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Computer inodeling of wear in a solid-lubricated ball bearing 
for high-speed turbine c~pplications is considered in t erm of local 
interactions and the overall dynamics of the bearing elements. With 
prescribed coefficients of wear at the variow interfaces between tile 
interacting bearing elements, the cornpuler model ADORE is wed 
to obtai~i the time-averaged wear rates for the balls, races, and the 
cage as a function of the operating conditions typical of a gas 
turbine application. The model presents analytrcal estimates of wear 
in the ball pockets and at the guide lands of the cage, and it provides 
some guidance for optimizing cage design in solid-lubricated ball 
bearings. 

INTRODUCTION 

T h e  increasing demand for  high-operating temperatures 
of  advanced gas turbines has generated a significant interest 
in the development of  solid-lubricated rolling bearings for 
the main shaft support. At the anticipated temperature lev- 
els, in the neighborhood of 700°C, the problems associated 
with both the materials development arid bearing design 
a r e  significant. Effective bearing performance modeling 
techniques are  required to design the bearing for prescribed 
materials behavior and  provide guidance for  the develop- 
ment of  the future bearing materials and  solid lubricants. 
In fact, a very close coupling between bearing performance 
modeling and the materials development is essential for the 
development of  the required bearing technology. 

Solid lubricants in rolling bearings can be applied in sev- 
eral forms; low friction coatings on  the bearing surfaces, a 
sacrificial cage which supplies the solid lubricant in the form 
of a transfer film as the balls collide back and forth in the 
cage pocket, and  a controlled spray of solid lubricant in a 
powder form are  some of the techniques being considered. 
In all cases, a realistic modeling of  wear of  bearing elements 
is necessary in o rde r  to accomplish the required material 
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transfer and the specified bearing life. Aside from the ad- 
verse operating conditions, the interaction between bear- 
ingelements is greatly complicated by the intricate dynamics 
as a function of the transfer and frictional behavior of the 
solid lubricant. For example, for a prescribed bearing ge- 
ometry, the tractive behavior a t  the balllrace interface de- 
termines the balllcage collision force which, in turn,  controls 
wear in the cage pocket. As the cage pocket wears, the 
sacrificial cage will release the solid lubricant and  result in 
a change in pocket clearance which feeds back into the 
overall dynamics of the cage. T h e  primary objective of  the 
present investigation is, therefore, to present a rnodeling 
technique which provides the necessary coupling between 
the complex dynamics of the bearing elernents and  the con- 
stitutive behavior of  the materials determined by conven- 
tional friction and wear tests. 

Over the past two decades, the modeling techniques for 
the performance of rolling bearings has been significantly 
advanced. T h e  conventional quasistatic equilibrium models 
have been replaced by truly dynamic models which provide 
a real-time simulation of ball bearing performance by in- 
tegrating the classical differential equations of  motion of 
the various bearing elements (1)-(5). A recent model, ADORE 
(5),  has been selected as the base model for  the present 
investigation. ADORE models the influence of  balllrace 
traction on  the dynamics of  the balls and  the cage; the 
tractive forces and expected wear rates a t  the balYrace in- 
terface are  determined by greatly refined numerical quad- 
rature; motion of the cage is considered with all six degrees 
of freedom with discrete models for the interaction a t  the 
ba lkage  and cagelrace interface; and ,  the integration of the 
differential equations of  motion over extensive time tlo- 
mains is efficiently accon~plished by the recently advanced 
numerical algorithms developed by Fehlberg (5). 

Although the feasibility of  the dynamic modeling tech- 
niques for  the performance simulation of ball bearings has 
been greatly demonstrated ( 4 ) ,  (7), (8), the problern of wear 
prediction still requires significant developn~ent. T h e  work 
presented in this paper provides a first s tep in terms of 
coupling the fundamental wear behavior with the overall 
dynamics of  the bearing to arrive at meaningful steady-state 
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wcar rates which can be used for bearing design. T h e  gen- 
cr;d al)l)roach used crnploys a constitutive wear equation to 
clctcrminc the instantaneous wear rate, a t  a prescribed time, 
at any interaction in the bearing, which is defined by the 
classical cqi~ations of  motion of  the bearing elements; these 
r;ites a re  then time-avcraged over the length of  simulation. .- I hus, steacly-state rates for  the prediction of wear a re  de- 
rivccl by carrying ou t  a dynamic siniulation of the motion 
01' 1)c;iring elements ovcr extensive time domains. Since the 
cxtcnt of  interaction between bearing elements progres- 
sively increases in thc event of  an  instability, such modeling 
tcchniqires, asiclc from wear prediction, greatly simplify the 
process of  identification of an instability associated with a 
p;~rt ici~lar  I)c;tring clement. It is, therefore, anticipated that 
the mocleling technique presented herein has a significant 
clcsign potential. 

MODELING APPROACH 

'I'hc classical wear rate a t  a concentrated contact is defined 
by a constitutive wcar equation as a function of  load, sliding 
velocity, and  propcrties of  the materials in contact. A num- 
ber of  s i~ch  relationships a r e  available in the literature; with 
p;wticular cmphasis on  solid lubricants, the work by Meck- 
Icnbcrg (9) is wcll noted. Any of these wear relationships 
may be equally i~secl in the approach presented below; for  
the purpose of  simplicity, however, the validity of the basic 
;~p~) roach  is c l e ~ ~ ~ o ~ i s t r a t c d  for  the well-known Archard's 
wear equation: 

whcrc 7u is thc instantaneous wear rate, K is the Archard's 
wcar coefficient, H is the hardness of  the material, Q and 
V :ire, respectively, the instantaneoi~s load and sliding ve- 
loci1 y . 

'I'hc wcar coefficient K is determined by conventional 
wcar LCSL, the hardness H is defined for the prescribed ma- 
terials, the loacl Q ancl sliding velocity V are  determined at  
c;~cli intcractioti in the bearing by solving the equations of 
motion of  bearing elements as a function of  the operating 
conditioris, bearing gconictry, and  the traction o r  frictional 
bchavior a t  thc balllrace, balllcage, and cagelrace contacts. 
Such solutions for the load and sliding velocities a re  readily 
proviclecl by the computer program ADORE (5). 

170r the balllrace interaction, since the load and sliding 
vclocity greatly vary across the elliptical contact zone, it is 
necessary to replacc the QV term by the integral 

where p is the local pressure, v is the local sliding velocity 
at  any point in thc contact zone, and  the integration is car- 
riccl ou t  over the contact ellipse. 

I;or a her~zian  pressure distribution, the above double 
integral can be rccluced to a numerical quadrature formula 
b;isccl on  Chcbychev polynomials (5). Also, if the contact 
ellipse is substantially narrow (the major half-width D minor 

half-width) the above double integral may be reduced to a 
single integral with a reasonable approximation; in such a 
case, Gaussian quadrature may be used to compute the in- 
tegral, however, significant care in treating the step change 
in sliding velocity, if any, must be exercised. 

For the  balllcage and cagelrace interaction, the sliding 
velocity is normally very large and the size of  the contact 
zone is quite small. I t  is, therefore, reasonable to consider 
the interaction as a point contact and  use Archard's equation 
directly to compute the instantaneous wear rate. 

Once the wear rate is known at  any time, T, during the 
performance simulation, it is convenient to define a time- 
averaged wear rate, W, as 

Such a time-averaged wear rate will generally stabilize to 
a steady-state value as the siniulation time T increases. For 
the balllrace contact, if the ball always contacts the races, 
the wear rate, depending on  the applied load, may stabilize 
rather rapidly. For the balllcage interaction, however, since 
the interaction is normally in terms o f  a collision over a very 
short  time interval, the wear rate will demonstrate a j u m p  
a t  the time of collision and a hyperbolic decay dur ing  the 
time of n o  contact. As the time of simulation increases and 
if the motion of the cage is stable, the level of  collision forces 
shall gradually reduce and the time-averaged wear rate shall 
asymptote to a steady-state value. T h e  behavior a t  the cage/ 
race interface may be similar if the interaction consists of  
intermitent contact; in the case of  a relatively steady contact, 
however, the wear rates may stabilize relatively rapidly. 

Once the time-averaged wear rates, as defined above, a re  
obtained a t  each interaction in the bearing, prediction of 
wear over the prescribed duty cycle of  the bearing shall be 
possible. For the cage, a distribution of  wear in each pocket 
and  a t  the guide lands may be predicted and thus significant 
guidance to material transfer may be obtained. Such insight 
shall be significant to the design of solid-lubricated ball bear- 
ings. 

T h e  primary input  to the above formulation is the wear 
coefficient K ,  which is normally derived from experimental 
data. However, since the time-averaged wear rate is directly 
proportional to the wear coefficient, it is adequate to com- 
pute the time-averaged wear rates for any arbitrary wear 
coefficient and prorate the results for  a particular wear 
coefficient. Such a simplification may not be possible for 
o ther  more complex wear equations, e.g., Mecklenberg (9) ,  
Meeks and Bohner ( lo) ,  and  others, where the wear rate 
may not vary linearly with the load and sliding velocity. 

BEARING GEOMETRY AND OPERATING CONDITIONS 

An angular contact ball bearing in the operating envi- 
ronment of high-speed gas turbines is considered. T h e  bear- 
ing is assumed to have silicon nitride balls and  M50 steel 
races, while the solid lubricant is supplied by the sacrificial 
cage which is assumed to be made of a fiber-reinforced 
coniposite impregnated with a solid lubricant. Table 1 de- 
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TABLE 1-BEARING GEOMETRY AND MATERIAL PROPERTIES 

Nurnber of Balls = 12 
Ball Diameter 
Pitch Diameter 
Contact Angle 
Outer Race Curvature Factor 
Inner Race Curvature Factor 
Bearing Bore 
Bearing Outside Diameter 
Outer Race Fit 
Inner Race Fit 
Cage Outside Diameter 
Cage Inside Diameter 

= 7.8125 mm 
= 42.8000 mm 
= 26.50 degrees 
= 0.5170 
= 0.5220 
= 30 mm 
= 55 mm 
= 0.0025 mm 
= 0.0025 mm 
= 46 mm 
= 40 mm 

Cage Width = 12 mm 
Guide Land Clearance (Inner Race) = 0.250 mm 
Pocket Clearance = 0.250 mm 

MATERIAL PROPERTIES 

Ball 3200 3.10E+ 1 1  
Races 7750 2.00E+ 11  
Cage 1 1500 1 I.73E+09 

PIP vnocsn m a  
Fig. 1-Model tor balllrace traction 

scribes the geometrical details and  properties of  the bearing 
materials. T h e  assumed traction model a t  the balllrace in- 
terface is shown in Fig. 1. T h e  traction coefficient increases 
linearly with the slip u p  to a maximum value of 0.15. Such 
a behavior has been substantiated earlier by Gupta (7) for  
a typical solid lubricant. In view of the high sliding velocities 
at  the balllcage and cagelrace interfaces, a constant coeffi- 
cient of  friction is assumed to simula1:e the frictional be- 
havior a t  these contacts. In  order  to investigate the effect 
of pocket and  guide land friction on  the overall motion of  
the cage, two values of  this friction coefficient, 0.15 and 
0.05, a r e  considered. 

T h e  bearing is assumed to operate at  a shaft speed of 

63 500 r p m  with an applied thrust load of  1000 N and a 
synchronous radial load of 500 N. 

RESULTS 

For the prescribed operating conditions, the dynamic per- 
formance of the  bearing is simulated over extensive time 
interval to cover a large number of  shaft revolutions and 
obtain reasonable steady-state solutions. T h e  general load 
variation at  the  balVrace contacts, as simulated by ADORE, 
is shown in Fig. 2*. T h e  sinusoidal variation in contact loads 

*All figures are as produced by ADORE. The parameters M and S printed 
on the right of the figures represent the mean and standard deviation of 
the ploued solution. 



Fig. 2-The variation of baillrace contact loads and angles 8 
Fig. &Typical balllcage interaction with a cage friction coefficient of 

0.1 5. 

and :111gles result. frorn the combined thrust and  radial load. - 
Note that, clue to [.he rotating radial load on  the bearing, 
the frcclucncy of contact 1o;icl variation is somewhat larger 
than once per rcvol~~t ion  of  the ball center along its orbit. 
l301.h thc angular velocity o f  the ball and the orbital velocity 
oi' its mass centcr a r e  fairly constant, except for a small 
sin~~soiclal variation cluc to the variable load. . . I lie collision forces in the ball pockets a re  highly tran- 
sicrit; both the magnitude of  force arid duration of contact - 
:\re fi~nctions of  time. Figure 3 presents a typical solution 
with thc c:~gc friction coefficient of  0.15; note the general 
magnitildc 01' the high peaks is 10 to 15 N .  T h e  force a t  the 
c;igc/racc giliclc lil~lcl varics in the same general range, 
however, the frcclucncy of contact is quite large ancl as seen 
in Fig. 4, the contact is almost steady with a mean force of  
a l ~ o u t  2.70 N. 'l'lie cage whirls at  a speed essentially equal 
lo its angular velocity in an almost circular orbit, as shown 
in Figs. 5 and 6, rcspcctivcly. Note that the operating clear- 
ance ;it the guiclc lands, after allowing for  centrifugal ex- 
p;insion at the high speed, is 0.375 nim, which corresponds 
lo the cliamcter of  the cage orbit. Also, the mean force a t  

the guide land, as seen in Fig. 4, is very close to the cen- 
trifugal force acting on  the cage d u e  to the whirl motion. 
This implies that the force at  the guide lands is essentially 
independent of  the magnitude of  the pocket forces and is 
only related to the whirl velocity. Such an  observation will 
generally be true whenever the cage has a definite whirl 
velocity. 

Time-averaged wear rates, computed o n  the basis of  the 
model discussed above a re  shown in Figs. 7 and 8, respec- 
tively, for  the ball pockets and the guide lands. It is seen 
that the rates indeed show a trend of stabilization over the 
time domain over which the simulation is obtained. T h e  
steady-state wear rates derived from these figures may be 
used to compute the quantity of  wear over a prescribed 
duty cycle of the bearing. Thus ,  significant insight into the 
wear distribution on  the cage and overall wear life of  the 
bearing may be obtained. 

When the time-averaging algorithm is applied to the ball/ 
race interaction, the wear rates for  the races and the balls 
can also be computed. Figure 9 shows the wear rate for ball 

Flg. 4--The contact force variation at the cagetrace guide land with a cage friction coefficient 01 0.15 
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Fig. 5--Cage mass center whlrl velocity wlth cage frlctlon coefficient of 0.15 

# I ,  the two races, and the total wear rate: for the cage, which 
is a sum of the wear rates in all pocket and the guide lands. 
Since all balls go through the same load cycle, the wear rates 
for all the balls a re  essentially identical. It must be noted, 

Fig. &The shape of cage whlrl orblt wlth a cage frlction coefficient of 
0.15. 

however, that all wear rates a r e  subject to the wear coeffi- 
cients listed in Table I .  According to most wear theories, 
the ceramic balls may not wear at  all and all the wear Inay 
take place on  the steel races. In any event, if the actual wear 
coefficients a r e  available from conventional wear tests, then 
the wear rates may be appropriately prorated. 

All of the results discussed thus far a r e  obtained with the 
cage friction coefficient of  0.15. In order  to see the effect 
of  this friction coefficient, the simi~lation was repeated with 
the friction coefficient reduced to 0.050, which may rep- 
resent a lower limit for most solid lubricants. Both the whirl 
velocity of  the cage and the shape of  the cage mass center 
orbit a re  unchanged with the lower friciton; Fig. 10 shows 
the simulated mass center orbit. When Fig. 10 is compared 
to Fig. 6, it must be noted that the time domain for the 
simulation with the lower value of  the friction coefficient is 
significantly larger and ,  therefore, the number of  orbits in 
Fig. 10 is quite large when compared to those in Fig. 6. This 
difference essentially results from the numerical optimi- 
zation of the time step size during integration of  the equa- 
tions of  motion in ADORE; the smaller value of  friction 
results is a larger permissible step size for  the same limit on 
the local truncation error. In any case, the general shape 
of the orbits, when examined closely, a re  found to be iden- 
tical for  the two cases. 

T h e  overall level of  balllcage interactions is significantly 
reduced with the lower pocket friction and this results in a 

Flg. 7-Slmulatlon of cage pocket wear with cage friction coefficient of 0.15 



Flg. 8-Simulated 
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wear rates at the cagelrace gulde lands wlth a frlctlon coefficient of 0.15 

Flg. 9--Overall wear rates of the bearing elements with a cage trlctlon 
coefficient of 0.15. 

rctluction of about a factor of two in the steady-state wear 
ratcs in cage pockets when compared to the results shown 
in Fig. 7. 'I'he interaction at the guide lands, however, is 
rcl;~r.ivcly unchanged. This is perhaps due to the fact that 
thc guide land force is quite independent of the interactions 
in the cage pockets, and it only depends on the guide clear- 
ance and the whirl velocity, as discussed above. 

'I'hc overall wear rates with the lower friction are shown 
in Fig. I I .  Note the interesting finding that although the 
ovcrall cage wear rate is lower with lower cage friction, there 
is a slight increase in the simulated wear rates of the balls 
and the races; compare Fig. 1 1  with Fig. 9. Further ex- 
:umin:~tion of the ball motion revealed that the balllrace slip 
is sorncrvhat larger with the lower cage friction, which im- 
plies that the cage friction attempts to "damp" excessive 
ball11.ace slip; Fig. 12 compares the simulated balVrace ve- 

4 - .  . . -  . . . . . 
-a 4 4-2 

rpos6qrrrP 
Fig. 10--Cage mass center orblt shape wlth a frlctlon coefficient of 0.050 

locities for the two values of cage friction. Indeed, further 
parametric evaluation as a function of both cage and balV 
race friction, as well as experimental evidence, shall be nec- 
essary before the universal validity of such a finding can be 
substantiated. 

As might be expected, the lower cage friction results in 
an overall reduction in the power loss, o r  heat generated, 
in the bearing, as shown in Fig. 13. Reduction in frictional 
dissipation at the balVcage and cagelrace contacts is quite 
large when compared to the small increase in the heat gen- 
erated at the balllrace interface, due to a small increase in 
balVrace slip. This explains the overall lower power loss with 
the reduced cage friction. 

CONCLUSIONS 

A close integration of the constitutive wear relations, de- 
rived from conventional wear tests, with the dynamic models, 
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design of  bearings for  optimum material transfer and wear 
life of the bearing. T h e  significance of  the modeling tech- 

6 nique is dernons~.rated for  a solid-lubricated ball bearing 
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operating a t  predicted gas turbine engine conditions. 
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