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This report provides tha datails of a program that is the culmination of at Inast 16 years
of Army funded efforts :imec at analyzing and controlling the vibration and noise
characterictics of helicopter gearboxas which currently exhibit varying dagrees of advarts
effects on craws, passengars, and component life. The result of this offort is an

- a slytics! tool thet, at first application to 8 CH-47C forward transmission, has raesulted .
- in a test stand demonstrated 7-dB reduction in interial nnise level at a location corre-
“ sponding to the cockpit. The ultimate banefit is the application of this analysis as a
design tool with anticipateC payoffs in reduced devsiopment costs for new halicopter
gesrboxes having improved raliability and reduced noise/vibration lavely.
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-1 The work duiqrihid hereln represents a major step toward the

. 1onq~€unq0 objective of a minimum vibration and noise, minimum
‘waight, highly.reliable, advanced technology transmission system,

-] The major godls of the program were to: _ '
1, Dafine an analytical approach to vibration/noise redustion.

"2, Correlate. existing experimental test data with data predicted
I+ . by ®he analytical tools,
o, Design and fabricate modified transmission components

+ utilizing the verified version of the praediction technigue.
Conduct verification testing of the entire transmission with
the modified components installed, _
5. Compare test results of the bamaline and modified versions

of the tranamiasion,

6. Disseminate iuformation to govermnmont and indastry personnel
through final report and user's confarence. )

Al analytival approach using finite element and straln energy
computer techniques was selected for thias work, A finite
alement model of the complete forward rotor tranamission for
the Boeing Vertol CH-47 helicoptor was developed and applied to
reduce transmission vibration/noise. The internal comporients \
waere analyzed using computer programs GGEAR, 'TORRP, and D-82.
The housing was modoeled using NASTRAN. In addition to. a dedcripd
tion of the model, the technique for vibration/nolse prediction
and reduction is outlined. Also included are the prodicted
dynamic response, corvelation with test data, the use of atrain
energy methods to optimize the transmiassion for minimum vibra-
tion/noise, and determination of the doalogn moditications which
wore manufactured 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 Qotober 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 bean 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 Centar, Watartown, Mass, under the technical cognizance
of Mr. Albert P. Levitt,

This program was conducted at the Boeing Vartol Company under
the technical direction of Mr. A, J. Lemanaki (Program
Manager), Chief of the Advanced Power Train Technology Departe-
ment. Principal Investigators for the program were Mr. John
J. Selarra (Project Engineer), Mr. Robart 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 aexample, by the noise requirements
outlined in specification MIL-A-8806, the Occupational Safety
and Health Act (OSHA), and the Walsh-Healy Act. Helicopter
noise amanates from three major sources - the rotor blade,
engines, and transmissions. Exterior noise is dominated by

the rotors and engines, although the transmissions also contri-

bute to this noise. Minimization of thae 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 eng-
ines and rotors being msecondary sources. The transmissions
are generally located near the flight crew and passengers
(Pigure 2). 1If preventive measures are not taken, they pro-
duce an environment which degrades personnel performance by
causing 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 lavels (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-
raducing treatment (e.g., weight, cost, maintenance, and
incompatibility with other operational requirements), methods
of predicting noise levels and tools to perform trade studies
(L.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 tranemission
noise has generally been to add acoustical encloasures after
the hardware is built and a noise problem has become evident.
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Significant acoustical treatment is regquired in order to meet
the internal noise levels for military helicopter crew and
cabin areas as apecitied in MIL-A-8806. Operational airoraft
employ one or more of several noise control techniques which
include skin damping and limp material blanketing to reduce
fuseluge radiated or structure-borne noilse, and high-density
rigid sound barriers oy source enclosures to reduce the alye-
borne noise. Reduction of the airborne noise by the use of
enclosures is considered to be effective, but the actual
noise attenuation that can be achieved is dependent upon the
complotoness of the onclomure. Consequently, the noise rao-
ductlion limitation in the speech [requency ranye with typlcal
acoustical enclosures and seals is about 2% AQB, with ap to

35 dB obtainable through use of improved seal configurations
(References 1 and 2). :

Further reductions in noise lavel up te 50 to 60 di can be
achieved with fume-tight enclosures, such as those employed in
some commersgial helicopters and in some commercial tranapoxt.
alroraft engihe installations operating today. To date, fumoe-
typa onclosures have not boen employad on military helicoptecs,
Sinco practical enclosures are limited in noise attenuation by
unavoidable gound leaks in seama and accoss doors (Figure 2),
adequate attenuation is not provided for advanced helicoptar
drive smystoms of inoroased power (Reforencos 3 and 4). As
indicated by Figure 3, a 10% opening in the onclosure permits
100% noise escape. Not only do these enclosures impose

1. Sternfold, H., Spancer, R.H., and Schaoffeyr, B.d., STUDY .
TO BETARLISH REALLISTLIC ACOUSTIC DESICGN CRITERIA FOR PUMVRK
ARMY AIRCRAM', Vertol Division, The Boelng Cowpany, TREC
TR 61-72, V8. Army Trangportation Resoarch Command, rort
Bustisg, Virginia, Juno 1961.

2. 8ternfaeld, H., Schalrer, J.,. ahd Sponcor, R., AN INVESTI~
GAYTION OF HELICOPTER TRANSMISSION NOLSE RUDUCTION BY
VIBRATION ABSORBERS AND DAMPLING, Vertol bivision, The Doaing
company, USAAMRDL TR 72-34, U.8. Army Alr Mobllity Reseoarch
and Devaloprent Laboratory, Fovt Bustls, Vivginia, August
1972, ADT52579,

3, Hartman, RK.M., A DYNAMUICS APLROACH 10 HELLICOIMIBER 'TRANSMIY~
SION NOISE REDUCTION AN IMPROVED RELIABILLITY, bPaper Proe-
gonted at the 29th Annuwal Natlonal Forum of tho Anevican
Hollcopter Scalety, Washington, L.C,, May 1973, Proprint
No. 772.

4. Havtwman, R.M,, and Badygley, R., MODEL JO1 HLUSATC TRANSMIN-
STON NOLSE REDUCTION PROGRAM, Vertol Division, Tho Bowing
Company , USAAMRDL PR 74-%8, Eusbla Divogroratae, U5, Avmy
Adr Mobility Resoarch and bDavelopmont Labovatory, Fort
Bustis, Virginia, May 1974, ALD784LI2.
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considerable woight and waintainability penalties, but they
do not veduce the deleterious effect of tho accompanying
vibrations which contribute to material fatigue and fretting
at joints.

Transmiasion vibration/noise levels will continue to increase
with increasing speed (Figure 4) and transmitted load (Figure
5). Furthermore, graater loads result in greater housing
deflections and mimalignment effects which in turn lead to
even lilgher noise levels (Figure 6). Therefore, vibration/
noise problems will continue to become more critical aas
helicopter transmission powar and speed requirements increase
(Figure 7). These factors have led to a need for the develop-
mant of techniques for the prediction and reduction of transe-
mission vibration/noise.

A new approach in helicopter tranamission hoise control aiwed
at reducing acoustical energy at the source is being investi-
gated herein, 'The basic premise of this program is to reduce
tranamigsion gear shaft deflectiona at the bearings and avoid
regonances by control of dynamic responhse through stiffness,
masgs, and inertia distribution, thus reducing tranasmiassion
noise at its smource, Controlling the dynamic reasponse of the

transmisaion is a desirable approach to noise reduction, since

reducing deflections at the bearings and avoilding resonancoa

also inherently increases bearing lives and improves trans-
wission reliability.

\

previous dinamic testing of a CH=47C forward transmimsion
conductad in the RBoaing Vertel closed-~loop teast stand (Rafar~
ence 4) provided a substantial volume of vibration/noise data.
The transmission waa instrumented internally to measure
strainsg, digplacements, and accelerstions of rotating compo-
nents, and externally to measure case accelaration and noiase
levels. Thip data was obtained and succesafully correlated
with predicted resulta. As a result of this test program, the
mechaniasm of noise generation iritially goatuluted has been
experimentally verified. Also, .pplication of the partial
dosign tool availlable in Reference 5 indicated that a signifi-
cant improvement in noise level could be achieved, This
axlating data ia being used for correlation with the resulta
of tha analytical methods.

Au a convenlence, the lower planetary and spiral bevel meshes
will be referved to as "LP" and "SB" throughout the ensuing
dlacussion, In addition, harmonics of frequencles associatod
with these mashes will be designated by numbers immediately
following the abbreviations (e.g., the lower planetary first
harmonic would be written as "LP1").
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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 as ear damage
and physical and psychological irritation, greater under-
standing of sound, its causes, effects and control is nec-
egsary. 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.

The sound preasure level (dB) and the freguency (Hz) of
sound waves are the properties of sound that are measurable
using ordinary engineering technigues. Unfortunately, sound
pressure decibels are not the scale that the human ear uses
to judge loudnese. 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 ia therefore a subjective guant-
ity and cannot be measurad exactly with any instrument. Be-
cause hearing is frequency sensitive, rating loudness is a
complex task. Since the adverse impact of noise upon human
beings is a primary concern, numerous psychoacoustic criter-
ia for asseasing 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),
tranamission noise is particularly objectionable. Sound
pressure in excess of 120 4B has been measured for the trans-
misaion of a medium transport helicopter (References 3 and
4) which, for comparison, approaches the level of an air
rajid siren (Figure 8).

A-welghted sound pressure level in dBA units is commonly used
to measure the loudness of a sound. This factor vovides a
single number representing a subjective assessmeat 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 noiae and

ites 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-weightad sound pressure level is obtained electrically
by reducing the effect of low-frequency noise with a series of
filters; this frequency weighting is shown in ¥igure 9. Figure

7. Munch, C., A STUDY OF NOISE GUIDELINES FOR COMMUNITY AC~-
CEPTANCE OF CIVIL HELICOPTER QOPERATIONS, Jourpal of the
American Helicopter Society, January 1975, Pages ll-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 freguencies, Not only is the tranasmission
noise at a high sound presaure level, but also the frequencies
at which 1t occurs are usually within the sensitive and
heavily weighted 2,000 to 5,000-Hz 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 potantially more damaging than broad-

;) ; band noise. Therefore, for pure tones and narrow-band noise

q | sources (helicopter transmimsions), hearing conservation pro-
. grams such as that recommended by Department of the Army TB

1 i gEDdZSIisuggelt levels which are 5 dBA below those of broad-

and noise. _

NPT e o e M T = g e e T
P e T = e s o

; | 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 sound
power level

TR m o smemeer ey,

PWL (4B) = 10 log, [ B ]
Pl‘.f_d
reduces the sound level by 3 dB to 83 dB. Turning off one

1. of the two remaining sources again reduces the sound power
b ' by one half and reduces the level by 3 aB to 80 dB.

The combined effect of up to ten equal sound sources is
shown in Figure 1l. The addition of sources with different
1 levels is also easily accomplished using Figure 12. With
;' this figure the difference in the pressure levels of two
- sounds is used to find the amount by which their combined
k. level exceeds the higher of the two. To add a third level,
t the same process is applied to combine it with the total of
g 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 ylelds a reduction of only 3 dB, indicates the
extreme difficulty in achieving large dB reductions. Assum-
ing a one-to-one relationship betwsen tranamission vibration 3
levels and radiated noise, the conzluasion 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 APPROACIH

TRANSNHISSION NOISE GENERATION AND REDUCTION

iear shaft daflections and their effect on case deflections

and nolse production have been under investigation for several
Years. The mechanism which has been identified is that noise
is gensrated Ly the transmission housing as a result of the
nonuniform tranafer of torgque between mating gears (Refarences
3 and 4). The nonuniform transfer of torque is due to tooth
profile and spacing tolerance, the elastic deformation (bending
and contact) of the cear teeth under load, and the deformation
of the tooth backup rim and web., The combined excitation due
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 freguency (number of teeth x
rpm/60) and its multiples for a simple gear set. For the
planet/sun gears the mesh frequencies are the diffarence of

the sun cps and the speed of rotation (cps) of the planet
center about the center of the sun gear times tha number of
teeth in the sun gear, plus the harmonic multiplee. 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 intornal
conponents (shafts, gears, bearings). The vibration, which is
calculated by computer program D=82, produces displacements at
the beaaring locations. These excite the housing and cause it
to vibrate at all mesh frequencies, thus radiat?ng noise. The
dynamic characterigtics of the internal components may magnify
this excitation., Furthermore, the dynamic characteristics of
the housing, which are calculated using NASTRAN, may magnify
its displacements and the resulting noise (Pigure 13),

By controlling the dynamic response of tho internal components,
resonances can be avolded and displacemants at the bearing
locations cah be reduced. This is a desirable approach to
vibration/noise reduction, since it also leads to increased
bearing life and improved overull tranamission performance and
roliability. A three-pronged analysis for the reduction of
vibration/noise nt its source has been developed which includes
the reduction of dynamic excitation, the reduction of dynamic
response of the shaft and housing, and the use of auxiliary
devicea for vibration absorption,

An analytical approach using finite olement computer technigues

has been identified by the contractor for this program. "Tech-
nical approach for the overall program is depicted in Figqure 14,
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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:

®* & e o

Noise calculation based on energy at bearings,
gstrain energy technigues for‘vihtation'reduction.
Finite element dynaﬁic stress analysis.
Optimization criteria.

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

Computer-generated plotting for model checkout.

2. The analysis of the transmission housing includes:

Strain energy techniques for vibration reduction.

Finite element dynamic stress analysis.

tmpedanec and mobility methods for vibration ab-

sorption.

Optimization coriteria.

This program is highly computer oriented and makes extensive
use of several computer programs as indicated in PFigure 14,
The uccompanying User's Manual describes these computer pro-
grams, presents rationale for their use, and discusses their
application. '
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MODIFICATIONS EXCITATION AND rg:::
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i COMPONENTS
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; A MODE SHAPES AND
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OPTIMIZATION .
L] )
DYNAMIC FORCES AT BEARINGS sPL
F = KX CALCULATIONS :

INTERANAL COMPONENT ANALYSIS

’//////////////// /L

P

Figure 14. Flow Chart of Technical Approach to
Transmission Vibration/Noise Analysis.
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INTERNAL, COMPONENTS - MODEL_AND ANALYSIS

DESCRIPTION OF THE MODEL

The internal components of the CH-47 forward rotor trans-
migsion are shown in Figure 15, and the finite element model
of these components for use with program D-82 is shown in
Figure 16. This model, which was developed previously
(Referance 4), was checked and refined. Using the refined
nodel, the dynamic response of the shafts was determined and
then a gecond computer program 8-68 (Reference 8) was umed
to identify the segments of the shafts demonstrating high

‘atrain enexgy densities at the mesh frequencies. By modify-

ing these segments, the dynamic response of the shaft wan
altared moat effectively.

The methodclogy 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
further desoription of D-82 are alsc given in Reterconce 8.

DYNBMIO RESPONSE. :

Figure 17 is a spectrum of the natural frequencies of the
baseline internal components, and the first 20 mode shapes have
also bgen auytomativally plotted (figure 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.

Thae danmped forcad cresponse of the internal components has also
been calculated, Excitation at the lowar planotary first
harmonie (LPl) is illustratad here, The plotted rasults
(Figure 19) are in absolutae value, and the nmotion is coupled
vartical-lateral confined mainly to the pinion componants.

The dynamic loads calculated for each bearing at each mesh
frequency axe phased (sine and cosine components due to
structural dampiing) and subsequently applied to determine the
forced response of the transmission case and rasulting dB

output,

Sclarra, J.J., USE OF THE PFINITE BLEMENT DAMPED FORCED
RESPONSE STRAIN ENERGY DISTRIBUTION FOR VIBRATION RENUC-
TION, U.8 Army Rasearch Office-Durhsniu, Contract DAHCD4~7.1-
C~-0048, Boeing Vertol Document D210-10819-~1, July 1974.
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Figure 18. Continued.
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SORTIE STUDY

The internal components have been analyzed over the flight
profile for a typical sortie. Since a helicopter transmis-
sion operates at essentially a constant speed throughout the
flight profile, the significant variable is the transmitted
toxque. Therefore, from an analysis viewpoint a sortie study
is actually a study of the nonlinear variation of bearing
spring rates with varying torque lavals.

The arrangements of the support bearings for the spiral bevel
pinion and gear are shown in Figures 20 and 21. The changes
in the spring rates with varying torque were calculated using
bearing analysis program §-04, and the results are plotted in
Flgures 22 through 29. Since :n the finite element model the
bearing stiffness is represented by beams and springs, the
effect of the varying operating condition is introduced into
the model by adiulting the cross-aectional area (stiffness)
and torsional ¢ qiditi of these beams.  The beam spring atiff-
n

nesses and corresponding torsional rigidities are summarized
in Tables 1 and 2.
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TRANSMISSION IDUSING = MODEL AND ANALYSIS

DEHCRIPTION U THE EINITYE BLEMENT MODEL

The Boeing Vertol QH~47 forward rotnrrtrahamiasiQn housing im
cotposed.of thred major sections: upper cover, ring geaxr, and

. bovel gear case. (including 6il suwmp), The upper covér provides

lugs for wmounting the Lransmission to the airframe and trans- .
mits the rotor wystem lodds through its structure and into the
airframe, -Hence, the antire upper cover atructurd ls s primary
load carrylag wember, The case contalns and suppouts the main
spiral bevel gears wa well as a lube pwep und the oll avmp.
The uppor reglons ¢f the case reawt tho bevel gear mosh loada

©and transmit torque dnto the rinyg gear, The lower regiona of

the case, including the sump, are primavily for contailnment of
the lubricating oil. fThe ring geor, which connects the uppov
vovar and case, cohtains the planetary gear systum, In addi-
tion to reacting the planatary gear mesh loads, tho ring guax
transmits onse loads into dhe upper cover, This natural:
diviasion of the‘gauning war adhiared to fur vase of wodaling
(Figura 30). St - ‘

Thw‘achihvumunh.of good results ié-dépmnaant_upmh éhé'dabalop*
mant of a mode), which acourately roproduces the behavior of

Jthe actunl havdwaro., Althouyh the solution of a findte clement

problan is rigorous, thd coubtrudtion of a finite elament.
model 1ls somawhat of an art as” opposad to u proadiae sclenca
ahd is hoavily dependant upen thoe exparionce and inaight of
the modeler. The nodeler is the intarface batwean the iten of
hardware baing modaled and the annlyeis bolhg appiled to build
tha modael. The critical foatures of the atructure muat be
acourately roprosontod, dbut compronises must ba made for ,
compatability with the sapabilitios of tho analytical method.
A sinple oxaaple of model limitationa in the restriction
lnporod upon NASTRAN plate eleoments that all connecting grid
points bo noarly co-planar. Tha degreo of detall necessary
for a model deponds upoa suveral factors, including the type
of solution desired (e.g., static or dynamic), the accuracy
desnired, and tho external constraints or applied loads. Model
gomploxity must be traded off against computer time. Ingenuity
by the modelor is necessaxry for mininizing the number of grid
points and ¢connecting elements in the model, Therefore, bheforo
the actunl wmodeling of the housing structure war started,
ground rules for thoe modaling had to be eotablisled.

The first aspoct to Le addrossed was the raquired grid mash
Einenesa, Ideslly iv is desirable to build the model with a
{ine arid wesh to achleva gronter accuracy. Howaever, in
practice a trado-off is naceasacry o establish a grid mesh
fine anough to yield surficient accuracy but not so fine that

35
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computer execution time becomes prohibitive. With the study

of the circular aylinday and turbine disc models described in
thg Usox's Manual as background, an asimuthal spacing of abcut .
15 was requirad to provide acceptable .ascuracy, This azi-
muthal spacing was thus established for both the ring gear and
case model, mince it was necessary to analyze the behavior of

 these components 4n detail. . The yertical spacing was generally

dictated by the. natural changes in. hardware shape and wall .

"thickness. IMé: the casé a Vertidal spacing Of about 2 inches

was uded, resulting in elenisn€s with linéar dimensions ranging
fxom'qboutﬁxﬁmSMta;QmQthngngdymnEom;pbo,:@nq gear a vertical.
ying: of frba 0.8 4oL\ 3 inchey wak uséd, resulting in elements
th linear dimensionszanglng frdh about 0.5 ©6:2.9 inches. -
The uppeat covar was modelec usiig a cdarder grid mesh, since

v

" the inteiit- of this aspect &£ tha wWork ds nét a detailed model

~.and analyaid of. the Upper. coysr but. vather s more general
canalysis of ite groke offect on the other parts of the housing.

'Th@_am@mytha;;pgacanyfbr the uppar cover is predominantly 309,
*&-l-tho_q%h,-.-'aj-'.tgngga ng of 13C was' used at the lower boundary for
compatibliity with ‘the' ving gewr:: A vertical spacing of from
1.4 €0 6,7 Anchee-wWas used, For eush portion of the housing,

- tne grif mesH fihenass establikhed provides an atceptable

aucuracy/computer time:hiadé-cff for the dynamic aunlysis

- cohducted heyein. '

_Another aspect bthhé:gehergi'mbdclihg_propgdura_which-had to
-'be.agtab}iphg#»wﬁ-”;hdﬁgria“poihtufixiﬁy;‘part&culquy at the

boundariss betwsen the upper coyer, ring geat, .and case. It
would be most Jdasirvable to treat the'entire housing as a single
mpdel, but ‘due to the large computer executich time it was

' niceapary to analyze each of the three sections (upper cover,
r

ng gemr, and case) as separate models. Running the three
sections independently introdured the raquirement te establish
constrainta on the grid poiats which form the Loundavies
bhetween the mating seccions. Fixity vepresentativs of a
simply supported sgtructure was imposed by applying single point
constraints (8PC) %o constrain the three translational dagrees
of freedom to zarc motion for each boundary grid point along
the upper cover/ring gear and riag gear/case inteslaces. This
fixity simulates the rustraint imposed upon the boundary of one
member by the strxucture of its mating mambex.

Based on the grid mesh guidelines outlined pruviously and
locally modifled to be compatible with the hardware structure,
the locations of the geometric yrid points for the model were
defined from design drowinys and by crosg-checking on an
actual housing. Figure 31 shows the care hardware and the
measuring instruments used. CQUAD2 (quadrilateral) and CTRIAZ
(triangulay) humogeneous plate (rembranc and bending) elements
were usad to connect the grid points and build the NASTRAN
atructural model. The physical properties (thickness and
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material) were defined for each element. The mass of each
- elenment is considered to be distributed at the grid points
connegtéd by the respective element.

A Boeing preprocesscr program (SAIL II - Structural Analyses
input Language) for the autumatic generxation of grid point
coordinates and structural element connections was used, This
preprocessor allows the user to take advantage oif any pattexn
which oduuxs in the data by providing straightforward tech-
nigques for describing algorithmas to generate blocks of data.
BATL - II was used ©o genara*e the ring gear and the upper cover,
including the mounting legs. One leg was modeled and then the

~ other "thres wotre generated by a data block transformation.
'SALL was aldéc uwed eitendively to generate the symmetrical
portions of the cuse: upper mounting flange, input pinion
barrel, pump.support, and pump drive support regions. The 0
iodvling of the irregular portions of the case as well as the g
connacting of the SAIL generated regiotis was done manually. e
The exktensive computer~gsherated plotting capability of NASTRAN

. was, used both to plot the. undeformed structure to debug the

. stradtural model and to plot the deformed structure to define

. the mode ghapes. Figures 32 and 33, which show plots of

. yavious orientations ox the case model, demonstrate the
versatility af‘tha)NhémnAN plotting capability,

Conlon eave of ddentitication the case was subdivided into several
- .regionw and the grid peints in each region were labeled with
..., spedlific, but arbhitvary, series of numbers. Although these
grid polfat numbars dot only as labels, they affeot the band-
. widthiof the stiftness and mass matrives. - To minimize the
- matrix bandwidth for most afficient running of NASTRAN, the
BANDIT computer program (Reference 9) was used to auto-
matically renumber and assign internal segquence numbers to
the grid points. 'The output from BANDIT is a set of SEQGP ;
cards which arxe then included in the NASTRAN bulk data deck g
and which relate the original external grid numbors to the
internal numbers.

The model Lncludes grid points reprosentative of the structure
whare the shafte are supported by their bearings as well as 2
grid points representative of the planetw-ring gear tooth
meshen., Those grid points are used to apply tha dynanic
excitations at the mesh freguencies to analyticnllz excite the
housing. Although each geometric grid point has six possible
degrees of freedom (three translational and three rotational),
the displacements normal to the outer surface of the housing

g e i S

St Sy

9. Everstine, G., BANDIT - A COMPUTER PROGRAM TO RENUMBER
NASTRAN GRID POINTS FOR REDUCED BANDWIDTH, Naval Ship
Reswarch and Development Center Technical Note AML-6-70, ¢
Februwary 1970. .
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are of most interest for noise evaluation, since this out-of-
plane motion generates sound waves. This is lllustrated in
Figure 34 which shows that as the vibrating body moves forward
from its static equilibrium position, it pushes air before it
and comnpresses it., At the same time, a rarefaction occurs im-
mediately behind the body and air rushes in to £ill 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, socund, is the auditory sensation
produced in the human ear by the disturbance of air.

To conveniently evaluate the motion normal to the case surface,
nunerous local coordinate systems wers defined and oriented
such that the displacements and accelerations calculated at
each zrid 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 exlisting 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 NASTRAN plate elements. The other two rotational degrees
of freedom were omitted. All translational degrees of freedom
were retained to acocurately represent the motion of the actual
housing. Because of the large model size, the Guyan reduction
technique was used to reduce the size of the analysils set.
Distributed areas of interest were defined as an ASET (solution
sat). The Givens method of eigenvalue extraction was used and
the model parametars are summarized 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 tranamission housing for the

following reasonst
1. Use of a widely accepted and thoroughly validated computer
program (NASTRAN) .

2., Extensive computor-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 response for the gear mesh frequencies, have been
detexrmined, 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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The main exciting mesh frequencies are shown on the upper

Upper Cover Model Results

A colputer~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
regro-ont 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.

!
' !
1

In order to obtain all the modes, the entire ring was analyzed
as a simply supported structure. The effect of ths mass of
the gear teeth was included by using aoncentrated masses ;
(CONMASS), but their contribution to radial (hoop) stiffness |
was excluded. An automatic plot of the ring NASTRAN model is
shown in Figure 38. Also in the figure, the natyral frequencies
of the ring are shown oni the lower portion of the spectrum,

portion of the spectrum. It is noted that the natural frequen-
cles are embedded in the exciting mesh freguencies, which could
lead to considerable amplification of nolse and vibration. A

detuning process was conducted using §-83 and is described in
a later section. 3 . -

. .

The case was initially analyzed without the sump attached and
with a free boundary condition at the case/ring gear and case/
sump interfaces. The frequency spectrum for this confilguration
is shown in Pigure 39, and a NASTRAN plot of the housing 46th
mode, which has a natural fregquency closest to the LP2 exciting
frequency, is shown in FPigure 40. Subsequently, to provide
more realistic boundary constraints, the sump was attached to
the case and the constraints at the grid pointe on the case
boundary representing the case/ring gear interface were
changed from a frea 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., Tha caloulated natural frequencies of the case with sump
attached and the main exciting frequencies are plotted on the
spectrum shown in Figure 4l. The spacing between the natural
fraequencles of the case has generally been increased and the
rigid body modes which previously existed have heen eliminated,
The mode shapes cf 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 attuached) were
evaluated using the strain energy program (S=83) and the areas
for modification of the case structure were dafined.

65

w4 et e 118 R0




e T T a .- i - P -

* (adeys pawmzozopuUn)
TOAOD Hw.wmb UOTSSTWSURILL I030H PIEAIOF DLY-HD
..nuvol NVEISVYN JO 3014 vﬂumumﬂuwuuupg ~g¢ 2ambT13

(SIRIOd AIEY ¥z) Va2
ONTY HLIM FIODVANNS INILVH

OL OMIINOOW . .
W01 SOFT ¥ : _ BOVALAINY OMIEVAd

P R T 2T - - SO e s e
T - o . e D e DT T S b e e L ¢ Co - .

= e = A LT S e e C e bl - p—




- 10A00 F2ddn uorssTWsSURIL PIEMIOd DL¥-HO
103 sorousnboil TeinjeN POIDTPIId NVILSVN
sns1a9p sorousnbaxjy Hurozod 3T snxyoads

~g¢ aanbta

R T P T

. I ltl
ey _ B HES ¥ =|
= fEthe
proses: >
= > 4 ]
= : =
- : | =1
= - ==
g 5 o Sl
=3 ¥ ¥
== ¥ >
¥
== > : s
e R
“ *>
“ﬁ. X : .
S + + =¥ X \
Rad YOI0d €9z IV SATOMENDA¥A ORIJE0A
- 7, o e

67

¥
3
3
i
=1
]

Rl -
v

h

R

s Mo 11 Loy AT



N W S SR B, £ T2 e S DS T R T AT T ST e e s T e e
sRRET TR . o \1,.!..‘!.Uu.vl.lxhj

o

s

P e

- {poax0oddng Kydurs sbaT)
19a0) 12ddn voTSSTHISURI]L PIeMIOI OJL¥-HO

163 setousnboli [eamyeN POIOTPOId NVULSUN
sas19, setouanboixsy buroroi 30 omrioads (¢ 2xmb1a

S o ey R e AT R eI S S L TR AR

oDl XOoEantdadd
6% 8¥ 9€ SGE 6Z 8Z
S = i . € . 0
3 $ e o
=SS! TIEan =
o 22 o Tt
Pk = y s 3 L
e ]
=
I i
3 = : = . et pe e |
s - = sacram ./r E
WIE HOLOM €¥Z IV STLOMaDDIZ ONIDE0d
— = nM
?
s




1 ¢ MERAR TR

TEWINITUADOA G P70 g, vy

R T G B 2 AR IR ST L R E Sy g,

4
i ’ i '
.
\ '
TR "'[“ —iesen e
R N
_‘,:"w,,,...,.j.x..x Lapteonre «
V . s o ALl
-‘i-‘ W""" N‘\-_Lu--:--n.‘-
:‘I.. [y * —_ L g N
: Yyl e ¢
}\‘\ . ,.“.,.,__.\.,».x_:m}.;.’ r— "L!
Ak o | : . |
it ) .r |
I Mg |
5 s
\$ -
-b p BMRR et L
\ B )
.'.;‘. ! ‘ . (
} . JAsdd - 7
.’\‘. Lt . B
o . :
: | PRt
| - .N."""""Q
i LY ..;‘ A_‘--A
) | b N
é‘- . (" 1| ‘.
! ‘ ! i ‘
i . | | |
0 a 83_ a
™ AB H
e 8 |
?‘. Py g [ R ‘
4 & EXCITING '

———— 1Pl 158%

" FREQUENCTES : .
L o -r.»"‘}""\.ll lr - l' 8
& Ei N Y
§ 3 § NATURAL ;
" VAN FREQUENCTES !
N
Q
2
« :

!
:
Flgure 38, (Ci~47 rForward Rotor Transmission Ring Gear;

Exlsting Configuration and Resulting Spectrum
(at 80% Torque, 7460 RPM Sync Shaft Spaed).

-
—
-

1500 Bz
2066 Hz
3000 Hz

BZ
Hz

2334 Hz
2565 Hz
{413

5231
5341

4770 Bz
4722 82
£937 0z
4578 Hz

69

Bt ML e Db st S 220N W b M AT sy bbb el o B v U A S KR T S i




¢ (s9x14-39313) 96TD UOTISSTWSURIL PIBRMIOL DL¥-GD
I03 sorousnboli Teanjexn pslOIPSIg NYHISYR
SnsI9A ssTOouUsNbazi burdica Jo wnizsadg *g

o9

aImbdTg

v s P
; r 1
= »
- - v
—1 < T
: — oS s peaoe:
- = — +
: = ¥ === *
T — T - = )
o » P > o . §
+ —
Se 2 =
T - %
: ;
. S = " o % =
41 4 ¥ > - o
: o
— =
= ¥
e = a3 =
- H >
8 SSixs
2 =
| ¥
33 e =
= 2 H
"} 3 -
= } 3
E 3
= 5 H¥
= = ¥
:
e EiZ
- i % 2
-
. 7 e et Lo :
= o . 3
- . L = e e
T =]
= T . :
1 o :
S S o
% e ST
P Ll -l
I P etk G E
e P — > e ...
 honmas_N == " o=
3 - - e~ X
e T

KIE dOIO8 v

IV SAIONANTEY I DNIHE0Z

70

=

AR

a

bk b G

18 gttt

\ 0
FILV Y

A UG




Com B et | B Y TR iy




_ - (po310oddns Ardurs fdEnS
© g3TM) 95€D UOTSSTWSURIL pIeaxod OLy-HD
30 setoueubexi [2XN}eN PIIVIPAI4 NVIISVN

SnSISA serouanbazy buroroZ 3O m3oads Iy °I1bTa

Py b i e =
=== = - T s e % Semasbb prpes 2 P Sl e
s oy ~ = - —
3 e s Spatl SoCTs pna s } oot ga.gl
. — =
P Supa—_— - hr
I = =3 m :
¥ 3 e
=
hs swner
TS -y e ol it
s et i
ST ;
23 = b, % s 3 2
3 : 1 £
- -
st * =it =t = ey o e
“mm 3 2
= » iiE = ey o z -2 204 e
= == .m
= s eyt £ 4
25 > = B e e e
- susiye = Tl ;o 1 %
iy = : - o '
e . d L i e - L TX

e g simgrir eI e T = T

T e o e T T i ot e e -
e e T e e e gL
SO R s e o TN o €< Py S




L
.
\ e A
. e -
m-.«.uw-"’"i. e E
i Mg
<7 XK A8 AV
(K57 a1
Y .
v .
Mode 9 Frequency 1541 Mode 10 Frequency 1603
Wiy -.L
s s RE f
= el ’\‘ ‘?
- ‘-::, ..::"' " e k
;,.‘,7:’/
[{
;
Mode 32 Frequency 3103 Mode 33 Frequency 3181 i

Figure 42. CH-47 PForward Transmission Case (With Sump) i
Modal Deformation, '

73




o e pT— e T i

e emt e L

t
i
|
" /
[
S
k| g
0 M
!
gl
S
B ‘\
el )
i
Lt
N
B
13

T e e

1l

R

o T

e w e e ey e B A e
RO A AR KRR THL B A A U

" Mode 40 Frequency 3588 ‘ Mode 41 PFrequency 3606

|

Mode 61 Frequency 4667 Mode 62 Frequency 4735

Figure 42, Continued.

74




DETUNING OF THE TRANSMISSION

Every structure possesses characteriastic 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 freguency of
the wave motion. 'Since this natural vibratory wave motion is
periodic, it posmesses 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. 1If this exciting frequency or its harmonics
coincides with a housing natural frequency, resonance will
exist. At resonance, since the wave motions produce repeating
deflections which may become large, a fatigue stress wiil be
imposed. 1IZ this stress combined with other stresses exceeds
the fatigue strength of the material, failure will occur. 1In
practice, howsver, due to the damping imposed by the structure
and other transmission components, resonant fatigue failure of
transmission houaings has not besn a problem.

A useful index for evaluating the ionnibility of resonance is
the amplification factor (A ), which is a function of the
ratio of exciting frequency.S2 to natural frequency ¢) and is
plotted in Figure 43. Examination of this plot shows that
vhen the exciting frcguoncy equals the natural frequency

(L2 /L) = 1) the amplitude of vibration beccmes very large.
This is resonance. If damping is present, the amplitide is
reduced, but it is still large for damping in the typical
range encountered in practice ( { 1),

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 (nodea) 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,
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 exaiting frequency.
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This may be a difficult task since avoidance of one resonarice
may create a new resonance elsewhere in the frequency spectrum,
unless all natural frequencies can be shifted above the excit-
ing frequencies. In any case, it is usually preferable to
stiffen, rathexr than weaken, a atructure to cause the desired
frequency shifts, aince stiffening results in smaller vibration
amplitudes (Reference 10).

i Strain energy techniques fdr structural optimization have
: avolved in recent years. For applications such as helicopters

IR i gt o T e R
e iCe pa i Sl e L L

R st
Rl e nd a2

RN where weight is critical, it is more appropriaste to evaluate
| the strain density (strain energy/volume) distribution within
{ a structure which provides guidance for vibration raduction
bydidontitying the structural elements participating in the
) modes. ' :

To optimize the tranamission components for minimum vibration/ S
, noise, the eigenvectors (mode shapes) and natural fragquencies : e
o are calculated. The natural frequencies calculated are com-
! pared with theo gear mesh exciting froguencies to identify
L-f each mode shape whose natural !ragueney is close to an excit~
] [ ing frequency and which it is desirable to shift. For each
i appropriate mode shape, the strain density distribution
{ throughout the structure is calculated. The structural ele-
: ments with the highest strain density are the baest candidateas
. tor effective modification of the natural frequercy, since a
: minimal weight change will yield a maximum shift in natural
. . frequency (Reference 1ll), By locally altering the houuing
wall to change the massg and stiffness in these areas of high
strain density, the natural frequency may ba shifted away
from an exciting freguency.

For noise and vibration reduction it is important to minimize
the displacement at the bearing locations. This may be done
in several ways:

1, Relocate the bearings.

2. Change the shaft stiffness distribution. ¥
3. Change the shaft mass distribution. '

4. Change the hearing 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
FPINITE ELEMENT STRAIN ENERGY DISTRIBUTION AND MOBILITY
TECHNIQUES, 45th Shock and Vibration Symposium, Dayton,
Ohio, August 1974,
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N 5. Reduce the dynamic tooth forces.

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

¢ In summary, therefore, the approach to reducing the noise b
! produced by the transmission was divided into two distinct but o
! compldmcn:a:i areas, PFirst, the internal components were -
! detuned so that their natural freguencies were moved as far as Yok
; practical from the various mesh exclitation frequencies. . i
, Second, the housing itself (in thias case, the lower case and e
i ring gear portions of the housing) was detuned by identifying Co
i the areas of highest strain energy density and then selectively . A
: stiffening these areas to reduce the case response to the gear Cos
axcitation. In addition, the mode shapes of the internal o
components (specifically, the input spiral bevel pinion and 3
the sun/bevel gear shafts) were svaluated to insure that the g
excitation at the bearing supports (thus the excitation
applied to the housing) was minimum,

PTG T

The dynamic excitation of the housing is reduced by mini= ,
mizing the dynamic forces at the shaft support bearings. B
This 1o a two-fold task. First, the excitation due to the A
dynamic tooth forces is calculated from the gear geaometry .
and operating conditions. Second, the damped forced re- :
sponse of the shafts responding to the tooth mesh excitation t
loads is calculated from a finite element model and the shaft :
is detuned using strain energy methods to minimize the dis-

placement at the bearings. The Aevelopment of this method,

accomplishment of extensive dynamic testing, and correlation

of data are described fully in Referencea 3 and 4. Finally,

the dynamic forcea 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

procduced, a finite element model of the housing was developed

and analyzed using NASTRAN.

In Table 4 the natural frequencies of the baseline internal
components system, as well as the gear mesh exciting freguen-
cles, are listed. The D-82 model used to predict these fre~
quencies is automatically plotted and shown in Flgure 45. 1In
computer program 8-68, the model of the internal components
was lorced to deform in the mode shape of the natural fregquen-
cy closest to a mesh frequency. The strain energies and
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strain densities of each of the structural elements were de-
termined and tabulated from highest to loweast, the structural
elements in the highest strain being the bast candidates for
modification of the appropriate natural trequencies.

The structural model was modified according to the results of
§=68. The new natural frequencies are shown in the third
column of Table 4. The natural frequencies just above the
lowver planetary mesh second and third harmonics were altered
upward away from the exciting mesh frequancies, thereby reduc-
ing their amplifiication factors. This redyces the level of
vibration and the resulting dynamic bearing loads to the
transmission housing., ‘The bevel mesh excitirg fregquency is
relatively centered with reapect to the next higher and next
lower natural frequencies, #o it was not changed. The natural
freguency just below the lower planetary first harmonic was
unchanged since its value ias controlled by a bearing stiffness.

A second Llteration was made using S~68, and a new 7th mode
shape (lower planetary firat harmonic) was obtained. Again,
no significant change of this natural frequency occurxed.
Some bearings may be stiffaened 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 tha
pinion below the bearing, was also attemptaed. This modifica-
tion resulted in no change to the natural frequency. The
sixth natural frequency (1514 Hz) wag found to bm controlled
by the bevel/sun gear radial bearing.

RETUNING 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 helicupter for-
ward rotor transmission employs a spiral bevel gear mesh plus
a two~stage planetary gear system. Hence, sach of these
fundamental gear mesh frequencies 8 well as their harmonics
must be considered. The primary frequencies for the CH-47
forward rotor transmission at 243 rxotor rpm have been ident-
ified axperimentally as the bavel gear mesh fregquency and the
lower planetary gear mesh frequency (LPl) 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 complaex task
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[ e

to detune the housing mso that none of the exciting fregquen-
cies coincides with & natural frequency. Additional sources
of exciting frequencies in the form of sidebands are intro-
duced by planstary gear configurations (Reference 12) and
manufacturing variations (Reference 13) .

mr el G e e A A

e e Y el ' r——
T

The oxsgp;mpntg; progran described in References 3 and 4
;inelud‘.ﬁ&hqwdn,;m4a testing of a CH-47C forward transnission
“with. intexnal: instrumsntation to measure strains, displace- . i
nents and accelerations of the rotating components -and ex- - ! R
tqrnﬁ&ginqgrumnntation::o measurs housing accelaration and ! :
noise. ' Gorrelation of this data with. the analysis has in-

did‘tﬁﬂﬁ#hhs;bvfﬁﬁ#&#!iﬁi,thgggpqg(-hgft%bonrinqwuyntﬁm: ‘ 5 :f;

goomot’ﬂ:thofinkcrﬁli conponants may be detwied to minimize S

P Tt T e e T G R PG T T

excitation of the houslng. Application of strain densit
"tqdﬁnidudi;ﬁgmthﬁgo‘Qyn;miq companonta_hqu.idpmtittcd.mo_iri-

cutigﬂi&ﬂhiﬁh;havq.ag;lfticilly reduced the loads exciting

the housing at the beve mesh, LP2 and LP3 frequencies. Loads

at the LPl frequency increased slightly. Since the effects

of multiple noise sources are added logarithmically, the

reductiofi ‘of ‘thred out of four noise aources may not apprec- :

{ably veduce the cverall noise level. S o X !

Noise measurements havo tended to confiym that housing re- .
sponses exist and generate noigse. Thin is evidenced, for ;
exanple, by the LP2 and LP3 freguencies. Although the ex-

citing mource for these fre encies is within the rxing gear,

the maximum noise at these frequencies emanates from the

mid~case region (Figure 47).

Tt is important to note that since the exclting frequencies : E
will vary with changes in operating speed, the housing must be : It
detunad at a specific operating speed. The application of
strain density methods has led to identification of the areas
of the houaing structure (specifically, ring gear and case)
which will be modified to detune the housing for reduced
vibration/noise. The strain density distribution was deter-
mined using the NASTRAN post-processor for the modes with
fraquencies nearest to the four main exciting frequencies, and
the elements with high strain density were identified.

2. Beranek, L.L., NOISB REDUCTION, McGraw Hill Bock Co, 1960. _ | \ﬁ

13, 8Sternfeld, H., Schairex, J., and Spencer, R., AN INVESTI-
GATION OF HELICOPTER TRANSNISSION NOISE REDUCTION BY
VIBRATION ABSORBERS AND DAMPING, Vertol Division, The :
Boeing Company, USAAMRDL Technical Report 72-34, Bustis j
Directorate, U.8. Army Air Mobility Reasarch and Develop-
ment Laboratory, Fort Bustis, virginia, August 1972,
AD752579.
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Figure 47. Maximum Measured Noise Levels
(7460 RPM at B80% Torque).
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! Detuning of the Ring @ear

| The principal objective of thig analysis was to shift the {

i 4770 Hz natural frequency of the ring geatr away from the i
& : lower planetary third harmeonic frequerncy. As indicated on

i ¢ the spectrum on Figure 48, this exciting frequency (4698 Hz) - I

W ; had 4 cluster of natural frequencies close to it, A strain ' N
: : density analysia (5-83) indicated that the upper portion of

i : the wall indentation belween the upper and lower planetary ' |

; gear teeifn had the mazximum strain dsnsity and was the area ‘ |

of the structure which should be modified for optimal change B i

of the third hammonic¢ of the lower planetary mesh freguency. ; P

A sample of the S~83 analysis output ies shown in Appendix B i ch

with the strain density calculated for the outer surface of o L

the ring gear. ' ' _ A

As a result of the strain énargy analysis, the thickness of |

the wall sections between 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- 'y
: cated a shifting upward of the whéle cdluster of natural fra-. -k
i

|

l

Aabien s ZAE AR B S sler il hasiinn

: quencies. The natural frequency closest to the mesh freguency

t moved from 4770 Hz to 5179 He. This 18 shown on the spectrum

: on Figure 48. A natural frequency cloge to the second harmonic
of the lower planetary stage mesh exciting frequency (3132 Hz)
was alao phifted upward from 3206 Hz (unmodified) to 3352 Hz

' (modified). Therefore, the mesh exciting freguencliesa of the

: ring gear are more centrally located with respect to the
natural frequencies with the modification which is goodness ’
for vibration/noise reduction. In fact, the uandamped ampli- b
fication factor g

: M

= 1
R 1_.&2

I TR S T T T,

| 3 s-& = Mesh Exciting Frequency
¢ Natural Frequency

2 for the second harmonic lower planetary mesh frequency was
i reduced from 21.92 to 7.88. For the third harmonic lower

planetary mesh exciting freguency, the undamped amplification
factor was reduced fr~u 33.38 to 5.645.

Detuning of the Lower Case

When applying a strain energy analysis to a structure, each
mode considered will typically result in different elcments
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 elements with highest atrain density for each wode should
be modified to achiave the maximum f£régquency shift for each
qorresponding mode. Thls gpproach would be used during the
design of ‘& new structure. : oo T

P

Dua to the numerous natural modaes of the transmission cave :
‘and_the muitiﬁgq-ox¢£e&ﬁg.£rqquonc1¢¢d khowdctuﬁinqapxooqnz.[

" heie is not guite so stralghtforward. To modify the existing
housing it would be cumbersome Lf not liposaible to incsrpor-
ate the numerous and varied modifications indicated by a = -

© rigorous application of the atrain dansity analysis to sach

. troublegome inods. Therefore, for practical:application to .
the . experimeiital housing hereln, those elenierts with a rela-
tively high mtrain density and which are common to two ox ‘
more modes have been identified (shaded aream in Figuxe 49)
and modified to shift the houming frequenciems. In this -
manner a specified structural change alters two or more :

e frequencies, although perhaps no gingle frequency im shifted

ﬁw maximally. It waa more feasible to modify these elaments

H , since the actual c¢hanges to the existing housing design for

ki . testing were limited to a few sasily accessible areas on

X = the exterior walls of the housing. This approach, although

b . not the bhest posaible from a rigorous application of the

o analysis, should provide sufficient detuning to demonstrate

¥ : the validity of the analysis. The objective of thisa work is

b . to prredict the actual change, whatever it may be, but not

, : nece:uarily to optimize the housing in the most rigoroue way

possible.

b Considering this strain denaity distribution and the configu-
: ration of the actual hardware (e.g., oil passages, ribs), the
i areas of the housing wall which were modified are defined in
r Figure 50. Doubler plates will be bonded to these areas for
¥ ! the test phase in order to simulate an increasa in wall thick-
3 ness, The modal was changed to include these modifications
ﬁﬂ by increasing the wall thickness by 0.300 inch in these
; localized areas, and the dynamic analysis was rerun. PFigure i}
i 51 show. the frequency spectrum for the modified houslng, and LR
4 Figure 52 is a comparison of the moast significant frequencies i
3 for the baseline and modified housing configurations. 'The O
|

shifting of frequencies demonstrated by this comparison . .-
verifies the effectiveness of the strain energy method. ;
However, some of the modified frequencies are more unfavorable h
| than the original configuration. Bacause '® the multitude of
. natural frequencies, this was not unexpected,

?w ' Vibration Abgorbers/Isolatorg §
The work herein was modified to include the investigation of

g imolators 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 anergy across gearbox
mounts to the local airframe, Tests indicated that a 10 4B
reduction in speech interference level (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 (Re«ference 15),
Follow-on work corroborated the initial resulte and produced

a curve showing SIL noise reduction versus relative airframe-
mounting stiffness. Later wdrk using an electromagnetic
shaker and impedance head showsd the usefulness with regard to
noise reduction of both structural damping and also isolation
with a static spring rate that is compatible with transmnission-
alrframe relative movement reatrictions. )

Optimum Configuration

The modifications defined in the previouas sections were based
on considerations of the separate components whigh comprise
the tranamission (i.e., the upper cover, internal components,
ring gear, and lower case). Each of these modifications
showed potential for reducing the overall noise and vibration
level of the tranamission; however, thair combined effects are
difficult to predict analytically. The effaect of the isolators,
alone ovr in combination, was not estimated analytically. The
predominant noise generator ias the lower case (based on the
analysis); thus, the changes to the case (adding the doubler
plates) and to the internal components which extite it (modi-
fied sun/bevel) should provide the maximum benefit. The in-
terraction of the modified ring gear with these two changes
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., PINITE 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 VIBRATION/NOISE REDUCTION

The main thruat of the work herein was directed at reduction
of vibration/noise at its source by detuning. Nevertheleas,
the very complex nature of vibration/noise generation in a
helicopter transmission may require that some type of auxiliary
device be conaidered. For example, a situation may arise

where it is possible to reduce all the troublesome fraquencaies
by detuning excapt for one,* It may be effective to treat this
one remaining fraquency by using some type of auxiliary device.
It is8 also conceivable that auxiliary devices may be néeded in
addition to the detuning approach to meet increasingly strin-
gent noise standards. Therefore, a brief discussion of =ume
types of auxiliary damping devices is included here for
completaness.

PAT

Application of damping material to the surface of a structure
by spraying, gluing, plasma flane 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

coat 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 cracks,and heat
ratention. Each of these must be traded off against the
potential benefits.

DYNAMIC ABSORBERS

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 asystem 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 (Sl). when the absorber is
added the ayatem now has two resonant modes; ohe 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 betwoen them exists a condition where the
absorber moves and the machine does not. At this frequency,
the force excited by the absorber on the structure exactly
cancels tha 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
alona, Therefore, to design a dynamic vibration absorber for
an undamped two degree of freadom absorber/transmission system,
it is necessary only to establish that the uncouplad natural
frequency of the ahsorber ir egual to the frequency of excita-
tion. Reference 16 contains mors detail and derivations of
the equations, '

A pravious test program was conducted by Boeing Vertol (Refer-
ence 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
Fiqure 54. Dynamic vibration absocrbers 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 cantileverad beams - thraee turnable screw rods
for three directions 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/sun gear
and spiral bevel pinion, rnnioctivoly. to reduce the torsional
motion of those gears at thelir tuned frequency. The reduction
of the dynamic forces on the gear teeth reduces the forces

1l6. Badgley, R.H., A PLAN TO DEVELOP TECHNOLOGY FOR THE RE-
DUCTION OF INTERNAL NOISE AND HIGH~FREQUENCY VIBRATION
IN HELICOPTER AIRCRAFT SYSTEMS, MT1 Technical Raport
MTI-71TR61, Prepared for Eustis Diresctorate, U.S. Army
Air Mobility Research and Development Laboratory, Fort
Eustis, Virginia, October 1971.
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1

‘ (From Reference 2)

where

1 -’_"_X_ g% = W x .25% = ,000192 in? L
3 L)

7 1/2
f L a’gﬁ 4 X 2.9 XLO X o
‘ [ X 2.1?]

2.32 x 10°% 2 x .2r

' £f = 1482 Hz

BT Ldacke s

Figure 55. Geometyry and Sample Calculation for Bending
Type Dynamic Vibration Absorbers as Applied
to Ring Gear,
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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 guited to the
reduction of all these components. The fundamvntal gear

mesh frequencies were accompanied by very strory ~idebands

due to planetary gear passage. Since the pi.r. - aystem was
not treated, this limited the noise reduct-:: .chieved.

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 1s desirable to have a sharp resonant
frequency; that isg, 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 freguency 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 transmisasion 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
1ll. Four absorbers were simulated at grid points 2091, 2093,
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2001, and 2003 as shown in Figure 61. These points reproesent
the locations at which the pinion support bearings react

upon the case, A remote point (2062) was used as an evaluation
point. Bach of the four absorbers weighed 1.6 lbs and was
tuned to the bevel gear mesh fraquency of 22654.6 rad/sac,

Bvaluation of the model indicated that by applying absorbers
analytically on the housing at the pointas of load applicaticn
(i.e,, bearing supportas), the excitation of the housing was
reducad. The original deflection of evaluation point 2062 was
260 A4 inchea. After attachment ot the four absorbors, this
was reduced to 1644 inches, Howevdr, it is doubtful that

this reduction is true throughout the tranamisaion case,

There are also several practical considorations that may

linit tholr usefulness. The curvature of the tranamission
case would make the actual attachment of absorbers diffioult.

The high frequency (3605 Hz) could also cause a fatigue failure
in the absorber. Further, asince a dynamic absorber ia effec-
tive only for a very narrow range of fregquencies to which it

is tuned, this approach is effective only if there is a clearly
dofined excitation froquoncy at which a low vibration amplitade
is deaired. 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 dugree
of freedom is added which may have a node with a natural
fraquency in the range of excilting frequencioes.

In view of the above problem arcas, the use of dynamic
absorbers as a gonoral transmisslon noime reduction method
must be further evaluated, Although they do not provide an
overall solution to the vibration/noise problem, dynamic
absorbera may be usoful to reduce the responsc at a particu-
larly troublusome fregquancy which cannot be raduced by other
methods. This may be a conmon situation for helicopter trans-
misslons which possess sevoral oxciting fregquencies.

ASQLATORS

Direct attachment otf the tranamimsion to tho primary airtrame
structure plays a major role in noise amplification by atruc-
tural responso and re=radiation. Figure 62 emphasizor thias
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 froguency vibration enorg{ across
gearbox mounts to the local airframe. Toats described in
Refarence 15 indicate that 10 dB reduction in gpeech inter-
farence level (SIL) was attained by replacing standard main
transmission attachments with rubber mounts having a static
spring rate equal to that of the ailrframe at the attachment
point. A curve ghowing SIL noise reduction versus relative
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airframe-mounting stiffness was produced. Later work using an
electromagnetic shaker and lmpedance head showed the noise
reduction due to hoth structural damping and isolation with

a static spring rate compatible with transmission-airframe
ralative movement restrictions (Reference 16). Figure 63
shows the benefits of isolation of the transmission.

S To investigate the use of isolators, a 1/4 scale CH-47C
d forward pylon was tested and indicated that main source
: S of noise was structure-borne with the frames responding
: ; mostly at high frequencies. For a full scale application of
| ; vibration isolators between the tranasmission mounting legs
b . and airframe, calculations indicated that the 650 ft-lbs of
| o torque required on the attachment lug of a transmission leg
. : would put 32,400 1lbs compressive force (dry) to 62,400 lbs
R compressive force (wet lubrication) on an isolator. Thug,
. extrusion could be a problem as well as misalignment. For

: teat purposes, a lightly loaded isolator was used to assess
the proportions of structure-borne and airborne noise. Figure
64 indicates the predominance of airborne noise.
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'NOISE PREDICTION AND REDUCTION

;; To reduce transmiassion noise, the shaft displacements at the

b supporting bearings must be reduced, This is accomplished by

! predicting the damped forced response (DFR) of the gear shafts

i using computar program D-82. The shafts are then modified and

o a new response is detarmined. This procedure is iteratmd until
! minimum displacements are achievad. The change in displacements
g , must then be related to the change in noise level.

: The relationship of the resultant noise reduction to the change
2z . 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 skx; New - (1)
X) Baselilne

where F = 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 pia:entn considerable difficulty in estimating the noise
raduction,

g

T

There are several ways to consider thia problem. One is to -
consider each bearing as a separate noise source; another is -
y to 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
4 forces. However, without knowledge of how the case will

3 respond it is not clear which of the above models is suitable

(1f any).

TS R

L.

A method of predicting the change in sound pressure level
(SPL) associated with a change in shaft response was developed

by Boaing 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
rogram in which a statistical correction factor (B), which

i gu a function of gear mash frequency, was developed. This

) factor is ingorporated into the analysis as follows:

T e T e L BRI e T e M e o

/\SPL corrected = (1 + B) /\SPL predicted (2)

where B = -6.5539 + 6.3943 x 10-3 £ -~ 1.338 x 10-6 f2 and
f « gear mesh frequenov.

2 Algen.

Using this correction factor, the noise reduction in the lower B
stage planetary mesh frequency range (800 to 1600 Hz) was
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prodicted to within +3 4B with & 90% confidence level, The
results were not as dramatic for the bevel mesh froequency
rangae (1950 to 3600 Hz):; however, 42% of the test samples wore
i within 2 dB of measured values as compared to 32% without the
Lo corraction factor. The results of this program are summarized
in Table 5 for the sun freguency 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,
whare aelustic body modes of the shafts and case may be excited
which do not lend themselves to this type of analysis,

< T T Y T T

TABLE 5. TRACKING SUN MESH (800 Hz - 1600 lz)
- : PERCENT O SAMPLE WITHIN Xdp OF PREDICTED

i PREDICTED 2dB 3an 4dn 6dp l2dn > ladn

. W/0 B 40 50 75 82
F{ WITH 8 90 98 100 -

NOTE: 8 Microphones, 95 Sanple Points

98

LS

TABLE 6. TRACKING/BEVEL MESH
PERCENT OF SAMPLE WITHIN XdB OF PREDICTED

PREDICYED 2dB 4dp 6dn 12dn D124
W/0 R 32 53 75 96 4
WITH 8 42 58 79 92 a

NOTE: 6 Microphonos, 94 Sample 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 ;
lavels 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 gystem, whereas the method of predicting changes in i
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 (o€ ) of the cycled energy of the power train is lost
as acoustic energy. The 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 A B = 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:

4 ,
L = 10 log 4.94 x 10 ;s fZeg F 3)
r

The peak values of the mesh sinusoidal excitation (eo, 44
inches) are calculated by the computer program GGEAR (R-6€7),
and the dynamic tooth force (Fy, lbs) is calculated using the
computer program TORRP (R-32). The sound pressure level Lg

is in 4B, and £, 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 guick-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
gsample calculation for the equivalent gear tooth compliance

igs as follows:
q;.p (min) = (QUIABC + QIJ2ABC) min + QID (4)

where

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

QJD = 0,04593 in./lb (Hertzian compliance)
(QIJ1ABC + QJ2ABC) min = 0,0481 in./lb

INDUCED HIGH-FREQUENCY VIBRATION SPECTRA IN GEARED POWER
TRAINS, Mechanical Technology Inc¢orporated, USAAMRDL

TR 74~5, U.S. Army Air Mobility Research and Development
Laboratory, Fort Eustis, Virginia, January 1974, AD7774%6.
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Q-2 {(min) = 0.09403 in./1lb

q)- 25° mean spiral angle

g » 22.5° prousure angle

h=me]l = 1,936 -1 = 0,936

qr1 = (qyy) min/ (com?y) (com?¢) = 0.134117 u inglb

= gy (1 = 0.3h) = 0.134117 (1 - 0.3 [o.936] ) =
0.09646 M in./1b

oy 0.09646 Uin./lb({Eguivalent Gear Tooth Compliance)

¥ .2

- Kyg ™ Vg o = 10.367 x 108 1b/in. (Equivalont Gear
‘ Tooth Stiffness)

Another way to predict noise levels is given on page 3-118

of Reference 18. Here, the SPL ig nore naturally calculated
b from the acoustical power generated by a vibrating surface.
v This would be nore 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

. aconstic power that is tranaferred to a medium by a vibrating g

J! surface depends on the physical characteristics of the medium, .
the oacillatory volume displacement of the fluld caused by the ¥
: vibrating source, and the size and shape of the genarator.

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

ﬁ P = U

¢ where

7

Ry X 107 watta (5)

U = rate of volume displacement of fluid (cc/sac)

R

™ acoustic radiation resistance seen by source

(acoustic ohms)
Let the amplitude of the oscillatory displacement of an area

element dA be W, and the fraquency be (W throughout the area A
at a particular mode. Then,

U = mr‘wggw dA = 277 LD W A (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
W=l SAS W aA (7

s Averaga displacement amplitude

The acoustic radiation resistance Rp 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,

R, =K Pcifp 21 (8)
Y

e L RS CENT

whare

Q = density of medium (gm/ce)

¢ = velocity of sound in medium (cm/sec)
D = diameter of sphere (or piaton) (cm)

|

\

l 7 A = £ = wavelength (om)
3 e

|

W = frequency (Hz)
K = a numerical factor

|
'
?‘ The numerical factor K is equal to unity when DA = 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 eati-
] mate the value of K at low frequency from the gearbox
i noise standpoint, take the fundamental frequency of the CH-47
L upper planetary meshing, 406 Hz for example. The wavelength
; A = C/A is approximately 75 om or 30 in., Suppose that the
; diameter of the ring gear is taken as D. Then D/A = 22/30 =
0 0.73. According to Figure 3i-l of Reference 18, K = 0.85 for
' _ a spherical source, and K = 1 for a vibrating piston. It is
B therefore concluded that the value of K is not far from unity.
For acoustic power computation, set

e e S

BN

j
K=l (9) i
% Using Equations (6), (8) and (9), Equation (5) can be written é
i1 = 2 _ 2 , .
A P= WW A (2%)" pcCx 10 (10) |
! i
,? where

- P = acoustic power (watt)
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E
i

frequency (Hz)

average displacement amplitude (cm)

> =i
]

area (cmz)

R density of medium (gm/ce)

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

For helicopter noise, the medium is air, with Q- 0.00122 gm/cc
and ¢ = 33,700 ecm/sec. Thus,

Puil62x 107 of W2a (watt) (11)

Choose a reference acoustic power of 10'12 watt. Then a power
level in dB can be defined as

Lpower " 10 logy, __%Ii'(ds) (12)

10

where

Lpower = power level (dB)

P = acoustic power (watt)

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

Lpower = Lgpr, + 20 loglo r + 1l (13)
where

Lpower = power level (dB)

LSPL sound pressure level (dB)

r = distance from the source at which Lgpy, is
measured (meter)

The reference for the power level is 10712 watt, and the
raference for the sound pressure level is 0.0002 microbar.

At approximately r = 1 ft = 0.305 meter, Equation (13) reduces
to

Lpower = Lgpp (14)
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Thus,

LSPLz Lpower = 10 log,, - 512 (aB) (15)
0

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 (1l5)
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

BASELINE DATA

An extensive dynamic test of a CH-47C forward transmission was

conducted in the Boeing Vertol closed-loop test stand under a
previous USAAMRDL contract (Reference 4), The transmission

JI : was instrumented both internally and externally to measure

o straing, displacements, and accelerations of rotating compo~-

| nents, and case acceleration and noise levels, respactively.

o This test program was unigue in that it incorporated instru-

woo mentation and rotary transformers operating in the hot-oil

i environment of the transmission. Two l4-channel tape recorders

S ware usaed with saguencing schedules to allow for loglcal

v groupings of aignals recorded simultaneously. Speed sweeps

;i and atabilized 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 gsecondary 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 nutput data are fully documented in Reference 4.

No additional baseline tasting has been conducted for this
present program: 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 and
occugiea sonme 80 reels of l4-channel magnetic tape, had bean
previously reduced and analyzed., Reduction and analysis of
additional test data have continued for this new program.

TP TR e

"

TR,

Shuft displacements, vibrations and accalerations 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 apeeds and gear meah frequency
tracking for speed sweeps. Examples of these two formats

ars shown in Figure 65.

The correlation of the reduced data includes five aspects:

: 1. vVibration amplitude .
d 2. Vibration mode shape i
3. Vibration natural frequancies
4. Noime level apactrum

; 5. Method improvements :
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NOISE SPECTRUM AT 7000 RPM
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Figure 65. Selection of Correlation RPM
for Spiral Bevel Mesh Frequenoy.
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Examples of this correlation process were presented in
Raeference 3 where mode ghapes 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 were incorporated. Firast, the data indicated strong N

coupling of the shafts in the model; 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 50% of the calculated carrier post stiffness.
From a study of tha 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 résulted in excellent agreement.

Another example of corxelation and feedback based on earlier
results is demonstrated in Figura 66 where the ring gear
response is analyzed. 1In this exanple, a trace of an acceler-
ometer, mounted on the CH-47 ring gear, is shown tracking the
sun mesh frequency. The predicted natural frequencies
cbtained with the earlier math model are superimposed on this
trace. The responsge of the ring gear to the sun frequency is
interesting in that the first natural frequency is predicted
at 5400 rpm and no prior raesponse is noted. The nearness of
the first five criticals probably accounts for the rotained
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 rapresentative
of the astual 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 caae 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 splkes at the gear
mesh frequencieas. These accelerations are readily converted

to displacements as follows:

let Xx = A sin Wt
then W=-aw?sinwt
X = - %7002

Using these displacements, the predicted response may be
compared to the test data. |
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b RING GRAR ACCELEROMETER RESPONDING
ﬁ. TO SUN MESH FREQUENCY NATURAL

- lat 2nd4 3rd  4th Sth FREQUENCIES
MESH FREQ - HZ

700 800 900 1000 1100 1200 1300 1400 1500 1630
3 4000 4500 5000 5500 6000 6400 7000 7500

SYNC SHAYT SPEED ~ RPN
RING QEAR RESPONSE TO GEAR MESH FREQUENCIES

TR

GEAR MESH FREQUENCIES

Figure 66, Example of Test Data for Correlation Study.
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Figure 67 presents typical baseline noise data in its reduced
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 geveral such plots the maximum noise levels and corresponding
frequencies for various locations on the transmission have been
identified. Figure 68 summarizes these maximum baseline noise
levels for the LPl, LP2, LP3, and bevel mesh frequencies at

an operating condition of 7460 sync shaft rpm and B0%® torque.

A further example of the data being reduced for correlation
purposes is presented in Figure 69, which summarizes kaseline
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 fregquency is shown in Figure
70 with the displacements at right angles to each other
identified as Y and 2 and the torsional displacements indicated
by 0. Since these displacements are not in the diraection of
the proximity probes, saction cuts through the plane of the
probes were determined and are shown in Figure 71.

Superimposed on these figures are the test results, as detor-
mined by phase-corrected proximity probe data., In terms of
amplitude, the agreement of the predicted and measured dis-
placementa is excellent for the larger displacement. The
correlation of the amaller displacements is not quite as good:
however, several things must be considered in evaluating these
very small displacements. First, the smaller displacements
(L.e., less than 30 microinches) are often associated with
nodes, and a small error in predicting its position can result
in a larger error in displacement (at least in terms of
percentage). Another item to consider is that instrumentation
arror becomes a factor for very small displacements. Finally,
small displacements are a measure of goodness and tharefore
are not as interesting as the large displacements, Wwhat is
important is to predict large displacements when they are
large and small displacements when they are amall,

As important as predicting displacements ia predicting

mode shapea. The DFR of the bevel shaft responding to the
bevel frequency ls 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 stationa. 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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Figure 73. Shaft Displacements - Correlation of
D-82 Predi-tione with Test Data.
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T F_ANALYSIS WITH BASELINE TEST DATA

Two basic types of data, noise and case acceleration, were
obtained for both the baseline and all deasign 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 defined. The
results of this analysis were examined in comparison with the
bageline experimental data to determine the amount of correla-

tion which exista. Sample correlations for both noise and
cage vibration data follow.

Noise

Choosing microphone M5, which is 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 4B at 3606 Hz (SB)

106 4B at 4698 Hz (LP3)
Combining dacibels:

(4B) popay, ™ 10 LOG,, (ANTILOG 98y . anrtrrog 982 &

LR } )
10 10

= 110.8 dB.
Now analytically:

(6B) poppy, = 10 106G, , 1:12 = 11 - 20 r0G, ¥

where P = (1.62) (107Hw ~* W2 a

r radius to point of interest, m

-4
|

exciting freguency, Hz

=]
]

houalng displacement, com
2

gsurface area, om
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Grid point 293 on the finite slement model (Figure 74) of the
: lower housing is in the general location of microphone M5 and
i will be used as our analytical comparison point. Asasuming the
0l distance to the noise source is r = 0.305 meter (1 foot), the
‘ _ analytically pradicted noise results are

o 110.3 dB at 1566 Hz (Lpl)

I 106.5 4B at 3132 Hz (LP2)

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

So correlation of tesgt to analysis is not unreasonable. The

log sum of the above is 1l1l3.3 dB compared to 110.8 dB from
test,

Vibration

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

SPL = 10 rOG P dB = 110 dB
10 =13
10

P = .l WATTS
Now using
P o= (1.62 x 107w 2 W a,
F =/ (1 (oh ' = .000118 om,
W/ (3606)% (3400) (1.62)
= ,000046 in. and

g's = (2".;8%2 W_= 61 g's typically

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

s,

o v

AP

Working backward, if the displacement at the point is reduced
by a factor of 10,

W = ,0000118 cm,

4

P = (1.62 x 10~%) (3606)2 (3400) (.0000118)°

= 001 WATTS,

SPL = 10 10G,, 1073 = 90 dB (which is 20 dB lower).
)
10
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padgley (Reference 9) used the formula

(K

%’
spL = 20 L0G )
10 T

X’ BASELINE

where Kx is the bearing load (1b). 1f the displacement (%)

is reduced by a factor 10,

B e ey e _4A<
AT T

=z

10~} w <20 @B which agrees with the

i SPL = 20 10Gyq
previous result.
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Figure 74. Finite Element Model of Lower Housing Showing
Grid Point Locations for Noise Prediction.

128

el B DR ST FUCITR SN RS ¥ S TR .1 SOOI | O ORI PO R e dhihealiie AV RN

R Y R e BRI v
ALY P e DR G T e ek B b



I TR T

DESIGN MODIFICATIONS

Uaing 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 gtructural changes are based
substantially on a consideration of the applicability to an
existing hardware item. The designh of new hardware for future
agplicationa 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,

SHAFTING

The 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 analyais
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.-
thick steel band in the form of a split ring around the ex-
terior 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 81l.

CASE

Modifications to the case 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.~thick 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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SLEEVE

Figure 79. Modified Bevel/Sun Cear Shaft With
Two Sleevas Installed,
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First, matching sets of plaster casts were made from the
exterior surface of the housing in the mpecified 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-
migsion housing.

GCOMPOSITE 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 transmigsion 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,

VIBRATION ISOLATORS

Vibration isolators were fabricated from 0.125-in.~thick MIL=-R-
6855 CL4=40 (40 Durometer Neoprene) and installed between the
tranamission 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 objectiva of this teat was to obtain experimental vibration
and noilse data for the CH-47 forward transmisaion with the
modified components installed for comparison with baseline

test data to determine the effactiveness of the analytically
predicted structural changes for reducing vibration and noise
levela. The degree of correlation obtained, both relatively
and absolutely, will also provide an indication of the accuracy
of the basic analytical method,

TEST 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 maEntained by use

of siecial oll-water heat exchangers with condition monitoring
provided by the standard aircraft inatrumentation. All
operations are controlled from a remote panel (Figure 86)

getup outside the cell., The standard aircraft oil system (oil,
filteyr, pumps, etc.) is used on the test boxes; however, the
aircraft cooler is not used, Oil-water heat exchangers are
substituted for the aircraft cooler to simplify the temt system.
This test stand provides the capabilities of running a trans-
mission over its full design torgue and speed range under
controlled conditions, 'including rotor lift, drag, and pitching
moments.,

To provide for the acquisition of noise data which was as
frem a3 practical from extraneocus 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 miniwuized 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
apoxied to the transmission at each of the desired locations,
and the accalerometers were attached to these blocks using
Endevco studs as shown in Figure 90,
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Figure 88,

CH~47 Forward Transmission Installed in

Dynamic Test Rig With Acoustic Enclosurce.
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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 configuration:

Location No. 1 ~ 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 l-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 ware Endevco Model 2213 combined with
accelerometer anplifiers for signal conditioning.

Six microphores were placaed arvund the transmission as shown
in Figure 91, These were Bruel and Kjaer (B&K) 4145 l-inch
miorophone cartridges with B&K 2613 cathode followers, and

B&K 2807 power supplies. All microphones were contained in

an enclosure approximately 41 inches sguare 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 minimize the reverberations
of transmission noise within the enclosure. PFigure 92 shows

a typical microphone installation mounted on the transmission.

Because of mpace limitations within the teat stand the
enclosure had to be limited to a total depth of 45 inchaes.

All microphones were approximately 6~9 inches from the nearest
surface vf the transmission case. Their locations were
selacted from prior test programs (References 2 and 4) as
suitable for tranamission noise measurement in the test cell.

test cell,

The accelerometer and micorophone data were recorded on an
Ampex AR~200 l-inch, l4-channel, wide-band FM magnetic tape
racorder at ‘30 ips. Figure 93 shows a schematic of tha data
acquisition system. In addition to the 6 microphone and 6
acceleromataer 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 fregquency responses of both the microphonu and acceler-
onmeter systams are essentially flat oveor the frequency range
of 50-5000 Hz, well within the range of interest of the pro-
gram., As shown in Figuros 94 and 95, system soensitivity
calibrations were recorded prior to each test and at the be-
ginning of each new tape reel.

TEST CONFIGURATION

The transmission used in thias program was a standard CH-47C
forward rotor transmiassion, except as modified pexr the vibra-
tion/noimse reduction analyses., Tast data was obtained for
aach of the eleven configurationy listed in Table 7 in order
to assess the effectiveoness for vibration/noise reduction of
the following analytically determined structural changes,
both separately and in combination:

1. Sun/bevol goar detuned by addition of two slooves.

2, Ring gear detuned by addition of band.

3. Case detunod by addition of two contoured doublor plates.
4, Isolators added,

As noted on Tablo 7, a roference code has boen assigned to
cach configuration. 'his codo will be used as a shorthand
designation in many of the ensuing figurea and discussions.,

All tests wero made directly comparable by maintaining a
congistent acoustic enclosure contfiguration and by using
identical microphonoe and accelerometer locations. The instal-
lation of the various items of modified hardware is shown
gchomatically in Pigure 96. Miguvres 97 and 98 show photo-
graphs of the actual hardware.

For each of the configurations in Table 7, 1 minute of data
wag recorded for Lwo ilnput shaft speeds, 7460 rpm (oporating
baseline = 243 rotor rpm) and 6600 rpm (off-design), and for
two torque levels, 80% (design, .844 x 10 inch-lbs output
shaft) and 60% (off-design, .64 x 10 inch-1bs). Tho data from
vach of the above variations was fregquoncy analyzed as to mesh
contant, resulting in 264 itoms of noise information and 264
itens of accelerometer information.

No data was obtained until the transmission had completed its
warn=up oporating period and was atabllized at the scheduled
torgue and oporating speed condition.
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i
1. \\\\\\\‘ ISOLATORS
N | o v Y MODIFIED
S STATIONARY
: RING GEAR
% CONTOURED

DOUBLER PLATE
AFFIXED TO
HOUSING WALL
(SECOND PLATE
ON FAR SIDE

NOT SHOWN)

i SUN/BEVEL GEAR
—
SHAYT SLEEVES
. p —

b Figure 96. CH=47C Forward Transmiasasion - Test
b Configuration for Vibration/Noise
- Reduction Testing.
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Figure 97. Installation of Ring Gear Detuning Band,

RING GEAR
MOUNTING STUDS

INPUT PINION

BEVEL GEAR

Figure 98. Installation of Detuning 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 Ubiqguitous 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 fregquencies of the lower planetary (lst stage)
gear system: (LPl) 1566 Hz and ita 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 sidebands 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
fraegquencies by fn = 59 Hz, which is the planet passage fre-
quency (speed of planat carrier in Hz timea number of planets).
Thus,

" (886/60) 4 = 59 He

From this result we can f£ind for the last harmonic (LP1)
FLl (lower sideband) = fLPl - tn m 1566 = 59 w 1507 Hz

F

Uy (upper sideband) = o1 * £ m 1566 + 59 = 1625 Hz

n
Similarly, for the third harmonic (LP3)

£, = 4698 - 59 = 4639 Hz, and £

= 4698 + 59 = 4757 Hz
Lj

3

In the same manner, the sidebands of the spiral bevel mesh
frequency at some accelerometer and microphone locations
are geparated by 124 Hz or the rotational frequency of the
input shaft (7460/60 = 124 Hz).
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?J Figure 99. Typical Sump Accelerometer Response.
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Figure 100. Typical Ring Gear Accelerometer Response,
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| i
TABLE 8. CH=47C FORWARD TRANSMISSION GEAR SPEEDS k-
AND MESH FREQUENCIES AT NORMAL FLIGHT ! X
OPERATION SPEED {
3 MESH ®
: NUMBER  SPEED FREQUENCY g
1. __GEAR TEETH  RRM 2z P
b % Spiral Bevel Input Pinion 29 7460 3606 E
g Spiral Bevel Gear 51 4242 3606 &
fl ’ Lower Stage Sun Gear 28 4242 - L
. ro Lower Stage Fixed Ring 106 - - R
k. Lower Stage Planets (4) 39 - 1566
:i Lower Stage Planet Carriaex - 886 - ‘}ﬂ
4 Upper Stage Sun Gear 40 886 - E
»9f _ Upper Stage Fixed Ring 106 - - g
f@ j Upper Stage Planeta (6) 33 - 429 fy
fi Upper Stage Planet Carrier - 243 - ﬂf
k| Output =~ Rotor Shaft - 243 - 3
TABLE 9, CH=47C FORWARD TRANSMISSION GEAR SPEEDS _ §
, AND MESH FREQUENCIES AT NORMAL GROUND 3
1 OPERATION SPEED '
k. ‘
3 MESH
3 NUMBER SPEED FREQUBNCY |- .8
g _GEAR TEETH RPM. v ’ '
,ﬁ Spiral Bevel Input Pinion 29 6600 3190 f
. Spiral Bevel Gear 51 3753 3190 3
:}E Lower Stage Sun Gear 28 3753 - X
Lower gtage Fixed Ring 106 - - ¢
'}, ' Lower Stage Planats (4) 39 - 1386 &
f- Lower Stage Planet Carrier - 784 - A
2” ‘ Uppor Stage Sun Gear 40 784 - 5
g Upper Stage Fixed Ring 106 - - ;;
a Upper Stage Planets (6) 33 - 379 4
,}- Upper Stage Planet Carrier - 215 - 1
' Output = Rotor Shaft - 215 - b

L
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A typical spectrum of the tranamission noise, as shown in
Figure 101, displays the fundamental gear mesh frequencies and
their harmonics of the upper (UPl), UP2, UP3) and lower (LP1,
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 demain formats which are included
as Figures Al through A88 in Appendix A. The information con-
tained in these figures was then further reduced to provide the
summary data shown in the following sections.

TEST DATA

Caso 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
(sae Table 7) combinationa of the following structural changes:

l. Sun/bevel gear detuned.

<. Ring gear detuned.

3. Case detuned saeparately with honded contoured magnesium

plates, and graphite fiber reinforced aluminum composite
plates.

4. Isolatoruy added at the mounting arms.

Vibration

The acceleration data for the predominant lower planetary mash
frequency (1566 Hz) is shown in Figures 102 through 105 for
each accelerometer location, transmission configuration, and
test condition. PFigures 106 and 107 show the changes in
acceleration for the configurations 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 102. Vibration Data at Lower Planetary Mesh Prequency
(Baseline, Imolators, and Detuned Sun Gear).
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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-

g 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 FPigure 114 for both
f rpm's (7460 and 6600) and torques (80% and 60%). These are

2 ! further summarized in Figure 115 which shows the change in

" - noise level for each configuration as compared with the unmod-
! ified transmisaion.

k. A significant result of this program ias that the combination

3 5 of the detuned sun gear and case (by the use of magnesium

: . . plates), which is the configuration that was analytically

4 g optimized by use of the computer program, provided the largest
' : noise reduction (7 4B).

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

DISCUSSION OF EXPERIMENTAL RESULTS

Simply put, the combined affects 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

b , transmission when compared to a standard, unmodified trans-

o , mission. This configuration was defined by analysis, during

X : the early stages of this program, as that which would yield

E4 optimum resulta 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

4 the testing, some coupling apparently exists between these

i ' changes which produced less favorable results than the former

modifications acting alone. Unfortunately, these sets of

- modifications were considered separately in the analysis; thus,

‘. this effect was not identified at that time.
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¥ The full significance of this improvement in noise/vibration
3 characteristics may most easily be defined by considering the
A effect of the 7 dB reduction in source noise in terms of the
- weight and complexity of acoustical treatments (enclosures,
ate.) required to achieve similar results.

I Acoustical matevial weight required to reduce transmission ;
S noise by enclosures is directly related to the particular
| 5 frequancy being treated. The so-called "normal~incidence,
limp-wall mass law" for sound transmisaion loss (TL) is widely
Y used in noise control work (Reference 12) to determine
A approximate material surface weights,

P )

; TL is defined as the ratioc (expressed in decibels) of
' the acoustic energy transmitted through the enclosure
AT or wall to the acoustic energy incident upon it,

- Mathematically,

TL = 10 loglo l , ds
P

‘T’- sound transmisaion coefficient

Dt 5 T e Ot « i Vol = i e T B B

5? ; If the incident sound wave impinges on the wall at normal
T incidence (that is, perpendicular to the wall surface), the

, 'é mass law for TL is:

: . M\ 2
: T (0° mnctoence) = 10 10930 E * (‘z%l’.—') ]dB

or if thLe sound waves impingo on the wall surface at random
anglep of incidence:

TL (panpoM)

T (0° incrpEncr) " Y0 19930 E'23("L)(o° mcmrmcm)] a8

h ” -

ot WM ea.

e ek

where
2M £

£ = frequency, Hz

t

:: @c = characteristic resistance of air

‘ ! S density, slugl/ft3

{? C = veloaity of propagation, ft/sec i
fj M, = surtace density, alugu/ft2
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As the product (e Mg) in the equation implies, higher fre-
quenclies require lighter aurface denaitiea 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
determine the attenuation, uas a product of surface weight and
frequency, of various treatments such as might be used in

' actual helicopters. Note that the more durable treatmentsy
impose some weight penalty.

Figuras 118 and 119 indicate the average sound pressure levels
of the CH-47C gear meahes recorded during the tranamigsion .
baseline configuration test, as compared with acoustical nolse 1
limits of MIL-A-B806A (Military Specification for Acoustical :

Noime Level in Alroraft).

Taking into consideration the noise reduction reguired to

comply with c¢he specification, and the associated material
walghtsa required to achieve this redrction (Figure 117),
relative treatment welghtas for each mesh frequency and harmonics
' : were computed and are shown in Figure 120. Weighte Zor both
S materials of maximum durabllity (with maximum weight) and

. minimum weight (with minimum durability) are shown,

Reviewing these figuraes indicates that at 7460 rpm (flight

. operation) the lower planetary fundamental (LPl) mesh fre-

: quency (1566 Hz) dictates the acoustical treatment, while at ‘
{1 I 6600 rpm (ground operation), both the lower planetary (LPl - b
~ 1386 Hz) and sgpiral bevel input (spiral/bevel - 3190 Hz) are

egqually important. Subsequently, the effectiveness cf the

3 structural changes tested in the program for reducing trans-
nission case vibrations and generated noise was concentrated

on the lower planetary fundamental mesh fregquency at the design
- operating conditlon (7460 rpm, 80 percent torque).

e ST TE

The helicopter deaign implication of a 7 dB reduction in L é
radiated rotor transmission noise through source noise reduc- 4
i tion is a substantial weight savings in the acoustical treatment
3 required to comply with Teble IV of MIL-A-8806A (normal cruise
18 power condition). In the case of the CH-47 helicopter, this L
- amounts to a savingas of at least 20 percent of the total i
i ' 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 )
3 input shaft angle): thua, the total aircratt weight savings 4
will ba based on similar modifications of both transmissions h
| and acoustical treatment of the entire cabin area. Data ]
;F : slmiler to that shown in Figure 117 has been developed for g
- | both forward and aft transmissions and is shown in Figurea 121 ‘
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! and 122. Utilizing this data and that shown in Figure 118,

j ; the comparison shown in Table 10 was developed. Based on

. N the total weight of acoustical treatment for the entire air- ;
3 ) craft, a 20% weight savings is realized; however, over 35% of ;
i ? the acoustical treatment weight for the immediate transmission °
Bl 4 enclosure areas is saved. !
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TABLE 10. ACOQUSTICAL TREATMENT WEIGHT COMPARISON FOR

ﬁ _ BASELINE AND MODIFIED TRANSMISSIONS
f . . . . FORWARD TRANSMISBION arp ‘X‘MNINIBBION
BASBLINE | NODIFIED | BASNLINN | MODIFIED
\i Mnngo ‘Noise Luwl,, ‘9B - 1 a0 a0 0 1 oaa :
- .(Figure 118, LR » 1536 H:b I . T T B .
2. Hoime nimit of MIL-A=6806A, .. 86 ‘g6 | e - | . @e o
Table IV, ap’ (Nguu 118, " 0 !
: 2000, 18 Octave) " . ‘ _ . ‘ ,
e 1 3, tran snduaion lnolonuto I 27 k1 27 i
AU T LRI Atnn\utmn ‘Required, a8. = .. | : . .
B "4, Product of Surface Weight . .| ooo $60 1800 770
L and Frequency, fw , HE X LB/FT
% (Figures 121 and 122) . :
i 8, Burface Waight of R uh:,.d 0.64 0.36 © 0496 0449 -
| . .
| Enclosure, LB 12 (fw /f © !
g : § = 1566 Hx) - . :
% : N ‘“'l‘ o! lnuloquu (Apptox). R B U] 0 188 188 !
R k. . .. k . . O ! .
B F . nqulud 'rrutmpne m:l.qht.. LB 70 40 U9 76 ;
i 8. Onclosure Weight Reduotion - 30 - : 73
) ¢ . (oaseline WT = Modified WP =
i Reduction) .
4 9. Total Wei ht of 'rrhnmh-ion - 3.3 - : 3.3
: Nodifications (dnr shaft and
¥ Nagnesium Plates), LB , _
10, Net.wWeight Reduction per - ©26.7 - 89.7
. Tranamisaion, Ly
TOTAL WEIGHT SAVINGE OF ;

; 96.4 LBE PER AIRCRAFT

FITI R T s

TERTAIDN IR IS s | o R R 1o T e e el

NOTES ¢

1, Total acoustical insulation weight of CH=-47C to comply
with MIL-A-8806A, Table 1V is approximately 500 1lb.

2, Figures shown represent immediate transmission enclosure

areas and do not reflect probable additional savings in
main cabin area.
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, ! l CONCLUS ION:

O e el e

{
'@,E: The basic analytical approach as a design tool for tranamission
'l g vibration/noise reduction has been validated, This method : at
"SI unites the internal components and the housing, hence will aid ; e
. in optimizing the transmiasion as a complete operating sub- 1 o
XL - gystem, Since the housing providea structural support to the ! DL
(! internal components, its physical characteristics grossly { ar
R . affect the performance, wear and fatigue lives of the bearings, ) ’
P gears, splines and shafts dua to misalignments and load :
concentrations. Therefore, houaidiyg optimization is essential j
if the full benefits of advancements in gear and bearing !
technology are to bhe realized. . : :

|

!

r . 10
A The mathods described herein have proved to be valuable I L
g analytical and design tools, The contractor has applied : !

) portions of the analysis to drive syatem projects such as the

[ Boeing/Seattle Hydrofoil Boat, the moderni=zed CH=47.(D) heli~-

i copter, and the Boeing Vertol advanced concept transmission

! program. Using the axinting finite element housing model, : -
further investigations utilizing NASTRAN to evaluate static , ;
and dynamic stresses, thermal distortions, deflections and
load paths duo to any type loading, fail-safety, vulnerability, Y
A and composite materials (Figures 123 and 124) have been Pl
k- efficiently conducted (Reference 14). -

The fabrication taechnology for complex structures such as the ! C

. subject doubler plates haa been demonstrated successfully in 3

f - this program, and this progreas 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 gource 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-
nigues. This analysis, which included the damped forced
response of the case and determination of those areas of
the case with the highest strain energy denasity, correlated
wall 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 reprezentation of the damped
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forced response and by expanding the computer pro-
gram GGEAR to incorporate high contact ratio (HCR)
gearing. ' _ :

e The toast data available from a previously conducted HLH/ATC
noige reduction program, which also'utilized the CH~47C
forward transmission, was further reduced and analyzed in.

order to provide an extensive file of baweline data. This
data was then used to validate and improve the baseline
computer model., The corralation obtained with the initial.

-model indicated a need for reviaion-to,includquhp'cogpling
effact observed between the ghafta, and thé apring effect

" of the planets in holding the sun gear in position. . After
these improvements were made, agreemant between expsriment
and analysis wias excellent. : o .

e Uaing the improved model, the standard production conpo=-
nents were analyzed to dofine the design modifications which
would bs required to provide a wignificant reduction in
source noise and vibration levels. ' -

® A test program, conducted to verify the noise/vibration
raductions 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.

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 syatem in the design phase, prior to the
manufacture of any hardware, is not only possible but, through
the use of the computer-aided aystem herein defined, wili 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 transmisaion subsystem, Iielda a
substantial savings in the overall aircraft system weight by
reducing the amovunt (weight) of add-on materials reguired to
provide the desired cabin noise and vibration levels.

Although the overall results of this program were favorahle and
quite ancnuraging, the need for further effort is quite clear.
The basic analytica

however, saveral areas ware determined to be deficient for
universal application. Additionally, the mystem 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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i ‘ RECOMMENDATIONS

In order to increase the accuracy and utility of the analysis f
desoribed in this report and bring it from the astatus of a |
research tool to that of a practical design and analysis gystem, [
it is recommended that the following specific items be con- |
eidered to further advance the state of the art: -
= !
!
l
|
|

e The gear tooth mesh compliance analysis (GGEAR/HCR) should
be’ extended. to .include rigorous calculations for helical
gears and an improved mathod for spiral bevel gears. The
results of this. analysis would include a foundation for the
aventual incorporation of a rigorous treatment of spiral ; g

A beval gears and a much-improved helical gear load sharing ! o |

AT - calculation. ' :

%
€ et e am

T ety

b e . Present methods of tranamission noise prediction are based f |3
upon the cycled energy at the gear meshes, while methods '
. ¥ of noise reduction are based upon reducing displacements

T at the shaft support bearings. This inconsistency of
i 7 .

|

approach has presented considerable difficulty in perform- . Cl

_ ing comparative studies; thus, an analytical technique for - !,:

i caloulating the overall sound spectrum directly from the
- dynamic shaft displacements must be developed. o

e The computer-aided transmission design techniques, as well ]
as the already estahlished computer programs, although S
complete in themselves, are in a "hits and pieces’ state. :
Considerable manual manipulation of data and varioua input/ '

“output sequences with these numerous independent programs -
are required. This introduces potential inaccuraciss and ]P
|
!

C e Lo TTRES e xoed

| is quite time consuming. A way to circumvent this problem i

! is to develop an efficient closed~loop total system optimi~

: zation master computer-aided design program incorporating

" the many individual analyses now exigting. Interactive
computer graphics and automatic plotting interwoven through- e
out the design cycle would be key features contributing to
efficiency and versatility. Such a system is now achievable 3
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. _ o

v
N

- e An experimental program should be conducted using small 3

& mechanical shakers to excite a transmission case iln an .

; anechoi¢ room to determine its response to various stimull. i

; In this way, it will be possible to accurately record the o

'J 3 case response on an acoustic sphere so that a determination s
|

may be made of those modes, or general classes of modes, :
which are of greatest significance to the noise and vibration o
problem, ﬁ
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APPENDIX B

VIBRATION/NOISE ASPECTS OF METAL MATRIX COMPOSITE
REINFORCED TRANSMISSION HOUSINGS

NOTE: The fabrication of graxhitegaluminum doubler plates was
- gponsorad by the U.5. Army Materials and Mechanics

- Research Center, Watertown, Massachusetts, under the
technical c¢ognizance oﬁ_Mr. Albert P, Levitt.

INTRODUCTION

Current cast light alloy transmisaion housing technology does
not provide an optimum support structure for power train
dynamic components under operating loads. These atructures,
limited by current materials and processing technigques which

do not getmit structural design optimization, exhibit excessive
deflections and displacements under load which result in gear
misalignment and vibration and noise gener-tion. The increases
in helicopter size, performance, and payload have intensified
the need for high-strength, lightweight materiala., 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
uged 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 helicopier applications.

The development of composite materials and the refinement of
manufacturing technology for these materiala have provided
extended capabilitiem for the reinforcement of structures.
Application of finite element analysea to transmission housing
deaign has permitted the utilization of optimization methods
such as strain energy. Praevious 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 selective 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 flaxibility 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
transmigsion housing which was selectively stiffened by the
addition of graphite/aluminum composite material. The most
effectivea portions of the houasing to be reinforced were defined
b{_uning 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
compesite material properties. Contoured graphite/aluminum
doubler plates which were designed, fabricated, and bonded to
the tranamission housing wall to modify the local mass and
stiffnesa properties changed the frequencies at which the
housing responded when excited by the rotating internal. compo--
nents. By shifting these natural frequenciaes away from the
exciting frequencies, the housing rasponse (vibration/noise)
was reduced. Meaaured vibration/noise data was compared with
similar data from baseline (unreinforced) housing tests.

The usa of metal matrix composite materials for helicopter
transmission housings has many potential benefits, including
reduced vibration/noise lavels and improved stiffneas. These
improved vibration/noise characteristics are due to the
increased 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

P = Kx
where F = applied static or dynamic load
K = gtiffness
x = displacement

The plots of displacement versus load for various materials
shown in Figure Bl indicate that the magnitude of the housing
displacements can be reduced substantially by the use of
stiffer motal 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 diasplacement of the structure, the overall
effoct of increusad stiffness would be to reduce the vibration/

noise level.
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b A further benefit of the metal matrix configuration is that

Kl | it is much better suited for detuning of the houaing than the

L conventional monolithic cast structure. A typical transmission

8 ; frequency spectrum is presented in Figure B2a., Because of the

3 i multiple forecing frequencies and the many natural frequencies

g : of the structure which occur, detuning of this housing is

-4 ! extremely difficult. Although the natural frequencies can be

g shifted by modifying the wall thickness, the multitude of

8 closely packed frequencies generally will cause the tuning :

E L process to be only minimally effective, Tha new fraguency .o

B 3 spectrum which results after substituting a typical metal

X matrix material for monolithic magnesium is presented in

o ¥ Figure BZb, It is significant that the natural frequencies

A8 v ‘have baen shifted toward the high enhd of the spectrum and that

; only about 40% of the frequencies remain in the range of

, { interest (balow approximataely 5000 Hz) as compared to the

% i solid magnesium configuration. Those natural frequencies

“7 : remaining in the range of interest also have been dispersed
{

and are thus much more amenable to the detuning process.
: Using the melective stiffening capability provided by the
v metal macrix design, the housing can be tuned to reduce the
3 vibration/noise levels. Further areas of polential vibration/
g j noise improvement for the metal matrix structure include s
K X structural damping and acoustic transmizsion loss (TL).
ST Little data is available on these aspescts, and therefore they
: - - must be investigated fully. a

o ; In ordaer to determine the applicability of composite materials
: for the selective stiffening of transmiasion houmings, graph-

ite/aluminum doubler plates were fabricated, affixed to the

-y i CH=47C tranamission housing, and tested in a manner similar to
i ; the magnesium dowbler plates described within the basic

_ : program. The finite element NASTRAN model was used to analyze T
g : the transmission housing loads and to determine the areas for -
i : attachment of the doubler plates. Computer-generated plots 3

! of the doubler plates are shown in Figures B3 and B4 . A pre-
| processor (Point Stress Laminate Analysis - Referxence 19) was
| used in conjunction with NASTRAN to define the orientation of
i " the graphite fibars for the optimum stiffening in the composite
} I plates. This preprocessor accounts for the anisotropic
| ; characteriatics »f the composite by using the basic single-ply
i (lamina) material properties to calculate the eguivalent
| ¥ orthotropic material properties of the laminate, These are
] ! used in the NASTRAN analysis. Figure B5 illuatrates the lamina
) or layer cocordinate system (l=2) which ia transformed to the i
4 laminate (X~Y) axis system. The resultant stress~s and
¥ 3 moments, representing a system which is statically equivalent
- ; to the stress system acting on the laminate, are alsoc shown.

19, Reed, D. L., POINT STRESS LAMINATE ANALYSIS, Doocument
F2M~-5494, Prepared for Advanced Composite Division, Air
Force Materials Laboratory, WPAFB, Ohio, April 1970. i
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Figure 33. Computer-Ganerated Plut of -1 Graphite/ /
Aluminum Doublar Plate.
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computer program may be used after the NASTRAN analyais 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:

]

)

|

! e Material system = T50 graphite filaments/201 aluminum
‘ matrix (see Table Bl)

{

& Total number of pliea = 6
e Total finished thickness of plate = approximately 0.204

X ) inch

3 e ply orientation [+60°/0°]

» The reference axis for the lamina orientations is the

AN vertically upward direction of the 11401089 transmission

» housing.

iW A significant problem experienced in the application of finite
¥ element 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 hehce is concerned with specific
fiber orientations and fiber volume percentage, of which there
are essgentially an infinite varlety 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 typlcally tailored to meet the spucific application., The
material properties used for the analyses aroe shown in Table
Bl, which is hased upon a compilation of basic material
properties and test data from several sources.

B P RS S T

After establishing the material properties for the composite ]
structural elements, the transmission model was adapted to V
. represent the addition of the composite doubler plates and a
4 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 doublexr plates were compared. The
NASTRAN weight genherator was used to evaluate the weight of
each configuration, The three configurations evaluated are
summarized in Table B2, The design of the graphite/aluminum i
plates is based upon conservative values of the basic single
_ ply mateiial propertiems. Since the purposes of this develop~
3 mental work were to verify the analytical procedures and to
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compare with the basecline magnesium plates, rather than to
actually design an optimum housing by a rigorous application

of the analysis, trade~offs and cowpromises were made. Also,
the design does not use the directivity of the fiber propertiecs
to the best possible advantage since the intent herein was to
simulate the stiffness of the magnesium plates. The overall
results would be cven more favorable for a graphite/aluminum
version of a housing that was designhed to take maximum advan-
tage of the directiohal properties of the composite. With the
above constraints considered, the areas reinforced were the
same as those for the magnesium plates (see PFigure 50). Figure
49 illustrates the more nultitudinous areas that should have
been stiffened for a rigorous application of the analysis. The
technology is now emerging in the form of metal matrix com-
posites to manufacture a housing which is selectively stiffened
in the areas such as indicated in Figure 49. The modeliny
procedure and the strain energy techhique have been deseribed
in further detail in the basic report.

The graphito/aluminum composite doubler platos were fabricated
by DWA Composite Specialties, Inc.,, Chatsworth, California.

The subcontractor procurcd the necessary graphite/aluminum

tape material and fabricated one SK27064-3 contoured doublor
plate (L) and one SK27064=4 contoured doubler plate (R)

(Figure B6). This matorial a{ﬂtem was scloctod because of

the availability of the graphite/aluminum material and the
production-ready status of the manufacturing procedure. Those
plates were contoured to fit the exterior surface of the
exlsting CH=47C helicopter forward rotor transmission housing
(114D1089) . Using molds of tho areas of the outer surface of
the transmission housing to be reinforced by the doubler

plates as patterns, tooling in the form of matching diea
necessary to fabricate the doubler plates was manufactured.

Tne 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 get,
The outer edges of the finished doubler plates were then
trimmed 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 meapurements, The plates appearcd 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 axterior wall. One
corner of the SK27064-3 doubler plate was partially delaminatedq
and the 6 individual lamina could be observed (Figure B7),




Figure B6. Graphite/Alunminum Doubler Plates.

Figure B7.

: * . O LAMINA
PARTIAL Vs EBLE
DELAMINATION

Partially Delaminated Corner ol 8K27064-3
Graphite/Aluminum Contourad Doubler Plate
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Using an adhesive resistant of temperatures up to 250°F, the
two graphite/aluminum composits plates were bonded to the sur-
faces of the CH-~47 lower houaing. The bonding was conducted
under conditions which minimized the thermal stresses in the
adhesive and the camposite plates due to differences in thermal
expansion coafficient 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 tranamission 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 inastrumentation 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
raepeated to evaluate the effect of the case modification. The
objective of this testing was to assess the effectiveness of
the graphite/aluninum doubler plates for reducing vibration

and noige caused by the gear mesh excitation of a CH-47C
forward transmission., Noise levals 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 tranamission, 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-dgaign (6600 rpm) condition for
two torque levels (80%, .85 x 1l0° inch~1lbs output shaft and
60%, .64 x 106 inch-lba). Each of tha 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 unreinforced 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
KAMAR UH-2 TRANSMISSION NASTRAN MODEL

To provide additional verification of the analytical method, a
second transmission, the Kaman UH-2 main rotor transmission
(Figure Cl), was originally to be analyzed by Boeing Vertol
using the computer-aided system defined 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 Boaing 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 tranasmission NASTRAN model plots are shown in
Figurea C2 through C5, while Table Cl shows the basic model
parameterxs. Since this effort was terminated, no further re-
sults are available.




Rotor shatt
Support

HOUSING, UPPER
(K674340)
K4

HOUSING,
INTERMEDYATE
(K674175)

HOUSTING, LOWHR
(R674008)

Main Drive sShaft

Accessory Drive (To Mix Box)

HOUS ING, INPUT Tail Rotor Drive
DRIVE

(K674136)

Figure ¢l,  Kaman UH-2 Helicoptor Main Transmission,
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Figure C4. Noise/Vibration Reduction Program,
Kaman UH=2 Main Tranamission, g

Lower Housing (Undeformed Shape). |
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Figure ¢5. Noise/Vibration Reduction Program,
Kaman UH-2 Main Transmission, !
Computer Generated Model (Incomplete - '
Input Drive Housing Not Included).
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LIST OF SYMBOLS

|

f (C) damping matrix

1 DFR damped forced response

YH ‘ D-82 unified structural analysis or damped forced
'i | response computer program

Q ; . By acoustical energy per gycle

ﬁ ? Ey mechanical energy per cycle

Ej ‘ e ' a;pitation. u=in. -
é? F - force, lb

i

AN Fs, Fo sine or cosine components of the exaiting
i L ' ..load, 'lb, ini=«lb -

£ gear meah.fraquoncf.lﬂz
GGEAR = gear mesh excitatlon computer program
H | heat enérgy
(K) atiffness matrix
K boaxing stiffness, lb/in.

sound pressure level, dB 5
M mobility or mass :
(M) mass matrix f
n number of bearings i
Pa sound power, watt ﬁ
Py reference prassurw, u-bar ;
Pg sound presaure, u-bhar g
PWL sound power 3
X distance to radiaiing surface, ft j
SPL aound pressure level raferred to 0.0002 u-bar 3
T paricd, mec ?

i
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t time, sec Lg
TL sound transmission loss ﬂf
' :( .
TORRP torsional response computer program 4
[
W heat rate o
X displacement (in.) or rotation (rad) ;g
* Xgo xc sine or cosine components of the displacement -55
(or rotation), in. (or rad) A
; o energy conversion factor o
;' B8 geometry correction factor, damping ratio, frequency }f
. ratio .
..... o
fi §ik Six = 1, if i=k and 0 if igk - 3
e environment constant - ]
A test condition constant = 10 log (aBf/2P,%ecr?) 8
or bearing heat conversion factor ' 5
.
4 mesh heat conversion factor or oritical damping fk
ratio
A 8, ¢ phase angles, deg L
} w, Q natural frequency, excitation frequency, rad/sec ﬁ
3 dB a logarithmic measure used for sound pressure f
= levels (SPL) and sound power (PWL) ]
dBA a weighted unit used to bias sound measurements 3
'3 with a correction approximating the sensitivity :
k. characteristics of the human ear
;\' . '
s
f-'
, {
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