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The findings in this repext are not to be construed as an official Depart-
ment of the Army position unless so designated by other authorized documents,

When Government drawings, specifications, or other data are used for any
purpose other than in connection with a definitely related Government procure-
ment operation, the United States Government thereby incurs no responsibility
nor any obligation whatsoever; and the fact that the Government may have
formulated, furnished, or.in any way supplied the said drawings, specifica-
tions, or other data is not to be regarded by implication or otherwise as

in any manner licensing the holder or any other person or corporation, or
conveying any rights or permission, to manufacture, use, or sell any patonted
invention that may in any way be related thereto.

Trade names cited in this report do not constitute an official endorsement
or approval of the use of such commercial hardware or software,

DISPOSITION INSTRUCTIONS

Destroy this report when no longer needed. Do not return it to the
originator,
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DEPARTMENT OF THE ARMY
U.S. ARMY AIR MOBILITY RESEARSH & DEVELOPMENT LABORATORY
EUSTIS DIRECTORATE
FORT EUSTIS, VIRGINIA 23604

%‘ This report presents a part of a continuing effort to

; understand and ultimately control the noise produced by
%“ helicopter power trains. The objective of this effort
{ was directed toward the investigation of the dynamic

vl behavior of the rotating components within the trans-

? mission and the manner in which the housing interacts

: with them,

S

5 This program is an extension of the work presented in
i USAAVLABS Technical Reports 68-41 and 70-12.

This Directorate concurs in the conclusions made by
the contractor,
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The technical monitor for this contract was Mr, E. R.
Givens, Propulsion Division.
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internal helicopter noise upon mechanical vibration characteristics of portions of the
rotor-drive power treia, particularly gear-carrying shafts and structural elements
which are near the gears. GCear-mesh frequency vibration calculations have shown both
logical reasons why noise is generated by the gearbox and also the effects of typical
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Representative modifications which a.pear to have merit with regerd to reducing the
bevel mesu nuise component, include changes to bevel-gear shaft dimensions, bearing
stiffnesses, and materlals. Stiffening of the ring gear appears to offer some promise
for reducing the level of the noise component at the lower planetary mesh frequency,
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SUMMARY

4.

The results obtained in this investigation demonstrate the strong depen-
dence of major components of internal helicopter noise upon the mechanical
vibration characteristice of portions of the rotor-drive power train, par-
ticularly main transmission gear-carrying shafts and structural elements
which are feasible for the pearbox designer to perform have shown both
logical reasons why noise is generated by the gearbox and also the effects
of typical design changes which might be considered during the development
of future gearboxes in order tc help achieve lower noise levels.

R
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Modifications which were considered and which appear to have some merit

with regard to reducing the level of the bevel mesh noise component include
changes to bevel-gear shaft dimensions, bearing stiffnesses, and materials.
Stiffening of the ring gear, th. only modification considered for that
element, appears to offer some promise for reducing the level of the noise
component at the lower planetary mesh frequency. The modifications selected
for examination are only representative of many. There are undoubtedly
others whick will exhibit greater noise reductions. The optimum configura-
3 tion can only be determined by systematic study, and must ultimately be

g evaluated by a competent gearbox designer prior to implementation.
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A This study is part of a continuing effort to control, through the develop-

. ment and application of mechanical vibration and acoustics technology, the
noise produced by helicopter geared power trains. While the results

_achieved by this study are not all inclusive, they represent a significant
step forward in understanding the reasons for the generation of gearbox
noise. The major aims of this study, which was directed at both the UH-1D
main rotor-drive gearbox and the CH-47 forward rotor-drive gearbox, were
as follows:

1. Theoretical predictions of lateral natural frequency and forced
response vibration characteristics of the gearbox shafts which
carry the spiral bevel gears, and the analytical demonstcation
of poscible methods of reducing vibration, and therefore noise
levels,

Theoretical predictions of natural frequency and forced-response
vibration characteristics of the planetary ring-gear portions of
the gearbox casings, considering the ring-gear structural supports
as thin-shell elements, and the analytical demonstration of pos-
. sible methods of reducing vibration, and therefore noise levels.

r £ WA f i el e bt S s S
™
.

e

¥ 3. General analytical modeling of gearbox mounts and adjoining air-
{ frame structure, in sufficient detail that the transmissibility

% characteristics (with respect to acoustic-frequency vibrations)

of various mount configurations might be examined.

4. Collection and evaluation of existing helicopter internal noise and.
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vibration data from helicopter manufacturers and users, to

improve the usability of a helicopter internal noise data bank.
This data bank may be used to determine the precise nature of heli-
copter iuternal noise and its sources, and to assess the utility

or gearbox modifications for noise reduction.

The objectives of this study have been achieved.

L iv
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FOREWORD

This report was prepered by Dr. Robert H. Badgley and Dr. Thomas Chiaus of
Mechanical Technology Incorporated under Contract No. DAAJ02-70-C-0035
(Task 1G162207AA7201). The contract was carried out under the technical
cognizance of Mr. E.R. Givens, Eustis Directorate, U.S. Army Air Mobilicy
Research and Development Laboratory, Fort Eustis, Virginia.

Special credit is due to Mr. L. W. Winn of MTI, who performed the rolling
element bearing stiffness calculations, and to Mrs. F. Gillham of MTI, who
carried out the extensive calculations required for the achievement of the
contract objectives.
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35 INTRODUCTION
7
g Helicopter internal noise is increasingly being recognized as one of the ;
ﬁ najor problems which must be overcome if helicopters are to be a safe and

comfortable mode of transportation in the future, Internal noise has often
been considered inherent to the helicopter, primarily because of the weight
penalty associated with the use of insulation and blanketing, together with
limitations on the 1lift which can be achieved with this type of aircraft.
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| Internal noise levels have apparently not always been considered to bear

|y strongly upon helicopter crew and passenger safety. There is increasing

3 concern, however, for the legal aspects of hearing damage to both passengers
s and crew in military helicopters. There are also apparently some indica-

H tions that certain noise components produced by the CH-47 rotor-drive gear-
box may be interfering significantly with internal communications within
operating CH-47 aircraft. Crew helmets do not and cannot alleviate this
problem, since the noise impinges upon the microphones, as do the spoken
words of the crew. Noise fatigue of both passengers and crew is undoubtedly
another important element for consideration.

B Y U U

The continuing trends to higher and higher power levels, and the ever-

K. present lift-to-we.ght ratio requirements, result in both higher drive-

‘ train mechanical force levels and higher mechanical vibration levels,

Since one of the most important by-products of acoustic-frequency mechani-
cal vibration is noise, noise levels can be expected to increase drastical-
ly as well, The inability of the aircraft designer to assign weight allow-
4 ances to sound-absorption devices or materials means that the gearbox
designer is faced with the problem of redu.ing or limiting internal noise
levels during the design of the power train components, utilizing methods
which incorporate new criteria.

The requirement to reduce noise levels in existing helicopters, wherever
possible, and to achieve quieter future helicopters through design~-level
efforts has been recognized by the U.S. Army. Consequently, the Eustis
Directorate, U.S. Army Air Mobility Research and Development Laboratoiy,

Fort Eustis, Virginia (formerly the U.S. Army Aviation Materiel Laboratories)
has embarked upon a program to understand the sources of internal helicopter
noise, to modify existing hardware to reduce the noise levels emitted by
these sources, and to transmit the information learned by these investiga-

; tions to helicopter manufacturers for incorporation into the design pro-
cess,

hotor-drive gearboxes have long been recognized as one of the major
sources, and perhaps the prime source, of the noise which is found in
operational helicopters. Even before the use of sophisticated measuring

* equipment, the layman's ear could distinguish the gearbox as the probable
source of the noise levels being experienced. During the past decade,
better sound-recording apparatus, together with full-octave and one~third-
octave analysis techniques, has enabled the internal sound spectrum to be
studied in more detall. The results of these studies showed that in
larger helicopters, such as the CH-47, the internal noise levels were due
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primarily to very high narrow-band signals which were located in the fre-
quency bands which contained the mesh frequencies of some of the speed
reduction gears [1]*, [2], [3]. More recently, narrow-band analyses of
similar recordings [4] have shown that these noise spikes are located
orecisely at ceveral of the gear mesh frequencies. In smaller helicopters,
such as the UH-1D, the studies indicated that accessory systems, such as
hydraulic pumps and oil cooler fans, were in several czses of equal impor-
tance to the gearbox as sources of noise.

As a result of the information uncovered by the full-octave and one-third-
octave analyses, which identified the gears as the probable prime sources
of noise, an analytical effort was undertaken to formulat- equations which
would describe the type and amount of disturbance [1] int.oduced into the
drive train, at the mesh frequency and its higher multiples, as a result of
the normal meshing action of the gears. At the same time, an effort was
undertaken to develop a torsional response analysis which could predict the
dynamic gear tooth forces in the drive train under the forcing action of
the gear mesh disturbances. These analyses, together with an empirical
method for computing noise levels based on their results [1], [2], yielded
encouraging results which formed the basis of the current study.

The production of certain components of noise by a power train gearbox re-
quires the vibration of portions of the gearbox casing or of the supporting
structure (which depends upon the transmissibility of the mounts), or both.
These vibrations may be caused by the application of dynamic forces to the
casing at the gear mesh frequencies (or their multiples). This condition
exists in the usual rotor-drive gearbox design, in which an input shaft,
usually mounted on three or four rolling-element bearings, supports a
single bevel gear. While the drive force acting on the gear mesh frequency
(or 2 multiple thereof) because of the torsional vibrations of the drive
train, which are caused by the characteristics of the mesh itself. These
variations in the rolling-element bearings which support the gear-carrying
shaft; hence, the application of dynamic forces to the gearbox casing. A
similar situation exists for the output bevel-gear shaft and for the ring-
gear portion of the gearbox casing.

While the foregoing helps to explain one gearbox-related mechanism which
may produce high internal noise levels, the gearbox designer should also be
aware of another phenomenon which may occur. While the lateral natural
frequencies of the bevel-gear-carrying shafts are usually far above
rotational frequencies, they are often very nearly the same as the mesh
frequency or one of its multiples. Thus, the very real possibility exists
for forcing one or more of the shafts at a lateral resonance frequency.

*Numbers in brackets refer to literature cited at the end of this report.

Lok



DESCRIPTION OF PROGRAM

This study of helicopter power train acoustic-frequency vibrations and re-
sulting noise was conducted in four tasks, the individuel efforts of which
are summarized below.

In the vibrations analysis of anr system, several distinct types of calcu-
lations are required for a complete understanding of the behavior of the
system. First, the natural frequency (free-vibration) aspects of the pro-
blem must be considered, taking into account the actual support masses and
stiffnesses., This analysie yields the natural frequencies of the system,
together with the vibration mode shapes which may be expected. The analyst
learns from these results the frequency ranges upon which he must concen~-
trate during the second portion of the study, which {s an investigation of
the response of the system to specific forcing functions. Frow this part of
the analysis, information {s gained about the vibration amplitudes which may
be expected. The third portion of the study is then usually an analysis of
the sensitivity of the system to various changes in such parameters as the
amplitude or locetion of the dvnamic forces, the bearing stiffnesses, or the
dimensions of the shaft.

TASK T — ACOUSTIC-FREQUENCY VIBRATION ANALYSI{ OF BEVEL GEAR SHAFTS

As a result of the studies in [1] and [2], dynamic forces acting at the
various gear meshes were available. Following rolling-element bearing stiff-
ness calculations, gear lateral vibration natural frequency calculations

were undertaken for the input and output bevel gear shafts of the CH-47 and
UH-1D rotor-drive gearboxes. Following these studies, calculaticns were per-
formed to show the response of the shafts, including dynamic bearing forces,
to the dynamic forces generated at the gear teeth as a result of the gear-
tooth mesh characteristics. Thus, the path for the transmission of acoustic-
frequency vibration energy, from its point of origin in the gear mesh to its
appearance as mechanical vibre icns at the gearbox casiny walls, has been ri-
gorously studied by means of digital computer dynamic simulation,

The vibration responses of various modified shaft-bearing systems were cal-~
culated to 1illustrate the utility of several novise and vibration reduction
techniques.

TASK II -- ACOUSTIC-FREQUENCY VIBRATION ANALYSIS OF GEARBOX RING-GEAR CASTNGS

This phase of the report was divided into two parts: the first part was de-
voted to the UH-1D ring-gear casing, and the geconl part to the CH-47 ring-
gear casing.

For the UH~-1D helicopter, the ring-gear casing was modeled for dynamic anal-
ysis. The structural natural frequencics of the casing were then determined
for various modes of vibration using an existing MTT shell vibration computer
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program. The natural freqienciecs thus obtained were compared with the gear
mesh frequencies. '

The dynamic tooth forces acting on the ring gear as reportes in [1] and [2]
were used as input data for the computation of dynamic responses. From the
dynamic responses, the acoustic power was calculated, giving an indication
of the noise level generated by the casing due to gear-mesh-induced vibra-
tions.

The ring-gear casings were then modified in an effort to reduce the noise
and vibration levels. The acoustic power generated by the modified casings
was compared with the existing (nominal design) ring-gear casings.

TASK_III — ROTOR-DRIVE GEARBOX MOUNT STUDIES FOR ACOUSTIC-FREQUENCY VIBRA-
TION ISOLATION

The dynamic excitations originating at the gear-tooth mesh locatious may
cause the ring-gear casing to vibrate and thus emit noise. At the same time,
however, dynamic forces and vibrational motion are transmitted through the
jolnts to the aircraft structure, inducing vibrational stresses and genera-
ting noise. The isolation of the gearbox structure from these vibrations is
therefore important from both the stress and noise points of view, although
the major concern here is noise.

The possible use of a vibration isolator between the gearbox and the struc-

ture was anslyzed by using a simple model. Two quantities are known to be
significant in determining the effectiveness of vibration isolation: motion
transmissibility and force transmissibility. The isolation analysis shows

that the two transmissibi lities can be expressed in terms of the mechanical

impedances of the gearbox mount structure, the isolator and the aircraft

structure. ;

TASK IV — COLLECTION AND EVALUATION OF SAMPLES OF EXTSTING GEARBOX NOISE AND
VIBRATION DATA

Visits to the U.,S. Army Aeromedical Research Laboratory, Fort Rucker, Ala-
bama; Vertol Division - The Boeing Company, Philadelphia, Pennsylvania; The
Bell Helicopter Company, Fort Worth, Texas; and the Sikorsky Division of
United Aircraft Corporation, Stratford, Connecticut, were undertaken to ob-
tain and evaluate samples of existing helicopter gearbox noise end vibration
measurements from the standpoints of completeness and usability in future
helicopter internal noise reduction efforts.

.‘;‘(:}\




DYNAMIC FORCES IN CH-47
FORVARD ROTOR-DRIVE GEARBOX BEVEL GEAR SHAFT BEARINGS

ROLLING~ELEMENT BEARING RADIAL STIFFNESS CALCULATION

The first quantities required for a lateral vibrations analysis are the
actual stiffnesses of the elements which support the vibrating system recla-
tive to a fixed veference plane. These calculations were undertaken for
the bearings supporting both the input and output bevel gear shafts in the
CH-47 forward rctor-drive gearbox. For the purposes of the analysis, co-
ordinate axes were assigned as follows:

x-axis y-axis 2-axis

Input Shaft Horizontal (Fore- Vertical (Perp. Horizontal (Perp.
Aft, Along Shaft) to Shaft) Positive to Shaft) Positive
Positive Forward Down to Port Side

Output Shaft Vertical (Along Horizontal (Fore- Horizcntal (Perp.
Shaft) Positive Aft, Perp, to

Down Shaft) Positive
Forward

to Shaft and y-
axis) Positive
to Starboard

Simple calculations indicated the gearbox cesing rolling-element support
structure to be reasonably rigid compared to anticipated bearing radial
stiffness values. Consequently, the assumption was made throughout the
present studies that bearing support stiffness could be neglected and that
the radial stiffness of the bearings was the controlling stiffness. Such
an assumption is avt always valid, however, and the gearbox designer is
cautioned to obtain guidance in this avea prior to undertaking calcula-
tions of this type. (The opposite is true for turbine engines, for in-
stance, where the bearing supports are usually quite soft compared to the
bearings themselves, This is often the case because the interngl forces in
turbine engines are usually much lower than those in helicopter gearboxes.)

For the analyses, the following aircraft operating parameters were assumed:

Aircraft Flight Condition Hover
Aircraft Horsepower (Total) 3750
Forward Gearbox Horsepower 1500
Gearbox Input Shaft Speed 7059 rpm

Bevel Gear Tangential Drive Force 3764 1b

Under these operating characteristics, the steady-state forces (sign con-
vention is with respect to the axes previously described) acting on the
bevel gears arc as follows:

Fox(0)  F (b))  F_ (1b)
Input Bevel Gear -2371 678 3764
Output Bevel Gear - 903 2296 3764
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Utilizing these values, the shaft dimensions and their tolerances, and the
ball and roller bearing dimensions and their tolerances, the following ra-
dial stiffness values were calculated by means of a computer program devel-
oped by Mr. A,B. Jones, Newington, Connecticut, Consultant to MTI, for the
bevel gear shaft bearings (bearings are numbered in the direction of power
flow, and this numbering will be maintained throughout this study):

K K
y 2z
Bearing Shaft (1b/in. x 10°%) (1b/in. x 10°%) ‘
1 Input 1.21 0.72
2 Input 3.42 2.08
3 Input 5.51 4,67 *
4 Input 3.17 5.91
5 Output 2,91 2.99
6 Output 3.60 3.76
7 Qutput 3.57 5.98

DEVEL GEAR SHAFT LATERAL NATURAL FREQUENCIES

Vertol essembly drawing 114D1001, Transmission, Mechanical, Forward Rotary
Wing Drive, end subordinate drawings were used to model ti.z input and out-
put bevel gear shafts., Figure 1l is a simplified drawing of the components
under consideration. Figures 2 and 3 snow details of the analytical mo-
deling which was performed for the vibration analysis. Tables I and II pre-
sent details of the dimensions and other shaft properties used in the
analysis.

The first step in a shaft lateral vibrations analysis should be the con-
struction of a natural frequency map [5] on which are plotted the natural
frequencies of the shaft-bearing system. Such a map shows the regime in
which a particular shaft-bearing arrangement is operating, through com=
parison of the natural frequencies with each other and with the exeiting
frequency (in this case the mesh frequency). It alsc shows the behavioy of
the natural frequencies with respect to bearing stiffness, a characteristic
which will become important during later stages in the analysis in which
system property changes are considered.

The map is most efficiently constructed by first assuming equal bearing ra-
dial stiffnesses for all the bearings in the system and then superimposing
upon the map the actual bearing stiffness vs, gpeed characteristics. (See
Chapter II of Reference 5 for a more detailed discussion of this method of
analysis.) Varying assumed bearing stiffness from 103 to 107 {atl bearings
assumed equal) yields the natural frequency maps shown in Figures 4 and 5
for the input and output spiral bevel shafts, respectively, for the CH-47
forwerd gearbox. The vertical lines (bearing stiffness is typlcally in-
gsensitive t~ vibration frequency changes at constant speed) represeat the
calculaled bvaving stiffnesses discussed earlier.

Figure 4 gives the following general information:



A . - - ~ - - - - - % - L I A .o - 7. - - ML T IF TaT T Ay

T P, A
T

oo e e n” T

&
b
-wv\
Al
um\
- €€€°0 :073vy e, uossiod
44"
: ¢ SH/ar 18270 :4378u2q
T 2 UI/Q1 gO1 X 67 :@ninpoy #,3unop
s 0°0 0°0 6o°1 00°0 0°0 0°0 0°0 8z
05y oS o%°s 08°0 0°0 0°0 c°0 £z
N sz°§ 0z°9 0z°9 05°0 0°0 0°0 00 9
A 0z°s 00°¢ 00°¢Z $L°0 0°0 0°0 00 sz
2 0zY 05°9 05°9 ov°0 0°0 0°0 0°0 vz
£ v6°¢ zz°s 24l $9°0 0°0 0°0 0°0 €
B3 06°¢ 09°S ey oL-0 0°0 0°0 0°0 zz
: 06°¢ 09°s ey oz°0 0°0 0°0 0°0 12
: 06°¢ 08"y €y 00°1 00 00 0°0 oz
¢ 06°¢€ z0°¢ Y 09°0 0°0 00 0°0 61
: 06°¢ 70°> Tty 09°0 ~0 0°0 0°0 81
] 06°¢ $6°% %€y oo 00 0°0 0°0 a
: 06°¢ $6°% ey 09°0 070 0°0 00 91
06°¢ $9°% €y 00°1 0°0 00 0°0 st
% st°g sty €y 0L°0 0°0 0°0 00 0L ~
p sL°€ sty £y oL°o 0°0 0°0 00 £1
. sL°¢t €y £y oo 00 00 0°0 7t
v otz or'Yy 00"y o%°0 0°c ©°0 0°0 11
o 29°1 65°2 0s°2 5€°0 o-¢ 0°0 0°0 o1
. o1 €T ze'e st-0 0°0 0°0 0°0 6
- s1°1 €2 ze°2 08°0 0°0 0°0 00 8
. STt 00°2 00°2 0z°0 0°0 00 0°0 L :
: st°1 0c°z 00°Z oL°o 0°0 00 00 9
: ST°1 05°2 00°2 00°1 0°0 0°c 00 <
ST°1 05°2 00°2 o0 0°0 00 0'0 v
otz o1°z 06°2 $E°0 0°0 a0 11 £
" 082 08z oz'y s€°0 P 12z z°z z
: 0z'y 0z°Y o1°¢L s%°0 0°0 0°0 o°¢c 1
o3
rd
N (ur) (-up) (-ur) Cur) (,°ur-q1) (°u¥-q1) e 30qmy
) 2939me1Q 1339wW9yq  3939WeIg uoyaIvIg -«uumnm 30 ‘WOl s13a0uy 30 IqByopM uoyINIg
2. Zuul INER 29300 29300 ILON 03 YIBuop  SB2vASUER; *OUO)  ECH IF[OL °DUCH  PIINIIVIITOD azwys
e puw $82u33II3IS SS¥R 883u3z3ag UoFIVIG IFWYS
5
- SROILYINIIVD SOIHVNAG NI G3SA STILNI0UI ANY SHOISHINIA

LAVHS ¥YED T2AFM IN4NI XDFEVED IATHQ-EOIOE QEVANOZ L%-BD °I H14VL
&
5
Ky
. - . x

RN A L RO N ES e




: .

NN NN QOO AMUVNONVNINWVING ©
d««osgmmmcmwummwuguu¢eo

I I I I I TSI IR AN ANANNCNN NN NN

Mass Inner
Dismeter
(in.)

Stiffness and

R8BR33388NN3RBRBB]888R

Vi\?\?kﬂlﬂ@\? ocomcemnmnnnnmna

Outer
Diameter
(in.)

Mass

[ ] 1)
gm ﬁugg nwoﬁ 888oo«mﬂn888o88o
0)8 nanv m@ﬂﬂlﬂ‘b‘o‘o‘o@\:@#ﬂﬂﬂnnnﬂﬂl‘lﬁ
k]l &
53
o§ o
g8
B3] &2
[/ gog'? WORVNNMMOYO [- QNI MNW
mBll983¢a ARRe2T SRR ERIVREZEE 8o
g N W 8 & & & & o @ 8 6 6 & 6 & & 6 % 6 5 & ¢ & + @
L58°|~cc6c8cccc6c6d86686668d8300
E @ Bh
kR
© 53
BaE
gall
gafl &3
:“ﬁ
=34 g8
QE Sidlocccocoecgmnaagecangagagq
nﬁ &uh 66386686668 K6686668366366
éo '?3 «
EEfl B4
b= o
g%
.
2w
221l £
] S~
h(h N‘dN.
) QE %og 020000080020 Q22Q300QQ90
é 285 oococoocconcoooomoooooo
a cwﬂ Q
. g o
=] 5
o
|
&
a8

CD(D(D C)C’CD(D C’C)C?'4 C)C?C’C)CE*‘CD‘D o C)C)Cl
C)C)C’()(D C)C)C)C)C)‘D(D COOoOONDO C)C)C!C)C’

Concentrated
Weight
(1b)

r D - N
~HNMISFTNO O‘SHF‘

14
16
L7
18
19
20
23

Shaft
Station
Number

21
22

29 % 108 1b/in.2

pensity: 0.281 1b/in.>

Poisson’s Ratio:

0.333

-
-

Young'‘s Hodulus




L A s

L L 0 3 LS SN

3
3
2]

B e

Meirid

Lo el 2

b

Hoarsiad

G

el o

PR e

1.

The input bevel gear shaft i{s being forccd at the bevel mesh fre-
quency only slightly above its third (banding) natural frequency.
As the speed of the shaft increasecs, during run-up, the input bevel
gear shaft will probably pass through three natural frequencies of
which the first two will be of the wigid«l+ .y vibration type.

(The first two criticals are very nearly straight lines between
stiffnesses of 7 x 10° and 6 x 109 pounds/inch, and thus arz almost
directly dependent on bearing stiffness, & characteristic of a
rigid-body critical.) The vertical axis of the map is vibration ..
frequency, rather than shaft speed. The beaxring radial stiffnesses
would not, in genéral, be straight vertical lines on a speed vs.
stiffness map.

Bearing radial stiffnesses lower than those calculated awnd shown
in Figure 4 will result in a lower value for the third cxitlcal
frequency (decreases to the left with lower stiffness), and thus a
further separation between it and the mesh frequency.

When the above calculations are repeated with the radial bearing stiffness
values as calculated (rather than assumed equal) in the vertical and hori-
zontal directions separately, the natural frequencies are as follows:

First Critical Second Critical Third Critical

Radial Stiffriesses {cpm (Hz)) (cpm (Hz)) (cpn (Hz))

Vertical (y-axis) 33,500 (558) 82,100 (1370) 146,300 (2440)
Horizontal (z-axis) 32,000 (533) 93,800 (1565) 137,400 (2290)

Figure 5 gives the following information:

1.

The output bevel gear shaft is being forced at the bevel mesh fre-
quency only slightly below its third (bending) natural frequenc,.
As the speed of the shaft increases, it will probably pass through
two natural frequencies, of which the first will be a rigid-body
vibration type. The discussion for the input shaft applies here as
vell,

Bearing radial stiffnesses lower than those calculated and showm in

Figure 5 will result in a lower value for the third critical fre-

quency, and thus less separation between it and the mesh frequency.

When the above calculations are repeated with the radial bearing stiffnesses

as calculated (rather than assumed equal) in the vertical and horizontal
directions separately, the following natural frequencies are obtained:

First Critical Second Critical Third Critical

Radial Stiffnesses {cpm (Ho)) (cpm (Hz)) (cpm (Hz))

Fore-Aft (y-axis) 64,209 (1070) 125,400 (2090) 380,000 (4670)
Horizontal (z-axis) 61,700 (1030) 122,500 (2040)

The fact that the beariag radial stiffnesses are closer together in Figure
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5 for the output shaft than in Figure 4 for the input shaft causes the
points at which the 'critical frequency curves intersect the bearing stiff-
ness curves to be closer together. This makes the results shown in Figure
5 somewhat easier to interpret than those in Figure 4. Both clearly in-
dicate that the two shafi& are operatiné in bending ngimes, and in close
proximiry to their third critical frequencies,

LATERAL RESPONSE OF SHAFTS TO GEAR-MESH—IN?UCED TOOTH FORCES

Figures 4 and 5 ihow that both bevel gear shafts are operating with the
bevel gear mesh frequency in closh proximity to their third critical fre-
quencies. This portion of the andiysis, which includes bearing radial
stiffnesses along both the y and z axes, as well &3 the dynamic forces cal-
culated in [2], is designed to indicate more exactly the relationship be-
tween system critical frequencies and the mesh frequency. Vibration
amplitudes, together with the levels of the dynamic forces transmitted
across the rolling-element bearings (which are a primary indicator of noise
level), will also be obtained.

From [2], the dynamic forces (pegk values) acting at the bevel gear mesh
point at the mesh freque?cy are as follows:

l
Fy (0 Fg (1b)

\ \Input Bevel Gear 78 431 \
Output Bev-=l Gear 405 431

When these dynamic forces are applied at the hevel gear me%h frequency of
3412 Hz (equivalent to 230 rpm rotor speed), the input and' output shafts
v1brate (at 3412 Hz) in the mode shapes shown in Figures 6 and 7,
respectively. \

! With respect to the input bevel gear shaft, Figure 6 shiows several very
" importarnt items: .

1. The\shaft is experiencing bending, and since the vibrations are
not at the rotational speed, it is flexing. |

1 2. In general, the 1evels of vibration are fairly low, on the order
! of 60 x 106 inch or less. With bearing radial stiffnesses on
the order of 7 x 105 to 6 x 10 1b/in., however, dynamic forces
on the order of 57 to 350 pounds are.indicated. If these forces
. are transmitted direct}y to the casing, as it appears they are,
i it becomes apparent why measurable casing vibdations occur at the
bevel mesh.frequency, and thus why noise is produced at this fre-
quency.

3. Both roller bearings experience about the same vibration ampﬂitudes,
and should therefore exhibit roughly the same lifetime degradation,
(if any) due to this cause, other factors being equal.
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4, The ball bearings exhibit highér vibration levels than the roller
bearings. Since these bearings are relatively unconstrained ra-
dially, wear may be expected in or along the axially reEtraining
shoulders. ! .

5. Some flexing of the input counling is indicated.
6. Little relatfwe motion is predicted for the bevel tezth.

Maximum force levels in the bearings are predicted at an engle of about 19
! degrees from the horizontal, measured counterclackwise as viswed from the
N aft end of the gearbox. ‘
i
With respect to the output bevel gear shaft, Figure 7 shows several impor-
tant items:

1. The shaft is experiencing bending, and since the vibrarions are

not at the rotational speed, it is flexing.
|

2. In geneggl, the vibration levels are fairly low, cn the crder of
70 x 10 © inch or less. wgtﬁ bearing vadial stiffnesses on the
order of 3 x 10 to 6 x 10 podnds/inch however, dynamic forces
on the order of 200 to 400 pounds avre indicated. Again, transmis-
sion of forces of this magnitude to the gearbox casing would appear
likely to result in measurable casing vibration levels at this

: frequency. \

3. The duplex ball bearings (numbers 5 and &) experience consideéﬂbly
| higher vibration levels than the roller bearing (number 7), ap~
parently because of the translation inertia of the spur gear moun~
ted just above the ball bearings. If other factors sre equal, their
lifetime may be anticipated to bpe shorter thad the roller bearings.
‘ [

4, The sun gear (upper end of the output bevel gear shaft) experiences
more lateral vibration than that part of the shaft supported by the
roller bearing, It may be anticipated that vibration sidebands®™
might be found at frequencies equal to the bevel|mesh frequeacy

] plus and minus the lower)planetary sur-planet mesh frequency; tha

] \1s,at 3412 + 1482 = 1930, 4894 Hz.

3
In the effort to demonstrate the relationship %f the shaft lateral natural
frequencies to the bevel gear mesh frequency, the response calculations de~
scribed above were repeated at other frequencies, while keeping the shaft
rotational speed constant. Bearing stiffnesses and exciting forces were

asai o

*Recent CH-47 gearbox test cell noise and vibration measurements under U,S.
'Army Contract DAAJ02-71-C-0020 (Vertol-Division - the Boeing Company) appear
to indicate the presence along the gearbox sidewalls of a significant signal
i at about 2000 Hz, which does not appear to be explainable by any othex

; physical mechanism at the present time.
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kept constant. This latter assumption is adequate with regerd to the bear-
ing properties. There is a strong likelihood that the dynamic forces would
be different at any other frequency, if there was a source of excitation at
each frequency considered. The vibration amplitudes and forces are there-
fore strictly correct (analytically) at the bevel mesh frequency of 3412

Hz. The utility of such a frequency sweep is that it immediately identifies
the location of system critical frequencies (through locations of force and
amplitude peaks) and it gives an indication of the relative severity of

each critical frequency should a source of vibration be present at that fre-
quency. Figures 8 and 9 present the results of frequency sweeps for the
input and output bevel gear shafts, respectively,

Figure 8 shows several important results for the input shaft:

1. There is a significant peak in the bearing transmitted forces for
all four bearings very close to the normal operating range of the
bevel gear mesh frequency. This peak probably corresponds to the
third critical frequency identified in Figure 4, although it is
somewhat higher than that frequency.

2. There is a significant transmitted force peak near 1500 Hz, which
also happens to be approximately the lower planetary mesh fre-
quency. Thus, excitations from that source must be considered as
a potential means for exciting what appears to be the shaft's
second critical frequency. The smaller peak at about 1700 Hz
would appear to be a lesser second critical frequency due possibly
to dissimilar horizontal and vertical bearing stiffness values.

3. There is a lesser critical frequency at about 400 Hz, which appar-
ently corresponds to the first critical frequency identified in
Figure 4.

4, The calculated bearing dynamic force levels at the bevel gear mesh
frequency (3412 Hz) are on the order of 100 to 250 pounds peak.

While very high dynamic forces are shown in Figures 8 and 9, this is cal-
culated data which assumes both rigid supports and no damping. Both flex-
ible supports and the presence of damping would obviously act to reduce
these force levels., Of prime concern is the location of the third critical
frequency peak relative to the mesh frequency. Figure 4 indicates that
this peak is somewhat below the mesh frequency, while Figure 6 indicates
that the peak is slightly above the mesh frequency.

It is likely that the actual supporting structure will exhibit lower stiff-
ness than those levels agsumed for these calculations, and that the mesh
frequency will therefore very likely be above the third critical frequency
in asctual operation. The effects nf changes to various bearing stiffness
properties will be explored in the next section.

12
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With the anticipated location of the force peak below the mesh frequency,
it is 1ikely that the bevel gear noise component will intensify at slightly
lower gearbox shaft speeds.

Figure 9 also exhibits several interesting results:

1. A force peak is found at or slightly above the bevel mesh fre-
quency. This peak apparently corresponds to the third system
critical frequency shown in Figure 5.

2. There are distinct critical frequencies at about 1300 Hz (78,000
cpm) and 850 Hz (51,000 cpm), which appear to correspond to the
second and first critical frequencies, respectively, shown in
Figure 5.

3. The dynamic forces at the bevel gear mesh frequency (3412 Hz) are
on the order of 200 to 400 pounds amplitude.

The comments made earlier relative to the calculated peak values and the
likelihood of their attenuation by increased support flexibility and damping
apply here as well.

SHAFT-BEARING MODIFICATIONS FOR VIBRATION AND NOISE REDUCTION

While it is impossible under this investigation to consider each of the
many system modifications which could be used to reduce vibration, and
therefore noise levels, it is both instructive and useful to demonstrate
the type of modifications which should be considered., The ease of con-
sidering these modifications analytically, before proceeding to the

test cell, will become apparent as the range of modifications is explored.
The relative cost savings which may be achieved by ruling out marginal
changes prior to testing will also hecome obvious. In each modification,
the criteria against which the modification will be judged are the relative
reductions in shaft-to-bearing vibration amplitude, and thus in bearing
transmxitved force, compared to the nominally calculated vibration
amplitudes (recall that amplitude and force are proportional).

Structural Changes to the Shafts

Several changes to noncritical (i.e., inner or nonbearing surface) diam-
eters were made to demonstrate the raduction in shaft bending which can be
achieved by stiffening the bevel gear shafts. Figures 10 through 12 show
the results of these changes for the input bevel gear shaft, while Figures
13 and 14 present results for the output bevel gear shaft.

In Figure 10, an additional wall thickness of 0.15 inch was added to the
coupling end of the input shaft, together with a slightly steeper taper to
the larger diameter, as shown by the shaded area. The calcilated result
of such a change is to stiffen the smaller diameter section, thereby de-
creasing the bending in that portion. The calculated effect is to reduce

13
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the vibration amplitude in bearing 1 by 50 percent; in bearings 2 and 3 by
about 30 percent, and in bearing 4 only by a slight amount. The vibration
at the gear increases by about 50 percent. This modification should result
in a quieter gearbox, on the whole,

In Figure 11, an additional wall thickness of 0.l5 incu was added as shown,
along with a somewhat steeper taper to the larger diameter. Somewhat less
bendinrg and lower vibration levels are achieved, but the marginal increase
is small compared to that gained by the first change.

In Figure 12, additional material is added to the inner diameter beneath
bearings 2-4, in addition to the first two changes. Little, if any, addi-
tional benefit is gained.

In Figure 13, the-output bevel gear shaft is modified by the doubling of the
wall thickness in the area shown. A reduction of about 30 percent is
achieved in the vibration levels of the ball bearings, and a reduction of 50
percent is achieved in the lateral vibration of the small spur gear. Little
if any change is noted at the bevel gear and roller bearing locations, while
a 30-percent vibration reduction is noted at the sun gear locatior. This
may be important in the reduction of sidebands which involve the bevel and
sun gear mesh frequencies.

The shading in Figure 14 shows the calculated effects of tripling the orig-
inal wall thickness. Again, some marginal improvements are noted.

Stiffening a shaft tends to increase its bending natural frequencies, in
general, while the addition of mass has the opposite effect. The net re-
sult achieved will depend upon the relationship of the critical frequencies
to the mesh frequency, and the relative importance of the stiffening com-
pared to the effect of the added mass.

Bearing Stiffness Modifications

Several optiong are available to the designer with respect to modifications
to the stiffness properties of the rolling element bearings. For instance,
changes may be made to all bearings together, or to individual bearings if
prior knowledge exists about the effects of such changes upon the bearing
dynamic forces. When the problem is approached analytically, it is in-
structive to first make equal percentage changes tec all bearings, in order
to determine the effect of such changes upon the critical parameter, in
this case the bearing dynamic forces. For the input bevel gear shaft, cal-
culations were performed at both 50 percent and 200 percent of the nominal
values presented earlier. The bearing dynamic forces resulting from these
calculations are shown, together with the nominal values, in Figure 15.

Figure 15 shows that increases in the stiffnesses of bearings 1, 2, and 3

would result in lower dynamic forces, whereas the opposite is true for
bearing 4.

14
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Figure 8 shows that the shaft third critical frequency lies glightly above
the bevel gear mesh frequency. Thus, the increase in bearing stiffnesses
results generglly in lower bearing dynamic forces because the third critical
frequency is chifted upward, away from the mesh frequency.

The Vertol drawings indicate a further bearing (or bearing support) stiff-
ness variation which should also be considered. On the input bevel gear
shaft, outer races of bearings 2 and 3 (the ball bearings) are positioned
axially with respect to the supporting structure by means of shoulders and
shims. Radial restraint, however, depends strongly upon the axial force
acting on the bearing and the coefficient of friction between the bearing
outer race and its support. For high axial thrust levels, the outer race
may be rather rigidly supportec by the friction characteristics of the shoul-
der and shims, and ithe effective stiffness will be that of the bearing it~
self, For lower axial forces, however, relative motion may occur between
the outer race and the shim, resulting in very low radial stiffnesses for
bearings 2 and 3.

The further sets of calculations were made in order to investigate the
effects of substantial reductions in the stiffnesses of bearings 2 and 3.
In the first of these, the stiffnesses of bearings 2 and 3 were reduced to
50 percent of the nominal values reported earlier. 1In the second, the
stiffness effects of bearings 2 and 3 were removed completely.

The results of these two sets of calculations are shown in Figures 16 and
17 respectively. These figures should be compared to Figure 8, in order to
assess the effects of these bearing changes. In Figure 16, it may be seen
that while the apparent severity of the third critical frequency has de-
creased, the critical frequency has shifted downward precisely into the
middle of the bevel gear mesh frequency range. The critical frequency at
about 1500 Hz has apparently experienced little change in either peak fre-
Guency or severity.

Figure 17, which shows the results of calculations with zero stiffness for
bearings 2 and 3, indicates a further drop to about 3100 Hz for the third
critical frequency, somewhat below the bevel mesh frequency range. Two
distinct force peaks were noted near the second critical frequency between
1000 and 1500 Hz.

While it is difficult to estimate values of the radial stiffness which
would be experienced during actual operation for bearings 2 and 3, it is
very likely that they will generally be less than the nominal values dis-
cugsed earlier. It is also likely that they will vary as the input shaft
thrust load varies; that is, with variations in the levels of power which
are transmitted to the rotor. Assuming an operating condition which results
in the third critical frequency below the mesh frequency, as a result of
lower radial support stiffness at bearings 2 and 3, then increased power
levels would tend to stiffen the system by stiffening bearing 2 and 3
supports, and would raise the critical frequency into the mesh frequency
range. This would result in higher dynamic force levels, and thus higher

15



noise levels, at the bevel mesh frequency. Further increases in power level
would tend to further stiffen the system, pushing the critical frequency
past the mesh frequency, resulting in lower dynamic force levels, and thus
noise levels,at that frequency.

Thus, some of the apparently conflicting observations on the effects of
certain aircraft operating parameters upon noise level may be
explained.

A design which permits this apparent degree of variability of a critical .
frequency, particularly one so close to an important mesh frequency,
should be modified te place the critical frequency 10 percent to 15 percent

above the upper limit of the mesh frequency range. This may be accompiished .
by radially stiffening the thrust bearing supports, for instance.

Shaft Material Modifications

Modifications of this type should be considered as viable methods for
altering the dynamic behavior of shaft-bearing systems of the type found in
the CH-47 gearbox. In such a modification, the ratio of Young's modulus to
material density is an important factor to consider. Higher ratios of
these properties gemerally result in higher shaft natural frequencies, and
thus a reduced tendency for the shaft to operate in or near a bending
regime. Such an effect could be important for both input and output bevel
gear shafts in the CH-47. The effects of modifications such as this are
illustrated in a later section which deals with the UH-1D output bevel gear
shaft. These very striking changes in vibration amplitude may be achieved
by changing the shaft material from steel to titanium, for instance.

Damping Modifications

The addition of damping 1s another method which is often proposed for the
reduction of vibration levels. This approach is certainly feasible to con-
sider for the reduction of acoustic-frequency vibration amplitudes as well.
The criterion for successful use of a dampe: is that the body or surface to
be damped must vibrate with high velocity. When such is the case, then
viscous dampers can generate high forces to oppose the motion, thereby
reducing the vibration energy of the body or sucface.

Maximum vibration velocity (assuming simple harmonic motion or circular
motion with the vibration measurad slong a single axis) is given by the
product aw, where a is the peak amplitude and w is the frequency of vibra-
tion. For rotational-frequency vibrations, amplitudes on the order of
0.002 inch to 0.010 inch are common in general, and frequencies are on the
order of 200 Hz (approximately 1200 rad/sec). Thus, values of vibration
velocities of 2.5 to 12.0 in./sec are typical.

For acoustic-frequency vibrations, on the other hand, amplitudes on the
. ; order of 0.0001 or lower may be common at frequencies on the order of
5 " | 3000 Hz (approximately 18000 rad/sec). Typical vibration velocities will
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be on the order of 1.8 in./sec or lower. To be effective in reducing
acoustic-freruency vibrations, therefore, dampers would have to possess
from two to ten timzgs the amount of damping normally available in typical
low-frequency damy.ers.

The use of a damper was investigated for the CH-47 input bevel gear shaft
in order to determin> how much acoustic-frequency vibration could be re-
duced. A damper having a damping constant which was varied over the range
0.01 to 100 lb-sec/in. was positioned for calculation purposes between the
input bevel gear shaft and the casing at the bevel gear location. Changes
of only about three percent or less were observed in the bearing dynamic
force levels, indicating that damping would not be effective in this loca-
tion. The vibration mode shape observed in Figure 6 indicates that damping
in the area of the thrust ball bearings or near the coupling pin might be
more effective. The generally low overall vibration levels shown in Figure
6, however, indicate that damping may not be an important mechanism for the
reduction of vibration and noise levels due to this particular shaft,.

Summary of Results of Modifications

The potential usefulness of several system mudifications for the reduction
of acoustic-frequency vibrations has been demonstrated in the foregoing
secticns by means of digital computer dynamic simulation. In each case,
the dynamic behavior of the modified shaft bearing system has been compared
to the nominal behavior of that component, using as a basis for comparison
the levels of both vibration amplitude and bearing dynamic force.

This type of information may be used in two ways:

1. It can be used, together with carefully conducted and documented
test cell measurements, to confirm the regimes of operation of the
gearbox interior shafts (bending versus rigid-body, for instance).
Good correlation between calculated and measured mode shapes and
levels of vibration provides a good indication of the relative
importance of the several paths by which acoustic-frequency energy
reaches the ear.

2. It can also be used to evaluate the usefulness of proposed gearbox
modifications. It is far less costly to calculate the dynamic be-
havior of modified gearbox components than to build them and eval-
uate their performgnce in the test cell.

It is instructive to compare the modifications considered in this section
with respect to the effective noise reduction, in db, which each could
theoretically achieve. This comparison may be made by examining the
changes in bearing dynamic forces which result from cach modification.
Under the assumption that the gearbox casing is relatively rigid compared
to the bearing radial stiffness values, the dynamic forces were calculated
for both the nominal and modified configurations.

17
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Even though the casing is relatively rigid, it will undergo some vibration,
probably of very low amplitude (the vibration which produces the noise
generated by the casing). The levels of ihis vibration will be proportional
to the bearing dynamic forces, assuming no local casing structural reso-
nances. Hence, changes in dynamic force levels may bhe utilized to indicate
changes in vibration amplitude, and thus in generated noise level.

Since the bearing dynamic forces act on & relatively small part of the
casing (particularly in the case of the input bevel gear snhaft) at the
same frequency and in the same phase relationship to each other, it is
convenient to sum their amplitudes, and to take the resulting number as
an equivalent dynamic force acting on the inside of the casing. The
changes in this equivalent force are then representative of noise level
changes, which may be expressed by the relationship ’

Equivalent Noise _ 20 1o EJ(new bearing dynamic force) (1)
Level Change(db) €10 2:(original bearing dynamic force)

The changes, expressed in this form, are shown in Table III for the several
shaft-beavring system modifications discussed below.

While it appears that several physical changes to the drive train may be
beneficial from the standpoint of noise reduction ( and increased

bearing lifetimes), these changes are only representative of many which may
prove usable. There are very likely other shaft configurations, for ex-
ample one which has very thick walls or one which carries solid sections at
either end, which exhibit even greater noise-reduction capacities. The
key 1is to place the vibration nodes precisely at the bearing loca-

tions, a condition which requires the examination of the results of vibra-
tion calculations for a sequence of trial design configurations. Such
changes must ultimately be evaluated by a competent gearbox designer, who
must be concerned with their implementation from the standpoints of practi-
cality and safe operation.

18
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OUTPUT 7O ROTOR

SECOND ( UPPER)
PLANETARY REDUCTION

FIRST (LOWER)
v PLANETARY REDUCTION

RING-GEAR CASING

INPUT FROM DRIVE SHAFT

INPUT SPIRAL BEVEL GEAR SHAFT

CUTPUT SPIRAL BEVEL GEAR SHAFT

Figure 1. CH~47 Forward Rotor-Drive Gearbox Bevel
Gear Shaft-Bearing System.
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BEARING DYNAMIC FORCE BEARING BEARING
RNO. 7  APPLICATION POINT ‘R0.6 NO. §
+

N

| | A
RB M 15 617 BO2NA2 23

NEINEEN
23456 7 89 eo"
SHAFT DYNAMIC MODEL STATIONS

Figure 3. CH-47 Output Bevel Gear Shaft
Dynamic Modeling Details.
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Figure 7. Calculated Vibration Amplitudes for CH-47 Nominal
Configuration Output Bevel Gear Shaft.
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Figure 13, CH~47 Output Bevel Gear Shaft Vibration

Amplitudes for Nominal and Modified
Configurations.
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DYNAMIC FORCES IN UH-1D
MAIN ROTOR~DRIVE GEARBOX BEVE1~GEAR SHAFT BEARINGS

ROLLING-ELEMENT BEARING RADJAL STIFFNESS CALCULATION

As in the CH-47 study, the first quantities required for the lateral vibra-
tions analysis are the actual stiffnesses of the elements which support the
vibrating system relative to the fixed reference plane. These calculations
have been made for the bearings supporting both the input and output bevel

gear shafts in the UH-1D main rotor-drive gearbox. For the purposes of the
analysis, coordinate axes were assigned as follows:

x-axis y-axis z-axis
Input Shaft Horizontal (Fore- Vertical (Perp. Horizontal (Perp.
Aft, Along Shaft) to Shaft) Positive to Shaft) Positive
Positive Forward Down to Port Side
Output Shaft Vertical (Along Horizontal (Fore- Horizontal (Perp.
Shaft) Positive Aft, Perp. to to Shaft and y-
Upward Shaft) Positive axis) Positive
Forward to Port Side

Simple calculations indicated, as in the CH-47 gearbox, that the casing
rolling-element support structure was reasonably rigid compared to antic-
ipated bearing radial stiffness values. Consequently, the assumption was
again made that bearing support stiffness could be neglected and thar the
radial stiffness of the bearings was the controlling stiffness. Such an
assumption is not valid in general, however, and the gearbox de-

signer is again cautjoned to obtain guidance in this area prior to under-
taking calculations of this type. (The opposite is true for turbine
engines, for instance, where the bearing supports are usually quite

soft compared to the bearings themselves. This situation exists be-
cause the internal forces in turbine engines are usually much lower than
those in helicopter gearboxes.)

For the analyses, the following aircraft operating parzmeters were assumed:

Afircraft Flight Condition Hover
Main Rotor Gearbox Horsepower 1269
Gearbox Input Shaft Speed 6600 rpm

Bevel Gear Tangentjal Drive Force 4320 1b

Under these operating characteristics, the steady-state forces (sign con-
vention is with respect to the axes previously described) acting on the
bevel gears are as follows:

Fy (1) F, ,(1b) F, ,(1b)

Input Bevel Gear -3540 430 4320
Output Bevel Gear - 430 3540 -4320
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Utiilizing these values, the shaft dimensions and their tolerances, and the
ball and roller bearing dimensions and' their tolerances, the foliowing
radial stiffness values were calculated by means of a computer program
developed by Mr. A.B. Jones, Newington, Connecticut, Consultant to MTI, for
the bevel gear shaft bearings (bearings are numbered in the direction of
power flow, and this numbering will be maintained thriughout this study):

. Ky -6 KZ -6
Bearing . Shaft (1b/in, x 10 ) (1b/in. x 10 )

1 Input 3.57 2.97 \

: 2 Input . 5.96 4.95 ‘
\: 3 Input 8.93 ‘\ 7.66
l 4 Input ' Co31 2,95
. 5 Qutput v 5.02 , 2.86
f "y 6 Qutput : 4.89 5.78
| 7 Output 3.96 4.70

BEVEL GEAR SHAFT LATEkAL NATURAL FREQUENClgg\

Bell Helicopter Company assembly drawing 205-040-001, Transmission Assembly,

Mechanical, Reducer Type, Main, and subordinate drawings were used to model

! the input and output bevel gear shafts. Figures 18 and 19 show details of
the analytical modeling which was perfuzumed for the ﬁibration analysis.

. Tables IV and V present details of the dimepsions and other shaft properties

‘ used in the analysis. ‘

Following discus%ions with technical personnel at the Bell Helicopter .
Compan,, the model shown in Figure 18 was revised to include the mass and
moment of inertia associated with that portion of the engine-to-gearbox
.coupling hardware in contagt with the input shaft. The net effect of this
mass and moment of inertia'is to restrict the motion of the coupling end of
the shaft, both laterally and about a diameter. The impro&ed shaft model |

was used for all subsequent calculationms. i i
\

The first step in a shaft lateral vibrations anaiysis should be the con-
struction of a natural frequency map [S] on which are piotted the natural
'frequeqcies of the shaft-bearing system, Such a map shows the regime in
which a particular shaft-bearing arrangement is operating, through com-
parison of the natural frequencies to each other and to the exciting fre-
quency (in this case the mesh frequency). It also shows the behavior of
the natural frequencies with respect to bearing stiffness, a characteristic
| which will become important during later stages in the amalysis.

\

Natural frequency calculations were peiformed for the UH-1D gearbox input
‘ and output bevel giar shafts in the same manner as for the CH-47. Varying
assumed bearing stiffness from 10° to 107 (all bearings assumei equal)
$ . yields the natural frequency maps shown in Figures 20 and 21 for the input
o and output bevel shafts, respectively. The vertical lines (bearing stiff-
e ness 1s typically insensitive to vibration frequency changes at constant

e
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speed) represent the calculated bearing stiffnesses discussed eariier.
Figure 20 gives the following general information:

1. The input bevel gear shaft is being forced at the bevel mesh fre-
quency very nearly at its second natural frequency. As the speed
of the shaft increases, during run up, the input bevel gear shaft
will probably pass through one matural frequency which will be of
the rigid-body vibration type. (The first two critical frequencyes
are very nearly straight lines between s.iffnesses of 10° and 10
1b/in., and thus are almost directly dependent on bearing stiffness,
a characteristic of a rigid-body critical.) It should be noted
that the map's vertical axis is vibration frequency, rather than
shaft speed. The bearing radial stiffnesses would not, in general,
be straight vertical lines on a speed versus stiffness map.

2. Bearing radial stiffnesses lower than those calculated and shown in
Figure 20 will result in a lower value for the second critical fre-
quency (decreases to the left with lower stiffness), and thus a
separation between it and the mesh frequency.

When the above calculations are repeated with the radial bearing stiffness
values as calculated (rather than assumed equal) in the vertical and
horizontal directions separately, the following natural frequencies are
obtained:

First Critical Second Critical
Radial Stiffnesses (cpm (Hz)) (cpm (Hz))
Vertical (y-~axis) 88,000 (1470) 176,000 (2940)
Horizontal (z-axis) 83,000 (1380) 167,000 (2780)

Figure 21 gives the following information:

1. The output bevel gear shaft is being forced at the bevel mesh fre-
quency at or only slightly below its second natural frequency. As
the speed of the shaft increases, it will thus pass through one
natural frequency, which will probably be a rigid-body vibration
type. The discussion for the input shaft applies here as well.

2. Bearing radial stiffnesses lower than those calculated and shown

in Figure 21 will result in a lower value for the second crit.cal
frequency, and thus increased separation between it and the mesh

frequency.

When the above calculations are repeated with the radial bearing stiff-
nesses as calculated (rather than assumed equal) in the fore-aft and
horizontal directions separately, the following natural frequencies are
obtained:
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First Critical Second Critical

Radial Stiffnesses (epm (Hz)) (cpm (Hz))
Fore-Aft (y-axis) 98,200 (1635) 230,000 (3830)
Horizontsl (z-axis) 95,000 (1580) 187,000 (3120)

The fact that the bearing radial st!ffnesses are closer together in Figure
21 foxr the output shaft than in Figure 20 for the input shaft means that

the results shown in Figure 21 are agein somewhat easier to interpret than
those in Figure 20. Both clearly indicate that the two shafts are operating
in close proximity to their second critical frequencies, with the input

shaft undergoing rigid-body-type vibrations and the output shaft possibly
experiencing some bending.

LATERAL RESPONSE OF SHAFTS TO GEAR-MESH-INDUCED TOOTH FORCES

The results presented in Figuves 20 and 21 show that both bevel gear shafts
are operating with the bevel gear mesh frequency in close proximity to
their second critical frequency. This portion of the analysis, which in-
cludes bearing radial stiffnesses along both the y and z axes, as well as
the dynamic forces calculated in [2], is again designed to indicate more
exactly the relationship between system critical frequencies and the mesh
frequency. Vibration ampliftudes, together with the levels of the dynamic
forces transmitted across the rolling element bearings (and which are pri-

mary indicators of the levels of certain noise components), will also be
obtained.

From [1], the dynamic forces {peask values) acting at the bevel gear mesh
point at the mesh frequency are zs follows:

r
Fsi V(Ib) L z(lb)
Input Bewvel Gear %1 010
Output Bevel Gear 746 910

When these dynamic forces are applied at the bavei gear ma2sh frequency of
3190 Hz (equivalent to 330 rpm rotor speed).the input 2nd cutput shafts

vibrate (at 3190 Hz) in the mode ghapes shown in Flgures 22 and 23,
respectively.

With respect to the input bevel gear shaft, Figure 22 shows several very
important items:

1. The little bending that the shaft experiences occurs in the region

between the roller bearing and the bavel gear.

2. In general, the levels of vibration are low to medium, being on the
order of 0.4 x 1073 inch or less. With calcuéared bearing radial
stiffnesses on the order of 3 x 10% to 9 % 10 15/in., therefore,
dynamic forces on the order of 1000 pounds for bearing 4 (the
roller bearing) to 350 pounds for the ball bearings are indicated.
If forces of these magnitudes are transmitted directly to the gear-
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box casing, measurable casing vibrations at the bevel mesh fre-
quency are likely to occur, resulting in the pyoduction of noise
at this frequency.

3. The roller bearing experiences about twice the vibration amplitudes

of the ball bearings. The inner ball bearing experiences about
twice the amplitude of the outer ball bearing.

4, Approximately the same smount of lateral vibration motion is pre-
dicted for the bevel teeth as for the roller bearing. A node is
predicted, on the other hand, near the axial location of the in-
board ball bearing of the overrunning clutch.

With respect to the output bevel gear shaft, Figure 23 shows several
important items:

1. The shaft is experiencing bending, and since the vibrations are
not at the rotational speed, it is flexing.

2, 1In general, the vibration levels are reasonably low, on the order
of 0.2 x %O inch. With bearing radial stiffnesses on the order
of 3 x 10° to 6 x 108 1b/in., however, dynamic forces on the
order of 900 lb are indicated for the roller bearing, and on the
order of 250 1lb for the ball bearings. Again, transmission of
forces of this magnitude to the gearbox casing would appear
likely to result in measurable casing vibration levels at this
frequency.

3. The duplex ball bearings (numbers 6 and 7) experience somewhat
lower vibration levels than the roller bearing (number 5).

4. The sun gear (upper end of the output bevel gear shaft) experi-
ences considerably more lateral vibration than that part of the
shaft supported by the roller bearings. It may be anticipated,
therefore, that vibration side bands might be found at fre-
quencies equal to the bevel mesh frequency plus and minus the
lower planetary sun planet mesh frequency, that is, at 3190 +
1982 = 1208, 5172 Hz.

In the effort to demonstrate the relationship of the shaft lateral natural
frequencies to the bevel gear mesh frequency, the response calculations
described above were repeated at other frequencies, while keeping the shaft
rotational speed constant, Bearing stiffnesses and exciting forces were
kept constant. This latter assumption is adequate with regard to the
bearing properties. There is, of course, a strong likelihood that the
dynamic forces would be different at any other frequency if there was a
source of excitation at each frequency considered. The vibration
amplitudes and forces are therefore strictly correct (analytically) at
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the bevel mesh frequency of 3190 Hz. The utility of such a frequency sweep
is that it immediately identifies the location of system critical fre-
quencies (through locations of force and amplitude peaks) and it gives an
indication of the relative severity of each critical frequency should =z
source of vibration be present at that frequency. Figures 24 and 25 pre-
sent the results of frequency sweeps for the UH~1D input and output bevel
gear shafts, respectively.

With respect to the input shaft, Figure 24 shows several importsant results:

1., There is a significant peak in the bearing transmitted forces for
all four bearings very close to the normsl operating range of the
bevel gear mesh frequency. This peak probably ccrresponds to the
second critical frequency identified in Figure 20.

2. There is a smaller but still significant transmitted force peak
near 1300 Hz, which also happens to be approximately the second
har