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Abstract

Life and reliability models are pre-
sented for planetary gear trains with a
fixed rino gear, input applied to the sun
gear, and output taken from the planet
arm. For this transmission the input and
output shafts are co-axial and the input
and cutout toraues are assumed to he co-
axial with these shafts. Thrusc and side
loading are neglected. The reliability
nodel s based on the Weibull distribu-
tions of the individual reliabilties of
the main transmission components. The
system model is also a Weibull distribu-
tion. The load versus life model for the
system is 2 power relationship as are tye
models for the individual components.

The load-life exponent and basic dynamic
capacity are jeveloped as functions of
the component capacities. The computer
models are used to compare three and four
planet, 150 kw (200 horsepower), 5:1
reduction transmissions with 1500 RPM
input speed to illustrate their use.

Nomenclature

basic dvnamic comoonent c2pacity (N)

basic dvnamic system caoacitv (N-m)

VYeibull exgonent

gear face width (mm)

force (N)

life in millions of component load
cycles

life ir miliions of sun gear rotations

number of planets

nunber of gear teeth

load-life exponent

qear radius (mm)

probability of survival {retiability)
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input torque (N-m}

stressed volume (mm?)

depth to maximum shear stress (mm)
curvature sum at pitch point (1/mm)
angular rotation

maximum shear stress {pa)

pitch line pressure argle
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ubscripts

planet carrier or arm

first load

planet bearing

second load

third load

radial direction

planet gear

ring gear

sun gear

transmision

tangential direction

0 corresponding 90 percent probability of

survival
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Introduction

Recently in the field of mechanical
desian, the fixed-load, fixed-strength
factor oi safety approach to ?eiign has
come under considerable doubtf ¢»7+,

The -alue of this factor of safety comes
under serious question when one becomes
aware of the actual variations in service
loads and in device strengths which exist
in machinery today. Selecting the worst
load and the weakest unit and using a
factor of safety greater than unity leads
to heavy, overdesigned machinery. Using
nominal loads and strengths leads to the
possibility of a sionigicant underdesign
for a large pooulation of the in service

T Humbers in superscript denote references
at the end of the paper.
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devices due to the statistical variation
in the service load conditions and actual
device strengths.

A more realistic approach is offered
by the methods of probabilistic mechanical
designé. In probabilistic design, 2 pro-
posed design is evaluated in terms of
statistically varying lcad and strength
characteristics which more nearly model
the situation. A statistical or probabil-
istic approach requires knowledge of the
nominal loads ard strengths as well as the
statistical variations in each. Htih this
knowledge, the designer should be able to
assess the reliability or probability o{
survival of the total mechanical systemés3

The utility of a probabilistic ap-
proach to design is apparent in the design
of airborne power transmission systems.
The requirements 0 low weight, high power
densities, and high sp=eds must be balanc-
ed against requirements of reliability,
maintainability, and long mear time be-
tween overhauls (MTBO's).

Currently, there is no system proba-
bilistic desian procedure for designing
lightweight geared power transmissions
such as those fouand in helicopter drive
systems. It hgs been shown by Lundbers
and Palmgren®.3,  and by Coy, Townsend
and Zaretsky°-7'8 thai volling element
bearings and high strength steel gear
teeth nave finite lives under any level of
applied stress. The statistical models
for the lives anc the caoaci}ies of these
components fgllgm the Weibull distribu-
tion3's'§'8-%v’3. The finite lives of
these components are due to the nature of
pittina fatigue to which both bearinos
and gears are subjected. Efven in care-
fully designed gears and bearings where
the lubrication is adequate and the serv-
ice loads do not increase unexpectedly,
pitting fatique failures will eventually
end the uaeful iives of both bearings and
gears4.5.8  Thys, sitting fatigue is
the mode of failure on which the reliabil-
ity of each component is based.

Short cycle static overloading must
21s0 be considered in the design of any
device to minimize startyp and crash type
failures. However, the static overload
design consideration must be aoplied in
addition to the reliability design, since
these failures are not by pitting fatigue
and thus are not considered in this sys-
tem model.

In this study, the Weibull distribu-
tion is used to describe the failure spec-
trum of the units. This distribution of
probability of failure versus life at a
given load is commogl¥ accented for bear-
ing life ana\yses" 13 and is being

applied for other components6-10 due to
its ability to describe failure distri-
butions which are not normally distrib-
uted. It matches component failure test
data more closely than ths ialpler bell
curve normal distribytion?» due to fts
ability to model skewed distributions.

In addition it is assumed that the
load life relationship is independent of
this failure nrobabiliti versus life at a
given lcad relationshipd.5:9. Since
the load life relationship is an inverse
pewer relatisnship, it can be used to
cbtain a weighted average load from the
mission spectrua. It is this weighted
average load vhich is called the nominal
load or service load of the transmissi

In a prior paper!l, the derivations
of the specific load and reliability equa-
tions for the system life and dynawic
capacity of a planetary gear reduction
with stepped planets are presented. In
this paper, these relations are applied
to the most common subset of this tramns-
mission - that with simple planet gears.
The kinematic inversion of the planetary
gear reduction studied is that of a single
plane arrangement with a sun, several
sianets and a fixed ring gear. The sun
is the ingut and its shaft is co-axial
with the planet arm's shaft which is the
output. Both input and output shafts are
loaded with pure torques.

The reliability model is based on the
reliabilies of the incividual gears and
bearings and is Weibull in nature. The
transmission reliability is presented as
a system life for 90 percent probability
of survival of the entire assembly based
on corresponding lives for the individual
components. The transmission's basic
dynamic capacity is defined as the input
torque which may be applied for one mil-
lion rotations of the input sun gear with
a 90 percent probability of survival. The
variation of life with load for a given
reliability is wodeled with 2 power law
relation. When plotted on log-log coord-
inates the relation becomes a straight
line. The relationship is treated as
being uncoupled from the Weibull relation-
ship 0f reliability to life at a given
10ad.4,7,9. The load-life exponent and
basic dynamic capacity are developed as
functions of the component capacities.

Numerical studies of a 150 kw (200
horsepower) 5:1 reduction transmission
operating at 1500 revolutions per minute
input speed are presented and discussed.
Both three and four planet transmissions
are corsidered.
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Force and Motion Amalysis

The gear train under consideration
is shown in Fig. 1 in a three planet ar-
rangement. It is assumed in this model
that all the planets share the load
equally.

Fig. 1 Planetary gear reduction

¢ -1F, Fl-e

Fig. 2 Planet gear forces
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The major loads on the components are
shown in Fig. 2 which is a force diagram
for a single planet gear. In this figure
are shown the gear radii as well as the
forces acting on the planet gear. The
force component actlng tangent to the
pitch circle, Fy¢, is the same for both
contact with the sun gear and contact
with the ring gear and is:

T

F, = )
t ﬂs

where T; is the input torque and n is the
number of planets in the transmission.

The normal force on the teeth is this ‘oad
divided by the cosine of the pressure
angle. The tcta! bearing load at each
planet for this symmetric planet is twice
the tangential tooth load:

Fg = 2F, (2)

A kinematic analysis of this plane-
tary is also required to determine the
relative number of load cycles that each
component sees as the input sun rotates.
This is needed for the fatigue life analy-
sis. The kinematic analysis has been de-
rived in reference 12. The results are
presented in table 1, where the rotation
of each component is given in terwms of the
rotation of the sun gear. All rotations
are takea in the coordinate frame of the
ring gear which is held fixed. Reading
across in the table, for each of the com-
ponents i, one obtains the terms for the
following relative angular motion expres-
sion

& = S50t Oy (3)

where A represents the arm or spider.

The itemized angular rotations in
this table can be used to relate the num-
ber of load cycles of the various compon-
ents to the number of input sun rotations.

Bearina Reliability and Capacity

The reliability and capacity of the
planetary assembly is a function of the
reliabilities and capacities of its com-
ponents. These quantitiis h?ge been well
defined for the bearings The
fatigue life model praposed in 1947 by
Lundberg and Palmgren® is still the com-
monly accepted theory. The reliability
of a single bearing can be expressed in
terms of its probability of survival, S5,
for a life of £ rotations by the following
relation

e

log % ~tly B !h (4)

b4
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where v is the critical shearing stress
beneath the surface, 2 is the depth under
the surface to the location of the criti-
cal stress, and V is stressed volume. The
exponents are determined from experimental
life testing on groups of bearings run
under identical conditions The Meibull
exponent eg is a measure of the scatter in
the distrigution of bearing lives.

Table 1. Angular motion of components in
terms of angular motion of sun
gear
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The above formula for probability of
survival reflects the observed effects of
stress, stress field., and stress cycles on
reliability. Greater stress, 1, decreases
reliability. A more shallow stress field
(smaller z{ decreases reliability. This
is true because it is expected that a .
microcrack bdeginning at a point of maximum
stress under the surface requires some
time to propagate to the surface for the
more shallow stress field.

The stressed volume V is also an im-
portant factor. Pitting initiation oc-
curs near any small stress raising imper-
fection in the material. The larger the
stressed volume, the greater the likeli-
nood of faitlure.

Relation 4 is built around the basic
two parameter Weibull distribution rela-
tionship for relia“ility, S, as a function
of life, ¢. Since this distribution is
exponential in form, different slopes, LY

will represent distributions with differ-
ent skews. Thus the dearing life distri-
bution which has a Weibull slope of 1.2

is skewed o the high end of the life
region. As a result more bearings fail

at lives below the average 1{fe than above
it. An increase in the Weidull slope, ¢y,
would reduc+ this skewness and produce a
symmetric distribution. Even higher
valyes of ep (above 1.57) produce a dis-
tribution thh an opposite skew and more
failures above the average life. The
proportionality of relation 4 can be re-
wmoved by dividing relation 4 by a similar
relation with a specific reliability, S= 9,
or probability of survival of 90 percent
and the corresponding life, tgyg for the
identicai condition of stress and geome-
try. The two parimeters of the distribu-
tion are now the Veibull slope, eg. and
the life for 90 percent survival, ‘010‘
and the Weibull distribution becomes®

log + = 1 (‘)(‘“)es (5)
08§ 09 1y tavo

This Weibull distribution relates the
bearing ltife, g, to the probability

of survival at that life in terms of the
two parameters eg and ‘8!3-

The relationship between the bearing
life and its load for a 90 percent prob-
ability of survival is

Cg P
8 Pe
‘g0 " (F, (6)

where Fg is the nominal lcad on the
bearing, pg is the load-life exponent and
Cg is the gasic dynamic capacity of a
single bearing. The basic dynamic capa-
city is defined as the load which may bde
endured by 90 percent of the bearings for
one million inner race revolutiors under
certain operating conditions.

To facilitate the combination of
lives and capacities of all the trans-
mission components into a single life and
capacity for the transmission, the lives
and the dynamic capacities of each of the
components will be expressed in terms of .
input sun gear rotations and input sun
gear torque.

From Table 1, the bearing inner ro-
tations are given in terms of sun rotations

] . -‘ L
B/A Ry R s (n
4+
Ry Ry

ot 0 o ot oan e

—— e e 4
a
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Using lower case t's to designate
component lives in terms of component
cycles and upper case L's to designate
component lives in terms of input sun gear
rotations, Eq. (7) transforms Eq.(S) into

R.R L .
8 )'(s)

she
s * Rp) tyyg

\ 1

For a 90 percent survival rate for a
planet bearing, Sg = .9 and L? * Lgyg Sun
gear rotations, Substitution into

€q. (8) yields:

Ra{R + R,)
plRg + Ry
Loro = —RE; ‘810 (9)

as expected from Eq. (7).

Yo obtain the load-life relation for
the bearing in terms of transmission in-
put parameters, one can substitute the ex-
pressions for bearing load in terms of
input torque as given by Eqs. (1,2) into
Eq. (6) and substitute all of this into
Eq. (9':

P
LR (Rg * Re)rRsCy) 8 (10)
810 R‘S‘RR ffi

The dynamic capacity of a planet bearing
is now the input torque on the sun
shaft which may be applied with 90 percemt
of the planetary bearings surviving for
one million syn shaft revolutions. From
€q. (10) the planet bearing system
dvnamic capacity of T; = Dg is obtained
when lgyo * 1.0. The resu?t for the
dynamic capacity is

$°S

1
-t ) 5

The relationship between bearing life in
millions of sun rotations and applied sun
shaft toraue for which 90 percent of the
tearings will endure is given by

Lo = Dg | P8
810 "|T,

The fundamental quantities that describe
the reliability and life distribution for
single bearings and bearings treated as
transmission components have now been de-
termined. Finally, the probability dis-
tribution for the reliability of a planet
bearing is writter as

RcR
()

(2)

L, 18
loga~ = log-e [—8- (13)
5 8] Y

Where Lg s the number of million sun ro-
tations for which the bearing has the
probibility of survival, Sg.

Gear Reliability and Capacity

Sirface fatigue life and dynamic i
capacity for a spur gear haze baen the '
subjects of recent research®:7.8_  Tais
research has applied the previously men-
tioned tundberg-Palmgren reliability model
to Spur gears.

Tests have shown that the pitting
fatigue life of gears follows this reli-
ability relationship, but with a different
veibull exponent, eg. than that for
bearings.

e
6
log % * log 95 (i%a) (14)

where S is the probability of survival

of a single gear tooth and t is the number
of stress cycles imposed on the gear tooth
surface.

. The load-life relationship for a
single tooth for a 90 percent probability
of survival is:

» 1+5)

where F is the transmitted tangential
tooth load and Cy is the basic dynamic
capacity of the tooth for ore million load
cycles which has been developed in Refer-
2nce 8,
f
= — [
Ce "8 5 (16)
where f is the active tooth face width,
Ip is the curvature sum at the pitch point,
and the constant B,, measured in units of
stress (Pa), is baled on experimental
results from gear life testing. For case
hardened AISI 9310 Vacuum Arc Remelt
Steel gears, B, = 144 MPa (21,000 psi),

As shown in Reference 11, this fund-
amental gear tooth reliability equation
for the dynamic capacity of a single
tooth on a gear can be combined with
€q. (1) and the kinematic analysis of
Table 1 to produce relations for the
basic dynamic capacity of each gear in
the transmission. As for the bearings,
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these basic dynamic capacities are the
inputs torques on the sun gear shaft whick
may be applied for 90 percent survival

of that component in one million sun shaft
revolutions, This capacity is:

(N ) GpG i n+R:S F]E " Rg cs) an

for the sun gear, where C. is the resuylt
of applying Eq. (16) to tﬁe parameters

of the sun gear and its mesh with a planet
gear.

For a planet gear this dynamic capa-
city becomes:

RSRR
(n RS CS Cp)
b * G

where Cg is the dynamic capacity of a
tooth on the planet gear due to its mesh
with the sun gear and C, is the dynamic
capacity of a tooth on ghe planet gear due
to its mesh with the ring gear. Since the
planet gear teeth mesh with the sun gear
on one face and with the ring gear on the
opposite face, these dynamic capacities
are independent of each other.

(18)

Finally, for the ring gear, this
dynamic capacity becomes:

| o Rg * Rp R.C (19)
Op =(N )erG "R pG (n )
R s

For all the gears, the component
Weibull exponent, e, and load-life expo-
nent, pg, remain unchanged for the rela-
tionships in terms of sun gear torgque and
sun shaft rotations.

Thus the relationship for sun gear
1ife and applied sun shaft torque for

which 90 percent of the sun gears will
survive is now given by:

p
(Eg] 6
0 T;
and the probabilitv distribution for the
reliability of the sun gear can be written

o e ]

(20)

mg’§ = (21)

where L. is the number of million sun
rotatioﬁs for which the sun gear has the
probability of survival Ss.

Eqs. (20) and (21) are also valid
for the planet and ring gears with the
replacement of the subscript S by the sub-
script P and R respectively.

System Reliability and Capacity

The product rule may now be used to
express the prcbability of survival of the
total system consisting of the planet
bearings, the sun gear, the planet gears
and the ring gear,

n n
= SB SS SP S

Sy R (22)

The probability distri,.tion for
the survival of the total transmission
can be obtained by substituting Eqs. (13)
and (21) into the natural log of the
reciprocal of £q. (22).

log g;

e e

L B gL 6
T} *( T
Ls1

e
. ‘ ( LT G
" L
P]O RYO

Since all the component lives are
counted in the same units of sun rotations,
this count is now identical for all the
components and is thus labeled as Ly in
the expression for the probability of sur-
vival S; for the entire transmission.

- 1
= log_9 n (LBIO

(23)

Unfortunately, Eq. (23) is not a
strict Weibull relationship between system
life and system reliability. The equa-
tion would represent a true Weibul) distri-
bution only if eg = eg which is not the
case in general.  The relationship of

(23) can be plotted on Weibull
coordinates as shown in Fig. 3.

This data is plotted for the case
of a three planet transmissic as drawn
in Fig. 1. It is for an output speed of
300 RPM at 150 kw (200 horsepower). The
gears are of case hardened AISI 9310 Vacuum
Arc Remelt Steel. They have a width of
51 mm (2.0 inches) and a module of 4.23 mm
(a diametral pitch of 6 inches-1). The
pressure angle is 20 degrees. The sun
gear has 24 teeth and a 102 mm (4 inch)
pitch diameter while the planet gears have
36 teeth each and pitch diameters of 153 mm
{ 6 inches ) each. The ring has 96
teeth and a pitch diameter of 406 mm
(6 inches). The Weibull exponent for the
gears is 2.5 whéle the load-life factor
for them is 4.3 The planet bearings are
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75-02 cylindrical roller bearings with a
width of 25 mm (1 inch) and an outside
diameter of 130 mm (5-1/8 inches). The
basic dynamic capacity of the roller
bearing is 81 kN (18,2000 pounds). Since the
relative angular velocity of the bearing
outer race with respect to the inner race
is 800 RPM for this transmission, a com-
posite life adjustment factor (including
speed) of 1.5 is used in this analysis.
Since the load is fixed relative to the
inner race of the bearing, 2 load adjust-
ment factor of 1.2 is used!3. The
bearings' Meibull exponent is 1.2 and their
load-l1ife factor is 3.33.

Although the plot of percent probabil-
1ty of failure versus transmission life
in hours is not a straight line on Weibull
coordinates, it can be approximated quite
reasonably by a straight line relationship.
This straight line approximation can be
found using the least squared error ap-
proach over a range such as 0.5 < Sy < 0.95
The slope of this straight line approxima-
tion is called the system Weibull slope ey
and the system life of the straight line
approximation at Sy = 0.9 is called the
system 90 percent reliability life.

The exact L life can be calculated
by setting Sy 6 8 in Eq. (23) and iter-
ating for LT10 in the simplified equation:

e
| - LT]O ( noy n(LTIO G
Lo Ls1o Lpro
L s
+(Lno (241
R10

For the cases studied in this re-
search, thedefined Weibull Lty V1ife has
not differed from the L 1ife calculated
from Eq. (24) by more t{la one percent.
Since this error is considerably less than
that between test data for the components
and the resulting component Weibull lives,
it is felt that the approximation is
Justified. When one component is weak
relative to the rest of the transmission,
the reliability model of the entire
transmission and the least squares approx-
imation will approach the Weibull model of
the weak component.

For this straight line transmission
Weibull curve, the reliability of the
transmission is approximated by:

tog 5= log Ty (25)

( TiO

R SRR
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In Fig. 4, this least squared error
straight line Weibull curve is plotted
for the three planet transmission. In
addition, on the same set of coordinate
axes is plotted the Weibull relationships
for the two weakest components in the
transmission. These components are the
sun gear and a planet bearing. By com-
paring Figs. 3 and 4 one can see the
asymptotic relationships between the sun
gear Weibull distribution, the bearing
Weibull distribution and the transmission's
Weibull distfibution., That these distri-
butions are indeed different is graphical-
ly illustrated in the curves of Figs. §
through 7. These are curves of the prob-
ability density functions for the three
life distributions.

The bearing life distribution has the
lTowest Weibull slope. As a result its
frequency distritution or percent probabil-
ity of failure per 10® hours is skewed to
the low end of its curve with an Lyg life
of 3870 hours relative to the distribution
shown in Fig. 5. Since the gear Weibull
slope is the highest in the transmission,
the sun gear's 1ife frequency distribution
is significantly different from the
bearings. As seen in Fig. 6, it is nearly
a symmetric distribution. The Ljg life of
the sun gear in this case is B10 hours.
Even though this life is considerably less
than the bearing's life, the fact that
there are three bearings in the trans-
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mission and only one sun gear helps the
bearings to pull the system Weibull slope
down to a value of 2.15 which produces

the skewed system life distribution func-
tion shown in Fig. 7. The Lyg life of the
three planet transmission at ghis power
level is 650 hours according to the model
presented in this paper.

The basic dynamic capacity for the
transmission, Dy, is the sun input torque
required to produce a system 90 percent
reliablity life, Ly1p.,0f one million sun
rotations. By letting Sy = 0.9 in Eq.
(23) and substituting Eqs. (12) and (20),
one has for Ltjg = 1;

pae

| - DT Pges DT Pees DT G G
= "oy o MR T
B S P

\ (;I) Pec (26)
R

The basic dynamic capacity of the
transmission can be found by iterating
this expression since the component expo-
nents and capacities are known. It can
also be found from Eq. (24) by determining
a sequence of L 1 's corresponding to a
sequence of inpuI gun torques, T;'s, and
plotting the natural log ¢f T versus the
natural log of LT1). The value of Tj
corresponding to Lyyy = 1 million sun
rotations is the transmission basic dy-
namic capacity. A plot of log T; versus
log L is shown in "ig. 8 from the
traan]gsion example of Fig. 3. The slope
of this curve is the negative of the load
l1ife exponent PT for the transmission,

The case shown 1s that of nearly equal
lives and capacities in which the devia-
tion from a straight line relation is
maximized. As for the transmission Weibull
model, an approximate load-life curve is
obtained by a least squares fit over a
range of input torques (i.e ,

0.1 Dy < T4 < Dy). With this approxima-
tion the load-Tife relation for the sys-
tem is given by:

Dy Pr
L110 =(TT) (27)
1

For the example plotted in Fig. 8, the
transmission load life exponent, py, is
4.03 and the basic dynamic capacity is
2.56 kN-m (22,650 pound-inches).

As for the ¥Weibull model, a weak com-
ponent will dominate the transmission dy-
namic capacity and the system capacity and
load life factor will approach that of the
weakest component.
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Fig. 8. Load-life curve for three planet

transmission

In all of this work, a nominal load,
T;j, has been imposed on the transmission
and a total resultant life has been cal-
culated for the transmission for a 90
percent probability of survival L7j0. In
actual service, -he transmission is not
operated at a constant load. For situa-
tions like this, where a mission spectrum
of loads and speeds is present, a method
of properly summing the fatigue damage
done at each load must be used to adequate
ly predict the transmission life. The
best method for summing this damage in
cases where the sequence of loading is
random, as in a helicopter mission spec-
trum, is often called Miner's Rule although
jt was originally presented by Palmgren ir
19249, This linear cumulative damage rule
states that the fraction of fatigue life
consumed at a given load is the ratio of
the number of cycles at that load to the
number of cycles to failure at that load.
In terms of 299 lives this rule can be
stated is:

L L L L

LT - Lb +E— (28)
710 alo b10 cl0

where, L ., and L _ are the service lives
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Tives L » L and L are the lives
for a 96]8echAQ probaﬁ‘?ity of survival
at those same loads. The life Ly is the
total mission life:

LT * La + Lb

+ Lc + (29)

and the 2 1ife LT is the averaged
mission ll?e for a 38 percent probability
of survival for the mission spectrum.

This averaged mission Yife corresponds to
the nominal mission load, Ty, in Eq. (27).
Using Eq. (27) for each of the service loads,
and substituting into Eq. (28) yields:

T, Pt L Py
<b“;> (La+Lb+LC+ A 'D—T- La
T.\P1 (T, A\PT
ib ic
+(B?-> Lb+(b.r—> Lo * oo

(30)

Solving Eq. (30) for the nominal mission
load, gives the weighted average load, Ti’

Ty =
pr - by 1/P4
ﬂTia) La*(Tip) — LyH(Tyc) Lot
[ La + Lb + Lc + ...
(31)
By using this value of 7. in Eq. (27), a

measure of the total mission 1ife can be
obtained in terms of the actual mission
spectrum.

Transmission Comparison

The three planet transmission of
Fig. 3 was changed to a four planet trans-
mission with the same power loads and com-
ponents to studv the relative life and re-
liability of the two transmissions. The
foir planet transmission is shown in Fig. 9
and its life distribution curve at 150
kw (200 horsepower) is shown in Fig. 10.
For this version of the transm ssion the
Weibull slope dropped from 2.15 to 2.05
while the Lig life of the transmission in-
creased from 650 hours to 1610 hours. As
noted in Figs. 5 through 7, the eftect of
dropping the component loading was to make
the sun gear less critical in the trans-
mission's system life andthe life of the
transmission greater. This is due to
the lower VWeibull slope of the bearing life
reliability relationship with a greater
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Fig. 11 Load-life curve for four planet

transmission

percentage of bearing failures in the lower
life region in this skewed failure distri-
bution relationship. Dropping the power
level to the three planet transmission

has the same dua: effect of increasing

the transmission 1ife and reducing the
Weibull slope to that of a more bearing
dominated system.

Fig. 11 is the load-life curve for
the four planet transmissions. The basic
dynamic capacity of this transmission is
3.2 kN-m é28,300 pound-inches) as opposed
to the 2.56 kN-m (22,650 pound-inches) for
the three plaret transmission while the
load life factor only changed to 4.02 from
4.03. Thus the effect of increasing the
number of planets on the load-lite re-
lationship for this transmission in only
to increase the capacity by 25 percent.

No significant change in the load-life
factor occurred.

Summary

A reliability model for the planetary
gear train has been derived for use in the
probabilistic design of this type of trans
mission. This gear train has the ring
gear fixed, the sun gear as input and the
planet carrier as output. The input and
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output shafts are assumed to be coaxial
with the applied torques and each other;
no side loading is considered.

The reliability model {is based on
reliability models of the bearing and gear
mesh components which are two dimensional
Weibull distributions of reliability as
a function of life. The transmission's
90 percent reliability 1ife and basic
dynamic capacity are presented in terms of
input sun rotations and torque. Due to
the different Weibull distributions for
the bearing and gearing components, the
Weibull model for the planetary transmis-
sion is an approximate model. In this
model, the transmission's 90 percent reli-
ability life, Weibull exponent, basic
dynamic capacity and load life exponent
are presented.

Mumerical examples are presented for
two separate 150 kw (200 horsepower)
transmissions to illustrate the use of the
model. This power level is for a
nominal transmission input torque and in-
put speed. An equation is presented to
obtain this weighted average torque from
the mission spectrum torques and their
relative durations. Both three and fco
planet versions of a 5:1 reduction tra -
mission are considered.

The results show that the effect of
adding a fourth planet more than doutles
the life of the transmission. In addition,
it is shown that due to the nature of the
component life distributions, reducing the
loading in the transmission makes the
bearings more important in the life char-
acteristics of the transmission, while
increasing the loading makes the Sun gear
life more important in the overall life
distribution of the transmission.
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