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ABSTRACT
A common approach in numerical studies of elastohydrodynamic lubrication (EHL) is
based on solving the Reynolds equation that governs pressure distribution in thin lubricant
films. The Reynolds equation is derived from the Navier-Stokes equations by taking
assumptions that are considered valid when the thickness of the lubricant film is much
smaller than its length. A massive increase in the computing power over the last decades
has enabled the use of CFD (computational fluid dynamics) approach, based on the
Navier-Stokes equations, in solving the EHL problem. Comparisons between the CFD and
Reynolds approach have generally shown very good agreement. Differences can occur
when the thin film assumptions of the Reynolds equation are not applicable. In this study,
a CFD approach has been chosen with the aim of investigating effects of asperities and
rheology at high loads on the behavior of the thin EHL films.

A high quality mesh was generated in ANSYS ICEM CFD, while ANSYS Fluent has been
employed in solving the Navier-Stokes equation by finite volume method (FVM). For EHL
modeling, a set of user-defined functions (UDFs) were used for computing density,
viscosity, wall temperature, heat source and elastic deformation of one of the contacting
surfaces. Two lubricants were used, a commonly used oil in CFD analyses of EHL and
Squalane. Non-Newtonian fluid behavior and thermal effects were considered. For
Squalane, the two rheology models, Ree-Eyring and Carreau were compared. Squalane
has been chosen in this study since it is one of the rare fluids with known parameters for
both rheology models. Finally, the influence of surface roughness was explored for the
cases of a single asperity and a completely rough wall. A surface roughness profile is
generated in MATLAB by using the Pearson distribution function.

In the cases where the surfaces are assumed to be completely smooth, the obtained
results at the pressure of about 0.5 GPa closely correspond to literature, both in the case
of Newtonian and non-Newtonian fluid behavior. At the pressure of about 1 GPa, severe
shearing of the lubricant film has been noticed, characterized by a pronounced shear-band
and plug flow. It was found that the choice of viscosity and rheology models has a large
influence on the obtained results, especially at the high pressure levels. Finally, it was
discovered that the developed CFD model of EHL has a great potential in studying the
effects of surface roughness on the lubricant film behavior.
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PREFACE
This thesis comprises the results from CFD modeling of the elastohydrodynamically
lubricated (EHL) line contact problem. The idea for the developed CFD model was created
at the University of Montenegro, where the initial steps were made. Modification of the
CFD model for parallel processing was performed at Gear Research Centre (FZG) of the
Technical University of Munich (TUM). The CFD model was together with the thesis
successfully finished at the Department of Engineering Sciences and Mathematics,
Division of Machine Elements, Luleå University of Technology. A part of the obtained
results were recently published in the following journal article (with review procedure):
[1]

Tošić, M.; Larsson, R.; Jovanović, J.; Lohner, T.; Björling, M.; Stahl, K. A
Computational Fluid Dynamics Study on Shearing Mechanisms in Thermal
Elastohydrodynamic Line Contacts. Lubricants 2019, 7, 69.

vi

NOMENCLATURE
Pressure–viscosity coefficient
Volume fraction of phase k

-

Temperature–viscosity coefficient
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Density of phase k
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Stress tensor
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Surface velocity
Fluid volume
Fluid volume at ambient pressure
Fluid volume at ambient pressure and ref. temp.
Applied load
Coordinate in gap length direction
Relative coordinate in gap length direction
Coordinate in gap width direction
Coordinate in gap length direction
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CHAPTER 1
INTRODUCTION
Machine elements used for transferring loads and rotational speeds are the most critical
parts of a machine. In these elements, direct or indirect interaction between parts in
relative motion increases friction and causes surface wearing. Lubrication is the most
common way of reducing friction and protecting the contacting surfaces from wearing. The
science that unites studies of friction, wear and lubrication of parts in relative motion is
called tribology.

The main role of a lubricant is to separate surfaces in relative motion by a very thin layer of
lubricant (lubricant film), which needs to be strong enough to prevent contact between
moving parts but at the same time being easily sheared to provide low friction. The second
main role of lubricants is typically to remove frictional heat from the contact. For machines
under heavy loads only about 5% of lubricant is required for lubrication whereas 95% is
required to remove heat. In theory, perfectly lubricated machine element that works in
ideal conditions can properly carry out its function indefinitely. Although in reality this is not
possible, properly lubricated machine elements have the best chance for achieving their
maximum service life.

Depending on the operating conditions, all lubricated machine elements that feature sliding
or rolling contacts operate in some of the four lubrication regimes, represented by Stribeck
curve, presented in Figure 1.1.

Figure 1.1. The Stribeck curve [1].
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The vertical axis of Stribeck curve represents the coefficient of friction ( ) and the
horizontal axis the Hersey number, which represents the relationship between lubricant
dynamic viscosity ( ), entrainment speed (

) and normal load ( ), as follows [1]:
(1.1)

The entrainment speed represents the speed of a lubricant between two contacting
surfaces and it can be calculated by taking an average value of the two speeds of the
contacting surfaces.

On the right side of the Stribeck curve, there is a high Hersey number and hydrodynamic
(or fluid film) lubrication regime. It is characterized by a thick lubricating film, which
completely separates the contacting surfaces and prevents wear. Since there is no
interaction between asperities, the only source of friction in this region is internal friction in
the lubricant film. Thus, with the higher film thickness there is a higher friction, as shown
by the rise of Stribeck curve in the right direction.

The most favorable lubrication conditions are when there is complete separation of the
contacting surfaces by a very thin film which provides very low friction depending on the
rheological behavior of the lubricant used. For high loads, the hydrodynamic lubrication
regime can become elastohydrodynamic lubrication (EHL) regime due to elastic
deformation of the contacting surfaces.

On the left side of the Stribeck curve there is a low Hersey number. It denotes the
boundary lubrication regime characterized by almost no lubricant between the contacting
surfaces. Consequently, there is generally high friction and risk of wear. The transition
regime between these two regimes is called mixed lubrication regime, in which a lubricant
film is present but in some measure there is also contact between asperities of the
contacting surfaces.

Lubricated machine elements designed for transferring high loads and high rotational
speeds mainly operate in elastohydrodynamic lubrication (EHL) regime. Examples of such
elements are bearings, gears and cam-rollers. In typical highly-loaded EHL contact, the
fluid pressure inside a lubricant film ranges from about 0.5 to 3 GPa while the thickness of
the film is in the order of a micrometer and less. To put things into perspective, average
thickness of a human hair is between 60 and 80 μm. In such thin films, high fluid pressure
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is generated due to a converging gap that is formed by the moving surfaces, their relative
speeds, applied load and lubricant properties. Due to a highly pressurized lubricant film in
an EHL contact, the contacting surfaces elastically deform, as shown in Figure 1.2.

Figure 1.2. Conditions that lead to elastohydrodynamic lubrication (EHL) [2].

1.1 LITERATURE REVIEW
Partial

differential

equations

describing

three-dimensional

flow

of

inviscid

and

incompressible fluids were derived by Leonhard Euler in the period from 1752 to 1755 [3].
In 1821, Claude-Louis Navier improved Euler's equations by introducing a viscosity term
[4]. The Navier's equations were further developed by Sir George Gabriel Stokes who in
1849 set the equations in the form in which they are used today. Due to their complexity,
Stokes provided an exact solution of the equations only for the very simple
two-dimensional viscous flow.

Studies of lubricated contacts wouldn't be possible without advances in the field of contact
mechanics. In 1882, Hertz published his famous theory of the contact between two
spherical and elastic bodies [5]. Although in 1970's more advanced contact mechanics
models were proposed that take into account the effect of adhesion between the two
bodies, Hertz contact theory still represents the golden standard in the studies where
micro level accuracy is satisfactory.

In 1886, Osborne Reynolds applied certain assumptions to the Navier-Stokes equations
and derived equations that govern pressure distribution in thin fluid films [6]. The most
important assumption for the Reynolds equation is that thickness of a fluid film is much
smaller than its length (100 to 1000 times smaller). Since publishing, many researchers
found that Reynolds equation is very accurate and thus even today it represents the
standard equation in the lubrication theory.
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A big influence on the study of lubrication was the discovery of nearly the exponential
relation between pressure and viscosity, found by Bridgman in 1826 [7]. Another important
discovery that affected lubrication discipline in the years to come was made by Eyring in
1936 [8] while studying the effects of shear stress on viscosity of simple fluids. The initially
proposed Eyring's model was extended in 1955 by Ree and Eyring for complex fluids and
multiphase systems [9].

One of the earliest papers in the field of EHL was published by Grubin in 1949 [10] on the
basis of work performed by Ertel in 1939 [11]. In this study, Hertz contact theory and
Reynolds equations were applied on the simplified EHL line contact problem. It was
assumed that surfaces are elastically deformed, that the used lubricant is piezo-viscous
and incompressible. On the basis of the semi-analytical solution of the problem, the
authors derived the first formula for calculating central film thickness in the EHL line
contact. Additionally, the authors speculated that the pressure distribution curve in EHL
contacts might have a second maximum, later termed pressure spike.

The pressure spike was confirmed in 1951 by Petrusevich [12] who performed the first
numerical simulation of the EHL contact problem for the steady-state conditions. He found
that the pressure spike occurs right before the position of the minimum film thickness, as
Figure 1.2 shows. The pressure spike is a typical EHL feature and it is sometimes referred
in the literature as "Petrusevich spike" [13].
pressure spike

Figure 1.3. Dimensionless pressure (P) and film thickness (H) distribution in a typical
EHL contact [13].
In 1959, Dowson and Higginson [14] solved the EHL problem numerically for a range of
operating conditions. At that time, they spent about 18 months to obtain the first numerical
results. On the basis of the obtained results, they derived an analytical expression for the
minimum film thickness of the EHL line contact problem.
5

CHAPTER 1. INTRODUCTION
In the classic Reynolds equation it was only possible to incorporate the effect of pressure
on fluid properties. In 1962, Dowson modified the classic Reynolds equation in such way
that it allows variation of fluid properties (viscosity and density) across and along the film
as a function of pressure and temperature [15]. The new more realistic analytical equation
was named "generalized Reynolds equation".

In 1965, Cheng and Sternlicht [16] published the first thermal solution of the EHL line
contact problem obtained by using finite difference method. They assumed that the
lubricant behaves as a Newtonian fluid. They found lower coefficient of friction than
reported in the previous isothermal studies due to decreasing effect of temperature on
viscosity.

Even when thermal effects were included in the generalized Reynolds equation, during
1960s it became clear that numerical studies overestimate EHL friction and that effect of
strain rate on viscosity should be included in numerical modeling of EHL. In 1964, Bell [17]
measured friction in an EHL sliding contact by using a disc machine and found that his
measured data best correspond to the Ree-Eyring rheology model. Bell's discovery that
the Ree-Eyring model can be successfully used for modeling viscosity in EHL contacts
was later confirmed by Hirst and Moore in 1974 [18] and by Johnson and Tevaarwerk in
1977 [19].

In 1968, a breakthrough was made in studying rheology of liquids at high pressure, which
made a huge impact on the field of EHL. Novak and Winer from Georgia Institute of
Technology [20] developed their first high-pressure viscometer capable of reaching 0.7
GPa of pressure under applied shear stress of 0.1 MPa. Over the next decade,
researchers from Georgia Institute of Technology continued to develop their high pressure
viscometers. In 1979, Bair and Winer designed a new viscometer with which they were
able to reach high pressure but in the same time to have high shear stress (up to 50 MPa)
and high strain rate (up to 500 s-1) [21]. By using their viscometer, they discovered that
highly pressurized fluids have a so-called limiting shear strength after which the fluids
“break”. In other words, fracture of a pressurized fluid film occurs, known as shear band
[22]. Limiting shear theory, proposed by Bair and Winer in 1979, was later confirmed by
many other researchers [23,24]. Over the next two decades, Bair continued to develop
high-pressure viscometers and in 1993 he created his first isothermal viscometer [25]. In
1995, Bair was able to extend the capabilities of this viscometer by reaching a pressure of
6
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0.6 GPa [26]. His experimental results from 1995 speak in favor of the limiting shear
theory, and he used the reduced Carreau rheology model to explain his data. In 2002, Bair
was able to extend the capabilities of his previous viscometer by reaching a pressure of 1
GPa [27]. In the following years, many researchers used Carreau rheology model in
numerical modeling of EHL [28-32].

The next big discovery in numerical studies of EHL happened in 1983, when Okamura
found that using the Newton-Raphson method in solving EHL contact problems
significantly speeds up computation [33]. In 1984, Zhu and Wen [34] were first to solve
thermal EHL point contact problem.

In 2002, Almqvist and Larsson [35] validated their CFD solution of isothermal EHL against
the Reynolds solver while assuming that lubricant behaves as a Newtonian fluid. For the
EHL line contact problem and a pressure of about 0.6 GPa they found that the two
solutions closely match. However, they discovered that differences between the two
approaches might exist at higher pressure due to a singularity in the momentum equation.
In 2002, Almqvist and Larsson [36] obtained the first thermal CFD solution of the EHL line
contact problem, by modeling viscosity using a Newtonian fluid and Roelands viscosity
equation. They found that the decreasing effect of temperature on viscosity results with
more numerical stability so they were able to reach the pressure of approximately 0.7 GPa
but with significant computationally cost. In 2004, the same group of authors performed
CFD analysis of EHL on the surface roughness scale while using Ree-Eyring and
Roelands equations for viscosity modeling [37]. They discovered that the Ree-Eyring
model leads to a more stable numerical solution due to having decreasing effect on
viscosity and suppressing effect on the singularity in the momentum equation. In 2008,
Almqvist and Larsson [38] incorporated sinusoidal surface roughness in their CFD model
of the thermal EHL line contact problem and showed that the CFD approach is capable of
performing such analysis.

In 2008, Hartinger et al. [39] found that their CFD solution of thermal EHL is in good
agreement with the generalized Reynolds solution for non-Newtonian fluid behavior and a
pressure of about 0.6 GPa. The authors also relied on the Ree-Eyring rheology model. In
2016, Lohner et al. [40] used commercial multiphysics software to develop a model of the
EHL line contact problem based on the generalized Reynolds equation. They also used
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the Ree-Eyring model and found that their results are in good correlation with previously
published CFD results for pressures of up to approximately 0.6 GPa.

In 2013, Hajishafiee [41] performed CFD based fluid-structure interaction (FSI) analysis of
thermal EHL in OpenFOAM and reached high pressure levels over 3 GPa while assuming
non-Newtonian fluid behavior modeled by the Ree-Eyring model. In addition to considering
smooth contacting surfaces, the author also explored the influence of a single
asperity/valley and of surface waviness on the lubricant film behavior. However, for
maintaining numerical stability at high pressure, the author assumed physically unrealistic
elastic behavior of the solids. He concluded that high computational expense of CFD
technique is justifiable in cases when assumptions in the Reynolds equation are not
applicable, otherwise the Reynolds equation should be used.

In 2014, Srirattayawong [13] solved the thermal EHL line contact problem in ANSYS
Fluent by assuming smooth and rough contacting surfaces. For modeling lubricant
viscosity, the author used the Ree-Eyring rheology model. By using MATLAB to generate
artificial surface roughness, Srirattayawong explored the influence of different roughness
parameters on the pressure generation.

1.2 OBJECTIVES
Having in mind the state of the art, the main objective of the thesis is to develop a 2D CFD
simulation model of the EHL line contact problem based on solving the Navier-Stokes
equations. The developed model should be verified by comparing the obtained results
against the results presented in recent literature.

The developed CFD model should be capable of:


Taking into consideration thermal effects and non-Newtonian fluid behavior.



Taking into consideration different rheology models (e.g. Ree-Eyring or Carreau).



Reaching fluid pressures of approximately 1 GPa.



Computing pressure distribution, film thickness, friction, temperature distribution
and distribution of all lubricant's properties of interest.



Exploring the influence of surface roughness on the pressure, film thickness and
physical behavior of the lubricant film.
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CHAPTER 2
GOVERNING EQUATIONS
In the first part of the chapter, governing equations of fluid dynamics are presented. The
second part describes the equations from the field of EHL that are used to modify
properties in the fluid dynamics equations and solid wall boundaries. In the last part of the
section, the fluid domain geometry, generated mesh and the conducted numerical
procedure are presented.

2.1 FLUID DYNAMICS EQUATIONS
Fluids in motion are described by the equations of conservation of mass and momentum.
To include thermal effects, the equation of conservation of energy is coupled together with
the former two. In non-discretized form, the equations of conservation of mass, momentum
and energy read as follows [42].

The equation for conversation of mass, widely known as the continuity equation, reads [42]
(2.1)
For a multiphase flow and mixture model, the continuity equation reads
(2.2)
where

is mixture density and

is mass-averaged velocity, that read
(2.3)

(2.4)

When gravitational and body forces are neglected, the equation for conservation of
momentum, commonly referred as Navier-Stokes equation, reads [42]
(2.5)
where

is the shear stress tensor that reads
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(2.6)
For a multiphase flow and the mixture model, the Navier-Stokes equation reads as follows
(2.7)
where

is viscosity of the mixture and

is the drift velocity for a secondary phase k,

which are defined as follows
(2.8)

The equation for conservation of energy reads [42]
(2.9)
where

is the heat source term that for EHL conditions takes into account the heat

generated in the lubricant film by the viscous heating (
work (

) and by the compression

) [13] as follows
(2.10)
(2.11)
(2.12)

For a multiphase flow and the mixture model, the energy equation reads [42]
(2.13)
where

is the energy per unit mass of phase k and

is the effective conductivity that

are defined as follows
(2.14)
(2.15)
where

is the sensible enthalpy for phase k and

is the turbulent thermal conductivity.

2.2 LUBRICANT PROPERTIES
2.2.1 DENSITY
Commonly, the lubricant density in isothermal conditions is modeled according to the
Dowson-Higginson expression [14] that reads
10
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(2.16)
where

and

. For modeling thermal effects, Bos

[43] included linear temperature dependence in the Dowson-Higginson equation, as
follows
(2.17)
Due to being more physically relevant, Habchi [44] recommends using a density equation
that is derived from the Tait equation of state, that reads
(2.18)
The disadvantage of the equations that rely on the Tait equation of state is that they
require specific fluid characterization and data which are not easily found in the literature
[44]. The effect of pressure on density is included in eq. 2.18 by using the Tait equation of
state for the volume relative to the volume at ambient pressure

, as follows [32]
(2.19)

where

is the isothermal bulk modulus at zero pressure that reads
(2.20)

The temperature effect on density is included in eq. 2.18 by using the volume at ambient
pressure relative to the ambient pressure volume at the reference temperature

, as

follows [32]
(2.21)

2.2.2. DYNAMIC VISCOSITY
Dynamic viscosity of a fluid is its resistance to flow when external force is acting on the
fluid. This resistance occurs as consequence of internal friction between fluid layers. From
a mathematical point of view, dynamic viscosity
stress

to shear strain rate

is a fluid property that relates shear

. For a fluid moving between two walls, shear stress can

be defined as
(2.22)
where shear strain rate

is the slope of the velocity profile

11
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Figure 2.1. Flow between two parallel plates.
Dynamic viscosity is not a constant fluid property. It changes depending on the operating
conditions. More precisely, viscosity may depend on:


pressure,



temperature,



shear strain rate,



shear strain rate history.

Shear strain rate is an instantaneous effect and it means that any time shear stress is
applied, that induces shear strain rate, viscosity may change. In contrast, shear strain
history means for how long a stress is applied. Even if a fluid is subjected to constant
stress over time, it may happen that over time there will be the change in viscosity. That is
related to viscoelastic fluid behavior.

If viscosity of a fluid is independent on shear strain rate and its history, the fluid is
Newtonian. This means that for a Newtonian fluid, there is a linear relation between shear
stress

and shear strain rate

and that the viscosity of Newtonian fluids may change

only due to pressure and/or temperature.

On the other hand, if viscosity of a fluid depends either on the shear strain rate or its
history, the fluid is non-Newtonian and there is non-linear relation between shear stress
and shear strain rate

. Of course, non-Newtonian fluid is also pressure and

temperature dependent. Classification of non-Newtonians fluids is given in Figure 2.2.
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Figure 2.2. Classification of non-Newtonian fluids [45].

2.2.2.1 Newtonian fluid behavior
In EHL theory, Roelands formula is commonly used for describing Newtonian fluid
behavior in isothermal conditions [46], that reads
(2.23)
where

is Roelands pressure-viscosity index that can be calculated by using

pressure-viscosity coefficient , as follows
(2.24)
When thermal effects are taken into account, viscosity can be calculated according to the
Houpert (modified Roelands) [47] formula as follows
(2.25)
where
(2.26)
(2.27)
(2.28)
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2.2.2.2 Non-Newtonian fluid behavior
For describing non-Newtonian fluid behavior in EHL contacts, due to its simplicity and
satisfying accuracy, the Ree-Eyring rheology model is the most commonly used. In terms
of viscosity, this model reads [48]
(2.29)
where

is the Eyring stress that denotes the threshold where the Newtonian fluid

behavior ends and the non-Newtonian fluid behavior starts. To avoid division by zero,
instead of

in the Ree-Eyring model Hartinger [48] suggests using Houpert equation

(eq. 2.25). In addition, to avoid numerical error during simulation, Hartinger also
recommends using the Ree-Eyring model only if strain rate is larger than an arbitrarily
chosen minimum value of

, otherwise he suggests using Houpert

equation. This can be written is the following fashion
(2.30)
It is worth mentioning that the

function in eq. (2.29) models both Newtonian and

non-Newtonian fluid behavior [50]. Firstly, at low values of
value of

this function approaches the

which means that at low value of shear stress, when

, shear strain rate is

, meaning that the fluid is modeled as Newtonian [50]. On the other hand, at
values of

higher than about

shear stress

is higher than

,

approaches

, which means that when the

, fluid is modeled as non-Newtonian [50].

Besides Ree-Eyring model, in experimental studies of EHL the Carreau rheology model is
widely used. This model reads [30]
(2.31)
where

is the limiting low-shear viscosity that is described by the Vogel-like formula [32]
(2.32)

Here,

represents the dimensionless viscosity scaling parameter that reads [32]
(2.33)

It should be mentioned that the Carreau model in the form given in eq. 2.31 does not
incorporate limiting shear stress behavior of liquids [32], unlike the Ree-Eyring model in
which temperature effect mimics this phenomenon. To overcome this drawback of the
14
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Carreau model, Björling et al. [31] suggests truncating shear stress if the limiting value of
shear stress is reached, as follows
(2.34)
where

parameter is derived from experiments.

The main advantage of the Ree-Eyring model is that it uses only one disposable
parameter

and thus it can be easily compared to experimental measurements [50]. In

addition, many researchers have proven that this model closely fits EHL friction
measurement [18,19], and Spikes [50] even claims that it shows better accuracy than the
Carreau model at high shear stress. Furthermore, in 2017 Washizu et al. [51] performed
molecular dynamic simulation of a fluid flow between two parallel plates under EHL
conditions and showed that results of the simulation closely correspond to the Ree-Eyring
model which strengthen the position of researchers advocating the Ree-Eyring model.

On the other hand, the Carreau model is more complex because it uses at least three
disposable parameters and thus it cannot be easily compared to experimental
measurements [50]. However, according to Bair the Carreau model shows better accuracy
for the measurements performed by using high-pressure viscometers than the Ree-Eyring
model [25]. Furthermore, it is worth of mentioning that the Ree-Eyring model was even
refuted during 1950s, by Leaderman et al. and Mooney [52,53], and in 2001 by
Greenwood [54].

2.3. SURFACE TEMPERATURE
The surface temperature, evaluated at location
location

and caused by heat flux

acting at

, is computed according to Carslaw-Jaeger thermal boundary condition that for

1D line contact reads [48]
(2.35)
where

is density,

speed and index

is heat capacity,

is thermal conductivity,

is relative surface

denotes solid part. In discretized form, eq. 2.35 reads [48]
(2.36)
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where

is heat flux at a face element that extends from

to

. However, eq.

2.35 has the limit of applicability depending on the Peclet number that can be calculated
by using formula [48]
(2.37)
where

represents a characteristic length scale. For EHL contacts, the characteristic

length scale is the Hertzian half width

[48]. Finally, in order to use eq. 2.35, it is

recommended that the Peclet number is larger than 5. In 2018, Hartinger [49] showed that
for the EHL line contact problem, surface temperatures predicted by Carslaw-Jaeger
equation closely match experimental measurements.

For a stationary surface that results with a Peclet number of zero, a method explained by
Srirattayawong [13] was used in this work. This method is based on specifying wall
thickness directly. In this way, Fluent solves a 1D steady heat conduction equation to
compute the thermal resistance of the surface (

) and the heat generation in the wall

[55], as explained in the following figure.
fluid cells

solid part

Figure 2.3. Thermal boundary condition for a stationary solid surface [55].

2.4. THE FILM THICKNESS EQUATION
The film thickness equation that describes the shape of an elastically deformed surface is
defined as follows [13]
(2.38)
where

is a rigid body separation between the roller and the flat surface,

the shape of the surface in undeformed state and

is the elastic deformation term. The

graphical meaning of these three terms is given in Figure 2.4.

16
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elastically deformed surface
undeformed surface

Figure 2.4. The EHL film thickness shape [13].

The shape of the top roller in undeformed state (

) is defined by using a quadratic

function that reads [13]
(2.39)
where

is the reduced radius of curvature defined as follows
(2.40)

The contact of two curved rollers is simplified to an equivalent contact between a single
roller and a flat body. Such an approximation is frequently used in the Reynolds approach.
In the case that both contacting surfaces are curved, then

is equal to radius of the roller

( ) for which the film thickness is calculated.

For the EHL line contact, elastic deformation evaluated at the location
the pressure

and caused by

acting at location , is modeled by using the following expression [13]
(2.41)

where

is the reduced elastic modulus that reads
(2.42)

The elastic deformation equation (eq. 2.41) in discretized form reads [48]
(2.43)
where

is the half-width of the Hertzian contact zone,

which elastic deformation is computed,
acting,

is the boundary mesh node at

is the boundary mesh node at which pressure is

is the half-width between two neighboring nodes

between node

and node

and

is the distance

Total elastic deformation of a boundary mesh node

computed as follows [48]
17
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(2.44)
Finally, to include surface roughness, an additional term is added in the film thickness
equation (eq. 2.38) as follows
(2.45)
where

is a surface roughness profile.

2.5. SURFACE ROUGHNESS
The effect of surface roughness on lubricant film behavior is studied by assuming that a
rough solid wall is stationary and a flat surface is moving. Firstly, a single asperity is added
to the bottom solid wall by modeling the

-coordinates of the mesh nodes at the bottom

wall in the following way
(2.46)
where

is asperity height,

is the asperity location on -axis and

Secondly, a completely rough top wall is modeled through

is the asperity width.

term in the film thickness

equation (eq. 2.45). A surface roughness profile is generated in MATLAB by using the
Pearson distribution function [13], the four-parameter beta type defined by the following
differential equation
(2.47)
The solution to eq. 2.47 reads as follows

(2.48)

In eq. 2.48, parameters

,

,

,

can be computed by using four quantities that

characterize a surface roughness profile, mean surface roughness (
roughness (

), skewness (

) and kurtosis (

), root-mean-square

), as follows [13]
(2.49)
(2.50)
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(2.51)
(2.52)
where
(2.53)
(2.54)
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CHAPTER 3
COMPUTATIONAL FLUID DYNAMICS MODELING (CFD)
In the first part of this section, some of the major potentials and benefits of using the CFD
approach compared to other methods is described. In the subsequent chapters, detailed
explanation of the conducted numerical procedure in the commercial software ANSYS
Fluent is presented.

3.1. POTENTIALS AND BENEFITS OF USING CFD
Depending on the objectives, physical processes inside a fluid film can be analyzed by
using analytical, experimental and numerical approaches. Limitations of an analytical
approach, along with benefits of using numerical rather than experimental approaches are
highlighted below.

In studies of the fluid film lubrication, an analytical approach is very limited due to the
nature of the Navier-Stokes equations that describe macroscopic dynamic behavior of
fluids. Navier-Stokes equations are non-linear partial differential equations. In almost all
real situations an analytical solution of these equations can be determined only for laminar
flow and very limited number of cases. In fact, it is still not proven that solutions of these
equations in three dimensions always exist without having singularities or discontinuities.
The Clay Mathematics Institute from the USA considers this problem as one of the seven
most important open problems in mathematics and offers one million dollars of reward for
the solution or a counterexample [56]. However, experimental and numerical approaches
are used to construct analytical models, which can be very usefully applied to certain
practical applications.

In the past two centuries, the complexity of the Navier-Stokes equations was the primary
reason for using an experimental approach, rather than an analytical in studies concerning
fluids in motion. With the development of computers, the third branch of fluid mechanics
was developed, known as Computational Fluid Dynamics (CFD).

One of the biggest disadvantages of the CFD approach compared to an experimental
approach is accuracy. In the end, as any numerical approach, the CFD approach provides
20
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an approximate solution to the Navier-Stokes equations. Experimental studies are
necessary to validate numerical results.

Some of the advantages of using CFD compared to an experimental approach are the
following:


Less time is needed for creating a CFD model than for building a test-rig.



CFD is more accessible, cheaper and uses less energy.



The possibility of performing parametric investigation. In other words, by varying
one parameter it is easy to track how the physics react.



CFD gives solution for the complete flow field.



CFD can simulate conditions that cannot be accomplished in an experiment,
which offers many possibilities for innovation.

In CFD, many discretization methods can be used to solve fluid dynamics problems. Three
of the most popular methods are:


Finite difference method,



Finite volume method,



Finite element method.

The simplest and most popular discretization method in CFD is finite difference method,
which is typically used for diffusive and linear transport equations. This method
approximates each derivative term of a PDE by means of discrete algebraic relationship,
generally by a Taylor's series [57]. By writing a Taylor's series expansion, we assume that
derivatives, which we write, exist in each mesh point. However, non-linear PDEs, such as
Navier-Stokes, may have discontinuities and on the place of the discontinuity derivative
does not exist. Consequently, on the discontinuity place, the solution will go to infinity
(shock formation phenomenon). Thus, the finite difference method is not suitable for
non-linear transport equation, such as the Navier-Stokes equations.

In trying to overcome this well-known problem of the finite difference method, the finite
volume method (FVM) was invented. The FVM is intentionally derived for solving
equations such as Navier-Stokes and this method is also used in this research.
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3.2 GEOMETRY OF THE FLUID DOMAIN
The EHL line contact is common in many machine elements, such as cylindrical roller
bearings or spur gears. Creating a CFD model of a complete bearing or a spur gear pair,
to simulate EHL problem, is very complex and computationally very demanding. This is the
main reason why such models do not exist in the available literature. Commonly, a
simplified approach is used where only a contact place between parts in motion is
simulated. An overview of some of the CFD models used in the up-to-date literature is
given in Table 3.1.
Table 3.1. Some of the CFD models used in the up-to-date literature.
Roller radius in mm
Top

Type of contact

Fluid domain

Source

Bottom

[48]

[13,48]

[13,58]

[13]

It should be mentioned that a complete bearing simulation tool has been developed by
company SKF, the world's leading manufacturer of bearings and seals. The name of the
software is BEAST (BEAring Simulation Tool) and it is capable of analyzing bearing's
dynamic phenomena, lubricated contacts (from the full film to the boundary lubrication
regime), deformation of solid parts and thermal balance [59]. However, to model EHL
contacts BEAST uses "approximate local EHL formulas for film and pressure", validated by
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finite element method (FEM) and experiments [60]. An example of BEAST's output result
is shown in Figure 3.1.

Figure 3.1. Ball bearing analysis by BEAST [60].
The 2D fluid domain geometry shown in Figure 3.2 was found to be appropriate for solving
the EHL problem in this work, since in this type of contact the pressure distribution in the
third dimension is uniform. The geometry represents a lubricant film placed between a
roller and a flat surface. The top roller is rotating around

-axis while the bottom flat

surface moves translatory. Although that a flat bottom surface is used instead of a curved
surface, the effect of the bottom curvature is taken into account in computing deformation
of the top roller through reduced radius of curvature

. The reduced geometry is chosen

for the purpose of direct comparison of the obtained results against the results of
Srirattayawong [13] who used a similar geometry and the same CFD software.

Figure 3.2. The 2D fluid domain of the EHL line contact problem.

ANSYS SpaceClaim was used for creation of the CAD model and high-quality mesh was
generated in ANSYS ICEM CFD. The equations of conservation of mass, momentum and
energy were solved in ANSYS Fluent. Finally, contour plots were generated in Tecplot.
The project description scheme is given in Figure 3.3.

Figure 3.3. The project description scheme.
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3.3. MESH GENERATION
For the discretization of the interior of the fluid domain, triangular and quadrilateral cells
are available. Srirattayawong [13] found that triangular cells are not suitable for modeling
the EHL problem since they become highly distorted as the solid wall deforms. Thus, a
structured mesh made of quadrilateral cells is used in this work.

ANSYS Fluent contains a tool for automatic mesh generation. Due to the very small
thickness of the film in the central part of the fluid domain it was discovered that by using
the automatic tool it is very hard to generate an optimal mesh, which needs to be
sufficiently fine to capture all fluid flow details but at the same time to give as low as
possible computational time. Thus, the mesh is manually created in ANSYS ICEM CFD
that allows dividing the fluid domain in the block structure and defining exact number of
mesh nodes at the block edges, as shown in Figure 3.4.

Figure 3.4. Mesh generation in ICEM CFD by dividing the domain in the block structure.

3.4. USER-DEFINED FUNCTIONS (UDFs)
For modeling EHL conditions, user-defined functions (UDFs) were used for computing
density, viscosity, heat source (eq. 2.10-2.12), temperature of the moving surfaces and
elastic deformation of the top roller. The UDFs are written in the computer language C.

The UDFs, based on the equations presented in the second chapter, were dynamically
loaded with the Fluent solver. The UDFs for density, viscosity and heat source were
updated in each iteration while the UDFs for surface temperature and elastic deformation
of the top roller were updated at the beginning of each time step. The film thickness
equation was implemented in the UDF for dynamic mesh. As recommended by
Srirattayawong [13], motion of the mesh nodes in the interior of the fluid domain was
controlled by using spring-based smoothing method.
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3.5. NUMERICAL PROCEDURE
The conducted numerical procedure is based on the algorithm proposed by
Srirattayawong [13], presented in Figure 3.5.

Geometry creation

Meshing

Mesh refinement

No

Check mesh quality
and resolution

Yes
Define boundary and
initial conditions

Solve momentum equations (u, w)
Solve continuity equation
Update: pressure, velocities

Solve energy equation
Update: temperature

UDF: heat source,

Update: viscosity, density

UDF: viscosity, density

Convergence?
Error

Next time step

No

Yes

Check
Error

?

UDF: Dynamic mesh

No

Yes

Figure 3.5. Numerical algorithm for solving the EHL line contact problem in Fluent [13].
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3.6. NUMERICAL METHOD
ANSYS Fluent is based on the FVM which approximates the solution of the non-linear
partial differential equations on discrete places on the mesh geometry, which are termed
cells. A cell refers to a small surface (2D) or volume (3D) surrounding each mesh point. In
order to obtain a solution at each cell center, flux values at the cell edges are used. In this
way, the properties of the equations coming from the conservation laws (mass,
momentum, energy) are mirrored, where the change of a quantity in the cell center is only
due to fluxes across the cell edges.

As recommended by Srirattayawong [13], a pressure-based solver is employed for solving
the conservation equations in a sequential and iterative manner. In addition, the chosen
algorithm for pressure-velocity coupling is PISO (pressure-Implicit with splitting of
operators) [13]. When it comes to spatial discretization, the Green-Gauss node-based
method is chosen for resolving gradients [13]. When using a multiphase mixture flow
model, pressure interpolation scheme PRESTO (pressure staggering option) is
recommended. For other quantities that are a product of the conservation equations, a
Second Order Upwind scheme is used, except for vapor, where only a First Order Upwind
method is available. Finally, for solving time derivatives, a Second Order Implicit method is
used.

3.7. CAVITATION MODELING
When modeling a thin lubricant film, one must resolve the cavitation problem that occurs at
the outlet of the contact zone, at the position where the two contacting surfaces are
starting to diverge from each other. Cavitation results from negative pressure that must be
avoided when computing the fluid force (integral of fluid pressure) in the force-balance
equation that reads [13]
(3.1)
Equation 3.1 is coupled with the film thickness equation (eq. 2.38) in such way that the
parameter

is corrected at the beginning of each time step until the forces are balanced.

The cavitation problem is solved by using Singhal et al. [61] "full cavitation model" that can
be used if a fluid is modeled as a mixture of liquid and vapor phases. According to
Singhal's model, fluid density
mass fraction

and vapor volume fraction

as follows
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(3.2)
(3.3)
where indices

and

denote vapor and liquid phase, respectively. Vapor mass fraction

is obtained from the solution of the transport equation coupled together with the continuity
and the Navier-Stokes equations, as follows
(3.4)
Here, terms

and

denote vapor generation and condensation rates, respectively,

which are dependent on the vapor pressure [42,61] as follows
(3.5)
(3.6)

3.8. INITIAL AND BOUNDARY CONDITIONS
The following conditions have been imposed at the boundaries of the fluid domain:


Lubricant pressure at the inlet and outlet of the domain:



Lubricant temperature at the inlet of the domain has been set to a constant
value of

, while lubricant temperature at the outlet of the

domain has been extrapolated from the interior of the fluid domain.


Temperature of a moving solid wall is computed according to the
Carslaw-Jaeger thermal boundary condition (eq. 2.35).



Temperature of a stationary solid wall is computed according to the
procedure explained in section 2.3.



A "no-slip" condition has been set at the solid walls.

For all simulations results presented in this work, operating conditions and material
properties are given in Table 3.2.
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Table 3.2. Input parameters.
Parameter

Value
Operating conditions

External load,
Entrainment speed,
Reference temperature,
Reduced radius of curvature,
Vapor pressure,

Unit

[49]
Properties of single asperity

Single asperity height,
Single asperity width,
Single asperity location on -axis,
Properties of roughness profile
Average surface roughness,
Root-mean-square roughness,
Skewness,
Kurtosis,

Properties of solids
steel [13]

ceramics [13]

Modulus of elasticity,
Poisson ratio,
Density,
Specific heat capacity,
Thermal conductivity,

-

Properties of liquids
oil [13]
Dynamic viscosity at ambient pressure and ,
Density,
Dynamic viscosity of vapor phase,
Density of vapor phase,
Specific heat capacity,
Thermal conductivity,
Thermal expansivity,
Houpert and Ree-Eyring input parameters
oil [13]
Temperature-viscosity coefficient,
Eyring stress,
Roelands pressure-viscosity index,
Tait and Carreau input parameters

Squalane
[32]
[62]
1
1

[62]
2
[63]
[32]
Squalane
[64]
3
[65]
4

‐

Squalane [32]
Pressure rate of change of isothermal bulk modulus at
Thermal expansivity defined for volume linear with ,
at zero absolute temperature,
Temperature coefficient of ,
Thermodynamic interaction parameter,

,

-

-

Viscosity scaling parameter for unbounded viscosity,
Fragility parameter in the new viscosity equation,
Viscosity extrapolated to infinite temperature,
Relaxation time at
and ambient pressure,
Power law exponent,
Limiting stress pressure coefficient,
1
2
Vapor phase parameters for Squalane are assumed to be the same as for oil. Thermal conductivity is
taken from the referenced paper by taking an average value from the thermal conductivity vs. pressure
3
graph. Eyring stress is derived from the shear stress vs. strain rate graph from the referenced paper.
4
Roelands pressure-viscosity index is calculated by using eq. 2.24 and pressure-viscosity coefficient of
[66].
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3.9. PARALLEL COMPUTING
Solving the EHL problem by using a CFD approach based on the Navier-Stokes equations
is computationally very expensive. In addition to a fine mesh, complex physics and a large
number of very complex UDFs slow down the computation. In order to speed up the
computation, the CFD model was modified for parallel processing.

In CFD, parallel processing refers to splitting a fluid domain on a certain number of
partitions and assigning each partition to a single CPU core (Figure 3.6). Instead of solving
fluid dynamics equations for the complete fluid domain by using one CPU core, in a
parallel mode each CPU core simultaneously solves the equations on its part of the
partition. Ideally, each partition of the fluid domain should have the same number of cells
so that each CPU core spends an equal amount of time solving the equations on its
partition.

CPU core 1
(the main core)

CPU core 4
CPU core 2

CPU core 3

Figure 3.6. A schematic representation of partitioning of the fluid domain on 4 CPU cores.

The more CPU cores that are employed in parallel processing, the less equations per
partition will be needed to be solved which results in significantly lower computation time.
However, if a CFD model uses UDFs that require exchange of information between
different partitions, this creates a bottleneck for parallel performance.

For the 2D fluid domain shown in Figure 3.2, UDFs that use information from a single cell
for computing a certain quantity at that particular cell can work without any modification in
parallel mode. Such UDFs were used for computing viscosity, density and heat source.
However, more complex UDFs that require information from a complete fluid domain for
computing a certain quantity at one particular cell, need to be modified for a parallel run in
order to make an exchange of information between all partitions possible. This is the case
with the UDF for computing elastic deformation of the top roller that is based on the film
thickness equation (eq. 2.38), where elastic deformation of a single boundary node
depends on the pressure from the complete fluid domain. The same situation applies for
the UDF for the temperature of a moving wall (eq. 2.35), where temperature of a boundary
face element depends on the heat flux from the complete fluid domain. For such UDFs,
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one of the ways of modifying UDFs for parallel runs is sending all necessary information
from different CPU cores to the main CPU core, which is in charge for writing input/output
information to the hard drive. When all information are gathered on the main CPU core, the
equations can be solved there (eq. 2.35 and eq. 2.38) and their product can be returned to
the needed partitions.
Output
1

CPU core 2

CPU core 1

CPU core 3

CPU core 4

Figure 3.7. Partitioning of the fluid domain on 4 CPU cores.

The developed CFD model was modified for a parallel run on 8 cores by using an Intel(R)
Xeon(R) E5-2697 v3 CPU. It was found that a larger number of cores causes
communication overhead that can again slow down the computation. Therefore 8 cores
were deemed to be an optimum.

It should be mentioned that the parallel performance is very much hardware and case
dependent, which means that further improvement in the computation speed of the
developed CFD model is possible.

When it comes to hardware, the computation speed depends on the type of employed
CPU cores (fat, thin, Haswell, special, etc.), physical location of CPU cores (the same
motherboard or not), type of network interconnection (InfiniBand, Myrinet, Ethernet), etc.
Additionally, the CFD model can be modified in terms of physics complexity,
decomposition of the fluid domain, numerical algorithm, reporting interval, storing files
during simulation, number of boundary faces between nodes, number of cells, etc.
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CHAPTER 4
RESULTS & DISCUSSION
In the first part of this section, the results of the mesh verification test are presented, which
prove that the results of the CFD model are independent on the mesh resolution. In the
second part of the section, the results for the isothermal conditions are given. Additionally,
the dependence of the solution on the time step size is also shown. In the third part of the
section, non-Newtonian fluid behavior in isothermal conditions is studied. Finally, a brief
overview of the appended paper is given in which thermal analysis of the highly loaded
case is conducted.

4.1. MESH VERIFICATION TEST
Depending on the spatial discretization, it might happen that the developed CFD model
gives different results. Thus, it is of crucial importance to check dependence of the solution
on the spatial discretization. In the gap height direction, 10 cells were used [13]. In the gap
length direction, a finer mesh is used in the central region of the fluid domain (see
Figure 3.4) where higher pressure is generated and all the processes of interest take
place. Three mesh resolutions of the central region were tested, as shown in Figure 4.1
and Table 4.1.
2.5E+07

x_min=5.00e-7

x_min=2.50e-7

x_min=1.25e-7

Pressure / Pa

2.0E+07

1.5E+07

1.0E+07

5.0E+06

0.0E+00
-3.E-04

-2.E-04

-1.E-04

0.E+00
X/m

1.E-04

2.E-04

3.E-04

Figure 4.1. Pressure distribution after solving the cavitation problem for three
mesh resolutions.
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Table 4.1. Results of the mesh verification test.
Min. cell size of in X-dir.
in m

Total no. of
cells

Max. pressure
in Pa

CPU time
in s

Results presented in Table 4.1 show that the difference in maximum pressure between the
coarsest and the finest mesh resolutions is only 0.02 MPa. The case with the finest mesh
lasted about 63% longer that the case with the coarsest mesh. For saving time, the small
difference in the results was found acceptable, and thus the coarsest mesh resolution
shown in Table 4.1 was used for obtaining all results presented in this thesis.

4.2. ISOTHERMAL CONDITIONS, NEWTONIAN FLUID BEHAVIOR
Input parameters including operating conditions and properties of steel and oil are given in
Table 3.2. Dowson-Higginson (eq. 2.16) and Roelands (eq. 2.23) equations were used for
modeling the effect of pressure on density and viscosity, respectively.
5.0E+08

p - current study
p - Srirattayawong

Pressure / Pa

4.0E+08

3.0E+08

2.0E+08

1.0E+08

0.0E+00
-3.E-04

-2.E-04

-1.E-04

0.E+00

1.E-04

2.E-04

X/m

Figure 4.2. Comparison of the pressure distribution for isothermal conditions and
SRR=0, against the results presented by Srirattayawong [13].
The pressure distribution curve shown in Figure 4.2 is characterized by the pressure spike
near the outlet of the contact zone. Another typical EHL feature is the minimum film
thickness at the outlet of the contact zone, which can be seen in the film thickness
distribution curve shown in Figure 4.3.
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h - current study

4.0E-06

h - Srirattayawong

z/m
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0.0E+00

1.0E-04

2.0E-04
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Figure 4.3. Comparison of the film thickness distribution for isothermal conditions
and SRR=0, against the results presented by Srirattayawong [13].
These results are in very good agreement with the results reported by Srirattayawong [13]
who reported a maximum pressure of 0.474 GPa and minimum film thickness of 0.187 μm
for the lowest mesh resolution he considered. In the present study, for approximately the
same mesh resolution, the maximum pressure is 0.477 GPa and the minimum film
thickness is 0.191 μm. The small difference in the obtained results can be assigned to
small differences in mesh or a possible different value of vapor pressure, which was not
reported in the referenced study.

For a pressure based solver and an implicit method, Fluent recommends that the Courant
) should not exceed a value of 20 – 40 [67]. By specifying

number (

three different time steps that result with the Courant number in the recommended range,
the sensitivity of the obtained solution on temporal discretization was checked. As maximal
pressure results from Table 4.2 and in Figure 4.4 show, there is no significant variation of
the results. Hence, for obtaining all results presented in this thesis, a time step of
was used.
Table 4.2. Dependence of the solution on the time step size.
Time step size in s

Courant number
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Figure 4.4. Pressure distribution dependence on the time step size, for isothermal
conditions and SRR=0.
Plot contours for the isothermal conditions are given in Figure 4.5. The pressure contours
(Figure 4.5-a) show that pressure varies only in gap length direction while the pressure
variation in gap height direction is not present or is insignificantly small.

The velocity streamlines in Figure 4.5-b show that the moving surfaces drag lubricant
particles through the narrow passage between them. As the lubricant particles approaches
the outlet, due to pressure gradient and moving surfaces, their speed increases and they
reach a maximum speed at the minimum film thickness location. Such speed increase is a
necessary condition for maintaining continuity of the flow.

In Figure 4.5-c, a slight change of oil density in the high-pressure region can be noticed.
Figure 4.5-d shows that the viscosity is uniformly distributed across the film, which is
expected since viscosity is only pressure-dependent and pure rolling conditions are
imposed. It is also expected to have maximum viscosity at the pressure spike location.

Strain rate contours in Figure 4.5-e show that the strain rate is increased in the regions
where the localized slope of the velocity profile is the steepest. From the shear stress
contours shown in Figure 4.5-f, it can be seen that the highest shear stress is in the
regions where the lubricant is very viscous and strain rate is high, which is at the pressure
spike location.
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Finally, on the basis of the oil and vapor volume fraction contours given in Figure 4.5-g and
Figure 4.5-h, the regions where liquid and vapor phases are dominating the mixture flow
can be clearly distinguished. As expected, the vapor phase is dominant in the cavitation
region at the outlet of the contact zone.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 4.5. Contour plots for isothermal conditions and SRR=0. (a) Static pressure;
(b) velocity streamlines; (c) density; (d) viscosity; (e) strain rate; (f) shear stress;
(g) oil volume fraction; (h) vapor volume fraction.
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4.3. ISOTHERMAL CONDITIONS, NON-NEWTONIAN FLUID BEHAVIOR
For the analysis of the non-Newtonian fluid behavior, sliding conditions are introduced by
specifying different speeds of the solid surfaces
entrainment speed

while keeping the same

, as follows
.

(4.1)

Three slide-to-roll (SRR) ratios are considered, from pure rolling (SRR=0) to pure sliding
conditions (SRR=2), as follows
.

(4.2)

Non-Newtonian fluid behavior is modeled by using the model combination of Houpert and
Ree-Erying, as explained by eq. 2.30.
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Figure 4.6. Comparison of pressure (a) and film thickness (b) distributions for isothermal
conditions, non-Newtonian fluid behavior and different sliding conditions.
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For three different sliding conditions, pressure and film thickness distributions are
presented in Figure 4.6. As it can be seen for Figure 4.6-a, for the pure rolling condition
(SRR=0), the pressure distribution curve is characterized by a very pronounced pressure
spike. For these conditions, strain rate is close to zero in the central part of the contact
zone. This result closely matches the pressure distribution curve for the Newtonian fluid
behavior presented in Figure 4.2. From Figure 4.6-a it can also be seen that the pressure
spike becomes less pronounced as SRR increases and at pure sliding conditions (SRR=2)
the pressure spike is not even visible.

From Figure 4.6-a it can be noticed that the pressure in the center of the contact zone
reaches approximately the same value for the three different sliding conditions. This
means that lubricant film opposes to the applied load with the same force and thus central
film thickness (Figure 4.6-b) is almost the same for the three cases. However, due to
different pressures at the pressure spike location, the film thickness at this particular
location is proportional to the pressure. This means that for the most pronounced pressure
spike (SRR=0), there is the highest film thickness at this particular location.

Contour plots for the isothermal conditions, non-Newtonian fluid behavior and three
different sliding conditions are presented in Figure 4.7. From the static pressure contours
(Figure 4.7-a) we can notice that for the cases with pure rolling conditions (SRR=0) and
50% of sliding (SRR=1), the maximal pressure occurs at the pressure spike location.
However, for pure sliding conditions (SRR=2), the maximal pressure occurs at the center
of the contact zone. The velocity streamlines (Figure 4.7-b) explain initially imposed
speeds of the moving surfaces. In order to keep the same entrainment speed as SRR is
increased, the speed of the top roller is decreased. At SRR=2, the top roller is completely
stationary.

From the strain rate contours (Figure 4.7-c), it can be seen that the strain rate is increased
when the portion of sliding is increased. For all three cases, it can be noticed that the
maximal value is reached at the minimum film thickness location, where the localized
slope of the velocity profile is the steepest. Shear stress contours (Figure 4.7-d) reveal that
for pure rolling conditions (SRR=0), shear stress reaches a minimal value at the central
part of the contact zone, which is a result of the low strain rate at this particular region. For
cases with sliding (SRR=1, SRR=2), the highest shear stress occurs at the central part,
due to the higher viscosity and strain rate in this region. Viscosity contours (Figure 4.7-e)
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reveal that the highest viscosity occurs in the case of pure rolling (SRR=0), while in the
case of pure sliding (SRR=2), viscosity is lower for approximately one order of magnitude.
Such behavior is expected since the strain rate increases as portion of sliding is increased.
Furthermore, for the pure rolling case (SRR=0), it can be noticed that viscosity is uniformly
distributed in the gap height direction while for the other two cases with sliding (SRR=1,
SRR=2), the velocity profile is slightly tilted. Such behavior is governed by the velocities of
the moving surfaces. For pure sliding conditions (SRR=2), the top roller is stationary, so it
is understandable to have such viscosity distribution in the gap height direction.
SRR=0

SRR=1

SRR=2

(a)

(b)

(c)

(d)

(e)
Figure 4.7. Contour plots for isothermal conditions, non-Newtonian fluid behavior
and different sliding conditions. (a) Static pressure; (b) velocity streamlines;
(c) strain rate; (d) shear stress; (e) viscosity.
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4.4. THERMAL CONDITIONS, HIGH LOAD
A load of 120 kN was applied on the top roller. Translational speed of the bottom surface
was 3.75 m/s while rotational speed of the top surface was 125 rad/s (1.25 m/s) which
gave an entrainment speed of 2.5 m/s and a slide-to-roll ratio (SRR) of 1 (50% of sliding).
The Peclet number for the slower moving surface was 14 and 42 for the faster moving
surface which means that the Carslaw-Jaeger thermal boundary condition was appropriate
for both surfaces.
To reach higher fluid pressure for less computation time and better numerical stability,
ceramics was used as material of the solid parts. Ceramics have more than two times
higher Young’s modulus of elasticity than steel and thus suffer less elastic deformation
under the same applied load. This brings benefit in numerical stability since solution
becomes more stable as the solid wall deforms less. To test the sensitivity of the
developed CFD model on the used viscosity equation, the model combinations of Houpert
and Ree-Eyring and of Tait and Carreau were tested while using Squalane as a lubricant.

The obtained results suggest that the used equation for computing viscosity has a huge
impact on the obtained results. Detailed analysis of the obtained results is given in the
appended paper.
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In the first part of this section, the effect of a single asperity on the lubricant film behavior is
presented. In the second part of the section, the effect of a completely rough surface on
the lubricant film behavior is shown. In both cases, the rough solid surface was assumed
to be stationary and the smooth solid surface was moving with the speed of 5 m/s. The
temperature of the moving solid surface was computed according to the Carslaw-Jaeger
equation (eq. 2.35). The Peclet number for the moving surface was 28.5, meaning that the
Carslaw-Jaeger thermal boundary condition was appropriate for the moving surface. The
thermal condition at the stationary surface was treated by specifying a wall thickness of
0.01 m (see section 2.3). The model combination of Houpert and Ree-Erying were used
for modeling effects of pressure, temperature and strain rate on viscosity. For modeling
fluid density, Dowson-Higginson equation modified by Bos (eq. 2.17) was used.

5.1. SINGLE ASPERITY
As it can be seen from the pressure distribution curve shown in Figure 5.1, at the asperity
location, there is a pressure peak which is a consequence of the less narrow passage
between the moving surfaces at this particular location. This pressure peak created a
small valley at the top surface as the film thickness curve in Figure 5.1 shows.
Pressure
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Bottom surface
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Figure 5.1. Pressure and film thickness distribution for the single asperity case.
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Such a pressure peak at the asperity location results in a higher viscosity at this particular
spot. If the height of the asperity would be higher, at higher pressure levels, such pressure
peaks would lead to a very viscous lubricant which could prevent lubricant flow.

The influence of a single asperity on the physical processes inside the lubricant film can be
seen in the contour plots presented in Figure 5.2.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.2. Contour plots for the single asperity case. (a) Static pressure; (b) velocity
streamlines; (c) strain rate; (d) shear stress; (e) temperature; (f) viscosity.

From the pressure contours (Figure 5.2-a), it can be easily noticed that the pressure peak
is responsible for a small valley on the top moving surface. Velocity streamlines in Figure
5.2-b show that the bottom surface is stationary while the top surface is moving with the
speed of about 5 m/s. Additionally, it can be seen that the velocity streamlines are affected
by the presence of a single asperity, as fluid particles slightly change flow direction in order
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to overcome the obstacle. Furthermore, the pressure peak at the asperity location affects
fluid particles in the vicinity of the top wall in a way that they are stuck and do not flow
easily. A very high maximal value of strain rate (Figure 5.2-c) is caused by the change of
direction of fluid particles around the asperity. The shear stress contours (Figure 5.2-d)
give an impression that the shear stress is uniformly distributed in the gap height direction,
except at the asperity location, where the viscosity increase is responsible for higher value
of shear stress.

The temperature contours presented in Figure 5.2-e show that the maximum fluid
temperature is completely shifted towards the stationary bottom surface. This is expected,
since a moving wall needs more time to be heated. Since the temperature source is
moved to the slower moving wall, the lubricant is more viscous in the vicinity of the top wall
as viscosity contours given in Figure 5.2-f show. Furthermore, the viscosity contours reveal
that at the asperity location, viscosity reaches its maximal value due to the pressure
increase.

5.2. ROUGHNESS PROFILE
The underlying parameters for the considered surface roughness profile (

,

,

and

) are given in Table 3.2. The generated roughness profile is presented in Figure 5.3.
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Figure 5.3. Surface roughness profile applied to the top roller.
The pressure and film thickness distributions are presented in Figure 5.4, while plot
contours are given in Figure 5.5.
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Film thickness
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Figure 5.4. Pressure and film thickness distribution for roughness profile.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.5. Contour plots for the case with roughness profile. (a) Static pressure; (b)
velocity streamlines; (c) strain rate; (d) temperature; (e) viscosity; (f) shear stress.
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From Figure 5.4, it can be noticed that the film thickness curve is rough due to the applied
roughness in the film thickness equation. Additionally, because of the top rough surface,
the pressure distribution curve has an irregular shape in the highly pressurized central
region of the contact zone.

The pressure contour plot (Figure 5.5-a) reveal that pressure varies in the gap length
direction, while pressure variation in the gap height direction is not present or is very low.
In the gap length direction, pressure reaches the highest values at the asperity locations.

From velocity streamlines (Figure 5.5-b) it can be noticed that the flow becomes less
laminar in the vicinity of the top rough wall. However, turbulent flow behavior is not
present. It can be speculated that in the case of higher surface roughness, at lower
pressure levels where lubricant is less viscous, turbulent fluid behavior might be possible.
Because of the slight change of flow direction in the vicinity of the top wall, the strain rate
reaches its maximal value at this particular region, as Figure 5.5-c shows.

The temperature contours in Figure 5.5-d show that the fluid temperature is higher in the
vicinity of the stationary top wall since the temperature needs more time to penetrate into
the faster moving bottom wall. The temperature distribution affects the viscosity
distribution. As Figure 5.5-e shows, due to a decreasing effect of temperature on viscosity,
the fluid is more viscous in the vicinity of the colder bottom wall. Finally, Figure 5.5-f shows
that the shear stress reaches its maximal value in the vicinity of the bottom wall due to
very viscous fluid in this particular area.
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The presented results in this thesis demonstrate that the CFD technique can be
successfully used in numerical modeling of the EHL line contact problem. Furthermore,
even though Fluent has proven to be a reliable CFD tool in solving the EHL problem, some
flaws of the software were discovered.

The general findings can be summarized as follows:


The CFD approach has the advantage of not relying on thin film assumptions as
the Reynolds approach. This is of great importance since there is always some
level of uncertainty in the obtained results when using the Reynolds equation,
especially at high pressure levels.



Another advantage of the CFD approach is that a more realistic method for
treating cavitation can be applied, as it was shown in this work. This offers a good
platform for exploring the cavitation problem in more detail.



One of the biggest disadvantages of the CFD approach is a high computational
cost, which is directly caused by the low under-relaxation factors required to
control the motion of the solid parts and pressure generation inside a lubricant
film. Hence, the use of a machine with a powerful CPU is a necessity.



One of the flaws of Fluent is that it allows defining specific heat capacity only as a
function of temperature but not pressure. However, it is well known that for certain
liquids (e.g. Squalane) specific heat capacity is pressure and temperature
dependent [60,61,66].



Another flaw of Fluent is inability of modeling thermal conductivity via UDF on a
Linux-based machine. Although all up-to-date studies on CFD modeling of EHL
were assuming constant thermal conductivity, it is widely accepted that thermal
conductivity in EHL contacts changes with pressure and temperature [60,61,66]. It
should be mentioned that this flaw might be related to the machine used in this
study, since the developed CFD model was not tested on other machines.

Modeling complex physics of the EHL problem can come along with numerical instabilities.
The instabilities can occur due to a several reasons, some of which are listed below:
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Firstly, at lower pressure levels, the main source of numerical instability is the
nature of the film thickness equation (eq. 2.38), which cannot handle high
pressure fluctuations. Here, two methods can be used to decrease pressure
fluctuations and thus increase the stability of the film thickness equation. The first
method is to increase the rigid body separation between the contacting surfaces
(

term in eq. 2.38) to a reasonable level. The second method is to apply

under-relaxation factors for pressure.


Secondly, at higher pressure levels, the main source of the instability is the
applied equation for viscosity modeling. If a case is only pressure dependent
(isothermal conditions, Newtonian fluid behavior), the solution will be highly
instable because there will be no factor in the viscosity equation that could damp
pressure fluctuations at high pressure. However, if temperature and strain rate
effect are added to the viscosity equation (thermal conditions, non-Newtonian fluid
behavior), then the solution will be more stable since both factors have a
decreasing effect on viscosity and consequently on pressure.



Thirdly, at extremely high pressure and low film thickness, the solution becomes
instable, as deformation of the solid parts becomes too large for the very thin film.
When this threshold is discovered, a solution to the problem could be to use more
stiff materials of the solid parts that will result in a less deformed surface. By using
ceramics as a material of the solid parts, a fluid pressure of 1 GPa was reached in
this work (see appended paper).



Finally, a special care should be dedicated to controlling the motion of the mesh
nodes in the interior of the fluid domain. Since a surface elastically deforms, it is
of crucial importance to maintain the initial quality of the interior cells (see Figure
6.1) until the convergence is achieved. If the quality of the interior cells is lost,
neighboring cells can penetrate into each other which will cause immediate
solution blow-up. Fluent reports this problem as the occurrence of negative cells.

Figure 6.1. Mesh quality after convergence.
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Finally, on the basis of the obtained results, the following conclusions about EHL were
drawn:


The obtained solution for isothermal conditions and Newtonian fluid behavior
at low pressure of about 0.5 GPa was found to be in a very good agreement
with recent literature, which speaks in favor of the validity of the conducted
numerical procedure.



In the case of isothermal conditions and non-Newtonian fluid behavior, the
main conclusion is that the imposed sliding conditions highly affect the
pressure spike. As sliding conditions are varied from pure rolling to pure
sliding

conditions,

the

pressure

spike

becomes

less

pronounced.

Additionally, it was found that the obtained results also closely correspond to
recent literature [13].


The obtained results for thermal conditions at high pressure of about 1 GPa
(see appended paper) reveal the existence of shear-band and plug-flow at
high fluid pressure. However, it was discovered that the occurrence of these
phenomena is highly dependent on the considered rheology model. This
indicates that the choice of a rheological model and/or lubricant properties,
at higher pressure levels, can cause significant deviation between numerical
simulations and experimental measurements. This is in agreement with the
recent study by Hartinger [49], who concluded that at the pressure of about
0.6 GPa, his CFD model of the EHL line contact problem overestimates
shear-thinning effect on viscosity when compared to experimental
measurements of friction and surface temperatures. From this thesis it is not
possible to say if one of the two considered model combinations is better
than the other, but shows that it is of significant importance to correctly
determine the effective viscosity at high pressure and high shear strain
rates. Otherwise, the occurrence of shear-bands and the friction cannot be
predicted correctly.



Finally, it was found that the effect of surface roughness on physical
processes inside the lubricant film can be studied in detail. The results
reveal that the fluid flow becomes less laminar in the vicinity of a rough wall.
This means that at low pressure level, when a lubricant still has a good
fluidity, if surface roughness is sufficiently large, development of a turbulent
flow might be possible.
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Validation of the developed CFD model can be made by comparing the CFD results
against experimental measurements of the film thickness profile and/or friction, for different
entrainment speeds and sliding conditions. Similar comparisons were made by Hartinger
[49] and Björling [31]. Furthermore, an important scientific benefit could be made by
making the comparison against the Reynolds solution for a wide range of pressure,
temperature and shear strain rate.

The influence of surface roughness can be further explored for different sliding conditions,
which means that both surfaces needs to move with certain speeds. This implies that the
UDF based on the film thickness equation needs to be modified to take into account the
change of the position of surface irregularities in time. A full transient simulation needs to
be performed where the change of surface irregularities in time should be dependent on
the Courant number.

The developed CFD model can be further improved by developing a UDF for the
temperature profile of a stationary solid surface, that will be based on the equation derived
by Johnson [69]. Discretization of the Johnson equation is explained in details in
Hartinger's Ph.D. thesis [48]. Due to a lack of time, in this work, the temperature of a
stationary surface was computed by solving a 1D heat conduction equation for the defined
wall thickness of 0.01 m (see section 2.3). Johnson equation might be considered more
accurate since it takes into account the influence of heat fluxes from the complete fluid
domain on the temperature of a single boundary face element.

Further improvement of the model can be made by considering the contact between
asperities. This can be done by using the "contact detection" option in Fluent that is used
for modeling porosity or to mimic a fully closed gap [70]. This option requires changing the
method for the motion of the interior mesh nodes, from the current "spring-based " to the
"remeshing" method.
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Abstract: A computational fluid dynamics (CFD) model of the thermal elastohydrodynamically
lubricated (EHL) line contact problem has been developed for the purpose of exploring the physical
processes that occur inside a thin EHL film subjected to shearing motion. The Navier–Stokes
equations are solved by using the finite volume method (FVM) in a commercial CFD software, ANSYS
Fluent. A set of user-defined functions (UDF) are used for computing viscosity, density, heat source,
temperature of moving surfaces and elastic deformation of the top roller according to well-established
equations commonly used in the EHL theory. The cavitation problem is solved by taking into account
multiphase mixture flow. The model combinations of Houpert and Ree–Eyring and of Tait and
Carreau were used for modeling the non-Newtonian behavior of Squalane and the results were
compared. Both rheological models suggest the existence of shear-band and plug-flow at high fluid
pressure. Due to the differences in viscosity at GPa-level pressure, the chosen model has substantial
influence on the computed shear stress and temperature distributions in the high-pressure region.
This shows the importance of using correct rheology information in the whole range of pressure,
temperature, and shear strain rate.
Keywords: EHL; TEHL; CFD; finite volume; non-Newtonian fluid; cavitation; rheology; fluent

1. Introduction
Lubricated machine elements designed for transferring high loads and high rotational speeds
mainly operate in the elastohydrodynamic lubrication (EHL) regime. In a typical hard EHL contact,
parts in relative motion are separated by a highly pressurized thin lubricant film. High pressure
inside the film is generated due to a converging gap that is formed by the moving surfaces, operating
conditions and lubricant properties. In such films, fluid pressure ranges from about 0.5 to 3 GPa.
As a consequence of the high fluid pressure, lubricant viscosity increases several orders of magnitude,
and the lubricant can reach a quasi-solid state. The tremendous increase in viscosity has a couple of
implications. Firstly, being highly viscous helps the lubricant to stay in the contact zone and to separate
the contacting surfaces. The quasi-solid lubricant film acts as a wedge between two moving surfaces
and forces them to deform elastically. Secondly, by increasing viscosity more heat is generated in the
film. The amount of generated heat becomes even larger when sliding is increased. As a result of the
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high heat, viscosity and consequently shear stress decreases. All these factors contribute to the friction
in such contacts [1–3] and understanding its causes is one of the major current issues in the industry.
In experimental studies of EHL two main approaches are commonly encountered [4]. The first
approach focuses on measuring EHL quantities by using well-controlled instruments (e.g., ball-on-disc
and twin-disc tribometer) that replicate the type of contact in a machine element that is being studied.
The second approach is based on shearing a highly pressurized fluid sample at high strain rates
by using specially designed rheometers, capable of reaching high pressure levels. Over the years,
researchers working in both fields have generated a significant amount of knowledge about EHL.
In general, both sides agree on the effects of operating conditions and material properties on EHL
film thickness. However, there is still an ongoing debate on rheological model that best describes the
physical behavior of EHL films. In many cases, researchers dealing with EHL friction measurements
use a Ree–Eyring based model [4] to describe their experimental data. On the other hand, researchers
dealing with high pressure rheometry are advocating a Carreau based model [4]. Several articles that
heated up the debate were published in 2014 and 2015 by Spikes and Jie [4,5], Bair and his co-authors [6],
and it seems that there is still no consensus on this topic.
It should be acknowledged that besides the two main approaches described above, another
experimental approach for studying EHL contacts has been developed. In 1989, Cann and Spikes [7]
proposed a method based on measuring the temperature inside the contact and extracting the viscosity
and shear stress based on the Carslaw–Jaeger model. In the following years, several papers dealing
with the proposed method were published [8,9].
When it comes to numerical modeling of EHL, the most common approach is based on solving
the Reynolds equation, which is derived from the Navier–Stokes equations by making assumptions
that proved to be valid for the studies of thin fluid films. The two most important assumptions are
that the thickness of the film is much smaller than its length and that fluid pressure is constant in gap
height direction. As being very accurate, the Reynolds equation represents a standard equation in
numerical modeling of EHL. However, the development of the computing power in the last decades
has enabled a few researchers to obtain a full solution of EHL based on the Navier–Stokes equations.
In 2002, Almqvist and Larsson [10] performed the first thermal CFD simulation of EHL.
They modeled Newtonian fluid behavior by using Roelands viscosity equation. They found that
the decreasing effect of temperature on viscosity results in better numerical stability and they were
able to reach a pressure of approximately 0.7 GPa but with a significant computational cost. In 2004,
the same group of authors performed CFD analysis of EHL on the surface roughness scale while using
Roelands and Ree–Eyring equations for viscosity modeling [11]. They discovered that the Ree–Eyring
model leads to a more stable numerical solution due to having a decreasing effect on viscosity and
a suppressing effect on the singularity in the momentum equation. In 2008, Hartinger et al. [12] found
that their CFD solution of thermal EHL is in good agreement with the generalized Reynolds solution,
for non-Newtonian fluid behavior and pressure of about 0.6 GPa. The authors relied on the Roelands
viscosity model modified by Houpert and on the Ree–Eyring rheological model. In 2016, Lohner et
al. [13] used commercial multiphysics software to develop a model of the EHL line contact problem
based on the generalized Reynolds equation. They have also used the Ree–Eyring model and found
that their results are in good correlation with previously published CFD results with pressures of up to
approximately 0.6 GPa. In 2017, Hajishafiee et al. [14] performed a CFD analysis of thermal EHL and
reached higher pressure levels over 3 GPa. They computed viscosity by using the model combination
of Houpert and Ree–Eyring. For achieving numerical stability at high pressure, the authors assumed
physically unrealistic elastic behavior of steel parts with reduced Young’s modulus up to approximately
690 GPa. They concluded that high computational expense of CFD technique is justifiable in cases
when assumptions in the Reynolds equation are not applicable.
What is common for all the introduced CFD studies of EHL is that they all rely on the
Roelands/Houpert and Ree–Eyring viscosity and rheology models. However, in many theoretical
and experimental studies of EHL the model combination of Tait and Carreau is also widely used.
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Furthermore, the former CFD studies also reveal that the Reynolds approach might not be sufficient
when the assumptions in the Reynolds equation are not applicable. As the aim is to study the physical
processes inside a thin EHL film subjected to shearing motion under high load for different rheological
behaviors, the CFD approach is used in order to not be misled due to the assumptions of the Reynolds
approach. Additionally, differences in results for the model combinations of Houpert and Ree–Eyring
and of Tait and Carreau will be presented and as it will be shown, the differences are substantial.
2. Methods
In the first part of this section, governing equations of fluid dynamics are presented. The second
part of the section describes the equations from the field of EHL. In the last part of the section,
fluid domain geometry and the used numerical methods are presented.
2.1. Governing Equations
Fluids in motion are described by the equations of conservation of mass and momentum. To include
thermal effects, the equation of conservation of energy was coupled together with the former two.
For a multiphase flow and the mixture model, the governing equations read as follows [15].
The conservation of mass equation [15], widely known as a continuity equation, reads
 → 
∂
(ρm ) + ∇· ρm ν m = 0,
∂t

(1)

→

where ρm is the mixture density and ν m is the mass-averaged velocity, that read
ρm =

n
X

αk ρk ,

(2)

k =1
→
νm

→
k = 1 αk ρk ν k

Pn

=

ρm

.

(3)

When gravitational and body force are neglected, the conservation of momentum equation [15],
commonly known as the Navier–Stokes equation, reads as follows
 n

 → → 
=

∂ → 
X
→
→
ρm ν m + ∇· ρm ν m ν m = −∇p + ∇· τ + ∇·
αk ρk ν dr,k ν dr,k ,
∂t

(4)

k =1

=

→

where τ is the stress tensor and ν dr,k is the drift velocity for secondary phase k, that read
 →

→
τ = µm ∇ ν m + ∇ ν m T ,
→

→

→

ν dr,k = ν k − ν m .

(5)
(6)

In Equation (5), µm represents viscosity of the mixture described by the following expression
µm =

n
X

αk µk .

(7)

k =1

The conservation of energy equation [15] reads
n
n 
X



∂ X
→
(αk ρk Ek ) + ∇·
αk ν k (ρk Ek + p) = ∇· ke f f ∇T + ST ,
∂t
k =1

k =1

(8)
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where ST is the heat source term that for EHL conditions takes into account heat generated in the
lubricant film by the viscous heating (Qshearh ) and by the compression work (−W) [16] as follows
ST = Qshear − W,
Qshear



2  → 2
→
→
→  → T
= µ ∇ ν : ∇ ν + ∇ ν : ∇ ν − ∇· ν .
3

(9)
(10)

2.2. Cavitation Modeling
When modeling thin lubricating films, one must resolve the cavitation problem that occurs at the
outlet of the contact zone, at the position where the two contacting surfaces are starting to diverge
from each other. As a consequence of cavitation, negative pressure occurs, which must be avoided
when computing fluid force (integral of fluid pressure) in the force-balance equation that reads [16]
Z

xoutlet

w=

pdx.

(11)

xinlet

The cavitation problem was solved by using the “full cavitation model” by Singhal et al. [17] that
can be used if a fluid is modeled as a mixture of liquid and vapor phases. According to this model,
fluid density ρ and vapor volume fraction α are a function of the vapor mass fraction f as follows
f
1− f
1
=
+
,
ρ
ρv
ρl
α≡ f

ρ
.
ρv

(12)
(13)

where indices v and l denote vapor and liquid phase, respectively. Vapor mass fraction f was obtained
from the solution of the transport equation coupled together with the continuity and the Navier–Stokes
equations, as follows
 → 
∂
(ρ f ) + ∇· ρ v f = ∇·(Γ∇ f ) + Re − Rc .
(14)
∂t
Here, terms Re and Rc denote vapor generation and condensation rates, respectively, which are
dependent on the vapor pressure [15,17] as follows
√

"
#1/2


k
2 pv − p
ρl ρv
1 − fv − f g ,
i f p ≤ pvap , Re = 0.02
σ
3 ρl

(15)

√
"
#1/2
k
2 p − pv
i f p > pvap , Rc = 0.01
ρ ρv
fv ,
σ l
3 ρ

(16)

As recommended by Hartinger et al. [12], a vapor pressure of 5000 Pa was used in the present study.
2.3. Lubricant Properties
For modeling EHL conditions, user-defined functions (UDFs) were used for computing density,
viscosity, heat source (Equation (9)), temperature profile of the moving surfaces and elastic deformation
of the top roller. The UDFs were written in computer language C.
2.3.1. Density Equations
Commonly, lubricant density in isothermal conditions is computed according to the
Dowson–Higginson expression [18] that reads
ρ(p, T ) = ρ0 1 +

!
Ap
,
1+Bp

(17)
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where A = 0.6·10−9 m2 /N and B = 1.7·10−9 m2 /N. For modeling thermal effects, Bos [19] included
a linear temperature dependence in the Dowson–Higginson equation, as follows
!
Ap
[1 − ε(T − TR )].
ρ(p, T ) = ρ0 1 +
1+Bp

(18)

Due to being more physically relevant, Habchi [20] recommends using a density equation that is
derived from the Tait equation of state, that reads
ρ(p, T ) = ρ0

!
1
1
×
.
V0 /VR V/V0

(19)

The disadvantage of the equations that rely on the Tait equation of state is that they require specific
fluid data which are not easily found in the literature. The effect of pressure on density was included
in Equation (19) by using a modified version of the Tait equation of state for the volume relative to the
volume at ambient pressure V0 , as follows [21]
#
"

p 
V
1
0
1
+
K
= 1−
ln
1
+
0 ,
V0
1 + K00
K0

(20)

where K0 is the isothermal bulk modulus at zero pressure that reads
K0 = K00 exp(−βK T ),

(21)

The temperature effect on density was included in Equation (19) by using volume at ambient
pressure relative to the ambient pressure volume at the reference temperature VR , as follows [21]
V0
= 1 + aV (T − TR ).
VR

(22)

2.3.2. Viscosity Equations for Newtonian Fluid Behavior
For the Newtonian fluid behavior and isothermal conditions, viscosity was computed according
to the Roelands formula [22] that reads



Z 
ηR (p) = µ0 exp [ln(µ0 ) + 9.67] −1 + 1 + 5.1 × 10−9 p
,
(23)
where Z is Roelands pressure–viscosity index that can be computed by using pressure–viscosity
coefficient α, as follows
α
Z=
.
(24)
−9
(
5.1·10 ln(µ0 ) + 9.67)
When thermal effects are taken into account, viscosity can be computed according to the Houpert
(modified Roelands) [23] formula as follows

where

ηH (p, T ) = ηR exp(−β∗ (T − TR )),

(25)

(
"
#)

Z  T − 138 −S0
−9
ηR (p, T ) = µ0 exp [ln(µ0 ) + 9.67] −1 + 1 + 5.1 × 10 p
,
TR − 138

(26)

β(Tr − 138)
,
ln(µ0 ) + 9.67

Z
β∗ = (ln(µ0 ) + 9.67) 1 + 5.1 × 10−9 p
S0 =

(27)
S0
.
TR − 138

(28)
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2.3.3. Rheological Models
For modeling non-Newtonian fluid behavior two rheological models are used, the Ree–Eyring
and the Carreau. The Ree–Eyring model reads [24]
ηRee−Eyring



. !
τ0
−1 η0 γ
p, T, γ = . sinh
,
τ0
γ
.

(29)

where τ0 is the Eyring stress that denotes the threshold where the Newtonian fluid behavior ends and
the non-Newtonian fluid behavior starts. To avoid division by zero, instead of η0 in Equation (29)
Hartinger [25] suggests using the Houpert equation (Equation (25)). In addition, to avoid numerical
error during simulation, Hartinger also recommends using the Ree–Eyring model only if strain rate
.
is larger than an arbitrarily chosen minimum value of γ = 1 × 10−8 s−1 , otherwise he suggests using
Houpert equation [25]. This can be written in the following fashion




.

η T, P, γ = 



ηH 

.

τ0
−1 ηH γ
. sinh
τ0
γ

f or

f or


.
.
γ < γmin 


.
.
.



γ≥γ

(30)

min

According to Björling et al. [21], the Carreau equation for the non-Newtonian viscosity reads
ηCarreau




! (n−1)/2

µ TR V 2 
.

p, T, γ = µ1 + γλR
,
µR T VR 
.

(31)

where µ is the limiting low-shear viscosity that is described by the Vogel-like formula
!
BF ϕ∞
µ = µ∞ exp
.
ϕ − ϕ∞

(32)

Here, ϕ represents the dimensionless viscosity scaling parameter that reads [21]
ϕ=



T
TR



V
VR

g
.

(33)

It should be mentioned that the model combination of Tait and Carreau does not incorporate
limiting shear stress behavior of liquids [21], unlike the model combination of Houpert and Ree–Eyring
in which temperature effect mimics this phenomenon. To overcome this drawback of the model
combination of Tait and Carreau, Björling et al. [21] suggests truncating shear stress if the limiting
value of shear stress is reached, which is defined as follows
τL = Λp,

(34)

where Λ parameter is derived from experiments.
2.4. Surface Temperature
Surface temperature, evaluated at location x and caused by heat flux q f acting at location x̂,
was computed according to Carslaw–Jaeger thermal boundary condition that for 1D line contact
reads [24]
s
Z x
1
dx̂
TCJ (x) =
·
q (x̂) √
.
(35)
π·ρs ·Cs ·ks ·us −∞ f
x − x̂
where index s denotes the solid part.
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However, Equation (35) has the limit of applicability depending on the Peclet number that can be
calculated by using formula [24]
L·us
(36)
Pe = k ,
s

ρs Cs

where L represents a characteristic length scale. For EHL contacts, the characteristic length scale is the
Hertzian half width b. Finally, in order to use Equation (35), it is recommended that the Peclet number
is larger than 5 [24]. In 2018, Hartinger [25] showed that for the EHL line contact problem, surface
temperatures predicted by Carslaw–Jaeger equation closely matched experimental measurements.
2.5. The Film Thickness Equation
The elastic deformation of the top roller, evaluated at the location x and caused by the pressure p
acting at location x̂, is modeled by using the film thickness equation that reads [16]
h(x) = h0 +

x2
2
−
0
2R
πE0

Z

∞



p(x̂ )ln |x − x̂|2 dx̂,

(37)

−∞

where E0 is the reduced elastic modulus and R0 is the reduced contact radius that read as follows
−1




E0 = 2· 1 − υ21 /E1 + 1 − υ22 /E2 ,

(38)

R0 = 1/R1 + 1/R2 .

(39)

2.6. Mesh Generation and Numerical Method
The EHL line contact is common in many machine elements, such as spur gears or cylindrical roller
bearings. The 2D fluid domain geometry shown in Figure 1 was found to be appropriate for solving
this kind of problem, since in this type of contact the pressure distribution in the third dimension is
uniform. The geometry consists of a roller on a flat surface. Although a bottom flat surface was used
instead of a curved surface, the effect of the bottom curvature was taken into account in computing
deformation of the top roller through reduced radius of curvature R0 (Equation (39)). The reduced
geometry was chosen for the purpose of direct comparison of the obtained results against the results of
Srirattayawong [16] who used similar geometry and the same CFD software. ANSYS SpaceClaim was
used for creation of the CAD model and high-quality mesh was generated in ANSYS ICEM CFD.

Figure 1. The 2D fluid domain of the elastohydrodynamic lubrication (EHL) line contact problem.

The equations of mass conservation, momentum and energy were solved in ANSYS Fluent that
was based on the FVM. FVM approximates the solution of the non-linear partial differential equations
on discrete places on mesh geometry which are termed cells. Cell refers to a small surface (2D) or
volume (3D) surrounding each mesh point. In order to obtain a solution at each cell center, flux values
at the cell edges were used. In this way, the properties of the equations coming from the conservation
laws (mass, momentum, energy) were mirrored, where the change of a quantity in the cell center was
only due to fluxes across the cell edges.
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The UDFs, based on the equations presented in the first part of this section, were dynamically
loaded with the Fluent solver. The UDFs for density, viscosity and heat source were updated in
each iteration while the UDFs for surface temperature and elastic deformation of the top roller were
updated at the beginning of each time step. The film thickness equation was implemented in the
UDF for dynamic mesh. It was coupled with the force-balance equation (Equation (11)) in such way
that the parameter h0 was corrected at the beginning of each time step until the forces are balanced.
As recommended by Srirattayawong [16], motion of the mesh nodes in the interior of the fluid domain
was controlled by using spring-based smoothing method.
A pressure-based solver was employed for solving the conservation equations in a sequential and
iterative manner [16]. In addition, the chosen algorithm for pressure–velocity coupling was PISO [16].
When it comes to spatial discretization, the Green–Gauss node-based method was chosen for resolving
gradients [16]. When using a multiphase mixture flow model, PRESTO pressure interpolation scheme
is recommended. For other quantities that are a product of the conservation equations, second-order
upwind scheme was used, except for vapor, where only first-order upwind method was available.
Finally, for solving time derivatives, second-order implicit method was used.
3. Results and Discussion
In the first part of the section, the results of the mesh verification test are presented, which prove
Lubricants
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Figure 2. Pressure distribution after solving cavitation problem for the three mesh resolutions.
Figure 2. Pressure distribution after solving cavitation problem for the three mesh resolutions.

In gap height direction, 10 cells are used [16]. In the horizontal direction, a finer mesh is used in
the central region of the fluid domain where higher pressure is generated and all the processes of
interest take place. Three mesh resolutions of the central region are tested, as shown in Figure 2 and
Table 1.
Table 1. Mesh verification test.
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Table 1. Mesh verification test.
Min. Cell Size of in X-dir.
∆xmin =

5.00 × 10−7

∆xmin =

2.50 × 10−7

∆xmin =

1.25 × 10−7

Total no. of Cells

Max. Pressure in Pa

CPU Time in s

13,480

1.941 × 107

304

25,480

1.943 × 107

370

49,480

1.943 × 107

496

m
m
m

Results presented in Table 1 show that the difference in maximum pressure between the coarsest
and the finest mesh resolutions is only 0.02 MPa. The case with the finest mesh had 63% longer CPU
time than the case with the coarsest mesh. For the purpose of saving time, the small difference in the
results was found acceptable, and thus the coarsest mesh resolution shown in Table 1 was used for
obtaining all results presented in this article.
3.2. Isothermal Conditions, Newtonain Fluid Behavior, Low Pressure
Input parameters including operating conditions and properties of the considered steel as solid
and oil as lubricant are given in Table 2. Dowson–Higginson (Equation (17)) and Roelands (Equation
(23)) equations are used for modeling the effect of pressure on density and viscosity, respectively.
Table 2. Input parameters.
Parameter

Value

Unit

50
2.5
313.15
0.01

kN/m
m/s
K
m

Operating conditions
External load, w
Entrainment speed, uent
Reference temperature, TR
Reduced radius of curvature, R0
Properties of solids
steel [16]
210
0.3
7850
460
47

Modulus of elasticity, E
Poisson ratio, υ
Density, ρ
Specific heat capacity, C
Thermal conductivity, k

ceramics [16]
450
0.15
3800
1050
29

GPa
kg/m3
J/(kgK)
W/(mK)

Squalane
0.0156 [21]
794.6 [26]
8.97 × 10−6 1
0.02881
2104 [26]
0.21 [27] 2
8.36 × 10−4 [21]

Pa s
kg/m3
Pa s
kg/m3
J/(kgK)
W/(mK)
K−1

Properties of liquids
Dynamic viscosity at ambient pressure and TR , µ0
Density, ρ
Dynamic viscosity of vapor phase, µv
Density of vapor phase, ρv
Specific heat capacity, C
Thermal conductivity, k
Thermal expansivity, ε

oil [16]
0.01
850
8.97 × 10−6
0.0288
-

Houpert and Ree–Eyring input parameters
Temperature–viscosity coefficient, β
Eyring stress, τ0
Roelands pressure–viscosity index, Z

oil [16]
0.689

Squalane
0.038 [28]
3.0 × 106 [29] 3
0.6442 4

K−1
Pa
-
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Table 2. Cont.
Parameter

Value

Unit

Tait and Carreau input parameters
Pressure rate of change of isothermal bulk modulus at p = 0, K00
Thermal expansivity defined for volume linear with T, aV
K0 at zero absolute temperature, K00
Temperature coefficient of K0 , βK
Thermodynamic interaction parameter, g
Viscosity scaling parameter for unbounded viscosity, ϕ∞
Fragility parameter in the new viscosity equation, BF
Viscosity extrapolated to infinite temperature, µ∞
Relaxation time at TR and ambient pressure, λR
Power law exponent, n
Limiting stress pressure coefficient, Λ

Squalane [21]
11.74
8.36 × 10−4
8.658 × 109
6.332 × 10−3
3.921
0.1743
24.50
0.9506 × 10−4
2.26 × 10−9
0.463
0.075

K−1
Pa
K−1
Pa s
s
-

1

Vapor phase parameters for Squalane are assumed to be the same as for oil. 2 Thermal conductivity is taken from
the referenced paper by taking an average value from the thermal conductivity vs. pressure graph. 3 Eyring stress is
derived from the shear stress vs. strain rate graph from the referenced paper. 4 Roelands pressure–viscosity index is
calculated by using Equation (24) and pressure–viscosity coefficient of α = 18.1 GPa−1 [30].

The pressure distribution curve shown in Figure 3a is characterized by the pressure spike near the
outlet of the contact zone. Another typical EHL feature is the minimum film thickness at the outlet of
the contact zone which can be seen in the film thickness distribution curve (Figure 3b). These results
Lubricants
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Contour plots for the isothermal conditions are given in Figure 4.

Contour plots for the isothermal conditions are given in Figure 4.

(a)

(b)

(a)

(b)

Figure 3. Comparison of the isothermal results for slide-to-roll ratio (SRR) = 0 against the results
presented by Srirattayawong [16]. (a) Pressure distribution; (b) film thickness distribution.
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Contour plots for the isothermal conditions are given in Figure 4.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 4. Contour plots for isothermal conditions and SRR = 0. (a) Static pressure; (b) velocity
streamlines; (c) density; (d) viscosity; (e) strain rate; (f) shear stress; (g) oil volume fraction; (h) vapor
volume fraction.

The pressure contours (Figure 4a) show that pressure varies only in the gap length direction
while the pressure variation in the gap height direction is not present or it is insignificantly small.
The velocity streamlines in Figure 4b show that the moving surfaces drag lubricant particles through the
narrow passage between them. As the lubricant particles approach the outlet, due to pressure gradient
and moving surfaces, their speed increases and they reach a maximum speed at the minimum film
thickness location. Such speed increase is a necessary condition for maintaining continuity of the flow.
In Figure 4c, a slight change of oil density in the high-pressure region can be noticed. Figure 4d shows
that viscosity is uniformly distributed in gap height direction, which is expected since viscosity is only
pressure dependent and pure rolling conditions are imposed. It is also expected to have maximum
viscosity at the pressure spike location. Strain rate contours in Figure 4e show that the strain rate is
increased in the regions where the localized slope of the velocity profile is the steepest. From shear
stress contours shown in Figure 4f, it can be seen that the highest shear stress is in the regions where the
lubricant is very viscous and strain rate is high, which is at the pressure spike location. Finally, on the
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basis of the oil and vapor volume fraction contours given in Figure 4g,h, we can clearly distinguish the
regions where liquid and vapor phases are dominating the mixture flow. As expected, the vapor phase
is dominant in the cavitation region at the outlet of the contact zone.
3.3. Thermal Conditions, Non-Newtonain Fluid Behavior, High Fluid Pressure
To reach higher fluid pressure for less computation time and better numerical stability, ceramics is
used as material of the solid parts. Ceramics have more than two times higher Young’s modulus of
elasticity than steel and thus suffer less elastic deformation under the same applied load. This brings
benefit in numerical stability since solution becomes more stable as the solid wall deforms less. Squalane
is used as lubricant since its properties for the model combinations of Houpert and Ree–Eyring and of
Tait and Carreau can be derived from the available literature (see Table 2). A load of 120 kN is applied
on the top roller. The speed of the bottom surface has been set to 3.75 m/s while the top surface rotates
with 125 rad/s (1.25 m/s) which gives an entrainment speed of 2.5 m/s and a slide-to-roll ratio (SRR) of 1
(50% of sliding). The Pecklet number for the slower moving surface is 14, and 42 for the faster moving
surface which means that the Carslaw–Jaeger thermal boundary condition is appropriate for this case.
Lubricants
7, x FOR
PEER
12 of 19
The2019,
pressure
and
theREVIEW
film thickness results are presented in Figure 5.
1.2E+09

Tait & Carreau
Houpert & Ree-Eyring

8.0E-07

8.0E+08
Z/m

Pressure / Pa

1.0E+09

6.0E+08
4.0E+08

6.0E-07
4.0E-07
2.0E-07

2.0E+08
0.0E+00
-2.E-04

Tait & Carreau
Houpert & Ree-Eyring

1.0E-06

-1.E-04

0.E+00
X/m

1.E-04

0.0E+00
-2.E-04

2.E-04

(a)

-1.E-04

0.E+00
X/m

1.E-04

2.E-04

(b)

Figure 5. Comparison
Comparison of model combinations of Tait and Carreau and of Houpert and Ree–Eyring for
thermal conditions and SRR =
(a) Pressure
Pressure distribution;
distribution; (b)
(b) film thickness distribution.
= 1. (a)

Figure
5a shows
showsthat
thatthe
thepressure
pressure
distribution
model
combination
of Houpert
and
Figure 5a
distribution
forfor
thethe
model
combination
of Houpert
and Ree–
Ree–Eyring
is
very
smooth,
while
for
the
model
combination
of
Tait
and
Carreau
it
is
characterized
Eyring is very smooth, while for the model combination of Tait and Carreau it is characterized bybya
avery
verypronounced
pronouncedpressure
pressurespike.
spike. This
This implies
implies that the
onon
fluid
is
the effect
effectof
oftemperature
temperatureand
andstrain
strainrate
rate
fluid
much
stronger
in the
case
when
the the
model
combination
of Houpert
and and
Ree–Eyring
is used.
NoteNote
that
is much
stronger
in the
case
when
model
combination
of Houpert
Ree–Eyring
is used.
it
is
not
only
the
rheological
behavior
that
is
different
for
the
two
model
combinations.
The
Newtonian
that it is not only the rheological behavior that is different for the two model combinations. The
viscosity
behavior
is also
different,
see
Section 2.3.
Different
distributions
result in slightly
Newtonian
viscosity
behavior
is also
different,
see section
2.3.pressure
Different
pressure distributions
result
different
film
thickness
distributions,
as Figure 5b shows.
Namely,
the higher
fluidthe
pressure
the
in slightly
different
film
thickness distributions,
as Figure
5b shows.
Namely,
higherinfluid
case
when
the
model
combination
of
Tait
and
Carreau
is
used
means
that
the
lubricant
opposes
to
the
pressure in the case when the model combination of Tait and Carreau is used means that the lubricant
applied
with
more force,
which
results
in the
less narrow
passage
between
contacting
surfaces.
opposesload
to the
applied
load with
more
force,
which
results in
the less
narrowthe
passage
between
the
Contour
plots
for
the
two
model
combinations
are
presented
in
Figure
6.
From
the
pressure
contacting surfaces.
contours given inTait
Figure
it can be seen that for the same operating
conditions,
the model combination
and6a,
Carreau
Houpert
and Ree–Eyring
of Tait and Carreau results in about 0.11 GPa higher maximal pressure. The velocity streamlines for
both model combinations (Figure 6b) show that fluid particles in the vicinity of the slower moving top
wall are stuck and do not flow easily. This phenomenon is known as a plug-flow and most probably,
it will become even more pronounced at higher pressure.

(a)

is much stronger in the case when the model combination of Houpert and Ree–Eyring is used. Note
that it is not only the rheological behavior that is different for the two model combinations. The
Newtonian viscosity behavior is also different, see section 2.3. Different pressure distributions result
in slightly different film thickness distributions, as Figure 5b shows. Namely, the higher fluid
pressure in the case when the model combination of Tait and Carreau is used means that the lubricant
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opposes to the applied load with more force, which results in the less narrow passage between the
contacting surfaces.
Tait and Carreau
Houpert and Ree–Eyring

(a)

(b)
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Contour plots for the two model combinations are presented in Figure 6. From the pressure
contours given in Figure 6a, it can be seen that for the same operating conditions, the model
combination of Tait and Carreau results in about 0.11 GPa higher maximal pressure. The velocity
streamlines for both model combinations (Figure 6b) show that fluid particles in the vicinity of the
slower moving top wall are stuck and do not flow easily. This phenomenon is known as a plug-flow
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The strain rate contours presented in Figure 6c indicate the existence of a shear-band for both
model combinations. Additionally, it can be noticed that the value of the maximum strain rate is
higher for the model combination of Tait and Carreau. The viscosity contours in Figure 6d demonstrate
that the shear-band is more pronounced when the model combination of Tait and Carreau is used,
which can be assigned to the more viscous fluid, higher temperature and higher strain rate. Figure 6e
shows that shear stress is much higher in the Tait and Carreau based case. This is the consequence of
the more viscous lubricant and higher strain rate. The higher shear stress results in higher friction
force and thus in higher friction. The coefficient of friction was 0.0405 in the Tait and Carreau based
case and 0.0176 in the Houpert and Ree–Eyring based case.
When temperature contours (Figure 6f) for both model combinations are compared, it can be
seen that the heat source is closer to the slower moving top wall. This is expected behavior since heat
needs more time to penetrate into the faster moving bottom wall. The location of the heat source
governs the location of the shear-band. As it can be noticed from Figure 6c, the shear-band is in both
cases closer to the slower moving top wall. Additionally, Figure 6f shows that the model combination
of Tait and Carreau gives significantly higher temperature in the region around the pressure spike
location. The big difference in temperature at this particular location is due to the more viscous fluid
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the fluid domain where the limiting shear stress is reached. From the contact inlet to the beginning
of the cavitation zone, the highest 𝜏⁄𝜏 ratio is approximately 0.85, which means that the limiting
shear stress has not be reached in this area. A 𝜏⁄𝜏 ratio higher than 1 can be seen only in the
cavitation zone where the pressure is close to zero or even negative. Since limiting shear stress has
no physical meaning in the cavitation zone, it can be claimed that under given operating conditions,
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Figure
Contourplot
plotofofshear
shearstress
stress
limiting
shear
stress
ratio
(model
combination
of Tait
Figure 8.
8. Contour
to to
limiting
shear
stress
ratio
(model
combination
of Tait
and
and
Carreau).
Carreau).

The change of the viscosity of Squalane with pressure, under zero strain rate and constant
The change of the viscosity of Squalane with pressure, under zero strain rate and constant
temperature (Newtonian behavior), is presented in Figure 9. The change of the viscosity of Squalane
temperature (Newtonian behavior), is presented in Figure 9. The change of the viscosity of Squalane
with strain rate, under constant pressure and constant temperature (non-Newtonian behavior), is shown
with strain rate, under constant pressure and constant temperature (non-Newtonian behavior), is
in Figure 10. It should be mentioned that the results presented in these two figures were obtained
shown in Figure 10. It should be mentioned that the results presented in these two figures were
without truncating shear stress to the limiting value, since Figure 8 shows that the limiting shear stress
obtained
without
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Lubricants 2019,
x FOR
PEER REVIEW
15 of 19
has
not been 7,
reached
in the CFD simulation based on the model combination of Tait and Carreau.
shear stress has not been reached in the CFD simulation based on the model combination of Tait and
Here, the viscosity is instead dominated by thermal softening.
Carreau.
viscositywith
is instead
dominated
by thermal
softening.
ThisHere,
is in the
agreement
the conclusion
derived
by Habchi
et al. [31], who found that when
This is in agreement with the conclusion derived by Habchi et al. [31], who found that when
operating conditions are such that the limiting shear stress is not reached, then truncating shear stress
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As it can be seen from Figure 9, at zero strain rate and reference temperature of T = 313.15 K,
there is only a slight difference in viscosity prediction between the model combinations Houpert and
there is only a slight difference in viscosity prediction between the model combinations Houpert and
Ree–Eyring (H and R-E) and Tait and Carreau (T and C). However, if temperature is increased, it can
Ree–Eyring (H and R-E) and Tait and Carreau (T and C). However, if temperature is increased, it can be
be noticed that the difference in viscosity increases. At T = 353.15 K and p = 1.0 GPa the results differ
noticed that the difference in viscosity increases. At T = 353.15 K and p = 1.0 GPa the results differ by
by approximately one order of magnitude. This indicates that the temperature effect is mainly
approximately one order of magnitude. This indicates that the temperature effect is mainly responsible
responsible for the difference in viscosity predictions by Tait and Houpert Newtonian viscosity
for the difference in viscosity predictions by Tait and Houpert Newtonian viscosity models.
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When the effect of strain rate on viscosity is taken into consideration (Figure 10), it can be noticed
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4. Conclusions
The presented results in this article demonstrate that the CFD technique can be successfully used
in numerical modeling of the EHL line contact problem. The CFD approach has the advantage of
not relying on assumptions as the Reynolds approach. One of the biggest disadvantages of the CFD
approach is a high computational cost, which is directly caused by the low under-relaxation factors
required to control the motion of the solid parts and pressure generation inside a lubricant.
The obtained solution for the isothermal conditions at low pressure of about 0.5 GPa was found to
be in a very good agreement with the recent literature, which speaks in favor of the validity of the
conducted numerical procedure.
The obtained results for the thermal conditions at high pressure of about 1 GPa show that
the solution depends highly on the considered rheological model. This indicates that the choice
of a rheological model and/or lubricant properties, at higher pressure levels, can cause significant
deviation between numerical simulations and experimental measurements. This is in agreement with
the recent study by Hartinger [25], who concluded that at the pressure of about 0.6 GPa, his CFD model
of the EHL line contact problem overestimates shear-thinning effect on viscosity when compared to
experimental measurements of friction and surface temperatures.
From this study it is not possible to say if one of the two considered model combinations is better
than the other, but shows that it is of significant importance to correctly determine the effective viscosity
at high pressure and high shear strain rates. Otherwise, the occurrence of shear-bands and the friction
cannot be predicted correctly.
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α
αk
β
βK
Γ
.
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∆xmin
ε
ηCarreau
ηH
ηR
ηRee−Eyring
Λ
λR
µ
µ0
µk
µR
µv
µ∞
ν
υ
ρ
ρk
ρ0
·
τ
τL
τ0
ϕ
ϕ∞
aV
b
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C
E
E0
Ek
g
h
h0
I
k
ke f f
K0
K00
K00
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Pressure–viscosity coefficient
Volume fraction of phase k
Temperature–viscosity coefficient
Temperature coefficient of K0
Diffusion coefficient
Shear strain rate
Min. cell size in X-direction
Thermal expansion coefficient
Dynamic viscosity according to Carreau rheological model
Dynamic viscosity according to Houpert
Dynamic viscosity according to Roelands
Dynamic viscosity according to Ree–Eyring rheological model
Limiting stress pressure coefficient
Relaxation time at ambient pressure and reference temperature TR
Limiting low-shear viscosity
Dynamic viscosity at ambient pressure and reference temperature TR
Dynamic viscosity of phase k
Low shear viscosity at ambient pressure and reference temperature TR
Dynamic viscosity of vapor phase
Viscosity extrapolated to infinite temperature
Velocity
Poisson ratio
Density
Density of phase k
Lubricant density at ambient pressure and reference temperature TR
Stress tensor
Limiting shear stress
Eyring stress
Dimensionless viscosity scaling parameter
Viscosity scaling parameter for unbounded viscosity
Thermal expansivity defined for volume linear with T
Hertzian half width
Fragility parameter in the new viscosity equation
Specific heat capacity
Modulus of elasticity
Reduced elastic modulus
Energy per unit mass of phase k
Thermodynamic interaction parameter
Film thickness
Minimum gap between the solid surfaces in undeformed state
Unit tensor
Thermal conductivity
Effective thermal conductivity
Isothermal bulk modulus at p = 0
Pressure rate of change of isothermal bulk modulus at p = 0
K0 at zero absolute temperature
Characteristic length scale

Pa−1
K−1
K−1
m2 /s
s−1
m
K−1
Pa s
Pa s
Pa s
Pa s
Pa s
Pa s
Pa s
Pa s
Pa s
Pa s
m/s
kg/m3
kg/m3
kg/m3
Pa
Pa
Pa
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m
J/(kgK)
Pa
Pa
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m
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W/(mK)
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n
p
pvap
Pe
qf
R0
t
T
TCJ
TR
uent
us
V
V0
VR
w
x
x̂
z
Z

Power law exponent
Pressure
Vapor pressure
Peclet number
Heat flux from fluid to solid wall
Reduced radius of curvature
Time
Temperature
Surface temperature according to Carlaw-Jaeger
Reference temperature
Entrainment speed
Surface velocity
Fluid volume
Fluid volume at ambient pressure
Fluid volume at ambient pressure and reference temperature TR
Applied load
Coordinate
Relative coordinate
Coordinate
Roelands pressure–viscosity index

18 of 19

Pa
Pa
W/m2
m
s
K
K
K
m/s
m/s
m3
m3
m3
N/m
m
m
m
-

References
1.
2.
3.
4.
5.

6.

7.
8.
9.
10.
11.
12.
13.
14.

Johnson, K.L.; Roberts, A.D. Observations of viscoelastic behaviour of an elastohydrodynamic lubricant film.
Proceed. R. Soc. London A Math. Phys. Sci. 1974, 20, 217–242. [CrossRef]
Tevaarwerk, J.L.; Johnson, K.L. The influence of Fluid Rheology on the Performance of Traction Drives.
ASME J. Lubr. Tech. 1979, 101, 266–273. [CrossRef]
Evans, C.R.; Johnson, K.L. The rheological properties of elastohydrodynamic lubricants. Proceed. Inst. Mech.
Eng. C J. Mech. Eng. Sci. 1986, 200, 303–312. [CrossRef]
Spikes, H.; Jie, Z. History, Origins and Prediction of Elastohydrodynamic Friction. Tribol. Lett. 2014, 56, 1–25.
[CrossRef]
Spikes, H.; Jie, Z. Reply to the Comment by Scott Bair, Philippe Vergne, Punit Kumar, Gerhard Poll,
Ivan Krupka, Martin Hartl, Wassim Habchi, Roland Larson on “History, Origins and Prediction of
Elastohydrodynamic Friction” by Spikes and Jie in Tribology Letters. Tribol. Lett. 2015, 58, 1–6. [CrossRef]
Bair, S.; Vergne, P.; Kumar, P.; Poll, G.; Krupka, I.; Hartl, M.; Habchi, W.; Larsson, R. Comment on “History,
Origins and Prediction of Elastohydrodynamic Friction” by Spikes and Jie. Tribol. Lett. 2015, 58, 1–8.
[CrossRef]
Cann, P.M.; Spikes, H.A. Determination of the shear stresses of lubricants in elastohydrodynamic contacts.
Tribol. Trans. 1989, 32, 414–422. [CrossRef]
Glovnea, R.; Spikes, H.A. Mapping shear stress in elastohydrodynamic contacts. Tribol. Trans. 1995, 38,
932–940. [CrossRef]
Spikes, H.A.; Anghel, V.; Glovnea, R.P. Measurement of the rheology of lubricant films within
elastohydrodynamic contacts. Tribol. Lett. 2004, 17, 593–605. [CrossRef]
Almqvist, T.; Larsson, R. The Navier–Stokes approach for thermal EHL line contact solutions. Tribol. Int.
2002, 35, 163–170. [CrossRef]
Almqvist, T.; Larsson, R. Some Remarks on the Validity of Reynolds Equation in the Modeling of Lubricant
Film Flows on the Surface Roughness Scale. J. Tribol. 2004, 126, 703–710. [CrossRef]
Hartinger, M.; Dumont, M.L.; Ioannides, S.; Gosman, D.; Spikes, H. CFD Modeling of a Thermal and
Shear-Thinning Elastohydrodynamic Line Contact. J. Tribol. 2008, 130, 1–16. [CrossRef]
Lohner, T.; Ziegltrum, A.; Stemplinger, J.P.; Stahl, K. Engineering software solution for thermal
elastohydrodynamic lubrication using multiphysics software. Adv. Tribol. 2016, 2016, 1–13. [CrossRef]
Hajishafiee, A.; Kadiric, A.; Ioannides, S.; Dini, D. A coupled finite-volume CFD solver for two-dimensional
elastohydrodynamic lubrication problems with particular application to rolling element bearings. Tribol. Int.
2017, 109, 258–273. [CrossRef]

Lubricants 2019, 7, 69

15.
16.
17.
18.
19.
20.

21.
22.
23.
24.
25.
26.

27.
28.

29.
30.
31.

19 of 19

ANSYS Inc. ANSYS Fluent Theory Guide, Release 15.0; ANSYS Inc.: Canonsburg, PA, USA, 2013.
Srirattayawong, S. CFD Study of Surface Roughness Effects on the Thermo-Elastohydrodynamic Lubrication
Line Contact Problem. Ph.D. Thesis, University of Leicester, Leicester, UK, 2014.
Singhal, A.K.; Athavale, M.M.; Li, H.; Jiang, Y. Mathematical Basis and Validation of the Full Cavitation
Model. J. Fluid. Eng. 2002, 124, 617–624. [CrossRef]
Dowson, D.; Higginson, G.R. Elasto-Hydrodynamic Lubrication: The Fundamentals of Roller and Gear Lubrication,
1st ed.; Pergamon Press: Oxford, UK, 1966.
Bos, J. Frictional Heating of Tribological Contacts. Ph.D. Thesis, University of Twente, Enschede,
The Netherlands, 1994.
Habchi, W. A Full-System Finite Element Approach to Elastohydrodynamic Lubrication Problems:
Application to Ultra-Low-Viscosity Fluids. Ph.D. Thesis, The Institut National des Sciences Appliquées de
Lyon, Lyon, France, 2008.
Björling, M.; Habchi, W.; Bair, S.; Larsson, R.; Marklund, P. Friction Reduction in Elastohydrodynamic
Contacts by Thin-Layer Thermal Insulation. Tribol. Lett. 2014, 53, 477–486. [CrossRef]
Roelands, C.J.A. Correlation Aspects of Viscosity-Temperature-Pressure Relationship of Lubricating Oils.
Ph.D. Thesis, Delft University of Technology, Delft, The Netherlands, 1966.
Houpert, L. New Results of Traction Force Calculations in Elastohydrodynamic Contacts. J. Tribol. 1985, 107,
241–245. [CrossRef]
Hartinger, M. CFD Modelling of Elastohydrodynamic Lubrication. Ph.D. Thesis, Imperial College London,
London, UK, 2007.
Hartinger, M.; Reddyhoff, T. CFD Modeling Compared to Temperature and Friction Measurements of an EHL
Line Contact. Tribol. Int. 2018, 126, 144–152. [CrossRef]
Korotkovskii, V.I.; Lebedev, A.V.; Ryshkova, O.S.; Bolotnikov, M.F.; Shevchenko, Y.E.; Neruchev, Y.A.
Thermophysical Properties of Liquid Squalane C30H62 within the Temperature Range of 298.15–413.15 K at
Atmospheric Pressure. High Temp. 2012, 50, 471–474. [CrossRef]
Pettersson, A.; Larsson, R.; Norby, T.; Andersson, O. Properties of Base Fluids for Environmentally Adapted
Lubricants. In Proceedings of the World Tribology Congress, Vienna, Austria, 3–7 September 2001.
Pensado, A.S.; Comunas, M.J.P.; Lugo, L.; Fernandez, J. High-Pressure Characterization of Dynamic
Viscosity and Derived Properties for Squalane and Two Pentaerythritol Ester Lubricants: Pentaerythritol
Tetra-2-ethylhexanoate and Pentaerythritol Tetranonanoate. Ind. Eng. Chem. 2006, 45, 2394–2404. [CrossRef]
Jadhaoa, V.; Robbins, M.O. Probing large viscosities in glass-formers with nonequilibrium simulations. Proc.
Natl. Acad. Sci. USA 2017, 114, 7952–7957. [CrossRef] [PubMed]
Bair, S. Reference liquids for quantitative elastohydrodynamics. Tribol. Lett. 2006, 22, 197–206. [CrossRef]
Habchi, W.; Bair, S.; Vergne, P. On friction regimes in quantitative elastohydrodynamics. Tribol. Int. 2013, 58,
107–117. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

