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HELICOPTER AEROMECHANICS

INTRODUCTION AND HISTORICAL REVIEW

by

G. Reichert

Technische Universitat Braunschweig

Institut fur Flugmechanik

Rebenring 18, 3300 Braunschweig

Germany

SUMMARY

Although the current generation of civil and military helicopters have greatly improved

upon the previous generations, rotorcraft technology still has the potential for decided

improvements. As high-payoff technologies aeromechanics (aerodynamics/dynamics), struc-

tures/materials, avioncis/flight controls, and engine drive system technology can be

identified, of which aeromechanics will be discussed in more detail. The general role of

aeromechanics in military and civilian applications to rotary wing aircraft will be

summarized and an overview of the state of the art will be given.

In addition to direct performance improvements, there is great opportunity to

improve the operating characteristics to a degree that the full performance characte-

ristics inherent in the designs may be realized. Some current systems fail in the

utilization of their full performance as a result of dynamical limitations or high

vibrational levels.

Integrating the research and technology opportunities with advanced rotorcraft con-

figurations will yield promising new vehicles for civilian and military applications.

PREFACE

In 1973, AGARD Lecture Series "Helicopter Aerodynamics and Dynamics" co-sponsored

by the Fluid Dynamics Panel and the Consultant and Exchange Program of AGARD was presented.

This lecture series had been conceived to provide an extensive overview of the role of

aerodynamics and dynamics in the helicopter development from the fundamental methods and

principles, through conceptual design to flight test and proof-of-concept. At that time

only relatively old textbooks existed in this field, and the series had been structured

to meet what was considered to be a deficiency in the literature. The compilation of the

lectures provided a worthwile publication to accomplish this objective.

Now, more than ten years later, the overall situation concerning helicopter

literature has substantially improved. The excellent textbooks by Bramwell
2 

Johnson
3

and StepniewskiKeys
4 
satisfy a long-felt need. They cover the fundamentals of helicopter

theory as well as the methods of engineering analysis required to design, develop, and

evaluate helicopters and give a broad review on advanced subjects, and recent accomplish-

ments. Therefore, a new lecture series on helicopter aeromechanics can be focussed on the

latest technological developments, and achievements in helicopter aeromechanics and the

modern trends covering the influence on performance and flight characteristics.
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It is considered more important to provide a general appreciation of the phenomena and

to discuss the state of the art of knowledge and methods as well as new contributions

to modern technology, than to report on the details of the latest achievements in various

research areas. For these details reference has to be given to the numerous special pub-

lications, mainly in the proceedings of the American Helicopter Society Annual Forum and

the European Rotorcraft Forum, the helicopter journals, and the AGARD reports on some

specialists' meetings covering helicopter related subjects 
5 - 0

. For additional information

a bibliography prepared specially for the purpose of this lecture series and restricted to

material published within the last five years has been included as supplement in the

publication of the lecture series.

1. THE ROLE OF AEROMECHANICS IN ROTARY WING AIRCRAFT FOR MILITARY APPLICATIONS

1.1 General Aspects and Historical Review

Aerodynamics, flight mechanics, dynamics, aeroelasticity, and acoustics toqether form

what is designated as aeromechanics. There is no doubt that aeromechanics plays a key role

in the meeting of requirements for application to military and civil use of rotary wing

aircraft. Aeromechanics is central in its importance to future progress in rotor-

craft.

This introduction will provide insights into the complex situation of helicopter

design and operation and the technologies involved, starting from the first helicopters

up to modern and future helicopters. Of course, there are several excellent review papers

in this area covering the role of aeromechanics in military and civilian applications of

rotary wing aircraft, for instance Yaggy
I 

or Augustine and Morrison 
12

, and special

papers deal with the needs, opportunities, and benefits of future r-torcraft, for

instance
1 3

. In parts this paper will follow these other contributions, but by plagerizing

freely a somewhat different perspective is intented.

The past is reviewed, only to such an extent necessary to understand

the special problems in the development of the helicopter and its slow progress compa-

red to the fixed-wing aircraft, roughly following an older historical review 
1 4

. The con-

cept of using air screws or rotors for vertical lift and vertical flight is very old, and

the first flight trials of helicopters were about the same time as the first flights of

fixed wing aircrafts. But these early attempts with rotary wing aircraft were without

success.

The aerodynamic flow situation of a helicopter rotor is determined by the rotation

of the rotor. In forward flight the speed of flight will be superimposed on the rota-

tional velocity, resulting in periodically changing velocities for the blades with oppo-

site characteristics at the advancing and at the retreating side. That means, that a

helicopter, even in steady flight condition, is submitted to unsteady rotor conditions.

The periodically changing velocities cause alternating forces and moments at the blades

and at the rotor hub resulting in many dynamic effects which determine the special

characteristics of a helicopter. The historical story of the helicopter is marked by

the struggle against the dynamic forces and moments and the dynamic characteristics of

the whole helicopter. This struggle was for a long time unsuccessful for several

reasons. But mainly, there was not sufficient understanding of the aeromechanical and

structural problems and no solutions to overcome these problems.
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Figure 1 Helicopter in forward flight

The predominating opinion in this very early era was that there would be no future

for rotary wing aircraft for technical reasons, and that it would make no sense to work

in this field. In the following years engineering effort concentrated on developing very

successfully the fixed-wing aircrafts, but men were aware that they still had to

achieve complete mastery of the air; namely, the ability to stay aloft without main-

taining forward speed a,.-d t ascend and land vertically in restricted areas. The deve-

lopment of the helicopter continued to this end.

The most pivotal effort in the attempt to achieve successful flying of rotary wing

aircraft was the work of Juan de la Cierva in the 1920's in developing the first truly

successful rotary wing aircraft which he called the "Autogiro" (Figure 2). This aircraft

used a propeller for forward motion, and a freely rotating rotor for lift. The Autoqiro

did not actually achieve truly vertical flight; it required small forward soeeds to

maintain its lift. Autogyro development continued in Europe and in America for more than

a decade and reached a state of considerable advancement, but there was no commercial

break through and the progress came almost to a stand still. There was not enough

potential for military application because of its imperfection in the vertical lift capa-

bility.

Figure 2 Cierva - Autogiro C19 Mk IV

However, the autogyro development laid the groundwork necessary for oractical heli-

copter flight by providing knowledge and technology. It was only with the introduction of
the articulated blade attarhment done by de la Cierva that the prerequisites for realiza-

tion of technically satisfactory helicopter projects were created. At that time, with the

insufficient knowledge of the physical-technical correlations the blade attachment hinges

were the only way to overcome the structural problems caused by high alternating loads

at the blade root and the control problems of the whole helicopter caused by the dissym-

metry of the flow field on the two sides of the rotor disc. All helicopters of the fol-

lowing period and still most of today's helicopters have articulated blade attachment

in one of the many possible variants.
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Following autogyro development, work advanced toward successful helicopters. In 19 6,

Focke in Germany demonstrated a side-by-side, two-rotor machine (Figure 3), and in

1939-1940 Sikorsky in U.S.A. introduced the VS-300 (Figure 4), a single lifting roto

machine with a vertical tailrotor for torque counteraction. Both of these designs are

the real beginning of the practical helicopter era. They gave tremendous impetus to

further development. In the late 1940's, the general pattern of heliconter-type aircraft,

had been formulated to a rather complete degree and nearly all of the current confi-

gurations had been given serious consideration by the 1950's, including single rotor,

tandem rotors, coaxial rotors, side-by-side rotors, shaft driven and tip driven rotors

and compound rotor concepts.

Figure 3 Focke Helicopter FW 61 Figure 4 Sikorsky Helicopter VS-300

In the more recent era, general advance in helicopter knowledge - in its flight

mechanics, its dynamics and structural properties - has progressed and designers returned to

concepts with rigid blade attachment as in the beginning of the helicopter history. With the

so-called hingeless rotor systems the flapping and lagging motions of the rotor blades,

prevailing in articulated rotors, are replaced by elastic blade deformations. Such rotor

systems have been made possible by the introduction of fiberglass composite rotorblades,

for which MBB did the pioneering work in the late 1950's and early 1960's. Only the blade

torsional or feathering hinges for blade control are provided with the hinqeless rotors.

In the more advanced so-called bearingless rotor systems these hinges are replaced as well

by elastic motions. Figure 5 illustrates the mechanical simplification achieved by

elimination of blade attachment hinges which is possible with different rotorsystems.

Today, there is a broad variety of good rotor designs, also including composite hubs and

so-called elastomeric bearings.

F'HINGELESS'

'BEARINGLESS'

Figure 5 Different Rotorsystems



There is often discussion about the maturity of the rotary wing aircraft. Some

people say that helicopters " are some forty years behind fixed wing aircraft in terms

of total flight experience .... that rotary wing design is today nearly as much an art

as it is a science,.., that the helicopter has not yet been fully invented."
1 2 

Of course,

such statements are exaggerated but they are not altcjether incorrect. They reflect the

complexity of the rotorcraft and its design. Of course, the helicopter has reached tech-

nical maturity, but ,evelopment today still needs much more time than with fixed-wing

aircraft, and the development has been risky, often requiring changes and modifica-

tions duiing flight testing.

The ability of the helicopter for hover and vertical flight and for operations from

restricted areas found military interest from the beginning of practical helicopter

flight during World War II. Military operations of helicopters had their break-through

during the Korean War, and since that time military operations without helicopters would

be unthinkable.

In the past, the helicopter has succeeded as an operational vehicle because no

other aircraft, no matter how simple or inexpensive, has been able to compete with it

in the performance of the particular tasks associated with vertical flight and efficient

hover. The present utilization of helicopters finds many and varied uses. In the mili-

tary role helicopters are employed in tasks as light observation, light tactical trans-

port, medium transport, armed escort, antisubmarine warfare, air/sea rescue, vertical

replenishment, in-shore replenishment, heavy lift, general utility, antitank and attack

missions. Examples of civil uses are: short haul transportation, police patrol, ambulance

arid rescue missions, aerial surveys, aerial spraying for agriculture, replenishment and

support of off-shore stations, aerial crane for construction, and heavy lift. The strong

interest in rotorcraft as a continuing means of both military and civilian transport is

a clear indication of the realization of its utility and potential. The unique vehicles

employing rotary wings which were considered as oddities of the past, have become in the

present, utilitarian vehicles with discreet and distinct missions to perform. Although

future application appears to be assured, it is essential that a more effective and

efficient machine be developed.
1 1

Efficiency is imperative to permit long hover times without comprimising mission

accomplishment and economy, and it is important that the rotary wing aircraft be cap-

able of controlled hover and vertical flight to a high degree because of the desire for

precise placement of exter,,ally carried loads and operation in confined terminal areas.

In forward flight the cruise efficiency and productivity have to be improved, and speed

and range have to be extended for additional missions.

ABC, 250 kts TILTROTOR, 300kts X-WING. 300 -500 kts

Figure 6 High-Speed Hybrid Rotorcraft



Extention in speed and range will require new concepts. There are advanced rotary

wing concepts like tilt-rotor, ABC, X-wing, and compounds (Figure 6), and certain other VTOL

technologies, for instance those associated with the moderate by-pass vectored thrust engine,

have developed to the point where sucessful aircraft can le realized. Finally, mission re-

quirements and mission effectiveness will decide about the optimal concept. For all missions

requiring longer hover phases rotary wing concepts offer best cost efficiency even in future.

1.2 Interaction of Cost and Performance

The use of helicopters in great quantities demonstrates that its mission effective-

ness is worth the increase in cost compared to other competing vehicles because it can do

something which no other aircraft can do with comparable efficiency. The most important

aspects to be considered in defining the cost-effictiveness of military systems are:

flight performance, maintenance and reliability, vulnerability, operating costs and

logistics. Whereas for civilian application it is not a big problem to describe the utility

in a -rue relation to the expenditure and to show profit or loss, the assessment of utility

and cost-effectiveness of military systems is much more difficult and depends upon various

assumpti'ns. For military equipment the costs for operation, maintenance and logistics

are the most important factors to be examined. This is evident as 2xperience shows that

the cost-relation for research and development, procurement and operation is in the range

of 1:3:6. This means that it would be worthwhile to spend more money for research and

development if the costs for procurement and operation and maintenance could be reduced.

Modern technical systems must frequently meet different requirements; bringing

the systems, either in components, or as a whole, to the limits of technical realization.

This is especially true when new developments must meet stronger requirements, for instance

higher speed or extended range, compared to the previous vehicles. A simplified conside-

ration of costs in relation to technology shows for a certain aim or level in research,

development or performance a progressive increase of costs. In the upper region a point

of diminishing return of costs, that means a loss of c~st-efficiency, will be reached.

Figure 7 explains the level of technology as a parameter for costs and requirements. For

a given requirement, the state-of-the-art defines the point 0 with a certain amount of

costs. Improvement in the technology level, for instance in aeromechanics, in materials

or design, will result in a cost reduction or would allow increased requirements at the

same cost level. This situation leads normally to the socalled "next generation" nroduct,

and the history of aeronautics demonstrates such technology steps by "new technology",

for instance the jet engine and the swept wing for fixed-winq aircraft or the transonic

blade section and the introduction of composite structures to helicopters
1 5 .

TECHNOLOGY

STATE OF THE ART/
-- IMPROVED

uD.--NEW
0 //

REQUIREMENTS

Figure 7 Influence of Technology State on Costs
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Invention is an important part of technological progress, which is too often ignored in

planning development activities. Future planning should include the promotion and fostering

of invention and innovation, and research and development efforts should be structured to
12take advantage of these aspects when they occur . New or improved products need new ideas

or innovations introducing something to bring them in an evolutionary process steD-by-

step to a better state. Sudden complete or fundamental changes in a revolutionary sense are

very seldom in engineering. But no doubt, it is not sufficient for advanced systems to be

based just on experience.

The main driving factors for rotary winn technology are hover efficiency, cruise

efficiency, speed, range and payload, which are mainly influenced by aeromechanics. In

addition, if the rotary wing is to realize its full application, it must be made more

reliable and maintainable and brouqht to the reliability and maintainability levels of

fixed-wing configurations. For long time the hiqh mechanical complexity of the helicopter

and the resulting high maintenance costs were major disadvantages. By a strong effort

the structural situation could be improved with enlarging the lifetime of critical com-

ponents. Figure 8 illustrates the very strong influence of the Mean-Time-Between-Removal

(MTBR) of critical components on the direct operating costs per flight hour. For the older

helicopters with short component lifetime, maintenance and parts costs were dominating

and the aerodynamic efficiency resulting in the petrol costs was of minor importance to

the overall costs. This situation has changed by the reduction of the mechanical costs.

Fuel costs get more and more important, especially considering the increase of fuel

prices.

2.0

(/) 1.5-
0
0MAINTENANCE

zo
I-

1.0-

. ToTAL PARTS
S0.5- DEPOT LABOUR R

U ,PETROL- OIL-LUBRICANTS

CREW

0.0 0  T LABOUR

0 500 1000 1500 2000 2500 3000
AVERAGE MEAN- TIME-BE TWEEN- REMOVAL [hrs)

Figure 8 Influence of Improved Reliability and Maintainability on Costs

As experience has shown, new technology very seldom will result in less expensive

new products for military applications, because there is always a wish to extend the

requirements, and have additional missions with the successor system. This trend

is well underlined by the UTTAS (Utility Tactical Transport Aircraft System) and the

LHX (Light Helicopt-r, Experimental) programmes. Figure 9 shows the startling trend in

unit cost growth of US Army helicopters. The inevitable consequence of this will be a

diminishing inventory of helicopters, albeit comprised of individually superbly capable

vehicles. The time would seem to be near at hand when requirements which demand "that

last few percent" of performance may have to be foregone, and when advanced technology

must be applied to increase numbers through reduced total ownership cost rather than to
12search for greater performance
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Although there is certainly no fundamental law which demands that rotary wing and

fixed-wing aircraft engineers adhere to the same design practices and policies, or that

they devote comparable resources to corresponding tasks, the disparity in the two fields

of endeavor in these regards is nonetheless striking. The traditional practice in the

development of helicopters has been to minimize costs associated with the design process

and, implicitly, to accept the consequences of unforeseen problems which tend to arise

during test flight. The reasons for this approach undoubtedly stem mostly from a reluc-

tance or inability to make enough research and development funding available early in

development and to a lesser degree from the fact that analytical and experimental tech-

niques associated with rotary wing aircraft have not yet reached maturity 
12

. The deve-

lopment funding for helicopters has always been much lower than for fixed-wing aircrafts

in spite of the much more complex aeromechanical and mechanical problems of helicopters.

The costs of correcting basic defects during the flight test phase sometimes reach

a similar order of magnitude as the basic development fundi:,qs. Tf the oroblems had been

identified in an earlier step of the development process, they could have been correctoi

at much less cost in terms of both time and money. Only comparatively small amounts of

funds would be required to make significant improvements early-on in a development pro-

gramme. The risk of development can only be diminished by a combination of more and

improved theoretical studies and calculations, by the use of today's possibilities of simu-

lation, and by much more and better wind tunnel work, as indicated in Figure 38.

__ CONCEPT

THEORY/CALCULATION

(A ::: ( MODEL TESTING

V) a(erod yn dynamic .struct

-J 0- 0 FLIGHT SIMULATION

0: >1
XWu FULL =SCALE 7ESTING

__ (WIND TUNNEL.FLYING TEST BED)

PROTOTYPE DESIGN

Firjure " lth-J,, ) eiuce Risk of Development
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helicopter blade in three dimensions an extremely difficult problem. Again, a large

increase in computing capability is required to attack such design optimiziation problems.

In the past, the helicopter industry has been less aggresive in rursuing the poten-

tial benefits of large computers than the fixed-wing aircraft commur-l+, even though the

aerodynamic and structural dynamic phenomena are more complex for rotorcraft. Clearly,

the rotary wing community does not consider itself as.having a driving need for a super-

computer although such a capability would undoubtedly be used if it became available.

There is no doubt that the applications of super computers must generate sufficient con-

fidence in more realistic modelling to pay off in reduced proving trials on the product.

This attitude will continue to be manifested in an apparent reluctance by the user com-

munity to embrace new theoretical methods until cost effetive applications have been pro-

ved.

As an example Figure 34 illustrates the development of the prediction accuracy for

the external loads and the goals for future progress. Whereas the prediction of

transient loads will remain unsatisfactory for a long time, for steady state loads

sufficient accuracy is foreseeable. Absolute accuracy is not possible and not necessary,

but it should reach the same order as possible for pure mechanical systems, for instance

the weight estimation as shown in Figure 35.

30 12oN,

M 10

oPREDICTION

W.. 0

0 STEADY STATE w-3
0 LOADS PREDICTIONS 10, (

z

w

%0 0 9
1960 1970 1980 1990 2000 1960 1970 1980 1990 2000

CALENDAR YEAR CALENDAR YEAR

Figure 34 Improvement of External Figire 35 Improvement of

Loads Prediction Weight Prediction.

With the insufficient theoretical prediction methods it would seem quite natural

to extensively use experimental results from the wind tunnel during the develop-

ment, however, use of the wind tunnel as an important design tool is modest as indicated in

Figure 36 by the comparison of wind tunnel test time for fixed-wing aircraft and for

helicopters. It is particularly significant that commercial fixed-wing practice relies

heavily on wind tunnel data. The reasons for the modest usage for helicopters have to

be seen in the model complexity, in wind tunnel wall effects and in the inadequacy of

current sub-scale techniques: techniques which must be further developed. Today's pos-

sibilities allow study of special phenomena in the wind tunnel in the sense of rese-

arch, but wind tunnel based predictions for development are as insufficient as those

derived from calculation. There is a pronounced trend of an increased use of the

wind tunnel as shown in Figure 37, but the future has to prove its qualification as a

design tool in order to save time and costs of development.
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shown in papers gives a wrong impression in most cases because the theoretical values

are not really predicted but result from calculations done after the tests with modi-

fied input parameters.

This unsatisfactory situation is the main reason for the long development time of

helicopters compared to fixed-wing aircraft as shown in Figure 33 with the time between

first flight and certification. This time is normally less than one year for the fixed-

wing aircraft but between two and four years for helicopters, indicating that the heli-

copter needs modifications during the fliqht test phase because of problems which had not

been recognised earlier.

727

Z
747

o DC-9
wSDC-1 A CAT A

L 757 6 BCAT B
767 N Normal CAT.

N
AS-350

wU B A
AS-365CCLBA

o 222
.BA

$..~ S-76w aA
z BK 117 ,

SIII I

0 1 2 3 5
TIME FROM FIRST FLIGHT TO CERTIFICATION (years]

Figure 33 Time for Certification of Helicopters and Fixed-Wing Aircraft

The new generation of computers allowing large scale computing will have potential

to improve the situation. In an AGARD Working Group future possibilities have been

studied 17. The so-called free-wake analysis, finite-difference transonic calculations

in the lifting line or lifting surface representation of rotor blades, viscous effects

in the forms of retreating-blade dynamic stall and advancing-blade shock wave-boundary

layer interaction should become possible, but the calculation of the complete unsteady

flow field for typical helicopter configurations with the aerodynamic interference bet-

ween various rotorcraft components is expected to remain beyond the state-of-the-art for

the forseeable future.

Large scale computing should also be helpful for flight simulation. Rotorcraft simu-

lation appears to be particularly demanding on computer capability: blade flexibility,

radial and azimuthal variations of blade forces and moments, nonlinear effects such as

stall or transonic tip aerodynamics, rotor-fuselage flow interference and dynamic inter-

actions all combine to defeat the ability of the largest available computers to provide

real time simulation with complete fidelity.

For the aeroelastic and dynamic response of rotary wing aircraft, the computer

requirements are substantially greater compared to fixed-wing aircraft requirements

because of the gyroscopic coupling effects which introduce structural nonlinearities

that add to the aerodynamic nonlinearities. For helicopter rotorblades the situation

is further complicated by higher amplitudes of lift fluctuations, a variation of Mach

number along the blade due to rotation giving strong transonic effects at the blade

tip and the out-of-phase variation of local blade incidence and local Mach number. The

inclusion of unsteady nonlinear aerodynamics simultaneously with structural nonlineari-

ties arising from large amplitude deflections make the analysis and computation of the
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Figure 32 Advanced Helicopter Cockpit Design

2.2 Procedures and Understanding of the Problems

When the first helicopters had been brought to flight, there was practically no real

understanding of the physical problems of the helicopter. With the historical development

also the knowledge continuously has been established. Around World War II with the first

practical helicopters a state had been reached allowing practical calculations and pre-

dictions based on theoretical assumptions and theories, which are still today in use.

Since that time the procedures have been extended and improved continuously, strongly

promoted by the upcoming computer possibilities. Now, there is a relatively good under-

standing of all typical phenomena. This improved knowledge has finally resulted in the

progress of the helicopter.

Nevertheless the state of the available procedures has to be considered to be all but

good. The methods are unsatisfactory in the sense of design tools requiring accurate

predictions. Concerning aeromechanics it has to be stated that current analytical pro-

cedures are limited primarily because of the incompletely defined nature of the un-

steady flow fields of rotors in the presence of fuselages through a very wide anqle-of-

attack range, and the extremely complex, usually non-linear, multi-frequency structural

dynamic interactions. Performance,stability and control predictions appear to be of

acceptable accuracy except for operating conditions at high advance ratios and thrust

coefficients and the higher angle-of-attack ranges. Nap-of-the-earth handling qualities

are predictable except for the interaction effects of the fuselage and main and tail

rotors at low flight speeds close to the ground. Unfortunately these areas are important

parts of the operating range. Reliable methods for fuselage vibration and oscillatory

structural loading predictions, especially for the higher frequencies, are not available.

Small changes to existing components may cause significant changc3 in the vibration level

which are not readily predictable.

With the currently available computers it is not possible to use rather sophisti-

cated theories because of their extreme complexity. On the other side such theories would

be too difficult in handling for engineering purposes. Therefore, engineering approaches

are widely used with limited accuracy, normally sufficient for preliminary design, but

keeping the risk of development until flight test phase. The perfect correlation often
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Surveying the trend curves of helicopter technology would be incomplete without the

weight breakdown trend. The reduction of the empty weight is mainly due to structural

improvements and lower weight of the different aircraft systems. The aircraft weight frac-

tion improvement trends are shown in Figure 30. The all-composite aircraft offers addi-

tional potential.

WE =WEIGHT EMPTY
0.8- WFE= FIXED EQUIPMENT WEIGHT

Z Wo =DESIGN GROSS WEIGHT
0 WE-WFE
0o0.6-w

L_ 0.4.

-r W F E
W0.2 w
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CALENDAR YEAR

Figure 30 Helicopter Weight Fraction Improvement Trends

Flight control work has resulted in many benefits which include reduced pilot work

load and increased rotorcraft safety, and performance. Active controls technology has

been considered for reducing rotor dynamic loads and aircraft vibration. Industry is now

moving into fly-by-wire control and eventually will employ fly-by-liqht. Figure 31 illus-

trates the historical development of helicopter flight controls. The possibilities of modern

electronics, avionics and optronics will have a great impact on cockpit design and pilot's

workload as indicated in an advanced helicopter cockpit design in Figure 32, but will

influence all helicopter systems as well.
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Figure 31 Historical Development of Helicopter Controls
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INTEGRATED TECHNOLOGY ROTOR PROGRAM

LOW DRAG
HUB BEARINGLESSCOMPSIT HU B

PCOMPOSITE
/ FLEXBEAM

AEROELASTIC
HM FTAILORING

LOW DRAG COMPOSITE

PITCH CONTROL / LD

CONCEPT

ROTORO(
VIBRATION ADVANCED
ISOLATION AIRFOILS

ADVANCED
TIP SHAPE

Figure 23 Advanced Bearingless Rotor Concept

HOVER PERFORMANCE FORWARD FLIGHT PERFORMANCE

0.8-3 VRXX/YY(1995) W. 12- VRXX/YY (1995)

(1965)) H>

_ 10-Rn,, ROTOR WJ " (1985)
X. (1980)' (165 L 8_ ADVANCED

LLJ.7- CH-4 CH-46 LL PLANFORM

WU 0 n 6-- VR781980)
Cr (1950's)>0 CrL CHINOOK

S0.6- 0012 4-200012(90s
(.9~L (1965 /"

H 02 150
LL 0 2- CH-46' HU

0.0004 0.0006 0.0008 0 50 100 150 200 250
POWER COEFFICIENT SPEED [kts]

Figure 24 Aerodynamic Rotor Efficiency

efficiency is characterized by figure of merit and lift-to-drag ratio as shown in

Figure 24. It is worthwile to note that many current systems fail in the utilization of

their full performance inherent in the design as a result of unsatisfactory operating

characteristics or dynamical limitations with high vibrational loads. In such cases,

there is great opportunity and potential for improving the operating charcteristics to

a degree that the full performance potential inherent in the design may be realized.

The extension of speed and range with more advanced concepts like compound, tilt-

rotor and X-wing is illustrated in Figure 25 and Figure 26. The tilt-rotor aircraft can

vary flight speeds over a wide range at minimal power settings. This characteristic is

shown in Figure 27 by the measured power required by the XV15 to maintain level flight

at different conversion angles of the rotors. The fuel efficiency of a helicopter and

a tilt-rotor aircraft is compared in Figure 28, and Figure 29 indicates the increase of

productivity by a comparison of helicopters from different generations.
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GENERATION 1ST 2ND 3RD 4TH
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Figure 19 Helicopter Technology Evolution

all. For example, rotary wing aircraft regularly operate in unsteady flowfields, in

ground effect, with near-sonic flow conditions on lifting surfaces and in a condition

of static instability. There are complex and significant interactions between the lift-

ing rotor and other components of the helicopter, particular at low speeds, which are

just beginning to be understood. Small and seemingly unimportant design changes can pro-

vide large changes in the vibration and stress levels encountered in flight as a result

of the interactions. These effects all combine to make the development of rotary wing

aircraft an extremely complex undertaking which should be initiated only with the due

recognition of this fact and with the willingness to devote appropriate resources in

order to control the inherent risks.
1 2

Technology advancements have been critical to the succes of rotorcraft applications

specifically in the areas of aeromechanics (aerodynamics, dynamics, aeroelasticity, flight

mechanics and controls, acoustics), propulsion (power plants and transmission), struc-

tures (materials, design, crashworthiness), aviation electronics and the integration of

these technologies into the entire rotorcraft system. The different papers of this Lec-

ture Series, however, address in detail only the role of aeromechanics.

The advance in helicopter technology is illustrated by the following diagrams.

Figure 20 shows the speed increase of helicopters since the 1940s resulting from

improved rotor aerodynamics, from drag reduction and higher installed power. The aero-

dynamic drag situation has been greatly improved with today's helicopters compared to

the older helicopters illustrated in Figure 21, however, compared to fixed-wing standards

the drag level of helicopters is still much too high with great potential for further impro-

vement - Figure 22. The aerodynamic efficiency of the rotor is primarily influenced by

the airfoil, the twist and geometric shape of the blade. Aerodynamics and dynamics of the

rotor have to be considered with their interaction and in connection with the overall

characteristics influenced by the design as illustrated in Figure 23. Aerodynamic rotor

1W
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Completion and flight testing of the US Army/Boeing Vertol XCH-62 Heavy Lift Research

Vehicle (HLRV) will lay the groundwork for an Army technical data base leading to an advanced

cargo rotorcraft (ACR). The XCH-62 (Figure 18) will lift about 35 tons. Current U.S. carqo

and transport helicopters have a maximum 16-ton payload capacity. First flight is expected

in 1988. This programme is a continuation of the HLH programme which had been interrupted

in 1975 for budgetary reasons. The XCH-62 programme will resolve operational issues that

will have to be addressed before proceeding with the ACR. The ACR may be either a helicopter

or a tilt-rotor aircraft, but dynamics, gears, transmissions, control systems and some other

aircraft systems will be assessed and developed with the HLRV
1 6

.

The next generation helicopter will have higher speed, heavier lift, and longer range

as natural means of improving productivity, while fundamental improvements in reliability,

vibration, noise, and safety are necessary elements of increasing cost-effectiveness. Advan-

ces such as improved rotors, reduced drag, light weight composite structures, and more effi-

cient engines will have a great impact on the new generation helicopters.

Much of the technology developed to meet the military requirements will be directly

applicable to future designs for commercial operators, who are expected to demand lower

cost, light weight, high speed and efficient vertical takeoff aircraft that have day/

night, allweather IFR capabilities. Also commercial applications for tilt-rotor transports

derived from the JVX are expected, such as passenger city-center VTOL transports and as high

speed supply aircraft to serve large oil rigs.

2. THE DEVELOPMENT OF HELICOPTER TECHNOLOGY

2.1 Technological Opportunities - Past, Present, Future

The appearance of the helicopter did not change drastically from the first practical

helicopters of the 1940s up to today's helicopters compared to the rapid change of gene-

rations of fixed-wing aircraft during the same period of time. It is useful to recall

that helicopters are only now in their third generation. The following table (Figure 19)

gives a survey of the helicopter technology evolution showing that there have been not

too many significant changes. The only abrupt change was in the propulsion system with

the introduction of the shaft turbine which replaced the reciprocating engine. All the other

changes have been gradual - the aerodynamic improvement of the rotor by better airfoils,

the reduction in parasite drag to achieve a better L/D, the structural changes with the

introduction of composites, and the changes in electronics/avionics. Of course, in

detail, all components and systems have gone through many modifications and changes, and

have a much better performance and reliability today.

Helicopters have found increasingly greater applications in fulfilling both military
and civil requirements of air mobility. Because of the permanent interaction between

requirements and activities for technical improvement, the technical possibilities have

changed, a process in which competition between the manufacturers was greatly help-

ful. Although the current generation helicopters have greatly improved from the pre-

vious generations, rotorcraft technology, in a technical sense, is still immature, and

potential improvements are envisioned.

The reason for the slow progress in rotary wing technology over the years has to be

viewed in the complexity and deficient understanding of the problems. The aeromechanical

and structural complexities of a rotary wing vehicle are in fact enormous. Rotary wing

vehicles regularly operate in difficult portions of the flight envelope which fixed

wing aircraft tend to encounter only on a transient basis or not at
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Figure 15 German PAH-2 Model Figure 16 The A 129 Mongoose Light

Attack/Scout Helicopter

Italy is accelerating the flight programme of its armed helicopter, the Agusta A 129

Mongoose/Mangusta (Figure 16). Design freeze will be by the end of 1985. The A 129 is an

twin engine aircraft in the 3700 kg weight class with an advanced electronics/avionics/

optronics system.

Britain has yet to decide whether to participate in one of these programmes or to

develop its own armed helicopter based on a Lynx version.

Nato has a study programme going for the NH-90 helicopter involving France, Germany,

Italy, Holland and Britain. The programme is oriented to a battlefield transport heli-

copter in the 6 - 8 ton class. The NH-90 project also is planned to be produced in a naval

version, and several countries will be looking for replacements for their current ship-

borne helicopters in the 1990s.

Italy and Britain both have requirements for a large antisubmarine (ASW) helicopter

to replace the Sikorsky and Boeing designs the two navies use. The EH-101 will be in the

30,000 lb. maximum takeoff weight category.

IMM

Figure 17 A Modell of the Westland-Agusta Figure 18 Boeinq Vertol Heavy Lift

EH-101 Helicopter HLH
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ROLES/MISSION

COUNTRY SCOUT ATTACK UTILITY TRANSPORT MED/HVY LIFT ASW/SAR

United States LHX LHX LHX

JVX JVX JVX

ACRV, HLH
Germany-France PAH-2 PAH-2

England-Italy EH-101 EH-101

England LYNX-3 LYNX-3

Europe NH 90 NH 90

Figure 13 Advanced Rotorcraft Programmes

appears to be no consensus on the speed issue, and some see the requirement for a nap-of-

the-earth operating capability on one hand and high speed on the other to be basically

contradictory. Current Army planning envisions the procurement of about 4,500 LHX air-

16craft in both the scout/attack and utility configurations

The U. S. JVX programme, which will result in a tilt-rotor assault transport tailored

for use by the Navy, Marine Corps, Air Force and, in the future, the Army also represents

a significant technical and systems integration challenge. The JVX is being developed by

an industry team headed by Bell and Boeing Vertol. The JVX design draws on experience

gained in the Army/NASA/Bell XV-15 experimental tilt-rotor programme. Figure 14 illustrates

the significant features of the JVX tilt-rotor configuration. It will be powered by two

5,000-shp. engines driving 38-ft.-dia., three bladed composite rotors. The aircraft will

carry 24 troops at a cruise speed of 250 kt. The tactical range is specified to 1,400

naut. mi., and the ferry capability to 2,100 naut. mi.. 16

Figure 14 JVX Tilt-Rotor Configuration

The European helicopter manufactures are forming multinational groups for the new

programmes. The armed helicopter programme is receiving the most attention at present, as

several European nations have pressing requirements. Development of the Franco-German

PAH2/HAP/HAC helicopter is being done jointly by MBB und Aerospatiale. There will be three

basic versions of the PAH-2. The German PHA-2 will be primarily an antitank helicopter,

but this version can also carry missiles to be used for short-range ait to-air defense.

The French versions are an antitank helicopter (designated HAC) and an escort aircraft

(designated HAP). The maximum takeoff weight in the 10,000 - to 11,000-lb. range will be

about half that of the AH64. Figure 15 shows a model of the German version.



A. SCOUT/ATTACK

MANUFACTURER SCOUT SCOUT/ATTACK ATTACK

OH-13 (Sioux)

Bell (Modell 47)
OH-58A,C,D (KIOWA/AHIP)
(Modell 206 Jet Ranger) AH-lG, J, S (Cobra)

Hiller OH-23 (Raven)

Hughes OH-6A (Cayuse) 500 MD (Defender) AH-64 (Apache)

Aerospatiale SE 313B/SA 316B SA 341/SA 342(Gazelle)
(ALOUETTE II/III)

Agusta A 109A/A129 (MONGOOSE)

MBB BO 105 BO 105 BO 105

Westland WASP/SCOUT AH-l(LYNX)

B. TRANSPORT/UTILITY (-30,000 ibs)

MANUFACTURER TRANSPORT/UTILITY ARMED AEW/SAR

Bell UH-I D, H, N(Iroquois) UH-I B, C 214ST
412

Sikorsky UH-60A (Black Hawk) UH-60 SH-3D(SeaKing),HH-3F
(Pelican)

CH-53 Lamps MK III

Boeing CH-46 (Sea Knight) CH-46 HH-60D (Night Hawk)
EH-60A

Aerospatiale SA 365 F (Dauphin 2)
SA 330 L (Puma) ALL ALL
SA 332 B (Super Puma) HH-65
SA 321 G (Super Frelon)

Agusta A109 A109

Westland WESSEX HU.2/HU.5/HAS.3 Wessex Wessex
Lynx

C. MEDIUM/HEAVY LIFT

MANUFACTURER MEDIUM (30.000 to 60.000 ibs) HEAVY LIFT (60.000 Ibs)

Boeing CH-47 C,D (Chinook)

Sikorsky CH-54A (Tarhe) CH-53A,D,E (Super
Stallion)

Figure 12 Today's Military Helicopters (Western World)

U.S. helicopter manufacturers expect the LHX (Light Helicopter) programme to be the

toughest challenge they have faced to date. The Army is scheduled to issue the required

operational capability (ROC) in March '85, and the service is expected to specify an

8,000 - 8,500-lb. machine that can be built in scout/attack and utility versions with a

high degree of commonality. The Army wants the scout/attack version designed as a single-

pilot helicopter. This means significant advances will have to be made in automated

controls to reduce the pilot's workload while he is performing the scout mission or

fighting air-to-ground or air-to-air engagements. The airspeed requirement could deter-

mine whether the LHX will be based on conventional rotorcraft concepts or will have to

rely on advanced concepts such as tilt-rotor or compound rotor/wing designs. A cruise

speed above 200 kt would exclude most conventional rotorcraft technology from the

competition and necessitate alternative solutions such as the tilt-rotor design used by

Bell and Boeing Vertol in the JVX programme or the counterrotating main rotor system

used in the Sikorsky advancing blade concept (ABC) helicopter (see Figure 6). But there
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1.3 Review of Main Helicopter Programmes

The following table (Figure 12) gives a survey of today's military helicopters in the

western world, arranged as to manufactures. For those familiar with the names and

military designations, it is quite obvious that rather old helicopters are still in mili-

tary operation, which must be replaced in near future.

The major activities of the past decade were the development of the UTTAS (Utility

Tactical Transport Aircraft System) with the UH60A Blackhawk (Figure 10) and the AAH

(Advanced Attack Helicopter) with the AH-64 Apache (Figure 11). In addition, several

improvement or modernization programmes and adaptions to military missions have been

completed.

A

Figure 10 UTTAS-UH-60A Blackhawk Figure 11 AAH-AH-64 Apache (Hughes)

(Sikorsky)

UTTAS and AAH reflect today's helicopter technology in their class of about 8 to 9 tons,

whereas the modern technology of light helicopters is pronounced in several helicopters

developed mainly for the civilian market, i.e. Bell 222, Sikorsky S 76, Aerospatiale

SA 360/365, Agusta A 109, MBB-KHI Bk 117.

The military market needs a new light helicopter, which cannot be based on the existing

new civilian helicopters because nowadays military and civilian missions and require-

ments are quite different. Extended and new missions will necessitate additional develop-

ment programmes. The following table (Figure 13) lists the advanced rotorcraft programmes

which already have been started or soon will start. These programmes will result in the

next generation of technologically advanced rotorcraft.
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3. CONCLUDING REMARKS

The future effectiveness of vertical lift endeavors depends heavily on the priorities

established for technology maturation in light of the potential payoffs of each. The pay-

oifs of specific research and development programmes can be rotorcraft with productivity,

cost, and dependability levels approaching conventional fixed-wing subsonic aircraft per-

formance. For different categories, the payoffs can be summarized as followsl
3:

Next Generation Helicopter

o 100% productivity improvement

- 225-250 knot speeds
- 30% range increase
- 40% fuel reduction
- 30% weight fraction reduction

o Lower external and internal n oise - community acceptance,
passenger and crew acceptance

o All-weater, zero-zero visibility operations

o "Jet smooth" vibration level

- Passenger and crew comfort
- Elimination of vibration related failure
- Longer component life

o Improved safety

- lower pilot workload
- fail safe structure

o Reduced operating cost (50%)

Large Helicopter

o 100% greater payload capability

o 5-fold increase in number of passengers

High-Speed Rotorcraft

0 100% to 200% speed and range increase
(relative to conventional helicopters)

- 400-550 knot speeds
- 600-1000 mile range
- Reasonable hover and low-speed performance.

There is good potential for decided improvements. Among the various technologies,

which apply to rotorcraft, aeromechanics plays a key role, only structures and materials

offer a competing potential for improvement. But there is no doubt, that the goals can

only be reached after considerable expenditure to research and development efforts. Special

consideration should be given to the necessary understanding of the complex rotary wing

problems and to the engineering procedures to be used for developments without to high

risk.

The effort on the advanced technologies for future rotorcraft must be aggressively

pursued now in joint programmes with industry, research laboratories and universities,

and international cooperative technology programmes should be extented. International

cooperation has always been stimulating. Strong technology transfer restrictions could

result in a technical isolation with consequences to future progress.
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This paper addresses various aspects of helicopter aerodynamics. It deals with the aerodynamics of
isolated rotors and fuselages as well as with some topics in interactional aerodynamics.

After a brief review of conventional methods, we illustrate the progress made in the last decade on
a few typical examples. We describe shortly the new theoretical and experimental approaches
presently used by helicopter designers and those which are being developed. We limit the scope of
the paper to phenomena having a significant influence on helicopter performance. We discuss
computational methods of global rotor performance prediction and show the possibilities offered by
more elaborate methods which take into account dynamic stall, three-dimensional unsteady transonic
flow and fuselage interference effects. The case of the rotor in hover is also outlined. Some
typical wind tunnel and flight test results are shown and the problems related to their analysis are
discussed. We end this section by rotor design considerations emphasizing airfoil selection criteria
and the optimization of blade planform and tip shape.

Helicopter fuselage aerodynamics will probably remain a subject of experimental investigation for
years to come because of serious modelling difficulties associated with strong three-dimensional
effects and large regions of separated flow to which the presence of the rotor hub adds further
complexity. Flight tests are not very well suited to the detailed analysis of the flow situation
and wind tunnel experimentation still remains the most appropriate and widely used method of inves-
tigation in spite of certain difficulties associated with the testing of small scale models which
are recalled in the paper. Experimental data on fuselage drag is then analyzed and the effect of
fuselage and rotor hub wake interference with the stabilizers is discussed.
As regards theoretical work, the paper describes the major computational codes developed in the last
decade. After a brief description of the different flow conditions encountered over the fuselage,
the simple potential flow pannel methods are reviewed, followed by two-dimensional boundary layer
methods which are applied along fuselage streaml'ines to the determination of the flow separation
line. We then introduce various wake models based on the vortex sheet singularity concept.
A critical analysis of the results predicted by these methods shows the necessity of using
three-dimensional boundary layer calculations and more accurate but also more complex
representations of the fuselage wake.

1.0 MAIN ROTOR AERODYNAMICS Iso-Mach lines so sweep amle lines

The main rotor is the most characteristic component
of a conventional helicopter generating the lift,
propulsive forces and control moments required in 1VkkT)J77I
hover and forward flight.
The aerodynamic operating conditions of the rotor in IV.
hover and in forward flight are very different, and
will thus be considered separately here, keeping in
mind that the design of the rotor is a compromise
between the requirements of both flight configu- a02a
rations.

In forward flight, each blade section is subjected

to: (1), sinusoidal variations of the attack
velocity normal to the blade, (2), sinusoidal va-
riations of the aerodynamic sweep angle, and (3),
cyclic variations of angle of attack*, with smaller
angles on the advancing blade and higher angles on bi
the retreating blade.
A typical example of constant Mach, sweep and angle
of attack lines is shown in figure 1. As the
helicopter airspeed increases, the dissymmetry Fig. 1. Typical iso-Mach, iso-sweep and iso-angle of
between the advancing and retreating blades also atac ines
increases. This phenomenon has several consequences:

(1), small or even negative angles of attack at the
tip of the advancing blade together with high
transonic Mach numbers, (2), very large angles of 1.1 COMPUTATIONAL METHODS
attack on the retreating blade, with low incident
Mach numbers, and (3), intermediate angles of attack
and Mach numbers giving high lift and drag on the fore The blade element theory will not be discussed in
and aft blades which provide most of the lift and detail here; a full description can be found, for
propulsive forces. example, in references ill and 12). Briefly, the
A number of non-linear unsteady problems thus arise following parameters are determined for each blade
that will be examined later in detail: (1), 3-D section: (1), the attack velocity conditions, which
transonic flows on the advancing blade, (2), dynamic depend primarily on helicopter airspeed and rotor
stall on the retreating blade, and (3), positive and RPM, and (2), the angle of attack conditions
negative sweep angles on the fore and aft blades, resulting from blade twist, collective and cyclic



pitch control settings, rotor disk incidence, blade POWERCOEF".
motion and deformations, and the induced flow field
through the rotor disk. 0.4.2a MOANEWrT

The general blade deformation equations express the 1WW MOTOR ITEST THEORY
fact that the elastic forces due to blade twist anc +tS, U Cs .
bending are balanced by the aerodynamic and inertia : -
forces acting on the blades. These equations are
defined, for example, in reference [3). 2.5

In the simple case of a rigid blade articulated about
a flapping hinge the total flapping moment of the

aerodynamic and mass forces is zero. The result is a
second-order differential equation for the flapping
motion (B) in which the right hand term represents 2.0
the moment of the aerodynamic forces integrated along X
the blade span: A =.4

I li2p(2r + Vcosa sinP)'(r - a)Cl(a)dr X

Assuming small angles, the local angle of attack (a) 1.5
can be approximated by: .050 .075 .100 CLIa

a = 00 + 0 1cos 'P + 02 sin I -(vi + r - Vsin aD)/(Qr + : *

Vcos aDsin V) .3 .4 .5 .6 CZ m
Fig. 2. Test/theory comparison of power vs. blade

The aerodynamic characteristics of the airfoils are loading for various AEROSPATIALE rotors at =0.4,
generally obtained from 2-D wind tunnel test data: from [51
Cl, Cd, Cm versus a and M. Corrections may be applied
for aerodynamic sweep, unsteady lift and tip relief %DIFFERENCEIN POWER
effects. .10 AT CLIO .Ol5CZmIn).4)

The local angle of attack also depends on the induced S!=s
velocity field (Vi) across the rotor disk which can I S
be computed from the knowledge of the rotor wake +5
geometry or approximated by applying global or local
momentum theory. 1 s,

0 ; _-.,_7AJPREOICTMO
An equally important parameter is the rotor angle of =11
attack (aD) which depends on the trim state and sore

specifically on the helicopter drag/weight ratio. -

Finally, the local section angle of attack is also
influenced by blade flapping and elastic twist. .10 .35 .40 .4 ADVANCE RATIO A

Helicopter manufacturers and research groups use
various computer codes for calculating the overall 0 M 300 331 340 SPEED km/hJ
rotor performance and loads. In the following
paragraphs, these are reviewed and the theoretical Fig. 3. Power prediction vs. test results on
predictions compared with experimental results to AEROSPATIALE rotors, from [5]
show their accuracy. We will not discuss here the im-
portant question of blade dynamics which is the
subject of another conference in this lecture series.

The same program also predicts blade flapping
behavior. The correlation with experimental results
is generally good, i.e. within ± 0.5 degrees, which

1.1.1 Simple Blade Element Theory is understandable since the 2-D steady lift coeffi-
cients (Cl) used are less subject to errors than the
related Cd values.

For routine performance calculations AEROSPATIALE
uses a program that solves the rigid blade
differential flapping equation based on the simple
rotor downwash model proposed by DREES [4], which 1.1.2 Prescribed Wake Models
provides reasonably accurate rotor performance
predictions, not only for the rotor power
requirement, but also for the blade flapping motion The rotor wake calculation may become the central
producing the rotor pitch and roll moments, part of a rotor performance prediction program. An

example is the UTRC program [6] which computes the
Figure 2 concerns three rotors tested in ONERA's S1 induced velocities from the wake positions and the
wind tunnel at MODANE, with different airfoil distri- circulation around the blades. Figure 4 outlines the
butions for which 2-D experimental data was procedure for using the UTRC code to compute a rotor
available. Rotors 7A and 7B (described in §1.3.1.) wake in a general rotor performance calculation which
were clearly found to have better efficiency than includes blade loads, stresses and vibrations.
rotor 6B. This trend was correctly predicted by
theory although the computed power requirement was in
some cases underestimated by as much as 6%.
However, in a comparative assessment of rotors 7A and ROTOR DESIGN
7B, which differed only in the airfoil sections FLIGHTCONDITION

between 0.9R and R, the computed results predicteda AIRFOILATA OTOR

slight advantage of rotor 7B over rotor 7A at high PEA01 A ENLADEO OFF
speeds, whereas in fact rotor 7A was experimentally AND BLADE ROTORCRAT VELOCITIES ROTOR
the better of the two as can be seen on figure 3. RSPONSE AND WAKE CIRCULATIONS
Although the discrepancy did not exceed 6 % power, ANALYSIS RESPONSE AAYI
this example clearly demonstrates the limits of a
method that uses only 2-D steady airfoil data. The PERFORMANCE
major obstacle concerns the drag coefficient (Cd) AIRLOADS
which is given as a function of angle of attack and VIBRATIONS

Mach number, since, as discussed in §1.1.6., 3-D STRESSES OMETRY

unsteady rotor airfoil operating conditions can
result in pressure distributions very different from Fig. 4. Schematic of rotorcraft wake analysis (UTRC
those encountered in 2-D steady flow. code), from [6]



2-3

This model has been used by SIKORSKY in a version in 01
which the wake geometry is prescribed in the form of a
skewed helicoidal sheet [7]. Each blade is
represented by a curved lifting line which coincides rr 0
with the bent quarter-chord line and the helical wake N
is modelled by discrete segmented vortex filaments. x
The comparison between computed and measured ,-

full-scale wind tunnel test results (figure 5) is cc-0.10q

interesting in that SIKORSKY attributes the > b=4 0 1

discrepancies to the fact that dynamic stall effects u . =0 2
were neglected, and to the highly simplified 0 "0.2
modelling of the tip sweep effect. In the example Z CT=0047

presented, the computed rotor power requirement is . *Tpp= 1 13'
always underestimated (sometimes by as much as 5 (). n

2 -0.3 H-34 ROTOR
L.-I n.-. ED WAKE
t -IL2 h 217221

S-0.4 . GENERALZED WAKE
- - - UNDISTORTED WAKE

-Fuk -4. MT- . _  
__S _

0 200 400 600 800 1000 1200
-42-0lb -.5 Exp.. I / :WAKE AGE, w' DEG

" - - Fig. 6. Comparison of H-34 distorted and generalized
- _ -r - ~wake geometries (UTRC code), from 18]

....... - 0-55 S.
. Q------ -A ----- SR ....... -090

MEAauLO 7551 DATA_"

00- 20o ~ .0. MT' .. ;..6...
t°O - , I i, I F 7 ! -I I- 2'

Exp.

GW- 10.300 b 14672 k - 0

I TheoryUNFR

_1 ,_ ......... .

0 20

2 
.........

Adance ,.o.-
K 30-

Fig. 5. Main rotor torque vs. advance ratio (SIKORSKY 1 uNDISTORTEO
test vs. theory), from [7]

UTRC continues to work on wake models in an effort to
synthesize their geometry, especially at low advance
ratios. Many parameters are involved: rotor lift,
attitude, blade number, aspect ratio and twist. Fi-
gure 6 shows the complexity of the distorted wake 4C DSTORTED
geometry of a four-bladed rotor at U= 0.129. Figure 7
shows the effect of different wake models on the
computed lift distribution and compares these with
measurements made some 20 years ago (9). Concerning
the rotor power predictions obtained with the UTRC
code, it is surprising to note that they are
relatively independent of the wake model used despite
the large differences between the computed lift dis-
tributions.

H34 rotor horsepower prediction (SHP)

0--

Inflow model U=.064 V= 129 =.290 30 GENERALIZED

Uniform inflow 635 468 511
Undistorted wake 681 499 543
Distorted wake 645 447 538
Generalized wake 690 468 542

The calculation of the velocities induced by a
realistic rotor wake is generally very I
time-consuming. In order to reduce computing time the 30

RAE has built a simplified wake model with vortex BLADE AZIMUTHPOSITION.0bOEG
rings placed at prescribed distances below the rotor
which seems to provide good correlation with measured Fig. 7. H-34 lift distributions at U=0.129,
blade loads [10]. test/theory comparisons, from (8]

9nunm mmmmmumm mmmnnunumnmm l ~e•m N
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1.1.3 Free Wake Models 1.1.4 Lifting Surface Models

This is the true physical problem, since no a priori A computer code using the acceleration potential
assumption is made on the wake geometry or on the tip method was developed by ONERA and applied to
vortex positions which can be of considerable impor- rotary-wing aircraft [13]. It assumes unsteady 3-D
tance in certain rotor configurations particularily linear aerodynamics but is presently only implemented
at low airspeeds. The free wake technique first for a blade lifting line and the wake is a prescribed
developed by SCULLY 1111 was used by W.JOHNSON in his helical sheet. Figure 10 shows a comparison with lo-
Comprehensive Analytical Model of Rotorcraft cal lift measurements obtained on an AEROSPATIALE
Aerodynamics and Dynamics (CAMRAD) 112). Figure 8 rotor (with rectangular blade tips) at the Modane SI
illustrates the application of this method to the wind tunnel: very satisfactory agreement is obtained
determination of the lateral flapping of rotor blades up to the blade tip regardless of the azimuthal po-
at low advance ratio. sition. ONERA is presently extending the method to

The CAMRAD code computes the wake by successive blades of arbitrary planform by implementing a

interations beginning with a "uniform" induced fting surface formulation.

velocity estimate, then a prescribed wake,
terminating with a free wake calculation as outlined
in figure 9. Although the CAMRAD code attempts a P &ThPory
comprehensive approach to the phenomena involved, it 2 Ra rd
uses a lifting line model which has definite limi- -

P  
J- d

tations near the blade tips where strong 3-D effects 
r

occur requiring a "lifting surface" approach.

02 , 0 _~.

0 EXPERIMENT
---- UNIFORM INFLOW

-- NONUNIFORM INFLOW, UNDISTORTED WAKE

NONUNIFORM INFLOW. FREE WAKE ..-

4 o

3 0 0

P

' ' P -:0855

0" "

S~ 02

0 .06 .10 .15 .20 .25

P -C -,0.952

Fig. 8. Comparison of measured and calculated model -..
rotor lateral flapping angles (CT/o0=.08, aTPP=lI),
from [12]

90 .0 2,T 3W0
Blade positme (azimuth)

TRIM

UNIFORM INFLOW Fig. 10. Blade section lift vs. azimuth (acceleration
TRIMMED SOLUTION potential code), from [131

NONUNIFORM INFLOW FLIGHT DIRECTION = -xi

PRESCRIBED WAKE GEOMETRY i \
WAKE INFLUENCE COEFFICIENTS ENDING LOCATION

TRIMMED SOLUTION
(REPEAT IF WAKE GEOMETRY CHANGES)

NONUNIFORM INFLOW

FREE WAKE GEOMETRY
WAKE INFLUENCE COEFFICIENTS
TRIMMED SOLUTION yl

(REPEAT IF WAKE GEOMETRY CHANGES)

\__ _ _STARTING LOCATION

Fig. 11. Perspective view of the wake in forward
Fig. 9. Inflow analysis in CAMRAD for trim task flight (NASA singularities code), from 114]
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NASA has developed a lifting surface unsteady vortex
panel method for an isolated blade in forward flight 1ZO.4

which takes into account the mutual interactions .12 0

between the blade and the wake [14]. Both the blade 3-MENSIONAL
and the wake are broken down into panels. Figure ii BLADE STALL
shows the inner wake distorsion and the formation of THEORY
vortex flow at the blade tip. The first application Qo0UASI-STATIC
of this lifting surface program in incompressible .08/ BLADE STALL
flow was made to study the anhedral effect of the ROTOR LIFT THEORY
blade tip. COEFFICIENT

ONERA is developing an "unsteady vortex point" CT, TEST D.A
16-FT DIAlifting surface code [15] in which vortex particles . CH-47C BLADES

are released by the blade and set in equilibrium as
soon as they leave the blade trailing edges.

0 0

0 .006 .012 .024
1.1.5 Dynamic Stall on the Retreating ROTOR EQUIVALENr DRAG COEFFICIENT - C DE/.
Blade

Dynamic stall of the retreating blade of a rotor is Fig. 13. Correlation between test data and BOEING
characterized by instantaneous airfoil lift values unsteady blade stall theory, from [211
well above those achievable in steady conditions.
Strong nose-down pitching moments generally produce
large control loads, and, because of Cm-a hysteresis,
energy may be transfered from the airstream to the
blade resulting in possible stall flutter (figure
12). P Expai a

Up to now, these configurations have mostly been W . ady ,a

studied in 2-D flow by oscillating the 
airfoil about

the pitch axis in the vicinity of the steady-state
stall angle of attack (heave motion has also been
investigated). Considerable research has been done in
this field, both in the United States (US Army RTL,
BOEING-VERTOL, UTRC) and in Europe (ONERA,
AEROSPATIALE, RAE, WHL). Many examples are presented P

in references [16] and [17]. 9 W 270 360

The problem is to introduce the unsteady airfoil data
in the rotor calculations. BOEING-VERTOL [181 and
UTRC 119] have developed methods for synthesizing the Pn b
experimental Cl and Cm values as a function of angle
of attack a and of its time derivatives a* and coo
whereas WESTLAND [20] chose to introduce a time delay
in the stall calculation. Each of these methods
improves the overall performance predictions, as
shown on figure 13 illustrating the method used by
BOEING-VERTOL [211.

,1 + IWsin 1,I.k - 0.10 4 A 360

DYNAMIC

2--- STATIC

CL/

0 Fi 270 360
0 /
/

0--

-. 3 I ,

0 10 20
AGLE OF ATTACK a. og

Fig. 12. Lift and pitching moment vs. angle of attack Fig. 14. Section lift vs. azimuth in stalled configu-
during airfoil pitch oscillations in a dynamic stall ration (test vs. ONERA code prediction), (a) 0.52R,
configuration, from [481 (b) 0.71R, (c) 0.855R, (d) 0.952R, from 1221



ONERA, has adapted its 3-D unsteady linear a) STRAIGHT TIP
aerodynamics code (1 1.1.4) to stalled airfoil confi-
gurations by defining an effective angle of attack -0.55 V 0  110r/sec R=200ms
which is the linear equivalent, in terms of lift, of
the stalled airfoil angle of attack. By also
incorporating the BOEING-VERTOL dynamic stall model,
ONERA has now a much more realistic code for heavily Cp *EXPERIMENT
loaded rotors on which retreating blade stall occurs. 1.0, CALCULATION
Figure 14 shows the good agreement between predicted
and measured local lift values on the retreating ,
blade.1 rI

These predictions should be further improved when the 05 0.95 R
BOEING-VERTOL model is replaced by ONERA's recently 1.0
developed phenomenological model of dynamic stall 0.90 R
[23,241. In this approach, the insteady aerodynamic 0.5' -09 R
forces acting on an airfoil experiencing angle of
attack variations are described by a non-linear so- 0.85 R
cond-order differential equation in which the ih= 60 i =90 1 = 120
coefficients are determined by the steady airfoil
Cl(n) and Cm(a) curves and by the analysis of a
limited number of cycles of low-amplitude sinusoidal b) 30° SWEPT TIP
pitch oscillations.

Ongoing work is now concentrated on modelling the )- 0.5  V O =105 m/s w R=210 m/s
effects of fluctuating attack velocities and 3-D flow
based on tests of a wall-mounted half-wing with posi-
tive or negative sweep in unsteady flow. These tests *EXPERIMENT
are complementary to the experimental work of UTRC on -

the effect of airfoil sweep [25]. - CALCULATO

While lift and pitching moment effects are of primary 
0.5si- . T

importance as regards blade stresses and control 
' , !,loads, the drag factor must not be neglected because

of its impact on the rotor power requirement [191. 09

0.5 0.90 R
1.1.6 Unsteady Transonic Flow on the
Advancing Blade 0.85 R

This difficult problem has been examined for more 60o  4 =900 =1200
than a decade by US Army RTL, ONERA, NASA, RAE and
MBB. Since transonic flow primarily concerns the Fig. 15. Pressure distribution on non-lifting rotor
blade tips, it can only be correctly analyzed with a blade tips, from [281
3-D approach.

Until now, only the transonic small perturbation
equation or the full potential equation have been
used. While RAE [261 and NASA [271 initially studied 0.5 /R 0.85 0.9 09 95
a quasi-steady solution of the full potential -C o
equation (with the blade "frozen" in a given 0
azimuthal position), US Army RTL and ONERA chose an
unsteady solution of the transonic small perturbation
equation. Figure 15 shows that in the simple case of --
a non-lifting rotor, the unsteady effect produced b~ 0s
the rising incident Mach number before the 90 -
azimuth position tends to delay the onset of shock
waves, while, beyond the 900 azimuth, the decreasing

Mach number is responsible for the appearance of _o
strong shock waves on both rectangular and sweptback as
blade tips (which have an adverse effect on drag).

The first computer code developed jointly by US Army
RTL and ONERA for an arbitrary blade geometry on a 1.5
non-lifting rotor [281 was first adapted to lifting C9
rotors [291, then extended to the calculation of the
flow over the entire advancing blade sector (it was
previously limited to the 900 azimuth position) [30]. 0.

In this calculation the rotor control positions and 0
the blade flapping motion are prescribed and the sim-
ple DREES rotor Inflow model is used. This latest

ONERA test results on straight and sweptback blade 1. "500
tips defined by RAE and ONERA.

Figure 16 shows an example of very good agreement t P7 C.- .

tributions on rectangular blades at three sections 0..
(0.85 R, 0.9 R and 0.95 R). The blades, with an as- - - "
pect ratio of 7:1, were rigid enough to prevent
significant deformation. cF/o0075 V.-1m/ w,,-210ms

However a true prediction code should also compute
the control positions corresponding to a given flight cokukdo" Ex t
configuration, A decisive step in this direction can - UDpIrafCe
be achieved by matching a standard rotor code such as - Lowevrufax e
described in 5.1.3. with a program giving a detailed
description of the flow over the blades. This has Fig. 16. Experimental and computed pressure distribu-
recently been attempted by NASA and US Army RTL [31], tions on rectangular blade tips, (ONERA TSP code),
with an iterative procedure combining the CAMRAD code from [301
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(§ 1.1.3. and [321) with a finite difference solution
of the unsteady transonic small perturbation equation
[291. The matching method involves a transfer of [ mL I v',
lift, induced velocity and blade motion data between " o.,w-o.
the two codes as illustrated in figure 17 from [31].
This amounts to replacing the standard 2-D airfoil i
data in the CAMRAD code by the local lift values
determined from the unsteady 3-D flow calculation.
Although the first configuration analyzed by this
method concerned rectangular blades and was not very
severe, some differences in the local lift values are
already apparent and the calculated pressure distri-
butions at r/R=0.95 are in relatively good agreement
with the experimental data (figure 18). It would have -",
been interesting to have some idea of the
corresponding 2-D pressure distributions in order to
appreciate wether or not the airfoil drag was liable
to differ significantly from the 2-D value imposed in -,
the CAMRAD calculation. -_

Rotor blade boundary layer integral methods have been -,
developed by the DERAT in France [33]. The weak
viscous-inviscid fluid coupling technique tested by a
ONERA gives a good physical representation of the
viscous effects that can be expected in transonic .

flows (reference [30]). Unfortunately, it is not yet
possible to make correct estimations of the .,1 ,..
aerodynamic drag of helicopter blades. •

The need for specific drag calculations in 3-D
unsteady flow is illustrated on figure 19 which shows -,

pressure distributions at P=60o and 1200 computed i
with the ONERA Transonic Small Perturbations Code "
[30]. Although the local lift values are very close
for both azimuths, the corresponding chordwise :es-
sure distributions are very different in spite of the
fact that the local normal Mach number and angle of
attack (10 in this case) are the same. It is sure that 1 3335., , 3 ,,A 3 3 S 1 ,,0
the drag and pitching moment of the three sections W.

shown here will be very different at 0=60* and P=120*
and probably also quite different from the steady 2-D Fig. 18. CAMRAD-FDR computed pressure distribution
value at the same normal Mach number and Cl. vs. test results, from [311

Even if 3-D rotor codes are presently incapable of
ccrrectly predicting the rotor torque they
nevertheless offer a good description of the flow
over the blade tips and give an indication of the
potential hazards of using a particular blade shape
(see (5,30,341 for example). Figure 20 shows how a
sweptback parabolic tip designed by ONERA attenuates
the maximum local Mach number in the advancing blade
sector thereby reducing the rotor power requirement
and the noise generated as verified by flight tests
performed on the AS 365N. -Cp Y = 60',I-\ Y =120"

FINITE DIFFERENCE /
SoLUTION REGION
(FOR)

INTEGRAL METHOD
SOLUTION REGION -CP

PARTIAL INFLOW (CAMRAD)REOUIRED PARTIAL LOADS°.r/..

0 ./c

-Cp
I r/R.,9

0,5

Fig. 17. Matching of integral and differential rotor Fig. 19. Computed pressure distributions (ONERA TSP
flow methods, from [31J code, p=0.4, MQR=0.64, m=1

°
)
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Fig. 20. Computed maximum local Mach numbers for '-6 / 0.25< 0.35
rectangular blade tip and parabolic sweptback tip
(ONERA code), from [35] 0.45

Fig. 22. Effect of advance ratio on model blade
elastic twist at 0.97R, from [51]

1.1.7 Blade Deformations
1.1.8 Fuselage Interaction Phenomena

The more flexible the blades, the greater the
deformations due to aerodynamic and inertia forces Up to now we have only delt with the isolated rotor.
which have to be taken into account in the calcu- The proximity of the fuselage introduces mutual
lation of the airfoil operating conditions. BELL has interference effects which cannot always be
used the C81 program (Rotorcraft Flight Simulation neglected. The rotor wake interacts not only with
Program [36]) to study the influence on the computed the fuselage, but also with the aircraft tail section
rotor power of various torsion, flapping and lead-lag (stabilizer, tail fin, tail rotor). These problems
bending modes. Figure 21 shows clearly that elastic will be considered in chapter 2; the following dis-
twist has the largest influence on the final result cussion will cover only the interference created by
probably because this mode produces a direct change the fuselage on the main rotor.
in the blade element angle of attack. The figure also
indicates that the power reduction due to the Figure 23 shows that the fuselage flow field creates
torsional deformations is offset by the flapwise and upwash in the front portion of the rotor disk and
chordwise motions. It is therefore necessary to downwash at the rear and that these perturbations get
include at least the first three coupled stronger as the rotor is moved closer to the
torsion-bending modes in the calculation. We may also fuselage. They were computed by MBB for an isolated
be tempted to conclude that the rigid blade fuselage with a panel method. The effect of the
assumption gives satisfactory results but it is most fuselage is to increase the blade angle of attack
likely that this would turn out to be wrong at higher significantly at 0=180, and to reduce it at i=0

°

speeds or with "softer" blades than those of the BHT (figure 24). The largest variation occurs at
model 212 used in the case presented here. The mid-span, in the forward blade position, where the
modelling of at least the first torsion and flapping local lift may be as much as 50% above the isolated
modes is certainly a necessity when dealing with rotor level.
modern rotor blades especially when these are fitted
with swept tips. Another example of the importance Similar studies conducted by RAE [39] have shown that
of the elastic blade deformations can be found on fi- the fuselage interaction, which modifies the
gure 22 which shows the effect of advance ratio on the azimuthal variation of blade lift (and consequently
blade torsional motion. It is clear that such elastic the blade bending and torsion moments) and the rotor
twist effects (particularly in the advancing blade torque, also changes the vibratory forces and moments
sector) have to be modelled in order to make a valid acting on the rotor hub and thus the aircraft vi-
prediction of the rotor loads. bration level.



1.1.9 The Rotor in Hover Flight

This configuration is critical, since it often
determines the rotor and overall aircraft desigr.. It
is characterized by a very complex wake geometry as
indicated on figure 25.

025025 Modelling the wake, and especially the tip vortex,
.0 has long been and still remains a major problem.
I_.11 Prescribed wake techniques are still in wide use: the
238 wake geometry is given by more or less empirical

rules based on a large body of experimental data such
as gathered by UTRC (421 and BELL J43] for example.

.OWN~M9 The tip vortex trajectories depend on the rotorthrust, but also on the number of blades, their twist

-0175 0" 7 and aspect ratio. The prescribed wake technique was
-1-.7 /075 further improved by attempts to correlate the wake

geometry with the circulation distribution as in
SIKORSKY's Circulation Coupled Hover Analysis Program
(CCHAP) [6]. It has been shown for example that the

hM .075 125 .175 tip vortex trajectory was directly related to the
maximum blade circulation value. This has made it

Fig, 23. Fuselage induced flow field in rotor plane possible to extend the validity of the prescribed

(MBB calculation), from [381 wake approach to rotors with non rectangular blades
(e.g. trapezoidal blades as shown in figure 26.

NASA has undertaken a systematic experimental and
theoretical study of the aerodynamic interaction
between the rotor and fuselage [401 which revealed
that the rotor equivalent lift/drag ratio, which isr
generally lower for the rotor-fuselage combination
than for the isolated rotor, could be improved if the
rotor was correctly positioned relative to the
fuselage. There is matter here for further investi-
gation on the optimization of the rotor position so
that performance improvements obtained on the
isolated rotor remain perceptible in presence of the
fuselage. TI

Finally, we should mention the efforts made by &MI
(41) to achieve full coupling between the rotor and a
realistic helicopter fuselage as shown in figure 86
(§2.2.2.3). Although the rotor in this case is
treated as a lifting disk with a time-averaged wake,
an attempt is made to compute the rotor wake
distortions in the presence of the fuselage.

tOtA& AMf OF ATtAO0
STALL 1' 10.9)

gin Fig. 25. Schematic of hovering rotor wake structure
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Fig. 24. Effect of fuselage flow on local angle of Fig. 26. Correlation of CCHAP with test data on a
attack and lift at 150 knots, from [38] model rotor with tapered blades, from [6]



}i,(. , a rr rig ,rous appro~i(h, d-piLte the longer As reported in [.8] Dr. TUNG of US Army il, h rs ra!e
compute r time required, can only be obtained by an interesting review of several computational codes
calculating the complete or partial wake equilibrium (figure 29) which were applied to a rotor with low as-
under the influence of the rotor-induced velocities. pect ratio blades (X=6) for which measurements were
With regard to the blade itself, either a lifting available both on the blades and in the wake [49]. It
line theory, as used by AEROSPATIALE [44] or NASA can be seen that satisfactory agreement between
1121, or a lifting surface theory, as chosen by BELL computed and experimental results was obtained only
[43] r AMI [45,46], may be adopted. by combining a lifting surface approach with a free

wake model for which the equilibrium position was
Moreover the prescribed wake approximation is often also in agreement with the experimental data.
the first step in a free wake calculation. For a However, Dr. TUNG indicates that a similar agreement
non-rectangular blade such as the one proposed by could not be achieved in the case of a rotor with
BINGHAM in [47] (trapezoidal with a 1:3 taper ratio highly non-linear blade twist.
initiated at 0.5R), calculations made by SUMMA of AMI
[46] show that the tip vortex trajectory is very .5 0 EXPERIMENTCT/oO..048
different from the one given by the LANDGREBE and _
KOCUREK formulas (figure 27). The distribution of - - CALCULATIONS.
circulation along the blade is very sensitive to the PRESCRIBED WAKE; CT/ 0.050
wake and tip vortex positions as can be seen on figure .4 - CALCULATIONS.
28, and, for a given collective pitch setting, EXP.-WAKE;CT--0.057
convergence is not obtained for the same value of
rotor lift (the discrepancy exceeds 10% in this
case). .3
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4 .E.') . 5 Fig. 29. Spanwise lift distributions in hover (US
0.75 1-'- 2 Army computation, 1=6, 6=80, (a) lifting-line code,

0 100 200 300 400 *¥500 600 700 (b) lifting-surface code), from [48]
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Fig. 27. Comparison of prescribed and relaxed tip One of the remaining unsolved problems concerns the
vortex geometries on the BINGHAM rotor (AMI code, (a) atl o rmain o h io re on theaxial, (b) radial coordinates), from [46] actual formation of the tip vortex on the blade and

o fthe roll-up of the vortex sheet released at the blade

trailing edge. Figure 30 shows the techniques used by
AMI [46] in two of their programs. ONERA is presently

0.175 1 developing and validating an "unsteady vortex point'

method [15] based on the resolution of HELMHOLTZ's
PE CRIED - vortex equation which ensures that the vortices

015~0 M., ,-,,. naturally reach their equilibrium positions after

they leave the edge of the blade.
0.12 7- The wake geometry determines the velocity field

" [through the rotor disk and consequently the local an-
e 0.100- gle of attack, the aerodynamic lift and the
* / _associated drag. It should be borne in mind that

0 .07S /_ __approximately 2/3 of the rotor power required in
It.07 S hover is due to the rotor downwash while the

remaining 1/3 is necessary to overcome the profile
0.050 drag. The local lift and drag forces are generally

obtained from 2-D airfoil data. Even if this problemFIXED , 75 o .9 appears less critical than in forward flight,
0.025 progress could be achieved by associating the rotor

0.0 0.2 0.4 y 0.6 08 1.0 downwash calculation (using one of the singularity
methods mentioned earlier) with a more detailed blade

Fig. 28. Prescribed and final relaxed wake circu- pressure distribution calculation. This has already
lation on the BINGHAM rotor (AMI code), from [46] been attempted by US Army RTL and ONERA [29] by
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combining an AM1 "Hover" code with a "Transonic Small Figure 31 illustrates the problem of premature
Perturbations" code, giving encouraging results with airfoil stall at low Reynolds numbers. At 1:5 scale
regard to experimental data. This technique seems to the performance of the rotor with tapered blades
be necessary when dealing with highly loaded rotor drops off at high lift when compared to the rotor with
configurations in which transonic flows are liable to rectangular blades, whereas no such difference is
be present over the blade tip airfoil sections. In noted in the full scale tests. In addition, the per-
this respect ONERA has recently developed a full formance characteristics measured on the 1:5 scale
potential code to replace the transonic small pertur- model are appreciably lower than those measured at
bations code which has definite limitations at high full scale (the figure of merit is decreased by about
lift. 0.08). The reason for this is the increase of airfoil

drag at low Reynolds numbers.

a)
Z OUTER TIP SHEET .76 1/5 SCALE MODEL

WIND TUNNEL TEST

.72

.68 TAPERED
X SQUARE
I.64

X = .60

.56 ' '
FORMED TIP VORTEX .004 .006 .008 .010 .012

b) THRUST COEFFICIENT, CT

FULL SCALE
WHIRL TOWER TEST

.76 TAPERED

.72 /

.68 - SQUARE

o .64i

.60

Fig. 30. AMI models of tip wake geometry (a) Hover co-
de, (b) Rotair code, from [46] .56 * I

.04 .006 .008 .010 .012
THRUST COEFFICIENT, CT

1.2 EXPERIMENTAL METHODS Fig. 31. YLH-61A model and full-scale rotor perfor-
mance in hover with rectangular and tapered blade
tips, from [51)

It has been shown that numerical methods are still
far from being capable of accurate rotor performance
predictions and that testing remains necessary to
define the limits of a new theoretical approach or to
check the validity of a new concept. BOEING-VERTOL [511 has developed a technique for

estimating the performance of a full size rotor from
scale model tests based on studies of the effect of

1.2.1 Wind Tunnel Tests Reynolds number on steady and unsteady airfoil data.
This method allows BOEING-VERTOL to show satisfactory
correlation between corrected wind tunnel data and

Wind tunnel tests have the advantage of allowing flight test results for the CII-47D rotor both in
accurate measurements under controlled conditions, hover and forward flight, as shown on figure 32.
but are generally limited to reduced scale models,
with the notable exception of NASA's Ames facility The difficulty of making such comparisons should not
which is capable of full scale rotor tests, be underestimated. It is not easy to determine

accurately the rotor lift in forward flight because
The subject of wind tunnel testing has been of fuselage and stabilizer download; similarly, the
thoroughlX covered by F. HARRIS in the AGARD Lecture rotor propulsion force is difficult to evaluate since
Series N 63 [501, and only a few topics where the exact aircraft drag can only be estimated. A
progress has been made will be considered here. recent study made by SIKORSKY [7] is interesting in

this respect since it shows a comparison of S76
flight test data with 1:5 scale model test results of

1.2.1.1 Rotor Performance Estimates based the complete helicopter and with full scale isolated
on Scale Model Tests rotor tests made in the AMES wind tunnel. Figure 33

compares the rotor performance of the three configu-
At reduced scale, the Reynolds number is generally rations and shows once again that the uncorrected
lower than for the full scale rotor even when Mach small scale rotor leeds to pessimistic estimates of
number and advance ratio similarity is observed, the full scale rotor performance.



NeverthelIess , modelI rot or tests are use full1 when
.80 omparing different rotor geometries, at least fur

.0- CH-47D ROTOR standard configurations, and when validating
M TIP = .63 theoretical methods which take into account Reynolds

number effects. Sc.ale models are also much less
.76 -ESTIMATED FULL SCALE FROM expensive to build, and can be tested in configu-

SMODEL SCALE DATA rations that would not ordinarily be possible in
(DASED LNE)flight (e.g. at very high speeds) or that would

.2 .72 - DSE IE involve unacceptanle risks. For example,
WHIRL TOWER BOEING-VERTnL recently tested a series of 7 different

blades (figire 34) on three and four bladed rotors
.68 /measuring 101.1 feet in diameter at airspeeds uip to

230 knots. A systematic investigation of the effect
MODEL of new airfoils, blade plantorm arid aspect ratio on

~ .64rotor performance was made and th.; results published
* in 152). Figure 35 shows the influence of blade shape
I on rotor efficiency in forward flight. A trapezoidal

tip with a 1:3 taper ratio initiated beyond 0.9R was
. 60 found optimal (and in hover as well). The extrapo-I lation of these results to a full scale rotor using

.56 the technique presented in 1511 comfirms the
.56 advantages of this geometry as shown in figure 36.

.006 .008 .010 .012 .014 The BOEING-VERTOL, B-65 code described in 154] appears
THRUT COFFICENTto predict these experimental results correctly both

TRSCOFIINCT for the rectangular and the trapezoidal blade tips.
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Fig. 32. CII-47D full scale performance estimation ; APEE TIP
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Fig. 34. Blade configurations tested by
BOF.ING-VERTO., from [52]
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The fuselage afterbody is thus surrounded by a One solution for reducing rotor head drag is
complex flow system which can undergo complete trans- therefore to design a more compact hub. The size
formations accompanied by large variations of drag in reduction is directly favorable and, in addition, a
response to small changes of angle of attack, smaller hub will certainly he less permeable. But
Unfortunately, as will be discussed later, analytical this is not primarily an aerodynamic problem so much
methods are presently unable to deal with separated as a technological one.
flow and experimental methods will no doubt continue
for a long time to be the basic tool used in the Another possible solution is to design a fairing
evaluation of fuselage drag especially when around an existing hub to reduce its drag coefficient
operational requirements impose unfavourable rather than its physical size. Numerous hub fairings
geometric constraints on the afterbody (strong have been tested in wind tunnels, and oc.casionally in
contraction or camber). In order to obtain valid drag flight. Some were efficient [107,121], while othrs
predictions for preliminary design at the project proved disappointing (122] A rotor hub iir ig
stage, wind tunnel parametric data sheets such a:- implies a larger cross section, which, in som !ses,
those repoited in [106,115] are extremely valuable. can offset the gain due to streamlining. To avoid

this problem the rotor head should be designed to
match the fairing rather than attempting to improve

Rotor Head Drag an existing unfaired design. Another difficulty has
been raised in [109,137]: the fairings tested were

Like the afterbody section, the rotor head is a found to increase drag until they were made airtight

problem area for the aerodynamicists. It generally thereby suppressing internal airflows which are

accounts for 20 to 30 of the total drag 1138] but, detrimental to drag. Today this is acknowledged as a
in the case of a streamlined fuselage with'no similar prerequisite to the effectiveness of a fairing, but
improvement of the rotor head, this proportion may airtightness is difficult to achieve because of the
rise to 50% [118]. Clearly, a substantial amount of large cut-outs and seals necessary for the passage of
work remains to be done here as well. the blade shanks throughout their travel ranges. Fi-

gure 74 from [120] shows an attractive solution in

It was mentioned earlier that rotor head drag which the fairing is an integral stressed component
measurements were difficult, and apparently sensitive of the hub rather than a simple adjunct. The claimed
to the effect of Reynolds number. The problem of the hub drag (0.15 m' for a helicopter weighing over 7
representation at small scale of rotor head models tons) is far below the usual values.
was also noted. Comparisons of wind tunnel data of
rotor heads tested under different conditions must Despite some interesting possibilities, hub fairings
therefore be made with caution, especially since it are nevertheless seldom installed on production
is difficult to isolate completely the rotor head helicopters; the most important obstacles concern

from the fuselage: the rotor head drag may double aircraft maintenance and servicing rather than

depending on whether it is measured alone or whether aerodynamics.

it is measured in the presence of the fuselage (or at
least of the rotor mast fairing) 1138,119]. It is not
an easy matter to decide where the rotor head CENTRAL HUB
actually ends. On the HPER [991 the forces and mo-
ments are measured on the rotor head, as well as on NEGATIVE LIFT BEARING PITCH ARM
the rotor mast fairing, as the final objective is to
reduce the overall drag and not simply the drag of one GIMBAL BEARINGBA
component at the expense of the other. Similarly, SPRING CLAMP
drag must be measured without the rotor blades. But
w h e r e i s t h e d i v i d i n g l i n e b e t w e e n t h e h u b a n d t h e G I B
blades? The blade neck is generally included in wind
tunnel tests on small models, thereby significantly
increasing the drag of the rotor head alone [104] On _

full scale models however the blades are removed
[95,100] and the rotor head extends only as far as the CONTROL ROD- GIMBAL FLEX BEAMhub shanks. SPRING

SHAFT ADAPTER-

Another problem is that all rotor heads are not
alike. A distinction has long been made between
articulated and rigid hubs, the geometry of the for- Fig. 74. Low drag hub with stressed fairing, from
mer being more complex and the drag higher than for [120]
the latter. Faired hubs could also be distinguished
from unfaired hubs. Today, however, new concepts are
being considered with entirely new geometries (120]
for which available wind tunnel test results can only
be extrapolated with extreme caution. For example
[961 illustrates the general trend of rotor head drag 2.1.3.2 Fuselage an Rotor Head Wake

to rise with aircraft weight. In [120), the highest Interaction Effects
and lowest drag values of the hubs tested differed by
as much as a factor of 5. The statistical trend is Interactional aerodynamics covers an important area
thus insufficient and carefull attention must be of helicopter aerodynamics [108] dealing with the
given to the rotor head design. It is thus difficult complex interactions between main rotor, tail rotor

to provide general results for rotor head drag, and and fuselage airflows sometimes involving ground

virtually every new hub design requires a new drag effect. The following discussion will be limited to a
study. description of the fuselage and rotor head wake

effects on the tail fin and horizontal stabilizer
Nevertheless, it is an accepted fact that for a given which can lead to two types of problems:

type of hub the drag increases with the hub size
[96,109,1191. However, carefull consideration should
be given to the definition of the reference area used Fuselage static instability due to a loss of
to measure the hub size; there is no precise and aerodynamic efficiency of the tail surfaces
universal definition of the frontal area of n rotor operating in the wake generated by the fuselage
head. Some authors [95,96] consider the cross and rotor head
sectional area of the volume of revolution generated
by the rotating head which exagerates the importance
of the pitch-control rods and increases the reference Tail shake, a dynamic flow instability
area. Others, [109], use the maximum projected area characterized by the onset of intermittent
of the stationary rotor head, which gives a much low-frequency vibrations of the tail structure
smaller reference area and therefore higher drag co- (tail boom, fin or stabilizer).
efficlents. It would certainly be useful if the rotor
head drag data could be referenced to both areas,
since the permeability of the rotor head cruld then Fuselage static instability and tail shake are the
be taken into account (the presence of "holes" is static and dynamic effects of the interactions
generally detrimental from the standpoint of drag). considered here.



The fuselage afterbody has thus a critical effect on
drag. However operational requirements (such as the
requirement for a rear door) may impose a significant
contraction or camber of the rear section despite the

06 00 LATERAL drag penalt y. Recent a ttempts to measure the influen-
CO.NTRACTION ce of the fuselage afterbody shape on drag and to

RATIO describe the physical phenomena involved can be found

Z SYMBOL AR AF kxy/D* in [106,152,115,116].
0 SEDDON in [1151 has revealed the existence of two ty-
o V CH-47 0 pes of flow conditions depending on the value of the

angle of attack and the inclination of the afterbodyCH-47 MOD. 1.3 axis. Figure 73 plots the fuselage drag versus the

0 BO-105 0.7 angle of attack, As the negative (nose-down) angle of
Battack increases to a critical value (a=-9' on figure

08 0 BO-105 1.07 73) the drag suddenly increases and the nature of the
MOD flow changes, as shown by visualisation tests with

0 0 L U-1 2. 1 wool tufts and pressure measurements on the fuselageU-61afterbody. Below this critical angle, the flow
pattern is the classical flow which can be observed

.O4 - behind bluff bodies with a steady wake (eddy flow).
When the critical angle of attack is reached, two
vortices appear on either side of the fuselage

0 resembling those generated by a low aspect ratio
.lifting wing (vortex flow).

.8 1.2 1.6 2.0 2.4

AFTERBODY CONTRACTION RATIO, Exz/D*
DRAG INCLUSIVE OF

*EQU IVALENT MODEL SUPPORT:DC
BASED ON BODY

Fig. 71. Fuselage drag trend with afterbody contrac- 2.0- CROSS-SECTION
tion, from [Ill]

SVOURTEX FLOW 1.0

Figure 72 shows the effect of another parameter which FT
2

is characteristic of the shape of the aft fuselage: MODEL
the camber. AL zero angle of attack, a highly SCALE) cD
cambered afterbody does not incur a large drag EDDY FLOW
penalty over a symmetrica (uncambered) section but 1.0t oHYSTERESISthe two shapes behave very differently with regard to (L LOOP 0.

angle of attack. -A-_
At angles corresponding to cruising flight (am-5*)
the drag of the fuselage with the symmetrical BASIC MODEL
afterbody changes very little, while a considerable B2SIC0O0E1
increase is observed on the fuselage with a cambered 20 -10 0 10
afterbody. Wind tunnel tests made by AEROSPATIALE ANGLE OF INCIDENCE a (DEG)
confirmed this trend and indicated that a fuselage
with a highly cambered afterbody and a stron§ Fig. 73. Eddy flow/vortex flow transition: effect on
cross-sectional area contraction, could have, at -5 fuselage ddy from [115 l
angle of attack, approximately twice the drag it had ge drag, fro
at zero incidence.

30 The critical angle of attack value depends on the in-
clination 0 of the afterbody axis which allows SEDDON

/ to plot a boundary in the (a, 0) plane separating the
/6 region of eddy flow from the region of vortex flow.

/ A similar flow transition has also been noted at the
E-4 0 20rear of automobiles in [117] for example. In this ca-

0se the incidence remains zero, and the inclination 0
of the rear face is varied. When 0 rises up to about

DR 300 vortex flow conditions prevail and the drag
0 progressively increases. The transition to eddy flow

-r occurs betwen 300 and 350, and the drag stabilizes at
an intermediate level between the drag at very low 0

CRUISE -a and the maximum drag.

- 4In 11161, SEDDON suggest- a number of solutions to

FUSELAGE ANGLE reduce fuselage drag by fo A:ng the flow to remain an

// OF ATTACK - DEG eddy flow down to larger negative angles of attack.
The addition of a spoiler delays the transition from
eddy to vortex flow from 40 to -10* angle of attack,

-10 thus allowing considerable drag reductions at cruise
SYMMETRIC attitudes. This result corresponds to the measuredAFTERBODY influence of the spoiler installed on the BO 105 in

1111]. But perhaps the most promising solution is to
add a row of small deflectors on each side of the
afterbody, thereby completely preventing any transi-

LF tion to vortex flow throughout the angle of attack
LIFT/ I I- range (- 150 to + 10'). This solution makes it possi-

ble to design an afterbody section capable of
-30 accommodating a rear loading door without incurring

the severe drag penalty due to the flow transition.
CAMBERED
AFTERBODY Vortical flow was also observed in [1521 whizh re-

-40 (CH-47) ports on flow measurements in the wake of a fuselage
with an afterbody having a high inclination angle
(0=41*). Two large counter-rotating vortices with

Fig. 72. Effect of afterbody camber on fuselage lift longitudinal axes were identified, similar to those
and drag, from [111] described in 11151.
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Another related problem concerns the airtightness of * a 1:3.2 scale model of the rotor head for rotor
the model. Any slit that allows air to pass through head drag reduction and cowling surface pressure
will increase the drag, both on the aircraft and on measurements.
the model. The drag penalty depends on the leakage
flowrate of the model which must therefore be
determined. If it cannot be measured it is Most of the problems liable to arise in flight are
preferable to use an airtight model and to correct thus first analyzed in the wind tunnel to avoid
the results according to an estimation of the leakage major, and extremely expensive, design changes during
flowrates on the full scale aircraft rather than to the development phase. As wind tunnel tests become
measure drag with an unknown flowrate. Care is thus more frequent they are also becoming increasingly
required to prevent any spurious leakage of the model complex. After global measurements of aerodynamic
by making it airtight. forces and moments acting on the fuselage with a
The drag due to gaps between the cowlings and to 6-component balance, the models were progressively
protruding elements (antennas, lights, etc.) was
measured at full scale in [95] and was found to equipped with multiple balances (3 in [107], 5 in
represent between 9 % and 13 % of the total fuselage [108]) to weigh different aircraft components
drag depending on the configuration tested, separately (main rotor, fuselage, tail surfaces, tail

rotor). A more detailed description of the airflow
is obtained by measuring fuselage surface pressures

2.1.2.5 Problems Specific to the Rotor and the velocity field near the aircraft. Not only
Head average values are measured but also unsteady

components 1108,109,152,1661

The rotor head plays a major role in the aerodynamics
of the helicopter. It makes a large contribution to An effort is also made to model the helicopter as
the total aircraft parasite drag and appears to be accurately and completely as possible. The main and
more sensitive to the effects of Mach and Reynolds tail rotors are added to the fuselage, the engine
number than the fuselage, as noted earlier. It was airflow is simulated by installing small fans inside
also stated that the rotor head geometry was the model, and the engine and MGB oil cooling airflow
difficult to represent exactly at model scale, and can also be.represented in the same way.
that these errors could lead to inaccurate drag esti-
mations (§2.1.2.1). Fortunately, the other parameters The purpose of this review is not to cover the wide
seem to have little effect on the results, and it is range of wind tunnel tests in detail, and in fact this
correct to assume that rotor head drag is not would be a difficult undertaking since many tests are
significantly altered by the fuselage angle of attack conducted for design or development purposes and are
and sideslip or by the rotation speed of the hub (see not available for publication. The following sections
for example [96,99,104,105,1061 for more details), will be devoted to an examination of general results
The fact that rotor head drag is relatively obtained in the two major areas of fuselage
independent of the fuselage angle of attack and aerodynamics namely drag and interactions.
sideslip (as long as these are kept small i.e. within
±80) is due to the airflow in the vicinity of the
rotor head which is deflected by the fuselage so that 2.1.3.1 Fuselage Drag
the local angle of attack changes very little with
the upstream flow conditions. Reference [105] shows The first helicopter studies on fuselage streamlining
that this is true only as long as the main rotor shaft were confronted with a new problem. Little attention
tilt angle with respect to the fuselage remains small had been given to the subject, since the traditional
(within ±50), which is the case for existing problems of vibration, stability and hover performan-
helicopters. ce specific of the helicopter had mobilized all the

engineering resources. The consequence of this lack
The independence of drag with respect to the of attention was a very high level of parasite drag
rotational speed of the head is commonly accepted and and prospects of spectacular drag reductions; in
allows wind tunnel tests to be coniucted at any rota- [110] estimated that the equivalent flat plate drag
tion speed or even with the rotor head at rest. SHEEHY area of a particular landing gear design could be
in [96] restricts this statement to unfaired rotor reduced by as much as 20 ft

2 
which represents about

heads, because test results presented in [93] seemed twice the total drag of a modern 4-ton helicopter.
to indicate an increase of the drag of faired rotor The situation has changed today, and the gains that
heads with increased rotational speed (however this can be expected are neither as significant nor as
result was not consistent throughout the Mach number easy to obtain. Nevertheless the rising fuel costs
range covered and no definite conclusions can be since the first oil crisis in 1973 has prompted
drawn). Conversely, reference [105] showed that the helicopter manufacturers to give very serious atten-
aerodynamic coefficients of several faired rotor tion to parasite drag and to the means of reducing
heads were practically independent of their speed of operating cost [111,112,113]. This has led to the
rotation when the blade shanks were not represented. establishment of an inventory of the available
When the shanks were included, the aerodynamic coef- helicopter drag data. Reference [111], in
ficients plotted versus the advance ratio pH particular, lists the points requiring special atten-
(relative to the rotor head radius) varied at low pH tion in order to ensure reasonable drag levels. Two
but reached an asymptotic value before UH=5. However of these points may be considere . critical, in that a
the blade shanks tested were in fact airfoil poor design can result in a catastrophic drag level:
sections, i.e. highly streamlined, and not they are (1), the shape of the fuselage afterbody,
representative of existing designs. and (2), the rotor head design.

Fuselage Afterbody Drag

2.1.3 Test results This is the portion of the fuselage where flow
separation is liable to occur producing a large
increase of pressure drag [114). The sharper the

The first helicopters were flown without prior wind contraction, the stronger the adverse pressure
tunnel testing of the fuselage, but today several gradients in the boundary layer at the rear of the
wind tunnel test campaigns are conducted on different fuselage causing the flow separation line to move
models before the aircraft is built. For example, upstream. In [95] it is shown how a minor modifica-
four models were used in designing the EH 101 [106]: tion of the shape of the aft fuselage involving a more

gradual cross-sectional area contraction can produce
a significant drag reduction.

" a 1:7 scale model for the design of the cowlings, Figure 71 shows the influence of the afterbody
rotor head, radome and sponsons, to evaluate contraction ratio on fuselage drag. Since the drag
aircraft stability and for streamlining coefficient of an aerodynamically 'clean" helicopter

fuselage (relative to its frontal area) is of the
" a 1:4.5 scale model for air intake testing order of 0.1, it can be seen that a very sudden

contraction can double the drag of the bare fuselage.
• a 1:12.5 scale r.odel complete with rotor for In [1061, various fuselage models were tested with

studying air recirculation flows, longitudinal different afterbody longitudinal but also lateral
and lateral stability, drag breakdown, fuselage contraction ratios. It was observed that both types
surface pressure measurements and rotor/fuselage of contraction produced similar drag increases, which
interactions is in agreement with [102].
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2.1.2.2 Wind Tunnel Wall and Airstream 2.1.2.4 Fuselage Modelling Errors
Blockage Corrections

When a helicopter is represented by a small scale
Reference [98] reviews the corrections required. In model, two types of errors are introduced relative to
fuselage aerodynamics, when the rotor is not the full scale aircraft geometry:
represented only the blocking effect must be
considered. In the AEROSPATIALE Marigane wind tunnel
(0=3m test section), the model scale is chosen so as * intentional errors which are conciously
to enable the fuselage to be tested with the rotor introduced in order to simplify the construction
(0=l.5m); the fuselage dimensions are therefore small of the model; details such as rivet heads, skin
compared to those of the tunnel with a cross panel junctions gaps between cowlings etc.
sectional area ratio of the order of 1:100. The panel junctions, a t cln, e
blocking effect is minimal, and only minor correc-
tions are required. omited. A "clean" model is therefore tested, and

drag corrections are introduced based on
If now a portion of the helicopter is to be experimental results such as those of [101.
represented at large scale and the model occupies a These "details" can account for a significant
significant fraction of the test section, then the fraction of the drag: 14% of the total drag
airflow blockage effects cannot be neglected. according to the estimation made in [102]
References [97,991 report on tests of a 8:10 scale
model of a rotor head made on the Hub Pylon Evaluation
Rig (HPER) which is a mockup of the upper fuselage . unintentional errors arising from inaccuracies in
designed to measure the forces acting on the rotor building the model: care is obviously taken to
head and pylon fairing. In this case the model minimize these errors by tightening the
occupied 10% of the test section. A comparison manufacturing tolerances.
betwe'n surface pressures measured on this model and
on a smaller model (3:10 scale) in the same wind tun-
nel showed that the blockage correction reached 14% Reference [100] contains an interesting study of the
of the dynamic pressure, which certainly cannot be influence of modelling errors. A 1:5 scale model of a
neglected. BELL-222 helicopter and a full scale prototype were
Wall effects must also be taken into account when the tested in the wind tunnel, and large differences were
fuselage is tested with a rotor. Interactions between recorded between the two series of tests,
the wind tunnel airstream, the rotor wake and the particularly with regard to drag. The geometrical
tunnel walls impose a minimum tunnel speed b,?low characteristics of the two aircraft were carefully
which the aerodynamic characteristics are biased, compared, and significant differences were found on

the cowlings and fuselage. The 1:5 scale model was
corrected and was then retested. Only minor

2.1.2.3 Test Installation Effects differences were observed between the two series of
tests on the small scale model. The drag of the

Helicopter fuselage models for wind tunnel testing corrected model was slightly lower but this was
are generally mounted on a single-mast device as partly attributed to a better sealing around the
shown in figure 70. The presence of the mast rotor mast/fuselage junction. This result shows that
obviously perturbs the airflow around the aft portion the accuracy of the model is not very critical and
of the fuselage; this can be extremely undesirable, that the models routinely used are of sufficient
in view of the fact that the afterbody section is a quality: geometrical modifications can be simulated
critical fuselage area, especially from the with modelling clay to evaluate their influence on
standpoint of aerodynamic drag. It is therefore the aerodynamic characteristics of the fuselage
absolutely necessary to evaluate the influence of the without complicating the test procedure
test installation on the measured aerodynamic unnecessarily.
characteristics. The influence of the model surface finish was also
One method of determining this influence is described determined during the same study. Carborundum strips
in [100]. Two series of tests are conducted: one with were bonded to the model to force the boundary layer
the model alone mounted upside-down, the 'ther with a transition and obtain turbulent flow as on the full
mockup of the support structure. The difference scale aircraft. This change primarily affected the
between the corresponding tests in each series drag coefficient (+4% at zero incidence and
represents the perturbations due to the test instal- sideslip), giving values closer to those measured at
lation, which may be quite substantial. The tests full scale.
reported in [100] were intended to explain the
differences observed between measurements made on a Another factor to be considered when discussing the
full scale aicraft in the NASA Ames wind tunnel and model similarity concerns the effect of internal
those made on a 1:5 scale model. It was concluded airflows. The engine airflow and the MGB oil-cooling
that these could be attributed for the most part to airflow can influence the aerodynamic characteristics
differences in the model support structure, while of the aircraft. As a first approximation, the
Reynolds number effects or geometrical modelling residual thrust from the exhaust nozzles can roughly
errors were much less significant. be assumed to balance the intake momentum drag, so

that the aerodynamic data measured on an inert model

MOMENI is approximately valid. However, this assumption

REFERENCE turns out to be optimistic with regard to drag: full
CENTER scale measurements [95] showed that the fuselage drag

increased by approximately 4% when the engine was
BALANCE started.
RESOLN Allowance can be made for this effect by making a sim-ple momentum balance of the engine intake and exhaust

airflows [102]. An unpublished AEROSPATIALE study
showed that this method gave good results on a 1:4
scale model of the AS 355 TWINSTAR helicopter
simulating the engine flows.

These airflows can also be simulated in the wind tun-
nel, although not without difficulty. Because of the

TRUNNION temperature difference between the engine air intake
and exhaust gases, different flowrates are required
to simulate the airflow near the air intake and the
exhaust nozzle. This requires either two series of
tests or an additional air input into the model via
the support mast, with all the interference problems

F TEST SECTION with the balance that this solution entails.
FAIRING FLOOR The most effective means of studying the drag

I reductions possible on internal airflows is with full
scale wind tunnel tests, such as those conducted
between 1935 and 1945 on World War II fighters and

Fig. 70. Typical helicopter wind tunnel installation, light bombers which led to reductions in total drag
from [100] approaching 25% in some cases 11031.
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2.1.2 Wind Tunnel Testing Figure 68 also shows the effect of Mach number on

rotor head drag, which also increases above Mach 0.4
but is much more sensitive. However this only

Compared with flight tests, wind tunnel tests offer a concerns helicopters flying at airspeeds exceeding
number of definite advantages (901: 270 knots at sea level, so that the Mach number effect

can be disregarded for conventional helicopter

" lower cost designs.

" measurements can easily be made directly on the Mach number similitude is thus not a problem.
model as well as in the surrounding airflow However, large differences arise in the Reynolds

number between a flight test and a wind tunnel test on
the model scale can be adapted to the test objec- a small scale model which can result in significant
tives: from small scale models for studying discrepancies with regard to drag.
general aircraft configurations, to full scale
models for measuring the drag induced by
protruding components (antennas, door handles,
footsteps, etc.) The effect of Reynolds number was evaluated in tests

described in reference [94]. For values ranging from

" dangerous flight conditions can be simulated 2.4 x 10' and 17.5 x 10' per meter, few differences

" the effect of individual aircraft components can are noted on the fuselage pitching moment and lift

be isolated. curves.

Figure 69 shows that the Reynolds number has only a
Conversely, problems arise in several specific areas limited effect on fuselage and cowling drag, matching
resulting in deviations from true flight test condi- the estimated variations in skin friction drag. This
tions [92]: result is in agreement with earlier investigations

reported in [95,96]. On the other hand, in reference
" Reynolds number effects [971, fuselage drag was found to decrease at low

Reynolds numbers. This surprising result was
" wind tunnel wall and airstream blockage effects attributed to an interaction occuring at low

airspeeds between the wind tunnel airstream and the
* interference due to model support structures engine airflow which was also simulated. The drag of

the rotor mast fairing was also measured in [97] but
" geometrical inaccuracies in the model itself, at lower Reynolds numbers than in [94] (3x10' to

4xlO' per meter) and a critical Reynolds number was
determined: above 10' per meter the pylon fairing

2.1.2.1 Mach and Reynolds Number Effects drag remains constant while it rises quickly as the
Reynolds number decreases below this value.

Airflow similarity requires that the Mach and
Reynolds numbers be accurately reproduced in the wind
tunnel tests. In helicopter fuselage aerodynamics, O/q(n'C- -3"FULLSCALE
the forward airspeed is always well below the speed
of sound, and, as the flow is practically
incompressible, Mach number similitude need not be
rigourous. Only high speed helicopter tests show a
slight fuselage drag increase above Mach 0.4 (figure
68). 0.6-

110 ROTOR HEAD
CONFIGURATION

-O FATe--I.4 DEG
100 0W 0.4-

10 FW COWL
-0 FWP,

M FWP H4
90 -- 05-FWP f,G

P  
-

-o FWPa BLCFf TOTAL EQUIVALENT DRAG FUSELAGE
4 dFWP&BLCFf EFFECTIVE EXTERNAL

80 DRAG
0A

NOTE THE RESULTS FOR THE FLOATING V 14.5 40 I' 4 0 S
S70 -FAIRING ARE NORMALIZED TO -R( W

,1 OPTIMU f.l

W Fig. 69. Reynolds number effect on helicopter drag,
Go from [94]

4 5
LU Turning to rotor head drag, figure 69 shows that the

0 Reynolds number effect is no longer negligible.

O 40 Reference [97] describes a similar effect with a
critical Reynolds number of the same order of
magnitude as for the pylon fairing drag, and
attributes this variation to the transition from a

30 subcritical to a supercritical Reynolds number rela-
tive to the rotor head component size. I reference
[96), the Reynolds number was found to have little

20 effect on the drag of faired rotor hubs. For unfaired
hubs, however, the drag was found to increase with
the Reynolds number, but SHEEHY suggests that this

10 discrepancy is due to poor geometrical representation
of the rotor head on the small scale model.

The problem is thus less clear for the Reynolds

0 .1 .2 .3 .4 .5 .6 .7 number than for the Mach number. Nevertheless, the
Reynolds number appears to have little effect on

MACH NUMBER fuselage drag if care is taken to avoid testing very
small models at very low airspeeds. The effect on

Fig. 68. Mach number effect on helicopter drag rotor head drag seems more important, and the

(Fuselage, Wing, Pylon, Hub, Boundary Layer Control, Reynolds numbers should be bracketed for purposes of

Floating Fairing), from [931 comparison.



2.0 FUSELAGE AERODYNAMICS

"Helicopter aerodynamics" have long been synonymous
with "rotor aerodynamics", and only in recent years
have helicopter designers been much concerned by the
aerodynamics of the fuselage. Fuel efficiency
requirements following successive oil crises and the
higher airspeeds that are now expected of helicopters
have highlighted the need for serious attention to
the aerodynamics of the fuselage and to its impact on
aircraft drag and flying qualities. As long as ii
helicopters were primarily considered as hovering
aircraft, the fuselage could be reduced to the barest
minimum: a canopy and a trussed tail structure (figu-
re 65). With forward airspeeds approaching 300 km/h, Fig. 67. HUGHES LHX Design
streamlining has become critical (figure 66), and
even more sophisticated aerodynamic solutions will be
required for the helicopters now on the drawing
boards capable of flying at 200 knots (figure 67). 2.1 EXPERIMENTAL METHODS

Two broad categories of methods are- used in
experimental fuselage aerodynamics: flight tests and
wind tunnel tests (or hydrodynamic tunnel tests, but
these are seldom used). Both methods range from sim-
ple qualitative flow visualization tests to detailed
measurements of the pressure and velocity fields
which offer an accurate description of the fuselage
airflow.

2.1.1 Flight Testing

A helicopter is built to fly, and from this
standpoint a flight test under true operating condi-
tions is irreplaceable. The test instrumentation
must simply be set up so that it does not alter the
aerodynamic configuration of the aircraft. Despite
this unquestionable advantage, flight tests are
nevertheless seldom used for basic research in

Fig. 65. SO 1221 DJINN fuselage aerodynamics.

Drag, for example, is one of the most important
fuselage characteristics since it determines

Analytical methods, discussed in the next section, helicopter performance to a large extent (fuel
are currently unable to deal with the most critical consumption, top speed, etc.), and yet it is not
problems raised by fuselage aerodynamics. The exis- directly measured in flight. Instead, drag must be
tence of large zones of separated flow at the rear of related to another measurable parameter such as the
the fuselage, the presence of a rotor head that is not rotor shaft power [90] or the level flight speed
only geometrically complex but also rotating, the achieved at a given collective pitch setting from
downwash induced by the main rotor are just a few of which it has to be extracted by comparison with a
the phenomena which present serious modelling reference configuration. This is not always easy to
difficulties and for which no satisfactory analytical achieve however. For example a significant reduction
solutions are available today. For obvious reasons of the parasite drag of the aircraft will result in a
flight tests are generally only conducted in the fi- clicopter in flight andI change of attitude of the holcpe nfih n
nal stages of the development phase after extensive the measured rotor shaft power variation will then
wind tunnel testing which remains the most not only reflect the direct effect of streamlining
appropriate and widely used design tool in spite of but also the effect of the aerodynamic angle of
some specific problems which will be considered later attack change on fuselage parasite drag. Flight tests
in detail. Experimental data on fuselage drag is do not offer the possibility to isolate all the rele-
then reviewed before discussing the effect of vant factors, nor do they give access to absolute
fuselage and rotor hub wake interference with the measurements of such essential parameters as aircraft
tail surfaces. drag or other aerodynamic coefficients but only allow

comparisons to be made between similar configurations
under imposed flight conditions.

NASA's Rotor Systems Research Aircraft (RSRA) [91]
which is equipped with multi-balance systems between
various aircraft components does permit direct
in-flight measurements of the aerodynamic forces and
moments acting on several structural elements.
However, this aircraft was designed to serve more as
a rotor test rig than as a fuselage research tool.

In any event, the problems related to flight testing
are not only measurement problems. The cost factor
must be considered, and this alone may explain why
flight tests are little used in fuselage
aerodynamics. While it is conceivable to flight test
a new blade design despite the cost incurred, it is
out of the question to design a new fuselage, i.e. a
new aircraft, simply to evaluate its aerodynamic
characteristics. Only very limited fuselage shape
modifications can in fact be tested in flight. Flight
tests thus constitute a valuable development tool,
but are of little practical use in project studies or
basic research, where the wind tunnel plays a

Fig. 66. SA 365N DOLPHIN fundamental role.
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capability as the basic rectangular blade. A simple
SWEPT TAPER SWEPT T SWEPTIP rule is to select a spanwise chord distribution 1(x)

TIP such that P l(x)xldx remains constant (i.e. equal to
the equivalent rectangular blade value). When

[ [ AEROSPATIALE applied to a trapezoidal blade the quadratic chordweighting rule results in a net increase of blade
area, and consequently of blade weight, which offsets

SHORT TAP I D LONGTAREDTIP_ HYPEROLIC some of the performance benefits.
TIP Figure 64 also shows that the shock wave is probably

at least as strong on straight trapezoidal tips as on
[BOENGV~TOL FNASALANGLEY _Q rectangular tips: this observation leaves little hopeof attenuating the high-speed impulsive noise

SWEPTUAC generated by these shock waves.

SWEPT .BERP. TIP PARA8SO LICTIJP

---- MI max =1.1880 M max 12276 MI max =1,215

Fig. 62. Typical blade tip designs, from [51

The results obtained by SIKORSKY, BOEING-VERTOL, MBB
and ONERA with sweptback and trapezoidal tips have
already been discussed. In §1.2.2. we mentioned some
of the problems encountered with sweptback tips. The
development of steady and unsteady 3-D flow analysis
methods (c.f. §1.1.6.) will allow blade designers to
define better tip shapes able to meet specified
aerodynamic criteria. As an example, the iso-Mach
lines computed at p=90 (figure 63) clearly show that
a simple 450 backward sweep of the blade leading /1
edge, or a more complex shape such as the parabolic
sweptback tip, are effective in attenuating the
shock-waves on the advancing blade in high-speed
flight thereby reducing the rotor power requirement
and the quadripolar impulsive noise generated.

NON LIFTING CASE - 'I * 90
°  

u 0.4 MTIP = 0.896 R 0.5 R
R Rect NASA 8-V

Fig. 64. Effect of taper on the flow aroundnon-lifting rotor blade tips (ONERA code, rp=900),
from [51

.gR A satisfactory compromise at the present time might
consist in using blade tips with the leading edge
swept back progressively to relatively high angles in

,,.combination with significant chord taper (e.g. 1:3)
and to keep the trailing edge straight in order to
minimize the control loads. It should be interesting
in this respect to follow the tests to be carried out

0.$ R with the BERP tip that WESTLAND plans to install on
the LYNX-3 and EH-10 helicopters and which is
expected to alleviate both retreating blade stall and

RECT. F45A PF2 advancing blade compressibility problems.

Fig. 63. Typical Iso-Mach lines (ONERA code, NACA
0009 blade, X=15), from [51

1.4 CONCLUSIONS ON ROTOR AERODYNAMICS

A sweptback tip may also produce blade torsional
deformations which can reduce the negative lift for- We have seen that rotor aerodynamics sets numerous
ces appearing at the tip of the advancing blade in and complicated problems both in hover and forward
high-speed flight, and also delay the onset of flight. If experimental methods are able to describe
retreating blade stall. By using blades with quite well the rotor operating conditions, the
relatively high torsional flexibility and with theoretical methods are still far from being capable
suitably tuned natural frequencies it may be possible of offering accurate predictions of the local
to design rotors with exceptional performance instantaneous aerodynamic loads on the blades. If we
characteristics. This is the concept behind the want to make significant prbgress in this area, it is
aerodynamically conformable rotor on which SIKORSKY neceasary to:
(87,881 and NASA 1891 have been working for a number
of years.
The difficulties of correctly mastering the problems - develop lifting-surface codes for unsteady
involved are well illustrated by comparing the very 3-D flows in forward flight and quasi-steady
promising test results obtained by SIKORSKY [881 with flow in hover to calculate realistic pressure
rotors having a large elastic twist activity ensuring distributions in the presence of a free wake.
nose-up twisting on the advancing blade and those of
NASA [89] which came to a quite different conclusion, start aerodynamic drag calculations from
the best rotors tested being those experiencing the pressure distributions using a

smallest torsional deformation. viscous-inviscid fluid coupling technique.
This underlines the absolute necessity of developing
rigorous coupled aeroelastic codes with 3-D unsteady - estimate in the most consistent manner the
aerodynamics to verify that the desired blade blade deformations (particularily the
deformations actually occur in the desired azimuthal elastic twist) with the hope that fully
sector, coupled aeroelastic codes will become
The problems of blade torsional deformation are available in the near future.
theoretically minimized with straight trapezoidal
blades, for which the reduction of the rotor power To check the validity of these models, it is
requirement is obtained by chord tapering of the essential to conduct well instrumented wind tunnel
blade tip sections (where the aerodynamic drag is the and flight tests with numerous pressure and stress
highest). However, it is necessary to compensate for measurements as well as direct measurements of the
the loss of lift at the blade tip by an increase of blade deformations so as to verify each step of the
chord inboard to achieve the same load factor calculation separately.



To improve still further the rotor hover performance
1.3.2 Blade ist it is possible to combine large blade twist with

sweptback blade tips, with anhedral. Tests made b
SIKORSY on model rotors of the BLACK HAWK (with -16

For pure hover performance it is recommended to use equivalent linear twist) and of the S-76 (-I00 twist)
blade twist values of at least -120 to -4 which showed that the addition of 20 of anhedral to the
provide a more uniform induced velocity field through swept-tapered blade tips improved the rotor figure of
the rotor while ensuring that the blade tip sections merit by approximately 3% in both cases (figures 60
operate below their drag divergence Mach number. Fi- and 61 from [86]). This can probably be attributed to
gure58, from [84r, shows that by Increasing blade the fact that the anhedral tip changes the maximumtwist from -8 to -1 _ 3 % poer saving was achieved blade circulation and. the tip vortex position rela-
at a CT/o=O.II and a tip speed of 196 m/s tive to the folloing blade.
(Mtip=0.575); at 226 m/s (Mtip=0.663) the
corresponding reduction was 8%. It may be noted that
the figure of merit of a rotor with highly twisted .85
blades is practically always higher than that of a ____•
rotor with small blade twist regardless of the thrust
level. 8

It is known that the tip vortex strongly affects the
spanwise lift distribution, especially near the blade -75 

--
z'-

tip, increasing the angle of attack outboard and
reducing it inboard. A non-linear twist distribution
can be used to attenuate the detrimental effect of * 7athe vortex interaction by smoothing out the angle of . ,
attack variation along the blade span. Figure 59
from [85], shows that the maximum rotor figure of 5 *"

merit is significantly higher (approx. 5%) and that I
the CT/o at which maximum figure of merit is achieved
is increased by 0.02. This non-linear twist distribu- .6tion was defined by AEROSPATIALE using the method 6
described in [441. Tests demonstrated however that a2% power penalty was incurred in high speed forward .55
flight. 05 .

Ct/Sigma
. TI 5PEED - -- - - -

196ms MA- Fig. 60. Effect of blade tip anhedral on BLACK-HAWK
hover performance, Mtip=0.6, from [861

06 --- N('WNALTW1ST -8 .85

.81
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FM. , '

0.0 - . ...-. STA''' ''- .. .TIP SPEED T

0?7 226 .ns0 .7 ST-*

(C6 .. NMINAL TWIST -8 .6 -.--- E l j
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Fig. 58. Effect of blade twist on rotor figure of Fig. 61. Effect of blade tip anhedral on S-76 hover
merit (ONERA S2 Chalais Mr), from [84] performance, Mtip-0.6, from [86]

PZ

1.3.3 Blade planform

The blade tips are of considerable importance since,
(1), they sustain the highest dynamic pressures, (2),

/ 0 they are at the origin of the formation of the tip
vortices, and (3), they generate most of the rotorl A . 7 cz drag and noise.

AN- S 'Ise Clio Figure 62 shows some of the tip shapes already in pro-
Fig. 59. Effect of blade non-linear twist on rotor duction or presently under development. This subject
hover performance (AEROSPATIALE design, ONERA tests), is covered in detail in [5], and we do not intend to
from [85] review here the merits and problems of each design.
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Fig. 54. Design of OA-209 airfoil, from [781 0.7 0.8 0.9 MDD at CL 0

Fig. 56. Main aerodynamic characteristics of new
airfoils for helicopter blades

The other airfoils were defined with direct methods

by geometrical transformation of the 0A209 with the
exception of the 0A213 which was again defined by an
inverse method, specifying a velocity distribution at
M=0.5 and Cl=l, as shown in figure 55. The next step It is in fact questionable that thin airfoil sections
consisted in estimating the airfoil performance at the tip of the blades ihould be better in high
characteristics by means of a program that solves the speed forward flight as AEROSPATIALE rotor tests in
full potential equation using a non-conservative the MODANE S1 wind tunnel have shown. Figure 57 gives
scheme with weak boundary layer coupling (801, compa- the definition of the rotors tested. Figure 2
rable to the classical GARABEDIAN & KORN codes. Thepredcte aifoi peforanceis henchekedby ind clearly shows that a thick airfoil over most of the
predicted airfoil performance is then checked by wind blade is preferable (rotor 7A versus rotor 6B), and
tunnel tests. Figure 56 summarizes the main perfor- that the constant 9% thick airfoil section at the tip
mance characteristics of the OA2XX airfoils which are was more efficient at high speed than the tip tapered
shown here compared with the VRXX airfoils developed from 9% to 6% which is in contradiction with the
by BOEING-VERTOL [54,811 and with the more recent theoretical predictions. It is recalled that the drag
DM-HX airfoil series designed by the DFVLR and MEB divergence Mach number o' the A206 airfoil is 0.91[8Z].diegneahnubroth0A0aifi s.9

[1.compared with 0.89 for t e 0A207 and 0.85 for the
One can measure here the progress made in the design oA209. A satisfactory explanation of these results

of advanced airfoils since the time when the old NACA will pro a cty eplnation of useadysults

0012 used to equip so many helicopter rotor blades, will probably be possible only when 3-D unsteady flow

The same figure also indicates AEROSPATIALE's design methods are developed.

objectives: it can be seen that the new performance
goals concern iirfoils whose relative thickness is
between 9% and 13% with a high Clmax at Mach 0.4
associated with a low Cmo to avoid high control
loads, and with the highest possible drag divergence
Mach number at near zero Cl. ROTOR

6B 7A 78REFERENCE 6 A 7

GA 209 0R GA 213 OA 213

CA 209

Forward part left Affinity aft 0A209 thickness law
intact ,Q' 2/3 affinity

4 OA 213 OA 213
OA206thickness law.modified 0.75R GA23

NACA 131 camberlaw OA. A 209
O9 A 209 GA 20.9

OA 207 OA206 OA 207 GA.209 GA 20
-R R _20 -.AX

Fig. 57. AEROSPATIALE model rotor blade definition

OA 212 OA213 for S1 Modane WTT, from [5]

= :Distribution of speeds at
o.X* M0 =0.5, CL=1
OA209 thickness

V 4/3 affinity TNew airfoil numerical optimization techniques

---- _ presently in development appear very promising as a
OA212thickneslow +cam levy Inveremmethod design optimization tool to elaborate a satisfactory

derived from NACA series 6 Morchoisne compromise between the low-speed high C1 and
v high-speed low Cd performance requirements. ONERA

has applied such techniques to the optimization of
the OA207 airfoil [83) and achieved a 16 % reduction
in Cdo at M=0.85 and a 6% reduction in Cd at M=0.4 and
CI=0.83. ONERA is now working on the design of a new
airfoil family (OA3XX) with computed Clmax and Mdd

Fig. 55. Design methodology of OA-207, OA-206, OA-212 performance at least equivalent to the VRXX and DM-HX
and OA-213 airfoils, from [781 airfoils (figure 56).
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In concluding this section on flight tests, the
comments already made (§ 1.2.1) concerning the
difficulty of estimating the exact rotor forces in
flight remain applicable here. Tests to be conducted *

in the USA on the RSRA research aircraft appear very
promising in this respect since the rotor will in
fact be mounted on a calibrated balance, as
illustrated on figure 52 from (751. The auxiliary
propulsion system and wings make it possible to chan-
ge the rotor lift and propulsive force as desired, <Z
making this vehicle potentially a "flying wind
tunnel".

...a .. Aaaa;au UA .
t ' ".;

TRANSMISSION -
BASE PLATE \/ I/

"t "9 IN E "" NIRFAM

: =" OADCEELL

11.s) - -''

W_ zB ; REDUNDANT,. . aLINKS

Fig. 51. L.E. and T.E. pressures, (a) before, (b) Fig. 52. Rotor force and moment measurement system on
after stall, as measured in flight by RAE, from 172] RSRA aircraft, from [751

1.3 ROTOR DESIGN Figure 53 summarizes the specifications set by
AEROSPATIALE to ONERA several years ago to design a
set of helicopter airfoils. References [ 76, 77 1

Ths eain cves hegemerialdeintin f he provide ample information on ONERA's designamethodology. Figure 54 shows that the basic airfoil
rotor: diameter, number of blades, chord, airfoil of the OA family, the OA209 airfoil, was defined by an
distribution, blade twist and planform which may inverse method [74] by specifying a velocity distri-include a complex tip design. Blade airfoil selection bution at low Mach number and near zero lift.

remains a major aspect of the problem. It is still
based on 2-D steady performance, which is the only
one that can be effectively computed at present. The l ,

criteria, blade twist, planform and tip shape.

£,

PLANT4' PVIEPDMMPAT ld a'T4l

1.3.1 Airfoil Selection CODTOS ARDNANO4PIHI

FOWR M" CLIO

The choice of airfoils is determined by the e~~o 
= 

e • *m• m

helicopter operational requirements as stated in the FLIGHT 001. 01* m *o o-

general specifications. The airfoil operating condi-
tions are very much dependent on the flight configu- L 10 RAT At J M.6A
ration so that it is impossible to define a single HOVERING CL .4141 ,
optimal airfoil and that a tradeoff between
conflicting requirements is always necessary. Is. I A

Ipractice, depending on the blade spanwise section "MILVER CL MAN..40A P. is ,3 ,a o.

InI

considered, the goal is to balance the advancing
blade airfoil requirements (high drag divergence Mach IS* •, T
number at small lift coefficients) with those of the
retreating blade (high Clmax at low Mach numbers) 060101¢.TRCAL CrISAINT 1C€ ,3 L. 0 1 11

while maintaining a good lift/drag ratio at the
intermediate values of lift coefficient and Mach Fig. 53. AEROSPATIALE specifications for airfoill
number on the fore and aft blades and In hover. design, from 176]
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No Still another objective may be to acquire aerodynamic
data over the entire blade span. Ideally, the blade
should be equipped with numerous measurement sections

.5 distributed along the full span. In practice,
however, it is difficult and very expensive to
install hundreds of sensors for a single experiment.

C) 1.0 I An intermediate solution is to install two sensors
0 .2 .4 .6 .8 1.0 per section, both on the upper surface, one very clo-

se to the leading edge, and the other close to the
RIG trailing edge. Figure 50 clearly indicates that the

normal force coefficient and the pressure at 0.02c

Fig. 47. Airfoil pressure distributions measured in from the leading edge show very similar azimuthal
flight at 0.9R and !=900 (NASA flight tests), from behavior. Figure 51 shows that the sensor at 0.91c

can be used as a stall indicator. This method which[68) has been in use for many years at RAE proves to be
extremely valuable whenever it has been possible to
correlate a local pressure measurement (Cp) with a
global airfoil parameter (such as CN or a). Such
correlations are naturally established on an
empirical basis; while these are conceivable in 2-D
steady flow, it is most unlikely that they remain
valid in 3-D unsteady flow. The RAE has nevetheless
done considerable research in this area, analyzing

2' oscillating airfoil data and the effect of dynamicstall [73,74), which unquestionably helps to
understand the flow around a helicopter blade.

F'OR SENSOR 2

CN ,.:,v

°- °i, °- \
So OVER

0. 02C

___90__ 1$'0 270

Fig. SO. Correlation between normal force coefficient
and L.E. pressure as measured in flight by RAE, fromFig. 48. RAE tests on PUMA blade tips, from 1701 [71]
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AEROSPATIALE recently tested a 365N "DOLPHIN" with a)
blades having sweptback parabolic tips defined by
ONERA [35]. Here again, blade control load penalties
were incurred, but power savings were recorded both "--.

in hover and in forward flight as indicated by figu-
res 44 and 45. The result was a 2% increase in
takeoff weight, a reduction in the rotor power
requirement between 1% and 6% depending on airspeed
and gross weight and a noise reduction of over 1 EPN I

dEB.

TOTAL
W/S A HELICOPTER ,

(M) POWER

I I ) " ,
I I " "

, I
I I I

DEVIVI [RXO FROM OS MEASURED F,!. TEST DATA

DERIVE O[ O MTR: NORMAL FORCE COEFFICIENT
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Fig. 44. AS-365N performance improvement in forward
flight with parabolic sweptback tips, froml [35]

- -.....-.-..-..--.........--.

Fig. 46. Contour of main rotor normal force coeffi-
cients, (a) flight test data, (b) C81 analysis, from
[661

Another objective may be to evaluate new airfoil
designs. NASA tested on the same aircraft three sets

&Al Cl.,€CV of blades with different airfoi'% (NLR-lT, 010-64C
i - , and lC-SC2) and a single measurement section at 0,9 R

equipped with 14 pressure transducers. The first
Fig. 45. AS-365N performance improvement in hover results were published in [68]. Figure 47 shows a

with parabolic sweptback tips, from [35] typical pressure distribution at *p90
° 
compared with

the calculated 2-D pressure distributions at the same
Mach number and lift coefficient as in the flight
test. Many years ago the RAE tested simultaneously

1.2.2.2 Blade Pressure Measurements in hover two airfoils (NACA 0012 and RAE 9615) on a
WESSEX helicopter on opposite blades at the same ra-

Blade pressure measurements may have several objec- dial position [69]. This procedure permits direct

tives. One is to assess the local aerodynamic comparisons to be made between airfoils under

behavior of the airfoil sections. For example NASA identical flight condition-

equipped a standard BELL AH-lG rotor with 5
measurement sections . A gloved blade technique A third objective is to verify a new blade tip design.

was adopted to install the pressure sensors without The RAE more recently equipped an AEROSPATIALE "PUMA"

affecting the structural integrity of the blades, with 2 opposite blades having, one, a rectangular

with only minor modifications to the airfoil 1651. A tip, and the other a sweptback tip. Figures 48 and 49

computerized data processing system was developed to from reference [701 show these heavily instrumented

analyze the enormous amount of data generated by blade tips together with typical pressure signals.

these tests.The DATA-MAP software (Data from The pressure time history at 0,95 R clearly shows

Aeromechanics Test and Analysis-Management and that the sweptback tip delays the onset of shock

Analysis Package) allows comparisons between computed waves in the advancing blade sector and strongly

and test results to be made easily. Figure 46 compa- attenuates the recompression in a large azimuthal

res measured iso-normal-force lines with those sector. This type of data is absolutely necessary to

computed with the C-81 Rotor Flight Simulation understand the performance of new blade designs and

Program described in reference [67). to validate analytical methods.
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Coe,.tc V,. Laser velocimeters are also used in forward flight to
determine the tip vortex trajectories, wake
distortions and rotor induced velocities. LTRC has
made a detailed study of the rotor wake geometry at
small advance ratios [621 and ONERA has started to
investigate the induced velocity field at high speed
[63]. These measurements will be used to evaluate
various methods for calculating the unsteady induced
velocities and tip vortex trajectories in forwardf~% ~"' JN~~.' , flight.

0 120 2o 300 0 120 20 3 0 0 120 2.0 iS0

,..,0I21.2.2 Flight Tests
NoI., .I. o.to o.5 0.75,

Fig. 39. Flow separation on rotor blades (ONERA tests Flight tests are of great importance since they are
with hot film detectors), from [57[ the ultimate step in the design process and reflect

the success or failure of the aircraft. To the ma-
nufacturer, they must provide all the data necessary

V0  to confirm the aircraft design analyses. Flight tests
180* thus reveal the weaknesses and deficiencies of the

180design methods. Finally, from a research standpoint,
they provide a means for quickly verifying the

L ~i0. 5 validity of a new concept.

0. 3 1.2.2.1 Global Performance Measurements

o90 These tests are conducted to measure the helicopter
270' power requirement as well as the vibrations and blade

stress levels, and to determine the flight envelope
of the aircraft (maximum airspeed, load factor, ser-

vice ceiling, etc.).

I 0 Mc For example figures 42 and 43 concern advanced blade
' ) ,.R. r/sec tips tested by MBB. The AGB-IV tip significantly

reduced the power required in forward flight but at
00 the cost of a very large increase of the static

control loads with respect to the conventional
Fig. 40. Separation regions on the rotor disk as a rectangular blade design.
function of advance ratio (CT/o=0.085), from [57]

coming into widespread use and are extensively used
by research organisations such as NASA [59[ and IMFM A DXJUBLE-SWEPT (AG ] I
[60,61] in France. They are gradually replacing hot 105 30'

wire probes and 2-D or 3-D pressure probes. Figure 41 2.:. "
shows the distribution of circulation measured on _ _ _ _ _

two-bladed rotors with straight and "ogee" tips. i2 0

Q 95

INTERCHANGABLE I
TIP

n 13I I ig __ __ __ _ __ __ __ _

C/4 - ....... -5 so 250 TASIS.Ohl

0.073 I

-L-" - NACA OO012 Fig. 42. Power saving obtained with a double swept
tip on BO-105, from [64]
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Fig. 41. Measured bound circulation on a 2-bladed Fig. 43. Control loads for square and double swept
rotor, (a) square, (b) ogee blade tip, from [59] tips on the BO-105, from [64[
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MODEL SCALE DATA SIKORSKY tested four different blade tips on a full
scale rotor, and found that the best results,
particularily at high speed, were obtained with a

8 TAPERED TIP swept trapezoidal tip having a taper ratio of 0.6
W (selected on the S-76 rotor) as shown in figures 37

and 38 although the straight trapezoidal tip gave
very similar results in this case.

0 0.
w CL> 0 -0.01

a
SQUARE TIP 1.01 - SWEPT RECTANGULAR f-L. 0.088

% MR " 0.61.0 1.00

CT - M00854 .
c [ / EQUIVALENT FULL SCALE 5

Q~ I 15.15 FT
2

6

0

w TRAPEZOIDAL
0 t .98

0
0 0.1 0.2 0.3 0.4 0.5 0.6

ADVANCE RATIO - .7 SWEPT TRAPEZOIDAL -\

FULL SCALE ESTIMATE .6 1

10 .20 25 .30 is AO

-,TAPERED TIP ADVANCE RATIO

CT- 0.008S
4  

Fig. 38. Effect of tip shape on rotor power (SIKORSKY

f, f-.15.15FT
2  tests), from [55]

n 6
a I _- SQUARE TIP

6 7.5% DIFFERENCE> / -65 IN TOTAL POWER
1.2.1.2 Local Measurements

U. a
4 I Total force, moment and torque measurements generally

provide insufficient information to understand rotor
performance, and local measurements are of

/ 2fundamental importance./ 22S KN

a 2 Strain gauges on the blades and pitch control rods
provide a more refined analysis of the blade loads as

/ a function of azimuth position. If strain gauges are
installed in sufficient quantity and if the blade mo-

o des are properly identified in rotation, a relatively

precise description of the blade deformations can be0 0.1 0.2 0.3 0.4 0.5 0.6 achieved. The RAE recently developed a Strain Pattern
ADVANCE RATIO - Analysis method that gives good results on small

scale models [56] and will soon be applied to blades
Fig. 36. Comparison of BOEING-VERTOL theory with in flight. Blade strain measurements are essential
model test data and full scale estimates, from [53] to the qualification of aeroelastic prediction codes.

From an aerodynamic standpoint, however, blade pres-sure measurements are irreplaceable since they can be
used to determine the instantaneous airfoil lift and

SWEPT TRAPEZOIDAL pitching moment but can also detect the presence ofshock waves, or major flow separation. SuchTAPER RATIOe& measurements are nevertheless difficult to make and
1/4CHORDSWEEP-3" their accuracy, particularily as regards pitching mo-

LEAOING-EDGESWEEP-35* ment, is generally restricted by the limited number
of pressure transducers that can be installed in a
small blade section. Pressure measurements such as
those made by ONERA or US Army RTL (figures 15, 16 and

SWEPT RECTANGULAR 18) clearly show the usefulness of such data in the

analysis of rotor operation and the validation of
theoretical methods.

Hot film detectors- (which are easier to install than
pressure transducers) give interesting information on

TRAPEZOIDAL the state of the boundary layer particularily as re-
TAPER RATIOO.6 gards blade stall. Figures 39 and 40 show typical hot

film signals and the corresponding separation zones
determined on AEROSPATIALE rotors tested in the ONERA
S1 wind tunnel at MODANE. Interesting studies of
dynamic stall have also been conducted by UTRC (58]
with hot films.

RECTANGULAR

Local velocity measurements can also be made in the
vicinity of the blades and in the rotor wake. In
hover, they can be used to evaluate the local blade
circulation thereby replacing the need for pressure

.90 R R measurements which are virtually impossible to make
on small scale models. They also provide an accurate

Fig. 37. Blade tip shapes tested by SIKORSKY in the description of the induced velocity field and of the
40x8Oft Ames wind tunnel, from [55] tip vortex trajectories. Laser velocimeters are
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Fuselage static Instability The phenomenon involves both helicopter aerodynamics,
from which the excitation originates, and the

A bare fuselage is intrinsically aerodynamically airframe structural characteristics which determine
the response modes whose natural frequencies are

unstable, and tail surfaces are added to act as generally close to one of the lower harmonics of the
stabilizers. On a helicopter, however, these surfaces rotor rotation speed Q. This duality makes it
generally operate in the disturbed flow shed by the difficult to analyze the problem in the wind tunnel
rotor hub and the fuselage afterbody. The efficiency because the dynamic similarity of the model is not
of the tail fin and horizontal stabilizer is thus always assured. The aircraft development work may be
severely reduced because of the dynamic pressure done in flight 166], but wind tunnel tests are also
losses inside the wake [166,118]. The same is true of conducted in an attempt to determine (and eliminate)
the tail rotor contribution to the directional the causes of the tail shike by analyzing the airflow
(wheathercock) stability. Figure 75 from [1661, [108109]
shows dynamic pressure distributions measured in the The problem here is no longer static but dynamic, and
vicinity of the tail rotor on a BK-117 in climb, concerns the unsteady flow components. The studies in
descent and level flight. The changes which can be this area are all based on the spectral analysis of
observed in the wake structure and position relative the 3-D velocity fluctuations in the wake the objec-
to the stabilizers are due to differences in the tive being to identify the sources of excitation in
aircraft angle of attack and in the rotor induced the flowstream capable of inducing low-frequency vi-
velocities. In descent the tail fin is entirely brations of airframe components.
immersed within a region of low dynamic pressure The wake turbulence is distributed over the entire
which probably corresponds to the heart of the rotor frequency spectrum with higher energy levels at low
head wake. frequencies 1109]. To this turbulent spectrum the ro-

tation of the rotor head adds discrete energy peaks
AIRCAAFT AFT VIEW at harmonics of the rotation speed, especially at

integer multiples of the hub shank passage frequency
q/1.0 0.55 bQl [108,166,109]. Energy concentrations have also

i.0 1 / been recorded at non-harmonic frequencies 1166,109]
08 appearing at constant Strouhal numbers which could be
0.8 related to vortex shedding by large unstreamlined

[airframe components such as the spoiler in [124].
This spoiler, which had been installed at the rear of
the fuselage of the BK-117 to improve directional
stability, generated large vortices which appeared in
the power spectral density of the fuselage pressure

signals near the tip of the spoiler as a concen-
0.50 0.50 tration of energy centered around 31 Hz. The removal

of the spoiler greatly improved the tail shake si-
, .o oo,,,0 f.T] ID -o o,,,-,. tuation [124].

In [108], efforts to define configurations with
reduced low frequency wake disturbances also led to a
satisfactory solution of the tail shake problem

Fig. 75. Wake displacement with flight conditions encountered on the BOEING-VERTOL YUH-61A UTTAS.
(MBB/KHI BK-117, flight tests), from [166] Finally in [109], a pylon fairing that proved to be

effective as regards tail-shake on the AS-365N not
only reduced the rotor head drag and the low
frequency turbulence of the shed wake but also

Inadequate airframe stability may be improved in two attenuated the discrete energy peaks at rotor
ways: by increasing the efficiency of the stabilizer harmonic frequencies when it was tested on the AS-355
surfaces or by acting on the dynamic pressure losses TWINSTAR. In this analysis the tail fin root bending
in the wake. moments were used rather than hot film signals
In the first hypothesis, the size of the stabilizer acknowledging the fact that the tail fin integrates
may be increased, with corresponding weight and drag the unsteady airloads produced by the fluctuating
penalties, or special stability augmentation devices surface pressures and that the power spectral density
may be implemented such as those described in [123]. of the fin bending moment exhibits phenomena similar
If one chooses to act on the dynamic pressure losses to those observed on hot film signals placed in the
in the vicinity of the stabilizers, this can be done airflow in the vicinity of the fin.
either by reducing the strength of the wake shed b,
the rotor head and the fuselage afterbody or by Each of the experimental methods implemented thus led
deviating the wake away from the stabilizers. The to results that were confirmed in flight. However the
first solution is certainly preferable, since any underlining mechanisms of tail shake instabilities
reduction in the wake intensity induces a are not yet fully understood. To what extent do they
corresponding drag reduction [123]. Unfortunately, depend on the low frequency turbulence in the wake,
this is not always feasible, and it is then necessary on the discrete velocity fluctuations at rotor
to redirect the wake, at the risk of simply changing harmonic frequencies or on other vortex shedding
the flight configuration for which the problem phenomena occuring at fixed Strouhal numbers? Many
occurs. Indeed, as shown in figure 75, the position further tests will be required before these questions
of the wake relative to the tail surfaces depends on are answered.
the flight configuration so that the wake
displacement might be beneficial in one flight confi-
guration and detrimental in another.

The effectiveness of the proposed stabilizer modifi-
cations can be checked by comparing the longitudinal
and lateral aerodynamic characteristics of the 2.1.4 CONCLUSION ON EXPERIMENTAL FUSELAGE
modified and original aircraft [123]. Wake modifica- AERODYNAMICS
tions (attenuation or deviation) are best evaluated
by probing the flow in the neighborhood of the tail
surfaces. Any means of reducing the rotor head drag Fuselage aerodynamics today requires the use of
are effective in attenuating the wake, for example experimental methods, and primarily wind tunnel
the pylon fairing of [1231 which simultaneously tests. A number of precautions are essential to
reduces the dynamic pressure losses and the drag. A outain valid results: (1), a thorough analysis of the
commonly implemented technique to deflect the wake interference due to the model support structure, (2),
downwards below the stabilizers is to install a careful attention to the accuracy of the model and to
convex fairing on top of the rotor hub [108,166,123]. the Reynolds number, especially for the rotor head,

and (3), allowance for airstream blockage effects
Tail Shake Dynamic Instability when the model cross section represents an

appreciable fraction of the tunnel section.
This problem is frequently encountered during With due consideration for these points wind tunnel
aircraft development. It is seldom detected during tests of small scale models provide results that
wind tunnel tests, and is generally revealed in correlate well with full scale tests and which can be
flight [108,166,1091. used in flight.



Two critical areas are of particular importance with - Zone (1), in which the fluid is considered to

regard to aircraft drag: be ideal and irrotational. Viscosity and
turbulence effects are negligible, and the
airflow may be described by the EULER and

" the fuselage afterbody section which can double BERNOULLI equations:
the fuselage drag if poorly designed; two types
of flow may occur in this area, and the transi- dlv(O) = 0
tion from one to the other is accompanied by a
sharp change of drag V = grad(O)

" the rotor head, whose drag is highly dependent on P 
+ 
pV

t
/2 = constant

the shape of the cowlings beneath it. At the airspeeds commonly flowi, by

helicopters today, the air may be considered,
The afterbody section drag may be reduced by adopting for practical purposes, as an incompressible
favourable geometric parameters (contraction ratio fluid (p= constant).
and camber), or by improving on unfavourable
parameters through the use of special devices
(spoilers, deflectors, etc.). Concerning the rotor Zone (2), the boundary layer, a thin but
head significant drag reductions can be achieved with highly important region of the flow where
compact hubs and properly designed hub and pylon viscous friction on the fuselage surface
fairings. originates and in which turbulence grows as

the flow moves downstream. The local
Fuselage and rotor head aerodynamic interactions with equations describing the behavior of the
the tail unit have a strong influence on the static boundary layer thus include exact terms
stability of the airframe and may lead to tail shake representing both viscous and turbulent fric-
dynamic instabilities which can be investigated with tion.
experimental methods. Drag reductions attenuate the
wake intensity and generally alleviate the stability
problems related to these interactions. However, by Zone (3), a turbulent wake arising from
permitting higher airspeeds, they may in turn lead to boundary layer separation. Viscosity has
further stability problems. little influence on the airflow here, which

is dominated by the effects of turbulence and
principally by vorticity giving rise to
rotational motion.

2.2 THEORETICAL METHODS On a real helicopter, the airflow around the fuselage

involves other complex airflows related to the

A second approach in the field of aerodynamic presence of the engines and rotor:
research became available in the 1960's with the in-
troduction of a new and more powerful generation of . Engine air intake suction flow
mainframe computers (IBM 360, UNIVAC 1100, CDC 3600)
that made it possible to implement theoretical
methods for which the aerodynamic and numerical basis . Engine exhaust flow characterized by turbulent
had only recently been established [125,126]. and vurtical flow
Computational methods in fuselage aerodynamics were
thus developed, first by fixed-wing aircraft
manufacturers, and only became available for - Rotor flow, characterized by a vortex sheet
helicopter research in the early 1970's. Helicopter relatively well organized in comparison with the
manufacturers were thus offered proven computational wake shed by the superstructure and fuselage
codes on a second generation of more powerful afterbody.
computers based on a new technology. The aircraft
configurations involved were however more complex as
helicopter fuselages tend to be considerably less
itreamlined than fixed-wing aircraft. From a formal standpoint, the evolution of these

flows (fuselage, rotor, engines) is governed by the
The principal calculation methods implemented from time dependent NAVIER-STOKES equations or, if only a
this period to the present time are reviewed here pure stationary description is required, the averaged
with an assessment of their aerodynamic justification NAVIER-STOKES equations which include turbulent
and their limitations. This review is followed by a stresses for which closing relations must be
prospective study of the potential developments that developed.
can be expected of these methods. Solving these equations is a monumental task that is

today only conceivable in the case of very simple
geometries, but in no way for a complete helicopter.
These methods are heavy and very costly in terms of

2.2.1 The Theoretical Problem computer time, and are as such ill suited for routine
industrial use.
Faced with the complexity of the general problem, the

For most helicopters, the airflow around the fuselage engineer must then fall back on approximate methods
(considered alone) can be separated into three dis- based on a simplified description of the aerodynamic
tinct zones (figure 76): field. Turbulence is most often neglected outside the

boundary layer, and free flow streams are considered
as irrotational or rotational ideal fluid flows.
Under these conditions, what can be expected from a

*,aai@ theoretical approach? Mathematical simulation is not
necessarily a direct competitor of wind tunnel
testing, and for relatively simple methods two
immediate applications can be considered

- Analysis and batter understanding of
experimental airflows

n'oro, (D ev1-am

- Examination of a large number of geometrical
Fig. 76. Schematic of flow regions over a helicopter shapes and selection of the most promising
fuselage ones for wind tunnel testing.



In addition to this experimental supporting role, Wing modelling generally involves a distribution of
there is a genuine need in the industry for more horseshoe vortices representing the circulation of
sophisticated methods capable of providing valid the flow around the airfoils and the vortex sheet
predictions of fuselage aerodynamic coefficients, and shed by the trailing edge. It may be noted that the
especially of the drag coefficient. The ideal for an actual airflow is rotational inside a thin layer
aircraft manufacturer would be to dispose of a fully downstream from the trailing edge. Moreover, the
computerized system covering everything from method of singularities only determines the velocity
computer-assisted design methods for generating potential (and therefore the velocity) in regions of
fuselage shapes to computational methods for irrotational flow. In order to apply such a method to
estimating aerodynamic loads, lifting configurations it must therefore be assumed
The following section examines the extent to which that the vortex phenomena are concentrated in a
today's computational methods meet these vortex sheet of zero thickness.
requirements.

Compared with other numerical methods in aerodynamics
using finite differences or finite volumes, the
method of singularities presents the enormous

2.2.2 Evaluation of Existing Computer advantage of offering a description of the velocity
Methods field at any point in space (except at the

singularity locations) at the cost of a relatively
simple discretisation limited to the surface of the

Most of the computer codes developed in the last 20 body being studied. This feature explains the
years for fuselage aerodynamics are based on the widespread industrial use of the method.
method of singularities. Although the use of
singularities is not recent in aerodynamics (cf.
PRANDTL's use of vortices in his lifting line theory) 2.2.2.1 First Applications of Potential
it was not until about 1960 that a numerical approach Calculations to Helicopter Fuselages
was introduced in the work of SMITH & PIERCE [1251 and
of HESS & SMITH [1261. The first attempts at applying potential calculations

to a helicopter fuselage were largely indebted to the
The basic idea is to simulate an irrotational ideal DOUGLAS-NEUMANN Program, discussed in [126), which
fluid flow around a body by placing a set of uses source type singularities. Examples include the
singularities outside the fluid region, i.e. inside work of MONTANA [127] in 1973, SHEEHY [128] in 1975,
the body. Each singularity creates in the fluid GILLESPIE [1291 in 1973 and GILLESPIE & WINDSOR [130]
region a potential verifying EULER's -equations. The in 1974.
most delicate, in reproducing a given flow field, is No attempt was made at that time to model separation
to select the singularities so that NEUMANN's condi- zones at the rear of the fuselage, and the validity of
tion (fluid slippage along the wall) is met at every the results was thus seriously limited. Some authors
point on the surface of the body. This well-known [127], aware of this shortcoming, reserved this type
theory will not be examined in detail here. of analysis to highly streamlined configurations
Nevertheless, it is worth considering a number of unlikely to produce boundary layer separation. It
basic points, soon became apparent that the knowledge of the pres-
A classical result of irrotational incompressible sure field alone on the fuselage surface was not
fluid flows is d'ALEMBERT's paradox, according to sufficient to understand the flow behavior, hence the
which the net force acting on a body of arbitrary interest in supplementing the potential cal..ulation
shape is zero, provided the flow is uniform, by a fuselage streamline calculation module.
Under these conditions it is clear that a body One particularly interesting approach [1291 may be
modelled with "source" and "sink" type singularities broken down as follows:
can be subject neither to lift nor to drag. In order
to obtain a non-zero resultant of aerodynamic forces,
other singularities must be introduced in the flow,
such as vortex rings, which violate the spatial - Calculation of the potential flow around the
uniformity of the potential and thus get around fuselage using the DOUGLAS-NEUMANN program
d'ALEMBERT's paradox.

A numerical implementation of the singularities - Calculation of the streamlines on the
method requires that a fuselage (and/or a wing) be fuselage surface using a code taken from
broken down into a number of flat panels as shown in [131]
figure 77.

Z - Calculation of the boundary layer on each
streamline assuming small transversal flow.
The actual streamline is thus replaced by a

•AA fictive line with the same pressure distribu-
SURFACE SOURCE PANELS tion which is assumed to be developing in

axisymmetric flow on an axisymmetrical body.
X..Z PLANE IS The divergence of the actual streamlines is

PLANE OF SYMMETRY , equivalent to a variation in the radius ofPLAE OF Sthe fictive body. In any event, this is a 2-D
Y boundary layer calculation.

This method was applied to the fuselage of the BO-105HORSESHOE VORTEX (figure 78) for which detailed experimental resultsSwere available. The correlation between calculated
+ WAKEBOUNDARY and test results is shown characteristically on figu-

CONDITION POINTS re 79, which represents the pressure coefficient
along the lower aircraft centerline in the symmetry

SURFACE BOUNDARY plane (m=-15). Extremely close agreement was
CONDITION POINTS obtained for the nose and the central fuselage por-

tion, but the theoretical prediction becomes
Fig. 77. Schematic of source and vortex panel inaccurate in the afterbody area: the potential cal-
potential flow model, from (134] culation predicts a strong recompression which in

fact does not occur as a result of boundary layer
separation. The preceeding example highlights one of
the major obstacles to any attempted theoretical

In the case of a fuselage, the simplest approach is to prediction: the fuselage afterbody often produces
assign an initially unknown constant density of sour- regions of flow separation where turbulent eddy flows
ces to each panel, and to postulate NEUMANN's condi- are present which no longer follow the laws of ideal
tion at each panel control point. The solution of the irrotational fluids. This is precisely the reason why
problem, i.e. the determination of the unknown real flows generate pressure drag which cannot be
densities, is thus reduced to solving a linear system predicted by a simple potential calculation using
of equations. source-type singularities.
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Ay 2.2.2.2 Development of Separated Flow
Models

By the mid 1970's, despite the encouraging results
mentioned above, it became clear that a productive
use of theoretical methods at the preliminary design
stage required a better assessment of the airflow
downstream from the separation lines. Without a
suitable wake model, the theoretical methods would

Fa' F.) PS ) (,\ undoubtedly remain a useful but secondary design tool
(101 (1,compared with wind tunnel test results.

I I In order to fully appreciate the difficulty of the
problem, a closer look is required at the phenomenon
of boundary layer separation. For greater clarity,
consider the separation of an incompressible 2-Dboundary layer subjected to an adverse pressure

gradient (figure 81). At the high Reynolds numbers
characteristic of helicopter flight, the boundary
layer is naturally turbulent and obeys to the
following equations:

Fig. 78. Sketch of BO-105 fuselage, from [1291

- Continuity equation:

au av
T- + - = 0

2 TEST ax ay

- Momentum equation:

au au ap a au0u - + v - = -(I/p)- + -(v - - u'v)

Cp0x ay x ay y

04 y

08 tie
0 4 8 12 16 20 24 28 32 36 40 4

AXIAL DISTANCE. IN

Fig, "9. Pressure coefficient vs. axial distance on
bottom centerline of BO-105 model at a=-150, from

u129]

Despite these drawbacks, a number of authors have
success f,.lly used numerical codes on the same

principle as the one described in [129], including
CLARK & WILSON 1132] and VENEGONI, MAGNI & U (LONGITUDINAL COMPONENT
BALDASSARINI [133]. ,r OF VELOCITY)
In [132] a source-type singularities method
associated with a streamline calculation module and a
2-D boundary layer method developed by AMI is used to x
determine the flow separation line in the afterbody OWN /0,/,11111"1/4-
area of different fuselage shapes. Although drag cal-
culations are impossible, the theoretical analysis Fig. 81. Typical sketch of the longitudinal velocity
provides a qualitative shape optimization criterion, profile in a 2-D boundary layer near separation
since the drag coefficient is closely related to the
size of the separated region.
Reference [133] discusses the use of a similar compu-
ter program in the design of the A-109 fuselage. Where:
Although no spectacular discoveries were made, the
analysis produced a better understanding of the v: kinematic viscosity
experimental results and allowed the effects of shape
modifications to be quickly evaluated by plotting the p: static pressure (assumed constant throughout the
fuselage streamlines (figure 80). boundary layer thickness)

p: density

u', v': turbulent velocity fluctuation components

u: longitudinal velocity component

.......... v: normal component

In the momentum equation in addition to the viscous
friction term vau/ay which is significant only in
the immediate vicinity of the wall surface, there
appears a turbulent friction term materialized by the
turbulent stress factor -u'v'. This term, amplified
by the adverse pressure gradient, contributes to the
deformation of the mean velocity profile. For
example, in the logarithmic region of the velocity

Fig. 80. Streamline distribution over the A-109 profile, the turbulent velocity fluctuations commonly
model, from [133) reach 10 % of the external velocity Ue.



2-31

At the nose and on the main fuselage section, the CAL ULATEOSTREAMLINES
boundar layer thickness is negligible compared with SOURCE PANELS PREDICTED UNIFORM VORTICITY
the body dimensions thereby justifying the use of an SEPARATIO

ideal fluid singularity method. This is no longer POINEL

true near the separation zone, however, where both
the turbulent kinetic energy and the vorticity
(represented by the u/3y term) are distributed in a
3-D volume and are no longer confined in a thin layer
at the surface of the fuselage. Downstream from the v.
separation zone the turbulence released into the wake
evolves under the effect of the mean velocity
gradient and in return reacts on the mean velocity
field. Its intensity gradually decreases as energy is /
transferred from large-scale turbulent structures to RECTANGULAR RIOFPANSEPARATIONLINE
small-scale structures which dissipate through (MUSTOOALONGSOURCEPANELEOGEI
viscosity.

An interesting description of a fuselage wake is Fig. 82. Schematic of interim model for modeling
given by the vortex stretching theory [157]. At high separated flow on bodies, from [1341
Reynolds numbers it is assumed that the behavior of
most vortex sheets (i.e. instantaneous vortex line
envelopes) is governed by the time-dependent ideal - EXPERIMENT, Re=.425x10
fluid equations, while viscosity is involved only in
very small scale motions. According to KELVIN's cir- -- ATTACHEDFLOWCp=I--tSIN20
culation theory, the vortex lines (and therefore the TATTACHED FLOW
vortex sheets) are conserved during the evolution of X FIRST ITERATION
the fluid in time, although they may be distorted. -1.4 GSECOND ITERATION
Thus, a fluid particle may be subject to totally
random motion while moving along the vortex sheet.
Moreover, a particle subjected to random motion tends -1.2 .
on average to move away from its point of departure. /
Similarly, the distance between two particles tends
on average to increase with time. If these particles 1.0
are situated at the ends of a vortex line segment, the
length of this segment tends to increase. A vortex . X
tube thus has a tendency to stretch out axially, -.8
while becoming thinner to ensure mass conversation.
Conservation of the kinetic moment wr of a vortex tu- -.6
be implies that the rotational speed w increases as
the radius r decreases. The process continues until\

the tube of very small radius is finally dissipated -.4
by viscosity. The overall result is the gradual dif- Xfusion and disorganization of the wake as it moves
downstream away from the fuselage. -.2/

As can be seen the general evolution of the curl of CP 0 D X
the velocity poses a complex problem. If the effects C 0
of viscosity and turbulence in the wake are
neglected then this evolution is governed by .2
HELMHOLTZ? vorticity equation:

D/Dt = w.grad V .4 1%

Where D/Dt is the particle derivative, V the K
velocity, and w = rot V. .A

Consider now the solutions proposed to date for .8

modelling the wake behind helicopter fuselages. Two
broad categories may be distinguished. One is a set 1.0
of models developed by AMI and based on the following 0 20 40 80 80 100 120 140 160 180
assumptions: (DEG)

" Wake turbulence is not taken into account Fig. 83. Comparison of measured and computed pressure
distributions on a sphere, from [1341

" The vorticity is concentrated in a region of zero
thickness forming a stationary vortex sheet.

" The vortex strength remains constant along the Nevertheless, reliable drag predictions are still not
sheet and is determined by its value on the possible, as shown by the discrepancy between the
separation line. computed and experimental pressure coefficlnts. With

the new model, the agreement even breaks down
completely near the junction between the sphere and

Except for the very first model in which the vortex the vortex sheet.
sheet was cylindrical [134] (figure 82) the program
includes several iterations designed to align the The authors then concentrated on lifting configu-
sheet on the local flow direction. The vortex sheet, rations (wings of finite span at high incidence) in
which in the final stage is no longer crossed by the which the body is represented by distributions of
fluid, becomes a slippage surface, one of the two sources and doublets. The problems of interaction
discontinuities compatible with ideal fluid equations between the body and the vortex sheet are then
(the second type being the shock wave), reported to be less critical. Advanced techniques

have even been developed to increase the mesh density
Reference [139] discusses the application of a model on the body in the areas of strong interaction [140].
reserved for non-lifting configurations in which the To our knowledge, however, no satisfactory
body is represented by a distribution of sources with correlation with experimental results on rounded
constant panel densities. A characteristic example bodies such as the sphere has yet been presented.
illustrating the possibilities of this method is
given by the calculation of the airflow around a Indeed, few results concerning isolated fuselage wake
sphere (figure 83). Compared with the potential flow modelling have been published, whereas the literature
calculation without wake modelling, the vortex sheet includes many studies analyzing the influence of the
modelling brings a qualitative improvement in the fuselage on external components such as the rotor
heart of the separated zone. head [136,137,138.
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It should be noted here that the validity of the SHED VORTICITY TRAILED VORTICITY
re presentation of a wake by a single vortex sheet has
never been convincingly established. This type of
model is perfectly suitable for the wake shed from
the trailing edge of a wing of finite span which
physically resembles a sheet, but may be inadequate
in the case of a thick boundary layer separating from A$T
the rear of a rounded body. The poor results shown on
figure 83 in the flow separation area could then be
attributed to the underlying assumptions of the model
itself rather than to the nature of the singularities A --
used. A

In order to avoid the inconvenients of representing a
volume distribution of vorticity by a sheet of zero

thickness, MBB has developed a second category of
models based on a volume distribution of vortex
singularities [141,142]. Derived from a potential
flow code using source-type singularities [143], the
most recent version [142] achieves a 2-D boundary
layer calculation along several streamlines at the
surface of the fuselage and determines a flow
sepiration line. The originality of the method lies
in the construction of a 3-D wake mesh downstream
from this line, in which vortex lines are distributed Fig. 84. Calculation of wake induced velocities, from

(figure 84). The radial and longitudinal evolutions [142]

of these vortices are determined empirically from
experimental results obtained with rounded bodies
such as the sphere.

POTENTIAL THEORY
-. .--- [WITHOUT FLOW SEPARATION)

The advantage of this type of model is to offer a more (WIHOU FLO SEPARATION)________

refined representation of the rotational component of MEASUREMENT

the mean flow than can be obtained with a single HCALCULATION

vortex sheet but at the same time it also raises a WIT
number of problems: 

\

The vortex distributions, based on empirical
laws, cannot be generalized and become IV

increasingly unsuitable as the flow deviates
from the original axisymmetrical flow condi-
tions -1,0 -0,5 0 0,5 x/R 1,0

The method does not take into account the
presence of thu aircraft tail boom, and no Fig. 85. Measured and computed pressure distributions
provision is made for the resulting wake on a sphere (Re=0.45x10'), from [142)
deformation: the fuselage must therefore be
truncated at the root of the tail boom for
calculation purposes (figure 84)

No clear theoretical background has been
advanced for the volume distribution of 2.2.2.3 Complex Configurations

singularities. In the theory of singularities
it is required that the mathematical (and
physical) singularities be located outside
the fluid region, i.e. inside the body or, if The difficulty of making valid drag predictions being
otherwise unavoidable, in areas of zero recognized, the trend since 1980 has been to move
thickness within the fluid region that away from attempts to obtain accurate drag esti-
constitute discontinuity or slippage surfa- mations on simple configurations (isolated fuselages)
ces. The laws of ideal fluids, which and instead to concentrate on more qualitative
postulate the existence of such surfaces, are studies of complex configurations. These may include
thus observed throughout the fluid region. In models of the rotor head, rotor disk, powerplant
the case of the model considered here, it is airflows, tail rotor and even of the tail fin and
difficult to assimilate the tangle of vortex stabilizer assembly, but the most frequent combi-
line segments with a representation of nation is the fuselage and rotor.
slippage surfaces. Both aspects of the mutual interaction may be

considered:

Rotor downwash on the fuselage

Figure 85 compares the model predictions with the Since the aerodynamic characteristics of the fuselage
experimental results for the airflow around a sphere. alone cannot be accurately predicted, these results
The results are similar in certain respects to those can only be very approximate. Moreover, fuselage
given by the A.M.I vortex sheet model i.e. (1), the aerodynamics are of concern primarily at high speeds,
pressure level is correct in the wake, and (2), the when the rotor induced velocities become small
recompression is overestimated near the flow compared with the helicopter airspeed. This aspect is
separation line at the boundary of the wake. In therefore of limited interest. Reference can be made
final, the model leeds to a sizeable error on the nevertheless to the work of FREEMAN [144] in which
pressure coefficient and cannot be expected to the fuselage is modelled by sources and the rotor

provide valid drag predictions even for the wake by a set of vortex lines. What limits his
relatively simple configuration that was used as the approach is the fact that he uses a prescribed wake
basis for its development (prescribing the radial and semi-empirical rotor model which modifies the airflow
longitudinal vortex distributions), over the fuselage but is not in return affected by it.
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Fuselage effects on rotor operation 2.2.3 Towards a more Fundamental Approach

Efforts to improve streamlining by minimizing the
fuselage cross section have often led helicopter If the objective of the research in computational
manufacturers to design extremely flat transmissionsystems in which the rotor is dangerously close to aerodynamics remains the valid prediction of fuselage

characteristics (e.g. aerodynamic coefficients),
the fuselage (e.g. WG-13 LYNX, UH-60 UTTAS). The then the problem must be reconsidered from the outset
passage of a rotor blade above the fuselage can by concentrating the research effort on the isolated
produce a sudden variation of the blade angle of fuselage. A critical analysis is required of the
attack and induce undesirable structural vibrations. fus Aicritical anoysis is rei f theThissitatio wa stdiedin etal byCLAK & methods discussed above in order to identify any
This situation was studied in detail by CLARK & overly restrictive or even false hypotheses.
MASKEW 1145,1681 with a vortex sheet model developed
by AMI (VSAERO code). In view of what has already been Three modelling levels shared by all of the previous
said about the inadequacies of modelling an arbitrary methods can be a priori reconsidered: (1), the
wake by a vortex sheet, a reliable description of the petods ca lclatioriireconsidered: (1), fhe
airflow around a complete helicopter is not to be potential flow calculation in the irrotational flow
expected. Nevertheless, this approach sets a new re- the 2-D boundary layer calculation along the fuselage
cord for complexity in implementing a method of
singularities (figure 86). Successive iterations take streamlines, and (3), the wake calculation downstream
into account: (I) the influence of the rotor flow from the separation zones using a singularities
field on the airflow around the fuselage, (2), the method.
influence of the fuselage on the development of the In the following sections we propose to discuss the
vortex sheets shed by the rotor, and (3), if limitations of each of these models.
required, the influence of additional components such
as rotor head, tail rotor, horizontal and vertical
stabilizers. 2.2.3.1 Limitations of Potential Calcu-
The rotor is represented by a vortical disk with lations in Irrotational Flow
vortices trailing at the blade tips. The fuselage is
modelled by source and doublet distributions, and the The problem is an exact one (EULER's equations) and
vortex-wall interactions are processed as described does not involve modelling per se (in the usual sensein [140]. This program has revealed the importance of of the word). The difficulty lies in its numerical
the angle of attack variations on the blades as they resolution, for which a number of choices must be
pass over the fuselage, and the adverse effect of the made: (1), the type of singularity (source, doublet,
rotor head on the airflow around the aft blade, vortex), (2), the type of distribution (uniform or

higher-order panel distributions), and (3), the size
of the mesh.
Practical experience has shown that very good
agreement with experimental results can be achieved
for the pressure on the fuselage in the unseparated
zones by means of a simple distribution of sources
with uniform panel density. The number of panels
permitted by existing programs (about 1000 panels per
half-fuselage) is enough to ensure this and allows
the aircraft geometry to be correctly specified. For
a given number of panels, the quality of the mesh is
considerably enhanced by the use of the block mesh
technique developed by AMI (with variable mesh
density between blocks). Moreover, it has been
verified that, for a simple potential calculation on
a non-lifting body, the use of doublets gives results
extremely close to those obtained with source-type

Fig. 86. Basic panel model for the study of singularities.
rotor/body interactions, from [145) As a general rule, the potential calculation in the

regions of unseparated flow is the most reliable step
Among the authors which have delt with the in all of the previously considered methods.
interference created by the fuselage on the rotor we
may also mention WILBY, YOUNG & GRANT [1651, HUBER &
POLZ [1661, JOHNSON & YANAUCHI (1671.

2.2.3.2 Limitations of Streamline
An important problem when dealing with complex confi- Boundary Layer Calculations
gurations is the huge number of panels which are
necessary. With the present limitations of computer
memory size it is not possible to discretize
simultaneously the rotor and fuselage with a The first computer codes dealing with fuselage
sufficiently fine mesh to reveal, for example, the aerodynamics were developed at a time when the only
higher-order harmonics required to analyze dynamic boundary layer methods available in industry were
rotor loads. 2-D. A few years earlier, in 1968, the STANFORD

conference on boundary layer calculations [1643 had
As a conclusion to this review of existing methods, established the validity of several 2-D integral
it should be recognized that the most recent methods, and it was only natural to attempt to adapt
developments, i.e. programs capable of dealing with these to potential flow codes. Their application,
multi-component configurations, resemble very much based on the assumption of minimal transverse flow,
demonstration exercises of the possibilities of the made it necessary to compute streamlines on the
theoretical approach, which require each time partial fuselage surface.
rewriting of existing programs. The routine use by Subsequently, in the late 1970'a, 3-D integral
project engineers of a reliable code to evaluate the boundary layer methods became available and were in
consequences of specific airframe modifications is turn validated by various workshops on 3-D boundary
still a remote prospect. layer calculations, including STOCKHOLM [155] in 1978
With the progress made in recent years concerning the and AMSTERDAM [1561 in 1979. At that time however,

generation of calculation meshes, Computer Assisted the fuselage aerodynamic codes were already
Design methods now make it possible to modify a relatively well structured and were not called into
geometry and arrange the corresponding panels in question. Present-day use of 2-0 rather than 3-D
about half a day. In order to become a serious boundary layer methods is therefore more likely to be
competitor for wind tunnel testing, numerical methods a consequence of the chronology of program
must first be capable, in a similar time interval, of development rather than the result of a critical
furnishing a valid quantitative estimate of the shape analysis of the aerodynamic problem.
modification, even if initially only relatively sim-
ple shapes are considered. An effort is thus required Useful information on the nature of 3-D boundary
to provide the computational methods with a more layers and the relevant computational methods can be
rigorous theoretical basis, and ultimately with the found in references [146) through [151]. Only a few
experimental validation that they are still lacking. fundamental aspects will be recalled here.

W
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- The 3-D character of the boundary layer is Broadly speaking, a 2-D method is inherently
highly dependent on the curvature of the unreliable in that the user cannot readily detect the
streamlines on the fuselage. In the case of point beyond which the results become false. The
the flow around an axisymmetrical body at performance of the fuselage codes described above
zero incidence, the purely longitudinal should thus be significantly improved by
curvature of the streamlines does not induce incorporating a 3-D boundary layer method. Moreover
any 3-D effects. Conversely, when the same this integration does not pose an insurmountable task
streamlined body is placed at a certain inci- as demonstrated by the recent work of HIRSCHEL at MBB
dence in the flowstream, a transverse [153,1541.
curvature appears, generating strong 3-D
effects in the boundary layer. Anticipating on the next paragraph, it must be

emphasized that the determination of a valid
separation line is an absolute prerequisite for wake

- A 3-D boundary layer is characterized by a calculations, irrespective of the wake model used,
change in the direction of the speed vector since this line in turn determines the initial condi-
across the boundary layer between the tions from which the wake will develop. From an
exterior and the surface of the body. The operational standpoint, it is easier to define the
limit of the direction of the speed vector on separation line from a 3-D calculation with a
the surface of the body determines a complete fuselage mesh than with a 2-D method in
skin-friction line (as opposed to the which the fuselage must be covered by trial and error
inviscid streamline), with numerous streamlines whose final destination is

unknown in advance.

- The principal difference between 2-D and 3-D
boundary layers concerns the separation 2.2.3.3 Wake Calculations
phenomenon 2-D separation is usually ;-fined
as the disappearance of viscous friction and It was shown in the previous section that the princi-
the reversal of the surface flow direction, pal limitation of the wake calculation (particular y
In the 3-D case, the notion of separation is near the separation area) came from the use of a suz-
not clearly defined. Nevertheless, face model to represent a 3-D volume distribution of
experimental visualizations and theoretical vorticity. More generally while the true unsteady
methods [1491 often indicate a concentration behaviour of vortex sheets can indeed be described in
or focalization of the skin-friction lines terms of an ideal fluid, the time-averaged velocity
along a curve, the envelope,- which may be field (assuming that a statistical average exists)
assimilated with a separation line, and which corresponds to a volume distribution of vorticity
is in fact a line of singularities for the that can hardly be represented by a single stationary
theoretical methods. vortex sheet. Nevertheless, two basic reasons have

led authors to use a method of singularities often
with complete disregard for the physical reality of

The theoretical predictions of the separation line the phenomenon: (1), the desire to terminate the cal-
vary widely according to which type of method is culation of the aft fuselage section with a method
used. Figure 87 shows the skin-friction lines on a already present in the programs, and (2), a
streamlined body at 100 incidence, as calculated by reluctance to use numerically heavier methods on an
AEROSPATIALE with the integral 3-D boundary layer industrial basis.
method developed by COUSTEIX & AUPOIX [150] (the
inviscid velocity field was determined using a
source-type singularities method). Very distinct 3-D Setting aside simulations of the time-dependent
separation can be observed in the focalization of the NAVIER-STOYES equations which are still limited to
surface flow lines. Under the same conditions, a low turbulent Reynolds numbers, the most efficient
conventional 2-D boundary layer calculation along means now available for computing complex flow fields
surface streamlines would only predict separation on is a finite difference solution of the averaged tur-
the upper line of the body in the plane of symmetry. bulent NAVIER-STOKES equations. Such purely

elliptical calculations are capable of predicting

phenomena as complex as the horseshoe vortex locatedin front of a compressor blade root, or in front of
SEPARATIONPO10 10 the wing-body junction on an aircraft [158.

The introduction of turbulence into the monumentum
equation, generally in the form of a turbulent
viscosity term, remains a perfectible aspect of the
method.

______The high computer time required for an elliptical
iNmae ONAL SEPARATION LINN resolution of the NAVIER-STOKES equations has held

-- Osome authors to prefer faster semi-elliptical methodsSKIN PSICTIEN N

[159,160,161] capable of dealing with a descendingstep or a fuselage afterbody, and also, but to a
lesser degree, with downstream obstacles (e.g. the

Fig. 87. Comparison of 2-D vs. 3-D separation lines airflow over an ascending step). In any event, the
on a streamlined body at 0=100 preparation of a 3-D mesh of the fluid region, the

accurate determination of the boundary conditions,
and the computer time required are not yet compatible
with routine industrial applications.

On a helicopter fuselage, the localization of possi-

ble separation is of considerable importance since it An intermediate solution is required to fill the gap
determines the size of the low pressure region behind between the "fast" methods providing only qualitative
the fuselage which is the principal source of drag. A results and the more productive but time-consuming
crucial question then arises: are the flowstreams codes.
routinely encountered around helicopters likely to
induce separation phenomena with strong 3-D effects
thereby requiring the use of 3-D boundary layer
methods ? One possibility that will be considered at some

length here is currently being evaluated by
A study undertaken at AEROSPATIALE based on the AEROSPATIALE: an ideal fluid model of vortical wakes
experimental results published in [152] Ihows that in by means of point vortices. This type of model was
the case of a fuselage with a strng afterbody studied in detail by REHBACH of ONERA 1162,163). As
contraction, the separation lines obtained with 2-D mentioned earlier, the evolution of the curl of an
and 3-D methods are different but qualitatively com- ideal fluid is governed by HELMHOLTZ'equation:
parable, the 3-D calculation providing slightly
better agreement with experimental results. It is
entirely another matter, however, when dealing with Dow/Dt = w.grad V
streamlined bodies at non-zero incidence such as
depicted in figure 87.
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Unlike conventional vortex sheet methods in which t-e An examination of the airflow around a fuselage
vortex strength is held constant and equal to the va- reveals distinct regions with specific
lue it had when it was shed by the boundary layer characteristics requiring the attention of
during separation, the time-dependent evolution of specialists (e.g. the 3-D boundary layer). Prior to
the vorticity can be computed here by means of an the final synthesis by the helicopter manufacturer,
exact equation. It naturally applies to unsteady the assistance of research organizations is required
aerodynamic flows, but can also be used to compute to develop operational computer codes, the building
stationary flows by progressively converging towards blocks that will then be assembled in a complete
a steady-state solution. The slipstream is no longer program. This work has been successfully accomplished
considered as a sheet, but rather as a set of point in the last two decades, first for 2-D boundary layer
vortices. At each time step, point vortices are methods, and then for 3-D methods. It must now be
emitted along a separation line (or, as in the figure continued for the present stumbling block: wake cal-
below, along the leading edge of a wing at high angle culations.
of attack) where they represent in concentrated form
all of the surrounding vorticity. The vortices then
propagate by convection according to HELMHOLTZ'
equation, in the same way as all the previously ACKNOWLEDGMENTS
emitted vortices (figure 88). It should be noted
that a point vortex considered alone has no physical
meaning. Only complete vortex rings are acceptable in J.J. PHILIPPE would like to thank his colleagues at
an ideal fluid and create a true velocity potential. ONERA for their help in writing the chapter on rotor

aerodynamics and especially R. DAT, A. DESOPPER, B.
However, the set of point vortices effectively MONNERIE and J.J. THIBERT.
represents a vortex sheet.
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3.3 Sound Due to Blade Forces

3.3.1 Steady Airloads

In a classical early paper on propeller noise, Gutin
3 2  

in 1936 showed that import-
ant features of the noise radiation could be explained in terms of the propeller thrust
and torque. He represented the propeller disc by a surface of dipoles which were ener-
gised by the passage of the rotating blades. The Fourier components of the sound field at
position r, 6 (8 measured from the thrust axis) were given by

c n kTo cos g - , n (nM sin 6) (20)

where n is harmonic number relative to rotational frequency P, To0 and D0 are the steady
blade thrust and irag forces moving circumferentially with Mach Number M and Jn is a
Bessel function of the first kind. Although the equation should be summed over a suit-
able radial distribution of blade loads, reasonable results can be obtained using a
single force pair acting at about 80% radius. Note also that for a B-bladed rotor, the
sound pattern of each blade is out of phase with those of the other blades so that
harmonics which are not multiples of B cancel out. For the remaining harmonics n = mB
and T and D0 are summed over all blades.

Gutin's theory provides a reasonable estimate of the first few harmonics of propel-
ler or rotor noise at least for tip Mach numbers greater than about 0.6 both in terms of
level and directivity (Figures 18 and 19). However it seriously underestimates higher

o DATA
- -- GUTIN

-THEORY

1lOd? - I

IPLANE

-BLADE.

Ih /"

IOdB - EXPERIMENT

Ir ~---GUTIN THEORY , /
0.2 0.3 0.5 0.7 1.0

TIP MACX: NO.

Figure 18 Comparison of Gutin's Theory and Figure 19 Comparison of Measured and Theor-
Experiment

3 3  
for 2-blade Propel- etical Level of First Five

ler Harmonics of Propeller Noise as
Function of Tip Speed

3 4

harmonic levels, especially at lower tip speeds and this is an especially serious limit-
ation for helicopter main rotors (with blade passing frequencies of 20Hz or less) where
harmonics above the 10th or so make the main contributions to subjective annoyance.

3.3.2 Periodic Airloads

The probable importance of unsteady airloads was recognized by many early workers but
they were not included explicitly in calculations of rotor noise until some thirty years
after Gutin's studies when the problem of helicopte

r 
noise was beginning to attract ser-

ious attention. Following experimental work in the U.S.A. and England
35 ,3 6  

in the early

1960's which clearly demonstrated the need for better theoretical understanding,Schlegel
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impenetrable surface, all points of which
move with the same linear or angular veloc- Source
ity, their result reduces to 7 Regi on

ply,t) z 1F 32Ti dV

L r dS() -

+ IT _r4ir1 dS(r) (19)

C

where the Doppler effect appears through the
Il-M I terms. As is the case for the stat-
ionaly source (18) we see that sound may be
generated by (i) Lighthill's quadrupoles in Figure 16 Shrinking Spherical Surface of
the fluid surrounding the control surface, Constant Retarded Time
(ii) the stress exerted across the surface
and (iii) by any local volume displacement by the bounding surface (the control surface
effectively surrounds a volume of stationary fluid; in order to leave this behind as it
moves, the body must exchange mass with its surroundings equivalent to poy.2 dS per unit
area). The three source terms of (19) are often referred to as stress, force and
volume (or mass) sources. All can be of importance to rotor noise generation.

3.2 Rotor Noise Generation

Rotor noise is usually considered to have two distinct but simultaneously occurring
components. The first is periodic with a fundamental radian frequency equal to the blade
passing rate, Ba (number of blades x rotational frequency) and the second is random
albeit with an intensity which is modulated at the blade passing rate. Figure 6 illus-
trates the waveforms and corresponding spectra of typical helicopter sounds which reveal
these two types of sound. It is not entirely clear that there is a sharp division bet-
ween periodic and random components; for example broad peaks in the spectrum lie some-
where between the two descriptions. However the distinction helps in the categorisation
of source mechanisms.

The periodic sound is mainly associated with steady blade loads (lift and drag) and
volume and due to periodically fluctuating blade loads (due to asymmetric flow,
blade/wake interactions, etc.). Time-varying loads which repeat themselves exactly from
revolution to revolution give rise to discrete lines in the spectrum (slight variations
from true periodicity cause some broadening of these spikes) which can often be identi-
fied at very many multiples of blade passing frequency.

The random or broad band component of rotor noise is attributable to turbulence of
one form or another. Such turbulence may be generated by the rotor, e.g. in the blade
boundary layers, shed wakes and trailing vortices and these sources tend to become import-
ant at higher frequencies. However large-scale atmospheric turbulence ingested by the
rotor can have a significant effect on noise generation at lower frequencies.

A third component of rotor noise sometimes described separately, is that of impulsive
noise or blade slap which could be described as an extreme form of periodic noise since
it spectrum contains discrete frequency lines up to very high frequencies (Figures 6 and
7). Its origins can be traced to transonic flow in high-speed rotors and to interactions
between blades and concentrated vortices in the wake flow.

Figure 17 shows the breakdown of the various rotor noise sources which is followed
in this discussion.

HELICOPTER NOISE

ROTOR NOISE OTHER SOURCES

BLADE FORCES THICKNESS FLUID STRESSES

PERIODIC RANDOM

- Steady Airloads - Vortex Shedding

- Periodic Airloads - Inflow Turbulence

- Blade-Vortex Interactions - Self-generated Turbulence

- Tip Vortex

Figure 17 Breakdown of Rotor Noise Sources
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monopoles).

These descriptions of the sound fields surrounding the source region have so far
avoided the difficult question of how the sound is actually generated, for within the
source region the weak perturbation assumptions of the homogeneous wave equation break
down. In fact, the exact equation of fluid motion is

1_ 212 _ V2p j (16)

c2 at2  axiax3

where Tij = Pvv + Pij - C
2 

ij

This formulation, derived by Lighthill 3 0 in 1952, retains the wave equation on the left-
hand-side by switching the collection of non-linear terms to the right-hand-side. These
include the turbulent Reynolds stresses pv.v., the viscous stresses (pi - P ij) and
(p - c2D)6i. which describes non-isentropi affects (6ij is the

Kronecker delta = I if i = j; = 0 if i / j).

Thus, in this 'acoustic analogy' the fluid motion may be visualised as an acoustic
field (equation(8)) where sound waves propagate with speed c and a source field (equat-
ion (16)) comprising a 'quadrupole distribution' of strength T. per unit volume. The
quadrupole nature of the field is revealed by the double divergence on the right hand side
of (16) which indicates a double tendency of the sources to cancel. (In the same way
that a dipole field is the divergence of a monopole field, so a quadrupole field is the
divergence of a dipole field).

The exact solution to (16) is
2 T. Ti (y't)

p(x,t) a 13 - d 3
y (17)

ax~ ax -,, 41rr
ix j  4

Equation (17) can be used directly to estimate the sound radiation from a region of turb-
ulence in which T. is finite. However rotor noise is due to the interaction between
the fluid and the 1roving blade surfaces and further analysis is necessary to provide a
starting point.

Ffowcs-Will ms and Hawkings extended the Lighthill formula to include the effects
of moving bodiesi - . Their results, which provide the basis for most modern methods of
calculating rotor noise, were obtained by defining the right hand side of equation (17),
i.e. the Lighthill quadrupole source, as a distribution inside the immersed body and
then using the divergence theorem to convert the volume integrals into surface integrals
over a surface enclosing the body. The Ffowcs-Williams-Hawkings equation is

p(x,t) I a
2 

-Lxij dV

-47 T.~x j r 4
V

1 a Ov Fov v + pi- f ni r dS

S

1 aT E! IdS (18)

where n is the direction cosine of the outward normal to the enclosing surface. The vol-
ume integration is carried out over a limited volume outside the surface S where T..
stresses are significant. The second and third terms arise from the conversion 13

from volume to surface integrals and show that the quadrupole field interior to the body
is equivalent to a combination of dipole and monopole sources at the surface enclosing
the volumes. The dipole strength density is the fluid stress applied to the surface and
the monopole strength per unit area is the mass flux crossing the surface (e.g. due to
pulsations of the body's volume). The square brackets denote evaluation at source
position y and retarded time i.

Equation (18) is an exact expression for the sound radiation in the presence of a
foreign body. It is calculated by integrating the source terms at their relevant retard-
ed times. Since all waves travel at speed c it is clear that this integration is effect-
ively carried out over the intersection between the source region and surface of a
contracting sphere of radius c(t-T) which is centred on the observer (at x) since this is
the locus of points whose emissions arrive simultaneously at the point x at time t (see
Figure 16).

For a small, fixed source region, the total duration of these emissions is small.
However if the source region is moving with an appreciable velocity component towards the
observer, the time for which it is intersected by the integration surface can be apprec-
iably increased, as is the spacial extent of the contributing source distribution. This
amplification is a manifestation of the well-known Doppler effect.

Ffowcs-Williams and Hawkings applied their theory to the case of a moving body by
a transformation to a co-ordinate system n moving with the body. In the case of a rigid,
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The homogeneous wave equation which describes the propagation of sound waves in
unbounded space may be written

L 12 vp = 0 (8)
C at,

where p is the acoustic pressure perturbation, c is the speed of sound and
=

z  a2  a2  a2  a2

v' + - + e (= in tensor notation). This equation is derived using
ax1 2 ax 2 2 x 32 x. 2 linearlsat ions which are valid in

3 1x weakly disturbed fluids.

When considering sound generation, a source region V may be defined within which
the right hand side is not zero. Within V we may write

L Va- p = q(!,t) (9)
c2  at2

where q(x,t) represents a disturbance at position x. Defining X as a source co-ordinate,
the soluTion to (9) is 1I3p(x,t) = q(y~t -,,I '1 /c) (0J - l) d' (10)

Here x is an observer co-ordinate and the result reflects the fact that the sound at
x,t was emitted by sources at y,T where the "retarded time" T = t - - ic
If the source volume is small Zompared with the acoustic wavelength, the variation of T
is negligible for a distant observer and (10) reduces to the approximate result

Q(t - I1 Ic) (
p(X,t) 4 IxI (11)4w k

where I>> [I and Q(t) = f q(y,t) d3 y

V
In the limit, when the source is concentrated at a point (11) reduces to

p(x,t) = Q(t - r/c) (12)
4 w r

where r = distance between observer and source. This source is called a monopole,
strength Q(t). The sound field due to a monopole is omnidirectional.

The sound field generated by the source distribution q(j,t) is, according to (10), the
the sum of contributions from all elemental sources in the field. Because of cancellat-
ions due to the positions of and phase differences between these elements, the sound
field could be very weak. Indeed the net sound may only be non-zero because of retarded
time differences.

The monopole distribution q(A,t) degenerates into a dipole distribution if q can be
expressed as - div f for a function f which vanishes outside the source region. In
such fields the insiantaneous sum of the monopole elements is zero. In this case

Q(t) = fq(x,t) dV = - /div f dV = -Jfn(jt) dS = 0

V V S
This integral is over a surface S which encloses V and upon which f must vanish. In
this case the wave equation becomes

1 L -t V axi  fi(xt) (13)

c 2 at2 i

which has the solution
p(x,t) = - fx 4r d (14)

A point dipole is the limiting case of two opposite monopoles which are brought together
for which

a a Fi(t - r/c) 1p(x,t) =- ____4__r

In polar co-ordinates, the sound field of a dipole, which is axi-symmetric, is, in the
far-field

p(r,@,t) Cos e aF (15)4wcE r _5T

where e is t-he angle to the dipole axis. This is a figure-of-eight pattern with zero
sound in the plane normal to the axis (due to cancellation between the constituent



3- 10

In quiet background noise, helicopters are
detectable at distances in excess of eight
miles (12km)

-Rnge 2.7 Conclusions

4For the present, conventional methods of
ft noise measurement and assessment may be con-

o 70 - sidered adequate to guide the development of
*improved noise control technology. They

0400ft show for example that from the viewpoint of
o60 both noisiness and detectability it is the

mid-frequencies from 100 or 20OHz up to
5 around 1500Hz that pose the main problem.

*At the same time, it is clear that
40 there is room for improvement; the scaling

* procedures are definitely less reliable for
Vrotorcraft noise than they are for fixed-

30 D wing noise. An im ortant finding in
Ollerhead's study

2b was that the very long
t0 attention-arresting sound of an approaching,

highly impulsive helicopter did not affect
annoyance responses in the laboratory experi-

z 10 3200ft ments. Yet "hearsay" evidence of complain-
0 400ft ants near heliports indicates that this may

be a particular source of aggravation to
people at home. There is therefore a need

10 100 1000 8000 to investigate the relative roles of

Frequency-Hz detection and loudness/noisiness in community
annoyance. This may have an important
bearing on certification requirements.

Figure 14 Aural Detectability; X~riation 3. NOISE GENERATION

of Spectrum with RangeL There are many sources of noise on a

rotorcraft. Figure 15 illustrates the main
ones associated with a conventional turbine-
powered helicopter; the main rotor, the
tail rotor, the engine, especially its intake
(compressor) and exhaust, the gear train and
numerous turbulent flows over the vehicle
structure (aerodynamic noise). The noise
generation mechanisms are complicated by the

-. -. fact that they may interact with each other.
compmo An important example is the strong inter-

Tones action between the tail rotor and the main
rotor wake in forward flight.

Figure 2 shows a typical helicopter
c. GTndn .noise spectrum which identifies the contri-

e T butions from some of these sources. It
Sexhibits the multiple spikes of periodic

noise at lower frequencies gradually merging
into a continuum of random noise at higher
frequencies. This spectral presentation has
often been used to distinguish between two
identifiable types of noise radiated by

Figure 15 Helicopter Noise S urces rotors, termed rotational (periodic) and
broadband (random) components. In fact, it

is not at all clear that this division aids clear understanding of rotor noise mechanisms;
similar ones may underly noise components of each type. Nevertheless the diagram does
illustrate clearly the dominant contribution of the rotors to the overall noise and helps
to underline the conclusion that noise control effort needs to be directed at the rotors.
Unfortunately, the search for a clear understanding of the origins of rotor noise has
proved to be surprisingly difficult due to the combined complexities of rotor airflows
and aerodynamic noise generation. Considerable effort has gone into many theoretical and
experimental studies of rotor noise over the last 25 years or so and these have largely
built on extensive foundations laid by researchers investigating the noise problems of
fixed-wing aircraft under the broad headings of propellers, jets, compressors and fans.

This section traces some of the main steps in this search and outlines the present
state of understanding. It cannot be comprehensive; much of the relevant mathematical
analysis is complex and the reader is directed to the referenced works for details.
Attention is focussed here on the correlation between theoretical and experimental results,
the success of which of course is the real measure of progress.

3.1 Aerodynamic Noise Theory

Detailed treatments of aerodynamic noise theory are readily available, for example
in the texts of Goldstein 28 , and Dowling and Ffowcs-Williams2 9 . A summary of the basic
results is presented here by way of introduction to a review of rotor noise research.

Wo.. "
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Figure 12 Comparison of Helicopter Annoy- Figure 13 Relationship Between Helicopter
ance (Vertical Lines Show 95% Noise and Annoyance. Field Data
Confidence Range of Mean) With From Powell and Fields 2 3 .
Trend from Fixed- Jng Surveys.
From Atkins et al .

(i) that Leq is a good measure of helicopter noise exposure;
(ii) that when the noise is measured on the L scale, impulsiveness is not a

significant determinant of annoyance; eq
(iii) that significant annoyance reactions commence somewhere above 5OdB(A) Leq.

The conclusions to be drawn from the work described in this section is that although
there is less certainty about the "dose-response" relationships for helicopter noise as
yet there is no compelling evidence to indicate that tolerance thresholds are signifi-
cantly higher or luwer than those for conventional aircraft noise. A suitable planning
goal for heliport associated noise in suburban areas is 55dB(A) L e, measured over a
logical measurement period (e.g. 7.00a.m. to lO.OOp.m.). Speciale local considerations,
e.g. high background noise or particular noise sensitivity might allow or require this
limit to be raised or lowered by perhaps 5dB. In any event such a cumulative noise limit
on individual event noise to prevent excessive intrusions when the traffic is low.
Although there is no generally accepted standard for such a limit, levels below BOdB(A) SEL
are likely to be considered quite acceptable by the great majority of people, even if
heard frequently; levels above 90dB(A) SEL will probably give offence to a significant
fraction of people, even when heard infrequently.

2.7 Aural Detectability

In military applications and to some extent in civil applications too, the major
subjective criterion is that of aural detection; i.e. the time for which the approach
can be heard. The first analysis was presented by Loewy 24 and an experimental study was
subsequently performed by Ollerhead2 5 .

The three major factors which govern aural detectability of an approaching helicopter
are the hearing threshold of the .stener, the background noise spectrum and the spectrum
of the helicopter sound (the signal). Ollerhead's laboratory studies showed that the sig-
nal will probably not be detected if its tritical band' spectrum is more than 5dB below
that of the ambient noise or below the threshold of audibility. (Critical bands are the
natural filter bands of the ear - they are approximated at higher frequencies by i-octave
bands.) As sound propagates through the atmosphere, high frequency energy tends to be
dissipated more rapidly than low so that at typical detection distances the signal tends
to have a predominantly low frequency spectrum. But because the audibility threshold also
rises very rapidly at low frequencies, the critical frequencies for detection tend to be
in mid-range, between 100 and 1500Hz. Figure 14 (from ref. 26) illustrates these points.

Ollerhead's detection model was put to the test in U.S. Army sponsored field studies
by Abrahamson 2 7. He confirmed the basic accuracy of the model and also devised some sig-
nificant improvements. Other practical conclusions of importance were
- High altitude approaches ('i500ft.) were audible at 50% greater distances than low
altitude ones (c200ft.)

- Helicopter noise is sufficiently distinctive that unprepared or inattentive listeners
detect it at the same time as alerted ones
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(a) Take-off (b) Approach (c) Flyover

Figure 9 Helicopter Noise Certification Measurements2

.

Figure 10 Proposed Helicopter No)ise Limits 2 Figure 11 Noise Levels ofCurrent Product-
ion Helicopters2

u

The U.S. Government acceded and although a new NPRM is expected shortly, the FAA does not
yet require noise certification of helicopters.

Meanwhile ICAO is proposing to raise the limits shown in Figure 10 by 3dB as a temp-
orary measure although this is not expected to be implemented until late 1985.

2.6 Helicopter Noise and the Community

The research discussed previously has revealed no better scale of individual heli-
copter noise events than SEL or EPNL. We now come to the question of public tolerance;
in the community at large is the noise from many helicopters judged differently from the
the sound of other aircraft traffic? Evidence from the 10 studies summarised in Table 2
suggests not, but these are based largely on laboratory evaluations of individual sounds.

Two recently published works throw some light on this question. The first 22

was a social survey of public reactions to helicopter noise due to the Heathrow-Gatwick
Airlink in London and North Sea operations from Aberdeen Airport in Scotland. Figure 12
summarises the main results of the study which concluded that in Scotland, annoyance due
to helicopter operations is of the same order as that due to fixed-wing operations of the
same level of noise exposure. In London, helicopter operations are generally felt to be
more annoying than those of fixed-wing aircraft but that total annoyance (due to mixed
helicopter and fixed-wing traffic) is not inconsistent with total noise exposure as
measured by NNI or L . It was noted however that variations in the reactions were
"somewhat larger thag Id be expected purely from statistical fluctuations."

The second (Powell and Fields 23 ) involved measurements of community reactions to con-
trolled helicopter overflights. Impulsive (UHl) and non-impulsive (UH6OA) helicopters
were flown between I and 32 times per day on 17 separate days over a residential area near
a military base in the U.S.A. In the survey, 338 respondents were interviewed to deter-
mine their annoyance reactions on a scale from 0 to 10. Figure 13 shows the mean annoyance
response as a function of average noise level L eq. The results suggest:
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Table 2 summarises Molino's observations. From these he concluded directly
that no significant effects of phase relations, tail rotor noise and repetition rate
have yet been demonstrated. Although the majority of studies which examined them reve-
aled significant helicopter-fixed wing differences some were positive and some were
negative so this effect too was ruled out. Finally, crest-factor, examined in 30 of the
34 studies, was found to be significant in 18 of them. However Molino noted that prac-
tically all of the positive results came from experiments involving synthetic (electron-
ically created) sounds while the negative ones were largely based on real or recorded
helicopter sounds. Thus crest factor tuo was dismissed as a factor of independent
importance. Molino concluded that "... at present, there is apparently no need to
measure helicopter noise any differently from other aircraft noise."

Factor No. of Significant?
Studies Yes No Uncertain

Phase relations 2 - 2
Tail-rotor noise 2 - 2 -

Repetition rate 10 4 2 4
Different from 10 6 4 -
fixed-wing

Crest-factor 30 18 12

Table 2 Factors Studied in 34 Helicopter Noise Perception Experiments Examined by Molino
1 6

One of the Wost recent and largest scale experiments examined by Molino was perform-
ed by Ollerhead lw using 119 test sounds including 89 helicopter and 30 fixed-wing sounds.
Major conclusions derived from this study with respect to the merits of EPNL and SEL are:

(i) EPNL and SEL are equivalent in terms of their ability to predict annoyance

due to helicopter or fixed-wing aircraft noise;

(ii) Both are very consistent predictors of fixed-wing annoyance; both predict
the annoyance levels of helicopters significantly less consistently. This
is probably due to the wide range of acoustic characteristics exhibited by
different helicopters.

(iii) Impulse corrections did not improve EPNL as a predictor of helicopter noise
annoyance. The reason was attributed to the fact that impulsiveness
(a) increases the spectral level of helicopter noise in the frequency range
125-500Hz (Figure 8) and (b) causes a significant increase in signal duration
which together adequately amplify EPNL or SEL values.

2 (2.7) 1 (4.1)

GazeIIe Pm

10 dB 10dl
-- 6 (0.4) r3\ 9)

4(0.7)

63 250 1k 4k

Frequency, Hz Frequency, Hz

Figure 8 Effect of Approach Blade-slap on I-octave Spectrum of Helicopter Noise.
ISO-impulsiveness Corrections tRe Shown. (Two Non-slap Sounds Included in
Each Diagram). From Oflerhead " '.

On the basis of these and other similar findings ICAO decided not to adopt the ISO-
proposed impulse correction and eventually framed the helicopter noise certification
rule around the conventional EPNL scale . Figure 9 illustrates the noise measurement
points during take-off, overflight and approach conditions and Figure 10 shows the pro-
posed maximum allowable noise levels in EPNdB as a function of maximum take-off weight.2 0
Figure 11 compares noise levels of current helicopters with the average of these limits2 .

In the U.S.A. the FAA issued a Notice of Proposed Rule Making (NPRM) in 1979, which
described the helicopter noise certification rules it proposed to adopt nationally 3 . The
noise limits were identical to the ICAO ones but the manner in which they were to be
implemented was rather more stringent. For reasons discussed in Section 4.6 the world's
major helicopter manufacturers asked for the rule to be shelved pending further research 2 0 .
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Figure 7 Spectra of Impulsive Sound (Repetition Rate 40Hz), from Powell and McCurdy1 3

wor kng groups to recommend standardised procedures. That eventually recommended by
ISO required digitization of the A-weighted sound pressure at a rate of 500OHz followed
by calculation (from the values pi over short sampling periods) of an impulsiveness
parameter I given by 1 4

I = 1 (6)

which is clearly sensitive to the amplitude of the peaks in the time history (usually
expressed as a 'crest factor'). An impulsiveness correction a was then defined as

a = 08(loglO I - 3), in dB (7)

with the limitation that 0 <a < 5.5dB. This is a running correction to be applied to
the time history of the measured level; the corrected time history is then integrated
to obtain an 'impulse-corrected' exposure level.

Molino 1 6 has reviewed the findings of 34 psychacoustic studies of helicopter noise
perception carried out between 1960 and 1982. In these studies various characteristics
of helicopter noise were investigated which may independently influence human perception
but may not be accounted for in 'conventional' noise measurement procedures. These were
summarized under the following headings (in addition to that of crest factor).

Phase relations: normal spectrum analysis neglects phase relationships between different
spectral components of a sound. Although these do not affect total energy, they do aff-
ect the shape of the time waveform which may independently influence subjective impres-
sions of the sound.

Repetition rate: although the energy in impulsive rotor noise extends to very high
frequenciles, the listener is mainly conscious of the pulse repetition rate (which is the
rotor blade passing rate). Changes in this rate are very noticeable and it may therefore
affect noisiness judgements.

Tail rotor noise: Leverton et al 17 have suggested that helicopter nuise Judgements may
be influenced by the relative contributions of main and tail-rotor noise (which can be
clearly distinguished in some cases).

Differences between helicopters and fixed-wing aircraft: it is well known that people
react difterently to Ise from dlITferent sources, e.g. trucks, trains and aircraft
(e.g. Fields & Walker1 l

8) probably due to non-acoustical factors such as attitudes towards
the source. lt is certainly possible that such differences may exist between conventional
and rotating wing aircraft.

mm mm mm mmmm mmm mmmmmm m m m
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extent that many airport authorities provide sound insulation grants to residents in

higher noise levels.

2.5 Noise Certification

International noise certification procedures are intended to ensure that aircraft
are as quiet as technology and economic considerations will allow. The noise must be
minimal during sensitive phases of flight and the noise abatement burden should be
sh-ared by all aircraft, large and small. The rules therefore tend to specify noise lim-
its covering approach, departure and ground-roll and the limits ate related to aircraft
size and performance.

The lead in noise certification has usually been taken by the U.S. Government which
has also sponsored much research into noise control technology. Existing fixed-wing
noise limits have therefore been set such that they can realistically be met (at reason-
able cost) by aircraft incorporating the latest technology. There is no evidence that
noise certification has significantly hampered aviation and there is no doubt that modern
transport aircraft are much quieter than their non-certificated predecessors.

When the time came to include helicopters in the certification process it was immed-
iately felt that the standard fixed-wing noise scales EPNL and SEL would not adequately
describe helicopter noise because of its unique characteristics - due not only to differ-
ent mechanisms but also to very different operating procedures.

In an early study of noise scaling methods Ollerhead 7 noted that

"On average, the scales were extremely consistent for the piston-
engined aircraft sounds but increasingly less so for the jets,
the turboprops and the helicopters, in that order .... the results
for i.:i ;elicopters are remarkable in that all the scales are poor.
The reason .... is probably related tc the domination of the
helicopter sounds by low frequency energy of a pulsatile nature ...
the subjective effects (of which) require further investigation..."

Of particular concern is the intensely impulsive noise generated by some helicopters
in certain flight regimes and commonly known as 'blade slap'. This phenomenon is more
readily observed in the sound pressure waveform than it is in the spectrum. Figure 6

Jl
110 -lu ll A_. t
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Figure 6 Helicopter Noil Waveforms and Spectra - With and Without Blade Slap
(from Leverton )

from Leverton 12 compares pressure time histories and spectra with and without blade slap.
When slap occurs, most observers agree that it is a particularly intrusive and object-
ionable sound and au dible at great distances. Energy in the pulses is spread over a wide
frequency range as the i-octave analysis of a simulated blade slap (with a repetition rate
of 40Hz) in Figure 7 shows.

Many studies have been made of blade slap perception, many of which led to the con-
clusion that an 'impulsiveness correction' similar to the tone-correction of EPNL, should be
applied to Ls or EPNL mea rements of helicopter noise. Various methods were proposed
(summarized b§ Berry et al'') to quantify this penalty and both ISO and ICAO established
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2.3 Cumulative Noise Measures

Noise exposures around airports have to be expressed in terms which sum the effects
of multiple events. Many suitable procedures have evolved, the most important of which
is called Equivalent Conti'nuous Sound Level Leq given by

L = 10 lOg 1  T 1 L(t)/ 10 dt (4)

where T is the measurement period and Lea is obviously related to the average sound
energy during the period T. As defined Ry (4) Le integrates all sound present, inc-
luding background noise. However the aircraft nose component is easily extracted by
using

L eq S= + 10 log n - 35.6 (5)

where STT is the average aircraft sound exposure level and n is the average number of
events per hour. A refined version of L used in the U.S.A. for measuring environmental
noise levels is 24-hour "day-night sound leve" L dn which includes a +1OdB weighting for
all sound experienced at night (2200 - O7OOhrs.). A similar scale based on EPNL rather
than SEL is Noise Exposure Forecast (NEF). (In the U.K., aircraft noise is measured on a
scale called Noise and Number Index, NNI. The equivalence between NNI and Leq is,
approximately 55d6(A)Leq = 35NNI; 70dB(A) E 55NNI.)

2.4 Noise Criteria and Limits

The noise measurement scales have been developed via laboratory, field and social
survey research aimed at maximising the correlation between physical dimensions of the
noise and human reaction to it (Figure 1). But the selection of specific noise limits
is also influenced by economic and technical constraints and they must therefore lie
between the desirable and the possible.

The choice of limits is also made difficult by the fact that individuals vary enor-
mously in their reactions to noise. Figure 4 based on data from references 8 and 9 show

100

4 9 1967 Solid Symbols

0196 80- Aac 0

3 61967 070- 00 0

0a 3
0 06

6C •.

J 
0  

C 30 0 0 A f

20

0~1
0 10 20 30 40 50 60

Noise and Number Index, NNI I _ , t , I
0 10 20 30 40 50 60

Noise and Number Index, NNI

Figure 4 Average Community Annoyance Figure 5 Distribution of Community Anngyance
vs. Noise (Data from 8,9) (data from Heathrow surveys 8 , )

average annoyance reactions plotted against noise; the correlation is clearly very high.
However, individual reactions are so variable that all shades of opinion can be found at
all levels of noise exposure (Figure 5) and there is no clear dividing line between the
acceptable and the unacceptable. As noise levels increase, the fraction of people who are
highly annoyed increases rather slowly (in round figures about 20% of the total for each
l0dB -increase in cumulative noise exposure).

Surveys of aircraft noise annoyance in Britain 8'' 10 and elsewhere1 1 strongly suggest
that for large and small airfields alike, the threshold of measurable annoyance occurs
around 55d8(A) Leq. Some people are annoyed at lower levels but below this threshold the
correlation between annoyance and noise is low, suggesting that although noise tends to be
identified as the source, people may actually be annoyed more by the presence of aircraft
than by the noise they generate.

Above 55dB(A) Leo annoyance grows steadily and levels around 7OdB(A) Leq Which are
reached near big airp6rts are widely recognized as the limits of the acceptable to the
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elaborate for specifying 
noise limits. For

this purpose the spectrum is condensed into
a single number by a summation process which
models that of human hearing. Human fre-
quency analysis is performed in "critical Tailtu rolationalNise
bands" but, very roughly, these can be sotatioal mis G mesingnoi a
approximated by i-octave band analysis in / Gas Iembes mi..
which the audible frequency range is divided /compuesmf mNls
into about 30 contiguoys bands, each spanning 20 /
a frequency ratio of 2 (an octave is a fac-
tor of 2). The ear responds differently to \. , "',.
sounds in these different bands; higher fre- 10 Msareiot"tI5b1amios
quencies are generally louder and noisier
than lower ones and detailed measurements Main Marist ationaloise

of this frequency response have been made 0 Mainiai kimdhud iii

and incorporated into various international TailrterrotationalNoise
standards.

20 100 1000 10000
Using this standard data it is possible FREQUENCY Hz

to assign a 'perceived noisiness' value to
a particular band of noise with a particular
level. The complete set of values for an Figure 2 Helicopter Noise Spectrum
entire sound can then be summed using a
formula which recognises that the noisiest
will tend to dominate. The sum is the total perceived noisiness of the sound which is
then converted back to a decibel quantity Perceived Noise Level (PNJ). The procedure
was originally devised by Kryter5 following earlier work by Stevens o (see Ollerhead' for
a review of its history).

A simpler and much more widely used alternative approach is to measure the entire
sound using a single filter (or weighting network) which approximates the frequency
response of the ear. The A-weighting illustrated in Figure 3 is used almost universally
outside aviation and is certainly the main
alternative to PNL for measuring aircraft
noise. Despite the fact that A-weighted
sound levels L ) are much easier to obtain 10
than PNL's, experiments show that with
respect to their correlations with sub-
jective judgements, the difference between!
th7 two procedures is statistically margin- 0 aal.

Provided levels are measured on such
'subjectively weighted' decibel scales, - -10
measured differences and perceived differ-
ences are related as shown in Table 1.

2.2 Single Event MeasuresZ-2 3
The scales L and PNL measure

'instantaneous' soand levels (or rather ____
sound levels averaged over small time int- - .063 .125 .250 .5 1 2 4 8
ervals, e.g. i-second). But an aircraft Frequncy-kHz
noise event involves a rise and fall of
level over many seconds and the time his- Figure 3 Sound Level Meter A-weighting
tory influences the intrusiveness of the

sound. Broadly speaking this depends upon
the total sound energy associated with the
eventfl (t) dt where I(t) is the instant-
aneous intensity. Although a commonly Level Weighted Difference in

used alternative is to record the peak dB Ratio Magnitude

level Lmax, the event is neatly summarised dBRatio_ Magnitude
by its Sound Exposure Level given by

1 1.26 Barely noticeable
SL=1 oi110 L dt )/ 2) 3 2 Noticeable6 4 Clearly noticeable

where L(t) is usually measured in dB(A). 10 10 Twofold

Perceived Noise Level is time- Table I Perceived Differences Between
integrated in a similar fashion but only Loudness or Noisiness of Two Sounds
after it has been 'corrected' for the pres-
ence of tones in the spectrum, discrete
whines or whistles (nnrmally associated with engine compressors and fans) which strongly
influence noisiness judgements. Effective Perceived Noise Level (EPNL) is defined as

EPNL = 10 log1 O fl1 0  t) l dt (3)

in units EPNdB. This is the scale used in the noise certification of transport category
aircraft. Rules for small propeller-driven aircraft are based on LAmax2.
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All aircraft are noisy to some degree and most airport operators feel the effects.
Subjective aspects of the noise problem have received almost as much attention as phys-
ical ones. In many respects they are even more difficult to understand and this too
has hampered progress. In civil aviation, noise reductions are brought about partially
by legislation, mainly through the process of noise certification ' . For subsonic jet
transport aircraft this was introduced fifteen years ago and noise limits have been
progressively tightened. The rules w.'re subsequently extended to inclu~e propeller-
driven, fixed-wing aircraft and rules have been written for helicoptersC ,3 . However,
at the time of writing no helicopter rule appears to have been implemented.

At the same time the manufacturers are fully aware of the need to reduce noise lev-
els for the comfort of passengers and heliport neighbours (upon which commercial success
in the civil sphere ultimately depends) and the discomfort of the military enemy. On
the civil side, overland helicopter transport has been surprisingly slow to develop; it
is fair to say that to date, it has only been successful over short routes such as
airport links where trip demand is high and where alternative (surface) transport is
unacceptably slow; due for example to traffic congestion. Until recently lack of prog-
ress can probably be blamed on poor helicopter economics but the noise problem is
certainly beginning to surface. Britain's only existing scheduled overland helicopter
service, the Heathrow-Gatwick Airlink, is shortly to be discontinued on environmental
grounds. The City of London helistop has been closed and the country's only existing
metropolitan heliport at Battersea operates under a temporary planning agreement.
Planning permission for a heliport at the new city of Milton Keynes was recently obtained
after a second public inquiry but ii is subject to stringent noise limits, which will
limit helicopter types and movements. Of particular significance, helicopters will be
banned from the imaginative new STOLport to be built in London's dockland.

Thus the fortunes of the rotorcraft industry must be seen to rest to a large
extent upon its ability to solve the noise problems. Some of these problems are
reviewed in this paper.

2. SUBJECTIVE IMPACT

2.1 Sound Measurement

The role of noise measurement and assessment in aircraft noise control is illustrat-
ed in Figure 1. 'Airport noise limits' may be notional goals, i.e. ceilings imposed by

the certification process upon the maximum
sound levels which could possibly be
reached near an airport or they may be real,
actual operating limits (on both noise and
traffic) which are subject to monitoring by

SINGLE EVENT |a permanent array of noise measuring termin-
MEASURE als. Also, planning authorities require

(SEL,EPNL~etc.) noise guidelines for the control of devel-
opment around air terminals.

Noise certification limits and aircraft
SI noise limits are defined on 'single-event'

noise measurement scales. Overall airport
CUMULATIVE NOISE }noise generation is measured on a scale of
MEASURE (L_,q cumulative noise exposure which takes
Ldn, NEF, = etc. account of noise levels, numbers of events

and sometimes additional factors like back-
COMMUN1Y TRAFFIC, ground noise and time of day. Ideally

NOISE TIME OF DAY, scales used for all purposes should be simp-SURVEYS etc. ly related.

AIRPOR NBecause the ear has a very large dynam-
ITS ic range and because acoustic stimulus and

perception are related by a power law,
noise levels are measured in decibels,AIRCRAFT NOISE given by

NOISE OAT4, CONTROL

FORECAST', TECHNOLOGY L = 10 log10 ('Z) + Constant (1)

where J9 is the mean square acoustic
NOISE pressure disturbance, proportional to
CERTIFCATION acoustic intensity. The 'overall' level L
RENUIETS thus measures the total acoustic erergy ina sound although more information is

required to evaluate the behaviour and per-
ception of sound which are highly dependent
upon frequency. This is partly provided by
its spectrum, the distribution of sound
energy with respect to frequency in the

Figure I Noise Annoyance Criteria and human hearing range, approximately 20 to
Certification Standards 20000Hz. Figure 2 shows a typical spectrum

of hovering helicopter noise taken from
reference 4. (Note that the frequency scale is also logarithmic.)

Spectral analysis is an important diagnostic tool in acoustic research but it is too
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SUMMARY

The mechanisms of rotor noise generation are reviewed including methods for noise
prediction and low noise design. Attention is fucussed on the subjective effects of heli-
copter noise and the consequent requirements for statutory noise regulation. The
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1. INTRODUCTION

The value of the helicopter to modern society is undisputed; military and offshore
transport, surveillance and rescue are examples of areas where its role is vital. Unfort-
unately, one of its major weaknesses is noise. Although rotorcraft noise levels are
relatively lt, by comparison with those of other (larger) aircraft, there are special
problems of serious concern.

The first is that the noise is very distinctive; even if the sound level is low its
source tends to be unmistakeable and a listener can single out a helicopter from a miscel-
lany of other sounds. This is coupled with the fact that due to current limitations of
speed, instrumentation and de-icing, helicopters are usually confined to low altitudes so
that en-route noise remains a problem (unlike that of most fixed-wing aircraft). The
second is that many helicopters radiate maximum noise in a forward direction; so much so
that an approaching helicopter can often be heard for as long as five minutes. From a
military or community relations viewpoint this is very damaging. The third problem is
that the noise generating mechanisms are extremely complex; to-day, after a quarter-
century of serious study, we cannot claim that they are fully understc3d. A great deal
more research is required before manufacturers can be expected to design a rotorcraft which
is both quiet and efficient. These problems are considered in ths paper. The related
p)'oblem of high levels of noise and vibration inside the aircraft is not discussed herein.



et a13 7 and Loewy and Sutton 3 8 included unsteady force terms in numerical analyses
involving the integration of distributions of point sources making due allowance for
retarded time differences. Mainly because of computer time constraints, calculations
were restricted to the first few sound harmonics but these showed much better agreement
with experimental dita than Gutin's theory.

Shortly thereafter Lowson and Ollerhead 39 and Wright 4 0 were able to extend the anal-
ysis to much higher frequencies via closed form solutions to the acoustic equations.

If quadrupole and volume source terms are omitted from equation (19) and the fluid
forces are assumed to be concentrated at a single (moving) point, the equation reduces
to to~~ P( [Fi( ,) 

( 1

By use of a suitable transformation to a moving source frame and by expressing the source
terms as Fourier series, equation (21) may be integrated to yield the pressure amplitude
of the nth sound harmonic

nai Li"(T Cos e D ) J (nM sin 8) (22)
P n = Z _ X iX TPc s

where = n - x and T , D are the (complex) amplitudes of the xt h harmonics of thrust
and drag and 8 is theXangle between the rotor thrust axis and the observer. Note that
when the summation is removed, so that X = 0 only (steady load components), equation (22)
reduces to the Gutin equation (20).

In equation (22) the Xt h loading harmonic is an independent sinusoidal aerodynamic
force which completes exactly x cycles during one revolution of the blade on which it
acts. On the axis of the rotor the sound generated by that rotating dipole source is
observed to have a frequency x (since the source-observer distance remains constant).
Thus each load harmonic generates sound at its own frequency on the rotor axis. Away
from the rotor axis, the sound generated by a particular loading harmonic is modulated
in frequency by the Doppler effect of the changing velocity component in the direction of
the observer. Fourier analysis would thus reveal that a single load harmonic generates
a large number of sound harmonics with a peak amplitude in the vicinity of the basic
source frequency. If the source has a large number of (loading) harmonics, each of these
generates sound at each harmonic of the blade passage frequency. The effect is illus-
trated in Figure 20 which shows the calculated contributions of the first 60 loading
harmonics to a number of sound harmonics
on a four-blade rotor (B=4). Each rve
is roughly symmetrical about the mBi

"

loading component (note that due to wave
cancellation, the rotor only generates rzO

sound harmonics which are integer multiples
of the number of blades). More important-
ly the figure indicates the need to
include an adequate range of loading har-
monics in any calculation of the noise. V V '\',-. N\,

For example, significant contributions to
the eighth sound harmonic (i.e. 32nd har-
monic of rotational frequency) are made by 2 1/

all loading harmonics between the fou.-teen- i !
th and fiftieth. Omission of any of these M NU-EiA"loads may be expected to result in signifi- A.8RADIU1.I
cant errors and it was shown in ref.39 that , /
the range of interest is roughly 3 oi 2Z I

n(l - M cos e< x <n(l + M cos 8) \ SO'IND HARMONIC,.\

Figure 20 also shows that the contribution 0 /\ WL.
of the x = 0 load (steady force) to the 0 12 24 36

higher sound harmonics is very small; for LOADING HARMONIC NUMBER.

the 4th sound harmonic the steady force
contribution is more than 60dB lower than
that of the fluctuating forces. Evidently
very small load fluctuaticrs can generate Figure 20 Acoustic Contribution of Loading
high sound levels if their frequencies are Harmonics 100 below Rotor Disc
high enough.

Although the fluctuating force theories explain the deficiencies of earlier attempts
to calculate rotor noise they cannot be used to make 'ab initio' noise predictions
because they require detailed knowledge of periodic blade load fluctuations. Low-order
loading harmonics may be estimated by considering the effects of forward flight, fuselage
interference, cyclic blade motions and pitch control but it seems unlikely that the com-
plexities of rotor wake structures will ever be understood sufficiently well to make
analytical pr, ictions of the fine-grain detail responsible for the airload harmonics at
200Hz and abr e, which are important to audibility and annoyance.

To date, realistic predictions of rotor noise have been made by extrapolating meas-
ured load data to suitably high frequencies. Lowson and 1llerhead found that loa(ing coe-
fficients (from refs. 41 and 42) decayed approximately as the inverse square of h.rmonic
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number over the first ten harmonics measured (some typical plots are shown in Figure 21);
surprisingly little variation of the expon-
ent of this power law was found over a range
of advance ratios between 0 and 0.3 and

0Kts 42 Kts 66 Kts 112 Kts this relationship was used to define the
.E- 1high frequency load harmonics necessary for
-acoustic calculations, examples of which

0- for both main and tail rotor noise of a
E1 light helicopter 2 6  are shown in Figure 22.
+ 10
:J C X moderate tip speeds, blade loading

o (dipole) noise tends to dominate rotor noise
\0 output and the theory described above, with
-1 empirical blade loading data, forms the

o basis for many practical rotor noise pre-
0 diction models (see Section 3.5).

u0

E 0.1 0.From a parameter study using equation
0 0 (22) Lowson and Ollerhead found that, forE periodic loading noise

R - the steady blade loads dominate the first
0.01 1 1 few sound harmonics10 1 0 1 0 1 10 - higher harmonic sound intensities vary as

Loading Harmonic X (tip speed) 2

- all sound harmonics are proportional to
thrust x disc loading

Figure 21 Rotor Loading Harmonic 'Laws' at
Various Advance Ratios. Data
From Scheiman 4 2 .
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Figure 22 Measured and Pre cted Rotational Noise Harmonics for 2-blade Rotors of a

Light Helicopter

3.3.3 Blade-Vortex Interactions

The amplitudes of the periodic airloads increase dramatically during certain blade
slap conditions and as early as 1972, Cox and Lynn 41 identified an association between
blade slap and vortex-induced blade airloads. They concluded that at high flight speeds,
the condition was probably due to shock formation on the advancing blade but -:hat when it
occurred at low speed it was projably due to in':eractions betweer the advancing blade and
tip vortices shed by previous blades.

Schlegel et a13 7 later observed that blade slap was also caused by stalling of the
retreating blade although in tandem rotor machines interactions between the rear rotor
and the front rotor wake could be responsible. Simple consideration of wake geometry
(Figure 23) indicates that both are possible. Helicopter blade slap due to BVI during
low-speed descent is a particularly troublesome noise source to the passengers as well as
to people in the terminal area and surrounding community. It tends to prevail at flight
speeds between 40 and 80kts. and descent rates between 50 and 100m/min. It has thus
been a source of particular concern to researchers.

Leverton and Taylor 4 3 performed laboratory experiments to investigate the blade/wake
interaction, problem. They simulated the interaction by generating opposing air jets
across the disc plane of a model rotor. By changing the jet positions they simulated
both parallel (tandem-rotor) and perpendicular (single rotor) interactions (see Figure 24)

7J
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and confirmed this mechanism as a likely V.60FTtSEC

source of impulsive noise. a.,IOORPU
• .25

In addition to generating sharp changes -DIRECTINOFFLGNT

in attached flow blade airloads, blade- A£0VACiN6 SW

vortex interactions can also induce unsteady
stall and shock-wave formations. Because
the associated loading changes occur very
rapidly these give rise to strong sound
radiation.

Bausch et a14 4 , like Cox and Lynn,
concluded that retreating side interactions
are relatively weak due to low blade/obser-
ver Mach Numbers. However Hubbard and
Leighton 4 5 measured.the relationship between RETREATMsmV

primary (advancing) and secondary (retreat-
ing) BVI blade slap using a model rotor in Figure 23 Blade Wake Interactions as Pred-
a wind tunnel and found that secondary slap icted by Rigid Wake
may be of equal or greater intensity than
primary slap, especially at positions under () SINGLEROTORSYSTEM
the rotor disc where it occurs during
shallow angle descent.

Numerous studies both theoretical and
experimental have provided good insight
into the conditions under which interact-
ions occur 44-50). However, due to the
complexity of trailing vortex flows it is
not as yet possible to make design predict-
ions of impulsive noise characteristics
and levels. The most useful proqress in
this area is likely to be the us of
aerodynamic wake calculation methods to
avoid the occurrence of interactions; if
such interactions are unavoidable various
tip modifications can reduce the intensity
of the interaction (see Section 4.2).

(b) TANDEM ROTOR SYSTEM
3.3.4 Vortex Shedding and Noise

In the earliest studies of propeller
noise it was recognised that fluctuating
blade pressures were a probable source of
acoustic radiation. Indeed their omission
was considered to be a possible explanation
for lack of agreement between experiment
and Gutin's propeller noise theory . Vor-
tex shedding from the trailing edge,
similar to the 'Karman street' phenomenon in
the wake of circ ar cylinders at certain
Reynolds numbers , was postulated as a X
likely source of blade pressure fluctuat-
ions and for three decades or more, the
broadband noise radiation from rotors was
labelled "vortex noise". Although shed
vorticity plays a role in noise generation
the Karman street mechanism is relatively Figure 24 Typical Blade-vortex Interactions
unimportant by comparison wih many others. for Single and Tandem Rotor
However, several studiesg 2t' have revealed Configurations
that airfoils can generate narrowband noise I I I
under certain conditions, although this is Rotor .100 RPM

sometimes referred to as "high frequency - Rotor Sho Tilt .0 De

broadband noise". (Figure 25 shows data Collectie Pitch ofripo -0 Dog
from a model rotor57. ) This phenomenoHg F , IOI r

occurs when the boundary layer on the pres- N Fo.N

sure surface remains laminar to the triiI- 70

ing edge; if this layer is tripped the
tone is suppressed. J• ~ It II ,

This periodic vortex shedding appears 63 200 630 2000 630 20000

to be related to instability of the laminar FREQUENCY, H

boundary layer but since at normal Reynolds Figure 25 Spectrum of Model Rotor Noise from
numbers, helicopter main rotor layers are Aravamudan et al5 7

fully turbulent the effect should be of minor importance. However Leverton and Pollard
(1973) did observe tone noise on a full-scale rotor operating at low thrust and speed;
see Figure 26(a). Full-scale helicopter rotors operating under normal conditions in
fact radiate random noise over a wide frequency range; whence the label 'broadband
noise' (Figure 26(b)). The following sections describe recent efforts to analyse the
underlying mechanisms but this review would not be complete without mention of numerous
early empirical 'vortex noise' models, some of which are still used to predict the levels
of this important noise component.
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Figure 26 Full-scale Rotor Spectra From Leverton and Pollard5 3

Such models have b e propos e ObYHubbard 5 7 lDavidson and Hargest3 6 , Stuckey andGoddard5 9
, Schegel et a', Lowson~0 and Widnall. Most of these have been based on the

observation (subsequently supported by theory) that high frequency noise output is pro-

portional to (rotor thr ust)2 x blade loading, or (since thrust is proportional to blade
area x (tip speed) 2 )to V°S , and also that typical frequency spectra peak at frequencies

which scale on a Strouhal Number basis.

Figure 27 shows a collapse of experimental data (mostly from test rigs) presented by
Lowson 6 2 , following a format proposed by

G r 9Widnall (the curved band is from her analysisportona tand shows an upturn at low thrust coeffic-
0o. x se ,,2,. V, and a ients caused by blade/wake interaction).

Figur sow aFigure 27 is perhaps more notabledfor

its disparities than its agreement and it
..1...l does illustrate the kind of uncertainty

10 t--1.,..I E,.r.. -a which has surrounded the broadband noise

question.

rw.W However, much progress has now been
0made towards the development of analytical

models of various broadband noise mechanisms
which are similar to the rotational models

0 0 described in Section 3.3.2. Again the acous-
tical theory is relatively well developed;
the practical difficulty comes in the speci-
fication of the aerodynamic source terms.

. I *"3.3.5 Noise Radiation by Rotating
0..1 ..0 ..01 ..1 0.2 Random Forces

CT "
CT An equation for the noise radiated by

Figure 27 Correlation6  Broadband Noise point random dipoles is devised along similar
from 7 orr tonf Blines to equation (22). Instead of defining

the source airloads as a discrete Fourier

series, the blade forces are represented by their spectrum functions

= -2ig

(g) J F(te dt

whe-e (t) is instantaneous force and g is frequency (Hz).

Simlarly the spectrum function of the observed sound is

-2wift
p(f) = p(t)e dt

where p(t) is defined by equation (?!). For a rotating source the solution is the erles
(after Ffowcs-Williams and HawkingsOJ),
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M if i- (f'fo )cose -s (f-,hfo)J (2'f' sin 8) (23)

where f is the rotational frequency a'2w. This may be seen to have an identical form
to equaion (22) for harmonic forces using the equivalence f = na/2 . However the
pressure harmonic p in (22) has a direct physical meaning; if phase relationships are
ignored, the mean square pressure of the nt h harmonic may be expressed

Pn - ) ' T cos D .1 j DX ZJ (n M sin ) (24)

where for B blades, n may be replaced by mB an the forces summed over all blades. The
terms T and D, are the r.m.s. values of the xGh thrust and drag components. The spectr-
um function ONin (23) on the other hand has no direct physical meaning and the power
spectral density w(f) must be calculated as

w(f) = Lim 1 (r,f)'*(n',f)dndn' (25)

where n and n' are independent spanwise co-ordinates and 6* is the cQmplex conjugate of .
This may be evaluated in terms of integrated thrust and drag terms T and 6 if it is
assumed that they are simply components of the same normal force term P (which is in turn
defined in terms of a blade load per unit length C such that = C dn). These substi-
tutions lead to the result

w(f) = - : wL(n,f-PfO), ( n1,f-Pfo)IG (n,f)I 2 dn (26)
4c2 r2  n )

where wL is the psd of the spanwise loading,
L is the spanwise correlation length at n (within which the load fluctuations

are phase-coherent)

and
P (n,f) = i( F T~ F ) (2 fnSin )

If the further step is taken of defining a differential pressure psd w and a chordwise
correiation length eF such that a surface correlation area Sc = ec equation (26) red-
uces to the approximste result

w(f)=( )Zf wpScG2 dS (27)

The problem of using this result lies in the definition of the sourceterm w pSC

3.3.6 Inflow Turbulence

Fluctuating blade loads generated by inflow velocity fluctuations are a major source
of rotor noise; both periodic and random. At low frequencies the disturbances are
mainly periodic in nature. In the mid-frequency 'broadband' range the distinction
between periodic and random components is not at all clear. Figure 28 shows Leverton's
spectral analysis of the 'broadband noise' generated by a hovering Wessex helicopter in
calm and breezy conditions1 2 . The light wind causes a pronounced periodicity in this
frequency range although the underlying broadband component remains unchanged. The
explanation for this is uncertain although it is probably due to the ingestion of elong-
ated eddies, coherent inflow disturbances which are so long that they are cut many times
(periodically) by successive blade passages.

Whether or not this particular phenomenon occurs, there are many possible sources of
turbulent inflow; turbulent upwash fluctuations, wake recirculation, ambient atmospheric
turbulence and oussage through the wake from the same or other blades. In forward
flight, tail rot.rs usually ingest the wake of the main rotor which gives rise to addit-
ional broadband and periodic noise. Analytical methods to predict rotor noise generation
due to turbulent inflow have been developed by Homiz and George , Amiet6 5 , George and
Kim 6" and Aravamudan and Harris 67 .

Homicz and George6 4 treated the general case of turbulence fluctuations and subsonic
rotois by solving the Lighthill equation for randomly loaded rotg;ing blading where the
loadings were deduced from Dryden's atmospheric turbulence model" . This initial work
showed that the large scale components of turbulence could explain the 'nearly periodic'
but finite bandwidth radiated sound at low frequencies but was unsuited to high frequency
analysis due to excessive computer time. This was because with large eddy sizes account
had to be taken of inter-blade correlations.

George and Kim 6 6 therefore used a simpler method for high frequency noise in which,
because of smaller eddy sizes, blades could be treated independently. Representing
blade loadings by concentrated dipoles, they were able to use the theoretical expression
for acoustic spectral density from Ffowcs-Williams and Hawkings 6 3 (equivalent to equat-
ion (27))

w(f) (f )2 <F rf-nl>J 2n(f M sine) (2Bw~(r n
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Figlure 28 Narrow Band Spectrum of Helicopter (Wessex) Hover Noise. From Leverton
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where f is frequency in Hz and <Fr> is the power spectral density of the blade force in

the r-direction.

Calculation was further streamlined by including in the summation only those source

frequencies of significance to the resulting acoustic frequencies.

The point (compact) source assumption is only exactly applicable if the wavelength

is large compared with the blade chord and length. oeveer the authors argued that for

rotating sources, the consequent directivity errors would 
tend to be averaged out.

Another problem is that equation (28) applies to statistically stationary force compon-

ents F . This is acceptable for lift (thrust) fluctuations but not for the drag terms

which Ere highly non-stationary (in the observer direction), due to blade rotation.

Because the latter were consequently excluded significant errors 
would be expected near

to the rotor plane (where the drag terms predominate).

The lift force spectra were estimated using available atmospheric turbulence models

and airfoil lift response functions and various approximations were introduced to reduce

the amount of computation involved. Figures 29 and 30 show comparison of theory and
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experiment taken from George and Kim's paper. Figure 29 is the spectrum measured by
Leverton 6 9 above a full-scale whirl stand upon which the rotor was inverted to eliminate
wake recirculation. The low-frequency levels were obtained using the more complete but
elaborate theory of Homicz and George. The high-frequency levels were obtained using
the approximate high-frequency theory^ The same is true in Figure 30 where the experi-
mental data is from Johnson and Katz~u. In both cases the low frequency agreement is
good and the complete and approximate theories agree at the common point at 400Hz. The
high-frequency predictions using the 'normal' atmospheric turbulence model are some 1OdB
low but George and Kim point out that this error could be explained by eddy elongation as
the flow contracts Upon entry to the rotor disc. This phenomenon is well-known by aero-
engine manufacturers who use honeycomb shell flow conditioners to break up these eddies
in static engine tests in order to simulate the non-contracting flows encountered in
flight. It may well be that very similar noise amplifications occur when helicopter
rotors operate near to the ground.

3.3.7 Self-generated Turbulence

The second important source of broadband noise radiated by a rotor blade is the turb-
ulence generated by the blade itself in the boundary layer and tip region flows. When
it occurs, local blade stall can substantially increase boundary layer turbulence levels
and this may well be a significant contributor to broadband noise radiation.

in the absence of surfaces, typical rotor blade boundary layer turbulence would
generate relatively weak quadrupole noise. Furthermore, the effect of a nearby surface
on this noise would be small if the surface were large compared with the turbulence
scale; an infinite surface simply acts as a passive reflector of the quadrupole sound.*
However the picture changes near to the edges of such a surface where the reflection is
incomplete and the surface dipoles do not cancel. Thus small or finite surfaces effect-
ively amplify the quadrupole noise by a process sometimes called "edge scattering".
This source may be particularly important on airfoils where boundary layer flows are
convected past the trailing edge.

Despite many studies, both theoretical and experimental, understanding of this
mechanism is incomplete and certain fundamental questions remain unanswered. However,
recent studies do provioe insight into the likely importance of this mechanism.

Since the problem of trailing edge noise was first investigated by Powell 7 1 in 1959
various t 9oretical model have be advanced, not lyby owcs-Williams and Hall 72 ,
Chrighton , Chandiramani 4, Chase/5, Hayden et al' 0 , Howe and Amieti8 ,7. Because of
different geometries and approximations, direct comparison of these models is difficult
but Howe 7 7 examined their application to half-plane problems using a common system of
flow parameters and concluded that at least for low Mach numbers they give identical
results. In an extension of the theory, Howe showed that the edge noise is proportional
to LV(il-M0 -M ) where L is the wetted span, t the turbulence correlation scale parallel
to the edge, V is the characteristic eddy convection velocity, Mo is the free-stream
Mach No. and M is the component of the boundary layer Mach No. perpendicular to the
edge. This regult clearly reflects the dipole nature of the edge noise. A fundamental
question which remained unanswered was whether or not the Kutta condition should be app-
lied to the trailing edge model. This could cause noise level prediction differences
of up to 1OdB in certain cases and a need for experimental clarification was identified.

Trailing edge noise the y has been applied to helicopter rotors by Kim and
George 8O, Schlinker and Amiet , and George and Chou 8 2 . Kim and George used the simple
rotating dipole model given by equation (27) above, estimating the source strength from
Amiet's model 7 8,7 9 of trailing edge noise radiation from a fixed blade (which in turn
requires only blade surface pressure spectra as input). Like the inflow turbulencS
predictions, these too are acknowledged to be inaccurate at angles within about 15 of the
rotor plane due to the neglect of orag forces.

A flat plate blade was assumed for which, following Amiet, the loadings were esti-
mated by accounting for both the convecting pressure pattern and the pressure field
induced as the flow adapts to the end of the surface to satisfy the Kutta condition
(which was required in this instance).

Figure 31 taken from reference 80 compares calculated trailing edge noise levels
with two measured rotor noise spectra. It should be emphasised that these theoretical
predictions, unlike the harmonic loading result.; presented previously, involve no arbit-
rary or empirical factors. However the calculated trailing-edge noise levels fall below
the measured levels in these two cases. Kim and George concluded that the discrepancy may
be explained by (a) the significant level of incident turbulence likely in these part-
icular experiments and/or (b) the assumption of the trailing-edge Kutta condition which
will lead to lower theoretical noise levels.

3.3.8 Tip Vortex Noise

Another source of rotor broadband noise is associated with tip vortex formation.
Lowson et a183 found that changes in tip shape modified broadband noise output Irom a

*It may be argued that by generating fluctuating pressures on the surface, boundary layer
turbulence generates dipole sound. This is merely a different viewpoint; due to phase
differences the consequent dipole field forms an assembly of quadrupoles - the integrated
dipole strength for an infinite plate is zero.
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Figure 31 Comparison of iailing Edge Noise Predictions with Experimental Data, From
Kim and George . Data from (a) Leverton 69 and (b) Johnson and Katz 7 .

model rotor while Kendall 8 4 , Ahtye et a18 5 and Fink and Bailey8 6 measured local noise
generation from wing and flap tips. George et a187 identified these sources with the
passage of tip vortex turbulence over the trailing edge. Separation occurs on the
suction side of the blade near to the tip due to the boundary layer being swept around
the tip by the pressure difference. A separated vortex flow results, which is similar to
that over a sharp-edged delta wing in subsonic flow, and which generates large surface
pressure fluctuations.

3.3.9 Relative Importance of Broadband Sources

82In a recently published study, George and Chou compared theoretical predictions of
broadband noise from the various sources with experimental data. T)ey programmed for
computer solution (a) the turbulent inflow models of George an i and Ami et88,
(b) the boundary-layer/trailing edge models of, im and George and Amiet 7 B ,7 9

, and
(c) the tip-vortex noise model of George et al8

Figure 32 taken from George and Chou compares the various theoretical predictions
with experimental data acquired by Leverton

6 9

using an inverted, full-scale helicopter
90 rotor on a whirl-tower. This experiment

provides what is regarded as the 'cleanest'
helicopter rotor data available in that

80 inversion of the rotor minimises the effects
of flow recirculation which is normally pro-
nounced when the downwash is deflected by
the ground. The measuring microphone was

70 , O&IL.oRYMN hoisted well above the rotor by a tethered
balloon.

AMIET. IMFLOWV
60 Figure 32 corresponds to an angle of

O&K 750 'below' the rotor plane where the theor-
MAtOA.- etical models should lie within the range of

so their assumptions. It indicates that at lower
dB frequencies, i.e. below 1kHz or so, the

noise is dominated by turbulent inflow eff-
VE\ EXP. ects (the inflow turbulence levels were

s.T.E .\ \ estimated by George and Chou using available
atmospheric turbulence models from reference
68) the contributions from self-induced

30 - I. I. turbulence being many orders of magnitude
less. Above IkHz the latter sources become
important with the two theories showing

20 - ,.t , ,reasonable agreement with each other and
Leverton's data (also shown is a boundary

layer noise estimate obtained u*~ng a semi-
" 0.. empirical prediction after Fink°).10 100 1000 10.0 0

FREQUENCY.1H Figure 33 relates to wind turbine noise
with exy~rimental data from Shepherd and
Hubbar du. Agreement between theory and

Figure 32 Comparison of Various Theoretical experiment is good with trailing edge noise
Broadband Noise Components with being the dominant source at the high fre-
Experiment. From orge and Chou 8 2 quency end of the spectrum.
Data from Levertoni;
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Figure 34 shows model rotv data
measured by Paterson and Amiet in an
anechoic wind tunnel using upstream grids
to modify inflow turbulence levels. With
no grid (Figure 34a)trailing-edge and tip so
vortex noise sources appear to be equally
important as major noise sources at high
frequencies. With a grid (Fig. 34(b)) 0O
the inflow turbulence clearly becomes the
controlling influence.

3.4 Transonic Rotor Noise; Thickness and 30

Stress Terms

The preceding discussion has concentrat- 20

ed upon force (dipole) mechanisms, which SHPR.
although of major importance at lower speeds 10 - MOD-OA UP

is only one of three possible mechanisms, dB
the other two being volume (monopole) and
stress (quadrupole) sources. In one of the I..

earliest studies of propeller noise 0INLOW.
Deming 9 2  in 1938 considered the possible KARMAN
importance of blade thickness as a volume -10
source. In fact, for 'compact' sources,
when the acoustic wavelength is large com-
partJ with the source dimensions, as is the INFLO.

case for combinations of small chord, low -20 -ORYDEN
speed and low frequency, the thickness

noise term is very small compared with the
force terms. Thickness noise therefore -30 100,100 1000 10,000
tends to be ignored when considering sub- FREQUENCY, Hz
sonic rotors. However if the compactness
condition breaks down, e.g. due to higher
blade dimensions and speeds or smaller
wavelengths, thickness noise can be signi- Figure 33 Comparison of Various Theoretical
ficant. Broadband Noise Components with

Experiment. From George and
Lighthill's 1952 general theory of Chou 8 2 . Data from Shepherd and

aerodynamic noise demonstrated the import- Hubbard 9 0

ance of fluctuating fluid stresses Puiu.
as sources of sound but it was not 1 63
until 1969 that Ffowcs-Williams and Hawkings pointed out that these must contribute to
rotor noise. If u. is expressed'as U. + vi and u. as U + v. where U and v are mean and
fluctuating components, then i 3

uiu j i= UiU. + (Uiv. + Ujv i ) + pviv.

The last term is the turbulent stress term and the second describes an interaction between
mean flow and turbulent velocities. Like thickness noise these terms may become import-
ant at high blade speeds. At transonic speeds the p-c2p term in T ij will also require
consideration.

40 60
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Figure 34 Comparison of Various Theoretical Broadband Noise Components With Experiment.
From George and Chou 8 2 . Data from Paterson and Amiet91
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A number of theoretical studies of these additional sources have been performed
9 3- 10 9

and these have shown varying degrees of agreement with experimental data.

Compreh njye measurements of high-speed rotor noise made by Schmitz and his
co-workers 1 8- 12 and others have clearly demonstrated the relationships between blade
speed and impulsiveness which are naturally very similar to those observed in much
earlier measurements of high-speed propeller noise 1 13 - 1 1 5 . The source is characterised
by a highly impulsive signature which is confined to a relatively narrow zone around the
plane of rotation. For helicopters this component is radiated forwards and significantly
increases the duration of a flyover event (Figure 35). The experiments of Schmitz et al
in which measured impulsive rotor noise radiated to a quiet aircraft ahead (Fig. 36)

14- 125

PNL FIXED
0 Z DISTANCE

86 - .94
ADVANCING TIPACH NO.

Figure 35 Effect uf High Speed Rotor Noise Figure 36 In-flight Far-field Measurement
on Duration (through EPNL). Techn iqi1  Used by Schmitt and
From Ref. 116 Boxwel110

revealed two very important features of high-speed rotor noise. The first is that there
is a relatively small range of blade tip Mach number within which there is a rapid inc-
rease in the intensity and high-frequency content of the impulses. The second is that
the phenomenon is relatively in dependent of forward flight. Figure 37 from Boxwell, Yu
and Schmitz ll shows the very similar trends in model test results for forward flight and

hover.

PH'D XDRA OE% S

uNe.aoes, The first attempts to model high-speed
~rotor goise theoretically (e.g. Hawkings andLowson 

- I som , Farassat and Brown9
9 ,

i [ I ! HansonlOO) concentrated on the volume source

in the Ffowcs-Williams-Hawkings equation
(i.e. the first term in (19)). Hawkings and

oLowson derived a solution which was effect-

l tively an extension of the Gutin equation
i (20) in which a thickness term in ch is

I added to the steady force term oT cosn - /M (h is the blade thickness and
the i e i y d nt e solutign involves an integration over

a S z o"ct
'v s l n the rotor planform area). The characteristic

acoustic behaviour of supersonic rotors is

contained in the Bessel funvtion lm(n sin )

~which behaves quite differently defendingI"i on whether M sin e is greater or less than I.

For M sin 1ri (which is always true for

~subsonic rotors) Jn is small and decreases
rapidly with increasing n ( harmonic number

an amplitude which decays only slowly with n.

Thus for a supersonic rotor, the sound field

FTr Cos s /Much istoner bad rhichnes ind

can be split into two regions: (a) where
M sin 8 < 1 and the noise is similar to
that of a subsonic rotor and (b) closer to
the disc where N sin 8 > 1, where the sound

... ..., ... .. . i, ,, srub aton ro os ) Ju h stronge and dric e ases

Fiapidl37 Peak (Negative) Pressure vs. Mach h
No. for~odel in Hover and. Trward At supersonic speeds the sound field
Flight. From Boxwell et ac becomes a series of weak shocks; Figure 38

rdainimuhsrneanrie iin
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Figure 38 Waveforms for a Supersonic Rotor From Lowson and Jupe 1 1 7

from Lowson and Jupe 1 1 7 shows theoretical propagation from a rotor for M = 1.01, 1.5
and 2. Unfortunately, relatively simple monopole theory substantially underestimates
the magnitude of thl coustic pressure pulses at transonic Mach Numbers as Figure 39
(from Boxwell et al ) shows. The theory
also fails to predict an abrupt change in
the pressure waveform which occurs at
about M = 0.88. At lower Mach Numbers the
pulse is effectively symmetrical and its
width decreases as speed increases. At /
higher M the pulse has a non-symmetric /
'sawtooth' form with a gradual decrease to
the peak under pressure followed by a /
shock-wave rise to a positive peak , /
(Figure 40). 1

Hanson anu ink8, ll
, 9

Schmitz and Yu and Morgan lOy amongst
others have therefore examined the role of V fOtOR,

quadrupole sources at transonic speeds. Is,/
For moderately subsonic or fully supersonic /
flow, quadrupole sources are negligible I
(due to phase cancellation between the com- . /
ponent sources) by comparison with the
volume sources. However at transonic
speeds, when the retarded time varies little t
over considerable source volumes, quadrupole Z/
sources become equally important (the quad- //
rupoles effectively degenerate into simple /
sources), the dominant one being Pu 2 where /
u is the disturbance velocity component in
the direction of blade motion. Hanson and
Fink 1 18 integrated the quadrupole source
strength around the blade for a transonic
flow field calculated using the theory of
Spreiter and Alksne to show that the , . .. . , .'' ., ,' '

maximum quadrupole contribution is approxi-
mately 6dB above the thickness noise for a
transonic propeller.

However, Hawkings1 1 9 pointed out that Figure 39 Comparison of Simple Monopole
Theory with Model Rotor Data.

inclusion of quadrupole effects using the From Boxwell et a11 2
Lighthill acoustic analogy is not straight-
forward. This is because the source terms depend on flow quantities in an extended reg-
ion around the blade which, in transonic flow, are significantly modified by the unknown
acoustic field; i.e. the 'wave' and 'source' terms in the equation, of fluid motion
cannot easily be separated in the Lighthill manner. He went on to show that numerical
solutions to a non-linear flow equation developed by Caradonna and Isoml 21 gave a better
explanation of observed experimental features. Subsequently Morgan1 O 7 extended this work
by developing a transformation to an "equivalent acoustic blade" for which the linear
equations of acoustics hold and which offers some promise for further theoretical studies
of the quadrupole effects.

Schmitz and Yu 10 3 1 0  also devised a quadrupole model which had sjqwn good agreement
with experimental data at tip Mach numbers up to 0.9 although Aggarwal u has noted that
their solutions are very sensitive to the integration regions selected and that the
apparently promising predicted pressure-time curves may be 'computatlonally unstable'.
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Figure 40 Comparison of easured and Theoretical Pressure Impulses. From

Boxwell et allIy

3.5 Status of Practical Rotor Noise Prediction Methodology

Although the ongoing research described in this section is making steady progress
in the search for better understanding of rotor noise mechanisms it is clear that many
are insufficiently understood to be modelled adequately in an 'ab initio' design pre-
dition model. Accordingly, the helicopter industry continues to use empirical and semi-
empirical models, most of which rely on some form of the Lowson-Ollerhead 3 9 or
Wright 40 rotational noise theories in conjunction with empirically derived airload
spectra. Broadband noise prediction is based on the purely empirical methods of
Widnal146, Schlegel et a13 or Davidson and Hargest 6 and 1me procedures include acc-
ount of thickness nom (e.g. based on Hawkings and Lowson") and blade vortex interact-
ion (base 3n Wright'"). ,eviews of example procedures may be found in
Magliozzi , 1 24 and Pegg 1 2 9.

The Society of Automotive Engineers tested current rotor noise prediction models by
asking several companies to calculate certification test noise levels of several heli-
copters for which experimental data were available. Figure 41 shows the errors in EPNdB.
That such methods become less reliable as blade Mach numbers increase is clear from
Figure 42 which shows measured and predicted flyover

0-

a-

,,,,,4*AA

Figure 41 Variation of Helicopter Noise Figure 42 Effect of Airspeed On EPNL
Levels Estimated by Current Semi- Prediction Error. From
Empirical Prediction Models. Reference 20
From reference 20
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noise levels as a function of airspeed (Bell 212)

Figure 43 from Gupta 16and Figure 44 from Spencer and Sternfeld 127 show some corn-
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PW1 CED 
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(a) 60 knots (b) 165 knots
Figure 43 AN-19 Helicopter Noise Spectra; Measured and Predicted. From Gupta 126
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Figure 44 CH-47C Hell~opter Noise Spectra; Measured and Predicted. From Spencer and

SternfeldI

parisons of measured and calculated noise spectra. The agreement here is obviously
quite good but it must be recognised that the applications involve current generation
machines for which empirical input data is available or can readily be inferred.

4. NOISE CONTROL

4.1 Requirements

Figure 45 indicates noise level tre:jds of current tirbine-powered helicopters by
comparison with levels of other aircraft. Figure 46 sho s the ground noise 'footprints'
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Figure 45 Comparison of Helicopter Noise Levels with Those of Other Aircraft Types

caused by typical helicopter operations from a hypothetical heliport in Regents Park,
London. The contours are lines of qual = averaged for a typical 70% westerly/30%
easterly split of operating direction. Allowance has also been made for 60 seconds of
hover-taxying to accompany each operation. The contours are labelled for a typical
5000kg commuter transport helicopter with around 15 seats. Levels for a 2000kg exec-
utive/air taxi machine with around 5 seats would be approximately 5dB lower. The
accompanying table relates = and L as a function of hourly number of operations.
The total areas within each contour De listed and Table 3 lists some typical noise lev-
els from other sources to put the SEL values into context.

Bearing in mind that helicopter noise levels greater than 90dB(A)SEL or 55dB(A)Le q
may be considered excessive for residential areas* (Section 2) it is quite evident q
that noise levels of current rotorcraft represent a serious impediment to their use for
regular interurban transport and that significant noise reductions, of order lOdB are
required if rotorcraft are to be successful in this sphere.

4.2 Practical Noise Reduction

Rotors generate noise by a variety of mechanisms and to reduce the noise output of
any particular rotor it would be necessary to know both their relative importance and
their dependence upon operating parameters. However there is no doub' that the primary
factor is that of rotor speed; multipole noise generation increases with a high power
of tip speed. Reduced tip speed (a) reduces rotational noise due to slower source mot-
ions, (b) reduces random noise by reducing velocity and surface prrssure fluctuation,
and (c) reduces high Mach number effects. Unfortunately it also reduces performance.

The low frequency components of main rotor noise are largely certrolled by atmns-
pheric turbulence as well as tip speed ind are not therefore easily influenced by
detail design changes. On the other hard, the mid-frequencies, from perhaps 200 to
2000Hz, which are much more important to subjective perception, are sensitive to rotor-
generated turbulence and rotor wake interactions which can be influenced by changes to
the geometry and layout of the rotor systems. This is rarticularly true of the tail
rotor which operates in the extremely un:;teady environnent trailed by the main rotor.

Without doubt the main practical problem is that cf blade slap. The high-speed ver-
sion, which will inevitably remain a problem with the edgewise operation of the cunvent-
ional helicopte- rotors, can be minimised by the use of improved, thinner airfoil sections

*Although in otherwise noisy urban areas limits some 5dB higher might be considered

acceptable.
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Leq as function of S and hourly operations*, dB(A)

Average Operations Per Hour
Average Ir-, Enclosed Area,
dB(A) Ha (approx.) 1.1 3.6 11

95 50 60 65 70
90 200 55 60 65
85 >850 50 55 60
80 >1900 45 50 55

*1 operation = I arrival + 1 departure

Figure 46 Noise Footprints Around Hypothetical Heliport in Regents Park, London. Noise
Levels Are Average Sound Exposure Level Per Operation of Typical 15-seat
Transport (subtract 5dB for 5-seat helicopter)

Medium jet airliner, 2 miles from landing
Heavy truck at 7.5m, accelerating 95
Express passenger train at speed, lOOm

Bus at 7.5m, accelerating 90

Heavy truck at 7.5m, 50km/h
Suburban train at lOOm5 85
Twin-prop business aircraft at 1500ft.

Bus at 7.5m, 50km/h 80

Automobile at 7.5m, 65km/h 75

Table 3 Typical Sound Exposure Levels (SEL), dB(A)
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in the tip region. Improving theories of thickness and quadrupole noise aided by better
experimental data from flight and model tests should assist designers in this regard.

Blade-vortex-interaction slap can be reduced by minimising interactions, i.e. by
increasing blade-vortex separations, by rducing relative velocities and by diffusing
the vortex cores. Figure 47 from White1 illustrates a variety of rotor tip configur-

ation ^imed at achieving this end (see
White l for publications list). While some
of these modifications had some apparent
beneficial effect it was found that perform-

S ENO PLATE ance penalties tended to negate them.
SWEPT TIP /

The two most promising techniques were
an active tip air mass injection system
(TAMI) and a (passive) tip described as an
ogee. Figure 48 shows the benefits of TAMI,

TAPEREO TIP scaled from model tests. At an advance
SPANWE Oratio of 0.14 overall reductions were

BLOWING 7.5dB(A) in the continuous loud banging areaS (descent rate 183m/min) and 4.5dB(A) in the

area of most intense noise (219m/min).
RAKED TiP The ogee tip (Figure 49) has been

LIFTING SURFACE DRAG ed at both model and full-scale (Mantay
SPOILER Not only were significant reductions of

impulsive noise obtained in many flight con-
ELLIPTICAL TIP ditions but also performance was improved

and control loads were reduced. Accompany-

R Ring tail rotor noise was also lower in some
GENERATOR conditions. One of the most significant

findings 
from the UHl flight tests was

POROUS TIP shift of the blade slap envelope (Figure 50)

which freed an important glide-slope range
from the phenomenon. For example in a 2

JET ENGINE -descent blade slap reductions of 15dB were

measured.

GULLED OUTER
PANELS Figure 51 shows a tip developed for

RASA future Westland helicopters which is claimed
LINEAR AIR INJECTION (TAM1) to improve performance and reduce both forms

of blade slap by delaying compressibility

Figure 47 Tip Modifications for Control of (Figure 52) and stall effects and by diffus-
Trailing Vortices. From Whit

1 8 
ing tip yqjtex energy (Lowson ande
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Balmford m

1
).At P =0.9 advancing blade imp-
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Tail rotors can make a significant con-
tribution to noise in the mid-frequency
range because the fundamental blade-passing V I
frequency is much higher than that of the Wminin v ,sec
main rotor (Figure 2). A primary factor is 0 0 10 20 30 40 50 70 0 o 190110120

the interaction between the tail rotor and MAXIMUM BLADF INTERACTION
the main rotor wake and this seems to be an 2 1 NOISE-SIANDARDTIP

important target for noise control efforts. RATE 40 140.6dB-145.6dB

Obviously efforts to diffuse main rotor vor- OF

ticity will also be beneficial to the tail DESCENT -

rotor (as noted above) as will improvements
to the geometric configuration. L[ MXIMUM BLADE VORTEX INTERACTION

131 101 NOISE -OGEE TIP
Leverton et al 1 31  found that a 'burb- 140.3 dB --141.54 8

ling' noise generated by the Lynx tail
rotor was due to a main rotor trailing vort-
ices being intersected four or five times
as this passed through the tail rotor disc Figure 50 Effect of Ogee Tips on Blade-slap
on the advancing blade side. By reversing Envelope of VH-lH Helicopter
the direction of tail rotor rotation these (From Mantay 29)
intersections were switched to the retreat-

1.4

M Max1.1 ---

I I
0

-, I

as 0.9 tO U

Figure 51 Westland lip. From Lowson and Figure 52 Mach Number Distribution on

Balmford1 0O Westland Tipl 3 0

ing blades resulting in significant reductions in high-speed flyover noise (Figure 53).

After the more obvious noise reduction
measures, i.e. minimum tip speed, optimal
tip shapes and rotor geometry, etc..
the broadband noise could on y be reduced
further by reducing the 'response' to the so
residual aerodynamic excitation. A poss- f /
ible technique is to reduce trailing edge
noise by the use of porous or variable
impedance jj~faces (see Hayden and z
Aravamudan for references) which allows 1"0,
a gradual acceleration of the fluid around
the trailing edge (Figure 54). Figure 55 W 4 V a o
shows noise reductions measured using model WANM(MrtM

airfoils; the dramatic reduction around
150Hz is due to the suppression of vortex
shedding noise which is not a practical
rotor problem but 5dB reduction of boundary Figure 53 Sound Level Time Histories for
layer/trailing edge interaction noise is Lynx with Standard and Reversed
also evident. Tail Rotors.

From Leverton et al
1 31

4.3 Quiet Helicopter Demonstrations

Practical experience in the quietening of helicopters was gained during the U.S.
Army's Quiet Helicopter Program reported in the early 1970')A Three rather different
helicopters were used, the Hughes OH6A, 954kg (Barlow etal' ) and the Sikorsky SH3D,

7080kg (Schlegel1 3 4 ) both of conventional, main rotor-tail rotor layout and the Kaman
HH438, 4000kg approx., (Bowes 1 3 5 ) with twin intermeshing main rotors.

Various modifications were made in order to reduce noise from the rotors, engines and
transmissions.. Intake and exhaust mufflers were applied to the engines which were also
better balanced and isolated to reduce vibration levels. Drive systems were manufactured
to better tolerances, gear wheels and shafts were damped and gear teeth meshing was imp-
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roved. Rotor noise levels were reduced by reducing tip speeds, while thrust was main-
tained by increasing diameters, blade areas, airfoil sections and thrust and sometimes
numbers of blades.

Varying degrees of success were achieved with overall level reductions of 12, 8 and
3dB being obtained for the OH6, HH-43B and SH3-D. Figure 56 compares the spectra of the
standard and quiet OH6A and Figure 57 shows a mean difference of 8dB between the three

. 7o TAIL R-OTOR-I I III1--, -, '°

ROTOR -ENGINE
s EXHAUST

,r : : ENGINE,- 9

70 - 1 A11A GEARING

OASPL B -

''I I __ An

1-1 " 1 114-

40,- STANDARD OH-BA
UI T H ELICOPTER..

20 30 405070100 200 400 000 2000 4000 10, 00 0 s00 1100' ' 00n0

ACOUSTIC FREQUENCY-HZ

Figure 56 Comparison of Hover Noise Spectra Figure 57 Overall Results of Quiet Hlicop-

of Standard and Quiet OH-6A ter Program; from Bowesl g3

silenced machines and a sample of standard helicopters.

These results are quite impressive if no account is taken of associated performance

and cost penalties.

4.4 Costs of Noise Control

In the first published study of the economics of helicopter noise control,
Bowes

13 6
,
1 31 

estimated the costs and benefits of potential engine and rotor noise reduct-
ion on three current types (S61, B205, H500). Although it was concluded that rotor mod-
ifications would be excessively costly, 'small but meaningful' cost-effective reductions
of turbine exhaust noise could be achieved.

This study was subsequently criticised by the HAA (Wagner
1 1 6

) which generated differ-
ent conclusions summarised in Figure 58. This compares HAA calculations (using Sikorsky
methodology) for the S61 with those presented by Bowes. Wagner also stated that a lOdB
noise reduction in the OH6 helicopter caused a 46% fall in payload and a l2PNdB reduction
in the Boeing 347 (derived from the CH47) a 35% fall.

More detailed cost-benefit analyses have been prepared by Spencer and Sternfeld 127 of

Boeing-Vertol who used their in-house noise prediction method to assess noise reduction
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treatments for the B0105 (2300kg), Boeing
model 179 (YUH6lA) (7900kg), CH47 (18500kg),
and Model 301 (Heavy lift) (53600kg) heli-
copters. Detailed noise measurements from 20 /
these aircraft were analysed to identify
the contributions from different sources
and to check the adequacy of the predict-
ion model. Various levels of noise INCRSE
control treatment and modification were M DOC BOWES' '

then defined for each machine, and for each (RCN)
of which noise reductions (in cruise - 116 WANER/HAA11 6
take-off and approach were not considered), IM . TL&NE MDIIS
costs (manufacturing and operating), and ,' iumOIFIATIOS!

performance penalties were estimated. /BOWS137

The modifications included (in various IIESUIG
degrees) lower rotor speeds, increased
blade areas, improved airfoils, more blades, ,
new or modified gearboxes, engine changes, Lo 3. ,C
tail rotor repositioning, various struct- LMVRDUCTIO ICRISEVM)
ural modifications required to accommodate
dynamic/aerodynamic changes, fuselage
stretch (tandem rotor machines), as well
as many detail changes. Figure 58 Comparison of Noise Control Cost

Estimates from References 116 and
Figure 59 shows, for two helicopters, 137
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Figure 59 Effect of Configuration Changes on Flyaway Costs and Direct Operating Costs -

of Two Helicopters. (From Spencer and Sternfeld
12 7 )

the increase in both flyaway costs and direct operating costs associated with various
degrees of noise control as a function of EPNL reduction and production quantity. The
main conclusions of the study were:

1. There were no important general trends, each helicopter type has to be considered as
a special case.

2. Modifications to existing production models are more costly than initial design
improvements.

3. Production quantity is an extremely important factor and has a greater influence on
current machines than new designs.

4.5 Operating Procedures

Noise generation by helicopters, perhaps more so than by fixed-wing aircraft, is
very sensitive to flight configuration; significant noise changes occur with weight,
speed, turn rates, climb and descent rates and although these effects cannot be general-
ised, the noise characteristics of particular machines can be systematically logged so
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that operators can use them to advantage. Helicopter Association International (HAT)
by agreement with the FAA (see below), has published a "Fly Heighbourly Guide"l

3 8

which explains to pilots, operators and heliport managers how to implement helicopter
noise abatement practices'. (Manufacturers support this initiative by publishing noise
abatement procedures in specific rotorcraft flight manuals.) An example shown in
Figure 60 is a "fried-egg" diagram which provide guidance on how to avoid blade slap

during turns and final approach. Specific
procedures do of course have to be defined
for individual helicopters and individual
hel iports.

HIGH-SPEED IMPULSIVE
305 - SLAP BOUNDARY NOISE 4.6 Future Prospects

J= " CONTINUOUS SLAP

=1 MAXIMUM SLAP Attempts by aircraft noise certification
authorities, particularly the US FAA, to

RATE OFI52  BLADE VORTEXINTRACTION accelerate progress in rotorcraft noise con-
CLIM BLDE VRTE INTRACIONtrol by developing noise-certification rules

was noted in Section 2. The U.S. proposals
would have placed stringent limits on current

M/min 0 production models, derivatives thereof and
new designs. In a comprehensive co-ordinated
responseZO to the NPRM the major helicopter

RATE OF 0 manufacturers of the world strongly opposed
DESCENT I52 the proposed rule on the grounds that

(a) the limits could not be met economically

FLIGHT TEST ENVELOPE- with available technology* and (b) that theI I4 state of knowledge of rotorcraft noise is
-305

0 10 20 30 40 50 r0 inadequate to ensure that future designs
could meet the noise standards. A plea was

AIRSPEED, rn/sec made to postpone the legislation, to init-
iate programs to redefine more reasonable
and practicable noise limits, and to conduct

Figure 60 Blade Slap Boundaries for UH-l extensive research to advance noise reduction
Series Helicopters technology.

The U.S. legislation was shelved in 1981 on the understanding that the necessary
work would be undertaken and that in the meantime, the industry would make serious
attempts to control the impact of helicopter noise. In the U.S.A. a co-ordina ed
government/industry research programme was initiated in ]B3 (Raney and Hoad 13 9 ) and HAl
launched its voluntary "Fly Neighbourly Program" in 19821.3.

Meanwhile ICAO has been investigating the practical problems of aircraft noise cert-
ification. Standardised noise measurements of the Augusta A109 helicopter made in three
countries differed by as much as 5EPNdB and the ICAO Noise Committee has organised a
'Round Robin' in which certification measurements are currently being made of the Bell
Jet Ranger in eight countries to establish practical repeatability bounds.

5. CONCLUSIONS

The fundamental mechanisms of rotor noise generation now appear to have been
identified although theories which will accurately predict the details of the various
components are not yet within reach. To date, success has been restricted to the devel-
opment of relatively crude semi-empirical models whose applicability is perhaps restrict-
ed to the modest extrapolation of existing flight data. For example, such methodology
has been useful in cost-benefit trade-off studies of rotorcraft noise control.

The current prediction models require as input, spectral distributions of fluctuat-
ing blade airloads. The development of analytical procedures by which these could be
predicted for design purposes, ab initio, up to the frequencies of acoustic importance
seems a remote possibility. The same is true of the quadrupole source fields which
assume importance at transonic rotor speeds.

Thus further progress in rotor noise technology would seem best served by more
experimentation. Much progress has been made in recent years in the acquisition of
flight data, in acoustic wind tunnel experimentation and in acoustic instrumentation and
analysis. The necessary acoustic theory, mainly stemming from the basic work of
Ffowcs-Williams and Hawkings, is well developed and the major weakness appears to lie in
the definition of the source terms.

In the meantime it is perhaps not too optimistic to assume that the available anal-
ytical tools will allow reasonably reliable diagnosis of the noise sources on an existing
machine. Once these have been quantified, methods could undoubtedly be devised to reduce
their strength by design changes to, for example, rotor tip speeds and solidity, airfoil
sections and construction, blade tips, rotor pylon location. However, the design of
entirely new rotorcraft to meet stringent noise standards seems likely to remain a hazard-

'They pointed out that the proposed limits lie close to the noise levels of existing hel-
icopters (see Figure 11) many of which already incorporate state-of-the-art noise con-
trol features including moderate tip speeds and disc loadings, new and thinner airfoils
and tailored tip planforms involving sweep and taper. Furthermore, future machines will
cruise at higher speeds.



3-35

ous occupation for some time to come.
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RECENT DEVELOPMENTS IN THE DYNAMICS

OF ADVANCED ROTOR SYSTEMS

Wayne Johnson
NASA Ames Research Center

Moffett Field, California 94035, USA

SUMMARY

The problems that have been encountered in the dynamics of advanced rotor systems are described. The

methods for analyzing these problems are discussed, as are past solutions of the problems. To begin, the
basic dynamic problems of rotors are discussed: aeroelastic stability, rotor and airframe loads, and
aircraft vibration. Next, advanced topics that are the subject of current research are described: vibra-
tion control, dynamic inflow, finite element analyses, and composite materials. Finally, the dynamics of
various rotororaft configurations are considered: hingeless rotors, bearingless rotors, rotors with cir-
culation control, coupled rotor/engine dynamics, articulated rotors, and tilting proprotor aircraft.

NOMENCLATURE

CT rotor thrust coefficient

El blade bending stiffness

f ratio of blade torsional stiffness to pitch link stiffness

Kp pitch/flap coupling; positive for flap up, pitch down

K p pitch/lag coupling; positive for lag back, pitch down
KP flap hinge spring

K lag hinge spring

K pitch hinge spring

r rotor blade radial station

R structural flap/lag coupling (R - 0 for no coupling, R - I for complete coupling); or blade
radi us

V helicopter forward velocity

6 blade flap degree of freedom

ad blade droop angle

Bp hub precone angle

S blade lag degree of freedom

;s blade sweep angle

e blade pitch angle

af flexbeam pitch angle

8h  hub flap/lag flexure pitch angle

p advance ratio (forward velocity divided by rotor tip speed)

v8  rotating natural flap frequency, per rev

v rotating natural lag frequency, per rev

a damping (real part of elgenvalue, negative for stability); or rotor solidity (ratio of blade area
to disk area)

a rotor rotational speed

W$ blade pitch frequency, per rev

1. INTRODUCTION

Good dynamic characteristics are a prerequisite for the success of any rotororaft. Without an ade-
quate aeroelastic stability margin, acceptable rotor and airframe loads, and low aircraft vibration, the
machine cannot fulfill Its mission, regardless of Its performance capabilities. Indeed, the dynamic char-
acteristics often define the operating limits of a rotorcraft. Perhaps more than any other discipline
involved in helicopter engineering, the dynamics are very configuration-dependent. In this lecture, the
dynamics problems that have been encountered in the development or advanced rotor systems are discussed.
The methods of analyzing these problems, as well as past solutions, are reviewed. First, the basic

dynamic problems of rotors are discussed; next, advanced topics that are the subject of current research;
and finally, the dynamics of various rotorcraft configurations.
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in the recent surveys of rotary wing dynamics (Refs. 1-6), the emphasis was on the theory of hinge-
less rotor stability. Loewy (Ref. 1) provided a discussion of dynamics problems in general. Hohenemser'a
(Ref. 2) subject was flight dynamics, but he included stability phenomena that involved the fundamental
blade modes (hence not vibration); he covered experimental results as well. Friedmann (Ref. 3) gave a
good chronological discussion. Friedmann (Ref. 4) dealt with the aerodynamics analysis in particular.
Ormiston (Ref. 5) covered bearingless as well as hingeless rotors, and experimental as well as theoretical
results. Lowey (Ref. 6) discussed helicopter vibration.

2. BASIC DYNAMIC PROBLEMS

To begin, the basic dynamic problems of rotors will be discur ed: aeroelastic stability, rotor and
airframe loads, and aircraft vibration. The emphasis will be on describing the primary charaoteristics of
these problems, and the general capability to analyze them.

:.1 Stability

A summary of the basic results from rotary wing stability nalysis is appropriate before considering
recent developments. Johnson (Ref. 7) provides a complete derivation of these results, as well as refer-
ences to the original literature.

2.1.1 Flap-Lag Stability

Rotor blade flap-lag stability has received much attention because the lag mode damping is low with-
out a mechanical damper, and because the couplings between flap and lag motion are often complicated in
new configuratitns. With no pitch/lag coupling and a flap f'equency of 1/rev, the aerodynamic and
Coriolis flap moments due to lag velocity nearly cancel, so the flap equation is decoupled from the lag

motion. It follows that the flap-lag motion is stable for an articulated rotor: a rotor with small lag
frequency, flap frequency near I/rev, small pitch/lag and pitch/flap couplings, in hover or low advance
ratio. Mnoreover, the articulated rotor will have a mechanical lag damper (for ground resonance stabil-
ity). This same canceling of the flap moments due to lag velocity occurs if the flap frequency is above
I/rev with ideal precone, for then the flap spring is not contributing to the coning moment and the -oning

angle is the same as for a flap frequency of exactly 1/rev. The aerocynamic and Coriolis forces are gen-
erally proportional to the rotor thrust, so the lag moments due to flapping are small at low collective.

It follows that any flap-lag instability will be a high collective phenomenon.

For a hingeless rotor with no pitch/flap or pitch/lag coupling, or flap/lag structural coupling, it
is found that the critical condition for flap-lag stability is zero precone and flap frequency = lag fre-
quency = 1.15/rev. Such a rotor blade is stable with ideal precone and for a flap frequency less than
I/rev or greater, than 1.41/rev. The effect of pitch/flap coupling is primarily to introduce the effective
flap frequency, including the aerodynamic spring due to pitch/flap coupling, in place of the structural/
centr:fugal flap frequency in this analysis (note that a flap frequency less than 1/rev then is possible,
with negative pitch/flap coupling). The lag mode structural or mechanical damping required for stability
increases with the rotor thrust. However, the blade viscous drag damping alone is sufficient to provide
stability up to roughly a CT/o = 0.10 for the critical condition defined above. So, in general, any
reasonable level of structural damping is sufficient to stabilize a hingeless rotor. In forward flight
(at advance ratios of around 0.4), an instability is possible even for an articulated rotor, but, again,
the instability is mild, and a moderate amount of lag damping is still sufficient to stabilize the motion.

A flap-lag instability Is also possible at high collective pitch due to stall. The loss of flap
damping because of the reduced lift-curve slope allows the instability. This phenorenon can only f:ccur in
hover, since in forward flight stall is encountered only on part of the rotor disk.

2.1.2 Pitch/Lag, Pitch/Flap, and Flap/Lag Coupling

Flap-lag stability becomes a problem largely because of pitch/lag coupling. For articulated or soft-
inplane hingeless rotors (lag frequency less than 1/rev), positive pitch/lag coupling (lag back, pitch
down) is destabilizing. For a stiff-inplane hingeless rotor (lag frequency above I/rev), positive pitch/
lag coupling is destabilizing with full flap/lag structural coupling, while negative pitch/lag coupling is
destabilizing with no flap/lag coupling (pure inplane and pure out-cf-plane modes). With an articulated
rotor, the pitch/flap and pitch/lag couplings are determined by the geometry of the root hinges and con-
trol system. With a hingeless rotor, in addition to such kinematic couplings, there are effective cou-
plings due to the nonlinear bending and torsion loads on the blade. Structural coupling of the flap and
lag motion is produced by pitch of the structural principal axes of the rotor blade. Even a small amount
of flap motion in the lag mode as a result of such coupling is very stabilizing because of the high aero-
dynamic damping associated with out-of-plane motion.

Elementary, but useful, expressions for the effective pitch/lag and pitch/flap couplings can be
obtained considering a flap-lag-torslon spring model of a hingeless rotor. A complete derivation is given
in Ref. 7. Elastic flap deflection introduces a compone~it of the trim lag moment about the pitch spring;

elastic lag deflection introduces a component of the trim flap moment about the pitch spring. For pitch
springs inboard and outboard of the droop (representing control system stiffness and blade elastic tor-

sion, respectively), the total nose-up moments are:
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3.4 Composites

The use of composite materials for rotor blades and hubs and in helicopter airframes is Increasingly

conmon. Composite materials are replacing metals because of better fatigue and strength characteristics
for a given stiffness, and better damage tolerance and failure characteristics. For a given bending

stiffness (El), cross section size (zmax), and load (M), the maximum stress in a beam is proportional to
the modulus: oma X = Mzmax/I - (Mzmax/EI)E. Hence, for rotor blade materials a high strength to modulus
ratio is desired. Composite materials such as fiberglass and graphite have 0/E values several times

that of steel or aluminum. (The lower modulus (E) of composites implies a larger area moment I for a
given stiffness. For cases where a large I is unacceptable, titanium may be a good compromise, with
o/E and E values between composites and steel.) Composites can offer advantages in fatigue characteris-
tics and failure modes as well. The use of composite materials also allows additional design flexibility,
bringing the opportunity to tailor detailed structural properties as well as overall structural couplings
of rotor blades. This additional flexibility will not be fully utilized until the rotor analyses can
handle all the unique characteristics of composite materials.

Composite materials are generally orthotropic: the material properties are symmetric with respect to

three planes, when one of the coordinates is aligned with the fiber direction. For an orthotropic mate-
rial, Hooke's law relating the stress tensor to the strain tensor takes the form:

IEu

/22 sy- zero E 2

0 33 E 3

0 12 12

0 3zero diagonal E 13

0\23 L i2Q

(For a metal, the material is isotropic: the properties are additionally the same in all three direc-
tions, and the matrix above is defined by only three independent parameters.) Now if the fiber direction

Is at an angle relative to the coordinate system, the constitutive equation takes the form of a monoclinic
material. In a monoclinic material, the elastic properties are symmetric with respect to only one p.ane
(for example, the i-2 plane), with Hooke's law of the form:

0 22 £22
symmetric zero

033 E 3

02 E£12

1 3 E 1

zero Isym- 1
'metric

23 1 23)

So, in a monoclinic material, the ,ihear stress and strain corresponding to the plane of symmetry (012 and
E12 above) are coupled to the normal stresses and strains. A simple coordinate transformation does not
change the material from orthotropic to monoclinic. Often, however, a composite structure consists or
laminates with different fiber orientations, so the complete structure effectively has only one plane of
symmetry. Moreover, the stress in beams (such as rotor blades) is dominated by the components acting on a
plane normal to the beam axis (o , a , and o if x is the spanwise variable). So it is the stressxx xy xz
and strain relative to the particular coordinate system aligned with the beam axis that is most important.
Consequently, it Is appropriate to analyze composite beams by assuming monocllnlc structural behavior.

Mansfield and Sobey (Ref. 95) developed the bending and tor on stiffness Pquations for a beam con-

sisting of a fiber composite tube. They examined the structural twist induced by bending and tension.

Worndle (Ref. 96) developed an analysis for the section properties of a composite blade (such as
stiffnesses and shear center). The fiber-reinforced material was assumed to be orthctropic, with one axis
aligned with the blade spii. axis, but the other two axes not corresponding to the section axis system.

Hence, beam theory was used for a monoctinic material, with the plane of symmetry normal to the span axis.
A finite element method was used to solve for the required warping function.

Hong and Chopra (Ref. 97) calculated the flap-lag-torsion stability of a composite rotor blade In

hover. The finite element methods if Ref. 98 were used. The equations for a rotating beam were derived
following Ref. 20. The composite materlil Introduced the possibility of stiffness terms coupling bending/
torsion and tension/torsion. The rotor spar was represented by a box beam, each side consinting of sev-
eral laminates of'composite material, each laminate at a specified ply angle. The section was monoclinic.
For horizontal laminates the plane of symmetry was horizontal (the x-y plane; with the x-coordinate
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where * is the elastic torsion degree of freedom, and x is the blade radial coordinate. The varia-

ble 0, rather than the torsion degree of freedom 0, was used in the finite element model because the

inter-element coupling is defined in terms of the geometric displacement and rotation at nodes. The

analysis was restricted to single load path designs. It followed that the centrifugal force was known
a priori along each element; the equation of axial force equilibrium could be directly integrated for u;

and so the axial displacement u could be eliminated from the equations. Hence the degrees of freedom

for each element were: the inplane and vertical displacement and slope (v, v', w, w'), and the geometric

twist displacement (0), at each end of the beam (Fig. 87). The displacement within the beam was interpo-

lated using Hermite polynomials: third order for v and w deflections (corresponding to a linear varia-

tion of bending moment), and first order for 0 (corresponding to a constant torsion moment). Examples
were executed for hover, using 10 elements to represent the blade. The trim problem required solution of

a nonlinear algebraic equation, with a banded spring matrix. The equations were linearized about the trim

solution to calculate stability. The damping matrix was not banded even for a single load path, because

of the Coriolis forces (entering an element equation through the axial displacement). The linearized

equations were first solved for the free vibration modes, and then these modes were used as degrees of

freedom in the stability analysis.

Silvaneri and Chopra (Ref. 44) extended the analysis of Ref. 88 to the case of a rotor blade with

multiple load paths at the root--a bearingless rotor. With multiple load paths, the distribution of the
centrifugal force among them was not known a priori. So it was no longer possible to eliminate the axial

displacement variable and equations from the analysis; moreover, it became necessary to iterate on the

calculation of the centrifugal force in the solution procedure. Here the degrees of freedom for each

element were: axial displacement (u), inplane and vertical displacement and slope (v, v', w, w'), and the

geometric twist displacement ($) at each end; axial displacement (u) at two interior nodes, equally spaced

along the element length; and the geometric twist displacement (0) at the element midpoint (Fig. 87). The

displacement within the beam was interpolated using Hermite polynomials: third order for v and w

deflections and second order for q (corresponding to a linear variation of bending and torsion moments),

and third order for the axial displacement u (corresponding to a quadratic variation of the tension

force). The interior node for 0 was introduced so the torsion moment variation would be linear, consis-

tent with the bending moment variation. The two interior nodes for u were introduced so the tension

variation would be quadratic, consistent with the centrifugal force for uniform mass distribution. The

multiple beams at the root and the single beam of the outboard blade were joined at a rigid clevis. The

solution procedure followed that of Ref. 88. The mass and stiffness matrices were not banded with a mul-

tiple load path at the root. Examples were executed using six to ten elements to represent a bearingless

rotor (Figs. 45 and 46).

Rutkowskl (Ref. 89) developed a finite element analysis for the rotor flap bending and airframe vert-

ical motion. The equations for the coupled rotor and fuselage motion were linear in this case; hence the

trim solution did not influence the stability. The stability was calculated using the free vibration

modes (for the entire system, rotor and body), which were obtained from the finite element analysis. A

single load path was assumed for the rotor blades; the element equations were therefore similar to those

of Ref. 88.

Lefrancq and Masure (Ref. 90) developed a finite element analysis that was used to calculate the

frequency and damping of the Triflex tail rotor. The analysis was used to examine the influence of the

weight and stiffness of the sleeve.

Borri, Lanz, and Mantegazza (Ref. 91) and Borri, Lanz, Mantegazza, Orlandi, and Russo (Ref. 92)

developed a rotor analysis using the finite element representation for azimuthal variations as well as

spacial displacements (STAHR, for Stability and Trim Analysis of Helicopter Rotor). The analysis used a

finite element or component representation of an isolated rotor blade, including the control system and

blade root geometry. The blade response was calculated, and the method was intended to calculate stabil-

ity as well. By using a finite element representation for the time variation, the dynamics problem was

reduced to a nonlinear static problem, to which the conventional techniques of static finite element

structural analysis could be applied (for assembly, solution, and data management). It was noted that the

computation time became very large when many space-time elements were used.

Giavotto, Borri, Russo, and Ceriotti (Ref. 93) continued the development of the analysis of Refs. 91

and 92. The dynamics problem was formulated as nonlinear algebraic equations. The trim solution was

obtained from the constraint that the motion be the same at the beginning and at the end of one rotor
revolution. Perturbations of all variables at the beginning and end of one revolution then gave the state

transition matrix for a Floquet stability analysis. This state transition matrix was identical to the
converged derivative matrix that was already required in the Newton-Raphson solution for the trim

response.

Hodges (Ref. 94) developed a finite element computer code (GRASP, for General Rotorcraft Aeroelastic

Stability Program) for the stability of a coupled rotor body in hover or vertical flight. Beam and rigid

body elements were considered. No small angle assumptions were made in defining the orientations of the

elements, and multiple load-path structures could be analyzed. The variable order, nonlinear, slender

beam element was assumed to undergo small strains, but the rotations due to deformation could be large.
The nonlinear algebraic equations were solved for the static deflection, and then the linearized equations

were assembled and solved for the stability.
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In applications of the dynamic inf'ow model, the model ha? en found to be inportant more often than

not, which is a reflection of the importance of unsteady aero .mies to rotor aeroelastic problems.
Dynamic inflow is a practical way to add unsteady aerodynamics to rotor stability calculations, because it
is a finite state model (ordinary differertial equations). The simplicity of the model, as well as its
fundamental limitations, follow from the assumptions of low frequency and an actuator disk representation.

Peters and Gaonkar (Ref. 86) calculated the influence of dynamic inflow (using the model of Ref. 82)

on the flap-lag stability in forward flight. The rigid blade with springs model of a hingeless rotor was
used, with no pitch/lag or flap/lag coupling. The influence of unsteady aerodynamics was significant,
particularly for the regressing lag mode (Fig. 82).

Johnson (Ref. 80) calculated the influence of dynamic inflow on hingeless rotor ground resonance,
comparing with the experimental data of Ref. 47 (discussed above). It was shown that the unsteady aerody-
namics were essential for a correct calculation of the body mode damping (Fig. 83). For the matched
stiffness configuration, the test identified a low frequency mode that did not correspond to any expected
structural mode of the system (Fig. 84; the body pitch and roll modes and the regressing lag mode were
accounted for, and the regressing flap mode was known to have too much damping to be observed in this
experiment). The calculations associated this mode with the dynamic inflow variables (of course highly
coupled with the flap and body motion; Fig. 85), and also predicted that the mode should be measurable for
the matched stiffness configuration but not for the other configuration tested (which had a reduced flap
flexure stiffness, hence reduced hub moment capability). Thus the existence of this mode in the experi-
mental data, and its successful prediction, confirmed the global, low-frequency character of the unsteady
aerodynamics of the rotor--confirmed (for this problem) the fundamental assumptions of the dynamic inflow
model.

Warmbrodt and Peterson (Ref. 30) measured the lag damping of a BO-105 rotor in hover. Calculations

of the blade stability (using the analysis of Ref. 29) showed the necessity for the dynamic inflow model
in this case (Fig. 86). They also noted that it should be possible to directly measure the unsteady aero-

dynamic influence, since it is predicted to be present in the regressive (low frequency) lag mode but
absent in the progressive (high frequency) lag mode.

3.3 Finite Elements

The use of finite element techniques for structural dynamic modeling promises to bring long-needed
flexibility to rotorcraft analyses. Such flexibility is particularly desired in the modeling of the rotor
hub and blade root, where most of the design innovation appears in new configurations. The survey of
Friedmann (Ref. 4) included a review of finite element methods. The use of a finite element method for
the free vibration modes of a rotor blade is not uncommon. What still requires development Is a full
application of finite element discretizatlon to the nonlinear, coupled aerodynamics/dynamics/structural
problem of calculating rotor response. A major limitation of rotor analyses based on finite element

methods is the very long computing times required. In most applications of finite elements to rotor prob-
lems it has been necessary to introduce free vibration modes at some stage, in order to reduce the number
of degrees of freedom to a manageable level.

Yasue (Ref. 87) developed a finite element analysis for the flap-lag-torsion response of a rotor to
vertical gusts in forward flight. The degrees of freedom for each element were: displacement and slope
of the inplane, vertical, and torsion deflection, at each end of the element. The deflection was repre-
sented then by third order polynomials within the element. Rigid pitch motion of the blade was introduced
at the blade root. The trim solution was obtained from the linear equations for the bending motion only,
using a Galerkin technique (not finite elements). Then the gust response was calculated from linearized
equations for the free vibration modes, which were obtained from the finite element representation.

Friedmann and Straub (Ref. 25) developed a finite element formulation for the elastic flap-lag sta-
bility of a rotor in hover. The spatial dependence of the linearized partial differential equations of

motion was discretized using a local Galerkin method of weighted residuals. The degrees-of-freedom for an
element were the displacement and slope of the vertical and inplane deflections, at each end of the ele-
ment (Fig. 87, without torsion). Cubic interpolation polynomials were used for the displacement within an
element. Free vibration modes were calculated from the finite element model, and then the nonlinear
finite element equations were transformed to modal equations. Finally the nonlinear modal equations were
solved for the static equilibrium deflection, and the linearized equations were solved for the stability.
The solution was converged with four or five elements used to model a uniform blade; six to eight elements
were required when torsion motion was included.

Sivaneri and Chopra (Ref. 88) developed a finite element analysis for the flap-lag-torsion dynamics

of a hovering rotor. They obtained the steady state deflection by solving the finite element equations
directly (in previous work, the finite element method was used to calculate the free vibration modes,
which were then used to solve for the trim blade deflection). The beam equations of Ref. 20 were used.
The blade motion was represented by first radial, then lnplane, then vertical, and finally pitch deflec-

tion (u, v, w, and e). The pitch e was comprised of the collective and built-in twist contributions,
plus the geometric torsion deflection *:

* - f v"w' dx

01
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increased at low speed (Fig. 79). The influence of the regulator on blade loads was similar to that in
Ref. 76.

Wood, Powers, Cline, and Hammond (Ref. 78) reported results from flight tests of this regulator on an
OH-6A helicopter. Again, the adaptive, open-loop regulator with caution was used. The 4/rev vertical and
lateral vibration were reduced significantly (Fig. 80), but the longitudinal vibration increased at high
speed. The pitch link loads were increased by the presence of higher harmonic control, and there was some
increase in blade bending loads (Fig. 81).

Gupta, Wood, Logan, and Cline (Ref. 79) conducted further higher harmonic control flight tests with

the OH-6A. The controller software was changed from fixed point to floating point for better accuracy.
The system and measurement noise variances in the Kalman filter were adjusted in flight to optimize the
identification. The result of these changes was a significant improvement in the performance of the regu-
lator (Fig. 80). The control system reduced the cockpit vibration on all three axes simultaneously.

3.2 Dynamic Inflow

Despite the long-established importance of unsteady aerodynamic forces in aeroelastic phenomena, an

entirely satisfactory model for rotary wing unsteady aerodynamics is still not available. A model for the
noncirculatory loads can be readily obtained from two-dimensional unsteady airfoil theory, but the results
from either two-dimensional or fixed-wing three-dimensional wing theory for the circulatory loads are not
applicable since the wake models are not correct for rotary wings. The development of a general theory
for rotor unsteady airloads is difficult because of the complex geometry of the rotor wake, even in hover.
Moreover, in forward flight a time-invariant model of the system is not possible because of the periodi-

cally varying aerodynamic environment of the blades. Consequently, attention has recently been focused on
the development of relatively simple models for the unsteady aerodynamics. These models take the form of
differential equations for parameters defining the wake-induced velocity distribution over the rotor disk,
hence are referred to as dynamic inflow models. Johnson (Refs. 7 and 80) and Gaonkar and Peters (Ref. 81)

provided a derivation and discussion of dynamic inflow.

Typically, the wake induced velocity perturbation is represented by a linear variation over the rotor

disk:

61 = A + A r cos + A r sinu x y

where r and * are the polar coordinates of the rotor disk, so X defines a uniform variation of the
induced velocity, while AX and X define longitudinal and lateray variations, respectively. The induced
velocity variables are related to the net aerodynamic loads on the rotor (thrust CT, pitch moment CMy,

and roll moment CM ) by a first order differential equation:

T + A = (aA/DL)L

where

A (u Ax Xy )T

L = (CT -CM CM )T

y x

This is a low-order, global model of the rotor unsteady aerodynamics. The model can only represent low-
frequency effects. Note that with no flap-hinge offset, an articulated rotor cannot sustain a hub moment.
Hence, the linear components of the dynamic inflow model are primarily important for hingeless rotors.

The derivative matrix a/aL can be obtained from differential momentum theory (see Peters (Ref. 82)

and Johnson (Ref. 7)) or from unsteady actuator disk theory (see Miller (Ref. 83), Pitt and Peters
(Ref. 84), and Johnson (Ref. 7)). Rotor response and stability measurements, as well as parameter identi-

fication work, generally support the values so obtained for hover. The inflow dynamics model is not as
well verified for forward flight as for hover, but the model of Pitt and Peters (Ref. 84) is proving to be
very effective (see Ref. 81).

Typically, the time lag is written T - K(Da/aL), where ic is a diagonal, constant matrix. The
values for the constants in K are obtained by considering the apparent mass of an impermeable disk
subject to linear or angular motion (see Peters (Ref. 82) and Pitt and Peters (Ref. 84)). These estimates
are supported by experimental data and parameter identification, at least to within a factor of two
(Ref. 80). Without the time lag (T - 0), a quasi-static inflow model is obtained, the effects of which
are expressed by a lift deficiency function (Refs. 7 and 80). For rotor dynamics problems In which the
dominant aerodynamic forces are the lift perturbations due to angle-of-attack changes, the magnitude of

the aerodynamic influence is described by the blade Lock number (which contains the section lift curve
slope). Hence, in such cases, the effects of the quasi-static inflow model can be largely represented by
the use of an effective Lock number that is the product of the actual Lock number and the lift deficiency
function (see Curtiss and Shupe (Ref. 85)). A quasi-static inflow dynamics model has long been used in
handling qualities analyses. The need for the time lag appears to depend on the specific problem
involved. The influence of the time lag is often enough to be measurable, but the quasi-static model may
still give qualitatively correct results.
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where

C - DTTw
Z

z e AD - (TTW z
T 

+ We + W~e)_

This is referred to as an open-loop control law in Re. 75, since it is based on the uncontrolled vibra-
tion level zo . In the adaptive system, zo  is in fact identified from the current vibration measure-
ment zn . An alternative form of the control law is:

Aen = Czn I - DW 8n_ 1

which involves the direct feedback of the measured vibration, whether the system parameters are identified

or not (referred to as a closed-loop control law; see Ref. 75 for further details).

Limiting the control amplitude 1y use of the weighting matrix W has the effect of reducing system

effectiveness at all conditions. It is preferable that the control authority be sufficient to allow full

use of the active alleviation system. Implementation of external constraints on rate of change of control
leads to poor dynamic response; such limits should be an integral part of the control law. Limiting the

rate of change of the control by use of the weighting matrix W is very beneficial: the dynamic
response of the system is unacceptable without it and good with it, yet a control rate limit does not
change the final optimum solution.

The above derivation of the control law assumed that the parameters are known; the result was a

deterministic controller. With unknown estimated parameters, the certainty-equivalence principle may be
applied: the deterministic control solution is simply used with the estimated paramater values. Alterna-
tively, the possibility of errors in the parameter estimates can be acknowledged by minimizing the

expected value of the performance index:

J - E(z W zn) + a TW 0  + AR U A nn zn n n n AO An

which produces a cautious controller. The result is equivalent to introducing a weighting matrix on the
control amplitude or rate, proportional to the parameter error-variance (which is calculated in the course
of the Kalman filter identification procedure; the a priori estimate error, Mn = Pn-1 + Qn-1, is used).
With the closed-loop form of the control law, caution introduces an effective limit on the control rate

(WA ). With the open-loop form of the control law, caution introduces an effective limit on the control
ampitude (We). Reference 75 provides complete details. Hence the cautious controller provides a means
to automatically introduce control limits to compensate for uncertainty in the parameter estimates. That
the controller development process need not be concerned with picking the weighting matrix is an advan-
tage; that the designer no longer has the option of selecting the weighting matrix is a disadvantage. Use
of a rate limit (W ) Is probably always desirable, but is not provided by the caution with the open-loop
form of the contror

0
law. There is an additional problem (that may be of more theoretical than practical

concern). The number of paramete.}s to be identified will be much greater than the nimber of measurements,
implying an identifiability problem: there may not be enough information in the measurements to identify
all the parameters individually. Simulations show that the feedback control system generally is well
behaved, which may be explained by the view that it is necessary to accurately identify the control values
required for minimum vibration (about the same in number as the number of measurements), not the indivi-
dual values of all the parameters. The identifiability problem can, however, be reflected in large values

of the parameter error-variance in the Kalman filter, which would introduce large control limits with the
cautious controller.

The two options for identification (off-line or adaptive) and the two options for control (feedback

of zO or Zn; i.e., open loop or closed loop) implies four configurations for the self-tuning regulator
(Ref. 75). The configuration of interest here is the adaptive open-loop regulator (Fig. 76), consisting
of on-line identification of the parameters and calculation of the gain matrix, with control based on the
identified value of the uncontrolled vibration level zo. This system has been investigated analytically,

and in both wind tunnel and flight tests. The configuration tested was the cautious controller, without
explicit limits on control amplitude or rate (We or W A).

Hammond (Ref. 76) tested a four-bladed, model articulated rotor in a wind tunnel, with the adaptive
open-loop regulator. The cautious controller form was required for smooth operation during changing test
conditions. Vibration alleviation capability was assessed in terms of the vibratory hub moments and vert-
ical shear (Fig. 77). A 70$-90% reduction of the 4/rev vertical force was achieved, and a 30%-70% reduc-
tion of the 4/rev pitch moment; the 4/rev roll moment was reduced only slightly. The higher harmonic
control produced some decrease in blade flapwise bending loads; and an increase in edgewise bending, tor-
sion, and pitch link loads (Fig. 78).

Molusis, Hammond, and Cline (Ref. 77) extended the work of Ref. 76 by using feedback of acceleration
rather than hub load measurements. The regulator was tested in steady-state operating conditions; with
varying wind-tunnel speed; and with collective pitch variations. Generally, the conditions for minimum

vibration levels did not correspond to those for minimum oscillatory hub loads; it was essential to sense
the vibration directly. The cautious controller showed smooth operation and good tracking ability. The
vertical and longitudinal vibrations were reduced significantly, but the lateral acceleration was

Immgmmm m1 m~ mmmmmmm
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The present discussion will concentrate on the concept that has 
been carried to flight tests--the self-

tuning regulator. This approach is based on the use of blade pitch motion at harmonics or the rotor speed

above 2/rev in the rotating frame, and hence is referred to as multicyclic or higher-harmonic control.

Among the early work was a test reported by McCloud and Kretz (Ref. 73) and Kretz, Aubrun, and Larche

(Ref. 74), of multicyclic control on a full-scale jet-flap rotor in a wind tunnel. Johnson (Ref. 75)

gives a full derivation and comparison of the various self-tuning regulators for multicyclic control of

helicopter vibration. Only the version of the regulator that has been flight tested will be discussed

here.

A self-tuning regulator is a control system combining recursive parameter estimation with linear

feedback. As developed for multicyclic control of helicopter vibration and loads, this regulator is char-

acterized by (1) a linear, quasi-static, frequency-domain model of the helicopter response to control;

(2) identification of the helicopter model by a Kalman filter; and (3) a quadratic performance function

controller. Figure 75 outlines the control task: minimize airframe vibration (and perhaps loads or even

power) using blade pitch control (defined in the rotating or nonrotating frame).

The requirement for an adaptive control system, in which the parameters describing the helicopter

model are identified on line, follows from the inability of current analytical tools to predict vibration

characteristics withi sufficient accuracy; and from sufficient sensitivity of the vibration characteristics

to changes in aircraft configuration and flight condition that a prescribed-parameter control system would

be ineffective or at least inefficient.

It is assumed that the helicopter can be represented by a linear, quasi-static frequency-domain model

relating the output vector z (consisting of harmonics of the vibration) to the input vector e (consist-

ing of harmonics of blade pitch control) at time tn = n At:

z - z + T6n o n

The sampling interval At must be long enough for transients to die out and te harmonics to be measured.

The assumption of linear response to control is supported by the experimental observation that only a

small multicyclic control amplitude (of the order of 0.5 to 1.5 deg) is required for vibration allevia-

tion. There is theoretical and experimental evidence both supporting and contradicting the assumption of

linearity. There are observed phenomena that may be attributable to nonlinearity, and there are arguments

that an iterative linear model is appropriate even for a nonlinear system.

The uncontrolled vibration level zo0 and the control matrix T are not known; the state-of-the-art

of vibration prediction is not sufficient to allow their calculation to the required accuracy. Hence, an

adaptive control system is required, in which these parameters are to be identified during the control

process. Grouping the irknon- paramctcrs into-a.,ingle matrix and introducing measurement noise gives:

z - [T z](e 1) v
n 0 n n

The measurement noise vn is assumed to have zero mean, variance rn, and Gaussian probability distri-

bution. The lack of knowledge of the system parameters will be expressed by modeling them as a random

process:

CT zoIn+1 -IT z0 n + Un

where Un is a random variable with zero mean, variance Qn, and Gaussian probability distribution. This

equation implies that the parameters vary and that the order of the change in one time-step can be esti-

mated, but no information is available about the specific dynamics governing the variation of the param-

eters. Then the minimum error-variance estimate of the parameters is obtained from a Kalman filter:

[Z o I [z] + (z - 1 -T n )k
0 n o n-i1 n- n n

The Kalman gains are obtained from:

k - P (e 1) T/r
n n n n

P- 1 (P + Q ) + ( T )T(T 1)/r
n n-i n-1 n n n

where Pn is the variance of the error in the estimate, after the measurement. (See Ref. 75 for further

details; the estimation of parameters is in fact done by rows.)

The control algorithm is based on the minimization of a quadratic performance index:

T T T 8 n  B A e
J -zTW z *ew 0 0+Ae TW A8n zn n 0n n Ae n

where Aen - - e Typically, the weighting matrices are diagonal, so J is a weighted sum of the
mean squares oP the vibration, loads, and control. The matrices W and W 8 constrain the amplitude and

the rate of change of the control, respectively. The control law is obtained by substituting for zn,

setting the derivative of J with respect to control to zero, and solving for en:

8n  Czo  DW nn 0 Ag n-1
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rotors (Fig. 59). This theory significantly underpredicted oscillatory pitch link loads above 60 knots,
because the measured loads were predominantly I/rev while the calculated loads were 3/rev. Sheffler
(Ref. 60) was able to predict blade bending loads well even at high thrust and high speed (Fig. 60). The
prediction of the torsion moment at high thrust was poor even at moderate speed however (Fig. 62), because
stall was encountered too early in the theory and thereafter the calculated load did not increase much

with thrust.

Yen and Weller (Ref. 51) calculated loads on an articulated rotor, both with standard blades and with
tabbed blades (Fig. 57). Their results illustrate well the limits of current load prediction capability.
The calculated mean and oscillatory pitch link loads agreed well with test (Fig. 63). Yet examination of

the corresponding time histories (Fig. 64) reveals that the fundamental phenomena involved were not being
modeled correctly: the tab changed the measured time history dramatically, while the predictions for the
two blades had very similar character.

2.4 Vibration

Rotor-induced vibration prediction adds an increased importance of the airframe structural dynamics
to the many disciplines already required for loads prediction. Reichert (Ref. 64) discussed various means
for vibration control on helicopters: pendulum or bifilar absorbers on the blades or hub; rotor isola-
tion, anti-resonance isolators, or absorbers on the airframe; and higher harmonic control. There has been
a clear trend of reduced helicopter vibration in newer designs--after vibration treatment has been

included (Fig. 65). Reichert made the point that analysis of vibration is not adequate, and identified
the need to model the airframe as well as the rotor.

Cronkhite (Ref. 65) compared NASTRAN predictions and shake test results for AH-IG airframe structural
dynamics. A model intended to be valid up to about 30 Hz (above 5/rev) was developed. The structural
damping was particularly difficult to quantify for the analysis; here 2% critical damping was assumed. In
the frequency response above 20 Hz, the tests showed more damping than predicted (Figs. 66 and 67).

Stoppel and Degener (Ref. 66) compared NASTRAN predictions and shake test results for BO-105 airframe

structural dynamics. A large order model was needed for accuracy. A frequency error of about 5% was
achieved for the lowest modes, and 10% for the higher modes (Fig. 68). It was noted that the large con-
centrated masses typical of helicopter structures result in many modes at relatively low frequency (spe-
cifically, below 8/rev or about 56 Hz for the BO-105).

Gabel, Reed, Ricks, and Kesack (Ref. 67) developed a NASTRAN finite element model of a CH-47D air-
frame, emphasizing the prediction of structural vibration. They documented the planning and development
of the NASTRAN model, the predictions, the shake test, and the correlation of the measured and predicted
response. The correlation below about 20 Hz was considered good by the standards of the industry
(Fig. 69), particularly the forced vibration at 3/rev and 6/rev. The predictions at high frequency were

not considered good. The calculations were based on 2.5% structural damping for all modes. Correct
modeling of the damping would improve the prediction of peak amplitudes (for example, in the lateral
response shown in Fig. 69). To improve the correlation of mode shape and frequency, it would be necessary
to increase the detail of the structural modeling (including the test fixture), and of the mass distribu-
tion. Figure 70 illustrates the achievable improvement.

Sopher, Studwell, Cassarino, and Kottapalli (Ref. 63) compared predicted and measured vibration for a
wind tunnel test of an articulated model rotor (representative of the UH-60). Two representations of the
rotor support structure were considered: a three-mode model, consisting of the modes nearest 4/rev
(between 3.4 and 5.2/rev), and a nine-mode model, consisting of all body modes from 1.9 to 6.5/rev. The
trends of the vibration with forward speed and higher harmonic control were predicted satisfactorily, but
the absolute levels were not correct (Fig. 71). The predicted absolute levels of vibration were sensitive

to the body modal characteristics. The vibration change due to a prescribed higher harmonic control input
was underpredicted, although the results were improved using the nine-mode body model (Fig. 72). Compari-
son was also made between the experimentally determined optimum vibration using higher harmonic control
and the theoretically determined optimum (not using the measured values of the control inputs).

Gabel and Reichert (Ref. 68) examined the use of pendulum absorbers to reduce the vibration level on
the 80-105 helicopter in transition, between 20 and 40 knots (Figs. 73 and 74). Flap and lag pendulum
absorbers for 3/rev vibration were used. A blade tuning weight, to get the third flap mode below 5/rev,
was also used; the tuning weight was not effective alone however. The final configuration of pendulum
absorbers and tuning weights was 1.25% of the gross weight.

3. ADVANCED TOPICS IN DYNAMICS

Next, advanced topics that are the subject of current research will be considered: vibration con-
trol, dynamic inflow, finite element analyses, and composite materials.

3.1 Vibration Control

Passive control of helicopter vibration, such as discussed above, has the disadvantages of signifi-
cant weight penalty and lack of flexibility. There are numerous concepts for active control of vibration,

for example, Ham (Ref. 69), Kretz (Ref. 70), Gupta and DuVal (Ref. 71), and Jacob and Lehmann (Ref. 72).
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found that these couplings did increase the damping, but were not sufficient to stabilize the case with a
soft flap flexure (Fig. 47). The instability was less severe for the matched stiffness configuration, so
pitch/lag coupling was indeed able to provide stability. The theory of Ref. 38 was used to analyze this
configuration. Generally, the body mode damping was underpredicted by the theory; it was speculated that
this discrepancy was due to unsteady aerodynamics. The theory tended to be less accurate at high collec-
tives. The measured damping increased with collective (except at an air resonance instability), while the

theory did not (particularly at the higher rotor speeds).

Yeager, Hamouda, and Mantay (Ref. 48) conducted a wind tunnel test of a model soft-inplane hingeless
rotor, with body pitch and roll motion. The measurements showed the favorable influence of precone or

negative droop on the stability. Calculations using the method of Ref. 29 gave good correlation with the

experimental data, for both hover and forward flight (Figs. 48 and 49).

Hooper (Ref. 49) used the analysis of Ref. 38 to examine the influence of blade-design parameters on
the air resonance and ground resonance stability of a bearingless rotor. The configuration considered
involved a single-beam flexure, and a rigid torque tube with a single shear restraint (pitch link) on the
flexbeam axis (for zero coupling). Air resonance instability was predicted for high rotor speed and high
collective, at the resonance with the regressing flap mode. Hub and blade sweep, hub and blade prepitch,
and hub precone did not change the stability significantly. Blade negative droop or vertical offset of
the torque tube shear restraint above the flexbeam were stabilizing. Both parameter changes produced
negative pitch/lag coupling, which stabilized the blade flap-lag motion sufficiently that the air reso-

nance instability occurred only in a narrow rotor speed range at resonance (which occurred at a fairly
low rotor speed as well). The ground resonance instabilities, at resonances with the body pitch and roll
modes, were more severe and less sensitive to collective than the air resonance instability. Negative

droop or vertical offset of the shear restraint stabilized the pitch mode resonance (at low rotor speed)
but destabilized the roll mode resonance (at high rotor speed). At low collective even the pitch mode was
destabilized slightly by these parameters. It was concluded that it would be necessary to design the
helicopter to avoid the roll mode, or use damping augmentation.

2.3 Loads

Regarding the prediction of rotor and airframe structural loads, it is not possible to identify a
single assumption, a single limitation, or a single discipline that dominates the problem. For a good
prediction of loads it is necessary to do everything right, all of the time. With current technology it
is possible to do o e of the things right, some of the time. Most of the recent development of rotor
dynamics theory has concerned the stability problem. The loads analysis requires the full nonlinear solu-
tion, not just the linearized equations, and demands much more attention to the aerodynamics.

Piziali (Ref. 50) made the observation that there had been significant progress in the development of
rotor aeroelastic computer simulations, but that the progress had been primarily in expanding the scope of
the predictive capability. During the previous decade, the improvement in correlation between measure-
ments and predictions had not been significant. Piziall was speaking at the 1973 AGARD conference on
rotor loads, and referring to progress since the initial work with nonuniform inflow calculations in the
early 1960s. The statement is equally valid now; recent advances have been in scope, not accuracy. It is
possible to make loads predictions for the new rotor concepts that are of sufficient accuracy to support
engineering design and development. Yet the level of accuracy for these predictions is about the same as
the capability for today's conventional rotors when they were new; and the correlation of measured and
predicted loads on conventional rotors has not improved significantly either. Piziali also made the com-
ment that the technology level did not then limit the structural representation, but it did limit the

aerodynamic representation; the participants at the conference did not agree. Reichert agreed that the
limiting factor In the aerodynamics is obtaining a fundamental model of the phenomena, and he added that
the limiting factor in the dynamics is the complexity of the code. Carlson and Kerr emphasized the multi-
disciplinary nature of the loads problem. Yen and Weller (Ref. 51) remarked that a good prediction of

loads requires an accurate representation of the structure, state-of-the-art aerodynamics, plus the user's
knowledge and experience with the analysis. So there Is still some art as well as science in the task.

The AGARD conference of 1973 (Refs. 52-58) provided a good summary of rotor loads predictive capabil-
ity. Generally the computer codes used then are still the primary design tools of the industry. Fig-
ures 50-55 illustrate the predictive capability for articulated, teetering, and hingeless rotors. More
recent efforts (Refs. 51 and 59-62) have produced similar results (Figs. 56-60).

Sopher, Studwell, Cassarino, and Kottapalli (Ref. 63) compared predicted and measured loads for a
wind tunnel test of an articulated model rotor (representative of the UH-60). Calculated edgewise bending
loads were higher than measured (Fig. 61), due to a high 5/rev predicted load. The predicted edgewise
first elastic bending mode was at 5/rev, so there was a significant increase when body motion was included
in the analysis. The calculated torsion loads were low, because of underprediction of the I/rev to 4/rev
harmonics. The sensitivity of the loads to prescribed higher harmonic control changes was significantly
underpredicted (but the measured edgewise loads showed a significant 6/rev component, so the control in
the rotating frame might not have been pure 3/rev).

It is more difficult to predict blade torsion and pitch link loads than to predict bending loads.
The torsion forces (aerodynamic, inertial, and structural) are higher order than the forces responsible
for bending loads, and blade stall is particularly significant for torsion loads. Staley (Ref. 59) calcu-

lated hingeless rotor loads using a computer code originally developed for teetering and articulated

I
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a torque rod). Figure 39 shows the influence of precone and droop (such that the total 0 -
6
d - 2.50)

and flexbeam prepitch (with the corresponding flexbeam to blade angle set so that the net glade built-in
pitch was T.950). The d~ta showed that negative droop (producing negative pitch/lag coupling) was pre-
ferred to positive precone. There was a small, but favorable, effect of flexbeam pitch angle on air reso-
nance stability because of the increased structural coupling.

Lytwyn (Ref. 40) developed an analysis of bearingless rotor stability. A modal representation of the
blades was used, and Floquet theory was used in forward flight. Figures 40 and 41 compare calculated and
measured stability for the bearingless main rotor (BMR) on a whirl stand and in flight. Warmbrodt,
McCloud, Sheffler, and Staley (Ref. 41) conducted a full-scale wind-tunnel test of the BMR. Hover and
forward flight stability measureme. e4 were compared with the predictions of Ref. 40 (Fig. 42).

Dawson (Ref. 42) conducted a hover test of model bearingless rotor inplane mode stability (with no

body motion). The experiment was designed to verify the predictions of Ref. 38. The rotor had a single
flexbeam with an external torque tube. The configurations tested were mainly at zero precone, with the
pitch link arm at the leading edge, the trailing edge, or both. With both leading and trailing edge pitch

link arms, the blade was stiffer in torsion and there was no pitch/flap coupling. With only the leading
edge or trailing edge arm, one position tested was near the equivalent flap hinge radial station. The

influence of pitch/flap coupling was examined by varying the radial location of the pitch arm. The rotor
was stiff-inplane at low rotational speed and soft-inplane at high speed. Figures 43 and 44 show the
influence of pitch link location and precone/droop; the calculations were obtained from the analysis of

Ref. 38 (FLAIR). Figure 43 also shows predictions for one case based on the analysis of Ref. 36 (G400).
A pitch-flap flutter instability was encountered in some cases; for example, it occurred in one configura-
tion (trailing edge pitch link, positive pitch/flap coupling, precone) near zero collective and high rota-
tional speed at a resonance of the first torsion and second flap bending mode frequencies. The theory did
not predict such instabilities because it lacked higher blade bending modes and unsteady aerodynamics. In

general, the experimental results were more complicated than anticipated, with frequent encounters of high

blade loads at moderate collective, and pitch-flap flutter.

Bousman and Dawson (Ref. 43) elaborated on the flutter results from hover tests of two- and three-
bladed bearingless rotors (Ref. 42). Three types of flutter were identified, all involving little blade

lag motion. The first type involved the second flap mode and first torsion mode, and was considered a
classical flap-pitch flutter since it occurred around 2.5/rev and at'all collective pitch angles. The
second type was a single degree-of-freedom flutter of the firbLi Lurion mode, occurring above i/rev and at
low collective. The third type was a single degree-of-freedom flutter of the regressing flap mode (for
the three-bladed rotor only), occurring slightly above 1/rev and at low collective. Since the purpose of
the test was to measure those dynamic characteristics involving the lag motion, a systematic examination
of the influence of operating condition and blade parameters on the flutter instabilities was not con-
ducted. Type I flutter occurred only with a leading edge pitch link. Type 2 flutter occurred only with

an inboard, trailing edge pitch link (positive pitch/flap coupling). Type 3 flutter occurred only with
the three-bladed rotor, with an outboard, trailing edge or inboard, leading edge pitch link (negative
pitch/flap coupling). The blade configuration with both leading and trailing edge pitch links had a high-

torsion frequency, so never encountered flutter. The occurrence of a single degree-of-freedom instability
at low collective suggested a wake-excited flutter. The type 3 instability indeed occurred very near
I/rev, and in the correct mode for wake-reinforcement of the unsteady aerodynamic forces. The type 2

flutter, however, was not observed in a mode that would be expected to be associated with wake

reinforcement.

Sivaneri and Chopra (Ref. 44) applied a finite element analysis to the calculation of bearingless
rotor flap-lag-torsion stability in hover. Significant differences were found between a solution modeling

correctly a multiple load-path blade root, and a solution for an equivalent single beam (Figs. 45 and 46).
The differences were traced to the nonlinear stiffness elements coupling the flap-lag-torsion motion. In
particular, when the pitch of the twin beams.at the blade root varied with collective, the flap and lag
stiffness and the flap/lag coupling varied. The equivalent properties of the single-beam model could not
be defined to reproduce this behavior, hence could not match the the correct blade frequencies at all
collective pitch values.

Chopra (Ref. 45) used a finite element analysis to calculate stability for the bearingless rotor

model of Ref. 42. The results are shown for one case in Fig. 43. The analysis used seven elements (three

on the blade and two each on the flexbeam and the torque tube), plus a spring representing the pitch link.

2.2.6 Ground and Air Resonance

Ormiston (Ref. 46) developed an analysis of ground and air resonance, using the rigid blade with
hinge spring model. It was found that pitch/lag and flap/lag coupling did not affect ground resonance at
zero thrust, but could stabilize ground resonance at high thrust. These couplings were also predicted to
stabilize air resonance, hence could be alternatives to lag-mode structural damping.

Bousman (Ref. 47) conducted a hover test of air resonance stability using a model hingeless rotor (a
ground-based test, but the body frequencies were appropriate for air resonance rather than ground reso-
nance). The rotor of Ref. 18 was used, with rigid blades and flap/lag flexures. The rotors were soft-
inplane at the resonances with the body pitch and roll modes. Two cases were considered, one matched

stiffness and one with the flap flexure much softer than the lag flexure. The test was intended to check
the predictions of Ref. 46 that pitch/lag and flap/lag coupling could stabilize air resonance. It was
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2.2.4 Forward Flight

Mlao and Huber (Ref. 13) conducted a wind-tunnel test of a model soft-inplane hingeless rotor with
body pitch and roll freedom. The tests showed a favorable effect of reduced precone in forward flight
(Fig. 31), just as in hover. The rotor stability increased with forward speed (Fig. 32).

Peters (Ref. 31) analyzed the influence of forward flight on flap-lag stability, using the rigid
blade with hinge spring model of Ref. 8. The effects of precone, pitch/flap coupling, and pitch/lag cou-
pling were generally the same at moderate advance ratio as at hover. Figures 33-35 show the influence of
advance ratio on flap-lag stability (see Figs. 3-5 for hover). For a particular combination of flap and
lag frequencies, the stability was significantly changed above about p - 0.4. The influence of the peri-
odic coefficients on the stability was not great, however, until much higher speeds (Fig. 36).

Friedmann and Silverthorn (Ref. 32) analyzed flap-lag stability of an elastic blade at high advance
ratio. They included structural flap/lag coupling and reverse flow, and linearized the equations about

the equilibrium position in hover. Friedmann and Shamie (Ref. 33) continued the analysis of elastic flap-
lag stability in forward flight. They linearized the equations about the time-varying blade response of
forward flight, which produced much different results than the linearization about hover (Ref. 32). The
rotor was trimmed to specified thrust and propulsive force, and zero hub moment (propulsive trim); or
trimmed to zero hub moment for fixed collective and shaft angle (moment trim). The stability solution was
somewhat sensitive to the trim method, particularly for soft-inplane rotors. Only the blade flap motion
was considered in the trim solution.

Friedmann and Kottapalli (Ref. 34) analyzed hingeless rotor flap-lag-torsion stability in forward
flight. Reverse flow was included in the aerodynamics, but not stall. Forward flight introduced more
variables in the rotor trim solution, and the trim blade deflections were time varying (periodic functions
of the rotor azimuth). Moreover, the linearized equations for stability calculations had periodic coeffi-
cients. They trimmed the rotor thrust and propulsive force, with zero pitch and roll moments about the
helicopter center of gravity, using only the blade flap motion (Fig. 37). For a stiff-inpiane rotor, an
instability was encountered at an advance ratio of about 0.4, just after the flap mode entered the 1/rev
region due to the influence of the periodic coefficients (see Ref. 7). When this case was trimmed to zero
hub moment, with fixed collective and shaft angles, it was stable, implying both that the instability is
relatively weak (the analysis neglected structural damping) and that the stability solution is sensitive
to the trim inforward flight (a reflection of the nonlinearity).

Reddy and Warmbrodt (Ref. 35) analyzed the flap-lag-torsion stability of an elastic blade in forward
flight, including multi-blade coordinates and dynamic inflow. The equations were symbolically generated
and coded by the computer, beginning with the formulation of Ref. 28 and the ordering scheme of Ref. 24.
For the case of propulsive trim with a stiff-inplane rotor, using only the flap motion In the trim solu-
tion (as in Fig. 37) gave lower predicted stability than a full flap-lag-torsion trim solution (Fig. 38).
Elastic flap/lag coupling (R) and the blade torsion motion significantly influenced the stability for a

stiff-inplane rotor (Fig. 38). For a soft-inplane rotor, the stability was increased slightly using a
full flap-lag-torsion trim solution, using flap/lag coupling (R - 1), or including the blade torsion
motion; the character of the stability solution was not changed however. The effect of periodic coeffi-
cients was evident In the split roots around an advance ratio of 0.4 in Fig. 38. The periodic coeffi-
clents were not a major factor in the instability however; a constant coefficient approximation predicted
the instability speed very well.

2.2.5 Bearingless Rotors

Bielawa (Ref. 36) developed an aeroelastic analysis (G40O) for bearingless rotors, considering an
elastic blade and redundant load paths at the root. A time-history solution gave steady state loads, and
transients (for stability), in both hover and forward fl'ght. A linearized analysis gave eigenvalues (for
stability) in hover.

Bielawa, Cheney, and Novak (Ref. 37) conducted small-scale wind tunnel tests of a stiff-inplane com-
posite bearingless rotor (CBR). The rotor used a flat flexbeam of carbon-epoxy, and a torque rod behind
the flexbeam. A cantilever torque rod configuration (unconstrained at the root) showed significant pitch
washout and pitch/flap coupling. With the torque rod pinned at each end, the rotor was stable and the
measured performance and loads were similar to those of a hingeless rotor. A bearingless rotor was
designed using an external torque tube, with a snubber at the root to minimize the couplings. Stability
was calculated for soft-inplane and stiff-inplane configurations using the analysis of Ref. 36. The pre-
dictions showed a high-collective flap-lag instability, as for hingeless rotors with no pitch/lag

coupling.

Hodges (Ref. 38) developed an analysis of bearingless rotor air resonance in hover (FLAIR, for
Flexbeam Air Resonance). He considered rigid blades, attached to the hub by a single flexible beam or
strap, with four rigid body degrees of freedom for the fuselage (excluding vertical and yaw motion, which
are not coupled with the air-resonance modes for hover). Leading-edge or trailing-edge pitch-arm geometry
was allowed, or both (a pitch control with snubber configuration). An iterative structural analysis
obtained the trim flexbeam deflection, then numerical perturbations of the flexbeam stiffness gave the
linear equations for, a stability analysis.

Hodges (Ref. 39) compared results from the theory of Ref. 38 (for a single flexure with a rigid pitch
arm and rigid blade) and from wind-tunnel measurements on a model bearingless rotor (with twin C-beams and
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coupling (and even more in combination) was verified by the experiment (Fig. 18). Generally, the predic-

tions were good, except that the damping measured at low collective with both pitch/lag and flap/lag cou-
pling present was higher than predicted (Fig. 19). It was speculated that the discrepancy might be due to

unsteady wake effects.

2.2.3 Elastic Blade Models

Hodges and Ormiston (Ref. 19) analyzed the elastic flap-lag-torsion motion of a uniform cantilever

blade In hover, using the theory of Hodges and Dowell (Ref. 20). An axial-inplane-vertical-torsion
deflection sequence was used; the torsion variable definition neglected a second order kinematic term

however (except in the aerodynamic angle of attack). Later work showed that the number of modes used was
probably not sufficient. Full flap/lag structural coupling was used in all cases. The effective pitch/
lag and pitch/flap coupling due to torsion was discussed. The influence of the torsion degree-of-freedom
was quasistatic above a torsion frequency of 4/rev, and negligible above a frequency of 10 to 15/rev. An

instability was identified at low collective with moderate torsion stiffness and precone, produced by the
effective pitch/lag coupling (positive, hence destabilizing for both soft and stiff inplane rotors with

full flap/lag structural coupling).

Friedmann and Tong (Ref. 21) considered the elastic flap-lag stability of a hingeless rotor, neglect-

ing structural flap/lag coupling. The motion was analyzed using an asymptotic expansion based on the
method of multiple time scales (including an expansion for small advance ratio). For hover they obtained

ellipse-like instability boundaries on the lag frequency-flap frequency plane (similar to Fig. 3, which is
for a rigid blade). The asymptotic expansion method identified the instabilities as limit cycles, unsta-

ble on the top-right quadrant of the ellipse, and stable elsewhere.

Friedmann (Refs. 22 and 23) developed an analysis of hovering rotor blade flap-lag stability, includ-

ing the rigid pitch degree of freedom (inboard of the bending flexibility). He neglected structural flap/
lag coupling. The destabilizing influence of precone with low pitch frequency was shown (Ref. 22). The

conclusions about the influence of droop were incorrect, because of a missing term in the equations.

Hodges and Ormiston (Ref. 24) extended the theoretical work of Ref. 19. They used six free vibration
modes of the rotating blades, and considered zero or partial structural coupling (by setting the struc-
tural principal axes to a fraction of the aerodynamic pitch angle). Figure 20 shows the flap-lag stabil-
ity boundaries for the elastic blade (compare to Fig. 4 for a rigid blade). Figures 21-23 show flap-lag-
torsion stability boundaries as a function of lag and torsion frequencies, collective pitch, structural
flap/lag coupling, and precone.

Friedmann and Straub (Ref. 25) developed a finite-element formulation for the analysis of elastic
flap-lag stability in hover. They observed some influence of the second lag bending mode on the stability

boundaries for flap/lag coupling around R = 0.6 (Fig. 24).

Hodges and Ormiston (Ref. 26) extended the analysis of Refs. 19 and 24 to include pitch-link flexi-

bility and blade droop. The influence of the distribution of pitch flexibility between the pitch link and
the blade elastic torsion was considered, including the role in the effective pitch/lag coupling. Fig-
ures 25 and 26 show the influence of f - ratio of torsional stiffness to pitch link stiffness (f - 0 for

a torsionally rigid blade, f - - for a rigid control system). There was little effect of the distribu-
tion when the precone and droop were both zero; and with all the flexibility in the blade torsion (f = -1,
precone and droop are equivalent. In general the effect of the distribution and the effect of droop are

significant.

Friedmann (Ref. 27) developed a theory for flap-lag stability in hover, including both pitch link
flexibility and elastic torsion. An axial-inplane-vertical-torsion deflection model was used, including

structural flap/lag coupling. The analysis differed from Refs. 24 and 26 primarily in the representation

of torsion deflection. The influence of the distribution of pitch flexibility between the pitch link and
the blade elastic torsion was considered (Fig. 27). The effect of using the nonlinear equations for the
static (trim) deflection was examined. The low collective instability due to precone was relatively weak,
since 0.25% to 0.75% structural damping was sufficient to eliminate it (Fig. 28). Structural damping had
little influence on the high collective boundary.

Kaza and Kvaternik (Ref. 28) derived the nonlinear equations for the dynamics of an elastic blade in
forward flight. They considered both axial-inplane-vertical-torsion and axial-vertical-inplane-torsion
deflection sequences in developing the equations.

Johnson (Ref. 29) developed an analysis of helicopter performance, loads, and stability (CAMRAD, for
Comprehensive Analytical Model of Rotorcraft Aerodynamics and Dynamics). Warmbrodt and Peterson (Ref. 30)
conducted a hover test of a full-scale hingeless rotor (B0-105). The lag damping measurements were com-
pared with calculations obtained from the analysis of Ref. 29. It was essential to include in the analy-
sis the blade pitch and torsion modes (because of their role in determining the effective pitch/lag cou-
pling) and the dynamic inflow model for unsteady aerodynamics (Fig. 29). Good correlation was obtained
for the influence of thrust (Fig. 30). A minimum of the measured damping around 400 rpm was not predicted
however; the discrepancy could be caused by interaction with the wind-tunnel support (the regressing lag
mode was in resonance with the longitudinal balance mode at 400 rpm), but including the body modes in the
analysis did not change the predicted damping.
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Lytwyn, Miao, and Woitsch (Ref. 9) developed an analysis of hingeless rotor air and ground resonance,
using the rigid blade and hinge spring model. The analysis was applied to the BO-105 helicopter.

Burkam and Miao (Ref. 10) conducted a wind tunnel test of a model hingeless rotor with body pitch and
roll motion (intended to model BO-105 air resonance; flap frequency 1.12/rev and lag frequency 0.62/rev,
pitch bearing inboard of bending flexibility). They used the theory of Ref. 9 to identify favorable cou-
plings, including the favorable pitch/lag coupling with under-precone. The original pitch links were
stiff enough so that no instabilities were encountered in the test; the pitch link stiffness was signifi-
cantly reduced in order to obtain measurable stability boundaries. The flap damping contributed to the
body mode damping with this hingeless rotor. A high collective boundary was identified as air resonance,
produced by the increase in roll mode frequency with collective increase. The analysis had shown that
increased control system stiffness would stabilize this phenomenon, by reducing the effective couplings.
A mild, low collective instability involved primarily the lag motion (although locking out the body
increased the damping ratio by about 0.005). Figure 6 compares the predicted and measured stability
boundaries. Figures 7-9 show the measured boundaries as a function of hub precone, inplane damping, and
blade sweep.

Reichert and Huber (Ref. 11) analyzed the BO-105 helicopter with a rigid blade and hinge spring rotor
model. A pitch-flap-lag-torsion hinge sequence was used for the flight dynamics calculations. A pitch-
flap-lag rotor model with body roll and pitch motion was used for loads and stability calculations. The
mechanism for pitch/flap and pitch/lag coupling in a hingeless rotor with an inboard feather bearing was

discusseI.

Huber (Ref. 12) analyzed the B0-105 helicopter using the method of Ref. 11, extended to five body
degrees of freedom (no yaw motion or tail rotor model). The analysis was applicable to both hover and
forward flight. Two-dimensional airfoil tables (including stall and compressibility effects) were used.
The dynamic behavior was determined from a numerical integration In time for various control or external
inputs. The pitch moment component of the flap moment when the blade lags, and the lag moment when the
blade flaps, was discussed. Although the torsion moment at an arbitrary radial station was considered,
the flap and lag moments were largest at the root and most of the torsion flexibility was in the control
system. Hence, it was mainly the rigid pitch motion that was of concern. The influence of sweep, droop,
control system stiffness, and thrust on the effective coupling was significant because of their influence
on the elastic flap deflection (Fig. 10). Low precone was desired for increased lag stability through
favorable pitch/lag coupling. The analysis showed a high-thrust instability due to stall. The reduction
in lift-curve slope produced a loss of flap damping, which allowed a flap-lag instability (Fig. 11). This
phenomenon was predicted to occur at about 2.2 g load factor in hover, hence was not within the operating
envelope of the helicopter.

Miao and Huber (Ref. 13) conducted a wind tunnel test of a model soft-inplane hingeless rotor with
body pitch and roll freedom. The theory of Ref. 12 was used, analyzing the predicted time histories to
obtain frequencies and damping, just as for the experimental data. The analysis predicted the damping in

hover well (Figs. 12 and 13).

Hansford and Simons (Ref. 14) developed an analysis for application to the Lynx hingeless rotor.

They discussed the torsion moment due to the product of the flap and lag moments, noting that zero cou-
pling was possible only with matched stiffness outboard of the feathering hinge or all the bending flexi-
bility Inboard of the feathering hinge (the latter is difficult to achieve except with hinges). Most of
the torsion flexibility was was in the control system, so they only considered the pitch moment at the
blade root.

2.2.2 Rigid Blade Models

Ormiston (Ref. 15) examined combinations of pitch/lag coupling and structural flap/lag coupling to
stabilize soft-inplane hingeless rotors, using the theory of Ref. 8. Flap/lag coupling was introduced by
means of pitch of the structural principal axes relative to the aerodynamic pitch. Pitch/lag and flap/lag
coupling were predicted to be very stabilizing (Fig. 14).

Kaza and Kvaternik (Ref. 16) analyzed hingeless rotor flap-lag stability, considering the influence
of hinge sequence In the rigid blade with springs model. A lag hinge inboard, flap hinge outboard
sequence was used in Ref. 8. For the flap-then-lag sequence, additional aerodynamic forces are intro-
duced, equivalent to a pitch/lag coupling equal to the blade coning angle (Fig. 15). They also considered

the influence of forward flight.

Ormiston and Bousman (Ref. 17) conducted a test of the flap-lag stability of a hingeless model rotor

in hover. The blades used hinges and flexures. The experiment was designed to check 'he predictions of
Ref. 8: the minimum stability with equal flap and lag frequencies (without flap/lag coupling); and the
significant stability increase with structural flap/lag coupling. Figure 16 shows the capability of the
theory. In addition, a stall-induced flap/lag instability was found at nigh thrust, attributed to the
reduction of the flap damping because of the reduced lift-curve slope in the stall regime (Fig. 17).

Bousman, Sharpe, and Ormiston (Ref. 18) conducted a hover test of a model soft-inplane hingeless
rotor, in order to verify the theory of Ref. 8. A rigid blade with flap and lag hinge flexures was used.
Pitch/lag coupling was introduced by skewing the lag flexure, while flap/lag coupling was introduced by
pitching the principal axes of the flexure relative to the hub plane (the blade collective pitch was
changed outboard of the flexures). The significant stability improvement with pitch/lag or flap/lag
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where Mx and Mz are the section flap and lag bending moments; EIB and EI are the flap and lag bending
stiffnesses; z" and x" are the out-of-plane and inplane curvatures. Hence there is a nonlinear load
coupling bending and torsion, proportional to the difference between the bending stiffnesses. This cou-
pling is zero for a matched stiffness design. Normally the chordwise stiffness is much greater than the
flapwise stiffness, but nearly equal stiffnesses can be obtained at the root of a soft-inplane rotor

blade.

2.1.3 Ground and Air Resonance

When the aircraft body motion is added to the problem, the stability phenomena that are often of most
importance are ground resonance and air resonance. Ground resonance is a dynamic instability involving
the coupling of the bldde lag motion with the inplane motion of the rotor hub (see Ref. 7 for a complete
discussion and analysis). This instability is characterized by a resonance of the frequency of the rotor
lag motion (specifically the regressing lag mode in the nonrotating frame) and a natural frequency ef the
structure supporting the rotor (Fig. 2). Since the lag frequency depends on the rotor rotational speed,
such resonances define critical speed ranges for the rotor. An instability is possible at a resonance if

the rotating lag frequency is below 1/rev, as it is for articulated and soft inplane hingeless rotors.
With articulated rotors, the critical mode is usually an oscillation of the helicopter on the landing gear
when in contact with the ground. The classical ground resonance analysis considers four degrees of free-
dom: longitudinal and lateral Inplane motion of the rotor hub, and the progressing and regressing lag

modes. The actual vibration modes of the rotor support, such as the motion of the helicopter on its land-
ing gear, will probably involve tilt of the shaft as well, but it is the inplane hub motion that dominates
the ground resonance phenomenon, particularly for articulated rotors. Also for articulated rotors, the
damping of the rotor and support comes almost entirely from mechanical dampers and structural damping, so
the aerodynamic forces are neglected. The coupling of the body and the rotor lag motion is determined by
the first moment of inertia of the blade. For small rotor mass compared to body mode generalized mass
(which is usually the case), the Deutsch criterion (Ref. 7) provides a good estimate of the damping

required for stability:

C x C > N 1 - V C$S2
2 C 4 v

x

at a rotor speed of 9 = - v ). Here C. and C are the dimensional body mode and rotor lag damp-
ing coefficients; w is the frequency (rad/sec) of the body mode; N is the number of blades; v is the
per-rev natural frequency of the lag motion; and S is the first moment of inertia of the blade (product
of the blade mass and the radial center of gravity location). The factor (1 - v )/v determines the

severity of the instability. For an articulated rotor this factor is large, and a mechanical lag damper
is needed. For a soft-inplane hingeless rotor this factor is small, so the blade structural damping may
be sufficient for stability. For a stiff-inplane hingeless rotor this factor is negative, so there is no
ground resonance problem.

A similar stability phenomenon exists in flight, particularly with a hingeless rotor, and then it is
called air resonance. The blade flap motion and the rotor aerodynamics must be included in an analysis of
air resonance, since the flap stiffness and aerodynamics determine the frequency and damping of the body
modes in flight. The critical stability case still occurs at a resonance with the regressing lag mode
(Fig. 2). For air resonance, there are no springs on the body motion, as exist in the ground resonance

problem. To the rotor degrees-of-freedom the analysis adds the aircraft rigiA body motions, hence the
eigenvalues associated with the flight dynamics. Singly, the pitch or roll motion would each add a real,
damped eigenvalue; together they add an oscillatory mode (if the pitch and roll inertias are not too dif-
ferent). The pitch, roll, longitudinal, and lateral motions together add two real, damped roots and two
unstable or low-damped oscillatory modes (in hover). When the frequencies of these modes are low, they
are not part of the air resonance problem. Rather, air resonance involves the regressing flap mode, which
includes considerable body motion, particularly with a hingeless rotor. When the frequencies of the body
modes are high and the frequency of the regressing flap mode low, the above distinctions are less useful.
The coupled flap-lag motion has reduced stability at high collective, hence air resonance stability tends
to decrease as collective pitch increases. Articulated rotors have mechanical lag dampers and relatively
little body motion In the regressing flap mode. Thus air resonance is primarily a problem for soft-
inplane hingeless or bearingless rotors.

2.2 Stability--Recent Developments

2.2.1 Hingeless Rotors

Ormiston and Hodges (Ref. 8) developed a theory for flap-lag stability, based on a rotor blade model

consisting of rigid blades with hinge springs. They identified the stabilizing influence of the proper
choice of pitch/lag coupling, and the use of structural flap/lag coupling. Their analysis provided a
description of the basic high collective flap-lag instability, Including a definition of the critical case
of flap frequency and lag frequency equal to 1.15. Figures 3 to 5 show the flap-lag stability boundaries

as a function of flap and lag frequencies, collective pitch, structural flap/lag coupling (R - 0 for no
coupling, R - 1 for complete coupling), and pitch/lag coupling.
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The pitch angles, precone, droop and sweep, elastic flap and lag deflection, and flap and lag moments are

defined in Fig. 1. The total pitch deflection is then:
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. Hence, because of the blade pitch flexi-
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bility, bending of the blade produces a pitch deflection. With no droop or sweep, the pitch moment is:
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where the flap and lag springs have been written in terms of the rotating natural frequencies (per rev;
I is the blade moment of inertia and 9 is the rotor rotational speed). The effective pitch/lag cou-
pling (positive for lag back, pitch down) is:
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where vB is the flap frequency (per rev), and the ideal precone in hover (the coning angle for a flap

frequency of exactly I/rev; see Ref. 7) is:

6C
Bi oa

(Y - Lock number, a - two-dimensional lift curve slope).

With a matched stiffness design (equal flap and lag hinge springs), or ideal precone so the elastic
flap deflection is zero, the first term in the equation for the pitch/lag coupling is absent and the cou-

pling is solely due to droop producing a moment about the control system spring. In general, the first

term is important also. In particular, at low pitch the precone will be larger than ideal, hence the
elastic flap deflection Be  will be negative, and from above the pitch/lag coupling will be positive. It

follows there can be an instability at low collective for a soft-inplane rotor with precone, because of

the effective pitch/lag coupling Introduced by the blade pitch flexibility. Alternatively, using a pre-

cone value less than the ideal precone, or increasing the blade pitch stiffness, will be favorable for

stability. The damping and inertia of the torsion motion are much less important. It is found that a

quasistatic torsion model is adequate, except for low torsion stiffness; but a model without the torsion

motion entirely is not adequate except for very high torsion stiffness.

Similarly the effective pitch/flap coupling (positive for flap up, pitch down; Kp - tan 6 ) is:

K -K K
pB e Ke  e K0

K -K YCQ/oa K

K 12 K Cs

(v . lag frequency, per rev; CQ - torque coefficient). Note that with neither droop nor sweep, the

piich/lag or pitch/flap coupling per radian of elastic blade deflection is:

K per rad IQ (K - V 2 _B )

A similar result can be derived for the torsion moment at an arbitrary radial station on the blade
(Ref. 7). Considering the out-of-plane forces with a moment arm due to inplane deflection, and the

inpiane forces with a moment arm due to out-of-plane deflection, gives a torsion moment:

AT -Mx" -Hz" - (El - El )x"z"x z B r~
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spanwise, y inplane, and z vertical). For vertical laminates the plane of symmetry was vertical (the
x-z plane). Hence, the shear stress, a or oxz for the horizontal or vertical laminates, respectively,
were coupled to the normal strain c the parameter Q16 . Transforming the orthotropic material
properties at ply angle A to the section coordinate system gave Q16 for each laminate. Q16 would be
zero for isotropic materials, or with ply angles of A - 0 or 900. A nonzero value of Q16 introduced
linear and nonlinear terms into the equations for beam deflection, extension, and torsion, producing
bending/torsion and extension/torsion coupling. For a symmetric orientation of the plies on the sides of
the spar, the ply angle introduced a pitch/lag type of coupling, that had a significant effect on the lag
damping (Fig. 88). For a symmetric orientation of the plies on the top and bottom of the spar, the ply

angle introduced a pitch/flap type of coupling, that had a significant effect on the flap mode frequency.
For an antlsymmetric orientation of the plies, the ply angle introduced an extension/torsion coupling;
this was a nonlinear effect, but had a significant influence on the stability (Fig. 89).

4. DYNAMICS OF ROTORCRAFT CONFIGURATIONS

Finally, the dynamics of various rotorcraft configurations are considered: hingeless rotors, bear-

ingless rotors, rotors utilizing circulation control, coupled rotor/engine dynamics, articulated rotors,
and tilting proprotor aircraft. The emphasis is on describing the design approaches, problems encountered

during development, and solutions to those problems.

4.1 Hingeless Rotors

The hingeless rotor replaces the flap and lag hinges of the articulated rotor with bending flexibil-
ity at the blade -oct. The pitch bearing is retained. The hingeless rotor offers the advantages of
mechanical simplicity and increased hub moment capability. The latter has a favorable influence on han-
dling qualities, by increasing the damping and control power of the rotor. These advantages are accom-
panied by new stability phenomena, and some adverse effects of the increased hub moments, including higher
vibration and gust response, and increased angle-of-attack instability. The dynamics analyses required to
support the design of a hingeless rotor are more complicated, since structural modes replace the fundamen-
tal rigid body modes of the articulated blade.

Ormiston (Ref. 5) and Strehlow and Enenkl (Ref. 98) summarized the design considerations for hinge-
less rotors. The frequencies of the fundamental flap and lag modes are the first design choices. A flap
frequency of 1.10 to 1.15/rev was typical of the first successful hingeless rotors. The current trend is

to require lower flap frequencies, for reduced vibration and gust response and to minimize adverse han-
dling qualities effects at high speed. The goal Is a flap frequency in the range 1.06 to 1.08/rev (an
articulated rotor would have a frequency less than about 1.04/rev). This range is difficult to achieve
with a hingeless rotor, although the use of small hubs made from composite materials helps. A soft-
inplane rotor (lag frequency below 1/rev) will be susceptible to air and ground resonance instabilities,
and hence may require a lag damper. A lag frequency above 0.6/rev is desired for air and ground resonance
stability, and the frequency must be below about 0.8/rev for acceptable loads. A matched stiffness design
would require a lag frequency of about 0.5/rev. A stiff-inplane rotor (lag frequency above I/rev) has no
ground or air resonance problems, but will have higher loads, and the flap-lag-torsion stability phenomena
generally display a greater complexity and sensitivity. Acceptable loads and strength have been achieved
by the use of advanced materials, and most often by the selection of the soft-inplane configuration for
main rotors. Acceptable stability can be achieved by designing the rotor for minimum coupling of the
blade modes (such as by using nearly a matched stiffness design); or by designing the rotor specifically
for favorable values of pitch/lag and flap/lag coupling over the operating range.

4.1.1 AH-56A

Carlson and Kerr (Ref. 58) described the design of the AH-56A helicopter: a four-bladed, hingeless,
gyro-controlled rotor. The rotor was stiff-inplane, with a lag frequency of about 1.3/rev. The control
gyro utilized feather-moment feedback with a swept-forward blade to improve the aircraft dynamics. The
dynamic characteristics were analyzed using the REXOR code, which produced a time history solution. The
rotor was represented by two flapwise and one inplane bending modes, the control system flexibility, and
quasi-static torsion motion; the body and gyro motion included pitch, roll, vertical, and rotational speed
degrees of freedom. Figure 90 compares the measured and calculated stability.

Anderson (Ref. 99) described a reactionless flap-lag instability that was encountered in AH-56A

flight tests at low speed (20 to 30 knots) and high lift, producing chordwise loads sufficient to buckle
the blade trailing edge (Fig. 91). The blade droop contribution to the effective pitch/lag coupling was
identified. The stability problem was cured by increasing the blade droop (producing negative pitch/lag
coupling, which is stabilizing for a stiff-inplane rotor with full flap/lag structural coupling).

Anderson and Johnston (Ref. 100) described a phenomenon (called a hop mode) encountered on the
AH-56A, involving coupling of the regressive lag mode, the body roll mode, and the rotor coning mode.
There was a coupling and coalescence of the coning mode frequency with the roll and lag modes as aircraft
forward speed Increased. An instability occurred at about 200 knots (Fig. 92). The cure involved reduc-
ing the kinematic pitch/flap coupling and increasing the control system stiffness, so that the frequencies

of these modes would not vary with forward speed; the instability boundary was thereby increased to about
270 knots.
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Huber (Ref. 12) described the BO-105 helicopter: a soft-inpiane, hingeless rotor. The rotor had a

stiff titanium hub. incorporating the pitch bearings, and fiberglass blades. Fiberglass was used to
achieve low stiffness and good fatigue life. All the blade bending occurred outboard of the pitch bear-
ings. The fundamental design approach was to use the strong couplings inherent in such a rotor to provide
good dynamic characteristics and stability (Fig. 93). The rotor had no lag damper. The rotor had no
droop or sweep, 2.50 precone, a Flap frequency of 1.12/rev, lag Frequency of 0.67/rev, and pitch frequency
of 3.6/rev. Hence, the effective pitch/lag and pitch/flap couplings were about 0.1 per degree oF elastic
blade deflection 'Fig. 10). The analysis of Ref. 11 was used to support the design.

Reichert (Ref. 57) and Reichert and Weiland (Ref. 101) discussed the BO-105 rotor loads. The maximum
oscillatory bending moments normally occurred at the blade midspan on an articulated rotor, but occurred

at the blade root on a hingeless rotor. The hingeless rotor peak loads (at the root) were much higher
than the articulated rotor peak loads; but on the outboard portion of the blade the loads were lower than
on an articulated rotor. The 1/rev blade motion dominated the flap and lag bending moments. Because the
blade loads were dominated by the 1/rev motion of the fundamental flap and lag modes, good correlation
between predicted and measured loads was obtained (using the analysis of Ref. 11; see Fig. 55). The aero-
elasti couplings were important for the loads as well as for stability; hence, the blade pitch motion
must be included in the analysis. For helicopter vibration, the higher harmonics and additional modes
were important, so a better analysis than that of ReF. 11 would be required for good predictions.

Reichert and Weiland (Ref. 101) discussed the BO-105 helicopter ground and air resonance characteris-
tics. The relatively high lag frequency and lag damping were sufficient to preclude any stability prob-
lem, without a mechanical lag damper.

Kloppel, Kampa, and Isselhorst (Ref. 102) presented measurements of the lag damping of the BO-105
rotor in hover on a whirl tower. Warmbrodt and Peterson (Ref. 30) measured the damping of the full-scale
rotor on a wind tunnel test stand. Figure 94 compares the measurements with the calculations using the

analysis of Ref. 29.

Strehlow and Enenkl (Ref. 98) identified the source of the BO-105 blade lag damping as primarily

mechanical losses in the blade root attachment fitting. Consequently, the equivalent viscous damping was
a nonlinear function of the blade lag bending moment (Fig. 95). Kloppel, Kampa, and Isselhorst (Ref. 102)
showed the influence of the nonlinear structural damping on the calculated forward flight stability
(Fig. 96; the lower theoretical curve correspunds to Fig. 95, while the upper curve is for a slightly

different variation of structural damping with lag moment).

4.1.3 Lynx

Balmford (Ref. 103) described the development of a research hingeless rotor on a Scout helicopter.
The intent was to match articulated rotor behavior by minimizing the structural flap/lag/torsion coupling

and minimizing the feather moments due to flap and lag motion. Hence, the hub configuration consisted of
an inboard flap flexure, then a feathering bearing (so there would be no feather moment due to flapping),

then a matched stiffness lag flexure outboard. The rotor had a high control system and blade torsion
stiffness. The compromise between 1/rev blade loads and ground/air resonance stability led to a lag fre-
quency of 0.64/rev. A ground resonance instability was encountered in tests at maximum overspeed rotor
rpm, due to lower body frequency and lower lag damping than anticipated. Therefore, lag dampers were

installed. Air resonance (analyzed for hover only) and vibration were no problem. Rotor bending loads
were calculated using a normal mode method, and good correlation with flight test results was achieved
(Fig. 54). Control loads were no problem.

Hansford and Simons (Ref. 14) described the design of the Lynx hingeless rotor. A hIngeless hub was
desired for simplicity, but dynamic characteristics not too far from those of an articulated rotor were
preferred. Rather than use the blade couplings to control the rotor dynamics, and deal with the adverse
effects of the couplings and sensitivity to flight condition, the couplings were minimized throughout the
flight envelope. A rotor designed with an inboard feather bearing, a flap frequency of 1.09/rev, lag
frequency of 0.58/rev, and pitch frequency of 5/rev would have an effective pitch/lag and pitch/flap cou-
pling of 0.4 per degree of elastic deflection. For a flap frequency in the range 1.09 to 1.14/rev, zero

coupling would require a lag frequency of 0.43 to 0.55/rev--too low for available materials, and too low
for good ground resonance stability. Thus the design approach for the Lynx concentrated on matching the

blade flap and lag stiffness where the product of the bending moments was highest at the root (Fig. 97).
This was accomplished by using a circular, flexible element outboard of the pitch bearing. A fully

matched stiffness design would require that this flexible element be too long, and the lag frequency would
be too low. Hence, a Flap flexure was introduced between the hub and the pitch bearing, to reduce the
effective coupling associated with out-of-plane deflection relative to the feathering axis (this design
also allowed independent selection of the flap and lag frequencies). Finally, for better ground resonance
stability, the lag frequency was increased to 0.64/rev and a lag damper was used. The resulting design
had only a small effective pitch/lag and pitch/flap coupling: 0.015 per degree of elastic deflection.

Berrington (Ref. 104) discussed the Lynx rotor design and dynamic characteristics. There was no
problem with ground or air resonance. The vibration was initially high, but was reduced to 0.05 to 0.10 g

by manipulation of the airframe structural modes.
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4.1.4 ABC

Burgess (Ref. 105) describes the Advancing Blade Concept (ABC) helicopter: a stiff-inplane hingeless
rotor. The hub moment capability of a hingeless rotor was used In the concept to allow the rotor to fly
with a net rolling moment In forward flight, alleviating the retreating-blade stall limit. To balance the
rolling moment, a coaxial-rotor configuration was used, and adequate blade clearance between the two

rotors in forward flight required high stiffness. The ABC rotor flap frequency was about 1.5/rev and the
lag frequency about 1.4/rev. Blade loads for design of the rotor were calculated using a normal mode
analysis. Flutter analysis for the rotor design was performed using a frozen coefficient method, consid-

ering only flap and torsion modes.

Young and Simon (Ref. 106) discussed ABC helicopter dynamics. The high stiffness required for tip
clearance resulted in good stress margins in the blade, but also produced high bending loads through the
feather bearing at the blade root, with a significant impact on fatigue life. In flight tests the shaft
stresses exceeded endurance in descent, because of the hub moment needed to balance the horizontal tail
moment; this problem was corrected by Introducing coupling of the elevator to the collective stick. Blade
inplane stability was no problem. The coaxial rotors were phased such that the 3/rev symmetric vibratory
forces (vertical force, longitudinal force, and pitch moment) tended to cancel. The vibration due to
3/rev lateral force and roll moment was high, however. The vibration was significantly reduced by an

absorber (Fig. 98).

Abbe, Blackwell, and Jenney (Ref. 107) discussed ABC rotor stability. As a result of the high stiff-
ness and coaxial configuration, the lag mode was almost pure inplane motion, involving little coupling
with the flap, torsion, control, or airframe motion. The measured damping showed little variation with
airspeed (Fig. 99), but the upper rotor damping did decrease for high rates of descent at 80 to 100 knots.
A normal mode analysis with time integration was used to calculate the stability.

Linden and Ruddell (Ref. 108) and Ruddell et al. (Ref. 109) discussed the ABC helicopter vibration

characteristics. With the coaxial configuration, the vibration depended on the rotor phasing: for a
blade crossover at 900 azimuth, the symmetric hub forces (vertical force, longitudinal force, pitch
moment) tended to cancel; for a blade crossover at 00 azimuth, the antisymmetric hub forces (lateral

force, roll moment, yaw moment) tended to cancel. The dominant excitation of the airframe came from the
pitch or roll moment, because of the high flap stiffness. The flight tests were first conducted with a

900 crossover; excessive cockpit vibration was encountered, and the maximum speed achieved was 234 knots.
Then the flight tests were conducted with a 00 crossover, and the vibration was significantly reduced
(Fig. 100). The vibration level was still high, but no vibration treatment had been installed yet. It
was established that the vibration level of the ABC tended to be lower than that of a conventional heli-
copter at the same speed (comparing both without vibration treatment); but the ABC vibration was higher
than that of a conventional helicopter at their respective maximum speeds. The maximum speed achieved in
the flight tests was 263 knots (diving), limited by upper rotor shaft endurance loads. A possible correc-
tion for this loads limit would involve using the elevator to reduce the hub moment required from the
rotor.

4.1.5 BK-117

Huber and Masue (Ref. 110) described the design of the BK-117 helicopter: a soft-inplane hingeless
rotor. The design philosophy and the resulting rotor configuration were the same as for the BO-105 rotor:
a stiff titanium hub with pitch bearings, and fiberglass blades. The flap frequency was 1.10/rev and lag

frequency 0.65/rev (compared to 1.12 and 0.67 for the BO-105). As a result of the B0-105 analytical work
(Ref. ?1), the blade center of gravity was placed at 23.5% chord (compared to 25% chord for the 8O-105) in

order to introduce blade center-of-gravity/aerodynamic-center coupling favorable for handling qualities.
The blade had 2.50 precone and no droop (same as BO-I05), and 1.00 aft sweep (the BO-105 had no sweep).
Whirl tower tests showed stability somewhat better than the BO-105 (Fig. 101; the analytical results cor-
related best for the BO-105, undoubtedly reflecting the long use of the analysis for that rotor). Flight

tests showed that the loads and air/ground resonance stability were no problem (Fig. 102). The vibration
level was still moderately high after just tuning the blade frequencies (Fig. 103). A NASTRAN analysis
and shake test identified fuselage modes near 4/rev; local stiffening of the structure showed a decrease
in local vibration but only a minor change in cabin vibration. Flap pendulum absorbers on the blades
(originally demonstrated for the BO-105) significantly reduced vibration in transition. A multiaxis anti-
resonance isolation system, involving four vertical mechanical isolators and one lateral hydraulic isola-
tor, was very effective In reducing the vibration at all speeds, even during transients.

Strehlow and Enenkl (Ref. 98) discussed the BK-117 design philosophy and development. The rotor
precone resulted in upward elastic flap deflection of about 0.90 in hover, hence pitch/lag coupling of
-0.2, which was favorable for flap-lag stability. The BK-117 used blade tuning weights to control 3/rev

and 5/rev rotor loads and 4/rev hub moments, hence to minimize vibration. Ground resonance stability was
not a problem. The aircraft had a stiff landing gear, so the body pitch mode had the lowest frequency and

the roll mode resonance was above normal rotor operting speed.

4.2 Bearingless Rotors

In the quest for design simplicity, the next logical step from the hingeless rotor is the bearingless
rotor, In which structural flexibility rather than hinges and bearings is used to provide blade pitch as
well as flap-lag motion. Such a hub configuration becomes practical largely through the use of composite
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materials. Simplicity is a goal because of the favorable implications for rotor system weight, cost, and
reliability. The elimination of the feather bearing, however, introduces even more complicated dynamic
phenomena than for the hingeless rotor. Bousman, Ormiston, and Mirick (Ref. 111) and Strehlow and Enenkl

(Ref. 98) discussed design considerations for bearingless rotors. As for hingeless rotors, it is desired
to have a low flap frequency in order to minimize gust response, vibration, and adverse handling qualities
effects. Bousman gives a flap frequency goal of about 1.03 to 1.05/rev; Strehlow defines the goal as
1.06 to 1.08/rev. These values can be achieved by introducing a structural flap flexure into the design,
which is possible with composite materials. Bearingless rotor designs for main rotors are soft-inplane,
for manageable blade loads. Generally some lag damping source beyond structural damping is desired to
improve aeromechanical stability. Most bearingless tail rotor designs are stiff-inplane. Many designs
are being developed and tested. Perhaps the most common configuration now is a tlexbeam with an inboard

flap flexure, an external torque tube, and a snubber/damper at the root of the torque tube.

4.2.1 XH-51A

Donham, Cardinale, and Sachs (Ref. 112) described the development of a soft-inplane bearingless rotor
foi the XH-51A helicopter. The rotor used steel flexures at the root, with polar symmetry for a matched
stiffness configuration; the lag frequency was 0.65/rev. The low inplane stiffness was necessary to
achieve the desired torsion flexibility. Pitch control was by means of a steel torque rod forward of the
flexbeam, mounted with flexible couplings to eliminate bending loads. The XH-51A rotor was gyro-

controlled, although a smaller gyro was needed compared to the stiff-inplane hingeless rotor. The matched
stiffness eliminated feather moments due to flap or lag deflection, which would be undesirable feedback
signals to the gyro; a smaller and simpler control system was thereby possible. The rotor system was 11%
lighter than the stiff-inplane hingeless rotor. In flight tests (Fig. 104) the aircraft showed marginal

air resonance stability: an instability at about 86% normal rotor speed, which was considered an insuffi-
cient margin for autorotation (design operating range was 89% to 106% rpm). The rotor was tested with
negative pitch/flap and pitch/lag coupling; analysis suggested that positive pitch/flap coupling would
stabilize the air resonance. Ground resonance stability was acceptable (critical rotor speeds were above
106% rpm) on a smooth, prepared surface with complete contact of the skids and the ground. Partial skid
contact, on a rough or soft surface, could have resulted in an unstable condition.

4.2.2 BMR

Staley, Gabel, and MacDonald (Ref. 113) described the development of the Bearingless Main Rotor
(BMR). The soft-Inplane rotor used twin fiberglass flexbeams, extending to 25% radius, and a graphite
torque rod between the beams, cantilevered at the outboard end and pinned at the root. The rotor was
tested on a BO-05 aircraft, and the fundamental frequencies were chosen to match those of the BO-105
hingeless rotor: flap frequency 1.12/rev and lag frequency 0.69/rev. The flexbeams used 12.50 prepitch
to introduce structural flap/lag coupling, and 2.50 negative droop to improve stability. The rotor design
was developed using a hover stability analysis (based on the rigid blade and hinge spring model with pre-
scribed couplings), and small scale wind tunnel tests. Flight tests showed that lag damping and air reso-
nance were no problem (Figs. 105 and 106). Vibration characteristics were similar to those of the BO-105.

The BMR air/ground resonance damping was generally lower than that for the BO-105; the structural damping
was about 1% for the BMR compared to 3% for the BO-105 (Fig. 107). Ground resonance tests with the origi-
nal landing gear configuration showed an instability at low collective, at 102% rpm on concrete and
95% rpm on turf (the body frequencies are lower on turf; Figs. 108 and 109). When the landing gear skid
was stiffened, the ground resonance itability on concrete was acceptable. Neutral stability was then
encountered on turf at low collective and 97.5% rpm. For these flight tests it was possible to simply
avoid that operating condition; for a new helicopter a soft landing gear design would be used to eliminate
the problem. The analysis was not able to predict all of the ground resonance problems; it assumed com-
plete contact of the landing gear with the ground, and did not allow for variations of landing gear char-
acteristics with rotor thrust.

Dixon (Ref. 114) described the development of the BMR design. The design started with an I-beam of
Kevlar for the flexbeam (for low stress, low torsion moment due to twist, and ease of fabrication); and
a leading edge torque rod. A torque sleeve was rejected because it would be necessary to develop an
elastomeric bearing for the inboard attachment, and because no fairing was desired during the flight
research (to allow inspection and instrumentation maintenance). Concern about lack of fatigue data and
the compressive strength of the Kevlar led to the use of S-glass for the flexbeam; the stress was lower
with the S-glass, but the torsion moment needed to twist the blade was higher. The outboard connection
was simplified by splitting the I-beam into two C-beams, and placing the torque rod between the C-beams,
at the center of twist. This design introduced the difficulty that a dual beam is not a classical problem
in structural and dynamics analyses. Graphite for the torque rod provided the simplest and lightest
design. Separate beams for each blade, rather than a through-hub design, was chosen to allow research
variations in flexbeam configuration. Negative droop of 2.50 relative to the torsion flexure was used for
stability. The wind tunnel model tests showed that 12.50 of beam pretwIst improved the stability,
although it complicated the hub design. Limits in the analytical tools for stability prediction included
the use of an equivalent hinge model, inadequate model of the landing gear, and no forward flight. The
analysis of Ref. 40 was developed in response to these limitations. Limits for loads predictions included
the lack of a true multi-load path model.

Warmbrodt, McCloud, Sheffler, and Staley (Ref. 41) conducted a full-scale wind tunnel test of the BMR
rotor. The measured dasmping compared well with flight test results (Fig. 110), indicating the absence of
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coupling with body motions at normal rotor speed. Sheffler, Warmbrodt, and Staley (Ref. 115) considered
lag damping augmentation In the full-scale wind tunnel test of the BMR (Ref. 41). An elastamerii damping
material was bonded to the top and bottom surfaces of the C-beams, and constrained by an outer layer of-
graphite reinforced epoxy laminate. The lag damping of the rotor increased by 1.5% critical (about 50%
higher); the lag frequency was increased by about 0.04/rev.

Warmbrodt and Peterson (Ref. 30) compared the hover stability measured in full-scale tests of the BMR
and the BO-105 rotors. At design rotational speed and thrust, the BMR was more stable. The BMR stability
was lower than that of the BO-105 at low thrust, and significantly lower at 82% rotor speed.

McHugh, Staley, and Sheffler (Ref. 116) conducted model wind-tunnel tests to develop a bearingless
rotor with low flap frequency. The goal was a flap frequency of about 1.04/rev (compared to 1.12/rev for

the BMR). Two designs were considered: a dual beam configuration, like the BMR, with a flap frequency of
1.03 to 1.05/rev (for zero to design thrust, respectively); a,.d a single flexstrap configuration (torque
rod below the strap), with a flap frequency of 1.03 to 1.04/rev. Air resonance Instabilities were encoun-
tered below 100% rpm (Figs. 111 and 112). Adding constrained layers of elastomeric damping material sig-
nificantly increased the damping (Fig. 112); reducing the lag frequency lowered the rotor speed of the
instability. The same stability boundary and damping levels as the BMR were achieved for the dual beam
configuration with a lag frequency reduced to 0.58/rev; and for the single flexstrap configuration with a
lag frequency of 0.62/rev and the added damping material (Fig. 113).

4.2.3 Triflex

Cassler (Ref. 117) described the development of the Triflex main rotor: a three-bladed, soft-inplane
bearlngless rotor, tested on a Gazelle helicopter. The Triflex had a single beam at each blade root with
pitch, flap, and lag flexibility; and a rigid pitch horn at the outboard end of the flexure. Each flexure
was constructed of unidirectional glass-fiber and epoxy-resin rovings embedded in an elastomeric matrix.
The elastomeric matrix maintained the spacing between the rovings during bending, and provided damping.
The rotor had a flap frequency of 1.06/rev, lag frequency of 0.72/rev, 2.50 precone, and pitch/flap cou-
pling of 0.5 for stability. Whirl tests showed no stability problems, but the lag response was high
during start and stop at low collective. The lag damping was about 1%, which was less than predicted.
Flight tests showed a weak tendency for a ground resonance instability (with a resonance slightly above
normal rotor speed) because of the low lag damping. The problem was cured by installation of a hydraulic
damper on the landing gear. There was no air resonance stability problem, but a resonance of the regress-
ing lag mode with the engine lateral mode at about 110% rpm resulted in increased vibration, particularly
at high speed. The problem was cured by looking out the flexible longitudinal mount of the main gear

box. Generally the vibration (normally a concern with the Gazelle helicopter because of a fuselage mode
near 3/rev) was increased with the Triflex rotor. Maximum forward speed was achieved after installation
of bifilar pendulums. The control system loads were higher than for an articulated rotor. The flight
envelope was therefore limited somewhat by control loads, since the normal Gazelle control actuators were
used.

In further development of the Triflex rotor, Aerospatiale increased the number of blades to four, in

order to reduce the viration with the Gazelle fuselage. The four-bladed hub was also easier to fabricate.
The elastomer provided more lag damping than for the three-bladed hub, but a more conservative flight test
approach required the installation of a lag damper to insure ground resonance stability. It is antici-
pated that the use of a new elastomeric matrix will eliminate the need for a lag damper. Flight tests
showed no pitch-up tendency of the aircraft, acceptable vibration (without absorbers), and no stability
problems. Primary development of the Triflex hub configuration was completed. Some design changes would
be desirable, particularly to improve fatigue life: a new elastomer, stronger control actuators, and

stiffer pitch arms.

4.2.4 Model 680

Metzger (Ref. 118) described the Model 680: a soft-inplane bearingless main rotor. The rotor was
developed with the goals of reducing the number of parts by 50% and the weight by 15%, increasing the
fatigue life, and achieving low vibration with minimum weight penalty. The four-bladed hub had flexbeams
with a flap flexure inboard and a torsion section outboard. For simplicity, the initial design had a
pitch horn attached to the blade at the end of the flexbeam (20% radius), with no shear restraint or lag

damper. To eliminate the large moments at the blade Interface produced by control input and a significant
pitch control washout, the design was changed to a torque tube with shear restraint. In model tests of

configurations without dampers, the stability margin was not acceptable. Hence, elastomeric lag dampers
were added at the shear restraints. The flexbeam and torque tube were made from fiberglass-epoxy. The
torque tube was stiffness designed, 3o graphite-epoxy would be lighter. The rotor and pylon were designed
for low vibration: the rotor dynamics were tailored to reduce 4/rev vibration; a linkage-focused pylon
with longitudinal and lateral restraint springs was used; and vertical Isolation was achieved using
"Liquid Inertial Vibration Eliminators" between the transmission and pylon. The rotor was flight tested
on a Model 222 helicopter. Shake tests showed 3% rotor damping would be needed for ground resonance sta-
bility; at least 3.5$ was available from the lag dampers alone. Ground and air resonance were no prob-
lem, and the loads measured in flight indicated a fatigue life of at least 10,000 hr for the hub. The
4/rev vibration was below 0.1 g from hover to 170 knots. The vertical isolators were not needed at high
speed, but were responsible for eliminating a transition vibration peak of 0.3 g at 30 knots.
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Weller (Ref. 119) conducted hover and wind tunnel tests of a model of the 680 rotor: a soft-inplane
bearingless rotor. The rotor support included body pitch and roll motion. The basic design philosophy

required a soft flapping stiffness and the use of elastomeric damping for lag stability. The through-hub
flexbeams had a flap flap flexure inboard, then a torsionally soft cruciform section outboard. The exter-
nal cuff or torque tube was shear-restrained at the inboard end, to minimize the couplings and flexure
loads due to pitch link shear forces. An elastomer was used at the cuff restraint to augent the inplane
structural damping. The damper-restraint was oriented 110 nose down, so that with the trailing edge pitch
link a negative pitch/lag coupling (stabilizing) was produced for collective angles above 110. The rotor
had a flap frequency of 1.04/rev, lag frequency of 0.69/rev, and 2.750 of precone. Hover stability

(eigenvalues) was calculated using a modal analysis (the modes included the effects of the redunant load
path) and dynamic inflow. Forward flight stability was calculated from time histories, using the C81
program. The model rotor tests showed an instability at the body roll resonance (at 0.675/rev), but full
scale flight tests showed significantly higher damping, with no ground resonance problem. The model was
gimballed at a point corresponding to the aircraft center of gravity (for air resonance simulation), while
for the aircraft on the ground the rotation point was below the landing gear. The lower roll moment of
inertia in the former case was sufficient to introduce the instability. Most of the parameters investi-
gated experimentally showed little effect on the stability of this rotor; the built-in lag damper provided
sufficient stability. The influence of droop and sweep were predicted well for the isolated rotor case
(Fig. 114). While droop and sweep pr(:duced measurable damping changes for the isolated rotor, their

influence was negligible for the coupled rotor/body case (the hover analysis still predicted an unfavor-
able influence of sweep, however). Forward flight increased the damping at the body roll mode resonance
(70% rotor speed), but had little influence at the pitch mode resonance (Fig. 115). The analyses were
accurate for the baseline configuration. Trends with some parameters (precone, damping, body motion) were

predicted well, while others (sweep, control system stiffness) were not. The forward flight predictions
were generally less accurate than the hover predictions.

4.2.5 Experimental Main Rotors

Seitz and Singer (Ref. 120) and Kloppel, Kampa, and Isselhorsr (Ref. 102) described an experimental
bearingless main rotor. The analysis used to design the rotor was a rigid blade and hinge spring model.
A key parameter was the blade-to-beam droop. With low flap stiffness, the flap and lag bending take place
inboard of the blade pitch change. Hence, the effective pitch/lag coupling depends primarily on the droop
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so negative droop will provide the desired (stabili:ing) negative pitch/lag coupling. The experimental
main rotor used 80-105 blades and hub. A T-beam was used (for small control force to twist the blade, and
low stress) with a midchord torque rod. A damper, consisting of an elastomeric layer bonded to the flex-

beam and covered by a stiff carbon fiber beam, provided an increase in lag structural damping of about
0.5% critical (50% higher; see Ref. 98). The rotor had a flap frequency of 1.10/rev and lag frequency of
0.69/rev (compared to 1.12 and 0.67 for the 80-105 hingeless rotor), -2* of droop and 10 of precone.
Whirl tests showed that the rotor had less damping than the BO-105, even with the lag damper (Fig. 116).
Ground resonance calculations indicated that stiffening of the 80-105 gear would be required to move the
body pitch mode resonance from 104% rpm to 108% rpm. A:r resonance calculations showed no problem,
although the stability would be less than that of the BC-05. The reduced flap stiffness helped by lower-
ing the roll mode frequency; however, a design with higher damping level would be preferred.

Seitz and Singer (Ref. 120) described two bearingless main rotor designs. The first design used a
single flexbeam and torque tube configuration. The flexbeam had a cruciform section for torsion, with a
flbt flexure at the root for low flap frequency (1.07/rev). The elliptical, outer torque tube was con-

strained in shear by a snubber at the root (raising the lag frequency to 0.70/rev). The second design
used a double flexbeam and mid torque rod configuration. The flexbeams had a T-section for torsion, and a
flat flexure at the root (flap frequency 1.07/rev). Twin beam behavior was observed in the second lag

mode in particular. Composite materials were essential to achieve the required tailoring of flexbeam
properties.

4.2.6 ITR

Bousman, Ormiston, and Mirick (Ref. 111) discussed the bearingless hub design trends evident in the
results of the U.S. Army/NASA Integrated Technology Rotor (ITR) program. The hub design goals included:
hub drag D/q - 0.15% rotor disk area (performance); weight - 2.5% gross weight (performance and cost);

parts count - 50 (cost and maintenance); hub moment stiffness - 1.03/rev flap frequency (vibration, gust
response, handling qualities); hub tilt capability without fatigue - 50, fatigue life - 10,000 hr, mean
time between removal - 3000 hr (reliability and maintainability); provision for lag dampers; torsion
stiffness such that swashplate actuator loads - current levels; and low production costs. Each of these
goals could be achieved separately, but it was difficult to obtain all of them at once. It was decided to
relax the flap frequency goal to 1.05/rev and the hub tilt gual to 4* for the next phase. The low flap

frequency goal led to some consideration of gimballed or flap-hinge designs (with lag and pitch flex-
beams), but most of the configurations examined were bearingless, and all were soft-inplane designs. The
flexbean design considerations were strength and fatigue life, with the low hub moment stiffness. The
flexbeam could have a cross section varying along Its length (with a flap flexure inboard and torsion

section outboard), or not (which would be simpler to make and would avoid structural problems at the sec-
tion transitions). Single, twin, and quadruple beam configurations were examined; a laminated beam was
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also considered, for lower flap stiffness. Sometimes a shoe was required to control the flap bending
curvature (on low stiffness designs). Many cross sections were possible for the torsion section of the

flexbeam. The pitch control design considerations were weight, drag, and aeroelastic couplings. All the
designs considered in these investigations included a shear restraint to react the control load at the
root, so the control introduced was a pure torque. Without such a shear restraint, control input would
produce a flap deflection also, hence more pitch link travel would be required; and the effective pitch/
flap and pitch/lag couplings would be more complicated. The pitch control options included having the
torque structure separate from the flexbeam or enclosing it; having the torque structure carry bending
loads or not; and perhaps using an elastomeric damper in the shear restraint (which required that the
torque structure be stiff in chord bending, or offset chordwise). Probably 1% to 3% damping could be
obtained from structural damping, which would likely not be sufficient for aeromechanical and aeroelastic
stability. The use of elastomeric dampers could give 3% to 6% damping, which would be acceptable. The
dampers could be combined with the shear restraint, or could be a constrained layer of elastomeric mate-
rial on the flexbeam. Analytical tools could not yet provide the detailed guidance needed for selecting
aeroelastic couplings, but negative droop for negative pitch/lag coupling and beam prepitch for flap/lag
structural coupling were desirable. Regarding materials, composites were essential for the required
strength and the ability to achieve the separation of bending and torsion stiffnesses. Graphite tended to
give a lighter, more compact, lower flap-stiffness design (from good stiffness to weight ratio); while

fiberglass had better fracture toughness and failure modes for reliability and maintainability.

4.3 Bearingless Rotors--Tail Rotors

Bearingless tail rotor designs have been developed with the same goals as for main rotors: simplic-

ity, with the resulting reduced weight and cost; improved maintainability; and improved survivability.
There are two major differences compared to main rotors: the loads penalty is less severe, so most tail
rotor designs are stiff-inplane; and several bearingless tail rotor designs are either ready for or in
product on.

Maloney and Porterfield (Ref. 121) developed an experimental bearingless tail rotor for the UH-1H
helicopter. The blades had dual, fiberglass flexbeams; extensions of the airfoil formed a torque tube,
with a shear reaction bearing at the root. The rotor was designed as a teetering hub with 350 of pitch/
flap coupling (standard UH-1 configuration). A flap-lag Instability was encountered in whirl tests
because the lag frequency (about 1.3/rev) was lower than expected. Locking out the teeter motion elimi-
nated the instability, but the increased hub moment limited the envelope. Analyses were not particularly

helpful for this problem.

Fenaughty and Noehren (Ref. 122) described the development of the bearlngless tail rotor for the
UH-60 helicopter. Extensions of the blade spars formed through-hub flexbeams of uniaxial graphite/epoxy.
With graphite rather than fiberglass, a smaller cross section could be used, hence a lower weight and

lower torsion stiffness were possible. Extensions of the blade skin formed an external torque tube of
fiberglass. Originally the torque tube was restrained inboard by the control system only, which allowed
pitch/bending coupling. A snubber was added to negate the coupling and eliminate lost motion. The flap
frequency (about 1.25/rev) and lag frequency (1.6 to 1.7/rev) were kept separate for flap-lag stability.
Offset of the zero lift axis (aerodynamic pitch) above the flexbeam structural axis kept the lag frequency
above 1.6/rev over the entire collective range. Flight tests showed that flap-lag stability was no prob-

lem. It was estimated that the bearingless design reduced the weight by 30% and the number of parts by 25%.

Shaw and Edwards (Ref. 123) developed a bearingless tail rotor for the YUH-61A helicopter. They were
particularly concerned about survivability, so chose to achieve stability through flap/lag coupling rather

than by frequency separation. The through-hub flexbeam was a thin, wide strap of fiberglass. Fiberglass
was chosen over boron or graphite for its survivability characteristics: less brittle and slower propaga-
tion of severe damage. The strap was wide for survivability and thin for low hub moments. The rotor was
thus stiff-inplane, and with 650 of pitch/flap coupling the flap and lag frequency separation was small.
A rigid pitch horn was used for collective control (no shear restraint). In wind tunnel tests, the rotor
initially encountered flap-lag instbilities in cyclic and reactionless modes (which had slightly different
lag frequencies; Fig. 117), and a stall excited flap-lag-torsion oscillation at the second flap/first
torsion mode frequency (Fig. 118). The theoretical tools available included a modal frequency analysis,
and a rigid blade and hinge spring stability analysis; these tools provided guidance but were not suffi-
cient for predicting absolute levels of stability. The wind tunnel tests established several parameters
with favorable Influence on stability: sweep, which introduced flap/lag and aerodynamic coupling; tip
weights, which changed the frequencies; and a blunter leading edge contour, which eliminated leading edge
stall.

Huber, Frommlet, and Buohs (Ref. 124) described the development of a bearingless tail rotor for the
B0-105 and BK-117 helicopters. Soft-inplane designs were considered to minimize oscillatory inplane
loads, reduce weight, and reduce control loads. The helicopter airframe modes were such that ground and
air resonance would be no problem (no airframe modes were within the 6 to 14 Hz range of the tail rotor
regressing lag mode). Two rotors were designed. The first was a three-bladed rotor. The fiberglass
flexbeam consisted of twin C-beams, converging at the blade, where they formed the blade spar. A rigid

pitch arm (metal or composite) with no shear restraint would be used. The rotor would have a flap fre-
quency of 1.03/rev, 450 of pitch/flap coupling, and a lag frequency of 0.65/rev. The second was a four-
bladed rotor. The single element, through-hub, fiberglass flexbeam had a flat flexure inboard for low

flap stiffness, and a cruciform torsion section outboard. Damping elements consisted of four viscoelastic
sheets on chordwise arms of the flexbeam, bridged by carbon-fiber plates. A rigid pitch arm (composite)
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with no shear restraint would be used. The rotor would have a flap frequency of 1.04/rev, 450 of pitch/

flap coupling, and a lag frequency of 0.69/rev. Counter-weights at the blade root would minimize control

forces. These rotors were analyzed using the rigid blade and hinge spring model developed for the BO-105
rotor. Calculations indicated no problems with air or ground resonance: at least 1.5% inplane structural

damping was needed, but 3.5% should be possible using the damping elements. These designs achieved a 20%
weight reduction, and a 20% production cost reduction was predicted.

Blachere and D'Ambra (Ref. 125) described a Triflex tail rotor design. The rotor used a single arm
flexbeam and a rigid pitch control sleeve, constrained at the root by a bearing. The flexbeam consisted

of a bundle of roving threads (R-glass and epoxy resin) embedded in an elastomeric matrix for damping.
The rotor had a flap frequency of 1.06 to 1.10/rev and a lag frequency above 0.5/rev.

Banerjee, Johnston, and Messinger (Ref. 126) described the development of an experimental bearingless

tail rotor for the AH-64 helicopter. The through-hub, flat flexbeam formed an extension of the blade
spar. The flexbeam was attached to the hub by elastomeric shear pads, such that the cyclic lag frequency
was stiff-inplane (about 1.3/rev) for stability and low 1/rev loads; and the reactionless lag frequency
was soft-inplane (about 0.7/rev) for low 2/rev loads and for damping from the elastomers. An external

torque tube was used, with an elastomeric shear restraint on the inboard end. The flap frequency was

about 1.2/rev. Negative pitch/lag coupling and 350 of pitch/flap coupling were obtained through pitch
horn and pitch link geometry. Wind tunnel tests showed no stability problems over the operating range of

the tail rotor.

4.4 Rotors with Circulation Control

In a rotor utilizing circulation control, a thin jet of air is blown from a spanwise slot along a
rounded trailing edge. The jet remains attached over the curved surface due to the Coanda effect. Such

blowing delays separation by energizing the boundary layer, and controls circulation by shifting the stag-

nation point. Hence with such a rotor, lift is controlled by the blowing as well as by the geometric

pitch of the blade.

The lift coefficient i now a function of both angle of attack m and blowing coefficient

C = (jet momentus)/p(1/2)V c (here p is the air density. V the airfoil section velocity, and c the

c~ord). Then the perturbation lift force due to blade motion is:

6L - 6[(1/2)pV
2
ccL3

- (1/2)pV
2
c[c I 6a + cj 6C + c I26V/V]

- (1/2)pV
2
c[ct , + 2(ce - CP cL )6V/V]

Q PI

where 6C = -2C SV/V follows assuming that the jet momentum is constant during the motion. Normally an

increase Vn Lhe velocity (6V) implies a larger lift because of both the increased dynamic pressure and the
decreased induced angle of attack. With a circulation control airfoil, the velocity increase in addition
decreases the blowing coefficient, thereby decreasing the lift. A moderate amount of blowing will reduce
the net lift perturoation due to inplane velocity perturbation; a large amount of blowing will change the
sign of the lift perturbation. Trailing edge blowing may be expected therefore to alter the dynamic char-
acteristics of the rotor. A moderate level of blowing will reduce the aerodynamic flap/lag coupling, and

a large amount will change the sign. Hence there will be a tendency for flap-lag motion to be stabilized
at low values of C , while new instability regions (at low thrust with either high or low lag fre,iency)

appear for high C W

Chopra and Johnson (Ref. 127) analyzed the hover stability of rotors utilizing circulation control.
The rigid blade with hinge spring model was used for flap-lag and flap-lag-torsion stability calculations.
The general character of the dynamics was like that of conventional rotors. Instabilities were possible,

but were mild and a low level of structural damping or flap/lag structural coupling would eliminate them
(Fig. 119). An exception was the flap-lag instability of a soft-inplane rotor at high C ; structural

damping or flap/lag coupling was not sufficient for stability. Pitch/lag coupling had a targe effect on
the stability, pitch/flap coupling less effect. A quasistatic torsion model was satisfactory for the
pitch frequencies typical of rotors using circulation control. It was noted, however, that the aerody-

namic pitch damping was low for the pitch axis at the mid-chord (a possible design choice with such
rotors), so adequate torsion structural damping was important. Calculations for configurations represen-
tative of the Kaman Circulation Control Rotor (Fig. 120; flap frequency 1.1/rev, lag frequency 1.4/rev, no
flap/lag coupling, large pitch/lag coupling) and the Lockheed X-Wing (Fig. 121; flap frequency 1.8/rev,
lag frequency 3.6/rev, full flap/lag coupling, moderate structural damping) showed no stability problems.
Both rotors were tested in the wind tunnel at full scale, with no indications of instabilities.

Chopra (Ref. 45) used a finite element analysis to calculate the hover stability of a bearingless
rotor with circulation control. A configuration with both leading-edge and trailing-edge pitch links on

an external torque tube was considered. The structural damping and the damping at the torque tube shear
restraint were neglected. There was a significant influence of the blowing level on the predicted stabil-

ity (lig. 122). High blowing coefficient (hence, low collective for a given thrust) was destabilizing at
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low and moderate thrust. The instability was not particularly severe, so it should be possible to design
the torque tube shear restraint with sufficient damping to stabilize the motion.

4.5 Rotor/Engine Dynamics

Much of the U.S.A. industry experience with rotor/engine dynamics problems has been reported in

efforts sponsored by the U.S. Army (Refs. 128-132). The problems and solutions have been categorized by
Warmbrodt and Hull (Ref. 133). There are numerous cases of excessive rotor-induced vibration of the pro-
pulsion system; the usual correction involves modifying the structure (such as the engine mount) or weight
to move the natural frequency away from the forcing frequency. A second type of problem is excessive
vibration (forced or self-excited) because of engine/drive-traln/ruLor resonances; this has been corrected
by modifying the rotor dynamic characteristics. A third type of problem is engine/drive-train torque
oscillations, often involving a high gain fuel control system; this problem may require modificatigns to
the drive-train flexibility, the fuel controller, or the blade lag dampers. A fourth type of problem is
excessive main rotor overspeed or droop during maneuvers, which is corrected by revising the engine/fuel
control system.

It is a characteristic of the analytical tools available for thet-e problems that either the propul-
sion system model lacks the detail of the rotor model, or conversely. The problems are multidisciplinary,
but the analyses are not. High gain control systems are making it important to have good dynamic models
of the propulsion system, but such models are usually either not available or not coupled with the good
rotor models. The engine vibration problems usually involve complicated structural dynamics, that cannot
be predicted well even with a finite element model of the airframe.

Fredrickson, Rumford. and Stephenson (Ref. 134) described a rotor speed governor problem that
occurred on the CH-47C helicopter. In flight tests of a growth version of the rotor and engine, a 4.1 Hz
oscillation in the engine shaft torque and rotor speed was encountered. The phenomenon was present in
hover and on the ground, but not in forward flight. The oscillations were 8% to 10% of the maximum steady
torque and fuel flow; the lag damper force oscillated below the preload value. The effect could be dupli-
cated analytically only by stiffening the lag damper The mode involved consisted of the rotor-lag motion
opposed by the transmission and engine turbine. This mode was predicted to be at 3.1 Hz rather than the
observed 4.1 Hz, a difference attributed to the lag damper. By improving the math model of the lag
damper, it was possible to calculate the oscillation well. The problem could be corrected by softening
the lag damper, but that led to unacceptable ground resonance characteristics. Reduced fuel-control gain
also worked, but was marginal in cold air. The final solution was to both reduce the gain and increase
the time constant in the fuel control, such that the gain at 4 Hz was reduced by a factor of three
(Fig. 123). The engine response to power demands by the pilot was not perceptibly degraded.

Fredrickson (Ref. 135) described a rotor/drive system 4/rev torsional resonance that occurred in the
Model 347 tandem helicopter. High 4/rev blade chord bending moments were encountered in transition and in
high speed at high gross weight. The mode involved consisted of the collective lag motions of the two
rotors opposing each other through the shaft. A blade chord frequency at 5.3/rev produced a coupled blade

and drive system frequency at 4/rev. The problem was corrected by raising the chord frequency above
6/rev, and hence, the coupled system frequency to 4.3/rev, by use of boron fiber doublers bonded to the

blade trailing edge and boron skins applied to several blade boxes (the simplest solution, if not neces-
sarily the best).

Twomey and Ham (Ref. 130) described two problems encountered on the CH-53E helicopter. The first
problem was an oscillation of the rotor and drive system in the third torsional mode. In flight tests,
3.6/rev cockpit vibration occurred in specific flight conditions, with a time to double amplitude of 10 to
12 sec. The mode involved consisted of collective edgewise bending and the drive system torsion. The
rotor blade motion was a combination of rigid and first elastic bending, such that there was little motion
at the lag damper. An analysis including the fuel controller and the blade edgewise motion did not indi-
cate an instability. It was speculated that the instability arose from coupling in forward flight of the
3.6/rev collective edgewise mode with a 2.6/rev cyclic flapwise mode. The cure involved reducing the
blade edgewise stiffness (lowering the natural frequency to 3.45/rev to decouple it from the flapwise

mode, and to increase the modal motion at the lag damper). For the flight tests the blade was softened by
removing graphite strips that had been added to the trailing edge to improve the stress levels; the blades
were redesigned for production. The second problem was a feedback oscillation of the rotor and drive
system first torsional mode. In flight tests, a low frequency (2 Hz) oscillation of the aircraft occurred
in forward flight. The mode involved consisted of the collective rotor lag motion, opposing the drive
train and engine torsion, and the fuel controller. The background I/rev motion in forward flight
decreased the effectiveness of the lag dampers. A bench test was conducted to determine the equivalent
viscous damping of the lag damper with a background of 1/rev and higher harmonic motion. Flight-test data
on the harmonics of the lag motion then allowed a specification of the equivalent damping available as a
function of flight speed and rotor speed. A good prediction of the stability was achieved when the reduc-
tion of the lag damping in forward flight had thereby been accounted for. The cure involved increasing
the power turbine governor time constant from 0.165 to 0.7 sec, thus reducing the fuel controller gain by
a factor of 15 at 2 Hz. This modification had little influence on the engine power response to pilot
commands.

Thibert and Maquin (Ref. 136) discussed a transmission oscillation that occurred during development
of a larger fan-in-fin tail rotor for the SA-365-Nl helicopter. A substantial torque oscillation at
4.4 to 5.8 Hz was observed in high-speed flight with slip, upon a sudden increase of the tail rotor pitch.
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Analysis (a combination of linearized eigenvalue and nonlinear time history calculations) showed coupled
main rotor and tail rotor modes at 4.6 and 4.9 Hz, involving little engine response; the 4.6 Hz mode was

lower damped. Analysis and flight test showed that Increased lag damping and increased governor time
constant had little influence on the phenomenon. The analysis suggested that stiffening the tail rotor
transmission by 33% would increase the frequency of the mode and so also increase its damping (by increas-
ing the coupling with the 4.9 Hz mode, which then became less damped). The correction, confirmed by

flight tests, involved replacing a duralumin central tail transmission shaft with a steel shaft. For the
production aircraft it was possible to simply thicken the shaft (a lighter weight solution).

4.6 Articulated Rotors

It should not be assumed that articulated rotors are without interesting dynamic phenomena. Many
problems encountered in the development of more conventional design concepts simply are not reported. A
couple of examples will serve as notice against complacency.

Silverthorn (Ref. 137) described an advancing whirl mode instability encountered on an articulated

main rotor. The phenomenon involved the rotor cyclic motions (rigid flap, lag, and pitch, with little
bending), flexibility of the rotor support structure, and cyclic pitch/mast-bending coupling during pitch

and roll motion of the hub relative to the fuselage. A 14 to 15 Hz (about 3/rev) instability was pre-
dicted to occur at 104% normal rotor speed (Fig. 124). The rotor was predicted to be stable without the
influence of aerodynamics or the pitch/mast-bending coupling. In whirl tests the instability was encoun-

tered at 119% rpm, still below the required stability margin of 120% rpm. Better correlation with theory
was achieved using measured structural damping and eliminating a three-dimensional aerodynamic-center

shift at the blade tips. The analysis suggested that a forward shift of the blade center-of-gravity would
help, but that implied a blade redesign and weight increase. The cure adopted involved increasing the
support strjcture stiffness, so the stability boundary was well above 126% rpm in both whirl and flight
tests. Adding swept tips (hence moving the aerodynamic center aft relative to the center-of-gravity) also
stabilized the motion.

Neff (Ref. 138) described an instability encountered in an experimental articulated rotor on the
OH-6A helicopter, involving the first elastic chord, the second elastic flap, and the first reactionless
torsion blade modes. Shortly after entry to autorotation and establishment of stabilized descent, the

main rotor blades abruptly went out of track and a severe vibration was felt in the controls and the air-
frame. The pilot applied power before the static load limits were exceeded. The blade loads data indi-

cated a 4.63/rev mode with -0.6% damping. Analysis had initially predicted stability, with a first chord
frequency at 4.4/rev. A fixed root was introduced for the chord bending boundary condition (with a four-

stage friction lag damper, the blade was probably fully restrained at the mean position of autorotation),
and effective pitch/lag and flap/lag coupling due to the mean out-of-plane bending was added (the flap
bending at the tip significantly increased In autorotatlion). The analysis still predicted stability, but
the first chord frequency was at 4.75/rev. Finally, the reactionless control system stiffness rather than

the cyclic stiffness was used (an increase by a factor of seven, from 13,600 to 100,000 in.-lb/rad). Then
the mode was predicted to be unstable, at 4.66/rev and -0.65% damping (Fig. 125). The theory suggested
that an aft shift of the tip weight (with the net blade center-of-gravity still forward of the aerody-
namic-center) would stabilize the motion, which was confirmed by flight tests. Subsequently, a similar
problem was predicted to occur in a growth version of the production rotor. An aft shift of the tip
center-of-gravity was introduced, and there were no stability problems in the flight tests.

4.6 Tilting Proprotor Aircraft

Investigations of the dynamics of tilting proprotor aircraft have generally focused on the whirl-
flutter stability. Whirl flutter is a coupled motion of the proprotor and the airframe (typically the
wing elastic modes) that becomes unstable at high forward speed. The rigid body and elastic motion of the
blades makes tiltrotor whirl flutter a different, and more complicated, phenomenon than the whirl flutter
of a propeller-driven airplane. Johnson (Ref. 139) assessed the present capability to predict tilting
proprotor dynamics. Considerable work has been done and confidence gained on predicting whirl flutter

stability. New designs will require the ability to analyze new hub configurations, and likely will
require a better treatment of high-speed aerodynamic effects on the rotors. Most tiltrotor designs,
including the gimballed rotor of the XV-15, have dynamic characteristics similar to those of hingeless
rotors, notably the importance of pitch/lag and flap/lag coupling. In addition, the tiltrotor must oper-
ate over large ranges of rotor speed and collective pitch. Rotor loads remain important, since they can

define the upper limit of the conversion corridor. Oscillatory loads on the airframe, particularly the
nacelle and wing, can be a problem (normally cured by good structural design or structural modification,

rather than by accurate prediction). Basically the tilt rotor configuration eliminates most concerns with
fuselage vibration. Even in helicopter mode, the wing dynamics provide some vibration absorption, and the
rotors can be tilted forward to minimize the wake-induced vibration at low speed.

Generally, the aerodynamic analysis is simpler for the proprotor (high inflow, axial flight) than for
the helicopter rotor (low inflow, edgewise flight). Axial flight implies a symmetric aerodynamic environ-
ment, hence constant-coefficient equations of motion. In high inflow, both the inplane and the out-of-

plant blade motion produce a first order change In the blade angle of attack, hence through the lift-curve

slope a first order change in lift, which has both inplane and out-of-plane components. So the lift-curve
slope terms dominate the aerodynamic forces (Ref. 140), which depend then mainly on the Lock number and
the ratio of flight speed to tip speed. In contrast, for the rotor with low inflow, inplane motion pro-
duces lift and drag perturbations due to the dynamic pressure change, and tilts the mean lift and drag
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forces; so the inpIane forces or forces due to the inplane motion are small, and depend on the blade trim

loading (see Ref. 7). Lift changes due to angle-of-attack perturbations, normally responsible for the

high aerodynamic damping of the rotor flap motion, in the proprotor also produce a high aerodynamic damp-

ing of the blade inplane motion. Another result of high Inflow is the large collective pitch and bull'

twist required; and operating in both helicopter and airolane modes requires a large range of collective

pitch.

For the gimballed, stiff-inplane proprotor design, blade pitch motion has a significant influence on

whirl flutter (Fig. 126), through the introduction of effective pitch/lag coupling (Refs. 141 and 142).

The blade precone Is normally selected for hover, so in propeller configuration the precone is too large.

There will be a downward elastic coning deflection of the blade. With no droop and small thrust, the

effective pitch/lag coupling is negative and prnportional to the precone. Negative pitch/lag coupling has

a destabilizing influence on the whirl flutter. Figure 127 shows the stabilizing influence of rd;eed

precone or increased control system stiffness, through the reduction In magnitude or pitch/lag couplinw.

Blade droop has a similar effect, while not increasing hover coning loads as does reduced precone (since

droop becomes aft blade sweep at the low collective pitch angles of hover). The blade inplane motw-n has

an effect on whirl flutter stability levels also (Fig. 126), particularly at resonances of the regressIng

lag mode with a wing mode (Ref. 140). With a soft-inplane rotor, air resonance is possible at low-!Iight

speeds, particularly involving the wing vertical-bending mode (Fig. 128). At operating flight speeds,

the air resonance is stabilized by the aerodynamic lag damping in high inflow and the wing aerodynamic

damping.

With increasing Mach number, the blade lift-curve slope first increases, which increases the aerody-

namic forces involved in whirl flutter, and so has an unfavorable influence on the stability (Fig. 129).

After lift divergence (at a Mach number of around 0.7 to 0.8), the lift-curve slope decreases. If the

blade section Mach number is above the lift divergence Mach number over a large fractiun of the blade tip,

the reduction in aerodynamic forces will significantly increase the stability. This phenomenon becomec

particularly important as the speed of sound decreases at higher altitude (Ref. 142).

The rotor rotational-speed degree-of-freedom has a major influence on the whirl flutter stability

,Refs. 140 and 143). Vertical bending of the wing is accompanied by a roll motion of the rotor shaft. If

the rotor rotational speed is fixed relative to the pylon, this roll motion will t'- transmitted to the

rotor, and the high aerodynamic damping of the rotor will greatly stabilize the wing mode (Fig. 130). If

the rotor is windmilling, the rotational degree of freedom will be free relative to the pylon, and this

source of damping will be absent. Typically, the engine inertia, engine damping, and rotor-speed governor

offer little restraint of the rotational-speed degree of freedom In the symmetric motions of a tilting

oroprotor aircraft. The difference between powered and windmilling stability (Fig. 130) is primarily due

to the difference in trimmed blade deflection. In the antisymmetric motions, however, the interconnect

shaft constrains the rotor speed, introducing a differential speed mode with a natural frequency of the

same order as the wing modes.

Tilting proprotor stability can be analyzed using a rigid blade and hinge spring model for the rotor.

As for hingeless and bearingless helicopter rotors, the key to success with such theories is in the cor-

rect specification of the effective pitch/lag, pitch/flap, and flap/lag couplings. Elastic flap-lag-

torsion rotor models have also been developed for tilting proprotors (Refs. 29 and 141). To the models

developed for helicopter rotors, it is necessary to add high inflow aerodynamics, and the structural

dynamics of blades with large collective and large twist. The calculations shown in Figs. 126-130 were

produced using the analysis of Ref. 29.

Johnson (Ref. 144) presented a comparison of predicted and measured whirl flutter damping. Fig-

ure 131 shows the wing beam bending mode stability for a rotor windmilling on a cantilever wing in a wind

tunnel. The calculations were also produced using the analysis of Ref. 29. The rotor was a small-scale

model of an early gimballed hub design for the Bell/Boeing JVX aircraft.

Bilger, Marr, and Zahedi (Ref. 145) described the dynamic characteristics of the XV-15 Tilt Rotor

Research Aircraft. Whirl flutter stability and blade loads were no problem in the aircraft flight tests.

Initially the pylon loads (in the conversion spindle and downstop) were high (Fig. 132). A pylon lateral

mode was excited at 2/rev; the source of the excitation was the second cyclic rotor mode loads at 1/rev

and 3/rev, acting through the gimal. The correction involved reducing the downstop stiffness by a factor

of 4.4, in order to move the load peak (at resonance with the pylon lateral mode) below the rotor speed of

interest. Initially the loads in the engine coupling gearbox were high as well (Fig. 133). The 2/rev

excitation forces were reduced by optimizing the lateral and longitudinal cyclic pitch in airplane config-

uration to maintain zero flapping at high speed. The reduction in downstop stiffness also reduced the

2/rey engine loads. These problems -4ere both associated with the design of the gimbal, and the compli-

cated load paths In the pylon.

5. CONCLUDING REMARKS

5.1 Basic Dynamic Problems

Stability concerns for advanced rotororaft have centered on flap-lag stability and air/ground reso-

nance. The pitch/lag coupling and structural flap/lag coupling have a major influence on the stability.
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The effective coupling is a result of the rotor blade nonlinear dynamics, and depends on the detailed hub

parameters.

Simple analytical models of hingeless rotors have been derived for research purposes and to support
aircraft development. There has been experimental verification of these models, and they have provided
much understanding of the basic dynamic phenomena. There have been strong research programs to develop
elastic blade analyses for hingeless rotors. There has been limited experimental verification of the
models, and they are starting to be used to support aircraft development. For bearingless rotors, simple
theoretical models are less useful, because the dynamics of the actual configurations are so complex. As
usual, designers of new rotors are ahead of the analyzers.

Rotor loads is the forced response problem, requiring the full nonlinear solution rather than just

the linearized equations, and much more attention to aerodynamics. Generally there have been advances in
the scope of loads prediction capability, but not in the accuracy. The prediction of mean and oscillatory
loads is acceptable for design purposes, but detailed examination of correlations shows that the phenomena
are still not completely understood.

Rotor-induced vibration adds the airframe structural dynamics to the problem. The attention in

aircraft development is on vibration reduction, either passive or active, rather than on vibration
prediction.

5.2 Advanced Topics in Dynamics

In higher harmonic-control research, the promise of the self-tuning regulator concept is beginning to

be realized. The dynamic inflow models are a productive start for routine use of unsteady aerodynamics in
rotor dynamics. Finite elements bring needed flexibility to rotor analyses, but the large number of
degrees of freedom introduces major difficulties with complexity and computation time. The analyses being
developed for composite rotors are necessary to realize the potential design flexibility of the materials.

5.3 Dynamics of Rotorcraft Configurations

There are soft-inplane hingeless main rotors in production. Lower flap frequencies are desired, to
reduce the vibration and gust response and to minimize adverse handling qualities effects. Vibration more
often than stability has been a problem in hingeless rotor development.

Experimental bearingless rotors have been developed, in further pursuit of design simplicity. The
main rotor designs are soft-inplane, while the tail rotor designs are mostly stiff-inplane. Perhaps the
most common configuration involves a flexbeam with an inboard flap flexure (for low flap frequency), plus
an external torque tube with a snubber/damper at the root (for control of the pitch/bending coupling and
augmentation of the structural damping). Stability has been a major concern, particularly air/ground
resonance.

In rotors using circulation control, the trailing-edge blowing directly influences the lag dynamics,
but the rotors tend to be very stiff. Coupled engine/rotor dynamic problems include local vibrations, and
fuel controller dynamics with recent high-gain designs. Often the interdisciplinary nature of these
engine/rotor problems is not fully reflected in the analyses. With articulated rotors, multimode dynamics

can still provide surprises.

Concerns regarding tilting proprotor aircraft dynamics have focused on whirl flutter, which requires
the addition of high inflow aerodynamics and high-pitch/high-twist structural dynamics to the analyses.
The dynamic phenomena of hingeless rotors are generally a factor as well.

New rotorcraft configurations have generally been developed with the support of simple theories (or

none); tests have been essential. Advanced analyses are only now beginning to help aircraft development.
The designers remain one step ahead of the analyzers. A more flexible theoretical approach is needed,
separating the helicopter and rotor configuration from the mathematical modeling. In tests of innovative
designs, the real hardware may be expected to continue to provide interesting new dynamic problems.
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SUMMARY

With the appearance of new missions for helicopters and with the development of a
new generation of rotary-wing aircraft it has become obvious at the latest that future
activities in the field of handling qualities must include the mission characteristics as
well as the influences of the different subsystems implemented in the helicopter system.
Therefore, mission analyses and consideration of system elements influencing mission
performance are the basis for the lecture. The missions under consideration emphasize
military missions but refer to civil missions, too. The system elements influencing mis-
sion performance include the basic helicopter, the pilot, the information system, the
control system, interfaces, etc..

For evaluation of the overall pilot/helicopter system two different approaches are
discussed, the evaluation of task performance and the evaluation of specific system cha-
racteristics resulting in handling qualities criteria. While task performance require-
ments may fulfill the orderers' demands, only specific system characteristics are useful
as a design guide during helicopter development.

The status of handling qualities criteria is addressed including existing and pro-
posed specifications. Shortcomings and critical gaps in the specification structures and
especially in the data base are discussed. ongoing activities in handling qualities re-
search are directed (1) to the improvement and expansion of the data base considering
present-day missions and technologies, and (2) to the establishment of new criteria con-
sidering the integration of different subsystems in order to improve the overall mission
performance and to reduce pilot workload. These activities are closely connected with the
availability of test facilities including ground based and in-flight simulators. The
lecture concludes with a short overview on relevant research activities in the field of
missionoriented handling qualities.

1. INTRODUCTION

For modern helicopters very high standards are required with regard to mission per-
formance and system qualities. This is valid for both, civil and military aircraft.
While for civil applications flight safety and profitability are the prime factors, the
military users are asking in addition for adequate combat effectiveness.

The high demands on the helicopter are closely connected with the appearance of new
missions expanding the role of the helicopter substantially. In civi] IFR-operations the
consideration of helicopter-specific capabilities and the reduction of weather minima for
onshore and offshore operations are more and more required. For military applications
specific missions have been defined, including low altitude operations in the entire
speed range, night and adverse weather conditions, and hostile environment. The realiza-
tion of these demands leads to an increasing complexity of the helicopter system and a
constantly growing pilot workload, and copes the helicopter designer with the application
of newest technologies. This includes, among others, the introduction of digital-elec-
trical and -optical data transmission, of advanced sensors and display techniques, and of
alternative non-metallic materials and respective design techniques.

The helicopter user is interested only secondarily in the arduous tasks which must
be accomplished during the development process resulting from the integration of new
technologies. He asks primarily for the demonstration of mission performance with consi-
deration of acceptable pilot workload. Therefore, the helicopter user has to describe his
planned missions in detail and to define his requirements with respect to flight safety
and mission performance using quantitative and provable factors. While in the civil area
this task is splitted between certification authority, being responsible for flight safe-
ty, and customer, the military procuring agency is responsible for the overall task.

The helicopter manufacturer needs complete and clear-cut requirements and criteria
in order to be successful in the development and to be in the position to provide adequa-
te data for the aircraft certification. In addition, the criteria may be used as a design
guide helping to avoid a misleading development with reference to system performance and
costs, even in an early stage.

Therefore, detailed requirements and criteria are the basis for communication bet-
ween the customer, the certification authority, and the manufacturer. Airworthiness
standards in the civil area and military specifications for military procurements are
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normally used for this purpose.

The handling qualities are of decisive consequence for the intended use and the
application of the helicopter, and hence they are an essential part of the requirements
and criteria. These qualities or characteristics of the helicopter system describe its
flightmechanical behaviour which enables the pilot to perform the tasks required. The
requirements or criteria have to define corresponding limits in order to guarantee ac-
ceptable levels of pilot workload in all flight conditions under consideration.

The intention of this papar is to discuss (1) the contributions and influences of
individual system elements of the pilot/helicopter system, (2) the evaluation of these
elements in regard to mission performance and pilot workload, and (3; the establishment
of handling qualities criteria.

2. MISSION ANALYSIS

2.1 MISSION AND MISSION PERFORMANCE

Unfortunately the term mission is used in several contexts and may actually have
several meanings. Consequently a discussion about procedures of flying qualities evalua-
tion has to start with fixing the terminology and the meanings of used terms. In Ref. 1
definitions of the terms role of an aircraft, mission, flight and flight phase are
stated. They are largely quoted for this paper because they are clarified in close rela-
tion to flying qualities. The role of an aircraft defines its intended use in a general
sense. The mission delineates this use in terms of specific objectives, that is, the
required operations of the pilot-vehicle combination. The terms flight and flight phase
denote the flight profile of a vehicle and its subdivision. Referring to this the set-up
of a mission has to include the operational or mission requirements.

The primary aim of a user is to gain an optimal or at least high mission effectivity
with a helicopter system in use or in acquisition. The effectivity is determined by the
ratio of the attainable mission performance and the resulting costs. Mission performance
summarizes the performance the pilot-helicopter system is able to accomplish in relation
to the mission requirements. Figure 1 shows these relations with a brief pilot-in-the
loop block diagram. The demanded mission can be transferred into commands for the pilot.
He adapts his control strategy to obtain an acceptable vehicle response relative to the
commands and tries to compensate deviations within his capabilities. Accordingly the
resulting mission performance is mainly influenced by the characteristics of the heli-
copter system and the ability of the human pilot.

To get a satisfactory adaption of the technical systems to the mission objectives
and to the human pilot the user has to determine and declare well-defined conceptions of
the missions and the requested mission performance. Especially the interactivity of human
pilot and technical system with the complexity of a man-machine system causes problems in
establishing the mission requirements. Indeed, with support of modern technology it is
possible to design helicopter systems which are easy to fly and which can perform new
defined missions with the desired accuracy. But to avoid an explosion of costs a well-
balanced compromise between desired mission performance and innovation of technology has
to be found. Particularly high performance rotary wing systems must make full use of the
pilots capability without overloading him or reducing necessary mission performance.

2.2 MISSION CHARACTERIZATION

A classical transport mission of a helicopter under visual meteorological conditions
(VMC) can be characterized in adequate acceptance with the parameters speed, altitude and
load factor. In operational flight envelopes the limits set by the mission are described.
Figure 2 shows a possible envelope from Ref. 2. The required mission performance is to
operate the vehicle in all states within the envelope boundaries without reaching rotor-
craft limits and with a moderate pilot workload. This philosophy of defining requirements
with respect to safety aspects is the base of civil flying qualities specifications
(Refs. 3, 4). A more detailed definition of requirements can be indicated by the subdivi-
sion of the flight profiles in flight phases. In this way flight phases with specific
requirements as instrument meteorological condition (IMC) phases or airwork phases are
outlined (Fig. 3). A combination of flight phases in categories as terminal and non-ter-
minal is obvious, if requirement statements can be referred to these categories. The
current military helicopter specifications are based on this rationale. Tile MIL-H-8501 A
uses a very rough subdivision into the hover and the forward flight region. Specific IMC
requirements are added (Ref. 5). The MIL-F-83300 has a more systematic structure
(Ref. 2). The requirements are organized with respect to classes of aircraft and cate-
gories of flight phases.

In the past decade the operational spectrum of helicopters has been expanded with
vehemence for military use and for IFR operations, especially. The operational develop-
ment includes an expansion of the helicopter role with new defined missions. Also it must
be recognized that a specialization of demands exists for individual mission phases.
Accordingly the flight envelopes and flight phases do not suffice to characterize mission
demands. Figure 4 depicts briefly the requirements of selected missions. The general
capabilities and the advantages of the rotory wing technique are fully utilized. Specific
requirements on the manoeuvering performance are originated from flying close to the
ground, using the terrain and ground obstacles to cover for protection, and contending in



combat situation. Phases of weapon delivery indicate demands on high preciseness related
to the space position or flight path in combination with adequate tracking accuracy. Nap-
of-the-earth (NOE) flight or air combat requires for excellent manoeuverability and high
agility of the pilot-helicopter system.

To clarify the discussion of these mission attributes the following definitions for
the terms manoeuverability and agility are offered:

" Manoeuverability is the ability of the pilot-vehicle system to change the velocity
vector or the energy state. Manoeuverability can be measured and defined in the
body fixed accelerations (nx, ny, nz) and the rate of climb (Ref. 6).

" Agility is the capability to change the manoeuver state dependent on time. Agility
can be measured and defined in earth fixed accelerations (Ref. 7). A good example
of flight agility is felt to be performed by insects like the dragonflies. Stay-
ing in a hover position they can change very rapidly to another position followed
by a high precision hover flight.

In order to establish mission oriented flying qualities it is necessary to subdivide
missions in basic elements. An overview of rotorcraft mission elements is tabulated in
Table I. It should be noted that most of the elements in the flight phases low altitude,
weapon delivery, and air combat are under discussion and are not defined as standards.
Another objective must be to formulate flying qualities in dependance on the environmen-
tal situations. The tactical demand to perform military missions under reduced visibili-
ty, for example, can be accomplished with a reduction of the required mission perform-
ance, with a drastic increase of the pilots' workload, and/or with an intensified appli-
cation of technology components to support the piloting task. With the many possibilities
to relate the requirements to mission elements and graduated environments the necessity
exists to find a structure which reduces and organizes the high number of requirements.
The US Army and Navy have initiated a systematic effort to revise the current rotorcraft
specification. Two proposals have been developed which cover the above mentioned topics
of requirements organization.

The rational behind the proposed revirement of Ref. 8 is to categorize the basic
elements of operational missions. In the next step of the specification methodology the
assumption is made that a clear coordination of mission elements and necessary rotorcraft
response characteristics can be defined (Tab. 2). A hierarchy of the required response
types is indicated from an acceleration response type to a translational command system.
Also the visual cue environment situation is integrated in the scheme of response types.
This approach represents an important principle of the specification structure, because
the reduction of requirements related to only one parameter is effected. The required
response type must be upgraded in the presence of degraded usable cue environment (UCE)
according to Table 3. The usable cue environment is defined in a scale between 1 and 5.
For more details see section 3.3.

The approach of Ref. 9 has a structure using a characterization of mission require-
ments that is divided in two classification schemes. The mission are divided in segments
(here named flight phases) and can be characterized by the characteristics: manoeuvering
required, precise flight path or space positon required, and target tracking required
(Tab. 4). With these characteristics eight flight phase categories can be defined as
combinations of the possible characterizations that are related to differences in the
mission-related requirements. To specify requirements in accordance to the visual cue a
matrix scheme in proposed which describe four elements of required operational capability
(Tab. 5). This approach of operational characterization yields a reduction to maximum
elements of 32 to which the specification has to be arranged.

3. SYSTEM ELEMENTS INFLUENCING MISSION PERFORMANCE

The final objective to procure an aircraft is the achievement of satisfactory per-
formance in the aircraft's mission. The pilot will be able to achieve this performance if
the aircraft has suitable handling qualities. The usual definition for handling qualities
is (Ref. 1): "Those qualities or characteristics of an aircraft that govern the ease and
precision with which a pilot is able to perform the tasks required in support of an air-
craft role." This definition includes many subject areas of the pilot/aircraft system
such as task, instrument display and avionics sophistication, aircraft stability and
control characteristics, aircraft configuration, pilot stress, workload, tracking per-
formance, environment, failure modes, and others. To illustrate the relationship of the
primary elements of the pilot control loop to the operation of the pilot/vehicle combina-
tion Figure 5 shows the influencing factors. With so many variables and the special
characteristics of helicopters, the subject of helicopter handling qualities becomes a
very complicated one. The assessment of the handling qualities of the complete system
requires not only the knowledge of the characteristics of the isolated subsystems inclu-
ding the pilot, moreover the system integration is the decisive factor. Therefore hand-
ling qualities can be determined best by actual experiments with the pilot in-the-loop
and through the use of pilot opinion and rating systems.

The following section will present a short review of the fundamental characteristics
of the most essential subject areas influencing pilot/helicopter system performance.



3.1 BASIC DYNAMICS OF HELICOPTER FLIGHT

In this part of the lecture some of the basic control and stability characteristics
of the helicopter will shortly be reviewed (Refs. 10, 11, 12).

Fundamentals of Rotor Control

The classical helicopter rotor has its blades hinged close to the center of rotation
so that they are free to flap (and lag) in accordance with the aerodynamics and mass
forces acting on them (Fig. 6). Hingeless rotors, although having no flapping hinge, are
conventionally described as being equivalent to articulated rotors but with the addition
of a flap hinge spring restraint. Similarly its blades flap in order to maintain equili-
brium between the aerodynamics, mass and elastic forces.

Rotor control consists of varying the blade pitch angles in a collective and cyclic
manner: the feathering motion. This causes a rotor thrust vector which can be controlled
in its magnitude and in its direction by the appropriate choice of the blade pitch
angles. In hovering flight collective pitch - applied equally to all blados - determines
only the magnitude of rotor thrust, whereas cyclic pitch - varying in a sinusoidal fash-
ion with a frequency of once per rotor revolution - leads to a once-per-revolution flap-
ping motion of the blades which may be considered as a tilt of the rotor disc relative to
the shaft. As the rotor thrust vector remains essentially perpendicular to the disc it is
clear that a disc tilt results in a tilt of the thrust vector. In forward flight Lhe
control of thrust vector magnitude and direction is coupled because of the changes in
blade lift due to different flow at the advancing and retreating blades.

The resulting moment at the rotor hub is in the same direction as the disc tilt and
is proportional to this tilt. The hub moment per unit disc tilt is on the other hand
proportional to the offset of the flapping hinge from the center of rotation, to the
blade flapping inertia, and to the hinge spring stiffness corresponding to a hingeless
rotor.

Thus the total moment about the helicopter center of gravity produced by the rotor
consists of two components: the stiffness contribution resulting from hinge offset and
spring-induced hub moment, and a moment caused by the component of the thrust normal to
the shaft and in the direction of tilt. Figure 7 (Ref. 13) shows how the total rotor
control moment is splitted up for two typical rotor systems. For the articulated rotor
the thrust vector tilt is the main component and the stiffness component may equal, at
most, the thrust vector component. It is obvious therefore that the control moment about
the helicopter center of gravity of articulated rotors is highly dependent on the value
of the rotor thrust and consequently may vary considerably within the flight envelope.
However the hingeless rotors of today produce control moments primarily by stiffness and
the total control moment is about 3-5 times higher than for articulated rotors. Although
the thrust vector tilt component is much the same as for arcticulated rotors its contri-
bution is only about 25% of the total which implies only a small variation of control
power with rotor thrust level (Fig. 8). Any external disturbance to the rotor can be
looked at in terms of effective control inputs so that in a very crude manner the rotor
moment per unit cyclic pitch can be considered as an indication of the sensitivity of the
rotor to external disturbances.

As discussed above, the feathering motion of the blades including cyclic and collec-
tive blade pitch angle variations provides a very convenient means for inclination and
magnitude adjustment of the rotor thrust vector. The system commonly used to control the
desired blade pitch angles at the rotating blades is a swashplate assembly consisting of
a rotating and a non-rotating part as shown in Figure 9. In pitch motion the blades are
constrained by a linkage connecting them to the rotating part of the swashplate assembly.
From the non-rotating part of the swashplate control rods lead off through the control
transmission to the pilot's stick and collective lever. By this system the swashplate can
be tilted and moved vertically and hence produces a pitch change at the rotating blade in
reference to the rotor shaft.

Helicopter Control Characteristics

The control of the helicopter rigid body motion in general requires the possibility
to influence three forces and three moments corresponding to the six degrees of freedom
(three translatory and three rotatory DOF) in space. These components in the body fixed
axis system with the origin at the helicopter center of gravity are: longitudinal, later-
al, and vertical forces and roll, pitch, and yaw moments (Fig. 10). By means of the rotor
control, i.e. inclination and magnitude adjustment of the rotor thrust vector, the pilot
is able to control five components: longitudinal force, lateral force, vertical force,
roll moment, and pitch moment. Due to the characteristics of rotor control longitudinal
force and pitch moment as well as lateral force and roll moment are connected or coupled
with each other. These components can not be controlled independently so that the pilot
can manage the control of five components using only three controllers:

" stick fore and aft for longitudinal force and pitch moment,

" stick sideward left and right for lateral force and roll moment, and

" collective lever up and down for vertical force.

The sixth component, the yaw moment, is usually provided by the tail rotor. By using



the pedals, the pilot can alter the collective pitch of the tail rotor blades and - due
to the resulting tail rotor thrust change - he can control the yaw moment.

In order to limit the loads in the rotor blade root area, in the hub, and in the
shaft and the vibratory inputs from the rotor into the fuselage of the helicopter, it is
necessary to minimize the rotor disc tilt required for helicopter trim. This in conse-
quence limits the center of gravity offset from the rotor shaft line of single rotor
helicopters to about 2.5% of the rotor radius. This requirement for low levels of disc
tilt within the flight envelope entails the use of considerable cyclic pitch control as
illustrated in Figure 11. The diagram indicates the stick displacements required for a
specific helicopter in the speed range for zero tilt of the rotor disc. Obviously the
helicopter fuselage and tail-plane aerodynamic characteristics and any center of gravity
offset necessitate some disc tilt for trim purposes. In addition, there is also a re-
quirement for control displacements for manoeuvers and some allowance must be made for
coping with emergencies such as a failure in any autostabilisation equipment. The final
pitch requirements for a helicopter tend therefore to be higher than indicated in
Figure 11.

Although at the higher speeds the locus of trim cyclic requirement is predominant in
one direction this is definitely not so at the low speed around hover. Furthermore the
locus of trim cyclic stick is not indicative of the control displacements required to
change from one flight speed to another. Only when trimmed flight at the desired forward
speed is attained the cyclic pitch position will coincide with the trim cyclic curves.
In short, control requirements change in a most complex manner during manoeuvers.

As mentioned above, the helicopter controls are coupled and the magnitude of these
couplings vary with flight conditions. In Figure 12 this behaviour is shown for a typical
hingeless helicopter (Ref. 14). At high speeds the initial pitch acceleration due to
collective control input has nearly the same magnitude as due to cyclic control input,
which is the primary control. In order to effect a compromise between various aspects of
coupling it is common practice to introduce some compensation between the controls in the
mechanical linkage system. But in general, it is impossible to design mechanical inter-
linkages in such a way that the control behaviour is improved at all points of the flight
envelope. So, in spite of the good controllability of modern helicopters, the pilot's
workload is high due to the necessity to respond to undesirable behaviour produced by the
control characteristics of the helicopter. This is true especially in very demanding
missions requiring rapid manoeuvering in different speeds and with precise flight path
control.

Stability Characteristics

The stability analysis of an aircraft deals with its dynamic behaviour after being
disturbed in its initial trim conditon by any disturbance like a gust or a control input.
The initial tendency of the aircraft to return to its trim condition is called static
stability. The dynamic stability deals with the oscillation of the aircraft following the
disturbance from trim. Because the mathematical theory of helicopter stability is rather
complex and lengthy, the following discussion will only consider some of the most signi-
ficant aspects.

Static stability is related to factors being very essential for the pilot, like
stick displacements required to change speed and to change the normal load factor. As can
be shown by a detailed analysis the moment change at the center of gravity due to an
attitude or angle-of-attack change is of great influence for the consideration of heli-
copter static stability. This so called angle-of-attack or attitude stability includes
contributions from the rotor, the fuselage, and the horizontal stabilizer, as shown in
Figure 13 (Ref. 13). The fuselage contributes normally in an unstable sense whereas the
tailplane of course, as in fixed-wing aircraft, has a stabilizing effect. For many rea-
sons, helicopter tailplanes usually cannot be made large enough to provide overall stabi-
lity. The rotor contribution to the angle-of-attack derivative is normally in an unstable
sense and depends to a high degree on the flapping hinge offset or the stiffness of the
rotor. In addition, this effect depends on the collective pitch of the rotor causing a
different behaviour of the helicopter operating at a high or a low collective pitch like
in autorotation. The variation of the moment at the center of gravity due to changes in
translational speed is a measure for another contribution to static stability. This so
called speed stability derivative normally tends to reduce the speed and provides there-
fore a stabilizing share to static stability. Because several, in some cases counterac-
ting contributions are involved in helicopter static stability the determination of over-
all stability is very complex and requires a detailed analysis of even small effects in
the total speed range. In Figure 14 a procedure for determining static (stick position)
stability using flight tests is presented (Ref. 15). As can be shown, positive static
stability is a necessary but not a sufficient requirement for dynamic stability.

For helicopter dynamic response studies, discussion is normally limited to control-
fixed time history responses after a disturbance from a trimmed flight condition. Free
control-motion information usually centers on control system effects like control fric-
tion, breakout forces etc., because most helicopters are equipped with irreversible,
power-boosted control systems. The control-fixed dynamic modes of longitudinal motion of
a helicopter in forward flight are typically characterized by a stable oscillatory or
non-oscillatory short term motion and a possibly unstable low frequency oscillatory mo-
tion, the phugoid motion. The characteristics of the phugoid motion are mainly determined
by the above discussed angle-of-attack and speed derivatives and in addition by the pitch
damping being attributable to pitching angular velocity and producing a stabilizing mo-



ment opposite to the pitching motion. Pitch demping can be strongly increased by rotor
characteristics like the Lock number (ratio ot aerodynamic and inertia] forces) of the
rotor blades and the increase of rotor stiffness, as shown in Figure 15 (Ref. 16).

In Figure 16 (Ref. 17) the influence of rotor stiffness on helicopter longitudinal
dynamic stability is demonstrated. Starting from unfavourab]e stability characteristics
in hovering flight the low stiffness rotor helicopter (as = 1.01) is more and more gover-
ned by the stabilizing horizontal tail. With the increase in rotor stiffness a destabi-
lizing trend due to the contributions of the angle-of-attack stability can be observed.
The introduction of stiffer rotors on high speed helicopters is seen to have exacer-
bated the stability problem, at least in the controls-fixed (open loop) case. Of course
stiffer rotors have considerably more control power available and the overall stability
characteristics with pilot reaction included (closed loop) may well be superior to those
of articulated rotor helicopters.

Apart the stability characteristics of longitudinal and lateral motion (not discus-
sed here) the strong coupling of the responses (and control inputs) further complicates
the prediction of the dynamic stability. As shown in Figure 17 a longitudinal stick input
to a typical hingeless helicopter in level flight produces a pitch rate, of course, but
in addition a roll rate of quite the same magnitude and a rather high yaw rate response.
The inertial cross couplings (roll-due-to-pitch and pitch-due-to-roll) depend upon vari-
ous rotor system parameters with the most important being Lock number and rotor stiff-
ness, as shown in Figure 18 (Ref. 16).

The comments made above only refer to general but most important helicopter charac-
teristics and set the scene and provide a brief insight into the complicated character of
helicopter dynamics.

3.2 STABILITY AND CONTROL AUGMENTATION SYSTEMS

The goal of the helicopter designer is to make his aircraft have such good inherent
characteristics that the pilot requires no extra help. The fact that so many helicopters
are flying today with just a pilot in control demonstrates that the goal can be reached,
if expectations are moderate. For many applications, however, such as flying in IFR mis-
sions or while the pilot has other demanding tasks it is essential to reduce pilot work-
load and to improve the performance of the overall system pilot/helicopter.

Many forms of stability augmentation systems and automatic stabilization equipment
have been utilized to improve the basic handling qualities of helicopters by enhancing,
modifying, and improving the angular damping, control and manoeuvering response, stabili-
ty, and long-term trim as well as providing relief for the pilot. Two primary feedback
quantities are utilized for the basic functions of these systems. They are attitude and
attidude rate. For more sophisticated coupled operations, radio position signals (ILS,
VOR etc.), radio-rate signals, barometric signals, radar signals (radar altimeter), air-
speed data, accelerations, heading etc. may be added to the basic function of the automa-
tic stabilization equipment.

In the past different strictly mechanical systems were used, providing a limited
degree of artificial stability. In these devices, used in Bell, Hiller, and Lockheed
helicopters, a mechanical gyro is an integral part of the rotor system producing a mix-
ture of rate damping and attitude stability for a certain frequency range (Ref. 15). In
modern helicopters such mechanical devices are no longer used because they introduce
additional mechanical complexity and the improvement in stability is combined to a cer-
tain degree by a deterioration of the control characteristics. The effects and use of
these devices are widely documented in literature (Refs. 11, 12, 13).

Electromechanical systems offer, on the other hand, a much more flexible means for
stability and control improvements and can obviously be accommodated completely within
the airframe. The following discussion will be limited to electromechanical systems con-
sidering only the most basic types and functions of these systems. They are (Ref. 15):

* Stability Augmentation Systems (SAS),

" Stability and Control Augmentation Systems (SCAS), and

" Automatic Stabilization Equipment (ASE).

A SAS is any system that enhances or supplements the angular damping and the stabi-
lity of the basic aircraft. Usually both attitude and rate signals are used as feedback
quantities requiring an attitude (vertical) gyro type system. With relation to the heli-
copter, a new or "synthetic" aircraft stability derivative is created and provides an
attitude stability with respect to the horizontal flight path. Since the helicopter can
provide stability only with respect to speed so that use of this "new" stability deriva-
tive is an extremly important addition to the system and is essentially the foundation
for single-pilot IFR flight in helicopters. Because many basic helicopters represent low
damped systems in vital portions of their flight envelope, the use of rate with attitude
feedback is also very important. Use of just attitude signals or rate signals alone usu-
ally cannot optimize the stability of the aircraft for all conditions of the flight
envelope.
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A SCAS is any system that enhances, modifies or supplements the stability, angular
damping, and control system response. Use of the term SCAS normally implies that feed-
forward loops are utilized and pilot's control motion is sensed. Figure 19 shows the
basic difference of SAS and SCAS systems together with a simplified block diagram of a
typical SCAS. In SCAS systems the augmentation actuators will move either with the
pilot's control input or against it in order to establish or maintain a pitch (or roll)
rate that is proportional to his input. For example, if a gust upsets the aircraft and
the pilot does not move his controls, the augmentation actuators tend to suppress or
attenuate the effects of the gust.

Both SAS and SCAS systems are considered pilot-in-the-loop or hands-on systems. When
attitude signals are used in these systems they are usually "washed-out" or "leaked-off"
in the short term and this tend to provide an attitude type response only in the very
short term and a rate type response in the longer term.

The most basic function provided by Automatic Stabilization Equipment or Autopilots
is the attitude-hold mode. Those functions will maintain aircraft pitch, roll, and yaw
(heading) long-term automatically, for pilot-out-of-the-loop, hands-off type operation.
During manoeuvering flight with the attitude-hold system engaged the pilot is actively
interrupting the attitude-hold feedback loop on a moment by moment basis and placing a
new reference attitude on the autopilot. When the aircraft is being actively manoeuvere4
by the pilot with the attitude-hold loop of the autopilot disabled, he may be operating a
vehicle that has either the basic characteristics of the helicopter or the characteris-
tics of an augmented helicopter with artificial augmentation of some kind installed (e.g.
SAS or SCAS) and operating full time. Although this attitude-hold systems provide a high
degree of flight control workload relief for the pilot, they may not provide it long
term, because they do not include attitude and airspeed-hold which may cause severe pro-
blems depending on the specific characteristics of the helicopter. In order to achieve
real autopilot-type functions, it is usually necessary to provide additional data as
feedback information and close the loops. This may include information from installed
radio navigation and approach systems (VOR, ILS, etc.) providing automatic guidance,
tracking, and flight path steering. Such a system is frequently referred to as a fully
coupled autopilot.

The application of feedback systems for helicopters is more and more increasing.
This is caused on the one hand by increased mission demands, especially for IFR opera-
tions, on the other hand by the availability of the controller technology. For military
applications and for large helicopters the extent of automation is usually higher than
for civil applications and small helicopters. Table 6 presents some features of the con-
trol system of modern helicopters. Figure 20 (Ref. 18) shows a typical automatic stabili-
zation equipment of a modern military helicopter (AH-64).

The application of non-redundant electrohydraulic system in the helicopter control
system asks for intensive consideration of possible failure conditions. The worst case
normally is a failure referred to as actuator "hardovers". With a high-gain, full-author-
ity actuator system a hardover can present very dangerous situations to the pilot if the
failure occurs at an inopportune time (as it is usually the case).

Because of the hardover problem and its serious consequences to the control of the
helicopter, system augmentation must be accomplished either through the use of limited-
authority actuators for high-gain systems or low-gain, low run-rates for full-authority
actuator systems. To date almost all systems make use of high-gain, limited-authority
series-type actuators. Limited-authority is used in the sense that most modern high-gain
actuators move the swashplate only about 5 % to 15 % of its full motion. The term series-
actuators is used in the sense that it denotes an inner-loop augmentation system where
the pilot's control stick does not move as it does in parallel or outer-loop systems.
Overside capability of all augmentation and autopilot systems is always afforded to the
pilot.

As a result of the problems discussed above, some compromises must be made that
ordinarily would not have to be made with a full-authority and redundant system. In order
to achieve all possible improvements, the artificial means installed in the helicopter
may comprise fly-by-wire or fly-by-light logic schemes, high-gain and low-gain, full-
authority and limited-authority, series and parallel systems and actuators, programs and
logic to decouple the helicopter controls and responses. This means might require automa-
tic failure diagnosis, monitoring, and correction systems that would allow to operate the
helicopter with a high level of reliability and safety. In Figure 21 the Advanced Digital
Optical Control System (ADOCS) is shown in its basic elements (Ref. 19). The primary
system function is to replace the mechanical control linkages of todays helicopters by
optical signalling. The computerized system is able to provide among others the integra-
tion of different automatic flight control modes, of multiaxis sidearm controllers, and
of an integrated helmet and display sight system. The application potential of such a
system includes essential contributions for the improvement of the efficiency of the
total helicopter system. Among these are:

" increase of mission effectiveness,

" reduction of pilot workload, and

" improvement of reliability.

It is assumed that those systems will be available for operational use in near fu-
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many institutions having potential to contribute to this overall objective: universities,
military and civil authorities, flight test centers, and national research institutions.
Only a concentration of all activities will yield adequate coverage of handling qualities
procedures and criteria with general acceptance and in acceptable time. Of course, the
industry also is treating problems in this area using excellent facilities, but their
objectives are substantially directed towards the determination of configurational
rotary-wing parameters to meet defined requirements than to define the requirements. The
motive may be that the industry has to be more interested in the development and design
of specific helicopter systems rather than in the generation of data for general purpose.
Nevertheless any support of industry is worthwhile to overcome the lack of data.

In consequence of the test facilities being available, the research institutions
especially are put in for the position to contribute above all to the generation of hand-
ling qualities data having the required generality. The specific test facilities with
relevance to the mentioned objectives are listed in Table 9. More details are provided
in Ref. 70.

7. CONCLUDING REMARKS

In this lecture an overview of handling qualities aspects of modern helicopters was
given. It was discussed that the evaluation of the pilot/helicopter system has to include
all factors influencing the closed loop system behaviour. These factors are: the mission,
the pilot, the cockpit interface, the aircraft characteristics, the aircraft environment,
and the mission performance.

For evaluation of the complete pilot/helicopter system two different approaches have
been outlined, the task performance evaluation and the evaluation of specific system
characteristics. The discussion of the existing handling qualities criteria showed sub-
stantial short-comings whereas the development of new criteria is restrained in particu-
lar by critical gaps in the handling qualities data base.

In this situation the research activities in this area have to be increased and
coordinated, including all organizations and institutions having corresponding potential
and test facilities like ground-based and in-flight simulators. Only these cooperative
efforts will yield adequate handling qualities specifications for the helicopter develop-
ment programs under discussion in different nations.
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In this situation, there is a need for a more systematic approach to the specifica-
tion structure and for an expanded data base on which to base new requirements. There-
fore, the US Army and Navy in 1982 have initiated a systematic effort to develop a new
generic specification for the handling qualities of military rotorcraft. It was stated
that other NATO countries are interested to cooperate in the establishment of this speci-
fication in order to fill the gap in this area. The motivation for these activities is
increased in addition by ongoing or planned military helicopter projects in different
nations. These programs include the JVX joint services vertical lift aircraft and the
Army LHX advanced scout/attack/utility helicopter programs in the US, and the
PAH-2/HAP/HAC multirole attack helicopter and NH 90 battlefield transport helicopter
programs in Europe.

Experience in previous efforts to revise the handling qualities specification showed
that the primary obstacle to developing new requirements was a lack of systematic data
from which new general criteria could be developed and substantiated. Therefore, it seems
to be necessary to coordinate and to encourage the efforts of all organizations having
potential research and test activities in this field. Only this concentrated effort will
possibly overcome the enormous data gaps.

Phase 1 of the program to establish a new specification was directed towards the
development of a new structure and was finished in 1984. It is assumed that the first
version of the specification ready for adoption can be finalized not earlier than end of
1986. At this time not all of the above mentioned data gaps will be closed, so it will be
necessary in future to gather additional data from several sources like development pro-
grams and experimental research activities using operational helicopters and ground-based
and in-flight simulators.

6. ACTIVITIES IN HANDLING QUALITIES RESEARCH

In the previous sections the data gaps have been addressed and necessary activities
have been mentioned in order to resolve the gaps. They can be summarized and adjusted to
the following areas of endeavor:

* definition of mission elements,

* derivation of flight test tasks representative for the mission elements,

e determination of task performance procedures, and

e quantification of task performance parameters.

Especially for the evaluation of rotary-wing system characteristics the following
necessary efforts have to be performed in addition:

" determination of procedures for level 1 requirements,

" quantification of level 1 requirements, and

" degradation of requirements for level 2 and 3.

In response to these needs extensive research activities are required including
theoretical investigations and experimental programs in order to establish a viable data
base which adequately covers all the stated topics.

One main objective of the theoretical investigations is the extension and improve-
ment of mathematical rotorcraft models being a prerequesite for conducting simulation
tests with good validity. For these activities relevant data of analytical studies, wind
tunnel test programs, and system identification approaches from flight tests are
utilized.

For experimental research programs different facilities can be identified with

potential for rotorcraft flying qualities research:

* ground simulators,

* in-flight simulators, and

9 operational helicopters.

These facilities have substantial consequence for the development of evaluation proce-
dures and evaluation quantification. Because the pilots' ratings and comments are used as
basic data for a correlation analysis with objective test results a high demand of simu-
lation validity and environment reality is required. Therefore, operational helicopters
are used to cover the determination of task performance procedures and parameters, where-
as the simulation test facilities are in urgent need if variations of rotary-wing charac-
teristics are required. In addition the operational helicopters are worthwhile tools to
verify the fidelity of simulation results in specific test points, the so-called anchor-
points.

Generating a viable data base asks for a coordination of the efforts of all organi-
zations with activities in the area of helicopter flight mechanics research. There are
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pling response criteria can not be covered significantly with only one parameter, because
the coupling response over the frequency range of interrest at least is influenced by the
coupling in the controls and the cross-coupling, both in relation to the primary axis
responses. Nevertheless, Figure 47 shows a recommendation diagram with test results of
Refs. 63 and 64. The influence of the pitch to roll axis coupling is outlined with the
cross-coupling derivative related to the roll damping. It is felt the diagram gives a
clear impression of the high influence of coupling on the pilot ratings.

All procedures described in this section, to define handling qualities criteria
demonstrate possible approaches and are not generally accepted. In comparison to the
fixed-wing criteria the helicopter handling qualities are just in the beginning to adapt-
ed to new implemented technologies and to new established operational demands. A high
number of critical gaps exist which have to be filled for the establishment of substanti-
al rotary-wing handling qualities requirements. The helicopter handling qualities re-
search is asked to generate a viable data base which can be used for the definition of
mission-oriented handling qualities criteria.

5. STATUS OF HANDLING QUALITIES SPECIFICATIONS

In this section of the lecture a short review of some existing and proposed handling
qualities specifications will be presented, following recent publications in this area
(Refs. 59, 66, 67, 68, 69). The discussion will be concentrated on military specifica-
tions because of the current and worldwide activities in this field.

With the definition of new helicopter missions and with the introduction of new
technologies in the development, it has become apparent that the present helicopter hand-
ling qualities specification, MIL-H-8501 A, cannot accurately assess the characteristics
of these aircraft. The fact that MIL-H-8501 A was last updated more than 20 years ago
only tends to amplify this point. Even in flight phases covered by this specification
like level flight in VMC, essential criteria like dynamic stability criteria, are no
longer valid for modern helicopters in general.

There are three main deficiencies of MIL-H-8501 A:

* The criteria are not mission-oriented. The specification uses for example a weight
parameter for hover control power considerations that is the result of scaling
laws and is not meant to represent the variations in control response which may be
required for mission differences. The criteria are basically for VMC flights with
only unsatisfactory consideration of IMC requirements. The need to perform in-
creasingly complex missions in adverse weather and at night asks for the defini-
tion of criteria considering all of the pilot's tasks involved in the mission
together with an integrated treatment of vehicle dynamics, flight control system
characteristics, cockpit controllers, displays and vision aids.

* The specification delineates no systematic breakdown into hover/low speed and
forward flight criteria. Many single rotor helicopters show a coupled pitch-roll
dynamic oscillation in hover, whereas in forward flight a dutch-roll type response
is often found. In order to address this different axis couplings, a breakdown of
the specification into hover/low speed and forward flight criteria would be mean-
ingful. In addition the control characteristics in the two speed regimes are quite
different.In hover a helicopter pilot tends to use longitudinal, lateral, and
directional controls independently, whereas in forward flight the pilot needs to
use lateral and directional controls in a coupled manner similar to fixed-wing
aircraft pilots.

* MIL-H-8501 A does not include quantitative levels of degraded handling qualities
for specific failures. The specification has qualitative criteria for failures of
power boosted controls, automatic stabilization systems, and engines.

There have been several formal attempts to revise MIL-H-8501 A. One major effort was
the development of the V/STOL specification MIL-F-83300, which incorporated all the data
available at that time and followed closely the structure and format of the specification
for fixed-wing aircraft (MIL-F-8785 B). This specification attempted to include both,
helicopters and fixed-wing V/STOL aircraft. Although MIL-F-83300 has never been used in
the procurement of a new airframe, several potential weaknesses have been identified,
resulting mainly from the fact, that this specification is primarily based on V/STOL data
and covers only lightly explicit helicopter characteristics. For example, the require-
ments were divided into hover/low speed (less than 35 knots) and forward flight (35 knots
to VCO ), with the idea to convert at VCON to the fixed-wing requirements of MIL-F-8785B,
being 1oo rigorous for helicopters. In addition, no systematic consideration has been
made of helicopter-specific missions. Nevertheless, a comparison with MIL-H-8501 A shows
that MIL-F-83300 has clear advantages in its broad coverage of important handling quali-
ties aspects and its systematic structure.

For recent procurements in the US (UH-60A and AH-64) a specific set of handling
qualities criteria was developed and incorporated into the so-called Prime Item Develop-
ment Specifications (PIDS). The real test for a specification, how well it does in pro-
viding the desired helicopter, showed significant handling qualities improvements over
previous helicopters. However, it may be very difflcu]t and sensitive to assess the spe-
cification's merit in this connexion.
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by including a delay in the equivalent system model. Figure 43 shows the results of ap-
plying this procedure to the hover roll attitude command transfer function of the
VAK-191B VTOL aircraft (Ref. 59). The procedure includes to define different criteria for
different response types. A proposed classification scheme is detailed in Ref. 56 and is
based on an extensive compilation of VSTOL vehicle dynamics. For example the proposed LOS
form for both attitude and attitude rate augmented vehicle response is given by the equa-
tion

attitude change K(l + i/T)e - Ts

cockpit control deflection (s + X)(s2 + 2Cws + w2

For attitude response, the LOS form reduces to

attitude change Ke- T s

cockpit control deflection s2 + 2 cws + w2

The delineation between the two general types of response is provided by the time
domain criterion of Figure 44. If the impulse response of the system lies within the
drawn boundaries it must satisfy the criteria for an attitude system. If it violates the
boundaries at any point, it is considered to be a rate system. If the response type is
classified and its LOS equivalent is determined, related criteria are used to assess the
acceptability of the dynamics. Figure 44 also shows proposed criteria for rate and atti-
tude response system. The same procedure has to be applied for additonal response types
like translational rate command and the other response axis. Equivalent systems are a
well accepted concept for defining level 1 flying qualities for helicopters. However, the
complexity of the response of unaugmented helicopters due to inter-axis coupling, makes
it unlikely that useful equivalent system forms of sufficient generality can be defined
for the level 2 and 3 boundaries.

An approach which does not assume a particular form of response is the bandwidth
criterion. Most familiar handling qualities metrics are, in fact, related to bandwidth.
The bandwidth describes in the open-loop frequency response the ability of the pilot to
close the loop. The bandwidth procedures are transformed from pilot-in-the-loop modelling
techniques (Ref. 60). A recent utilization of bandwidth was in the Neal-Smith criterion,
which proposed an evaluation for good closed-loop pitch tracking for fighter airplanes
(Ref. 61). From the pilots point of view, a high-bandwidth response would be described
as "crips" or "rapid and well damped". Typical commentary for a low bandwidth response
might be "sluggish to control input" or "tends to wallow". The evaluated response also
includes the coupling behaviour the pilots have to compensate. This overall evaluation is
the main advantage of the bandwidth response. Hence it may be suited for helicopters,
where coupling tends to mask the classical response forms. In Ref. 55 results of variable
stability in-flight simulations are discussed which indicate that the bandwidth hypothe-
sis is indeed valid i.e., the coupling itself matters only to the extent that it affects
bandwidth. A definition of bandwidth for handling qualitiy purposes is given in
Figure 45. The bandwidth is the frequency at which the phase margin is 45 deg or the gain
margin is 6db, whichever is lower.

As the helicopter became more complex many handling qualities researchers felt that
the time history contained the parameters influencing the pilots' evaluation. Especially
the helicopter designers prefer a formulation of criteria in the time domain, because
most of the helicopter modelling for design evaluation is done in the time domain. The
formulation of handling qualities criteria in the time domain also is recommended in the
proposed structures for the MIL-H-8501 A revision (Refs. 8, 9). As an example, characte-
rizing parameters for a rate and attitude response are shown in Figure 46. The parameters
are a dead time, an effective risetime, and an amplitude ratio of the first cycle with
respect to the steady state value. These parameters can be directly related to parameters
describing the frequency response. Once formulated as shown, however, the requirements
are independent of system's order and apply directly to the actual step response - thus
avoiding problems of interpretation. Boundaries for level 2 and 3 also can be defined
using the same parameters and including the coupling behaviour.

Inter-axis coupling is well recognized as one of the most severe handling qualities
problem with unaugmented rotary-wing aircraft. Fixed-wing aircraft tend to be much less
affected by such coupling with the exception of direct force controlled aircraft and of
high angles of attack manoeuvers. Accordingly the shaping of coupling is under discussion
for the fixed-wing handling qualities. In a coordinated turn study an evaluation approach
is recommended to evaluate the combined use of aileron and rudder. Ref. 62 indicated that
the response to rudder inputs necessary to coordinate turns plays a dominant role in
evaluations, and proposed a quantitative measure of acceptable and unacceptable charac-
teristics. The recommended criteria are based on parameters which characterizes the
rudder crossfeed and the magnitude of rudder required. With the combination of both para-
meters a characterization of the crossfeed frequency response can be obtained.

In helicopter handling qualities studies the shaping of response behaviour has often
been assessed with the derivatives of the linearized model of motion (Refs. 53, 63, 64,
65). This can be viable parameters to define required controllability. Especially cou-
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Another approach is proposed in Ref. 54. Tasks like slaloms or sidesteps with empha-
sis on the inner-loop control of bank angle can be subdivided in a series of discrete
bank commands. Modes during limited intervals are examined with the technique of phase
plane trajectories as shown in Figure 38. The effective task performance can be expressed
by the commanded net bank angle changes and the corresponding peak roll rates during that
changes. The crossplotted parameters illustrate the agressiveness of the pilot-helicopter
system. Two modes of pilot operating conditions seem to be involved in the range of roll
flight tasks. For small-amplitude modes the magnitude of peak roll rate is about propor-
tional to the bank angle command values. For large-amplitude modes the peak roll rate is
fairly independent of the bank angle commands. Recommended boundaries can be drawn of
which the lower boundary characterizes the requirement of the task and the upper boundary
represents the capability of the helicopter system. A similar technique is discussed in
Ref. 48 for an evaluation of mission requirements.

4.2 EVALUATION OF SYSTEM CHARACTERISTICS

As mentioned, the more worthwhile approach for the helicopter design phase is offer-
ed by specifying flying qualities in parameters which characterize helicopter dynamic
behaviour, the handling qualities criteria. That means, test results performed from the
overall system have to be reduced and related to the control elements and the controlled
element of the pilot-in-the-loop feedback system. It must be recognized that a baseline
helicopter is much more complex than for example a fixed-wing aircraft. The inherent
asymmetry of single-rotor helicopters causes them to have several features that compli-
cate analysis and specification of handling qualities criteria. There is a strong cou-
pling between the longitudinal, vertical, and lateral-directional response. They are
highly nonlinear. They inherently involve more than the classical rigid-body modes used
to represent the responses of conventional fixed-wing aircraft. The complexity increases
with implemented augmentation and artificial information systems. Therefore the necessity
is to determine a viable mapping of the high order system into a lower-dimensional form
with a minimum of variables suitable for flying qualities specification (Fig. 39). A
possible structure is to associate the criteria with the controller and their primary
response. Additionally coupling and control harmony criteria have to be involved.

Historically, the handling qualities of rotary-wing aircraft have been vastly infe-
rior to their fixed-wing counterparts. For example, the pitch attitude control of most
operational helicopters will not even meet the level 3 requirements of military fixed-
wing aircraft. Level 3 is defined as a Cooper-Harper rating of worse than 6-1/2. An
example is illustrated in Figure 40 from Ref. 55. Interestingly, the pilot ratings from
many previous helicopter studies indicate that rotary-wing pilots are willing to accept
much less than the fixed-wing community. This is shown in Figure 41 with data from
Ref. 56. The helicopter pilots rated configurations with a damping ratio lower zero with
satisfactory whereas the fixed-wing specification requires for level 2 (corresponds to
ratings of 3-1/2 to 6-1/2) a damping ratio better than zero. This is felt to occur for
two reasons: (1) helicopter pilots are trained to cope with, and expect as normal severe
instabilities and cross-axis coupling, and (2) the tasks used in the evaluations were not
sufficiently demanding. In previous years the tasks used in experiments to obtain hand-
ling qualities pilot ratings allowed the pilot to compensate the system deficiencies due
to the low task demanding. The recent operational missions become increasingly severe to
the limits of pilots capability and for that marginal handling qualities can no longer be
tolerated. It is therefore not unreasonable to expect the same quality of response in
helicopters that is currently enjoyed by fixed-wing pilots. In fact, the agile and pre-
cise manoeuvering in some NOE mission elements may make it necessary to impose more
stringent requirements than are necessary for fixed-wing aircraft. But nevertheless it is
a helpful approach to verify the adaptability of techniques to define handling qualities
criteria used by the fixed-wing community for helicopter application (Ref. 57).

Many modern helicopters employ a stability augmentation system. The implementation
of feedback technology will be considered with increase of operational demands. In conse-
quence, the failure situations have to be taken into considerations in handling qualities
criteria. The concept of levels is used in MIL-F-8785C to specify the allowable degrada-
tion in handling qualities in the presence of failures. The level I corresponds to a
satisfactory pilot rating and is required for the normal situation. For failures states
level 2 or 3 is required which correspond to ratings of acceptable and unacceptable. The
specification of level 2 and 3 handling qualities will tend to be more critical in ro-
tary-wing aircraft. This is a result of the relative poor handling qualities of the base-
line helicopter without augmentation and hence the possible large change in the dynamics
before and after a failure. This is illustrated in Figure 42, which shows a dramatic
shift in the characteristic modes after a SAS failure in the CH-53D helicopter.

The criteria can be formulated in the frequency or time domain. The advantages of
the approaches shall not be argued in this paper. The importance to be considered in both
efforts is to come up with only a few numbers of parameters which fit the high order
dynamics of the rotary-wing system. In frequency domain the MIL-F-8785C defines lower
order equivalent systems. The matching technique is outlined in detail in Ref. 58.
Briefly, the approach used is to match the frequency response in amplitude and phase of
the high order system (HOS) over a given frequency range with a preselected low-order
system (LOS) model which minimizes the cost function defined by the equation where gain

M - 20/n I ((gain (HOS) - gain (LOS)) 2 + 57,3 (phase (HOS) - phase (LOS)) 2 ),

is in db and phase is in radians. Large amounts of high frequency lag are accounted for
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For the both flying qualities methodologies an extended data base must be set up. As
the pilot is the essential scale for a quantitative classification of the evaluation
parameters it is necessary to provide realistic conditions to him. So flying qualities
research especially requests for the use of suitable test facilities:

* operational helicopter,

* in-flight simulator, and

* ground-based simulator.

The different areas of application exploit the advantages of the individual facility
(Fig. 31). The operational helicopter is prefered for tests, if excellent fidelity of
reality is requested: (1) assessment of mission requirements, (2) derivation of represen-
tative flight test tasks, and (3) definition of task performance parameters. In-flight
and ground-based simulators are qualified for studies to determine handling ualities
criteria which require the ability to vary the characteristics of system dynamics.

4.1 TASK PERFORMANCE EVALUATION

The first step in all efforts to define flying qualities parameters is the deriva-
tion of test tasks for the flight or simulator test approaches. The flight test tasks
shall represent the requirements of specific mission elements and shall be defined in
considerable detail, including specific control techniques and performance limits. For
the helicopter projects UTTAS and AAH the US-Army has specified a vertical displacement
terrain avoidance manoeuver (Refs. 45, 46). Figure 32 illustrates the flight task and
shows for comparison time histories of the AH-64 helicopter from Ref. 47. The time his-
tories outline the fulfillment-of required performance limits. But nevertheless an indi-
cation of the workload of the pilot and a relative evaluation cannot be drawn only by
verifying the required performance limits. Involving pilots in a test approach and re-
questing for pilot ratings and comments suggest an essential aspect for the definition of
test tasks. Establishing flight test tasks the complexity of the mission elements has to
be reduced to get clear relations between pilots' evaluations and test results. This
aspect is important for the test pilot and the test engineer, because the pilot should be
enabled to evaluate and comment the test results and the test engineer has to interprete
pilot ratings and test results in a correlation analysis. An often realized characteriza-
tion of the forward flight close to the ground is a dolphin and slalom task, which divide
the more-axis manoeuvering in a vertical and lateral task. Figure 33 shows slalom and
dolphin task from Ref. 48.

Ref. 31 has specified the height and time over the dolphin obstacles as the most
important task performance evaluation parameters. Depending on the control activity,
measured in the longitudinal and collective controls, boundaries for the exposure area
can be drawn which correlate very well with the pilot ratings (Fig. 34). Additional para-
meters can be identified, the maximum pitch attitudes and maximum load factors, which can
increase the pilot workload. Results of tests with varied control strategy yielded the
recommendation, the dolphin can be performed more effectively with emphasis on the
collective control than using primarily the longitudinal control. But flying vertical
displacement tasks with primary use of collective results in more severe requirements for
the vertical control dynamics and control response (Ref. 49).

One of the most essential question of todays military missions is the necessary
performance in lateral manoeuvering. Different simulation and flight test studies have
been conducted to investigate the influences on lateral task performance. At RAE a
triple-bend task for simulator test approach was composed (Ref. 50). The accuracy of the
triple-bend track was stated to be the main parameter describing the performance for this
task. In addition the amount of control activity points to an increase of task difficul-
ty. Figure 35 depicts the differences in control activity depending on the speed, whereas
the track achieved at different speeds is practically indistinguishable. The necessity in
general to combine task performance and pilots' control activity is also underlined in
Ref. 51 which describes the results of hovering tracking tests.

At NASA and DFVLR similar slalom courses have been constructed. Both courses are
representing very well the requirements for the roll axis in NOE operations. Besides the
seperately performed flight tests a test program was jointly planned and conducted to
compare the test techniques and to explore influences on task performance (Ref. 52). The
changes in roll rate seems to be the main influence describing the agility demands of a
slalom task and in consequence correlates very well with the evaluations of the pilots.
Figure 36 gives an impression of this characterization using the half power bandwidth of
the roll rate (Ref. 53). If the overall pilot-helicopter system is able to react on the
ground track commanded bank angles with quick roll rate changes the task performance is
improved and the pilots tend to a better rating. In general, a slalom task shall be per-
formed with primary use of lateral control. In steady turns the relation between command-
ed bank angle and load factor can be expressed as n - I/cos 0. This relation can also be
taken as a reference for a slalom task and the amplitude of deviations describe a deteri-
oration of task performance (Fig. 37) (Ref. 48). Two main influences substantially stand
for the deviations measured in the tests: (1) If the roll capability of the helicopter is
insufficient the pilots in addition have to use side slipping to maintain the track. (2)
High coupling behaviour in roll to pitch and roll to heave also is an influence factor,
which increases the pilot workload and debases the task performance, if the pilot is not
able to compensate.
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pies is an extremely tough problem to deal with, especially since it is virtually impos-
sible to design a large asymmetrical airframe with sizable access doors and large mass
concentrations without having several modes of response close to any given rotor excita-
tion frequency.

In Figure 29 the vibration levels are shown as measured in flight tests for the
helicopter BO 105 (Ref. 42). Besides the vertical cabin vibrations in the total level
flight speed region the frequency spectrum for 30 and 100 kt speeds are presented. It is
obvious that the essential contributions come from frequencies determined by the product
of blade number (4) and rotational frequency of the rotor (A - 7 Hz) and its multiples.
These curves are typical of the vibration characteristics of a helicopter in its differ-
ent flight speed regimes. It can be seen that there are two regimes, low speed flight and
high speed flight, where the vibration levels are especially high.

In the pa.t, flights at cruising speed were the primary conditions considered deci-
sive in verifying vibration levels since flight at this speed was usually the longest
flight mode. However, the advent of terrain flying as an accepted doctrine in military
missions makes reevaluation of vibration requirements in low speed manoeuvering flight an
absolute necessity.

Comparison of current and past helicopter human factor requirements applicable for
all steady speeds are shown in Figure 30. Also plotted are the results of several human
response tests (Ref. 43). Above 10 Hz the human body attenuates vibrations and acceptable
levels increase continuously with increasing frequency. This effect is overestimated in
all today's critiria, which are not stringent enough above the blade passage frequency.

The vibration exposure criterion, shown also in Figure 30, is a general guide for
the evaluation of human exposure to whole-body vibration which has been developed and
agreed upon as International Standard (Ref. 44) and which applies to such typical tasks
as flying an airplane or helicopter. The times listed in the criterion are concerned with
the preservation of working efficiency. The limits are called fatigue or decreased profi-
ciency boundaries.

A critical evaluation of today's helicopters shows that vibration levels are still
too high, exceeding in some cases considerably the threshold of discomfort and the fa-
tigue boundary. This situation yield increased pilot workload. In addition, it has to be
considered that the NOE flight spectrum includes substantial time periods in the low
speed regime, transition flights, and rapid manoeuvering producing in some cases conside-
rably increased vibration levels.

4. SYSTEM EVALUATION APPROACHES

With regard to the demands of the missions and of specific mission elements the
flight mechanics research has the objectives to establish flying qualities criteria,
which are a basis for communication between a procuring agency and a contractor in all
phases of a helicopter development. Influences of all loop elements with contribution to
the resulting mission performance have to be taken into account. Consequently, a formula-
tion of the criteria in an engineering terminology is worthwhile. The primary objective
of flying qualities criteria is to establish methods and evaluation levels for:

9 the formulation of requirements for the rotary-wing system including baseline
helicopter, visual aids, control systems etc. derived from the mission require-
ments,

* the guideline for the design of the helicopter system, and

* the helicopter certification.

Fundamentally flying qualities can be approached in two different ways:

* criteria for the evaluation of task performance and

* handling qualities criteria.

The advantage of an evaluation by a task performance approach is based on the deri-
vation of flight test tasks from mission elements and accordingly, on a close relation of
task performance to defined mission performance boundaries which directly can be checked
in the helicopter certification. The mission-oriented formulation yields high flexibility
to match new established missions and implementation of improved technology. Presupposi-
tion of the task perfomance approach is an identification or - more extensive -a stand-
ardization of the used flight test tasks representative for the mission. Deficiencies may
result in the design phase when the flight vehicle or sufficient valid models of the
flight dynamics do not exist.

In contrast, handling qualities criteria are more addressed to an application during
all phases of helicopter development. Their affinity to the mission or mission elements
has to be taken into consideration. The criteria describe the required system charac-
teristics in degrading handling qualities levels. The main disadvantage is the high ex-
pense for their establishment, because the criteria have necessarily to be formulated in
a comprehensive and generally accepted way. Due to new missions or technology, there is
the risk, that the validity of these criteria have to be verified and updated.

__ ,,,,, /-, - mmmmmw mme I m rasno
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when mental effort is also included. Nevertheless, rating scales that are accepted as
being non-linear often have been used as being linear. Researchers have calculated means
and standard deviations of this type of rating, though caution should be exercised when
subjecting data like these to any analytical process (Ref. 40).

Among several rating scales the Cooper-Harper (Ref. i) scale for handling qualities
meets the requirement to be a widely accepted method. Lt was very carefully developed,
and test pilots are experienced to using it. The scale is reproduced in Table 8, and the
following points should be noted about the scale and the method of using it (Ref. 40):

" The intention of the scale is to obtain an absolute assessment rather than a pure
comparison with other vehicles or configurations under assessment. Nevertheless
rating scales are subjective in nature and therefore are scales of comparison
based on the pilot's empirical knowledge.

" The pilot is drawn towards the eventual rating through a step-by-step process. The
value judgements that he makes are presented as a series of decisions.

" The scale is aimed towards the practical application of the vehicle under assess-
ment. The pilot's judgements are all made in the context of the defined task or
mission. Therefore it is required, that the task or mission is clearly defined,
and in a way that is acceptable to the evaluation pilots.

" The rating does not provide a complete assessment. It gives a shorthand guide to
the quality of the vehicle, but the pilot should also why he arrived at the rating
and what improvements he thinks are necessary.

" The scale is very practicable and easy to use and so it is suitable also for real
flight conditions.

" The Cooper-Harper scale uses workload in a very specific but carefully defined and
limited manner.

The Cooper-Harper rating scale was sometimes criticized because of its non-lineari-
ty, but the construction of a practical scale of demonstrated linearity has not yet been
achieved. An additional point of criticism was that the pilot has to judge three differ-
ent variables, aircraft characteristics, demands on the pilot, and taks performance at
the same time and with a single rating. In order to obain more detailed informations on
the interdependence o! the three variables it was proposed (Ref. 41) to modify the scale,
judging only one variable with one rating. This method seems to be suitable in order to
obtain additional informations but it will not supersede the original Cooper-Harper rat-
ing scale being widely accepted and used for handling qualities evaluation.

In addition to the pilot rating a questionnaire and pilot report is required for a
complete assessment. The answers to specific questions and the pilot's comments are very
helpful for the research engineer, providing more insight in the evaluation process and
showing possible short-comings of the experiment design. Therefore, this questionnaire
has to be prepared very carefully and in close connexion with the specific experiment.

For any test program involving human pilots, and especially for an experiment in
which subjective assessments are being made, it is vital to ensure that the subject pi-
lots will give valid results. This simple requirement is not easy to fulfill because
normally pilots are not representative of the community at large. In general, trained
test pilots are likely to be the most suitable persons. They often have a wide experience
of different types of aircraft, they have been specially trained in making assessments,
and they usually looking critically at aircraft systems. In addition the experienced test
pilot will have taken part in many experiments, and so he will be able to help the re-
searcher to set up a good experiment.

For specific test programs it may be appropriate to choose subject pilots represent-
ing a mixture of test pilots and operational pilots, having different experiences and
assessment skills. However, the research engineer has to be very careful in the choice of
these subject pilots in order to obtain valid evaluation results.

3.5 EFFECTS OF DISTURBANCES

Because of secondary effects in the lift generation system, the propulsion system,
and the control devices each aircraft shows more or less undesirable motions and effects
which together with external disturbances impair and stress the pilot while he is com-
pleting his flight task. These include low frequency flight mechanical problems like
control and vehicle couplings, vehicle instabilities, and gust disturbances as well as
high-frequency effects like vibration and structural instabilities. Depending on the
frequency and the amplitude of these disturbances the pilot either has to react by gene-
rating suitable control inputs or he will be impaired by the deterioration of the air-
craft's ride qualities. Thus, with respect to critical phases of a mission, the overload-
ing of the pilot cannot be precluded. This is true especially for helicopter pilots com-
pleting current military missions.

One of the most difficult problems that the designer must solve in each new rotor-
craft development program is the vibration problem. The inherent tendency of a rotary-
wing lifting system to generate periodic forces at blade passage frequency and Its multi-
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in accomplishing a given task by a mathematical model. During that period the human has

been characterized as a servo-compensator, a sample data controller, a finite-state ma-
chine, an optimal controller, and most recently as an intelligent system (Ref. 36).
Currently there is no clear consensus about the utility of available model-based methods
for assessing pilot behaviour and performance in realistic helicopter missions. Never-
theless, the use of mathematical modelling as a tool for analyzing the human pilot offers
great potential benefits and therefore the development of such models is of substantial
interest to researchers.

Flying an aircraft imposes a load on the pilot who has to expend an amount of physi-
cal and mental efforts to accomplish the task. This simple statement points to the diffi-
culty of defining pilot workload and a review of the literature highlights the diversity
of interpretation and the existing vagueness (Ref. 37). There is no one generally accept-
ed definition but several authors have identified effort as the main theme in their con-
cept of workload. The idea of workload as effort is one with which many pilots would
agree. It takes into consideration the individual ways in which pilots respond to the
demands of the flight task by allowing for variables as natural ability, training, expe-
rience, age and fitness. However, there are other important aspects of the flight task
which may be considered to be equally relevant in forming concepts of workload.

In their scale, Cooper and Harper (Ref. 1) refer to "pilot compensation" using the
term to indicate that the pilot must increase his workload to improve aircraft performan-
ce. They also state that "it is the measure of additional pilot effort and attention
required to maintain a given level of performance in the face of less favourable or defi-
cient characteristics". The idea that a pilot has the ability to compensate implies that
he has spare capacity. This notion is also supported by other authors (Ref. 38).

Although there are many different definitions and concepts of pilot workload it is
generally acknowledged that there are two main areas for consideration, they are task-
related and pilot-related aspects. It may be useful to consider workload as a multifacet-
ed concept (Ref. 37), primary facets being formed by the three variables: demands of the
flight task, pilot effort, and results. Minor or secondary facets can then
be formed by the various methods used for assessing levels of workload. These will be
largely dependent on the experience, discipline and interest of the investigator. It
follows that any reference to pilot workload must identify the particular interpretation
and the method used to assess levels.

Itis customary to divide workload into physical and non-physical or mental compo-
nents, though it is not always easy to identify a clear dividing line between them.
Cooper and Harper (Ref. 1) distinguished between physical and mental effort and gave the
following definitions:

* Workload: The integrated physical and mental effort required to perform a speci-
fied piloting task.

- Physical: The effort expended by the pilot in moving or imposing forces on the
controls during a specified piloting task.

- Mental: Mental workload is at present not amenable to quantitative analysis by
other than pilot evaluation, or indirect methods using physical workload (input)
and the task performance measurements. An example would be the improvement associ-
ated with flight-director type displays which reduce the mental compensation nor-
mally required of the pilot.

Ideally, assessment or measurement of pilot workload should be objective and result
in absolute values. At present this is not possible nor is there any evidence that this
ideal will be realized in the foreseeable future. It is also unfortunate that the human
pilot cannot be measured with the same degree of precision as can be measured mechanical

and electronical functions.

Methods used for assessing workload can be broadly divided into subjective, physio-
logical, objective, and engineering techniques. The practical application of these tech-
niques to the three conceptual areas: Flight task, pilot effort, and performance, results
in a measure of workload which will have a specific interpretation depending on the par-
ticular technique selected. For assessing the handling qualities of an aircraft and the
total workload in determining its suitability for an intended mission, subjective pilot
rating is still the common method (Ref. 39). It is likely that this will continue to be
the case for the foreseeable future.

In this situation there is a definite need for a standarized approach, so that a
generally accepted method for subjective assessment can be developed and adopted. Even if
it cannot be agreed that the method is optimal, application of a single method should
bring considerable benefits. Pilot assessment of workload could then be properly influen-
tial, not only as a measure to back up other methods, but also as a primary measure in
its own justification.

The use of rating scales results in the allocation of a numerical value to the quan-
tity that is being measured. Not unnaturally, researchers wish to use statistical and
mathematical procedures on the numbers so obtained, and so most of the rating scales that
have been devised have been intended to be linear. Although rating scales have shown good
correlation With objective measurements in purely physical tasks, there is no reason to
expect that any of these scales should be linear with respect to any physical variable



5-9

Voice Technology

At present there is an extensive interest in voice technology for advanced helicop-
ter cockpits although the auditory sense may also be close to saturation with communica-
tions and normal subliminal monitoring of engine and rotor noise (Ref. 21). Nevertheless,
interactive voice may be an effective means to relieve the visual information input and
the manual output. For application of voice technology in aircraft two aspects have to be
considered (Ref. 30): voice output and voice recognition. Recent research programs have
shown that in both areas the technology does exist now for the use in the cockpit envi-
ronment even in the helicopter's noise and vibration environment. The basic assumptions
for this statement are: (1) a voice output device with a demonstrated intelligibility at
least as good as current intercommunication systems; (2) the availability of a speech
recognizer with 100 word vocabulary with the capability of training by two users and
having a demonstrated accuracy of 95 to 99.9 percent under all flight conditions. Under
these assumptions various applications are under consideration, as listed in Table 7.

In general, voice technology should be utilized only if it aids the pilot in accom-
plishing his tasks. Advocates of this technology must consider the following parameters
of the cockpit environment: (1) physical/emotional stress of the pilot; (2) multicommuni-
cation inputs/outputs; and (3) the multiplicity of tasks to be performed in a limited
time-frame.

Side-Stick Controller

Conventional cockpit controller configurations provide substantial disadvantages
especially in missions including dynamic manoeuvering like NOE flight. It was shown that
flying these tasks with increased application of collective control, providing a direct
force control, may increase the task performance (Ref. 31). Conventional controller con-
figurations are inadequate for such control strategies due to high control couplings and
problems in the dynamic use of collective controllers. In order to avoid those and addi-
tional problems of conventional controllers and in order to free a hand of the pilot for
mission management tasks new controller configurations have been considered and developed
under the assumption of a fly-by-wire/light control system installed in the helicopter.

Various prototypes of side-stick and side-arm controllers were evaluated in ground
simulation and flight test programs with the controller configuration, the level of sta-
bility and control augmentation, and the mission demands being the primary experimental
variables (Refs. 32, 33, 34). In Figure 28 different controller configurations which have
been under consideration are shown. The studies demonstrated that a four-axis controller
with small deflection in all axes was prefered by the pilots against both a four-axis
stiff-stick design and a design having limited deflection in only the pitch and roll
axes. Because multi-axis side-stick or side-arm controllers will be part of very sophis-
ticated control systems incorporating electrical or optical signal transmission and mis-
sion optimized control laws, the full assessment of the controller configurations must
include this total concept.

3.4 PILOT BEHAVIOUR, WORKLOAD

The thesis that the pilot is both pivotal to mission success and, as a consequence,
acts as a ultimate constraint on mission performance, is now generally accepted. However,
this human component of the flying system continues to be pushed closer to his physiolo-
gical and psychological limits. The design of the aircraft and aircraft components can be
changed, but the basic human capabilities and limitations cannot be changed. It is point-
less to build aircraft with superb performance and to man them with highly intelligent,
highly trained pilots if restrictions on the rate of information flow from the machine to
the man and on the rate at which the man can make inputs to the machine are the limiting
factors in the performance of the overall man-machine systems (Ref. 21). In this situa-
tion it seems to be helpful to review very briefly the man's capabilities (Ref. 35).

It is estimated that 80% of flight information is visually acquired. Though there
are limits to man's acuity and thresholds, the spectrum of detectable energy, range of
encoding possibilities, and capacity for multiple inputs far exceed that of any other
information channel. The visual channel is reasonably resistant to noise in the typical
cockpit environment.

Most of the remaining 20% of the pilot's flight information is acquired auditorily.
Speech is a principal mode. Audition is moderately succeptible to noise and requires
moderately high energy levels in order to ensure that all information is transmitted.
While not completely a single channel system, audition is significantly more limited than
vision to multiple inputs.

Kinesthesis/spatial orientation account for a minimal amount of the pilot's flight
information, largely in terms of a background flow of relatively gross data which remain
unobtrusive until it deviates from the expected.

The data processing capabilities are the significant arena of pilot overload, being
characterized by a narrow range of information capacity. These limitations are considera-
bly augmented, however, by his capacity to predict, extrapolate, and develop unique solu-
tions.

For over 30 years several attempts have been initiated to describe the human pilot



ture, giving the designer much more flexibility with respect to the solution of different
problems. So, the question "What can be realized?" will be more and more superseded by
the question "What is necessary to realize for a specific task or mission?" (Ref. 20).

3.1 MAN-MACHINE INTERFACE

The human input channels for any information is limited to the five senses of see-
ing, hearing, feeling, tasting, and smelling. Up to now the senses of tasting and smell-
ing are unloaded during flight operations. The pilot's sense of fee] is partially utiliz-
ed only for the seat-of-the-pants cues for flying. The senses of seeing and hearing are
used by far most extensively for gathering information while flying an aircraft.
The pilot's outputs are normally limited to limb and head motion and speech (Ref. 21).

Visual Information

In the flight environment vision is undoubtedly the most important input sensor for
the pilot. Visual cues are the only source of reasonably accurate positional information.
The visual world surrounding the pilot at any given moment is of great complexity and
includes a diversitv of meaning and importance for the perceiver. In visual meteorologi-
cal conditions (VMC) providing adequate visibility and reference to external visual cues
the pilot normally is able to select the information necessary for the piloting task. If
flight operations at night or under adverse weather conditions are required the situation
is more complex because the pilot needs additional information displayed in the cockpit.

Modern civil helicopters are designed and certificated for instrument meteorological
conditions (IMC) based on airworthiness criteria for helicopter instrument flight provid-
ed by the Federal Aviation Administration (FAA) and other national civil authorities. Up
to now the IMC operations are severely limited due to different factors, among those are
lacking pilot informations. Figure 22 (Ref. 22) presents a typical envelope for heli-
copter IFR approach including the various limitations.

There is an actual and anticipated growth of helicopter operations in IMC with par-
ticular interest to "xploit the helicopter's unique capability to fly at very low air-
speed. This may lead to improved IFR criteria, including requirements for additional
instruments like attitude director indicator and horizontal situation indicator.
Figure 23 shows typical flight director displays being under investigation for improved
pilot information (Ref. 23). Equivalent electronic displays (Fig. 24) are also under
discussion having the objective to integrate a variety of information into one format
(Ref. 24).

For military missions like nap-of-the-earth flight at night or in adverse weather
conditions, the pilot must have sufficient external reference to fly safely close to the
ground. Therefore, night-vision aids are required. Current conception for advanced attack
or anti-tank helicopters is to superimpose an imagery from a forward-looking infrared
(FLIR. sensor or a low light level TV-camera (LLL-TV) with flight symbologies and weapon-
control symbologies. The combined display will be presented to the pilot on a panel-
mounted display or a head-up display or a helmet-mounted display. In case of the helmet-
mounted display all information is presented to the pilot oa a 2.5 cm cathode ray tube
covering one eye. It is expected that the pilot with his other eye takes care of additio-
nal matters like the peripheral scene and the instrument panel (Ref. 21).

In Figure 25 the display mode symbology for the Pilot Night Vision System (PNVS) of
the AH-64 helicopter is shown (Refs. 25, 26). Depending on the flight condition three
different flight control symbology formats are provided for enroute flight, for transi-
tion to hover, and for hover and bob-up. It is common opinion that in certain helicopter
missions the sense of vision is utilized to the point of saturation. Modern display tech-
nology may enable the designer to provide any information the pilot needs even under
night and adverse weather conditions; but does the designer really know what the pilot
needs?

It should be supplemented here that several previous studies have shown that for
constant pilot workload a tradeoff exists between control system complexity and cockpit
display sophistication (Refs. 27, 28). In other words, this hypothesis (Fig. 26) says
that a very advanced pilot information system could compensate for degradation of a
flight control system and a very advanced flight control system would minimize the need
for display sophistication. Together with the practical consideration of cost, which
normally increases with sophistication, this relationship seems to be very essential for
the design of future pilot information systems having in mind the complexity of modern
cockpit display systems.

In connection with pilot perception, a scale was proposcd (Ref. 29) providing a
more fine grained quantification of available outside visual cues (OVC) than simply spe-
cifying IMC or VMC. This scale is shown in Figure 27. The scale w ' developed on the
basis of comments by helicopter pilots operating in low visibility and .-)lows quantifica-
tion of minimum acceptable levels of controls and displays in terms of the pilot's abili-
ty to perceive aircraft attitude, position, and velocity via outside visual cues. In
order to account for the effect of artificial aids implicitly, a similar scale for quan-
tification of the u, ible cue environment (UCE) was developed including all available
vision aids (Ref. 8).
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Forward Fight Basic Low altitude operations

Straight and lee Terrain flight navigation
Climb/descent Low level flight
Climbides"CenM turns Contour flight.
Acceleration/dacelerotion HOE-fight

-. Bob up, down
How, osicSidestep

Toksff t howLateral dash/quickatop
Toverf o oo Lateral jinluing
Howo _~rilla W~

Howe turnsWepnefer
Forward Howe epn evr
Honor out of ground effect Hover fire

Toka~ffRunning firtTakeoffAir-to-air

NormalAir Combat Maneuvering-Offense

Short field High yo-yo
Obstacle clearance Low yo-yo
Terain fight Horizontal scissors
Confined are Side flare quick stop
Cross slope Wingover attack
Up slope, down slope Barrel roll attack

Approach and Landing Air Combat Moneuvering-Def ense

Traffic pattern High yo-ya defense. close range
Steep High yo-yo defense, long range
Ga-oround Low yo-yo defense. long range
Short field Horizontal scissors, defense
Obstacle clearance Side flare quic~kstop defense
Twrain flight i
Cross slope At umrn
Up slope, down slope Ship takeoff

Istrumnrt Fight Precise hove (6 min)
Torpedo delivery

Takeoff Ship approach
Level flight Ship landing
Turns
Tined turns
Climbs/descents
Crimbingjdesceridng turns

Autaratation
Instrument navigation
Holding
Unusual attitude iecovery
Instrument approach

Table 1. Typical mission elements

Acceleration Rate Attitude
Response Rebponee Response
Permitted Required Required

Hover k~, Air Refueling HOE (A) ILow Speed/Hover

Autoroltttori Air RetrievAl Weapon Delivery (A)

Formsation (M1) Shipboard Recovery (M4) Shipboard Recovery (A)

Departure& HOE MH Nwd S,eed

Approaches TED

Up and Away
* (14): MODERATE

Evasive ?bnreuvera
* (A): AGRESSIVE

Weapon Delivery (M)

L TBD

Table 2. Required rotorcraft response characteristics as a
function of mission elements
(ideal outside visual cues; moderate level of turbulence)
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Upgraded Response-Type Required
Due to Degraded UCE

UCE - 2 UC - 3 UtE - 4 UCE-

When acceleration response Acceleration Rate Attitude TRC

is allowed by Table 2

When rate response is Rate Attitude Attitude TRC
required by Table 2

When attitude response is Attitude Attitude TRC TC
required by Table 2

NOTES:

" UCE is OVC with the addition of all available artificial vision

aids, see Figure 27

a TRC is an abbreviation for translational rate command.

Table 3. Required upgraded response type in the presence
of degraded UCE (useable cue environment)

CHARACTERISTICS CHARACTERIZATIONS

Maneuvering Required Rapid Gradual
M 1 0

Precise Flight Path Yes No
or Space Position
Control Required P 1 0

Target Tracking Yes No
Required T 1 0

Table 4. Categorization of flight

phases Flight Phase Categories are defined as the following combinations

of the characterizations of the characteristics.

M P T Examples

I I I Ground Attack
1 1 0 Terrain Avoidance, NOE

1 0 1 Air-Air Combat With Missiles
1 0 0 Missile Avoidance
0 1 1 Hover Bob-Up & Target Acquisition
0 1 0 External Load Placement
0 0 I Missile Launch
0 0 0 Lciter

REQUIRED OPERATIONAL CAPABILITY

External Visual Only When Even When
Conditions in Position and Position and
Which Operational Velocity Cues Velocity Cues
Capability is Are Available are Not Available
Required

Only when Class I Class II
Angular Orientation
Cues are Available

Table 5. Classification of required

Even when Class Ill Class IV operational capability

Angular Orientation
Cues are Not Available
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o Atolotfo Ot~tdO.waing O~d liht ircto nade NVIGATION POSITION REQUEST POSITION REPORT

STEERING REQUEST STEERING INFORMARTION
Uf-60A Block HawkC MAP INFORMATION REQUEST PAP INFORIATION

o Mechaical control 11*09.,. horizontal stablizer fl-by-airs POSITION___ UPDATE________

0 SAS diulso 3-als FLIGHT FUNCTION SELECTION FEEDBACK

" Artificial stick position stablity. force feel systemr CONTROLS ACT ION COMMNDA
o Aejiopil for attitudeR. beadng speladl. fRight path

O Automatic horizontal stabilizer control SUBSYSTEMS POWER IRFORMATION REONS. POWER INFORMATION
ELECT CONTINGENCY POWER

AH6 pceREUEST FEEL STATUS FUEL STATUSNf-64 pacheLIGHTING CONROLt

" Mechanical conr" l ikages eith fly-by-sire bock-up SELECT DISPLAY MOIDE
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0 Automaitic horizontal xtobihe control PROIT ERC1O RIAYNLRTNGSSE

0 Farcea feeastamASR
0 Autopiot for attituds. heading_______

Table 6. Control systems for modern Table 7. Cockpit voice applications
helicopters

HANDLING QUALITIES RATING SCALE

ADEQUACY POR SELECTED TASK OR AIRCRAFT DEMANDS ON THE PILOT PILOT
REQUIRED OPEwATTON* CHARACTERISTICS IN SELECTED TASK ON REQUIRED OPERAITIQN' RATING

EMjor Pilot00 Compa2001rison" _% Conor In.i~

Neliibe005C... (Issue I pnlo - S 2~uldI

Mi0.01*0 but' 0n*i0esrdprfrac rueodesi~raCtosbosma

Tablei8.tCoopr-Harper scal

on~ Noflgh elmators a algtsM atybhortil erut .omenes.'

Figh Adqut perfostrwr for adnoncedt ,ical rom IR
Major~ movi n . un toerbl plodotoria-

Ma-or Aei~mw Ines p-llgh ailInavris rqure r

90 106-5 AT0.

______________ Table_ 8.__ Cooper-Harper__sc a bll.Te fclte
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THE ROLE OF SIMULATION

by

If. Huber and P. Krauspe
Messerschmitt-Bdlkow-Blohm GmbH

P.O.Box 80-11-60
8000 MUnchen

Fed.Rep.of Germany

SUMMARY

The development of helicopter flight simulation has undoubtedly made considerable progress in the past
decade. Due to the helicopter specific flight regime, which is essentially characterized by low altitude
flying (NOE), low to moderate speeds, and distinct stability and control behavior, the simulation of
rotorcraft sets high standards to the simulation quality.

The paper gives an overview about the various simulation techniques and their specific application during
research and development work. First, the details and capabilities of the ground-based simulation are
discussed. Stringent requirements for real-time simulation result in the use of comprehensive math models,
representing the aerodynamic and dynamic complexities of rotary-wing aircraft. In addition, great effort
has to be made to simulate the environmental scenario, such as visual and motional cues. Advances are
especially made on the field of generating and displaying visual imagery. The technique of computer generated
images (CGI) and the progress achieved, e.g. in the field-of-view and resolution, is demonstrated.

Typical ground-based simulation tasks are described including research and exploratory investigations
as well as vehicle configurational optimization, avionics, vision and weapon system integration, cockpit lay-
out, and assessment of flight path management and mission management. The benefits of engineering simulation,
such as early evaluation of system effectiveness, pilot acceptance, cost effectiveness, are discussed.

Airborne simulators and variable-stability aircraft play another important role in the aeronautical
research and development. In-flight simulators are especially used in those areas where the simulation of the
real world environment of laboratory simulators is limited, or when the operation of hardware components in
real flight conditions is of particular importance. Details of the requirements and typical in-flight simulator
objectives and tasks are presented in a state-of-the-art review.

It is concluded that modern rotorcraft simulation techniques provide a valid tool for supporting the
development of future helicopter/weapon systems, including the interactions of aircraft, equipment, crew, and
environmental conditions. It is demonstrated that both ground-based and airborne simulation represent an
important link in the design and development of the next generation of rotorcraft systems.

1. INTRODUCTION

Durinn the past few years, a rapidly increasing application of flight simulation during research, design
and development work of helicopters has become evident. While flight simulation has been intensively used by
fixed-wing designers for a much longer time, the helicopter industry has been more reserved towards simulation
application during development work. There were manifold reasons for this attitude: In early ground-based
simulators, rotorcraft modelling was obviously not sufficient for achieving full acceptance in development
simulations. The visual display quality was not adequate to fulfill the required high standards on simulation
fidelity. Deficiencies in motion cueing were further major factors to the problem.

Although variable-stability aircraft have made major contributions in the past 25 years, variable-
stability helicopters have not been widely used by the rotorcraft industry as development tools for particular
designs. The application of existing airborne simulators was in many cases restricted due to limitations in
system actuators operations, cockpit display and navigation system capability, or in the flight envelope of
the basic aircraft design.

The changing attitude towards simulator application during helicopter development work results from
different reasons: Firstly, design requirements for future helicopter systems are becoming more and more
demanding. It is no longer sufficient, and may become extremely costly and time-consuming, to solve problems
by a classic "cut-and-try"-technique during flight testing. Secondly, there are major efforts to replace
current helicopter flying qualities criteria, and to develop new specifications containing basic mission-
oriented handling qualities (Ref. 1). Special considerations must be given to mission flight phases and
environmental conditions (day/night, visibility, terrain nature, atmospheric conditions). Finally, similarly
as with military fixed-wing aircraft, future military helicopters will represent increasingly complex weapon
systems. Development of these systems must not only concentrate on the basic vehicle optimization, but has
to put the main emphasis on the integration of all interrelated elements, such as basic-aircraft, flight
controls, displays and vision aids, weapon system and the human element, the pilot. Total system simulation
techniques are required to handle the complex interrelation of the above elements and to support engineering
and aircrew-aircraft integration efforts, both in research institutes and in helicopter industry.

Neglecting the pure non-real-time simulation, there are basically two types of simulation, the real-time
ground-based simulation (with man-in-the-loop), and the airborne (in-flight) simulation (Figure 1). There
have been numerous discussions about the specific benefits, advantages and disadvantages of these simulation
techniques in the different stages of aeronautical research, design, and development work. The rapid advances
in recent years in the level of sophistication and fidelity of modern ground-based simulators have sometimes
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called into question the future role of in-flight simulators in research and development processes (Ref.2).

It is the aim of this lecture to demonstrate that both ground-based and airborne simulation are
complementary techniques, and that both techniques will continue to serve a highly useful role and an
important link in the design and development of the next generation of advanced aircraft weapon systems.
Only a short description of todays's situation of engineering simulation can be given in the scope of this
survey, and the complexity of the problems involved suggested better to cite competent authors rather than
to generalize too broad. More profound or complete information should be gathered from the various
publications that are mentioned in the context.

2. GROUND-BASED SIMULATION

2.1 HELICOPTER SIMULATION REQUIREMENTS AND REALIZATION

Mathematical Modelling / Computer Requirements. Technical simulations are based on the mathematical
description of physical and mechanical processes, called the general equations of motion, which are
typically highly nonlinear differential equations to be solved in closed form for only the most simple
cases. Any system, subsystem, or vehicle component that produces forces and/or moments has to be considered
in this math modelling, and the complex interactions and cross-coupling effects among the individual
components are often much more difficult to describe.

However, the simulation of rotorcraft even goes beyond these strong demands. Rotor blade aerodynamics
depend both on the radial distance from the rotor axis and on blade azimuth. They are highly influenced by
unsteady aerodynamic and aeroelastic effects due to blade bending and torsional deflections. In certain
flight situations, parts of the rotor disk enter nonlinear aerodynamic conditions such as stall or high
MACH number flow (Ref. 3). Additional aerodynamic complexities arise from rotor-fuselage interferences or
low level hover and ground effects which are difficult to investigate in flight test or in the wind tunnel.

The attempt to implement these complex relationships on a computer results in the demand for very
large computer capacities and in complex computer programs that are, at least for the time being, impossible
to execute in real-time. So such off-line simulations are especially used when the time parameter is of
minor importance, or when the process occurs in some way periodically, as e.g. to analyze blade loads,
rotor dynamics, and stability and control problems.

For real-time simulation, be it ground-based or in-flight, fundamental simplifications have to be
made, but the extent to which this is tolerable depends on the actual problem. TABLE 1, developed by
R.T.N. CHEN of NASA-Ames, indicates a matrix of possibilities for math'models based on including different
representations of the aerodynamics and rotor dynamics. Linear aerodynamics implies simplifications such
as infinitely stiff rotor blades, small flapping andinflow angles, and simple strip theory with no
consideration of stall effects or MACH number. With such a model, much useful work of a generic nature can
be performed. However, if it desired to investigate boundaries of the flight envelope, then even in generic
studies the effects of compressibility, stall and other nonlinearities must be included.

The rctcrcraft simulation capability applied at MBB to meet the needs of research and development
represents the essential effects of nonlinear rotor aerodynamics, rigid body and rotor dynamics and
considers all other aircraft components (fuselage, wing, empennage, and tail rotor). The aerodynamic model
is based on blade-element theory, including the effects of compressibility, stall and reverse flow,
obtained from experimental airfoil data. Rotor downwash is modelled by a modified momentum theory, with
quasi-dynamic downwash effects being simulated by introducing a time constant in the induced velocity
calculation (Ref. 4).

The necessary bandwidth for modelling rotor dynamics is determined by the extent to which, for
example, aeroelastic effects or high-gain feed-back control systems are to be investigated. The frequency
range of interest is summarized in Figure 2 which shows the typical domain of body modes, engine and rotor
modes being in close proximity. To model the rotor and body modes coupling adequately, the rotor is
represented by an individual blade model, considering flapping of each of the actual blades separately
(Ref. 5). A summary of the individual blade calculations is given in Figure 3. Different integration step
lengths are used for the blades and body motion, which leads to the demand for a computer that is able to
support parallel processing computation. As drive train frequencies can be well within the range of body
and rotor modes, the influences are taken into account in a simplified first-order engine and governor
dynamics model including fuel flow characteristics (Figure 4). Piloted simulation results showed that the
inclusion of the rotor speed / power plant degree of freedom improved simulation fidelity substantially.

Once the simplified math model has been implemented on the computer, it is another problem to
determine how well the model equations represent the actual aircraft. A first and easy step is to compare
the steady state trim values of power, flight control positions and aircraft body angles for given flight
conditi ns (airspeed, height, flight path angle...) which result from simulation and flight test results.
Figure 5 demonstrates good agreement in the control correspondence, especially in and around hover flight.
This flight regime.is a primary target of the helicopter simulation task as it represents a flight state
in which handling qualities are strongly influenced by a number of complex rotor and interference effects
including rotor downwash effects contributing to lateral control trim position in low speed forward flight.
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Validation of the simulation model becomes much harder when it enters the stage of comparing dynamic
time histories resulting from various control inputs with those data obtained from actual flights. Due to
the manifold interactions between the different rotorcraft components it is often very difficult to
determine the most relevant parameter(s) and to decide how to change the math modelling to improve the
desired fidelity without harming the physical fundamentals. Ref. 6 details which ambitious efforts may be
taken to validate helicopter simulation using flight data. Here basic flight tests for various test
maneuvers were performed, accomplished in no less than 72 flights with 123 flight hours. Subsequent
parameter identification will be applied to develop a systematic and semi-automated procedure for upgrading
the math model. Figure 6 illustrates the results which can be achieved after a careful model adjustment.
Again the simulation and flight test time response on control inputs show good agreement.

Up to this point, we have considered only the simulation of the rotorcraft itself. Yet more simulator
problems arise from the need to simulate the environmental scenario around the aircraft. A relatively easy
task is the simulation of the atmospheric conditions that effect the aircraft in its flight through the
boundary layer of the earth. Evidently there are no helicopter-specific requirements so far, so we can
profit from the experiences in fixed-wing simulation. State-of-the-art math models for normal atmosphere
(temperature, atmospheric pressure and density, speed of sound as a function of height) as well as wind,
wind shear and turbulence models, both spatial or time-dependent, are available.

It is well understood that the pilot's flying qualities evaluation is predominantly based on the
impressions he gets from the stimulation of his sensual receptors, i.e. visual, motional and auditorial
cues. For a long time, the requirements for sufficiently providing the pilot motion and visual cues were,
despite their immense costs, the most restricting factors for running rotorcraft simulation programs in
real-time, but with the advent of a new generation of most powerful high-speed and high-capacity digital
computers these problems are diminishing.

Motion systems. Motion sensations to the human body are always created by accelerations and are
received drectly by various physiological receptors. Motion information is processed instinctively with
no reaction time-lag caused by attention, identification or interpretation. Hence perception of
acceleration means that at least 900 phase lead, and often 1800, is obtained relative to visual
observation of the world (Ref. 7). Due to this early indication of change in aircraft state, motion is
often considered a more important simulator cue than visual information. Evaluating motion versus
visual cues in piloted flight simulation, Ref. 8 concludes that it is not always sufficient for the pilot
to achieve a similar performance in the simulator as in flight; it is also necessary that he should adoot
the same control strategy.

Unfortunately there exists no obvious and accepted measure of motion cue requirements, but it is
generally agreed that motion simulation is required to obtain full potential pilot performance (e.g., when
an unstable or near neutrally stable aircraft is to be simulated). As stated in Ref. 9, in a more specific
sense, motion simulation is required:

(1) when expected motions are above human sensory or indifference thresholds;

(2) when expected motions are within the sensory frequency range, that is, above 0.2 - 0.5 rad/sec;

(3) if full pilot performance (e.g., tracking) is desired;

(4) when a degree of face validity or realism is required to gain pilot acceptance of the total simulation.

TABLE 2 lists some motion platform requirements for critical terrain flight maneuvers that resulted from
fixed-base simulations of NOE flight operations. The requirement is for all axes to produce these quantities
simultaneously. These and other requirements such as rotational and translational motion platform thresholds
are given in Ref. 9.

No widely accepted methodology for motion simulation is at hand. However, some concepts have proven to be
suitable to produce motion sensations in the simulator that are close to those in flight. Special washout
filter techniques take advantage of the washout characteristics of human motion sensors, especially at
lower motion amplitudes (Ref. 7).

A large number of engineering simulation laboratories have motion systems as part of their equipment.
Some of the most important or most powerful helicopter simulation facilities and their motion system
performances are (Ref. 13):

NASA Ames Vertical Motion Simulator (VMS)

The NASA Ames Research Center Vertical Motion Simulator is shown in Figure 7 (Ref. 10). The present
cab is of the same specifications as the FSAA (referenced below), but is driven in angular motion by a
small, six-actuator hydraulic system. This is mounted on a laterally driven carriage with 13 m of travel
atop a beam which can be moved vertically in a 19 m envelope. These latter two drives are electric, and
are capable of nearly 1-g accelerations. A second horizontal motion component is not provided; however,
the cab can be rotated to substitute fore-and-aft motion for lateral motion (Ref. 11).

NASA Flight Simulator for Advanced Aircraft (FSAA)

The Flight Simulator for Advanced Aircraft features a lateral motion envelope of 30 m, together with
3 m of vwrtical travel and 2.5 m of fore-and-aft movement. Three independent drives provide generous
amplitudes of angular motion. All drives are electric. Linear acceleration capabilities are modest, less
than ± 0.5 g, but are generally satisfactory for helicopter simulation. The large transport-type cockpit
has two pilot stations, and is equipped with hydraulic control loaders, visual simulation TV monitors, and
head-up display equipment. This cab is reconfigured for each new simulation. Over the past decade, this
facility has been used in simulation of a wide range of aircraft. Currently, helicopter simulations make up
about 25 % of its operation (Ref. 11).
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RAE, Bedford, U.K. Advanced Flight Simulator (AFS)

During 1985, the present RAE simulator (Figure 8), which comprises a Sigma-8 digital computer, an
AD-4 analogue computer (used for interfacing and driving analogue components such as instruments, chart
recorders, motion system, and TV visual system) and single and two-seat cockpits mounted on their
respective motion systems, will be retired from use. They will be replaced by the Advanced Flight
Simulator, which will use a network of SEL 32/87 and 32/27 computers, a digital data highway, a large
amplitude 5-axis motion system with interchangeable cockpits and improved visual systems. The AFS motion
system will provide improved motion cues in five axes, including up to 1-g transient heave acceleration.
The interchangeable cockpits will include a dedicated helicopter cab, and vibration and sound cues will
be significantly improved (Ref. 12).

Visual disgla systems. Major requirements for visual simulation of out-of-the-window real-world
scenes erive rom two ifferent factors: Firstly, the overwhelming performance capabilities of the human
eye, and secondly the operational flight regimes and missions of the respective aircraft that is to be
simulated.

The eyes are the most important sense organs for gaining information about the world around us.
However, it is largely unknown how the visual information is processed and manipulated by the human brain.
It is estimated that over 90 % of the information that we receive during our normal daily activities comes
through the eyes and certainly that much, or more, when an aviator is involved in flight tasks (Ref. 14).
The fantastic characteristics of the human eyes are represented by the visual resolution capability of
about 1 arcmin, combined with a field-of-view that is practically unlimited due to the free mobility of the
pilot's head and body (provided no other factors such as narrow cockpit dimensions or canopy frame visual
interferences are more restricting). This performance is practically impossible to meet in simulation, even
by the most sophisticated visual display systems being planned, so, as with the motion cueing, visual
simulation entails a compromise with reality.

The required characteristics of visual simulation systems have been addressed in numerous publications
(see Ref. 14), differentiating between :

- spatial properties (field-of-view (FOV), scene content, optical range)
- energy properties (luminance, contrast, resolution, colour)
- temporal properties (picture refresh rate, time lags).

Most of these factors are interrelated and interdependent, as is oftentimes true in engineering
processes, so we shall pick out just the most illustrating ones here.

Simulator visual system architecture may be described as consisting of three elements in series: (1)
an information storage subsystem; (2) an information retrieval and processing subsystem; and (3) an
information display subsystem (Ref. 15). The two most commonly used information storage systems are based
either on terrain model boards or on computer generated imagery (CGI).

Model board systems have successfully been in use in R&D simulators as well as in training simulators
for quite a long time. They are composed of a three-dimensional physical model of the terrain over which
the simulated aircraft missions are to be executed. Translational motion, corresponding to the motion of
the simulated vehicle, is provided by a servo-driven colour television camera which is moved over the model
board, and, generally, rotational freedom is realized by rotation of an optical probe. Scene display to the
simulation cockpit is provided by television monitors or projectors.

Model boards like the examples given in Figure 9 or the unique V-notch hurdles in Figure 10 (Ref. 16,
scale 700:1) offer the richest scene content and texture detail but apparently have physical limitations
on operating volume. Ref. 10 states that probably the smallest scale that will allow a sufficiently high
quality picture for NOE operations is around 500:1, and a rough calculation may be used to prove this:
Given an absolute vertical height clearance of the optical probe system of about 0.5 cm above the model
board, the minimum simulated pilot's eye height will be 2.5 m. This is too great a value for a number of
existing helicopters (e.g. pilot's eye height in a MBB-BO 105 is 1.7 m). Another limitation in the use of
model boards may be the requirement for deteriorating visibility, which can only be achieved by means of
subsequent picture processing.

NASA Ames operates two TV model-board visual scene generators. These systems can provide a 340 by 480
visual field on a 525-line colour television in raster format. The model boards have accumulated a variety
of features modelled at scales from 300:1 to 1200:1 (Figure 11, Ref. 11). The Boeing Vertol flight simulation
facility (Figure 12, Ref. 17) is equipped with a four-camera wide-angle television/terrain model visual
display system for the terrain flight under visual meteorological conditions, having a four-window cockpit
visual display covering a FOV of 1250 x 750. Various other institutions have adopted the techniques of
terrain model boards, but it would go far beyond the scope of this lecture to name all of them.

The simulation of visual informations has made tremendous progress by the introduction of computer
generated imagery. With the recent development in high-capacity mass-storage systems and high-speed operating
systems, the primary restrictions for sophisticated visual simulation now originate more from the display
systems than from limited computer capabilities. The problem lies in the natural law that a horizontal or
vertical extension of the FOV inevitably leads to a reduction in display resolution, provided the display
generators and projection systems remain unchanged.

High-resolution wide-angle fields-of-view are required in particular when we consider the helicopter-
specific flight regime. Helicopters typically fly low and slow, and "Nap-of-the-Earth" (NOE) has become a
well-known term to describe tactical point-to-point flying and hover operations in close ground proximity
(Figure 24). Moreover, steep take-off and landing procedures also constitute typical helicopter flight
profiles. The environment for the pilots flying these missions is rich in detail, and terrain features, as
well as the visibility factors of weather and darkness, are elements of the environment that may
significantly affect the helicopter pilot's task (Ref. 3).



Other vital demands for a large FOV are posed by the outstanding ability of helicopters to yaw rapidly.
Based on pilot's minimum preview times for obstacle avoidance, and dependent on the actual yaw rate as well
as on the roll attitude, the visual scene must cover obstacles that are some degrees ahead in the projected
flight path azimuth. And, last but not least, piloted simulation of quick stop maneuvers for a fast
transition from forward to hover flight or the recovery from autorotation is almost unacceptable when visual
cues get completely lost at large nose-up pitch attitudes because of the limitations in the vertical FOV.

In the MBB fixed-base simulation facility in Munich-Ottobrunn, FRG, a 3-channel CGI visual system has
been installed, presently offering a FOV of 260 vertically by 1060 horizontally, using a beam splitter
projection system (Ref. 4). The cockpit now available for helicopter simulation is a BO 105 prototype
fuselage. The dual-seat cockpit is fitted with the original instrument panel, including original and
modified flight instrumentation. Figure 13 shows internal cockpit details and the external view of the
CGI-scene. The out-of-the-window environment is composed of contour images in correct perspective, such as
the scene in Figure 14, which shows an existing airfield area in Germany, including the runway, buildings,
and the surroundings ranging 50x50 NM. Other interesting features simulated are an area for executing
slalom tasks, built as a course of red-and-white poles (Figure 15), and a dolphin flight test course with
a number of plate obstacles forming a row (Figure 16).

The basis of the image generating system is a General Electric CGI-COMPU-SCENE I1. The system allows
the generation of up to 8.000 edges maximum per scene. Various visibility conditions like haze, fog, clouds,
and day- and night-time may be simulated. Additionally, moving objects (targets) may be inserted.

In late 1986, a General Electric 5-channel COMPU-SCENE IV dome projection system will be available
(Figure 17), with optional expansion capability to 9 channels. Compared to the former visual system, a
considerable extension of the overall FOV will be achieved. Figure 18 shows the FOV for a tandem cockpit
as it is designed for the new generation MBB anti-tank helicopter PAH2. Apart from the fact that the FOV
is extended to 115 vertically by 140 horizontally (extension capability 1500 x 3000), highly detailed
terrain features and texturing can be displayed (Figure 19). Here a photomapping method is used, filling
edge-defined contour areas with cell textures gained from photographs of significant features, like terrain
patterns, or trees with distincly visible leaves. Textural details of moving objects, such as trucks, tanks,
smoke, may also be portrayed. Through the use of these separately processed textures, the number of edges
and the time needed to compose detailed scene features is reduced substantially. The simulation fidelity
obtained of low level flight cues is most amazing, and, after all, in the light of the new techniques, the
older generation visual scenes (Figure 20) now appear rather like animated cartoons.

Both Hughes Helicopters and Sikorsky Aircraft will use COMPU-SCENE IV in their simulation facilities
(Ref. 18). NASA Ames will complete their Rotorcraft Systems Integration Simulator (RSIS) with a new
interchangeable rotorcraft cab on a four-degrees-of-freedom Rotorcraft System Motion Generator (RSMG), and
an advanced visual system in the Advanced Cab and Visual System (ACAVS) (Figure 21, Ref. 10). The total
system is later to be moved as a whole ont8 NASA'a Vertical Motion Simulator (VMS). The RSIS dome projection
system will supply at minimum a FOV of 120 by 60 and is planned to cover 2400 by 1800 later. The system
is scheduled to be fully operational by the end of Fiscal 1986 (Ref. 19).

For all existing and future visual systems, the compatibility with pilot night-vision aids, such as
night vision goggles (NVG), and non-visual sensor equipment, such as FUR (forward looking infra-red), is
to be demonstrated. Figure 22 shows the current CGI-scene in the MBB-simulator, operated with a helmet
mounted NVG at twilight (Ref. 37). Although the visual contrasts were slightly reduced relative to the
normal view, operation with NVG in a CGI-simulator was satisfactorily possible.

Following the technical assessment of the visual simulation systems, given in Ref. 10, the newest and
most advanced visual concept, feasible for future rotorcraft simulators, could be the helmet mounted
display (HMD) concept (Figure 23). In this concept, a small virtual imaging system is mounted on a crew
member's helmet. The images from three light-valve projectors are processed optically into two scenes
(one for each eye) at the output of the projectors. A head tracking system provides information on the
pilot's head position to the CGI-system. There are numerous advantages of this HMO concept, such as
effectively unlimited field-of-view, minimum distortion, and a large space and weight saving (Ref. 10).
The artist's concept as shown in Figure 23 may give an indication that computer generated imagery still
provides potential for rapid advances in future visual systems technology, and, as a matter of fact, we
can assume that this technology will help to completely eliminate the technical limitations of current
ground-based simulators.
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2.2 USE OF GROUND-BASED SIMULATORS

Generic studies of handling-qualities. In recent years, helicopter missions have placed considerable
emphasis on terrain-flying tactics (NOEl) for survival and high combat effectiveness. (Figure 24). These
tasks place strong demands on the performance, agility and precise control characteristics of rotorcraft.
It is widely known that current helicopter flying qualities specifications (MIL-H-8501A, MIL-F-83300) are
based on an absolute standard, and do not address specifically today's requirements on the performance of
the pilot-vehicle combination in mission-oriented tasks. In many instances, they can result in undesirable
flying qualities. Therefore, a fundamental understanding must be established of how the handlina
qualities influence the performance of mission tasks and a data base must be provided for development of
new handling qualities criteria for optimum flight path-management, allowing the design of better aircraft.

Fundamental studies of generic handling qualities effects by ground-based piloted simulations were
conducted by Chen, Talbot (Ref. 20). Their investigations explored the effects on terrain flying qualities
of rotor design parameters (flap-hinge-offset, Lock-number, pitch-flap coupling), interaxis couplings and
various levels of control and stability augmentation. The parametric studies covered the full range of
teetering, articulated and hingeless rotor -,stem families. The simulation experiments were conducted both
on fixed-based and moving base simulators, and were later extended also to in-flight simulations. The scope
of tasks included longitudinal/vertical (dolphin) tasks, lateral slalom tasks, and combined tasks. As a
result, Figure 25 shows a summary of piloting ratings for various combinations of damping and control
sensitivity in the roll axis, as obtained from the various simulation experiments. It is noted that low
control sensitivity and angular rate damping combinations were found to be unacceptable, and minimum levels
of damping (Lp > -5 sec-I) and of control power (L6a> 1.5 I/s2/in) seem to be necessary for pilot acceptance.
Moreover it was found that other factors may degrade the control effectiveness inside the satisfactory
boundaries.

Another area of particular importance for helicopter handling-qualities are the effects of pitch-to-
roll and collective interaxis couplings. The ratio of the roll moment resulting from pitch rate to the roll
moment resulting from roll rate (Lq/Lp) plays a dominant role in the short-term aircraft control response.
Figure 26 shows a clear and substantial variation of the pilot rating with L /L0 , as obtained by Chen's
piloted simulation experiments (Ref. 21 ). The boundaries indicate an unacceptable flight behaviour, if the
coupling value exceeds a value of 0.35; values greater than 0.5 seem to imply unacceptable flying qualities.
For the nap-of-the earth operations it is equally important to understand more in detail and to quantify
the influences of the vertical axis characteristics of helicopters on the overall handling qualities. These
effects, largely undefined until recently, were adressed during large scale motion simulator experiments
on the Vertical Motion Simulator (VMS) at Ames (Ref. 22). The effects of vertical axis characteristics
(damping and collective control sensitivity), of engine governor dynamics, of the rotor inertial energy,
and of the engines excess power were particularly investigated. Figure 27 indicates the variation of pilot
rating with vertical damping and collective control sensitivity. It is seen, that a certain level of
minimum damping, and a considerable amount of collective control sensitivity (Z6¢= 0.4 g/in) is needed to
achieve acceptable piloting rating. It was also found that variations in the engine governor response time
can have a significant effect on handling characteristics. For a slow governor, the degradation in pilot-
rating in HOE-tasks can be as much as two ratings.

Chen and Lebacqz (Ref. 23 ) also report from piloted simulation experiments investigating the effects
of variations in longitudinal static stability. Static stability with respect to angle of attack (Mw) and
speed (Mu), and the resultant variation of longitudinal stick gradient versus speed (at all other controls
held constant) are of particular importance in view of airworthiness/acceptance (Ref. 24).
Figure 28shows Cooper-Harper ratings from various simulation experiments, as a function of longitudinal
stick gradient (for unstable cases the inverse of the time-to-double amplitude of the unstable root is
drawn). The data show a slight trend toward a degraded capability as the stick stability is reduced.
In terms of Cooper-Harper rating, however, the aircraft have still been rated as adequate for the given
task, irrespective of the level of static stability.

It can be concluded from the examples shown above, that piloted ground-based simulation is a highly
valuable tool to evaluate the effects of configurational design parameters and to provide a reliable and
useful database for the design of better aircraft configurations. The lack of mission-oriented handling
qualities data in the current specifications can be compensated.

New control systems development. New tactical requirements for battlefield operations are likely to
place an increasing emphasis on performance and agility during NOE-tasks. Operation in poor visibility or
darkness, made technically feasible by advances in sensor technology, will further increase the demands on
the pilot. The development of battlefield-compatible advanced flight control systems will decrease pilot
workload and improve the aircraft handling qualities, and will thus allow the pilot to remain able to
exploit the full potential of the next generation of helicopters.

As was stated before, current handling qualities have failed to provide more than basic guidelines
to industry. Criteria for designing advanced helicopter flight control systems for military missions do
actually not exist. Therefore, subjective ratings during initial design studies must be obtained in a
man-in-the-loop ground-based flight simulator. Consequently, simulation in the future will be a central
part within the design stage of cockpit controllers and advanced flight control systems. Thereby the
simulator can be used to evaluate both the individual elements of control and display systems, and the
interactive effects of such systems.

Extensive simulation work was conducted in support of the U.S.-Army's Advanced Digital/Optical Control
System (ADOCS) program at the Boeing-Vertol simulation facility (Ref. 17). Piloted simulations served to
assess the interactive effects of : (1) Sidestick-Controller configurations with different levels of
integration, (2) Automatic Control and Stability Augmentation Systems (CSAS), and (3) different types of
Displays and Vision Aids, both during day VMC and night IMC-conditions. During the evolution of such elements,
it is important to investigate and find those combinations that produce the optimum level of handling
qualities ratingi, rather than to optimize each component for itself.



Figure 29 shows various types of side-stick pilot controller configurations investigated including
different levels of integration (number of axes to be controlled) and showing different force-/deflection
characteristics. As a result, clear choices were made for small-deflection separate sidestick controller
configurations ((3+1) collective), definition of various generic SCAS configurations were made, and
principal degradations in pilot ratings were worked out, when maneuvering tasks were conducted unter IMC
conditions.

Careful design and tailoring of both the basic aircraft mechanical control system and, moreover, of
the automatic flight control and stability augmentation system is of major importance for future aircraft,
since the extremely difficult task of flying NOE at night will leave the pilot litti. apacity to his role
of managing the flight path. An ideal solution would be to completely decouple the stick response
characteristics where 'nuisance' axis couplings are evident, and to some extent this is achieved by the
conventional SCAS. However, some error will always occur; since a deviation is required before for the
feedback loop is able to function. Secondly, safety considerations normally dictate a limited, typically
± 10 %, SCAS authority so that complete axis response decoupling is not practicable using the SCAS alone.
Mechanical cross coupling of the controls provides a solution, but owing to the constructional complexity
is limited to a simple constant or function with stick position. A complementary design uses a fixed
mechanical coupling for the basic solution with the SCAS providing the fine tuning. To investigate this
potential simulation experiments on the optimization of the primary mechanical control system couplings
were conducted at the MBB simulation facility; the evaluation was accomplished using special terrain
avoidance obstacles in the CGI-scene (Figure 16 ), and testing various low-speed, high-speed and nap-of-
the-earth tasks. The object of these tests was to investigate the control coupling design methodology and
to establish pilot opinions. Figure 30 shows an example of the strong reduction in the unwanted yaw response
in a dolphin maneuvre achieved through cross feedino collective inputs to the tail rotor collective at the
rate of I and 2 degrees/degree. Clearly the yawing motion is reduced, as the coupling is increased. A
primary goal of the pilot in-the-loop was to confirm the design methodology, which is based on computing
the ideal response from the stability and control derivates as shown in Figure 30. The pilot rating was
substantially improved by introduction of the collective/yaw control cross coupling, however, over-
compensation as shown in Figure 31 was undesirable as the helicopter's reactions then became unnatural.
The 1 degree/degree was established as a compromise solution for the basic mechanical coupling with the
over or under compensating difference built into the SCAS.

Collective to longitudinal cyclic control coupling presents a more complex design situation as the
basic helicopter response characteristics are strongly dependent on the forward speed. The simulation work
once again substantiated the design methodology as shown in Figure 32 , but pilot's opinion rapidly
deteriorated as the control coupling deviated from the design optimum. Particularly, i-ritating for the
pilots was the overcompensation in pitch response to collective if the gain was higher than that required.
In an attempt to maintain a satisfactory but simple hardware solution a concept was developed the mechanical
couplings were optimized for the typical NOE speeds of around 60 kts with the AFCS compensating for the
response characteristics which were speed dependent. Most revealing were the investigations of the collective
to roll coupling. Unlike the collective to yaw and collective to pitch. The initial direction of roll
response is influenced by the rotor flapping frequency ratio and, more importantly, the blade Lock's number.
The rotor system under investigation on the simulator causes an initial roll left in response to collective
up inputs, though the final response is always roll right. This initial roll response, however, was not at
all disturbing to the pilot, and the simulator results in fact demonstrated that a collective roll control
coupling to compensate for the secondary and dominating roll right response was more desirable from a pilots
point of view, since the secondary response is also influenced by the pitching motion of the aircraft. The
optimum collective-lateral cyclic coupling will also depend on the control couplings established for the
other axes.

One further important objective and scope of simulator work is to investigate, by means of ground
based piloted simulation, and to optimize control laws for automatic control and stability augmentation
systems, trim/force augmentation systems or autopilots, The effects of various types and levels of stability
and control augmentation on the flying qualities and agility of helicopters in terrain-flying tasks were
investigated during various piloted simulation experiments (Ref. 16, 17, 21 ). Fundamental
investigations showed that both rate-command and attitude command CSAS made substantial improvements in
terrain-flying qualitives in otherwise unacceptable helicopter configurations. The feedback
of the pitch rate and pitch attitude to collective pitch and to the longitudinal cyclic pitch was found to
be favourable especially for hingeless- and stiff-hinged-rotor helicopters. It was also found by such
experiments (Ref. 17) that strong interactive effects of sidestick-controller characteristics and stability
and control augmentation on handling qualities judgement exist. In other words: High level of control
augmentation may require controller characteristics that are different from those, if a much more reduced
SCAS-level is provided. Continuation of piloted simulation studies on this subject is highly required, with
main emphasis given to the requirements of control laws, improvement of pilot rating in IMC-conditions, and
investigations of the effects of turbulence on system performance and pilot workload.

Active Control Technology, having been well demonstrated for fixed-wing aircraft, is now likely to
be accelerated also for helicopters. However, the application to these vehicles is presenting new problems,
since helicopters are dynamically more complex. Fundamental research work in this area is beinq carried out
by the UK Industry and the Royal Aircraft Establishment, RAE (Ref. 16, 25). Piloted, ground-based
simulation is used to first assess the relative merits of a range of different control schemes in a so-called
"conceptual" helicopter model . This conceptual approach allows a comparatively quick and simple
means of evaluating likely relevant control modes and of identifying the optimum control strategy. These
results are typified in time histories, as shown in Figure 33. With appropriate criteria established, the
final control law design is then realized and its benefits are confirmed on the most representative aircraft
model available. These simulation experiments are conducted using a number of different assessment features,
like the serpent course (Figure 9 ) and the unique 'V" notch hurdles, as shown in Figure 10. Undoubtedly.
with the progress in small digital computers, active control technology on helicopters including more and
more complex control laws will give a major advance in future helicopter operations. This development will
rely strongly on ground-based piloted simulation.



6-8

To support the development efforts, the ground-based simulator can also be used to investigate and
reconstruct accident situations and to simulate critical system failures. The helicopter behaviour following
a hardover signal of automatic flight control is one important question which must be answered in an early
stage of such system developments.

Engine failure during critical flight phases (Figure 34) is another topic which has to be treated in
any helicopter developmen program. With the engine and engine governor dynamics incorporated into the
mathematical model, the ground-based simulation can be used to investigate aircraft behaviour, pilot
reaction and emergency procedures after a partial or total loss of engine power. Demonstration of the height-
velocity (H-V) diagram assuring flight regimes from which a safe landing after engine failure may be executed
is of particular importance during certification procedures. One-engine failure during take-off and landing
of CAT A transport category aircraft is a vital event, and the remaining take-off and landing distances in
such a case is one main issue in the discussion of the flight evenlope for such aircraft. With the
improvements, especially in visual presentation, the flight simulator can be used to investigate the system
handling and flight path management, and to enable the pilot to cope with these situations. And there is
also no doubt that ground-based simulation will play an increasingly important role during certification
procedures, and will step-by-step be accepted as a valuable means of demonstrating compliance with existing
certification regulations.

Simulator use in display and control sophistication. Spectacular technology advances during the next
decade will inevitably be dominated by the enormous progress in electronics, micro-processor computing,
and the associated avionics and optronics. One area of future helicopter design, where electronics and
optronics will have a major impact, is in the cockpit. Figure 35 shows a cockpit arrangement of a current
generation aircraft featuring a diversity of controls, displays and instruments, resulting in substantial
pilot workload, extensive and costly training, and reduced mission effectiveness.

To eliminate these shortcomings, substantial efforts are currently undertaken to provide and integrate
future airborne avionic and electronic equipment into the cockpit. Some of the most important systems
technologies are subsequently mentioned. Multifunction display technology, doubtless, represents the most
outstanding innovation and opens the most promising degree of freedom in cockpit design. Thereby one of
the key elements to improve cockpit layout and organization is the integrated control and display unit
(CDU). It combines a number of functions for which normally a variety of different control
units have to be used. In addition, fully integrated control capabilities transfer the majority of control
and switch functions away from the panel into combined cursor and touch controls, allowing
a significant workload reduction for the crew. Recent research in speech synthesis even offers promise for
voice-command and display systems in future applicationat cost for caution and warning displays. This
means, that current avionic integration methodology will result in highly integrated, coordinated aircraft
systems (Figure 36 ).

As an example of current cockpit integration/simulation work done at MBB, Figure 37 shows a complete
cockpit-mockup of a light civil helicopter, including modern control and display technology in a highly
integrated cockpit arrangement. The functional verification will take place in the CGI-Simulator. The
cockpit mockup takes the form of a fully representative cockpit interior, and will be used for control and
display units assessment, subsystem controls methodology studies and for aircrew mission tasks, in general.
The mockup will be linked to the Flight-Dynamics and CGI-Simulator (Figure 17 ) so that the crew can fly
the fully representative Helicopter Model under realistic piloting issues, in a realistic scenario.

The prime use of simulation as a design tool at this stage is to demonstrate the feasibility of
unproven cockpit technology and to test these concepts for acceptability and operability. Ground-based
avionics simulation provides a tool which allows designers to analyse the implications of their design
options in the proper context, and understand the inteactions between the pilots and the individual systems.
It allows practical testing of haru.ware in-the-loop as well as verification of related software. It is the
main benefit of ground-based avionics simulation that this can be done without the complexities and safety
implications of airborne testing, in a real mission environment, well before first aircraft flies.

Man-machine integration. In the last decade especially the military operator has considerably expanded
its use o e helicopter. The potential is appreciated to conduct not only the hitherto traditional
missions, but also to take un new types of missions, like land combat functions, intelligence, firepower,
combat support, and command communication (Ref. 10 ). Simultaneously, the helicopter has also acquired new
tactics and new performance requirements resulting in a tremendous increase in the number of subsystems.
The aircrew is expected to maintain a high degree of control and mangement over all these systems, while
flying close to the ground, and possibly at night and in poor weather conditions.In this respect, modern
aircraft and systems technology will help to make the helicopter more easily to fly, however, the increased
complexity and sophistication could lead us to the limits of the human pilot's capability.

Simulation provides an ideal tool to realistically examine the interface between the crew and the
avionic systems under a realistic representation of the cockpit function, and in a representative
environment. As an example, some of the investigations required to assess system handling throughout complete
missions include: communication, navigation and other basic procedures, target acquisition and weapon systems
operations, interaction with computer terminals, flight management and diagnostics control, and crew work-
sharing. Furthermore, since future helicopter missions are also to be flown at night and in adverse weather
conditions, it is necessary to consider also the impact on handling qualities of the pilot's night vision
aids (Figure 38 ), such as night vision goggles, HUD and IHADDS. These systems have to be integrated and
made compatible with flight instruments and displays.

In addition to the outside world visual scene, it will be necessary to display to the pilot an easily
understood image of the tactical situation and navigation functions. The achievement of this capability will
require the development of real-time tactical scenario displays, which can be used to investigate the
man-machine interference required for battle-captain functions such as target engagement and threat defense.
Such programs will be an interdisciplinary effort involving pilots, display engineers, mathematicians, and
engineering psychologists (Ref. 26).
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Closed loop integration testing. As weapon systems complexity increases, more and more rigorous
capabilities of sub-system and total system integration are necessary. Once the modern simulation facility
is established, the simulator can successfully be extended to assist in system integration work on the
integration rig (Figure 39). The original equipment, integration computers and software can be linked via
available interfaces, thus allowing closed-loop integration testing. The integration rig interface usually
requires fast handshaking between the simulation computer and the integration computer to allow fast
transfer of dynamic data during real-time closed-loop investigations. The hardware-in-the-loop helicopter
airframe is connected to the computer facility in order to help to evaluate the individual systems. The
actual cockpit is used in the CGI-simulator for inclusion in piloted real-time simulation.

It is the interactive effect of all those elements and disciplines that requires a new generation of
advanced ground-based simulation laboratories and facilities. Some existing simulation capabilities, such
as at Ames (Ref. 10 ), are almost exceptional, and will be further augmented when improved simulator
components become available. Due to the increased requirements to support the designs of next-generation
rotorcraft development programs (PAH-2, LHX, IVX), also the helicopter industry is spending large-scale
investments in improved simulation facilities with advanced visual presentation, to support engineering,
man-machine interface and integration efforts.

3. IN-FLIGHT SIMULATION

In the foregoing sections the principal elements of the ground-based piloted flight simulator have
briefly been reviewed and the most important application in view of future developments in aircraft and
systems design and criteria development have been discussed. As a matter of fact, simulator technology is
getting more and more specialized, and the "synergistic" capabilities of sophisticated motion systems and
wide-angle computer generated imagery (CGI) visual systems have made the ground-based simulator a primary
and highily effective tool. However, in spite of the improved sophistication of these simulation facilities,
there are numerous specialized applications where unrestricted motion, three-dimensional visual information
and the "true"operational environment are crucial to the success of the simulation. In those cases, where
the ground-based flight simulator still has inherent limitations, the airborne flight-simulator offers the
only alternative.

It is the purpose of this part of the lecture to review briefly some of the considerations involved in
in-flight simulation technology and to discuss the unique role of airborne simulation in the different
phases of research, development and operations.

3.1 IN-FLIGHT SIMULATOR HELICOPTERS

Extensive experience with the development and operation of in-flight simulators based on helicopters
as well as fixed-wing aircraft have particularly been made in Canadain the United States, and also in
Germany. To give an overview, the variable-stability helicopters which have been used in the past and are
likely to be used for future applications are briefly characterized. The aircraft discussed are the CH-47B
helicopterthe UH-1H V/STOLAND helicopter, the RSRA aircraft, the BO 105 S3 in-flight simulator, and the
BK 117 HESTOR (planned project).

The NASA/Army CH-47B is a twin-engine tandem-rotor cargo helicopter, capable of lifting a 10,000 pound
payload. The basic aircraft system includes hydraulic boost actuators and dual series actuators for the
Stability Augmentation System (SAS). The large speed range (up to 160 kts) of this aircraft is particularly
attractive, and the fairly high control authorities in pitch and roll implies the capability ef simulating
the trim characteristics of a wide range of helicopters. More aircraft details are given in Ref. 27.

The NASA/Army UH-1H (V/STOLAND) helicopter (Figure 40 ) is a single-engine, teetering rotor
aircraft used for variable flight control and display research. The aircraft had been modified by adding an
avionics system, called V/STOLAND. It has parallel electromechanical actuators in 4-axes with nearly 100 %
authority, and series electro-hydraulic actuators with limited (20 % to 30 %) authority. Flight research
tasks included investigations of flying qualities for low altitude agility maneuvering. However, the
application as in-flight simulator is limited by the inherently low control power of its teetering rotor
system. More detailed descriptions are given in Ref. 27.

The canadian NAE Bell 205A-1 is the civil equivalent of the UH-1H. The aircraft is equipped with full
authority dual-mode hydraulic actuators, which provide full-authority electrical fly-by-wire control from
the simulation pilot's seat. The rotor stabilizer bar is removed, to improve the rotor cyclic input response.
The 205A-I simulator aircraft,at present, is the superior vehicle for general flying qualities research.
A detailed description of the Bell 205A-1 airborne simulator aircraft is given in Ref. 28.

The NASA/Army RSRA (Rotor System Research Aircraft), Figure 40 , is intended for comprehensive in-
flight testing and verification of new rotor system technology (Ref. 27 ). The aircraft is designed to
fly as pure helicopter,compound helicopter, or as fixed-wing aircraft. The many uses of this aircraft are
aimed to principal areas of rotor research: Evaluation of rotor characteristics over a wide range of
operating conditions, determination of aerodynamic characteristics (rotor derivatives), measurement of rotor
noise characteristics, to name just a few. The aircraft is equipped with an advanced fly-by-wire digital
control system to provide various rotor control systems and adequate handling qualities with rotors of
uncertain characteristics. This system has full authority control of the rotor and fixed-wing surfaces.

The 80 105-S3 variable stability helicopter (Figure 40 ) was developed and operated at MBB since 1975
as a flight simulator for flight control and guidance systems (Ref. 29 ). In-flight simulation programs
included evaluation of advanced digital control systems, remote helicopter control, and development and
test of advanced controller and flight guidance systems. The aircraft is now operated at the
german DFVLR Braunschweig and has been equipped to the in-flight simulator BO 105 ATTHeS (Advanced
Technology Testing Helicopter System), Ref. 30 . The BO 105 is a twin-engined, light-utility-class
helicopter, equipped with the fourbladed "hingeless" rotor system. The simplex fly-by-wire control system
includes full-authority, quick response hydraulic actuators in 4-axes, mechanically connected to the safety



pilot's controls. The inherently high control power and damping characteristics about the pitch and roll
axes, provided by the hingeless rotor, allow simulation of a uniquely broad range of helicopter
characteristics.

The realization of an operational in-flight simulator "HESTOR" (Helicopter Simulator for Technology,
Operation and Research)on the basis of the BK 117 aircraft is planned in cooperation between
DFVLR Braunschweig und MBB. The application of this aircraft is mainly intended for tasks in the areas of
development, testing and integration of new technologies in advanced control and stabilization systems,
new cockpit controller and display technologies and active control technologies for vibration reduction,
and general flight characteristics improvement (Ref. 31 ). The BK 117 aircraft is driven by the hingeless
rotor, and has high performance engine power installation. Thus, the modern aircraft design provides
sufficient performance capability for an extended flight envelope, and suitable cockpit environment
compatible with mission requirements for I- and 2-man cockpit evaluations.

Both in-flight simulator aircraft, the BO 105-S3 and the BK 117-HESTOR provide adequate compatibility
with the ground-based MBB-SGI-simulator (Ref. 4 ) so that in-flight validation of ground-based results
can easily be made.

3.2 REQUIREMENTS FOR IN-FLIGHT SIMULATORS

The scope of simulation of the flight regimes and flight behaviour of other aircraft is defined by the
own characteristics of the basic simulator aircraft. There are several principal capabilities which need to
be provided by an in-flight simulator to fulfill the needs of other aircraft design (Ref. 32 ). Some main
aspects, which are of particular importance under aeromechanical aspects, will be briefly discussed in the
following section.

Basic helicopter characteristics. Some of the most important requirements for in-flight simulators in
providing the desired envelope result from sufficient control power and flight performance capabilities.
In order to adequately simulate the static and dynamic response of a broad range of other helicopters it is
required that a sufficient range of control power, control sensitivities and response characteristics is
available (Figure 41 ). This includes control power in each axis and low time lags in the control reaction.
High control power is needed when simulating helicopters with low order augmentation system. With such
systems, a wide variation in the dynamic characteristics of various helicopter concept exists, as high
control power is needed to simulate this range of characteristics. In this respect, the inherently high
control power of hingeless-rotor helicopters is especially suitable for in-flight simulator operation
( Figure 41 ). Short control time constants in both axes also allows studying of high gain following control
and stability augmentation modes. Furthermore, short control lags alleviate design of control actuators with
proper dynamic characteristics.

Mathematical model representation. An essential element of a flight simulator of any kind is the
mathematical model representing the vehicle to be investigated. Past experience has shown that successful
use of in-flight simulation requires the capability of isolating unwanted aircraft responses and to
divorce the simulator's inherent aerodynamic characteristics. For investigations of more generic flying
qualities problems the importance of accurately representing specific dynamic response characteristics
may not be of great concern. However, if a specific design must be simulated, or higher frequency modes
of motion or turbulence response has to be represented, a high level or variable-stability control system
is required.

The requirement for isolating certain aircraft responses or changing basic aircraft characteristics
requires the application of "model-following" techniques. A fundamental comparison of response-feedback
and control-feedforward techniques, and of model-following systems has shown that there are major advantages
in using model-following techniques (Ref. 32 ). Such techniques allows to implement a standard equations-
of-motion model, and to quickly and easily incorporate the aerodynamics of the simulated vehicle for each
program. When selecting the modelling technique, computational capabilities must be taken into account,
since imperfections in the model can strongly influence the validity of the in-flight simulation.

For realization of variable stability capabilities of the BO 105-S3 in-flight simulator, a model-
following control system (MFCS) was designed and tested by the U.S. Army and the DFVLR (Germany).
The block diagram of the MFCS is presented in Figure 42 . In a typical model-following control system
the pilot's commands are disconnected from the actual aircraft and fed into a model. The errors between the
states of the model and those of the base system are fed into a controller matrix, which attempts to minimize
the state errors by generating control signals for the actuators. The controllers used are feed-forward
gains, its elements are adjusted with airspeed to improve accuracy and robustness of the system. A detailed
description of the MFCS design and ground-based simulation testing is given in Ref. 33.

To demonstrate the performance of the MFCS, simulator experiments were first conducted on a NASA
ground-based simulator, showing significant improvements in task performance and handling qualities for
different helicopters with both teetering and hingeless rotor systems. First flight test results (Figure 42)
demonstrate the effectiveness of the control technique. The measured time histories illustrate a decrease
in interaxis coupling, resulting in a substantial reduction of pilot control activity. With the augmentated
BO 105 a rate of climb flight condition can be in4*i4ted only by collective pitch control input (Ref. 30 ).
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Figure 21 Future NASA Ames VMS/RSIS project overview XO0

Fiqure 22 CGI with a helmet-mounted NVC at twilinht 1371
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Figure 19 Typical Compu-Scene IV enviroment

Figure 20 Compu-Scene II visual scene
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Figure 17 Extended MBB ground-based simulation facility
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Figure 14 Typical CGI airfield scene

Figure 15 CGI slalom course

Figure 16 CGI dolphin flight test course
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Figure 9 RAE-Bedford model board, serpent course, scale 700:1 [161

Figure 10 RAE Bedford model board, V-notch hurdles

Figure 11 NASA Ames terrain board detail, scale 400:1 (9]



4-18

Is-
Mr ifC LIH

SIIsTRfDS

Figure 8 ASA mer Velicat soiimulator ompex 10



6-17

Longitudinal [
Cyclic

80

Lateral 0
CyclicI

30 -

80 -0 a

Position F0
10 0~

-80 -40 0 40 80

Sideward Flight Speed [km/li)

Figure 5 Sideflight trim characteristics

20~ - -Arrf

Pitch Rate I /]___ __________

- 4Model

-20 - -

Pitch Attitude I0K
I _ _ 40 _ _ _ _ _

Longitudinal [01
Control Input 11

0 1 2 3 4 5 Time [s

Figure 6 Time histories from flight test and
simulation for model validation



6-16

Rotor Inflow Model

IEquivalent System lor
Flapping for the

Simulation Integration Stop At act. Rotor Speed

Blade 2 4J1 letion o the Starting of the 4 Parallelprocessors]

02 Blade Motion 0

Moio Ija - I _ __Ir---

Slade 2 I ld ld
Moio Blade Forces

0304BlIade Motion] I

Rotor Speed Integration I
[Blade'Forces I

Figure 3 Calculation of blade dynamics

Main Rotor

Power orqueTail Rotor

La er Vertica

Fure 4oto ENg2 e/fe oto oeln



6-15

Flight Simulation Computer

Helicopter Flight SimulationCntrol
Commandl Control

Ground-Based Simulation In- Flight Simulation

Figure 1 Different simulation methods

Blade Dynamic and
Aeroelastic Oscillation

Drive System/
Fuel Control __

Short Period Oscillation

Phugoidjil
Freqculency - Hz

0.01 0.1 1 2 5 10 100
I I I I I - I 1 -1 1 1 - 1 I I 

Period -sec 100 10 5 2 1 0.1 0.01

Figure 2 Characteristic frequencies of the helicopter



6-14

22, Corliss, L.D.: A Helicopter Handling Qualities Study of the Effects of Engine Response Characteristics,
Height-Control Dynamics, and Excess Power on Nap-of-the Earth Operations. NASA-CP-2219, 'Helicopter
Handling Qualities', Moffet Field, Calif., April 1982.

23. Lebacqz, J.V.; Chen, R.T.N.; Gerdes, R.M.; Weber, J.M.; Forrest, R.D.: Results of NASA/FAA Ground-
and Flight-Simulation Experiments Concerning Helicopter IFR Airworthiness Criteria. NASA-CP-2219,
'Helicopter Handling Qualities', Moffet Field, Calif., April 1982.

24. Anon.: FAR Part 29: Airworthiness Standards: Transport Category Rotorcraft. Department of Transportation,
FAA, August 1974.

25. Winter, J.S.; Padfield, G.D.; Buckingham, S.L.: The Evolution of ACS for Helicopters - Conceptual
Simulation to Preliminary Design. Presented at AGARD FMP Symposium on 'Active Control System - Review,
Evaluation and Projections', Toronto, October 15-18, 1984.

26. Key, D.L.; Aiken, E.W.: A Review of U.S. Army Aircrew-Aircraft Integration Research Programs.
AGARD-CP-359, 'Helicopter Guidance and Control Systems for Battlefield Support' Monteray, Calif.,
May 1984.

27. ---: V/STOL Flight Simulation. NASA TM 81156, AMES Research Center, NASA, Moffet Field, Calif. 94035,
November 1979.

28. Sattler, D.E.: The National Aeronautical Establishment Airborne Simulation Facility. Presented at the
31st Annual CASI General Meeting, Ottawa, Can., 28-30 May, 1984.

29. Attlfellner, S.; Rade, M.: BO 105 In-Flight Simulator for Flight Control andGuidance Systems.
Presented at the First European Rotorcraft and Powered Lift Aircraft Forum, Sept. 1975, Southampton, U.K.

30. Gmelin, B.; Bouwer, G.; Hummes, D.: DFVLR Helicopter In-Flight Simulator for Flying Qualities Research.
Presented at the Tenth European Rotorcraft and Powered Lift Aircraft Forum, August 28-31, 1984,
The Hague, Netherlands.

31. ---: HESTOR - Entwicklung eines fliegenden Simulators fUr Hubschrauber. Rahmenvorschlag, DFVLR - interner
Bericht, Stand Juni 1984.

32. Hindson, W.S.: Past Applications and Future Potential of Variable Stability Research Helicopters.
NASA-CP-2219, 'Helicopter Handling Qualities', Moffet Field, Calif., April 1982.

33. Bouwer, G.; Hilbert, K.B.: A Piloted Simulator Investigation of Decoupling Helicopters by Using a
Model Following Control System. Presented at the 40th Annual National Forum of the American Helicopter
Society, Arlington, Virginia, May 1984.

34. Lebacqz, J.V.: A Flight Investigation of Control Display and Guidance Requirements of Decelarating
Descending VTOL Instrument Transitions Using the x-22a Variable Stability Aircraft. Presented at the
31th Annual National Forum of the American Helicopter Society, Washington D.C., May 1975.

35. Morgan, J.M.: Some Piloting Experiences with Multi Function Isometric Side-Arm Controllers in a
Helicopter. NASA-CP-2219, 'Helicopter Handling Qualities', Moffet Field, Calif., April 1982.

36. v.Reth, R.D.: Controls and Displays for All-Weather Operation of Helicopters. AGARD-CP-313, 'The Impact
of Military Applications on Rotorcraft and V/STOL Aircraft Design', Paris, France, April 1981.

37. v.Bdhm, H.-D.: The Night Vision Goggle Compatible Helicopter Cockpit. Paper No. 40, Tenth European
Rotorcraft Forum, The Hague, The Netherlands, August 28-31, 1984.

38. Boyne, W.J.; Lopez, D.S.: Vertical Flight. The Age of the Helicopter. Smithonian Institution Press,
Washington D.C., 1984. ISBN O-87474-29-X.

39. Schrage, D.P.: New Developments in Advanced Rotorcraft Design and Technology. London, Paris, Frankfurt,
November 1984 (ATI-Handout).

40. Obermayer, M.; Faulkner, A.: Techniques in the Assessment of Helicopter Flying Qualities. Paper No. 4.1,
Eight European Rotorcraft Forum, Aix-en-Provence, France, August 31 - September 3, 1982.



6-13

5. REFERENCES

1. Key, D.L.: The Status of Military Helicopter Handling Qualities Criteria. AGARD-CP-333, Paper No. 11,
presented at the Flight Mechanics Panel Symposium on "Criteria for Handling Qualities of Military
Aircraft", Fort Worth, U.S., 19-22 April 1982.

2. Buhrman, J.: Future Requirements for Airborne Simulation. Presented at the Report on the Work of
Sub-Commitee 01 of the Flight Mechanics Panel AGARD-AR-188, April 1984.

3. Statler, I.C.: Key, D.L.: Simulation Requirements for Rotorcraft. Presented at the Fourth European
Rotorcraft and Powered Lift Aircraft Forum Paper No. 32, Sept. 13-15, 1978, Stresa, Italy.

4. Huber, H.; Dahl, H.-J.; Inglsperger, A.: Advanced Flight Simulation for Helicopter Develpment.
AGARD-CP-359, 'Helicopter Guidance and Control Systems for Battlefield Support', Monterey, Calif.,
May 1984.

5. Huber, H.: Parametric Trends and Optimization - Preliminary Selection of Configuration - Prototype
Design and Manufacture. AGARD Lecture Series No. 63 'Helicopter Aerodynamics and Dynamics',
von Karman Institute, Brussels, April 2-6, 1973.

6. Key, D.L.; Hansen, R.S.; Cleveland, W.B.; Abbott, W.Y.: Helicopter Simulation Validation Using
Flight Data. Presented at the AGARD FMP Symposium, 'Ground/Flight Test Techniques and Correlation'
CESME, Turkey, October 1982.

7. Staples, K.J.: Current Problems of Flight Simulators for Research. Aeronautical Journal, Jan. 1978.

8. Hall, J.R.: Motion Versus Visual Cues in Piloted Flight Simulation. Royal Aircraft Establishment,
Techn. Memo FS 161, February 1978. AGARD-CP-249, 'Piloted Aircraft Environment Simulation Techniques',
Brussels, Belgium, April 1978.

9. Key, 0.L.; Qdneal, B.L.; Sinacori, J.B.: Mission Environment Simulation for Army Rotorcraft Develop-
ment-Requirements and Capabilities. AGARD-CP-249, 'Piloted Aircraft Environment Simulation Techniques',
Brussels, Belgium, April 1978.

10. Statler, I.C.; Deel, A.: The Role of the Research Simulator in the Systems Development of Rotorcraft.
AGARD-CP-313, 'The Impact of Military Applications on Rotorcraft and V/STOL Aircraft Design', Paris,
France, April 1981.

11. Bray, R.S.: Helicopter Simulation Technology: An AMES Research Center Perspective. NASA-CP-2219,
'Helicopter Handling Qualities', Moffet Field, Calif., April 1982.

12. Buckingham, S.L.: Helicopter Simulation at RAE (B). Private Communication, Royal Airforce Establishment,
Flight Systems (Bedford) Department, Bedford MK41 6AE, England, 7 February 1985.

13. Burke, J.; Dunn, R.S.; Dusterberry, J.; Key, D.L.; Sinacore, J.B.; Xenakis, G.: A Technical Assessment
of U.S. Army Flight Simulation Capability and Requirements for Aviation Research and Development.
ASRO Report 75-1, AMES Research Center, Moffet Field, Calif. 94035, April 1975.

14. Statler, I.C.: Characteristics of Flight Simulator Visual Systems. NASA-TM-81278, USAAVRADCOM TR 81-A-8,
AMES Research Center, Moffet Field, Calif., April 1981.

15. Dusterberry, J.C.: Visual Simulation Requirements and Hardware. AGARD-CP-249, 'Piloted Aircraft
Environment Simulation Techniques', Brussels, Belgium, April 1978.

16. Buckingham, S.L.: Exploratory Piloted Simulations Studies of Advnaced Helicopter Control Systems.
AGARD-CP-359, 'Helicopter Guidance and Control Systems for Battlefield Support', Monteray, Calif. May 1984.

17. Landis, K.H.; Aiken, E.W.: An Assessment of Various Side-Stick Controller / Stability and Control
Augmentation Systems for Night Nap-of-the-Earth Flight Using Piloted Simulation. NASA-CP-2219,
'Helicopter Handling Qualities', Moffet Field, Calif., April 1982.

18. Anon.: Advanced Helicopter Technology: LHX Design Proposals Spur Investment in Simulation Facilities.
Aviation Week & Space Technology, Vol. 122, No. 2, Jan. 14, 1985.

19. Annon.: Technical Survey: Advanced Engineering Simulators AMES Expands Rotorcraft Capability.
Aviation Week & Space Technology, Vo. 120, No. 2, Jan. 17, 1983.

20. Chen, R.T.N.; Talbot, P.D.: An Exploratory Investigation of the Effects of Large Variations in Rotor
System Dynamics Design Parameters on Helicopter Handling Qualities in Nap-of-the Earth Flight.
Presented at the 33rd Annual National Forum of the American Helicopter Society, Washington D.C., May 1977.

21. Chen, R.T.N.: Unified Results of Several Analytical and Experimental Studies of Helicopter Handling
Qualities in Visual Terrain Flight. NASA-CP-2219, 'Helicopter Handling Qualities', Moffet Field, Calif.,
April 1982.



6-12

The use of ground-based simulation has extended from exploratory handling qualities investigations
and is used more and more as a design tool for systems integration and development. Simulation also
provides an ideal tool to examine man-machine interface problems and to support verification of soft- and
hardware in the loop, well before the first aircraft flies.

Requirements and experience with in-flight simulators were also presented in a short review. It is
concluded that airborne simulators can serve in a complementary role to ground-based simulators, especially
on those areas where the real-world environment is of particular importance. Future use can be expected
mainly for basic investigations and for the evaluation of new flying qualities criteria. However, an
intensive use in development efforts will depend on whether such facilities are available in time and can
be operated cost-effectively and flexibly.

TABLE 1: ROTORCRAFT MATHEMATICAL MODELS FOR PILOT-IN-THE-LOOP

SIMULATION [Ref. 3]

Model complexity*

Application Linear aerodynamics, Nonlinear
with simplifications aerodynamics

1 2 3 4 5 1 3 5

General flying qualities - well within flight envelope

Basic aircraft
Low-frequency maneuvers X
High-frequency maneuvers X X

SCAS research
Fuselage feedback X X
Fuselage/rotor feedback X X X X

General flying qualities - full flight envelope

Basic aircraft
Envelope exploration and X X X

maneuvering performance
Boundary limiting and X X
expanding SCAS

Specific aircraft flying qualities

X X X

1: Fuselage and quasi-static rotor, 6 DOF.
2: Fuselage and rotor flap, 9 DOF.
3: Fuselage and rotor flap/rpm, 10 DOF.
4: Fuselage and rotor flap/lag, 12 DOF.
5: Fuselage and rotor flap/lag, pitch, rpm, 16 DOF.

TABLE 2: MOTION (PLATFORM) REQUIREMENTS FOR CRITICAL
TERRAIN FLIGHT MANEUVERS [Ref. 91

Parameter

Position, Velocity, I Acceleration,
Axis rad, rad/sec, rad/sec2 ,

m m/sec m/sec
2

Yaw ±0.4 ±0.6 ±1.0

Pitch ±0.3 ±0.5 ±1.0

Roll ±0.3 ±0.5 ±1.0

Surge ±1.3 ±1.3 ±3

Sway ±3 ±2.6 ±3

Heave +7, -14 +8, -11 +14, -12

Notes: The requirement is for simultaneous operation.
The rotational gimbal order is yaw, pitch, roll.
Translational axes are orthogonal; plus is forward, right, and down.
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3.3 IN-FLIGHT SIMULATOR TASKS AND OBJECTIVES

Development of handling qualities criteria. In view of the wide spread field of requirements for basic
handling qualities research and rotorcraft development, a large number of in-flight simulator applications
is obvious. Perhaps one of the most significant contribution in the recent use were the
experiments carried out in support of evaluating flying qualities criteria. The existing handling qualities
criteria, especially for military applications, are no longer suitable as design guidelines for the
helicopter engineer. The military requirement for Nap-of-the-Earth (NOE) operations has more recently
created new needs for flying qualities and agility criteria. Strongly connected with these criteria is the
need for including new technologies in displays and controllers.

Evaluation of controls and displays: Due to the constraints which are imposed on nearly all modern
aircraft as far as cost and equipment weight are concerned, a compromise has to be found bptween display
and control sophistication. Several studies have shown that the pilot will accept a less complex control
system if adequate information is provided (Figure 43 , Ref. 34 ). The evaluation of these requirements
is so difficult that it can only be partially adressed even in the most advanced ground-based simulators.
One investigation, carried out on the NAE-205A-I flying simulator aircraft, was the evaluation of various
multi-axis, side-arm controller configurations (Ref. 35). Figure 44 shows a simplified block diagram of a
typical simulation channel as used in these series of experiments. The experimental software was arranged
so that the various outputs from the handcontrollers enabled a variety of control modes to be investigated.

An important requirement in the design of future pilot controls is the representation of proper control
force characteristics and control signal shaping. A corresponding in-flight experimental program has been
carried out by MBB in cooperation with DFVLR-Braunschweig to investigate an artificial force-feel system
for the control of the pitch and roll axes, using the BO 105-S3 fly-by-wire aircraft (Ref. 36 ). The goal
of the experimental program was to investigate if the use of such artificial force-feel system in pilot
controls would allow a more precise flight path control, and reduce pilot workload. Figure 45 presents a
schematic outline of the various input terms and their possible combinations, shown for the pitch axis.
Most of the actual evaluations were done for two highly dynamic maneuvers, called "dolphin" and "slalom".
Resulting from these in-flight experiments, it was found, for example, that damping force contributions
from control rates should be suppressed, and that introduction of certain flight dynamic terms are rated
highly favourable.

Control and Response and Cross-Coupling: As metioned in a foregoing section, important considerations
that can strongly influence the handling qualities are the control response and cross-coupling
characteristics. There is a lack of data for specification of control system response types, and the optimum
hierarchy of control and stability augmentation. Control and vehicle cross-coupling characteristics have
further fundamental influence on pilot workload and task performance. In-flight simulation is particularly
suited to verify those data which are available from ground-based simulation.

One further important area of these efforts is the determination of boundaries, which define minimum
acceptable standards for FAA airworthiness criteria, or minimum (level II and III) military flying
qualities criteria (Ref. 32 ). There is also a lack of data to specify acceptable levels on degraded
handling qualities, in case of partial or complete failure of control systems or vision aids. In-flight
simulation is one of the most realistic tool to support development of new criteria on all the above areas.

3.4 SUPPORT OF DESIGN AND DEVELOPMENT EFFORTS

Application of in-flight simulators as development tool for particular designs was limited until
recently due to the limited number and the limited capabilities of in-flight simulator aircraft. How-
ever, existing airborne-simulators are being improved, and new variable-stability aircraft are in various
stages of development; hence, it can be anticipated that the interest will increase gradually, to use these
aircraft to support engineering and man-machine interface efforts also during the design and development
phase. Key contributions can especially expected in the fields of (Ref. 30) basic parameter investigations,
pre-production verfication, flight control system development, hardware in-flight testing, simulation of
system failures, and in supporting efforts during certification procedures.

From the above it can be concluded that a clear need for future helicopter airborne-simulation is
seen. Still, it should also be mentioned that some responses, especially from industries, show a more
reserved character. The opinions are .,-aging from too high building cost and problematic cost-effective
operation and some reservations are also made with respect to availability and control over such a simulation
facility (Ref. 2).

4. CONCLUSION

It was the aim of this lecture to give an overview about the various simulation techniques and their
specific applications during research and system development work of rotorcraft. It should be noted that
the role of simulation is, of course, a theme of high complexity and challenge, and it is impossible to
treat it completely in the scope of a survey like this. It was intended to select and present some of the
main elements and requirements for adequate simulator fidelity in order to simulate the missions and tasks
that are unique to rotary-wing aircraft. Aspects of mathematical modeling were reviewed and the importance
of comprehensive helicopter math models, showing high dynamic fidelity up to the boundaries of the flight
envelope was discussed. Although it has not been discussed here in detail, motion system fidelity requirements
for ground-based simulators were also briefly reviewed.

Visual display requirements in particular for military mission simulation up to now were the most
critical limitations on environment simulation. However, the technology of computer Generated Imagery (CGI)
has advanced to the poirt that most of helicopter terrain flying tasks can be simulated with a high degree
of fidelity. The technology is still rapidly advancing in this area, offering most promising capabilities
in the near future.
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Figure 38 Pilot's night vision goggles
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FLIGHT TESTING FOR PERFORMANCE AND FLYING QUALITIES

by

G D Padfield
Head, Helicopter Aeromechanics Section

Flight Research Division
Royal Aircraft Establishment, Bedford MK41 6AE

SUMMARY

This lecture provides a systematic review of flight test techniques and test data
interpretation methods for helicopter performance and flying qualities. The distinction
is drawn between quasi-steady and dynamic testing and within these categories both
clinical and role-related techniques are discussed. Performance topics covered include
steady state performance in hover and forward flight, flight envelope boundaries, take-off
and landing performance, and helicopter agility. Flying qualities topics begin with a
treatment of static stability tests and progress to dynamic stability, control response,
system identification and role-related evaluation techniques. Testing appropriate to
certification and development phases and research activities are addressed. The
exploratory nature of flight testing is evident throughout this work and safety aspects
are emphasised when required. Results from recent and past test programmes are used to
illustrate the forms in which flight data can be presented, and data reduction and
analysis methods established and under development are reviewed.

LIST OF SYMBOLS

a reference speed of sound V flight speed

9 acceleration due to gravity Vc vertical climb rate

h height above ground V flight speed for minimum powermp

L, M, N aircraft roll, pitch and yaw V never exceed flight speed
moments ne

W aircraft weight
Lp, Mq etc moment derivatives normalised

by inertias Z force component normal to
aircraft fuselage axis

Mt mean tip Mach number Zw, Ze( s  Z-force derivatives normalised by
n load factor; rotorspeed ratio mass

P power input atmospheric pressure ratio

p, q, r roll, pitch and yaw rates damping

Pc power coefficient lc lateral cyclic control position

Q torque nls longitudinal cyclic control
position

R rotor radius

RE effective radius of turn np pedal control position

rotor solidity atmospheric temperature ratio

T rotor thrust 5 lc lateral cyclic pitch angle

TAF turn agility factor 0ls longitudinal cyclic pitch angle

tc rotor thrust coefficient V advance ratio

U0  trim value of velocity 0 atmospheric density
component along aircraft
fuselage axis a atmospheric density ratio

u, V, w aircraft velocity components n rotor speed

rotor speed ratio
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ABBREVIATIONS

AAH advanced attack helicopter NIPIP non-intrusive pilot identification
procedure

AFCS automatic flight control system

OAT outside air temperature
ASI airspeed indicator

ODM operating data manual
AUW all up weight

OGE out of ground effect
agl above ground level

PIO pilot induced oscillation
CDP critical decision point

ROC rate of climb
cg centre of gravity

ROD rate of descent
EAS estimated airspeed

RTO rejected take-off
FAA Federal Aviation Authority

SAS stability augmentation system
Fig Flight Idle Glide

SCAS stability and control augmentation
FFT fast Fourier transform system

IAS indicated airspeed SIFT system identification from tracking

IFR instrument flight rules TAF turn agility factor

IGE in ground effect UCE usable cue environment

ISA international standard atmosphere UTTAS utility tactical transport aircraft
system

LAMPS light airborne multi-purpose system
VFR visual flight rules

NOE nap-of-the-earth

VTOSS take-off safety speed

1 GENERAL INTRODUCTION

Flight testing allows the ultimate assessment of a new concept after an involved
evolutionary process from initial ideas, through analysis and simulation, to engineering
design, model scale and ground rig tests. The level of risk involved in flight testing,
from both safety and cost viewpoints, depends upon the confidence gained and the successes
achieved during this evolution. Most ideas, largely for cost reasons, only reach the
analysis stage and of those that progress further, only a small percentage will be awarded
the privilege of undergoing the ultimate trial. For this reason, flight testing is
required to be a very professional discipline and test techniques, measurement equipment
and safety philosophy need to be carefully defined if valid and repeatable results are to
be obtained. The flight tests required to define the performance and flying qualities of
a new or modified helicopter are particularly demanding in this context; experience over
the twelve years since the previous AGARD lecture series on this topic (Ref 1) with more
than a dozen new helicopter designs entering operational service, has underscored not only
the importance of flight test development but also that re-design during this late phase
can be very costly to a programme. The technological improvements in the next generation
of helicopters, being developed to meet more demanding requirements and standards,
emphasise the need to disseminate the knowledge base generated by experience as widely as
possible, hence minimising the risk for those privileged ideas that reach flight test.

The various categories of flight testing include those conducted during the
Manufacturer's development programme, the Government test agencies compliance
demonstration programme and research testing. In some cases, If an aircraft is being
built to a particular military specification the development and compliance demonstration
programmes benefit from being integrated, hence avoiding unnecessary duplication of new
test facilities as well as the tests themselves. This integrated approach is already in
practice In some countries. Government testing will include that required to produce data
for the operating data manual and pilot's handbooK. In addition to clinical tests to
gather specific data, techniques are becormng established under the category of role-
related testing which will often include an operational evaluation with a Service
Squadron.

This lecture is concerned largely with test techniques and as such is applicable to
all three categories referred to above. Continued reference Is made to the kind of data
needed to satisfy requirements. Within the framework of these different categories there
are a number of additional perspectives on flight testing. The airframe and system
designers will be interested in how well the results match their predictions, how to
interpret the results and what re-design effort is required. The test pilot and flight
test team will be concerned with coordinating and planning the trials, deriving new and
more efficient ways of collecting data, keeping the aircraft and instrumentation
serviceable and will, at least at some test sites, be at the mercy of the weather. The
qualification agency will be comparing test results with military or civil requirements
and the potential operator will be looking for data on performance and flight limitations.
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The researcher, though his perspective may be more limited in scope, will be more
interested in the fine details in the measurements and developing ways of converting these
into useful information.

In writing this lecture the autho- has attempted to portray a blend of these varied
perspectives. To accomplish this task, material has been gathered from many different
sources including the UK and US Military and Civil Requirements (Refs 2-7), Test Pilot's
training manuals (Refs 8-10), the US Army Engineering Design Handbooks (Refs 11-12) and
various published papers on test experience with different helicopter types.
Acknowledgement of these sources is included at the end of this lecture.

The two main chapters deal with Performance and Flying Qualities testing. Within
these, there are sub-sections on quasi-steady testing and dynamic testing. Both clinical
and role-related test techniques are described and examples given from recent and past
programmes.

2 PERFORMANCE TESTING

2.1 Introduction

Performance flight testing is concerned chiefly with two principal objectives;
namely the verification of an aircraft's actual performance in both steady and manoeuvring
flight and the definition of the flight envelope limitations and how these can be
respected. Operating limitations that define the flight envelope boundaries are not, of
course, based only on simple power considerations but include airspeed and manoeuvring
structural limitations, transmission torque limits, rotorspeed limits and handling
deficiencies. The last of these aspects will be addressed in Chapter 3. Tests within the
safe flight envelope will normally verify hover and forward flight performance, climb and
descent performance and endurance and range characteristics. These quasi-steady
performance tests are treated in 2.2. Testing that is aimmed at establishing whether an
aircraft has the performance to transit safely from one flight state to another will
include take off and landing performance, task orientated manoeuvres and recovery from
flight critical conditions eg vortex ring. These and related dynamic performance tests
are discussed in 2.3.

There are several deliberate omissions from this chapter on performance testing.
Firstly, it is considered outside the scope of the lecture to address the important area
of flight testing to validate powerplant performance or the related areas concerned with
engine and rotorspeed governing. Secondly, testing appropriate to single main rotor
helicopters is focussed on, although much of the testing would be equally appropriate to
tandem corifigurations. What are not dealt with are the special techniqces that are
clearly required for advanced compound or 'convertable' rotorcraft. The third area not
covered concerns the expanding number of test programmes in Europe and the US that
evaluate the performance benefits that accrue from an airframe design change by making
appropriate modifications to an existing test vehicle. Examples include the extensive
flight test research at RAE using Wessex and Puma test vehicles to evaluate the detailed
aerodynamic characteristics of new aerofoil sections. The new test sections have been
built around the standard blade profile over a limited radial extent, and miniature
pressure transducers located in a spanwise and chordwise array to provide measurements of
the aerodynamic loading. Successes with this technique have included the RAE 9615 section
(Lynx rotor blade section, Ref 13) and, more recently, the special modification to the tip
planform made to the research Puma (Ref 14 ). These and many other studies outside the UK
have spawned a formidable database on rotor aerodynamic characteristics and generated
knowleoge enough to be the sole subject of a lecture in the current series. Finally, test
techniques for assessing performance degradation in adverse meteorological conditions are
ormitted. A review of the UK approach to testing in natural snow and ice can be found in
Ref 15. Recent certification trials with the Chinook HC-Mkl helicopter aimed at
optimizing a heated rotor blade de-ice system are described in detail in Refs 16 and 1'.

Three prevailing aspects deserve some preliminary discussion. These are the test
atmospheric conditions, instrumentation requirements and data analysis and presentation.
The International standard atmosphere (ISA) has been established to enable meaningful
performance comparison to be made. Knowing the test height (pressure altitude) and
outside air temperature (OAT), the density (o), pressure (6) and temperature (() ratios
can be easily computed from simple formulae (Ref 18) or extracted from charts (Fig 1).

Needless to say, test atmospheric conditions need to be known fairly accurately,
including the magnitude and direction of any winds (for hover tests) and turbulence
levels. Apart from the measurement of altitude and OAT, the instrumentation required will
depend on the test being performed. A bare minimum for the quasi-steady testing would be
an airspeed indicator (ASI), engine torque metre and rotorspeed gauge. In addition, for
low speed and hover testing, an accurate low airspeed indication is required unless ground
reference testing Is being performed, when additional ground equipment ts needed. It is
usual for aircraft that are to undergo a thorough test programme to have comprehensive
instrumentation and to be fitted with onboard data recorders. Some capacity for an air to
ground telemetry recording link is necessary for flight close to critical conditions,
where on-line monitoring and recording of critical stresses is necessary.

All instruments need to be calibrated regularly in the varying test environments.
For example, most pitot static tube arrangements for measuring the air dynamic pressure
and hence flight speed, have calibrations that vary considerably with sideslip and



Similar tests are performed to establish the manoeuvre margin for load factors less than
one using the push-over technique. For steady turn tests, the aircraft is again trimmed
in level flight at the test airspeed. Load factor is applied incrementally by Increasing
bank angle at constant collective and airspeed, and maintaining balance with pedals.
Cyclic is re-trimmed at each test condition and the tests conducted for both left and
right turns. Rotorspeed should only be adjusted to remain within power-in limits and
since high rates of descent may be achieved, care should be taken to remain within a
defined altitude band ( eg ±1000 ft of test conditions).

Fig 36 illustrates results that may be derived from these tests; the manoeuvre
stability is deliberately shown to be negative at the higher speed. The cyclic to trim
variation with load factor for the steady turn will typically be steeper than the
corresponding pull-up result on account of the increased pitch rate in a turn for a given
load factor. The relationship between cyclic to trim and pitch rate or load factor ca, be
derived from the usual linearised theory in the form, neglecting flight path a_ e
effects,

pull-ups:

is \ Z ~ o -Ms (9 )

q= (n - 1) (10)
V

turns:
M z -M V (-nT

/Zw -M w 1is= wyM5 15  w w~l ]q (11)

q = ( (n - 1) (12)

Here e is the applied cyclic pitch (positive aft), q the pitch rate, V the

flight speed and n the load factor. The derivatives will themselves vary with rotor
thrust and rotor disc incidence and a more exact analysis is required for higher values of
n . Nevertheless, equations (9) and (ii) are valid representations of manoeuvre
stability parameters. The numerator in equation (9) is the classical manoeuvre margin
parameter that should be positive for 'stability' and acceptable handling characteristics.
Typically an increasingly positive Mw  variation with speed will lead to a deterioration

in manoeuvre stability to the point where the margin can change sign. The load factor
parameter in the manoeuvre margin parameter for steady turns arises from the inclination
of the weight component from the fuselage normal and, clearly, at low bank angles will
serve to reduce any undesirable effects of a positive Mw . At higher bank angles however
any unstable tendencies will re-emerge.

The tests described above to establish the manoeuvre margin are carried out at
constant collective pitch settings. In many practical situations however the pilot will
use collective in conjunction with cyclic to maintain height. The pitching moment
generated by collective application will be nose up and hence the cyclic position to trim
will be further forward than indicated by the tests at constant collective unless control
interlinks have been built in. This effect can be compounded by an increased download on
the tail from the main rotor downwash. On other occasions, the pilot may choose to
decelerate the aircraft in the turn, hence requiring increased aft cyclic displacement.
This variability of stick position with load factor depending on the ty .e of manoeuvre
flown does not provide the pilot with a reliable tactile cue in manoeuvres. In any case,
stick force per g is of more concern to the pilot, particularly in the mid-high speed
band, and several recent designs (AH-64, Ref 43; SH-60, Ref 44) have force feel systems
that provide a positive and reliable cue to the pilot of manoeuvre margin.

3.2.3 Lateral/directional static stability

The ease with which a pilot can coordinate entry to a turn, maintain trim in
asymmetric flight or point the fuselage away from the direction of flight depend
critically upon the ratio of two static stability effects, the yawing moment (N ) and
rolling moment (1j, ) due to sideslip, or directional and dihedral stability respectively.

Estimates of these effects can be derived from steady heading sideslip flight tests at a
range of forward speeds and normallsed weight conditions from climbing through to
autorotative flight. Such tests will also highlight any control problems within the
sideslip envelope which is usually defined from fuselage stress considerations as a
piecewise linear function of airspeed. Any pressure error corrections in sideslip need to
be calibrated prior to the tests if a swivelling pressure head is not available, and the
sideslip tests subsequently performed at defined EAS conditions. At each test point,
control angles to trim and aircraft attitudes are recorded. Fig 37 illustrates a typical
set of trim control results for varying airspeeds, with the slopes of the curves
indicating directional and dihedral stability. Neglecting the rolling moment due to
tailrotor thrust change, which in many cases is clearly not valid, the following ratios
can be derived from the steady moment balance,



determined at a given speed by noting the new trim stick position for speed increments at
constant collective pitch. The two results are shown in Fig 35, where for illustration,
the true speed stability is shown to be negative and contrary to the apparent speed
stability at the lower speed.

The test technique to investigate true speed stability is fairly straightforward.
Having established trimmed flight at a defined airspeed and power setting the aircraft is
re-trimmed in a series of speed increments below and above the test airspeed with cyclic.
Alternation between positive and negative increments allows the aircraft to remain within
a sensible altitude band ( eg ±1000 ft) for level flight airspeed tests. For climb and
descent conditions two passes through the required altitude band are typically required.
While conducting these tests the pilot will also be concerned with related 'ease of

trimming' issues, eg controller breakout forces, force gradients, etc. Particular
attention should be paid to identifying strong non-linearities, for example
discontinuities, in the speed stability and not to confuse these with adverse controller
force characteristics or atmospheric disturbances.

Most certification requirements allow a limited degree of speed instability at low
speeds, on the basis that the effect is not so critical here with the pilot normally
controlling both speed and flight path with a combined cyclic/collective control strategy.
At higher speeds, particularly for cold weather operation, adverse speed stability can
limit the safe Vne and careful testing is required to highlight any advancing blade Mach

number effects. One such problem arises when a forward speed increment results in the
centre of pressure moving further aft on the advancing blade outboard sections. This
compressibility effect serves to twist the blade cyclically to give a nose down pitching
moment on the aircraft which needs to be counteracted with aft cyclic.

Within the framework of linearised stability theory the speed stability of a

helicopter is determined by the value of the effective derivative,

z
M Mu  M (8)
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obtained from equations for the initial pitching moment due to a speed disturbance or the
final steady state cyclic increment. The effect is usually dominated by the pitching
moment derivative M which has a stabilising contribution from the main rotor. The
fuselage and tailplae contributions will depend upon the trimmed incidence of these
components. Tailplane effects can dominate in some situations. Ref 41 describes the
adverse effect on speed stability caused by tailplane stall in climbing flight in the SA
365N helicopter. Fitting small trailing edge strips on the tailplane attenuated this
effect but to guarantee speed stability for steep climbs in the range 80-100 kn an
additional speed hold function was incorporated into the autopilot. Similar small design
modifications to the tailplane leading and trailing edges were required to achieve speed
stability for the BK 117 helicopter (Ref 38).

In addition to the speed stability testing described above, further tests are
required to explore the cyclic trim changes with power settings at different speeds from
autorotation to max power climb. These tests are required largely to check that adequate
control margins are available in these conditions but will also highlight the essential
features of flight-path stability. Although there are no general requirements concerned
with helicopter flight-path stability per se, for aircraft roles that demand precise
flightpath control, eg guided approaches, testing will need to be carried out to establish
pilot control strategy for the various flight phases. Such tests are likely to be carried
out in conjunction with the development of the associated displays. Collective is, of
course, the natural control to counteract flight path errors, but above the minimum power
speed the use of cyclic can achieve a similar effect. If the aircraft has, for example,
fallen below the glidepath and is flying too fast, pulling back on the stick will
eventually cancel both errors. Problems arise below minimum power speed where, although
the initial effect of pulling back on the stick is to climb the aircraft, the new
equilibrium state will be an increased rate of descent. Although normal control strategy
should preclude such problems under 'controlled' approach conditions, for unguided steep
approaches or emergency situations the pilot needs to be aware of the potential problems.
At very steep descent angles the problem can be exacerbated by power settling effects
(Ref 42) and ultimately the vortex ring condition (see section 2.3.3), where static
stability characteristics are overshadowed by dynamic effects.

While speed and flight-path stability are concerned essentially with cyclic to trim
requirements in lg flight, manoeuvre stability is related to cyclic changes required in
manoeuvres involving a change In normal acceleration, or the stick displacement (or force)
per g. All handling requirements specify that this should be positive ie aft stick
required to hold an increased load factor, and as a consequence, there should be no
tendency to 'dig in' during turning flight. The manoeuvre stability can be determined in
flight from either symmetric pull-up and push-over manoeuvres or steady turns and should
be measured across the full range of operational conditions, ie speeds, atmospheric
conditions, aircraft loading. Care should obviously be taken to avoid excursions beyond
the manoeuvre envelope described in section 2.2.4. For the pull-up tests, the aircraft is
trimmed in level flight at the test airspeed. With collective fixed, the aircraft is then
decelerated with cyclic and .hen dived to accelerate back to the test airspeed. As the
test speed is approached an aft cyclic step is applied to achieve the desired load factor
and airspeed as the aircraft passes through a level attitude. The test is repeated with
increasing increments of aft cyclic until the maximum permitted load factor is achieved.



3.2 Quasi steady flying qualities testing

3.2.1 Controller characteristics and control margins

A qualitative evaluation of a helicopter's flying qualities for a particular role
will include an assessment of the mechanical characteristics of the pilot's controls.
Such characteristics are normally defined in the requirements specification and encompass
trim control, cyclic self centering, breakout forces and force gradients, deadbands and an
evaluation of any adverse transient effects and control force discontinuities. Although
much of the data on controller characteristics can be obtained from measurements 'on the
ground', a flight evaluation is necessary and can normally be made in conjunction with
other flying qualities tests. Breakout forces that are too high for example can inhibit
the pilot from making small precise changes in flight path, and sluggi3h hydraulic systems
can impede manoeuvrability. Above all the pilot will need to be assured that his controls
are correctly harmonised for the various flying tasks.

Another major concern will be the ability to trim the aircraft, with adequate
control margins remaining for manoeuvring, throughout the operational flight envelope.
The interpretation of 'adequate control margin' depends upon the certification authority
or Government test agency. Mil Spec 8501A, for example, demands that at the flight
envelope boundary a longitudinal and lateral cyclic control margin enough to produce at
least 10% of the maximum attainable hover pitch or roll moment should be available
(Ref 4). Compliance with such a requirement is therefore reasonably straightforward to
establish from flight test. The FAA adopt a more flexible approach on the basis that
configurations have been tested where a 5% margin was sufficient and others where a 20%
margin was inadequate (Ref 7). For FAA certification what is required from flight tests
is a demonstration that, at the 'never exceed airspeed', V , a longitudinal control

margin sufficient to produce a 'clearly positive nose down pitching' is available.
similarly a lateral cyclic margin to 'allow at least 30* banked turns at reasonable roll
rates' must be demonstrated at the envelope boundary. Once again the flight test
requirements are fairly straightforward although, regardless of the interpretation of
adequate control margin, due care should be taken to avoid excursions beyond aircraft
limits.

At the other end of the helicopter's flight r~gime, at low speed and in the hover,
flight tests need to be carried out to establish out of wind hover and sideways flight
trim control margins. Limitations here will usually relate principally to tall rotor
control (power or thrust), although cyclic trim changes can also be marked. Once again,
trim requirements and control margins that need to be demonstrated depend on the intended
role of the aircraft. Minimum civil requirements (17 kn wind) are less severe than
military requirements (35 kn wind) for obvious reasons, although clearly, the operational
envelope can be expanded up to the condition where safe flight is possible. Testing needs
to be carried out in light winds and with a pace vehicle to establish true airspeed in
sideways flight tests. Fig 32 shows results for the BK 117 helicopter in sideways flight
(Ref 38) demonstrating a capability far in excess of the 25 kn sidewind design objective.
The trends in these results are typical for 'anti-clockwise' rotor helicopters,
illustrating the high power requirements in right sideways flight and steep control
gradient in left sideways flight. Extreme conditions that can be encountered in these two
regimes are tail rotor blade stall in right sideways flight and the vortex ring state in
left sideways flight. Flight tests need to be performed at the most critical loading,
density altitude, rotor rpm, control rigging and wind direction to establish operating
limitations. For most configurations it has been found that, as a result of ground effect
and main rotor wake/tail rotor interaction, the critical azimuth position corresponds to
right and left quartering flight (see Fig 33 from Ref 39). Ref 40 describes the flight
test development and design modifications required for the AH-64 to optimise the empennage
design to achieve a 45 kn trim, with wind from the critical azimuth. This frank account
of an extended development programme highlights the importance of flight testing in areas
where a significant performance improvement is being sought, while theoretical predictive
ability is somewhat inadequate.

3.2.2 Longitudinal static and manoeuvre stability

A pilot flying under IFR in turbulent conditions will have his workload
significantly increased if, in attempting to control speed errors with cyclic, the new
trimmed stick position is in the opposite sense to that initially required to cancel the
perturbation. Likewise, when manoeuvring to avoid obstacles, a pilot will need to work
harder if, having rolled into a turn and pulled back on cyclic to increase turn rate, he
finds that he needs to push forward to re-trim in the turn. Both of these handling
deficiencies of quasi-steady origin, are, generally speaking, unacceptable by any military
or civil requirements standards and flight tests need to be performed to establish if they
are present within the operational flight envelope. They represent negative margins of
speed and manoeuvre stability respectively, that, together with their close companion
flight path stability, form the topic of this section.

Fig 34 illustrates the consequences of positive and negative speed stability for
cyclic control; in both cases the speed excursion is the same, but with negative speed
stability the cyclic re-trims the 'wrong way'. There are two concepts traditionally
associated with this characteristic, namely, apparent and true speed stability. The
apparent speed stability is determined by the slope of the longitudinal cyclic trim
variation with speed, ie with collective varying to maintain level flight or a defined
rate of climb or descent. True speed stability, usually of more concern to the pilot, is
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3 FLYING QUALITIES TESTING

3.1 Introduction

While performance testing is concerned largely with establishing operational
efficiency, flying qualities testing is concerned with operational safety and the
overriding condition of acceptance is that the operational pilot should be able to transit
safely from one flight state to another, throughout the flight envelope, without excessive
demands upon piloting skill and concentration. Operational requirements and compliance
regulations need to be more quantitative, however, but in all their detail, they reflect
and aspire to this one chief aim. Ironically, in testing for safety margins, the aircraft
and crew are exposed to the great .t risk as unusual attitudes develop during stability
tests, when recovery techniques are being learnt and critical control areas are being
explored. Throughout this Chapter, in line with the philosophy of all test agencies, the
'incremental approach' to testing is emphasised, simply to minimise the risk and
potentially hazardous consequences of 'cliff edge' type handling deficiencies.

The basic techniques of clinical testing for quasi-steady and dynamic stability and
control are covered in sections 3.2 and 3.3. They include a treatment of how to convert
the considerable database gathered during stability and control tests into engineering
information; the methods of system identification are reviewed in this context and their
role during development test flying and certification is considered.

It has long been recognised that, particularly for military helicopters, tailored
handling characteristics serve to improve mission effectiveness. With the limited scope
for major improvements possible through airframe design itself, such tailoring is largely
achieved through automatic flight control systems and the related testing requirements are
briefly considered in section 3.3. On the same theme of mission effectiveness,
section 3.3 also deals with role-related testing and the interaction of flying qualities
with pilot workload and task performance.

Comprehensive on-board instrumentation is normally required for flying qualities
testing and, in addition, the test pilot's subjective impression provides an essential
contribution to the test results. This is particularly true for role-related testing
where thorough de-brief sessions are necessary to glean the relevant information from the
pilot. Pilot rating scales and questionnaires are very useful in this context and provide
results in a form that enable comparison to be made more easily. These should always be
regarded as a summary of a detailed pilot report however, where a more complete account of
flying qualities is collected. These issues are further discussed in section 3.3.6.



2.3.3 Vortex ring condition

At very low speeds and moderate rates of descent, depending largely on the rotor
disc loading, a helicopter can enter a potentially hazardous flight state where high rates
of descent can build up rapidly and erratic pitch and roll oscillations can develop. In
addition, control effectiveness can change markedly, particularly collective control, with
normal control recovery techniques seeming only to exacerbate the situation. Analogous to
the stall in fixed wing aircraft in terms of the consequences to the flight path
trajectory, but quite dissimilar in aerodynamic origin, the vortex ring condition is
definitely a state to avoid, especially at low altitude and flight testing is usually
carried out on a new configuration to determine the extent of the region and the
associated recovery techniques.

The phenomenon has its origin in the peculiar flow characteristics that develop
through the rotor in the intermediate range between the helicopter and windmill working
states (Fig 30, from Ref 34). At very low flight speeds (4 15 kn) and rates of descent
between 500-1500 ft/m, depending on the disc loading, the flow becomes entrained in a
doughnut shaped vortex ring that leads to extensive recirculation in the outer regions of
the rotor disc. The vortex ring is very sensitive to slight changes in flow direction and
rapid fluctuating asymmetric development of the ring can lead to fierce moments being
applied to the fuselage.

The standard recovery technique involves lowering the nose of the aircraft until
sufficient speed is gained that the vortex is 'washed' away, then applying collective
pitch to cancel the rate of descent. Different aircraft types all have their own peculiar
characteristics in the vortex ring state. Early tests conducted at the RAE (Refs 35
and 36) produced results which varied from loss of control to mild wallowing instability.
In general the aircrew manual for a type will contain an entry describing any particular
features and advising the best recovery procedures. One such manual notes that rates of
descent can build up to 6000 ft/m if vortex ring becomes fully established and that 'the
aircraft pitches sharply nose down if rearward flight is attained'. Another refers to 'an
uncontrollable yaw in either direction' eventually occurring. This manual adds that 'any
increase in collective pitch during established vortex ring state creates a marked
pitching moment and should be avoided'. All such references make it clear that
considerable height will be lost if the vortex ring state is allowed to develop fully
before recovery action is taken.

Interest in the effectiveness of collective control during recovery prompted a
series of trials being carried out more recently at RAE Bedford using a Wessex 2 and Puma
helicopters. The tests were qualitative in nature and aimed at exploring the behaviour of
these two aircraft in the vortex ring state and establishing the benefits to recovery
profile of increasing collective pitch before the aircraft nose is lowered to gain
airspeed. The test technique options for approaching the vortex ring condition were
somewhat constrained by the need to operate well above the ground (minimum height for
initiating recovery action, 3000 ft agl) and the lack of reliable low airspeed
measurement. The procedure adopted involved a deceleration from 50 kn to the hover,
maintaining a constant pre-established (hover) attitude and rate of descent. The rate of
descent was then increased incrementally until the vortex region was encountered (Fig 31).
For both test aircraft the vortex region was quite difficult to find and apparently
limited to a range of very low airspeed. With the Wessex the region was first encountered
with the entry profile at 800 ft/m rate of descent. To quote from the pilot's report
(Ref 37) ". ..with the rate of descent at about 800 ft/m we settled into the vortex ring;
the rate of descent increased through 2000 ft/m in spite of increasing power to 3000 ft lb
(hover torque reading). The vibration level was marked and a considerable amount of
control activity was required to hold the attitude, though the cyclic controls always
responded normally. Applying full power produced a rapid reduction of the rate of descent
as soon as the rotor moved into clear air".

A major result of the tests was that applying collective prior to lowering the nose
resulted in a height loss of about 150 ft during recovery whereas if the collective was
lowered first and then increased when airspeed developed, the height loss was about
500 ft. Similar results were found with the Puma, except that the pitching and rolling
moments were of higher amplitude and frequency and became more intense as the collective
lever was raised during recovery. It is emphasised here that the results discussed above
are particular to type and the beneficial use of collective during recovery may not read
across to other aircraft. The difference in height loss during recovery for the two
techniques is, however, quite marked and is operationally significant, particularly for
low level sorties. Vortex ring is a real hazard area and can be encountered In a variety
of situations, some less obvious than near vertical descents into restricteu landing
areas. If a pilot misjudges the wind direction and Inadvertantly turns and descends
downwind into a landing area, concentrating perhaps more on ground speed than airspeed,
then he may fly dangerously close to the vortex ring condition. The final stages of a
quick stop manoeuvre can also take the rotor through the vortex ring condition as the
pilot pulls in power. Such manoeuvres are typically carried out close to the ground and
the consequences of a delayed or inappropriate recovery procedure could be serious.
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notional radius of a correctly banked turn corresponding to the maximum bank angle
achieved, to define the Turn Agility Factor (TAP) as shown in Fig 25. Alternatively the
TAF could be defined as the ratio of turn rate based on RE to the maximum sustainable

turn rate at the given speed. Lower TAF values will then to the higher thrust capability
in transient manoeuvres. Tests were carried out with Puma and Lynx helicopters flying
over a marked track on the airfield at Bedford. Entry speeds and aircraft weight were
varied during the experiments and the aircraft position tracked using kinetheodolites,
enabling track and height error to be determined. This simple test gives a direct
indication of the maximum achievable thrust through R and a measure the effects of
entry and exit rolling transients through the TAF. Cl~arly, a high value of TAF
(approaching unity) and low value of R are desirable for agility. A summary of the
R results for both aircraft is shown i; Fig 26; trend lines are drawn through the data to
i~dicate the sensibly linear variation of R with speed. Values of between 0.5 and 0.7
for the TAF were recorded for the Puma and, gurprisingly, the values varied little with
speed. It is suspected that the increased bank angles used at the higher speeds were a
direct result of the increased transient thrust capability of the rotor. Unfortunately,
the Lynx was not instrumented hence accurate estimates of bank angle were not obtained.
However, the much crisper roll response in this aircraft conferred by the hingeless rotor
would be expected to result in significantly reduced rolling transients, takin§ the TAF
perhaps as high as 0.8. Estimated maximum bank angles were of the order of 75 . Times
taken to complete the manoeuvre were again roughly constant with speed, and averaged out
at 6 s for the Puma and 5 s for the Lynx. These manoeuvre times, the TAF metric and R
are considered as reference figures for comparison with other helicopters over a similap
speed range.

Further results from these tests and a detailed description of the test techniques
can be found in Ref 32. Included are notes on piloting technique, sideslip effects on
turn rate, control margins, height excursions and the effects of autostabilisation on the
results. One interesting feature of the Puma tests was the peak fatigue damage rates
attributed to the oscillatory pitch link loads at the maximum load factors in the region
of 2.5 g. These were recorded at 2.5 times the level for infinite life (endurance limit,
see section 2.2.4) of related head components. This damage rate occurs for only a short
time, but has been logged in the cumulative running total kept for this research aircraft
in its operation beyond normal limits agreed by the design authority. Clearly an
operational requirement to enable regular exploitation of this level of agility will
impact strongly on rotor and control system design. In addition to performance
considerations the right angle turn tests demonstrated the potential for considerable
control improvement in the mid speed range between 50-100 kn.

In the turning test described above an increase in rotor disc incidence through
longitudinal cyclic control provided the principal rotor thrust increment. At lower
speeds and in the hover, collective control provides this function and, for precise and
crisp manoeuvring, there appears to be considerable potential for improving transient
performance capability. As shown in Fig 24 the maximum thrust capability in the hover is
quite high, although in practice, of course, power limitations and wake contraction
effects severely limit the achievable value. However, for some very common
manoeuvres, eg the bob-up and sidestep, high transient thrust levels are desirable and if
the rotor and rotorspeed governor system could be designed appropriately, a much larger
range of collective pitch could be usable.

A second series of flight trials has been carried out using the research Puma at
RAE Bedford to explore and derive agility metrics appropriate to the bob-up manoeuvre.
The test technique adopted is illustrated in Fig 27. The pilot's task was to climb with
maximum power from the low hover position and re-establish a hover when the markers were
in sight beyond the gate. Bob-up heights between 25-80 ft were explored for a range of
different aircraft weights. Detailed analysis of the measurements obtained from on-board
recorders and kinetheodolites is still in progress but some pertinent results have already
emerged. Fig 28 illustrates the variation in height with time for a range of bob-up
heights. Also shown in Fig 28 is the height trace corresponding to a maximum power climb
to maximum rate of climb (approximately 34 ft/s). Maximum rates of climb achieved during
the 25 ft bob-ups are only about 14 ft/s.

This result is largely a function of the vertical damping of the rotor that gives
an effective time constant of a few seconds. If an agility metric based on the ratio of
achieved climb rate to maximum possible climb rate were proposed then, clearly, for bob-up
heights below 25 ft, values considerably less than 0.5 would result. To increase this
value for small height excursions would require a significantly increased collective range
together with some control over powerplant output and the resulting rotorspeed decay.
Fig 29 shows the variation with time of selected parameters during the 25 ft bob-up
described above. The initial high normal acceleration is not sustained and the rotorspeed
and shaft torque vary considerably. The minimum allowable rotor rpm is 240 and, clearly,
there is plenty in hand during the initial phase of the bob-up. This limit is, however,
reached during the settling phase at the top of the bob-up.

Safe exploitation of increased agility in the hover would require a high energy
rotor (Ref 33) to minimise rotorspeed droop, together with improved automatic control to
protect against power, transmission and rotorspeed limits being exceeded. Once again the
requirement for agility is seen to appear as a major factor in aircraft design.

The bob-up and right angle turn are examples of simple manoeuvre elements for which
agility requirements can be quantified and test techniques established to validate the
metrics and eventually demonstrate compliance.



specialised testing required to check a helicopter's role suitability is offered by the
derivation of helicopter-ship operational limits. For every new helicopter-ship
combination, recovery techniques need to be established for a range of sea states and wind
conditions and safe operational limits defined. A description of the NLR approach to
helicopter-ship qualification can be found in Refs 28 and 29. Another example involves
the testing required to clear a helicopter to operate with underslung loads. Both
horizontal and vertical drag can have a significant effect on performance. In addition,
handling qualities can deteriorate rapidly in certain flight conditions as illustrated by
an example in chapter 3.3 of this lecture. The UK (A&AEE) approach to the clearance of
helicopter - underslung load combinations is described in Ref 30.

Battlefield operations represent one of the most demanding roles for a helicopter
and the testing required to guarantee compliance with mission requirements can be
exhaustive. Simple, task orientated performance tests would be helpful in this process
and this theme is developed below as the principal topic in this section under the heading
of helicopter agility.

Helicopter agility

Agility is that special combination of vehicle performance and handling qualities

that enables the pilot to change rapidly the aircraft position or flight path with
precision and safety. To describe agility in any more detail one needs to quantify the
concept. As far as the principal force generator, the main rotor, is concerned a given
level of agility is defined by the amount of excess thrust available and the speed with
which this can be redirected. That agility depends both on performance and handling there
should be no doubt; the performance aspect deriving from the magnitude of the thrust
change while the handling aspect concerned more with the speed and precision of the
magnitude and direction change. In addition, agility is only effective if it can be
exploited safely. Indeed, however manoeuvrable a helicopter may be, if handling
deficiencies or the need to carefully monitor flight envelope limitations inhibit or
impose a high workload on the pilot then agility is lacking. The concept has been coined
with special reference to the combat helicopter performing the hazardous task of flying
undetected at nap-of-the-earth heights through the battlefield. Many of the elemental
manoeuvres required in this role are closely associated with agility. For example
(Ref 31), the unmask/bob-up, sidestep unmask/re-mask, dash/quickstop, pull-up/push-over
and slalom are all precision flying tasks requiring high levels of agility.

The need to quantify agility arises in two ways. The aircraft designer, on the one
hand, needs to know what the implications of a requirement for agility are for his design.
Clearly, high agility is a very imprecise design goal. On the other hand, the service
operator needs to appreciate the implications of agility on survivability and combat
potential. From both perspectives trade off studies will need to be assessed and measures
of agility established.

Fig 24 shows, in simplified form, the variation of rotor thrust limits set by the
fatigue endurance (full-line) for a hypothetical helicopter in manoeuvring flight. As
described in section 2.2.4, the rotor stall boundary is raised in manoeuvres so that, at
moderate speeds the maximum thrust can be approached without incurring too much fatigue
damage. The best manoeuvring speed will be affected by important design parameters such
as disc loading and Lock number. The point is that if a high level of manoeuvrability is
paramount the designer can build this into his aircraft albeit at the expense of hover and
cruise performance.

Similar requirements could be established for transient thrust capability in the
hover and at high speed but, again, the designer has to have data to work with. In order
to accommodate precision, speed of response and safety with a given high performance level
the designer will need to consider the implication on the flight control system design,
and so on.

Design requirements for agility will be based on operational requirements laid down
by the procuring authority and these will be established on the basis of trade offs in
mission effectiveness. One method of quantifying such requirements is through the use of
agility metrics for the class of relevant manoeuvres. Such metrics could be based on the
time taken to perform a manoeuvre but are more useful if they can be closely associated
with the aircraft performance and handling qualities required to fly defined flight paths.
Normalised metrics suggest themselves as the ratio of achieved manoeuvre performance to
the corresponding achievable maximum, a concept that is used widely to gauge quasi-steady
performance efficiency ( eg hover figure of merit). Demonstration of compliance with

requirements would be simplified if agility could be presented in this manner and this
leads to the role of flight testing. Test techniques need to be developed to validate the
utility of proposed agility metrics and a database built up from the performance of
current operational and research aircraft. With this aim in mind a test programme has
been initiated at RAE Bedford to explore a range of task orientated manoeuvres and the
classification of agility metrics t'qether with the interaction of helicopter agility with
pilot workload and handling qualities. Techniques relating more to the latter two aspects
will be discussed in section 3.3 but, as already emphasised, it is impossible to
completely divorce handling from performance when assessing agility.

One of the most primitive task elements studied was the right angle bend (Fig 25)
representing a severe transient evasive manoeuvre (Ref 32). An effective turn radius (RE)

can be defined as the mean of the entry and exit legs. This may then be normalised by the



point (CDP) defines the speed/altitude point before which the aircraft must be able to
land safely following single engine failure and after which the take-off can be safely
continued on the remaining power. Landed safely refers to coming to a stop within the
defined rejected take-off (RTO) segment, while a continued take-off amounts to being able
to reach the take-off safety speed (VTOSS) with a defined climb rate, 35 ft above the
ground.

The test requirement and procedure are explained in detail in Ref 7, and are aimed
at defining the CDP, evaluating piloting technique and determining the required take-off
area at the various loading and atmospheric conditions for which the manufacturer is
seeking certification. Similar diagrams and procedures define the requirements for
Category A vertical take-offs and Category A landings. Clearly, an emphasis in all these
tests is that the flight profile should be clear of the H-V boundaries, and experience has
shown that the initial profile, immediately after the application of power, tends to be
the most critical. Fig 22 shows test results for a BK 117 helicopter performing a
Category A rejected take-off with number one engine failing at the CDP. The one second
allowable delay time before collective reduction is shown in the figure and the RTO
distance in this case was 900 ft (Ref 21).

As in the case of the H-V boundary tests, weight extrapolation based on simulation
results is unacceptable to the FAA. Prediction methods are also improving as shown by
several examples in Ref 21. Ref 24 also addresses the issue of predictive capability for
a range of manoeuvring flying tasks using an energy model. The method is applicable in
both design studies and certification flight testing. For the latter, regression analysis
on the test data is suggested to determine unknown power coefficients defined in the
energy model. Good correlation between test data and the prediction model is shown in
Ref 24 for a number of cases. Fig 23 is typical, and shows the flight behaviour of an
SA 330 Puma after failure of one engine during a Category A take-off from a platform.
Although the rate of climb at VTOSS is slightly overestimated the predicted height at this
condition is 23 m compared with the test result of 25 m.

The development of mathematical models, combined with increased usage of ground
based piloted simulator facilities by manufacturers, will continue to increase the
confidence in predictive ability and perhaps to increase allowable extrapolation of test
data. For new designs, however, with new 'untested' features, certification agencies are
likely to continue to demand extensive test flying in these critical areas for some time.
Alongside any developments in this area must come progress towards standardisation of
civil certification requirements internationally, though such progress should not inhibit
different countries from being able to increase their own safety standards above a basic
minimum. Rationalisation of flight test procedures and techniques would be one outcome of
such a development, that would clearly benefit the helicopter industry (see Ref 27).

2.3.2 Role-related performance testing

The helicopter is a unique vehicle. The roles it is able to fulfil are expanding
and its versatility will continue to be exploited by civil and military operators
worldwide. At the same time operational requirements are becoming more demanding and the
helicopter is nowadays far more than Just a form of transport. It can embody a complex
weapon system, form a very active element of an emergency rescue or law enforcement
service, act as a mobile observation post or shipborne early warning system etc; the
reality is that it can fulfill whatever the customer demands as evidenced by examples of
the same type fulfilling a range of different roles. As a result of this versatility,
performance data gathered from clinical testing, however essential for the operating data
manual, will often not be sufficient for the customer, particularly the military operator,
to gauge the utility of a candidate helicopter for a given role. This introduces a
further dimension to flight testing that can be described as role-related or task oriented
testing. As with so many of the dynamic test evaluations, aircraft performance per se
will be only part of the story; handling qualities, crew workload and the ability to
operate in adverse conditions will be equally important. A good example of the kind of

-, =- -,- ,

ME~A"

L-



associated certification authority. In the coming years it will be the combined task of
the helicopter manufacturer, operator and certification authorities to increase public
awareness of the realities of helicopter transportation, the growing number of' socially
useful functions this type of aircraft is fulfilling and the improving safety record.

Flight testing plays three main roles in establishing reliable safety standards in
this context; firstly through the determination of the required piloting techniques to
enter autorotation or partial power flight following an engine failure, control of the
aircraft during autorotative descent and the final flare and landing techniques; secondly,
the definition of the height-velocity (H-V) boundary or avoid area, and thirdly, a
demonstration that the helicopter is capable of carrying out the required category take-
off and landing, safely. The flight tests required to cover these three areas generally
involve some risk and need to be comprehensive in view of the limited extrapolation
allowable by certification authorities.

Before the H-V boundary can be safely established for a new design, the test pilot
needs to practice, at a safe height, procedures for entry into autorotation, flight idle
glide or partial power flight together with landings from the same conditions. Initial
tests will establish, for a range of initial conditions (airspeed, rotor rpm, altitude,
AUW and cg range), the height change during entry and recovery phases, rotorspeed
transients, effects on controls, changes in IAS, vibration effects etc (see Ref 23).

Secondary effects on aircraft systems will also need to be determined, eg any
system failure at low rotorspeed. The effects of a delay in pilot reaction to engine
failure can then be investigated for a similar range of initial conditions. The delay
before lowering the collective lever should be increased incrementally until either the
underswing in rotorspeed reaches the minimum allowable or a defined requirement is met eg
UK Def Stan 970 (Ref 2) assumes a 2 second reaction time for the average pilot to identify
a total power loss under unfavourable conditions, and reduce collective. Similar
exploratory tests need to be carried out for both cases of total power failure and single
engine failure in a multi engined aircraft, although for the latter the resulting rates of
descent are sometimes significantly reduced. Piloting techniques for the other critical
region of post failure flight, the flare and landing, can first be explored at a safe
height, culminating in re-engagement, to 'bracket' the range of airspeeds, rotorspeeds and
flare techniques best suited to the aircraft. Power-off or partial power landings can
then be made for a range of different approach conditions, to cover a range of touchdown
ground speeds from zero to the maximum allowed.

It is the responsibility of the manufacturer to determine t.ie H-V avoid areas for a
new helicopter. A thorough initial test programme, summarised above, will have been
conducted to give the pilot confidence to approach the critical points 3n the H-V diagram
(Fig 19).

The knee on the lowspeed boundary separates the take-off portion from the cruise
portion. Below the knee normal pilot reaction time is assumed and performance is largely
a function of rotorspeed decay rate and aircraft behaviour during run-on. The remaining
lowspeed boundary above the knee and high speed boundary, are functions of pilot reaction
time, hence height loss to achieve autorotation or partial power descent. As noted in
Ref 23, the low speed curve is established with accelerating flight profiles into
autorotation whereas the high speed boundary is established with quick stop type
manoeuvres. It is hardly necessary to emphasise that as the boundaries are very real
operational limits to safe flight, they must be approached with great care and established
not on the basis of how well the skilled and practiced test pilot performs, but rather on
how well a service pilot during a regular operation might be able to cope with the
unexpected situation. Fig 20 illustrates the variation in critical parameters following
single engine failure in a twin-engined helicopter from a low hover. Minimum touchdown
rate of descent was achieved by allowing the rotorspeed to decay to the minimum allowable
at the touchdown point.

The wide range of dynamic considerations, including piloting technique, that
combine together to define the H-V limits for a particular helicopter make reliable
predictions with simulation models difficult and this is reflected in the limited
extrapolation allowable by certification agencies. For example, currently the FAA (Ref 7)
do not allow any test weight extrapolation, and extrapolation based on an approved model
to 2000 ft density altitude only is acceptable. Nevertheless the use of a predictive
model is recommended to guide preliminary testing and properly validated tools can produce
very encouraging comparisons with test data (Ref 21 and 24). The use of very simple
parameters, like the 'autorotational index' (Ref 25), can also serve to establish the
effects of gross weight, disc loading, density altitude and rotor inertia on autorotation
and flare performance, during the design stage. In addition, new test techniques are
being proposed (Ref 26) that may serve to simplify test procedures and reduce the risk
associated with defining the H-V curve.

Although flight tests need to be performed to evaluate the effects of engine
failure throughout the flight envelope, it is the take-off and landing phases, in the
'corridor' of the H-V diagram (Fig 19), where conditions are the most critical. Test
procedures used to validate an aircraft's capability in this region depend upon the role
the aircraft is intended for and hence on the certification authority. Civil requirements
are the most demanding, typified by the Category A take-off and landing procedures for
transport category helicopters defined by the FAA (Ref 7). Fig 21 illustrates the
conditions that need to be met before certification can be granted. The critical decision
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ultimate factors 1.125 and 1.5 respectively. Below this 'hard' limit are the 'softer'
fatigue limits. Most modern service helicopters, particularly those operated in the
battlefield tactical role, have a manoeuvre capability and operational requirement that
demands fatigue loading in excess of rotor component infinite life. It is usual then, for
the life of the critical components to be defined on the basis of a given percentage of an
operational sortie spent beyond this endurance limit. Normally, if a specification is
being met, the manufacturer will conduct the testing necessary to substantiate the fatigue
life and hence loading spectrum required by the operator. Tests in turning manoeuvres are
typical of those required to be flown and are usually initiated at speeds close to minimum
power speeds with the pilot increasing the bank angle incrementally until a limiting
condition is reached. This limit may be due to power, vibration, handling, too high a
fatigue damage rate or even the limit load factor being reached. As in the case of the
level flight tests, careful real time monitoring of the critical stresses is essential for
this kind of test. Analysis of the stress data will enable the fatigue damage rates to be
calculated and the critical components properly lifed. It is usual to find that fatigue
loadings in turning flight are less than those obtained at corresponding thrust
coefficients during level flight. This retreating blade stall relief is due to a
redistribution of the lift on the rotor; the aft cyclic pitch required to generate the
required aircraft pitching moment, increases the lift on the advancing blade with a
corresponding decrease in incidence on the retreating blade.

Fig 18 shows a plot of thrust coefficient against advance ratio for a typical rotor
derived from simple theory, which shows the loci of thrust for which the retreating blade
has just stalled in the third quadrant. The stall relief in manoeuvring flight is clearly
shown but the amount achievable in practice depends on details of the rotor design,
particularly torsional behaviour. The limit load is also shown in the figure. At high
speeds the rotor may have the capability to generate thrust in excess of the limit load,
particularly in decelerating turns or in a pull-up from diving flight, and testing in
these conditions requires care and caution.

Once the manufacturer has defined the safe manoeuvre envelope for a helicopter,
then, if the vehicle is being procured for a specific military role, it will be the task
of the Government test agency to define a, usually more restricted, operational flight
envelope. Of course, at this stage, the scope of testing will encompass all that is
required to demonstrate compliance with the defined service requirement. Close
participation with the manufacturer during the development test phase will clearly
minimise the amount of acceptance testing required but this is still likely to be
extensive and several 'iterations' with the manufacturer may be necessary before the
aircraft is fit for release into service. This general theme regarding the roles of the
various test agencies has been covered in the Introduction to this lecture but is raised
again here to distinguish between the manufacturer's safe or permitted flight envelope and
the Service's operational flight envelope. In particular, it is the role of the
Government test agency to recommend the limitations to be applied to Service operations,
and, returning to the manoeuvre envelope topic, to recommend how the envelope limitations
can be respected by the pilot. There are no universally accepted standards here and
limitations found in aircrew manuals range from simple collective pitch limits to
constraints on maximum permitted bank angles as a function of airspeed and from rotor mast
bending moment constraints to cruise guide indicators that display critical stresses to
the pilot. These and other varied solutions to the same problem have a common requirement
that needs to be established during acceptance testing. They should give clear,
unambiguous cues to the pilot that a critical condition is being approached. This is
particularly true if the limiting parameters are not instrumented but rely on other pilot
sensory cues, eg vibration levels or force feedback to the cockpit controls. It is widely
recognised that the need to monitor aircraft limits, of whatever type, increases pilot
workload, often during some critical evasive manoeuvre, and for future designs better
solutions to the respect of limits need to be found. The benefits of a carefree
manoeuvring capability (Ref 22) particularly for battlefield helicopters, would be
extensive. Control systems that confer this ability need to be flight tested in a
research phase before practical algorithms can be devised and the required level of
confidence gained.

2.3 Dynamic performance testing

2.3.1 Take-off and landing performance and the height-velocity boundary

There is a misconception held by some of the general public that if a helicopter's
engine fails, then a crash is inevitable. Such thinking naturally leads to a fear of
flying in helicopters, however simple they make travelling, often fuelled by the
accompanying myth that, in such situations, even the highly trained and skilled pilot can
do little to alter the inevitable frightening course of events. To be fair, such public
awe is usually balanced by the realisation that, particularly during brave and daring
rescue missions, the helicopter is forced, where others have failed, to operate in very
vulnerable situations and be exposed to many dangerous hazards that greatly increase the
risk of accident. However mythical and misconceived these fears are, the safety record
for helicopters, particularly during the first 25 operating years, gave some justification
for public concern. Although accidents and incidents continue to occur as a result of
engine failure, safety standards and records today are much better than before and will
continue to improve, largely as a result of improved reliability and maintenance
procedures, but also through a better understanding of the consequences to performance and
handling of engine failure. This understanding is derived from flight test and the scope
of testing required depends upon the intended role of the aircraft and the rules of the
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2.2.4 Level flight airspeed and manoeuvre envelope

Helicopter airspeed and manoeuvre flight envelope limitations can be derived from a
number of sources including power, transmission loads, vibration, rotorspeed, rotor stall
and compressibility effects and control or handling deficiencies. It is the
responsibility of the airframe manufacturer to define the envelope boundaries during
development flight testing for certification purposes. The principal constraint on the
airspeed/altitude/weight envelope of a helicopter is undoubtedly associated with the
growth in fluctuating control system and rotor component loads as retreating blade stall
is penetrated. As the rotorblade sweeps around into the retreating side of the disc,
incidence is increasing to maintain the lift balance, (derived largely through cyclic
pitch), and at the critical condition, lift stall is attended by a rearward shift in the
centre of pressure of the stalled portion and hence a sharp and large change in the
section pitching moment. The resulting abrupt change in blade torsional moment together
with reduced and often negative torsional damping, can induce a stall flutter type of
oscillation in the region of the retreating blade that decays rapidly as the blade
penetrates the advancing region. When this condition exists, large fluctuating loads are
generated in the blade control system. The correlation of blade stall with increased
blrde torsional response is illustrated in Fig 16 taken from Ref 20. The test was
conducted on a Wessex helicopter at RAE Bedford with deliberately roughened blades to
induce stall and simulate the effects of moderate leading edge erosion on unprotected
light alloy blades. The direct correlation of trailing edge pressure divergence with lift
stall and pitching moment 'break' is discussed in the reference. In Fig 16, the initial
stall in the third (rotor disc) quadrant followed by a large amplitude oscillation in the
pitch link load at the first torsional mode frequency is characteristic of the stall
flutter phenomenon.

Operating the rotor at higher thrusts or airspeeds typically results in a rapid
increase in the stalled region and in the peak to peak amplitude of the control system
loads beyond the endurance limit corresponding to 'infinite' fatigue life. Although
transient in terms of azimuth, they are repeated every rotor revolution and the effects of
blade stall result in a very real rotor structural limitation, hence extensive flight
testing is required to determine the flight envelope boundaries. Data extrapolation is
least reliable for these critical rotor conditions and the combination of many detailed
dynamic and aerodynamic interactions involving blade torsional response, blade/vortex
interactions, unsteady and three dimensional aerodynamics also make prediction methods
least reliable in this region.

Flight testing during the development test phase for rotor structural limitations
requires extensive rotor instrumentation and an associated slip ring assembly. Monitoring
of critical stresses during flight is essential for a safe approach to the critical
condition and this is usually accomplished by test engineers at a ground telemetry
station. The need for real time stress monitoring is particularly critical for modern
designs that have irreversible powered controls and soft mounted crew seats, features that
can rob the pilot of the natural cues that would give him some warning that critical
conditions have been exceeded. Handling problems also accompany retreating blade stall
but for single rotor helicopters, level flight performance is usually first limited by
structural considerations as described above. An effective manoeuvre envelope usually
means a degree of operation in conditions where fatigue damage is accumulated and
components need to be lifed according to a defined spectrum of manoeuvres. Damage rate
increases rapidly with load factor and handling deficiencies, particularly those which
affect the control of normal acceleration, may well emerge as limitations to safe flight.
Manoeuvring limits are discussed below and again in the flying qualities section of the
paper.

The level flight airspeed envelope defined by structural fatigue limitations are
presented in the operating data manual in the form shown in Fig 17, where the airspeed
boundaries are shown as simple functions of density altitude and aircraft weight.

The boundaries are usually drawn at a defined percentage below the measured
endurance limit to allow for flight in turbulence. Tests may also need to be performed to
determine if the onset of advancing blade compressibility effects leading to pitching
moment 'stall', occurs before retreating blade stall. The broken lines in Fig 17,
representing the low temperature operating limits, are typical of such effects and
indicate the rather abrupt nature of this aerodynamic limit.

In addition to defining level flight performance airspeed limits, the helicopter
manufacturer must, before a design certificate can be awarded, flight test .o define the
safe manoeuvre envelope. These tests will normally be carried out with the same
instrumented aircraft used for the airspeed tests and cover the full range of operating
conditions. Strictly speaking, such testing will address much more than aircraft
performance and should include such issues as handling limitations when manoeuvring at low
speed as well as structural high speed limitations. In view of the intimate connection
between handling and performance during manoeuvring flight a more complete discussion is
continued in the sections on dynamic performance and flying qualities. Here we restrict
the discussion to the topic of testing for structural limitations derived from rotor
component fatigue and rotor and airframe strength considerations caused by 'normal' loads.
Although extensive structural analysis and component rig tests will have been performed, a
flight test programme must be undertaken by the manufacturer to cover the range of
critical loading conditions and hence validate the integrity of the design. All
helicopters have a defined limit manoeuvring load for structural design with proof and
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the need to hold the test condition for a long period, perhaps up to two minutes if engine

and fuel consumption data are required at the test point, it is useful to have any
stabilisation or autopilot facilities switched on for the tests. A typical carpet plot
derived from the test data points is shown in Fig 9.

A different method of establishing test points and covering the necessary range of
rotor conditions, based on non-dimensional power and thrust coefficients, mean tip Mach
number and advance ratio, has become an established test technique at the RAE Bedford.
These quantities are more familiar in rotor performance theory and are easily related to
the generalised parameters.

thrust coefficient tc = T/p(nR)y'R s (4)

power coefficient PC = P/p(OR)'iR s (5)

mean tip Mach number Mt = aR/a 0/T (6)

advance ratio 1 = V/nR (7)

Here T is the rotor thrust, s the rotor solidity and a the reference speed of
sound.

The test technique used involves defining a number of test conditions on a grid of

(tc, Mt), as shown in Fig 10, and establishing each condition for a range of airspeeds

which can be converted later into advance ratios. Test charts, shown in Fig 11 for the
RAE Bedford Research Puma, are required to adjust altitude and, if required, rotorspeed,

during the testing to maintain constant tc and t " As shown on the chart, as fuel is

burnt, then altitude needs to increase to maintain test conditions and as the temperature
decreases, so rotorspeed should be decreased to maintain constant Mach number. Manual
variation of rotorspeed can only be achieved below the rotor governor limit of 263 rev/mmn
with the Puma, and this requires the observer/flight test engineer to operate the throttle
levers to establish rotorspeed in concert with the pilot who establishes the test altitude
and airspeed with collective and cyclic. Test points requiring rotorspeeds below about
250 rev/mmn are approached with a certain amount of caution as the effects of retreating
blade stall can cause a rapid rotorspeed decay towards the lower limit of 240 rev/min.
Testing in these limiting conditions also requires careful monitoring of critical rotor
stresses via a telemetry link. Further aspects of the evaluation of flight envelope
limits and associated test techniques are discussed in section 2.2.4.

A selection of results for the RAE Puma is shown in Figs 12 and 13, where the power

coefficient is plotted against advance ratio for various values of tc and Mt . Trends

can be seen, including the power rise due to compressibility at the higher Mach number
in Fig 13.

Important ingredients of mission performance from the operator's viewpoint are the
helicopter's range and endurance and the required testing needs to establish the best
combination of speed and height to maximise range and endurance for a range of aircraft
weights and atmospheric conditions. In addition, data needs to be gathered to determine
the penalties incurred when the helicopter is operated in off-optimum conditions. The
essential variable required to determine these efficiency measures is fuel consumption and
this will normally be measured during level flight, climb, descent and hover performance
tests. Results from the tests also allow payload/range charts to be produced for the
aircraft operating data manual.

2.2.3 Forward flight climb and descent performance

The level flight power required curves in Fig 8 show clearly that excess power
available and hence climb performance varies considerably with the forward speed of the
helicopter. Testing needs to be carried out to establish the optimum climb schedule in
order that a simple but efficient schedule can be recommended to the operator. The
variation of the optimum conditions with AUW and ambient conditions also needs to be
established. Similar test techniques can be used to establish the best airspeed for
maximum range or minimum rate of descent in a flight idle glide or autorotation. A
sawtooth test flight profile results in the most efficient use of test time with the first
climb initiated at the lowest speed, followed by a descent, then a climb at a higher speed
and so on until the highest required speed Is reached. Repeating the test points at
intermediate speeds and making the necessary measurements allows the results to be plotted
in the form given in Fig 14. A mean curve can then be draw- shown in the figure to
establish the mean AUW for the test points. Similar mean curves can be obtained at
different test altitudes and an optimum climb schedule defined. Test results obtained
during the descent portions of the profile can be used to derive a mean curve as shown in
Fig 15, from which the airspeed for maximum endurance (minimum rate of descent(ROD)) or
maximum range ( best glide angle) can be derived, as shown.

Having established a climb schedule as described above it is usually necessary to
validate the climb performance of the helicopter by conducting a ceiling climb test. Data
on the performance at the absolute or service ceiling will also be required for the
operating data manual. Such a test is often exposed to a host of other issues that affect
performance as engine, transmission and control margins approach their limiting
conditions.
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ground referenced testing, particularly in high cold sites, care should be taken to adjust
rotor speed, and hence the parameter w , if blade tip Mach number effects are expected to
be significant.

A typical carpet plot of 'smoothed' flight results from tethered hover tests is
shown in Fig 4. As noted earlier, proof of compliance with a given requirement can
usually be prescribed by Industry in the combined form of test data and theoretical

predictions. Regarding hover performance prediction, theory is now developed to the point
where very accurate predictions are possible across a wide range of altitude and
temperature. The results in true non-dimensional form shown in Fig 5, were measured on a
Wessex helicopter at RAE Bedford (Ref 20), and illustrate the increased rise in torque

required at the higher thrust coefficients as the blade tips penetrate into drag rise
conditions. For these tests a simple and effective method for establishing true hovers at
altitude was practised whereby a ball on a string was tracked beneath the helicopter with
the observer relaying the bow direction to the pilot.

Fig 6 is taken from Ref 21, and also demonstrates this prediction capability for
the BK 117 helicopter. Similar results are presented for hover IGE. Also, in Ref 21 Mach
number effects on power are shown to be predictable conservatively to within 10% at
temperatures as low as -30°C. Greater acceptance of such predictions by clearance
authorities will reduce the amount of time required to gather these somewhat imprecise
test points. Currently, FAA regulations (Ref 7) stipulate that all OGE hover data must be
obtained at the same test sites that the IGE data is obtained, and extrapolation is only
possible up to 4000 ft.

The measurement of helicopter vertical climb performance can also be achieved using
both ground referenced and air referenced techniques using ballasting and altitude
respectively to effect changes in the normalised weight. The results will, however,
usually exhibit considerably more scatter than the hover data for several reasons. The
test points are difficult to set up accurately, wind speed and direction may vary with
height and the rotor speed will tend to droop with a power increase thus affecting the
normalised weight parameter. For ground reference testing the need for continued re-
ballasting to achieve a constant weight parameter is clearly time consuming and a test
technique that obviates this has therefore been developed. From a given reference hover
OGE, rates of climb can be established for increments in power up to maximum torque. If
these test points are then repeated in reverse order results of the form shown in Fig 7
can be obtained and a mean trend established. Vertical climb performance data will enable
an operator to determine the power or thrust margin required, for example, to rise
vertically out of restricted spaces, or to clear safely a moving surface, eg ship's deck.
Steady state performance in this respect is not the only criteria that some operators use
to establish the effectiveness of their helicopters in vertical manoeuvres. The initial
stages of the bob up task, used by battlefield helicopter pilots to unmask from cover,
involve transient acceleration and rotor speed effects that can dominate over the steady
state characteristics. These and other issues relating to helicopter agility and
associated handling qualities are dealt with in later sections.

2.2.2 Level flight performance, range and endurance

Level flight performance is determined by the power required throughout the speed
range for the required conditions of all up weight (AUW), altitude and temperqtu:re, and
rotor speed. Such performance data will appear in the aircraft's operating data manual in
the form of a family of curves for each different atmospheric condition typified by Fig 8.
Flight speed becomes an additional variable in the tests, in the form of the advance ratio
, (V/nR) or simply (V/w). Compressibility effects will become important, especially at
higher forward speeds, and the normalised power coefficient can be expressed in functional
form as either,

__ f Y, H (2)

or

P f , -" , (3)

3 2

where V is the flight speed and 8 is the atmospheric pressure ratio.

The normalised parameters in (2) are used if rotorspeed is variable and testing at
constant pressure altitude preferred. Clearly a large number of test points will need to
be flown to gather the data required and these may need to include points at various
centre of gravity (cg) positions and with externally carried role equipment. Careful test
planning is therefore required to economise on test time and charts will need to be
prepared indicating to the aircrew the height to fly versus test AUW and rotorspeed versus
OAT. The charts will normally be further broken down to define those test conditions
likely to be available at the test location.

The optimum piloting technique used to stabilise on a test point will depend on
whether the airspeed Is above or below that required for minimum power. Above minimum
power speed, collective is held fixed and rate of climb nulled and speed stabilised with
cyclic. At and below minimum power speed it is easier for the pilot to first stabilise
airspeed with the cyclic and thereafter null the rate of climb with collective. Due to

wl.
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Incidence. Position error correction is of paramount importance and a reliable method of
overall calibration Is still that of accurately timing over known distance in measured low
wind conditions with sideslip and incidence as controlled variables. This procedure may
change in the future with new techniques based on doppler laser technology. Fig 2 shows a
typical pressure error correction. Because of the close relationship with flying
qualities, dynamic performance testing usually requires a wider range of on-board
measurements including pilot's controls, fuselage attitudes, rates and accelerations. In

addition, ground based tracking equipment eg kinetheodolites, are mandatory for some
tests, eg certifying for Catetory A take-offs.

Flight testing can generate considerable amounts of data and efficient forms of
data reduction and analysis are required to convert this into useful information.
Techniques vary from in-flight reduction of the test engineer's knee-pad data to extensive
post-flight, or even real-time (Ref 19), computer analysis using a database management
system together with a range of standard analysis packages. Both approaches are generally
necessary, the former to guide the test programme in real-time and the latter to verify
test points and produce definitive results. A desirable aim should always be that test
data analysis is rapid enough not to impede but rather to guide the test programme and
that all proceedural operations are automated.

2.2 Quasi-steady Performance testing

2.2.1 Hovering and vertical flight performance

For many helicopter operators good hover performance is a first priority although
this will usually be compromised by rotor design requirements for high forward speeds.
Often quite specific targets are required by an operator in terms of maximum all up weight
that can be lifted, out of ground effect (OGE), at different atmospheric pressures and
temperatures. These target points must then lie within the performance boundaries defined
in the flight or operating data manual (ODM). Fig 3 shows a typical presentation of such
data and the flight testing required to establish the operating boundaries is both
exhaustive and varied. Accurate measurement of hover performance requires considerable
pilot skill and test team coordination in view of the wide range of factors that influence
the power required, and the difficulties involved in establishing a true hover. The
factors include outside air temperature and humidity, altitude, aircraft condition and
wind speed. The relationship between the power required and these factors can be

expressed functionally in normalised form, dependent on thrust coefficient and tip Mach
number, ie

P_ f ( W (1)
where P is the input power

W is the aircraft weight
o is the atmospheric density ratio
* is the ratio of actual to reference rotorspeed
8 is the atmospheric temperature ratio

For hover in ground effect (IGE) performance, an additional variable in this

functional relationship will be hover height or height ratio (h/R) where R is the rotor
radius.

To enable a wide range of normalised weights to be covered during testing a number

of test techniques have become established. These fall naturally into two groups:

(a) ground referenced free flight and tethered hovering

(b) air referenced free flight hovering

A pre-requisite for the ground referenced techniques is that tests are conducted in

very light winds (4 3 kn) since wind and turbulence and the attendant unsteady aircraft
motion give rise to considerable scatter in the results. The free flight technique is
relatively simple but requires a significant time spent 'on the ground' between test
points changing the aircraft weight. The tethered hovering technique, whereby the
helicopter is attached by cable to a suitable tethering point, (cable tension relating
directly to rotor thrust), removes the need for much of this time consuming activity and
simplifies height control. However, it becomes important in this type of test for the
pilot to ensure that the cable is vertical and hence position control becomes more
demanding. In addition, both ground referenced techniques normally require at least two
test sites to cover the required range of normalised weight.

Air referenced test techniques have been developed to overcome the problems
associated with weather and the need to test at different sites that attend ground
reference testing. Early testing techniques involved formating on neutrally buoyant
'objects' such as balloons, smoke puffs or even clouds but with the advent of reliable low
airspeed indicators, calibrated to work in the rotor downwash, these rather crude
techniques have been largely superseded. Height control remains a problem however, and
some care must be taken to avoid the vortex ring condition; climbing the last stage to the
test condition is therefore favoured. A wide range of non-dimensional weights is best
covered by flying the test points in a descending sequence from high altitude, high weight
to low altitude, low weight. In addition, the test altitudes should be planned such that
engine limits do not restrict the top end of the normalised weight range. As with the
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where 6nlc and Sn p are the pilot's control deflections from level trim, v the

sideslip velocity and Lnl c  and N , the rolling and yawing moments from lateral cyclic

and yaw pedal respectively. Assuming that these control derivatives vary little with
speed, the trends, though not absolute variations, in dihedral and directional stability
can therefore be derived. Fig 38 shows the variation of cyclic and pedal trim positions
in sideslip fcr a climb, level and descent condition measured on the RAE research Puma at
100 kn. A strengthening dihedral effect and weakening directional stability are apparent
in the climb conditions. These particular characteristics are referred to again in
section 3.3 when considering the effect of flight condition on dutch roll damping. The
directional stability for small sideslip angles tends to be very sensitive to flow
conditions at the fin, in addition to the detailed profile of this surface. Ref 41
describes how major improvements to directional stability were achieved during test flight
development of the AS 332, AS 355 and AS 365 helicopters through relatively minor design
modifications to the fin section.

For helicopter configurations with a high set tail rotor the rolling moment from
the tail rotor will contribute significantly to the lateral cyclic required in steady
sideslipping flight. When the dihedral effect is small the trimmed cyclic may be in the
same direction as the pedal trim. An overriding pilot consideration when testing for
directional and dlbtdral stability should be that clear unambiguous sideforce cues
indicate the direction of sideslip. The pilot needs to be clearly alerted when sideslip
limits are approached. Test techniques for isolating the dihedral stability for
helicopters with strong tail rotor rolling moments are described in Ref 10.

Just as speed stability can be determined by perturbing the aircraft with
longitudinal cyclic in the vertical plane, so spiral stability, or the tendency of the
aircraft to return to or diverge from level flight when disturbed in roll, can be derived
from the 'turns on one control' test technique. Having established the desired 'wings
level' trim condition, lateral cyclic is used to roll the aircraft to a small bank angle.
Speed is held constant with longitudinal cyclic and the lateral cyclic re-trimmed to hold
the new bank angle and turn rate; rudder and collective are held fixed. The manoeuvre is
repeated in the opposite direction and for a range of steady bank angles. Similar tests
can be performed using yaw pedal to initiate and trim in the turn. For both tests the
control deflection required to maintain a steady turn gives a direct indication of the
aircraft's spiral stability. If out of turn control is required then the aircraft
exhibits spiral stability with the converse also being true. Once again, using linearised
derivative theory and combining terms in the rolling and yawing moment equation in the
steady turn, the control perturbations can be written,

rLvNr -Lrv) (15)
n ic = L nlc Nv

snp = LvNr - LrNr) r(6= Np v  r (16)

N nLv r

Here r is the yaw rate in the turn and the additional assumption is made that
rolling moments generated by aircraft pitch rate are negligible. From the test results
the ratio of the spiral stability parameter to the control derivatives can be derived as a
function of flight conditions. For spiral stability this parameter must be positive
implying control deflections into the turn.

3.3 Dynamic flying qualities testing

3.3.1 Dynamic stability

The natural dynamics of helicopter flight evolve from a complex interaction of
aerodynamic and dynamic forces that vary markedly in their make-up throughout the flight
envelope. In some situations, coupled oscillatory motions can dominate the response,
whereas in others, sharply aperiodic divergences can lead to rapid and large changes in
flight path and speed. Flight testing to establish natural stability characteristics are
required to highlight potential handling Iroblems or to help explain known handling
deficiencies, to compare aircraft characteristics with requirements and to provide data
for the design of stability augmentation systems. The tests described below cover both
long and short period oscillatory modes as well as aperiodic modes and refer only to stick
fixed characteristics. Requirement specifications commonly distinguish between
longitudinal and lateral stability in this context and the discussion below follows this
tradition.

An unstable low frequency oscillatory mode involving changes in aircraft pitch and
speed characterises the long term stability of helicopter longitudinal motions. This mode
can take the form of a mildly unstable pendulum-type motion in the hover to a rapidly
divergent 'phugoid' type oscillation at high speed. Aircraft centre of gravity position



has a marked effect on the stability in this mode in forward flight, reflecting the
contribution of rotor thrust tilt to aircraft pitching moment particularly in the presence
of large fuselage and tailplane moments. At forward cg extremes the oscillation can
actually stabilise at moderate speeds whereas, for some configurations, particularly
hingeless rotor helicopters or helicopters with small tailplanes, the oscillatory mode can
split into two aperiodic divergences at high speed. The mode differs from the traditional
fixed-wing 'phugoid' in that the speed changes during the 'climbs and dives' induce
pitching moments, that cause significant variations in fuselage and rotor incidence and
thrust. In the early days of helicopter testing these differences were often a source of
surprise to those whose background was essentially fixed wings. Ref 45 describes a loss
of control incident on an S-51 helicopter at RAE. The pilot had excited the phugoid mode
with a longitudinal cyclic pulse; recovery action was initiated at the end of the third
oscillation, the aircraft increased speed in a dive and during the pull out the blades hit
the droop stop, and eventually the fuselage, causing a rapid uncontrollable rolling
motion. The resulting erratic motions, during which the pilot became disorientated,
eventually settled down and the aircraft was flown back to RAE and landed safely. The
auto-observer recorded a peak normal acceleration of more than 4 g during the manoeuvre
causing severe buckling to occur in the rear fuselage. Two of the conclusions of Ref 45
were:

1... 'that large rapid movements of the controls (particularly backward) are to be
avoided at high speed', and

2 'Some form of flight testing techi.lques should be devised whereby the
susceptibility of a helicopter to this trouble could be ascertained in the
prototype stage'.

Today, the first conclusion is just as relevant as it was 40 years ago and test
techniques are now established to highlight the important features of helicopter long term
stability. Having established a trim condition a pulse type input in longitudinal cyclic

is applied, returning the control to the trim position. The period of this mode is
usually greater than 12 seconds, hence depending on the degree of instability, long
response times are required to estimate the frequency and damping. Very smooth conditions
are needed as inputs from turbulence contaminate classical motion during such long
recording periods. The cyclic input amplitude and duration may need to be varied to
produce a sufficient perturbation in flight path or airspeed to obtain a reasonable
excitation of this mode. Because of strong nonlinear effects with airspeed and incidence,
the modal characteristics can be expected to vary markedly with input size. Dynamic
stability criteria vary between requirement specifications although most define boundaries
of acceptability for VFR and IFR flight in terms of period and damping ratio.

Short term longitudinal dynamic stability characteristics dominate pilot
impressions of handling qualities relating to pitch attitude control. In low speed and
hovering flight the pitch and heave motions are essentially decoupled and short term
stability in each axis is described by the principal damping derivatives Mq and Zw

In forward flight these motions become strongly coupled and for most helicopters, adopting
fixed wing parlance again, a short period pitch/heave mode emerges, approximated by the
familiar response equation, in which speed is assumed constant.

- (Zw + Mq) q + (Z w Mq - Mw (Zq + U0))q = M 1s 81s - (Zw Mels - '1w Zola)els (17)

It should be noted that this form of approximation is not always valid and for some
configurations with a positive (unstable) Mw  and strong Mu , the short term stability

characteristics are determined by a combination of stable aperiodic modes and an unstable
long period oscillation. Ref 46 discusses the range of application of the short period
approximation given by (17). Whatever the character of short term stability a convenient
test control input which minimises excitation of the long period mode is the cyclic
doublet. Conducting a cyclic frequency sweep initially will enable the pilot to establish
if a clearly defined short period oscillation exists. This can be identified by the
frequency at which aircraft response becomes out of phase with the control input, and of
course, where the pitch response is a maximum. Using control jigs or fixtures, cyclic
doublets of various amplitudes can then be applied at the modal frequency. In addition to
the frequency, the damping ratio or number of oscillations to half amplitude characterises
this mode. Although control response itself is discussed later under a separate heading
it is usual to combine short period mode testing with an investigation of the ease or
difficulty in making small precise pitch attitude changes. Asymmetric doublet inputs
serve to initiate the pitch attitude change and the pilot should then determine what
corrective action is required, to subdue overshoots for example. The frequency and
magnitude of the cyclic inputs can be varied to achieve the best performance for this
task. Fig 39 illustrates the pitch response of a Puma to a cyclic doublet at 100 kn. For
aircraft that do exhibit a distinct short period oscillatory response the frequency
increases with airspeed (term proportional to q in (17)) while the damping increases
slightly as Z becomes more negative. Both these parameters vary with aircraft cg
position, AUW Ind density altitude and tests are required across the range of these
conditions.

In forward flight, lateral/directional dynamic stability is determined by the
characteristics of the oscillatory 'dutch roll' mode and the aperiodic 'spiral' mode. As
with fixed wing aircraft, the contribution of these modes to long and short term response
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is critically dependent on the values of the two static stability parameters L and N
(see also section 3.2.3). Fig 40 shows the relevant two-parameter stability diagram witK
the spiral and dutch roll stability boundaries drawn in, along with sketches of typical
short term roll responses for various parameter combinations. Summarising the results,
weak directional stability and strong dihedral can lead to dutch roll instability while
the converse leads to spiral instability. A compromise is therefore necessary for
acceptable all-round handling characteristics. It is often the case with helicopters that
weak directional stability results from aerodynamically inefficient fins that have
necessarily thick aerofoil sections and operate in the wake of the main rotor and upper
fuselage. Dutch roll damping suffers as a consequence but, as described in section 3.2.3,
a significant increase in N can be achieved through minor design modifications to the
trailing edge of the fin th'at effectively decrease the trailing edge angle. Further
improvements can be derived from increasing the fin area with endplates on the horizontal
tailplane. Fig 41 from Ref 38 illustrates the marked improvement in dutch roll damping,
that met the FAA single pilot IFR oscillatory mode requirement, through the fitting of
endplates on the BK 117 helicopter. Various approximations have been proposed for the
dutch roll frequency and damping depending on how much yaw, roll and sideslip are present
in the mode. For pure yawing motion, damping and frequency can be simply derived from the
yaw derivatives N and N . This model has limited application, however, in view of
the normally strong dihedral effect Lv inducing considerable rolling motion. A model
that includes roll/yaw coupling is discussed in Ref 47 and shown to give good agreement
with flight results for the cases considered. The frequency and damping approximations
take the form,

2 Uo(N v - L N (18)

p

S- Nr + Np Lp- 0p2v (19)

In equation (19) the only way the directional stability parameter N can affect
the damping c is through the effective dihedral L when the product of Ynertia Ixz
is non-zero. For configurations where sideways motign or longitudinal couplings
contribute significantly to the motion the above approximation will be invalid.

Optimum test inputs designed to excite the dutch roll mode clearly depend on the
type of motions involved and vary from pedal or cyclic doublets or oscillatory inputs to
cyclic or collective pulses. Lateral cyclic inputs, for example, will expose the degree
of adverse or proverse yaw (N p) present whereas collective inputs will isolate the

dihedral effect on the motion, unless strong collective/roll coupling is present. Fig 42
shows the dutch roll response of the RAE Research Puma following pedal doublets in the
three conditions shown; descent, level flight and climb. Ref 41 describes how
modifications to the fin on the SA 332 Super Puma significantly improved the dutch roll
stability characteristics of this aircraft compared with the original Puma design.

Dutch roll characteristics tend to be fairly sensitive to flight path angle as
indicated by Fig 42. The effect of steady sideslip on damping can also be significant,
arising from nonlinear interactional effects with the main rotor wake (Ref 47). Clinical
dutch roll stability tests should be carried out in these various conditions. Analysis of
the oscillatory characteristics, including phase angles between the various degrees of
freedom should enable fundamental parameters associated with the motion, such as yaw
damping and adverse/proverse yaw to be estimated.

The characteristics of the spiral mode will determine the tendency of aircraft to
return to, or depart from, a level trim condition following a perturbation in roll. As
noted earlier, spiral and dutch roll stability are naturally at variance with one another
so that a strongly stable spiral mode will result in attitude demand type roll control and
strong excitation of a weakly stable or unstable roll/sideslip oscillation during simple
uncoordinated turns. Spiral stability can be determined qualitatively from the 'turns on
one control' technique described in section 3.2.3. The test techniques recommended in
Ref 7, involve establishing an out of balance trim condition, returning controls to the
level trim condition positions and measuring the bank angle response. As pointed out in
Ref 7, of particular interest is the time for bank angle to pass 20" and this time should
not be so short as to cause the aircraft to have objectionable flight characteristics in
the IFR environment. The time period to double amplitude (20') should be at least
9 seconds. For aircraft with marginal spiral stability the range of flight conditions
covered in the testing may be relatively large with left and right spiral stability
explored in some detail.

Dynamic stability testing can be a hazardous task; it is preferable for serious
handling deficiencies to be discovered in tests through the incremental approach rather
than when the aircraft is undergoing a role-related test phase. This may, however, be
difficult to plan for in a time-critical development phase, because of the extensive
number of test hours required to cover the complete envelope. Perhaps of greatest concern
are the stability variations during manoeuvring and asymmetric flight conditions, where
simple augmentation systems can become saturated, and the consequences of an unexpected
change in stability to a pitch or roll/yaw divergence can have a serious impact on flight
path and structural loads.
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3.3.2 Control response

Military helicopter handling requirements both in Europe and the US are widely felt
to be out of date both in their structure and in many of the detailed specifications. The
revisions currently being prepared are expected to be considerably more relevant to the
wide range of operational roles fulfilled by helicopters and should address particularly
the requirement for tailored handling characteristics for different flight phases and
usable cue environments. Ref 31, for example, proposes detailed requirements for control
response types that can be acceleration, rate, attitude or translation rate command in
character. The adoption of a much more sophisticated requirement for control response
characteristics will impact significantly on aircraft/control system design as well as
flight test techniques. The short term response to control inputs define to a large
extent the aircraft's manoeuvrability and clinical control response testing, perhaps more
so than stability tests, gives the pilot a clearer impression of short term handling and
how well the aircraft will perform during role-related tests.

The test input to evaluate control response about all axes throughout the flight
envelope consists of a step, or more practically a ramp, applied from the trim position
and held against a fixture or scale. For short term response evaluations recovery can be
initiated when the steady state response in the required axis is obtained or when a pre-
determined flight parameter limit is reached. A range of increasing input sizes, in both
control directions, should be applied, to test for linearity and consistency. The type of
response will vary with control type and flight condition but the essential features of
interest will be:

i control sensitivity - acceleration/unit control input,

ii delay in build up to maximum acceleration,

iii steady state primary response (rate (velocity) or attitude (position)),

iv time constant of primary response - damping,

v tendency to overshoot,

vi cross coupled responses.

These features are illustrated in Fig 43 and although a detailed analysis of
recorded data will be required to quantify these effects, immediate qualitative pilot
impressions are useful to establish the adequacy, consistency and predictability of the
response. Tests are normally carried out 'one control at a time', with the remaining
controls fixed at their trim values, but these can be supplemented with tests where the
pilot attempts to minimise coupling excursions with secondary controls. The effect of
this action on the primary response characteristic may be important and should be noted.

Control response In hovering flight is typified by a first order lag type response
in all axes and dominated by the principal damping parameters Lp P Mq , Nr and Zw .

One exception to this rule is the heave response in ground effect where an oscillatory
second order response is caused by the ground cushion. Short term angular motion response
is also modified after a few seconds as translation rate builds up and pitch or roll
moments develop to reduce the response. In forward flight roll control response remains
dominated by the roll damping Lp and, of course, control sensitivity, that remain

fairly constant with airspeed. As noted in earlier sections, however, the response can
soon become oscillatory if roll motion excites the dutch roll mode leading to sideslip
excursions. Forward flight has a stronger effect on longitudinal control response
(cyclic and collective) as the short period mode develops and both pitch and heave
excursions take place. Also, for larger cyclic inputs, nonlinear speed effects can
modify the control response and reduce the achievable steady state pitch rates.
Figs 44 and 45 illustrate the cyclic control response for the RAE Research Puma at 100 kn.
Following a step input in longitudinal cyclic (Fig 44) the pitch rate is seen to achieve a
maximum value in about 2 seconds while the peak normal acceleration is delayed somewhat as
the incidence continues to increase. Roll coupling is seen to be strong, arising mainly
from the pitch rate (Lq) effect. Roll rate response to a lateral cyclic step (Fig 45)

rises more rapidly as expected (I L j >> I Mq ) but soon subsides as sideslip builds up

and the oscillatory mode begins to respond.

3.3.3 Gust response

For helicopters without any form of control augmentation the features that help
make the response insensitive to atmospheric disturbances, ie strong stability, serve also
to impede manoeuvrability. The compromises between stability and control are partially
resolved in many current designs through a combination of stability and control
augmentation that essentially gives the aircraft different response characteristics to
pilot commands and external disturbances. This facility gives the designer greater
freedom to tailor handling qualities, but to fully exploit this freedom good test data on
gust response characteristics are required. During gust response testing the pilot will
be interested in the types of disturbance ( eg moderate turbulence, including discrete
gusts and windshear) from which he can regain control, or maintain control long enough to
complete hii task or fly out of the disturbance. He will be interested in which dynamic
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modes are excited and whether the response cues are adequate to be able to judge the
required control strategy for recovery, and he will need to estimate the increase in

workload required for continuing precision flying tasks in turbulent conditions. An
example might be the effect of gusty conditions on handling criteria established for
smooth conditions, ag precision hover task. Finally, the pilot will be required to judge
the ride quality of the aircraft in gusty conditions and quantify the degree of tolerable
discomfort. In addition, data will need to be gathered to determine the effect of
turbulence on structural loads to assess the impact on component fatigue life. Put
together, these requirements call for testing carried out in actual turbulence. The
obvious problem here is that test conditions are difficult to predict and therefore plan
for. A major exception here is the turbulence created by steady winds blowing over and
around obstacles, buildings and a ship's superstructure and the general effects on flight
operations in the near-earth or near-ship environment. Calibrated facilities could play a
very useful role here. The effect of discrete gusts can to some extent be simulated with
pilot test inputs and this is an established method of testing. Automatic control inputs
would be much more, effective in this regard as they could be easily 'programmed' to
represent a wide variation of gust spectra including the design cases. What is currently
lacking is a meaningful database of turbulence characteristics for many helicopter
operating environments, particularly nap-of-the-earth flight.

3.3.4 System identification

During the flying qualities testing phase of a development test programme on a new
helicopter the occasion can arise when an unexpected handling problem is discovered that
simple analysis and inspection of flight records fails to explain. Examples may be a
sudden deterioration in stability for particular flight conditions, stronger than usual
cross coupling during manoeuvres or perhaps a loss of control effectiveness in some
asymmetric flight state. If not quickly understood and resolved, such problems can
seriously impede progress and result in a protracted test programme as various design
modifications or flight control system 'fixes' are explored. Many current types operating
successfully today have experienced such setbacks and although our knowledge base is
improving all the time, it is unlikely that future configurations, built to tougher
requirements, will be free from their unexpected problems. The first stage in a rational
course of investigation would be a return to the simulation model from which the design
evolved. A direct comparison of flight and simulation results in the troubled area will
reveal the character of the differences but, without further flight test and analysis, it
is unlikely that direct time history comparisons will be able to shed much light on the
source of the differences. What is required is a more systematic method of comparison
that can isolate the modelling errors and identify the required improved representations.
This should point, in turn, to the physical origin of the deficiency in question and guide
further flight measurements in search of a suitable design solution.

The methods of system or parameter identification described below have been
developed partly to serve this objective. The fundamental aim of the methods is the
derivation of a mathematical model structure and the estimation of associated parameters
that gives the 'best' fit to the flight data. The meaning of 'best' in this context
depends upon the minimising criteria used. In general, the most reliable parameter
estimates come from data fitting that is optimum in a probabalistic sense rather than
based on some timewise error function, is a particular set of derivative estimates are the
'most likely'. Estimation methods in use range from simplistic methods that take no
account of measurement or process noise to 'advanced statistical' methods that try to
account for both. No attempt is made here to describe the techniques in any great detail;
the reader is referred to AGARD Lecture Series LS-104 (Ref 48) for a comprehensive review
of the subject.

Nearly 30 years of development has brought the methods of system identification to
the point where, in the hands of the specialist, they are providing satisfactory results
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for a range of fixed wing aircraft applications. For helicopters, although a limited
number of studies have provided encouraging results, it must be said that reliable,
foolproof methods are not yet established for a number of reasons. These are reviewed in
Ref 49 and summarised below:

a. system complexity - coupled longitudinal/lateral dynamics, interaction with

main rotor dynamics,

b. high vibration environment - reducing signal to noise ratio,

c. instabilities - restricting data record lengths, difficult to trim,

d. nonlinearities - moderately sized inputs required because of (b) leading to
airspeed/sideslip/incidence nonlinear effects - process noise,

e. airdata measurement systems sensitive to rotor wake and fuselage flowfield
effects - process noise.

Taking account of these special difficulties, a number of integrated approaches
have been developed for helicopters (Refs 50-52). The required stages derived from these
experiences are summarised in Fig 46 and form the basis of the method under development at
RAE Bedford.

The optimal control input design stage aims to define the control input shapes and
sequences required to excite the aircraft in such a way that particular response variables
and hence their associated parameters are dominant. The design can be performed in the
frequency domain based on a bandwidth criterion or more directly through minimisation of
parameter estimate error variances (Ref 48). The design will initially be based on
results from a simulation model of the aircraft but can be updated as flight data is
gathered, if required. Signal shapes that have been used in practice range from complex
multisteps to combinations of periodic functions. The requirement for a wide excitation
bandwidth along with simplicity led to the DFVLR '3211' multistep illustrated in Fig 47,
along with other typical multisteps. These types of input are easily 'flyable' by the
pilot but with more complex input shapes it is desirable to apply the controls
automatically. A convenient way to achieve this is through the limited authority
actuators normally driven by the automatic flight control system (Ref 53).

/\ NN.

Following the flight trial a preliminary interpretative and comparative check on
the results should be made. This should cover repeatability (three runs at each condition
are desirable), linearity (excursions in response, effect of control input size) and
enable rough estimates to be derived of damping, frequencies, control sensitivity and the
levels of cross coupling involved. Comparison with the simulation model will provide
clues regarding the modelling deficiencies, eg are nonlinear effects reproduced,
frequencies similar, cross couplings correct etc.
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The next stage in the process highlighted in Fig 46 involves the computation of
filtered or smoothed state estimates from the measurements. With the aircraft kinematic
equations providing the system 'model' in an extended Kalman filter/smoother algorithm,
calibration factors can be corrected, unmeasured states estimated and the levels of
measurement noise on the data reduced. The technique is particularly sensitive to the
assumed process noise statistics, or the uncertainty in the validity of the kinematic
system model. Atmospheric disturbances and unmodelled degrees of freedom will contribute
to the process noise.

Model structure estimation, or the estimation of which degrees of freedom are
contributing to the dynamic motion, can be performed in the time or frequency domain,
hence the option of a fast Fourier transform (FFT) in Fig 46. Frequency domain estimation

has the advantage that the model fit can be restricted to a limited frequency range,
enabling reduced order models ( eg short period or dutch roll modes) to be more easily
derived for either single input/single output transfer functions (Ref 54), or multi-degree
of freedom models (Ref 55). Least squares step-wise regression algorithms are
computationally efficient for multi-variable equation error type analysis. The process
suffers from the 'non-uniqueness' problem that generally plagues system identification, in
that the fit error continues to decrease as more variables are accommodated, irrespective
of their physical significance. Additional criteria need to be used, including the F-
ratio test (Ref 56) and confidence level test (parameter covariance matrix) to help judge
when an optimum fit has been obtained. Information derived from separate
analysis, eg static stability measurements, time-vector analysis (Ref 57), can be used at
this stage to refine the model structure. Finally, test data from different control input
sequences can be used to check the predictive capability of the derived model.

The parameter estimates obtained from the model structure evaluation stage can
finally be used as starting values for the maximum likelihood process which iterates
towards unbiased, minimum variance values, and provides information on the reliability or
uncertainty level of the estimates (Ref 58).

In Fig 46 the use of a simulation model to validate the methodology is stressed.
The effects of measurement noise, degrees of freedom, nonlinearities and record length on
the various processes can be explored in a controlled fashion and later used to guide the
decision making logic when processing flight data.

Major improvements in the reliability of system identification methods for
helicopter applications are required before they are available for routine use during
flight test development. Although successes have been claimed, the greater number of
published cases where dampings have been grossly underestimated and cross couplings badly
predicted suggests that considerable specialist effort is required to overcome its use
with problems peculiar to helicopters. This is a research task and more fundamental
studies with elements of the structured approach described above are urgently required.

3.3.5 AFCS development flight testing

Operational requirements for most modern helicopters demand that some form of
automatic flight control system is installed to assist in the flying task. Systems can
range from simple stability augmentation systems (SAS) to sophisticated stability and
control augmentation systems (SCAS) tailored over a range of flight conditions and
supplemented with a variety of autopilot functions. Such systems usually interface with
the primary mechanical flight control system through limited authority series actuators
and rate limited parallel trim actuators. The flight test requirements for these systems
fall into two categories.

(a) Tests to optimise system performance and handling qualities.

(b) Tests to establish the effects of failures.

These tests will normally be performed by the manufacturer, in liaison with the
avionics sub-contractor, during development flight testing if the system has been designed
as an integral part of the vehicle. The optimisation phase will have as an objective the
clear demonstration of compliance with the appropriate set of requirements from both
aspects of system operation and handling qualities. It will therefore need to encompass
the complete range of flying qualities tes s even though these may have already been
carried out on the basic aircraft. Any augmentation saturation effects, for example, will
need to be carefully explored. In addition, tests will be required to determine system
performance for any special features, eg control system mode changes (heading hold to turn
coordination) and automatic approach, hover and departure autopilot function on the SH-60B
(Ref 59). For in-service aircraft there is often a requirement to extend their capability

towards 'all weather' operations and additional testing will be needed for avionics that
contribute to this aim (Ref 60). Control system optimisation testing can, of course,
highlight problem areas as control system and airframe modes interact in unexpected ways.
Ref 44, for example, describes how, with the AFCS engaged, vertical vibration was
aggravated during recovery from high speed autorotations with the SH-60B. In this case,
'relocation of the SAS pitch gyro to the first fuselage bending mode anti-node position
produced the desired improvement'. Comprehensive instrumentation is usually required to
assist 'trouble shooting' during this type of testing and both aeromechanical and avionics
disciplines are involved.

The limited integrity of single lanes of an AFCS demand that a detailed failure

modes and effects analysis be performed and additional flight testing carried out to
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establish safe recovery techniques and provide practical evidence of the flight regimes
where pilot recovery is possible. Tests need to be carried out with the appropriate
intervention times made up of the aircraft response time (time for appropriate cue to
build up) and the pilot response time. The intervention times that have to be complied
with depend on the certification authority. The UK military requirements (Ref 2), for

example, refer to active, attentive and passive flight segments with varying pilot
response times. This reference also advises on the test techniques to adopt when
simulating system failures. Types of failure range from slow to rapid runaways to
oscillatory malfunctions. Testing requirements will depend upon the intended aircraft

role and the flight segments within these. For example, Ref 2 suggests that for active
flight segments runaways should be injected without warning the pilot while for attentive

and passive flight segments the pilot should be warned. In general, a fairly thorough
test programme will be required to cover clearance, with particularly detailed and careful
tests at the edges of the flight envelope. Most certification agencies allow an extension
to the normal flight envelope boundaries for the recovery phase following a failure,
eg Ref 7 states that 'during high speed malfunction testing the maximum speed allowable

during malfunction or during recovery is 1.11Vne.

A simple qualitative assessment of AFCS runaways adopted by the Empire Test Pilot
School (Ref 8) as part of the training programme, and suitable for preview trials is
described as follows:

'...The first runaway is initiated at Vmp with actuators null (if applicable),

with no delay before pilot intervention. The runaway envelope is opened
incrementally, increasing/decreasing speed, displacing actuators, and increasing
delay time until either the defined intervention times are achieved or the pilot
encounters a limitation. The runaways must be carried out in both directions, in
all channels, if possible into the extremes of the flight envelope in terms of IAS
and manoeuvres. The data available from such a trial would be the delay time, the
maximum height loss and the proximity to other limiting conditions over the entire
envelope. Finally some runaways would be carried out without warning in all axes
and, if necessary, runaways would be carried out while flying on instruments...'

The key to establishing flight clearance from failure testing is to determine where
safe recoveries can be made without exceeding aircraft limits and to check that clear
unambiguous cues attract the pilot's attention to the failure, and that the recovery
technique is natural and obvious. Allowable attitude excursions during failure and
subsequent recovery vary from type to type and are based largely on the self-correcting
characteristics of the aircraft combined with the immediacy of the pilot cue and
subsequent control response.

Flight testing for pitch runaways on the Westland 30 helicopter revealed possible
excursions into retreating blade stall just beyond the level flight airspeed boundary
(Ref 61). At lower speeds it was generally found that the aircraft would naturally self
correct following a single lane pitch runaway and the pitch attitude transient remained
below 30" without pilot intervention. At some critical speed the pilot noticed that the
severity of the runaway increased and cyclic intervention was required to keep the pitch
excursion below 30". Analysis of data from the instrumented aircraft revealed that
limited retreating blade stall occurred as the rotor disc incidence increased. Fig 48
shows the airspeed envelope for the W30-100 aircraft and the test points covered during
the runaway tests.

Full circles represent the conditions where intervention was required as a result
of rotor stall (rapid runaway). The motion and associated vibration cues during these
rapid runaways readily manifested themselves to the pilot who, with a small forward cyclic
input (10%), could easily correct the situation. While the hingeless rotor configuration
on the Westland 30 results in somewhat higher pitch rates, it also endows the pilot with
the precise and crisp control response necessary to recover in these situations.

Looking to the future, and the potential development of full time, active fly-by-
light flight control systems for helicopters, one can foresee a requirement to integrate
more closely the system development and performance and flight envelope testing. New test
techniques and procedures will need to be adopted and, with the possibility of several
levels of reversionary modes available, failure testing will need to be re-appraised. The
consequences of control limits being reached or flight limitations being exceeded without
the pilot being aware of the situation could be distrastrous, which implies another level
of active monitoring. High integrity will be required from these systems and if the
promise of uncompromised safety and performance is to be -ealised, a fresh approach to
testing, based on experience with fixed wing aircraft, will eed to be debated in the near
future.

3.3.6 Role-related flying qualities testing

The clinical test techniques described in previous sections provide the raw

material from which the degree of compliance with handling requirements can be
established. These test resuits, though necessary, are not sufficient however for

demonstrating an aircraft's suitability for a given role. This same point was made in the
Chapter on Performance Testing (see 2.3.2) and is even more true for flying qualities
evaluation. In fact, the close interaction of flying qualities and performance when
checking role-suitability requires that both aspects be evaluated together: task
performance becomes a function of vehicle and pilot performance. This final section is
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concerned then with pilot performance and reviews a range of new test techniques under
development.

At this stage of testing the subjective impressions of the pilot will be all
important. Re will now be able to see more clearly the consequences of all the features
exposed during clinical testing. He will be expected to quantify his impressions using a
rating scale (Ref 62) and suggest the kind of improvements that are essential or
desirable.

The need for a flight phase dedicated for role or mission testing has led in turn
to the development of mission oriented criteria, based on stylised task elements.
Reference 63, for example, describes flight experiments to identify flying qualities
limitations for NOE flight; tasks included the slalom, teardrop and 'S' turns and lateral
quick stop manoeuvres (Fig 49). Results from this and other studies in the 1960's and
70's began to form a database of flight results that could be used to establish desirable
handling characteristics for future designs. By flying different helicopters through the
same task elements, a wide range of handling issues could be assessed in an operational
context, including primary response sensitivity and damping, cross couplings, manoeuvre
stability and rotorspeed control effects. By the mid 1970's the US were in a position to
specify mission oriented criteria for their UTTAS and AAH requirements (Ref 64), and later
the LAMPS Mk III (Ref 65). Looking to the future, the proposed Mil Spec 8501 revision
(Ref 31) suggests more than 60 task elements to be included in the 'general requirements'
with detailed task performance quantified for each specific requirement. Within the new
structure proposed in Ref 31, the concept of the usable cue environment (UCE) is
introduced to further categorise handling criteria based on different levels of outside
visual cues and artificial vision aids available.

The need for combined mission performance and handling criteria demands that equal
attention be paid to both pilot and task performance and has initiated a number of studies
aimed at correlating task workload and performance. The level of pilot workload for a
given task will depend on the aircraft handling qualities in the prevailing atmospheric
conditions, the task cues and aircraft performance itself. A pilot will generally attempt
to adopt a control strategy that maximises performance while minimising workload. This
must involve a compromise, and depending upon the consequences to the mission, one or
other will usually suffer. The key to understanding how different pilots cope with this
compromise, how task performance and workload correlate and how sensible criteria for
task-related flying qualities can be constructed, lies in the identification of pilot
control strategy. The studies described below rely on a combination of thorough debrief
sessions aided by questionnaires and the use of pilot rating scales, and a detailed
analysis of pilot's controls and task variables in the time and frequency domain.

A technique already in use during flight test development for fixed wing aircraft
at the US Air Force Test Center, Edwards Air Force Base, aptly named SIFT (System
Identification From Tracking), is described in Ref 66. The analysis technique in SIFT has
been developed, largely through frequency domain methods, to highlight handling qualities
that affect performance during closed loop flying tasks. Multi-variable frequency
analysis enables individual loop control strategies to be isolated and interpreted across
a defined bandwidth. A major claim of the technique is that by requiring the pilot to
perform his task 'aggressively' and reducing errors to a minimum, the full range of
handling deficiencies, including pilot induced oscillation (PIO) tendancies, can be
explored and identified in the frequency analysis. Ref 67 describes the use of the SIFT
technique to identify the cause of PIO's experienced by CH-53 pilots during the approach
when carrying large underslung loads. Three incidents when emergency release of the load
was required are reported and explained through a frequency analysis of the collective
-normal acceleration loop; pilot interaction with a weakly damped helicopter/load mode
causing the instability. Task demands will not always require the pilot to adopt an
aggressive control strategy, but on the basis that this type of flying technique will
represent a 'worst case', they should be included in a test programme to expose
potentially 'hidden' handling deficiencies.

The relationship between control strategy and piloting workload can only be
properly addressed through an understanding of task cues. Even when the full range of
visual flight status cues are available, a pilot's workload can increase through the need
to track aggressively (increase gain), anticipate the response (increase lead time) or
divide attention between task variables. The recognition of these effects has led to
considerable development of manual control theory for piloted vehicles and the use of
pilot models to describe control strategy and establish workload criteria. One such
development that is currently finding useful application in the helicopter field is known
as the non-intrusive pilot identification procedure (NIPIP) (Ref 68). The emphasis on
non-intrusive measurement is based on the premise that (from Ref 68).. ."Our dependance
upon pilots to assess their own actions, perception, and degree of stress, however, can
interfere with what it is that we are trying to measure". The reference further argues
that it is difficult for pilots to quantify their control strategy or describe cue
patterns used. While it is true that pilots rely on instinctive skills built up through
training and experience so that they may not be conscious of their detailed control
activity, the role of subjective impressions should not be undervalued. They can be used
to support and guide analysis which can then, if properly conducted, shed considerably
more light on piloting techniques. One of the basic tools of NIPIP is a running least
squares estimation algorithm that can be used to identify, in the time and frequency
domain, parameter values for a derived closed loop pilot/task cue model. The method can
be applied to time varying as well as 'stationary' tasks provided the model parameters do



not vary so rapidly that the data windows are too small to provide meaningful results.
This does not, however, appear to be a serious restriction. Ref 69, for example,
describes an application of the method to identify control strategy for a range of NOE
tasks, with detailed results presented for the bob-up and hover turn manoeuvres. Task
performance and pilot control strategy are evaluated for both flight and piloted
simulation results for a UH-60 helicopter in a series of simulation validation
experiments. Simulator fidelity is measured by the degree to which the visual and motion
cues and aircraft dynamics induce an equivalent control strategy to that adopted in real
flight. Although the bob-up manoeuvre clearly requires several rapid changes in control
strategy, a successful analysis was performed by dividing the manoeuvre Into three
distinct elements - a transition phase, a rapid response phase and an error reduction
phase. Anomalies between flight and simulator results, highlighted by pilot impressions,
were exposed in the analysis as different pilot model structures were identified in the
three phases for the two cases. Phase disparities between simulator motion and visual
cues were considered the most likely source or the anomalies and results from the analysis
can be used as a basis for improved cueing criteria. NIPIP techniques are proving a
valuable tool in control strategy analysis and should serve well the substantiation of new
handling criteria.

Flight test techniques for establishing task performance criteria and control
strategy have also been developed at the DFVLR, Braunschweig (Ref 70). Once again,
tactical helicopter operations are receiving attention and Ref 70 reports results for
operational standard BO-105 and UH-l helicopters in 'dolphin' (hurdle hopping) and
'slalom' flying trials. Criteria based on kinematic characteristics of the manoeuvres and
first order statistical analysis of control activity are proposed. For the slalom task an
on-line analysis technique has been developed to compute the task errors and derive a
'score factor' for the run. This provides a good appreciation of how far the pilot has
advanced along his learning curve for the aircraft configuration being flown.

The need for more precisely defined tasks to promote aggressive closed loop flight
path tracking has led to the creation of a set of ground marked courses at RAE Bedford.
These include a series of concentric circular tracks, a spiral and triple bend course.
Identical tasks have been marked on the simulator model terrain to aid control strategy
validation work. The circles provide an essentially 'stationary' type of task, at least
in low wind conditions; the spiral a progressive non-stationary task and the triple bend a
combination of stationary and rapid transition (roll reversals) elements. Task variables
include track over the ground, height, speed and balance and a variety of different
control strategies have been explored to isolate the principal workload ingredients
-concentration, anticipation, divided attention and spare capacity. Detailed
questionnaires have been designed to help the test pilots describe the interaction between
task cues, control strategy and task performance. Fig 50 shows the power spectrum of
lateral cyclic control for one pilot flying a medium circle (515' diameter) at 80 kn in a
10 kn wind. Four different control strategies are considered, cyclic only (SI), cyclic +
collective (S2), cyclic + pedals (S3) and cyclic + collective + pedals (S4). The low
frequency power (below 0.1 Hz) is due largely to wind effects that induce changes in mean
bank angle required to hold track from 45" - 60. The marked increase in control activity
for S3 and 34 around 1 Hz arises on the one hand from the use of pedal to maintain
balance, inducing rolling moments and strong excitation of the oscillatory dutch roll mode
and also on the more aggressive strategy used. The increased effort by the pilot for S3
and S4 strategies is rewarded by much smaller track errors as shown in the accompanying
figure. More detailed analysis of different pilot's control strategies is currently
underway and should be reported in the near future.
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The research activities described above are all aiming to derive reliable
assessment methods for use in deriving handling criteria, simulator validation studies and
for comparing results, from both ground based and airborne simulators, of the many
potential candidate configurations with active control. These and related issues are
covered in more detail in other lectures in the present series (Ref 71).

14 DISCUSSION AND CONCLUSIONS

This lecture has attempted to provide a broad coverage of the topic flight testing
for performance and flying qualities, concentrating mainly on test techniques and the
interpretation of test data. Throughout the paper reference has been made to the
different categories of flight testing required during Industry's development phase,
Government's compliance demonstration and flight manual production and speciallsed
research activities. Although objectives differ, many of the test techniques themselves
are common for the three categories. Both quasi-steady and dynamic testing have been
addressed and typical results, derived where possible from actual test data, presented to
illustrate current performance and handling characteristics. The author has, of course,
been selective both in the topics covered and results presented, based on a mixed criteria
of reviewing established techniques in a systematic fashion and introducing new
approaches, particularly with regard to role-related testing, where these are clearly
required. Some of the topics omitted in the selection process have been highlighted 'in
passing' and appropriate references given.

It is relevant at the end of this lecture to look to the future and to select from
the various themes covered, the important changes taking place that will impact strongly
on flight test techniques and philosophy. First the emergence and publication of new
requirements for flying qualities and mission performance will lead to a new and wide
range of flight assessment techniques. These are already under development largely at
research organisations but need to have proven authenticity before they become useful
during aircraft certification. There is an urgency in this task if the evaluation
techniques are to be built into the new military specifications. Closely allied to the
development of test techniques is the requirement for reliable procedures for analysing
test data. These include methods for deriving handling characteristics from clinical
tests (system identification), correlating task performance and pilot workload from role-
related tests (non-intrusive control strategy identification) and the establishment of
vehicle performance criteria for different roles ( eg agility). The requirements for
future helicopters are likely to demand the ability to operate in much harsher
environments than currently possible. The database on turbulence characteristics in the
nap-of-the-earth is particularly sparse at the moment. This needs to be built up from
test data and test techniques to explore the impact on handling and structural integrity
improved.

The development of active control technology for helicopters will, if fully
exploited, introduce radical changes to the flying qualities and flight envelope
boundaries testing philosophy. Optimisation of control configuration during development
testing will require strict adherence to procedures and the 'incremental' approach will
develop a new meaning. Experience gained from fixed wing aircraft test programmes will be

invaluable here.

Finally, it is tempting to contemplate how endeavours to standardise certification
test requirements will fare over the next ten years. There are obvious benefits from the
adoption of an international standard but individual countries are likely to want to place
emphasis on different areas of interest, and preserve some of their proven methods of
compliance demonstration. A unified structure should, however, be able to accommodate
these differences while at the same time enabling Industry to design for a world-wide
market.

The challenges ahead in helicopter flight testing are stimulating but they will not
be without risk and test techniques and instrumentation need development to balance this.
The wealth of experience and tradition, so necessary for continued safety in this exacting
discipline, needs to be built on and expanded for these challenges to be exploited.
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