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Nomenclature for Multi-mesh Gear Dynamics Program
Evaluation and Enhancements

Symbol Description
v Variable Friction --Variables
L/W Load per Unit Face Width
Vr Total Velocity
Vg Sliding Velocity
u, Absolute Viscosity of 0il
M Coefficient of Friction
7 Specific Gravity of the 0il
Zy Kinematic Viscosity
Tg Flash Temperature
T Inlet Temperature

Runout --Variables

D Equivalent Tooth Spacing Error

[§r Input Displacement Error due to runout
n Current Tooth Number

N Total Number of Pinion Teeth

s Pressure Angle

Flexible/Ring Carrier --Equation Variables

mg =I, Sun Rotational Inertia
mr.=In;,mRi=Iﬁ Ring, Planet, and Carrier Rotational Inertias
« =T _°
dspf_ ,di;. Tooth Pair Damping
K, 'krzh Ring or Carrier Segment Stiffness
kﬂu,kpei Tooth Pair Stiffness
Ys' =04 Sun Tooth Displacement along line of action
Y. =0, . Planet Tooth Displacement along line of
PR action
Ye; =6, : Carrier Tooth Displacement along line of
4 action
Yr, =6, Ring Tooth Displacement along line of action
Tiv Torque Input
Rps +Rpa Involute Base Radii
v € 1%he

Tovt. + Togt i Output Torque
n Total Number of Planets
Xs 1 Xp, Deflections (After transformation to first order
; differential equaticns)

s, 1Cre, Tooth Spacing Error
Pss. ,p,P- Profile Modifications
N iy Tooth-pair Contact Identity Function
P4 P _
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Single Mesh --Equation Variables

st ,YrY Relative Displacement along line of action
_ L, Static Tooth Load

xof/ésp,xr?,ﬁ,? Involute Profile Modification

’Q5P':7rp Tooth Pair Stiffness

LSP 'L”P Tooth-Pair Meshing Loads

Subscripted Notation for Equation Variables

Ring

Sun

Carrier

Planet

Base

Combination of Sun and Planet
Combination of Ring and Planet
Mesh number

Tooth Pair Number

A
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[. INTRODUCTION AND SIMMARY

A, Background

A multiple mesh gear dynamics computer program has been continually
developed and modified during the last three years under NASA funding; see
Reference 1. The original single mesh program was expanded to include
epicyclic gear systems with internal, buttress, or helical tooth forms. This
NASA contract includes the following modifications: variable contact
friction, planet cage and ring gear rim flexibility options, user friendly
options, dynamic side bands, speed survey option, and combining the single
mesh and multiple mesh options into one generai program. In addition to the
program modifications, the program was evaluated by comparing calculated
values to published test data and to test data taken on Hamilton Standard
turbuprop reduction gearbox.

B. Analysis Approach

The basic assumptions of References 1 and 2 for the theoretical
derivations apply in addition to the following assumptions for the flexible
planet carrier and ring gear rim development and the sun-planet(s) or ring-
planet(s) options:

1. The flexible ring gear rim and carrier flexibility option is assumed
to be only along the lines-of-action of the respective gear meshes.

2. The static output torque is assumed to be divided evenly among
either the planet carrier segments or the ring gear rim segments,
depending on the type of planetary system.

3. Any radial component of motion is assumed to he secondary to the
tooth-pair motion along the line-of-action.

4. The damping of carrier and ring rim segments is assumed to be
insignificant relative to the tooth-pair meshing damping.

wn
.

For the non-planetary options, the input torque and speed are assumed
to be at the sun gear for the sun-planet(s) option and at the
planet(s) for the ring-planet(s) option.

6. For the non-dlanetary options the planet carrier is assumed rigid and
fixed or grounded.

C. Summary

The first program modification incorporates a more accurate, variable
contact coefficient of friction model. This utilizes the method of Kelley and
results in Tower flash temperatures, provided the constant coefficient of
friction previously assumed was .05 to .06.
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The next modification adds flexibility to the planet carrier and ring
gear rim by introducing azimuthal (along the line-of-action) degrees-of-
freedom between each planet for each carrier and ring rim section. This
results in more than doubling the number of first-order equations to be solved
numerically, i.e. (6n + 2) equations, where n is the number of planets. The
effect of this modification on the dynamic results has not been resolved. The
check cases run to check the analytical model and computer code resulted in
numerical instabilities. Cases that had been successfully run without the
added degrees-of-freedom were difficult to obtain converged solutions for with
reasonable carrier flexibilities. The analytical approach and system
equations were successfully checked by obtaining average system natural
frequencies from the eigenvalue solution and comparing against known results.
The problem most likely is associated with the code used for the numerical
solution of the system equations.

Another program modification makes the program more user friendly.
Changes were made to allow for varying levels of input. The basic level
requires only the basic geometric and operational data (rpm, torque) with the
other values being defaulted. At the higher levels more and more of the
detailed information is required. This type of input should be helpful to the
gear designer where at the early design phase the basic level (level 1) is all
that is required. Whereas at the final design phase all three levels will be

required. In addition, the output was refined for better understanding of the
results.

The dynamic side band option modification allows the user to investigate
the effect of run-out error on the input pinion (sun) for a single mesh of two
external gears. A sinusoidal error distribution is applied after the tooth
error solution is obtained, to simulate runout error. The solution is
obtained for each tooth mesh and the maximum summary tables are output. The
loads are saved and can be used for a Fourier analysis to obtain a frequency
spectrum for sideband evaluations.

Another program modification was the addition of a speed survey option
thereby allowing the user to investigate tooth pair loads for a range of input
speeds. The maximum load is located and the corresponding speed is used for
the remaining stress calculations.

The final modification was to incorporate the option for a single mesh
into the multiple mesh program for both spur and helical gears. Both
sun-planet(s) and ring planet(s) options were added for either spur or helical
gears. The sbur gear cases were compared to the closed form solutions from
the single mesh program with the results giving excellent correlation. Thus,
the validity of the multiple mesh program's numerical solution was also
verified. The combination of the two programs makes a more complete package
of the analyses.



The first test case used for the program evaluation was a Stoeckicht 2K-H
planetary gear system with three planets and spur gear teeth. Strain gauge
data was available through published articles (JME) for three different
static load cases; References 6, 7 and 9. The dynamic loads predicted by the
theory were within the reported range of + 2 x standard deviation (i.e., 95%)
of the experimental data. The theoretical loads were near the high side of
the experimental load range for the highest static load, near the middle of
the range for the middle load, and near the lower experimental limit for the
lowest load case. In each case, the theory underestimates the loads at high
speeds but this is most likely due to the sun gear's reported effective mass
being too large, causing the peak resonance to theoretically occur at a lower
speed. Various combinations of tooth errors were applied to the two lower
load cases resulting in good correlation between the experimental load range
and theoretical load range.

In addition to the non-synchronous system, a similar planetary with
synchronous meshing was also tested with high static load. The theory
correlated well with the experimental range. However, the test results
indicated that a non-tooth meshing natural frequency existed in the operating
range which influenced the dynamic tooth loads. The analytical model is for
tooth meshing responses only and, therefore, could not predict this mode.

The second system used for program evaluation was a three planet
planetary used in the PT-6 series of aircraft engines. The strain gauge data
available was for a very limited speed range. The theory predicted stresses
considerably higher than the reported experimental stresses, more so for the
higher load case. The lower load cases had better correlation with generally
conservative theoretical predictions. Various effective masses were tried to
examine the effect ¢n the peak responses. The result of decreasing the masses
was to shift the speeds at which resonance occurred to higher speeds. The
effect resulted in better correlation between the test and the theoretical
data. However, a basic problem exists when comparing analytical to
experimental stresses of gear teeth for dynamic response. Strain gauge size
and location can influence the results significantly. Frequently the gauges
are used as the load transducers by calibration from a known static load. The
PT-6 data, though, was reported as stress only.

The last system compared was a Hamilton Standard first-stage turboprop
reduction gearbox. Limited gear tooth strain gauge data was available for
four levels of loading. For the lowest load case, the theory yielded low
estimates of the stresses, especially at higher speeds, while for the higher
load cases the theory predicted conservative stress levels. The strain gauge
data had to he used directly because a static load calibration had not been
done. Therefore, the same problems exist for this data as with the PT-6
data. A speed survey was done comparing loads with and without profile
modifications. The speed survey illustrated the effect of a fixed center
input pinion versus a floating pinion. The analytical model assumes a fixed
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center and with the non-synchronous meshing resulted in an unequal load share
between the planets (idlers) for portions of the operating range. The actual
test setup had a floating pinion which resulted in nearly equal load share
Therefore, the analytical capability of a floating sun should be given
consideration for future development.

In general, the correlation between the test data and the program was
good. The program predicted the general location of the natural tooth meshing
frequencies, which in itself is a major accomplishment because of the
nonlinear meshing action of the teeth, i.e. the non-synchronous meshing, the
nonlinear tooth-pair stiffness, and the variable contact ratio. The program
also indicated that non-synchronous meshing in planetary systems indeed does
minimize the dynamic response of the system because of the varying time at
which the respective meshes come into contact. In fact, the program showed
that with non-synchronous meshing and contact ratios greater than 1.0 the
dynamic tooth load/static single tooth load factor could be designed to be
always less than 1.0 because at any instant in time the input torque would be
divided by more than the number of planets. In fact, the average number of
teeth in contact is the contact ratio times the number of planets.
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II. PROGRAM MODIFICATIONS

A. Variable Contact Friction

Prior to this contract, the multiple mesh program required a constant
coefficient of friction to be inputted. Modifications have heen made to the
program to internally calculate the coefficient of friction as a variable
throughout the mesh. The required input now is the type of oil used.

The ?gsfficient of friction is a function of the Benedict-Kelley

parameter
u, lé VT
X = log, L/wW (1)

where L/W is the load per unit face width, V1 is the sum velocity, Vg is

the sliding velocity, and Uy is the absolute viscosity of the oil.

The empirical e u3t1on of the line representing the data points presented
by Benedict & Kelley 3) and shown in Figure 1 is:

= —~. 030556 X +./0933 (2)

where/lz is the ccefficient of friction.

The absolute viscosity, Ug, used for the above expression must be input
to the program via an oil type. The other variables are already available in
the program. The absolute viscosity is given by:

Vo’/zk (3)
wheregﬂ is the specific gravity of the oil and is the kinematic
viscoSity, nlotted in Figures 2 and 3 vs. oil inlet temperature.

The input parameter has been changed from a constant coefficient of
friction to an oil type code. A code of 1 is for MIL-L-23699 o0il, a code of 2
is for MIL-L-7808 0i1, and a code of 0 will default to MIL-L-23699 0il. There

are also codes 3 and 4 which are available for two other oil types that can be
added later.

The coefficient of friction influences the flash temperature, T¢, by
the equation:

7;—:7,_'1‘/”/{ (4)
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where T; is the inlet temperature and M is a function of several parameters
which can be found in Reference 1.

A comparison case was executed using a single sun-planet mesh. The
calculated coefficients of friction are less than the .05 assumed for the
original case, thus the new flash temperatures are lower and should be more
realistic. Fiqure 4 shows the flash temperatures before and after the
friction coefficient modifications.

The modified program also calculates an average coefficient of friction
throughout the mesh for each sun-planet and ring-planet mesh.

B. Flexible Planet Carrier and Ring Gear Rim

The previously developed dynamic load equations for planetary gear
systems assumed rigid planet carriers and ring gear rims. The only
flexibilities modeled in the planetary dynamic mode! were the tooth-pair
flexibilities. Presently designed aircraft type planetary gear systems
generally have flexible planet carriers and ring gear rims because of weight
requirements. It was felt that the gear tooth dynamics would be influenced by
these flexibilities. Therefore, the dynamic load equations and program were
expanded to include the planet carrier and ring gear rim flexibilities.

The equations defining the planetary model are based on relative
tooth-pair motions acting along the respective meshing lines-of-action. For
the effect of the planet carrier and ring gear rim flexibilities on the gear
tooth dynamics, the motions of the planet carrier and ring gear rim were
considered only along the meshing lines-of-action. In other words, azimuthal
motions of the carrier and ring rim were used and any radial component of
motion was assumed to be secondary to the tooth-pair meshing flexibility.

Figure 5a is a schematic of the dynamic model. Azimuthal springs are
introduced between each planet to represent the carrier and ring rim
flexibilities. Each azimuthal carrier and ring rim segment also has a
respective inertia.

Damping of the segments is assumed to be insignificant relative to the
tooth meshing damping. Tooth meshing damping has been found to be
approximately 5-10% of critical and ordinary structural damping is less than
2% of critical.

Using the model of Figure 5 the equilibrium equations can be written.
For the sun gear

L]

Ms s ‘Z‘/ I, (Vs '7./’,""'2,) ‘S ksr-(’?"?-”g)’ﬁ (5)

Is!? ¢ ‘ Rb s



For the planet gears

Me, Yo -cher (Ys = Vg ~Yer ) - et (Vo ~Yer - 17, )

ks (%Yo ) # Keae (Vo -Vey <Vsy) =0 (6

For the planet carrier segments '
mc’. y:’;/ _Jsf’ ()3 = );',l. -y".) - er’ (”; -)2’. - )/"/)
gy (Y =Yo =Ye; ) = Koy (Yo -V ~Vr;)

Toor,
*k‘i (}/‘I' - yc'-*,) + k‘l'-/ ("‘ yC’._/* y‘,-) = —n eb . (7)
o

For the ring gear segments

Mey Ny ~clrpe (Vo Yep ~Voy) - Krpe (Vo ~Ye, -Y,,)
Fret (c')gz/ *"k;) 1‘417'(/);7 ")43;() .- (8)

nfbl_
The rotation is that used in References 1 and 2 and defined in Figure 5. The
second order differential equations are solved numerically because of the
large number of equations, (3n + 1), where n is the number of planet gears.
The routine used requires that the differential equations be transformed to
first order differential equations. This 1s done by the following
transformation.

Let x50= Y5 ) XP“ 'Y6 ) X‘/'ag Y"f x":'o * y":'
XS, = YS 4 xPh: YP.* / XC-,, YC.. ’ x".'g * Yl‘“

x‘/‘ s, XPH'YP: chl Y(_,- ;s Xy ® r, (9)
Substituting (9) into (5) throuqh (8) gives
. / n k
Xs, + 715 & % (Xs, ~Xpy ~Xe1) + 2% 2 8 (Xso =Xy~ X e,
2%
= -”TsTb‘ (10)
‘ L Xar =% = B (Xp, - Xeys -Xo:
Xp,-l - ;”_’/ SP,' (x.s' by - C:'/)"/)Ip- P c, 7 "u)

L - _y..Y=0, (M
- Kt Xy R ), o, o o100



X.C-a'l - ;’:—, J”.('V’l 'x8> "XC,',)‘ /)-é; a/,?; (XP,I -XCI'I -X"c;)

/ /
- Z,- A’?}- (X:‘-Xpl'.-xc,'.) =] JT‘" A't‘fl. (X”-“-X c"‘ —X,.‘n.)

k‘,' &'l'-l M
* z, (Xesy - Xe,,, )"' i (- Xe i, *Xc;.) ‘-1."_”/?“_ (12)

)Zr,', - -3{—": drg-()(p,-, -Xe,, 'Xr,-,) -1—./.;_ /rre.(x,;.. ~Xe,, _x’,'..)

#5 Kny (- Koy, # Hen) 2o Ko (Xoiy = Xriug, Yo 20 (12
%5+ Xs, (10
Xp, = X dal
Xe,, = Xeis (16)
and )?.-,-, = Xr,, | (17)

for a total of (6n+2) first order differential equations. The output toraque
is assumed to be divided evenly among either the planet carrier segments or
the ring gear rim segments depending on which type of planetary is being
modeled .

The tooth-pair load terms of equations (10) through (13)

are ksg- (Xso'xﬁ'o “Xc,',> (18)

and Keo. (Xp, ~Xe;, = Xn, (19)
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Tooth spacing error, profile modification terms, and a tooth-pair contact
identity function must be added to the tootii-pair 19ad terms as shown

ks;;- (Xs. "Xp,-,"xc,'.'e‘l’,"'f}f;') ¢sg' (20)

and kf'P'- (X’;. "Xc"‘ "Xr‘o "e,-". -pppl.) ¢ rp" (2])

The tooth-pair contact identity functions dSP,' and drr,' are either 1 or 0
depending on whether the individual tooth-pairs are in contact or not.
Contact is determiied by the value in the parcntheses of (20) and (21). If
the value is positive, the tooth-pair is in contact. I[f the value is
negative, the tooth pair is not in contact.

When a planetary system is being modeled, the ring geer is grounded aqd
the Xe, terms vanish. When a star system is being modeled the planet carrier
is grounded and the X¢; terms vanish.

The above development results in more than doubling the required number
of equations. The previous soiution, Reference 1, used the relative
tooth-pair displacements as the generalized coordinates, whereas this
development uses the absolute tooth-pair displacements as the generalized
coordinates. The absolute displacements must be used because of the
additional degrees-of-freedom needed for the planet carrier and (or) ring gear
rim segments .

C. User Friendly Options

Some "user friendly" options have been incorporated into the program.
The user can choose to run at any of three levels. The first level requires
minimal input such as diametral pitch, pressure angle, number of teeth, face
widthe, torque, speed range, equivalent masses, type of system, numher of
planets, and contact ratio if it is greater than 2. The remaining variables
default (see user manual for values) allowing the user to obtain approximate
results with minimum input. The next level requires the input of level 1 plus
damping, flash temperature data, iteration Gata. 2ud planet phasing
constants. Other optional variables that may be input at level 2 include:
profile modif ~ation data, face width crowning, Hertz stress for compliance
calculation, piare stress or plane strain trigger, active face widths,
convective compliance matrix (helical gears), geometric data, geometric
tolerances, helix errors, tooth pair spacing errors, and initial boundary
conditions. These level 2 optional variables will default to zero, or the
values indicated in the user quide if not specified. Level 3 includes all of
the above, is well as profile modification shape factors, compliance
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constants, and 3-dimensional factors. In addition to the choice of levels,
the documentation has been expanded to ease the user's task of setting up the
input data for any level. The program output has also been modified for
clarity. For further input details and default values, refer to the user
manual.

D. Dynamic Side Bands

Dynamic sidebands are observed in frequency spectra where they usually
occur in plus or minus integer multiples of the primary gear mesh frequency.
This phenomenon is often associated with inherent manufacturing errors, such
as gear runout.

For the sideband option, runout errors are simulated by applying a
sinusoidal error distribution on the input pinion. The user inputs the
displacement deviation in center location of the sun. This is then used to
generate a tooth spacing error array using the following equation.

A=A, s (zm (B) 5w, (22)

where A, is the spacing error
A, is the input displacement error
N is the current tooth number
is the total number of teeth on the pinion
and ¢1 is the pressure angle

The error array internally generated is printed after the no-error solution
and is followed by error passes illustrating the various tooth pair meshes
with corresponding summary tables of maximum values output.

In order to obtain sideband information, the load data must he used in
conjunction with a Fourier analysis in order to look at the results in the
fregquency domain. The program outputs all of the 1oads and corresponding
times, in a WRITE (7,5029) format so the data can be analyzed separately.

An example case was executed with a displacement error of .001 inch. The
maximum normal load varied from 3045. 1bs. to 5723. 1bs., while the no-error
maximum load was 4387. 1bs. The load data was used in conjunction with a
Fourier analysis program, the results of which are illustreted in Figures 6a
and 6b.

E. 3Speed Survey Option

The program has been modified to include the option of surveying a range
of input speeds. The user inputs the initial and final speeds of the range
desired, and the number of intervals into which the range is to be divided.
The program steps through the speed range determining the maximum tooth load

for each speed, where step size = (final -initial speed)/number of intervals.
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The difference between consecutive loads is calculated. A change in sign from
positive to negative indicates a peak has been passed. The speed step size is
then divided by five, and the prior two intervals are reanalyzed to find the
peak value. The program then continues through the range checking for other
peaks. At the end of the range, the speed corresponding to the overall
maximum load is retained and used for the remaining calculations. Examples
can be seen in Figure 23 and Figure 30.

The user should note that a peak could be missed if the number of
intervals specified is too small; however, CPU time will increase
proportionally with increased number of intervals. A missed peak is likely to
occur for cases with low damping, which would lead to narrow sharp peaks. One
indication of a missed peak would be 1f the loads for the smaller step size
continually decrease through the interval. If this occurs, the user should
re-run the program with different intervals. One should also note that the
boundary conditions are iterated for each RPM; thus, if the number of Loundary
condition iterations is large, a smaller range should be used with user
specified boundary conditions to avoid using excessive CPU time

There are also two messages that may appear in the. printout. If the load
monotonically decreases in the first speed interval, a message is printed that
the initial rpm is on a decreasing load curve. Similarly, if the final speed
is on an increasing load curve a corresponding message is printec. These
messages indicate that the user may want to re-run the program anc check
either lower or higher speeds, respectively. These are in additio~ to loads
for each mesh at each speed.

F. Nonplanetary Systems

1. Sun-Planet(s) Option

The original multiple mesh program simulated the sun-planet(s) option by
the user inputting a trigger; SNPLBT = 1.0, which would set the compliance of
the ring teeth to a very large value. The input now requires the system type
trigger, K, be set to 4 for the sun- anet(s) option. This option is now
solved exactly with the system equations given below.

The sun is the input pinion while the planets are the output gears as
shown in the following figure:




The following equilibrium equations can be written corresponding to the
prior figure:

. p . ” (Sun gear)
Is)s? ’.2‘;413‘3' ygp' +i<§l ksp’ )@; . %’ (23)
(Planet gears)
Ip- YP- -d'sg; );sp,- ""sm Ysp, == ;‘:." (24)

where elsg,; anddrg: are the viscous damping terms Ig and Ipj are the
rotational inertias, Ky, and A, are tooth pair stiffness terms, Tj, and

ToutPi are input and output torques, and Rps and Rppi are gear involute
base radii.

Subtracting (24) from (23) yields n relative motion equations:

P
s 5P, ksp hser
o3 407y o 22 5 By
< s
G 774/ " Ta‘vr
LA A,
where YsyaYs'Yr‘-

For ? one planet system (n=1), equation (25) reduces to Richardson's
equation(!) for a single external-external gear mesh as follows:

— o — JSP =5 ._.) kS 7;”7.
Y,p + ) Ys’p ( + A 5p = Iﬂ, Ip'ﬁ,, (26)
7N TouT Lo

Kb, Koy )

/ /) | /
(%) (28)
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. ko o - L.
e i X = o (29)

where Mg is the meshing effective mass and L, is the static tooth
load consistent with the gear torques.

For multip]e planet cases equation 25 can be rewritten as:

4 S0 o # 22 Vi 5 Sy By 0 R0 T

Mp. 4 — (30)
=1 4 ’
Yop. = Yop. =€ 3p.. — Xor.. Bep.. (31)
b Bl T T g ’g”}‘
Here €gp and "» “fp are the tooth spacing error and the mvolute

profile mod1f1cat1on terms, respectfully, of mesh ¢ and tooth- pa1r}_

The tooth -pair meshmg loads are __,. 2
Z ([ % -esy; - v--#v-:]’lv"/sp-') (32)

shere m is the nunber of teeth in contact at mesh i, A ¢p is the tooth pair
stiffness and f is a tooth-pair contact identity function.

Transform to 2n first-order equations of the foHowing form as
was done above for the f]ex1b1e carr1er and ring gear rim equations of motion:

K. Xy + 7 Xyt S Lsp. 4 = ™, %5
:2 wt X S_ P ,Ls,; ”Sebs+ﬁe.&p. (33)

).(;p'.o - Xsp,-, (34)

These equations are similar to the sun-planet equations of a star system,
Reference 1, except there are no ring-planet terms or equations.

A test case was executed for spur gears using both the single-mesh
program, which has a closed form solution, and the multiple-mesh program,
which uses a numerical solution, with one planet. Table 1 contains the
solutions from the multiple mesh program compared to the single mesh solution
and the corresponding percent differences.

13



For a boundary condition tolerance of 0.5%, the differences between the
closed form solution and the numerical solution maximum values were less than
2%. This comparison also verifies the validity of the numerical solution
iteration parameters used in the multiple mesh program. Figures 7 and 8 show
the single mesh 1cads and multiple mesh loads with the corresponding data
sets, both for one mesh cycle, respectively.

2. Ring-Planet(s) Option

This ring-planet is input is similar to the sun-planet option in that the
old trigger, SNPLBT = 2.0, would set the compliance of the sun teeth to a very
targe value. The input now required .is that the system type trigger, K, be
set to 5 for a ring-planet(s) mesh.

The planets act as the input pinions, with the input torque being per
planet, while the ring acts as the output gear'as shown below:

14



The equilibrium equations corresponding to the previous illustration can
be written for the ring gears and planet gear as follows:

(Ring gear)

n
ul 7'_ﬂ.f
5 dap. }’,-,- -é; Krp. )’, (35)
=l i~ fbr'
. (Planet gears)
o D e e '
7 Yy # LB Yoty Kep, Vope = ?I:'.' (36)

Subtracting (35) from (36) the following relative motion equations can be
obtairned:

‘YPP 4--—- éf‘*hp ch Ao ‘47’ y;P o= §ilﬁﬁ7o )Cw
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Equatlon (37) can be rewritten as
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Transform equat1on (38) to 2n first order equation;:
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These equations are similar to the ring-planet equations for a star
system, Reference 1, with no sun-planet terms or equations.

A test case was run on both the single mesh and multiple mesh program for
an internal-external mesh. The maximum values are presented in Table 2, along
with the percent differences between the exact single mesh solutions and the
numerical solutions of the multiple mesh program. The table is followed by
the input data set for the multiple mesh program, Figure 9. Again there is
excellent correlation, with the maximum difference being 3.85%. The higher
percentage difference, compared to the sun-planet mesh, is due to a 1%
convergence tolerance for boundary condition iterations, rather than 0.5% used
for the sun-planet mesh.

3. Profile Modifications

In addition to the options eliminating the planet carrier and ring or sun
gear, an additional input variable has been added for tooth profile
modifications. The user can now specify the amounts of tooth tip and flank
reliefs for each gear for a more comprehensive tooth profile modification
table given in the program output.
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[II. EVALUATION OF PROGRAM

A. Introduction

Task II required evaluating the analytical method by comparing the
program results with published test data and Hamilton Standard test data from
a turboprop reduction gearbox. After extensive searching through engineering
indexes via computer, and by hand for older publications, it was found that
very 1ittle published test data of sufficient detail existed. An exception to
this was a series of articles published in the Bulletin of the Japanese
Society of Mechanical Engineers. They have published several articles which
document their experimental investigations into dynamic tooth loading in
planetary gears.

Another article, reference 4, was located that implied strain gauge data
had been taken at Pratt & Whitney Aircraft of Canada on a planetary system.
The author was contacied and asked to send test data. The data received was
very limited in that only a small speed range was tested and there was little
information as to the specific test procedure. Limited data was also the case
with the Hamiltcen Standard test program for the turboprop gearbox. The strain
gauge data on the gear teeth was limited due to the number of available
monitoring channels.

B. Experimental and Modeling Characteristics

1. Japanese Stoeckicht 2K-H Planetary

Extensive testing was performed on a nonsynchronous meshing, three
planet, planetary spur gear system. The basic characteristics are found in
Table 3 and an illustration is given in Figure 10. Table 4 contains the
characteristics of a similar test system that has synchronous meshing.

The nonsynchronous meshing system was designed for 20KW of transmitted
power, a speed ratio of 6, and the working range of the higher speed shaft
from 1800 to 7200 rpm. The synchronous meshing system has similar design
features.

A power circulating type planetary gear testing machine was used to
monitor the fillet strains in three sun gear teeth. Resistance wire strain
gauges were placed on the compression side of the roots of tooth numbers 1, 5
and 10 of the sun gear.. A tooth of the sun gear will engage 30 times with the
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planet gears before returning to the same engaging position. Therefore, 90
pieces of fillet strain data, 30 per tooth, were used to obtain a mean dynamic
load factor and coefficient of variation.

Typical input data sets are shown in Figure 11. The tooth geometry was
obtained from the program geometric preprocessor as this information was not
published. The program geometric preprocessor generates the basic tooth
geometry using basic involute relationships given in Reference 1. A model
damping ratio of 10% was used, corresponding to the 10% ratio used in the
Japanese theoretical calculations. The equivalent mass for the planet carrier
includes additional mass due to a low speed rotor in the test set-up.

2. First-Stage Reduction gear, Model A-27

The Pratt & Whitney epicyclic, first-stage reduction gear for the PT6
series of engines has 3 planets with synchronous meshing. The basic
characteristics are shown in Table 5 and the system is il]ustrate? ;n Figure
12. The input speed is 30,000 RPM or higher for normal operation(4). --

Two strain gauges were placed in a fillet of the sun gear, each located
1/4 inch from the edge. The number of fillets monitored was not available.
Data was taken for several different tangential load cases and for various sun
gear rotational speeds.

An input data set is illustrated in Figure 13. The detailed tooth =
geometry was available for all the gears; thus, the geometric preprocessor was
bypassed. Modal damping ratios of 20% were used for the various loads, and
two load cases were also run with 10% damping ratios. -

3. Hamilton Standard Turboprop Gearbox

The turboprop gearbox is a two-stage non-planetary system with
characteristics found in Table 6 and a system diagram found in Figure 14. The
tooth fillet strain gauge data available was for the first stage only. The
gauges were located on an idler gear in a total of 6 fillets, 3 consecutive ~
fillets on opposite sides of the gear, with 2 gauges located in the center of
the width and 2 gauges eacn on both edges, as shown in Figure 15. Maximum
stresses were observed for several loading conditions at various speeds;
however, the maximum number of these gauges observed for a certain condition
was four and the minimum two. This was due to a 1imited number of monitoring
channels. For better load share between the two idler gears a floating input
pinion (sun gear) was used for the design. S

An exampie input data set can be found in Fiqure 16. Damping ratios of
% and 10% were used. The geometry was directly input, bypassing the
preprocessor, with the actual profile modifications being included for most of
the cases, while one case was run with no modifications for load comparison.
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C. Data & Results

1. Stoeckicht 2K-H Planetary

The test data for the Stoeckicht 2K-H planetary system was presented as a
mean dynamic load factor and a coefficient of variation. The dynamic load
factor is defined as the ratio of the dynamic strain to the static strain at
corresponding positions, and the coefficient of variation is the standard
deviation divided by the mean dynamic load. These data were then used to obtain
the dynamic load range that included + 2 standard deviations, or the range
where approximately 95% of the loads would be expected to occur based on the
experimental data. The test data used were the maximum fillet strains in a
zone of single tooth contact.

Figure 17 illustrates the maximum dynamic loads for a static tangential
tooth load of 130N (29.25 1bs.) for the nonsynchronou? Teshing case. The
original effective masses are the same as the authors 5) used in their
evaluation, with the carrier mass including the low speed rotor effective
mass, as is the damping ratio of 10%. Variations of both of these parameters
are also shown. The Japanese theoretical calculations were also presented as
a mean dynamic load factor and a coefficient of variation, where the mean
dynamic load factor is approximately 1. The upper limit of their theoretical
variation (+2 standard deviations) appears on Figure 17 and includes the
theoretical effect of tooth profile errors.

Figure 18 illustrates maximum dynamic loads for a static tangential load
of 90N (20.25 1bs.), while Figure 19 shows results for a static tangential
Toad of 50N (11.25 1bs.) Both figures are for nonsynchronous meshing and
include computer runs for both with and without tooth spacing errors. Figure
19 also includes an effective mass variation for both with and without tooth
spacing errors.

The synchronous meshing case is shown in Figure 20 in which the
conditions are similar to chose used in obtaining Fiqure 17. The tooth
numbers and diametral pitch were adjusted while the pitch radii, pressure
angle and speed ratio were kept constant. A case with a tooth error is also
illustrated in Figure 20.

2. A-27 First-Stage Reduction Gears

The test data obtained for the PT-6 first-stage gear, model A-27,
consisted of a plot of maximum peak sun gear dynamic stress vs. sun gear
rotational speed for various constant transmitted loads. No information was
available as to how many teeth were strain gauged, except a diagram indicating
only two gauges on one tooth root and reference 4 indicating two sun gear

teeth were strain gauged. Thus, the variation of stresses was not obtained
experimentally.

Figure 21 contains the lower load cases, for transmitted loads of 445N,
890N and 1335N (100 1bs., 200 1bs., and 300 1bs.). All three cases were run
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with a relatively high modal damping ratio of 20% and the 1335N (300 1bs.)
load was also run at 10% damping. Similarly, Figure 22 illustrates the higher
tangential load range. Loads of 1557N, 1668N, 1779N and 2002N (350 1bs.,

375 1bs., 400 1bs. and 450 1bs.) were all run with 20% damping, and the 2002N
case was also run with 10% damping.

Figure 23 shows maximum normal ioads vs. speeds for several effective
masses and for both sun-planet and ring-planet meshes. Al1l load curves are
for the 2002N (450 1bs.) tangential load case. The sun-planet mesh is shown
to have two resonant speeds, while the ring-planet mesh has one major peak
that occurs at a speed in between the two sun-planet neaks.

3. Hamilton Standard Turboprop First-Stage Reduction Gear

The strain gauge data taken on the turboprop reduction gear system was
limited in applicability for comparison to the program results. One idler
gear, which meshes with the input pinion had a total of 6 gauges in the tooth
root area. For each run at various torque levels, different combinations of
gauges and corresponding peak stresses were monitored. Gauges had been
installed on the bull gear teeth also, but they were not monitored due to the
lack of channels available. Thus, no data was available for the second-stage,
only for the first-stage idler gear that meshes with the input pinion.

Figures 24 and 25 show the average of the experimental peak stresses anc
the average of the two theoretical input pinion-idler meshes. Cases were run
with profile modifications, as the actual gears tested had profile
modifications. The effects of different damping ratios are also illustrated.

Figures 26 through 29 show each load level individually, with maximum,
minimum and average experimental peak stress points plotted. Different planet
(idler) stresses calculated by the multiple mesh program, due to a fixed input
shaft in the model and nonsynchronous meshing, are the boundaries for one
theoretical band. Note: as discussed earlier, the program assumes fixed
centers for the gears, whereas, the input pinion of the system is floating
hetween the idlers. The other theoretical band arises from a nonuniform load
distribution across the face width due to the location of the web. By use of
finite element analysis done at Hamilton, the loads were found to be
approximately 12% greater at the center of the face.

Fiqure 30 is a speed survey of idler gear load vs. input pinion speed for
the 30% torque case which shows two speeds where resonance occurs. This also
illustrates the unequal loads that can result due to the theoretical model of
a fixed, rather than floating pinion. The differences between loads on a
standard involute form and a tooth with a modified involute can also be seen.
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D Discussion of Results

1. Japanese Stoeckicht ¢?K-H

The Japanese authors performed extensive tests on the Stoeckicht
planetary gear system. Two systems were tested, one synchronous meshing and
one ncnsynchronous meshing. The two systems were kept as similar as possible
with the major changes being diametral pitch and number of teeth, in order to
make a direct ngparison petween systems with the major difference being the
planet phasing\®/,

Figure 17 shows the nonsynchronous meshing system which parallels Figure
20 illustrating the synchronous meshing system. The range of experimental
strain gauge results indicate a resonance near 2600 RPM, which is due t0 a
resonance of the total torsional system resulting in torque variations 6).
The analyiical program assumes constant torque, thus this resonance would not
be predicted. The next resonance indicated experimentally is in the 5000 RPM
vicinity. The theory predicts a resonant speed at 5200 RPM.

There is also an experimental resonance at approximately 7200 RPM, which
for the synchronous case, is a multiple of the meshing frequency 6). The
experimental range in Figure 20 does not indicate this significantly; however,
the in-phase theory predicts peak l1oads near this speed. Synchronous meshing
will generally cause higher loads due to simultaneous meshing of the planets.
This is shown by comparing Figures 17 and 20 where both the experimental and

analytical loads are high for the synchronous meshing case at the resonant
speeds.

Variation of the analytical effective mass has the effect of shifting the
speed at which peak loads occur. The masses used for the majority of the
theoretical calculations are the masses calculated for the Japanese
theoretical evaluation(5). The theoretical model of Reference 5 is very
similar to that used here. The primary differences are that the Reference 5
model includes additional error terms and mass terms for roter inertias but
apparently did not include nonlinear tooth-pair meshing characteristics.
Note: the selection of effective masses for the analytical model is not a
trivial task in that it is difficult to decide on the amount of attached mass
that should be included. These attached masses could be rotors, shafting,
mounts, etc. A complete system dynamic analysis would he required to define
the equivalent masses, which are frequency dependent. The planetary gear
tested contained a high and low speed rotor which were medelled by adding the
additional mass to the ring and planet carriers, respectively. However, the
ring is fixed for a planetary system and, therefore, has zero rotational
moment of inetia and correspondingly, zero effective mass. The actual system
has a radially floating ring as well as a floating sun, neither of which is
included in the theoretical model.



The shift in the speed at which the peak lcad occurs, due to altered
effective mass, is illustrated in Figures 17 and 19. Figure 17 shows the
theoretical peak shifting from about 5300 RPM to approximately 7400 RPM when
all masses are divided in half. The half mass results seem to correlate with
the experimental data better; however, there is insufficient information to
verify either quantity as the actual effective mass. Figure 19 illustrates a
lower transmitted load and correspondingly, the peaks are less pronounced .
The flatter peaks make the distinction between the peaks less obvious,
axpecially in the cases with tooth errors where both bands have excellent
correlation with the experimental range. The half effective masses seem to
correlate with the experimental data better at speeds above 6000 RPM,
primarily due to a shift in peak location similar to the one observed in
Figure 17.

In addition to the case where all effective masses are halved, a case
where only the planet carrier mass was decreased is also shown in Figure 17.
There is a slight increase in loads and a slight shift in the main peak toward
a higher speed. The differences in loads are less than 3%. Thus, in this
case, the carrier effective mass is not the primary mass of the system even
though it is the largest effective mass of the system.

Figure 17 also contains a few points at a much lower damping ratio of
5%. This increases the load at 5000 RPM by 26.5% and emphasizes the dynamic
peak obtained near 5000 RPM. The Japanese theoretical calculations used a 10%
damping ratio which apparently correlated well to the experimental test data.

The effects of tooth errors on the theoretical loads are illustrated in
Figures 18 to 20. The loads plotted for the error cases are the minimum and
maximum, although the maximum normally occurs in only one mesh and the average
increase in loads for the error cases would be considerably lower. The
manufacturing errors were estimated in reference 7. The pitch error, profile
error and lead error were incorporated in a statistical total for a sun-planet

mesh of magnitude .003388 mm (.00013338 in.) using x U from
equation (14), Reference 8, where the q;“s are the various types of tooth

errors.

Figure 18 shows the theoretical results of having one tooth error in each
ot the three sun-planet meshes. At low speeds, the maximum loads predicted
are less than 5% higher than the no error case. In the vicinity of the
predicted resonance, the deviation increases to about 13% higher and 6% lower

than the no error case as one would expect. The deviation decreases at speeds
higher than resonance.

Figure 20 shows the synchronous meshing case and has the same magnitude
of error applied to one tooth in all three sun-planet meshes, similar to the
cases of Figure 18. The higher tangential load tends to decrease the effects
of tooth spacing errors on dynamic loads, especially at higher speeds .
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Figure 19 has the result of a different configuration of tooth errors
plotted. The errors are of the same magnitude as in Figures 18 and 20, but !
they occur on five consecutive teeth and only one sun-planet mesh. In this
case, which is for a very low transmitted load, the increase in load is fairly
constant over the speed range, especially for the original mass. The half
mass case shows more variation than the initial mass case throughout the speed
range and seems to follow the experimental range better, except hetween 5000

and 7000 RPM where the thecretical band is considerably narrower than the
experimental.

When the experimental and theoretical load ranges for the nc tooth error
and initial mass cases in Figures 17 through 19 are compared, it can be seen
that for the highest static 1oad case of 130N, the theoretical loads are near
the upper boundary of the experimental range, for the 90N case they are more
toward the center of the range, and for the lowest 1oad of 50N, the
theoretical loads are near the lower boundary.

2. PT6 First-stage, Model A-27

The strain gauge data for the first-stage A-27 was obtained from Pratt &
Whitney of Canada in the form of a plot of stress vs. speed for several
transmitted loads. This data is reproduced on Figures 21 and 22.

The results plotted in Figure 2! are for 20% damning and predict stresses
higher than tne experimental data for the 890N (200 1bs.) and 1335N (300
Ibs.). The 890N theoretical case predicts stresses from 17% to 58% higher at
18,800 RPM and 21,800 RPM, respectively. The 1335N theoretical case predicts
stresses from 28% to 139% higher at 28,600 and 22,500 RPM. The lowest load,
445N (100 1b.) has the best magnitude correlation, especially at lower 3peeds
-=- up to about 23,000 RPM the difference is less than 10%. However, at 30,000
RPM the theoretical stress is 58% lower the experimental stress. The 10%
damping case emphasizes any peaks and thus increases the maximum differences
and decreases the minimum differences to 155% and 21% for the 1335N (300 1bs.)
case. Strain gauge size and placement can significantly affect the results.
No static tooth load calibraticn was made on the gauges; therefore, the gauge
data can only be used to indicate tooth load trends. In fact, if the
exoerimental data is normalized, then the correlation is good with theory.

Figure 22 illustrates the higher transmitted load cases. The
experimental data indicates a resonance occuring between 28,000 and
31,000 RPM. The minimum deviations for the 20% damping cases range from 27%
to 4% corresponding to the loads ranging from 1557N (350 1bs.) to 2002N
(450 1bs.). Similarly, the maximum deviations range from 184% to 66% Vor
loads of 1557N to 2002N. The 10% damping case indicates smaller deviations of
about 51% near the experimental resonance, however the theoretical peak occurs
at a lower speed at which insufficient test data is available.
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The experimental data is strange in that the maximum stresses vary by
less than 9% near resonance, while the applied tangential load increases by
29%. It may be that the camping of the system is load dependent. The theory
predicts stresses that increase in a similar manner to the increase in applied
load, with the overall stress increasing by approximately 29%, for assumed
constant damping.

The resonance indicated by the experimental data near 29,000 RPM could
have been due to the influence of the ring-planet mesh or a system resonance.
The theory predicts resonances for tooth-pair meshing, but is not set up to
predict overall system responses or shaft responses. The sharp load peak for
the ring-planet mesh shown in Figure 23 indicates a strong ring-planet
resonance that would be likely to be picked up in experimental test results.
As there is no strain gauge data for the ring or elsewhere, it is impossible
to differentiate where in the system the resonance is occuring.

The theoretical stresses on Figures 21 and 22 are for standard spur gear
teeth with no profile modifications and include no tooth spacing errors.
Experimentally, one possible reason for the measured stresses being nearly
independent of the applied loads could be due to the effects of inherent
manufacturing gear tooth errors.

Figure 23 vividiy illustrates the importance of the calculated effective
mass used for the analytical model and the effect of varying the effective
masses. As the masses are decreased, the peak responses shift to higher
speeds. There are two resonant speeds for the sun-planet mesh predicted
theoretically; however, experimentally only a small range of speeds was tested
which includes only one resonance between 28,000 and 31,000 RPM. This could
correspond to either of the peaks theoretically predicted for the sun-planet
mesh or could correspond to the one resonance predicted for the ring-planet
mesh.

Figure 23 also shows the result of a lower modal damping ratio. As the
damping ratio is reduced, the peaks become much more pronounced. One side
effect of reduced damping ratios in running the program is generally a larger
number of convergence iterations for boundary conditions. Therefore, in most

cases, lower damping ratios will require more CPU time than higher damping
ratios.

3. Hamilton Standard Turboprop Reduction Gearbox

The test program for the turboprop gearbox involved strain gauging the
gear rims, webs, and tooth roots. At different torque levels, various
combinations of gauges were monitored. Thus, the peak stress data from some
of the gauges located in the fillets, see Figure 15 for locations, were
compared to the maximum stress results from the multiple-mesh program.
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Figures 24 and 25 illustrate the average of the experimental data points
for each speed and the averages of the two theoretical idler (planet)
stresses. The experimental data was averaged to eliminate the data scatter.
The experimental data scatter is a result of gear runout, tooth spacing
errors, tooth geometric tolerances, and strain gauge placement. Some of this
data was actively available that could have been used but contract funding was
limited and, therefore, beyond the scope of the study. The theoretical data
was averaged between the two idlers (planets) because of unequal load share.
The actual experimental setup had a vertically floating input pinion which
resulted in equal idler load share in the test setup.

Based on the averages, the two lower load cases, Figure 24, have good
correlation at lower speeds, and reasonable correlation at the higher speeds.
For the two higher load cases in Figure 25, theoretically predicted stresses
are considerably higher than the experimental stresses for the lower speeds.
The correlation at higher speeds is excellent with an 8.3% difference between
the 90% torque case using 5% damping at 21,100 RPM. The 68% torque case had
only two speeds at which experimental data was taken, thus comparison may be
based on the trends of the other lcad cases.

The theoretical data shows an increase in stress for speeds higher than
the tested range with a peak appearing at about 24,000 RPM. If the
theoretical effective masses were increased, shifting the peak to a lower
speed, more of the experimental ranges would have paralleled the theoretical
stress bands. The higher torque cases, Figures 28 and 29, show the theory
being conservative and predicting stresses higher than the experimental data,
especially for the lower speeds. If the peaks were shifted, the differences
would again be decreased, yielding better correlation between test and theory.

The effect of modal damping is shown in Figure 24. For the 50% torque
case, the stresses vary by about 10% for an increase in the damping ratio from
5% to 10%. The largest difference occurs as the pinion speed approaches
resonance, as would be expected.

Fiqures 26 through 29 show the minimum and maximum experimental data
points, as well as the average experimental stress and theoretical ranges.
However, there are extremely large variations in the experimental stresses,
especially for the 30% and 50% torque cases which also had more experimental
data points. As mentioned, much of the variation can be attributed to
gearmount, tooth spacing errors, tooth tolerances and strain gauge placement.
At the lower loads, all of these effects excluding gauge placement are much
more influential that at the higher loads because the gear tooth deflections
are smaller for lower loads. The tooth errors and tolerance differences are a
larger portion of the tooth deflections.

One theoretical band on Figures 26 to 29 represents the stress
distribution across the tooth face due to a web located at the center of the
face. Studies were conducted using finite element analyses to determine the
effect the web had on the lvad distribution. The result of that study
indicated a 12% increase in the center of the face and a 12% decrease near the

edges. This variation was applied to the theoretical average to obtain the
dashed band on Figures 2C to 29.
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Figure 30 is a theoretical speed survey for the lowest torque case,
illustrating the effect of profile modifications. The modifications have
little effect on the maximum loads at a resonant speed. However, the minimum
loads prior to the resonant peak are larger for the modified profile than for
the standard involute form.

Theoretical unequal load sharing is also illustrated in Figure 30. In
the operating range, the loads are fairly equal. At resonant speeds, however,
the loads vary by as much as + 26% . The variation is less than + 6% for
speeds of 25,000 RPM and above. The variation is due to the fixed pinion
mathematical model, which does not allow for a floating pinion present in the
actual system.
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IV. CONCLUSIONS

The variable coefficient of friction modifications lead to more
accurately predicted flash temperatures.

Modifications to make the program user friendly assist the user in
setting up the input data via three levels of input, and they aid in
interpreting the output.

The dynamic side band option allows the user to investigate the
simulated effect of a runout error on the input pinion of a single
external-external mesh. The number of error solutions calculated is
equivalent to the number of teeth on the input pinion, simulating
runout for a full mesh cycle. The load data can be used to obtain
the frequency spectrum to evaluate the sideband phenomenon.

A speed survey option allows the user to obtain load variations from
speed range and to determine more readily the speeds where resonances
are likely to occur.

The addition of nonplanetary, sun-planet(s) and ring-planet(s),
systems not only allows for singie-mesh equivalent systems, but also
allows for multiple planet systems with no planet carriers, and
results in one universal analysis program.

Comparison of spur gear single mesh configurations in the multiple
mesh program to the single mesh program, which has a closed form
solution, indicates the numerical solution used for solving the
differential equations in the multiple mesh program is accurate.

The flexible planet carrier or ring gear rim options resulted in some
numerical instabilities. The system equations have been verified by
the eigenvalue solution so the problem most likely exists in the
numerical solution routines.

The comparison of the Stoeckicht 2K-H planetary system data with
theory showed the loads correlated well. The other two systems
evaluated had stress data rather than load data, which did not
correlate as well with theory. In addition, the Stoeckicht load data
was presented statistically rather than with absolute measurements

and, therefore, corresponded more realistically to theoretical
results.

The program predicted the general location of the natura: frequencies

of the three systems, even though the meshing action of the teeth is
nonlinear.
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A1l three test syste .. showed a better correlation to theory at
higher applied static load levels, while the program tended to
underestimate the dynamic loads or stresses for lower static load
levels. This is a result of the relative displacements of the tooth
pair under load compared to tooth spacing errors. At low loads the
spacing errors can significantly affect the dynamic loads.
Therefore, for lightly loaded gears the tooth-spacing errors should
be carefully defined and analyzed.

A1l three test systems were shown to be very dependent on the
equivalent masses and damping ratio input, with respect to resonant
speeds and load magnitudes, respectively. This phenomenon is typical
of Towly damped systems to vibratory loads. Usually a range of
effective mass is studied for sensitivity of dynamic response.
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COEFFLCIENT OF FRECTLOM - N

Figure

T

Coefficient of Friction vs. Benedict-Kelley Parameter
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Figure 2. Specific Gravity vs. Temperature

.1
et = '
.
[ .
1.0 —
b\ = I
': T I 0 \ . MIL‘
e : (Ln
¥ \.L'? —
\ece ey T
o : QT —
-— = '
o ¢ — —
5 0 | .
@ ey ~
wn =—
—
.9 \
: : = :
| |
1 1
Uy
-
e
: —
.8- : : |
-50 0 50 50 - =

TEMPERATURE , °F

38



ORIGINAL PAGE IS
OF POOR QUALITY

Figure 3. Kinematic Viscosity vs. Temperature
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Figure 4. Flash Temperature, Before and After Variable Friction
Modifications to Single Mesh Program

o 0.6000E+03;
E Be fore
(o
oz
w
& 0.4000E+03+
w
—
£
‘D .
o 0.2000E+03;,////////
|
0.0 L " __ia
0.0 0.4000E+00 0.8000E+00
DISTANCE ALONG LINE OF ACTION
0.3200E+03 Lftep
~ 0.2400E+034 i
p
—
cC
[0
wi
& 0.1600E+034
w
[
= =
w
< 0.8000E+02¢
.
0‘0 l " "
0.0 0.4000E+00 0.8000E+00

DISTANCE ALONG LINE OF ACTION |



Figure 5.

Schematic of Dynamic Mcdel for

Flexible Carrier and Ring Rim
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VALUE OF FUNCTION
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Figure 6b:
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Single Mesh Loads and Input Data Set
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Multiple Mesh, Sun-Planet Loads and Input Data Set

Figure 8.
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Figure 9.

_TEST EOR RING-PLANET OPTION. __ __. .. — . .

OHMHMHFEFMNDWHNDNONWwSONOM

Input Data for Multiple-Mesh, Ring-Planet Opticn

1. 2. 8.4667 22.5 0. 0. —
6. 0. 28. 70. 0. 1.1811
11. 1.1811 1. 5. 70.
— 15, 3000. 3000, 1. e A e
30. 12. .15507 -~
52. .1 .1
120. 0.
— . A0, . 25. . __ 180. __ __.0528 __ __ __ . . . .
150. .01 20. i
167. .0075
501. .0000105
= 541 =.00330
699. 0.
-1
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Figure 10. Stoeckicht 2K-H Planetary System Diagram
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Figure 11. Input Data Set for Stoeckicht 2K-H System

STOECKICHT GEAR

5 1. 2. 8.4667 22.5 0. 0.
5 6. 14. 28. 70. 1.1811 1.1811
4 11. 1.4184 3. 1. 25.8

3 15, 1000, 6000. 5. T T

5 28. 056167 28.8987 0. .15507 .15507
1 33. .15507

2 52. 1 .1

T . e U SN U LSS
3 140. 25. 180. .0528

2 150. .01 20.

1 167. .0075

3 ._._421, 0. 16666667 .3333333 — S
3 441. .5 .1666667 .8333333

1 699. 0.

0-1
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Figure 12.

First
planetary
gear stage

Second
planetary
gear stage

A-27

System Diagram

Ring gear
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Figure 13.

FIRST STAGE,_PW&iC

A-27 Input Data Set

50

3 1. 3. 19.2 22.5

5 6. 27. 45. 117. 1.222 1.222
3 11. . 945 3. 1.

4 14. 949.2525 36000. 36000 W © e,
5 28. .001567 .004317 0. .001017 .001017
1 33. .001017 ;

2 52. .20 .20

- TS | O SR | /. W) [N | - SRR 15 I i WSS,
5 125. 1.18315 2.993 .0851 .074 .083
3 130. .0223 .022 .016

3 140. 25. 180. .0528

2 __ ... 150, .02 .30, nsei
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Figure 14: Gearbox System Diagram
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Figure 16:
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Gearbox Input Data Set

2.220

1

.017106

.0006
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.1319

1.90
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1. 2. 11.0099 25.
6. 24. 77, 0.
12. 2. 4.
; 14, 1682, 23000._ __ 23000..
28. .0033804 0. 0.
52. .10
60. 75.4 71.5 .0006
_ _6b. __ __15.35 _  _ 84.65 __ __.,0002
78. .0007
120. 1. .98515 3.36440
125. 3.57620 0. .1534
130, L0641 .037__ 0.
140 20. 120. .0528
150. .005 20.
421. 0. .18838665
-1,
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ORIGWNAL PAGE 1]

APPENDIX A: USER'S MANUAL  OF POOR QUALITY

% & % % % % % % & & £ F ok kX * &k & X x X k £ % % & £ % + k % & ¥ & & %
* % % k & X % k k % X Fi178 X % % Kk X & K £ & % £ % £ % % % & &
£ % & & & % £ % * % £ % £ * 4 %X X % & £ 2 = % kx £ & X % & * &2 X & & 2
+* USLER’S MANUAL FOR MULTIPL MESHE =
+* SPUR AND HELICAL GEAR SYS E MS =* =& =
* k %k %k % % % %k % % 2 * R X & £ % X % & £ £ & % % x & & + = & k A x %
2 %k & £ &2 2 & K % % AUG 1984 * & & % & X X R L £ 2 k2 Kk ®
X % %k % % % % %k 2 % X % % % £ % X k %k k * 2 % %k & % k * & % £ % % = %

£ 2 % £ 2 = ¢+ * * PPROCRAM RESTRICTIONS & % % % X % & & L % = Xk %

—

SO seWN

2 & 2 &% & 2% kR 2 RTE RS EEDEEEEETEEREEE 2T ZEE

* % #INPUT DATA FOR MULTIPLE MCSII SPUR AND HLELICAL GEAR PROGRAM

NOTE:

. MAXIMUM PLANETS FOR SPUR AND SINGLE HELICAL GEARING

IS 20

. MAXIMUM PLANETS FOR DOUBLE HECLICAL GEARING IS 10
. MAXIMUM ITERATIOANS FOR SOLUTION CONVERGENCE IS 20

MAXTMUM TEETE WITIH TOOTH SPACING ERRORS IS ©
10 TECTH ARE CHECKED FOR DYNAMICS DURIANG TOOTH ERROR FASS

. MAXIMUM INVOLUTE CONTACT RATIO IS 2.0
. MAXIMUM NUMBER OF SUN TEETH IS 50 FOR RUNOUT OPTION

* e

H

ALL GEOMETRIC INPUT DATA IS IN TilE ROTATIONAL PLANE AND
ALL DEFAULT VALUES ARE 0.0 UNLESS OTHERWISE NOTED.

ANGLES ARE IN DEGREES

FORCES ARE IN POUNDS (#)

LENGTHS ARE IN INCIES (IN)

MASSES ARZ IN (#-SEC*:2/1IN)

STRESSES ARE IN (#/IN#=x2)

TEMPERATURES ARE IN DEGREES FAHRENHEIT

THE DATA SET REQUIRED TO RUN THL MULTIPLE MESH PROGRAYM IS
DESCRIBED BCZLOY AND AN EXAMPLYE DATA SET WITH CORRLESPONDING
EXAMPLE PROELEM ARE IN APPENDIX C. A LIST OF GEAR SYSTEM
PARAMETERS VWITH DESCRIPTIONS, LOCATION NUMBERS, AND SOME
NONZERO DEFAULT VALUES FOLLOWS THE INPUT DESCRIPTION.

CARD 1: TITLE CARD=—CONTAINS CASE TITLE AND/OR DESCRIPTIVE

DATA

INFORMATION. AT LEAST ONE COLUMN FROM
1 TO 40 MUST BE NONBLANK.

CARDS: CARDS CONTAIN DATA IN THE FORM SHOWN IN FIGURE 1,
NUMBER OF DATA ITEMS ON CARD, LOCATION NUMBER OF
FIRST DATA ITEM IN LINE (SEE GEAR SYSTEM PARAMETERS
SECTION FOR PARAMETER DESCRIPTION AND CORRESPUNDING
LOCATION NUMBERS), AND DATA ITEMS ARE IN § FIELDS
OF 12 SPACES.

69
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CASL TERMINATION CARD: TO TERMINATE A CASE TIHE LAST LIAND MUST
CONTAIN 0-1. IN COLUMAS 1-4.

SUBSEQUENT CASES: ANOTHER DATA SET OF THE SAME FORMAT—TITLE
CARD, DATA CARD, AND CASE TERMINATION CARD—
MAY FOLLOY THE CASE TERMINATION CARD.

JOB TERMINATION CARD: AFTER THE LAST SUBSEQUENT CASE TERMINA-
TION CARD, A BLANE CARD (LINE) MUST BE
INCLUDED.

#* NOTE =+ ALL NUMBERS MUST BE REAL EXCEPT TEE NUMBER OF
JTEMS, THAT IS, A DECIMAL POINT MUST BE INCLUDED. IT IS NOT
NECESSARY TO INPUT ZERO VALUES AS TIEY WILL DEFAULT TO ZERO
UALESS OTHIRVISE SPECIFIED.

A BRIETF DESCRIPTION OF OUTPUT rOLLOWS THE GEAR SYSTEM
PARAMETER SECTION.

FORX EXAMFLE, IN APPENDIX C THE TITLE CARD READS ’EXAMPLE DATA
SET’. THE NEXT LINE IN THE DATA SCT CONTAINS 6 PICCES OF Diia,
STARTING AT LOCATION #1., FOLLOWED BY THE LEVEL (2.), THL DIAME-
TRAL PITCH (8.4667), THE PRESSURE ANGLE (22.5), COAST SIDI FRES-
SURE ANGLE AND HELIX ANGLE (BOTii = 0. FOR STANDARD SPUR GEARS,
THESE WOULD DEFAULT TO O IF LEFT BLANX AND THE NUMBER OF ITEMS IN
Til. LINE WERE CHANGED TO 3.)

MOST OF THE INPUT VARIABLES HAVE SUFFICIENT EXPLANATION IN
THE GEAR SYSTEM PARAMETERS SECTION, HOWEVER THE FOLLOV ING
PARAMETERS SHOULD BE CALCULATED AS FOLLOYS.

%% EOUIVALENT MASSES:
SUN EQUIVALENT MASS = J / (BASE RADIUS OF SUN)=#=22

WIHERE J IS THE MASS MOMENT OF INERTIA FOR THE SUN. THE OTHIR
COMPONENTS ARE CALCULATED SIMILARLY, USING TEE CORRESPONDING
MOMENTS AND BASE RADII.

%+ PHASING CONSTANTS:

FOR EQUALLY SPACED PLANETS THE SUN PHASING CONSTANTS ARE
DETERMINED BY ASSUMING THE FIRST PLANET MESH HAS A PHASING
CONSTANT OF ZERU. THE REMAINING SUN-PLANET PIASING CONSTANTS
ARE DETERMINED BY:

(PLANET # - 1)*THE FRACTIONAL REMAINDER FROM DIVIDING TIHE

NUMBER OF SUN TEETH BY¥ THE TOTAL NUGMBER OF PLANETS
WHERE THE *FRACTIONAL REMAINDER’ INDICATES THE SPACING DiVFER-
ENCE BETWEEN PLANETS.

10
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THE PHASING CONSTANTS FOR THE RING-PLANET MESEES ARE DETERMINED
THL SAME WAY IF THE PLANET HAS AN ODD NUMBER OF TEETH, USING TIE
NUMBER OF RING TECTH. IF THE PLANETS HAVE AN EVEN NUMRER OF
TEETH THE CONSTANTS ARE CALCULATED FOR THE SUN MESIHES THEN 0.5
IS ADDED TO EACH TO OBTAIN THE RING-PLANET MESH PEASING
CONSTANTS (KRP), DUE TO THE RING GEAR BEING .5 OFFSLCT FROM TLE
SUN GEAR.

EXAMPLE CORRESPONDING TO APPENDIX C:
SUN PLANET MESH— 14/3 = 12 2/3
PLANCT 1, KSP(1) = 0.

PLANET 2, (2-1)#(2/3) = .6666667
KSP(2) = .66CG66G7

PLANET 3, (3-1)%(2/3)=1.3333333
KSP(3) = .3333333

RING PLANET MESH— (EVEN NUMBER OF PLANET TEETID
PLANET 1, KRP(1) = KSP(1) + .5 = .5

PLANET 2, KSP(2) + .5 = 1.1666G67
KRP(2) = .166666G7

PLANET 3, KSP(3) + .5 = ,83332323
KRP(3) = .8333323
%% BOUNDARY CONDITIONS:

AN INITIAL ESTIMATE FOR DISPLACEMENT BOUNDARY CONDITIONS MAY
BE OBTAINED BY DIVIDING THE STATIC TOOTII LOAD AT THE PITCH PRADIUS
BY THIE TOOTH SPRING RATE AT THE PITCH RADIUS.

#xx%x LEVELS OF INPUT

LEVEL I INPUT

THE FIRST INPUT ITEM WILL BE THE LEVEL DESIRED, FOLLOWED BY ITEMS
2 THROUGH 51 AND WHERE NOTED. THE OTHER VALUES WILL DEFAULT.
THE MATERIAL PROPERTIES, LOCATIONS 22 TO 27, DEFAULT FOR STELL.
THE TOLERANCES ARE SET TO ZERO OR DEFAULT VALULS BELOY, ERRORS
ARE SET TO 0. THERE ARE NO PROFILID MODIFICATIONS. OTHER MONZER
DEFAULT VALUES ARE: SURFACE ROUGHNESS = 25, OIL TEMPERATURE =
180 F, MATERIAL CONSTANT = 0.0525, DAMPING = .02, AND OIL TYPE
MIL-L-23G99. ANY DESIRED PLOTS CAN BE OBTAINED, SEE LOU GO1-GOS,

n
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AND A CHECK ON INPUT DATA CAN BE MADE, # 692. 1F CONTACT RATIO
IS HIGH (GREATER THAN 2) IT MUST BE INPUT IN LOC 54 & 65.

LEVEL II INPUT =
LEVEL 2 REOUIRES TIE ITEMS ReQUIRED FOR LEVEL 1 PLUS ALL OTHER =
ITEMS EXCEPT LOCATIONS 64, G5, 91-100, AND 175-192. THE MI:IMUM
INPUT FOR THIS LEVEL WOULD BE LEVEL 1 DATA PLUS DAMPING, FLASH
TEMPERATURE DATA, SOLUTION ITERATION DATA, AND PHASING CONSTANTS.
DEFAULT VALUES APLE ZERO UNLESS INDICATED OTHERVISE BELOY.

LEVEL III INPLUT ==
LEVEL 3 REQUIRES ALL ITEMS TO BE INPUT, UNLESS DEFAULT VALUES ARL

INDICATED.  THE MINIMUM INPUT FOR THIS LEVEL WOULD BL LEVEL 2

DATA. .

xxx: NOTE:  FOR HNIGH CONTACT RATIO GEARS (CR > 2.), THT USER MUST IX-

PUT THE CR (LOC 54 AND 53). PROGRAM CALCULATES RATIO

IF CR < 2. o
+2+ GE AR SYSTEM PARAMETERS #2rstsassrsnrkassnsd -

LOC NAME DESCRIPTION

2 &£ 2% 2 & %&£ 2 4 % & % & %2 2 %k %X 2 % 2 Kk R 2 % %k £ L 2 %2 % % 2 x 2

1 LEVEL.  TRIGGER FOR LEVEL OF INPUT DATA
2 DP DIAMETRAL PITCH (NORMAL PLANE)
3  PSANG  SUN-PLANET DRIVE SIDE PRESSURE ANGLE G PD ~
RING-PLANET COAST SIDE PRESSURL ANGLE € PD |
4 PSANGE  SUN=PLANET COAST SIDE PRESSURE ANGLE G PD
RING-PLANET DRIVE SIDE PRESSURL ANGLE € PD =1
*% 0.0 IF PRESSURE ANGLES FOR DRIVE & COAST SIDIES EOUAL
5 PSIO HELIX ANGLE C PD
*% 0.0 FOR SPUR GLARS
6 N1 NUMBER OF TEETH O SUN GEAR ) =
7 N2 PLANET GEARS
§ I3 RING GEAR
9 FW1 AXIAL FACE WIDTII OF SUN GEAR 4
10 V2 PLANET GEARS
11 | QRS RING GEAR
12 h NUMBER OF PLANET GEARS
12 K IF K1 PLANETARY SYSTEM,I.E.,RING GEAR FIXED - ¥
I K2 STAR SYSTEM, I.E.,PLANET CARQIER FIXED
£2 IF K=4 NON PLANETARY,ILE., NO RING AND NO CARRIER
SUN=IAPUT, PLANET-OUTPUT - ]
IF K-5 NON PLANETARY,I.E., NO SU% AND hO CARRIER, |
PLANET INPUT, RING OUTPUT
* IF K-6 PLANETARY SYSTEM VWITH FLEXIBLE PLANET CARRIER |
# IF K7 STAR SYSTEM WITH FLEXIBLE RING GEAR RIM i
|
|
12 ﬂ
1
|
|




14
15

16
17

KAXA2RR

22
23
24
25
26
27

2 22 532

28
29
20

21-50

R 55 3 &5

“ K = G AND K = 7 CURRENTLY NOT AVAILABLE ##isaiks

Y
=

t 2]

TORQ
RPM

REMF
INTVL

ORIGINAL PACTE 'S
OF PGOR QUAL”Y

IF K-6 OR K=7 LOC 89 IS REQUIRED FOR PLANET CARRIER
OR RING GEAR RIM STIFFNESS VALUE ALONG TEE LINIE-OF-
ACTION.

FOR K=4 AND RUNOUT ERROR, INPUT LOC 200.

AXIAL INPUT TORQUL ON SUN GEAR (OR PLANET IF K=5)
INITIAL AXIAL ROTATIONAL SPEED OF SUN GEAR
(OR PLANCT IF K=35)

FINAL AXIAL ROTATIONAL SPEED OF SUN GEAR FOR SPD RANGE
NUMBER OF MAIN INTERVALS THE SPEED RANGE DIVIDED INTO
#% FOR ONE RPM ONLY, RPM=RPMF AND INTVL=1.#=

STEP SIZE =(RPMF - RPM)/INTVL, WILL BE DIVIDED

BY 5 IN AREAS OF PEAK LOADS

GEAR MATERIAL PROPERTIES %%ttt dxahsdhiitddd bttt tatattst

L1
E2
E2
MU1
MU2
MU3

YOUNGS MODULUS * E-06 OF SUN GEAR (DEFAULT = 20.)
PLANET GEARS ¢ L
RING GEAR “ G

POISSONS RATIO OF SUN GEAR (DEFAULT = .30)
PLANET GEARS “ “ o«
RING GEAR L “ o

GLCAR EQUIVALE_‘.‘T MASSES 2*4 %4222 %2R X222 XA AKX LSRRI XS KALSL

MS
MC
MR

MP(I)

EQUIVALENT MASS OF SUN GEAR ABOUT ROTATIONAL AXIS
PLANET CARRIER
RING GEAR

PLANET GEARS

#x* NOTE: FOR k=6 OR K=7,CARRIER OR RING MASSFOR TOTAL

TRIGGER

DBREL

UNIT, NOT SEGMENTS.
FOR DOUBLE HELICAL GEARING ##sssxttiassdsasssras

IF = 0.0 SINGLE HELICAL GEARING IF PSIO .NE. 0.0
IF = 1.0 DOVBLE HELICAL GEARING IF PSIO .NE. 0.0

® 2 % & %2 2 & & %2 % 2 K K %k X £ X R & & X £k & X £ & & R %X % 2 &

END OF LEVEL 1 INPUT (UNLESS HIGIH CONTACT RATIO)

2 & % k %2 &k kX %k £ & & k& £ &k &k & X X £ %k & & £ & % £ & & X & %

13
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txxxxxd GEADR MESHING DAMPING RATIOS 222225223k Xkshk a2tk 0kkds

52

53
£ & %

54

55

ZSP
Zrp

NOTE:

DAMPING RATIO OF

“ “ “

IF CONTACT RATIO >

SUN-PLANET MESHES
RING-PLANET MESHES —
2, CRSP AND CRRP MUST BE INPUT, BUT »

IF ZERO IS INPUT THE PROGRAM WILL CALCULATE FOR CR < 2 OANLY.
INVOLUTE CONTACT RATIO OF SUN-PLANET MESHES

crsp
CRRP

“ “

“ % RING-PLANET MESHES -

s22x%x2% ACTIVE FACE WIDTH VALUES Z22xasstxxaxaaddxatitshdhitthhst

#:NOTE::

56 LISP

57 L2SP

58 LIRP

59 L2RP
EhEEEES

LOC 56 - 59 FOR HELICAL GEARS ONLY

INACTIVE SUN-PLANET FACE WIDTH OXN LEFT

“ " “

INACTIVE RING-PL

‘“ “

= “ « RIGUT
ANET FACE WIDTH ON LEFT
“ “ “ “ R x cll'r

SUN-PLANET PROFILE MODIFICATION INPUT DATA #2assssssrix

60  PCTSOD SD AS A PERCENT OF SOD (%) -
61 PCTSOE SE AS A PERCENT OF SOE (%)
62 DELD  DISENGAGEMENT TIP RELIEF (IN.), MINIMUM
62 DELE  ENGAGEMEST TIP RELIEF  (IN.), MINIMUM
#*NOTE: SICN CONVENTION—POSITIVE INPUT, MATERIAL REMOVED -
# # & % & & XNVDX AND XNVEX ARE NOT REOUIRED FOR LEVEL 2 # # = #
64 XNVDX  DISENGAGEMENT PROFILE MODIFICATION SHAPE FACTOR _
65  XNVEX ENGAGEMENT
® X & R RN SRR RS EE RS
66 PMODSP PERCENT OF TIP RCLIEF ON SUN GEAR, ENGAGEMENT =
67 PMDSPD PERCINT OF TIP RELIET ON SUN GEAR, DISENGAGEMENT
= % TIP RELIEF ON PLANET
63 DLSP  TOLERANCE AT START OF PROFILE MODIFICATION _
78 DLTOL  TOTAL TIP RELIEF TOLERANCE (SUN + PLANET
AND/OR RING + PLANET, DEPENDING ON SYSTEM TYPL)

SOD = LENGTH OF DISENGAGEMENT PART OF THE LINE OF ACTION

SOE - “ “ NGACE\‘EN‘[ “ “" “ “ “" " -

SD & SE ARE THE SEZGMENTS OF THE SOD & SOE THAT ARE USED, WHEN

PROF (LE MODIFICATIONS ARE MADE.

trzt4e% RING-PLANET PROFILE MODIFICATION INPUT DATA #s#ssassssss

69  PTSOL: SD AS A PERCESNT OF SOD .
70 PTSOEZ  SE AS A PERCENT OF SOE =
71  DELD2  DISENGAGEMENT TIP RELIEF
72 DELE3  EAGAGEMEST TIP RELIEF

74




ORIGHNAL PAGE IS
OF POOR QUALITY

t « & » % LOCATION 73 AND 74 NOT REQUIRED FOR LEVEL 2 # #* % # #
XNVDX3 DISENGAGEMENT PROFILE MODIFICATION SHAPZ FACTOR
XNVEXZ  ENGAGEMENT PROFILE MODIFICATION SHAPE FACTOR

2 R 2 X R & &k % % &k R 2 KRR R R R R R

73
74

75
76
77
78

khktht

80
81
82
83

84
85
86
87

RERERS

88

89

Akttt k

90

PMODRP
PMDRPD

DLRP
DLTOL

PERCENT OF TIP RELIEF ON PLANET GEAR, ENGAGEMENT
PERCENT OF TIP RELIEF ON PLANET GEAR, DISENGAGEMENT
= 7 TIP RELIEF ON RING GEAR

TOLERANCE AT START OF PROFILLC MODIFICATION .

TOTAL TIP RELIEF TOLERANCE, FOR BOTI! SUN+PLANET

AND/OR RING + PLANET

MESH MODIFICATION DUL TO FACE WIDTII CROWNING #asaanasass

LECSP
LDCSP
DLECSP

" DLDCSP

LECRP
LDCRP
DLECRP
DLDCRP

LENGTH OF FACE WIDTH CROWN OF ENGAGENE!T FOR SP MESH

e g ® L “ % DISENGAGEMENT FOR SP MESH
ENGAGEMENT EDGE RELIEF FOR SP MESH
DISENGAGEMENT EDGE RELIEF FOR SP MESH

LENGTHI OF FACE WIDTH CROWN OF ENGAGEMENT FOR RP MESII

* s @ “ % DISENCAGEMENT FORI RP MESI!
ENGAGEMENT EDGE RELIEF FOR RP MESH
DISENGAGEMENT EDGE RELIEF FOR RP MESH

FLEXIBLE PLANET CARRIER OR RING GEAR RIM DATA #s#xxsssaxs

ZCR

CARRK

IF K=6, PLANET CARRIER DAMPING RATIO
IF K=7, RING GEAR RIM DAMPING RATIO

IF K=6 PLANET CARRIER STIFFNESS ALONG-THE-LINE-O¥-

ACTION (#/1IN)

IF K=7 RING GEAR RIM STIFFNESS ALONG-THE-LINE-OF-

ACTION (#/1IN)

TOOTH PAIR COMPLIANCE DATA 2ascsttadtskastisrhtsttsssass

VIOK

IF = 0.0 PREPROCESSOR CALULATES TOOTH PAIR COMPLIANCE
IF = 1.0 INPUT COMPLIANCE DATA IN LOCATIONS 91-101

# x % % % 91 - 100 NOT REQUIRED FOR LEVEL 2 % % % % # % % % & % % #

91
92
93
94
95

06
07

SPKSP

CoMASP
coMBpsrp
coMesp
COMDSP

SPERP
COMARP

SINCLE TOOTII PAIR SPRINGRATE OF SUN-PLANET MESHES
COMPLIANCE CONSTANT (S/S0)%%]1 OF SUN-PLANET MESHES

2
3
4

SINGLE TOOTI PAIR SPRINGRATE OF RING-PLANET MESHES |
COMPLIANCE CONSTANT (S/S0)#x1 OF RING-PLANET MESHES '

15




COMBRP
COMCRP
coMpP

2
3
4

WHERE S = IS THE LENGTIl ALONG THE LINE OF ACTION TO THL POINT
OF ENGAGEMEN
AND SO = THE LENGTH OF THE LINE OF ACTION

2 & % & & & & & R 4 K 2k & R R X 2R KR EE R R R kLR

101
102

103

104

111

kEsAkRE

120

121
122

123

124
125
126

127
128
129

L
WS
N -0

HRTZSP
HRTZRP
#% THE

HERTZ STRESS FOR COMPLIANCE CALCULATION FOR SUN=-PLANET -
RING-PLANET
PROGRAM WILL USE 101 AND 102 A5 CONSTANTS FOR THZ COM-

PLIANCE CALCULATIONS IF INPUT. DEFAULT WILL USE CALCULATCL
STRESS THROUGI MESII. =

XPSPSP

XPSPRP

CONVER

TCOTHI P

BYPASS

RADTOS
RADTOP
RADTOR

RADTIS
RADTIP
RADTIR

TOOTHS
TOOTILP
TONTIIR

RADFIS
RADEIP
RADFIR

IF = 0.0 PLANE STRESS IS ASSUMED FOR SUN-PLANET

IF = 1.0 PLANE STRAIN IS ASSUMED FOR SUN-PLANET

IF = 0.0 STRESS RING-PLANET -
IF = 1.0 STRAIN RING-PLANET

IF = 0.0 HELICAL TOOTH IS DIVIDED INTO 10 INDEPENDENT

AXIAL SEGMENTS =
IF = 1.0 CONVECTIVE COMPLIANCE MATRIX MUST BL INPUT
1IN LOCATIONS 701 TO 800

AIR GEOMETRIC DATH #tsddt s 2ttt daadddsdsdstadihiss

IF = 0.0 GECMETRIC PREPROCESSOR IS USED
IF = 1.0 GEGMETRIC DATA MUST BE INPUT IN LOCATIONS
121-122

MAX. RADIUS TO BASE OF FILLLET OF SUN GEAR (ROOT =
PLANET GEARS  RABIUS)
RING GEAR

MAN. RADIUS TO TIP OF TOOTil OF SUN CLAR
PLANET GEARS
RING GLAR

NOMINAL TOOTIHI THICKNESS AT PD OF SUN GEAR

PLANET GEARS

RING GEAR .
MAX. FILLET RADIUS OF SUN GEAR

PLANET GEARS .
RING GEAR P
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RhkOhs

140
141
142
143

ARk XA

150

151

RERLLR

160
161
162
163
164
165
166
167

ORIGINAL PAQE IS
OF POOR QUALITY

FLASH TEMPERATURE DI\TA AR AAAARRAARRARAARAARALAAARAASAASLS

SROU  SURFACE ROUGIINESS (RMS, MICROINCIES)
TOIL  OIL INLET TEMPERATURE
CFMAT MATERIAL CONSTANT
OILTYP TYPE OF OIL IN GEARBOX
1 FOR MIL-L-23699
2 FOR MIL-L- 7808
8 TO BE DETERMINED
4 TO BE DETERMINED
(0 DEFAULTS TO TYPE 1)

SOLUTION ITERATION DATA #4244 ot adtafaassali st tastes
TOLER  ITERATION TOLERANCE FOR BOUNDARY CONDITION CORVERGENCE
(%Z *+ 100, DEFAULT FOR LEVEL 1 = .01)
NLOOP  NUMBER OF ITERATIONS FOR BOUNDARY CONDITION CONVERGENCE
NLOOP MAXIMUM = 20, DEFAULT = 20.
TOOTH PAIR GEOMETRIC TOLERANCE DATA #aasessasnsaassssans

DLROS  TOLERANCE ON TIP RADIUS OF SUN GEAR (DEFAULT = .002)

DLROP PLANET GEARS » w
DLROR RING GEAR # .
BSE EDGE BREAIL ON TOPLAND OF ALL GEARS (DCFAULT = .010)
DLRR ROOT RADIUS TOLERANCC OF ALL GEARS (DEFAULT = .0U5)

DLCDN  CENTE!R DISTANCE TOLERANCE (TOWARD TIGHT MESH)ALL GEARS
DLCDP  CENTER DISTANCE TOLERANCE (AWAY FROM TIGHT MESID
DLMBT  MACHINE BACKLASH TOLERANCE ALL GEARS™ (DEFAULT = .002)

NOTE: THE TOOTH ROOT FILLET RADIUS TOLERANCE = .005 IN TIE PREPROCESSOR

Ak RL AN

3-DIMENSIONAL FACTORS FOR SPUR GEARS ONLY ##sxtxmsazssss

# % x % # 175 - 192 NOT REQUIRED FOR LEVEL 2 # * % & # & & & & & 2

175

176

177

178
179
180

SPRANBS IF = 0. RIM BENDING EFFECTS NOT INCLUDED IN SUN GEAR
(DEFAULT = 10.E+10)
IF > 0. BENDING SPRINGRATL( IN-/#/RAD) OF SUN RIM
SPPNBP  IF = 0. RIM BENDING EFFLCTS NOT INCLUDED IN PLANET GEADR
(DEFAULT = 10.E+10)
IF > 0. BENDING SPRINCGRATE(IN-#/RAD) OF PLANET RIM
SPRNBR  IF ~ 0. RIM BENDING EFFECTS NOT INCLUDED IN RINGC GEAR
(DEFAULT = 10.E+10)
IF > 0. BEXNDING SPRINGRATE(CIN-#/RAD) OF RING RIM
SPRNLS  RADIUS FROM RIM TO PD (REQUIRED WITH SPRNES) SUN
SPRNLP  RADIUS FROM RIM TO PD (REQUIRED WITH SPRNBP) PLANET
SPPNLR - RADIUS FROM RIM TO PD (REGUIRED WITH SPRNER) PLANET

n

\
S i R n g it .4 2 R "Q




100

191

192

195

XL 2 3

200

EFVDIS

EFVWD25

EFVD1P

EFVD2P

EFVDIR

EFi.02R

STRSES

STRSCS

STRSEP

STRSCP

STRSER

STRSCR

DELPSP

DELPPP

DELPS2

DELPRZ

DR

#4NOT] ¢

EFFLCTIVE SUN FACE WIDTH FACTOR AT TGOTH TIP

IF = 0. (DEFAVLT = 1.0)

EFFECTIVE SUN FACE WIDTH FACTOR AT FILLET
IF = 0. (DEFAULT = 1.0)

EFFECTIVE PLANET FACE WIDTil FACTOR AT TOOTil TIP
IF = 0. (DEFAULT =~ 1.0)

EFFECTIVE PLANET FACE WIDTH FACTOR AT FILLET
IF = 0. (DEFAULT = 1.0)

EFFECTIVE RING FACE WIDTH FACTOR AT TOOTH TIP
IF = 0. (DEFAULT = 1.0)

EFFCCTIVE RING FACE WIDTIl FACTOR AT FILLET
IF = 0. (DEFAULT = 1.0)
STRESS DISTRIL. FACTOR FOR END EFFTS AT SUN WIDTH EDGE
IT = 0. (DEFAULT = 1.0)

STRESS DISTRIS. FACTOR FOR END EFTTS AT SUN WIDTH CEANT

IF = 0. (DEFAULT = 1.0)
STRESS DISTRID. FACTOR FOR END EFTTS AT PLAN WOTii EDGE
IF = 0. (DEFAULT ~ 1.0)
STRESS DISTRIB. FACTOR FOR END EFFTS AT PLAN VDT CUNT
IF = 0. (DEFAULT = 1.0)
STRESS DISTRID. FACTOR FOR END EFTFTS AT RING WDTH LDSL
IF = 0. (DEFACLT = 1.0)

STRESS DISTRIR. FACTOR FOR END EFFTS AT RING SDTI! CENT

IT

= 0.

(DEFAULT = 1.0)

5 HELIN ANGLE FPROIS st saaaa ok 2t A XA AL AN h kA kR

HELIX ANCLE ERROR FOR SUN-PLANLT MESH

‘“ “ “  RING-PLANET MESI

IF DERYL = 6.0 DELPS2 = 0.0

IF DML = 1.0 DELPS2 =~ HELIX ANGLE EPROD OF RIGHT

HALEF OF SUN-PLANET DOURLE
IF DRUEL - 0.0 DELPRZ = 0.0

HELTCAL GEARS

IF DLUFL = 1.0 DELPP2 = NEZLIX ANGLE ERROR OF RIGHTY

HALE OF RING-PLANET DOUCBLE HELICAL GEARS

TOOTH PAIR SPACING TRRORS #adaath st At Aad A dabaassssns

SUN RUNCUT ERROR FOR EXTERNAL-EXTERTAL SINCLE MESH OWLY
(K=4), DISPLACEMENT ERROR OF SUN CENTER

FO2 DOVRLIE NELTCAL GEARS (DRETL -~ 1.0) THL FIRST 10
VALUES OF 1IN THE ECL,J) ARRAYS ARE FOR THE LEFT NALD
OF THE DOUVRLE HELICAL CEARS AND THE LAST 10 LOCATIONS
ARE FOR THE RIGHT MALEF OFTHE DOUBLE HELICAL GEARS,
WinRE I -

TEE PLANET NUMUER,

18

' a\



221 TO 240
241 TO 260
261 TO 280
281 TO 200
301 TO 320

321 TO 340
34! TO 360
3G1 TO 380
381 TO 400
401 TO 420

ESP(I,1)SUN-PLANET ERROR ARRAY FOR TOOTH
ESP(I,2)
ESP(I,3)
ESP(I,4)
ESP(I,5)

ORIGHIAL PAGE &
OF POOR QUALITY

e DN -

ERP(I,1)RING-PLANET ERROR ARRAY FOR TOOTH
ERP(I,2)

ERP(I,4)
ERP(I,5)

1
2
ERP(I,3) a
4
5

axasxas PLANCT GEARS PHASING CONSTANTS #atssasasazassssasrstasas

421 TO 440 XSP(I)
441 TO 460 RKRP(I)

SUN-PLANET PHASING CONSTANTS ARRAY
RING-PLANET PHASING CONSTANTS ARRAY

wxesaxd INITIAL BOUNDARY CONDITIONS #4222 2s gt sttt dntassd

481 TO 500
501 TO 520
621 TO 540
541 TO 560

#xxssx2 PROGRAM PLOT

601  PLTLD
602  PLTPV
603  PLTIS
co04  PLIIT
605  PLISS

606 PLTPSS

607  PLTPPS

608 PLIRPS

XOSP(I) SUN-PLANET INITTAL DISPLACEMENT BOUDARY CCND
XORPCI) RING-PLANET INITIAL DISPLACEMENT BOUMDARY COND
X1SP(I) SUN-PLANET INITIAL VELOCITY ROUNDARY COND
XIRPC(I) RING-PLANET INITIAL VELOCITY BOUNDARY COND

IF =
IF =
IF =

IF
Ir

II' =

IT
IF
IF
IF
IF
IF
IF
Ir
IF
IF

SCLECTIONS FOR SPUR GEARS ONLY #stxasssnsss

?.g LOAD PLOTS, NORMALIZED LOAD—DYNAMIC/STATIC
?:g PV PLOTS, PRESSURE SLIDING VELOCITY

?:g HERTZ STRESS PLOTS

?:g FLASH TEMPERATURE PLOTS

?:g SUN GEAR HIYVWOOD STRESS PLOTS

?:g SUN=PLANET PLANET GEAR HEYY 00D STRESS PLOTS
?:g RING-PLANET PLANET GEAR HEYZ00D STRESS PLOTS
?:2 RING GEAR HEYWOOD STRESS PLOTS

19



axnranr PPOGRAM CHEC!H RUN 2442222220t st st ntatatatihtdadatans

699 CHECK  IF = 0.0 REGULAR RUN TO COMPLETION
IF = 1.0 EXTTS PROGRAM BEFORE DYNAMIC SOLUTIO™
TO ALLOY CHECKING OF INPUT DATA AND TIE
PREPROCESSOR RESULTS

asarars CONVECTIVE COMPLIANCE MATRIN FOR HELICAL GEARING ##asnas

#+ CURRENTLY NOT AVAILABLE WITHOUT PROGRAM ALTERATIONS, IE. COMMENT
STATEMENTS MUST RBE REMOVED

701 T0 709 LL-1 TO 9 L-1
7i1 TO 719 LL=1 TO ¢ L~2
721 T0 729 LL-1 TO 9 L=3
731 TO 729 LL=1 TO 9 L-4
741 TO 749 LL-1 TO 9 L=5
751 TO 759 LL~1 TO 9 L=6
761 TO 769 LL=1 TO 9 L=7
771 10 779 LL~1 TO 9 L-8
781 TO 730 LL=1 TO 9 L-9

£ &2 R & 2 £ A % & & 2 2 R 2 2 2 K 2 KR &R AR R AR R LN AN

txxxt OUTPUT DESCRIPTION

THE FOLLGYING LIST INDICATES THE INFORMATION AND RESULTS TiAT
MAY APPEAR IN THE GUTPLT, IN Tl ORDER THEY WILL APPEAL.

CASE TITLE=—TEL TITLE AND/OR OTHER INFORMATION INPUT ON THE FIRST
DATA CARD.

TIP MODIFICATION=—IF THERE IS INSUFFICIENT TIP CLEARANCE, AN
ADJUSTHMENT IS MADE INTFPNALLY AND A MESSAGE OUTPUT UNT LI
SUFTICIENT CLEARANCE IF OBTAINED.

INVOLUTE MODIFTCATION TABLE—SNOWS THL PROCESSED RESULTS OF
ANT INPUT PROFILE MODIFICATIONS.  TABLES ARE PRINTED FOR
ENGAGEMENT AND DISENGAGEMENT WHICH INCLUDE MINIMUM AND
MAXIMULM INVOLUTE MODIFICATIONS:, DIAMETER AND CORPESPONDING
ROLL ANGLI FOR THE MODIFIED PORTION OF THED PROTILE. THIS
WILL EE OUTPUT FOR TIE SUN-PLANET MESH AND/OR RING-PLANCT
MESHE IN CONJUNCTION WITH THE CORRESPOSNDING INPUT DATA.

INCUT DATA=THI INPUT DATA AND PREPROCESSED GROMETRIC DATY IS
PRINTED FOR SUN-PLANET MESH AND/ZOR RING-PLANET MESLL

80




ORIGINAL PAGE |&
OF POOR QUALITY,

FLEXIBILITY—IF THE FLEXIBLE PLANET CARRIER OPTION IS IN EFFECT
A MESSAGE APPEARS THAT INDICATES TIUIS.

ADDITIONAL INPUT DATA—NUMBER OF PLANETS, EQUIVALLENT MASSES, ETC.

COMPLIANCE CONSTANTS—CALCULATED CONSTANTS FOR FOURTH ORDER
COMPLIANCE EQUATION.

ITERATED BOUNDARY CONDITIONS—BOUNDARY CONDITIONS PRINTED, FOL-
LOVED BY THE CURRENT SPEED BEING EXAMINED AND CORRESPONDING
MAXIMUM LOADS (FOR SUN-PLANET AND/OR RING-PLANLET MESHES).

IF A SPEED SURVEY WAS RUN, THE SPEED CORRESPONDING TO THEZ
OVERALL MAXIMUM LOAD FROXM THE RANGE CALCULATED IS OUTPUT
VITH THE MAXIMUM LOAD. THIS IS THE SPEED USED FOR THE
REMAINING CALCULATIONS, I.E. STRESS.

MAXIMUM VALUES—TABLE(S) OF MAXIMUM VALUES CALCULATED ARE PRINTED
FOR EACH SUN-PLANET MESH AND/OR RINC-PLANET MESH. THESE
WILL APPEAR FOR THZ NO ERROR SOLUTION AND CACH ERROI SOLU-
TION. TWO ABEREVIATIONS APPEAR—PV=PRESSURE SLIDING VELO-
CITY AND PD=PITCH DIAMETER.

ERROR MATRIX=—IF TOOTH SPACING ERRORS ARE INPUT, OR GENERATED

FOR RUNOUT SOLUTION, A TABLE OF ERRORS IS PRINTED BEFORE
THE TABLES OF MAXIMUM VALUES.

81
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APPENDIX B: EXAMPLE PROBLEM AND DATA SET

EXAMPLE PROBLEM

Diametral Pitch = 8.4667

Pressure Angle = 22.5°

Number of Sun Teeth = 14

Number of Ring Teeth = 70

Number of Planet Teeth = 28

Face Width, Sun & Planets = 1.1811 in.
Face Width, Ring = 1.4184 in.

Input Torque = 30 in. 1b.

Input RPM = 7000 rpm

KRP(1) _ Planet Gear

Sun Gear

Planet Carrier

Ring Gear, fixed

a3



p4e) uoljRULWId) BSR)___

5

‘669
‘909
“109
“1%S
‘128
‘108
‘18v
“1%Y
‘12%
‘10%
‘18t
“19¢
“ToE
‘IbE
‘10€
‘e
‘19¢
‘192
‘122
*L91
*0ST
“051
‘o2t
‘8L

74

“69

°2s

W3] °IRQ 3S4}J JO JaquNN UOL3eI0T

uoL3a|dwo) 03 uny aenbay. ‘0
suabbra) 01— ¢ . . o
000" 000" 000
Suot3Lpuo) Auepunog ———» 90000000* ”“nuoeoo. n“n”“og.
00000000° _00000000° 00000000
sjuejsuo) bujseyy——» siecrec /999000  op
0000000°
0000000°
0000000°
0000000°
S40443 bujpoeds yjo0 ———» ”Mnnuuu"”
. 00000000°
00000000°
9555 10000°
dJueua|o] yse|yoeg = — TR
e3e(Q UOLJRAI}] UOLIN|OS————= ‘ 9
ejeg aunjesadwa) ysel4 “o.“mou”nu..ﬁu .._uﬂ._”om — 8250° .mmn .52
d 2t} —— Amqaq.
SUOL3edLJLPOY 3| }304d ——n 10000° 0% 69
§10000° $00Q00" 04 i 7 A
soLjey bHupdueg T 1
SESLLY" S£5240° “n SE65%° T m%”ug.
“t *0009 .
sa|qetaep wWAISAS ‘Indu] Z |23A3 “0f 1 ‘£ *910° T
et Tt 1 ‘0L - 51
s ‘0 §'22 _199%°8 ‘2
pie) 33| —08 _ 138
SNWNT0D 2L-19 09-6V 8v-LE 9€-62 _ v2-€1

39S ejeq a|dwex3

"€
‘82
"5\
g
‘9
‘T
vIVQ 37duvX3

Emcnnﬂ“‘nﬂ—‘ﬂ“ﬁﬂr‘ﬁ—.-‘-‘F‘ﬂﬂﬁnmnnnnlﬂn

2i-¢

p4e) UO SWI}] ©IRQ JO JIQUINYN

83



EXAMPLE OUTPUT

APPENDIX C
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