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Abstract: Numerical algorithm for calculating thin film cavitational effects is presented in this paper. Cavitation is a common
phenomenon in diverging parts of thin film contacts, such as: journal bearings, ball bearings, seals, etc. Locating and calculating
cavitational effects is very important for their applicability, efficiency and safety. The thin film flow solver based on the Reynolds equation,
together with cavitation algorithm is implemented using the Finite Area Method inside the OpenFOAM framework. OpenFOAM is an open
source C++ toolbox for computational fluid dynamics (CFD). The Finite Area Method is a two-dimensional counterpart of the Finite
Volume Method, used for discretising partial differential equations over curved surfaces. Discretisation is performed on user selected
patches of computational mesh, with values calculated at face centres and fluxes calculated at edge centres of each finite area face. Reynolds
equation is a 2D partial differential pressure equation used for calculating thin film flows between two surfaces in relative motion, with the
following assumptions: fluid viscous forces dominate over body, inertia and surface tensions forces; fluid film curvature can be neglected;
variation of pressure across the fluid film is negligibly small. The implemented cavitation algorithm is capable of capturing both rupture and
reformation boundaries during cavitation, therefore it is considered to be mass conserving. The implemented solver is validated on three test
cases: single parabolic slider (1D), twin parabolic slider (1D) and microtexture pocket bearing (2D).
Keywords: OPENFOAM, REYNOLDS EQUATION, FINITE AREA METHOD, CAVITATION

Presently, the most papers dealing with thin film cavitation are
oriented either on algorithm efficiency, e.g. [14], or specific
computational methodologies, e.g. hybrid Finite Volume-Finite
Element Method [15].

1. Introduction
In this work a numerical algorithm for calculating thin film flow
with mass-conserving cavitation procedure is presented. The
algorithm is implemented inside foam-extend framework, a
community driven fork of OpenFOAM.

2. Methodology
In the current work the hydrodynamic pressure in thin film
lubricant flow is calculated using the Reynolds equation. The
Reynolds equation is a two-dimensional partial differential equation
governing the pressure distribution in thin film flow between two
surfaces in relative motion, with the following assumptions [1]:

When analysing thin film flows the cavitational effects should
be taken into account. Cavitation might occur in diverging parts the
of contact, between individual asperities and multiple times inside a
single contact [1]. Since it can occur multiple times, the method for
calculating cavitation must be mass-conserving, which is imperative
for accurate prediction of rupture and formation cavitation
boundaries. At the rupture boundary the continuous liquid breaks
into a mixture of gas bubbles and liquid, while at the formation
boundary the mixture turns back into continuous liquid, i.e. full
film.
One of the first notable cavitation models for the Reynolds
equation was the Swift-Stieber model [2, 3], which forces a null
pressure gradient at the rupture boundary and does not consider the
reformation of the full film. Jakobsson and Floberg [4] and Olsson
[5] derived mass-conserving boundary conditions widely known as
Jakobsson-Floberg-Olson (JFO) boundary conditions. The JFO
boundary conditions satisfy the mass conservation between the fullfilm and cavitating regions both at the rupture and at the formation
boundary. A significant number of cavitation models in the
literature is based on JFO boundary conditions [6]. Elrod and
Adams (EA) [7] developed the first efficient algorithm for
calculating cavitation when analysing thin film via Reynolds
equation. Their algorithm was implemented using the Finite
Difference Method and implicitly incorporates JFO boundary
conditions by iteratively dividing the computational domain into
full-film and cavitating region. They introduced a switch function
inside the Reynolds equation which terminates the pressure term
(Poiseuille) in the cavitating region, leaving only Couette flow.
Vijayaraghavan and Keith [8] made a significant improvement to
the EA algorithm, by using an implicit numerical finite difference
scheme for orthogonal and non-orthogonal grids. They considerably
increased numerical stability of the cavitation algorithm. Sahlin et
al. [9] developed a general cavitation algorithm considering an
arbitrary density-pressure relation of the fluid. Their model is
similar to the model by Elrod and Adams, also using a switch
function for terminating the pressure gradient. In the recent years
the concept of complementarity was regularly used for resolving
cavitation by several authors: Giacopini et al. [10], Bertocchi et al.
[11], Almqvist et al. [12], Almqvist and Wall [13], etc.



The fluid is considered to be Newtonian or non-Newtonian
depending on the formulation of Reynolds equation;



Variation of pressure across the fluid film is negligibly
small;



Width and length of the fluid film is significantly larger
compared to the thickness, thus the film curvature can be
neglected;



Fluid viscous forces dominate over body, inertia and
surface tension forces.

The Reynolds equation expressed in its most common form states:
∇𝑠 ⦁

𝜌ℎ3
𝜌ℎ 𝑼1 + 𝑼2
∇ 𝑝 = ∇𝑠 ⦁
12𝜂 𝑠
2

+

𝜕(𝜌ℎ)
𝜕𝑡

(1)

where ∇s and ∇s⦁ are the surface gradient and divergence operator,
respectively; p, ρ and η are pressure, density and viscosity of the
fluid; h is the film thickness; U1 and U2 are velocity vectors of
surfaces 1 and 2.
In order to take cavitation into account, the algorithm based on
the method by Elrod and Adams (EA) [7] was implemented, where
the calculation domain is divided into two regions: the full film
region and the cavitating region. The switch function α is
introduced into Eq. 1, defined as:
ρ ≥ ρcav → full-film → 𝛼 = 1,
ρ < ρcav → cavitating → 𝛼 = 0,

(2)

where ρcav is the fluid density at the cavitation pressure pcav. Elrod
and Adams derived a new form of the Reynolds equation, where the
equation is solved for fractional film content 𝜃 = ρ/ρcav instead of
pressure p, which enables the calculation of both regions using a
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single expression. In this work, a modified form of their Reynolds
equation [16] is implemented:
∇𝑠 ⦁ 𝛼

𝛽ℎ3
𝜌ℎ 𝑼1 + 𝑼2
∇ 𝜌 = ∇𝑠 ⦁
12𝜂 𝑠
2

+

𝜕(𝜌ℎ)
,
𝜕𝑡

equation is described in [19]. The Poiseuille coefficient in Eq. 3 is a
diffusion term in which the values on the edges of a finite area face
are calculated using the linear interpolation scheme. In case of the
Couette coefficient, being a convection term, the edge values are
calculated using the upwind differencing scheme. All numerical
examples presented in this work are considered to be steady-state,
thus the temporal term in Eq. 3 is equal to zero. The calculation
workflow, including the cavitation algorithm and calculation of the
lubricant properties, is given in Fig. 2.

(3)

where α is the switch function, 𝛽 = 𝜌(𝜕𝑝/𝜕𝜌) is the fluid bulk
modulus, and ρ represents the density of gas and liquid mixture in
the cavitating region and liquid density in the full film region. In the
full-film region (𝛼 = 1) all terms of Eq. 3 are active, however, in
the cavitating region the left-hand side term (Poiseuille) is equal to
zero, while the first (Couette) and second (squeeze and local
expansion) term on the right-hand side remain active. The model
implicitly incorporates the mass-conserving Jakobsson-FlobergOlsson (JFO) [4,5] boundary conditions between the regions. At the
rupture boundary, where cavitation initiates, the null pressure
gradient condition applies with constant cavitation pressure:
∇𝑠 𝑝 = 0

𝑝 = 𝑝𝑐𝑎𝑣 ,

(4)

where pcav is the cavitation pressure. At the formation boundary,
where the gas-liquid mixture turns back into the full-film, the nonnull pressure gradient represents the supply of the full-film zone by
the cavitating region:
𝜌𝑓𝑜𝑟𝑚
𝛽ℎ2
𝑼1 + 𝑼2
∇ 𝜌=
𝜌𝑐𝑎𝑣 −
,
12𝜂 𝑠
2
𝜌𝑐𝑎𝑣

Fig. 1 Finite area faces P and N [19].

(5)

where ρform is the density of gas-liquid mixture next to the formation
boundary in the upwind direction.

Start new iteration

In order to calculate the lubricant pressure using Eq. 3, a
pressure density relation by Dowson and Higginson [17] was
implemented:
𝑝=

𝜌0 − 𝜌 𝐶1
,
𝜌 − 𝜌0 𝐶2

Calculate switch function α,
Eq. 2

(6)

where ρ0 is lubricant density at atmospheric (zero-gauge) pressure,
while coefficients C1 and C2 are lubricant specific. The bulk
modulus β, using the same pressure-density relation, can be
expressed as:

Calculate bulk modulus β,
Eq. 7

𝜕𝑝
𝐶1 𝐶2 − 1 𝜌0
=𝜌
.
𝜕𝜌
𝜌 − 𝜌0 𝐶2 2

Calculate viscosity η,
Eqs. 8 and 9

𝛽=𝜌

(7)

Viscosity η can be considered either constant or pressuredependent and/or shear-dependent. In the current work the wellknown Barus viscosity law was implemented for calculating lowshear viscosity μ:
𝜇 = 𝜇0 exp(𝛼𝑝),

Solve Reynolds equation for ρ,
Eq. 3

(8)

where μ0 is the reference viscosity at atmospheric pressure and α is
the pressure exponent. In order to account for shear-dependence of
lubricant viscosity the Ree-Eyring model [18] was implemented:
𝜂=

𝜏𝐸
𝜇𝛾
sinh−1
,
𝛾
𝜏𝐸

Calculate pressure p,
Eq. 6

(9)
No

where 𝜏𝐸 is the Eyring stress and 𝛾 = 𝑼1 − 𝑼2 /ℎ is the shear
rate.

Pressure p
converged?

Yes

3. Implementation
End

Models presented in this work are implemented inside foamextend framework, a community driven fork of OpenFOAM.
OpenFOAM is an open source C++ toolbox for computational fluid
dynamics (CFD).

Fig. 2 Thin film pressure calculation workflow.

The Reynolds equation is discretised using the Finite Area
Method (FAM) [19], a two-dimensional counterpart of the Finite
Volume Method (FVM). FAM is used for discretising partial
differential equations over curved surfaces, i.e. computational
surface meshes, with values calculated at face centres and fluxes
calculated at edge centres of each finite area face, Fig. 1. The finite
area discretisation of the spatial domain, and of the transport

4. Numerical Examples
In this chapter the previously described thin film pressure model
is applied to three numerical examples: single parabolic slider, twin
parabolic slider and microtexture pocket bearing.
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Single Parabolic Slider
A one-dimensional case of a single parabolic slider is presented
here. The case consists of a moving flat plate and a fixed parabolic
wall, Fig. 3.

Fig. 3 Single parabolic slider geometry.

The types of the boundary conditions for fluid density ρ are
Dirichlet boundary condition at the inlet (w) and zero gradient
Neumann boundary condition at the outlet (e). The calculation was
performed for two inlet values of density ρ. The fluid viscosity is
considered to be constant, while pressure p relates to density ρ
following the Dowson-Higginson expression, Eq. 6. The boundary
conditions and fluid properties are specified in Table 1. The
simulation results are compared to the results by Sahlin et al. [9].

Fig. 5 Fluid pressure for ρw/ρcav = 1 in case of the single parabolic slider.

Table 1: Boundary conditions and fluid properties for the single parabolic
slider case.
Sliding speed, U
0.25
m/s
Cavitation pressure, pcav
105
Pa
1
Inlet density ratio, 𝜌𝑤 /𝜌𝑐𝑎𝑣
0.55
Viscosity, η
0.04
Pa s
C1 2.22·109
Dowson-Higginson coefficients
C2
1.66

In case of the inlet density ratio 𝜌𝑤 /𝜌𝑐𝑎𝑣 = 1 the results are
presented in Figs. 4 and 5, while for the inlet ratio 𝜌𝑤 /𝜌𝑐𝑎𝑣 = 0.55
they are given in Figs. 6 and 7. The first case considers the rupture
cavitation boundary, while the second one the reformation
boundary. For both cases, i.e. inlet conditions, the fluid density ratio
and pressure show excellent agreement to the results given by
Sahlin et al. [9] in the whole computational domain.

Fig. 6 Fluid density ratio for ρw/ρcav = 0.55 in case of the single parabolic
slider.

Fig. 7 Fluid pressure for ρw/ρcav = 0.55 in case of the single parabolic slider.
Fig. 4 Fluid density ratio for ρw/ρcav = 1 in case of the single parabolic
slider.

Twin Parabolic Slider
A one-dimensional case of a twin parabolic slider is presented
here. The case consists of a moving flat plate and a fixed twin
parabolic wall, Fig. 8. Compared to the single parabolic slider, this
case considers both rupture and reformation cavitation boundaries at
the same time.

Fig. 8 Twin parabolic slider geometry.
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The types of the boundary conditions for fluid density ρ are the
same as in the single parabolic slider. The boundary conditions and
fluid properties are specified in Table 2. The simulation results are
again compared to the results by Sahlin et al. [9].

The geometrical properties are given in Table 3, while the boundary
conditions and fluid properties are specified in Table 4. The
simulations are conducted for two geometries, narrow and wide
pocket bearing. The Dirichlet boundary condition is used for all
four boundaries (inlet, outlet, left side, right side) for density ρ, with
all values equal to the inlet value.

Table 2: Boundary conditions and fluid properties for the twin parabolic
slider case.
Sliding speed, U
4.57
m/s
Cavitation pressure, pcav
0
Pa
1.0001
Inlet density ratio, 𝜌𝑤 /𝜌𝑐𝑎𝑣
Viscosity, η
0.039
Pa s
C1 2.22·109
Dowson-Higginson coefficients
C2
1.66

Table 3: Geometrical properties of the microtexture pocket bearing case.
a
20
Length
b
6
mm
c
4
hmin
1
Thickness
hmax
1.1
μm
hp
0.4
b
10
A
w
7
Width
mm
b
300
B
w
210

The simulation results of fluid pressure are presented in Fig. 9,
which show very good agreement to the results given by Sahlin et
al. [9], with small underprediction at the second pressure peak.

Table 4: Boundary conditions and fluid properties for the microtexture
pocket bearing case.
Sliding speed, U
1
m/s
Cavitation pressure, pcav
0
Pa
Inlet density ratio, 𝜌𝑤 /𝜌𝑐𝑎𝑣
Dowson-Higginson coefficients
Viscosity:
Barus law with Ree-Eyring model

1.00003
C1
C2
μ0
α
τE

2.22·10
1.66
0.01
1.2·10-8
5

-

9

Pa s
Pa-1
MPa

Fig. 9 Fluid pressure in case of the twin parabolic slider.

Microtexture Pocket Bearing
A two-dimensional case of a microtexture pocket bearing [11] is
presented here. The case consists of a moving flat plate and a fixed
skewed wall with a pocket, Fig. 10.

Fig. 11 Fluid pressure at the centerline in case of microtexture pocket
bearing.

Fig. 11 shows the results of pressure at the centerline of the
bearing for both geometries, with comparison to Bertocchi et al.
[11]. The simulation results are in very good agreement with the
literature for the narrow bearing, with small underprediction of
pressure at the exit of the pocket. In case of the wide bearing, the
results are in excellent agreement throughout the centerline.

5. Conclusion
A numerical model for calculating thin film pressure with
cavitational effects is presented in this work. The model is
implemented in the foam-extend framework, with the Reynolds
equation discretised using the Finite Area Method. The model is
compared to the literature via three numerical examples, and the
results are in very good agreement. For future work, the
implemented model will be tested on physically and geometrically
more complex numerical examples, e.g. dimple bearings.

Fig. 10 Microtexture pocket bearing geometry [11].
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