.85 and 270-dog Azimuth
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j- where after a disturbance have been computed. An amplitude

S= column matrix of state ratio of subsequent oscillations of 1.0 represents the

variables stability boundary. For most cases the frequency of the
[,A(f] = matrix of periodic time unstable mode is 11/2; for some camcs it is fl. Thefunctions 270-deg azimuth torsional divergence limit also isa nctonsti shown and agrees well with ,the stability limit including

ak =constants derived from initial torsional flexibility. The natural frequencies of the tor-
exp(A., + &) =complex eigenvalues of the sional and flap-bending modes are w, = 10fl andtransition matrix [e defined by hb = 2.5fl, respectively. In spite of the high torsional

stiffness, the flapping stability limit is reduced substan-
• x(7) } = [QJ tx(0)l (5-24) tially by including torsional flexibility. Also, the effectx where of pitch-flap coupling Op is reversed due to torsional

T 2r/11 is the period, s. flexibility, - 0, improving the stability of the tor-
sionally rigid blade but reducing the stability limit of

The eigenvalue of [QJ with the largest absolute value the torsionally flexible blade. The inclusion of flap-
corresponis to the least stable mode. If the absolute bending flexibility has little effect when 0,0 = 0 but
value of an eigenvalue is larger than one, the corre- further reduces the stability in the presence of pitch-
sponding mode is unstable. The real part X also can be flap coupling 0,0 < 0. The latter effect is caused by an
used as a stability measure, with negative X indicating increase in blade pitch with up-blade deflection in the
stability and positive X instability. A practicable way of blade tip region, because an up-tip deflection corre-
computing the transitional matrix [Q]-also applicable sponds in the first flap-bending mode to a down-slope
for multiblade stability problems-is given in Ref. 38. of the blade centerline at the hinge. In spite of the fact
Fig. 5-22 taken from Ref. 38 shows lines of constant that pitch-flap coupling is beneficial for the flapping
X in a I - p. plot for an articulated blade. The dashed stability of a rigid blade, it actually is detrimental to the
lines separate three regions where o/fl = 1/2, flapping stability in all nracticable blade designs.) o/ = 1.0 and where c/ol varies. The dash-dot curve However, the results of Ref. 39, without flap-bend-
represents a ridge line. If, at a given -, the advance ratio ing, have been confirmed in Ref. 40, which shows for
f. is increased beyond this line, the damping - X deteri- some examples that dynamic instability for uncoupled
orates rapidly until the blade motion becomes unstable blade torsion occurs at an advance ratio only slightly
at X = 0. Comparing this ridge line with the 180-deg higher than that for 270-deg azimuth torsional diver-
azimuth flapping divergence limit for OP = 0 of Fig. gence.
5-21, it is seen that excellent damping of the blade Ref. 41 reports on a case where an instability with a
transient motion is retained considerably beyond the frequency of ff/2 at a much lower advance ratio of
180-deg frozen azimuth flapping stability boundary. I. = 0.5 was observed in flight. It appeared to be a

A hingeless rotor blade can be represented approxi- limit-cycle phenomenon and the amplitude of the self.
mately by an articulated rigid blade with an elastic excited oscillation was a fuiaction of the advancing
hinge restraint. An example of the effect of elastic hinge blade tip Mach number. By feeding some hypothetical
restraint upon the flapping stability limit is shown in nonlinear blade-pitching-moment characteristics int'l
Fig. 5-23 taken from Ref. 36. The parameter P is the an available, elaborate, nonlinear single-blade com-
ratio of blade natural frequency with elastic restraint to puter program, the phenomenon could be reprocaxccd
that without restraint, and P2 - I is proportional to analytically. It was concluded that the instability was
the hinge spring constant. The boundary in Fig. 5-23 caused by statically unstable pitching moments occur-
is for an advance ratio of A = 2.4; it shows that the ring at high shbsonic Mach numbers at small or nega-
instability is most severe at a blade inertia number tive blade tip angles of attack. Hence the instability
(Lock number) of y = 8 and that, for an elastic root boundary should be increased when thinner blade tip
restraint parameter (P' - 1) > 0.7, no instability is sections are used. The observed instability shows that
possible at p. = 2.4. high subsonic advancing blade tip Mach numbers may

An example of the effects of torsional flexibility, flap- be critical with respect to subharmonic self-excited os-
bending flexibility, and pitch-flap coupling ratio Op on cillations.
the flapping stability of an articulated blade is shown Except for this Mach number effect, both the 180-
in Fig. 5-24 taken from Ref. 39. Linearized aerodynam- deg frozen azimuth flapping divergence limit and the
ics, including reversed flow effects but excluding com- 270-deg frozen azimuth torsional divergence limit are
pressibility effects, have been used; and time histories useful indicators of severe rotor operational conditions.
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Fig. 5-422. Damping Levels of Articulated Biade, B 1.00

I I MODES
B 0.97 F LAP

STABLE 0 - FLP TORS. BENDG.
0.6 0 0~j L P

2.4A

020

0 o UNSTABLE

LOCK NUMBER

F. -3. Flapping Stability Boundary for Rigid L_ 0.5
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While the 1 80-deg flapping divergence limit can be 0. 10 15 20 25
exceeded substantially without encountering actual jin- ADVANCE RATIO 1A
stability, the 270-deg torsional divergence limit is a
reasonable approximation for the dynamic instability Fig. 5-24. Amplitude Ratio vs Advance Ratio for
that may occur earlier, particularly when using a pitch- Articulated Blae, y = 5 With and Without
flap coupling. Torsional and Flap-bending Flexibility
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5-3.2.3 Single-blade Coupled Pitch-flap-lag FEATHERING
Instability AXIS It

The concept of single-blade lead-lag motions as-
sumes that the shaft rotates with uniform angular
velocity. Because the shaft is relatively flexible in tor-
sion, this assumption in not valid for collective lead-lag VIEW A-A
motions, when all blades move simultaneously fore or (B) RADIAL VIEW
aft. However, for cyclic lead.-lag motions, for which the
resulting shaft torque is zero, the concept of single-
blade lead-lag motions is a good approximation if cou- Fig. 5-25. Hingeless Blade in Drooped and Leading
piing between the blades from horizontal hub motions Position
can be ignored.

Single-blade pitch-flap-lag instability basically is a
nonlinear phenomenon and involves the product of less lift than is designed into the preconing angle. The
flapping angle and rate of flapping. The flapping rate blade is shown in a drooped and leading position. The
is proportional to the Coriolis acceleration in the plane forward inertia forces and the lift forces have pitch-up
of rotation. One can linearize the problem by sdpulat- moments with respect to the feathering axis, resulting
ing a mean coning angle/30 about which comparatively in an elastic pitch-lead coupling that may produce in-
small flapping oscillations take place. The lead-lag os- stability.
cillation is damped negatively, or amplified, if the lead- For a lead-lag oscillation frequency ratio co, > 1,
lag damping ratio qc satisfies the condition and again assuming the undamped blade flapping

frequency ratio W = 0. the instability criterion of
Eq. 5-25 is replaced by

--- < -- (5-25)

:. where 8•- < (5-26)

co= undamped lead-lag frequenzy 8w.( - .2)H
ratio, co,/fl, dimensionless A

04 = pitch-lead coupling ratio, .
aO/ at, dimensionless For positive 00, instability now occurs for negative

This stabi'; ty criterion was established first in some- 0,, or J..ecreafe of blade pitch with lead.
what different form (Ref. 42). It is applicable to hinged The evaluation of the available lead-lag damping
blades, when ot is small, and indicates that kinematics ratio ?It is difficult. The aerodynamic damping dep ;nds
that result in an increase in pitch with lead angle should upon the shaft power and is larger for powered flight
be avoided unless one is sure that adequate lead-lag than for autorotational flight. Because of the usual non-
damping always is present to overcompensate for the linearity in the damping characteristics, the mechanical "negative damping from the pitch-lead coupling. On the lead-lag damping also is difficult to evaluate, particu-

other hand, with a negative Ot (increase in blade pitch larly in the presence of forced lead-lag motions that can
with lag angle), considerable damping of the lead-lag reduce drastically the available damping for the poten-
mode is possible at positive coning (mean flapping) tially unstable natural lead-lag mode. Some of these
angle .l0 However, the sign of the damping is reversed effects are analyzed in Ref. 43.
with a reversal of the sign for )30, so this method of A mild instability also t-an occur for 04 = 0. as
damping the lead-lag motion is not feasible unless nega- shown in Ref. 44. When the flapping natural frequency
tive mean flapping angles can be avoided or kept small. term ýi and the lead-lag natural frequency

Pitch-lag coupling is possible not only from control i are not too different from each other, one obtains
linkage kinematics but also from torsional flexibility, the instability criterion
Assume, for example, a hingeless blade with preconed
feathering axis and a low lead-lag natural blade fre- I 6002-2

quency. The vibration mode then has little damping, (
and elastic coupling effects, although small, may pro- -
duce instability. F'g. 5-25 shows a rotor operating with
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The conclusion obtained in Ref. 44, namely, that insta- j n-i
bility for hingeless rotors is possible only when blade = k=
flapping frequency Zi # 0, differs from the conclu- k0 (5.30)
sions of Ref. 45. A simplified expression representing
the potentially destabilizing flap-lag coupling is pre-
sented in Ref. 45 as

2 13 where i, is the deflection of the kth blade.
(_0 (3 . 1 It is shown in Ref. 46 that, for the problem of ground

2•)1 j p- , d'less (5-28) resonance, only the equation for 40, is coupled with the
rotor support equation of motion, while the equations

where, by use of a simple approximation of the inflow for , being other than I or n - 1, are uncoupled.
The solution for 40, provides what were called the firstparameter. advancing and the first regressing modes in par. 5-3.1.

I8 (3O) However, for problems other than ground resonance,
F) -- 20 forward flight rotor aerodynamics generates coupling

terms between all of the multiblade mode equations.
From a point of view of easy visualization of the

C4= 20o multiblade modes, it is preferable to use real rather
(5.29) than complex multiblade coordinates. The deflection of

I\/f\ '\ (•.the kth blade then is given in terms of such coordinates
(I qo h, by

1'k =o + tnd(- )+ 1! COS Ok + tII sin Ok

p 2 =45P2 + I
+illjlcos(2 4 ik)+nlvsin(20k)+... (5-31)

It can be seen that flap-lag coupling does not vanish k 0,2.... f -

when • 0 (p = 1). The discrepancy between the I
two conclusions is attributed to the difference in the where
derivation of the aerodynamic flap and lead moments, = blade azimuth angle, rad
as discussed in Ref. 45. For n blades the n geniralized multiblade coordinates

Stability criteria as in Eqs. 5-25, 5-26, 5.27, and 5-28 are taken as the first n of the quantities 1o, #, 'i, 11

should be considered only as fire, approximations for q/u. qhu. 1.v. whereby the differemtial collective coordi- I
preliminary design purposes. The actual limits require nate 71doccurs only in even-bladed rotors. Inverting Eq.
more complete representations of the rotor and a more 5-31 for n blades one obtains
accurate evaluation of the stability criterion.

1 n-I
5-3.3 COUPLED ROTOR/AIRFRAME n = - k

INSTABILITY ANALYSES k=0
(5-32)

Most actual rotor instabilities involve essential cou- 1 n-
pling effects between blades. In the dynamic analysis, k7d =nk=0
individual blade coordinates can be used to evaluate the
system of coupled equations for the individual blades,
as in Ref. 38. However, it is better to introduce general-
ized multiblade coordinates, because the mode shapes 2 n-1
then are easier to interpret. This allows presentation of n1 =E nk cos ýk
the distinction between essential and nonessential k=0 (5-33)
modes contributing to an instability. Generalized mul- 2 "-

tibhAe lead-lag coordinates first were introduced in r1ll =n 7k sin Ok
Ref. 46 in the form of complex numbers k=0
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2 n-1 advancing or regressing modes. At zero forward flight
t 111 n rk cos (2"dk speed it would not be difficult to analyze the multiblade

Ak=0 flutter conditions. At forward speed not even the prob-
(5-34) lem of single-blade flutter has been solved satisfac-

2n_ f i torily. The frozen azimuth flutter analysis could be
'7 ,V n k n (0 extended to include coupling effects among the blades

k 0
and with the airframe. However, the concept of multi-
blade generalized coordinates would not be applicable

where because, in the case of fictitious frozen azimuth, the
various blades would not oscillate with the same ampli-

21rk tude and with 2irk/n phase differences. Nevertheless"• •k 42t+ - k•-~... - (5-35) t'-•'.', n multiblade flutter is not a design consideration, al-

though the problem is of academic interest.
The cyclic modes q11. ql,. illy. ill. etc., are seen as 53.3.2 Multiblade Flapping Instability

nonrotating modes. For example, if q represents flap-
ping, iwould be fore and aft tilting, t',,sidviwse tilting, Multiblade flapping instability is encountered at
n,,, warping about longitudinal and transverse axes, high rotor advance ratio, both for axial flow-as in the
and -q/r warping about the axes ±45 deg to the Ion- case of a prop-rotor-and in oblique flow, as in the case
gitudinal axis. In the absence of aerodynamics, q) and of a compound helicopter. Instability for axial flow
"lid would represent uncoupled normal modes and often is called whirl flutter, although blade torsion es-
(.'n, q,), ('m. ',) would represent pairs of uncoupled sentially is not involved. In fact, this type of instability
normal modes. If we assume for the 0th blade the har- is possible for entirely rigid rotor blades. In whirl flut-
monic motion cos wo the first regressing or advancing ter studies, the expressions "retrograde whirl" and
modes are given by "progressive whirl" refer to an airframe-fixed coordi-

nate system. A regressing mode in the previously de-
cos( 2r (w k fined sense, therefore, can be either a retrograde or a

17-k Cos ± +- (5-36) progressive mode, depending upon the sign of f -
o. An advancing mode, however, always is a progres-
sive mode.

Inserting Eq. 5-36 into Eq. 5-33, one obtains 5-3.3,2.1 Axial Flow

n/ cos (12 ± W)t Ref. 47 presents an exhaustive study of axial-flow
(5-37) multiblade flapping instability. The assumptions are

711= sin (S2 ± ,)t that rigid blades are connected to the hub at its center
by elastically restrained flapping hinges, and that the
horizontal rotor shaft can perform elastically re-

In terms of the cyclic coordinates ql and -q,, the first strained angular pitching and yawing motions about a
regressing mode is indicated by the frequency f - pivot, or nodal point, 0 located downstream of the rotor
ow, the first advancing mode by the frequency fl + (see Fig. 5-26). Refs. 47 and 48 give an interpretation
0). of this work in simplified terms. At high rotor advance

Multiblade modes, as defined by Eqs. 5-31 through ratio At. there are substantial aerodynamic negative
5-35 can be computed for the fundamental and the spring and tiegative damping moments for the nacelle
higher individual blade modes in torsion, flap-bending, angular motions about the nodal point, leading to static
or lead-lag bending. In a final analysis, coupling of divergence or dynamic instability. The system is
these multiblade modes with the main fuselage modes treated as one with four degrees of freedom: the two
must be included. first cyclic multiblade flapping modes and the two na-

celle modes with the angular deflections 0., and (P. For
5-3.3.1 Multiblade Flutter a pivot ratio of hIR = 0.31, a rotor to nacelle effective

No multiblade classical flutter analysis has been pub- inertia ratio of 0.27, and an axial flow rotor advance
lished to date. According to the concept of multiblade ratio p, = 1.0, F•ig. 5-27, taken from Ref. 47, shows
generalized coordinates, there would be collective flut- stability boundaries in terms of nacelle-pitching natural
ter or torsional divergence and cyclic flutter in the frequency +, /l and undamped blade-flapping fre-

5-27



AMCP 706-201

quency w0/1l &r a variety of nacelle yawing to nacelle The whirl flutter phenomenon has been investigated
pitching frequency ratios w,,/w,,.The areas above the quite extensivc;y, both analytically and experimentally.
boundaries represent stable conditions, the solid lines Typical of these studies are Refs. 50-55, in which the

indicate oscillatory instability, the dashed line indicates effects of nacelle stiffness and damping, hub stiffness,

static divergence. The unstable mode is a retrograde (in pitch-flapcouplingand flapping hinge offset have been

the airframe-fixed coordinate system) circular nacelle examined. A review of all available data shows that

motion about the nodal point with relatively little blade
flapping, The nacelle stiffness requirement at the stabil-
ity boundary reduces with decreasing blade flapping
natural frequency until intersection with the static di- y
vergence limit, when the trend is reversed. In the region
1.1 • wM/•- 1.3. which is typical of prop-rotors, the
static divergence !imit is not much above the oscillatory 0
instability limit. The static divergence limit may be
used in preliminary design if whirl flutter is a primary
criterion in the determination of wing stiffness. For ,x

blade flapping frequencies w,,/11 < 1.1. the unstable
mode changes to a progressive (in the airframe-fixed
reference system) circular motion of the nacelle aboutthe nodal point with large blade flapping content. The h

nacelle stiffness requirements at the stability boundary
then are increasing steeply with decreasing blade flap-
ping frequency w,,111. While this indicates that, from
a stability viewpoiint, a flapping frequency of about
wa/[f ==: 1. 1 would be best, Ref. 48 points out that to Fig. 5-26. Prop-rotor Pitching and Yawing
avoid excessive flapping deflections or flap-bending About Pivot
sireses, for the dynamic system studied, higher values
for wo/11 may be necessary. Also, the analysis in Ref.
47 neglects effects of preconing, of elastic blade torsion. i .2
and of elastic inplane blade bending-all of which may
modify appreciably the results shown in Fig. 5-27. The 1-
pivot distan. e f/R is destabilizing and the differences 1.0 STABLE •
in stability t sundaries power-on and power-off are
small. The inclusion of nonlinear aerodynamic terms"/
neglected in the analysis for Fig. 5-27 leads, in case of 0.8 .........
the progressive mode, to a nondivergent limit cycle.

The analysis of Rcf. 49 is for a two-bladed teetering
X 0.6rotor in axial flow, and the results are comnared to -3

wind tunnel test results. Pitch-flap coupling is included
and has a substantial effect. Instabilities are possible in 0.4 .
both the retrograde and progressive modes. The nacelle
mode. with little blade-flapping content, can be sup- UNSTABLE
pressed witf moderate nacelle damping. The unstable 0.2 UNSTABLE
rotor cyclic flapping mode, occurring at much lower
frequencies, is the predominant instability at high rotor 0 1
advance ratio for configurations with high negative 1.2 1.4 1.6 1.8 2.0
pitch-flap coupling ratios, and anisotropic pylon stiff-
ness. The stability of this mode can be influenced by
swashplate-nacelle displacement coupling. In Ref. 49
the problem was treated while both including and ex-
cluding nonlipearitics, and agreement was found in the Fig. 5-27. Stability Boundaries for System of Fig.
stability bounJaries. 5-26
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both retrograde and progressive modes are possible there is no difference between three and four blades.
with symmetrical or unsymmetrical nacelle stiffness Fig. 5-28 should be considered only as a trend study,
configurations, depending on whether the pitch-flap because at the advance ratio p = 0.8, reversed flow
coupling ratio is positive or negative. Also, for effects are not negligible and have, for rigid blades, a
to+,.to+), 1. a resonance type coupling destabilizes the stabilizing influence. The periodic coefficient cases
system when wo, - ( + oh. The effect of structural have been computed with the Floquet transition matrix
damping on the flutter modes that is given is Refs. method of Ref. 38 discussed in par. 5-3.2.2. According
47-49 is verified, and the parameter combinations that to this method one obtains for the parameters of the
generate bimodal instability, or simultaneous progres- example (p = 0.8, - = 8, P = 1.15, B = 0.97) for
sive and retrograde modal flutter, can be identified. a single blade two flapping modes with the same fre-

Ref. 56 describes a study similar to that of Ref. 47 quency and two damping values 'y = -0.26 and
except that hinge offset, flapping restraint, and pylon y2 -0.63. The time scale has been selected so that
isotropy were varied. The results of Ref. 47 were ex- wo I means a flapping frequency of once per revolu-
tended to show that the flapping frequency for op- tion. The matrix of periodic time functions is periodic
"timum pylon stiffness design is invariant for combina- with frequency to = 1, so the values of t, are defined
tions of hinge offset and flapping restraint, thus only for additive terms ±n, n = 1,2,3.... Of these
confirming the equivalence of these two parameters. many possibilities, we select the two flapping eigenval-
The optimum flapping frequency was found to be de- ues exp(-0.26 + t and exp (--0.63 + O.Combining
pendent upon pylon isotropy, Design criteria recom- several uncoupled blades, collective and differential
"mended to avoid whirl flutter are discu-sed in par. collective modes have the same eigenvalues; the ad-
5-4.5, vancing mode has the eigenvalues exp(-0.26 + 2i);

exp(-0.63 + 2z);and the regressing mode has the
5-3.3.2.2 Oblique Flow eigenvalues exp (- 0.20,exp ( -0.63). Introducing inte-

Multiblade flapping instability for oblique rotor flow gral feedback with the gain factor Kdefined by Eq. 5-38
can be investigated by means of a linearized blade flap- and L = 0. 1, the blades become coupled and two more

) ping equation, written in a rotor-fixed reference system modes are added because of the feedback system of Eq.
and ignoring reversed flow effects. The periodic forcing 5-38. The three-bladed rotor with feedback system,
functions applicable to such an equation are given in therefore, has eight modes, the four-bladed rotor, 10
Ref. 36. Introducing multiblade coordinates, as defined modes. In Fig. 5-28 all curves start with a gain factor
by Eqs. 5-31 through 5-35, and assuming feedback rela- K = 0.2. Therefore an additional mode associated
tions between the multiblade flapping coordinates with each of the two lower sets of curves is not shown.
/#, 03,. and the forward and left cyclic pitch coordi- A complete presentation would include branch points
nates O,,0,, respectively, of the form, at u, 0 and xtensions into the region representing

negative values of frequency w.
The labels "advancing", "collective", and "regress-

(5-38) ing" mode can be used only for the uncoupled or
"!+ weakly coupled blade motions; with coupling the+ll Kmodes become mixed. Of particular interest is the mix-

ing of the lowly damped advancing and collective
where L and K are rotor tilt feedback constants, one modes for a three-bladed rotor, resulting in a branch
obtains five coupled equations for a three-bladed rotor point at to = 1.5 and a subsequent separation in a
and six coupled equations for a four-bladed rotor for mode with increasing damping and one with decreasing

/3, /3(only for four-bladed), /0,13,,. 01.and 0,. damping, both at uo = 1.5, the latter being unstable at
The equations for the three-bladed rotor (except for K = 0.3 No such mixing of these two 'iodes occurs

Eq. 5-38) have periodic coefficients sin 3fl and in a four-bladed rotor, which also is unstable at
cos 311t, those for a four-bladed rotor have periodic K = 0.8 but in a different mode and with a different
coefficients sin 2Mt, cos 2fft, sin4flt, and cos 4f1. Fig. w. Omitting the periodic terms in the equations of blade
5-28, taken from Ref. 57, shows the root locus plots motion, as is done sometimes for the sake of simplicity,
wi versus X for constant L = 0.1 and varying integral washes out the difference between three and four
feedback constant K, comparing the cases of three blades. Also, there are only one mode for a single blade
blades, four blades, and where the terms with periodic and only four modes for a complete rotor including the
coefficients have been neglected. The latter case uncou- feedback system (Eq. 5-38), as indicated by the dashed
ples the Od mode from the remaining modes so that lines in Fig. 5-28. The constant coefficient systewa does
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- 3 BLADES ,tantial influences of torsional blade or control flexibil.
ity, of pitch-flap coupling, and of blade flap-bending. ( /

S4BCON ST T COther effects that must be included in a complete anal-
04CONSTANT COEFFICIENT 0ys are coupling with elastic and rigid-body airframe

•. modes and with multiblade lead-lag r,;.

2.0 5-3.3.3 Could Rotor-Airfmm Lead-Iag
*0 8 0.2 InswabIy

0.4 0 Ground resonance has been treated classically s
SA'DVANCING self-excited blade lead-lag oscillations when the rotor

center is restrained elastically in the x-direction and

- MODES rigid in the y-direction (Fig. 5-29). The analysis follows
0.8 1.6 Ref. 46 in the improved form of Ref. 58. Usually the

lateral direction is the critical one, so that the

0.6 0.8 x-direction will be sidewise. It is not difficult to extend
IVE the analysis to include the y-motion of the rotor center.

MOD ES Both blades and airframe are assumed to have viscous
¶ damping with the lead-lag damping ratioq and lateral

S 0.6 0.4 1.2 airframe %.. The blades are hinged at the distance e
I:, K 08 from the rotor center. In a reference system moving0 ,8V 0.2 with the hub .entcr, there is an inertia force -dmx

K .2-0.4 * acting upon the blade ass element dm that has, in theK 0.2 lead direction, a moment with respect to the hinge of
. '0. 8 0.89 iSsin *k-Sbeing the static mass moment of the blade

S040.8 about the hinge. The equAtion of blade motion in the%8 - rotor fixed reference system then is

:•' 0.8 = -- sin 2Wk (5-39)

t = 0.8 i 0

7 = 8.0 - 0.4 0.4 with the undamped blade lead-lag natural frequency

L = 0.1
P,= 1.15 1 0.2 Jr 12 L (5-40)
B 0.97 REGRESSING

MOD ES
-R-.00 where

-0.8 -0.4= lead angle of kth blade, radx. I = mass moment of inertia of
blade about lag hinge, slug-ft'

The equilibrium of forces on the hub center in the
Fig. 5-28. Multiblade Root Plots for Three- and x-direction is expressed by the equation

Four-bladed Rotors With Integral Tilting Moment
Feedback :• + :%•.i.. + •

not result in an instability up to K= 0.8 and therefore (5-4')' - s + 2k 4 .
is unconservative. At L [(, - sn +n. cos ( )

Fig. 5-28 is for hinged rigid blades with elastic flap- k
ping restraints, for rigid hub support, and fbr rigid The right-hand side of Eq. 5-41 represents the forces of

controls. Fig. 5-24 and Refs. 39 and 40 show the sub- the blade upon the rotor center in the
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Q x-directln--the rift term from angular inertia

"component in the lead direction, and the third term - w
from the variation of centriftipl force due to Ch. [
HigIhr order terms Ar neglected because t, and e are5 .

aaeto be small. Mis the equivalent airframe mnas
at the rotor center that includes the blade masses. We \J.
now introduce the cyclic multiblade lead coordinates x. T HUB DISPLACEMENT,

LATERAL2 , ' ,. '

•If g 5-29. Dafition of Pammeters for Ground
(5-42) Reaomce Aayal

2 k sin 1k The homogeneous sYs'-.m of Eqs. 5-45 and 5-46 has a

k sixth order characteristic equation with three conjugate

complex roots. The combination of the cyclic modes
Considering for n blades, n > 3, one has the relations C1, C11 representing a regressing blade mode can become

unstable under certain conditions. Fig. 5-30 taken from
sin cos =0 Ref. 57 shows boundaries of blade and airframe damp-

k ing ratios " and q, versus nondimensional rotor speed
(54,3) n/,,, at the limit of stability. If either v or , is smaller

, cos Vk =n12 than indicated by a point on one of the curves, instabil-
k k ity occurs. Maximum damping is required at a rotor

speed fl/to, = 1/(1 - we,/f(), for which the 3um of
"The inverses of Eq. 542 are blade natural frequency t and airframe natural fre-The nveres o Eq.5-42arequency wu, is equal to 11. T'he plots in Fig. 5-30 refer to

( 4/fl) 2 = 0.1 and nS2/(2M/) 0.025. Correspond-
tk =,cos Ok + 1 Sin 14, k = 0. ..... n - 1 (5-44) ing sets of curves for (oc/fl) = 0.0625 and 0.090 in

combination with nS•'(2M/) = 0.02, 0.04, 0.06, 0.08,
and 0.10 are given in Ref. 17. For a two-bladed rotorMultiplying Eq. 5-39 first by sin _, and then by the same problem would result in differential equationsScos ,,. and summing each equation over k, one obtains with periodic coefficients and could be solved with the

with Eq. 53 Floquet transition matrix method discussed in par. 5-

3.2.2 in a simpler way than in Ref. 46.
11 + 2 -a 1 (4'r -- _ 2)tl Coupled airframe/rotor lead-lag instability also can

occur in the air. In this case aerodynamic effects
- 2 w! -. 2ntSZ 1 =/ (5-45) become important and should be included in the analy-

sis. Aerodynamic effects provide a coupling between
lead-lag and flapping motions, and also provide posi-
tive or negative damping for the airframe motion and

"•! + 2w -/_ ( 2V_ for the blade motions. Fig. 5-31 shows, schematically,t + the lowest airframe frequency w, on the ground and in
+ 2[1!u + 2,wrqT 11r = 0 (5_46) the air; and (fl - aw) for hinged, hingeless inplane

soft, and hingeless inplane-stiff blades plotted versus
rotor speed. The shaded areas refer to potential insta-

Performing the summations over k on the right-hand bility regions of the rotor speed centered around the
side of Eq. 5-41, one obtains intersection of an o, with an (11 - ow) curve. Similar

curves can be shown for the (fl + *)) mode. The
Sanalysis should include the instability regions around

X'.- + 2wixi + w2x = - /l (5-47) the intersection of o, with this mode as well. For
hinged blades the regions associated with the (f1 -
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2.0 damping ratio of a hingeless blade (in the order orO.02).
. ,\2 'I ,2,\ the avoidance of actual instabilities in these regions is
I =0.1, ( -1S o = 0.025 difficult. Ref. 59 compares analytical and flight test

S' \ 2 MI] results for such a case. Although the instability at about
1.8 -85% of normal rotor speed could not be removed, the

analysis predicted the measured damping ratios of the
0. P potentially unstable mode quite well. Ref. 60 reports on

03 a similar case where self-excitation could be avoided.
1.6 2 %:.... . - The aerodynamic damping of the helicopter in roll is an

, "important parameter in suppressing the potential insta-
- -• -bility and must be evaluated carefully. Because of the

, - . low structural blade damping, it is important to con-
1.4 sider mny design details that influence the aerody.

I namic damping of the lead-lag mode, such as precon-
ing, droop, sweep, and both elastic and kinematic

.pitch-flap and pitch-lead coupling.
1. ' As indicated in Fig. 5-31, a hingeless inplane stiff

"blade does not have potential instability regions at or
below normal rotor speed either on the ground or in the

_ __air, this applies to those instabilities caused by coupling1.00 0.15 0.10 0.15 of airframe modes having horizontal hub motion with
0 05 .blade lead-lag modes.

However, unstable lead-lag modes of the kind dis-
cussed in par. 5-3.2.3 well may occur in the operating

Filg, 5-30. Dumping Ratios for Blade and Airframe speed range of an inplane-stiff hingeless rotor, and the
at Ground Resonance Stability Limit same attention to all the design details mentioned pre-

viously is necessary in order to avoid such instabilities.
For example, Ref. 61 reports on a case in which a

--- NORMAL lead-lag instability observed on an inplane-stiff rotor
-(• - (-.) OPERATING could be removed by reversing the elastic pitch-lead

RANGE coupling from negative to positive (see also Eq. 5-26).

Ref. 62 discusses another case of lead-lag instability
0 N of an inplane stiff rotor that occurs athigh axial inflow

C, . GROUND in the prop-rotor mode of operation if the pitch-flap
.AIR' coupling ratio 6# is negative. In this case, the inplane I

blade mode contains, at high axial inflow ratio and the
associated high blade pitch setting, a rather strong out- A

ROTOR SPEED Q of-plane deflection. This deflection, through the nega-
tive Op coupling ratio, produces the equivalent of a

Fig. 5-31. Coupled AMframe/Rotor Lead-lag negative 9C coupling ratio, thus destabilizing the lead- _4
Itabity Rng lag motion, according to Eq. 5-26. The remedy sug-

gested in Ref. 62 is t^'e use of a positive value of pitch-
flap coupling ratio 0 9; the result is to lower the flapping

cw) mode are at low rotor speed. In the air, self-excita- divergence limit and to lower the reversed-flow, 270-
tion of the lowest airframe mode is excluded because it deg azimuth, torsional divergence limit, but the desired
occurs at a rotor speed impossible in flight. However, effect of reducing flapping at high axial inflow ratio is
self-excitation of higher airframe elastic or automatic achieved, as with negative 0.
control modes through coupling with lea!-lag blade
modes is quite possible and must be investigated. 5-3.4 EFFECT OF ROTOR CONFIGURATION

For a hingeless inplane-soht blade, Fig. 5.31 indicates ON INSTABILITIES
potential unstable rotor speed regions both on the
ground at a higher than normal rotor speed and in the While some of the types of instability can occur in
air at a lower than normal speed. Because of the low any rotor configuration, there are others that are char-
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acteristic of particular rotor configurations. The main blades should be inplane soft, with the major flexibility
rotor configurations and their associated potential in- inboard of the feathering hinge. Otherwise, a destabiliz-
stabilities are diacussed in the following paragraphs. ing pitch-lead coupling will result. The ground and air

resonance problem of this configuration is a difficult
5-3.4.1 Fully Hinged Rotor one and requires, in addition to some damping of the

If the feathering axis is aligned with the blade axis, inplane blade mode, careful attention to the airframeIf he eaherng xi isaline wih te lad axs, modes that might couple with cyclic inplane blade
as is customary, the effects of inplane or out-of-plane modest
bending are minimized. In rotors with fully hinged
blades, ground and air resonance must be avoided by - Sesaw Rotor
providing adequate lead-lag damping. Because of the 5
large forced lead-lag amplitudes in forward flight, lin- The widely used two-bladed seesaw, or teetering, ro-
ear blade dampers will cause excessive blade loads. ,or has some advantages with respect to instabilities
Therefore, damping force limiters in the form of fric- over rotors with three or more blades. The lowest in-
tion devices or relief valves in hydraulic dampers are plane blade mode is rather high because the rotor cen-
necessary. The associated nonlinearity of the damping ter is an antinode. Therefore, it is practicable to place
force makes the protection against ground or air reso- the lowest inplane mode frequency above the frequency
nance amplitude-dependent, and it is necessary to as- of rotoir revolution, thus avoiding the equivalent of
sess the largest amplitude for which the protection is mechanical instability. At high advance ratio there i'
desired. If this assessment is in error and larger ampli- no 180-deg frozen azimuth flapping divergence, be-
tudes occur in operation, thc helicopter is endangered. cause the flapping moments on thc fore and aft blades

In hinged rotors, kinematic pitch-flap and pitch-lead cancel each other. The two-bladed seesaw rotor thus is
coupling ratios vary with rotor power and thrust, and capable of operation at considerably higher advance
particular care is necessary to insure that instability ratios than the hinged rotor with three or more blades.

-- cannot occur under any operational condition. In this There are, however, a number of possible coupling ef-Srespect, critical conditions are those of large forced fects that may produce an instability (called weaving,
-lag oscillations that leave small amounts of damp- under certain operational conditions. Careful attention

ing for superimposed, potentially self-excited lead-lag to the detail design is necessary in order to avoid this
oscillations. Because the blade dampers are essential for instability.
suppression of self-excitation, their reliability is very
important. The same is true of the oleo landing gear 5-3.4.4 Floating Hub Rotor
struts.

High advance ratio flapping instability of hinged configuration is the of theseesaw principle to three or more blades. It has been
blades occurs earlier than for hingeless blades, and tor- . see incio thre or mor bade It aspbeen
sional or control flexibility-in combination with nega-
tive pitch-flap coupling-is particularly effective in tion, particularly with respect to tip-jet drive or toprop-rotors. The main advantage of the floating hub
lowering the stability limit, Nonlinear effects (from pop-rotors th e ai a heiage of the hub
Coriolis accelerations when flapping about a coned po- cit ion is that, due torte inment oftehub

sitin) re ulikly t prduc insabiity n flly with the tip path plane, the forced inplane deflectionssition) are unlikely to produce instability in fully admoetofhebdsarkp ma.I eqis
hinged-blade rotors. Other instabilities that have beenkept small. It requiresobserved on fully hinged-blade rotors, such as the high considerably more inplane blade stiffness than does the
Math number/low tip angle-of-attack instability or the seesaw rotor in order to allow the lowest inplane natu-ral frequency to be higher than the frequency of rotor
vortex-wake-induced instability of rotors with many revolution, Floating hub rotors have been built both

with inplane soft and with inplane stiff blades. In the

latter case, care shall be taken with both the kinematics
5-3..2 Semihinged Rotor and the elastic characteristics so that negative pitch-

' The configuration in which the blades have only lead coupling, which can cause self-excited lead-lag
flapping hinges but no lead-lag hinges has not been oscillations, does not occur. For inplane soft blades.
used often, but may have some appeal in the future. If positive pitch-lead coupling shall be avoided and both
the feathering hinge is aligned with the blade axis, the ground and air resonance shall be prevented. The
potentially unstable Coriolis acceleration coupling is floating hub rotor can be destabilized if hub tilting
avoided. In order to prevent large inplane moments motions are reduced by cyclic pitch feedback, which,
from the forced lead-lag response in forward flight, the mechanically, is easy to do. The phasing between hub
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tilting and cyclic pitch feedback is of great importance blade damper inoperative, and the combination of a flat
in avoiding early instability (Ref. 57), The phasing tire(s) on a single strut and the shock absorber pressure
most likely to be selected without the benefit of a stabil- at zero (flat strut). Blade dampers (except friction
ity analysis is a forward cyclic pitch with aft tilting and dampers) shall provide, during ground rev-up, torques
a left cyclic pitch with tight tilting. This phasing, how- at least proportional to the angular lead-lag velocity. In
ever, results in a low stability limit, the case of friction dampers, the effective damping in

5 . Hany mode critical I r( n the point of view of mechanical
S5-3.4.5 Hlngelea Rotor instability shall be at least 30% of critical damping.

The hingeless rotor is attractive for its high control The requirements of MIL-S-8698 with respect to
power and for low maintenance requirements, due to rotor system instabilities provide a rough guide to the
the use of fewer bearings. The uie of inplanc stiff blades problem of substantiating the freedom from instabili-
facilitates the avoidance of grt .ind and air resonance ties for rotor systems, but many important questions
but imposes a significant penalty in rotor weight. In- remain unanswered. There is. for example, the problem
plane soft blades therefore would be desirable, but they of nonlinearity, wInch affects most types of rotor sys-
require mechanical or aerodynamic blade damping, as tern instabilities. In many cases the nonlinearities are
well as judicious selection of natural frequencies of such that the rotor system oscillations remain within
those airframe modes that can produce ground or air certain limits after moderate disturbances, and thus the
resonance. Because of the numerous elastic, inertial, instability appears to be mild and is characterized as a
and aerodynamic co%,pling possibilities between the limit-cycle phenomenon. However, occasional large
blade modes of a hingcless rotor, the dynamic analysis disturbances may lead to a severe instability, and possi-
and design are particularly demanding. Feedback ele- ble destruction, of the rotor system. If essential non-
ments may be required to obtain satistactory control linearities are involved, as is the case for blade friction
characteristics, or to overcome a pitch-up tendency. dampers or for blade hydraulic dampers with relief
However, if incorporated, the feedback elements inter- vaives, it is necessary to specify the magnitude of dis-
fere with the dynamic rotor stability and add to the turbance that will not lead to self-excited oscillations.
numerous parameters whose effect must be studied in For example, a single-wheel landing with impact equal
a hingeless rotor stability analysis. to landing gear ultimate load shall not lead to mechani-

cal instability.
5-3.5 SUBSTANTIATION CRITERIA AND Another difficult problem not solved as yet is a use-

METHODS ful specification for the minimum damping of vibration
modes within the limit speed envelope. A damping co-

Design, construction, and materials for a helicopter, efficient of g > 0.03 as specified in MIL-A-8870 for
including attached aerodynamic surfaces and main and fixed-wing aircraft flutter and vibration modes corre-
tzil rotors, shall be such that thert shall be no flutter, sponds to a minimum-damping-over-critical-damping
divergence, or other instability, throughout the design ratio of 0.015. This is a very small damping ratio and
envelope. This design envelope shall include the com- the presently available analytical methods are not capa-
plete design range of airspeeds, maneuvers, altitudes, ble of predicting damping ratios of rotor system vibra-
thermal conditions, ground conditions, weights, and tion modes with sufficient accuracy to make a require-
external stores or other loading configurations for the ment for a minimum damping ratio of 0.015
helicopter. Instabilities include all those of mechanical, meaningful. In addition to the uncertainties of estimat-
aerodynamic. or aeroelastic origin. Also, so far as is ing aerodynamic damping--e.g., for the lightly damped
practicable the helicopter shall be designed to be free chordwise blade modes-structural damping of blade
of flutter, divergence, or other instability following the and airftame modes that contributes substantially to the
failure of a single structural element. damping ratio is equally or even more uncertain. Ex-

Specifically, a helicopter shall be free of dynamic perimental efforts to determine structural damping are
instabilities or divergence at operating conditions up to hampered by energy dissipation through the support
1.15 V),, at design maximum rotor speed [7,a, 1.15 structure, by the difficulty of simulating in a vibration
t+,,, at V,,, and maximum load factor attainable at test the exact free flight modes, and by the usually

VL and fDIt. for all design ranges of altitude, maneu- prevalent severe nonlinearity of the structural damping
vers, and loading conditions. In addition, the helicopter phenomenon. For all of these reasons, MIL-A-8870
shall be free of mechanical instability (ground reso- and MIL-S-8698 can serve merely as broad statements
nance) under conditions of 0% and 95% airborne, one of intent rather than as unambiguous rules that, when
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followed, will prevent serious troubles from rotor sys- for the partial system representations that provide the
S tn instabilities. necessary visibility for the different types of int•abilities

Because no detailed specification requirements exist, and that reveal the essential parameters involved in the
a careful search for rotor system instabilities is in- mechanism of these dynamic instabilities. Such insight
dicated whenever advances in the state of the art are would be all but impossible to extract from one of the
attempted either by widening the flight envelope of extremely complex and expensive-to-operate total sys-
well-known rotor systems or by introducing new designfeatressuc asforexaplemecanial o elctrnic tern representations.
features such as, for example, mechanical or electronic There usually will be sufficient doubt as to the valid-
feedback systems, new blade hinging arrangements, or
hingeless blade-hub attachments. The three comple- ity of some of the numerous inputs into the analysis to
mentary methods of studying potential rotor system justify dynamic stability tests with a wind tunnel
instabilities are analysis, wind tunnel tests, and ground model. The unavoidable restraints of a wind tunnel
and flight tests. model, compared with free flight, usually will cause

With respect to analytical methods, one can distin- considerable modification in the stability boundaries,
guish roughly between partial and total system analy- whereby these boundaries can be either increased or
sos. The first method consists of devising, for each of decreased. Some types of instability may be removed
the potential instability types, a simplified mathemati- entirely and others created by the restraints. The prin-
cal model that nevertheless will bring out the essential cipal value of testing wind tunnel models for dynamic
features of the particular instability and will provide ciabvlut ofdtes ind tue del forsdynamic
guidance for the selection of appropriate parameters for stability boundaries is not the direct substantiation of

the dynamic design. In a partial system analysis, modes the true stability characteristics of the flight vehicle but
with frequencies substantially different from the fre- the checking and refining of the analytical tools used to
quency of the unstable mode are omitted and non- predict these characteristics.
linearities disregarded unless recognized as essential. Because of the imperfections of both analysis and
Quasi-steady aerodynamics is applied if the reduced wind tunnel model testing, well-planned ground and
frequency of the potential instability is sufficiently low. flight prototype tests must be performed to correlate
For moderate advance ratios, terms with periodic coef- measured responses to either impulsive or frequency
ficients are neglected, so that the actual system is re- excitation with analytical predictions. Obviously, it
placed by a simple linear constant-coefficient system of would be unwise to attempt to determine dynamic sta-
equations. Obviously, the essential feature of the insta- bility boundaries by flight testing. These boundaries
biity must be represented properly in the analysis; it should be well outside the flight envelope and should
would be erroneous, for example, to use a single-blade be inaccessible within the helicopter limit speed and
analysis for an essentially multiblade or coupled air-
frame/rotor instability. The method of partial system maneuver loadings. The only purpose of the prototype
analysis, although it can provide only approximations flight testing should be to obtain another check on the
of the actual stability boundaries, is the backbone of the validity of the analytical tools with which the various
dynamic design. stability margins have been determined.

The increasing capability of modem computer The procedure of substantiating freedom from in-
equipment has created the desire for a total system stabilities in helicopters rarely has been applied in the
analysis that will cover all potential instabilities in addi- past. The analytical tools have been developed only
tion to providing dynamic loads, vibrations, and han- recently and still are imperfect. Dynamic wind tunnel
dling characteristics. Helicopter manufacturers have model tests, ivhich are of little value unless designed to
developed extensive computer programs that take into perfect an available theory, only rarely have been used
account nonlinear aerodynamic effects and that include in the development of prototypes. Historically, the se-
the basic rotor and airframe elastic modes as well as the quence of events often was reversed; instabilities were
rigid body modes treated in control dynamics. These discovered first in flight, and such a discovery stimu-
total system representations can be exercised to simu- lated a search for analytical tools to expla the in-
late steady and unsteady flight conditions, and to pro- stabilities and to provide the remedies. The develop-
vide information on handling characteristics, rotor and ment of methods of dynamic analysis should tend to
airframe loads, and dynamic stability boundaries. Al- make such an empirical approach unnecessary in the
though such total system representations are useful in future. To secure adequate analysis, a vigorous analysis
anticipating the dynamic characteristics of a helicopter and test program shall be included in any helicopter
after its design has been frozen, they are no substitutes development program.
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5-4 LIFTING SURFACE DYNAMICS the phenomenon commonly referred to as whirl flutter
or rotor weaving. The structural support, propeller or \ ,

5-4.1 GENERAL rotor aerodynamic forces and moments, and gyroscopi-
cally coupled freedoms can combine to produce two

This paragraph presents simplified design criteria to aeroe:astic instabilities. These are (I) static divergence
be used as a guide for the prevention of flutter, diver- and (2) a divergent spiraling motion of the propeller
gence, ncontrol reversal of fixed surfaces. Also dis- (rotor) hub in an elliptical motion (circular, if struc-
cussed are the basic elements involved in the propeller rural and inertial properties are symmetrical) rotating
whirl mode phenomenon and the design criteria to be in a direction opposite to the regular propeller (rotor)
used as a guide for its prevention. Guidance is provided rotation (termed regressive motion). Large propellers
as to acceptable practice for the design of nonstructural that are flexible relative to the support structuredevel-
mass balance weights and their attachments. The cri-

op additional disk tilt modes and usually are more
dinclude wing torsional rigidity: aileron, whirl critical than conventional stiff propellers. These

elevator, and rudder mass balance: and control tab and large flexible systems also are critical in an advancing
balance weight attachment criteria. mode and are thrust/drag critical. The conventional

5-4.1.1 Definitions propeller operating in either a tractor or pusher config-
uration is not thrust, drag, or power sensitive due to the

The definition of a number of terms, other than those absence of disk warpage.
previously defined, that will be used throughout the 3. Static balance. Complete static balance of a
discussion of lifting surface dynamics follows: movable control surface is obtained when the CG of the

I. Control surface reversal. Reversal in the direc- control surface lies on the hinge line, i.e., the resultant
tion of the net normal force induced by the deflocted moment of the mass of the surface about the hinge line
control surface due to aerodynamic moments twisting is zero. If the CG of a surface lies aft of the hinge
the elastic "fixed" surface. This phenomenon can be surface, it is described as statically unbalanced;
illustrated best by considering the case of aileron rever- whereas if the CG lies forward of the hinge line, the
sal. Normally, the lift over the wing with down aileron surface is described as statically overbalanced.
is increased by the aileron deflection while the lift over 4. Dynamic balance. A movable surface is
the wing with up aileron is decreased by the aileron dynamically balanced with respect to a given axis if an
deflection; thus a rolling moment results. However, angular acceleration about that axis does not tend to
because the center of pressure for the lift due to the cause the surface to rotate about its own hinge line. The
deflected aileron usually is aft of the elastic axis, de- dynamic balance coefficient K/I is a measure of thefleeting the aileron downward tends to reduce the wing dynamic balance condition of the movable control sur-

angle of attack and thereby to reduce the increment of face, where K is the r roduct of inertia of the surface
lift. For the wing with up aileron, the torsional moment (including balance weights) about the hinge and oscilla-
due to up aileron tends to increase the wing angle of tion axes and I is the mass moment of inertia of the
attack. Thus it can be seen that the rolling moment for control surface (including balance weights) about the
an elastic wing is less than that for a rigid wing. Be- hinge axis. Physically the dynamic balance coefficient
cause the wing torsional rigidity is constant while the K/Imay be interpreted to represent exciting torque/re-

[ twisting moment due to aileron deflection increases sisting torque.
with the square of the velocity, it is obvious that at
sonie critical speed the rolling moment due to aileron 5-4.1.2 Basis of Criteria
deflection will be opposite to that normally expected at
speeds below this critical speed. The critical speed, so Because the flutter and static aeroelastic stability of
defined, is the aileron reversal speed. a specific design is the result of a combination of aero-

dynamic, inertial, and elastic effects, any criteria that
Although it theoretically is possible for a rudder/fin do not include ali three effects are bound to have severe

and/ov an elevator/horizontal stabilizer to suffer con- limitations. Presently accepted criteria are based upon
trol reversal-i.e., side force or vertical tail force rever- studies of both civil'and military aircraft conducted bysal with control displacement-no such case is known Rosenbaum (Ref. 63), propeller-nacelle whirl flutter
to have occurred. studies by Houbolt and Reed (Ref. 64), and the applica-

2. Propeller and rotor whirl flutter/propeller and ble sections of MIL-A-8870 and MIL-A-8866.
rotor divergence. Aerodynamic propeller or rotor nor- Although satisfactory and rational analytic methods
mal forces and moments provide the energy source for have been available for a number of years (Refs. 5 and
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U 7 for example) and are, in some cases, preferred to the refers to first bending mode, first torsional mode flut-
simplified criteria contained herein, the application of ter.
these simplified criteria to conventional helicopter Engine-nacelle systems and landing gear installa-
fixed surfaces is reasonably adequate to assure freedom tions on the wing do not fit within this general picture
from flutter. Experience with rational analyses that of external stores. These items nominally provide over-
have been carried through for specific designs, sophis- balance (forward CG) and, because they are not located
ticated flutter model tests, and flight flutter tests is far outboard on the span, there is relatively weak iner-
discussed within this paragraph to point out the appli- tial coupling between the fundamental bending and
cability of the criteria as well as areas of limitation, torsional modes.

It is most important to note that the spanwise dist i-
bution of internal and external stores can promote a

5-4.2 FLUTTER second bending mode, first torsional mode flutter. it is
clear that one local section can be stabilized highly by

Fixed surface flutter, exclusive of control surface in- the presence of a large concentrated mass- but, should
teraction, can be attributed almost universally to cou- a spanwise node occur just inboard or outboard of this
pled bending and torsion motions af the surface. Al- station, the idler action of the node line provides a
though single-degree-of-freedom flutter can occur, it strong driving phase because its effect upon the surface
generally is associated with stall and the hysteresis loop segment across the node line from the loaded station is
that occurs with lift and angle-of-attack variations. Al- the same as an unbalance. Experience with the size of
though important in propeller and fan design, this store and the planform being considered are required to
mechanism generally is not considered in fixed-wing assist in these judgments. The basic factors are the
design, because maneuvering load factors ard torsional aerodynamic surface areas involved and their motions.
stiffness relationships essentially prec1aide this phe-
nomenon. 5-4.3 DIVERGENCE

The basic practice to be followed relative to the flut-
ter of fixed surfaces such as helicopter wings or tail A second interpretation of the definition of static
surfaces is to provide good frequency separation be- aeroelastic divergence--other than that the aerody-
tween the fundamental bending modes and the first namic torsional moment per unit of surface rotation is
torsional frequency, along with reasonable dynamic equal to the structural restoring moment per unit rota-
balance. To promote good dynamic balance when ex- tion-is that the wing torsional mode has been reduced
ternal stores are added to a wing, the CO of the store to zero frequency. This interpretation shows the ex-
should be placed on the local wing quarter chord. treme hazard of approaching torsional divergence rela-
Should the stores be disposable in increments-i.e., tive to potential unstable flutter-i.e., frequency coales-
fuel, rockets, or multiple stores on one station-their cence between the wing-bending modes and the first
disposition should be such that quarter chord balance, wing torsionai mode is certain to occur prior to dc.ver-
or balance slightly forward of the quarter chord, gence. Flutter stability is possible if adequ .Mic
is maintained approximately. The amount of CG balance is provided, but at best this is highly i,. Wrive

variation allowable will be a direct result of the dy- to inertial variations of the configuration.
namic balance and frequency separation of bending and Because the worst possible phase relationships can
torsion for the specific applied load and, in some case exist when the bending and torsional frequencies are
is related to the aerodynamics of the store itself. Coin- crossing, dynamic balance must have been achieved or
partmentalization (usually two compartments), and a a relatively explosive instability is possible.
design that keeps the forward section of an external fuel Use of materials such as Fiberglas and composite
tank full by drawing fuel from the forward section filament material must be examined carefully with re-
while pumping fuel forward from the aft section with spect to torsional rigidity. Spanwise layup of the fila-
a pressurization system, is a common practice. ments or fibers is an attractive, structurally efficient

Pylon elasticity characteristics as well as the amount arrangement. However, except for the shear stiffness of
of structural damping within the pylon are difficult to the bonding matrix, this system has no torsional rigid-
stipulate, but, as a rule, thu mounted store should have ity. Layups at forty-five-degrees most often are used
a basic primitive frequency at least twice the torsional to relieve this problem. Although designers may recog-
frequency in the vertical plane of motion. The possibil- nize the "structural inefficiency" of such construction,
ity that the wing system whose stores configuration is the aeroelastic (static and dynamic) characteristics of
designed in this manner will be critical is very low. This such designs also must be monitored carefully.
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5-4.4 CONTROL SURFACE BALANCE AND sion of this subject will be presented. Irreversible flight .

STIFFNESS CRITERIA control system requirements are covered extensively in
MIL-A-8870.

5-4.4.1 Mass Balance of Control Surface 5-4.4.2 Balance Weights

All fixed surface control surfaces (aileron, elevators, 5-4.4.2.1 Location of Balance Weights
or rudders), unless they are irreversible, shall contain
sufficient dynamic balance to prevent flutter in all pos- Balance weights in control surfaces shall be located
sible critical modes (Dynamic balance requirement, so that the flutter safety of both the control and the
MI -A-8870). Such controls rarely are applied to heli- fixed surfaces is assured. Insofar as is practicable, bal-

copters, but t.h •riteria that follow apply when such ance weights shall be located in the regions where the

4urfaces are employed. deflections of critical mode shapes are a maximum.

For low-speed helicopters, the adequacy of dynamic Balance weights shall be distributed if possible and, for

balance may be established eithcr by flutter analyses or high-speed helicopters, each third of the span of each

by demonstration that the dynamic balance coefficient main reversible control surface shall be balanced stati-

K/I of the surface meets the following conditioh cally. However, fewer than three concentrated weights
may be used providing that the torsional natural fre-
quency of the surface with balance weights installed is

<.r '12 at least twice the critical flutter frequency. Balance
- <0.20 - J (5-48) weights shall not he located externally with respect to

K \ ( 2 the planes of the control surfaces (Balance weight re-

quirement, MIL-A-8870).
where

K =product of u ertia of the 5-4.4.2.2 Rigidity and Strength of Balance
control surface with respect to Weight Attachments

the hinge axis of the control The natural frequencies of vibration of the balance
surface and an axis in the plane weights as installed shall be at least twice the highest
of the control surface, normal frequency of the flutter mode for which the balance
to the hinge axis, whose origin weight is required to be effective. Also, the installation
usually is on the centerline of shall be shown to be sound structurally. An inertial
the fuselage, shlg-ft. Nodal load corresponding to a load factor of 100 and, sepa-
lines determined from vibration rately, repeated inertial loads of 500,000 cycles of both
tests of prototype helicopters or positive and negative load factors of 60 shall act upon
from analyses shall be used as each control surface balance weight in directions nor-
axes when available. mal to the plane of the control surface. Inertial loads

I = mass moment of inertia of the corresponding to a load factor of ± 30 shall act upon
control surface about its hinge each control surface balance weight in the other two
axis, slug-ft2  mutually perpendicular directions (see Loads on bal-

V, = design limit airsp-ed, kt ance weight attachment requirement, MIL-A-8866).

The use of balance weights to prevent flutter, as 5-4.5 PROPELLER-NACELLE WHIRL
outlined in this paragraph. is to prevent the coupling of FLUTTER
a riode involving bending of the fixed surface and rota-
tion of the control surface. In the case of a wing system, Turbine-powered helicopters, such as turboprop or
the movements of the node line due to wing fuel loading turbine/shaft-driven propeller/rotor configurations,
variations or wing stores usually require that dis- may result in whirl flutter becoming a practical con-
tributed balance be used for the aileron. For rudder and cern rather than of academic interest only. Considera-
elevator systems it usually is not required that fully tion of large flexible rotor/propeller configurations is
distributed balance be used, primarily due to the small too complex for simple criteria to be applied relative to
change in character of the empennage modes with wing whirl flutter. Refs. 2, 65, and 66 represent good exam-
and/or fuselage inertia loading variations. Because the pies of the current state of the art relative to this sub-
use of irreversible flight controls has not been applied ject. For the case of relatively small rigid propeller
ir, the design of low-subsonic-speed aircraft, no discus- systems (13.5 ft or smaller), some guidance for the
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design of such systems can be given from the stand- also must be established for this configuration (see, for
point of divergence and whirl flutter. When the con- example, FAR Part 25).

K[ .. tinuous system is approximated by a single natural
pitch mode and a single natural yaw mode coupled by
the gyroscopics of the spinning propeller, the system 5-5 DRIVE SYSTEM DYNAMICS
behaves like a gyroscopic pendulum. Neglecting the
flexibility of the propeller blades eliminates the possi. 5-5.1 SCOPE
bility of mechanical instability of such a system. The
aerodynamic forces acting upon the propeller are the is paragraph presents a design philosophy and

sources of the potential instabilities of this system, ei- design criteria fo, attaining the freedom from critical
ther divergence or whirl flutter (Refs. 63 and 67). speeds or flywheel resonances required by MIL-S-8698.

St.,i dMethods are shown for predicting the natural frequen-
S.tic divergence of a pusher-propeller configuration

theoretically is impossible. For the tractor-propeller cies of the drive system and for optimizing the system
configuration, the designer should assume that the in the early s,'-es of design. It is not the purpose of this

wing/fuselage is fixed and that the angular stiffness of paragraph to provide a means of structural substantia-
the propeller due to a force acting at the propeller tion for any part of the drive system because this sub-stantiation must be accomplished by analysis of the
centerline is computed. This propeller force shall be effects of the loads developed during the flight test
applied in the direction that produces the largest rota-
tion. This stiffness K. should have a value (Ib/rad) program. However, calculations based upon the meth-
equal at least to two times the propeller normal force ods shown here will provide an excellent basis for inter-~preting the test results.
N, (Ib) computed at V05. Should wing flexibility or
nacelle configuration add substantially large-r loads and
moments than those obtained by consideration of the 5-5.2 DESIGN PHILOSOPHY AND DESIGN
propeller alone, a detailed wing-nacelle propeller diver- CRITERIA
gence analysis shall be made.

Propeller whirl considerations, in both pusher and The ideal design would require complete freedom
tractor configurations. requir, that the angular stiffness from vibration. The necessary deviations from the ideal
computed at the propeller due to both pitching K, and shall assure that the residual vibration is not damaging
yawing K, moments be examined. As a simplified de- structurally and does not interfere with the operation
-' sign criterion, it is recommended that the omputed or control of the helicopter. Flight safety and the corn-rms stiffness, K,,, i Vi(Ao2 + Km )/2 be multiplied by fort of the passengers and crew must be assured. The

criteria that follow are considered necessary for thean arbitrarily msum ed dam ping factor of 0.02. Th is a c m ls m n ft e eoj ci e ui g p ei i a
must have a value (in.-lb/rad) equal to or in excess of accomplishment of these objectives during preliminary

design:the value of the aerodynamic moment of the propeller d .sInaM, (Ib-in.) at 1.2 VOL. 1. In all branches of the drive system torsional
resonance with any multiple of the product of the rota-

tional speed and the number of blades for any of the

0.02 K~ms > (M )1 2 V (5-49) system rotors shall be avoided by a minimum margin
P . DL of ±40% of the pertinent rotational speed. The critical

speed(s) of any sections of the drive system shall be
separated from any operating speed of the section by a

The critical relationship between the .,iffness and minimum margin of 10% of the operating speed (see
damping levels of the structure and/or mounting and MIL-T-5955).
the stability of the installation ic .hown in Ref. 63. 2. Natural frequencies of torsional vibration of any
Experience with models indicates that the fully coupled branch of the drive system shall not be less than 3 Hz
helicopter system will be stable if the recommended unless means are provided to assure that there can be
criterion is utilized. This must be verified by analysis no inadvertent cycling of the blade pitch controls by the
and tests of the complete system. pilot. This is important particularly in aircraft of less

These ctiteria do not apply to propellers with flap- than 6000 lb maximum gross weight where antitorque
ping hinges even though they are not subject to me- rotor drive shafts are known to have failed because of
chanical instability. This is due to the added degrees of resonance built up by the pilot's cycling of the direc-
freedom provided by the disk warpage, which has been tional control pedals. In the case of large helicopters,
assumed to be zero. Clearly defined fail-safe criteria time lags in the control system usually assure a slow
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rate of change of blade pitch angle, thus preventing moments of inertia of the rotating parts of the transmis-
cycling at the natural frequency. However, the designer sion are considered as one lump and referred to the
should make sure that there is no problem in this re- reference speed. The mass moments of inertia of all .. /
spect. other gears are considered to be negligible because the

3. The torsional natural frequency of the system five primary masses shown in Fig. 5-33 are the domi-
shall provide maximum compotibility with the engine nant masses in the system.
control system. It is necessar to consider this at an This simplified representation of the drive system is
early stage of the design bec use changes required to valid only if the assumption that each rotor can be
stabilize the power control systern decrease the gain of replaced by an equivalent lumped-mass moment of
the governor with a consequent increase in engine re- inertia remains sound. This substitution is not realistic
sponse time. for those rotor systems whose chordwise, or inplane,

4. The failure of any part the drive system shall stiffness is relatively low. The effects of rotor blade

not result in resonance of the'•emaining part of the flexibility upon the characteristics of the system, and
drive system. upon their analysis, are discussed in par. 5-5.3.4.

Means of determining the equivalent mass moments
of inertia and stiffnesses of Fig. 5.33 are shown in Refs.

5-5.3 MATHEMATICAL METHODS 68 and 69.

5-5.3.1 The Mathematical Model 5-5.3.2 Solution by Matrix Methods

Fig. 5-32 illustrates the mechanical drive system of The equations for the system shown in Fig. 5-33 may
a typical single-rotor helicopter. The complete system be developed easily by operating on the kinetic and
consists of main rotor, antitorque (tail) rotor, transmis-

sion, oil cooler fan, engine power turbinel and all con-
necting shafting. MAIN ROTOR

Critical speeds of the drive system are calculated by O-- l
methods given in standard texts such as Refs. 10 and
11. These critical, or flywheel resonance, speeds are the K,
rotational speeds that coincide with the natural fre- K TAIL
quencies of the shafts in bending. ROTOR

In order to investigate the torsional frequency char- TRANSMISSION 0
acteristies, consider the system shownrin Fig. 5-32 to be 0
replaced by the dynamically equivalent system of Fig.
5-33. This is comprised of lumped-mass polar moments TURBINE O

of inertia I reduced to a common speed and concen- K,
trated at the plane of the main rotor, transmission, 0 1 0.
engine, oil cooler fan, and tail rotor, respectively. The OIL COOLER FAN
masses are connected by shafts of stiffness K reduced
to the reference speed but having no mass. Mass polar Fig. 5-33. Diagram of Sample Drive System

MAIN ROTOR

"68.586 rpm
TRANSMISSION

POWER TURBINES2It83.A467 t pm

3907.013 rpm

ANTITORQUE (TAIL)
2969.3 rpm ROTOR

Fig. 5-32. Sample Helicopter Drive System
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* • .- , potential energy functions T and V. respectively, with
Lagrange's equation J

-- 0 (5-53)dt a4 q K 2 K K,

The following equations result:

IN 0 0 0 0 Fig. 5-34. Dirarm of a Multiple-mode Torsional

0 , 0 0 0 System
#2 0 0 1' o 0

)o o 0 o An exposition of its derivation and usage may be found
0 0 0 o IF. in Refs. 4 and 69.

, To explain the method and its uses, reference is made
J to Fig. 5-34 in which are shown consecutive lumped

mass elements Jo1, .J12 J3=, and JL3, connected by stiff-
Kk Xk 0 0 ) ns elements K,, 14, and K3. The notation J.,,, is used

KFK+ A;I' +Ar K F K•I' oF to indicate that the lumped mass is concentrated be-
, A r /r o o1 tween the stiffness elements K. and K,.

If a mass is substituted at the left end of the stiffness
, U ". ,element K, to be dynamically equivalent to the mass

A 0 ( 0 r/ - occurring at the right side of the stiffness element
K1, it must, during the vibration, produce the same
twisting moment at the left end of the stiffness element[ R• as does the mass at the right side acting through the

G( stiffness element K,. We will call the substituted mass
or01 (5l the impedance, J',. due to the mass concentrated at the
ok- right end of the stiffness element. The subscript Ln is

LO used to indicate thc left end of the stiffness element
J K,, while the subscript On is used to indicate the right

where end. Defirning the impedance from right to left we may
s = operator representing time say:

derivative, sec' The impedance at the right end of K, is X01
0 = angular deflection of Jo.

component identified by The impedance at the left end of element K, is
subscript, rad

It is observed readily that this is a statically coupled
system for which the stiffness matrix may be con-
structed immediately by simply overlapping the 2 x 2 J01
stiffness matrices for adjacent stiffness elements. Jti2 (5-52)

The eigenvalues of this equation give roots that are 1 -

the natural frequencies of the system and the eigenvec- KI
tors describe the mode shapes for these natural frequen-
cies.

5o MThe impedance at the right end of element K, is_•: ~~5-5.3.3 Porter's Method ,•=• +•
1 110, = 11, + 4,2

This matrix equation can be solved by any of a num- Impedances also may be calculated from left to right
ber of methods (Refs. 4, 10, and 11). Porter's method according to the definitions that follow.

• has certain merits because it can be used without high- The impedance at the left end of element K, is
speed computer facilities (although it can be computer- .1, =

ized to advantage). It is well-supported by basic theory. The impedance at the right end of the element K, is
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quency, selecting a stiffness element, calculating the
impedance at each end, and solving for o. This value
of o will be exactly equal to the trial value if the trial "....'

'" value has been correctly chosen. If not, this result is
__,used as a new trial and the process is repeated. Conver-

Ký,K gence usually occurs within three or four iterations if
the correct stiffness element has been selected. This will
be made somewhat clearer in the sample calculations in
par. 5-5.3.3.3.

ft i 45. Generalized Dimiam of Individual Mode 5-5.3.3.1 Mode Shapes Calculated by
Sfrom f 5 U Porter's Method

When the solution for the natural frequency has con-
verged, the final iteration contains all of the informa-

_3Ji tion required for the calculation of the mode shape.
0J3 ,:J'3 W2 (5-53) Referring to Fig. 5-35, let the angular motion at the

.______1_right end of the stiffness element be 00. and let the
K3  angular motion at the left end be 0&.. Then

The impedance at the left end of element K2 is , 11 J,,

J'L2 = J.3 (5.56)
The prime mark indicates that the impedances are Oon JLn Jl.,

calculated from the right while the double prime mark
indicates that the impedances are calculated from the
left.

By these procedures the impedances at any point in It should be noted that the impedance ratio must be
the system may be calculated. For any natural fre- consistent. The two impedances must be calculated .
quency the impedance at a point calculated from the from the same direction in the system, right or left.
left must balance the impedance at the same point cal. To calculate the mode shape, a unit deflection is
culated from the right. assumed at an arbitiary point in the system and the
Thus deflections at the other points are calculated succes-

sively using Eq. 5-56. Because the amplitudes have been
calculated for a system that has been reduced to a

Jo1+ Jo = 0 common reference speed, the true amplitudes at points
(5-54) in the real system vary from the calculated values di-

+ J,,, =0 rectly as the gear ratios.

5-5.3.3.2 Parametric Studies

Now if we consider the impedances J',., and .ro, A useful tool in the early design stage is the paramet-
assembled at each end of the stiffness element K,, we tic variation of the mass and stiffness characteristics for
have a two-mass system comprised of the impedances study of their effect on the natural frequencies of the
or equivalent masses J'j., and JI, connected by the various modes. The procedure consists of selecting a

- torsional stiffness element K, as shown in Fig. 5-35. number of frequencies and calcuilating, for each one
The standard formula for the natural frequency (a of selected, the mass required at a selected point or the

this two-mass system is stiffness required in a selected element to make the
selected frequency a natural frequency. The calculated

. values then are plotted as curves of mass (inertia) ver-
KIP,,(". +Jolf sus natural frequency or stiffness versus natuial fre-

=i ý, J' (5-55) quency. Figs. 5-36 and 5-37 are examples. By using
logarithmic coordinates for the plots, a much greater

range of parameters can be covered with fewer selected
Multidegree-of-freedom torsional systems may be points. It is usual to select frequencies in increments of

analyzed by assuming a :rial value of the natural fre- I Hz up to 10 Hz, in increments of 2 Hz from 10 I{.
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K 10 in,-Ib0ad

. , l-t• ~ 4th MODE

-3rd MODE

LU,

C.., 0 II,= -J ' 'j I - n M D
____________-4----- 4

10, 10 10M 10"

EQUIVALENT MASS MOMENT OF INERTIA OF POWER
TURBINE WR2, lb-in?

Fig. 5-36. Variation of Natural Frequency With Inertia of Power
Turbine-Example

Sto 20 Hz, and in increments of 10 Hz above 20 Hz. In suit is tbat in order to make the selected frequency a
regions of discontinuities, additional frequencies may natural frequency, a device such as a tuned mass having
be selected. a negdtive impedance ;s required at the location of

To calculate the stiffness curve (Fig. 5-37), the sys- J1,.
tern is reduced, by the methods of par. 5-5.3.3, to a If a tuned mass is required, a parametric study lead-
two-mass system that includes the selected stiffness ele- ing to an optimum combination of stiffness and mass
ment. Then Eq. 5-55 is solved for the value K, corre- for the tuned mass may be made by adding another
sponding to each selected frequency. degree of freedom to the system at this point.

To calculate the mass curve (Fig. 5-36), use is made Fig. 5-36 shows the effect of variation of the mass of
of the fact that at a natural frequency the right and left the power turbine upon the several modes of the system
impedances must match at any chosen point in the shown in Figs. 5-32 and 5-33. Fig. 5-37 shows the effect
system (Eq. 5-54). Thus for a selected mass such as of variation of the stiffness of the engine-to-transmis-
.I2 in Fig. 5-34 sion input shaft. These figures are examples of the type

of information that can be obtained from a parametric
o2+ J2 + -- 0 (5-57) study.

5-5.3.3.3 Sample Calculations

Equations of the type To demonstrate the use of these methods, the arith-
metical steps in the calculation of the first and second

m , + ,+ J5 natural frequencies of the system shown in Fig. 5-33 are
J o L 0 (5-58) shown in Table 5-2. Including notation to conform to

that of par. 5-5.3.3, the characteristics of the system are

may be solved for the values of J., required to make as follows:
each selected frequency a natural frequency. 1. Mass Polar Moments of Iner-tia

An interesting case occurs when the required value a. Main rotor 1 = J0, 4.9 X 10'
of J.. is negative. The physical significance of this re- slug-in2
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