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ABSTRACT 

This study is part of a continuing effort to understand and ultimately con-
trol the noise produced by helicopter power trains. As such, its aims are 
the extension of noise-prediction technology and the development of this 
technology into analytical tools which may be used to effect noise reduc-
tion, either in xetrofit operations or in the design of future aircraft 
transmissions. The objectives of this study were as follows: 

1. Application of the analytical tools developed under Contract DA 44-
177-AMC-416(T) to the CH-47 helicopter power train. 

2. Measurement of noise levels aboard operational CH-47 aircraft, and 
the comparison of these measured levels with the predicted levels 
developed under objective 1. 

3. Measurement of gearbox casing resonant frequencies on the CH-47 
forward rotor transmission to determine the existence of major 
housing structural resonances, if any, within the frequency spec-
trum of interest. 

4. Investigation of the sensitivity of noise-level predictions for 
the CH-47- forward rotor transmission to changes in the following: 

a. Gear tooth profile manufacturing deviations on sun, planet, 
and ring gears in the upper planetary gear set. 

b. Upper planetary planet carrier torsional stiffness. 

c. Noise energy content, as a fraction of vibration energy, over 
the frequency spectrum of interest. 

d. Energy conversion and housing geometry and environment factors 
(Appendix VI of Reference 1). 

5. Investigation of the utility of profile modification as a means of 
reducing gear tooth mesh excitation (and thereby noise levels) in 
the CH-47 forward rotor transmission upper planetary gears. 

The analytical methods and computer programs developed under the previous 
referenced contract (UH-1D study) were applied to the CH-47 helicopter 
power train for both cruise and hover flight conditions. The empirical 
factors utilized for the UH-1D helicopter power train were modified to 
account for different gearbox materials in the CH-47 aircraft. 

In-flight measurements were made on three CH-47 helicopters and included 
both acoustic and gearbox housing vibration data. These measurements were 
conducted under both cruise and hover flight conditions. 

Comparison of predicted and measured noise results showed good correlation 
on a relative level basis, as had been found in the UH-1D study. On an 
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absolute basis,  however,   substantially less  correlation was  obtained.     The 
conclusion may be drawn  that   the  existing analytical  procedure predicts 
adequately the distribution  of  acoustic energy with  frequency   at  the 
transmission housing,  but   is  not  yet detailed  enough  to  predict  overall 
noise  levels within the helicopter cabin  itself. 

Various  physical  properties  of  the CH-47  forward  rotor  transmission were 
Investigated,  with  emphasis  upon gear tooth profiles,   in  the attempt   to 
effect   a  reduction  in  noise   level.     While  certain  tooth  profiles were  found 
which  provide substantiell   reductions,  present  tooth machining accuracy 
iimits  appear  to  preclude  use of  this development  as  a design change  fur 
noise   recLction. 
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INTRODUCTION 

Helicopter cabin noise, particularly that originating in the transmissions, 
is well recognized as one of the important problems in the present and fu-
ture use of helicopters. The nature and extent of the problem are seen 
when present noise levels are compared to existing and proposed noise spec-
ifications. Figure 1 gives such a comparison for the CH-47, in which cabin 
noise levels may exceed MIL-A-8806 by as much as about 35 db. These exces-
sively high levels occur only in the higher frequency ranges, which include 
transmission tooth mesh frequencies (400-10,000 Hz), while the noise asso-
ciated with the rotors is confined to the lower frequency range (below 400 
Hz). 

One approach to noise reduction has been the application of sound-absorbing 
materials. Although potential benefits have been demonstrated, these are 
sometimes accompanied by significant weight penalties. In addition, these 
materials may inhibit the removal of heat from the transmission, or they 
may be removed during operational use of the aircraft and not replaced, 
thereby destroying whatever noise reduction had been obtained. As was con-
cluded by Reference 2, "Greater efficiency in noise control can be achieved 
by reduction at the source", and "Such achievement will require research 
into several basic mechanisms of aircraft noise". Since the most objec-
tionable cabin noise appears to come from the gearbox, this component has 
received attention first. 

The benefits of any new method of reducing noise from helicopter gearboxes 
will materialize only when the method is incorporated into technical speci-
fications and applied to the design of new helicopter transmissions. An 
effort of this magnitude requires an overall technology development program 
containing a sequence of stages of engineering study and testing. Such a 
program is shown in the flow chart in Figure 2. It concentrates first on 
the development of analytical tools which can be used to predict noise 
levels from design data, and next upon the evaluation of an existing trans-
mission to develop a theoretical noise prediction for an actual transmis-
sion. An experimental study of the same transmission is then required to 
prove the utility of the developed tools. Application of the analytical 
tools may then be used to identify physical quantities which are effective 
in reducing noise levels, and the suggested modifications may be verified 
by experiment. Feasible techniques may then be utilized in the design of 
new transmissions. 

The results of studies undertaken under Contract DA. 44-177-AMC-416(T) and 
reported in Reference 1 were directed toward the first three of these 
stages. Analytical methods were developed and used for theoretical noise 
predictions starting with transmission design data. In addition, experi-
mental measurements were made on UH-1A and UH-1D helicopter aircraft, both 
to assist in the evaluation of empirical factors used to obtain the overall 
noise levels, and to provide for a direct comparison between predicted and 
measured noise spectrum shapes. 

1 



120 

1 
u 

a «o 
•^ JO 

o 
•-< u 
« u 

I« 
CM 

a   • m o • u « 
ft!     hi 

o 
M 

150 
300 

300      600    1200    2400    4800 
600    1200    2400    4800    9600 

Octave Band Frequency (cps) 

Figure 1.    Comparison of Typical Measured Noise 
Levels in CH-47 Pilot's Compartment 
With Present Specifications. 
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DEVELOPMENT OF ANALYTICAL TOOLS 

Analytical Modeling of Noise Generation 
and Transmission Mechanisms 

EVALUATION OF A WORKING GEARBOX 

Theoretical Prediction of Noise 
Levels from Design Data 

I 
EXPERIMENTAL TESTING 

Verification of  Predicted  Noise 
Levels by Experimentation 

I 
PRELIMINARY DESIGN 

Determination of the  Feasibility  of 
Incorporating Noise-Reduction Features 

I 
FINAL DESIGN, BUILD,AND TEST 

OF A WORKING GEARBOX 

Demonstration of the Effectiveness 
of the New Design Capability 

Figure 2. Overall Program for the Reduction 
of Noise Generated in Helicopter 
Gearboxes. 



With regard to the shape of the noise spectrum, excellent comparisons were 
obtained. However, it was recognized that since this prediction procedure 
was still at the state-of-the-art level, more experience in the selection 
of the empirical overall noise-level factors would be required for good 
confidencc in the predicted absolute noise levels. Consequently, the pre-
sent CH-47 study was undertaken. This study was planned as a separate 
attempt to test the ability of the analysis to predict correctly the 
acoustic energy distribution with frequency while providing the opportunity 
to obtain better values of the empirical factors associated with the analy-
sis. Most importantly, it was hoped that the Phase II portion of the study 
would yield a practical method of reducing the transmission gear noise of 
the CH-47 aircraft. 

The objectives of this effort were as follows: 

1. Application of the analytical tools developed under Contract 
DA 44-177-AMC-416(T) to the CH-47 helicopter power train. 

2. Measurement of noise levels aboard operational CH-47 aircraft, and 
the comparison of these measured levels with the predicted levels. 

3. Measurement of gearbox casing resonant frequencies on the CH-47 
forward rotor transmission to determine the existence of major 
housing structural resonances, if any, within the frequency spec-
trum of interest. 

4. Investigation of the sensitivity of noise-level predictions for 
the CH-47 forward rotor transmission to changes in the following: 

a. Gear tooth profile manufacturing deviations on sun, planet, 
and ring gears in the upper planetary gear set. 

b. Upper planetary planet carriar torsional stiffness. 

c. Noise energy content, as a fraction of vibration onergy, over 
the frequency spectrum of interest. 

d. Energy conversion and housing geometry and environment factors 
(Appendix VI of Reference 1). 

5. Investigation of the utility of profile modification as a means of 
reducing gear tooth mesh excitation (and thereby noise levels) in 
the CH-47 forward rotor transmission upper planetary gears. 

4 



DESCRIPTION OF PROGRAM 

This study of helicopter transmission gear noise was conducted in two tasks, 
the individual efforts of which are summarized below. Detailed descrip-
tions and explanations may be found under Discussion of Results and in the 
appropriate appendixes. 

PHASE I - FURTHER VALIDATION OF ANALYTICAL TOOLS 

For the first portion of Phase I, detail and assembly drawings of the CH-47 
power train were provided by Boeing-Vertol. From the drawings pertaining 
to the drive train gears, tooth profiles were selected as representative of 
those expected to be encountered in actual operation, and excitation anal-
yses were performed. Using the drawings of the drive train mechanical 
components, an analytical model was prepared for the torsional dynamics 
analysis. Using the excitation and torsional dynamics results, and the 
newly computerized noise calculation sequence, noise predictions for var-
ious operating conditions were calculated for the CH-47. 

In the second part of this phase, experimental measurements were made at 
Fort Eustis, Virginia, in two CH-4/A and one CH-47B helicopter aircraft. 
Acoustic measurements at several locations within the aircraft and vibration 
measurements at several points on the transmission and transmission mounts 
were made. All measurements were made with the aircraft in both cruise and 
hover flight conditions. Experimental data gathered in this study was re-
duced and displayed for direct comparison with calculated noise data. 

In the third portion of Phase I, laboratory vibration experiments were per-
formed at MTI. A CH-47 forward rotor transmission was instrumented with 
accelerometers at several key points. While suspended by overhead cables 
and without shaft rotation, the transmission was subjected to constant 
force vibrations at acoustic frequencies at the various accelerometer loca-
tions. Accelerometer readings and acoustic levels were recorded. 

PHASE II - INVESTIGATION AND VERIFICATION 

Based upon the comparisons of the theoretical and measured noise levels 
obtained in Task 1 studies, work was undertaken in which the analytical 
tools were first used in the design mode. 

In the first part of this phase, investigations weie made into the spectral 
shape differences between calculated and measured results at frequencies 
corresponding to the second and third harmonics of the upper planetary 
tooth mesh frequency. Consideration was given to possible effect upon exci-
tation levels of profile deviations which fell within the manufacturing 
tolerances. Also, the effect of variations in upper planetary planet 
carrier torsional stiffness upon tooth dynamic forces was studied. Next, 
the noise energy content as a fraction of vibration energy was examined. 



Finally, the sensitivity of the entire analysis to the empirical conversion 
factor and the housing geometry and environmental factor was studied. 

In the second portion of this phase, the utility of profile modification as 
a means of reducing gear tooth mesh excitation (and thereby noise levels) 
was studied using as a model the forward rotor transmission. Variations in 
tooth mesh excitation as a function of transmitted tangential force were a 
part of this study. 
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DISCUSSION OF RESULTS - PHASE 1 

INTRODUCTION 

In this program, many of the factors which are important in the generation 
of helicopter gearbox noise and its transmittal to the cabin area have been 
studied. The factors and their relationships are pictured in flow chart 
form in Figure 3. The first factor is the tooth mesh excitation which sets 
up torsional vibrations in the drive system. Depending on the response of 
the system, dynamic forces are developed at the gear teeth, superimposed on 
the steady forces transmitting power from engine to rotor. These dynamic 
forces act through the shafts and bearings to set up lateral vibrations in 
the gearbox housing, with the magnitude of vibration being influenced by 
any natural resonances in the housing. One result of this vibration is the 
transfer of vibratory motion from the large areas of the housing to the air, 
thus generating noise. At the same time, some of the vibration of the 
housing is transferred through its mounting into the aircraft structure. 
At this point, the direct role of the gearbox in influencing cabin noise 
has ceased. The intensive study of the program was confined to those noise 
factors directly related to the gearbox. However, when in-flight measure-
ments were being made, and because of the convenience of doing so, the 
investigation was to a limited extent carried over to some of the factors 
associated with the aircraft proper. Figure 3 shows these factors which 
relate to the transmittal of noise to the pilot after it leaves the gearbox. 
The upper path in the chart shows, in highly simplified fashion, how the 
noise in the air surrounding the gearbox housing passes through the gearbox 
compartment bulkhead and continues through the air until it reaches the 
pilot. Since this mode of noise transmittal originated and continued with 
the vibration in the form of noise, or air pressure pulsations, the noise 
using this path is referred to as airborne noise. The lower path in the 
chart shows, again in highly simplified fashion, that the gearbox vibration 
transmitted to the structure is carried by the structure to the cabin bulk-
heads, where it is for the first time transformed into the noise reaching 
the pilot. Since the structure played a pronounced role in this mode of 
noise transmittal, the noise at the end of the path is referred to as 
structure-borne noise. 

The earlier work performed under Contract DA 44-177-AMC-416(T) confirmed 
the concepts discussed in the foregoing paragraph. In particular, it 
showed that the concepts of gear mesh excitation and the resulting tor-
sional vibrations formed a valid basis for the calculation of the shape of 
the noise spectrum, and that with proper selection of the empirical housing 
and geometry factors for the aircraft involved, good predictions of overall 
noise level could be obtained. 

This section of the report describes how each of these factors has been 
investigated in the program, gives some representative results, and 
discusses their interpretation leading to the conclusions. The compre-
hensive data collected, the instrumentation and methods ased, and the 
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derivation and  justification of  the analyses have been reserved  for the 
various appendixes. 

NOISE  PKEDICTION 

The predicted noise calculation is  described by the  flow chart  shown in 
Figure 4.    The  three categories of input data used in the calculations 
were developed as  follows: 

1. The gearbox and drive system design data were taken mostly from 
Boeing-Vertol drawings of the CH-47 (A and B) transmissions, their 
components, and their connecting members. These data were supple- 
mented by calculated rotor inertias and other system data taken 
from Boeing-Vertol report number 77272. A schematic drawing of 
the drive system is shown in Figure 5, Including the numbers of 
gear  teeth and the speed-reduction ratios. 

2. The  operating conditions of horsepower and speed were  taken  from 
the contract work statement,  with the division of power between 
torward and aft rotor  transmissions based on estimates  supplied 
by Boeing-Vertol.    These data were reduced  to static  tooth  forces, 
given in Table  1,  and  to gear  tooth meshing  frequencies and their 
harmonics,  given in Table  2. 

3. Since no provision was made  in the contract   for obtaining actual 
or  typical  profile measurements,  the spur gear  tooth profiles 
were  taken fron the gear  part drawings as  the  profile  falling 
halfway between the profile  tolerance  limits,  as shown  in Figure 
6. 

The  first  step in the noise prediction calculation is   finding the excitation 
component».     The  specific   item»  of  input data used for  this are  the gear 
data of category  1,  the static   tooth  forces of category 2,  and the  spur gear 
profiles of category 3. 

In the case  of  the  spur gear excitation componcnti,  this  information was 
entered  into  the computer  program described In Appendix  IV of   Reference  1. 
The resulting values are listed  in Tables 3 and A. 

Since  the computer program is directly applicable  to spur gears only, and 
since  there  Is no equivalent means   for calculating the  spiral  bevel  gear 
excitation components,  a computation  procedure was improvised.     TM •   pro- 
cedure   la based on several awijor  simplifying assumptions which make  the 
results  very approxlsate.     Some  of  these assumptions are: 

1. The spiral bevel gear excitation results only from variation in 
tooth deflection with no direct influence from actual or design 
gear  profile or  lead deviations. 



* 

2. The variation in tooth deflection results only from the changes in 
the number of teeth sharing load, taking the tooth compliance as 
constant regardless of load distribution on the tooth.  Furthermore, 
the spiral bevel gear tooth compliance is found by calculating an 
"equivalent" set of meshing spur gear teeth and using the com- 
pliance portion of the spur gear excitation computer program. 

3. Th« variation of the number of teeth sharing load during rotation 
of one tooth spacing is determined by the "modified contact ratio" 
calculated according to published Gleason Works procedures. 

4. The magnitude of the fundamental and second harmonic of the spiral 
bevel gear excitation is derived from the "square wave" pulsation 
which results from the above apsumptions, except that these mag- 
nitudes cannot fall below a fixed percentage of the square wave 
amplitude, as would result when the contact ratios fall clcse to, 
or at, integer or ^alf-integer values. 

The spiral bevel gear excitation values found from this procedure are given 
in Tables 5 and 6. 

The second step in the noise-prediction calculation is finding the dynamic 
gear tooth forces generated by the computed excitations.  The original 
Input data required for this are r-he drive system torslonal vibration 
parameters and the excitation frequencies derived from the operating speed. 

The basis for this calculation step was the set of two computer programs 
described in Appendix V of Reference 1.  The auxiliary computer program 
in its original form was used to calculate the forces for the first and 
second excitation harmonics of the upper planetary gears.  In this gear 
set, relationship between the number of planets and the number of teeth in 
the sun gear was such that the planet-to-planet phasing was not synchronized. 
Under these conditions, the remainder of the dynamic system did not enter 
into the calculations and the simple auxiliary program was the appropriate 
one to use.  In all the other planetary excitations, the planet-to-planet 
phasing was synchronous and the main program was required.  However, the 
■sin program In Its original form could not handle the rather complex, 
five-transmission drive system of the CH-47.  It was therefore modified 
to extend its capability to treat the more complex system.  The program 
was further extended to permit the Introduction of torrtonal damping 
between adjacent portions of the dynamic syjtem.  However, this added pro- 
vision was not used In the actual fore« calculations because meaningful 
vclues of damping for vibrations at acoustic frequtmrles were not availjbl«*. 

The computations of gear forces were made with two different treacmaots of 
the drive system.  In one treatment, the entire syttem of five transmlsslcns 
was considered.  In the second, the forward rotor transmission and the 
cluster of the remaining four transmissions were considered as two separste 
systems.  The computed results were almost completely identicsl, indicating 
that dynamically the long forward rotor drive shaft effectively Isolates 
the forward transmission from the balance of the drive system, st lestt for 
scoustlc frequencies. 

9 



The calculated results  for  the spur gear sets  for both  flight conditions 
are  listed in Tables  7 and 8, while those for the spiral bevel sets are 
presented in Tables 9 and 10. 

The third and final *tep in the noise-prediction calculation combines the 
excitation and dynamic forces for each of the noise components with suitable 
factors describing the role of the casing and its acoustic environment. 

The calculation procedure followed was that described in Appendix VI of 
Reference 1.    However,  instead sf using manual calculations, the entire 
procedure was incorporated  in a new computer program.     This program not 
only gives  the levels of the individual noise components,  but also combines 
them into both a one-third-octave band spectrum and a full-oct«ve 
band spectrum.    The program, however, has no direct provision for introducing 
the background or "white" noise,  nor has any method been developed  for 
evaluating the levels of this noise.    The computer values  for the peaks of 
the one-third-octave band spectrum are not  strongly affected by this "white" 
noise,  and may therefore be used  as suitable  indicators of predicted noise. 
The valleys of the one-third-octav& band spectrum,  however,  are directly 
influenced by the "white" noise,  and the values computed  from this program 
(which omits their  Influence)  should not be used as  predicted noise  indica- 
tors.     This same restriction should be applied to  the  computed full-octave 
band spectra.    Such spectra normally do not have sharp peaks, and the error 
due to the omission of the "white" muse is reflected throughout the entire 
spectrum. 

In performing this noise-level  calculation for the CH-47,  tentative values 
for the casing and environmental   factors wer« used.     These values were taken 
as the same as those used  in th«? UH-1D study, except  that an adjustment was 
introduced for the difference in casing material,  aluminum for the CH-47 
versus magnesium for the UH-1D.     This adjustment was  in the form of a re- 
duction of the energy conversion factor from 3.  x   \0~    to 2.  x I0~9 in 
accordance with the explanation in Appendix VI of Reference 1.     (This 
adjustment is equivalent  to decreasing predicted noise  levels by about 
2 db.)     The factors used did not   reflect any attempt   to   introduce the 
probable  influence of  the changed manner of  transmission mounting to  the 
aircraft  structure,  hard mounting  in the CH-47 versus mostly soft mounting 
in  the UH-1D. 

The predicted noise  levels  for  the  four different   transmissions under  the 
two  'light  conditions are given  in Tables  11 and  12.     The  levels tabulated 
are  the one-thlrd-octavc band levels for those bands containing a gear 
Rashlog excitation frequency. 
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IN-FLIGHT NOISE AND VIBRATION MEASUREMENTS 

The in-flight measurements were made on three CH-47 aircraft, two of type 
A and the other of type B. There was apparently no difference in the drive 
systems of these two types, and no consistent acoustic differences were 
observed between the two aircraft. The collection of noise level data for 
comparison with predicted noise levels was only oie of the objectives of 
these measurements. It was felt that with limited additional effort, data 
could be obtained which would contribute to the overall picture of the 
internal acoustics of the CH-47 aircraft. Thus, while measurements at only 
one location, near the forward rotor transmission, were needed for valida-
tion of the analytical noise-level prediction, measurements were also 
made at two or three additional locations within the aircraft. Similarly, 
instead of considering only the data related to the gear meshing frequencies, 
the entire noise spectrum was analyzed. 

Before an analysis of these results is undertaken, it will be useful to re-
view briefly some of the pertinent basic information about complex sound 
and its measurement. More detailed background information may be found in 
Reference 3. 

Typical noise, such as that measured in the helicopter, may be considered a 
blend of two kinds of sounds. In one, the sound is distributed continuously 
in frequency (meaning that all frequencies are present) and is fairly con-
stant in sound pressure level over a wide frequency range. This kind of 
sound is often referred to as "white noise". The other kind consists of 
discrete frequencies (meaning a limited number of isolated frequencies), 
which are greater in sound pressure level than the "white noise" of adjacent 
frequencies. Instrumentation used to measure sound cannot measure the sound 
pressure level of each individual frequency; instead, by using adjustable 
band-pass filters, it measures the combined effect of all the frequencies 
within each selected band. Because the filters cannot be made with per-
fectly sharp cutoff limits, an actual measurement is affected by noise in 
adjoining bands. The band width is referred to as a "narrow band" if its 
width is small, perhaps one-thirtieth of an octave. The term "wide band" 
is used for band widths of one-third, one-half, and full octave. If the 
instrument measures the entire sound frequency range as one band, the 
measurement is an "overall" sound pressure level. The indication of the 
sound pressure level instrument is not based on a linear measurement; 
instead, the unit used is the decibel (db), which is based on a logarithmic 
scale. The sound pressure is indicated as proportional to the logarithm 
of its ratio to a very small standard pressure. The significance of the 
decibel is such that a sound having 10 times the pressure level of another 
will be indicated as measuring 20 db higher. 

The selection of the band width depends ou the purpose for which the mea-
surements are to be used. A narrow-band plot is useful to pinpoint the 
exact values of the discrete frequencies, especially when these are 
crowded. The full-octave band width, on the contrary, obscures the 
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individual frequency values and instead shows the manner in which the gen-
eral noise level varies over the full frequency range. 

The information derived from the measurements made on board the CH-47 air-
craft pertains to the following subjects, which will be discussed below: 

1. General character of the internal noise-level spectrum. 

2. Similarities and differences among the three aircraft studied. 

3. Comparison between noise levels at the two flight conditions, 
cruise arid hover. 

4. Relationships between noise level and microphone locations, and 
their implications concerning noise sources and modes of noise 
propagation within the aircraft. 

5. Specific role of the gear mesh excitations of the forward rotor 
transmission in defining the upper frequency portion of the noise 
spectrum. 

All the reduced data is contained in Appendix I. Representative portions 
of the data, used to illustrate the above subjects, are presented in this 
section of the report. In presenting the results, both full-octave band 
and one-third-octave band spectra are used, according to whether the over-
all spectrum characteristics are of interest or whether the underlying 
specific frequencies are to be illustrated. These spectrum plots are not 
in the conventional format, characterized by a broken line connecting points 
at the band midpoints, but rather are in a format which utilizes horizontal 
line segments in each band. This modified format more closely resembles 
the chart developed during the actual analysis of recorded noise, and also 
conveys the idea that the level shown applies to a band of frequencies 
rather than to individual frequencies. Another departure from common 
practice in several of the figures is a slight shift in the exact limits of 
each of the full-octave bands in comparison to standard band limits. For 
example, the band 175 to 350 Hz may be used instead of the standard 150 to 
300 Hz. The change makes each full-octave band correspond exactly with 
three adjacent standard one-third-octave bands. 

The operating power and speed during the CH-47 test flights are tabulated 
in Table 13. The table also shows fcr comparison the anticipated flight 
conditions which were used as the basis of the noise-prediction measure-
ments. The comparison shows that the actual power was about 10 percent 
lower than the anticipated power for the cruise flight condition and about 
30 percent lower for the hover flight condition. 
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The general character of the helicopter internal noise is best illus-
trated in Figure 7. The noise levels shown were recorded at the 
pilot's location and provide an indication of how the aircraft sounds 
to the pilot. The noise in the pilot's compartment under these con-
ditions has a typical spectrum with very high levels at the lowest 
frequencies. The levels drop off with increasing frequencies to 
reach a low at not quite midrange. They rise again to a peak but fall 
off sharply at the very end of the complete range. The two frequency 
zones with the highest noise levels are associated with two different 
noise-producing effects. As will be shown below, the noise at the 
very low frequency peak comes from the rotor blades, while the high 
frequency noise is predominantly due to the gear mesh excitation in 
the nearest gearbox, that driving the forward rotor. 

As an aid toward relating the different portions of the frequencv spec-
trum to the likely noise sources, one set of narrow-band noise measure-
ments is given in Table 14. The measurements describe the "peaks" 
that appeared in the narrow-band analysis of the same noise recording 
from which one of the plotted full-octave band spectrums was m?.de. 
The same table contains those excitation frequencies, calculated from 
the main drive members, which are closest to the noted narrow-band 
peaks. Most corresponding pairs of frequencies agree closely. Great-
er discrepancies may be due to the difficulty of correctly locating 
"peaks" on the recording, or may possibly be due to the omission of 
other excitations whose frequencies more closely match those of the 
peaks. 

The general shape of the CH-47 pilot's compartment noise level spec-
trum differs from that of the UH-1D studied in the prior program. 
The UH-1D noise spectrum had the high level at the low frequencies 
extend into the intermediate frequency range because of the noise 
associated with the faster rotating tail rotor blades. The UH-lD re-
sults show another difference: noise at the rotor transmission gear 
mesh frequencies has levels well below the level from the rotor blades. 
As Figure 7 shows, the CH-47 results indicate little or no such change 
in level. This difference between the two curve shapes will be noted 
again in the discussion of noise attenuation within the aircraft. 

The information in Figure 7 also permits a comparison of the noise 
spectra of the three aircraft studied. For each of the flight con-
ditions, the three plots are quite close, generally separated by less 
than 5 db. In general, the differences are greatest in the gear mesh 
frequency range, and are greatest between aircraft No. 12409 and No. 
58012. However, even though these two aircraft show the greatest 
difference in noise level, their two spectra have essentially the same 
shape. It is the remaining aircraft, No. 619109, which has a noise-
level spectrum whose shape differs somewhat from the other two. In-
stead of a continuing increase in noise level with increasing gear 
mesh frequency, the plot for this aircraft shows a leveling off, so 
that in three adjacent full~octave bands, the noise level is practi-
cally unchanged. This uniqueness of the latter aircraft is also 
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revealed in Figures 8 and 10. These figures compare the noise levels 
adjacent to the forward rotor gearbox in the three aircraft. While these 
two plots are in one-third-octave bands and are limited to the gear mesh 
frequency range, they too show that aircraft No. 619109 differs from the 
other two in the uppermost portion of the noise spectrum. 

No reason for this difference is apparent. The only formal difference among 
these aircraft is that No. 619109 is of type CH-47B while the other two 
are of type CH-47A. It might prove instructive to identify any differences 
in construction or outfitting between the two types which could have 
influenced the measured noise levels. 

With one of the aircraft presenting a noise spectrum noticeably different 
from the other two, the question arose as to which sets of data should be 
used for the comparison of the calculated predicted noise levels. Because 
the difference was more in spectrum shape than in overall spectrum level, 
it was decided that the data from the two type CH-47A aircraft should form 
the basis for the comparison. 

It was the original intention in planning the test program that two signifi-
cantly different flight conditions be encountered, one at cruise with 
2750 hp transmitted through the drive system and the second at hover with 
3750 hp. However, the practical conditions under which the in-flight 
measurements were made did not permit a hover condition with sufficient 
load to give the higher horsepower figure. Instead, the hover flight condi-
tion was carried out with just about the same engine power as the cruise 
condition, as shown in Table 13. Returning to Figure 7, the two sets of 
curves show nearly identical noise spectra for the two flight conditions. 
The similarity is even more strikingly shown in Figure 9, which contains 
superimposed plots for the two flight conditions in both type CH-47A 
aircraft. These plots, in one-third-octave bands, show that the gear mesh 
frequency portion of the noise spectra as measured adjacent to the forward 
rotor gearbox is almost identical for the cruise and hover flight conditions. 

The various locations for the microphones while making the in-flight noise 
measurements are identified in Figure 65. Each position was used for each 
of the aircraft and in each of the flight conditions, except that the 
measurement at the rear of the cargo compartment was limited to aircraft 
No. 12409 for the cruise condition. 

The primary noise measurements (with respect to comparison with ana-
lytical results) were those made adjacent to a transmission because they 
record the noise closest to its source and are least affected by the noise 
transmissibility of the aircraft. These measurements were made at only 
the forward rotor transmission, since it is the noise from this source 
which is most likely to affect the pilot. Measurements at this location 
for the cruise flight condition are given in Figure 8. This one-third-
octave band plot is shown in both the conventional and modified format for 
the purposes of comparison. The plot shows that the noise level peaks 
appear primarily in those bands which contain the gear meshing excitation 
frequencies in the particular gearbox. The one exception is the peak in 
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the 630 Hz band in aircraft 3. The source of this peak is unknown and 
could possibly be outside the gearbox itself. 

As the microphone location is moved, the noise spectrum varies. The lower 
plot of Figure 10 illustrates the changes. The noise level drops about 
10 db from a point near the forward transmission to the pilot's compart-
ment and another 10 db or so to the point inside the cargo compartment. 
However, when the microphone is located in the rear of the cargo compart-
ment, or closer to the aft rotor transmission, the noise spectrum goes up. 
Figure 11 shows the same relationships for the hover flight condition, 
except that the measurement at the rear of the cargo compartment was not 
made. 

A comparison of the noise spectra for the four measurement locations is 
shown in full-octave form in Figure 12, which presents the noise levels 
over the entire frequency range. It is most instructive to consider 
first the plots for the .three locations in the forward half of the 
aircraft. In the low frequency range, the three plots for the locations, 
alongside the forward rotor gearbox, in the pilot's compartment, and 
at the center of the cargo compartment, are all very closely matched. 
However, when the upper frequency range is examined, there are significant 
differences between the noise levels. It is clear that the further the 
microphone is from the forward rotor gearbox, the lower the noise level 
is in this frequency range. This comparison further emphasizes the 
difference between the manner in which the rotor blade noise is transmitted 
throughout the aircraft and the nature of the gear mesh noise propagation. 
If the forward rotor blade noise is in large part transmitted by the 
outside air through the walls of the aircraft, its noise level could 
easily be similar throughout the aircraft. If, on the other hand, the 
noise generated by tha forward rotor gearbox is transmitted by the structure, 
and especially by air within the aircraft, its intensity would readily 
fall off with increased distance. The remaining plot of noise level, 
for the microphone located at the rear of the cargo compartment, does not 
fit the pattern described above. First, it lies above the other plots 
at the two lowest full-octave bands. The higher noise level may well be 
attributed to its location close to the aft rotor transmission, which 
generates the same noise frequencies as the forward rotor gear. The 
proximity to the aft rotor transmission also is indicated by the rel-
atively higher gear mesh frequency noise components. 

The rear location is also close to the two engine transmissions and the 
engine combining transmission. It is therefore likely that the noise 
spectrum will include the influences of the three. This appears in two 
ways. Within the 175 to 350 Hz band, which contains the frequencies of 
rotation of the gears in these transmissions, the rear measurement loca-
tion has recorded a higher noise level. Then, at the very highest band, 
5600 to 11200 Hz, which contains the gear mesh frequencies of the same 
transmissions, the noise level is again higher in a,manner different from 
that of the other plotted spectra. 
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It   It   lr»«rc«llni  Co  not»  that  apparently  IM dlacernible   portion  of   the 
•nftlM trana«l»*too and aogln* coablolnf Cranaaitalon nolae  haa  reached 
the «ore  forward alcrophon«  locationa,  apparently even that  of the  center 
of  tha carfo coapartaant.    Thla agiln  indlcatea airborne gear  noise  prop- 
agation.     Tha  nolae nay alao be  atructurabornc with sharply  increasing atten- 
uation to th« Bora  raaote areas  of tha aircraft  structure. 

Tha  lower  portion of  Figure  12 shows  Che difference of noise   level  »r. a 
noise attenuation between tha  forward  rotor transmission  location and the 
pilot's ccwparcaant .  and baCwaan Che  cranaalasion and the center of  the 
cargo conpart—nt.     There is  no real  attenuation in the   lowest  frequencies, 
aa explained above.     At  tha higher  frequencies,  however,   both curves  slap 
up sharply,  with perhaps sbout   IS  db attenuation from the transmission 
source  to tha  pilot's compartment   and about   7.3 db attenuation from the 
tranaaiiasion to tha center of  Che  cargo comparcmenc.    Those  curves  effec- 
tively daaonaCraCe  tvie different  effect of  the aircraft   atructure  on the 
two nolae  sources. 

When this   last   InfonaaCion la conpared Co Che corresponding  results  in the 
I'H-IP study,  a  significsnt  difference emerges.    In Che   latter,  the degree 
of attenuation between the source,   i.e.,   the transmission and the  pilot's 
conparcmant, was much higher,  about  28 db  for the UH-ID compared to about 
13 db  for the CH-47.    This higher aCtenuatlon is enough to further explain 
why tha general  shape of Che pilot'a  noise  spectra Is different  between the 
UH-ID and tha CH-47.    As pointed out  above,  Che gear noise appears quieter 
than the rotor blade noise Co Che UH-ID pilot, whereas Che CH-47  pilot 
hears  no real difference.    IC  is  suggested  that the greater  noise attenu- 
ation at the higher  frequency is a major cause of the UH-1 advantage. 

This naturally brings up the question of why Che noise attenuation Is  lower 
in the CH-47.    One obvious difference of construction Is the type of 
mounting used at tha rotor transmissions.     The CH-47 mounting Is  rigid, 
while that of the UH-1D    is soft.    Hence,  more of ehe transmission noise 
reaches the n arby pilot's compartment. 

On each of  the one-chlrd-octave sound pressure level plots referred to 
previously In Figures 8, 9, and  10,  Che one-third-octave bands with the 
highest   levels contain one or more of the excitation frequencies of the 
forward rotor transmission.    Most of the bands with less pronounced peak 
levels also contain these excitation frequencies.    This direct corre- 
spondence between the high noise  levels and the gear mesh excitation 
frequencies is also demonstrated by the data in Table 14 as well as by 
the other narrow-band data collected.    All this tends to confirm the 
validity of a transmission noise-level prediction method based on the 
gear mesh excitations. 

The in-flight vibration measurements were made on three aircraft in the 
cruise flight condition. Pickups were located at four locations, three 
on the casing itself and the fourth on the aircraft supporting structure 
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near one of the support arms.    The results are shown In Figures  13 and  14. 
The locations of the peak vibrations are found to generally reflect the 
excitation frequencies.    One significant item is the very high peak in the 
lower casing vibration in the 3150 Hz band.    Also of special significance 
is the relationship between the vibrations on both sides of one mounting 
point, given in the lower plots of Figures  13 and 14.    As shown in Figure 15, 
there is relatively.little attenuation (reduction in vibration)  between 
the support  arm on the casing and the aircraft   structure.     Only in the 
highest  frequencies does  this attenuation reach about  10 db.     This  Is to 
be contrasted with the attenuation across the soft mounts of the UH-ID 
transmission,  which was  found to be as high as  30 db. 

The comparison between predicted and measured  noise  levels must  necessarily 
be limited to the cruise  flight condition.     For  the hover flight  condition, 
the actual static  loads are substantially different  from those specified 
for noise-prediction purposes.    A further restriction in the measured data 
to be used results from the difference in noise  levels between the type 
C/H-47B and the type CH-47A, as discussed above.    Until this difference is 
accounted for,  it would be wise to compare the predicted levels to those 
measured  for the  type-A aircraft  only. 

The comparison is made  in Figure 16.     The measured noise  levels are repre- 
sented by a  zone  defined by the larger and  smaller values recorded  for  the 
two type-A aircraft.    The calculated predictions are represented by two 
broken plots.    The predictions are limited to the noise levels of those 
one-third-octave bands which contain a gear excitation frequency and, in 
some cases,  bands immediately adjacent to these.    In the other bands,  the 
actual noise  levels are due to secondary noise effects or noise from 
sources outside the gearbox.    (There is no procedure for predicting this 
noise.    Until the primary noise components can be reduced appreciably, 
there will be no practical benefits  from the study of the secondary noise.) 
The lower prediction curve is based on the assumption that the empirical 
factors which suited the UH-ID helicopter studies previously also apply to 
the CH-47.    The upper curve shows the fit between calculated and predicted 
levels if the factor of general spectrum level  is ignored.    This comparison 
shows excellent  agreement, within 3 db,   for six of the eight bands directly 
influenced by the gear-induced noise.     The two remaining bands are  those 
containing the excitation frequencies  of the second and third harmonics  of 
the tooth-meshing frequencies at the upper planetary gear set.    The differ- 
ences between measured and adjusted predicted  levels in these bands are 
further discussed in Phase II. 

The difference in spectrum levels deserves further discussion.    In this 
procedure the general  level is directly determined by empirical factors 
reflecting the construction of the casing and the nature of the acoustic 
environment.     The factors used in the noise-level calculations were, as. 
explained above,   essentially those which proved satisfactory for the 
UH-ID study.     These were,  in turn,  derived from factors which applied to 
marine gear casings in a test environment.    The casing resonance measure- 
ments which were  part of this program were not  planned to give definitive 
comparisons between the UH-ID and CH-47 casings,  and examination of these 
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data have uot  revealed the kind of differences which would explain the 
difference in spectrum levels. 

A more  likely explanation of this difference  lies in the comparison be- 
tween the f.oustical environments surrounding ttie two casings.    The UH-1D 
was  largely soft mounted with little transfer of mechanical excitations 
into the structure and bulkheads surrounding the casing.    The CH-47,  on 
the other hand, was hard mounted with considerable excitation transfer. 
In effect,  the CH-47 surrounding structure is an extension of the gearbox 
casing,  adding appreciably to the conversion of cyclic mechanical  energy 
into acoustic energy.    Beyond pointing up the low vibration attenuation at 
the casing mounts,  any further consideration of the acoustic envitonment 
is beyond the planned scope of this study. 

TRANSMISSION HOUSING NOISE AND RESONANCE MEASUREMENTS 

These measurements were made in a manner very similar to that used in the 
UH-1D investigation reported in Reference  1.     Figure  17  shows a  typical 
set of these vibration measurements.    The vibrations at the excited 
surfaces show a  large number of resonances that are local in two senses. 
First,  there is very little frequency difference between adjacent  peaks. 
Second,  there is no similarity between ehe resonances at one pickup loca- 
tion and those at  others.    All this suggests that the casing vibrates 
at acoustic  frequencies with relatively small areas on the casing under- 
going independent motions.    The exact  location on the frequency scale at 
which a  particular response valley or peak appears is determined by the 
exact   location of the pickup.    Very likely,  if a second pickup had been 
placed a slight distance from the first,  it would have shown its own 
resonance peaks.     However, the actual  levels measured by this adjacent 
pickup would be quite similar to those of the first.    In other words,  a 
proper composite response curve,   reflecting the entire casing rather than 
Just the one point at which the pickup happened to be located, would con- 
sist of many more peaks, even more closely packed than shown on the single 
pickup curves.    Therefore, to better interpret the casing resonance 
measurements, a smooth curve,  skinning the  peaks,  should be used.     Such 
curves are shown in Figure 18. 

The upper curve showing the vibration at the driving point  shows the fun- 
damental way in which the casing responds to the excitation force.     The 
other response curves generally follow the  shape of the upper curve,   show- 
ing that the rest  of the casing merely reflects the motion at the drive 
point. 

It is of interest to compare this CH-47 casing resonance data with those 
of the UH-1D.    If Figure 18 is compared to Figure 23 in Reference  1,  the 
similarity is obvious.    The response levels  for the two curves are both 
in db,  but the db  levels were based on two different reference values. 
Also,  the driving  forces in the two tests were somewhat different.     If 
allowance is made  for these differences,  the drive point  response curves 
are still remarkably similar. 
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Figure 7. Noise Measurement in Full-Octave Bands at the Pilot's 
Location for Three Aircraft at Cruise and Hover Flight 
Conditions. 

23 



* 

* 

o o o 

Third-Octave Band Midpoint Frequencies (Hz) 

Figure 8. Comparative Noise Levels in Three Aircraft for Cruise Flight 
Condition With Microphone Located Adjacent to Forward Rotor 
Gearbox. 

12C One-Third-Octave Band 
Noise Spectrum Modified 
Format 

1 - Type CH-47A, No. 12409 
-2 - Type CH-47B, No. 619109 
3 - Type CH-47A, No. 58012 

! • k - i I •op-i4op-3 
One-Third-Octave Band 
Noise Spectrum 
Conventional Format 

1 - Type CH-47A, No. 12409 
2 - Type CH-47B, No. 619109 
3 - Type CH-47A, No. 58012 

24 



Aircraft Type CH-4 7A 
Tail No. 12409 

C r u i s e 

lover 

M r c r a f t Type CH-47A 
Tai l No. 58012 

C r u i s e 

Hover 

Th i rd -Octave Band Midpoint F r e q u e n c i e s (Hz) 

Figure 9. Comparative Noise Levels in Two A i r c r a f t f o r Cru i se and Hover 
F l igh t Condi t ions With Microphone Located Adjacent t o Forward 
Rotor Gearbox. 
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Figure 10. Comparative Noise Levels in Three A i r c r a f t fo r Cruise and 
Hover F l i g h t Condi t ions With Microphones Located as I n d i c a t e d . 
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Figure 15. Vibration Attenuation Across Gearbox Lift 
Link and Mounts on UH-1D and Across Gear- 
box Mounts on CH-47. 
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Figure 18. Casing Resonance Vibra t ions - E x c i t a t i o n a t Ring Gear, 
Showing Smoothing of Curves. 
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I 

TABLE   I.     STATIC TOOTH FORCE TRANSMITTED BY DRIVE SYSTEM GEARS 

Cruise  Condition,  2750 hp;  Hover  Condition,   3750 hp. 
Power  supplied  equally by  the  two  engines.     Power  to  rotors  divided with 
60 percent   to  the aft  rotor  and  40 percent  to the  forward   rotor.     Power 

|  to auxiliary  drives  is  neglected.                                                                                       ] 
Static Tooth   Force   (lb)            1 

Tangential   to Mean Pitch  Circle    | 
1          Transmission Gear  Set Cruise Hover                   1 

Rotor-forward Upper Plan 
Lower Plan 
Bevel 

3445 
1542 
2760 

4698 
2103                   | 
3764                   | 

Rotor-aft Upper Plan 
Lower  Plan 
Bevel 

5167 
2313 
4140 

7046 
3154 
5646 

Engine-comb Bevel 2895 3948 

i          Engine Bevel 2256 3077                  1 
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TABLE   2.     CALCUUTED EXCITATION FREQUENCIES  - 
j                   CF.AR TOOTH MESHIM; FREQLTNCIES AND THEIR HARMONICS 

Third- 
Occave 

Forward  and  Aft Transmission Engine 
Combining Engine Upper  Stage Lower Stage Beve 1 

Band Planetary Pl.inetary Set Trans- Trans- 
Midpoints mission mission 

(Hz) (Hi) (Hz) (Hz) (llz) (Hz) 

400 406 
500 
640 
800 816(2) 

1,000 
1,250 1,220(3) 

1,482 
1,600 
2,000 
2,500 

2,964(2) 
3,200 3,412 
A, 000 

4,446(3) 
5,000 
6,400 6,824(2) 6.588 
8,000 8,585 

10,000 10,236(3) 
12,500 13,176(2) 

♦Figures  in parentheses  show order of harmonic. 
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«••_.—•_*-.... ~ -I 
TABLB   1L PREDICTED NOISE  LEVELS   -   HOVER  FLIGHT CONDITION, 

ONE-THIRD-OCTAVE  BAND  LEVELS 
FO^ THOSE   fi\NDS CONTAINING AN EXCITATION FKF/JUENCY 

One-Third- 
Octavc  Band 
Midpoint 
Frequencies 

(Hz) 

Noise   I.weUdb)   (Idh -   ,0002 mlcrobar) 

1 
Forward 

Rotor 
Transul sslon 

Aft 
Rt.tor 

Transmls   J on 
Combining 
Transmission 

Engine 
Trans- 

mission 

400 87.2 79.3 

500 

630 

800 85.9 88.7 

1,030 

1,250 89.9 88.5 

1,600 100.6 99.3 

2,000 

2,500 

3,150 107.8 111.3 

4,000 

5,000 

6,300 96.4 97.8 108.2 

8,000 97.3 
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TABLE  12. PREDICTED NOISE   LEVELS   - CRUISE  KLlGHf CONDITION, 
ONE-THIRD-OCTAVE  BAND LEVELS                                                    ( 

I                         FO^ THOSE  BANDS CONTAINING AN EXCITATION  FREQUENCY                           J 

One-Thlrd- 
i        Octave  Band 
!        Midpoint 
1        Frequencies 

(Ht) 

NoUe  Level   (db)  (Idb -   .0J02 microbar) 

Forward 
Rotor 

Trana-nlsiloa 

Aft 
Rotor 

Transmission 
Combining 

Transmission 

Fnglne 
Tlrans- 
misslon 

400 
1 

89.9 85.9 

1               50:> 

j               630 

i               803 80.9 87.0 

j           1,000 

1           1,250 93.3 89.4 

1           1,600 101.6 IOC. 9 

i           2,000 

i           2,500 

3,150 105.0 108,7 

4,000 

5,000 

6,300 94.1 95.1 102.5 

8,000 ,J 
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DISCUSSION OF  Kr.SUl.TS   -   PltASK   II 

INTROnUCTION 

At originally  fomulaced,   the  Pham-  II tludlct wctc  to hi- dlrcctpd tov-ard 
analytical comparlaon«  between uevvral  ipcclfled  tranatritilon design 
modification« with  the  objective of  rodutlng overall  (rear nnlse  levels. 
Following evaluation of  the  retolti of  I'i.nm-   I,   the retuinlng contract 
efforts were  revised  to   Include consideration of  the   frllawinp Phase   I 
results: 

1. Difference«  between calculated  nt\d meaaured  nolae   levus  at 
frquenclea  correiponillnp,  .o  the   «ccond  .ind third har.Kinlco of 
tooth meshing   frequencies   for  the   upp« r   planetary Keßr  set. 

2. The  possibility  that  while  significant   noi«e- reduction benefit« 
may result   from tooth-profile modifications,   the accuracy 
requires   to ensure   the consistent  achievement  of   such  reduction« 
m'y not  bt>   rcallMtic by present manufacturing  standard«. 

In addition,   the  difference   in overall   level  between  the calculated and 
measured noise  spectra  required  further examination.     An analysis of   the 
sensitivity of  the entire  calculation procedure   to variations  in  the 
energy conversion factor,   the housing geometry and environmental   factor, 
and  the distance   factor was  deemed appropriate. 

The original objective  of  performing analytical  comparisons between 
several possible design modificatiors would most   nearly be achieved by 
considering design-type  variations  in trarsmission physical  properties 
which are also the most  likely contributor«  to  the observed differences 
between calculated ana measured results  discussed above.     Consequently, 
profile variations,  variations  in the  torsional  stiffness of  the  upper 
planetary planet carrier,  and noise energy  fraction were  selected as 
quantities  for study.     In a more direct attempt  to effect noise  reduction, 
the double-ramp profile  proposed  in the  UH-1D study was considered.     This 
analysis also included  the effect of variations   in  tooth  loading. 

GEAR TOOTH PROFILE MANUFACTURING DEVIATIONS 

Information relative   to  involute profile  tolerances  for  the  upper  plane- 
tary gears was obtained  from the  following Boeing-Vertol design drawings: 

Print No. Identification 

J-114D2077-M        Gear-Sun,  2nd Stage Planet,  Rotor Transmission 
J-114D2084-K        Gear-Planet,  2nd Stage,  Rotor Transmission 
J-114D2086-M        Gear-Stationary Ring Planetary, Rotor Transmission 
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■nu-  prull.c   tolorancp   infurronLiun cunLalned on  these  drnwings '"is 
ploClt'd will.  . nl.ii j.'-'l  .ic-alcs   to shew pllcl) ill m-.-iii   (PD)  and c'<ter 
dlamricr   ( nD )  limits,   referenced  to zero   .t  the beninning ol   '.'ic true 
involute   form (ilV),    Kullncim   limltH  relative   tn i'L were  plotted as 
Indicated on  the Veriol  drawings. 

Five profiles were selected  for each of the  three gears.    T'iese profiles 
were  considered to represent   the  extreme» which might be emounterel 
within  the  allowed tolerance«.    The   following  Identifying  Labels were 
assigned  to  chese  profiles: 

1. True  Involute 
J. Hlnlmisn Ful Inens 
3. Maximum FulInesa 
U. "Cronsover" Profile   - Minimum to M.'Xlmim 
S. "Crossovtr" I'rofllc   - Maximum Co MlnlmuBt 

Theae   prnfiles  thus   identified are   shown  In FlRurcs   I1',   20 and  21   for  the 
«un gear,   tV   planet  ginr,   and   iht-   rin«  «nr,   respectively. 

The   fol lowing selected profile  cor.blnai ions were  run on Program GE.tRO 
(Appemlix   IV  of   Reference   I)   lr  calculate   pilcli-llne   excitations: 

Profile  Ide-tlf,'catlcn 
(Driver/Driven) 

Average/Average  (Repeat  ot  Fhase  I Calculation) 
True   Involute/True   Involute 
Mlnlmum/Minlrou» 
Maxlmum/Maximun 
M1 n 1 mura/Ma x ImiSB 
Ma x Imian/Ml nlmum 
Minlroian  to Maximum/Minimum  Co Maximum 
Maximisn  tu Hlnlmum/Maxlmum  to Minimum 
Mini'iian  to Haxlmum/Maxlrau» to Minimum 
Maximian to Minimum/Minimum  to Maximum 

The  resulting pitch-line excitations,   in mlcroinches. were converted  to 
db by means  of   the  relationship 

..        ,«  ,  „       /       new excitation 
db " 20    OR10  ( original  excitatlo^ 

In all  raves,  the original  excitation value  used as a basis  of comparison 
was  that value obtained  in series  601   (701  for  the   planet-to-ring mesh) 
for  the  particular hanaonic   under  consider.«'., icn.     Excitation values  in 
db were  thus obtained  for  the  two meshes at   loads corresponding to cruise 
and hover conditions.     These  results are presented  in Figures  22 and 23 
for  the   Bun-to-planet nesh  and  in Figures 2^ and  25  for  the planet-Co-rLng 

1 

Sun/PlaneC Plsnet/Rlng 

Series No. Series No. 

601 701 
602 702 
603 703 
604 704 
605 705 
600 706 
607 707 
608 70Ö 
609 709 
610 710 



mesh.    The connecting lines  between differe-it series numbers serve only 
to provide continuity so that variations for any single harmonic may be 
compared between different cases.    It  should be noted  chat the results 
shown in Figures  22 through 25 are excitation results.    Therefore,   the 
effect of profile differences upon predicted noise  levels is only approxi- 
mately indicated by plotting the results as db  levels.     The effects of 
profile variations,  if any,   on the shape of the noise spectrum depend upon 
both the magnitude and proximity of ocher noise components. 

Examination of Figures 22  through 25 yields certain positive information 
which is of definite importance to the designer who seeks noise reduction 
through the design process: 

1. Profile variations are increasingly less  important as a means of 
modifying excitation amounts as  transmitted load increases.     This 
is evidenced by the relatively narrower band of results  for  the 
hover condition compared to the  lower power cruise condition. 

2. Relatively large vari .tlons in calculated pitch-line excitation 
appear between the various profile combinations considered for 
the upper planetary gear set.    This indicates that while mod- 
ifications to tooth profiles are able to change the amount of 
torsional excitation produced   (and thus  the noise level),   the 
amount of modification required to achieve a specified change 
is apparently smaller than the manufacturing and measuring 
capabilities available at the present time. 

3. Comparison of the AVERAGE/AVERAGE (601 and 701 curves) with the 
corresponding TRUE INVOLUTE/TRUE INVOLUTE   (602 and 702 curves) 
iu Figures 22 through 25 indicates that  the use of the relieved 
tip and base tooth profiles  (AVERAGE/AVERAGE)  yields significantly 
lower  levels of torsional excitation than does the use of the 
true involute profiles. 

PLANET CARRIER TORSIONAL STIFFNESS VARIATIONS 

Calculations were made to determine the effect upon dynamic force  levels 
of variations in the upper planetary planet carrier compliance.    The 
transmission model used is that reported in the results of the Phase I 
study.    Excitations introduced into the program are  those obtained with 
the "AVERAGE" sun, planet,  and ring gear tooth profiles  (601 and 701 
series) reported in deti.l in Phase I.    Thus,  these calculations were 
designed to show clearly the effect of variations  in a single system 
design parameter, with all other quantities held constant. 

The significance of variations in dynamic tooth force as a function of 
planet carrier compliance should be pointed out at this ti^e»    If 
relatively large percentage changes occur as a result oi reasonably 
small variations in carrier torsional compliance,   then carrier compliance 



may be identified as a "high sensitivLty" parameter with respect to 
noise.    This  serves  princinally to focus attention upon the method by 
which the compliance  is calculated    and   the   limiting assumptions upon 
which the calculations are based.     It further indicates  the approximate 
accuracy within which carrier  compliance must be calculated for good 
confidence   in the  predicted noise  levels. 

Order of magnitude   (0.1 and  10.0  times) as well as  smaller variations  in 
the planet carrier  compliance were selected  for the calculations.    Hie 
original Phase I planet carrier compliance,  measured tangentially along 
the circumference of  the circle  passing thi ough the  planet counting 
points, was  1.33 x  10"6 ln./lb.    Thus,  valuer, between 1.33 x ID"7 and 
1.33 x 10"^ ir,/lb were  selected  for  this study.    These variations were 
applied,   in turn,   in calcvilations in which  thi appropriate amount of 
excitation was applied at the  proper  frequency at each gear mesh point. 
These calculations were done  first with excitation at  the  spiral bevel 
gear set. at  3412 Mz;  with excitation at the   lower planetary at 1482, 
2964,  and  4446 llz;   and  finally with excitation at  the  upper planetary at 
406,   816,   and  1220 Hz. 

The  results of these calculations  ^re presented in Figures 26 through 28. 
When excitation is  specified at  the spiral  bevel gear at  the  fundamental 
tooth mesh  frequency of 3412 Hz,   1ittle, if any,  variation in the dynamic 
tooth  force  level   is observed at  the  spiral bevel gear mesh point when 
variations are made  in the upper planetary planet carrier compliance. 
The same  results are observed with excitation at  the   lower planetary at 
the second and third harmonics of  lower planetary tooth mesh frequency 
(2964 and 4446 Hz,   respectively). 

However, with fundamental  frequency excitation  (at.  1482  Hz)  applied at 
the  lower planetary  ^'cation,   variations as great as 40 percent appear 
in dynamic  force le       s over the  range of compliance considered.    In 
addition, with excitation« at  the  upper planetary location,  particularly 
at frequencies corresponding  to  the  first and third harmonics of tooth 
meshing frequency,  extremely large variations in dynamic   forces, on the 
order of  100 to 1,  appear for compliances In   the neighborhood of the 
design value.    The  appearance  of such  large  variations  in the upper 
planetary dynamic  tooth  forces   leads  to the   following conclusions: 

1. The drive   train appears  to be sensitive  to variations in the 
compliance of the upper planetary planet carrier with excita- 
tion at frequeiici.es corresponding  to the  fundamental and second 
and third harmonics of  upper planetary gear mesh  frequency  (406, 
816, and 1220 Hz,  respectively), and at the  fundamental mesh 
frequency of the   lewer planetary gear set   (1482  Hz),     it appears 
to be particularly sonsltive at 406 and  3 220  Hz. 

2. Variations on the order of 2 to 1  in the compliance of the upper 
planetary planet carrier can result  in very large  increases 
(100 to 1)   in dynamic  tooth forces  in the upper planetary gear 
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set at a frequency of  1220 Hz  (third harmonic)  if  the actual 
compliance  is half the calculated value.    On the other hand,   if 
the actual torsional compliance is approximately twice that 
calculated,   the dynamic  force component at 406 Hz will be about 
100 percent. 

3.    The adjusted predictions  from Phase I indicate that the noise 
level predicted at 406 Hz is very close  to that measured.    Since 
relatively large variations in the tooth dynamic force component 
at 406 Hz would appear to accompany any deviations from the 
proper planet carrier compliance,   it must be concluded that the 
calculated value of compliance  is relatively near the actual 
value.     It  is  possible  that should  the  actual compliance be 
higher,   the effect of the  lower planet-ring dynamic  force would 
be cancelled by the higher sun-planet  force.    Even so,   the 
relative  flatness of the respective dynamic  force component 
curves at 816 and 1220 Hz removes the  torsional planet carrier 
compliance as a possiMe  source of  the  difference between pre- 
dicted and measured values for the second and third harmonics. 

ANALYSIS OF NOISE - ENERGY FRACTION 

During laboratory measurements made under Phase I, Part C studies, exten- 
sive transmission casing acceleration measurements were taken at various 
locations with constant force vibration applied to several other loca- 
tions.    Acoustic measurements were also made  for the particular case  in 
which mechanical excitation was applied to the input bearing drive block 
(nearest the spiral bevel drive shaft input).    Results of these measure- 
ments for two microphone orientations relative  to the transmission are 
shown in Figure 29. 

Mechanical vibration (acceleration)  data recorded at the same drive block 
has been reduced to velocity data in db form (basis:    42.5 db at 1000 H ) 
for comparison on a relative basis with the sound pressure  level data. 
The three curves are shown in Figure 30.    The relative separation between 
the surface velocity and acoustic curves  (not  the absolute separation) 
provides an Indication of the amount of change of the ratio of acoustic 
to mechanical energy.    These relative  separations for the  two microphone 
orientations are shown in Figure 31. 

Variations from a mean value of the difference are found to be about 3-4 
db with the microphone  In the vertical orientation and on the order of 
8-10 db for the horizontal orientation.    These results appear to suggest 
that whatever variability exists is due  to the manner in which the sump 
walls vibrate.    The magnitude of the variations (about 20 db peak to 
peak) appears  to Indicate that the ratio of acoustic to mechanical energy 
dissipation Is not constant over the frequency range 200-10,000 Hz. 
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SENSITIVITY OF CALCULATIONS TO VARIATIONS  IN EMPIRICAL FACTORS 

The sensitivity of calculated noise levels to variations in the empirically 
obtained energy conversion factor a and housing geometry and environment 
factor ß,  as well as in the radial distance r, was studied by means of 
Program GENÜG (Appendix V).    This  program was  developed in Phase I to 
automate the calculations shown in Appendix VI    of Reference 1 which were 
previously done manually. 

Such an analysis was deemed necessary because of the  limitied amount of 
information available concerning the transfer of mechanical to acoustic 
energy for this particular transmission (factor o ).     Further, very 
little data has been obtained relating the intensity of noise measured 
within the actual helicopter  to those noise  levels which would be observed 
with nonreflective and nonvibrating surroundings.     This  noise would be 
most  nearly comparable  to that  which is calculated by the computer  program. 
Phase  I  results were  obtained with the housing geometry and environment 
factor p  set equal to  1.0, which was intended to represent  nonreflective, 
nonvibrating surroundings. 

The radius r separating the center of noise generation from the measur- 
ing  point was also included in the sensitivity study.    This was considered 
appropriate because of the very general nature of the model used for the 
calculations.    While quantity r is intended to be the radial distance 
from the center of a noise-generating sphere to the recording device,  and 
while the microphone was in fact  positioned approximately 1 foot  from 
the center of the spiral bevel gear mesh point during in-flight testing, 
it  is recognized that  the shape of the transmission casing is far  from a 
sphere and also that many other  vibrating parts are in close proximity to 
it.    Consequently,   it was felt that for this  particular transmission,  a 
more  representative distance might  be the distance  from the transmission 
casing itself to the microphone (approximately 3 inches),  and that some 
measure of variability of noise   level with respect  to this distance should 
be obtained. 

The  results of the Phase I  calculations  shown in Figure  16 were used as a 
basis  for  the sensitivity calculations.     In those  results,  radius  r was 
equal to  1.0 ft,  energy conversion factor a was equal to 2.06 x  10    ,  and 
the environment   factor P  was   1.0.    In this  study,  each of  these quantities 
was varied systematically with all others held constant.    Values considered 
were as  follows: 

r (ft)  : 0.5,   1.0,   1.5,  2.0,  3.0 
a :  2.06 x  10'lü,   1.03 x 10     ,  4.12 x  10     ,   2.06 x 10 
ß :  0,01,   0.1,   10.0 

The resulting noise spectra were plotted on the same axes as Figure 16. 
Examination of the results revealed that little or no variation in 
spectrum shape was introduced by the variations considered. Thus, 
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variations in the overall level of the  spectrum can be presented by 
plotting the calculated noise  levels of a single third-octave band versus 
each of the variables.    This has been done in Figure 32, where the 
selected third-octave band is  that one having 3150 }\z as its midpoint. 
These results indicate that probably the major part of the differences 
between the calculated and measured values shown in Figure  16 may be 
resolved by improved knowledge about  the vibration characteristics of 
the  transmission and its mounting within the aircraft. 

In the attempt to verify the calculated variations in noise  level with 
distance from the transmissions   further noise measurements were made 
aboard two CH-47 aircraft at Fort Eustis.    Under flight-idle conditions, 
noise transverses were made as follows: 

1. CH-47A Aircraft,    The microphone was positioned beside the 
transmission and then vertically below the bottom center of the 
forward transmission at preset distances.    The following results 
were obtained. 

Noise Level db  (3150 Hz - third octave) 

107 

108 
103 
108.5 
109 
102 

2. CH-47B Aircraft.    The microphone was again positioned beside the 
transmission and then below the bottom center of the  forward 
transmission and aft along a line 30° to the vertical, extending 
backward Into the cargo compartment with Increased distance from 
the  transmission.    The following results were obtained: 

Position Noise Level db  (3150 Hz - third octave) 

Beside Forward 118 
Transmission 

3 in. 113.5 
6 In. 114 
9 in. 108 

12 in. 113.5 
24 in. 114 

The results of these additional measurements are plotted in Figure 32. 
At distances on the order of 3 to 9 inches, the measured noise  levels 
appear to follow the theoretical prediction.    This indicates that at 
distances less than about  1 foot from the transmission casing,  the 
acoustic vibration of the transmission is the predominant noise source. 
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24 in. 



At greater distances,   however,  the measured data depart  drastically from 
the predicted data.     The  noise  lovels at  these distances are not due 
primarily to noise radiated from the transmission,  but are apparently 
strongly influenced hy the induced vibrations of the aircraft  structure 
itself.     In these particular measurements,   the  structure panels between 
the pilot and cargo compartments are very likely the chief noise source. 
It is interesting to note that in the CH-47B measurements the noise  level 
remained nearly constant  during the traverse downward and aft  into the 
cargo compartment, whereas the noise  levels measured in the CH-47A vertical 
traverse dropped slightly as the microphone was  moved vertically downward. 
It would appear that vibration of the structure associated with the cargo 
compartment  itself might  b^ responsible  for a   significant  portion of  the 
noise measured within it. 

In summary,  strong indications exist that structural vibrations are re- 
sponsible  for a  significant  portion of the noise within the CH-47 helicopter. 
It is felt that  probably the majority of the vibration energy in the 
structure is  received across the transmission mounts, with a   lesser pro- 
portion received by airborne noise impinging upon the vibration surfaces. 
The measurements of vibration attenuation across  the gearbox mounts shown 
in Figure  15 appear to  support  this  conclusion. 

RELIEVED TIP AND BASE TOOTH PROFILE MODIFICATIONS 

Tooth profile variations   for the sun,   planet,   and ring gears  in the CH-47 
forward transmission upper planetary gear set were discussed earlier in 
this chapter.     Typical combinations of these profiles were examined for 
predicted excitation at  tangential tooth forces corresponding to cruise 
and hover conditions.     These combinations were  identified by the series 
numbers 601-610 for the  sun/planet mesh and 701-710 for the planet/ring 
mesh.    Resulting excitation values were  presented as db levels so that 
they could be compared  on the basis of noise.     For these same profile 
combinations,   additional  tangential tooth loads were selected,  and 
further excitation calculations were performed. 

In order to study the effect of tangential tooth  loading,   forces corre- 
sponding to 75% of cruise  load and  125% of hover  load were assumed.    The 
resulting pitch-line excitations,   in microinches,   have been plotted vs. 
load, and appear in Figures 33 through 50.    The  information contained in 
these figures is essentially a cross-plot  of portions of that data con- 
tained in Figures 22 through 25 with additional  data for higher and lower 
loads.    For convenience,   the orofile series numbers and  labels are re- 
peated here. 

Sun/Planet Planet/Ring        Profile Identification 
Series No. Series No. (Driver/Driven) 

601 701 Average/Average (repeat  of Phase I 
Calculations) 

602 702 True Involute/True Involute 
603 703 Minimum/Minimum 
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Sun/Planet Planet/Ring 
Series No. Series No. 

604 70^: 
605 705 
606 706 
607 707 
608 708 
609 709 
610 710 

Profile Identification 
(Driver/Driven) 

Maxlmum/Maxlmuin 
Mlnlrouin/Maxlmum 
Maxlnuna/Minlmum 
Minimum-Maximum/Minimum-Maxlraum 
Maxlmum-Minimuia/Maxlmum-Mlnlmum 
Minimum-Maxiraura/Maximum-Mlnimum 
Maximum-Minimum/Mlnimum-Maximum 

Several immediate trends may be observed from Figures 33 through 50.    First, 
the results  for the relieved tip and base type profiles show a decrease 
in fundamental excitation magnitudes with an increase in load for all but 
three cases   (705, 70'o, 707).    This is in contrast to uniformly increasing 
fundamentals for the true involute profiles (601,  701). 

Second,  the results for many of the relieved tip and base profiles (604, 
606,  607,  608,  609, 610,  703, 704,   707,  708,  710) show distinct minimum 
values of second harmonic excitation,  in contrast to the uniformly 
increasing second harmonics for the true involute profiles.     Hie occurrence 
of a minimum point in the second harmonic would appear to be very important 
If the location of the minimum can be changed by design modifications. 
In view of the decrease of fundamental excitation with increase of load. 
It would appear most desirable to have the second harmonic minimum point 
occur at as high a load as possible.    The ultimate effect of such modifica- 
tions upon noise level, however,   is not as easily predicted since system 
dynamic forces may not be constant over the range of loads  involved. 

Finally,  the third harmonic results appear to be largely insensitive to 
tangential tooth force level, although excitation changes may be as large 
as 50 to 60 percent over the range of forces involved.    From the noise- 
reduction standpoint,   it would appear that modifications involving the 
fundamental and second harmonic excitations show more promise. 

BAMP-MDDIFIED TOOTH v^ovn.v. MODIFICATIONS 

Based upon the studies described in the foregoing discussion of relieved 
tip and base tooth profiles,  five profiles have been selected for each 
of the sun, planet, and ring gears in the forward transmission upper 
planetary gear set.    These profiles »ere selected in an attempt to combine 
into single protiles those portions of profiles which appeared to give the 
lowest excitations in the profile-variation study.    These profiles,  shown 
In Figure 51 are identified as RM-1 through RM-5, respectively.    Combina- 
tions of these profiles were selected as follows: 
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Sun/Planet Planet/Ring Profile Identification 
Series No. Series No. 

750 

(Driver/Driven) 

650 RM-l/RM-1 
651 751 RM-2/RM-2 
652 752 RM-3/RM-3 
653 753 RM-4/RM-4 
654 754 RM-5/RM-5 

Excitation calculations were made for these several profile combinations, 
and the results are presented in Figures 52 through 61.    Again, several trends 
may be observed.    First,  the calculated fundamental excitation magnitudes 
increase with increase in tangential toof.h load,  in a manner similar to 
the true  involute results but in contrast to the majority of the cases 
considered in the relieved tip and base profile analysis. 

Second, minimum values are apparent in the second harmonic results only 
for series numbers 653 and 753,  and decreases in second harmonic excita- 
tion are  found in series numbers 653,  654,  753, and 754. 

Third, at tooth load conditions corresponding to hover flight,  the excita- 
tion magnitudes are substantially the same as those found for the relieved 
tip and base profiles.    Thi" indicates that, overall, the ramp-modified 
profiles considered are not substantially superior to the relieved tip 
and base profiles for noise reduction at hover conditions.    At cruise 
conditions, however.,   the ramp-modified profiles all yield values of pitch- 
line excitation substantially lower than all tip and base profiles except 
those of series  706. 

While the results of the above analysis are encouraging,  it is at once 
apparent that the profiles yielding the  lowest amounts of excitation are 
those which are also the most difficult to produce because of the extremely 
draall differences between them and the  true Involute.    Their utility as 
an effective method of noise reduction must  therefore await more accurate 
manufacturing and measurement techniques. 
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300 

Sun-Pi am-1,   Freq. 

Fiant t-Ring,   Frea. 

Sun-F!anet,   Freq. 

Planet-Ring,   Freq, 

Sun-Planet,  Freq. 

Pianet-RiriK,   Freq, 

= 406 Hz 

= 406  Hz 

= 816 Hz 

=  816  Hz 

=   1220  Hz 

-   1?20  Hz 

a, 
o 
u 

0 

1.0 x   10 I . 0 v    o 0  x   10 

■".i- p' ia:ii e   i in. /lb) 

Figure 28.       Upper  Planetary Dynamic Tooth Forces vs.  Upper Planetary 
Planet Carrier Compliance  With Various Frequencies  at 
Indicated Locations. 
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— Measured at Cruise Condition 

Calculated 

O Measured at Flight Idle (CH-47A) 

O Measured el Flight Idle (CH-47B) 

Minimum Measured Value — r — 1 — . — - — 
Maximum Measured Value 

j i 
Ph.me I Value 

i i 
0.5 1.0 1.5 2.0 2.5 3.0 

140 

130 

120 

110 

100 

90 

80 

Radius r (ft) (Distance From Forward 
Rotor Transmission Casing) 

Ms 

! ! 

• 1 ~ i 
x. Mcas. Value 

j 
Ms 

! ! 

• 1 ~ i 
x. Mcas. Value 

_i J 3 4_ * • 
^ .p> 
/ | / 

Phase I Value 
• 1 

~ ^ .p> 
/ | / 

Phase I Value 
• 1 

~ ^ .p> 
/ | / 

Phase I Value 
• 1 

1 

^ .p> 
/ | / 

Phase I Value 
• 1 

1 
1 
1 

i 
i 

5 10 15 20 
Q 

Energy Conversion Factor a x 10 

25 

— I—|—|—r 
-H—H- f Max. Meas. Value 

Min. Mcas. Value 

I 

Phase I Value 
j I J 

1 2 3 4 5 6 7 8 9 10 11 12 

Housing and Environment F a c t o r B 

Figure 32. Effect of Radius and Empirical Factors a and 
Upon Calculated Noise Levels at 3150 Hz. 
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CONCLUSIONS 

GENERAL 

The  prime objective of this   study has been achieved.     The analytical tools 
developed under Contract  DA 44-177-AMC-416(T)  have been verified and re- 
fined through application to the CH-47 power train.     Positive identification 
of the source and mechanism of gearbox noise energy has been made.    Analyti- 
cal methods for predicting the exciting  force harmonics due to gear mesh- 
ing have been developed.     Positive correlation has been established between 
the theoretically predicted distribution of acoustic energy over the gear 
mesh frequency range and the distribution obtained experimentally in operat- 
ing aircraft. 

The further objective of investigating several potential gearbox mechanical 
design modifications  for  noise reduction has also been achieved.    The rela- 
tive abilities of the modifications to reduce torsional excitation and gear 
tooth dynamic  force  levels  have been demonstrated.     More importantly,   how- 
ever,  a technique has been demonstrated by which similar studies may be 
performed on any or all of the drive train design parameters  considered in 
the analysis.     The analytical tools thus are ready to be utilized in a 
systematic study of transmission gear noise reduction. 

While good agreement was obtained between the predicted and measured gearbox 
noise spectrum shapes,  a  significant difference was  noted between the 
absolute db noise  levels.     This difference is believed to be due to the 
fact that attention was restricted to the gearbox itself, while the gearbox 
mounting and helicopter  frame were not considered.     Empirical  factors were 
used to represent  the complex manner in which energy is transmitted through 
and emitted from the gearbox.     (This  process is illustrated in Figure 3, 
in which the empirical factors represent  all system elements except those 
in the  leftmost two boxes.)    While this use of empirical factors to repre- 
sent these large system segments leads to an inability to predict exact 
noise  levels,   it is  perfectly justified when the study objective is  to 
predict changes i'n gearbox noise  levels which might  be achieved by power 
train design modifications  imposed prior to the introduction of the empiri- 
cal  factors.     This was the case in this study.    The observed noise  level 
differences thus  serve to focus attention in precisely the proper area: 
those portions of the system which are at  present  the  least well understood. 

PHASE I 

Comparison of the calculated and measured spectrum shapes confirms  the 
validity of the analytical noise-prediction techniques.    The use of these 
techniques for the prediction of the absolute  level of noise spectrum,  how- 
ever,  requires data beyond those presently available and pertinent  to the 
scope of this  program.     These data involve the vibration characteristics of 
the aircraft  structure and the transmission casing mounts.    The very low 
attenuation of vibration across the mounts during  in-flight tests indicates 
a  relatively high level of vibration energy transfer from the transmission 
casing to the aircraft  structure through the transmission mounts. 
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The  transmission  housing   resonance measurements  indicdte that the CH-47 
transmission is  essentially similar  to  that of the UH-lD,   and that  no 
major  change  is  required  in Che analytical  procedures  derived from the 
earlier UH-lD study. 

The spiral bevel gear excitation calculation procedure utilized  for this 
study is  not  yet  considered  to  be a  fully developed analytical  tool.    While 
the  noise  predictions obtained with it  appear to be acceptable,   the pro- 
cedure  is  dependent  upon a  number  of highly limiting assumptions  and approxi- 
mations. 

PHASE II 

Consideration of various gear tooth profile combinations  for the  forward 
transmission upper planetary gear set   leads to the conclusion that cal- 
culated  pitch-line  excitations  are  strongly dependent   upon tooth  profile, 
apparently to such an extent that  profile variations smaller than the 
manufacturing and measurement tolerances are able to effect: gross changes 
in the computed excitation levels. 

These changes  are apparently great  enough to explain the observed differ- 
ences   between the  predicted and measured noise  levels  at  the  second and 
third harmonics  of upper  planetary tooth mesh frequency.     It  may also be 
observed that  the relieved tip and base  tooth profiles exhibit   signifi- 
cantly lower  levels of torsional excitation than do the true involute 
tooth profiles.     In addition,  tooth profile variations appear  to be less 
Important as a means for  reducing excitation as transmitted tooth load in- 
creases.    This  is because of the increased amount  of tooth bending with 
Increased loading. 

Variations In planet carrier torsional  stiffness in the upper  planetary 
gear reduction are potential contributors to high noise  levels,   particularly 
near  frequencies of 406 and 1220 Hz.     In the forward rotor drive train, 
this is  particularly likely at values  of planet carrier torsional (pitch- 
line)  compliance on the order of 0.65 x  10"" in./lb,  or about  half of the 
present calculated design compliance of   1.33 x 10"^ in./lb. 

Comparison of acoustic, and mechanical vibration data  recorded during casing 
resonance studies indicates  that the ratio of acoustic to mechanical energy 
levels is not constant over the frequency rangs 200-10,000 Hz.     The relative 
variations are apparently low enough,   however,  so that  the energy conversion 
factor may be taken as constant over this range of frequencies. 

The overall  predicted noise spectrum level is affected not only by varia- 
tions  in the distance from the noise  source to the detecting instrument, 
but also by variations in the energy conversion factor <y,  and by variations 
in the housing geometry and environment   factor.  With regard to tine effect 
of distance upon noise  level,  a  separation of 3 inches  between the theoreti- 
cal noise source and the microphone results in an increase of  15 db in the 
overall calculated noise  spectruT. level above that calculated at a distance 
of  1 foot. 
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Variations in spectrum level of plus or minus about S db may be produced by 
2 to 1 changes in the energy conversion factor, while 5 to 1 changes In 
the housing geometry and environment  factor are required for the same noise 
variation.     Experimental confirmation of the effect of distance was obtained 
for distances of less  than about  1 foot  from the transmission, while at 
greater distances,  noise emanating  from other sources is apparently pre- 
dominant. 

Examination of the effects of tangential tooth  load on pitch-line excita- 
tion for the relieved tip and base tooth profile combinations indicates 
that excitation magnitude is strongly dependent upon tooth load.     While 
with true involute  profile,  the fundamental excitation increases with In- 
crease in tooth load,   the reverse is observed  for the relieved tip and base 
profiles.    At the same time,  the excitation second harmonics  for certain 
profiles are observed  to pass through minimum values and the third harmonics 
are relatively insensitive to variations in tooth loading. 

The ramp-modified profile variations considered all exhibit  the character- 
istic of increasing excitation with increase in tooth loading.    While ex- 
citation magnitudes  for  these profile combinations are not significantly 
lower at hover conditions than those of the relieved tip and base profiles, 
the magnitudes at cruise conditions are considerably reduced compared to 
the corresponding values  for relieved tip and base profiles.    This fact  is 
significant when the  percentage of operating time at given tooth loadings 
may be predicted in advance, as in the operation of a helicopter. 
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APPENDIX I 

NOISE AND VIBRATION MEASUREMENTS 

A series of noise and vibration measurements was made on three CH-47 
helicopters operating  in both cruise and hover  flight conditions. 
Measurements were made  In two CH-47A aircraft,   numbers  12408 and 
58012 (transmission serial numbers A7-170 and A7-284 respectively) and 
one CH-47B aircraft,   number 619109  (transmission serial number 
A7-528).    The actual engine speed and horsepower conditions during these 
measurements are shown in Table   13. 

In this appendix,   the  Instrumentation used in making the noise and vibra- 
tion measurements and  the procedures for its calibration are described. 
The results obtained.   Including both raw and reduced data, are presented. 
A discussion of the  final  results may be  found  in the main body of the 
report. 

DESCRIPTION OF INSTRUMENTATION AND CALIBRATION PROCEDURES 

The Instrumentation used to obtain and analyze sound and vibration data 
is shown in Figure 62. The types and model numbers of the various com- 
ponents are as follows: 

Accelerometers - Bruel & Kjaer  (B & K)  4313 
Microphone - B & K 4133 - 1/2-lnch condenser microphone Nlth B & K 

type battery-powered cathode follower 
Switch - Kistler 562  - 8-position 
Sound Leyel Meter  (SLM)  - B & K 22üj 
Frequency Analyzers  - B & K 2107 narrow band;    B & K 1612-1/3 octave 

and octave band pass 
Microphone Amplifier  - B & K 2603 
Level Recorder - B & K 2305 
Tape    Recorder - Nagra III 

The accelerometers have a mounted resonant frequency of 43 kHz,  Indicat- 
ing an error of less than 1 db for an operating frequency range to 15 
kHz.    The condenser microphore has a flat frequency response over the 
range from 20 to 20,000 Hz.    The sound level meter, which was used as  the 
Indicating amplifier, has an operating frequency range of from 10 to 
20,000 Hz.    The Nagra III recorders have a frequency range of from 30 to 
15,000 Hz,   flat within 1.5 db. 

The equipment for readout and recording the acceleiometer and mlcruphone 
outputs was installed at  the front of the helicopter cargo compartment 
opposite the door.    The  leads to accelerometers inouri.eH on and around the 
forward rotor transmission were passed through the passageway between the 
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cargo and pilot's compartments.     The  Installation of the readout and record 
equipment in the helicopter is shown in Figure 63. 

One-third-octave band and narrow-band frequency spectrum analyses were 
made from the recorded signals.     The selectivity characteristics of the 
one-third-octave and narrow-band analyzers are illustrated in Figure 64. 
The band width of the filters is determined by the ratio of the fre- 
quencies at the filter 3-db down points.    For the one-third-octave filter, 
this ratio is two-thirds;  for the narrow-band filter,   it is  6 percent of 
the center frequency.    However,  all of the "energy" under the filter 
curve is reflected in the  filter output, even that part which is beyond 
the 3-db down points.    During recording, the signals were monitored by 
earphones from the tape,  on the  sound level meter display and on the 
recorder VU meter. 

The arrangements for calibration of the sound and vibration measurement 
systems were as follows:' 

1. Initial calibration of accelerometers - the accelerometers,  leads, 
selector switch, and sound level meter were assembled in the 
same arrangement as that subsequently used for measurements on 
the helicopters.    Each oi the accelerometers was mounted in turn 
on an electromagnetic vibration exciter along with a reference 
calibration accelerometer.    The reference accelerometer was con- 
nected to a Fluke 873A differential voltmeter using only the 
lead supplied with the accelerometer.    The vibration exciter was 
adjusted for about 1-g peak acceleration at 100 and at 1,000 Hz, 
and readings weit, taken on both the differential voltmeter and 
the sound level meter  (including both the meter reading and the 
recorder jack output).    The calibration constant  (in mv/g) of 
each of the measurement accelerometers with its  leads, and 
including the selector switch, was obtained using the reference 
accelerometer and differential voltmeter as  the standard.    The 
differential voltmeter had recently been calibrated and was in 
use as a laboratory standard. 

2. Calibration of the sound measuring system - a B & K type 4220 
pistonphone was used for absolute calibration of the sound 
measuring system.    When mounted properly on the microphone,   the 
pistonphors produces a pure tone sound pressure of 124 db 
(re 2 x 10~4 ^ bar) +0.2 db at 250 Hz.    This signal was used 
to calibrate the sound level meter and was recorded on the tape 
recorder prior to each series of measurements in order to pro- 
vide a calibration signal for setting up the analysis and level 
recording equipment. 

SOUND PRESSURE LEVEL MEASUREMEWTS 

The microphone locations for sound pressure  level  (SPL) measurements 
are shown on a cabin layout  schematic in Figure 65.     In all cases,   the 
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microphone was positioned at about head level for a standing person except 
in the pilot's compartment. There, the microphone was positioned above 
the pilot's head in the normal seated position. 

Overall SPL levels (linear response) for each measurement position and 
for all three aircraft are given in Table IS. 

One-third-octave frequency analyses of the SPL measurements are given in 
Tables 16, 17, and 18 for cruise operation and in Tables 19, 20, and 21 
for hover operation. The results of the narrow-band analysis of the 
measurements are given In Tables 22, 23, and 24 for cruise operation and 
in Tables 25, 26, and 27 for hover operation.  The center frequencies at 
which there are Identifiable peaks or maxima, in the SPL spectrum, are 
listed with the amplitudes of SPL at those frequencies. 
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VIBRATION MEASUREMENTS 

The  locations 01  the accelerometers on the gearbox and  Its support  struc- 
ture are shown in Figures 66 and 67.     In addition,   a foirth acceleroneter, 
not  visible in these  figures, was mounted vertically on t in.  inside of  the 
transmission support  structure directly below the  accelerxneter  shown in 
Figure  67. 

The  accelerometers were cemented   (Barcobond epoxy adhesive)  to  snail  alumi- 
num blocks  (5/8-incb  square  by 3/16-inch  thick) which were  in turn cemented 
to  the gearbox or structure  surface after removing  the  paint and  thoroughly 
cleaning the  surface with abrasive paper and  solvent.     The  surfaces of the 
blocks were ground  flat,   except   for the one used at   the ring gear housing 
location which was  shaped  to  fit  the housing contour. 

The  accelerometer numbers,   their  locations,  and  their calibrations are  as 
follows: 

I 

Accelerometer Number Location Reference 

1 
2 
3 
4 

195113 
117539 
134202 
133877 

Ring Gear 
Sump 
Support Arm 
Structure 

78.1  db - Ig at   1  kHz 
78.75 db - Ig at  1   kHz 
78.0 db - Ig at   1   kHz 
77.75 db - Ig at  1   kHz 

C/eral1 levels of vibration (linear response) are tabulated in Table 28. 
For these readings, the instrumentation was set for linear response from 
20 to 20,000 Hz. The results of one-thirJ-octave frequency analysis for 
all of the vibration measurement points, with the exception of the sump 
acceleroueter location on aircraft 12409, are shown in Tables 29, 30 and 
31. 
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Figure 62. Instrumentation Arrangements for Recording 
and Analyzing Sound and Vibration Data. 
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Figure 63. Installation of Readout and Recording Equipment in Helicopter 
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Figure 65. Microphone Locations for Sound Pressure Level Measurements. 
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TABLE 15. OVERALL SOUND PRESSURE LEVELS 

(db, rms, re 0.0002 microbar) 

Cruise Condition 

Aircraft Beneath Forward Above P-lots' Cargo Compartment 
No. Rotor Transmission Heads Center Rear 

12409 124.5 118.5 113.0 118.0 

619109 121.5 115.5 109.0 

58012 125.0 114.5 109.0 

Hover Condition 

12409 124.5 116.0 110.0 

619109 122.0 120.5 112.0 

58012 126.0 114.5 108.0 
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TABLE 16. ONE-THIRD-OCTAVE FREQUENCY ANALYSIS OF SPL 
MEASUREMENTS IN CH-47A AIRCRAFT 

Cruise Operation, Aircraft No. 12409 (db re 0.0002 microbar) 

Center Frequency Beneath Forward Above Pilots' Cargo Compartment 
(Hz) Rotor Transmission Heads Center Rear 

25 113 114 114.7 119 

315 99 100.5 106.5 104 

40 99.5 96.5 105 110 

50 104.5 100 107.5 114.5 

63 107 103.5 107 110.5 

80 .104.5 105.5 100.5 107 

100 103.5 105.5 99 105.5 

125 109.5 106.5 102 103 

160 107.5 104 101.5 103 

200 103.5 102.5 103.5 108.5 

250 104 101 99 106 

315 100.5 100 99 100 

400 104 100.5 97 101.5 

500 106 97 94 98.5 

630 106 98.5 94.5 99 

800 106.5 99 99.5 101 

1000 105.5 95.5 95 99.5 

1250 113.5 105 96 103.5 

1600 116.5 107.5 99.5 107 

2000 106 97 92.5 102 

2500 107 99 92 100.5 

3150 117.5 112.5 98 104.5 

4000 113 104.5 90.5 100 

5000 107.5 97 89 98.5 

6300 107.5 98 88.5 99 

8000 103.5 94 88 96.5 

10000 98.5 90.5 87.5 93.5 

12500 93 88.5 87.5 89.5 
16000 89 88 87 88 
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TABLE 17. ONE-THIRD-OCTAVE FREQUENCY ANALYSIS OF SFL 
MEASUREMENTS IN CH-47A AIRCRAFT 

Cruise Operation, Aircraft No. 58012 (db re 0.0002 microbar) 

Center Frequency 
(Hz) 

Beneath Forward 
Rotor Transmission 

Above Pilots' 
Heads 

Cargo Compartment 
Center 

200 105 98 95 

250 101 98 95.5 

315 102.5 95.5 93.5 

400 103 93 91 

500 101 91.5 89.5 

630 110 96.5 91 

800 106.5 95 94 

1000 103 94.5 90.5 

1250 112 100 94 

1600 119 104 99.5 

2000 106.5 95 99.5 

2500 110 97.5 92 

3150 120.5 108.5 95.5 

4000 115 102 93 

5000 111 95.5 88 

6300 107.5 93 88 

8000 105 9C.5 84 

10000 10i.5 87 79.5 

12500 98 82.5 76.5 

16000 90.5 77.5 76 
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TABLE 18. ONE-THIRD-OCTAVE FREQUENCY ANALYSIS OF SPL 
MEASUREMENTS IN CH-47B AIRCRAFT 

C r u i s e O p e r a t i o n , A i r c r a f t No. 619109 ( d b r e 0 . 0 0 0 2 m i c r o b a r ) 

C e n t e r F r e q u e n c y 
f Hz) 

B e n e a t h Forward 
R o t o r T r a n s m i s s i o n 

Afcov,? P i l o t s ' 
Heads 

Cargo Compartment 
C e n t e r 

20 8 5 . 5 8 5 . 5 8 5 . 5 

25 112 .5 111 95 

315 102 .5 101 100 

40 97 1 0 3 . 5 9 6 . 5 

50 9 7 . 5 102 9 5 . 5 

63 1 0 4 . 5 99 99 

80 105 1 0 1 . 5 9 7 . 5 

100 99 1 0 1 . 5 9 6 . 5 

125 103 9 8 . 5 94 

160 107 9 7 . 5 93 

200 104 .5 95 9 4 . 5 

250 100 9 1 . 5 9 1 . 5 

315 103 .5 94 91 

400 102 95 93 

500 9 8 . 5 9 2 . 5 9 1 . 5 

630 9 9 . 5 9 2 . 5 96 

800 105 .5 95 100 

1000 103 .5 9 3 . 5 92 

1250 116 1 0 1 . 5 9 2 . 5 

1600 118 .5 1 0 0 . 5 9 2 . 5 

2000 106 .5 92 9 3 . 5 

2500 110 9 5 . 5 93 

3150 114 100 .5 93 

4000 107 9 4 . 5 91 

5000 103 91 8 7 . 5 

6300 9 9 . 5 90 8 7 . 5 

8000 9 5 . 5 88 87 

10000 9 4 . 5 8 6 . 5 8 6 . 5 

12500 
16000 

92 
86 

86 
86 

86 
86 
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TABLE   19 .     ONE-THIRD-OCTAVE  FREQUENCY ANALYSIS OF SPL 
MEASURKKENTS  IN CH-47A AIRCRAFT 

Hover Operation,  Aircraft  No.   12409  (db  re  0.0002 microbar)                    | 

Canter Frequency Beneath Forward Above Pilots' Cargo Compartment 1 
(Ht\ lotor Transmission Heads Center              i 

20 87.5 87.5 
25 107 110 107.5                | 

315 101 99 103.5 
40 98 99.5 96.5                1 
50 99 97.5 99            i; 
63 99.5 99.5 97 
80 103 101.5 95 

100 99.5 96 100.5 
125 106 100.5 102.5 
160 94.5 99.5 97 
200 97.5 98 98 
250 97 98 98 
315 97 95.5 94 
400 105 100 94.5 
500 109 100.5 92 
630 103.5 99 96.5 
800 106 100.5 106.5 

1000 104.5 97.5 96.5 
1250 114.5 102 97.5 
1600 112.5 109 103.5 
2000 105 95.5 92.5 
2500 106.5 97.5 92                     1 
3150 120 107.5 97                     1 
4000 116 98.5 92 
5000 106.5 96 90 
6300 106.5 101 89.5 
8000 102 96 88.5 

10000 100 91 88 
12500 92.5 89 88 
16000 88.5 88 88 
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TABLE 20 .     ONE-THIRD-OCTAVE FREQUENCY ANALYSIS  OF SPL 
MEASUREMENTS IN CH-47A AIRCRAFT 

Hover Operation,  Aircraft No.  58012  (db re 0.0002 microbar) 

Center Frequency Beneath Forward Above Pilots' Cargo Compartment 
(Hz^ Rotor Transmission Heads Center 

25 106 94.5 99.5 
315 92 38.5 90.5 

40 96.5 85.5 95.5 
50 99 10x 99 
63 93.5 101.5 94 
80 96 101 93.5 

100 95 102 94.5 
125 99.5 93.5 96.5 
160 100.5 95 94.5 
200 100 96.5 96.5 
250 96 95 95 
315 103 91 90.5 
400 103.5 92 91 
500 98.5 91.5 89 
630 109.5 95.5 93.5 
800 105 95 94 

1000 103.5 94 90.5 
1250 112 98.5 96 
1600 116 103.5 96.5 
2000 106.5 96 93.5 
2500 108 97.5 93.5 
3150 120 110 96 
4000 117.5 103.5 92.5 
5000 108 97 90 
6300 106 97 90.5 
8000 103 92 89 

10000 100 88.5 86 
12500 98.5 86.5 86 
16000 89 79.5 86 
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TABLE 21.  ONE-THIRD-OCTAVE FREQUENCY ANALYSIS OF SPL          I 
i                 MEASUREMENTS IN CH-47B AIRCRAFT                   j 
|     Hover Operation, Aircraft No. 619109 (db re 0.0002 microbar)      | 

Center Frequency Beneath Forward Above Pilots' Cargo Compartment 
I    (Hz) Rotor Transmission Heads Center     1 

20 84.5 85.5      | 
25 101 113 97.5      j 

315 98.5 116 95.5 
1     40 91.5 107 94.5      j 
1     50 97 107 100.5      I 

63 106 108.5 97.5 
I     80 97 106 94 
1    100 95 104.5 98 
1    125 97 107 99 
i            160 97.5 103.5 92 
|     200 94.5 99 94       j 

250 94.5 96 92.5      | 
j     315 100 101 93.5 
j     400 100 101 92 
|     500 95.5 98 93       j 

I            630 98 101 97.5      1 
1    800 103 103.5 98        \ 
|    1000 100.5 102.5 92 
|    1250 116.5 112.5 97 

1600 115 111.5 101        1 
2000 106 102 93.5 
2500 110 105 94       j 

i    3150 115.5 112.5 94.5 
4000 107 105.5 92.5 
5000 102.5 101 90 
6300 101.5 98 90.5      j 

|    8000 97 92.5 89 
1   10000 93 90 86 
i   12500 91 87.5 86 

16000 86.5 85 86 
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TABLE 22.     NARROW-BAND FREQUENCY ANALYSIS  OF SPL 
MEASUREMENTS IN CH-47A AIRCRAFT 

Cruise Operation, Aircraft No.   12409 (db re 0.0002 mi crobar) 

Beneath  Forward Center of 
Rotor Transmission Above Pilots' Heads Cargo Compartment 

Freq.rHz) SPL Freq,(H2$ SPL Freq. (Hz) SPL 

23.5 108 24 98.5 23.5 100 
27 93.5 31.8 83 31.5 86 
33.1 91.5 48 82 36 89 
50 94 69 83 46 84.5 
60 101 84 88 60 86.5 
84 96 94 87 66 85 

120 98 126 85 84 84 
155 97.5 144 89 121 86 
202 92.5 190 83 162 78 
245 91 240 82.5 205 86 
410 91 360 78 249 77 
570 97 410 82 315 75 
840 95 560 76 420 74 

1250 105.5 825 80 620 76 
1450 101 1250 80 830 78 
1560 103 1480 87.5 920 81 
2050 95 1560 86 1220 74 
2990 104 3020 83 1480 79 
3450 109 3560 91 1600 80 
3560 111 4450 78 2100 70 
3620 107 5400 79 2950 71 
3680 105 6600 77 3450 76 
4400 98.5 6800 80 3650 76 
6800 97 7200 76 4600 68.5 
8500 88.5 8585 7S\No 6400 67.5 

10500 88 10236 
7>- 

6800 65 
13176 8400 64 

10236 No Peak 
13176 No Peak 
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TABLE   23.     NARROW-BAND PREgUENCY ANALYSIS  OP SPL 
MEASUREMEWTS  IN CH-47A AIRCRAfT 

j             Cruise Operation. Aircraft  No.   58012 (<lb rt 0.0002 jilcrobar) 

Beneath Forward 
Rotor Transmission Above Pilots' Haada 

Centar of 
Cargo Coaparcaant         1 

i 

Freq. (Hz) SPL Freq.(Hx) SPL Frtq.CHi)!         SPL         I 

1         209 
230 

1         265 
1         320 
j         350 

400 
500 
670 
730 
800 

1150 
1210 
1560 

i       2020 
2850 
3000 
3400 
3420 
4400 
5000 
6400 
6800 
7900 

10500 
I     12000 

102.5 
102 
98 
97 

105 
101 
98 

110 
107 
105 
107 
no 
122 
103 
112 
110 
125 
110 
109 
105 
103.5 
103 
102 
99 
98 

205 
260 
295 
319 
365 
415 
600 
640 
680 
790 
890 

1210 
1440 
1950 
2020 
3100 
3450 
4500 
6800 
1500 

10400 
11900 

98 
96 
94 
94 
92.5 
93 
91 
92.5 
93 
92 
91 
96 

106 
107 
92 

104 
109 
97 
89 
88 
86 
83 

215 
235 
280 
320 
410 
700 
860 

1140 
1250 
1480 
1550 
2150 
2610 
2950 
3500 
3620 
3850 
5000 
6400 
6600 
6900 
8450 

93.5 
94.5 
94 
90.5 
92           i 
91.5 
93 
90 
91            1 
94 
98.5       j 
91 
84.5 
93 
93.5 
90 
89 
86.5       j 
90           ! 
87.5       !' 
85 
81            1 
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TABLE   24,     NARROW-BAND  FREQUENCY ANALYSIS OF SPL 
KEASWMNTS IN CH-47B AIRCRAFT 

Crult« Op«r«llon,  Aircraft   No.   619109  (db  r« 0.0002 mlcrobar) 

B«n««lh 
Rotor TrAnaalstion Above PI lots' Headg 

Center of 
Cargo Compartment 

Pro^.(Ht) SPL Preq.(Hz) SPL Freq. (HT-.) SPL 

22.5 
33 
34.5 

203 
235 
255 
335 
350 
410 
650 
810 

1000 
1190 
1450 
2020 
2250 
3300 
4300 
5800 
6500 
7000 
8100 

10200 
10700 
12500 

113.5 
102 
106 
99 
99 
96 

100.5 
102 
100 
96 

104 
103 
105 
120 
100.5 
100 
111 
102 
98 
98 
96 
93 
92 
90 
89 

200 
220 
235 
255 
360 
460 
540 
680 
800 
990 

1220 
1420 
2000 
2150 
2800 
2950 
4100 
6300 
6700 
8500 

93 
97.5 
96 
98 
95 
92 
89.5 
89.5 
93.5 
92 
92 

103 
89 
88.5 
98.5 
99.5 
92 
87 
86 
87 

215 
225 
255 
291 
330 
395 
440 
610 
640 
660 
770 
795 
840 
980 

1190 
1390 
1650 
2000 
2450 
2900 
3400 
4400 
6600 
8400 

14200 

92.5 
88 
88 
88 
87 
92 
90 
96.5 
95 
90.5 
90.5 
90 
92 
87 
93 
98 
91 
91.5 
89.5 
95 
99.5 
87.5 
84 
84 
78 
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1                    TABLE 25.     NARROW-BAND FREQUENCY ANALYSIS OF SPL 
MEASUREMENTS   IN CH-47A AIRCRAFT 

1          Hover Operation,  Aircraft No.   12409 (db re 0.0002 nicroba' -)                    1 

Beneath Forward Center of          ! 
Rotor Transmission Above Pilots1 Heads Cargo Compartment 

Freq.(Hz ) SPL Freq. (Hz) SPL Freq. (Hz) SPL            1 

1          23 108 23.5 101 24 99            1 
I          ?7 100.5 25.5 103.5 25 92            | 
1         36 105.5 37 92.5 31.5 83            1 
1         46 102 40 82 36 92            ! 

60 103 49 90.5 47 94           1 
1         70 104 64 83.5 60 89.5       | 

83 103.5 83 95 69 84 
120 108 120 93 105 90            1 
162 95 158 87 120 91            1 
208 96.5 215 89.5 179 87 
249 97 250 85 205 885. 
315 95 310 84 242 88 

1       410 106.5 410 90 308 80            1 
1       570 110 550 93.5 415 85.5        | 
1       685 104 830 90 470 80           | 
1       830 104 1230 92 635 79.5        1 

1280 110 1580 95.5 820 83.5       | 
1510 109.5 2030 86.5 865 90           1 
1580 120 3100 95 1260 83 
2100 102 3500 103.5 1485 88 
2950 109.5 4350 87 1540 92 
3500 114.5 6700 83 3000 82 
4400 106 7000 86 3500 88           1 
6600 102 8500 No Peak 4600 79           1 
6900 104 10236 No Peak 6700 75            1 
8100 95 11850 90 6800 74.5 

10700 95 12000 87 
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TABLE 26.  NARROW-BAND FREQUENCY ANALYSIS OF SPL 
MEASUREMENTS IN CH-47A AIRCRAFT 

Hover Operation, Aircraft No. 58012 (db re 0,0002 microbar) 

Beneath Forward Center -f  
Rotor Transmission Above Pilots' Heads Cargo Compartment 

Freq.(Hz) SPL Fretj. (Hz) SPL Freq. (Hz) SPL 

22.5 101 23.5 110 22 100 
27 102.5 24.5 103 25 98 
46 99 31 91 31 82 
69 103.5 41 93 40 83 
81 93.5 50 94 47 100.5 

120 97 64 94 63 88 
161 100 68 102.5 72 95 
215 97 80 100 80 88 
312 96 125 94 119 86 
360 100 165 89 140 94 
400 100 210 92 205 94 
520 98 254 92.5 270 96 
690 111 310 92 310 88 
812 98 410 91 410 90 
1200 108 520 89 620 88 
1480 118 825 90 800 89 
1550 114 1200 98 860 96 
3000 116 1500 105.5 1220 93 
2400 122 2450 103 1510 99 
3500 125 3100 105 2150 95 
4500 111 3500 111 3000 94 
6580 103.5 3850 102.5 3400 94 
8585 98 4500 97 4500 87 
10400 98 6600 91 6600 81 
12203 102 6800 92 6800 82.5 
13200 94 8500 86 8400 78 

10500 86 10236 Off Graph 
13000 Off Graph 
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TABLE  27.     NARROW-BAND FREQUENCY ANALYSIS  OF SPL                                   \ 
MEASUREMENTS IN CH-47B AIRCRAFT                                            ! 

Hover Operation, Aircraft No.  619109 (db re 0.0002 microbar) 

1   Beneath Forward 
1 Rotor Transmission Above Pilots'Heads 

Center of                  | 
Cargo Compartment 

Freq.(Hz) SPL Freq.(Hz) SPL Freq. (Hz) SPL             1 

1          23 
26.5 
33.5 
43 
46 
60 
68 
91 

124 
155 
225 
255 
405 
590 

1        640 
795 

1230 
1420 
1580 
2950 
3000 
4400 
6700 
6820 
8650 

10200 
13000 

106 
93 
97.5 
88 
95 

105 
104 
96.5 
96 
96 
93.5 
94.5 
95 
95 
97 

101 
106 
121 
112 
111 
110.5 
104 
100.5 

98 ' 
94 
89.5 
89 

22.5 
32 
34 
46 
56 

i                  71 
78 

100 
123 
159 
200 
250 
350 
410 
540 
650 
812 

1200 
1470 
2000 
2967 
3300 
4450 
6600 
6900 
8600 

10200 
13100 

107.5 
100 
105 
102 
100.5 

98 
103.5 
96.5 
97 
88.5 
86.5 
83 
92 
89.5 
89 
89.5 
91 
96 

104 
89 
98 

102.5 
91 
84.5 
83 
79 
76 
75 

22.5 
25.5 
31 
45 
63 
80 

200 
400 
590 
800 

1230 
1480 
2000 
2950 
3500 
4350 
6700 

100             1 
95 
99 
99             1 
97 
94.5 
92 

90 
98             1 
92 
93             | 
98.5 
90.5 
95 
96 
90 
86 
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TABLE 28.    MEASURED VIBRATION LEVELS DURING CRUISE 
OPERATION ON THREE CH-47 HELICOPTERS 

Accelerometer Location 

Acceleration (db) 

Aircraft 
No.  12409 

Aircraft 
No.  58012 

Aircraft 
No.  619109 

Ring Gear 
(78.1 db = lg at 1 kHz) 111.5 112.5 120.5 

Sump 
(78.75 db = Igat 1 kHz) 

No 
Measurement 123.5 124.0 

Support Arm 
(78.0 db = lg at 1 kHz) '    101.0 100.5 120.0 

Structure 
(77.75 db = lg at 1 kHz> 100.0 100.5 119.5 
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1                     TABLE  29.     TABUUTED ONE-THIRD-OCTAVE FREQUENCY ANALYSIS 
OF IN-FLIGHT VIBRATION MEASUREMENTS FOR CH-47A 
HELICOPTER, CRUISE OPERATION,  AIRCRAFT NO.   12409 

Band 
Midpoint 
Freq.  (Hz) 

Acceleration  (db)                                              j 
(Referenced to respective accelerometer thresholds) 

1 2 3 4                           | 

Ring Gear Sump Support Arm Structure 

200 
250 
315 

|       400 
I       500 
I       630 

1       800 
1000 

1     1250 
1600 
2000 
2500 
3150 

'     4000 
5000 
6400 
8000 

10000 
12500 
16000 

75.5 
76 
76.5 
82.5 
79 
81 
82 
84.5 
94.5 
99 
93 
9G 

107 
104.5 
103 
104 
102 

99 
99.5 
94 

65.5 
66 
66 
72.5 
73 
73.5 
79.5 
78.5 
91.5 
91.5 
78.5 
82 
95 
90.5 
89.5 
96 
91 
88.5 
87 
84.5 

64.5                     I 
65 
65 
74.5                     j 
69 
81.5                     j 
88 
79.5                     1 
94                         1 
95.5 
83.5                     1 
84                         | 
90.5 
83.5                     } 
83.5                     | 
87 
81 
79                         1 
72.5                     | 
65.5                      j 

132 



TABLE 30. TABULATED ONE-THIRD-OCTAVE FREQUENCY ANALYSIS 
OF IN-FLIGHT VIBRATION MEASUREMENTS FOR CH-47A 
HELICOPTER, CRUISE OPERATION, AIRCRAFT NO. 58C12 

Acceleration (db) 
(Referenced to respective accelerometer thresholds) 

Band 
Midpoint 1 2 3 4 Midpoint 
Freq. (Hz) Ring Gear Sump Support Arm Structure 

200 80 84 66 64 
250 88.5 84 66.5 64.5 
315 80.5 84 67 67 
400 81.5 85 69 84 
500 81.5 84 68.5 75 
630 86,5 84 78 78 
800 84.5 84.5 76 79 
1000 85.5 86 77.5 84 
1250 92 91.5 89.5 95 
1600 102 92.5 91.5 95.5 
2000 91 89.5 77.5 88.5 
2500 96.5 100.5 83.5 87.5 
3150 106.5 121 91.5 90.5 
4000 103.5 112 91.5 85 
5000 105 104.5 91.5 85.5 
6400 105.5 102 95 83 
8000 102.5 100.5 92 85 
10000 100 103.5 90.5 87.5 
12500 106 103.5 91.5 87 
16000 95.5 95.5 87 72.5 
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TABLE 31.  TABULATED ONE-THIRD-OCTAVE FREQUENCY ANALYSIS 

OF IN-FLIGHT VIBRATION MEASUREMENTS FOR CH-47B, 
CRUISE OPERATION. AIRCRAFT NO. 619109 

Acceleration (db) 

Band 
(Referenced to respective acceleroroeter thresholds)   1 

1 2 3 4 
Midpoint 
Freq. (Hz) Ring Gear Sump Support Arm Structure 

200 85.5 83.5 84.5 86.5 
250 85.5 83.5 84.5 86.5    | 
315 86.5 83.5 85 84 

400 88.5 84 88.5 88.5 
500 89 84 87.5 93 
630 88.5 84 92 113.5 
800 92.5 85 95.5 116.5 
1000 93 86.5 96.5 94.5 

1  ^250 104.5 95.5 114.5 102 
1600 113 99.5 114 107.5    ! 
2000 100 89 97 97     j 
2500 108 103 105.5 102.5 
3150 114 123.5 111 ICd 
4000 113 111.5 108.5 102 
5000 112 107.5 107.5 100.5 
6400 112 105 110.5 iOO 
8000 109 101 106.5 99 
10000 108 102 106 100     j 

1 12500 111.5 103.5 107.5 100.5 
| 16000 104.5 95 104 89.5 
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APPENDIX II 

TRANSMISSION CASING STRUCTURAL RESPONSE 

INTRODUCTION 

In the acoustic analysis of the CH-47 rotor transmission,   noise predictions 
were based  in part upon the use of two empirical  factors,   one representing 
the conversion of mechanical vibration energy to acoustic energy,  and the 
second  representing the "amplifier" characteristics  of the  transmission 
casing and its surroundings.     In this situation,   it  is  imperative that an 
assessment be made of the  tendencies,   if any,  of  the  transmission casing to 
act nonuniformly as an amplifier at any frequencies within the range of 
interest   (200-1000 Hz)  due  to peculiar resonances  of the  transmission  it- 
self.     Any such tendencies will result in distorted predicted noise spectra 
unless   they are properly accounted  for in the analysis.     In this study, 
which was directed toward  this accounting,  the general vibratory behavior 
of the  casing was examined.     No detailed study was made of individual  res- 
onances  and their resulting mode  shapes. 

VIBRATION TESTS 

A Vettol CH-47  forward rotor  transmission (Serial No,  A7-4) was utilized 
for this  study of casing structural response.    The purpose of the  tests 
was  to subject the transmission to externally  imposed constant force level 
vibrations over a  frequency range of 200-1000 Hz while recording the maxi- 
mum acceleration levels of the structure at predetermined  locations.    The 
instrumentation utilized  in  the tests  is shown in Figure 68.   An MB model 
1500 shaker was used as  the excitation source and  a  force gage mounted on 
the shaker was calibrated  to provide a constant  input force.    The trans- 
mission  and shaker were  suspended  from cables as  shown in Figures  69 and 
70.    Aluminum blocks were bonded  to the transmission casing with an epoxy 
adhesive  for attachment of  the shaker push-rod and  accelerometers. 

Three different  locations were used  for exciting  the  transmission : the  in- 
put bearing housing,   the  ring gear housing and the output bearing housing. 
Five crystal-type accelerometers,   located as  follows,   recorded transmission 
vibration levels: 

1. Output shaft bearit.g housing (normal to shaft output center line). 

2. Ring gear housing (normal  to output shaft center   line). 

3. Support arm (parallel to output shaft center   line). 

4. Tower casing (left  side normal to casing). 

5. Input vibration block (location varied with  location of shaker). 
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At each excitation location of the shaker, the vibrational frequency was 
varied from 200 to 10,000 Hz and the maximum amplitude and its corresponding 
frequency at each accelerotneter location were recorded.  In addition, while 
exciting the transmission at the input shaft bearing location (left side), 
the sound pressure level on thf. right side at the sump area was recorded 
over the excitation frequency range.  This was accomplished with the micro- 
phone oriented both perpendicular and parallel to the lower case sump wall. 

In addition, a separate set of tests was conducted with the shakei located 
at the input bearing.  Hand-held probes were applied to a large number of 
points on the transmission casing with constant-force, constant-vibrational 
frequency excitation to determine the location of the maximum acceleration. 
The frequencies utilized were the computed gear n'eshing frequencies.  The 
following results were obtained: 

Drive Frequency (Hz)    Vibration Amplitude (db) 

406 
812 
1220 
1482 
2962 

3412 

4446 
4446 
4446 
6588 
8585 

60 Sump:  Right Side-Center 
60 Sump:  Bottom Near Drain Valve 
70 Sump:  Left Side-Center Between 
70 Sump:  Bottom Between Valve and Drain 
80 Sump:  Halfway Up Right Side, 2 in. 

from rear 
80 Sump:  Bottom Right Rear Near Drain 

Valve 
80 Rib:  Left Side Lower Housing 
80 Sump«  Front Wall Near Top 
80 Sump;  Bottom Near Drain Valve 
60 Sump:  Front Wall Near Top 
60 Sump:  Right Side Center, 3 in. 

from back 

STRUCTURAL RESPONSE MEASUREMENTS 

Maximum accelerotneter measurements and  their associated frequencies  are 
presented  In Table 32  for excitation at  the  input bearing,   in Table 33 for 
excitation at  the ring gear housing,  and  in Table 34 for excitation at the 
output bearing housing.    Plots of these results are shown in Figures  71, 
72,  and 73. 

Plots of vibration response at the drive block for various excitation  loca- 
tions are shown in Figure 74  (acceleration)   and  in Figure  75  (displacement) 
Response of the  lower casing with excitation  in various  locations   is pre- 
sented in Figure 76. 

Before the plotted results are discussed, the format of these curves will 
be explained. Although they appear very similar to third-octave plots of 
noise and vibration measurements,   there are basic differences.     Each 
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measurement was made with excitation at a single, discrete frequency. 
Hence, the response recorded Is for that frequency only, and, unlike the 
third-octave measurements, does not show the combined effect with response 
at other frequencies, adjacent or otherwise.  The line segments connecting 
the recorded points merely show that the connected points came from the 
same accelerometer. The Individual frequencies used for measurement were 
those at which local resonances occurred. 

Figures 71, 72, and 73 compare the casing response at  the drive point to 
the response at the other accelerometer locations.  The measurements at 
these non-driving-point locations all show certain common characteristics. 
The response plots follow the response at the driving points, but at levels 
of 15 to 30 db lower.  The shapes of the response curves are very similar 
to the higher response curves. 

Figure 74 compares the response just alongside the excitation for the three 
different driving points. Although the driving points are widely separated 
on the gearbox, and the casing construction at each point is quite dif- 
ferent, the three sets of results show strong similarities,  in general, 
they all start from 3000 Hz and then drop off slightly until the highest 
frequency measure, 10,000 cycles, is reached.  The nearly matching re- 
sponse curves would seem to indicate that despite apparent case construc- 
tion differences, there is an overriding similarity throughout the casing 
as far as dynamic response is concerned. 

There are no isolated frequencies at which all the curves show a common 
maximum response.  For example, at 4400 Hz the ring gear response is at Its 
highest level but the response at the input bearing is about 4 db below its 
highest and the response at the output bearing is about 8 db below its 
highest. If all three locations were excited simultaneously, as might be 
expected in the operating gearbox, it is quite likely that the composite 
response at each of the frequencies would be less variable than the indi- 
vidual responses are shown to be. The overall effect of casing resonance 
at the drive points therefore appears to be fairly uniform, at least in 
the frequency range above 2000 Hz. This range, incidentally, includes 
those frequencies previously demonstrated to have the major gear noise 
components. 

Examination of Figures 71, 72, and 73 tends to reinforce the conclusion 
stated after study of Figure 74 that a composite response with excitation 
at all locations has no isolated resonance, and that the many individual 
resonances tend to combine to give a more or less uniform response at 
frequencies above 2000 cycles. The relationship between the response at 
the nondriving locations to that at the drive points leads to some 
additional conclusions. Although the excitation force is applied in a 
fairly restricted area, its effect is felt throughout the casing. The 
response at the other locations may be 20 or 30 db lower than that at the 
drive point, but this reduction may be more than offset by the larger sur- 
faces involved. Another conclusion derives from the similarity in the 
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response of the base, in its variation from frequency to frequency, to that 
of the portion of the structure where the driving force is applied. This 
similarity suggests that it is the resonance in the drive point structure, 
rather than in the connecting structure or the base itself, which deter-
mines the general character of the overall response of the gearbox casing. 

Figure 75, in which the acceleration readings of Figure 74 have been con-
verted to amplitudes, tends to confirm the foregoing conclusion that no 
isolated overall casing resonance exists in the frequency range of interest. 

Figure 76 shows that the acceleration response as measured on the lower 
casing pickup point is relatively insensitive to the location of the drive 
force up to about 3000 Hz, with increasingly larger differences between 
recorded values between 3000 and 10,000 Hz. 
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Figure 69. Experimental Setup f o r CH-47 Transmission Casing Resonance Study 
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Figure 70. Experimental Setup - Detail of Shaker Connection. 
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200 400 600 800     1000 2000 

Excltatlnn  Frequency   (Hz) 

4000 6000       8000     10000 

Figure 71.      Casing Resonance Vibration at  Various Locations 
Excitation at Input Bearing Housing = 3.95 Lb. 
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TABLE 32. MEASURED CASING RESPONSE 
Excitation Applied to Input Bearing Housing 

Acceler£ ition in db (re 0 00 lg) 

Drive Block Ring Gear Output Bearing Mount. Arm Lower Casing 

Freq Accel Freq Accel Freq Accel Freq Accel Freq Accd 

(Hz) (db) (Hz) (db) (Hz) (db) (Hz) (db) (Hz) (db) 

200 15.2 200 6.2 200 1.12 333 28.4 200 15.2 
335 32.0 333 16.0 380 16.6 435 9.40 356 25.6 
610 46.0 950 37.8 1140 27.8 670 29.6 560 33.6 
680 41.3 1020 39.8 ■ 1230 33.6 1050 39.0 680 14.0 
1490 59.7 1120 6,20 1435 9.90 1115 33.8 900 34.8 
2040 69.0 1260 37.0 1570 33.8 1230 38.7 1418 51.6 
2430 76.5 1415 13.0 1830 22.4 1450 6.45 1800 40.8 
3000 77.4 1630 39.6 2100 43.0 1950 2.40 1880 53.8 
3150 75.8 2050 14.0 2320 24.2 2400 46.4 2020 46.4 
3900 73.0 2120 45.0 2400 49.0 2550 18.0 2340 64.1 
4500 73.1 2200 47.0 2680 50.9 2650 42.5 2430 52.2 

5050 65.2 2320 58.9 3450 20.5 2720 23.2 2500 64.5 
6050 73.5 2400 23.0 4900 50.9 2850 42.0 2720 69.1 
6400 74.2 2800 59.6 5200 35.6 2950 25.5 2800 57.3 
9250 76.5 3000 43.0 5550 56.0 3300 41.0 3090 75.2 

9750 69.1 3700 33.8 5700 37.8 3500 25.0 3200 74.4 
10000 73.3 4150 52.6 6400 53.5 4050 46.8 3375 65.6 

4400 41.8 7300 6.5 4200 11.9 3500 67.5 
4680 54.0 8800 44.8 4660 44.3 3560 56.6 
4900 31.4 9300 25.2 4800 29.7 3630- 63.4 
5000 44.6 10000 25.9 5000 43.2 4050 70.3 
5160 45.6 5200 30.8 4350 59.4 
5600 33.0 5350 41.4 4500 63.9 
5900 50.4 5700 A3.7 4750 50.0 
6100 37.2 6200 44.9 4900 59.6 
7100 31.0 6400 20.3 5100 63.8 
8500 52.5 8800 41.8 5500 48.1 
9200 19.0 10000 33.2 6040 71.3 
9500 49.0 6200 67.5 
9700 50.8 6420 69.8 
10000 40.8 7200 

7350 
7500 
7700 
8000 
8300 
8700 
9000 

26.0 
54.2 
59.6 
51.4 
64.1 
59.6 
67.7 
59.6 I 
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TABUE 32 - Continued 

Drive Block Ring Gear Output Bearing Mount. Arm Lower Casing 

Freq 

(Hz) 

Accel 
(db) 

Fr. .. 

(Hz) 

Accel 
(db) 

Freq 

(Hz) 

Accel 
(db) 

Freq 
(Hz) 

Accel 
(db) 

Freq 
(Hz) 

Accel 
(db) 

9500 
9800 
10000 

66.8 
49.2 
59.0 
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TABLE 33. MEASURED CASING RESPONSE 
Excitation Applied to Ring Gear Housi HK 

Acceleration in db (re 0 .001«) 

Drive Block Ring Gear Output Bearing Mount. Arm Lower Caain&l 
1 Freq Accel Freq Accel Freq Accel Freq Accel 1 Freq Acce 1 
1 (»z) (db) (Hz) (db) (Hz) (db) (Hz) (db) (Hi) m\ 
|  200 19.4 200 9.4 200 3.2 200 6.9 !  200 15.6 1 
j  340 26.5 245 12.9 244 19.6 347 25.6 760 25.1 

760 42.8 345 20.0 42 fi 21.4 510 14.6 1030 34.0 
940 48.6 600 28.4 520 20.0 680 34.3 1150 39.5 
1080 45.7 940 46.4 755 31.6 760 37.5 1200 33.7 
1340 58.3 1050 49.2 950 33.4 920 31.4 1540 39.4 
1370 55.0 1180 15.6 1000 33.0 1030 43.0 1650 24.6 

1 1400 57.5 1340 45.6 1200 36.5 1080 37.9 1710 44.4 
1515 57.3 | 1600 48.3 1  1400 46.0 1140 45.0 1940 34.8 
2200 70.5 1710 44.6 1520 49.6 1590 24.0 2070 44.1 
2660 73.5 1780 65.7 1670 48.2 1775 40.0 2130 40.8 
2760 67.0 2320 65.7 1800 49.6 2080 29.4 2240 48.6 
2880 73.0 2880 68.4 1900 52.9 2290 53.7 2290 40.0 
3000 67.0 3300 72.6 2230 58.3 2400 45.0 25U0 60.4 
3300 79.9 4100 70.9 2500 47.2 2670 55.6 2610 57.6 
3700 76.8 4400 54.7 2680 60.2 2800 48.1 2700 63.4 
4400 81.2 5000 58.4 2900 49.6 2900 51.8 2790 59.5 
5050 66.4 5800 66.0 3000 60.9 3140 44.8 2900 64.6 
6400 67.5 6200 59.5 3200 63.2 3300 61.0 2970 60.6 
9200 64.5 7200 51.1 3850 51.8 3500 52.5 3210 64.1 
10000 75.9 7600 64.8 4050 59.4 3700 63.6 3800 39.0 

8000 54.5 4450 64.5 4400 32.7 3910 65.3 
10000 65.6 4900 53.1 5500 53.5 3970 62.5 

5000 25.6 6200 52.6 4000 64.1 
5500 50.1 6900 35.0 4130 37.7 j 
6000 50.6 7200 52.0 4250 61.7 
6250 50.0 8200 35.0 4400 45-2 

6600 44.5 8700 50.0 4450 53.9 
7600 39.0 9200 27.6 4620 27.2 

\ 10000 52.9 9500 
9700 
10000 

49.7 
35.0 
48.7 

4730 
4970 
5130 
5200 
5500 
5650 
5920 
6100 
6250 

53.5 
54.0 
49.6 
43.1 
50.7 
41.3 
56.4 
25.1 
48.7 

• 

■ 
6500 
6600 
6750 

19 ^ 
51-3 
48.6 f 

150 



TABLE 33 - Continued 

Drive Block Ring Gear Output Bearing Mount.Arm Lower Casing 

Freq 
(Hz) 

Accel 
(db) 

Freq 
(Hz) 

Accel 
(db) 

Freq 
(Hz) 

Accel 
(db) 

Freq 
(Hz) 

Accel 
(db) 

Freq 
(Hz) 

Accel 
(db) 

6800 
7180 
7520 
7610 
771 D 
8100 
8550 
8700 
8750 
10000 

56.1 
41.3 
38.7 
40.2 
53.0 
31.0 
47.7 
31.1 
48.0 
54.1 
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TABLE 34. MEASURED CASING RESPONSE 
Excitation Applied to Output Bearing Housing 

Acceleration in db (re 0 .001g) 

Drive Block Ring Gear Output Bearing Mount Arm Lower Casing 
Freq Accel Freq Accel Freq Accel Freq Accel Freq Accel 
(Hz) (db) (Hz) (db) (Hz) (db) (Hz) (db) (Hz) (db) 

200 22.3 200 8.9 200 8.25 200 11.0 200 11.8 
300 23.4 243 21.5 242 23.5 242 22.2 303 26.7 
400 28.0 280 19.5 295 13.1 287 15.6 485 8.8 
500 31.6 320 18.8 370 21.0 350 29.0 825 28.6 
600 33.2 405 7.0 415 18.8 405 21.6 1030 20.4 
700 37.8 510 18.4 510 26.6 535 30.9 1140 40.4 
800 40.8 775 23.8 665 13.0 758 35.7 1270 44.2 
900 44.4 940 28.8 1165 49.0 900 26.3 1560 21.3 
1000 49.0 1120 31.0 1325 33.6 1135 47.9 1680 46.6 
1100 54.0 1250 36.6 1650 52.7 1230 40.2 1810 23.4 
1137 56.8 1380 24.6 1700 52.7 1380 23.8 1925 33.5 
1300 53.6 1540 40.1 1750 67.0 1480 37.6 2030 44.4 
1400 51.0 1630 23.2 1900 61.9 1610 15.9 2260 50.4 
1520 56.4 1680 40.1 2030 58.3 1720 36.8 2500 56.6 
1775 64.4 1760 22.2 2160 58.1 1870 27.6 3060 72.2 
2000 64.2 1860 33.0 2280 59.3 2280 52.4 3200 73.8 
2070 59.6 1950 42.4 3000 69.7 2520 48.2 4000 34.6 
2400 57.7 2200 48.2 5000 61.0 2700 57.1 4900 48.3 
3150 77.2 2350 30.8 6050 51.8 2850 46.5 6150 40.7 
4750 69.2 2440 53.0 6200 54.7 3920 38.7 6400 43.6 

2600 61.2 6700 57.6 5000 32.1 9600 54.3 
6200 67.6 2780 56.6 9000 51.6 6000 42.2 10000 44.8 
8000 65.5 3150 53.8 9750 58.6 7800 11.9 
9000 63.0 4000 53.7 10000 55.0 9000 37.0 
9250 66.2 4500 48.2 9500 51.8 
9700 59.2 6400 46.0 10000 33.8 
10000 65.0 10000 47.5 
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APPENDIX III 

CALCULATION OF EXCITATION OF FORWARD ROTOR 

TRANSMISSION SPIRAL BEVEL GEAR MESH 

SUMMARY AND EXPLANATION OF ANALYSIS 

This analysis is based on the assumption that the spiral bevel gear tor- 
sional excitation approximates a rectangular wave in form, as shown in 
Figure 77, in which the instantaneous lag oi" the driven gear behind its 
position for true conjugate action is plotted versus the fraction of gear 
rotation over a single tooth mesh cycle. 

The start of the single tooth mesh cycle is taken at the position when the 
tooth section of midface width is in contact at its pitch point, 

From the Fourier analysis of this wave, omitting consideration of phase, 
coefficients may be derived as follows: 

A    = b.   - h(b1   - b,) (1) 
O 1 Li 

A1 = | (b1 - b2)  sin hit (2) 

A    = - (b.   - b9)   sin 2hjt (3) 
2      rt      1 2' 

(A here signifies the mean value which is half of the values given in the 
ou?put of the gear excitation computer program GEARO.) 

It is further assumed that this form of excitation results only from de- 
flection of the gear teeth, without any significant influence from gear 
geometry, whether in tooth profile or tooth spiral angle.  When this is 
the case, the displacements may be replaced by the products of load and 
compliance, both taken as effective tangent to the pitch circle in the 
plane of rotation, as follows: 

b1 » WR x qRl (4) 

b
2 

= WR X ^2 (5) 

Here,   the subscripts differentiate between the effective compliances with 
one or two pairs of  teeth transferring  load. 

Equation (1) may then be written in the  form 

Ao = WR   [%  - h(qRl  " W] (6) 
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This may be used to  find the mean compliance required for the dynamic 
studies as follows: 

A 
ql-2aw;    =    qRl    *     h(qRl-  qR2) (7) 

R 

Equations (2)  and (3) become 

Al '   tVqRl     -     qR2>     8in h- (8> 

A2 a   iVqRl    "    qR2>     8in 2h- (9> 

To use equations (7),  (8),   and (9),it is necessary to assign values to h, 
qRl and qR2. 

The value of h may be determined by assuming that the modified contact 
ratio "m", as evaluated by Gleason in its spiral bevel gear design pro- 
cedure, is an adequate estimate of the duration of load transfer time for 
a single pair of teeth.    For m between 1 and 2, 

h = m -  1 (10) 

The value of q^ may be determined by selecting a value of combined com- 
pliance along the line of action for a pair of "equivalent spur gears". 
These spur gears will be equivalent to the spiral bevel gears only In the 
sense that their physical proportions,  those  likely to Influence deflection 
under load,  approximate the mean proportions of the actual spiral bevel 
gear teeth.    The value of combined compliance may be taken from those 
generated by the gear excitation computer program when applied to the 
equivalent spur gears.    The particular value to be used is the minimum 
value of those for the various points of contact along the involute profile. 
This minimum value will not usually be found at  the pitch point unless the 
mating teeth are fully identical.    (The procedure for converting the spiral 
bevel gears to equivalent  spur gears is presented in Table 35.) 

The value selected,  (qj^ min» mu8t be adjusted from its value along the 
line of action to a value for the plane of rotation. 

(q12)min 

Rl 2 2. COS   f     COS   0 

where    ^   =    Spiral angle (.11) 
0   =    Normal pressure angle 

The second compliance, qpo»  will not necessarily be one-half q^j even 
though two pairs of teeth share the load in place of one.    Rather,  it will 
be somewhat  larger,  since when two pairs of spur teeth are sharing load, 

154 



the points  of contact are removed  from the point of minimum compliance.   A 
similar situation occurs in spiral bevel gears.    When two pairs of teeth 
are sharing load,  the areas of contact will be near the ends of the gear 
rather than at the more rigid center.     Because of this,  a better estimate 
of the compliance when two pairs are  transferring load  is 

",2-0,7^ (12) 

With this relationship, equations (7), (8), and (9) become 

ql-2 ° q^1"0-31») (13) 

A1   = i?vRi<0-3>8in h* <14) 

A2  = XqRl(0-3) Sin 2h5t (15) 

Equations (14) and (15) show that A. Can go to zero if h = 0 or 1 and that 
A. can go to zero if h = 0, 0.5, or 1. This is due to the special form of 
tne rectangular wave for these values of h.  For h = 0 or 1, the wave be- 
comes a straight line, and hence has no sinusoidal components.  For h = 
0.5, the greater symmetry achieved restricts the components to the odd 
harmonics only. In these cases the assumption of the rectangular wave 
shape departs too much from the actual excitation condition.  To meet this 
limitation and thus avoid zero component values when some excitation level 
is present in the spiral bevel gear set, a minimum value for the sine 
term of 0.2 is used. This implies that adjusting the spiral bevel gear 
design to change tho contact ratio will affect the excitation levels, but 
only to a point, and that beyond this point, present design and/or manu- 
facturing technology is not sufficient to reduce the excitation further. 

The restriction on the sine terms may be expressed as follows: 

sin hit >0.2 (16) 

sin 2h« >0.2 (17) 
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SAMPLE CALCULATION  FOR FORWARD ROTOR TRANSMISSION SPIRAL BEVEL GEARS 

Data Required 

m 
(q12)min 

Y 
0 
W„ 

- modified contact ratio 
- minimum combined compliance along line of action for equivalent 

spur gears 
- spiral angle 
- normal pressure angle 
- total load transmitted at mean pitch circle in plane of rota- 

tion 

Data and Source 

m 
(q12)min 

1.936  from Table 36, calculation of modified contact ratio. 
.114  x  10"°  in./lb from computer  program GEARO  (Appendix  IV 
of Reference 1).    Computations of gear tooth meshing 
errors  for CH-47 forvard rotor transmission spiral bevel 
gear cases. 

QJ1ABC   (microin.Ab) QJ2ABC(micro    Sum of 
Calculation Point Driving Gear Pitch- Calculation Point in./lb) Driven QJ1ABC 
on Driving Gear      Line Compliance on Driven Gear     Gear  Pitch-      &QJ2ABC 

Line Compli-     (micro- 
ance ln.Ab) 

0(pltch .0171 0 (pitch .0552 .0723 
point) point) 

6 .0266 -6 .0363 .0629 
7 .0286 -7 .0337 .0623 
8 .0307 -8 .0313 .0620 

(min) 
9 .0330 -9 .0291 .0621 

10 .0354 -10 .0270 .0624 

Q      for 300C  (cruise) =  .0521 x 10'6 in./lb 
30 300H  (hover)    =  .0505 

Mean Value =  .0516 

q    )min =   (QJ1ABC + Qj2ABC)min + Q 

(q    )mln =  .0620 + .0516 »  .1136 microin.Ab 

= 25    from Table 36 
- 22.5° 2 

cos  t     ■  .90631 cos»   ♦ 
cos 0     =  .0239 cos    0 

.8214 

.8436 
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W„ = 2760 lb for cruise condition c _ .. r R ,, . From table of static tooth forces trans-
= 3764 lb for hover condition .^ . raitted by d r ive system gears 

Calculations 

From equation(10): 

h = m - 1 = 1.936 - 1.0 - 0.936 

From equat ion (11): 

( q i 2 ) m i n u 4 

«R1 = 2 2~ = . 821' x .844 = * 1 6 4 » i « o i n . / l b 
cos i|r cos 0 

From equation (13) mean mesh compliance: 

^1-2 ^Rl ̂  ~ 0.3h) 

^1 2 = *164(1-0.3 x .936) = .164 x .719 = .118 microin./lb 

Calculation of excitation components: 

Fundamental 

For cruise condition: ^ 
Equation (14): Al = ^ R q R l (°* 3) sin h-jj 

= ,jp x 2760 x .164 x 0.3 x sin(.936 x'TT ) 

= .638 x 2760 x .0492 x sin(168.7°) 

= .0314 x 2760 x 0.196 

By equation (16), however, sin hTT>0.2. 
A1(, = .0314 x 2760 x 0.2 = .00628 x 2760 = 17.3 microin. 

For the hover condition: 
A, = .00628 x 3764 
in 

A.. = 23.6 microin. 
IH 
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Second  Harmonic 

tor cruise condition: . 
From equation  (15):     A    - ^ VRI*0, 3*  8ln 2h" 

A_  - - x 2760 x  .164 ^ x 0.3 sin  (2 x  .936 x   TT   ) 
^u    rr lb 

- .0157 x 2760 x sin 22.6° 

- .0157 x 2760 x .384 

■ 16.6 microin. 

For hover condition: 
A,/u ' .00604 x 3764 

b H 

A2 - 22.8 microin. 

158 



u — *• 1 Une  lootn  apace 

- 

D
is

p
la

c 
f 

R
ot

at
 

Load Transfer 
by One Pair 

3 
V 
C   41 

-a cd 
is: 

Load Transfer by Two Pair 
of Teeth 

Load Transfer 
by One  Pair 

f 
b2 

o 
4J    C 
•H -l-l 
04 

of Teeth of Teeth'| 

Fraction of Total Cycle    ( h) 

Figure 77.      Tooth Load Variation During Meshing of One Pair of 
Teeth With Contact Ratio Between 1 and 2. 

159 



160 



C/J 
U CO U 

S S 8 a 
g § s a s 

a = £ a 

161 



APPENDIX  IV 

GEAR TOOTH FORCE ANALYSIS 

INTRODUCTION 

Any geared system transmitting power is subject to torslonal vibration 
because it contains the necessary elements of rotational inertia,  tor- 
slonal elasticity, and a source rf excitation.    The inertia may be present 
in concentrated form, as in the body of a gear, or it may be distributed 
as in the sections of connecting  shafting.    Similarly,  the elasticity may 
be concentrated in a coupling or in the flexibility of gear teeth, or it 
nay be distributed in the shaft  sections.    As in any other torsionally 
vibrating system,  the excitation may come from externally applied pulsat- 
ing torques,   such as that from a  driving motor or turbine,  or  from some 
fluctuating resistance to the steady rotation.    However,  in geared systems 
there is also a displacement  form of excitation which comes  from the 
imperfect  transfer of motion in the meshing gears.    This excitation re- 
quires the meshing gears to undergo dynamic changes in relative motion. 
This changing of relative motion can be achieved only if there exist 
dynamic  forces acting between the teeth to Impose the necessary accelera- 
tions.    These dynamic forces, generated in response to the gear displace- 
ment excitation, can subject the gear teeth to greater loads than those 
required for the steady transmission of power.    These high tooth loads are 
an important  factor in the generation of noise in the transmission system. 

A detailed analysis of these gear tooth forces is contained in Appendix V 
of Reference  1.    The data required by that analysis to describe the tor- 
sionally vibrating system can be in the form of physical dimensions taken 
directly from design drawings.    At the same time, however,  the analysis 
will also accept system data in the form of concentrated inertia or con- 
centrated compliances. 

Several features make the analysis sufficiently versatile to deal with a 
wide range of gear system designs.    First, the analysis has  provision for 
branches in the vibrating system.     Second,  it not only treats multiple 
cases of the simple gear set in which one gear drives another,  but it can 
also treat multiple cases of one type of planetary gear set (the sun gear 
driving,   the ring gear restrained,  and the planet carrier transmitting the 
vibration to the balance of the system).    Third,  it includes the effects 
of externally applied damping such as might be developed at the bearings. 
The analysis presents the resulting dynamic gear tooth forces in a form 
which gives their phase relationships as well as their magnitudes. 

As a result of the present study,   several Improvements have been added to 
the gear tooth force computer program contained in Reference  1.    The re- 
visions were made necessary primarily because of the increased complexity 
of the CH-47 drive train, .compared to that of the UH-1D.     The changes took 
the form of new logic for treating branches and provision for giving the 
increase in precision required in systems with a great many stations.    In 
addition,  the program was expanded to treat the effects of damping between 
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' 
system stations. 

LIMITATIONS AND ASSUMPTIONS 

The limitations in the gear systems treated and the major aasuapciona which 
form a basis for the revised analysis arc  Hated below: 

1. Excitation is Introduced into the ayatca only at  the gear aaahlng 
points and only in the form of ainuaoidal displacements.     These 
displacements constitute differences  in pitch-line motion of Che 
mating teeth from the two gears and are Introduced in series with 
any elastic compliances of the teeth themselves. 

2. The system is considered  linear;   that  is, all compliances and 
damping coefficients are assumed to be constant.    The varying gear 
tooth stiffness is represented as a constsnt mean stiffness,  while 
the effect  of the variability under a  steady  load  is assumed  to 
have been incorporated in the calculation of the displacement  ex- 
citation.     The  linear system also  requires that  the dynamic  tooth 
force amplitude be smaller than the  static  force,   so that  no 
separation takes place at  a gear mesh. 

3. The members  of the system are assumed  to be compliant  only  in the 
torslonal mode, with full rigidity in the lateral direction. 
Thus,   the Interaction between torslonal and lateral modes,  often 
present  in the gear system,  is not considered in this analysis. 

4. The only gearing stages treated are: 

a. the  simple gear set  (driver and  driven gears) 

b. the planetary gear set with the sun gear driving,  the ring 
gear elasticity restrained,  and the planet carrier as the 
driven member 

5. The system may have simple branches. 

6. The overall system has no rigid,  torslonal restraints at  its  end 
or at any other point;   neither does  it have any externally applied 
dynamic  forces other than those applied at a damping or elastic 
constraint  and due to its own dynamic  angular motion.     (Rigid 
restraints,  however,  may be simulated by Introducing very  large 
concentrated Inertias at the points  of Interest.) 

7. Damping may be applied between system stations and ground,   as 
well as between adjacent  points within the system.    In the  latter 
cafe,   the damping may be the only element between the stations, or 
it may appear in parallel with a concentrated compliance.    There 
is no provision, however,   for damping within a planetary set or 
at the gear mesh in any gear set. 

163 



8.     In thm pl«n»i«ry gear  ■•l, 

».    til  pUn«c» «r« »qvuilly tptccd. 

b. all «xcltatlont  (roo planet ro planat   are th« •ante In mngni- 
tuda but  differ  in  phate relation,  according to the pl;inet 
frequency and  rotational «peedt. 

c. all  radial  force» on the •un or  ring are  fully bilanced,  the 
•  n ai>d ring  are  rigidly supported  in  the  radial  direction, 
or any other   ael  of  rnnUtlont cxlbt»  which eliminates 
lateral sudaa of vibration. 

DESCglPTIOK OF AKALYSIS 

Th«  analyals of the  iaprovad  progran it essentially  the  aame as that  de- 
•crlbcd  la Appendix V of Rafcrencc  I.    The one change  involves a revision 
Co tli« description of  the  branch treatnent  on p.   220 of that  reference. 

When a  aCatlon with a branch Is encountered,  there   is  an additional element 
in th«? calculation.     In one  step,   a unit angular motion is tentatlvcly 
aasuaMd   for the free end of  the branch and the  same  kind of  statlon-to- 
acatlon calculation la madm until Che branching station is  reached and a 
vn i JO  for ■odoo aC this scadon is calculated.    The other step Is idencical 
except  that tare angular mction is Centatlvcly assumed for the free eml of 
Che branch.    This normally gives a differenC value   for the branching staticn 
motion.     These two values are then compared tu the value of motion aC Che 
save  station as  found  in the main system calculation.     1 rom this comparison, 
actually one of Interpolation (or exCrapolatlon),  the value of the branch 
fret  end motion la  found which correctly matches the branch to the main 
system.     Using this value,   the branch it  retraced  yielding all branch motions 
and torques including Che  torque applied by the branch at the branching 
staclon.     This is Chen combined with the torque applied by the prior part  of 
Che main system,and the calculations  for the mnin system are carried  forward 

DBRIVATIOW OP ANALTfTICAL RELATIONSHIPS 

There is only one change In Che analydcal reladonships derived in 
Appendix V of Reference  I.     This  Is Che addition of  the between-station 
damping term in Che Holzer  Analyslii.    The symbol added  is C^.    This 
quantity Is Che concentrated torslonal damping coefficient  acting between 
scation n and scadon n -f 1, elcher along or In parallel with a concen- 
trated  torslonal  compliance wich no distributed mass. 

Adding this compliance requires  revisions in the equudons written for the 
system with no distributed mass,   starting with equation (169)  in Refer- 
ence   I. 

Aa  seen in Figure  76,   the  torque  transoiitted between stations divides  be- 
tween Che elasdc member and the  damping menber, while the torque is the 
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same at both ends. 

T. 
9(n+l) - 9n 

+  JCÜ 
(n+1) 

C" (18) 

T    ,. Ti 

n+1     n (19) 

The first  of these equations may he simplified to 

T' V**-] [ H(n+1) n (20) 

Solved for 9, .... this becomes 
(n+l)' 

(n+1) 
0 + T' 
n   n 

j? 

"n 
1 + jcuC'Q" J  n n 

(21) 

With the aid  of complex algebra,   this  revised equation may be combined 
with the remaining equations,  and the Improved analysis is complete. 
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Station n on n+1 

Figure 78.      General Portion of the Torslonal System Showing Concentrated 
Damping C    and Compliance Q    Between Stations. 
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INPUT VARIABLES. FORMAT AND INSTRUCTIONS 

Card 1. Title.  Format (72H). This card precedes each set of input 
data. 

a. Printing instructions, column 1 
For printer to skip a line, use 0 
For printer to go to next sheet, use 1 

b. Title,  columns  2-72 

Card 2. Control Integers.     Format  (1315,   IGX,   15) 

a. NS Total number of stations.   (NS<200) 
Instructions  for selection of stations  given in 
earlier  section. 
Place  last digit of this number  in column 5. 

b. NB Number of stations with external  constraints,   in the 
form of elastic restraint or damping,  both with re- 
spect  to ground.     (NB<NS) 
Place  last digit of this number  in column 10. 

c. NBR        Number of branches,  not including main system. 
(NBR<20) 
Place  last digit of this number  in column 15. 

d. NMPG      Total number of cases of gear excitation.    A change 
in either station number,   frequency,  or magnitude of 
either excitation component constitutes ''a separate 
case.     In Hie planetary stations,   one pair of sun 
and  ring excitations at the  same  frequency consti- 
tutes one case.     Individual solutions are found for 
each case.    When there are multiple excitations at 
the  same  frequency at different points   in the sys- 
tem,   other than in the planetary stages,   the solu- 
tions  for  the  individual excitations must be com- 
biried outside of the program. 
Place last digit of this number  in column 20. 

e. INP        Identification as to whether  this  control card rep- 
resents   the last complete set of input data being 
submitted. 
If more  sets of input data  follow,  use 0. 
If this  is the  last set,  use  1. 
Place this digit in column 25. 
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f. NSRG    Number of simple gear  sets,     (0<NSRG^20) 
Each set consists of two gears.    If an idler is used 
between two gears,   the combination must be represented 
by two simple gear sets, where the idler is replaced 
by two connected gears with no compliance between 
them and with a total inertia equal to that of the 
idler.    Where one gear drives  two or more gears, 
sach  leading off to  separate branches,  a  similar 
conversion must be made.     If one gear drives through 
multiple gears back into the main system,   in a  so- 
called star arrangement,   the  only treatment  possible 
in this  program is  to combine  the multiple  inter- 
mediate gears into one composite gear,  assuming that 
the excitations,  if any,  are torsionally synchronous. 
Place the last digit of this  number in column 30. 

g. NPLG    Number of planetary gear stages.    (NPLG^2) 
Place this digit  in column 35. 

Card 3.     Rotor Material Properties.     Format (5X,  2E12.4) 

? 
a. GM        Shear modulus of elasticity,   Ib-in .     May be zero 

only if all values of RT   in the rotoi  data are zero. 
Use columns 6-17. 

3 
b. DENST Weight density,   lb/in .    May be zero only if all 

values of RL in the  rotor data are zero. 
Use columns  18-29. 

Cards 4-1 to 4-NS.  Rotor Data.    Format  (15,  6E12,4) 

a. NSTA    Station number at  or after which the rotor data 
applies.    These must  be given in numerical  sequence 
with no omissions. 
Place the last digit  of this  numbpr in column 5. 

b. RIP      Polar moment of inertia concentiüfed at station 
NSTA,   lb-in2.    This  Includes  any inertia  in the 
system which is not  to be calculated by the  program 
from dimensional data.    At the stations for simple 
gear sets,  list the inertias  of both members in the 
rotor data.    All planetary inertias are Included 
only in the separate planetary data cards.   The 
station which immediately follows the planetary 
may have a separate Inertia value specified.    Use 
columns 6-17. 

c. RL        Length of uniform cylindrical shaft section between 
this  station and the adjoining higher numbered 
station, in.    At the station for the first member 
of a simple gear set and at the station for a 
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planetary gear stage, use 0.0 or 1.0. 
Use columns 18-29. 

d. DST Outer diameter for stiffness calculation of the 
cylindrical shaft section, In. This diameter mea-
sures the section which transmits torque. If the 
actual shaft section is reduced as by a keyway, a 
diameter which approximates the reduced section 
should be used. At the station for the first mem-
ber of a simple gear set and at the station for a 
planetary gear stage, use 0.0. At the terminatiiig 
station, use 0.0. 
Use columns 30-41. 

e. EMS Outer diameter for mass calculation of the cylin-
drical shaft section, in. This diameter measures 
the section which contributes inertia. It may in-
clude any assembled sleeves or hubs which extend 
the full distance and rotate with the shaft. Use 
0.0 for the special stations as described under DST. 
Use columns 42-53. 

f. DIN Inner diameter for both stiffness and mass calcu-
lation of the shaft section, in. If the shaft sec-
tion is solid, use 0.0. Use 0.0 for the special 
stations as described under DST. 
Use columns 54-65. 

g. CCCM Concentrated compliance acting between this station 
and the adjoining higher numbered station, rad/in.-lb. 
This compliance is separate from that calculated by 
the program from the dimensional data, and can be 
used only when there is no such dimensional data 
between the same two stations. Any value listed as 
a concentrated compliance will enter into the com-
putations only if RL = 0 for the same station. Use 
0.0 for the special stations as described under DST. 
Concentrated compliances associated with any of the 
gears are included only in the special data cards 
for the particular type of gear stage. 
Use columns 66-77. 

Cards 5-1 to 5-NB. External Constraints. Format (15, 3E12.4) 

a. LB Station number at which the constraints are acting. 
These must be given in numerical sequence. 
Place last digit of this number in column 5. 

b. BK External torsional elastic restraint acting at the 
station, expressed as a t.rsional stiffness, 
in.-lb/rad. In an actual system which has steady 
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rotation, the stiffness must be 0 If the restraint 
Is to ground. If In such a rotating system the 
restraint is to an "Infinite" but rotating mass, the 
stiffness may have any finite value. 
Use columns 6-17. 

c. BCB  Coefficient of the external damping constraint acting 
at the station, ln.-?b-8ec/rad. 
Use columns 18-29. 

d. EHP  Coefficient of Interstatlon damping, ln.-lb-sec/rad. 
Use columns 30-41. 

Cards 6-1 to 6-NSRG.  Simple Gear Set Data.  Format (15, 4E12.4) 
(At least one card must be submitted) 

a. LS   Station number at vhlch the first, or lower numbered, 
member of the gear set Is located. (The second mem- 
ber of the gear set Is understood to be at the sta- 
tion LS + 1, except If It serves as a common station 
to a branch. In this case, the second member has 
the number which completed the branch.) The simple 
gear set station numbers must be given In numerical 
sequence. 
Place the last digit of this number In column 5. 

b. RP   Pitch radius of the first member of the gear set, at 
station LS, In. 
Use columns 6-17. 

c. RG   Pitch radius of the second member of the gear set, 
In. 
Use columns 18-29. 

d. SG   Combined linear compliance of the two gears, tan- 
gential to their pitch circles. In./lb. 
Use column« 30-41. 

Cards 7-1-A, B, C to 7-NPLGA, B, C.  Planetary Gear Stage Data. 

(These cards are omitted If NPLG ■ 0. When they are 
included they must appear in sets of three, and 
each set must be arranged In the order given.) 

Pirat card of set - A. Planetary Geometry. Format (15, 3E12.4) 

a. LEG  Station number at the start of the planetary stage. 
This location of the station is at the connecting 
point to the sun gear, but the station doea not in- 
clude the sun gear. The sun gear and other planettry 
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components, including the planet carrier, lie 
between this station and the one following it. 
Place the last digit of this number in column 5. 

b. PN Number of planet gears in the planetary stage. 
Use columns 6-17. Do not omit decimal point. 

c. RS Pitch radius of the sun gear, in. 
Use columns 18-29. 

d. RW Pitch radius of the planet gear, in. The pitch 
radius of the ring gear will be calculated within 
the program by adding twice the planet radius to 
the sun radius. 
Use columns 30-41. 

Second card of set - B. Planetary Inertias. Format (15, 5E12.4) 

a. IPL Station number of the planetary state, the same as 
LEC. 
Place the last digit of this number in column 5. 

b. PMS Weight of one planet gear, lb. This includes all 
components which rotate with the planet, everything 
between bearing surface and gear teeth. One-half 
the weight of any rolling elements in the bearing 
should be included. 
Use columns 6-17. 

2 
c. PSP Moment of inertia of the sun gear, lb-in . This in-

cludes all components between the point of connection 
to the outside system and the gear teeth. 
Use columns 18-29. 

2 
d. PIP Moment of inertia of each planet gear, lb-in . This 

includes all components used in computing the weight 
PMS. 
Use columns 30-41. 

2 
e. PRP Moment of inertia of the ring gear, lb-in . This 

includes all components between the gear teatli and 
the point of elastic connection to ground. If the 
connection to ground is rigid, with zero compliance, 
any finite inertia may be used for the ring gear. 
Use columns 42-53. 

2 f . PCP Moment of i n e r t i a of t he p lanet c a r r i e r , l b - i n . 
This includes all components between the bearing 
surfaces in the planet gears and the point of con-
nection to the outside system. 
Use columns 54-65. 
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Third card of set - C. Planetary Compliances. Format (15, 5E12.4) 

a. IPL Station number of the planetary stage, a repetition 
of the value in the previous card. 
Place the last digit of this number in column 5. 

b. SS Combined linear compliance of each sun-planet gear 
mesh, tangential to their pitch circles, in.-lb. If 
the sun gear construction is such that there is a 
significant compliance between the hub and the rim, 
the starting connection point to the sun gear should 
be redefined as located at the rim. The hub would 
then be associated with the outside system as a 
separate station with the structural compliance of 
the sun gear as a connecting concentrated compliance. 
In this case, the mesh compliance still appears under 
SS,but the sun gear inertia under PSP would be 
limited to that of the rim construction. 
Use columns 6-17. 

c. SR Combined linear compliance of each planet-ring gear 
mesh, tangential to their pitch circles, in.-lb. 
Use columns 18-29. 

d. SW Linear compliance of the planet support in the 
planet carrier, tangential to the path of planet 
centers, in./lb. This compliance is the combination 
of the compliance of the planet bearing and the 
compliance of any portion of the carrier which 
will deflect with the individual planet. If the 
carrier construction is such that there is a com-
pliance between a hub and a rim-type member which 
supports all the planets collectively, this struc-
tural compliance may be combined with the others 
to give a total planet carrier compliance. Alter-
natively, the system may be changed so that the 
end of the planetary stage, that is, its connection 
to the external system, is taken at the rim-type 
member. In this case, the hub becomes associated 
with the outside system as a separate concentrated 
compliance between the station at the close of the 
planetary stage and the new station for the hub. 
With this change, the compliance used under SW is 
the combination of only the first two compliances 
mentioned above, namely, those associated with the 
individual planet. 
Use columns 30-41. 

e . Blank columns 42-53 a re not read i n t h i s main com-
puter program. The a u x i l i a r y program used i n con-
j u n c t i o n wi th t h i s main program w i l l take the same 
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Input  planetary data on the same cards except   for 
one item for which this  field has been reserved. 

f.    ST        Angular compliance of the support between the ring 
and ground, rad/in.-lb. If the ring Is rigidly con- 
nected to ground, set this compliance equal to zero. 
Use columns 54-65. 

Cards  8-1 to 8-BR.     Branch   Data.     Format  (315) 
These cards are  omitted  if BR = 0 

a. LBR      Number  of  the far end  station of the branch. 
Place the   last digit  of this  number in column 5. 

b. LBS      Number of  the   common station of  the branch 
at which it  is connected to the main system. 
Place the  last digit  of this  number in column  10. 

Cards 9-1 to 9-NMPG.    Gear Excitation Data.     Format  (15,  6E12.4,  13) 

a. IT        Station number which identifies  the gears  at which 
the excitation is introduced.     For simple gear sets, 
the number of the  first member  is  used,  as   for LS 
in card 6.     For  planetary gear  stages,  the station 
number at  the start of the planetary is used,  as for 
LEG  in card 7-A. 
Place  the  last digit  of this  number in column 5. 

b. FFQ      Frequency of the excitation,  Hz. 
(TE1)    (TE1  is used for  temporary storage.) 

Use columns 6-17. 

c. AXY      The real or cosine component of the linear excitation 
or        in the simple gear set (AXY)  or In the sun-planet mesh 
AXY1    of the planetary gear stage (AXY1),  in.    This ex- 

citation is introduced at the gear mesh tangential 
to the  pitch circles. 
(TE2 is  used for  temporary storage.) 
Use columns  18-29. 

d. BXY      The imaginary or sine component  of the linear ex- 
or citation descrlaed above,   in. 
BXY1    Use columns 30-41. 

(TB3) 

e. AXY2    The  real  or cosine component  of  the  linear excitation 
(TEA)   in the  planet-ring mesh of the  planetary gear  stage, in. 

This excitation Is  Introduced at   the Rear mesh  tangen- 
tial  to the  pitch circles.     On a  card wiiH excitation 
for a  simple gear  set,   tltls  field  1*  left   blank.     (TE4 
is used  for temporary  storage.) 
Use rolumns 42-53. 
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f.     BXY2    The Lnaglnary or sine component of the linear ex- 
(TE5)  citation described  Just above,  In. 

Use columns 54-65. 

OUTPUT VARIABLES AND EXPLANATIONS 

Tabulation of Input Data 

Title - as in input card 1, 
Control Numbers -  NS,  NB, NBR,  WMPG,   INP,   NSRG, NPLG,  as in input card 2. 

Rotor Material Properties - GM,  DENST,   as In input card 3. 
Rotor Data - NSTA,   RIP,  RL,  DST,  DMS,  DIN,  CCOH,  as in input card 4. 
External Constraint  Data - LB,   BK,   BOB,   as  in input card 5. 
Simple Gear Set  Data - LS,   RP,   RG,  SG,   as in input card 6. 
Planetary Gear Stage Data -  LEG,   PN,  RS,   RW i all as in 

IPL,   PMS,   PSP,   PID,  PRP,   PCP j Input 
IPL,  SS,  SR,   SW,  Blank, ST      ) card 7 

Branch Data -  LBR,  LBS, as in input card 8. 

Excitation Data - IT, FFO, AXY,  or AXYl,   BXY or BXY1, AXY2,  BXY2,  as in 
input card 9.     Each set of excitation data is given separately followed by 
its own calculated response. 

Calculated Data 

Computed response at each simple gear set  - LS, TTFR,  TTFE 
where: LS       -  Station number identifying the simple gear set. 

TTFR -  Real or cosine component of the dynamic tangential tooth 
force developed at the gear mesh,   lb. 

TTFE -  Imaginary or sine component of the same force,   lb. 

Computed response at each planetary gear stage - LEG,  Cl, C2, C3, C4 
where: LEG    - Station number identifying the planetary gear stage. 

Cl      -  Real component of the dynamic tangential tooth force 
developed at the sun-planet gear mesh, lb. 

02 - Imaginary component of the tame force, lb. 
C3      -  Real components of the dynamic tangential tooth force 

developed at  the planet  ring gear mesh,   lb. 
C**      - Imaginary component of the same force,   lb. 

PROGRAM LISTING OF SOURCE DECK 

This program is written In FORTRAN II -  Extended and may be compiled with 
FORTRAN IV.    In the source deck  listing which follows,  the READ and WRITE 
Statements are written with the variable NR • 5 to specify the standard 
reading unit and the variable NW • 6 to specify the standard writing unit. 
To recooiplle the program for any nonstandard computer,   introduce the re- 
quired unit numbers making the necessary changes on the cards aa noted In 
the listing. 
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In addition to the controlling portion of this   torsional response program, 
named TORRP,   tfiere are other subroutines.    One,   named PLNST,   treats the 
planetary stage.    Another,   named MATIN,   performs  the matrix Inversion that 
solves the simultaneous equations of the PLNST subroutine.    Another, named 
BLOOP, applies to the branch treatment.    The others,  named CDIV, CDIV2, 
PANGF, AMPF,  CAD, CSUB and CMPY, perform arithmetic operations. 

175 



mi*Ki' Tur»lotml  »««pon»« Tötet»  of  üyittw WUh C«<ir».  fUn«t«ty tf««r>. «nd >ftoch«t 

PfiOb***   )UMrfP||M'Olt0u;P(ll tlAt'tS* INPUT «lA^EbaOUt Pull 
UlMtNSlOK   «ATllO» «HITIZOI    tLlAUOI 
0|H(NSION   H-»»t (,l . HMx^l/t .LKCI/OI •llBl^OI iLHsn/OI 

cof-ON TUffd»..*) .int ^•^),TP»<i<>./i,rPn2t2>tTrsPM(«t?> tTrs^ci?!?) t 
1    TrPHH^.^i.irMWt l^t/l<MPC(<Ut^l«nPCE(2t?l*MOMH|^t/l . ITOMK^,?! 

COMMON  -IM i/o Oi .OSniUOI«OMs<<fOO><OIM?OOI ttfCHIbOltLBISO» tOOHlOO» 
l.HH IS01 .Lf (  (/) .MM/»! ,-•(,'1 .KIH/I .MKSI.'I .►•».(«■l .bSI/l .S«l^l tSKi/l . 
?   ST <*•• .lh-i/0 1 .LRS(?0t<CCOMi2tful««llt|t*«T?tB«T|<BlT2«fLM|/00t« 
J   tl f (/O0I.|M-I,OOI .IH( («'üOI • TMH(^00lfl«»E(/OOIiTMM|(/Ogi 
COMMON   *|T«/I •tMTtiMtt.SIlO» »HiMlOliRGl?«)! t SGl/OI t TMH^ l?00 I t 

i TwEi i^ou) tiHci (^uMitiLii KOOI tmeuooi. ti»»<i/'o) .t I»M/OI . 
r   MSP(?IIIH»«| i/OO» .U-l («•0 0» • T >tM2 1200 ItTLM? (2001 ilNf^ 12001 t 
3   Tte2l200l t><L 12001 «PCP^I •PHPt2l      (OMPl^Ol 

COMMON   II»   K*»l.4*Mbl*OtrM|«2»*NOPt«N0C>TuM«T0E    »J»NS   »M| »NatNMtNPLb 
COMMON    Kl,K2»n3»'«<»»Li»L2»LJ*LV*LbllOI<l«)H«N 

C       NH   Hrrms   10   INPUT   UNIT 
C     Nu   H€rf»*S   TC  OuT^uT   uMT 

NHa4 

NOt*O«0 
MOTll«0 
NTM>0 

MüSf'"0 
IH^'O 

2U0   H, «,,is-.Hui 
t*FftOlNW<10| iS1 .'.H.s^-.s-»-».. Is. .si-f-.s^i   . 
lOP'O 
rro'O.o 
Car«0< 
DXVBO. 
MfOt    •   -I 
IT    IMOIAO  -21    I02I«3020»J02I 

3020 -t-OL   •  0 
00   10   302S 

3021 |r(M01*b*2l 302S>302/«302b 
3022 MPOL • I 
302,>   "J *(-   INM.|02I0M>0€NST 

• - 1 >» IN«<IOOl 
«W|Tt (•«•.lit 
«NT ff  (S«.10«>l..s.s*.l.«-.S"i   >tlM>*NSM0«MPv6 

^022   •-:T»(S..:JM   CM.OCN^I 
(ISsIO^SI/J-x.C-» 20 
ir iltiPl   2023t202**20/'> 

2023   Ift^'-lliP 
»IMT-i./iö.»»!!:«* 
60   IC  202« 

20/«   MUI"I. 
00   10  <<nt> 

202S   *|NT«|0.*alftP 
/02ft   «M|Tf (Na.lOTi 
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00  .'Ul   JI| .Nb £3 
rtE*n(NH(l<40)NS1A.t«lP|j) (HL(JI tOST(J> tOMS(J)f01N|J)iCCUM(JI 
IMNSl«-j)     /OOü.^-OÜltr'OOO 

?000   riHITC(NHtl^l) 
?0ül   MOITf (NMf 10(1)NST«.HI»>( j) tHLU) «OSKJI tOMS(J)fOIN(J) iCCOMU) 

^01    M1P( J)«mM(,j(/JHf .UfS^ 26 
Lt.X(ll    ■   N<>*2 
LH(l)aNS*2 27 

LFC<II>NS*2 2tt 
LOUT    -0 
LF*0 
'I  .0 
LlaO 
LHhl | MNS«? 
LHS<llaNS*2 JO 
Lsni »Nb^ 

LM"0 
«LT«0 

LIT-0 
LTll<ll>NS«2 
:riNtt)   ,-ou.." »i.^i 

20)   »-I t» ('...I .'^i 
00   20«i   j'ltKrt J* 
•«e*UIM<i|VU)LHI Jl ttfftl Jl töCwl-ii tOMMI j) 

20«   «tflll (ftKMlOrtll ii( Jl •«*( jl »bCBUI tOMPIJI 
/gj|    I' INSMOI206i20ci*20J2 
20J2   --IM is..ii^i 

•-!»•IKk.l|Jl 
00   20*   I'ltss-i, 
Mf AOINM, |«0ILSI I t •••f>l| I tMOl I > tSOll > 

2es •«in (•••.iotfiL»ilt>i<»'iii thoi i>«soi'i 
20«   |MKf>Lbl< IO«2IU«^ev 
20V  «I«! It INIMI 1*1 

00  212   J»l.».»»ii. 
0C«O    IKM.IVOI    LCC(rft«»'K( Jt |ASl Jl ••«■( jl 

••M M Il»«*l2f I 
• -I'l     iH*«la«l    LlCljl •I'NIJI tHklwl tMMIJI 
-« *     is......    ;. i .►»M . i .» ■.*• i ,1 .^i*-1 ji .^-^i JI .fcr i j» 

• -:"   IH«.U«I 
• -:'«    ■•...,■..    jn .ms. ji .KS»< . ji .»-i». 1 ji .►•-. i ji .»•c»'i ji 
-♦ »Ü   iS-tUOi    IK .iii Jl tSi-C jl .i»l Jl .*H jl 
•«III    «••••12V i 
•«IK    «••••Uli    l»l*tStji*ftMljl*t«IJI*tllJI 
• ■.. -....,,. i«. .,».. 

..,.••■•>./  inf ..» . «.•> 

•'Mt>( ji »fb^ t >■ / JA».»*« M 
•'I»'< jl**»!*-i JI / i«e.w«4 *» 

/|j   ••••%. ji •«•Si. i / >•« ..«» M 

/ii   |« IXKMI   <| JO.21)«•/!* 
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^l<•   HPITEINMilld) 
00  215  J>lt»<UR 71 
WtACM NW.101)    LbW(J».LriS<J» tLMC(J) 

215 MMITE(NMtlHi   LBH(J).L«S(J) 

2130   K5-NS-1 
00  216  JM.Kb 
Cl-RL(J) 9b 
C2«DST(J) 96 
lf(Cl) 217,216.217 97 

217 IF(C2) 218f2l6f21B 9« 
218 C5>0IN(J>*0IN(J> 99 

C*»««CS                                                          100 
i:. »OM5(J)»üMS(J) 101 
C0-O.O9017<.77*<C2*a4-C<i) 102 
C3«CÖ«&M 103 
C«a0.098174i77*oeN!>1«(C6*C6-C<>l 104 
00TUI-CI/C3 10» 
OMSU)   •  Cl'SOHI IC'./CJ» 
OINIJI   ■   S0MT(C3»C<.) 

216 CONTINUE 108 
00  SOI   HHw   «l.NHPo 
FrO'0.0 
AlYlaO.O 
8>rl«0.0 
AlV2a0.0 
MT^aO.O 
MAI   «I 
IM   ■   1 

«009   wr«0   (NA,|40>    |T«leitlC2iTE3tU««TCStTe6tNeA 
rro'tEl 
Ci»»Tf2 
OXY'TC} 
I»    INfll   20l3t«01Ut«eiO 

«oio iriicx-n «ou.koiitoou 
«Oil    MAI   ■   Nt« 
«012  00  2011   l«I.NS«6 

I» •ll-isin i   20tl>20IOt20ll 
2010 AH U» «i   •   112 

• ATllCtl    •    IC3 
LIAIK«)   ■   IT 
•*|IC   is«.|««i 
«•I Tf IIHI. |0«l 11. T( I • Tl21II 3 
III   •   III   •! 
|f    l||l-  «All   •009.«0««.28iO 

2011 CONTINUC 
irii^|.6t   30|«.)OI«*20I3 

2813  00  /•»»   l«l.«^o 
irifTiKUll   28l'*20l*.28|y 

/8I«   •♦-!•• CH». . .s 
Air|«Tt/ 
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i 

I 

2017 
3019 

2020 

599 

5020 

502 

5021 
5022 

22» 
22t 

22»« 

22^ 
22 r» 

HU 

BXY1-TE3 
AXY2-TE4 
BXy2«Tt5 
WRITE(NMt108)ITfTEl*TE2tTE3tT£4tTES 
GO  TO  2020 
CONTINUE 
URITE(NMtl92) 
IF(INP)   506t200f506 
FR0»6.2831853»FF0 
IFiFRQ)   501t501.599 
FRQ2»F«U«FH0 
NEX«1 
ISEP-0 
BRAT(1>>1*0 
BHAT(2)>0.0 
IBR*T>0 
IBRAN-O 
Ml-I 
ANGO'O.O 
IFdOPI   5021t5022t502l 
ANGR-AINT 
ANCE-O.O 
ANGE'0.0 
TORaO.O 
TOC-0.0 
A134B0.0 
AI3E-0.0 
H|»l 
K2>l 

K5*NS*2 
K9al 
LlaLtMIII 
L2>Li)(ll 
K3*l 
L)>LSlll 
L*   •LCCIIt 

60  TO   «22l«22li>ii| 
«•«0«««|i«l 
J»\ 
|ri*T«i   ^ts.s/i- .s,to 

I'llOUll    //»'.//>..//!• 
lOuT»-lOwt 

115 
116 

117 

119 
120 
121 
122 
123 
12* 
125 
126 
127 

in 
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221B  LI«l 
KL»l 

??rtO   IF(IOP)   t26i*2iBl»ii«t 
22B1   IF(J-LF)   2o9t2J00«2*V 
2J00  C«LL     HL00»>a(HtLBStLMC*LltHL*LrtN8HtL|liKLl«LFl> 

GO   TO  2*9 
2282   IFIJ-LU   2Jl«2J0f2Jl 14% 

230   IF(H)-n   2J2«2J2t2J<. IM 
23*   IBRAN«! 
232   TLIR'TOX I>l 

«LIH'AKOH IM 
lLlE»TOt IM 
*Lie>*N6t I** 

S62   »M.K»»IM 
*N.,f»0. I»/ 
1OR«0. '*» 
TOl-O. I»* 
AIIM-O. U% 
*|jfO. IM 

23S   ►SUHSi-li I»» 
"••LI IM 
«»•MM ••• 
IFiNftw.Kii   2)7.23«t2i« If* 

?36   ll'LH-1'JI 
&0   10  2*« 

2J'  Ll«NS«< 
.u   TO  2*« 

2)1   1»IJ-»'.)   2««i2*«*2*9 
2*1    *»1     • .«•.Of •»•t^.AHo» »»«.w  . 

*42«0SO«l1**11 
• ••>    •»(. I»-»»H<-    «*i||**lkM 
**)     •   <»!.   »•'•»l   »••      •*lll**il|l 
***«OM*l l**)l 
IF   i**/>|.«C*?«***!   f*2«2*|if*l 

2*1   »»"   •*•.'•»( 
«*|     •     !**««•«(  If •     *fc04'»il».     /**| 
tfl    •    lOk 
'/ • ttl* 

tf>  •   T« 
It*   •   U II 
»•.-.-.   *t|* 
»•v «   •   HII 
r ' •• • 
• •••VI 

/•I»   l«i|»-*l«   /•t|>fW**/*ll 
/••<   |ri|«**l>#i   .•«, I.,.I.-.;*;I 

■•*ti/i***| 
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2413 IBRAT=1 
GO TO 2420 

242 A AR = AAS/ AA3 
AAE = ( AL l t f«ANGE- AL1E»ANGR) / AA3 
TE1 = TL1R 
TE2 = TOR 
TE3 =TL1E 
TE4 = TQE 
K7 = l 
K8=K6-1 
IF (M1-2) 2420.2440.2420 

2440 IF(IBRAT) 2441.2420.2441 
2441 IF(le«AT-l> 2413.2412.2413 
2420 TOR = AAfc« TE1 -AAE* TE3 *TE2 

TOE = AAE «TE1 • AAR»TE3 • TE4 
243 DO 244 L=K7.K8 

CI = TLR(L) 
C2 = TLE(L) 
C3 = THR(L) 
C4 = THE(L) 
C5 = TKR(L) 
C6 = TRE <L) 
TLR(L) = AAR«C1-AAE*C2 
THR(L) = AAR*C3-AAE«C4 
TRR(L) = AAR»C5-AAE*C6 
TLE(L) = AAE*C1• AAR» C2 
THE(L) = AAE*C3* AAR» C4 

244 TRE(L) = AAE«C5* AAR» C6 
249 THE(J)-ANGE 

T L E ( J ) = T Q E 
THR ( J ) =AtSiGR 
TLR(J )=TOR 
C 0 = 0 . 0 
IF(J-L2) 264.283.284 

283 C1=BK(K2) 
CD=0MP(K2) 
C2=BCB(K2) 
K2=K2*1 
IF(NB-K2) 261.260.260 

260 L2=LB(K2) 
GO TO 285 

261 L2=NS*2 
GO TO 285 

284 C1=0.0 
C2=0•0 

285 C1=C1-FRQ2«RIP(J) 
C2=FRQ»C2 
TQE=TQE*C1»ANGE *C2»ANGR 
TQR=TQR*C1 *ANGR-C2*ANGE 
IF(J-LOUT) 2853.2850.2853 
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2850 Jl=LbR(M.-)) 
T0H=TQK-RR(J1> 
TÜE = Tü£-RE(Jn 
IFCKL-NBh) 205112851.2852 

2851 LOUT=LMC(KL> 
IF (LOUT) 2848.2853.2853 

2848 UOUT=-LOUT 
GO TO 2853 

2352 LOUT*NS*2 
2853 TRE(J)=TQi: 

TRR(J)=TOf< 
IF(J-NS) 286.287.287 

287 IF<M1-1) 401.401.402 
286 IF(J-L3) 288.289.288 
289 Cl=Hf<K3) 

C2=R6(K3) 
All=-C-/C2 
A22-1.0/A11 
A21-0.0 
A12«-S6(K3)/<C1«C2) 
K3=K3*1 
IF(K3-NShG!    1019.1019.1020 

1019 L3=LS(tV3) 
GO TO 1021 

1020 L3»NS*2 
1021 IF (Ml-1) 351.351.251 
251 IF (LEX(NEA) - J) 351,2899.35) 

2099 IF(Ml-2) 290.2900.2900 
2900 IF(IBRAN) 2901.2910.2901 
2901 IF(IBRAT) 2902.2903.2902 
2902 WRITE(Mw.l36) 

ISEP»l 
GO TO 351 

2903 I8RAT=2 
GO TO 290 

2910 IF(IBRAT) 2912.2911.2912 
2911 IBRAT=1 

GO TO 290 
2912 IF(BRAT(1)-1,Ö) 2902.2913.2902 
2913 IF(BRAT(2)) 2902.290.2902 
290 A13R=-AAY(NEX)/C2 

A13E=-BXV(NEX)/C2 
IF (NEX-MAX) 5000.351.351 

S000 NEX * NEX*1 
GO TO 3?.l 

288 IF<J-L4) 255.254.255 
254 IF(HOIAG*l) 1092.1092.1095 
1092 IF (K4-1) 1095.1096.1095 
1096 IF (H1>1) 1093.1093*1094 
1093 WRITE (NW.lSl) 
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60   TO   \0<iS 
1094 «RITE   (Nto«182) 
1095 CALL  PLNST 

GO   TO  S03 
aSS  C1»RL(J) 

Tr(Cl)   257i256t257 
256 A1U1.0 

A12   «CCOM(J) 
IF(CO)   3001*3000t3001 

JTOO   A21-0.0 
A22>1.0 
GO   TO  351 

3001   Ti.MP»1.0*(FHO»CO»A12)#«2 
rEMpl8FR0»CD«A12»»2 
AN6R»AN6R»<A12«TQR«TEMPnTQE)/TEMP 
ANGE'ANGE»(A12«TQE-TEMP1«TOR)/TEMP 
GO   TO 503 

257 C3»FRÖ»DMS(J) 
IF(C3-0.0003)   258f25et259 

256   C4=C3»C3 
All»1.0-0.5«C4 
A22-A11 
A12»DDT(j) 
A21=-C3»0IN(J)   »FRQ 
GO   TO  351 

259   A11=0CÜS(C3) 
A2?=A11 
C5=0IN(Ji*FHQ 
C4=DSIU(C3) 
A12=C4/C5 
A21=-C4»C5 

351   CHANGE 
ANGEsAll*ANGE*Al2*TQE*A13  E 
TQE»A21*C1      ♦A22*TÜE 
ClsANGR 
ANGR=A11*ANGR*A12*T0R*A13R 
T0R=A21»C1  ♦A22«T'3R 
A13R=0.0 
A13E=0.0 

503 J=J»1 
IF(J-NS) 2280t2280f401 

401 IF(MOIAG«l) 410«410«411 
410 IF (NPL6) 1090.1090.1091 
1090 WRITE(NM«181) 
1091 WRITE(Nw.l26) 

WPITE(NW.701) 
411 00 403 J=1»NS 

TRR1(J)=TRH(J) 
THR1<J)=THH(J) 
TLR1(J)=7LH(J) 
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TRElU»»»HE(J) 
THtl(J)«1Ht(J) 
TLE1(J)=TLt<J) 
lF(MUIAG»n 1030fl030tO03 

1030 ^HITtlNw.lOB) J.ThRKJ) ,TMtl(J>.TLHl(J),TLElU).IRWl(J) .IMEKJ» 
403 CONTINUE 

Nl»Mi«l 
GO   TO  &02 

402   IHAT=1 
IF(BRAT(1)-1.0>   4lJ2*4130«4l32 

<*130   IF(bKAT(2l)   41J?.4133,4132 
4132   IPAT»2 
41J3   IF(MDIAG*1>   4l^.4U,4iJ 

412 ir(NPLO)   41<«t414»41& 
414   «IRITE(NM,182) 
41a   WHITE(NM>126) 

WRITE(N*«701) 
413 00  404   J=1«NS 

IF(IrtAT-2)   4Ü40.4Ü41.4040 
4040 TLR2(J)niLH(J) 

THE<i(J>«TME(J) 
TLE2(J)»TLEU) 
TRR2(J)sTHH<J» 
TRE2(J)aTRE(J) 
THR2(J)sTMR(J) 
GO   TO  404b 

4041 TEMPSmsTLRU) 
TEMPS(2)»TLE(J) 
CALL   COIV(TEMPS,BRATf 1EMPS) 
TLR2(J)sTEMPS(l) 
TLE2(J)»TEMPS(2) 
TEMPS(1»«TMR(J) 
TEMPS(2)=THEiJ) 
CALL  CDIV<TEMPS»BRAT.TEMPS) 
THR2(J>sTEMPS(l) 
THE2(J)=TEMPS(2) 
T£MPS(1)=THR(J) 
TEMPS(2)=THEU) 
CALL   COIViTEMPSfC^AT,TEMPS) 
TRR2(J)»TEMPS<1) 
THE2(J)   =TEMPS(2» 

4045 IF(MOIAG*l)    1Ü40«1040t404 
1040 WRITE(NW*108) JtTHR2(J)<THE2(J)>TLR2 (J)«TLE2(J><TRR2(J),TRE2tJ) 
404 CONTINUE 

IF(IRAT"2) 4050.4046.4050 
4046 IF(NPLG) 4050.4050,4047 
4047 DO 4048 KKsl.NPLG 

CALL CDIV2(TBR.TBE.äRAT.KK.M0IAG) 
CALL C0IV2(TPR,TPE,8RAT,KK.M01A6) 
CALL   CDIVtMTFSPR.TFSPE.BRAT.KK.MOIAG) 
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CALL   CDIV2(iFPR«tTFPHt.BRATtKK;tM0IAG) 
CALL C0IV2(rTPCR.TTPCt.BRAT.KK,M0IAG) 

4048 CALL COIvairK.HR.nGHEiBHATfKKtMOIAG) 
<tObO  C1«THH2(NS) 

Ci?»THEi;<NS) 
C3«7RPI(NS) 
C<.»T«E1 <NS» 
CbaC^/CJ 
Cfesca^c-Cb 
UlW»-(tl»Cb#C2»/C6 
ÜlE«(Cl»C'j-C2)/C6 
IF    iM0IA0-2»    10<»9,10blt»0<»9 

10<«9   IF(MDIA6)    lOSO.lObl.lObO 
10Ö0   HRITL(NMil8J) 

WWITE(NHtl2lS) 
WWITE(Nwt70l) 

lOb'/   L«l 
Oü   •♦07   J»1.NS 
Cl»THRl(j)«ülP»TH»2(J)   -OlE'THEl<J) 
C2«TH*J (J)»01f »THf 2( J» »(JlR'TMEl <J) 
C3»TLPl (j)»aiR»TL»<2<J)   -UlE'TLEKJ» 
CtfJLHi (j)*QlE*TLt2(J)»TLti(J)#QlW 
CS =1^H1(J)«01k-01t#TRtl(J>»THH2(J) 
C6 =fRHl(J)»0lc.»Olr(«TR£l<J)*TRE2(J) 
NGS   =LS(L) 
1F<J-NGS)    105<»tll00.10S<. 

U00  TTFH(L)   =C5/HP(L) 
rTFE(L)   »C6/RP(L) 
L   »L*l 

1054 IF(HDIAG) 105St4O7tlOäö 
1055 IF(MPOL) lU5tnl057f10i6 
1056 MHITEINMflO0)J>Cl«C2tC3tC4iC5tC6 

IF(MHOL) <»07.1057tl05/ 
1057 TMR1(J)=AMPF(CltC2) 

THEl(J)=PAN6r(ClfC2> 
TLB1(JJsAMHFiCJ.Ct) 
TLE1 (J)=PAN6F(C3tC'.) 
rLR2(J)=AMPF(C5tC6) 
TLE2»J)=PANGF(C5.C6) 

4U7 CONTINUE 
: TEST FOR POLAR FORH OPTION 

IF(MPOL) 1195.105ötl058 
1058 WRITE<NM«126) 

WRITE(Ntotl2J) 
00 1059 j=l,NS 

1059 l*HlTE(NKtl08)JtTHRl ( J) «THEl (J) f TLR1 < J) t TLE I (J) .TLH2 (J) tTLE2< J) 
1195 IF(NPLG) 1201.1201.1196 
1196 IF<MOIAG) 1199.1201,1199 
1199 DO 1200 J=1.NPLG 

C7 =PN(J) »RSCj) 
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C8  ■(   RS(J)   »2.   ««NiJJj'PNiJ) 
Cl   >TBR(lfJI*01R*TBRUtJ)-QlE*TBE(l«JI 
C2  -TBRdfj)*01E*TBE(2«J)*<)lH*TBE(ltJ) 
C3 ■C7«(TFSPR(l.j>«01R*TFSPR(2tJ)-01C«TFSPE(l.J») 
C4  «C7»(TFSPR(ltJ)«01E*TFSPE(2tJ)»OlR»TFSPE(liJ»» 
C5  ■TTPCRd.JJ'QlR^TTPCRlZtJJ-OlE^TTPCEUiJ» 
C6  ■TTPCR(i..i)*QiE»TTPCE(2tJ>»OlR»TTPCEafJ» 
IF(MPOL)    1060,1061.1060 

1060 MRITE(NM*700) 
MRITE(NM«701)LEC(J>tClfC2«C3*C4»tCStC6 
IF(MPOL)    106,M061.1061 

1061 MRITE(NW*700) 
JPal 

1062 TEl>AMPF(ClfC2) 
TE2"PANGF(ClfC2) 
TE3«AMPF(C3tC<i) 
TE<»'PANGF(C3*C<») 
TE5»AMPF(C5,C6) 
TE6>PANGF(C5,C6) 
MRITE(NM.123) 
MRITE(NWtl08)LECU)tTEl«TE2iTE3tTE4tTESfTE6 
GO TO (1063,1200)»JP 

1063 Cl>TPR(ltJI*01RMPH(2tJ)-QlE*lPE(ltJ) 
C2 -TPR(l,J)*QlE«TPE(2tJ)*QlR*TPE(lfJ) 
C3 «C8«(TFPRR(l»J)«QlH»TFPRR(2tJ)-QlE»TFPRE(l.J)) 
Ci*  ■C8#<TFPRR(11J)»01E»TFPRE<2»J)*QIR#TFPREJ1.J)» 
C5 «TTGHR<1.J)*01R*1TGHR<2.J»-Q1E»TTGRE(I.J> 
C6  >TTGRR(ltJI*QlE*TTGRE(2*J)*QlR#TTGRE(l«J> 
IF(MPOL)    106<.,106b,1064 

1064 WRITE(NM«702) 
WRlTE(NMt701>LEC(J)tClfC2fC3tC<»«CS«C6 
IF(MPOL)    ?200,1065,1066 

1065 JP-2 
tfRlTE(NW«702> 
CO TO   1062 

1200 CONTINUE 
1201 IF(NSRG) 1207,1207,1202 
1202 IF(MPOL) 1203,1205,1203 
1203 WRITE(NM,180> 

DO 1070 J«1,NSRG 
1070 WRITE <Nto,108) LS(J)«TTFR(J)(TTFE (J) 

IF(MPOL) 1207.1205,1205 
1205 MRITE(NM,124) 

DO 1206 J=1,NSWG 
C1«AMPF(TTF«(J),TTFE(J)> 
C2»PANGF(TTFR(J).TTFE(J)) 

1206 riRITE(Nw,108)LS(J>*Cl,C2 
1207 IF(NPLG) 1219,1219,1079 
1079 IF(MPOL) 1210,1215,1210 
1210 WRITE(NMtl22> 
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i'dlb 00 lOBO j-l.NPLG 
TEl-TFSPhdtJ) 
Tt2»Tr5PR(2fJ) 
TE3»TFSPt(l.J( 
TE<.«TrSPt(2.J) 
Cl»TEl»(ilW»TE2-TE3«01t 
C2»TE1»01E*TE<»»TE3«01H 

1076 TEl«TrPRB(ltJ) 
TE2»TFPRR(2.J» 
Tf3«TrPRE<l.J) 
TE4»TrPRE(2tJ) 
C3«TEI#01««IE2-TE3«OIE 
C4»TE1#01E»TE<.^U3«01M 
ir(MPOL>    1216tl077.1216 

1077 THR1 U)«»MPMCltC2» 
THE!(J)«PAN6E(C1*C2) 
TLP1 (J)s*MPF(C3tC<») 
TLF1 (J)»PANüF(C3tO) 
60   TU   1080 

1216 riPITE(NwtlOä)UC(J) tClfC2fC3fC<» 
lOBO  CONTINUE 

IF(MPOL)    1219tl217.1217 
1217 MPITE(NMtl2b) 

DO 1218 J'ltNPLG 
1218 WRITE (N*. 10«) THP1 (o) .IHEHJ) .TLR1 (J).TLEl (J) 
1219 IF(NEA-M/kX) 5007tS01ib01 
5007 IF(ISEP-l) 5009tb008.S009 
5008 ISEPa2 

GO TO 5020 
5009 NE*«NEAM 

IF(NEX-HAX) 5020.501.bOl 
501 CONTINUE 

5010 IF(INP) 506.200.606 
506 CALL EMI 
100 FORMAT(72H1 

: ) 
101 FORMAT(9I5.5X.3I5.10X.I5) 
102 FORMAT (SX^E^.'») 
103 FORMAT(82M0 TOtfSIONAL RESPONSE OF THE SYSTEM WITH GEAHS.EPICTCLIC 

1GEARS AND BRANCHES  PN408 ) 
105 F0RMAT(8X.6E12.5) 
106 FORMAT(IhO.lX.BHSTATIUhS.IX.12HBRG«EXT.CON..2X.8HHRANCHES«IX. 

19HM0.0F   FRQ.2X.8MINP   SETS.2X.8MSR   GEARS.2X.8HPL  GEARS/ 
2 I7.6X.IS.2X.5110) 

107 FORMATl/SX.lOHROTOR OATA//4X.3HSTA.IX.I2H  MOM.INERT . .3X. 
16HLENGTH.4X.10HSTIFFN.0IA.3X.8HMASS 01A.3X. 9HINNER ÜIA.2X. 
212HC0NC. COMPL./<»X3HN0.2X.9hLeS-IN»»2.7X.2HIN.10X.2hIN.10X.2HIN. 
310X.2HIN.6X. 9HRA0/IN-L6) 

108 FORMAT(I7.1X.6E12.5) 
109 F0RMAT</1H1.7X.46HEXTERNAL TORSIONAL CONSTRAINT AND DAMPING DATA// 
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1 <.X.3MSI«,2X,    >VMb1 KFNtSSt^At^HUAMHINO-    (Lß-IN-StC/WAÜ) / 
2 4,H«3MN0..1XtUr.'LB-|N/HAOI ^«»«»HTO   OWUyNu« ^* t 1 ^nT(-   Nt A I    SIA.) 

112 FORMAT (/lHl,9X.?bH'.,IN(.Le    ftDOCI ION  OEAW   DATA) 
113 FOWHAT (/<.tt JH<.lAil*»«?UHG£AW   SEI   «Aüll    (IN.I.^A. 

1 SlHCU^HIN»  1   TANOlMiAL   COMI-L I ANC£ S//9X » 1 OHf 1 »SI    (.FAW.^A 
2 tllMSCCLNL   &FAH,3*t 7M(1N/I.B) ) 

114 FOMMAT    (/ISAt:MMPLAN£lAHy   SF 1   DATA» 
lie   FORMAT (/SXi WHriWANOfS /Oä.VHFAH   t NU . S» . hHC OHHON) 
11V   FOWMti (6*,3(IbiSX» I 
120 fOPNAT    (   IhO.SA.I lnf ktOUtNCf    » .£ l<..6t-JAt 3MCPs ) 
121 F07MAT(/JHl) 
122 fuWMAT(/   HX.«»0HC0MP|jTtC   f*t SPONbK   AT   PLAntTAwr   CtAW   SITS// 

1 lO/.OMTANGEMIAL   TOOlH   f OHCt    AT   EACH   PLANfl    (LWM/ 
2 <»/. SHSTAiÖÄtlOHSUN-t'IANt I , 1 iAfllHPUO-^LANLT/ 
3 <.Xf3HK0.i5*t^HHt ALi6At9MlMA0IN*H'tSA,<.H»f AL.^iVHjMA&INMhY» 

123 FO»MAT(V*.<>MAMPLnul)£.U.13HMfiAtjE-AN0.Dt6tlA,^HAMF'LI lUUt »iAt 
1 13MHMASE-ANG.0EG. lAt^HAMPLITuUE t lA.UH-'HAL^ -A^^G.i)^G) 

12*   FORMAT (/8X.3<>MCOMPOTfcl)   ktSPONSt   AT   SIMPLC   G£A"t   SET/ 
1/   '.Xt3HST»,2A,2ahTA^G£NTlA!-    lOOTufORCF.    (LBS)/      9A , VMAMHL I TUL ■ . 
2 IX   t13M^MASfc-AN6»0EG> 

125 FOPMAT(/   aXf^OHCOMPUT^D   KtSPOSSE   AT   PLANE I Apt   &fAH   SETS// 
1 10X,43HTAN0ENI1AL   IOOTM   fOPCE   AT   EAC*   PL»M 1    (IBS»/ 
2 <»X,   3hSTA.öX.10HSON-PLANET.S3A»llHklNG-PLAKtI /   ^AiJHNO.t2X, 
3 9MAMPLliUOE.l*tl3PPHASE-ANG.üKGtlX.4HAMPUTüOE.lX. 
'«   13HPHAse-ANGfO£0) 

126 FORMAT (/  4X.3HSIAtHAt I'yHANGljI.AP   0ISP.(PAÜ.i      ibAt   öhIUHÜuE-1 • 2Xi 
1   8H( IM-LB'j) .bX.   BHrOP'JUE-2t?XiöH(lN-LbS) ) 

127 FORMAT (/«(A.3HSTAf*At«>MNO.   OK , BA,3»4S0N,/XtfrHPLANt i / 
14X,3MNO..3X,7HPLANETSt«.X,10HHAOIUS(lN) ,?XflÜHPfiDIUS(IN)) 

12d   FORMAT (/*Xt3HSTAt2XflüHl*EIüHT ((.B) ♦'»Xt^T'iPOLAP   MASS   MOMENTS   OF    INEW 
IT I A    <LBS-IN«#2)/   4At3MN0,»'«Xf6MPLANET.eA.3HSUN.7Ai6nPI.ANEI WA, 
2<»HRINGt7Ai7HCAWRIE><) 

129 F0RMAT(/^A.3HSTAf6At26hC0MPLIANCE-  LINEAP(IN./Ld).16A . 
1 15HC0M-ANG(WAD/LB)/   HA,3HNO.♦2X. lOhSUN-PLANtTf2Ä«1lH^LANET-«ING» 
2 1X.1OHPLAN.-CAR. »14X.11 MR 1NO-GROUND) 

130 FOWMAT   (ISi3E12.'«.12XtE12.4) 
131 FORMAT(I7.1Xt3E12.4.12A,E12.4) 
132 FORMAT(/SX.13HBPANCi   OPTION.Tb? 
135   FORMAT (/«»A. 10HSHEAH   MOD. ,2X . 1 IHtaT .   DEN5ITY/9X.   4HLWS/IN«''2   »3A. 

1 9HL8S/IN*»3/8X,2E12.b) 
1J6   FORMAT (/SAOSHAODEO   EXCITATION   TREATED   SEPARATELY) 
180 FORMAT    (/8A.36hC0MPüTtD   RESPONSE   AT   SIMPLE   GEAR   SET/ 

l/4X.3HSTA.2Xf28HTANGENTlAL   TOOTM  FORCE   (LBS)/12X.'♦HMEALtOX. 
2 9HIMAGINAf"n 

181 FORMAT(12H0OIAGNOSTIC'J/5A.53hFlRST   PASS-   UNIT   AMPLlTUüE    AT   SHATION 
1    1-NO   EXCITATION) 

182 FORMAT(12H0DIAGN0STICS/5A.57MSECOND  PASS"   ZERO   AMPLlTUüE   AT   STATIC 
IN   1-   WITH   EXCITATION) 

183 FORMAT<42H0OUTPüT-   COMPUTED   RESPONSE   AT   ALL   STATIONS/ 
110X.63H(T0HQUE-1-   GOING   INTO   STATION,   T0RÜUE-2-   COMING   OUT   OP   STAT 
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^lON)) 
\HU   f OHM AT (rt.*thMT( .i^t.l,6XteHlFl>Pk^l6X,bHTFS>,Elib<»feMlFSHt<,tVA.3HÜlH. 

iyx.3H01f) 
18%   r OHM AT (rt*   fcMTrHWHl.tX.hHTf ^HH^,6XtfeHT.'>wt ltbX«6HTf PHe^» 
1VO   FOHMAT    (IS.ht l^.^.iJ» 
m iOHMAT( ibHOSIft'ION NO. INCOHHtCT OH OUT OF OHOtH) 
iVi; FC'HMAT( 37HOSTATIÜN NO. f 0* ütAM f MHOW |NCUHH£Cl) 
IS*.   FOHMATtl^l . »^«.'«fcMSINOLf    HEOUCIIÜN   ÜLAH-   UNtAH   lUCllATlON    (IN.)/ 

l4Jlt JHbTAt^AtVH» keUOFNCY.bXtWHHt ALt6A«^MlMAClNAHYI 
IV5   FOHMAT ( IM t l<tXia<<HPLAMt TAkr   OtAH-   LINCAH   tACITAIlON    (IN.)/ 

J*Xt3MSl A,^A,*HFHtOUEN( »tVAt   HMSUN   JIAH.17A.   '/MHING   OtAH/ 
^^4X♦'«Mk^ AL.ftA.4hIhA0lN»HYtiA.^HMt '•■.. t6^    ^MIHAOI NAHY I 

700 FQHMAT (/<.K, JHSTA.Uti'^hAMO.   DIbp.-KLAMn    CtNltHtU. 
1   2?MTüT.    tOHUUt   SON-PLAN.'.T.ax.iDMTOT    TOHOUk   fLAN-CAKHJEH) 

701 FORMAT (   «X« jHNÜ.fbAt<«HHE AL«6X«VhIMAGINAHYfbX.<«HHt ALt6A.VMiMA01NAHV 
lbXt*HHtAL.bAt<>Plf«AOlNAHr    / 1 / . . A , of 1.  . ".) 

70^   fOHMAT(/   <»A,3HSTA,<;X,<f<;HANO.   L'1 S^ .-PL*Nt 1   HüUY.i'A, 
1   P3HTOT.    TOHüUt   f-LANF.I-HINÜt^Xt2?MY0T.    TOHOut   GMNO.-HINOJ 

END 

Subroutine  PLNST 

l.öMbOJ tLtCCi?) .HSUJ fHI«(<;) .PH-'««;) tPMS(c) fKN(Z)*SS(£l *SW(i:<*SKf< 
2 ST(2)tLBH(20),LbS(20).CCOM(200)fAXYl.AXY2tBA»l»yXY^.TLK(200)t 
3 TLE(200)tTHH(20üi.THt(200)tTHk(200).TRE(200).THHUi;ÜU) 

COMMON   A(7t 7),B(7t2) .LS(2C)tRP(20)tHG(20)«50(20)»TRw2(^00)t 
1 THE1(200)vTHE 1(200).TLE1 (200).TRE2(200)»TTFH(20). TTFE(20)i 
2 PSP(2).THW1(200).TLHl(200).TMk2(200).TLH2(200).THE2(200). 
3 TLE2(200).HL(200).PCP(2).PHP(^)       »OMP(50) 
COMMON IT. K4,L4,MDIAG.FH02.ANCR.ANGE.TÜH.TQE .J.NS .Ml .NW.NK.NPLG 
COMMON  M.K2.K3.K9.L1.L2.L3.L^.LG(10).IBHAN 
C1=HS(K'.)*H«(K4) 0013 
C2=C1*RW(M) 001* 
FLNL=PN(hA) 001b 
A(1«1)=RM(K<.) 0016 
A(1.2)=0. 0017 
Ad.3)= FHCI2«PIP(N'») 0018 
A(1.4)=0. 0019 
A(1.5)=0. 0020 
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»(1«6)«0. 
A«l«7)>0. 
*<?.1)>1.0 
*(2t2)«-l.O 
A(2,3)-0. 

A(2«S>«0. 
A(2<6»0. 
A(?t7)>0. 
*(3il>*0. 
A(3.2>«C1 
A(3«3)a0. 
AO*4»|*0, 
A(3tSl*-1.0 
A(3t6>«0. 
A<3»7)»-FH02,PCPt»*.) 
A(4»f 1I>C2 
«•(fc«2l'0. 
AUf3)aO. 
AI4«M«0. 
A(4tb)'0. 
A(<..b»»FH02#P»P(R<»l#S' (K4.)-l,0 
AI4«7l«0. 
AiStl)«0. 
A(5f2>'StitK4| 
A(5.3|»0. 
A(5t4)>Cl 
A(5.5)«0, 
A(S<6>«0, 
A(5.7)»-(FLNL)«C1 
A(6«n>0. 
A(6t2)«0. 
A(6«3)<-RM(K<») 
A(6.4)=-C1 
A(6vSl>0. 
A(6t6)s0. 
A(6«7)s0. 
A<7.1)=Sfi<K4) 
A<7.2)=D. 
A(7f3)« R«((K4) 
A<7.4) =-Cl 
A(7«5)=0. 
A(7»6)sFLNL»C2»Sl(K4) 
A(7t7)=0. 
C3 =PSP(K'.)*FRQ2 
FSR=(TLH(J)-C3»THR(J)>/RS(K4) 
Fsl=(TLE(J)-C3»THt(J))/RS(K4) 
8(ltl)=RW(K4)»FSR 
B(lf2)=Rta(K4)*FSI 
B(2tn=-FSK 

0021 
0022 
0023 
002« 
002b 
0026 
00i7 
0026 
0029 
0030 
0031 
0032 
0033 
003« 
003b 
0036 
0037 
003S 
0039 
00*0 
00*1 
0042 
00*3 
00** 
00*b 
00*6 
00*7 
00*6 
00*9 
00*0 
00S1 
O0S2 
00S3 
00b* 
OCbS 
00b6 
0057 
oose 
00b9 
0060 
0061 
0062 
0063 
006* 
006b 
0066 
0067 
0068 
0069 
0070 
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B(^.^)o-^sl 
ÜOtD'O. 
B(3t2>«0. 
U(<t»l>"0. 

•.-.o Eei«o. 
EE2>0. 
EE3«0. 
EE**0. 
GO   To  '•'•«' 

«•«O  EE1   «AXTl^flNL 
EE?«BKY»»fLNL 
EE3«A»y2«FLNL 
EE* aPXV2«FLNL 

<♦'♦? B(h.l l»-t'S<H'.l»FLM»T«H(J)»Etl-Sb(R*l-f SK 
ti(6«2)>-(«S(K4>)*FLNLaTHE<J)*EE2-S&(K-)«rsi 
H(7tj) »EEa 
B(7»2) ■££* 
CALL MATIN (At7fB«2tCr««100) 
TOR«B(S il 
EfcR"B(6*n 
ANGR>B(7f1) 
T0E«B(5*2) 
EE1*B(6*2) 
ANbE>B(7t?> 
TfPRR(Ml»K4)aBtl«l(/rLr«L 
TrPRE(MltiU)aBnt2)/FLM. 
TTPtR(Hl,R<.l»Cl«BC2tl» 
TTPCEIMl*K4>)>Cl*B(2f2> 

C TTPCH« TOTAL TOftOUEt PLANET-CAHRIERt REAL 
C TTPCE> TOTAL TOHOUEt PLANET-CAHRIEH. IHAGINART 

TPR(MltK4i)«B(3*n /FLNL 
TPEIMl«K4)aB«3t2) /fLNL 
TBR(HltK<i)>e<««l) /FLNL 
TBE(Ml«K<0«BUtc) /FLNL 
TTGRR(M1«K<>)>EF.R 
TT6RE(MltK4>»Eei 
TFSPR<MltK4l>FSR/FLNL 
TFSPE(MltK*»«FSI/FLNL 
C3«RS(X*l»FStJ 
C<»PS(K<»)*rSI 

C6»C2«B(1.2> 
C TEST DIAGNOSTIC 

IFfMDIAGI 6C0t60e*60B 
600 IF<K4-1) 621t620«621 

0071 
0072 
0073 
0074 
0075 
0076 
0077 
007* 
007«» 
00B0 
0001 
00B2 
0003 
0084 
JObb 

003« 
0089 
0090 
C091 
0092 

009« 
009b 
0096 
0097 
0098 
0099 
0101 
U102 
010b 
0106 
010T 
3108 
0109 
0)10 
0113 
üll«. 
0117 
PUB 
0121 
0122 
0126 
0127 
0129 
0130 
0*31 
0132 
UMb 
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620 <IRlTE(Ntt«703) 0136 
621 MUITE!NW«70U) 0137 

WRlTE(N*«7ül)L4«TdR(Ml«M»)<TBE:(MltK4)tC3t(>tTTPCK(MlfK<t)< 0138 
1   TTPCE(WltK4) 0139 
MRIT£(NMf702) OlfO 
WHITE(Nw«701>L4.TPM(MlfK4)t1PE(HltK4)«C5»C6tTTGKR(Ml*K<»>» OUl 

1   TTGBE(M1,K4) 0142 
608  K4sK<**l 0143 

IF(K4-NPLG) j32»332t333 0144 
332 L4=LEC(K4) 0145 

WETUHN 0146 
333 L4=NS*£ 0147 

RETURN 0148 
700 F0NMAT(/4X«3HSTA«lX*24hANC. OISP.-PLANET CENTEP*lXt 0149 

1 22HT0T. TORQUE SUN-PLANETt2X»23HT0T TORQUE PLAN-cARRIEK) OlbO 
701 FORMATI 4X<JHNO.t5Xt4HREALt6X»9HlNA6INARY*5Xt4HREAL«6Ai9HlHAGlNARV    0151 

15X«4HREAL«6X,9HIHAGINARY / 17«IXt6E12.5> 0152 
702 FORMAT!/ 4X«3HSTA«2X«22HANG. OISP.-PLANET BO0Y.2X. 0153 

1 23HT0T. TORQUE PLANET-RIN6.2Xt22HT0T. TORQUE GHNO.-HING) 0154 
703 FORMAT</l5X»            66HALL TORQUES GIVEN IN INCh-LB. AND ANGuL    0155 

1AR DISPLACEMENTS IN RADIANS) 0156 
705 FORMAT(12X,4HHEAL.6X,9hIMAGINARY.SX,4HREAL.6A,9HlMAGINARYf5X» 0157 

l4HREAL.6X.9HIMAGIr:ARY) 0158 
END 0159 

Subroutine MATIN 

C 
C 
C 

C 
C 
C 

C 
C 

SUBROUTINE MAT IN(A«Nl.B«Ml«DETER.10) 
DIMENSION A(7.7)«b(7.2)*INDEX(7«3> 

GENERAL FORM OF DIMENSION STATEMENT 

EQUIVALENCE (IROto.jRO*). (ICOLU «JCOLU )« (AMAX* T* SWAP) 

INITIALIZATION 

M=M1 
N=N1 

10 DETER =1.0 
15 DO 20 J=1«N 
20 IND£X(J.3) = 0 
30 DO 550 1 = 1.N 

SEARCH FOR PIVOT ELEMENT 

0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0013 
0014 
0015 
0016 
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*0 
45 

60 

80 
85 
yo 

100 
105 

260 
270 

C 
C 
C 

130 
140 
ISO 
160 
170 
200 

210 
220 
230 
250 

C 
C 
C 

C 
C 
C 

AMAX=O.Ü 
DO 105 J=1.N , 
IF(IN0tX(J.3)' 
00   100 K=ltN 
IF(IN0EX(K,3)- 

AMAX 

1) 60* 105» 60 

IF ( 
I»OW=J 
ICOLU =K 
AMAX=ABS (A(J,K)) 
CONTINUE 
CONTINUE 
INDEXdCCLu »31 = 
INDEX(I»l)=IHOw 
INOEX(I.2)=ICOLU 

1) 80« 100» 715 
-ABS (A(o«K))> 85- 100« 100 

INDEXdCüLU «3» ♦! 

INTERCHANGE HOWS TO PUT PIVOT ELEMENT ON DIAGONAL 

IF (IROM-ICÜLU ) 140« 310« 140 
DETER =-0ETCW 
DO 200 L=1«N 
SWAP-A(If<Ow«L) 
A<IROW«L)-A(ICOLU «D 
ACICOLU «D^SWAP 
ir(M) 310« 310« 210 
DO 250 L=l« M 
SWAP=e(I«Ow.L) 
ä(IPOW«L)=U(ICOLO «D 
H(ICOLU «L)=SWAP 

DIVIDE PIVOT PO« BY PIVOT ELEMENT 

310 PIVOT   =A(ICOLU «ICOLU ) 
DETE« =0ET£K »PIVOT 

330 AdCOLU «ICOLU )»1.0 
340 DO 350 L=1.N 
350 AdCOLU «L)»AdCOLU «D/PIVOT 
355 IF(M» 380« 380. 360 
360 DO 370 L*1.M 
370 BdCOLU .L)=9dC0LU «D/PJVOT 

«EDUCE NON-PIVÜT «OWS 

380 DO 550 L1=1«N 
3^0 IF(L1-IC0LU ) 400« 550« 400 
400 T=AJL1«IC0LU ) 
420 A(L1.ICOLU )=0.0 

IF(T)430«550«430 
430 DO 450 L=1«N 
4S0 A(L1«L)=A(L1«L>-A(1C0LU *L)*T 

0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0026 
0027 
0028 
0029 
0030 
0031 
0032 
0033 
0034 
0035 
0036 
0037 
0038 
0039 
0040 
0041 
0042 
0043 
0U44 
0045 
0046 
0047 
0048 
0049 
0050 
0051 
0052 
0053 
0054 
0055 
0056 
0057 
0058 
0059 
0060 
0061 
0062 
0063 
0064 
0065 
0066 
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<»55 IF(M) 550» 550. 460 0067 
460 DO 500 L*1.M 0068 
500 B(Ll»L)3b<Ll.LJ-B(lCOLU »L)«T «»06» 
550 CONTINUE 0070 

C 0071 
C     INTERCHANGE COLUMNS 0072 
C 0073 

600 DO 710 I«1»N 007* 
610 L«N*1-I 0075 
620 IF (INOEX(L.l)-INOEX(L.2)) 630. 710. 630 0076 
630 JROW>INOEX(L.l) 0077 
640 JCOLU »INDEX(L.2) 0078 
650 DO 705 K«1.N 0079 
660 S*AP»A(K.JR0W> 0080 
670 A(K.JROW)sA(lt«JCOLU ) 0081 
700 A(K.JCOLU )*SWAP 0082 
705 CONTINUE 0083 
710 CONTINUE 0084 

DO 730 K s l.N 0085 
IF(INDEX<K,3) -1> 715.720.715 0086 

720 CONTINUE 0089 
730 CONTINUE 0090 

ID»1 0091 
740 RETURN 0092 
715 ID »2 00*»7 

WRITE<6.760) 
760 FORMAT (5X.18HMATRIX IS SINGULAR» 

60 TO 740 0088 
END 00" 
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Subroutine  BLOOP 

SUHKOUTINE   rtLOOPCLf e.LCC.LHC.U.KLtLF.Na«fLII.KLT.Lf T» 

1«   KT<i(2)f<(TV(2) tMLIT (2) «MKLl «21 tMLf T (21 
DIMENSION  LFE(20)tLOC<20)«LMC(20l«TC(2)«OCC2t•TCT(2)»0Cf(2>*TC/(2i 

1«0C/(2><IM2(2ItOH/(2t «IMI(2)«lbC2(2)tOM(2>*TilM<2ltIF(2)*OMll2lt 
2TCTH(2)iCCTH(2l«1EMf>l(2).TEMP2(2)<Of (2) 

COMMON   TbM(2>2) tlHE(2»2 )•)(>»< (2«2>tTPEI2t2>* TFSPW (2,2). TFSPE(2t2>* 
1 TrPNR(2t2><TFPRE(2*21tTTPCH(2«2i•tTPCEI2t2)tTTCMH(2t2) • TT6NE<2*2I 

COMMON  RIPI200l»OST«2UOI*l>MS(200)»01NI200>*BCH(bO>tLB(^OI«OOT(200* 
|.R*(S0>«LECI2)>RS(2I fa (21 «PIP C2) tPMS(2> •»>N(2> «SS(2l •SM(2I tSM(2) t 
2 STl2«»LHM(20)<Lbbl20)tCCOM(200»fAkYItA«V2tB«Tlt^«¥21TLM1200*t 
3 TLE(200ltlHR(200lilHfc(200l»THW(200ltTRe(';00»«THHM200) 

COMMON  A(7«7l«(j(7«2»«(.S(20ltMP(20ttf<G(20)«SG(20ltTRH2(200l« 
1 TPEI(200»trMei(200l*ILEI(200)t1ME2(200»«TTFM(20)*nFL(20)« 
2 Ps*,l2l «IMHI (200) t1LMl(200>* TMt<2 (2001 •TLH2(200)«THe2 (2001 • 
3 TLE2(200».PL(200ltPC»'(2I.PHP(2»      .OMP(«>0» 
COMMON lit K«.L«tM0i*OtFHli2*«NORt*N0E*T0P<TUe tJtNs «Ml•NM^NM.NPLG 
COMMON  «l.n/.» J.«-i.l I .Lf'.L I.L-v.LO • 1UI . IHW4N 

iF(Ll-ll<«l«2 
1 II»! 

IO«0 
|F((.MC(RLM 5««*« 

S in.i 
LMC(RLl«-LMC(«<Lt 
00 TO * 

2 IF(U-*> <»«3>9 
3 II*2 
« LTKNMLl 

LT2IM»>C2 
LT3I||)«L3 
LT*<III«i* 
LT9(||I*L9 
KTtdliMl 
RTZdllHZ 
RVKIIIMJ 
KT«IIllaft* 
t T9(I|»»»V 
MLlfdlMLlT 
•«Lt(III«"Ll 
HtFf (UMLFT 

9   GO   TO   (IO«20>)0««U*%0«60l70>7n.Ll 
10   00   II    ll«t«2 

TC(lll«0.0 
ocdii'O.o 
TCT(M*«0.0 
OC'Id'O.O 
TCimtaO.O 
oczdii>«*o 
TM/(Mi>0.0 
OM/(||I«0.0 
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TM1(II)sO.O 
OM1(II)«0.0 
TBCZ(II)=U.O 

n OM(in=o.o 
TBHdDsO.Ü 
if (in«o.o 
TCTH(n>=0.0 
ocTH(n)«o.o 
or(ii)=o.o 
TC(l)=TUR 
TC(a)*TuE 
OC(l»=ANGR 
OC(2)=AN0E 
ANGR«Q«0 
ANGE«0.0 
TQRSO.O 
TQE=0.0 
LF=LOC<KL) 
60  TO   iO 

20   TCZ(1)=TQR 
TCZ(2)=T0t 
0CZ(1)=ANGR 
0CZ(2>sANGE 
ANGRal. 
AN6E«0. 
TORaO. 
TOE»0. 
GO   TO  y? 

30 TCTH(1)=T0H 
TCTH<2)=T0£ 
0CTH(1>=ANGP 
0CTH(2>34NGE 
inLMC(KL))   31t35.31 

31 AN6R«0.0 
ANGE-0.0 
TQRsl.O 
TQE=0.0 
GO   TO   9 7 

35   TF(l)«0,0 
TF(2)=0.0 
GO   TO  '♦S 

"O   IF(LHC(KL))   400«55.40U 
OOO   TCT(1)=TC1R 

TCT(2)«TQE 
OCT(l)=AN0rt 
0CT(2)sANGE 
OF(1)=0.0 
OF(2)»0.0 

41   CALL   CSUfa(ÜCTH,0C2»TEMPl) 
CALL   CMPy(T£MPl,OF.TEMPI» 

196 



CALL CSUb(ÜC.0C2»T£>^) 
CALL CSUbCTEMP^tTLMHl.TEMHl) 
CALL CSUb(OCTfOCZ»T£M^a) 
CALL CDIV(TEMP1,TEHP2.U) 
IK(LI-6)   i*2,^,^2 

*2   CALL   CSUbdCTH^TCZtTEMfl) 
CALL   CMPV(TEMP1,OF.TEMPI) 
CALL   CSub(TCT.TCZ.TEMP2) 
CALL CMPY(Tr.TEMP2.TErtP2) 
CALL CACI0(ttMPl,T£MP2.TEMPI) 
CALL CA00(TEMP1,TC2»THC7) 
CALL CAOU(TbCZ.TC.TEMPI) 
ANGW=OC(l) 
ANGE=OC(2) 
LF=LMC(KL) 
TO«=TEMPl(1) 
TQE=TEMP1(2) 
GO TO (V0.90.Vü.80.9ö.>»7,9ü).LI 

4A ANGR=OF(1) 
ANGE=OF(2) 
TOR=TF(l) 
TOE=TF(2) 
J=LFt(KL) 
LF=LÜC(KL) 
J1=LF 
J2=LMC(KL) 
11 = 1 
GO TO 99 

<♦& CALL CSUb(OCTH,OCZ.TEMPI) 
CALL CSüb<OC.OC2.TEMP2) 
CALL CDIV(T£MP2,TEMPI,ÜF) 
ANGPxOF(1) 
ANGE=OF(2) 
TUP=TF(1) 
T0E=TF(2) 
GO TO 97 

50 TMZ(1)=T(*H 
TMZ(2)=T(;E 
OM7(l)=ANGK 
0MZ(2)=AN6t 
0F(l)=i.0 
OF(2)=0.0 
60 TO 41 

b5 CALL CSUb(TCTM,TCZ,TEMPI) 
CALL CMPY(TEMPI,OF.TEMPI) 
CALL CA00(TEMPl,TC2.Tt)*) 
CALL CA0D(TC,TdM,TEMP2) 
TQR=TEMP2(1) 
TQE=TEMP2(2) 
GO TO 71 
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60   TM1(1)=T0« 
TM1(2)«TCE 
OHKD'MNGR 

0M1(2)>AKGE 
TEMPl(l)sl.0-OMl(l) 
TEMP1(2)»0M1(2) 
CALL  CAOO(TEMP1,OMZ,TEMPI) 
CALL  COmOMZ.TEMPltOF) 
GO TO 41 

70   TEMPI(l)«TOR 
TEMPI(2)«T0E 
CALL  CAOO(TEMPl«TCtTEMPl) 
T0R«TEMP1(1) 
T0E«TEMP1<2» 
Go TO SS 

Tl   KL»KL»1 
IF(XL-NBR)   72.72»73 

72 Lr»LrE(KL> 
LI>1 
GO  TO  74 

73 LF>NS*2 
LI>0 

7*   IF(IO)   75.92t75 
75 J3>KL-1 

IF(LMC(J3))   77t76t77 
76 J2»LOC(J3) 

GO   TO  78 
77 J2>LMC(J3) 
7«   J1«LFE(J3» 

LMC(s>3)—LMCIJ3> 
00   79   10'JitJZ 

79   «RITE(Ntitl08l   10« THP (1011 THE (10) t TLRdOl • TLE (10) «TRR« 10) «THE 1101 
GO TO 91 

SO   J1«LFE(RL) 
J2>L0C(KL) 
00   TO  990 

SS   LF>LMC(KL> 
GO  TO 80 

90 LI>LI*1 
IF(IO>   91*92t9| 

91 MdlTClNMtlOO) 
«QITE(N«*101)    (TCdll.OCdll .ICt (IIItOCMinttC/dl) tOC/UM. 

lllalttl 
WRITE(Natl02) 
• BITE «Nt«. 101» ITM2(I!)«OM2(II)tTM|(ll).ON||||)«TBCZ(in*OM(il*t 

lll>lf2l 
MUTCIMtlOJI 
riRITECNMtlOIXTeHllit t1F(II)tTClHII|).0CTMIin*Of Iintlla|t2> 

92 RETURN 
97   J«LFE<KLI 
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J2*L0C<KL) 
Jl«J 
Lr»J2 
11=1 
GO   TO   99 

98 J2«LMC(KL» 
J«LOC(KL) 
J1«J 
Lr«J2 
II»2 

99 Ll'LTl (II) 
L2«LT2(II> 
L3«LT3(II) 
L««LT«(II) 
L9>LT9(ill 
KlaKTMII) 
K2sKT2(III 
K3«KT3(II) 
K<>BKT4(II I 
K9«KT9(|II 
LIT»MLIT(II) 
KLT-MKLTdn 
LFT-MLFTUI) 

990 IF(TO)   90*90t942 
992   MRlTC(r««il26) 

miTE<N«*701i 
DO  991    IO>JltJ2 

991 «HITE(N*tl0a»   IO«lHR(IO)»THe(IO>fTLft(IO>tTLe(IO>fTmt(IOt*THC<IOI 
60   TO   90 

108  FO0MAT(I7tl«t6C12.S) 
126  FORMAT (/   <t«.3MST «.<.«# I VHANOOLAK   OISP.tRAO.)     tSX«   SMTOHOUC-I t2«t 

1   0H(IM»LBS)t6X«   MHT0MOOC-2t2«»8H(tN-CBSII 
701   FORMAT (   4«t3HN0.tS«t«HMEALt6X*9HlMACINAl(rtS«t«H«CAL*6A»9MlMA«»INAI)T 

lS«t*H0EALt6Xt9MlllAGlNAI>Y   / I 7 • 1« «»E 12.5 » 
100 FORMAT (/l*««3Hr-C«9«t3NO-C«7Xtb*«T-C*T«3«t9MTNeTA«CtTt*Xt 

I   SHT-C*Ot3Jlt9HTHCl**C«0) 
101 FORMAT(SI.6ei2.S) 
102 FORMAT(/12«*SHr-M«UtiAt9MTHeTA-M«0t9ltSNT-Mtlt3«t9HTNeTA-Htlt 

19Kt3HTBCtSat7MTHeiA-M) 
103 FOflMAT(/l«at3HfBM.9i.iHW.3«*9MT-C«THeTA(|«tllMTMCIA-CtlH.t 

ISÄ.TNTHfTA-F) 
ENO 
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Subrouttn«  CfltV 

SUBftOUTltaC  COIV<A.H«CI 
OINCNSION  A(2)tB<2)*C(2l 
IF(B(?n    10.S.I0 

s ircBüi»   i,b,r 
6 MR|TE(«tl01l 

GO TO  14 
7 C7>«I|I/0I|» 

C0«*(2)/e(|l 
GO  TO   lb 

10 iriHIlll    12.11*12 
11 C7a«:2>/B«2t 

CS*  -•<1I/M(2I 
GO  TO  IS 

11 CS*Bl2i/e(l> 
C6*BI|I*B(2I*CS 
C7       ■mit*CS**(2l)/C6 
CB     •«•<2»-*U»»CSI/C» 
GO  TO   IS 

I* «B|TCl6*|00>    («ll* ••(i>*l>l*2> .C7. >CB 
IS CU»   "C7 

C(|I*CI 
■CTum 

100 FOIfM«T<St*lSHOI*GMUkllC-COI«/ftCl3. .91 
101 rOHM«Tl^i./2*MCOM>LCJ>   OlvlSIOM 

1*0 
8T U«OI 
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Subroutine CDIV2 

SUBROUTINE CDIV2<A,B.C.K.M> 
DIMENSION A<2.2).B(2.2>.C(2)«TK<2> 
7K (1)=A f 2»K) 
TK(2 > =B(2 »K) 
IFIM-5) 10.5.10 

S WRITE(6.100) TK(1),TK(2).C(1).C(2) 
10 CALL CDIV(TK.C.TK) 

A(2.K)=TK(1) 
B(2.K)=TK(2) 
IF(M-5) 20.15.20 

15 MR ITE(6.101) TK(1).TK(2) 
20 RETURN 
100 FORMAT(/l^*.3HPFR.9X.3hPFE.7X.jHBRATR.7X.5HBRATE/5X,4E12.5) 
101 FORMAT(/I OX.7HRATI0-R.5X.7HRATI0-E/5X.2E12.5) 

ENO 

Function PANGF 

FUNCTION PANGF<A.B) 
IF (A) 3 0 . 5 0 . 3 0 

30 IF (B) 3 1 . 6 0 . 3 1 
31 THET = ATAN<B/A>«57.29577951 

PANGF = THET 
IF (A) 32.32.35 

32 PANGF = THET • 160.0 
33 RETURN 
35 IF (B) 36.33.33 
36 PANGF = THET • 360.0 

GO TO 33 
50 IF (B) 51.52.53 
51 PANGF = 270.0 

GO TO 33 
52 PANGF =0.0 

GO TO 33 
53 PANGF = 90.0 

GO TO 33 
60 IF (A) 61.52.52 
61 PANGF = 180.0 

GO TO 33 
END 
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* 

F u n c t i o n AMPF 

FUNCTION AMPF(*»B) 
C=B/A 
AMPF = A B S ( A ) * S Q R T ( 1 . 0 * C » C ) 
END 

S u b r o u t i n e CADD 

SUBROUTINE CADD(A»B»C> 
DIMENSION A(2>tB(2).C<2> 
C ( 1 ) = A < 1 ) • B ( l ) 
C ( 2 ) = A ( 2 ) * 6 ( 2 ) 
RETURN 
END 

S u b r o u t i n e CSUB 

SUBROUTINE CSUB(A»B»C> 
DIMENSION A(2).B(2)»C<2> 
C <1> *A < 1 ) - B ( 1 ) 
C ( 2 ) = A ( 2 ) - B ( 2 ) 
RETURN 
END 

S u b r o u t i n e CMPY 

SUBROUTINE CMPY(AtBtC) 
DIMENSION A ( 2 ) , B ( 2 ) . C ( 2 ) 
C 1 * A C 1 ) » B < 1 ) - A < 2 ) * B < 2 > 
C 2 « A ( 1 ) » B ( 2 ) * A ( 2 ) » B ( 1 ) 
C ( 1 ) = C 1 
C ( 2 ) = C 2 
RETURN 
END 
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APPENDIX V 

NOISE LEVEL CALCULATIONS 

INTRODUCTION 

The noise in Che Immediate environment of an enclosed gear system 
originates In the dynamic  forces which act on the Internal components. 
The actual mechanism connecting these forces and the noise Is very com- 
plex.    It  Includes the transmission of the forces through the rotating 
elements,   through the bearings,  and  Into the casing which encloses the 
system.     In the course of  this transmission,  the  forces are  subject  to 
amplification or attenuation,  according to the  dynamic  response of the 
components along which they travel.     The casing Itself responds to the 
forces applied at different  points  by vibrating In many modes,  each 
different  In amplitude and  phase relationship.     The means of support of 
the casing acts to modify this  response.    Sound waves  radiated by each 
vibrating  portion of the casing reinforce and Interfere with each other, 
according to their phase relationship and wave lengths and the geometry 
of the casing.    Noise  levels  In the  Immediate environment  of the gearbox 
are  directly influenced by all these variables. 

The sheer complexity of these many mechanical and acoustical effects 
prohibits at this time a complete and detailed analysis relating no:'se 
levels around an actual gearbox to the vibration forces developed Inside 
the box.     Therefore,  an analysis  useful for predicting noise  levels must, 
of necessity, employ empirical elements.    The analysis contained in 
Reference  1, which forms  the basis  for the computer  program reported herein, 
is  of this  semiempirlcdl character.     The empiricism results  from one under- 
lying assumption,  the validity of which Is  substantiated by the effectiveness 
of the analysis in predicting results  later obtained by measurement, as 
demonstrated in the referenced report.    In one such case,  an analysis 
using the  same assumption has also been shown to  ^ive confirmed results 
when applied to a marine gear application (Reference 4). 

DESCRIPTION OF COMPUTER PROGi<AM 

Calculation of Sound Pressure Level at Each Excitation Frequency 

At each of a total of Nj values of the excitation frequency, "f", the 
following is calculated: \V.- 

Nj 
K.     =    (4,94 x 10")     (»Bf)       r        (r  .e.F.) 
X j-1 Cj  j  J 

/r2 (22) 

x 
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In this equation, 

a = energy conversion factor 

ß » gear houaing geometry and environment   factor 

f = excitation frequency (Hz) 

N. = number of equal-frequency sets of excitation and force data 

n = number of excitations at frequency f 

e = gear pitch-line excitation amplitude   (microlnches) 

F = dynamic response  force amplitude   (lb) 

r = radial distance  to center of sound radiation surface  (ft) 

Excitation frequencies and corresponding calculated values of KL are 
stored as intermediate values.    Then,  for each value of KL,  the sound 
pressure level is calculated using the  following equation: 

L = 4.343  loggl^ (db) (23) 

Calculation of Sound Pressure Level by Third-Octave Band Widths 

The third-octave band width calculations are performed in two steps as 
follows: 

1. For  third-octave   mid band frequency fn  (Hz),the ratio shown in 
the  following equation is calculated: 

(f>k 
P = f  (24) 

n 

where  (f)if is the excitation frequency.     For each value of fn, 
there will be as many ratios as excitation frequencies for which 
a value of KL has been calculated. 

2. For each ratio p,   the filter attenuation factor  (FAF)  is cal- 
culated by   subroutine TBFAF. whose arguments are p,   (f)^,   fn, 
and FAF. 

Here,   the quantities   (f)^ and fn are provided since different 
filter characteristics may be used for different frequency 
ranges.    This more general option was not employed in the 
present work.    The filter attenuation factor is calculated 
using the following assumptions: 
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I 
(a) For p > 2 or < .5, FAF is equal to zero. 

(b) For P < 1, the reciprocal of p  is found before application 
of the  following equations, since the values of FAF are 
symmetrical on either side of p «  1. 

Equations Used for Calculation of the Filter Attenuation Factor 

The va.ue of N may be calculated by the following expression: 

loge(p) 1   /.693 (25) 

Using the calculated value of N,   the value of AJJ may be determined: 

Values of N 

N -   I loge(p) 1 

N 

N < .125 0.0 
.125    < N < .1666667 72N-9 
.1666667 < N < .25 120N-17 
.25     < N < .5 68N-4 
.5      < N< .75 50N-5 
.75     < N < 1 30Hf20 

(26) 

When A    has been calculated, 

V10 
FAF - 1/(10 ) (27) 

For each band midpoint  frequency,   the following calculation may then be 
made: 

L = 4.343 log 0e (28) ^Vj^jl 
Calculation of Sound Pressure Level by Full-Octave Band Widths 

The full-octave band width calculations are performed in two steps as 
follows: 

1. For each full octave mid band frequency f^ (Hz), the ratio shown 
in the following equation is calculated: 

(f)k 
P* -p— (29) 

n 

where (f). » excitation frequency (Hz). 

For each value of k^ there will be as many ratios as excitation 
frequencies for which a value of K^ has been calculated. 
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2.    For each ratio the  filter actenuatlon factor (PAF*)   Is calculated 
by  subroutine TBLL. whose argments are c',  (f)^,  f,n.   •"<)  PAP*. 

The quantities  (f)k and f& are again provided since different 
filter characteristics may apply over different  frequency rentes. 
This option was not used in the present work. 

The filter attenuation factor is calculated using the  following 
assia^)tlon; 

(a) For o* > 4 or < .23, FAF*  is equal to zero. 

(b) For o* < 1« the reciprocal of p*   is found before application 
of the  following equations,  since  ehe values of FAF*  ere 
sywnetrlcal on either side of p*  • 1. 

louetlona Deed for Calculation of the Filter Attenuation Factor 

The value of N* aay be calculated by the following expression: 

«'  -   | log^P*) 1 /.693 (30) 

Using the calculated value of N',  the value of A^ nay be determined 

Expression for A* 

0.0 
SON*  - 36 
Sa.JBSSaN' - 37.66667 (31) 
SAN*  - 18.6 
37.142837UN*   - 3.4285714 
27.33333H,  - 8.33333 

Valuss Of JL 

M' < .45 
.45 < M' < .5 
.5 < M' < .65 
.65 < n' < .9 
.9 < M* < 1 
1.25 < N' < 2 

A; has been calcu 

A'/IO 
FAF1 - 1/(10 

n 
) (32) 

For each full octave midband frequency, the following calculation nay 
then be made: 

L - 4.343 log^        E      (K.)   (FAF'), (33) ••[A W"1),] 
Calculation of Overall Sound Pressure Level 

All filter attenuation factors - I 
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••[>' <VJJ L - 4.343  loge      I      (Vj (34) 

nqnrr VAMAflfy, BaBtJg, AND INSTKUCTIOWS 

Card  1    Control Niabcrs.    Format   (1415) 

(a) NF Total ntabcr of excitation frequencies  (card 3) 
(0 < 100)   Piece  the last digit of this number In 
column 5. 

(b) NSC Nimbor of subcases using the same set cf band midpoint 
frequencies and  full-octave band frequencies. 

Place  the  last digit of  this number  In column 10. 

(c) INP Input  indicator 
"1" indicates additional sets of input data follow, 
"0" indicates  this is  the  last complete set of input 
data. 

Place  the  last digit of  this number In colunn IS. 

(d) I0P Option indicator 

I0P            Calculated Sound Pressure Level 
Value Output Desired  

1 at each  frequency 
2 at each frequency and by third-octave band widths 
3 at each frequency and by full-octave band widths 
4 at each  frequency by third-octave band widths 

and by full-octave band widths 
5 overall 
6 at each frequency by third-octave band widths 

by full-octsve band widths,  and overall 

Place the  last digit of this number  In column 20. 

Card 2    Title, Format  (72H).     This csrd precedes each set of excitation 
frequency cards. 

(a) Printing Instructions,  column 1 
"0" indicates printer should skip a line 
"1" indicates printer should skip to next page 

(b) Title, coltams 2-72. 
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Card 3.   Excitation Frequency Cards  (a total of NF cards required).    Format 
(15,   7E10.4). 

(a)    INCF 

(b)    EXFR 

(c)    AMPL 

(d)    FORCE 

(e)    ANE 

Index for combining frequencies 
"I" indicates no combination of frequencies is desired, 
although 2 frequencies may have the same value. 
"0" indicates combination of frequencies l^ desired, 
if the frequencies have  the same numerical value. 

Place the  last digit of this number in column 5. 

Excitation frequency  (Hz) 

Use columns 6-15. 

Excitation amplitude  (microInches) 

Use columns 16-25. 

Response force, F (lb) 

Use columns 25-35. 

Number of excitation points, W 

Uae columns 36-45. 

(f) ALPHA      Energy conversion factor, a 

Use columns 46-55. 

(g) BETA   Geometrical and environmental factor, ß 

Use columns 56-65. 

Card 4. Format (E10.4) 

RADIS      Radial distance to center of sound radiating sphere 
surface (ft) 

Use columns 1-10. 

Card 5 Format (2E10.4) 

(a) FL    Initial third octave band midpoint frequency (Hz) 

Use columns 1-10. 

(b) FLAST      Last third octave band midpoint frequency (Hz) 

Use columns 11-20. 
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NOTE: 

If either Fl or FLAST    or both    are not equal to the values given In 
the list of mldband frequencies contained within the program, then 
either Fl Is set equal to the nearest mldband frequency which is leaa 
than Fl,    or FLAST Is set equal to the nearest mldband frequency which 
Is greater than FLAST, or both. 

Card 5 Is necessary only for the first set  of cards,  beginning with 
card 3 when 10? Is  set equal to 2,  4,or 6 on card 2. 

Card 6.    Format (2E10.4) 

(a) FFL1        First  full-octave band midpoint  frequency (Hz) 

Use columns 1-10. 

(b) FFKAS      Last  full-octave band midpoint  frequency (Hz) 

Use columns 11-20. 

If either FFL1 or FFLAS or both are not equal to values given in 
the list of full-octave mldband frequencies contained within the 
program, then either FFL1 is set equal to the nearest mldband fre- 
quency which is less than FFL1, or FFLAS is set equal to the nearest' 
mldband frequency which is greater than FFLAS, or both. Card 6 is 
necessary only for the first set of cards beginning with card 3 when 
I0P is set equal to 3, 4, or 5 on card 2. 

The input data cards continue with sets of cards 3 and 4 until NSC sets of 
cards have been provided. 

The next complete input case must include cards 1, 2, 3, and 4 and cards 5 
and 6 as required. 

OUTPUT VARIABLES AND EXPLANATIONS 

Input Data 

Same as in input cards  1 to 4. 

Calculated Data 

Depending upon the value of I0P selected,  the output may contain calcu- 
lated values of sound pressure level at each Input  frequency, at each re- 
quested third-octave mldband frequency,  and at each requested full-octave 
mldband frequency,  as well as the overall sound pressure level. 
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PROGRAM LISTIHG OF SOURg DECK 

This progran la written In FORTRAM II - Extended    and may be covplled with 
FORTRAN IV.     In the source  Hating which follows,  the READ and WRITE 
statements use  the variables NR • 5 and NW ■ 6 to specify the reading and 
writing unite,  respectively.    To compile on a nonatandard computer, 
Introduce the required   mit ninbera by changing the carda aa noted in 
the Hating. 

In addition to the main program,  there are two subroutines.    The first, 
named TBFAF, calculates the filter attenuation factor in the  third- 
octave band width noise calculation.    The second subroutine performs the 

function in the full-octave band width noise calculation. 
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C«T  Hottt C«lcul<t lop» 

PHOG«»"   PIM?91 INPUT t Out PUT 11 APIS' INPUT . T APCft«OuT PuT I 
oi-FNsio«. t»MPri33i«ruLLiii) 
COMMON  NTtMPf .|NPt|l»CM|eOI*N«tN« 
COMMOM c«r-(iooi.»»PL( j ooi.ro-ctdpo ).*!.»»"* uoo i t§C in i»o». 

I   orof3(100».€*L I luui.»KtI100I.M4OIS 
DATA  BHPr/^s.. JI.S.*O..SO..bJ.t60..100..1?S..I«0..200.^*>e.*JlS.. 

1   *OO..S00..6 30..e00..10 00..»?1>0..1»00..?000../500..3ISO.t-OeO.. 
2 sooQ.*«3oo.*sooo.tioooo.ti;%o».* i6ooo..?oooo.tesooo.t3isoe.. 
3 A0000./ 

DATA  ruLL/31.%*63.tUb.t2S0.tSOe.   .t000..^000..«000. .AOOO.• 
I   16000..31500./ 

C  PN429     CCAH  HOISC   CAtCU.«! ION 
C   MTi   NO.   Of   CICITATION fACUOCNCKS 
c MPt* NO. or riAM>-Mio-POiNT rntouCNL.cs 
C IMP- INPUT IfcOICATO«. 0 IMOICATCS MO MOAC iMPuTt I INOICAICS HOOt INPUT 
c INC». INO€> row coMitiNiM« racouCNCiC!. or  TNC SANC VALUC 
C  Eir*l||a  CACITATION  FMEOuCMCTlMi) 
C  AMPLCII*  CICITATION  AMPLlluOllHlCHO-IN.MCs* 
c rcMcciii" wis^rvs»  roMCtaas» 
C   AtPHA(|t>   CNCHCT   CONVlNOCMCC   fACIOM 
C  BM»ili«   CMCRGT   CONVCAOCNCI   fACTO« 
C  «tAQIS   •  RAOIAL   OISTANCI   TO CCNTCM  Of   SOUND  RAOIATIMO  SUNTACC   in» 
C   SMPrtliaSANO  MIO-POINT      HCOuCMCICS 
C  Nfl   ■   NO Or   3MO  OCTAVC   MMOS«   SIAMl IN6 alTH ri 
c ri ■ INIMAL raeo. ro« 3MO OCTAVC «ANOS 
C   NBn«   NO.   Of   futL   0ANOSt   STARTlNC   «ITM rfLI 
c rfL»-  INITI'L rMco. rot« ruLL OCTAVI »ANOS 
C  ruLLMI*  ruLL   OClAvC   MAW)  alOTH  rMCOuTNCICs 

NPaS 

I   RCAOlNHtlOII   NrtNSCilMP.lOP 
C  Mr*  NO.   Or  CilCITATION rftEUUlNCItS   IM CACM SU«-CASC 
C   INP«   0   lNOIC»TtS   NO  MOM(  BAND MIO-POIMT  rAtOuCNCICS  10 M   «CAO   IN. 
c Msc* NO. or su«-CAses row im SANC »AMO MIO>POINI rueoucNcr 
C I OP» OPTION OM CALCULATCD SOUMO PHCSSUNC UVCL 
C        I'NONCt   2*1/3  OCTI»   •   3*ruu*   **t/3*rutL»   SaOVlHAlL*   A>l/i*rULL*OVC«ALL 

«RITe(Ma«|03) 
■P|TC   (N-.IIJI 
■RITE   lM*tl0«l    NTtfiSClNPtlOP 
00  300   use-».NSC 
RC«O(Mft*100l 
«RITE   (NatUll 
WRITElNatlOOl 
HR|TE(N«tl07l 
00  S   1*1«M» 
REAO(NH*IOBIlNCr<|I.E«rH(|»»AMPL(ll»ro«CCl|lt«MCII)*AcPNAI|l* 
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1   RiTAIII 
ir   (iNCriin  3t*t3 

3   •*»! If (S..10^> IsC» I I 1 .t»f «» I I •••«*>(. Ill.fOaCfe « l».»»«l ( |».»LMn«(n, 
I   BCTAIIt 

GO   TO S 
«. «OITC IN».IJOI eafHii»tAMPL(i»*'OMCtintANe(n**c(»H*iii*iieiAiii 
*   CONTlNOl 

«CAOiNMtlO^IMAOIS 
MITCIMitlltltAOIS 
«HITC   If«a*l2<*l 
MlUlWltlltl 

CxriiiNrtiMo.o 

DO   30   l-l.M 
SUMaSUN'ANC I I • «AMPL I 1 > •fOMCC I 1 I 
ir  iiNcnin    «-Otii./o 

1* tr  ic«r«ii»-CAfRii*iM ^o.io.i'o 
^o pi»ooa«.<MC«**LPMA<ii*i»eT*<n*CArRiii*suM/H*ois/MAois 

ir  iKooiu ^|.^|,^^ 
?i ■AITCINW.II*I 

CLL> e.o 
GO   TO  J0O 

<v eLi.«*.3^««*ei<»*«LOc«fNooi 
I» I  IJI ••»NOD 
0»»»gi J   -Mf «i II 
• -IT»     f.«.!^'    Ü»"lUl J» .ILC 
HAara • j 
J*J*I 
Sü***o.e 

30 COMTINUC 
60   TO   IJOO>J|t»Ot3lf/UO«3lltlOO 

31 I* UNSC-n   «|**32**l« 
32 »CAO   (♦.«.»«<•»   »l.»L»sl 

CALL  SSalCNi^.fisi 
GO   TO   UOIt33l*MS 

«•I   •«!!( (h..lOS> 
• «Ml   <N».IOfci    l*«M>r (|lt|«l*33l 

33 ■«lit   tN«.||«l   n.rtAST 
ISTAR  ■  I 
00   35  J»».M 
M'J 
IF      rtiiPMjl-» U    JS.Jf.J«. 

35  CUNTINuC 
•AM> HIO-POINT rwcouiM:? GMCATCH TNAM M 

34 •• • N -1 
ir   imi   aO«i«0«t3T 

3T   I'   (•«•331   39.3«*39 
3«  ■«ITC«Na.l151 

%0«   Na| 
3«   00   «10   J*N.J} 

MAXNt*   J 
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I 
I«     («"Pf (J)    -FLAStl   *IO««Ut«ll 

"•10   CONTIWUC 
GO   TO   *U 

«It   M«INU«MA«N6*i 
4>U    IF     (M««MI-J3I    «I*1*1J*«I3 
41J   «(IITC    IMa.llSI 

N*IN8>    JJ 
«I«   ••■ITt     I'MU.IJI) 

«»ITClNa.USI 
MRIT!    INM.II" 

Su**0.0 

oo «s ««i•N*«ru 
rRsOfDCOlKI 
0«TIO*F0/Arw 

C   U-,!   H«T|0   r.t.tiTf-   InAli  / 
I» <"*t 10-^.01   «0<<>0<«b 

C   TCST   »«TIO   LESS   THAN   ,., 
«0    |F(»««T|0-.il   «ü**|*«| 
«I CALL  THF«F (rri.br»(»M«riu.»«r > 

SUMaFAf»LKL (K> «SUM 
%s CONTINOC 

C   T€ST   r«r«RL>0.0  0» NCGAIItft 

Coa-KIION  row   LOCIO.OI 
"t    tf0|Tf  IK«. tHIH» J 

|ST«M«| 
00   TO  SS 

SO  «B|Tc(*>«.IUiBrR«lLLEN 
ss co««Ti»«ue 

00   TO   (*6**n.|SUM 
56 «ff|TC(»)«.UO» 
57 CO   TO   ( »00, J00.6C.60.«-00.601,10»» 

C   OH JONS   3t*   «NO  6*   Full   OCMVC   »»NU   «IOIMS 
60 iriiNsc-n  «.«•«..6i.•.?* 
61 Mr*0    INM.IO?!    Mll.f»l»S 

C*Li   SSBlCHIi.i'S» 
00   TO   (6^*6SttMS 

62 **11H*»*IIH 
• HI» l».,.J06MfuLL (I I .IM.IM 

6S   «H|TC     ISMtl/?l    Ml|.ML«S 
IST*«»^ 
00    '0    jat.J3 
MaJ 
inrüLLUI-fFLlI    »0»TJt'^ 

70   CONTINUC 
T2  Ma   m-i 

If     (M»    »IS.^IS.fJ 
TJ ir  iM-m   Tv.r«i,7a 

*l% ••■I 
T« MMITf IS«.IIS) 
7« 30 «20 .»■•'•II 

MAlfL »J 
If IfuLL« J»-ML»SI*20.««2«.*2I 

«20 COMTINOC 
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M)   TO  *li 
«21   -»if L ■"»«»».• I 

%23 ««ITC   is«.iiS» 
MilfL'll 

«2«  ««ITC   IN«.Uli 
«R|TCI*M*I23> 
■RITC   («WtllTl 
00  «0   JaMtMAlFL 

KTUU.a'U.L (Jl 
00 as RMtiuarrt 
rtaoracoiRi 
HATIO^M/aruLL 

TCST  iUTIO OMCATCR   THAN « 
ir(R^Tio-4i.o> «o*«o*as 

TCST  0«T|O  L»SS   THAN   .ft 
M   iri0AT|O-.2Sl   »S.ei.iij 
• I   CALL    mi l»*.«» WH .w«I|Ot»*L» 

SUHar*L*CKL(KI«SUN 

•S  CONT|NUC 
TCST   riLTCA   «TTCNU«T|0«I  fACTO«« KL     ICIH)  OA  MCOATlvC 
•6 irisun» «Tttr.M 
■ 7  M|TC(l»a*l2*>»ruCL 

1 ST*»"I 
60  TO  «0 

M  CLLCM*A.>A2«A*OI9«ALOOCSU«> 
«R|TClftm*IUlRrutL«CLLCN 

«•  CONTINUC 
»0  TO   l«|t«2»t|STAR 

«I   «it|TCINM*l2AI 
«2 oo TO i3oe«ieo«)opf}OQ*2eoi2«o)*io? 

2t«  SUHaCRLUI 
00  210   |a2tM**rR 

2it SUM'SUM'CRLIII 
CLLaA«3«2«AA0IV*ALO«<SUMI 
CALL SSRTCH(2«MSt 
00 TO «2ll*2l2ltHS 

211 «R|TC(»M*l2?MC«L<lit|altH*«fHi 
212 «R|TCIN««|/«ICLL 
100   CONTIMUC 

iniNPi 2t)os»/ 
JOS  CALL   iftll 
100 FORMAT(72M 

1 I 
101 FORMAT «»•.!•>) 
102 rORNATIMIO.«! 
10) rORMATl/|M|(2M</«HOCAR  NOISC   CALCUtAT lONt   PM*?9t 
10*  FORMAT l/«l.|SHNO.   I «d'AllONS.^r».   »NNO.   Of »»A* 

ISH|NPuT.Skt»HOuTPuT/   <«Atl)MCAC»«  SUO-CASC t 3A«9NSU»-CASCS*3Xt 
2 «M|NOICATOR*2«*»*<OPTION/|Jl<ISttA«lStSAtlftt»X«lSI 

|0t FORMAT I/2SAf26*<eANO  H|0-«0INT   FRCOUCNCICS/   I 
100 FORMAT    ISatOFO.ll 
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107 FORMAT(/5X.5HINDEX. IX.10HEXCITATI ON.2X.1OHEXCITATI0N.3X.8HRESP0NSE 
1t4Xi6HNUMBER »6X.6HENERGY.7X.8HGE0M. / 
2 12X .9HFREQUENCY. 3X .9HAMPLITUDE »4X »5HF ORCE. 8X . 2H0F . 5X. 1OHCONVERSIO 
3N.5X. 1XHENVIR• /14X.4H(HZ).4X.11H(MICRO-IN.).4X.5HILBS). 
44X.11HEXCITATIONS . 3X «6HFACTOR »6X »6HF ACTOR/) 

108 FORMAT(I5»7E10.4) 
109 FORMAT (5X.I3.4F12.3.2F12.5) 
110 FORMATi/15X.49HCALCULATED SOUND PRESSURE LEVEL AT EACH FREQUENCY/ 

110X.25HEXCITATION FREQUENCY (HZ).5X.25HS0UND PRESSURE LEVEL (DB)> 
111 FORMAT(/bxt42HiNDEx FOR COMBINING FREQUENCIES INCORRECT.) 
112 F0RMAT(15X.F12.1,19X.F12.5> 
113 FORMAT (//30X.1OHINPUT DATA/) 
114 FORMAT (/5X.50HTHIRD OCTAVE BANDS. KITH MID-BAND FREQUENCIES FROM. 

1 F10•3 . JH TO.F10.3.3H HZ) 
115 FORMAT(/5X.45HN0. OF BANDS REQUESTED GREATER THAN GIVEN NO.) 
116 FORMAT </5X«69HINSUFFICIENT INPUT DATA- ARGUMENT FOR LOGARITHM IS 

1ZERO OR NEGATIVE.) 
117 FORMAT (/IIX.24HMID-BAND FREQUENCY (HZ).5X.25HS0UND PRESSURE LEVEL 

1 (DB) ) 
118 FORMAT</5X.57HRADIAL DISTANCE TO CENTER OF SOUND RADIATING SURFACE 

l-(FT)«F12.5) 
119 FORMAT (15X.F12.1.24X.1H*) 
120 FORMAT( 5X.3<th« NO EXCITATION WITHIN ONE OCTAVE.) 
121 FORMAT(/5X.23HFULL OCTAVE BAND WIDTHS) 
122 FORMAT ( /5X.49HFULL OCTAVE BANDS. WITH MID-BAND FREQUENCIES FROM. 

1 F10.3.3H T0.F10.3.3H HZ) 
123 F0RMATU0X.58HCALCULATED SOUND PRESSURE LEVEL BY FULL OCTAVE BAND 

1WIDTHS) 
124 FORMAT (15X.F12.1.24X.2H**) 
125 FORMAT(10X,59HCALCULATED SOUND PRESSURE LEVEL BY THIRD OCTAVE BAND 

1 WIDTHS) 
126 FORMATt/5X.36H»« NO EXCITATION WITHIN 1 WO OCTAVES.) 
127 FORMAT</5X. 9HKL VALUES/ (8E13.5)) 
128 FORMAT(/5X.73HCALCULATED OVERALL SOUND PRESSURE LEVEL (FROM THE IN 

1PUT NOISE COMPONENTS)/35X.F12.5.3H DB) 
129 FORMAT (/1H1.30X.11HOUTPUT DATA/) . 
130 FORMAT (8X,4F12.3.2F12.5) ' 
131 FORMAT (10X) 

END 
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Subroutine TBFAF 

SU'JHOUTINE   TBFAF (FR.HKRiHMIOtFAn 
OIHF.NSION  A(5).AL(S).CN(6) 
COMMON  NF.MPF«INPtINCF(100)«NHfNW 
COMMON  EXFrt(lOO)tAMPL(100>«FOHC£(100)«ALPHA(100itBETA(100)t 

1   OFREO(100>.EKi.(100)«ANE(100)«KAOlS 
DATA  A/72.0«120.0*68.0*50.0*30.0/ 
DATA  AL/-9.0.-17.0,-^.0«5.0.20.0/ 
DATA  CN/.125«.1666667«.25*.S*.75*1.0/ 

CALCULATION  OF  FAF   FACTOH-FILTER  ATTENUATION  FACTOR 
C   TEST  RATIO  FOR  NEGATIVE   VALUE 
C   THE  ARGUMENT   IDENTIFIES   THE   BAND  AND  COMPONENT   FREQUENCIES«   BUT   IS   IGNOHEO 
C  BECAUSE   THE   SAME   FILTER   CHARACTERISTIC   IS  USED  FOR  ALL  BANDS 

IFCRATIO»   5«10«10 
5  MRITE<NM«100)FH«BFR»KATIO 

RATIOs-RATIO 
10 FRAT=RATIO 

IF(FRAT-l.O) 11«12«12 
11 FRAT»1.0/FRAT 
12 ENNsALOG (FRAT)/.6931471806 

DO 20 J*l«6 
JS=J-1 
IF (ENN-CN(J)) 21.21*20 

20 CONTINUE 
21 IF(JS) 22.22*24 
22 FAFsl.O 
23 RETURN 
24 AY»A(JS)«ENN»AL(JS) 

EXP«AHS<AY)/10.0 
FAF»1.0/10.0»»EXP 
CALL SS«lTCH(2*HS) 
60 TO (30*23)*MS 

30 WRP€(NW*101>FH*BFR«RATIO*ENN*A(JS)«AL<JS>«EXP«FAF 
RETURN 

100 FORMAT</5x*l«HCHECK INPUT VALUES/ 5X«61HRATI0 OF COMPONENT AND BAN 
ID MIDPOINT FREQUENCIES IS NEGATIVE./  5X.11HC0HP. FRE0..2X, 
110HBANO FREQ.«6X«5HRATI0/ 5X*3E12.5) 

101 FORMAT(/5X.11HC0MP. FREQ.*2X*10HBAND FREQ.*6X*5HRATI0*10X*IHN«10X« 
12HC1.10X.2HC2* 7X* 8HEXP0NENT* 7X*3HFAF/ SX.8E12.5> 
END 
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Subroutine TBLL 

SUBROUTINE  TBLL(FRtRFuLLtKATIOtFAL) 
DIMENSION  B(5).BL(5).8N(6J 
COMMON NFtMPF*INP*INCF<100)«NKfNM 
COMMON EXFR( 100)«AMPL (100)«FORCE«100)tALPHA(100)«BETA«100). 

1   OFRE0(100)«EKL(100)«ANE(100)«RAOIS 
DATA  8L/-36.0.-37.666667.-18.6.-3.4285714.8.8333333/ 
DATA  B/aO.0.83.333333.b4.0.37.14285714.27.3333333/ 
DATA  BN/.45..5..65..9.1.25.2.0/ 

C   THE   ARGUMENT   IDENTIFIES   THE   BAND   AND  COMPONENT  FREQUENCIES.   BUT   IS   IGNORED 
C  BECAUSE   THE  SAME  FILTER CHARACTERISTIC  IS USED FOR  ALL  BANDS 

IF(RATIO)   5.10*10 
5  WRITE(NI«.100)FR.RFULL.RATIO 

RATI0=-RATI0 
10 FRAT=RATIO 

IF(FRAT-l.O) 11.12.12 
11 FRAT=1.0/FRAT 
12 ENN=ALOO«FHAT)/.6931471Ö06 

DO 20 J=1.6 
JS=J-1 
IF (ENN-eN(J)) 21.21.20 

20 CONTINUE 
21 IF(JS) 22.22.24 
22 FAL=l.O 

GO TO 25 
24 AY3B(JS)*ENN*8L(JS) 

EXP-ABS(AY)/10.0 
TEXP=10.0»»EXP 
FAL=1.0/10.0»«EXP 

25 CALL SSMTCH (2.MSI 
GO TO (30«31>.MS 

30 WRITE (NH.101) FR.RFULL.RATIO.ENN.B(JS).BL(JS).EXP«FAL.IEXP 
31 RETURN 

100 F0RMAT(/5X.18HCHECK   INPUT   VALUES/ 5X.61HRATI0 OF   COMPONENT   AND BAN 
ID  MIDPOINT  FREQUENCIES   IS  NEGATIVE./     5X.11HCOMP.   FREU..2X« 
110HBAN0  FRE0..6X.5HRATIO/  5X.JE12.5) 

101 FORMAT(/5X.11HCOMP.   FREQ.*2X.10HBAND FREQ..6X.5HRATI0.10X. IHN* 10X. 
12HCl*10X.2HC2.7X«dHEXPONENT.7X.3HFAF.7X.7Hl0«*EXP/SX.9E12.S) 
END 
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