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a b s t r a c t

To explore the effect of hydrophobicity on cloud cavitation, the behaviors of cloud cavitation over the
Clark-Y hydrofoil under various slip condition were investigated. Large eddy simulation (LES) was used
for the turbulence model. The mass transfer model, which was considered to be a two-phase mixture
flow, was used for the vaporization and condensation processes in the transport equation. The volume
of fluid (VOF) scheme was used to track the interface of the dispersed phase by using the local volume
fraction. Slip strength was controlled using the friction coefficient. The cavitation model in this study
agreed with experimental and previous numerical studies. The results show that as the slip strength grew
stronger, the friction drag was reduced; the cavity became longer and the shedding frequency decreased.
For this reason, cloud cavitation is stabilized in condition of strong slip strength. Thus, a relatively weak
re-entrant jet occurs in conditions of strong slip strength which gives rise to small amount of vapor shed-
ding at the closure. This means that cloud cavitation instability was alleviated as the hydrophobicity
increased.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Cavitation is a general phenomenon of fluid mechanics that is
generated from pressure and velocity fluctuations in the fluid. It
usually occurs when the pressure in a certain area drops below
the vapor pressure. Cavitation can appear in a wide variety of pro-
pulsion systems such as pumps, marine propellers and hydrofoils.
Many investigators have studied numerous aspects of cavitation
over the last several decades [1,2]. However, cavitating flow,
including turbulence and multi-phase flow with phase change, is
complex and unsteady. Hence, the mechanism behind cavitating
flow has not been yet fully understood.

For a given Reynolds number and incidence angle, incipient cav-
itation, sheet cavitation, cloud cavitation and super-cavitation
appear in response to the cavitation number [3]. Above all, unde-
sirable effects caused by the violent and catastrophic collapse of
cavitation bubbles in cloud cavitation are more serious than the
effects of other cavitation regimes, and result in the production
of noise as well as the possibility of material damage to nearby
solid surfaces [1]. Accordingly, cloud cavitation behaviors are con-
sidered an important part in cavitation instability.

To model cavitation phenomena, multiphase flows and the
dynamics of change between the two phases need to be consid-
ered. For these, it is important to choose the appropriate mass

transfer model, also called the cavitation model. Over the past
few decades, a number of cavitation models have been developed
by many investigators [4–8]. According to Senocak et al. [9], the
Kunz model accurately predicts the cavities. Roohi et al. [10] com-
pared the Kunz model with the Sauer model and showed that the
Kunz model is superior to the Sauer model for cloud cavitation.
Therefore, we employed the Kunz model.

It is widely known that the important factors influencing cavita-
tion development around a hydrofoil are fluid conditions, foil shape
and surface characteristics. While most of the cavitation studies
have focused on the influence of fluid conditions [2,3,11] and foil
shape [12–14], studies on the influence of surface characteristics
are rather scarce. In previous cavitation studies, the hydrophobicity
of a solid surface was generally thought to play an important role in
cavitation development [15]. Leger et al. [16] observed cavitating
flows on smooth surfaces with both hydrophilic and hydrophobic
conditions. They showed that for the hydrophobic surface the dis-
tance between the position of the boundary layer separation and
the cavity detachment became smaller as the Reynolds number
grew larger. Bremond et al. [17] performed an investigation on the
presence of gas on flat and smooth hydrophobic surfaces lying
underwater. They determined that the nucleation of bubbles takes
place on an initially smooth surface for much smaller negative pres-
sure than the pressure threshold of water rupture. Kawakami et al.
[18] revealed remarkably different cavity shedding appearances
and behaviors for a cavitating NACA0015 foil between three
different water tunnels. They argued that surface effects could have
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a significant influence on the fully wetted time during cavity shed-
ding. However, the results of most research conducted so far do
not agree and the mechanism of cavitation remains an open ques-
tion. Although there has been significant interest in the use of
hydrophobic surfaces for cavitation studies, insufficient numerical
studies have been conducted.

The objective of this study is to explore the behavior of cloud
cavitation on hydrophobic hydrofoils and to establish the depen-
dence on the slip strength as illustrated in Fig. 1. The cloud cavitat-
ing flow around a Clark-Y hydrofoil at a specific incidence angle
and cavitation number was investigated. For hydrophobic surfaces,
a slip boundary condition on the hydrofoil surface was applied. It
has been proven by many investigators that liquid–solid interac-
tions vary differently depending on the degree of hydrophobicity
[19]. Thus, we compared the behaviors of cavitation under differ-
ing slip strength conditions. Simulation results, including cavitat-
ing structures and dynamic characteristics were used to study
the influence of hydrophobic surface on cloud cavitating flow.

In this paper, we used an incompressible large eddy simulation
(LES). The flow was considered to be single fluid and multiphase
mixture. The volume of fluid (VOF) method was used to investigate
the phase interface, and the mass transfer model was used to
represent the vaporization and condensation processes in the
transport equation. The governing equation of the model was dis-
cretized by a cell-centered finite volume method. In the following
sections, we describe the mathematical model, followed by the
numerical methods and the solution strategy including the compu-
tational domain, boundary conditions and specific properties. For
model validation, the verification test was reported. The numerical
results were described, followed by the concluding remarks.

2. Computational methods

2.1. Large eddy simulation (LES)

In LES, the large unsteady turbulent motions are directly repre-
sented, whereas the effects of smaller scale motions are modeled

[20]. In comparison with the Reynolds-averaged Navier–Stokes
(RANS) method, transient flow structures are naturally and consis-
tently formed in LES. When modeling cavitation phenomena, this
characteristic of LES is significant in order to properly predict
mechanisms of cavitation dynamics such as the formation process
and shedding. For incompressible flow, the governing equation of
LES can be expressed as:

@q
@t
þr � ðq�vÞ ¼ 0; ð1Þ

@ðq�vÞ
@t

þr � ðq�v � �vÞ ¼ �r�pþr � ð�s� rÞ;

where the over-bar (–) denotes filtered components. r ð¼ 2ltSÞ is
the viscous stress tensor, where the rate of strain tensor is
expressed as S ¼ 1

2 ðrv þrvTÞ, and lt is the subgrid scale (SGS)
eddy viscosity. In this study, the SGS eddy viscosity is defined as
lt ¼ CDk1=2, where C is a model constant and k is the subgrid kinetic
energy, and is called the ‘‘one equation SGS’’ model.

2.2. Multiphase flow modeling

In this study, we considered a ‘‘two-phase mixture’’ approach
that uses a local vapor volume fraction and a transport equation
with source terms for the mass transfer rate between the two
phases:

@c
@t
þr � ðcvÞ ¼ _m: ð2Þ

Density and dynamic viscosities of the mixture are expressed by
the vapor volume fraction, c:

q ¼ cqv þ ð1� cÞql; ð3Þ

l ¼ clv þ ð1� cÞll;

where q is density, l is viscosity and the subscripts v and l indicate
‘‘vapor’’ and ‘‘liquid’’, respectively.

Fig. 1. A schematic of the objective of this study.

592 J. Kim, J.S. Lee / International Journal of Heat and Mass Transfer 83 (2015) 591–603



Download English Version:

https://daneshyari.com/en/article/657211

Download Persian Version:

https://daneshyari.com/article/657211

Daneshyari.com

https://daneshyari.com/en/article/657211
https://daneshyari.com/article/657211
https://daneshyari.com

