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Thermal Contact Resistance Between Balls and Rings of a
Bearing Under Axial, Radial, and Combined Loads

Katsuhiko Nakajima*
NTT Radio Communication Systems Laboratories, Yokosuka 238-03, Japan

The thermal contact resistance between the balls and the inner and outer rings of a space-use deep groove
ball bearing is investigated assuming that heat transfer between smooth contacting elements occurs through the
elastic contact areas. It is also assumed that the stationary bearing sustains axial, radial, or combined loads
under a steady-state temperature condition. The shapes and sizes of the contact areas are calculated using the
Hertzian theory. In particular, the contact force for the axial load is determined with careful consideration of
the change in the contact angle induced by elastic deformation at the contact area. The correlation between the
experimental data and the calculated values confirms the validity of the prediction method for the thermal
contact resistances between the elements of a dry bearing with a surface roughness of less than 0.5 x 10~6 m
under the mean temperature of less than 353 K, and temperature differences across the rings of less than
35 K.
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Nomenclature
parameters given by Eq. (2), 1/m
semimajor and -minor axes of contact
ellipse, m
parameters given by Eq. (12b)
parameters given by Eq. (lOb),
m/Pa
modulus of elasticity, Pa
eccentricity of contact ellipse
axial and radial loads, respectively, N
radial clearance of bearing, m
complete elliptic integral of the first
kind
complete elliptic integral of the
second kind
thermal conductivity, W/mK
shape parameters of contact ellipse
number of balls in bearing
contact force, N
heat flow, W
thermal resistance, K/W
radii of curvature for race and groove,
respectively, m
temperature, K
coefficient of static equivalent radial
and axial loads, respectively
contact angle of bearing, rad
included angle between radial load
component and combined load shown
in Fig. 3, rad
sum of displacements of two contacting
solids, m
angle between adjacent two balls of
bearing, rad
coefficient of thermal expansion,
m/mK
Poisson's ratio
Stefan-Boltzmann constant,
5.67 x 10-<s W/m2K4
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Subscripts
b = ball or ball side of bearing
/ = inner ring or inner ring side of bearing
o = outer ring or outer ring side of bearing

Introduction

L ARGE satellite onboard antennas are being developed
for multibeam satellite communication systems.1 The

beam-pointing accuracies required of multibeam antennas are
stringent, and sophisticated deployment techniques are needed
in order to meet the limited stowage diameters of the launch
vehicles. To achieve the high beam pointing accuracies re-
quired, the thermal distortion of bearings used in the de-
ployment mechanisms must be minimized by controlling not
only the temperatures within the allowable ranges for the
units, but also the temperature differences between the inner
and the outer rings within the design ranges.2~4

The configuration of the ball bearings dealt with in this
article is schematically shown in Fig. 1. The temperature dif-
ferences across the ball bearings of the antenna deployment
mechanisms are generally controlled by using multilayer in-
sulation and electric heaters. The thermal control subsystem
must be designed considering heat transfer in the radial di-
rection such as conduction through the inner ring, the outer
ring and the balls, conduction through contacting interfaces
between the elements, and radiation interchange between the
elements. For instance, the author has estimated the mag-
nitudes of the thermal resistances corresponding to the above
heat transfer modes from the results of thermal balance tests
of an antenna that had deployment mechanisms that used
deep groove ball bearings.4 The values were about 2.3 K/W
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Fig. 1 Schematic of bearing.
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in total for conduction through the elements, and about 2.2
K/W in total for conduction through the contacting interfaces
between the bearing and the shaft/housing. The contact resis-
tance was about 35 K/W for the interfaces between the balls
and the inner/outer rings. The radiation resistance was small
enough to neglect at the temperature of 283 K. With respect
to these thermal resistances, the values for conduction through
the bearing elements themselves and for radiation can be
calculated using the dimensions, the thermal conductivities,
the thermo-optical properties, and the temperatures of the
elements. However, it can be said that the thermal contact
resistances between the balls and the rings, which are most
closely related to the temperature differences across the bear-
ings, are difficult to predict because no useful calculation
methods have been proposed yet.

Since the thermal resistance results from the fact that most
of the heat is constrained to flow through small contact areas,
a reasonable step in determining the contact resistance be-
tween the balls and the inner and outer rings of the bearing
would be to use a similar approach to that adopted to solve
the thermal constriction problem for ideal smooth surfaces.
The thermal constriction resistances for circular, circular an-
nular, rectangular, and other geometrical-shaped contact areas
are normally solved analytically or numerically as Dirichlet
problems.5~7 The prediction of the thermal contact resistance
necessitates the determination of the contact area. This is
possible with the Hertzian theory when the contact surfaces
are approximated as being smooth. In addition to the study
by Clausing and Chao,8 the thermal contact resistance prob-
lem has been discussed in many papers.9-10 Most papers de-
termine the contact areas using the Hertzian theory. How-
ever, a survey of the literature shows that only the studies by
Yovanovichn~13 have dealt with the problem of the contact
resistance between bearing elements. He studied the contact
resistance under axial loads and concluded that the contact
resistance depends on the size and shape of contact area as
determined by the Hertzian theory and the thermal conduc-
tivity of the material. He did not, however, give thermal
designers a tractable expression that considered the change
in contact angle induced by elastic deformation at the contact
points. Also, he did not consider other types of loadings such
as radial and combined axial/radial loads.

This article develops an approach that accurately predicts
the thermal contact resistance between the balls and the inner
and outer rings of a space-use deep groove ball bearing with
solid lubricant. This is quite valuable because the suppression
of thermal distortion is essential to realize deployable mul-
tibeam satellite antennas that have high beam pointing ac-
curacies. The analysis assumes that the temperature of the
bearing is steady. We note that the thermal contact resistance
discussed in this article is based on the macroscopic contact
area determined with the Hertzian theory, and the effect of
surface roughness or waviness is neglected. This is reasonable
because the surface roughness of the bearings treated in this
study is less than 0.5 x 10~6 m, and for such smooth surfaces
it has been shown that the total contact resistance can be
discussed by considering just the macroscopic contact area.842

The contact forces required to calculate the contact area are
explicitly formulated for axial, radial, and combined loadings.
In particular, an expression for the axial load is derived by
carefully considering the change in contact angle induced by
elastic deformation at the contact area. The prediction method
for the thermal contact resistance is verified by comparing the
calculated values with experimental results measured in a vac-
uum environment.

Expressions for Contact Resistance
Contact Area of Elastic Bodies

The thermal contact resistance is generally considered as a
function of the shape and size of the contact area. This area
becomes elliptic when two elastic bodies having smooth round

surfaces are pressed against each other. The formulations that
determine the semimajor and -minor axes of the elliptic con-
tact area are summarized herein.14"17 In deriving the follow-
ing expressions, it is assumed that the angle between the two
planes containing the principal radii of curvature of the bodies
are perpendicular as in the case of balls contacting the inner
or outer ring of a bearing:
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Also, the sum of the displacements of two bodies against the
contacting surface is given by15

2Kl(e, ,1 3. +

1 - v\ 1 - i/j\2

7TE{ 7TE2 ) \
(4)

Let us consider the bearing model shown in Fig. 1. For the
contact at the inner ring side, the radius of curvature r't of
the inner groove must be treated as negative in Eq. (2). Also,
r0 and r'0 must be treated as negative at the outer ring side
contact.

Contact Resistance
The contact resistances between the balls and the inner and

outer rings may be treated in the same manner as constriction
resistance since both resistances result from the restriction of
the heat flow due to small contact areas. Thus, the assump-
tions utilized to solve the constriction resistance may be ap-
plicable to the present problem, whereas a numerical verifi-
cation must be performed for the bearing dealt with in this
study. The assumptions are as follows:
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1) The dominant heat flow is conduction through the con-
tact area, i.e., the effect of radiation is neglected because the
temperature of each bearing element is not high.

2) The heat flow pattern in both elements is approximated
as symmetric about the contact area, and thus the contact
area is isothermal.

3) Based on the above, the temperatures at points far from
the contact area can be treated as being constant.

The boundary problem of Laplace's equation for the elliptic
contact area can be solved by using the ellipsoidal coordinate
system instead of the Cartesian system under the boundary
conditions: 1) T = T0 = const at the contact plane, and 2)
T = 0 at the points far from the contact plane. 5~7J2 Thus,
the temperature distribution in the conducting half-space is
given by12

^ = r
T(} Ju

cf)(u) = (a2 + u)(b2 + u)u
(5)

where u is the variable along an axis normal to the contact
plane. Furthermore, at points sufficiently far from the contact
area, the heat flow is approximately radial and can be written

the inner and outer rings by connecting the thermal resistances
in parallel.

Load Types and Contact Forces
We can now use Eqs. (8), (9), or (10) for the prediction of

the contact resistance if the contact force for each ball is
determined from the total load on the bearing. The contact
force is then formulated assuming that the balls and both the
inner and outer rings are made from the same material, and
that the bearing has a positive radial clearance.

Contact Forces Under Axial Loads
All the contact forces become equal when the bearing sus-

tains an axial load (see Fig. 1). Considering the contact angle
the contact force is given by

p =

where fi must be calculated taking into account the elastic
deformations at the inner and outer ring contact points. Based
on Eq. (4), the deformation 8 in Eq. (11) is given by

Q
2irr2 = 2kT,- /^ r7 Jo4>-"2(u)du (6)

where Q is all the heat leaving the elliptic contact area, k is
the thermal conductivity of the conducting half-space, and r
is the distance from the center of the elliptic contact area.

From Eqs. (5) and (6), the thermal contact resistance is
written as

=-r-r. [(a2 + u)(b2 + u)u]-l/2du (7)

Using the complete elliptic integral of the first kind, Eq. (7)
can be rewritten in the following form as12-13

Then, the contact resistance between the ball and the inner
or outer ring can be determined by using Eq. (8). For most
bearings, whose balls and both rings are made from the same
material, i.e., k = kb = kt = k0, we can write the contact
resistance per ball as

R = _
2k

or

R
|_jnf.(37rD,./4)1/3

(9)

(10a)
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where the relation alb = mln is used, and ^(alb) =
is frequently called the constriction parameter. These expres-
sions permit us to predict the total contact resistance resulting
from the contact of an arbitrary number of balls with both

8 =
2 cos fe / F,

sin

(12a)

C,= 2Kl(eh ir/2) I 377
ra,77

0, 77/2) /3ir'
07T 4

(12b)

where Z), and D0 are given by Eq. (lOb). The parameters C,,
C0, Dh and D0 must be calculated using the radii of curvature
given by

~ cos = r0 - r'0(l - cos )
(12c)

Thus, j8 and the contact force for each ball can be determined
by solving Eqs. (11) and (12a-12c) numerically as simulta-
neous equations.

Furthermore, by substituting Eq. (11) into Eq. (lOa), and
considering the number of contacting balls, the explicit rep-
resentation for the total contact resistance under axial load is
given as

R =
1

2kN2 sin /w0(37rD0/4)1/3J
(13)

Contact Forces under Radial Loads
The representative relation between the radial load and the

locations of balls is shown in Figs. 2a and 2b. The contact
force on each ball in both cases is determined from the equi-
librium condition of the total radial load and the contact forces
based on Eq. (4). The contact forces in the case of Fig. 2a
are given by

Fr = P0(l + 2 cos5/20 + 2 cos5/220

J = 1,2, • • •

P! = P() COS3/20, P2 = P(} COS3/220, . .

. . . + 2 cos5/2/0)

(14a)

. , P. = P0 COS3/2/0
(14b)
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Fig. 2 Radial load and ball positions.

Fig. 3 Included angle y between radial load component and combined
load.

The contact forces in the case of Fig. 2b are given by

(2; - 1)0]
Fr = 2P{ cos- cos3/2(y - 1)0 cos -

/ = 1, 2, . . . (15a)

P2 = P{ cos3/20, . . . , Pj: = Pl cos3/2(/ - 1)8 (15b)

Here we note that the balls sustaining the radial load are
restricted to those located within y'0 < Tr/2, since positive radial
clearance is assumed in this study. We can now calculate each
contact resistance individually by using Eqs. (10) and (14) or
(15), and the total resistance is predicted by connecting the
resistances in parallel.

Contact Forces Under Combined Loads
The combined load of the axial and the radial loads are

commonly approximated by the static equivalent load Fe as

Fe = XFr + YFa, (Fa > aFr) (16a)

Fe = Fr, (Fa < aFr) (16b)

where X, Y, and the value of a are inherent bearing param-
eters. In the case of Eq. (16a), the contact forces on the balls
are calculated in much the same way as for axial loading.

However, even if the condition for Eq. (16b) is satisfied,
we must determine if /3 of the bearing is larger than y between
the radial load component and the combined load (see Fig.

3), because Eq. (16b) is an approximation that is applicable
only when the included angle is less than the contact angle.
This means that we must consider the contacts induced by
the axial load component even for the balls that are located
at positions larger than j6 > vr/2, i.e., above the x axis in
Figs. 2a or 2b, when the included angle is larger than the
contact angle, in addition to the contacts caused by combined
load for the balls located below the x axis. The contact forces
for the balls above the x axis are calculated in the same manner
as for the axial load, whereas the balls below the x axis are
handled in the same manner as for the radial load.

To recapitulate, we can calculate the contact force in the
same way as in the case of radial load only when the included
angle between the radial load component and the combined
load is smaller than the contact angle of the bearing.

Applicability of Assumptions
For the single row dry bearing, the thermal contact resis-

tances under axial loads were calculated in order to verify the
adequacy of the fundamental assumptions used to derive the
formula for the contact resistance. The bearing includes seven
spherical balls, and all elements were made from stainless
steel 440C. The diameter of balls, 2rb, was 9.525 x 10~3 m.
The groove radii r] and r'0 were 1.03937^, and the race radii
r, and r0 were 3.06037^ and 5.06562^, respectively. The inner
and the outer bearing diameters were 22 x 10~3 m and 56
x 10~3 m, and the width was 16 x 10~3 m. The surface of
each contacting element was coated with MoS2 lubricant, and
the roughness was less than 0.5 x 10~6 m.

In the numerical calculations, which were performed con-
sidering the temperature difference between the inner and
the outer rings, the resistance for the conduction through each
MoS2 layer was neglected because the estimated value of 0.3
K/W was sufficiently small compared to the contact resistance
of about 35 K/W. Also, only thermal expansion in the radial
direction was considered for all elements, since this had the
greatest effect upon the geometrical shapes and sizes of the
contact areas. The following material properties were used
for the calculation; the modulus of elasticity was 200 GPa,
Poisson's ratio was 0.25, the coefficient of thermal expansion

Table 1 Parameters of thermal contact resistance

r, K
AIB
m
mln
alb
K,(e, 77/2)
<V(alb)

Inner
ring/ball

273/288
35.0
3.95
9.75
0.309/0.0317
3.67
2.34

Outer
ring/ball

303/288
21.2
3.23
7.13
0.295/0.0414
3.36
2.14
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Fig. 4 Effect of contact angle change upon the thermal contact resis-
tance.
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was 10.3 x 10~6 K"1, and the thermal conductivity was 23.8
W/mK. The temperatures of the inner and the outer rings
were taken as being 273 and 303 K, respectively. The param-
eters relating to the contact resistance are shown in Table 1.
The variation of the contact resistance against the axial load
is shown in Fig. 4. The solid line shows the resistance that
was obtained considering the change in the contact angle and
the radii of curvature r,, r0, and rb, which were obtained by

r, = rir[l + \(Tie - Tr)}

r() = Ul + X(TOC - T,)]

rh = rhl{\ + 2X(The - Tr)}

(17a)

(17b)

(17c)

where rf>, ror, and rhr are the radii at the reference temperature
rr, 293 K. Tie, Toe, and The are the temperatures of the inner
ring, the outer ring, and the balls, respectively. Here, using
the constriction parameter ratios for the inner and the outer
ring side contacts, the temperatures of the balls were calcu-
lated by

The = 0.4787;, + 0.5227;, (18)

The dotted line shows the result when the change in the con-
tact angle was neglected by using the nominal value of 0.262
rad. These results reveal that special attention must be paid
to changes in the contact angle to accurately predict the con-
tact resistance between the balls and the inner and outer rings.

Effect of Radiation Interchange
The validity of neglecting radiation interchange between

the bearing elements was verified by estimating its effect on
the contact resistance shown by the solid line in Fig. 4. Let
us put the resistances for a direct radiation interchange be-
tween the inner and the outer rings as Rrl, and for the inter-
change between both rings via the balls as Rr2. These resis-
tances are represented as

Rrl = 1
£0S0Foi£ia(T2

0 + TJ)(T0

I / 2
2e0S0Fohebcr \T0

(19a)

(19b)

where F, S, and s denote the configuration factor, the surface
area and the emissivity, respectively. The resistances of Rrl
= 3540 K/W and Rr2 = 18,400 K/W were obtained by nu-
merical calculation, using the bearing dimension and the
emissivities of sh = £, = e0 = 0.8. This unmeasured value
of emissivity was used in order to avoid underestimating the
effect. The total radiation resistance—both resistances con-
nected in parallel—became 2970 K/W. The effect of this
resistance upon the values shown in Fig. 4 was less than 1%,
and so is almost negligible from an engineering point of view.

In addition, if the effect of 2% for the contact resistance is
allowable, we can neglect the radiation interchange when the
mean temperature of the bearing is below 353 K and the
temperature difference between both rings is within 35 K.
Actual antenna deployment mechanisms4 use thermal control
for the bearings so as to keep the temperature difference
between both rings below 30 K, and the mean temperature
within 183-343 K. Therefore, it can be concluded that the
assumptions used in the thermal analysis of the contact resis-
tance are valid provided the temperature conditions men-
tioned above are satisfied.

Convergence of Temperature Gradient
The contact resistance was formulated assuming that the

heat flow pattern is uniform and the temperature converges
to a constant value at points sufficiently far from the contact
area. If this assumption is applicable to the contact resistance
problem of the bearing elements, the integral term of Eq. (7)
corresponding to the temperature variation must tend towards
a constant value, or the gradient obtained from the differential
of Eq. (7) must approximate zero within the dimensions of
the inner and the outer rings.

Thus, the numerical calculation of the differential of Eq.
(7) was performed while omitting the constant and sign, and
taking u as a variable that corresponds to the distance from
the contact area. Figure 5 shows the typical results regarding
the bearing under discussion. The curves for alb = 9.15 and
7.13 correspond to the contacts at the inner ring and the outer
ring sides, respectively. The radii of semiminor axis at the
inner ring side contact area are 31.7 x 10~6 m and 54.3 x
10~6 m under the axial loads of 18.5 N and 98.1 N, respec-
tively. In the case of b = 31.7 x 10~6 m, the region of ulb
< 170 corresponds to the inside of the inner ring, whereas in
the case of b = 54.3 x 10~6 m, the region of ulb < 100 is
the inside of the inner ring. Therefore, Fig. 5 leads to the
conclusion that the assumption adopted for the temperature
distribution is appropriate to the contact-resistance problem
of the bearing in this study.

Experimental Results and Comparison with
Theoretical Prediction

Experiment
A test program was conducted in order to verify the pre-

diction method of the thermal contact resistance. The di-
mensions and material properties of the bearing matched those
described previously. The experimental apparatus consisted
of a vacuum chamber equipped with vacuum pumps and liquid
nitrogen cooled shrouds, and a temperature measurement
instrument using thermocouples as sensors. The bearing was
assembled on a shaft and a cylindrical housing, both of which
were made from stainless steel 304. The mass of the shaft was
0.55 kg. The interfaces between the inner ring and the shaft
as well as the outer ring and the housing were coated with
silicone thermal compound to enhance the heat transfer be-

40 80 120
u/b

Heater-» Coiled spring for axial load-j
V v Multilayer Housing-

~™ CT x xjnsulation

Shaft N Bearing

Radiator

oiled spring
for radial load

w ^•Support structure tf
^AAAAk.

Fig. 5 Convergence characteristics of temperature gradients.

Base structure of vacuum chamber

Fig. 6 Experimental setup for thermal contact resistance measure-
ment.
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Outer ring-\ y
v3-

Inner ring

Ball Table 2 Experimental cases and parameters

4-1 -10.0873 rad
> Thermocouple

Fig. 7 Temperature measurement points on bearing.

-OE
<J)18

20 10 10 10 10 35

300
• : Thermocouple

Fig. 8 Temperature measurement points on shaft.

tween them. This assembly was supported by a structure fitted
with loading springs, as shown in Fig. 6. Based on the cali-
brated force vs displacement relationships, the axial load was
equally imposed by adjusting the displacements of the three
springs fitted to each side while the radial load was imposed
by two springs. Figures 7 and 8 show the temperature mea-
surement points on the bearing and the shaft.

The tests were performed in a vacuum environment at pres-
sures lower than 1.33 x 10~3 Pa, and the shroud temperatures
were under 100 K. The test parameters were shown in Table
2. The temperatures shown in Table 2 were obtained under
steady-state conditions when temperature changes of ±0.1 K
were kept for at least 1 h.

Experimental Results
The heat flow through the shaft was considered to be iden-

tical with the heat flow across the inner and the outer rings,
due to the fact that the temperature gradients were fairly
constant on both sides of the shaft. The conductive heat flow
through the shaft Q was calculated by

T —
T*

/24 /57

(20)

where T2, T4, T5, and T7 are the temperatures at measurement
points shown in Fig. 8. The distances between points (D and
@, and (D and (Z) are denoted as /24 and /57. Also, the sectional
area and the thermal conductivity of the shaft are represented
by Ss and ks, respectively. Thus, the contact resistance Re
between the ball and the inner and the outer rings was cal-
culated as follows:

\T--T
Q °

(21)

where Th T0, and Rs denote the measured temperatures of
the inner and the outer rings, and the conductive resistance
for the solids existing between these temperature measure-
ment points.

The test results of contact resistance are summarized in
Table 3. These results include the experimental uncertainty
stated below. To calculate the resistances, the thermal con-
ductivity of the shaft was taken as 15.5 W/mK at the tem-

Test
case no.

1
2
3
4
5
6

7
8
9

10

Table 3

Test
case no.

1

2

3

4

5

6

7

8

9

10

Load, N

Axial Radial

39.2 0

0 98.1

39.2 39.2

39.2 98.1

Experimental results

Thermal
resistance
Rio, k/w

42.7
42.7
44.6
44.8
40.2
40.4
40.2
40.8
63.1
65.2
62.4
65.4
40.4
41.6
41.1
41.7
36.6
38.2
37.1
38.8

Mean temperature, K
Inner ring

268.2
272.8
304.8
304.1
273.4
270.3

272.0
270.3
268.1
270.4

of thermal contact

Resistance of
conduction
Rs, K/W

2.2

2.7

2.2

2.2

Outer ring

299.4
307.4
268.2
267.5
308.8
306.8

306.1
299.1
297.9
304.9

resistance

Contact
resistance
/?„ K/W

40.5
40.5
42.4
42.6
38.0
38.2
38.0
38.6
60.4
62.5
59.7
62.7
38.2
39.4
38.9
39.5
34.4
36.0
34.9
36.6

perature of 268 K, which was the mean value for all experi-
mental cases. This value of thermal conductivity was applied
to all test cases because the consideration of the individual
mean temperature for each test case yielded a maximum rel-
ative difference of ±0.4% in the thermal resistance. Uncer-
tainty is also created by the temperature stability at the mea-
suring points on the shaft; the temperature fluctuation of ±0.1
K changed the thermal contact resistance by ±5.0%. The
other uncertainty factor was the accuracy of the load, ±1.3%,
due to the temperature dependency of the force vs displace-
ment relationships of the springs. Consequently, the total
experimental uncertainty was estimated to be ± 6.7% by using
the linear summation method, whereas the rms method re-
sulted in a value of less than ±5.2%.

Comparison of Experimental Results with Predictions
The thermal contact resistance between the balls and the

inner and outer rings was predicted taking into account the
parameters of each test case. The thermal conductivity of 21.9
W/mK was taken as the property of SUS 440C at the mean
temperature of 286 K.

Contact Resistance Under Axial Load
A comparison of the test results with the predicted contact

resistances are shown in Table 4a. The maximum ratio of test
result to predicted resistance was 1.07 for test case 2. This
slightly large ratio might be due to the sensitivity of the test
result to the temperatures of the shaft as described regarding
the experimental uncertainty. However, the ratios of test re-



94 NAKAJIMA: THERMAL CONTACT RESISTANCE

Table 4 Experimental results and predictions

Test
case no.

Load, N
Axial Radial

Measured,
K/W

Predicted,
K/W

39.2

39.2 39.2

40.5 ± 0.0
42.5 ± 0.1
38.1 ± 0.1
38.3 ± 0.3
38.8 ± 0.6
39.2 ± 0.3

39.5
39.6
36.6
36.6
37.3
37.5

5

6

9
10

60.4

0 103.5 g'.7
62.7

39.2 103.5 35'2 ± °'8

61.1
62.6
61.2
62.6
35.1
35.1

suits to predictions were less than 1.05 for test cases 1,3, and
4. Therefore, it can be said from an engineering point of view
that the macroscopic contact area calculated by using the
Hertzian theory is sufficiently accurate to allow the prediction •
of contact resistance if the surface has a roughness less than
0.5 x 10-6m.

Contact Resistance Under Radial Load
In test cases 4 and 5, the mass of shaft, 0.55 kg, acted upon

the bearing in addition to the spring loading. The total radial
load was thus taken as 103.5 N when predicting the contact
resistance. Before and after the tests, the angle between the
direction of the load and the line connecting the centers of
the ball nearest it and the bearing was determined carefully,
since the angle was required to calculate the contact force.
The actual position, shown in Fig. 7, was maintained during
the tests.

Based on the above discussion, it was considered that the
resistance obtained from the temperatures measured at the
positions near the load direction, i.e., the y axis in Fig. 7,
approximated the value that would be obtained when the ball
between the temperature measurement points coincided with
the load direction. The test result was then considered to be
equivalent to the resistance that was obtained by connecting
the same three predicted values in parallel. For these cases,
the contact force P() in the prediction was calculated by using
0 = 0.898 rad and Eq. (14a).

On the other hand, if it is assumed that the radial load
direction passes through the center between two balls, the
number of balls that concern the contact resistance becomes
four, and their positions lie on the lines 4-1 and 4-2 shown in
Fig. 7. Thus, it was considered that the test result obtained
from the temperatures near the x axis approximated the resis-
tance predicted for the ball located on line 4-2. Using 0 =
0.898 rad, contact force P2 for the ball located on line 4-2 was
calculated by Eqs. (15a) and (15b).

A comparison of the test results and the prediction values
is given in Table 4b, and the agreement between both results
is excellent. Therefore, we can say that the calculation method
is applicable to the prediction of contact resistance between
the elements of a bearing sustaining radial loads.

Contact Resistance Under Combined Load
The static equivalent loads for the bearing were given as

follows:

Fe = Q.6Fr + 0.5Ffl, (Fr < 1.25Ffl) (22a)

Fe = Fr, (Fr > 1.25F,,) (22b)

According to these equations, the prediction for test cases 7
and 8 can be performed in the same manner as that for the
axial load of Fe = Fa = 46.9 N, although cases 9 and 10 seem
to be treated as the radial load of Fe = Fr = 103.5 N. How-
ever, cases 9 and 10 require careful consideration as to whether
the included angle between the directions of the combined
load and the radial load component is less than the contact
angle of the bearing, because of the reason stated in the
chapter regarding contact forces.

Cases 7 and 8: The contact resistance was predicted using
the static equivalent axial load Fe = 46.9 N. The results of
the tests and the predictions are shown in Table 4a, and it
can be said that the agreement between both results is as
excellent as in the cases of axial load only.

Cases 9 and 10: The included angle between the direction
of the combined load and the radial load component was 0.362
rad. This angle was larger than the contact angle of 0.262 rad.
Thus, it was considered that the four balls above the x axis
were subjected to the axial load component with an angle of
0.362 rad, and the three balls below the x axis sustained a
combined load acting in the direction of 0.362 rad. The total
resistance was predicted by connecting each thermal resis-
tance in parallel. A comparison of the test results with the
predicted contact resistances is shown in Table 4b. The ratio
of the test result to the predicted resistance was 1.0 and 1.02
for cases 9 and 10, respectively. Therefore, we can say that
the proposed method for combined loading well-predicts the
contact resistance between the bearing elements.

Concluding Remarks
A calculation method based on precisely determined con-

tact forces has been presented to predict the thermal contact
resistance between the balls and the inner and outer rings of
a space-use dry bearing. The study assumed that a stationary
ball bearing sustained axial, radial, or combined loads under
a steady-state temperature condition. While the thermal anal-
ysis method is the same as that employed to determine con-
striction resistance, the assumptions commonly utilized in the
constriction problem have been numerically confirmed to be
applicable to the prediction of the contact resistance between
the bearing elements. Also, the calculation of the contact
resistance has indicated that the careful consideration of changes
in the contact angle is important to determine the contact
force and area due to the axial loads.

For the load types dealt with, limited test data were used
to verify the proposed method because it was not easy to get
the same temperature distribution across the bearing when
the magnitude of load was changed, and the total number of
operations had to be restricted to avoid changing the surface
condition. However, it can be said that the excellent agree-
ment between the test results and the predictions has con-
firmed the applicability of the proposed calculation method.
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