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ARTICLE INFO ABSTRACT

Keywords: In this study, a novel capacitance based analytical method to monitor the film thickness in a ball
Film Thickness bearing under a combination of axial and radial load is presented. Furthermore, an extended
Condition Monitoring method is presented to infer the difference between the lubricant film height on the inner ring
Capacitance Method and the outer ring of a rolling element. Numerical investigations provide the basis for describ-
Rolling Bearing ing the influence of the operating parameters on the lubricant film thickness distribution in the

HERTZ’ian contact. The method for calculating the correction factor k. presented in a previ-
ous paper is extended so that it is valid for a wider operating range. This makes it possible to
calculate the total capacitance of a contact from the capacitance of only the HERTZ ian contact
area.

1. Introduction

Knowledge of the lubricating film thickness in a rolling contact is fundamental for understanding the hydrodynamic
rolling friction in EHL-regime as well as an important parameter influencing electrical bearing load. In systems where
an electrical potential is present on the inner or outer bearing ring, voltage breakdown can occur. The film thickness
has a great influence on the severity of the electrical damage, since it affects the breakdown-threshold. When looking
at electric-motor bearings the film thickness and therefore the capacitance have an effect on the voltage divider (Bear-
ing Voltage Ratio - BVR), which defines the magnitude of the common-mode-voltage that is present in the bearing.
The BVR consists of motor and bearing capacitances and was introduced by MUTZE [1]. To predict the bearing volt-
age and EDM current, knowledge about the capacitances of both a single EHL contact and a whole bearing are required.

The capacitance of a model EHL contact can be determined by assuming the EHL contact as a plate capacitor with
capacitance:

C=e€-

ey
gap

where € = ¢ - €, is the absolute permittivity of the dielectric in an EHL contact, where ¢ is the permittivity of vacuum

and ¢, is the relative permittivity of the dielectric, A is the contact area, and dg,,, is the film thickness of the HERTZ ian

contact zone. In addition, the influence of the regions outside the HERTZ ian contact zone on the capacitance Ciqe

must be taken into account (see Figure 1) [2, 3, 4,5, 6, 7, 8].

Hertz'ian contact
range . Outside range

Outside range

Hertz Ouls\de

Figure 1: Electrical analogy model of an EHL contact.
The total capacitance of a contact Cyy .oy, is then a sum of Cy,(, and Coygige- Cperr, May be approximated by
AHertz

CHertz,hC =€ 6 “h 2

C
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Nomenclature
Greek Symbols ke, ratio between C,,, and CHmZYhC -
a operating contact angle rad k. ellipticity ratio k = % -
a, pressure-viscosity coefficient Pa~! g, ratio between h, and h; -
®pomina  NOMiNal contact angle rad K, load-deflection factor N/m3/2
At time difference between two voltage limits S kg capacitance proportionality factor -
5 deflection m M load torque Nm

absolute permittivity F/m rotational speed 1/min
€ vacuum permittivity = 8.8541878x107'2 As/Vm P, radial clearance m
€, relative permittivity - 0 contact load N
o dynamic viscosity U mPas g composite radius m
y tilt angle rad radius m
v PoISSON’s ratio -~ R, charging resistance Q
v azimuth angle of rolling element rad R, parallel resistance Q
P c.urvature 1/m Foq distance of raceway groove curvature centers to
T time constant s the rotational axis m
Roman Symbols R,q osculation -
0 entrainment velocity m/s dimensionless speed parameter -
& complete elliptical integral of second order - U voltage \Y,
F complete elliptical integral of first order - w dimensionless load parameter _
A al"ea m? VA number of rolling elements -
a ? ;zance between raceway groove curvature cer:I; Subscripts
a greater half-width of contact ellipse m brng  bearing
b lesser half-width of contact ellipse m € central
C capacitance F ?on f:ontact
dgp thickness of gap between capacitor plates m ' T:er r.aceway
dyoove  Faceway groove diameter m j" rolling element
doot pitch diameter m ° outer raceway
d. ball diameter m e rolling element
E elastic modulus pa TS replenishment/starvation
E' equivalent elastic modulus pa th thermal
F force N fot total
G dimensionless material parameter - X x-direction
H dimensionless film thickness -y y-direction
h film thickness m

assuming the film thickness inside the HERTZ’ian contact zone being equal to the central film thickness A, which can
be calculated from analytical equations. A suitable set of equations for point contacts is provided by e.g. HAMROCK
and DOWSON [9]. The equations are based on a set of dimensionless parameters for speed U, material G, load W and
ellipticity k. (see Equation 3, with Egs. 17 - 19).

h
H, = R—° =2.69-GO30. yOo7 . 0067 (1 _.61.e073k) (3)
X
Additional influences on the film thickness need to be considered, an explanation is given in the former work of
the authors [10]. This includes:
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e Temperature rise as a result of reverse flow in the inlet zone based on the work of MURCH-WILSON [11]. This
leads to a reduced film thickness as a result of a lower viscosity.

e Starvation influence as a result of insufficient time for the lubricant to flow back into contact after an overrolling
based on [12].

e Influence of surface roughness on EHL film formation [13].

For film thickness measurement, the knowledge of the influence of the real EHL film shape on the total capacitance
is of great importance. However, in literature this was usually simplified by assuming a uniform thickness of A [14, 7,
8, 15, 16, 5, 17]. To describe the influence of the realistic film shape and the regions outside the HERTZ ian contact a
factor k¢ was introduced, which describes the ratio between the total contact capacitance C, ., and the capacitance of
the HERTZian contact area with a uniform film thickness Cyye;(, 1, - By comparing the measured capacitances in bearing
tests with calculated capacitances according to EHL theory, BARZ [4] determined the k. factor for the considered case
with axially loaded spindle bearings to be a uniform value of k, = 3.5. This gives a relatively good approximation
for the investigated axially loaded ball bearings and was also used by WITTEK ET AL. [17]. However, the capacitance
surrounding the HERTZ ian contact C, ;4. is @ function of film thickness as shown in the work of JABLONKA ET AL.
[5] and in the former work of the authors [10], in which the influence of a realistic film thickness distribution on the
total contact capacitance was described and a formula to calculate the k. factor was derived. The formula is based only
on the HAMROCK-DOWSON group of dimensionless parameters for film thickness calculation.

Ctot,con

kU, G, W k) = 4)

Hertz,h,

The total capacitance of one contact including the influence of a realistic film thickness distribution and the region
surrounding the Hertzian contact is then an extension of Equation 2 and calculated as follows

AH (FN’ Rs E/)
CtOt,COl‘l = €0 ’ €r ) kC(U’ G’ W’ ke) ‘ hc(:;l;t;:N7 R7 E,7 ’7) (5)

The capacitance of the inner and outer ring contact are in series. In order to calculate the capacitance of the j
rolling element both proportions add up as

_ Ctot,con,IR,i : Ctot,con,OR,i 6
Cj,re,calc - C +C ( )
tot,con,IR,i tot,con,OR,i

To calculate the capacitance of the whole bearing Cyeyring 1or With Z rolling elements in parallel, the capacitances
for each rolling element need to be added up.

z

Cbearing,total = Z Cj,re,calc @)
=1

This work will present a method to calculate the film thickness in a combined loaded ball bearing. This method
is an extension of existing electrical capacitance methods developed in e.g., [5, 6, 14, 18, 19, 20, 21, 22] and could
help to monitor the film thickness in bearing applications. The basis of this is the measurement of the rolling bearing
capacitance C,, during operation (see Sec. 2). To conclude from the total capacitance C,, to the individual ca-
pacitances of each rolling element a factor K, is introduced and used in combination with the k¢ factor. To further
distinguish between the capacitance of the inner and outer ring contact a factor ky, is utilized. An analytical equation
was derived for each factor and the relationship of these is explained in an application example based on measured
values. The following is a brief description of the derived equations and a reference to the associated sections.
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Relation between the total capacitance and the individual capacitances per contact with kg-Factor (Equation 41)
A factor kg, is introduced to describe the relationship between the capacitance of a single contact and the total capac-
itance in a combined loaded bearing. The factor provides the possibility to infer the single contact capacitance from
the measured C,,; based only on the calculable internal load distribution (see Sec. 3.2).

Empirical Equation of ky-Factor (Equation 44)
The k; -factor describes the relation between the film thickness of the inner and outer ring contact and was originally
introduced by BARZ [4]. This study presents an empirical equation to describe k}, as a function of the geometries based
on the work of HAMROCK and DOWSON [9] (see Sec. 3.3).

Extension of k.-Factor (Equation 16)
The factor k (U, G, W, k.) expresses the ratio between the HERTZ ian zone capacitance and the total contact capac-
itance as described e.g., in [16, 22, 23]. The factor presented from the authors [10] is extended and fitted to higher
loads (parameter W) and a wider range of osculations (parameter k.) (see Sec. 2.3).

In order to determine the mentioned factors, EHL contact capacitances for different speeds, materials and loads have
been determined both analytically and numerically. The approaches are explained in detail in the following sections.
The proposed formulae have been applied to analytical capacitance calculations for rolling element bearings under
combined load conditions. Capacitance measurements of a rolling bearing have been carried out for comparison and
validation of the proposed factors.

2. Film Thickness Measurement for Axially Loaded Bearings

With the capacitance measurement, a quantitative film thickness determination is possible. This makes use of
the fact that the contact under full-film lubrication can be seen as a capacitor due to the two surfaces separated by a
dielectric (between rolling element and raceway).

2.1. State of the art of capacitance determination with voltage measurement

When a voltage step U, is applied to a capacitor, the system charging response can be measured and the capacitance
of a single contact or a rolling bearing can be deduced from the typical charging behavior of the capacitor [2, 4, 22].
To charge the capacitor a limited charging current is needed. This is realized using a known charging resistance Ry,
(see Figure 2), which is connected in series to the capacitance. Additionally an ohmic resistance Rp parallel to the
capacitor needs to be considered, which is caused by the lubricant specific ohmic resistance. This value isn’t known
initially and needs to be calculated from the system response (see Equation 11). If the parallel resistance Rp isn’t
infinitely large, the maximum measurable voltage U, of a fully charged capacitor is lower than the charging voltage

max
U,. To calculate the capacitance the time constant 7 is used.

0,5 U 0
At ——
\ _—~ /
04 // U,
/ U )
0,35 /
0,3 // U
g, / AU 0
S025
S /
0,2 /
[ U U measured
0,15 f’ 1
0.1 /
0,05
[} S S - _

-1 -0,5 0 0,5 ms 15
Time e

Figure 2: Determination of time constant t from measured charging behaviour.
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The capacitance is then calculated by the evaluation of the time constant and the following correlation of the
charging characteristic.

1 1
C,=7-|—+ —) ®)
o (RL Rp
where
= At )

U, %
ln<1 - Umax> _ln(l h Umax)

U Up-(1—e %) (10)

measured —

U,
RP=RL' ____max (11
UO_Umax

2.2. State of the art of film thickness calculation with measured capacitance
When there is only an axial load, the contact loads are equal among the Z rolling elements. If the same film
thickness is present on the inner and outer ring, the film thickness can be calculated as follows.

_1 Z'kC‘€0'€r'AHcrtz
measured,simplified = E : C
tot

h

12)

However, due to the different geometries of the inner/outer ring contact, the film thickness is not identical, therefore
BARZ [4] introduced a proportionality factor k;,, which describes the ratio of the film thickness between the inner and
outer ring contact. It can be calculated based on the analytical HAMROCK-DOWSON EHL-Equations.

Ny
=

) measured,0 __ hEHL,o

= (13)
i hmeasured,i hEHL,i

If this ratio is used to determine the film thickness on the inner ring, the formula for the calculation is as follows,
by still assuming uniform load distribution in the bearing and using the same k¢ factor for all contacts

AHerlz,o
(er,i : AHertz,i) : (er,o : Ky 1

hmeasurement,i ~Z- kC T €p - Attort . C (14)
ertz,0
(er,i : AHertz,i) + <€r,0 : kn ) tot
and on the outer ring by
hmeasuremem,o R ky, - hmeasuremem,i (15)

These formulae do not cover the case when the internal load is unevenly distributed among the rolling elements.
Beginning from section 3, it is discussed how the existing approaches can be extended so that complex load cases can
be calculated as well.
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Table 1
Valid range of dimensionless parameters for the determined k-factor.

Parameter  Variation range from [10] Extended Variation range

U 0.56...22.52 - 107! 0.56...22.52 - 107!
G 3300...4615.4 3300...4615.4
w 3.44..289.58 - 107° 3.44..573.3-107°
k 3.125...7.878 3.125..11.713

2.3. Extension of factor k.

As shown in Figure 1, it is necessary to know the capacitance of the regions surrounding the HERTZ ian contact
zone, in order to derive the film thickness from a measured capacitance. Since available methods only covered a specific
load case [4, 22] or required a large experimental base [16], the authors presented an empirical factor in a previous
work [10] that allowed to infer the total capacitance of a contact from the easily calculable HERTZ ian capacitance,
using only the dimensionless parameters U, G, W, k...

The obtained equation for the influence factor k¢ represents a curve fit of simulation results, that were conducted with
an EHL solver, that has been introduced by LUBRECHT and VENNER [24, 25]. It is based on the multigrid-method to
solve the coupled Reynolds equation, which takes the surface elastic deformation and load balance into account. In
comparison to the previous factor, additional simulations have been conducted in this work to extend the load factor W
and the ellipticity parameter k,, to cover higher load applications and longer HERTZ’ian contacts (by means of larger
half-width a) to cover a broader range of osculations. To find fitted exponents of a derived equation based on the set of
nonlinear parameters, the LEVENBERG-MARQUARDT algorithm [26, 27] from the MATLAB fsolve function was used.
The obtained Equation 16 has a first-order optimality of 2.78e — 4.

A comparison between the previous and the extended simulation variation range is given in Table 1 and a general
overview of the valid parameter range for the conducted simulations is displayed in Figure 3. Please note that the
bounding boxes have been drawn on the graphic for illustrative purposes only, to guide the reader’s eye.

kC(U, G, W, ke) =69116 - U0.2675 . W—0.2768 . G0.2599 . k241033 (16)
with
NoU
E,OR (17)
X
G = a,E’ (18)
W= Egp (19)
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Figure 3: Valid areas of dimensionless parameters for the determined kq-factor.

For validation of the newly derived k¢ factor a comparison was made between capacitance measurements by FURT-
MANN [16] and capacitance calculations using the previous k¢ factor from [10] and the newly extended k- factor (see
Figure 4 and 5). Compared to the previous factor an improvement in the capacitance calculation was achieved. The
hatched area in the combined load case represents the influence of the theoretical range of operating clearance, which
is influenced by the the tolerances and the temperature in the system. Specifically this refers to the tolerances of shaft-,
and housing-fits, as well as the bearing internal clearance class. A theoretical minimum operating clearance of —9 pm
and a maximum of +16 pum were considered.
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nF T T T ;
Bearing = 6008 -F-Measurement
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Axial load = 1000N Calculated with extended k_factor
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Figure 4: Comparison of capacitance measurements from FURTMANN [16] with capacitance calculations, using the
previous k¢ factor from [10] and the newly extended k¢ factor. Pure axial load case.
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Bearing = 6008 -+Measurement

Oil = 75W90 —Calculated with previous k  factor
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Figure 5: Comparison of capacitance measurements from FURTMANN [16] with capacitance calculations, using the
previous k¢ factor from [10] and the newly extended k¢ factor. The hatched area shows the capacitance range with
variation of the operating clearance. Combined load case.

3. Extension of Film Thickness Formulae to Combined Load Cases

Due to weight forces and/or additionally applied radial load, the resulting film thickness is no longer uniformly
distributed over the contacts of the bearing. Thus, we introduce a proportionality factor kg, which is the ratio between
the combined capacitance of one rolling element (rolling element-inner ring contact and the -outer ring contact) and
the total capacitance:

zZ
Cij - Cog

ZzZ zZ
Ciot = Z kQ,j * Crotal = Z Cre,j = Z W (20)
j=1 j=1 =1 el
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with the calculated capacitance of one rolling element Cj . ;i and the calculated total capacitance of the bearing
Coearing,totcale (se€ Egs. 6 and 7) the proportionality factor k¢, depending on the capacitance results to

Cj,re,calc

kqjcalc(C) = (1)

Cbearing,tot,calc
Assuming that the factor k, is known and using a more precise k¢ factor for the inner and outer ring contact, the

film thickness of the j”* rolling element with measured total capacitance Ciot.measurea ON the inner ring is calculated
according to Equation 22

A ertz,0
(kC,i CEpgc AHertZ,i) : (kC,o “€ro Hk—hl> 1
R oacured i i = €0 * . 22
measured,i,j €0 ) ) : Attertzo Ctot easured - kQ' ( )
(ke - €ri* AHertzi) T | Ko * €ro - T ’ ]
where
kcijo = fU,G, W, k) (23)

Since it is relatively complex to calculate the individual and total capacitances of a bearing (see the former work
of the authors [10]), the aim is to describe the factor kq with more easily calculable values in order to derive the film
thicknesses in a bearing under combined load. The presented methods are based on calculations for normal operating
speeds. Therefore, the following simplifications can be made for the determination of the aforementioned factors:

o the bearing is mounted on a sturdy shaft and in a rigid housing;

o the bearing components are assumed to be rigid except the local contact zones;

e the contact angle under the operational parameters are equal for the inner and outer ring contact;
e centrifugal forces are neglected.

Looking only at the operational parameters within one bearing, material and speed are almost constant at each rolling
element, even at different contact angles. When comparing different bearing sizes, the significant difference is the
geometry, more specifically the osculation between the rolling element and the raceway. To develop a generally valid
formula, the relationship among load, osculation and capacitance distribution needs to be built. The load distribution
on which the calculation is based has to be described firstly.

3.1. Load distribution
In order to calculate the equilibrium of forces and moments, the five degrees of freedom approach presented by
ANDREASON [28] is used. With the definition of the coordinate system shown in Figure 6 a) and Figure 6 b) the
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equilibrium to be established is:
z
0=F, - ZQJ' - COS a; - COS Y
j=1
z
0=F - ZQJ' © COS a; - sinys
=1
z
0=F, - 2 Q; - sing; 3 24

=

z
0=Mx—rq-ZQj-smaj~s1ny/
=1

z
0=My+rq-ZQj-sinaj-cosw
j=1

Figure 6: a) Coordinate system and angles, b) Deflections, tilting angles as well as general geometries

With a contact angle of the j* rolling element

6, +r, - (yy - siny; —y, - cosy;)
a :tan_1< . 12 ! ) (25)
6y - cosy;+ 6, -siny; +a

The load-deformation relation was not adopted from ANDREASON but extended using the approach from HAMROCK
and DOWSON [9] so that there is no need to rely on a look up table for different osculations.

0= K, - 85y = 0ij = Qo (26)

total,j
The total deflection of the j” rolling element Oiotalj 18 calculated as follows

6y - cosyj+ 6, -siny+a Py
5total,j = —a—- = (27)

cos a; 2
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with
0< 5t0tal
a=r,—rq
_ dref dre Pd di,groove 28)
rp = - -+
PT T2 T2 T 4 2
o= dref dre P d do,groove

4 2 2 4 2

K, = (29)

VR
-
N————
Wi
+
VR
Z‘-"N -
°
N————
Wi

- Xp-€
Kyijo=r ke <4.5 .- (30)
1
-1 31
/=% 31)
l=L+i:L+L+L+L (32)
R RX Ry rx,l %) ryl ry’z
R 0.636
ko = 1.0339 - <—y> (33)
RX
. R
F =1.5277 +0.6023 - In — (34)
RX
. 0.5968
£ =1.0003 + (35)
R, /Ry
1—12 1 —12 -
E' =2 Ly 2 (36)
E, E,

The five unknowns in the equations are the deflections &, 6y, 6, and the tilting angles y,, Ty- To solve the set

of nonlinear Equations 24, for example, the Newton-Raphson method can be used [29]. Initial values for the five
unknowns need to be guessed first and the values of rqs I'ps @, and Kp calculated. To obtain the contact forces for each
rolling element Q; and the contact angles «; for the set of Equations 24, the initial values must be inserted into Equation
25 and 26. From there the five unknowns need to be adjusted and the forces and contact angles have to be recalculated
in order to converge towards the equilibrium of the set of Equations 24.
Table 2 lists the important bearing geometries and operating parameters for a 6008 and a 6312 deep groove ball bearing,
respectively. The load distribution results for the given loads and geometries according to Table 2 are shown in Table
3 and Figure 7. The rolling element at zero degree is in line with in the direction of the radial load and is therefore the
highest loaded rolling element.
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Table 2
Operational parameters and geometries for a 6008 and 6312 Deep Groove Ball Bearing
Parameter Value Unit Parameter Value Unit
6008 - DGBB 6312 - DGBB
d,, 7.038  mm d,, 22225 mm
d; sroove 8.32 mm d; groove 225 mm
dy aroove 8.48 mm d, oroove 22,5 mm
d.os 54 mm d.os 95 mm
Xominal 0 rad Xrominal 0 rad
P, 0.0039 mm P, 0.0138 mm
z 12 - zZ 8 -
n, 2000 1/min n, 2000 1/min
F.q 500 N F..q 500 N
F,, 2000 N F,, 2000 N
9 20 °C 9 20 °C
Lubricant 75W-90 - Lubricant 75W-90 -
Table 3
Calculation results for the presented test case of parameters from Table 2
Parameter Value Unit Parameter Value Unit
6008 - DGBB 6312 - DGBB
6, 0.00665 mm S, 0.00612 mm
d, 0 mm o, 0 mm
6, 0.13418 mm 6, 0.09515 mm
Y« 0 rad 7« 0 rad
Yy 0.00064 rad Yy 0.0003 rad

3.2. Proportionality factor kg

With the contact forces determined with the method presented in Section 3.1 at the inner and outer ring, a propor-
tionality of the individual forces in relation to the total contact force can be established in a similar way to the rolling
element capacitance from Equation 21.

P Qij-Qoj 1 37
ratio,j —
Qi,j + Qo,j Z]il Qj

with

0ij=0,; =0, (38)
Formula 37 simplifies to

0
Qratio,j = —ZJ (39)
229
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—— Q - 6008
180° —+- Q- 6312
210° 900 150°
N
240° 120°
700
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270° 90°
300° 60°
330° 30°
00

Figure 7: Load distribution in a 6008 and 6312 DGBB.

Figure 8 shows the capacitance distribution in a 6008 and 6312 DGBB. A distinction is made between the rolling
element-inner ring, -outer ring capacitance and the capacitance of the entire rolling element, which is calculated ac-
cording to Equation 20. The individual capacitances were calculated according to Equation 5 and 6 using the extended
kc-factor from Equation 16. Using Equation 21 for the capacitance dependent ko (C) factor and 39 for the force pro-
portionality O, can be inferred from the calculable values of the capacitance and force distribution. Figure 9 shows
both proportionality factors (kqo(C) and Q,,,) in one graph for each bearing size. A clear correlation between both
factors can be seen. The lubricant used is a 75SW-90 gear oil described in detail in [10].

180 . C - 6008 180 « C -6312

contact,ir contact,ir
6312

210 150 « C - 6008 210 150 150 «

60 contact,or Ccontact,or °

c,  -6008 c,  -6312
P
240 120 240 120
270 90 270 90
300 60 300 60
330 30
0 0

Figure 8: Capacitance distribution in a 6008 (left) and 6312 (right) DGBB. Please note the different scale values.
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o * Kgcac(C)- 6008 1807 s * Kgcac(C)- 6312
210° 150° o Q, - 6008 210° 150°. Q, -6312
0.05
240° 120° 240° 120°
270° 90° 270° 90°
300° 60° 300° 60°
330° 30°
Oo 00

Figure 9: Capacitance and load ratios in a 6008 (left) and 6312 (right) DGBB. Please note the different scale values.

It seems to be possible to describe the capacitance proportionality k¢, based on the easily calculable force distribu-
tion, since the the trend of both factors shown in Figure 9 shows a clear correlation. However, there is an offset between
the two factors that still needs to be considered. As mentioned in section 1, we only consider normal operating speeds.
This means that contact angle changes due to centrifugal force influences are neglected. It is therefore assumed that
the entrainment velocity 0 at the inner ring and outer ring contact is the same. Therefore, the dimensionless factor U
from the HAMROCK-DOWSON EHL-Equations is assumed to be constant. The same applies to the material parameter
G. The factors that can vary greatly in a rolling bearing subjected to combined loads are the load (W) and geometrical
relationships of the contact (k.), in particular the osculation in the form of the composite radius Ry o, which is highly
variable. The load influence has already been clearly shown in Figure 9. Therefore, it is assumed that the offset could
be caused by the osculation Ry . In order to derive a generally valid formula for different bearing sizes this needs to
be considered. Therefore, in addition to the load ratio from Equation 39, a ratio of the composite radii perpendicular to
the rolling direction has to be considered as well, which is a measure of the degree of osculation. Since the proportion-
ality factor describes a whole rolling element, consisting of inner- and outer-ring contact, it is necessary to calculate a
substitute composite radius for the inner and outer ring contact as described below

Ry,i ! Ry,o 1

Ryq= ’
Ry,i + Ry,o Z - (Ry,i + Ry,o)

(40)

Taking this geometric relationship into consideration, a curve fit factor ko(Q, Ry ) was derived based on the
calculation of capacitance distributions. This factor is only dependent on the force distribution and the osculation. A
system of equations was set up with a large number of individual calculations and a devised equation was optimized
using the LEVENBERG-M ARQUARDT algorithm [26, 27] from MATLABs fsolve function. A first-order optimality of
7.32e — 6 was achieved.

Z
- Z:j=1 Oatioj + 1.5698 - R(y)f)31

kq(Q, Ry q) = Oratio t+ 1.5698 - R8;9Q31 + V4 “
while

z

2 ko (0 Ryg) = 1 (42)

=1
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As it can be seen in Figure 10 both, the load/osculation ratio and the capacitance proportionality are in match.
Therefore, it can be said that it is possible to infer the capacitance distribution via the load distribution. For the
capacitance-dependent proportionality factor ko(C) in Equation 21 and the load-dependent proportionality factor
kq(O, Ry,Q) in Equation 41, it can be stated

kQ(Q, Ry,Q) = kQ(C) .
180" ° kQ,caIc(C) - 6008
210° 0.15 1500  — Kqea(@R,)- 6008
" kQ,caIc(C -6312
- ~

- - 01\ = - kQ,caIc(Q,Ry)' 6312

- 120°

270° o
300° o

Figure 10: Ratios of rolling element capacitance ko(C) compared to the analytical ko(Q, Ry )-factor for a 6008 and
6312 DGBB.

3.3. Proportionality factor k,

The k;, factor, introduced by BARZ [4], describes the ratio of the film thickness at the outer ring to the one on the
inner ring. For its determination, the entire calculation procedure for film thickness determination must be performed.
The presented Equation 44 provides an approach to calculate the kj, factor based on the composite radii. Table 4
provides some exemplary calculations for this factor. The factor does not depend on the rotational speed, because
effects on the contact angle due to centrifugal forces are not taken into account. Therefor the factor is only influenced
by the geometric relations. It ranges roughly from 1.1 < k;, < 1.4 and is reasonably approximated by the empirical
Formula.

-0.50884 0.05025
Ry; Ry;
R R

X,0 y,0

kp(R) =

(44)

The differences between the analytical approach from Equation 44, which is easy to use, and the k;, factor based on
the film thickness determination, which is more complex to calculate, are minimal and affect normal film thicknesses
of 0 — 1um only in the single-digit nanometer range.

4. Application to Film Thickness Measurements

Applying the presented methods and formulae, a capacitance measurement can now be used to determine the film
thickness of each contact in ball bearings under a combination of an axial and radial load. In order to clarify the
procedure, an exemplary case is presented.

Assuming a voltage step of U, = 0.5V is applied on one 6206 DGBB with a loading resistance of R; = 0.8 MQ
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Table 4
k,, factor for different operating conditions
Bearing G, G, U, U, W, W, ke K or
2.238e-10 1.719e-10
6008 4292 4315 4.478e-10 3.439e-10 3.364e-04 1.861e-04 8.1334 5.4568
6.717e-10  5.159e-10
1.377e-10  8.597e-11
6312 4315 4307 2.754e-10 1.719e-10 6.646e-05 2.561e-05 20.2265 14.9319
4.131e-10 2.579e-10
Bearing Rx,i/Rx,o RyA,i/Ry,o kh,calc kh,empirical
1.1905 1.182
6008 0.7442 1.3913 1.1873 1.182
1.1893 1.182
1.271 1.275
6312 0.6207 1 1.27 1.275
1.273 1.275
Table 5
Calculation results for the application example.
Parameter Value Unit
by 0.02301 mm
6y 0 mm
o, 0.14517 mm
Vs 0 rad
Yy 0.00261 rad

and a maximum measured voltage of the fully charged capacitor of U,,,,, = 0.3V. If Equation 11 is used, a resistance
value of Rp = 1.2MQ is obtained. While analyzing the systems charging response voltage rise, U; = 0.1 V and
U, = 0.2761 V are determined in a time interval of At = 0.4 ms (comparative to Figure 2). Applying Equation 8 and
Equation 9 to those values, a measured total Capacitance of C,,,; = 392 pF results. The bearing is lubricated with
a 75W-90 gear oil, whose parameters are listed in [10] and is loaded with an axial load of F,, = 2000N, a radial
load of F,,4 = 2000 N and operated at a temperature of 9 = 21 °C. The radial internal clearance during operation is
Py = 3.6 um and the bearing has an inner ring composite radius perpendicular to the rolling direction Ry ; = 0.1949m
and Ry, = 0.0881 m on the outer ring. The 8 rolling elements that orbit the rotational axis at a pitch diameter of

46 mm with 1000 rpm are 11.11 mm in diameter.

When the mentioned parameters are inserted into the load distribution equilibrium specified in subsection 3.1, the
deflections and tilting angles shown in Table 5 and the load distribution shown in Figure 11 are obtained.
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Table 6
Determined Factors for each rolling element.
RE No. kg ki, ke ke, A, A, € €0
1 0.1632 1.3373 1.5428 1.6560 1.le-6 m?’ 1.14e-6 m> 246 2.46
2 0.1447 13373 1.6325 1.7523 9.57e-7 m? 9.97e-7 m’> 2.46 2.46
3 0.1160 1.3373 1.8419 19771 7.18e-7 m? 7.48e-7 m> 246 2.46
4 0.1051 1.3373 1.9652 2.1093 6.18e-7 m’> 6.44e-7 m> 2.46 2.46
5 0.1051 1.3373 1.9661 2.1124 6.17e-7 m?> 6.43e-7 m> 2.46 2.46
6 0.1051 1.3373 1.9652 2.1093 6.18e-7 m? 6.44e-7 m> 246 2.46
7 0.1160 1.3373 1.8419 19771 7.18e-7 m’> 7.48e-7 m> 246 246
8 0.1447 13373 1.6325 1.7523 9.57e-7 m? 9.97e-7 m’> 246 2.46
180° Q.- 6206
e Q.-
1750 J
205 N 135¢
1250
1000
50
270° 90°
3150 45°

00
Figure 11: Load distribution in a 6206 DGBB.

After obtaining the load of each rolling element it is possible to derive the load proportionality according to Equa-
tion 39 and the osculation ratio from Equation 40. The results in turn can be inserted into Equation 41 and the capaci-
tance ratio k¢, can be calculated for each rolling element. The same applies to the film thickness proportionality factor
ky, with Equation 44 and the capacitance correction factor k- with the extended Equation 16. The calculation process
is shown in Figure 12 in the form of a flowchart. All important derived factors are summarized in Table 6.

With Equation 22 we calculate the film thickness for the inner ring. The calculation of the film thickness at the
outer ring contact uses Equation 15. In the presented case the film thickness of the rolling element subjected to highest
load on the inner ring results to 268 nm and on the outer ring to 357 nm.
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Figure 12: Flowchart of the film thickness calculation method.

180° —— hj P 6206
400 ——h. _-6206
j,or

135°

270° 90°

0°

Figure 13: Calculated Film Thickness Distribution in a 6206 DGBB.

5. Conclusion and Outlook

This work provides a complete guide from the measurement of electrical bearing capacitance to the derivation of
local lubricant film thicknesses of each rolling contact. This includes the basics of measuring a capacitance and deter-
mining the capacitance from a voltage step (see section 2) and the calculation of the internal bearing load distribution
(see subsection 3.1). A novelty is the method for calculating the local lubricant film thickness of combined loaded
point contact bearings. In principle, this method is based on the measured capacitance of the bearing, the calculated
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load distribution, and osculation. In addition, analytical factors that put these influences in relation were derived.

To calculate the proportional capacitance distribution, a correlation between the internal bearing load distribution and
osculation were combined into an analytically calculable factor kq (see Equation 41). In addition, an analytical formula
for the ratio of the lubricant film thickness between the inner and outer ring was derived and merged into a factor ky,
(see Equation 44). Furthermore, a revision of the analytical factor k- (see Equation 16), which was already published
in an earlier paper of the authors, was presented. The k¢ factor is now adapted for a wider range of applications and
can be used for the analytical capacitance calculation of point contact bearing. Finally, an exemplary case is calculated
in section 4 to illustrate the principle behind the method.

In future, this method can be extended to purely radially loaded bearings so that the unloaded rolling elements are taken
into account [30]. An additional future approach would be the transfer of the presented method from normal speed
applications to high-speed applications, by taking the additional influences caused by centrifugal force into account.
Furthermore it should be noted that the presented method assumes a quasi-steady state, which neglects the transient
damping effects due to film thickness change as a result of an uneven load distribution [31]. Toward larger radial
and smaller axial loads, this effect is increased because the contact load on the circumference changes significantly.
Therefore, this effect should be considered in future investigations.
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