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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 bearing 
system and gives it sealing properties, and it also protects the system from 
contaminants and corrosion. Due to its consistency, lubricating grease has many 
additional advantages over lubricating oil: it does not require pumps, filters and 
sumps. However, the rheology of grease makes it more difficult to measure and 
study its flow dynamics. This study focuses on the influence of rheology on 
grease flow in different geometries involving a straight channel with restrictions, 
concentric cylinder geometry, and free-surface flow on a rotating disc. 

To better understand grease flow in bearings and seals, two types of flow 
restrictions were applied into the straight channel in order to simulate the flow 
of grease near a seal pocket. 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 narrow 
space between the restrictions. Clearly, a large part of the grease is not moving. 
This condition particularly applies in the case of a low-pressure gradient and 
where high-consistency grease is used. In practice this means that grease may be 
locally trapped and consequently old/contaminated grease will remain in the 
seal pockets.  

A configuration comprising a rotating shaft and two narrow gap sealing-like 
restrictions (also called Double Restriction Seal, DRS) was designed to simulate 
a sealing contact. Two different gap heights in the DRS have been used to 
compare the grease flow. 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 
regions are present: a slip layer close to the stationary wall, a bulk flow layer, 
and a slip layer near the rotating shaft. The shear thinning behaviour of the 
grease and its wall slip effects have been determined and discussed. 

Free-surface flow of grease occurs in a variety of situations such as during re-
lubrication and inside a rolling element bearing which is filled to about 30% 
with grease in order to prevent heavy churning. Here the reflow of lubricant to 
the bearing races is a key point in the lubricant film build-up, and centrifugal 



forces have a direct impact on the amount of available grease. Understanding of 
the free-surface flow behaviour of grease is hence important for the 
understanding of the lubrication mechanism. Adhesion and mass loss are 
measured for greases with different rheology on different surfaces and 
temperatures. It is shown that the critical speed at which the grease starts to 
move is mostly determined by grease type, yield stress and temperature rather 
than surface material. A developed analytical model covers a stationary analysis 
of the flow resulting in solutions for the velocity profile of the grease as well as a 
solution for the thickness of the viscous layer remaining on the disc.  
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1 Introduction 

Tribology is the science and technology of interacting surfaces in relative 
motion. It is the study of friction, wear, and lubrication, or lubrication science 
[1-2]. The early use of tribology can be traced back to several thousand years 
ago, e.g. transportation of an Egyptian statue on lubricated wooden planks in 
1880 BC [3]. Tribology is everywhere in our lives, e.g. transmission in the 
gearbox in vehicles, lubrication of machines and even the hip joints in a human 
body. The sliding and rolling surfaces in modern machinery make tribology 
crucial for energy saving. One example that can be mentioned here is that in 
1966, about 200 billion US dollars were lost due to lack of knowledge of 
tribology, and according to estimates, the energy loss in terms of friction is 
approximately one-third of the world’s energy resources [1]. With new 
development in lubrication and tribology, approximately 11% of the total 
energy used can be saved annually in the U.S. in the four major areas of 
transportation, turbo-machinery, power generation and industrial processes [4].  

Lubrication is one solution in the tribology world, which saves energy, gives 
high efficiency, and improves our lives. Two parallel purposes of lubrication are 
to reduce friction losses and prolong the service life of machine parts [5]. To 
achieve these purposes, solid, liquid and gaseous lubricants are used in 
lubrication systems [1, 6]. Among different lubricants, fluid lubricants can 
provide a lubricating film with less friction than solid-solid contact. Lubricating 
oil and grease are examples of fluid or semi-fluid lubricants.  

Lubricating grease is widely used to lubricate machine elements such as rolling 
bearings, seals and gears. Compared to lubricating oil, grease has considerable 
advantages: it is easy to use since it does not easily leak out; it acts as a seal; it has 
low friction and; it can have anticorrosive properties. The vital difference 
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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 
attributable to e.g. high working temperature or high mechanical stress, which 
makes the 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 mechanism 
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 housing, 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 due to the rotation of the rolling elements, 
and this process is known as churning. Some grease remains within the bearing 
lubricating the ElastoHydroDynamic (EHD) contact between rolling elements 
and races. The reflow of the grease adhering to the sides and cages of the 
bearing after the churning phase is crucial for the lubrication and film thickness 
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between the rolling elements and bearing races. This reflow can be triggered by 
e.g. centrifugal forces or vibrations and in order to understand the reflow it is 
essential to know the grease rheology.  

1.1 Grease structure 

The classical definition of grease states that ‘lubricating grease is a semi-fluid to 
solid product of a thickener in a liquid lubricant’ [7]. Gow [8] 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). But 
these figures can vary depending on type of grease and consistency. 

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 [11]. 

To illustrate grease simply, a water filled sponge is often used to describe the 
structure: the thickener system corresponds to the sponge and the base oil 
corresponds to the water. A combination of Van der Waals force and capillary 
forces keeps the base oil inside the thickener structure [9]. Interaction between 
thickener molecules is through ionic forces and Van der Waal forces [10]. 
Figure 1.2 shows SEM photographs of the fibre structure of soaps commonly 
used in grease manufacturing. It appears as a well-formed entanglement 
network among structural units [11]. Higher oil viscosity gives larger density of 
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physical entanglements (Figure 1.2b (soap concentration 20 weight per cent) 
and Figure 1.2a (soap concentration 14 weight per cent). Larger fibres but also 
larger spaces are shown in Figure 1.2c with higher oil viscosity compared to 
Figure 1.2a. It is obvious that both the soap concentration and oil viscosity will 
influence the microstructure of grease. 

1.1.1 Base oils 

The base oil plays an important role in the properties of grease, and can be 
divided into two main groups: mineral oil and synthetic oil [8, 12]. Mineral oil 
is a by-product in the distillation of petroleum to produce petrol and other 
petroleum-based products from crude oil. Depending on the chemical structure 
of their main components, the mineral oils are divided to paraffinic oil, 
naphthenic oil, and other base oil categories (white oils, electrical oils and 
process oils) [8, 12]. 

Synthetic oil is oil consisting of chemical compounds which were not originally 
present in crude oil (petroleum), but were synthesised by chemical processing 
from other compounds, e.g. mineral, vegetable and animal origin. Common 
types are polyalphaolefins, alkylated aromatics, polybutenes, aliphatic diesters, 
polyolesters, polyalkyleneglycols and phosphate esters. They generally have a 
higher viscosity index, better oxidation stability and a much lower pour point 
than mineral oils. However, the properties vary a lot between the different 
types. They differ as much from each other as from mineral oils [8, 12]. 
Synthetic oils have narrower hydrocarbon span compared to mineral oil and can 
be ‘tailor made’ for specific purposes by choosing different raw material or 
different reaction conditions as temperature [1]. 

1.1.2 Thickener 

Different types of thickener systems give grease a suitable consistency to remain 
in place under the conditions of use. Many types of grease are often classified by 
the type of thickener since the contribution of thickeners has been so 
fundamental. Developments of thickeners are very important to the advances in 
grease technology. The most widespread thickeners are metal soaps, but there 
are also inorganic and polyurea thickeners [8, 12]. 

The earliest greases were calcium grease with a melting point around 100°C, 
which made the use of calcium greases limited to low temperature applications. 
Sodium soaps were the first generation of high temperature greases with a 
melting point of 160°C, but they also had some limitations: water solubility, 
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hardening in storage and poorer load-carrying capabilities. Aluminium 
thickeners could enable offering grease with both water tolerance and a higher 
temperature capability. However, they were limited by lack of mechanical 
stability which excluded its use in rolling elements. The development of lithium 
soaps between 1940s and 1950s was a major step forward in the grease 
revolution. They could withstand higher temperatures, be water resistant, and 
had excellent mechanical stability. [8, 12]  

Mixed-base grease (e.g. lithium-calcium, aluminium-barium) showed little 
added benefit. The improvement and optimisation of complex grease has been 
the most important development of the last decade. Lithium complexes also 
constitute a big step forward. The principle advantage of complex greases is the 
higher melting point, but other physical and chemical characteristics are also 
influenced, e.g. water resistance, elasticity at low temperatures and fire resistance 
[8].  

Inorganic thickeners can “gel” the oil into a semi-solid state. Examples of this 
are clays (bentonite, hectorite), silica gel and PTFE. These materials do not 
form a fibre structure but consist of electrochemically charged particles which 
hold the matrix together. Polyureas and polyurea complexes are also used as 
thickeners, which often perform excellently at high temperature, but the main 
problem is the toxicity of the raw materials. There are also some new and 
innovative types of grease which are based on a polymer (polyethylene, 
polypropylene) and used in very specific applications [8].  

In this study, lithium grease was selected for its transparency; polyurea grease, 
which can be compared with lithium grease in the free-surface tests, has also 
been used. 

1.1.3 Additives 

Additives can modify the properties of lubricating grease. In addition to being a 
lubricant, grease also performs as a seal, a corrosion inhibitor, a shock absorber 
and even a noise suppressant. An additive package is usually used in the modern 
greases to achieve these properties. Unlike the additives in oil, it is not necessary 
to prevent sedimentation and/or phase separation for the additives in grease. 
The insoluble additives can be dispersed in the thickener matrix, e.g. MoS2, 
graphite and zinc oxide. The liquid additives are easily ‘locked’ to the oil phase, 
they can only with difficulty reach the metal surfaces, and very few perform 
well in greases. Calcium complex greases perform well in EP tests, since a basic 
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component of the thickener structure, calcium acetate, is also an extreme 
pressure (EP) agent. The best place for the additives should be on the soap 
structure itself. [8] 

1.1.4 Manufacturing process 

Three steps are usually taken in the manufacturing process: reaction for 
producing the thickener, adaption of the portion of base oil, and the finishing 
process. Here metal soap grease is an example for illustrating the process. The 
chemistry of the production of thickener system is the reaction of fatty acids 
with metal hydroxides in the presence of a portion of the base oil (e.g. for a 
common lithium NLGI 2 grease, 30% of the total amount of oil) and often 
some water. This process is normally carried out in two variants: A) batch 
production in kettles or ‘contactors’, and B) continuous production in small 
reaction chambers. The reaction temperature (90-95ºC for a common lithium 
NLGI 2 grease) is raised and maintained for a reasonable period and then raised 
to higher temperature (190-205 ºC for a common lithium NLGI 2 grease 
depending on the product features) to dehydrate and melt the soap. The 
cooling process often proceeds by adding more oil under continuous stirring. In 
the finishing process, the additives are added, the consistency adjusted and the 
whole mixture is homogenised with a supplementary deaeration unit, filter and 
a whole array of packing systems [8]. The details above about common lithium 
NLGI 2 grease are from Axel Christiernsson AB. 

For polyurea grease, there are three manufacturing steps. First, about 9 to 20 
weight per cent of the selected isocyanates and amines together with about 40 
weight per cent of base oils are blended in a reaction kettle in a temperature 
range from 21ºC to 204ºC. Second, solid additives and portions of the 
remaining base oil are added to the hot thickener to achieve the desired 
viscosity grade. Finally, the fully additivated grease is homogenised according to 
requirement. [13] 

1.2 Grease rheology 

1.2.1 Non-Newtonian rheology and yield stress 

Lubricating grease shows non-Newtonian behaviour 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 rate, lubricating grease acts as a time-dependent 
viscoelastic fluid with a narrow linear viscoelastic domain [14]; shear thinning 
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appears as the shear stress increases, which means viscosity decreases due to the 
shear. Lubricating grease will start to flow at a certain stress [8], which is 
normally designated yield stress ( 0 in Figure 1.3). This yield stress is a vital 
property for greases but is difficult to determine. 

Figure 1.3. Typical relationship between shear stress and shear rate of grease. 0 is the yield stress.  

 
Figure 1.4. Typical relationship between shear stress and shear rate of different types of 

fluids. 
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There have been a number of studies presented in which the yield stress has 
been measured. Keentok [15] compared four different methods to measure the 
yield stress of grease: cone-plate flow in an Instron 3250 Rheometer, cone 
penetration, vane shear, and stress relaxation. He found it most reliable to 
obtain the yield stress from a flow curve with logarithmic scale using a cone-
plate rheometer. The vane shear test is also a good method of determining yield 
stress, however, the cone penetrometer and stress relaxation are not good 
methods to measure yield stress; Baart [16] used plate-plate tools in a rheometer 
and vane geometry; the “stress sweep” method has been used by Couronne et al 
[14, 17], which linearly extrapolates the measured stresses in the range 0-2 s-1 
and the intersection with the axis gives the yield stress. From the above 
discussion, a cone-plate rheometer is the default choice for measuring the yield 
stress of greases. 

The yield stress normally decreases as the temperature increases. Measurements 
for different types of grease can be found in Baart et al [18] and Karis et al [19]. 
According to [18], the yield stress of a lithium grease could drop from 350 Pa at 
25°C to 10 Pa at 120°C. 

Shear thinning is the second rheological property that distinguishes grease from 
lubricating oil which shows Newtonian behaviour, except at high shear rate and 
high pressure [20-23]. Shear thinning is the tendency of some materials to 
decrease their viscosity when they are caused to flow at high shear rates, such as 
by high pressure gradients [24]. Figure 1.4 shows typical fluid model flow 
curves. Comparing Figures 1.3 and 1.4, grease is a shear thinning fluid with a 
yield stress, resembling a combination of a Bingham fluid and a Power Law 
model. 
The viscosity of grease also decreases with time under the same shear rate, 
which is called thixotropy [25]. Meng and Zheng [26] have investigated the 
shear thinning and thixotropic properties of lithium grease, using a cone-plate 
rheometer. After pre-shear (sheared at the shear rate 100 s-1 for 3 minutes before 
test), the shear rate was linearly increased to a different value and was kept at 
this value for 3 minutes, and linearly decreased to 0. Their results show that the 
shear stress changes as the shear rate increases, remains at the high value and 
decreases, forming a remarkable hysteresis loop which shows the thixotropy of 
grease. 
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1.2.2 Grease consistency  

The grease matrix is held together by internal binding forces, e.g. Van der 
Waals force, hydrogen bonding or capillary forces which prevent flow [8]. The 
solid-like property will change after the external stresses exceed the yield stress 
and the grease will start to behave like a shear-thinning liquid. This resistance to 
positional change is commonly known as consistency, which is the most 
important property of lubricating grease. 

The cone penetration test is used to measure the consistency of greases, in 
which a standard cone under prescribed conditions sinks into the grease. The 
NLGI consistency number is determined by measuring the level of penetration 
depth (ISO 2137, ASTM D217) [27]. The higher the consistency number, the 
lower the penetration depth. The NLGI grades are from 000, 00, and 0 to 6. 
The greases used in this study are NLGI 00, 1 and 2. To understand the NLGI 
grade in an easy way, the state of NLGI 00 grease is like apple sauce, NLGI 1 
grease is like tomato paste, and NLGI 2 grease is like peanut butter. The 
consistency of grease depends on the percentage of thickener, and for most 
grease significantly decreases permanently when sheared. 

In applications, 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 centralised lubrication systems or at low ambient 
temperatures; while high-consistency greases are normally preferred in sliding 
bearings, roller bearings and chains [27]. 

There are many studies of the relationship between the consistency and the 
rheological parameters of grease. Hamnelid [28] has discussed many problems 
associated with determining grease consistency and points out that it is very 
important to determine the consistency of lubricating grease based on 
standardised rheology parameters. Delgado et al [11] has used a Power Law 
model to describe the flow behaviour of grease. They show that the consistency 
of lubricating grease is influenced by the soap concentration under moderate 
shear conditions. The result from Couronne et al [29] shows a relationship 
between cone penetration (consistency) and yield stress: the higher the 
penetration depth (lower consistency), the lower the yield stress.  
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1.2.3 Rheology models 

As presented in Sect. 1.2.1, 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. 

 Viscosity 

A consequence of the non-Newtonian properties of grease is that the grease is 
shear thinning. The Cross model [25] captures the viscosity of grease at low and 
high shear rates respectively according to  

= +
( )

 ,                                                                            (1.1) 

where  is the viscosity, 0 is the viscosity plateau at low shear rates,  is the 
viscosity plateau at high shear rates,  is the shear rate, K is the consistency 
constant, and m is the shear thinning constant. According to the Cross model, 
the viscosity of grease changes from a high value 0 at low shear rates to  at 
high shear rates with a decreasing transition zone between low and high shear 
rate, shown in Figure 1.5. 

Figure 1.5. The relation between the viscosity and the shear rate in logarithmic scale. 
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Grease is often subjected to high shear rate due to the narrow gap and high 
relative velocity in contacting machine elements as in e.g. seals, gear mesh, 
rolling element bearings [16]. This means that the Cross model can be 
simplified to obtain the Sisko model [25] as 

= +  ,                                                                          (1.2) 

with k1 the consistency constant, n1 the shear thinning constant and  the 
viscosity plateau at high shear rates.  

Since  is small, the Sisko model can be reduced to the Power Law model, 
which is also called the Ostwald-de Waele model [25] as 

=  ,                                                                                   (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. 

Shear stress 

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

= + +  ,                                                                  (1.4) 

where  is the shear stress, 0 is the yield stress, k3 is the consistency constant, n3 
is the shear thinning constant.  

By multiplying the shear rate with all the terms in the Power Law model (Eq. 
1.3) and including the yield stress, the Herschel-Bulkley model [14, 17] is 
derived as 

 = + k ,                                                                                (1.5) 

where  is the shear stress, 0 the yield stress, k the consistency constant, and n 
the shear thinning constant. The Herschel-Bulkley model has been used by 
many researchers to model grease rheology; see e.g. [30-33]. Palacios and 
Palacios [30] show that the three-parameter Herschel-Bulkley model Eq. 1.5 is 
invalid at very high shear rate, e.g. EHD contacts. The four-parameter 
Herschel-Bulkley model Eq. 1.4 was used in Paper D where high shear rate 
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applies in seals. The rest of the papers and the thesis use the Herschel-Bulkley 
model Eq. 1.5 instead due to the low shear rate in all tests. 

1.2.4 Rheometer 

The rheology parameters are measured by shearing the fluids in different 
geometries. The shear rate is calculated by assuming uniform shear and no slip 
at the walls, which might lead to error if that is not the case. In Figure 1.6 there 
are different types of rheometers for measuring the grease rheology and further 
on determine the fitting parameter using different rheology models. For a cone-
plate rheometer geometry (Figure 1.6a), the shear rate is constant over the plate 
radius and gap height due to the angle of the cone. The disadvantage of the 
cone-plate rheometer is the limited shear rate, the limitation caused by the 
maximum rotational speed of the rheometer or grease loss which may occur at 
the edge (edge effects). Higher shear rate can be reached in a parallel plate 
rheometer (Figure 1.6b) by adjusting the gap height, and can reduce the 
influence of edge effects [16]. In the concentric cylinder rheometer (Figure 
1.6c), a small gap is formed between two concentric cylinders, and the inner 
cylinder is normally rotating. With the approximation that the gap is small 
enough compared to the cylinder radius and that end effects can be disregarded, 
a constant shear rate is assumed in the gap.  

  

 
(a) (b) (c) 

Figure 1.6. Rheometer geometries: (a) Cone-plate, (b) Parallel plate, (c) Concentric cylinder. 

1.3 Grease flow  

Grease will not flow until the yield stress is exceeded, which happens during the 
‘churning’ phase in bearings or relubrication in the system. Grease is ‘pushed’ to 
the sides in a bearing, onto the covers, seals or shield when the churning takes 
place in the beginning of a bearing operation, some grease staying inside the 
bearing, some grease going through it. Grease-lubricated rolling element 
bearings often run under starved elastohydrodynamic (EHD) lubrication 
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conditions [34]. This means that the thickness of the lubricant film is decreased 
due to the limited supply of lubricant in the contacts between rolling elements 
and bearing races. Grease near the rolling elements acts as a reservoir to 
lubricate the bearing. In the EHD contact, it is the inlet conditions that 
determine the grease lubrication process, and long grease life can be achieved by 
an optimum grease reservoir formation ([35, 36]). The reservoir formation is 
determined by the flow of the grease during the ‘churning phase’, as the excess 
grease is pushed to the sides of the EHD contact. Grease flow near the bearing 
cage plays an important role for replenishment [37-40]. Chevalier, et al [41] 
showed that the shape and thickness of the lubricant layer in the inlet 
significantly influences the film thickness in heavily starved contacts. In rolling 
bearings, such as in tapered or spherical bearings, centrifugal forces affect the 
layer thickness, especially during long term running [35, 42-43]. The reflow of 
the ‘free’ grease left on the cages and the sides of the track after churning is vital 
to the lubricating film thickness in the contact, e.g. under centrifugal force in 
the system.  
 
Furthermore, Lugt [44] points out the reason for the difficulty for quantitative 
predictions of grease flow inside bearings: the complex rheology of the greases, 
the possibility of entrapping air between oil and thickener, the enormous 
variation in scale and shear rate inside the bearing configuration. 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 [45], 
however, these are qualitative studies only. Mutuli, Bonneau and Frene [46-48], 
have made a number of studies measuring grease flow in different geometries : a 
concentric cylinder configuration [46], 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 [47, 48]. The concentric cylinder 
configuration is to investigate the grease-lubricating film in the contact, while 
the latter configuration is to study the velocity field in a sliding or rolling grease 
lubricated contact. The conclusion is that a Bingham flow model can be used to 
describe the mechanical behaviour of grease in a lubricated contact. Radulescu 
et al [49, 50] have investigated the grease flow in a geometry with 
discontinuities using simulation methods. Westerberg et al [51] showed the 
existence of plug flow for grease with a yield stress as compared to the parabolic 
flow for Newtonian fluids in a straight channel configuration geometry using 
micro Particle Image Velocimetry (μPIV).  
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1.4 Wall slip 

Grease flow is not only determined by its rheology but also by the material and 
surface properties of the lubricated parts. Wall slip is an anomalous behaviour of 
grease flow very close to a wall making it different from a Newtonian fluid, 
where the fluid closest to the wall is assumed to have the same velocity as the 
wall. This has been studied by many researchers. Bramhall and Hutton [52] 
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. They also presented 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 0.05 μm and for coarse-textured grease, 
and the minimum thickness is very much higher, about 2.4 μm. Forster et al 
[10] has 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 [53]. Cazarny [53] disagreed with 
Bramhall and Hutton [52] 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 [54]. Delgado et al [55] 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 [53].  

Westerberg et al. [51] observed a thin slip layer with a high velocity gradient 
close to the wall. The composition of this layer has however not been resolved. 

1.5 Micro Particle Image Velocimetry 

The micro Particle Image Velocimetry (PIV) method has been developed over 
the last couple of decades. 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 1.7. The basic principle of μPIV is to measure the speed 
of tracer particles within a fluid using a pulsed laser as the light source. The fluid 
velocity is derived by assuming that these particles follow the flow perfectly. 
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The laser pulses are synchronized with the camera, resulting in a set of images 
taken with a certain frequency. As shown in Figure 1.8, the particle motion 
from one image frame to the next is tracked using a cross correlation technique, 
resulting in the in-plane direction and velocity of the particles and hence the 
motion of the fluid.  Wereley and Meinhart [56] showed the state-of-the-art of 
the μPIV- 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 [57], Larsson et al [58], and 
Westerberg et al [59] the potential of PIV/μPIV in different applications is 
presented for different fluids and characteristic length scales.  Tracer particles 
need to be small enough 0.1 to 10 μm in diameter to fulfil the higher resolution 
in μPIV compared to PIV due to the volume illumination and small scale flows 
[57]. Westerberg et al [48], Green et al [60] and Baart et al [16] used this 
technique and proved that μPIV is a good method to visualize and quantify the 
grease flow. For this study, μPIV was chosen to investigate the wall-bounded 
grease flow. 

 
Figure 1.7. Overview of the μPIV equipment. From Nordlund et al [61]. 
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Figure 1.8. Principle of PIV. Courtesy of Dantec Dynamics A/S. 

1.6 Objectives 

The grease flow behaviour inside machine elements is very important to create 
a lubricating film, e.g., grease relubrication in a bearing shown in Figure 1.1. 
There is ‘free’ grease remaining in the cage, on the sides of the track and so on 
after the churning phase, and how this ‘free’ grease flows is vital to the 
lubricating film thickness, e.g., in a Hub bearing unit, Figure 1.9, where less 
than 10 grams of grease will have to last the entire car life without relubrication. 
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Figure 1.9. SKF Low Friction Hub Bearing Unit. Courtesy of SKF. 

1.6.1 Wall bounded grease flow 

There is much research done on grease flow which has been discussed in 
Sect.1.3, however, a system investigation about grease wall-bounded flow is 
missing, which is very important to understand the reflow in grease 
relubrication and particle migration. 
 
The objective of this study is to visualise grease flow in two kinds of wall-
bounded test rigs using μPIV: a straight channel with different restrictions and a 
concentric cylinder set-up with two narrow gap sealing-like restrictions. 
 

Compare grease flow with different grease consistency. 
Study particle migration in seal geometries. 
Study wall slip phenomena and shear banding during grease flow. 
Analytically and numerically compare with the velocity profiles from 
the measurements. 

 
The study of wall-bounded grease flow is presented in Paper A, B, C, D. Wall 
slip phenomena is investigated and discussed in detail in Paper C. 
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1.6.2 Free-surface grease flow 

In rolling bearings or open gears, the configuration is normally filled with about 
30 % grease to avoid heavy churning. The crucial free-surface flow is missing in 
many of the studies that have been done on grease flow so far. Such studies do 
exist for oil flow in bearings where the centrifugal force induced flow of thin 
layers have been studied experimentally and for which models have been 
developed [42, 62]. Such models have even been developed for the very 
complex flow in full rolling bearings with multiple bodies and layers [43]. Also 
for oil drops that are forming behind concentrated contacts, some work has 
been done [39]. Unfortunately, these models only apply to Newtonian fluids 
and cannot be applied to complex fluids such as lubricating greases. 
 
Free-surface grease flow driven by centrifugal force is studied by a dual 
experimental/analytical approach. The objective in this part: 
 

To find the critical speed at which grease starts to move. 
To observe the moving behaviour after this critical speed is reached.  
To evaluate the influence of different surfaces with different roughness 
and materials (metal and polymer).  
To investigate the influence of grease rheology and consistency. 
 

The investigation on free-surface grease flow is presented in Paper E, F. 
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2 The Herschel-Bulkley rheology model for 
Lubricating Grease 

The Herschel-Bulkley rheology model, Eq. 1.5, was introduced in 1926 [63], 
and has been used to model grease rheology by many researchers; see e.g. [30-
33]. The model describes the semi-solid properties of the grease characterised by 
its yield property: the lubricating grease matrix (thickener) gives grease a solid 
character until the shear stress in the grease exceeds the yield stress whereafter it 
behaves as a continuously deforming shear thinning fluid [20-23]. In this 
chapter, a comparison between the measurements in a cone-plate Rheometer 
and the Herschel-Bulkley model will be presented and discussed. 

2.1 Rheometer Experiment 

2.1.1 Greases 

Three lithium greases with different consistencies (NLGI grade): NLGI 00, 
NLGI 1, and NLGI 2 grease and a polyurea grease PU (NLGI grease 2) have 
been used in the rheology tests. These greases were chosen because they are 
frequently used in various types of lubricated machine elements. The three 
lithium greases have been used in the study of wall-bounded flow using μPIV 
due to their transparency (Paper A, B, C, D) and the NLGI 2 and NLGI 1 
greases were continuously used for free-surface flow observations since it is easy 
for them to form the grease puck used. PU grease was chosen to compare the 
free-surface flow with NLGI 2 lithium grease (paper E, F, G). 
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2.1.2 Rheometer 

The Rheology tests have been carried out in a Bohlin CVO cone and plate 
Rheometer with a 1º cone angle and 20 mm diameter plate. This set-up will 
give a constant shear rate over the plate radius (Sect. 1.2.4). 

2.2 Results 

2.2.1 Room temperature 

The comparison between the experimental measurements and the Herschel-
Bulkley model (Eq. 1.5) for NLGI 2 grease at 25ºC is shown in Figure 2.1. The 
Herschel-Bulkley model fits the flow curve at shear rates higher than 30 1/s. 
For lower shear rates, there are some deviations between the model and 
measurements due to the wall slip and shear banding effects, which is discussed 
in detail in paper C. 

Figure 2.1. Herschel-Bulkley model and measurements for flow curve of NLGI 2 grease at 25ºC. 

Table 2.1. Rheological parameters for the greases based on the Herschel-Bulkley rheological model using a 
cone- plate rheometer and base oil viscosity at 25ºC. 

Greases 0 [Pa] K[Pa·sn] n[-] Base oil viscosity 
at 25 ºC [Pa·s] 

NLGI 00 2 1.77 1 0.89 

NLGI 1 180 5.7 0.75 0.49 

NLGI 2 500 8 0.7 0.25 

PU 800 0.75 0.88 0.15 
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The rheological parameters for the greases using cone-plate rheometer at 25ºC 
are shown in Table 2.1. NLGI 00, NLGI 1 and NLGI 2 greases are used in 
Paper A, B, C, D, F. The rheological parameters of the grease in these papers 
are shown in Table 2.2, which was performed at SKF Engineering and 
Research Centre with a parallel plate rheometer. The differences in the 
rheology parameters for NLGI 00, NLGI 1, and NLGI 2 grease show that the 
measurement of grease rheology is influenced by the rheometer type. The 
rheological parameters in Table 2.1 are used in the free-surface flow in Chapter 
4. 

Table 2.2. Rheological parameters for the greases based on the Herschel-Bulkley rheological model using a 
plate-plate rheometer and base oil viscosity. 

Greases 0 [Pa] K[Pa·sn] n[-] Base oil viscosity 
at 25 ºC [Pa·s] 

NLGI 00 1 1.85 1 0.89 

NLGI 1 189 4.1 0.797 0.49 

NLGI 2 650 20.6 0.605 0.25 

2.2.2 Influence of temperature 

Karis [19] and Gow [64] have shown that the yield stress decreases as the 
temperature increases. Lugt [35] has summarized the influence of the 
temperature on the penetration of grease, and penetration is related to the 
consistency of grease. The temperature plays an important role on the grease 
rheology and has been investigated at different temperatures. In this thesis the 
NLGI 2 grease is used to study the temperature influence on the rheology of 
the grease.  
 
The results are shown in Figure 2.3. For the same shear rate, higher shear stress 
is needed at lower temperature. It is obvious that the yield stress decreases as the 
temperature increases. As temperature increases, the wall slip or shear banding 
phenomena are more visible, which is shown in the flow for shear rates below 
10 s-1 in Figure 2.3. The Herschel-Bulkley model was used to model the flow 
curve at different temperature and the results are shown in Table 2.3, which is 
used in the free-surface flow at elevated temperatures in Chapter 4. 
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Figure 2.2. Temperature influence on the flow curve of NLGI 2 grease. 

Table 2.3. Rheological parameters for NLGI 2 grease at different temperatures based on the Herschel-Bulkley 
rheological model. 

Temperature [ºC] 0 [Pa] K[Pa·sn] n[-] 

25 500 8 0.7 

50 280 14.5 0.56 

70 180 26 0.43 

90 100 15 0.44 

 
Lugt [35] observed Arrhenius behaviour of the yield stress of grease according 
to 
  

= 2 ,                                                                             (2.1) 

 
where T0 is a reference temperature, T’ a constant temperature, T the yield 
stress at temperature T, and T0 the yielded at the reference temperature T0. 
The equation has been applied to the yield stress of NLGI 2 grease, and T0 = 
25ºC, T’ = 26ºC. Figure 2.3 shows the agreement between the Herschel-
Bulkley model and the Arrhenius equation. The Arrhenius equation only 
applies in the temperature range where certain crystallization appears in the 
grease matrix [35, chapter 5]. Similar to the Viscosity Index (VI), Gow [64] 
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introduced the yield index (YI) to indicate the sensitivity of the yield stress at 
low temperatures which may be used to specify start-up torque and pumpability 
at that temperature. 

Figure 2.3. Comparison of yield stress values at different temperatures using the Arrhenius model 
and the Herschel-Bulkley model. 

2.3 Conclusion 

Lubricating grease acts as solid body at low shear rate until a certain stress is 
reached, which is referred to as the yield stress in the Herschel-Bulkley model. 
The yield stress dependency on the temperature has been investigated and it was 
found that the yield stress value follows the Arrhenius behaviour as the 
temperature increases.  Also, it is indicated that wall slip and shear banding 
effects are present in the rheology measurements presented in Figure 2.1 and 
2.2; these concepts will be further discussed in Chapter 3. The validity of using 
the Herschel-Bulkley model in the measurements presented in this thesis is 
motivated by the shear rate, which in this study ranges from 30 to 300 s-1. This 
is within the range of the Power law model and consequently the Herschel-
Bulkley model can be considered valid to describe the rheology of greases used 
in this thesis. 
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3 Wall-bounded grease flow using μPIV  

This section reviews the main findings regarding grease flow in wall bounded 
geometries presented in Papers A-D. For further detailed findings and results 
the reader is referred to these appended papers. 
 
 In this part, micro-Particle Image Velocimetry ( PIV) is used to study the flow 
of grease in two different experimental setups. In both test rigs the grease 
volumes are small (details can be found in Sect. 3.1.1 and Sect. 3.2.1), thus 
μPIV is a suitable experimental method for measuring the grease velocity 
profiles.  

3.1 Grease flow in a straight channel with restrictions 

For the wall-bounded flow study three lithium greases presented in Sect. 2.2.1 
with different consistencies NLGI 2, NLGI 1, and NLGI 00 have been used. 
The rheological parameters for the greases based on the Herschel-Bulkley 
rheological model can be found in Table 2.1. 

Grease will not flow until the yield stress is reached, which means that only the 
part of grease where the yield stress is reached will flow, and the grease will 
remain motionless if the yield stress is not reached. That is to say, there may be 
simultaneous two regions in grease flow: yielded and unyielded grease, which is 
particularly interesting in the case of particle transport in bearings and seal 
configurations. To understand grease flow during relubrication of a system, the 
grease velocity profile in a channel with two different flow restrictions was 
measured. The study was also aimed at understanding the motion of 
contaminant particles following the grease flow. 
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Figure 3.1. Schematic drawing of the setup with dimensions in mm; gap width d = 1.5, height h = 
2, and length L = 49. 

 
Figure 3.2. (a) Channel with one flat restriction, and (b) channel with double restriction. 
Dimensions in mm.  
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3.1.1 Experimental Set Up 

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.  

The channel configurations used in this study are shown in Figure 3.1 and 3.2. 
Figure 3.1 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 illustrated). The 
walls in Figures 3.2a and 3.2b, called bars in Figure 3.1, are electrical discharge 
machined from brass with a Ra value of 5.4 μm. 

3.1.2 Results and Discussions 

Figure 3.3 shows the averaged velocity field for NLGI 2 grease at different 
positions in the channel with one flat restriction. The three greases show similar 
velocity profiles, but the maximum velocity decreases with increasing NLGI 
grade under the same pressure gradient due to the increase in yield stress to be 
overcome. 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, which is shown in Figure 3.3 with vertical 
coloured lines. The transition zone shown by the white arrows in Figure 3.3 is 
between 1.2 and 1.5 mm for all three greases and for all pressure drops and is 
therefore of the same order of magnitude as the channel height. It was observed 
that there are slowly moving particles in the corner before the restriction. 
Within this corner area, it is observed that the NLGI 00 grease at high velocity 
exhibits small circulation. Tests on the NLGI 1 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. The above discussion indicates that contaminant 
particles may be trapped within the corner before the restriction using grease of 
higher consistency and/or lower pressure gradient. Most of the particles follow 
the main flow of grease into the restriction volume. 
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Figure 3.3. Averaged velocity field for pressure 200 kPa: a) NLGI 2 grease inlet b) NLGI 2 grease 
with steady flow over the restriction, and c) NLGI 2 grease outlet. The colour bars show the 
velocity of the flow in m/s. 
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Figure 3.4. The averaged vector field in the channel with double restrictions for NLGI 2 grease at 
high pressure gradient 250 kPa. 

In the channel with double restrictions, the velocity profile of NLGI 2 grease is 
shown in Figure 3.4 at high pressure gradient 250 kPa. The maximum flow 
velocity is found above the two restrictions. A higher pressure gradient or lower 
grease consistency (NLGI number) resulted in a higher flow velocity. The 
velocity profiles for NLGI 1 grease are shown in Figure 3.5 as the flow rate 
increases (due to the increase in the pressure gradient). The velocity profiles 
gradually change with increasing pressure from a plug flow to a parabolic profile, 
which was also observed in [51]. It was observed that grease can flow down into 
the area between the restrictions. The vertical distance between the tips of the 
two restrictions and the point where grease stops moving is defined as the flow 
depth (line ab in Figure 3.2b). 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 3.6. 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 rate, the deeper 
the flow depth. A high pressure gradient will give a higher flow rate and thus 
push the grease flow further down into the region between the two restrictions. 
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Figure 3.5. Velocity profiles measured at Position 1 (Solid lines) and Position 2 (dashed lines) in 
Figure 3.2 b for NLGI 1 grease. q is the flow rate across the channel height at each corresponding 
position (x 10-3 m2/s).

Figure 3.6. Flow depth vs. flow rate in the channel with two restrictions for NLGI 00, NLGI 1, 
and NLGI 2 grease, respectively. 

The flow measurements in the channel 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 in the pockets just before 
and after the restrictions. This illustrates that the replacement of grease by flow 
in corners and between restrictions will happen at a different rate than in those 
areas where the grease can flow freely, and that flow over seal pockets may not 
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fully replace the (contaminated) grease. This supports the sealing action of 
grease, where 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 to exceed the 
yield stress and therefore also here 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 Grease flow in a Double Restrictions Seal Geometry 

Figure 3.7 shows two examples of a Double Restriction Seal (DRS). The 
pocket is coloured yellow, (a) a wide pocket where the width is much greater 
than the height of the pocket and (b) a narrow pocket where the width is 
comparable with the height of the pocket. In order to investigate the 
contaminant particle migration in the DRS, it is vital to know the grease 
velocity profiles in these kinds of geometries. 

Better understanding of the grease flow in the seal geometry is important to the 
prediction of grease distribution for optimum lubrication in bearings and 
contaminant particle/water migration. Therefore, a test rig was designed to 
mimic the geometry of a DRS with concentric cylinder geometry and two 
restrictions, see Figure 3.8, of which the details can be found in Paper B.  

(a) (b) 

Figure 3.7. Seals including a lip (a) oil seal with dust lip and wide grease pocket and (b) double lip 
bearing seal with narrow grease pocket.  
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3.2.1 Experimental Set Up 

For the DRS setup, the μPIV system used is a commercially available system 
from Dantec Dynamics A/S consisting of a Litron LDY301 Laser. Image 
acquisition and post-processing are controlled and performed with Dynamic 
Studio v. 2.30 software. 

Figure 3.8. Grease pocket (indicated by the black arrow) with ring in the DRS setup with the focal 
plane of the camera indicated by F2’. 

The experiments were carried out in a grease pocket, shown in Figure 3.8, 
between a rotating inner cylinder and a stationary housing which simulates the 
grease flow in a DRS. A ring with thickness 1.1 mm could be inserted into the 
grease pocket to get different gap height and thus different types of velocity 
profile. With the ring inserted a 1D flow was assumed. The 1.5 mm grease 
pocket is designed to mimic the grease flow in a narrow DRS (Figure 3.7b) and 
the 0.4 mm grease pocket is to mimic the grease flow in a wide DRS (Figure 
3.7a). The grease velocity profile was measured at the F2’ plane. The grease was 
fed into the pocket by a syringe pump through the first sealing restriction and a 
small grease flow of 0.1 ml/min was kept through the first and second 
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restrictions during measurement to make sure that there was enough grease in 
the pocket. This axial grease flow was ignored since it was small compared to 
the radial grease flow. The shaft is driven at speeds from 0.02 to 0.1 m/s shaft 
surface velocity. All tests were carried out at room temperature 23ºC. 

3.2.2 Analytical model for grease velocity profiles in the DRS 

The aim to derive a model for grease velocity profiles is in order to compare 
with the μPIV measurements, and to contribute to the general understanding of 
grease flow.  
 
A mathematical model, Eq. 3.1, with exponential velocity profile has been 
established in the 1.5 mm grease pocket, details of which can be found in Paper 
D, where U s is the shaft speed, ro is the outer radius 0.0215 m, r i is the inner 
radius 0.02 m, and  is a constant for each grease with the unit m-1 (for NLGI 2 
grease shown to be -3000, -2000 for NLGI 1 grease and -1000 for NLGI 00 
grease). The final expression of the model reads 
 

( ) = ( ) ,                                                    (3.1) 

 
A simplified numerical model has been developed in Paper D to investigate 
whether the flow in the 0.4 mm pocket can be considered one-dimensional. 
For 1D stationary flow in a concentric cylinder configuration such as the DRS, 
the equation of motion in cylindrical coordinates (Figure 3.9) reduces to 

= 0,                                                               (3.2) 

 
which after integration yields, 
 

= ,                                                                                     (3.3)

 

where C1 is a constant. For 1D cylindrical flow the shear rate reads 

 

= .                                                                                (3.4) 
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For the 1D flow the velocity is considered to only have an angular component 
and only to be dependent on the radial position. Combining Eqns. 3.3-3.4 and 
the Herschel-Bulkley rheology model (Eq. 1.5) yields 
 

= +  .                                                           (3.5) 

 
The velocity profile is then obtained by integration, such that 

( ) =
/

+ ,                                     (3.6) 

where C2 is a constant. As boundary condition(s) a reference velocity at a given 
distance is used (r,u). It can e.g. be the velocity of the rotating/stationary shaft 
or the first data points near the solid boundaries. Here the velocity of the 
rotating shaft is considered (r1,u1) together with the first measured velocity in 
connection to the stationary housing (r2,u2). An analytical solution can be 
obtained for n equal to 1/2, 1/3 and a number of different fractions. However, 
due to the small dimensions in the grease pocket and the actual form of the 
integrand in Eq. 3.6, the impact of the n value for the greases used (0.6-1) on 
the velocity profile is negligible in comparison to the radial variation. Hence for 
this study n = 1 is chosen for simplicity. The analytical model for n = 1 reads 

( ) = +  ,                                            (3.7) 

where,  

= + ( )  .                           (3.8) 
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Figure 3.9. Schematic view of the geometry comprising the grease pocket and cylindrical 
boundaries. 

3.2.3 Grease velocity profiles in the DRS 

The experimental velocity profiles using large and small gaps are compared in 
Figure 3.10. For the 1.5 mm 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 value is exceeded and otherwise 
remains motionless. 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 0.4 mm, grease flows in all the regions of the pocket from 
the rotating shaft to the stationary wall. 
 

For grease flow in the 1.5 mm grease pocket, the results are shown in Figure 
3.11 compared with experimental measurement from the μPIV test. The model 
Eq. 3.1 fits the experimental data very well. 
 
For grease flow in the 0.4 mm pocket, a 1D analytical model Eq. 3.9 based on 
the Herschel-Bulkley model has been introduced, details of which can be found 
in Paper C. Results for NLGI 2 grease with shear thinning index n=1 are 
shown in Figure 3.12 and compared with experimental measurement from 
μPIV test. The deviation between the experimental- and analytical data in the 
grease bulk is probably not due to erroneous measurements, but to the shear 
banding effect in the grease, which is further discussed in Sect. 3.2.4. In the 
derived analytical model, the shear rate is assumed to be continuously varying. 
From the experiment it is evident that the shear rate is not a continuous 
function of the radial position, which indicates that use of apparent shear rate 
may induce errors in the results of the model. This observation is highly 
relevant for the flow in concentric cylinder rheometers. Wall slip and shear 
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banding are two effects which may strongly influence the motion of the grease 
but neither of which is included in the model. 
 

 
Figure 3.10. Experimental velocity profiles of the NLGI 2 grease using 1.5 mm and 0.4 mm gap in 
the DRS. The hatched area represents the location of the ring forming the small pocket.  

From the numerical results it follows that the flow in the small pocket is 1D, a 
condition which is verified through the experimental- and analytical results; the 
latter shown to well describe the velocity in the small grease pocket. 



37

Figure 3.11. Velocity profiles from the mathematical model Eq. 3.1 compared to corresponding 
velocity profiles obtained from PIV experimental data for NLGI 00, NLGI 1 and NLGI 2 greases 

in the 1.5 mm gap. 

 
Figure 3.12. Velocity profiles from the analytical model Eq. 3.9 compared to corresponding 
velocity profiles obtained from PIV experimental data for NLGI 2 grease in the 0.4 mm gap.  
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3.2.4 Shear banding and wall slip phenomena 

For the small pocket geometry 0.4 mm, it is shown that there is grease flow 
across the whole gap height, i.e., the flow is fully yielded.  Figure 3.13 shows 
the velocity profiles of the NLGI 2 grease in the small pocket. The shear rate 
has its maximum in the vicinity of the rotating shaft (bottom dashed region in 
Figure 3.13) and decreases in the positive radial direction. With a uniform shear 
present in the flow the velocity profile would be uniformly varying across the 
pocket. However, as shown in Figure 3.13 this is not the case; there are 
deviations from the general trend which in the bulk flow may be explained by 
shear banding. This is a result of a non-uniform grease composition throughout 
the gap, resulting in a locally varying rheology of the grease. Also, in 
connection to the walls (especially the stationary wall, upper dashed region) the 
velocity does not continuously approach the boundary values, indicating the 
existence of a slip layer close to the boundary where the velocity gradient is 
high. Similar behaviour is observed in the straight channel as introduced in Sect. 
1.4.   
 

 
Figure 3.13 Velocity profile of the NLGI 2 grease in the DRS with 0.4 mm gap. 
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Figure 3.14. The true shear rate calculated from the velocity profiles and 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.  

The shear rate in the middle part of the velocity profiles of NLGI 00, NLGI 1 
and NLGI 2 greases has been calculated and plotted in Figure 3.14 as a function 
of the apparent shear rate defined as the ratio of shaft speed to grease pocket 
height (the ideal Newtonian shear rate). This aims to show the difference 
between the shear rate from a rheometer measurement (apparent shear rate) and 
the true shear rate for grease. 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 3.14 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.   
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Figure 3.15. Dimensionless velocity profiles close to the stationary wall for 

(0.065 m/s for the NLGI 00 grease),  high shaft speed of 0.075 m/s; no fill: NLGI 00, grey fill: 
NLGI 1 and black fill: NLGI 2. 

The velocity profiles in the large pocket (shown by unfilled markers in Figure 
3.10) do show some indication of shear banding but this is not as obvious as 
with the small grease pocket height. 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. A similar shear banding effect 
was observed in Sect. 2.2.2. 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.  
 

Wall slip phenomena have been investigated near the stationary wall in the 
DRS with the small 0.4 mm gap. The velocity profile close to the stationary 
housing boundary is shown in Figure 3.15. The wall-slip velocity at the 
stationary wall is higher for NLGI 2 grease than for lower consistency grease. 

3.2.5 Particle migration in DRS  

In Paper D, the grease velocity profile was evaluated in two different seal 
geometries, one with a wide pocket, and one with a narrow pocket between 
two sealing restrictions, shown in Figure 3.7. As discussed in Sect. 3.4.3, grease 
flow in the wide seal geometry (as the 0.4 mm pocket in DRS) can be modeled 
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with a 1D model. The influence of end walls was neglected in the case of the 
wide pocket and a 1D model with a four-parameter Herschel-Bulkley rheology 
model was used to model the grease velocity profiles. Eq. 3.1 was used to 
model the grease flow in the narrow seal geometry (similar to the 1.5 mm 
pocket in the DRS). 

Figure 3.16.  Radial migration as a function of time; position of a 14-μm-diameter particle for 
different greases at shaft speed 1 m/s and 25°C. 

A migration model was built to simulate a spherical particle contaminant 
migration in radial direction. The results for three greases at 25°C are shown in 
Figure 3.16. The difference between the grease types and pocket width 
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 to each other. For the narrow pocket, the 
differences become obvious after about 1h, where the particle migrates faster in 
grease with lower consistency.  In paper A, the flow depth for NLGI 2 and 
NLGI 1 grease is significantly less than for NLGI 00 grease, consequently, 
contaminant particles that have migrated away from the shaft in 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 



42

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 radial direction 
after some distance except for the area close to the restrictions.  

3.3 Conclusion 

For the 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 gradient 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 or particles embedded may remain there.  

For the DRS set up: 

It is shown that partially yielded grease flow is detected in the large 
gap geometry where the unyielded region increased as the NLGI 
number increased at the same shaft speed. 
For the small gap geometry, no unyielded regions appeared, but 
grease flow took place over the entire gap height. It is shown that 
three distinct grease flow layers are present: a slip region closest to 
the stationary wall, a bulk flow layer in the middle part of the gap, 
and a high shear rate boundary region near the rotating shaft. The 
higher the NLGI number, the more distinct the regions. 
The shear banding effect detected in the DRS were also observed in 
the Rheometer tests. 
The wall-slip velocity at the stationary wall is higher for NLGI 2 
grease than for lower consistency grease.  
A 1D model for velocity profiles with a simple shear thinning 
constant n=1 can well describe the grease velocity profiles in the 
wide DRS pocket. A mathematical model with exponential velocity 
profile has been established for grease flow in a narrow DRS pocket. 
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For contaminant migration: 
The contaminant particle migrates further down towards the outer 
wall in a wide pocket compared to a narrow pocket, and moves 
faster in lower consistency grease. 
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4 Grease free-surface flow 

This section reviews the main findings of grease free-surface flow. For further 
details and findings the reader is referred to the appended papers.  

One important example of where the free-surface motion is important is in 
rolling bearings or open gears, where grease is ‘pushed’ onto the covers, seals 
and cages, and on the sides of the track after the churning phase. This grease is 
‘free’ to flow due to e.g. centrifugal force, vibrations or other forces from the 
system. The flow behaviour of the ‘free’ grease is vital to the relubrication in 
the contact. Such free-surface flow for oil in bearings has been induced 
experimentally and some models have been developed [52, 53, 65]. However, 
these models cannot be applied to complex semi-fluids such as lubricating 
greases. 

A combined experimental- and analytical approach was adopted to investigate 
the free-surface flow of the grease subjected to centrifugal force on a rotating 
disc. 

4.1 Materials and Experimental set up 

4.1.1 Greases 

Two lithium greases with different consistency were used in the free-surface 
tests -NLGI grade 1 and NLGI grade 2 respectively. They are the same as used 
in the bounded flow in chapter 3.  A polyurea grease PU with NLGI grade 2 
was also chosen to compare with the lithium greases. The rheological 
parameters for the greases based on the Herschel-Bulkley rheological model can 
be found in Table 2.1. 
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4.1.2 Experimental Set up 

The experiments in papers E, F and G concerning free-surface flow have been 
carried out on a rotating steel disc with a diameter of 100 mm. Four plates were 
mounted symmetrically on the disc, which is shown in Figure 4.1.  A puck of 
grease was centred on each plate 27.5 mm away from the disc centre which is 5 
mm in diameter.  Two thicknesses 1 mm and 2 mm have been chosen for the 
grease samples to investigate the influence of the grease rheology and the surface 
materials. 

Bearing steel, brass and Polyamide 66 (PA 66), often used as ring and cage 
material in rolling bearings, and have been used in the grease free-surface study. 
The Ra values are 1.2 μm, 0.1 μm and 0.5 μm for the steel, brass and 
Polyamide respectively.  

Figure 4.1. Rotating disc with four plates for free-surface test

Due to the consistency, the grease will not flow until the yield stress is reached. 
The evolution of the grease track on the rotating disc with increasing speed is 
shown in Figure 4.2. The grease flows as soon as a certain disc speed is reached 
(Figure 4.2b), which is defined as the critical speed. In order to investigate the 
influence of the grease rheology and surface materials on the critical speed, the 
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accelerating speed /3 s-2 is used for the disc to increase the speed from 0 to a 
maximum speed, which is 1.2 times the critical speed, which is kept for 10 
seconds to make sure that the grease is thrown off the disc. Furthermore, the 
weight of each plate was measured before and after the test to determine the 
amount of grease that had been thrown off. The free-surface test for the three 
greases was run at room temperature 23ºC. 

Elevated temperatures were used for NLGI 2 grease free- surface tests at 50ºC, 
70ºC, 90 ºC on the steel plate. At each temperature, the disc was heated up by 
a heating wire below it and the temperature at the plate surface was measured 
with a thermo couple.  

 

 

 

              (a)                  (b) 
 

 

 

             (c)                   (d) 
Figure 4.2. The shape of the 2 mm high NLGI 2 grade grease sample: (a) initial position (b) at 
critical speed and onset of motion (c) halfway down the plate (d) after the free-surface test. 

The accuracy of the measured critical speed is ±0.03 m/s, while the accuracy of 
the balance scale used is ±10 μg. The grease loss is defined as the mass 
percentage of grease leaving the plate compared to the initial grease sample 
mass. At each test run a grease sample was put on each of the four plates. The 
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average value of the four samples and a 90% confidence interval is used to show 
the deviation in the results.  For the results at elevated temperatures, repeated 
tests have been carried out to check the reliability of the results. Eight samples 
have been used to calculate the average value and 90% confidence interval.

4.1.3 Scanning Electron Microscope 

The composition of the grease layer left on the plate after free-surface flow was 
measured using an environmental (low-vacuum) scanning electron microscope 
(SEM) with different accelerating voltage (15 kV and 25 kV respectively) and a 
probe current of 10-6 A. The two different voltages are used to qualitatively 
determine the oxygen content in the surface track at different depths below the 
grease surface, 1-2 μm and 3-4 μm under the grease layer respectively. The 
SEM equipment used was a Jeol JSM-6460LV microscope fitted with Oxford 
Inca EDS software. 

4.2 Analytical model 

In this section the main concepts and results of the analytical description of the 
steady uniform flow of the grease on the plate are presented. For details please 
see Paper F.  
 
The free-surface grease flow illustrated in Figure 4.3 is considered to be 
comprised of a thin viscous layer close to the solid plate, and a solid (unyielded) 
plug region on top of the viscous layer. The equations governing the flow are 
the continuity equation and the equation of motion. The velocity field is in 
general form written as u = ur(t,r,z)ar+ uz(t,r,z)az, where ar,z are the unit 
vectors in respective direction. For the analysis, the boundary layer 
approximation is considered, meaning the velocity variation in the transverse 
direction (z) to the main flow direction is much greater compared to the 
variation in the main flow direction (r z >> r. This reduces the 
equation of motion to  

+ = 0,                                                                                (4.1) 

where the first term is the (centrifugal) volume force due to the rotation of the 
plate,  is the shear stress in Eq. 4.1, and  is the density of the grease. The 
Herschel-Bulkley rheology model is considered to govern the relation between 
the shear stress and the rate of shear, which in cylindrical coordinates reads 
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= + .                                                                  (4.2)

The velocity field is obtained by combining the H-B rheology model with the 
equation of motion, considering a no slip boundary condition (u = 0) at the 
solid plate. At z = hs (the interface between the viscous layer and the plug 
region) the shear stress equals the yield stress value 0. Considering these 
boundary conditions the velocity is obtain by integration and yields 

u ( , ) = U 1 1 ,                                                   (4.3) 

where Up is the plug flow layer velocity  

U = .                                                                 (4.4) 

The expression for the thickness of the viscous layer reads 

h = .                                                                                      (4.5) 

(a) (b) 

Figure 4.3. (a) Schematic view of the motion of the grease sample (‘puck’) on a rotating disc and 
(b) the flow regions within the grease sample. The figures are not to scale. The coordinate system 
used is cylindrical with the radial coordinate (r) pointing in the normal direction to the vertical (z) 
coordinate, i.e. the coordinates follow the rotation of the disc. The grey area in (b) is the yielded, 
viscous layer ( > 0).



50

Figure 4.4. Velocity profiles for different shear thinning constant n in the yielded viscous layer 
stretching between z=0 and z=hs.  

The dimensionless velocity profiles within the yielded viscous layer (Figure 
4.3b) for different n-values are plotted in Figure 4.4.  The difference between 
greases which have a more or less Newtonian behaviour n = 1 and greases 
which are heavily shear thinning n = 0.1 is significant. 

4.3 Results and Discussions 

4.3.1 Critical speed 

 
As described by the developed model, the grease puck experiences a continuous 
deformation (shear) up to a distance z = hs where the grease yield stress value 
exceeds the local shear stress value. This means that the grease puck is ‘sheared’ 
a certain distance into the bulk rather than at the contact with the plate. Thus it 
mainly is the grease (rheological) properties which determine the critical speed 
for a given rotational speed of the disc; this is also supported by Eq. 4.5. On the 
other hand, however, if the initial height of the grease puck is small, the physics 
in the contact between the plate and the puck should have impact on the 
critical speed. It is hence of specific interest to investigate the impact of the 
surface roughness and material on the measured critical speed. It was found that 
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the influence of the surface materials on the critical speed is not significant; for 
details see Paper E. Taking the steel plate as an example, the relationship 
between the yield stress presented in Table 2.1 and the critical speed for the 
three greases is shown in Figure 4.5.  It is observed that for all three greases used 
the critical speed for the 1 mm samples is about 1.5 times higher the critical 
speed for the 2 mm samples. This may be related to the influence of the 
adhesive forces at the solid/grease interface. The grease is sheared so close to the 
plate for the 1 mm sample that the adhesive forces to some extent add to the 
yield forces needed to shear the grease. The adhesive forces do not influence the 
2 mm samples significantly, since the shearing takes place at a certain distance hs 
above the surface. The critical speed increases as the yield stress increases for the 
three greases tested in this study. This phenomenon may be explained by the 
visco-elastic properties of greases: the grease starts to flow as the centrifugal 
force exceeds the grease yield stress which determines the critical speed.  

Figure 4.5. Relationship between yield stress (average value of four samples) and critical speed for 
the steel plate and the three test greases.  

When presenting conclusions on the importance of the yield stress to the 
description of the grease flow dynamics (according to the Herschel-Bulkley 
rheology model), it is important to reflect over the fact that the yield stress is 
not a discrete property of the grease; in this case it implies that the boundary 
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between the viscous region and the solid plug region not is razor sharp. The 
yield stress concept is basically an engineering definition which may be defined 
as the stress needed to rupture a sufficient number of contact junctions in the 
fibre network so that the grease will start to deform continuously, i.e. flow [35 
p.118].  

4.3.2 Grease loss from rotating disc 

The grease loss for the three greases and the three surface materials is shown in 
Figure 4.6. The impact of the surface roughness on the grease loss is not 
pronounced. Figure 4.6a shows that grease loss increases as the yield stress value 
increases for the 2 mm samples; cf. Table 2.1. The results for the 1 mm samples 
(Figure 4.6b) also clearly show that the grease loss is higher for the PU grease. 
The larger grease loss for the PU grease indicates that the viscous layer 
remaining on the plate is thinner. The PU grease with the high yield stress only 
starts to flow at a high critical speed. This implies that the centrifugal forces at 
that moment are much higher than for the greases with lower yield stress and 
consequently more grease flows off the disk. The grease with higher yield stress 
moves as a plug under higher centrifugal force due to the higher critical speed, 
while the grease with lower yield stress is smeared on the disk surface. 

The reason why PU grease shows higher grease loss may be the weaker 
adhesion between PU grease and plate compared with lithium grease. The polar 
forces between the metal soap in lithium grease possibly makes strong adhesion 
between the grease and metal plate, which results in the lower grease loss 
compared to PU grease for both the steel and the brass plates. For the PA 66 
plate, the adhesion may come from the Van der Waals force between the 
thickener and the greases (both lithium and polyurea grease). PU grease still has 
the highest grease loss due to the highest critical speed which makes the grease 
leave the plate. 
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(a) 

(b) 

Figure 4.6. Grease loss for three greases. (a) 2 mm initial height of the sample, and (b) 1 mm. The 
error bars represent the 90 % confidence intervals. 
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4.3.3 Grease layer remaining on the plate 

The NLGI 1 and NLGI 2 lithium greases showed similar grease layers 
remaining on the plate but differed greatly from the polyurea grease layer. The 
layer remaining on the steel plate of PU and NLGI 2 lithium grease with the 
same NLGI grade is shown in Figure 4.7. For 2 mm NLGI 2 grease pucks, the 
grease layer on the steel surface shows a uniform region after about one grease 
sample radius from the initial position to about halfway between the initial 
position and the edge of the plate; a blob of grease was formed at the end of the 
uniform region; and the layer width narrows after this blob, possibly due to the 
lack of grease. For the 1 mm NLGI 2 grease pucks, the grease layers left a 
narrow track from the initial position towards the end of the plate. This is due 
to that the height of the grease pucks diminished before the sample had come to 
the edge of the plate. For PU grease, the layer remaining on the plate is very 
irregular in Figure 4.7. Very thin layers of grease remained on the plate for both 
2 mm and 1 mm samples, especially at the initial position of the grease puck. 
The shape of the PU grease layer remaining on the plate is highly irregular.  
 
A series of four measurements for the grease layer left on the plate are made for 
NLGI 1 and NLGI 2 greases with 1 mm and 2 mm sample heights (not for PU 
grease, due to its irregular shape). The experimental results are presented in 
Table 4.1 together with the thickness value given by the analytical model, 
Eq.4.5. Comparing the thickness of the viscous layer given by the analytical 
model and the reference values obtained from the experiments it shows a fairly 
large difference.  There may be several reasons for these deviations: one is the 
physics in the contact between the grease and the solid plate. The analytical 
model does not take into consideration the surface energy or the occurrence of 
forces due to adhesion. Wall slip [52] can be another reason for the deviations 
between measurement and the model, which in turn may be a result of (base) 
oil bleeding. This property may have implications to the shear dynamics of the 
grease in free-surface flow. 
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Figure 4.7. Grease layer remaining on the plate after free-surface test for 1 mm and 2 mm 
samples. Test at room temperature 23ºC. The layer thickness [ m] left on the plate is shown for 
the NLGI 2 grease.

Table 4.1. Thickness (μm) of the measured viscous layer thickness/ thickness according to the analytical model 
Eq. 4.5 for respective grease and initial height of the grease sample 

1 mm 2 mm 

NLGI 1 75/300 150/800 

NLGI 2 75-110/800 130-170/1200 

4.3.4 SEM and EDS analysis of the grease layer remaining on the plate 

A 2mm thick NLGI 2 grease sample was selected to investigate the 
microstructure of the grease layer remaining on the surface after the free-surface 
test, see Figure 4.8. It is shown that the thickener fibre is distributed in the bath 
of base oil. EDS was used to analyse the grease-air surface layer 
microstructure. Ocular observations of the layer indicated that there is an oil 
layer on the surface. This is confirmed by the EDS measurements. In Table 
4.2, EDS results show a lower oxygen content close to the grease surface (1-
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2 μm) compared to 3-4 μm below the grease surface. Since the mineral base 
oil molecules of the NLGI 2 grease contains less oxygen compared to the 
lithium 12-hydroxystearate thickener molecules it is concluded that there is 
a higher concentration of oil in the top layer of the grease surface, thus a 
lower thickener concentration. 
 

 
Figure 4.8. SEM Picture of NLGI 2 grease surface left on the steel plate (2 mm samples) 100X . 

Table 4.2. Concentration of elements in the grease remaining on the steel plate [Atomic %]. 

Element C O P S Fe Zn 

1-2μm below surface 96.83 2.74 0.02 0.12 0.29 - 

3-4μm below surface 91.82 7.79 0.03 0.10 0.23 0.04 

 
The grease remaining on the steel plate is formed by several layers: a condensed 
thickener layer due to the polar/van der Waals force close to the plate, a bulk 
layer where the concentration of the thickener decreases to that in the bulk 
grease, and a top thin oil layer on which the grease in the plug region slips. This 
is in accordance with the findings from Bramhall and Hutton [52]. 

4.3.5 Influence of temperature on the free-surface flow  

NLGI 2 grease has been used to investigate the influence of temperature on the 
free-surface flow. Figure 4.9 shows the grease film layer remaining on the plate 
after the tests for 1 mm samples. The grease layer became thinner while the 
temperature increased to 50 ºC compared to room temperature 23 ºC; as the 
temperature increased, this thin layer of grease stretched towards the edge of the 
disc. This can be explained by the bleeding of oil at high temperatures which 
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produces an oil layer on which the puck will slide. At 50 ºC, the temperature 
was not high enough for the oil bleeding after the initial position, and grease 
bulk was sheared and flowed over a thin oil film as in the case of room 
temperature, see Sect. 4.3.4. As the temperature increased to 90 ºC, it was easy 
for oil to bleed out from the grease matrix, and the grease bulk flowed on top 
of the oil film to the edge of the disc.  

The critical speed is also considerably influenced much by the temperature, 
which is shown in Figure 4.10. The critical speed decreases linearly as the 
temperature increases to 70º C, but the decrease in speed from 70ºC to 90ºC is 
less than that from 50 ºC to 70 ºC. The yield stress as a function of temperature 
is also shown in Figure 4.10. The trend of critical speed for both 1 mm and 2 
mm samples does not follow the trend of yield stress, while the yield stress is the 
determinant factor for critical speed at room temperature as discussed in Sect. 
4.3.1. The reason is probably due to the oil bleeding at high temperatures 
during heating. The oil properties play more important role on the critical 
speed than the influence of the yield stress for the onset of the free-surface flow. 

Figure 4.9. NLGI 2 grease film layer after free-surface test at different temperatures for 1 mm 
samples: a) 23 ºC, b) 50 ºC, c) 70 ºC d) 90 ºC. 
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Figure 4.10. Critical speed and Yield stress for NLGI 2 grease at different temperatures: 2 mm 
samples and 1 mm samples, * for yield stress. The error bars represent the 90 % confidence 
intervals. 

4.4 Conclusions 

The free-surface flow of lubricating grease on plates of different materials placed 
on a rotating disc has been investigated using high speed photography to 
monitor the motion of the grease. The critical speed and amount of grease 
remaining on the plates, and the thickness of the remaining layer on the plates, 
are reasonably well related to the yield stress of the grease: higher yield stress 
results in higher critical speed. This results in a thinner grease layer remaining 
on the plate. Furthermore, it is shown that the surface roughness has less impact 
on the grease loss than the yield stress. The tendency is for the grease loss to be 
smallest for the roughest surface. From this it can be concluded that the surface 
roughness, and the adhesive forces between the grease and the disc, have limited 
effect on the grease flow. It is mainly the rheological properties of the grease 
which determine the grease surface flow on the disc. The critical speed is also 
influence by the thickness of the grease samples, which indicates the influence 
of the adhesion on the free-surface flow. The higher critical speed for the thin 
sample indicates that adhesive forces dominate the flow condition rather than 
the bulk grease properties (grease rheology) as for the case of thicker samples.  
The temperature has a big influence on the grease free-surface flow. Grease 
bulk flow on top of the bleeding oil film at the beginning of moving at elevated 
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temperatures. The critical speed is both related to the yield stress of grease and 
base oil properties. 
 
A deviation between the model and experiments is observed and ascribed to the 
absence of effects such as wall slip, surface energy, and contact forces due to 
adhesion in the model. These effects can be considered included in the free 
parameter in the model for the viscous layer thickness. The value of the free 
parameter can be determined by matching the measured layer thickness to the 
analytical expression. 
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5 Conclusions and Future work 

Grease rheology plays an important role in grease flow in machine elements. 
Grease with higher NLGI number can trap contaminant particles due to higher 
yield stress, which results in a lower flow depth in a double restriction geometry 
(e.g. DRS). To push out the contaminant particles from inside the system, 
grease with lower yield stress should be chosen, because the grease can flow in 
all regions including corners. The grease flow will fully develop in the channel 
after the same distance as the height of the channel, which can be considered 
for the design of the DRS, e.g. the distance between the two restrictions. 1D 
analytical model has been used to study the grease flow in DRS geometry using 
the Hershel-Bulkley rheological model. The model can be used to illustrate the 
grease velocity profiles in fully yielded concentric cylinder geometry. The 
particle migration in DRS indicates that the seal with the narrow pocket should 
be used in the inlet of the fresh grease in the relubrication system to avoid 
particle/water transportation from the atmosphere, while the seal with the wide 
pocket should be used in the outlet of the grease pocket to push out the used 
grease. Shear banding and wall slip need to be considered for the measurements 
in Rheometer. 

Centrifugal force plays an important role for the reflow of the ‘free’ grease in 
machine elements. The critical speed for grease flow to begin is determined by 
the yield stress and temperature. The surface texture also influences grease flow 
when the free grease layer is thin. The rougher surface tends to trap more 
grease. The higher critical speed in thin sample indicates that the influence of 
adhesion on the flow condition is more pronounced compared to thicker 
sample.  Also, it is found that at elevated temperatures the grease bulk flow on 
top of an oil film caused by oil bleeding. The base oil rheology can hence be 
concluded to influence the free-surface flow, especially at high temperatures. 
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The analytical model has been used to describe the thickness of a viscous layer 
on the plate in the grease free-surface flow. A deviation between the model and 
experiments is observed and ascribed to the absence of effects such as wall slip, 
surface energy, and contact forces due to adhesion in the model.  

In the terms of future work, wall slip and shear banding effect are important to 
investigate in different geometries, for example, the calculation of shear rate in 
Rheometer. The different wall materials and textures can be selected and 
investigated. The analytical model for free-surface flow divided the grease 
sample to one viscous layer and one plug flow layer. How the grease flows can 
be verified by experiment, hence it is interesting and important to record how 
grease flows from the side of the sample of on a rotating disc. This can helps the 
establishment of a better model for the free-surface grease flow including the 
transient flow capturing the front as it moves along the plate. Furthermore, the 
adhesion between the grease and plate plays an important role on the grease 
free-surface flow. The impact of the texture on the plate on the free-surface 
flow is also valuable to further analyse as the plate with grooves parallel or 
transverse to the flow direction of grease. In addition to the effect of centrifugal 
force, vibration is also a vital factor for the flow of ‘free’ grease in machine 
elements, e.g., hub unit bearing. Grease free-surface flow under regular or 
irregular vibrations is well worth our attention to since it is common in the real 
applications. Together with the experiments, efforts should be made to make a 
better analytical model considering wall slip, surface energy and contact 
conditions since these phenomena influence the free-surface flow and viscous 
layer remaining on the plate.  
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a b s t r a c t

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 etc, 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.

& 2012 Elsevier Ltd. All rights reserved.

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 bear-
ings. Unlike oil, grease consists of a multi-phase system (oil,
additives and thickener) giving it semi-solid properties and non-
Newtonian rheology [1,2].

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 (Fig. 1). 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 etc. This trans-
verse 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).

These bearing and seal configurations have a complex geome-
try 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 et al. have made a
number of studies measuring the grease flow in different geome-
tries [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

Contents lists available at SciVerse ScienceDirect

journal homepage: www.elsevier.com/locate/triboint

Tribology International

0301-679X/$ - see front matter & 2012 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.triboint.2012.03.007

n Corresponding author. Tel.: þ46 920 492851; fax: þ46 920 491047.
nn Corresponding author. Tel.: þ46 920 491215; fax: þ46 920 491047.

E-mail addresses: Jinxia.Li@ltu.se (J.X. Li), Erik.Hoglund@ltu.se (E. Höglund).
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cylinder and the plate [10,11]. However, the grease velocity in a
non-continuous configuration has not been reported as yet.
Radulescu and Vasiliu and Radulescu et al. [12,13] have investi-
gated 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 Fig. 1 for an illustration of
how grease transversally flows through a bearing during relubri-
cation. 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
(Fig. 2c) and one channel with two triangular restrictions simu-
late a double lip seal geometry (Fig. 2d).

2. Method and equipment

In this work Micro Particle Image Velocimetry (mPIV) is used. It
is a 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, the characteristic
length scales are so small that the grease is sufficiently transpar-
ent to perform mPIV measurements.

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:

t¼ t0þK
du

dy

� �n

, ð1Þ

where K is the consistency parameter [Pa � sn], t0 is the yield stress
[Pa], n is the power law exponent, t is the shear stress [Pa] and
du/dy is 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 1 [16]. The NLGI00 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.

Fig. 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.

Fig. 2. Schematic drawings of the setup with (a) global dimensions setup d¼1.5, height h¼2, and length L¼49, (b) air pressure driven grease pump, (c) channel with one

flat restriction, and (d) channel with double restriction. Dimensions in mm.

Table 1
Rheological parameters for the greases based on the Herschel–Bulkley rheological

model, Eq. (1). From Ref. [16].

t0 [Pa] K [Pa � sn] n

NLGI00 0 1.85 1

NLGI1 189 4.1 0.797

NLGI2 650 20.6 0.605

J.X. Li et al. / Tribology International 54 (2012) 94–99 95



2.2. Channel configuration and generation of grease flow

The channel configurations used in this study are shown in Fig. 2.
Fig. 2a 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 connexions (not viewed). The walls in Fig. 2c and d, called bars
in Fig. 2a, are made of brass with an Ra value of 5.4 mm.

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 Fig. 2b. In order to measure the pressure at
the inlet, a manometer is connected between the syringe and the
channel inlet connexion. The grease is doped with a spherical
MF-polymer, Rhodamine B, particles with a diameter of 7.68 mm.

2.3. The mPIV system

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 (mPIV).
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 con-
straints and is therefore regarded as a separate technique. Through
PIV and mPIV, 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/mPIV in
different applications is presented for different fluids and char-
acteristic 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 [15] also show the potential of mPIV resolving the flow
in geometries constrained by a fibre network with application to
composite manufacturing. Westerberg et al. [16], Green et al. [22]
and Baart et al. [7] used this technique to study grease flow.

The general conversion for mPIV 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. [23]. The particles are assumed to follow the flow and
are of a material which generates a satisfactory light signal for the
cross correlation. The mPIV system used in this study is commer-
cially available from LaVision GmbH (Fig. 3). It consists of a
double pulsed Nd:YAG laser from Litron, model Nano L PIV. The
operating frequency ranges between 50 and 100 Hz with an
emitted wavelength of 536 nm. The recording device used was a
LaVision Nano Sense camera with a spatial resolution of
1280�1024 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.

The overall accuracy of the mPIV measurements is regarded as
high. Errors in the time measurement between two pulses are
insignificant compared to errors caused by the uncertainty in
measuring the displacement between two images since the velo-
city is low here [24]. 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. [23], which comprises an extensive up-to-date guide
to mPIV, it follows that the uncertainty in measuring the displace-
ment 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 [24]
recommends displacements of 1/4 of the interrogation window.
Bearing this in mind the uncertainty may be minimised by
ensuring that the correlation peak is narrow and that the number
of speckles in the sub-images is high enough [25,26].

3. Results and discussion

The results are presented mainly in terms of vector field plots
and velocity profiles. Three feeding pressures between 30 and
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 Fig. 2c. Fig. 4 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
Fig. 5. In this figure, the different velocity profiles are those
measured at the different positions in Fig. 4. The colours of the
line-plots correspond to those of the vertical lines in Fig. 4. 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 Fig. 5 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

Fig. 3. Overview of the mPIV equipment from Nordlund et al. [14].
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developed narrow parabolic channel flow (and the other way
around) was defined as the transition zone and is indicated with
the black arrows in Fig. 4a and c. The transition zone is between 1.2
and 1.5 mm for all three greases for all pressure drops and there-
fore 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 Fig. 6, which is
defined as the stagnant core by Radulescu and Vasiliu and
Radeluscu et al. [12,13]. To investigate this phenomenon, an area
with particles is studied close up. Only qualitative measurements
are made since the velocity of the particles at the corner is very
low. The measurement was optimised 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
Fig. 6. 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.

3.2. Channel with double restrictions

For the channel configuration with double restrictions, Fig. 2d,
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 Fig. 7a and b. From Fig. 7b 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 Fig. 2d. For the
NLGI00 grease in Fig. 7c, 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.

Fig. 8 shows the velocity profiles for the three greases at
position 1 and position 2 as defined in Fig. 2d. More experiments
for NLGI1 grease (30–250 kPa) and NLGI2 grease (50–400 kPa)

Fig. 4. Averaged velocity field for high pressure: (a) NLGI2 grease before restric-

tion, (b) NLGI2 grease with steady flow in the restriction, and (c) NLGI2 grease

after restriction.

Fig. 5. Velocity profile at different positions denoted by different colours,

corresponding to the coloured vertical lines in Fig. 4a and b, respectively.

Fig. 6. Close up view of the corner area before the flat restriction; NLGI00 grease.

(For interpretation of the references to colour in this figure, the reader is referred

to the web version of this article.)
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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 Fig. 2d), 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 Fig. 2d and marked area in Fig. 7a) 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 Fig. 8
were used to calculate the flow depth. The vertical position of point a
in Fig. 2d is defined as the bottom point of the velocity profile at
position 1. To determine the vertical position of point b in Fig. 2d, a
velocity of 9�10�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 optimised to measure the main flow and is therefore
too short for accurate measurement at very low flow velocities.

The relationship between flow depth and flow rate is shown in
Fig. 9. For the NLGI00 grease, the flow depth is approximately
linear with the flow rate which is expected due to the approxi-
mately 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�10�3 m2/s; more tests are needed to investigate flow
depth of NLGI00 grease at very low flow rates. For NLGI1- 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

Fig. 7. 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.

Fig. 8. Velocity profiles measured at Position 1 (solid lines) and Position 2 (dashed

lines) in Fig. 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

(�10�3 m2/s).
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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
mobilise 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. Fig. 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 restric-
tions 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.

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
Couette flow is often encountered in concentric cylinder application such as rheometers etc. Being able to 
visualize such flows is of interest both from a fundamental point of view to understand the dynamics of 
complex fluids, but also in specific applications such as lubricants flowing through seal geometries. In this 
study a concentric cylinder test rig has been designed to visualize Couette flow in both radial and axial 
direction using micro Particle Image Velocimetry. The rig allows for control of the flow motion; the rotating 
inner cylinder creates a peripheral flow and an applied pressure in the axial direction creates a pressure 
driven flow. Thus, a single flow direction or a combination of directions can be analyzed. To demonstrate the
technique a flow of a non-Newtonian shear thinning fluid in the form of lubricating grease was investigated
and discussed. It is found that it is possible to capture the yield behavior of the grease, with regions of fully 
and partially yielded flow visible. The influence of temperature creep flow is also presented. Grease with 
both high and low yield stress are measured and compared could be measured and compared in a pocket with 
variable size. Furthermore, non-homogeneous effects such as shear banding and wall slip can be visualized. 
The test rig has thus a high potential to investigate the influence of wall material and wettability between 
fluids and the housing on the flow and wall slip behavior as long as the fluid is optically transparent.

1. Introduction

The possibility to measure and visualize the motion of flow is very important for the understanding and 
modeling of fluid flow. Cylindrical shear driven Couette flow is a standard type of flow, which, for instance, 
can be found in rheometers based on concentric cylinders. Since rheometers just measure the response of the 
fluid and not the details about the fluid flow knowledge of the flow in the cylindrical gap is necessarily for 
the understanding of rheology fundamentals. In the case of complex non-Newtonian multi-phase materials 
such as lubricating greases measurements often yield that there is a slip between the fluid and the wall [1-3].
This results in erroneous rheometer results if not accounted for in the model of the velocity profile. Other 
effects, such as shear banding, caused by non-homogeneities in the grease may also lead to deviations from 
the assumed velocity profile [4]. Another application where flow visualization is of great help is sealing 
systems where the tracing of contamination particles entering a lubricated system is of vital interest in order 
to minimize the negative effect on the lubricated components. With knowledge of the flow dynamics of the 
lubricating grease in the system, the geometry can, for instance, be designed to stop contamination particles 
to enter critical regions [5,6]. Other applications for shear and pressure driven Couette flow of 
non-Newtonian fluids is composites manufacturing [7-9], paper making [10] and foods processing [11].
Hence there are numerous reasons to develop tools that can be used to increase the understanding of general 
Couette flow for non-Newtonian fluids. In the current work we propose that an experimental test rig with 
cylindrical geometry can be used for this purpose. 

Computational fluid dynamics (CFD) is another important simulation tool to describe the flow of different 
fluids. The flow behavior of a fluid can be calculated based on different rheological models. Analytical 
models have also been used to demonstrate Couette flow using a Herschel-Bulkley fluid model [12]. 
However, these numerical or analytical solutions should be validated with experimental measurements. 
Micro Particle Image Velocimetry ( PIV) has been used for the last decade as a powerful method to 
visualize and quantify fluid flow in narrow applications [13]. A PIV system consists of a high-speed CCD 
camera, an optical microscope, a pulsed laser, and a computer to process the data; shown in Figure 1. The 
basic principle behind PIV is to measure the speed of tracer particles within a fluid using a pulsed laser as 
the light source. By assuming that these particles follow the flow perfectly, the fluid velocity can be derived.
The laser pulses are synchronized with the camera, resulting in a set of images taken with a certain 
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frequency. As shown in Figure 2, the particle motion from one image frame to the next is tracked using a 
cross correlation technique, resulting in the in-plane direction and velocity of the particles and hence the 
motion of the fluid.

The design of the test rig in focus was primarily done with the purpose to visualize the flow of grease. The 
classical definition of grease states ‘lubricating grease is a semi-fluid to solid product of a thickener in a 
liquid lubricant’ [15]. Gow [16] 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 is widely used in industry as a lubricant
where its complicated rheology including a yield stress and shear thinning properties has turned out to be 
useful. Grease has also been reported to slip at solid walls. Bramhall and Hutton [1] pointed out that such 
wall slip is due to the displacement of thickener fiber aggregates implying that the matrix concentration 
increases gradually from a low value at the wall to that of the bulk grease within the slip layer. A recent 
study [17] shows grease slips on a low thickener concentration layer, which is in accordance with previous 
study [1]. Czarny [3] 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. 
The motivation of this study is to use grease as a sample to visualize shear and pressure driven Couette flow 
in cylindrical geometry using PIV. The flow of lubricating grease will be shown and discussed. The design 
is generic and any optically transparent fluids can be used in the test rig to determine the detailed fluid 
dynamics.

Figure 1 Overview of the PIV system. From Nordlund et al. [14]

Figure 2. Principle of PIV. Courtesy of Dantec Dynamics A/S
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2. Experimental setup and methods
With grease in focus and with fundamental question coupled to non-Newtonian fluids related to the yield 
behavior, shear thinning, wall slip and shear banding, a test rig has been designed to enable flow 
visualizations in a concentric cylinder geometry using PIV. 

2.1 Test rig and PIV system
The test rig used in this study is the second generation in the development to experimentally visualize 
combined pressure and shear driven cylindrical Couette flow, see [5]. A CAD model of the final design is 
shown in Figure 3a. Central for the design is the circumferential pocket where the motion of the fluid is 
measured. This is the small blue area partly formed by two glasses indicated with yellow color. The distance 
from the stationary wall to the rotating shaft is 1.5 mm, shown in Figure 3b. A ring with thickness of 1.1 mm 
can be added to the test rig to narrow down the measuring pocket to 0.4 mm. The grease is pumped into the 
larger blue area to the right and is then allowed to flow into the fluid pocket as shown by a horizontal arrow 
in Figure 3b and out of it as shown by the vertical arrow in the same Figure. The velocity profiles can be 
detected in both the axial and radial direction; see the two camera symbols in Figure 3b. Using the different 
positions in the axial- and radial direction visualizations of a 3D general Couette flow can be obtained [5]. 
The PIV system used here 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 
DynamicStudio sofeware.

The attention in this paper is on shear driven flow and measurements in the radial direction in focus plain F2,
see Figure 3b. Still fluid is pumped into the measuring volume with a minor flow rate of 0.1 ml/min to keep 
the pocket full of fluid during the experiment.

2.2 Materials
To demonstrate the test rig three lithium greases with different consistency have been considered, these grades 
are NLGI 2, NLGI 1 and a NLGI 00 grease, respectively. To describe their rheology a Herschel-Bulkley 
rheological model is applied according to [18-20]:

n

dy
duK0 .               [1]

Here is the shear stress, 0 the yield stress, K the consistency parameter of the grease, and n the Power Law 
exponent – which for a shear thinning material like grease is smaller than one. The rheological data for the 
greases can be found in Table 1. 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 a near 
to Newtonian behavior.

2.3 Experiment and evaluation
The greases were doped with spherical MN-polymer, Rhodamine B, particles with a diameter of 3.23 m. 
From experiments results, this kind of trace particles are small enough to follow the grease flow and do not 
agglomerate much in grease. The greases were pumped into the test rig by a syringe with a constant flow rate 
of 0.1 ml/min as the arrows indicate in Figure 3b. The microscope was set on a magnification of 10X. The 
moving of the florescent particles was recorded with a CCD camera and further evaluated by DynamicStudio 
software. Influence of different temperatures was also investigated in the pocket without ring. The test rig 
was put into an insulated chamber and warm air was used to obtain the temperatures 25, 70 and 100ºC. The 
flow velocity near the outer stationary housing wall is very small compared to the velocity close to the 
rotating shaft, thus a different time scales were used to double check the velocity profiles for shaft speed 0.05 
m/s at different temperatures. The time scale used for the grease flow in the whole pocket is 350 s while for 
grease flow near the stationary wall it is 2800 s. These time scales will be discussed in §3.1. 
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(a)

(b)

Figure 3 (a) CAD model of the DRS test cell. In the small picture to the left the yellow area indicate the view port 
glass holder. Fluid is pumped into the large chamber represented by the big blue area to the right, and further into the 

grease pocket (small blue area to the left in the picture). (b) Close up of the measurement pocket.

Table 1 Rheological parameters and viscosities for the greases based on the Herschel-Bulkley rheological model [21].

0[Pa] K[Pa·sn] n[-] Base oil 
viscosity(Pa·s)

NLGI 00 0 1.85 1 0.89
NLGI 1 189 4.1 0.797 0.49
NLGI 2 650 20.6 0.605 0.25
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3. Results and discussion

The results are presented mainly in terms of velocity profiles. Grease flow in the pocket with and without 
ring are shown and compared. Figure 4 shows PIV picture of grease flow in the test rig with the arrows 
indicating average vector of the flow giving.

Figure 4. PIV picture of grease flow in the test rig with arrows showing the flow direction and order of magnitude of 
the flow velocity

3.1 Grease velocity in the pocket without ring

In this section results from temperature variations on the flow in the pocket without ring are presented. This 
implies that there is 1.5 mm gap between the stationary wall and the rotating shaft. Focus is also on creeping
flow near the stationary wall.
Figure 5 shows the velocity profiles of NLGI2 grease at different temperature at a shaft speed of 0.05 m/s.
Two time scales were used to calculate the velocity of grease, a short time scale of 350 s for the whole gap 
between shaft and wall and a long time scale of 2800 s only for the grease flow near the stationary wall
where the speed of the grease is small. At 25ºC, the results of the short time scale (markers +) are accordance 
with that of long time scale (unfilled markers ); at 70ºC, the results of long time step are slightly higher; 
while at 100 ºC, the difference of the results from the two time step is distinct and can not be ignored. This 
could be explained by the influence of temperature on the yield stress of grease. Gow [22] has pointed out 
that the yield stress of the greases decreases as the temperature increases. That is to say that the grease moves 
more easily at elevated temperature. This is also seen in Figure 4 where the unyielded region, i.e., the area 
where the shear stress in the grease is below the yield stress is larger at low temperature (starting at a radial 
position of about 0.0210 m at 25 ºC) compared to at elevated temperature (about 0.0215 m at 100 ºC).  That 
is, as the temperature increases grease will start to move closer to the outer housing wall. This is consistent 
with for both time scales, and as the temperature increases, this unyielded area should become smaller, which 
is shown clearly by the results for the long time step. The creep phenomenon at elevated temperature should 
be considered. This kind of very low velocity is difficult to visualize using short time steps, and longtime 
step is a better choice here. The velocity profiles of NLGI 2 grease at 100ºC is shown in Figure 5 as
T100_new considering the creep flow near the stationary wall. 

The three test grease velocities profile in the pocket without ring is shown in Figure 6 (Baart et al. [6]). The 
velocity profiles in the pocket without ring shows two sections, one area with stationary, unyielded grease near 
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the stationary wall and one yielded part influenced by the shaft motion. For the moving part, NLGI2 and 
NLGI1 greases show curved velocity profile, while NLGI00 grease shows a more linear characteristic due to 
its Newtonian fluid properties shown in Table 1. 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 of NLGI 2 
grease compared to the NLGI 1 grease. 
Conclusively, using mPIV for the pocket without ring Couette flow at different temperatures and for 
different greases can be investigated. The velocity profiles can be evaluated at different time scales. The 
creep flow and unyielded area of grease can be established.  Flow profiles of fluids with different rheology 
can be investigated in the test rig.

Figure 5. Velocity profiles of NLGI 2 grease at different termperatures at shaft speed Us=0.05m/s. T25 is for short time 
scale for the whole grease pocket and T25 wall is for longtime scale close to stationary wall at 25ºC, and this is the 

samse as at 70ºC and 100ºC.

Figure 6 Velocity profiles of the three test greases in test rig without ring at low and high shaft speed Us [6].
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3.2 Grease velocity profiles in the pocket with ring
Figure 7 reveals that three different regions (upper and lower indicated in Figure 7 by dotted rectangles) 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 1), 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.

Figure 7. Velocity profile of the NLGI 2 grease in the test rig with ring. Us=shaft peripheral speed [4]

Figure 8 Dimensionless velocity profiles close to the stationary housing wall for the three greases [4] (u/Us, u is 

speed 0.05 m/s (0.065 m/s for NLGI 00 grease), high shaft speed 0.075 m/s; no fill for NLGI 00, grey for NLGI 1
and black for NLGI 2 grease [16]
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Figure 8 shows that a slip layer is present in the region stretching immediately from the stationary housing 
boundary wall to the location of the first data point (about 0.020380 m).  The existence of a slip layer where 
the velocity undergoes a rapid change within a very short distance is indicated by the discontinuous 
behaviour of the velocity profile: by moving towards the stationary housing the velocity is not continuously 
approaching a zero value which it would do for the case of a no slip boundary condition. Hence, by 
extrapolating the velocity profile to the boundary we get a non-zero (slip) velocity.
This part shows the potential of the test rig combined with PIV to present the wall slip and shear banding 
phenomena. Another possibility of the test rig is to investigate the influence of the wettability of the fluid and 
the wall on the flow in concentric cylinder geometry. The ring could be replaced by the materials with 
different wettability, e.g., steel, brass, PTFE, and further on the flow behavior could be detected and 
discussed. With the velocity profiles near the stationary ring, it is also interesting to measure them with 
higher magnification, which has been used in rectangular channel [21] to show the wall slip behavior.

3.3 Comparison of grease velocity profiles in pockets without and with ring

Velocity profiles for NLGI 2 grease are shown in Figure 9 versus radial position with the dotted line indicating 
the ring position; the grease velocity profile with ring is almost following the velocity profile without ring at 
lower shaft speed, while it is more linear at higher shaft speed compared with and without ring. It is apparent 
that the grease is partially yielded in the grease pocket without ring, and the yield point approaches the 
stationary wall at the top of the diagram as the shaft speed increases from 0.02 m/s to 0.075 m/s. In the case 
with ring the grease is fully yielded in the whole test pocket, i.e., the grease moves also close to the ring 
(0.0204 m in the Figure). 
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 and without ring. 
Thus, by introducing a ring in the pocket the physical height of the pocket is changed, giving a more 1 D 
flow. This implies that from a situation having a large gap where some of the grease is not moving (near the 
housing wall) all grease will move as the ring is inserted.  The thickness of the ring can be varied to create 
different distances between the rotating shaft and the stationary (ring) wall and mPIV can be used to 
investigate the influence of the pocket size on the Couette flow.
The thickness of the ring could be varied to make different distances from the rotating shaft and the 
stationary ring and different size of the pocket could be used to investigate the influence of the pocket size on 
the cylindrical Couette flow.

Figure 9. Velocity profile of the NLGI 2 grease in the test rig without and with ring vs. radial position [4].
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4. Error source discussion
Measurements with are generally done with high accuracy. Since the velocity in this study is low, 
errors in the time measurement between two pulses are insignificant compared to errors caused by the 
uncertainty in measuring the displacement between two images [23].
It is crucial that the tracer particles are small enough to follow the flow for high spatial resolution. 
Aggregation may also cause errors when small particles are used. The proper size of the particle is very 
important to reduce the errors.
The calibration of the scale is another sauce of errors. The height of the pocket without ring (1.5 mm) and 
with ring (0.4 mm) has been used for calibration of the distance. The blurry boundary due to the aggregation 
of the particles made the difficulties of calibration and caused errors, especially for the pocket with ring. It is 
difficult to measure this kind of error but experience on the same test rig can reduce it.
During the evaluation process, the interrogation area plays an important role to the results. If it is too small, 
the motion of the particles could not be detected; and if it is too large, the noise becomes high. To choose the 
proper interrogation area is very crucial to avoid system errors.

5. Conclusion
A test rig has been designed to experimentally visualize Couette flow using micro Particle Image 
Velocimetry. The rig also allows for an axial pressure gradient enabling a combined Couette/Poiseuille flow 
in a concentric cylinder geometry. It is shown that the rig works for highly non-Newtonian materials; in this 
study represented by lubricating greases. The test rig has a great potential to visualize non-homogeneous 
effects such as shear banding and wall slip. The rig can also be used to investigate the influence of the 
wettability of the fluid and the wall on the Couette flow and wall slip behavior. For this study, integration 
area 16x256 pixels (16 pixels in radial direction and 256 pixels in axial direction) was used for all the 
evaluation processes for both with and without ring. The reason is that the velocity of grease is variable in 
the radial direction and uniform in axial direction. The smallest distance in radial direction 16 pixels and 
biggest distance 256 pixels were chosen to reduce the possible errors.
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Grease is extensively used to lubricate various machine ele-

ments such as rolling bearings, seals, and gears. Understand-

ing the flow dynamics of grease is relevant for the predic-

tion of grease distribution for optimum lubrication and for

the migration of wear and contaminant particles. In this study,

grease flow is visualized using microparticle image velocimetry

(μPIV). The experimental setup includes a concentric cylinder

configuration with a rotating shaft to simulate the grease flow

in a double restriction seal geometry with two different grease

pocket sizes. It is shown that the grease is partially yielded in

the large grease pocket geometry and fully yielded in the small

grease pocket. For the small grease pocket, 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 behavior and its wall slip effects have been identified.

The μPIV experimental results have been compared with a nu-

merical model for both the large and small gap size. It is shown

that the flow is close to one-dimensional in the center of the

small pocket. A one-dimensional analytical model based on the

Herschel-Bulkley rheology model has been developed, show-

ing good agreement with the measured velocity profiles in the

small grease pocket. Furthermore, wall slip effects and shear

banding are observed, where the latter imply that using the as-

sumption of uniform shear in conventional concentric cylinder

rheometers may result in erroneous rheological results.

KEY WORDS

Grease Flow; Microparticle Image Velocimetry; Boundary
Layer; Velocity Profile, Lubrication; Herschel-Bulkley Rheology

INTRODUCTION

Lubricating grease is commonly applied to lubricate, for ex-
ample, rolling bearings, seals, and gears. It is a semisolid mate-
rial, which prevents it from easily flowing/leaking out from the
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bearing system and gives it sealing properties, protecting the sys-
tem against ingress of contaminants. Compared to lubricating oil,
grease shows a much more complex rheology, which makes it
more difficult to model and understand grease flow.
Grease-lubricated rolling element bearings often run under

starved elastohydrodynamic (EHD) lubrication conditions (Cann
(1)). This means that the thickness of the lubricant film is mainly
determined by the limited supply of lubricant to the contacts be-
tween rolling elements and bearing races. Grease near the rolling
elements acts as a reservoir to lubricate the bearing. In the EHD
contact, it is the inlet conditions that determine the grease lubri-
cation process, and long grease life can be achieved by an opti-
mum grease reservoir formation (Lugt (2); Lugt, et al. (3)). The
reservoir formation is determined by the flow of the grease during
the so-called churning phase, as the excess grease is pushed to the
sides of the EHD contact. It was also shown that grease flow near
the bearing cage plays an important role for the replenishment
(Åström, et al. (4), (5); Larsson, et al. (6), (7)).
The flow of grease is determined not only 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 the surfaces of
these elements has shown to be of interest, especially the exis-
tence and origins of wall slip. Bramhall and Hutton (8) and Vino-
gradov, et al. (9) have argued that wall slip occurs on a layer of oil
due to the lower concentration of thickener at the wall. Bramhall
andHutton (8) introduced amodel 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 (10) claims that there
exists a concentration gradient of thickener close to the wall due
to the interactions between the grease thickener and the wall that
results in the formation of a thickener wall layer, with an oil layer
on top. He concludes that wall slip depends on the wall material
and on the thickener type. Westerberg, et al. (11) used micropar-
ticle image velocimetry (μPIV) to investigate grease flow in a
straight channel using side walls with different materials (steel,
brass, and polyamide) and different roughnesses. 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. Their choice of roughness levels was similar to values that
can be found in rolling bearings and their surfaces were there-
fore much smoother than those generally applied in rheometers
to prevent wall slip.
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NOMENCLATURE

D/Dt = Material derivative
F = Volume force
K = Grease consistency
n = Power law exponent
r, φ, z = Cylindrical coordinates
r1 = First velocity data point calculated from the rotating shaft
r2 = First velocity data point calculated from the stationary

housing
ri = Inner radius of the grease pocket (rotating shaft)
rol = Large outer radius of the grease pocket (stationary

housing without ring)

ros = Small outer radius of the grease pocket (stationary
housing with ring)

u = Velocity vector field
u = Velocity component
γ̇ = Shear rate
η = Viscosity
η0 = Viscosity plateau for low shear rates
η∞ = Viscosity plateau for high shear rates
ρ = Grease density
τ = Shear stress
τ0 = Yield stress
ω = Angular velocity

In Li, et al. (12), two types of flow restrictions were applied
in a straight channel in order to simulate the flow of grease near
a seal pocket. Later, in Green, et al. (13) and Baart, et al. (14).
a configuration composed of a rotating shaft and two small gap
sealing-like restrictions (a so-called double restriction seal, DRS)
was designed to simulate the sealing contact of a labyrinth type
of seal.
The present study is a dual experimental/analytical approach

with the objective to investigate the grease flow in DRS geome-
tries and discuss the wall slip effects at both the stationary wall
and the rotating shaft. In particular, the grease flow at low shear
rates is addressed because here the non-Newtonian character-
istics of the grease rheology dominate the flow, in contrast to
the high shear rate case where the grease flow characteristics are
mainly determined by the grease base oil (Newtonian) rheology.
A numerical simulation is conducted to investigate to what extent
the flow in the grease pocket can be considered one-dimensional.
Applications of this article cover double restriction seals that are
often found in rolling element bearings and labyrinth seals in gen-
eral. Another relevant application is the transverse flow during
relubrication when grease is injected in the middle of a double-
row bearing and flows out through the rolling elements and the
seals.

METHODOLOGY

The experiments were carried out in a grease chamber, or
grease pocket, between a rotating inner shaft and a stationary
housing designed with two sealing restrictions (in the inlet and
outlet of the chamber); see Fig. 1. Cylindrical coordinates are
used for the flow in the grease pocket, where r is the radial co-
ordinate pointing in the normal direction to the rotating shaft,
and z points in the axial direction. These coordinates are used
in both the analytical and experimental part of the article. The
origin is located at the center of the rotating shaft, which has a ra-
dius of 0.020 m. A detailed description of the setup can be found
in Green, et al. (13) and Baart, et al. (14). A steel ring with thick-
ness 1.1 mm can be inserted into the grease pocket to reduce the
pocket height between shaft and housing and therefore create dif-
ferent types of velocity profiles in the pocket. By using the ring,
the height of the grease pocket changed from 1.5 to 0.4 mm. The
stationary housing hence is located at r= 0.0204 mm (with a ring)
or r= 0.0215 mm (without a ring). The ring was made of brass and
ground to a measured roughness value (Ra) of 0.2 μm in the axial
direction and 1.5 μm in the radial direction.

The grease velocity profile was measured in the F2′ plane (lo-
cated 0.2 mm from the glass window) using a μPIV system con-
sisting of a high-speed CCD camera, an optical microscope, a
pulsed laser, and a computer to process the data; see Fig. 2. The
basic principle behind μPIV is to measure the speed of small
tracer particles within a fluid (i.e., grease in this case) using a
pulsed laser as a light source. The particles move with the same
speed as the flow speed and the fluid velocity is measured. The
laser pulses are synchronized 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 the motion of the grease. In this study, fluorescent par-
ticles with a diameter of 3.23 μm were used as tracer particles in
the grease. The microscope lens used has a magnification of 10×.
For more details about the μPIV method the reader is referred
to previous work by the authors (Green, et al. (13)).
Three lithium greases with different consistencies (NLGI

grade) have been considered: NLGI 00, NLGI 1, and an NLGI
2 grease. To describe their rheology, the Herschel-Bulkley rheo-
logical model (Palacios and Palacios (15); Yousif (16); Herschel
and Bulkley (17)) is used. For a straight channel flow the

Fig. 1—Grease chamber/pocket with ring in the DRS setup with the focus
plane of the camera indicated by F2′. The grey color shows the
small grease pocket.
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Fig. 2—Setup of μPIV system for DRS. From Green, et al. (13). © So-
ciety of Tribologists and Lubrication Engineers. Reproduced by
permission of Society of Tribologists and Lubrication Engineers.
Permission to reuse must be obtained from the rightsholder.

Herschel-Bulkley model reads

τ = τ0 +K
(

du
dy

)n

, [1]

where τ is the shear stress, τ0 is the yield stress, K is the con-
sistency parameter of the grease, u is the velocity in the main
flow direction, y is the coordinate pointing in the transverse direc-
tion to the main flow direction, and n is the power law exponent,
which for a shear thinning material like grease is smaller than
one. The rheological data for the greases can be found in Table 1.
The NLGI 1 and NLGI 2 greases show shear-thinning proper-
ties with a non-zero yield stress value and a power law exponent
smaller than 1, whereas the NLGI 00 grease shows an approxi-
mately Newtonian behavior. A relevant question coupled to the
NLGI grade of the grease is the effect of aging and grease degra-
dation: Grease may become thicker with time because oil bleed-
ing will make the oil flow away or evaporate. The grease can also
become thinner due to mechanical effects if the grease stays in
the pocket without leaking during degradation (Cen, et al. (18)).
The actual result depends on the types of grease and the mechan-
ical load on the grease. In this article we have used the range from
NLGI 00 to NLGI 2, which is considered to cover the behavior of
both thicker and thinner greases.

RESULTS FROM μPIV MEASUREMENTS

In this section the grease velocity profiles in the DRS grease
chamber with two different pocket sizes will be presented and
discussed.

Grease Velocity Profile and Yield Behavior in the Large
Grease Pocket

In Fig. 3 (Baart, et al. (14)), the velocity profiles for the case
with a large (i.e., no steel ring) grease pocket height are shown.
Clearly, a part of the grease, close to the stationary housing, is sta-
tionary and not flowing. This is called an unyielded region where

TABLE 1—RHEOLOGICAL PARAMETERS FOR THE THREE GREASES
USED BASED ON THE HERSCHEL-BULKLEY RHEOLOGICAL MODEL

(CZARNY (10)) AND THEIR BASE OIL VISCOSITIES

Base Oil
τ0 (Pa) K (Pa·sn) n Viscosity (Pa·s)

NLGI 00 0 1.85 1 0.89
NLGI 1 189 4.1 0.797 0.49
NLGI 2 650 20.6 0.605 0.25

Fig. 3—Velocity profile of the three greases in DRS with large pocket
(Baart, et al. (14)). © Society of Tribologists and Lubrication
Engineers. Reproduced by permission of Society of Tribologists
and Lubrication Engineers. Permission to reusemust be obtained
from the rightsholder.

the shear stresses due to shaft rotation are lower than the yield
stress of the grease, τ0 in Eq. [1]. Closer to the rotating shaft
the grease starts to flow, implying a shear stress value above the
characteristic yield stress value for the grease. Note that in a con-
centric cylinder rheometer and the DRS setup, the shear stress
is a function of the radial position and decreases with the radial
distance from the rotating shaft. In the yielded region the three
greases show similar flow characteristics: the NLGI 2 and NLGI
1 greases have a curved velocity profile due to the shear thin-
ning properties of the greases, and 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 negligible
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 cor-
responding region for the NLGI 1 grease. This result is caused by
the higher yield stress value.
Comparing the objectives studied by Baart, et al. (14) with the

present article we note that in the present article the focus is on
the coupling between grease rheology and grease flow in a grease
pocket formed by two concentric cylinders. In order to compare
the experiments with a developed 1D model we decided to insert
a ring in the grease pocket with the aim to make the flow in the
pocket 1D. With the ring, the pocket height is reduced to 0.4 mm
from the initial height of 1.5 mm. The validity of a present 1D flow
is performed using a simplified numerical model of the flow in the
large and small grease pocket, showing that a 1D flow condition is
solely applicable in the small pocket. Additionally, the effect on
the grease flow due to phenomena like wall slip, shear banding,
and the grease yield stress are of certain interest. Baart, et al. (14),
however, only considered the large grease pocket. Here a model
based on an analytical expression valid for a Newtonian fluid in
the gap of a concentric cylinder geometry was developed to also
include the behavior of the grease temperature. The agreement
between the model and the measurements of grease velocity

D
ow

nl
oa

de
d 

by
 [L

ul
ea

 U
ni

ve
rs

ity
 o

f T
ec

hn
ol

og
y]

 a
t 0

6:
57

 0
9 

O
ct

ob
er

 2
01

4 



Grease Flow in a Concentric Cylinder Configuration 1109

Fig. 4—Velocity profile of the NLGI 2 grease in the small grease pocket.
Us = shaft peripheral speed.

profiles is presented. The influence of temperature is also shown
and discussed. In addition, a model of contaminant particle
migration is presented. The only similarity between these two
papers hence is the flow measurements performed in the large
pocket.

Grease Velocity Profile and Shear Banding in the Small
Grease Pocket

Figures 4–6 show that all three greases are fully yielded in the
case of a small grease pocket (i.e., with the steel ring inserted) for
shaft speeds (Us) ranging from 0.020 to 0.075 m/s for the NLGI
1 and NLGI 2 greases and 0.025 to 0.090 m/s for the NLGI 00
grease. Compared to the NLGI 00 grease, the NLGI 1 and NLGI
2 greases have a more curved velocity profile due to a more pro-
nounced shear thinning behavior.
The wall slip layers are very thin; for the case of a correspond-

ing grease flow in a straight channel the slip layer is identified to

Fig. 5—Velocity profile of the NLGI 1 grease in the small grease pocket.
Us = shaft peripheral speed.

Fig. 6—Velocity profile of the NLGI 00 grease in the small grease pocket.
Us = shaft peripheral speed.

be less than 16μm thick (Westerberg, et al. (11)). Figure 4 reveals
that three different regions are present for the NLGI 2 grease ve-
locity profile in addition to the wall slip layers: a high shear rate
region in the vicinity of the stationary housing wall (upper dashed
region), a mid-region where the velocity increases continuously in
the direction toward the moving shaft boundary, and a high shear
rate region in the vicinity of the rotating shaft (lower dashed re-
gion). These regions are referred to as shear banding regions and
are also present for the NLGI 1 grease; see Fig. 5. Shear banding
is a result of phase instability in the grease, resulting in a nonuni-
form shear of the grease in the pocket (Lerouge and Berret (19)).
Unlike the yield stress behavior, which is a result of the varying
shear stress radially over the grease pocket, 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 sim-
ilar thickness. Figure 6 shows that the NLGI 00 grease have an
almost linear profile without shear banding.
The shear rate in the center part of the velocity profiles in

Figs. 4–6 has been calculated and plotted in Fig. 7 as a function of
the apparent shear rate, defined as the ratio of the shaft speed and
grease pocket height (the ideal Newtonian shear rate). The ap-
parent 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 a Newtonian behav-
ior, the data points for the three greases in Fig. 7 would show a
straight line with a slope equal to one. This is, however, clearly
not the case and it is clear that the deviation is more pronounced
for the greases with higher NLGI numbers.
The shear banding effect was not observed in the large pocket.

However, Fig. 3 does show some indication of shear banding, but
it is not as obvious as for the small grease pocket. In conven-
tional concentric cylinder rheometers the basic assumption is a
uniform shear throughout the gap. If shear banding is present,
the torque needed to rotate the cylinder may be different from
the corresponding torque for a uniformly sheared grease. This
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1110 J. X. LI ET AL.

Fig. 7—True shear rate calculated from the center 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 the NLGI 1 and NLGI 2 greases.

illustrates that there may be an error in the calculation of shear
rate in rheometers.

Comparison of NLGI 2 Grease Velocity Profiles in the
Small and Large Grease Pockets

Here the NLGI 2 grease has been chosen as the effect of the
pocket size on the grease flow has been shown largest for the
NLGI 2 grease. In Fig. 8 the hatched area indicates the position
of the ring and in Fig. 9 the radial position has been made dimen-
sionless using the ratio of radial position and pocket dimension
in the r-direction (cf. Fig. 1). In Fig. 8 the grease velocity pro-
file for the case with ring (i.e., the small grease pocket) is very
similar to the velocity profile for the case without ring at shaft
speeds of 0.02 and 0.05 m/s, respectively: at the same radial po-
sition the profile has a more curved shape for the lowest shaft
speed, whereas it is more linear at higher shaft speed; this holds
for both the small and large grease pockets. In Fig. 9 it is apparent
that the grease is partially yielded in the large grease pocket and
that the yield point moves further away from the rotating shaft
(toward the upper housing wall) as the shaft speed increases from
0.02 to 0.075 m/s, whereas the grease is fully yielded in the whole
pocket for the case with ring. Here the reduced pocket size due
to the insertion of the ring in the DRS geometry implies that the
shear stress value throughout the region exceeds the yield stress
of the grease. When the rotational speed is high enough, the in-
duced 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 has been shown by Li, et al.
(12), who used a straight channel with double restrictions. There
the region of fully yielded grease between the restrictions was
shown to increase with a higher flow velocity (and consequently a
higher shear rate) caused by an increased pressure gradient. An-
other example is in the work byWesterberg, et al. (11), where the
plug flow changed into a more parabolic velocity flow as the shear
forces increased.

Fig. 8—Velocity profiles of theNLGI 2 grease in the large and small grease
pockets. The hatched area represents the location of the ring
forming the small pocket.

An important observation from Fig. 9 is the shear banding
within the grease, which causes the locally varying curvature of
the velocity profiles. As a consequence of the shear banding ef-
fect, the shear rate may not be described by the apparent shear
rate defined as the continuous change of the velocity throughout
the grease pocket; see section 1D Analytical Model for Grease
Flow in the Small Pocket.

Wall (Slip) Effects in the DRS with Small Gap

Wall slip effects for grease flow have been addressed by sev-
eral authors (Bramhall and Hutton (8); Vinogradov, et al. (9);
Czarny (10); Westerberg, et al. (11)). Westerberg, et al. (11) used
the method of μPIV to visualize the grease velocity profile in a
straight channel. In the present study, the velocity profile close
to the stationary housing boundary (upper boundary in Fig. 1) is

Fig. 9—Velocity profiles of the NLGI 2 grease in the large and small pock-
ets as a function of the dimensionless radial distance from the
rotating shaft.
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Grease Flow in a Concentric Cylinder Configuration 1111

Fig. 10—Dimensionless velocity profiles close to the stationary wall for
the three greases. ♦ Low shaft speed of 0.02 m/s (0.027 m/s
for the NLGI 00 grease), � medium shaft speed of 0.05 m/s
(0.065 m/s for the NLGI 00 grease), ◦ high shaft speed of
0.075 m/s; no fill: NLGI 00, grey fill: NLGI 1, black fill: NLGI
2.

shown in Fig. 10, where the dimensionless velocity is plotted. In
the figure, the region close to the upper wall (cf. Fig. 4) is zoomed
to highlight the wall effects. If no slip is a valid boundary condi-
tion, the velocity profiles in Fig. 10 would continuously approach
a zero value at the location of the stationary housing wall located
at the radial distance 0.0204. This is not the situation, because a
discontinuous behavior is observed in connection to the station-
ary boundary. It is shown that the wall slip for the NLGI 2 grease
is higher than for the NLGI 1 grease, which is ascribed to its lower
base oil viscosity (shown in Table 1). The result agrees with the
results fromWesterberg, et al. (11). In the present study, it is sur-
prising that the slip for the NLGI 00 grease appears to be slightly
higher than for the NLGI 1 grease. The same behavior has been
detected by Westerberg, et al. (11) when using a rough brass wall
with an Ra value of 5.41 μm.
To summarize the experimental part, the results obtained can

be applied to both grease flow in bearings and measurements in
rheometers. In bearings, the grease is sheared with a high shear
rate during a limited time, where after the grease is pushed to the
sides of the bearing and the shear rate decreases. The knowledge
of grease behavior at high shear rates is generally very good be-
cause the rheology of the grease to a large extent is similar to the
(Newtonian) rheology of the base oil. Furthermore, the grease
flow considered in this article is for low shear rates where the
non-Newtonian effects strongly dominate the flow and make it
more complex with effects like shear banding. An implication of
the present study is hence an enhanced knowledge of the flow
behavior of grease at low shear rates, which in turn has immedi-
ate impact on the knowledge of the lubrication mechanism. Un-
derstanding grease flow in the actual geometry used contributes
to the understanding of contaminant particle transport in similar
configurations such as seals. The shear banding and wall slip phe-
nomenon are also discussed and it is shown that there may be an
error when measuring the rheology of grease in rheometers.

ANALYTICAL MODEL FOR GREASE VELOCITY
PROFILES IN DRS

Investigation of 1D Flow Condition in the DRS

In order to investigate whether the measured flow in the DRS
pocket with and without ring is one-dimensional, results from
numerical simulations using Comsol Multiphysics (v.4.3b) have
been compared to velocity profiles from theμPIVmeasurements.
A 1D flow in concentric cylinder geometry such as the grease
pocket in the DRS is typically characterized by a difference in
magnitude between the length scales in the r- and z-directions; cf.
Fig. 1. If the characteristic length scale in the r-direction is much
smaller than the length scale in the z-direction, the flow behav-
ior is dominated by the large velocity gradient in the r-direction.
This property implies a velocity field that is only dependent on
the radial coordinate and that has only a component in the angu-
lar direction; that is, u = uφ(r). For the small pocket in the DRS
the ratio between the length scales in the r- and z-directions is 0.2,
and for the large pocket the length scales are of the same order,
making a 1D flow probable in the small pocket. The flow also has
an axial component resulting from the feeding of grease into the
DRS as indicated by the wide hollow arrows in Fig. 1; the order
of magnitude of this velocity is, however, small compared to the
velocity in the angular direction induced by the rotating shaft and
it is therefore neglected in the following analysis.
The main objective with the numerical simulation is not to ob-

tain a full model of the grease flow inside the pocket but to val-
idate the 1D assumption of the flow. This makes it possible to
derive a simple expression of the velocity profile. Of specific in-
terest is to investigate whether it is justified to assume a 1D flow
at the focal plane F2′, located 0.2 mm into the grease calculated
from the transparent boundary (see Fig. 1).
The numerical model is built considering a 2D axisymmetric

geometry according to Fig. 11. Here no slip is assumed as bound-
ary conditions at the right and left boundaries (the former repre-
senting the glass window) and the wall representing the stationary
housing. The boundary condition for the bottom boundary is the
velocity of the rotating shaft riω, where ri is the radius of the ro-
tating shaft ( = 20 mm; see Fig. 1), and ω is the angular velocity,
which in the present study is in the range of 1–3.75 rad/s. Further-
more, the Carreau rheology model (Barnes (20))

η= η∞ + η0 − η∞[
1+ (Kγ̇)2

] n−1
2

[2]

is used to define the (apparent) viscosity of the three greases used.
Here η is the viscosity, η0 is the viscosity plateau at low shear
rates, η∞ is the viscosity plateau at high shear rates, is the shear
rate, K is the consistency index, and n is the power law exponent,
which for a shear thinning material such as grease is lower than
one. Data for the parameters in the Carreau model were obtained
from rheometer measurements using a model fit to the Carreau
model. Data for the NLGI 2 grease used are presented in Table 2.

Figures 12 and 13 show velocity profiles from the numerical
model and μPIV measurements for the NLGI 2 grease in the
large and small pockets, respectively. Two velocities for the rotat-
ing shaft are considered, 0.02 and 0.05 m/s. In order to determine
whether the flow in the grease pocket, especially at the location
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1112 J. X. LI ET AL.

Fig. 11—Velocity field of the NLGI 2 grease from the numerical model.
Shaft speed 0.02 m/s. Color bar: flow velocity (m/s); cf. Fig. 1.

of the focal plane where the PIV measurements have been made,
can be treated as 1D, the following approach is considered:

� Two geometries for the numerical model are used: one with
dimensions according to the small grease pocket and one rep-
resenting an ideal 1D scenario where the length of the pocket
in the axial direction is several orders of magnitude larger
than the distance between the rotating shaft and the stationary
boundary. The purpose of the latter is to have a 1D velocity
profile as reference.

� Two locations for the velocity profile from the numerical
model are considered: at the location of the focal plane F2′

where the PIV measurements are performed and at the mid-
dle of the pocket in the axial direction. The velocity profile for
the ideal 1D case is from the middle location of the ideal 1D
geometry.

� Comparing the velocity profiles from the numerical model and
the velocity profiles from the experiments makes it is possible
to determine (1) how well the numerical model resolves the
flow at the location of the focal plane and (2) whether the flow
at the location of the focal plane can be treated as 1D.

Figure 12 shows the velocity profiles in the large grease
pocket. It is clear that none of the profiles match the 1D veloc-
ity profiles, concluding that the flow in the large grease pocket
cannot be considered 1D. However, there is a good agreement
between the numerical profile at themiddle location and themea-
sured velocity profile, whereas there is a larger deviation between
the numerical and experimental profiles at the location of the fo-
cal plane. The reason for this deviation is likely due to the no-slip

TABLE 2—RHEOLOGICAL PARAMETERS FOR THE NLGI 2 GREASE
BASED ON THE CARREAU RHEOLOGICAL MODEL

η0 (Pa.s) η∞ [Pa.s] K n

300,000 0.7 2,200 0.12

Fig. 12—Velocity profiles in the large grease pocket from numerical sim-
ulations and μPIV measurements. Black/grey represents shaft
speeds of 0.02 and 0.05 m/s, respectively. [Diamond]: μPIVmea-
surements. [Dashed]: Numerical model, location at the focal
plane. [Solid]: Numerical model, location at the middle of the
grease pocket. [Dotted]: Numerical model, ideal 1D case.

boundary condition applied for the left and right boundaries (cf.
Fig. 11) in the numerical model. These boundary conditions are
too strict because slip effects close to the wall will cause a faster
increase in the velocity in the axial direction (Westerberg, et al.
(11)). As a consequence, the velocity from the numerical model
is lower at the location of the focal plane as shown in Fig. 12. This
effect is present for both the higher and lower shaft speeds.
In Fig. 13 the velocity profiles in the small grease pocket are

presented. Comparing the numerical profile at the location of the
focal plane with the measured velocity profile, the same obser-
vation is made as for the large grease pocket presented above;
that is, the numerical velocity profile at the middle position
match well with the measured velocity profile. The reason for the

Fig. 13—Velocity profiles in the small grease pocket from numerical sim-
ulations and μPIV measurements. Black/grey represents shaft
speeds of 0.02 and 0.05 m/s, respectively. [Diamond]: μPIVmea-
surements. [Dashed]: Numerical model, location at the focal
plane. [Solid]: Numerical model, location at the middle of the
grease pocket. [Dotted]: Numerical model, ideal 1D case.
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Grease Flow in a Concentric Cylinder Configuration 1113

deviation between the numerical velocity profile at the location
of the focal plane and the measured velocity profile is the same as
for the large grease pocket; that is, the applied no-slip boundary
condition does not account for the slip effect close to the bound-
ary wall. Furthermore, the experimental velocity profile and the
numerical velocity profile at the middle position show an overall
good agreement with the ideal 1D velocity profile. The observed
deviation of the experimental velocity profile from the numeri-
cal velocity profile, an effect which is accentuated for the higher
shaft speed case, is due to shear banding in the flow. This means
that the grease is not uniformly sheared throughout the grease
pocket as assumed for the apparent shear rate, which for the 1D
case is described as the velocity change in the radial direction but
rather experiences a locally varying rate of shear due to the com-
plex rheology of the grease. The flow can be concluded to be 1D
and thus the velocity only has a component in the φ-direction and
is only a function of the radial distance from the inner boundary
constituted by the rotating shaft. In the Carreau rheology model
used in the simulations, the grease viscosity at low and high shear
rates is included, but local variations in the viscosity of the grease
are not included, causing the numerical model to fail to resolve
the shear banding effect.
To conclude, the flow in the small grease pocket can be con-

sidered 1D, whereas the flow in the large grease pocket is not. In
the next section an analytical model of the flow will be developed
and compared to the results from the μPIV measurements.

1D Analytical Model for Grease Flow in the Small Pocket

In this section, an analytical model of the 1D Couette grease
flow in the small grease pocket in the DRS is derived. Cylindrical
coordinates (r, φ, z) are considered, where r is the radial coordi-
nate, φ is the angular direction, and z is the axial coordinate; see
Fig. 14 for a schematic view of the actual geometry.

Governing Equations and the Herschel-Bulkley
Rheology Model

We consider the equation of motion, which in vector form
reads

ρ
Du
Dt
= ρ∂u

∂t
+ ρ (u · ∇)u = ρF+ ∇ · τ. [3]

Here,D/Dt is the material derivative, τ is the stress matrix, and F
is a volume force, which for the present case is gravity, pointing

Fig. 14—Schematic view of the geometry comprising the grease pocket
and cylindrical boundaries; cf. Fig. 1.

in the radial direction. The contribution from gravity is, however,
negligible in the present case considering the small scales of the
actual geometry. Considering a 1D flow, u = uφ(r), and the only
non-zero components of the shear stress are τrφ and τφr, which ac-
cording to the symmetry property of the stress tensor, are equal.
For a 1D stationary flow, Eq. [3] then reduces to

0 = 1
r2

d
dr

(
r2τrϕ

)
, [4]

which after integration yields

τrϕ = C1
r2
, [5]

where C1 is a constant. The relation between the shear stress and
shear rate (γ̇) is for a generalized Newtonian fluid described by

τij,j = η(γ̇) γ̇ij, [6]

where η is the shear rate–dependent viscosity and γ̇ij = ∇u−∇uT
is the shear rate tensor, relating to the scalar shear rate as

γ̇ =
√√√√1
2

∑
i

∑
j

γ̇ijγ̇ij. [7]

For the present 1D flow (u = uφ(r)) Eq. [7] yields

γ̇ = r
d
dr

(uφ
r

)
. [8]

For a Herschel-Bulkley fluid the viscosity is written as (cf. Eq.
[1])

η(γ̇) = τ0

γ̇
+Kγ̇n−1, [9]

where τ0 is the yield stress, K is the grease consistency, and n
is the power law exponent, which for a shear thinning material,
such as grease, is less than one. For n equal to one the Herschel-
Bulkley model reduces to the Bingham rheology model. From
Eqs. [6], [8], and [9] it then follows that

τ = τ0 +K
(

r
d
dr

(uφ
r

))n

, [10]

which is the Herschel-Bulkley model in cylindrical coordinates
and where τ equals the shear stress given by Eq. [5].

Velocity Profile in the Small Grease Pocket

Equation [10] in Eq. [5] gives

r
d
dr

(uϕ
r

)
= 1

K1/n

(
C1
r2
− τ0

)1/n
. [11]

Integrating and solving for uϕ yields

uϕ (r) = r
K1/n

∫
1
r

(
C1
r2
− τ0

)1/n
dr+ C2r, [12]

where C2 is a constant. Considering the boundary condition at
the rotating shaft, uϕ(r = ri) = ωri, Eq. [12] can be written as

uϕ (r) = − r
K1/n

∫ r

ri

1
r

(
C1
r2
− τ0

)1/n
dr+ rω, [13]

where C1 is to be determined from the boundary condition at the
stationary boundary constituted by the ring attached to the hous-
ing (r= ros). Alternativeboundary conditions would be to use the
measured first data point of the velocity in order to include the
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1114 J. X. LI ET AL.

wall slip effect, as discussed in section Wall (Slip) Effects in the
DRS with Small Gap. Here the first data point means the first
registered velocity when going in the direction from the rotating
shaft into the grease pocket. The first data point is considered to
be located at radial position r1, meaning uϕ(r = r1) = u1 and Eq.
[12] can be written as

uϕ (r) = − r
K1/n

∫ r

r1

1
r

(
C1
r2
− τ0

)1/n
dr+ r

u1
r1
. [14]

Now, C1 is solved by using the data point closest to the housing;
that is, uφ(r = r2) = u2, and r1 < r < r2. This approach means
that the model is valid in the region r1 < r < r2, excluding the
thin wall slip layers. A relevant question is whether the grease is
fully or partially yielded in the narrow pocket; that is, if the shear
stress distribution throughout the pocket exceeds the critical yield
stress value. In the actual concentric cylinder geometry, the shear
stress has its maximum value at the surface of the rotating shaft
and decreases with the radial distance from the shaft. The behav-
ior is analogous to the situation in a pressure-induced flow in a
straight channel where the shear stress decreases in the transverse
(normal) direction to the main flow direction and which for a par-
tially yielded grease causes a plug region centered at themiddle of
the channel (Czarny (10)). Similarly, for the concentric cylinder
geometry, in part of the domain the grease would be stationary
and flow elsewhere. However, the experimental results presented
in Figs. 4–6 show that the grease is flowing throughout the do-
main.
Solving for C1 in Eq. [14], n has to be specified in order to ob-

tain an analytical solution. For the three greases used the n values
are presented in Table 1. Analytical solutions can be obtained
for a discrete number of n values: n = 1, 1/2, 1/3 and a number
of additional fractions. However, due to the small dimensions in
the small pocket and the actual form of the integrand in Eq. [14]
the impact on the velocity profile of the n values for the actual
greases used (n = 0.6–1) is negligible. For the present analysis n
= 1 is therefore considered in order to simplify the expressions
obtained. n = 1 yields for Eq. [14]

uϕ (r) = r
K

∫ r

r1

1
r

(
C1
r2
− τ0

)
dr+ r

u1
r1
. [15]

Integrating and solving for C1 gives

C1 = − 2r2r1
r21 − r22

{
τ0r2r1ln

(
r2
r1

)
+K (r1u2 − r2u1)

}
. [16]

In Fig. 15, the experimental and analytical velocity profiles are
compared for the three greases used, showing an overall good
agreement. The deviation between the experimental and numeri-
cal data in the bulk region is not due to erroneous measurements
but, as introduced earlier, due to the shear banding effect in the
grease. In the derived analytical model of the velocity variation
in the small grease pocket the grease is treated as fully yielded
and the rate of shear is considered to be continuously varying.
From the experiments it is evident that the shear rate is not a
continuous function of the radial position as defined by the ex-
pression for the apparent shear rate (Eq. [8]), meaning that the

Fig. 15—Velocity profiles from the analytical model compared to cor-
responding velocity profiles obtained from μPIV experimental
data for three greases with different NLGI grade: (a) NLGI 2, (b)
NLGI 1, (c) NLGI 00. Us represents the speed of the rotating
shaft.
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Grease Flow in a Concentric Cylinder Configuration 1115

use of apparent shear rate may induce errors in the results of
the model; this observation is highly interesting and relevant for
the flow in concentric cylinder rheometers and ultimately for the
quality of the obtained rheological data. In the present study it is
shown that wall slip is present in addition to shear banding, two
effects that heavily influence the motion of the grease but none of
which is included in the model used for the velocity distribution
in the grease pocket in rheometers that are widely used around
the world within both academia and the industry.

SUMMARY AND CONCLUSIONS

In this study, grease velocity profiles have been investigated
in a grease pocket that resembles a concentric cylinder config-
uration. A dual experimental and analytical approach has been
used, and numerical simulations have been conducted to deter-
mine whether the flow is one- or two-dimensional. The experi-
ments are conducted using the method of μPIV. Two versions of
the grease pocket have been considered: a small pocket where
the pocket gap is significantly smaller than the pocket length and
a large pocket where the gap is of the same order as the length
in the axial direction. It is shown that it is possible to measure
the flow in the small and large grease pockets for three greases
with NLGI grades 00, 1, and 2, respectively. From the numer-
ical results it follows that the flow in the small pocket is one-
dimensional, a condition that is verified through the experimental
and analytical results; the latter shown to well describe the veloc-
ity in the small grease pocket. The μPIVmeasurements show that
the NLGI 2 grease is fully yielded throughout the small pocket
domain, whereas the flow in the large pocket has an unyielded
region in connection to the stationary wall where the grease be-
haves as a solid body. Furthermore, wall slip effects are present
in the vicinity of the rotating shaft and the stationary housing. It
is shown that the slip velocity at the stationary wall is highest for
the NLGI 2 grease, which has the lowest base oil viscosity. 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 rotat-
ing shaft. As a result, a clear deviation between the ideal Newto-
nian shear rate (the apparent shear rate) and the true shear rates
in the grease were measured for the NLGI 1 and NLGI 2 greases,
implying the existence of shear banding in the bulk grease flow,
which in turnmeans that using the assumption of uniform shear in
conventional concentric cylinder rheometers may give erroneous
rheological results.
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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 dou-

ble 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 influ-

ence 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 par-

ticles through the grease is evaluated. Centrifugal forces acting

on a solid spherical particle are calculated from the grease ve-

locity 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 Mi-
gration; Double Restriction Seal

INTRODUCTION

Lubricating greases are widely used for lubrication of rolling
bearings, seals, and gears. Grease provides also a sealing function

Manuscript received June 9, 2011
Manuscript accepted July 25, 2011

Review led by Richard Salant

in order to protect the system against contaminants. In a previous
study the authors used a microparticle image velocimetry (μPIV)
method to measure the grease velocity profile in a double restric-
tion 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 seal-
ing 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 qui-

escent Newtonian fluid is well described in, for example, Batch-
elor (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 ve-
locity when their density is significantly larger than the fluid den-
sity. 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 parti-
cle 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 andMaglione (7) presented
amethodology to calculate the velocities and shear rates in a Cou-
ette rheometer based on the Herschel-Bulkley model.
In the current study, the grease velocity profile will be evalu-

ated in two different sealing geometries, one with a wide pocket
and one with a narrow pocket between two sealing restric-
tions. 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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868 P. BAART ET AL.

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. Sub-
sequently, the grease velocity profile models are used as input for
a radial migration model that predicts how solid contaminant par-
ticles 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 cylin-
der and stationary outer cylinder (housing). A detailed descrip-
tion of the setup and (μPIV)methodology can be found inGreen,
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 tem-
perature 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 μmwere used in combination with a 10×magnifi-
cation. 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 ve-
locity 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 rel-

atively 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 pres-
sure chamber through the first sealing restriction into the grease
pocket and leaves the test rig through the second sealing restric-
tion as indicated by arrows in Fig. 3. This grease flow ensures that
the grease pocket is filled with grease throughout the measure-
ment. 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 measure-
ments.
The rheology model for the grease used here is the Herschel-

Bulkley model including an extra base oil viscosity term as pre-
sented by Palacios and Palacios (8) and used in Baart, et al. (9).
This four-parameter Herschel-Bulkley model is defined as

τHB = τy +Kγ̇n + ηbo γ̇, [1]

where τγ is the apparent yield stress, K is the consistency param-
eter, n is the shear thinning parameter, and ηbo 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 F2′.
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Radial Contaminant Particle Migration in a Double Restriction Seal 869

viscosity. The parameters τγ and ηbo 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 rotat-
ing 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 parame-
ters 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 val-
ues for the rheology parameters were found compared to the ear-
lier manual fit used in Westerberg, et al. (10).
The base oil viscosity in Eq. [1] was calculated at the cor-

rect temperature from the viscosities at 40 and 100◦C using the
Walther equation (Sánchez-Rubio, et al. (12)). For determina-
tion 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 ap-
plied 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 angu-
lar 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

τγ = Tc

2πR2
(
h+ R

3

) , [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 de-
termined from Fig. 5 and is shown in Table 1 for the NLGI1 and
NLGI2 greases at 25◦C.

Velocity Profile in Wide Pocket

The grease velocity profile in the wide pocket, where any in-
fluence 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

Grease Type τyield (Pa) K (Pa.sn) n ηbo (Pa.s)

NLGI 2 500 8.2 0.63 0.25
NLGI 1 260 61 0.42 0.49
NLGI 00 15 12 0.63 0.89

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

dimensional case. For a Newtonian fluid in a Couette type of ge-
ometry, 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 diame-
ter, a nonlinear fluid velocity (nonconstant shear rate) may be
expected. This tangential velocity profile is given for Newtonian
fluids as (Batchelor (2))

u(r) = Us

[
ro/r− r/ro

ro/ri − ri/ro

]
, [3]

whereUs 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 ve-
locity profile is calculated based on the four-parameter Herschel-
Bulkley rheology model using the parameters in Table 1. Keles-
sidis 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 New-
tonian 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 influ-
enced 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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870 P. BAART ET AL.

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. Con-
sequently, higher shear rates than for a Newtonian fluid case are
present close to the rotating shaft. Close to the stationary hous-

ing, 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 eβ(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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Radial Contaminant Particle Migration in a Double Restriction Seal 871

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.

whereUs is the shaft surface velocity, r is the radius from the cen-
ter of rotation, and ri is the radius of the shaft surface, where β 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

u (r) = Useα(r−ri)
[

ro/r− r/ro

ro/ri − ri/ro

]
, [5]

where ro is the outer radius of the gap and α is a new shear
thinning parameter. The α-value was found to be constant (α =
−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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872 P. BAART ET AL.

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. Also, Eq. [5] is
plotted here for each measurement condition and the α-values
were determined for the different greases. This confirmed the
idea that the α-value can be used as a grease property to describe
its flow behavior or rheology in the DRS setup. The different
α-values for the greases are presented in Table 2.
The shear thinning properties of grease are temperature de-

pendent, and this behavior should reasonably be reflected in the
α-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 α-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 α-values were fitted for the other temperatures and
are presented in Table 3. The table also contains the temperature-
dependent α-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 α-value, giving

α = A ln (T)+ B, [6]

TABLE 2—SHEAR THINNING PARAMETER α FOR DIFFERENT
GREASE TYPES IN THE F2′ PLANE IN THE NARROW POCKET AT 25◦C

Grease Type α-Value (m−1)

NLGI2 −3,000
NLGI1 −2,000
NLGI00 −1,000

TABLE 3—TEMPERATURE-DEPENDENT α-VALUES FOR NLGI2
AND NLGI1 GREASE IN THE F2′ PLANE IN THE NARROW POCKET

Grease Type 25◦C 50◦C 70◦C 100◦C

NLGI2 −3,000 −2,200 −1,800 −1,400
NLGI1 −2,000 −1,450 −1,200 −900

where A and B are grease parameters given in Table 4 and T is
temperature.
The temperature model, Eq. [6], for the shear thinning param-

eter α 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

u (r,T) = Use[A ln(T)+B](r−ri)
[

ro/r− r/ro

ro/ri − ri/ro

]
. [7]

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 α-value, which has the dimension of m−1. For the
current work only the measurement plane at the position F2′ is
evaluated.

TABLE 4—TEMPERATURE PARAMETERS FOR α-VALUE MODEL IN

THE F2′ PLANE IN THE NARROW POCKET

Grease Type A [(mT)−1] B (m−1)

NLGI2 1,160 −6,720
NLGI1 790 −4,540
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Radial Contaminant Particle Migration in a Double Restriction Seal 873

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 in-
fluence on the grease velocity profile here. This is due to the
momentum equation, which includes the (shear) stress tensor τij,
and ∂τij/∂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 interroga-
tion 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 analyti-
cal/empirical equation (Eq. [7]) where the shear thinning parame-
ter α is temperature dependent. In Table 3 the α-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, α = −1,450 for the NLGI1 grease at ∼50◦C, which
is about to equal α = −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 el-
evated temperatures, as shown in Fig. 10. However, although it
appears that some grease was apparently unyielded in the nar-
row 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 occur-
rence 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 pre-
dicted 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 rhe-
ologymodel with additional parameters should be used to include
a maximum viscosity plateau at low shear rates.
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874 P. BAART ET AL.

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 ∼10 s−1. At the shaft surface in 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 shaft surface is 30 s−1 and therefore is large
enough to 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 prob-
ability of particles passing through the second restriction. These
particles typically have a larger density than the grease and conse-
quently migrate to a larger radius in the pocket, due to centrifugal
forces. In the second part of the article the migration of solid con-
taminant 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 nor-
mal stresses, as discussed in fundamental work by, for example,
Karnis andMason (17) or Gauthier, et al. (18) for naturally buoy-
ant particles, are neglected. The force balance is written as

Fc.r + Fd.r = m · ar, [8]

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 particle
density ρp such thatm = 4πρpa3/3 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

Fc.r = 4
3
πa3 (ρp − ρg)

U2
θ

r
, [9]

where Uθ is the circumferential velocity and ρg is the grease den-
sity. The drag force is predicted using the Stokes drag equation
(Batchelor (2)):

Fd.r = −6πa ηrUp,r [10]

for a spherical particle moving through a stationary or quiescent
fluid with the Reynolds number Re << 1. Here ηr is the grease
viscosity and Up ,r is the particle velocity given that the grease ve-
locity in the radial direction is zero. Although the grease veloc-
ity 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

ηr = τy

(
dUθ

dr

)−1
+K

(
dUθ

dr

)n−1
+ ηbo. [11]

In Part 1 it was shown that the grease velocity profile Uθ in the
pocket is nonlinear and therefore the shear rate is a function of
the radial position in the pocket. Consequently, the grease viscos-
ity and drag force are a function of the radial position.
Because contaminant particles are small and the grease viscos-

ity 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

Up.r = 2
9

a2
1
ηr
(ρp − ρg)

U2
θ

r
, [12]

where ηr and Uθ are calculated from the grease velocity profile.
Due to the nonlinear rheology model including the shear thin-
ning of the grease, it is not possible to solve Eq. [12] analytically,
and a numerical integration is used to calculate the radial migra-
tion of the particle as a function of time. At each time the particle
velocity is calculated using Eq. [12] and multiplied by the suffi-
ciently 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 ob-
tained 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 ve-
locity 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. Fig-
ure 12 first shows the radial position of a 14-μm-diameter particle
after 100 h at different shaft speeds assuming a constant temper-
ature 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 centrifu-
gal forces acting on the particle and reduced viscosity due to shear

TABLE 5—DEFAULT PARAMETERS FOR THE CALCULATION OF

CONTAMINANT PARTICLE MIGRATION

Temperature 25 ◦C
Particle diameter 14 μm
Particle density 2,100 kg/m3

Grease density 930 kg/m3

Shaft speed 1 m/s
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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 parti-
cles 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 experimen-
tal setup contained two sealing restrictions in a pipe flow, simi-
lar 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 oper-
ation, 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 penetra-
tion 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 gener-
ally 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 high-
est 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 loca-
tions 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 cer-
tain 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 geom-
etry 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 α-value.
This α-value is grease type dependent and changes with tempera-
ture, resulting in less shear thinning at higher temperatures. As a
consequence, equal velocity profiles can be found for the differ-
ent greases at different temperatures. The side walls of the small
grease pocket geometry are found to influence the measured ve-
locity 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 sim-

ulated in a narrow and wide seal pocket. It was concluded that
in the wide pocket contaminant particles migrate to a larger ra-
dius 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 contami-
nant 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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Abstract
 
In order to improve the understanding of grease flow in various applications such as gears, seals and 
rolling bearings, the free surface flow of different greases under different running conditions has been 
investigated. A rotating disc has been used to study grease flow as the grease was subjected to a 
centrifugal force. The grease flow and mass loss was measured for greases with different rheology on 
different surfaces and with surface textures. It is shown that the speed at which grease starts to move is 
mostly determined by grease type and yield stress, whiles the impact of the surface material and 
roughness is less pronounced. The mass loss is shown to be influenced both by the rheology of the 
grease and the surface material. 
Key words: grease surface flow; rheology; adhesion
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1. INTRODUCTION
Lubrication plays an important role on the life time, energy losses, and maintenance of many 
mechanical systems. Due to its consistency, lubricating grease has many advantages compared to 
lubricating oil [1-3], e.g., it does not require pumps, filters, sumps etc., it has inherent sealing 
properties, and does not leak out into the environment. Limited life due to e.g. oxidation at high 
temperature is the main drawback of using grease, however, in many applications this can be 
overcome by re-lubrication [2].
The lubricating film thickness between the contacting surfaces is very small in machine elements like
rolling bearings and gears. Excess lubricant is pushed away from the contact, sometimes leading to 
starvation. Proper replenishment of lubricant is then critical in order to provide enough lubrication 
before the parts engage again. In the case of oil lubrication, replenishment is normally no problem 
since the oil will easily flow back into the track. Grease, which exhibits viscoelastic properties, will 
not flow until a stress larger than the yield stress is obtained, meaning that a certain force has to be 
applied in order for the grease to start moving [4-14].
The excess grease often sticks to different parts like the bearing housing, seals and bearing cage; oil 
separation (often called `bleeding’) will provide the contacts with lubricant. However, a forced flow or
free surface flow of the grease itself caused by e.g., vibrations, and centrifugal forces may support the 
replenishment.
Two lubrication regimes are presented in grease lubrication [5]. A fully flooded regime appears when 
lubricant (being the grease itself, and/or bled oil) is continuously pushed back to the lubricating 
contact. [6-7]. Here the film thickness is often higher than that provided by base oil only. After the 
initial churning phase, most of grease is pushed aside by the rolling contact, meaning that the 
lubrication regime may turn into a starved regime with a continuous decrease in film thickness as a 
consequence [8]. The film thickness is also much related to the worked grease near the track acting as
a lubricant reservoir [9-10]. Chevalier, et al. [11] showed that the shape and thickness of the lubricant 
layer in the inlet significantly influences the film thickness in heavily starved contacts. In rolling 
bearings, such as in tapered or spherical bearings, centrifugal forces affect the layer thickness,
especially during long term running [12-14].
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In terms of different types of grease flow, a pressure driven Poiseuille grease flow has been 
experimentally and analytically investigated in straight pipes/channels [15, 16] and in pipes/channels
with different restrictions [17-19]. Examples of studies on grease shear flow in concentric cylinder 
geometry can be found in refs. [20, 21].The latter are related to the flow in bearings or seals. Models 
of free surface grease flow are scarcely represented in the literature. Free surface oil flow in bearings 
can be found in refs. [12-15]; however, these models are only applicable for Newtonian fluids and 
cannot be used for fluids with complex rheology such as grease. Lubricating greases are semi-fluid to 
solid products of a thickener in a liquid lubricant [22]; this multi-phase system gives grease a non-
Newtonian rheology, which directly contributes to the complex flow behavior of grease. The material 
and the surface roughness also influence the grease flow when wall slip occurs. 
Bramhall and Hutton [23] 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. Czarny [24] 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. Czarny also concludes that wall slip 
depends on the wall material and thickener type.
In this paper, free surface grease flow driven by a centrifugal force is experimentally investigated 
using a rotating disc. A high speed camera was used to capture the he onset of the grease motion. Of 
specific interest is the yield behavior of the grease in terms of the required angular velocity to initiate 
the grease motion, the amount of grease leaving the disc, and the grease layer remaining on the disc.
The experiments were conducted using greases with different rheology, different material surfaces and 
surface textures.

2. EXPERIMENTAL SET UP
2.1 Greases
Two lithium greases with different consistency (NLGI Grade 2 and Grade 1) and a polyurea grease 
(PU, NLGI grade 2) have been considered. To describe their rheology, the Herschel-Bulkley 
rheological model [25, 26] is considered, including the yield stress- and shear thinning properties of 
the grease:

.0

n

dy
duK [1]

Here is the shear stress, 0 the yield stress, K the consistency parameter of the grease, and n the 
Power Law exponent – which for a shear thinning material like grease is less than one. The rheological 
data for the greases is presented in Table 1. 

Table 1 Rheological parameters for the greases based on the Herschel-Bulkley rheological model and base oil 
viscosity for 3 greases.

0[Pa] K[Pa·sn] n[-] Viscosity at 
25°C 

NLGI 1 180 5.7 0.75 0.49
NLGI 2 500 8 0.7 0.25

PU 800 0.75 0.88 0.15

2.2 Test rig

The experiments have been carried out on a rotational steel disc with a diameter of 100 mm. On the 
disc four plates were mounted symmetrically, see Figure 1. A puck of grease was centered on each 
plate 27.5 mm away from the disc center. To prepare the samples, two PTFE rings with a diameter of 
5 mm and height of 1 and 2 mm high, respectively, were put on the plate; see Figure 2. A syringe was 
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used to fill grease into the ring carefully avoiding air bubbles. The upper surface of the puck was made 
smoothened using the upper surface of the ring (1 or 2 mm high), using a plastic rod. The ring was 
gently removed before the test. The setup allows for four grease samples to be run simultaneously. 

 

Figure 1. Overview of the test rig for the free surface experiments.

  
(a) 

 
(b) 

Figure 2. Tools for forming the grease puck: (a) PTFE ring, (b) Plastic rod

  
(a)                   (b) 

  
                                               (c)                  (d) 

Figure 3. The shape of the 2mm high NLGI 2 grade grease sample: (a) initial position (b) at critical speed and
onset of motion (c) halfway down the plate (d) after the free surface test
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Three different plate materials have been selected: bearing steel, brass and Polyamide 66 (PA 66).
These materials are often used as ring and cage material in rolling bearings. The Ra values are 1.2 m, 
0.1 m and 0.5 m for the steel, brass and Polyamide respectively.
In the test, the angular velocity of the disc was controlled by accelerating it with /3 s-2 to a maximum 
speed, which was 120% of the critical speed, being defined as the rotational speed of the disc when the 
grease sample starts to move (Figure 3b).  The disc was kept at the maximum speed for 10 seconds
and then ramped down to stand still during 1 minute. The motion of the grease has been recorded by a 
high speed camera from IDT Redlake and image acquisition was performed with the Motion Studio 
software.  The evolution of the grease track as the rotation continued is shown in Figure 3.
The accuracy for the measured critical speed is 0.03 m/s. The accuracy of the balance scale used is 10-

5 g. 

2.3 Measuring the layer composition using Scanning Electron Microscopy (SEM)

The grease layer composition, forming the trace on the plate, was measured using an environmental 
(low-vacuum) scanning electron microscopy (SEM) with different accelerating voltage (15 kV and 25
kV respectively) and a probe current of 10-6 A. The Energy Dispersive Spectrum (EDS) was used to 
qualitatively determine the oxygen content in the surface track at different depths below the surface 
(1-2 m when using an accelerating voltage of 15 kV and 3-4 m when using an accelerating voltage
of 25 kV). The SEM equipment used was a Jeol JSM-6460LV microscope fitted with Oxford Inca 
EDS software.

3. RESULTS AND DISCUSSIONS

This part will present results for the critical speed, grease loss, and grease film left on the plate for 
different combination of the three greases and solid surface material. Every test comprises four grease 
samples; the average value and confidence interval are presented for critical speed and grease loss. 
Furthermore, SEM pictures for the NLGI 2 grease are presented and discussed.

3.1 Critical speed for greases

Figure 4 presents the critical speed for the three greases on respective surface materials for both the 2
mm samples (Figure 4a) and the 1 mm samples (Figure 4b); and here the two cases represent the initial 
height of the grease cylinder (puck). It was found that critical speeds were not varying significantly 
with the different surface materials for NLGI 1- and NLGI 2 greases. This result is likely due to an
adhesion force between grease and plate exceeding the yield stress. This means that the grease is 
sheared at a certain distance into the bulk of the grease, rather than at the contact between the grease 
and the surface. It follows that the critical speed for the PU grease is higher than for the NLGI 1- and 
NLGI 2 greases, which in turn is a consequence of its higher yield stress value; see Table 1. Compared 
to the behavior of the NLGI 1- and NLGI 2 greases, the critical speed for the PU grease differs more
depending on the surface material: For the 1 mm samples it is shown that the steel plate with highest 
roughness gives the highest critical speed, while brass with the lowest roughness gives the lowest 
critical speed. For the 2 mm samples it follows that the highest critical speed is needed for the steel 
plate with no significant difference between brass and PA. This indicates that the adhesion between
the PU grease and the plates influences the critical speed, especially for 1 mm samples, even though 
the yield stress is the dominating factor. An explanation for this observation is that for the 1 mm 
sample, the grease is sheared so close to the solid surface that the adhesive forces to some extent add 
to the yield forces needed to shear the grease. For the 2 mm sample the grease is sheared at a distance 
from the solid surface exceeding the influence of the adhesive forces at the solid/grease surface. The 
influence of the adhesive forces on the 1 mm sample is also supported by the observation that for all
three greases used the critical speed for the 1 mm samples is about 1.5 times higher the critical speed 
for the 2 mm samples.
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(a)

(b)
Figure 4 critical speeds for three greases on different plates: (a) 2 mm samples (b) 1 mm samples; error bars 

represent 90% Confidence Interval.

The relationship between the yield stress presented in Table 1 and the critical speed on the steel plate
for the three greases is shown in Figure 5. The critical speed increases as the yield stress increases for 
the three greases tested in this study. This phenomenon may be explained by the visco-elastic 
properties of greases: the grease starts to flow as the centrifugal force exceeds the grease yield stress 
which determines the critical speed. 

Figure 5 Relationship between yield stress (average value of four samples) and critical speed for the steel plate 
and test greases.
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3.2 Grease loss from the rotating disc

The grease loss is defined as the mass percentage of grease leaving the plate compared to the initial 
grease sample mass. The grease loss for the three greases and the three surface materials is shown in 
Figure 6. For the 2 mm samples (Figure 6a) it follows that the general trend for the presented mean 
values is an increasing grease loss with an increasing yield stress value; cf. Table 1. The results for 
the 1 mm samples (Figure 6b) also clearly show that the grease loss is higher for the PU grease. The 
impact of the surface roughness on the grease loss is less pronounced. Figure 6 indicates that for the 
two thickest greases (the NLGI 2- and PU grease respectively) the steel surface tend to decrease the 
grease loss from the disc. An explanation for this is that on the rougher surface more grease will 
adhere to the plate. As presented in §3.1 the PU grease has the highest critical speed, which combined 
with the observed grease loss concludes that it has the most prominent yield behavior which also is 
supported by the measured rheological data (Table 1). The larger grease loss for the PU grease 
indicates that the viscous layer remaining on the plate is thinner, which also couples to the yield stress 
of the grease. The PU grease with the high yield stress only starts to flow at a high critical speed. This 
implies that the centrifugal forces at that moment are much higher than for the greases with lower 
yield stress and consequently more grease flows off the disk. At low centrifugal forces (low critical 
speed) the grease is smeared on the disk surface, while at higher centrifugal forces (high critical speed) 
the grease moves as a plug.

(a)

(b)

Figure 6.Grease loss for three greases. (a) 2 mm initial height of the sample, and (b) 1 mm. The error bars 
represent the 90% Confidence Intervals.
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The thickness of the remaining layer on the plate has also been measured using an optical microscope. 
It was shown that for the NLGI 2 grease the thickness is around 130-170 m for the 2 mm samples 
and 75-110 m for the 1 mm samples. For the NLGI 1 grease the corresponding values are 140-160

m and 60-80 m for the 2 mm and 1 mm samples respectively. The thickness of the layer for the PU 
grease was not possible to measure with the present technique as the layer profile is highly irregular 
and the layer seem to locally disintegrate. This behavior may be due to the high yield stress causing 
the sample to more or less solely behave as a solid and just locally shear in connection to the solid 
surface. The observation can also be explained by a the yield stress force which is of the same order of 
magnitude as the adhesive forces between the sample and the solid surface, resulting in a negligible 
deformation of the grease sample. 

Concluding the observations presented in this section: if the yield shear force needed to shear the 
grease is lower than the adhesive forces (i.e. FS < FA) in the contact between the grease sample and 
the disk surface, the grease sample will shear and flow off the disk with a thick layer remaining, called 
free surface flow. And if FS > FA the grease  bulk will not shear, only in a thin viscous layer close to
the solid surface, and the grease sample (puck) will move on top of this thin layer. 

3.3 EDS tests on grease left on the steel plate

In order to investigate the grease left on the plate, SEM and EDS have been used to analyze the 
grease-air surface layer microstructure. The NLGI 2 grease sample with an initial height of 2 mm was 
selected to be investigated Visual observations of the grease layer indicated that there is an oil layer on 
the surface. This is confirmed by the EDS measurements. In Table 2, EDS results show a lower 
oxygen content close to the grease surface compared to 3-4 micrometer below the surface. Since the 
mineral base oil molecules for the NLGI 2 grease contains less oxygen compared to the lithium 12-
hydroxystearate thickener molecules it is concluded that there is a higher concentration of oil in the 
top layer of the surface, thus a lower thickener concentration. A similar gradient in the thickener 
concentration is expected to be present at the grease-disk interface, resulting in a slip layer. This is in 
line with the results of Bramhall and Hutton [23].

Table 2 Concentration of elements in the grease left on the steel plate [Atomic %]
Element C O P S Fe Zn
1-2 m below surface 96.83 2.74 0.02 0.12 0.29 -
3-4 m below surface 91.82 7.79 0.03 0.10 0.23 0.04

4. SUMMARY AND CONCLUSIONS

In this paper the free surface flow of lubricating grease on plates of different materials, placed on a
rotating disc, has been investigated using high speed photography to monitor the motion of the grease.
In addition measurements with optical microscope, scanning electron microscope (SEM) and energy 
dispersive spectroscopy (EDS) were done to analyze the grease layer left on the plates. Three different 
greases have been used: two lithium based greases with NLGI grade 1 and 2 respectively, and a 
polyurea based grease (PU). The experimental setup comprises grease samples placed on a circular 
disc which were subjected to an increasing angular velocity, i.e. increasing centrifugal force. The 
speed at which the grease started to move (the critical speed) and the amount of grease remaining on 
the plate were measured. It has been concluded that the critical speed and amount of grease left on the 
plates, including the thickness of the remaining layer on the plates, is closely related to the yield stress 
of the grease:  higher yield stress results in higher critical speed. This results in a thinner grease layer 
left on the plate. Furthermore, it is shown that the surface roughness has less impact on the grease loss 
than the yield stress. The tendency is that the grease loss is smallest for the roughest surface. From this 
it can be concluded that the surface roughness, and the adhesive forces between the grease and the 
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disc, have limited effect on the grease flow. It is mainly the rheological properties of the grease which 
determine the grease surface flow on the disc. 
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Abstract Grease lubrication is traditionally used in a

great variety of mechanical systems such as rolling bear-

ings, seals, and gears where it has been shown more

advantageous than oil, mainly due to its consistency

allowing the grease to stay inside the system and not leak

out. Knowledge of the flow dynamics of grease is impor-

tant for the understanding and prediction of grease distri-

bution for optimum lubrication and for the migration of

wear and contaminant particles. Free-surface effects play

an important role in rolling bearings and open gears as the

configuration normally is filled with about 30 % grease to

avoid heavy churning. In this study, an analytical model of

the stationary uniform flow on a rotating disc is developed

and validated with experiments. The model results in the

velocity profile for the flow in the thin fully yielded viscous

layer in connection to the surface as well as an expression

for the plug flow region on top of the viscous layer. Fur-

thermore, the depth-averaged velocity is derived as is the

shear stress value on the plate. From the latter, follows a

condition for the grease to start moving and in turn yielding

an expression for the viscous layer thickness as a function

of the grease yield stress value, grease density, angular

velocity, and radial position. In addition, an expression of

the layer thickness containing the ratio between the flow

rate and the layer width which in turn can account for

effects not included in the model such as wall slip and

surface adhesion and thus add another degree of freedom

into the model. Experiments with two different greases

having NLGI grade 1 and 2, respectively, shows it is

possible to obtain a good fit with the analytically obtained

thickness using the rheological parameters for actual

greases.

Keywords Grease flow � Free surface � Herschel–Bulkley
rheology � Analytical model � Experimental validation

1 Introduction

Oil and grease are traditionally used in the lubrication of

moving parts in mechanical systems used in engines, tur-

bines, gearboxes, rail-wheel lubrication, and hub units for

truck and passenger cars. The quality of the lubrication is

directly mirrored on both the mechanical efficiency and

economical efficiency of the actual component. Using

grease as lubricant often results in cheaper solutions for the

lubricating systems than oil since it does not require

pumps, filters, and tanks. Grease has also shown to be

much more advantageous compared to oil, mainly due to

the consistency of the grease which prevents it from leak-

ing out of the application, and its sealing properties which

reduces the design requirement of a sealing system. For an

existing sealing system, however, the grease improves its

effectiveness and thereby prevents contamination to enter

the bearing. The grease consistency is a result of its com-

plex multi-phase structure consisting of a thickener (the

most widely used being Lithium-12-hydroxy stearate), oil,
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and additives, where the thickener forms a network struc-

ture in which the oil is trapped [7]. Typically, the distri-

bution is 80–90 % oil and 10–20 % thickener.

In addition to its nonleaking properties, grease also

adheres to the surfaces which contributes to a lower friction

and prevents the surface material to corrode as reacting

fluids (such as water) do not come into contact with the

element surface. Grease can also act as carrier of additives

and insoluble substances such as graphite and molybde-

niumdisulfide. The main disadvantage of grease lubrication

is that the life of grease normally is shorter than the life of

the machine element, which leads to a requirement of re-

lubrication.

In order to have an optimum lubrication of surfaces in

contact, a lubricant film which fully separates the surfaces

is required. For the case of moving surfaces present in

bearings the ball and ring are in contact and the lubricant is

sheared in the gap between the surfaces. Due to the load in

the contacts, the pressure in the film separating the surfaces

causes the lubricant to leak in the transverse direction to

the running direction, which in turn leads to a reduction in

the amount of lubricant available for forming the film of

the next contact. In order to maintain a sufficiently thick

film, the running track needs to be replenished continu-

ously. This is generally no problem for the case of oil

lubrication as the fluid has a Newtonian rheology sup-

porting the flow to the running tracks of the loaded contacts

in gears and bearings. For grease flow, however, the situ-

ation is significantly different compared to oil lubrication.

The main reason for this is the visco-elastic property of

grease, which is shown by its yield behaviour, meaning that

in the absence of a certain force/shear stress the grease will

not flow [6]. This property is the main problem for grease

lubrication compared to oil lubrication as the grease will

not readily flow back into the track once it has been pushed

to the side of the contacts.

The dynamics of the lubrication mechanism are very

complex, much due to the complex rheology and compo-

sition of the grease [11, 12]. After a system has been ini-

tially filled, the grease is forced to flow by the moving

elements inside the system such as gear teeth or rolling

elements—a process generally referred to as churning.

Here, most of the grease is pushed sideways, while a part of

it stays close to the contacts or, in the case of roller bear-

ings, ends up on the cage. The grease also bleeds oil, which

replenish the tracks in the loaded contacts [1]. In order to

obtain an optimal lubrication, both the initial amount of

grease and the position of the grease are important as too

much grease will cause high friction due to churning and

grease in the wrong place will negatively affect the

replenishment through oil bleeding [13].

Grease flow has previously been studied in pipes, e.g. [4,

14], or in pipes with discontinuities [15]. The latter work

could be applied to the flow in bearings. In rolling bearings or

open gears, the configuration is normally filled with about

30 % grease to avoid heavy churning. The crucial free-sur-

face effect is missing in many of the studies that have been

done on grease flow so far. Such studies do exist for oil flow

in bearings where the centrifugal force induced flow of thin

layers have been studied experimentally and for which

models have been developed [5, 16]. Such models have even

been developed for the very complex flow in full rolling

bearings with multiple bodies and layers [17]. Also for oil

drops that are forming behind concentrated contacts, some

work has been done [8]. Unfortunately, these models only

apply to Newtonian fluids and cannot be applied to the

complex fluids such as lubricating greases.

This work is motivated by the need of a better knowl-

edge of grease free-surface flow, both with respect to the

engineering applications presented above and for the fun-

damental understanding of grease motion. An analytical

model of a steady uniform grease flow on a rotating disc

has been developed and experimentally validated.

PART I: Analytical model for a steady uniform flow

In this part, a model for the steady uniform grease flow

is derived. The analysis is based on the conditions and

geometry presented in Fig. 1. The flow scenario in this

paper is constituted by a cylindrically shaped grease sam-

ple (‘‘puck’’) placed at an initial distance r0 from the centre

of a circular disc. Here, the height of the grease is several

orders of magnitude smaller than the diameter. The disc

starts to rotate with a continuously increasing angular

velocity x, causing a continuously increasing centrifugal

force on the grease acting in the radial direction. Due to the

yield behaviour of grease—meaning the grease starts to

undergo a continuous shear when the shear stress in the

grease exceeds its characteristic yield stress, the grease will

start to move in the radial direction leaving a film on the

disc. Assuming the velocity in the radial direction to be

negligible compared to the angular velocity, the Coriolis

force on the grease can be neglected and the flow can hence

be considered to only depend on the r- and z coordinates.

2 Governing Equations

The equations governing the flow are the continuity

equation and the equation of motion, respectively, which in

tensor form reads

Dq
Dt

þ qui;i ¼ 0 ð1Þ

q
Dui

Dt
¼ �pi þ qFi þ sij;j: ð2Þ

Here, D=Dt is the material derivative, which for a general

vector field A equals oA=ot þ ðA � rÞA. q is the grease
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density, ui the velocity field, p the pressure, Fi a volume

force which for the present case equals the centrifugal force

qx2r in the r-direction and gravity in the z-direction, and

sij the stress tensor. We consider a velocity field

u ¼ ur r̂ þ uzẑ, where ur ¼ urðt; r; zÞ and uz ¼ uzðt; r; zÞ in

their general form including a time dependency. Consid-

ering an incompressible flow and the boundary layer

approximation stating that the gradients in the r-direction

are negligible compared to the gradients in the z-direction,

Eqs. (1) and (2) then in component form reads

1

r

o
or

ðrurÞ þ ouz
oz

¼ 0 ð3Þ

our
ot

þ ur
our
or

þ uz
our
oz

¼ � 1

q
op
or

þ x2r þ 1

q
os
oz

ð4Þ

0 ¼ � 1

q
op
oz

þ g: ð5Þ

Here, s ¼ srz ¼ szr according to the symmetry property of

the stress tensor. The boundary conditions applied cover no

slip for the velocity at the disc, a zero pressure and shear

stress at the free surface, and a vertical velocity at the free

surface equalling the material derivative of the location of

the free surface at z ¼ h, where h ¼ hðt; rÞ in its general

form, i.e.

ur ¼ uz ¼ 0 at z ¼ 0 ð6Þ
p ¼ s ¼ 0 at z ¼ h ð7Þ

uz ¼ Dh

Dt
¼ oh

ot
þ ur

oh
or

at z ¼ h: ð8Þ

Equations (5) and (8) yield a hydrostatic pressure in the

grease flow according to

p ¼ qgðh � zÞ: ð9Þ
The radial velocity component has a continuous develop-

ment in the fully yielded, viscous layer due to a shear stress

in the grease exceeding the yield stress (Fig. 1b) while the

layer on top of the viscous layer moves as a solid body

(plug flow)

d0 ! Up; 0� z� hs ð10Þ
ur ¼j

bUp; hs � z� h:
ð11Þ

hs (cf. Fig. 1) denotes the yield point, which for the yield

condition implies

s ¼ s0 at z ¼ hs; ð12Þ
s0 being the yield stress. The flow scenario is analogous to

the flow in a straight channel where a continuous viscous

layer is formed between the boundary and the yield point,

and followed by a plug flow region centred along the

channel midplane (Westerberg et al. [18]). In [18], it is

shown that a very thin slip layer where the velocity gra-

dient is large is present between the solid boundary and the

viscous layer. This layer is not considered in the present

study.

The stress tensor is for a generalised Newtonian fluid

written

sij ¼ gð _cÞ _cij; ð13Þ
where g is the shear rate-dependent viscosity, which for a

Herschel–Bulkley material is

g ¼ s0
_c

þ K _cn�1: ð14Þ

Here, K is the consistency of the grease and n the Power

Law index, which for a shear thinning material such as

grease is less than one. The shear rate is defined as

_cij ¼ ru þ ruT, which for ij ¼ zr yields

_c ¼ _czr ¼ our
oz

þ ouz
or

; ð15Þ

where the underlined term can be neglected due to the

boundary layer approximation, resulting in

z

Greasesample

Plug region ( < 0)

z

0

hs

h

Yielded,viscous layer ( > 0)
r

(a) (b)

Fig. 1 Schematic view of the motion of the grease sample (‘‘puck’’)

on a rotating disc (a) and the flow regions within the grease sample

(b). The figures are not to scale. The coordinate system used is

cylindrical with the radial coordinate r pointing in the normal

direction to the vertical ðzÞ coordinate, i.e. the coordinates follow the

rotation of the disc
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_c ¼ _czr ¼ our
oz

: ð16Þ

Equations (14) and 16), then yields

s ¼ s0 þ K
our
oz

� �n
: ð17Þ

To conclude at this stage of the analysis, the equations

(with corresponding boundary conditions) governing the

flow of the grease coin along the radius of the rotating disc

are given by Eqs. (3)–(9). This set of equations apply both

for the more general case of a varying boundary layer

presented in Part II, as well as for the case of a stationary

uniform flow, which solutions are derived in the next

section.

3 Solutions for a Steady Uniform Flow

For a steady uniform flow, the equation of motion reduces

to

0 ¼ x2r þ 1

q
os
oz

; ð18Þ

where s is given by Eq. (17). Equation (18) yields

os
oz

¼ �qx2r; ð19Þ

which after applying Eq. (17) gives

K
o
oz

our
oz

� �n
¼ �qx2r; ð20Þ

and which after integration yields

K
our
oz

� �n
¼ �qx2rz þ f1ðrÞ: ð21Þ

Here, f1ðrÞ is an arbitrary function of the radial coordinate,

and its solution follows from the boundary condition at the

yield point: sjz¼hs
¼ s0. Recalling that the left-hand side in

Eq. (21) equals s� s0, f1 results in

f1ðrÞ ¼ qx2rhs; ð22Þ
giving

K
our
oz

� �n
¼ qx2rðhs � zÞ: ð23Þ

Solving for our=oz gives

our
oz

¼ qx2r

K

� �1=n
ðhs � zÞ1=n; ð24Þ

and which for the radial velocity yields

urðr; zÞ ¼ � qx2r

K

� �1=n
n

n þ 1
ðhs � zÞnþ1

n þ f2ðrÞ

¼ � qx2rhnþ1
s

K

� �1=n
n

n þ 1
1 � z

hs

� �nþ1
n

þ f2ðrÞ:

ð25Þ
The expression for f2ðrÞ follows from the no-slip boundary

condition at the disc boundary, i.e. urðr; z ¼ 0Þ ¼ 0

f2ðrÞ ¼ h
nþ1
n
s

qx2r

K

� �1=n
n

n þ 1
: ð26Þ

The final expression for the radial velocity then reads

urðr; zÞ ¼ qx2rhnþ1
s

K

� �1=n
n

n þ 1
1 � 1 � z

hs

� �nþ1
n

" #

¼ Up 1 � 1 � z

hs

� �nþ1
n

" #
;

ð27Þ

where

Up ¼ qx2rhnþ1
s

K

� �1=n
n

n þ 1
: ð28Þ

So for the case of a steady uniform flow ur is given by Eq.

(27) for the case 0� z� hs and by Eq. (28) for the case

hs � z� h.

The dimensionless velocity profiles for different n-

values are plotted in Fig. 2. The effect between greases

which have a more or less Newtonian behaviour n ¼ 1 and

greases which are heavily shear thinning n ¼ 0:1 is sig-

nificant. Recalling that the plug velocity is constant, the

depth-averaged velocity U is

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

u
r
/U

p

z/h
s

 

 

n = 0.1
n = 0.5
n = 1

Fig. 2 Velocity profiles for different n-values in the yielded viscous

layer stretching between z ¼ 0 and z ¼ hs
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U ¼ 1

h

Zh
0

ur dz ¼ 1

h

Zhs
0

Up 1 � 1 � z

hs

� �nþ1
n

" #
dz

þ 1

h

Z
Up dz

� �
z¼h

¼ Up 1 � n

2n þ 1

hs

h

� �
;

ð29Þ

where Up is according to Eq. (28).

3.1 Shear Stress at the Rotating Disc and Condition

for Flow

The shear stress on the disc (sw ¼ sz¼0Þ can be calculated

from Eq. (24), Eqs. (28) and (17), resulting in

sw ¼ s0 þ K
n þ 1

n

Up

hs

� �n
: ð30Þ

Substituting Up given by Eq. (28) into Eq. (30) gives

sw ¼ s0 þ qx2rhs; ð31Þ
and in order to have a flow, it follows that

qx2rhs [ s0: ð32Þ
Considering the flow limit s0 ¼ qx2rhs and solving for hs
yields

hs ¼ s0
qx2r

; ð33Þ

which for given values of the parameters in the RHS gives

an explicit value for the thickness of the viscous layer left

in the track of the moving grease sample.

3.2 Shear Layer Thickness as Function of the Flow

Rate

For the case of a known flow rate for the stationary flow,

the height of the viscous layer ðhsÞ as a function of the flow

rate ðQÞ can be obtained. Or in other terms, for a given

height of the viscous layer, the flow rate can be calculated.

Considering Eq. (27) the flow rate writes

Q ¼ W

Zhs
0

ur dz ¼ WUp z þ hs
n

2n þ 1
1 � z

hs

� �2nþ1
n

" #hs
0

¼ WUphs 1 � n

2n þ 1

� �
;

ð34Þ
where W is the width of the grease layer. Substituting Up

with Eq. (28), then gives

Q ¼ W
n

2n þ 1
h

2nþ1
n

s
qx2r

K

� �1=n
; ð35Þ

which after solving for hs yields

hsðQÞ ¼ Q

W

2n þ 1

n

K

qx2r

� �1=n" # n
2nþ1

: ð36Þ

Considering the height of the viscous layer for the flow

limit [Eq. (33)], the flow rate reads

Q ¼ W

K1=n
s
2nþ1
n

0

n

2n þ 1

1

qx2r

� �2
: ð37Þ

PART II: Experimental validation of the viscous layer

thickness

The experiments presented in this part of the paper are

from the work by Li et al. [9]. The presented results are

from a couple of the most relevant experiments with

respect to the results from the analytical model in Part I.

For more details and other results from the experiments

which not cover the scope of the present study, the reader is

referred to the work by Li et al. [9].

4 Experimental Setup

The experiments have been carried out using a rotating disc

on which four grease samples are placed; see Fig. 3 for an

overview of the experimental setup. The motion of the

grease samples is monitored using a high-speed camera

with an operating frequency of 60 Hz. The experimental

Fig. 3 Photograph of the experimental setup enabling four simulta-

neous measurements. The setup consists of a disc with diameter

100 mm mounted on an electrical engine enabling a varying

rotational speed and grease samples placed on surfaces of different

materials with different roughness. Each grease sample has a diameter

of 5 mm and a thickness of 2 mm. The grease samples are initially

located at a radial distance of 27.5 mm from the centre of the disc

Tribol Lett (2014) 56:317–325 321
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procedure comprises an initially stationary disc, which is

subjected to a linear increase in angular velocity with an

acceleration of p=3 s�2. A critical speed is identified when

the grease samples start to move and the velocity is further

increased until it reaches 120 % of the critical speed. After

30 s, the velocity is continuously ramped down to zero

during 60 s. The extra 20 % is used as a margin to assure

the onset of the grease motion as the limit when the grease

starts to move is not sharp. This margin has for all four

samples shown to have a negligible effect on the viscous

grease layer left on the plates. For a sufficiently high

velocity applied to the disc during sufficiently long time,

the thickness of the viscous layer will indeed decrease, but

the extra 20 % for a duration of 30 s is, however, negli-

gible compared to the magnitudes needed to cause any

effect on the layer thickness.

The design of the disc allows for a versatile variation

of parameters in one experiment, eg. using the same type

of grease on different materials having different surface

characteristics such as grinding texture and surface

roughness. In the present study, two different Lithium-

based greases with NLGI grade 1 and grade 2, respec-

tively, have been used; see Table 1 for rheological data

Fig. 4 Evolution of the grease sample motion from its initial position (a) via the critical speed when the sample starts to move (b), to having

reached the edge of the plate (d). This grease sample is the NLGI 2 grease with initial height of 2 mm

Table 1 Rheology data for the used NLGI 1 and 2 greases based on

the Herschel–Bulkley rheology model

s0 ðPaÞ K ðPa snÞ n (–) gbo ðmm2=sÞ

NLGI 1 260 5.7 0.75 0.49

NLGI 2 500 8 0.7 0.25

gbo is the base oil viscosity at 25 �C. The densities are 700 and

900 kg=m3 for the NLGI 1 and NLGI 2 greases, respectively
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based on the Herschel–Bulkley rheology model. In addi-

tion, two different heights of 1 and 2 mm of the grease

sample are used. The diameter of the grease sample is

5 mm. The surface in the present experiments consists of

engineering steel for bearing applications. Figure 4 shows

the evolution of the grease motion for a 2-mm-thick

grease sample on the plate.

5 Results and Discussion

Having performed the experiments the thickness of the

viscous layer remaining on the plates is measured as ref-

erence value for the analytically obtained expressions

given by Eqs. (33) and (36) considering the rheological

data presented in Table 1. The difference between

Eqs. (33) and (36) is that the latter is a function of both the

grease consistency K and the shear thinning exponent n in

addition to the grease density, angular velocity and radial

position which are included in both expressions. Also, the

ratio between the flow rate Q and the width of the layer W

is included. This ratio is however unknown and can be

considered a free parameter as it is dependent on the yield

behaviour of the grease as well as on the physics in the

contact between the grease and the solid surface. Equa-

tion (33) contains only the yield stress as rheological

parameter.

The measurements are performed using an optical

microscope with an accuracy of 5 lm in setting the focal

plane; see Fig. 5 for one set of measured values of the

NLGI 2 grease. A series of four measurements for each

grease with two initial sample heights have been made. The

experimental results are presented in Table 2 together with

the thickness value given by Eq. (33) and the critical speed

for the onset of the grease motion. The presented mea-

surements have been performed at the stationary region

stretching from about one grease sample radius from the

initial position of the grease sample to a position roughly

halfway between the initial position and the end of the

plate/disc; cf. Fig. 5 and the location of the 81 lm thick-

ness. A motivation for a very short transitory region is a

very low value of the Reynolds number in the flow. Typical

for all measurements is that the stationary region is

unperturbed; as seen in Fig. 5, the flow for that particular

case is perturbed forming the blob of grease with a thick-

ness of 225 lm and after this point the layer width narrows,

possibly due to the grease sample running dry. A general

trend for the performed measurements is that the viscous

layer thickness decreases with the radial distance from the

centre of the rotating disc as the grease sample travels

along the plate. This behaviour is supported by Eqs. (33)

and (36), which shows that the viscous layer thickness

scales inversely to the radial coordinate r. This may seem

odd as very small values of r then imply an infinite layer

thickness. The derived expressions for the layer thickness

are however stationary solutions, as is all results in Part I.

This means that Eqs. (33) and (36) are valid from the point

on when the transient effects have decayed.

Typical for the experiments is also that the width of the

layer left on the track narrows towards the end of the plate/

disc, even when no obvious perturbations or other irregu-

larities in the flow are visible. A possible explanation is

that the height of the grease sample is well on its way down

to zero before the sample has come across the edge of the

plate/disc. Small irregularities on the steel plates may also

contribute as would also a nonuniform initial form of the

grease sample; with a larger volume of the sample central

part compared to the edge, the grease near the edge will run

dry faster. The flow behaviour considered in the present

study with a thin fully yielded viscous layer close to the

solid surface, and a solid (plug) region on top of it is

55
225

81

Fig. 5 Measurements of the thickness of the viscous layer left on the

plate. Numbers in lm. NLGI 2 grease with 2 mm initial height

Table 2 Thickness of the measured viscous layer thickness/thickness

according to Eq. (33) for respective grease and initial height of the

grease sample

1 mm 2 mm

NLGI 1 75/300 [24p] 150/800 [40p]

NLGI 2 75–110/800 [33p] 130–170/1,200 [50p]

Both values in lm. In square brackets are the critical velocity in rad/s

for respective grease and initial height of the grease sample. The

maximum standard deviation for the observed critical speed is

1:8p rad/s
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analogous to the situation of drawing a straight line with a

piece of chalk on a blackboard: the piece of chalk will

eventually run dry if the line is long enough. The

decreasing width of the layer may be due to lateral adhe-

sion of the grease to the plate forming a drop-like shape of

the grease.

Comparing the thickness of the viscous layer given by

Eq. (33) and the reference values obtained from the experi-

ments (Table 2), there is a rather big difference. There are

several possibilities for the observed deviation, one being the

physics in the contact between the grease and the solid plate.

The expression for the thickness given by Eq. (33) takes no

consideration to the surface energy or the occurrence of wall

slip or forces due to adhesion. hs given by Eq. (36) is,

however, more complete in terms of its inclusion of both

parametersK and n in theHerschel–Bulkley rheologymodel.

Furthermore, one advantage with Eq. (36) is the ratio C ¼
Q=W as it adds another degree of freedom to the model. C is

unknown and can be treated as a free parameter to be used to

match the measured values of the viscous layer thickness

with hs given by Eq. (36) and the rheological data for

respective grease. If we consider C to account for the yield

stress value s0, adhesion forces, the width of the layer, and

effects due to wall slip as all these quantities/properties will

have an impact on the flow rate Q. Performing the matching

results in a value of C ranging between 5 � 10�6 and

40 � 10�6. Considering a layer width of 5 mm yields a very

low flow rate ranging between 2:5 � 10�8 and

2 � 10�7 m3=s, equalling 2:5 � 10�2 and 2 � 10�1 cm3=s.

With a radial velocity of the grease sample of the order of

0.3 cm/s, these numbers are reasonable.

Another property of the flowing grease, which is shown

in closed geometries such as straight channels and con-

centric cylinder configurations (see, e.g. [2, 3, 10, 18]) and

which may have implication on the shear dynamics of the

grease in a free-surface geometry, is wall slip which in turn

may be a result of (base) oil bleeding. In an approach to

identify whether the grease is sheared on a layer of oil or

thickener, Li et al. [10] used the method of Energy Dis-

persive Spectrum (EDS) to qualitatively determine the

oxygen content in the surface track at different depth below

the surface (1–2 and 3–4 lm). It was found that the oxygen

content is lower close to the grease surface compared to 3–

4 lm below the surface. Since the mineral base oil mole-

cules for the greases used contains less oxygen compared to

the lithium 12-hydroxystearate thickener molecules, it was

concluded that there is a higher concentration of oil in the

top layer of the surface and consequently a lower thickener

concentration. Bramhall and Hutton [2] showed that a slip

layer is formed due to a gradient in thickener concentration

in connection to the solid boundaries in a viscosimeter;

similar gradient in the thickener concentration can for the

present flow scenario be considered expected at the grease–

disc interface, resulting in a slip layer.

One possible major error source is a flow subjected to

perturbing effects due to the Coriolis acceleration

aC ¼ �2x� u, where u is the velocity in the rotating

coordinate reference system. However, with a transporta-

tion time for the grease sample to leave the rotating disc of

the order of 10 s, juj is 0.3 cm/s while the angular velocity

at the starting position for the grease sample is close to

6 m/s. The Coriolis acceleration can hence be considered

negligible in the experiments. The lack of influence of the

Coriolis force on the grease flow is also seen by the viscous

layer left on the plate, which stretches in the radial direc-

tion without any deviation.

6 Summary and Conclusions

This study comprises an analytical model of the stationary

uniform, free-surface grease flow on a rotating disc. Results

from the analytical model have been compared to experi-

ments where the grease motion on a rotating disc has been

monitored using a high-speed camera. Two greases with

NLGI grade 1 and 2, respectively, have been used. The

analytical model is based on the Herschel–Bulkley rheology

model and built from the equation of motion of the grease

flow, considering the grease flow to be constituted by two

parts in form of a thin fully yielded viscous layer close to the

solid boundary, and a solid part (plug) on top of it. Solving

the governing equation of motion in the thin layer the

boundary layer approximation is used. This means that the

flow gradients in the tangential direction to the solid

boundary are neglected compared to the gradients in the

normal direction. The analytical model comprises solutions

for the velocity profile in the viscous layer and for the

velocity of the solid part of the grease sample. Also, solutions

for the depth-averaged velocity are obtained together with

expressions for the height of the viscous layer. Solution 1 for

the layer thickness is obtained from the flow condition

yielding shear forces to exceed the yield stress value, while

solution 2 is calculated from the flow rate. Solution 1 is a

function only of the yield stress, density, angular velocity,

and radial position, while solution 2 in addition includes the

grease consistency and shear thinning exponent included in

the Herschel–Bulkley rheology model. A deviation between

the model and experiments is observed and ascribed to the

absence of effects such as wall slip, surface energy, and

contact forces due to adhesion. These effects can be con-

sidered included in the free parameter in solution 2 for the

viscous layer thickness. The value of the free parameter can

be determined by matching the measured layer thickness to

the analytical expression.
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