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Abstract. Smulation of unsteady sheet cavitation on a 3D foil is concerned using the CFD
EOLE code developed by Principia.

The EOLE code is based on a multiphase Navier-Stokes KMT-VOF cavitation model
(Kinematics and Mass Transfer VOF model). In this model, the cavitation dynamics is solved
using the kinematics property of the VOF model, considering that the liquid/vapour interface
moves with a velocity equal to the liquid velocity, and an additional thermodynamic effect
introduced as a source term and characterizing mass transfer processes (vaporization and
condensation).

Comparisons with experiments show the efficiency of the KMT-VOF model to simulate the main
complex physical phenomena featuring of the unsteady sheet cavitating: variation of cavity
length, break-up of the sheet cavity by 3D re-entrant jets, periodic dynamic shedding of cavities
and repeatability of the periodic mechanism.

The results are obtained with a coarse mesh and a large time step, so requiring few CPU needs.
Thus the model appears to be convenient in a context of industrial applications.



1 INTRODUCTION

Unsteady sheet cavitation which develops on prepeéan be the cause of serious constraint
such as noise, vibration and erosion. Some critnachanisms characterize the physical
phenomena: collapse of shedding cavities, inducesispre fluctuations, micro-jet impact on the
wall.

If methods based on potential theory are efficientattached sheet cavitation modelling, they
fail to simulate unsteady cavitation with cavityeglding processes. Recent progresses have been
done in CFD to simulate these complex phenomena.

Various methods can be found in the literaturecculating unsteady cavitation with URANS
codes : mixture or single-fluid model using a beaopic equation artificially smoothed [1],[2], or
based on the Rayleigh-Plesset (R-P) equation {&);fluids formulation of the conservation
laws with use of the R-P equation for the calcolatof the inter-phase transfer source terms
[4],[5], eulerian formulation allowing to treat theapour phase as a continuous vapour cloud
with no-slip velocity between phases [6], model/sg a volume fraction equation [7].

Other codes such as EOLE use a tracking interfaat@adology which is very well adapted for
sheet cavitation modelling [9].

Recent works based on LES (Large Eddy Simulatiom)gaving promising results on academic
applications due to their ability to represent dethsmall turbulence scales [8]. But right now
they can’t be used for industrial applications luseaof too large CPU cost.

The Navier-Stokes URANS code EOLE, developed bgdyria since 1991, has been extending
for 15 years to simulate unsteady cavitating flowlse code includes two original cavitation
models introducing a mass transfer source terrherMOF (Volume Of Fluid) model, basically
only a pure kinematics model.

In EOLE, the VOF modeling can be based on a claksiglerian transport equation or on an
improved eulerian-lagrangian model (SLVOF) devetbpeg Principia [9],[10].

The code has been validated on a lot of indusapalications concerned by cavitation problems
(see for example [11],[12],[13]).

In this paper, we are interested in simulation VIEtDLE of unsteady sheet cavitation on a 3D
foil. An experiment campaign and detailed analysese performed by Foeth and Terwisga to
study cloud shedding mechanisms on a 3D twistel] foi steady and unsteady operating
conditions [14],[15]. Experimental results showtttiee cavitation development is fully 3D with

a combination of a classical longitudinal re-entrggt (as for 2D foils) and a spanwise
component called side-entrant jet. The induced dihgdcavity dynamics is visualized and

shedding periods are extracted.

Comparisons between numerical and experimentaltseme presented in this paper.

2 THE NUMERICAL MODEL

2.1 Governing equations

Two incompressible viscous fluids with differenindeies separated by a moving interface are
considered. The unsteady 3D Navier-Stokes equatmribe two phase flows are then written in
the following semi-conservative form, in curvilimdarmulation:
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where F,G and H are the flux terms (convectivefudite, pressure), T the surface tension
source term, an@ the gravity force :
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with (&,1,x) the curvilinear coordinates] the Jacobian of the coordinates transformation,

n=(ny,Ny,Nz) the normal vector to the interface,the surface tension coefficient aRdthe

surface curvature. Additionally{u,v,w) are the cartesian velocity components for eaclsg@ha
(U,v,w)the contravariant velocity componentsp the pressure, g the gravity,

p=Cp +(@1-C)p, the density (with C the liquid volume fractiog, the liquid density angp,
the vapor density)y the molecular viscosity, the sum of theviscous stress tensor and the
Reynolds stress tensdrthe turbulent kinetic energy ang the turbulent viscosity.

A k-e model is used to simulate the turbulence of tbe fl
The quantitiek and e are determined from convection-diffusion equatiansording to the well
known Launder and Spalding formulation.

The model expresses the turbulent viscosity in $eainkinetic energy of turbulendeand its
dissipation ratewhich is due to the velocity fluctuations:
k2
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For cavitating flows, recent results showed thatigotropick-£ model can introduce excessive
dissipation responsible for an over-smoothing @& ttumerical results. For example, the re-
entrant jet process which leads the shedding cawigchanism, and more generally the
unsteadiness of the flow, tends to be inhibitedhwhiek-£ model, due to too large values of the
eddy viscosity.



This problem can be overcome introducing an uppgt bf the eddy viscosity. This one can be
determined from a length scale of the turbulencelvbhan be related with the dissipation rate
by:
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with C, and K, constants of the model.

Fixing a characteristic length of the turbulencehef flowL ., one can define a maximal value of
the eddy viscosity with:
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£ . is related with a given and imposed characterifgicgth of the
K, L.

where &, =
turbulence.

Hence the eddy viscosity can be written:
: k?
:Ut = mln(cyp? ) :Ut maxj

in which the first term is the classical one dedlufrem the solving of th& and ¢ equations and
the second term, issued from a given characteristigth of the turbulence, prevents from
having too much diffusion.

The flow solver is based on an original pseudoeady system [16]. The pseudo-
compressibility method used in EOLE differs frone ttlassical method of Chorin. It is based on
the idea of searching for pseudo-unsteady systemthwin the inviscid case, approach the exact
unsteady compressible Euler equations as much ssibp® For this purpose, pseudo-time
derivative terms associated with a time-like vadeab called pseudo-time are introduced. The
pseudo-time derivative term is constructed by m@ptathe true density by a pseudo-density, and
the pressure is calculated as a given functioneadaseudo equation of state, of this pseudo-
density.

pT = 1(5")
Considering a fully implicit second order scheme tfte time discretization, considered in the
second member of the equations, and the semi-tigmeequations at the time level n+1, the
curvilinear system is written:
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At each time step an iterative procedure (pseude-f iteration) is operated so asa— -0
T

at convergence.

The code uses a finite volume method. The dis@®bz in space is fully centered and artificial
viscosity terms of fourth order are added to dahgpriumerical oscillations.

Integration in pseudo-time makes use of an exfiw# stage Runge-Kutta scheme. An implicit
residual smoothing operator is also applied folligveach stage of the Runge-Kutta scheme to
improve stability.

The interest of local pseudo-time stepping is teafly increase the convergence rate. This
method is then particularly convenient to deal withlti-phase flows having phases with high
density ratios.

The code runs on multi-processors machines, in ®AP parallel mode.

2.2 KMT-VOF cavitation model

The numerical simulation of two-phase flows withapls separated by sharp interfaces, such as
sheet cavitation (as opposite to cavitation bulflloles), requires simultaneous solutions of the
Navier-Stokes equations in the two fluids and @& thterface kinematics motion. Among the
different kinds of interface tracking methods, ¥@F model is one of the most efficient because
of its ability to represent complex deformation ofterfaces including break-up and
reconnection.

The VOF method introduces a discrete functidwhose value (included between 0 and 1) in
each cell is the fraction of the cell occupied by tiquid. The fractiori-C of the cell volume is
occupied by vapour (cavitation).

The transport of the fractio@, so the motion of the interface in the fixed mesin be ensured
by a classical eulerian method or a lagrangian atef8],[10].

For the eulerian method, a transport equationlhigeddor the VOF function:

‘;—? +divicv)=0

The inception of cavitation, so the passage of a-cavitating one-phase flow to a 2-phase
cavitating flow, is carried out when the pressurethe liquid flow reaches locally a critical
threshold corresponding to the vapour pressurbeofiquid phase. In this condition, the cavity is
initialized in cells of the mesh which verify thaporizing criterion.

Then, the motion of the interface is achieved by kinematics part of the VOF (or SLVOF)
model, with a velocity equal to the normal veloaifythe liquid, coupled with a thermodynamic
part characterizing the mass transfer process (izagtion and condensation).

Two cavitation models, developed by Principia, hbgen implemented in EOLE to simulate the
mass transfer processes on liquid-vapour interfgcgq12].



In this study we used the KMT-VOF model (Kinematasd Mass Transfer VOF model) in
which two source terms are considered to accourth®mass transfer between phasgsand

S, respectively for the vaporization and the condgosa

These terms are active depending on the pressluesvia the fluid. For vaporizatior§, gives

the mass transfer imposed for liquid cells of thesinhaving a pressure lower than the cavitation
pressure. On the opposite, for condens&jogives the mass transfer imposed for vapour cells

of the mesh having a pressure higher than theatantpressure.
They have the following form:
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Considering that for a given cell, C representsfthetion occupied by the denser fluid. Hence
the VOF equation including the mass transfer pmcewritten:
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The solving of this equation means a correctiothefliquid-vapour position computed by the
VOF (or SLVOF) method, and representative of theejyukinematic part of the cavitating flow,

in order to take into account mass transfer effegtsthe “kinematic” VOF field is modified in
such a way that the interface is constrained toh&t vapour pressure isobar and therefore the
pressure of the liquid phase is higher than thewapressure, and on the opposite the pressure
of the vapour remains below the vapour pressure.

3 DELFT TWIST MODELLING

The 3D Delft hydrofoil (Figure 1) has a chord ldmgf L=150mm, a span of 300mm and a span
wise varying angle of attack with a maximum 11fadspan and 0° at the tunnel walls.

In the study, a -2° rotation of the foil is consiel®, thus the angle of attack is 9° at midspan and
-2° at the tunnel wall

Due to symmetry conditions with respect to the p&bs only half of the geometry is considered
in the numerical model.

The extension of the mesh is 2L in front of thediag edge and 3L behind trailing edge. Two
blocks based on an H topology are used with a Medlirefinement allowing correct y+ values
required for the wall function of thekmodel (Figure 2).

The number of cells is half a million which is qugmall.

The boundary conditions are:

* Foll : no-slip condition
e tunnel wall (lateral, bottom and top) : slip comatit
* midplan of the foil : symmetry condition



e Inlet : uniformed velocity = 6.97 m/s
e Qutlet : uniformed pressure = 29 kPa

The density and the dynamic viscosity of the liqaie respectively 1000 km#nand 0.0012
kg/ms.
The cavitation number in this condition is 1.07.

The time step of the simulation is 1ms. The sheglgeriods highlighted in experiments being of
about 50ms long, it means that only 50 time stefiso& considered for the discretization of a

shedding period.
The total time of the simulation is about 15 shadderiods.
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Figure 1: view of the 3D twisted hydrofoil
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Figure 2: view of the mesh




4 RESULTS

4.1 Sheet cavity dynamics

As for experimental visualizations, numerical résghow that the cavitation pattern is periodic
whereas the operating flow conditions (velocity anelssure) are steady.

Figure 3 shows different steps of a shedding peoioiined with the numerical model. The
liquid/vapour interface is represented with ansseoface of VOF=0.5.

Figure 3: numerical results — description of the 3Bshedding mechanism

1) Two independent vortices develop, a spanwise on&lehato the wall, inducing a side-
entrant jet (in green) and a vertical longitudimattex in yellow at the mid-plan of the foil
from which a re-entrant jet is issued.

2) So, a primary shedding is induced by combinatiothese two jets which have merged
into a single one (in red).



3) A new attached sheet cavity takes place at theingaeidge and is convected by the
incident flow whereas the shedding cavity moves rkiveam.

4) The size of the attached sheet cavity reachesaismum length. A new re-entrant jet (in
yellow) is generated at mid-plan of the foil. Ittaehes the sheet cavity from the wall and
thus initialises the next shedding mechanism. The sf the shedding cavity decreases
and the associated vortex intensity (in red) is [k

5) A new side-entrant jet (in green) occurs whereas itiiensity of the re-entrant jet
increases (in yellow). The shedding cavity indudsdthe previous vortex (in red) is
spread out downstream. Then the same mechanismlsesm the step 1 takes place.

This computed shedding cavity process has beennauksen experiments as well. Figure 4
shows snapshots of the unsteady cavitation developobtained with the numerical model and
in experiments, at the same instants. The congraikighlight very comparable mechanisms
on a shedding period.

Figure 4 : comparison EOLE (left) / measurements {ght) [14] of the cavity pattern at different instants —
view from above of the suction side



Particularly, the numerical model put into evidetioe observed re-entrant and side-entrant jets
(Figure 5).

Sl
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Figure 5 : Re-entrant (B) and side-entrant jets (H} comparison EOLE / sketch of the observed side drre-
entrant jet [15]
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Figure 6: view from the side where the central plaa of the foil is visible on the white section buthe
cavitation appears in 3D (and not on the 2D centrgblan) - comparisons of cavitation pattern between
EOLE (left) and experiments (right) [14] during a $hedding period



Figure 6 shows a comparison of the cavitation dgwakent at the midplan of the foil, within
one period of the shedding cycle. The time intersaqual between successive images and
each numerical and experimental snapshot to compaigen at the same time. Both results
yield very similar behaviour of the shedding dynesniThe sheet cavity extends from the
leading edge and is cut off by an up-ward re-emtfancoupled with the side-entrant jet
(which of course is not visible on these 2D picsyrdoth attached sheet cavity and shedding
cavity lengths are remarkably well reproduced keyribmerical code.

The repeatability of the shedding cavity cycle ug mto evidence with the numerical model
Figure 7). Four consecutive periods are shown famaach cycle, five snapshots are given at
the same time. Even if not specific refined nunariparameters are considered in this
calculation (coarse mesh, large time step) - patermevhich may be required for most of
classical cavitation models - the VOF free surfamthod coupled with the KMT cavitation
model turns out very efficient to capture the régeke high dynamic cavitation processes.
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Figure 7: EOLE results — four consecutive sheddingeriods

4.2 Lift force and shedding frequency

The time history of the lift force shows a periogiariation of the load (Figure 8). The deduced
time-averaged lift force is422N, so about 8% lower than the measured=da&N

The shedding frequency is computed from a speatralysis of the unsteady lift force. A main
frequency is extracted at 18 Hz (Figure 9). Expentrhighlights a frequency of about 21 Hz
considering a 15% uncertainty.

Strouhal numbers can be comparéblzég with f the shedding frequenclythe maximal cavity

length on aperiod and the incident fluid velocity). The obtained valwee:



* 0.185 for experiments
* 0.188 for the numerical model

These values are very close but the comparisoninsntpalitative due to the fact that the
maximal cavity length is only deduced from visuapection.
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Figure 8: time evolution of the lift force

Spectral analysis of the
lift force

main frequency
EOLE =18 Hz

Figure 9: Spectral analysis of the lift force



5 CONCLUSIONS

Simulations with EOLE of unsteady sheet cavitattonthe 3D Delft twisted foil were carried
out and compared with experiments. The results ghevefficiency of the KMT-VOF model to
simulate the main complex physical phenomena fegfuhat kind of cavitating flow: break-up
of the attached sheet cavity by the combinatiorBDfre-entrant and side-entrant jets, cavity
dynamic shedding, repeatability of the periodic hatsm.

Moreover, the results are obtained with a coarsshnaad a large time step, so requiring few
CPU needs. Thus the model appears to be conveniardontext of industrial applications.
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