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FOREWORD

' This report was prepared by I. Laskin, F. K. Orcutt, and E. E. Shipley of
Mechanical Technology Incorporated, under Contract DA-44-177-AMC-416(T).
The contract was carried out under the technical cognizance of

Mr. E. R. Givens, U.S. Army Aviation Materiel Laboratories, Fort Eustis,
Virginia.

A major contribution to the program was made by U. W. Dudley, who was at
MTI1 when the contract was initiated. He provided the general direction
which the program followed and also served as consultant in many areas of
gear technology.

Consultation in the design and interpretation of the noise and vibration
measurements was provided by Mr. Edward F. Noonan of Noonan, Knopfle, and
Feldman.

This program was carried out with the cooperation and assistance of many
individuels and organizations. Special credit is due Mr. John Nobles of
USAAVLABS; Mr. Charles W. Bowen, Jr. of Bell Helicopter Company;

Dr. Jorgen Lund and Mr. David Hu of MII, who contributed the torsional re-
sponse analysis; and Mr. Paul M. Dean of MTI, who assisted in the interpre-
tation of the gear measurements.
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ABSTRACT

This study is part of an effort to create a technology for reducing inter-
nal helicopter noise at its source. The objectives were as follows:

1. Development of an effective method of computing helicopter gear-
box noise.

2. Use of measurements in the helicopter and on its gearbox compo-
nents to provide a basis for and to validate the computational
method.

3. Application of the method for the evaluation of noise-reducing
design changes.

Only one helicopter model, the UH-1D, was investigated in detail, but the
apr.roach was made general enough to apply to all similar helicopters.

T> develop a firm, empirical basis for the analytical methods, three groups
cf measurements were made: in-flight noise and vibration measurements on
four helicopters, laboratory vibration measurements on the gearbox casing,
and precision inspection measurements on two sets of gears. These measure-
ments identified the major factors in the generation and transmission of
gearbox noise and at the same time demonstrated that some commonly accepted
factors were of minor significance. The most objectionable noise was shown
to originate in the meshing action of the gear teeth. When the gears are
heavily loaded, high-level noise components are produced whose frequencies
correspond to the first three harmcnics of each tooth meshing rate. The
broad-band noise characteristics of the gearbox are determined by the total
pattern of the magnitudes and frequencies of these components. The excita-
tion of the noise comes primarily from the variable tooth deflection of the
gears meshing under load, with some contribution from manufactured profile
errors. The other gear errors - tooth spacing and runout - do not play a
major role. The bearings themselves are not a significant source of noise
production, but they do *ransmit :the gear-induced vibration to the gearbox
casing, which serves as an important '"broadcaster' of this gear noise.

A computerized calculation procedure was developed for predicting noise
levels from design and operating data. This procedure was checked by ap-
plying it te the UH-1D helicopter operating under cruise conditions, for
which {t gave calculated noise levels in good agreement with the in-flight
measured noise levels,

This analytical procedure makes it possible to identify, for the first
time, the individual noise comporents which will dominate the noise spec-
trum, and to find out how much each of these components must be reduced in
order to drop the noise to an acceptable level. With this procedure, it is
now also possible to evaluate quantitatively the improvement to be obtained
from any of a broad range of design changes often proposed for noise reduc-
tion.
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The calculations on the UH-1D gearbox revealed that a variety of design
modifications will be required to reduce all of the high-level noise com-

ponents. ‘.aey also showed that some of the modifications must be carefully
optimized to avoid incressing one component while reducing another. o

A partial investigation of the gear noise reductions possible with design

changes points to a potential decrease of 10 db cr more along the entire

frequency spectrum, The 10-db improvement can be obtained from relatively

minor changes, such as tooth profile modifications and system stiffness A
modifications which shift the relations between excitation and resonant

frequencies. Only where greater reduction is required will it be necessary

to introduce major changes, such as more accurate gear manufacture, helical

gears in place of spur gears in the planetary stages, or gearbox casing re-
design.
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INTRODUCTION

Helicopter cabin noise, particularly that due to the drive gearbox, is
aiveady well recognized as one of the impcrtant problems in the present
and future use of helicopters. The nature and extent of the problem are
seen when present noise levels are compared to existing and proposed noise
specifications. Figure 1 gives such a comparison for the UH-1D, in wt ich
cabin noise levels exceed MIL-A-8806 by as much as (Reference 1) l4 db.
The excessively high levels, incidentally, occur only in the highei tre-
quency octave bands, where the noise is associated primarily with the
gearbox, in contrast with the lower frequency range, where the noise is
associated with the rotors (References 1 and 2}.

Another aspect of the helicopter noise prcblem is the continuing increase
in noise levels as new helicopters are introduced with more and more power
transmitted through the gearbox. This trend ic demonstrated in Figure 2,
which compares measured cabin noise levels of the UH-1A in 190l with those
of the UH-1D in 1967. A significant difference in the two aircraft is in
the cruise horsepower, which has increased from 465 HP in the former to
680 HP in the latter. It is not unreasonable to project further power in-
creases in the future and to expect a corresponding rise in the already
excessive noise levels. Thus, the need for better methods of noise re-
duction in helicopters is becoming all the more urgent.

One approach to noise reduction has been the addition of sound-absorbing
materials. Although potential benefits have becn demonstrated, these are
necessarily accompanied by significant weight penalties. As was cocn-
cluded (Reference 1), "Gieater efficiency in noise contro!l can be

achieved by reduction at the source," and '"Such achievement will require
research into several basic mechanisms of aircraft noise.” Since the most
objectionable cabin ncise comes from the gearbox, this is the component of
the aircraft that should receive attention first.

The benefits of any new method of reducing noise from helicopter gearboxes
will materialize only wher they are written into a technical specification
and applied to new helicopter designs. This will require an overall pro-
gram containing a sequence of stages of engineering study and testing.
Such a program is shown in the flow chart in Figure 3. It concentrates
first on the development of analytical tools which can be used to predict
noise levels from design data. The study covered by this report has been
devoted to accompiishing a practical and usable major portion of this
first stage.

The objectives of this effort were as follows:

1. Development of an effective method of computing the noise pro-
duced in a helicopter gearbox, including:
a. Identification of the major sources oi this noise.

b. Consideration of the influence ot vibrational resonances in
the overall drive system and 1n the gearbox casing.
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DEVELOPMENT OF ANALYTICAL TOOLS !

. To predict noise levels
from design data

EVALUATION OF A WORKING GEARBOX

To find design changes
for optimum noise reduction |

I

EXPERIMENTAL TESTING

To verify noise reduction
predicted by analysis

'

PRELIMINARY DESIGN

To study feasibility of
incorporating noise reduction features

;

FINAL DESIGN, BUILD & TEST
OF A WORKING GEARBOX

X To demonstrate the effectiveness
of the new desigr capability

. Figure 3. Overall Program for a New Method of Reducing Noise
From Helicopter Gearboxes,




¢. Evaluation of the mode of transmission of noise from the
gearbox to the pilot's location in the cabin.

d. Preparation of a computerized roise calculation which starts
with design data, operating conditions, and manufacturing
imperfections.

e. Validaticn of the calculation method by comparison of cal-
culated and measured results for the UH-1D helicopter.

2. Recommendation of design modifications which will reduce the
amount of noise generated.
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DESCRIPTION OF PROGRAM

This study of helicopter gearbox ncise reduction was conducted in three
tasks. The individual efforts of each task are summarized below, with

) more detailed descriptions and explanations reserved for the Discussion
of Results and the appropriaie Appendixes.

TASK I — GEAR MEASUREMENT

’ For this task, the Government provided two of each of the main drive gears:
input stage spiral bevel pinion and gear, lower planetary stage sun gear,
upper planetary sun gear, planet gear common to both planetary stages, and
combined ring gear for the two planetary stages. Because working-quality
gears could nct be released from Govermment inventories, these gears were
selected from rejected production parts but, insofar as possible, of re-
presentative, acceptable quality in those features which related to the
measurements planned. :

The types of measurements made were those judged to be most commonly used
te control gear quality and most likely to relate to noise generation.
They included measurement of tooth spacing errors and runout on all gears,
tooth profile on all spur gears, and ccmposite gear errors on all external
spur gears. The most precise inspection equipment availabie was used.

TASK II — ANALYSIS

In this task, it was necessary to treat three distinct subjects. These
were the excitation developed by gears and bearings, tbe dynamic forces
that resulted, and the noise generated from the vibrating gearbox casing.

; The treatment of the subject of excitation started with a review of recog-
} nized causes of gear and bearing noise. After ponssible gear and bearing
excitation frequencies were calculated and related to frequency spectra of
measured noise, the significant forms of excitation were selected and the
b formal analysis was undertaken. Since this analysis proved to rest heavily
1 on gear tooth deflection, it was necessary first to research thoroughly and
] then to adapt suitable relationships for beam deflections »f gear teeth and
also for Hertian contact deflections. The gear excitation analysis was
completed and then programmed for computer solution. This program was run
for all the cases of the gears in the UH-1D gearbox, wich a variety of
E loads and profiles. Besides studying standard profiles, computations were
- made for measured profiles with manufactuving inaccuracies and for some
specially modified profiles.

The second portion of the analysis, determination of the dynamic forces re-
sulting from the excitation, received a more direct analytical treatment.

J This started with the torsional vibration analysis of a multi-branched
transmission system with provision for damping at its bearings. The next
step was the addition of the dynamic analysis of a simple gear set with
dieplacement excitation at the gear mesh. Finally, the analysis was ex-
tended to include the case of a planetary gearing system with dispiacement
excitation at each gear mesh. This last addition had to be made in two
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distinct parts, corresponding to two different conditions of planet excita-
tion phasing. This total analysis was programmed for computer solution,
inc’uding provision for calculating torsional inertias and stiffnesses di-
rectly from component dimensions. The program was run for the main drive
system, from turbine to main rotor, in the UH-1D helicopter. This required
reduction of the design data from the transmission design drawings into the
format required by the program. The specific applications of the program
were in calculating the gear tootn forces resulting from the excitation .
under cruise operating conditions. It was also used to calculate the

extent to which force levels are iniluenced by selected conditions of

changing frequency, compliance, and excitation phasing.

The final subject of the analysis, the conversion of gear excitation and
dynamic forces into noise levels, started with a study of an earlier quasi-
analytical method for calculating marine gearing noise. This was revised
and adapted to approximate more closely the conditions of the helicopter
gearbox, The new analysis was reduced to a manual calculating procedure
to give a calculated noise level for each excitation frequency. Added to
this procedure was a calculation which simulates the function of the
frequency spectrum analyzer used to analyze measured noise and vibration
data., It thereby permits the combination of the noise levels at individ-
ual frequencies into equivalent third-octave wide-band noise levels. This
feature permits convenient comparison of calculated and measured results,
This completed portion of the analysis was then used to calculate the
noise levels for the cruise operating conditions considered in the earlier
computations.

TASK IIf — NOISE AND VIBRATION MEASUREMENT AND ANALYSIS

A preliminary set of measurements was first made on one UH-1D helicopter
at Fort Eustis. Noise levels were measured under three flight conditions
and at four locations within the aircraft. During the same test flight,
vibration measurements were also made at 10 locations on the gearbox
housing and on the aircraft structure close to mounting points. The
measurements were reduced to overall levels and to wide-band and narrow-
band analyses. These preliminary measurements were reviewed to select the
most significanc test conditions and locations fur the final set of in-
flight measurements. These preliminary measurements served an additional
purpose. The frequencies of the peak values in the analyzed noise mea-
surements were compared to the exciting frequencies calculated for the
gearbox components, thereby serving to identify the major sources of
noise in the gearbox.

The final set of measurements was made in flight on three UH-1D helicopters
at Fort Rucker. Two operating conditions were used, with three locations
for the cabin noise neasurements and five locations for the gearbox
housing vibration measurements. These were later reduced to overzll
levels and to wide- and narrow-band analyses. On one helicopter, addi-
tional vibraticn mcasurements were made at 16 bulkhead iocations. The re-
sults of this final series of measurements were studied to obtain infor-
mation on the uniformity of noise and vibration among aircraft, the rela-
tionsh.p between noise and gearbox housing vibrations, and the mode of

6
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noise transmitted from gearbox to pilot's location in the cabin. The
noise measurements at cruise were used to make the comparison with the
noise levels calculated in Task II for the same operating condition.

In addition to the measurements made in the heliccpter, gearbox casing res-
onances were investigated using an unpowered, assembled gearbox, complete
except for the mast and rotor. Casing resonances were investigated by
externally driving the casing with a vibrational force and measuring casing
motion through accelerometer pickups. The driving force wes appliea in
turn at three locations, and measurement was made at six locations.

-




DISCUSSION OF RESULTS

INTRODUCTION

In this program, a great many of the faclors which come into play in the
creation of helicopter gearbox noise and its transmittal to the cabin area
and the pilot have been studied, or at least touched upon. The factors
and their relationships are pictured in flow chart form in Figure 4. The
first factor is the excitation inside the gearbox which sets up torsional
vibration 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 gear-
box 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,6 some of the vibration of
the housing is transferred through its mounting into the aircraft struc-
ture. At this point, the direct role of the gearbox in influencing cabin
noisz has ceased, indicating the logical cutoff point for the area of con-
cern of this program. Indeed, the intensive study of the program was con-
fined to those noise factors directly related to the gearbox. However,
when in-flight measurements were being made, and because of the conve-
nience of doing so, the investigation was to a limited extent carried over
to some cf the factors associated with the aircraft proper. Figure 4 con-
tinues on to show these factors relating to the transmittual 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 con-
tinues through the air until it reaches the pilot. Since this mode of
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 bulkheads, where it is for the
first time transformed into noise reaching the pilot. Since the structure
played a pronounced role in this mode of noise vransmittal, the noise at
the end of the path is referred to as structure-borne noise.

The fact)rs described above have been investigated in some portion of the
three tatks making up the program. Task III. devoted to noise and vibra-
tion measurements, served to identify the sources of excitation and the
mode of noise transmittal. It also described the nature of the resonances
in the ge.arbox housing. Task 11, containing the analytical treatments,
providea the quantification of the major form of excitation and of the
gear tooth forces that result from this excitation. It further revealed
the contribution of torsional resonances in the drive system. Task I,
dealing with the gear weasurements, helped to identify the manufacturing
imperfections that contributed directly to the major forms of excitation
and to what extent.
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This section of the report, following the sequence just given, will de-
scribe how each of these factors has been investigated in the program, will
give some representative results, and will discuss their interpretation
leading to the conclusions. The comprehensive data collected, the instru-
mentation and methods used, and the derivation and justification of the
analyses have been reserved for the various appendixes.

NOISE _MEASUREMENTS

The noise measurements made on three helicopters during cruise operation
are presented in Figures 5, 6, and 7. The cabin locations referred to in
these figures are identified ir Figure 8.

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

Reference 2.

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 essen-
tially continuously in frequency (meaning that all frequencies are
present) and is fairly constant in sound pressure level over a wide fre-
quency 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 the adjustable band-pass filters, it meas-
ures the combined effect of all the frequencies within each selected band.
Because the filters cannot be made with perfectly sharp cutoff !imits, an
actual measurement combines also part of the effect of frequencies in ad-
joining bands. The bandwidth is referred to as a '"narrow band" if ita
width is small, perhaps one-thirtieth of an octave. The term "wide band"
is used for bandwidths of one-third, one-half, and full octave. If the in-
strument measures the entire sound frequency range as one band, the mea-
surement is an '"overall' sound pressure level. The indication of the
sound pressure level instrument is not based on a linear measure; instead,
the unit used is the decibel (db), which is based on a logarithmic scale.
The sound pressure is indicated as propcrtional to the logarithim of its
ratio to a very small standavd pressure. The significance of the decibel
is such that a sound having 10 times the pressure levcl of another will be
indicated as measuring 29 db higher.

The selection of the bandwidth depends on the purpose for which the mea-
surements are tc be used. A narrow-band plot 1is useful to pinpoint the
exact values of the discrete frequencies, especially when these are
crowded close together. The full octave bandwidth, on the contrary, ob-
scures the individual frequency values and instead shows the manner in
which the general noise level varies over the full frequency range.
Figures 1 and 2 are of this type. The third-octave bandwidth, used in
Figures 5, 6, and 7, and most other figures in this report, performs the
combined function of calling attention to the location of the discrete
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Pilot Copilot

Gearbox
Compartment

Behind pilot
At rear of crew compartment

(:)At hatch to gearbox compartment

Figure 8. Microphone Locations for -ound Pressure Level
Measurements on Three Helicopters.
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frequency components of the noise and, in a special way to be explained
later, of conveying the general level as it varies across the entire fre-
quency range.

In these plots, a series of straight lines connect points whose frequency
values are at the "mid-points" of the bands. The purpose of the line seg-
ments is merely to convey the association of the points. Unlike conven-
tional plotted curves, intermediate points on the line segments have no
significance.

Interpretation of these third-octave band curves is based on the locations
and heights of the peak values. These peak values generally signify that
one or more discrete frequency ncise components are present within the
particular band of frequencies. While the height of the peak r~nresents
the combined effect of all frequency noise components in the band, be-
cause of the nonlinear manner in which the combination takes place, the

one or two dominant discrete frequency components generally determine the
value of the peak. For example, adding a second discrete frequency com-
ponent to one of the same magnitude will raise the peak by only 3 db. If
the second component is 5 db smaller thau the first, when the two combine,
the increase over the first component alone will be only 1 db. Hence, to
get a general picture of how the curve would look if it were plotted with

a wider bandwidth in place of third-octave, it is necessary only to imagine
a line almost "skimmirng" the peaks. Furthermore, any overall noise level
would be almost completely determined by any cne portion of the noise
spectrum which is higher than the rest. For example, in Figure 2 the over-
all level for each of the curves would be determined by the higher levels
shown in the low-frequency end of the frequency spectrum with practically
no influence from the lower levels at the high-frequency end.

With this explanation in mind, it will be recognized that tlie "valleys"
appearing between peaks in the third-octave band plots are of little sig-
nificance. The value read out by the instrumentation consists of a com-
bination of the continuous-frequency '"white noise'" and low-level dis-
crete frequency components within the particular band and, in addition, a
portion of the high-level discrete frequency components in the adjacent
band, especially those whose frequencies are just beyond the particular
bana 'imits. As mentioned earlier, these '"outside" contributions result
from the inadequately sharp cutoff capabilities of the band-pass filters.
Very often, if the high peaks in the adjacent bands are reduced, the
values of the valleys would also drop accordingly.

Returaing to Figures 5, 6, and 7, some conclusions may now be drawn.
First, there is a high degree of similarity in both levels aund curve shape
for the three aircraft. This may be recognized more easily in Figure 9,
in which the measirements at the pearbox compartment are shown in super-
imposed curves. The frequency bands with the peak or near-peak values are
remarkably consistent for the three curves. In addition, the sound pres-
sure levels show remarkable consistency, with differences between curves
at any one band rarely exceeding 5 db. This absence of large, random
variation among aircraft reinforces the concept that a reliable, analyti-
cal method for computing noise levels can be developed.

15
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The influence of microphone location may be considered by again referring

to Figures 5, 6, and 7. One noteworthy item is the similarity over a
. broad range of frequencies between the measurements at the rear of the
crew compartment to those behind the pilot, for each of the three heli-
copters. Tae range of closest similarity is that abcve 600 Hz. As men-
tioned in the Introduction and as will be demonstrated later, this range
is the one particularly related to the gesrbox. Another item of interest
in these figures is the major difference between the measurements taken at
the gearbox compartment and those in the cabin proper. This difference
takes the form of contrasting general shapes of the curves, with one show-
ing generally lower sound levels as frequency increases and with the other
showing the opposite relationship. The difference also shows up in the
absolute sound level reached, especially at the high-frequency end. Less
obvious, but also significant, is the one similarity among all the curves,
that they peak almost always in the same frequency band. These differences
and similaritie- can be examired more effectively if two of the widely dif-
fering curves are plotted superimposed on one set of coordinates. This has
been done for the '"behind pilot" and "at gearbox compartment' readings
taken on "n: of the helicopters, No. 66-1038, with the results shown in
Figare 10. This comparison reveals that the relationship between the two
curves is different in the frequency range below atout 500 Hz from what it
is in the range about 500 Hz, In the lower range, the two curves are
closer but the locaticns of individual peaks are not very similar. In the
upper range, on the other hand, the curves are widely separated but the
peaks show identical locations on the frequszncy scale. This differing re-
lationship between the curves in the two firequency ranges suggests signi-
ficant differences in the sources and modes of transmittal of thei: in-
dividual noise components.

B. fore proceeding further with the analysis of these ncise measurements,

it is possible to narrow the problem down to only one of the two frequency
ranges. Figure 1 shows the measurements for the "behind pilot" location
replotted on a full-octave band frequency scale in comparison to the maxi-
mum noisc level limita of MIL-A-8806. The measured noise levels exceed the
specification limits but only in the higher portion of the overail frequen-
ry range. Further discussion will therefore emphasize the higher frequency
noise components, and only occasional reference will be made to the

lower frequency range.

. The sources of the discrete frequency noise components which create the
noise peaks may be traced through comparison to the caiculated frequen-
cies of all possible excitations connected with the drive system. These
calculated frequencies, based on in-flight transmissicn input speed of
6600 rpm, are given in Tables I through IV. 1In each table, each individ-

i ual frequency is associated with the third-octave band in which it
falls. 1If the frequency is close to the value dividing two adjacent bands,
it is located between the twc, indicating that its effect on measurements
will be about equal in the two bands. Table I is of particular interest
because the frequencies th:t it contains lie in the upper portion of the
overall frequency range. The first three columns of li-ted frequencies are
for the main rotor drive gearing stations in the transmission. A sche-
matic diagram of these stations is given in Figure ii. Matching the values
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TABLE II. CALCULATED EXCITATION FREQUENCIES -
MAIN AND TAIL ROTOR ROTATIONAL FREQUENCIES
AND THEIR HARMONICS*
_—-
Third Octave Main Rotor Tail Rotor
Bund Midpoints, Hz Hz Hz
10 11 (2) '
———
12.5
16
20 21 (4)
25
28
32 33 (6)
_
40 43 (8)
50 54 (10)
— 551 N2)——
63 & 1(12) }_
80
100
110 (4) —
125
160 165 (6)
200
! 220 (8)—
250 I
b 275 (10) —
l 320 330 (12)
(]
[ *Figures in parentheses show oranr of harmonics.
] Each rotor has two blades; hence,even-numbered harmonics are blade-
passing frequencies.
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TABLE IIT. CALCULATED EXCITATION FREQUENCIES -
MISCELLANEQUS SHAFT ROTATIONAL FREQUENCIES

Third~ Transmission Shafts Transmission Shafts Power

Oct. ve Main Rotor Drive Tail Rotor Drive Turbine

Band Inter-

Midpoints planetary Quill Input Takeoff Drive : Shatt
N2 Hz He Hz Hz Hz H2

16 17

20

25

32

40

50 52

63 69

80

100
110—

125

160

200

250

320

400 g
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in the table to the peak noise level frequencies in Figure 10 reveals a

clear relationship between the frequencies for all three gearing stations,

from the fundamental frequency up to the third harmonic. The fourth har-

monic for all three stations, however, corresponds with a "valley" in the .
noise plot. The exciting frequencies are indicated in the upper right of

Figure 10. This correspondence is shown even more emphatically when the
calculated frequencies are compared to the peak values in the narrow-band
analysis, as shown in Figure 12. The narrow-band analysis, to some extent,

helps to distinguish the -ffects of two exciting frequencies which are )
close enough to each other to be within the same third-octave band. The

upper planetary third harmonic exciting frequency falls so close to the
fundamental of the lower planctary that even the narrow-band analysis cun-

not separate their efferts. On the other hand, the second harmonic of the

bevel set exciting frequencies is sufficiently removed from the third

harmonic of the lower planetary that, in Figure 12, it is seen as uot

, contributing significantly to the noise level peak in the 6400 Hz third-

octave band.

The other frequencies listed in Table I may also be c-mpared to the peak
noise level frequencies in Figures 10 and 1°. The transmission gears that
are pasct of the tail rotor drive do not appear to make any significant
contribution to the noise peaks, most likely because of the relatively
small power they transmit. The fundamental frequency from the second stage
of the turbine reduction gears is almost identical to the third harmonic
from the lower stage planetary of the main transmission; hence, it is im-
possible to evaluate its contribution. The last column in Table [ shows
the tooth meshing frequennies in the coupling cunnecting the turbine to
the transmission. Although these teeth are not gear teeth in the strict
sense, their meshing action is somewhat similar. In any case, comrarison
of the calculated frequencies shows no significant role in the gearbox
noise.

The frequencies shown in Table II are derived from the rotation of the
main and tail rotors. Since each of these rotors has two bilades, the even-
numbered narmonics ziven in the table correspond to blade passing fre-
quencies. Some of these frequencies have been indicated in Figure 10,
where tuey appear to identify the rotors as major sources of the noise in
the lower frequency range. A similar i1cdcatification was made in a Bell
Heliconter Company noise stucdy on the UH-1lA (Reference 2).

scellaneous shaft rotational frequencies are given in Table II1. Exci-
torions of these freouencies could arise from eccentricities of shatcs,
gears, or bearing races. Any gear manufacturing error which introduces a
variation<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>