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TECHNICAL PUBLICATION

REAL-TIME MODELING OF THERMAL INTERACTIONS 
IN CRYOGENIC BALL BEARINGS

1.  INTRODUCTION

 Rolling element bearings on the main shaft of low- and high-pressure turbopumps, which sup-
ply the cryogenic propellants to the Space Shuttle main engine, are critical elements of the entire pro-
pulsion system. Failure of these bearings generally leads to catastrophic results. Since the cryogenic 
fluid flows through the bearings, no external lubricant to enhance the tribological characteristics 
at the rolling element to race interface may be supplied to the bearing. It is essential that the bear-
ings survive the relatively high traction at the rolling element to race interface during the duty cycle. 
While thermal interactions in oil-lubricated rolling bearings in gas turbine engines are important to 
ensure acceptable material and lubricant behavior, realistic modeling of contact heat generation at 
the rolling element to race contacts is significant in maintaining the liquid state of the cryogenic fluid 
flowing through the turbopump bearings in the Space Shuttle main engine. Thus, realistic modeling 
of thermal interactions in cryogenic bearings has substantial practical significance.

 As discussed in a historical perspective presented by Gibson et al.,1 most of the pioneering 
development work related to rolling bearings for cryogenic applications was carried out at NASA 
Marshall Space Flight Center (MSFC) during the 1980s and 1990s. The starting point was the devel-
opment of a unique test rig to experimentally evaluate the performance of ball bearings in a cryogenic 
environment. The objective was to experimentally measure the performance parameters to further 
develop the available computer codes for bearing performance modeling, such as the Shaft Bearing 
Thermal (SHABERTH) model,2 Systems Improved Numerical Differencing Analyzer (SINDA),3 
and Advanced Dynamics of Rolling Elements (ADORE).4 At the time, with significant limitations of 
the modeling tools and the available computing hardware, and with due recognition to the extremely 
critical nature of the application, a significant emphasis was on experimental evaluation of bearing 
geometries and materials. Perhaps, the most significant outcome of the initial bearing test results was 
the successful demonstration of the benefits of using silicon nitride balls in terms of reduced wear 
and contact heat generation.5 Subsequent testing of hybrid bearings has further proven the improved 
performance of hybrid bearings in a cryogenic environment.6

 In terms of dynamic performance modeling, particularly when the bearing is subjected to 
rapid accelerations, the traction slip behavior in the ball/race contact is a significant input.4 The 
traction slip relationship controls both the steady-state slip and frictional heat generation at the 
ball/race contacts. Also, the possibility of ball skid and resulting wear is related to the traction slip 
relationship. Based on a traction tester developed by Tevaarwerk,7 Chang et al.8 have examined such  
a behavior in rolling-sliding contacts operating in a liquid oxygen (LOX) environment. In addition 
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to examining surface damage and investigating scuffing as a function of surface roughness, this work 
has also published traction data as a function of a slide-to-roll ratio at different rolling velocities. 
The output from this investigation serves as a significant input to the current bearing modeling tools.

 While the NASA test rig, commonly referred to as BSMT (bearing and seal material tester) 
for testing ball bearings in a cryogenic environment, is described by Gibson,5 Moore9 has extensively 
documented the experimental data generated over a decade at the NASA laboratories. In addition, 
this work includes a thorough review of the modeling capabilities available at the time. While model-
ing of cage forces and the resulting dynamic interactions were modeled with ADORE,4 the thermal 
solutions based on quasi-static bearing analysis, as provided by SHABERTH,2 were interfaced with 
SINDA3 to model the steady-state thermal behavior of a ball bearing in a cryogenic environment. 
Subsequent to this work, Gibson et al.10 have also presented the bearing testing work done at MSFC, 
emphasizing the fact that the bearings support combined thrust and radial loads, and operate at high 
speed with high wear resistance under no lubrication.

 True real-time dynamic analysis of bearing motion, as measured by the NASA test rig, requires 
a real-time integration of the classical differential equations of motion of bearing motion, as for-
mulated in ADORE,4 over extensive time domain. Unfortunately, due to limitations in numerical 
processing and available computing hardware, such a performance simulation could not be obtained 
at the time. Evaluation of bearing performance was therefore solely based on experimental investiga-
tions. Recent advances in both vector processing and several orders of magnitude increase in com-
puting speed have made the compute intensive dynamic performance modeling of rolling bearings, 
as structured in ADORE,4 possible within a reasonable amount of computing effort. In addition, the 
advances in computing technology have made the coupling of the transient mechanical and thermal 
interactions possible to provide a true real-time performance simulation of a rolling bearing under 
time-varying mechanical and thermal operating environments. The objective of the current investi-
gation is, therefore, to demonstrate such modeling capabilities and provide experimental validation 
of model predictions with real-time ball bearing performance data measured with the NASA BSMT 
rig. It is expected that, in addition to cryogenic bearings, such a validation shall demonstrate the 
practical significance of current advances in modeling the dynamic behavior for any rolling bearing 
application in a complex operating environment.
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2.  EXPERIMENTAL

 Experimental bearing performance data for validation of model predictions was collected at 
MSFC. Overview of BSMT, the test bearings, and experimental procedures are outlined below.

2.1  Bearing and Seals Material Tester

 A schematic of the BSMT is shown in figure 1. The tester houses four test bearings and 
uses LOX as a coolant following through the bearings operating at 30,000 rpm for a predetermined 
amount of time. In addition to precise measurements of pressure and temperature, the tester has  
a subcooling capability to ensure that after a rise in temperature, due to heat generation in the bear-
ing, LOX stays in a liquid state. Although for brevity, only the temperature sensors are shown in 
figure 1. LOX pressures are also monitored at various points in the tester. The LOX properties in the 
range of experimental conditions, as documented in section 2.5, are used to estimate the amount of 
heat generated in the bearing transferred to the circulating LOX.
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Figure 1.  Schematic of NASA BSMT.
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2.2  Test Bearings

 Bearing performance is measured for two sets of four bearings. The first set consists of all-
steel bearings while the second set consists of hybrid bearings with silicon nitride balls. A geometri-
cal overview of the test bearings is documented in table 1.

Table 1.  Test bearing materials and geometries.

Parameter
Bearing 

Set No. 1
Bearing  

Set 2 No. 2
Ball material 440C Silicon nitride
Race material 440C CRB–7
Cage material Armalon Armalon
Number of balls 13 13
Bore (mm) 57.2567 57.2567
Ball Diameter (mm) 12.70 12.70
Outer race curvature factor 0.550 0.530
Inner race curvature factor 0.530 0.530

2.3  Ball/Race Traction

 Traction in the concentrated ball/race contact is perhaps the most significant parameter that 
controls the dynamic interactions in a ball bearing. In the current investigation, LOX simply flows 
through the bearing and there is no external lubricant at the ball to race contact. Tevaarwerk7 devel-
oped a traction tester consisting of a concentrated rolling/sliding contact formed by a toroidal speci-
men pressed against a tire-shaped specimen mounted on a high-speed spindle. The contact load is 
applied in terms of simple dead weights and the contact is flooded with LOX. A schematic of the 
tester is presented in figure 2. The toroid is driven by the traction generated at the toroid to tire con-
junction. When the axis of the toroid, y, is parallel to the tire axis, Wd, the conjunction is almost in 
pure rolling. Rotation of the toroid about the z axis introduces skew of the toroid axis from the tire 
axis, which results in sliding at the conjunction. The resulting traction force is picked up by a piezo-
electric load sensor. LOX is supplied from the top of the toroid to cool and lubricate the toroid/tire 
conjunction and also the toroid bearings. The radius of the cylindrical tire is 50 mm while that of 
the toroid is 10 mm. Using this tester, Chang et al.8 investigated frictional interactions between steel 
versus steel and silicon nitride versus steel contacts in a LOX environment. A series of tests were 
done with varying levels of surface finishes at different rolling velocities, while the applied load was 
set at 400 N. This resulted in a contact stress of 2.2 GPa for the AISI 440C samples, and 2.9 GPa 
for the steel tire against silicon nitride toroid. Traction was measured as a function of a slide-to-roll 
ratio and the onset of scuffing was investigated. In the current modeling effort, the data of interest 
is traction behavior, with relatively smooth surfaces at high rolling velocity. Figure 3 shows a typical 
data set for a 440C versus 440C rolling/sliding contact. At very low slide-to-roll ratios, the traction 
coefficient increases almost linearly until it reaches a maximum value of about 0.05 at a slide-to-roll 
ratio of about 0.0015, and then it stays relatively constant with an increasing slide-to-roll ratio until 
the onset of scuffing at slide-to-roll ratios of 0.01.
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Figure 2.  Schematic of traction tester developed by Tevaarwerk.7
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 A second series of tests were conducted for a silicon nitride toroidal specimen against a 440C 
steel tire-shaped specimen. As shown in figure 4, the traction coefficient again increases almost lin-
early with an increasing slide-to-roll ratio, but the maximum traction coefficient is only 0.025, which 
is reached again at a slide-to-roll ratio of 0.0015 and the onset of scuffing moved further out to 
a  higher slide-to-roll ratio. This reduction in traction is significant in modeling the dynamic behavior 
of a hybrid bearing in a LOX environment.
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Figure 4.  Traction-slip behavior of a silicon nitride versus 440C steel contact in LOX 
environment at a contact stress of 2.9 GPa.

2.4  Cage Friction

 The contacts at the ball/cage and cage/race interfaces are very lightly loaded but they are 
highly dynamic in nature. Unlike the ball/race contacts, these contacts are simple high-speed sliding 
contacts. Therefore, the frictional interactions may be modeled by a simple friction coefficient. In the 
absence of any available data on the friction coefficient for the armalon/440C and armalon/silicon 
nitride contacts, a constant friction coefficient of 0.05 is assumed in both 440C and hybrid bearings.

2.5  Liquid Oxygen Properties

 Perhaps, the most up-to-date properties of LOX are compiled in the software, REFPROP 
(Reference Fluid Thermodynamic and Transport Properties Database, version 10), distributed by 
the National Institute of Standards and Technology.11 The LOX pressure and temperature were 
regulated so that LOX stays in liquid form under all test conditions per the LOX boiling point and 
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pressure relationship shown in figure 5. For the simulation of churning and drag losses, the required 
properties are density and viscosity at applicable pressure and temperature, which are shown in  
figures 6 and 7, respectively.
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Figure 5.  LOX boiling point as a function of pressure.
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Figure 7.  Variation in LOX viscosity with temperature and pressure.

 For the purpose of modeling thermal interactions which provide applicable temperature fields 
corresponding to the computed heat generation, the required properties are specific heat and thermal 
conductivity. Again, these properties also exhibit a variation as a function of pressure and tempera-
ture. These variations are shown in figures 8 and 9, respectively, for the specific heat and thermal 
conductivity.
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Figure 8.  Variation in LOX specific heat as a function of pressure and temperature.
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Figure 9.  LOX thermal conductivity as a function of pressure and temperature.

2.6  Test Procedure

 Unlike the common bearing tests, which often run at a constant speed for several hours or 
sometimes several days, the test sequence for a typical test in the current investigation lasts for about 
3 to 4 minutes. The sequence starts when an acceleration is applied on the inner race to bring the 
bearing to the operating speed of about 30,000 rpm in about 1 minute. The bearing then runs for 
about 2 to 3 minutes as the operating parameters, primarily the operating temperatures at the vari-
ous points in the test rig, stabilize to a steady value. Figure 10 shows a typical test sequence where 
the recorded variation in temperatures, as obtained for a few of the temperature sensors, is plotted as 
a  function of time.
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Figure 10.  A typical test sequence showing variation in temperature (oF) as a function of time.

 While a large number of tests were carried out for both all-steel and hybrid bearings, the 
number of tests selected for validation in the present investigation are tabulated in tables 2 and 3, 
respectively, for the all-steel and hybrid bearings.
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Table 2.  Experimental data for 440C bearings.

Test Identification 310301 310402 310501 310703 310802 310901
Speed, Krpm 25 30 30 30 30 30
Thrust load, kN (lbf) 5.338  

(1,200)
6.672  

(1,500)
6.672 

(1,500)
6.672 

(1,500)
6.672 

(1,500)
6.672 

(1,500)
LOX flow rate, L/s (lbm/s) 1.827  

(4.6) 
1.827  
(4.6)

1.827  
(4.6)

1.827  
(4.6)

1.827  
(4.6)

1.827  
(4.6)

Brg 1 LOX inlet temp, K (oF) 118.15 
(–247)

122.04 
(–240)

120.37 
(–243)

112.59 
(–257)

119.82 
(–244)

118.15 
(–247)

Brg 1 LOX exit temp, K (oF) 120.17 
(–243)

124.82 
(–235)

123.15 
(–238)

120.93 
(–242)

122.04 
(–240)

120.37 
(–243)

Brg 2 LOX exit temp, K (oF) 122.04 
(–240)

129.26 
(–227)

128.15 
(–229)

127.04 
(–231)

126.48 
(–232)

124.82 
(–235)

Brg 4 LOX inlet temp, K (oF) 118.15 
(–247)

122.59 
(–239)

120.93 
(–242)

119.26 
(–245)

119.26) 
(–245)

116.48 
(–250)

Brg 4 LOX exit temp, K (oF) 118.71 
(–246)

123.71 
(–237)

123.71 
(–237)

120.37 
(–243)

120.93 
(–242)

118.71 
(–246)

Brg 3 LOX exit temp, K (oF) 123.15 
(–238)

129.82 
(–226)

128.15 
(–229)

125.93 
(–233)

127.04 
(–231)

124.82 
(–235)

Brg 1 and 4, LOX inlet pressure,  
MPa (lbf/in2)

4.240 
(615)

3.861 
(560)

4.275 
(620)

4.275 
(620)

3.585 
(520)

2.930 
(425)

Brg 2 and 3, LOX exit pressure, 
MPa (lbf/in2)

3.964 
(575)

3.585 
(520)

3.930 
(570)

3.930 
(570)

2.896 
(420)

2.482 
(360)

Table 3.  Experimental data for hybrid bearings (440C races, silicon nitride balls).

Test Identification 270301 270401 270501 270601 270705 270802
Speed, Krpm 25 26 28.25 30.30 30.20 29.90
Thrust load, kN (lbf) 6.672  

(1,500)
8.007  

(1,800)
8.007 

(1,800)
8.007 

(1,800)
8.007 

(1,800)
8.007 

(1,800)
LOX flow rate, L/s (lbm/s) 2.661  

(6.7) 
2.582  
(6.5)

2.582  
(6.5)

2.582  
(6.5)

2.582  
(6.5)

2.582  
(6.4)

Brg 1 LOX inlet temp, K (oF) 110.87 
(–260)

118.15 
(–247)

119.26 
(–245)

119.94 
(–244)

120.71 
(–242)

123.71 
(–237)

Brg 1 LOX exit temp, K (oF) 111.54 
(–259)

118.93 
(–246)

122.04 
(–240)

123.68 
(–237)

123.63 
(–237)

126.48 
(–232)

Brg 2 LOX exit temp, K (oF) 114.48 
(–254)

121.87 
(–240)

123.98 
(–236)

125.64 
(–233)

126.16 
(–232)

129.26 
(–227)

Brg 4 LOX inlet temp, K (oF) 110.98 
(–260)

117.21 
(–249)

118.21 
(–247)

119.02 
(–245)

119.43 
(–245)

122.59 
(–239)

Brg 4 LOX exit temp, K (oF) 112.65 
(–257)

120.26 
(–243)

121.43 
(–241)

122.74 
(–239)

122.71 
(–239)

125.93 
(–233)

Brg 3 LOX exit temp, K (oF) 114.37 
(–254)

121.48 
(–241)

123.71 
(–237)

125.76 
(–233)

125.88 
(–233)

128.71 
(–228)

Brg 1 and 4, LOX inlet pressure,  
MPa (lbf/in2)

3.103 
(450)

3.061 
(444)

3.054 
(443)

3.068 
(445)

3.068 
(445)

3.068 
(445)

Brg 2 and 3, LOX exit pressure,  
MPa (lbf/in2)

2.896 
(420)

2.827 
(410)

2.827 
(410)

2.827 
(410)

2.827 
(410)

2.827 
(410)
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3. MODELING OF BEARING PERFORMANCE

 As discussed earlier, bearing performance modeling in the present investigation is based on 
the bearing dynamics model ADORE.4 The dynamic operating conditions, such as race acceleration 
to operating speed, are input into the dynamic equations of motion, which are integrated in real-
time to obtain the bearing performance simulation as measured in the tester. In addition to solving 
the mechanical interactions for computation of applied forces and moments, a time-averaging algo-
rithm is developed to couple the transient thermal interactions to obtain an integrated mechanical 
and thermal solution to steady-state bearing heat generation. The predicted heat generation is then 
validated against the experimental data to establish practical significance of the model. The various 
steps in the modeling process are discussed below.

3.1  Modeling of Input Race Acceleration

 The transient part of the test sequence in figure 10 is modeled by imposing a constant angular 
acceleration on the inner race as the race speed increases from Ω1 at time t1 to Ω2 at time t2 as shown 
in figure 11:

 !Ω =
Ω2 −Ω1
t2 − t1

 t1  ≤  t  ≤  t2 (1a)

 !Ω = 0  t  <  t1  and  t  >  t2. (1b)

In the current application, t1  =  0, t2  =  60 s, Ω1  =  0, and Ω2  =  operating speed.

t10 t2 t3
Time (s)

Ω2

Ω3

Ω1

0

Ra
ce

 S
pe

ed
 (r

pm
)

Figure 11.  Schematic of the model for inner race speed variation.
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3.2  Elements of Heat Generation in Rolling Bearings

 Thermal interactions in a rolling bearing very often control the overall performance of a roll-
ing bearing. The heat generated between interacting bearing elements travels through the bearing to 
the support system, and in the process, alters the temperature field in the bearing. The changes in 
operating temperatures affect both the internal geometry and material properties, which alter inter-
action between bearing elements to modify the bearing load distribution, which in turn, feeds back 
to heat generation. Such an iterative process continues until all solutions converge to steady-state 
conditions. In the event convergence cannot be reached, the bearing experiences a thermal instability 
and failure is eminent. Thus, realistic thermal modeling is a key element in the development of bear-
ing performance simulation models. For a cryogenic bearing in a turbopump, where the cryogenic 
fluid flows through the bearing, heat generation is particularly important to ensure that the fluid does 
not vaporize and obstruct the flow. In other words, a realistic estimate of heat generation provides 
guidance for the required subcooling of the fluid for satisfactory operation.

 In a rolling bearing in a LOX environment, there are essentially two types of heat generation: 
frictional heat generated between all interacting bearing elements, and LOX churning and drag as 
the rolling elements and cage travel through the bearing. While the rolling elements maintain contact 
with the races, support all the applied load, and roll over the races at relatively high speed, the pur-
pose of the cage is to prevent contact between the rolling elements and avoid the very high-speed slid-
ing between the rolling elements. However, introduction of the cage introduces frictional interaction 
between the rolling element and cage, and also the cage and race, when the cage is guided on one of 
the races. Frictional heat is generated at each of these interactions. In addition, both the rolling ele-
ments and cage travel through the circulating LOX, which produces heat due to churning and drag.

3.2.1  Rolling Element to Race Contacts

 Rolling element to race contacts support all the applied load and the high-speed rotational 
motion between the outer and inner races. As a result of elastic deformation, the contact area between 
ball and race is elliptical in shape in ball bearings. Lubrication of these contacts has been known to 
be the most critical factor in controlling bearing performance. In the current cryogenic application, 
however, there is no lubricant. Compared to conventional lubricants, the hydrodynamic film gener-
ated by LOX is quite small and therefore the contact is essentially metal to metal. The traction coef-
ficient data discussed earlier in figures 3 and 4 perhaps provide the most realistic modeling of the 
frictional interactions.

 By integrating the equations of motion in ADORE, the geometric interaction between the 
balls and races is known at any instant of time. This provides the applicable contact load and pres-
sure at each contact. Likewise, the relative slip between the ball and races can be computed from the 
respective velocities. Since both the local pressure and sliding velocity vary from point-to-point in the 
contact area, the traction coefficient, and therefore the traction force, is computed at each point in 
contact per the traction slip relation presented in figures 3 and 4. The corresponding heat generation 
is then a product of the traction force and sliding velocity. An integration of this product over the 
contact area provides the total heat generation in the contact:
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 qReR = ′F u dA
A∫ ,  (2)

where qReR is total heat generation in the rolling element to race contact, F´ is the traction force per 
unit area at any incremental area in the contact, u is the sliding velocity, and A is the contact area.

 This computation is performed at both inner and outer races for each rolling element. All the 
heat generations are then summed to compute total heat generation in the rolling element to race 
contacts.

3.2.2  Rolling Element to Cage Contacts

 As the ball accelerates towards the cage pocket and ultimately collides in the cage pocket, 
a  contact force is produced. The rotational motion of the ball produces slip, which leads to friction 
at the interface. Since these forces are highly dynamic in nature and quite small in magnitude in com-
parison to the load support forces at the rolling element to race contacts, ADORE models the con-
tact as a simple point contact and the contact load is computed by the elastic solutions. In absence 
of any sliding friction data between the current materials, a constant friction coefficient of 0.05, is 
assumed for these contacts, as discussed earlier. The resulting friction force is simply the product of 
computed normal force and friction coefficient. Finally, the heat generation in the contact is a simple 
product of friction force and sliding velocity:

 qReC = Fu , (3)

where qReC is the heat generation, F is the friction force, and u is the sliding velocity.

 Again, heat generation at all the rolling element to cage contacts is summed to obtain the 
total heat generation in all cage contacts.

3.2.3  Cage to Race Contacts

 When the cage is guided on the race, the nature of cage to race contact is similar to that 
between the rolling element and cage; the contact forces are low and the contact is subject to pure 
sliding. Therefore, the treatment is identical to that discussed above for ball to cage contacts. The 
normal force is computed from an elastic contact solution between two cylindrical bodies. Again, 
similar to the ball to cage interface, the friction coefficient at this interface is assumed to be 0.05. 
Contact heat generation is then expressed by the relation similar to equation (3):

 qCR = Fu , (4)

where qCR is the heat generation, F is the friction force, and u is the sliding velocity at the cage to race 
interface.
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 Generally, the cage has two guiding lands, one on each side of the rolling elements. Heat gen-
erations on both lands are summed to estimate the total cage to race contact heat generation.

3.2.4  Churning and Drag Losses

 When the LOX flows through the bearing, the bearing cavity is essentially filled with LOX 
and both the balls and cage have to travel through LOX. This generates drag forces and churning 
moments, which not only affect bearing element motion but significantly add to bearing heat gen-
eration. Realistic modeling of these interactions is essential in modeling both the bearing element 
motion and the overall heat generation. Primarily due to intricacies associated with internal geometry 
of a rolling bearing, precise modeling of the lubricant flow pattern is a very difficult task. A number 
of simplifying assumptions are necessary even in the most advanced computational fluid dynamics 
techniques. In view of these complications, modeling of drag forces and churning moments and the 
resulting power losses is a highly empirical art. In the present investigation, the available models 
based on classical laminar and turbulent flows4 are used with an effective density and viscosity for 
the circulating fluid. Unlike the conventional bearings, since the entire bearing cavity is filled with 
LOX, the applicable fluid density and viscosity are simply determined from the LOX properties at 
applicable pressure and temperature as documented earlier. The key equations, as documented in the 
available literature,4 are presented below for completeness.

 Drag forces on balls are generally estimated by empirical drag coefficients for spherical bodies:

 FD =CD
1
2
ρV 2A⎡

⎣⎢
⎤
⎦⎥
, (5)

where FD is the computed drag force, CD is the drag coefficient, the experimentally measured values 
of which are documented by Schlichtig,12 ρ is the effective density, V is the orbiting velocity, and A  is 
the frontal area. The frontal area on the rolling element is the area subjected to drag; this is simply 
the rolling element face area minus the area covered by the cage. The drag coefficient is generally 
expressed as a function of Reynolds number, Re:

 Re = ρVD
µ

.  (6)

Here, D is a characteristic length, which is the rolling element diameter, and µ is the fluid viscosity.

 Based on a wide range of experimental data, Schlichtig12 has plotted the drag coefficient as 
a  function of Reynolds number for both spherical and cylindrical bodies. The data for spherical bod-
ies, as applicable to ball bearings, are reproduced in figure 12. These data are interpolated to estimate 
applicable drag coefficient in the present investigation.
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Figure 12.  Drag coefficient as a function of Reynolds number for spherical bodies.12

 The resulting power loss due to this drag is simply the drag force multiplied by the orbital 
velocity.

 Churning moments are significant on the cage as it turns through the fluid. Normally, there 
will be a loss on both the cylindrical surface and end faces. An empirical formula for moment on the 
cylindrical surface is written as:

 Mc = 1
2
fρU 2Ar , (7)

where, ρ is the applicable density, U is the mass average velocity of fluid, A is the area, and r is a refer-
ence radius from center of rotation, and the friction factor, f, is defined as follows:

 Vortex turbulent flow: 
f
fL

= 1.3 Ta
41

⎛
⎝

⎞
⎠

0.539474

Ta>41  (8a)

 Couette turbulent flow: f
fL

= 3
Re

2,500
⎛
⎝⎜

⎞
⎠⎟
0.85596

Re>2,500 (8b)

 Laminar friction factor: fL = 16
Re Re<2,500 orTa<41

 (8c)
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 Reynolds number: Re = ρrωc
µ

 (8d)

 Taylors number: Ta = ρrωc
µ

c
r

.  (8e)

Generally, the reference radius, r, is the radius of the rotating cylindrical surface, and c is the effective 
clearance between the rotating cylindrical surface and stationary housing.

 For typical high-speed rolling bearings, the flow on the cage surface is approximated as Coutte 
turbulent.

 For the end surfaces of the cage, the churning moment is written as:

 Mc = 1
2
ρω 2r5Cn

 (9a)

 Cn = 3.87 / Re0.5  for laminar flow Re  <  300,000 (9b)

 Cn = 0.146 / Re0.2 for turbulent flow Re  >  300,000 (9c)

 Re = ρr2ω
µ

  is the Reynolds number. (9d)

 The effective radius, r, for the cage, which has the inner and outer radius, rin and rout, respec-
tively, is approximated as:

 ( )= −r r r r5
out out

4
in
4  for laminar flow (10a)

 r5 = rout
0.4 rout

4.6 − rin
4.6( )  for turbulent flow. (10b)

 Although no explicit expressions for computing churning moment on the ball are available, 
the moment may be approximated by that occurring on a projected area normal to the ball angular 
velocity, which approximates it as a thin disk, with no cylindrical surface. Thus, equations (9a) to 
(9d) may be used.

 The churning loss is simply the product of the computed churning moment and applicable 
angular velocity of rotation.
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3.3  Time-Averaging of Heat Generations

 Although churning and drag losses are unaffected by subtle speed variations due to mechan-
ical interactions between bearing elements, the contact heat generations due to dynamic contact 
between rolling elements and cage, and also those between the cage and the guiding race, are highly 
dynamic in nature. Typical heat generations resulting from integration of the differential equations 
of motion appear as spikes over the base heat generation, as shown schematically in figure 13. While 
coupling of these dynamic interactions with thermal transients with a very large time scale results in 
a computationally inefficient stiff  system, application of static thermal interactions results in unreal-
istic high-frequency temperature variations. Therefore, an approach based on step averaging of the 
heat generation produced by dynamic interactions is developed. As shown schematically in figure  13, 
for a selected step bounded by times tj–1 and tj, the heat generation is averaged before applying 
a  static thermal analysis:

 qj =
1
Δt

q(t)dt ,
tj −1

tj∫  (11)

where the thermal averaging step is defined as ∆t  =  tj  –  tj  –  1.
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Figure 13.  Schematic description of typical heat generation solution in a rolling bearing.

 The averaging step is selected by trial and error. Generally, a time interval corresponding to 
about 10 revolutions of the bearing provides reasonable results.

 Since the initial conditions for dynamic simulation of bearing performance are generally 
selected arbitrarily, the initial transients in the dynamic interactions may be insignificant. Therefore, 
these transients may be skipped before heat generation averaging is initiated for thermal analysis. 
Although under stable operation, the steady-state solutions do not depend on initial conditions, as 
will be demonstrated later.
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3.4  Heat Transport and Modeling of Temperature Field

 Once the heat generations at the various interfaces in the bearing are determined by the above 
step-averaging approach, a thermal analysis is required to compute the temperature field in the bear-
ing. Due to obvious complexities associated with heat flow in the bearing, such an analysis is gener-
ally very complex; perhaps the best approach may be to carry out a finite element analysis. Coupling 
such an analysis with the time-varying solutions obtained by integrating the equations of motion of 
bearing elements further complicates the thermal analysis task. Thus, the simplified approach devel-
oped earlier by Gupta13 is retained in the presented investigation. Aside from churning and drag 
effects, frictional heat is generated at the ball to race contacts. Depending on material properties of 
the balls and races, part of this heat is transferred to the bearing races, which in turn travels to the 
bearing support system, and the remainder goes to the balls, which is transferred to the circulating 
fluid. The simplified analysis developed by Gupta13 is based on the following assumptions:

• Heat generated at rolling element to race contact travels via conduction to the rolling elements and 
races.

• All heat transferred to the races goes to the support system via conduction.

• Heat generated at all cage contacts is transferred via conduction to the cage and contacting  
elements.

• All heat transferred to the rolling elements and cage is transferred via convection to the circulating 
lubricant.

• The heat generated due to churning and drag is added to the heat in the circulating fluid and travels 
out of the bearing.

 All conduction type heat transfer is based on the simple conduction equation:

 q = −kAdT
dx

,  (12)

where q is the heat flux, k is thermal conductivity, A is the effective area for heat flow, and dT/dx is 
the temperature gradient.

 Convective heat transfer is modeled as

 q = hA To −T∞( ) ,  (13)
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where To is the surface temperature and T∞ is the fluid temperature at exit. The heat transfer coef-
ficient, h, is related by empirical equations in terms of the following dimensionless parameters:

 Reynolds number: Re = ρVD
µ

 (14a)

 Prandtl number: Pr =
µcp
k

 (14b)

 Nusselt number: Nu = hD
k

.  (14c)

 The commonly used empirical correlations are documented in references 14 through 16. The 
correlation for spheres, as applicable to balls, is written as:

 Nu = Pr0.3 0.97 +Re0.5( ) .  (15)

 The Reynolds number, as applicable to the balls, is based on ball orbital velocity. The cage in 
a ball bearing is essentially driven by the balls in the cage pockets. Although the cage is a cylindri-
cal element, most of the convection is controlled by fluid flow through the pockets, which is quite 
complex. Therefore, in the present investigation, the Nusselt number for the cage is set equal to that 
computed for the balls. In addition, the race surface temperature is set equal to that computed for 
the ball surface. With these simplifying assumptions, the temperature field in the bearing relative to 
an input reference temperature is completely defined.

 Finally, the total flux to circulating fluid in terms of the inlet and exit temperatures is

 q = mcp Texit −Tinlet( ) .  (16)

 Since the heat transmitted to the races flows to the overall mounting system, computation of 
race temperature by simple radial conduction may be subject to substantial uncertainty. Therefore, 
an estimate of overall experimental bearing heat generation based on the measured temperature field 
is subject to significant uncertainty. However, since the fluid flow rate and input and exit tempera-
tures are more precisely measurable, experimental estimate of the heat transferred to the circulating 
fluid, as defined above by equation (16), has the least uncertainty. It is, therefore, used to validate the 
model predictions.

3.5  Overall Model Implementation in ADORE

 The above formulation of thermal interactions is implemented in the bearing dynamics code, 
ADORE,4 which integrates the equation of motion of bearing elements to provide a real-time simu-
lation of bearing performance. The implementation is schematically described in figure 14. From the 
prescribed operating conditions, bearing geometry, and material properties, which includes frictional 
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behavior, the equations of motion are integrated to obtain the bearing motion, interacting loads, 
moments, and heat generation. The computed heat generation is time averaged, as discussed above, 
and then at the appropriate time, the thermal interaction analysis is carried out to calculate the tem-
perature field in the bearing. The transient analysis is continued until the temperature fields stabilize 
to steady-state values. Under stable conditions, the solutions represent steady-state behavior of the 
bearing. When the temperature fields do not stabilize, a thermal instability is indicated.

Bearing
Geometry

Material
Properties

Bearing Heat
Generation

Temperature Field
Modifications

∆T

Operating Conditions

Integration of
Equations of Motion

Is ∆T Significant?

Steady-State
Heat Generation

Life Stability
Issues

Yes

No

Figure 14.  Schematic representation of thermal interaction analysis in ADORE.
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4.  RESULTS AND EXPERIMENTAL VALIDATION

 For a typical test point, when the operating race speed is 30,000 rpm, the race speed variation 
as a function of time, as simulated in ADORE, with race acceleration described in figure 11, is shown 
in figure 15. From a static condition, the bearing speed increases linearly until it reaches the operat-
ing value of 30,000 rpm in 60 s. The acceleration is then cut off  and the speed remains constant.
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Figure 15.  Race speed variation as simulated in ADORE for a typical test point. 

 The resulting power dissipation, or heat generation in the bearing, is shown in figure 16, along 
with the fraction of heat dissipated in churning and drag due to circulating LOX. Note that these 
solutions represent the total heat generation computed at each time step and there is no averaging of 
heat generation in these solutions. The distribution of time-averaged power between the circulating 
LOX and bearing races is shown in figure 17. Here, the computed heat generation is averaged over 
the selected step size, contributing to the step-wise variation.
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Figure 16.  Simulated bearing heat generation and churning fraction for a typical test point.
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 For an inlet LOX temperature, the computed exit temperature from the thermal interaction 
analysis is shown in figure 18. Again, the step-wise increase is a result of the thermal averaging algo-
rithm. Note that the magnitude of a step change in temperature reduces as the solution converges to 
steady-state condition.
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Figure 18.  LOX exit temperature as simulated by ADORE for a typical test point.

 For the purpose of an experimental validation, ADORE simulations for the test cases out-
lined in tables 2 and 3, respectively, for the 440C and hybrid bearing are obtained. As discussed 
earlier, experimental validation is carried out by comparing the predicted heat transferred to LOX 
against that estimated, per equation (16), from the experimentally measured LOX temperatures and 
flow rate. Validations for the 440C bearings are shown in figure 19, which plots the experimental heat 
transferred to LOX against that predicted by ADORE. The total heat generation, as predicted by 
ADORE, is also shown to demonstrate that the heat flux in circulation LOX constitutes most of the 
bearing heat generation. The plotted experimental value is the average of the heat flux measured for 
the four test bearings. Although the applied load, speed, input LOX temperature, and flow rates are 
identical for the four bearings in the tester, the LOX exit temperature does show a variation. Corre-
sponding to this temperature variation, the variation in heat flux is plotted in figure 19 as a measured 
variation in LOX heat flux. Clearly, except for one test point, the predicted heat generation is in excel-
lent agreement with the experimental data.
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Figure 19.  Variation of bearing heat generation prediction against experimental 
data for the 440C bearings. 

 A similar comparison between the experimental measurement and model predictions for the 
hybrid bearings is shown in figure 20. In comparison to the 400C results shown in figure 19, ADORE 
predictions of heat generation for hybrid bearings are somewhat lower than the experimental values. 
However, considering the variation in experimental data, validations are quite good.
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Figure 20.  Validation of bearing heat generation predictions against experimental 
data for the hybrid bearing with 440C races and silicon nitride balls. 
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5.  SIGNIFICANCE OF INITIAL CONDITIONS IN DYNAMIC MODELING

 Dynamic bearing performance simulations obtained by integration of differential equations 
of motion, as done in ADORE, require initial conditions to start the integration process. A question 
then comes up with regard to a dependence of steady-state solution upon initial conditions. Mathe-
matically, it may be proven that if  the integration is convergent, as indicated by controlled truncation 
errors at each time step, then the steady-state solution does not depend on the initial conditions. Only 
the time required to reach steady state may depend on initial conditions. In other words, if  the initial 
conditions are closer to the steady-state solution, then the steady-state solution may be reached ear-
lier. In order to prove this point for the present application, an alternate solution is obtained with the 
operating speed as an initial condition for a typical test point.

 Figure 21 shows two sets of initial conditions: (1) A variable speed case, where the race starts 
from zero speed and accelerates to the operating speed of 30,000 rpm and (2) a constant speed case, 
where the operating speed is set at 30,000 rpm upon the start of the simulation.
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Figure 21.  Constant and variable race speed as initial condition in dynamic 
performance simulation.

 ADORE is executed for the above two sets of initial conditions for one of the test points 
discussed above. The computed LOX exit temperature, as determined by the thermal averaging algo-
rithm, with the two initial conditions, is shown in figure 22. The corresponding heat transferred 
to LOX is plotted in figure 23. Clearly, the state solutions converge to the same values under both  
conditions.
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Figure 22.  Comparison of LOX exit temperature solutions with the two sets 
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Figure 23.  Heat transferred to LOX with the two sets of initial conditions  
for test point 270802.

 The above two cases, with drastically different initial conditions, prove the independence of 
the steady-state solution on initial conditions. Thus, modeling of variable speed, as done in the pres-
ent investigation, may not be necessary if  the objective is to just determine the steady-state bearing 
performance.
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6.  PARAMETRIC EVALUATION OF HYBRID VERSUS ALL-STEEL BEARINGS

 Under a prescribed contact load, operating speed, and bearing geometry, simply due to 
a  higher modulus of elasticity of silicon nitride, the contact area is smaller and contact stress is 
higher in steel to silicon nitride contacts in comparison to all-steel contacts. Although the higher 
contact stress leads to a lower fatigue life, the smaller contact area, depending on an applicable 
traction coefficient, may lead to a lower contact heat generation in hybrid bearings. However, for 
an angular contact ball bearing with a prescribed applied load and operating speed, since the cen-
trifugal force on silicon nitride balls is lower than that on the steel balls, both the contact load and 
angles in hybrid and all-steel bearings are different, even with identical bearing geometries. There-
fore, a  complete bearing redesign is generally essential for optimum performance with prescribed 
bearing materials. In the present investigation, as documented in table 1, there is a slight difference in 
bearing geometries for the steel and hybrid bearings. The outer race curvature factor is smaller while 
the internal clearance is larger for the hybrid bearings. This provides a slightly larger contact angle 
with the hybrid bearings. Also, as seen in figures 3 and 4, the hybrid contacts have a significantly 
lower traction coefficient. This greatly impacts the contact heat generation.

 In order to parametrically evaluate the thermal performance of hybrid versus all-steel bearings 
at a typical operating speed of 30,000 rpm, a number of parametric runs are undertaken as a  function 
of applied thrust load. Figure 24 plots the contact stresses, as determined by the applicable operating 
contact load and geometry. The difference between the contact stresses at the outer race between the 
steel and hybrid bearings is small. This is primarily a result of a more conforming race curvature in 
the hybrid bearing, as documented in table 1, and reduced centrifugal force on silicon nitride balls. 
The increased internal clearance also has an effect since it increases the contact angle. Contact stress 
at the inner race contact is significantly higher in the hybrid bearing since the inner race curvatures are 
identical in both steel and hybrid bearings. These observations suggest that, for a given application, 
the internal geometry of the bearing may be optimized for desired performance.
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Figure 24.  Comparison on ball/race contact stresses in hybrid versus all-steel bearing.

 The total bearing heat generation or power loss consists of churning and drag losses and 
the frictional dissipation at all direct contacts between the bearing elements. Since the forces at cage 
contacts are quite small in comparison to the ball/race contact forces, frictional dissipation at cage 
contacts is generally negligible in comparison to that at the ball/race contacts. The churning and 
drag losses are mainly dependent on bearing speed. Therefore, at a given speed, these losses remain 
relatively unchanged as the applied load on the bearing increases. The frictional dissipations at ball/
race contacts, on the other hand, have a strong load dependence. A comparison of the total power 
loss in the bearing as a function of applied load at a race speed of 30,000 rpm is presented in figure 
25. Note that while the total loss is significantly lower in a hybrid bearing, the load dependence of 
power loss (slope of the power loss to applied load relation) is slightly stronger in an all-steel bearing 
compared to that in a hybrid bearing. In addition, of the smaller contact area at a given load, the 
lower traction coefficient in the hybrid contact, as noticed by comparing figures 3 and 4, contributes 
to the majority of reduction in power loss in the hybrid bearing.
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Figure 25.  Comparison of total power loss between the all-steel and hybrid bearings 
as a function of applied thrust load at a race speed of 30,000 rpm. 

 While the total churning and drag is unchanged, the ratio of churning loss to total bearing 
loss, or the churning loss fraction, reduces as a function of applied load, as illustrated in figure 26. 
This is primarily due to the fact that frictional dissipation increases with increasing the load. Again, 
the slightly faster dropoff in churning fraction with increasing applied load is related to a faster 
increase of frictional dissipation in the all-steel bearing, as demonstrated in figure 25.

 Since the churning and drag losses between the all-steel and hybrid bearings remain relatively 
unchanged, the frictional dissipation in the ball to race contacts is the principal element in evalua-
tion of thermal performance of hybrid versus all-steel bearings. The results of figures 25 and 26 may 
be combined to evaluate the differences in contact losses between the all-steel and hybrid bearings. 
This is done in figure 27, which plots the variation in contact loss with applied thrust load. Clearly, 
the contact loss in a hybrid bearing is significantly lower than that in an all-steel bearing. Both the 
operating contact geometry and applicable traction coefficients contribute to the notable reduction 
in contact power loss in hybrid bearings. Furthermore, the relative reduction in contact power loss 
increases as the applied load increases. Such an observation demonstrates an increasing improve-
ment in thermal performance of a hybrid bearing as the applied load increases. Again, the load 
dependence on these solutions is in line with those seen in figures 25 and 26.
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 In a LOX environment, such a reduction in ball to race contact loss with hybrid bearings 
leads to improved tribological interactions at the ball/race interface and significantly improved over-
all bearing performance. Such a prediction is very much in line with the experimental observations 
reported by Moore et al.6 Based on such parametric evaluation of thermal performance, it is antici-
pated that the bearing performance simulation model developed in the present investigation will 
serve as a viable design tool for optimizing bearing design with the prescribed materials and operat-
ing environment.
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7.  SUMMARY

 Based on the integration of classical differential equations of motion of bearing elements, 
a  real-time dynamic simulation of ball bearing performance is coupled with simultaneous model-
ing of thermal interactions between the bearing elements. The transient heat generations are time 
averaged over a significantly larger time step before they are used to compute the changes in bear-
ing temperature fields. Such an averaging algorithm eliminates the numerical difficulties associated 
with simultaneous integration of mechanical thermal differential equations with vastly different time 
scales. Under stable operation, the step change in temperatures at each thermal time step converges 
to a  steady-state solution. Following is a list of accomplishments in the present investigation:

• A real-time dynamic performance of both 440C and hybrid ball bearings in a LOX environment 
is modeled in both transient and steady-state time domains, as the inner race accelerates to a pre-
scribed operating speed.

• The frictional interactions at the ball to race contacts are modeled by experimentally measured 
traction coefficients as a function of slide-to-roll ratios.

• Bearing heat generation, as defined by the heat transferred to circulating LOX, is validated against 
experimental values determined by measured LOX temperatures under prescribed pressures and 
flow rates. The predicted heat generation is in good agreement with the experimental values.

• The steady-state solutions are shown to be independent of initial conditions. This establishes con-
vergence of the numerical integration of a differential equation of motion of the bearing elements.

• Churning and drag losses in the circulating LOX constitutes the majority of bearing heat genera-
tion under the experimental test conditions.

• The heat dissipated in frictional interactions in hybrid bearings is significantly lower in hybrid bear-
ings in comparison to that simulated in all-steel bearings, while the churning and drag losses are 
relatively unchanged.
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