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SUMMARY 

The internal noise levels i n  most c iv i l  and mili tary helicopters a re  excessive. 
In general, the dominant source of noise is the geared Power transmission sys- 
tem which operates a t  a h i g h  power level 
cabin. Within this system, vibratory excitations a re  produced as  a by-product 
of the gear meshing process. These excitations resu l t  i n  vibration of the 
transmission housing and airframe which ultimately radiate noise i n t o  the 
cabin. This paper discusses the development and experimental Val idation of a 
method for  analytically modeling this noise mechanism. T h i s  method can be 
used within the design process to  predict in te r ior  noise levels and t o  
investigate the noise reducing potential of a1 ternative transmission design 
detai ls .  Examples are discussed. 

and i s  i n  proximity t o  the 

I NT RODUCT I ON 

The nature and extent of the internal noise problem i n  Army helicopters will 
be i l lus t ra ted  f irst .  
transmission i s  mounted i n  a pos i t i on  close t o  the cockpit. 
most dominant source of internal noise, i t  i s  imperative tha t  the noise produc- 
i n g  character is t ics  of this component be understood. A hypothesis tha t  was 
investigated and verified under Army-sponsored e f fo r t s  is that  noise i s  gener- 
ated by the transmission case as  a resu l t  of nonuniform transfer of torque from 
p i n i o n  t o  gear due t o  too th  prof i le  errors  or  t o  the e l a s t i c  deformation of 
gear teeth under load. T h i s  nonuniform transfer of torque produces a dynamic 
force a t  the gear mesh frequency and i t s  multiples, resulting i n  a coupled 
torsional/ lateral  vibration response of the gear shaft .  
(bending) produces displacements a t  the bearings which i n  t u r n  cause the case 
t o  vibrate, t h u s  producing noise. Figure 1 presents allowable and predicted 
noise levels for the Army Heavy-Lift Helicopter. I t  i s  c lear  tha t  the noise 
levels will be unacceptable if  a means of controlling the acoustic energy a t  
i t s  source i s  not found. 

* Performed under Contract DAAJ02-74-C-0039 to  the Applied Technology Labora- 

In present day c iv i l  and mili tary helicopters, the 
As the single 

The la te ra l  vibration 

tory, U. S. Army Research and Technology Laboratories (AVRADCOM) 
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In order t o  meet MIL-A-8806, he1 icopter manufacturers have been using increas- 
ing amounts of noise attenuation blanketing with l i t t l e  success and with the 
penalty of extra weight offsetting the technology advances i n  l ight  weight 
gearboxes. See figure 2. 

This paper presents the results o f  a program (reference 1) t h a t  i s  part of 16 
years of Army-sponsored programs aimed a t  understanding and control1 ing heli- 
copter internal noise and vibration and their  effects on personnel and system 
components. 

MODELING METHOD 

Problem 

A helicopter transmission such as the SH-2D transmission of figure 3 i s  a 
complex dynamic system comprised of many interconnected mechanical elements. 
This system responds, under the influence of periodic forces produced a t  the 
various gear meshes, causing vibration of a l l  of the individual elements and 
noise radiation from the transmission housing. 
involved i n  th is  response include a l l  of the gears/gearshafts, their  support 
bearings, and the transmission housing. Analytical prediction o f  the trans- 
mission response, and consequently i t s  vibration and noise generation charac- 
ter is t ics ,  requires knowledge of the dynamics of each mechanical element, the 
nature and extent of coupling among these elements, and the characteristics 
of the gear mesh induced forcing functions. 

The mechanical elements 

The problem of transmission response prediction i s  compounded by the fact t h a t  
the gear meshing forces involved occur a t  high frequency, typically in the 
hundreds and thousands of Hertz. 
response prediction can be made i s  a direct function of the degree of detail 
in which the individual mechanical elements are modeled, very detailed elemen- 
tal models are required. If  the direct approach i s  taken and the total system 
i s  modeled as a whole, such as  with f in i te  element modeling methods, the 
requirement t o  model in great detail quickly results in an excessively large, 
complex model which i s  n o t  amenable t o  ease of manipulation and use. 

Since the frequency for which accurate 

Approach 

With the method described herein, the transmission i s  modeled as  a fully 
coupled dynamic system consisting of a1 1 r o t a t i n g  gearshafts, the shaft supporl 
bearings, and. the housing (fig. 4). 
modeled separately, in detail ,  then combined t o  produce the complete system 
model. The concept of component synthesis i s  used t o  simplify the dynamic 
modeling task and t o  reduce the size and complexity of the ultimate system 
model. Gear mesh v i  bratory excitations, in terms o f  relative deflections 
between mating gear teeth, are calculated independently through consideration 
of appropriate time-dependent tooth compliances and gear errors. 
t i o n s  are introduced in the system model a t  the proper gear mesh coordinates, 
and responses are calculated in terms of shaft and housing displacements and 
radiated sound power 1 eve1 . 

Individual mechanical elements are 

These excita- 
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Component Synthesis 

The technique of component synthesis may be used to  calculate the dynamic 
response of a l inear  complex s t ructure  and modification of i t  a t  a re la t ive ly  
smal 1 number of discrete frequencies ( re f .  2 ) .  The component synthesis tech- 
nique we use has two important features. The f i r s t  of these re la tes  t o  the 
reduction i n  degrees of freedom. 
carried out w i t h  as  many degrees of freedom as  is  necessary fo r  a valid 
analysis. When the result ing analytical model i s  used, however, the number of 
degrees of freedom may be dras t ica l ly  reduced and must include only: 

The analysis of each basic component i s  

(1) Those which interface other components 
( 2 )  Those which a re  to  be affected by changes 
(3 )  Those a t  which a force i s  applied or dynamic response 

i s  specif ical ly  desired 

T h i s  reduction in the number of coordinates i s  performed only once a t  each 
frequency of i n t e re s t  w i t h  no loss  i n  the val idi ty  of the analytical model, 
regardless of the extent of this reduction. 

The other important feature re la tes  to  the ease w i t h  which changes may be 
studied. Structural modifications such as local mass or  s t i f fness  changes, 
the addition of springs or  dampers between components, addition of vibration 
absorbers, and changes i n  boundary conditions may be exactly modeled a t  virtu- 
a l l y  no computer cost  and without performing a new modal analysis for  each change. 

A l inear  structure i s  often represented i n  the frequency domain as an imped- 
ance matrix. The s ta r t ing  p o i n t  for the analysis requires a valid impedance 
matrix fo r  each substructure for  each frequency of in te res t .  
a valid impedance matrix i s  tha t  i t  correctly predict the motion a t  the 
coordinates of interest a t  each frequency of in te res t .  I t  can be shown t h a t  
the c r i te r ion  for  a valid impedance matrix i s  tha t  the elements of i t s  inverse 
correctly represent the t rue response character is t ics  of the structure. 
argument leads t o  a d i rec t  method of obtaining a valid reduced impedance 
matrix as follows: 

The cr i te r ion  fo r  

T h i s  

Perform a structural  analysis u s i n g  conventional methods t o  
obtain a valid,  fu l l  size,  impedance matrix a t  each frequency 
of in te res t ,  Z(W).  

Invert Z a t  each w t o  obtain valid,  fu l l  s i ze  mobility matrices Y(w) ,  
Alternately, a modal approach or a direct integration technique 
may be used to  obtain Y(w).  

Select elements from Y a t  each w corresponding t o  the coordinates 
t o  be retained. These elements a re  then formed into a new reduced 
mobil i t y  matrix, Y,(w). 
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(4)  The reduced impedance matrix i s  then formed by inversion of YR: 

I t  is t o  be noted that ZR i s  valid only a t  the frequency a t  which i t  has 
been computed. 
quency w behaves precisely as the system under study. 

However, ZR represents a physical system which, a t  the fre- 

The reason for specifically obtaining the impedance matrix of the reduced sys 
tem is tha t  the impedance o f  a complex structure is  obtained by simply adding 
the impedance matrices of the separate components a t  coordinates where the 
deflections are common. The substructures m u s t  be modeled a s  i f  they were 
unrestrained a t  the interface coordinates. 

There are several considerations involved i n  applying this technique t o  prac- 
t ical  analyses : 

I t  i s  not important how the reduced mobilities are computed as 
long as they are valid. 

For the method t o  be practical, the number o f  reduced coordinates 
must  not be so large that matrix inversions become prohibitive. 

Local impedance changes due t o  addition of spring-mass systems 
or  boundary condition changes are simply added t o  the reduced 
component impedances. 

When adding impedance matrices, the corresponding elements must 
represent deflections in the same direction. 

The impedance elements add when their  deflections are equal; 
t h u s ,  when components are separated by spri ng-damper devices, 
the impedance of this device must be added t o  one o f  the 
substructures pr ior  t o  synthesis. 

The abi l i ty  t o  accommodate structural modifications including local mass o r  
stiffness changes, the addition of springs o r  dampers between components, 
addition of vibration absorbers or changes i n  boundary conditions i s  a 
valuable feature of a structural dynamics program. 
each element a t  frequencies of interest stored in a data bank, variation in 
structural parameters of the individual components can be readily made. The 
technique i s  described i n  reference 2. 

Application of component synthesis methods resulted i n  substantial reduction 
in the size of the impedance matrix ultimately used t o  represent the trans- 
mission system. 
and a planetary system.' The total number of degrees of freedom used t o  
model these shafts was 445. 
for  a t o t a l  of 489 individual element degrees o f  freedom. The synthesized 

With the impedances o f  

The SH-2 transmission system consists o f  four gearshafts 

The case was modeled with 44 degrees of freedom, 
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system impedance model for these combined elements would have been a 473 x 473 
term matrix, considering elimination of dupl icated interconnection points 
for the gear meshes and bearings. 
freedom from this impedance model reduced it to a 48 x 48 matrix. Although 
further reduction could have been achieved, this matrix size was compatible 
with the available computer capability, and no additional reduction was 
performed. It is interesting to note, however, that the most commonly 
performed response calculation, prediction of case surface response to a 
single gear clash force, could have been accomplished with a 14 x 14 impedance 
matrix, which represents a 34/1 reduction in size from the unreduced system 
impedance matrix. 

Reduction of many extraneous degrees of 

Transmission Case Modeling 

Modeling of the transmission housing is accomplished in four steps. 
an approximate, physically Val id mass representation of the housing is 
intuitively derived. Next, the actual housing is shake tested with modal 
responses measured at all physical coordinates considered in the intuitive 
mass model. The measured modal data are then used to adjust the approximate 
mass representation, consistent with the restraints imposed by the orthogo- 
nal ity relationships. 
tion and modal data are used to derive the housing impedance, stiffness, and 
damping matrices. The method is described in reference 3. 

First, 

Finally, the adjusted or "identified" mass representa- 

In the present program, modal responses of the SH-2D main transmission housing 
were measured at 44 locations. 
shown in figure 5. Prior to testing, an approximate mass matrix was estab- 
lished, consisting of 44 diagonal and 206 off-diagonal terms. 
imaginary case mobilities were measured, with the imaginary mobilities used 
as an approximation of the normal mode responses. 
orthogonality relationships produced only small changes in the approximate 
mass matrix, typically less than five percent, indicating a high degree of 
physical as weil as mathematical model validity. 

Comparisons of measured and calculated real case mobility were made in order 
to verify the accuracy of the resulting case dynamic model. This represents 
an independent check of model validity since real data were not used in the 
derivation. 
figure 6. 

The transmission case shake test set up is 

Both real and 

Use of these data with the 

These comparisons showed good correlation, as indicated in 

Shaft and Bearing Modeling 

As for the case modeli'ng, the objective of gearshaft modeling was to obtain 
valid mechanical impedance representations of each shaft, which could then be 
joined with the case impedance matrix using component synthesis methods, to 
form a dynamic response model of the total transmission system. In contrast 
to the case modeling approach, which is based on physical test data, gearshaft 
modeling was accomplished by purely analytical methods. An extension of the 
Holzer-Myklested technique for dynamic modeling of slender shafts was used 
with local non-slender shaft elements, such as the gears themselves, treated 
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as lumped masses and' inertias (ref. 4). 
and torsion were considered with a typical shaft consisting of 100 degrees of 
freedom. All shaft support bearings were modeled as nonl inear orthogonal 
springs using the method of reference 5. 

Both shaft flexure (bending) 

Excitation Mechanism 

The basic mechanism for gear mesh excitation has been incorporated in an 
analytical calculation technique which permits the determination of local 
tooth deflections, including fundamental and harmonic components, based on 
known tooth geometry and loading conditions. This technique was developed 
through previous Army research efforts and is described in detail in reference 
6. 
incorporating an equivalent spur gear approximation technique for representing 
he1 ical and spiral bevel gearing. 
helical and spiral bevel gear mesh excitations directly from gear data 
available on gear design drawings. 
that described in Appendix I11 of reference 7. 

Within the present effort, this method has been improved to the extent of 

This improvement permits calculation of 

The equivalent spur gear approximation is 

Acoustic Source Representation 

In the present analysis, the transmission case is assumed to consist of a 
relatively small number of simple, baffled, hemispherical acoustic sources. 
These sources, which are distributed over the case surface, are assumed t o  
act independently, with the sum of their acoustic outputs equal to the total 
transmission radiated noise. 
directly in terms of sound power level. Use of this source representation 
requires only knowledge of case surface motions, amplitude and frequency, 
and an estimation of the individual source sizes. The total housing radiated 
sound power is then calculated as the sum of the contribution from each 
individual source. 

The output from each source is computed 

TRANSMISSION TESTING 

Testing was performed to determine the actual vibration and noise character- 
istics of an operating helicopter transmission. These data were needed, for 
comparison with analytically calculated transmission noise and vibrati'on 
characteristics, to Val idate the analytical methods used. 
used in this effort was the SH-2D helicopter main transmission shown in 
figure 3. 
1695 newton meters (15000 pound inches) of torque (continuous), at an output 
(main rotor) speed of 287 rpm. 
21.311. 
using a regenerative test stand. 
dynamic response characteristics i ncl udi ng : 

The test article 

Gearbox identities are given in table I. This gearbox is rated at 

Speed reduction through the transmission is 
This test article was subjected to simulated operational testing 

Measurements were made of all significant 

o Shaft bending strain 
o Shaft torsional strain 
o Lateral shaft displacement 
o Housing surface acceleration 
o Radiated sound pressure level 
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-esting consisted of recording data signals corresponding t o  each o f  the 
lynamic parameters a t  discrete points over a range of transmission torque 
md rprn settings. All t e s t  data were recorded on analog tape and reduced 
)ff-line using a real time frequency analyzer. 

METHOD CORRELATION 

halytical predictions of the dynamic responses of the SH-ED main transmission 
iere made for  comparison w i t h  the measured t e s t  data. While predictions 
)f a l l  relevant transmission responses were made, only case acceleration 
ind radiated noise proved to  be of value in correlating the analytical method. 
iince the accuracy of the vibration and noise radiation predictions i s  very 
iuch dependent on the accuracy of the shaft response predictions, good agree- 
lent between measured and predicted acceleration and noise radiation charac- 
leristics provides t ac i t  correlation of the shaf t  response prediction method. 

Case Acceleration 

'redictions of case surface acceleration a t  fourteen locations were made and 
:ompared t o  accelerations measured a t  these same points. 
lade a t  each gear mesh related frequency of interest, including: 

Comparisons were 

o Planetary system fundamental and second harmonic 

o Spur  gear mesh fundamental and second harmonic 

o Spiral bevel gear mesh fundamental 

since two transmission speeds were considered in both  the analytical and t e s t  
?fforts, a total of ten discrete frequency acceleration components were 
ivailable for comparison, covering the frequency range of 348 Hz t o  3060 Hz. 

Examples of  comparisons of measured and calculated case accelerations are 
shown in figures 7 and 8. The data of figure 7 show the responses t o  the 
ilanetary system fundamental gear mesh frequency a t  80% transmission speed 
For 60% torque conditions. 
second harmonic of  the spur gear mesh frequency a t  100% rprn a t  80% torque. 
The h i g h  degree of correlation indicated by these data i s  similar t o  that 
ibtained a t  the other excitation frequencies considered. 

Figure 8 i l lustrates  similar data for the 

Radiated Noise 

lnalytical pred 
issociated with 
3 0 t h  conditions 

ctions were made for the housing radiated sound power levels 
each of the gear mesh excitation frequencies considered for 
of torque. Sound power levels were also calculated from the 

neasured sound pressure levels. 
Darameter b u t  must be calculated from sound pressure. 
and predicted sound power levels are shown i n  figure 9 a t  the 80% rpm t e s t  
condition. 
between measured and predicted sound power levels less t h a n  2 dB. 

Sound power is  not a directly measurable 
Comparisons of measured 

Excellent correlation i s  shown with the average deviation 
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METHOD APPLICATION 

The transmission dynamic modeling technique developed in the present program 
permits the rapid and economical evaluation of transmission design changes. 
Once the individual mechanical element models have been derived, they can be 
manipulated i n  various ways without the need for rederivation. This is  accom- 
plished through the use of a computer routine, which i s  an inherent part of 
the system modeling method and which can be used t o  perform the following 
functions : 

o Add (or  subtract) structural damping t o  any element 
or any part of an element 

o Add vibration absorbers a t  any location of an element 

o Add (or delete) lumped masses a t  any location 

o Add spring/damper systems between any two elements or 
from an element t o  ground 

o Change system geometry 

The performance of system design studies i s  further promoted by the fact  t h a t  
changes in individual elements may be made separately. For example, i f  a 
change in shaft stiffness or  mass distribution i s  desired, only the shaft 
model in question need be changed. 
are l e f t  alone, and a new system model i s  synthesized using the new shaft 
model with these unchanged models. 

The remaining shaft and housing models 

An applications study was performed using the analytical method. 
of  this  study was t o  demonstrate the range of transmission design changes 
which may be Ainvestigated with the method. Design changes which were con- 
sidered in this  study effort  are given in table 11. While a considerable 
range of design changes was investigated, none of these individual changes 
were studied in sufficient depth t o  establ ish their ultimate practical 
value or noise reduction potential. 
an indication of the relative sensitivity of transmission response t o  the 
various design changes which were considered, a t  least with regard t o  the 
particular transmission studied. 

The purpose 

The study results do, however, serve a s  

Shaft S t i f f ness D i  s t r  i b u t  i on 

Stiffness distributions of the i n p u t ,  spur/bevel, and o u t p u t  shafts were 
analytically simulated by changing the stiffness cross section o f  the respec- 
tive shaft models over a limited segment of each shaft. 
stiffness cross section was increased by approximately 10% over one-third 
of the shaf t  length. Only the central section of the shaft was stiffened, 
and no mass was added t o  the shaft. 

In each case, shaft 

The effect of increasing i n p u t  shaft stiffness is  shown in figure 10, i n  
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.ems of changes i n  radiated sound power level for  each mesh excitation fre- 
luency. The changes g iven  are  re la t ive  to  sound power levels calculated fo r  
.he baseline transmission. As indicated, increasing the i n p u t  shaf t  s t i f f -  
less caused s ignif icant  changes i n  radiated sound power level a t  several mesh 
'requencies and not merely a t  the spiral  bevel gear mesh frequencies of 2448 
Iz and 3060 Hz which are  most d i rec t ly  associated w i t h  the i n p u t  shaf t .  
~lthough the greatest  change, an 11 dB reduction, d i d  occur a t  the 100% rpm 
!piral bevel gear mesh frequency of 3060 Hz, a comparable magnitude change 
i n  t h i s  case a 10 dB increase) i s  shown fo r  the 80% rpm, spur gear mesh 
#econd harmonic frequency, a t  2396 Hz. Furthermore, no change i n  sound power 
eve1 was obtained a t  the 80% rpm spiral  bevel gear mesh frequency of 2448 Hz. 

'he data of figure 10 provide a graphical i l lustrat ion of the f a c t  tha t  the 
nalyt ical  model considers the transmission as a coupled dynamic system w i t h  
'esponses determined by a l l  the mechanical elements acting as  a u n i t .  T h i s  
'act must always be considered in applying this method, par t icular ly  when 'it 
s used to  evaluate potentially beneficial design changes. Such changes, 
.lthough usually predicated on the basis of reducing the response t o  only 
me gear mesh excitation, will normally have an e f fec t  on a l l  mesh induced 
'esponses, and furthermore, these e f fec ts  will be a function of transmission 
,peed. 
It  the principal mesh frequency of in te res t ,  this same change may very well 
'aise the responses a t  other mesh frequencies, t h u s  curing one problem and 
:reating others. 
lay not prevail a t  another speed, even i f  these two speeds are  reasonably 
:lose. 
ilways be evaluated w i t h  regard to  the i r  e f fec t  on a l l  gear mesh induced 
'esponses and for  pertinent transmission speeds. Although this approach 
loes require extensive evaluation of each design change, the analytical 
iethod has been s e t  up  t o  perform the required analyses i n  an economical, 
! f f ic ient  manner requiring a minimum e f fo r t  on the par t  of the analyst. 

While a given design change may produce a reduction i n  response 

In addition, a reduction obtained a t  one transmission speed 

Because of these considerations, transmission design changes should 

P1 anetary System Carrier Stiffness 

iince, i n  many cases, helicopter transmissions exhibit  t he i r  highest responses 
lue to  planetary system excitations,  an attempt was made to  develop and 
!valuate a method for  changing these responses. 
in the e f fec ts  of planetary system car r ie r  s t i f fness  modificatlon, and an 
?xample of the resu l t s  of these investigations is  shown i n  f igure 11. 

These e f fo r t s  concentrated 

-he data of figure 11 i l l u s t r a t e  the ef fec ts  of reducing the radial s t i f fness  
if the planet ca r r i e r  by 50%. T h i s  change was considered practical because 
mly radial s t i f fness  was changed w i t h  torsional s t i f fness  held constant. 
iince system torque i s  reacted by the ca r r i e r  i n  torsion w i t h  l i t t l e  or  no 
; t a t i c  load reacted i n  the radial direction, the ca r r i e r  radial s t i f fness  is  
lo t  a primary s t a t i c  design factor  and can be changed based on dynamic 
%equirements. 
:hanges i n  the planetary system responses a t  348 Hz, 435 Hz, and 696 Hz. 
:urther, the e f fec ts  are isolated to  the planetary system excitations w i t h  
i t t l e  or no response change shown fo r  the remaining gear mesh excitations.  

As shown, reducing planet ca r r i e r  s t i f fnes s  causes si\gnificant 
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While further analytical work i s  required, i t  i s  f e l t  that the beneficial 
effects of this  concept could be readily applied in future helicopter trans- 
mission designs. 

Transmission Housing Modification 

One of the major advantages of the present analytical approach i s  the 
abi l i ty  t o  model the transmission housing. 
required t o  develop this  model, changes in the housing can be simulated by 
purely analytical means. 
bu t ions  and housing damping can be considered. 

The addition of external damping treatments t o  transmission housings has often 
been suggested as a means t o  reduce housing response and radiated noise. 
W i t h  the present program, this approach has been evaluated analytically by 
simulating surface damping t h r o u g h  increasing the housing structural damping 
coefficient. 
damping coefficient (9) of 0.05, 0.1, and 0.2. The structural damping of the 
housing i tself  was determined t o  be very low, w i t h  modal damping coefficients 
ranging from 0.0015 t o  0.03, 
represents a substantial increase, b u t  one which can readily be obtained with 
commercial materials. 

While a prototype housing i s  

In this  way, changes i n  mass and stiffness d is t r i -  

Three levels of damping increase were considered, with structural 

Increasing damping t o  the degree considered, then, 

The effects of increased housing damping are indicated in figure 12 .  As shown, 
appreciable sound power level reductions were obtained a t  several gear mesh 
excitation frequencies, b u t  the reductions were by no means universal. This 
i s  t o  be expected since the effects of damping are dependent upon the proximity 
of excitation frequencies and system natural response frequencies. For exci- 
tations close t o  natural frequencies, damping can be effective; while, i f  
excitations are substantially removed from the natural frequencies, damping 
will have no effect. 
since added damping may increase response t o  excitations which are close t o  
system antiresonant frequencies. 

As shown, damping can also produce an adverse effect 

Given the data of figure 12  i t  i s  apparent t h a t  housing damping i s  a sensitive 
parameter which can be adjusted t o  reduce transmission response. Proper 
application of this approach, however, requires knowledge of system dynamic 
response characteristics, most importantly the proximity of gear mesh exci ta- 
tion frequencies and system resonant and antiresonant frequencies. 

FUTURE USE 

The noise modeling method can be applied in various ways depending upon the 
development status of the subject transmission. During preliminary design, 
rough estimates of transmission noise can be made using a simplified noise 
model which has been derived from the more complex method (fig. 13). 
simplified noise prediction method i s  given in equation form i n  reference 8. 
The accuracy of the simplified noise prediction method has been subjected t o  
1 imited evaluation through comparison of predicted and measured UH-1  internal 
noise levels, obtained from reference 6. 

The 

As illustrated in figure 14 the 
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:alculated UH-1 internal noise spectrum agrees well w i t h  the measured data. 
'he noise prediction method i s  presented i n  equation form i n  the appendix. 
/hen detail  design data become available, the complete system modeling method 
:an be applied us ing  a housing model based on f i n i t e  element methods. A t  this 
itage, s ignif icant  eff ic iencies  can be achieved u s i n g  a substructure approach 
ri t h  component synthesis. 
!lementa1 models may be obtained through the use of  mobility tes t  data. 

Finally, dur ing  hardware development, improved 

CONCLUSION AND RECOMMENDATIONS 

'he analytical methods devel oped i n  this study represent a s ignif icant  advance- 
lent i n  the s t a t e  of the a r t  of helicopter internal noise prediction. 
iethods a re  limited, however, t o  the prediction of the airborne component 
If transmission noise, although the approach used i s  compatible w i t h  the 
ncorporation of a structure borne noise prediction capabili ty.  
If the methodology t o  include structure borne noise prediction capabili ty is 
:onsidered both feasible  and appropriate. 

These 

Extension 
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APPENDIX 

H E L I  COPTER TRANSM I SS ION N O I S E  P R E D I C T I O N  METHO'D 

MICHAEL A.  BOWES 

Gear Clash Type 

Spur Gear 

Spiral Bevel Gear 

Planet Sys tem 

I t  1s often desirable to have reasonable, though 
approximate, estimates of transmission noise 
characteristics. To answer this need, a simpli- 
fied transmission noise prediction technique 
has been developed using parametric trending data 
generated with the SH-2D transmission analytical 
model. The validity of this  simplified method i s  
predicated on the assumption that the SH-ED trans- 
mission has dynamic response and noise radiation 
characteristics which are representative o f  
hellcopter transmissions. This assumption i s  
believed to be appropriate, since the SH-2D 
transmission i s  similar in design t o  most exist- 
ing he1 icopter transmissions and i t s  operating 
torque and rpm conditions are near median values 
for current and planned vehicles. 

Harmonic No. 
2 3 

-5 -22 

+7 +6 

-10.5 -23 

The simp1 ified transmission noise prediction 
method i s  based on a simple parametric relation- 
ship between the physical variables of a given 
gear mesh and the sound power level of the dis- 
crete frequency component due to  t h a t  mesh. The 
general form of this relationship is:  

PWLG = A Loglo(') + B Loglo(f) + C + D (1 1 

where: PWLG = 

A =  

T - - 
B =  

f =  

c =  

D =  

sound power level - dB re. 
watts 

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

transmitted torque (in-lb) 

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

gear clash frequency - Hz 

a constant indicative o f  the 
type of gear mesh 

a constant indicative of the 
gear clash harmonic number 

A parametric study was performed, using the 

Gear 

available SH-2D transmission analytical model , 
considering three types of gear meshes, a l l  of 
which were represented in the SH-2D model. 
mesh types considered were: spur gear, spiral 
bevel gear and planetary system. 
study, three equations of the form of Equation 
(1) were derived for the three gear mesh types 
considered. These are: 

Based on this 

where: PWLsG = sound power level of spur 
gear mesh 

PWLsBG = sound power level o f  spiral 
bevel gear mesh 

PWLps = sound power level of planet 
system 

1 1 I I 
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P a r t  

TABLE I. SH-2 MAIN GEARBOX I D E N T I T I E S  

Input S h a f t  
S p i r a l  Bevel P i n i o n  
S p i r a l  Bevel G e a r  
S p u r  G e a r  P i n i o n  
S p u r  G e a r  
S u n  G e a r  
P1 anet G e a r  (6) 
R i n g  G e a r  
P l a n e t  C a r r i e r  
O u t p u t  S h a f t  

No. o f  
Teeth 

- 
30 
47 
23 
87 
35 
28 
91 - 

Speed  - 
rPm 

61 20 
61 20 
3906 
3906 
1033 
1033 - 
287 
287 

E x c i t a t i o n  
Frequency - 

H e r t z  

- 
3060 
3060 
1497 
1497 

435 
- 

TABLE 11. SUMMARY OF DESIGN CHANGES ANALYZED 

REDUCED BEARING STIFFNESS SUN GEAR ISOLATION 
A L L  SHAFTS 
INPUT SHAFT ONLY PLANET CARRIER ISOLATION 

INCREASED SHAFT STIFFNESS INCREASED SHAFT MASS 
INPUT SHAFT INPUT SHAFT 
OUTPUT SHAFT 
SPUR/BEVEL SHAFT SPUR/SUN SHAFT 

SPUR/ B EV EL SHAFT 

INCREASED CASE DAMPING INCREASED CASE MASS 

BEARING RELOCATION 
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PREDICTED FOR ARMY 
HEAVY-LIFT H E L I C O P T E R 1  

130 
15 MINUTE EXPOSURE L I M I T  
PER MIL-S-8806B 

120 - 

l o o t  

LEVEL 
dB @e 
0.0002 dyne/cm2) 

OCTAVE-BAND 
SOUND-PRESSURE 

I I I 1 1 I I 
20 50 100 200 500 1000 2000 5000 10 

CENTER FREQUENCY - HERTZ 

- ' coo 

Figure 1.- Allowable and predicted sound pressure levels at 
personnel locations for crew members wearing SPH-4 headgear. 
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200 4 MAIN GEAR BOXJ I 
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(POUNDS) 

I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 

I 

I 
1 1 1 1 1 1 1 1 l 1 ~ '  

I I 

1963 1968 1973 1978 1983 1385 

YEAR 

Figure 2.- Weight of gearbox and soundproofing as a function of time. 

671 



SPUR GEAR 

SPUR P I N I O N  

SPIRAL BEVEL 
GEAR 

SPIRAL BEVEL 
P I N I O N  

HOUSING MODEL 
TEST DATA OR 
F I N I T E  ELEMENT 

SHAFT MODELS 
HOLZER/MY KLESTED 
BENDING/TORSION 

MESH EXCITATIONS 
MTI (GEARO) 
SPIRAL BEVEL AND 
HELICAL APPROX. 

BEARING MODELS 
B. JONES 
ORTHOGONAL SPRINGS 

ROTOR SHAFT 

PLANET CARRIER 

RING GEAR 

PLANET GEAR 

\ ?  SUN GEAR 

‘INPUT SHAFT v 

FWD 

Figure 3.- SH-2 main Cransmission. 

SOUND 
HOUSING MOTIONS -POWER 

LEVEL 

SYSTEM MODEL 
FULLY COUPLED 

’ \  REDUCED S I Z E  

\ INTERFACE MOTIONS 

Figure 4 . -  Transmission noise modeling approach. 
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LOW RATE SUSPENSION 

TEST TRANSMISSION CASE 

ACCELEROMETER MOUNTING 
IMPEDANCE HEAD BLOCK (44) 

ACCELEROMETER (44)  

SHAKER 

\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ I \ \ \ \  \ \ \ \  

Figure 5.- Transmission case shake-test setup. 
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INERTANCE 

30 

20 

10 

0 

-10 

-20 

- 30 

-40 

-50 
1000 1500 2000 2500 3000 

FREQUENCY - HERTZ 

Figure 6.- Measured and predicted transmission case inertance. 
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2 * o  I- MEASURED 
PREDICTED ----e 

80% SPEED 
60% TORQUE 

I 1 I I I I  I I I I I I I 

1 3 4 5 11 12 13 14 15 16 17 18 19 20 

STATION NUMBER 

Figure 7.- Measured and predic ted  case a c c e l e r a t i o n  for p l a n e t  
system e x c i t a t i o n  ( 3 4 8  Hz). 

100 

80 

60 

PEAK - G 

40 

20 

0 
1 3 4 5 11 12 13 14 15 16 17 18 19 20 

STATION NUMBER 

Figure 8.- Measured and predic ted  case a c c e l e r a t i o n  f o r  spur  
gear  e x c i t a t i o n  (2994 Hz). 
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SOUND 
d B  (re 

120- 

110 

LEVEL - 
WATTS) 

100 

POWER 
10-l2 

- 

- 

MEASURED 

4 PREDICTED 

348 696 1198 2396 2448 

FREQUENCY - HERTZ 

Figure 9 . -  Measured and predicted sound power levels .  80 per- 
cent RPM, 80 percent torqug. 

30 

20 
SPUR GEAR 

MESH - SECOND 

10 

CHANGE I N  
SOUND POWER 
LEVEL - d B  

-10 
SPIRAL 
BEVEL 
MESH - 20 

I I I I I I I I I I 1 

348 435 696 870 1198 1497 2396 2448 2994 3060 

EXCITATION/RESPONSE FREQUENCY - HERTZ 

Figure 10.- Effect of increased input shaft s t i f fness .  
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30 

20 

10 

CHANGE I N  
SOUND POWER 
LEVEL - dB 

-10 

- 20 
I I I I I I I I I I 1 

34% 435 696 870 119% 1497 2396 244% 2994 3060 

EXCITAT ION/RES PONSE FREQUENCY - HERTZ 

Figure  11.- E f f e c t  of reduced p l a n e t  carrier r a d i a l  s t i f f n e s s .  

20 

10 

CHANGE 
I N  

SOUND C 
POWER 
LEVEL - 
dB 

-1 c 

- 2c 

% 

I I I i I I I I I I I 

1198 1497 2396 2448 2994 3060 

EXCITATION/RESPONSE FREQUENCY - HERTZ 

Figure  12.- E f f e c t  of case damping. 
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INPUT TORQUE - POUND-INCHES 

120 

20 

10 

Y O  

-10 

-20 

- 

- SPUR GEAR -- - - - SPIRAL BEVEL GEAR 

PLANET SYSTEM --- 
A 

20 000 50 000 100 000 200 000 40C 
I I 

0’ 
0 

1 

00 

2000 5000 10 000 20 000 40 000 

INPUT TORQUE - NEWTON-METERS 

Figure 13.- Simplified transmission noise prediction model for 
fundamental mesh frequency. 

THIRD-OCTAVE 
BAND LEVEL I N  
d B  (re 0.0002 
M I  CRO BATJ) 

60 ’ I I I I 

100 1000 10 000 

CALCULATED SPECTRUM 

MEASURED DATA, SPREAD OF 
THREE MEASUREMENTS 

- - - - -  

0 GEAR CLASH FREQUENCY 

Figure 14.- Measured and calculated UH-1 (B-205) internal noise 
using simplified transmission noise prediction model. 
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