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ABSTRACT

The unsteady sheet cavitation on the Delft Twist11 foil is
simulated using RANS, DES, and LES. Focus of the anal-
ysis is for the LES results, but comparisons are made to
the results of the other approaches. The LES is run with
implicit subgrid modeling while the RANS and DES both
are run using the Spalart-Almaras model in order to re-
duce the differences between the approaches; in the case
of the DES the improved formulation called Delayed DES
is used. RANS simulations are performed both with the
standard formulation and with the correction proposed by
Reboud. The LES gives satisfactory results given the mesh
resolution with the major mechanisms governing the shed-
ding dynamics captured giving a shedding frequency of
34 Hz compared with the experimentally determined fre-
quency of 32.55 Hz. The extent of the cavity is however
slightly small and the lift is low. Also the DES agrees rea-
sonably well with the experiments while RANS with the
correction give a shedding behavior but the mechanisms
are not as well represented as in the LES or the DES. The
standard formulation of the RANS gives a stationary cavity.
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1 INTRODUCTION

The shedding behavior of a sheet cavity is important in
the generation of cavitation nuisance, both noise and ero-
sion, on marine propellers. Increased understanding of
the mechanisms governing this process as well as devel-
opment of tools to asses cavitation nuisance is important
in order to further increase the effiency and comfort lev-
els of a propulsion system. The Delft Twist11 foil, stud-
ied by Foeth and Terwisga (2006) and Foeth (2008), gener-
ates cavitation which resembles propeller cavitation but in
a more well defined and easily studied set up which makes
it an attractive test case for evaluation of computational ap-
proaches for predicting cavitation.

In this work we present predictions based on four dif-
ferent turbulence closure approaches, an implicit LES, a
DDES, a RANS simulation based on the standard Spalart-
Almaras model, and a RANS model using the same turbu-
lence model but with a correction, as proposed by Reboud

et al. (1998). We have previously presented good results
using the LES approach (Huuva 2008, Bensow and Bark
2010, Lu et al. 2010, Bensow 2011) and one objective of
this work has been to add knowledge on the impact of dif-
ferent modeling approaches when implemented in the same
way, in the same code using the same numerics.

2 MODELING OF CAVITATING FLOWS

The physics of cavitation adds several effects compared
with single phase hydrodynamics. The most basic ones
are the presence of the two phases and the mass trans-
fer process between water and vapor. Moreover, we have
e.g. effects due to compressibility and non-condensable
gases. Considering compressibility, this is mainly present
in the gas phase and important in the generation of col-
lapse pulses and rebounds, but plays also a role in the
liquid flow development, related to interaction phenom-
ena between different cavities as well as the general un-
steady pressure field development. When it comes to non-
condensable gases dissolved in the liquid water, this gas
content will be transferred to a gaseous state during vapor-
ization and remain in gaseous form for some time after the
condensation thus leaving a clear trace of previous cavita-
tion in the water. This affects the strength of the water and
thus the cavitation dynamics if passing into a low-pressure
region once more, e.g. in rudder cavitation or in turbines.
The gas content also affects the collapse and rebound be-
havior when the vapor condenses.

In this work, we limit our attention to the incompressible
flow development and its interaction with the cavity. We
thus assume incompressible flow in both phases and do not
account for non-condensable gas content. The two phases
are considered through a mixture assumption by introduc-
ing the vapor volume fraction and solving an additional
transport equation, incorporating finite rate mass transfer
models for the vaporization and condensation processes.
We here consider only the mass transfer model of Sauer
(2000) as both the literature as well as our own experiences
indicate that different models give similar results.

2.1 Turbulence Closure Approaches

The shedding behavior is to a large extent governed by the
hydrodynamics of the liquid flow, through re-entrant jet*

development, vortical structures, wake flow etc. There-

*In the following, we don’t separate between internal jets straight upstream direction and from the side, as Foeth
(2008) do, but use re-entrant jet for all these flow structures.



fore, we here compare the results using a RANS approach,
Reynolds averaged Navier Stokes, which is based on solv-
ing the average equations, an LES approach, Large Eddy
Simulation, which instead is based on the filtered equa-
tions, and a DES approach, Detached Eddy Simulation,
which is a hybrid based on RANS in the region close to a
no-slip surface and LES further away from the surface. The
LES is developed for flows containing medium- to small-
scale, transient flow structures and relies less on modeling
compared with RANS but suffers from the small scales in
the near wall flow leading to modeling or resolution prob-
lems. When it comes to RANS, the turbulence models are
derived for stationary flow and the handling of unsteady
flow is theoretically not well founded. DES is an attempt
to take the best of both by using RANS only in the near wall
flow, the ’attached flow’, where the flow is quite stable, and
switch to LES for the ’detached’ structures. For the turbu-
lence closure, we chose to use the Spalart-Almaras model
in the RANS and the DES in order to keep the overall mod-
eling as similar as possible.

2.1.1 Large Eddy Simulation

As the terminology indicates, LES is based on comput-
ing the large, energy-containing structures that are re-
solved on the computational grid, whereas the smaller,
more isotropic, subgrid structures are modeled. This sepa-
ration of scales within the flow is accomplished by a low-
pass filtering of the Navier-Stokes Equations, in practice
most often performed implicitly through the cell average
in the finite volume method. In contrast with RANS ap-
proaches, which are based on solving for an average of the
flow, LES naturally and consistently allows for medium-
to small-scale, transient flow structures. When simulat-
ing unsteady, cavitating flows, we believe this is an impor-
tant property in order to be able to capture the mechanisms
governing the dynamics of the formation and shedding of
the cavity. Thus, starting from the incompressible Navier-
Stokes equations, the LES equations take the form

∂t(ρv ) +∇ · (ρv ⊗v ) = −∇p +∇·
(
S −B

)
, (1)

∂tρ+∇·(ρv ) = 0,

where overbars denote filtered quantities, v is the veloc-
ity, p is the pressure, S = 2µD is the viscous stress ten-
sor, where the rate-of-strain tensor is expressed as D =
1
2

(
∇v +∇vT

)
, and µ is the viscosity; commutation er-

rors have been neglected. Equation (1) introduces one new
term when compared to the Navier-Stokes equations: the
unresolved transport term∇ ·B, where,

B = ρ (v ⊗ v − v̄ ⊗ v̄) (2)

is the subgrid stress tensor. Following Bensow and Fureby
(2007), B can be exactly decomposed as

B = ρ
(
v ⊗v − v ⊗v + B̃

)
, (3)

where now only B̃ needs to be modeled. In this work, we
have opted for implicit modeling of B̃, meaning that no
subgrid model is applied, so called implicit LES, or ILES.

This is motivated by the anticipation that B̃ is of primarily
dissipative character, which can be handled by the leading
order truncation term in the numerics, a property first iden-
tified by Boris et al. (1992).

2.1.2 Spalart-Almaras RANS model

Reynolds averaged Navier-Stokes approaches are based on
an averaging of the Navier-Stokes equations, once again
clear from the terminology. What kind of averaging is how-
ever not determined, but historically in the model develop-
ment a stationary flow has been considered and time, phase,
or ensemble averaging are equivalent. In an unsteady flow
situation, the RANS equations per se are still valid, but
most turbulence models are not. However, unsteady simu-
lations have been performed using standard RANS models
with reasonable success and are justifiable in most engi-
neering work as the computational time is in general much
lower than for LES or DES. Introducing the averaging in
Navier-Stokes equations, we get

∂t(ρV) +∇ · (ρV⊗V) = −∇P +∇·(S− τt) , (4)
∂tρ+∇·(ρV) = 0,

where v = V + v′ with V the average velocity and v′

the fluctuating velocity, S defined analogousy to above and
τt is the Reynolds stress, subject to modeling. Using the
Spalart-Almaras model, τt = 2µtD where the turbulent
viscosity is determined by solving a transport equation for
a modified viscosity ν̃, see Spalart and Almaras (1992) for
details.

2.1.3 DDES

In the original DES formulation, a grid dependent length
scale is introduced in the Spalart-Almaras RANS model
with d̃ = min(y, CDES∆), where y is the wall distance
and ∆ the grid spacing. Thus, the original equations are
retained in the near-wall flow and the modified equations
were used away from the wall. However, it has been dis-
covered that this formulation may give rise to grid induced
separation and an improved version was suggested, the De-
layed DES, which has been used in this work. For details
on the modification, similar to the shear stress transport
modification by Menter and Kuntz (2004), its reasons, and
the final model, see (Spalart et al. 2006).

2.1.4 RANS Model Correction

It has repeatedly been reported (e.g. Reboud et al. 1998,
Coutier-Delgosha et al. 2003, Goncalves et al. 2010) that
RANS models are unable to produce unsteady cavitation
behavior due to an over prediction of turbulent viscosity
around the cavity closure. In order to circumvent this, Re-
boud et al. (1998) introduced an ad hoc correction in the
numerical treatment in the k − ε model by reducing the
turbulent viscosity in the mixture according to

µt = f(ρ) · Cµ
k2

ε
, (5)

where Cµ is the standard model constant and f(ρ) is de-



fined as

f(ρ) = ρv +

(
ρv − ρ
ρv − ρl

)n
(ρv − ρl), (6)

with n � 1. This correction is easily adapted to the
Spalart-Almaras model and when the correction is used in
this work, we use n = 10.

2.2 Multiphase Modelling

To simulate cavitating flows, the two phases, liquid and
vapor, need to be represented in the problem, as well as
the phase transition mechanism between the two. Here,
we consider a one fluid, two-phase mixture approach, in-
troduced through the local vapor volume fraction and hav-
ing the spatial and temporal variation of the vapor fraction
described by a transport equation including source terms
for the mass transfer rate between the phases. Adding this
transport equation to the filtered equations of continuity
and momentum, Eq. 1, or analogously for the averaged
ones, Eq. 4 ,we get

∂t(ρv ) +∇ · (ρv ⊗v ) = −∇p +∇·
(
S −B

)
, (7)

∂tρ+∇·(ρv ) = 0,

∂tα+∇ · (αv ) = ṁ/ρv.

The density ρ and viscosity µ in Eq. 7 are assumed to vary
linearly with the vapor fraction,

ρ = αρv + (1− α)ρl, (8)
µ = αµv + (1− α)µl,

with the bulk values, ρv , ρl, µv , and µl, kept constant. Us-
ing this expression for the density in the continuity equation
it’s straight forward to derive the non-homogeneous veloc-
ity divergence due to the mass transfer between the phases,

∇ · v =
(

1
ρv
− 1

ρl

)
ṁ, (9)

that implies that the pressure equation in the PISO algo-
rithm needs to be modified as well.

2.2.1 Mass Transfer Modeling of Sauer

We have here chosen the approach by Sauer (2000) which
is based on expressing the vapor fraction as a function of
the number of bubbles per unit volume, n0, and the radius
of the bubbles, Rb, assumed to be the same for all bubbles,

α =
Vv

Vl + Vv
=

4
3πR

3
bn0

1 + 4
3πR

3
bn0

. (10)

The change in vapor volume fraction is then given as the
derivative of α in Eq. 10, with a simplified Rayleigh equa-
tion, where the second order derivative is neglected, is used
to get DRb/Dt.

The resulting model can be implemented in several dif-
ferent ways, see e.g. Hoekstra & Vaz (2009) and Kim &
Brewton (2008) for two different versions. We have here
used a similar implementation as Kim & Brewton (2008),
including the introduction of an asymmetry between the

condensation and vaporization terms, weighting the con-
densation process by a factor of two. The parameters of the
model, the initial number of bubbles per unit volume, n0,
and the initial bubble diameter, dNuc, are set to n0 = 108

and dNuc = 10−4.

2.3 Discretization and Implementation

The computational model described above has been imple-
mented using the OpenFOAM libraries. The spatial dis-
cretization is performed using a cell centered co-located fi-
nite volume (FV) method for unstructured meshes with ar-
bitrary cell-shapes, and a multi-step scheme is used for the
time derivatives; see Weller et al. (1997) and Jasak (1996)
for more details on the discretization and the numerics used
in OpenFOAM. For the simulations presented in this pa-
per, a second order implicit time scheme is used combined
with second order linear interpolation in space, except for
the convective terms discussed in the next paragraph. The
time step is set small enough to ensure a maximum Courant
number, Co, of less than 0.5 everywhere in the computa-
tional domain. This is a requirement for the LES in order
to allow for a time variation that is limited by the spatial
filtering. In order to keep the simulations as consistent as
possible, this small time step was used also in the RANS
and the DES simulations. The iterative solvers are consid-
ered converged when the residuals have been reduced by a
factor of 10−10.

For the convective terms, a TVD limited cubic scheme is
used in the RANS and the DES simulations, while for the
LES, which rely on implicit modeling of the modified sub-
grid stress tensor B̃, a slightly diffusive scheme is needed
to make the leading order truncation error act as the dis-
sipative action of the subgrid stress tensor. Here, a TVD
limited linear scheme has been used, identical to the one
used in Bensow and Bark (2010); see also Bensow and
Liefvendahl (2008) for a comparison of different implicit
and explicit modeling approaches.

The pressure-velocity coupling is handled via a PISO
(Pressure Implicit with Splitting of Operators) procedure
(Issa 1986) based on a Rhie&Chow-like interpolation (Rhie
& Chow 1983) for cell-centered data. Before entering the
PISO-loop, the vapor volume fraction transport equation is
solved as well as a momentum predictor step. The mass
transfer terms are incorporated into the pressure Poisson
equation through Eq. 9 as a split source term with the part
including the pressure is treated implicitly, whereas the rest
is treated explicitly, similar to what was done by Kunz et al.
(2000); see Bensow & Bark (2010) for more details.

3 SIMULATION RESULTS

After describing the geometry and mesh configuration, we
focus the discussion on comparing the LES results with
the experiments. The analysis is based primarily on visual
comparisons of cavity extent and flow structures. Then fol-
lows a comparison between the simulation predictions of
the different turbulence closure approaches.

3.1 Computational configuration



The geometry of the hydrofoil consists of a NACA0009
profile, with chord length c = 150 mm, that has a span-
wise varying angle of attack, going from -2 at the cavita-
tion tunnel wall to 9 at the center line and then back to -2
symmetrically with respect to the center plane, with a total
span of two c. Taking advantage of the symmetry only half
the domain is considered. The domain extends 7c in the
streamwise direction, starting 2c upstream of the leading
edge and ending 4c behind the trailing edge. In the ver-
tical direction, the domain extends 2c, with the hydrofoil
mounted in the center.

The same grid is used for all simulations and consists of
2.7 million hexahedral cells. It is slightly coarse for us-
ing LES, and the wetted flow shows some separation along
the trailing edge due to the low resolution of the boundary
layer development. In the fully developed cavitating flow
this is not a problem. Cell height of the near wall cell is
measured to be y+ ≤ 5 on most part of the suction side of
the foil, according to the converged RANS solution of the
wetted flow, which is fair but not perfect. The correspond-
ing values in the flow and the span direction is x+ ≈ 200
and z+ ≈ 150. The overall resolution for the RANS is thus
high for the wetted flow, but high resolution is needed for
the cavitating flow in order to allow vortical structures to
develop and be transported. Some LES simulations have
been performed also on a refined grid with half cell size
around the foil compared with the baseline grid; the grid
size then reaches 4.8 million cells.

Standard inflow boundary conditions are specified and at
the outflow boundary a fixed pressure of 29kPa and homo-
geneous Neumann conditions for the velocity is specified.
At the upper and lower walls, a slip boundary condition is
employed, symmetry plane is used at the centre of the tun-
nel, and a no-slip condition is specified on the hydrofoil.

The simulation is started without the cavitation sources ac-
tivated and is continued in non-cavitating flow conditions
until the first order statistical moments have converged.
Thereafter, the cavitation sources are gradually increased
from zero to full value over a number of time steps to avoid
numerical problems when the cavitation starts.

Figure 1: The computational domain.

(a)

(b)

Figure 2: The baseline grid (b) and the refined grid (c); isosur-
faces show the vapor fraction α = 0.5 in light grey and Q̃ in
red.

3.2 Predicted Cavitating Flow

The simulated conditions are specified by an inflow veloc-
ity of 6.97 m/s and a cavitation number of σ = 1.07. The
discussion on the flow development is based on comparing
the LES results with high speed video footage courtesy of
Foeth (from his thesis work, Foeth 2008), displayed in the
left column of Fig. 3. The LES is visualized both with the
same view as in the experimental figures as well as with
a perspective view. The cavity extent is represented by a
light grey isosurface of the vapor fraction α = 0.5 and the
pressure coefficient Cp is plotted on the foil surface, where
black areas indicate a pressure at or below vapor pressure
and bright areas indicate a high pressure. Furthermore the
flow structures are visualized by an isosurface in red of an
approximation to the second invariant of the velocity ten-
sor, given by,

Q̃ = 1/2(‖∇ × v‖ − ‖∇v · ∇v‖).

In the first row of Fig. 3 the cavity is approximately at max-
imum extent. It is here quite clear that the predicted cavity
extent is too small. A larger cavity may be visualized using
a smaller value of the vapor fraction isosurface, but the dif-
ference is small as the interface is fairly sharp. The rough
leading edge of the foil makes it difficult to exactly trace the
development of the re-entrant jets in this video, but we note
the horse shoe structures developed around the ’corners’ of
the sheet, present both in the experiments and in the simu-
lation, which is driven by re-entrant jet development. This
is further clear in Fig. 3e where these re-entrant jets first
reach the leading edge of the foil; this seems indicated also
in the experiments in Fig. 3d.



(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n) (o)

Figure 3: Comparison between experimental snap shots (left column) with LES results; isosurfaces show the vapor fraction α = 0.5 in
grey and Q̃ in red.



When we reach the third row, the re-entrant jet has broken
through the cavity interface and a large cloudy structure is
shed. At this value of vapor fraction we’ve chosen for the
visualization, the internal structure of the cavity is more
open than in the experimental foto, but similar flow struc-
tures in the cloudy part can be detected in both simulation
and experiments. In this sequence, the vapor free region
between the still attached sheet and the shed structures is
well captured in the simulation.

In the further development in rows four and five, the gen-
eral shape of the shed cavity is predicted to be in quite close
agreement with the experiments, with a central part and two
vortex arms reaching towards the secondary lobes of the at-
tached sheet. The shedding from these secondary lobes is
also captured, although they early cease to contain vapor.
Also, the growth of the lobes seems to be too slow, con-
tributing to the slightly small cavity.

Finally, the transportation of the shed structures towards
the trailing edge is mainly governed by the external flow
and its predicted location thus agrees with the experiments.
The strength of this, mainly horse shoe shaped, vortex is
however too small in the simulation to continue as a cavi-
tating vortex. The flow structures visualized by the Q̃ func-
tion are also more complex than what we can see from the
vapor in the experiments. As a last comment, we note that
the condensation of the shed cavity leads to a local high
pressure peak, clearly seen in the center of the foil in Fig.
3e, even though this is an incompressible simulation.

The measured and predicted lift coefficient, Cl, and shed-
ding frequency, fFO, is given in Table 1. The predicted lift
is quite low for all simulations, which is due to the under
predicted cavity extent. The shedding frequency is, on the
other hand, reasonably well predicted for all models, ex-
cept for RANS without correction that, as expected, does
not shed at all. The higher frequency predicted by the LES
is, in our experience, also due to the small cavity extent as
the re-entrant jet then has a shorter distance travel in order
to penetrate the cavity. Why then the DES and RANS in-
stead predict a lower frequency is not yet understood. The
lift improves slightly with the refined grid, but that simula-
tion is not run enough shedding cycles to reliably compute
the shedding frequency. It seems however that the main
difference in increasing the resolution lies in the amount of
details in the flow predicted, as can be seen in Fig. 2.

Comparing the flow development predicted by the different
models, see Fig. 5, the DES resembles the LES although
with less details and weaker re-entrant jets. The RANS
with correction captures some of the development but the
re-entrant jet is here very weak and is not able to reach
the leading edge of the foil. The shed structures is thus
very much under predicted and in fact hardly visible. Bet-
ter prediction for this case has been achieved with RANS
by Li and Grekula (2008), but then with a different turbu-
lence model and a higher value of the parameter n in the
correction.

Looking at the time history of lift variation, Fig. 4, it is
clear that the RANS without correction reaches a more or

less steady behavior, Fig. 4d. For the other three models,
the structure of the curve is similar with five peaks corre-
sponding to different shedding and cavity collapse events;
the times for the snap shots chosen for Fig. 3 are indicated
with red circles. The variation is however very small for
the RANS with correction and the two first peaks, which
are related to the dynamics of the large shed structures, are
hardly visible at all. We also note that in all simulations,
there is a difference in the details between shedding peri-
ods, although the major features are the same.

Table 1: Comparison of the lift coefficient Cl and the shedding
frequency fFO .

< Cl > fFO [Hz]
Exp 0.53 32.55
LES 0.44 34
LES, fine 0.45 -
DDES 0.42 30
RANS w. corr. 0.43 28

(a) (b)

(c) (d)

Figure 4: Evolution of the lift coefficient Cl over a few periods
for (a) LES, (b) DES, (c) RANS with correction, and (d) RANS
without correction. The red circles in (a)corresponds to the sim-
ulation snapshots in Fig. 3, and the inset in (c) show the second
displayed period in close up.

Finally, we briefly comment on the action of the correc-
tion in the RANS model. In Fig. 6, the relative level of
effective viscosity, µEff = µ + µt, is plotted for the DES
and the RANS with and without correction. Two features
can be seen. First, that the correction drastically reduces
µt in the vapor region, as it is designed to do, both inside
the cavity and around the trailing edge. Instead, higher lev-
els of µt are generated in the liquid just downstream of the
cavity closure. Secondly, the RANS without the correction
has very high levels of µt just around the trailing edge of
the cavity; apart from this the levels are quite similar to the
DES, which gives good predictions. Why these changes ac-
tually contribute to the development of a re-entrant jet, and
thus also a shedding behavior, is subject to further studies.



(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n) (o)

Figure 5: Comparison LES results (left column), DDES (middle column), and RANS w. corr. (right column); isosurfaces show the
vapor fraction α = 0.5 in grey and Q̃ in red.



(a) (b)

(c) (d)

Figure 6: Comparison of total viscosity, µEff/µ for (a) and (b) DES, (c) RANS with correction, and (d) RANS without correction.
All figures are snapshots of the first developing cavity and uses the same scale of contours. Frames (b)-(d) are zoomed in on the central
region of fram (a).



4 CONCLUSIONS

We have presented simulations of the unsteady, shedding
cavity on the Delft Twist11 foil using LES, DES, and
RANS with and without correction. The LES shows a high
agreement in the prediction of the flow development, al-
though the cavity extent and lift is under predicted. Also
the DES performs well, but showing less structures com-
pared with the LES. The RANS simulation without the
correction fail to predict an unsteady behavior, as has pre-
viously been reported by other authors, while the RANS
with correction results in better predictions. For the lat-
ter, the shedding mechanisms are however not satisfacto-
rily predicted in this particular configuration of models and
parameters.
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