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Abstract: A finite volume, multiphase solver in the framework of OpenFOAM was used to calculate
the flow field of the cavitating flow over the Clark — Y hydrofoil. This solver used Transport Based E-
quation Model (TEM) to solve the liquid volume fraction, and utilized volume of fluid ( VOF) tech-
nique to predict the interface between liquid and vapor phases. The simulation was designed to study
the cavitation shedding and different fluid characteristics in the cloud cavitation regime when adopting
two different Large Eddy Simulation (LES) models, namely, one equation eddy viscosity ( oneEqEd-
dy) model and Smagorinsky model. It is shown that these two models can be used to study the cavita-

tion shedding dynamics and predict the velocity profiles.
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1 Introduction

Cavitation is usually defined as the breakdown of a
liquid medium under the saturated vapor pressure''’.
This dynamic process can be found in marine propel-
lers, pumps, hydrofoils and other hydraulic machine-
ries by observing the formation, growth and collapse of
vapor bubbles. A comprehensive understanding of the
cavitation shedding is of crucial importance to explai-
ning the vibration, erosion and power loss of hydraulic
machinery operating under cavitating conditions.

The sharp changes in the fluid density, and the
requirement of modelling phase change were the factors

]
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in numerical simulation of cavitation flows'>'. Accor-

ding to the assumption of a homogenous equilibrium

21 the vapor and liquid

medium proposed by JI et al
phases were considered as homogeneous mixture in or-
der to solve only one set of equations for the mass and
momentum. SAUER"' proposed the equations by ma-
king some improvements of the Rayleigh equation,
while MERKLE et al”’’ and KUNZ et al'® presented
semi-analytical equations.

The interface between liquid and vapor was

tracked by the volume of fluid ( VOF) method, in
which the volume fraction function y was defined”’.
Many researchers have used this method to capture the
cavity shape for its accuracy and robustness. For exam-
ple, PENG et al'® and BENSOW et al'” used the
VOF technology to simulate cavitation over hydrofoils

and propellers respectively.

The simulation was associated with the experi-
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ments conducted by WANG et al'"® | in which hairpin
type of counter-rotating vapor vortices were observed at
incipient cavitation, and large-scale vortex structure
and rear re-entrant jet were found at cloud cavitation.
HUANG et al'"', simulated the cavitating flow over
the Clark — Y hydrofoil with Partially Averaged Navier —
Stocks ( PANS) model and proved the consistency be-
tween the simulation and experiments. Meanwhile, JO-
HAN et al'™' discussed the cavitation dynamics by dif-
ferent cavitating numbers and cavitation models with
the same Large Eddy Simulation ( LES) turbulence
model. LES was based on resolving the large-scale ed-
dies while modelling subgrid-scales. Many reviews in-
dicated that both accurate discretization methods and
the subgrid-scale models were factors
in LES'"™/.

In the present study, a finite volume, multiphase

important

solver in the framework of OpenFOAM is also used to
calculate the flow field of the cavitating flow over a
Clark — Y hydrofoil by adopting two different subgrid-
scale (SGS) models, namely, one equation eddy vis-
cosity (oneEqEddy) and Smagorinsky in order to find

a suitable model.

2 Numerical models

2.1 VOF Model
In the paper, vy is the fraction of water volume,
v =0 denotes vapor and y =1 is liquid. Cells which lie
between 0 and 1 contain interface regions. This can be
written as' "’
0, Vapor phase
v(x,t) ={0<y<1, Liquid — vapor region (1)
1. Liquid phase
An improved version of " The Compressive Inter-
face Capturing Scheme for Arbitrary Meshes ( CIC-
SAM)" VOF technique'®’ is used in OpenFOAM,
which is defined as

%}+ V() +V - [vy(l-9)]=0, (2)

vc=min[C7|v|,max|v|:||4g;,Ll, (3)

where v is interface-compressive velocity, and C, is a

constant defining the intensity of the compression.

2.2 Transport based equation model
The mixture density p and the turbulent viscosity

w are defined, respectively, as follows

p=yp+(1-7)p,, (4)
w=yu + (1 =y, (5)
The transport equation for the phase change is
W, gyt .
FARRICORES (6)

The specific interphase mass transfer rate m in

Schnerr — Sauer Model is given as below

. 3p,01 2(p, -p)
m"=C,—y(l-y) [——,
R YUY 3,

o 3p,p, 2(p-p,)
m-=C,——y(l-y) [—F——
pR Y Y 3p,

where R is the radius of the bubbles,p, is the saturated

(7)

vapor pressure, C, and C_ are coefficients related to
. . . 14
processes of condensation and vaporization' ).

2.3 Large Eddy Simulation

The cutoff filter can be written as

b = Jd)G(x,x')dx. (8)
D
Applying the filter (8) to the Navier — Stokes
equations, the filtered equations are expressed as

%Jrv - (pv) =0, (9)

i(;t@w oy x¥) = —Vp+V - (s-B),
(10)

1 Ty . .
where D = ?( Vv + Vv') is the rate-of-strain tensor,

s =2uD is the viscous stress tensor, B = (vxv-vx
v) is the subgrid stress tensor and can be computed in
a wide variety of SGS models.

In Smagorinsky model and oneEqEddy model, the
filters are carried out implicitly with the filter width A
defined by the grid based on the assumption that the

deviatoric part of the subgrid stress tensor, B, = B —
2 L .
?kl and the deviatoric part of the rate-of-strain tensor

are aligned, such as that, B, ~ —2v,D""".

In Smagorinsky model v, is defined as

sgs
vsgs:CDA2|S|. (11)
In oneEqEddy model v, is modeled as v, =

C,AVk, with k being the solution of
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k>
A b
(12)

Y (k)= -B-3+7 - (v

ot sgs vk) _C&

where Cp,,C, and C, are model coefficients.

3 Mesh generation and calculation
conditions

As illustrated in Fig. 1, the computation domain
represents the test section part of the cavitation tunnel.
The two-dimensional Clark — Y hydrofoil was clamped
on both sides of the tunnel walls and certain cavitation
number can be reached by a regulation system. The
chord length of the hydrofoil is ¢ =0. 07 m and the at-
tack angle equals 8°.

Top

2.7¢

I

Hydrofoil
e

Pressure
outlet p =42.3 kPa

Velocity
inlet y_=10 m/s

I

Bottom

Fig.1 Geometry of computation domain

Structured grid was used in the whole domain and
the C-type meshes were generated near the wall of the
hydrofoil. The grid was created in ICEM software with
246 813 cells and then converted into the format for
that OpenFOAM. The meshes around the hydrofoil
were refined to ensure that the maximum value of y*
was less than one as shown in Fig. 2.
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~

0.4
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0

Fig.2 Refined meshes and y* around the hydrofoil

Two non-dimensional numbers, Reynolds number

(Re) and cavitation number ¢, define the calculation

condition.
Re="=° (13)
v
o=t "0 (14)
Ple
2

where u is the free stream velocity, v is the kinematic
viscosity of water at constant temperature of 293 K,p is
the density of water, and the saturated vapor pressure
of water p, equals 2. 34 kPa.

When decreasing the cavitation number, four dif-
ferent types of cavitation can be classified by the cavity
length and shape, in which cloud cavitation accompa-
nied by the highly unsteady trailing edge and vortex
shedding has been a hot topic in hydrodynamic field.
According to the experiments conducted by WANG et
al'" | cloud cavitation was formed when the Reynolds
number equals 7.0 x 10° and the cavitation number ¢
was 0. 8, therefore, we can have the calculation condi-

tions as described in Tab. 1.

Tab.1 Boundary conditions of the simulation

Patch Boundary conditions
Inlet Velocity inlet u, =10 m/s
Outlet Pressure outlet p, =42. 3 kPa
Top and bottom No slip
Front and back Empty
Hydrofoil No slip

The cavitation mass transfer model in numerical
simulations was Schnerr — Sauer. The only difference
between simulations was the application of oneEqEddy
subgrid-scale model and Smagorinsky subgrid-scale
model. The pressure implicit with splitting of operators
(PISO) algorithm was used to solve the governing
equations and the maximum courant number was set to

be 0. 6 by adopting adaptive time step.

4 Results and discussion

The lift coefficient C, and the drag coefficient C),

are defined as

CL = 2 (15>
PUs,
2
D
CD = 2 (16)
Pl
2

where u,, is the free stream velocity, p is the density of
water, L is the lift force exerted upon the hydrofoil and
D is the drag force.

Since lift force is generated by the pressure diffe-

rence between the cavity and the hydrodynamic pres-

(279 |0
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sure, the lift coefficient will increase in pace with the
cavity length. However, after cavity length reaches its
maximum, the pressure distribution at the trailing edge
of the hydrofoil is influenced by the cavity shedding,
which results in the oscillation of the lift coefficients.
Fig. 3 shows the variation of lift coefficients on one ca-
vitation cycle using two models in addition to experi-

mental data in reference [10].

12r —— Smagorinsky model
oneEqEddy model
LOr —— Experiment datal'"!

0.2 0.4 0.6 0.8 1.0
t/T

Fig.3 Variation of lift coefficient with time
As shown in Fig. 3, two SGS models over predict
the maximum lift coefficients although the minimum lift

Besides, oneEqEddy

model predicts more complex oscillatory peaks and the

coefficients are nearly equal.

result of Smagorinsky model has a better consistence
with that of experiments. The averages of lift and drag
coefficients on one cavitation cycle between experi-
ments and the simulation are presented in Tab.2. Re-
sults of the two SGS models indicate that different SGS
models predict different averages of force coefficients
and the drag coefficient of the simulation is inaccurate
because the maximum error is about 20% . Remar-
kably, the maximum error of oneEqEddy model in
reference [ 2] is 16.66% , this disparity may be
caused by the different parameters used in the simula-
tion and measured in the experiment such as average

diameter of nuclei and number of nuclei per volume.

Tab.2 Averages of lift and drag coefficients

C, Error/ %
Smagorinsky 0. 690 9.2
oneEqEddy 0.720 5.3
Experiment ! 10] 0. 760 -
Cp Error/ %
Smagorinsky 0. 143 19.2
oneEqEddy 0. 141 17.5
Experiment [ 10] 0. 120 -

Time-averaged velocity distribution at different lo-
cations is one of the important factors to study the flow
details. The LDV measurements start from the surface

point of the hydrofoil which are located at x/¢ =20% ,

40% , 60% , 80% , 100% , 120% and end near y =
0. 025 m. When we consider the difficulties in measu-
ring the velocity profiles near the closure region, it is
more representative to compare the CFD results with
experiment data in the middle part of the hydrofoil.
Detailed information of velocity profiles at x/¢ =40%
and x/c¢ =60% is illustrated in Fig. 4 and Fig. 5 re-
spectively. From the numerical results, the ordinate of
the maximum velocity is about y =0. 01 m, Smagorin-
sky model predicts higher velocity than oneEqEddy
model when the value is higher than 0. 01. According
to the velocity profiles in Fig. 5, there is reverse flow
and the velocity of OneEqEddy model is slightly higher
than that of Smagorinsky model in the near-wall re-
gion.

0.03r — Smagorinsky model
oneEqEddy model
002k * Experiment datal'

y/m

12 15

6 9
u/(m's™)

Fig.4 Time-averaged velocity at x/c =40%

0.03r __ Smagorinsky model

oneEqEddy model
0.02 s Experiment data!'”

y/m

0.01

5
u/(m's™)

Fig.5 Time-averaged velocity at x/c¢ =60%

Comparing the two SGS models with the experi-
ment data, it is clear that there is a great difference
near the inflection point of the curve. This region is the
interface between liquid and vapor phases based on the
estimated thickness in reference [ 10 ]. This disparity
between the simulation and experiment is greater along
the direction of flow in the middle part of the hydrofoil.
In the near-wall region, the velocity profiles calculated
by these two SGS models are consistent with experiment
data and the difference between out-of-cavity flow ve-
locities with these two models is minimal.

According to the experimental results of reference

[10], time evolution of cloud cavitation from the side
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view is shown in Fig. 6. The frames in Fig. 6 show the
cavitation cycle as follows'?’

1) Cavity appears at the leading edge of the hy-
drofoil.

2) Cavity grows until it occupies most of the hy-
drofoil.

3) The massive cavity shedding appears and a re-

entrant jet can be observed.

4) Cavity begins to disappear.

t=5.5ms t=11.1 ms

t=27.8 ms t=38.9 ms

Fig. 6 Time evolution of the cloud cavitation

from the side view!"’

Fig. 7 presents cavitation dynamics of oneEqEddy
(left) model and Smagorinsky (right) model.

1.0
0.8
o}
206
204
=
<02

Fig.7  Contour of the fraction of liquid y, oneEqEddy (left)
and Smagorinsky ( right)
Based on the results, the following features can be
concluded
1) Different SGS models predict different cavity
structures and the difference between oneEqEddy mo-

del and Smagorinsky model is greater over time.

2) The re-entrant jet can be observed in both SGS
models.

3) The cavity structure at the trailing edge of
OneEqEddy model is more complicated.

Pressure contours of oneEqEddy (left) model and
Smagorinsky (right) model are illustrated in Fig. 8.
Based on the comparison and analysis, some findings
are listed as below:

1) Low-pressure area mainly distributes along the
hydrofoil, there is little difference before cavity shed-
ding between oneEqEddy model and Smagorinsky
model.

2) A local-high pressure region exists near the
trailing edge of the hydrofoil.

3) The Smagorinsky model predicts higher pres-

p/kPa
(=N
(=}

sure than oneEqEddy model.
-
120
100
80
40
20
0
Fig. 8 Contours of pressure, oneEqEddy (left) and
Smagorinsky (right)
5 Conclusions
Two subgrid-scale models of LES including the
Smagorinsky model and the oneEqEddy model were im-
plemented for predicting the cavitation flow over the
Clark — Y hydrofoil. According to the results of the
simulation, lift force performs an oscillatory behavior
with time and oneEqEddy model predicts a little more

accurate lift coefficients than Smagorinsky model, and

these two models can be used to predict the velocity
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profiles in the cloud cavitation regime.
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