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B-.ock 20., Continued.-

The work doacribed hetein represents a major Step toward the
1onq4 ahge objective of a minimum vibration and noise, minimum
weht highly reliable, advanced technology transmission system.
The nt&1~r goals of the program were'tot
I.' Dat~.ne tn tnailytioal approach to vibration/noise reduction.
.2. Correlate,,existing experimental test data with data predicte4

k byuthe analytical tools.
V. esign and fabricate modified transmission componento
utilizing the verified version of the prediction technique.

4. Conduct verification testing of the entire transmission with
the modified components installed.

S . Compare test r#Asulte of the b~aaline and modified versions
of the transmission.

6. Disseminate inaformation to igovernme~nt and industry personnel
through final report and user's conIfcrance..4 AiM analytiual approach using finite element and strain energy

computer techniques was selected for this work. A finite
element model of the complete forward rotor transmission for
the Boeing Vortol CH-47 helicopter was dovolopenl and applied to
reduce transmission vibration/no.ýoa. The internal1 components
were analyzed uaitnq computer programs IGE1A1R, 'VOTRRPt find D-82.
Trhe housing wasi modoled using NASTRAN. In addition to a doscrip-
tion of the model, the technique' for vibration/noise prediction
and reduction is outlined, Also included are the proedicted
dynamic response, correlation with test dAnta, the use of strain
energy methods to optimize thn transinissiou fur mitiimum vibra-
tion/noise, and determination of %he dosivin modli I tcations which
wore manufactux-Ad and tested.
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PREFACE

This report summarizes the results of the "Helicopter Trans-
mission Vibration and Noise Reduction Program". The report
covers the work accomplished during the 40-month period from
June 1974 through October 1977 and is composed of two volumes.
Volume I is the Technical Report, and Volume II is the User's
Manual.

The work outlined herein has been performed under U.S. Army
contract DAAJ02-74-C-0040 and under the technical cognizance
of Mr. Allen Royal, U.S. Army Research and Technology Labora-
tories (AVRADCOM), Fort Eustis, Virginia.

The fabrication of graphite/aluminum doubler plates (Appendix
B) was sponsored by the U.S. Army Materials and Mechanics Re-
search Center, Watertown, Mass, under the technical cognizance
of Mr. Albert P. Levitt.

This program was conducted at the Boeing Vertol Company under
the technical direction of Mr. A. J. Lemanski (Program
Manager), Chief of the Advanced Power Train TechnoLogy Depart-
ment. Principal Investigators for the program were Mr. John
J. Sciarra (Project Engineer), Mr. Robert W. Howells, Mr.
Joseph W. Lenski, Jr., Mr. Raymond J. Drago, and Mr. Edward
G. Schaeffer.
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INTRODUCTION

Considerable attention has been focused in recent years on the
reduction of noise levels for both military and civil heli-
copters as evidenced, for example, by the noise requirements
outlined in specification MIL-A-8806, the Occupational Safety
and Health Act (OSHA), and the Walsh-Healy Act. Helicopter
noise emanates from three major sources - the rotor blade,
engines, and transmissions. Exterior noise is dominated by
the rotors and engines, although the transmissions also contri-
buts to this noise. Minimization of tha exterior noise is
important to reduce the annoyance to communities near civil
helicopter operations and to reduce the detectable noise
signature of military helicopters. The interior cabin noise
is predominantly due to the structure-borne and airborne
noise generated by the transmissions (Figure 1), with the enq-
ines and rotors being secondary sources. The transmissions
are generally located near the flight crew and passengers
(Figure 2). If preventive measures are not taken, they pro-
duce an environment which degrades personnel performance by
cauming annoyance and undue fatigue of crew and passengers,
interferes with reliable communication, causes temporary
hearing threshold shifts, and eventually (after repeated ex-
tended exposure) causes permanent hearing loss. Furthermore,
continuous exposure to high noise levels (in excess of 90
dBA) can cause vertigo, nausea, headache, tenseness, blurred
vision, and temporary or permanent loss of hearing. Comfort-
able interior noise levels are essential for passenger accept-
ance of civil helicopters. The question of acoustical treat-
ment of helicopter transmissions, therefore, is not whether
it shall be done, but how much and in what manner.

In order to ensure compliance with MIL-A-8806 as the best
compromise between an optimum acoustical environment and the
penalties imposed on an aircraft by the inclusion of a sound-
reducing treatment (e.g., weight, cost, maintenance, and
incompatibility with other operational requirements), methods
of predicting noise levels and tools to perform trade studies
(i.e., source noise reduction versus enclosures) must be
further developed. Transmission noise is a symptom of the in-
herent structural vibrations which generate this noise. Until
recently, analytical methods have not been available to pre-
dict and reduce transmission vibration/noise levels in ad-
vance. The conventional means of controlling transmission
noise has generally been to add acoustical enclosures after
the hardware is built and a noise problem has become evident.

..... . . . .0.. PAM M LA...._ .
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Significant acountical treatment is roquirad in order to meat
the internal noise levels for military helicopter crow and

-' Icabin areas as specified in MIL-A-8806b Operational airurafL
employ one or more of several noise control techniques which
include skin damping and limp material blanketing to reduce
fuselage radiated or structure-borne noise, and high-density
rigid sound barriers or source enclosures to reduce the air-
borne noise. Reduction of the airborne noise by the use of
enclosures is considered to be effectivo, but the actual
noise attenuation that can be achieved Is dependent upon thecompleteness of the onclosure. Consequently, thionois, ro-
duction limitation in the speech feoquency range With typical
acoustical enclosures and meals im about i$ noi, sei th tup to
35 dB obtainable throughu use of improvad seAl conosigiration)
(References 1 and 2). wnn

nucthtr reductions in 3,ies lovel up to 50 lo 60 dB c4n be
achioved with fume-tight enclosures, such a i thoe employed in
some commercal helicopters and in some commorcial tratpL'ort.
aircraft ongihe installations oporating today. To date, ft'wR-
type enclosures have not been employrad on military holicopterstSince practical onclosurou arc limited in noise attenuation by

,, ~unavoidable sound leaks in som•is and aocoflms doors• (Viguro 2),
Sadequate attenuation in not provided for advanod heliooptorS~drive systems of increased power (Roforencori 3 anda 4). Ati:

"• ~~indicated by v'iguro 3, a IQX, opening in tho. onclosur'e permits I
il~~i 10QX, noise escape. Not only do t~h•on enclosures impoise .

I. S ternfold, 1,,, Spencer, R.H,, and Sol'oneff, or *, AN t,, STUDY
GIA) .(.TA)1,NSO RUAL EOTIE.C ANOM'IVIC I.)LISI GN CRI'E ,R1A FORC 1ON URtV'
ARMY AIRCNAlT, V$irtol INiv)isiIN(, Tho BoVet g Coly.U ny, TRini2TR 61-72, U.S. Ar'my Tr~ansporta,.tion lietlarell (O101111\•%ndo, F•ort
iguatia, Vir'•'in~laj Juno l961.

2 . Ster~nfold, 11. , schail ter, j. , nild S;puncor:, R., AN INVt':•FV I-
GAT.ION OP IUL~HICO1P',tXII TH'ANSMISSUON NOISEREDU•.)L CT.ION BY
VtIBRATION ABSORBER,,. AND C)AMP.ING, Veortol ),l~viasiuii, ',t)h Booi•.nq ,
Company, USAAMIRD., TR 72-34, U.S. Army Air Mobility Resoarch
and I)eVoiklopiaerit Lrbu'aorto.-y, Vo.rt 8Eustis, Viirti.)n la, Auguat
1972, AD752579.

3 liartmllan, RM., A )YNAM.CS APi1ROACH TO 14L1L0oI T.R TRANSMS.-
SION NO.t1E REDOuCTION AND 1MPROVUD RL, IABI'.III ITY, V'ayor Pro-
sontad at the 29th Annua.l National Vorum of tho Aloerl'ic1n
Illicopt-r Soti1ety, Washin.ton, b.C ,, May 1973, Vrox'.t
No. 772.

4. llar tim n, R.M , and Bidgqloy, 11 , MOlfll.l 301 1IkallI'ITC TRANSM.11S-
S I)N NoISE. IREDUCV.I.ON P ROOGAM, Vottol. lI.viNt ioi, The Booing
Company, U,,AAMRID1, 'I'R 74-583, Eu :tLi, u I) I'ec LoVIate, U,,S . A111Y
Air Moh i li ty' Rltiodvch IMA DTvo lupmonL L. ah.olaL tory , Fort

V.i I V1,i-1 , . May 1974, AD7Yt4,4 32.1
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CIU3 i'ahi.]. wu, ght: ~iazd IiaintainabiI i ty pnaltites, but t:hey
do not roduct-' 1 U- tei deleterious offect of tho accompanying
vibi:ationa whiclh contribute to matoria.1 fati.qu- and frettinq
at joints.

"Transmission vibration/noise levels will continue to increase
with increasing speed (Figure 4) and transmitted load (Figure
5). Furthormore, greater loads result in greater housing
deflections and misalignment effects which in turn lead to
even h',igher noise levels (Figure 6), Therefore, vibration/
noise problems will continue to become more critical as

l helicopter transmission power and speed requirements increase
(Figure 7). These factors have led to a need for the develop-
ment of techniques for the prediction and reduction of trans-
mission vibration/noise.

A new approach in helicopter transmission noise control aimedii at reducing acoustical eneorgy at the source in being investi-
gated herein. The basic premise of this program is to reduce
transmission gear shaft deflections at the bearings and avoid
resonances by control of dynamic response through stiffness,
mass, and inertia distribution, thus reducing transmission
noise at its source. Controlling the dynamic response of the
transmission is a desirable approach to noise reduction, since
reducing deflections at the bearings and avoiding resonances
also inherently increases bearing lives and improves trans-
mission reliability.

"P•revious dy nmic testing of a CU-47C forward transmission
conducted in the Boeing Vortol closed-loop test st4nd (Refer-
ence 4) provided a substantial volume of vibration,/noise data.
The transmission was instrumented internally to measur,
strains, dioplavoments, and accelerotions of rotating compo-
nents, and externally to moasure case acceleration and noise
levels. This data was obtained and successfully correlated
with predicted results. As a result of this test program, the
mechanism of noise generation iritially postulated has been
expe•rimentally verified. Also, ..ppliCation of the partial
debign tool available in Reference 5 indicated that a signifi-
cant improvement in noise leve.l could be achieved. This
existing data is being used for correlation with the results
of the analytical methods.

Au a convenience, the lower planetary and spiral bevel meshes
will be referreocd to as "LP" and "SB" throughout the ensuing
discussion. In addition, harmonics of frequencies associated
with these meshes will be designated by numbers immediately
following the abbreviations (e.g., the lower planetary first
harmonic would be written as "LPl"').
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THE NOISE PROBLEM

Because of the general awareness and resentment of the in-
creasing high levels of noise produced by noise sources in
the environment and the adverse effects such an ear damage
and physical and psychological irritation, greater under-
standing of sound, its causes, effects and control in nec-
eusary. Helicopter transmission noise presents an especially
difficult problem due to three factors - high sound pressure
levels, frequencies in the range most sensitive to the ear,
and pure tonal content.I The mound pressure level (dB) and the frequency (Hz) of
sound waves are the properties of sound that are measurable
using ordinary engineering techniques. Unfortunately, sound
pressure decibels are not the scale that the human ear uses
to judge loudness. Loudness of a sound is the magnitude of
the auditory sensation produced by the amplitude of the
disturbances reaching the ear. Vibrational energy of sound
is a physical property, while loudness is a mental interpret-
ation. Loudness of a sound is therefore a subjective quant-
ity and cannot be measured exactly with any instrument. Be-
cause hearing is frequency sensitive, rating loudness is a
complex Lank. Since the adverse impact of noise upon human
beings is a primary concern, numerous psychoacoustic criter-
ia for assessing the subjective effect of noise have been
developed. By any of the numerous standards in existence
for scaling annoyance and reactions to noise (Reference 7),
transmission noise is particularly objectionable. Sound
pressure in excess of 120 dB has been measured for the trans-
mission of a medium transport helicopter (References 3 and
4) which, for comparison, approaches the level of an air
raid siren (Figure 8).

A-weighted sound pressure level in dBA units is commonly used
to measure the loudness of a sound. This factor :-rovides a
single number representing a subjective assessmelt of the loud-
ness or noisiness of many types of sound and was designed to
approximate the response of the human ear. A-level is present-
ly used as a single number rating for industrial noise and
its effect on employees by the Department of Labor under the
Occupational Safety and Health Act (OSHA), and for traffic and
everyday noises by the Environmental Protection Agency (EPA).

The A-weightod sound pressure level is obtained electrically
by reducing the effect of low-frequency noise with a series of
filtersi this frequency weighting is shown in Yigure 9. Figure

7. Munch, C., A STUDY OF NOISE GUIDELINES FOR COMMUNITY AC-
CEPTANCE OF CIVIL HELICOPTER OPERATIONS, Journal of the
American Helicopter Socie, January 1975, Pages 11-19.
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Figure 9. A-Weighting of Sound Pressure Levels.
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10 shows contours of equivalent A-weighted sound levels over a
range of audible fruquencies. Not only is the transmission
noise at a high sound pressure level, but also the frequencies
at which it occurs are usually within the sensitive and
heavily weighted 2,000 to 5,000-HN range, which is most easily
heard and is thus particularly annoying to the human ear.

Pure tonal content, which is characteristic of rotating
machinery and results in a high-pitched whine, is subjectively
much more annoying and potentially more damaging than broad-
band noise. Therefore, for pure tones and narrow-band noise
sources (helicopter transmissions), hearing conservation pro-
grams such as that recommended by Department of the Army TB
MED 251 suggest levels which are 5 dBA below those of broad-
band noise.

The task of noise reduction is further complicated by the
logarithmic nature of the decibel scale sound levels. This
is illustrated by the following simple example. Suppose
that an observer is located equidistant among four identical
sound sources. When all four sources are operating the ob-
server measures 86 dB. Turning off two of the sources cuts
the sound power in half which, from the definition of mound
power level

PWL (ds) 1 10 logl 0

reduces the sound level by 3 dB to 83 dB. Turning off one
of the two remaining sources again reduces the sound power
by one halt and reduces the level by 3 dB to 80 dB.

The combined effect of up to ten equal sound sources is
shown in Figure 11. The addition of sources with different
levels is also easily accomplished using Figure 12. With
this figure the difference in the pressure levels of two
soundm is used to find the amount by which their combined
level exceeds the higher of the two. To add a third level,
the same process is applied to combine it with the total of
the first two.

The above discussion of noise addition, in which it was
shown that a 50% reduction in the sound power radiated by a
noise source yields a reduction of only 3 dB, indicates the
extreme difficulty in achieving large dB reductions. Assum-
ing a one-to-one relationship between transmission vibration
levels and radiated noise, the conzlusion which follows is
that the transmission vibration level must be reduced by 50%
to achieve a 3 dB reduction in noise level.
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ANALYTICAL APPROACH

TRANPNISSION NOISE .GENERATION AND REDUCTION

COear shaft deflections and their effect on case deflections
and nolso production have been under investigation for several
years. The mechanism which has been identified is that noise
is generated Lby the transmission housing as a result of the
nonuniform transfer of torque between mating gears (References
3 and 4). The nonuniform transfer of to'que is due to tooth
profile and spacing tolerance, the elastic deformation (bending
and contact) of the ciear teeth under load, and the deformation
of the tooth backup rlm and web. The combined excitation duo
to all of the above factors is calculated by computer program
GGEAR (R-67). This nonuniform transfer of torque produces a
dynamic force at the gear mesh frequency (number of teeth x
rpm/60) and its multiples for a simple gear set. For the
planet/sun gears tho mesh frequencies are the diffarence of
the sun cps and the speed of rotation (cps) of the planet I
center about the center of the sun gear times the number oftooth in the sun gear, plus the harmonic multiples. This
dynamic load is calculated by computer program TORRP (R-32).
This dynamic force, which excites the coupled torsional/lateral/
vertical vibratory modes of the gear shaft, is then applied at
the tooth mesh to excite a finite element model of the internal
components (shafts, gears, bearings). The vibration, which is
calculated by computer program D-82, produces displacements at
the bearing locations. These excite the housing and cause itto vibrate at all mesh frequencies, thus radiating noise. The
dynamic characteristics of the internal components may magnify
this excitation, Furthermore, the dynamic characteristics of
the housing, which arc calculated using NASTRAN, may magnify
its displacements and the resulting noise (Figure 13).

8y controlling the dynamic response of the internal components,
resonances can be avoided and displacem-eats at the bearing
locations can be reduced. This is a desirable approach to
vibration/noise reduction, since it also leads to increased
bearing life and improved overall transmission performance and
roliability. A three-pronged analysis for the reduction of
vibration/noise at its source has been developed which includes
the reduction of dynamic excitation, the reduction of dynamico
response of the shaft and housing, and the use of auxiliary
devices for vibration absorption.

An analytical approach using finite element computer tcchniqueis
has been Identified by the contractor for this program. Tech-
nical approach for the overall program is depicted in Ficulre 14.
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Figure 13. Sources of Transmismion Noise.
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This figure includes several significant features which are
included in the program as follows:

1. The analysis of the internal components includes:

o Noise calculation based on energy at bearings.

* Strain energy techniques for vibration reduction.

6 Finite element dynamic stress analysis.

9 Optimization criteria.

a Extension of GGEAR computer program to include high-
oontact-ratio spur gears.

a Computer-generated plotting for model checkout.

2. The analysis of the transmission housing includes:

is Strain energy techniques for vibration reduction.

e, Finite element dynamic stress analysis.

I Impedance and mobility methods for vibration ab-
sorption.

e Optimization criteria.

This program is highly computer oriented and makes extensive
use of several computer programs as indicated in Figure 14.
The accompanying User's Manual describes theme computer pro-
grams, presents rationale for their use, and discusses their
application.
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HOUSING ANALYSIS
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INTERNAL COMPONENTS - MODE, AND ANALYSIS

D1-CRIPTION OF THE MODEL

The internal components of the CH-47 forward rotor trans-
mission are shown in Figure 15, and the finite element model
of these components for use with program D-82 is shown in j
Figure 16. This model, which was developed previously
(Reference 4), was checked and refined. Using the refined
model, the dynamic response of the shafts was determined and
then a second computer program S-68 (Reference 8) was used
to identify the segments of the shafts demonstrating high
strain energy densities at the mesh frequencies. By modify-
.ing these segments, the dynamic response of the shaft was

•:q altered most effectively.

The methodology for the shaft model, the D-82 program, and the
normal mode analysis for the damped forced response are given
in Reference 4 and will not be repeated here. A listing and

W further description of D-82 are also given in Referonce 8.

"Igurt" 17 i's a spectrum o. the natural frequencies of the _
baie~.ina intornAl-componenta, and the first 20 mode shapes have
also boor a'to i. atially plotted (Pigure 18). It is to be
noted that the results are coupled bending/torsion and that
the input pinion and gear/sun/planet systems are also coupled.

The dampad forced response of the internal components has also
been calculatud. excitation at the lower planetary first
harmonic (LPl) is illustrated here. The plotted results
(Figure 19) are in absolute value, and the motion is coupled
vertioal-lateral confined mainly to the piniion components.

The dynamic loads calculated for each bearing at each mesh
frequency are phased (sine and cosine components due to
structural dampiiig) and subsequently applied to determine the
forced response of the transmission case and resulting dB
output.

8. Sciarra, ýT.J., USE OF THE FINITE ELEMENT DAMPED FORCED
RESPONSE STRAIN ENERGY DISTRIBUTION FOR VIBRATION REDUC-
TION, U.S Army Research Office-Durhnai, Contract DAHC04-71-
C-0048, Boeing Vertol Document D210-10819-1, July 1974.
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SORTIE STUD

The internal domponents have been analysed over the flight
profile for a typical sortie. Since a helicopter tranomis-
aien operates at essentially a constant speed throughout the
flight profile, the significant variable is the transmitted
torque. Therefore, from an analysis viewpoint a sortie study
is actually a study of the nonlinear variation of bearing
spring rates with varying torque levels.

The arrangements of the support bearings for the spiral bevel
pinioni and gear are shown in Figures 20 and 21. The changes
in the spring rates with varying torque were calculated using
bearing analysis program S-04, and the results are plotted in
Figures 22 through 29, Since .,n the finite element model the
bearing stiffness in represenited by beams and springs, the
effect of the varying operating condition is introduced into
the model by adjusting the crQss-sectional area (stiffness)
and torsional rigidity of these beams. The beam spring stiff-
nesses and corresponding torsional rigidities are summarizedin Tables I and 2...
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TRANM1r ,111ON RAIJS 'I.IG -MODY-11J AND) ANALYS IS

TIhe Ijosihig Voltol CH-'47 forward rotor tranonmisoign h ousing im
C01V06Ce.4Of thrcd maajor imactiorno: upper OOVt~vrf rirlg, gear, and
bovell gear ciao*- (inciludiriy oil 8um1). Chr. upper c~ovi~r provides
luga for i~aurnting the~ transmission to the s.Lrfrazne nd trans-
mit's the rotai systenilovads through its structure and into. the
aiLrfrwine. Hence.,_ the antire upper cover structurd is'b pr~imary
load t~arry itg voimbar, The case. contains a~nd supports. the main

Tho upper reg odns of tho case r~eact tho bevol godr' mosh loads
-Adtasmttruoit h ringgar:h lower i re:onoof

the lubrionting oil. Th igw~hconnocts teipa
Covbr andi oase, oobisteplanotary qja-systum. InAdi
tion to, r oatint; tho pnea,,, ea~r meah loads .tho ring quar
transmitA omise ioado, ±itit thei uipper cover. hsnAtia
division of the' tigwa adhered to 'fur oaso ot modaling

Tbei %aobievemant, of qoo(, reoiults is dapandont. upon th' d 'evop-
mont of n modo), whicli accrat~iy roproduces the behovior of
,tha nctunl'bavdwaro. -Althwxyh the AolI~ion of 3 finito. u1,pmunt
pgableum is rigorous, the6 co,,otrudtion of aq fnito eloantat
modal, is Somewhat of an art as op.oe to ~ Pr#e
and is howvily dependent upon the exparioncto an's inaiglit of'
the madeltir. -The modeler is the intoerfacoe betwuen tbw, Atom rf
hardware baing modolod arid the ainalysis boiatj app.",.td to build
tha model.* The critionl fea)ýturos o~f the atructure mlust be
accuratoly ropresentod, but compromises must be made for
conipatability with th ;capnbilitioa~ of tho analytical method.
A sim~plo example of modtil limitntions in the restriction
iapovad %tpon NASTRAN p~nteo loments that all connectingy grid
pointri be nearly co-plhnrir. The degroo of detail necesoary
for LA model depondm upon suvoral, factors# includiiuy tilt type
of solution desired (o.q.t static or dynamic)j the aucuracy
desiredp and the external ounstraints or applied loads. Model
complaxity mtust be traded off agaiinst coniputell time. Ingenuity
by the mod4olr in nocssuary for minimizing the nlumber of grid
points and conecting elements in the modol. Therefore, before
the nctual modoling of the housing structure was starte~d,
ground rulas for thei modoling bad to 'ja outablinhod.

Tho first, maspect to be n~dressed was tbe required grid mosh
Finonesne. ideally it is desirable to build the modal with n
tino qrld mameh to achieve gronteý,r mccuracy. However, in
practice n tcndot-off in~ neceoksary tZo establish a grLid mosh
fUna -anavih to yinld sufficiont nocurney but. not. so fine that
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comnputer execution time be~com'es prohibitive. With ',hle study
otf the, c~ircular cyl.*ndsr and ttirbine disc mg~als described in
t User' s. Manual, as background, .An .a**uthal mpacing of ablout

15' was requirod to.proid ac~ beoacot~racy. Tisai
'1muthal spac,69 :wa thus. established for both thei ritng, gear and

caseamodelf m~nde~ituwas-necessary to anaiyze the behiavior, of
tilee: omoneot ý-Thiyer~ica o~acig .was generally

dictate4 yntra hn~ in MIirdwaro shape. and wall
ii ~ h "thackness6,a ~r kth* aea~~tda Pon 'Of about 2 inches

was uedreaiiltiniq iýn AlemiWrkB 'Vith lineatr dimensions ranging
from'aboixt 1452,to -34ý4 ), t-e. ing 9*jr a. vertical.

I ~ ~ ac Lng f ~ri ~ tq";, ~ i ~'wa~ s~ r seulting in elements
wth b.,~a bi~s S. i-:' 2.9 iriche-."
The *k AV 0aA6 iA soot gr~id esh, since"

the in e40\ of tthis 4 ~t 6'l h6snbloAit a'dittailedmde
9w~"~ ' and analy~i'', h pe coyx' t -aha a4 mprogeneral

''anAlysis of its: gro.,hp 6efect 6~the' other parts of the housing.
~~" ~ J~ho aam.ha spain fPr . u cvrý is predominantly 3010,

~ho~a~p ng. o~f lS0 was 1,.Used at the. lower boundalcy for
ComPat Aiti wit~ .he rngI qoatý A , vertical spaoing of from
1.4 't6Oiý,,h 5. Fo;, much portion of the housing,

gn gri4'-m*~ 'f hapas ~st Otbli~hed provides an ae~ceptable
aCC.Macy/'a tutr I 6!ttiiL1xadof for the 6ynamic analysis

~' ) .. cohducatd hmer~e n.,
.~cterap~c ofthe geheral Aool procoduro Which had to

b taihdwisth gt'ppi f~ty rtlvularly a~t the
bqundariis -betWeen .the 4ppo r Coý gring g~ n os.i
.would be ms siab.t a thoo!-entire housing as a single

* m~del, but.'Oeu to the large comcputev exac'uiioi time it was
Alvssay.to anAlyse eah of the thgree., sections (upper cover,

r g geoý'r, and- case) 4as -sep~ata'.i~dels. Running the three
sections independently introdumed the rnquiroeient te. establish
constraints on the grid po~ito which form thai boundaries
between the mating secodons' F'ixity representative of a
simply supported structure was imposed by app lying single~ point
constraints,(SPC) to0 co"notrain the three translational 6.igrees
of freedom to zero motion for each boundary grAd point along
the upper cover/ring gear and ri*hq gear/case intezaaoew. This
fixity simulates the r~watroint imposed upon the boundary of one
member by the structure of its mating members

Based on the grid mesh guidelines outlined prcaviously and *

locally modified to be compatible with the hardware structure,
the locations of the geometric yrid points for the mod~1 we-e
defined from design drawinys and by croso-checking on an
actual housing. Pý.gure 31 shows the case hardware and the
meabunring instruments used. CQUAD2 (q~uadrilateral) and CTR1A2
(triangulav) h'Jnoqeneouui plate (irembrana and bending) elemients
were used to connect the grid points and build the NASTIRAN
3tructural model. The physical properties (thickness and
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material) were defined for each element. The mass of each
elem~ent is consi~iered to be distributed at the grid points
conneptcid by the respective element.

Asoingproprocessb program (SAIL 11 - Structural Analyses
Input Language) for the automatic generation of grid point
coordinate.s an~d structural element connections was used. This
preproc~ssor allows tho.user to take advantage of any pattern
which ooduks in the data by~ providing utraightforward tech-
-niquss foi describing algorithms to generate block* of data.

V ~ -SAL~ix Was used t6ogenerate the ring gear and the upper cover,
includ~nq the mounting logo. One,,leg was modeled and then the
other three we'ioe'generatod-by a data block transformation..
$Afl, was 4ao0 u64-d eutoriv~ly -to gener ~to the symmetrical
Oortionu. of the diase4 upper mounting fllange, input pinion
barrelI pump."upporto and pump drive support regions. The

t td~ngof the irregular portions of the case as well as theconnect hti of the SAIL genercated regions was done manually.
The eiktahsive computer-~genorated plotting cap~ability of NASTRAN
wa*v uiod both'to ,plot the* undeformed structure to debug the
81t46~t&'A model *nd-to plot the deformed structure to define
the mode s'hapos. kigures 32.and 33, which show plots of
Various oriontationa oý the qase model, demonstrate the
vdrsatkl~ty of 'the NA6TRAN plotting capability.

Aior aurie .of: 4dontificiation tho case was subdivided into several
regiohiv~a~d thý grid, po.n4ts 4p each region were labeled with
A. speaifJ~c, but`,ikrbitvAty0 series of numbers. Although thsem

gidpoiaht ialmb-81k6 tit only ts -labels# they affect the band-
width ;of the.stiffne'is and mass matrices. To minimize the

BANDT ompuer rogam (efeenc 9)wasused to auto-
matIcaly~enuberand*ssgn ntenalsequence number. to
the ridpoits, he utpt frm BNDI isa set of SEQGP

cards whc x hnicue nteNSPNbl aadeck
and which reliteo the original external grid numbers to the

The ode Inluds gid oins rpreenttiv ofthestructure
where the shafts are supported by their bearings as well as
gridponsrpeettvoftepae-iggatoh
meshe... oegi onsaeuedt pl h ynni
excitations at the mesh frequencies to analyticall excite the
housing. Although each geometric grid point has sxpossible
degrees of froodom (three translational and three rotational).
the disp~lacements normal to the outer surface of the housing

9. Everstine, 0., BANDIT -A COMPUTER RROGRkM TO RENUMBER
NASTRAN GRID POINTS ?OR REDUCED BA~NDWIDTH# Naval Ship
Research and Development Center Technical Note AMX.-6-?0*
February 1970.
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are of most interest for noise evaluation, since this out-of-
plane motion generates sound waves. This is illustrated in
Figure 34 which shows that as the vibrating body moves forward
from its static equilibrium position, it pushes air before it
and ccopresses it. At the same time, a rarefaction occurs im-
mediately behind the body and air rushes in to fill this empty
space. In this way the compression of the air is transferred
to distant regions and the air is set into motion known as
sound waves. The result, sound, is the auditory sensation
produced in the human ear by the disturbance of air.

To conveniently evaluate the motion normal to the came surface,
numerous local coordinate systems were defined and oriented
such that the displacements and accelerations calculated at
each grid point could be referred to a coordinate system having
an axis normal to the case surface. This was not necessary
for the ring gear, since the existing global cylindrical coor-
dinate system provided a normal component. One degree of
freedom, rotation about the normal to the surface, was con-
strained since the stiffness for this component is undefined
for SASTPAN plate elements. The other two rotational degrees
of freedom were omitted. All translational degrees of freedom
were retained to accurately represent the motion of the actual
housing. Because of the large model size, the Guyan reduction

i technique 
was used to reduce 

the size of the analysis 
met.

Distributed areas of interest were defined as an ABET (solution
set). The Givens method of sigenvalue extraction was used and
the model parameters are summarised in Table 3. The NASTRAN
weight generator feature was also used by means of a PARAM
card in order to calculate the model weight. The weight of
the actual hardware items and the weight as predicted by the
NASTRAN model are also summarized in Table 3.

The contractor is confident that the model is an accurate
representation of the actual transmission housing for the
following reasonst
1. Use of a widely accepted and thoroughly validated computer

program (NASTRAN).

2. Extensive computer-generated plotting capability used to
debug model.

3. Cross-checking of model, design drawings, and hardware,

4. Good correlation of model and hardware weights.
The natural frequencies and mode shapes, as well as the damped
forced reaponse for the gear mesh frequencies, have been
determined. The dynamic forces at the bearings which excite
the system were determined by utilizing the computer model of
the CH-47 forward transmission dynamic components discussed
in the previous section.
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Upper Cover Model Results

A computer-generated plot of the finite element model of the
upper cover is provided in Figure 35. The dynamic response
of the model is summarized by the spectrum (Figures 36 and 37).
The model was analyzed with the four legs simply supported to
reprseAnt attachment to the airframe structure. Also, the
grid points along the upper cover/ring gear interface wore
simply supported to simulate the constraint which would be
imposed by the ring gear structure if attached.

Ring Gear Model fiss4 ,e

"in order to obtain all the modes. ;the entire ring was analyzed
as a simply supported structure. Theogfect Of the mass of
the gear teeth was included by using concentrated masses
(CO*MISS), but their contribution to radial (hoop) stiffness
was excluded. An automatic plot of the ring MASTRAN model is
shown in Figure 38. Also in the figure, the natgra3 freqaencies
of othi ring are shown oi the lower portion of the spectrum.
The main exciting mesh frequencies are 'hown on the upper
portion of the spectrum. It. is noted that the natural fiequen-
ciao are embedded in the exciting mesh friquencieS,, which could
lead to considerable amplification of noise and vibration. A
detuning process was conducted using 8-83.and is described in
a latir section. IM

Cale Modele t R. u3t

The case was initially analyzed without the sump attached and
with a fzoe boundary condition at the case/ring gear and case/
sump interfacis. The frequency spectrum for this configuration
is shown in Figure 39, and a NASTRAN plot of the housing 46th
mode, which has a natural frequency closest to the L?2 exciting
frequency, is shown in Figure 40. Subsequently, to provide
more realistic boundary constraints, the sump was attached to
the case and the constraints at the grid points on the case
boundary representing the case/ring gear interface were '-.
changed from a free to a simply supported condition. The
dynamic analysis of the model with the sump attached and with
the new boundary condition was rerun on NASTRAN Rigid Format
3. The calculated natural frequencies of the case with sump
attached and the main exciting frequencies are plotted on the
spectrum shown in Figure 41. The spacing between the natural
frequencies of the case has generally been increased and the
rigid body mode. which previously existed have been eliminated.
The mode shapes of the case for the natural modes closest to
the exciting frequencies are plotted in Figure 42. The results
of the dynamic analysis of the case (with sump attached) wore
evaluated using the strain energy program (S-83) and the areas
for modification of the case structure were defined.
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Figure 42. CH-47 Forward Transmission Case (With Sumip)
Modal, Deform~ation.
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Figure 42. Continued.
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DETUNING OF THE TRAMM$ISSION

Every structure possesses characteristic frequencies, called
natural frequencies, at which it will vibrate when excited.
A hollow metal cylinder which has been excited by striking
with a mallet, for example, will develop a wave motion with
very small local displacements. Furthermore, sound is emitted
and the pitch of this sound is determined by the frequency of
the wave motion. 'Since this natural vibratory wave motion is
periodic, it possesses a natural frequency.

If succeeding applications of the exciting force are timed to
begin to act just at the instant that the wave motions are
about to repeat themselves, a condition known as resonance
occurs. Energy will accumulate in the structure to such an
extent that the amplitude of the vibration becomes out of
proportion to the exciting force producing it. In the case
of a transmission housing, the exciting forces are the tooth
meshing loads. If this exciting frequency or its harmonica
coincides with a housing natural frequency, resonance will
exist. At resonance, since the wave motion. produce repeating
deflections which may become large, a fatigue stress will be
imposed. If this stress combined with other stresses exceeds
the fatigue strength of the material, failure will occur. in
practice, however, due to the damping imposed by the structure
and other transmission components, resonant fatigue failure of,
transmission housings has not been a problem.

A useful index for evaluating the possibility of resonance is
the amplification factor (A ), which is a function of the
ratio of exciting frequency.SX to natural frequency W0 and is
plotted in Figure 43. Examination of this plot shows that
when the exciting frequency equals the natural frequency

1 1) the amplitude of vibration becomes very large.
This is resonance. If damping is present, the amplitade is
reduced, but it is still large for damping in the typical
range encountered in practice ( . .i).

To illustrate the concept of natural modes, consider the
simple example of a thin flat disk. When the disk is excit-
ed at resonance on the bench, the natural vibration appears
as standing waves. That is, segments of the disk are in
motion but other areas of no motion (nodes) are also well
defined (Figure 44).

From the above discussion of resonance, it is evident that
each natural mode of a structure will contribute to vibration
in proportion to its amplification factor. Consequently,

4. since each mode whose frequency is in the vicinity of a for-
cing frequency will be a major contributor to the overall dy-
namic response, it is desirable to alter the housing natural
frequencies so that none falls close to an exciting frequency.
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This may be a difficult task since avoidance of one resonance
may create a new resonance elsewhere in the frequency spectrum,
unless all natural frequencies can be shifted above the excit-
ing frequencisi. in any case, it is usually preferable to
stiffen, rather than weaken, a structure to cause the desired
frequency shifts, since stiffening results in smaller vibration
anplitudes (Reference 10).

Strain energy techniques for structural optimization have
evolved in recent years. for applications such as helicopters
where weight is critical, it is more appropriate to evaluate
the strain density (strain energy/volume) distribution within
a structure which provides guidance for vibration reduction
by identifying the structural elemeoAts participating in the
modes.

To optimize the transmission components for minimum vibration/
noise, the eigenvectors (mode shapes) and natural frequencies
are calculated. The natural frequencies calculated are com-
pared with the gear mesh exciting frequencies to identify
each mode shape whose natural frequency is close to an excit-
ing frequency and which it is desirable to shift. For each
appropriate mode shape, the strain density distribution
throughout the structure is calculated. The structural ele-
ments with the highest strain density are the best candidates
for effective modificatioh of the natural frequency, since ai ~minimal weight change will yield a maximum shift in natural
frequency (Reference 11). By locally altering the housing
wall to change ahermass and stiffness in theme areas of highstrain density the natural frequency may be shifted away
from an excitsfg frequency.

For noise and vibration reduction it is important to minimize
the displacement at the bearing locations. This may be done
in several wayst
1. Relocate the bearings.

2. Change the shaft stiffness distribution.

3. Change the shaft mass distribution.

4. Change the bearing stiffness.

10. Soedel, Werner, SHELL VIBRATIONS WITHOUT MATHEMATICS -
PART 1I, Sound and Vibration, April 1976, p. 12-15.

11. Sciarra, J.J., VIBRATION REDUCTION BY USING BOTH THE
FINITE ELEMENT STRAIN ENERGY DISTRIBUTION AND MOBILITY
TECHNIQUES, 45th Shook and Vibration Symposium, Dayton,
Ohio, August 1974.
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5. Reduce the dynamic tooth forces.

Thus, the possibility of resonance is eliminated and the ,
vibration and radiated noise are reduced.

in summary, therefore, the approach to reducing the noise J
produced by thV transmission was divided into two distinct but
complementary areas. First, the internal components were
detuned so that their natural frequencies were moved as far as
practical from the various mesh excitation frequencies.
Second, the housing itself (in this case, the lower case and
ring gear portions of the housing) was detused by identifying
the areas of highest strain energy density and then selectively V
stiffening these areas to reduce the case response to the gear
excitation. In addition, the mode shapes of the internal
components (specifically, the input spiral bevel pinion and
the sun/bevel gear shafts) were evaluated to insure that the 14
excitation at the bearing supports (thus the excitation
applied to the housing) was minimum.

kRZ W O NTE CORMPONE

The dynamic excitation of the housing is reduced by mini-
mining the dynamic forces at the shaft support bearings.
This is a two-fold task. First, the excitation due to the
dynamic tooth forces is calculated from the gear geometry
and operating conditions. Second, the damped forced re-
sponse of the shafts responding to the tooth mesh excitation
loads is calculated from a finite element model and the shaft
is detuned using strain energy methods to minimise the dim-
placement at the bearings. The development of this method,
accomplishment of extensive dynamic testing, and correlation
of data are described fully in References 3 and 4. Finally,
the dynamic forces associated with the optimum configuration
of the internal components are then applied to excite the
model of the housing. To study the response of the trans-
mission housing to these forces and to minimize the noise
produced, a finite element model of the housing was developed
and analysed using NASTRAN.

In Table 4 the natural frequencies of the baseline internal
components system, as well as the gear mesh exciting frequen-
cies, are listed. The D-82 model used to predict these fre-
quencies is automatically plotted and shown in Figure 45. In
computer program S-68, the model of the internal components
was lorced to deform in the mode shape of the natural frequen-
"cy closest to a mesh frequency. The strain energies and
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TABLE 4. NATURAL FREQUENCIES

FrREOUEZNCI12 BASEbINE Mi.) JIM112NOt #1 11BRATION #2

560 503 583

627 : 614 619

;I 92 '7 "787 813 1
1366 364 10

410 ~4 1089 .1122
151 4 1473 *1473
1526 1533 1532*
1769 ,";"1740 1730

3755 p6132 2747

2796. * 686 2795
• I A 2 3 1 '3 2 3 0 4 4 .. '. 2. . 2". : 1 . . . ..' . . . . .3 2 3 1 •, •

3355 337

.3.,5 33106 3369
• "4544 4402 453,9

L,3 4493 9.4
""150 5240 5452

5419 414 $542 [
4- ,;.T-'L '*• t ""~ 5568 1

7172bs~e5797

taintroalled by bearing stiffness.

PRELOAD PATH

.,V~ ~~-..PRELOAD GAP

Figure 46. Use of Gap to Change Bearing
44 Stiffness Through Preload.
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strain densities of each of the structural elements were de-
termined and tabulated from highest to lowest, the structural
elements in the highest strain being the best candidates for
modification of the appropriate natural frequencies.

The structural model was modified according to the results of
8-68. The new natural frequencies are shown in the third
coltmn of Table 4. The natural frequencies just above the
lower planetary mesh second and third harmonics were altered
upward away from the exciting mesh frequencies, thereby reduc-
ing their arpligication factors. This reduces the level of
vibration and the resulting dynamic bearing loads to the
transmission housing, The bevel mesh exciting frequency is
relatively centered with respect to the next higher and next
lower natural frequencies, so it was not changed. The natural
frequency just below the lower planetary first harmonic was
unchanged since its value is controlled by a bearing stiffness.

A second iteration was made using 8-68, and a new 7th mode
shape (lower planetary first harmonic) was obtained. Again,
no significant change of this natural frequency occurred.
Some bearings may be stiffened by using a preload shim
(Figure 46), This was investigated since it controlled the
natural frequency closest to the lower planetary first har-
monic mesh exciting frequency. The bearing of the pinion gear
(shown on Figure 20), however, could not be preloaded. An
alternative method, stiffening the internal diameter of the
pinion below the bearing, was also attempted. This modiflCa-
tion resulted in no change to the natural frequency. The
sixth natural frequency (1514 Hz) wa4 found to be controlled
by the bevel/sun gear radial bearing.

DETUNING OF HOUSING RESPONSE

A complex gearbox such as a helicopter rotor transmission
typically has more than one gear mesh, hence more than one
exciting frequency. The Boeing Vertol cH-47C helicopter for-
ward rotor transmission employs a spiral bevel gear mesh plus
a two-stage planetary gear system. Hence, each of these
fundamental gear mesh frequencies as well as their harrmonics
must be cons dered. The primary frequencies for the CH-47
forward rotor transmission at 243 rotor rpm have been ident-
ified experimentally as the bevel gear mesh frequency and the
lower planetary gear mesh frequency (LPI) and its second
(LP2) and third (LP3) harmonics. The occurrence of multiple
exciting frequencies, coupled with the fact that the housing
possesses many natural frequencies, makes it a complex task
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to detune the housing so that none of the exciting frequen-
cies coincides with a natural frequency, Additional sources

of exciting frequencies in the form of sidebands are intro-
duced by planetary gear configuirations5 (Reference 12) and

manufacturing variations (Refer~ence 13).

Tho ex4iT¶Ontlt p idgrsamdescribed in References 3 and 4
inld ted'e testingo0f a CKi-47'C forward transmission

with, initernal, i"stmrwflhta~.±oA' to Measure strains,, disp~lace-
ieto and aPc,1etati~hi. .Of the #oating componelits -and ex-

tenlinstiumentation to measure housing acceleration and
afliSS. , qor*41aii.of of- this data with -the. anialysis has, in-
4ioatoo th*' Ey 4,o14fn the AV~/shaft/bee'riflg. gymtem

geomtrytheine""il comonets. mayl be un -ew~ to miniumie

exa:4tation..of 'the ,houmiiýg. App3.±cation of 'stiain de''nsity

teni~~_0_toth6;e. dy~nmic components has idewatif ied modifi-
cattni'~ic hae, nalticllyreduced the loads exciting

the M~using at the bevel mesh, 'LP2'and LP3 frequencies. Loads

at the LP3. frequency increased slightly. Since the effects
of mzt~pleznos'i sources are added logaritmol~ h

i'ductibh'bf thtee out, f four, noise sources may not 
apprec-

Lably reduce this overall noise level.

tii ea olsuteluents hAve tended tocnim that huigre-

sponsies exist and generate noise. This is evidenced, for

example-# by thip LP2 and LP3 frequencies.. Although the ex-
citing source for these frequencies is within the ring gear,
the maitoe±ium noise at these fresquencies emanates from the

mid-case region (Figure 47).

It is important to note that since the exciting frequencies
wil vary with changes in operating speed, the housing must be
detuned at a specLf a operating speed. The aipplicationl of

$train density methods has led to identification of the 
areas

of the housing structure (specifically, ring gear and case)

W ich will be modified to detune the housing for reduced
vibration/noise. The strain density distribution was deter-
mined using the 14A$TRA.U post-processor for the modes with
frequencies nearest to the four main exciting frequencies# 

and

the elements wi~th high strain density were identified.

12. Beranek# L.L.p NOISE RSDUCTIO?4, McGraw Hill book Cot 
1960.

13. Sternfeld, H.,, Scheirer, J., and Spencer# R,, AN INVESTX-

GATION OF HELICOPTER TRANSMISSION NOISE REDUCTION 
BY

VIBRATION ANBORBBRS AND DAMPING. Vartol Division, 
The

Boeing Company.# USAAMRDL Technical Report 72-34, Sustis

Directorate, U.B. Army Air Mobility Research and Develop-
ment LaboratOry, Fort Eustis, Virginia, August 1972,
AD7 52579.
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Detuning of the Ring Gear

The principal objective of this analysis was to shift the
4770 Hz natural frequency of the ring gear away from the

j lower planetary third harmonic frequency. As indicated on
the spectrum on Figure 48, this exciting frequency (4698 Hz)
had a cluster of natural frequencies close to it. A strain
density analysis (S-83) indicated that the upper portion of
the wall indentatioft between tho upper and lower planetary
gear teei tf' had. the maximi. strain ;'.•ity and was the area
of the structure which should-bemodified for optimal change
of the third harmonic of the lower planetary mesh frequency.
A sample of the S-83 anialysis output is shown in Appendix B

,Ij with the strain density calculated for the outer surface of
the ring gear.

As a result of the strain energy analysis, the thickness of
"the wall sections betwoen the upper and lower flanges was,
increased by 0.2 inch and the dynamic analysis was rerun with
this Modified structure. The results of a reanalysis indi-
cated a shifting upward of the Whle' dluster of natural fre-.
quencies. The natural frequenby closest to the mesh frequency
moved from 4770 Hz to 5179 Hz. This is shown on the spectrum
on Figure 48. A natural frequency close to the second harmonic
of the lower planetary stage mesh exciting frequency (3132 Hz)
was also shifted upward from 3206 Hz (unmodified) to 3352 Hz
(modified). Therefore, the mesh exciting frequencies of theI,' ring gear are more centrally located with respect to the
natural Frequencies with the modification which is goodness
for vibrntion/noise reduction. In fact, the undamped winpli.-
fication factor

*1 = Mesh Exciting Feuc,
SNatural Frequency

for the second harmonic lower planetary mesh frequency was
reduced from 21.92 to 7.88. For the third harmonic lower
planetary mesh exciting frequency, the undamped amplification
factor was reduced fr-n 33.38 to 5.645.

Detuninci of the Lower Case

When applying a strain energy analysis to a structure, each
mode considered will typically result in different elements
of the structure being in a state of high strain density and
hence will yield a different strain density tabulation se-
quence. However, some high strain density elements are gen-
erally common to two or more of the modes. Strictly speaking,
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the elemento with hilhest strain O~ensity -for each~ wonda should
be modifieid'to-achieve the maxi~mum6 fr~quency phift 'for each

qor ~ Td.n ~6e h~ rahog ewe uring the
design, of 'a i~ew structro.. 1
Due to th r`5 r~ modes'of. the 'traknmii~sion cai~e

h1e24 =t n esAigb1tforwa*d. T6 M64oify the exits t~ng
ho~using it woni be cui er~some iLr not im~possible to ijcdpor-
ate the -nui1~orous and, varie'd %Aodil~cations irid~cated by a. d4

rigOtOU0 applicatiot' Ofk tbhe strain dsAiliy, intirois to 'each
trou;,# me' ý4'6 Therefore,* for practiceAl jp' iOation. to

V ~ to i1e .xpkirehta Ihpudinq -herein', those elezki~ts With a roe3a-
more moldos'have been idenv~if4. (shaded areas in Piguoe.49)

and~~ moified to' phift the'hO h ±nq frequencies nti
manner a specified strut~rai. ha49o alters two or md~e

frfizcies, althouqh,ý169*psno tige frequency is shif ted
faxemaliy. it .wo~ more' foimi~ble to modify these elomeritsunethe actual changes to' tihe exiuting housing design for
testing were limited to a few easily accessible areas on
the exterior walls of the housing. This approach, although
notthebou possible from a rigorous application of the

analysis, should provide sufficient detuning to demonstrate
the validity of the analysis. The objective of this work is
to predict the actual change, whatever it may be, but not
necessarily to optimize the housing in the most rigorous way
possible.

Considering this strain density distribution and the configu-
ration of the actual hardware (e.q.# oil passages, ribs), the
areas of the housinq wall which were mo'dified are defined in
Figure 50. Doubler plates will be bonded to these areas for
the test phase in order to simulate an increase in wall thick-
noes. The model was changed to include these modifications
by increasing the wall thickness by 0.300 inch in these
localized areas, and the dynami~c analysis was rerun. Figure
51 show-. the frequency spectrum for the modified housing, and
Figure 52 is a comparison of the most significant frequencies
for the baseline and modified housing configurations. The
shifting of frequencies damofxstrated by this comparison
verifies the effectiveness of the strain energ~y method.
However, some of the modified frequencies are more unfavorable
thqn the original configuration. Because 'I the multitude of
natural frequencies, this was not unexpected.

Vibration Abgorbes, Teolatore

The work herein was modified to include the investigation of
isolators in lieu of bending absorbers as originally planned.
This change was justified based upon the results of the rather
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extensive previous study of absorbers in Reference 14 and the
difficulties with absorbers discussed in the next section.
Conversely, work conducted at Boeing Vertol and in Reference
15 indicated that isolators offer promise in reducing the
transmittal of high frequency vibration energy across gearbox
mounts to the local airframe. Tests indicated that a 10 dB
reduction in speech interference lvel (SIL) noise could be
attained by replacing'the standard main transmission attach-
ments with rubber mounts having a static spring rate equal to
that of the airframe at the attachment point (Roference 15).
Follow-on work corroborated the initial reslts and produced
a curve showing SIL noise reduction versus relative airframe-
mounting stiffness. Later w6rk using an electromagnetic
shaker and impedance head showed the usefulness with regard tonoise reduction of both Atructural damping and aloisolation
with a static spring rate that is compatible with transmission-
airframe relative movement' restrictions.

Optimum Configuration

The modifications defined in the previous sections were based
on considerations of the separate components which comprise
the transmission (i.e., the upper cover, internal components,
ring gear, and lower case). Bach of these modifications
showed potential for reducing the overall noise and vibration
level of the transmission; however, their combined effects are
difficult to predict analytically. The effect of the isolators,
alone or in combination, was not estimated analytically. The
predominant noise generator is the lower case (based on the
analysis); thus, the changes to the case (adding the doubler
plates) and to the internal components which excite it (modi-
fied sun/bevel) should provide the maximum benefit. The in-
terraction of the modified ring gear with these two changos
was not addressed analytically; however, logically it should
provide an additional reduction. Cross coupling of the indi-
vidual effects may, however, yield contrary data.

14. Howells, R.W., and Sciarra, J.J., FINITE ELEMENT ANALYSIS
USING NASTRAN APPLIED TO HELICOPTER TRANSMISSION VIBRA-
TION/NOISE REDUCTION, NASA TMX-3278, September 1975.

15. Badgley, R., and Laskin, I., PROGRAM FOR HELICOPTER GEAR-
BOX NOISE PREDICTION AND REDUCTION, Mechanical Technology
Incorporated, USAAMRDL TR70-12, Eustis Directorate, U.S.
Army Air Mobility Research and Development Laboratory,
Fort Eustis, Virginia, March 1970, AD869822.
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AUXILIARY DEVICES FOR VIBRATIONANOISE REDUCTION

The main thrust of the work herein was directed at reduction
of vibration/noise at its source by detuning. Nevertheless,
the very complex nature of vib:ration/noise generation in a
helicopter transmission may requite that some type of auxiliary
device be considered. For example, a situation may arise
where it is possible to reduce all the troublesome frequencies
by detuning except for one"' It may be effective to treat this
one remaining frequency by using some type of auxiliary device.I•t is also conoeivable that auxiliary devices may be n~edid in
addition to the detuning approach to meet increasingly strin-

gent noise standards. Therefore, a brief discussion of ,,(jme
types of auxiliary damping devices is included here for
completeness.

RISSIPATXVZ DAZPfl4

Application of damping material to the surface of a structure
by spraying, gluing, plasma flame coating, etc., may be effec-
tive. Since most of the straining action (and thus energy
conversion into heat) will be confined to the layers closest
to the structure, thin layers of damping material will be more
cost and weight effective than thick layers (Reference 10 ).

objections to the use of damping materials applied to the
exterior surface of helicopter transmission housings include
greater cost, added weight, concealment of cracksand heat
retention. Each of these must be traded off against the
potential benefits.

DNAM4IC ABSORBRS

The concept of vibration reduction by the use of a dynamic
absorber is that at the resonant frequency of the absorber the
motion of the structure to which it is attached is attenuated
at the point of attachment. The large spring-mass system in
Figure 53 represents the structure, and it has a sinusoidal
force applied to it. With no absorber attached, the structure
vibrates with an amplitude determined by the resonant frequency
of the system

and the frequency of excitation Gl.), when the absorber is
added the system now has two resonant modes; one has a lower
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frequency where the two masses (absorber and structure)
vibrate together against the larger spring, and the other has
a higher frequency where the masses vibrate against each other.

A force applied to the structure can excite either of these
modes, but somewhere between them exists a condition where the
absorber moves and the machine does not. At this frequency,
the force exclted by the absorber on the structure exactly
cancels the driving force. Since the structure is not moving,
the absorber acts as if it were attached to a solid wall.
This frequency is thus the resonant frequency of the absorber
alone. Therefore, to'design a dynamic vibration absorber for
an undamped two degree of freedom absorber/transmission system,
it is necessary only to establish that the uncoupled natural
frequency of the absorber ir equal to the frequency of excita-
tion. Reference 16 contains more detail and derivations of
the equations.

t iA previous test program was conducted by Boeing Vertol (Refer-
once 2) to evaluate the effect of auxiliary devices such as
vibration absorbers and dampers on the noise generated by a
CH-47 forward rotor transmission. Predicted and measured re-
sults were compared, and a method for comparing the efficiency
of various methods of transmission noise reduction was de-
veloped. The two types of absorbers used are illustrated in
Figure 54. Dynamic vibration absorbers of a bending type were
bolted to the ring gear to stop the motion and thus the sound
radiation of that part of the housing. The bending absorbers
were tuned at the planet-ring mesh frequency. These were
actually simple cantilevered beams - three turnable screw rods
for three direction* of vibration reduction. A sample calcu-
lation for this type absorber is presented in Figure 55. The
maximum noise reduction achieved during the test was 2 dB at
the microphone closest to the ring gear, and the vibration
reduction was 17%.

Torsional absorbers, tuned to the main spiral bevel and sun
gear mesh frequencies, were placed inside the bevel/sum gear
and spiral bevel pinion, respectively, to reduce the torsional
motion of those gears at their tuned frequency. The reduction
of the dynamic forces on the gear teeth reduces the forces

16. Badgley, R.H., A PLAN TO DEVELOP TECHNOLOGY FOR THE RE-
DUCTION OF INTERNAL NOISE AND HIGH-FREQUENCY VIBRATION
IN HELICOPTER AIRCRAFT SYSTEMS, MTI Technical Report
MTI-71TR61, Prepared for Eustis Directorate, U.S. Army
Air Mobility Research and Development Laboratory, Fort
Eustis, Virginia, October 1971.
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transmitted through the bearings to the casing and the result-
ing noise. The sun gear absorber provided about an 8 dB
reduction. Lack of similar effects in the spiral bevel system
was attributed to the fact that the spiral bevel gear is not
subjected to purely torsional excitation, but is acted upon
by dynamic forces which have axial and radial as well as
torsional components. The resulting vibration of the spiral
bevel gear thus probably includes axial, radial, and torsional
amplitudes. A torsional absorber alone is not suited to the
reduction of all these components. The fundamintal gear
mesh frequencies were accompanied by very strnt. eidebands
due to planetary gear passage. Since the p•w' system was
not treated, this limited the noise reduct'..,:Wn AChieved.

Gear damping was achieved by filling the gear shafts with
Viton, and by a ring of Viton on the spiral bevel ring gear
(Figure 56). Constrained layer damping was also used on the
outside of the planetary ring gear (Figure 57). Figure 58
summarizes the measured reduction in transmission case vibra-
tion and radiated noise, and compares the weight of each device
and the weight required to achieve a similar reduction by con-
ventional airframe acoustical treatment. The results indicated
that each of the above methods provided some noise reduction;
however, none of them provided a large enough reduction to be
immediately applicable to operational aircraft.

The use of dynamic absorbers to reduce vibrations and radiated
noise has several inherent problems. For an absorber of any
type to be effective, it is desirable to have a sharp resonant
frequencyl that is, the absorber must be fine tuned to a
specific frequency. Figure 59 indicates that a slight
deviation of the exciting frequency from the fixed tuned
natural frequency results in a large reduction in vibration
absorber effectiveness. Typically, rotor speed varies between
2% and 3% during operation. If an absorber tuned to a set
frequency is installed, the absorber will become alternately
effective and ineffective as the rotor rpm varies. This would
result in a beating noise that could be more irritating than
the tonal noise. Another troublesome aspect of the noise-
vibration spectrum of a transmission is the occurrence of
sidebands (Figure 60). These sidebands are created by
planet passage, coupled torsional-lateral-axial vibrations,
and gear imperfections. An absorber tuned to a mesh frequency
would not reduce the levels of the mesh frequency sidebands.

ABSORBER EFFECTIVENESS STUDY (D-06)

External dynamic absorbers were analytically applied to the
transmission housing and evaluated using NASTRAN Rigid Format
11. Four absorbers were simulated at grid points 2091, 2093,
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2001, and 2003 as shown in Figure 61. These points reprosent
tho locations at which tbo pinion support bearings react
upon the case. A remote point (2062) was used as an evaluation
point. Each of the four absorbers weighed 1.6 lbs and was
tuned to the bevel gear mesh frequency of 22654.6 rod/sec.

Evaluation of the model indicated that by applying absorbers
analytically on the housing at the points of load application
(i.e., bearing supports), the excitation of the housing was
reduced. The original deflection of evaluation point 2062 was
260A inches. After attachment of the four absorbers, this
was reduced to 16,A inches. flowavdr, it is doubtful that
this reduction is true throughout the transmission case.
There are also several practical considerations that may
limnit their usefulness. The curvature of the transmission
case would make the actual attachment of absorbers difficult.

The high frequency (3605 I1) could also cause a fatigue failure
in the absorber. Further, since a dynamic absorber is effec-
tive only for a very narrow range of frequencies to which it
is tuned, this approach is effective only if there is a clearly
defined excitation frequency at which a low vibraJtion amplitude
is dosired. by adding a dynamic damper, not only are the
natural frequencies of the structure shifted to new values
(which may be troublesome), but at least one additional degree
of freedom is added which may have a mode with a natural
frequency in the rango of exciting frequencies.

In view of the above problem areas, the use of dynamic
absorbers as a general transmission noise reduction method
must be further evaluated. Although they do not provide an
overall solution to the vibration/noise problem, dynamic
absorbers may be useful to reduce the response at a particu-
larly troublosome frequency which cannot be roducod by other
methods. This may be a coiwnton situation for helicopter trans-
missions which possess several oxuiting frequ•ncies.

Direct attachment of the transmission to the primary airframie
structure plays a major role in noise amplification by struc-
tural response and re-radiation. Figure 62 emphasizos this
fact by showing the effect of 13 lbs of skin damping treatment
on cabin noise level. Vibration isolators attempt to control
the transmission of high frequency vibration energy across
gearbox mounts to the local airframe. Tests described in
Reference 15 indicate that 10 dB reduction in speech inter-
ference level (SIL) was attained by replacing standard main
transmission attachments with rubber mounts having a static
spring rate equal to that of the airframe at the attachment
point. A curve showing SIL noise reduction versus relative
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Figure 62. Effect of Skin Damping on Cabin Noise Levels
(Reference 16).
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Figure 63. Cabin Noise Reduction From Isolating Slenent
Between Transmission Housing and Airfr•u•e
(Reference 16).
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airframe-moimting stiffness was produced. Later work using an
electromagnetic shaker and impedance head showed the noise
reduction due to both structural damping and isolation with
a static spring rate compatible with transmission-airframe
relative movement restrictions (Reference 16). Figure 63
shows the benefits of isolation of the transmission.

To investigate the use of isolators, a 1/4 scale CH-47C
forward pylon was tested and indicated that main source
of noise was structure-borne with the frames responding
mostly at high frequencies. For a full scale application of
vibration isolators between the transmission mounting legs
and airframe, calculations indicated that the 650 ft-lbs of
torque required on the attachment lug of a transmission leg
would put 32,400 lbs compressive force (dry) to 62,400 lbs
compressive force (wet lurication) on an isolator. Thus,
extrusion could be a problem as well as misalignment. For
test purpose., a lightly loaded isolator was used to assess
the proportions of structure-borne and airborne noise. Figure
64 indicates the predominance of airborne noise.

'A
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NOISE PREDICTION AND REDUCTION

To reduce transmission noise, the shaft displacements at the
F supporting bearings must be reduced. This is accomplished by

predicting the damped forced response (DFR) of the gear shafts
using computer program D-82. The shafts are then modified and
a new response is determined. This procedure is iterated until
minimum displacements are achieved. The change in displacements
must then be related to the change in noise level.

The relationship of the resultant noise reduction to the change
in shaft displacement is very complex. If a single shaft were
supported by a single bearing, the resultant noise reduction
would behave approximately as

SPL - 20 log (kx) New
(kx) Baseline

where F w kx is the dynamic force at the bearing station.
However, in practice transmissions have two primary shafts
(excluding the rotor shaft) and several supporting bearings.
This presents considerable difficulty in estimating the noise
reduction.

There are several ways to consider this problem. One is to
consider each bearing as a separate noise sourcet another isto consider all the bevel shaft bearings as a second source.
A third approach is to consider the case as a single large
noise source being driven by the resulting sum of the dynamic
forces. However, without knowledge of how the case will
respond it is not clear which of the above models is suitable
(if any).

A method of predicting the change in sound pressure level
(SPL) associated with a change in shaft response was developed
by Boeing Vertol in the HLH/ATC Noise Reduction Program
(Reference 4). This method has been improved upon as a result
of a company-sponsored independent research and development
program in which a statistical correction factor (B), which
is a function of gear mesh frequency, was developed. This
factor is incorporated into the analysis as follows:

/SPL corrected m (1 + a) LASPL predicted (2)

where B - -6.5539 + 6.3943 x 10-3 f - 1.338 x 10-6 f 2 and
f - gear mesh frequencv.

Using this correction factor, the noise reduction in the lower
stage planetary mesh frequency range (800 to 1600 Hz) was
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predicted to within +3 dB with e 90% confidence 1evUl. The,
results were not cis dramatic for the bevel mesh frequency !
range (1950 to 3600 1Iz), however, 42% of the test samples were
within 2 dB of weasurked values as compared to 32% without the
correction factor. The results of this proqranm are summarized
in Table 5 for the sun frequency range and in Table 6 for
the bevel frequency range. It is apparent that this method is
still unsatisfactory in the higher (bevel) frequency range,
where elastic body modes of the shafts and case may be excited
which do not lend themselves to this type of analysis.

TABLE 5. TRACKING SUN MESH (800 Hz - 1600 lI z)

PERCENT OV SAMPLE WITHIN XdD OF PRIEDICTED

PRI-IDICT'.D 2dB 3dB 4dB 6dB 42dB > 12dB

W/O 40 50 75 82 98 2

W WIT 1 90 98 100 - - -

N (YTIE 0 Microphones, 95 Samplo Points

, TABLE 6. TRACKING/BEVEL MESH.

PEI=CEN`1 OI SAMPLE WITHIN XdIJ OF PRIb:DICTXD

'PREDI•TED 2dB 4dB 6d)3 12d13 >12dB

W/O t 32 53 75 96 4

WITH 3 42 55 79 92 8

.NOTh 6 Microphones, 94 Samplo Points

Therefore, this approach to predicting changes in SPL should
be considered as an interim approach. The approach which will
yield the maximum utility will calculate the resultant noise
levels as a function of cyclic energy at the shaft supporting
bearings. This would also greatly simplify the trade of
acoustical treatment weight for shaft weight. The present
difficulty arises because the method of calculating overall
noise levels is based on torsional resonances of the trans-
mission system, whereas the method of predicting changes in
noise reduction is based mainly on lateral resonances.

Due to the very complex relation of noise to vibration, a
semiempirical approach to transmission noise prediction,
based on cycled energy at the gear mesh, was developed by MTI
(Reference 10, page 288). This scheme assumes that some small
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fraction (a<) of the cycled energy of the power train is lost
as acoustic energy. Tne case is initially assumed to be
spherical in geometry, and then a geometry correction factor
(8) is employed. These are empirical constants, and the
product C 8 = 2.06 X 10-3 was experimentally determined to
correlate with the CH-47C transmission test. The SPL is then
calculated by the following equation:

Lf= 10 log Px f2 0 Fo (3)F2!.I r

The peak values of the mesh sinusoidal excitation (eo, ,4
inches) are calculated by the computer program GGEAR (R-67),
and the dynamic tooth force (Fo, lbs) is calculated using the
computer program TORRP (R-32). The sound pressure level Lf
is in dB, and f, the mesh frequency, is in CPS. The radial
distance, r, to the center of the transmission is in feet.
The above formula has generally been used for noise prediction
with some degree of success. It is expeditious because it in-
volves only the relatively simple and quick-running computer
programs GGEAR and TORRP. It is only necessary as a side
calculation to obtain the modified gear contact ratio and the
subsequent equivalent gear tooth compliance. Through the use
of Tregold's approximation, helical and spiral bevel gears may
be included in the noise prediction, since GGEAR applies only
to spur gears (Reference 17).

The modified contact ratio is calculated by program R20. For
completeness, it is noted that a sample manual calculation
for the modified contact ratio for the CH-47 forward rotor
transmission spiral bevel gears is shown in Reference 4. A
sample calculation for the equivalent gear tooth compliance
is as follows:

ql' 2 (min) - (QJIABC + QJ2ABC) min + QJD (4)

QJ1ABC, QJ2ABC are the compliances of the
driving and driven gears.

QJD - 0.04593 in./lb (Hertzian compliance)

(QJIABC + QJ2ABC) min - 0.0481 in./lb

17. Gu, A.L., and Badgley, R.H., PREDICTION OF GEAR-MESH-
INDUCED HIGH-FREQUENCY VIBRATION SPECTRA IN GEARED POWER
TRAINS, Mechanical Technology Incorporated, USAAMRDL
TR 74-5, U.S. Army Air Mobility Research and Development
Laboratory, Fort Eustis, Virginia', January 1974, AD777496.
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(min) - 0.09403 in./1b

S250 mean spiral angle

22.50 prsasure angle

h m-i - 1.936 - I a 0.936

qR " (q,2) min/(aoals ) (cos*$) - 0.134117 U inV4b

Q- 2  q1 (1 - 0.3h) - 0.134117 (1 - 0.3 10.936]

0.09646 A in./Ib

q1-2 ' 0.09646AVin./lb(EUulvalent Gear Tooth Compliance)

K- 10.367 x 106 lb/in. (Equivalent Gear

Tooth Stiffnaas)

Another way to predict noise levels is given on page 3-118
of Reference 18. Here, the SPL is more naturally calculated
from the acoustical power generated by a vibrating surface.
This would be more appropriate to the analysis of the noise
output from the CH-47 transmission case. The development of
the analysis is given here.

A surface vibrating in a fluid medium emits sound. The
acoustic power that is transferred to a medium by a vibrating
surface depends on the physical characteristics of the medium,
the oscillatory volume displacement of the fluid caused by the
vibrating source, and the size and shape of the generator.

The acoustic power generated by a vibrating surface can be
expressed by

2 7,
P -U RAA X 10 watts (5)

where
U - rate of volume displacement of fluid (cc/sac)

"RA - acoustic radiation resistance seen by source
(acoustic ohms)

Let the amplitude of the oscillatory displacement of an area
element dA be W, and the frequency be WU throughout the area A
at a particular mode. Then,

U - 2 ;11' W dA - 2 'ld W WA (6)

18. Gray, D.E., Coordinating Editor, AMERICAN INSTITUTE OF
PHYSICS HANDBOOK, Second Edition, McGraw-Hill Book
Company, Inc., New York, 1963.
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where

I - AS w dA (7)

SI a

Average displacement amplitude

The acoustic radiation resistance RA depends on the size and
shape of the generator. Two typical shapes are discussed in
Reference 18: pulsating sphere and vibrating piston. In
both cases,

RA -KfPC ifD ~1(8
A W

where

- density of medium (gm/cc),

C velocity of sound in medium (om/sec)

D - diameter of sphere (or piston) (cm)

. .- wavelength (cm)

,,) " frequency (Hz)

K- a numerical factor

The numerical factor K is equal to unity when D4 -, 1, i.e.,
in the high frequency range (see Figure 3i-1 of Reference 18).
In the lower frequency range, K is less than 1. To esti-
mate the value of K at low frequency from the gearbox
noise standpoint, take the fundamental frequency of the CH-47
upper planetary meshing, 406 Hz for example. The wavelength

- C/w is approximately 75 cm or 30 in. Suppose that the
diameter of the ring gear is taken as D. Then D/A - 22/30
0.73. According to Figure 31-1 of Reference 18, K - 0.85 for
a spherical source, and K a 1 for a vibrating piston. It is
therefore concluded that the value of K is not far from unity.
For acoustic power computation, set

SK. 1 (9)

Using Equations (6), (8) and (9), Equation (5) can be written
as

2 27
P -. A (2W) 2  C x 10 (10)

where

P - acoustic power (watt)

.... . .. .. . .



• =frequency (Hz)

W =average displacement amplitude (cm)
2A - area (cm)

- density of medium (gm/cc)

C - velocity of sound in medium (cm/sec)

For helicopter noise, the medium is air, with 0.00122 gm/cc
and C = 33,700 cm/sec. Thus,

P - 1.62 x 10" W2  A (watt) -12)(11

Choose a reference acoustic power of 10" watt. Then a power
level in dB can be defined as

Lpower 10 log1io P (dB) (12)
10-

where

pIower power level (dB)

P - acoustic power (watt)

For a point source, the power level is related to the sound
pressure level measured at a distance r by

Lpower - LSPL + 20 log1 o r + 11 (13)

where

L - power level (dB)power

LSPL - sound pressure level (df)

r - distance from the source at which LSpL is
measured (meter)

The reference for the power level is 1012 watt, and the
reference for the sound pressure level is 0.0002 microbar.
At approximately r - 1 ft - 0.305 meter, Equation (13) reduces
to

Lpower LSPL (14)
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Thus,

LSPL Lpower m 10 oglo (dB) (15)

Therefore, the sound pressure level measured at 1 foot from a
point source is approximately equal to the power level, both
in units of dB. Equations (13), (14), and (15) are valid only
for a point source. In applying Equations (13), (14), and (15)
to the noise generated by ring-gear casings, a geometrical
configuration factor should be-introduced to take into account
the casing geometry. However, this factor is neglected in the
sound pressure level calculation for simplicity.
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BASELINE DATA AND CORRELATION

IASELINE DATA
An extensive dynamic test of a CH-47C forward transmission was
conducted in the Boeing Vertol closed-loop test stand under a

iiI previous USAAMRDL contract (Reference 4). The transmission
was instrumented both internally and externally to measure

strains, displacements, and accelerations of rotating compo-
nonts, and case acceleration and noise levels, respectively.
This test program was unique in that it incorporated instru-
mentation and rotary transformers operating in the hot-oil
environment of the transmission. Two 14-channel tape recorders
were used with sequencing schedules to allow for logical
groupings of signals recorded simultaneously. Speed sweeps
and stabilized speeds were recorded for several transmission
torques. Nearly 25,000 data points were successfully recorded
during this test program.

The primary objective of the test effort was to obtain experi-
mental data for use in verifying existing computer programs
which have been developed for the prediction of the high-
frequency vibration characteristics of transmission components.
A secondary objective was to demonstrate the feasibility of
measuring very small displacements and dynamic loads within
the hot-oil environment of an operating transmission. The
test setup, hardware, instrumentation, data reduction, and
example output data are fully documented in Reference 4.

No additional baseline testing has been conducted for this
present programl the data collected in Reference 4 has provided
the baseline data. Only a small portion of this raw data,
which is stored at the Boeing Vertol Acoustic Laboratory andoccupies some 80 real* of 14-channel magnetic tape, had been
previously reduced and analyzed. Reduction and analysis of
additional test data have continued for this new program.

Shaft displacements, vibrations and accelerations of shafts
and case, and noise level data have been reduced. The two
primary formats for presenting the data are narrow-band
spectrum analysis for stabilized speeds and gear mesh frequency
tracking for speed sweeps. Examples of these two formats
are shown in Figure 65.

The correlation of the reduced data includes five aspects:

1. Vibration amplitude
2. Vibration mode shape
3. Vibration natural frequencies
4. Noise level spectrum
5. Method improvements
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Examples of this correlation process were presented in
Reference 3 where mode shapes of the shafts were compared to
measured displacements. Another aspect of data correlation is
to evaluate the mathematical model and modify it as indicated
by test data. For the transmission shafting, two changes to
the model ware incorporated. First, the data indicated strong
coupling of the shafts in the modelt so the model was modified.
The second change to the original model was to approximate the
planet support to the sun gear by linear springs having
stiffness equal to 50t of the aalyulated carrier post stiffness.
From a study of the effect of planet support on the DFR of the
sun gear, it appears that the two opposite carrier posts are
acting as springs in series to maintain the sun gear in
position. Therefore," a 50% post stiffness was used in the
model, Which resulted in excellent agreement.

Another example of correlation and feedback based on earlier
results is demonstrated in Figure 66 where the ring gear
response is analyzed. In this example, a trace of an acceler-
ometer, mounted on the CH-47 ring gear, is shown tracking the
sun mesh frequency. The predicted natural frequencies
obtained with the earlier math model are superimposed on this
trace, The response of the ring gear to the sun frequency is
interesting in that the first natural frequency is predicted
at 5400 rpm and no prior response is noted. The nearness of
the first five criticals probably accounts for the retained
height of the peak. Why the peak does not drop off is not
clearly understood. It is speculated that assumptions used in
modeling the end fixity of the ring gear were not representative
of the aitual end fixity. By changing the fixity to provide
for a stiffer constraint, the lower predicted frequencies can
be shifted to the right (i.e., to higher critical frequencies).
Feedback such as this will be incorporated into the case model
as part of this program.

A sample of case acceleration spectrum is shown in the lower
portion of Figure 66. Note the well defined spikes at the gear
mesh frequencies. These accelerations are readily convertud
to displacements as follows:

let x - A sin W t

2then x = - AC2 sin w)t

X x

Using these displacements, the predicted response may be
compared to the test data.
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Figure 66. Example of Test Data for Correlation Study.
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Figure 67 presents typical baseline noise data in its reduced :4
form. The top of the figure shows a spectrum of the
noise output. The lower portion of the figure demonstrates
how the data is broken down into a third-octave band analysis.
From several such plots the maximum noise levels and corresponding
frequencies for various locations on the transmission have been '1
identified. Figure 68 summarizes these maximum baseline noise
levels for the LPI, LP2, LP3, and bevel mesh frequencies at
an operating condition of 7460 sync shaft rpm and 80% torque.

A further example of the data being reduced for correlation
purposes is presented in Figure 69, which summarizes baseline
case vibration spectra at several locations.
The damped forced response (DFR) is determined by applying the
calculated dynamic forces to the D-82 model. The DFR of the
sun gear responding to the bevel frequency is shown in Figure
70 with the displacements at right angles to each other
identified as Y and Z and the torsional displacements indicated
by 0. Since these displacements are not in the direction of
the proximity probes, section cuts through the plane of the
probes were determined and are shown in Figure 71.

Superimposed on these figures are the test results, as deter-
mined by phase-corrected proximity probe data. In terms of
amplitude, the agreement of the predicted and measured dis-
placements is excellent for the larger displacement. The
correlation of the smaller displacements is not quite as good,
however, several things must be considered in evaluating these
very small displacements. First, the smaller displacements
(i.e., less than 30 microinches) are often associated with
nodes, and a small orror in predicting its position can result
in a larger error in displacement (at least in terms of
percentage). Another item to consider is that instrumentationerror becomes a factor for very small displacements. Finally,
small displacements are a measure of goodness and thereforeare not as interesting as the large di placements. What is

important is to predict large displacements when they are
large and small displacements when they are small.

As important as predicting displacements is predicting
mode shapes. The DFR of the bevel shaft responding to the
bevel frequency is particularly convenient for determining
mode shape, since a node had been predicted between the two
proximity probe locations. This confirmed the presence of a
node between these two stations. A photograph of the two
signals is superimposed on the DFR in Figure 72.

Examples of correlation of the measured and predicted shaft
displacements are shown in Figure 73.
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CORRELATION OF ANALYSIS WITH BASELINE TEST DATA

Two basic types of data, noise and case acceleration, were
obtained for both the baseline and all design modification
runs, In an effort to establish the validity of the analytical
approach early in the program, the baseline configuration was
evaluated using the analytical system herein definod. The
results of this analysis were examined in comparison with the
baseline experimental data to determine the amount of correla-
tion which exists. Sample correlations for both noise and
case vibration data follow.

Noise

Choosing microphone M5, which in located in the general
vicinity of the pilot's head (Figure 69), as our sample corre-
lation point, we find that the following baseline noise level
data was recorded at 7460 rpm input speed and 80% torque:

102 dB at 1566 Hz (LPl)

102 dB at 3132 Hz (LP2)
107 dB at 3606 Hz (SB)
106 dB at 4698 Hz (LP3)

Combining decibels:

(dB)TOTAL -1 0 LOG 1 0 (ANTILOG IdB + ANTILOG dB 2 + ....
TOAL10 10

- 110.8 dB.

Now analytically:

(dB)ToTAL 10 LOG 1 0  P - 11 - 20 LOG 1 0 r

-4 -2where P - (1.62) (10-)W.) W A

r - radius to point of interest, m

W - exciting frequency, Hz

- housing displacement, cm

A a surfaco area, cm 2

125



K
Grid point 293 on the finite element model (Figure 74) of the
lower housing is in the general location of microphone M5 and
will be used as our analytical comparison point. Assuming the
distance to the noise source is r - 0.305 meter (I foot), the
analytically predicted noise results are

110,3 dB at 1566 Hz (LPl)

106.5 dB at 3132 Hz (LP2)

104.9 dB at 3606 Hz (SB)
105 dB at 4698 Hz (LP3)

So correlation of test to analysis is not unreasonable. The
log sum of the above is 113.3 dB compared to 110.8 dB from
test,
Vibration

If the noise measured is 110 dB for 360§ Hz (spiral bevel),
at r - 1 ft, for some housing points then

SPL -10 LOG P dB -10 dB4 ~10~o 120

P w .1 WATTS

Now using

P (1.62 x 104 .... 2 W2 A,

)- .000118 cm, I
(3606) (3400) (1.62)

- .000046 in. and

g's 1 (2"U- 23 " 61 g's typically
386

(Higher g's are calculated at other points on the case.)

Working backward, if the displacement at the point is reduced

by a factor of 10,

W a .0000118 cm,

P - (1.62 x 10-) (3606)2 (3400) (.0000118)2

- .001 WATTS,

SPL - 10 LOG 1 0 10-3 - 90 dB (which is 20 dB lower).10
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Badgley (Reference 9) used the formula
(Kx) 

_

SPL- 20 LOG0O
T'C BAXBL1NR

where Kx is the bearing load (b)-. if the displacement ()

is reduced by a factor 10,

SPL " 20 LOG0 10 * -20 dB which agrees with the

previous result.
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DESIGN MODIFICATIONS

Using the finite element analysis, the baseline transmission
was analyzed to determine the potential for vibration/noise
reduction. Structural modifications for the internal shafting
and the housing structure, including the stationary ring gear,
were identified, and redesigned components incorporating these
modifications were manufactured. Any structural modifications
for vibration reduction which are to be applied to flight
hardware must consider weight penalty, location, cost, ease of
fabrication, and stress levels. For the experimental hardware
considered herein, however, the structural changes are based
substantially on a consideration of the applicability to an
existing hardware item. The design of new hardware for future
applications must concentrate on optimizing the structure by
rigorously applying the analytical predictions.

The components which were analyzed and redesigned using the
finite element methodology and manufactured for use in the
test program are described below.K ~SH1AF'1ING

Tho baseline bevel pinion and bevel/sun gear shafts are shown
in Figures 75 and 76. Superimposed on these drawings are the
finite element idealizations which were used for the analysis
of these parts. No modification of the pinion was indicated
by the analysis. The modifications determined for the model
of the bevel/sun gear shaft, limited to changes in the shaft
ID for ease of manufacture and economy, are shown in Figure 77.
Figure 78 is a cross-sectional drawing of the actual shaft
and the sleeve modifications, and Figure 79 is a photograph
of the modified bevel/sun shaft.
RING GEAR

The stationary ring gear was modified by applying a 0.2-in.- I
thick steel band in the form of a split ring around the ex-
teror wall (Figure 80). This band was clamped using integral
flanges and bonded in a manner similar to that described below
for the case modifications. The modified ring gear is shown
in Figure 81.

CASE
Modifications to the came structure were restricted to
localized changes of the exterior wall, which were accomplished
by bonding preformed doubler plates to the regions of the
case exhibiting a high average strain density. The doubler
plates were 0.300-in.-thiok magnesium and were contoured to fit
the exterior surface of the transmission case. The areas to
which the plates were applied are identified in Figure 49.
The manufacture of the doubler plates was a two-step process.
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W lxp

Figure 76. CH-47 Fo~rward Transmission Bevel/Sun Gear (Baseline)
With Finite Element idealization Superimposed.

S4L

'11

1 41

Figure 77. CH-47 Forward Transmission Bevel/Sun Gear (Modified)
With Finite Clement Idealization Superimposed.
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SLEEVE

SLEEVE

U..

1:

Figure 79. Modified Bevel/Sun Gear Shaft With
Two Sleeves Installed.
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Il

Figure 81. Modified Ring Gear With Split Ring Installed.

First, matching sets of plaster casts were made from the
exterior surface of the housing in the specified areas.
Second, these casts were used as holding and tracing patterns
for the machining of the doubler plates from magnesium stock.
The finished magnesium doubler plates are shown in Figure 82.
Figure 83 shows the doubler plates installed on the trans-
mission housing.

COMPOSITE DOUBLER PLATES

A considerable amount of attention has been devoted to the
potential improvements which accrue through the use of compos-
ite materials with increased strength-to-weight properties.
A preliminary effort directed toward defining these potential
benefits as applicable to transmission housings was included
in this program. Graphite aluminum composite plates, essen-
tially identical in geometry to the magnesium plates defined
above, were also installed on the housing (as shown in
Figure 83) and tested. The details of this effort are re-
ported in Appendix B.

VZBMITZON ISOLATORS

Vibration isolators were fabricated from 0.125-in.-thick MIL-R-
6855 CL4-40 (40 Durometer Neoprene) and installed between the
transmission upper cover nounting points and the test stand.
The retaining bolts were isolated at the top and bottom as
shown in Figure 84.
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VERIFICATION TESTING

OBJECTIVE

The objective of this test was to obtain experimental vibration
and noise data for the CH-47 forward transmission with the
modified components installed for comparison with baseline
test data to determine the effectiveness of the analytically
predicted structural changes for reducing vibration and noise
Jlevels. The degree of correlation obtained, both relatively
and absolutely, will also provide an indication of the accuracy
of the basic analytical method.
TS STAND

The dynamic testing was conducted using the Boeing Vertol full-
scale, closed-loop CH-47 forward transmission test facility,
shown schematically in Figure 85. This rig is of the four-
square, locked-in-torque type with variable speed and torque
capabilities. Control over temperature is maintained by use
of special. oil-water heat exchangers with condition monitoring
provided by the standard aircraft instrumentation. All
operations are controlled from a remote panel (Figure 86)
setup outside the cell. The standard aircraft oil system (oil,
filter, pumps, etc.) is used on the test boxesr however, the
aircraft cooler is not used. oil-water heat exchangers are
substituted for the aircraft cooler to simplify the test system.
This test stand provides the capabilities of running a trans-
mission over its full design torque and speed range uhder
controlled conditions,'including rotor lift, drag, and pitching
moments.

To provide for the acquisition of noise data which was as
free as practical from extraneous signals, the test trans-
mission was equipped with an acoustic enclosure, made of 3/4-
inch plywood lined with a 3/4-inch-thick acoustic blanket,
which mini,ized noise reflected from the test cell walls,
The enclosure is shown schematically in Figure 87, and a
photograph of the enclosure installed in the test stand is
shown in Figure 88.

DATA ACQUISITION

Six accelerometers were mountcd on the transmission case in
the locations shown in Figure 89. A block of aluminum was
epoxied to the transmission at each of the desired locations,
and the accelerometers were attached to these blocks using
Endevco studs as shown in Figure 90.
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FI.qure 86. CII-47 Forward rranamission Tcm st
Facjli Control Consolc'.
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ACOUSTIC ENCLOSUrnl

Figure 88. CII-A47 Forward Transmission Installed in
Dynamic Test Rig With Acoustic Enclosure.
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MOUNTING BLOCK

TRANSMISSION
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MICROPHON

F'igure 90. Typical Accel.eromleter Installation.
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The following locations were selected from a previous test
program (Reference 4 ) to provide an overall representation
of the case vibrations with each test configurations

Location No. I- Vicinity of forward lube jet (radial
direction).

Location No. 2 - Beside spiral bevel pinion (radial direction).

Location No. 3 - Center of oil sump (vertical direction).

Location No. 4 - Center of stationary ring gear (vertical
direction, tests 1-A and 2-A), (radial
direction, remaining tests).

Location No. 5 - Forward mounting arm (vertical direction).

Location No. 6 - Webbing (radial direction).

The accelerometers used were Endevco Model 2213 combined with
accelerometer a•xplifiers for signal conditioning.

Six microphones were placed around the transmission as shown
in Figure 91, These were Bruel and Kjaer (B&K) 4145 1-inch
microphone cartridges with B&K 2613 cathode followers, and
B&K 2807 power supplies. All microphones were contained in
an enclosure approximately 41 inches square and 45 inches deep,
constructed of 3/4-inch plywood and lined with a soundmat LF
3/4-inch lead-foam sound barrier (Figure 88) to provide both
sound attenuation of external test stand noise, and sound
absorption on the interior side to minimise the reverberations
of transmission noise within the enclosure, Figure 92 shows
a typical microphone installation mounted on the transmission.

Because of space limitations within the test stand the
enclosure had to be limited to a total depth of 45 inches.
All microphones were approximately 6-9 inches from the nearest
surface of the transmission case. Their locations were
selected from prior test programs (References 2 and 4) as
suitable for transmission noise measurement in the test cell.
test cell.

The accelerometer and microphone data were recorded on an
Ampex AR-200 1-inch, 14-channel, wide-band FM magnetic tape
recorder at .30 ips. Figure 93 shows a schematic of the data
acquisition system. In addition to the 6 microphone and 6
accelerometer recording tracks, a 60/rev signal from the input
shaft, used for speed indication, and a voice identification
track were used also.
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The frequency responses of both the microphonu and acceler-
ometer systems are essentially flat over the frequency ranige
of 50-5000 Iiz, well. within the range of interest of the pro-
gr am. As shown in Figures 94 and 95, system sensitivity
calibrations were recorded prior to each test and at the be-
ginning of each new tape reel.

iEaT CONFIGU ATQk

The transmission used in this program was a standard CHI-47C
forward rotor transmission, except as modified per the vibra-
tion/noise reduction analyses. Test data was obtained for
each of the eleven configurations listed in Table 7 in order
to assess the effectiveness for vibration/noise reduction of
the following analytically determined structural changes,
both separately and in combination:

1. Sun/bevel gear detuned by addition of two sleevos. r

2. Ring gear detuned by addition of band.

3. Case detunud by addition of two contoured doubler plates.

4, Isolators added.

As noted on Table 7, a reference code has boon assigned to
each configuration. This code will be used as a shorthand
designation in many of the ensuing figures and discussions.

All tests were mado directly comparable by maintaining a
consistent acoustic enclosure configuration and by using
identical microphone and accelerometer locations. The instal-
lation of the various items of modified hardware is shown
schematically in Figure 96. Figures 97 and 98 show photo-
graphs of the actual hardware.

For each of the configurations in Table 7, 1 minute of data
was roecorded for Lwo input shaft speeds, 7460 rpm (operating
baseline - 243 ivotor rpm) and 6600 rpw (off-design), and for
two torque levels, 80% (design, .844 x 10 inch--lbs output
shaft) and 60% (of(-design, .64 x 10 inoh-lbs) . The data from
each of the above variations was frequency analyzed as to mesh
content, resulting in 264 items of noise information and 264
items of accelerometer information.

No data was obtained until the transmission had completed its
warm-up operating period and was stabilized at the scheduledtorque and operating speed condition.
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I SOLATORS

MODIFIED
STATIONARYi RING GEAR

CONTOUREDDOUBLER PLATE
AFFIXED TO

(SECOND PLATE
ON PAR SIDE

SUN/BEVEL GEAR
SHAFT SLESVES

Figure 96. CH-47C Forward Transmisuion - Test
Configuration for Vibration/Noise
Reduction Testing.
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UPPER COVER

e ~<DETUNING RING

RIG'EA

LOWER PLANETARY
SYSTEM

Figure 97. Installation of Ring Gear Detuning Band.

MOUNTING STUDS

DETUNING SLEEVES

DETUNING PLATE .

Figure 98. Installation of Deturiing Sleeve and Plates on
Sun/Bevel Gear and Transmission Lower Case.
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DATA ANALYSIS

All recorded data were analyzed using a Nicolet UA-500, real
time Ubiquitous Spectrum Analyzer in a mode which gives a
constant bandwidth of 10 Hz over the range of 0 to 5000 Hz and
allows for the identification of the predominant gear mesh
frequencies. The data were averaged 128 times to enhance the
effective signal-to-noise ratio and help emphasize those
frequencies which contain the higher acoustical/vibration
energy. Graphic outputs (sound and acceleration amplitudes
by frequency) were then recorded with an oscilloscope and
Polaroid scope camera.

Typical spectra of the transmission vibration are shown in
Figures 99 and 100. This data is dominated by pure tones at
the tooth mesh frequencies of the lower planetary (lst stage)
gear system: (LPl) 1566 Hz and its multiples, (LP2) 3132 Hz,
(LP3) 4698 Hz, and the spiral bevel input gear set (spiral/
bevel) 3606 Hz.

Mesh frequencies of the CH-47C forward rotor transmission are
listed in Tables 8 and 9 for input shaft speeds of 7460 and
6600 rpm, respectively.

in many cases not just one frequency is present for each tooth
mesh, but many sideband. appear. For instance, the sidebands
in Figure 100 around and in place of the sun gear fundamental
and the third harmonic are all separated from their center
frequencies by fn a 59 Hz, which is the planet passage fre-
quency (speed of planet carrier in Hz times number of planets).
Thus,

f - (886/60) 4 w 59 H-

From this result we can find for the lt harmonic (LPl)

FL (lower sideband) - fLP3 - fn - 1566 - 59 - 1507 Hz

F U (upper sideband) - fLPI + fn - 1566 + 59 - 1625 Hz

Similarly, for the third harmonic (LP3)

f3 -4698 - 59 - 4639 Hz, and f 4698 + 59 - 4757 Hz
L33

In the same manner, the sidebands of the spiral bevel mesh
frequency at some accelerometer and microphone locations
are separated by 124 Hz or the rotational frequency of the
input shaft (7460/60 - 124 Hz).
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Figure 99. Typical Sump Accelerometer Response.
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TABLE 8. CH-47C FORWARD TRANSMISSION GEAR SPEEDS
AND MESH FREQUENCIES AT NORMAL FLIGHT
OPERATION SPEED

* MESH
NUMBER SPEED FREQUENCY

GEAR TEETH RPM HZI

Spiral Bevel Input Pin-ion 29 7460 3606

Spiral Bevel Gear 51 4242 3606

Lower Stage Sun Gear 28 4242 - :A

Lower Stage Fixed Ring 106 - -

Lower Stage Planets (4) 39 - 1566

Lower Stage Planet Carrier - 886 -

Upper Stage Sun Gear 40 886 -

Upper Stage Fixed Ring 106 - -

Upper Stage Planets (6) 33 429

Upper Stage Planet Carrier - 243 -

1Output - Rotor Shaft - 243 -

TABLE 9, CH-47C FORWARD TRANSMISSION GEAR SPEEDS
AND MESH FREQUENCIES AT NOW4AL GROUND
OPERATION SPEED

MESH
NUMBER SPEED FREQUENCY

.....AR ,,TEETH ,..

Spiral Bevel Input Pinion 29 6600 3190

Spiral Bevel Gear 51 3753 3190

Lower Stage Sun Gear 28 3753 -

Lower Stage Fixed Ring 106 - -

Lower Stage Planets (4) 39 - 1386

Lower Stage Planet Carrier - 784 -

Upper Stage Sim Gear 40 784 -

Upper Stage Fixed Ring 106 - -

Upper Stage Planets (6) 33 - 379

Upper Stage Planet Carrier - 215 -

Output - Rotor Shaft - 215-
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A typical spectrum of the transmission noise, as shown in
Figure 101, displays the fundamental gear mesh frequencies and

'1 their harmonics of the upper (UP1), UP2, UP3) and lower (LPI,
LP2, LP3) planetary systems, the spiral bevel input pinion/
gear (spiral/bevel), and in many cases the sidebands of the
latter two. In addition, a spike representing the input
shaft(s) frequency can be seen at 124 Hz.

The raw data obtained from all test runs were reduced into
digital narrow-band frequency domain formats which are included
as Figures Al through ASS in Appendix A. The information con-
tained in these figures was then further reduced to provide the
summary data shown in the following sections.

Cane acceleration and acoustical data were recorded during all

test runs of the CH-47C transmission to measure the effect on
housing vibration and noise radiation reduction for several
(see Table 7) combinations of the following structural chanqes:31!1
1. Sun/bevel gear detuned.

2. Ring gear detuned.'1j
3. Case detuned separately with bonded contoured magnesium

plates, and graphite fiber reinforced aluminum composite
plates.

4. Isolator= added at the mounting arms.

Vibration

The acceleration data for the predominant lower planetary mesh
frequency (1566 Hz) is shown in Figures 102 through 105 for
each accelerometer location, transmission configuration, and
test condition. Figures 106 and 107 show the changes in
acceleration for the configurationb tested at the design
condition of 7460 rpm and 80% torque. As indicated in the
figures, most of the configurations resulted in a reduction in
vibration level. It is particularly significant that the com-
bination of detuned sun gear and magnesium plates (detuned
case) which was the configuration analytically optimized for
this condition demonstrated vibration reductions which supported
the analytical predictions.
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Figure 101. Typical Transmission Noise Spectrum.
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Figure 102. Vibration Data at Lower Planetary Mas~h Fr quency
(Baseline# Isolators, and Detuned Sun Gear).
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Figure 103. Vibration Data at Lower Planetary Mesh Frequency
(Deturied Sun Gear and iuolatoru, Detuned Sun Geax
and Magnesium Plates, and Magnecium Plates).
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Figure 104. Vibration Data at Lower Planetary Mesh Frequency
(Magnesium Plates and Detuned Ring Gear, Detuned
Sun Gear and Detuned Ring Gear, and Magnesium
Plates).
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CONFIGURATIZN
10, ACCELRQ•IXTER 01
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Figure 106. Change in Vibration Level at Lower Planetary
Frequency (LPI - 1566 Hz, Accelerometers 1,
2, and 3).
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CONFIGURATION
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Figure 107. Change in Vibratton Level at Lower P'lanetary
Frequency (LP1 - 1566 Hz, Accelerometers 4.
5, and 6).
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Radiated Noise

The sound pressure level peaks were measured from the oscillo-
scope pictures at the lower planetary mesh frequency (1566 Hz).
These levels are shown in Figures 108 through 111 for each
microphone, transmission configuration, and test condition.
Figures 112 and 113 indicate the change in level from the
unmodified transmission for each of the configurations tested.
The condition shown is the normal operating design condition
(7460 rpm, 80% torque).

To provide a more comprehensive comparison between con-
figurations tested, a logarithmically averaged sound
pressure level was calculated using the data from all six
microphones, thus providing a single level representing each
configuration. These results are shown in Figure 114 for both
rpm's (7460 and 6600) and torques (80% and 60%). These are
further summarized in Figure 115 which shows the change in
noise level for each configuration as compared with the unmod-
ified transmission.

A significant result of this program is that the combination
of the detuned sun gear and case (by the use of magnesium
plates), which is the configuration that was analytically
optimized by use of the computer program, provided the largest
noise reduction (7 dB).

An equally important result is that this combination caused no
increase in the spiral bevel mesh frequency noise, and in fact
provided a slight decrease when compared to the baseline
configuration as shown in Figure 116.

DISCUSSION OF EXPERIMENTAL RESULTS

simply put, the combined effects of modifying the lower case
(adding the magnesium doubler plates) and the sun gear shaft
(adding sleeves) resulted in the largest overall net improve-
ment in the basic noise/vibration characteristics of the test
transmission when compared to a standard, unmodified trans-
mission. This configuration was defined by analysis, during
the early stages of this program, as that which would yield
optimum results within the practical restrictions imposed by
existing hardware. The other modification suggested by the
analysis was that of the ring gear. Based on the results of
the testing, some coupling apparently exists between these
changes which produced less favorable results than the former
modifications acting alone. Unfortunately, these sets of
modifications were considered separately in the analysisl thus,
this effect was not identified at that time.
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Figure 108. Radiated Noise Data at Lower Planetary
Mesh Frequency.
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The full significance of this improvement in noise/vibrationcharacteristics may most easily be defined by considering the
effect of the 7 dB reduction in source noise in terms of the
weight and complexity of acoustical treatments (enclosures,
etc.) required to achieve similar results.

Acoustical mate-vial weight required to reduce transmission
noise by enclosures is directly related to the particularfrequency being treated. Tha so-called "normal-incidence,
limp-wall mass law" for sound transmission loss (TL) is widely
used in noise control work (Reference 12) to determine
approximate material surface weights.

TL is defined as the ratio (expressed in decibels) of
the acoustic energy transmitted through the enclosure i
or wall to the acoustic energy incident upon it.
Mathematically,

TL -10 log 1 0 4I, dB

- sound transmission coefficient

If the incident sound wave impinges on the wall at normal.
incidence (that in, perpendicular to the wall surface), the
mass law for TL is-

or 10 log0o [ + AA)Mil ) ] dB

or if t1,* sound waves impinge on the wall surface at random I!., angles of incidencoet

TLTL(RANDOM) '•

TL (00 INCIDENCE) -10 log10 [0.23(TL)(oo INCIDENCE dB

where

J, W - 27r f

f - frequency$ Hz

QPc - characteristic resistance of air

* " density, slugs/ft 3

C - velocity of propagation, ft/sec

4 surface density, slugs/ft 2
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As the product (w M.) in the equation implies, higher fre-
quencies require lighter surface densities than do lower fre-
quencies in providing for a constant TL.

in addition, certain materials such as acoustical glass fiber
display properties which give attenuation in excess of that
expected due to mass alone. Figure 117 shows test results
obtained by Boeing Vertol and reported in Reference 13 to I
determine the attenuation, as a product of surface weight and
frequency, of various treatments such as might be used in
actual helicopters. N~ote that the more durable treatments
impose some weight penalty.

Figures 118 and 119 indicate the average sound pressure levels
of the CH-47C gear meshes recorded during the transmission
baseline cnnfiguration test, as compared with acoustical noise
limits of MIL-A-8806A (Military Specification for Acoustical
Noise Level in Aircraft).

Taking into consideration the noise reduction required to
comply with 4he specification, and the associated material
weights required to achieve this redrction (Figure 117),
relative treatment weights for each mesh frequency and harmonics
were computed and are shown in Figure 120. Weights for both
materials of maximum durability (with maximum weight) and
minimum weight (with minimum durability) are shown.

Reviewing these figures indicates that at 7460 rpm (flight
operation) the lower planetary fundamental (LPl) mesh fre-
quency (1566 Hz) dictates the acoustical treatment, while at
6600 rpm (ground operation), both the lower planetary (LPI -
1386 Hz) and spiral bevel input (spiral/bevel - 3190 Hz) are
equally important. Subsequently, the effectiveness cf the
structural changes tested in the program for reducing trans-
mission case vibrations and generated noise was concentrated
on the lower planetary fundamental mesh frequency at the design
operating condition (7460 rpm, 80 percent torque).

The helicopter design implication of a 7 dB reduction in
radiated rotor transmission noise through source noise reduc-
tion is a substantial weight savings in the acoustical treatment
required to comply with Table IV of MIL-A-8806A (normal cruise
power condition). In the case of the CH-47 helicopter, this
amounts to a savings of at least 20 percent of the total
material weight required, or about 100 lbs. The CH-47 heli-
copter has two main rotors which are driven by very similar
transmissions (major differences are rotor shaft length and the
input shaft angle); thus, the total aircraft weight savings
will ba based on similar modificatiuns of both transmissions
and acoustical treatment of the entire cabin area. Data
similer to that shown in Figure 117 has been developed for
both forward and aft transmissions and is shown in Figures 121

1.79
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and 122. Utilizing.this data and that shown in Figure 118,
the comparison shown in Table 10 was developed. Based on
the total weight of acoustical treatment for the entire air-S craft, a 20% weight savings is realized; however# over 35% of :

the acoustical treatment weight for the immediate transmission
enclosure areas is saved.
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Figure 117. Typical Effect of Sound Transmission
Enclosures on Source Attenuation.
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Figure 121. Effect of Sound Transmission Enclosures on
Source Attenuation of CH-47C Forward N
Transmission Noise.
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TABLE 10. ACOUSTICAL TREATMENT WEIGHT COMPARISON FOR
BASELINE AND MODIFIED TRANSMISSIONS

___ ___ _- F103A3D TPAUSMIuSI ON Alyk TPANNma ioN

X . Average MaimA Lsvekj), 0i 120 31213
(Figure, 118 o LPI, ktO psi 8

2. UkOL&*s,71lAit Of 0444A8S06A# 96 8
T0ble, tV dil (Figure 118,'8

3. tmue~n ha~u~te3427 34 27
Atte'nuati.on Iequire4". ft

4. ProduthC 8f surface We~ight 2 1000 560 1500 770
and prequency, f.w nI HS X W/f

(Piqure6 '121 and 122)064030.6.4
Inlasoure, La W It7 4D

.6. Ari Ot.In cosure (APPOOX)o 110 1t0 is$ 155

.7. Requaired Treatrehit Weighte LB, 70 40 149 76

0. Iffiloalite Weight Padiaation so0 73
(Bmaseline WT -Modified WIT
Reducftion)

9. oaoL Weiht of Transmission1 3.3 -3.3

Modneifiaton (gear shaft and
Nane '1~pates.), LIa 6.

10., WetWeight Reduction per
~ranamissaion, L8,

WRGHTl SAVZNGdi<P

NOTES:

1.Total acoustical insulation weight of CH-47C to comply
with ?4XL-A-8806A, Table IV is approximately 500 lb.

'I2. Figures shown represent immediate transmission enclosure
~' 2. areas and do not reflect probable additional saving, in

main cabin area.
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CONCLUSIONS

The basic analytical approach as a design tool for transmissionii I vibrationk/noise reduction has been validated. This method
Sunites the internal components and the housing, hence will aid
in optimizing the transmission as a complete operating sub-
system. Since the housing provides structural support to the
internal components, its physical characteristics grossly
affect the performance, wear and fatigue lives of the bearings,
gears, splines and shafts due to misalignments and load
concentrations. Therefore, houbiwq 60ptimization is essential
if the full benefits of. advancements in gear and bearingtechnology are to be realized.

The methods described herein have proved to be valuable
analytical and design tools. The contractor has applied
portions of the analysis to drive system projects such as the
Boeing/Seattle Hydrofoil Boat, the moderni-Aed.CH-47.(D) heli-
copter, and the Boeing Vertol advanced concept transmission
program. Using the existing finite element housing model,
further investigation' utilizingNASTRAN to evaluate static
and dynamic stresses, thermal distortions, deflections and
load paths duo to any type loading, fail-safety, vulnerability,
and composite materials (Figures 123 and 124) have been
efficiently conducted (Reference 14).

The fabrication technology for complex structures such as the
subject doubler plates has been demonstrated successfully in
this program, and this progress offers considerable encourage-
ment for additional fabrication development and evaluation of
complex composite structural components.

Specifically, the following conclusions have been reached as
a direct result of this program.

e An analytical approach to the source reduction of the noise
and vibration associated with high power, high speed,
lightweight aircraft transmissions has been developed
and applied. This effort included the following major
areas of investigation:

1. The dynamic response of a CH-47C forward transmission
shaft/case system was defined by finite element tech-
niques. This analysis, which included the dimped forced
"response of the case and determination of those areas of
the case with the highest strain energy density, correlated
well with existing baseline data.

2. The utility of the basic computer analysis system, by
which the dynamic response was calculated, was improved
by providing a graphical repreventation of the damped
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forced response and by expanding the computer pro-
gram GGEAR to incorporate high contact ratio (HCR) '
gearing.

* The test data available from a previously conducted IMUH/ATC
noise reduction program, which also'utiliked the CH-47C
forward ,transmission, was further reduced and analyzed in.

.. order td provide an ektaensive file of baseline data. This
data was then used to validate and improve the baseline
computer model. The -correlationobtained with the initia).

, model indicated a need for revision to include thý coupl!iig
effect observed between the ghafti,'"nd th6 spring efftet
of theplanets in holding the sun gear in position. After
these improvements were made, agreement between expariment
and analysis was excellent. J

e Using the improved model, the standardproduction compo-
nents were analyzed to define the design modifications which
would be requiredto-provide a significant reduction in
source noise and vibration levels.

e A test program, conducted to verify the noise/vibration
reductions predicted by the improved analysis through the
use of the modified components, clearly demonstrated the
utility of this method in minimizing source noise/vibration
at the design stage.

I.
The most general, overall conclusion which may be reached as a
result of this program is that the analysis and modification of
a helicopter gearbox system in the design phase, prior to the
manufacture of any hardware, is not only possible but, through
the use of the computer-aided system herein defined, will result
in a final gearbox configuration with a lower source noise and
vibration level than would otherwise be attainable, Moreover,
this minimum noise and vibration configuration, while slightly
increasing the weight of the transmission subsystem, yields a
substantial savings in the overall aircraft system weight by
reducing the amount (weight) of add-on materials required to
provide the desired cabin noise and vibration levels.

Although the overall results of this program were favorable and
quite encouraging, the need for further effort is quite clear.
The basic analytical me'hod has demonstrated reasonable accuracy;
however, several areas ware determined to be deficient for
universal application. Additionally, the system as currently
presented, while sufficient for the needs of this endeavor, is
somewhat cumbersome and difficult to apply, particularly for
the uninitiated.
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RECOMMENDATIONS

In order to increase the accuracy and utility of the analysis
described in this report and bring it from the status of a
research tool to that of a practical design and analysis system,
it is recommnetded that the following specific items be con-
sidered. to further advance the state of the art:
SThe gear tooth mesh compliance analysis (GGEAR/HCR) should

besexiended to-include rigorous calculations for helical
gears and an improved method for spiral bevel gears. The
results of this:analysis would include a foundation for the
Seventual incorporation of a rigorous treatment of spiral
bevel gears andsa much-improved helical gear load sharing
calculation.

4R . Present methods of transmission noise prediction are based
upon the cycled energy at the gear meshes, while methods
of noise reduction are based upon reducing displacements
at the shaft support bearings. This inconsistency of
approach has presented considerable difficulty in perform-
ing comparative studiesp thus, an analytical technique for
calculating the overall sound spectrum directly from the
dynamic shaft displacements must be developed.,

a The computer-aided transmission design techniques, as well
as the already established computer programs, although
complete in themselves, are in a "hits and pieces" state.
Considerable manual manipulation of data and various input/
output sequences with these numerous independent programs
are required. This introduces potential inaccuracies and
is quite time consuming. A way to circumvent this problem
is to develop an efficient closed-loop total system optimi-
zation master computer-aided design program incorporating
the many individual analyses now existing. Interactive
computer graphics and automatic plotting interwoven through-
out the design cycle would be key features contributing to
efficiency and versatility. Such a system is now achievable
for the future design of new transmissions. It is recom-
mended that a program be undertaken to develop a total,
efficient design tool as stated above.

• An experimental program should be conducted using small
mechanical shakers to excite a transmission case in an
anechoic room to determine its response to various stimuli.
In this way, it will be possible to accurately record the
case response on an acoustic sphere so that a determination
may be made of those modes, or general classes of modes,
which are of greatest significance to the noise and vibration
problem.
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APPENDIX B
VIBRATION/NOISE ASPECTS OF METAL MATRIX COMPOSITE

REINFORCED TRANSMISSION HOUSINGS

NOTE: The fabrication of ra hite/aluminum doubler plates was
lII - sponsored by the U.. rmy' Materials and Mephanesw

Research Center, Watertown., Massachusetts, under the
technical cognizance of Mr. Albert P. Levitt.

currqnt cast light alloy transmission housing technology does
. not provide an optim support'structure for power train

dynamic components under operating loads. Theme structures#
limited by current materials and processing techniques whichdo not peiit utructural design optimization, exhibit excessive
deflectionu and displacements under load which result in gear'
misalignment and vibration and noise genermtion. The increases
in helicopter size, performance, and payload have intensified
the need for high-strength, lightweight materials. The metal
industry has been endeavoring to develop alloys with higher
strength-to-weight and modulus-to-weight values. New alloys
and new methods of working and heat treating have'brought about
small improvements, but the gains are no longer proportional
to the effort that must be expended. Since all of the widely
used structural metals reach limits of specific strength at
about 1 million inches and of specific modulus at about 100
million inches, a search has been going on for some way to
get around these specific strength and specific modulus
barriers. Several metal matrix candidate systems exhibit
specific strength in the range of 2 to 3 million inches and
specific moduli of 400 to 500 million inches. Thus, there are
many areas where metal matrix composites offer unique combina-
tions of improved performance for helicopter applications.

The development of composite materials and the refinement of
manufacturing technology for these materials have provided
extended capabilities for the reinforcement of structures.
Application of finite element analyses to transmission housing
design has permitted the utilization of optimization methods
such as strain energy. Previous optimization work, although
quite extensive, had been limited to varying the wall thickness
of a conventional cast magnesium housing. The analytical
techniques have indicated the potential for more efficient
application of the optimization methods by taking advantage of
the improved properties and capability for melective rein-
forcement offered by composite materials. The ability to
build up composite material elements with specified property
orientations allows selective reinforcement of predetermined
housing regions and provides improved flexibility for opti-
mization of the structure.
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The objective here was to assess the potential applicability
of composite materials for housing optimization through
selective stiffening by analyzing and testing a CH-47C forward
transmission housing which was selectively stiffened by the
addition of graphite/aluminum composite material. The most
effective portions of the housing to be reinforced were defined
by using the strain energy method in conjunction with the
finite element model. Incorporating an analysis for determin-
ing average properties of arbitrary laminate materials. extended
the finite element method to consider the orientation of the
composite material properties. Contoured graphite/aluminum
doubler plates which were designed, fabricated, and bonded to: the transmission housing wall to modify the local mass and
stiffness proportion changed the frequencies at which thei hou~sih pedond wherxcited -rotating internal compo-

nent. B shftin thtetnatural frequencies away from the
exciting frequencies, thehousing response (vibration/noise)
was reduced. Measured vibration/noise data was compared with
similar data from baseline (unkeinforced) housing tests.

The use of metal matrix composite materials for helicopter
transmission housings has many potential benefits, including
reduced vibration/noise levels and improved stiffness. These
"improved vibration/noise characteristics are due to the
inoreased overall stiffness and the ability to further selec-
tively stiffen identified areas. By increasing the housing
wall stiffness, the resulting static and dynamic displacements
will be reduced for a specified load condition. This is
evident, for example, from

F-Kx
where P - applied static or dynamic load

K - stiffness

x - displacement

The plots of displacement versus load for various materials
shown in Figure B1 indicate that the magnitude of the housing
displacements can be reduced substantially by the use of
stiffer metal matrix materials. Steel is also shown in the
figure as a point of reference. Since the amplitude of the
vibration and resulting soundwaves are proportional to the
magnitude of the displacement of the structure, the overall
effect of increased stiffness would be to reduce the vibration/
noise level.
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A further benefit of the metal matrix configuration is that
it is much better suited for detuning of the housing than the
conventional monolithic cast structure. A typical transmission
frequency spectrum is presented in Figure B2a. Because of the
multiple forcing frequencies and the many natural frequencies
of the structure which occur, detuning of this housing is
extremely difficult. Although the natural frequencies can be
shifted by modifying the wall thickness, the multitude of
closely packed frequencies generally will cause the tuning
process to be only minimally effective, The new frequency
spectrum which results after substituting a typical metal
matrix material for monolithic magnesium is presented in
F'igure M~b. rt is significant that the natural frequencies
have been shifted toward the high end of the spectrum and that
only about 40% of the frequencies remain in the range of
interest (below approximately 5000 Hz) as compared to the
solid magnesium configuration. Those natural frequencies
remaining in the range of interest also have been dispersed
and are thus much more amenable to the detuning process.
Using the selective stiffening capability provided by the
metal matrix design, the housing can be tuned to reduce the
vibration/noise levels. Further areas of potential Vibration/
noise improvement for the metal matrix structure include
structural damping and acoustic transmission loss (TL).
Little data is available on these aspects, and therefore they
must be investigated fully.

Q0MPOSITE DOUBLER PLATES: ANALYSIS AND TEST

in order to determine the applicability of composite materials
for the selective utiffening of transmission housings, graph-
its/aluminum doubler plates were fabricated, affixed to the
CH-47C transmission housing, and tested in a manner similar to
the magnesium doubler plates described within the basic
program. The finite element NASTRAN model was used to analyze
the transmission housing loads and to determine the areas for
attachment of the doubler plates. Computer-generated plots
of the doubler plates are shown in Figures B3 and B4 . A pre-
processor (Point Stress Laminate Analysis - Reference 19) was
used in conjunction with HASTRAN to define the orientation of
the graphite fibers for the optimum stiffening in the composite
plates. This preprocessor accounts for the unisotropic
characteristics if the composite by using the basic single-ply
(lamina) material properties to calculate the equivalent
orthotropic material properties of the laminate. These are4 used in the NASTRAN analysis. Figure 85 illustrates the lamina
or layer coordinate system (1-2) which is transformed to the
laminate (X-Y) axis system. The resultant stresse's and
moments, representing a system which is statically equivalent
to the stress system acting on the laminate, are also shown.

19. Reed, D. L., POINT STRESS I.AMINATE ANALYSIS, DoCument
FZM-5494, Prepared for Advanced Composite Division, Air
Force Materials Laboratory, WPAFB, Ohio, A.pril 1970.
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Figur B4,Compute r-Geno rated Plot, of -2 Graphite/

Figue D4 Alum~inum Doubler Plate.
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computer program may be used after the NASTRAN analysis as a
post-processor to obtain interlaminar and laminar stresses.

Based on an evaluation of the loads, the constraints imposed
by ply thickness and symmetry, and the need for comparability
with the baseline magnesium plates, the following specifica-
tions were established:

* Material system = TS0 graphite filaments/201 aluminum
matrix (see Table Bl)

* Total. number of plies - 6

* Total finished thickness of plate approximately 0.204
inch

0 0
* Ply orientation 1±60 /0O1 s

The reference axis for the lamina orientations is the
vertically upward direction of the 114D1089 transmission
housing.

A significant problem experienced in the application of finite
eloment methods to the analysis of composite structures is the
difficulty of compiling a complete data base to define the
anisotropic material property matrix typical of composite
materials. Much of the test data available is derived from
specific application and hence is concerned with specific
fiber orientations and fiber volume percentage, of which there
are essentially an infinite variety of combinations for a
given material system, rather than basic unidirectional single
ply data. Single ply data is most useful since it can be
used to generate properties for any orientation and stack-up
combination. Conversely, specimen data has limited value
unless it happens to be for the same material configuration
as that being analyzed, which is not likely since composites
are typically tailored to meet the specific application. The

material properties used for the analyses arc shown in Table
Bl, which is based upon a compilation of basic material
properties and test data from several sources.

After establishing the material properties for the composite
structural elements, the transmission model was adapted to
represent the addition of the composite doubler plates and a
NASTRAN analysis was run. The stiffness and deflection
characteristics of the baseline housing, the housing modified
with the magnesium doubler plates, and the housing modified
with the graphite/aluminum doubler plates were compared. 'rhe
NASTRAN weight generator was used to evaluate the weight of
each configuration. The three configurations evaluated are
summarized in Table H2. The design of the graphite/aluminum
plates is based upon conservative values of the basic single
ply mateilal properties. Since the purposes of this develop-
mental work were to verify the analytical procedures and to
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compare with the baseline magnesium plates, rather than to
actually design an optimum housing by a rigorous application
of the analysis, trade-offs and compromises were made. Also,
the design does not use the directivity of the fiber properties
to the best possible advantage since the intent herein was to
simulate the stiffness of the magnesium plates. The overall
results would be oven more favorable for a graphite/aluminum
version of a housing that was designed to take maximum advan-
tage of the directional properties of the composite. With the
above constraints considered, the areas reinforced wore the
same as those for the magnesium plates (see Figure 50). Figure
49 illustrates the more multitudinous areas that should have
been stiffened for a rigorous application of the analysis. The
technology is now emerging in the form of metal matrix Qom-
posites to manufacture a housing which is selectively stiffened
in the areas such as indicated in Figure 49. The modelingk
procedure and the strain energy technique have been described
in further detail in the basic report.

The graphite/aluminum composite doubler plates were fabricatedby DWA Composite Specialties, Inc., Chatsworth, California.

The subcontractor procured the necessary graphite/aluminum
tape material and fabricated one SK27064-3 contoured doubler
plate (L) and one SK27064-4 contoured doubler plate (R)
(Figure B6). This material system was selected because of
the availability of the graphite/aluminumn material and the
production-ready status of the manufacturing procedure. Those
plates were contoured to fit the exterior surface of the
existing CH-47C helicopter forward rotor transmission housing
(114D1089). Using molds of the areas of the outer surface of
the transmission housing to be reinforced by the doubler
plates as patterns, tooling in the form of matching dies
necessary to fabricate the doubler plates was manufactured.
The plates were formed by a layup of the graphite/aluminum
lamina (tape) at the orientations and to the thickneas specif-
ied, and then hot-pressure bondcd using the matched die set.
The outer edges of the finished doubler plates were then
trinwied and rounded off, and the plates were nondestructively
inspected to insure integrity of their structure. Inspection
of the doubler plates was made by tapping to indicate complete-
ness of consolidation and bonding, visual inspection, and
thickness measurements. The plates appeared to be generally
well bonded and consolidated with thicknesses within the
normal range and uniformity. Visual inspection indicated sound
material at the trimmed edges and also indicated an excellent
fit of the contoured plate on the housing exterior wall. One
corner of the SK27064-3 doubler plate was partially delaminated
and the 6 individual lamina could be observed (Figure B7).

2

S... .i .. . I I. ....... J. ... .... . . .... ......... ..... . .......2 9II6



b' LAMINA

iklm.-o 117 PLII: iii Ily iclV1uu 1i Udtc'd Cc(rn.Lllr Ofl IS1(. 701) 4-.3

297



Using an adhesive resistant of temperatures up to 250 0 F, the
two graphite/aluminum composite plates were bonded to the sur-
faces of the CH-47 lower housing. The bonding was conducted
under conditions which minimized the thermal stresses in the
adhesive and the composite plates due to differences in thermal
expansion coefficient between the housing and the composite
plates. After the adhesive had been cured and it was deter-
mined that the plates were fully bonded at all points to the
housing, a complete CH-47C forward transmission including the
reinforced housing was built up, installed in the instrumented
test stand, and run for sustained operating times to determine
the noise and vibration generated.

The test procedures and instrumentation used were identical to
those described previously for the basic test program, except
that only Dynamic Test 3 (Dynamic Tests 6A and 6B, Table 7) was
repeated to evaluate the effect of the case modification. The
objective of this testing was to assess the effectiveness of
the graphite/aluminum doubler plates for reducing vibration
and noise caused by the gear mesh excitation of a C1-47C
forward transmission. Noise levels were measured utilizing six
microphones located within an acoustically insulated enclosure
which houses an operating CH-47C forward transmission. In
addition, by measuring accelerations using accelerometers
attached at six locations on the transmission, the effective-
ness of the above structural changes for reducing transmission
vibrations was evaluated. The transmission was tested at a
baseline (7460 rpm) and an off-dgsign (6600 rpm) condition for
two torque levels (80%, .85 x 100 inch-lbs output shaft and
60%, .64 x 106 inch-lbs). Each of the above variations was
harmonically analyzed as to mesh content, resulting in 48 items
of noise information and 48 items of accelerometer information.
These results were compared with noise and vibration data from
the baseline unreinforaed housing and the magnesium reinforced
housing to determine the extent to which noise and vibration
caused by gear mesh excitation were reduced by the composite
plates.".
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APPENDIX C

KAMAN U1I-2 TRANSMISSION NASTRIAN MODEL
To provide additional verification of the analytical method, a
second transmission, the Kaman UH-2 main rotor transmission

'I (Figure Cl), was originally to be analyzed by Boeing Vertol
using the computer-aided system defwned in the body of this
report. Testing of this second transmission was to have been
conducted by Kaman under a separately contracted, parallel
program, in a manner such that the predictions obtained
through the Boeing Vertol analysis could be verified. Unfor-
tunately, the Kaman effort was terminated prior to any testing.
As a result, the only information presented to Boeing Vertol
was that contained on the engineering drawings of the Kaman
housing.

At the direction of the contracting officer's technical repre-
sentative, the Boeing Vertol effort on the Kaman housing
analysis was also terminated after the preliminary NASTRAN
model of the basic housing was completed.

The Kaman UH-2 transmission NASTRAN model plots are shown in
Figures C2 through C5, while Table Cl shows the basic model
parameters. Since this effort was terminated, no further re-
sults are available.
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Figure c3 *Noise/Vibration Reoiuction Proqram,
Kaman UH-2 Main Transmission~,
Xntermodiiate H~ousing (Undeformod Shape).
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Figure C4. N~oise/Vibration Reduction Program,
Kaman UH-2 Main Transmission,
Lower Housing (Undeformed Shape).
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Figure C5. Noise/Vibration Reduction Program,
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Computer Generated Model (Incomplete -

Ii Input Drive Housing Not Included).
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LIST OF SYMBOLS

(C) damping matrix

DFR damped forced response

D-82 unified structural analysis or damped forced
response computer program

KA.acoustical energy per cycle

EM mechanical energy per cycle

* excitation, p-in.

F force, lb

Ps, Fc sine or cosine components of the excitingi'['load, 'ibp ini,-Ib

f gear mesh frequonoy, Hz

GGEAR gear mesh excitation computer program

H heat energy

(K) stiffness matrix

k bearing stiffnoss, lb/in.

L sound presiure level, dB

M mobility or mass

(M) mass matrix

n number of bearings

PA sound power, watt

Po reference pressure, p-bar

Ps  sound pressure, p-bar

PWL sound power

r distance to radiaiing surface, ft

SPL sound pressure level referred to 0.0002 p-bar

T Pericd, meo
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"t time, sec

TL sound transmission loss

TORRP torsional response computer program

W heat rate

X displacement (in.) or rotation (rad)

X5 , X€ sine or cosine components of the displacement
(or rotation), in. (or rad)

a energy conversion factor

8 geometry correction factor, damping ratio, frequency
ratio

61k 6i - iif i-k and 0 if i~k
aik Si 1 aa uz7J

C environment constant

X test condition constant - 10 log (caf/2Po 2cr 2 )
or bearing heat conversion factor

mesh heat conversion factor or critical damping
ratio

e, * phase angles, dog

WP • natural frequency, excitation frequency, rad/sec

Ids a logarithmic measure used for sound pressure
levels (SPL) and sound power (PWL)

dBA a weighted unit used to bias sound measurements
with a correction approximating the sensitivity
characteristics of the human ear
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