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A B S T R A C T   

In this paper, we sought to investigate unsteady cavitating turbulent flows around a twisted three-dimensional 
NACA 16012 hydrofoil using the large eddy simulation (LES) and volume of fluid (VOF) methods. The one- 
equation eddy viscosity model (OEEVM) was used to calculate the sub-grid scale (SGS) stress tensor. The 
compressive velocity VOF technique and the Kunz cavitation model were also employed. Numerical simulation 
was performed using the interPhaseChangeFoam solver within the OpenFOAM framework. Cavitation simulation 
was performed at three cavitation numbers within the cloud cavitation regime; that is to say, cavitation numbers: 
0.95, 1.15, and 1.35. Afterwards, the details of flow predictions including the pressure, velocity, streamlines, 
volume fraction of water phase, and turbulent kinetic energy were reported. Cavity behaviours, including 
growth, shedding, and collapse of the cavity, were considered in detail. Three-dimensional cavity structures such 
as primary and secondary shedding and the shedding of the U-shaped horseshoe vortex were reported as well. 
The present work illustrated the side-entrant jets and the radially diverging re-entrant jet corresponding to the 
three-dimensional effect of the twisted wing. The cavity pattern and the shedding cycle frequency agreed well 
with the available experimental observations.   

1. Introduction 

Evaporation occurs in two ways in applications; first, it occurs with 
increasing temperature at constant pressure and, second, at a reducing 
pressure to under the vapour pressure of the fluid at constant temper-
ature, leading to cavitation, which is the focus of the current paper. This 
phenomenon is categorized using the cavitation number σ ¼  P∞ � Pv

0:5ρlU2
∞
, 

where Pv is the vapour pressure which is a function of temperature, ρl is 
liquid density, and U∞ and P∞ are the freestream velocity and pressure, 
respectively. 

There are several different cavitation regimes including initial, sheet, 
cloud, partial, and super-cavitation. Partial and cloud cavitation regimes 
refer to a situation where the vapour phase covers a subsection of the 
body, and supercavitation refers to a long cavity that extends more than 
the body’s length and closes in the liquid. This phenomenon occurs in 
hydraulic devices such as pumps, water turbines, and marine propellers. 
Cavitation may cause undesirable noises, vibrations, and fluctuations, 
usually leading to erosion (Franc and Michel, 2006; Brennen, 2014). 

Flows with sheet cavitation have re-entrant jet, causing unsteadiness 
of the flow at the end of the cavity. Re-entrant jet appears at the closure 

region of the sheet cavity because of the existence of an inverse pressure 
gradient, and then by penetrating into the vapour cavity, it moves to-
ward the upstream. Hence, re-entrant jet causes sheet cavity shedding 
and forming cloud cavity. As a result, cloud cavity is transmitted 
downstream and ultimately collapses. Because of the complicated flow 
existing in three-dimensional cases, further research is required to 
illustrate and deeply understand the flow details. A wide set of studies 
has been conducted in this area as briefly described in the following. 

Foeth et al., 2006, 2008 investigated three-dimensional sheet cavi-
tation experimentally around a Delft twisted hydrofoil using a 
high-speed camera and time-resolved particle image velocimetry (PIV). 
They illustrated the flow pattern of the re-entrant jet and the 
side-entrant jets in the cavitating flow region. Passandideh-Fard and 
Roohi (2008) used the modified volume of fluid (VOF) technique and 
Kunz mass transfer model and investigated the flows around several 
geometries over a vast range of cavitation numbers. Their results 
showed an excellent prediction for cavitation length and drag coefficient 
compared with experimental and analytical data. Lu et al. (2010) 
numerically investigated the cavitating flows around Delft twisted foil 
with a particular emphasis on the analysis of unsteady inflow condition. 

* - Corresponding author. 
E-mail address: fard_m@um.ac.ir (M. Pasandidehfard).  

Contents lists available at ScienceDirect 

Ocean Engineering 

journal homepage: www.elsevier.com/locate/oceaneng 

https://doi.org/10.1016/j.oceaneng.2019.106547 
Received 8 March 2019; Received in revised form 27 September 2019; Accepted 5 October 2019   

mailto:fard_m@um.ac.ir
www.sciencedirect.com/science/journal/00298018
https://www.elsevier.com/locate/oceaneng
https://doi.org/10.1016/j.oceaneng.2019.106547
https://doi.org/10.1016/j.oceaneng.2019.106547
https://doi.org/10.1016/j.oceaneng.2019.106547
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oceaneng.2019.106547&domain=pdf


Ocean Engineering 192 (2019) 106547

2

Also, they employed the large eddy simulation (LES) and VOF methods 
with the Kunz cavitating model for calculating the mass transfer rate 
between phases. 

Morgut et al. (2011) investigated three different mass transfer 
models for cavitating flows around the NACA 009 and NACA 66(MOD) 
hydrofoils using RANS equations in the sheet cavity regime. They 
considered an optimization strategy to tune the existing empirical co-
efficients, namely evaporation and condensation, in mass transfer 
models and concluded that their results for the three mass transfer 
models were nearly the same and in agreement with the experimental 

data. 
Bin et al. (2012) studied the cavitating flow around the NACA 66 

(MOD) hydrofoil with unsteady partially averaged Navier–Stokes 
(PANS) turbulence modelling. They investigated the influence of various 
values of the resolution control parameters in the PANS method. They 
indicated that the PANS method is suitable for unsteady cavitation flow 
on hydrofoils. Luo et al. (2012) investigated the cavitating flow around a 
twisted hydrofoil using LES in addition to experimental observation. 
They found that cavity shedding caused pressure fluctuation on the 
hydrofoil surface, and cavity evolution led to pressure fluctuation of 
propagating wave along the streamwise and spanwise directions. 
Furthermore, they could capture the large pressure fluctuation at the 
central part of the hydrofoil. 

Ji et al. (2013) considered the flow around a hydrofoil using PANS 
and a mass transfer model based on the maximum density ratio. They 
found that the main cause of horseshoe vortex production was the 
interaction between the circulating flow and the shedding vapour cloud. 
They presented the time-averaged lift coefficient with only 12% devia-
tion in comparison with experiments, which was more accurate than 
Reynolds-Averaged Navier Stokes (RANS) solvers. 

Roohi et al. (2013) studied the flow around a Clark-Y hydrofoil for 
cloud and super-cavitating flows using LES and VOF methods. They 
predicted their numerical results including cavitation starting point, 
cavitation dynamics, and force coefficients, and compared them with 
experimental data. Ji et al. (2014) used the modified RNG k � ε model 
with a local density correction and a mass transfer cavitation model to 
study the flow around a twisted hydrofoil. 

Dai et al. (2014) used the LES and VOF methods to consider 
high-speed flows leading to cavitation over and within a square surface 
cavity. Huang et al. (2014) investigated cavitating flow around a 3-D 
Clark-Y hydrofoil using LES in CFX software. They illustrated the 
interaction of vortices developing in the transition from sheet/cloud 
cavitation. Kim and Lee (2015) considered the cavitating flow around a 
hydrophobic hydrofoil using the LES and VOF methods. They studied 
the cloud cavitation flow for different slip conditions. 

Gnanaskandan and Mahesh (2015) employed a characteristic-based 
filtering multiphase scheme for cavitating flows with unstructured 
grids. They successfully applied this method for flows with cavitation 
around two test cases: a hydrofoil and a wedge. The results obtained for 
both cases were in suitable agreement with the experimental data. Peng 
et al. (2016) numerically and experimentally studied the flows with 
cloud cavitation around 3-D hydrofoils. They concluded that the 
re-entrant jets, specifically, the side re-entrant jets that occur in 
convex-attached cavities, are the main reason for shedding in sheet 
cavitation, and thus, these jets control the U-type structure of vortices in 
cloud cavitation. 

Roohi et al. (2016) considered the flow over a disk for different mass 
transfer and turbulence models at lower cavitation numbers. Their re-
sults showed that a combination of Kunz mass transfer and LES approach 
leads to more accurate predictions. Li et al. (2016) used the LES and VOF 

Fig. 1. Twisted wing, a) three-dimensional view, b) side view, c) NACA 16012 section.  

Fig. 2. Variation of attack angle in the spanwise direction (Peng et al., 2016).  

Fig. 3. Computational domain and the imposed boundary conditions.  
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methods and considered the cavitating flows around a hydrofoil and a 
cylinder. They also presented the time-averaging field quantities for 
pressure, velocity, and vapour volume fraction. Gnanaskandan and 
Mahesh (2016) studied the transition process of sheet to cloud cavitation 
over a wedge using the LES and RANS method. The numerical frequency 
obtained by them was in line with that of the experiment. 

Sedlar et al. (2016) numerically and experimentally scrutinized the 
cavitating flow around a straight NACA 2412 hydrofoil using different 
advanced turbulence models. They studied the side-wall effects without 
any symmetry and periodic boundary conditions. Wu et al. (2016). used 
the LES approach and the Kunz cavitation model and considered the 
flow around the Delft twisted hydrofoil emphasizing on the impact of 
mesh resolution on the results. They ascribed that mesh resolution 
considerably affects the prediction of cavity length, flow pattern, and the 
fluctuation period. Wang et al. (2018) numerically and experimentally 
studied cavitation with ventilation. They considered the impact of 
ventilation on vortex shedding dynamics applying the LES approach and 
illustrated the velocity and vorticity fields. 

Pendar and Roohi (2018) numerically studied the flow around a 

sphere for the cavitation numbers between 0.36 and 1 using the LES and 
VOF methods. They addressed the flow characteristics such as velocity, 
streamlines, pressure, vorticity, and turbulent kinetic energy. Zahiri and 
Roohi (2018) investigated cavitating flows around a sphere using the 
anisotropic minimum-dissipation (AMD) sub-grid-scale (SGS) model 
implemented in the OpenFOAM package. They compared the perfor-
mance of the AMD model with that of different established SGS models 
and found out that the AMD model can provide as accurate results as the 
dynamic Smagorinsky model. 

Long et al. (2019) investigated the cavitating flow on a Clark-Y hy-
drofoil using the LES approach with a particular emphasis on validation 
and verification. They studied the effect of cavitating flow on LES errors, 
followed by a comparison with the non-cavitating flow. Moreover, 
sub-grid Dynamic Smagorinsky-Lilly and Smagorinsky-Lilly models 
were evaluated by the LES V&V technique, concluding that the total 
error was lower for the dynamic model. 

Cheng et al. (2019) investigated the tip leakage cavitating flow 
around a NACA 0009 hydrofoil with an emphasis on better under-
standing of the effects of vorticity and turbulence using the LES tech-
nique and the Schnerr–Sauer mass transfer model. They captured the 
evolution of the tip leakage cavitating flow, which includes tip leakage 
vortex (TLV), tip separation vortex (TSV), and induced vortex (IV), and 
investigated them from the Eulerian and Lagrangian viewpoints. 

The experiments show that the cavitation phenomenon is profoundly 

Fig. 4. Zoomed and far views of the grid generated around the wing.  

Table 1 
The conditions implemented for different cases.  

Case Inlet velocity 
�m

s

�
Cavitation NumberðσÞ

1 14 0.95 
2 14 1.15 
3 14 1.35  

Table 2 
Discretization of different expressions.  

Term Scheme Description 

Transient Euler First order, bounded, implicit 
Gradient Gauss linear Second-order (Gaussian integration), Linear 

interpolation (central differencing) 
Divergence Gauss upwind Second-order unbounded (Gaussian integration), 

Upwind differencing 
Laplacian Gauss linear 

corrected 
Unbounded, second-order, conservative  

Table 3 
Grid influence on cavity length and cavity diameter.  

Mesh No. Number of cells ( � 106)  Lcavity
�
C  Dcavity

�
C  

Grid-1 1.2 0.630 0.564 
Grid-2 2.4 0.622 0.554 
Grid-3 4.8 0.627 0.537  

Fig. 5. Variation of the averaged pressure coefficient at mid-section, σ ¼ 1.15.  
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and inherently unsteady. Therefore, to pursue the trace of vortices and 
to illustrate the details of flow dynamics, the selection and application of 
a turbulence model is highly crucial. In LES, turbulent eddies are sepa-
rated into two groups. First, those which are large enough that can be 
resolved directly, while the second group are the smaller eddies whose 
effects are modelled. Thus, typically employing the LES approach in a 

fine grid leads to satisfactory predictions. As reviewed in the previous 
paragraphs, this kind of simulation is becoming more popular as the 
computers’ performance improves. 

Using LES, we considered the 3-D cavitating flow around a wing with 
a NACA 16012 twisted hydrofoil at high cavitation numbers in the sheet- 
cloud cavitation regime. In this regime, the sheet cavity sheds from the 
surface leading to separated clouds. Further, to track the interface of 
water and vapour phases, the VOF method was used, and to find the 
mass transfer between these phases, the Kunz model was employed. No 
previous LES report of cavitating flow behaviour around this hydrofoil 
has been reported in the literature. The “one equation eddy viscosity 
model” (OVEEM) has been employed to simulate the sub-grid eddies in 
LES. Cavity behaviours including cavity growth and separation of the 
vapour cavity and then its downstream collapse were also addressed. 

2. Governing equations 

2.1. Conservative equations and volume of fraction technique 

To simulate cavitating flows, a homogenous mixture of vapour and 
water was employed. A two-phase mixture method using the transfer 
equation of local volume fraction was considered and the interaction 
between the two phases was computed. The cavitation phenomenon can 
be modelled either as compressible or incompressible flow. In bubbly 
flows, the cavitation flow is considered as compressible. Thus, pressure 
fluctuations occur in the stage of sheet and cloud cavity collapse. 
Therefore, cavitation can be considered as a compressible flow. 

In this study, we utilized interPhaseChangeFoam solver that includes 
common hypotheses such as incompressible and immiscible (Asnaghi 
et al., 2013). Further, Huuva (2008) in his/her thesis used incompres-
sibility assumption and ignored the effects of compressibility. Further-
more, Wikstr€om (2006) in his/her thesis stated that “this approximation 
is assumed to be adequate for the global dynamics of mainly glassy 
cavities, like sheet cavities and still glassy voids shed from them, 
whereas the final stages of a cavity collapse can be highly influenced by 
compressibility.” Therefore, the incompressible conservative equations 
of mass and momentum and advection equation for the volume fraction 
are as follows: 

∂ρ
∂t
þ

∂
∂xj

�
ρuj
�
¼ 0 (1)  

∂
∂t
ðρuiÞ þ

∂
∂xj

�
ρuiuj

�
¼ �

∂p
∂xi
þ

∂
∂xj

�

μ ∂ui

∂xj

�

(2)  

∂α
∂t
þ

∂
�
αuj
�

∂xj
¼

_m
ρ (3)  

where u, p, α, and _m are velocity, pressure, volume fraction, and source 
term of water generation, respectively. The subscripts (i, j, k) denote 
different directions in the Cartesian coordinates. Equation (3), which is 
used to compute the volume fraction of water, was presented by Hirt and 
Nichols (1981). In this equation, α ¼ 1 and α ¼ 0 show the points with 
100% of water and 100% of vapour, respectively, while in the region 
close to the interface of the two phases we have 0 < α < 1:

OpenFOAM benefits from a conservative form of Equation (3), which 
is an improved version of the Compressive Interface Capturing Scheme 
for Arbitrary Meshes (CICSAM) VOF technique (Pendar and Roohi, 
2018). CICSAM benefits from an additional interface-compression ve-
locity (uc) adjacent to the interface, such that the local flow velocity 
sharpens the gradient of the volume fraction function, improving the 
interface resolution. The modified advection equation for the volume 
fraction is (Ubbink, 1997): 

∂α
∂t
þ

∂
∂xj

�
αuj
�
þ

∂
∂xj

�
ucjαð1 � αÞ

�
¼ Sα (4) 

Fig. 6. Comparison of pressure coefficient contours from three different grids.  

Fig. 7. Variation of lift and drag coefficients with time at σ ¼ 1.15.  
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The compression term of ∂
∂xj
½ucjαð1 � αÞ� contributes only in the region 

of the interface and limits the smearing of the interface. It also limits 
interface to the values between 0 and 1 (i.e., 0� α� 1Þ. This term 
condenses the phase-interphase to make it sharper (Berberovic, 2010). 
The term does not bias the solution but introduces a flow of α in a di-
rection normal to the interface. To ensure this procedure, Weller 
reccomended the following expression for compressive velocity (Weller, 
2008): 

uc¼min½Cαjuj;maxðjujÞ�
rα
jrαj (5) 

Compression strength is controlled by a constant Cα, that is, it yields 
no compression if it is zero. Here, a conservative compression (i.e., 
Cα ¼ 1) is employed (Weller, 2008; Malekzadeh and Roohi, 2015). The 
CICSAM algorithm is less costly to apply compared to the 
well-established VOF schemes such as the piecewise linear interface 
calculation (PLIC) (Youngs, 1982). Roohi et al. have used the CICSAM 
algorithm for various types of two-phase flow simulations with suitable 
accuracy (Roohi et al., 2013, 2016; Pendar and Roohi, 2016, 2018; 
Malekzadeh and Roohi, 2015). 

The equations for two-phase fluid density and dynamic viscosity are 
as follows: 

ρ¼αlρl þ ð1 � αlÞρv (6)  

μ¼αlμl þ ð1 � αlÞμv (7)  

2.2. Large eddy simulation approach 

To illustrate and understand the dynamics of bubbles in cavitation, 
the LES technique is employed. In LES, all governing equations are 
transferred in a filtered form after applying the filter function G ¼ GðΔ;
xÞ, in which Δ is the transversal filter applied at a point with longitudinal 
length x. In this method, all variables are divided into two parts: grid 
scale and sub-grid scale. In other words, the sub-grid eddies with smaller 
scales are modelled and the others are resolved. However, in the RANS 
method, all variables are divided into averaged and fluctuating terms. 
The equations are solved for the averaged terms and the effect of all 
fluctuations are modelled. Nevertheless, after applying the filtration 
process, the governing equations are as follows (Davidson, 2011): 

∂ρ
∂t
þ

∂
∂xj

�
ρuj
�
¼ 0 (8)  

∂
∂t
ðρuiÞþ

∂
∂xj

�
ρ uiuj

�
¼ �

∂p
∂xi
þ

∂
∂xj

�

μ ∂ui

∂xj

�

�
∂τij

∂xj
(9)  

where the symbol shows the resolved grid part of eddies. In this 
equation, τij is the sub-grid stress tensor presented as follows: 

τij¼ ρ
�
uiuj � uiuj

�
(10) 

Based on the Boussinesq theorem and employing the eddy viscosity 
relations, the sub-grid stress is defined as (Boussinesq, 1877): 

ρ
�
uiuj � uiuj

�
:Sij¼ ρ

�

2ϑsgsSij �
2
3
ksgsδij

�

:Sij (11) 

where ϑsgs and ksgs are sub-grid kinematic viscosity and turbulence 
kinetic energy, respectively, and Sij is the sub-grid deformation tensor 

defined as: Sij ¼
1
2

�
∂ui
∂xj
þ

∂uj
∂xi

�

. Here, kinematic viscosity ϑsgs and the ki-

netic turbulence energy ksgs are obtained using a one-equation subgrid- 
scale model: 

ϑsgs¼ ckΔ
ffiffiffiffiffiffiffi
ksgs

p
(12)  

Ksgs¼
1
2
�
u2

k � u2
k

�
(13) 

An equation for ksgs is solved as follows (Yoshizawa and Horiuti, 
1985): 

∂ksgs

∂t
þ

∂
∂xj

�
ujksgs

�
¼

∂
∂xj

�
�
ϑþϑsgs

� ∂ksgs

∂xj

�

þ 2ϑsgsSijSij � cε
k

3 =2
sgs

Δ
(14) 

In OpenFOAM, values of 0.094 and 1.048 are used for constants ck 

and cε in equations (12) and (14), respectively. 

2.3. Kunz cavitation model 

In the Kunz cavitation model, evaporation and condensation pro-
cesses occurring in the interface between the two phases are modelled. 
The net mass transfer between the two phases is obtained using:  _m ¼
_mþ � _m� , where _mþ and _m� are the evaporation and condensation rates, 

respectively. In the Kunz model, the following relations for _mþ and _m�

are considered (Kunz et al., 2000): 

_mþ ¼
Cprodρvα2ð1 � αÞ

t∞

_m� ¼
Cdestρvαminð0 ; p � pvÞ

�
0:5ρlU

2
∞

�
t∞

(15) 

where t∞ is the time scale defined as: t∞ ¼
L

U∞
, in which L and U∞ are 

the characteristic length (length of the hydrofoil chord) and free stream 
velocity, respectively. Here, a value of 0.007 is used for the time scale 
and Cprod and Cdest are two empirical constants assumed to be 1000 in 
OpenFOAM. Comparing the obtained numerical results with experi-
mental images, it was concluded that these default values for empirical 
coefficients in the Kunz model did not need to be varied, since charac-
teristics such as initial and secondary shedding were well-tracked. 
Furthermore, Huuva also in his thesis used the default coefficients 
Cprod ¼ 1000 and  Cdest ¼ 1000 in the OpenFOAM software (Huuva, 
2008). 

3. Simulation and validation 

In this research, the water flow around a twisted wing with a NACA 
16012 section was considered (Fig. 1). To numerically construct this 
geometry, the wing is turned down-wise in the spanwise direction to-
ward the tip. This twist causes a three-dimensional vapour cavity for-
mation at the center region of the wing. The experiments have been 
performed on this geometry in China Ship Scientific Research Center 
reported by Peng et al. (2016). 

The wing chord is 100 mm, and its span length is 112.5 mm. As 
shown in Fig. 2, the angle of attack varies from zero degree at the tip 
section attached to the water tunnel walls to 11� at the mid-section. At 
the mid-section, the wing is symmetric with zero angle of attack. Two 
important non-dimensional parameters in this condition are Reynolds 
(Re) and cavitation (σ) numbers. These parameters are defined as 
follows: 

Re¼
ρlU∞C

μ (16)  

σ¼  Pout � Pv

0:5ρlU
2
∞

(17)  

where Pout , water  density  ρl, and inlet velocity U∞ have been respec-
tively set to the outside static pressure, 998 kg/m3, and 14 m/s, 
respectively. The cavitation number σ is calculated based on the pres-
sure at the inlet of the water tunnel in the experimental work (Peng 
et al., 2016). However, in this numerical research, pressure must be 
applied at the outlet domain. Thus, the outlet is tuned such that the inlet 

A. Movahedian et al.                                                                                                                                                                                                                           



Ocean Engineering 192 (2019) 106547

6

pressure is equal to that of the experimental value. Further, to calculate 
Re number, the chord length C is used as the length scale, and the ab-
solute viscosity of water is assumed to be 0.001003 kg

m3 , which leads to 
Re� ¼ �1:4 � 106 . The value of turbulence kinetic energy at the inlet of 
the channel is set equal to zero. The computational domain and the 
imposed boundary conditions are shown in Fig. 3. To reduce the 
computational cost, only half of the domain around the wing was solved 
benefiting from geometrical symmetry. 

As Fig. 3 shows, all lengths were reported based on the chord length, 
and the boundary condition was applied as given in reference (Peng 
et al., 2016). The wall condition was considered for the upper, lower, 
and side boundaries of the channel, as implemented in the experiment. A 
symmetry condition was applied to the middle boundary. Further, a 
structured grid was generated for the computational domain. Near the 
wall, the mesh was refined such that the value of yþ of the first point 
near the wall was about 1. A 3-D image of the grid is also depicted in 
Fig. 4. Evidently, a grid with suitable quality substantially affects the 
convergence rate and the accuracy of the numerical simulations. 

Several inlet velocities and cavitation numbers applied in this 
research are presented in Table 1. 

3.1. Solution algorithm and discretization 

To simulate the multi-phase flow, the interPhaseChangeFoam solver 
of OpenFOAM software was used. To couple the continuity and mo-
mentum equations, the PIMPLE algorithm, that is a combination of 
SIMPLE and PISO algorithms, was employed. It was shown that PIMPLE 
algorithm is numerically stable and works accurately with larger time 
steps. The Courant number used in this work is set at 0.4. The dis-
cretization of the temporal and spatial terms of the governing equations 
is reported in Table 2. 

3.2. Verification and validation of results 

To find out the influence of grid resolution, three grid sizes were 
examined. Predictions for the length and diameter of the cavity from 
these grids are reported for σ ¼ 1:15 in Table 3. As the table shows, the 
predictions obtained using grids 2 and 3 are very close to each other. 
Thus, grid 2 is sufficiently fine for accurate simulations. 

Further, the averaged values of the pressure coefficient at the mid- 
section for all the three grids are depicted in Fig. 5. Pressure aver-
aging is performed at every point in one period of the cavity cycle. As 
shown in the figure, the pressure distribution predictions from these 
three grids are quite close, expect for the slight deviation of Grid-1 near 
the minimum Cp location. 

However, in order to select a suitable grid among the generated 
grids, we also investigated pressure coefficient contours. Fig. 6 depicts 
pressure coefficient contours (top view) for various grids. Comparing 
frames in Fig. 6, we found that Grid-1, due to lower cells near the hy-
drofoil surface, was not able to capture a pair of small cavities, whereas 
other grids could obviously capture small cavities. Considering the 
lower computational costs of Grid-2, this grid was considered appro-
priate to perform simulations in this research. 

. Shown in Fig. 7 is the variation of lift and drag coefficients for 
several periods of time. As can be observed, at this cavitation number, 
the flow shows many fluctuations and is unsteady because of the growth 
and separation of cavity at several different points, but it is generally 
periodic. 

According to Fig. 7, the dominant frequency of pressure and force 
coefficients exerted on the wing were 80 HZ, that is almost close to the 
experimental value of 83.3 HZ reported in (Peng et al., 2016). Further, 
the averaged values of drag and lift coefficients obtained from the data 
reported in Fig. 7 were 0.065 and 0.46, respectively. 

4. Results and discussion 

Fig. 8 illustrates successive images of flow development of cavitation 
dynamics in a typical cycle of period T at different times. The pressures 
captured from the upper side of view are compared with those of 
experiment (Peng et al., 2016). Due to the inverse pressure gradient and 
re-entrant jet existing on the convex part of the wing at the mid-section 
with higher angles of attack, the vapour cavity has grown enough to 
separate from the surface at time T/6. This is called the primary shed-
ding or the first cavity bubble. Meanwhile, another cavity bubble starts 
to grow from the leading edge. At 2T/6 and 3T/6, the separated cavity 
moves downstream and enlarges the cloud cavity formed previously on 
the leading edge. At time 4T/6, an arc-wise cavity is formed because of 
the hydrofoil shape. Thus, two jets with the side and backward com-
ponents are formed. At 5T/6, two small bubbles are separated from the 
sides, which were called secondary shedding by Foeth (Foeth et al., 
2008). Finally, at 6T/6, a horseshoe-shaped cavity forms, which moves 
downstream due to the first (or re-entrant jet) and secondary jets (or 
side-entrant jet). Further, this horseshoe cavity moving downstream 
dwindles and the vapour turns into water. Therefore, these processes 
lead to a fully turbulent flow. 

4.1. Side-entrant jets and radially-diverging re-entrant jet 

As mentioned in the previous section, the evolution of the cavitation 
dynamics is presented in a typical cycle. At instance 5T =6, to display 
more details, there are some interesting phenomena. Therefore, as 
depicted in Fig. 9, it is divided into three parts. At the first part, 
streamlines are smooth because angles of attack are low and there is not 
any separated flow. The second part is about the horseshoe cavity, which 
with moving towards downstream intensifies the turbulence level. The 
final part, which is the most important one, includes side-entrant jets, 
secondary shedding, and radially-diverging jets. In Fig. 9a, pressure 
contours are displayed with streamlines. The inverse pressure gradient 
on both sides of the 3-D hydrofoil appeared, because the side-entrant jets 
resulted in the separation of small cavities from the sheet cavity attached 
on the convex part of the wing. Also, as shown in Fig. 9b, the streamlines 
are radial and divergent at the end of the attached cavity due to the high 
curvature in the middle of the wing. On the other hand, as it is obvious in 
Fig. 9b, a collision occurred between side-entrant jets and the radially- 
diverging jet. 

4.2. Turbulence kinetic energy in a cycle 

The development of sheet cavitation dynamics in the mid-section of 
the wing is depicted in Fig. 10 with the aid of turbulent kinetic energy 
(TKE) contours. As observed, because of higher angles of attack in the 
middle region of the wing, there are higher values of turbulence kinetic 
energy therein. Further, there is a higher level of turbulence at the points 
near the interface between the two phases (Pendar and Roohi, 2018). 
The first panel shows the separation of the first cloud cavity moving 
downstream. At times 5T =6 and 6T =6, the maximum values of kinetic 
energy at the interface of the two phases are observed. When the cavity 
is closed and the re-entrant jet transfers water toward upstream, the 
kinetic energy level reduces. The same statement was mentioned by 
Ducoin et al. (2012). Finally, the separated downward-moving vapour 
bubbles lose their energy while condensing in water. 

4.3. Pressure coefficients 

Fig. 11 illustrates the temporal variations of the pressure coefficients 
at different locations (e.g., xc ¼ 0:2; 0:4; 0:6;and 0:8) in the mid-section 
of the wing. The pressure coefficient is expressed as 
CP ¼  ðP � Pref Þ=0:5ρlU2

∞; where Pref is related to the imposed pressure 
at the outlet of the channel. As the frames in the figure depict, the flow is 
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Fig. 8. Growth and separation of cavity bubble in a cycle, left: current numerical simulations, right: experimental pictures for σ ¼ 1.15 (Peng et al., 2016).  

A. Movahedian et al.                                                                                                                                                                                                                           



Ocean Engineering 192 (2019) 106547

8

Fig. 10. Turbulence kinetic energy development at the mid-section of the wing in a cavity cycle for σ ¼ 1.15.  

Fig. 9. Pressure contours with streamlines at instance (5T =6) for σ ¼ 1.15.  
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very unsteady in the cloud and sheet cavitation regimes, because of 
cavity formation, growth, shedding, diminishing, and collapse. As 
Fig. 11a shows, the pressure was almost constant, but there were a few 
sharp peaks in pressure. At point x/c ¼ 0.4, the pressure variation was 
somehow similar to x/c ¼ 0.2, except for the time spots showing that 
constant pressure was much smaller. In addition, the magnitude of pick 

pressure at x/c ¼ 0.4 was much smaller than that of x/c ¼ 0.2. At points 
x/c ¼ 0.6 and x/c ¼ 0.8, the fluctuations were close to one another, and 
the flow was completely unsteady as there was not any region with 
constant pressure. 

It seems that the collapse of the cavity bubbles on the second half of 
the wing causes these fluctuations. Thus, those points which are farther 

Fig. 11. Temporal variation of the pressure fluctuations at four positions of the mid-section of the wing for σ ¼ 1.15.  

Fig. 12. Pressure contours and the cavity closure at σ ¼ 0:95; 1:35:
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from the origins of fluctuations, that is, the first half of the wing, feel less 
values of pressure pulses with some temporal delay. Further, the main 
reason for the pressure to remain constant further upstream from the 
collapse is that these points are within the cavity sheet most of the time, 
and thus, they maintain a constant pressure equal to the vapour 
pressure. 

4.4. Cavity at σ ¼ 0:95 and 1:35 

The results at the two other cavitation numbers of 0.95 and 1.35, one 
less and the other larger than the previous cavitation number (i.e., 1.15) 
are reported here. In these regimes, however, there is still unsteady 
fluctuating cloud cavitation. Thus, primary shedding due to re-entrant 
jet, secondary shedding due to side jets cavities, and horseshoe 
vertices are expected to be present. Fig. 12 shows pressure contours 
around the wing at cavitation numbers 0.95 and 1.35. Reducing cavi-
tation number to 0.95 leads to the enlargement of the cavity as it is 
closed at x/c ¼ 0.935 (Fig. 12a), while it is closed at location x/c ¼ 0.43 
for σ ¼ 1.35. 

Further, Fig. 13 illustrates the secondary shedding of cavities at two 
cavitation numbers. As shown, the side-entrant jets were activated at x/ 
c ¼ 0.78 and 0.26 for σ ¼ 0.95 and 1.35, respectively. As illustrated in 
Fig. 14, the maximum distance of horseshoe vertices from the leading 
edge for these two cavitation numbers was quite different. At σ ¼ 0.95, 
the distance was more than three times the σ ¼  1:35. Fig. 13a shows a 
larger vapour horseshoe vortex separated from the trailing edge; thus, it 
is expected to take more time to be vanished downstream. 

4.5. Time-averaged pressure distribution 

Here, averaged distribution of pressure coefficient across the mid- 
section of the upper side of the wing is reported. Fig. 15 presents the 
average pressure coefficient at the mid-section at the three cavitation 
numbers of σ ¼ 0:95;  1:15;  and  1:35. At σ ¼ 0.95, most part of the 
chord length was covered with vapour, while at σ ¼ 1.35, only about 
20% of the chord was covered with vapour. The figure shows that at 
higher cavitation numbers pressure rises sharply at the cavity closure 
point, especially at smaller cavitation numbers, and then it increases 
moderately. 

Fig. 13. Pressure contours at the location of the formation of the side-entrant jets at σ ¼ 0:95; 1:35.  

Fig. 14. Pressure contours at the location of the maximum distance of horseshoe cavity at σ ¼ 0:95; 1:35.  

Fig. 15. Mean pressure coefficients of the upper surface at the mid-section σ ¼
0:95; 1:15; and  1:35. 
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4.6. Mean volume fraction of water at different cavitation numbers 

Averaged values of water volume fraction at the mid-section are 
reported in Fig. 16. The straight line with a value of 1 shows the absence 
of any cavitation cloud across the chord on the lower surface of the wing. 
Cavitation occurs on the upper surface, but the presence of the re- 
entrant jet leads to a combination of water and vapour. With 
decreasing σ, water fraction decreases quickly to about 30% at the 
leading edge and then increases linearly until the end of the cavity. 
Fig. 16 depicts that at smaller values of σ, not only the length of the 
cavity is larger, but also the mean value of vapour fraction is greater. 

4.7. Velocity and volume fraction contours 

Fig. 17 depicts averaged velocity contours at the mid-section of the 

wing. The averaging process was performed 20 ms after the solution 
initiation and proceeded up to the end of the numerical simulation. As 
illustrated, with decreasing the cavitation number, the cavity region 
extends further and the location of the re-entrant jet, shown by a black 
arrow, is postponed from the leading edge. Further, Fig. 18, which 
shows the average volume fraction of water, clearly indicates that with 
decreasing the cavitation number, the strength of the re-entrant jet in-
creases. The streamline patterns depicted in this figure are vortical in-
side the cavity, and the strength and the number of vortices increase as 
the cavitation number declines. 

5. Conclusion 

The present study was the first attempt to study sheet cavitation with 
cavity cloud shedding around a twisted wing with a NACA 16012 hy-
drofoil using the LES approach. A detailed dynamic evolution of cavi-
tation during a cycle at the cavitation number σ ¼ 1.15 was reported 
depicting cavity growth, shedding, and downstream collapse. Cavity 
behaviours at the two other cavitation numbers of σ ¼ 0:95 and  1:35 
were also considered. Primary shedding due to re-entrant jet, secondary 
shedding due to side jet cavities, and horseshoe vertices were observed 
and discussed. Shedding frequency was obtained in a fairly good 
agreement with the experimental observations. 

Various characteristics of unsteady cavitating flows such as turbu-
lent kinetic energy, volume fraction, velocity, and pressure contours 
were reported. The results reported at σ ¼ 1.35 and σ ¼ 0.95 show the 
position of cavity closure occurring at x/c ¼ 0.43 and x/c ¼ 0.935 from 
the hydrofoil leading-edge, respectively. Our results show that with 
lowering the cavitation number, the horseshoe vortex becomes larger. 
The contours of turbulent kinetic energy during a typical cycle 
revealed that growing cavity vapour from the leading edge of the hy-
drofoil causes the interface of the vapour and liquid to reach the 
maximum turbulent kinetic energy, which could be attributed to the 
re-entrant jet. 

Finally, the variation of pressure coefficient versus dimensionless 
time for different points on the wing surface demonstrated that with 
extending the distance from the leading edge, the pressure coefficients 
increase because of the downstream collapse of the horseshoe vortex. 

Fig. 16. Comparison of mean volume fraction of water at σ ¼ 0:95;
1:15; and 1:35. 

Fig. 17. Average velocity contours at different cavitation numbers. The black arrow indicates the starting point of the re-entranet jet.  
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