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Abstract 

Lubricating grease is commonly applied to lubricate e.g. rolling bearings, seals and 
gears. Grease has some clear advantages over lubricating oil. It is a semi-solid 
material, which prevents it from flowing/leaking out from the lubricated system and 
gives it sealing properties, protecting the system against contaminants. Unlike oil, 
grease has a much more complicated rheology, which makes it more difficult to model 
and understand grease flow. Grease acts as a lubricant reservoir, and understanding 
grease flow is essential in order to model and predict how grease is transported within 
e.g., a rolling element bearing housing, a sealing arrangement or how it replenishes of 
a gear mesh. 

Three greases with different rheological behavior (NLGI 2 grease, NLGI 1 grease and 
NLGI 00 grease) have been used in two kinds of test rigs: a straight channel with 
different restrictions and a rotating shaft with two narrow gap sealing-like restrictions.

In the first test rig two types of flow restrictions were applied into a straight channel in 
order to simulate flow of grease near a sealing pocket. In the case of a single 
restriction, the distance required for the velocity profile to fully develop when going 
from a wide to a narrow gap is approximately the same as the initial height of the 
channel. In the corner pocket before and after the restriction, the velocity is very low 
and part of the grease is stationary. For the channel with two flow restrictions, this 
effect is even more pronounced in the “pocket” between the restrictions. Clearly, a 
large part of the grease is not moving since the yield stress of the grease is not 
exceeded. This condition particularly applies to the cases with a low-pressure gradient 
and where high consistency grease is used. In practice this means that grease is not 
replaced in such “pockets” and that some aged/contaminated grease will remain there. 

A test rig comprising of a rotating shaft with two narrow gap sealing-like restrictions 
(a so called Double Restriction Seal, DRS) was designed to simulate a labyrinth type 
of seal. Two different gap heights in the DRS have been designed to compare grease 
flow. It is shown that partially yielded grease is detected in the large gap geometry and 
fully yielded grease in the small gap geometry. Grease shear thinning behavior and 
wall slip effects have been detected and discussed. For the small gap geometry, it is 
shown that three distinct grease flow regions are present: a high shear rate region 
closest to the stationary wall, a bulk flow layer, and a high shear rate boundary region 
near the rotating shaft.
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Chapter 1 Introduction
Lubricating grease is widely used to lubricate machine elements such as rolling 
bearings, seals and gears. Compared to lubricating oil, grease has excellent 
advantages:  It is easy to use since it does not easily leak out; it acts as a seal, has low 
friction and may have anticorrosive properties. The vital difference between grease 
and oil is the consistency, which comes from its two phase structure; a matrix 
thickener which retains the lubricating oil. The consistency gives grease good 
lubricating properties but also makes it difficult to investigate and understand the flow 
and lubricating mechanism.
One big problem with grease lubrication is the sometimes limited life attributed to e.g., 
high working temperature or high mechanical stress which makes life of the grease 
shorter than the life of the lubricated machine elements. This makes re-lubrication 
necessary, which is when fresh grease is filled into the machine, shown in Figure 1.1. 
One of the most important mechanisms for grease lubrication is the bleeding ability. 
This model suggests that grease acts as an oil reservoir and releases oil to the running 
track due to high temperature or pressure. As the temperature or pressure is decreased 
again the oil is retained in the matrix structure. From this point of view, the presence 
and flow of grease near and inside the lubricated parts is very important.

Figure 1.1. Illustration of grease flow (arrows showing flow direction) as a bearing is relubricated with 
grease. Fresh grease is supplied to the bearing housing and grease transversely flows through the bearing, 

the house, and the seal to force out the used grease. Courtesy of SKF ERC.

In a startup situation of a bearing when fresh grease has been applied grease is 
‘pushed’ to the side of the bearing and some grease continues to flow inside. It is 
difficult to investigate the flow inside the machine elements due to the complex 
rheology of grease. The flow of grease is not only determined by its rheological 
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properties but also by the material and roughness of the elements carrying the grease, 
such as seals, cages, rolling elements and rings.

1.1 Grease structure

The classical definition of grease states ‘lubricating grease is a semi-fluid to solid 
product of a thickener in a liquid lubricant’ [1]. Gow [2] points out that this definition 
establishes one very important fact: grease is not thick (viscous) oil, it is thickened oil, 
a multi-phase system consisting of at least two well defined components, a thickener 
(gelling agent) and a fluid lubricant.
Grease contains at least two components, the base fluid and the thickener system. 
Typically, multipurpose grease might contain about 85% base fluid, 10% thickener 
and 5% additives (other ingredients imparting special properties). The thickener could 
be calcium, sodium, lithium soaps, polymers, and the most used one is Lithium 12-
hydroxystrearate. 
To illustrate greases simply, a water filled sponge is often used to describe the 
structure: the thickener system is the sponge and the base oil is like the water. Figure 
1.2 shows SEM-photographs of the fiber structure of soaps commonly used in grease 
manufacturing. It is obvious that both the soap concentration and oil viscosity will 
influence the microstructure of grease.

a) b) c)

Figure 1.2. SEM micrographs of lithium lubricating greases with different soap concentrations(w/w)and 
oils having different kinematic viscosities(cSt, at 40°C) a)14%, 334 (5000X) b)20%, 334 (5000X) c)14%, 

657(3500X) From Delgado et al. [4]

1.2 Grease rheology

1.2.1 Consistency 

The grease matrix is held together by internal binding forces, e.g. Van der Waals, 
hydrogen bonding or capillary forces which prevent flow [2]. The solid like property 
will change after the external stresses exceed the yield stress and the grease will start 
behaving like a liquid. This resisting positional change property is commonly known 
as consistency, which is the most important property of lubricating grease.
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The cone penetration test is used to measure the consistency of greases, in which a 
standard cone under prescribed condition sinks into the grease [3]. The NLGI 
consistency number is determined by measuring the level of penetration depth. The 
higher the consistency number the lower the penetration depth. The consistency of 
grease depends on the percentage of thickener, and for most grease significantly 
decreases permanently when sheared.
The appropriate grease NLGI number is selected by the required grease flow and low 
temperature pumpability requirements. Greases with low NLGI numbers are used in 
centralized lubrication systems or at low ambient temperatures; while in sliding 
bearings, roller bearings and chains high consistency greases normally are preferred.
Delgado et al. [4] has used power law model to describe the flow behavior of grease. 
Their results show that the consistency index increases with soap concentration. 
Hamnelid [5] has discussed many problems involved in determining grease 
consistency and points out that it is very important to standardize the rheology 
parameters when determining grease rheology. 
Couronne et al. [6] has presented a relationship between cone penetration 
(consistency) and yield stress: the higher penetration (lower consistency) depth, the 
lower yield stress. 

1.2.2 Non-Newtonian fluid and yield stress

Lubricating grease shows non-Newtonian behavior due to the thickener structure and 
its interaction with the base oil. Figure 1.3 shows the typical flow curve of grease. At 
low shear rates, lubricating grease acts as a time dependent viscoelastic fluids for a 

0 in Figure 1.3), the 
lubricating grease will first deform plastically and then flow as a fluid. 
Keentok [7] compared four different methods to get the yield stress of grease: cone-
plate flow in a Rheometer, cone penetration, vane shear, and stress relaxation; Baart 
[8] used plate-plate tools in a rheometer and vane geometry and the “cross-over stress” 
method has been used by Couronne et  al.[9,10]. 
The yield stress is influenced by temperature. Measurements for different types of 
grease can be found in Baart et al. [11] and Karis et al. [12]. According to [11], the 
yield stress of lithium grease could drop from 350 Pa at 25°C to 10 Pa at 120°C.
Shear thinning is the second rheological property which distinguishes grease from 
lubricating oil which shows Newtonian behavior except at high shear rate and high 
pressure. Shear thinning is the tendency of some materials to decrease their viscosity 
when they are driven to flow at high shear rates, such as by high pressure gradients 
[13]. Figure 1.4 shows typical fluid model flow curves. Comparing Figures 1.3 and 
1.4, grease is similar to a shear thinning fluid with yield stress, resembling a 
combination of a Bingham fluid and a shear thinning fluid.
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Viscosity of grease also decreases with time under the same shear rate, which is called 
thixotropy [14]. Meng and Zheng [15] have investigated the shear thinning and 
thixotropy properties of lithium grease, and a remarkable hysteresis loop has been 
found.

Figure 1.3. Typical relationship between shear stress and shear rate of grease

Figure 1.4. Typical flow curves of different fluid models

1.2.3 Rheology models

Grease has very complex rheological properties and some specific models can be used 
to describe this. The viscosity of grease decreases with increasing shear rate, and it is 
important to model the viscosity as the shear rate changes. The models´ dependence on
the shear stress of grease will also be discussed as follows.
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1.2.3.1 Viscosity 

At high shear rates the flow of grease is non-Newtonian due to its shear thinning 
behavior.  To describe this decrease in viscosity, the Cross model can be used [14]:

= +
( )

(1.1)

0 is the 
viscosity plateau at high shear rates, is the shear rate, K is the consistency constant, 
and m is the shear thinning constant. 

0 at 
at high shear rates with a decreasing transition zone between low 

and high shear rate.
In most applications, grease is subjected to high shear rate due to the narrow gap and 
high relative velocity in contacting machine elements. This means that the Cross 
model can be simplified to obtain the Sisko model [14]:

= + (1.2)

With k1 the consistency constant, n1 the viscosity 
plateau at high shear rates.

is small, the Sisko model can be reduced to the Power law model, which is 
also called Ostwald-de Waele model [14]:

= (1.3)

Where k2 is the consistency constant, n2 is the shear thinning constant.
The diagram of different models dependence on viscosity is shown in Figure 1.5. It is 
important to use different models over different viscosity ranges.

Figure 1.5. Diagram of different models on viscosity and the ranges that they cover
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 1.2.3.2 Shear stress 

To display the Sisko model in terms of shear stress and include the grease yield stress, 
a new model can be obtained:

= + +                                         (1.4)

0 is the yield stress, k3 is the consistency constant, n3 is 
the shear thinning constant. Palacios and Palacios [16] have used this equation in their 
study.
By multiplying all the terms in the power law model (Eq. 1.2) and include the yield 
stress, the Herschel-Bulkley model is derived [17,18]:

 = + k (1.5)

The Herschel-Bulkley model has been used to describe the rheological properties of the 
greases used in this study.

1.3 Grease flow 

Grease is ‘pushed’ to the sides of the bearing, onto the covers, seals or shield when 
churning takes place in the beginning of a bearing operation, some grease stays inside 
the bearing, some grease goes through it. This grease exhibits sealing properties and 
acts as a reservoir used to lubricate the bearing. Experimental observations of grease 
flow have been the subject of several authors. Some work has been done on flow close 
to the flange in tapered roller bearings [19], however these are qualitative studies only. 
Mutuli, Bonneau and Frene [20-22], have made a number of studies measuring grease 
flow in different geometries : a concentric cylinder configuration [20], and an open 
contact geometry consisting of a hollow glass cylinder and a flat plexiglas plate, 
forming a film of grease trapped between the cylinder and the plate [21, 22].
Westerberg et al. [23] showed the existence of plug flow for grease as compared to the 
parabolic flow for Newtonian fluids in a straight channel configuration geometry using 
micro particle image velocimetry (µPIV). Lugt [24] points out the reason for the
difficulty for quantitative predictions of grease flow inside bearings.

1.4 Wall slip phenomenon

Grease flow is not only determined by its rheology but also by the material and 
roughness of the lubricated parts. Wall slip phenomenon is an anomalous behavior of
grease flow very close to a wall.  This has been studied by many researchers. Bramhall 
and Hutton [25] pointed out that wall slip is due to the displacement of matrix fiber 
aggregates, which means that the matrix concentration increases gradually from a low 
value at the wall to that of the bulk grease within the slip layer. Forster et al. [26] has 
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reported that internal slip between the matrix fibers may be responsible for wall slip; 
the fibers will arrange to have the long axes parallel to the direction of flow and be 
reduced in width and length in order to lower their resistance to movement. The 
conclusion was excluded that wall slip depends on the wall material and on the 
thickener type [27]. Cazarny [27] disagreed with Bramhall and Hutton [25] and argued 
that there exists a condensed layer of matrix thickener at the wall due to the 
interactions between the particles of the grease thickener and a depleted thickener 
layer near the wall with low viscosity. He also confirmed this point of view 
experimentally with Vinogradov et al.’s work [28]. Delgado et al. [29] studied the 
impact of surface roughness on wall slip through measurement of pressure drop of 
grease flow in pipes and pointed out that the shear stress at the wall increases as the 
roughness increases and the wall slip decreases respectively, which correlates with 
Cazarny’s work [27].
Bramhall and Hutton [25] described a wall slip model based on the assumption that a 
low viscosity layer is adjacent to the wall to estimate the slip layer thickness. For 
smooth-textured lithium base grease, the minimum thickness is about 0.05µm and for 
coarse-textured grease, and the minimum thickness is very much higher, about 2.4µm. 
Westerberg et al. [23] concluded that the rapid increase in velocity close to the wall is 
occurring in a layer that is not thicker than 16 µm after investigating grease flow with 

PIV visualization methods.

1.5 Objectives

Investigating grease flow near and inside a machine element is vital for understanding
the lubrication mechanism. The objective of this study is to visualize grease flow in
two kinds of test rigs: a straight channel with different restrictions and a rotating shaft 
with two narrow gap sealing-like restrictions.

Measurement of grease velocity profiles in different set up

Compare grease flow with different consistency

Discussion about particle migration in seal geometries

Wall slip phenomenon during the grease flow process

Discussion about grease rheology
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Chapter 2 Method and Equipment
In th
in different experimental setups. A main criteria for the PIV method to work is that 
the fluid is transparent, which is a condition particularly applicable to grease since the 
transparency of many grease types is limited. However, for the gap and sealing 
applications studied here, the characteristic length scales are so small that the grease is 
sufficiently transparent

2.1 Greases

Three lithium greases of different consistencies have been used in this study. To 
describe their rheology a Herschel-Bulkley rheological model Eq. (1.5) is used. The
grease rheological properties have been measured in a cone-plate rheometer and the 
Herschel-Bulkley model parameters have been fitted to the data, see Table 2.1. The 
NLGI 00 grease shows approximately Newtonian behaviour with a yield stress equal 
to 0 and n equal to 1. The NLGI 1- and NLGI 2 greases show non-Newtonian (shear 
thinning) properties with a non-zero yield stress value and a power law exponent 
smaller than 1.
Table 2.1
Rheological parameters for the greases based on the Herschel-Bulkley rheological model, Eq. (1.5). 

0[Pa] k[Pa·sn] n
NLGI 00 0 1.85 1
NLGI 1 189 4.1 0.797
NLGI 2 650 20.6 0.605

2.2 Setup configurations

2.2.1 Straight channel

The channel configurations used in this study are shown in Figure 2.1 and 2.2. Figure 
2.1 shows a schematic drawing of the channel setup consisting of a steel bottom plate 
with a glass window through which observations are made, a brass middle plate 
forming the rectangular channel and restriction geometry, and a top steel plate 
containing the inlet and outlet connections (not viewed). The walls in Figures 2.2a and 
2.2b, called bars in Figure 2.1, are made of brass with a Ra value of 5.4 µm.
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Figure 2.1. Schematic drawing of the setup with  dimensions; gap width d = 1.5, 
height h = 2, and length L = 49, Dimensions in [mm]

Figure 2.2. (a) channel with one flat restriction, and (b) channel with double restriction.

2.2.2 DRS set up

The experiments were carried out in a grease pocket between a rotating inner cylinder 
and a stationary housing which simulates the grease flow in a DRS. A ring with 
thickness 1.1 mm was added to the grease pocket to get different type of velocity 
profiles, shown in Figure 2.3. The width of the grease pocket changed from 1.5 mm to 
0.4 mm. The grease velocity profile was measured at the F2’ plane.
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Figure 2.3. Grease pocket with ring in the DRS setup with the focus plane of the camera indicated by F2’

2.3 The µPIV system

In this thesis flow visualizations have been carried out using a µPIV method, which 
has been developed over the last couple of decades. Wereley and Meinhart [30] 
showed the state-of-the-art of the technique and its evolution from PIV; how it 
considerably differs from it in the optical and mechanical constraints, and is therefore 
regarded as a separate technique. Through PIV and µPIV, visualisations can be 
obtained of velocity fields in domains having length scales from the order of several 
metres to nano-metres. In the recent works from Green [31], Larsson et al. [32], and
Westerberg et al. [33] the potential of PIV/µPIV in different applications is presented 
for different fluids and characteristic length scales. Westerberg et al. [23], Green et al.
[34] and Baart et al. [8] used this technique to study grease flow.
A µPIV system consists of a high-speed CCD camera, an optical microscope, a pulsed 
laser, and a computer to process the data; shown in Figure 2.4. The basic principle 
behind µPIV is to measure the speed of tracer particles within a fluid (i.e. grease in 
this case) using a pulsed laser as the light source. By assuming that these particles 
move with the same speed as the flow speed, the fluid velocity is measured. The laser 
pulses are synchronised with the camera, resulting in a set of images taken with a 
certain frequency. The particle motion from one image frame to the next is tracked 
using a cross correlation technique, resulting in the direction and velocity of the 
particles and hence ultimately the motion of the grease.
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The µPIV system used in the straight channel is commercially available from 
LaVision GmbH. It consists of a double pulsed Nd:YAG laser from Litron, model 
Nano L PIV. Image acquisition was performed with the DaVis 7.1 software, 
evaluation with software DaVis 7.2, and post-processing with Matlab 2009. 
For the DRS set up, the µPIV system used is a commercially available system from 
Dantec Dynamics A/S and consists of a Litron LDY301 Laser.  Image acquisition and 
post-processing is controlled and performed with the Dynamic Studio v. 2.30 software.

Figure 2.4. Overview of the µPIV equipment. From Nordlund et al. [35]
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Chapter 3 Results and Discussion
3.1 Paper A

The grease velocity profile in a channel with two different flow restrictions has been 
measured to understand transverse grease flow during relubrication of a system. Figure 
3.1 shows the averaged velocity field for NLGI 1 grease at different positions in the 
channel with one flat restriction. The three greases show similar velocity profiles, but 
the maximum velocity decreases with NLGI number under the same pressure gradient. 
The distance for the flow to develop from the wide parabolic flow before the
restriction to the narrow parabolic flow at the inlet of the restriction was defined as the 
transition zone. The transition zone is between 1.2 and 1.5 mm for all three greases 
and for all pressure drops and therefore is of the same order of magnitude as the 
channel height.

Figure 3.1. Averaged velocity field for high pressure: A) NLGI 1 grease before restriction, B) NLGI 1 
grease with steady flow in the restriction, and C) NLGI 1 grease after restriction.

Figure 3.2. The averaged vector field for NLGI 2 grease at high pressure gradient.

In the channel with double restrictions, the velocity profile of NLGI 2 grease is shown 
in Figure 3.2 at high pressure gradient. The maximum flow velocity is found above the 
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two restrictions. As expected, a higher pressure drop or lower consistency (NLGI 
number) resulted in a higher flow velocity. It is observed that grease can flow down 
into the area between the restrictions. The vertical distance between the tips of the two 
restriction and the point where grease stops to move is defined as the flow depth(line 
ab in Figure 2.2).   The flow depth, i.e. the penetration of flow into the pocket between 
the two restrictions, is a function of the flow rate, shown in Figure 3.3. For the NLGI
00 grease the flow depth is approximately linear with the flow rate. For the NLGI 1-
and NLGI 2 greases the flow depth follows a logarithmic relationship with the flow 
rate: the higher the flow velocity, the deeper the flow depth.

Figure 3.3. Flow depth vs. flow rate across the channel for three greases.

The flow measurements in the model configuration with restrictions show that a 
certain distance is required for the flow to fully develop. The solid-like behaviour of 
grease at very low shear rates leads to a lack of flow just behind the restrictions. This 
illustrates that the replacement of grease by transverse flow in corners and in-between 
restrictions will happen at a different rate than in those areas where the grease can flow 
freely, and that transverse flow over seal pockets may not fully replace the 
(contaminated) grease. This supports the sealing action of grease where, in the case of 
transverse flow, some particles will remain in the sealing pockets and will not enter the 
bearing. For higher flow rates this is not applicable. In that case the shear rates will be 
high even in the corners, which will cause shear rates that exceed the yield stress and 
therefore here too the grease will be replaced. It may also cause particles previously 
embedded in non-moving grease to start moving along with the grease flow.

3.2 Paper B 

The velocity profiles in large and small gaps are compared in Figure 3.4. For the large 
gap geometry an un-yielded region appears near the stationary wall where the grease 
behaves as a solid body, indicating that the grease only flows when the yield stress 
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value is exceeded and otherwise stands still. It is also shown that the yield point where 
the yield stress is exceeded approaches the stationary wall as the shaft speed increases. 
For the small gap geometry, it is shown that there is grease flow across the whole gap 
height, i.e., the yield stress of the grease is exceeded.  Figure 3.5 shows the velocity 
profiles of NLGI 2 grease using the small gap. Three distinct grease flow layers are 
present, a high shear rate region closest to the stationary wall, a bulk flow layer, and a 
high shear rate boundary region near the rotating shaft.

Figure 3.4 Velocity profile of the NLGI 2 grease in DRS large and small gap with dimensionless radial 
distance from the rotating shaft

Figure 3.5 Velocity profile of the NLGI 2 grease in DRS in small gap
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The shear rate in the centre part of the velocity profiles of three greases has been 
calculated and plotted in Figure 3.6 as a function of the apparent shear rate defined as 
the ratio of shaft speed and grease pocket height (the ideal-Newtonian shear rate). The 
apparent shear rate is proportional to the shaft speed, meaning that the shear forces 
increase with an increasing shaft speed, which in turn means that the viscosity of the 
grease decreases due to its shear thinning properties. In the case of Newtonian 
behaviour, the data points for the three greases in Figure 3.6 would show a straight line 
with slope 1. This is clearly not the case where the deviation is more pronounced for 
the greases with higher NLGI numbers. 
This shear banding effect was not observed earlier in the large pocket height. However, 
the velocity profiles in the large pocket do show some indication of shear banding but 
not as obvious as with the smaller grease pocket height. Unlike the yield behaviour, 
which is a result of the varying shear stress over the pocket height (radius), the shear 
banding is not expected to depend on the geometry and is also expected to be present 
in other systems and rheometers with grease films of similar thickness.  This result 
illustrates that an error can be made in the calculation of the shear rate in rheometers 
which is always done through the apparent shear rate. 

Figure 3.6. True shear rate calculated from the velocity profiles for the three greases versus the apparent 
shear rate defined as the ratio of shaft speed and pocket height. Black filled symbols for repeated test of 

NLGI 1 and NLGI 2 greases.

Wall slip phenomena have been investigated near the stationary wall in the DRS with 
small gap. The wall-slip velocity at the stationary wall is higher for NLGI 2 grease 
compared to lower consistency grease. 
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3.3 Paper C

In Paper C, the grease velocity profile was evaluated in two different sealing 
geometries, one with a wide pocket, and one with a narrow pocket between two
sealing restrictions, shown in Figure 3.7. The influence of end walls was neglected in 
the wide pocket case and a one dimensional four-parameter Herschel-Bulkley rheology 
model was used to model the grease velocity profiles compared to a Newtonian oil, 
shown in Figure 3.8. The deviation between the grease and Newtonian oil velocity 
profiles is due to shear thinning, which is reduced as the shaft speed increased. The 
grease velocity profiles in the narrow pocket were measured in the DRS without ring 
using µPIV method, the same as used in paper B. The results are shown in Figure 3.8. 
A model was found to describe the velocity profiles in the narrow pocket according to 
the measurements using µPIV, Eq. (3.1) and is shown in Figure 3.9:

 u(r) = U e ( - )[
/ - /

/ - /
] (3.1)

Where Us is the shaft speed, r0 is the outer radius, ri

shear t -values are -3000,-2000, and -1000 m-1 for NLGI 2, 
NLGI 1 and NLGI 00 greases respectively.

Figure 3.7. Seals including a labyrinth (a) oil seal with dust lip and wide grease pocket and (b) double lip 
bearing seal with narrow grease pocket.
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Figure 3.8. One dimensional tangential velocity profiles for a Newtonian fluid and for greases

Figure 3.9. Grease velocity of NLGI 2, NLGI 1, and NLGI 00 greases in narrow seal pocket at 25°C.

A migration model has been built to simulate a spherical particle contaminant 
migration in radial direction. The results for three greases at 25°C are shown in Figure 
3.10. The difference between the grease types and pocket becomes significant after 
about 10 minutes. For the wide pocket, the radial migration of the particle in the 
different greases is not very different since the grease velocity profiles are similar 
(Figure 3.8). For the narrow pocket, the differences become obvious after about 1h, 
where the particle migrates faster in grease with lower consistency.  In paper B, the 
flow depth for NLGI 2 and NLGI 1 grease is significantly lower than for NLGI 00 
grease, consequently, contaminant particles that have migrated away from the shaft in 
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low-consistency grease can still move into the machine element in an axial grease flow. 
Furthermore, in a channel with one flat restriction, the flow takes approximately one
length of the pipe diameter to fully develop. This means that in the wide pocket the 
whole grease volume can flow in the axial direction  after some distance except for the 
area close to the corners.

Figure 3.10. Radial migration as a function of time; position of a 14-µm-diameter particle for different 
greases at shaft speed 1m/s and 25°C.
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Chapter 4 Conclusions
For straight channel:

In the case of a single restriction, the distance required for the velocity profile 
to fully develop in the narrow part is approximately the same as the height of 
the channel. In the corner before and after the restriction, the velocities are very 
low and part of the grease is stationary. 

In the channel with two flow restrictions, a large part of the grease is not 
moving in between the restrictions. This condition particularly applies to the 
cases with a low-pressure drop and where high consistency grease is used. In 
practice this means that grease is not replaced in such “corners/pockets” and 
that some aged/contaminated grease may remain there.

For DRS set up:

It is shown that partially yielded grease flow is detected in the large gap 
geometry and fully yielded grease flow in the small gap geometry.
For the small gap geometry, it is shown that three distinct grease flow layers 

are present: a high shear rate region closest to the stationary wall, a bulk flow 
layer, and a high shear rate boundary region near the rotating shaft.

The wall-slip velocity at the stationary wall is higher for NLGI 2 grease 
compared to lower consistency grease. 

For contaminant migration:

The contaminant particle migrates further down to the outer wall in a wide
pocket compared to a narrow pocket, and moves faster in lower consistency 
grease.
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Chapter 5 Future work
Depending on the measurements of grease velocity profiles using µPIV, analytical and 
modeling could be approached for further investigation. CFD simulation code and 
rheological models, e.g., Eqs. (1.1-1.5) will be used to study the grease flow in the 
straight channel and DRS. The simulation results will be compared to the 
measurements, and suitable models will be proposed for grease flow.

Free surface grease flow driven by centrifugal force will be studied with high speed 
photography and µPIV. First step is to use a WAM rig to find a certain speed at which
grease starts to move and how grease continues to move above this critical speed. 
Surfaces with different roughness and materials (metal, glass, and polymer) will be 
used to detect the different flow properties of grease. Further step is to modify the 
DRS set up to investigate the free surface flow using µPIV. In principle the end 
surface of the shaft in DRS needs to be flat all the way to its center and also the view 
port glass window should be extended all the way to the center and be placed far away 
enough to allow for a free surface flow.
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Abstract
Grease is commonly used to lubricate various machine components such as rolling 
bearings and seals. In this paper the flow of lubricating grease passing restrictions is 
described. Such flow occurs in rolling bearings during relubrication events where the 
grease is flowing in the transverse (axial) direction through the bearing and is hindered 
by guide rings, flanges et cetera, as well as in seals where transverse flow occurs, for 
example during so-called breathing caused by temperature fluctuations in the bearing. 
This study uses a 2D flow model geometry consisting of a wide channel with 
rectangular cross-section and two different types of restrictions to measure the grease 
velocity vector field, using the method of Micro Particle Image Velocimetry. In the 
case of a single restriction, the horizontal distance required for the velocity profile to 
fully develop is approximately the same as the height of the channel. In the corner 
before and after the restriction, the velocities are very low and part of the grease is 
stationary. For the channel with two flow restrictions, this effect is even more 
pronounced in the “pocket” between the restrictions. Clearly, a large part of the grease 
is not moving. This condition particularly applies to the cases with a low-pressure drop 
and where high consistency grease is used. In practice this means that grease is not 
replaced in such “corners” and that some aged/contaminated grease will remain in seal 
pockets.

Key words: grease flow;



28

1. Introduction
Grease has some clear advantages over lubricating oil. It is easy to use since it does 
not easily leak out; it acts as a seal, has low friction and may have anticorrosive 
properties. For this reason, greases are commonly applied to lubricate rolling bearings. 
Unlike oil, grease consists of a multi-phase system (oil, additives and thickener) giving 
it semi-solid properties and non-Newtonian rheology [1, 2]. 

Figure A1. Illustration of grease flow (arrows showing flow direction) as a bearing is relubricated with 
grease. Fresh grease is supplied to the bearing housing and grease transversely flows through the bearing, 

the house, and the seal to force out the used grease. Courtesy of SKF ERC.

Due to mechanical and/or thermal ageing, grease has a finite life, which is usually 
shorter than the bearing life. If possible, relubrication is carried out, whereby fresh 
grease is pumped into the bearing using a lubrication system (Figure A1). Other 
reasons for replacing the grease could be to remove contaminants, e.g. water or debris. 
For optimal performance of the lubrication system, the grease should flow in well 
dimensioned/defined quantities through pipes [3-6] up to the bearing where the old 
grease should be replaced by fresh grease. In the bearing the flow is not a simple pipe 
flow but a flow through restrictions such as through the roller sets, across the guide 
rings for spherical roller bearings, across flanges, through (labyrinth) seals/shields et 
cetera. This transverse flow occurs not only in the case of relubrication of bearings but 
also in radial (bearing) seals, which often contain multiple sealing lips with grease 
between the lips. This grease forms an additional barrier to prevent contaminants 
entering the bearing from outside, i.e. it has sealing properties. The centrifugal forces 
acting on particles will cause them to flow to the large-diameter side of these grease 
pockets [7]. Transverse flow may occur here due to e.g. breathing caused by 
temperature fluctuations in the bearing. Preferably, only “clean” grease should flow 
into the bearing and contaminated grease should not flow around the seal lip (the 
restriction).
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These bearing and seal configurations have a complex geometry and the measurement 
of the flow/velocity field is therefore very difficult, if not impossible. Some work has 
been done on the flow close to the flange in tapered roller bearings [8], however these 
are qualitative studies only. Also, Mutuli, Bonneau and Frene have made a number of 
studies measuring the grease flow in different geometries [9-11]: a concentric cylinder 
configuration [9], and an open contact geometry consisting of a hollow glass cylinder 
and a flat Plexiglas plate, forming a film of grease trapped between the cylinder and 
the plate [10, 11]. However, the grease velocity in a non-continuous configuration has 
not been reported as yet. Radulescu et al. [12, 13] have investigated the grease flow in 
a region with discontinuities; however they mainly used simulation methods.
The purpose of this study is to better understand transverse grease flow in bearings and 
seals; see Figure A1 for an illustration of how grease transversally flows through a 
bearing during relubrication. For this objective a simple model geometry is used, i.e. a 
wide channel with rectangular cross section having different types of restrictions. One 
channel with one flat restriction is used to simulate grease flow over e.g. a flange in a 
rolling bearing (Figure A2c) and one channel with two triangular restrictions simulate  
a double lip seal geometry (Figure A2d).

Figure A2. Schematic drawings of the setup with (a) global dimensions setup d = 1.5, height h = 2, and 
length L = 49, (b) air pressure driven grease pump, (c) channel with one flat restriction, and (d) channel 

with double restriction. Dimensions in [mm].

2. METHOD AND EQUIPMENT
well-established

method to study the velocity field in flows [14,15] and has been applied to grease flow 
before [16]. A main criteria for the method to work is that the fluid is transparent, 
which is a condition particularly applicable to grease since the transparency of many 
grease types is limited. However, for the bearing and sealing applications studied here, 
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the characteristic length scales are so small that the grease is sufficiently transparent to

2.1. Materials

Three lithium greases of different consistencies have been used in this study. To 
describe their rheology a Herschel-Bulkley rheological model is used

n

dy
duK0 ,                     (1)

Where K is the consistency parameter [Pa·sn], 0 the yield stress [Pa], n the power law 
exponent, the shear stress [Pa] and du/dy the shear rate [1/s]. The grease rheological 
properties have been measured in a cone-plate rheometer and the Herschel Bulkley 
model parameters have been fitted to the data, see Table A1 [16]. The NLGI 00 grease 
shows approximately Newtonian behaviour with a yield stress equal to 0 and n equal 
to 1. The NLGI1- and NLGI2 greases show non-Newtonian (shear thinning) properties 
with a non-zero yield stress value and a power law exponent smaller than 1.

Table A1
Rheological parameters for the greases based on the Herschel-Bulkley rheological model, Eq. (1). From [16].

0[Pa] K[Pa·sn] n
NLGI00 0 1.85 1
NLGI1 189 4.1 0.797
NLGI2 650 20.6 0.605

2.2. Channel configuration and generation of grease flow 

The channel configurations used in this study are shown in Figure A2. Figure A2a 
shows a schematic drawing of the channel setup consisting of a steel bottom plate with 
a glass window through which observations are made, a brass middle plate forming the 
rectangular channel and restriction geometry, and a top steel plate containing the inlet 
and outlet connections (not viewed). The walls in Figure A2c and Figure A2d, called 
bars in Figure A2a, are made of brass with a Ra value of 5.4 µm.
The grease flow is generated using an air-pressure driven grease pump including a 
syringe, which is connected to the channel inlet via a flexible tube, see Figure 2b. In 
order to measure the pressure at the inlet, a manometer is connected between the 
syringe and the channel inlet connection. The grease is doped with spherical MF-

2.3. The µPIV system
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The number of papers covering visualisation and quantification of flow in micro 
geometries is increasing. One method developed over the last decades is Micro 
Particle Image Velocimetry (µPIV). The work of Wereley and Meinhart [17], shows 
the state-of-the-art of the technique and also shows its evolution from PIV and how it 
considerably differs from it in the optical and mechanical constraints and is therefore 
regarded as a separate technique. Through PIV and µPIV, visualisations can be 
obtained of velocity fields in domains having length scales from the order of several 
metres to nano-metres. In the recent work from Green [18], Larsson et al. [19], and 
Westerberg et al. [20] the potential of PIV/µPIV in different applications is presented 
for different fluids and characteristic length scales – such as bubble motion in grease 
flow [20], merging flow in the great kiln induration machines in the mining industry 
[19], mixing flow in the nuclear industry and grease flow in 3D seal geometry [18]. 
Andersson et al. [21] and Nordlund and Lundström [22] also show the potential of 
µPIV resolving the flow in geometries constrained by a fibre network with application 
to composite manufacturing. Westerberg et al. [16], Green et al. [23] and Baart et al.
[7] used this technique to study grease flow.
The general conversion for µPIV is to illuminate the particle doped flow (typically 
using a pulsed laser light) and take a sequence of double frame images for analysis of 
the change of pattern between the images using a cross correlation scheme, see Raffel 
et al. [24]. The particles are assumed to follow the flow and are of a material which 
generates a satisfactory light signal for the cross correlation. The µPIV system used in 
this study is commercially available from LaVision GmbH (Figure A3). It consists of a 
double pulsed Nd:YAG laser from Litron, model Nano L PIV. The operating
frequency ranges between 50-100 Hz with an emitted wavelength of 536 nm. The 
recording device used was a LaVision Nano Sense camera with a spatial resolution of 
1280x1024 pixels. The microscope used was a Carl Zeiss Axiovert 200 with a 5x/0.16 
lens. Image acquisition was performed with the DaVis 7.1 software, evaluation with 
the DaVis 7.2, and post-processing with Matlab 2009. 

measurement between two pulses are insignificant compared to errors caused by the 
uncertainty in measuring the displacement between two images since the velocity is 
low here [25]. For high spatial resolution it is crucial that the particles are small 
enough to follow the flow. The resolution was further improved by using appropriate 
optics and resolving the particles with at least 3-4 pixels per particle [17]. From the 
work by Raffel et al. [24], which comprises an extensive up-to-date guide to µPIV, it 
follows that the uncertainty in measuring the displacement of particles in an 
interrogation window, is nearly constant with respect to the displacement length when 
considering a displacement up to 10 pixels. Only when the displacement is less than 
0.5 pixels, the uncertainty is much lower. Adrian [25] recommends displacements of 
1/4 of the interrogation window. Bearing this in mind the uncertainty may be 
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minimised by ensuring that the correlation peak is narrow and that the number of 
speckles in the sub-images is high enough [26, 27]. 

Figure A3. Overview of the µPIV equipment. From Nordlund et al. [14]

3. Results and discussion 
The results are presented mainly in terms of vector field plots and velocity profiles. 
Three feeding pressures between 30-250 kPa have been applied to the greases using 
the syringe. These are referred to as low, medium and high pressure respectively. This 
was done in order to study how the flow rate changes with pressure. The flow rates 
were calculated by integrating the flow velocity over the channel height. 

3.1. Channel with one flat restriction 

For the channel with one flat restriction, three positions are selected for measurements: 
before the restriction, steady flow in the restriction, and after the restriction. The gap 
height above the restriction is 0.75 mm, and the restriction length is 5 mm, as shown in 
Figure A2c. Figure A4 shows measured velocity fields for NLGI2 grease. The velocity 
increases as grease flows into the narrow restriction. The velocity profiles at different 
positions before and after the restriction were analysed in more detail and are shown in 
Figure A5. In this figure, the different velocity profiles are those measured at the 
different positions in Figure A4. The colours of the line-plots correspond to those of 
the vertical lines in Figure A4. Close to the restriction, the grease flow changes 
gradually from a wide parabolic flow to a narrow parabolic flow and similarly is 
inverted after the restriction. The black arrows in Figure A5 show the order of velocity 
profiles before and after the restriction. The distance for the flow to develop from this 
wide parabolic flow to a fully developed narrow parabolic channel flow (and the other 
way around) was defined as the transition zone and is indicated with the black arrows
in Figure A4a and Figure A4c. The transition zone is between 1.2-1.5 mm for all three 
greases for all pressure drops and therefore in the same order of magnitude as the 
channel height.
It was observed that there are slowly moving particles in the corner before the 
restriction, the area shown in Figure A6, which is defined as the stagnant core by 
Radeluscu et al. [12, 13]. To investigate this phenomenon, an area with particles is 
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studied close up. Only qualitative measurements are made since the velocity of the 
particles at the corner is very low. The measurement was optimized for the central 
flow and the time step is too short for accurate measurements at the low velocities in 
the corners. From the observations of all tests it was concluded that the particles 
followed the main flow along the border of the corner area and passed through the 
restriction without moving into the corner as the blue arrows indicate in Figure A6. 
Within this corner area, it is observed that the NLGI00 grease at high velocity exhibits 
small circulation, as the red arrows indicate. Tests on the NLGI1 grease with an extra 
high flow rate also show this circulating flow but with several small vortices. 
Therefore, it is likely that this circulating flow within the corner area will only occur at 
sufficiently high flow rates.

Figure A4. Averaged velocity field for high pressure: (a) NLGI2 grease before restriction, (b) NLGI2 
grease with steady flow in the restriction, (c) NLGI2 grease after restriction



34

Figure A5. Velocity profile at different positions denoted by different colours, corresponding to the 
coloured vertical lines in Figure 4a, and Figure 4b, respectively

Figure A6. Close up view of the corner area before the flat restriction; NLGI00 grease.

a

b
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3.2. Channel with double restrictions

For the channel configuration with double restrictions, Figure A2d, the distance 
between the two restriction tips is 1.5 mm, the minimum gap height is 0.9 mm, and the 
maximum gap height between the restrictions is 1.5 mm. The maximum flow velocity 
is found above the two restrictions where the gap height is small. As expected, a 
higher-pressure drop resulted in a higher velocity and is shown in Figure A7a and 
Figure A7b. From Figure A7b it can be observed that grease flow depth between the 
two restrictions increases due to the higher velocity. The flow depth is defined by the 
depth of grease flow in the pocket between the two restrictions, i.e. the distance from 
the straight line between the tips of the two restrictions (a) to the red curve at position 
(b) in Figure A2d. For the NLGI00 grease in Figure A7c, the flow depth is larger and 
thus closer to the bottom of the pocket between the two restrictions. The flow depth 
will be discussed in more detail later.
Figure A8 shows the velocity profiles for the three greases at position 1 and position 2 
as defined in Figure A2d. More experiments for NLGI1 grease (30-250 kPa) and 
NLGI2 grease (50-400 kPa) have been done in order to investigate the flow depth. 
When comparing velocity profiles for the three greases through the first restriction 
(position 1 in Figure A2d), it can be seen that NLGI00 grease has a more parabolic 
flow profile compared to the NLGI1- and NLGI2 grease, i.e. the behaviour of the 
NLGI00 grease is closer to that of a Newtonian fluid. At low flow rates (low pressure 
drops), the velocity profiles of the NLGI1- and NLGI2 grease exhibit what is nearly a 
plug flow over the first restriction, which is in accordance with the work of 
Westerberg et al. [16]. As the flow rate increases, the velocity profiles become more 
parabolic.
The velocity profiles at the middle of the two restrictions (position 2 in Figure A2d 
and marked area in Figure A7a) indicate that there are regions with no motion of the 
grease, i.e. the shear stress in the grease is below the yield stress as given in Eq. (1). 
As the consistency (NLGI number) decreases or the flow rate increases, grease flow 
penetrates further down into the pocket between the two restrictions. This was defined 
as the flow depth. The velocity profiles presented in Figure A8 were used to calculate 
the flow depth. The vertical position of point a in Figure A2d is defined as the bottom 
point of the velocity profile at position 1. To determine the vertical position of point b 
in Figure A2d, a velocity of 9x10-3 m/s was chosen for all three greases and all 
pressure drops. Below this value the grease flow velocity was considered negligible. 
The irregular velocity profiles at lower flow velocities have not been included due to 
the noise in the velocity signal. This noise is the result of the measurement method 
where the time step was optimized to measure the main flow and is therefore too short 
for accurate measurement at very low flow velocities. 



36

Figure A7. The averaged vector field for a) NLGI2 grease at low pressure gradient, b) NLGI2 grease at 
high pressure gradient, and c) NLGI00 grease at high pressure gradient
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Figure A8. Velocity profiles measured at Pos 1 (solid lines) and Pos 2 (dashed lines) in Figure 2d: (a) 
NLGI00 grease, (b) NLGI1 grease, and (c) NLGI2 grease. The flow rate q is the flow across the channel 

height for each corresponding position [x 10-3 m2/s]

The relationship between flow depth and flow rate is shown in Figure A9. For the 
NLGI00 grease, the flow depth is approximately linear with the flow rate which is 
expected due to the approximately Newtonian behaviour. The flow depths of NLGI00 
grease are larger than those of NLGI1- and NLGI2 grease in all the experiments and 
reach to the bottom of the pocket at a flow rate of 0.19 x10-3 m2/s; more tests are 
needed to investigate flow depth of NLGI00 grease at very low flow rates. For NLGI1-
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and NLGI2 grease, the flow depth and the flow rate are approximated with a 
logarithmic relationship. As a result, extrapolation of the logarithmic line shows that 
there is no flow depth at low flow rates. This could be explained by the rheological 
behaviour, i.e. the yield stress, of the grease. Internal binding forces give grease the 
properties of a solid [2] until the external stresses are beyond the yield stress, then the 
grease starts to flow. At low flow rates the flow depth is zero since the shear stress 
between the moving grease and the grease trapped in the pocket between the two
restrictions is lower than the yield stress. Only when the flow rate is high enough, the 
grease between the two restrictions starts to move. As a result, high consistency grease 
needs a high flow rate to induce flow down into the pocket between the two 
restrictions. 
The results from this work indicate that the replacement of grease in corners and in-
between restrictions will happen at a different rate than in those areas where the grease 
can flow freely. In addition, when contaminant particles are located in the stationary 
grease between the two restrictions at a relatively low velocity, the particle will start to 
flow and pass through the second restriction when the flow velocity increases, i.e. the 
flow depth increases. Therefore increasing grease flow velocities may mobilize
contaminant particles that have previously settled in corners or in-between restrictions. 
This is one of the purposes of relubrication where contaminant particles are intended 
to be forced out of the system by the transverse grease flow. Figure 4c, where the 
grease flows out of the restriction, shows that the flow becomes fully developed after a 
certain distance. Consequently, it is expected that an increasing distance between the 
two restrictions in the double restriction channel will further increase the flow depth. 
This understanding of grease flow in corners and between restrictions can be used in 
the design of bearings and (re)lubrication systems.

Figure A9. Flow depth vs. flow rate across the channel for NLGI00- , NLGI1-, and NLGI2 grease.
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4. Conclusions
The grease velocity profile in a channel with two different flow restrictions has been 
measured to understand transverse grease flow during relubrication of a bearing 
system. It has been shown, e.g. for the NLGI2 grease in the channel with one flat 
restriction, that in the corner area before and after the restriction the grease may not 
flow. In the channel with double restrictions, the flow depth, i.e. the penetration of 
flow into the pocket between the two restrictions, is a function of the flow rate. For the 
NLGI00 grease the flow depth is approximately linear with the flow rate. For the 
NLGI1- and NLGI2 greases the flow depth follows a logarithmic relationship with the 
flow rate: the higher the flow velocity, the deeper the flow depth.
The flow measurements in the model configuration with restrictions show that a 
certain distance is required for the flow to fully develop. The solid-like behaviour of 
grease at very low shear rates leads to a lack of flow just behind the restrictions. This 
illustrates that the replacement of grease by transverse flow in corners and in-between 
restrictions will happen at a different rate than in those areas where the grease can flow 
freely, and that transverse flow over seal pockets may not fully replace the 
(contaminated) grease. This supports the sealing action of grease where, in the case of 
transverse flow, some particles will remain in the seal pockets and will not enter the 
bearing. For higher flow rates this is not applicable. In that case the shear rates will be 
high even in the corners, which will cause shear rates that exceed the yield stress and 
therefore here too the grease will be replaced. It may also cause particles previously 
embedded in non-moving grease to start moving along with the grease flow.
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Abstract
Grease is extensively used to lubricate various machine elements such as rolling 
bearings, seals, and gears. Understanding the flow dynamics of grease is relevant for 
the prediction of the grease distribution for optimum lubrication and the migration of 
wear- and contaminant particles. In this study grease flow is visualized using the 
method of micro Particle Image Velocimetry; the experimental setup comprises a 
concentric cylinder with rotating shaft to simulate the grease flow in a Double 
Restriction Seal (DRS) geometry with two different grease pocket heights. It is shown 
that grease may be partially yielded in the large grease pocket geometry and fully 
yielded in the small grease pocket geometry. For the small grease pocket geometry, it 
is shown that three distinct grease flow layers are present: a high shear rate region 
close to the stationary wall, a bulk flow layer, and a high shear rate boundary region 
near the rotating shaft. The grease shear thinning behaviour and its wall slip effects 
have been detected and discussed.

Key words: grease flow; micro Particle Image Velocimetry (0); boundary layer; 
velocity profile, lubrication 
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1. Introduction
Lubricating grease is commonly applied to lubricate e.g. rolling bearings, seals and 
gears. It is a semi-solid material, which prevents it from easily flowing/leaking out 
from the bearing system and gives it sealing properties, protecting the system against 
ingress of contaminants. Compared to lubricating oil, grease shows much more 
complex rheology, which makes it more difficult to model and understand grease flow. 
Grease lubricated rolling bearings often run under starved elastohydrodynamic (EHD) 
lubrication conditions [1]. This means that the thickness of the lubricant film is mainly 
determined by the limited supply of lubricant to the contacts between rolling elements 
and bearing races. Grease near the rolling elements acts as a reservoir to lubricate the 
bearing. Lugt et al. [2] showed that the initial conditions determine the grease 
lubrication process and that a long grease life could be achieved by an optimum 
reservoir formation. This reservoir formation is determined by the flow of the grease 
during the so called ‘churning phase’. It was also shown that the grease flow near the 
bearing rolling element–ring contacts plays an important role for the replenishment of 
these contacts. 
The flow of grease is however not only determined by its rheological properties but 
also by the material and roughness of the elements carrying the grease, such as seals, 
cages, rolling elements and rings. In particular grease flow behavior close to surfaces 
of these elements has shown to be of interest and especially the existence and origins 
of wall slip. Bramhall and Hutton [3] and Vinogradov [4] have argued that wall slip 
occurs over a layer of oil due to the lower concentration of thickener particles at the 
wall. Bramhall and Hutton introduced a model assuming a low viscosity layer near to 
the wall and calculated a layer thickness of about 0.05 µm for smooth lithium-based 
greases. Czarny [5] claims that there exists a concentration gradient of thickener close 
to the wall due to the interactions between the particles of the grease thickener and the 
wall which resulted in the formation of a thickener wall layer, with on top of this, an 
oil layer. He concludes that wall slip depends on the wall material and on the thickener 
type. Westerberg et al. [6] used µPIV to investigate grease flow in a straight channel 
using side walls with different materials (steel and brass) and different roughness. 
They showed that wall slip primarily occurred for stiff greases and that the roughness 
of the surface had a negligible impact on the wall slip effect. However, their choice of 
roughness levels was given by values that can be found in rolling bearings and their 
surfaces were therefore much smoother than those generally applied in rheometers to 
prevent wall slip. 
Two types of flow restrictions were applied into the straight channel in order to 
simulate the flow of grease near a seal pocket in Li et al. [7]. Later, in [8-9] a 
configuration comprising of a rotating shaft and two narrow gap sealing-like 
restrictions (a so called Double Restriction Seal, DRS) was designed to simulate the 
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sealing contact of a labyrinth type of seal. µPIV has proven to be an appropriate 
method to visualise the flow of grease in the previous work. The objective of this study 
is to investigate the grease flow in DRS geometries and discuss the wall slip effects at 
both the stationary wall and the rotating shaft.

2. Methodology
The experiments were carried out in a grease chamber, or grease pocket, between a 
rotating inner shaft and a stationary housing and two sealing restrictions (in the inlet 
and outlet of the chamber), see Figure B1. A detailed description of the setup can be 
found in Green et al. [8]. A steel ring with thickness 1.1 mm could be inserted into the 
grease pocket to reduce the pocket height between shaft and housing and therefore get 
different types of velocity profiles in the pocket. By using the ring, the height of the 
grease pocket changed from 1.5 mm to 0.4 mm. The ring is made of steel, ground to a 

- -6 m 
perpendicular to the flow direction. 
The grease velocity profile was measured in the F2’ plane using a µPIV system 
consisting of a high-speed CCD camera, an optical microscope, a pulsed laser, and a 
computer to process the data; see Figure B2. The basic principle behind µPIV is to 
measure the speed of tracer particles within a fluid (i.e. grease in this case) using a 
pulsed laser as the light source. By assuming that these particles move with the same 
speed as the flow speed, the fluid velocity is measured. The laser pulses are 
synchronised with the camera, resulting in a set of images taken with a certain 
frequency. The particle motion from one image frame to the next is tracked using a 
cross correlation technique, resulting in the direction and velocity of the particles and 
hence ultimately the motion of the grease. In this study fluorescent particles with a 
diameter of 3.23 µm were used as tracer particles in the grease. The microscope lens 
used has a magnification of 10X. For more details about the µPIV method the reader is 
referred to previous work from the authors [8].
Three lithium greases with different consistency (NLGI grade) have been considered: 
NLGI 2, NLGI 1 and a NLGI 00 grease respectively. The NLGI 1 and NLGI 2 greases 
show shear-thinning properties with a non-zero yield stress value and a power law 
exponent smaller than 1, while the NLGI 00 grease shows an approximately 
Newtonian behavior. The details about the greases can be found in the authors’ 
previous work [8].
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Figure B1. Grease chamber/pocket with ring in the DRS setup with the focus plane of the camera 
indicated by F2’.

Figure B2. Setup of µPIV system for DRS. From Green et al. [8].

3. Results and discussion
In this section the grease velocity profiles in the DRS grease chamber with two 
different pocket heights will be shown and investigated. 

3.1 Grease velocity profile and yield behavior in large grease pocket

In Figure B3 (Baart et al. [9]) the velocity profiles for the case with a large grease 
pocket height are shown. Clearly, part of the grease, close to the stationary housing, is 
stationary and not flowing. This is called an un-yielded region where the shear stresses 
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are lower than the yield stress. Closer to the rotating shaft the grease starts flowing 
implying a shear stress value above the characteristic yield stress value for the grease. 
Note that in the concentric cylinder rheometer, and the DRS setup, the shear stress is a 
function of the radial position and reduces at larger radii. In the yielded region the 
three greases show similar flow characteristics as for the case with ring, presented in 
the next section: the NLGI 2 and NLGI 1 greases have a curved velocity profile due to 
the shear thinning properties of the greases, while the NLGI 00 grease exhibits a more 
or less linear relationship between the shear rate and the shear stress, indicating a 
Newtonian rheology with a very low yield stress value. Furthermore, it is shown that 
for the same shaft speed of 0.02 m/s, the unyielded stationary part of the NLGI 2 
grease extends further from the stationary housing than the corresponding region for 
the NLGI 1 grease. This result follows from the higher yield stress value compared to 
the NLGI 1 grease. 

Figure B3. Velocity profile of the three greases in DRS with large gap[9]

3.2 Grease velocity profile and shear banding in small height grease 
pocket

Figures B4-B6 show that the NLGI 2, NLGI 1 and NLGI 00 greases are fully yielded 
in the case with the small grease pocket height for shaft speeds Us ranging from 0.020-
0.075 m/s for NLGI 1 and NLGI 2 and 0.025-0.090 m/s for NLGI 00. Compared to 
NLGI 00, the NLGI 2 and NLGI 1 greases have a more curved velocity profile or 
more pronounced shear thinning behaviour. 
The wall slip layers are very thin and the velocity profiles in these layers have not been 
measured here. Instead, the layers are identified by extrapolation of the measured 
velocity profiles towards the walls and will be further discussed in section 3.4. In the 
absence of wall slip the extrapolation should lead to zero velocity at the housing 



50

surface and the shaft speed at the shaft surface. Figure B4 reveals that three different 
regions are present for the NLGI 2 grease velocity profile in addition to the wall slip 
layers: a relatively high shear rate region in the vicinity of the stationary housing wall 
(upper wall in Figure B1), a mid-region where the velocity increases continuously in 
the direction towards the moving shaft boundary, and thirdly a high shear rate region 
in the vicinity of the rotating shaft. These regions are also referred to as shear banding 
and also present for the NLGI 1 grease; for which its velocity profile is shown in 
Figure B5. Figure B6 shows that the NLGI 00 grease has an almost linear profile 
indicating a Newtonian rheology with the shear rate being proportional to shaft speed. 
The shear rate in the centre part of the velocity profiles from Figures 4-6 has been 
calculated and plotted in Figure B7 as a function of the apparent shear rate defined as 
the ratio of shaft speed and grease pocket height (the ideal-Newtonian shear rate). The 
apparent shear rate is proportional to the shaft speed, meaning that the shear forces 
increase with an increasing shaft speed, which in turn means that the viscosity of the 
grease decreases due to its shear thinning properties. In the case of Newtonian 
behaviour, the data points for the three greases in Figure B7 would show a straight line 
with slope 1. This is clearly not the case where the deviation is more pronounced for 
the greases with higher NLGI numbers. 
This shear banding effect was not observed earlier in the large pocket height. 
However, Figure B3 does show some indication of shear banding but not as obvious as 
with the smaller grease pocket height. Unlike the yield behaviour, which is a result of 
the varying shear stress over the pocket height (radius), the shear banding is not 
expected to depend on the geometry and is also expected to be present in other systems 
and rheometers with grease films of similar thickness.  This result illustrates that an 
error is made in the calculation of the shear rate in rheometers which is always done 
through the apparent shear rate. 

Figure B4. Velocity profile of the NLGI 2 grease in DRS with ring. Us=shaft peripheral speed
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Figure B5. Velocity profile of the NLGI 1 grease in DRS with ring. Us=shaft peripheral speed

Figure B6. Velocity profile of the NLGI 00 grease in DRS with ring. Us=shaft peripheral speed

Figure B7. True shear rate calculated from the linear part in the velocity profiles for the three greases 
versus the apparent shear rate defined as the ratio of shaft speed and gap height. Black filled symbols for 

repeated test of NLGI 1 and NLGI 2 greases.
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3.3 Comparison of NLGI 2 grease velocity profiles in the DRS with 
small and large pocket height

The NLGI 2 grease velocity profiles as a function of the dimensional radial position 
are shown in Figures B8 and B9 where in Figure B9 the radial position has been made 
dimensionless using the ratio of radial position and pocket height. In Figure B8 the red
dotted line indicates the position of the ring. Here the grease velocity profile for the 
case with ring is almost following the corresponding velocity profile for the case 
without ring at the lower shaft speed. The profile has a more curved form for the lower 
shaft speed, while it is more linear at a higher shaft speed comparing the cases with 
small and large pocket height. In Figure B9, it is apparent that the grease is partially 
yielded in the grease pocket with large pocket height, and that the yield point moves 
away from the rotating shaft (towards to the upper housing wall) as the shaft speed 
increases from 0.02 to 0.075 m/s, while the grease is fully yielded for the case with 
ring. Here the reduced pocket height due to the insertion of the ring in the DRS 
geometry implies that the shear stress value throughout the region exceeds the yield 
stress. When the rotational speed is high enough the induced shear forces in the grease 
will exceed the yield stress and the grease will be fully yielded with moving grease in 
the whole pocket as a result. A similar effect was shown earlier in [7] where the flow 
depth increased due to higher velocities (and therefore shear) caused by an increased 
pressure drop for the straight channel with double restrictions. Another example is the 
work from Westerberg et al. [6] where the plug flow changed into a more parabolic 
velocity flow as the velocities and therefore shear forces increased. 

Figure B8. Velocity profile of the NLGI 2 grease in DRS with large and small gap.



53

Figure B9. Velocity profile of the NLGI 2 grease in DRS with large and small gap, and dimensionless 
radial distance from the rotating shaft. 

3.4 Wall (slip) effects in DRS with small gap

Wall slip effects for grease flow have been addressed by several authors throughout 
the years [3,4,5,6], where also Westerberg et al. [6], also used the method of µPIV to 
visualize the grease velocity profile. In the present study, the velocity profile close to 
the stationary housing boundary (upper boundary in Figure B1) is shown in Figure 
B10 where the dimensional velocity is plotted as a function of the radial co-ordinate 
and in Figure B11, where the corresponding dimensionless velocity is plotted. In these 
figures the area close to the wall is zoomed-in to highlight wall effects. Figures B10-
B11 show that a slip layer is present in the region stretching from the stationary 
housing boundary wall (y=0) to the location of the first data point (y about 20µm). As 
mentioned above, the existence of a slip layer is indicated by a non-zero extrapolated 
velocity on the stationary housing. The figure shows that the wall-slip velocity for the 
NLGI2 grease is higher than for the NLGI 1 grease, which is ascribed to the lower 
base oil viscosity of the NLGI2 grease. The result coincides with the results from 
Westerberg et al. [6]. In the present study it is surprising that the slip velocity for the 
NLGI 00 grease is higher than for the NLGI 1 grease. The same behaviour has been 
detected in [6] when using a rougher brass wall with a Ra value of 5.41µm.
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Figure B10. Velocity profiles close to the stationary housing wall for the three greases.

Figure B11. Dimensionless velocity profiles close to the stationary wall for the three greases  (u/Us, u is 
velocity of grease and Us

00, grey for NLGI 1 and black for NLGI  2 grease.

4. Summary and Conclusions
Grease velocity profiles have been measured in a grease pocket which resembles a 
concentric cylinder configuration. For the large pocket height, an un-yielded region 
appears near the stationary wall where the grease behaves as a solid body, indicating 
the presence of a yield stress. It is also shown that the position where the yield stress is 
exceeded approaches the stationary wall with increasing shaft speed. 
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Wall slip phenomena have been observed near the stationary wall in the case of a 
small pocket height. The wall-slip velocity at the stationary wall is highest for NLGI 2 
grease which has the lowest base oil viscosity. 

For the small pocket height geometry, it is shown that there is grease flow across the 
whole height, i.e., the yield stress of the grease is exceeded throughout the pocket. 
Furthermore, three distinct grease flow layers are present in addition to the wall slip 
effects, a high shear rate region close to the stationary wall, a bulk flow layer, and a 
high shear rate boundary region near the rotating shaft. As a result, a clear deviation 
between the ideal-Newtonian shear rate and the real shear rates in the grease was 
measured for the NLGI 1 and NLGI 2 greases. Attention should be paid to this effect 
when evaluating grease rheology in rheometer applications.
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P. M. LUGT2

1Division of Machine Elements 
Lulea University of Technology 

SE-971 87, Lulea, Sweden
2SKF Engineering & Research Centre

PO Box 2350, 3430 DT Nieuwegein, The Netherlands
3Division of Fluid Mechanics

Lulea University of Technology 
SE-971 87, Lulea Sweden

Microparticle image velocimetry (µPIV) is used 
to mea- sure the grease velocity profile in small seal-
like geometries and the radial migration of
contaminant particles is predicted. In the first part,
the influence of shaft speed, grease type, and tem-
peratures on the flow of lubricating greases in a
narrow double restriction sealing pocket is evaluated.
Such geometries can be found  in, for example, 
labyrinth-type  seals. In a wide pocket the velocity
profile is one-dimensional and the Herschel- Bulkley 
model  is used. In a narrow pocket, it is shown by the 
experimental results that the side walls have a
significant influence on the grease flow, implying that
the grease velocity pro- file is two-dimensional. In
this area, a single empirical grease parameter for the
rheology is sufficient to describe the velocity profile.

In the second part, the radial migration of
contaminant particles through the grease is evaluated.
Centrifugal forces acting on a solid spherical particle
are calculated from the grease velocity profile.
Consequently, particles migrate to a larger radius and
finally settle when the grease viscosity becomes large
due to the low shear rate. This behavior is important
for the sealing function of the grease in the pocket and
relubrication.
KEY WORDS

Grease Flow; Microparticle Image Velocimetry;
Particle Migration; Double Restriction Seal
INTRODUCTION

Lubricating greases are widely used for lubrication
of rolling bearings, seals, and gears. Grease provides
also a sealing function in order to protect the system 
against contamination. In a Previous study the authors 
used   a microparticle image velocimetry (µPIV) 
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method to measure the grease velocity profile in a
double restriction seal (DRS) and evaluated the sealing
function of the grease (Green, et al. (1)). They
measured a nonlinear velocity profile in a grease-filled
pocket as indicated in Fig. 1 and described the sealing
function as the ability to capture contaminant particles 
in the pocket between two sealing restrictions.
Depending on the grease velocity profile in the pocket
the contaminant particles will mi- grate in the radial
direction, which will be further investigated in this
study.

The problem of small contaminant particles moving
in a quiescent Newtonian fluid is well described in, for
example, Batchelor (2) and Kundu and Cohen (3). The
flow of particles in non- Newtonian fluids like
lubricating grease is more complex. Putz, et al. (4) and
Tabuteau, et al. (5) studied the settling of spherical 
particles in a quiescent yield stress fluid. Spherical 
particles, that move under the force of gravity, reach a
constant terminal velocity when their density is 
significantly larger than the fluid density. If the particle 
density is below a critical density, the particle comes to
a complete stop. In a rotating fluid, centrifugal forces 
can be added to the gravitational forces, resulting in
radial particle migration (Annamalai and Cole (6)). In
order to calculate the centrifugal forces on the particle,
the fluid velocity profile should be determined, which is
nonlinear in Couette flow with large gaps and non-
Newtonian fluids. Kelessidis and Maglione (7) presented 
a methodology to calculate the velocities and shear rates
in a Couette rheometer based on the Herschel-Bulkley
model.

In the current study, the grease velocity profile will
be evaluated in two different sealing geometries, one
with a wide pocket and one with a narrow  pocket  
between two sealing restrictions. Such geometry can
be found in many sealing applications; two examples 
are shown in Fig. 2. The velocity profile in wide 
pockets will be modeled as a one-dimensional
problem using the Herschel-Bulkley rheology model 
based on Kelessidis and
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Fig. 1—Typical velocity profile between a rotating shaft and a
stationary housing. The dashed line represents a
Newtonian fluid and the continuous line represents a
shear thinning fluid.

Maglione’s (7) research. The grease velocity in the
narrow pocket will be measured using the DRS setup
from Green, et al. (1) for different greases, different
shaft speeds, and temperatures. Subsequently, the grease
velocity profile models are used as input for a radial
migration model that predicts how solid contaminant
particles settle in the grease pocket. Finally, the sealing
function of the grease will be discussed.
PART 1—GREASE VELOCITY PROFILE

The experimental setup and measurement method
for µPIV will be briefly explained and the obtained
velocity profiles in the wide and narrow pocket will be
discussed.
Methodology

Green, et al. (1) quantified three-dimensional grease
velocity profiles with µPIV in a grease pocket with a
rotating inner cylinder and stationary outer cylinder
(housing). A detailed description of the setup and
(µPIV) methodology can be found in Green, et al. (1).
The setup was modified with a new grease supply system 
and a hot air box to examine the influence of elevated
ambient temperatures on the grease velocity profiles.
The elevated temperature was monitored with
thermocouples that were inserted in the housing at the
outer radius of the grease pocket. Follow-

Fig. 2—Seals including a labyrinth: (a) oil seal with dust lip
and wide grease pocket and (b) double lip bearing
seal with narrow grease pocket.

ing previous work, fluorescent seeding particles with a
diameter of 3.23 0.006 µm were used in combination
with a 10 magnification. A multipass cross-correlation
scheme was applied, with a decreasing interrogation
window size from 128 64 pixels to 32
16 pixels and typically 55–62 data points were acquired in
each velocity profile, resulting in a spatial resolution of
0.024–0.027 mm. Measurements were performed in a
plane located 0.1 mm behind the end face of the
rotating shaft; that is, approximately 0.2 mm away from
the transparent window as seen in Fig. 3. This is not 
the same plane as that in previous work and the typical
image that is observed is shown in Fig. 1. The shaft is
driven at speeds from 0.01 to 0.1 m/s shaft surface
velocity.

Greases with different rheological behaviors were
used: a relatively stiff NLGI2 grease, a softer NLGI1
grease, and a very soft NLGI00 grease. These greases are
transparent and it is possible to set the focal plane for
measurements some distance into the grease pocket 
volume, F2 in Fig. 3. While the shaft is rotating, a small
grease flow of 0.1 mL/min is forced to flow from the
pressure chamber through the first sealing restriction
into the grease pocket and leaves the test rig through
the second sealing restriction as indicated by arrows in
Fig. 3. This grease flow ensures that the grease pocket is
filled with grease throughout the measurement. As
shown previously in Green, et al. (1), this grease flow 
takes place close to the rotating shaft and is sufficiently
small that it does not significantly influence the
tangential velocity measurements.

The rheology model for the grease used here is the
Herschel- Bulkley model including an extra base oil
viscosity term as presented by Palacios and Palacios
(8) and used in Baart, et al. (9). This four-parameter
Herschel-Bulkley model is defined as

HB y K n
bo , [1]

where is the apparent yield stress, K is the
consistency parameter, n is the shear thinning 
parameter, and bo is the base oil

Fig. 3—Close-up of the grease pocket in the DRS setup with
the focus plane of the camera indicated by F21.
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yield K bo

NLGI 2 0.63 0.25
NLGI 1 0.42 0.49
NLGI 00 0.63 0.89

viscosity. The parameters and bo are measured
directly and K and n result  from fitting the model to the
rheometer flow curve. The rheological properties were
measured at 25 C using a rotating parallel plate
rheometer according to the methods described by Baart,
et al. (9). In the rheometer, wall slip at the plate surfaces 
is present below shear rates of 10 s 1. The parameter
fit for K and n is done for shear rates above this value  
and the parameters are presented in Table 1. The  
greases in Table 1 are equal to the greases used in
previous studies by Westerberg, et al. (10) and Li, et al.
(11). Because of the currently used four-parameter 
model and the use of an automatic best fit method, 
different values for the rheology parameters were found
compared to the earlier manual fit used in Westerberg, et
al. (10).
The base oil viscosity  in Eq. [1] was calculated at the 
correct temperature from the  viscosities at 40 and 100
C using the Walther equation (Sá nchez-Rubio, et al.
(12)). For determination of the apparent yield stress, a
vane geometry was used on the rotational rheometer.
This setup included a rotating vane with an outer
diameter of 20 mm and length of 20 mm, including six
vanes having a 0.1 mm thickness, shown in Fig. 4. The
vane geometry was submerged 20 mm into a cup with a
25-mm inner diameter filled with grease. The wall of the
cup was made of rough sand- paper to prevent wall
slip (Keentok (13); Barnes (14); Barnes and Nguyen
(15)). During the measurement, an increasing torque was
applied on the vane and the angular velocity was
measured. Figure 5 shows the results of the angular 
velocity against the applied torque for the NLGI2 and
NLGI1 grease. Below a critical torque Tc , the angular
velocity increased linearly with the applied torque, which
was due to small elastic deformation at stresses be- low
the apparent yield stress. Above the critical torque the
angular velocity increased quickly and nonlinearly
because the grease started to flow at stresses above the 
apparent yield stress. This point of critical torque can be
visually observed in the graph and the apparent yield
stress was subsequently defined as

                                  [2]          
where Tc is the critical torque, R is the vane radius, and
h is the penetration depth of the vane into the cup. For 
greases with a high yield stress, the penetration depth h
can be reduced, which consequently reduces the
required torque to reach the apparent yield stress point. 
The average apparent yield stress can be determined 
from Fig. 5 and is shown in Table1 for the NLGI1 and 
NLGI2 greases at 25 C.
Velocity Profile in Wide Pocket

The grease velocity profile in the wide pocket, where
any influence of the end walls can be neglected, is
approached as a one-

TABLE 1— GREASE RHEOLOGICAL PROPERTIES BASED
ON THE FOUR-PARAMETER HERSCHEL-BULKLEY MODEL
FIT TO A FLOW CURVE OBTAINED FROM A PARALLEL

PLATE RHEOMETER AT 25 C

Fig. 4—Schematic drawing of the vane geometry for apparent
yield stress measurements.

dimensional case. For a Newtonian fluid in a Couette
type of gometry, the velocity profile only depends on
the shaft speed and geometry; that is, the gap height 
relative to the shaft diameter. In the case that the gap
is large compared to the shaft diameter, a nonlinear
fluid velocity (nonconstant shear rate) may be 
expected. This tangential velocity profile is given for
Newtonian fluids as (Batchelor (2))

                      [3]
where Us is the shaft surface velocity, ri is the inner radius
or shaft radius, and ro is the outer radius or housing
radius. For sufficiently small gaps where the gap relative
to the shaft radius is small, that is, (ro ri )/ri 1, Eq.
[3] approaches a linear velocity profile.
Lubricating greases generally show a nonlinear flow 
behavior and consequently Eq. [3] cannot simply be
applied. The fluid velocity profile is calculated based on
the four-parameter Herschel- Bulkley rheology model
using the parameters in Table 1. Kelessidis and
Maglione (7) presented a methodology to calculate the 
tangential velocity through the gap height in a Couette
rheometer based on the three-parameter Herschel-
Bulkley model. To use the four-parameter Herschel-
Bulkley model from Eq. [1], their flow equation was
modified. Figure 6 shows the model results for a
Newtonian oil according to Eq. [3] and for the NLGI2 
and NLGI1 grease based on the four-parameter model 
at 0.01 and 0.05 m/s shaft speed, respectively. The
velocity profile of the Newtonian oil is linear because (ro

ri )/ri is small. The greases show a small deviation from
the Newtonian case due to shear thinning. However,
when the shaft velocity is increased, this effect is re-
duced.
Velocity Profile in Narrow
Pocket

The velocity profile in the narrow pocket is 
significantly influenced by the presence of the side
walls; that are, left and right walls in Fig. 3.
Consequently, lower velocities than those based on  the 
one-dimensional analysis are expected. The DRS 
setup
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Fig. 5—Yield stress (angular velocity) measurement results for NLGI1 and NLGI2 grease.

and µPIV method from Green, et al. (1) were used to
evaluate the grease tangential velocity profile at
different shaft speeds and temperatures for three 
greases. Figure 7 presents the  measured grease velocity
profile of the NLGI2 grease at several shaft speeds in the 
F2 plane from Fig. 3. The velocity curves of the 
grease show significant nonlinearity due to shear 
thinning effects. Consequently, higher shear rates than
for a Newtonian fluid case are present close to the

rotating shaft. Close to the stationary housing, which
is located at 1.5 mm from the shaft (radial position

0.0215 mm) the grease seems to stand still, indicating an
apparent unyielded area.

Plotting the same data from Fig. 7 with the velocity
on a logarithmic scale as in Fig. 8, shows that the data
points approach a straight line. This indicates an
exponential velocity profile in the form

u (r) Us e (r ri ),                                                                                                                                                             [4]

Fig. 6—One-dimensional tangential velocity profiles for a Newtonian fluid and for greases based on the four-parameter Herschel-Bulkley
model.
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Fig. 7—Grease velocity of the NLGI2 grease in a narrow seal pocket at different shaft speeds at T = 25 C. The velocity profile is
nonlinear and the grease at the outer radius seems to be unyielded.

where Usis the shaft surface velocity, r is the radius from the 
center of rotation, and ri is the radius of the shaft surface, 
where is a shear thinning parameter of the grease. 
Equation [4] is plotted in Fig. 8 to show that Eq. [4] gives a 
non-zero velocity at the housing wall. Therefore, Eq. [4] is 
corrected with Eq. [3] to obtain

                                       [5]
where ro is the outer radius of the gap and is a new shear 
thinning parameter. The -value was found to be constant 
( 3,000) for the NLGI2 grease at all shaft speeds. 
Equation [5]

Fig. 8—Grease velocity of the NLGI2 grease in a narrow seal pocket at different shaft speeds at T = 25 C. The straight lines for all 
experiments indicate an exponential velocity profile.
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Fig. 9—Grease velocity of NLGI2, NLGI1, and NLGI00 greases in a narrow seal pocket at T = 25 C. The different greases show different
amounts of shear thinning.

was tested with data from the three different greases at 
different shaft speeds, and the results are shown in Fig. 9. 
A lso, Eq. [5] is plotted here for each measurement condition 
and the -values were determined for the different greases. 

This confirmed the idea that the -value can be used as a 
grease property to describe its flow behavior or rheology in 
the DRS setup. The different -values for the greases are 
presented in Table 2.

The shear thinning properties of grease are temperature 
dependent, and this behavior should reasonably be reflected 
in the -value. Figure 10 shows flow measurement results of 
the NLGI2 grease at four different temperatures. At each 
temperature a fit was made using Eq. [5] with different -

values. The model fit (continuous line in Fig. 10) at T 25
C appears to be a poor fit. However, this fit is based on the 
results at five different speeds in Fig. 8 where the model fits 
very well with the other shaft speeds. New -values were 
fitted for the other temperatures and are presented in Table 
3. The table also contains the temperature dependent -
values for the NLGI1 grease.

A model fit using the data in Table 3 was made to find an 
equation for the temperature dependence of the -value, 
giving

A ln (T) B, [6]

where A and B are grease parameters given in
Table 4 and T is temperature.

The temperature model, Eq. [6], for the shear
thinning parameter is substituted into Eq. [5] to
obtain the equation for the grease velocity in the DRS
F2 plane as a function of grease type, temperature,
shaft speed, radial position, and geometry according to

Only the narrow pocket’s radial dimensions are
included in Eq. [7], and the axial dimension or width of 
the pocket is not included. This width and the position 
of the measurement plane should be included  in the -
value, which has the dimension of m 1. For the current
work only the measurement plane at the position F2
is evaluated.
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Fig. 10—Grease velocity of NLGI2 grease in a narrow seal pocket as a function of temperature. Shear thinning decreases with
increasing temperature.
DISCUSSION

Equations for predicting the grease velocity profile 
in wide and narrow pockets, as can be found in double 
restriction seals, have been presented. It is shown that 
the grease velocity profile in a wide pocket (Fig. 6)
significantly deviates from the velocity profile in a
narrow pocket (Fig. 9). The wide pocket model as-
sumes a one-dimensional case where the effects of the
side walls, that are, left and right walls in Fig. 3, are
neglected. Because the width of the narrow pocket is
almost equal to the height and be- cause the 
measurement is performed at only 0.2 mm from the 
transparent window wall, the side walls do have a
significant influence on the grease velocity profile here.
This is due to the momentum equation, which includes
the (shear) stress tensor ij , and ij / xj in both spatial
directions has to be accounted for. For a one-
dimensional scenario, however, where the width is
much greater than the height, the rate of change of the
shear stress is zero in the axial direction. In the narrow 
gap situation, the walls slow down the flow and hence
lower velocities are measured. Be- cause the
measurement method—that is, the time step in velocity 
measurement—was optimized for velocities close to the
shaft, the signal-to-noise ratio at low velocities, <0.001
m/s, was relatively large, as shown in Fig. 8. The
calculation method with interrogation windows may
result in misleading results at the walls (Green, et al. (1)).
The effect of the side wall on the velocity profile cannot 
be predicted by the one-dimensional model and an
extension to two dimensions should be made if more
detailed predictions are required in future work.

However, the grease velocity profiles in the F2
plane in the narrow pocket can be calculated using a
simple analytical/empirical equation (Eq. [7]) where the
shear thinning parameter is temperature dependent. In
Table 3 the -values are found to overlap, meaning that
equal velocity profiles in the pocket can be found for
the two different greases at different temperatures. For
example, 1,450 for the NLGI1 grease at ~50 C,

which is about to equal 1,400 for the NLGI2 
grease at ~100 C.

Furthermore, the Herschel-Bulkley model in Eq. [1]
contains a yield stress, or apparent yield stress (Barnes
(14)), below which the  grease is assumed to stand still.
In Fig. 6 such an unyielded area at the outer radius is
visible at very low shaft speed; for ex- ample, 0.01 m/s.
At higher shaft speed, for example, 0.05 m/s, such 
unyielded are is no longer present and all of the grease
flows. In the narrow pocket, where the side walls
significantly influence the velocity profile, such an
apparent unyielded area is clearly visible as shown in
Fig. 7. However, here the unyielded area de- creases
with increasing shaft speed and is smaller for greases
that are less shear thinning, as shown in Fig. 9. It is
well known that the yield stress of greases depends on
temperature (Gow (16)) and, consequently, a smaller
unyielded area was measured at elevated temperatures,
as shown in Fig. 10. However, although it appears that 
some grease was apparently unyielded in the narrow
pocket in Fig. 7, in the  experiment some very slow
(creep) flow was measured. This becomes evident from
Fig. 8, where the velocity is plotted on a logarithmic 
scale. Here it is shown that the grease does flow with a
velocity that is more than an order of magnitude lower
than the velocity close to the shaft. The occurrence of
wall slip at the housing wall where shear rates are low 
may also explain that the  measured velocity does not
approach zero. Due to wall slip the bulk grease in the
apparently unyielded area may move without being
sheared. In combination with some creep flow as
described above, this explains the non-zero velocity 
values at the outer radius in Fig. 8. The one-
dimensional four- parameter Herschel-Bulkley
rheology model would have predicted the grease to
stand still in such a case due to the yield stress term in the
model. In order to predict creep flow behavior, a
rheology model with additional parameters should be
used to include a maximum viscosity plateau at low
shear rates.
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Wall slip is expected to occur in the parallel plate rheometer
experiments at low shear rates, as shown by Keentok (13) 
and Baart, et al. (9), and typically occurs at shear rates at 
the geometry wall below ~
the DRS such wall slip was not observed from the velocity 
profile measurements. By using the derivative of Eq. [7] to 
calculate the shear rates in the DRS, it becomes clear that at 
the lowest shaft velocity of 0.01 m/s the shear rate at the 

avoid wall slip.
PART 2—CONTAMINANT MIGRATION

The sealing function of grease was discussed in Green, et al. 
(1); it was suggested that solid contaminant particles that 
pass through the first sealing restriction are captured by the 
grease in the pocket, or grease chamber, and therefore 
reduce the probability of particles passing through the 
second restriction. These particles typically have a larger 
density than the grease and consequently migrate to a larger 
radius in the pocket, due to centrifugal forces. In the second 
part of the article the migration of solid contaminant 
particles in the grease due to centrifugal body forces is 
simulated using the grease velocity profiles from Part 1.

Migration Model
Solid contaminant particles in the grease pocket are 
assumed to move with the same circumferential velocity as 
the grease. Consequently, centrifugal forces act on the 
particle and force the particle to migrate to a larger radius. 
The particle is slowed down due to drag forces as the 
particle migrates through the grease. Any hydrodynamic 
effects due to shear, shear thinning, or normal stresses, as 
discussed in fundamental work by, for example, Karnis 
andMason (17) or Gauthier, et al. (18) for naturally buoyant 
particles, are neglected. The force balance is written as

where Fc is the centrifugal force, Fd is the drag force, m is 
the particle mass, and ar is the particle acceleration, all in 
the radial direction. The particle mass can be calculated 
from the particledensity p such that m = 4 pa3/3 
assuming that the contaminant particle can be approached 
as a sphere with an effective particle radius a. With the 
particle suspended in the grease, a correction for the 
difference in density between particle and grease has to be 
made. The equation for the centrifugal force then reads

where U is the circumferential velocity and g is the 
grease density. The drag force is predicted using the Stokes 
drag equation (Batchelor (2)):

for a spherical particle moving through a stationary or 
quiescent fluid with the Reynolds number Re << 1. Here 
r is the grease viscosity and Up,r is the particle velocity 
given that the grease velocity in the radial direction is zero. 
Although the grease velocity and the grease viscosity will 
vary over the particle height, it is assumed that Eq. [10] can 
be used when the effective particle diameter is small. The 
local grease viscosity depends on the local shear rate and is 

calculated for the one-dimensional case from the four-
parameter Herschel-Bulkley model in Eq. [1] as

In Part 1 it was shown that the grease velocity profile U
in the pocket is nonlinear and therefore the shear rate is a 
function of the radial position in the pocket. Consequently, 
the grease viscosity and drag force are a function of the 
radial position. Because contaminant particles are small and 
the grease viscosity is high, the radial migration velocities 
will be very low. Particle accelerations ar can therefore be 
neglected, which sets the right hand side of Eq. [8] to zero. 
This assumption was checked and validated. Substituting 
Eq. [9] and Eq. [10] into Eq. [8] gives the local particle 
velocity in the radial direction as

where r and U are calculated from the grease velocity 
profile. Due to the nonlinear rheology model including the 
shear thinning of the grease, it is not possible to solve Eq. 
[12] analytically, and a numerical integration is used to 
calculate the radial migration of the particle as a function of 
time. At each time the particle velocity is calculated using 
Eq. [12] and multiplied by the sufficiently small time step 
dt = 1 s to calculate the radial migration distance.

Migration Results
To predict the radial migration position of a solid 
contaminant particle in a grease pocket, Eq. [12] and the 
velocity profiles obtained in Part 1 are used for the wide 
and narrow pocket together with the default model 
parameters in Table 5. Figure 11 shows
the results for the wide and narrow pocket in the same 
graph. It is only after approximately 10 min that a 
difference between the grease types and pocket width 
becomes significant. For the wide pocket the radial 
migration of the particle in the different greases
is almost equal due to the very small differences in the 
grease velocity profile; see also Fig. 6. For the narrow 
pocket, differences become clear after approximately 1 h, 
where the particle migrates fastest in the lowest consistency 
grease. In the high-consistency
NLGI2 grease, which has the highest viscosity at low shear 
rates, the particle velocity is lowest. The radial migration 
also depends on the shaft speed, particle diameter, and 
temperature. This is shown in Figs. 12 and 13. Figure 12 
first shows the radial position of a 14- m-diameter particle 
after 100 h at different shaft speeds assuming a constant 
temperature of 25 C at all speeds. It is shown that at higher 
shaft speeds the particles migrate to a larger radius due to 
the larger centrifugal forces acting on the particle and 
reduced viscosity due to shear 
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Fig. 11—Radial migration as a function of time; position of a 14-µm-diameter particle for different greases at Us = 1 m/s and T = 25 C.

thinning. Figure 13 shows a very similar trend where 
larger size particles migrate to a larger radius in a time
period of 100 h. By increasing the temperature, the 
grease velocity profile becomes more linear and the
viscosity decreases (see Part 1 and Fig. 10). 
Consequently, contaminant particles migrate further at
elevated temperatures.

DISCUSSION

Results of the radial particle migration showed the
settling of contaminant particles in a seal-like geometry. 
In a wide pocket, the three different greases give very
similar results,  where  particles migrate within 2 h to half
the height of the pocket; see Fig. 11. In the narrow 
pocket this migration takes significantly longer for

Fig. 12—Radial migration as a function of speed; position of a 14-µm-diameter particle for different greases after 100 h at T = 25 C.
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Fig. 13—Radial migration as a function of particle size; position of a particle for different greases after 100 h at Us = 1 m/s and T = 25
C.

all greases: just over 2 h for the NLGI00 grease, 20
h for the NLGI1 grease, and over 70 h for the 
NLGI2 grease at a shaft speed of 1 m/s.

It was shown in a previous study by Green, et al.
(1) that in the narrow pocket an axial grease flow due
to breathing of the bearing system or relubrication
mainly takes place in the first few tenths of a millimeter 
close to the rotating shaft. Li, et al. (11) evaluated the
flow depth for the three greases in more detail but in
static conditions; that is, no shaft rotation. Their 
experimental setup contained two sealing restrictions
in a pipe flow, similar to the narrow pocket, and the
flow depth was measured as a function of flow rate and
grease type. They found a significantly lower flow depth 
for the NLGI1 and NLGI2 grease  than for the NLGI00 
grease. Consequently, contaminant particles that have 
migrated further away from the shaft in low-
consistency grease can still be picked up in an axial
grease flow. They also showed that when there is just
one restriction, the flow takes  a length of the order of
the pipe diameter to fully develop. This means  that in
a wide pocket the whole grease volume may flow in
the axial direction due to a pressure gradient except for
the volume close to the corners.

The observations described above are related to the
operation cycle in a sealed and  greased-for-life bearing 
unit; for example, Fig. 2b. Here contaminant particles 
may enter through the first sealing restriction into the 
grease pocket. During system operation, speeds and
temperatures are relatively high and particles migrate 
more easily to a large radius as indicated in Fig. 11.
At a later stage, when the rotational speed is reduced
or stopped and temperature decreases, breathing or
axial grease flow into the bearing system may take 
place. As shown by Green, et al. (1) and Li, et al.
(11), this axial flow will mainly be close to the shaft

surface in a narrow pocket and has a rather limited
penetration into the grease pocket, especially when the
temperature has dropped. Consequently, particles that
have migrated further than the flow depth will not flow
into the bearing. In the wide pocket the whole grease
volume flows, which increases the probability of
contaminant ingress but also enables refreshment of
the grease when relubrication is applied.

It has been assumed that the whole pocket between
the sealing restrictions is filled with grease, as indicated 
in Fig. 14a, and that all of the grease is being sheared. 
These conditions will generally not take place in
applications because the pocket is normally not fully
filled with grease and grease may leak out in the case of 
noncontacting sealing restrictions. Additionally, it was
shown in Part 1 (for example, Fig. 7) that in the
narrow pocket the highest shear rates take place close
to the shaft and subsequently the grease will
mechanically age here. Consequently, the grease con-
sistency decreases, which may also result in leakage.
Finally, after some time, less grease will contact the
shaft and only in the locations close to the contact
restrictions some grease can be present, as indicated in
Fig. 14b.

Fig. 14—Indication for grease position: (a) fully filled narrow
pocket and

(b) partly filled wide pocket.
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The seal pocket geometry is important in order to
hold a certain amount of grease that fulfill the sealing
function as described in this study. The velocity profile
in the grease in the vicinity of the seal contact will be
influenced by the presence of the side wall and, 
consequently, a velocity profile, similar to the one in
the narrow pocket, can be also expected here. This
emphasizes the importance of understanding the 
nonlinear flow behavior of the grease as presented in
Part 1 regarding the sealing function of the grease.

CONCLUSIONS
The grease velocity profile in the narrow pocket 

DRS  geometry was measured for different shaft 
speeds, grease types, and temperatures. The grease 
shear thinning behavior or nonlinear correction on the
Newtonian velocity profile in the narrow pocket does 
not depend on shaft speed and is defined by the -
value. This -value is grease type dependent and
changes with temperature, resulting in less shear
thinning at higher temperatures. As a consequence,
equal velocity profiles can be found for the different
greases at different temperatures. The side walls of the
small grease pocket geometry are found to influence the
measured velocity profile significantly. This was proven 
by comparison with a one-dimensional model based  on
the Herschel-Bulkley model. The one-dimensional
model was also used to predict the grease velocity
profile in a wide pocket.

The radial migration of solid contaminant particles 
was simulated in a narrow and wide seal pocket. It
was concluded that in the wide pocket contaminant
particles migrate to a larger radius than in a narrow 
pocket. The migration also depends on the grease type
and operating conditions. In a narrow pocket the ra-
dial migration reduces the probability for
contaminants to flow into the bearing where an axial
grease flow, for example, caused by breathing of the
bearing, only takes place close to the shaft. In the wide
pocket the whole volume of grease in the pocket flows 
in the axial direction and consequently also transports
contaminant particles that are located at the outer 
radius. This explains the sealing function of the grease 
in the seal pocket in a double restriction seal.
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