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I. Sumpary

The purpose of this contract was to expand the epicyclic gear dynamics
program to add the option of evaluating the tooth pair dynamics for two
epicyclic gear stages with peripheral camponents. The option was
developed for either stage to be a basic planetary, star, single exter-
ral-external mesh, or single extermal-intermal mesh. The two stage
systenm includes an input mass and shaft, an output mass and shaft, amd
a comnecting shaft, where the shafts are each modeled with torsional
srrings and dampers. The solution procedure was nearly the same as the
procadure previcusly used for determining tooth pair displacements and
stresses in single stages. The primary differences were that the indi-
vidual gear camponent displacements were calculated rather than the net
sun-planet or ring-planet displacements. This was necessary in order
to determine the relative displacements between the shafts and the
input amd ocutput gears. This generally increases the mumber of degrees
of freedom to be solvel per stage compared to the single stage solu-
tion.

The option to evaluate two stages makes the user’'s job more difficult.
Two stages of basic gear system information must be input as well as
the additional component information. In addition, the boundary condi-
tions ard associated iteration procedure become more complex. This is
due to both the increased mumber of components and to the time for a
camplete mesh generally being different for each stage.

A brief investigation into methods of reducing the program’s camputa-
tion time was done. The efforts focused on reducing the mumber of
iterations required for boundaay condition canvergence. It was recom-
merded that the beginning amd ending values be weighted differentlv to
utilize previous ilterations more effectively. As over 90% of the com-
putation time is in the mumerical integration routines, reducing the
mumber of solution integrations would yield a direct, linear reduction

Execution of the initial test case indicated an instability in the
solution. The tooth pair load pattern is reasonable- however the mag-
nitudes of the tooth pair loads grow to excessive, 1 .« istic values
as a function of time. This could be due tu ue ini. canditions, a
code error, or same type of mumerical instability. A jp.ocedure has
been recommended for eliminating possibilities and determining where
the problem lies.




IT. Introduction

Over the past several years, NASA nas developed a gear dynamic analysis
and camputer code for standard axd high contact ratio gears. The ana-
lysis was expanded to include internal involute tooth forms in addition
to external involute tooth forms, thei expanded to include several pla-
nets in epicyclic gear systems. The development contimied with the
addition of helical ard double helical gesars, a floating sun gear
option, a natural frequency evaluaticn, a refined helical gear com-
pliance routine, amd a flexihle carrier evaluation.

The initial program was developed for a single spur gear mesh and to
operate over a wide range of contact ratios (up to 4.0) for analysis of
high contact ratio as well as low contact ratio gearing. This cingle
mesh program was an extension, by Cornell amd Westervelt (references 1
and 2), of the hasic concept developed by Richardson in 1958 (reference
3). The tooth pair campliance and stress sensitivity formulation of the
single spur gear mesh program was used in the epicyclic gear dynamics
program, applied to each mesn.

This contract, NAS3-25281, developed an cption for two spur gear stages
with input and output shafts with attached masses and a shaft connect-
ing the two stages. This was a practlical extension to the program as
more than one gearing stage are often used for speed reduction, space,
welght, axd/or awdliary units. Thus, this extension allows for model-
ing of peripheral components in order to assess the impact on the gear
tooth stressing. Although the basic code was completed, the cause of
the unexpected instability in the results could not be determined with
the cost constrairts of the contract. NASA, therefore, declded to
accept delivery of the code and documentation rather than extend the
contract at this time.




The first two tasks of contract NAS3-25821 were to modify the existing
Multi-Mesh Gear Dynamic Analysis Code (GEARDYNMULT in NASA notation,
F178 in Hamilton Standard notation) to include a second stage aud per-
ipheral camponents. These tasks included the technical develomment and
most of the coding efforts. Another smaller task was to investigate
methods of reducing camputation time.

A. Analytical Model

The dynamic response equations for a single gear stage were exparded to
include additional degrees of freedam for an input shaft and attached
input mass, and an output shaft with an output mass. This was accom-
plished by adding two new equations and modifying other equations. Fig-
ure 1 shows a dlagram of the two stage system with no details for the
individual gear stages. Figure 2 shows a general schematic for elther
epicyclic gear stage. The specifics of the gear tooth dynamics and
program capahilities for each stage are discussed in References 1-7.

For the mumerical model, the input and vutput shafts each required an
additional secoixl order differential equation to account for the iner-
tias on the input and output shafts.

The equation for the input shaft and attached mass is:
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where e.m = p4
base radius of the input gear tc stage 1

The egquation for the output shaft and attached mass is:

)
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The addition of these equations changes the way the torque is fed into
and out of the individual stages. Previously, there was a constant
input torque term in the sun gear equation amd a constant cutput torque
term in either the ring or carrier equation. The torque is now fed
into the input gear equations by way of shaft rotational displacements
and velocities, which vary with time. The rotational displacements are
transformed into equivalent displacements along the line of action for
each mesh of the input gear. The output gear equations also have the
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equivalent shaft displacement and velocity terms in place of the output
torque terms.

The new twe stagde program has the capahility of solving for the dynamic
woth icads in planetary systems, star systems , single mesh external-
external involute tooth forms, and/or single mesh external-internal
invcluce systems. Tahle 1 summarizes the available spur gear systems
for two stage dynamic solutions. The two stage program has been
exparded to allow the user to specify the input and ocutput gears The
single stage solution assumed the svsters were speed reduction systems,
ut the two stage solution also allows for speed increasing systems.
This option will allow the user to model a back-to-back test rig, which
is generally one reduction system and a second similar system which
increases the speed. For example, a single stage planetary system nor-
mally has the sun gear as the input and the planet carrier for the ocut-
put. For the two stage solution, the planetary system can have the
i-m:t component as elther thesungea.r or the carrier with the cutput
mi_ng either the carrier or the sun gear respectively.

The equations for each separate gear component were the same as pre-
viously developed. The basic equation development was documented in
References 4-7, axd the equations are summarized in Apperdix A for
canvenience. The input ard output gears for each stage will deperd on
the specified system type, see Table 1. Thus, the additional terms
needed in the gear equations, due to the shafting, are written in terms
of general input and output gear equations, and are as follows.

input gear equation for stage 1
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cutput gear equation for stage 1
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input gear equation for stage 2
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output gear equation for stage 2
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Transtormations frow shaf't rotations to displacements along the appro-
priate line of action are necessary to determine the tooth pair dis-
placements alcng the line of action. This allows the tooth pair dis-
placements and loads to be determined by a procedure similar to the

single stage procecurc.

The mumerical soluticon of the dynamic equations utilizes IMSL (Interna-
<ional Mathematic and Scientific Library) mumerical integration rou-
tines. These rcutines solve a system of first order differential equa-
wions.  Appendix B shows the reduction of the secord order equations to
first order equations.

Tre tooth pair displacements along the line of action are calculated
from the gear camponent displacements via:
oy =Yg " Yo " Yoy (7
L od = v —_ b4 - X (8)
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ror the single stage sclution, the generalized coordinates to ke solved
oy the rumerical sclution were the tooth pair displacements along the
iine of acticn (Ysp ard Ym), which minimized the mumber of equations

td be mumerically solved. For the two stage system of equations, the
individual gear camponent equations must be solved. This was necessary
in order to obtain the input and output gear displacements (Y. Y., Y,

Ypi) for both stages. Therefore the relative displacenment terms bet-

ween the shafts and the input or output gears could be calculated.
This means there are more degrees of freedam to be solved for each
stage in the two stage solution . There are (3 + mumber of planets)
degrees of freedom fcr each stage plus two degrees of freedam for the
input and output shafts. Thus, there are a total of (8 + Ny + Nz)

secord order equations ard 2(8 + N, o+ Nz) first order equations to be
solved simulteneously.

The input ard output shaft damping terms are calcuiated fram a damping
ratio, stiffness, and inertias. The damping coefficients are then cal-
~illated using the following formulations.
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B. Solution Procedure

The solution procedure used to determine the two stage dynamic gear
tooth loads ard stresses was very similar to the solution for the
single stage dynamic gear tooth loads armd stresses. To minimize the
rrogram modificatians, as many of the existing methods and procedures
as possihle were used. Most sections of the program needed some modi-
fication in order to process the additional stage. Many of the
slightly modified routines were used twice, once for each stage. by
serding the necessary information for the relevant stage.

The single stage solution procedure willi be reviewed first, because the
wwo stage solution procedure is essentially an extension of the single
stage procedure. The general program procedure is illustrated via a
flowchart in Figure 3. In brief, the prigram calculates tcoth pair
loads and solves the differential equations for each of 100 time
steps-—a pilecewise linear solution. The boundary conditions are deter-
mined via an iterative procedure, which will be explained in more
detail later.

The bourdary cordition iteration procedure i1s intended to lead to a
steady state cordition. For the single mesh this is accomplished by
evaluating one full mesh cycle, where a mesh cycle means the time
required for a tooth pair to move the length of the line of action.
The mesh cycle time for spur gears is divided into 100 time steps for
the mumerical time stepping solution, where each increment of time is
treated as linear with respect to the tooth pair stiffnesses. The
boundary corditions, for sun-planet and ring-planet tooth pair dis-
placements and velocities, are campared at the beginning amd end of the
mesh time cycle. If the displacements and velocities are within a spe-
cified tolerance, the system has reached a steady state. If the cordi-
tions are not within the tolcrance the initial and final values of the
displacements ard velocities are averaged to abtain a new set of ini-
tial conditions, arxd the procedure is repeated with new initial condi-
tions. This procedure is repeated until the boundary conditions are
all within the specified tolerance. The final iterated 100 time step
solution for tooth pair loads and displacements is then post-processed
for tooth stressing.

The bourdary conditions for two stages become quite camplex compared to
one stage. The main complexity is due to the two stages having differ-
ent mesh time cycles. This means that steady state is no longer
achieved for one mesh cycle, rather it must be a mutually common time
for both stages, analogous to a common denominator. Figure 4 schemati-
cally shows two examples. The first one shows a case where the two
stages have time cycles that can readily achieve a steady state, i.e.
one stage has a time cycle exactly 2 times the other stage’s time
cycle. The other example shows a case where 47 cycles would have to be
evaluated for steady state, which would consume larde quantities of
camputer time (and a code change to increase the size of an array).
However, it is thought that this case could be approximated by evaluat-
ing five cycles. It follows that there are systems in which there is
rno true steady state.




Oree the bouw 7 coditions have convergad, the tooth palr steady
stare displac . ents are post-processed for stressing through the 100
time steps.  If any tooth palr errcrs have been requested for evalua-
tirn, the profran ocntimues to evaluatc 10 time cycles to simulate the
user input tooth palr errors going through a mesh for elther one or two
stages. The method uwsed to process the tooth palr errors starts with
“ne sonvenged boundary corditicns from the no tooth errcrs solution as
e inttial conditions for the numerical sclution with errcors. The pro
fram thiss similates a transdenc response (for a duration of ten nesh
mcles) as che various tooth pair errcrs case into mesh. The dynamic
effects of the tooth pair errors have generally been abserved tc dampen
it after evaluaticon of 3-5 mesh cycles.

Tor o the two gtagfe expansion, 1t was desirable to work with the current
rrooecdure to malintain cormonality.  This implied that the 100 time
steps, correspending to a mesh oycle tire, needed to be maintained, as
os fundamental approach le uwsed throughout the program.  The first

TSTIoN was whioh stage’s time cycle shovld be used to correspord to
e 100 tine steps embedded in the program. A smaller time step for
e mmerlical soluticn would tend to make for a more stable numerical

e while tne larger tinme step would reduce the camputation time.
The smaller time step was chosen for stahility reasons.

The ctier question was how to handie the two different mesh times in
crder to achieve a "steady state" in a practical amcunt of camputation
time. It was decided that the program could be set up to evaluate the
ooundary oonditions after a user specified number of time cycles was
vacuated.  However, the fact that there could be cases with no true
steady state made 1t desirable to try arnd appraximate a steady state
and then evaluate a transient response using the approximated bourdary
cercltions as indtial corditieons. It is possible that the instability
cound be related to these appradmate steady state boundary conditions.

o verify the approximate steady state bourdary condition con-
criginal single pesh progran was used to determine if a small
e in the pmesh time cycle would significantly affect he converged
e oy condition values.  Several cases were run with slightly dif-
{eremt mumbers of teeth (which determines the mesh time). The iterated
T ts ghowed minimal variation in the converged values for displace-
ment and velocity.  Thus, this implied that it would be possible to
evaluate 'approxdmate two stage boundary corditions’ at a time when the
wwn stages were close to a steady state. The prodranm will use the ini-
tlal ocorditions obtained from the appraximate steady state solution amd
xontimie 10 evaluate 10 additional cycles for a transient response.
“he transient response utiliczes the same procedure used to evaluate
tooth palr errors in the sindle stage code. The solution procedure,
with 100 time steps per cycle, is essentially the same except there is
o boundary cordition averaging. It should be noted that the two stage
solintisn oompares the Lo0th palr displacements and velocities for con-
veryencs, not the individual gear compenents. The initial and final
erelind for the individual components are each averaged ard that
usad for the initial conditions for the next iteration.




The subroutines written for the two stage solution generally follow
similar swtation to that used in previous codes, both in subroutine
names and variable names. The code was written assuming a maxiimum of 10
planets por stage, spur gears only, and no floating sun or flexible
carrier optiaon.

Several new routines ard same slightly modified routines were written
in order 0 accammodate the additicnal information required for two
different stages. The mumber of planets per stage is limited to

10, which shculd be more than sufficient for any real system. This is
a reduction in the mumber of planets allowed in the single stage
sciution, but simplifies the code changes by utilizing the existing
arrays and the corresponding dimensions. The arrays now contain stage
1 information in the first 10 elements and stage 2 information in the
secord 10 elements, for the same total number of array elements as the
rrevious solution.

The procedures and calculations of the new program are essentially the
same as the single stage program. The primary changes come through

rly every section or subroutine being executed for stage 1 and then
or stage 2. Some of the basic parameters, such as mesh time cycle,
equired additional logic in order to implement the option of
reversed" systems (where the systems are speed increasers rauher than
reducers). Most of the minor modifications were made to accommodate
the additional parameters of the second stage, and did not change any
pasic concepts.  Because of the option of multiple cycles being evalu-
ated for boundary cordition convergence, it was also necessary to add a
dumrry time parameter to obtain proper tootnr pair contact. Without the
dummy time parameter, the stage with the shorter mesh time cycle lost
all tooth palr contact during the second 100 time steps. Thus, to
obtain proper contact evaluation, a dummy time was reset to zero at the
beginning of each mesh time cycle for the stage with the smaller mesh
time cycle.

by ¢

The input routines were modified to meet NASA programming standards.
The additional stage of information necessary for the two stage solu-
tian required modification of the code to set up the input variahles.
This portion of the code was previously in the preprocessing routine;
nowever, the preprocessing routine (READ2) is a vary large routine amd
does not meet the 150 executable line requirement. Thus, the section
of the code for setting input variables to meaningful notation was
modified to be separate subroutines, accepting input for elther one or
two stages of information, and the remainder of READZ2 remained
snchanged except for additicnal arguments. Three subroutines were
necessary to convert a section of the old routine into acceptable
lergth routines and a fourth was necessary to control which stage was
belng preprocessed.

e
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Methixis o Computation Time

recrneni g metind for possible future develop-
e nods ol «::Mm ing the model to more than

suverposition dmamic model). " The stated reason

mendation was the polertial for extensive camputational

2 owndls lask was te emphasize the reducticn in computer

ol by the program.  In analyzing the present CPU usage of
e program, it was deternined that over 90 percent of the coamputa-
tional time was in the numerical integration routine. The basic alter-
matives o roducing program soiution tume were as follows.

nrner of time gteps used through the
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could the timing of events through the mesh time
estimated.  Jtem b, was not thoroughly explored,
nold some prondse.  Item ¢ was the main focus of this
we applic carle to any level of the code, i.e., sindle
a.‘LL miltiple stages.
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Tnocrber to nwestigate petter methods of convergence, the flexible
arTier test case given in Reference 4 was used. This case was ini-

alilv o selived by calowdating input conditions as specified in Apperdix
& ol Reference 4. and many boundary cordition iterations, which use
sifrificant CFU time

Fliure 5 is a plot o*‘ the ending values cof the sun gea - displacement
and veloclity versvs the mumber of iterations through a gear mesh

: 1. I shows L‘hat ‘he method of sclecting new values is creating a
veravdcor that will take many iterations to converge. The mean
: 5D the plotted Dnctions match the converged value of the solu-
“ier The beravier of the planet ard ring gear results was similar.

Looermuate the oonvergence arfficulties, the code was tempo-
danye e begj cndng and ending values differently in

huadn a hogher welghting 1o previous iterations. The revised
srdler, griem has not been Maoorporated in the new program,
et owas wsed for this investiation only. The conv.rgence could be
wallored f1r oA partionlar rase by r*md"m; coefficients of the dis-

o TR LTS : Lms current iteration (e.g.
f ! o for the velocities (SXS1 and
we fx,“;’i“‘w“u.) SRS VT i\la,; to unity. The results
23 for the ciimlacerent, and 0.5 and 0.5 for the
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In order to reduce the camputation time for a dynamic solution, it is
recamended that this method be added to the code, with the welghting
coefficients as input parameters rather than fixed values in the code.
It is further recamended that code be written tc autamate the plots as
shown in Figures 7 and 8. The resulting code should substantially
enhance the user’'s understanding and the convergence of the bourndary
caditions.

D. Ddscussion of Instakility and Test Cases

Task Ic was to evaluate the two stage model and determine the interac-
tion between two stages and the effects of input and output shafting
ard attached masses. This was not fully accomplished due to the ini-
tial test case showing an instability in the results. However, same
general comments will be made regarding the apparent instability and
cther observations fram a variety of test ocases.

The first test case that was used approximated the CH-58 dropped tooth
planetary design being tested at NASA lewis. A dropped tooth design
"drops"” a tooth from each of the planets so that the mumber of teeth on
a planet divided by the nmumber of planets is not an integer mmber.
The purpose of the design is to reduce dynamio tooth loading. The
actual planetary system could not be modeled with the program, because
the dropped tooth design leads to different pressure angles for the
sun-planet and ring-planet meshes. The program assumes equal pressure
angles for the sun-planet amd ring-planet mesh, although an equivalent
buttress tooth form might be a feasible modeling method. Figure Sa
shows the input test case for a single stage and Figure 9b shows the
corresponding output summary. This case had assumed the pressure angdle
of the sun-planet mesh for both the sun-planet and ring-planet meshes
and used the program’'s geamelIy Preprocessor.

The next step was to evaluate two stages, similating the back-to-back
test rig at NASA. An example input data set for two stages is shown in
Figure 10. The first stage was modeled as a planetary, with the sun
gear as the input gear, and the second stage was a "reversed planetary”
with the carrier as the input. This case was used for initial verifi-
cation of the code interaction and debugging purposes. The geometry for
the two stages was the same, with the primary difference between the
stages being the input torque ard rpm. The dirferent torques led to
slightly different tooth pair stiffnesses, as the torque level influen-
ces the Hertzian component of the stiffness function, see refereme 2.
The difference in rpm could affect the dynamic load levels, particu-
larly if near a resonant speed.

Table 3 summarizes the test cases run with the two stage program and
the resulting component displacements. The initial test case, case 1,
was designed to uncouple stage 1 from stage 2. Thus, the comnecting
shaft stiffness was very low. ‘he input and output shaft stiffnesses
were also low, because some preliminary test case results indicated
large displacenents for very stiff input and output shafts. The solu-
tion seemed to be very sensitive to the values of the shaft stiff-
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nesses, as indicated by comparison of case 4 and 5 (stage 1). For a
decrease in input shaft stiffness hy a factor of ten, the magnitudes of
the planetary ourmcnent displacements along the line of acthion
decreased by ozde:'s 28 Zegnitude.

r)

ame of *he dynamic load results for the initial test case have been
p‘ otted in Figure 11. These results illustrate a typical tooth pair
m* ng mtte.m of engagement and disengagement of the teeth. The
eshing pattern alsc repeats for subsequent cycles, as would be

ted. What is unusual about these test results, is the substantial
ﬂm‘easeint_henaghimxieoftheloadsastjmeprog‘r&ss&. This
increasing magnitude is also jllustrated in Figure 12, which shows the
maximus stress in a cycle vs. the transient cycle mumber. It 1s evi-
dent fram this figure that there is some type of instability in the
soluticn. It is interesting that the Hertz stress increases in a
nearly linear fashion, while the maxdmum bending stress is a higher
order function. This is logical in that a nonlinear increase in loads
would correspord to a nonlinear increase in berding stress. It is
recormmerded that the system equations be evaluated for stability.

¢

tJ.é J

Tre cases summarized in Table 3 show the effect of varying the input
arnd cutput masses amd shaft stiffnesses. Only one boundary condition
iteration was performed, which was sufficient to abserve the change in
the camponent displacements due to the modified parameter(s). The
affect of varying the masses on the input or output shaft was inversely
proporticnal to the input or output shaft displacements respectively.
For example, the input mass for case 2 is 10 times the input mass for
case 1 and the input shaft rotaticnal displacement decreased by the
same factor of 10. The other stage 1 component displacements, sun,
carrier, and planets, also showed decreases of nearly the same factor.
This indicates that the shaft displacements are daminaiing the individ-
ual input and output gear equations, and the tooth pair dynamics are
therefore overshadowad.

Case 3 is the same as Case 1 except the input and output masses have
been reversad. The input and ocutput shaft displacements were corre-
sperdingly interchanged. As would be expected, the gear displacements
for the two stages were interchanged also, but with some variation due
o the change in torque ard rpm of the two stages.

In Case 4, a very stiff shaft connecting the two stages was investi-
Fated. This case verified that the displacement of the ocutput gear
from Stage 1 (planet carrier) would equal the displacement of the input
gear to Stage 2 (planet carrier) for a rigid connection.

Case © was a check case to verify that the input mass and shaft could
be isclated rrom Stage 1 by using zero torsional shaft stiffness.

uaing a low connecting shaft stiffness, this case also verified that
the two stages could be isclated from each other. By having zero tor-
sloral Inmat shaft stiffness, there is no torque transmitted to the
inmt Fear of Ctage 1 and therefore approximately zero displacements in
Jrage 1 The senoia stayfe displacenments were nearly the same as Case
4. whoinn verified the stages were isolated firom each other.




Case 6 was nearly the same as Case 4, but the connecting shaft stiff-
ness was a lower and more realistic value. All of the component dis-
placements were slightly larger for the softer shaft. There was also a
small difference in the magnitudes of the output gear from Stage 1 ard
the input gear to Stage 1. This 1s logical, because as the connecting
shaft stiffness decreases, the relative displacement of the two ends
will increase.

Case 7 increased the torsiomal stiffness of the input shaft by several
orders of magnitude. The resulting displacements shown in Table 4
imdicate the displacements also increased by orders of magnitude for
the first stage components. The second stage camponent displacements
also increased substantially, but not as much as the first stage.

There are several possibilities for the source of the instability.
Figure 13 illustrates a procedure for eliminating possibillities and
tracking down the prablem. The recommernded procedure would start with
a very simple “"two stage" system, as shown schematically in Figure 14.
This simple system, effectively a gear train, with constant tooth pair
stiffnesses could be evaluated using a small program, separate fram the
gear program. The system should have a 1:1 gear ratio for simplicity
ard to ensure a steady state can be achieved for bourndary condition
convergence. If the simple system shows an unstable behavior, it will
be known that there is a problem with the basic praoblem formulation.
That is the least likely source of the problem, but it is the logical
starting point. The model complexity can then be increased by adding
in the variable tooth pair stiffness. If the independent solution
vields reasonable results, the same system can be run in the full mul-
tiple mesh gear program. If the results are inconsistent, it would
indicate an error in the two stage multiple mesh code.

If the results are consistent for the 1:1 gear ratio cases, the pro-
blem is most likely related to the initial conditions axd/or the boun-
dary condition iteration scheme. This would indicate a better method
for estimating the initial conditions and for determining convergenoce
should be devised. It should be noted that this is not minor task. In
general, each stage plus an input or output shaft will have 2 times (4
+ mumber of planets) for boundary conditions to be determined. Not
only 1s it difficult to cbtain initial estimates for the tooth dis-
placements and velocities for each camponent of the epicyclic stage,

it 1t is even more difficult to determine a general method of combin-
ing the two stages.

Another test case was tried to determine if the instability was system
deperdant. The second case chosen was the Stoeckicht 2K-H planetary
from Reference §. The two stage test case was set up as two planetary
reduction stages with identical geometry and basic gear parameters.
The only difference between these two stages would be the torque and
the rpm. This case exhibited similar instabilities, with tooth loads
increasing substantially with time.
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Iv. Concluding Remarks

An option to evaluate two gear stages, with a connecting shaft and
input and output shafts with attached masses, has been added to the
ericyclic gear tooth dynamic analysis program. There were extensive
code modifications to accommodate two sStages of: geometry preprocess-
ing, tooth pair load calculations, and dynamic equations. The new code
utilizes the same general methods and procedures as were previously
used for the single stage solution amd includes additional degrees of
freedam for the attached masses. The two stage option also allows for

speed increasing systems as well as speed reduction systems.

It is recamended that code changes be incorporated for a more rabust
boundary condition iteration scheme. The proposed code chandes can
significantly reduce the mumber of iterations required for a converged
steady state solution, and therefore reduce the computation time for a
dynamic sclution.

The program’s plotting capahilities should be modified to use more uni-
versal plotting routines. The plotting capabilities should also be
expanded to process the large amount of output from a two stage solu-
tion. In addition, plotting capabilities for the boundary conditions
should be added to enhance the user’s understanding of the boundary
condition convergence process.

The initial test case indicated an instability in the dynamic solution,
where the gear tooth displacements contimually increase with time, bey-
ord any reasonable values. Several variations on shaft stiffnesses,
attached masses end shaft damping were evaluated to investigate the
problem. The tooth pair loads with respect to time indicated the tooth
pair contact patterns were reasonable, in that the basic pattern was
repeated with time, although the magnitudes contimued to increase.
Further evaluation of the prabiem could not be made because of fund
limitations.
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appendix A, Dpdeyelic Gear System Equations for Either Stage

The follcwing second order equations of motion describe the
individual gear components in an epicyclic system. They are
written in terms of the displacements along the lines of action.
Tre development of the basic equations is documented primarily in
Reference 1 ard 6.

Sun gear equation:

2z

’\I

nY. - + T L =1,/ (A.1)
S8 4o 1 sp Spl i=1 SPy 1‘ns Rbs
Planet gear equation:
m Y -d_v._+d_ v -L_+L_=0 (A.2)
Py7Py SPyTSPy TRyTTRy 8Py TRy

Ring gear equation:

N N
m Y. -Td _ Y. -LL_ = T__/ (A.3
T 121 rpi rpi i=1 I‘pi out Rbr

./

Carrier equation:

N , N ) N N
m,oy,-Zd vy Yo — £ L_-ZTL = (A.4)
SIRC R Tt 1 SP SPi 3-1 TPi i-1 5Py fout/ Rb

NOTE: For the two stage solution, lhe constant torque terms indi-
cated above go to zero. The "torque" is input to the appropriate
gear equations via terms for relative displacement with respect

to a shaft.
E*he tooth pair load terms are determined from the following equa-
Clons.
L - DG ey - 6P On oo ] (A9
Py TPy SP sy SPj;  SPyy” SPyy SPy;
bop, © L Cp, " %p K Sap p O ] A
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Appendix B: I rst Order Differential Equations

The numerical integration routines solve for a system of first
order equations. The *ransformation of the second order differ-
ential equations to first order equations is shown below. The
surscripted numbers on the derivatives correspond to elements in
the array (X1) in the program.

Input shaft equation reduction:

%y = é‘msh (B.1)

}.{4 - %y - é_mSh (B.2)
Then . :

\3 = [ 1y, ~C (% - 6,90 - ki.n(X4 - 6,019, (B.3)

%, = Xy (B.4)

tput shaft equation reduction:

Let , .
X5 = Souten (B.5)
%5 = %5 = 8 uten (B.6)
Then' , ,
X5 = [ Tout ~ Cout(xe - eoutz out(x6 outz Vg out (B.7)
Xy = Xg (B.8)

The remaining equations will vary depending on the specific sys-
tem type, see table of system types in the main report text. For
simplicity, the following first order equation derivations will
assume both stage 1 and stage 2 are planetary systems. Thus, the
generalized input and output gear equations in equations 3 - 6
are now specified, where the input gear is the sun gear and the
output gear is the planet carrier for both stages.

Sun gear equation for stage 1:

-

Let

e
i

1 = ¥s " Oin1 s (8.9)

Xy = Xy =Yg (B.10)
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N1 N1

--[Td._ Y. +TL_ +C, (%, -R_X)
1 i-1 5Py “SP; o SP; nTR "™

vl (g - Rpgxy) 1/ Mg

Carrier equation for stage 1:

Tet
%0 = Yo
Xg = X7 T Tg
Then
. NI Nl N1 N1
-[Ttd_vVv._ +fd_v_ + £L_ + IL
7 i=1 TPi TPy 4-1 SPi7SPy 3o1 SPy i-1 TPy
= Cyplxg = Xpp) ~ k(g - %501 / mg
X8=X7

Ring gear equation for stage 1:
Xy = ¥, = 0.0

X9 = % = ¥p = 0.0
Note: ring gear is fixed for a planetary system.

Planet gear equations for stage 1:

lBt L] e

.16 " Ypi for i = 1 to N1

Xi+N1+l6 = xi+16 for 1 = 1 to N1

Then , , .
. = d -d L - L /
%3016 = [ 9ep,Ysp,” Irp,Yrp,* Lep,” Lrp 1 7 T,

XiN1+168 ~ *i+16
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13)

14)

15)

16)

17)
18)

19)
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Sun gear equation for stage 2:

Let
*11 7 Ys2 (B.23)
¥ig =¥y T ¥gp (B.24)
Then
‘ N2 . N2 , .
X, =-[Z4d v +ZL + Cin(Xyy — X5)
11 11 SPRy “SPR; 4 SPRy 12712 8
+ klz(x12 - xa) ]/ LN (B.25)
*12 7 ¥ (3.26)
Carrier equation for stage 2:
Let
%13 = Yoz = Ooutz Fres (B.27)
*14 7 %13 T Yoz (B.28)
Then
. N2 . N2 , N2 N2
X, = [ T 4 ¥ +Zd v + L L + L
15 oy TPRyTTPRy 4y SPRyTSPRy 0y SPRy oy TPR;
" Cout Prozs ~ *12) ™ FoutFred®s ~ ¥14) 1/ Mg (B.20)
X14 = ¥z (B.30)

Ring gear equaticn for stage 2:

X5 = 0.0 (B.31)

Xi1g = ¥15 = Ypg = 0:0 (B.32)

Note: ring gear is fixed for a planetary system.
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Planet gear equations for stage 2:

let
¥, onie16 = i for i =1 to N2 (B.33)
XL LON14N2+16 ~ Ti+aN1+16 @
% .an-16 ©  Yspa, Yep2, Trpe, Yroz, " Top2
1 |/ m (B.35)
(B.36)

Ry ON1-N2+16 ~ Ti+2N1+16




Apverdix C. i tur

C,. = dawping coefficient for the input shaft (in-1lbs-s/rad)
ccu* = damping ccefficient for the output shaft (in-lbs-s/rad)
C,, = darping coefficient for the output shaft (in-1lbs-s/rad)
= = tcoth pair damping (1b-s/in)
B R
-~ -+ &, = tooth spacing error (in)
P fad I
C,. = rotatioral irertia attached to input shaft (in-lbs-s?*/rad)
-c* . = rotational inertia attached to output sraft (in-lbs-s®/rad)
k. = torsioral stiffness of the input shaft (in-1b/rad)
:':C"* - torsicnal stiffness of the output shaft (in-1lb/rad)
X, = tcrsicnal stiffress of the shaft connectiing the two stages
oL = tcoth pair lcads for planet mesh i (1lbs)
I, S5
o = rotations”. (equivalent) mass (lb-s?/in)
N = rumber of planets
R = base radius (in)
-~ = displacerent along the line of action (in)
¢ - cam rodificaticon, ring-planet mesh
T
Py
3 - canm modification, sun-planet mesh
Syl
D1
T = ring-planet tcoth palr spring rates
T., = sun-planet tooth pair spring rates
=i
6 = rotational displacerent (rad)
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Table 1: _Spur Gear Systemns Avallable for Two Stage Dynamic
Solution

ten Spur Gear

s
.anmber System Type =~ Ipput Gear =~~~ OQutput Gear

bR €7
b

planetary system sun gear planet carrier
planetary system planet carrier sun gear
star system sun gear ring gear
z star system ring gear sun gear

+ single external- sun gear planet gear
external* mesh

% single external- planet gear sun gear
external* mesh

(e}

single external- planet gear ring gear
internal** mesh

5 single external- ring gear planet gear
internal** mesh
* External-external mesh means a pinion and a gear, both with
external involute tooth forms.
** External -internal mesh means a pinion and a gear, with the

rinion raving an external involute tooth form and the gear
having an internal tooth form.
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OH-58 Planetary Characteristiics

Taeble 2:

System Type: Planetary
Sveed Range: Up to 1620 rpm (sun gear)
Torque Range: Up to 12,450 in-1b (sun gear)

Numkber of Poanets: 3

Sun gear
Planet Carrier
Planet Carrier

Stage 1 input:
Stage 2 input:
Scage 1 output:

Stage 2 output: Sun gear

rerirheral Input Output Connecting
Characseristic Shaft Shaft _Shaft
rertia (in-1b-s87) 2.5 1.0 -

R =T = ; S v 9
o< ffrness (in-lbfrad) 1.0x10 1.8x10 3.9x10
Flanetary Gear Sun Planet Ring
Crharacterlistic Gear Gears Gear Carrier
Wirner c¢f Teeth 27 35 99 -
Z.ametral Pitoht* 8.8571 8.8571 8.14286 -
rregssure Angle* 24.6 24.6 20.19 -

{Zegrees)

2535 Radius (4in) 1.39 1.802 5.594 -
T:3th Tip Radius (in) 1.855 2.067 5.35 -
Taze Width (in) 1.375 1.20 1.00 -
mrtia (in-1b-s8%) 0.026 0.016 0.0 C.20

The variaticn in diam¢ ral pitch and pressure angle cannot be
asocurately modeled, as *he program assumes equal pressure angles
a% the sun-planet and ring-planet meshes.
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Table 3: Two Stage Test Case Parameter Yariations

CASE NUMBER ATTACHED INERTIAS SHAFT STIFFNESSES
(in-1bs-s?) (in-1b/rad)

o INPUT OUTPUT INPUT |OUTPUT |CONNECTING
1 10 15 10 10 10
2 100 10 10 10 10
3 15 10 10 10 10
4 10 10 10 10 1%10°
5 10 10 0 10 10
6 10 10 10 10 1x10°
a 10 10 1x10® | 10 10
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Table 4: Results of Two Stage Test Case Parametrlce Varlations

DISPLACEMENTS, IN.
CASE STAGE INPUT OUTPUT SUN CARRIER PLANET
NUMBER SHAFJ SHAFT GEAR, 5 4
x10 x10 ¥10-  x10 x10
1 1 .8017%7 - .6941 .7872 .206%7
2 - .5345 .4274 .503 .1292
< 1 .08018 - .06955 .07985 .02071
2 - .8018 .6408 .7528 .1937
3 1 .5345 -~ .463 .526 .1379
2 ~ .8018 .6408 .7534 .1837
4 1 . 8003 -~ .6899 . 7629 .2051
2 - .8003 .639 .7629 .1928
5 1 .8004 -~ .616E-4 .1095E-2 .1974E-4
2 ~ .8004 .638 . 7466 .1925
6 1 .801%7 - .6935 L .2065
2 ~ .801%7 .6414 .764 .1938
7 1 12.889 - 2755.6 9612 1247.9
2 - 13.364 59.4 231.8 26.1
NOTZ: These displacements are at the end of the first boundary

condition i1teration.
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Figure 2: Dynamic Model for Epicyclic Gear Stage
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Read input data
for 1 or 2 stages
and store as needed

K

Preprocess each stage
for geometry & other
program variables

v

Call appropriate routine
for calculating dynamic
equation constants for

either 1 or 2 stages

v

Call routine to calculate
mesh time cycle(s)

v

Boundary condition
iteration loop, repeat
until convergence

Loop for 100
time steps

Call routine to
calculate tooth
pair loads for
either 1 or 2
stages

L 2

Call routine to
solve the dynamic
equations for
current time step

v A

(continued)

Figure 3: General Program Flowchart
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I A

(continued)

E!

Determine if boundary
conditions have converged

v

For single stage solution
only: Determine maximum
tooth pair loads & proceed
with speed survey if
requested

-

Process the final loads
with converged boundary
conditions for stresses

Is it a
stage system
?

Are
there any tooth
pair errors
?
Yes

Post process 100 time
steps for stresses

~

End

—

2

Call subroutine to
lretrieve €rror array

(continued)

igure &5: General Program Flowchart (continued)
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(continued)

SN |
Loop for 10 time cycl?§>> *l

Loop for time step

I

Call routine to
calculate tooth
pair loads with
errors

}—

Call routine to
gsolve the dynamic
equations for cur-
rent time step

'

S o

Post process 100 time
steps for stresses

'

L,

1
Shift error array to simulate
a transient type response

(by shifting which teeth with
errors are meshing)

A

End

Figure 3: General Program Flowchart (continued)
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47 ¥ TCl = 0.264 sec. Cycles for Steady State = 47

Figure 4: Two Stage Time Cycle/Boundary Condition Diagram
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INGLE STAGE CHECK CASE, OH-58
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Figure Qa:
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Single Stage OH-58 Test Case Input
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INPUT DATA
NO.TEETH - PLANET(EXTERNAL GEAR) 35.0000
NO.TEETH - RING (INTERMAL GEAR) 99.0000
PRESSURE ANGLE (DEGREES) DRIVE SIDE 26.6000
DIAHETRAL PITCH 8.8571
TOOTH TIP RADIUS TOL. (INCH} 0.0020
EDGE BREAK ON TOPLAND (INCH) 0.0100
HACHINED BACKLASH TOL.(INCH) 0.0020
ROOT RADIUS TOL. (INCH) 0.0050
FACE WIDTH - PLANET  (INCH) 1.2000
FACE WIDTH - RING (INCH) 1.0000
YOUNGS MOD.®E-6 - PLANET (LB/SQ.INCH) 30.0000
YOUNGS MOD.XE-6 - RING  (LB/SQ.INCH) 30.0000
POISSONS RATIO -~ PLANET 0.3000
POISSONS RATIO -~ RING 0.3000
SURFACE ROUGHNESS-MAX (AA)} 25.0000
OIL INLET TEMPERATURE (DEG.F) 180.0000
INITIAL RPM OF RANGE 500.0000
FIHAL RPH OF RANGE 500.0000
HUMBER OF INTERVALS 1.0000
TORQUE INPUT  (IN-LBS) 5000.0000
TOTAL IHV.PROFILE MODIFICATIOM,ENGAGE {INCH) 0.0000
TOTAL INV.PROFILE HODIFICATION,DISENG (INCH) 0.0000
INV.PROFILE HOD.LOCATION-Z OF SOE 0.0000
INV.PROFILE MOD.LOCATION-Z OF SOD 0.0000
INV.PROFILE MOD.TOTAL TOLERANCE 0.0000
+C.D.TOL. (OUT OF MESHI  (IHCH) 0.0000
-C.D.TOL. (INTO  MESH)  (INCH) 0.0000
CONTACT RATIO INPUT 0.0000
HERTZ CCHSTANT FOR COMPLIANCE 155022.
CENTER DISTANCE,THEO. (INCH) 3.6129
CEMTER DISTANCE ,MAX. (INCH) 3.6129
CENTER DISTAHCE,MIN. (INCH; 3.6129
CIRCULAR PITCH (INCi) 0.3547
CIRCULAR BASE PITCH  (INCH) 0.3225
MAX.OPERATING PRESS. AMGLE (DEG) DRIVE 24.6000
HIN.OPERATING PRESS. ANGLE (DEG) DRIVE 74,6000
HOMINAL COMTACT RATIO AT C.D.-THED. 1.6607
HINIMUM CONTACT RATIO AT C.0.-MAX. 1.4600
HATERIAL COMSTANT 0.057
CODE FOR TYPE OF OIL 0.0000
Yisure 8b Six

i

vl

HUHBER OF TEETH

PITCH DIAHNETER

BASE CIRCLE DIA. DRIVE SIDE

TOOTH TIP DIAMETER,NAX.

TOOTH T1P DIAMETER,HIN.

EFFECTIVE TOOTH TIP DIA

ROOT DIAMETER,MAX.

ROOT DIAHETER,HIN.

TRUE IHV.FORHM DIA.

TOPLAND WIDTH,HIN.

ROOT FILLET RADIUS,HIN.

MACHINE BACKLASH,HAX.

HACHINE BACKLASH,HMIN,

CIRCULAR TOOTH THICKHESS

HACH.CIRC.TQOTH THKMNS.HAX,

MACH,CIRC.TOOTH THKMS.MIN.

TIP/ROOT CLEAR.MIN AT CD MIN.

ROLL ANGLE AT TOOTH TIP DIA.
ROLL ANGLE

AT ADD.INV.MODIFICATION DIA.

ROLL ANGLE AT PITCH DIA.
ROLL AHNGLE

AT DED.INV.HODIFICATION DIA.

ROLL ANGLE AT TIFD

INSPECTION WIRE/DALL DIA.

(INCH)
CIHCHD)
(IHCH)
(INCH)
(INCH)
(INCED)
(INCH)
(INCH)
(INCH)
(INCH)
(INCH)
(IHCH)
{INCH)
(INCH)
(IHCH)
(INCH)
(DEG)

(DEG)

(INCH)
(DEG)

{DEG)

(INCH)
(DEG)

HAX.HMEASURENENT OVER 2 WIRE/BALL
MIN . HEASUREMENT OVER 2 WIRE/DALL

EFFECTIVE WIDTH AT TOOTH TIP

EFFECTIVE WIDTH AT START OF FILLET

RADIUS Y0 BASE OF FILLET IHPUT (INCH)
OUTSIDE RADIUS INPUT  (INHCH)

FILLET RADIUS INPUT  (INCH)

DAMPING RATIO INPUT

0 Summary
Fhf [T

(continued)

PLANET

35.0000
3.9516
3.5930
4.1776
4.1734
4.1534
3.6790
3.6690
3.7497
0.0630
0.0446
0.0025
0.0005
0.1773
0.1773
0.1753
0.023¢4

33.9839

26.2319
3.951¢6

26.2319

26.2319
3.9516

17.1080

L2000
L2362
L2322
L2600
L2000

Ll I Sl S = ]

.0000
L0000
L0000,
L0600
-

o oo e

RING

99,0000
11.177%
10.1630
10.9557
10.9517
10.9757
11.4377
11.4277
11.3884
0.0757
0.0399
0.0025
0.0005
0.1773
0.1773
0.1753
0.0122
23.0065
26.2318
11.1775
26.2319
26.2318
11.1775
28.9724

0.1950
10.8986
10.9031

1.0000

1.0000

0.0000
0.0000
0.0000
0.0060
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PLANETARY GEAR, SIMILAR TO THE OH-58 BACK-TO-BACK TEST RIG SETUP

1 1 1.

2 2. 8.8571 24.6

3 6. 27. 35. 99.

5 9. 1.375 1.2 1. 3.0 1.
[ 14, 5000. 500. 500. 1.0

5 28. .026 .2500 .25 .0160 .016
5 33. .016

2 150. .80 5.

1 651. 0.

5 810. 1. 1.1 1.E1 1.E1 0.16
4 815. .13 .15 10. 15.

1 827. 5.

0 819. 0.0000 .000000 00.00000 .000000

0 823. .0000000 00.0000 .00000000 00.000

0 830. .000000 .000000 .00000

4 840, .00000000 .00000000 .00000000

0 850. 00.00000 00.00000 00.00000

Y 800. 0.000000 0.000000 0.000000

0 56l. .0000000

0 581. 00.00000

0 571. .0000000

4 591. 0.000000

1 1001. 1.

2 1002. 8.8571 26.6

3 1006. 27. 35. 99.

5 1009. 1.375 1.2 1. 3.0 -1.
4 1014. 23333. 107. 107. 1.0

5 1028. .026 .2500 .25 .0160 .016
5 1033, .016

2 1150. .80 5.

0-1.

Figure 10: Two Stage OH-58 Input Data Set
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Figure lla: Dynamic Loads for OH-58 First Stage
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Dynamic Tooth Load

Static Tooth Load

first transient second transientlthird transient
cycle | cycle | cycle
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Figure 11b: Dynamic Loads for OH-58 First Stage
Ring~Planet Mesh
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-soft springs for shafts

- ~large attached masses on
input and output shafts




zvaluate a Simplified Model
Constant tooth pair stiffness
Each stage consisting of a single
external-external mesh

-1 1 gear ratio

Use a program separate from
the full gear program

Does not work

Works OK
E;i riable tooth palr stiffness
Works OK
\
Run sane system in full gear
crogram
Works OK

gy

Equation -or- ©Numerical
formulation Solver, DGEAR,
error inadequate

Does not work

Evaluate Model Parameters i.e.
masses, stiffnesses, etc. for
sensitivity

Does not work

Code error

Does not work

“ry system with non-integer gear
atio (single ext-ext mesh)

l Works OK

—+

Evaluate boundary
condition iter-
ation scheme

at planetary stages

Works OK

(‘Problem solved ;)

Figure 13:
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Does not work

Procedure to Locate Source of Instability
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