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SUMMARY

A study was performed to determine the noise reduction benefits and
economic costs associated with applying state of the art noise reduction
methods to future design civil helicopters. As prrt of this study, a
survey of the make-up of the civil fleet was performed, and this fleet
make-up was projected to the 1980 tire frame. Analytical methods were
developed and/or adopted for calculating helicopter component noise,
and these methods were incorporated into a unified total vehicle noise
calculation model. Analytical methods were also developed for calculating
the effects of noise reduction methodology on helicopter design, per-
formance and cost. The analytical methods were used to calculate baseline
noise and cost characteristics of several existing civil helicopters.
These methods were also used to calculate changes in noise, design,
performance and cost due to the incorporation of engine and main rotor
noise reduction methods. All noise reduction techniques were evaluated
in the context of an established mission performance criterion which
included consideration of hover ceiling, forward flight range/speed/
payload and rotor stall margin.

The existing domestic civil helicopter fleet consists of more than 4000
vehicles with thirty-three different types. Included in this fleet are
helicopters ranging in size from the 1600 pound gross weiqht Huqhes 269
to the 42,000 pound gross weight Sikorsky S-64. Powerplants used include
single reciprocating (piston) and shaft turbine engines, as well as twin
turboshaft installations. While the majority of vehicles now in use are
of domestic manufacture, a significant number are foreign made. Civil
helicopter annual usage rates range from 360 hours per a/c year, for
those vehicles in private use, to over 1200 hours per a/c year for
scheduled passenger carriers.

Projection of the domestic civil helicopter fleet to the 1980 time frame
indicates that fleet size will increase to over 6000 vehicles. The
majority of this growth will be due to continued production of existing
vehicle types. However, several new vehicle types, now in the prototype
or initial production stage, will be introduced in small but significant
numbers by 1980. These new types are all twin turbine powered, and their
gross weights and overall design characteristics are well within the
ranges of existing vehicle types.

Analytical methods have been developed for: calculating helicopter noise;
estimating changes in vehicle design and performance characteristics
due to the application of noise reduction methods; and, calculating
helicopter life cycle costs. The noise calculation method considers
the rotor system, engine and transmission contributions separately then
adds these contributions to determine total vehicle noise spectra. Total
vehicle noise is calculated in terms of a time history of 1/3 octave
band sound pressure level spectra relative to a given observer location
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and steady forward flight condition. These spectra are converted to
overall sound pressure level, A-weighted sound pressure level, perceived
noise level and tone corrected perceived noise level time histories, and
are further analyzed to determine effective perceived noise level. Com-
parison of calculated component (rotor system, engine and transmission)
noise levels with available test data indicates good correlation.

Changes in vehicle design and performance characteristics due to noise
reduction methodology are calculated with an iterative analytical model
which includes the following elements:

* Vehicle airframe weights

e Engine weight and performance A

* Vehicle hover performance

s Vehicle forward flight performance

a Fuel load requirements

.e Rotor stall margin

This method is used to adjust vehicle airframe, engine and fuel weights, I
and installed power to compensate for changes in vehicle design,
associated with reducing vehicle noise. These characte'istics are
adjusted based on established hover and forward flight mission perform-
ance requirements.

Helicopter life cycle cost is calculated in terms of initial investment
cost, indirect operating cost and direct operating cost elements. The
cost calculation method uses historically based trends relating the
various cost elements to pertinent vehicle design and performance
characteristics. Costs are calculated in absolute (1976) dollar terms,
and provisions are included for calculating percentage changes in
elemental and life cycle costs due to incorporation of noise reduction
methodology.

Calculations of baseline noise, cost and performance were made for
several existing civil helicopters felt to be representative of the
civil helicopter fleet. Total vehicie noise was calculated, in terms
of 1/3 octave band sound pressure levels. OASPL, dBA, PNdB, PNLT and
EPNL for simulated steady level flight conditions. Component (rotor
system, engine and transmission) noise was also calculated, in similar
terms, and used to establish the relative significance of each component
source with respect to their contributions to total vehicle EPNL. In
all cases, the main rotor and engines were found to contribute most.
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A survey of state of the art helicopter noise reduction methods was per-
formed and specific methods were chosen for further analytical evaluation.
Those methods chosen included techniques applicable to the main rotor and
engines only, since these sources were found to be most significant. Main
rotor noise reduction methods selected were increased rotor radius, blade
chord and blade number and reduced rotor tip speed. The use of exhaust
duct treatment was selected for reducing engine noise.

The effects of turbine engine exhaust duct treatment were determined for
three differing civil helicopter models, ranging in size from 2500 lb G.IW.
to 19,500 lb G.W. A range of duct treatments was considered for each
study vehicle, with silencer system weights up to approximately 3% of
base vehicle gross weight. Trends of silencer weight with vehicle EP!,L
reduction were calculated, and these trends were similar for the three
study vehicles. Maximum vehicle noise reductions achieved with exhaust
duct treatment were approximately 3 EPNLI., for all vehicles considered.

The impact of engine exhaust duct treatment on vehicle design and per-
formance was calculated, based on the established mission performance
requirements, Changes in vehicle gross weight, airframe weight, engine
weight, installed power and fuel load induced by exhaust treatment weight
and engine performance degradation were determined. Achievement of a 2.5
EPNdB vehicle noise reduction through exhaust duct treatment was shown
to result in a 2.8% to 3.4% gross weight growth, a 1.8% to 2.1" airframe
weight growth, engine growth of 2.2% to 2.7% in weight and 4.3% to 5.2,%
in installed power and required fuel load growth of 1.5% to 1.7%.

The impact of engine exhaust duct treatment on life cycle cost was also
calculated. Both direct and induced cost changes were considered. A
2% to 3% life cycle cost increase was shown for a vehicle noise reduction
of 2.5 EPNL.

A similar study was performed considering the effects of main rotor
noise reduction methodology. Increasing rotor radius, blade chord and
blade number were evaluated, both individually and in concert with
reduced rotor tip speed. Allowable tip speed reduction was predicated
on the established rotor stall margin criterion. Rotor radius increases
up to 25% were considered. Blade chord was increased up to 50%, and
blade number up to twice the number of blades on the baseline rotor.
The three study vehicles used for the engine noise reduction evaluation
were also used to evaluate main rotor noise reduction methods.

Net noise reduction obtainable with each rotor noise reduction method
was calculated, considering rotor design and performance induced growth
in vehicle gross weight and rotor thrust. In all cases, the net noise
reduction was shown to be small. Induced vehicle design, performance
and cost changes, however, were shown to be substantial. On the basis
of this unfavorable cost to benefit ratio, it was concluded that the
rotor noise reduction methods evaluated were not cost effective means
for reducing helicopter noise.
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INTRODUCTION

The increasing use of cornmoercial helicopters in the community has sharply
increased the public's awareness of and reaction to the helicopter's
characteristic noise signature. This type of vehicle, which was only a
short time ago relegated to use alnost exclusively in the military sector,
is now finding application in a wide variety of civil missions, many of
which require operation over heavily populated areas. The helicopter's
economic viability is being proven through the performance of such diverse
roles as scheduled passenger carrier, corporate/executive transporter
and aerial crane, supporting the construction industry. Additionally,
it is being used as a public servant for police work and as an aerial
ambulance. It is the increasing use of the helicopter in these roles,
coupled with the need to protect the public's quality of life, which has
brought about the necessity for a helicopter noise certification rule.

The establishment of a noise certification rule for new design civil
helicopters must consider the desires and needs of both the community and
the helicopter operator. While the promulgation of a rule restricting
helicopter noise to totally unobtrusive levels would be desirable to the
community, such a rule could very well severely reduce the helicopter's
economic viability and/or limit its utility. Consequently, definition of
a reasonable specification requires knowledge of both the communities'
subjective acceptance of helicopter noise, and the technological and
economic aspects of helicopter noise reduction. The present program
deals with the second of these problems, namely, definition of the
technological and economic aspects of helicopter noise reduction.

The objective of the present program is to determine both the degree of
helicopter noise reduction obtainable in future design helicopters using
existing helicopter noise reduction technology, and the cost of applying
this technology. In order to satisfy this objective, the following
questions must be answered:

(1) What are the sources of helicopter noise and what are the
relative contributions of each source to the total helicopter
vehicle noise?

(2) What methods exist for reducing the various helicopter
noise sources, and how much reduction in total vehicle
noise can be achieved with these methods?

(3) What direct and indirect changes in vehicle design and
performance are induced as a result of application of
these methods?

(4) What changes in vehicle cost result from the induced changes
in vehicle design and performance?

14



A
A q reit dea(ld 1of work i n I. he a rea of heli copter no ise reduction has been
perforvied1 , anid this work has led to partial answers to several of the
preceding questions. The informaition available from these studies is
not, however, sufficient to completely answer all of the pertinent
questions. The function of the present study is to provide these
necessary answers, using the availabŽle data as a technical base.

SOURCES OF HELICOPTER NOISE

The noise signature of a helicopter is composed of contributions from aI

:(u:Tier of vehicle components. The main rotor, or rotors, which provide
the lift and thrust force% for the vehicle, generate sound by virtue of
the inherent aerodynamic forces on the blades. These forces give rise
to both periodic anid random noise components which appear in the vehicle
acoustic spectrum over the entire audible range, generally dominating the
sigjnature in the low to mid frequency region.

The noise con tri but ion o t the lioweri)larit vanies dlependi ng upon the type
of 1 n gjine installed. I or rec ipjroc t inq eg ci (ne powered vehiclCs , the
lua'jor powerplarit noi,,t' source is, the pulsating exhaust streanm, which

radato; niý( atfr(queclo eqalto the engin firinq frequency and
its hairt'torics. Reciprociting engines also radiate noise due to vibrating
structural elements anid intake airflow. Noise generation in turboshaft -
engines results from a number of causes. Bloth intake and exhaust flows
geneýrate noise aerodynamically, due to free turbulence and interaction
of tur~bu'ience with solid boundaries. Within the engine itself, turbulence
as~sociated with the unsteady combustion process results in noise radiation
.hroigh the exhaust stream, and excitation and reradiation from the enginej

cs.The rotating telemients of the engine (compres;sor and turbine fans)
generate noise in a mianne r , sjimIla r to tha t o f the helIi co pte r ro tors.
Fngjine fan noise is miodified, however, by the presence of stators and the
fac~t that these fans are onciosved in a duct.

Ini at~yI~ a he ii cop Li'r, po(wer from the en gine or eniginres is transmi tted
toth', rotor-. th rough a ejo ''iv transinii s s ion ,ys tern. No i se i s qenera ted

wifth m t h i s y'.ter Lb romih th le mes.hing of gear teeth. f orces gene ratea
duriffg geaIr mIteshijog exl' U: shaft vi brit ion which is' trarvImi tted struc-
,tjyr, iy to th~e (,tsri 5Oli,&t through ,haft support bearings.

itcsp t )rid a ttached ai rf roue !.tructure.. The gearbox component of vehicle

nr)'; consistsý of Olltilpli, pure tones at frequencies equal to gear tooth
c iLI~ rates, did Lhinir harr~ionics.

'rerl t~i Ve ci gni fi canice of the various hel icopter noise sources depends
upon theý particular vehicle configuration, its flight condition, the

'tMaq Ii mo z z j B. , e t a I " A Compripnýhen s ive Re.vi ew o f Hel icop ter No ise
* Literature", DOT/FAA Report No. FAA-RD-75-79, June 1975.



relative orientation of vehicle and observer and the method which is used
to evaluate the noise signature. Considering equal weighting of fre-
quency content and moderate observer to source separation, the rotor of
a turboshaft powered helicopter generally dominates the overall sound
pressure level, with the engine contribution second in importance and the
gearbox contributing least. If a reciprocating engine is installed, its
contribution may exceed that of the rotor system. This hierarchy is
generally valid for conventional helicopters which do not incorporate
noise reduction measures.

Vehicle flight condition and vehicle/observer orientation may have a
significant effect on relative source importance. All helicopter noise
components are highly directional, and directionality as well as source
efficiency is influirnced by vehicle forward speed. During hovering
flight, helicopter rotors exhibit directionality only out of their
plane of rotation. However, since all existing helicopters utilize
more than one rotor, either in tandem or as a main and tail rotor com-
bination, the total noise contribution of the rotor system will vary
about the azimuth. Variation with elevation angle will also occur
because of the rotors inherent out of plane directionality. Consequently,
depending upon helicopter/observer angular orientation, any of the vehicle
noise components may dominate the overall sound pressure level. For the
forward flight case, additional complexity is introduced by the fact that
the rotors will exhibit both in-plane and out-of-plane directionality.

In general, the contributions of the various helicopter noise sources
cannot be quantified using test data because of masking effects. Con-
sequently, analytical methods must be used to define the constituent
parts of the vehicle spectrum. Noise spectra for each component source
can be calculated with reasonable accuracy using existing aralytical
techniques. These component spectra may then be added, resulting in the
total vehicle spectrum. In this way the individual source contributions
are quantified and their relative significance for any specific vehicle
flight condition and observer orientation are determined. This approach
has been taken in the present program.

HELICOPTER NOISE REDUCTION

A large body of information has been developed relative to helicopter
noise reduction1 . Methods exist for the reduction of each component
noise source and in many cases, these methudb have been shown to be
effecti-ve through direct experimental evaluation. In most cases, however,
tbese methods have been evaluated on an individual component basis only
and, consequently, little information exists as to the degree of total
"vehicle noise reduction which can be achieved through the application of
these methods.
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This lack o1 infornation is due to two factors. First, the expense of
deriving this information by experimental means is prohibitive, and the
resulting data is difficult to interpret, because in many cases individual
noise reduction metohot cannot be applied in an icolated manner due to
vehicle safety and/or fli]ht performance requirements. Secondly, while
this information can be obtained using analytical means, this approach
requires the use of a unified helicopter vehicle noise calculation method
which, until the present program, has not been available.

An additional factor must be taken into account before a valid assessment
of the actual vehicle noise reduction obtainable with these methods can
be determined. While significant noise reduction may be theoretically
obtainable with a given component noise reduction method, secondary
changes in this or somel other vehicle component may be required it) order
to apply the method, These induced changes can, of themselves, cause
noise level changes which may either add to or subtract from the theo-
retically obtainable noise reduction. Determination of the net vehicle
noise reduction associatea with any component noise reduction method
requires consideration of all of these significant induced changes.

To illustrate the significance of this factor, consider the net effect
of a change in the helicopter rotor system, for example, the addition of
a rotor blade to a multibladed rotor, which would be expected to reduce
the rotor noisel. Addition of this blade will add incrementally to the
rotor system weight, and will also cause an increase in vehicle struc-
tural weighL. This change may also modify vehicle hover performance
and the combined weight and performance change could necessitate a change
ii installed power, and consequently, engine weight. These changes may
also induce changes in power requirer to cruise and fuel consumption rote
during cruise, necessitating a change in fuel load to maintain constant
cruise range/speed capability. Given these changes in weight, the rotor
thruzLt requiremnu at any flight condition could be different with the
added blade, and the net noise level change associated with the change
in blade number must in lude the effect of this change in thrust.

Previous efforts to quanrtfy the effects of helicopter noise reduction
method,, have not generally considered the above induced vehicle changes.
In the present program, however, these factors have been considered and
acc(ounted for.
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INFLUENCE OF NOISE REDUCTION ON HELICOPTER DESIGN

As mentioned in the previous section, induced changes in vehicle design
due to the application of component noise reduction methods must be
considered before valid estimates of the net effects of these methods
can be made. In order to be meaningful, these induced changes in design
must be considered in the context of fixed vehicle mission performance
criteria. This approach permits the direct comparison of the noise and
cost characteristics of existing and reduced noise helicopter vehicles
having equal mission capability.

Present generation helicopters have been designed to specific performance
requirements, usually specified in terms of both a hover and a forward
flight capability. Hover capability is normally stated in terms of
ability to sustain a given payload, out of ground effect (OGE) under
given conditions of altitude and temperature. Forward flight performance
capability may be specified either in terms of the ability to carry a
given payload a prescribed distance at a given speed, or in terms of the
ability to carry a given payload for a prescribed period of time. These
performance requirements define vehicle mission capability, and within
this mission capability, vehicle parameters are normally selected on the
basis of maximizing the ratio of payload weight to gross vehicle weight,
since this tends to minimize vehicle cost.

Future helicopters will undoubtedly be designed in much the same way,
using similar performance requirements and design goals. The inclusion
of a specific noise limiting regulation will not change the design process
itself. Rather, the requirement to limit vehicle noise to a specified
value will be treated as an additional performance criterion, impacting
vehicle design in much the same way as hover/payload and speed/range/
payload performance requirements. Within the present program the
influence of noise reduction on helicopter design has been determined
in exactly this manner.

INFLUENCE OF NOISE REDUCTION ON VEHICLE COST

While helicopter noise reduction represents a benefit to the community,
the induced changes in vehicle design and performance represent, at
least potentially, an added cost to the civil helicopter operator. Given
the nature and magnitude of these changes in design and performance the
associated cost changes may be calculated and directly related to the
respective noise reductions. This is a most meaningful relationship
since it enables the direct evaluation of the economic cost associated
with a given degree of noise reduction. Comparison of these relation-
ships also permits evaluation of the relative cost of the various
alternate noise reduction methods.

5



Within the present program changes in economic cost have been calculated
on the bases of toLal vehicle life cycle cost and its constituent cost
elements. local life cycle cost is the total dollar cost of owning and
op)eratinq a helicopter vehicle for a - ecified number of yearly operating
hours, for tie total expected useful vehicle life. Cost elements which
make up the totfl life cycle cost are the initial acquisition cost, the
indirect operatinq cost and tne direct operating cost. Each of these
ccest elerents can be related to one or nmre of the vehicle design param-
eters using historically based trending relationships. These relation-
ships hive been used in the present program to calculate baseline dollar
costs of several existing helicopter vehicles, as well as percentage
chantles in cost associated with reduced noise configurations of these
baseline vehicles.

NOSF REDUCTION CRITERIA

In order for the study results to be meaningful, the degree of obtain-
able noise reduction must be stated in terms which can be related to
community acceptance, which is a subjective quantity. While a
significant amrount of work has been performed to develop a criteria
for evaluating community response to helicopter noise, no universally
acc-:-;thL~e criteria exists. 1  Of those criteria which have been suggested
foi v, however, the effective perceived noise level (EPNL) unit has
the rlidest acceptance, EPNL is presently used as part of FAR Part 36
for the certification of fixed wing subsonic jet transports. 2 In the
present program, EPNL is used as the primary noise reduction criteria,
although A-weighted sound pressure level (dBA) and overall sound pressure
level (OASPL) data are also presented.

ihe observed noise of a helicopter is a function of both helicopter
flight condition and relative observer location. The observed change
in noise level due to the application of component noise reduction
metoýods will also, in general, be a function of these variables. This
is true becnuse, as pointed out previously, the significance of the
various coariponent noise sources is dependent on observer orientation and
vehicle flight condition. Variation may also occur because, in many
cases, the changes in component noise levels themselves are influenced
by these factors. For practical purposes, however, present program
efforts have been limited to consideration of only one flight condition
and Mhree observer locations.

"Sperry, W. C., "Aircraft Noise Fvaluation", DOT/FAA Report No.
FAA-iiO-68-34, September '1968.
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The flight condition used in the present program is steady level flight
at maximum vehicle gross weight and best range cruise speed, at a 300
foot altitude. Observer locations used are five feet above ground level
directly below the flight path and 500 feet to either side.

PROGRAM SCOPE

This program was performed in four tasks. The first of these tasks
involved determination of the make-up of the existing civil helicopter
fleet and projection of this fleet make-up to the 1980 time frame. This
survey effort resulted in definition of the numbers and types of heli-
copters in use as of 1 January 1976, and expected to be in use by
I January 1980. Also established were the design and performance char-
acteristics of these vehicles. Fleet make-up was categorized with respect
to generalized use (mission) categories, and yearly usage rates were
determined for each use category.

The analytical methods used to calculate vehicle noise, changes in venicle
design and performance characteristics and cost were developed in the
second program task. For the most part, existing analytical techniques
for the calculation of helicopter component noise were used. These
included separate computer based models for calculating rotor noise,
piston engine noise and turbine engine noise. The model for calculating
transmission noise was derived during this task of the present program.
These individual component models were joined with existing rotor
performance and EPNL/dBA/OASPL calculation models to form the required
unifited total vehicle noise calculation method.

A computer based method for calculating induced changes in vehicle design
characteristics was also derived as part of this task. This method
consists of a parametric helicopter component weights model which *is
coupled to simplified hover and forward flight performance calculation
models. This task also included the development of an historically
based parametric life cycle cost model. These models were used to
calculate the baseline noise, performance and cost characteristics for
several representative baseline helicopter vehicles selected from the
fleet survey data. These calculated baseline characteristics were com-
pared to available test data to validate the analytical methods.

The third task of the program involved a survey of potential helicopter
component noise reduction methods and selection of suitable methods for
evaluation. Suitability of the various methods was assessed with regard
to relative component source significance, which was established through
evaluation of the baseline vehicle noise calculations. Consideration of
the general applicability of these methods to the various helicopter types
was also considered in this selection process, and noise reduction
methods thought suitable for only one of these types were not selected
for evaluation.
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Changes in noise level, vehicle design and cost due to the selected
noise reduction methods were calculated in the fourth program task.
These efforts were limited to evaluation of main rotor and turbine
engine noise reduction methods since it was determined that these com-
ponent noise sources contributed most to the total vehicle effective
perceived noise level, for the large majority of existing and near term
new design helicopter vehicles.

REPORT FORMAT

The format of this report reflects the task breakdown of the program.
Separate sections dealing with each program task are included. General
conclusions are Oiven in the final section.

8
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FLEET SURVEY

A survey was performed to determine the make-up of the domestic civil
helicopter fleet in terms of:

(1) Helicoptpr types (models) in service,

(2) Design characteristics if each helicopter type.

(3) Number of each type in service.

(4) Fleet breakdown by use category.

(5) Average annual usage rate for each use category.

This information was needed to serve as baseline data for the noise
reduction trade-off portion of the study. Specifically, fleet make-up
by helicopter type and number were used, along with vehicle design char-
acteristics, as a reference for selecting suitable representative vehicle
configurations for further study. The vehicle design characteristics
were also used to calculate baseline vehicle and component noise levels
and performance characteristics. The average annual utilization rate
data were used as a reference for selecting the utilization rates evalu-
ated in the life cycle cost analyses.

All of the fleet survey data were derived from information available in
the open literature. Fleet make-up by type was derived from information
contained in Reference 3, and verified through comparison with similar
data given in Reference 4. Design characteristics of each helicopter
type were obtained from a number of sources, including References 5, 6,

3"Directory of Helicopter Operators in the United States, Canada and
Puerto Rico", Aerospace Industries Association of Afierica, inc.,
November 1975.

4 "Model Inventory Summary, July 1975", Helicopter Association of
America, July 1975.

5 "Aviation Week and Space Technology - Aerospace Forecast and Inventory",
Vol. 104, No. 11, March 15, 1976.

6 "The World's Current Helicopters - 1976", Interavia, January 1976,
pp 68-71.

9
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7, 8, and 9. In cases where required data were not available for a
given civil helicopter type, data given for tne pertinent military
version were used. Where more than one derivative version of a given
general helicopter type was found to be in use, the characteristics of
the most corignon vers ion were used.

The following general categories of use were established.

(1) Personal.

(2) Corporate and executive.

(3) Government.

(4) Caii-iercial utility.

(5K Heavy lift.

(6) Scheduled carrier.

T-he information of Reference 3 was used to generate a breakdown of the
domestic civil helicopter fleet according to these categories. In cases
where a specific vehicle was indicated as being used in more than nne
of the established use categories, it was placed in that category which
represented its most probable primar'y use. In this manner, each specific
vehicle was ascribed to only one use category, with the sum of the
vehicles in all categories of use equal to the total number of heli-
copters in service.

Average annual utilization rates for each of the established use
categories were derived using information given in References 4, 10,
and 11. Because of the lack of definitive information regarding civil
helicopter utilization the data derived from these sources should be

""1969 Encyclopedia of Vertical Lift Craft", Vertical World, Volume 3,
No. l1, November 1968.

8 "Business Helicopters 75", Flight International, 30 October 1975.

9 "Janes All the World's Aircraft".

"10l"Helicopters Meet New Challenges", /viation Week and Space Technology,
Volume 103, No. 13, September 29, 1975.

1,;
l'Cayce, B. V., "Census of U. S. Civil Aircraft - Calendar Year 1974",

Federal Aviation Administration, DOT, December 31, 1974.
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considered only as a ro.Agh estimate. Precise information of this type

was not needed to perform any of the subsequent analyses and therefore
no attempt was made to improve the accuracy of these estimates.

1976 CIVIL HELICOPTER FLEET

As of 1 January 1976 the domestic civil helicopter fleet comprised 4112
vehicles including 33 different types of both domestic and foreign manu-
facture. The make-up and use category breakdown of this fleet are given
in Table 1. By far the largest number of helicopters fall into the

'commercial utility use category which represents 60% of the total fleet.
The second largest category is corporate and executive, which includes
approximately 18% of the fleet, and this is followed closely by the
nuwmber in civil government service, which exceeds 15% of the total. The
personal use category includes approximatley 5%, while helicopters used ifor heavy lift and scheduled carrier operations include, respectively,

less than 1% and .2% of the total fleet.

With respect to manufacturers, the Bell '{c,.;oter Company has the
largest number of helicopters in civiV uses. Bell Helicopters constitute
almost 60% of the civil helicap;ter fleet, including six different types
(models). Vehicles manufactured by Hughes Helicopters constitute over
17% of the total fleet, with three types presently in service. Sikorsky
Aircraft manufactured helicopters contribute approximately 5% to the
total. Ten different types of Si',orsky helicopters are presently in use.
The only foreign helicopter manufacturer contributing significantly to
the domestic civil helicopter fleat is Aerospatial, of France, whose five
different models const;tute slightly less than. 4%. f the total. Enstrom
Helicopters and Hiller Helicopters each constitute approximately 5%', of
the total. The remaining four manufactu-ers account for less than 5"', of
the total civil helicopter fleet.

Pertinent design characteristics of each of the civil helicopter types
identified in Table 1 are oiven in Tabhe 2. These data include maximum
gross vehicle weight and detail characteristics of the engine, main
rotor and tail roto.- subsystems. Engine data given in Table 2 consists
of number, type (reciprocating or turbine), model and manufacturer, and
rated shaft horsepower. Rotor syster,'. (main and tail) data `qclude rotor
type, number of blades, rotor diameter, blade chc.'d and airfoil section,
and rotor speed (rpm).

Averagu annual utilization rates for each of the use categories of
Table 1 are presented in Table 3. These range fron a high of over
1200 hours/aircraft/year in the scheduled carrier category, to a low
of 359 hours/aircraft/yuar for helicopters in private ise.
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TABL[ 1. CIVIL HELICOPTER FLEET BREAKDOWN

Vehicle 1 Fleet Breakdown (No. of Vehicles)

1 Corp
Personal' & Comm Heavy Sch. Total

Manuf. VdeI Use Exec Govt Utility Lift Carrier Model

47 43 94 '264 880 - 1281 1
204 - - 9 10 1- - 19

Bell 205 - 7 11 84 - - 102j206 24 245 109 599 - - 977

212 - 6 2 30 17 - 55I
214- - - 3 3,

269 38 28 21 2 - - 70
'Hugnes 300 34 76 1140 176 - 426

500 17 63 16 132 : 228

Alou 1I1. . 33 - -33 I,:Aerosp. 33 _ -_4 i

Lania 1 - 22 _ ' _ 23 1'(France) Gazz. 1 23 1 25 - 50

Dauph. -2 1 l - 3

S-51 2 - 2 - - I 4.
S-52 . .. .2 - - 2
S-55 - 11 2 54 - - 67
S-56 .-. . 1 - 1
S-58 - 12 10 40 - - 62

Sikorsky S-61 - 3 - 6 - 7 16
S-62 - 10 - 7 - - 17
S-64 - -. 8 - 8,
S-55T - - - 9 - 9-
S-58T - 3 1 10 - - 13'

-........ . . . . .. . ..... ... ..... i -'I
s F-28 24 86 7 87 - - 204.

280 - 2 - 2 - - 4-

Fairchild FH-1100 4 13 10 55 - 1- 82

Hiller 12 8 29 47 118 - - 202
"S- - - 3 - - 3

S. .. .. .. ...... . . .. . .. .. ..... 4...... . . . .i . . .. - * .. ... . . . . .

1-2 I - - - - 6 - 6BoeingI
V-107 - - - I - 7 - 7

...... . .. . . . . .. . . .. ... ......- ...........------ - :

'EBoelkow bfO-105 - 14 2 7 - i 23

,rant .B-2 17 19 - 29 - - - 65 £
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TABLE 3. CIVIL HELICOPTER UTILIZATION RATES

Category Utilization Rate - Hrs/Ac/Yr

Scheduled Carrier 1233

Commercial Utility 465

Heavy Lift 871

Corporate/Executi ve 627

Government 632

Private 359
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1980 CIVIL HELICOPTER FLEET

Projections of the domestic civil helicopter fleet to the 1 January 1980
time frame have been made using manufacturers production estimates con-
tained in References 10, 1?, 13 and 14, as well as the general historical
trending data of References 3 and 11. These projections consider additions
to the existing fleet due to continued production of many helicopter types
already in service, plus the introduction of several new types. No con-
sideration was given to reductions in the number of any existing type
both because of the difficulty of estimating attrition and/or replacement
rates and because of the characteristically unpredictable nature of civil
helicopter useful life. In any case, it is felt that such losses would
be relatively insiBnificant over the short span of time covered by the
projection.

Table 4 lists the types and use category breakdowns for those helicopter
types which are expected to show a significant increase in number by
1 January 1980. Vehicle types not shown in Table 4 are not expected to
show changes, either in total number or use category breakdown, relative
to their 1976 values, which are given in Table 1. The fleet use category
breakdowns of Table 4 have been established simply by maintaining con-
stant ratios of the number of each helicopter type in each category to
the total number of that type.

The data of Table 4 include additions due to the introduction of three
new helicopter types, the Sikorsky S-76, Bell 222 and Augusta A-lO9. While
several other new vehicle types may be introduced into the civil heli-
copter fleet by I January 1980, it is felt that these will not be
introduced in any substantial numbers. Design characteristics of the
S-76, Bell 222 and A-109 are given in Table 5.

Based on the projections of Table 4 the domestic civil helicopter fleet
will grow from the present (1 January 1976) 4112 vehicles to a I January
1980 total of 6042 vehicles. This proj1ection agrees very well with the
historical trend of civil helicopter fleet growth given in Reference 3
and presented in Figure 1.

12 ,,General Optimism Among American Manufacturers", Interavia, January
1976, pp 39-43.

"1 3"European Helicopter Manufacturers - Pushing New Products and New
Technologies", Interavia, January 1976, pp 27-31.

14 "The 1976 Helicopter Association of America Meeting", Interavia,
March 1976, pp 206-210.
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TABLE 4. ESTIMATED CIVIL HELICOPTER FLEET BREAKDOWN,

PROJECTED FOR I JANUARY 1980*

Vehicle Fleet Breakdown (No. of Vehicles)

Corp
Personal & Comm Heavy Sch. Total

Manuf. Model Use Exec Govt Utility Lift Carrier Model'

205 - 13 21 158 - -192

206 35 364 162 890 - - 1451
Bel 212 -24 8 192 _ -224

222- 40 - 40 - 80

300 456 125 232 291 - 704
Hughes 500 43 160 40 335 - 578

Alou 11 - 6 44 - 50

Aerospat. Lama 3 - - 60 - 63

Gazelle 2 54 2 58 - 116

F-28 33 11 01 1- 2781

Ens trom 1Esrm 280 -127 - 127 -254 1

Sikorsky S-76 - 2 - 8 - -_1

Augusta A-109 10 - 30 - - 401

SL

Vehicles not shown will not change substantially from 1976 breakdown.
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As stated previously, no change in relative usage category breakdown is
anticipated over the short span of the projection. It is further assumed
that annual utilization rates will similarly not change, and that the
1976 utilization rates of Table 3 will be equally applicable for the
I January 1980 time frame.

SELECTION OF REPRESENTATIVE VEHICLE TYPES FOR BASELINE ANALYSIS

As indicated in Tables 2 and 5 the domestic civil helicopter fleet con-
sists of many diverse types of vehicles. Because of practical limitations
in the scope of the present effort it was not considered feasible to
consider each of these types on an individual basis, in the subsequent
noise trade-off analyses. Consequently, the data of Tables 2 and 5 were
reviewed, in conjunction with the fleet breakdown data of Tables 1 and 4,
and a small number of representative vehicle types were selected for
further study. The specific vehicles chosen were:

a Bell Helicopter models 47, 205 and 206

* Hughes Helicopters models 300 and 500

a Sikorsky Aircraft models S-61 and S-64

Considerations involved in making this selection included the relative
similarity of selected vehicle design characteristics to those of other
vehicle types, the relative number of vehicles of a given type in service
and the probable impact of the noise of a given vehicle on the community.
Specifically, the Bell Model 47 and 206 were chosen primarily because
these two vehicle types constitute over half the domestic civil helicopter
fleet. Furthermore, these two types are very similar in design to several
other vehicie types, such as the Fairchild FH-ll00 and the Hiller Models
12 and SL.

The Bell Model 205 was chosen primarily because it is representative of a
medium gross weight transport helicopter with a high tip speed, two bladed
main rotor. This type of rotor design has a tendency to lead to high
rotor noise levels, and because of this fact the probable impact of the
noise of this vehicle on the community was judged to be higher than would
be expected based only on the number in service. The Hughes 300 and 500
were selected because they represent the light single engine, multi-
bladed rotor class of helicopter. These two vehicles are similar in
design to many of the other helicopter types of Tables 2 and 5, such as
the Enstrom F-28 and 280, the Aerospatiale Alouette II and III, Lama and
Gazelle and the Brantly B-2.

Selection of the Sikorsky S-61 was predicated on the fact that it is the
only civil helicopter presently used in regular scheduled passenger
service. Because of its use in this area the probable impact of its
noise on the community was judged to be very much higher than the number
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in service would indicate. The Sikorsky S-64 was chosen because it is
the largest civil helicopter presently in service, and will undoubtedly
remain so well beyond the 1980 time frame.

The set of helicopter types selected for study adequately represent the
general make-up of the existing and projected civil helicopter fleet.
Vehicle gross weights included range from 1900 pounds to 42000 pounds.
Both reciprocating and turbine (single and twin) engine powered types
have bee- included, with installed powers ranging from 180 horsepower to
over 8000 horsepower. Furthermore, all of the established usage cate-
gories are represented by one or more of the selected helicopter types.

A!
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ANALYTICAL METHODS

The analytical methods developed and/or adapted for use in the present
program fall into three general categories. These are:

(1) Noise calculation.

(2) Vehicle design and performance calculation.

(3) Cost calculation.

With respect to noise, analytical models have either been derived or
adapted from existing methods, which enable calculation of the rotor
system, engine (turbine and reciprocating) and transmission noise
components. These component models have been incorporated in a unified
vehikle noise calculation method which has the capability of generating
1/3 octave sound pressure level spectra, as a function of time, at any
observer locatior, for any steady state translational flight condition*.
These calculated 1/3 octave spectra are automatically converted to
effective perceived noise level (EPNL) and instantaneous A-weighted
sound pressure level (dBA),overall sound pressure level (OASPL), per-
ceived noise level (PNdB) and tone corrected perceived noise level (PNLT)
units. All noise level calculation methods have been computerized in
FORTRAN language for use on the IBM 360 system.

A separate analytical method has been developed to enable the calculation
of changes in helicopter desigr, and performance characteristics which
result from the application of noise reduction to the various noise
producing vehicle components. This method considers this problem in the
context of a predesign study, wherein perturbations io one or more of the
basic vehicle design parameters are evaluated in terms of their effects
on the remaining design parameters. Performance characteristics which
are included are out-of-ground effect hover ceiling, forward flight
range/speed capability and rotor stall margin. Design parameters con-
sidered include vehicle gross weight, payload, airframe component weight,
engine weight, fuel load, installed power, cruise speed and engine fuel
consumption. The method is used by first establishing a baseline vehicle
configuration and specifying a mission performance requirement. Next the
design parameter or parameters to be changed are defined and their values
assigned. Given these new design parameters, the remaining design
parameters are adjusted so that the prescribed performance can be
attained. The solution is obtained in an iterative fashion considering
the interrelationships of the various design and performance parameters.

FThe existing method will not accurately predict hovering flight noise
because of inherent limitations in the rotor airloads calculation method
which has been used. This deficiency can, however, be overcome by using
a more involved airloads calculation method which considers variable
rotor inflow.
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The vehicle desi)goi and performance calculation method has been computer-
ized in tie basic language for, use on the Hewlett Packard interactive
(Time Sharing) Comp1u let system.

The coSL calculation method used in the present program has been developed
from historical helicopter cost data, which relate the three elements
of life cycle cost to the various vehicle design parameters. This model
considers initial investment cost to be related to vehicle airframe weight
and installed engine weight, and indirect operating cost related to
vehicle total empty weight. Direct operating cost is assumed to be a
function oi Doth empty weight and installed engine power. The cost
calculation method permits calculation of both absolute vehicle dollar
costs and percentage changes in costs relative to an established base-
line helicopter design. Life cycle costs are calculated as a function
of both annual usdge rate and total useful life. As for the design and
performance calculi-tion method, the cost calculation method has been
computerized for ust on the Hewlett Packard computer.

Tlhe analytical methuls used in the present program are described in more
detail in the foilo'ýliog sections of this report. These descriptions are
intended only to de~ine in basic terms what the analyses do, how they do
it, and what are the n,ýLure and extent of any underlying assumptions and
approximations, Mathematical derivations have not been included, since,
in most cases this infornation is contained in other sources which are
refer ced. The general technical bases of all analytical methods are,
however, briefly discussed.

NO ISCCUi.AT ION

A unified, computer criented helicopter vehicle noise calculation method
was duveloped fur t,•e in the present program. This method consists of
individual analytical models for each of the vehicle component noise
sources including the rotor system, main transmission and engine(s). These
individual models are coupled through a control routine which maintains
consi st~ericy between, the individual component noise calculations, and
combhires the calculated --ownponent noise levels to form the total vehicle
noise spectra. lThe total vehicle noise spectre are then analyzed to
detersi•ine vehicle 1Pi , df3A and OASPL characteristics. A schematic

i..... gthe h.elicopter noise calculation method is shown
in Figure 2.

The , ru " s 1ste.• .uose calculation method requires detailed information
regord•, E ti. ",irioad distributions of the various rotors which comprise
the sy~tein. These datu are obtained through the use of rotor performance
Scal %uiti , methols. The miain, or lifting, rotor airload distribution is

•nera.,.l with a v'-hic, trim program (IF trim),, inpu. information
conisists of detailed vehicle (fuselage and rotor) design characteristics
,arid defirition of the desired flight condition. The trim program solves
the force ond moment eruiilibrium equatiorns for this desired flight con-
dition and calculates the- resulting main rotor airload distribution.
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Figure 2. Helicopter Noise Calculation Method
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Al so calculated oIre the irrtoq(raToed rotor forces, rotor- power required,
tail rcotor thrust reqo lrý,d aiid the Spati al a Lti todes Of the rotor and
fusel acm. Calkcol Altod rotor aiý load daita are piarmr~nently stored within
the co:1puter, al anq" iti a ther' per::ti no t t~riw, program output data , and
this data set 'is asi(laa swýraje location i denti fyi ng title.

A b simi liar procedure iscnto obta inr tne auxilI i ary ( tailI ) rotor ai rl oad
distr-ibUtion dato needed for toe2 rotor systefi noise cal culation. In thisI
case, hoviever, arto rodroe rper forriiance caluol atiorn method is used
since venicie. trki Is lot r ire. Input data for this program include
dtAdils of the au;" 1 iary roto(r design and aercoynamic characteristics and
definitioný of the oesiy2red thrust and fliqht condition. Rotor thrust used
is tU~ al hoatr y tlj_ mfaif rotor tri in pr'opraw. The isolated rotor
performnance prograr.t lcuaw rotor ai rload distribution and power re-E
qul red a,' v401 a. r~otor spatial attitude. P-rograml output iniforrraticn
reqUired for, the rotor systknm noise calculation is permanently stored I
within the co ral orig w'ith a storage location identi fying title.

The rotor Cv o acmponent Gf totai vehicle nocise is calculated using an
analyicl metnrad c~evelop;ed by the Research and Applied Sciences in

Aeronautic-s Di vision of S.-y'.:.emzs Resoarc: aoatr s In,-. This oethod,
which was dev-1opod iorder the direct-Ion of Eustis Direc~torate, U. S. Army
Air Moblity Researcri andi Deve'lopment !.sboratory, is fully described inl
Re fe rence15

Input inoformati on requi red to applyv this method inclode air] oad distribu-
tions, uercdynamtic cr 1 rorsi .,ge~oniitcy and saalattitudes of eachA
rotor in the systemt, vuhile .icoirioetry; rpatia , attitude, initial
location, and fll ight condi tion, and ouserýver locption, Given this
information , rotor sy tew i<. ,se at tne 0050(vir- locati on is cal cul ated
in t-erms of a soanoa press -ure time hisýtory, wi to instantaneous soune
pressures cilcolated for any specified tiime increment and total flight
ti [11e.

Within the pre-sent proJrirarri te rotor systot-, noise cal culation method is
use d in the folci ariner. iH rst the char,,ateýri s.i c, of the vehi cle
under stody are de-finer] in termis of the ioenti fy-Ing titltes for vehicle!
maiIn roto- and tUil roto dcoca s-ets uOrevi._osly stored in "'he (_Omputer.
!\iac definf.,r ai'e the oi~srrv[. r location , initial veh'cle locationk,toa
Ii iqnt time. and time incremient. of theý desi red sound 1-r-assure time
history. G2iven tri-s -inp~ut infor~iation, the programn retrieves the stored
r:otor ai rlop-u datai, perforf!ris the necessary calcujlatons, and generates a
rotor -ys te:r. so in a pfl'05 sure time I',is Story, This tir-- his tory i s C~hýn
convL'(rted to a 'sec Of beclantdunwi dth 55 uoac pi'e~sojre level spectra,
us lo a 1-ast Fun or ie rcariisonfi root ine, These spectra are diqi tally

1 Johirisor , 11, . and 1W. 11. Kial::., " Investi gation of thc Vorte'.x Noise
Produced by, a lIoPter ot~or' , SAAMIRDL. TR 7,2-2, Februar~y 19*;2.
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filtered, using a 1/3 octave filter representation, and thereby converted
to a set of 1/3 octave bandwidth sound pressure level spectra. Each of
these 1/3 octave spectra corresponds to an instantaneous vehicle location.
This set of spectra, along with the instantaneous vehicle locations cor-
responding to each individual spectrum and the observer location, are
permanently stored within the computer.

Separate anilytical models have been developed for the calculation of
reciprocating and shaft turbine engine noise components. These engine
noise calculation methods generate 1/3 octave sound power levels in terms
of the total engine spectrum and the spectra of the various constituent
engine noise sources. Two constituent noise sources, the engine casing
and exhaust, are included in the reciprocating engine noise model. The
shaft turbine engine noise model is considerably more complex in that it
considers four constituent noise sources- These are forward and aft
radiated compressor noise, combustion noise and jet noise.

Both engine noise calculation methods require as input definition of
engine design characteristics and operating conditions. Given these
inputs, the reciprocating engine model calculates the constituent noise
source sound power level spectra and sums these to produce the total
engine sound power level spectrum, which is then identified and permanently
stored within the computer. The shaft turbine model similarly calcul&tes
the constituent noise source sound power level spectra, but in this case
these spectra are not summed but are identified and stored separately.
Retention of the constituent source spectra is required so that direc-
tivity corrections which are different for each constituent source car
be apolied at a later stage in the total vehicle noise calculation pro-
gram. These corrections are not applied aL this stage so that the same
basic engine noise data can be used for any vehicle/observer orientation.
This is not required for the reciprocating engine noise, since its con-
stituent sources are assumed to be non-directional.

Helicopter transmission noise is calculated using a simplified analytical
method derived from a more involved analytical technique, descrihed in
References 16 and 17, developed under Eustis Directorate, U. S. Army Air

1 6 Berman, A. and N. Giansante, "CHIANTI - Computer Programs for
Parametric Variations in Dynamic Substructure Analysis", Kaman
Aerospace Corporation, 47th Sound and Vibration Symposium,
19-21 October 1976.

1 7 Berman, A, "System Identification of a Complex Structure", Kaman
Aerospace Corporation, AIAA Paper 75-809, May 1975.
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Mobility Research and Development Laboratory sponsorship. 1 8 The calcula-
tion method used generates a 1/3 octave sound power level spectrum for the
main transmission, considering each gear mesh as a noise source. Enclo-
sure of the main transmission within the helicopter fuselage is also
considered, with source sound power levels reduced by an amount consistent
with the nature and extent of transmission shielding, if any. As for the
previously discussed noise source spectra, the calculated transmission
sound power level spectrum is stored within the computer and identified
for later retrieval.

The total helicopter vehicle noise characteristics are calculated by
retrieving the previously stored component noise source spectra and
combining them in a manner appropriate to the particular vehicle flight
condition and observer orientation under study. A control routine is
used to perform this operation. Input information required by the
control routine consists only of the identifying titles for each of the
component noise source data sets which are to be combined. Given this
information, the rotor system noise data set is first retrieved. This
data set consists of a matri ,f 1/3 octave sound pressure level spectra.
Also included in this data s-. re the fixed observer location coordinates
and the instantaneous vehicle kication coordinates which correspond to each
rotor system noise spectrum.

The vehicle and observer location coordinates are used to determine
vehicle/observer slant ranges and angular orientations pertinent to each
available rotor system noise spectrum. The slant ri.qe data derived in
this manner are then used to calculate a set of 1/3 octave band attenua-
tion curves which reflect the transmission loss between the vehicle and
observer. Included in this calculation are losses due to spherical
spreading, atmospheric attenuation and turbulence induced scattering.
These attenuation data are needed to convert the calculated engine and
transmission sound power levels to sound pressure at the observer loca-
tions. They are not needed for conversion of the rotor system component
noise, since rotor system noise is calculated directly in terms of sound
pressure level at the observer. The vehicle/observer angular orientation
data are used to generate 1/3 octave band directivity corrections for
each constituent turbine engine noise source.

Next, the engine and main transmission sound power level spectra are
retrieved. These are converted into 1/3 octave band sound pressure
level spectra, at the observer location, using the previously derived
attenuation data and, where applicable, turbine engine source directivity
corrections. The engine and transmission sound pressure level spectra

18Bowes, M. A., "Helicopter Transmission Vibration and Noise Reduction
Program", USAAMRDL TR (To be published), 1977, Contract No. DAAJ02-
74-C-0039,
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derived in this manner are coherent with the prey ausly available rotor
system spectra, and each represents the contribut on of that component
noise source to the total vehicle noise at a givei. 'nstant in time. These
component contributions are then summed, on the basis of power*, at each
instant of time for which component noise spectra are available. This
results in a set of total vehicle noise spectra, each of which corres-
ponds to the noise received at the observer location at some point in
time during a simulated vehicle flight.

The 1/3 octave band sound pressure level spectra generated in the above
"manner are further analyzed in terms of selected subjective noise rating
criteria. Each instantaneous spectrum is evaluated with regard to over-
all sound pressure level, A-weighted sound pressure level, perceived
noise level and tone corrected perceived noise level. The instantaneous
tone correctec perceived noise levels are further analyzed, and the
effective perceived noise level corresponding to the total subjective
impact of the simulated flight is calculated.

The total helicopter vehicle noise calculation method developed in the
present program provides the means for analytically determining the
effects of physical changes in the individual component noise sources
within the context of the total vehicle. The validity of these calcula-
ted effects will, of course, be directly related to the accuracy of the
noise levels calculated with the individual component noise source
models. The technical basis for each of these models is discussed in
the following paragraphs. Included in these discussions are comparisons
of analytically predicted and measured component noise levels.

ROTOR SYSTEM NOISE CALCULATION

The analytical method used to calculate the rotor system component of
helicopter noise is fully discussed in Reference 15. This method equates
the helicopter rotor to a set of elemental acoustic dipole sources, which
are distributed over the span of each rotor blade. Each elemental source
causes a time variant incremental change in local atmospheric pressure,
which propagates from the source location at the speed of sound. The
combination of incremental pressures due to all of the elemental sources
represents the total time variant incremental pressure due to the rotor,
and this fluctuating pressure is perceived as rotor noise.

Fundamentally, the elemental acoustic dipole noise sources are due to
the aerodynamic forces induced by the rotor blade. At any instant in
time, the incremental pressure due to one elemental noise source is
given by:

* The sum of two noise sources of equal sound pressure is three decibels
higher than either individual source.
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p = 1 1 c F R .C .( l - M 2 )
4 f2 -L [F.VcosO + ]
41'c(j - () R MR)

1 FR MR(1

11

" R[FR + 0 M
l - R)

where: P = incremental pressure at observer location

C = speed of sound

MR = component of source Mach No. in direction of observer

R = distance from source to observer

F = magnitude of aerodynamic force

V = magnitude of source velocity

0 = angle between aerodynamic force and source velocity

M = source Mach number

R = time rate of change of the component of aerodynamic
force *in the direction of the observer

= time rate of change of the component of source Mach No.
in the direction of the observer

Those terms in Equation (1) which are multiplied by the factor I/R 2 are
referred to as near field terms, and their contribution to the incremental
pressure (P) decreases rapidly with increasing source/observer separation.
Neglecting these terms leaves an expression for far field radiation which
is:

S -1 FR
4FC{I - )R [ - 2 F•')] (2)

where: P F incremental pressure at significant distance from the
source
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In Equation (2), PF is the sound pressure produced by one elemental rotor
noise source, at an observer location a distance R from the source.
Analysis of Equation (2) reveals the significance of the source variables
on the resulting sound pressure.

Neglecting the constants (4TrC) and the observed source separation (R)
only four source variables effect the magnitude of induced sound pressure.
These are the magnitude and time rate of change of the components of
aerodynamic force and source Mach No. in the direction of the observer.
Generally, increases in any of these variables will increase the resulting
sound pressure. More specifically, the following conclusions can be drawn
from Equation (2):

* Both steady and time variant aerodynamic forces may generate
sound.

* Steady aerodynamic forces will generate sound only if they are
in motion, and only if either the direction or magnitude of
that motion varies with time, relative to the point where the
sound is observed.

a Non-steady aerodynamic forces may generate sound even if they
are not in motion.

@ In order for an aerodynamic force to radiate sound to a given
observer this force must have either a non-zero component in
the direction of the observer, or a non-zero time rate of
change in magnitude in the observer direction.

As mentioned previously, the rotor system noise calculation method used
in the present program considers a number of elemental noise sources
distributed over the span of each rotor blade. This method uses Equation
(1) to calculate the sound pressure due to each of these elemental
sources. The combination of these elemental contributions takes into
account the retarded time effects associated with the fact that the
individual sources are spatially distributed over an extended area equal
to the rotor disk area. Because of this fact, the distances between the
various elemental sources and the observer location are different, and
the time required for the incremental pressures to propagate from these
sources to the observer location are not equal. Therefore, incremental
pressures generated at the element sources at the same instant in time
reach the observer at differing times. The present analysis accounts
for this effect by determining appropriate source locations for a given
unique observer time, and using values for the required aerodynamic
force and Mach No. variables of Equation (1) specific to these source
locations.
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The problem of retardioo t fint- ef f icts is further complounded in the.
present analytical ruecod ti ause this method accounts for multiple
source 1.o obServer' tr1sn n I ahs, due, to ground reflection. This
adds cons i dra')Ic compl a .ty to Ine probl em, snCe wi th thisý consideration,
the sa we elI eient a I sowu'e vw~ 1 contri hute two ronreinentalI pressures to
the instantdneouslIy oh~svrved to'' a] scunOý pressure, and these ý%i11 have

Z ~~been generated ýIt two di rfct irrq (retarded) tiries drid from two different
spatial coorownate-s. Noricthcless, the probleim ics tractable, given the
appropriate geometrica' doIfw * and is handled by the present analytical
method.

The use of Equcation (1) alrd I-quation (2) to calcul ate rotor sound pressure
requires knowjledcrj of rotor -induced aerodynamic forces, and blade motions.
The present analysis asm aerodvnamic: forces of two basic types. The
first type includes oil forces develloped by the blade section in the
generation of rotor lift arid drag. inese distributed lift and drag forces
may be either steady or percrAicalMy variant at a rate proportional to
the rotor rotation rate, arid they are responsible for the discrete fre-
quency components w~c~appear in,, the rotor noicse spectrum.

The second type of aerodynam-ic force cornsidered in the present analytical
method is the force induced on the hi ado, section due to the shedding of
vortices. These vortices arc, suhed at a rate which is related to local
blade section geometry and flow cond Ltionis, and which is not related to
the rotor rotatiýon rot~e. Tlihe forces induced by vortex shedding are,
therefore, periodic with regard to local conditions wnich are different
at each blade spanwise station, and which also vary with time as the
blade travels about the azimuth. Ber~ause of the variation in force
periodici tv viii-h týime -;ndl s 1-1 i ,e location, the vortox shedding induced
forces do not con lrloute- oirscrc'te freque~ncy components to the rotor noise
spectrumi, but are C ;oiii for thec broad band content of rotor noise
general11y re ferrnr t oCj Vr Vtacx noi se,

The present aim ly l,ilc uae tie requi rod ocrodynarnic forces, as well
as blade mroticns , IJse uclo d, Lui goner oted usingq separate rotor performance
cal cula Lion Ilvethods. bef- rotor. Perfornancef- cal culationl methods used are
discus~sed irl thi folo un1in soct(ion of this report. These methods cal-
culate, the f104I ard az intithal distributions of rot ,or blade angle of
attack, blade rc u1 t ain vF.lo(i ty and induced inflow, ais well as all
required.ifru ~ ;ii' tco vehicle anrd r-otor motions and
atti tude,. This; -nlurrrat iourr used, in con~juicti on with knowin blade
airfoil chrat ý toclcujlate the rotor rotation rate related
l-ift arnd druy( furce r I * flour u 601,, a;nd the components of rotor noise
due to these fOIr u_. Tw vorlyx shediding induced aerodynamic force
distributions U e 1 rc'' using thc. s aue input information, based
on an empirically derivij,' egn--tiun whiich relates the vortex s~hedding
induced force At an:!y l s tro no Lo the loc.al angle of attack and
Mach nMber002'. ',ill' qa U J In;r n Ill.s
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2I
FV =2(1 M)(1 + (x/4) (3)

where: FV = vortex shedding induced aerodynamic force

M = local Mach No.

c = local angle of attack

This equation is valid for local Mach numbers less than one, and local
angles of attack below the stall angle.

The preceding discussion of the rotor system noise calculation method is
intended only to briefly summarize the analytical basis for this method.
As stated previously, a more thorough description of this method is
contained in Reference 15. Additional information pertaining to this
method is given in References 19 and 20, which also present comparisons
of calculated rotor system noise levels with measured data. Selection
of this method for use in the present program was predicated on the
following features, which are not available in other existing rotor noise
calculation techniques:

(1) Representation of broad band rotor noise as due to vortex
shedding induced aerodynamic force components, which removes
the requirement to calculate higher harmonic periodic lift
and drag force distributions.

(2) The capability of simultaneously considering the noise
contributions of more than one rotor in a multiple rotor
system, which inherently includes the effects of acoustic
interactions between main and tail or tandem rotors.

(3) Consideration of ground reflection effects.

Within the present program, the rotor system noise calculation method was
applied in the following manner. Ten spanwise distributed elemental noise
sources were defined for each blade, for each rotor studied. Aerodynamic
19
19Johnson, H. K., "Development of a Technique for Realistic Prediction

and Electronic Synthesis of Helicopter Rotor Noise", USAAMRDL TR 73-8,
March 1973.

2 0 Johnson, H. K., "Development of an Improved Design Tool for Predicting
and Simulating Helicopter Rotor Noise", USAAMRDL TR 74-37, June 1974.
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characteristics, in terms of local anqle of attack, resultant velocity and
inflow angIle, were calculated for each elemental source (blade station)
for twelve azinuth ancgles. Based on these input data, rotor noise was
calculated in tern; o" a finite duration sound pressure time history for
several time intervals within a total simulated flight duration. Pressure
time histories of .1 second duration were determined at time intervals of
one second. Within each time history, instantaneous sound pressures were
calculated at increments of .00039 seconds, resulting in 256 instantaneous
sound pressures for each time history. The discontinuous, but highly
detailed, sound pressure tine hstories developed in this manner were
assumed to be representative of the instantaneous sound pressure at each
one second time interval. These time histories were Fourier analyzed, using
a Fast Fourier Technique, to establish 10 Hz constant bandwidth frequency
spectra for each interval. Sufficient incremental data was available to
construct spectra covering the frequency range of 10 Hz to 1KHz. These
constant bandwidth spectra were converted to 1/3 octave band spectra using
a digital representation of the 1/3 octave filter characteristic. Rotor
noise spectra covering the range of 1/3 octave band center frequencies of
50 liz to IKHz, were derived in this manner, at one second intervals, for
a simulated flight duration of, typically, 30 seconds. This resulted in
30 1/3 octave band rotor noise spectra per simulated flight.

Generation and processing of the analytically calculated rotor noise data
in the preceding manner imposes definite limitations on the resulting
rotor noise spectra. Fir,'t, and most importantly, only sufficient time
history data is generated to produce 1/3 octave spectra up to 1KHz, while
in actuality the rotor will generate ;ioise over the entire audible fre-
quency range. This ,,mitation was imposed in order to maintain a reason-
able machine computation time and its validity is predicated on the
assumption that vehicle noise sources other than the rotor system will
dominate above IKH.:. W-Ihile this assumption cannot be verified through
available test data, analytical calculations made in the present program
do tend to support its validity. These efforts are discussed in a sub-
sequent section of this report.

The second limitation in these data relates to the fact that spectra are
generated discontinuously, at discrete points in time. Using these
spectra it is riot really possible to determine the value of peak noise
levels occurring during the simulated flight, nor the time when the peak
occurs. This limitation, however, is felt to be of minor importance both
because of the relatively short, one second, time interval used and be-
cause the generated data are to be used for comparative purposes only, to
evaluate changes in noise level caused by changes in vehicle component
design. As for tue ",ijitation on frequency range, this limitation was
impoised -in order to mini nize muchine computation time.
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CORRELATION OF ROTOR SYSTEM NOISE CALCULATIONS

Extensive measured helicopter noise levels are available, in References
21 and 22. These measurements were made using standard and modified
versions of the Hughes/Army model OH-6A and Sikorsky/Navy model SH-3A
helicopters. These vehicles are military versions of the Hughes Model
500 and Sikorsky Model S-61 civil helicopters, which are among the
vehicles under study in the present program. For this reason, the dLta
of References 21 and 22 were used to determine the degree of correlation
obtained with the rotor system noise calculation method. To provide
comparative analytical data, calculations of the rotor system noise com-
ponents for these two vehicles were made, for vehicle configurations,
flight conditions and observer (measurement) locations as nearly as
possible identical to those tested*.

Figure 3 shows the comparisons of calculated rotor noise with the measured
S-61 vehicle noise levels taken from Table 9 of Reference 22. Both
measured and calculated data refer to steady level flight at 200 feet
altitude and 120 knots airspeed. Vehicle gross weight is 15576 pounds.
Figure 3A relates to an observer directly below the aircraft flight path,
while Figures 3B and 3C are for an observer 500 feet to the port and
starboard sides, respectively. The tail rotor of the S-61 is on the port
side of the aircraft.

The measured and calculated S-61 noise spectra presented in Figure 3
show reasonable agreement over most of the frequency range where rotor
system ,.oise can be expected to be dominant in the vehicle spectrum.
Above 500 Hz, other vehicle noise sources, primarily the engine(s),
contribute significantly, and this is believed to be the reason why the
measured spectra of Figure 3 tend to exceed the calculated spectra in
this frequency range. Furthermore, the trends of noise level with fre-
quency shown in Figure 3 tend to validate the assumption, discussed
previously, that the contribution of rotor system noise can be neglected
above IKHz. Lack of good correlation in the low frequency range, below
100 Hz, which is indicated in Figures 3A and 3B, is not readily explain-
able, but this is not considered to be a significant problem within the

* Insufficent data is given in References 21 and 22 to .stablish actual
vehicle trim conditions flo~n%. Noise calculations were made (in the
basis of a normal trim condition, with a nominal a/c center of gravity.

21 Henderson, H. R., R. J. Pegg and D. A. Hilton, "Results of the Noise
Measurement Program on a Standard and Modified OH-6A Helicopter",
NASA TN D-7216, September 1973.

2 2pegg, R. J., H. R. Henderson and D. A. Hilton, "Results of the Flight
Noise Measurement Program Using a Standard and Modified SH-3A Heli-
copter", NASA TN D-7330, December 1973.
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present program, since noise in this frequency range does not materially
contribute to any of the subjective noise criteria used in the present
study.

Comparisons of measured and calculated H-500 noise spectra are shown in
Figure 4. These data relate to a steady level flight condition of 100
knots airspeed at 100 foot altitude, with a vehicle gross weight of 2407
pounds. Figure 4A refers to an observer (measurement) location directly
below the aircraft flight path, while Figures 4B and 4C are for observer
locations 500 feet to the port and starboard sides, respectively. The
H-500 tail rotor is also located on the port side of the aircraft.

The degree of correlation in the fly-over spectra of Figure 4A is similar
to that shown previously for the S-61. Correlation of fly-by noise
spectra, shown in Figures 4B and 4C is, however, substantially worse
than that shown previously. This lack of good correlation is believed
to be due to an inherent limitation in the analytical noise calculation
method, which does not permit valid noise estimation for observer loca-
tions which are very nearly exactly in-plane of the rotor.

While some disagreement exists with regard to the exact characteristics
of rotor noise directionality, the existence of a well defined minimum
near the rotor plane is universally accepted. This minimum can be very
sharp with large changes in noise for small changes in observer orienta-
tion about the rotor plane. The present analysis method treats this
directionality characteristic in an exact manner, as do most, if not all
other analytical rotor noise calculation methods. In reality, however,
the theoretical directionality of the rotor is obscured somewhat due to
acoustic refraction. Rotor noise directionality is also somewhat
difficult to interpret from measured data, because the orientation of
the rotor disk is not absolutely fixed in flight, but experiences
perturbations due to gust loading and sri-all control input changes. These
factors make correlation of measured and analytically calculated noise
difficult to obtain, for measurement points which are close to the plane
of the rotor. The observer locations shown in Figures 4B and 4C are
less than 12 degrees from the rotor disk, and this is believed to be
the reason why poor correlation is shown in these figures.

This is not felt to be a serious problem within the context of the
present program, since the sideline observation points which are used
are approximately 30 degrees from the rotor plane.
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ROTOR PERFORMANCE AND AIRLOAD CALCULATION

The rotor aerodynamic data required for the rotor system noise calculation
method were generated using analysis techniques developed from the funda-
mental work of Reference 23. The specific methods used in the present
program were adapted from existing techniques, which have been in use at
Kaman Aerospace Corporation for a number of years. While several distinct
computerized methods have been used, these methods all have the same
technical foundations, which will be reviewed in general terms only. A
more thorough review of these methods is presented in Reference 24,

The rotor system noise calculation method discussed in the previous
section requires, as input data, spanwise and azimuthal distributions
of rotor blade local angle of attack, resultant velocity and inflow
angle, for each rotor in the system. Also required as inputs are the
blade motions, in terms of the azimuthal distributions of blade flapping
angle and flapping velocity, and the rotor spatial orientation. In the
present program these data are generated in two steps, the first dealing
with the main (lifting) rotor and fuselage combination, the second dealing
with the auxiliary (tail) rotor.

Main rotor aerodynamic data are calculated using a vehicle trim analysis,
which establishes force and moment equilibrium between the main rotor and
fuselage. This analysis considers the tail rotor only to the extent that
the tail rotor thrust required to balance main rotor torque (and any
fuselage induced lateral forces) is calculated. The forces and moments
considered are shown in Figure 5.

Input data required for the vehicle trim analysis includes all fuselage
and main rotor geometric, aerodynamic, mass, and inertial characteristics.
Given these data, forces and moments due to the fuselage are balanced by
rotor induced forces and moments based on a prescribed steady flight con-
dition. First, the rotor is placed in flapping and feathering equilibrium
for an initially estimated blade collective pitch setting. Only rigid
body flapping is considered, and for the present program, a uniform in-
flow distribution is assumed. Once rotor equilibrium is established,
rotor airloads are calculated and integrated to determine the net forces
and nmmernts generated by the rotor.

The forces and moments generated by the fuselage are calculated based or,
the given flight condition, fuselage characteristics and an assunrd
2 3 Gessow, A. and A. D. Crim, "A Method for Studying the Transient Blade-

"Flapping Behavior of Lifting Rotors at Extreme Operating Conditions',
NACA TN 3366, January 1955.

2 4 Lemnios, A. Z. and N. Giansante, "The Dynamic Behavior of Rotor Er,try
"Vehicle Configurations. Volume I - Equation of Motion", NASA CR-73390,
February 1969.
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Q •HT

where: TmR =main rotor thrust

DmR main rotor drag

QmR =main rotor torque

Lf : fuselage lift

Df fuselage drag

H, vehicle weight

LHT =horizontal tail lift

IDHT = horizontal tail drag

LVT = vertical tail lift

DVT =vertical tail drag
TTR Ttail rotor thrust

mp = fuselage pitch moment

mR fuselage roll moment

Figure 5. Helicopter Trim Forces and Moments
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initial value of fuselage attitude. The net forces and moments due to
the fuselage are then compared to the forces and moments generated by
the rotor. Based on this comparison, rotor control inputs and fuselage
attitude are changed from their initial values until rotor and fuselage
forces and moments are put in equilibrium. The rotor aerodynamic dis-
tributions required for the rotor system noise analysis are calculated
based on this trimmed flight condition and stored for later retrieval
by the rotor noise program.

The main rotor/vehicle trim analysis also calculates main rotor torque
and power required, as well as tail rotor thrust required. The former
data is used to perform engine and transmission noise analyses, while
tail rotor thrust required is used to calculate tail rotor performance
and airload distributions. These required tail rotor aerodynamic
characteristics are generated using an analytical method which is
similar to that used to obtain main rotor/vehicle trim. In this case,
however, tail rotor generated thrust is made equal to required tail rotor
thrust for an assumed zero rotor angle of attack, and the data needed for
the rotor noise analysis is calculated based on this equilibrium rotor
confi guration.

The rotor performance and airloads calculation methods used in the present
program provide a reasonably precise estimate of rotor angle of attack,
resultant velocity and inflow angle distributions. The degree to which
these calculations reflect the real life situation is, however, somewhat
limited by the basic assumptions of the analysis. Since only rigid body
blade motions are assumed, the higher harmonic motions and airloads are
not calculated. This is not considered a serious drawback, however,
because the rotor noise analysis calculates high frequency rotor noise as
due to vortex shedding effects, and not higher harmonic airloads. The
assumption of uniform rotor inflow, on the other hand, may be a major
shortcoming, particularly with regard to the calculation of tail rotor
aerodynamics. The assumption of uniform inflow is predicated on un-
disturbed flow conditions, both ahead of and behind the rotor. For the
tail rotor the presence of the tail fin disturbs the flow through the
rotor and, more importantly, tail rotor flow is affected by the main
rotor wake and, usually, the engine exhaust. These factors tend to bring
into question the assumption of uniform tail rotor inflow, and may cause
errors in noise levels calculated using aerodynamic characteristics based
on this assumption. Unfortunately, however, the actual conditions of
tail rotor flow are not well understood and analytical methods for modeling
these conditions are beyond the present state of the art. Furthermore,

j{ the assumption of uniform rotor inflow for high speed forward flight con-
ditions is a universally accepted approximation whose limitations, if not
quantitatively known, are at least qualitatively understood.
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ENGINE NOISE CALCULATION

The existing civil helicopter fleet includes both reciprocating
(gasoline/piston) and shaft turbine engine powered vehicles. Separate
analytical methods were developed for calculating the noise produced
by these two types of engines.

Shaft Turbine Engine

Shaft turbine engines have three principal noise sources:

a Combustion noise

a Compressor noise

# Exhaust jet noise

Methods for predicting sound power levels from these three noise sources,
as well as directivity corrections, are presented in this section.

Compressor Noise Prediction

Compressor noise is radiated both forward and rearward from the engine.
Its noise spectrum consists of discrete frequency components at the
compressor blade passage frequency, and its harmonics, along with broad
band noise. Since these two sound generating mechanisms are independent
of each other, they are predicted separately.

The method used herein for predicting cgpressor noise is based upon work
originally performed by Smith and House . and later modified by Grande,
et a1 2 6 . This method provides independent equations for harmonic and
broad band noise and includes rotor-stator separation and compressibility.
The equations for maximum linear sound pressure levels at a distance of
100 ft for a single stage compressor are as follows:

(SPL)Discrete Tone 85 + 50 log [Ur/ 1 0 0 0 ]

+ 10 log [m(c/s) 2 ] + AF (4)

Smith, M.J.T. and t1. E. House, "Internally Generated Noise From Gas
Turbine Engines; Measurement and Prediction", Journal of Engineering

for Power, Trans. of ASME (April 1967), pp 177-190.

L&Grande, E., D. Brown, L. Sutherland, and R. Tedrick, "Small Turbine

Engine Noise Prediction, Volume II, Noise Prediction Methods", Tech.
Report AFAPL-TR-73-79, Volume II December 1973
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(SPL)Broad = 75 + 50 log (Ur/ 1 0 0 0 ) + 10 log [(c/S) mean]Bradbandmea

+ (mid + 10 log [U a/U r] + AF (5)

where: Ur = relative blade tip speed (ft/sec)

Ua = axial flow velocity (ft/sec)

s/c = rotor-stator separation at tips, in upstream
blade chords

Umid = mean incidence deviation (in deg) from the blade
lift curve peak

AF = flow correction factor (discussed in the next paragraph)

To develop the complete spectrum, the discrete frequency comrnnents are
assumed to decay as 20 log n, where n is the harmonic number ; a rep-
resentative spectrum shape is assumed for the broad band noise.

The flow correction factor given by Smith and House seems to be inaccurate.
This is attributed to the assumption that a direct relationship exists
between the axial velocity of the flow and the absolute velocity of the
blade tip. Grande, et alZ6, derived a new set of factors which are based
on the local relative velocity rather than that of tip relative velocity.
Therefore, the forward and rearward noise is obtained by integrating over
the blade sweeping area. The factors are as follows.

AF 10 log Ttj for forward propagation

= 10 log (2 - nt) for rearward propagation, (6)

where: 2 ~3/2 2 3/2
2 [(clrt2 + c2 ) 3 (clrh2 + c2 ) 3(f. for M < 1r~t 1 ;3I (rt2.r2

2 2 3/2 2 3/2

r -rh2 r(clr + c2 ) 3/ r + c2

-rh 2 2 (rs 2  r 2)

27Goldstein, M. E.,, "Aeroacoustics", NASA SP-346, November 1974.
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where: Mt = tip Mach number

rh = hub radius

rt = tip radius

rs = radius at which tip velocity is sonic

1 (2iiN )2cI - 7-6

cO

c2 ax

Max = axial flow Mach number

c = local speed of sound

N = rpm of compressor

Further, it was observed that for forward propagating discrete tones 2 6 ,
the predictions were well correlated with measured data when the constant
in Equation (4) is changed from 85 to 80. For a multistage compressor,
the factors AF are multiplied by the stage number. The resulting equa-
tions used in the prediction scheme are as follows.

(SPL)Discrete tones = 80 + 50 log (IUr/1000) + 10 log [m(c/s) 2]

forward + (AFf)NS (7)

(SPL)Discrete tones - 85 + 50 log (Ur/l000) + 10 log [m(c/s) 2

forward + [tFf + AFr - 1/2(NT - N)]

(SPL) White noise 75 + 50 log (Ur/lO0 0 ) + 10 log [m(c/S)mean]

forward Ns

A mid + I0 log [Ua/Ur] + E (AFr) (9)

"(SPL) White noise 75 + 50 log (Ur/ 1 000 ) + 10 log [n;(c/S)mean]

*, rearward

' amid + 10 log [Ua/Ur + [L8Fr 1/2(NT - Ns)] (10)
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where: NT = total number of stages

Ns = stage number

AFf, AFr are forward and rearward factors from Equation (6)

The power levels oF the compressor are calculated by assuming simple
spherical spreading. It should be noted that the predicted power levels
are higher because the directivity effects are not included in the cal-
culation of power levels.

Combustion Noise

Huff, Clark and Dorsch 2 8 recommended a procedure for the prediction of
low frequency core engine noise. The scheme predicts the overall noise
power and the frequency at which it peaks. The spectrum is then predicted
by fitting the peak level with an averaged spectrum.

Evidence indicates that the low frequency core noise due to combustion
and internal flow is dependent on combustor type and design. However,
these parameters are difficult to extract from the farfield noise data.
Hence, the choice of prediction scheme was based on the simplicity of
equations and the fact that the required parameters were readily avail-
able.

Motsinger 2 9 gave a formula for predicting the overall sound power level:

2P3 TO

OAPWL = 56.5 + 10 log ma [(T - (a 4 T3 PV (110 3

The frequency (neglecting the Doppler shift factor) corresponding to the
peak of the spectrum is given by:

fp 740 P3  (12)

a Pa T4

2-8Huff, R. G., B. J. Clark and R. G. Dorsch, "Interim Prediction Method
for Low Frequency Core Engine Noise", NASA TMX-71627, November 1974.

2 9 Motsinger, R. E. and J. J. Emmerling, "Review of Theory and Methods
for Combustion Noise Prediction", AIAA Paper 75-541, 2nd Aeroacoustics
Conference, Hampton, VA, March 1975.
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where: nla = total mass flow through the combustor (ib/sec)

S= total pressure at combustor inlet (lb/ft 2 )

3= total temperature at combustor inlet (R)

T = total temperature at combustor exit ('R)

2
P = reference pressure (lb/ft2)

TR = reference temperature (consistent with T3 , r4)

To atmospheric temperature

Figure 6 shows the normalized spectrum shape as a function of dimension-
less frequency f/fp.

Jet Noise

The engine noise prediction program is being used to predict noise levels
of typical engines used on civil helicopters, where the exhaust jet
velocities are typically low subsonic. At these velocities, it is very
unlikely that the noise produced by the jet will be a dominant source.
However, a jet noise prediction scheme has been included for completeness.

The peak overall pressMre level along a side line parallel to the jet axis
at 200 ft is given by :

OASPL. = 10 log F(u) + 10 log (p 2 A) (13)3(3

where: p = weight density of fully expanded jet (lb/ft )

A = effective nozzle area, ft 2

r = sideline distance, ft

The value of 10 log F(u) for a given jet velocity is obtained directly
from Figure 7.

,3

3 0 Anonymous, "Jet Noise Prediction", SAE AIR 876, October 1965.
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The Strouhal number is calculated by using the effective diameter of a
jet exhaust stream, given by:

De = 1.13 A (14)

and the Strouhal number is given by:

sj = UE(15)

The corresponding attenuation F. is obtained by using Figure 8. Hence,
the octave band sound pressure 3 level is given by:

SPLjet (j) = OASPL - F (16)

Directivity Corrections

The various noise sources involved in the evaluation of total engine
noise are directional, the effects of which can not be overlooked. Since
the inlet as well as exhaust characteristics of engines are by no means
standardized, the evaluation of directivity functions is rather compli-
cated. The procedure adopted here is the one recommended by NASA31.
Figures 9 and 10 give the directivity of forward and rearward propagating
compressor noise sources. Figure 11 gives the directivity of the low
frequency core engine noise coming out of the exhaust duct, and Figure 12
gives the directivity of the subsonic jet noise. Subtraction of these
directivity functions from the calculated power levels of the various
sources yields the sound pressure levels at unit distance from the source.

Reciprocating Engines

Reciprocating engine noise has three components: intake noise, casing
noise, and exhaust noise. Acoustic measurements have been made on
numerous diesel and gasoline engines in order to quantify noise levels
for each of these noise components. Such measurements are reported in
References 32, 33 and 34. The results of these measurements indicate
the following trends.

31Heidmann, "Interim Prediction Method for Fan and Compressor Source
Noise", NASA TMX-71763, December 1974.

32Ungar, E. E., "A Guide for Predicting the Aural Detectability of
Aircraft", AFFDL-TR-71-22, July 1971.

3 3Ungar, E. E. and F. R. Kern, "Exhaust, Casing, and Intake Noise of
Continental I0-520D Aircraft Engine", BBN Report No. 2520A, June 1973.

3 4Priede, T., "Diesel Engine Noise Conference", SAE Report SP-397, Aug. 1975.
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e Generally, noise levels for an unmuffled exhaust are higher than
those for casing noise, which in turn are higher than those for
unmuffled intake noise.

a Intake noise is often inseparable from casing noise; in this
report, intake noise is neglected since its sound power levels
are usually at least 10 dB below those for casing noise.

e For all three noise components, measurements show that acoustic
intensity is directly proportional to engine output horsepower,
which can, therefore, be used to normalize measured noise data.

e Engine noise signatures contain discrete frequency tones at the
firing frequency and at several harmonics and subharmonics of
this frequency; also, noise levels are maximum at the firing
frequency, which can be used to normalize frequency.

o Even when the above normalization procedures are adopted, sound
power spectra typically show l0-dB to 20-dB scatter between
different engines.

# Noise levels for diesel engines are generally higher than those
for gasoline engines which are used for all piston engine driven
helicopters; however, diesel engine noise has received much
greater attention than gasoline engine noise.

The empirical equation that relates engine sound power level to engine
horsepower and frequency is:

Lw = sound power level (dB re 10-12 watts)

= 10 Log 1 o (hp) + A + B Loglo(f/fo) (17)

where: hp = output horsepower of engine

f = frequency (Hz)

(A,B) = empirical constants

f0  = engine firing frequency (Hz)

- SN/(30n) (18)

where: S engine speed (rpm)

N = number of cylinders

n 2 or 4 = number of cycles
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Equation (17) is used herein for prediction of one-third octave band sound
power levels for exhaust and casing noise. The quantities A and B are
different for exhaust and casing noise, and they vary with nondimensional
frequency (f/fo) bands.

Casing Noise

Priede 3 4 measured casing noise levels for six automotive gasoline engines
in the 90-hp to 130-hp range. One-third octave band sound pressure levels
at 1.0 meter from the sides of these engines are listed in Table 6 for
the frequency range of 100 to 10,000 Hz. Also listed in Table 6 are the
engine characteristics.

The 'distance from the microphone to the center of the engine is assumed to
be R = 1.25 m. The following equation is then used to convert sound
pressure levels in Table 6 to sound power levels.

-12
Lw one-third octave band sound power level (dB re 10- watts)

= SPL + 10 Log 1 o (4'rR 2)

= SPL + 13 dB

SPL = one-third octave band sound pressure level (dB re 2.92 -10- psi)
listed in Table 6 (19)

These sound power levels are then normalized by engine horsepower using
the equation:

L. - 10 LOglo hp = SPL + 13 dB - 10 Loglo hp (20)

Calculated values of the normalized sound power levels are listed in
Table 7 for the six engines. Here the frequency (f) is shown normalized
by the firing frequency (fo). Actually, the one-third octave bands in
Table 6 were shifted so that the band containing the firing frequency
falls in the normalized band f/fo = 1.0 in Table 7. This table also
lists the normalized sound power levels for a 140 hp Continental A'rcraft
Engine 33. Figure 13 shows an envelope of the sound power levels li.ted
in Table 7, and an average spectrum which rises at 6 dB/oct for f/fo < 1.0
is constant at 8? dB for 1.0 , f 2.5, and rolls off at 12 dB/oct for
f/f 0 > 25. At the firing frequency f = fo, an average value of 87 dB Is
selected as the pure tone level. This average spectrum has been used to
reflect normalized casing noise. Values of A and B for Equation (17) are:
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TABLE 6. ONE-THIRD OCTAVE BAND SPL'S OF CASING NOISE MEASURED 1.0 METER

FROM THE SIDES OF SIX 4-CYCLE GASOLINE ENGINES; REFERENCE 10

En ine Characteristics

- 1 2_4_ 6 -

Type In-Line In-Line 1In-Line In-Line In-Line V-Form
No. Cyl. 4 4 4 6 4 (6)
Disp. (in 3  90 90 120I 120 150 210
rpm 6000 5000 5500 5500 6000 5000
hp ____ 95 90 103 99 105 130

Freq (Hz) . One-Third Octave Band SPL _

100 82 76 73
125 85 81 79 70
163 83 96 88 82 90 75
200 93 78 96 89 98 79
250 86 77 94 96 89 75
315 83 82 94 91 90 80
400 87 79 85 83 94 82
500 92 81 90 86 91 84
630 88 83 98 81 94 86
800 83 86 93 85 91 87

1000 84 92 93 88 91 85
1250 84 85 93 85 9? 87
1630 87 92 91 92 94 84
2000 87 87 92 85 96 84
2500 88 83 89 86 I 95 82
3150 85 83 90 84 96 79
4000 85 81 89 86 95 77
5000 86 79 88 85 92 74
6300 84 79 86 85 91 72
8000 82 78 85 84 88 70

1000 83 76 84 83 84 68

'SPL (dBA) 95 95 ( 03 ll1 105 97.6

5
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TABLE 7. ONE-THIRD OCTAVE BAND SOUND POWER LEVELS OF CASING NOISE FOR

SEVEN GASOLINE ENGINES

Engine Characteristics

1 2 3 4 5 6 7

Type In-Line In-Line In-Line In-Line In-Line V-Form Radial
No. Cyl. 34 4 4 6 4 6
Disp. (in ) 90 90 120 120 150 210
rpm 6000 5000 5500 5500 6000 5000 2150
hp 95 90 103 99 105 130 140

f/fo0 L w - 10 Loglo (hp) - dB re 10- 1 2 Watts
i1

0.40 1 69
0.50 75 72 66
0.63 74 75 63
0.80 76 78 81 82 83 67 70
1.00 86 89 89 89 91 71 75
1.25 79 71 87 84 82 67 70
1.63 76 70 87 76 83 72 75
2.00 80 75 78 79 87 74 73
2.50 85 72 83 74 84 76 74
3.15 81 74 "1I 78 87 78 84
4.00 76 76 86 81 84 79 77
5.00 77 79 86 78 84 77 77
6.30 77 85 86 75 85 79 78
8.00 80 78 84 78 87 76 80

10.00 80 85 85 79 89 76 79
12.50 81 80 82 77 38 74 79
16.30 78 76 83 79 89 71 74
20.00 78 76 82 78 88 69 74
25.0O0 79 74 81 77 85 66 76
31.50 77 72 79 77 84 14 76
40.00 75 72 78 76 81 6271
50.00 76 71 77 77 60 72
63.00 69 72
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Frequency A B

f/f < 1.0 82 30

f/fo = 1.0 87 0

1.0 < f/f0 < 25 82 0

25 < f/f 0  138 -40

Unmuffled Exhaust Noise

In Reference 32 Ungar presents measured, octave band sound power levels
of exhaust. noise from nine diesel engines whose operating characteristics
span the following ranges:

hp = 160 to 7000 horsepower

S 240 to 1800 rpm

n =2 and 4 cycles

fo =30 to 480 Hz firing frequency

These data extend over a frequency range of 31.5 to 8000 Hz, and exhibit
a typical scatter of 10 to 20 dB. From these data, Ungar developed a
"smoothed-out" spectrum that is approximately equal to the mean plus one
standard deviation; the resulting spectrum is shown in Figure 14 in the
alternate form of one-third octave band sound power levels.

Spectrum levels in Figure 14 are normalized by horsepower, and frequency
is normalized by the firing frequency. These normalizations are consis-
tent with those indicated in Equation (17). The discrete tone levels
associated with Ungar's prediction are 5 dB above the "smoothed-out"
spectrum.

For purposes of comparison, Figure 14 also shows exhaust sound power
levels recommended in Reference 35 for prediction of shipboard noise
from diesel and gasoline engines. For each type of engine (diesel,
gasoline), the spectrum varies by 6 dB to account for various engine
speeds, turbochargers, and in-line or V-form configurations. On the
average, the gasoline engines radiate 10 dB less exhaust noise than the
diesel engines.

-35 3 5 Bolt Beranek and Newman, Handbook for Shipboard Airborne Noise Control,

USCG-NSES Report.
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Ungar's prediction method is used in the present model to calculate
exhaust noise. Numerical values of the quantities A and B as in
Equation (17) are:

Frequency A B

f/f 0 < 1/2 117 33.22

f/fo 1/2 112 0

1/2 < f/f 0 < 1 107 0

f/fo =1 112 0

1 < f/fo < 2 107 -13.29

f/fo = 2 108 0

2 < f/f 0  107 -13.29

CORRELATION OF ENGINE NOISE CALCULATIONS

The engine noise calculation methods are empirically based and, con-
sequently, correlation with test data is fundamental to their development.
Because of this, little correlation work with these methods was performed
in the present program, and the efforts which were undertaken were in-
tended only to insure that the methods were being correctly applied.
Furthermore, even these limited efforts were hampered by a lack of avail-
able helicopter engine noise test data.

Figure 15 shows a comparison of calculated and measured reciprocating
engine noise for the Bell Model 47 helicopter engine. These data are
presented in terms of sound pressure level vs engine firing frequency
harmonic. The test data of Figure 15 were taken from Figure 7 of
Reference 36. The degree of correlation indicated in Figure 15 is
consistent with the range of scatter expected in measured reciprocating
engine noise, and, based on this it is concluded that this noise calcula-
tion method is performing properly.

No measured helicopter shaft turbine engine noise data were found which
"would be suitable for correlating the noise calculation method. Because
of this, it was decided to evaluate the validity of this method by
comparing measured and calculated total vehicle spectra, and inferring
method correlation from the degree of agreement in the frequency rangq

3 6Parrott, T. L., "An Improved Method for Design of Expansion-Chamber
Mufflers With Application to an Operational Helicopter", NASA TN
D-7309, October 1973.
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where engine noise would be expected to dominate the spectrum. Com-
parisons of calculated and measured total vehicle spectra for the
Sikorsky S-61 and Hughes 500 vehicles are given in Figure 16. Measured
data have been taken from References 21 and 22.

General agreement between measured and calculated vehicle noise spectra
is indicated in Figure 16. The validity of the shaft turbine engine
noise calcuiation method is demonstrated by the correlation of measured
and calculated spectra in the frequency range of 1KHz to IOKHz.

TRANSMISSION NOISE CALCULATION

The transmission component of helicopter vehicle noise consists of
multiple pure tones (discrete frequencies) associated with the various
gear meshes within the main transmission. While the transmission is
not generally thought to be a significant contributor to helicopter
external noise1 , it hu- been considered in the present program because
the discrete frequency nature of transmission noise makes it a poten-
tially significant contributor to vehicle EPNL. The simplified method
used to calculate transmission noise in the present program has been
derived from a more complex analytical method, which is discussed in
References 16, 17 and 18.

The analytical method of References 16, 17 and 18 considers the hPlicopter
transmission as a complex dynamic system consisting of many mechanical
elements. In this method, all gears/gearshafts, shaft support bearings
and the transmission case are dynamically modeled individually and these
individual elemental models are then coupled to form a system dynamic
model. Excitations, in the form of gear mesh deflections, are applied to
the resulting system model, and transmission dynamic responses and case
radiated noise are calculated directly. Gear mesh deflection excitations
are calculated based on unsteady gear tooth bending, which occurs as a
result of the transmission of torque across the mesh.

Within the Reference 18 study, a dynamic model of the Kaman/Navy SH-2D
helicopter transmission was developed. Testing was performed on this
transmission and model calculations of transmission ncise were correlated
with measured data. The degree of correlation obtained with this model
is indicated in Figure 17.

While a high degree of correlation is obtainable with the detailed trans-
mission noise model of Reference 18, the complexity of this model, and
the extent and nature of input data required for its use, make direct
application of this method to the present program impractical. Con-
sequently, an alternate approach was adopted, and a simplified trans-
mission noise calculation technique was derived, based on parametric
trend data, developed from the detailed SH-2D transmission model. The
validity of this simplified method is predicated on the assumption that
the SH-2D transmission has dynamic response and noise radiation character-
istics which are representative of current qeneration helicopter
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transmissions. This assumption is believed to be appropriate, since the
SH-2D transmission is similar in design to most existing helicopter
transmissions and its operating torque and rpm conditions are near median
values for the vehicles considered in the present study.

The transmission noise calculation method developed for the present study
is based on a simple parametric relationship between the physical
variables of a given gear mesh and the sound power level of the discrete
frequency component due to that mesh. The general form of this relation-
ship is:

PWLG = A Loglo(-c) + B Loglo(f) + C + D (21)

where: PWLG = sound power, level - dB re 10-12 watts

A = a constant indicative of the relationship between
torque and sound power level

T = transmitted torque (in-lb)

B a constant indicative of the relationship between
gear clash frequency and sound power level

f = gear clash frequency - Hz

C = a constant indicative of the type of gear mesh

D = a constant indicative of the gear clash harmonic
number

A parametric study was performed, using the available SH-2D transmission
analytical model, considering three types of gear meshes, all of which
were represented in the SH-2D model. Gear mesh types considered were:
spur gear, spiral bevel gear and planetary system. Based on this study
three equations, of the form of Equation (21), were derived for the
three gear mesh types considered. These derived equations are:

PWLSG = 20 Log (T) + 37.8 Log (f) -91 + DSG

PWLsBG = 20 Log (T) + 37.8 Log (f) - 100 + DSBG

PWLs 12.8 Log (t) + 37.8 Log (f) - 59 + Dps (22)
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where: PWLSG = sound power level of spur gear mesh

PWLSBG = sound power level of spiral bevel gear mesh

PWLps = sound power level of planet system

The constants DSG, DSBG, and Dps in Equation (22) are indicative of the

relationship between sound power level and gear mesh harmonic number,
which was found to be specific to a particular gear mesh type. Values of
these constants were defined to be equal to zero for the gear clash
fundamental frequency. Finite values were established for these constants
for the second and third harmonics of gear clash frequency, and these are
given in Table 8.

Equation (22) could not be used directly in the total helicopter vehicle
noise calculation model for two reasons. First, the sound power levels
calculated with Equation (22) are in terms of a "Spectrum Level" with
a frequency bandwidth of one Hz, while the vehicle noise model deals in
1/3 octave bands. This problem was overcome by converting these "Spectrum
Levels" to a 1/3 octave format using a digital 1/3 octave filter rep-
resentation. The second, and more -ignificant problem in using these
equations, relates to the fact that, in general, helicopter transmissions
are enclosed within the vehicle fuselage or pylon structure. Equation
(22) refers to sound radiation in free space, and therefore, the levels
calculated with these equations must be reduced to account for the sound
attenuation characteristics of any enclosing vehicle structure.

The sound attenuation of a partial acoustic enclosure may be simply
related to enclosure surface density open area ratio, and source fre-
quency, if the structural material is assumed to act as a limp mass1 7.
The transmittance (T) of such a structural material is given by:

T 1 (23)

f .P

where: T = transmittance, ratio of transmitted to incident sound

f = source frequency- Hz

p = surface density - lb/in2

3 7Beranek, L. L., "The Transmission and Radiation of Acoustic Waves by
"Solid Structures", CH-13, Noise Reduction, L. L. Beranek, ed.,
McGraw-Hill, 1960.
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TABLE 8. VALUES OF THE CONSTANTS DSG' DSBG' AND DPS
IN EQUATION (22)

Harmonic No.

Gear Clash Type 2 3

Spur Gear -5 -22

Spiral Bevel Gear +7 +6

Planet System -10.5 -Z3
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For a f-:jial enclosure, the enclosure transmission loss or attenuation
(in decibels), is a function of the transmittance of the solid portion
of the enclosure, given by Equation (23), and the ratio of open area to
total enclosure area. This transmission loss is given by:

T.L. = 10 Loglo [Trl - A) (24)

where: T.L. = enclosure transmission loss (dB)

AR = ratio of open area to total enclosure area

Equation (24) is used in the transmission noise calculation model in
conjunction with the transmission case radiated sound power level
relationships of Equation (22).

CORRELATION OF TRANSMISSION NOISE CALCULATIONS

The transmission component of helicopter noise is not readily neasurable
external to the helicopter, and no external noise data were found to be
available, suitable for correlating transmission noise calculations.
However, since the method is equally well suited to calculating heli-
copter internal noise, which is normally dominated by the transmission
component, it was decided to use available teasured internal noise data
for this purpose.

Measured internal noise levels of the Bell/Army UH-I (Model 205 civil
designation) are given in Reference 38. These measurements were made in
terms of 1/3 octave bands, for three different vehicles. The data of ,
Reference 37 are compared to a calculated UH-l trdnsmission noise
spectrum in Fioure 18. The degree of correlation indicated by this
comparison is considered adequate for present program purposes.

3 8 Laskin, I., F. K. Orcutt and E. E. Shipley, "Analysis of Noise
Generated by UH-l Helicopter Transmission", USAAVLABS TR 68-41,
June 1968.
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VEHICLE DESIGN AND PERFORMANCE
Ae

The noise calculation methods of the previous section provide the means
for evaluating the potential for helicopter noise reduction. To apply
these methods realistically, however, it is necessary to determine the
nature and extent of changes in vehicle design and performance character-
istics which must be made to incorporate noise reduction methodology.
This information is also required to assess the economic cost of heli-
copter noise reduction. This section of the report discusses the
analytical method which has been developed Io obtain the required infor-
mation.

Mission Performance Criteria

The intent of the overall study effort is to determine how much noise
reduction can be achieved in future design civil helicopters using existing
noise reduction technology, and what changes in total life cycle cost will
result from the achievement of this noise reduction. Since the study
concerns itself only with future design civil helicopters, it is necessary
to make certain assumptions as to the nature of these vehicles and what
their noise and cost characteristics would be if noise reduction was not
considered in their design. The effects of noise reduction can then be
determined relative to these baseline characteristics. In the present
program it is assumed that future design civil helicopters will be required
to perform similar missions to those presently being performed. Since
vehicle design is principally a function of required mission performance,
it is further assumed that future civil helicopters will be similar in
design to existing vehicles. These assumptions lead directly to the use
of existing civil helicopter characteristics as the baseline for deter-
mining changes due to the introduction of noise reduction methodology,
and this approach has been taken in the present program.

The basic premise of the present effort is that noise reduction of future I
civil helicopters will be achieved in addition to, rather than at the A

expense of, required mission performance. Noise-reduced vehicles will
fly as fast, as high, as far and with the same payload, although they
may be heavier and more costly to own and operate. This concept of a
constant mission performance requirement provides a realistic context
within which the effects of helicopter noise reduction can be determined
and assessed.

In specific terms, the following mission performance criteria have been
established:

I

(1) Constant payload.

(2) Constant out-of-ground effect hover ceiling. 1
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(3) Constant range (at the best cruise speed of the baseline
vehicle).

(4) Adequate (equal or greater) stall margin.

In general terms, these criteria have been applied in the following
manner. First, the direct effect of the introduction of a noise reduction
method was determined in terms of a change in vehicle gross weight at the
constant payload. This new gross weight was then used to establish a new
installed power requirement, and th-e consequent changes in engine weight
and rated fuel consumption rate which result from this change in installed
power. Installed power, as well as engine weight and rated fuel consump-
tion, were also changed to reflect any direct effects of noise reduction
such as engine silencer losses. Weight and installed power changes were
then iterated until a combination was arrived at which satisfied the
baseline vehicle out-of-ground effect hover ceiling capability.

The above procedure resulted in a vehicle configuration which could
operate at the same altitude with the same payload as the reference
configuration. Forward flight performance was then considered in order
to satisfy the established range and speed capability criteria. Given
the new vehicle gross weight determined by hover performance requirements,
rotor stall margin was calculated and compared to that of the baseline
vehicle. If insufficient stall margin was indicated, changes in rotor
design were effected, which increased stall margin to that of the baseline
configuration. Any changes in weight which resulted from this rotor design
change were calculated and accounted for, iteratively, through reconsidera-
tion of the hover performance requirement. Once stall margin and hover
perforamnce were determined to be consistent with the established criteria,
forward flight power required for the new vehicle configuration was cal-
culated.

The forward flight power required was determined for flight at the best
cruise speed* of the baseline vehicle. This power was used to determine
the need for any change in fuel load required to maintain a maximum
range equal to that of the baseline vehicle. If fuel load was changed,
vehicle gross weight was adjusted accordingly and, again, compensated
for through consideration of hover performance and stall margin criteria.

In the above manner, a new vehicle design was defined in terms of changes
in vehicle:

* Best cruise speed is defined as the speed for maximum range.
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(0) Gross weight.

(2) Airframe weight.

(3) Installed power.

(4) Engine weight.

(5) Fuel load.

These changes in vehicle design are in addition to and are the direct
result of one or more changes in vehicle design associated with the
introduction of some noise reduction methodology. All of these changes
have the potential for affecting the net noise reduction which is
achieved with a given noise reduction methodology and, therefore, all
must be considered in the calculation of vehicle noise reduction.
Similarly, all changes in vehicle design influence vehicle cost. The
individual analytical relationships which have been used to determine
the above changes in vehicle design are described in the following para-
graphs.

Hover Performance

The installed engine power required for a given helicopter design is
dictated by desired hover performance, as stated in terms of out-of-
ground effect hover ceiling. While power is required for many aircraft
systems, including the main and auxiliary rotors, electrical generators,
hydraulic and fuel pumps, etc., the main rotor absorbs the largest
fraction of total power required. Power requirements of the other
systems are relatively small and, furthermore, their sum tends to be a
constant fraction of total power required. Because of these factors,
installed power requirements have been found 39 to be a function of main
rotor characteristics only, specifically main rotor thrust required and
main rotor disk loading. The introduction of noise reduction methodology
is not expected to affect this functional relationship, except in the
case where engine noise reduction methods may cause engine power losses
which would necessitate increasing installed power. This effect is dis-
cussed in a subsequent section of this report.

3 9Metzger, R. F., et ql, "Development of a Method for the Analysis of
Improved Helicopter Design Crtie,-ia", USAAMRDL TR 74-30, July 1974.
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The relationship between main rotor thrust, disk loading and installed
power is illustrated in Figure 19. If main rotor thrust required is
assumed as equal to vehicle gross weight, the relationship expressed in
Figure 19 reduces to:

HPI ".051)(Gw)(DL/PR41  (25)

where: HP = installed power (HP)

GW = vehicle gross weight (!b)

DL = main rotor disk load ( = GW/,rR2, R = Rotor Radius) -

(lb/ft 2 )

DR = density ratio (ratio of air density at altitude to
sea level air density)

Given the above relationship between rotor disk load, gross weight and
rotor radius, Equation (25) may be further reduced to:

1.41 .82

HP 0 0318 (1/R) (26)

Of interest in the present analysis is the change in installed power
which occurs as a result of the introduction of noise reduction
methodology, Equation (26) indicates that installed power will change
only as a result of changes in vehicle gross weight, min rotor radius
or density ratio. Established missionsperforr'iance criteria, however,
require that reduced noise vehicle configurations have hover ceiling
capability equal to baseline vehicle configuations, and this requirement
can only be met by keeping a constant, though unspecified, density ratio.
This can be accomplished by normalizi'ig Equation (26) with regard to
baseline vehicle characteristics. The resulting normalized installed
power required relationship is then given by:

HPI HPI (GW /GW0)I'41(R'/R0 ) 8 2  (27)0!
"where: HPI , GW0 , RoF installed power, gross weight and rotor

So radius of baseline vehicle

HPI W G P = installed power, gross weight and rotor
radius of reduced noise vehicle

"I7
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Equation (27) has been used in the present analysis to determine the
effect of introduction of noise reduction methodology on installed
power.

Engine Weight and Rated Fuel Consumption

Given the installed power requirement of Equation (?7), engine weight
and rated fuel consumptioti rate can be determined. The relationship
between installed power and engine weight is given bj:

HPI .,Sbb
WE = NE * 5.36 N (TE) (28)

where: W, = installed engine weight 'hi

NE = nunber of engines

This relationship, which was obtained from Reference 40, can be normalized
in a manner similar to that of Equation (27), with:

p 568HP
WE W) (29)

E -o 'I°
0

where: WEo, HP1  = installed engine weight and horsepower forE0 Ibaseline vehicle

WE', HP1  = installed engine weight ý.d horsepower for
reduced noise vehicle

Installed power also determines the rated fuel consumption rate which,
in specific terms, is the rate of fuel consumption per horsepower-hour,
at rated horsepc',ier. This engine characteristic is necessary to determine
the rate of fuel consumption and, consequently, the fuel load required
at the part, ower cruise flight condition. Rated fuel consumption rate
is given byA:

-. 105

SFCR (.1 (30)

E
* where: SFCR = rated fueýl consumption rate (lb-fuel/HP-hr)

4%entele, M. and J. Laborde, "Evolution of Small Turboshaft Engines",
SAE Paper 720820, October 1972.
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Tte sensiivvitp ol lifr cycle cost ohange to arntoua usae rate ar..; uýef I
life ýs indicated tv, Figure 55. Itte turve~s snow. Weatt [C cnarw Wo
ust-ful life, at corsstar.t ust- rate, and tio use. rate-. al e coýnstarj Useft-1
life, for a fixed deate~e of n.oise- rijclion. S-c 5ititit) 91 IAA. cc-atr1I toU
V'tese tto operarinq paranet-rý is simiar. alt~j9t> the serisituii'ty to
annual use rate is so~eWhat mrce ;.'vnoa'riced. hin';artriune
tr* perc.entage cftar~a ir life cycle cost to a SIT"IfIcant Oegre-ee Ove tt*
ranges shown.

As for t"O e vticle desigr ceanges distvrised r'rewiously. the rugitude of
cist increase resllttng fro¶ engine silencing is. best illustrateil Dy Cori-
sidering this chat-ge in absolute terw-,. Corzsiderir~g ar. $61 ve!'iicle, for
exalvvle. a 3 [P~da noise redtltioo ot~tained tthrvugt: eraine silerncirnc woic
ra~se initial investpent cos~ frorý. S1.779 pior. M- airtv#a-ft tod 5<34f
g&-millior. Per aircraft, ar. irwcre~as of R-7KLj rIndirect cjsts, or, a ytl
basis., wo.jli rise otb over S-110r%ý per year, frcmr S)41,Tij-ýyear to r?,•i
yea r. Direct operatingy cos t, ini tial ly at fx'72 per hour Wo.'Id go 4 to
S2811. per rso~r, an increase o' over SP6 "fr 'hojr. Taker. togetile-. and~
ass..uinc a useful life of is~ years wit'n a usarr rat* 0 ol"150 tvursiyea r,
totza1 cost to own end operate this aircraft would cmrease by $-293,90Ov,

frra baseline of S10.111 nillicin to S10.404 mililion. ThiOs represenits
an an~nual cost increase of nearly $70i.000.

EFFECTS Or C k%GmS 1%t EAS[UVIN CO$T$

Tf* changes in elerw'ntal costs and total life cycle costs presentec ir.
the Previous section are felt to be a realistic estivr.a-t of the imact
o~f engine silencingq. T1hese chjanges dc, however. rieftect cmiy present
tecftnology and econor-ic conditions and, in adoitior., inhclude errors ýc.-
herent in anyf pararleti-ic stiady. where general tren~ds are derived fro-
available d~ata. Tfie possibi-hty of errors in. tte baseiine vehicle costs,
presented ir. Tables 1rY.is 0' particular s qnficance. Since defirat'on
of accurate baseline costs is essential to accurate predictioni 0' chacges
in. life cycle costs. Furtrner. uwiile ttese data imaj be a oood ap)rvoiwma-
tics, under preser- techniological and econoric cond'tticmsos, crianige5 ir. tte~
corndit'Qons cowld vervy well inva' idate the Pre-dicted cost cr~ares. F(:jr
these reasons, ar. analysis of trbe relative inpact of cnanges in baseihnoe
vehicle initial investseln cost. indirect Dperatirnc cost, and direct

o -- ra , -9 rs tor t -a I$V'- cyl cos 'isbt;ýrvmd t ana v-sis

provides bott ar. indication of the sensitivity of cnange ir. life cycle
c~ost to errvrs in calculated Daseline cost. aria a nearis. for rev~sin. -life
cycle cost change predictions to reflect changes in. base wt-licle costs due
to ctanges in technology arid economic corsditions,.

Tte Prementage changes ir. e-eaetnul veiicle costs oL* to engine siier.ciiic
;"re',ented in ri 9 .re 51. ref iect ptiysical charcqes in. venicie design cr.7,,
ar-c will not be influenced byj cnanges in baseline veticle costs. L ife
cYt1le cost c~hanges. giver. ir Figure 5? do, however, reflect baseline
veniirie costs tW th'e extert -11"t changes in base~irne costs chiange tRne
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f.rt &CC una ge if. life Cycie Cost 4,, e a l slencln; I

XCf rn;ge S, Irwe i lr.,svIt CrC'rtt a n
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=usage raW - firS
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vlerier. atZ~ ~b t
a-1t ir. t'at C'& Qta F~ La 4r t

O ~ ~ ~ ~ ~ ~ ~ ~ ~ r r-rrt2 t.ttG.Li~eieX

p i- a _Q* cvwýaso if. bas%,chr Ir,.u*-ttC~

- aScke rvatotif t-* C#.Sr'e 1 -., f% 0* a c
tiems.tro :rý perctnt'6-eoe '.(r oe ;r. buE h~ 1(-

koEtIoi (z3 OW ife te- raTI r 0 o1 V*crctiraf e 4?rra I E-. i St EaL t'iu

Ttese f:.z acr r.4ný Y.*r_ use:n 1 -_- aicwitt t! VDrtt to are-yn;
waS+eIirfe CDsts, a'szt nE res-1ts olf t'.ese ca"Cult.alorss. art- vlive' m
Tat) e71

'1 r.creastat wU' inrCrsa¶ic .A tgý,e iro irrestrerr cUS1 aSC :0:. arne 'A
OC flset StwIt4It rirer*as irc bia Seln)> Te J ve'--clecis S. I C

s'csts~ns tv it, r~s~recDs-t cnarqes, andCi T'e use toD i'iustrat*

!4%E ltar'tj'3e o'f t".e S'essit%.cl't~es Indaicated inr Table P.

IThe crtrige it.L rece for te* lm-57X -is irnffltcrce: *. a c~~al"Oe '
win*.tst'*t cost IVn3* strrc at a use'r~j' lift 0'4 5 yflr& and a u": za

ruaseline ir-vesutri;. Costs were Uw rar,ý !y -101. a ..5318% tscu lt
cycle ct vcre:Qz irnre I asinc tre Drl~tCte: cnanigE Ir. AU ffot

tx .~t ~css~ertctr.e inf!Lunce rU tas~eline 2K.5: in. vu-i case
foe a os'et2! life U24 ytarS an-, a uSeý rat.e of 3K0 trs/yea r, a :D
var--a*,r Ion I 'sel~ cf bOJ - reS jtI it a 9E4lr.C Cra,,.t IT, %,rC't-C
114e cire coist cnne.rc c 0 frCr ja;tc?3.As rlh
-:n' crnanoe In :'asetlr~e Y-#, acgalf for a ?:0 yerif t l

Lt~e ratZ-, ic-.Acazraetn rsittCr' it L t t' Q 3-A)t. rtor-
221;7. tfo LOTih_ A,. (!oe'tr-ttec, vericttor,' in ;-reCtct: Ihec~ecs
cr'csge is relct-wet&iurst to c~ra* i, gaeieeett'css

hA ar earlatcrt.w; 'rs c roZc si~iatrlar,9t5.. tsa'
lar~~~e Itse iC erstZ ? cosý.ts Co.Ld ve ry we 1 cur %V- i
xe~re~iO ancsawo Or cs'ase; i.t. ;rba~t eIcMonnc tCrC4-'tliCS, anc¶Z xLXrOE

trt-se cirst-ie.etler i;watior f4) or ic47ato gZ tr We aa CJ
lcn)e ?I ca- be usec tw aJust predicted life cycie cost ctang.es,, clver,
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W*_4;cýcol&_(1n~zIr Z:xlc aC Tda %0:¶' ;nsxi:r

* ar .tritr. elat wýeZ inr %vcrcS of !t'w ne Jut It pol i'IlS (slCOl*A

0--ir.C.cate t'efortlstJec'ci *&tO~p !not.t4 ;t~~e :u:.tts t:; aq I*fom tc totto
.esc~cncs~ ~c.I.:t Ctserse¶;m of~t cnatw :o~ extr~rv

a::itAlo 0 E rvDZ reCls o a 4
'tbc te c I et.& -,ztre !r&t of i ut

r~~trjZ~cI to'~'e It xese aajs co vt a se'Z t u. eo ir o r
loeir4W 7ar?* ers -or4ý, ict~ 1  rctse rtrrV',tlo ~r

i'dt'@ t itt rC 't se:C rco.-tr! speeo.( The, e'erfois ~ i 0' tr s '.A s
r~r er: l&flei termr ofý tre netC ve>cepoit recir f4n

'*~tt,' uslEZ tee 0-lrt{~:rr.tc3 n : -1te1  -I Of cr~tO-1 S;*. V ItlC1C.tt, or UlV',a,

atm-, QKJ> w. 10;i- )ty, ar'1C cnattira if,, r ta- re a-no tot t .-seC ct r.3 ('r ;tr-

!1.tt"' -.re,1c '0AB rr** n cot-te< (CL% 4 at-a ] flar'O1MTC( d U IS

s~~r:-w ra"s urrcAhoij T co.iee attt¶ c-afsrr~5r
rz a Zlr5tr, 4 fa-i-t *Z Lss rc r Te-ornaýc ce* t tt, aefarEer it.r a

tensofpa'ot ~che ceiin, orar firt rangje a, re ar.: ro

ra I~e use D. c eemn c JL - c?- tert es roto s-ee: C t-. 4 ,t. S e otvr.-
Ix-- it. vot trto- 0;C- ;.1 i E.cse tt srovr t rewsA4, t a* enr prý t



AtS ¶.tateO ý-er% 0- . ',td' i marlCHM L~ WC- se U, aEterilint a' lomat ip
roator spetc rxedj"tlI O. Sirncc stjll itarcir. cecreaws, 00tt'. r0;3.,cr
ro-tor L;*OG, rotor S71eo- carilrot it redjOzeC Inr.~er.rtfy to relzuce
"r14&e, sinc-e ttiis wo~ld violate Te esta*ýliSfbe perforriasce mrt4i1rewit
for equal or Greater stail gur9ic, 0% redjueLC noise retide corfq1urat ions.

a$ ar. iAedesrotor n#Oise ireortactic LeCtO'zQ1,*, arc: rotor Sp*ea r*-
CýVctor- WSt beefr evaluate:- Orly if, cmru~r'ctcy'r, cktj ffsetti'ri rotor
9O4wtr. chwangs. The ap,;"Mroazt~ air.- in the pre'sect stAy is. terefore,
trvo- foitd. first. tihe effects of rotor geometry cowngs are aet~entnecG,
as indepoendent guariabvles, ir tP'e c-onteit of jircreasin; stall r'r

relative tco basehrne vr-,c'le stall mcugin. These seine charges are then,
eraluaticC Ir. ConAri~-rticv- mi tv rotor SttC- -edietiors, bttt trt a4oift1
of rvoU- 5i~eC re3atc~cr preoralc~c or- st'ail .mrir. aa tZtVY41t .. tot

1tj OUm~i C.A.e¶ i.rotor Iectr. 'rtare rtee Us're 0 t- t'.er

(2nTcrease In. tiad Ct)orG, In 10'. mncrelwuits. up to a

(3 njcrcasec r-jnoer of tioes, It. incrernts o4 onet blade
u4w, tstr We *v*rs.ter ifbock. uuaesU tA-,t t:?osterMe rutor.y

fte!ýe Cftanl9s tlah* tCet. Considerto1e erCety a: i star,: rotor

Mt ;aae eesc itf r~arr, rý_,tor sttrOr;) irnf-jerize- tc-tal rec~e
vet*ilcl Oes-r. ane cta-a¶es if. rotor- paraurcters (Oatj sir ificar't
-cro-ar~ges ir. vr.--cle oesi~r anc, perfonorw.cje cnaracter-.tics. &aar-oes

tiave bee- !ýalcvated- in. ttrius of:

* Grs welsrt

* ALir frane we 1g#r"i

* Irsstallec >t er



a- rx t C14 t rt -7 rt-V iA

qb~ t1r. cu:to 1,1- ttsi) irt sta~l It-arc7, s:it

r nt' vi !L It C ros wle C' IL: Dral -t- mA' k rCi T,c r. -zA-
L-a~ ar3?4ea art- stcr U4r iiqr I 4 The ua sn:Ar. r*-at to ptit

23 Zo? , 1~ 4 -2 and iv. jaro v irne ;.-- ano e i~~ VA A gros

r-a.aber. art'r ioerticall trerds shori for citaorcZ a'r-c, I~d*- rdau'ter. -fltjr
r.1us Iircrease& icros-.we S~" to; Cjcu'ca1 ac t'qrr.: ir.'cte:

r~~lieea, at'InCtCVaSir1O SCOpt. 1t5is CSueL to tfl- fact tt-a' rotonr
readtus cr~oht' r*:e~sitaete &rWiras f-iselaoe I'e .

1n~~as i-. -t roorraetu¶ res-lrs -ift a 6.6ý increaseC it. ve-LCk

1rl-t re?. o. r05,wI riiMZ at IC. ct'ier ct1.orc or ba e r.irbe K h-er

a':t 9esse-;Vat* t rccC w tP ro.to r ra d1A.4 s w a case, ii;rfram.
we,ýC: Co'q inacreases cue lkto "e adiOeC riptor syste r apett Ls I
a03e^ Stn.4lctira; welgrt neeOe-' to Support t'te Pearlier rotor. On' t e
5r05¶. mvict increase is indlicatiec for a 254. lAade aret cwiaroge. rwetitr~q
OrŽ- tio CfPX@rC Or r-,aoe rJncXer irLreaSiE. 3o4lhri; O-* Ct-OrC Dr nart-zr C.
belaes cesuses e 1-4,C-'2 increase ;(t, cross weiqr-t-

Ir* t'-erics ofl irlst~lee -04tr wit'r cr~oro/tilaoe nlojei. ar~c rotor raC-.gi
are gibre in riwjr-e $45. !nsýtailec Power is src~r, to ir-crn~rea'li

ravtiv in~creases, 1r, ttl, cast- ur d ecreaslr.c x JVtt.sc~ A s'
ir~sowe-e ,~rej rz --or, is irxc'catec for p a i-m~ro2. rcv.-o i

.&lea, w'*rtrier ore to. bUle3e cr~ocl or &,-ade njvoer. D~j:-4lrJ ararc a'
nr-ceer of olaaes rncrene; rmstale,,ie:A ror bDy2

br.E wht 9Wcj-eYl of a- 1~slcr-fidca¶ý ;f f~r~ C.
eetsof rotorf qecmnetr, ctraries era .iat&Z' a~o'e r.4CCt.a:n

Coriu~c~ 4': rtor see*: reciKt-ýCr4  it* ~ru~o rzit-r wt*e:

indicate: in Flc.ýre i,ý ltvj fiq-j-e reate;- mitor tMr sýe to cr*
ir. :444e area, et-c 1tn4t c(res S4t-46- rveTesrt lImes 0' c5.tr slt

r~~ar4tn. As r, onba )' rZztc %T roor 1% f s:- -K. cr :*
Acroee ta2$rwsiree.A2T retc:*'or if- t' 5~

41.,r:ca*,ec for, z swr-Aar 25l tade area irCtat cCr *C c
~r.creXasr,zý cror: or ra r.etr.~r 4 12 :see(: t r ý

otamne: IDJ ouln tirn ecir or Z:ia~e r,4 nr*r.



EA~ ?2'. EUfFCi ,TS Oi C'hA*%Ii 9% k:IO P0A;1U 0%i $61
1EVcE " L4'I SdG% &%& UCRni:

Gross% A -ýr fraruŽ (n; ir.-- 1r.sto1eo Uiqtt 1
Paraneter Mel. heic I 1-t WIeQt Power ft.rus t Ha rgit r. e

Iirto,!f!lb,'1(b H, "t,3 ('tsil (f t/seic

basellne 1950D2 6536 6.12 33WL 19102 32.3 69

v: El ade 2012ZŽ s10 695 313Ž 1970? 413

a: $aes. 20163: 1K17 3277 2 03 3$ 5

r3 5ce s 2142 07 3 3421 2097

*Zblaoes 2 ? 1339 1(bol7 75 3617(. f12i 6

*6 £,ades 2? 76f, 11482 i17 311 7.2J 2
c

*;o &.o-c s'y; 8S1 6 365 194.03 36

20 C)- nr~c 20122? 9,N3 699 3132, 19707 4-

ts Lhord 20"'d 9392 7W3 323-c 2"-2, 4 C.

*40t Criorc 20176Q" 96K, 717 3Z/77 2;335 5,

*S(ý Uaforz 21"', 9973 7M 3 3&L 2*ý04 - 54C

.6 Rrjs 969Ž671 2917 12

tifJ4 Eau 1 6Es3 19i214 3f6

*; kazius ?:B1; 9226 6$$ 279-, 19762? C

# 21 ý RAau ?(14&CA 9'23 6s5$ 275S 2 13;-- 4'3

f*2 i Ra d ius. 207 9442'Ž 64r5 Ž76 )35:6 4?
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rTA&EL ?3 (UNLUE-

Forward
Gross JAIrframe Engine Installed F)iqiht taIl lip

Va ram ter ei git.t Wigh't :eiqht Poer Thrust r'Nrgr, Spoee: ~~ ~1 Va' )) bl' (HP) (]bj' ckts) f )

40 Slade
] 5 %: 2626 139? 143 330 2476 4 31 616

I.? Blades i
- 2702 1461 147 344 • 59b 31 593

43 Blades
.]1.2' ýP 2778 53,0 150 358 2618 31 575

44 Blades
2855 1599 153 372 2690 -631 1 61

t*]D* C?*rd
1..7.. .ap 25881 1350 141.4 323 2434 31 637

i4

,4201 Chord
-3.1- At 2612 1378 142.8 3e8 2463 31 i 626

43,r h0ord
. 2643 1407 144.2. 334 2493 31 615

4fhChord
6. 2674 1435 145.6 339 2521 31 6

50• Cord * r
V-8.5" •s 27'W 1461 147 344 2548 1 31 593

. ?576 1332 18 309 2429 31 641

,-2.(, :. 2609 1345 136 302 24 • 31 635
t15: Radi us •

2651 1363 135 1 298 ' 249•? 30 628

t+20t Radius *

i3.2 2700 1382 13-9 295 2545 32 i 6?7)I i , I

~251 Radius
3.7; A. 2757 I 140, 134 294 2598 I 32 1 624

163
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TABLE ?4. UfFEICSý Of CetANGES IN ROTOk, PARMIETERS O?.
b-2O5 YEHICLI DESIGN AN- PERORA'•WE

I I
1 forward

* Gross A) rfrar* [rtgir.e 'Installed FIr t Stall
JParaw ter Seiqint weI Qt yeialt Pcwer 1"ras t Ha rr r Speea

Variedi (Its (1b) _i) (P b a) (ft/sec)

Baseline 9500 4101 328 1400 101 0)I 74 181

1 +1O Cnord 96% 4197 331 1420 10211 84

j20. Caord 9716 4298 334 1444 10329 9?

1 30; C4 rc 9&Z5 4396 337 1466 104143 98

93 C8 349 149, 10562 l0 0

1.5 0 Cr-ord 1X348 4598 343 1515 10678 109

"1+5" Radius 9591 4158 323 1361 10197 78

-10; Radius 9705 4228 319 1332 10317 , 83
cc

I Radius 9838 4308 316 1308 10457 c

;-29- Radius 997Y 4398 313 1290 10617 89

l-25, Radius 10155 4199 311 1278 1080 99 1

:+10'; Chord 117 7
-2.2; R 9591 41PA 330 14)8 10117 75 7,

*20' Chord
:-. 2". ;Sk 963,0 426, 332 1436 10291 r 780)

P3t-, Chord
-6.), -St 9777 4353 336 14,68 193r3 75 765

*44I Cnord
-7.6- 9872 4435 338 1"771 10493 74 752

;*50' Chord
1-,.90. 9966 4524 341 1498 1 10192 74 741

+5" Radius J
-9 13,6 4154 323 1361 4 10191 75 837

164



-dramter Meijt Wei t Wight Pw r ThrqUst ErEgirl Speed
Varied TA)B) (10 (HP ) (1b) (k t__ f" t/se

-1.,'R %A-993 4217 318 1329 •1030)4 76 8!

• 5' RaIdi us- "
i.2.4, -"A ! 920 4292 !31S + 130S i 10438 76 794

3. 3'. -R. 9F8 4376 333 1287 75 787
+25. Radius 1
-13. 6; .. 9193 17 318 1327 10773 75 78& ?

r 4998 4376 313 12874 154 J7 8
A. ., . I_ • =

!
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The ney~izý,e of venicie gro~ss weigst ir~crease a~scociated; nun.44 Ire
varioj.r rotor Sy¶tr C#.arger- stronqiy inidicate;s trtat noise rediwctiors
anticipated to reshI froii tt-e rotor syster, cirerg'E-s inojil tm"Ze toý :*
off-set bi IUcraed;L it, rVICns OUe t- roDtor Qirca~t inCreaie. based or,

t'niiriicatixit wasdo ec-i&d to, use a sinjilftec, rotor noise Calc;A3-
tioyý stwhOd toD deterrirt Vet a-,Dropimate n~avntgde of acrilevati et
rotor noise reductjcrs, aric tased vri we result". of tjnese cal.iciations,.
decide wfiether to procee4' mitr. tte more involved rotor and total wrnitle
noise aclaos.This appronac'a was arrivea at as a resu~lt ouf eCOflwicl
cons'iderations, and wa-s base-4 or the premise Mat tLw.le~s significant
rotor noise reihuctions werv s~o~w tttrojgr the simpule analysis, no Worth-
while redictions vmeld tie calculated for the total vekticle using the
detailed analyss

APflOXlW1 Ti ROTOR %-$ CCLASE (TO

Ithe sirrified rotor noise calculation method chocsen% for tie- .a~s ont-uirred
fe-or Re'ereri~e 52*. This eq:cnrelates the nar'tide of tae iengr fe-t-
rit--e L ranriD- corWacent of rotor noise to rotor speec, vnrdst anoV oaoae
d-rea. Tr*- cnange in rotor sounid pressure level due to these coftnea
vaie-ides is jiver-by

0 0 Lo0T . o

S~hore: !.SPL cr~arnr in Sound pre-ssure level betAscenr betelime and

,1A=E top Speed, rotor thrust end total rotor btlatr area
of arodif med rotor

.1 , Ah tip speed, r-otr thrust end total rotor blaea area
0o of baseline rotor

£tqua!ior (481 has been used Uc esnnamte the nasirn4r pzissn~le rotor systfer
oDise re-JjctROr otti.ewitrý tnt ie-oirJs rot.or SySter" Parameter Ch&n~e,.

consridered. The. rtzits of these calculation~s arc- sumrized in, lath-es
2$J-2?. for the three studj vehicles. Also qiven ir, Tables ZE.-?? are the
rrctir Sr5~tew -ýraraeterr, * baled ama, rvot, tip. speed efid ttirust requirec
us~ed to rake trese calculations.

ýt ein;, 1R. 0. and R. G. Scnieerl. 'Prediction Pbfrtfods and Trends for
4t-liccpter Rotor hois&", CAL/AVJBS SYuvosiuw. June 1969.
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I

TSASIA~ APP~v!'MTf PUAlsr, ROTOR S,ýSTfiw
%OIS[ Ki3jcWA-fo S-61

jParameter Blade Area Tip SPW Thrust fequw-red
Varied (ft) (ftse,_.._-) fit

t.a Sk Ine 231.a 649 191O N
Ii

425"• Aitor Rad 289 649 20355

,;+•0t Chord 341.7 (49 20649

4B Badles 463.6 649 22M8 -. 67

•25I Notor
;,dius - 3•. -' 289 629.3 23376 -. 6c

34771 %3!.- ,.

B* lade
•-119 ;:. 463.6 571.2 22179

II

.. 11 -1



TAJ ;'H. APPkXIVk[ WA!IMP kiOTO SYSTE[
N31ISE ii[iiYt,•_- _-_"__

iParaTVter -1a(* Area Iip ST Thr~.: re6

1al ine 29.1, 647.7 24Oiý -

*25t Radius 3,.6 642.17 2 .4

*501. craoro 44.2 647.7 255) -1._5

-.4 5ices 59 647.7 269 -2.00

36. 624.4 259B -.-

--. 59 . IZ..F 592. F8 2546 -2.0

1i3 -5 56D. 9 26K

i 7Cý



TABLE 27. APP41C71W~TE IUPI!L R&ThCR SYSTEM

)PA-afe te r 5~aae Area Iit; Sr-eCd 7Trust Retquirec
Va r Ico (ft (ft'- r (ie)

baselI On 89 1 10101

425'ý Radius lIS Bý1it 1I3 -. 4

i1wS0t (nro 1 841*h 1

r25- Rad-ias l 8 07 .

"i'S0 Utard11
-8. 9 i 2f, 741 10592 K -2.2
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itie rot'Or ster roc; Ise NXOsCIt.~l 10r. 11fC 14Late: CIf. T1a-"#e ?§- 7 a re , if,
toer'fl.sI ve!,.. sn&1ý asoa cer s Igirif1ca r~c toIS furt'ýrv-r redjCe, if acty.Sid era-
tics'. is C!W-r. toý tre-.r ;!ronkate ;qpazt mr, tot.,* t~;J os.bsCo.-

L* dcu S SI r. of hewII C Oste r ccxipor-Rit no iSe SoC#Urte S I r I I ICanr e , Vre -
sr ccC ic a p)revioJtý secticr. of tthis rep;ort, tr-.c-- rfa'r rxt.Wr anc erigir*
cor-trib,6 W. *ýro%2uiateZy eqw.il1y, dSGz tr*'r co~'cin.4flwic-.ns efIfective.Y
detcnnrne ttie totaj veficle, nroise, %sionatqre. fttjis L b AOSIS, a rotor
syster noise reduction of 33 adB, ahict. is. the asuim.r, star, iti Tables
ZE-?'-'7, will result ir. approximtely a 1.6 S reaxtior. -or. totai veti'cie
noI Se.

The noise redictions of Tables ?S-217. altjhouQtý *?rohimatt. are a goo"
indicatiton Vial cnlt a snail rtdxticr, in helicco:ter noise car -be
acr~ievect bv voifvin;' the smir rottor it the nonner stjtied. These da ta
are root., Oxwver. sufficient to disn-iss furth;er cocsiderdtior. of these
setteds, since ever~ te stali redactionss may be- of benefit. proridec
tnat tooej can be achiieved at reasonable cost-. To ascertain the costs
associated t.;tt- Vt ap.-icat~Cr. of t-re5O uUethDas, the)- Gesiqr- arc, pier-
fcim-uace data of Tazies 2?2-2L hare beer used, tiitph the estabiistueii
hielicopter cost wodei. to calculate induced crianqes in vehicle life
cjz-4e, and eie'r*ontai cvti~s.

COSTj AALYSIS

Calculated cnanqes In r~licopter cost assocciateC wsi~tf the various rotor
Crttr- nnira rvwlb n'nInl r tp !Pqair i' Tat&'ec fctC

idata srno. reflect t#e rostor! ve~icie configarations. witt the greatest
potentiai rnoise reduction, as ina-.cated in1 Tables 2?.Life cycle
cost cnanges stow, are for ar, assamd useful life of IS years, witir
Dfnulfti use rates of 3)30 and l15WO hours per yer.

(ro~arigsc,n of tie cccl- data of Tables 28-K': wiltc the arv-roxirate rotor
noise reduction data :4 Tiatles 2i.-?27 reveals that Utt cost of reoucinic
flelicowtcr rotor noise levels is very Iin sirn te56 t
vet.Icie, for txariict, incrasir1 g rotor size by 25t, ra-ases life cycle
cc~sP *y over 5..7¾. for a 15tou't per year use rate, an~d tVie cost
clifferentiji is greater for loer annual use rates. -1r. absWhte tern~s,
tr-e iYý greater crotor rduiu. arcreases hife c~yc te cost LU, altrxs: S.t-
mi~iiic doflar-s, or niore tman SlEJIfl/year.. Thiis r-otor *esiq'. cttr-are
red2uces rotor n~oise t; less trean .54E stncr.. ira all prowaijiiy. wo~lc
prio4.#ce no neasurable cr-ar~ge ir. total ve-icie, nise.

ire 'tist beneficial rotor cksi'- crikange, dotiinc tne r.rtzer of t-jaGes
and. reteicing rotor speec vU1 ap-?roxcinatebZ 12W. raises 3:fe cycle cost

talwmst 3a,. la~s trarsiate-s Into a $3,.03, rillior. colla' life cycle-
cost mnciease, or If. Yearly term. over $ZO5.D05 adflet annwal c-A "Yr
terr's of total verlacie rnoise. as discuassed prvvslte ?.r- * rotor
rwise. redi:tior associated bbitt vr'-s design crnge. wpo.,d prcWbiy &or'y
re-Svt Mf a 1AE t$, metcticr in. veracie nloise.
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TABLE I?& VWifiCLE COST CHAWM~S FO klW *DTSE RE~ET
VJ:TO;'-ID X V, P-A ITM~ - S -61

111 - (105 Tr ...ife)

Inv e Stwn#fl

r-ar.,ier r 1Mvrr

1#25 RA.dius, 13.66 13.65 - SIE 10.156 5. 73

so.~or 2S. 0 23.66 9~.0 2z). i U.

1*5 Plades 51 .83 49.62 18.15 931.06 1309%

3'. 14-02 13.98 .73 1CJ.K 5.%,

hi ~ ~ 2-P Ns, 13.3J 8 2-5. 1546

.5 Blades
509L.0z__ 48.12 17.61 4ý.629e

)73
hugs



TAKE 29. V~.rtil(LE LOS7 CtkVUS FOR PAXIKV.N IOMS RE)CTIO%
RnTOZ COFl~jRKAlloh~s H-0

LUCC 1 (15 Yr 0fe

I'arcanete r os
Vaie LIO-.ZO~C - 1 30 ttr/Vr 15o, mw~~r /YVr

425'A Radius 5.73 7.36 .19 3.2i15

1*0 ChiOr 19.16 14.78 ~4.44 9.13 5.94

TO 8 oes 29.2 30.35 8.91 1 P, f6125

*25'. Radius~
3 ,'A.07.66 .31 3. 4& 1.29

.7k 1 .89 14-47 4.33 8.%4 5.80

tLSadem

6-1 ___QP_29.3_ 8.61 18.0, li.61

4 
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Sea~COf VIC r~ijr co , tp efnEflt rat.?'os*:rrt o UtP sk&e:te~w
rotor nnere&,ctlcOri gtad.it uiaS ccnzh,$eCp& Mal zr*es ¶cl are
rnot ;,ra--t~rcA, Y*rS for red1,c-irjrc helicop-ter rk-ite. avio t'mt, *urltflr
Cý'tyse$ 0' towese tttrccs ýwas r~ot barrert*ed. Cow~se~jer.ity, ttiese am'tos
w~re nkot eAmlthated .ntr', the nore mirolwr rYw.lse- ca~cujletioz? techrat,'ay-s

ericI _r!~inese for i 1s. Cn~rr. -rI& r.'eter of rtrros
redjrtiriý desir- ctaarj4ges were- suzy-.ecteod W fitottr erahlatior. or. Ord*, to
ver-ify Vte dpprcypriateness cl tine ap~wruirste noise cakjat Ior. nettrmUc.

!rll' cases studiec, tile invol.vec noise calcuia¶'or. tecre~ilmae inc:icatei
wise rediztuwns sOcilar In~ naantu4e to thbse obtaineC r'tr, V~t

a~ro~imaecttfld.

kt
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APPEND!! I

?IjDUC.ýT IO.M

Thas Appe-nd~x preasents th-e paran'etrnc beicc-t ana'yv;Sis
used to calcýulatle helIcopter c-cnp<nent, ve:Cflts, UsIflO
liamte~ data such; as a re a va-.2Iabl3.e r, a tpC a' P r-
design sý.tuatlo-n. Three cateoori&es of data are used
:r. the ocaronernt weight ep~iatlonis:

T nrut Data. cetrlythe res of wata4E5:.S
of mi he ot er te r fcrnan ce sp1ec 1c a t i owns A-- e x asp'Aae

is Rotor Radius.

2. lnte.7-nedlate Data, where actual. va;L*s say
b-c used If known roides--:cm definrit-Ion. I!f an
a ct al va 1lie 1-s Tn, t a va: Iabies-, an I:nt er-ndaw II -e d at
value can be- callculated u~sing trvput data an-d tzte

e-quatý.ons civer Were'r - Aun exanple as -a-! Roor

taý- rotor rixsfir. feeti s estin-ted, using~ ,rqut
dalta -.nly. byv V87 (Rctor Rdt 1 2

3- Caicukated Weiaht Data, where trhe we:ent
C a.'Icca ted 'VN a Wt- : C:ý! e; --.. to :s u LISedC- :nr a sŽ-
seo: 4ent ~evte--ation. An' exampile is Blade wIetc-.: I
w*--vh :s satse---aent~v used to. cal cAalteH±WeTt

Sthepaae~~ a-nalysxs wr.-Icb" folli-S. ýa::n lte-r
is zIstES:r uhC order in vhich- nt appears or. tt~e
standard AN We--qtv Stateibnt Per Pi--4~ ar

.,,;-.iszL3LtZd wl lý &:I tunan a defis tor.

uf a:: te r r-s Lsed in that e!z2.:4at;n. &hE terný jr" uISE
a-.',j of the thre-e data cateqc~si-I-r. iThc rAt-Ior-a- U SCC
to frndl a c-orz~nent weiaht for the war, cvc-Ne svt
-s snoc-n after the eauataor. dtr''n.a a *-I ratr-e.
Ea~a ch ua -or fCazew- :s ao :aacd byw~c h
ea-zatz-tr arnd thc dara useu - itS e~a-o. T.'

p'ra~ric d8..$";S :sa Cuid4.1e, to ble use"*:n ae
and *W-rcv.e! withi use.



INPUT DA7A FA --42: i!~ NLYU

SynC-a..Data

SMaA:TW Operat,'q ble-flt - Lbs

%MqLP. •---mner of KaNn Rotor Ba±es

NP Number cf Main Rotors

ULT Ulit*nate Load Factor

PRN M.a-r. hater tixus - Fect

S Ma•n. R-.tor So!xdt.v

SDC; We:gir: of Engir.e Speed-Decreaser
Gearbox - Lbs

TAT ?v•e of Aft Fuselage - VaiiisiCon!±aJat-or.

- Fu'l fuselage depth at splice of main
fuseiaqe tc aft fuselage.

!xa~ple: SPA

9 - Ta b-zor eenf'qured for rear raw.
Enxnat . e : CH5?

10 - Takitbo wathout rear raom.
Exale: LlS9

23 - Fu" Zuse.aae dezth at szIixc- of m:r:
fehzz ta af t f usrie -1 e anodw; Wtfr. a

tall wh-Peel ful. aft.

- Ta:icone uqpswept frw. fuseIawe Splace.
Exafw-,ie: UtID

MOM-

i



IKPU: D~AL FMY PARICfRIC hI) NLS

Data

AG Numbser c!4 Auxi!liar.-- L-andt.-c Gears

CAP Gallons of Fuel - Gals

CE Flake flicir;i - Feet

ENiNre of LflciflC

;-.C-I F&ter ttarsexpver - HEr

HP2 Installed Horsepower - r

KLC. = Landinc Gear Geonetr.6 - Val ues'Conf iaurat'Cro

"- kid Gear

.0247, - Sponson !tunted

-02VC - Quadr-Tcycle

.0329 - Tricycle -F-useklazt flounted.

ID 4-C Crer-e - Straddle '?yp-e

A -- -- a -

id factors !:-r in-re than ti.;' ern.4re s

IA



I.NPUT DA7A FC3F PAPkE ••C W- 'GF-T ANiALYSIS

SIData

TPF = Y 'pe of Pylaor, Cor.qurateon - Values/Confr-o•
(depends on type of aft fuselige)

14 - Taxicone upswept fros fuselage splice.
Exampie.: MID

25 - Tail-bor without rear r&a.
Exanle: UhI19

45 - Talbz•,-ro cortfigured for rear ran. I
ExaW-e: CH53

46 - Full fuselage depth at spiice of mair.
fuselage to aft fuselage.
Exaaple: SK3A

62 - Full fuselacie de~th at s$iic-e of mair
fuselage to aft fuselage and with a
taiU wheel full aft.

V" Main •tor Tip Speed - FPS

w-i1NG Total Weight of Engines - Lbs

"I2



BLADE WEIGHT •bEL)

x,5 N 1L7T
4rVEL .1-51 & 104|"31rr

AF • \l D1 x D A5F•"]1

? = rnal Gross Wrigh.t = 2.145 x WM '93

"Max~raxi Overata-9r Wexart - Lbs - Inj.t~t Paraame.Cr

CLT - Ultimate Load Factor - Input Parameter

A R Blade Aspect P.a-io = B'/AJB

E Rotor Daimeter - Feet - Input Parameter

AE Total Blade Area - Sq.Ft. = Rl x CE x IOWP

RIG = Main Rotor Radius - Feet - Input Parameter

CH = Main Rotor Blade Chord - Feet - input Paraitter

NMP = Number of Main ttor Biades - inp.ut Paramter

V" = Main Rotor T iF Speed - fps - Input Parameter

DW4P Disc oad.ný x ,n•ber of PRators
II

13H = Ots: Loadzng. - LbsfSq.Ft. W= MM/tRMP

N:; -- Effezt-I ve .?,rter of Rotor Blades = 14.259 x 5"4

S Ma :n Rotor Sodit -17 i.vut Parareter

E " i



7L# r - -X

584

Li AR VV £4R O



HIh WEIGHT :Wdwb,

k .1412- 45 0 5F
WHUE .Wb: tt.S5F4PtxRFI xu -t xN

v~e• re :

WB. = Blade Wei(iht - LbE- - See Blade Wight Equatior,

P.11 Main Rotor Ra-di-us - Feet - Input Parameter

R) " MNair. Rotor rLr = 9-549 x VMK/RM

VM. = cr1 Rottor Ti7.- Speed - fps input Param-ter

PO = iPtnr. Rotor Torqie - Ft-Lbs = 5250 x HPlIIPPM

HIP! = Matn Rotor Horsepower - Input Parameter

NOr = Effective Nurtder of Rotor Blades = 14.259 x 5"

S Main Rotor Soliditty - Input Parameter

=Y Aircraft Pitch Inertia - Siua-Fr' - if Known,

otherwise use .(29E x 10- 2 x

PMI• =Maxlnmt Operating Weight - Lbs - :,nput Parameter



S-;C-3

- -- 5

- CH-5.A

UH-1

uH-ID,

0 x .OiSA x RPM x 10 ) I x iNO
.059

I'



BLAD1E FOLDINS iFLDI

Power foldinq w±eiq:ti A !Liuted nuxker of statist-cal
samples exist forming almost a sincle point wher.
plotted. The correlation outside this specific
9rouLpin9 is unpredictable. For this reason, a penalty
was derived based on a current model in the higher

qross range.

FLD .12.WBL + WHUB)

*1,7

4

, - S:• ' ' ""• ; " -• • -"• - . .. ... . . ....



1 .29hT P =- K x 10- (PT x C x N x VN2

where:

S= Tail Rotor Radius - Fect - If Kn-on, otnerwise
122

use .057 x RM1 "

P4 = MKa:nr k1ter PRdtus - Feet - Input Parareter

C = Tail Rotor Bladc Cmord - Feet - I1 Knowr,

otternwise use .092 x ubt"661

N = Numer of Tail P-Rtor Blades - if Knownr, otherwise

use 1.062 x .17' 1608 RX,

= Mair Po•cr 'T4ii- Speed - fps - Input Parater

K = .163 (Corstant - Content'-onal Geared)

16.



I- SH3A

CH-3

H 4 :

10 2

1 .29

RT cxN ~ 21 x 10

pI VN



7L I- 2 ZBc

VH1iS =.0041,:A-1l 5 LWY 8 x (DPIM 101'2- TAU,2

where:

ATF HorizoritC* T-ail A-rea - Sou.Ft. - if vnown-.

othrws~use, 1.433, x ON i.53

EM =Disc ic-adina- = W-vR

ýWh Maxamar Or.1era-ting Welght - Lbs - r: Para~wncer

RM = fair. RoDtor Radius - Feet - Input i-aranieter

LTF =Di stance- From ( ain kator to the Leading
E-'dce of the Horizonital Stdu~xizer - feet

If Known, otherwise use .96 x P1 .j

Tupr or Aft riae-Val Ws/CoVnii1qurerxo0r

8 - Full fuselage depth at splice of nain
fuselage to aft fuselage.
ExasW I: 583A

9 - --a _l1bcr,or configured for reajr razq.
Exa-tle: CHS3

2) 7 7a 1ibow- wIthout rear rawi
Uxarrie-: U.Jil9

Fullrc fuselage depth a+ sri1:c-e o! sair.
fujselage to aft fuselage and with a
taill wheel -full aft.
Exayq)1e: 1820

is Taaic-cmne upýýwept frcir fuselage sr1ic~e.
Exar~ple: UHit)



J -J

21- CH-37I

I-3

.5 1.7b -3 ,2 -1

SATF u LT? R UXIO z TAF 0

FR9,2r- "-. !•r~z~r, tai Stabilizer Wekght

""'5

i

101



FVSE'LAGE- WEIC!'T (f.'.Sc

93 05 15's = I ,LL'(ii.H, x Cm* x NGh x QF• _
(pq-% x• h-T.., x a's F x ;,

Where:

U = Usatl Fuselaze Lenath - Feet " Frown. other--zsS2 474
use .22 x R 4.7

PRM = Kac.; Rotor Radius - Feet - InFut Faramter

W = Maxaurý FuselaQe Width - Feet - If Fom~r , othervwse

use 2.53 x I" -

IX = Aircraft Roll inertia Slug-Ft2 
- If Known, Cttier-

wise use .221 x 10"

4= Maxmurr Operating Weight - Lbs - Input Paramter

Hi Maxznur Fuselage Height - Feet - Af Knowr,, other
1 .226

vase use .406(LDIA Y SINlt)

LDIA x S51%L =

LDIA = Distance fro,4t Tail Rotor to Cockpit Control
G-rntutng - Feet

SIN'_ = Sine of Anale at Intersection between LDIA arn-
Aircraft Waterline

If LDIA x SIN.' :s rot known, use -961 x M

C" = Ka-or Stricturai Cutouts, Use the Su- of the
Heagrted Val3ues Per Configuration

Cutouts - Vaijes/Confqirataor. - Use 3.0 as maniawi

Fose Enclosure (side x side) 1.0c
Nose Enclosure (tandem) .50
Pilot's Door .75
Co-Pilot's Door .I5

Rescue Duor 1.00
Carg9 Ikor 1.0vr
Nose D crs - Avionics .25
Nose Doors - Engine .75
Rear Loading DCors 1.50
Winrifws .25 each
Throuch .: Entrance 1 .0

Use Weiohted Values - If Kgnotwn, otherwise use

19?

.k

i-



,ýru

IDI
_-_ - 0" .05 

"j

r, . .3 -' -N

U • -•, (0H CM x L1

N *

.23 .62 .3b(KOO x c ID) x T x 
jX

1-- 3 I '-u E C EIt'I.x.

10 .Q

[ .0 .0 24



FlUSELAa WEIGHT ("S35 (Condtardued~

= c'Wa Gross Wt.ghit 2 45 x A&e:3

XlP = ariator ItFi t-L~bs= 5-25C3 x HPI/fftP

HPI = Hair. Rotor Horsepower - inrut Fara-meter

PH f= Main Rotor RPM = 9.549 x VY/RN

%7.K = - alE Rotc-r Tir Speed - fps - InpA• raral-te-

WTRD = Rai-n W•eel Tread - Feet - If KrsuCY.TL, other-ibt
1 .7r5

use .41 x V -

17- -- = a P-1 1ctcr Thrust -vs -w!i'S-_ Y x

HP2 Installed Horsepower - Input Paraieter

F c .0326 Ceonstant - Conventional Geared)C

1=4

,.I• ++, • r _• - . r • : •. . : ,- tI + '.F: .. . + z • = :- - - • -• • = • . _ - ,



AFT Ft-SEL:AG--E 4IF,

AM1JS IF -4 x

where:

LYR =LFT: of the Tal IC7-:or Vylon. - Fee I

Fr: Tail roctor Rai:---s - Feet - If- Kn-cr- , ojtherwlsL
±22

PA Main Potor Rtadius - reel- - input Paraneter

TAT ~ , -ye of Aft Faselage-VaesCrf'utir
!i~e Borazonatal. Statilizer MR0S! weight

enua! ! Or.

QMP fa~s Ptor 'rue-Ft-Lbs =525r-p x HF.PfR/PM

r~~~~ -~~r Rotor litegyr Paramffý-ter

RPIS = ha : rcatcur RP..M = 9.1p4 9 x VKPIIL~

=I Kan Iro )tor 'fir Sp-eed - frcs - inr u- Faranetcr

rYF p T a ic!--tovr Thrust -Lbs = 1339?.-8( z HP2'RPP. xR.

HP 2 =Inst-alldKrev'I -!v~ aa~e

76 eqhc- aAsr Feet Kt nown, Otherwise

,use 3*.1x 27
Pit.
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SI. - -IN- AB

m 10 
010

.95 .13 .64

LTP x TAF x MS

(QJ/ rM x LTD) .45

r- :-i,. Aft Fuselaq* IWe i ht



PA P-yi 1 P rofaIe Are Sq. -Ft I If KrF m cthr-w:s e

LS .6 ';PT 7 L!RP p !' 4 PV-7

R Txat Rsro~r Radi us-: Feet - f Pdioic-., otberwlsý-

use -087 x j4

RP* = Nar ROtCt kadis ee ilUtFace

LT P = Len trr. of- Ya§I Ro tor Pyictv - Fe e z- I f Linovm.

other-wise use > 67 x "34

TFl = 0- of. Pv0on. C ra f Iu r ator 10 V anr5:'Cor.fc.aor
(dep-eridS on. typee of aft fuseia~zel

14 -'Ta-lcone Žmsvent trovt fuea4 *n ,C

2$ - ale bat ionWithout rear caam

4$5 v. !a 1i1b-,-ri confiuurEd for rear rawr.

4E - I~ fc%;se Ia -E- det!- a, s c o~ 0' Ic
f use4 azc to aft .Ise a2.
Exam~Ae : 5113

£-2 1 12$ fu s eIaale de-;- at- st:c-c vetr ~:rn
fBeia-t tic, aft. fdSel aVE an~d Wc:t'

ta c vnti fuII aft-
E xarivle: HI{2D

Tfli = Ta RotLc-r Thr.r Ls: - L -c-s =- 13 3 9 2,.bt x HP2'1RTPM x FK'

H1P2 11= 'zus & ei-d Horziyi- -Pw erz - I np ut P aaren -,er

RPN = a-r. Potor RPM =.49x VM/KILO
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LDsI;Nt G'A;i' GtIGir 'hLrC.

.67 .4i

E G L i-.adiric Geari Gt-zow.trw Val-.kŽs /Co'n fieLra: rrw

-l SkS 71d Ge a r

.O24 -SCsr lrd

-- 32~ Tzicyileý - IF~zseiage Pt±'n~edý

Man x= ai :n . Op r a:~~ h nq iqt - _'bs - rpt aracetcr

= !.'-~ c~Aj:1a--* Gear - ircujt Farawire~r

N 7 P.1 Ka.. nsreI 7'reai Feet I U FC:.oit, ot.ercs

Usk. -4'I xw
= P~a.:r-zF.scla2'? Widt"j Fct: -- if K~nown:, on:

h15t~~ 2~ a.3

T V k' V l~s:r-!' v-aP2;[ L'd.DIN3 GEA-r

GiaolWC

id
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vhe r e:

NW __ N:r;;i C.ross WhY- c~t 2 2.14$ ; 69

Ih -2z4 f ?txo~ tkrt~ h-c;nr- a i-t -_ sI14 5-'

S31I1 41f a -7C -_:tj Pa Cre

= a Ka rLLRtecr T Simte e t r -ir4 Pa ra nNECer

N TTsre r Cf Pa ncr otoQrs i; !p ut Fa ra ne te z

LUL A C Z_ ta:z Fro (5 Ta;..c rý aI ztor i %o Co ck z::t Cor.:roa
Gr nLsaz Fe'et - f .now.n, othcr-w Sý.c use

-005

Ka, K P.tor xi~aci;s- Ft et I 1ni Fa Parna tte
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ENJ]?iL Si cr1TNiCi hs hih fE~r~acvI- >,

andIrjigine Wournt £4

YIN IING 0$.

where 
-7-

KNA Nacel1I- Arrarnger.ent =Vaiu*ts/Conif iura-ýior

u9f c IV j c -n-c ns ric-jnte tc tr ar-.s s sr
forward o7' aft of ma-r. T-4:trr.

forw ard or aft of r-.a-,- rotor.

1.-23 -TwIn enganies with aatikning gearbox.

2.* - ?uira enaines outL-oard vf n~air. f uselagt.

Add fla~tors for rwere than tws; escifles.

WAY =Aft Fusela~je heigh-t -See Weilght Equataon

WPY >yi, We&•T--ht - S:Ee We- iah t Equ ataon

= Y~ta~Engalne Weight - Invlut Pararxlter

EN Ef ec t ivc- unwt-er o f Eng ines x 2hi HF2

%1; N ac C r Vofr C u rt Ow 1f Enic Ot ' er-v isC

-2S7 370-
urŽ2C5. xHP2~ x- i

IiVZ= 1staAA Icr5epower InfAut [rararvctcr

7031



I q4

ILI

C21.j r

LEd

2 3

2110

.25 ).OME.t
KNAC x(1tS5-AflS+IFl) j. (&bL/kF) x h-

HP20



.4-4 -r

LIt c U 0j szLad I ru Y. IsNrber 0f Iota2 n- RO to rs

ursc ILoadJAnar. A

N 16 Nunciýr of Hair. &.tors -- input Paraweter

NOT = FfezkveNur-?rof Rotor Blades ='4.25S9 x

S = Soi~aty - 2pu PararwTeer

Y =R' Mean- Hotcjr 7ecrcu-e/1OO 5 2.950 x JIPI,/KP,.

4~1 !K;n Rtor !icrsci-R-zrer -Inlput Paranete-ir

i-I' ain r~otor RPM = 9.549 x VN?'PM*

= kam Pasoor 73hjz Sp-eed - (P's - in:.-;- a~

Fil Ma:krrs~so educt~on- Pa c If

ornx-w seuse- .2157e x 10

it ~:-; st a2W Ur oui E; dier: vvýd L.Y u s ' j

! S f .r T To;eu a"1,Qr In foc)rpma1at o.-. an d -
a- irstez-ned~aae parartter in derl 1 ana urwtrs
sysen; arna enoaner drives'.aft weight.

I
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uN ;JNF ACCLSSF~Y hTIA'GIC (WEAC) f~rni 1rsjEt n

WLAC = 6 _______

tip 2~

= K-aer of £nqrijres - nr-jt Parazreterv

WERG = otal iz--qaie Wtutaun in. VarareterI

HF2 W' Installsed ftrser-'ne -inpuxt Parsanter

nd~itar 1 systeit 51% VEND

Exn-aust Systesm 4-1% VEAC

Lot
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LUB?:c A7' 2 I A[.

hIS rr x - z(CAS__
Hi

Malan Transmaisslon. Reduct is-r. Ra t i;-, I Knobrn,
I

otboerwise use .U21? x 10-4

RPMI = Mla ITnR co r RP P

%rr Tý W =J - A of ivQiils u G;r or Lc-S s L tzricare atrid

CAL Ca- a-z2t' ol Faet- Svsten GaU --Prs - -~ arar**-r-t

2iP = virsta 11d Hc rsep:-w-er l:epA Paaz~r

P -D.OOŽ! for En~gine and Transsussior S-gsten,

The Js~ibtor 'vcree enca-ne arc] transle2Uss~rfrn

lubracatlur 3 syster was taken as fotiw-ys:

s~ ~ 2,CTh U

K = -?fir,
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W5S Weighs of Lt racatirnq System

The dtsrttt¶:nbetween basic engiic- and trarnsrnssý-±sr
c~c~lnqwas take.- as folltnrs:

turqflfe istoac x i r-c

Ný)te: CrazY r, tted.

CA.: Ca:-a -¶v of tt Sse r - Ca -9rns
Par rr t'

LI&
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tUl4 l- ID

~~; AAE

S102

3L3

VIH-I

(C P; 71I~a

rut _____________I.t



VI-1hE C00CI-Ti ; W LI VE>

•- 3.75 xE F. ". 61

EMF = Etfectlat ý Nwer of Engines 7.2" X HP2

ti-2 = instal-ed HDorsepoer - input Para_.-w-tc-z

Rl = lMain Acitor Radius - Feet - Input Parameter

2)3



CH53
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AS - 3

o~ ~ c - XC-5

Id 10

31M
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S7AIRT ING SYSTEM2 (WSS?

.3"F " , x Gx""

SK: Total Starting Horsepower = .*24: "

HF2 = Installed Horsepower - Ir~P~ Paravwter

WES =NC To-tal. Engine Weight - Lbs Input Para.tetcr

UN F = .2j79 x HP2" 235

21

I .. m . .
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MAIN TRANSMPSSION (WXSI), including Rotor Shaft weqiht

WXSI = 0.2ZW2 x (QMPY"75

at Rotor RPM = 5250 x RP2/RPM

HP2 = installed Horsepower - Input Parameter

RPM = Rlair Rotor RPM = 9.549 x VM!/RX

VM Kai--. Rotor TIp Speed - fps - l•put I-arameter

KIA• = NIr. Rotor PadAuA - Feet - Input Parareter

Rotor Shaft Weight = 38! WQS1

ACCESSORY DRIVEo PR2VISION (ACPV)

76(
ACPV ..01276 x QMF

QOM = Ma~n Rotor Torque - Ft-Lbs = 5250 x iP1!R}

Bpi = Main Rrtor Horsepower - Input Parameter

RPM = Main Rotor P2M = 9.549 x VM/RM

%10. -- ain Rotor lijý Speed - fps -Input Pararwet•r

RJ4 = Main Rotor Radius - Feet - Input Parameter

Ticte: Graph Omitted

1I



I 10_ __

C -5I- -& -ý-" 5
oN

SH3

2g- _ 4

10 10 21

.75 -1
(PNRS x 10

;-A-rc '7. Main Transuassbon We~ikght-



IKhTERJNELIAT" TAIL 7 fTOPR GEARBOX (WITF)

WITJR Y x OM142"

QM92 . 07 x QI_

Q = Main Notor TorqUe - Ft-Lbs = 5250 x KPI/Pl;

HP = .Han Motor Horsepower - Input Paraveter

KPP = Main Rotor RPM = 9.549 x VM,/PR

%1 Ma2an &Pt-or Tip Speed - fps - Input Parameter

Mlain motor Radius - Feet - Input Paralwter

Y •.2298 Constant Statistical Baseline I

2192

I



1 CIN -37a l

1 LH-I19

StH- 3A• 
- S H-f

- HH-2D

- \ X_ -.2B

;0 10 3

i j 1u' i-16. Intermediate Tail Potor Gearbox 14eijz4t



QMP = Hain Rotor Torque, - Ft-Lbs = 525( x HPI!RPM

MaiT; Rotor korsepobýer - Input Pararmtc-r

RPM = M~a:n -Rotor RFPK = 9-549 x VM/RK

VM = Main Mtsr Tip Sped -T- Snput Paramreer

OKM = Ka.Tn ROtOr RadiAus - Feet - 11+1A Farai'E-ter

V = ..2279 Constant - Statistical basellne

k Ig
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7AiL R&W* 1*1W.F SKAF-7tLNG (R'ThtSI

QXP) 51 x QM P

0"1 Mtain Potor 7-irzue -Ft-Its 5250' x HPI-fPP'M

FF A Hair, Rotor II-rsepcwer - Input Faraitter-

RPM flair. Rot~or RPM = 9.5,49 x %IN/"

%I" Mairn Rutor T-Aj Speed - fps - Input Far~artezer

PM Main Rotor Radius - Feet - 'nput Paraaeter

P .SSConstant -Statastzical Basei-.ne

A2
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WE~NC" HP'1

Fo4xc ' Svstem w-eight - See EeatUquaatioun

H t2 I Pta-n Po1tor Hci-rsepctver - Input Parameter

Wflth-V SHAFT

katR17 S%,aft 'meac'"-t as included ina tIA- %a-
wtactt'- -, thev WXS' eCQiatIO5s. kutcr Sfhaft "exaM :
taer as 18% of WASI. Refer to fleli--Opter Ma~w- Trains-
rtIssqr.m Section of ttmas renort for Rtotor Chraft Weight

c~cuat~r, tased or. torsion or b-endino.
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WRE= fl p 44 Ell

Nf~ fair. Rotor TorqLPK Ft-Its- 525C x tiPi'/P.PM

HMAN flair.n otor Horr5([-3yw'r - ira.rut Parasw-ter

RPM Ha ir. NoIt or RPM m9.549 x VW'PAM

Va i -.an Rotor Taj- Speed - ps- input Parameter

P1. =Ma in Actor Radius - Feet - Input Paraneter

DPM Hairn Rotor Polar Inertia - Sluu--Ft'2 - It rnovr.,

otherwise use -WRL x 31'2

We:- MaHir. Rotor blade Weiqht - Lbs - S11ee blade

AJXILJARY PC1W-F PLAINT GROUT (API)

APU = V p.92 x ACPV 0 9 9

ACPV =Transmissiorn Accessory Provisions = .01216 x w

CY( F f=lair, Ro-tor Tvrque - Ft-Lbs S2S W~l Hrl'R-P'!

HP] Mairs Roztor hvrsepower - Input Parareater,

RPM Kla ir, Rotor RPM r-9.549 x VN/RM

yR Main. Ro:tor Tap Speed - fps - Input Paraister

PIK ainr Rotor F~achus Feet input Faraitter

hcDte: Giaph Oni tte d

7?7

IA
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PX = Pt . ko t 1 u

Ct) = Cax;rtn.. F usbtt2 irs q -ý :1 im'v T -e t~x s V u. s tcrw2 st

~.5 x~j lx

rP c a\ hnAj I Orattnnz Swa 'xiq-

Kas-rLuw Fi~mel¼4 w Ler.;iJ-. Fr">¶ - Krr1 c~m-

Ui!t Kar ki-m.taci Yraz: tm ,-r :tv arat

SI! = slax: Of F:Cubv~ehdr -re a- rý_enc >.Oitk

AX =an A. 1 rraftl k98 c~ Lr'z~-S_;-r- ?n'-

utf~ ;s no ut n-, 4K(l.;i y9- v, Km

CLDI x c,) SI?'Y" a'cuvus

Contro (rSeer~ -a'-a Z-eetch
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rXT. wý WGil7 IWI~FX. (Contlnuc-d)

ENF L Itvctiv..ý urber of UngineB .7 x H1,2

HP2 Installed Horsepo~.er -Input Para-ter-

NG Norm~al Grossi Weaqht U ts -2.1145 xW%

Accouint a-

Inst r -w-wnt Furnishings Ecuiplrent
Hydra ul ic Air Cccndi*t:Oninq
Electrical Carqo Handlina Gear
Electronics

MIISCELLANEOU~S USEFUL LOAD (PUlL)

MUt. 37.2 x NW

wjh = axciituzv operating Weight- i'- Prate

Aceoun~tatalitv:

0: pyrotechn. Cs
Trapped .iquids Pararafts L Seat Pans
F12ght Crew Canteens

2311

WI?
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FIXED WEIGHT (WFll) (Continued)]

char =L~fiuc-tiv'Ž hur-ber of Engines =.2
7 9 x HP2' 3

HPZ Installe-d Horsepowter -Input Paraxieter

M6= Normnal Cross Weight - Ls = 2.A45 x?" 19

A-cc'oun tab a If; ty:-

I n Strwruat s Furnishings & Lquiprnent
Hlydraulic- Air Cond5itxoninu
Electrical Cargo Har~d'ina Giar
Elect ronics

RI SCELL.ANEOUS USLFUL LOAD (MLJL)

'S . 3- 21 30

NOWh Minximeiun Operating Weight - %-s - r!rntut Parartaeter

Acco-unt abili1ty:

OAi Pyrotechrnzcs
Trapped Liquids Pararafts &Seat Pans
Flight Crew Canteens
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