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A comparison study was perforned on four gear dynamic Of all the gear dynamic programs developed at NASA. the
nalysis computer programs developed inder NASA/Army' programs TELSGE. GRDYNMULT. PGT. and DANST are
ponsorship. These programs are GRDYNMULT (a the most widely used. TELSGE was developed to study the
rmltimesh program applicable to a number of epicyclic effects of input parameters such as speed, load, and lubricant
,stems), TELSGE (a single mesh program). PGT (a oil type on predicted quantities such as dynamic tooth mesh
iultimesh program applicable to a planetary system with three loads, sutface temperatures, and lubricant film thickness in
ilanets). and DANST ia .N! :.h program). The a single mesh system (rets. I and 2). Gear failure modes such
apabilities and features, input and output options. and as scoring. pitting, and lubrication failures are directly related
echnical aspects of the programs were reviewed and to these predicted parameters. GRDYNMULT was developed
,ompared. Results are presented in a concise tabular form. to predict parameters such as tooth mesh loads, tooth stresses.
)arainetric studies of the program models were performed to and surface damage factors under a variety of input conditions
nvestigate th,' predicted results of the programs as input for a single mesh. or multiple mesh epicyclic system (refs. 3
)arameters such as speed, torque. and mesh damping were to 5). These parameters have a direct effect on failure modes
:aried. such as tooth breakage, scoring, and pitting. The program PGT

In general, the program models predicted similar dynamic was developed for the dynamic analysis of a three planet
oad and stress levels as operating conditions were varied. planetary gear system under a variety of input conditions
'lash temperature predictions from programs GRDYNMULT (ref. 6). The magnitude of the dynamic mesh load output from
md TELSGE indicated similar trends: howe'er, actual values PGT indirectly influences the probability of tooth failure by
Aere not in close agreement. The program GRDYNMULT breakage. The program DANST was developed to study the
,as found to be the most versatile in system size, type, and effects of input parameters such as tooth profile modifications
mnalysis capabilities. The programs DANST. TELSGE, and and external shaft and mass magnitudes on predicted dynamic
3GT are more specialized for specific systems: however, in loads and stresses ot a singie mesh system (rels. ? to 9). The
;pecific areas they provide a more detailed treatment than tooth root stress parameter predicted is a critical factor in
3RDYNMULT. 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

Introduction four gear dynamic programs introduced above, and to provide
some program verifications through direct comparisons. The

Since the late 19th century. gearing has become the simplest report is divided into two main sections. The first section
,nd most efficient means of transmitting mechanical power. reviews the capabilities, input and output options, and technical
Sears can be found in almost every application involving aspects of the programs studied, and presents the results in
nechanical power transfer, and are usually considered a a concise tabular form. The second section reviews comparison
:ritical link in the power chain of that system. Because of this. runs that were performed to compare the results obtained from
,ear designers are highly concerned with gear lifo ind reli- '.ach program using common input model,, and parameters.
ibility. In industrial applications this concern is alleviated to Finally. some concluding remarks are presented which
iome degree by over designing the gears. sacrificing cost. and generalize the results of the total comparison study.
ncreasing weight. However, in aerospace applications, where
weight and size are premiums, gear systems are usually
lesigned close to their projected limits. As a result, a number Program Features and Models
)f computcr program:; have been developed in an effort to 13
,redict parameters such as dynamic load, surface damage, and Research on each program wvas conducted to obtain the
;urfaLe temperature, that are integral factors in various gear genmral and technical fe'-tures of the programs on an individual
'ailure modes. Sevral (if those vro ,,rnS h-in b'zs n d&-coped and collective comparison basis. Program features.
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capabilities, and options were tabulated in an effort to provide 2.0 -

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 types, and supporting 1.6

documentation. Table II gives a direct comparison among the _
programs of the type and nature of the parameters calculated 1.2

by each. A comparison of the input options available fbr each
program with some basic descriptions of these options are
presented in table II. Finally, table IV ives information on ) .8
the printed and plotted output options available with these
programs. In the following sections general program features, .4

as presented in tables I to IV. are discussed, along with the
various analytical models used in the programs. (a)

0
DISTANCE ALONG LINE OF ACTION

General Capabilities, and Features
2.0-

Program PGT.-The program PGT (dynamics of Planetary

Gear Trains) (ref. 6) is a gear dynamic analysis program for
a three planet planetary spur gear system. PGT is capable of 1.6

modeling a planetary gear train with input and output shafts
and masses. It calculates dynamic mesh loads and combined
stiffness for each mesh as a function of roll angle. PGT also 12
calculates the sun center movement in the plane perpendicular g
to the sun gear axis. Along with the standard input parameters, - .8
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 .4

of this program are its ability to include input and output
peripherals in the analysis and to calculate the movement of 0
the sun -ear center. The major limitation of this program is DISTANCE ALONG AINE OF ACION

that it can only be applied to a three planet system. Sample
plotted outputs 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 I of run 1 in
table V. The dynamic h ad factoi 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 E
complete steady state revolution. It should be noted at this time
that program PGT is not in an easily runable format. Some

S 0
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
dynamic analysis program with the capabilities to model a
variety ot gear Lpc. arid gear train systems. GRDYNMULT
is capable of modeling single mesh, p1ao ~ry, star. and
differential systems with a maximum of 20 planets. This k C
program can model spur or helical gear types, along with .00o0,C OOS0 ,OO0S
involute or buttress tooth forms. GRDYNMULT is capable x-DISPLACM-NT. m

of calculating a number of variables such as dynamic mesh
load,,. tooth root stresses. hertz stresses, flash tempeiatures. (hi) Ring'planet toolh loads mesh I.

etc.. as shown in table II. As illustrated in table Il1, () Sun entcr m\ement.
nonstandard parameters such as tooth spacing errors, tooth Figure I-PGT ,auple plotted output Input torque 33.9 N.-n input

profile modifications, sun center stiffness and damping. etc., speed - 4t1X) rpm



)e input in the program. The major feature of this program scoring. The flash temperature plots represent the
variety in the type of calculations available, and the instantaneous gear surface temperature, and the hertz stress

ber of gear train svstems it can be applied to. The major is the local contact pressure. The planet, ring. and sun Lear
:ation of this program is that it cannot include, in the stress plots refer to the tooth root stresses. The plots associated
nmic analysis. ti effects of input and output peripherals with GRDYNMULT appear different from those of other
:ally present in actual gear systems. programs because GRDYNMULT presents only half of the
imple output plots from GRDYNMULT are given in tooth contact cycle. and the plot includes more than one too.th
res 2 and 3. These plots are for the ring!planet, sun/planet pair if more than one pair are in contact. Subsequent plots from
h associated with planet number I of comparison run I GRDYNMULT have been replotted for easier comparison
tble V. The first plot in each figure is the dynamic load with the other programs.
:r for the mesh. The PV plot represents the product of Program TELSGE.-The program TELSGE (Thermal
ocal contact stress and the sliding velocity. The PV product Elasto-Hydrodynamic Lubrication of Spur Gears) (ref. 1) is
sed in analyzing surface damage possibilities, such as a dynamic analysis program for a single mesh spur gear
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(at D. ,nm, load plo,L (h PV phol.
(,:)(Contao{ stress' plot (d) F~lash temperature p!ol

(ei RmL, gear toth root stress, plot. (I) Planet gear tooth root stress Plot,

h,-gurc 3. -GRDYN It'I.T sample plotted output of ring planlt Mesh I ,Input torqueC -33.9 N-ni. h11Lu speed = 4000) rpm.

,,Nstcnm. As illustrated in table 1[. TELSGE is capable of gr,.The mnajor limitation of this prograrn is that it applies
calculating variabhles such ajs film thicknes.s. flash and orel to a single inesh systemn. Sample plotted outpults of'
equilibrium surface temperatures, dynamic miesh loads. and TELSGE Lire given in f'ig-ures 4 and 5. The plots shown were
hert! ,tresses. etc., which are important parameters in gear constructed using' a postprocessing graphics programn, as the
tooth surface fai' ure models. TELSGE predicts fatigue life of current CRAY version of TEILSGE does not havec a plotting
the gears based on these calculated variables. Additional input routine.
paranmeters to r FE LS CF include tooth profile Program DANST.-The programn DANST (Dynanlic
error/moditication arrayI thermal and viscous properties of ANalysis of' Spur gear Transmissions) (ref. 9) is a dynamic
the lubricant. etc., as seen in table Ill. The major feature of analy sis program for a single mesh spur gear systemn. DANST
this program is its comprehensive treatmecnt of the dynamnic is capable of modeling a system with input and output
and thermal effects of the lubricant on the resulting life of the peripherals included in the analysis. As illustrated in table 11,

. ... . = - ~ ~ mm el imllo llll ij 
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il tD)\nmc load plot. (b) Contact stre,', plot.

ic) Comhoed to,)th stitffles, plot. (di Film thickness plot.

Figure 4.-TELSGE sample plotted output. Input torque = 203.4 N.m: input speed = 60(X) rpm.
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XNST is capable of' calCUliting dN namic mlesh loads, root of* hoth the static transmission error and the dx namnie tooth
esses, combbned stiffness. etc., as a Ifunetion of' contact loads. These plots, can he LisCfU~ wkhen c oir incu the anlal\ tical

sto.Al'ing .ith standard inlput parameters, DANST results with test results in the f'rccquenex domain.
o. input of a1 User defined tooth profile de\ iation arrax

ndairdized tooth profile miodifications, input and outpuI't shaft 1rorm lodl,
of nmas daia, etc.. as seen in table Ill. Thie mla 'jor feature Irgai Id~
this program is, the detailed tooth profile error mlodification lAnamic models.-To describe the dy namics of the sx stems.

put available to the User. A major limitation of this. prograim each programl uIses diftcerential equatio01n of miotion based onl
that it applies, onl\ to a singfle nilesh sx stefin. Sa in ple p lotted mi at henma ticalI models sim ukiatinuc the \a rius masses. sprimrig.,
itputIS f'rom DANST are cix en in ficures 6 and 7. As seen and daii ig present inl the actual systems. T he mathematical
f -igure 6. DANSI pro\vides at plot of* the FoUrier transfk0-im model Used inl PGT is showo n in figure 8. As depicted in this
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Cearh shat, and erisne. he ifn s. i asrj and hoei n effe lmdea too ton,, e(ror a a Thneonoeiat%

dall ni- associated %.ith the input shaft and dri% er and Output Position.
satand dris e dC\ CC arc also0 Included InT the Model. FiLcure Toooh root stresvs models. -Of' the four programns

9IlustratesMC the Model used in thie programr 6RI)YNN1 1. IA. ink~estiipated, onlN (IR DY NNI till and DA NST are capable
e ish stiftness and damlpine-. and Sun Centelrtli~,ad of acltn ot root stresses. Both progranlIs use the

damllping. are presented similark as in the PG&I mi idel.As miodified Hevs~ood f'ortaula tor tooth stress .sens.iti\ its as uiven
selilfic-urc 9). additional sprines representing-- flexihilitics in referece II. The modified He\ skood fkrimUla calculates

btecin rinLe iecar rimi seLnients and hets cen planet carrier th maximumn root stress as a fuLnction of tooth contact position.
Nvcnmcnts arc included in the GRI)YN NI 11. model. Ficurers mesh load, face woidth. stress concentration factor 4!the fillet.

MadIIre:present the models for proe-rams, TI-S(,I and anld basic tooth geotrietrs. The f'ormula is, also capable of'
DS.rcespectis el' . As seen in figuro- I I. the I)ANST miodel pre1dictinU the location of the maximlum root stress on the tooth

inclujdes the Mnass and elastic data Of the input adOutput fillet. The modified H-{e\Aood fornmula expresses the root stress
peripherals,. *\Apin. the miesh sprincs represent thle ci nibilned as a linear function of' the applied load. It wats fouLnd that the
stiffnec., of the Layd teeth in inesh . F or at miore thor-ough- formula predicts the nimimum tensile root stress s% ithin about
dvcerirition of the ilndi% Idual moIdels and the iterat', c methods 5 percent of finite-ecnient and other analss mnethods
used ito solse the resultinL differential equions11. refer to h (r1.1IT
,UpportitiL docuIncntatii ii for each program as giseni In table I. Input error mnodels. -Actual -,car sy stems inherentlN has c

Toothi stiffnless models. - iii rtiidel the cotnplex stitness one iir niore ty pes oi! errors, present. In an attem)pt toi tmore
of gear teeth during iesh . all i f the pri iramns use, at nonlinear aceuratel moidel actual systemis, all of the programs have
tooth compliance mo del. Proicramos TfL-[S(if., (RDYN%11: 1J1. provrided soic nicans of ineluding errors inherent in these
and I)A \S' use R. W Cornel's noinlinear cominpliance Model sx stemns. The progratm GRDYNMI.T allosss three types of'
I ref*. 10fi that felt-11ates tiioth stiffness as a furitin iif position errors to be input. These arc; sun runloUt error, helix ant-le
ali in the line if icttioin. This co mpliance Mo del is based i n err-ors, and tooth errors.The sun runlout error, applicable to
a cotmbinatiiin if the stiffness (It the tooth as, aj cantilever beami. a sitiLJ( niesh systemn imnls .cons erts a sun center displacement
local hert/ ci ntackt ciiiiprecsiiti. and fillet atid tooth foundatiotn input itoi a sint.soi0dal tiiith spacing error arra% tii simulate
flcxibilit\ effects, All ift the aiis\C except the local Contact errors associated \k ith eccentrical1ls mrtiafCtUw-d gears. T[he

8
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/ E AR allows two types of' error to be input, phase error and tooth

error. The phase error is a constant lead. or lag, tangential
positioning error of the planiets. representing- planet asscnoi
inaccuracies. The tooth error consists of a sinusoidal error
imposed on the tooth profile with the amplitude defined by
tile user. This error models gear tooth profile manutacturing

process errors. Ilh1 single mesh programs (TELSGE and
DANST) have available tooth profile deviation arra,,s.
Deviations from the true involute profile can he defined by

-Mt H 1 I 5 I , AN)D IN)Plnh inputting the corresponding arra. Tooth spacing error can

f -,mc I' i'r,rtm, I I( FI 6 ,\,Icm idcl he simulated b' inputting a constant deviation along the tooth

profile.
Profile modification. - Profile modifications are often uscd

DR IVI P I VI N )II11111 in gears to lessen engagement impacts in attempts to reduce
WI AR ( AR MA'., noise and \ ihration in gear sI"stIlus. The programs

GRDYNMI.-I, TELSGE. and DANST allow some form of
modification to the tooth profile. GRDYNMUIT incorporates
an equation that allows the user to input the deviation

magnitude at the tip. length of the nodification on the tooth

SHAI [ . l StII' E I pro file, and tile shape of the modification curve. To determine
Ift-./S M! El fI I I NE Y I IlFI NEIS the profile modification curve a shape factor i, input. The
OF ING-" AN)I DAMPIN{, AN) IAMPIN, dc0'tult shape factor (0) produces a parabolic protfile

r I'r,,ran I)ANS1 ,.icrdel 1nodification. A linear proftilc modification can he
appromited with this equation v, ith a shape factor of -0.5.

gle errors allow the user to input a constant angular Other shape,, associated w\ ith different shape factors are given
r each mesh for single and double helical gears. The in reference I 1. DANST allows toao standard profile
rors are comprised of tooth error arra\ s on five teeth modifications and at user deltried shape to he input. A standard
sun/planet, ring/planet mesh. This tooth error input linear or parabolic tooth profile modification can be chosen

its the statistical surn of tooth pitch error, profile error. ,a ith the tip deviation magnitude and modification length along
(or planet phasing) error. The tooth error is constant the tooth profile input hy the user. 13\ virtue ofthe tooth profile

Ec profile of the tooth. The program PGT in'lirectlv deviation arrays discussed earlier, other user defined profile



11iui 11icatioi ca he input InII ).\N ' T P- Tr m 171SGi also (oakl spcctls bect r ci PG! andi CR!)Y'N XI I 'L couil hc dlie
llo\\ s proilc nIdiotications to bic input O\ \ irtuce ot its tooth to tile dittcrcnt Inesh stiltnIcss IOL iuo cu ;nl carch proeram.
11rOti1 IC\ es aon arras Standardl-k profile iolificatioris suIch Fwic 13 is, tile sanIIC plot1 as 1fie1.rc 12 ceccpt that tile
jlincar arid pajrabolic must~ he akikcil point h\ Poll,[ ill thle ita'i imumvyi planct iicsh Iois arc plottc, Com par11Sil ot

irras tikLnrcs 12 andI~ 13 ShOkk the sJItic trnd. sith thle cecptiOnl
that the rino planet Plots shOkk al trLich Poorer corrclatiIi
bcrss ccn thc t'A o progirms

U ni parisoll Runs St udy, A Col npa (i sil (it' (tc (1\ llini ic Iiicsh load p'')ts fro in ach
program throuL1h one tooth rncsh eclcI at input speed,. of 4(X$).

Short Ot uISIng' C\pellCr itl data. tile Most cItcc~kti\C c s a 60001(. andL 80(l) rpmn arc illu-strarcd inl tIlltrcs 14. 15. and. 10.
)I conparIi, .-0omPncr proolrains1 in' It) corlparlC thIcir output rcspcctIsch .As seen inl t-1iurcs 14 andI 16. thc sunl planet meshQ
-Csulms bascd onl COiMnoir input s aIlcs. Inl timis studsk tilc loa plots arc s cry sirnlai in t'rm bctssccr th-, tso progmis.
11-1 rariJMS kserc opci~itcdj [IsIrh- eoilori inod(cl' andh input1 The rin-, planct nic'h load plots Arc dissimilar inl both lm
-iaraimictcrs % Whc c poss ihlc. runs \k hcrc pcrlriuc k% ith andl( ruTitudilKc. 1-i21.urc1 I futhcr illustr11acs thec dicrcpancv
,iranictcrs such as pctf. load,. andl mesh dlampinw s ax icd] inl betscrm h tilesko programs at rhc 611(0-r-pm inlput spced. Hcrc
)rir - to obtain Pr0ograiri1 com1parisons os cr aI broad( spCCtrLrIII PCI is shloks n to prcdlict tooth scparatioo ss ith a niamiiurn
At iripLit [[)Piron. ilu parainctct,'r :oinnion to at ceast tss 0

prgrimssuh as stnci cr sXrIte ltss kcrc also s aricd b
01C :olIpIr' onl. IDnc to thle naturc of thc programs. tks I\ trPCs

ol inpir imoicls ss crc rcL(Juircdf a planctitrs s% stcm k\ ]ih thrcc
planiets. mudi a sinllc Ilicshl s\ srcml. A discussionl of- thce
L01iipiisoii stid c's.'s arlc thns gIoLuPCdI LiindIcr thiosc rMsO ~

I1Iaiictan- S~ stcm Runs - --- 0

BItcaLIsc Ot the 's stcm limitations ofi thc priogram PC!'. a
three Pliriet PLINCItlr\ sk IU kkm uI as C~ 1se lloiparc prierains
PG Fr and~ CR I Y N \I I ihlalc VI gis cs, a dcscription of (tic -__

planctar\ iiiodc 11scd ill tilc anals sis. alon11 k ith tilc lidainpcd ! AI NMOf

-MtUral trc(.uLclieics of the '.s [Clll. as ealIcnLaLtcd h\

GRI)Y t 1, 1 . A,,'\ sccn !ii table \TI to minimiic tcniue c (LI1C _________ - -/ j( O)

oftmhc input11 andk iintput pCrIPflCrdils (PG [ ile arhalksiN. [ NUIlf RP SM

c,%tcrnal shalt dlaipineo andl mass Iinits of* Incrtia \s crc tir 2 (.p ~.i b~~IIjlGIiNli.\~sm

imMniMI.cd. andI esrcrma shaf ,t stitiness \ alucs kkcrc itiavimi/cd. d I J Idf.'. 11 J iiT3iii ii Spill III PCCI tor ic 'tr il HIC'h
Ilabic V dJocunicults thce Comparison runsl, inatri Uscd. 1inpo 101c -1 33 '1 1 t1i INC TLM. I h, S)
ilhinstralTIme kk hidiJ pararnctcrs ss crc k aricd et ifhci

ci rrcsponding- saIltics I )ti 1 i LliulIt ics, cstpecricccd ss ith thle C
p oiurau P(;T arid ss ith thc HPl 1(000( COiupntcr s\kstcrn. only'
ninc cililparislir runs, kkcrc athoccd IVntortLInatcl tisl, docs
iiit alliiss a dctailcdi .omiparisonl ito bc niadlc: osc r soic
Lcncral iubxcrsatiuins :an bc draski . I1iscissiurms On tilc s ar0ioS
prur.iictrite rkuas, arc -,ikcn boss . '2

,S;peed r'afltififl rus. --- onup-ire tilic dcer~ if Input spcd
(in thc iailailil ds F,11 naruic loa totr. tluc programs sscrc runI
uuscr a ranec (it sjcckis froim -4000) Io 80001 rpmi. Fi'mguue 12 Is

a Plot (if (tic niaminm I\ n-iriic load factiir f-or thc stil planlet

iiich a a lnton t iput spccd. as, pr-cdi:ccd br both

prot-rans. As sccn in this Iiuc oth prograrms shiuss -iiid '

ciorrelationr cept at 604) rpmi input spccd., s hcrc PG --FNu
prcdi .ts a pcak, t, narnic lowd. (IRI)N\I1'i1 prcu ,1- a pcakl 1 10 /00
,it thc 244 4-ruinput specd po~int. As sccr, in tablc VI, this I il 1i ', I .i, m

po int 1$ 10 rprm. 1633 H/ I is ks thi 7 pcrccnt iof thc sceund A'I (nl 2' or''11' iN. ( di.: (IRtY)\t t, t 1j;J~
hariinm I the scondi natural frcqiucncx ( 15310 H/t. as ,, h id 13 ' hi'likiji I li1 1111111 1,. ic, rii',- pmliv me10 l

prkdm i. kK (IRI)YNMIIT.. h dliffl'ercneec in pr'. mtedl peals tupil 'p 's -i. , Lihl \ vii, I to.;
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1 Nt however, some general trends can he deduced and compared
ONIA( I I Nin 0, using these plots. As seen in figure 17, trend results fro) the

Mf I ON two prcgrams do not fully agree. PGT favors a relatively stiff
sun center for a minimum dynamic load 1actor. whereas

._. GRDYNMULT indicates an optimum sun center stiffness
17N exists between the two extremes. Similar plots for the

ON; ... rin./planet mesh are illustrated in figure 18. Some trends can

2.0 -- -- ('(ii

2.0 - Psi - - hR[)YNMIHl I

(R[)YNMUI I

1.0 -

IP- -£2 - .. . . .-

.4

.AJN CI Nil R S I I N ;, N/m

% .1 1 10x10 6

,IN (f NIfR r irNtS , I I/IN.

1.2 > / F urc I 7--(Iomparison olt programs PG i'. nd GRD)YNMU1_ N i:tir mum

,onaruc load lactor a'. a Ilnction lI ,un ccncbrnitness reic sunplanci

mc,h. tnpu itrque 33 9 N.m. input ,pccd 4(X) rpm (Table V. runs

- h. and 91

-.. %/ --.. GR
DiYNMU( I

0

1)lIANi WIONf, I Ni (M Af, I ION

,I, P(;F and GR DYN \i[ I u pIL anCt n:Ch
(h) PtT and (,Rt)YNMI'I.1' rim: piani mcsh. - -0

I nurc 1t, (,,mpari,,n it prqzranll, P( J and GRI)YN I'ILF i ) u., k
(,ati( (tonk r ie, a iufino ,f . lfIn po,ilu in input t: te 3 q .\m -

Inpul ,pccd (11H rpm I I AhhC V. rU 5M

d. namic foad factor in excess of 2.8. Again. the apparent
difference in systeni critical speeds could he due to different 0 .
mesh stiffness nmdels. It is not known at this timc whx the V. ,I , 1/,lT.0XOIb

ring planet mesh loads experienced a poorer correlation than YIN f R N m H I NI 55. N/M

the sun planet mesh loads.
Sun center stiffness runs..-Thc sun center stiffness input [j. -

was varied in each program to compare sun center l1cihilim . 1 N HlO(0

effect- on the maximum dynamic load factor. Figure 17 plot s tJ0 ( NIp R 'a: It I Nf it/:, I /IN.

I Iul' IN Cmlpal S m I Ii (g 'GT and (;R)))' \1t I'1 Ma~lmuhl
the relative effects on the maximum dxnan ic load for tile h I, I: ip, , 14) Irga I pf r id ( tic .T a nodM ,11, hlJll I JI M IN l , 1 s ~ ,I .. )tlth t -)I sun (,xvier +snlhlc++s for liftc ring[ p'lalno'

sun planet mesh for three sun center stiffness values. Three Mchl thlpull huILIc I 1 9 Nom. inpul , . ,d 4, ( rpm (Fabic V, run,

points are not enough to provide a thorough comparison I. 6, and 91j



be seen in this fig2ure: howke\ er. tile\ are not prominent enough for the ring/planet mesh arc HiluStrated in) figure 20, The trends
to dra%% am\ conliiw ons. seen in figure 20 arc similar to those noted inl figure 19:

Damping runs.-The mnesh damrpino ratio and Sun Center- hokx\ vr. the\ are nlot prominent enough to clrak anm
damping Coefficient( wrer changed ft co mpare the r:SL tine coniclusions from them.
eff ects onl thle inaxiillnuni d\ynamic load factor Calculated by each Sim ceniter tnovement.--Suin centecr moveenis Icalculated
program . Figure 19) illustrates the effects on the mlax mnuml bs program PGT only. thus no comparison can he made with
d\ namic load factor of the SUn'planet mesh at an input speed of' 'RDYN M ULT. PCI predictions of the stil center
4000) rpmi as mnesh and Sun center clamping wkere changed. As displacemnent. hoeeproved interesting and are discussed
seen in this tllic. both progris shokk an increase in dynlamlic helow. Figure 21 illustrates the sun center rmemnent for (me
load 0.() percent for GRDYNMU 1' . 12.1I percent for PGT) revolution at a variety of input speeds. The mlaximumlll
as the mesh datiping ratio \ alue is decreased fronm 0). 10 to displacement Of thle suLn center is seen to occur at 01)0-rpmn
0.03. No significaril Change wkas noted in either program as, input Speed. thle Samle as with the mlaXinini dynamic load
the sun center clamping coefficient \\ a,, chang-ed. Sinmilar plots factor. As the speed increases, thle suin center displacement

approaches a pattern resembling shaft wvhirl. As expected. the
sUn center nmemient decreases wkith increasing, sun center

-~ Istiffness (see fig. 22). A decrease in miesh damping (from 0. 10
~ i~~iY~i ~to 0.03) results in an increase in sun center displacement of

more than two timies, as sho~ n in figure 23. Also illustrated

0 ~ in this figure. a change in thle Sun center damping coefficient
had no effect onl the sun center displacement at this input spee.

~ I Single Mesh Runs

0 __- Because of the sk'stem limitations (ifD1ANST and TELSGE.
Mi Sit (AMP I Ya single mresh systmI was used to compare programs

'A110 'msi m 0i. V) 0. 10 0.01 GRDYNMIULT. TELSGE. and DANSI. Table VII gives a
!0iN H NilR description of the single mesh model used in the analysis ln

FiAMP I NIksao i

CO( 1( ( Ni. wkith the undamped natural frequencies (if the systeml Calculated
YN' N.,,/m byr each programn. As seen in this table. the programs predicted

N .~ ~. ): U'i (0. 7) 1.1,0 ill. 02 1/.',i (0.11 similar natural frequencies for the single mnesh svstemu (all
ceI') ( mIfp.iri oni 1 iprorsim' Pti and GRIY t LT'. \ti\mIIIumI within 13 percent of the calculated average of 4532 Hz). Of
unic im load F sic,ii at~ ChITa daiiip1in4 LIIIOI tIii 01i C Lli ii 0eW the three programs. on lv DAN ST includes external shafts and
nwhII iii rli 33rpi 9 N-II ItIitLi .PCiCII 41 N) rpii I [.ic V. rn,. masses in the st vsteim dvna mlcs. To ma inta in an equal

. aind X)comparison basis anmong th .e three proigrams, it was necessary

to mninimize the influence (if the peripheral miasses in program
DANSI. This wkas accomplished by using highlyr flexible input
and output shafts in the program. In the planetary s\seiruns

S I RI)YNIJ i program PGT used short. highly rig-id shafts koith small
peripheral miass inertias to minimize their effects (in the systeml

~ 2~-dynamics. This method did not work as \vell with program

r-o- [0 DANSI. thus the opposite approach of flexible shafts wa\,s used
' I ~ to isoilate the peripheral tmass inertias troum the mesh dynamiics.

Ip Filure 24 illustrates the etfect of' varying thle magnitulde (if

I I the peripheral masses on the maximnuml dynamnic load factor.

0 its predicted by programn DANST wkith the flexible shaft
"Il DH AMP I NG ~- config'uration. As senin this i-iiure, the d\ynamic load fac'tor

RAI 10, 0.10i 0, 10 00 1 chne i~ml~ kth peripheral mass changes, indicating
"OlN HN~IN good isolat ion of the miesh dy namics wkith this configuration.

DiAMP IN6 Table Vill documents the comparison runs mnatrix used,
IO (ti /tmi illutrating ,khich para mneters were s aried and their

i . 0/iN. I1* /.r (i0, 1i 1.'0 (0.012) 1. ,1 i0. 1i correspoinding aIlues. [)iscussions comparing the effects, (if'
the vairious pa ramtetri c runs. on tihe v ariables Calculated b\ thle

hirc 2ii4i Coirii kn ,11 p~rit 11iiin ,I ilin (iD NMI Tu Fi MimilmI programs are given helm%.
d1in od atra wNiii napti-i oipeed on uR rIii th rin PLM J.inriclodfato- vri

tnpii ilquc ;1 e.Iptpc ( rri (Iim '. timi. ofailifico.A\aitI ilput speedsand tiirques,
I , 7, Itld 8) s ere used to compare thle relativec effects of speed and load
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(Table V. runs I. 6, and 9). damping ,alues. Input torque 33.9 N.m; input speed = 4(XX) rpm

(Tahle V. runs I. 7. and 81
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Figure 25.-Comparison of program GRDYNMULT. DANST. and TELSE. CONA '-IN ACIO

DI~iA(,F AONG LNE ACAC ION

Maximum dynamic load factor as function of input speed. Input torque
= 203.4 Nim (Table VIII, run I5.

II. C IN .. I.on the dynamic load factor as calculated by each program. CONTACT-S /2"./
Maximum dynamic load factors are plotted as a function of 0
input speed for an input load of 203.4 N.m (1800 in.lb) in
figure 25. As seen in this figure. all three programs show good
correlation (average difference within 5 percent) except at5500 rpm. where TELSGE results diverge. This speed is GRDYNMUtTwithin 8 percent of the speed corresponding to the half .6 --- DANSI

TE-- EE
harmonic of the natural frequency predicted by TELSGE(5130 rpm). This half harmonic phenomenon is also seen in 2- /programs GRDYNMULT and DANST. although at a lesser AC.Odegree. 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 C -/peak dynamic load point. The corresponding half harmonicspeed of program GRDYNMULT (4246 rpm) is within 15 0 0 e a?

percent of the peak dynamic load point. Because the mesh DISTANCE A-ONG -INE OE AC-TIONstiffness varies with tooth position during mesh, the predicted Figure 27.-Comparison of pgrams GRDYNMULT, DANST, and TELSGE.
natural frequencies are only estimates of the actual values, Dynamic load factor as function of contact position. Input torque
based on assumed constant mesh stiffness quantities. A = 203.4 N.m: input speed = 4000 rpm (Table VIII. run 7).
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Figure 30.-Comparison of prograns GRI)YNMUL.T. DANST. and TESGE.
NMaximm dvnamic load factor as function of input torque at 200)-rpm

- NNinput speed (Table VIII. runs 5. 17-20.

.8 - . /

.4 0- GRDYNMULI
=: --1..-0 DANSI

0~~~~~~T I _,0 -,~,-T[SGF

0
-z12 0 z12 1.25

DISTANCE ALONG LINE OF ACTION .
0 1.00 -

Figure 28.--Comparison of programs GRDYNMULT. DANST, and TELSGE. ,.00

D.namic load factor as function of contact position. Input torque .75

-203.4 N.m: input speed 6000 rpm (Table Vill. run 9)0 I I I I
50 100 150 200 250 300 350

INPUT TORQUE, N.M

I I I I I |
.50 1.00 1.50 2.00 2.50 3.00x10

3

[N) INPUT TORQUE, IN.LB

CONfAC[_ L IN[ T) Figure 31.-Comparison of progrnms GRDYNMULT. DANST. and TELSGE.
- ACTION Maximum dynatnic load factor as function of input torque at 6000-rpm

input speed (Table Vill. runs 12-16).

Bf G IN comparison of the actual dynamic load plots from each
CO.NIACI -z/2-J 1/ , program for a variety of speeds can be seen in figures 26 to

0 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

GRDYNMULI fluctuations as the input speed increases, and a condition close
1.6 - DANST to tooth separation at the 8000 rpm input speed (fig. 29).

TELSGE Figures 30 and 31 are plots of the maximum dynamic load

g _? . "factor as a function of input torque for input speeds of 20001 .2 -

and 6000 rpm. respectively. As seen in these figures. the
.8 programs predict a fairly constant dynamic load factor regard-

less of the input torque value. This is as expected since the
4 -dynamic and static load are both linear functions of the input

torque.
0 I Tooth root stress.-Tooth root stress was another variable

-z12 0 z12 compared using a variety of input loads and torques. As illus-
DISTANCE ALONG LINE OF ACTION trated in figure 32, the maximum root stress predicted by

Figure 29.-Comparison of programs GRDYNMULT. DANST. d TELSGE. DANST and GRDYNMULT correlate reasonably well through
Dynamic load factor as function of contact position. Input torque the speed range, showing similar form and magnitudes that

- 203.4 N-m input speed = 8000 rpm (Table Vill, run I1). disagree only slightly (average difference within 16 percent).
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Figure 32.-C tnparison 0f programs GRDYNMUI.T and DANST. Mast- 00 0 10 20 20 50 50

500 100S 100 20 5 0 5

mrunt loolth rent stres'. as function ot input speed, Input torque INPUt TORQUE. N.M

=203.4 N~m (Table VIII. runs 5-Il).
2 0I I I I I

1400xi0
6  

.50 1.00 1.50 2.00 2.50 8.00x10
3

INPUT INPU TORQUE. N.M
1200 FFigure 34.-Comparison of programs GRDVNMUI.T and DANST. Maxi-

"160 -mutt tooth root stress as function o itput torque at 6TR-rpUE input

z speed (Table VIII. runs 9. 12-16).

,.~ 20 00
120 800 .35x106 2.5x109

G600 /

80- cD 2. -

20400 r"-
200 -- 0-- DANST

~.15 1 _ _ _ __ _ _ _

0____________________ 2000 3000 4000 5000 6000 7000 8000
50 100 150 200 250 300 350 INPUT SPEED, RPM

INPUI TORQUE, N.M Figure 35.-Comparison of prograns GRDYNMULT and TIELSGE. Maxi-

mum Hertz stress as function of input speed. Input torque = 203.4 N.-n

I I I I I I oolfablr'*e VIII. runs 5-Il).

.5 0 1. 00 1. 50 2. 00 2.50 5.00X10
3

INPUT TORQUE, IN.-.L

Figure 33.-Conparison of progrants GRDYNMULT and DANST. Maxi- 3.0xi0
9

mum tooth root stress as function of input torque at 20(W)-rpm input .40x10
6

speed (Table Vill. runs 5. 17-20). 2.5

E .30 N
As expected, both show peak values at the 5000 rpm data point. 2.0

Figures 33 and 34 plot the maximum tooth root stress as a . 1.

function of input torque at input speeds of 2000 and 6000 rpm, .20

respectively. As seen in these figures, both programs show 1.0 -U

the tooth root stress to be relatively linear with input torque. ' .10 [ (YISE I
This is expected since both use a form of the modified S

Heywood formula which gives tooth root stress as a linear 0 -- 0 F _______
function of applied load. 50 100 150 200 A50 S00 350

INPUI TORQU. N.M

Contact stress. -The local contact pressure, or hertz stress.
is calculated by programs TELSGE and GRDYNMULT. As
seen in figure 35. both programs show similar trends and .50 1.00 1.0 2.00 2.50 3.00X10i

values (average difference within 4 percent) with input speed INPUT 1ROUE, IN.-I

with the exception of the TELSGE results between 5000 and Figure 36-Conparison ofprogratus URDYNMULT and TELSGF. Maxi-

6000 rpm. Here, due to the close proximity of the half rnum Hertz stress function of input torque at 20[0-rpm input speed

harmonic of the system. TELSGE would not converge. Both (Table VIII, runs 5. 17-20).
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50 100 150 200 250 300 350 Figure 39. -Comparison of programs GRDYNMULT and TELSGIT. Maxi-
INPUT TORQUE. N.M mum flash temperature as function of input torque at 2(00-rpm input

speed (Table VIII, runs 5. 17-20).

I I I I
.50 1.00 1.50 2.00 2.50 3.00x10

3  
700 650 -

INPUI TORQUE, IN.LB 2600K 0 - GRDYNMUL

Fiure 7. -Corparison ofprograms GRDYNMULT and TELSGE. Maxi- 
600 - ----- ELSG.

-550-
mum Hert, stress as tunction of input torque at 60(X0-rpm input speed 500 0

,Table ViII. run, 12-Wbm. 500 .__ 400 - 0
'150

00 600 40 --500 A 502

550 - 200 350 _6-50-50 12 150 700 250 300 550
2 500 INPUT TORQUE. N.M

4100 - =
450

-300 -. 0 "------5 I I I I I
k 400 .50 1.00 1.50 2.00 2.50 3.00xi05

0 ~ 550 INPUT TORQUE. IN..LB

00 0 RDYNMUtET Figure 40.-Comparison of programs GRDYNMULT and TELSGE. Maxi-L I0 mum flash temperature as function of input torque at 6000-rpm input0 250 ] _[ speed (Table Vill. runs 12-16).
2000 3000 4000 5000 6000 7000 8000

INPUT SPEED. RPM

Figure 38.-Comparison of programs GRDYNMULT and TELSGE. Maxi- 2.0 - - GRDYNMULT

mum flash temperature as function of input speed. Input torque DANST

= 203.4 N.m (Table VIII. runs, 5-11). TELSGE

programs predicted nearly identical trends and values with 1.5 -
input torque variations, as seen in figure 36 for a 2000-rpm
inpu: speed and figure 37 for a 6000-rpm input speed. The - -

nonlinear relationship between input torque and hertz stress 1.0
can be clearly seen in figures 36 and 37.

Flash temperature.-The flash temperature, as calculated
by programs TELSGE and GRDYNMULT, was the last .5

variable compared using a variety of input torques and speeds.
Generally. it was found that both programs predicted similar 0
trends with input speed and input torque, however, actual 2000 3000 4000 5000 6000 7oo 8000
values differed by between 46 and 153 K (83 and 275 OF). INPUT SPEED, RPM

Figure 38 illustrates the similar speed trends displayed by both Figure 41 -Comparison of programs GRDYNMULT, DANST, and TELSGE
programs. TELSGE did not converge in the input speed region Maximum dynamic load factor as function input speed. with tooth profile

between 5000 and 6000 rpm. Maximum flash temperatures modification. Input torque = 203.4 N-m (Table VIII. run 3).

are plotted as a function of input torque in figures 39 and 40 by each program, a standard tip relief was added to the single
at 2000- and 6000-rpm input speeds, respectively. As seen mesh system. The tip relief consisted of a parabolic shape along
in these figures. both programs displayed the same nonlinear 50 percent of the length from the tip to the pitch point, with
increasing flash temperature trend with increasing input torque. a maximum deviation magnitude of 0.0178 mm (0.0007 in.)

Profile modification.-To compare the relative effects of at the tip. Plots of the dynamic load factor, as a function of
profile modification on the dynamic load factor as calculated input speed, with profile modification are given in figure 41.
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Comparison of tigure 41 with figure 25 csanie run parameters Concluding Remarks
as fic. 41 but \,x ith no profile modification) shows that the most
dramatic amplitude reductions occur similarly in programs A comparison study was performed xk ith the gear dynamic
DANST and TELSGE at speeds near their predicted half har- analksis computer protgrams PGT. GRDYNMULT. TFILSGE,
monic speeds. DANST sho,,s an amplitude reduction of 33 and DANST at NASA Leeis Research Center. The
percent at the 5199)-rpn data point (predicted halft harmonic comparison study consisted oftwo major parts. Tile first part
speed at 5191 rpmn. TEISGE reduces fIom a divergance involved a direct comparison ofthe capabilities input options.

situation to a naium dt amic load tatctor ofI 1.27 with profile and output options of the programs. Result', of this study were
modification at the 55(X)-rpm data pomint (predicted halfharmonic tabulated and some generil comments arc as I! lows:
speed at 513t) rpm). TFLSGt and DANST also experienced I. GRDYNMULT appears to be the most versatile in
similar dy namic load factor reductions at speeds belo tie peak system size. type. and anail\sis capabilities fi all the programs
amplitude speeds v, ith profile modification added, as illustrated compared.
in figure 41. GRDYNMULT shoxwed no appreciable diflfrencc 2. TELSGE provides the most detailed analysis on
,kith profile modification added. It is not known at this time lubrication dynamics. yielding quantities such as film thickness
vkh, GRDYNMUI.T did not sho, an\ change x, ith the addition and flash temperatures.
of profile modification in this example. 3. DANST incorporates the most versatile tooth profile

Mesh damping.-To compare the relative effects of the deviation routine. allowin, the user to enter standard or user
mesh damping ratio on the d\ natnic load faictor, a number of defined shapes and magnitudes.
runs ,were made with mesh damping ratio input values ranging 4. PGT provides a sun center movement routine which
front 0.03 to 0. 17. Because damping effects ,are more promi- allows the user to obtain the displacement of the sun center
nent at s\ stem resonance'points. an input speed of 5000 rpm through one or more revolutions.
,, as chlosen because of its close proximity to the half harmonic The second part of the comparison study involved
speeds predicted h\ each program. As illustrated in figure 42. performing parametric c)mparison runs using identical input
all three programs shoxo good correlation at damping ratios models. Some general results from this study are given below:
of( .10 or rcater. As seen in this figure, all of the programs 1. Computer programs PGT and GRDYNMULT predicted
predict a reduction in naximun dynamic load factor as the similar levels and form of the dynamic sun/planet mesh loads
mesh damping ratio v alue is increased from 0.10 to 0.17 (12 as the input speed was varied. Ring/planet mesh loads differed
percent reduction for TELSGE. 19 percent reduction for significantly between the programs.
GRDYNMULT. and 14 percent reduction for DANSTI. At 2. Programs TELSGE. GRDYNMULT. and DANST all
damping ratios lower than 10 percent. the TELSGE program predicted dynamic mesh loads of similar form and magnitudes
dixered. The close proximity of the 5000-rpm input speed as the input speed and torque were varied. TELSGE results
to the half harmonic of the first natural frequenc, predicted diverged at input speeds near its half harmonic resonant speed.
bv TELSGE ( ithin 3 percent otf5 130 rpni is most probably 3. Root stress predictions from programs DANST and
the reason TELSGE is hiehl. sensitixe to the mesh damping GRDYNMULT showed good trend correlation with input
ratio changes at this speed. DANST and GRDYNMULT show)x speed and torque variations. Magnitudes correlated reasonably
eood correlation ox er the whole range of damping ratios used. well with only minor variations.
As seen in figure 42. as the mesh damping ratio increases from 4. Programs TELSGE and GRDYNMULT predicted nearly
0.03 to 0. 17 both programs show, a near identical decrease identical hertz stress levels and trends as input torques and
of the dnamic load factor in both form and nagniitude speeds were varied.
1)ANST: 22 percent reduction. GRDYNMLU-: 23 percent 5. Programs TEI.SGE and GRDYNMULT predicted

reductioni from an axcrauce xaluc of 1.64 to 1.27. similar flash temperature trends: however, actual values were
not in close agreement. GRDYNMULT consistently predicted

- RlN ! higher than expected flash temperatures.
_0 -- N. I

Le,,is Research Center
National Aeronautics and Space Administration

Cleveland. Ohio. December 19. 1988
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TFABLE I. -GENERAL INFORMATION

Program name 1 Dynamics of Epicyclic gear 1Thermal elasto- Dynamic analysts1
planeta ry d~ namic analysis hydrodynamic of spur gear

gear trains. program. ' ubricatior of transmisSiois.
PGT GRDYNMULT spur gears. DANST

TELSGE

Documentation NASA CR-3793 NASA CR-179563 NASA CR-324l. NASA CR-179473
NASA TP-2610

O~perating s'stem HP R000 IBM 370 Cray XMP IBM 370

System tspes Planetary with Planetarv system, star Single mesh Single mesh
input output system, differential (external-external (external-external)
peripheral S'y stem, single mesh with input and
components (external-external). output peripheral

single mesh components
(external- internal)

Ss stem size 1Single stagze Single mesh. Single mesh Single mesh
planetary sy stem iepicyclic gear train

with three planets wth 20 planets
maximum

Gear is pes Spur gears Spur gears, single Spur gear Spur gear
helical. double

_ _ _ _ _ _ _ _ helical_ _ __ _

Tooth forms Internal, external Internal, external. External jExternal
Maximum cotc 03.0 2.0 20
ratio otd 20 btrs
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TABLE lI.-COMPARSON

Proeram Gear lite Calculates Calculates Calculates Calculates Film CalIlaI
c:alculation dynamaric mesh combined tooth root tooth hertz thickness slutacle

load stiffnes's stres,, tress calculations temperature

PGT No Yes, for each mnesh Yes. tor each nmesh No No No A'No

at each planet. as a at each planet, as a
tunction ot roll angle function of roll angle

(GRDYNNIULT No Yes, maximumn salue Yes, compliance Yes. maximum Yes, maximum 1 No No

for each mesh at ifunctton coefticients %alue for each %alue for each

each planet. and as calculated ,gear in mesh, mesh at each

a tunction ot position I and as a function 1planet. and as
along line ot contact of position along a tunction ot

line ot contact position along
line of contact

I FLSGF Yes, based Yes, maximum %alue . Yes. as a tunction ot No Yes, as a Yes, as a i Yes, gear and

on clnarmc Iand as a function of position along line of function ot funct ion of pinion surface

mesh loads j position along line of contact position along position along temperature as
contact Iline of contact line of contact a function of

position along

line of contact

DA NST No Yes, as a function of Yes, as a function of Yes, for each N o N o No

roll angle roll angle gear as a function

roll angle



iJF CAPABHILITIE.S

Calculations [Parameter Calculates G;eometric seatural l-requencs Sun center mis ement

flash run surxes d.%nantic, PV preprocessor t requenc( anai si s calculation

1criperature surtace diamlagej prediction,
actor

No Ns Ns Yes. tor tooth Leeometrs \o N Yes
input in dlnamic load

c:alculation

in. aximutti Ye,, peed run. Yes. maximum Yes. tor xith 2eomnetrx Yes. predicts .Yes, Aitth post- No

alucL tor ea~h !cterniines maximrn 'ilue tor each input in dy~narmc load natural trequencies procesig program

:nesh at each !% narmic liau at eac:h miesh at each calculation, and and mode shapes ot i "treplot'' performs
plane t. and A, a mnesh ior eac:nrv ped planet. and as a dete rmines optimum the system frequency analysts
unction ot n' r'et-eCst tinction ot protile modification on mesh load

po i t on alone position along % artattons

line , tc'ntaji line ot contact

'tcs. Lcear i,! ) e,. speedt run No Yes, for tooth LeometrN Yes, predicts system i Nit N/A

Pinii i) tush ,ad run. !a~e Aidth input in dy~namic load natural trequenc

emp ?s-rature as a run. ulsidle rastius calculatioin
' n~t ion ,t run. numIser 0, ;eeth

si on .d'nk! run, and surtace
e 't ,,ntjct ons ection neat

transter coetticient run

No Y.,. peed run. NYes. lor iv. th geometry Yes, predicts Yes. perform% N
determines maximum input in d~namic load first three natural t requenc% anal 'ysis

isnamic ado at eac:h ~ alculation Irequencies it the on d~namic nmesh
edI n' rerticnI Asem loiad. and on the

static transmission
error



TABLE Ill.-PROGRAM

Proigram lubrication Iteration Mesh damping Planet gears Face width Stiffness Damping

convergence ratio phasing crowning ot peripheral of

tolerance constant parameter Shafts peripheral
shafts

'(GT No No Yes No No Yes. actual Yes. damping
Stiffness coefficient
v .alue entered entered

GRI)YNMULT Yes. choice of Yes. number ot Yes Yes Yes. length of No No
,eeral oils in iterations, and face width crown.

program. or convergence and edge relief
user defined oil tolerance are input

can he input

I [-LS(;i Ycs. user input, No Yes N A No No No

,Il tpe and
proper ,,,

D -NST Yes. user can No Yes N/A No Yes, user inputs No

define one of two shaft diameter.

lubrication models length. and

asailable modulus for both
input and output

shafts



INPu r OPTIONS

Ioad and Gear Errors Profile Planet Ring gear Floating sun
diier mass material modifications carrier rim flexibility gear
7)loment of flexibility

inertia

Yes Yes. Young's modulus. Yes, planet phase 1 None indicated in No Yes. sun center
Poisson's ratio, material angle error input, documentation stiffness and
densiti; tooth profile error damping coefficient

input _,__can be input

No Yes. Young's modulus. Yes, tooth spacing Yes. tooth profile Yes, azimuthal Yes, azimuthal Yes. sun center
Poisson'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

m___ input ___

N Yes. Young's modulus. Yes, 100 point Yes. 100 point N/A N/A NA
Poisson's ratio. material array available for array available for

1 density, specific heat. user defined tooth user defined tooth
thermal conductivity j profile deviation profile deviation

Yes Yes. Young's modulus Yes, 121 point Yes, tip relief N/A N;A N/A
Poisson's ratio, material array available for parameters can be
density user defined tooth input for a linear

profile deviation or parabolic
shape, or. user
can define shape
using 121 point
file deviation array
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l.'\1L1: IV -PROGRAM ()1TP 1 T 4OPTIONS

Printedi ['ntedlj a ticti ' I Geometric prepricessoir re~tilt, Input dat1a Echo' Input daita I;-,hi
'iitPiit -,ar roll 11-1c l'Imolute itodificatin O~lI' 4 car life c.diculation, Geiar tceeth deflection
0 dli tlaIc M tesh mtifne-. Input data LKb 'ri nted ,is aIot own oI Stat hi trnsission error

\fe~h d\11.0111c Constf~ants tor tit, furth order O'i'lc P0111ion I)' nfic tooth load
'oniphi fe 11110i 1 oc io *(nihi ned t ittrics 1, lune r t rans form oI the dx natoic

lBoundar\ confdition, iteration * lD naif lodd factor mifeh loads
I cults - Herfe stress F-.Urier tran~tiirm iot the sfatic

Viamifuif \aloe' for each mciWi * Filmi thfickness tranissffxion error

" Heril stress - Pinion temiperatuire
" Root stress * Gear temfperature
" D natfnic load factor - F-lash feitfperatire-pinfon
* Flash tempteratuore * Flash tetmperature- Lear
" lDxnanlic [V Other \ alues prfnfed

S\ sic tit natural !requenc\ result, 6 MIesh natural trequcnc\

* M1ammui ifi U\ fftic load

* Atec-e iesfl stillness

Plo tted Plo'fted as i i uncf ion .f Plotted as a f unction oft position Plotted routine not ax ailable Plotted as a function ot Leaur roll a neLe:
uMLf -,car roll afleit iai'n line oft action on Cra% %ersion * rooth detlection

ia I laixe - M, .x nt ittine-s * Dx nattic load factor * Static transmtission error

- Mfesh d\ iaiic "id, . Pressure lidinL cliocit\ (i o r ooth stilless

Sun Car :cfter 1!iiiencten o flert/ stress o Tooth lotad sharie

- Flash temperaiture - Coel t ficient tit friction
* Root irc,.-ach -car o l'orsionai ftorque

I-requenc\ doal i, of iiielt load, * Static and di namie tooth load,
,if each mesh~ * Tooth root Ntress-fer and pinion

Fourier franfiorm plot oft d~ nanic meieb

loads
Fourier transtorm plot of the stat ic

transmision error
Dnannic load tactor plot for speed

,urxex run

V )iHLE V -6RDYNMUI-T-PGT COMPARISON RLNS MATrRIX I)ESCRIP TION

[Input torque - 33. Nomf 0ti0 mitthi for all run, I

Run Input speed. Sun center MIesh damiping 'iff :ehffer

numitber rptt stifflnes t 0I. da iipi n,,-

N to it, ln in lh-x in

4ttI litx 1 4;10 1 1 lit 1011 0i I I- 51

N K X)t

tu(RtX

ft I 5 f o 10)6 10t 10" o3 1' 51
10 0 1S li" i I" I '5
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TABLE VI-SYSTEM DESCRIPTION AND NATURAL
FREQUENCY PREDICTION OF THE PLANETARY

GEAR TRAIN USED IN PGT-GRDYNMULT
COMPARISON RUNS

TABLE VII.-SYSTEM DESCRIPTION AND NATURAL
FREQUENCY PREDICTIONS OF THE SINGLE MESH

System description SYSTEM USED IN GRDYNMULT-TELSGE-DANST
COMPARISON RUNS

System type... . . . . . .. . Planetary
Diametral pitch . . . . . . . . . . . .- - .... 8.4667 S se ecito
Pressure angle. deg .. . . . . .. .. . . . . 22.5 S se ecito
INumber of teeth

Sun.. . . . . . . .. . . . . . . .. . . . . . 14 Sy stem type .. ...................... Single mesh

Planets .... ................. 28 Diametral pitch .................. 8.000

Ring .. . . . . .. . . . . . . .. .. .70 Pressure angle, deg. ....... ............. ......... 20

Number of planets ................. Number of teeth (pinion) . . .... ................... 28
Face width. mm (in.) Number of teeth (gear).. .......................... 28

Sun ................... 30(0.1811) Face width. mot (in.) ............ .... I.... 6-35 (0.25)

planets ............................ 30 (1.1811) Lubrication ........................... MIL-L-23699

ring . . . . . . . . . . . . . . . . . .36 (1.41841 Natural frequency predictions

Natural frequency predictions (from program GRDYNMULTh AS RNNUT TLG

NnHz'____H_3f. zI -n.H fn. Hz w. rpm fn, Hz w, rpm fn. Hz w, rpm

1 144 288 432 576 1 3 1 36 42 48 06
2 765 1530 2295 3001 3 1 36 49 78 1

31020 2040 3060 -- -2 40 86 -- -- -- --
4 141 293 ---- ---- 3 4845 10382 - - - -

6 2538 -- -- -- For DANST input only
() 2513 --- ---- ---- J dris'cr .. .. ....... .................. .1- (pinion)

For IPGT input only: J ((.'ad) . ................................ - (gear)

J(droseri. N-m- s )i,.b)........ 113 x10 -6001 Input shaft diameter. mm (in.) ......... ...... 5.08 (0.20)
j (oad) . \.rfl.s2 (in..lb-s-) ..... .-.... 113 . I-' (0.001) Output shaft diameter. mm (in ( ................5.08 (0.20)

Input shaft stiffness. N-m (Ibmi.)... .. 75x 109 (10 x 106) Input shaft length. mm (in.) ................. 381 (15.0)

Output shaft stiffness. N-m (Ib'i.) . 1 .75 x I09(l~x I06 Output shaft length. mm (in.) ................ 381 (15,0)

iInput shaft damping. N-s~m (lh-s/in.) ... ... ( .175 (0.001(1
Output shaft damping. N-s m (l~w....0. 175 (0. 00 1)
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TABLE VIII-DANST-GRDYNMULT-TELSGE COMPARISON
RUNS MATRIX DESCRIPTION

IA =GRDYNMULT, B = DANST, and C =TELSGE.]

Run Input torque Input speed, Program used Special run
number rpill in run note"

Nom in*1

A B C

1 203.4 1800 Varied X X X (a. c)
2 71.8 635 X X (a. C)
3 203.4 1800 X X X (b, c)
4 71.8 635 X (b. c)
5 203.4 1800 20() X X X (c)
6 3000 X X X

7 4000 X X X
8 5oo0 X X x
9 6000 X X X
10 7000 X X X

I t 4 8000 X X X
12 71.8 635 6000 X X X
13 135.6 1200 X X X

14 271.2 2400 X X X
15 339.0 3000 X X X

16 203.4 1800 X X X =0.03
17 71.8 635 2000 X X X (c)
18 135.6 1200 X X X

19 271.2 2400 X X X

20 339.0 3000 X X X
21 203.4 1800 5000 X X X =0.03

22 jX X X ~=0.07
23 X X X =0.13
24 X X X .=0.17

aMammum dJnanic load speed run. 2Xltto u) (Xx) rpm. step 5i rpm

M-huna um d nanu, load specd run "iih up relml. 2fXX) u, 8(XK) rpm. step 5X rpm. tip

relet magnitudc = I) 011X trm (0 OiX)7 in i. para fhi torm. applied at 50 percent ol
length trim lip Io pilch tFmit

<Lnle,, thrwr'is noted, run, used a niesh damping ratio O I0 percent i, -t lii
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