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ABSTRACT

To analyze the interaction between the turbulent flow structure with the cavitation shedding dynamics, a
three-dimensional unsteady cavitating turbulent flow around the three-dimension NACAO009 hydrofoil is
investigated in this study. The cavitating flow in has been modeled with a homogeneous mixture of liquid and
vapor using LES. The interaction between the cavitation and the fluid vortex is analyzed and discussed. The
results demonstrate that the vortex stretching is mainly in the center of the cloud cavity and changes quasi-
periodically as the cloud cavity evolves. As a result, the mechanism of the inception of cavitation, re-entrant
jet and cavitation cloud shedding are accurately captured and predicted by LES in accordance with the
experiment data.

Keywords: NACA0009 hydrofoil; Sheet/cloud cavitation; LES; Cavitation; Vortex interaction; Unsteady
flow; Fluid structure; Pressure fluctuations.

NOMENCLATURE
Cp drag coefficient Ro initial radius of bubble
CL lift coefficient Re Reynolds number
Cu dimensionless constants Str Strouhal number
Drag  drag force Ue inlet flow velocity
Lift lift force Vvap volume of vapor in control cell
r;: source term V. vapor volume
‘) s y+ normal dimensionless distance to the wall

m vaporization source term
m condensation source term av vapor volume fraction
no nuclei concentration per unit volume of “ vapor viscosity

pure liquid My liquid viscosity
Po outlet pressure VZ, eddy viscosity
P, vapor pressure 01 liquid density
R bubble radius Pv vapor viscosity

because of its attachment to the blade and near-wall
induced bubbles collapse. Due to this complex
behavior, many authors have conducted many
research for understand this mechanism(Goncalves,
Decaix, and Patella 2010; Kuijpers et al. 2002;

1. INTRODUCTION

Cavitation pocket formed around the hydrofoil
could produce pressure fluctuations when
collapsing in the high-pressure region at the trailing

edge causing material erosion. The interest in the
leading edge cavitation is motivated by two reasons;
first this is the main cavitation type encountered in
hydraulic machinery and is at the origin of the head
drop phenomenon, and second, the leading edge
cavitation is known as the most erosive one,

Martynov 2005; Salleo et al. 2000; Schnerr, Sezal,
and Schmidt 2008; Wang and Su 2010). The
complexity of the phenomenon make cavitation
modelling difficult in the sense that experimental
investigations require specific instrumentation for
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the multiphase environment, and the modelling
strategies have to be based on empirical hypothesis.
Nevertheless the researchers have made great
efforts, starting from the work of (Rayleigh 1917)
up to today, a lot of theoretical and experimental
research has been conducted in order to analyze and
understand the cavitation phenomenon. In
experimental studies, an extensive amount of
literature exists, dealing with different aspects of
cavitation. Most of them are dedicated to
fundamentals aspect, and the physics of cavitation.
Numerical studies and simulations of cavitation
have been pursued for years, even if the Navier-
Stokes based simulations emerged only in the last
decade. Existing cavitation models compute the
overall behavior of cavitating flows which implies
that the major goal of a cavitation model should be
to predict the onset, growth, and collapse of bubbles
in cavitating flows. There is no comprehensive
model in the literature that can simulate various
types of cavitation and provide a detailed
description of the flow field.

Many experiments have been conducted to identify
the precise mechanisms responsible for the complex
features of cavitating flows (Chen, G.H., Wang,
G.Y., Huang, B.,, Hu, C.L., Wang, Z.Y., Wang
2015)(Ji et al. 2014)(Zhao, Wang, and Huang
2016a). Depending on the operating conditions
many types of cavitation can be observed on a
cavitating hydrofoil: bubble, sheet, cloud and vortex
cavitation. (Wang et al. 2001) According to (Arndt
1981), the main two parameters responsible of the
cavitation inception are the density of bubble
contained in the fluid and nuclei size.

A more detailed study realized by (Katz, J., O’Hern
1986) shows that the cavitation inception was found
to occur in the axial vortices mainly in the portion
between the spanwise eddies. At lower pressures
cavitation takes the form of the spanwise vortices
but the axial vortices always remain evident. A
recent experiment performed by (Kravtsova, A.Y.;
Markovich, D.M.; Pervunin, K.S.; Timoshevskiy
and Hanjali¢ 2014) around a NACAO0015 hydrofoil
showed that the incipience of cavitation is governed
by the development of the carrier-fluid flow around
the foil leading edges.

Many of published research focused on the jet
returning mechanism since it is responsible of the
cloud cavity shedding (Altimira, M.; Fuchs 2015);
(Arndt 2001);(Dreyer, M.; Decaix, J.; Miinch-
Alligné, C.; Farhat 2014); (Goncalvés, E.; Charriére
2014);(Roohi, E.; Zahiri, A.P.; Passandideh-Fard
2013); (Yu, X., Huang; C., Du, T.; Liao, L.; Wu,
X.; Zheng, Z.; Wang 2014) (Huang, Wang, and

Zhao 2014). Referring to the results of the
measurement of the re-entrant jet thickness
performed by (Callenaere et al. 2001), they

concluded that the dynamic behaviour of a partial
cavity depending of the pressure gradient. When the
adverse pressure gradient at cavity closure is high
enough, a re-entrant jet will develop at the back of
the cavity. Also, they mentioned for thick enough
cavities, the re-entrant jet does not interact
significantly with the cavity interface as it moves
upstream.
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(Foeth et al. 2006) carried out experiments for the
3D Twistl1 hydrofoil in steady and unsteady inflow
conditions in the cavitation tunnel at Delft
University. Their focus was to generate sheet
cavities that are three-dimensional in character
similar to ones that occur on ship propellers. Based
on experimental observation (Ji et al. 2014). They
domenstrates that the shedding is periodic, constant
in its shedding frequency, and always includes the
same macro structural collapse (Foeth et al. 2006).

Further study using three dimensional simulations
are needed to validate the hypothesis of the
connection between the entrainment ability and the
re-entrant jet. In parallel, experimental techniques
are significantly to better, for understand the
mechanism and this link.

(Wosnik, M., Arndt, R., Ain 2006) documented the
unsteady cavitation shedding, to study the complex
flow characteristics around two-dimensional
NACAO0015 hydrofoil. They concluded that time-
resolved PIV holds the promise of providing us
with whole-field, high-resolution, timeresolved,
quantitative experimental data of cavitating flows.
This wealth of information can typically only be
obtained from DNS or LES.

In some experimental measurement techniques,
some devices do not access to the measurements,
which leads to development of the numerical tools
in recent years. Computational methods for
cavitating flows have evolved in parallel with
computational resources. In spite of the improved
experimental techniques, numerical simulations are
attracting more and more interest with noticeable
success in predicting cavitating flows in recent
years (Luo, X.-w.; Ji 2016)(Pendar, M.-R.; Roohi
2016)(Peng, X.X.; Ji, B.; Cao, Y.; Xu, L.; Zhang,
G.; Luo, X.; Long 2016)(Timoshevskiy, M.V.;
Churkin, S.A.; Kravtsova, A.Y.; Pervunin, K.S.;
Markovich, D.M.; Hanjali¢ 2016)(Wu, X.C., Wang,
Y.W., Huang 2016)(Zhu et al. 2015)

For simulation the cavitation flow, many approach
has been developed during the recent years. Based
on (ITTC 1999) , four technique has been
employed, Interface-tracking methods ((Hutton,
R.A.;Furness 1975), (Chen, Y.; Heister 1994) ,
(Deshpande, M.; Feng, J.; Merkle 1998), (Hirschi,
R.; Dupont, Ph.; Avellan, F.; Favre, J.N.; Guelich,
J.F.; Parkinson 1998), Volume-of-Fluid methods
((Dieval, L.; Arnoud 1998), (Molin, B; Dieval, L. ,
Marcer 1997) and. (Sauer, J.; Schnerr 2000)
developed a VoF method with bubble dynamics
based on the Rayleigh equation, see also(Yuan,
W.;Sauer, J.; Schnerr 2001).), Discrete-bubble
methods (Fujikawa, S.;Akamatsu 1980) and Two-
phase flow methods (Kubota, A.; Kato 1992)(
(Sauer, J.; Schnerr 2000; Yuan, W.;Sauer, J.;
Schnerr 2001) (Koop 2008; Kozubkova, Rautova,
and Bojko 2012), (Zwart, P.J.;Gerber, A.G.;
Belamri 2004) and (Kanfoudi 2011, 2012, 2014,
2015)

For Two-phase flow methods, many proposed
numericals models have been developed. This
technique can be generally divided into two main
types based on the method to determine the mixture
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density as the Barotropic equation models (BEM)
and the Transport equation based models (TEM).
(Senocak and Shyy 2004) demonstrate that the
BEM is not able to modeling the cavitating flow,
and suggesting that the TEM can accommodate the
baroclinic vorticity generation.

TEM eliminates the problem of baroclinic torque.
Many sources terms of TEM are proposed in
literature (Kanfoudi 2011) (Singhal et al. 2002)
(Zwart, P.J.;Gerber, A.G.; Belamri 2004) (Kunz et
al. 2003)(Yuan, Sauer, and Schnerr 2001). Owing
to their success in capturing the features of
cavitation flows, the (Kanfoudi 2011) cavitation
model is used in the present paper.

Due to unsteady nature of the cavitating flow and
the strong interaction within the flow and the
boundary layer, it is imperative to model the
cavitation flow using LES.

In cavitating flows, instabilities and turbulence
often result in the formation of large-scale vortical
structures. The unsteady cavitating flow is usually
turbulent flow, it occurs for a high Reynolds
number, to capture the mechanism of re-rentrant jet
for simulation the periodic shedding of the
cavitation pocket, we need to modelling the
turbulence model because it can significantly
influence the cavitating flow structure. Recently
revealed by researchers (Wu, Wang, and Shyy
2005), a serious repercussion of the modeling of
turbulence on the simulation the unsteady cavitating
flow.

To reproduce faithfully numerically the detachment
mechanism of cavitation pocket, the Direct
Numerical Simulations (DNS) are certainly the
most accurate, but it requires a lot of extreme
demand for computational resources. Originally
proposed by (Smagorinsky 1963) and refined by
many researchers, the large eddy simulation (LES)
approach give better predictions of larger-scale
turbulent eddies for modeling the cavitating flow.
(Dittakavi, Chunekar, and Frankel 2010);(Yu, X.,
Huang; C., Du, T.; Liao, L.; Wu, X.; Zheng, Z.;
Wang 2014); (Ji et al. 2014);(Ji et al. 2013,
2014);(Roohi,  Zahiri, and Passandideh-Fard
2013);(Wang et al. 2005);(Amromin et al.
2006);(Zhao, Wang, and Huang 2016b).

The present study investigates cavitating flows
around a three-dimension NACAO0009 hydrofoil
using the (Kanfoudi 2011) (Kanfoudi 2015)
cavitation model coupling with LES. The
interactions between the cavitation and the vortex
formation. The evolution of the entrainment ability
is investigated in a three-dimensional to analyze the
mechanism of re-entrant jet and the processes of the
cavitating shedding . The main objective of the
present paper is to investigate the effect of cavity
growth and shedding on the dynamics of vortical
flows in unsteady flows over a NACAO0009
hydrofoil. This paper, we will simulate the
dynamics of a developed cavitation pocket.

The global validation of the numerical simulation is
based on the experimental results of Power Spectral
Density (PSD) (AitBouziad 2005).
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2. MATHEMATICAL FORMULATIONS

2.1 Governing Equations

In the mixture model for vapor/liquid two-phase
flows, the multiphase fluid components are assumed
to share the same velocity and pressure.

The continuity and momentum equations for the
mixture flow equations are,

9w, APt _ o 0]
ot 8xj
opyui) , Opumin;) _op.
ot 6xi 6xi
‘ ‘ @)
+6[ﬂ6u,~]
axj axj

where u; the velocity in x direction and P is the
pressure. Laminar viscosity x4 and density O, are

defined viscosity, respectively :

where :

H=aypy +(1-a, )y 3
Pm = Py +(l_av )pl

Applying a filtering operation to Egs. (1) and (2)
gives the LES equations:

R )
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ot Ox ; Ox ;
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ox ; ox ; ox ;
where the over bars denote filtered quantities.
The Sub-grid Scale (SGS) stresses :
7 = P (uju; ~i3i7; ) (6)

One commonly used SGS model is the eddy-
viscosity model, which assumes that the SGS
stresses are proportional to the modulus of the strain

rate tensor, S;; , of the filtered large-scale flow:

ij oo

1
Tj 3 Tk S =248 @)

where .STl-j is the rate-of-strain tensor for the

resolved scale and the sub-grid scale turbulent
viscosity, 44 , is closed by the LES Wall-Adapting

Local Eddy-Viscosity (WALE) model (Koo et al.
2013).

2.2 Physical cavitation M odel

The cavitation process is governed by the following
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mass transfer equation,

dpa)  dpam) L
ot Oox,

i

®)

where ov is the vapor volume fraction, m* and m-
are the mass transfer rate for the vaporization and

condensation processes, respectively. They are
defined as :

2 4 —
m* =Coay 3 (1-a )3 2ePL /%u

1 Pm . Pl (9)
m—zccavg(l_av)ZP\/pl 7p_pv

Pm \ 3 Pi

with :

3 s
C, =—10R{ ny® (10)
C, =53ng (11)
where R is the initial bubble radius, n( is

defined as nuclei concentration per unit volume of
pure liquid. This two parameter are related by the
expression of the vapor volume fraction (Yuan et al.
2001; Yuan, W.;Sauer, J.; Schnerr 2001).

ng %IIR 3
@ =—3 — (12)
1+ng—nR 3
3
the value of nuclei concentration

ng =510" nuclei/m® and the initial bubble radius
Ry =5 um (Kanfoudi2011).

This cavitation model, which is based on the
modified model of Rayleigh Plesset, has been
validated in many cases, such as cavitating flow
around a 2D hydrofoil (Kanfoudi 2012; Kanfoudi
2011; Kanfoudi 2015) and 3D hydrofoil (Kanfoudi

2014).
3. SIMULATION SETUP

For numerical simulations, we used the Ansys CFX
CFD code, with an incompressible solver.

A three dimensions’ numerical simulation has been
achieved for the study the unsteady cavitation flow
around NACAO0009. As an initial condition, we use
a steady cavitating flow field to accelerate the
computation of the cavitation pocket.

The hydrofoil chord was c= 110 mm with a relative
maximum thickness of 9% at 50% chord length
from the leading edge. The hydrofoil is inclined by
5 © relative to the direction of flow as shown in Fig.
1.

As boundary condition, the inflow velocity was
U, =20nvs and for the outflow, a static pressure

calculated according the cavitation number:

o= (o =1, )/ (121 U2) (13)
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Fig. 1. Computation domain.

The Reynolds number can be express by:

Re=pUyc/1y , in this simulation the number of

Reynolds is 2 10°. Thus, the flow regime is
turbulent.

For the calculation procedure, a time step was set to
10- s dependent to CFL number. The convergence
criteria used the RMS residual type with a residual
target of 107, for more accuracy of the numerical
results.

Numerically, it is very difficult to use the real
spanwise size of the NACAO0009 hydrofoil, this is
due to computation resource. That is why, the
spanwise size adopted in this study is 0.5 chord, this
choice is justified by (Sagaut 2005). They justified
their publication, that for spanwise twice the
thickness of the hydrofoil, it is sufficient to resolve
streamwise vortex.

The Fig. 2 shows the computational domain and
boundary conditions. The lateral boundary
condition, were set respectively, one as non-slip, the
other as periodic condition.

20 0 20 40 60 'ao:' 00 120
X [mm]
Fig. 2. Mesh spacing around NACA0009
hydr ofail.

Because of the numerical solution is influenced by
the mesh topologies, a 3-D structured mesh C-grid
type is applied in this investigation to study the
unsteady cavitation flow, this type of mesh is best
choice for mesh around the hydrofoil. For this
reason, we can concentrate directly a high number
of nodes to capture the boundary layer, the pressure
gradient and the flow separation at the trailing edge.
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To modeling accurate, the boundary layer on the
hydrofoil, we wused Automatic Near-Wall
Treatment. This technique can resolve the viscous
sublayer (Wilcox 1988; Wilcox 1994),(Menter
1994).To capture numerically the boundary layer a

value of y* =1 is used, the Fig.2 show the
spacing of the grid around the hydrofoil.

Fig. 3. Thethreetested structured grid.

The numerical solution is sensitive to the mesh
resolution. In order to ensure the dependence of the
numerical solution of the number of nodes. we
conducted numerical simulation of three grids, the
criteria of choice are the coefficient of lift and drag
values in stationary flow regime. The expressions of
the coefficient of lift and drag are illustrated as
follows:

Lift
% U O%C spanwise

L

937

Drag

Cp = (14)

% U 020 ¢ spanwise

The Fig. 3 present, the three meshes quality around
the NACAO0009 hydrofoil. The Table 1 shows the
variations of the coefficient of lift and drag as a
function of the nodes number

In order to reduce the numerical diffusion for the
pressure calculation at the leading edge of the
hydrofoil, we refine the mesh in this region.

As results from this three mesh, there is no
difference between the medium and the fine
meshes. Thus, the middle resolution mesh was
chosen for simulation the unsteady the cavitating
flow.

Table 1 Mesh independence test

Mesh resolution|  Cells CL Cpb
M1 fine 792000 | 0.20177| 0.0324
M2l medium| 588294| 0.20170| 0.0322
M 3| coarse | 385000 0.19210| 0.0298
For the computing resources, the unsteady

computations are done using Dell PowerEdge 720
with 16 processors (4 sockets and 4 cores) Intel®
Xeon® E5-2600 2.2 GHz and 64 Go Ram memory.

The CPU time is 20 h for each process of cavitating
shedding.

4. RESULTSAND DISCUSSION

The numerical simulation in this paper, aim to
analyze and study the dynamic mechanism of the
sheet cavitation shedding using LES. The validation
of this numerical model is performed with the
experimental data available from (AitBouziad
2005).

To better detect the evolution of detachment of the
shedding cavity, we use numerically ¥, which is

a practical parameter for the unsteady cavitating
flow simulation, his expression is given as follows:

1 N
Vi =5 2.V (15)

C =l

where N denote the number of the control volumes,
a; the vapor volume fraction occupied and the

total volume of each control volume in the

computational domain.

For practical reasons, all results are presented as
dimensionless numbers in the following discussion.

Fig.4-a shows the variation of the total vapor
volume in twelve typical periods. To identify

the process of cavitating shedding, we present in
Fig 4-b one cycle of formation and destruction of
the vapor pocket on the extrados of NACA0009
hydrofoil.
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To study the dynamics of detachment of the
cavitation pocket and its effect on the flow, we will
be limited to 10 typical instants as shown in Figure
4-b.

In fig. 4 the cyclic behavior of the vapor sheet and
its shedding are presented at ten equidistant time-
instants. The period T" of the cycle is T* = 0.008 s
and feyele = 122 Hz with Stc = 0.61.

0.12 T T T T T

0.10 4 <

0.08 -

0.06 <

Wvap [

0.04

0.02
I

0.00 s L s 1 s 1 . 1 1
1] 2 4 6 8

TH

Fig. 4-a. Total vapor volume computed.

T

7
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T
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0.00 T T T T
0.0 08 0.8

Th
Fig. 4-b. Vapor volume for one cycle.

The power spectrum density (PSD) of the velocity
on direction x for x/c=0.3 for twelve periods of the
cavitation shedding is shown in Fig. 5.

|~~~ Experimental
Numerical

0.204

0.159

0.104

Power Density Spectrale

0.054

0.00 —ry

200
Frequency [Hz]

Fig. 5. Comparison of the unsteady cavitation
amplitude spectrum.
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It is clear that the frequency of detachment of the
cavitation cavity is f = 122. The transitory nature of
the evolution of the vapor cavity acts directly on the
flow structures. Both, the fluctuation of the velocity
on the suction surface of the hydrofoil and the vapor
volume has the same frequency.

By comparing experimental data of PDS with the
numerical results in Fig. 5, we can note that the
numerical model can predict and reproduce in 3D
the evolution of the cavitation pocket. We can
presume that the overall evolution of the cavity
volume agrees well with the experimental data.

It is clear, that the present numerical model is in
agreement with the experimental data for the
cavitation shedding dynamics.

By plotting the PSD of the velocity in Fig.6, the
plot exhibit power law behavior of the energy
spectrum with a slope equal to -5/3. This value was
determined by Kolmogorov theory  which
introduced the concept of universality of locally
homogenous and isotropic turbulence for fully
developed turbulence at high Reynolds numbers
(Shia-Hui and ;Werner 2008; Walters et al. 2013;
Shur et al. 2008; Davidson & Peng 2003) (Pope
2000).

This result is important; it demonstrates that the
turbulence model employed in this study is able to
capture the turbulence spectrum like LES. For a low
frequency, there is a production of kinetic energy
from the large structures flow and then this energy
is transferred and finally for a high frequency we
assist to the destruction and dissipation of this
energy into a small structure which is the source of
production of the re-entrant jet for the cavitating
shedding.

ol

~
z
w
b
£ 014 N
=
% 0014 N
| =4
o
z 0.001 4
2
D 1E4+ ]
w
i
g 1ES, N
f=]
o
1E-6 4 "
1E-7 : ; . : .
10 100 1000 10000 100000

Frequency [Hz]
Fig. 6. Power spectrum density of velocity at
x/c=0.3.

Fig.7 shows the time evolution of the calculated
cavitation shedding for ten snapshots of the typical
instants in a cycle. During this process, 7-2 to 7-5,
the cavity growth continues and the behavior of the
cavity seems to be stable. The length of the cavity
reaches the half of the chord and she becomes
thicker. At 7-6, at the middle of spanwise of the
hydrofoil, the re-entrant jet appears and produces a
noticeable effect on the cavity shape. The re-entrant
jet continuous moves to the leading edge and
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Fig. 7. Time evolution of the cavitation shedding.

destroy the interface between the vapor and the
hydrofoil wall (Fig. 7-7 to 7-9), after the
development of the re-entrant jets at the closure
region, the main sheet vapor is split into a small
sheet vapor. The shed cavitation cloud is advected
downstream with the main flow and finally
collapses. (Fig. 7-10 and Fig.7-1). The leading edge
of the hydrofoil is now free of vapor and a new
vapor sheet starts to grow. This process is repeated
continuously.

For describe the mechanism of the cavitation
shedding, we present in Fig. 8 the pressure gradient
distribution on the x direction and the cavity shape
for one cycle.

At time 1, a negative pressure gradient is located at
the nose of the hydrofoil which cause a depression
in the extrados of this one, allowing the sheet cavity
to starting to grow at the leading edge of the
hydrofoil. The shed vapor cavity, extracted from the
previous cycle, is convected at the middle of the
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hydrofoil, we can highlight the dominance of the
negative pressure gradient at the front of the shed
vapor cavity compared to the positive pressure
gradient, hence we can justify the displacement and
the rotation of this one to the trailing edge.

From time 2 to 4, the shed vapor cavity collapses at
the trailing edge of hydrofoil, this is due to the
liquid pressure. The sheet cavity continues to grow
and reached its maximum length and she becomes
thicker.

As the pocket cavitation becomes thick, it will
cause a flow separation in the closure region of the
main cavity. This is noticeable in the pressure
gradient, a positive pressure gradient at the end of
the pocket will favor the development of re-entrant
flow (at time 5 and 6). We note also the small
vortical flow at the closure region of the cavity.

The high positive pressure gradient leads to the
formation of the re-entrant jet, which travels
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Fig. 8. Time evolution pressure gradient on x direction [kg m=2 s?] and the cavitation shedding for
onecycle.

upstream along the surface of hydrofoil. It causes the
rupture of the interface between the vapor pocket and
the hydrofoil. It split and fragment the main cavity
vapor into a small sheet (from time 6 to 8).

In time 9 and 10, a maximum pressure gradient just
after the collapse at the leading edge of the
hydrofoil is observed. After the detachment of the
cavity vapor, the leading edge of the hydrofoil is
free of vapor and a new vapor sheet starts to grow.

To identify numerically the influence of the
pressure fluctuation due the cavitation shedding, we
have placed five tap pressure at x/c=0.1; x/c=0.3,
x/c=0.5; x/c=0.7 and x/c=0.9 from the leading edge
on the suction surface (see Fig.9).

In Fig; 10, for the position x/c=0.1 the fluctuation of
the pressure reach 5 bar during the collapse of the
vapor cavity. For the position x/c=0.3 to x/c=0.7,
we observe the progressive evolution of the
amplitude pressure, this can be explained by the fact
the development of the re-entrant jet which cause
this signals.

The attenuation of the pressure fluctuation is
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remarkable from the leading edge to the trailing
edge of the hydrofoil. It is evident that for the
position x/c = 0.7 is the closed region of the main
cavity. Cons by, for x/c= 0.9, the pressure
fluctuations is reduced substantially, this is due to
the attachment of the flow on the surface of the
hydrofoil.

40 _I I I L T I I T I I T I T I_
_xf ]
i We=10% we=30% ., _ ]

E i "c‘.“f" We=T0% 1
= o} \———\\__ ‘“1@ -
>- | .
-20 n i
-I l L 1 L L I L L L L I-

50
X [mm]
Fig. 9. Localization of the point tap.

We present in Fig. 11 the variation of the lift and
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drag coefficients and the volume of vapor for one
cycle only.

3.0x10° T T T T T

P9
2,5x10° 8

2.0x10° g
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Pressure [Pa]

1.0x10" ~ -
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Fig. 10. Evolution of the pressure on extrados of
the hydrofail.

0.2

Vvap

0.25

o 0.02
o] L

0.00

-0.02 - . ) N . ) -
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Fig. 11. Impact of developments of the vapor
pocket on the drag and lift coefficient.

Referring to Fig.11, we note that the lift coefficient
increases in parallel with the development of the
vapor pocket on the upper surface of the hydrofoil.
As the vapor pocket reaches the half the chord. The
pressure within this pocket is equal to the saturation
vapor pressure p, , this causes an acting pressure

gradient in Y axe, causing the increase in lift force.

In order to analyze the effect of the cavitation
pocket on the separation of the flow, we present in
fig. 12 two flow configurations (at the top without
cavitation and at the bottom with cavitation). It is
clear that the presence of the vapor pocket causes
the separation of the flow. The attachment of the
flow is localized in the closure region which is
highly irregular and unsteady.

This process can be explained by the fact that the
cavitation pocket accelerates the transition of the
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laminar boundary layer to the turbulent boundary
layer. On the other hand, if the same flow
conditions are adopted without the presence of
cavitation, it is emphasized that the boundary layer
remains laminar until it reaches the trailing edge.
Thus, the flow will remain attached to the wall of
the hydrofoil.

How
divefinn

AN

Flew Vipor Pockel |

dirnction

l_,.

Fig. 12. Separation, attachment of the flow and
the streamline (in blue color) over the hydrofail,
at the top without cavitation and at the bottom
with cavitation.

Vortex shells produced by the cavitation shedding
can be visualized as a positive isosurface of Q-
criterion. This isosurface with positive Q isolates
areas where the strength of the rotation overcomes
the strain, thus making those surfaces eligible as
vortex envelopes. The expression of the Q is
defined as :

!
Q0 :E(QUQU‘ -8, (16)

)
where

Q[j :(u,~ 7uﬂ»)/2 and Sij :(“ij +“ji)/2~

A positive value means the strength of the local
rotations overcomes the local strain. Although the
parameter used in the Q-criterion is still essentially
the vorticity, this treatment of the Q-criterion
eliminates the effect of the vorticity resulting from
the boundary-layer flow where the local strain
predominates.

The formation and development of the attached
cavity and the shedding and collapse of the
cavitation cloud can both be captured the iso-
surfaces of both the Q-criterion and the vapor
volume fraction.

However, a much more complex 3D structure can
be obtained using the iso-surface of the Q-criterion
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Fig. 13. Interaction of the flow structure and cavitating shedding.

than from the vapor volume fraction. Since the
cloud cavity shedding is quite complex, the Q-
criterion more accurately reflects the structure of
the cavitation pattern. Since the Q-criterion
accurately represents the relative magnitudes of the
local rotation and the local strain or the vorticity
distribution, the Q-criterion indicates a close
connection between the vorticity and the cavitation.

Figurel3, shows the evolution of the -cavity
shedding cycle and her impact on the structure of
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the flow, colored according to the liquid velocity.

The vortex stretching mainly occurs in the center of
the cloud cavity and changes quasi-periodically as
the cloud cavity evolves. Not only is the distribution
of the vortex stretching term strongly dependent on
the cavity evolution, but also its magnitude.

Referring to Fig.13-1 to 13-4, the previously shed
cavity cloud has caused the production of a high
magnitude of the vortex stretching term vorticity in
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the middle of the chord, the iso-surface of the
criterion visualize the onset of the large flow
structure with a high turbulence ratio. In this phase,
the transfer and the destruction of the large structure
to into a small structure Recognized as the energy
cascade. The manifestation of the vorticity is well
illustrated in Fig.13-5 and 13-6.

The magnitude of the vortex stretching close to its
minimum and the vortex stretching is mainly near
the rear of the foil. However, the distribution is
quite different at where the vortex stretching covers
nearly all of the suction side and at the same time
the attached cavity is cut off near the leading edge
by the re-entrant jet that induces the dramatic
shedding of the cavitation cloud (from Fig.13-7
to13-10).

The numerical results indicate that the cloud
cavitation is responsible for the production of the
vortex stretching term.

Overall, the present simulation clearly reproduces
the cavitation patterns and their evolution around
the NACAO0009 hydrofoil and captures the
behaviors of the re-entrant flow well and shows a
good agreement with experimental.

5. CONCLUSION

The unsteady cavitating flow around a NACA0009
hydrofoil was investigated numerically suing LES
coupled with the Kanfoudi cavitation model.

The mechanisms dictating the complex flow
behaviors and the cavitation shedding dynamic
evolution with the cavitation-vortex interaction
were examined and summarized.

The vortex structure around the cavitating hydrofoil
has been analyzed using Q-criteron variable.

The numerical results indicate that the cloud
cavitation is responsible for the production of the
vortex stretching term. The numerical results of the
cavitating flow features are well reproduced by the
numerical model r and the main conclusions are:

1. The LES detected and resolved the flow
structures which is responsible of the
production of the pressure positive gradient
which induces the re-entrant jet.

The dynamics of sheet cavitation generate
strong pressure pulses due to the collapse of
shed vapor structures. Within experiments, it
is a difficult task to visualize these pressure
pulses and the associated unsteady loading of
the hydrofoil. In the present numerical results
for cavitating flows these pressure pulses are
predicted in detail.

The numerical model accurately predicts the
formation of cavitation, with characteristic
behavior, such as the cyclic formation of a
sheet cavity, the formation of the re-entrant jet
and the shedding of a vapor cloud;

the numerical results confirm the ability of the
present model to predict the unsteady loading
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of the hydrofoil due to the dynamics of the
cavitating flow and due to the collapse of shed
vapor structures;

Further analysis of the flow structure
demonstrates that there is strong vortex-
cavitation interaction with the shedding vapor
cloud and the vortex stretching.
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