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Abstract: The unsteady cavitation evolution around the Clark-Y hydrofoil is investigated in this paper, by using an improved
filter-base model (FBM) with the density correction method (DCM). To improve the prediction accuracy, the filter scale is adjusted
based on the grid size. The numerical results show that a small filter scale is crucial for the unsteady simulations of the cavity
shedding flow. The hybrid method that combines the FBM and the DCM could help to limit the overprediction of the turbulent
viscosity in the cavitation region on the wall of the hydrofoil and in the wake. The large value of the maximum density ratio

o/p, olip Promotes the mass transfer rate between the liquid phase and the vapor phase, which results in a large sheet cavity length

and the vapor fraction rise inside the cavity. The cavity patterns predicted by the improved method are verified by the experimental
visualizations. The time-average lift, the drag coefficient and the primary oscillating frequency St for the cavitation number

o =0.8, the angle of attack, o =8", at a Reynolds number Re=7x10’ are 0.735, 0.115 and 0.183, respectively, and the
predicted errors are 3.29%, 3.36% and 8.93%. The typical three stages in one revolution are well-captured, including the initiation of
the sheet/attached cavity, the growth toward the trailing edge (TE) with the development of the re-entrant jet flow, and the large scale
cloud cavity shedding. It is observed that the cloud cavity shedding flow induces the vortex pairs of the TE vortices in the wake and
the shedding vortices. The positive vorticity vortex of the re-entrant jet and the TE vortices interacts and merges with the negative
vorticity vortex of the leading edge (LE) cavity to produce the shedding flow.
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Introduction

Cavitation occurs when the pressure is decreased
below the vaporization pressure of the liquid. Cavita-
tion often leads to erosion damage, noise, vibration
and hydraulic performance deterioration due to its hi-
ghly unstable behavior''. In order to control the da-
mage induced by cavitation on hydraulic machinery, it
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is very important to study the mechanism of the un-
steady cloud cavitation.

To improve the understanding of the complex ca-
vitating flows, many experimental and numerical in-
vestigations were conducted for the cloud cavitation,
especially, for the hydrofoils. Wang et al.®! and
Matsunari et al.*! investigated the hydrofoil Clark-Y
in different stages of the cavitation flow field using
the high speed photography and the laser doppler ane-
mometer, and also observed the U-shaped cavity stru-
cture. Leroux et al.” studied the local instability and
the characteristics of the cloud cavitation by emplo-
ying the pressure sensors along the suction side of the
hydrofoil, and measured the lift and drag coefficients
and captured pictures at the transient instants. It is wi-
dely believed that the cavity instability originates from
a process involving the growth of the re-entrant jet,
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the cavity cloud shedding, and a shock wave pheno-
menon due to the collapse of a large cloud cavitation.
Callenaere et al.'”) experimentally investigated the in-
stability of a partial cavity induced by the developme-
nt of a re-entrant jet on a diverging step. The results
suggest that the adverse pressure gradient and the ca-
vity thickness are critical to the re-entrant jet instabi-
lity.

It is well known that the cavitation model and the
turbulence model are essential parts in simulating the
cavitating flows. The homogeneous cavitation models
based on the Reyleigh-Plesset equation including the
Singhal model, the Zwart-Gerber-Belamri model and
the Schnerr and Sauer model, are mostly used and va-
lidated by modeling the cavitating flows in hydrofoils,
propellers and pumps™. Recently, in the cavitation
simulation, the turbulent viscosity overestimation for
the cavitating flows by using the Reynolds averaged
Navier-Stokes (RANS) method has attracted much
attention, and it was confirmed by many studies®”’
based on the original RANS turbulence models. To
improve the prediction accuracy, the large eddy simu-
lation (LES), the direct numerical simulation (DNS),
and the lattice Boltzmann method (LBM) might be
used to model the unsteady cloud cavitation and they
can offer convincing time-dependent results. However,
the high demand for the grid density, especially, in the
boundary layer and the computational cost make them
unpractical in most industrial applications.

In recent years, hybrid models provide a solution
for the overpredition of turbulent viscosity in the cavi-
tating flow. The partial averaged Navier-Stokes
(PANS)!'*'!J s a hybrid of the DNS and the RANS, in
which the key is to determine the ratio of the unreso-

lved-to-total kinetic energy, f,, and the ratio of the
unresolved-to-total dissipation, £, !'*l Johansen et

al.l'"¥ proposed a filter-based model (FBM) combining
both the standard k-& and one equation LES! by
introducing a filter scale. Unlike the LES and DES,
the filter in the FBM is not related with the grid scale,
which makes the grid independent simulations possi-
ble. In addition, another way to tackle the deficiency
in predicting the cavitating flows is the density corre-
ction method (DCM) proposed by Reboud™ and im-
plemented®® in the classic RANS models. This me-
thod can limit the turbulent viscosity in the vapor-li-
quid mixture region effectively.

Based on these ideas, with consideration of the
advantages of both the FBM and the DCM, this paper
proposes an improved FBM, coupled with the DCM
and the suitable maximum density ratio. The impro-
ved turbulence model is validated by the cloud cavita-
tion shedding flow around the Clark-Y hydrofoil as
compared with the experimental results. The Zwart-
Gerber-Belamri cavitation model is employed to com-
pute the mass transfer between the vapor and the

water. The effect of the maximum density ratio is ana-
lyzed to increase the prediction accuracy as well.

1. Numerical method and setup

1.1 Governing equations

In the vapor/liquid two-phase mixture model™?),
the fluid is assumed to be homogeneous, so the mul-
tiphase fluid components are assumed to share the
same velocity and pressure. The continuity and mo-
mentum equations for the mixture flow are as follows:

op, o) _
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ot ox, )
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ot ox, ox,
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where p, is the density of the mixture, u, is the in-
stant velocity in the direction i, p is the mixture
pressure, u, is the mixture laminar viscosity and g,

is the turbulent viscosity, which is obtained by the fo-
llowing turbulence model.
The mixture density p, , is defined as

pn=patp(-a) 3)

where p and o are the density and the volume fra-

ction, respectively. The subscripts v and / refer to
the vapor and liquid components, respectively.

1.2 Filter-based density corrected model

The original two-equation models may over-pre-
dict the turbulent viscosity in the cavitation region, re-
sult in an over-prediction of the turbulent viscosity,
and make the re-entrant jet to lose momentum and
thus make the jet unable to cut across the cavity sheet.
To improve the simulations by taking into account the
influence of the local compressibility effect on the tur-
bulent closure model, the DCM based on the local
mixture density was proposed by Reboud"®, and then
Coutier-Delgosha et al.”? and Dular et al.'” showed
that DCM could help to reduce the turbulent viscosity
inthe RNG £k -¢ turbulence model.

oo = 1(C, 22 )
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In this paper, the FBM!"*'® is used based on the
original RNG £k -¢ turbulence model. A filter-based
density corrected model that combines the advantages
of both the FBM and DCM models is proposed. A hy-
brid model for the filter function F and the DCM is
added in the turbulent viscosity equation to reduce the
turbulent viscosity and limit the overprediction of the
turbulent eddy viscosity in the cavitating regions on
the hydrofoil wall and in the wake!'*'®.

/’lt = C/J

't DCM_FBM

pkzF, F=min{f(n),c3lA } (6)
2 RANS

where [, =k’ /&. The filter size A is determined
by the local grid size. C,=0.085, C,=1.0.

When A > [;,\s» such as in places very near the
wall where the local mesh size is much greater than
the turbulence length scale, Eq.(6) yields x4, =

JS()C, pk* /&, that is, the RNG k - & model with the

DCM is recovered. When A </, > Such as in places
away from the wall where the local mesh size is sma-
ller than the turbulence length scale,

H I+ DCM_FBM

C,C,(Pk* 1 8)(A/lyuys) > the FBM ensures that the

turbulent viscosity is not increased beyond the RANS
value. It was confirmed that the FBM model will help
to limit the turbulent viscosity in the wake of the hy-
drofoilm’lg], where the DCM is not effective in redu-
cing the turbulent viscosity because of the low vapor
volume fraction in the shedding cloud cavity. There-
fore, the FBM could improve the prediction of the ca-
vity shedding flow by allowing the cloud cavities to
properly shed and diffuse downstream.

1.3 Cavitation model

The cavitation model describes the mass transfer
between the liquid and the vapor. In the present paper,
the Zwart-Gerber-Belamri cavitation model is used,
which is derived from a simplified Rayleigh-Plesset
equation with neglect of the second-order derivatives
of the bubble radius'"®!. The vapor density is clipped
in a user-controlled fashion by the maximum density
ratio p,/p, ;, tocontrol the numerical stability and

accuracy. The maximum density ratio is used to clip
the vapor density for all terms except the cavitation
source term itself, which is the true density specified
as the material property.

The vapor volume fraction is governed by the fo-
llowing equations:
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where m is the cavitation source term, which controls
the mass transfer rates between the liquid and the
vapor. p;, p, and p, . are the liquid density, the

vapor density, and the clipped vapor density calcula-
ted according to the maximum density ratio. p, is the

saturated liquid pressure, p is the local fluid pressu-
re. F, and F, are empirical coefficients for the va-
porization and the condensation process. ¢, is the
non-condensable vapor fraction, and R, is the bubble
size. These empirical constants are set as F, =50,
F.=0.01, r, =5x10", R,=10"°m based on the

work of Zwart et al.[lsl, which were also validated in

. . 119
various studies'”.

No-slip
i‘-;: :‘ P Tydrofoil:no-slip 53
10¢
No-slip
Fig.1 Computational domain and boundary conditions
Table 1 Results of mesh independence study
Nods Cmax C C,
number
Coarse 1 30502 1.02 1.200 0.041
Refined 2 59 673 1.11 1.150 0.038
Refined 3 118 321 1.13 1.140 0.038
Exp. data® - 1.20 1.152 0.037

1.4 Computational domain, meshing and boundary

conditions

The experiment of the 2-D Clark-Y hydrofoil
with chord length ¢ =0.07 m, angle of attack a =8°,
was conducted by Wang et al.’) The computational
domain is shown in Fig.1, which is installed at the
same location in the water channel. The leading edge
is set as the origin of the coordinates. The distance be-
tween the upper wall and the bottom wall is 2.7¢
(chord length), the outlet is 10c away from the inlet
and the leading edge of the hydrofoil is 3¢ from the
inlet.
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Fig.2 The structural mesh around the hydrofoil

The medium is water and water vapor at 25°C.
The main boundary conditions are as follows: the inlet

velocity U, =10m/s, the corresponding Reynolds

number Re=7x10°, the low inlet turbulence intensi-
ty (1%), and the pressure outlet. No-slip wall is ado-
pted in the upper and bottom walls. The simulations
are conducted by using the CFD code ANSYS CFX.
The pressure-velocity direct coupling method is used
to solve the governing equations. The high resolution
scheme is used for the convection terms with the cen-
tral difference scheme used for the diffusion terms in
the governing equations. The unsteady second-order
implicit time integration scheme is used for the tran-
sient term. The unsteady cavitating flow simulations
start from a steady non-cavitation flow results. The
time step A7z =0.1ms is used for the revolution calcu-

lation. During the unsteady calculation, the converge-
nce in each physical time step is achieved through 4 to
10 iterations when the root mean square (RMS) resi-
dual is dropped below 10°.

The structural grid is established in the computa-
tional domain. A C-type block is used around the hy-
drofoil, considering the round shape in the head of the
hydrofoil and the sharp trailing edge. The lift coeffi-
cient and the drag coefficient are defined as:

F
= (10)
050U, cS
F
e (11)
050U, cS

where F; and F, are the lift force and the drag force

on the hydrofoil, respectively, S is the span of the
hydrofoil.

The mesh independence study is shown in Table
1. The results of the refined grid 2 with a medium
density grid are nearly the same as those of the refined
grid 3, and they agree well with the experimental resu-

Its. Thus, the refined grid 2 is used in this paper.
Figure 2 presents the overall mesh around the Clark-Y
hydrofoil and the local meshes near the leading edge

(LE) and the trailing edge (TE). The y" value on the

surface of the hydrofoil varies between 20-75 with an
average of 31, which satisfies the demand of the sta-
ndard wall function, and makes sure that the first node
is located higher than the logarithmic layer.

Table 2 Time-average lift and drag coefficients predicted
using different filter sizes

RNG FBM Exp.
k-¢ datal”
4.0L 20L 1.01L 0.70L

C, 0.693 0.702 0.719 0.735 0.738  0.760

¢, 0.109 0.112 0113 0.115 0.115 0.119

1.5 Effect of filter scale in FBM

The FBM combines the advantages of the RANS
and the LES, but it requires a reasonable filter scale
A . Tt is indicated in Eq.(6) that when the filter scale
A is too large, the FBM is degenerated into the
RANS, which makes the filter meaningless. When the
filter scale A 1is very small, the FBM is almost the
one-equation LES model, and the demand on the grid
number and the computational resource is increased.
In order to obtain a proper filter scale A, we make
tests of 0.7L, 1.01L, 2.0L, 4.0L in the FBM and
the RNG £k -¢ in the unsteady cavitation simulation
around the Clark-Y hydrofoil with a cavitation num-
ber o =0.8. The time-averaged lift and drag coeffi-
cients in 5 cycles are presented in Table 2. Both the
lift and drag coefficients predicted by 1.01L and
0.7L approach the experimental results. When the fi-
Iter scale is reduced to 0.7L, the predicted results tend
to be stable.

Thus, a proper filter scale is critical to the predi-
ction accuracy of the simulation. To some extent, a
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(a;) FBM
(a) 30%7T

(b;) MFBM

——

(b) FBM
(b) 90T

Fig.3 Comparison of cavity evolution computed using different turbulence models

smaller filter size can increase the FBM capacity to re-
solve vortexes in finer scales. However, the filter size
is also limited by the grid scale. In the present simula-
tions, the filter scale A=1.01L is used finally acco-
rding to the grid size.

2. Results and discussions

2.1 Density correction method based on FBM

In order to validate the improvement on the FBM,
the two turbulence models mentioned above are used
in the unsteady calculation of the cloud cavitation
around the hydrofoil, with a cavitation number o =
0.8. The predicted results are illustrated in Fig.3. As
the LES equation is used to resolve the fully develo-
ped turbulence near the wall of the hydrofoil and in
the wake, the cavity cloud shedding is observed in
both simulations. A significant difference is found of
the predictions of the vapor fraction inside the cavity
and the length of the sheet cavity.

0 20 40 60 80 100 120
'ms

Fig.4 Comparison of vapor volume in the whole computation
domain calculated by different models

To validate the effect of the DCM, the cavity vo-
lumes in the whole flow field calculated by different
turbulence models are calculated as shown in Fig.3, in
which the cavity volume V_, is defined as

cav

Vo =D 0V, (12)

where » is the number of the grid elements, ¢, is the
vapor volume fraction of every element, V; is the vo-

lume of each element. Three cycles of the cavity volu-
me variation are shown in Fig.4. The time-averaged
cavity volume obtained by the MFBM is about 3 times
as that obtained by the FBM, as is evident in the dis-
crepancy presented in Fig.3.

Figure 5 shows the turbulent viscosity distribu-
tion calculated by different turbulence models. The
original RNG k-& model overpredicts the turbulent
viscosity in the cavity regions, which would hinder the
sheet cavity fracture and the cloud cavity shedding. As
mentioned in Section 1.2, the FBM model can solve
the overprediction problem of the turbulent viscosity,
especially in regions with large turbulence scales.
Based on Eq.(6) of the FBM, the flow field with a
large turbulence scale is simulated by using the LES
single-equation, which predicts a more reasonable tur-
bulent viscosity. However, the FBM model still has
some limitations, e.g., in the small-scale turbulent re-
gion and the near-wall region, it turns into the RNG
k - & model, which means that the traditional two-
equation turbulence model is used for the simulation
without taking into account the compressible effects
of the vapor-liquid region. To solve this problem, the
DCM is applied in the FBM. The FBM combined with
the DCM could predict a reasonable distribution of the
turbulent viscosity as shown in Fig.5(c). The predicted
unsteady features of the cloud cavitation also agree
well with the experimental visualizations in the follo-
wing simulations.

2.2 Effect of maximum density ratio
In order to ensure that the simulation is stable,
the maximum density ratio p,/p, ., is introduced to
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Fig.5 Distributions of turbulent viscosity calculated by different turbulence models, Re=7x10°, a=8°, c=0.8
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Fig.6 Experimental sheet cavity patterns (Re=7x10°, a=8°, o =1.4). The arrow indicates main flow direction
control the vapor density. The vapor volume fraction where p, is calculated based on the maximum den-

v,cli
is controlled by ’

sity ratio p,/ p, ,;, - Note that the genuine physical gas

v,clip

5Pv,cnpav . o( pv,clipavuj) . density is used in the cavitation source term m .
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ot axj (13)
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Fig.7 Predicted cavity patterns and local velocity vector distributions with different o,/ p, ,;,. Re=7x 10°, a=8°, =14

Pocip = P! P,/ P P aipp, 18 substituted into
Eq.(11). So Eq.(11) can be written as

P
o(p,ou, i

op.a,  0PaY;) _ Py i (14)
ot ox; P
Py

Equation (12) shows that the cavitation mass
transfer rate (the right term) is strongly related with
the maximum density ratio. It was suggested in the

previous studies!'? that p, / P, also affects the com-

pressibility in the gas-liquid mixture region and the
gas-liquid transfer rate.

Figure 6 presents the experimental visualizatio-
I on the Clark-Y hydrofoil with the cavitation

number o =1.4, o =28". The sheet cavity is attached
on the suction side of the hydrofoil from the leading
edge to 0.4c . The body of the cavity is stable, but the
rear region of the sheet is unstable, with a 3-D nature,
and rolls up into a series of bubbly eddies that shed
intermittently.

In order to investigate the influence of the maxi-
mum density ratio, three values are tested in this paper.
They are 1 000 (the default setting in the CFX),
20 000 and 43 197 (the actual vapor-liquid density
ratio). In view of the fact that the sheet cavity is quasi
stable, the RNG £k - ¢ is employed here for the unstea-
dy simulation. The numerical results are presented in
Fig.7. A steady attached sheet cavity is obtained with
the default maximum density ratio 1 000, but the un-
stable circulation flow in region A is not observed.
The numerical results predicted by the maximum den-
sity ratio 20 000 and 43 197 include a quasi-unsteady
sheet cavity, with a clockwise vortex induced by the
interaction of the re-entrant jet and the main flow at
the closure of the cavity as shown in region A. Distur-
bed by the vortex, small bubble clusters shed from the
rear part of the cavity, which is consistent with the ex-
periment. So, a large p,/p, ;;, helps to increase the

ns®

mass transfer rate between the liquid phase and the
vapor phase, improving the vapor volume fraction of
the cavity body. With the increase of p,/p, 4, the

cavity length increases accordingly. The cavity length
is 0.24c when p,/p, ;, =1000, and is far from the

experiment observation of 0.4c¢ . It agrees with the re-
sult in literature[zo], which indicates that the default se-
tting value of p,/p, ,;, in the ANSYS CFX underesti-

mates the cavitation development. In addition, the ca-
vity length is approximately 0.42¢ for the maximum
density ratio of 20 000 or 43 197, which is almost the
same as the experimental result. In Table 3, the predi-
cted lift coefficients, the drag coefficients, the cavity
area, the cavity length are compared with experiment
results.

Table 3 Influence of different maximum density ratios on
the results of cavitation simulation

o1/ Py aip G C, Cavity Cavity
area/ length
10° m?

1 000 1.030 0.039 20.83 0.240c¢
20 000 1.095 0.043 29.48 0.416¢
43197 1.098 0.044 30.15 0.420c

Exp. data®  1.160 0.041 - 0.400c

In general, when the maximum density ratio is
equal to 20 000 or 43 197, the results are quite close.
However, it is confirmed that the results predicted by
the default value of 1 000 show a significant predi-
ction error compared with the experimental data. In
summary, the maximum density ratio has a major in-
fluence on the cavitation calculation. Although the de-
fault value 1 000 is beneficial for the convergence and
the numerical stability, in this paper, the maximum
density ratio p,/p, ,, =20000 is used in the follo-

v,clip

wing simulations.
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(a) Experiment (b) MFEM

Fig.8 Comparison of cavitation evolution in one typical cycle, Re=7x10", a=8", o=0.8

2.3 One cycle of cloud cavitation period is presented in Fig.8, in which the experimental
A comparison of the cloud cavitation evolution results are provided by Wang!".
obtained by experiment and simulation in one typical
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Fig.9 Time evolution of lift and drag coefficients in cloud cavitation

It is observed that the predicted cloud cavitation
assumes a distinct quasi-periodic pattern, the cavity
visualizations are made through the side view acco-
rding to 5%, 11%, 20%, 63%, 70%, 81%, 90% and
97% of each corresponding cycle. The period time 7T
of the cloud cavitation is estimated as 38.3 ms, which
is shorter than the experimental time 7 =40 ms. The

predicted patterns of every stage during the unsteady
cloud cavitation compare well with the experimental
visualizations, including the initiation of the attached
cavity, the growth toward the TE, and the subsequent
cloud shedding. As shown in Fig.8, first of all, the at-
tached sheet cavity is expanded up to the TE of the
hydrofoil at 5%T and at 20%T , followed by the
breakup near the LE due to the re-entrant jet at 63%7T
through 90%7 , and then a complete convection of the
cloud cavity into the wake is observed at 97%7T .

2.4 Unsteady behavior of cloud cavitation

The growth, the unsteady shedding and the colla-
pse of the cavity significantly influence the pressure
distribution on the suction side of the hydrofoil. Con-
sequently, the lift coefficients show a quasi-periodic
characteristics corresponding to the unsteady cavity
pattern. Three time-dependent revolutions of the lift
and drag coefficients obtained by experiment and si-
mulation are presented in Fig.9.

The predicted lift coefficient compares well with
the experimental data. However, the numerical results
fluctuate in a much larger extent. The lift coefficient
shows remarkable peaks and valleys, corresponding to
the collapse and the shedding of the bubble cloud. The
notable unsteady pressure fluctuation induces the
rapid changes of the lift coefficient. The experimental
results might be limited by the response frequency of
the pressure sensor. The lift coefficient shares the
same trend with the drag coefficient, suggesting a st-
rong correlation with the cavity shedding flow. The
time average predicted lift coefficient in the present
calculation is C, =0.735, which is 3.30% lower than

t'ms

the experimentally measured values of 0.760 and
0.119, and are more accurate than the RANS results.

LOr g .-0183 0vum)

S11=0.168 (Exp.)
0.8} " (Exp
% 0.6} Sp=0.365 (Mum.)
?s Sp=0.340 (Exp.)
Z 04
o
02F

0 025 050 075 1.00 1.25 1.50 1.75 2.00
St

Fig.10 Frequency spectrum of lift coefficient in cloud cavita-
tion

The predicted time-dependent lift coefficient is
processed by using the Fast Fourier Transformation,
so the spectrum of the lift coefficient is obtained as
shown in Fig.10. The main frequency is normalized
by the chord length ¢ and the upstream velocity U,

n°

St= f./U,, . So the predicted primary oscillating fre-
quency St, =0.183 compares well with the experime-
ntal value S7, =0.167. The primary frequency of the

hydrodynamic fluctuations is induced by the unsteadi-
ness of the cavity, and is in agreement with the cloud
cavity shedding frequency, as is verified in the present
simulations. The predicted second oscillating freque-
ncy St,=0.365 is also quite near the experimental

data Sz, =0.340. Besides, there exist frequencies with

high power density when the Strouhal number St
ranges from 0.4 to 1.0. These frequencies may come
from the instability of the vortex structures, which are
interacted with the unsteady cavitating shedding flow.

The variable lift coefficient has a close relation
with the evolution of the cloud cavitation. One typical
cloud cavitation period could be divided into 3 stages.
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Fig.11 Distributions of cavity pattern, vorticity and horizontal velocity at stage 1

According to the cavity patterns, the detailed analysis
is presented as follows.

2.4.1 Initiation and growth of the attached cavity

The first stage includes the initiation of the sheet
attached cavity, the growth to the TE and the collapse
of the cloud cavity in the previous cycle, in which 4
typical instants from # to ¢, are selected to see the
cavity patterns, the vorticity and the horizontal veloci-
ty as shown in Fig.11. Here, the vorticity @, is defi-

ned as
o, :@_a_u (15)
ox Oy

At 1, the low pressure at the head of the hydro-
foil produces an attached sheet cavity. At the same
time, a shedding vortex with a negative vorticity
(“-”SV) and the counterclockwise TE vortex with a
positive vorticity (“+”TEV) co-exit at the rear of the
hydrofoil, while the leading edge vortex in the sheet
cavity region has also a negative vorticity(“-”"LEV).
The lift coefficient drops at ¢, because of the collapse
of the TE vortex which induces a pressure decrease on
the surface of the hydrofoil. At #, and ¢,, the attached

sheet cavity continues to expand in length and thick-

ness. The lift coefficient reaches a local maximum as
shown in Fig.9, corresponding to the time when the
LE sheet cavity grows to the maximum at ¢, , covering

almost the whole suction side of the hydrofoil. This is
due to the high pressure wave caused by the collapse
of the main cloud cavity. It indicates that the cloud
cavity collapse process has a more severe impact on
the pressure coefficients than the TE vortex collapse.
The shedding vortex and the TE vortex also can be
identified by the horizontal velocity distribution, in
which it has a negative velocity in the opposite dire-
ction of the main flow. The vortex of negative veloci-
ty is mainly located in the vortex pair shedding region
in the previous cycle. Thus, when the cloud cavity
moves downwards and collapses, the size of the reve-
rsed flow region is decreased.

2.4.2 The development of re-entrant jet flow

The second stage is characterized by the intera-
ction between the re-entrant jet and the cavity vortices
as well as the cavity interface. The four typical insta-

nts from ¢, to ¢, are illustrated in Fig.12. When the
TE sheet cavity grows to the maximum size, the cavi-
ty interface becomes bubbly as shown in Fig.12 (z,).

At this time point, the adverse pressure gradient is st-
rong enough to overcome the weak momentum of the
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Fig.12 Distributions of cavity pattern, vorticity and horizontal velocity at stage 2

Shedding vortex (*-"SV )

Leading edge vortex (*-"LEV )

Fig.13 Vortex pairs induced by re-entrant jet and main flow

flow confined by the near-wall region, so the re-en-
trant jet forms and moves backwards from the TE to
the LE as shown in the right column of Fig.12, in
which the vortex with negative velocity near the wall
indicates the re-entrant jet. Affected by the re-entrant
jet, the vapor-liquid interface is extremely turbulent.
With the migration of the re-entrant jet towards the
leading edge, the sheet cavity is cut off into two main
cavities at f,, which are the stable LE attached sheet

cavity and the unstable detached cloud cavity vortex
(““”SV ) at the rear of the hydrofoil. Meanwhile, the
TEV also develops. When the local pressure inside the
TEV is lower than the saturated liquid pressure at ¢,
the TEV cavity appears. In this stage, the re-entrant jet
(REJ), the LEV and the TEV interact with each other,

\-“‘--._,_ Main flow
e -
8 Re-entrant jet (“+"REJT )

-
e

@*— TE vortex (“+"TEV )
——

-

e —————

inducing the fluctuation of the lift coefficient. As
shown in the middle column of Fig.12, the positive
vorticity of the TE in the wake of the hydrofoil is in-
centive to the formation of the TEV cavity. The she-
dding vortex (“-”’SV) with negative vorticity is driven
by the interaction between the re-entrant jet (“+”REV)
and the main flow as shown in Fig.13. The analysis
mentioned above indicates that there is a counter-rota-
ting vortex pair near the TE including a “-’SV and a
“+”REV. As shown in the right column of Fig.12, the
re-entrant jet moves backward to the LE along the sur-
face of the suction side, and interacts with the LE
sheet cavity.

To understand the cut-off of the stable attached
cavity, Fig.14 presents the distributions of the velocity
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vector and the pressure coefficient around the hydro-
foil at ¢,. The re-entrant jet plays an important role to

trigger the unsteady cavitation dynamics. The front lo-
cation of the re-entrant jet, where the local high pre-
ssure contributes to the condensation of vapor. This is
the key reason for the cut-off of the attached cavity.
However, the intensities of the re-entrant jets, which
can be identified by the maximum adverse velocities,
—7.04 m/s, —6.4 m/s, —6.09 m/s and —5.71 m/s respe-
ctively, from ¢, to # in the second stage, decrease
gradually because of the drop of the reverse pressure
gradient. At ¢, the re-entrant jet almost reaches the

LE, resulting in the decrease of the lift coefficient.
The shedding vortex (“-”SV ) and the LE vortex
(“+”TEV) are entrained by the main flow, which also
interact with the re-entrant jet (REJ). The vortex pair
sheds slowly and convects downstream.

Local high pressure

0 0.2 0.4 0.6 0.8 1.0

(b)
Fig.14 Distributions of velocity vector and pressure coefficient
around hydrofoil at ¢,

The distributions of the time-averaged horizontal
velocity u at three typical locations are shown in
Fig.15, where x is the distance to the LE and y is

the distance to the surface of the hydrofoil. The nume-
rically predicted velocity distributions compare well
with the experimental results . At x/c=0.4, the dis-
tribution of the time-averaged velocity shows a large
velocity gradient in the near-wall region, but the re-
entrant jet does not appear at this position. At x/c=
0.8, the time-averaged velocity near the wall is negati-
ve, indicating the appearance of the re-entrant jet.
With the increase of the wall distance, the time avera-
ged velocity approaches the main flow velocity. At
x/c=1.2,the y component of the time-averaged ho-

rizontal velocity varies greatly. It suggests that the

wake of “+”TEV interacts with “-”SV and has a large
velocity gradient near the TE of the hydrofoil, which
is also induced by the re-entrant jet.
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Fig.15 Time-averaged u - velocity at different locations
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Fig.16 Distributions of cavity pattern, vorticity and horizontal velocity at stage 3

2.4.3 Large scale cloud cavity shedding

Stage 3 mainly consists of the formation and the
convection of the cavity cloud. As shown in Fig.16,
the LEV, the SC, the TEV and the REV interact with
each other when the large cloud cavity mixture moves
downward and sheds. The re-entrant jet reaches the
LE of the hydrofoil at ¢,, eliminating the attached ca-

vity. At this time point, the cavity at the rear of the hy-
drofoil leaves the surface and sheds downstream in a
form of cloud cavity. The hydrofoil surface is free of
cavity, which is the main reason why the lift coefficie-
nt can reach the local maximum. From ¢, to ¢, the

lift coefficient drops immediately due to the shedding
of the cloud cavity. As shown in the horizontal veloci-
ty distribution in Fig.16, the decrease of the reverse
pressure gradient fails to overcome the momentum of
the main flow, in other words, the re-entrant jet starts
to shrink to the TE. At ¢, and ¢,,, the interaction be-

tween the SV and the TEV is observed, and followed
by the completely convection of the cloud cavity into
the wake. The development of the TEV expands the
positive vorticity region, the interaction between the
SV and the REJ contributes to the negative vorticity.
The vorticity of the LEV enhances and the LE cavity
appears again and begins to grow in the next cycle at
1.

In general, the strong correlation between the
vorticity and the cavity shape is observed from the
comparison of the contours of the vapor volume fra-
ction and the vorticity in Figs.9-11. The re-entrant jet,
which plays a significant role in the evolution of the
cloud cavitation, induces the counter-rotating vortex
pair including “-”SV and “+”TEV, which are merged
into the large-scale cloud cavity. Finally, it sheds and
collapses in the wake of the hydrofoil.

3. Conclusions

(1) An improved FBM model with the hybrid
method combining the filter-based model with the
density correction method is shown capable of limi-
ting the turbulent viscosity in the cavitating flow. To
improve the prediction accuracy, the effect of the filter
scale A is analyzed based on the grid scale, as well as
the maximum density ratio p,/p, ,, in the Zwart-

Gerber-Belamri cavitation model. The results show
that the large value of p,/p can increase the ca-

v, clip
vity length and the vapor fraction inside the cavity
around the Clark-Y hydrofoil. The predicted unsteady
features of the cloud cavitation in one cycle compare
well with the experimental visualizations. The predi-
cted time-averaged lift coefficient and drag coefficient
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as well as the Strouhal number are only 3.29%, 2.36%
and 9.58%, respectively.

(2) The predicted lift and drag coefficients show
a quasi-periodic variation, corresponding to three typi-
cal stages: (a) the initiation and growth of the attached
cavity, (b) the development of the re-entrant flow, (c)
the large-scale cloud cavity shedding. The unsteady
cavity patterns in one cycle are well-captured to see
the dynamics of the cloud cavitation.

(3) It is found that the shedding vortex TE with
negative vorticity (“-”’SV) and the counterclockwise
TE vortex with positive vorticity (“+”TEV) co-exit at
the rear of the hydrofoil during the cloud cavity she-
dding. This vortex pair is induced by the re-entrant jet
and the main flow. The positive vorticity vortex of the
re-entrant jet and the TE vortices interacts and merges
with the negative vorticity vortex of the LE cavity to
produce the shedding flow.
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