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Abstract
Ball bearing temperature prediction methods for spacecraft applications require, in part, a knowledge of the
lubricant contribution to bearing drag torque. This can be estimated using a model derived by Palmgren
and Snare. When implemented in bearing analysis software, the viscous drag torque model depends on a
variable known as the Lubricant Quantity Factor (LQF). This value is critical to understanding spacecraft
ball bearing temperatures for cases where motion is involved. In this paper, we describe the results of
experiments that were conducted on a bearing test fixture that is capable of measuring bearing thermal
parameters including heat generation of an operating bearing. The heat generation and speed
measurements are used to determine bearing drag torque, which is then used to determine LQF. We show
that the LQF depends on operating conditions, and that this variability should be considered when
calculating bearing drag and operational temperature.
Introduction
There are two main bearing parameters that contribute to the final bearing temperatures in a spacecraft
bearing: bearing thermal conductance and heat generation. Bearing thermal conductance has been written
about in the past by this research group [1]. Heat generation caused by energy lost to bearing drag is used
in this paper to deduce changes in viscous component of drag torque.
Heat generation can be calculated as the product of torque and speed. Speed is often easily experimentally
measured. Torque can be estimated using a computational bearing analysis program, discriminating
between the two main contributors to total energy loss: mechanical and lubricant torque. The mechanical
contribution is due to the resistance to motion from the Coulombic friction forces at the rolling and sliding
interfaces between the ball, races, and cage. By contrast, the lubricant is due to resistance from the viscous
friction caused by the ball “plowing through” the lubricant. The mechanical torque is often better known,
because the parameters needed for its calculation are easily obtainable. These include the bearing
geometry, materials properties, and loading configuration.
Some of the same properties are necessary to calculate the viscous drag torque due to the lubricant.
However, one required value that is not easily determined in the design phase is the lubricant quantity factor
(LQF). In bearing models of viscous drag, the LQF is a multiplication factor that scales the torque output of
a bearing due to the energy lost to plowing through the lubricant. It is a dimensionless parameter that is
intended to be directly related to the quantity of oil in the ball, race, and cage interfaces that contributes to
the viscous drag of the system. Only a small fraction of the lubricant in a typical bearing contributes to these
losses at the critical interfaces in the ball path. The rest of the lubricant is held in reserve elsewhere in the
bearing, where it does not interfere with motion. Since the fraction of oil in the ball path is not easily
measured or controlled, the LQF cannot be deduced a-priori.
To find an explicit value for the LQF, one typically must conduct an actual bearing test, measure the total
bearing drag, subtract from this the mechanical drag, and solve for the LQF. Torque data is collected after
run-in conditions have been met, upon which the bulk quantity of bearing lubricant is often assumed to be
fixed throughout the range of operating conditions that are expected for the mission requirements. When
calculated this way, all of the drag torque that is not caused by the nominal mechanical drag is ascribed to
the lubricant, and the calculated LQF value depends linearly on this residual torque.
*
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Unfortunately, there may be other contributions to bearing drag that are not accounted in the model (such
as ball speed variations or cage instabilities). Unless they are recognized and quantified, these additional
sources of torque will be captured in the LQF, and may be misinterpreted as a value due to the presence
of additional lubricant. Due to these unpredictable contributors, the LQF is often considered to be a “catchall” adjustment factor that includes both the lubricant and other unknown or un-modeled quantities.
Our purpose with the present report is to establish an experimental and analytical method for using heat
generation to determine LQF values, which then can be used in further analysis of bearing performance. In
a future report, we will probe more deeply into the relationship between LQF and the actual quantity of
lubricant in the critical rolling and sliding interfaces. This paper will explain the experimental and analytical
method behind quantifying LQF, and the resulting data collected for two different ball bearing types: 1) An
all-52100 steel angular contact 305-size ball bearing, and 2) A Silicon Nitride – 52100 steel hybrid angular
contact 305-size ball bearing
Experimental Method of Determining Lubricant Quantity Factor
The LQF was determined experimentally by measuring heat generation and temperatures of an isolated
bearing in a vacuum environment, where the inner race was moving at a constant 6000 rpm speed while
the outer race was held stationary. Both the test rig’s thermal and mechanical boundary conditions were
monitored and set for a given test. A series of boundary conditions were varied to create a test matrix and
resulting bearing temperature and heat generation values were measured. The bearing and test conditions
were then modeled and LQF was correlated to the test data using computational bearing analysis software.
The influence of temperature and axial loads were then determined and compared for the two different
bearing types. The next sections will describe the experiment, the test method and models required to
characterize LQF for the two bearings tested.
Test Rig Overview
The test rig, originally designed to measure bearing thermal conductance [1], provided control of thermal
and mechanical loads while monitoring the heat generated by a single test bearing. All tests were conducted
in a vacuum environment.
Figure 1 is a photograph and schematic of the test stand, which is housed in a vacuum bell jar. The
hardware shown was used for measuring heat generation of the 305-size bearings tested. The thermal
system consists of a heat source and sink. Lamps generate a heat source that applies a thermal load on
the rotating shaft. Heat travels up the shaft, through the test bearing and transfers through the disk-shaped
Outer Heat Meter into a chiller-controlled heat sink on the perimeter of the Outer Heat Meter.
The mechanical controls include an applied axial load and a known and constant rotational speed. An axial
load is applied using the Axial Load Device which applies a controlled and constant measured load to the
outer rim of the Outer Heat Meter. The load transfers to the test bearing that is supported at the inner race
by the shaft. In this way, a controlled axial load is applied and held constant throughout the test. The speed
of the bearing is controlled by a vacuum motor that applies a constant and known rotational speed of the
shaft and bearing inner race while the outer race is held stationary. The test is contained in a vacuum
environment at pressures in the order of magnitude of 1x10-6 Torr.
Testing Method
The control thermal and mechanical boundary condition variables include a known heat sink chiller
temperature, a known axial load, rotational shaft speed, and a heat lamp voltage output. While we can
regulate the voltage to the heat source, the amount of heat input into the shaft is not controlled, although it
is measured at steady state conditions so it is a known value. Thus, the test matrix includes the following:
1. Apply a range of axial loads
2. Apply a range of thermal sink chiller temperatures
3. Apply a range of voltage to the heat lamps
4. All test data is collected at a constant shaft rotational speed of 6000 rpm
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Figure 1. Bearing Test Fixture’s Thermal Sub-System
Since the bearing temperatures are not controlled, a test matrix is needed to allow the results to be
processed by interpolation. If, for instance, LQF is desired for a given temperature, it can be determined by
selecting data points near the desired temperature and using linear interpolation.
Non-contact pyrometers are used to measure temperatures of rotational components, while thermocouples
measure temperatures of stationary components. Sensors include two pyrometer measurements on the
shaft, determining the heat entering the bearing, and two thermocouple measurements on the Outer Heat
Meter that determine the heat exiting the bearing. The difference between the heat leaving and entering
the test bearing determines the heat generated by the bearing. The inner race temperature is measured
with a pyrometer and the outer race with a thermocouple (Figure 1).
To calculate heat entering the shaft, Qin, we have:
𝑄𝑄𝑖𝑖𝑖𝑖 =

where
Qin
d
ks
Ls
Ts1
Ts2

𝜋𝜋𝑑𝑑 2 𝑘𝑘𝑠𝑠
4𝐿𝐿𝑠𝑠

(𝑇𝑇𝑠𝑠1 − 𝑇𝑇𝑠𝑠2 )

Heat entering the bearing from the shaft [W]
Diameter of the shaft [m]
Conductivity of the shaft [W/m-°C]
Pyrometer measurement separation distance [m]
Temperature of the shaft at pyrometer location 1 [°C]
Temperature of the shaft at pyrometer location 2 [°C]

To calculate the heat leaving the test bearing, we have:
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(1)

𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜 =
where
Qout
h
khm
r1
r2
Thm1
Thm2

2𝜋𝜋 ℎ 𝑘𝑘ℎ𝑚𝑚
𝑟𝑟
𝑙𝑙𝑙𝑙( 2 )
𝑟𝑟1

∙ (𝑇𝑇ℎ𝑚𝑚1 − 𝑇𝑇ℎ𝑚𝑚2 )

(2)

Heat exiting the bearing and entering the heat sink [W]
Thickness of the Outer Heat Meter [m]
Conductivity of the Outer Heat Meter [W/m-°C]
Location of thermocouple close to bearing [m]
Location of thermocouple furthest from bearing [m]
Temperature of the shaft at thermocouple location close to bearing [°C]
Temperature of the shaft at thermocouple location furthest from bearing [°C]

Thus, the calculation of the heat generated by the bearing, Qint, is as follows:
𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑄𝑄𝑖𝑖𝑖𝑖

(3)

From test measurements, we know the following quantities:
1. Test rig thermal boundary conditions
a. Qin – heat entering into the bearing from the shaft
b. Tsink – temperature sink along the outer rim of the Outer Heat Meter
2. Bearing thermal variables
a. Qint – Heat generated by the test bearing
b. Tbin – Bearing inner race temperature
c. Tbout – Bearing outer race temperature
The next section will explain how to determine the LQF based on test data and a detailed bearing-level
mechanical model.
Modeling Method
The total bearing heat generation, Qint, may be related to the total bearing drag torque, t, based on the
model described here.
𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 = 2𝜋𝜋 ∙ 𝑡𝑡 ∙

𝑟𝑟𝑟𝑟𝑟𝑟
60

(4)

The total torque, t, is the sum of the mechanical components, tm, of torque and the viscous shear torque,
tvs, (lubricant torque). The total mechanical torque, is due to the motion and mechanics of contact between
the ball, race and cage, while the viscous shear torque is due to the ball “plowing” through the lubricant.
𝑡𝑡 = 𝑡𝑡𝑚𝑚 + 𝑡𝑡𝑣𝑣𝑣𝑣

(5)

Mechanical Torque Modeling
The total mechanical torque has three components:
1. Ball spin friction torque [2-3] – a function of friction between ball and raceway, bearing
geometries, mechanical loads, and bearing speed
2. Interfacial slip friction torque [4-6] – a function of friction between ball and raceway, bearing
geometries, mechanical loads
3. Material hysteresis torque [7] – a function of mean contact stress, bearing geometries, and
mechanical loads
Viscous Torque Modeling
Calculation of the viscous torque is based on a model by Palmgren and Snare [8]
𝑡𝑡𝑣𝑣𝑣𝑣 = 1.42 ∙ 10−5 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿 ∙ 𝐸𝐸 3 ∙ (𝑟𝑟𝑟𝑟𝑟𝑟 ∙ 𝑣𝑣)2/3
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(6)

where E is the bearing pitch diameter and ν is the lubricant viscosity in centistokes.
A recent review of the literature revealed that there are new models of viscous drag that take into account
significant progress in the understanding of EHD film formation that occurred during the late 1970’s [9]. A
review of these models is underway, but beyond the scope of this paper.
All the values required for calculation of the torques and heat generation are known from bearing
geometries, materials properties, operational conditions, and temperature measurements, except for the
LQF. Thus, we use Equations 1 through 3 to determine Qint, and 4 through 6 to solve for LQF. Using this
method, we conducted a series of parametric studies to explore the impact of various factors on LQF. The
effect of operational conditions such as average temperature, temperature gradient, and axial load, for
instance, was separated using a test matrix. The method of separating variables using this test matrix will
be explained next.
A test matrix is created of LQF for various thermal and mechanical conditions. Separation of each variable’s
influence can be ascertained by maintaining one operational condition constant while changing the other.
For instance, axial load is held constant through a series of tests, where either the heat input (heat lamp
voltage) or heat sink temperatures (Outer Heat Meter chiller setting) settings are changed. Measurements
are made at steady state conditions. Once a matrix of thermal boundary conditions are tested at a given
axial load, the load itself is changed and measurements are taken for a matrix of thermal boundary
conditions for the new mechanical state. Since the precise bearing temperature is not controlled, we use
linear interpolation to ascertain the value of LQF for a precise temperature. All tests are taken for a bearing
with an inner race rotating at a constant 6000 rpm.
All the LQF values are normalized by dividing the value by the maximum measured value of LQF
(designated as LQFn) measured for a 305-sized all-steel bearing.
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝐿𝐿𝐿𝐿𝐿𝐿 = 𝐿𝐿𝐿𝐿𝐿𝐿/𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

(7)

Test Bearing Specifications
Two different angular contact bearings were used in the experiments shown below. The primary difference
between the two bearings was the material composition of the balls, which were 52100 steel in the first set
of experiments, and Silicon Nitride in the second. Pennzane 2001 oil was used in all test data collected.
This is a fully synthetic multiple-alkylated cyclopentane (MAC), formulated with a phosphate wear inhibiting
additive and anti-oxidants. Both bearings were manufactured by Barden. Specifications of both bearings
are provided in Table 1.
Table 1. Test Bearing Specifications
Description
Bore size
Outer diameter
Width
Number of balls
Ball size
Contact angle
Ball material
Race material
ABEC rating
Manufacturer
Lubricant

NASA/CP—2018-219887

305 size all-steel
25 mm
62 mm
17 mm
10
11.91 mm (15/32 inch)
15 degree
52100 steel
52100 steel
7
Barden
Formulated MAC
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305 size hybrid
25 mm
62 mm
17 mm
10
11.91 mm (15/32 inch)
15 degree
52100 steel
Silicon Nitride
7
Barden
Formulated MAC

In preparation for these experiments, bearings were flushed with heptane and relubricated by depositing
130 mg of Pennzane 2001 with a syringe. Portions of the oil charge were applied to each ball, the raceways,
and the phenolic retainer. The bearing was then rotated to distribute the oil.
Each bearing was run-in in vacuum at room temperature at 6000 rpm. In each case, the measured value
of heat generation decreased erratically until stabilizing after approximately 3 hours. Stability of heat
generation, conductance, and temperature were all used to establish that the lubricant had been run-in.
After this run-in period, the bearings were weighed to determine the quantity of oil remaining in the bearing.
These values are reported in Table 2. The remainder of the oil was believed to be thrown from the bearings
during run-in, and no longer able to contribute to ongoing lubrication of the critical interfaces. Similar tests
of other bearings in this test configuration have been done to determine the quantity of oil that is lost after
continued operation at 6000 rpm. These have shown that after completing the initial run-in, no additional
oil (within the gravimetric measurement uncertainty of approximately 10 mg) is lost from the bearing due to
prolonged operation at 6000 rpm. This observation was not detectably affected by variations in the thermal
conditions of the tests. Therefore, we deduce that changes in the viscous drag reported below are due to
changes in distribution of oil within the bearing, and not due to changes in the total quantity of oil in the
bearing.
Table 2. Lubricant Pre and Post Run-In Weights
Bearing
type
Steel
Hybrid

Dry bearing
weight (g)
228.54
188.05

Initial oil
weight (mg)
130
130

Post run-in oil
weight (mg)
100
90

Post run-in
oil/bearing %
0.0438%
0.0479%

Results from the All-Steel Bearing
This section shows the results of tests done on the 305-size all-steel angular contact ball bearing. In this
series of tests, the applied axial load ranged from 89 to 222 N (20 to 50 lb). The exact bearing temperature
was not controlled to a specific predetermined temperature, but rather was varied and recorded while
testing under a wide set of heat sinks and heat lamp output. This resulted in a range of average
temperatures from approximately 12 to 35°C, and a temperature differential that ranged from approximately
8 to 16°C. The LQF observations throughout this range of test conditions will be presented in the next
sections.
Effect of Average Temperature on LQF
Figures 2 represent the normalized LQF as a function of average temperature (Tave) for a 305-size all-steel
bearing, where each graph displays a different axial load. In these graphs, each curve represents a
particular fixed temperature differential value (DT). The trends show that LQF generally increases in direct
proportion with the average temperature. The rate of increase is least at 89 N (20 lb) preload, but nearly
equivalent through the range from 133 to 222 N (30 to 50 lb). As the preload is increased, there appears to
be a bias offset that increases with the DT, but there is no detectable change in the slope throughout the
range of DT.
In Figure 3, the DT=12°C data from each preload were grouped together to show the relative effect of
preload on the temperature sensitivity. This plot shows the relative insensitivity to preload in the
133 to 222 N (30 to 50 lb) range, with the moderately less effect of Tave in the 89 N (20-lb) case.
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Figure 2a. Applied load of 89 N (20 lb)

Figure 2b. Applied load of 133 N (30 lb)

Figure 2c. Applied load of 178 N (40 lb)

Figure 2d. Applied load of 222 N (50 lb)

Figure 2. Normalized LQF vs. average temperature (Tave) for variable applied loads and constant
temperature gradient (DT) for 305-size all-Steel Bearing

Figure 3. Normalized LQF vs. average temperature for variable applied loads and constant temperature
gradient of 12°C for 305-size all-Steel Bearing
Effect of Temperature Gradient on LQF
Figures 4 were generated from the same data set as those shown in the previous section. However, in this
section, the normalized LQF is plotted against temperature gradient (DT) for the all steel 305-size bearing.
Each graph in this series represents a different axial load. Each individual curve represents a particular
fixed average temperature. The trends show that there is an increase in LQF with increased temperature
gradient, but the slope is strongly influenced by axial loads. This implies that there is a coupled relation
between temperature gradient and axial loads.
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Figure 4a. Applied load of 89 N (20 lb)

Figure 4b. Applied load of 133 N (30 lb)

Figure 4c. Applied load of 178 N (40 lb)

Figure 4d. Applied load of 222 N (50 lb)

Figure 4. Normalized LQF vs. temperature gradient for variable applied loads and constant average
temperature for 305-size all-Steel Bearing
Figure 5 shows the coupled relation between temperature gradient and axial load on LQF in a more
condensed way. Here, the normalized LQF is plotted as a function of temperature gradient for a constant
average temperature of 20°C for each of the applied loads. The data indicates that there is an approximately
linear relation between temperature gradient and LQF. But the slope of this relation is non-linearly
dependent on the axial load.

Figure 5. Normalized LQF vs. temperature gradient for variable applied loads and constant average
temperature of 20°C for 305-size all-Steel Bearing
Effect of Axial Load on LQF
In Figure 6, the data are plotted to show the dependence of axial load for the all-steel 305-size bearing. All
of the data in this plot were collected with a temperature gradient of 12°C. Each curve on this plot represents
a unique constant average temperature. The results show that the LQF generally increases with axial load.
And although the LQF is generally higher with greater Tave, the rate of increase with preload is not sensitively
dependent on Tave.
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Figure 6. Normalized LQF vs. axial load for a range of average temperature but constant temperature
gradient of 12°C for 305-size all-Steel Bearing

Results from the Silicon Nitride Hybrid Bearing
A matrix of test data was also collected for an ABEC 7 305-size hybrid ball bearing with silicon nitride balls.
In this series of tests, the applied axial load ranged from 89 to 222 N (20 to 50 lb). The exact bearing
temperature was not controlled to a specific predetermined temperature, but rather was varied and recorded
while testing under a wide set of heat sinks and heat lamp output. This resulted in a range of average
temperatures from approximately 15 to 30°C, and a temperature differential that ranged from approximately
10 to 16°C. The LQF observations throughout this range of test conditions will be presented in the next
sections.
Effect of Average Temperature on LQF
Figure 7 represents the normalized LQF as a function of average temperature for a 305-size hybrid bearing,
where each graph represents a different axial load. In these graphs, each curve represents a particular
fixed temperature differential value (DT). The trends show that there is an increase in LQF as average
temperature rises in an approximately linear fashion. However, in some fixed load values, the slopes of
curves at different DT values are not parallel. This indicates that the sensitivity of LQF to Tave is dependent
on the temperature differential across the bearing. Figure 7a suggests that at low preload, a smaller DT
results in a slightly higher sensitivity to Tave, while Figure 7c suggests that at higher preload, a smaller DT
results in a slightly lower sensitivity to Tave.
To separate the impact of thermal gradient, Figure 8 shows the normalized LQF as a function of average
temperature for a constant temperature gradient of 12 °C for each of the axial loads tested. The results
show that each curve appear somewhat parallel under these conditions, indicating for the same gradient,
the LQF is sensitive to average temperature to the same degree, except for the 222 N (50 lb) load case.
This contrasts with the steel bearing, where each curve was parallel except for the lowest load of 89 N
(20 lb).
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Figure 7a. Applied load of 89 N (20 lb)

Figure 7b. Applied load of 133 N (30 lb)

Figure 7c. Applied load of 178 N (40 lb)

Figure 7d. Applied load of 222 N (50 lb)

Figure 7. Normalized LQF vs. average temperature for variable applied loads and constant temperature
gradient for 305-size Hybrid Bearing

Figure 8. Normalized LQF vs. average temperature for variable applied loads but constant temperature
gradient of 12°C for 305-size Hybrid Bearing
Effect of Temperature Gradient on LQF
Figures 9 represents the normalized LQF as a function of temperature gradient for a 305-size hybrid
bearing, where each graph represents a different axial load. In the plots, each curve represents a fixed
average temperature. The trends show that there is generally an increase in LQF with increased
temperature gradient, but the slope is influenced by axial loads. Although it is only one data point, in the
case of the largest 222 N (50 lb) load, the LQF actually decreased with increasing DT for an average
temperature of 24°C. Again, the LQF trends suggest a complex interdependence between average
temperature, temperature gradient, and axial loads.
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Figure 9a. Applied load of 89 N (20 lb)

Figure 9b. Applied load of 133 N (30 lb)

Figure 9c. Applied load of 178 N (40 lb)

Figure 9d. Applied load of 222 N (50 lb)

Figure 9. Normalized LQF vs. temperature gradient for variable applied loads and constant average
temperature for 305-size Hybrid Bearing
Figure 10 shows the coupled relation between temperature gradient and axial load on LQF in a more
condensed way. This graphs the LQF as a function of temperature gradient for a constant average
temperature of 24°C for each of the applied loads. The curves show that the slope of this relation between
LQF and temperature gradient is non-linearly a function of axial load.

Figure 10. Normalized LQF vs. temperature gradient for variable applied loads and constant average
temperature of 20°C for 305-size Hybrid Bearing
Effect of Axial Load on LQF
Figure 11 represents the normalized LQF as a function of axial loads for a 305-size hybrid bearing. Each
curve represents a constant average temperature, and all data were collected with a temperature gradient
of 12°C. The results show that the LQF generally increases in direct proportion with the axial load, and
the magnitude of the LQF increases with the average temperature. These trends are consistent with the
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all steel bearing. However, one data point at 222 N (50 lb) suggests a deviation from this trend as the
load is increased.

Figure 11. LQF vs. axial load for a range of average temperature but constant temperature gradient
of 12°C for 305-size all-Steel Bearing

Discussion
The results show that LQF generally increases with Tave, DT, and preload. However, we do not directly
conclude from this that the quantity of lubricant in the rolling and sliding interfaces is also increasing with
each variable. Instead, it is likely that the full complexity of bearing drag is not fully realized in the model
described above, and that there are other factors that might influence the calculated values of LQF. For this
reason, we assert that the measured values of LQF are to be used cautiously for purposes of thermal
modeling, and to demonstrate the degree to which LQF may fluctuate with changes in test conditions. It
may also be used as a guide to deeper analysis of bearing function as it depends on the interplay between
temperature, mechanics, and oil quantity. In the discussion below, we explore some possible causes and
implications of the observed behavior.
Dependence of LQF on Tave
For both test bearings, the data show that the normalized LQF increases in direct proportion with the
average temperature of the test bearing (Figures 2, 3, 7, and 8). We surmise that this is primarily due to an
increase in the actual quantity of lubricant in the rolling and sliding interfaces. This may be partly due to
reduced viscosity of the oil, resulting in improved oil mobility. Lower viscosity may also augment the
influence of dynamic centripetal forces driving oil on the surface of the balls towards the rolling contact at
the expense of static surface forces that drive the oil towards spreading more uniformly on the surfaces.
When the environment is warmer, there may also be some reduction in the significance of localized heating
at the ball path, which creates a thermocapillary differential to drive oil away from the contact.
A similar dependence on temperature has been observed with aging gyroscopes on satellites [10]. With
this application, the magnitude of the dependence of viscous bearing drag on temperature is used to
estimate oil quantity. When gyroscopes become starved of oil, the sensitivity of viscous drag to brief
temperature fluctuations becomes diminished. However, during periods of elevated time-average
temperature, a robust viscous response has been observed to recover. During these periods of recovery,
bearing noise due to retainer instability is often quieted. This has been interpreted as a reversible increase
in the oil quantity, caused by increased bearing temperature.
LQF comparisons between the hybrid and all-steel bearing generally indicate that the hybrid bearing has a
lower LQF than the equivalent all-steel bearing under similar conditions. One example is shown in
Figure 12. This indicates that under similar thermal and mechanical conditions, the hybrid bearing will have
lower viscous torque. While there seemed to be some degree of variances between the all-steel and hybrid
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bearings, the data are in the same order of magnitude of each other, for the same size bearing. However,
since the all-steel bearing tends to have a higher LQF than the hybrid bearing, this indicates that the torque
output of an all-steel bearing will be slightly higher than the hybrid if all other conditions are equal.

Figure 12. Normalized LQF vs. average temperature for 178 N (40 lb) load and constant temperature
gradient of 12°C for 305-size all-Steel and Hybrid Bearing
Dependence of LQF on DT
For both test bearings, the data generally show that LQF increases in direct proportion with the temperature
differential (DT) across the bearing (Figures 4,5,9, and 10). We surmise that this is not due to an increase
in the actual quantity of oil, but more likely due to imperfections in the model since it fails to account for the
circumstances created by the large differential across the bearing. For example, the model may
underestimate the actual viscosity, and correct for this by overestimating the quantity. The viscosity used
in the calculations of LQF shown here was chosen to be the viscosity at the temperature midway between
the outer and inner race temperatures. However, because the dependence of viscosity on temperature is
not linear, the actual average viscosity will be lower than the viscosity at average temperature. The deviation
(from the average viscosity) of the low temperature outer race contact will be larger than the deviation of
the warmer inner race contact, resulting in an underestimate of the viscosity if the average viscosity is used
in the model. To account for a given amount of measured torque, an underestimate of the viscosity would
result in an overestimate of the LQF (Equation 6). This error will increase with increasing DT, resulting in a
gradual increase in LQF with DT. Since the actual temperature of the oil at each interface (inner and outer
raceway) is not known, the magnitude of this error could not be calculated to determine if it can account for
the entire effect observed here.
We note, however, that the magnitude of the temperature differentials studied here is larger than one would
likely encounter in a typical application. This large DT was imposed to aid in the measurement of thermal
conductance. Therefore, the results are important for the purposes of thermal analysis of test articles but
are not expected to have significant impact on typical applications.
Dependence of LQF on Load
Figures 6 and 11 show a moderate dependence of LQF on load for both the all-steel and hybrid bearings.
The LQF generally increases in direct proportion to the load, although deviation from this trend was
observed at the highest load with the hybrid bearing. The cause of this dependence has not been
determined. As the load is increased, the dimensions of the conformal contact between the balls and races
will change. This change in the contact geometry could possibly result in an increase of the volume of oil in
the contact meniscus due to having a larger interfacial surface area in close proximity. This would
hypothetically be an actual increase in the lubricant quantity.
The load dependence may also be partly due to changes in the width of the Hertzian contact ellipse. Since
our model for viscous drag torque (Equation 6) is independent of load, it does not account for any increased
viscous drag due to expansion of the contact ellipse. The Palmgren-Snare model [8] neglects any such
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effects. However, there is a linear dependence on contact width in a newer model of viscous drag [10]. If
there are actual changes in viscous drag due to the changing contact geometry, they would be captured in
the LQF and possibly misinterpreted as an increase in oil quantity. While it is possible that this would
account for the observed increase in LQF in Figures 6 and 11, a thorough evaluation of viscous models is
beyond the scope of this work. Data from this study will be used in the future to test other models.
Conclusion
The distribution of oil in an operating angular contact bearing will depend on a number of competing forces.
These include mechanical forces, such as centripetal accelerations and contact pressures, and surface
forces, such as the capillary action at the ball race interface and the surface tension gradient in a region of
varying temperature. As a result, the quantity of lubricant in the rolling contact will depend on operational
and environmental conditions. And with it, many other bearing performance characteristics (for example,
thermal conductance and oil film thickness) will also depend on condition. This complex dependence is not
often taken into account when modeling dynamic bearing behavior, where the LQF is often taken as a fixed
value. The results of this series of tests shows the significance of this effect and provides first-order
estimates of the degree of sensitivity to some important variables.
This report covered the LQF test data based on two bearing types tests: 305-size hybrid and 305-size steel
bearings. Results showed that LQF was significantly impacted by average temperature (Figures 2, 3, 7,
and 8), temperature gradient (Figures 4, 5, 9, and 10) and axial loads (Figures 6 and 11). We surmise that
these effects may be due to changes in the viscosity of the oil, affecting the volume of oil in the ball/race
meniscus, or they may be due to changes in the thermal gradient in the vicinity of the contact, affecting the
flow of oil to the meniscus. While it is likely that the dependence on average bearing temperature is caused
by an actual change in the quantity of oil at the ball/race contact, the dependence on DT across the bearings
is more likely due to inadequacies in the drag torque model. The cause of the dependence on load remains
undetermined, but there are potential causes that are due to changes in actual oil volume and others due
to errors in the drag torque model. Regardless of the cause, these dependencies should be considered
when applying the conventional drag model shown in Equation 6.
There are some differences in trends between the hybrid and all steel bearing. In the hybrid bearing, all
load conditions show a sensitivity of LQF to average temperature, but the degree of sensitivity is dependent
on both temperature gradient and axial loads. The constant thermal gradient curves are NOT parallel in the
case of the hybrid bearings. This indicates that there is an interdependency between LQF and average
temperature, temperature gradient, and axial loads. The cause of differences between steel and hybrid are
the subject of future work.
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