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yummary

A comparison study was pertormed on tour gear dynamic
nalysis computer programs developed under NASA/Army
ponsorship. These programs are GRDYNMULT (a
nultimesh program applicable to a number of epicyclic
ystems), TELSGE (a single mesh program). PGT (a
sultimesh program applicable to a planctary system with three
lanets). and DANST (a single ,sh program). The
apabilities and features. input and output options. and
echnical aspects of the programs were reviewed and
-ompared. Results arc presented in a concise tabular form,
2arametric studies of the program models were performed to
nvestigate the predicted results of the programs as input
yarameters such as speed. torque. and mesh damping were
saried.

In general, the program models predicted similar dynamic

oad and stress levels as operating conditions were varied. ‘?7\

=lash temperature predictions from programs GRDYNMULT
ind TELSGE indicated similar trends: however, actual values
~vere not in close agreement. The program GRDYNMULT
~vas found to be the most versatile in system size, type, and
wnalysis capabilities. The programs DANST. TELSGE. and
PGT are more specialized tor specific systems: however, in
specific arcas they provide a more detailed treatment than
SRDYNMULT.

Introduction

Since the late 19th century. gearing has become the simplest
ind most etficient means of transmitting mechanical power.
Sears can be found in almost every application involving
nechanical power transfer. and are usually considered a
:ritical link in the power chain of that system. Because of this.
rear designers are highly concerned with gear life and reli-
ibility. In industrial applications this concern is alleviated to
iome degree by over designing the gears. sacrificing cost. and
ncreasing weight. However, in acrospace applications, where
veight and size are premiums, gear systems are usually
lesigned close to their projected limits. As a result. a number
f computer programs have been developed in an effort to
sredict parameters such as dynamic load. surface damage. and
surface temperature, that are integral factors in various gear
ilure modes. Several of thege proc ams have been developed

through NASA Lewis Rescarch Center under NASA/Army
sponsorship.

Of all the gear dynamic programs developed at NASA, the
programs TELSGE. GRDYNMULT. PGT, and DANST are
the most widely used. TELSGE was developed to study the
ctfects of input parameters such as speed. load. and lubricani
oil type on predicted quantities such as dynamic tooth mesh
loads, surface temperatures. and lubricant film thickness in
a single mesh system (refs. 1 and 2). Gear failure modes such
as scoring, pitting. and lubrication failures are directly related
to these predicted parameters. GRDYNMULT was developed
to predict parameters such as tooth mesh loads, tooth stresses,
and surface damage factors under a variety of input conditions
for a single mesh. or multiple mesh epicyclic system (refs. 3
to 5). These parameters have a direct effect on failure modes
such as tooth breakage. scoring, and pitting. The program PGT
was developed for the dynamic analysis of a three planet
planetary gear system under a variety of input conditions
(ref. 6). The magnitude of the dynamic mesh load output from
PGT indirectly influences the probability of tooth failure by
breakage. The program DANST was developed to study the
ctfects of input parameters such as tooth profile modifications
and external shaft and mass magnitudes on predicted dynamic
loads and siresses ot a singie mesh system (rets. 7 t0 9). The
tooth root stress parameter predicted is a critical factor in
determining gear failure through tooth breakage.

The purpose of this study is to provide a comprehensive guide
on the capabilities and nature of results obtainable from the
four gear dynamic programs introduced above. and to provide
some program verifications through direct comparisons. The
report is divided into two main sections. The first section
reviews the capabilities, input and output options. and technical
aspects of the programs studied. and presents the results in
a concise tabular form. The second section reviews comparison
runs that were performed to compare the results obtained from
~ach program using common input models and paramcters.
Finally. some concluding remarks are presented which
generalize the results of the total comparison study.

Program Features and Models

Rescarch on cach program was conducted to obtain the
general and techmical festures of the programs on an individual
Program

and collective comparison  basis, features,




capabilities. and options were tabulated in an effort to provide
an easily accessible reference base for potential program users
Table I presents some general information on each program
such as system sizes and types, gear tvpes, and supporting
documentation. Table IT gives a direct comparison among the
programs of the type and nature of the parameters calculated
by each. A comparison of the input options available for each
program with some basic descriptions of these options are
presented in table HI. Finally. table IV gives information on
the printed and plotted output options available with these
programs. In the tollowing sections general program features,
as presented in tables I to IV, are discussed. along with the
various analvtical models used in the programs.

General Capabilities. and Features

Program PGT.—The program PGT (dynamics of Planetary
Gear Trains) (ref. 6) is a gear dynamic analysis program for
a three planet planctary spur gear system. PGT is capable of
modeling a planetary gear train with input and output shafts
and masses. It calculates dvnamic mesh loads and combined
stiffness for each mesh as a function of roll angle. PGT also
calculates the sun center movement in the plane perpendicular
to the sun gear axis. Along with the standard input parameters.
such as tooth geometry. torque. and speed. other parameters
can be input. such as profile errors. sun center stiffness and
damping. etc.. as indicated in table III. The major features
of this program are its ability to include input and output
peripherals in the analvsis and to calculate the movement of
the sun gear center. The major limitation of this program is
that it can only be applied to a three planet system. Sample
plotted outpurs of PGT are given in figure 1. The first two
plots represent the dynamic load factor for the sun/planet and
ring/planet mesh associated with planet number | of run 1 in
table V. The dynamic lcad factor represents the ratio of
dynamic to static tooth load. and is commonly used when
plotting dynamic mesh loads. The sun center movement plot
is the actual displacement of the sun center through one
complete steady state revolution. It should be noted at this time
that program PGT is not in an easily runable format. Some
work would be required to revise the program to a more
standard. commercially acceptable status.

Program GRDYNMULT.—The program GRDYNMULT
{Epicyclic Gear Dynamic Analysis Program) (ref. 3) is a
dvnamic analysis program with the capabilities to model a
variety of gear iy pus aad gear train systems. GRDYNMULT
is capable of modeling single mesh. planctary. star. and
differential systems with a maximum of 20 planets. This
program can model spur or helical gear types. along with
involute or buttress tooth forms. GRDYNMULT is capable
of calculating a number of variables such as dvnamic mesh
loads. tooth root stresses. hertz stresses. tlash temperatures,
ctc.. as shown in table I1. As illustrated in table III.
nonstandard parameters such as tooth spacing crrors. tooth
profile modifications. sun center stiffness and damping. ctc..
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% input in the program. The major feature of this program
s variety in the type of calculations available. and the
ber of gear train systems it can be applied to. The major
ation of this program is that it cannot include. in the
imic analysis. e cffects of input and output peripherals
:ally present in actual gear systems.

unple output plots from GRDYNMULT are given in
res 2 and 3. These plots are for the ring/planet. sun/planct
h associated with planet number | of comparison run |
ible V. The first plot in ¢ach figure is the dynamic load
or for the mesh. The PV plot represents the product of
ocal contact stress and the shiding velocity. The PV product
sed in analyzing surface damage possibilities. such as
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scoring. The flash temperature plots represent  the
instantancous gear surface temperature. and the hertz stress
is the local contact pressure. The planct. ring. and sun gear
stress plots refer to the tooth root stresses. The plots associated
with GRDYNMULT appear different from those of other
programs because GRDYNMULT presents only half of the
tooth contact cycle. and the plot includes more than one toath
pair if more than one pair are in contact. Subsequent plots from
GRDYNMULT have been replotted for casier comparison
with the other programs.

Program TELSGE.—The program TELSGE (Thermal
Elasto-Hydrodynamic Lubrication of Spur Gears) (ref. 1) i
a dynamic analysis program for a single mesh spur gear
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Figure 3 —GRDYNMULT sample plotted output of ring planct mesh T [nput torque = 33.9 Nem: input speed = 3000 rpm.

system. As illustrated in table . TELSGE is capabie of

calculating varizhles such as film thickness, tlash and
cquilibrium surface temperatures. dynamic mesh loads, and
hertz stresses. ete.. which are important parameters in gear
tooth surface faiiure models. TELSGE predicts tatigue life of
the gears based on these calculated variables. Additional input
parameters  tor [ELSCE include tooth profile
error/moditication array. thermal and viscous properties of

the lubricant. cte.. as seen in table 1. The major feature of

this program is its comprchensive treatment of the dynamic
and thermal effects of the lubricant on the resulting life of the

gears. The major limitation of this program is that it applics
only to a single mesh system. Sample plotted outputs of
TELSGE are given in figures 4 and 5. The plots shown were
constructed using a postprocessing graphics program, as the
current CRAY version of TELSGE does not have a plotting
routine.

Program DANST.—The program DANST (Dynamic
ANalysis of Spur gear Transmissions) (ref. 9) is a dynamic
analysis program for a single mesh spur gear system. DANST
is capable of modeling a system with input and output
peripherals included in the analysis. As illustrated in table 11,
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ANST s capable of caleulating dynamic mesh loads. root
esses, combined stiffpess, ete.. as a function of contact
sition. Along with standard input parameters, DANST
ows input of a user defined tooth protfile deviation array.
indardized woth profile modifications, input and output shaft
d mass data, et as seen in table I The major teawre
this program s the detailed tooth profile error/modification
put available to the user. A mujor limitation of this program
that ttapplies only o a single mesh system. Sample plotied
iputs from DANST are given in figures 6 and 7. As seen
figure 6. DANST provides a plot of the Fourier transform
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of both the static transmission error and the dyvnamic tooth
loads. These plots can be usetul when coniparing the analytical
“results with test results in the frequency domain.

Program Models

Dynamic models.—To describe the dynamics of the systems.

cach program uses ditferential equations of motion based on
mathematical models simulating the various masses. springs.
and damping present in the actual systems. The mathematical
model used in PGT is shown in figure 8. As depicted in this
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fleure. cach mesh s represented by an equivalent spring and
dashpot. The spring represents the combined stiftness of the
vear teeth in mesh. and the dashpot represents the resufung
moesh damping. The springs and dashpots shown at the sun
center are present to model the tlexibility and damping ot the
sun gear shatt and bearings. The stitfness. masses. und
damping associated with the input shatt and driver and output
shattund driven device are also included in the model. Figure
9 illustrates the model used i the program GRDYNMULT.
The mesh stitfness and damping, and sun center stiftness und
dumping. are presented similarly as inthe PG madel. As
seen in tigure 90 additional springs representing flexibilities
between ring gear rim segments and between planet carrier
segments are included in the GRDYNMULT model. Figures
10 und 11 represent the models tor programs TELSGE and
DASG. respectively. Asseenan figure 11, the DANST model
includes the mass and clastic data of the input and output
peripherals. Again. the mesh springs represent the combined
stittness ot the gear teeth i mesh. For a more thorough
deseription of the individual models and the iterate methods
used to solve the resulting ditferential equations. refer to the
supporting documentation tor cach program as given in table 1.

Tooth stiffness models. — To model the complex suttness
of vear teeth duning mesh. all ot the programs use a nonlinear
tooth comphuance model. Programs TELSGE, GRDYNMULT.
and DANST use RW. Cornell's nonhinear compliance model
cret. 1Oy that formulates tooth sutfness as a function of position
along the Tine of action. This comphiance model is based on
« combinution of the stittness of the tooth as a cantilever bewn.,
focal hertz contact compression. and filtet and tooth toundation
Nleabihin etfects. AH of the above except the focal contact
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Program POT svstem modad

compression are linear functions of the load. The nonlinearity
of the compliance equation s due o the hertzan detlection,
PGT uses w “vartoble-vuriabte v esh sufthess™ i VVMS) miodel
for the tooth stiftness. The VVMS model is also nonlincar due
to local hertz contact compression. The model imcludes tooth
bending ettects and tooth protite crrors as o function of contact
position.

Tooth root stress models.—Of the tour programs
imestigated. only GRDYNMULT and DANST are capable
of caleulating tooth root stresses. Both programs use the
maoditied Heywouod formula tor tooth stress sensitivity as given
in reference 11, The modified Heywood formula calculates
th maximum root stress as a function of tooth contact position.
muesh foad. face width. stress coneentration tactor of the tiliet.
and basic tooth geometry. The formula s also capuble of
predicung the location of the maximun root stress on the tooth
tillet. The maodified Heywood formula expresses the root stress
as a lincar tunction of the applied Toad. Tt was found that the
tormula predicts the maximum tensile root stress within about
S pereent of finite-clement and other analysis methods
(ret. 11).

Input error models. —Actual gear systems inherently have
anc or more types of errors present. In an attemp! to more
accurately model actual svstems. all of the programs have
provided some means of including errors inherent in these
systems. The program GRDYNMULT uallows three types of
crrors 1o be input. These are: sun runout error, helix angle
crrors. and tooth errors. The sun runout error, applicable to
a single mesh system only . converts a sun center displacement
input into a sinusoidal tooth spacing error array to simulate
errors assoctated with cccentrically manutactured gears. The
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gle errors allow the user to input a constant angular
r cach mesh for single and double helical gears. The
rors are comprised of tooth error arrays on tive teeth
1 sun/planet. ring/planct mesh. This tooth error input
its the statistical sum of tooth pitch error. profile crror.
[ {or planet phasing) error. The tooth error is constant
ic profile of the tooth. The program PGT indirectly

allows (wo tvpes of ¢rror to be inpat. phase error and tooth
error. The phase error is a constant lead. or lag. tangential
positioning error of the planets. representing planet assemiiy
inaccuracies. The tooth error consists of a sinusoidal error
imposed on the tooth profile with the amplitude defined by
the user. This error models gear tooth profile manufacturing
process errors. The single mesh programs (TELSGE and
DANST) have available tooth profile deviation arrays.
Deviations from the true involute profile cin be defined by
inputting the corresponding array. Tooth spacing error can
be simulated by inputting & constant deviation along the tooth
profile.

Profile modification. — Profile modifications are often used
in gears to lessen engagement impacts in attempts to reduce
noise and vibration in gear svstrms. The programs
GRDYNMULT, TELSGE. und DANST allow some form of
maoditication to the tooth profile. GRDYNMULT incorporates
an cquation that allows the user to input the deviation
magnitude at the tip. length of the moditication on the tooth
profile. and the shape of the inodification curve. To determine
the profile modification curve a shape tactor 1y input. The
detault shape  factor (0) produces a parabolic profile
modification. A lincar profile modification can be
approxiniated with this equation with a shape factor of 0.5,
Other shapes associated with different shape factors are given
in reference 1. DANST allows two standard  profile
modifications and a user detied shape to be inpui. A standard
lincar or parabolic tooth profile modification can be chosen
with the tip deviation magnitude and modification length along
the tooth profile input by the user. By virtue of the tooth profile
deviation arrays discussed carlier, other user defined profile

Y




nodifications can be input in DANST. P-ooram TELSGE also
Hows profile modificutions to be input by virtue of its tooth
wofile deviation array. Standard profile moditications such
s hincar and parabolic must be added point by poing in the
Ty .

Comparison Runs Study

Short of using experimental datas the most effective way
M ComMPUrIng computer programs is o compare their output
osults hased on common imput values. In tis study the
yoerams were operated using common models and input
wrameters. Wheie possible. runs where pertformed with
aarameters such as speed. load. and mesh damping varied in
ATUCT o obtain progran comparisons over i broad spectrum
ot mput confitions. Input parameters common to at feast two
progrivms, such as sun center suttness, were also varied feor
the comparr on. Due to the nature ot the programs. two types
ol mput models were required: a plancriry system with three
planets. and o single mesh system. A discusston of the
comparsson study restats are thus grouped under those two

Cdlevories,

Planetary System Runs

Because ot the system limitations of the program PGT. a
three planct planctary sy stem was used o compare prograns
PGT and GRDYNMULT. Table VI gives a deseription of the
planctary model used in the analy sis. adong with the undamped
~atural  rfrequencies of the ssstem. as caleulated by
GRDYNMUL [ As seen intable V1L to mininuze the infiuence
of the input and output perpherals ot PGT in the analy sis.
external shatt damping and mass moments of mertia were
memnnzed. and external shaft snftness values were manimized.
Table Vo documents the comparison runs  matrin used.
tlustrating  which parameters were varied  wnd thar
corresponding values: Due to ditticulties experienced with the
peorram PGT and with the HP 1000 computer system. only
nine comparison runs were achiesed. Unfortunatels this does
not allow a detated compartson to be made: however. some
general observations can be draw n. Discussions on the various
parametric ruis are given below,

Speed variation runs.—To compare the effect of input speed
on the maximum dynamic load tactor. the programs were run
over a range of speeds from 4000 o 3000 rpm. Figure 12 s
a plot ot the maxumwm dy namie load factor tor the sun plancet
mesh as o function of input speed. as predicted by both
programs, As seen in this figure. both programs show good
correlation except at 6000 rpminput speed. where PGT
predicts a peak w namie loed. GRDYNMULT prea - a peak
at the 7000-rpm input speed point. A< seen in table VI this
point (7000 rpm. 1633 Hz) iy within 7 percent of the second
harmonic ot the second natural trequency (1530 Hzy. s
predictea by GRDYNMULT. The difterence in preicted peak

1

foad speeds between PGT and GRDYNMULT could be due
to the ditferent mesh stiftness model used 'ncach progran.

Figure 13 15 the same plot as tigure 12 except that the
mavinum ring-planet tesh loads are ploted. Comparison of
figures 12 and 13 show the same trends. with the exception
that the ring planct plots show o much poorer correlation
between the two programs.

A comparison of the dynamic mesh load p'ats from cach
program through one tooth mesh cyele at input speeds of $O00).,
6000, and BOOU rpm are illustrated in figures 14, 15, and 16,
respectively - As seenin figures 14 and 16, the sun-planet mesh
load plots are very similui in form between the two programs.
The ring ‘planct mesh load plots are dissimilar in both form
and magnitude. Figure 15 further illustrates the diserepancy
berween the two programs at the 6000-rpm input speed. Here
PGT 15 shown to predict woth separation with @ maximum

]

5,
= ,
2 o
i S——
= |
g1

—_— = byl
o UR{IYNMOR

o | ) | 1 ]
4000 H000 65000 /000 %000
INPUT 5PEED, ki

Figure 12 Comparisan of programs PGT and GRDYNMULT. Maumem
dynanmie Joad factor as g tunction ot input speed tor the sun plancet mesh
Input targque = 3349 Nem (Table Voruns 1o $)

4 \
Vs
/ \\
7

7 \
= | 4 \\
S p—
= ,’/d O~ o
z - S~a
= o ~0
§ 1 (5 /
x

i —_— - ]
i o GRIYNMDE
[ —— I L “,,,A_J
[l 5000 100G F000 B0
INCUT ST ED, weM

Froare Lo Comparisan of provianms PGT anc GRDYNMULT Mavumum
avaamic fead factor as o tanchion ot nput speed tos e ring alanet niesh

Input forgue 339 Neg clable Vorins Lo §y




IND
CONIACT - i o

ACTION
L

]
’

BEGIN
CONTACS

——— PGl

. ———  GRDYNMUI T

DYNAMIC (OAD FACTCR

-1/7 0 /7
DISTANCE ALONG LINE OF ACTION

tar PGT and GRDYNMULT sun planet mesh.
thy PGT and GRDYNMULT ring planet mesh.

Figure 14 -Comparison of programs PGT and GRDYNMULT. Dynamic
loud factor as a tunction ot contact position, Input torque = 33.9 Neny,
input speed = 4000 rpm (Tabie V' run 1)

t N
CONTALY 1INE O
¢ ACTION
-

,
1]
BGIN
CONTACT
2.8
I —_—— T
————  GRDYNMULT
2.4 L_ /’\\
I N\
20— ! \
|
1. [
!
1.

DYNAMIC LOAD F ACTOR
AN
[=]
1

-7/? 0 7/?
DISTANCE ALONG LINE Of ACTION
ta) PGT and GRDYNMULT sun/planet mesh.
(b) PGT and GRDYNMULT ring/planct mesh.

Figure {S.—Comparison of programs PGT and GRDYNMULT. Dynamic
load factor as a function of contact position. Input torque = 33.9 Nem;
input speed = 6(KK) rpm (Table V| run 3).




FND
CoNIAc PING O
M TION

.

‘
ERT
CONTACH

2.0 ——— PG
e GRDYNMUL T

DYNAMIC LOAD FACTOR

DIGUANCE ALONG £ INE OF ACTION

tar PGT and GRDYNMULT sun planct mesh
1hy PGT and GRDYNMULT nng planer mesh.

Figure 16 Compunson of programs PGT and GRDYNMULT. Dynanne

foad tactar as a tunction of ontact position {nput torque - 334 Neny:

input speed KOO rpm 1 Table Voorun §)

dynamic foad factor in excess of 2.8, Again. the apparent
difference in system critical speeds could be due to different
mesh stiffness models, Tt is not known at this time why the
ring/planct mesh loads experienced a poorer correlation than
the sun:planet mesh [oads.

Sun center stiffness runs.—The sun center stiffness input
was varied in cach program to compare sun center flexibility
ctfects on the maximum dynamic load factor. Figure 17 plots
the relative effects on the maximum dyvnamic load for the
sun-planct mesh for three sun center stiffness values. Three
poiats are not cnough to provide a thorough compuarison:
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however, some general trends can be deduced and compared
using these plots. As seen in figure 17, trend results from the
two pregrams do not fully agree. PGT favors a relatively suff
sun center for a minimum dynamic load factor. whereas
GRDYNMULT indicates an optimum sun center stiffness
exists between the two extremes. Similar plots for the
ring/planet mesh are illustrated in figure 18. Some trends can
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be seen in this figures however. they are not prominent enough
to draw any conclu<ions.

Damping runs.—The mesh damping ratio and sun center
damping coctticient were changed to compare the resulting
etfects on the maximum dynamic load tactor caleulated by cach
program. Figure 19 illustrates the effects on the maximum

dynamic foad factor of the sun’/planct mesh at an input speed of

4000 rpm as mesh and sun center damping were changed. As
seen in this figure, both programs show an increase in dyvnamic
load (9.0 percent for GRDYNMUL {1201 percent for PGT)
as the mesh damping ratio value is decreased from 0,10 10
0.03. No significant change was noted in either program as
the sun center daimping coetlicient was changed. Similar plots
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for the ring/planet mesh are illustrated in figure 20, The trends
seen in figure 20 are simifar to those noted in higure 19:
however, they are not prominent cnough o draw any
conclusions from them.

Sun center movement.-—Sun center movement is caleulated
by program PGT only. thus no comparison can be made with
GRDYNMULT. PGT predictions of the sun center
displacement. however, proved interesting and are discussed
below. Figure 21 illustraces the sun center movernent tor one
revolution at a variety of input speeds. The maximum
displacement of the sun center is seen to oceur at 6000-rpm
input speed. the same as with the maximum dynamic load
factor. As the speed increases. the sun center displacement
approaches a pattern resembling shaft whirl. As expected. the
sun center movement decreases with increasing sun center
stiftness (see fig. 22). A decrease in mesh damping (from 0.10
to 0.03) results in an increase in sun center displacement of
more than two times. as shown in figure 23. Also illustrated
in this figure. a change in the sun center damping coefficient
had no effect on the sun center displacement at this input speed.

Single Mesh Runs

Because of the system limitations of DANST and TELSGE.
a single mesh syvstem was used to compare programs
GRDYNMULT. TELSGE. and DANST. Table VII gives a
description of the single mesh modcel used in the analysis along
with the undamped natural trequencies of the system calculated
by cach program. As scen in this table, the programs predicted
stimilar natural frequencies for the single mesh system (all
within 13 pereent of the calculated average of 4532 Hz). Of
the three programs. only DANST includes external shafts and
masses in the system dynamics. To maintain an equal
comparison basis among the three programs, it was necessary
to minimize the influence of the peripheral masses in program
DANST. This was accomplished by using highly tiexible input
and output shafts in the program. In the planctary sy stem runs
program PGT ased short. highly rigid shatts with small
peripheral mass inertias to minimize their effects on the system
dyvnamics. This method did not work as well with program
DANST, thus the opposite approach of flexible shafts was used
to 1solate the peripheral mass inertias from the mesh dynamics,
Figure 24 iliustrates the effect of varying the magnitude of
the peripheral masses on the maximum dynamic load factor,
as predicted by program DANST with the flexible shatt
configuration. As seen in this figure. the dvnamic load tactor
changes minumally with peripheral mass changes. indicating
rood isolation of the mesh dvnamics with this configuration.
Table VHI documents the comparison runs matrix used,
illustrating - which  parameters were varied and  their
corresponding values. Discussions comparing the effects of
the various parametric runs on the variables caleulated by the
programs are given below,

Dynamic load factor.—A varicty of input specds and torgues
were used to compare the relative effedts of speed and load
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Figure 25. —Comparison of program GRDYNMULT. DANST. and TELSGE.
Maximum dynamic load factor as function of input speed. Input torque
= 203.4 Nem (Table VIII, run 1).

on the dynamic load factor as calculated by each program.
Maximum dynamic load factors are plotted as a function of
input speed for an input load of 203.4 Nem (1800 in.«lb) in
figure 25. As seen in this figure, all three programs show good
correlation (average difference within 5 percent) except at
5500 rpm. where TELSGE results diverge. This speed is
within 8 percent of the speed corresponding to the half
harmonic of the natural frequency predicted by TELSGE
(5130 rpm). This half harmonic phenomenon is also seen in
programs GRDYNMULT and DANST, although at a lesser
degree. DANST and GRDYNMULT both indicate peaks at
the 5000-rpm data point. The predicted half harmonic speed
of program DANST (5191 rpm) is within 4 percent of this
peak dynamic load point. The corresponding half harmonic
speed of program GRDYNMULT (4246 rpm) is within 15
percent of the peak dynamic load point. Because the mesh
stiffness varies with tooth position during mesh, the predicted
natural frequencies are only estimates of the actual values,
based on assumed constant mesh stiffness quantities. A
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Figure 30.—Comparison of programs GRDYNMULT. DANST. and TELSGE.
Maximum dynamic load factor as function of input torque at 2000-rpm
input speed (Table VIIL runs 5. 17-20).
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Figure 31.—Comparison of programs GRDYNMULT. DANST. and TELSGE.
Maximum dynamic load factor as function of input torque at 6000-rpm
input speed (Table VI, runs 12-16).

comparison of the actual dynamic load plots from each
program for a variety of speeds can be seen in figures 26 to
29. As illustrated in these figures. the dynamic load factor plots
are very similar in both magnitude and form. All three
programs show a decrease in the frequency of dynamic load
fluctuations as the input speed increases, and a condition close
to tooth separation at the 8000 rpm input speed (fig. 29).
Figures 30 and 31 are plots of the maximum dynamic load
factor as a function of input torque for input speeds of 2000
and 6000 rpm, respectively. As seen in these figures. the
programs predict a fairly constant dynamic load factor regard-
less of the input torque value. This is as expected since the
dynamic and static load are both linear functions of the input
torque.

Tooth root stress.—Tooth root stress was another variable
compared using a variety of input loads and torques. As illus-
trated in figure 32, the maximum root stress predicted by
DANST and GRDYNMULT correlate reasonably well through
the speed range, showing similar form and magnitudes that
disagree only slightly (average difference within 16 percent).
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Figure 33. —Comparison of programs GRDYNMULT and DANST. Maxi-
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As expected. both show peak values at the 5000 rpm data point.
Figures 33 and 34 plot the maximum tooth root stress as a
function of input torque at input speeds of 2000 and 6000 rpm.
respectively. As seen in these figures, both programs show
the tooth root stress to be relatively linear with input torque.
This is expected since both use a form of the modified
Heywood formula which gives tooth root stress as a linear
function of applied load.

Contact stress.—The local contact pressure. or hertz stress.
1s calculated by programs TELSGE and GRDYNMULT. As
seen in figure 35, both programs show similar trends and
values (average difference within 4 percent) with input speed
with the exception of the TELSGE results between 5000 and
6000 rpm. Here, due to the close proximity of the half
harmonic of the system, TELSGE would not converge. Both
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Figure 38. —Comparison ot programs GRDYNMULT and TELSGE. Maxi-
mum flash temperature as function of input speed. Input torque

= 2034 Nem (Table VIII. runs, 5-11).
programs predicted nearly identical trends and values with
input torque variations, as seen in figure 36 for a 2000-rpm
input speed and figure 37 for a 6000-rpm input speed. The
nonlinear relationship between input torque and hertz stress
can be clearly seen in figures 36 and 37.

Flash temperature.—The flash temperature, as calculated
by programs TELSGE and GRDYNMULT, was the last
variable compared using a variety of input torques and speeds.
Generally. it was found that both programs predicted similar
trends with input speed and input torque: however, actual
values differed by between 46 and 153 K (83 and 275 °F).
Figure 38 illustrates the similar speed trends displayed by both
programs. TELSGE did not converge in the input speed region
between 5000 and 6000 rpm. Maximum flash temperatures
are plotted as a function of input torque in figures 39 and 40
at 2000- and 6000-rpm input speeds. respectively. As seen
in these figures, both programs displayed the same nonlinear
increasing flash temperature trend with increasing input torque.

Profile modification.—To compare the relative effects of
profile modification on the dynamic load factor as calculated
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Figure 39. — Comparison of programs GRDYNMULT and TELSGE. Maxi-
mum flash temperature as function of input torque at 2(K(K)-rpm input
speed (Table VI, runs 5. 17-20).
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Figure 40. —Comparison of programs GRDYNMULT and TELSGE. Maxi-
mem flash temperature as function of input torque at 6000-rpm input
speed (Table VIII, runs 12-16).
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Figure 41.—Comparison of programs GRDYNMULT, DANST, and TELSGE
Maximum dynamic load factor as function input speed. with tooth profile
modification. Input torque = 203.4 Nem (Table VIII. run 3).

by each program, a standard tip relief was added to the single
mesh system. The tip relief consisted of a parabolic shape along
50 percent of the length from the tip to the pitch point, with
a maximum deviation magnitude of 0.0178 mm (0.0007 in.)
at the tip. Plots of the dynamic load factor, as a function of
input speed. with profile modification are given in figure 41.

19




Comparison of tigure 41 with tigure 235 (same run parameters
as fig. 41 but with no profile moditication) shows that the most
dramatic amplitude reductions oceur similarly in programs
DANST and TELSGE at speeds near their predicted half har-
monic speeds. BANST shows an amplitude reduction of 33
pereent at the S000-rpm data point (predicted halt harmonic
speed at 3191 rpm). TELSGE reduces from a divergance
situation to a maxinunm dynamic load tactor ot 1.27 with profife
moditication ut the 3500-rpm data point (predicted half harmonic
speed at 5130 rpmy. TELSGE and DANST also experienced
stmilar dynanue load factor reductions at speeds below the peak
amplitude speeds with profile modification added. as illustrated
in figure 41, GRDYNMULT showed no appreciable ditterence
with profile modification added. It is not known at this time
why GRDYNMULT did not show any change with the addition
of profile moditication in this example.

Mesh damping.—To compure the relative effects of the

mesh damping ratio on the dy namic load factor, a number of

runs were made with mesh dumping ratio input values ranging
trom 0.03 to 0.17. Because damping effects are more promi-
nent at system resonance’points. an input speed of 5000 rpm
was ciiosen because of its close proximity to the halt harmonic
speeds predicted by cach program. As iltustrated in figure 42,
all three programs show good correlation at damping rutios
ot 0.10 or greater. As seen in this figure, all of the programs
predict a reduction in maximum dvnamic load factor as the
mesh damping ratio value is increased from 0.10 to 0.17 (12
percent reduction for TELSGE. 19 percent reduction for
GRDYNMULT. and 14 percent reduction for DANST). At
dumping rutios lower than 10 pereent. the TELSGE program
diverged. The close proximity of the 5000-rpm input speed
to the half harmonic of the first nutural frequency predicted
by TELSGE (within 3 percent of 5130 rpmy is most prohahly
the reason TELSGE i highly sensitive to the mesh damping
ratio changes at this speed. DANST und GRDYNMULT show
wgood correlation over the whole range of damping ratios used.
A seen in figure 42, as the mesh damping ratio increases trom
0.03 to 0.17 bath programs show a near identical decrease
of the dynamic load factor in both form and magnitude
(DANST: 22 pereent reduction. GRDYNMULT: 23 pereent
reductiom from an average value of 1.64 1o 1.27.
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Concluding Remarks

A comparison study was pertormed with the gear dynamic
analysis computer programs PGT. GRDYNMULT. TELSGE,
and  DANST at NASA Lewis Research Center. The
comparison study consisted of two major parts. The first part
involved a direct comparison of the capabilities. input options,
and output options of the programs. Results of this study were
tabulated and some generul comments are as follows:

1. GRDYNMULT appears to be the most versatile in
system size. type. and analysis capabilities of all the programs
compared.

2. TELSGE provides the most detatled  analysis on
lubrication dynamics. yielding quantities such as film thickness
and tlash temperatures.

3. DANST incorporates the most versatile tooth profile
deviation routine, allowing the user to enter standard or user
defined shapes and magnitudes.

4. PGT provides a sun center movement routine which
allows the user to obtuin the displacement of the sun center
through on¢ or more revolutions.

The second part of the comparison  study involved
performing parametric comparison runs using identical input
models. Some general results from this study are given below:

. Computer programs PGT and GRDYNMULT predicted
similar levels and form of the dynamic sun/planet mesh loads
as the input speed was varied. Ring/planet mesh loads differed
significantly between the programs.

2. Programs TELSGE. GRDYNMULT. and DANST all
predicted dynamic mesh loads of similar form and magnitudes
as the input speed and torque were varied. TELSGE results
diverged at input speeds near its half harmonic resonant speed.

3. Root stress predictions from programs DANST and
GRDYNMULT showed good trend correlation with input
speed and torque variations, Magnitudes correlated reasonably
well with only minor variations.

4. Programs TELSGE and GRDYNMULT predicted nearly
identical hertz stress fevels and trends as input torques and
speeds were varied.

5. Programs TELSGE and GRDYNMULT predicted
similar flash temperature trends: however, actual values were
not in close agreement, GRDYNMULT consistently predicted
higher than expected flash temperatures.

Lewis Research Center
National Acronautics and Space Administration
Cleveland. Ohio. December 19, 1988
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TABLE I.—~GENERAL INFORMATION

Program name i
\

Dynamics of

planetary dynamic analvsis hydrodynamic of spur gear
i gear trains, program. {ubrication of transmissions,
; PGT GRDYNMULT spur gears, DANST

Epicyclic gear

Thermal elasto- Dynamic analysis

TELSGE

- Documentation NASA CR-3793

SN

NASA CR-179563

NASA CR-3241. | NASA CR-179473

NASA TP-2610

[
l
\

L Operating system

HP 1000

IBM 370

Cray XMP

IBM 370

. System tvpes

!

Planetary with
input; output
peripheral
components

Planetary system, star
system, ditferential
system. single mesh
texternal-external).
single mesh
texternal-internal)

Single mesh
(external-external)

Single mesh
(external-external)
with input and
I'output peripheral
components

System size Single stage Single mesh. Single mesh Single mesh
| planetary system | epicyclic gear train
with three pianets | with 20 planets
maximum

“' Gear 1ypes Spur gears Spur gears, single Spur gear Spur gear
1 helical. double
’ helical
i Tooth forms Internal. external | Internal. external, External External
! buttress
L
\
| Maximum contact 2.0 30 2.0 2.0
i

fratio




TABLE II. —COMPARISON

Program Gear hite Calculates Calculates " Calculates Culculates Film 1 Culculates
caleulation | dynanue mesh combined ) tooth root toth hertz thickness surtace
[1 load suffness | stress stress calculations temperatyre
! | |
* ‘ ; -
PGT No D Yes. for cach mesh  Yes. tor each mesh No No No ( No
at each planet. as a at cach planet. as a '
tunction ot roll angie | function of roll angle |
- + + —_—
GRDYNMULT No . Yes. maximum value | Yes, compliance | Yes. maximum " Yes. maximum ! No ( No ‘
' tor each mesh at \‘ tunctuion coetticients | value for cach value tor each
| cach planet. and as 11 calculated l gear 1n mesh. " mesh at each ;
[ a funcuon of position | ‘\ and as a function 1 planet. and as
along line of contact . of posiion along u tuaction ot ;
line of contact posttion alony I
line of contact }
— _
FELSGE Yes. based 1 Yes. maximum value, | Yes, as a function of No CYes as a Yes, as a i Yes, gear and
“on dynamic | and as a function of | position along line ot | tunction of tunction of ] pinon surface |
i mesh loads | position along line of [ contact :‘ position along - posttion along | temperature as |
! contact ! ! . line of contact * line of contact | a function of ;
s ; position uloﬂg |
g i tine ot contact |
1 \
+ —_—
DANST No Yes. as a function of | Yes, as a function ot | Yes. tor each No No ‘ No

roll angle

~roll angle

gear as a function

" roll angle




'F CAPABILITIES

Calculations Parameter Calculates Geometric ~Natural Frequency Sun center movement:
tlash Tun surves dynanie PV preprocessor frequency analysis caleylation
reraperature artace damisge) predictions
ractor
No No Nos Yes, tor tooth geometry No No Yes
input in dyname load
calculation
Yas, mavamum  Yes, speed run. Yes. masimum  Yes, tor woth geometry -« Yes. predicts . Yes. with post- No
valug tor cach determuines maimum value tor each input 1n dynamic load natural trequencies ' processing program
mesh at cach dyvnamic load at cach - mesh at each caleulation, and and mode shapes of | ““freplot”” performs
planet, and as a mesh tor eaen speed planet. and asa determines optimum the system - frequency analysis
unction of inerement tunction ot protile modification . on mesh load
position along position along . varsations
line 11 contadt line ot contact
i —

Yeso pear w Yo, speed run Noy Yes. tor tooth geometry  Yeu, predicts system | No | N/A
pimo 1 Hash load run. tace aidth mput 0 dynamic load natural trequency J
CCMPETAIUTE us g Tun. outside radius caleulation
Sulle Jon ot run. number of ieeth
Sosmtion dabng run. and surtace

ne b contact - convechon heat ‘

transter coetticient run
Niy No Yes, tor w. th geometry  Yes, predicts - Yes. pertorms N-A

Yoo, speed run.
Jetermines mavimum
Jynamic toad at cach
speed mnerement

input 1in dy namic load

caleulation

first three natural
trequencies of the
svstem

load. and on the

static transmission

error

frequency analvsis
on dynamic mesh
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TABLE [II.~PROGRAM

. . —
Program l.ubrication ‘ [teration Mesh damping | Planet gears | Face width Stiffness Damping |
! convergence rualio I phasing crowning i of peripheral of i
} wlerance . constant ) parameter : shafts peripheral J
} : ) : shafts J
PGT No : No ; Yes i No No " Yes. actual Yes. damping
| ‘ | suffness coefficient
I value entered entered
| | | |
— ; —
GRDYNMULT  Yes, chowce of ~Yes. number of | Yes 1 Yes { Yes. length of L No No
several oils in | terations. and | | face width crown, ‘
program, or convergence and edge relief |
"user defined oif | wolerance , are input ‘ I
| can be input | ‘ l
| | | |
. . ! . ' , . I . : 7 ]
[ELSGE Yes. user winputs | No Yes NiA i No | No No
ol type and : |
- propertss
DANST Yes. user can No Yes N/A No Yes, user inputs No

detfine one ot two

Hubrication models

avatlable

shaft diameter,
length. and
modulus for both
input and output

. shatts




INPU T OPTIONS

j.oad and Gear Errors Profile Planet ! Ring gear Floating sun
Jdriver mass material . moditications carrier l rim flexibility gear
sioment of ' tlexibility ‘
L mertia |
Yes Yes. Young's modulus. | Yes. planet phase | None indicated in No ‘ ! . Yes. sun center
Poisson’s ratio. matenial | angle error input. | documentation | I suffness and
density tooth protile error | I ‘ damping coefficient
input ! ; can be input
_ : ? ;
No Yes, Young's moduius. | Yes. tooth spacing | Yes. tooth profile | Yes. azimuthal | Yes. azimuthal Yes. sun center
" Potsson’s ratio. material | errors input, sun | modification shape, | planet carrier ring gear rim stiffness and
, density gear run-out length along stiffness can be | stiffness can be ' damping coefficient
errror. heli angle | tooth surface, and | input input : can be input
error magitude can be :
input i
—_— , ' +
No Yes. Young's medulus, | Yes. {00 point Yes. 100 point N/A N/A ‘ N/A
. Poisson’s ratio. matenal | array available for | array available for l
| density. specific heat, user defined tooth | user defined tooth
i thermal conductivity profile deviation | profile deviation .
— é 1 = 4
Yes , Yes. Young's modulus | Yes, 121 point Yes. tip relief N/A N/A N/A

! Poisson’s ratio. matenal
| density

array available for
user defined tooth
profile deviation

parameters can be
input for a linear
or parabolic
shape, or. user
can define shape

i using 121 point

i file deviation array




FABLE IV —PROGRAM OUTPUT QPTIONS

Program

PGT GRDYNMULT TELSGE DANST
Printed Printed as a tunctien ot Geometric preprocessor resulis Input data Echo Input data Echo
output cear roll aneie Involute modification tables Gear hite calculations Gear teeth detlectuon

natlable ® \esh suttness

® A fosh dvnaimie Loads

Input data Echo
Constants tor the tourth order
compliance tunction

Boundary conditions tteraton
results

Maximum values tor each mesh:
& Hertr stress

& Roop stress

* Dynunue toud tactor

& Flash temperature

® Dynamie PV

Syatem natural freguency results

Printed as 4 tunction ot
vontadt posiiion
* (Combined stittness
® Dyvnamic {oad tactor
& Hertz sress
o talm thichness
* Pimon wemperature
® (jear temperature
e Flush temperature—pinton
® Flash temperature —geuar
Other saiues printed
¢ Mosh natural freguency
® Manimum dynamie load
* Average mesh sutiness

St transmission error

Dy pamie tooth Joad

Fourier transtorm ot the dynamic
mesh Toads

Fourier transtorm ot the stauc
LransImission error

Plotted
sutput
avatlable

Plotted as a4 iunction of
zear rofl angle

® \Moeshosutiness

® Moesh dynamic aouds

Sun cedr conler mosedient

Plotted as 4 function of position
dlong line ot acuon

* Dyvnanue load tactor

Pressure siding veloaity (PV)
o Hertz stress

* Flash temperature

® Root stress—cach wear
Frequency anadvsis ot mesh loads
At cach mesh

. Plotted routine not gvatlable !
on Cray version

Plotted as a4 tunction of gear rell angie:
* Tooth detlection

* SWUC TANSMISSION error

* Tooth stittness

¢ Tooth loud sharing

e Coetficient ot friction

® Torsional torque

® Static and dynamic tooth loads

® Tooth root stress—year and pinion

Fourter transtorm plot of dynanuc mesh

loads
Fourter transtorm plot of the static
[ransmission error
Dynamice load factor plot for speed
surves run

FABLE V —GRDYNMULT-PGT COMPARISON RUNS MATRIX DESCRIPTION

[{nput torgue =

329 Nem 1300 ineiby tor ail runs.j

Run Input speed. Sun center Mesh damping Sun center
number rpm stittness rato, damping
Nm thoin. Nevm  thesn
I Uk 17500 - 1 - o P75t ]
2 000
3 600
4 OO0
N XKD v v
h RLY (N R 1 IO [ v v
- 17510100 1o, = o0 v 180 N
] 17510« 100 T o < qar a3 1~ st ;
Y v 17501 [T IV | LI i




TABLE VI.—SYSTEM DESCRIPTION AND NATURAL
FREQUENCY PREDICTION OF THE PLANETARY
GEAR TRAIN USED IN PGT--GRDYNMULT
COMPARISON RUNS

System description

System type .. ... Planetary
Diametral pitch ........ ... ... oL 8.4667
Pressure angle. deg. . ............. ... ... ........... 2258
Number of teeth

SUN . .. 14

Planets ....... ... ... .. ... ... . Lo 28

Rifg ..o 70
Number of planets . ... ... L 3
Face width. mm (in.)

Sun 30 (1.181))

planets .. ... ... 30 (1.1811)

FIME e 36 (1.4184)

TABLE VII.—SYSTEM DESCRIPTION AND NATURAL

FREQUENCY PREDICTIONS OF THE SINGLE MESH

SYSTEM USED IN GRDYNMULT—TELSGE—DANST
COMPARISON RUNS

System description

Systemtype...... .. ... Single mesh
Diametral pitch . ...................... ... .. 8.000
Pressure angle. deg . ........... ... ... ... .. 20
Number of teeth (pinion) . ......................... .. 28
Number of teeth (gear} ... ..................... ... .. 28
Face width, mm (in.) ....... ... ... ... ..... 6.35 (0.25)
Lubrication.................... ... ... ... MIL-1-23699

LNutural frequency predictions (from program GRDYNMULT)

Natural frequency predictions

N fn. Hz 2efn, Hz 3efn. Hz 4efn. Hz
1 144 288 432 576
2 765 1530 2295 3060
3 1020 2040 3060 ———
4 1416 2832 ——— ———
N 2378 —— - A
6 2513 S - S

N DANST GRDYNMULT TELSGE

fn. Hz | w. rpm | fn, Hz | w, rpm | fn. Hz | w, rpm

| 33 71 | 3963 | 8492 | 4788 | 10200
2 40 86 | oo | o | oo ] o
3| 4835 | 10382 - | ooeem SN

For PGT input only:

J (driver), NemesS (1n.elbes?) o 31075 (0.001)

1 dload). Nemes” (in.elbes™y ... . 13X 1076 40.001)
Input shaft stiffness. Nem (tbiin) ... ... 1.75 % 109 (10 x 10%)
Output shaft stiffness. Nem (Ibsin). ... .. 1.75x 107 (10 x 10%)
Input shaft damping. Nesim (tbesiin.) ... ... .. 0.175 (0.001)
{ Output shaft damping. Nes'm (lbes’ing .. ... .. 0.175 (0.001)

For DANST input only:

Jddriver) . oo o 1+ (pinion)
Joad)y ..o ls] (gear)
Input shaft diameter. mm ¢in.) ................ 5.08 (0.20)
Output shaft diameter. mm (in) .............. 5.08(0.20)
Input shaft length, mm ¢iny ... 381 (15.0)
Output shaft length. mm ¢Giney ... 0. 81 (15.0)

27




TABLE VIII-DANST-GRDYNMULT-TELSGE COMPARISON
RUNS MATRIX DESCRIPTION
[A = GRDYNMULT. B = DANST, and C = TELSGE.]

Run Input torque | Input speed. f Program used Rpeciul fun
number rpin in run notes
Nem | ine'h
Al B|C
1 203.4 | 1800 Varied X| X X (a. c)
2 71.8| 635 X X (a. ¢)
3 203.4 | 1800 l X| X} X (b, ¢)
4 71.81 635 X (b. ¢}
5 203.4 ] 1800 2000 X1 X| X ()
6 3000 X XX
7 4000 Xi X | X
8 5000 X[ XX
9 6000 X! X | X
10 7000 X1 X1 X
I 8000 X1 X X
12 71.8| 635 6000 XXX
13 135.6 | 1200 | X X X
14 271.2 | 2400 X| X! X
15 339.0 | 3000 1 X| X| X 1L
16 203.4 | 1800 X| X X £=0.03
17 71.81 635 2000 X X! X (c)
18 135.6 | 1200 X XX
19 271.2 | 2400 l X{X|X l
20 339.0 | 3000 X[ X1 X
21 203.4) 1800 5000 X X[ X £=0.03
22 X| X1 X £=0.07
23 1 l l X X X £=0.13
24 L X| x| x| g=017

“Maxmum dynamic load speed run: 2000 1o RO0O rpm. step = SO0 rpm
Maximum dy namic load speed run with np relicrs 0000 10 8000 rpm. step = SO0 rpm, tp
rebiet magmitude = D D178 mm (0.0007 ), parabolic form, apphied at 50 percent of
length from up to prch pont

“Unless otherwise noted. runs used 4 mesh damping rauo of 10 percent £ =0 1
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