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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 time 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 medel, Analytical methods were also developed for calculating
the effects of noise reduction methodology on helicopter desiqn, per-
formance and cost. The analytical methods were used io 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. A1l 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 marqgin,

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 weight Hughes 269
to the 42,000 pound qross 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 nunber are foreiqn 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 flect 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, enqine 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 performanée characteristics due to noise
reduction methodoloqy are calculated with an iterative analytical model
which includes the following elements:

® Vehicle airframe weights

e Engine weight and performance

¢ Vehicle hover performance

® Vehicle forward flight performance

o Fuel Toad requirements

.® Rotor stall margin

This method is used to adjust vehicle airframe, engine and fuel weights,
and instalied power to compensate for changes in vehicle design,
associated with reducing vehicle noise. These characte  i1stics are
adjusted based on established hover and forward flight mission perform-
ance requirements.,

Helicopter Tife 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 cnst 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
methodolaqy.

Calculations of baseline noise, cost and performance were made for
several existing civil helicopters felt to bz representative of the
civil helicopter fleet., Total vehicie naise 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) ncise 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. 1In
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 specd. 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 1b G.W.
to 19,500 1b 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. 7¥rends of silencer weight with vehicle EPNL
reduction were calculated, and these trends were similar for the thcee
study vehicles, Maximum vehicle noise reductions achieved with exhaust
duct treatment were approximately 3 EPHL, for all vehicles considered.

The impact of engine exhaust duct treatment on vehicle design and per-
formance was calculated, hased on the established mission performance
requirements, Changes in vehicle gross weight, airframe weight, engine
weight, installed power and fuel 1oad 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

% 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
noisc 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 wup to twice the number of blades on the baseline rotor.
The three study vehicles used for the engine noise reduction evaluation
were also used Lo 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 smail. Induced vehicle desiqn, perfarmance
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 commercial 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 aqo releqated to use almost 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 proqgram is to determine both the degrec of
helicopter noise reduction obtainable in future design helicopters using
existing helicopter noise reduction technology, and the cost of applying
this technoloqy. 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 totai vehicle
noise can be achieved with these methods?

(3) What direct and indirect changes in vehicle desiqn 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?
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A great deal of work in the area of helicopter noise reduction has been
perforﬂmdl, and this work has led to partial answers to several of the
preceding questions. The information 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 availahle data as a technical base.

SOQURCES OF HELICOPTER NOISE

The noise signature of a helicopter is composed of contributions from a
number of vehicle components, The main rotor, or rotors, which provide
the 1ift and thrust forces for the vehicle, generate socund by virtue of
the inherent aerodynamic forces on the blades. These forces give rise

to both periodic and random noise components which appear in the vehicle
acoustic spectrum over the entire audible range, generally dominating the
signature in the low to mid frequency reqgion.

The pnise contribution ot the powerplant varies depending upon the type

of engine installed. lor reciprocating engine powered vehicles, the

pajor powerplant noise source is the pulsating exhaust stream, which

radiates noise at frequencices equal to the engine firing frequency and

its harmonics. Reciprocdling engines also radiate noise due to vibrating

structural elements and intake airflow., Noise generation in turboshaft

engines results from a number of causes. Both intake and exhaust flows

qenerate noise aerodynamically, due to free turbulence and interaction

0f turbuience with solid boundaries. Within the engine itself, turbulence

associated with the unsteady conbustion process results in noise radiation

through the exhaust stream, and excitation and reradiation from the engine :

case,  The rotating elements of the enqgine (compressor and turbine fans) 3

denerate noise in a manner similar te that of the helicopter rotors. 1
]

Fnrgine fan noise is modified, however, by the presence of stators and the
fact that these fans are enclosed in a duct,

In a typical helicopter, power from the engine or engines is transmitted
to the rotors through a geared transmission system. Noise is generated
within thio system through the meshing ot gear teeth, ltorces qgeneraied
during gear meshing excite shatt vibration which is transmitted struc-
turaily to the Lransmission cdse through shaft support bearings.
Vibration ot the case results in noise radiation from both the case
vtselt and attached airtrame structure. The gearbox component of vehicle
nover consists of multiple pure tones at frequencies equal to gear tooth
tiash rates and Ltheir bharmonics.

PPy
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e relative significance of the various helicopter noise sources depends
uvon the particular vehicle confiquration, its flight condition, the

e

"Magirozzi, B., et al, “A Comprehensive Review of Helicopter Hoise
Literature", DOT/FAA Report No. FAAR-RD-75-79, June 1975,
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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 tc 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 Jeast. 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. A1l helicopter noise
components are hiqhly directional, and directionality as well as source
efficiency is influanced by vehicle forward speed. During hovering
flight, helicopter rotors exhibit directionality oniy 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, Variaticn with elevation angle will also occur .
because of the rotaors 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.

S b i

.

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.

HELTICOPTER NOISE REDUCTION

A large body of_information has been developed relative to helicopter
noise reduction’, Methods exist for the reduction of each component
noise source and in many cases, these methuds have been shown to be
effective through direct experimental evaluation. In most cases, however,
these methods have been evaluated on an individual component bhasis only
and, conseaquently, 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 of inforwmation is due to two factors, First, the exnense of
deriving this informdation by experimental means is prohibitive, and the
resulting data is difficult to interpret, because in many cases individual
neise reduction metnods cannot be applied in an i<olated manner due to
vehicle safety and/or flight nerformance 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 some other vehicle component may be required in order
to appiy the method, These induced changes can, of themselves, cause
roise 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 nelicopter rotor system, for example, the addition of
a rotor blade to a multibladed rotor, which would be expected to reduce
the rotor noise!, Addition of this blade will add incrementally to the
rotor system weight, and will also cause an increase in vehicle struc-
tural weight., This change may aiso modify vehicle hover performance

and the combined weight and performance change could necessitate a change
in installed powicr, and consequently, enygine weight. These changes may
alsc induce changes in power requires” to cruise and fuel consumption rcte
during cruise, necessitating a change in fuel load to maintain constant
¢ruise range/speed capability. Given these changes in weight, the rotor
thrust reguiremenc 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.

Previouys efforts to quantify the effects of helicopter noise reduction
methods have not generally considered the above induced vehicle changes.
In the present program, however, these factors have been considered and
accounted 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. MWithin the present program the
infiuence 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 civii 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 ngise 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.
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Within the present proyram chanyes in economic cost have been calculated
on the bases of total vehicle Tife cycle cost and its constituent cost
elements. Tocal Vife cycle cost is the total dollar cost of owning and
overating a helicopter vehicle for a _iecified number of yearly operating
hours, for the total expected useful vehicle 1ife, Cost elements which
make up the total Tife cycle cost are the initial acquisition cost, the
indirect operating cost and the direct operating cost. Each of these
cost elaments can be related to one or more of the vehicle design param-
¢ters using historically based trending relationships, These relation-
ships have been used in the present program to calculate baseline dollar
custs of several existing helicopter vehicles, as well as percentage
chanyes in cost associated with reduced noise configurations of these
baseline vehicles,

NOISE REDUCTION CRITERIA

In ovrder 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 amount of work has been performed to develop a criteria

for evaluating community response to helicopter noise, no universally
accrptable criteria exists,] Of those criteria which have been suggested
for 1+, however, the effective perceived noise level (EPNL) unit has

the widest acceptance. EPNL is presently used as part of FAR Part 36

for the certitication 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
Tevel (0ASPL) data are also presented.

The observed noise ot a helicopter is a function of both heljcopter
flight condition and relative observer location, The observed change
in noise level due to the application of component noise reduction
metnods wiil aiso, 1n general, be a function of these variables. This
is true because, as pointed cut previously, the significance of the
various component noise sources is dependent on observer orientation and
vehvicle tlignt 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 three observer Tocations.,

ZSperry, W. C., "Aircraft Noise Fvaluation", DOT/FAA Report No.
FAA-NO~68-34, September 1568,
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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

1 January 1980, Also established were the design and performance char-
acteristics of these vehicles. Fleet make-up was cateqorized 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
unified total vehicie 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 lite 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 Targe 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 given in the final section,
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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) Helicopter types (models) in sevvice.

(2) Design characteristics of each heiicopter type.
(3) Number of each type in cervice.

(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,

A1l 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 ¢f sources, including References 45, 6,

3"Directory of Helicopter Operators in the United States, Canada and

Puerto Rico", Aerospace Industries Association of America, inc.,
November 1975,

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

5”Aviation Week and Space Technology - Aerospace Forecast and Inveantory',
Vol. 104, No, 11, March 15, 1976,

6

"The World's Current Helicopters - 1976", Interavia, January 1376,
pp 68-71.
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7, 8, and 9. 1In 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 lype was found to be in use, the characteristics of
the most common version were used,

The following general categories ¢f use were established.
(1) Personal,
(2) Corporate and executive.
(3) Government.
{(4) Commercial utility.
(57 deavy lift,
{6) Scheduied carrier.

The information of Reference 3 was used to generate a breakdown of the
domestic civil nelicopter fleet according to these categories. 1In cases
where a specific vehicle was indicated as being used in more than one

of the established use categories, it was placed in that category which
represented its most probable primary 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 tc the total rumber of heli-
copters in service.

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

=
"“1969 Fncyclopedia of Vertical Lift Craft", Vertical World, Volume 3,
No. 11, November 1968,

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

9”Janes A1l the World's Aircraft".

1O"Hehcopters Meet New Challenges", Aviation Week and Space Technology,
Volume 103, No. 13, September 29, 1975.

]ECayce, B. V., “Census of U. S. Civil Aircraft - Calendar Year 1974",
Federal Aviation Administration, DOT, December 31, 1974,

10




considered only as a rough 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

rcommercial 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, anc this is followed closely by the
number in civil government service, which exceeds 157 of the total. The
personal use category includes approximatley 57, while helicopters used
for neavy 1ift and scheduled carrier operations include, respectively,
less than 1% and .2% of the total fleet,

With respect to manufacturers, the Bell ‘ic..conter Company has the
largest number of helicopters in civi. .uses. Bell Helicopters constitute
almost 60% of the civil helicopter fleet, inciuding six different types
(models). Vehicles manufactured hy Hughes Helicopters constitute over
17% of the total fleet, with three types presently in service. Sikorsky
Aircraft manufactured helicopters contrihute approximately 5% to the
total. Ten different types of Sikorsky 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 constitute siightly less tharn 4% .f the total. Enstrom
Halicopters and Hiller Helicopters each constitute approximately 5% of
the total. The remaining four manufacturers account for less than 57 of
the total civil helicopter fleet.

Pertinent design characteristics of each of the civil helicopter types
identified in Table 1 are viven in Table 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, tyie (reciprocating or turbine), model and manufacturer, and
rated shaft horsepower. Rotor system {main and tail) data include rotor
type, number ot blades, rotor diameter, blade chc~d and airfoil section,
and rotor speed (rpm).

Average annual utilization rates for each of the use cateqgories of
Table 1 are presented in Jable 3. These range from a high of over
1200 hours/aircraft/year in the scheduled carrier category, to a low
of 359 hours/aircraft/ycar for helicopters in private use,
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TABLL 1. CIVIL HELICOPTER FLEET BREAKDOUN
Vehicle Fleet Breakdown (No. of Vehicles)
| ' |
i Corp
1 _ ; Personal; & | Comm Heavy | Sch. Total
Manuf Model ' Use . Exec !Govt |Utility! Lift | Carrier | Model
! ! E '
I 47 43 ! 94 264 | 880 - - 1281
| L 204 - I - 19 10 - - 19 |
Bell 205 Lo 7 . 84 I - - 102
! 206 24 1245 {109 ! 599 ! - - 977
| P 212 Co- I < (A - 55
| 214 - - -3 .. 3
| . 269 .38 28y 2 2 - 70 |
‘Hugnes ¢ 300 . 3% 76 1140 | 176 - 426 |
© 500 17 63 J 16 i 132 - - 228 j
3 NTYTI0 | U S A N R R 33 |
; i H | }
}AQI‘OSD. ! Alou III ; 6 : - ‘21] - ; - | 47 i
(France) | Lama -1 - 2 - - ] 23
' Gazz. 1 23 1 { 25 - - 1 50 i
i Dauph - 2 l - 1 - - ! 3
_____ — e R
. S-51 2 - - 2 - I 4
Y - - -2 - 0 - 02
' §-55 - n o2 54 . 67
5-56 - - - - 1T - 1
. 5-58 - 12 110 40 - - 62 |
Sikorsky 5 g - 30 -1 6 T
* P S-62 - 10 - 7 - - 17
S-64 - - - - 8 N
§-55T - - 9 1 - - 9 !
$-58T - 301 - 10 - - 13 !
U A - e gy ] :
. T-28 24 86 7 ' 87 - b - 204 !
Enstrom ' 280 B 2 ~ 2 - - 4 i
Fairchild FH-11060 4 13 10 ; 8 . - | - | 8.
| - 12 8 .29 147 ‘mg L - o 1 o0
| Hiller St T < T S R S B B
o - e - —— - FPT Y - »—-*’ - e - _f_ - _..,_—.—4‘.-.....- ...—-_t — i — ,.:
. H-21 - Co- N T T R
. Boeing — y_107 2 e B
) e T L T S SRR
: 'Boelkow  BO-105 ' - 14 2 v 7 - © 23
' U - L e . e ._.1:,%‘ e i S Lloeen -4
‘Brantly . 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 455
Heavy Lift 871
Corp;;;te/Executive 627
Government 632
Private N 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, i2, 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 insi¢nificant over the short span of time covered by the
projection.

el

Table 4 lists the types and use category breakdowns for those helicopter
types which are expected to show a siqnificant 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 cateqory 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 $-76, Bell 222 and Auqusta A-109. While
several other new vehicle types may be introduced into the civil heli-
copter fleet by 1 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 1 January
1980 total of 6042 vehicles. This projection agrees very well with the
historical trend of civil helicopter fleet growth given in Reference 3
and presented in Figure 1.

: ]Z“Genera1 Optimism Among American Manufacturers", Interavia, January

1976, pp 39-43,

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

' Mathe 1976 Helicopter Association of America Meeting", Interavia,
' March 1976, pp 206-210.
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TABLE 4. ESTIMATED CIVIL HELICOPTER FLEET BREAKDOUN,
PROJECTED FOR 1 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
Bell 206 35 364 162 890 - - 1451
212 - 24 8 192 - - 224
222 - 40 - 40 - - 80:
300 456 125 |23 | 291 - - 704 |
Hughes | g0 43 160 | 40 | 335 - - 578
Alou III - 6 - 44 - 50
Aerospat.| Lama 3 - - 60 - 63
Gazelle 2 54 2 58 - - 116
F-28 33 117 10 118 - 278
Enstrom 280 - 127 - 127 - 254
Sikorsky | S-76 - 2 | - 8 - - 10
Augusta A-109 - 10 - 30 - - 40

* 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

1 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:

e Bell Helicopter models 47, 205 and 206
¢ Hughes Helicopters models 300 and 500
o Sikorsky Aircraft models S-61 and S-64

Considerations involved in making this selection included the relative
similarity of selected vehicle design characteristics tc 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-1100 and the Hiller Models
12 and SL.

The Bell Model 205 was chcsen 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 probahble impact of the
noise of this vehicle on the community was judged to be higher than would
be expected based only on the riumber in service. The Hughes 300 and 500
were selected because they represent the 1ight 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 Il 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 i:{s 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 beer 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.

-y
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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. 4

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
vehicle 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 (LEPNL) and instantaneous A-weighted
sound pressure level (dBA), overall sound pressure level (OASPLg, per-
ceived noise level {PNdB) and tone corrected perceived noise level (PNLT)
units. All noise level calculation methods have been computerized in
FORTRAN 1anguage for use on the IBM 36C system.

A separate analytical method has been developed to enabie the calculation
of changes in helicopter design 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 ip 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 hy 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,

* The 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 airlocads calculation method which considers variable
rotor inflow.
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The vehicle dosign and performance calculation method has been computer-
ized in tihe basic language for use on the Hewlett Packard interactive
(Time Sharing) computer system,

The cost calculation method used in the present program has been developed
from Bistorical helicopter cost data, which relate the three elements

of Tife cycle cost tn the various vehicle design parameters. This model
considers initial investment cost to be related to vehicle airframe weight
and instalied engine weight, and indirect operating cost related to
vehicle total empty weignt, Direct operating cost is assumed to be a
function of both cmpty 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 usage rate and total useful life. As for the design and
performance calcuiation method, the cost calculation method has been
computerized 1or use on the Hewlett Packard computer,

The analytical meth¢is used in the present program are described in more
detail in the foilowing sections of this report. These descriptions are
intended only to deTine in basic terms what the analyses do, how they do
it, and what are the nature and extent of any underiying assumptions and
approzimations. Mathematical derivations have not been included, since,
in most cases thie information is contained in other sources which are
referenced.  The general technical bases of all analytical methods are,
however, briefly discussed.

EELTCOPTOR NOISE CALCULATION

M unified, computer criented helicopter venicle noise calculation method
was duveloped for vs.e in the present program., This method consists of
individual analytical models for each of the vehicle component noise
sources inciuding the rotor system, main transmission and engine(s). These
individual models are coupled through a control routine which maintains
conyistency between the individual component noise calculations, and
combines the caiculated component noise levels to form the total vehicle
noise spectra. The total vehicle noise spectre are then analyzed to
deteruwine vehicie Vi, dBA and OASPL cnparactevistics., A schematic
giagran illustrating the helicopter noise calculation method is shown

in Figure 2,

The rolor system noise calculation method requires detailed information
regardmg the mirtoad distributions of the various rotors which comprise
the system,  Thnese data are obtained througn the use of rotor performance
caleuiation wethods,  The wain, or 1ifting, rotor airload distribution is
genergted with a venicle trim program (1T treim),  Inpu. information
consists of detailed vehicle (fuselage and rotor) design characteristics
and definition of the desired flight condition, The trim program solves
the force and monent equilibrium equations 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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150 calculated are the integrated rotor forces, rotor power required,
tail rotor thrust veyuived and tne spatial atiitudes of the rotor and
fuselage, Calowlated rolor airivad data are pernancently stored within
the computer, along with other pecstinent trim program outpul data, and
this data set is assigned a storage lacation identifying title.

'y

A simiiar procedure is whed to obtain tne auxiliary (tail) rotor airload
distribution datd nesded for the rotor system natse calculation. In this
case, however, an isolated votor performance calculation method is used

since venicie trim 1s nol reguired.  Input data for this program include
datails of the auxiliary roior

is Lnat caleulated by the main rotor trine program.  The isolated rotor
: performance prograw cglouiates retor airload distribution and power re-
guired as well as rotor spatiai attitude. Frogram output informaticn
reguired for the rotor oystem noise calculation s permanently stored
within the computer along with a storage location ideniifying title.

The rotor system compopent of totat vehicle noise 13 calculated using an
analytical metncd ceveioped by the Research and Applied Sciences in
Aeronautics Division of Systems Rescarco Latoratories, Inc. This method,

Air Mobility Researcn and Deveiopment liboratory, is fully described in
Reference 15,

Input information requirved to apnly this method include airicad distribu-

rotoy in the system, vohicie geometry, Lpatis) attitude, initial
location, and flight condition, and coserver location, Given this
information, rotor systea naise at tne obsecver iocation is calculated
in terms of a sound pressure time history, with instantaneous sound
pressures calculated for any specified time increment and total flight
time,

Within the present program tae rotor system noise calculation method is
used in the following wmanner. Firet the characteristics of the vehicle
under study are defined in terms of the identifying titles for vehicle/
maiis rotor and tail roloe data sets proviously ctored ip the camputer.
Mo defined are the obsarver location, initial vehicle location, total
flignt tire and time increnent of the desived sound prassure time

| history. @Given this “nsut inforwation, the grogram retrieves the stored
, rotor airioesd data, performs the necessary calculations and generates a
“ rotor systen soana pressuce tiee history, This tire history is chen
converted to a ser of constant bandwidth ssuna pressure level spectra,
Using a Fast rourier Transforn routine, These spectra are digitally

! ]SJOhnson, h, Y. and W, M, Katz, "Investigation of the Voriex Noise
Produced by a Helicopter Rolor", USAAMRDL TR 72-2, February 1972,

design and aercaynamic characteristics and
definition of the desired thrust ond flight condition. Rotoy thrust used

which was devalowed under the direction of Lustis Directorate, U, S, Army

Lions, aertdynamic chavanioristics, geometry and spatial attitudes of each
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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. Fach of
these 1/3 octave spectra corresponds to an instantaneous vehicle location.
This set of spectra, altong with the instantaneous vehicle locations cor-
responding to each individual spectrum and the observer location, are
permanently stored within the computer,

Separate analytical models have been developed for the calculation of
reciorocating 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. '

Bath 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 ncise
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 calculates
the constituent noise source sound power level spectra, but in this case
these spectra are not sumed but are identified and stored separately.
Retention of the constituent scurce spectra is required so that direc-
tivity corrections which are different for each constituent source can

be apvlied at a later stage in the total vehicle noise calculation pro-
gram. These corrections are not applied at 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 no>ise, 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, described in
Reterences 16 and 17, developed under Eustis Directorate, U. S. Army Air

16Berman, A. and N, Giansante, "CHIANTI - Computer Programs for
Parametric Variations ip Dynamic Substructure Analysis", Kaman
Aerospace Corporation, 47th Sound and Vibration Symposium,
19-21 October 1976.

]7Berman, 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.]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 lucation 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 1 nae 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
obiserver. 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 divectivity 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
X corrections. The engine and transmission sound pressure level spectra

]8Bowes, M. A., "Helicopter Transmission Vibration and Noise Reduction

ﬂ Program", USAAMRDL TR (To be published), 1977, Contract No. DAAJOZ-
' 74-C-0039,
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derived in this manner are coherent with the prev ously available rotor
system spectra, and each represents the contribut on of that component
noise source to the total vehicle noise at a give;. “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 corrected 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 modeis 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 spesed 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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: FoeCe(1 - M)

p = - -]-2- [FeVecoso +
uc(l - MR) R (1 - MR)
- x g Z]R TRM—)J (1
R
where: P = incremental pressure at observer locatinn

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
6 = 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
ﬁR = time rate of change of the component of source Mach No,

in the direction of the observer

Those terms in Equation (1) wihich are multiplied by the factor 1/R2 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:
Fe
-1 . R ph
P. v [F, + ] (2)
P oancr - iR R (-]
where: PF = incremental pressure at significant distance from the
source
28
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In Equation (2), Pp 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 (4nC) 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.

o 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.

¢ 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 previcusly, 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 corbination 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 retarded time effects is turther compounded in the

present, analytical method, because this nethod accounts for multiple

source to observer transmission paths due to ground reflection, This

adds considerabic complenity to ine problem, since with this consideration,
the same elemental source will contribute two incrementdal pressures to

the instantaneously ubserved tolal scund pressure, and these will have

been qgenerated at two differing (retarded) times and from two different
spatial coorainates. Nonethcoless, the problew i¢ tractable, given the
appropriate geometricai data, and is handled by the present analytical

me thod.

The use of Equation {1) and fquation (2) to calculate rotor sound pressure
requires knowledge of rotor induced aerodynamic force:s and blade motions,
The present analysis assumes acrodynamic forces of two basic types. The
first type inciudes all forces developed by the blade section in the
generation of rotor iift and drag. These distributed 1ift and drag forces
may be either steady or pecindicaily veriant at a rate proportional to

the rotor rotation rate, and they are responsibie for the discrete fre-
quency components which appear ia the rotor noise spectrum,

The second type of acrodynamic force considered in the present analytical
method is the force induced on the blade section due to the shedding of
vortices. These vortices arce shed at a rote which is related to local
blade section qeometry and flow conditions, and which is not ralated to
the rotor rotation rate. The furces induced by vortex shedding are,
therefore, perivdic with regard to local conditions which are different
at each blade spanwise station, and which also vary with time as the
blade travels about the azimuth., Because of the variation in force
periodicity wiih Uimc and sponwise location, the vortex shedding induced
forces do not contribute discrete frequency components to the rotor noise
spectrum, but are respuntibic for the broad band content of rotor noise
generally referred 1o as voricx noise,

The present anatysis caiculates Lhe required acrodynamic forces, as well
as blade motions, based on dota generated using separate rotor performance
calcuiation metheds. The rotor performance calculation methods used are
discussed in thae following scction of this report.  These methods cal-
culate the spanwise and azimstnal distributions of roior blade angle of
altack, blade resultant vrluraty and induced inflow, as well as all
ronu]v‘prl informetion o te, vohicle and vrotor motions and
attitudes. This infurmation iy used, in conjunclion with known blade
airfoil charactleristics, to ¢atculate the rotnr rotation rate related
Tift and droy furce dicteibutions, and the components of rotor noise
due to these Torcec., Tiw voricx shedding induced aeradynamic force
distributions ore ostshlishe !, using tho same input information, based
on an empirically derived eqaation which relates the vortex shedding
induced force at any blade stacion Lu the local angle of attack and

Mach number.  The equation used 1s:
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where: FV vortex shedding induced aerodynamic force

M

local Mach No.

a 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 descripticn 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 proqgram 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 periedic 1ift
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. Aercdynamic

lgdohnson, H. K., "Development of a Technique for Realistic Prediction

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

20Johnson, 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 terims ot local angle of attack, resultant velocity and
inflow anqgle, were calculated for each elemental source (blade station)

for twelve azinmuth angles. Based on these input data, rotor noise was
calculated in tenmas of a finite duration sound pressure time history faor
several time intervals witinin a total simulated flight duration. Pressure
time histories of .1 second duration were determined at time intervals of
cne second, Within each time history, instantaneous sound pressures were
calculated at increments of .00039 seconds, resulting in 256 instantaneous
sound pressures for gach time history. The discontinuous, but highly
detailed, sound pressure time histories 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 1z to 1KHz, were derived in this manner, at one second intervals, for

a simuiated fiight duration of, typically, 30 seconds. This resulted in k-
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, Firct, and most importantly, only sufficient time 3

history data is generated to produce 1/3 octave spectra up to 1KHz, while 3

in actuality the rotor will generate noise over the entire audible fre- .

guency range. his limitation was imposed in order to maintain a reason- -
able machine computation time and its validity is predicated on the 3
assumption that vehicle noise sources other than the rotor system will

dominate above 1KH.:. LWhile this assumption cannot be verified through

available test data, analyticail calculations made in the present program

do tend to support its validity, These efforts are discussed in a sub-

sequent section of this report. k-

The second Timitaticn in these data relates to the fact that spectra are

generated discontinuously, at discrete points in time. Using these

spectra it is not 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 2
because of the relatively short, one second, time interval used and be- ﬂ
cause the generated data are to be used for comparative purposes only, to '

evaluate changes in noise Tevel caused by changes in vehicle component

design. As for ine Vimitation on frequency range, this Timitation was

imposed in order to winimize machine computation time, £




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 Sikersky Model S-61 civil helicopters, which are among the
vehicles under study in the present program. For this reason, the duta
of References 21 and 22 were used to determine the deyree of correlation
obtained with the rotor system noise calculation method. To pravide
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 38 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 rangye 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 1KHz. Lack of good correlation in the low frequency ranqe, 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

* Tnsufficient data is given in References 21 and 22 to ..stablish actual
vehicle trim conditions flowa. Noise calculaticns were made on the
basis of a normal trim condition, with a nominal a/c center of qgravity.

2]Hender‘son, 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.

22pagq, 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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Figure 3. Comparison of Measured and Calculated SH-3A (S-61)
Rotor Noise, 120 Kts S.L. Flight
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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
s tudy.

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 48 and 4C are for observer
locations 200 feet to the port and starhoard 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 calzulation
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 Targe 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 small control input changes. These
factors make correlation of measured and analytically calculated noise
difficult to obtain, for measurement points which dare close to the plane
of the rotor. The obhserver locations shown in Figures 4B and 4C are
less than 12 degrees from the rotor disk, and this is beiieved 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 werk 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. 1In 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 forque (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
hody flapping is considered, and fur the present program, a uniform in-
flow distribution is assumed. Once rotor equilibrium is established,
rotor airloads are calculated and irtegrated to determine the net forces
and momerts generated by the rotor,

The forces and moments generated by the fuselage are calculated based on
the given flight condition, fuselage characteristics and an assumed

23Gessow, 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,

24Lemm‘os, A. Z. and N, Giansante, "The Dynamic Behavior of Rotor Lrntry

Vehicle Confiqurations, Volume I - Equation of Motion", NASA CR-73390,
February 1969.
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main rotor thrust

main rotor drag

main rotor torque
fuselage 1ift
fuselage drag
vehicle weight
horizontal tail 1ift
horizontal tail drag
veriical tail 1ift
vertical tail drag
tail rotor thrust
fuselage pitch moment

fuselaqge roll moment
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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 aercdynamic
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
configuration,

The rotor performance and airloads calculation methods used in the present
program provide a reasonably precise estimate of rotor angle cof attack,
resultant velocity and inflow angle distributions. The degree to which
these calculations reflect the real 1ife situation is, however, somewhat
Timited 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
shortceming, particularly with regard to the calculation of tail rotor
aerodynamics. The assumption of uniform inflow is predicated on un-
disturbed flow conditicns, 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,
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
hy these two types of engines.

Shaft Turbine Engine

Shaft turbine engines have three principal noise sources:
o Combustion noise
e {ompressor 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 c??pressor noise is based upon work
originally performed by Smith and House? and later modified by Grande,
et al%26, This method provides independent equations for harmonic and

broad band noise and includes rotor-stator separation and compressibility.

The equations for maximum 1inear sound Dressure levels at a distance of
100 ft for a single stage compressor are as follows:

(SPL) = 85 + 50 log [Ur/1000]

Discrete Tone

+ 10 tog [m(c/s)2] + &F (4)

“Smith, M.J.T. and M. 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.

26Grande, £., D. Brown, L. Sutherland, and R. Tedrick, "Small Turbine
Engine Noise Prediction, Volume 11, Noise Prediction Methods", Tech.
Report AFAPL-TR-73-79, Volume Il December 1973
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(SPL)Broad band 75 + 50 log (Ur/1000) + 10 log [m(c/s)mean] '
tog Y 10 log [Ua/Ur] + AF (5)
where: U~ = relative blade tip speed (ft/sec)
U, = axial flow velocity (ft/sec)
s/c = vrotor-stator separation at tips, in upstream :
blade chords F
% ig = mean incidence deviation (in deg) from the blade é
1ift curve peak
AF = flow correction factor (discussed in the next paragraph)

To develop the complete spectrum, the discrete frequency comggnents are
assumed to decay as 20 log n, where n is the harmonic numberé/; 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 velocit¥ of the flow and the absolute velocity of the
blade tip. Grande, et al 6, 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 Ny for forward propagation
=10 log (2 - ”t) for rearward propagation, (6)
where: 5 3/2 2 3/2
i o ey +cp) = {gr ™ +¢p) ]
Ny =V - 55— for M, <1
t 3c t
1 (r 2 _ , 2)
t h
3/2 3/2
r 2. r 2 [(eqr 24 ¢ ) - (cyr 2 Co)
_'s h 2 s 2 1"h 2! ]
= (S—) [ - 52 Jfor M, >

27Go]dste1‘n, M. E., "Aeroacoustics", NASA SP-346, November 1974,
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where: M, = tip Mach number

t
Th T hub radius
re = tip radius
ry ° radius at which tip velocity is sonic

= (Zﬂﬂ)z
5 — 7 V80

C
0

_ 2
Cp = May
Max = axial flow Mach number
¢y ~ local speed of sound
N = rpm of compressor

Further, it was observed that for forward propagating discrete tonesZG,

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 muitiplied by the stage number. The resulting equa-
tions used in the prediction scheme are as follows.

= . 2
(SPL)Discrete tones = 80 + 50 log (Ur/]OOO) + 10 log [m(c/s)]
forward ; (&Ff)Ns (7)
_ . 2
(SPL)Discrete tones = 85 + 50 log (Ur/1000) + 10 log [m(c/s)"]
forward + [6F e + 6F = 1/2(Ny = N)] (5
(SPL)Hhite noise = 75 + 50 logq (Ur/]OOO) + 10 log [m(c/s)mean]
forward NS
+ o g+ 10 Tog [U/U ] + 1‘51 (aF ), (9)
(SPL)Nhite noise = 75 + 50 log (Ur/1000) + 10 log [m(c/s)mean]
rearward
taigt 10 Tog [Ua/Ur] + [AFr - 1/2(NT - NS)] (10)
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where: NT total number of stages

Ng

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

1l

stage number

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?8 recommended a procedure for the prediction of

lTow 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.

Motsinger29 gave a formula for predicting the overall sound power level:
i PyTy .l
OAPWL = 56.5 + 10 Tog m, [(T, - T,) P Ts ] (1)

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

f = 740

P
p

~
I_.

(12)

=R

&

3
a Pa

QEHuff, R. G., B. J. Clark and R. G. Dorsch, "Interim Prediction Method

for Low Frequency Core Engine Noise", NASA TMX-71627, November 1974.

2Motsinger, R, E. and J. J. Emmerling, "Review of Theory and Methods
for Combustion Noise Prediction", AIAA Paper 75-541, 2nd Aerocacoustics
Conference, Hampton, VA, March 1975,
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where: ﬁa = total mass flow through the combustor (1b/sec)
P3 = total pressure at combustor inltet (1b/ft2)
T3 = total temperature at combustor inlet (°R)
Ty = total temperature at combustor exit (°R)
Pn = reference pressure (1b/ft2)
TR = reference temperature (consistent with T3, T4)
T0 = atmospheric temperature

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

Jet Roise

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 predicltion scheme has been included for completeness.

The peak overall pres§8re level along a side line parallel to the jet axis
at 200 ft is given by?":

OASPL = 10 Tog F(u) + 10 Tog (0%A) (13)
where: 1 = weight density of fully expanded jet (1b/ft3)
A = effective nozzle area, ft2
r = sideline distance, ft

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

30pnonymous, "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, qiven by:

D, = 1.13 /& (14)
and the Strouhal number is given by:
f.D
- E
Sj Ug (15)

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

SPL (J) = OASPL - Fj (16)

jet

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,
Fiqures 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.

3lHeidmann, “Interim Prediction Method for Fan and Compressor Source
Noise", NASA TMX-71763, December 1974,

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

33Ungar, E. E. and F. R. Kern, "Exhaust, Casing, and Intake Noise of
Continental 10-520D Aircraft Engine", BBN Report No. 2520A, June 1973.

34Priede, T., "Diesel Engine Noise Conference", SAE Report SP-397, Aug. 1975,
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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.

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

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,

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.

Even when the above normalization procedures are adopted, sound
power spectra typically show 10-dB to 20-dB scatter between
different engines.

Noise levels for diesel engines are generally higher than those
for gasoline engines wnich 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:

where:

where:

12

L, = sound power level (dB re 107 '“ watts)
=10 Log]O (hp) + A + B LOg]O(f/fo) (17)
hp = output horsepower of engine
f = frequency (Hz)
(A,B) = empirical constants
fo = engine firing frequency (Hz)
= SN/(30n) (18)
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 ,
Priedes? 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 10,060 Hz. Also listed in Table 6 are the
engine characteristics. }

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

2

i

L one-third octave band sound power level (dB re 10"] watts)

W

SPL + 10 Logy (anR?)

SPL + 13 dB

o o ML 11 il | i e Sl Al O, et s s
: P R g

e st b Ll e e e i !

one-third octave band sound pressure level (dB re 2.92 -10—9 psi)
listed in Table 6 (19)

SPL

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

IR T Vs PUNE L PN R,

L, - 10 Log]O hp = SPL + 13 dB - 10 Log]O hp (20)

N

Jou

Calculated values of the normaiized sound power levels are listed in

Table 7 for the six engines. Here the frequency (f) is shown normalized
by the firing frequency (f,). 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/fy = 1.0 in Table 7. This table also

lists the normalized sound power levels for a 140 hp Continental A'rcraft
Engine33, Fiqure 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/fy < 1.0
is constant at 82 dB for 1.0 < f - 2.5, and rolls off at 12 dB/oct for
f/fy > 25. At the firing frequency f = fy»> an average value of 87 dB s
selected as the pure tone level. This averaqe spectrum has been used to
reflect normalized casing noise. Values of A and B for Equation (17) are:

ol St F i s I et o maasmt S
P U

PREN
L s L
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TABLE 6. ONE-THIRD ()CTAVE BAND SPL'S OF CASING NOISE MEASURED 1.0 METER
FROM THE SIDES OF SIX 4-CYCLE GASOLINE ENGINES; REFERENCE 10
Engine Characteristics
1 2 2 4 5 6
Type In-Line |In-Line |In-Line |[In-Line |In-Line V-Form
0. Cyl. 4 4 4 & 6 4 (6)
Disp. (in”) 90 30 120 120 150 210
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
i 500 92 81 90 86 91 84
i 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 92 a7
. 1630 87 92 9 92 94 84
2000 87 87 92 85 96 84
2500 88 83 89 86 95 82
3150 35 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 a8 70
: 1000 83 76 84 83 84 68
|
iSPL (dBA) 95 95 103 110 105 97.6
59
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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. 5 4 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
T
£/f L - 10 Logy, (hp) - dB re 10712 watts
0 W 10
C.40 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 Y1 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 8 | 76 82 78 88 69 74
25.00 79 | 74 81 77 85 66 76
31.50 77 7? 79 77 84 64 74
40.00 75 | 72 78 76 81 62 A
50. 00 7 71 77 77 60 72
63.00 69 72
60
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Frequency A 8 ;

f/f, < 1.0 82 30 -

- |

f/fy = 1.0 87 0 .
1.0 < f/f <25 82 0
25 < f/f, 138 -40

Unmuffled Exhaust Noise

S e s 3
. - e .

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 d8. 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
jc 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 Tess exhaust noise than the
diesel engines.

3SBolt Beranek and Newman, Handbook for Shipboard Airborne Ngise 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, < 1/2 117 33.22
f/f, = 1/2 112 0
1/2 < f/f <1 107 0
f/f, =1 12 0
V< f/f, <2 107 -13.29
f/f, =2 108 0
2 < f/f, 107 -13.29

CORRELATION OF ENGINE NOISE CALCULATIONS

The enqgine 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 Fiqure 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 helicapter 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 freguency rangg

36Parrott, 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 Fiqure 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 calculation method is demonstrated by the correlation of measured
and calcuiated spectra in the frequency range of 1KHz to 10KHz.

TRANSMISSION NOISE CALCULATON

The transmission component of helicopter vehicle noise consists of
multiple pure tones (discrete frequencies) associated with the various
gear mashes within the main transmission. While the transmission is
not generally thought to be a significant contributor to helicopter
external naisel!, 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 EPRL. 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 helicopter
transmission as a complex dynamic system consisting of many mechanical
elfements. 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 tocth 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
nelicopter 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 detaiied 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 az=neration 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 Log]O(T) + B Loglo(f) +C+D (21)
where: PNLG = 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-1b)
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:

i

PNLSG 20 Log (t) + 37.8 Log (f) - 91 + D

G
PHLgp, = 20 Log (1) + 37.8 Log (f) - 100 + Depe
PHLpg = 12.8 Log (1) + 37.8 Log (f) - 69 + Dpg (22)
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" where: PiL sound power level of spur gear mesh

SG

PWL sound power level of spiral bevel gear mesh

SBG
PNLPs = 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 twe 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 equaticns 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 fr%-
quency, if the structural material is assumed to act as a limp masss/,
The transmittance (T) of such a structural material is given by:

T- [f—z%—p—zl (23)
where: T = transmittance, ratio of transmitted to incident sound
7 f = source frequency - Hz
; o = surface density - 1b/in°

! 37Beranek. L. L., "The Transmission and Radiation of Acoustic Waves by
Solid Structures", CH-13, Noise Reduction, L, L, Beranek, ed.,

McGraw-Hi11, 1960.
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TABLE 8. VALUES OF THE CONSTANTS D

IN EQUATION (22)

s6* Dspg» AND Dpg

Harmonic No.

Ggar Clash Type 2 3
_ Spur Gear -5 ~22
SpiralvBeve1 Gear +7 +6
Planet System -10.5 | =23
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For a*ﬁ&xtia1 ericlosure, 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:

4

= 1

H

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
5 conjunction with the transmission case radiated sound power level
relationships of Equaticn (22).

CORRELATION OF TRANSMISSION NOISE CALCULATIONS

The transmission component of helicopter noise is not readily measurable
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 normaliy dominated by the transmission
component, it was decided to use available measured internal noise data
for this purpose.

Measured internal noise levels of the Bell/Army UH-1 (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 b
Reference 37 are compared to a calculated UH-1 transmission noise 2
spaectyum in Fiaure 18. The degree of correlation indicated by this

comparison is considered adequate for present program purposes.

K 38Laskin, I., F. K. Orcutt and E. E. Shipley, "Analysis uf Noise
' Generated by UH-1 Helicopter Transmission", USAAVLABS TR 68-41, K -
June 1968,




130
T—

&

120 o

110

100

90

8o

70

THIRD- OCTAVE BAND LEVEL IN D8 RE 0.0002 MICROBAR

100 1000 10000
FREQUENCY IN HERTZ

e e cmem e == CALUULATED SPECTRUM

H
¥
!

\ "\ \ \\ K MEASUIED DATA, SPREAD OF THREE MEASUREMENTS

o) GEAR CiASH FREQUENCY

Figure 18, Comparison of Measured and Calculated UH-1 (B-205)
internal Noise, Using Simplified Transmission
Noise Mode)

T

74

SR T T -




VEHICLE DESIGN AND PERFORMANCE

The noise caiculation 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 cnst of heli-
copter noise reduction. This section of the repart discusses the
analytical method which has been developed to 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 l1ife cycle cost will
result from the achiesement 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. Tnese assumptions lead directly to the use
of existing c¢ivil 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
civil helicopters will be achieved in addition to, rather than at the
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
canstant 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 perforinance criteria have been
established:

(1) Constant payload.

(2) Constant out-of-ground effect hover ceiling.
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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 c¢riteria 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 qross weight at the
constant payload. This new gross weight was then used to establish a new
installed power requirement, and the 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-qround effect hover ceiling capability.

The above procedure resulted in a vehicle configuration which cculd
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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(1) 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. A1l 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 found39 to be 3 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,

3S”Metzgelr‘, R. F., et a1, "Development of a Method for the Analysis of
Improved Helicopter Design Crtiecia”, USAAMRDL TR 74-30, July 1974,




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:

HP, = (.051)(GH) (DL/0R)" ! (25)
where: HP, = installed power (HP)
GW = vehicle gross weight (1b)
DL = main rotor disk Toad ( = Gw/nRz, R = Rotor Radius) -
(1b/ft2)
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 .

G Ly (26)

I‘"lPI = ,0318 (',“—n“

Of interest in the present analysis is the change in installed power
which occurs as a result of the intrnduction of noise reduction
methodology, Equation (26) indicates that installed power will change
only as a result of changes in vehicle gross weight, main rotor radius
or density ratio, Established mission-performance 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 normalizinig Equation (26) with regard to
baseline vehicle characteristics. Th2 resulting normalized installed
power required relationship is then given by:

¥ H s
WP, = WP, (GW /aW ) MR R )88 (27)
1 I0 0 0
where: HPI ’ Gwo, RO = jnstalled power, gross weight an& rotor
0 radius of baseline vehicle
[} { ]
HPI , GW , R = installed power, gross weight and rotor

radius of reduced noise vehicle
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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

1

Given the installed power requirement of Equation {27), engine weight
and rated fuel consumption rate can be determined. The relationship
between installed power and engine weight is given b_:

HP, .56
We = Neo» 5,36 « (——=) (28)
E E £
where: W. = installed engine weight - 'b;
NE = nuroer of engines

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

. ’ HP ' ‘568
We =W () (29)

0 IO

where: NE , HPI installed engine waight and horsepower for
0 0 baseline vehicle

wE , HPI = installed engine weight aud horsepower for
reduced nojse 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 horsepcwer, This engine characteristic is necessary to determine
the rate of fuel consumption and, consequently, the fuel load required

at the part,gower cruise flight condition, Rated fuel consumption rate

is given by3

-, 105
HPI
SFCR = NE(].IJ6)(—NE) (30)
where: SFC, = rated fu2l consumption rate (1b-fuel/HP-hr)

R

4Ohente1e, M. and J. laborde, "Evelution of Small Turboshaft Engines”,
SAE Paper 720820, Octcber 1972,
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Tre sensitivaty 0f life Cycle cost change 10 annuel wsage rate anc useful
Tife is indicated in. Faigure 53, The curves snowr relate L0 change w
useful Ivfe, at constant use rate, and o use rale, at ¢ constant wseful
1i1fe, for a fixed degree of ro1se reduilion. Se sitnaty of {({{ charge to
1hese twD Operadting parametert 1S samiliar, although the sensitivity o
annual use rate 15 somewhal more Lronpunced, Beitner parametes ind iuvences
tre percentage charge 1n life cycle €08t to ¢ sagrificant Oegree over e
ranges shown,

As for the vehicle desigr cranges discussed previously, the mapnitude of
€51 increase resulting from engine silencing 15 best iillustratesd by Ccorm-
sidering this change in absoiute termc. Considering ar S-6) wehicle, for
exampile, a 3 {PNdD noise redxtion obl21ned thrpugh engine silencing woulg
raise 1nitial wnvestment cos fron $1.776 si1liior per sircraft to 5.54F
miiliorn per aircraft, an ncrease of $67,000. Indirect Costs, Of & vearly
basis, wodlo rise oy ower $5000 per year, from S147,0007year o 752,200/
year. Direct operating wst, inihially at 372 per hour would 96 U Lo
S281. per nour, an increase of over SE per hour.  Takern tngether, ara
assuming 2 usefu! Yife of 15 years with 2 usage rate of 1500 hours/year,
totel cost to own 2nd operate this a1rcraft would increase by $233,900,
fror a baseiine of $10.11) wmillion to $10.4D08 million, Tmis represents
an annwal cost ingrease of nearly $20,000,

EFFICTS OF CHANGES 1IN BASELINE COSTS

Tne changes 1n elemental costs and total Vife (ycle costs presented
the pravipus section are feit to be a realistic estirmaze of the impact

cf engine syvlencing., These changes dc, however, refiect oniy present
technoliogy and economic ¢onditions and, in adcition, inglude errors n-
herent in any parametric study, where general trends are derived fro
available data. The possibility of errors 1n tne Daseling wehicle costs,
presented in Tables i6-73, is of particular s gnificance, since definition
of accurate baseline costs is essential to accurate prediction of char.ges
in life cycle costs. Ffurtner, while these dats may be 2 good approxina-
T10r. under present technologita’ and econormic conditions, CHAnges I lhese
conditions could very well inva’idate the predicted (o531 cnanges. for
these reasons, an analysis of tre relative impact of cnanges in baseline
vehicle initial investment cost, indirect operating cost, and direct
sperating o5t o total Tife gyrie (Ust has been performed. This anaiysis
provides both ar. indication 07 the sensitivity of cnange ia 1ife cycle
cost to errors i calculated naseline cost, ang 2 mearns for revising i1fe
cytle cost change predictions to reflect chznges in base wenicle costs due
to changes in technclogy anc economic conditions,

Toe percentage (hanges in € enenta)l vetincie costs due to engine silencing,
pre.ented 6 Tigure 51, refiect physical changes in veniclie design ornly,
enc will mot be influenced by changes in baseline wetacie costs. Life
crele rost changes gwver v Figure 57 do, however, reflect baseline
vemcle (03ts 1o the externt that changes in baseline (0sts change the
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de Lie%ed previout Ty, 3taT mACCin hAL Deer el Lo determing allowalis
rotor spees regaitron.  Since stall marcin decreases mi1th rejuces

rolor Spees, vOlovr SsPedd C(annotl e redulec ndependentiy {0 recue
ROise, $iACE this woull ¥10iate the establisnel perfomance regul renent
for equal or greater stall margic of reduced noise vehicle configurations.
Based or 1n3s COnS10Eraliorn, cOtor SI80 refui1700 hat LoD Dper (realec
4% an 1ndependent rOlor nGi1se redX Lion techniGue, anc rolor SpeeC re-
Cutt10n. hat beer evaluates only 16 conjunciior w ts offsettng rotor
Qeometry changes. Ing approach taier in the preseat stugr is, therefore,
two-fotd. First, the effects of roior geometry (nuenges are delermaned,
4% independent variables, in the contest 0f increasing clatl margin
ne!ative to baseline venicie st2li margin., These sane changes are then
EvaIludTEC Ih CONUnCtior w1t rOlor Speeld reduttions, wils the amow t

of rutur speed reduc 1107 PrESICAles O 51311 m2rgin £Qws: 1L trhal ¢f ine
baseline venicie.

Tt f6110mIng Chang L rotor QEOMELry Mave DEET (ONL10rred wiln the
preceding TRt

(1) Ircreases rolor ralius, I 5% MCrenents, 10 2 MAxifigf
25% raMius InLrease.

(¢; ZIncrease ir. tiace chord, 1n 0% increments, up to @
575 chOTe InCTease.

(3! Ircreasec runder 0f Biaoes, i 1ncrenents of one blade
Wy W teide U niumber ¢f Liades on thi baeselitie votor,
These CNANGPS Tiawe Leer. (ONS10ered Indepengently, a4t (onstart rolor
Soeed, anc 2150 witr rotor speel reductions consistent with stall margin
Tegy rements,

EERE{TS 0% WEmITit DESIGN

mc- rarameters ©F U0 matr cptor strongiy anfiuence 1ol nelicopter

acle cesig, anc Chatges L rOlOr paTANEters cayse svgraficant
cmr*-qws o veracle 08sI1gn ant performance (Raracleristics. Cnarge
i venicic se'::;' 3HC DETIGTNRTIE GuE L0 TOLOV pevaTmeler ¥d v
heve beer c2lculated in terns of:

® Gross wei1gnt

® Firframe wergnt

® ingire wgignt

@ Instailec power

® ‘omwEms gttt trrust eefunrel

o “t2) marg:is,
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sie’ . mevoir eGurt 10 106 Deseline stall wmargte, 550012162 witr el
FOl0r DEIMM LTy (Mdlix vaziwdled.

. Trengs of wveragle Griss wet gty 3!
Blade erez are Lhom 3h Figure 54, . ete w the
stuthy achigle {Jatle 277 © 1y, but similar trengs 27¢ ey:0eni, ir
23 ang 28, for Led 5-205 anc -8 ctud) vesicies. in ¥

wELant 1% seer 1o wncrease with ro%e radius, Liags (nire ens hiade
naber, witr geclical frends snowr for chgrd ang tlads r.u'-t-er tytor
rEIlut IGCTeaset Croie weight most guicely anc tme Trens Ingi(elel %
nonlinear, wilh i6CTreasng SCoupE.  Thas 1S Ouwe to tre fart the‘ rGtor
ragiut Cromth nesessytates arn ancre2s: 3 fuselage 3i2e, 6 33sitict (G
Were2sel strutiure. weight due 1o 1pal rt-..'re'rt' t. The e imss 25T
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weigrt Oy InCreases Oue 10 M A398C rulor sysien wtghl, ans e
303LC STrullure: weight needes 10 Suppdrt the Kezvier rotor. Onty o 5004
Criss weight Inlrease vs o ndvcated for @ 255 biade arez Cnarge, whelnher
Cus 1o CHBTE O DIADE NJMOEr InLredse. Jodabling the (6D78 of Guter of
bieoes czuses & 16, &% wncrease 6 Qross weignt,
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Tre trengs of wnstaliled Sower witlh CHOrG/01a0e numder, aNe rOlor rafius
are giver in Figure 355, Installes power i¢ Stown u L OEESE 1IDES7 L0
with botr caprs ana Rlace cgmber, hut o decreate nomlinea-ly wilr rlsT

iUt IGLNEaLes, 16 ThiL (ALE » 4 OeClredsing jabshivte, slom. & §5.7¢
inst2iies power resuliion 15 InCicatel for heg Masinu 25, vetor raly
woreate, nsteiies sowsr ancreases €% for & 75 wnceease o Dl
ercd, whelner Out 10 Diede (N0ré Or biade aumper. DouLliing 7orC 07

nurpes 0f Slages in{reases 1nstalies power Dy 247,

Tre gzte Of Tagure 34 show oy ar ansigraficant o fferente 1L 1%
€ifells 0f rotlor Qeumetr, (TANQES €vE i wAlES 20 anl SyElLdlec n

Con ULl O m 1T TOLOY SPeel el Ligr, s T3 Lwde of rotee STeel
redultior consigeced ah these date 15, howespr, relatively STEY, &t
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VEHILLE DRESIGN AND TERIRMANCE
! Y | T T ] .

7&&\6 ?2.

forwarg
TGress Alrframe Engins  Installed Fliget ezl Ty
Faraneter  MWeigtt leeighl  Meight Power Thrust Margis Spees

" Neniec _ilv: b )  fwby  flv;  (etsi  (ftisec;
Baselire 19505 8% W s 3200 19102 A 3.3 645
=l Elade 20822 SO0 . €9% xR 19267 43 i
-2 Slades 20765 S6&r | 77 3217 203 8 .
=3 Blades 2125 10273 7% 3426 20576 5§

vl Blades 22085 1GeT 752 35 7¢ 21621 €3 "f
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20 Ragius 20864 9223 65T 2755 2003 43

0750 Radius 0785 9447 | 6AS 15 2935 4z v
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TABLE 23 {CONCLUDED)

: Gross

Parameter { Meight -

[

1

b)

1

gAxrframe Engine . Installed
Meignt

1

‘Weight

b

Power

{HP)

3
! Forwargd
Flight
“ Thrust

ab,

3

: Stall
‘Margir

Tip

Speed

Naried
2626
2702
2778

2855

2581

#Z0" Chord
3.4 R 2612
&

P L S T
2674

27132

L. R 2578
b1t Kadius
nl . IR y 2679

i-!lﬁz Racius
-3.1: % | 2631
#20% Radius
3.7 % ; 27100

+25% Radius
3.7, 2757
L -

B i s, s e

139¢

1350

1378

T

£
1

[

*
i
143
:
197
150
3
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1.4
142.8
i

18¢,2.
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147 !
18
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i35

134

330

344

358

372
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TABLD 24.

EEEECTC OF CHANGES IN ROTO FANARMITERS ONW
16N AND PERFORMANCE
1 Y =

Be20% VEHICLE DES

] Y 1 [ ] 3]
1 : 1 :
. }; ; ! 3 ! Forward i i
- Gross  Airframe Ingire Installed fFlignt  Stall -~ TWig '
Parameter Heignt Yeight Meignt  Power  Tnrust  Hargin |, Speea |
' Yaried s} {1p) 1p) {HP} s)  (ets) Ift/sec)
Baseline 9560 4101 . 328 1400 i101m 1 74 ' gl& |
+107 Cnord 9605 4197, 331 | 1420 10211 | 84 % ?
’ 1 1 B B
+20. Coord 9716 4298 338 186 e 92
- i i : [y
+39% Chore 9825 43%¢ 337 : 1466 ‘10443 - 9g - 2
f N Z
le40: Chorc 9938 4498 %0 149 10562 ;106 =
1+50% Crord 10048 4598 343 1515 10678 109 =
! f i €
j+5% Radius 9591 £15% 323 1367 10197 78 =
- o
=10% Radiys 9705 4226 . 319 1332 w37 83 €
, : ; i , &
+15% Radius 9838 4308 316 1388 | 10457 8 £
10207 Radius 993 4368 M3 12% 10617 85 i
fe75% Radius 101€S 2699 i 1278 10801 9 = ¥
i+103 Chord
=2.20 R 9591 4184 330 1418 10197 B 1%
;"20' Cnord :
4.2, R 9680 4266 IR 1436 - 10291 75 780
+3% Chord |
6.5 8 9777 4353 33 1458 10353 75 785
40 Cnord : i
~1.6" & 9372 44238 338 1277 (10493 76 732
i ) : 1
i*50% Chord :
1-8.9% K 996£ 452¢ . 381, 1498 {1089z, 74 ©78
: i | i
+5% Radrus ; ! ! ! ! §
-8 ® | 9586 | 4156 | 323 I 1360 Lois .75 ;87
. - = ! : : . _
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_ TABLE 24 (CONCLUDED)
P v T 1 T
3 i : : : ‘Forward i
: Gress Rirframe Enqine Instalied Flight  Stall  Tip
Pacameter Meight Meight Meight  Power | Thrust ° Margin  Speed

" ¥aried (i) RUNEEEL)) {HP) (1)  (kts) tft/sec)

+10° Radius 3
Fle- R © 9693 - 4217 - 238 1329 1038 76 1 @y !
%ﬂs: Radius ; 3 ; !
2.47 %0 9820 4292 1 315 ' 1305 {10438 | 7 P79
200 Radius 5 i
FILILOR 9968 4376 N3 . 1287 [1059% 175 . 787
¥ ) i ! H .
H i { i
257 Radius ; | :
om0 i . 4473 1 3 T oere 03 (7S 782
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22500 . ; , i ///
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21500
3
20500
} ' 1
20 49 60 80 100
LEADE AKEA - 3
A. Gruss deignt ¥s Elade Ares AT CONSTANT ;
ROTOR SFILz
’ ———MITH REDUEL
MO0k SPiil

o r{” &C 63 8 1
LBLATE RMA - 3

8. lestalled dcmmr ¥V £)lade Ares

Figure 54, fffect of Main #otor Rlage Area (nanoe on
5-61 Gross Weight and Installied Poser
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Figure 55. S-61 Main Rotor Speed Reduction
Vs Blade Area Increase




The magritude of weni(ie Gross welIgnt IRCMEase aSsOl1Ate0 wilth The
varipu: rplor systest ctanges 3l1rongly i6di1lates that noi1se reduliions
anticipated to resylt from the rotor sysiten crange: woule tend to e
offsel b, InCredses 30 nOISE Owe W rOWOr Thrusl Wncresse. Based or
1ri3s INQICat 0N, 1l was dex10ed 0 use 2 singiified rotor notse calcula-
110n method to determing the aporositate magnitude of acrievatle net
rolor noise reductions, anc tased on the results of trese c2icuiations,
decide whether to proceed witt, the more invelved rotor and total wenicle
noise calculations. This approdch was arrives at as a resuit of economic
considerations anc w2s Dased on the premise that wnless significant
OWr no1se reductions were snown through the simple analysis, no worth-
while reductions woulc De calculated for the total vehicle using thne
detziled amalysis.,

APPROXIMATE RUTOR N3ISE CALLULATION METHOD

ine simpivfied rotor norse calculation method chosern for use was ODlained
from Ae‘erente 5. This equation relates the magritude of the tagn fre-
GuenLy randon component 0f rotor npise 10 rolcr speed, tNTUst angd Disse
ares. Tne change in rotor sowund pressure level due to these combineo
variables 15 given by:

o
W
E

o

LSPL = 20 Log, P ® 20 Loy (/7)) - 19 Log {;%é) (4
! o

]

¥
3
g

coanoe in sound pressure lewel betweern baseline and
nodified rotor {d8)

)
-
-
i
.
&
"

130 speed, rotor thrust end tOtal vLt0r biade ared
cf modified rotor

;.10.70.&5 = tip speed, rotor thryst and total rotor biade ares
(4] of baseline rotor

Equetior {48 has been used 10 estimate the masirys $93515le rolcr Syster
aoise reductlion Gblairable with tne various rotor Systen parameter (hanges
considered. Tne reswlts of these calculations are sumarized ic JTadies
¢5-27, for the three itudy vehicles. Also given i Tabies 23-27 are the
rotor tyiter narampters, hlade arga,  wrotor i sDeed ang thrust regulrec
used to make these caicuiatioms,

E’zl.mc;, H. v. and &, 6. Scalegel, "Predictiron Metnods and Trends for
relicopter Rotor Wopise', CAL/AY.ABS Symposium, June 1969,

168

ol L b ol L g

1
]
]
@

E
:
4
a

L g et US|

-— e




4~ S

4

e

TASBLE 25, APPRUKIYATE MAKIN ROTOR SYSTEM
NOISE REDUCTION - S-6€i

| - i 1 1 :

; i : ]

Parameter ' Blade Area  Tip Speed | Thrust Required

" Yaried {ft) ~ (ftisec) (i) A

- ]

o o

Baseline . 2318 i 649 19108 -

-
y

#75% Rotor Rad 289 P 649 20355 R

#50% Cnord 7.7 €49 | 20649 - -1.08

“+5 Blades 463.6 649 22283 ~1.67

;-925‘% ¥otor .
Radivs - 31 R 289 . 628.3 20376 65

1#50% Cnord ; : , : :
1.2% R 3277 foem ,» 20631 S 14 :

s Blades | : ; ;

1193 % 463.6 . SM.z 22179 L -2.82

16%
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TABLI €. APPROXIMATE MAXIMUM KOTGH SYSTEM
NOISE REDUCTION - h-500

: H Y T 3

i 2 B s .

Farameter Eiage Area 1y Speed Thrust Reguired

- Varied 6] _{fr/secj 1%} 14e

Baseline 29.5 6417 245 Lo

#25% Radius 3.6 642.7 2585 L3

+50% Cnord 45.2 647.7 25570 R

-4 Slages 59 647.7 2699 -2.00

»75 Hagius ’ ,

3.6% R 3%.8 C 628.% 25%¢ -.€

50 {npra

-§.59 P 4.7 - 5%2.8 2548 i -2.9

wd Blades ‘ i

13 & ) 563.6 2690 =3.3
379
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T 1

okt e b e e s e

Pa-ameter © biaoe Ares Tir Speec Thrust Heguires
“Varied (fe; {fesse ) iy YT

Baseline . 8 S AT 10101 .

25" Radius 105 814 10801 oy
#50: (nora 126 g4 10678 -1.2

p250 Radius : é
~3.9% K o T (¥ . Yems i -8
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The rotlor Syslen nRi1se redl.Clions wW.eicates ir, Taties 73-17 are, e
themselves, sma’l anc toeir sigmificance 15 furtrer redutes 11 (nsioera-
Tyor 15 Guvern to trerr Drodalie inpalt of totel weraicle npise,  basec o
the Sistussion of ael1couter Componenl NOISE SOurce svigraficance, pre-
senled W A previgss sectior 0f this report, the man rotor and enging
Contridute appronimately egually, anc thelr Conlributons effectivel
determinge the tota)l wvehicle noise signatyre. O 1has Lasis, & relor
system noise reduction of 3.7 dB, which is the maxima show i 1asles
25-27, will result in approximately a 1.€ @6 reduixtior in total wehicle
nOYSE,

e noise redictions of Tadles 25.77, although approrimate, are a gooc
ndication that only 2 small reduction in helicoster noise car be
acrieves dy ndifying 1he Mair, TOWT It the manner stutied. Tnese data
are aot, dowewver, sufficient to dismiss further consigeration of these
rethods, since evern the smell redustions may be of benefit, provides
tha the, can De achiered 31 reasonable cost. To ascertain the costs
45500131€8 wilh e applicatior of these methpas, the desigr ans per-
formance data of Tapies Z72-7& have beer used, with the estadliseesd
helicopter cost nodel, to caicuiate induced cranges in vehicie 1ife
e, and elemental custs.

COST ANALYSIS

Calculated cnanges 10 melicopter Cost assoclates with ithe varicus rotor
Syitar nnice rody Tion methoit are wymmarizes in Tasnler 22.37. Oncy
data snown reflect the rotor/vehicle configurations with the greates:
potential roise redulli0n, as ingicated irn Tables 23-77., Life ¢ycle
Co5t cnanges snowr are Tor an asswumed useful life of 15 years, with
annual use rates of 300 and 1500 hours per year.

lomarison of the ¢£:t data oF Tables 26-30 with the apororimete rotor
noise reduttion data »f Japles 23-77 reweals that tte cost of regucing
relicopter rotor noise ievels 15 wvery hign. (onsidering the 5-61 siugy
veticle, for exampisz, increasing rotor size by 25, raises iife cycle
cost by ower .75, for a 1500 hour per year use rate, and tne o5t
cifferentiail is greater for lower annual use retes, In absoiute torms,
e 757 greater rotor radius inceeases 1vie cycle cost by almost 3.€
miilior doilars, or nore trarn $3E,030/yesr. This rotor cesigr crerge
redules rolor nosse by less taan (588 which, in a3} provabiiity, wolic
produte nD measurabie Cnange . total veraclie nuise.

e most Deneficial rotor desigr Crange, 00WL1IGG 1nE nuDer of iases
and reduring rotor speec by approxinately 124, vaises l:fe cvcle cost
ty) ¢lemst X, This teansiates into a $3.03 myilior oollar Tafe cycie
CHLT nCOEdse, Or i yearly terms, over S200,D00 addes annwdl ¢~st.  Ir
terrs 0f tota’l wenicie noise, a5 CisCussed previously, the 2.8 g rotor
LDise redultiorn assoxiated with s desigr. cnange, wouid Drotadiy oy
resyit ina 1.€ & reduttior an weracle noise.
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TABLE 2B WEdICLE COST CHANGES FOP MAXIMR® WOISE REDUCTION
ROTOR CONFIGURATIONS - S-61

! | !
: i :
! , ! D AlE0 - ¢ (35 ¥r Lafe)
: . Linvestment i - T —~———
Paraneter Cost ’ ‘ _
- Varieg 23 S1pL- DOL-% 300 Be/Ye . V500 He/¥r
25" Radiug 13.66 13.65 .5E 10.5¢ 5.73
kot cnorg 25.0 | 23.66 9.0 20.86 . 14.8¢ 5
5 2lades €1.83  49.82 . 18,15 93.06 ' 30.99
,3925:. Hagius ;
Ly 14.0; 13,96 .73 10.8¢ 5.9¢
i ,
{+50 Cnorg ; : , ..
{-7.28 = 24,06 1 2330 8.51 . 2615 14.6%
{5 Blades | ,;

11.9% K 50,05 48,12 17.61 4.6 29.9¢
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TABLE 29. VEMICLE (DST CrAMGES FOR MAKIM® NOISU REDUCTION
o ROTOS CONFIGURATIONS - H-50C |
] ! | ' ! l

3 4
: i YHCC - 1 (15 v Life
Linvesiment ' T :
¥arameter . (V.78 SHE !
: Varied ] {2} __ti0i-% iDOC-% 300 dAr/Yr 1500 #r/¥e
w25: Radius 5.3 ¢ 7.% . .19 321 1.8
#5905 Chord 15.16 ¢ 14,78 448 3 9,13 i 5% i

N
»
&

+4 Blades 29.2 . 0.3 189 < R& i 1

#25" Radius : .

-3.6% R X D766 1 31 L 40 b 1.9
h ) . g " 1

*50% Chord i ! ;

rB.51 & DB 1447 433 8% 5.8
=131 R , 2801 ;29.3 . 8.6 ! 18.0._ ! 1i€




a— Em:zcmt:ms - 5208

] i !
: z : 1
' ; bl -
: LinvesLnernl T
Paremeter Cost
Yaried Bl LipI- (O00-% 300 dr ¥

254 Radius .38 . 12,43 48 BIS
=50 Chord 16.77 - 1.8 0 5.8 1318

w25 Pa3diys

-390 R 6.7 N E .Y .20 7.44

ps0 Crora :
5.9 ¥ 1422 iL_z¢& PR LY .o 1il1g
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Beladse of UC nigr (0% to benefit ratios Gelemmanes for 1he seleltled
rolor nEise redul 1306h mETNOOS, V1 was COnCludel that trese methods are
ROt praztica’ means for reduiing helicopler rlise, arnc thet further
An27ys€: 0 These RETNOCT was ROt warranted. (onseguently, these m thods
wre N0 evaludled with (te more hrolved nnise Catculation techniytass
ori1ginally intended for use. homeecr, 2 sr2’ 1 nunber of rotor npise
redulion des1yn chariges were sunjected o further evalyation in orade 10
verify toe appropriateness 04 tne apIrorimate noise C2lC¢uatior metnus.
Ir 21 cases studiec, the Invoived notse calculal:on tecnhiaue 1ndicates
no1se reductions similar in maAgnitude o those oblainel with the

AP roxIMate method.
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AFFENDIX !

FELI;U:."E FASAMET R C WilGH ANMALYZIS

INTRODUCTION

Th:is AppencdiX presents the parametric weigh?t analys:is
used ¢ calcclate helicopter component weichis, using
iimites data such as are ava::able in a typical pre-
deslgn sriuation. Three catregories of data are used

:n the compoanent weight ejuations:

cf
1S

Data, where actual values may
des:or. defimition. If an
a-‘absv. an intermediate data
uSing Lpput data and the

An example :s Tail Rotor
If rot knouT fros desic: definiticon, the

r radiu ir. feet) 15 estimated, us:ing lnrput
, by .087 (Rotor Mad:us:l 28,

3. Caicuiazed Weraght Data, where the we.gnt
caiguelated by a welIght eguation 1€ used Ln & sib-
SE_,EAt weight eguaticn. An example 1s Blade We:gat,

Fsezpently ysed to calculate HE Weight

In the parameiric analy

1s I:sted i the order

standard AN mWe_ght Sta

Each jtex 15 Listed =i .

¢f a.. terms vused in ot Bay use

any of the three dat - € used

to fi:nd a comonent weight for th vsLern

:s shown afrter the eguat:on def:in l:cabls
s ‘0--0“&: by o the

TS
care,
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INPUT DATA FoF PArAMETRIT wEIGHT A‘ihi)'SfS

Sym-~o. Da<za
—— -

T Mac.mun Jpereting We:ghe - ibs
NME Nunoer of Ma:n Rotor Blades

RULT Cltimate Load Factor

M Ma: - foter Rodius - Feet

& Ma:n Retor Solidity

SDG We:ght of Engine Speed-Decreasery

Gearbox - lbs
TAF = Type of Rft Fuselage - Valiues/Configurat:cn
€ - Fu:l fuselage depth at splice of main
fuselage tc aft fuselage.

Exargle: SHIA

$ - Ta.llboor conflgured for rear rame.
Exancle: CH3Z

10 - Tailboon without rear ramg.
Example: tHLY

i3 - Full fuselage depth a< splive 0f maLn
fuselaTr tc aft fuselasoe ang wirth a
ta:l wheel full afc.
Exarmg le: HHZD

i3 - Ta:lIcone upswept frowm fuselaze splice.
Exasg:le: UHLD

S

-




e

el

-

“n

INPLUT DATA

FOF FARAMETERIC WEIGHT ANALVYSIS

Sym:ci
AG

CAF

FNAD =

Data

Kumber c¢f Auxiizary Landing Sears

Gallions of Fuel - Gals

[

E

Yo

ade Chord - Fae:r
Number of Enqines

Fotor Horsepower - H

"

npy

Iinstalled hHorsepowsr - Iip

tarding Gear Geometry - Values/Cocnfigurat:ion

(P
-l
!
n
ml

Sxidé Gear
.0247 - Sponsyn Mounted
-0287 - Quadricycle

L0329 - Tricycle - Fuselage Mounted

i

. 408 - (Crane - Straddle Ty

tacellie Arrangement - ¥Waiwes/Configorac:ion

.9 -
1.1¢ -
.t -
2. 2¢ -
&34 factors f7r Brye than IwWC S .nes




e’ 4

Data

Type of Prlon Configuration - Yalues/Configurat:
{adepends on type of aft fuselage)

14 - “Tailcone upswept from fuselage splice.
Examgie: UHLID

25 - Ta:lboor without rear rasg.
Example: UHLY

43 - Taiiboom configured for rear ramg.
Examrie: CHS3

46 - Full fuselage depth at splice of mairn
fuselage to aft fyselage.
Exazngle: SHIA

€2 - Fulil fuselage depth at spiice of
fuselage to aft fuseiage and wit
tail wheel full aft.
Exawrle: HWHEZD
Main Rotor Tip Speed - FPS

Total Weight of Engines - lbs

or,




T

BLADE WEIGHT (WBL)

3

+2F

tn

i)

#t

1]

F33 w10 ")) N3-S o &
AF = VM’ x DMRNTT x NOF

. . , o e .893

Normal Gross Weight = 2.145 x MOW

Maximur Operating Wergnt - Lbs - Input Faramete

Vitimate Load Faceor - Input FParameter

Biade Aspect Favico = B /AB

Rotor Dhameter - Feet - Input Parameter

Total Blade Area - Sg.Ft. = RM x CB x XNMRE

Main Rotor Radius - Feet - Input Parameter

Mz1n Rotor Blade Chord - Feet - 1nput Farameter
Xunber of Main fotor Biades - Input rarameter
Main Rotor Tip Speed - fps - Input Parameter
Disc lcad:ng x Nunber of Rotors

Disc Loading - Lbs/Sg.Fr. = MMW/TRM

el

ot arn 2t 1 il

Gl atkhindes o sl it it




10 ——

BLADK WEIGHT (WRHL)
e
7
]
N
v

———5-52 -
10l -4 : - —

10 i¢
r ( FGW x  NULY )
100
- 151 3] .41
t AK x ™ < DMNR x MOF

PR ——

U ot eeed
(X

Figure -, Biade We:ig-x




HUEB WEIGHT ‘Wilb,

. et gy
WHUE = !gig‘éﬁhh » . SRMXEPM x1€

here:

WBL = Blade Weight - Lbs - See Blade Weight Eguation

PM = Main Potor Radius - Feet - Input Farameter

| 14.] = in Rotor rerm = 9.549 x VM/RM

VM = Ms.n Rotor Tip Speed - fps - Inprut Parameter

OoMF = Main Potor Torgue - Fi-Lbs = 32%T0 x HPl/BpM

HF 1 = Main Potor Horsepower - Input Parameter

NOF = Effective Number of Rotor Blades = 14.259 x 5'45;

S = Mairn Potor Sol:idity - Input Parameter

1y = MAirrcraft Pitch Inertia - glug-itz - 1f Enown,
1.635

otherwise use .€29€ x 10 ° x MOW

L 8. = Maximum Operating Weight - Lbs - Input Farameter

L. ]
on

T




4 , 3
10 ;
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- -1 3
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iR WETOHT
;
o

P ? L
&
ﬁ
]
|
]
|

10 . - -— —

(WHUR)
]
i
}
3

DH-18 o, - SH-3A -
) N S-6i58

X ¥ H-34

' T -952
UH-ID' |

19° ot

2 -6 1.127 - 405 . 050
(¥BL. x _SRM x RMM x 10 ) x @R x MOF
o .059
1Y

r

Fraure I-0, Hut Weirgat

e
]
@

. o & R ) e - - - -




BLADE FOLDING (FLD!

Power folding weight: A li1mited number of statist.cal
samples exi1st forming almost a singlie point when
plotted. The correlation outside this specific
grouping 1s unpredictable. For thips reason, a penal‘y
was derived based on a current sodel i1n the higher
qross range.

FLD = .12(WBL + WHUB)

T

~d




TAIL FIODVE WIIGHT (WTE;
-5 2 1.29
WTF = K x 10 "{RT x C x Kk x V™"
where:
RT = arl Rotor Radius - Feet - 1If Known, COtoeiwise
1.22 ’
use .0E7 x RM B
P& = Main Fotor Radius - Feet - Input Farameter
C = 211 Poror Blade Cnord - Feetr - If Krowr,
therwise use .092 x Rx'eel
) = Numger of Ta:i! Rotor Blades - If EKnowr., otherwyise
use 1.062 x RT 73 = 1608 pm- 343
M = a.r. Poter Tip Speed - fps - Input Parameter
4 = .183 {Corcstant - Convent:ona! Geared!

185




3 —
10
g ’ CH-53}
2
« SH-3 A
§ CH‘}C ) \\ '
© HH-2D =\
= L AN
~ U2 B—
E 102 UH-19 > - : ; |
2 TN S-6 e
LH‘!D“’ \\!!_Q’_{- 4
wH-IB ' Uk
{ \-'-{-r~52
10 2 - 4 -
10 i’ i0
_1.29
_zj -6
‘BT x 0 x N x VN | = 10

Figure I-:, Ta.l Rotor Weight
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e J

HRORIJONTAL STAbILIZEF (W5

WHS = .00451ATF ° x LTF '€ x (oM x 101°% x 7ar 28
where:
AT = Horizonta. Ta.i Area - Sq.F1. - If ¥nown,
1
orherwise nse 1.433 x DH“53
D = Disc lcocading = 93ij¥RH2
MW = Maximur Operating Weight - Lbis - Input Farameter
R™ = Main Fotor Radius - Feet - Input Farameter
iTF = Distance Froz € Main Rotor tc the lLeading
Edge of the Horizontal Stutilizer - Feet
1f Knowr, othervise use .96 x RW* " U?
AT = Tyt ol AL Tuseiave - Vaives/Configuration
8 - Full: fuselage depth at splice of main
fuzeiage to aft fuselage.
Example: SH3A
9 - Ta:lboor configured for rear rasg.
Exarmple: (CH53
1 - Sa:lboor without rear ramg.
Frxacyle: UHISY
1? - Full fuselage depth at splice of main
fuselage to aft fuselage and with a
ta:1l! wheel full aft.
Example: HHZD
i5 - Ta:ilcone upswept from fuseiage splice.
Exargle: UHID
192
— - s T = - I - S
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| f
E
= SH-3A ——, 3
= 102 — . ]
& 1 34 —- ?
g i 3% =
& . Jun-IN
|
E UH-1ID
( -
E HH-52
= - S 3
z ~ HH-2D
= - n
. | < y -
= C
-~ 10 BN 1
= : \&/ <
2 ' : ?
E
) {
102 10° o
.5 1.76 .2 .26 -1
i ATF » LTF x DUX10 x TAF 210
]
Frgurs -45. Barizontai Stabiiizer wWeight
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FUSELAGE WEICHT (FUC:

03 25

e . {LU(WeH, X C#’ X NGw x QME"T ]
rUs o= F s e iy ¥ 3% I
(MOW x WTERL}S X TTE 7" x iX’
where:
Ly = Usalle Fussiage length - Feet, If Xpown, Cctherw:sc
. .47
use .Z225% x RM 474

M = Marn Rotor Radius - Feet - Input Farameter

w = Maximur Fuselage Width - Feet - If Xnown, otherw:ise

3 [ 4
use 2.53% x ix 117

ix = Arrcraft Roli: inertis - Siug—rtz - 1f ¥KnouwT,, Cther-
wise use .221 x 1077 z wowl-897

MO = Maximur QOperating Weight - Lbs - Input Parameter

H = Maxinmur Fuselage Height - Peet - 1f Enown, cother
wise use .406(LDIA » siwz)) 226

LDIA = Distance from § Tail Rotor to Cockpit Controul
Groyring - Feeot

SIN:. = Sine of Ancsle ar Intersection Between LDIA arnd
Aircraft Wateri:ine 741
I1f 1LDIA x SIN' s nov known, use 961 x R¥

cn = Masjoy Structural Cutouts, Use the Sum cf the
We:ghted Values Pey Configuration

Cutouts - Vaiues/Configuration - Use 3.C as Mintpun

Eose Enclosure (side x side) i.o¢
Nose Enclosure (tandem) .50
FP:1lot's Door .15
Co-Pilot's DooOr .15
Rescue Door 1.00
Cargo or 1.0¢C
®ose D ors - Avionics .25
Nose Doors - Engine .7%
Rear Loading Doors 1.50
Windows .25 each
Through 7:3cr Entrance 1.00

Use HWeighted Valuwes - If Known, othervise use
: .172
Cro= 1.36 x mow 174
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FUSELAGE WEIGHT (FUS:! (Containued:!

KGW = Kkormal Gross Weight = 2. 145 x MoW

2

Ma:r kKotor Torguwe - Ft-ibs = 52%C x HPL /P

HP! = Marir Rotor Morsepower - Input FParazweter
r &

3
x

Main Rotor RPM = 9.549 x YM/RM

VK = Main RBoicr Tip Speed - fps - Input Faramete

(L]

WTRD = a:n Wheel Tread - Feet - if Known, otherwise
. 1.73
vse .4 x W :
TFE = ¥Ya:! Fotor Thrus:t - L&s = HIJ 'HFM x WM

3

Installed Horsepower - lnput Parameter

b |
]

.G328 {Constant - Convent:ional Geared)

la}




AFT FUSELASE (AFUS;

where:

LTYKF

=
o
~

it
H

rap
o

segr

et x

L

i
*
[ad

'
"t
ad

Ta:l

use

Fortor Badius -

.c87 x rai-??

Main: Fotor Mad:us - Fee': - Input Parameter

r2 cf Afy Fuselage - Values/Ceonfiguration
e Hor:zontal Stabilizer (WAS! weight
o

Uing]
wy
th
|
Innl
o
"y
199
hj
3]
23
|
Lo
?
re
th
"

Ta:! ®otor Thrust - Lbs = 131337 .86 x HFZ/EFM x R¥™
Ins=a:ied Hursepowsr - Input Farameter
- Feet - ¢ ¥nowrn, nthervise

161
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TFY = Thpw of Fylon Configuarat:on - Valwes ‘Confrg.rat:iorn
{dejends on type of afe fuselagze;

i4 - Ta:lcone upswent from fuselags snjrce.

25 - Tatriboost w:ithout
Exam-le: UKLS

Fear rant.

L 3
wn
|

48 -  Fl) fuselage depth at splice of masn
fuseiace tc af: fuseiage.
Exangle: SHIX

€2 =~ Full fuselage derth at spl:ice ©f matr
fuseiass to a¥e fuselage and with 2
taii wneel fuli afr .
Exanple: HHEID

.

F = TYa:l Rotor
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ERNGINE SEUTION WL IGHT (WES!) (weight of Engine Wace )i x

] and kngine Mounts) i
B

25 1.06 ., .5 3

FNATY (FUSsWAFeWPY) " ° " x (WEKG "ENF § *ih
urz-°

w5 = 0btE x l SS 3

3
where: g
FXAC = WNacelile Arrangenent = Values/Configurataon 3
.9¢€ - Twin €ngilnes mounted 1O LranSIISSITn E
forward or aft of main rotor,
i.19 - :
1.22 -
Z.4% - ™win engines outbcard of main fuselage.
Add factors for mcre than two €ncines, 3
FUE = TFubelage ®We.ght « 5See ¥eight Iguation H
WAF = Aft Fuselage melight - See We:ght Fguat:ion
|
WFY = ¥Fylon Werght - See Weight Eguation i
1
WENG = Total! Engine Weight - Input Parameter i
. . _.213% 3
EXF = LEffective Numer of Engines = .27% x HFZ 1
YN =  Nacells Volurs - Cu.Ft. - 7f Fnowi, ortherwise
use 26.5.1 x up2°2°7 o gwr- 370
Hi'Z = 1Insta.led Horsepower - Input Farareter A
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SECTION
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(WES) WEIGKT ENGINE
-
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_19? 10° , ot
; .29 1.0¢6 .kl
KKAC ; (FUS-AFUS+¥PY) , (SE/ENF} x VK .

_ HP2 1
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FPeeob ULEI0N GROIUE - LEES LNTIKE AND FUE SYETEY (WIT5!
- 1.8 .Y 1.k7
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x husher of Ma:rn Bgtors

MW EmE

"
&
t
n
o]
-
o
-]
L
=
pu
wEd
n

Mo = Max:imum Operating Weight - Lbs - Ing-ut Farareis

Ry = Marn Rotor Radias - Feet - Input Pararetd
KKk = Kumter of Main Rotors - Input Farametery
KOF = Effective Rureor of Rotor Blades = 14.2%9 x §°

s = 5Sol:dity - Inpu: Parameter
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52.50 x Hiri1/FPR ?

et
o
1.
H
X
[
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)
e
0
H

Yorscpower - Input Farameter

T

M = Ma:n Hoter Tip Speed - {ps - Input varaseier
Fk = Main Transrission Reductl:on Ra“:c - 1f ¥now:n, _
I I 1 :
OtheIrwise uses 2157 x 1Q S B / | 3
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an 1ntermediate paraneter 1n deriving
systen &nd encine driveshaft weaght.
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EN = EKumber of Engines - Input Parameter
WERG = fotai Ungine Weight - 1is - Ing <t Farameter

LY
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et
)
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Input Parameter

induction Systen 53% WEAC

Exnhapst Systexm 47% WEAC
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WLE =
where:
RE =
BFn =
YR

V]

SYETER® (miz!
g i 3 LE i
BeT0 a Wt 2077 5 (car.
i T - }
173l
o Transmiss:od: HBeduyction Ratio,
1 y
rne € » 107

of! Fuel! Systexn - Gallons - Inpu
¢ Horsepower - Ingur Farameter
r Engine and Transmissior Systernm
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QCJ. INS SYSTEM WIiGHT
iCE = L 7% a mlE
W.> = Weight of Luliricating Systee :

hote:

u
vy

tr:burion betweern basic engine and transniss:orn
was taker. as foliows:
Engine {oniing = .15 x LS
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Transncssign Cooiing
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ENTINE OOMTHILE WL
. . = o 1.63 .61
L= 3.7% x EXNF X .3EM
where
- - [N PPy G .3 B . - . - TG “233
EXF = Effectaive Bunber ¢f Engines = .27% x HPZ
HiZ = Instaiied Horsepower - Input rarasetcr

Hain Rctor Radius - Feet - Input Parameter
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ENGINE CONTROLS
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STARTING SYSTE® (WSS}

sup oY winG, S
w55 = 3.1¢ x {@" b 4 (E_h;!‘_:’
where:
SHF = Total Starting Horsapower = .GZ4% » 552.83?
HFZ = Installed Horsepower - Inpwut Farameter
WENT =  SFotal Engine Werght - Lbs - Input Paranmeter
EXF = .27% x wpz %3’
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MAIN TRANSMiSGSION (WXS1), including Rotor Shaft Weight

~g15 -5
0..8.5 x IQHFS i

WXST = j
OMRS = installed Power Converted ts Torgue ain Ft-1lbs

at Potor RPM = 52%0 x HP2/PPNM
HP2 = Jnstalled Horsepower - Input Parameter
RPM = Main Rotor RPM = 9.54% x VM/RN 3
VM = Main Rotor Tip Speed - fps - Iaput Farameter ?
K = Main Rotor PRadius - Feet - Input Parameter :
Rotor Shaft Weight = 18% WX5I }

o

ACCESSORY DRIVE EFDYISIQW,!ACRY)

L L

.01298 x QHF'TG£

e
3
o
L
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OMF = Ma.n Rotor Torgue - Ft-Lbs = 525%0 x HPI1/RFM

HP1 = Main Rotor Horsepower - Input Farameter

RPM = Main Rotor RPM = 9.549 x VR/RM 3
A%, = Main Rotor Tip Speed - {ps - Input Parareter !
24, ] = Ma:n Rotor Radius - FPeet - Input Parameter
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WETGHT MATIN TRANSMISSTON

(WXs 1)

10

10° -
l U2 o
{ MHH-57 —
U1 3y
q;i‘sz
- (:, " o
10° 102 103
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.75 -1

QMRS  _ x 10

figur= i-17. Mawn Transmizsion Weigh?t
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INTERMEUIATE TAIL ROTOR_GEARBOX (WITR)

WITR

OMR2

¥ x QHHZ'sz

.07 x OMR

Main Rotor Torque - Ft-lbs = 5250 x HP1/Ri!
Main Rotor Horsepower - Input Parameter

Main Rotor NPM = 2,549 x VM/EM

Ma:n Rotor Tip Speed - fps - Input Farameter
Main motor Radius - Feet - Input Farameter

.2298 Constant - Statistical Baseliine
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TA!l, ROTOR GEARBOX

WEIGHT INTFRMKDIATE

(WITR)

2
10 |

10

L

.62%
{QuE2)

Intermediate Ta1l Rotor Gearbox Weight
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TAIL RUTOR GrARBTXE (WTEER,

. s

QMR = Ma:n: Rotor Torgue - Ft-Lbs = 5250 x HP1/HPM

ir 2 = Ma.n:. Potor Horsepower - Input Parameter

J

Rp¥ = Ma:n Rotor RPM = 9.5%4% x VM/RM

M = Mai1n Retor Tayp Speed - fps - input Parameter
B~ = Ma,n RAotor Radius - Feer - Input Farameter

-
il

.2279 Constant - Statistica! Baseline
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ROTOR GEARRBOX

(WTRR) WEIGHT TALI.

10

R

R a8 TR 1 by

(QMR3 )

igure i-.%7. Tail Rotor Grarbox Weaght
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BRUTOF DEIVE SHAFTING (WTRSH

= Eoa 210 Yqpmra Y ox 3.2 me PB4y
= .1% x QMK

Rotor Torgue - Ft-lbs = 5250 x HP]l/FP%™

fl
»
bl

1]
£
b
=

Roror Hor

W

epower - Input Farameter

= Hain Potcy RPR = 9.549 x VR/RM

g

= Main Rotor Radius - Feet - Input Parameter

= L.6&%€ Constant - Statistical Basel:ne

Rotor Tij Speed - fps - inpul Farameicr

P T



103 -
i :
—- i
= %
o 1
]
§ {
4
: |
z
P g
-
S
; y 4
= 10 :
Z |
’- i
L {
19

.21 1.84) -2

l_(qnz) x G.2m) | a0




-

e 3

"

Wit =
HFTs =
Y =
t‘:}-& < =

w3l .14 x i:!iz“
v.oz (222 T X 5"
WENG ** x HPY!®T

wesghit of Fropulsion Group - Less Eng:i:ne and
Fucl Systen Weight - See Weiqght Equation

HKumrer ©f Eagines -~ Input Pa:ameter

——a 2 " 2 - - s~ oz % -z = - Pp— -
Tote: Lngiix Weight - Inputl Tarameter

Ma:n kstor Borsepower - Input Parameter

ROTOF SHAFT

L1 0r Sha
Weiooy °n

1aver as

fv wuoicht 3s ancluded in the Mairn Trassniss

the WXELD eguations. Roteor Shaft weight it

16y of wWysSl. Pefer to Helicopter Ma:n Trans
rission Section of this report for Rotor Shaft Weaght

ca:Culats

on hased on torsion or bendina.
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POTOR BRAK:

(WHE

WRB

DPM

wWBL

.
[
na
ok

Marr
Hain
Mairn

in
Main

Main

otherwise use =

Main

wr s s Treiem
A - L1 RS g w——

10
x lgﬁﬁ"‘ x ppr- Y

Botor Torgue -~ Ft-Llbs

Rotor Borsepowoer -

= 523C x HFPI/PPM

input Farameter

Rotor KPY = 9 545 x VM/R»®

Rotor Tip Speed - fps

RAotor Radius - Feet

- Input Parameter

Input Parameter

|

Rotor Polar Inertia - 51ug-Ft‘ - 1f Fnowr,

.

WBL x RM?

Rotor Blade Weight - lbs - See blade
L

AUXILIARY POWTFR PLAXT GROUP (APU}

APy

ACPYV
OME

KEP1]

"

]

4¢ .92 x ACPV

Transrissi0n Accessory Provisaionas = Q1276 x M+

Ma:n

Main

Ma.n

Ma:in

Ma:rn

. 0998

Poter Torgue - Fi-Llbs

Rotor Hursepower -

= 5250 » MPLl/RFW™

input Parameter

Eotor RPM = 9.5%49 x VH/RM

Fotor Tagp Speed - fps

Rotor Pad:ius - Feet

s Omratted

- Input Paraseter

input Farameter
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(¥RB) WEIGHT ROTOR ARAKF

Un-2B -*-1
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10 103

.44 .10
(QUR) =z (DPM)

Figure I1-2C. hOtor Brake Weight
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fZXIﬁmgﬁicﬁfilﬁfiﬁé {Continued)

) t
ENF = Lfifective Nurber of Engines = .279% x HF2‘23'

HP?2 = Installed Horsepower - Input Parameter

KGW = Normal Gross Weaight - Lbs = 2.045 x “.893

Acccuntabiiizty:

Instruments Furnishings & Ecuipment
Hydraulac Air Conditioning
Ejectracal Cargo Hancdliinag Gear

Electronics

MISCELLANEOUS USEFUL LOAD (MUL)

305

Pl

MLL 37.2 x MOW~

n

MOW Max1mur Operating Weight - Lbs - Invut Parameter

Accountalbailaty:

G:: Pyrotechnics 1
Trapped 1Liguids Pararafts & Seat Pans A
Flight Crew Canteens ]

;

. 2N
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FIXED WEIGHT (WF1X) (Continued)

ERF = tffcctive Numbey of Engines = 279 x w2433
HPZ = 1Instailed Horsepower - Input Parameter
- o s .8

NGh = Normal Gross Weaight - ibs = 2.14% x MOW 23
Accountability:

instruments Furnishings & Eguiprent

Hydraul:c Air Conditioning

Flectr:ical Carge Handiina Gear

Electronics

MISCELLANECUS USEFUL LOAD (MUL)

sty

&N A -

. 305

MOW = Maximum Operating Weight - iis - Innut Parameter
Accountabilaty:
031 Pyrotechnics
Trapped Ligquids Pararafts & Seat Pans
Flight Crew Canteercs

L
w
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WEIGHT MISCRLLANBOUS USEM/L LOAD
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Figire I-24. Mascellanecus Useful Load Weaight
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