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Large eddy simulation of turbulent attached cavitating flow with special
emphasis on large scale structures of the hydrofoil wake and turbulence-cavita-
tion interactions’
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Abstract: In this paper, the turbulent attached cavitating flow around a Clark-Y hydrofoil is investigated by the large eddy simula-
tion (LES) method coupled with a homogeneous cavitation model. The predicted lift coefficient and the cavity volume show a
distinctly quasi-periodic process with cavitation shedding and the results agree fairly well with the available experimental data. The
present simulation accurately captures the main features of the unsteady cavitation transient behavior including the attached cavity
growth, the sheet/cloud cavitation transition and the cloud cavitation collapse. The vortex shedding structure from a hydrofoil
cavitating wake is identified by the Q -criterion, which implies that the large scale structures might slide and roll down along the

suction side of the hydrofoil while being further developed at the downstream. Further analysis demonstrates that the turbulence level

of the flow is clearly related to the cavitation and the turbulence velocity fluctuation is much influenced by the cavity shedding.
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Introduction

The cavitation involves a very complex two-
phase flow. It can have negative impacts on the hy-
draulic machinery such as through vibrations, erosions,
noises and performance break-down''". Therefore, it is
necessary to investigate its physical mechanism for
controlling cavitation in engineering applications.

The fundamental physics of the cavitation pheno-
menon was widely studied. Much attention was paid
on the evolution of both sheet and cloud cavitations on
the hydrofoil. The typical quasi-periodic phenomenon
was a focus, including the sheet cavitation inception,
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growth and shedding”™. Li et al.”! reproduced the
quasi-periodic phenomenon by using the large eddy
simulation (LES) method and the VOF model. The
VOF technique is widely used for the simulation of
the free surface flow'®. The cavity interface can be pre-
dicted accurately!”. Gnanaskandan and Mahesh'™ stu-
died the sheet to cloud cavitation transition over a
wedge. It is found that the frequency of the shedding
process obtained by the LES is in good agreement with
that of the experiments. These studies show that the
recent methods can accurately capture the detailed fea-
tures of the cavitation. Studies about the sheet to cloud
cavitation show that the re-entrant jet is a very impo-
rtant source factor for the cavity shedding. Le et al.”’
studied partial cavities. They observed that the cavita-
tion periodic shedding was closely associated with the
re-entrant jet. Pham et al.'® confirmed the conclu-
sions of Le et al.”’? by analyzing the frequencies of the
re-entrant jet surges and the cloud shedding. Recent
studies confirm that the re-entrant jet is the main cause
for the development and the shedding of the attached
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cavity™™. The studies of the cylindrical objects!"), the
head- form body!'? and others!*"*! demonstrate that
the re-entrant jets are responsible for the cavity she-
dding.

The unsteady cavity shedding often involves a
complex cavity vortex structure. Therefore, the cavita-
tion-vortex interactions are important research issues.
Gopalan and Katz'® demonstrated by means of the
PIV and the high speed photography that the collapse
of the vapor cavity in the downstream region was
mainly responsible for the generation of the vortex.
The LES method is a useful tool to reproduce the un-
steady cavitating flow, with great advantages in accu-
rately capturing the complex Vortex structures. It was
firstly proposed by Smagorinsky , and now it is
widely applied for the simulations"™®'"). Roohi et al.”
combined the 2-D LES with the VOF and the cavita-
tion model and showed that it was useful to simulate
the shape of the cloud cavity and its dynamics. Ji et
al.'"*! and Luo et al.”” studied the 3-D cavitation and
vortex structures based on the LES around a twisted
hydrofoil. Ji et al.”" indicated that the mass transfer
along the cavity surface induces an increase in the
vortex dilatation. They found that the baroclinic torque
term is important along the liquid-vapor interface but
has a negligible effect inside the attached cavity re-
gion. Dreyer et al.**! studied the tip leakage vortex on
a NACAO0009 hydrofoil using the stereo-PIV. The
results revealed that it is prone to generate the cavita-
tion when the vortex length is the maximum. All these
studies have enhanced the understanding of the cavita-
tion-vortex interactions, but the large scale vortex stru-
ctures remain a difficult issue. More recently, Peng et
al.) performed a series of experimental observations
around hydrofoils in the cavitation tunnel. They obse-
rved that the U-type flow structures were common in
cloud cavities. The side reentrant jets were identified
as the main cause of the sheet cavity shedding and the
formation of the U-type vortex structure was contro-
lled in the cloud cavitation, which used O - criterion*"

to visualize the vortex structure evolution in numerical
results. This helps us gain a deeper understanding of
the cavitation shedding dynamics and cavitation-vor-
tex interactions.

Besides these fundamental studies of the dyna-
mics of the sheet and cloud cavitation and the cavita-
tion-vortex interactions, various kinds of cavitations
were also studied, among others, the cavitating flows
around a semi-circular leading-edge flat plate™™, the
axisymmetric projectile®, the 3-D hemispherical
head-form body"'*!, and behind a 3-D disk*"! by nume-
rical and experimental methods. Wang et al.*® studied
the effect of free surface on the unsteady behavior of
the cloud cavity. They found that the cavity evolution
was remarkably different when the axisymmetric pro-

jectile was near the free surface. Park and Rhee*”
performed a comparative study of incompressible and
compressible flow solvers for the cavitating flow. They
concluded that the compressibility effects can enhance
the reproduction of the cavitation. Various features of
the cavitation at different cavitators are thus revealed,
and the understanding and the ability to control and
utilize the cavitation are enhanced.

The pressure and velocity fluctuations were also
attracted some attention. Chen et al.”” found that the
pressure fluctuations are closely related to the transie-
nt cavitation behaviors, and they are excited by the
acceleration due to the changes in the cavity volume.
Ji et al.”Y illustrated the relationship between the cavi-
tation evolution and the pressure fluctuations by analy-
zing the cavity volume fluctuation. They came to a
similar conclusion that the cavity volumetric accelera-
tion is the main source of the cavitation excited pre-
ssure. Huang et al.”’? introduced a filter-based corre-
cted model. They found that the transient cavitation
behaviors significantly enhanced the turbulence velo-
city fluctuations to induce a thicker turbulence boun-
dary layer. More researches show that the streamwise
Velocn;/ fluctuations generally are dominant inside the
cavity”’], and the streamwise and spanwise fluctuatio-
ns are echally important at the cavity closure and in
the wake'™. The turbulence-cavitation interactions con-
tinue to attract many research interests, but their me-
chanisms remain not well understood™* 3]

Although a great progress has been made on the
cavitating flow and the cavity vortex structures by
both numerical and experimental methods, the large
scale structures in the hydrofoil wake are still a worth-
while topic. Furthermore, the turbulence-cavitation in-
teractions remain elusive due to the unsteadiness and
the complex flow structures. This paper studies the
cavitating flow around a Clark-Y hydrofoil by investi-
gating the turbulent attached cavitating flow with a
special emphasis on the large scale structures in the
hydrofoil wake and the turbulence-cavitation intera-
ctions with the LES approach.

1. Cavitation model and numerical methods

The LES method is employed in this paper to
solve the unsteady Navier-Stokes equations coupled
with a mass transfer cavitation model. The main fea-
tures of the solver are as follows.

1.1 Physical cavitation model

Schnerr and Sauer”® developed the cavitation
model adopted in this paper to describe the mass tran-
sfer through the interface of the vapor and the liquid.
The cavitation model is described by the follow equa-
tion
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