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ABSTRACT
Five common ball bearing greases were studied using a grease-on-paper test configuration, where
the bleeding of greases is described by the dynamics of a driving capillary pressure provided by
the paper and its opposing counterpart in the grease matrix. The Washburn-like model for extract-
ing the retaining capillary pressure, determined by the affinity of the oil for the grease matrix, has
proven to be applicable for greases made of various type of thickeners and base oils, and can
potentially contribute to modelling the bleeding of stationary grease as well as to monitoring the
change in bleeding properties of greases in a bearing.
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Introduction

Grease is the most widely used bearing lubricant, consisting
of 60-95% base oil, 3-25% thickener and up to 10% additives
(1). The thickener forms a self-assembled network, also
referred to as grease matrix, with a microstructure that
depends on the chemical composition of the grease (2–5).
For example, a mixture of calcium sulfonate and calcium
carbonate usually leads to a grease matrix made up of
agglomerated particles (6, 7), while lithium or calcium di-
12-hydroxystearate usually form a fibrous microstructure (2,
8–10). Grease serves as an oil reservoir in a bearing. The
base oil is slowly released from the grease matrix and deliv-
ered into the bearing contacts. This process of oil separation
from the grease matrix, also known as bleeding, has a large
impact on the grease life and hence the re-lubrication inter-
vals of a rolling bearing.

In practice, grease life is usually modelled using acceler-
ated tests, where the grease is subjected to severe conditions
which ensure failures at an acceptable timescale, typically
1000 hours (11). The empirical models for such tests require
a large test population and are only accurate within the
domain in which the tests were executed. This domain is
given by a range of operating conditions with various
speeds, loads, temperatures, bearing types and sizes, etc.,
which is again limited owing to practical reasons, such as
the test capacity and the type of test rig. It is therefore
important to develop mechanistic models based on the phys-
ics and chemistry of grease lubrication in rolling bearings
which allow better prediction of the grease life under the
actual operating conditions of the bearing.

The lifetime of a grease can end due to several reasons;
an important one is related to bleeding. The end of the
grease life is usually given by the point in time where the
rate of bleeding is insufficient to compensate for the rate of
oil loss in the bearing contacts (12, 13). Excess bleeding will
lead to exhaustion of grease and can be used as an indicator
for predicting grease failure (14). While lots of attention has
been given to these oil loss mechanisms, such as the side
flow in the starved elasto-hydrodynamic lubrication (EHL)
contacts (15–17), much less has been learnt about grease
bleeding - the main feeding mechanism. Bleeding of grease
is usually measured using the conical sieve bleeding methods
(e.g. DIN 51817, ASTM D6184) and modelled based on
Darcy’s law, which nicely explains the scaling relation
between the grease bleeding rate and the inverse of oil vis-
cosity (18). Darcy-based models consider the grease matrix as
a porous material through which the oil creeps out. Here the
rate of bleeding is determined, among others, by the pressure
gradient, the viscosity of the oil and the permeability of the
grease matrix. Based on this concept, Baart et al. (19) proposed
that the permeability of the grease matrix decreases during
bleeding, due to the fact that the grease matrix collapses due to
centrifugal forces caused by rotation of the bearing. Their
model is promising for describing bleeding of grease subjected
to enormous centrifugal forces, such as the grease located on
the cage. However, the grease contact repels during the churn-
ing phase (13) and the grease tends to settle at the outer ring
shoulder and on the seal (10, 20). Free from the massive body
forces due to rotation, this grease volume can be consid-
ered stationary.
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This stationary grease can have a major contribution to
long-term bearing performance (21). Hibino and coworkers
demonstrated that the grease life can be extended almost
linearly by enlarging the cavities in the bearing in which the
stationary grease settles (region 5 in Figure 1) (22, 23). The
bleeding rate from this stationary grease is very low and can
therefore persist for a long time. Owing to the low volume
fraction of grease thickener, Saatchi et al. (24) noted that the
permeability of the grease matrix would be too high to
maintain a small bleeding rate without another mechanism
that slows down bleeding. They introduced a so-called
“effective volume” around the grease thickener particles/
fibers, within which oil is considered immobile, thereby
decreasing the porosity and permeability of the grease
matrix. Their model successfully explained the elevated
bleeding rate of calcium carbonate grease after a certain
degree of dilution.

Another explanation ascribes the controlled bleeding of
stationary grease to a low pressure in the grease matrix due
to capillarity (18, 25–30). Based on this idea, we developed a
grease-on-paper test configuration for characterizing the
capillary pressure inside the grease matrix that slows down
bleeding. The affinity of bled oil for the grease matrix, which
determines this retaining capillary pressure, is estimated
using a Washburn-like model based on Darcy’s law, which
has been discussed in details in our previous work (31).
Here, five commonly used ball bearing greases are studied,
confirming the applicability of this model for greases made
of a wide variety of thickeners and base oils. The results
demonstrate the potential of this model for describing and

predicting bleeding of stationary greases in a bearing and as
a building block of the grease life model for monitoring the
mechanical aging of greases in a bearing.

Modelling static grease bleeding

From a real bearing to a test configuration

In a bearing, the stationary grease reservoirs are typically
formed between the outer ring of the bearing and the seal,
as illustrated in Figure 1. The reservoir gradually releases oil
into the oil film in the vicinity of the EHL contact. Due to
capillary forces at the steel surface (32) and/or centrifugal
forces caused by rotating balls (33, 34), this oil film is grad-
ually pulled towards the center of the track to the EHL con-
tact. In our previous investigation we explained the bleeding
dynamics of stationary grease from the perspective of the
balance between an external driving pressure and an oppos-
ing capillary pressure in the grease matrix (31). In this
bleeding model, the grease matrix is described as a porous
matrix from which the oil bleeds, base on the Darcy’s
approach. The rate of bleeding is not only determined by
the aforementioned pressure difference, but also by the vis-
cosity of the base oil and the pore fraction and permeability
of the matrix.

The model was verified using a test configuration
inspired by two bleeding tests (35, 36), where the complex
geometry of the grease reservoir in a bearing is simplified by
a cylindrical grease volume and absorbing paper is used in
replacement of steel surface so as to facilitate the grease

Nomenclature

Latin
Apx Pixel area, mm�1

a Base radius of the grease patch, mm
b Thickness of the paper, mm
c1, c2 constants, –
cg Specific wetting area per mm3 grease volume, mm�1

Cw
g Cg=/g , mm�1

g Gravitational acceleration, m � s�2

h Height of oil front in the grease matrix during grease
bleeding, or in the paper during capillary rise, mm

h0 height of the grease patch, mm
I Intensity, –
i, j Coordinates for a image, –
kg, kp Permeability of grease matrix/paper, mm2,lm2

m Mass of oil, mg
nðsÞds Number density of thickener fibres of radius between s

and s þ ds; mm�1

p Pressure, Pa
pa Pressure in the paper at r ¼ a, Pa
pb Average pressure in the grease at z ¼ 0, Pa
V Volume, mm3

v Velocity, mm/s
Q Flux, mm3=s
R Effective radius, mm
R fr Front radius, mm
Rmax Maximum effective radius, mm
r, z Coordinate systems, –
S Integrated intensity, –
S1 Integrated saturated intensity, –

s Thickener fibre radius, mm
t Time, s
tg , ts, tr Characteristic spreading/grease bleeding/capillary rising

time, s
tmax The time at which the oil drop is fully absorbed by

paper, s
w Constant, initial slope of height versus square-root of

time, m � s�1=2

Greek
b Constant, –
c Interfacial tension, N/m
Dpg ,Dpp Capillary pressure in grease matrix/paper, Pa, kPa
DP Dpp � Dpg , Pa, kPa
g Viscosity, Pa � s
n ðR=aÞ2 ¼ m=m0, dimensionless radius squared, dimen-

sionless mass, –
/g ,/p Porosity/volume fraction of grease matrix/paper, –
q Density of oil, mg=mm3

s Dimensionless time

Subscript
bg Background
g Grease
l Liquid
p Paper
r, z radial and vertical directions/capillary rise
1 Infinity/ambient
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bleeding process. By tracing the transmitted light intensity
of the oil stain, we quantify the rate of bleeding and the
determined capillary pressure in the grease. The details of
the model are described in the next section.

Flow equations for the test configuration

The oil flow in the grease matrix and blotting paper can be
described by Darcy’s law:

�rpþ q~g ¼ g~v
k

[1]

where rp is the pressure gradient, ~g the gravitational accel-
eration, q the density, g the dynamic viscosity of the oil, k
the permeability of the grease matrix and ~v is the flow vel-
ocity averaged over the surface perpendicular to the flow.
Since the stationary grease matrix is considered to be static
during bleeding, its permeability kg is considered to be con-
stant. Therefore, the above equation is reduced to �@zp�
qg ¼ gvz=kg , while for the paper, it becomes �@rp ¼
gvr=kp: By expressing vz and vr in the volumetric flow rate
Q according Q ¼ �pa2vz in the grease and Q ¼ 2prbvr in
the paper, we obtain by integration the pressure field p(z) in
the grease and p(r) in the paper:

pðzÞ � pb ¼ qgz þ gQ
pa2kg

z [2]

pðrÞ � pa ¼ � gQ
2pbkp

ln ðr=aÞ [3]

where pa is the pressure in the paper at r ¼ a and pb is
the average pressure in the grease at z¼ 0; pb � pa ¼
gQ=ð8pbkpÞ:

Equation 2 holds for 0 � z � h � h0, where z ¼ h is at
the oil-air interface in the grease, and Equation 3 for a �
r � R, where r ¼ R is at the oil-air interface in the paper.
Note that in practice the oil front is not as sharp as illus-
trated in Figure 2a, because the pores in the paper are par-
tially saturated. The transmitted light intensity profiles
indicate a diffusive oil front. To address this problem, we

define R �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V=ðpb/pÞ

q
, as the radius of an effective oil

stain of the same volume V but with a sharp oil front, as
indicated in white dashed lines in Figure 2b. (31)

With the above two equations, we can calculate the pres-
sure difference pðhÞ � pðRÞ ¼ Dpp � Dpg , where Dpp is the
pressure drop across the oil-air interface in the paper and
Dpg the pressure drop across the oil-air interface in the
grease matrix:

Dpp � Dpg � qgh ¼ gQ
8pbkp

1þ ln ðR=aÞ4
� �

þ gQ
pa2kg

h [4]

Anticipating that Dpp � Dpg � qgh0 we neglect the term
qgh on the left hand side of Equation 4. Moreover, if
a2kg � 8bh0kp, the last term on the right hand side can be
neglected, too. In the discussion section, we will verify that
these assumption indeed hold. Therefore, Equation 4
reduces to:

Dpp � Dpg ¼ gQ
8pbkp

1þ ln ðR=aÞ4
� �

[5]

The volumetric flow rate can be expressed in the speed _R
of the front of the stain at radius R, Q ¼ 2pRb/p

_R:

Substituting this expression in Equation 5 we obtain a dif-
ferential equation for the time evolution of the stain radius:

d
dt

ðR=aÞ2 ¼ 1
tb

1

1þ 2 ln ðR=aÞ2 [6]

where tb is the characteristic bleeding time:

tb ¼
ga2/p

8kpðDpp � DpgÞ [7]

Solving the differential equation, with the initial condi-
tion Rðt ¼ 0Þ ¼ a, leads to:

t=tb ¼ 2ðR=aÞ2 ln ðR=aÞ2 þ 1� ðR=aÞ2 [8]

where R grows from a at t¼ 0 to eventually Rmax, where
Rmax is determined by the total amount of the oil initially
available in the grease patch, i.e. /gpa

2h0 ¼ /ppRmax2b, so

Fig. 1. Schematic representation (not to scale) of static grease bleeding in a
ball bearing (cross-sectional view), assuming inner ring rotation. 1: Outer ring;
2: inner ring; 3:seal; 4: grease under the cage; 5: static grease reservoir and 6:
oil film

Fig. 2. a) A schematic representation of the test configuration (not to scale). b)
Top-view snapshots of CaS/MS grease during bleeding. Dark circle in the center:
the grease patch; solid blue lines: intensity contrast (I=Ibg) profile of the oil
stain; dashed blue lines: the effective intensity contrast profile
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Rmax=a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/gh0=/pb

q
: In the range of interest, 0:25 <

t=tb < 10, we can approximate this expression with an error
less than 1% by:

R=a ¼ 0:896þ 0:39
ffiffiffiffiffiffiffiffi
t=tb

p
[9]

Grease microstructure and the oil-matrix affinity

As discussed in section 4.1 the bleed rate is the result of a
competition between the driving capillary pressure in the
paper and the opposing capillary pressure due to the affinity
of the oil for the grease matrix (31). The capillary pressure
can be calculated by balancing the surface energy,
CgDcg dV, of the wet fibers in a control volume dV with
the virtual work Dpg /gdV done by the pressure drop over
the control volume:

Dpg ¼ Cw
g Dcg [10]

where Cw
g ¼ Cg=/g is the specific wetting area per unit vol-

ume of oil in the grease matrix, while Dcg is the change in
interfacial tension after the grease matrix is wetted by the
oil, representing the wetting affinity of the oil for the surface
of the grease matrix. For a fibrous matrix the specific wet-
ting area Cw

g can be determined from the fiber distribution

nðsÞds, i.e. the number density of fibers with a radius
between s and s þ ds, as:

Cw
g ¼ b ð1� /gÞ

/g

Ð
sb�1 nðsÞdsÐ
sb nðsÞds [11]

where b¼ 2. For greases with an aggregated particle matrix
the same expression can be used, where s is the radius of
the particle, but now with b¼ 3. Assuming a monodisperse
fiber or particle matrix with radius s, the above equation
simplifies to:

Cw
g ¼ b ð1� /gÞ

/g s
[12]

Materials and methods

Grease types

Five common commercial ball bearing greases were used.
Bled oils were extracted for control measurements from the
greases via centrifugal filtration at 1000 �g at 20� C through
a polyvinylidene fluoride (PVDF) membrane of pore size
0.45 lm. The viscosity of the bled oils were measured using
a rheometer with a couette geometry. The surface tension of
the bled oils was determined via pendant drop method using
an optical contact angle measuring and contour analysis sys-
tem. The specifications of the greases and their base oils are
summarized in Table 1.

Experimental setup

For the grease bleeding experiment, the five greases are
deposited at the center of the paper in a cylindrical shape
using a glass model and a spatula. The base radius of the
grease patch is 5mm and the height is 1.1mm. As control
measurements, the bled oil extracted from the same grease
is placed onto the paper. All measurements were performed
in triplicates. During the experiment, chromatography paper
of porosity (39.8 ± 0.2)%, of thickness 167 lm and with pore
sizes ranging from 1-30 lm, is clamped between two plastic
rings so as to minimize the contact between the paper and
the solid surface. As the oil is absorbed by the paper, a
translucent oil stain appears and grows in radial direction.
The paper is illuminated from below using a LED pad. The
transmitted intensity map of the oil stain is recorded from

Table 1. Properties of the commercial greases and their bled oils; and the values of the fit-parameters obtained from the grease bleeding tests, the oil drop
spreading tests and the initial-stage capillary rise tests.

Grease Li/M Li/SS LiC/PAO PU/e CaS/M

Color code Teal Cyan Pink Olive Purple
Thickener
Type Lithium soap Lithium soap Lithium soap/

Calcium soap
Polyurea Calcium sulfonate/

Calcium carbonate
Microstructure Fibrous Fibrous Fibrous Fibrous /platelets Agglomerated particles
Base oil
Type Mineral oil Semi-synthetic

mineral oil
Polyalphaolefin Ester oil Mineral/synthetic oil

Density ðkg=m3Þ 900 910 850 910 900
Volume fraction ð%, v=vÞ 86 84 81 76 74
Viscosity ðPa � s, 20�CÞ 0.35 0.10 0.27 0.19 0.24
Surface tension ðmN=m, 20�CÞ 32.3 ± 0.0 32.3 ± 0.3 31.2 ± 0.3 28.9 ± 0.2 31.8 ± 0.2
Refractive index ð20�CÞ 1.49 1.47 1.47 1.48 1.49
NLGI 3 2-3 2-3 2-3 1-2
Worked penetration ðmm=10, 60strokesÞ 207 270 230-260 283 280-310
Oil separation (DIN 51817) (7d, 40�CÞ 2.10% 4.90% 0.50% 0.50% 1.10%
Calibration coefficients
c1Apxðmm2Þ 26.6 ± 2.6 22.6 ± 3.0 25.7 ± 1.6 21.8 ± 1.3 22.5 ± 2.0
c2 1.80 1.80 1.90 1.70 1.75
Fit-parameters
Grease bleeding a2b=tb ð10�4 mm2=sÞ 126 ± 2 588 ± 92 32 ± 4 69 ± 4 21 ± 0
Oil drop spreading a2s =ts ðmm2=sÞ 0.08 ± 0.00 0.27 ± 0.02 0.06 ± 0.01 0.14 ± 0.02 0.07 ± 0.02
Capillary rise w ðmm � s�1=2Þ 0.130 ± 0.003 0.241 ± 0.009 0.117 ± 0.007 0.168 ± 0.003 0.125 ± 0.012
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the top view using a CCD camera. Figure 2b shows typical
snapshots of the oil stain during grease bleeding.

The transmitted intensity contrast I=Ibg is converted into
the mass of oil using a modified Lambert-Beer’s model that
we previously described (31):

mði, jÞ ¼ qbApxc1 ln Iði, jÞ=Ibg
� �c2 [13]

except the region cover by the grease patch is assumed to be
instantaneously saturated by the oil:

mði, jÞ ¼ qbApx/g [14]

Here, I(i, j) and m(i, j) are the transmitted intensity and
the mass of oil in the pixel at position (i, j); Ibg is the aver-
age background intensity; Apx is the area of a single pixel; c1
and c2 are constants determined by calibration. The details
of the calibration procedure can be found in (31). The val-
ues of the calibration constants for the bled oils are given in
Table 1. The effective radius of the oil stain, R, is therefore
determined by:

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i, j

mði, jÞ=ðpbq/pÞ
s

[15]

Capillary rise

To characterise the capillary pressure and the permeability of
the paper, capillary rise experiments were performed.
Chromatography paper stripes of 10mm by 200mm are dipped
vertically in oil baths of the five bled oils. The rising front of
the oil was recorded during the first 1000 s in side view using a
CCD camera and backlight provided by the LED pad. For the
bled oil of PU/e grease, an extended 5-day experiment has been
performed. The oil front was identified using the inbuilt
MatLab” edge” function and the” Canny” algorithm.

Results

Grease bleeding behaviour

The effective radii R of the oil stains resulting from bleeding
of the five greases have been plotted versus the square-root
of time in Figure 3a. Although performed at a different

temperature, the bleeding dynamics of the five greases shows
a consistent trend with the final bleed rates of DIN 51817
oil separation tests given in Table 1. Using the initial radius
a and bleeding time tb as fit-parameters, the model calcula-
tions fits nicely to the experimental data. In Figure 3b we
show the scaled radius R/a versus t=tb and, in the inset,ffiffiffiffiffiffiffiffiffiffi

t=tb
p

: Three regimes can be identified in these bleeding
curves. At the initial stage of bleeding (typically for t=tb <
0:25, all bleeding curves starts with an effective radius
slightly larger than 5mm, the base radius of the grease
patch, however, the effective radii barely grow in this
regime. This is an artefact introduced by our assumption
during image analysis due to the difficulty in quantifying
the oil amount with a translucent grease patch above the
paper. Since the paper is very thin as compared to the base
radius of the paper, we considered this area to be spontan-
eously wetted. However, the timescale for penetration of the
oil in the vertical direction turns out not negligible, possibly
due to the larger pore sizes in the depth direction and con-
sequently smaller driving force for the liquid transport.
Therefore, the effective radius of the stain during the initial
stage of bleeding is overestimated and is not taken into
account forfitting.

In the second regime, the bleeding curves show a
Washburn-like behaviour, that is, the effective radius R
depends linearly on the square-root of time

ffiffi
t

p
, as in

Equation 9. In this regime, our model successfully describes
the bleeding of all the five greases. After scaling all the
bleeding curves collapse onto the expected master curve
given by Equation 8, as shown convincingly in Figure 3b.
The values of a and tb extracted from the best fits, together
with a2=tb, are given in Table 1.

Depending on the type of grease, the Washburn-like
regime typically ends at 2 < t=tb < 3, after which the rate
of bleeding (which is proportional to R dR=dt) decreases,
more strongly than the model prediction. This onset of the
third regime corresponds to a release of approximately 20%
of the oil that is initially available in the grease (except for
LiC/PAO grease, of which the bleeding curves levels off at a
release of about 15%). A possible explanation for the
decreased bleeding rate is the partial collapse of the grease
matrix after a considerable amount of oil is extracted during

Fig. 3. a) Effective radius of the oil stain R versus square-root of time
ffiffi
t

p
resulting from bleeding of greases; b) normalized effective radius R/a of the oil stain as a

function of normalised time t=tb , or the square-root of normalized time
ffiffiffiffiffiffiffiffi
t=tb

p
(inset) collapsed onto a single master curve. The colored symbols represent the

experimental data (from left to right, cyan: Li/SS; teal: Li/M; olive: PU/e; pink: LiC/PAO; and purple: CaS/M). Dashed lines represent the best fitting model curves
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Fig. 4 a-e) Effective radius of the oil stain R versus square-root of time
ffiffi
t

p
resulting from spreading of bled oil drops of various volume; f) normalized effective

radius R/a of the oil stain versus normalised the square-root of time
ffiffiffiffiffiffiffiffi
t=tb

p
or normalized time (inset) collapsed onto a single master curve. The colored symbols

represent the experimental data (cyan: Li/SS; teal: Li/M; olive: PU/e; pink: LiC/PAO; and purple: CaS/M). Dashed lines represent the best fitting model curves

1132 ZHANG ET AL.



the bleeding process. Our earlier work showed that greases
with a partially collapsed microstructure bleed significantly
slower (31). Similarly, diluting greases with their own base
oil, a reverse process of grease bleeding, is also proven to
enhance the rate of bleeding (24). Furthermore, the onset of
the third regime in the bleeding curves (see Figure 3b) dif-
fers per grease type, which suggest that other intrinsic grease
properties may have an influence on the partial collapse of
the grease matrix. To our knowledge, this onset does not
correspond to any mechanical properties of the grease, such
as the yield stress measured by oscillatory rheology or by
cone penetration depth (37). To further validate this hypoth-
esis, other physical parameters like the stiffness of the grease
matrix need to be investigated. Another explanation for the
levelling off of the bleeding curves concerns the redistribu-
tion of oil in the blotting paper (38), a process that drives
the oil from the larger pores in the center of the oil stain
towards the finer pores near the edge of the stain. The snap-
shots of an oil stain in Figure 2b reveal that the transmitted
light intensity contrast at the edge of the stain is always
lower than that near the grease patch. A similar phenom-
enon is also observed during the spreading of a drop of bled
oil, see Figure 4, where bleeding also slows down before the
oil drop is fully absorbed by the paper. These observations
indicate that redistribution of oil takes place all the time
during grease bleeding. This redistribution results in a
decrease of the effective paper permeability, which slows
down the bleeding.

Characterizing the paper properties

Given in Equation 7, the grease bleeding dynamics is gov-
erned by the different between the driving pressure in the
paper, Dpp, and its opposing counterpart in the grease
matrix, Dpg : In order to compare the oil-grease affinity of
the five grease which are made of different base oil with
non-identical wetting properties, the driving capillary pres-
sure for each type of bled oil needs to be characterized.

In our previous investigation, we determined Dpp for the
bleeding of a polyurea grease from a capillary rise experi-
ment (31). However, this experiment requires long-term
experimental data close to equilibrium so as to improve the
reliability for the best fit-parameters, which is time consum-
ing. Furthermore, side effects such as paper swelling or oil
evaporation during the experiments are inevitable especially
over long time. Therefore, in order to avoid long-term
experiments, seven-day capillary rise experiments were only
done using PU/e bled oil. Instead, we performed the oil
spreading tests for about 30minutes and the capillary rise
experiments for 1000 seconds for all five bled oils.

Spreading of the bled oil drops

The spreading radius R of the oil stains resulting from bare
drops of base oil of the five different greases have been plot-
ted as a function of time in Figure 4a-e. Similar to the
grease bleeding curves, the oil spreading curves also show
three regimes, among which the central one shows the

Washburn-like behavior. In the initial regime, the effective
radius of the oil stain grows rapidly, which is an artefact
due to the spreading of the oil drop on top of the paper
until the contact line pins (39, 40). As the oil stain spreads
further in the paper, following the Washburn-like behavior
in region two, the oil drop on top of the paper is gradually
depleted until all oil is absorbed by the paper, marking the
onset of the third regime in which the spreading curves
reach a plateau.

We like to fit our model to the Washburn-like regimes of
the spreading curves, however, there is no clear distinction
between the three regimes in a spreading curve. In this case,
we arbitrarily selected 0:05

ffiffiffiffiffiffiffiffi
tmax

p
<

ffiffi
t

p
< 0:85

ffiffiffiffiffiffiffiffi
tmax

p
, with

tmax being the onset of the plateau, to be the range for fit-
ting. In this range, the model fits better to spreading curves
for small drops (5-10 lL) as compared to the larger ones,
because the latter may still be spreading slowly on top of
the paper in this regime. Nevertheless, the spreading curves
of the oil drops, regardless of what type of oil it is made of,
collapses nicely onto the master curve for t=ts > 0:5, when
plotting the scaled radius R/a against the square-root of the
scaled time t=ts, as presented in Figure 4f. The deviation
between the master curve and the data at t=ts < 0:5, caused
by the spreading of the drop on top of the paper, was not
taken into account in our modeling. Based on Equation 7,
with now Dpg ¼ 0, the product kpDpp of the paper perme-
ability kp and the driving pressure Dpp has been calculated
from the values of the best-fit-parameters, i.e. the drop
radius a and the spreading time ts, as given in Table 1:

kpDpp ¼
g/pa

2

8ts
[16]

The values of kpDpp estimated from the spreading test
are presented in Figure 6a.

Capillary rise of bled oils

Due to the limited applicability of our model and the arbi-
trarily chosen range for fitting, we also performed capillary
rise experiments to get another independent value for
kpDpp: In this test, we monitored the height of the rising oil
front as a function of time. As shown in Figure 5a, the lin-
ear dependence of the rising height h on the square-root of
time

ffiffi
t

p
confirms that the observation time is short when

compared to characteristic rise time. Therefore, kpDpp can

be calculated from the initial slope w ¼ h=
ffiffi
t

p
:

kpDpp ¼ 1
2
g/pw

2 [17]

The values of kpDpp for the bled oils determined by the
capillary rise follow the same trend as compared to those
obtained from the oil spreading tests, as shown in Figure 6a.
The small difference between the values obtained from the
two methods is mainly because we track the height of the
oil front during the capillary rise rather than the effective
rising height.
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Discussion

Capillary pressure in the grease matrix

The characteristic oil drop spreading time, ts, and the char-
acteristic grease bleeding time, tb, based on Equations 16
and 7, are governed by the capillary pressure in the paper
and the different between the capillary pressure in the paper,
Dpp and in the the grease, Dpp � Dpg , respectively.
Therefore, the capillary pressure in the grease can be deter-
mined by subtracting these two values:

Dpg ¼
g/p

8kp

a2s
ts
� a2b

tb

� �
[18]

where parameters a2s=ts and a2b=tb are obtained from the best
fits of the oil drop spreading and grease bleeding tests (see
Table 1). Since the same type of paper is used as in our pre-
vious studies (31), taking the paper permeability previously
determined, kp ¼ 1:8260:63 lm2, these retaining pressures
in the five grease matrices turn out to be around 400-600
pascal. These values have not only high uncertainty (about
40%) but also an underestimated order of magnitude.
During our 5-day capillary rise test for PU/e bled oil (see
Figure 7), the height of the oil has reached 0.12 m, corre-
sponding to a hydrostatic pressure of about 1 kPa, while the
rising height was still far from equilibrium. Therefore, Dpg
>> 1 kPa.

The underestimation of the capillary pressures is probably
due to an overestimation of the paper permeability in our
previous work. Based on the 5-day capillary rise dynamics
of PU/e bled oil, the height of oil at equilibrium should be
at least about 0.8m, which corresponds to Dpp 	 7 kPa:
Besides, kpDpp is determined to be about 1.1 lm2 � kPa,
according to the initial slope of the first 900 seconds capil-
lary rise. In this case, the paper permeability is at most 0.16
lm2, which is only about 1/10 of the paper permeability
determined in our previous work. The overestimation of
paper permeability is possible, as the fit-parameters for
capillary rise tests are correlated (31) and it is thus very
likely to fall into local minima during fitting. A few fits cor-
responding to a paper permeability ranging from 0.25- 1.76
lm2, within the experimental error, for the capillary rise
data in our previous work are given in Figure 7c.

Furthermore, the redistribution of oil which also takes place
during capillary rise may also contribute to the overesti-
mation of the paper permeability.

Oil-matrix affinity

As discussed earlier in section 4.3, both the driving and
retaining pressure, Dpp and Dpg , can be regarded from the
perspectives of wetting affinities determined by two aspects:
the specific wetting area per unit liquid volume, depending
on the microstructure of the paper or the grease; and the
difference in interfacial tensions at wet and dry surface of
paper or grease fibres, Dc: We can also use this tool to
evaluate and estimate the order of magnitude of the oil-
matrix affinities.

The geometric factor Cw
p of the paper was determined to

be about 0.8�106 lm�1, based on the pore size distribution
measured using mercury porosimetry (31). Using the paper
permeability of 0.16 lm2, Dcp is determined to be around

9mN/m, which is also of the same order of magnitude of
the surface tension of the bled oil (about 30mN/m), indicat-
ing that the estimated paper permeability is in a reasonable
range. The corresponding oil-grease matrix affinity, Dpg ,
will then be about 6-7 kPa. Since the bled oil has a high
affinity for the grease matrix, Dcg should be approximately

the same as the surface tension of the bled oil, around
30mN/m. This requires a wetting-area-to-liquid-volume
ratio, Cw

g , of 0.3�106 lm�1 and correspondingly the grease

fibers of an average diameter of up to 3 lm. However, SEM
and AFM images have revealed that the grease fibers of the
same type of greases are typically not thicker than 0.2 lm
(41). Therefore, it is likely that the oil-grease matrix affinity
is slightly underestimated.

With this large inaccuracy, the oil-grease matrix affinities
of the five types of greases cannot be compared directly.
Nevertheless, the retaining pressure in the grease matrix,
Dpg is proportional to g ða2s=ts � a2b=tbÞ, according to
Equation 18. Comparing these relative values in Figure 6b,
the oil-matrix affinity of the five greases from low to high
are: LiC/PAO, CaS/M< Li/M, Li/SS and PU/e.

Fig. 5 a) Height of the rising front of bled oils h versus square-root of time
ffiffi
t

p
; the linear dependence confirms that the data are collected in a time range shorter

than the characteristic rise time. b) h versus
ffiffiffiffiffiffiffi
t=g

p
: Excluding the influence of bled oil viscosity g, bled oils Li/SS, Li/M and PU/e rise faster than LiC/PAO and CaS/M.

Cyan: Li/SS; teal: Li/M; olive: PU/e; pink: LiC/PAO; and purple: CaS/M
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Since the timescale of oil drop spreading is much shorter
than that of grease bleeding (a2s=ts � a2b=tb), as shown in
Table 1, the values of Dpg in Figure 6b follow the same
trend as kpDpp in Figure 6a (Dpg 
/ ga2s=ts / Dpg).
Therefore, the capillary rise test can be used as a rapid
method for comparing the oil-matrix affinity of different
greases. As shown in Figure 5b, after excluding the influence
of bled oil viscosity g, the capillary rise rate of the bled oil
from slow to fast are: CaS/M, LiC/PAO < Li/M, Li/SS and
PU/e, which is consistent with the sequence of oil-grease
matrix affinity according to Figure 6b. Similar experiments
such as comparing the spreading dynamics of an oil drop of
the same volume can also be use as a fast method for com-
paring oil-grease matrix affinities.

Applications and outlook

Our model is essentially a modification of Darcy’s law,
which is generally used for describing grease bleeding, with
a physical parameter, i.e. capillary pressure in the grease
matrix that slows down bleeding, incorporated. The bleeding
of grease is actuated by the capillary action of paper while
the grease bleeding dynamics is described as a balance
between the driving capillary pressure in the paper and an
opposing capillary pressure in the grease matrix due to the

affinity of base oil to the grease matrix. The same principle
applies also for grease bleeding in a bearing. Since the grease
matrix is considered intact during bleeding, this model can
be used for describing the bleeding of stationary greases in a
bearing, which is located in places such as the seal that are
free from the massive centrifugal forces. Prediction of grease
bleeding in a bearing will require not only well-characterized
oil-grease affinity but also the affinity of bled oil for the
bearing surface that drives the bleeding. Additionally, deter-
mination of grease matrix permeability, kg may also be
necessary, using e.g. Fan’s method (42).

Another application of the model is to characterize the
bleeding properties of grease in a bearing ex situ by testing
grease sampled from the bearing during maintenance. In
fact, the inspiration of our test configuration (35) was devel-
oped for this purpose. Since the bled oil presumably under-
goes few changes during operation, the driving pressures
Dpp for the bleeding of these greases are identical.
Therefore, the change in oil-grease matrix affinity, which
suggests a change in grease’s microstructure and conse-
quently a change in bleeding tendency, as compared to the
fresh grease can be characterized.

On the other hand, our model has some limitations. First
of all, the grease matrix in our model is considered to be
non-deformed during the whole bleeding process, which
may not occur in practice. The grease matrix may undergo

Fig. 7. Capillary rise of the bled oil of PU/e grease (blue) and that of the polyurea grease taken from (31). Height of the rising front is plotted versus a) time and
b)square-root of time. Scatters indicate experimental data and dashed lines are the best fits at various local minima. The fit-parameters (h1 and tr) and the corre-
sponding paper properties (Dpp and kp of the fits are given in c)

Fig. 6. a) Values of kpDpp determined by the initial-stage capillary rise test (red) and by the oil spreading tests (blue); b) values of lða2s =ts � a2b=tbÞ (red), which is
proportional to the absolute values of Dpg estimated using kp ¼ 0.16 lm2 (blue)
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partial collapses over long term bleeding as the oil is con-
tinuously depleted. Studying the relation between the oil
content and oil-matrix affinity of the grease might be essen-
tial for improving the prediction of grease bleeding over
long term. Furthermore, the grease reservoir in a bearing
does not necessarily remain stationary all the time. Zhou’s
AFM images of greases taken from the shields of 6209 bear-
ings after 100 hour’s operation shows various extents of
mechanical degradation (43). Therefore, it may also be of
interest to study the influence of mechanical degradation on
grease’s bleeding properties.

Conclusion

Bleeding of five commercial ball bearing greases are studied
using a grease-on-paper test configuration. The oil-grease
matrix affinity,Dpg , which holds up the oil in the grease
matrix due to capillary pressure, is determined using a
Washburn-like model modified based on Darcy’s law. This
oil-grease matrix affinity is influenced by both the micro-
structure of the grease and by the difference between the
surface tension of a wet and dry grease fibre surface.
Unfortunately, since the paper properties, i.e. the paper per-
meability, kp, and the oil-paper affinity Dpp, cannot be
accurately characterized, it is not possible to precisely deter-
mine the absolute value of the oil-grease matrix affinity,
Dpg : Based on the available results, the order of magnitude
of Dpg most likely 1-10 kPa, suggesting that there has to be
a driving pressure of at least the same order of magnitude
for grease bleeding to take place in a bearing at room tem-
perature. The minimum driving force may vary at operation
temperature, which is usually much higher than the room
temperature, as wetting affinities change as a function
of time.

Although the application of this test configuration is lim-
ited as characterization of oil-grease matrix affinity remains
challenging, this method can be used to probe the difference
in the bleeding properties of greases made of the same base
oil. This applies to problems where the evolution of grease
microstructure is important, for example, during mainten-
ance, where grease samples are regularly taken from bear-
ings to identify if the grease would still show enough bleed.

Next to the intrinsic bleeding properties of the greases,
the external driving pressure/affinity, Dpp, also plays an
important role on the grease bleeding dynamics. Since the
different in oil-paper and oil-grease matrix affinity, Dpp �
Dpg , which governs the grease bleeding dynamics, is typic-
ally very small as compared to the oil-paper affinity, the oil
drop spreading dynamics can be used as a tool to quickly
compare the oil-matrix affinities of greases made of different
base oil, although with slightly less accuracy.

The model developed for this test configuration can also
serve as a building block of the grease life model for predict-
ing the evolution of grease bleeding in a bearing. Here, the
properties of the grease change in time mainly due to “shear
aging”, and the model can be used to calculate the corre-
sponding changes in grease’s bleeding property. Moreover,
the model gives us the order of magnitude of the pressures

required to provide sufficient grease bleed in a bearing. The
next step is to identify the source of these pressures in a
bearing. This helps us in our quest to identify the exact
lubrication mechanisms in grease lubricated rolling bearings.
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