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Modeling of the dynanlic perfonnance of a high-speed ball bear- 
i,rcg is carried out as afi~nction of the visco-elastic behavior of the 
It~Oricaizt. For a given bearing geometry and a set of operating 
coiiditio?u, the cage ntotion becomes relatively unstable as the 1u- 
brica,~t shec~r ?no(lt~lti.s and critical shear stress values are varied 
to i l l l l . 0 d t ~ ~ ~  increased elastic effects and lower traction coefficients. 
A potential for cowelation of bearing iilutabilities to fundamenla1 
properties of the lubricant is thereby demonstrated. 
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INTRODUCTION 

T h e  dynamic performance of  rolling bearings has been 
known to be greatly influenced by the traction behavior of  
the lubricant. Very often, the instabilities in the motion of 
the bearing elements a r e  attributed to the rheological be- 
havior of  the lubricant in the rolling/slicling contacts be- 
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tween the rolling elements and  the interacting races. Mod- 
eling the traction behavior of a lubricant in a concentrated 
contact has, therefore, been a problem of  significant interest 
over the past many years. This  paper  is the third part of  
an  investigation aimed a t  modeling the behavior of  the MIL- 
L-7808-type lubricant. Analytical formulation of  the trac- 
tion model is the subject of  the first part (I), model corre- 
lation to experimental traction data and  the development 
of  the various rheological constants is undertaken in the 
second part (2), and finally, the implementation of the model 
in a bearing dynamics computer code is considered in the  
present paper. 

Correlation of  bearing performance to the level of inter- 
nal friction in the  bearing has been modeled by a number 
of investigators, (3)-(5). Similarly, a rather  vast amount  of  
the available literature has been devoted to relating the 
friction o r  traction behavior to the fundamental properties 
of  the lubricant. Thus ,  by combining the bearing dynamics 
and  lubricant traction model it may be possible to correlate 
the overall bearing performance to the fundamental con- 
stitutive behavior of the lubricant. A demonstration of  such 
a feasibility is the primary objective of  the present investi- 
gation. T h e  traction models, based o n  the work of  Johnson 
and  Tevaarwerk (6) ,  and  Bair and  Winer (7),  are  incor- 
porated into an available bearing dynamics computer code 
ADORE (8). Dynamic performance simulations o f a  bearing 
a r e  then undertaken to show a direct relation between fun- 
damental lubricant properties and bearing instabilities. 

(I = semi-major axis of the Hertzian contact ellipse, m 
1 = semi-~iiinor axis of the Hertzian contact ellipse, m 
1) = Dcl~orah nu~iiber 
C = lubricant shear niodulus, Pa 
h = lubricant film thickness, ni 
H = hardness of the cage material, Pa 
K = Arcliard wear coefficient 
P = contact load, N 
1 = tlimcnsionless strain rate 
1 = time. S 

724 

T = time, S 
u, = slip velocity in the x direction, MIS 

uy = slip velocity in they direction, MIS 
U = rolling velocity, mls 
V = sliding velocity, nils 
W = time-averaged wear rate M'IS 

x,y = coordinates in the Hertzian contact ellipse 
x,y,z = bearing coordinate frame 
JL = viscosity, Pa.S 
T~ = shear stress in the x-direction, Pa 

T~ = shear stress in the y-direction, Pa 
T, = effective shear stress, Pa 
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MODELING APPROACH 

There are two parts to modeling the traction behavior of 
a lubricant, the calculation of the lubricant film thickness, 
and the computation of traction in the concentrated contact. 
Implementation of film thickness equations as presented in 
( I ) ,  based on the work by Hamrock and Dowson (9) ,  and 
Wilson and Sheu ( lo) ,  is quite straightforward. The  various 
equations are simply coded into relevant computational 
modules and then incorporated in the bearing dynamics 
code ADORE (8). lncorporation of the traction models, 
however, requires some further generalization before the 
models developed for unidirectional sliding can be imple- 
mented into a more complex balllrace contact, where the 
relative slip vector can vary fairly arbitrarily with respect to 
the rolling velocity vector. The formulation presented below 
is based on the work by Johnson and Tevaarwerk (6).  In 
fact, the modeling procedure is also very similar to that 
considered by McCool (1 1 )  in a very recent investigation. 

As proposed by Johnson and Tevaarwerk (6) ,  generali- 
zation of the fundamental shear stress and strain rate equa- 
tion to permit slip in both the rolling and transverse direc- 
tions is accomplished by introducing an equivalent shear 
stress, T,, which basically defines an effective yield stress 
according to the classical von-Mises yield criteria 

where 7, and T~ are shear stresses in the x and y directions, 
shown schematically in Fig. 1 .  

In terms of the above equivalent stress, the traction equa- 
tion is generalized as: 

where U is the rolling velocity. Also, note that y is the rolling 
direction. 

Now using the notations 

t ' Direction 
o f  Rolling 

Flg. 1-Coordlnates in the balllrace contact ellipse. 

and by denoting the x and y direction by the subscript i with 
values of 1 and 2 corresponding to the two directions, Eq. [2] 
may be written as: 

uj Gb 
where Si = - - is a dimensionless slip rate, and 

h UT, 

CLU . D = - 1s the Deborah number. 
Gb 

The function f - , assumes a hyperbolic sine variation (3 
in the case of the.]ohnson and Tevaarwerk model (6) ,  while 
an inverse hyperbolic tangent variation is substituted to im- 
plement the Bair and Winer model (7). The pertinent com- 
putational procedure is written such that both these options 
are easily available. 

The  balllrace contact ellipse is divided into several incre- 
mental strips, as shown schematically in Fig. 1. Equation [3] 
is now applied to calculate the local shear stresses on the 
strip, which are then integrated over the contact ellipse to 
compute total traction vector in the contact. Since, due to 
curvature effects, the local slip goes through zero at the 
points of pure rolling and then changes sign, it is essential 
to first solve the balllrace slip equation to determine the 
points of pure rolling. These points are then used to seg- 
ment the contact zone. Thus, no slip discontinuity occurs 
in each segment of the contact zone. A Gaussian quadrature 
algorithm is then used to divide each segment into incre- 
mental strips of varying widths. Equation [3] is then inte- 
grated numerically over the incremental strip for a given 
slip distribution and prescribed rheological constants. A 
Runge-Kutta type integration algorithm is used to perform 
the integration in the range - 1 j C 1. The initial con- 
dition is, of course, that the shear stress is zero at the inlet, 
j = - 1. Once the shear stress along the incremental strip 
is obtained, it may be integrated to compute traction force 
and moment on the incremental strip, which can be sub- 
sequently integrated to get the total traction force and 
moment. 

TEST BEARING GEOMETRY AND 
OPERATING CONDITIONS 

After implementing the traction models as described above, 
the dynamic performance of a typical high-speed gas tur- 
bine engine bearing is evaluated as a function of the rheo- 
logical parameters. The geometry of the bearing is de- 
scribed in Table 1. In order to simulate a high-speed 
operation, a shaft speed of 20000 rpm is assumed, while a 
combined thrust of 4500 N and a stationary radial load of 
2000 N is applied on the bearing. A MlL-L-7808 type oil 
at a bearing operating temperature of 350" K is assumed to 
lubricate the bearing. Although this operating temperature 
may be low for a high-speed bearing application, it is se- 
lected here quite arbitrarily to simulate a well-lubricated 



condition with a relatively thick lubricant film. All lubricant 
properties in the balltrace contacts are assumed to be con- 
stant and equal to the effective average values computed at 
the prescribed operating conditions from the constitutive 
relations developed earlier (2 ) .  For the purpose of dem- 
onstrating the visco-elastic effects and the practical signifi- 
cance of the model, three sets of lubricant parameters are 
considered: 

Case 1 

In the first case, the lubricant viscosity, shear modulus 
and critical shear stress are derived directly from the MIL- 
L-7808 data presented earlier (2). At an average contact 
pressure of about 1.0 GPa and a temperature of 350" K, 
which represent the operating conditions in the bearing, 
effective values of the three lubricant parameters, viscosity, 

shear modulus and critical shear stress, are found to be 
4.27 Pa.S, 27.5 MPa and 2.25 MPa respectively. Under the 
operating speed of 20000 rpm and the prescribed geometry 
of the bearing, the Deborah number varies in the range of 
0.040 to 0.060. The  variation is a result of difference in 
contact geometry at  the outer and inner races and the bxll- 
to-ball load variation due to the applied radial load. Clearly, 
the elastic effects in the lubricant will be negligible under 
such conditions and the lubricant behavior shall be essen- 
tially viscous. 

Case 2 

In order to introduce increased elastic effects, the shear 
modulus is reduced to 1.25 MPa in this case, while the other 
lubricant properties are held to be same as those in Case 1. 
The  effective Deborah number is now in the range of 0.80 
to 1.3. Moderate elastic effects may come into play under 
these conditions. Note that the deviation from properties 
used in Case 1, which represent actual behavior of the lu- 
bricant, is selected arbitrarily to demonstrate the signifi- 
cance of elastic effects. The  increase in the Deborah number 
can also be brought about by changes in viscosity, operating 
temperature, etc. 

Case 3 

In order to significantly increase the Deborah number 
and the resulting elastic effects, the shear modulus in this 
case is reduced to 0.275 MPa. An equivalent effect may be 
realized by appropriate variations in the contact half width, 
rolling speed and lubricant viscosity. Both the shear mod- 
ulus and viscosity will depend on operating pressure and 
temperature, while the contact half-width will be a function 
of bearing geometry, applied load and speed. Thus, it is a 
combination of the lubricant constitutive relation and op- 
erating conditions which determines the effective Deborah 
number and the resulting elastic effects. Similarly, the crit- 
ical shear stress, which affects traction coefficients at high 
slip velocities, may depend on operating pressures and tem- 
perature. Again, to illustrate the effect of relatively low 
traction coefficient at high slip velocities, the critical shear 
stress in this case is reduced to 1.125 MPa. 

It must be emphasized that neither the bearing geometry 
nor the operating conditions represent any specific appli- 
cation. The selection is really quite arbitrary and the vari- 
ation in lubricant parameters is selected to demonstrate the 
significance of fundamental lubricant properties on the sta- 
bility of the bearing elements and the overall dynamic be- 
havior. All selected variations are strictly for illustrative pur- 
pose only. 

T o  provide some estimate of the range of balllrace trac- 
tion coefficients, Fig. 2 shows the calculated traction curves 
based on the Johnson and Tevaarwerk model (6). Results 
in the case of Bair and Winer (7) model are quite similar. 
The parametric evaluation in this paper is therefore re- 
stricted to the Johnson and Tevaarwerk model. 

In terms of effects on the overall dynamics of the bearing 
elements, the traction curves shown in Fig. 2 for the three 
cases, provide a range of traction slopes at low slip velocities. 
Since this slope affects ball accelerations and the resulting 
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Fig. 2-Traction curves for the three sets of lubricant properties. 

TRAC COEFF x10 VISCO-ELASTIC MODEL TYPE 1 
2.0 - 

cage pocket forces, the selected data sets provide a rather 
interesting range of lubricant parameters to evaluate the 
significance of visco-elastic effects on overall bearing 
dynamics. 

1 . 5  

RESULTS 

- CONSTANT PROPERTIES MU (Pa.S) G (Pa) TAU (Pa) 
I A 520N 76.00M/S 350K 1066MPA 4.2684E+00 2.7500E+07 2.2500E+06 
r O  520N 76.00M/S 350K 1066MPA 4.2684E+00 1.2499E+06 2.2500E+06. 

With the above modifications for the traction models, the 
bearing dynamics computer code ADORE is executed for 
the three cases of lubricant properties discussed above. The 
differential equations of motion of all the bearing elements 
are integrated over 2000 time steps, which resulted in bear- 
ing performance simulation over about 30,27 and 18 shaft 
revolutions, respectively, for the three sets of lubricant pa- 
rameters. In each case, the solutions generated are found 
to be adequate to evaluate the expected steady-state behav- 
ior of the bearing. 

As might be expected, a reduced traction slope within the 
three data sets results in an increase in balllrace slip veloc- 
ities. Figure 3 plots the variation in maximum balllrace slip 
velocity in the contact, for Cases 1, 2 and 3. Although there 
is little change in the results between Cases 1 and 2, a no- 
ticeable increase in the slip velocity is seen in Case 3, which 
corresponds to the lowest traction slope in Fig. 2. The max- 
imum sliding velocity. shown this figure is actually the mag- 
nitude to the largest slip vector, and it contains the slip 
contributions from sliding in the direction of rolling, rela- 
tive ball spin about an axis normal to the plane of contact, 
and lateral sliding due to gyroscopic rotation of the ball. 
The high slip value of 10 mls, seen in Case 3, results in a 
slide-to-roll ratio of 0.13 with the rolling velocity of about 
76 m/s when the bearing operates at 20000 rpm. Clearly, 
with such operating conditions there will be some points in 

the contact ellipse where the critical shear stress parameter 
has a notable effect on traction. 

The  lubrication parameters have the most significant ef- 
fect on the cage motion. The increasing ball slip with re- 
ducing traction slope results in increasing cage interactions. 
Figures 4, 5, and 6 show the cage forces for Cases I ,  2 and 
3 respectively. The figures show the guide land force, typical 
cage pocket forces (Pocket #I),  and an overall cage inter- 
action which is defined in terms of a time-averaged wear 
rate, which really represents a load-velocity integral: 

where W is the time-averaged wear rate over time T, when 
the contact load, sliding velocity, hardness of the material 
and an Archard-type wear coefficient are respectively de- 
noted by P, V,  H, and K. 

A close comparison of these figures reveals several inter- 
esting findings. First, note the large increase in the fre- 
quency of balllcage collisions and the drastic increase in 
pocket forces in Fig. 6, which represents Case 3 with the 
lowest traction slope. There is no significant difference in 
pocket forces for Cases 1 and 2, shown respectively in Figs. 
4 and 5. The increase in pocket interactions results in a 
corresponding increase in the guide land forces at the cage/ 
race interface. Note that in all cases, after a few transients, 
the cage tends to come in steady contact with the race. The 
contact force in Case 3 is almost double of what is seen in 
Cases 1 and 2. Finally, a comparison of the time-averaged 
wear rate reveals that while the cage interactions stabilize 
to essentially similar values in Cases 1 and 2, the wear rate 
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Fig. 4--Cage interactions with lubricant properties of Case 1. 
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Fig. 3-The effect of lubricant propertles on balllrace slip velocities. 

is steadily increasing to significant larger values in Case 3. 
Such an increase implies that either the contact forces or 
the sliding velocities, or perhaps both, are increasing with 
time. IL therefore represents a kind of instability in the 
overall cage interactions. 

The effect on cage motion and stability is further seen 
by examining the mass center whirl orbits, in a plane normal 
to the bearing axis, for the three data sets, as shown re- 
spectively in Figs. 7, 8 and 9. In each case, the cage starts 
off from a stnall negative displacement in the Z direction, 
which is really a prescribed initial condition for the inte- 
gration of the differential equations of cage motion. A pos- 
itive rot.ation about the X axis, accor'ding to the right hand 
screw rule, is along the direction of bearing rotation. In 
Cases I and 2, the cage assumes a fairly well-defined whirl 
with a speed ratio, defined as whirl divided by the shaft 
velocity, of 0.30. In Case 3, however, whirl is quite erratic. 

In fact, as seen in Fig. 9, a very slow negative whirl, with a 
whirl ratio = -0.066, develops after the initial transients. 

The  above results clearly demonstrate the significance of 
lubricant properties of the overall bearing performance, 
particularly.the cage motion. The  intuitive assumption that 
a reduction in traction leads to improved bearing perfor- 
mance and stability may not always be true. Perhaps it is 
the traction slope which controls the bearing performance, 
and it may be essential for this slope to be within a range 
for stable performance. In terms of the visco-elastic behav- 
ior, note that in Case 3, where the shear modulus is lowest, 
the Deborah number is the highes~ of the three cases. This 
implies that the elastic behavior is relatively more prominent 
in Case 3. Thus, the motion of the cage becomes unstable 
as the elastic effects in the lubricant become more pro- 
nounced. Such a finding hints at a relation between cage 
stability and the effective ~ e b b r a h  number. Such a relation, 
if it exists, has a substantial practical significance, both for 
characterizing dynamic bearing behavior, and for devel- 
oping lubricants for critical operating environments. A much 
more extensive parametric evaluation than that considered 
here is, of course, required before such a relationship can 
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Fig. +Cage interactions with lubricant properties of Case 2. 
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Fig. 7-Cage mass center whirl with lubricant properties of Case 1. 
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Fig. 9-Cage mass center whirl with lubricant properties of Case 3. 

be truly established. Also, as is true with any modeling ef- 
fort, experimental validation of the computer predictions 
is essential before such a correlation can be used for prac- 
tical design. 

CONCLUSIONS 

The analytical bearing performance simulations, ob- 
tained by integrating the differential equations of motion 
of the bearing elements under prescribed bearing geome- 
try, operating conditions, and lubricant properties dem- 
onstrate a substantial practical significance of the Johnson 
and Tevaarwerk (6) model. As the shear modulus is re- 
duced, the reducing traction slope at [ow slip velocities re- 
sults in increasing ball slip and cage interactions. At the low 
values of the critical shear stress and shear modulus, when 
the elastic effects are most prominent, as indicated by the 
high Deborah number, the cage interactions become ex- 
cessive and the motion becomes relatively unstable. Such a 
finding suggests that stability of the bearing elements could 

be possibly related to the fundamental properties of the 
lubricant. However, parametric evaluation of bearing per- 
formance, over a much wider range of parameters than that 
considered in this investigation, is essential before such a 
conclusion can be adequately supported. 
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