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Resumen: Investigaciones sobre la cavitación tienen una gran importancia económica en el campo de la maquinaria
hidráulica. Durante más de 40 años, métodos de mecánica computacional de fluidos han sido para entender estos
fenómenos y ayudar a mejorar los diseños de maquinarias y equipos, como el caso de bombas y turbinas hidráulicas.
Sin embargo, la cavitación aparece en flujos con números de Reynolds grandes, por lo cual, los modelos tradicionales de
turbulencia Reynolds-averaged Navier-Stokes (RANS) k− ε y k−ω no son capaces de capturar el fenómeno de burbujas
en movimiento. Por lo cual, la presente investigación usa el modelo de turbulencia Large Eddy Simulation (LES) con
métodos implícitos (ILES) y explícitos (ELES), para simular la cavitación alrededor de un perfil plano-convexo . La
simulación CFD ha sido llevada a cabo usando el programa de código abierto OpenFOAM y lenguaje python para
el procesamiento de datos. La investigación indica que ELES y ILES porporcionan resultados similares a resultados
experimentales obtenidos en el túnel de cavitación de la École Polytechnique Fédérale de Lausanne (EPFL).
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Abstract: Investigations of attached partial cavitation are important because to prevent damages in hydrulic machinery
and to reduce the costs. As expected computational fluid dynamics (CFD) methods have been developed for more than
40 years to understand this phenomenon and to improve the machinery designs, as pumps and hydraulic turbines.
However, cavitation appears at high Reynolds numbers, so that, the traditional turbulence models Reynolds-averaged
Navier-Stokes (RANS) k− ε and k−ω are not able to capture the bubbles motion. Therefore, large eddy simulation with
implicit (ILES) and explicit (ELES) turbulence methods have been used to capture and study partial cavitation around
a plane-convex hydrofoil. The CFD simulation has been carried out by the free open source software OpenFOAM and
python language for data analysis. The research shows that ELES and ILES give results similar to experiments from the
cavitation tunnel of the École Polytechnique Fédérale de Lausanne (EPFL).
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1. INTRODUCTION

One of the main goals of Ecuador government is to trans-
form the electricity generation matrix form thermal gen-
eration to hydraulic generation, which is aimed to in-
crease up to 70%, as indicated in the studies of Hidalgo et
al. [1]. As expected, a correct understanding of erosive
cavitation could be used to prevent damage in turbines
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of hydropower stations [1]. However, the experiments to
study cavitation are expensive and complex. In context,
CFD seems a good alternative to study unsteady cavita-
tion flows [2, 3].

Kubota et al. [4] presented a homogeneous model called
bubble two phase flow (BTF), which is the basis of sev-
eral numerical studies as indicated in Zhang et al.[5].
The main difficulty in most of the numerical studies
is the RANS turbulence model, because it is not ade-
quate to capture the unsteady behaviour of the sheet cav-
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ity and cavitation shedding. Consequently, Ji et al. [6]
used a modified turbulence model called the Partially-
Averaged Navier-Stokes (PANS), which remarkably im-
proved the RANS predictions. However, other authors
have preferred to use LES as the estimated turbulence
model [6, 7, 8], because in this model the large eddies
are calculated and the small eddies are estimated based
on a subrid model. Bensow and Liefvendahl [9] used
ILES to avoid the explicit coupling between mass transfer
modeling and subgrid modeling and compare with ELES
for a marine propeller case. Their results show that ILES
gives more similarity to experimental results than ELES.
Thornber et al. [10] have shown that ELES has been suc-
cessfully used for many prototype flows, however, this
model provides excessive dissipation in flows from an
initial perturbation to fully turbulent flow. Therefore, the
use of ILES or ELES to study unsteady cavitanting flow
around hydrofoils is a challenge that in the present article
has been faced.
Finally the cavitation model of Zwart is an better option
to study partial cavitation, it is not only an homogeneous
model but also a no symmetrical condensation and evap-
oration model, as indicated in Hidalgo et al [11]. Thus
Zwart model has been implemented in OpenFOAM for
the present research.

2. MATHEMATICAL AND PHYSICAL DESCRIPTION

Two dimensionless numbers are necessary to describe
cavitation conditions, which are Reynodls number, Re,
and cavitation number, σ, as indicated in (1) and (2).

Re =
U∞c

ν
, (1)

σ =
pr − pV
1
2 U∞

2ρ
, (2)

where U∞ is the free stream velocity [12], c is the chord
length, ν is the kinematic viscosity, pr and pV are the ref-
erence and the saturation pressures, respectively.

2.1 Mathematics considerations for LES

Equations (3) and (4) for continuity and momentum re-
spectively are the basis of CFD simulations.

∂ρ

∂t
+

∂(ρui)

∂xi
= 0, (3)

∂

∂t
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∂

∂xj
(ρuiuj) = −
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∂

∂xj

[
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∂xj

+
∂uj

∂xi

)]
,

(4)

where u is the instant velocity, ρ f is the total volume force
over a control volume, t is time, i and j are the space axes
subindices.
However, the analytical method and direct method could
not be used to solve (3) and (4). Therefore, the equations
have been filtered to get (5) and (6) and solved by numer-
ical methods.

∂ρ
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+
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∂xi
= 0, (5)
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(6)
The following considerations are used to reduce (6) to (7):

1. The product of filtered velocities is uiuj = uiuj +

u′iu
′
j.

2. The subgrid stress tensor, which is the Reynolds
stress tensor is τ′ij = ρu′iu

′
j = ρ(uiuj − uiuj).

3. The filtered strain tensor rate is Sij =
1
2

(
∂ui
∂xj

+
∂uj
∂xi

)
.

4. The filtered viscous stress tensor is τij = 2ρνSij.

∂(ρui)

∂t
+

∂(ρuiuj)

∂xj
= − ∂p

∂xi
+

∂(τij − τ′ij)

∂xj
. (7)

2.2 ELES considerations

Smagorinsky model has been selected to do ELES, in
which τ′ij is considerer proportional to Sij [8] that could
be summarized as (8).

τ′ij −
1
3

τkkδij = −2ρνsgsSij, (8)

where νsgs is the kinematic turbulent viscosity that mod-
els subgrid turbulence. It is modelled as (9).

νsgs = (Cs∆)2(2SijSij)
0.5, (9)

where Cs is the Smagorinsky constant that in OpenFOAM
is calculated dynamically from the flow properties using
Germano procedure [13] and ∆ is defined as the cubic
root of mesh cell volume.
Thus (7) is simplified by using the incompressibility con-
strain and the pressure has the trace term τkkδij/3, as in-
dicated in (10).

∂ui
∂t

+ uj
∂ui
∂xj

= −1
ρ

∂p
∂xi

+
∂

∂xj

(
[ν + νsgs]

∂ui
∂xj

)
. (10)
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In addition for OpenFOAM, van Driest damping, is used
to calculate the filter by (11)

∆ = min(∆mesh, (k/Cdelta)y(1− exp(−y+/A+))), (11)

where ∆mesh is cubic root of the cell volume, k is von Kár-
mán constant, Cdelta = 0.158, A+ = 26, y is the distance
to the wall, and y+ is the dimensionless number based on
the wall shear stress [13].

2.3 ILES considerations

In ILES the subgrid stress tensor τ′ij is expressed as indi-
cated in (12).

τ′ij = ρ(uiuj − uiuj + τ̃′ ij), (12)

where, the tensor τ̃′ ij is considered equal to subgrid dis-
sipation scale action.

2.4 Flow considerations

Unsteady cavitating flows are caused by the pressure
changes, so that, they are considered as multiphase flows
with a two phase homogeneous mixture, as indicated
from (13) to (15).

α =
∀V

∀ , (13)

ρ = (1− α)ρL + αρV, (14)

µ = (1− α)µL + αµV, (15)

where α is the vapour void fraction, ∀ is the volume, V
and L are subindices for vapour and liquid respectively,
µ is the dynamics viscosity.
Based on multiphase flow considerations, α has been
added to (5) to get (16).

∂(αρV)

∂t
+

∂(αρVui)

∂xi
= ṁ, (16)

where ṁ is the interphase rate mass transfer per volume.
Due to the mass transfer between phases, the velocity di-
vergence has a no-homogeneous expression, as indicated
in (17)

∂ui
∂xi

= ṁ
(

1
ρV
− 1

ρL

)
. (17)

2.5 Zwart Cavitation Model

Zwart model is based on Rayleigh Plesset’s equation, but
the second derivative term is neglected to obtain (18).

dR
dt

=

√
2
3

(
|p− pV |

ρL

)
. (18)

Hence the Zwart expression is indicated in (19)

ṁ =


ṁ+ = FV

3rnuc(1− α)ρV

RB

√
2
3

(
pV − p

ρL

)
i f p < pV

ṁ− = −FC
3αρV

RB

√
2
3

(
p− pV

ρL

)
i f p > pV

,

(19)
where FV = 300 and FC = 0.03 are the selected calibration
constants for vaporization and condensation based on the
investigation of Morgout et al [14], rnuc = 5.0 × 10−6

is the nucleation site volume fraction and RB = 1.9 ×
10−6 m is the typical bubble size in water [15].
It is noted that only the cavitation models of Kunz and
Schnerr-Sauer are part of OpenFOAM solvers, so that,
Zwart model has been compiled and implemented to
OpenFOAM [15].

3. DOMAIN SET UP

3.1 Hydrofoil
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Figure 1. Plane-convex hydrofoil with 3◦ of attack angle ÂOB.

A plane-convex hydrofoil has been used in this research
based on Escaler’s studies [16], as indicated in Fig. 1.
Fig. 2 shows the main CFD domain for the simulation, it
is noted that the domain width is only 0.016c, so that, it
can be considered a 2D simulation.

3.2 Mesh

A structured mesh has been elaborated with scale distri-
bution around hydrofoil walls by GMSH, which is a free
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Figure 2. CFD domain with a width of 0.016c.

open source software [17], as shown in Fig. 3.

Scale distribution

Figure 3. Structured mesh around the plane-convex hydrofoil.

The resulting mesh has 41024 quadrangles and 20011 hex-
ahedra. y+ is calculated based on (20) to guarantee the
quality of mesh for ELES and ILES. The mean y+ value of
hydrofoil wall is about 9.46, which ensures that the mesh
matches the conditions for ELES and ILES.

y+ =
uτy

ν
, (20)

where uτ is the friction velocity and y is the distance to
the nearest wall [15].

3.3 OpenFOAM

The OpenFOAM version 2.2.x has been used for the
present study [12] in Ubuntu 14.04.1 LTS with kernel
GNU/Linux 3.13. The Zwart cavitation model has been
compiled and implemented following Hidalgo et al. [15]
instructions.

3.4 Boundary Conditions

Table 1 shows the cavitation number, attack angle, mean
flow stream velocity and average outlet pressure, which
are the main boundary conditions for ELES and ILES
based on the experiments carried out by Escaler [16].

Table 1. Boundary conditions.

Cases σ ÂOB Inlet U∞ Outlet Pr
(m/s) (kPa)

(a) ELES 1.0 3◦ 35.0 613.58
(b) ILES 1.0 3◦ 35.0 613.58

In addition the simulation time, t, has been set up to start
from 0 seconds (s) to 0.05 (s), with a time interval of 1.5×
10−6 (s).

4. RESULTS AND DISCUSSION

The local pressure coefficient, Cp, is calculated based on
(21) and it has been plotted in Fig. 4 as a function of time
to understand the behavior of the simulated flow.

Cp =
ps − pr

0.5U2
∞ρ

, (21)

where ps is the local pressure over the hydrofoil upper
surface.
Fig. 4 shows Cp as a function of t(s) for a point located
0.14 x/c from leading edge for both ELES and ILES. Dif-
ferent behaviors, due to the number and periodicity of
pulses. In context, ILES presents shorter cycles than
ELES. Though ILES shows several groups of pulses ev-
ery 0.01 (s) that are difficult to count, ELES presents two
groups of pulses every 0.01 (s). So that, ELES presentd a
more regular cyclic behavior than ILES. Finally, ILES pre-
dicts three times higher pulses than ELES.
In order to understand partial cavitation dynamics, typ-
ical cavitation cycles in each case, as indicated in Fig. 4.
It is noted that intervals of time are different. Therefore,
(22) is used to change time to dimensionless time.

ξ =
t f − t
t f − to

(22)
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Figure 4. Cp as a function of t (s) for a point located 0.14 x/c
from leading edge.
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the re-entrant jet
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leading edge cavity 

Vapor Liquid

0.50.25 0.75

(a) (b)

Figure 5. Typical cavitation cycles as a function of dimension-
less time: (a) ELES and (b) ILES.

where to, t f are the initial and final time of cavitation cy-
cle respectively.
Fig. 5 shows the comparison between ELES and ILES for
a typical cavitation cycle as a function of dimensionless

time. The following conclusions could be given:

1. The length of the cavity sheet, from ξ = 0 to ξ =
1/2 during the development of the re-entrant jet, is
higher for ELES than ILES. This could be due to the
fact that ELES provides excessive dissipation in un-
steady flows [10].

2. During the growth and detachment of the leading
edge cavity, both cases show similar behavior. How-
ever, ELES presents a cloud of bubbles at ξ = 5/6
close to the middle of the chord length than in ILES
is a small cloud close to leading edge.

3. It is indicated from ξ = 5/6 to ξ = 1 that the cloud
collapse in ILES is faster than in ELES. Therefore, this
could be the reason that the shedding frequency is
higher for ILES than ELES.

4.1 Validation Case

Fig. 6 has been processed by python language and it
shows that ILES matches the experimental maximum
length of the attached sheet of vapour (Lmax) meanwhile
ELES predicts more than two times Lmax.

(a) ELES

(b) ILES

Experiment

Main flow

Figure 6. Comparison of the Lmax of the experimental study
with OpenFOAM results at ξ = 1.

Lmax/c and the relative error with the experiment have
been calculated to understand the differences between
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OpenFOAM and experimental results as indicated in Ta-
ble 2. As expected, ILES is more similar to experi-
ments than ELES for the simulation of unsteady cavi-
tating flows. Perhaps, if the subgrid model could be
changed, the accuracy of ELES could be improved.

Table 2. Numerical study and experimental result based on
Lmax.

Lmax/c
CASE Num. Exp. % Error

(a) ELES 0.31 0.16 48.4
(b) ILES 0.14 0.16 12.5

5. CONCLUSIONS

In general, the present research has been served to sim-
ulate unsteady cavitating flows around a plane-convex
hydrofoil. Explicit and implicit methods of large eddy
simulation as turbulence model have been used, and the
following milestones are the conclusions:

1. The Zwart cavitation model complied and imple-
mented in OpenFOAM presents results close to ex-
periments. In context, ILES appears a better option
than ELES to study unsteady flows.

2. In summary, OpenFOAM, GMSH and python pro-
gramming language are excellent tools for the nu-
merical investigation of partial unsteady cavitation.
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