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ABSTRACT
The material erosion potentially caused by cavitation is a ma-
jor problem in propulsion and hydro-machinery. In order to
numerically predict the cavitation erosion several methodolo-
gies have been presented in the literature. In this paper we
look into three different approaches for obtaining estimates
of the potential cavitation erosion intensity from CFD sim-
ulations: two using the pressure or the vapour fraction ob-
tained from macroscopic simulation and one based on the
pressure obtained from microscopic bubble dynamics. The
three methods are applied to the case of cavitating flow over
a NACA0015 foil. None of the methods was found to suc-
cessfully predict the erosive behavior. This results highlight
the need for further work in this area.
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1 INTRODUCTION
Cavitation erosion is perhaps the most damaging nuisance
related to caviting flow and marine propulsors. Today the
standard way to asses cavitation erosion is by experimental
model tests using soft paint. In order to avoid the suspicion
that the full scale propeller will experience a different cavi-
taion behavior that the model scale propeller, numerically ob-
tained cavitation erosion indicators are sought after. Several
approaches - using different levels of sophistication - have
been put forward in the literature over the years and we refer
the reader to Franc and Michel (2004) for the fundamental
theory as well as to the recent review paper of Van Terwisga
et al. (2009) for a discussion on numerical cavitation erosion
intensity indicators.

A major difficulty of estimating cavitation erosion is that the
problem is twofold. In order to get acceptable estimates it is
needed to (i) accurately model the cavitating flow and (ii) cor-
relate the flow features to erosion damages. With regard to the
former point, it is believed that today's high fidelity CFD sim-
ulations are able to capture enough of the flow physics needed
for erosion studies. The second point can be divided into two

separate tasks: (a) to relate flow variables to the potential ero-
sive power in space and time, and (b) to link erosive energy to
actual material loss by different material data. In the present
paper we will restrict ourselves to deal only with item (a) in
order to avoid the problem of material properties.
It might be argued that a high fidelity compressible CFD sim-
ulation (Schnerr et al., 2008; Eskilsson and Bensow, 2012)
will directly provide the shock waves that transfer erosive
acoustic energy to the material surface. An early attempt of
this approach is due to Patella and Reboud (1998) who used a
structural dynamics solver to model the transient evolution of
pit caused by a spherical pressure pules, and used it to deduce
similarity laws to be used in conjunction with an Euler solver.
However, compressible simulations are at the moment rather
unpractical for three dimensional flows due to the excessive
computational effort required, especially so for erosive pre-
dictions that require a fair number of periods to be simulated.
Hence, many cavitation erosion studies use incompressible
flow and try to identify relations between the incompressible
flow variables and areas prone to erosion damage.
In the paper we will briefly discuss the underlying hypothesis
and then numerically compare the performance of three dif-
ferent erosion indicators presented in the literature, including:

(i). The Discrete Bubble Method (DBM), see e.g. Ochiai
et al. (2009) and Fukaya et al. (2010). In this approach
the macroscopic flow is solved using standard CFD but the
erosive behavior is estimated by computing the pressure in-
side advectedmicroscopic bubbles using the Rayleigh-Plesset
equation.
(ii). The Gray Level Method (GLM) based on the work of
Dular et al. (2006). The idea here is to relate the standard
deviation of vapour fraction to the erosive energy.
(iii). The Intensity FunctionMethod (IFM) of Li andVan Ter-
wisga (2012). This method uses the time derivative of the
pressure to correlate the erosion intensity.

The above approaches are applied to the well-studied case of
cavitating flow over a 3D NACA0015 foil. Even though this



case appears simple from a flow perspective, it is far from
simple from a erosion point of view as no geometrical fo-
cusing of the flow takes place. We here use the experimental
setting of van Rijsbergen et al. (2012), as investigated numer-
ically by Li (2012) using a RANS model.
The paper is organized as follows. The fundamental govern-
ing equations are presented in section 2, with a short outline
of the solution process in section 3. The erosion indicators are
detailed in section 4, including the underlying hypotheses and
resultingmodel equations. In section 5we present and discuss
the computational results of the three models when applied to
the standard test case of a NACA0015 foil. Finally, in section
6 we discuss the results and make a summary of the study.

2 Governing Equations
The governing equations of the two phase problem is in this
work represented by the single fluid approximation of the
incompressible Navier-Stokes equation using the large eddy
simulation (LES) approach for the turbulence:
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Here the velocity is denoted byU , p is the mixture pressure,
ρ and ρv are the densities of the mixture and vapour, re-
spectively. The vapour volume fraction is α while the mass
transfer between the phases are given by ṁ. Here the bar
denotes LES filtered variables and S = µ

(
∇U + ∇UT

)
is

the viscous stress tensor in which µ is the viscosity. B =
ρ
(
U ⊗U −U ⊗U

)
is the subgrid stress tensor, representing

the small, unresolved eddy scales.
The mass transfer between the liquid and vapour phases

are computed by the Sauer model (Sauer, 2000). The Sauer
model is based on the Rayleigh equation and the mass transfer
term in Eq. (3) becomes:
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where R is the bubble mean radius, pv the vapour pressure
and ρl the liquid density.

3 Numerical Solution
The above equation is solved with the cell-centred fi-
nite volume solver interPhaseChangeFoam from

the OpenFOAM framework (OpenFOAM, 2015). The
interPhaseChangeFoam is a segregated, iterative solver
using a PISO like algorithm.
The viscous terms can be modelled with either RANS or

LES approach. We will, however, use an implicit LES ap-
proach, giving that the numerical diffusion will mimic the
subgrid model. This is achieved by using a blended TVD nu-
merical scheme, see Bensow and Bark (2010). Thus we use
the second-order limitedLinear scheme for the divergence
terms and second-order centered differences (linear) for the
gradient and diffusion terms.
The solution is advanced in time using a second-order im-

plicit backward difference scheme.

4 Erosive Power
The two macroscopic indicators are based on the assumption
that the potential energy available at the start of the cavity
collapse is given by

Epot = Vv (p − pv) , (5)

where Vv is the volume of the macroscopic cavity. The ero-
sion intensity is based on the rate of transfer of potential en-
ergy to acoustic energy, i.e. the potential power
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∂Vv

∂t
+ Vv
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∂t
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Here we note that both the GLM and the IFM indicators are
based on Eq. (6). However, they focus on the different terms.
The GLM focus on the derivative on the vapour fraction,
while the IFM is based on the derivative of pressure.
The microscopic indicator is given by saying that the en-

ergy of an individual impact is given by (Soyama et al., 2001)

Ei = Ii τi Ai , (7)

where Ii is the acoustic energy, τi is the duration of the impact
and Ai is the surface area. Summing up the individual impacts
the total energy of impacts reads

E =
∑

Ei , (8)

which is used as the basis for the DBM erosion indicator.

4.1 Discrete Bubble Method
The DBM is fundamentally different from the other two indi-
cators in that the DBM indicator is based on the development
of advected microscopic bubbles. In the DBM the macro-
scopic flow is solved by the governing equations and numer-
ical methodologies outlined in section 2 while the erosive in-
tensity is estimated by computing the pressure inside advected



microscopic bubbles using the Rayleigh-Plesset equation, see
e.g. Franc and Michel (2004). The Rayleight-Plesset equa-
tion governs the dynamics of spherical bubbles under the as-
sumption of incompressible flow and reads:
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R
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, (9)

where the over dot denotes differentiation with respect to
time. The bubble radius is given by R(t) and pB ,p0 and pl
are the pressure inside the bubble, the reference pressure and
the pressure in surrounding fluid, respectively.
This second-order ODE is stiff during the compression

stages and is hence solved with an time-step adaptive second-
order Rosenbrock method (Shampine and Reichelt, 1997).
The bubbles are assumed to remain spherical and are advected
with the fluid with neither any interactions between the bub-
bles nor between the microscopic and the macroscopic flow.
The advection of the bubbles are given in a simplified form
as:

mB
dUB

dt
= Fa + Fd + Fp , (10)

where source terms due to added mass, drag and pressure gra-
dient forces. Equation (10) is integrated in time using a leap-
frog method. The implementation of the DBM used in this
paper is based on the lagrangian library in OpenFOAM and
follows in large the description in Vallier (2013).
The impact pressure acting on the surface at a distance r

from the bubble is given by:
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r
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and the acoustic energy is obtained as

Ia =
p2a
2ρc
, (12)

in which c is the speed of sound. Assuming ρ, c and also τ
to be constants the indicator of Ochiai et al. (2009), IDBM , is
obtained simply from Eq. (8) as the total energy of cavitation
impacts:

IDBM =
∑

Ei =
∑∫

p2adA . (13)

obtained by integrating the acoustic pressure over the sur-
face area. A version of Eq. (8) more in line with the work
of Soyama et al. (2001) is used by Fukaya et al. (2010), in
which they use a threshold on the pressure to be included in
the total energy of impacts.

4.2 Gray Level Method
The GLM is a direct numerical implementation of a technique
used to relate experimental data to erosion. The basis behind
the GLM is that the power of the acoustic pressure wave is
proportional to the pressure difference between the vapour
pressure and the surrounding pressure in the liquid and the
rate of change in vapour volume:

Ppot =
dVv

dt
(p − pv) , (14)

and that the magnitude of the pressure wave is p0 ∝
√

Ppot .
The fundamental hypothesis of the GLM is that the standard
deviation of the gray level (s) is proportional to the temporal
rate of change of vapour volume, i.e.

gray level = f (Vv)→ s ∝ dVv

dt
, (15)

and assuming a linear relation the pressure amplitude is given
as

p0 = k
√
(pf − pv)s , (16)

where k is a constant deduced from experiments - set equal to
6 MPa in Rus et al. (2007). The impact pressure working on
the surface is then obtained by assuming an exponential de-
cay of the amplitude with distance. Then Dular et al. (2006)
goes on to relate the pressure working on the surface to the
formation of a jet that subsequently causes pitting. We, how-
ever, are more interested in the estimated erosion intensity
rather than going into different material variables. Hence, in
our computational approach we assume: (i) the standard de-
viation of gray level is proportional to the standard deviation
of the vapour fraction, and (ii) that the impact pressure on a
material surface is inversely related to distance, as stated in
Eq. (11). The erosive indicator then reads:

IGLM =
k
r

√
(p∞ − pv)sA , (17)

where A is the surface area.

4.3 Intensity Function Method
The IFM is a straightforward application of pressure gradient
and assumes that it is not a single high pressure that causes
erosion but the cumulative loading. Hence, the erosion indi-
cator of the IFM is defined as (Li and Van Terwisga, 2012):

II FM =
1

N

∑
Ii , Ii =


∂p
∂t if ∂p

∂t ≥ ϵ

0 otherwise
, (18)

in which ϵ is a user defined threshold and N is the number of
instances the pressure gradient has been above the threshold.



Figure 1: Erosion pattern. Flow is from right to left. After
van Rijsbergen et al. (2012).

5 Computations of Cavitation on a NACA0015 foil
In this section we will apply the above described methods
for cavitation erosion prediction to the case of flow over a
NACA0015 foil at 8 degrees angel of attack. We here use the
experimental setting of van Rijsbergen et al. (2012), as later
investigated numerically by Li (2012) using a RANS model.

The foil has a chordlength, c, of 0.06 m and is rotated 8 de-
grees around the foil's center point. The first 5mm of the lead-
ing edge had added roughness, something not included in the
numerical simulations. See van Rijsbergen et al. (2012) for
details.
The experiment showed a shedding frequency of 188 Hz

and the main features are that the detached cloud develops
into a horse-shoe vortex that travels downstream and that the
cloud collapses forward. The erosion pattern obtained for a
flow at σ = 2.01 and U = 17.3 m/s is outlined in Fig. 1.
Most erosion is seen to occur on the downstream half of the
foil and along the walls.

5.1 Numerical Set-up
The computational domain extends three chord lengths up-
stream the leading edge and ends five and a half chord lengths
behind the trailing edge. The tunnel is 0.04 m wide and 0.08
m high and the foil extends over the entire channel width.
The computational mesh consists of 2.7M hexahedral cells

in an O-type configuration, see Fig. 2. The y+ value is
roughly 10 at the foil and at the tunnel walls and we thus apply
wall functions at the wall boundaries.
The case is defined by a cavitation number of 2.01 and a

Reynolds number of 9.5 × 105. The complete specifications
are given in Table 1.
We are using a fixed time step of 5× 10−6 s, corresponding

Figure 2: Computational mesh of the NACA0015 foil.

to CFL number of roughly 1. For the DBM we inject 100
bubbles in a 20 × 5 matrix in the plane at x = −0.03c every
1 × 10−5 s. The bubbles are removed from the computation
when the reach x > 0.1 m. Typically there is about 10 000
bubbles in the domain.

5.2 General Flow Features
Figure 3 shows a shedding cycle. In (a) the sheet has reached
its maximum length and the previously shed cloud has im-
ploded, (b) the sheet becomes unsteady and the re-entrant jet
starts to cut off the sheet, (c) the sheet becomes de-attached
from the leading edge, (d) the cloud rolls over and generates a
vortex pair (horse-shoe vortex type), (e) the vortex pair is ad-
vected downstream and a new sheet is forming at the leading
edge and (f) the vortex cloud imploded and the sheet reaches
its maximum length.

Comparing to the experimental findings the main features are
present in the computation, albeit in the simulations the horse-
shoe vortex collapses at mid-chord. In the experiments the
vortex-pair travels all the way to the trailing edge. Also the

Table 1: Specifications for the NACA0015 with 8 degrees
angle of attack case.

Inlet Velocity 17.3 m/s
Outlet Pressure 302.295 kPa
Temperature 16.3◦ C
Turbulent intensity 1%
Density of liquid 998.85 kg/m3

Density of vapour 0.01389 kg/m3

Viscosity of liquid 1.09 × 10−3 kg/ms
Viscosity of vapour 9.63 × 10−6 kg/ms
Saturated vapour pressure 1.854 kPa



(a)

(d)

(b)

(e)

(c)

(f)

Figure 3: Illustration of the computed shedding cycle for the NACA0015 foil showing the pressure and the α = 0.1 isocontour.

maximum extent of the sheet cavity is under-predicted in the
simulations. We note that the same discrepancy was found in
Li (2012) and might be due to lack of the added roughness at
the leading edge in the simulations.

5.3 Erosion Intensity Results
In Fig. 4 we show the main results of the study. The cav-
itation erosion intensity has been estimated after roughly 50
shedding periods. Please note that Fig. 4 shows the best possi-
ble results for the IFM, achievable by tuning the user defined
tolerance to fit the experimental results. The DBM and GLM
have no user defined constants. In all, the result is rather dis-
appointing - it is only the IFM that has any resemblance to
the experimental values, while both the DBM and GLM are
clearly off. Indeed, the most simple indicator - the maximum
recorded pressure - looks more accurate than the DBM and
GLM indicators.

However, the reason the DBM gives apparently weird values
is mainly due to the difficulty to get bubbles to be injected on
streamlines that will transport them into the cavities. Indeed,
out of the 8500 bubbles in the simulation in Fig. 5a, only three
are inside the displayed sheet cavity and in Fig. 4a we see the
traces of only a handful of bubble collapses. This indicates

the major problem to determine good injection points and,
needless to say, if no bubbles enter the low-pressure areas then
the DBM indicator will only give wetted flow pressure, and
no erosion will be predicted. It is noteworthy that the DBM
does indicate erosion intensity far downstream on the foil, in
contrast to the other methods.

It is clear that the GLM detects only the large scale changes in
vapour fraction and indicates the areas covered by the sheet
cavity. The GLM totally misses any erosion caused by the
horse-shoe vortex advected downstream. The method ap-
pears only fit for cavities with pronounced stationary behav-
ior.

The IFM gives the best results, we see here the pressure foot-
print of the horse-shoe cavity, albeit the erosion due to the
collapse of that vortex is missing. The eroded areas close
to the walls are weakly indicated. The IFM predicts a pro-
nounced erosion on the leading edge, which is really just the
result of the ∂p/∂t traces of the forming of the sheet cavity. A
problem for the practical use of the IFM is that the method is
heavily dependent on the user defined tolerance ϵ . In Fig. 4c
a tolerance of ϵ = 2.5 × 109 was used. In Fig. 6 we show
the erosion intensity using tolernaces of ϵ = 1.0 × 109 and
ϵ = 5.0 × 109. The difference is quite pronounced and it
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Figure 4: Best fit of the erosion intensity estimators to the experiments for the NACA0015 foil case. (a) DBM, (b) GLM, (c)
IFM and, additionally, (d) maximum recorded pressure on the foil surface. All results have been normalized with respect to
the maximum value to give a common range of I ∈ [0,1]. Flow is from right to left.

Figure 5: Snapshot of bubble distribution and the α = 0.1
isocontour.

appears very difficult to justify a universal value or to find a
general expression for the threshold.

6 DISCUSSION AND CONCLUDING REMARKS
We have described three different methods for numerical esti-
matation of cavitation erosion intensity and applied the meth-
ods to the standard test case of the cavitation flow over a
NACA0015 foil. The results were disappointing and can be
summarized as:

(i). The discrete bubble method can be argued to have the
most sound theoretical background as it is based on bubble
dynamics including cavitation rebound. However, a major
problem lies in the choice of injection points of the bubbles.
The injection points plays amajor role in the predicted erosion
intensity, regardless of the fact that the macroscopic flow is
not influenced by the bubble dynamics.

(ii). The gray level method's main weakness is, as pointed out
in van Rijsbergen et al. (2012), that it is unable to distinguish
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Figure 6: Erosion intensity using the IFMwith (a) ϵ = 1.0×
109 and (b) ϵ = 5.0 × 109.

between a disappearing and a moving cavity. Hence, it is only
performing well if the cavity is rather stationary.

(iii). The theoretical basis of the intensity function method
is easily understood and the indicator is very simple to im-
plement. That said, the method suffer from the fact that the
pressure shocks are fundamentally not correctly computed in
the incompressible setting. We see pressure pulses, not spher-
ical expanding shock waves as in the compressible solvers.
Thus the ∂p/∂t is to be seen as advection dominated pressure
changes, like at the leading edge. We also noted the large
influence carried by the user given threshold.

Another drawback of the DBM approach is that it carries a
computational burden to estimate the microscopic bubble dy-
namics with the very small time-steps required for resolving
the small time scales. The GLM and IFM are using already
computed variables and can be regarded as without an addi-
tional computational cost.

It should be mentioned that we have performed the simula-
tions as described in the literature. However, the equation for
the potential power, Eq. (6), could be expressed in lagrangian
coordinates and hence the partial time derivative ought to be
though of as a material derivative, which might remedy some
of the shortcomings of the GLM and IFM approaches. This
is topic of ongoing work.

All in all, the present study highlights the need for further
work in the area of numerical erosion intensity estimators.
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Brown for their interest in our work and for insightful ques-
tions and suggestions.

Question from Tom van Terwisga
Thank you for a very systematic review of the three cavitation
erosion models. First, I agree with you that the NACA0015
foil is a difficult test case for validating the ability to predict
erosiveness. Secondly, I do not fully agree that the Intensity
FunctionMethod (IFM) does not work, but further research is
needed to sort out whether a generic function for the thresh-
old could be decided. Thirdly, I believe that it is extremely
important to come to a few good benchmark cases to test the
different methods.

Authors' Closure
In its present state the IFM suffer from being very dependent
on the user defined threshold. That said, we agree in that the
IFM method has a clear potential for further development.
Especially for compressible flow simulations the IFM should
work very well. With regard to the comment on benchmark
cases: Yes, it would be most helpful if the community could
agree upon a series of test cases of increasing complexity.

Question from Dmitriy Ponkrator
Just a comment: Maybe it is a good idea to use Dular's hy-
drofoil for the CFD as the duration of their test was some
milliseconds.

Authors' Closure
Switching to a case with a higher shedding frequency will not
decrease the computational effort when using a LES model.
A LES model requires that the Courant number below unity
in order to avoid introducing an unwanted numerical filter to
the solution.

Question from Moustafa Abdel-Maksoud
Did you try to combine the second and third methods?

Authors' Closure
No, we did not try to combine the Grey Level Method (GLM)
and the Intensity Function Method (IFM). But we agree that
there are possibilities for adding more information to the IFM
and to make up more involved functions than ∂p/∂t.

Question from Michael Brown
Regarding the Discrete Bubble Method (DBM); the problem
is that the bubbles are not getting close enough to the foil to in-
teract with the surface. Do you think that the implicit filtering
of turbulent velocity scales and the wall-model are removing
the scales of turbulence near the wall that are responsible for
the mixing of the bubbles down into the boundary layer and
near the surface?



Authors' Closure
No, we do not think that the wall-modelled implicit LES is
the cause of the problems as it is the resolved macroscopic
scales that are transporting the bubbles. We believe that we
need to couple the micro- and macro-scale models, as done
by Vallier (2013) and Hsiao et al. (Proc 30th SNR, 2014), in
order to get the DBM to work well with a VOF-based solver.


