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ABSTRACT

This study is part of a continuing effort to understand and ultimately con-
trol the noice 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 retrofit 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 conditionms.

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 2 reduction in noise level. While certain tooth profiles were found

which provide substantial reductions, present tooth machining accuracy

iimits apoear to preclude use of this development as a design change for 3
noise recuction.
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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.
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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

EXPERIMENTAL TESTING

Verification of Predicted Noise
Levels by E)perimentation

PRELIMINARY DESIGN

Determination of the Feasibility of
Incorporating Noise-Redur.tion Features

FINAL DESIGN, BUILD,AND TEST
OF A WORKING GEARBOX

Demonstration of the Effectivencss
of the New Design Capability

Figure 2. Overall Program for the Reduction
of Noise Generated {n Helfcopter
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
confidence 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 jin the upper planetary gear set.

b. Upper planetary planet carriar 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.




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 excitatioa 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-47/A and one CH-47B helicopter aircraft.
Acoustic measurements at several locations within the aircraft and vibration
measurzments 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 accustic 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. Variatioms in
tooth mesh excitation as a function of transmitted tangential force were a
part of this study.




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, i:
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 used, 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
Boaing-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.

The operating conditions of horsepower and speed were taken from
the contract work statement, with the division of power between
forward and aft rotor transmissions based on estinates 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,

Since no provision was made in the contract for obtaining actual
or typical profile measurements, the spur gear tooth profiles
vere taken from 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
components. The specific {tems of input data used for this are the gear
data of category l, the static tooth forces of category 2, and the spur gear
profiles of category 3.

In the case of the spur gear excitation components, this information was
entered into the computer program described in Appendix IV of Reference 1.
The resulting values are listed in Tables 3} and 4.

Since the computer program {s directly applicable to spur gcars only, and
since there is no equivalent means for calculating the spiral bevel gear
excitation components, & computation procedure was {mprovised. This pro-
cedure is based on several major simplifying assumptions vhich make the
results very approxiaate. Some of these assumptions are:

l.

The spira! 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. The 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 assumptions, except that these mag-
nitudes cannot fall below a fixed percentage of the square wave
amplitude, as would result when the contact ratics fall clcse to,
or at, Integer or talf-integer values.

The spiral bevel gear exc’tation 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 the drive system torsional 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 {ts 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 che 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
main program in its original form could not handle the rather complex,
five-transmission drive system of the CH-47. It was therefore modified

o extend its capability to treat the more complex system. The program

vas further extended to permit the introduction of torsional damping

between adjacent portions of the dynamic system. However, this added pro-
vision was not used in the actual force calculations becausc meaningful
velues of damping for vibrations at acoustic frequencles were not available.

The computations of gear forces were made with two different treatments of
the drive system. In one treatment, the entire system of five transmissicas
vas considered. In the second, the forwvard rotor transmission and the
cluster of the remaining four transmissions were consfidered as two separate
systems. The computed results vere almost completely identical, indicating
that dynamically the long forward rotor drive shaft effectively isolates

the forvard transaission from the balance of the drive system, at least for
scoustic frequencies.



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 chird and final atep 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 cf 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-octave

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 cumputer 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-octave band spectrum, however, are directly
influenced by the '"white" noise, and the values computed from this progrzm
(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" no.se is reflected throughout the entire
spectrum.

In performing this noise-level calculation for the CH-47, tentative values
for the casing and environmental factors were used. These values were taken
as the same as those used in tha 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 1077 to 2. x 1079 1n
accordance with the explanation in Appendix VI of Reference 1. (This
adjustment is equivalent to decreasing predicted noise levels by about

Z db.) The factors used did not reflect any attempt to introduce the
probable influence of the changed manrer 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-third-octave band levels for those bands containing a gear
v2shing 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 one 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 trarsmission, 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 '"marrow 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 oun 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 and 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 cammon
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 '"peal.s"

that appeared in the narrow-band analysis of the same noise recording
from which one of the plotted full-octave band spectrums was mede.

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 c¢f 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-1D 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. 1In 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 conditionms.
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 gearbux is almost identical for the cruise and hover flight conditionms.

The various locations for the microphones while making the in-flight noise
measurements are identified in Figure 65. Each pesition 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 the 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 1s tntercsting to note that epparently no discernible portion of the
engine transmission and engine comdining transaission noise has reached

the more forward microphone locetions, spparently even that of the center

of the cargo compartment. This esgain {ndicates sirborne gear noise prop-
agation. The nolsc may also be structureborne with sharply increasing atter
uation to the more remote sreas of the afrcraft structure,

The lower rorttion of Figure 12 shows the difference of noise level ac a
nofse attenuation between the forward rotor transmission location and the
ptlot’'s compartment, and betveen the trensmiesion and the center of the
cargo compartment. There {8 no resl attenuation in the lowest frequencies,
o8 explatined above. At the higher frequencies, however, both curves stap
up sherply, with perhaps about 15 db attenuation from the transmission
source to the pilot's compertment and sbout 7.5 db attenuation from the
transaission to the center of the cargo comoa-tment. These curves effec-
tively demonstrate tue different effect of the afrcraft structure on the
tvo noise sources.

When this last {nformation {s compared to the corresponding results in the
UH- 1D study, a significant difference emerges. In the latter, the degree
of attenuation between the source, i.e., the transmission and the pilot's
compartment , was much higher, about 28 db for the UH-1D compared to about
15 db for the CH-47. This higher attenuation is enough to further explain
vhy the general shape of the pilot's noise spectra is different between the
UH-1D and the CH-47. As pointed out above, the gear noise appears quieter
than the rotor blade noise to the UH-1D pilot, whereas the CH-47 pilot
hears no real difference. It is suggested that the greater noise attenu-
atfon at the higher frequency is a major cause of the UH-1 advantage.

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

On ecch of the one-Lhird-octave sound pressure level plots referred to
previously in Figures 8, 9, and 10, the one-third-octave bands with the
highest levels contsin 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 neasurements were made on three aircraft in the

cruise flight condition. Pickups were located at four locations, three
on the casing itsclf 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-1D
.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
‘CH-47B and the type CH-47A, as discussed above. Until thie 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 adjaceant 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-1D helicopter studies previousiy 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 remsining 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 <irectly determinsd 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-1D 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-1D and CH-47 casings, and examination of these

17



data have iot revealed the kind of differences which would explain the
dif{erence in spectrum levels,

A more likely explanation of this difference lies in the comparison be-
tween the c:oustical environments surrounding the two casings. The UH-1D
vas 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 environment
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.
Sacond, there is no similarity between the 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, skimming 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 1s 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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TABLE '. 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 (1b)
Tangential to Mean Pitch Circle
Transmission Gear Set Cruise Hover
Rotor-forward Upper Plan 3445 4698
Lower Plan 1542 2103
Bevel 2760 3764
Rotor-aft Upper Plan 5167 7046
Lower Plan 2313 3154
Bevel 4140 5646
Engine-comb Bevel 2895 3948
Engine Bevel 2256 3077
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TABLE 2.

CALCULATED EXCITATION FREQUENCIES -

GFAR TOOTH MESHING FREQUENCIES AND THEIR HARMONICS

Third-
Octave
Band
Midpoints
(Hz)

—

Forward and Aft Transmission

Upper Stage
Planetary

(Hz)

Lower Stage
Planetary

(Hz)

Bevei
Set

(H2)

Engine
Combining

Trans-
mission

(hz)

Engine
Trans-

mission
(H2)

400
500
640
8G0
1,000
1,250

1,600
2,000
2,500

3,200
4,000

5,000
6,400
8,000
10,000
12,500

406

816(2)

1,220(3)

1,482

2,964 (2)

4,446(3)

3,412

6,824(2)

10,236(3)

6,588

13,176(2)

8,585
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*Figures in parentheses show order of harmonic.
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TABLE 1L PREDICTED NOISE LEVELS - HOVER FLIGHT CONDITION,
ONE- (HIRD <OCTAVE BAND LEVELS
FOR THOSE BANDS CONTAINLNG AN EXCITATION FREQUENCY

One-Third- Nolse e vel (db) (1db = ,0002 microbar)
Octave Band
Midpo{nt Forward Aft Engine
Frequencies Rotor Rotor Combining Trans-
(Hz) Transmission Transmis<ion | Transmission | missioun
400 87.2 79.3
509
630
800 85.9 88.7
1,000
1,250 89.9 88.5
1,609 107.6 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
—y
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TABLE 12, PREDICTED NOISE LEVELS - CRUISE FLIGHT CONDITION,
ONE-THIRD-OCTAVE BAND LEVELS
FOR THOSE BANDS CONTAINING AN EXCITATION FREQUENCY

3

One-Third- Noise Level (db) (1db = ,0002 microbar)
Octave PBand
Midpoint Forward Aft Fngine
Frequencies Rotor Rotor Combining Trans-
(Hz ) “ransmission | Transmission | Transmission | mission
409 89.9 85.9
503
630
800 80.9 87.0
1,020
1,250 93.3 89.4
1,600 101.6 10C.9
2,000
2,500
3,150 105.0 108.7
4,030
5,000
6,390 95%.1 95.1 102.5
8,000 94.6
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DISZUSSTON OF KiSULTS - PHASE 11

INTROBUCTION

As originally formulated, the Phanc II studies were to be dirccted tovard
analytical comparisons between deveral specifled transmission deaipn
modifications with the objective of reducing overall gear noiae levels.
Following evaluat!con of the results of Phase I, the renaining contract
efforts were revised to include consideration of the following Phane 1
results:

l. Differences between calculated and measured nofuse leve.s at
froquencies corresponding .o the wecond and third haraanico of
tooth meshing frequencics for the upper planctary gear set.

2. The possibility that while sfgnilicant nofse-reduction benefits
may result from tooth-profile modifications, the accuracy
requireu to ensure the consistent achievement of such reductions
m1y not be realistic by present manufacturing standards,

In addition, the difference in overall level between the calculated and
measured noise spcctra rejuired further ¢xamination. An analysis of the
sengitivity 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 mus® ncarly be acihieved by
considering design-type variations in trarsmission physical propcrties
which are also the most likely contributor< to the obscrved differences
between calculated ana measured results discussed above. Consequently,
profile variations, variat:ons in the torsional stiffness of the upper
planetary planet carrier, and noise energy fraction were selected as
quantities for study. In a more direct attcmpt 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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The proti.e tolerance informution contained on these drawlngs s
plotted with enlarped acales to shew piteh dismeter (PD) and ovter
diameter (0D) himits, referenced to vzero ot the beginning of the true
fnvolute form (W1i). Fullness limits relative to «'L were plotted as
{ndicated on the Vertol drawings.

Five profilens were selected for each of the three gears. These profiles
were considered to represent the extremes which might be encounterel
within the allowerd tolerances, The following {dentifying .ab:>1s were
annipned to themse profilen:

. Truec Invelute

. Minime Fullnens

. Maximum Fullnens

. "Cronnover" Profile - Minlimum to M.ximum
. "Crosscver" Profile - Maximum to Minfmum

WO W 9 -

These profiles thus fdentified are shown in Figures 19, 20 and 21 for the
sun gear, the planet goar, and the ring pear, respectively.

The following selected profile combinations were run on Program GE«RO
(Appendis IV of Keterence 1) te coalculate ritch-line excitations:

Sun/Planct Planet/Ring Profile lderti{f.caticn
Series No. Serics No, (Driver/Driven)
601 701 Avcrage/Average (Repeat of Fhase I Calculation)
602 702 Truc Involute/True Involute
603 703 Mi nimum/Minimum
604 104 Maximum/Maximum
605 705 Minimum/Max{mum
06006 706 Maximum/Minimum
6n7 707 Minimum to Maxi{mum/Minimum to Maxiwmum
608 708 Maximum to Minimum/Maximum to Minimum
609 709 Hinf-uem to Maxinum/Maximum to Minimum
610 710 Maximum to Minimum/Minimum to Maximum

The resclting pitch-line excitations, in microfnches, were converted to
db by means of the relationship

new excitation )
original cxcitation

db = 20 ‘og,, (

In all cases, the original excitation value used as a basis of cumparison
was that valuec obtained in serics 601 (701 for the planet-to-ring mesh)
for the particular harmonic under consideration., Excitation values in

db were thus obtained for the two meshes at loads correspending to cruise
and hover conditions. These results are presented in Figures 22 and 23
for the sun-to-planet mesh and in Figures 24 and 25 for the planet-to-ring



mesh, The connecting lines between differeut series numbers serve only

to provide continuity so that variations for any single harwmonic may be
compared between ditferent cases, It should be noted that 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, 1f any, on the shape of the noise spectrum depend upon
both the magnitude and proximity of other noise components.

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

l. 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:tions in caliculated 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)
in 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 1
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 deta.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 tocth force as a function of
planet carrier compliance should be pointed out at this time. If
relatively large percentage changes cscur as a result o1 reasonably
small variations in carrier torsional compliance, then carrier compliance



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

Order of magnitude (0.1 and 1U.0 times) as well as smaller variations in
the planet carrier compliance were sclected for the calculations, The
original Phase I planet carrier compliance, measured tangentially along
the circumference of the circle passing thiough the planet mounting
points, was 1,33 x 107 in./1b. Thus, values between 1.33 x 10~7 and
1.33 x 1073 in/1b wers selected for this study. These variations were
applied, in turn, in calculations in which th- appropriate amount of
excitation was applied at the proper frequency at each gear mesh point,
These calculatiorns were done first with excitation at the spiral bevel
gear sect at 3412 Hz; with excitation at the lower planetary at 1482,
2964, and 4446 llz; and finaily with excitation at the upper planetary at
406, 81€, and 1220 Kz,

The results of these calculacions are presented in Figures 26 through 28,
When excitation is specified at the spiral bevel gear at the fundamental
tooth mesh frequency of 3412 Hz, Vlittle,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 Yz, respectively).

However, with fundamental frequency excitation (at 1482 Hz) applied at
the lower planetary 'ncation, variations as great as 40 percent appear
in dynamic force le s over the range of compliance considered. 1In
addition, with excitations 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 neighborhocd of the
design value. The appearance of such large variations in the upper
planetary dynamic tooth forees leads to the following conclusions:

1. The drive train appears to be sensitive to variations in the
compliance »f the upper planctary pianet carrier with cxcita-
tion at frequencies 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 lower planetary gear set (1482 Hz), It appears
to be particularly scesitive at 406 and 1220 He. .

2. Variations on the order of 2 to 1 in the compliance of the upper

planetary planet cuacrler can resuit 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 compenent at 406 Hz will be about

100 percent.

3. The adjusted predictions from Phase I indicate that the noise
level predicted at 406 liz is very close to that measured. Since
relativeiy 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 possidle 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
vwhich 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
tc 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 vhatever 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 8, as well as in the radial distance r,was studied by means of
Program GENOC (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
i{nformation available concerning the transfer of mechanical to acoustic
energy for this particular transmission (factor « ). 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 § 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
basie 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 fp 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 )
o . 2.06 x 10'{0, 1.03 x 1077, 4.12 x 10™°, 2.06 x 10°8
B 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 Hz 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 transmission, furthexr noise measurements were made
aboard two CH=-47 aircraft at Fort Eustis. Under flight-idle conditionms,
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.

Position Noise Level db (3150 Hz - third octave)
Beside Forward 107
Transmission

3 in. 108

6 in, 103

9 in. 108.5

12 in, 109

24 in. 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 Bz - 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 transmissiown is the predominant noise source.
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At greater distances, huwever, the measured data depart drastically from
the predicted data. The noise levels at these distances are not due
primarily to noise radiated from the transmission, but are apparently
strongly influenced by the induced vibrations of the alircraft structure
itself. 1In 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 noisc 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 be responsibie 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 planctary 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 tocth lpnads 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 1
Calculations)
602 702 True Involute/True Involute
603 703 Minimum/Minimum
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Sun/Planet Planet/Ring Profile Identification

Series No. Series No. (Driver/Driven)
604 70¢ Maximum/Maximum
605 705 Minimum/Maximum
606 706 Maximum/Minimum
607 707 Minimum-Maximum/Minimum-Maximum
608 708 Maximum=Minimum/Maximum=Minimum
609 709 Minimum-Maximum/Maximum-Minimum
610 710 Maximum-Minimum/Minimum-Max{imum

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, 705, 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. The 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 fur.damental 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 r@sults 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.

RAMP-MODIFIED TOOTH PROFILE 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 were selected in an attempt to combine
into single proiiles those portions of profiles which appeared to give the
lowest excitations in the profile-variation study. These profiles, shown
in Pigure 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. gDriver[Driven2

650 750 RM-1/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 tooth 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. Thic 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 substantialliy 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
small 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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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 zpplication 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
nolse 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 in 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 pertinen* 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 me2asurements indicate that the CH-47
transmission is essentially similar to that of the UH-1D, and that no
major change is required in the anslytical procedures derived from the
earlier UH-1D study.

The spiral bevel gear excitation calculation procedure utilized for this
study is not yet considered to be a fully developaed analytical tool. While
the noise predictions obtained with it appear to be acceptable, the pro-
cedure 1s dependent upon a number of highly limiting assumptions and approxi-
mations,

PHASE II

Consideration of various gear tooth profile combinaticns for the forward
transmission upper planetary gear set leads to the conclusion that cal-
culated pitch-1line excitations are strongly dependent upon tocth 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 arc 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 toursional excitation than do the true involute
tooth profiles. 1In 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 amouni of tooth bending with
increased loading.

Variations in planet carrier torsional stiffpess in the upper planetary
gear reduction are potential contributors to high noise levels, particularly
near frequencies of 406 and 1220 Hz, In the forward totor drive train,

this is rarticularly likely at values of plgnet carrier torsional (pitch-
line) compliance on the order of 0.65 x 1076 in./1b, or about half of the
present calculated design compliance of 1,33 x 10°6 in./1b.

Compavison 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 range 200-10,000 Hz. The relative
variations are apparently low enough, however, so that the energy conversion
factor may be taken as constent 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 ¢, and by variations
in the housing geometry and environment factor, With regard to the effect

of distance upon ncise 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 spectrum level above that calculated at a distance
of 1 foot,
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Variations in spectrum level of plus or minus about 5 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.

‘fhe 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.

105



LITERATURE CITED

Laskin, I., Orcutt, F, K., and Shipley, E. E., ANALYSIS OF NOISE
GENERATED BY UH-1 HELICOPTEF. TRANSMISSION, Technical Report 68-41, U. S.
Army Aviation Materiel Laboratories, Fort Eustis, Virginia, June 1968,
AD 675457.

Sternfeld, H., Jr., Spencer, R. H., and Schaeffer, E. G., STUDY TO
ESTABLISH REALISTIC ACOUSTIC DESIGN CRITERIA FOR FUTURE ARMY AIRCRAFT,
TREC Technical Report 61-72, U. S. Army Aviation Materiel Laboratories,
Fort Eustis, Virginia, June 1961,

Harris, C. M., HANDBOOK OF NOISE CONTROL, Chapter 2, McGraw-Hill Book
Company, Inc., 1957,

Dudley, Darle W., PRINCIPLES OF ACOUSTICAL ENGINEERING OF GEAR
TRANSMISSIONS, presented at the American Institute of Aeronautics and
Astronautics, Torpedo Propulsion Conference, U. S. Naval Underwater
Ordnance Station, Newport, R,I., July 25, 1963,

106



SELECTED BiBLIOGRAPHY

Bell Helicopter Co., TORSIONAL VIBRATION ANALYSIS OF THE AH-1G HELI-
COPTER DRIVE SYSTEM, Report No., 209-099-043, 6 January 1967.

Bell Helicopter Co., UH-1A INTERNAL NOISE SURVEY, Report No. 204-099-
278, 21 August 1961,

Harris, C. M., HANDBOOK OF NOISE CONTROL, Chapter 23, McGraw-Hill Book
Company, Inc., 1957.

0'Donnel, W. J., STRESS AND REFLECTION IN BUILT-IN BEAMS, ASME Paper
No. 62-WA-16, 1962,

Palmgren, Arvid, BALL AND ROLLER BEARING ENGINEERING, 3rd Edition,
SKF Industries, Inc., p. 46.

Scanlan, R, H., NOISE IN ROLLING ELEMENT BEARINGS, ASME Paper No.
65-WA/MD-6, 1965,

Schlegel, Ronald G., and Mard, Kenneth C., TRANSMISSION NOISE CONTROL
APPROACHES IN HELICOPTER DESIGN, ASME Paper No. 67-DE-58, 1967.

Schlegel, Ronald G., King, Robert J,, and Mull, Harold R., GEAR
NOISE, Machine Design, February 27, 1964.

107



APPENDIX I

NOISE AND VIBRATION MEASUREMENTS

A series of nolse 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-inch condenser microphone with B & K
type battery-powered cathode follower

Switch - Kistler 562 - 8-position

Sound Level Meter (SLM) - B & K 220, .

Frequency Analyzers - B & K 2107 nartow 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 45 k4z, indicat-
ing an error of less than 1 db for an operating frequency rarge to 15
kHz. The condenser microphore has a flat frequency response over the
range from 20 ton 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 acceleirometer and micruphone
outputs was installed at the front of the helicopter cargo compartment

opposite the door. The leads to accelerometers mourted 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 trom 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 nercent 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 tbe accelerometers was mounted in turn
on an electrnmagnetic 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 we:. 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 ancelerometers 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 onthe microphone, the
pistonphore produces a pure tone sound pressure of 124 db
(re 2 x 10-4 H 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 MEASURFMENTS

The microphone locations for sound pressure level (SPL) measurements
are shown on a cabin layout schematic in Figure 65. 1In 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 15,

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 oL the accelerometers on the gearbox and its support struc-
ture are shown in Figures 66 and 67. In addition, a fourth accelerometer,
not visible in these figures, was mounted vertically on ti~ inside of the
transmission support structure directly below the accelerometer shown in
Figure 67.

The accelerometers were cemented (Barcobond epoxy adhesive) to small alumi-
num hlocks (5/8-inch square by 3/16-inch thick) which were in turn cemented
to the gearbox or structure surface after vemoving the paint and thnroughly
cleaning the surface with abrasive paper and solvent. The surfaces of the
blocks were gr-ound 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:

Accelerometer Number Location Reference
1 195113 Ring Gear 78.1 db = 1g at 1 kHz
2 117539 Sump 78.75 db = 1g at 1 kHz
3 134202 Suppert Arm 78.0 db = 1g at 1 kHz
4 133877 Structure 77.75 db = 1g at 1 kHz

Cverall levels of vibration (linear response) are tabulated in Table 28.
For thesc readings, the instrumentation was set for linear response from
20 to 20,000 Hz. The results uf one-third-octave frequency analysis for
all of the vibration measurement points, with the exception of the sump

acceleroweter location on aircraft 12409, are shown in Tables 29, 30 and
31.
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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.
(db, rms, re 0.0002 microbar)

OVERALL SOUND PRESSURE LEVELS

Cruise Condition

Aircraft Beneath Forward Above Pillots' 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.

Cruise Operation,

ONE-THIRD-OCTAVE FREQUENCY ANALYSIS OF SPL

MEASUREMENTS IN CH-47A AIRCRAFT

ircraft 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 38.5 87.5 89.5
16000 89 88 87 8§*J
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TABLE 17. ONE-THIRD-OCTAVE FREQUENCY ANALYSIS OF SPL
MEASUREMENTS IN CH-47A AIRCRAFT
Cruise Operation, Aircraft No. 58012 (db re 0.0002 microbar)
%:::Zer Frequency Beneath Forward Above Pilots' Cargo Compartment
(Hz) Rotor Transmission Heads 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 90.5 84
10000 101.5 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
Cruise Operation, Aircraft No. 619109 (db re 0.0002 microbar)

Center Frequency

Beneath Forward

Akove Pilots'

Cargo Compartment

(Hz) Rotor Transmission Heads Center
20 85.5 85.5 85.5
25 112.5 111 95

315 102.5 101 100
40 97 103.5 96.5
50 97.5 102 95.5
63 104.5 99 99
80 105 101.5 97.5

100 99 101.5 96.5

125 103 98.5 94

160 107 97.5 93

200 104.5 95 94.5

250 100 91.5 91.5

315 103.5 94 91

400 102 95 93

500 98.5 92.5 91.5

630 99.5 92.5 96

800 105.5 95 100

1000 103.5 93.5 92

1250 116 101.5 92.5

1600 118.5 100.5 92.5

2000 106.5 92 93.5

2500 110 95.5 93

3150 114 100.5 93

4000 107 94.5 91

5000 103 91 87.5

6300 99.5 90 87.5

8000 95.5 88 87

10000 94.5 86.5 86.5
12500 92 86 86
16000 86 86 86




TABLE 19,

ONE- THIRD-OCTAVE FREQUENCY ANALYSIS OF SPL
MEASUREMENTS IN CH-47A AIRCRAFT

Hover Operation, Alrcraft No. 12409 (db re 00,0002 microbar)

- =

122

Center Frequency Beneath Forward Above Pilots' Cargo Compartment
{Hz) Rotor Transmission Heads Center
20 87.5 87.5
25 107 110 107.5
315 101 929 103.5
40 98 99.5 96.5
50 929 97.5 99
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
3150 120 107.5 97
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 FRCQUENCY 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 10+ 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 82
630 109.5 95.5 93.5
800 105 g5 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 EL 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
MEASUREMENTS IN CH-47B AIRCRAFT
Hover Operation, Aircraft No, 619109 (db re¢ 0,0002 microbar)

Center Frequency Beneath Forward Above Pilots' Cargo Compartment
(Hz) Rotor Transmission Heads Center
20 84.5 85.5
25 101 113 97.5
315 98.5 116 95.5
40 91.5 107 94,5
50 97 107 100.5
63 106 108.5 97.5
80 97 106 94
100 95 104.5 98
125 97 107 99
160 97.5 103.5 92
200 94,5 99 94
250 94.5 96 92.5
315 100 101 93.5
400 100 101 92
500 95.5 98 93
630 ' 98 101 97.5
800 103 103.5 98
1000 100.5 102.5 92
1250 116.5 112.5 97
1600 115 111.5 101
2000 106 102 93.5
2500 110 105 94
3150 115.5 112.5 94,5
4000 107 105.5 92.5
5000 102.5 101 90
6300 101.,5 98 90.5
8000 97 92.5 89
10000 93 90 86
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 microbar)

Beneath Forward Center of

Rotor Transmission Above Pilots' Heads Cargo Compartment
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 78 249 717
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 85 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

6300 97 7200 76 4600 68.5

8500 88.5 8585 78 No | 6400 67.5
10500 88 10236 7;} Y 6800 65
13176 78) 72X 8400 64

10236 No Peak
13176 No Peak
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TABLE 23. NARROW-BAND FREQUENCY ANALYSIS OF SPL
MEASUREMENTS IN CH-47A AIRCRAFT

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

Beneath Forward Center of
Rotor Transmission Above Pilots' Heads Cargo Compartment
Freq. (Hz) SPL Freq. (Hz) SPL Freq. (M2) | SPL

209 102.5 205 98 213 9].
230 102 260 96 238 94.
265 98 295 94 280 9%
320 97 319 94 320 90.
350 105 365 92.5 40 92
400 101 415 33 100 91.
500 98 600 91 860 9]
670 110 640 92.95 1140 90
730 107 680 9] 1250 91
800 105 790 92 16480 94
1150 107 890 91 1550 98.
1210 110 1210 96 2150 91
1560 122 1440 106 2610 8.
2020 103 1950 107 2950 9)
2850 112 2020 92 3500 93.
3000 110 3100 104 3620 90
3400 125 3450 109 )850 89
3420 110 4500 97 5000 86.
4400 109 6800 89 6400 90
5000 105 1500 88 6600 87.
6400 103.5 10400 86 6900 85
6800 103 11900 8) 8450 8l
7900 102
10500 99
12000 98 [ {
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TABLE 24, XARROM-BAND FREQUENCY ANALYSIS OF SPL
MFASURFMENTS IN CH-47B AIRCRAFT
Crulee Operation, Alrcraft No. 619109 (db re 0.0002 microbar)

Beneath Center of
Rotor Transmission Above Pilots' Heads Cargo Compartment
Freq. (Hz) [ SPL Freq. (Hz) SPL Freq. (Hz) SPL

2%.5 113.5 200 9] 215 92.5
1) 102 220 97.5 225 88
4.9 106 235 96 255 88
20) 99 255 98 291 88
235 99 J60 95 330 87
295 96 460 92 395 92
335 100.5 540 | 89.5 440 90
)50 102 680 89.5 610 96.5
410 100 800 93.5 640 95
650 96 990 92 660 90.5
810 104 1220 92 770 90.5

1000 10} 1420 103 795 90

1190 105 2000 89 840 92

14%0 120 2150 | 88.5 980 87

2020 100.5 2800 98.5 1190 93

2250 100 2950 99.5 1390 98

3300 1 4100 | 92 1650 91

4300 102 6300 | 87 2000 91.5

5800 98 6700 86 2450 89.5

6500 98 8500 | 87 2900 95

7000 96 ; 3400 99.5

8100 93 l 4400 87.5

10200 92 ; 6600 84

10700 90 8400 84

12500 89 | 14200 78
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Hover Operation, Aircraft No.

TABLE 25.

NARROW-BAND FREQUENCY ANALYSIS OF SPL

MEASUREMENTS IN CH-47A AIRCRAFT

12409 (db re 0.0002 microbar)

Beneath Forward Center of
Rotor Transmission Above Pilots' Heads Cargo Compartment
Freq. (Hz ) SPL Freq. Hz) SPL Freq.(Hz) SPL

23 108 23.5 101 24 99
27 100.5 25.5 103.5 25 92
36 105.5 37 92.5 31.5 83
46 102 40 82 36 92
60 103 49 90.5 47 94
70 104 64 83.5 60 89.5
83 103.5 83 95 69 84
120 108 120 93 105 90
162 95 158 87 120 91
208 96.5 215 89.5 179 87
249 97 250 85 205 885.
315 95 310 84 242 88
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