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Today there are a lot of findings to determine losses caused by contact forces inside roller bearings. But there are also losses in bearings caused
by displacement of lubricant. These are known as churning or drag losses. In general the bearing manufacturers give recommendations how to
reduce them. The most common solution is the reduction of the oil bath level. Some bearing manufacturers even provide models or empirical
equations to calculate the resistance resulting from rolling elements moving through the oil. These models take the operating conditions such
as the viscosity of the oil at the operating temperature, oil level, bearing type and rotational speed into consideration. A comparison between
calculated and experimental results shows that there is still a deviation because of further effects which are not considered in those analytical
models. This paper presents experimental studies and numerical simulations which illustrate the influence of the oil quantity on the total
friction torque of tapered roller bearings and identify the resulting losses.
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Highlights

*  Method for investigation of drag and churning losses.
* Influence of viscosity, oil quantity and rotational speed.

*  CFD simulation of a single-phase flow considering air content in lubricant.
* Influence of the air content on the drag and churning losses.

0 INTRODUCTION

Frictional torque is a significant parameter to describe
the efficiency of a roller bearing. It is a result of
internal friction which influences the heat generation
in the bearing and also determines its losses. The
total losses of a bearing can be divided into two parts.
The main part is the mechanical friction. It results
from contact forces between rolling elements and the
runway, the cage and the board contact. The second
part of total friction is caused by displacement of
lubricant, called churning and drag losses [1]. These
hydraulic losses become important because they
depend on the operating conditions, and can be as
high as the mechanical losses (i.e., [2] to [4]).

To determine the total friction torque bearing
manufacturers provide equations (e.g., [5]). In
these equations various factors are used to consider
the influences of the lubrication. Some of these
influencing factors are considered by approximation.

To predict the influence of lubricant displacement
on the total friction torque the Institute for Machine
Elements, Gears and Transmissions (MEGT) and
the Institute of Tribology and Energy Conversion
Machinery (ITR) investigate the effects associated
with oil lubrication. At the MEGT experimental
studies under different test conditions have been
carried out. For numerical analysis and description

of fluid effects ITR used CFD simulation (i.c., [6]
and [7]). The research focus is on axially loaded
bearings with a vertical axis of rotation. This concept
provides symmetrical operating conditions with a
view to uniform lubricant distribution in the bearing.
Furthermore symmetrical construction enables the
simplification of the simulation model so that only a
section of the roller bearing can be considered in the
simulation.

Experimental studies focused on the influences
of viscosity, cage geometry, bearing type, rotational
speed and especially on different oil levels.
Furthermore the experimental work includes research
of the influence of oil foaming in the lubricant and its
effect on the viscosity.

ITR wused simulations to illustrate and to
understand the significant effects and the fluid flow
inside the bearing. Simulations include only-fluid-
flow as well as two-phase flow. In this paper the
first results of experimental studies and numerical
simulations are presented.

1 TEST CONDITIONS
1.1 Test Rig

Conventional test rigs used to measure the total
friction torque of bearings usually have a horizontal
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Fig. 1. Sectional view and side view of the bearing test unit (1- support bearing (7210); 2- test bearing (32208); 3- disc springs; 4- force
sensor; 5- axial load bolt; 6- axial load unit; 7- vision panel; 8- temp. sensors oil bath; 9- temp. sensor test bearing)

orientated axis of rotation. The test rig used for the
experimental studies is presented in Fig. 1. It has
a vertical orientated shaft. The reason for using this
concept is the equal load distribution and lubrication
of the test bearing.

The concept involves the use of a test and a
support bearing. The test bearing is the tapered roller
bearing 32208. An angular contact ball bearing
7210 made of ceramics (ZrO,) is used as a support
bearing. The reason for the use of a ceramic bearing
is its low friction so that the use of torque measuring
sensors with a small range is possible. Furthermore
the resolutions of the drag and churning losses have
a higher accuracy. Measurements with two support
bearings at once might be used to determine their
friction torque and for calculating the friction torque
of the test bearings. The bearings are mounted in
x-arrangement in a test cylinder. The load application
onto the bearing arrangement is done by a screw which
pushes a force sensor and disk springs against the
bearings. To observe the flow around the bearing four
vision panels are attached around the test cylinder. For
continuous monitoring of operating conditions sensors
for measurement of the speed and temperature of the
oil and the bearing’s outer ring are used. There are two
sensors for measurements of the oil temperature above
and below the test bearing. For the application of the
rotational speed an electrical engine is available which
can be driven up to 10,000 rpm. To capture the drag
losses a torque sensor is mounted between the engine
shaft and the test shaft via couplings. Its measuring
range is M = 5 Nm. The accuracy class of the sensor is

0.5. In this setup the required drive torque corresponds
to the total friction torque of the bearing arrangement
and is measured by the sensor.

The use of tapered roller bearings in oil bath
lubrication involves a pumping effect (i.e., [8] and
[9]). This effect is caused by the internal design of
the bearing type. The experiment’s configuration and
bearing arrangement affects the oil flow upwards
against gravity (Fig. 2). To provide a constant oil flow
rate during the test, the test bearing housing has been
modified. There is a slope and few grooves distributed

test bearing housing

Fig. 2. Modified test bearing housing for compensation
of pump effect
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around the circumference through which the oil flow
back.

1.2 Experimental Approach

Important influences on the total friction torque
of a bearing are rotational speed, viscosity of the
lubricant, load and oil bath level. The losses caused
by the displacement of the lubricant can be regarded
as independent of load. That is why the load is kept
constant during the experimental studies. The oil
level, viscosity and speed represent close-coupled
parameters. A higher speed and load causes an
increase of the oil and bearing temperature. That
usually results in a lower oil viscosity and also lower
drag and churning losses. To investigate the hydraulic
losses resulting from the rotational speed or the oil
level constant boundary conditions were defined.
Fig. 3 presents the fully flooded and half flooded
test bearing. Experiments with minimal quantity
lubrication or injection lubrication provide the results
which are used to determine the drag and churning
losses. Those are the total friction torque differences
between the mentioned oil levels.
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Fig. 3. Different oil bath levels

The oil level of the fully flooded bearing is as
high as three times the bearing width. The difference
between the total friction torque of the test bearing
in flooded condition and the friction torque in the
case of minimum quantity lubrication is caused by
the hydraulic losses. For the validation of simulation
models a speed range from n = 500 to 6300 rpm
and a constant oil temperature of 7 = 60 °C were
defined. Furthermore two reference oils were selected
for the experimental studies. Both are mineral oils
and unalloyed, their characteristics and viscosity
depending on the temperature are presented in Fig. 4.
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Fig. 4. Effect of the temperature on the viscosity of the test oils

Constant operating conditions are the prerequisite
for constructive experimental studies. Their
definition is also expedient with a view to theoretical
investigation. The calculations of hydraulic losses
by means of CFD simulations are connected to an
enormous computational effort and require long
calculation times. That is why only a very short time
interval may be considered as part of the simulation
and the parameters that affect the oil temperature or
the oil viscosity must be predetermined.

The first step before the measurements is the run-
in period. This run-in ends after 100,000 revolutions
and is used for heating up the test rig. The adjustment
of the operating temperature requires, in particular
at low speeds, a selective heating of the oil. Higher
speeds cause higher friction and amount of heat
that dissipates into the oil. Consequently, operating
conditions at higher speeds require cooling of the
oil. To set the operating temperature without the use
of an oil unit, a testing strategy which already proved
effectively in [10] was chosen. For heating or cooling
the oil and setting the oil viscosity different speed steps
are driven successively. This way at low speeds the oil
is always heated over the needed temperature and the
operating point can be measured during the cooling
phase. At higher speeds the oil is always cooled below
the needed temperature and measurement is carried
out during the heating (see Fig. 5). This procedure is
repeated several times to provide a higher statistical
certainty.

The experimental determination of the drag and
churning losses is enabled by varying the oil level.
This requires tests with a minimum amount of oil.
The friction torque which is determined in this way
provides the reference for assessing the drag and
churning losses.

Due to the forming of a lubricating film, the
different lubrication states must be comparable. So
it is not possible to do tests without lubrication at
all. To reproduce the condition of the forming of a
lubricating film in experiment the test bearing is oil
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jet lubricated. Fig. 6 shows that the lubrication occurs
not continuous but stepwise. Between these steps
the friction torque decreases, this effect is known as
starvation. It decreases until the next oil injection
occurs. For each measurement point the same oil
volume of 1 ml is injected. Those maxima represent
the reference oil level which are used to determine
the hydraulic losses. In order to provide uniform
operating conditions as described above, the injected
oil is heated up to 7= 60 °C.
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Fig. 5. Adjustment of operating temperature

1000 [32208 - =38 mm?/s - P/C= 0,02 - n=4500 rpm| 70
£
= 800 60 _
. 2
g wo 0 g
o >
- )
c o
.2 400 40 8
k] €
= (]
T 200 30"
k]
=
0 20
0 2 4 6 8 10
Time [min]

Fig. 6. Effect of the oil jet lubrication on the total friction torque

The temperature of the outer ring in oil bath
lubrication test bearing corresponds to the oil
temperature, like shown in Fig. 5. For this reason the
outer ring is heated up with hot air to an appropriate
temperature level (58 °C < T, < 60 °C) before
injection of the oil. According to rolling bearing
manufacturer information the temperature of the inner
ring is usually about 5 °C < T}, < 10 °C higher than the
outer ring temperature [11]. This temperature was not
measured in the experiment. Due to this the operating
conditions are only adjusted by the heating up of the
outer ring.

The lubrication of the supporting bearing is
carried out periodically to avoid damage. It is oil jet
lubricated. At the time of lubrication there is a short-
time increase in the total friction torque after that it

drops to a constant value so that the measurement is
not affected by the lubrication of the test bearing.

1.3 Simulation

Hydraulic losses in roller bearings can be divided
in two main components. The first one is caused by
the movement of the rolling elements and the cage in
the lubricant. It results from the shear stress 7 by the
lubricant friction and the compressive stress p on the
rolling elements. Those stresses are exerted contrary
to the rolling direction of the rolling elements and
form the drag torque which depends on the bearing
diameter. This drag torque corresponds to the drag
losses. The second component of the hydraulic losses
is the churning torque. This is mainly caused by the
shearing of the oil at the bearing surfaces during
dipping into the oil bath. Those surfaces are rolling
elements end, cage surface, cage ends, cage pockets
and lips [12]. This churning torque corresponds to the
churning losses.

To solve fluid mechanical tasks calculation tools
are required. One way to calculate the hydraulic losses
are CFD simulations [13]. The solution for complex
flow distributions inside a bearing is based on the
volume-of-fluid method (VOF). The main problem
here is the flow area, which is three-dimensional,
unsteady and two-phase. This means oil and air have
to be considered. For simulation of flow CFX software
packages with integrated modules for the modelling
and evaluation of results are used. For flow calculation
a 3-D contour adapted computational grid is used. The
free flow area in the test bearing and the shaft are
considered in the grid. To provide a high calculation
accuracy hexahedron grid cells are used. For modeling
the motion of the rolling bearing elements a Frame
Change Model is applied which is known as transient
rotor stator (TRS). This solution provides accurate
models to describe the motion between moving and
stationary domains. The disadvantage of this method
is that large computer resources are required. The
applied model considers the rotation of the rolling
elements around its own axis and also the rotation
around the symmetry axis of the bearing at the same
time. It also considers the different speeds between
the rolling elements including cage and inner ring.
The outer ring is modeled as the stationary domain.

The computational grid of the simulation model
and its size influence the quality of the calculation
results and also the computational time. Fig. 8 shows
the three-dimensional computational grid of the
entire model which is used for the simulation. That
computational grid has approximately 2.5 million
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Fig. 7. Instantaneous oil volume fraction in a tapered roller bearing ata) 0 s and b) 0.09 s

cells. For a precise calculation of the flow inside the
tapered roller bearing the grid in this area is much
finer than the grid in the space below and above the
test bearing.

When evaluating the CFD simulation a two-
dimensional visualization of the oil distribution in
the test bearing is available. With this visualization,
information on flow phenomena may be obtained. Fig.
7 shows an example of the oil distribution in the cross
section of the simulation model for the tapered roller
bearing in a half-flooded test bearing. In the figure two
discrete time points are presented. The figures provide
information on the oil flow caused by the rotation of
the tapered roller bearing. The oil is displaced within
a very short timeframe by the interaction of the rolling
elements, the cage and the internal geometry of the
tapered roller bearing in the testing room above the
test bearing.

2 EXPERIMENTAL AND SIMULATION RESULTS
2.1 Influence of the Qil Level and Viscosity

Fig. 9 illustrates the influence of the oil level on the
hydraulic losses of tested tapered roller bearing 32208
at a constant operating temperature of 7 = 60 °C.
The results for a fully-flooded (2 = 3 b) and a half-
flooded (7 = 0.5 b) test bearing for both test oils are
presented. As expected Oil | causes higher hydraulic
losses, due to its higher viscosity. The rise of rotational
speed effects a faster displacement of the lubricant
and results in higher losses as well. Consequently,
the speed is a significant parameter for reducing
the losses. The influence of the oil bath level is also

Fig. 8. Mesh modelling of tapered roller bearing for CFD-
simulation of drag and churning losses

Investigation of Drag and Churning Losses on Tapered Roller Bearings
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Fig. 9. Influence of the oil level and rotation speed on the hydraulic losses of a tapered roller bearing 32208
(operating temperature, T=60 °C)
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Fig. 10. Comparison of test oils at a similar operating point with a view to viscosity
(hydraulic losses of a tapered roller bearing 32208)

explicit. Especially the results from experiment with

Oil 1 present the clear difference of lubricant losses.
To get a similar viscosity of the test oils different
operating temperatures were set up. Oil 2 was heated
up to To;p =60 °C, Oil 1 to Tp;; = 80 °C. That way the
kinematic viscosity were reduced to 7 = 18.7 mm?2/s for
Oil 1 and n = 15.2 mm?/s for Oil 2. Fig. 10 illustrates
that the hydraulic losses (drag and churning losses)
are similar in size when specifying an insignificant
viscosity difference. Those results are showing the

drag and churning losses are independent of the oil but
depend on the viscosity.

The advantage of the CFD simulation in
comparison to the experiment is the opportunity to
consider the elements of the test bearing with regard to
drag and churning losses individually. Table 1 shows
the assignment of the losses to the elements of the test
bearing. The results make clear that the main part of
the losses is caused by the rolling elements, outer and
inner ring. In case of rolling elements the pressure on

Table 1. Subdivision of drag and churning losses in tapered roller bearing 32208 for different rotational speeds in %

Rolling bearing element Classification 2000 [rpm] 4500 [rpm] 6300 [rpm]
Rolling elements-raceway inertial 45.11 45.40 45.00
Rolling elements-raceway viscous 9.09 9.10 8.90
Rolling elements-face viscous 0.54 0.55 0.61
Cage viscous 0.73 0.95 0.92
Inner & Outer ring viscous 36.43 37.53 37.39
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the raceway due to density (drag losses) causes much
higher losses than the shear stress of the lubricant
(churning losses). The rest of the hydraulic losses
which are not mentioned in Table 1 arise outside of
the tapered roller bearing.

2.2 Influence of the Inner Geometry

To investigate the influence of the inner geometry of
the bearing on the hydraulic losses experiments with
a second tapered roller bearing 32208 produced by
another manufacturer were carried out. The cone angle
and the number of rolling elements of both bearings
are identical. Because of standardization the size and
the geometry of inner and outer ring are also the same.
The only difference between the test bearings is the
length of the rolling elements and consequently the
length of the cage. The differences are presented in
Table 2.

Table 2. Main parameters of the test bearings

Test bearing 1 2
Length rol. elements [mm] =16 =17
Length cage [mm] =22 23
Number of rol. elements 17 17

Fig. 11 illustrates the experimental results. The
losses which have been measured on the test bearings
have a similar size. In this case geometric differences
influence the losses insignificantly. However at higher
speed levels the differences such as larger surface
area from rolling elements and a longer cage become
noticeable because test bearing 2 causes higher drag
and churning losses. But in this case the accuracy of
the sensor must also be considered with regard to the
results.

2.3 Simulation Results and Comparison

The experiments are used to validate the simulation
model, presented in Chapter 1.3. Fig. 12 illustrates a
comparison of simulation and calculation results. The
latter is provided by the SKF-model to calculate the
drag and churning losses. The calculation requires only
the kinematic viscosity at the operating temperature to
consider the lubricant. In opposite to the simulation
there is no possibility to consider the changing
density. Due to this fact a single-phase simulation was
performed to determine drag and churning losses for
oil level &; = 3b. In Fig. 12 results of simulation and
calculation of a half-flooded (/.; = 0.5b) and a fully-
flooded (h,;; = 3b) tapered roller bearing 32208 at
operating temperature of 60 °C are compared. There is
a difference between calculated and simulated results
for the higher oil bath level. One explanation is the
factor which considers vertical shaft orientation. In
the case of an oil bath level %.; >1b it always amounts
to 1. For the low oil bath level the correlation between
calculation and simulation is much better.

The shaft rotation induces a two phase mixture
of oil and air and the air volume rises with rotational
speed. This effect can be considered in a single-phase
simulation by changing the dynamic viscosity. In
general liquid and gas can be observed as a fluid [14].
Its properties correspond to the parts by volume of
both components:

(1

The factors ¢ und u represent the volume share
and the dynamic viscosity at the operating point.
Indices f'and g stand for fluid (lubricant) and gas (air).
Volume share ¢ can be calculated with Eq. (2) by
using the densities p, and p, of oil and air.

p=pctp,(l-c).
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Fig. 11. Influence of the inner geometry on the drag and churning losses
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Fig. 13. Influence of the foaming of oil on the dynamic viscosity and simulation results

p=p,ctp,(l-c). 2)

For this purpose, the changes in the weight of
a defined oil volume at different speeds have to be
measured. The approximation of air density may
stay disregarded, as well as the dynamic viscosity in
Eq. (1). Multiplication of the volume share with the
dynamic viscosity provides the modified dynamic
viscosity for the simulation. The shares of the dynamic
viscosity which are used in simulation to consider the
foaming of oil are shown in Table 3.

Fig. 13 presents the simulation results using
dynamic viscosities considering the foaming of oil.
They are compared to the simulation results already
presented in Fig. 12 and experimental results. The
hydraulic losses which have been calculated by
considering the modified viscosity more accurately
conform to the experimental results. Especially the
curve progression has changed to a better fit. Its
tendency corresponds to the curve progression of
the experimental values. The differences between

406
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simulation and experiment may be caused by the way
of determining the dynamic viscosity.

Table 3. Viscosity of test Oil 1 in consideration of air content
(Volume Oil = 24 ml, Weight ~ 20.8 g, To; = 60 °C, n = 38 mm2/s)

A Weight Ol [g]

Speed [rpm] Viscosity share [%]

0 0 100
1000 -0.93 95
2000 —1.68 92
3150 -2.38 88
4500 -3.14 84
6300 -4.16 80

Further simulation results are provided in Fig.
14. It represents simulation and experimental results
with test Oil 2. As shown in the figure the experiment
corresponds to the simulation. The differences between
measured and calculated losses are insignificant.
These simulations consider the foaming of the oil as
well as the simulations with test Oil 1 (Table 4).

Sauer, B. - Schwarze, H.
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Fig. 14. Comparison of experimental and simulation results for test Oil 2

Table 4. Viscosity of test Oil 2 in consideration of air content
(Volume QOil = 24 ml, Weight = 20.7 g, Tp;= 60 °C, n = 15.2 mm2/s)

A Weight Oil [g]

Speed [rpm] Viscosity share [%]

0 0 100
1000 -1.37 93
2000 -2.35 89
3150 -3.41 84
4500 -4.03 81
6300 -4.62 78

3 CONCLUSION

The first results presented in this paper give an
overview on the experimental and theoretical
investigations of drag and churning losses in tapered
roller bearings. They clearly indicate that rotational
speed, oil viscosity and especially the oil level affect
the drag and churning losses of this bearing type
significantly. Furthermore CFD-simulations illustrate
the accuracy of available methods to calculate the
drag and churning losses. Simulations considering
modified dynamic viscosity caused by oil foaming
correspond better to experiment. Even the tendency
of curve progression is approximated. For better
results enhanced viscosity measurement needs to be
implemented.

Next steps will be to compile a generally
accepted analytical model to calculate the drag and
churning losses. This model will include tapered roller
bearings with a vertical shaft. Also experiments and
simulations with other bearing types, such as deep
groove ball bearings and angular contact ball bearings
will be carried out. Furthermore it is possible to
influence the air content in the lubricant by the use of
antifoam additives (foam inhibitors). To investigate

Investigation of Drag and Churning Losses on Tapered Roller Bearings

the effects of such additives with regard to drag and
churning losses further experiments are planned.
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