
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=utrb20

Tribology Transactions

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/utrb20

Measuring Film Thickness in Starved Grease-
Lubricated Ball Bearings: An Improved Electrical
Capacitance Method

Pramod Shetty, Robert Jan Meijer, Jude A. Osara & Piet M. Lugt

To cite this article: Pramod Shetty, Robert Jan Meijer, Jude A. Osara & Piet M. Lugt (2022):
Measuring Film Thickness in Starved Grease-Lubricated Ball Bearings: An Improved Electrical
Capacitance Method, Tribology Transactions, DOI: 10.1080/10402004.2022.2091067

To link to this article:  https://doi.org/10.1080/10402004.2022.2091067

© 2022 The Author(s). Published with
license by Taylor & Francis Group, LLC.

Published online: 16 Aug 2022.

Submit your article to this journal 

Article views: 641

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=utrb20
https://www.tandfonline.com/loi/utrb20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/10402004.2022.2091067
https://doi.org/10.1080/10402004.2022.2091067
https://www.tandfonline.com/action/authorSubmission?journalCode=utrb20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=utrb20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/10402004.2022.2091067
https://www.tandfonline.com/doi/mlt/10.1080/10402004.2022.2091067
http://crossmark.crossref.org/dialog/?doi=10.1080/10402004.2022.2091067&domain=pdf&date_stamp=2022-08-16
http://crossmark.crossref.org/dialog/?doi=10.1080/10402004.2022.2091067&domain=pdf&date_stamp=2022-08-16


Measuring Film Thickness in Starved Grease-Lubricated Ball Bearings: An
Improved Electrical Capacitance Method

Pramod Shettya , Robert Jan Meijera , Jude A. Osaraa , and Piet M. Lugta,b

aEngineering Technology, University of Twente; bSKF Research and Technology Development

ABSTRACT
Presented in this article is a new method to measure the film thickness in a rolling bearing run-
ning under starved conditions, such as in grease-lubricated bearings, using the electrical capaci-
tance method. The method was used to study the impact of speed on film thickness. Results
show that fully flooded conditions prevail at lower speeds where the film thickness increases with
increasing speed. At higher speeds, where grease-lubricated bearings run under starved lubrication
conditions, this increase is less pronounced. At even higher speeds, the film thickness becomes
almost independent of the speed.
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Introduction

There are more than 18 billion rolling element bearings cur-
rently in use. By far, most of them are grease lubricated (1).
Bearing life is determined by fatigue life and is reduced
when lubrication is ineffective (2, 3). This reduction does
not takes place when the contacting surfaces are fully sepa-
rated, preventing metal-to-metal contact. For fully flooded
conditions the (elastohydrodynamic, EHL) film thickness
can be predicted using Hamrock and Dowson’s equations
(4, 5) or Nijenbanning’s equation (6). These fully flooded
conditions typically occur in oil-lubricated bearings. In the
case of grease lubrication, at medium and higher speeds,
starvation occurs and the films can no longer be predicted
using these equations. The existing models for starved lubri-
cation, such as those from Wedeven et al. (7), Damiens
et al. (8), Hamrock and Dowson (9), and Van Zoelen et al.
(10), all require some measure of the volume of oil in the
inlet as input, an unknown for grease-lubricated bearings.
The full problem is very complex and the development of
models can be greatly supported by having accurate film
thickness measurements.

Early studies on grease film thickness by Poon (11),
Wilson (12), and Dyson and Wilson (13) using twin-disc
machines showed that grease forms a thicker film than its
base oil at the beginning of operation but the film thickness
decreases quickly over a period of time before stabilizing.
Point contact measurements and model calculations by
Jonkisz and Krzeminski-Freda showed that the pressure dis-
tribution and the shape of a grease film can be predicted
using the base oil properties (14). Åstrom et al. (15) showed

that the film thickness inside the Hertzian contact is not
uniform and were the first to show that thickener fibers
pass through the EHL contact under fully flooded condi-
tions. This was confirmed by Cann and Spikes (16).

The studies by Booser and Wilcock (17), Baker (18), and
Wikstr€om and Jacobson (19) showed that the film thickness
in a grease-lubricated bearing is determined by the lubricant
feed and loss mechanism. They listed various replenishment
mechanisms such as grease bleed, centrifugal force–induced
flow, and capillary forces. The loss mechanisms identified
are pressure-induced side flow, centrifugal force–induced
side flow, evaporation, cage scraping, oxidation, drop loss,
and polymerization (1). These replenishment mechanisms
were studied for single point contacts and for full bearings
(20–24). Today these replenishment mechanisms are yet to
be fully understood.

In 1974, Chiu postulated that replenishment mainly
occurs in between the balls in a bearing, denoted by “out of
contact replenishment”. He developed a model based on
surface tension, which he used to predict the onset of starva-
tion (25). In Chiu’s model, it is assumed that there is suffi-
cient oil available from the ridges along the track.
Guangteng and Spikes (26) studied film thickness under
extremely starved conditions, denoted by “parched
lubrication,” and showed that, at high speeds, the film thick-
ness levels off. They built a model in which the film thick-
ness is a function of the disjoining pressure. They concluded
that replenishment in the thick-film regime is dominated by
surface tension and that the disjoining pressure inhibits the
complete collapse of the film.
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Recently, Nogi (27, 28) simulated the starved EHL point
contact to study the effect of capillary number on starved
film thickness, considering the unevenly distributed oil film
in the inlet of the contact. In their simulations, instead of
assuming the inlet meniscus as a straight line as done by
Hamrock and Downson, they used a Coyne-Elrod theory to
obtain the inlet film thickness. The inlet meniscus position
was evaluated based on the inlet oil film thickness using the
Elrod algorithm. Fischer et al. (29) derived a parameter to
determine the transition to starved lubrication from fully
flooded condition based on the capillary number and there-
fore the contact angle of the base oil. The authors found
that starvation was controlled by the capillary number, a
function of the base oil surface tension.

Single contact measurements may not properly include
possible replenishment effects caused by preceding contacts
or, in general, by the thin-film flow on all surfaces in a bear-
ing such as described by Van Zoelen et al. (30). These single
contact measurements are very useful to understand some of
the basics in grease-lubricated bearings. However, we have
now reached a point where we can only achieve further
understanding by studying the film thickness in the grease-
lubricated bearing itself. The film thickness in a full bearing
at ultra-low speeds was measured by Morales-Espejel et al.
(31). They found that the film thickness is significantly
larger than that for base oil lubrication. For moderate speed
conditions, Cen and Lugt (32) reported that the relative film
thickness follows a power law relation with the product of
viscosity, speed, and half contact width.

To measure the film thickness in rolling bearings, the
most suitable method currently available is the electrical
capacitance method. The ball–ring interface resembles a
parallel-plate capacitor where the capacitance is determined
by the lubricant film thickness that separates the ball and
the ring. The capacitance method was first used by Lewicki
(33) and then by Crook (34), Dyson and Wilson (13), and
Wilson (12). Later, the method was refined by including the
capacitance formed outside the Hertzian zone. In this article,
we call this the “outside capacitance.” Barz (35) used a cor-
rection factor to compensate for this outside capacitance.
Cen and Lugt (36) used the calibration method developed
by Wilson (12), who neglected this effect. Jabloka et al.
(37–39) calculated the outside capacitance for fully flooded
conditions for a single point contact as well as for the full
bearing. In our work, we further developed their approach
for starved contacts; that is where the contact is not fully
flooded with lubricant. In addition, in our new method we
do not need to know the dielectric constant of the lubricant.
Finally, we do not need to make use of a density–pressure
relationship.

We will first describe the new method and later employ
it to study the film thickness in a grease-lubricated deep-
groove ball bearing as a function of speed for three different
temperatures. It was found that the film thickness at low
speeds is similar to or higher than the film thickness from
using just the base oil. Beyond a certain transitional speed,
we will show that the film thickness is almost independent
of speed.

Nomenclature

n Number of balls
C Capacitance F
�0 Permittivity constant [Fm�1 ]
�oil Dielectric constant of oil
A Area of the plate ½m2�
h Distance between the parallel plate ½m�
Ci Ball–inner ring capacitance ½F�
Ci, outside Inner ring outside capacitance for single contact ½F�
Ci,Hertz Inner ring Hertz capacitance for single contact [F]
Co Ball-outer ring capacitance ½F�
Co, outside Inner ring outside capacitance for single contact ½F�
Co,Hertz Outer ring Hertz capacitance for single contact [F]
Cinner Total inner ring capacitance [F]
Couter Total outer ring capacitance [F]
Ctotal Total calculated bearing capacitance [F]
Ctotal,meas Total measured bearing capacitance [F]
Cbackground Background capacitance [F]
Cflooded Flooded area capacitance [F]
hc Central film thickness [m]
h0 Ratio of outer ring to inner ring film thickness
hgap Distance between the ball and the surface [m]
hff , i Fully flooded inner ring central film thickness [m]
hff , o Fully flooded outer ring central film thickness [m]
hg, i Inner ring grease film thickness [m]
hg, o Outer ring grease film thickness [m]
hst Starved film thickness [m]
Ai Inner ring Hertzian contact area [m2]
Ao Outer ring Hertzian contact area [m2]
Ccav Capacitance at the outlet [F]

�air Dielectric constant of air
Coutside Outside capacitance of a single contact [F]
AHertz Hertzian contact area [m2]
Rx Reduced radius in the direction of motion [m]
U Dimensionless speed parameter
G Dimensionless material parameter
W Dimensionless load parameter
�cSt Kinematic viscosity [cSt]
c Constant in Walther equation [loglogcSt/logK]
K Constant in Walther equation [loglogcSt]
T temperature [K]
g0 Base oil viscosity [Pa.s]
us Entrainment velocity ½ms�1�
E0 Reduced elastic modulus [Pa]
F Force [N]
Ry Reduced radius in y direction [m]
Rx Reduced radius in x direction [m]
m� Dimensionless inlet distance at the boundary between

fully flooded and starved condition
m Dimensionless meniscus length from the centre of

the contact
b Half contact width in x direction [m]
a Half contact width in y direction [m]
Hi, ff Dimensionless inner ring fully flooded film thickness
Ro Outer ring radius in the rolling direction [m]
Ri Inner ring radius in the rolling direction [m]
Rb Ball radius [m]
gTo

Outer ring dynamic viscosity [Pa.s]
gTi

Inner ring dynamic viscosity [Pa.s]
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Film thickness measurement using electrical
capacitance

An in-house-made bearing test rig was used for measuring
the film thickness. The electrical capacitance was measured
using Lubcheck Mk3, a device developed by Heemskerk
et al. (40); see Fig. 1. Here, the test bearing is electrically iso-
lated, the stationary outer ring is directly connected to the
Lubcheck Mk3, and the rotating inner ring is connected
through a mercury contact. The detailed description of the
test rig is given by Cen and Lugt (36). The relation between
the Lubcheck output voltage Vcap and the electrical capaci-
tance of the bearing reads

Ctotal,meas ¼ ð10� VcapÞCref =Vcap, [1]

where Cref is a Lubcheck reference capacitance.
In this article, all measurements were performed with a

standard lithium hydroxystearate–thickened grease with a
mineral oil with a viscosity of 100 and 10 cSt at 40 and
100�C, respectively.

There are two commonly used methods to evaluate the
film thickness in a bearing using the electrical capacitance
method: (1) the calibration curve, method developed by
Dyson and Wilson (13) (which was also used by Cen and
Lugt (36)) and (2) a capacitance model method developed
by Jablonka et al. (37). Here, we review both because we will
use components of each in our new method.

Method 1 by Wilson

Because the measured bearing capacitance is influenced
by the outside capacitance, as discussed previously, and
the dielectric constant of the oil is pressure dependent,
obtaining the central film thickness from measurements is
not straightforward. Wilson (12) and, subsequently, Cen
and Lugt (36) made a calibration curve for a certain load
by performing a speed sweep with base oil, during which
they measured both the capacitance and the bearing tem-
perature and then calculated the film thickness for each
speed using Hamrock and Dowson’s fully flooded film
thickness equation. This then gives a relation between
film thickness and capacitance for a specific bearing load
and speed. The Hamrock and Dowson film thickness
equation is

hc
Rx

¼ 2:69U0:67G0:53W�0:067ð1� e�0:73kdÞ, [2]

where hc is the central film thickness (also subsequently
rewritten as hff, where ff stands for fully flooded); Rx is the
reduced radius in the x direction; U, G, and W are the
dimensionless speed, material, and load parameters; and kd
is the ellipticity parameter. The temperature was measured
on the outer ring of the bearing, and for each speed the
kinematic viscosity of the oil was calculated using Walther’s
equation:

log 10 log 10ð�cSt þ BÞ ¼ K � c logT, [3]

where B is a fluid-specific constant. For oil, B¼ 0.7. The
constants c and K can be calculated from the known viscos-
ities of the oil at two different temperatures via

c ¼ log 10 log 10ð�cSt1 þ BÞ � log 10 log 10ð�cSt2 þ BÞ
log 10T2 � log 10T1

[4]

K ¼ log 10 log 10 �cSt1 þ Bð Þ þ c log 10T1: [5]

The calibration for measuring the grease film thickness is
done with oil. It is uncertain to what extent thickener will
enter the contact and influence the dielectric constant. To
compensate for this, Wilson (12) added a small quantity of
di-(2-ethylhexyl) sebacate to the mineral oil.

However, we have not used any additives to compensate
for the dielectric constant because this difference was very
low (about 10%), as well as to avoid any changes in the ori-
ginal grease properties.

The approach is simple and easy to use. However, one
cannot distinguish between the film thickness on the outer-
ring and inner ring with this method. In addition, there is
no compensation in the calibration curve for the effect
of starvation.

Method 2 by Jablonka et al.

In the above method from Wilson (12), the test rig, includ-
ing the bearing, was modeled as a single capacitor. Jablonka
et al. (37, 38) developed a more advanced electrical model of
the bearing, with the work of Barz (35) as a starting point,
including the Hertzian contact capacitance, outside capaci-
tance, and background capacitance. The outside capacitance

Figure 1. Schematic representation of the bearing with Lubcheck (46).
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is the contribution to the total capacitance of the gap
between the ball and ring outside the Hertzian contact,
denoted here by hgap. The background capacitance is the
capacitance of the rig except for the contribution of the
EHL contacts. This background capacitance is independent
of the operating conditions of the bearing and can be
regarded as constant.

For a purely axially loaded ball bearing with n balls, all
balls are equally loaded and the film thickness between the
balls and rings can be considered equal for all balls. The
electrical circuit between the inner and outer rings therefore
consists of n capacitors in parallel where each of these again
consists of two capacitors in series, formed by the ball–inner
ring contact and the ball–outer ring contact. The film thick-
ness in the Hertzian contact is assumed to be uniform and
each contact can therefore be simulated by a parallel-
plate capacitor.

For a parallel-plate capacitor, the capacitance is given by

C ¼ �0�oilA
h

, [6]

where �0 is the permittivity constant ð8:85� 10�12F=mÞ, �oil
is the dielectric constant of the dielectric material (for
example, lubricating oil), A is the area of the capacitor plate,
and h is the distance between the parallel plates.

Figure 2 shows a single contact. It is evident that the total
capacitance is not only due to the Hertzian contact region,
but also includes the capacitance due to the outside regions.

The equivalent electrical circuit for a ball bearing with a
metal cage is shown in Fig. 3. For each ball, the ball–inner
ring capacity is

Ci ¼ Ci,Hertz þ Ci, outside [7]

and the ball–outer ring capacity is

Co ¼ Co,Hertz þ Co, outside, [8]

where the subscripts Hertz and outside indicate the Hertzian
and outside capacitances, respectively. For n number of
balls, the inner ring capacity reads

Cinner ¼ nCi [9]

and the outer ring capacity is

Couter ¼ nCo: [10]

Because the inner and outer ring capacitances are in series,
the equivalent/total capacitance of the bearing is given by

Ctotal ¼ 1
1

Cinner
þ 1

Couter

þ Cbackground, [11]

where Cbackground is the capacitance of the test rig itself,
which can be assumed constant.

For a single contact they calculated the outside capaci-
tance as

Coutside ¼ Cflooded þ Ccav, [12]

where, as illustrated in Fig. 6, Cflooded and Ccav are the
flooded region capacitance and the cavitated region capaci-
tance, respectively, given by

Cflooded ¼
ð ð

Aflooded

�0�oildxdy
hc þ hgapðx, yÞ [13]

and

Figure 2. Pictorial representation of a single point contact showing the flooded and cavitated regions around the Hertzian contact. Reproduced from Jablonka
et al. (37) with permission.
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Ccav ¼
ð ð

Acav

�0dxdy
hc
�oil

þ hgapðx, yÞ 1
�air

: [14]

The integration limits Aflooded and Acav are calculated based
on the following assumptions:

(1) On the inlet side of the contact, capacitance was calcu-
lated up to the point where the separation of the sur-
face is nine times the central film thickness assuming
the fully flooded condition.

(2) To calculate the capacitance on the side of the con-
tacts, it was assumed that oil fills the gap between the
ball and the bearing ring up to the shoulder.

(3) In the cavitation region, the capacitance was calculated
up to the distance where surface separation reaches
nine times the central film thickness.

It is assumed that the central film splits into two equal
halves, neglecting the effect of decompression at the outlet
(see Fig. 2). The Hertzian capacitance–film thickness rela-
tionship, from Eq. [6], reads

CHertz ¼ �0�oilAHertz

hc
, [15]

where hc is the central film thickness and AHertz is the Hertzian
contact area. The dielectric constant �oil at normal pressure
and temperature was obtained from published values in the lit-
erature. Jablonka et al. (37) used pressure– and temperature–-
dielectric constant relationships to obtain the dielectric
constant of the oil at higher pressure and temperature. The
background capacity Cbackground, in Eq. [11], was measured
with a hybrid bearing (i.e., with ceramic balls). In their experi-
ments, they used a single steel ball and the other balls were
ceramic. They roughly estimated the film thickness using
Hamrock and Dowson’s film thickness equation to calculate
the outside capacitance and measured the background capaci-
tance. The final film thickness was then obtained by consider-
ing the inner and outer ring capacitances in series, as done in
Eq. [11]; thus,

Ctotal ¼ 1
1

n �0�oil
Ai,Hertz

hc, i
þCi, outside

� �þ 1

n �0�oil
Ao,Hertz
hc, ih0

þCo, outside

� �
þ Cbackground, [16]

where h0 ¼ hc, o
hc, i

, Ai,Hertz and Ao,Hertz are the Hertzian contact
area on the inner ring and outer ring, and Ci, outside and

Figure 3. Equivalent electrical circuit showing capacitances at the ball–ring interfaces.

Figure 4. Calculated and measured total capacitance versus film thickness for (a) inner ring and (b) outer ring film thickness. Fa ¼513 N; Li/M bled oil. Here the
dielectric constant was determined using a single speed.
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Co, outside are outside capacitances of the ball–innerring and
ball–outer ring contacts.

So far, all methods are calibrated by assuming fully flooded
conditions. However, grease-lubricated bearings usually run
under starved lubrication conditions, leading to a somewhat
lower capacitance for the same film thickness. In the method
by Jablonka et al. (37, 38), the outside capacitance is overesti-
mated if the bearings are running under starved lubrication.

The new method

The starting point of our new method is Jablonka et al.’s
(37, 38) capacitance model. However, we will determine the
dielectric constant of the oil within the set of experiments
without using any pressure– and temperature– dielectric con-
stant relationships. We also do not require a rough estimate of
film thickness otherwise required to calculate the outside cap-
acitance. In this study, we include the effect of starvation,
which is a very significant consideration in grease lubrication.

Determination of the dielectric constant

Similar to Jablonka et al. (38), we will use an electrical
model in combination with a capacitance measurement for a
fully flooded bearing lubricated with base oil. This is done
via the following procedure:

(a) Measure the background capacitance using a cer-
amic bearing.

(b) Measure the capacitance and temperature in the test
bearing using the base oil at a particular load and
speed (for example, 513 N and 400 rpm).

(c) Calculate the fully flooded inner ring film thickness
(hff , i) and outer ring film thickness (hff , o) using the
Hamrock and Dowson film thickness equation
(Eq. [2], with viscosity estimated from the measured
outer ring temperature). Then substitute these into the
capacity–film thickness equations for the outside and
the Hertzian regions (Eqs. [12]–[14]).

(d) Substitute the measured total capacitance (Ctotal) from
step (2) into Eq. [16] and rearrange to solve for the
dielectric constant �oil.

We can now verify whether the obtained dielectric con-
stant is valid for any film thickness measurement under this
specific load by making a constant load speed sweep, while
measuring the capacitance and temperature at each speed.
Figure 4 shows that there is indeed a good correlation
between measured and calculated total capacitances for both
inner and outer film thicknesses, indicating that the same
grease–oil dielectric constant can be used to obtain film
thickness (or speed) for a particular load.

The measured dielectric constant via this method was
�oil ¼ 4:06: The literature gives values for various greases
varying between 2.88 to 4.76 at atmospheric pressure (41).
Pressure increases the dielectric constant (42), so finding a
somewhat higher value is plausible.

Determination of the film thickness

Obtaining grease film thickness during starvation
Under starved lubrication conditions, the inlet of the contact
will be partially filled up to an inlet meniscus. This is illus-
trated in Fig. 5. The contribution to the capacitance in the
inlet of the contacts will therefore be given by part of the
gap filled with oil and part of the gap filled with air and oil
layer. The outside capacitance is therefore now a function of
the severity of starvation and can only be calculated if the
inlet meniscus position is known.

The equation used to calculate the film thickness hst as a
function of the meniscus position, also called ’inlet distance’,
is from Dowson and Hamrock (9) and reads

hst ¼ Hff Rx
m� 1
m� � 1

� �0:29

, [17]

where m ¼ x=b is the dimensionless inlet meniscus position
(x is the meniscus position and b is the half contact width
in the x direction); m� is the limit of the dimensionless
meniscus distance beyond which fully flooded film thickness
occurs, obtained from

m� ¼ 1þ 3:06
Rx

b

� �2

Hff

" #0:58

, [18]

and Hff ¼ hff =Rx is the dimensionless fully flooded film
thickness, calculated using Eq. [2]. The dimensionless
meniscus position m will be calculated using an iterative
approach. The central film thicknesses for the inner ring is
then obtained from Eq. [17]. The outer ring film thickness

Figure 5. A simplified starved contact condition showing meniscus position on
the track.

Figure 6. A simplified fully flooded contact condition showing oil around
the contact.
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is calculated assuming the film thickness ratio for starved
and fully flooded conditions are equal. Using this film thick-
ness and meniscus position, Ctotal is calculated. When the
contact runs starved, it is assumed that the region outside
the running track is still completely filled with oil. The inlet
side of the track behind the meniscus is also assumed to be
completely filled with oil. The gap between the ball and ring
up to the meniscus is filled with air and a layer of oil. The gap
between the ball and ring at the outlet across the track is also
filled with air and a layer of oil. As mentioned previously, it is
assumed that the central lubricant film splits into two equal
halves, neglecting the effect of decompression at the outlet.
The same dielectric constant of the oil is used for the Hertzian
region (pressurized region) and the outside region (depressur-
ized region). The iterative process to find the inlet meniscus
position for calculating the starved central film thickness is

(1) Assume m¼ 1.
(2) Calculate the inner ring starved film thickness hst, i

using Eq. [17].
(3) Assume that the ratio of outer and inner ring film

thicknesses during starvation is equal to that under
fully flooded conditions

h0 ¼ hc, o
hc, i

¼ RoðRi þ RbÞ
RiðRo � RbÞ

� �0:476 gTo

gTi

� �0:67

[19]

and calculate the outer ring film thickness hst, o:
(4) Using the dimensionless meniscus position and the

film thicknesses, calculate the Ctotal.
(5) Compare the measured and calculated Ctotal.

If the difference is not sufficiently small (e.g., less than 1%
difference), check whether the contact is starved or fully
flooded by comparing m and m�: When m � m� the contact
is fully flooded; otherwise, it is starved. For starved condi-
tions, repeat the process by slightly increasing the meniscus
position. For fully flooded conditions, follow the steps
described in the next section.

Stop the iteration when the difference is sufficiently small.

Measuring fully flooded grease film thickness

In grease lubrication, the film thickness could be greater than
the fully flooded base oil film thickness. This is caused by a
higher viscosity of the grease than its base oil, generally observed
at low shear rates, hence at very low bearing speeds. In this
case, the area around the contact excluding the outlet region is
considered to be filled with oil. At the outlet region the space
between the ball and ring across the track is considered entirely
filled with a layer of oil and air. This is depicted in Fig. 6. Now,
the total capacitance is only a function of central film thickness.
Here, we vary Hff in Eq. [17] until the calculated total capaci-
tance (Ctotal) matches the measured capacitance. The iterative
process to find the fully flooded film thickness is

(1) Increase the Hff , i in Eq. [17].
(2) Use Eq. [19] to calculate the outer ring film thick-

ness hff , o:

(3) Use these film thicknesses to calculate the total capaci-
tance Ctotal.

(4) Compare the measured and calculated Ctotal. If the dif-
ference is sufficiently small (less than 1% difference),
the film thickness is correct. If not, slightly increase
Hff , i and repeat the process.

The flow chart of the newly proposed film thickness
measurement procedure is shown in Fig. 7.

To demonstrate the effect of starvation on the film thick-
ness estimation, a worst case (severe starvation) example calcu-
lation is performed. For this, a 6209 deep-groove ball bearing
with 513 N axial load and Li/M bled oil was selected. For a set
of assumed capacitances, the film thicknesses were calculated
using Wilson’s method. Next, using the new method, the film
thicknesses were calculated for the same assumed capacitances
considering inlet of the contact as severely starved. Here, we
considered that the gap between the ball and track in the inlet
side is filled with air and a layer of oil while calculating the
total capacitance Ctotal. Figure 8 shows a significant increase in
the predicted/estimated film thicknesses if the starvation effect
is excluded. The percentage deviation of the calculated film
thicknesses without considering starvation was up to 20% in
this particular case.

Figure 7. Flowchart of the newly proposed procedure for determining film
thickness in grease lubricated roller bearings.
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Measurement results

Grease film thickness was measured on 6209-2RZ bearing
using Li/M grease with 30% of the free volume filling. The
bearing was run for 100h to allow completion of the churn-
ing phase. Without replacing the grease, all of the following
film thickness measurements were made. The speed was var-
ied from 600 to 4,000 rpm. At every speed, film thickness
was measured at three different temperatures. A heat gun
and a fan were used to control the temperature. At every
speed, the temperature and film thickness were allowed to
reach a stable value, and average temperature and film
thickness were considered for analysis. The measurements
were repeated three times to ensure repeatability.

Figure 9 shows that the film thickness is low during the
churning phase due to the high temperatures caused by drag
and viscous forces leading to high friction and therefore
heat generation. After the churning phase, the film thickness
becomes steady. This steady phase is the region of interest.
The operating conditions are very mild where no significant

grease degradation will take place. Moreover, the films are
much larger than the surface roughness and the loads are
low, causing no bearing damage. Hence, we can use the
same bearing for all of our measurements without re-filling
the bearing with fresh grease for every measurement.

Figure 8. Difference in calculated film thickness from Wilson’s method and the new method. Note that this is for an extremely starved condition. (a) Inner ring and
(b) outer ring.

Figure 9. Example of three film thickness and temperature measurements
showing that the film thickness is stable after about 60 h. After each measure-
ment the grease was replaced with fresh grease. 6209-2RZ bearing running
under self-induced temperature conditions with Li/M grease; load ¼ 513 N,
speed ¼ 4,000 rpm.

Figure 10. Comparison of film thickness between fresh grease (Trial 0)—in
which each measurement uses fresh grease—to without fresh grease (Trials 1,
2, and3)—in which the same grease is re-used throughout. 6209-2RZ bearing
with Li/M grease; load ¼ 513 N.

Figure 11. Film thickness versus speed for three different temperatures. 6209-
2RZ bearing with Li/M grease; load ¼ 513 N.

8 P. SHETTY ET AL.



To check whether using the same bearing that has com-
pleted the churning phase without freshly re-filling for each
subsequent measurement influences the results, a series of
measurements was made with freshly filled grease at each
speed. After each fresh filling, the bearing ran for 20h, and
film thickness was averaged over the last hour. The tempera-
ture was maintained at 70�C for every measurement. It can
be seen from Fig. 10 that the film thicknesses of the freshly
filled grease (Trial 0) and those without fresh grease (Trials
1, 2, and 3) are very similar, with the freshly filled grease
having slightly lower film thickness than those without
freshly filled grease. This is because each fresh grease meas-
urement was taken after only 20h of running; it is evident
from Fig. 9 that at 20h duration, film building may
be incomplete.

Figure 11 plots the film thickness versus speed for three
temperatures. For each temperature, the film thickness
increases up to a certain speed, after which it becomes
almost constant. At low speeds, the curves typically follow
fully flooded behavior: they increase linearly with the speed
on a log-log scale (refer to Fig. 12). At higher speeds, when
the oil supply and/or replenishment is limited to the contact,
the slope decreases up to a certain speed, a result of starved
lubrication after which it becomes almost zero. This behav-
ior is similar to what was found earlier in single contact
measurements, such as those from Guangteng et al. (43) and
Cann et al. (20). They also found that the film thickness

became constant with increasing speed at some point.
However, in these single contact film thickness measure-
ments, this happened under severe starvation. We see here
that this phenomenon already occurs when the film thick-
ness is about 30% of the fully flooded values. A possible
explanation for the deviation from the single contact meas-
urements could be due to differences in lubricant supply
and loss mechanisms to the contacts. Some of these are the
differences in grease reservoir adjacent to the tracks, oscula-
tion, and the fact that the contacts are elliptical in real ball
bearings as opposed to the circular contacts in the single
contact setups.

The film thickness becoming independent of speed was
previously observed by De Laurentis et al. (44), Barz (35),
and Cen and Lugt (36). This effect was already predicted by
Van Zoelen et al. (10) in their starved EHL model without
replenishment. They showed that side flow out from the
Hertzian contacts is governed by the time the lubricant
spends in the contact (residence time) and the frequency of
overrolling. These effects cancel each other out and the net
result is that the film thickness is independent of speed. Van
Zoelen’s model applies to severely starved conditions and
also results in a continuously decreasing film in time, none
of which occurs here. Hence, the model cannot be applied
to predict the film thickness in a grease-lubricated bearing.
In our study, we see a supply of lubricant towards the con-
tacts that is enough to maintain a film. This supply is inde-
pendent of the space between balls and must therefore be a
local replenishment effect (36).

Figure 13 shows the relative film thickness hg=hff versus
speed at the three test temperatures. When hg=hff � 1, fully
flooded conditions persist; when hg=hff < 1, lubrication is
starved. Figure 13a shows the results at 61�C. At speeds
lower than 1,000 rpm, relative film thickness is greater than
one. After 1,000 rpm, the relative film thickness is less than
one, indicating starved lubrication. For 70 and 80�C meas-
urements, a similar behavior is observed but with different
transition speeds for each temperature. The transition from
fully flooded condition to starved condition takes place at
about 1,500 rpm for 70�C and at 2,500 rpm for 80�C. This
indicates that the transition from fully flooded condition to
starved condition depends on the viscosity of the base oil as
well (given that viscosity is a function of temperature).

A further analysis of the film thickness was carried out as
shown in Fig. 12, which shows that the slope of the film

Figure 12. Film thickness versus speed on a log-log scale; 6209-2RZ bearing
with Li/M grease; load ¼ 513 N.

Figure 13. Relative film thickness versus speed at (a) 61�C, (b) 70�C, and (c) 80�C. 6209-2RZ bearing with Li/M grease; load ¼ 513 N.
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thickness versus speed on log-log plot is 0.67 at lower speeds
for all three tested temperatures. From this we can conclude
that we can safely use the fully flooded oil film thickness
equations to estimate the grease film thickness in bearings
using the base oil properties at lower speeds. It should be
noted that the real film thickness could be slightly higher
than the calculated value. As mentioned above, the film
thickness at very low speed is larger than the fully flooded
base oil film thickness because of the higher grease viscosity
at very low shear rates (and therefore very low speeds in a
bearing). The viscosity approaches the base oil viscosity at
high shear rates (so higher bearing speeds) (31), so here the
film thickness is quite similar to values predicted using the
base oil viscosity. In addition to this shear thinning effect,
the film thickness could be larger due to thickener particle
entrainment in the contact (45). Single contact measure-
ments on ball-on-disc rigs using optical interferometry have
shown that lumps of thickener enter the contact at very low
speeds (15). This gives a nonuniform film thickness, varying
in time. The electrical capacitance is inversely proportional
to the thickness of the film, which implies that even small
local thin areas of the film have a large impact on the meas-
ured film thickness. These “perturbations” will therefore
cause much “spread” in the measured film thickness. The
combination of film nonuniformity and the non-Newtonian
grease rheology leads to very thick films with fluctuating
minimum thickness at very low speed, thereby leading to a
spread in measured values.

A major difference between our measurements (with
pure axial load—hence, all balls are equally loaded, giving
equal contact widths) and the measurements that use optical
interferometry is that the latter are performed in contacts
where one of the surfaces is flat. This means that there is a
very large osculation and that grease can flow freely side-
ways. In bearings the osculation is small and grease is
trapped in between seals/shields and the track. The contacts
in real bearings are therefore not getting starved as easily as
in these “model configurations.” It takes much longer before
starvation occurs. We expect therefore that starvation will
start to occur at higher speeds and that the replenishment
rates will be different, leading to a different film thickness–
speed relation. Note that the basic physics is similar; only
the ratio of side flow to replenishment is expected to be dif-
ferent between single contact measurements and actual bear-
ing measurements. This leads to similar film thickness
versus speed curves, but with different coefficients.

Conclusions

An improved film thickness measurement method, based on
an electric capacitance model, including the effect of starva-
tion, has been developed. Under an extremely starved condi-
tion, film thickness estimation/prediction could be about
20% higher when starvation effects are excluded. The newly
developed method has been used to measure the film thick-
ness in grease-lubricated deep-groove ball bearings as a
function of speed at three different temperatures. It is shown
that at lower speeds the grease film thickness increases with

speed, similar to the base oil film thickness. After a critical
speed, the grease film thickness becomes almost independent
of speed.
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