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Abstract

A precise understanding of the electrical properties of bearings is of great interest in
many areas of application, especially in the context of electrification. The understanding
of electrical properties allows for damage detection and sensory utilization of bearings.
Previous research into the capacitive properties of rolling bearings has been limited to
ball bearings. Cylindrical roller bearings, which are predominantly used in applications
with large radial loads, have not been investigated so far. This paper develops a method
to calculate the capacitance of cylindrical roller bearings. The calculation of the raceway—
surface contact capacitance is adapted from ball bearings. In addition, a calculation method
for the electrical capacitance in the flange contact is derived. Both calculation methods
account for the geometric and operating conditions of the bearing and do not include any
correction factors. To validate the calculation model, the capacitance of NU-208 and NJ-208
cylindrical roller bearings is measured and compared with the model results.

Keywords: cylindrical roller bearing; electrical capacitance; flange-contact; raceway contact;
elastohydrodynamic lubrication

1. Introduction

In the automotive industry, there is an increasing trend of using electric motors
driven by frequency converters instead of traditional combustion engines. However, these
converters can induce harmful currents in adjacent components, such as bearings [1,2]. One
of the most significant challenges in the development of electric vehicles is the prevention
and prediction of current damage in bearings [3,4]. In order to proceed with this matter, it

is necessary to thoroughly characterize and investigate the chains of effects in the bearing.
W) Check for updates

In previous work, models for ball bearings have already been investigated [5-7].
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thickness and the capacitance, precise electrical models are required to reduce uncertainties.
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This work presents a model for calculating the electrical capacitance of cylindrical
roller bearings, considering the operational conditions and the geometry of the bearing.
The model can be applied to both axially loaded and unloaded cylindrical roller bearings
and is based on physical relationships to work without correction factors.

1.1. Roller Bearing Capacitance

When a bearing rotates with sufficient speed and lubricant, a separating lubricating
film is formed at the rolling element contacts. With the separating lubricating film acting as
a dielectric, the resulting electrical behavior of the bearing is capacitive. The capacitance
can sufficiently be described by the equation for a plate capacitor in divisions and integral
form, as shown in Equation (1). The determining variables are the relative permittivity of
the dielectric &, the permittivity of the vacuum ¢, the distance between the two charge
carriers h or h(x,y), and the area A or dA.

(f——eo-er~
C(x,y) =¢p-¢ // ! dA
’ = &0 &r-
h(x,
(Xy)

The central lubricant film thickness h is used as the distance between the charge

=)

1)

carriers in the Hertzian area. This is calculated for line contact according to Equation (3)
and for point contact according to Equation (2) [14,15]. The thickness of the lubricating film
depends on the dimensionless radius R, the dimensionless velocity U, the dimensionless
load W, the dimensionless material parameter G, and the semi-axis ratio k [14].

ho,point = R+ 2.69 - U%68 . G049 . y—0.073 (1 _ e—O.68~k) ?

hO,line =R-3.06- UO'69 . G0'56 . W*O.l (3)

However, when a bearing is subjected to radial or axial loads, a load zone forms where
the load is transferred. The capacitance of the load zone is not sufficient to fully describe the
rolling bearing; the areas outside of the load zone must also be considered. This additional
capacitance was investigated by Gemeinder et al. for point contact in ball bearings and
by Schneider et al. for line contact in cylindrical roller bearings, both using a correction
factor. The capacitance in the Hertzian zone is set in relation to the capacitance of the
entire bearing by this correction factor. Particularly in operating regimes with low loads,
the capacitance contribution from the areas outside the Hertzian contact area dominates,
leading to models with correction factors becoming inaccurate [16,17]. The study and
explicit calculation of the outside area in the raceway contact and the flange contact without
the use of a correction factor are part of the present work. In addition to the capacitance
model for the outside area, a model is developed to calculate the total capacitance of a
cylindrical roller bearing, including both loaded and unloaded flanges.

1.2. Scope and Assumptions

In the present work, the model aims to determine the raceway capacitance using a
model that relies on the operating parameters under radial load conditions. Addition-
ally, it is possible to calculate the raceway capacitance using operating parameters both
with and without axial load. The applied capacitance model does not incorporate any
correction factors. Furthermore, the raceway capacitance is validated independently to
ensure accuracy.

The following assumptions are made.
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¢  There is an elastohydrodynamic lubrication (EHL) contact in the raceway contact.

¢  The shape of the contact area of each roller contact is the same as in the Hertzian case
of dry contact [18].

*  The flanges are flat and perpendicular to the raceways [19].

* A separating lubricating film forms at the point of flange contact, which can be
described using an elastohydrodynamic lubrication model [19].

*  The capacitance in the flange contact can be approximated by a parallel connection of
infinitesimally small capacitors. Within these capacitors, the electrical-field lines are
parallel to each other [5].

*  The contact zones in the bearing are completely covered with lubricant [7].

*  The surfaces are completely smooth; they have no roughness.

¢ The lubricant’s permittivity ¢, is constant.

2. Materials and Methods
2.1. Bearing Geometry

When radial loads are transferred through a cylindrical roller bearing, a load-
transferring contact is formed in the raceway contact. The size of the resulting contact area
can be calculated according to Hertz’s theory in line contact. The area of Hertzian contact
is denoted by Apgertz- If an axial load is applied to the bearing in addition to the radial load,
a Hertzian point contact is formed at the flanges, depending on the lubrication conditions;
see the red area in Figure 1 [20].

AHeI‘tZo'rw

AHertzo,f

AHertzilf

AHertzi,rw

Figure 1. Overview of the areas in which different calculation methods are used; red: Hertzian area,
yellow: outer area of the raceway contact; blue: outer area of the flange contact.

The area of a rolling element that is not part of the Hertzian area influences the
capacitance of the bearing and must also be taken into account when calculating the
bearing capacitance. In what follows, the area outside the Hertzian area is referred to as the
“outside area”; see Figure 1, where yellow indicates the raceway surface contact and blue
indicates the flange contact. The outside area extends both in the axial direction and in the
circumferential direction of a rolling element.
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To distinguish more clearly among the capacitance shares, a distinction is made
between the capacitance of the inner ring and the rolling elements (denoted by the index
i) and the capacitance between the outer ring and the rolling elements (denoted by the
index 0). Furthermore, a distinction is made between the capacitance of the raceway
contacts and the capacitance at the flange contacts (denoted by rw and f, respectively). The
flanges continue to be distinguished between the right side r and the left side I.

The loads acting on a rolling element or on the flanges must be calculated in order to
determine the Hertzian areas. For this purpose, a simplified model according to Wang and
Song is used [21].

The cylindrical roller bearing used in this work has a normal size of 208. All geometric
dimensions are listed in Table 1 for an NJ-208 cylindrical roller bearing. The radii R; yw,
Rorw, Lr and Dy are applied to all 208 cylindrical roller bearings regardless of the exact
design. Depending on the specific bearing type (see Table 2), the number of flanges on the
inner and outer rings varies.

Table 1. Geometry of the NJ-208 cylindrical roller bearing.

Section Plane 1

B=18mm
Inner Ring Outer Ring
Rirw =24.75mm Ro,rw =35.75mm
Ri¢=2725mm Ry =34.15mm
Section Plane 2
Radial Axial
Sirw T Sorw = Sif + Sof =
25 x 1073 mm-50 x 1073 mm 23.5 x 1073 mm-77.5 x 103> mm
DR:2-RR:LR:11mm
Geometry
27777
/‘ S S
O,f,l O,f,r
d /
Ro,rw / 4[/
B Rire / So,rw
Y |
— Z DR
le Ro,f e\ N Sirw
/x h
5
/ / 1 A 1
727
Material Parameters
Steel 100Cr6 Ceramic Si3N4
Egteel = 207 GPa Eceramic = 300 GPa
Vsteel = 0.3 VCeramic = 0.26
g,y = 11.15 x 1070 K1 Kt = 32 X 1070 K1

All used bearings have a standard bearing clearance CN, from which the distances
Si,rw. Sif, So,rw and sq ¢ are derived. In addition, bearings with ceramic rolling elements are

https:/ /doi.org/10.3390/lubricants14040161
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utilized for the tests conducted, as outlined in Table 2. The material properties for steel and
ceramics shown in Table 1 are for this purpose.

The dimensions of the bearing, the elasticity moduli Egieel/Ceramic, the transverse
contraction coefficients Vsiee] /Ceramic, @and the thermal expansion coefficients agiee] /Ceramic
refer to a room temperature of 20 °C. The dimensions of the bearings are calculated at
different temperatures using linear interpolation with the factor agiee] /Ceramic-

Considering that rolling elements of cylindrical roller bearings are not perfectly cylin-
drical and have a profile to reduce stress peaks at the edges, the rolling elements are divided
into slices [22]. For each slice j, a specific diameter is calculated according to Equation (4)
as a function of the axial coordinate z of the rolling element [23].

1
- ()

The deflection 5g]. of each slice is calculated using its diameter, considering that the

(4)

deflection of one slice affects the deflection of the next slice of a rolling element. For this
purpose, the slicing model developed by Sauer and Teutsch is used [22]. In the following
model, each roller is divided into 100 slices to achieve a compromise between precision
and computing time.

2.2. Raceway Capacitance Calculation

The total capacitance of the raceway can be represented by a capacitive component of
the Hertzian area and a capacitive component outside the Hertzian area; see Figure 1. At
this point, the focus is on the calculation of the capacitance outside the Hertzian area, as
the calculation of the capacitance of the Hertzian area is calculated using the area Apert,
and the central lubricating film thickness kg jine [17].

As Puchtler et al. have shown, the calculated capacitance is highly dependent on the
direction of integration and whether the model is analytical or semi-analytical [5]. With
regard to this, the calculation method for the capacitance in the outer area is divided into
two cases. The application of each is determined by an individual decision for each slice of
a roller, as uneven load distribution in the raceway contact at a contact point means that for
some slices of a roller, the conditions for case 1 are met, while for other slices, the conditions
from case 2 are met [24].

Case1:  The deflection 4, of the EHL contact is less than the height of the lubricating
film. The capacitance is calculated analytically; see Figure 2, left-hand side.

Case2:  The deflection é,; of the EHL contact is greater than the height of the lubricat-
ing film. The capacitance is calculated semi-analytically; see Figure 2, right-
hand side.

The analytic method used in case 1 is based on the concept from Puchtler et al. of
equipotential lines between two electrically isolated eccentric electrodes. The charge carriers
are the rolling element and the inner or outer ring; both are assumed to be perfectly smooth.

https:/ /doi.org/10.3390/lubricants14040161
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Case 1 Case 2

Figure 2. Left-hand side: Analytical model for calculating the capacitance of a rolling element slice
outside the Hertzian surface with the limits of integration ®p, and G)lei' Right-hand side: Semi-
analytical model for calculating the capacitance of a rolling element slice outside the Hertzian surface
with the integration limits Xo, and X1, -

On the boundaries of the electric field, the equipotential lines must coincide with
the surface of these charge carriers. By varying the distance between the charge carriers,
Apollonian circles meet these requirements and are used for the calculation below [5].
This calculation uses the auxiliary variable «,; according to Equation (7). Furthermore,
the variable 7,; is introduced according to Equation (5), representing the radius ratio
between the raceway surface R;/, v and the diameter of a slice of the rolling element DRj.
Additionally, the dimensionless quantity a,; is introduced according to Equation (9), setting
the distance between the outer surface of the rolling element and the raceway surface
relative to the rolling element radius [24]. This quantity takes into account the rolling
element’s profiling, the deflection within the contact J,;, and the lubricant film height
ho line- As outlined in Equation (11), the capacitance is calculated using these variables,
in accordance with the boundary conditions detailed in Equation (10). The outer area
commences at the termination of the Hertzian area, denoted by @081_ and concludes at ®1Bj ,
as illustrated in Figure 2. To determine ®Oe/- the semi-axis e, from the Hertzian area is
used. This calculation method is applicable if the deflection in the rolling contact is less
than the lubricating film thickness; otherwise, the equipotential lines touch. This condition
is represented by Equation (8) [5]. Since the integration area of the analytical solution is
mapped in cylindrical coordinates and the Hertzian surface is a plane, closer inspection
reveals that part of the capacitance is neglected. The surface is shown in red in Figure 2 on
the left [24].

2-R;
o= K >
j
UEj - Te]- - 1 - OCL’]' (6)
o — 1
G 20y,
. @)
(Té—aezj—l—\/<rgj—¢7§j—l> —4-0%_)
T < 0¢; + 1 (8)
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D(g]- - (9)
2. e
= arcsin (10)
o
O, = 5
1+, 0O1,,
arctan| —-= - tan —
¢

Ci / o,rw,analej =4-¢-
1,\‘ :

(11)

) Te;—0e; —Ke;
(ng —0; ) Kej -1

If the condition according to Equation (8) is not satisfied, Equation (7) can only be

resolved in the complex number field, and the model is not applicable. For this reason, the
integration is performed semi-analytically; see Figure 2, right-hand side. For this purpose,
the integral shown in Equation (14) is calculated with the dimensionless boundary condi-
tions Xo,, and xlej ; see Equation (13). The model divides the outer area into infinitesimal
plate capacitors, which are connected in parallel, with the infinitesimal area dA = dxdy
and the infinitesimal height /;,, || (x). Within these infinitesimal capacitors, it is assumed
that the electric field lines run par]allel. The distance between the rolling element and the
raceway surface is calculated using Equation (12) [5]. A range of the height #; /ol (x)

cannot generally be determined, as it depends on the bearing size and the load conditions.

hi/O’ng (x) =, /Tezj —x2-sgn(Te;) — 0, — V1 —x? (12)

2 13
er]v - DR] ( )
X1,. = 1

dx (14)

Cl/orw||e =2 8/ ]’l/
i/o,

le;

2.3. Flange Capacitance Calculation

The calculation considered serves to determine the flange capacitance. First, the
calculation of the area is explained, followed by the determination of the height /(x). The
area considered below is the intersection in the xy plane, consisting of the front surface of
the rolling element cylinder and the ring surface of the flange; see Figure 3, left-hand side.
To determine the area A;eq + Agreen, the upper halves of the red and green areas in the
left-hand figure are calculated separately and then doubled. The red and green areas are
then added together. The calculation is performed for the contact at the outer ring flange in
the same way as for the contact at the inner ring flange; only the geometric parameters are
changed. To do this, the angles B and <y of the red and green pitch circles are determined
according to Equations (17) and (18). The angles are then used to determine the red and
green pitch circles - R and 7y - RZ.

https:/ /doi.org/10.3390/lubricants14040161
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\ \
\ y S N \
\ \\ \ Rf \
\ . X Rl \\ . Ugreen
----- =
N \
\
\
Ared
|
Ured |
| d I
! I
Rg N I / | Rolling
- / I/ | element
Y -~ _ - Y ~ o
’ ’ . ’ 71
./ Raceway - Rolling Raceway Mgreen K Mred
surface , Flange element surface / Flange
/ 4 /

Figure 3. Left-hand side: Area of interest contains overlapping parts of the roller and flange
marked with red and green. Right-hand side: Geometrical distances needed to calculate the
overlapping areas.

To determine the lengths vUgreen red and Mgreen red according to Equations (15) and (16),
a relationship is established between the hypotenuse, the adjacent side, and the opposite
side d of the red and green triangles, respectively; see Figure 3 on the right.

Finally, the red and green triangles shown on the right-hand side in Figure 3 are
subtracted from the corresponding red and green partial circles. The resulting areas, Aeq
and Agreen, are doubled and added together to determine the intersection of the rolling
element area and the flange area.

R% — R? — 42 R? — R — d2

Ugreen = M?”red =1 R = (15)

2dm 2dm
Mgreen = R¢ - (1 —cosy);myeq = Rr - (1 — cos B) (16)

Ugreen

_ arccos(k—‘—R) fory < % a7

7T — arccos( &= ) fory > Z

Ry Y= 2
v = arccos(vlr{—ed> (18)

f

The height h(x) is calculated according to Equation (19) from the constant component
ho,point Or ¢ and a component hyy; that depends on x and ¢y, as shown in Figure 4. If a
supporting lubricating film is present on the flange, the constant component is given by
the height of the lubricating film, o point- In the absence of a lubricating film, the constant

component is determined by the half-axial bearing clearance %.

https://doi.org/10.3390/lubricants14040161
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Figure 4. Schematic composition of the distance /(x) which is dependent on the constant distance g
and the distance hy;;; dependent on the tilt angle ¢.

The axial clearance of the bearing is calculated using the mean of the lower and upper
limit dimensions. This makes the model independent of the specific bearing, meaning that
measurement of the actual tolerance is unnecessary.

h(X) = hO,point + Sin(‘l’x) X
5 - (19)
h(x) = % +sin(py) - x

The distance between the flange and the end face of the rolling element is not constant
but varies with x. Therefore, calculating the total cross-sectional area and dividing it by the
distance is an oversimplification. However, an infinitesimal piece dA of the area Ared green
in the y-direction has the same distance between the flange and the end face. For this reason,
the procedure described is not used in the model and is only introduced for clarity. In the
model, the integral of the infinitesimal areas d A eq green 15 used to calculate the capacitance
according to Equations (21) and (20) in the Cartesian coordinate system.

Rg VRi+x2 .
Co,f,r/lE = Cgreen(x/ ]/) =2-¢ / / m d]/ dx (20)
Myed, o

https://doi.org/10.3390/lubricants14040161
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Ci,f,r/le = Cred(x,y) + Cgreen(x/y)

:2.80/ / h(i)dydx 2
R

2.4. Bearing Capacitance

In order to calculate the capacitance of the entire bearing, it is first necessary to define
the bearing type and the bearing size, given that the calculation of the capacitance depends
on the bearing type. To illustrate this point, it should be noted that bearings of the NU
series have flanges exclusively on the outer ring. Conversely, bearings of the NJ series have
one flange on the inner and two on the outer ring, while bearings of the NUP series are
characterized by the presence of two flanges on the inner and outer rings. The number
of flanges must be considered when determining the roller capacitance, as outlined in
Equation (23).

z
Cg=)_ Cg, (22)
e=1

The bearing capacitance Cp is calculated according to Equation (22) from the parallel
connection of the capacitance of each individual roller Cr , whereby the bearing has a total
of Z rollers. The capacitance of each roller is calculated from the capacitance share of the
raceway contact on the inner ring C; 1, the capacitance share of the raceway contact of the
outer ring Co rw, and the flange shares, which depend on the bearing type. The capacitance
in the raceway surfaces C;/,, 1y, consists of the sum of the partial capacities C; forw, of the

N slices of each roller.

-1 (23)
1 1

N + N
Zj:1 Ci,rng + C'i,f,re Z]':1 Co,rwf], + Co,f,le + Co,f,re

Equation (23) shows an example of the equation used to calculate the capacitance of a
rolling element within an NJ bearing. For this purpose, the capacitances at the inner-ring
contact Ci¢,, and Z]N: 1 Ci,rwg], are connected in parallel. The capacitances at the outer-

ring contact Cy¢1,, Cotr,, and E]-Zil Co,rng are also connected in parallel. The resulting
capacitances at the inner-ring contact C;, and at the outer-ring contact C,, are connected
in series. An overview of the equivalent capacitances is shown in Figure 5. Since an NU
bearing has no flange on the inner ring, Equation (23) must be adjusted by removing Ci . .
The model is therefore modular and adaptable depending on the bearing type and can be
applied equally to all cylindrical roller bearing types.

https:/ /doi.org/10.3390/lubricants14040161
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Co,f,le Co,f,rg
1%
0 2 \_O 2 Ci,f,rf
ST |7
N I 1
1 1 T T
Vv

Figure 5. Electrical equivalent circuit diagram of a rolling element of an NJ bearing and integrated

slice model.

2.5. Experimental Setup

The test bench and measuring device utilized by Puchtler et al. were used to measure
the capacitance of the cylindrical roller bearings [6,25]. As these tests do not use radial deep
groove ball bearings, bearings from the NUP series were installed in the test bench alongside
the actual test bearing to ensure the shaft was clearly supported. In contrast to those used
by Puchtler et al., the support bearings used in this study were not hybrid bearings.

The test bench was set to different operating conditions during the tests; see Table 2.
The individual test points were selected in random order so that any influence from
previous tests could be ruled out.

The test points shown in Table 2 were examined on each bearing type. To ensure
statistical reliability, the tests were performed three times with each bearing type. In order
to guarantee a sufficient lubricating film, an oil flow rate of 10 L min~! was selected with
the reference oil FVA Illa. A detailed description of the reference oil is available in Table 2.
In addition, the lubricant viscosity was calculated according to the model of Vogel [26]
and the pressure-viscosity coefficient was calculated according to a model developed by
FVA [27]. The bearings used had an insulating cage made of glass-fiber-reinforced PA66.

The selected bearings differed in terms of the number of flanges and the materials used
for the rollers. Modified bearings were used to measure the raceway capacitance. As these
bearings do not have steel flanges but use plastic flanges to guide the rolling elements, only
the capacitance of the raceway surfaces was measured [24]. In this work, these modified
bearings are denoted as NO bearings. Furthermore, NU bearings were used, which only
have flanges on the outer ring. This quantifies the influence of the unloaded flanges on the
capacitance. To measure the capacitance under axial load, bearings from the NJ series were

https://doi.org/10.3390/lubricants14040161
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used and loaded with a load angle of up to 20°. The load angle describes the relationship
between the axial and the radial load ¢ = arctan F, / F; [28]. For the bearings used, a load
angle of 20° is just below the static load limit for the given forces. Therefore, an increase in
the axial load is not possible.

Table 2. Bearing type and experimental parameters.

Denotation Icon Denotation Icon
NO0-208 NO0-208-Ceramic @
OOOO% .0.0..
NU-208 ~| l 5 NU-208-Ceramic ~| l .
OO oOO .. ..C
Oooo% .000..
NJ-208 a5 NJ-208-Ceramic s T8
OOoOO .....
Experimental Value
Parameter
) 1575N, 2520 N, 3938 N,
Radial load b 6300N, 10000 N, 15750 N
Load angle ! 0°,10°, 20°
Temperature Toil 30°C,60°C,90°C
Rotation speed ; 1000 min~', 3000 min ",
P 5000 min~!, (7000 min~)
Voltage frequency f 4kHz, 20kHz, 100 kHz
Lubricant Value
Parameter
Density at 15 °C o 878 kgm~3
Viscosity at 40 °C ,(40) 92mms~!
Viscosity at 100 °C v4(100) 10.6mms~!
Relative & 2.2
permittivity

To ensure that the support bearings did not affect the measurement results, open
measurements were performed for each operating point using a bearing that had only
ceramic rolling elements to measure the electric influence of the test bench, the measure-
ment setup, the bearing seats, and the support bearings. This measured capacitance was
subtracted from the measured value in the evaluation of the measurements, so the resulting
capacitance depended only on the bearing capacitance.

During the tests, it became apparent that it was not possible to operate NJ bearings at
a speed of 7000 min~!, as the vibrations and temperature increased too much. It was also
not possible to operate the NJ bearings under the conditions of 90 °C, 5000 min~?, radial
load of 15750 N and load angles of 0°, 10° and 20°, as too much heat was generated in these
cases, and the bearing temperature rose above 140 °C, while the maximum temperature for
PA66 cages was 120 °C.

2.6. Applied Hydrodynamic Lubrication Theory

Dowson and Toyoda used a lubricant model to calculate the lubricating film thickness,
which depends on the parameters U, G and W. The limits of the model are defined by the
ranges of these parameters investigated by Dowson and Toyoda. The model can be applied

https:/ /doi.org/10.3390/lubricants14040161
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as long as parameter U is between 10~ and 1013 and parameter W is between 2 x 10~*
and 6 x 1072 [15].

The operating conditions set for the experiments (Table 2) result in the parameter
W being outside the parameter range, as shown by Dowson and Toyoda at loads below
6300 N and at 15750 N. All of the rotational speeds used are within the parameter range
of U. Errors in the lubricant model are known for the published ranges of values. For
values outside these ranges, the model error is unknown. As the difference between the
calculated and measured capacitances does not increase rapidly outside these ranges, which
would therefore indicate a modeling error, load parameters outside the range published
by Dowson and Toyoda are also presented. The lubricant model was corrected using the
thermal correction factor of Zhou and Hoeprich, which considers the heating of the oil by
the pressure within the pressing and shearing processes [29].

In Section 1.2, it is assumed that the surfaces are smooth. The influence of surface
roughness on the capacitance is considered to be negligible according to the literature,
provided that the lubricating film is larger than the roughness peaks [18]. As this is only
relevant in the transition to mixed friction and the present work considers only the EHL
regime, the influence of surface roughness is considered negligible.

3. Results and Discussion

Due to the sequential setting of the operating parameters, the test bench control was
sometimes not able to set the target temperature, resulting in deviations of more than 10 °C
between the set and measured temperatures in some cases. To prevent this deviation in the
operating parameters from leading to deviations between the measured capacitance and
the calculation, the measured operating parameters of temperature, axial load, radial load,
and speed were used as input parameters for the calculation. This reduced the influence of
control deviations on the extent of measurement errors.

Axial loads of less than 500 N could not be applied during the tests. For this reason,
operating points with axial loads of less than 500 N were not considered in the follow-
ing analysis.

In elastohydrodynamic lubrication (EHL), the bearing predominantly has a capacitive
behavior and is expected to result in a phase angle of —90°, which is also subject to slight
fluctuations in reality. In the boundary friction regime, the bearing’s predominant behavior
is resistive, resulting in a phase angle of 0°.

As there is partial metal-to-metal contact in mixed lubrication, the phase angle fluc-
tuates noticeably but does not average at —90°. To determine operating points within
the EHL regime that allow a certain phase angle fluctuation around —90°, a Gaussian
mixture model was used. For each measurement, a probability was calculated to indicate
the likelihood of the phase angle deviating from —90° due to scattering rather than mixed
friction. Data points with a probability greater than 95% could be reliably assigned to the
EHL regime. Those with probabilities below 5% were reliably assigned to the mixed friction
regime. Those with a probability between 5% and 95% were assumed to belong to the EHL
regime, with the deviation from the theoretical phase angle of —90° assumed to be due
to scattering.

Increasing the confidence interval from 95% to 99% increased the reliability of as-
signing data points to the EHL and confirmed that EHL conditions were present in the
data point; less scattering was accepted. However, this also resulted in many data points
being assigned to mixed friction that actually lie within the EHL. To achieve a compromise
between certainty and scattering, a confidence level of 95% was chosen.

https:/ /doi.org/10.3390/lubricants14040161


https://doi.org/10.3390/lubricants14040161

Lubricants 2026, 14, 161

14 of 20

When comparing the calculated probabilities of the measurements with the phase
angles, it is noticeable that data points between —95° and —82° are assigned to the EHL
regime. At high loads, and particularly at 90 °C, the EHL criterion is not always satisfied.

3.1. Raceway Capacitance

In order to evaluate the overall model, first, the sub-model that exclusively represents
the raceway-surface capacitance was considered. For this purpose, the capacitance of the
NO0-208 bearings was measured. In these bearings, the steel flanges were replaced with
plastic flanges so that they have a negligible influence on the capacitance. Figure 6 compares
the calculated and measured capacitances at different temperatures and radial loads, at
a speed of 5000 min~!. Three different measurement frequencies and three bearings of
the same type were used, resulting in nine measurements for each operating parameter.
These are presented as mean values with their corresponding standard deviations. The
calculation results are shown as dashed lines. As can be seen in Figure 6, the agreement
between the measured value and the calculated result is quite good, even though there is
increasing deviation with rising temperature.

3.2. Capacitance of Axial Unloaded Bearings

In addition to the raceway capacitance, the model must also consider the capacitance
of the flange. To examine the quality of the flange-contact modeling, tests were carried out
using NU-208 bearings with steel flanges on the outer ring only, which are unable to carry
axial loads. A comparison of the measurement and calculation results is shown in Figure 7.
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Figure 6. Measured and calculated capacitance of an N0-208 bearing as a function of radial force for
-1

different lubricant temperatures and rotational speed of 5000 min

Compared to Figure 6, the deviation between the calculation and the measurement in
Figure 7 is more dependent on temperature, which is particularly evident at a temperature
of 90 °C. For both 30 °C and 60 °C, the measurement and experiment averages deviate by
10%. For 90 °C, the deviation is 19%. This deviation is also evident when comparing the
temperatures in Figure 7.
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Figure 7. Measured and calculated capacitance of a NU-208 bearing as a function of radial force for
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different lubricant temperatures and rotational speed of 5000 min

Since the total bearing capacitance is a superposition of the raceway and flange
capacitance (see Section 2.4) and the raceway contact agreement is greater (see Figure 6), it
can be concluded that the model error originates from the flange capacitance model.

As the error increases with rising lubricant temperature and is derived from the flange
model, it can be concluded that there is a temperature dependency in the flange model that
has not been taken into account. The dominant factor influencing the flange capacitance is
the distance between the rolling elements and the flange, which is calculated as an average
value independent of temperature in the present model; see Section 2.3.

For a more detailed analysis of the capacitance shares, Figure 8 compares the measured
capacitance with the calculated capacitance. Additionally, the capacitance shares resulting
from Hertzian contact, the outer area of the raceway, and flange contact are presented. As
the partial capacitances must be calculated in series with each other, it is not possible to
add them together to calculate the total capacitance; see Section 2.4.

As shown in the figure, the capacitance of the flange is constant. As there is no force
dependency of the capacitance on an unloaded flange, it depends exclusively on the
constant axial tolerance. It is also evident that the capacitance of the outer area exceeds
the capacitance of the Hertzian area by a nearly constant factor. This observation is
consistent with the assumption made in other literature, where the capacitance in the outer
area is represented by the capacitance of the Hertzian surface multiplied by a constant
factor [16,17]. Similar to the capacitance from Hertzian contact, the capacitance of the
outer area depends directly on the distance between the rolling element surface and the
raceway surface. A greater load reduces the distance between the surfaces to the same
extent, increasing the capacitance of both the Hertzian area and the outer area.
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Figure 8. Measured and calculated capacitance of a NU-208 bearing as a function of radial force at
5000 min~! and 60 °C. The calculated capacitance is divided into the individual components.

3.3. Capacitance of Axially Loaded Bearings

NJ-type cylindrical roller bearings can transmit axial loads via the flange on the inner
ring. To evaluate the model in this case, the NJ bearings are subjected to axial loads.
The results of the measurements and the corresponding calculation results are shown in
Figure 9.

As this model is only applicable at EHL conditions and at 1000 min~!, there exist
many operating points in mixed friction. The presented operation points are at higher
rotational speeds to increase the lubricant film thickness. Because 5000 min ! generated
too much heat, Figure 9 show the operating points at 3000 min~—! and not 5000 min~*
(Figures 6 and 7).

As the bearings in the test reached temperatures of over 140 °C at load angles of 10°
and 20°, with radial loads of 15750 N and velocities of 3000 min~! and 5000 min—!, these
operating points could not be investigated, keeping in mind the temperature limit of the
cages is 120 °C.

These operation conditions are not present in the 60 °C and 90 °C tests at a load angle
of 20°. The single data point at the specified load was generated by attempting to approach
the operating point.

A significant increase in the overall capacitance of the bearing is evident when com-
paring Figures 7 and 9. This increase is due to the axial load. At 60°C and 6300 N, the
capacitance of the NU-208 bearing is approximately 400 pF. The NJ-208 bearing has a
capacitance of 700 pF at the same operating point with a load angle of 10° and a capacitance
of approximately 1150 pF at a load angle of 20°.

It is also evident that the nine single measurement results vary considerably more
from each other at any given load—temperature combination, as shown in Figures 6 and 7.
As this variation is not due to mixed friction, it must be caused by differences in the axial
positioning of the inner ring and the rolling elements at the same operating point, which is
not considered in the model.
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Figure 9. Measured and calculated capacitance of a NJ-208 bearing as a function of axial force for
different lubricant temperatures, rotational speed of 3000 min~!, and load angles 10° and 20°.

3.4. Overview of All Measured Values

To provide a comprehensive evaluation of the model, relative residuals related to the
measured values were calculated. The rotation speeds were divided into the corresponding
temperatures for this purpose and plotted against the radial force, divided by the bearing
types. As the individual measurement frequencies in the EHL range were similar, the mean
residual value for each operating point was calculated and is shown in Figure 10. White
fields have no measured value, either because the operation condition generated too much
heat or because it is in the mixed lubrication regime.
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Figure 10. Average value of the relative residuals of an operating point broken down by rotation
speed, temperature and radial load for N0-208, NU-208 and NJ-208 bearings. Axial loads are not
taken into account.

As can be seen, the model shows good agreement for NO and NU bearings with a
relative residual of less than 20 % for a large proportion of the investigated operating points.
The fact that Dowson and Toyoda did not investigate the lubricant model for small values
of parameter W [15] does not appear to have a negative influence on the result of the
lubricating film thickness calculation; see Section 2.6.

The relative error of NJ bearings is more noticeable than the error of the other bearing
types. This is due to the unknown axial position of the inner ring without axial load,
resulting in incorrect distances between the flange and the rolling element.

Looking at the residuals reveals that the error increases from the NO to the NJ bearings,
with the NU bearings being somewhere in between. This can be attributed to the complexity
of the overall model. The NJ bearing capacitance model consists of the NO sub-model and
the individual flange-contact models, as detailed in Section 2.4. Each of these sub-models
deviates from the actual value. These deviations are superimposed, resulting in a larger
error for the more complex model. Therefore, the error in the NJ bearing calculation is the
sum of various small deviations.

The measured values for the operating points that cannot be reached (see Section 2.5)
originate from the first measurement series, during which it was determined that these
operating points could not be set.

4. Conclusions

This paper presents a model for calculating the capacitance of cylindrical roller bear-
ings. The model considers the following operating conditions: radial load, axial load,
temperature, and rotational speed without using capacitance correction factors. By consid-
ering the raceway and flange contacts separately, the model accounts for the increase in
capacitance caused by an axial load. This separation also makes the calculation method
modular and applicable for different types of cylindrical roller bearings. As all calculation
formulas depend on the bearing geometric parameters, the model is applicable to both
different bearing types and different bearing sizes; see Sections 2.2 and 2.3.
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The model was evaluated by measuring and comparing the capacitance for three dif-
ferent bearing types (N0-208, NU-208, and NJ-208) and under various operating conditions.
At the test bench, the radial load, the axial load, the temperature, the rotational velocity,
and the measurement frequency were varied. The bearing capacitance increases with
increasing load, increasing speed, and increasing temperature. This behavior is captured by
the present model. The discrepancy between measured and calculated capacitance varies
in magnitude depending on the bearing type and operating conditions.

Additionally, the capacitance components resulting from the Hertzian area of a NU-208
bearing were compared with those of the outer region and those of the unloaded flanges,
as shown in Section 3.2. Especially in the tests with axial load, many operating points
either cannot be reliably set on the test bench or are in the mixed friction regime, which is
outside the scope of this study. The operating points, classified within the EHL range, were
determined using a Gaussian mixture model; see Section 3.

Compared to other models in the literature, which account for the capacitance in the
outer area using a correction factor, the present model offers an approach to calculating
the capacitance on the basis of physical relationships and provides an understanding of
the electrical mechanisms in the rolling contact. The relationship between the capacitance
resulting from the Hertzian area and the capacitance of the outside area, as used in the
literature [16,17], is also recognized in this work; see Section 3.2.
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