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During the past decade, vibration and noise measurements

and data reduction procedures have improved to the point
where it -an be (and has been) clearly shown that noise

and vibration are directly relatable to each other. Moreover,
many noise components have been shown to be directly relatable
to the gear mesh frequencies in such drive trains, and
analytical methods have been formulated to help understand
and control them. These methods deal with the mechanical
vibrations of the gearbox components. Other significant
signals that are present, however, are not directly relatable
to the mesh frequencies. Some of these signals, called
"sidebands'", have been found to occur in tests of helicopter
rotor-drive gearboxes.

The major aims of this study were as follows:

1. Using existing measured and calculated CH-47 ring
gear acceleration data together with sideband
amplitude prediction methods presently under
development, the contractor was (a) to investigate
CH-47 lower planetary mesh plaunet-pass sideband
amplitudes for several lower planet-to-ring
gear mesh relationships in order to determine
sensitivity of sidebands to planet phasing, (b) to
identify other design parameters expected to be
useful in controlling planet-pass sidebands and
describe their effects and importance, and (c) to
drav conclusions concerning mechanisms producing
planet-pass sidebands.

2. The computer program entitled GEARO, which is in
the possession of the contractor and the Government,
was to be modified and extended.

Appropriate technical personnel of this directorate have

reviewed this report and concur wi’a the conclusions contained
herein.
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SUMMARY

Users of geared power trains have begun to recognize the importance of the
high-frequency vibrations which are present in virtually all operating gear-
boxes: these vibrations are the key to understanding the gearbox condition
in real time, a problem of considerable current importance. An immediate
outward indication of the presence of such vibrations is the noise produced
by a gearbox. Even the untrained ear can distinguish the presence of
signale which arise in the gearbox. (Sensors are of cou-se required to
obtain information of the quality required for engineering purposes.)

During the past decade, vibration and noise measurements and data reduction

procedures have improved to the point where it can be (and has been) clearly
shown that noise and vibration are directly relatable to each other. More-

over, many noise components have been shown to be directly relatable to the

gear mesh frequencies in such drive trains, and analytical methods have been
formulated to help understand and control them. These methods deal with the
mechanical vibrations of the gearbox components,

Other significant signals which are present, however, are not directly re-
latable to the mesh frequencies. Some of these signals, called "sidebands',
have been found to occcur in tests of helicopter rotor-drive gearboxes. As
originally conceived, this investigation had the rather limited objective

of providing the designer of geared power trains with an analytical tool
which could be used to predict, and thus controi, the frequencies and
amplitudes at which vibration sidebands are produced by operating gearboxes.
As the work progressed, however, it became apparent that the analyses and
associated understanding could also have a significant and far-reaching
impact on the more general problem of on-line monitoring. It is important,
therefore, that the results of this study be viewed in the context of their
potential impact on this technology area, as well as upon the area of gear-
box noise reduction.

The major aims of this study were as follows:

1. Development of an engineering understanding of, and methods for
predicting, geometrically-induced planet-pass vibration sidebands
which accompany normal planetary gear reduction operation; and

2. Development of an engineering understanding of, and new analytical
methods for treating, the vibration sidebands which are produced
by undesirable gear characteristics, such as tooth support dis-
continuities (cracks), gear runout, and variations in tooth
transmitted forces,

These objectives have been achieved., Sidebands as a second major category
of geared drive train vibration signals can now be described and discussed
directly in terms of hardware condition. An engineering understanding of
the mechanisms which cause many of the kinds of vibrations produced by
gear meshes thus exists.

The payoffs from such an understanding can be enormous. First, gear train
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designers now have important vibration analysis tools for minimizing, at the
time of design, the disturbances produced by gear meshes. This will not
only make gear trains quieter, but vwill also reduce their internal forces,
with significant improvements in lifetimes of all components,

Second, when properly exploited by joint technologist/manufacturer teams,
the high-frequency vibration analysis tools will permit real-time condition
monitoring to be approached on an individual signal component basis in which
the precise meaning of each component is well understood, rather than on

the multiple component basis associated with usual signature analysis
techniques. The engineering application of the vibration analysis tools
permits specific signal components to be explained on a detailed basis.

This removes the uncertainty associated with the use of signal level ratio
techniques and the need for lengthy test-bed study progranms involving
failure implants.

Extension of the gear mesh analysis techniques to high-contact-ratio gearing

is now in order, as is an extension of the torsional response analysis to
coupled torsional-lateral-axial vibrations.
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FOREWORD

Dr. Robert H. Badgley of Mechanical Technology Incorporated served as Pro-
gram Manager for the efforts reported herein. The contract was carried out
under the technical cognizance of Mr. R. Burrows, Eustis Directorate, U. S.

Army Air Mobility Research and Development Laboratory, Fort Eustis, Virginia.

Special credit is due to Mrs. L. Cziglenyi of MII, who programmed the com-
puter program modifications and who conducted the calculations.
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INTRODUCTION

Geared power train vibrations can occur at many different frequencies. The
most common of these vibrations may be found at the mesh frequencies, and
their integer multiples, of particular gear meshes in the train. These are
known to be caused by the mesh properties of the gear teeth., Less well
understood are vibrations which occur at the foregoing frequencies plus and
minus integer multiples of other Ifrequencies. Such components are called
sidebands. While methods had been developed for predicting the levels of
the vibration components at the mesh frequency and its integer multiples [1
through 7],%* these methods were not capable of treating the sideband com-
ponents. Unfortunately, high acoustic noise levels can be produced by both
types of components.

In addition, there is increasing recogniticn of the fact that vibrations
which produce noise also carry information about the dynamic behavior of the
drive train [8 through 11], in effect, information from which the condition
of the drive train components may be inferred. Such vibrations are known to
be present in virtually all geared systems, and they have been recorded and
monitored for diagnostic purposes for many years by many people. Huwever, a
detailed engineering understanding of the meanings of the shapes and ampli-
tudes of the measured spectra has not proceeded in company with the develop-
ment of methods for sensing and displaying these spectra.

Sidebands are produced during normal operation of gearboxes which employ
planetary reductions. Such sidebands normally occur at the planetary mesh
frequency plus and minus the planet-pass frequency. (They may also be sim-
ilarly distributed about twice mesh frequency, three times mesh frequency,
etc.) It must be stressed that their presence is due simply to the kinemat-
ics of the planetary reduction, wherein the planets physically pass any
stationary point, The presence of each planet in turn changes the vibration
properties of the gearbox structure, both from an impedance viewpoint and
also more importantly from the amount of excitation applied to the structure
by the moving mesh. This change is periodic at planet-pass frequency.

Sidebands ere also produced during normal operation of gearboxes with gear
meshes at more than one frequen:y. These sidebands are normally found at
one mesh frequency plus and minis integer multiples of the other mesh fre-
quencies (and of course at other frequency combinations as mentioned above).
Such sidebands are caused primarily by the dynamic properties of the drive
train components (i.e., coupled torsional-lateral-axial vibrations), which
permit dynamic tooth force variations to occur in one mesh at frequencies
of other meshes,

- -2" P—i‘t

Other sources of sidebands do, of course, exist, but these are for the most
part associated with the presence of undesirable component behavior. Per-
haps the best-known sideband source is that due to runout of a gear because g
of machining or assembly inaccuracies. This type of sideband, which the i

*Numbers in brackets refer to literature cited at the end of this report.
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analysis described herein can predict, is typically found at mesh frequency
plus and minus shaft rotation frequency. It can be produced by runout not
only of pinion or gear in a simple mesh, but also of a planet gear relative
to its bearings on a planet carrier.

Other undesirable effects can also produce sidebands. For instance, varia-
tion of tooth support stiffness around the circumfere.ce of a gear can alter
the mesh properties in a manner which repeats at gear :unning speed, and
which can have many forms depending on the circumferential distribution of
the stiffness variation. A typical cause of such sidebands would be a
cracked gear web, which the analysis described herein can treat,
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DESCRIPTION OF PROGRAM

In this study, tle characteristics of vibration sidebands produced by gear
meshes in both single gear meshes and planetary gear reductions were in-
vestigated. The study was conducted in two tasks, the details of which are
described below.

During the course of earlier test efforts, it became obvious that gearbox
vibration and noise signal cumponents were being produced at frequencies
which corresponded to those at which various sideband signals were expected.
It was recognized that these signals would have to be explained analytical-
ly before they could be dealt with properly. Hence the decision was made
to treat the signals at their sources, i.e., the gear mesh itself.

Since earlier analytical efforts had yielded a computer-implenented analys:s
for predicting the vibration excitation properties of normal gear meshes,
the decision was made to upgrade this computer program to incorpccate the
new analyses. The upgraded computer program was modularized so as to per-
mit future inclusion of other gear types and effects. A schematic diagram
of the computer program's capabilities is presented and discussed later in
the report (as Figure 11). The analyses described herein ha'e been included
in this program,

TASK I — INVESTIGATION OF PLANETARY MESH PLANET-PASS SIDEBAN.S

As a result of earlier studies, predicted dynamic behavior of the CH-47 for-
ward rotor drive gearbox ring gear was available. This predicted data was

used to study the complex vibrations existing at a preselected point on the
ring gear (corresponding to a location where measured data had been taken).

These studies produced radial vibration levels versus time, and correspond-
ing vibration spectra, for various planet phasing relationships in the low-
er stage planetary reduction. Planet phasing is under the control of the
gear designer, and thus it can be altered to modify and thus reduce mesh
frequency vibration sidebands.

TASK II — ANALYSIS OF GEAR-MESH-INDUCED HIGH-FREQUENCY VIBRATION SPECTRA
AND CALCULATIONS

This phase of the study treated both the spiral bevel and lower stage
planetary planet-to-ring gear meshes. Spiral bevel gear shaft runout and
externally-imposed tooth mesh force variations were studied, and gear mesh
excitation spectra produced by these effects were predicted.

In the care of the planet-to-ring mesh, planet runout and externally-imposed

tooth mesh force variations were considered, and excitation spectra caused

by these effects were predicted. In addition, the mesh excitation spectrum 48
resulting from the condition where a number of consecutive ring gear teeth

have relatively soft support stiffness (such as could be caused by a local

crack) was predicted.
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INVESTIGATION OF PLANETARY MESH PLANET-PASS SIDEBANDS

ANALYSIS OF PLANET-PASS INDUCED VIBRATION

A schematic of the planetary gear system to be analyzed is shown in Figure
1. The ring gear is stationary and the sun gear rotates with speed w, -

The four planets rotate about their own centers with a speed of o (relative
to the planet carrier), and the planet carrier rotates with speed @y (planet

orbiting speed). Depending on the numbers of teeth on the component gears,
the four planets are, in general, not equally spaced. In the particular
case considered herein, § is the angular offset of the pair (C,D) with re-
spect to the pair (A,B).

In this analysis the ring gear is considered as an elastic shell-type struc-
ture. At a given location, the ring gear experiences a dynamic tooth mesh
force each time a planet passes. This mesh force is associated with the
tooth mesh frequency resulting from the transfer of load from one pair of
teeth to the other. In this calculation, it is assumed that the dynamic
tooth mesh force has a rectangular pulse form whose magnitude varies sinus-
oidally with the mesh frequency (see below). This oscillating force pro-
duces an oscillating deformation. It is this planet-pass induced vibration
of the ring gear that is treated in this analysis.

In a cooruinate frame fixed with the planrt carrier, both sun and ring gears
rotate as shown in the upper diagram of Figure 2. The sun gear rotates with
a speed of ® T @ while the ring gear moves in the opposite direction with

tke planet orbiting speed @ . In this reference frame, the forces acting on

the ring gear due to the planet-ring gear meshes occur at fixed angular
locations of 6 = 0, n/2 = 6§, n, 3n/(2) = 6, corresponding to the locations
of planets A, D, B and C respectively.

Since planets A and B are in phase, the dynamic force per unit area due to
gear meshes at these two locations can be approximately expressed as

FAB 6,t) = PAB (©) cos fMt (1)

where t is the time, PAB the normal pressure due to normal tooth mesh forces,

and fM the tooth mesh frequency defined by
fM = % Np "% Nr @)

In the above, Np and Nr are the numbers of teeth on the planet and ring

gear respectively. It may be assumed that P consists of two identical
rectangular pulses occurring at the locations of planets A and B, and that
the width of each pulse is one tooth spacing, as shown in the lower diagram
of Figure 2. The magnitude of the rectangular pulse P is related to com-
mon gear parameters as follows: °
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F a
. tan 9

Po - 2m r (3)

D
r

where Ft is the tangential tooth force, @ the i'ressure angle, r the pitch
radius of ring gear, and 1. tha tooth face width.

As a result of the angular cffset §, there exists a temporal phase differ-
ence between the dynamic forces at planets C and D and those at A and B.
Since rotation of the sun gear over one tooth spacing corresponds to one
full cycle in gear meshing, it can be shown that the temporal phase lag of
the tooth meshes of planets C and D relative to those of A and B 1is

Y = 6N (4)

where N8 is the number of teeth of the sun gear. The dvnamic forces at planets

C and D can be thus expressed as

FCD o, t) = PCD (9) cos (fM t-Y) (5)

where P is similar to P, and is shown in the lower diagram of Figure 2.

CcD AB

There exist radial displacement response functions for the ring gear shell

due to the dynamic forces FAB and FCD' These response functions depend on

the elastic characteristics of the shell-type ring gear structure. Neglect-
ing ring gear inertia (valid for shell-type structures), the response
function due to the meshing of planets A and B is in phase with its forcing
function FAB' It may in general be written as

bap ©,z) cos fy t (6)

where z is the axial coordinate, designated for the general case that the
ring gear shell is nonuniform axially. Similarly, the response function
due to the meshing of planets C and D is

bCD (9,z) cos (fM t-Y) (7)

The total response function for the ring gear shell is the sum of Equa-
tions (6) and (7), i.e.,

w (0,z,t) = bAB cos fM t+bCD cos (fM t-Y) (8)

where w represents the dynamic radial response at a location whose coordinates
are (6,z) on the ring gear casing.



After some manipulations, Equation (8) becomes

w (6,z,t) = A (0,z) cos fiy t+B (6,z) sin fy t 9)

where
A (0,2) = bAB + bCD cos Y (10)
B (6,z) = bCD sin ¥ (11)

If the ring gear is exially symmetri~, both bAB and bCD are even functionz

in 6 and have a periodicity of m in @, and so do tke functions A (8,z) and
B (6,z). Therefore, the latter may be expanded in terms of Fourier series,
i.e.,

a (z) ®
A (0,2) = -23-- + T a (z) cos 2n © (12)
n=]1
and
b (z) ®
B (6,z) = °2 + L b, (2) cos2n 8 (13)
n=]1

Let 90 be the angular coordinate of a fixed point on the ring gear. Since

the ring gear rotates clockwise with speea @ (see Figure 2),

e° (t) = ei + @ t (14)

where 91 is the coordinate of the fixed point at t = 0. Setting 6i =0,

8, (1) = ot (15)

Thus, the fixed point on the ring gear travels clockwise starting from the
position of 6 = 0 in the frame fixed with the planet carrier.

To calculate the vibration at a fixed point on the ring gear, Equation (15)
is substituted for 6 into the total response function, Equation (9). This
yields

v, (t) = w (ait, 2 s t) = A ant, zo) cos fM t
(16)
+ B (mbt, zo) sin fM t

where z, is the axial coordinate of the fixed point.

Using the Fourier representations of Equations (12) and (13),
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a b
v (t) = 2—°cos f.Mt+39'sinfMt
+ % n§1 b, [sin (f, + 2n @) t+ sin (£, ~2nq? t] (17)

The above equation represents the planet-pass induced vibration amplitude
history at a fixed point on the ring gear. At t = 0, planet A is at the
location of this fixed point; and as time goes on, planets D, B, and C pass
the puint in sequence.

From Equation (17), the vibration amplitude at gear tooth mesh frequency is
1 1/2

M = 2 (a“+b ") (18)
The amplitudes at various sidebands about the mesh frequency are

L 2 2 1/2
Moo= 3 (ay," +b, ) forn = 1,2,3... (19)

Since there are four planets, the planet-pass frequency is

fp = 4 @y (20)
f
The sidebands occur at fM +n -22 withn=1,2,3,.... In the case of zero

offset (6 = 0), ‘sidebands would appear only at fM +n fp, because

the function A and B would have a periodicity of 1/2 instead of m. Physi-
cally it means that at the fixed observation point, the pass of planets C
and D is identical to that of planets A and B.

Equation (17) gives the amplitude-time relationrhip of the planet-pass in-
duced vibration as observed at a fixed point ou “he ring gear. The
amplitude-frequency spectrum of the vibration is presented by Equations (18)
and (19).

PLANET-PASS INDUCED VIBRATION AND SIDEBAND AMPLITUDE CALCULATIONS

The gear parameters for the CH-47 lower planetary gear system and the oper-
ating conditions used in the calculations are as follows:

Number of sun gear teeth Ns = 28
Number of planet gear teeti Np = 39



Number of ring gear teeth Nr = 106

Pitch radius of sun gear L 2.8 in,

Pitch radius of planet gear rp = 3.9 in,

Pitch radius of ring gear r. = 10.6 in,

Pressure angle ¢ = 25°

Ring gear tooth face width L = 1.25 in,

Angular offset of planets C and D § = 1.343°
Planet-ring mesh frequency fM = 1482 Hz

Tangential tooth force at planet-ring mesh = 159.2 1b

The planet orbiting speed @ is 14 Hz, and the planet-pass frequency is

therefore 56 Hz. Due to the angular offset §, the temporal phase lag of
planets C and D relative to A and B is 37.6 degrees.

The cross section of the ring gear casing, which is considered as the
vibrating elastic body, is depicted in Figure 3. In the dynamic response
calculation, this ring gear casing is modeled as a composite cylindrical
shell with aciable thickness (see Figure 3). Both ends of the casing are
assumed to be "simply supported," i.e., no linear translation but free to
rotate. The MTI general shell dynamic response computer program was used
to obtain the response functions b, (9 z) and bep (0,z) [4].

Let the vibration observation point on the ring gear be located at z = 1.5

inches. The response functions at this point for the specified tooth load
are plotted in Figure 4. The small angular offset of 1, 343° for planets C

and D is neglected. It is noted that both bA and bCD are periodic with a

periodicity of 180°. Due to the axial symmetry of the ring-gear casing,

bAB and b p 2re completely similar but have a phase difference of 90°.

The vibration induced by planet-pass as observed at a fixed point located
at z = 1.5 inches on the ring gear was calculated by using Equation (17)

and is plotted in Figure 5. The first half bump corresponds to the pass of
planet A, and the next three bumps correspond to the passes of planets D, B
and C, respectively. The pattern repeats itself after one full revolution

of all planets. The period is 0.0714 sec, which is the reciprocal of mb.

> ? r‘_i"

The frequency spectrum of this planet-pass induced vibration is shown in
the lower diagram of Figure 6. The amplitude at the meth frequency has the
largest value. However, the amplitude at the second pair of sidebands, at
EM + fp, is quite large. ;

To see the effect of planet phasing on the vibration amplitudes at the
selected point, the vibrations produced at three different temporal phase

10



ACTUAL CASING CONFIGURATION
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Figure 3. Dynamic Model of CH-

47 Lower Planetary
Ring-Gear Casing.
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angles (Y = 0°, 90° and 142.4°) were investir~ated. 7he amplitude-time plots
of these cases are shown in Figures 7, 8 and 9, In a gross sense, they
appear to be similar. However, the frequency spectra for these three cases
are quite different. They are shown in the upper diagram of Figure 6 and
the upper and lower diagrams of Figure 10 for ¥ = 0°, 90° and 142.4°, re-
spectively. It is noted that for Y = 0°, sidebands occur only at frequencies

of £Mtni:P.
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ANALYSIS OF GEAR-MESH-INDUCED

HIGH-FREQUENCY VIBRATION SPECTRA AND CALCULATIONS

ANALYSIS OF GEAR MESH EXCITATION

The mesh of guars with perfect involute profiles can induce vibration,
simply because of tle nonuniform deflection resulting from varying tooth
compliance elong the: length of the tooth., The nonuniform deflection or dis-
placement deviation introduces irregular motion superimposed on the uniform
rotation of the gears. This irregularity of motion becomes one of the me&jor
sourccs of vibration in the drive system, especially of the vibration asso-
ciated with noise production. Manufacturing errors in tooth shape or
spacing can further increase the magnitude of the motion irregularity and
thus the excited vibration amplitude. If all the teeth in each of the
meshing gears are identical, and if the mesh is otherwise ideal (i.e., no
runout, etc.), then the spectrum of the vibration induced by the gear mesh
contains signals at only the mesh frequency and its higher harmonics. The
analysis of this gear mesh excitation was performed by Laskin, Orcutt and
Shipley [(1l.

However, if the gear mesh deviates from the ideal (e.g., gear runout, dy-
namic torque, etc.), or if there is deviation in tooth profiles as the gear
mesh continues from one set of mating teeth to the other, the tooth deflec-
tion pattern will, in general, vary from tooth pair to tooth pair. The
associated vibration will then contain signal components at other than the
mesh frequency and its harmonics. These components are the so-called gear
mesh excitation sidebands. It is the purpose of this work to study the
gear-mesh-induced vibration spectra considering three gear parameters as
variables between mesn cycles. These three parameters are:

1. Center-Line Distance

This variation, in most cases, is due to shaft or gear runout. The
center-line distance is treated to be constant within a tooth mesh,
but it can vary between mesh cycles. This simplifying approximation
is possible because the variation in cernter-line distance due to shaft
or gear runout is slow with respect to tooth mesh frequency.

2. Tooth Load

This variation may be caused, for instance, by the dynamic effects of
other gear meshes in the drive system. The tooth load can also be
variable between calculation points within one mesh cycle. This
accommodates high-frequency dynamic forces.

3. _Tooth Support Compliance

This is the compliance in addition to the compliance due to tooth
bending, shearing, rotation, and contact deformation normally existing
during gear mesh. It may be produced by elastic nonuniformity in the
gear structure supporting the gear teeth. This compliance can also

be variable at all calculaticn points within one mesh cycle.

Each of these three variations is in general periodic with a definite

20
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frequency. For example, the center distance variation caused by shaft run-

out has a frequency equal to the rotational speed of the shaft. In each of

the cases, there exists a base period for the tooth aeflection pattern
which is equal to the reciprocal of the largest common factor between the
mesh frequency and the frequency (or frequencies) of variation of the gear
parameter (or parameters). During one base period, integer multiples of
gear mesh cycles and of parameter variation cycles occur. The spectrum of
the associated vibration is thus discrete, with the fundamental frequency
equal to the reciprocal of the base period. The frequency spectrum is
obtained by a Fourier analysis of the tooth deflection profile over one
base period.

However, if the variation of the gear parameter is random, the spectrum of
the gear-mesh~induced vibration will be continuous. It may be obtained by
calculating the power spectral density function of the tooth deflection
data over a long period of time. The method of power spectra calculation
is included in Appendix I.

Within one mesh cycle, the method of calculating the tooth deflection is
directly similar to that in [1]. The limitations and assumptions in the
calculation are listed below:

1. Only spur gears are treated, and these are treated only for the two

cases of (a) an external gear driving an external gear and (b) an
external gea. driving an internal gear. Straight bevel gears may

be treated in an approximate manner by replacing them with equiva-
lent spur gears by Tregold's Approximation [13].

2. The working portions of the tooth profiles are essentially involuce.

Design and manufacturing profile deviations are small enough so aa
not to affect load location, load direction, or tooth stiffness.

3. There is no tip interference, either due to excessive addendum
length or due to tooth deflection under load.

4. 1In any single interval between the pitch points of two successive
pairs of teeth, contact and load carrying are limited to the two
successive pairs of teeth. In the same interval, there must be at:
all times at least one pair of teeth in contact and carrying load.
This prevents consideration of cases where the contact ratio is

less than one or more than two; it may in some unusual designs also

eliminate cases where the contact ratio has certain intermediate
values.

5. The load is assumed to be transmitted uniformly across the face of
the gear except for normal end effects in stress distribution.
This excludes any consideration of face crowning, lead modifica-
tion, lead manufacturing error, gear windup, or nonuniform deflec-
tion of gear supports.

6. All variations in tooth deflection as the load point moves along
the tooth profile either are confined to elastic effects on the

21

a2

-~ g s



-y

tooth alone or can be supplied as point-by-point compliances as
part of the input data. This means that variations such as might
result fron the deflection of thin rims are not calculated directly
by the analysis.

7. The contact deformation is assumed to be independent of the tooth
surface lubricating film.

The above analysis is incorporated in the computer program GGEAR. It 1is
obtained by modifying and extending the program GEARO reported in [1]. The
overall structure of the modified program is shown in Figure 11. The modi-
fications consist of the creation of the main program GGEAR and the sub-
routine SPECT, and some¢ changes in subroutines GEARO, FOUR and PLT to
accommndate the extension of computation over multiple mesh cycles. GGEAR
accepts those items of gear data that are constant over all mesh cycles.
Subroutine GEARO, on the other hand, reads in variable gear data and, to-
gether with subroutines AJCDH and CALCJ, calculates the tooth deflection
over one mesh cycle. In the computation, the mesh cycle is divided into a
number of calculation points as is done in the program GEARO. Tooth deflec-
tions at all the calculation points over the prescribed number of mesh
cycles are stored and printed out in GGEAR.

With reference to Figure 11, it may be noted that provision is being made
for eventual incorporation of other subroutines similar to GEARO for the
calculation of excitation levels in high-contact-ratio spur gears, helical
gears, and eventually spiral-bevel gears. While such calculation capabili-
ties were not included in the computer program during the present contract,
the modified program was prepared on a modular basis for their later inclu- -
sion.

According to the user's instruction, either the calculated tangential deflec-
tion data can be plotted by subroutine PLT, or it can be analyzed to obtain
the Fourlier representation of the deflection pattern via the subroutine FOUR,
as is now done in program EARO., The data can also be analyzed by using
SPECT to produce the power spectral density function. A description of the
computer program is given in Appendix II.

CH-47 SPIRAL BEVEL GEAR MESH CALCULATIONS

The CH-47 forward rotor-drive gearbox spiral bevel gear mesh is analyzed in
terms of its equivalent spur gear mesh EZ]. The equivalent spur gears will
be equivalent to the spiral bevel gears only in the sense that their
physical proportions, those likely tn» influence deflection under load,
approximate the mean proportions of the actual spiral bevel gear teeth. The
use of the equivalent spur gears is sufficiently adequate for the present
purpose of studying the effects of shaft runout and load variation to pro-
duce high- frequency-vibration sidebands. The gear mesh parameters and the
conversion of the CH-47 spiral bevel gears into equivalent spur gears are
summarized in Table I, which has been taken from [2]. The gear mesh
tangential load is taken to be 2760 lb, and the gearbox input shaft speed is
7059 rpm. This yields a gear tooth mesh frequency of 3412 Hz. Variations
in center distance and in tooth load as the source for generating tooth dis-
placement dev...tions at sideband frequencies have been studied.

22
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Main Program

GGEAR
LB 1 ] ¥ |
IR T I 2 Y
] [ b
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GEARO | Gearz | ' Gears I : Gears l
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Planned Subroutines for Indicated Gear Types

Subroutine

SPECT

Subroutine (Future)
AJCDH
Subroutine
CALCJ
Subroutine Subroutine
PLT FOUR
Figure 11, Computer Program Structure.
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1., Center Distance Variation

Center distance variation resulting from a 0.00l-in. (peak) input shaft

runout is chosen to be the representative case. The runout is assumed

to be a siire wave in form. The expression for the center distance is
2nf

C (in.) = 22.3735 + 0.00l sin —2—9’-‘ t (21)

where the number 22,3735 is the ncminal center distance in inches, t the
time in seconds, and fM the mesh frequency in Hz. The input pinion has

29 teeth, and therefore fM/29 is the shaft rotational speed.

Using the computer program, tooth displacement deviation is calculated
over 29 mesh cycles covering one period of variation in center distance
(one complete shaft rotation). The tooth deviation is periodic with a
period equal to one shaft rotation. This periodic tooth deviation pat-
tern is analyzed by using the extended subroutine FOUR to obtain the
.amplitude-frequency relationship. This relationship is shown in Figure
12, Amplitude is the magnitude of tangential deviation over and above
the mean tooth deflection. The frequency is expressed in multiples of
mesh frequency fM' Since the tooth deviation is periodic, the amplitude

distribution is discrete and is ronzero only at the multiples of re-
ciprocal of the base period, which is the shaft speed (fM/29). It is

seen from Figure 12 that mesh frequency is still the most dominant
frequency. However, the sideband amplitudes close to the harmonic fre-
quencies are seen to be comparable to the high harmonic components.

It is expected that a larger shaft runout would produce higher sideband
amplitudes. This is indeed shown in Figure 13, which is a frequency-
amplitude plot for a 0.002-in. (peak) shaft runout. It is seen that the
amplitudes at fM/29 and at sidebands around the higher harmonics are

approximately doubled in magnitude.
2. Transmitted Load Variation

A sinusoidal dynamic load of 500 lb at half mesh frequency is assumed
to be superimposed on the nominal tooth lcad of 2760 1b. The total
tangential tooth load is therefore

2nfr
W (lb) = 2760 + 500 sin ==t (22)
The calculated tooth displacement deviation has a periodicity of two
mesh cycles. The resulting amplitude-frequency plot of this periodic
tooth deviation pattern is shown in Figure 14. It is seen that the
first sideband amplitude, which is at fM/Z, is larger than all the high

harmonic components. Also, all other sideband amplitudes are relatively
small. This large first sideband amplitude may be attributed to the
large maximum dynamic load (500 lb) relative to the nominal load.
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CH-47 LOWER PLANETARY PLANET-TO-RING GEAR MESH CALCULATIONS

<

The CH-47 lower planetary planet and ring gear parameters are summarized in
Table II. The taagential tooth load at the planet-to-ring gear mesh is
The corre-
sponding mesh frequency is 1482 Hz, Effects of variation in center

distances, tooth load, and tooth support compliance to produce vibration

taken to be 2103 1b. The planet rotational speed is 2280 rpm.

sideband frequencies have been investigated.

l. Center Distance Variation

A planet runout of 0.001 in. (peak) in sine wave form is assumed.

With

a nominal center distance of 6.7 in., the expression for center distance

is
2nf

C (in.) = 6.7+ 0.00l sin — ¢

(23)

Tooth displacement deviation is calculated using the computer program,
The fre-
quency spectrum of the tooth-mesh-induced vibration, obtained by
Fourier analyzing the displacement deviation, is plotted in Figure 15.
The mesh frequency is still the dominating frequency. The largest
sideband amplitudes occur at the sidebands closest to and on each side

over 39 mesh cycles, to cover a full rotation of the planet.

of the mesh frequency.

TABLE 1I. CH-47 LOWER PLANETARY PLANET AND
RING GEAR PARAMETERS

Planet Ring
Number of Teeth 39 106
Face Width 1.55 in. 1.25 in.
Pitch Radius 3.9 in. 10.6 in.
Outer Radius 4.0845 in. -
Inner Radius - 10.43 in.
Root Radius 3.69 in. 10.845 in.
Radius to the Beginning of Involute Profile 3.738 in. 10.7935 in.
Circular Tooth Thickness at Pitch Circle 0.3462 in. 0.276 in.
Tooth Fillet Radius 0.075 in. 0.094 in.
Pressure Angle . 25 deg 25 deg
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2. Transmitted Load Variation

A dynamic load of 400 1b varying sinusoidally at one-third of the mesh
frequency 1s assumed to be superimposed on the nominal transmitted load of
2103 1b. The total tooth load is therefore

anM
W (1b) = 2103 + 400 sin 3t (24)
The vibration induced by this load variation at gear tooth mesh has a
fundamental frequency of fM/B. The frequency spectrum is shown in

Figure 16, which is obtained by the computer program calculating the
tooth displacement deviation over three mesh cycles. It is seen that
the amplitude at fM/Z is higher than those at high harmonics of the
mesh frequency.

3. Tooth Support Compliance Variations

Five consecutive ring gear teeth (out of a total of 106 teeth) are
assumed to have a finite (tangential) tooth support compliance of 10'6
in./1b. This compliance is in addition to the tooth bending, tooth
shear, tooth rotation, and contact deformation compliances calculated by
the computer program in terms of gear tooth geometry and elastic prop-
erties.

The amplitude-frequency plot of the vibration induced by this compliance
variation is shown in Figure 17. The information shown in this figure
may be interpreted as follows: Assume first that the planets are fixed
and the ring gear rotates. The frequency of mesh between a fixed planet
and the ring gear is equal to the number of teeth on the ring gear
multiplied by the relative rotational speed between them. This speed is
actually the orbiting speed of the planet with respect to a fixed body,
since the ring gear is stationary. The periodicity of the tooth deflec-
tion excitation caused by an assumed local ring gear compliance varia-
tion is equal to the time for one full relative rotation of the ring
gear with respect to the planet. Since there are 106 teeth on the ring
gear, this periodicity is 106 times the tooth mesh time; that is,the
reciprocal of the tooth mesh frequency. Therefore, in the amplitude-
frequency plot shown in Figure 17, there appear 105 equally-spaced side-
band frequencies between two successive harmonics of mest frequency.

Any two neighboring sidebands are separated by the planet orbiting fre-
quency.

It is seen from the figure that tne sideband amplitudes are in general
quite large and that the amplitudes of the low-frequency sidebands are
even larger than the amplitude at the mesh frequency. The compliance

due to tooth bending, tooth shear, tooth rotation and contact deforma-

tion is about 10"7 in./1b calculated by the computer program. The large
sideband amplitudes are therefore due to the large tooth support com-
pliance variation relative to the normal compliance existing during
tooth mesh.
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EXCITATION AMPLITUDE TANGENT TO PITCH CIRCLE (1074 IN)

— Vs B "q
20
1.8
400-LB PEAK DYNAMIC TOOTH FORCE AT
1/3 MESH FREQUENCY N CH-47 LOWER
16 PLANETARY PLANET-TO-RING GEAR MESH
' MESH FREQUENCY f,, = 1482 HZ
STEADY -STATE TOOTH FORCE = 2760 LB
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1.2
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0.2
0 | llll 11 1L|11 A,I.. N n.l..l
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MULTIPLES OF MESH FREQUENCY
Figure 16. Frequency vs. Excitation Amplitude for Tooth

Force Variation, CH-47 Lower Planetary Planet-
to-Ring Gear Mesh.
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It is also seen from Figure 17 that sidebands are grouped into a series
of bumps, and there are about five bumps between two adjacent harmnnic
frequencies. This is attributed to the fact that the finite tooth sup-
port compliance variation occurs in only five consecutive teeth and
that the compliance variation is much larger than the normal tooth mesh
compliance. Tooth deflection patterns over one period (106 mesh cycles)
may be considered as the sum of two separate deflection profiles. One
is the normal tooth mesh deflection profile consisting of 106 identical
segments representing deflections for the 106 mesh cycles. The other
is the deflection due to the tooth support compliance variation, which
is nonzero only in the first five mesh cycles and is much larger in
magnitude than the former. The frequency content of the first deflec-
tion profile consists of only the mesh frequency and its harmonics,
while the irequency spectrum of the latter is roughly periodic with
declining amplitude and the period is about one-fifth of the mesh fre-
quency. Therefore, the frequency spectium of the total tooth deflection
pattern appears to be a series of bumps superimposed on the mesh fre-
quency harmonics.

CH-47 SPIRAL BEVEL GEAR SYSTEM RESPONSE CALCULATIONS

In order to demonstrate the manner in which the gear excitation sidebands
may be applied in the vibration analysis of geared power trains, and to
illustrate the type of response which is produced by gear excitation spec-
tra which include sidebands, a sample calculation has been made using com-
puter program TORRP (2].

In this calculation, the excitation spectrum obtained under the assumption
of 0.002-in. runout in the CH-47 spiral bevel mesh was used. Mesh fre-
quency is 3412 Hz, and a steady-state tangential tooth force of 2760 1b
was used. The gearbox drive train components were represented dynamically
by the torsional response model reported in [2].

Results of the calculations are shown in Table III and Figures 18 and 19.
From these results it is apparent that significant torsional response occurs
in the gearbox components as a result of the sideband disturbances. It is
worth mentioning that essentially zero response occurs at frequencies
between the peaks shown because there are no sources of excitation at these
frequencies.
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TABLE III. CH-47 SPIRAL BEVEL MESH EXCTTATION AMPLITUDES AND CORRESPONDING
PREDICTED PEAK NYNAMIC TOOTH FORCES AT INDICATED FREQUENCIES
Tangential Excitation Peak Dynamic Tooth Force
Frequency Amplitude (1b)

(Hz2) (106 in.) Spiral Bevel Mesh Ring-Planet Mesh
117 16,35 0.71 0.21
2941 3.65 7.37 48,46
3059 1.82 196,46 165.61
3177 7.44 282,61 132,62
3294 1.11 26,01 9.78
3412 93,88 1672,19 606,54
3530 4,27 60.80 25,49
3647 6,99 73.38 48,42
3765 1.66 1.99 21,81
3885 3.18 11¢.34 61.66
6589 1.97 32,84 0.15
6707 15,52 230,07 0.94
6824 8.87 122,31 0.46
7059 4,02 50.49 0.16
10,001 7.33 71.74 0.08
10,118 4,99 48.67 0.05
10,236 25,53 247,61 0.26
10,354 8.22 79.43 0.08
10,471 6.04 58.16 0.06

35

w

- oy ﬂi't

“s



. \
TABLE III - Continued
Tangential Excitation Peak Dynamic Tooth Force
Frequency Amplitui2
(Hz) (10-6 ir.) Spiral Bevel Mesh Ring-Planet Mesh

13,413 3.11 27.98 0.09
13,530 14,15 121.36 0.61
13,648 7.00 51.97 0,58
13,765 12,23 1044,30 33.84
13,883 5.51 64.10 0.40
16,825 6.66 61,93 0.01
16,942 8.95 83.11 0.01
17,060 9.17 85,10 0.01
17,178 11.64 107,88 0.01
17,295 4,67 43.25 0.005
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DISCUSSION OF RESULTS
DISCUSSION OF TASK I RESULTS

The planet-pass induced vibration given by Equation (17) is the amplitude-
time history of radial displacement at a fixed point on the ring gear
casirg. The zero time is arbitrarily chosen to be the moment when planet
A (see Figure 2) is at the observation point. As time progresses, planets
D, B and C pass the observation point in sequence. This sequence repeats
with a frequency equal to the planet orbiting speed ay .

Since ring gear radial vibration results from the planet-ring gear mesh
dynamic tooth force, the vibration amplitude is large when the planet is
close to the observation point and smaller when the planet is more distant.
This is seen from the calculated results in Figures 5, 7,8 and 9, which
are for phase angles § = 37.6°, (P, 90° and 142.4° (between opposite pairs
of planets), respectively. The four major large-vibration-amplitude areas
in each of the figures correspond to the passage of the four planets past
the fixed observation point.

In general, it appears that the shape and magnitude of the vibration data
in Figures 5 through 9 are quite similar, and that only the amplitude
between planet passes varies appreciably with the phase angle y. This is
because the two components of the total response function, bAB and bCD’

are quite localized (i.e., peaked at 0° and 90°, respectively). Also,

they are identical in shape due to the axisymmetry of the ring gear casing,
but with 90° phase difference (see Figure 4). This 90° phase difference
corresponds to the time spacing between the passes of adjacent planets.
Us.ng the first two bumps as examples, the vibration amplitude around the
passes of planets A and D (around § = 0° znd 90°) are dominantly determined

by bAB and bCD’ respectively, without much interference between them,

Only between planet passes (around 8 = 45°) does appreciable interference exist,
and therefore the local amplitude depends on the temporal phase difference
¥ between the two response functions (see Equations (6) and (7)).

The vibration of the ring gear casing is induced by the passing of the
planet gears and originates in the dynamic tooth forces which exist in
the planet-ring gear tooth meshes. The vibration occurs, therefore, at
the gear tooth mesh frequency, fM’ modulated by the planet-pass frequency.

This is shown in the frequency spectrum plots of Figures 6 and 10. It is
seen that the mesh frequency is the center frequency and that around it,
there are a number of sidebands which are found at mesh frequency plus or
minus (in general) integer multiples of half of the planet-pass frequency
fp. In the special case of y = 0, four equally spaced planets (small

positional offset 6§ has been neglected) pass the observation point with '
orbiting speed @ . Dynamically, this is equivalent to one planet passing '

this point wich planet-pass frequency fp (where fp =4 wb). Therefore,

sidebands occur only at fM tn fp, where n is an integer. In the more
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general case where § # 0, there is some phase difference between the
planet pairs (A,B) and (C,D). Each pair passes the observation point
with a frequency of fp/Z. Therefore, sidebands in general appear at

f

L
fM +n 2

Comparison of the four spectrum diagrams shown in Figures 6 and 10 reveals
that the effect of the phase angleV is to increase the sideband amplitude
at mesh frequency plus and minus integer multiples of fp/2. For

y = 0, the amplitudes at these sidebands are zero, while for § = 142.4°,
the corresponding amplitudes are even greater than those at the neigh-
boring frequencies of fM + n fp.

Under some circumstances, it may be desirable to control the vibration
amplitudes at certain sidebands. For the CH-47 lower planetary gear
system, the phase angle | is a major controlling parameter of sideband
amplitudes for the planet-pass induced vibration. The angle in turn is
determined by other gear parameters including the numbers of teeth of
component gears. For example, Equation (4) indicates that the greater

the number of teeth on the sun gear, the larger the phase angle. However,
other gear performance characteristics such as speed ratio, load distri-
bution, etc., must be considered when gear parameters are altered to con-
trol the value of §.

Finally, it should be noted that the analysis used herein assumes that the
normal components of the planet gear dynamic tooth forces vary sinusoid-
ally with time. This variation occurs about the nominal steady-state
normal tooth force component which accompanies the transfer of torque.
Passage of this nominal steady-state force itself causes quasi-static

ring gear deflections, which are ignored in the vibration calculations.

DISCUSSION OF TASK II RESULTS

Vibration can be excited by nonuniform tooth deflection and tooth pro-
file characteristics during the mesh of even precisely machined gears.

If the center distance and nominal tooth load are constant and all other
gear parameters are the same from one pair of teeth to the next, the
nonuniform tooth deflection pattern in one mesh cycle will repeat in all
successive cycles. The frequency content of this tooth-mesh-induced vi-
bration will consist, therefore, of only the mesh frequency and its har-
monics. However, i1f there is any variation in center distance or tooth
load, or any change of any other gear parameters from mesh to mesh, other
vibration frequencies (the so-called sidebands) are introduced. The
results of this investigation have clearly shown this point.

From the frequency spectra shown in Figures 12, 13, and 15, it is seen
that major sidebands due to variation in center distance occur around the
mesh frequency and its harmonics., In all cases the mesh frequency is
still the most dominating frequency. A comparisoa of Figures 12 and

13 reveals that the sideband amplitudes depend quite strongly on the
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magnitude of the center distance variation. The general shape and magni-
tude of the harmonic components in Figure 13 (0.002-in. runout) are similar
to those shown in Figure 12 (0.00l-in. runout). However, the amplitudes
at major sidebands in Figure 13 are about twice those at corresponding
sidebands shown in Figure 12, Furthermore, in the 0.002-in. runout case,
the sideband amplitudes around the fourth and fifth harmonics are even
larger than the harmonic amplitudes.

Actual vibration frequency spectrum measurements [8] taken from an
accelerometer mounted on the CH-47 rotor-drive gearbox bear some similar-
ity to those in Figures 12, 13, and 15. Output from this accelerometer,
located on the outside of the gearbox near the spiral bevel gear shaft
support bearings, is reproduced in Figure 20, It should be noted that the
noise signals shown in Figure 20 are generat~d not only by the spira!
bevel gear mesh but also by a number of other possible vibration sources,
such as gear runout, planet-pass, etc., occurring in the drive system.
The signal is strongest at the spiral bevel mesh frequency becauvse the
accelerometer 1s located near the spiral bevel gears'shaft support bear-
ings. I[he sideband with large amplitude near the spiral bevel gear mesh
fundsuental is separated by 118 Hz from the mesh frequency. This differ-
ence is the rotational speed of the input pinion. Therefore, this side-
band is clearly due to input shaft runout,and it is equivalent to the
relatively large-amplitude sidebands around the mesh frequency shown in
Figures 12 and 13.

The sideband amplitudes producad by tooth load variations as shown in
Figures )4 and 16 are quite large in comparison with the harmonic compo-
nents. In both cases the amplitude of the first sideband i.s greater than
the amplitudes at high harmonics of the mesh frequency. These large
sideband amplitudes may be attributed to the large load variation relative
to the nominal tooth load (500 1b wvs. 2760 lb for spiral bevel gear mesh
and 400 1b vs. 2103 1b for lower planetary planet-to-ring gear mesh).

In the example of tooth support compliance variation, five consecutive
teeth were assumed to have a finite compliance of 10°° in./lb 1in the
tangential direction. This represents a case in which the lower planetary
ring gear casing has a relatively weak local elastic stiffness. This
finite support compliance produces tangential tooth displacement in addi-
ticn to that due to normal tooth bending, sheai, rotation and contact de-
formation during mesh. Figure 17 shows that the sideband amplitudes re-
sulting from this compliance consist of a number of bumps superimposed on
the harmonic components. The amplitudes at small sideband frequencies are
large, and those at the first few sidebands are even greater than the ampli-
tude at the gear mesh frequency. This is because the nominal compliance
with respect to tooth deflection during gear mesh is only on the order of

10.7 in./1b, which is one order of magnitude smaller than the assumed
local tooth support compliance.

In all of the cases studied in this investigation, the frequency spectrum
is discrete (i.e., the amplitudes are nonzero only at discrete
frequencies), because the frequency of variation of the gear
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parameter selected for study is in all cases a rational f:action of the
gear mesh frequency. There thus always exists a base period over which
the tooth displacement pattern repeats itself. This base period is an
integer multiple of the gear mesh time, which is the reciprocal of the
mesh frequency. Therefore, the vibration frequencies are integer multi-
ples of the reciprocal of the base period, and the frequency spectrum is
thus discrete. The frequency spectrum is obtained by performing a Fourier
analysis of the periodic tooth deflection pattern.

If the variation of the gear parameter is random, or if its frequency is

an irrational fraction of the mesh frequency, the corresponding frequency
spectrum of the gear-mesh-induced vibration will be continuous. The sub-
routine SPECT may be used to compute the power spectral density function

based on the tooth deflection data over a large number of mesh cycles in

such cases.
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CONCLUSIONS

The following conclusions are drawn as a result of the studies reported
herein:

With respect to planet-pase vibration sidebands:

1. Methods have been developed for predicting geometrically-induced
planet-pass vibration sidebands which accompany normal planetary
gear reduction operation. :

2. Planet-pass vibration sideband amplitudes may exceed that of the
base signal, and plans for dealing with them must be part of any
vibration and noise reduction program.

3. Planet-pass vibration sideband frequencies exist both below and
above the base signal at integer multiples of one-half planet-
pass frequency in four-planet systems with opposite pairs of
planets in phase.

4, Planet-pass vibration sideband spectra are affected by the phase
relationships of the planets, and spectra for several such rela-
tionships have been determined for the CH-47 forward rotor drive
gearbox first-stage planetary reduction,

With respect to vibration sidebands in single gear meshes:

1. Methods have been developed for predicting vibration sidebands
which are produced by gear runout, dynamic variations in tooth
transmitted force, and tooth support discontinuities.

2. Shaft runout vibration sideband amplitudes may exist with signif-
icant amplitudes. They must therefore be considered in vibration
and noise reduction efforts. Conversely, such sidebands if detect-
able could be used for the diagnosis of improperly assembled shafts

and bearings.

3. Dynamic transmitted tooth force variations can produce vibration
sidebands with significant amplitudes. While the presence of such
signals is important from the vibration and noise reduction stand-
point, the most important aspects of this type of sideband are as
follows:

- -7’ r—i':

a) This type of disturbance implies the presence of additional
dynamic loads on gear teeth and bearings, with resulting
degradation of component lifetimes. The importance of this
type of dynamic force on gear and bearing life has yet to te N
assessed.

“r

b) A major source of vibration signals within operating gearboxes
has been explained, thereby reducing the number of unknown
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signals which must be explained in any diagnostic exercise.
Likewise, the dynamic interactions between gear meshes in
multiple-mesh gear trains have been explained.

4. Vibration sidebands of a very distinctive character are predicted
herein to be produced by gear meshes with tooth support discontin-
uities, such as cracks. Consequently, a very important diagnostic
method has been identified for identifying gear structural in-
tegrity problems which may be introduced during manufacture or

which may appear in service.
In summary, methods have been devised both for designing low-vibration and
noise gear reductions and for identifying the existence of several types

of gear problems. It is felt that the diagnostic potential of the vibra-
tion analysis methods described herein is of considerable importance.
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RECOMMENDATIONS

The results reported herein strengthen considerably an already valuable
body of technology which relates gear train component condition to measur-
able symptoms. The most important aspect of this technology is that much
of it appears as computer-implemented analytical procedures which can be

utilized by the gearbox designer.

Recommendations for future efforts in this important area fall into three
specific areas:

1.

It is recommended that the analytical procedures next be extended
to include high-contact-ratio gearing and coupled response of
gear train components.

It is recommended that the high-frequency vibration analysis tools
be utilized in their present form, where applicable, in the design
of future gearboxes; further, that the results of this usage be
documented in specific instances, particularly where comparative
testing accompanies this usage, for feedback to this technology
program,

It is recommended that the use of high-frequency gearbox vibra-
tion technology be included as an integral part of future efforts
directed at drive train condition monitoring and diagnosis, and at
component life and/or failure prognosis.

‘? ni'r
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APPENDIX I
CALCULATION OF POWER SPECTRAL DENSITY FUNCTION

The method of calculation presented herein follows that given in [12]. Let
n be the number of calculation points in one tooth mesh cycle. The time
interval between data points is

1
ot = = £y (25)
where fM is the mesh frequency. The cutoff frequency is defined as
n fy
£ = (26)
The total time of record is defined as
Tr = Ny *n ° At
= ﬁ (27)

f

where My is the number of mesh cycles over which tooth deflection data is

recorded.

The autocorrelation function is, by definition,

R(T) = 4im

] L

T
3 x (t) x (t + T) dt (28)
0

T #

where x is the tooth deflection and t is the time, The power spectral density
function is related to R(T) by

G (£) = ‘*S R(T) cos 2 fr dr (29)
0

..'

,?,.,3‘

where £ is frequency.

Tooth deflection x is known numerically at discrete points separated by At.
Let

xi = x(i At) i = 1, 2 ererels nnM (30)

!

The autocorrelation function at displacement r At may be estimated by
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Rr (r at) nnM - L -xi xi +r (31)
i=]

r = 0,1, 2, ..., m

vhere r is the lag number and m the maximum lag number. This maximum lag
number determines the maximum displacement and the equivalent resolution
bandwidth for power spectral calculation as follows:

Toax = O At = a (32)
1 n
Be © T pax = m (33)

It is desirable to keep == less than one-tenth of the time of record Tr'

This will avoid certain instabilities that can occur in autocorrelation

function estimates. In the c:alculat:i.on,'!'mx is set to be about 1/20 of Tr'

m is then determined by

|
20

(3#)

In other words, m is set equal to the integer part of the right-hand side.

The numerical approximation of Equation (29) is

m-1

=~ ~ 1 nr f m f

G (f) = 2 At R°+22 chos(fc)'l"ﬁmcostfc (35)
r=]

The numerical estimate of the power spectral function should be calculated
only at the mrtl special discrete frequencies where

k £
£ m == k = 0,1,2, ...n (36)
This will provide m/2 independent spectral estimates since the bandwidth
2 f
Be is = €, At these discrete frequencies,
m-1
=2 = z % nr_k k :
Gk nfMR°+2 chos( m)+(1) Rm (37)
r=1
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The index k is called the harmonic number. ‘Ek is the "raw" estimate of the

power spectral density function at harmonic k. The '"smooth" estimate G, at
harmonic k is

~

G = 0.5G +0.56

o o 1
Gk = 0,25 Gk-l + 0.5 Gk + 0.25 Gk+1 k = 1,2, ... m=1 (38)
Gm = 0.5 Gm-l + 0.5 Gm

£
e %:7 (39)
M

where m is given by Equation (34). The frequency interval is approximately

10 fM

Afk =~ _n;- 40)

The above method of calculation has been programmed in subroutine SPECT,
This subroutine has been tested successfully by using a simple sine func-
tion over a hundred cycles of time. A sharp peak was clearly seen at the
single frequency of the sine function. In the application to the gear
mesh induced vibration, Equation (40) indicates that ny should be set

equal to about a hundred times the minimum number of cycles to complete a
base period of tooth deflection variation. Therefore, for periodic tooth
deflection variation, Fourier analysis (subroutine FOUR) is more economical
to use to extract the frequency content of the induced vibration, since it
requires the tooth deflection data over only the minimum number of mesh
cycles to cover one base period. However, for random variation of gear
parameters, only subroutine SPECT can be used to obtain the frequency
spectrum of the induced vibration.
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APPENDIX II

COMPUTER PROGRAM FOR PREDICTION OF GEAR MESH EXCITATION SPECTRA

Input Variables, Format, and Instructions
Card 1 Title, columns 2 through 72,

Card 2

Control numbers. Fourmat (715)

NMC

INT

IPLT

IFOUR

Number of mesh cycles.
Place the last digit of this number in column 5.

Identification as to whether this control card rep-
resents the last complete set of input data being
submitted.

If more sets of input data follow, use O.

If this is the last set, use 1.

Plac> this digit in column 10.

Classification of the types of spur gears to be con-
sidered.

If both the driving and the driven gears are exter-
nal gears, use 1.

If the driving gear is an external gear and if the
driven gear is an internal (ring) gear, use O.

(The program will not run properly if the internal
gear is submitted as the driving gear.)

Place this digit in column 15.

Number of initial terms of the Fourier analysis for
which coefficients will be printed, beyond the co-
efficient for the constant term. This number cannot
exceed (FI x NMC + NMC/2), where FI is the input
variable submitted on card 4.

Place the last digit of this number in column 20.

Instruction as to whether the calculated tooth
meshing error is to be plotted.

If tooth meshing error is to be plotted, use 1.
If plotting is to be bypassed, use O.

Place this digit in column 25,

Instruction as to whether Fourier analysis of the
tooth meshing error is to be performed.

If it is to be performed, use 1.

If it is to be bypassed, use 0.

Place this digit in column 30.
52
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ISPECT Instruction as to whether power spectral density

function for the tooth meshing error is to be
calculated.

If it is to be calculated, use 1.

If it is to be bypassed, use 0.

Card 3 Gear design data. Format (6E 13.5)

or

FN1

FN2

RB1

RO1

R@:
R12

Number of teeth in the driving gear.

Use columns 1 through 13. (Do not omit decimal
point.)

Number of teeth in the driven gear.

Use columns 14 through 26. (Do not omit decimal
point.)

Base circle radius of driving gear, in.
Use columns 27 through 39.

Radius to the outside diameter of the driving gear,
in. This should be reduced by any radial loss in
working surface at the tip of the teeth, as from
tip rounding or chamfering.

Use columns 40 through 52.

Radius to the outside diameter of the driven gear,
if external, and to the inside diameter, if inter-
nal, in. This should be corrected for any radial
loss in working surface at the tip of the teeth,

as from tip rounding or chamfering. In the case of
an internal gear, this radius must be equal to or
greater than the base circle radius. No check for
this is provided.

Use columns 53 through 65.

Card 4 Gear design data, continued. Format (6E 13.5)

RT1

Radius to the beginning (near the base of the tooth)
of the involute profile on the driving gear, in.

This 1is used in the program only in a design check
as to whether adequate length of involute has been
provided for contact on the teeth of the mating
gear up to its tip., If this radius is not speci-
fied in the gear design data, this check may be by-
passed by substituting the root circle radius.

Use columns 1 through 13.
53
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RT2

RM2

F1

Tl

Lo Rt s, — -

Radius to the beginning (near the base of the tooth)
of the involute profile on the driven gear, in.
See above for substitute when not specified.

Use columns 14 through 26.

Radius to the root circle of the driving gear, in.
If the radius submitted is smaller than the computed
base circle radius, this is noted in the output, and
the input value of root radius is used at some
points in the program. If the root radius is suf-
ficiently smaller than the base circle radius so
that the root fillet center lies inside the base
circle, the tooth outline between the base circle
and the fillet is assumed to be a radial line by

the program.

Use columns 27 through 39.

Radius to the root circle of the driven gear, in.
For the case of an external gear, the same com-
ments as above apply.

Use columns 40 through 52.

Number which indirectly establishes the number of
calculation points. The number of these points will
equal one plus twice the value of FI, The calcula-
tion points may be viewed as selected contact points
on the true involute profile, extended where neces-
sary. These contact points with the mating involute
are associated with specific angular positions taken
by the gear as it is rotated, where the angular
positions correspond to uniform subdivisions of the
tooth spacing angle. A greater number of these
points will give more closely spaced point-by-point
output data. A greater number will also give more
accurate calculations of tooth deflections and

Fourier coefficients. A value of FI equal to 12 ;ﬂr
giving 25 calculation points has been found to be o
convenient. *
Use columns 52 through 65. (Do not omit decimal .
point.)

Circular tooth thickness at the pitch circle of the

driving gear, in., The radius of the pitch circle is

as defined in card 3. If not specified in the gear c
design data, it may be estimated as one-half of the '
difference between the actual circular pitch and the
working backlash.

Use columns 66 through 78.
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Card 5 Gear design data, continued. Format (5F 13.5)

Card 6

ay | T2 Circular tooth thickness at the pitch circle of the
driven gear, in. The comments for Tl also apply
here.

Use columns 1 through 13.

b. Fl Effective tooth face width of the driving gear, in.
Where the face widths of the two gears are similar,
use the actual face width without any reduction for
normal end chamfering or rounding. Where one tooth
is much wider, use as its effective face width an
emount suitably larger than the narrower width to
dllow for the limited additional support that the
greater width provides.

Use columns 14 through 26.

cl SE2 Effective tooth face width of the driven gear, in.
The comments for Fl also apply here.

Use columns 27 through 39.

d. RF1 Fillet radius on the driving gear, in.
Use columns 40 through 52.

e. RF2 Fillet radius on the driven gear, in.
Use columns 53 through 65.

Gear material properties. Format (6E 13.5)

a. YEl Young's modulus (in bending) for the material of
the driving gear, lb/in.?

Use columns 1 through 13,

b, YE2 Young's modulus (in bending) for the material of
the driven gear, lb/in.

Use columns 14 through 26.

c. GEl Shear godulus for the material of the driving gear,
1b/in.

Use columns 27 through 39.

d. GE2 Shear modulus for the material of the driven gear,
1b/in.2

Use columns 40 through 52.
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e. P@PS1l Poisson's ratio for the material of the driving
gear. Since this ratio is used only in the allow-
ance for the "wide beam effect," it should be re-
duced for the cases where tooth face width is not
much greater than tooth thickness, with a limiting
value of zero when the teeth have a width smaller
than the thickness.

Use columns 53 through 65.

f. P@PS2 Poisson's ratio for the material of the driven
gear., Comments for P@S1 also apply here.

Use columns 66 through 78.

There are NMC sets of the following Card 7 and Card 8. [Each set supplies
center distance, tooth spacing errors, tooth profile errors, tooth support
compliances and tangential load for one mesh cycle.

Card 7 Center distance and tooth spacing error data. Formal (3E 13.5)

a. CL Center distance, in.
This must be the actual center distance, including
any substantial spreading under load.

Use columns 1 through 13.

b. VPTI Tooth spacing error on the driving gear, in. This
error is based on the distance between the pitch
points of successive teeth, but the error is ad-
justed to apply to the direction of the line of
action. This adjustment is accomplished by multi-
plying the pitch line error by the cosine of the
pressure angle. The error is positive if the
measured spacing is smaller than the desired
spacing,

Use columns 14 through 26.

c. VPT2 Tooth spacing error on the driven gear, in. The
comments under VPTL also apply here.

Use columns 27 through 39,

Cards 8-1 to 8-2N Point-by-point data. Format (5E 13.5)
Total number of cards equal to twice the number of
calculation points (Nj) between pitch points of
adjacent teeth, or the same as two plus four times
the value of Fl (see card 4). This specifies that

cards must be introduced even if it is known that
there is no contact at the particular calculation
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point or even if the tooth profile does not actual-
ly extend to the calculation point. As explained
below, a blank card may be used for these points.

For the driving gear, the first card is for the cal-
culation point located (Nj-1) points preceding

the pitch point (or inside the pitch circle);

the (Ny)th card is for the pitch point; the last or
(2N;)th card is for the calculation point located
(NJg points after the pitch point (or outside the
pitch circle). The last point may also be de-
scribed as the point of contact on one meshing

tooth when the pitch point is the point of contact
on the next meshing tooth.

For the driven gear which is an external gear, the
first card is for the calculation point located (NJ)
points before the pitch point (or inside the pitch
circle); the (Nytl)th card is for the pitch point;
the last or (2N,)th card is for the calculation
point located (Nj-1) points after the pitch point
(or outside the pitch circle). The point for the
first card may also be described as the point of
contact on one meshing tooth when the pitch point is
the point of contact on the previous meshing tooth.

For the driven gear which is an intermnal gear, the
first card is for the calculation point located (Nj)
points following the pitch point (or outside the
pitch circle); the (Ny+l)th card is for the pitch
point; the last or (2N.)th card is for the calcula-
tion point located (Nj-1) points before the pitch
point (or inside the pitch circle). The point for
the first card may also be described as the point
of contact on the meshing tooth when the pitch point
is the point of contact on the next meshing tooth,

Deviation of the point on the actual tooth profile
on the driving gear from the true involute (as de-
fined by the gear design data), in. This true in-
volute is positioned relative to the actual profile
so that its deviation at the pitch point is zero.
Where the deviation represents material added to
the true involute, it is positive; where it repre-
sents material subtracted, it is negative. The
deviation is measured nciwal to the involute pro-
file. If the profile does not extend to the partic-
ular calculation point or if it is known that the
mating gear will not contact at this point, the
deviation may be noted as zero.

Use columns 1 through 13,
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b. Wl
c. 2J2
d. UJ2
e. WI

Card 9 Gear Speed.

a. NWS

b. WS

- %

Tooth support compliance, or any compliance supple-
mentary to the tooth compliance included in the
analysis, on the driving gear, in./lb. This com-
pliance is the deflection under unit load at the
calculation point on the profile in the direction
of the load (or normal to the profile). A uniform
compliance for all calculation points, such as
would result from a uniform gear shaft compliance,
would not affect the final results as far as motion
irregularities or load transfer is concerned; it
would only increase the mean deviation in transmit-
ted motion.

Use columns 14 through 26.

Deviation of the point on the actual tooth profile
on the driven gear from the true involute, in. The
comments under ZJ1 also apfrly here.

Use columns 27 through 39.

Tooth support compliance, etc., on the driven gear,
in./lb. The comments under UJ1l also apply here.

Use columns 40 through 52.

Total load, tangent to the pitch circle, transmitted
by the gear teeth, 1b,

In the first N card 8s, WI should be left blank.
WT in the second N card 8s represents the loads at
the N calculation points in one gear mesh,

Use columns 53 through 65,

Format (I5,E 13.5)
Identification as to whether the input speed is the
speed of driving or driven gear.

If driving gear speed is inputted, use 1,
If driven gear speed is inputted, use 2.

g o’ ﬁi't

Place this digit in column 5.
Driving or driven gear speed, rpm.

Use columns 6 through 18,

OQutput Variables and Explanations

1. Title
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2., Control numbers — NMC, INT, NMZ, MMM, as in input card 2.
3. Design — FI(=1), FN1(=N1), RB1, ROl, TRl, RMl

BLANK, FN2(=N2), BLANK, RO2 or RI2, RT2, RM2

Tl, Fl, RFl, YEl, GEl, P@sSl

T2, F2, RF2, YE2, GE2, P@S2

all as in input cards 3 through 6.

Items 4-11 are printed for every mesh cycle, totally NMC cycles.

4. Mesh cycle identification and center distance.

5. Input listing of profile error and supplementary compliance — ZJ1,
uJ1, 2J2, UJ2 as in input card 8.

6. Pressurc angle, degrees.

7. Incidental data — RP1, RB1l, BAl, BR1l, ATl
RP2, RB2, BA2, BR2, AT2

where: RPL pitch circle radius of driving gear, in.
RP2 pitch circle radius of driven gear, in.
RB1 base circle radius of driving gear, in.
RB2 base circle radius of driven gear, in.
BAl arc of approach of driving gear, rad.

BA2 arc of approach of driven gear, rad (negative on
internal gears).

BR1 arc of recess of driven gear, rad.

BR2 arc of recess of driving gear, rad (negative on
internal gears).

AT1 angle of rotation of driving gear from the position
at which the line of action intersects the involute
at the start of the involute profile to the position
at which the line of action intersects the involute
at the pitch point, rad.

AT2 similar angle of rotation of driven gear, rad.

Check statement when part of the profile extends within the base
circle.

Program will continue in any case, and, where necessary, the root

radius will be set equal to the base circle radius. However, in
calculating the tooth profile and the tooth deflections, the
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original root circle radius will be used with the specified fillet
radius. If the root circle lies inside the base circle by more
than this fillet radius, a radial line is assumed to connect fillet

and involute.

Driving gear data — J1, CJ1, AJl, QJ1ABC, XJ1, YJ1, XME1(=X),

YMEl(=Y), J1, QJ1A, QJ1B, QJIC

where: Jl

XJ1
and
YJ1

XME1
and
YME1

QJ1lA

QJ1B

QJ1C

identification number for calculation points (see
under F1 of card 4 in the input data). Listed for
values of (-21) to (21+1).

condition of engagement if equal to one and no
engagement if equal to zero.

angle of rotation from the position of contact at

the pitch point to the position of contact at the

calculation point - negative for points inside the
pitch circle, rad.

coordinates of the calculation point on the involute
profile with the origin at the gear center and with
the X-axis as the centerline of the tooth, given
only for the points at which contact will take place
with the mating gear, in.

coordinates of the point on the root circle midway
between the tangent point of the fillet radius and
the involute profile extended (and radial inside
the base circle), in. This point is considered to
be the end of the effective base of the tooth for
deflection purposes.

elastic compliance of the gear tooth acting as a
cantilever beam in bending only, normal to the
profile at the calculation point, in./lb.

elastic compliance of the gear tooth as a canti-
lever beam in shear only; otherwise as above.

elastic compliance of the gear tooth as a rigid
member rotating in its supporting structure;
otherwise as above.

,1,,,351

QJ1ABC combined compliance of the three above, in./1b.

9. Driven gear data — J2, BLANK, AJ2, QJ2ABC, XJ2, YJ2, XME2, YME2,

J2, QJ2A, QJ2B, QJ2C

where: J2

identification number for the calculation points.
For external gears, J2 is listed for values of
(-21-1) to (21). For this case, contact takes
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place between points of the two gears for which

Jl = -J2., For internal gears, J2 is listed for
values of (2I+1) to (-21). For this case, contact
takes place between points of the two gears for
which J1 = J2.

All other variables are similar to their counterparts for the
driving gear.

10. Input tooth spacing error data — VPTl, VPT2
as in input card 7.

11. Tooth meshing errors, loads and contact compliance — JCl, AJC1,
EJT, WIC, WID, WN, WT, QJD

where: JC1 identification number for the calculation point on
the first tooth of the driving gear, starting with
the first point after the pitch point and ending
with the point corresponding to the pitch point of
the next tooth,

AJCl angle of rotation of the driving gear from the
position with contact at the pitch point of the
first mesh cycle to the position with contact at
the calculation point, rad. The last angle in the
first mesh cycle is the tooth spacing angle.

EJT tooth meshing error or deviation from pure conju-
gate action, as a pitch-line linear measurement of
the motion of the driven gear leading the driving
gear, in. A negative value indicates that the
driven gear is lagging the driving gear, as might
be caused by deflection of the teeth.

WIC tangential load carried by the first pair of teeth,

1b.
WID tangential load carried by the second pair of .
teeth, 1b. zﬂ'
WN total normal load transmitted by the teeth, 1b. ?
WT input tangential tooth load, 1b.

QJD contact or Hertzian compliance combined for both
teeth at the contact point, in./lb,

12. List of tooth meshing error over NMC mesh cycles — JCl, AJCl, EJT

where: JC1 identification number for the calculation point.
The last value should be equal to (NMCxN).
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EJT

same as AJCl in item 1l1.

same as EJT in item 1l1.

13. Plot of tooth meshing error.
Appears only if IPLT in input card 2 is set to be 1.

14. Fourier coefficients — I, A, B, C, KM

where: I

KM

The following output is

order of the harmonic to which the coefficients
apply. The zero order refers to the constant
component.

the Fourier coefficient of the consine or real
component for that harmonic of the meshing error,
in. The value for I = 0 is twice the constant
component or mean value of the meshing error.

the Fourier coefficient of the sine or imaginary
component for that harmonic of the meshing error,
in.

square root of (A2 + BZ). Appears only if IFOUR
in input card 2 is set to be 1.

ratio of frequency to tooth mesh frequency.

concerned with the power spectral density function

of the tooth meshing error. Appears only if ISPECT in input card 2 is set

to be 1.

15. Mesh frequency, cps

16. Incidental data — FC, FO, BE, H, TR, TMAX, SM

where: FC
FO
BE
H
TR
TMAX
SM

17. Power spectral

where: K

cutoff frequency, cps.
fundamental frequency, cps.

equivalent resolution bandwidth, cps.

L 4 ’e:“r

sampling interval, cps.

total record time, sec.

maximum displacement, sec.

maximum lag number.

density function — K, FR, GK, GKK, KM

harmonic number, from 0 to SM.
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GK

GKK

frequency, cps.

"raw" power spectral density function, in.

2

"smooth" power spectral density function, in.2

ratio of frequency to tooth mesh frequency.
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RUN VERSION 243 -=PSR LEVEL 332--

PROGRAM GGEAR(INPUT»OUTPUT s TAPESSINPUT » TAPEGSOUTRUT, TAPE22)

080003 ___ ____ _ COMMON/ZYYZUJCL{25) sUJDL (25) 2UJ2(25) 9UJC2 (25) 9 UJVZ(25) 9 241 (50)
10ZJC1 4250 s2JD1(25) +2J2(50) 92JC2(25) #2J02(25) »0J1150) »0JC] (25) +QUD]
FJ1(50) »UJIE450)y

2(25)+QJ2(50) +0JC2(25) »

—_ ' AJL1(50)4AJ2(50)+0JC(50) +QI0150) 12JC (501 92D (S0.
4) oVJI(S0) sEUL(56)4sFI2(50) 0 AUCL (25) s AJC2(25) oFJICL (2T)+QJD2(25) 9 ZM2(
$50) +UM2(S0) oWTC(2T)

000003 _ __  COMMON_ P.J(50)sCJ(50Q)90J(50)+AI(S0)eXJ(S0)eYJI(50))
1A(1500) ¢B8(1500)+6(3000)

900003 COMMON DD sBRsBAIFI9CCrYMINNINIFNJIIEP s TANoRBoGMoF  XMoMNy 1T oM

800803 _  COMMON QA(50)50B(50)+QC(50)+QA1 (500 9081 (50) +QC1 (50)+0A2 (50) 1082 (50
1)+QC2(50) o+1IHsIP

900003 COMMON WT (50)+HEAD] (6) +HEAD2(6)

400003 COMMON/GU/NMCyINT9MMMoe IPLToFNLoFN29RB19ROLIRO29RTLIRT29RM) sRNRF s,
1709T2eF1eF20RFIsRF2eYEL 9 YE29GEL 9GE29POS]1+P0S2+ANG

000002 DIMENSION GGG(3000) swTCC(3000) 9FJICC] (3000) » AANG(J000)

208803 . NRsS .

000004 NwW=6é

000005 198 READ(NR+100) (HEADI(1)913)94) ¢ (HEAD2(])e1I=]04)

200028  READ(NRs1L17) NMCoAINTaMNsMMMsIPLT ¢ IFOURe JSPECT

000047 READ(NRs112)FN1oFN24RBL9ROL+RO2

000065 READ(NRo112)RT14RT2oRM19RM24F1+T]

[ [1)] W READINRs112)T2:F1¢F2+RF1oRF2

900123 READ(NR9112)YE)+YE2+GEL ¢+GE2+POS]4POS2

000141 WRITE(NWo100) (HEADI(I)oInl96) o (HEADZ2(1)e1m]04)

006163  __  _MRITE(NWel01). - o

000167 WRITE (NW.108)

000173 WRITE(NWo109) NMCy INT o N ¢ MMM

000207 ... _ . MRITE(NW.104)

000213 WRITE(NWe102) F19FN1+RB19ROL1IRT14RM]

000233 IF (MN) 511,510,511

$08236... __S18_NRITE (NWs103) o

000240 GO TO S12

000241 S11 WRITE(NWe160)

080245 512 WRITE (NW¢158) THETP »F N2+ RO2+RT20RN2

000263 WRITE (Nw+105)
000267 WRITE (NWe102) T1+F1sRF 1+ YEL +GEL +POS]
000307 _. WRITE(NN.107) .

000313 WRITE (NWs102) T2sF29RF 2+ YE29GE2+POS2

000333 WRITE (NWs164)

000337 . ANGEO.

000340 IMC=1,

000342 Na2.9F 1ol

800345 . NNSNeN.

000346 IF (MNLEQ.0) T2a-12

000351 150 WRITE (NW+1500)

000355 _ . _ READ(NRs112)CLeVPT14VPT2

000367 WRITE (NWs1000) INCoCL

000377 WRITE (NW+110)

000683 . . LeNN__

000405 00 209 114NN

000406 READ (NR9112)2J1(1) sUJ1 (1) 92J2(1) sUJ2(1) oWT (1)
080423 .. WRITE(NN4102)2J1(1)sUJ1 (1) +2J2(1) sUJ2(T)
000437 M2 (L) 320211)

G6GEAR 2
c216. ... _ 1.
GGEAR 4
e6tAr s
GGEAR ... ©
GGEAR 7
GGEAR [}
..GGEAR. _ . _ 9.
MAY1L i
ALG 1
GOEAR . __ 12
GGEAR 13
GGEAR 14
AL . 2.
ALG 3
MAY]3 2
GOEAR . .. .14
GGEAR 19
GGEAR 20
CMAYR.. . L
GGEAR 22
B6GEAR 23
AR 8%
AR 25
GGEAR 26
..GGEAR __ __21.
GGEAR 20
GGEAR 29
GGEAR.. . 30.
GGEAR 3l
GGEAR 32
.GGEAR _ . 33
GGEAR 34
6GEAR 3s
GGEAR .36
GGEAR ar
GGEAR 3
GGEAR ______ 29
GGEAR 40
GGEAR 4l
GGEAR . . 42
GGEAR 43
GGEAR o4
6GEAR ___ __45 . 8
JUNELS 1 iﬂ(
MAY3 2 \
ATl 1
GGEAR 7 %‘
FINAL 1 4
c216 2
GGEAR 48
GGEAR 49 )
GGEAR 50 '
GGEAR 51

.
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RUN VERSION 2.3 ==PSR LEVEL 332-- GGEAR

000442 UMZ (L) =20J2(1)

900444 IF(L=1) 209+209+225

000646  ..225 Lat-l.

000450 209 CONTINUE

$00453 CALL GEARO(CLsVPT1,4VPT2)

900455 NNNs IMCON

900460 00 200 I=14N

000461 JJSNNNe I=N

800463 AANG (JJ) 2AJCL ()

000666 666 (JJ)eEJL (])

000470 6(JJ)=2GGG (IS

000472 WICC (I aWTC(])

000474 200 FUCCI (DD =yl

000500 IMCx [MCe)

000501 IF (IMCL.LE.NMC) GO TO 150

000503 WRITE (NW+1500)

000507 WRITE (NW+2000)

000513 DO 2500 11 +NNN

000515 2500 WRITE (NWws102)FJCCL (1) sAANGIT) +GGG ()

000531 IF(IPLT.EQ.1) CALL PLT(FJCCLvGGGoWTCE oNNN)

000536 uaF ]

000540 IF (IFOURLNEL1) GO TO 3000

000542 WRITE (NW»128)

900546 CALL FOUR

000547 LLaMMM o]

000551 00 250 I=1,LL

000553 LPal-1

000554 SMK=] o OLP/NMC

000560 RESLT2SORT (A(T1)#0248(1)%92)

000566 250 WRITE (NWs129)LPsACT) 4B (1) yRESLT +SMIC

000606 3000 IF (ISPECT.NE.1) GO TO 3500

000610 CALL SPECT

000611 3500 CONTINUE

000611 IF (INT) 30041984300

000612 300 CALL EXIT

000613 100 FORMAT (8A10)

000612 101 FORMAT(72H0 PN03ISzCOMPUTATIONS OF GEAR TOOTH MESHING ERRORS
1 3-22-1966 )

400613 102 FORMAT(7€13.5)

000613 103 FORMAT(12HO0 PRE.ANGLETX2HN226XIHRI210X3HRT210X3HRM2)

000612 106 FORMAT (/7XIHI11X2HN]}11KIHRB]10XINROL 1 OXIHRT 11 0XIHRM])

000613 105 FORMAT (/6X2HT111X2HF 1 11X3HRF 1SX1 2HYOUNGS MOD=12X$ 1HSHEAR MOD=12X11
1+POS.RATIO=1)

000613 107 FORMAY (/6X2HT211X2HF 21 1 XIHRF 25X 1 2HYOUNGS MOD-22A1 IHSHEAR MOD-22X11
1HPOS (RAT10-2)

000613 108 FORMAT(SOMO MESH CYCLES  INPUT,  DIFF,GEAR NeOF HARMONIC)

000613 109 FORMAT (4X16s6 (8X]4))

000613 110 FORMAT (60MOINPUT LISTING OF PROFILE ERROR AND SUPPLEMENTARY COMPLI
1ANCE/6X2HZ111X2HU11 1 X2H221 1 X2HU2)

000613 112 FORMAT (6E13.5)

000613 117 FORMAT (815)

900613 128 FORMAT (43HOCALCULATED FOURIER COEFFICIENTS FOR EQRORS//TH 19%
ISHA(T) 13X4HB (1) 14X1HCI4X2HKM)

900613 129 FORMAT(I7+¢3(4X EléeT)oFle,T)

000613 158 FORMAT (2€13,5+13X+3€13.5)

070613 160 -FORMAT (12H0 7X2HN224XIHRO21 0XIHRT2] 0XIHRM2Z)

000613 164 FORMAT(//16H CALCULATED DATA)

200613 1000 FORMAT(I6M MESH. CYCLE NOessI3+20Hs  CENTER DISTANCEm+ELJ.6) _ .

000613 1500 FORMAT (/6X 20 (H®3X)/)

000613 2000 FORMAT (5X 3IHJCI9X4HAJCI6XK]IIHTANG. ERPOR)

000613  __ . .STOP. .. . _

000615 END

65

GGEAR 52

GGEAR 53

GGEAR S4

GGEAR 55

GGEAR 56

GGEAR 57

GGEAR 58

6V 1

MAY3 3

GGEAR 60

GGEAR 61

GGEAR 62

MAY2 1}

GGEAR 64

GGEAR 65

MAY3 4

MAY3 5

MAY3 6

MAY3 7

GGEAR 66

6V 3

MAYY 2

ALG 6

GGEAR 67

GGEAR 68

GGEAR 69

GGEAR 70

JUNET 1

GGEAR 71

JUNE? 2

MAYY9 3

MAY9 &

MAY9 5

GGEAR 73

GGEAR 74

GGEAR 75

GGEAR 76

GGEAR 7

MAY9 6

GGEAR 79

GGEAR g0

GGEAR 8l

GGEAR 82

GGEAR 83

GGEAR 84

GGEAR 8s

GGEAR 86

FINAL 2 0

FINAL 3

R ¥

MAY! !

ALG s N¢

JUNET? k} L

JUNET? [ %

GGEAR 90 v
&

GGEAR 9l

GGEAR 92 !

MAY14 _ _ A

MAY3

MAYI N

GGEAR 94 .

GGEAR 95 a
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RUN VERSION 2.3 -~PSR LEVEL J32-~

— -~ ..A53+CUD1(25)

SUBROUTINE GEARO(CLIVPT1+VPT2)

Y/UJC1 (25) sUJDY (25) sUJ2(25) +UJIC2¢25) 9 UJDR125) 9241 (50)
102JC1(25) 92JD1 (25) 92J2(50) ¢2JC21(25) +2JD2(25) 4011 450) »QUC1 (25) +QUD)
2(25)+0J2150)900C2(25) ¢

FJ1(50) 2UJ1150),

cJyCi2

AJ1(50)9AJ2(50) +QJC (50)+QID (500 92JC(50) +2JD (50

4) oVI(S0)sEJL(56) oFI2(S50) sAICL(25) 9AUC2(25) +FICL (27)9QUD2(25) »2M21
550) sUM2(50) 4wTC(27)
80006 - COMNON PJ(50)+CJI(50)9QJ(50)+AJ(S0) sXI(S0)sYJ(SO) ¢
1A(1500)+8(1500)+6(3000)

000006 COMMON DDsBRoBA9FJoCCoYMsNNINIFNJISEP o TANIRBIGMoF 0 XMoMNy 11 oM

000006 - - COMMON QA(50)+0B(50)+QC(50)+0A1(50)+¢0B1 (50)+QC) (50)+0A2(50)+QB2(50
1)+0QC2(50) +IH,1IP

000006 COMMON WT (50) ¢HEAD) (6) ¢HEAD2(6)

900006 - — - - -COMMON/GU/NMCo INToMMNM e IPLToFN]oFN2eRB) +RO] +RO2+sRF1+RT2oRM]) sRM24F 1+
1T1oT2eF1oF2sRFIIRF29YEL 9 YE2+GEL 9GE29POS] ¢POS2+AND

C SPECIFY AND INITIALIZE READING AND WRITING UNITS FOR 18M 1800

990006 NR=S

000006 Nw=z6

000010 198 CONTINUE

800010 —-- . - RPLsCLEFNL/ (FNL1FN2)

000013 IF (MN.EQ.O0)RPL1=CL®FN1/ (FN2-FN])

000017 CTT=RB1/RP]

000021 -TTVaSQRT (1,=CTT222) /CTY

000026 THETPSATAN(TTT)

000030 THETPP=THETP®180,/3,1415927

-800033. .. .. - WRITEINWG112)

0000236 WRITE(NWs102) THETPP

000044 IF(F1=-F2) 3200320,321

0000S! 32) FF2saF2

00005) GO TO 322

000053 320 FF2sF]

800055 - . 322 FF2sFF2#%0,8

000061 304
000065
000067
000070
000074
200077
000101
000102
900106
000105
000107
900111
000114
000115
000121
000125
000127
008120
000132
000140
000146
000147

DD1==T71/2.,0/RP1+THETP
F12sFN)/FN2

RP22RP1/F12
002=-T2/2,0/RP2+THETP
FNJ22,0%F]+1,0

N=FNJ.

NN=NoN

CS=CT7

TAN=TTT

EP1=1,.0-P0S1%P0S]
EP1=YEL/EP]
EP2=).0~-P0S2*P0S2
EP2=YE2/EP2
EP122(1.0/7EP1+1,0/EP2) 0.5
EP12=EP)2040,9

RB2zRB1/F12

Cl=R0O1/R8B]

C2zR02/RB2

BR2=(SQRT (C2%C2-1.0)~TAN)
BRI=(SQRT (C1%Cl=1.0)=TAN}
CI=TAN/F12

IF(BR1-C3) 40344030404
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JUN13

Sezle_ .
GEARO

GEARO
GEARO
GEARO
GEARO
GEARO
MAYil
ALG
GEARQ
GEARO
GEARO
ALG
ALG
GEARQ
GEARO
GEARO
GEARO
APR30
JUNET
GEARQ
GEARO
JUNES
JUNES
YUNG
JUNES
GEARO
GEARO
GEARO
GEARO
GEARO
GEARO
GEARO
GEARO
GEAKRO
GEARO
GEARO
GEARO
JUNEG6
JUNES
GEARO
GEARQ
GEARO
GEARD
GEAROQ
GEARO
JUNES
GEARO
GEARO
GEARO
GEARO
GEARO
GEAROQ

;
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- e g
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RUN VERSION 2.3 =-=-PSR LEVEL 332--

000154
000156
000162
000165
000166
000172
000172
000175
000200
000202
000207
000211
00021¢
000222
000227
000232
0002135
000237
000245
000246
000255
000257
000262
000300
000304
0002322
000323
000324
00032)
0002315
000342
00034)
000347
000352
0002356
000362
000365
000370
000373
000375
000376
000404
000406
000407
000411}
0004l4
000420
00042]
000425
000426
000434
000437
000441
000446
000451

404
©03

«50

440
“02

401

611
213
612
215

all
216
309
621

620

217
191

192
1920

©06

«07

©08
193

B8R]1=C3

WRITE(NWs126)B8R]
BA)=BR2/F12

BA2=BR1%F )2

IF (MN) 440046500440
BA)==84A)

8A23-8A2

IF(BAY=TAN) 4014401,402
BAl=TAN

WRITE (NW+125)8A]
Cl1z6,2831845/FN)
IF(BA1=Cl) 213+2134611
WRITE (NWel74)

IF(BR]I=C1) 21546124612
WRITE(NWe175)

Cl=RT1/RB1

C2-RT2/RB2

Cl =SORT (C)*C1=-1,0)-TAN
AT12ABS (C1)

C2 3SORT (C2°C2-1.,0)-TAN
AT23ABS (C2)

WRITE (NWs122)
WRITE(NWel02)RP14RB1+BAL+RRLIATL
WRITE(Nwel162)
WRITE(NWe102)RP2,RB2+BA2AR2,AT2
NM2z)

NUZ=z]

IF(AT)=BAl) 31}+216+216
WRITE (Nws176)
IF(AT2-BA2) 309¢217,217
IF (MN) 620+6214620
WRITE(NwWe178)

GO 10 217

WRITE (Nws179)
IF(RM]I=RBL)Y 19141924192
AMI=],0

WRITE(NWe1IB)

GO TO0 1920

AM1=RM1/RB]

Cl=am]

AM1=SORT (AM]1®AM1~=]1,0)=TAN
C2=RF1/R8]

PF12C2

Cl12RM]/RB1
CI=(CleC2)002~),0
IF(CI) 406446064407
C3=0,0

WRITE (NWe156)

TPD1=20,0
WRITE(NWe156)P01

GO YO 40A

PD1=SQRT (CI)

TPOI=ATAN (PD])
IF(RM2<RB2) 19341944196
AM2=21,0
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GEARQ

GEARO
GEARO
GEARO
GEARO
GEARD
GEARO
GEARO
GEAKQ
GEAKFO
« LANU
GEARD
r.cARQ
GEARQO
GEARO
GEARO
GEARQ
GEARO
GEARQ
GEARO
GEAROQ
GEARQ
GEARO
FINAL
GEAND
GEAROD
JUN13
JUNL13
GEARO
GEARO
GEARO
GEARO
GEARQ
GEARO
GEARO
GEARQ
GEARQ
GEARO
GEARO
GEARD
GEARO
GEARO
GEARO
GEARO
GEARD
GEARO
GEARO
GEARO
GEARO
GEARQ
GEARO
GEARO
GEARO
GEARO
GEARO
GEARQ

57
58
59
60
6l
62
63
64
65
66
67
68
69
Tv

72
73
74
15
76
717
78

80
8l

84
8s

87
88
89
90

92
93
9%
95
96

98

99
100
10}
ig2
10J
106
105
106
107
108
109
110
11
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RUN VERSION 2.3 =~PSR LEVEL 332--

000453
000456
000461
000463
000464

000412

000474
000675

194_

1940

000622 ____

000502
000503
000506
000510
000511

455
456

409

H00515 . _

000516
000524
200527
000531
000536

00053S ..

000536
000540
000541
900542
000544
000546
V00550
000554
000556
000562
000567
004570.
000571
000573
000575
000600
000602
000605
000612
000613
000615
000617
000620
000621
080623
000624
000626
000630
000630
000631
00063)
000635
000636
000640

410

. 201

4«25

$22

202

203

WRITE(NW+119)

GO TO 1940

AM23RM2/RB2

Cl=AM2

AM2=SORT (AM2®AM2=]1,0)~-TAN

. C2=RFZ/RB2

PF2sC2
C1=RM2/RB2

(IF (MN) . 45694554456

C2=-C2
Clu(CleC2)002-]1,0
IF(C3) 409+409:410
C3=0,0

WRITE (NWe 155}
TPD2=0.0

WRITE (NWe155)PD2
GO T0 411
PD2sSART (CI)
TPD2sATAN (PD2)
Kl=}

- E1sPF1

E23PD]

E3=TPO1

E4sRM]

DD=0D1}

ClsAM]

C2=DD+C1

C1=ATAN (TAN<C1)
CasCl-C2
CI=E3-E2-DD*TAN
IF(K1=]1) 422014224425
IF (MN) 422:42]14422

.. .421 C3=-C)

Chs=Ch
Cl=C3+E]
C4m(CleCh)®0.5
YSE4*SIN (Cs)
X=E4*COS (C4)
IF(K1=-1) 202+202,203
XM]l=X

YMlsY

KisK]lel

DD=DD2

Cl=AM2

E1=PF2

€2=PD2

€3=TPD2

E4=RM2

GO T0 201
AM2=X

YM2sY
EE=6,2831854/FNJ
CC=EE/FNI]

FJ 2=FNJel,.0
RB=RB1
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GEARQ

GEARO
GEARO
GEARQ
GEARO
GEARO
GEARO
GEARO
GEARO
GEARD
GEARO

GEARQ
GEARO
GEARO
GEARQ
GEARO
GEARO
GEARO
GEARO
GEARO
GEARQ
GEARO
GEARO
GEARO
GEARO
GEARO
GEARO
GEARO
GEARO
GEARO
GEARO
GEARO
GEARO
GEARO
GEARO
GEARO
GEARQ
GEARQ
GEARO
GEARO
GEARQO
GEARO
GEARO
GEARO
GEARO
GEARO
GEARQ
GEARO
GEARO
GEARO
GEARO
GEARO
GEARO
GEARO
GEARQ



RUN VERSION 2.3 -=-PSR LEVEL 332-~ GEAKRQ

000641 BR=BR} GEARO 167
000642 BAzBA] GEARQ 168
000646 00=001 GEARO 169
000646 XM=XM] GEARO 170
000647 YMsYM] GEARQO 171
000651 GM=GE ) GEARQ 172
000052 FzF) GEARQ 173
000654 11=] CEARQ 174
000655 EPzEP] JEARO 175
000657 WRITE(NWsISD) GEARQ 176
000662 CALL AJUCOM GEARO 177
00066 D0 221 I=1NN GEARQ 178
000667 Ccl =XJ(]) GEARO 179
000670 c2 =YJ(I) GE ARO 180
000672 FJl{D=PJ(]) GEARO 181
000674 CI=CUth GEARO 182
000675 AJI(T)=AULY) GEARO 182
000677 CII (N =QJ(I) GEARO 164
000701 IHi=IH GEARO 185
006702 IP1=IP GEARO 186
000704 CAY(D)=0A(I) GEARO 137
000706 QB (1)=QR(1) GEAXO 188
000710 acli(n=eCn GEARCQ 189
000712 IF(CI) S515+515,516 GEARO 190
000714 515 WRITE(NWeM02)FJUL (1) eCIeAILLT) GEARO 191
000726 GO0 10 221 GEAKQ 192
00073} S16 WRITE(NWe102)FJI(I)oCIsAJL(I)e0II(1)oChoC2 GEARQ 193
000751 221 CONTINUE GEARO 194
000756 WRITE(NWo120) XM] ,YM] GEARO 195
000765 WRITE(NWel61) GEAKO 196
000771 00 S17 I=Inls1P1 GEARQ 197
000715 S17 WRITE(NWe102)F 01 (1) +QALLT.QBL(TYQCI(T) GEAKRO 198
001015 0DaDD2 GEAKO 199
001016 RBzRR2 GEARO 200
001017 XMz XM2 GEARQ 201
001021 YMzYM2 GEARQ 202
001022 IF(MN) 30243014302 GEAKD 203
001024 301 FJzFNY GEARO 204
001026 GO 10 310 GEAKO 205
001026 302 FJz=FNJ GEARQ 206
0010130 310 F=F2 GEARQ 207
001031 EP=EP2 GEARO 208
001033 CMzGE2 GEARGC 209
001034 CCzEE/FN2 GEARO 210
001036 11=z2 GEARO 21l
001040 WRITE(NWs152) GEAKO 212
001043 CALL AJCOM GEARO 213
001044 L=NN GEARQ 216
001046 00 222 I=1sNN GEARO 215
001051 Cé =XJ(]D GEARQ 216
001052 cs syJitl) GEARO 2117
001054 IH2=1H GEAKO 218
001055 1p2=1P GEARO 219
001057 QA2(1)=QA(]) GEAKO 220
001061 QB2(1)=0B(1) GEARD 22l
69
¢ - - “
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RUN VERSJON 2,3 -=-PSR LEVEL 332--

001061 QC2(1)=QC(I)

001065 FJ2(1)sPull)
-8010672 _____ClsAJtly . _ .
001070 AJ2(L)=C1

001072 C2=04(1)

-801076 . . _ . QJ2(L)sC2

001076 IF(C2) 519,518,519
001076 S18 WRITE(Nwe132)FJ2(1),C)
201106 .60_10.520

001111 519 WRITE(NW9o132)FJ2(1)9C1+C24Ca4CS
01127 520 IF(L-]) 2224222226

801131 _ 226 Lal-])

001135 222 CONTINUE

001140 WRITE(NWs120) XM2,YM2
801147 MRITE(NWs1l63) .
001150 D0 S21 I=In2.1P2

001157 S21 WRITE(NW9102)FJ2(1)+QA2(11,0B2(11¢QC2(I)
401127 . - .00 251 I=14N

001200 INs]eN

001201 FJC1(I)=F UL (INY
081204 . . _AJCILI)zAJLLIN)

041206 AJC2(1)=AJ2(1IN)

o0l210 0J0) (1) =QJ1(])

sel212 GJC1 (1) =QUY UIN)

onl214 QUC2(1)=QU2(IN)

001216 QJD2(1)=Qu2 (I}
001220 . ._CJDI(1}=CJ.(])

001222 251 CJUC1(1)=CY (IN)

001226 MUZs)

901221 .. . MMZ=)

001230 197 CONTINUE

001230 L=NN

e0l2i2 ... - DO_415.1=1.N

00121) IN=[oN

001234 UJDY (D =0JL (D)

001236 .. UJCL 1) =UJL (IN)

001241 UJC2(1)sUM2 (IN)

001243 UJD2(1YsUM2(1)
801245 .. . .. ZJDLU1Y=241L1)

001247 ZJCL (1) =ZJ]1LIN)

901251 ZJC2(1)=ZM2 (IN)

00125) . . ZJD2(I)=ZM2(])

001255 QJC(1)=0JCL (1) +UJC] (1) «QIC2(T)euSCR(T)
001263 QJD(1)=QUD] (1) +UJD1 (1) +QID2(])eUID2(T)
001271 .. 415 2JC(1)=ZJC (1) e2uC2(])
001301 19¥ CONTINUE

001301 WRITE(NW+106)

801308 WRITE(INW.102)VPT1VPT2
001317 VP1sVPT1/CS

o0o0l322 VP2aVPT2/CS

.081324. . .. 418 CONTINUE

001324 WRITE(NWs115?

001330 D0 503 I=1sN

301334 WT(L) =T (N D)

001337 WN=WT(I)/CS
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GEAHQ

GEARO 222
GEARO 223
_.GEABQ______ 224 _
GEARO 225
GEARO 226
GEARQ 227 .
GEARO 228
GEARO 229
GEAROD. 230
GEARO 23
GEARO 232
GEARN 23
GEAROD 236
GEARO 23%
GEARO . 236
GEARO 237
GEARO 238
GEARQ 239
GEARQ 240
GEARO 261
GEARQ_ _._.242
GEARO 263
GEARO 2646
GEARO 265
GEARQ 246
GEARO 247
GEARQ__.. .268
GEARO 249
GEARO 250
GEARD 251
MAY] 1
GEARO 253
GEARD. 254
GEARO 255
GEARO 256
GEARO 25?7
GEARO 258
GEARO 259
GEARO 260
GEARO 261
GEARO 262
GEARO 263
GEARO 264
GF ARO 265
GEAROQ 266,
GEARO 267
EARO 268
GEARQ 269
GEARO 270
GEARQ 2n
MAY} 2
GEARO 215
GEARO 276
GEARO 211
GEARO 278
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RUN VERSION 2.3 ==PSR LEVEL 332-~ GEARQ
001341 IF (WN) 21442149800
001343 800 CONTINUE
001342 Claunes, ]
001347 QD=1,37/FF2*EP12/C)
001352 SOII=2JDIUIN eZYD2(T) oVP] VP2
001360 CCC  =QUC(I)+q@D
001362 0D0  =0QuUD(I)+QD
001364 Cl=CJCl(1)
001366 C2s=CJD1 (1)
001367 IF(C1) 256.,256+257
001371 256 IF(C2) =3i+5014258
001373 257 1F(C2) 25942594260
001375 259 vJin=2c(n-cecc *uN
001401 WIC(])=paNeCS
001403 W7020.0
001404 GO T0 261
001405 258 vJU11=Z240(1)-0DD *uN
00lel) WICtI)=0,0
00lel2 WID=zWNeCS
00l4le GO0 TO 261
001615 260 C3=CCC *uNe2JD()=2JC(])
001422 C4=DDD CuNeZJUC([)=2J0(1)
001626 IF(CI) 25942594262
001630 262 IF(C4) 25842584263
001432 263 C1=zCCC+DD0
001434 C2=CCC *2JD(1) 4000 ®ZJC(1)=CCCoOND*WN
001442 VJ(I12C2/C)
0016444 Cl=CsS/C1
001445 WIC(I)=(DDO®INeZUC(I)=ZJD(I))*C])
001652 WTD= (CCCPWhe2JD(])=2ZuC(]))eC]
001460 261 EJVl (D =vILl)/CS
001461 AJCL(I)=ANGeAJCE ()
001465 WRITE(Nwel02)FJCI (I «AJCLAT) EJL(I) 9w TC(I)4MTDeWNewT (1)4QD
001511 S01 CONTINUE
001516 ANG=AJC) (N}
001517 24 IF (NUZ=MUZ) 50645064502
001522 502 MUZzMUZe])
001524 GO T0 199
001524 S04 mu2z)
001525 IF (NM2=MM2) 21442144506
001530 506 MMZzMMZe]
001532 GO 10 197
001532 214 CONTINUE
901532 503 RETURN
001533 102 FORMAT(8EL3,S)
001533 106 FORMAT(//34H INPUT DATA ON TOOTH SPACING ERROR/OGR4HVPTIOXGHVPTZ)
001533 110 FORMAT(60MOINPUT LISTING OF PROFILE FRROR AND SUPPLEMENTARY COMPLI
LANCE/Z6X2HZ) 1 1X2HUL T 1 X2HI2]1 1 X2HU2)
001513 112 FORMAT (16H0PRES < ANGLE (DEG))
001533 115 FORMAT (42HOCALCULATED TOOTH MESHING tRRORS AND LOADS//6XIHJIC19X&HA
1JCI6X1INTANG, ERRORGXIMWTCIOXIHWTO I X2WN]IX2HWT 30X3IHQUD)
00153) llBIFORMAY(76NODPIVlNG GEAR INPUT ROOT RADIUS SMALLEK THAN BASE CIRCLE
RADIUS )
00153) 119 FORMAT (74HODRIVEN GEAR INPUT ROOT RADIUS SWALLEH THAN BASE CIRCLE
1 RADIUS )
71
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GEARQ
GEARQ
GEARO
GEARO
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GEARO
GEARO
GEARO
GEARO
GEARO
GEARO
GEARQ
MAY]

GEARQ
GEARO
GEARO
GEARO
GEARQ
GEARQ
GEARO
GEARO
GEARQ
GEARO
GEARQ
MAY]

GEARQ
GE ARO
GEARO
F INAL
GEARO
MAY]

GEARO
GEARO
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219
280
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287
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294
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298
299
300
301
302
303
306
305
306
307
308

310
al
32
313
14
als
3ls
ar
318
319
320

322
323
326

325

27
J28
329
330

éte

= oz



RUN VERSION 2.3 ~=PSR LEVEL 332-- GEARQ

0015323 120 FORMAT (48H0CO0D, OF EFFECTIVE TOOTH PROFILE AT RQOT CIRCLEMIXIMX13
1X1HY/S2X+2€13.6)

£01533 __ _ . 122 FORMAT(/6X3HRP110X3HRBI10X3HBAL10X3IHBR]I10XIHAT])

001533 125 FORMAT(66H0 DRIVEN GEAR TEETH ENGAGE UNDER CUT PQRTION OF DRIVING
1GEAR TEETH//64 BAlse E13,6)

001513 126 FORMAT(66HO DRIVING GEAR TEETH ENGAGE UNDER CUT PORTION OF DRIVEN
1GEAR TEETH//6H BRI=ze E13,6)

001533 132 FORMAT( E13.5+13X44E13.5)

201531 .151 FORMAT{/6X2HJ111X3HCYI10X3HAJIBX6HQJ1ABCIXIHXID 1 0XINYIL)

00153) 152 FORMAT (/6X2HJI224XIHAI2BX6MOJI2ABCIXIHX I2] 0XIHY J2)

001533 155 FORMAT (6IHODRIVEN GEAR INPUT RADIUS 10 FILLET CENTER INSIDE BASE

_ i e 1CIRCLE . /42HOPROGRAM CONTINUES WITH CORRECT TREATMENT,)

001533 156 FORMAT(63HODRIVING GEAR INPUT RADIUS TO FILLET CENTER INSIDE BASE
1CIRCLE,/42HOPROGRAM CONTINUES WITH CORRECT TREATMENT,)

001533 159 FORMAT (13X04E13,5)

0015323 161 FORNAT (/6X2HJ110X4HQILA9X4HOI1IBINGHEJIC)

001533 162 FORMAT (/6XIHRP210XIHRB210XIHBA210XINBR210XIHAT2)

081513) 163 FORMAT (/6X2HJ210X4HQI2A9X6HOJ2B9X6HAI2C)

0015133 170 FORMAT (43HOCALCULATED TOTAL CONTACT COMPLIANCE QJUDs.Eld.6)

001533 171 FORMAY (23HOCALCULATED NORMAL wNsy E1J.6)

001533 . 174 FORMAT(80HO0 ANGLE OF APPROACH ON DRIVING GEAR IS GREATER THAN. TOOT
1H SPACING ANGLE. PROGRAM/2SHCONTINUED WITHOUT OVERLAP)

001533 175 FORMAT(7SHO ANGLE OF RECESS ON DRIVING GEAR 1S NQT SMALLER THAN TO
10TH SPACING ANGLE, /34H PROGRAM CONTINUED wITHOUT OVERLAP)

001533 176 FORMAT (80n0 DRIVING GEAR TEETH MESHING ON PROFILE INSIDE OF TIF 01
1AMETER, PROGRAM CONTINU=/21HED WITHOUT CORRECTION)

001533 178 FORMAT(80HO DRIVEN GEAR TEETH MESHING ON PROFILE OUTSIDE OF TIF D
LIAMETER. PROGRAM CONTIN=/22HUED wITHOUT CORRECTIOQN)

001533 179 FORMAT (BOHO DRIVEN GEAR TEETH MESHNING ON PROFILE INSIDE OF TIF DI
1AMETER, PROGRAM CONTINU=/21HED WITHOUT CORRECTIUN)

001533 END
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GEARO
GEARO
ALG
GEARO
GEARO
GEARD
GEAROD
GEARD
GEARD
GEARO
GEARO
GEARO
GEARO
GEARO
GEARD
GEARQ
GEARO
GEARO
GEARO
GEARO
GEARO
GEARO
GEARD
GEARO
GEARO
GEARD
GEARQ
GEARO
GEARD
GEARO
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kX ]
kkr
I |
I
338
336
7
338
29 . .
0
41
J62
kLX)
304
k[ 1]
346
47
348
367
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RUN VERSION 2.3 ==PSR LEVEL 332--
SUBROUTINE AJCDH
900002 DIMENSION SD(50) ¢CD(50)+BIK(50) oAIK(SP, oFLK(S0) +CDC(S0)
000002 COMMON PJU(S0)+CJI(50)0QI(S0)+1AI(S0)sXI(50)9YJI(50)
14(1500)+8(1500)+6(3000)
000002 COMMON DD +sBReBAIFI9CCoYMINNINoFNIGEP s TANIRBIGMoF 6 XMoMNo I T ¢!
000002 COMMON QA (50)+0B(50) +QC(50)¢QA1(50)+081(50)+QC1150),0A2(% -.
1)+0C2(S0) o IHs IP
00092 00 106 IsloNN
0007 QA(I)=0,0
000005 QB(1120,0
000006 0re(1120,0
000007 QJ(11=20,0
000010 XJ{11=0,0
000011 106 YJ(1)=0,0
000014 IF(11=1) 405+¢405,403
000017 405 MM=],0
000021 GO TO 404
000022 403 MMEMN
000024 404 Kz)
900025 00 SO01 I=1eNN
000027 AJ(1)=FJeCC
000031 PJI(I)2FY
000032 IF(11=1) 41244124412
000035 ©12 CALL CALCJU(AJ(])+BR4BASXY)
000042 CJtIy=xy
000044 GO TO 414
000045 413 xy=COCtI)
000047 Glé IF(XY) S03+5034101
000051 101 IF(K-1) 10241024103
000054 102 IH=z]
000056 103 Ax=AJ(I)
000060 DJ=DDsAX
000062 SO(1)=SIN (DU}
000066 €D{1)=COS (DS
000072 CI=ATAN (TAN+AX)
000076 €3=C0S «(Cl)
000100 C4ezC1-0J
000102 IF (MM) 40204014402
000104 401 Cu=z=C4
000105 402 C53SIN (C4)
000107 C6=COS (C&)
000111 C1=zRB/CI
000113 XJi1r=Cl*Cé
000116 YJ(I)=C1%CS
000120 IF(K=1) 2424242+242
000122 2642 BIK(I)=(YJ(1)®e3eyMe83) /], 08F
000130 AIK(IIZ(YJI(]) eYM)OF
000133 FLKIIY=XJ (1) =XM
00013¢ GO TO S04
000136 243 BIK(1I=(YJ(I)e3evJ(]=))®83)/3,0°F
000144 AIKCIY=(YILI)eYIULI=1))oF
000147 FLK(D)=XJ (1) =RJ(]=1)
000152 504 KxKe)

000154 503 IF(I=NN) 502¢501+501

482 (S50

AJCUAH
AJCON
MAY]]
MAY1}
AJCUN
AJCON
AJCOH
AJCOH
AJCOH
AJCOH
AJCOH
AJCUH
AJCDH
AJCOH
AJCOH
AJCOH
AJCUH
AJCOH
AJCONH
AJCOH
AJCOH
AJCOH
AJCOH
AJCOM
AJCOH
AJCOH
AJCOH
AJCOH
AJCOM
AJCLMH
AJCOH
AJCLH
AJCOH
AJCON
AJCUH
AJCLUH
AJCOH
AJCOM
AJCOH
AJCLH
AJCUH
AJCDH
AJCOH
AJCUH
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AJCOH
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AJCUN
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AJCOM
AJCLN
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RUN VERSION 2.3 ==PSR LEVEL 332--

000157
000160
800162
000163
000165
000170
000172
00017
000175
000176
000200
08020)
000205
000210
000213
000215
000216
000216
000217
000220
000223
000223
000225
000226
000230
000233
000234
000236
000237
000241
000243
000251
000253
000255
000260
000262
000271
000272
000274
000276
000300
000312
000317
000323
000330
000336
000337

502
505

506
501

301
60}

305
303
302
410

203
202

208
207

245

205
206

246

IF (MM) S506+505+506
FJsFJ=1,

60 TO S0l

FJaFJel.0

CONTINUE

IF(1I-1) 301,301,302
IF(MM) 6013024601
LLsaNN

D0 303 I=14NN
cocth=sCJ(LL)
IF(LL=]) 3033034305
LLsLL-]

CONTINUE

1PsKeIH=2

00 246 L=1hs]IP
El=0.0

E2320.0

£3=0.0

€420,0

EE2XJI(L) =XM

IN=L

IF (MM) 202,203,202

€EE=-EE

DO 245 I=1heIM

Cl =XJLY=XILT)

CS=FLK (1)

IF (MM) 207,2084207

Cl=-Cl

CS==CS

C2=2CS/BIK(])
CI=(CS5+3,08C1)*CS+3.0%C1%C]
E4=E4+C2

C4=2,0%C1+C5

E1sEl+CIeC2

E2=E2+C4%C2

EJ=E3+CS/AIKLD)

IF(MM) 20642054206

IMzIM-]

Cl=CO(LY*CD (L)
C2sSDULISYIIL)

QA(L) =C1/73.0%E1/EP« (C2%E4L=-CD(L) *E2) 7EPSC2
QBIL) =Cl/GM®EQ®},2
Cl=(EE*COIL)=YJI(LV*SDILI)/YM
0C(LY=C1/EP®],D27/F *
QJIL)=QALL) «QB (L) ¢QC (L)
RETURN

END
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AJCUN

AJCOH 55
AJCOH 56
AJCOM . . S1..
AJCOH L] ]
AJCOM 59
AJCOH 60
AJCOH 6l
AJCOH 62
AJCOH 63 _
AJLOH 64
AJCOH 1
AJCOM 66
AJCOH 67
AJCOH 68
AJCOH .69
AJCOH 70
AJCOH 71
AJCOH 1
AJCOH 73
AJCOH 74
AJCOH 1S.
AJCOH 76
AJCOH 17
AJCOH 78
AJCOM 79
AJCOH 80
AJCOH . 8l
AJCOH 82
AJCOH 83
AJCOM 84
AJCDH 85
AJCODH 86
AJCDH 87
AJCONH (1]
AJCOH 89
AJCOH 90
AJCOH 91
AJCOM 92
AJCOH 93
AJCOH 9%
AJCOH 95
AJCDH 96
AJCOH 97
AJCOH 98
AJCOH 99
AJCDH 100
AJLON 101
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RUN VERSTON 2.3 =-=-PSR LEVEL 332--

’%sr

SUBROUTINE FOUR FOUNR 2
C REGQUIRES 2%Nel POINTS F(I) FOUR 3
C POINTS CORRESPOND TO THETA=2®PI/ (28Nel) 0ss,02*Pi FOUR 4
C QUTPUT A(1)48(I) REFER TO COSINE AND SINE OF ([<1)eTHETA FOUR S
000002 COMMON PJU(S0) ¢CJU(S0) ¢sUIISO)sAI(S0) o XI(S0) o YI(S0)4 FOUR [}
1A11500)+81(1500)+G6(3000) MAY]1) 6
000002 COMMON DDsBRoBAIE JoCCoYMaNNINGFNJIEP ¢ TANGRBGMoF s XMoaMNs T oM FOUR 8
000002 COMMON/GU/NMC o INT o MMM IPLT oFN1 oFN2sRBL9ROL9RO2oRTLIRT2yRMLIoRM29F 19 MAYY 8
LV1eT2eF19F2oRFLIoRF24YEL o YE2+GEL sGE29POS1+P0S24ANG MAYS 9
000002 C=1,0 FOUR 9
000003 Sz0,0 FOUR 10
000004 M=IFIX(F]:eNMCoNMC/2 MAY9 10
000010 N1zMe] FOUH il
000012 NAZNONMC MAY9 11
000014 N2zNA-1 MAY9 12
000015 T1=2,/NA MAY9 13
000020 T2=T1%3,1415927 * FOUR 15
000021 C1=C0S (12) FOUR 16
000022 S1=SIN (T2) FOUR 17
000026 00 7 IPz1sN} FOUR 18
000027 U1=0,0 FOUR 19
000010 u2z0,0 FOUR 20
000021 DO 3 I=1eN2 FOUR 21
000032 JEN2-142 FOUR 22
000034 UI=G(JYe2.08CoUL=-U2 FOUR 23
000042 u2s=ul FOUR 26
000042 3 ulsyl FOUR 25
000047 A(IP)I=T]I®(G())eCoUY=U2) FOUR 26
000054 B(IP)=T)eSeyl FOUR 27
000056 AAzA(IP)eC=B(]P) S FOUR 20
000062 BB=A(IP)eSeB(]P)eC FOUK 29
000065 A(IP)zAA FOUR 30
000067 8(IP)=RB FOUR 31
000071 Q=zCleC-S]°S FOUR 32
000074 S=C1eSeS1oC FOUKR k]
000077 7 C=Q FOUR 34
0001031 RETURN FOUR 35
000102 END FOUR 36
SUAROUTINE CALLJ(CYeC2:CI9C4) CALCY 2
0000C7 IF(CI) 240+2319241 caLéy 3
000011 DATA EHEADI/Z4M LBo/ CALCY 'y
000011 261 1F(C1) 230+218,2)8 calLCJd s,
000013 230 IF(ABS (C1)=CJ) 22042204219 CALCY 6
000017 231 1IF(C1) 219,218,218 caLCy 7
000021 240_1F(C]1) 219921949242 cALCd - 8.
000023 262 C3s-C) caLty 9
000024 IF(C1-C)) 219,218,2]08 caLty 10
200026 218 IF(C2-C1l) 21942204220 caLty 1
000030 220 Cé4=),0 CALCY 12
00003) GO 70 22} CALCY 13
000032 . 219 Ca430,0 CALLY 14
000033 221 RETURN CALCY 15
000034 END CALOY 16
75
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RUN VERSION 2.3 -=-PSR LEVEL 332--

000007
000007

000007
000007

000007
000007
000007
000007
000007
000007
000007
000010
000012
000014
000017
000022
000025
000032
000036
000040
000043
000050
000056
000061
000065
000067
000071
000073
000074
000077
000106
00n11¢
oovlas
900130
000140
000150
000157
000162
000166
000172
000176
000202
000206
000211
000214
000217
000223
000226
000227

10

20

SUBROUTINE PLT(XsYeZsNPTS)

DIMENSION Y(3000)¢eX(J000)+2(3000) sAXX (&) eAYY(4)9AZ2(4) s ILABX(S)

i ILABY (5) ¢HEADI (I}

COMMON PJ(50)+CJI(50)4QU(50) eAJ(50) 9 XJ(S50)sYI(S0)

1A(1500)+81(1500)+6(3000)

COMMON DO9BReBAWFJI9CCoYMoINNONGFNIIEP ¢ TANORBoGMoF 4 XMoMNo T T oM
COMMON QA (50)+08(50)+QC(50)+QA2(50)+0B1(50)+QC1(50),0A42(50)+082(50

1)9QC2(50) oIHeIP
COMMON WT(S0)+HEAD] (6) +HEAD2 (6}

DATA (ILABX(J)sJ=1e3)/710MH CALCUL+10HATION POINe2HTY /
DATA (ILABY(J)sJx]+3)/10HTANGENTIALs10H ERROR (INs2H,)/

DATA [LABZ/10HLOAD (LB,.)/

DATA (MEADI(I)oI=142)/10HTANG, FORCo4HE = /
IN=S

10=6

1CAL=22

CALL PLOTS(IBUF+4000+1CAL)Y

CALL PLOT(4,494,5+=3)

CALL PLOT(=2,9=4,,])

CALL DASHPT(=2,9649425)

CALL SCALE(X9sS.oNPTSee])

Y(NPTS+1)=0,

00 10 K21 4NPTS

Y{K)==Y(K)

CALL SCALE(Yeb,sNPTSel,ye])

Y(NPTS+2)aY (NPTSe )

CALL SCALE(Z+3,9NPTSse])

AXX({t)=X(NPTS*])

AXX(2)ZX(NPTS+2)

AYY (1))=Y (NPTSe])

AYY(2)=Y (NPTSe2)

AZZ{1VEZ(NPTSe])

AZZ(2)22(NPTSe2)

CALL AXIS(0ee0,9TLABXs=22+S,90.9AXX (1) eAXX(2))
CALL AXIS(0-00,0ILABY$2294,090,90,0AYY(2))
CALL FLINE(XoYo=NPTSelsle)

CALL PLOT(Gao=bqs=3)

CALL AXIS(0o00,9]LABX9=22y Sas0.0AXX (1) 9AXX(2))
CALL AXIS{0490s0JLABZv1003.090,0A2Z())0A22(2))
CALL FLINE(X+2+=NPTSelslsll)

CALL PLOT(.5¢9,55=3)

CALL SYMBOL(0e90s0e'49HEAD) 00,940)

CALL SYMBOL (0e0=42590149HEAD240,040)

CALL SYMBOL(0u9=c590s149HEADI0,914)

CALL NUMBER(999,9999,+ sléswTe0492)

CALL SYMBOL (999,19999¢9¢ 14 ¢ENEADI00v4)
CALL PLOT(649=9,9-3)

CALL DASHPT (0499,9,25)

CALL PLOT(0000,9999)

CO 20 K=loNPTS

Y(K)==Y(K)

RETURN

END
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RUN VERSION 2.

3 --PSR LEVEL 332--

SUBROUTINE SPECT

vFR(ZOO)oGK(ZOO)0KK(Z.0)OGKK(200)
vlJ(SD)olJ(SO)oVJ(SO)O

Y"ONNQNQ'NJOEPQYANORSQGNOF01"0"N0|lo"
FN!cFNZOR“l'ROIoROZOEVIORYZcRNloRNZOro

YEl'VEZOGEloGEZoPOSl'POSZoANO

. 500002 DIMENSTON GN(3°00)0RR(30°0)
000002 COMMON FJ(SO)oCJ(SO’oOJ(SO!
13(1500)05(1500)06(3000)
000002 COMMON DD'G“OB‘OFJ'CC'
000002 COHHON/GUINNC.INTOUNNQIPLTQ
lTloT?vFloF?cR'lvRFZv
000002 NR=2S
000003 Nus6
C NWS=1,uS=SPEED OF DRIVING GEAR IN RPW
c NwS=24WS2SPEED OF DRIVEN GEAR IN RPM
000004 ﬂEAD(Nﬂoloo’ NWS o WS
000074 WS=W526,28/60.
000016 F“’le'ﬂS/Onza
900020 lF(NUS.EO-Z) F""NZ.USIO.ZB
000024 WRITE(NWs110) FN
000032 FCaFMON/26
000035 NTENONMC
000037 TR=ENMC/FM
900041 Hx) o /FM/N
000044, FOsl./1R
000046 MsNT/20
900051 SH=EM
000052 TMAXSMEH
000055 E=] o/ TMAX
000057 NR[YE(NUO\IS'
000062 WRITE (Nws120) FCoFOsBE
000074 WRITE (NWy125)
000100 'Rl'E(NU.lZO‘ NofﬂoTNAIOSH
000114 SUM=0.
000115 DO 10 I=1oNT
000117 10 SUMaSUMeGLT)
000123 SAZSUM/NT
000125 00 20 1=1oMT
000127 GN(I)=G(1)-5A
000132 20 CONTINUE
000134 MMsMel
000136 DO 30 1=1sMM
000137 {R=1~1
000140 FR(T)I=IROFC/SM
000144 CCSX./(NT‘IR)
000147 RRII)=0.
000151 00 25 J=1oNT
[ RR(1)=R(I~1)
000152 IF((JOlR'.G1-NT) 60 10 30
000157 25 RR(!)’GN(J).GN(J0|R'ORR(ll
000165 30 RR(1)=RR (1) *CC
000172 uSzM=1
000174 DO 40 K=loMM
000175 KK (K) =K=1
000177 GK(K)=RR(l)onn(HV)-(-l.bOOKK(x)
000206 §55=0.
000207 DO 35 JK=1sMS
000211 JysJKe]
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MAY9
MAY1L
MAY11
MAY11
GEARC
MAY1)
MAY1L
MaYil
MAYLL
MAY1l
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MAY))
MAYL1
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MAY1l
Mavil
MaYll
MAY11
MAYLL
MAYL)
MAYL)
MAY1L
MAYll
MaYll
MaYll
MAY11
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MAY11
MAYIY
MAY1)
MAYIL
viarll
MAYL)
mMAYll
MAYLL
MAYLL
MAYLL
MAY1L
MAYl)
MAYL1
MAY11
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MAY11
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MAYL)
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RUN VERSION 2.3 ==PSR LEVEL J32-~ SPECT
000212 AAz3,14)6% KKK (K)/SM

000217 35 555355502,2RR(JJ)*COS LAA)

000230 40 GKIK)I=(GK(K)*555)182,0H

000236 CKK(1)2,59GK(})¢,50G6K (2}

000241 GKK (MM) = ,SOGK (M) ¢ ,S®GK (MM)

000246 DO SO LL=2.M

000247 CKKILL) =,25%GK {LL=))*,5%GK(LLY*»,25%GK (LLe1)
000255 S0 CONTINUE

000260 WRITE (Nwe130)

000264 WRITE (Nwe140)

000270 00 60 I=)oMM

000272 SKMzKK (1) N/ (2,95M)

000277 WRITE (NWoLSOYKK (1) oFRET) oGK (1) oGKK (1) ¢SKM
600314 60 CONTINUE

000317 100 FORMAT(IS+EL3.5)

000317 110 FORMAT (/)1X26HMESHING FREQUENCY IN CPS =+€13.5)
000317 115 FORMAT (/TX2HFC1)X2HFO1 1 X2HBE)

000317 120 FORMAT (RE13.5)

000317 125 FORMAT\/7XIHHIZX2HTRI I XGHTMAXOX2HSM)

000317 130 FORMAT(/1XJIIHPOWER SPECTRAL DENSITY FUNCTION)
000317 140 FORMAT (/76X IHKOX2HFR]IIX2HGK ] I XIHGKK L DX 2HKM)
000317 150 FORMAT(17+3E13,5+F13.5)

000317 RETURN

000317 END
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MAYLL 62
MAY1} 63
MAYILL 64
MAY1) 65
MAY1} 66
MAYL1 67
MAY11 68
MAYL1 69
MAY1] 70
MAYL] 71
MAY1] 72
JUNE? 6
JUNE? 7
MAYI1] 74
MAY1] 75
MAY1] 76
MAY]] 77
MAYi) 78
MaYl] 79
MAYL1 80
JUNET 8
JUNET 9
MAYL] 83
MAY1]) 84
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