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Abstract: In this study, the effect of the free surface on the cloud cavitating flow around a blunt body is investigated based on the 
water tank experiment and the CFD method. Numerical results are in good agreement with experimental data, and the mesh 
independence of the methods is verified. The cavity evolution process includes the cavity growth, the re-entrant jet, the cavity 
shedding, and the collapse, which can all be observed from the water tank experiment. The effects of the free surface on the cavity 
length, the thickness, and the cavity evolution period are analyzed by comparing the difference between the cavitating flows on the 
upper and lower sides of the body. This study also examines the effect of the distance between the free surface and the model through 
a series of water tank experiments and numerical simulations. The cavity stability and asymmetry, as well as the thickness and the 
velocity of the re-entrant jet inside the cavity, which varies with the submerged depth, are discussed with consideration of the effect 
of the free surface. The effect of the free surface on the cavitating flow around the blunt body is enhanced with the decrease of the 
submerged depth. 
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Introduction 
The cavitation is one of the classic problems in 

high-speed hydrodynamics when underwater vehicles 
move in great speed[1-4]. The induced instable pheno- 
mena can cause serious consequences, such as noises, 
erosion, and vibrations of the structure. The problem 
becomes complicated when the interaction between 
the free surface and the cloud cavitating flow on the 
model is considered. The water tunnel[5] and water 
tank[6,7] tests are usually performed to analyze the 
problem. In recent years, the CFD method becomes 
one of the main research methods used for the 
cavitation flow, including the potential flow theory[8,9], 
the boundary element method (BEM)[10-12], the large 
eddy simulation (LES)[13-16], and other approaches[17-19] 
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with commercial software, such as the CFX, the 
FLUENT[20,21] and other open source software, such 
as the OpenFOAM[22-24]. 

The interaction between the free surface and the 
cavitating flow is a very complex and interesting 
problem. Based on the numerical and experimental 
methods mentioned above, the flow characteristics 
and the mechanism of unsteady cavities were studied. 
The mechanism of main control parameters, such as 
the submerged depth, the cavitation number, the 
Froude number, and the gravity, which affect the 
cavitating flow, were analyzed based on experiments 
and numerical simulations[1,9,25]. Wang[13,26] studied 
the cloud cavitating flow around an axisymmetric 
projectile near the free surface, including the effect of 
the free surface on the cavity shape, the cavity 
evolution process, the re-entrant jet inside the cavity, 
and the vortex structure. The CFD simulations were 
conducted, and the results were found to be consistent 
with the water tank experiment data. Moreover, the 
atmospheric ventilation flow around a blunt body near 
the free surface was discussed[27]. Ventilated cavita- 
tion occurs when the model is sufficiently close to the 
free surface. The entrainment of a strong air into the ca- 

http://crossmark.crossref.org/dialog/?doi=10.1016/S1001-6058(16)60812-0&domain=pdf


 980

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
vity on the upper side of the blunt body induces a 
large and stable cavity. The effects of other boundary 
conditions, such as that of the near-wall on the cloud 
cavitating flow around vehicles were also discussed in 
the recent studies[28-30]. 

In this work, the water tank experiments and the 
numerical simulations are performed to analyze the 
effect of the free surface on the cloud cavitating flow 
around a blunt body in various submerged depths. The 
accuracy of the numerical method and the mesh inde- 
pendence are verified. The cavity evolution processes, 
including the cavity growth, the re-entrant jet, the 
cavity shedding, and the collapse, can be observed 
through the experimental data. We first discuss the 
effects of the free surface on the cavity length, the 
thickness, and the cavity evolution period. Then, the 
effects of the free surface on the cavity stability, the 
asymmetry, and the thickness and the velocity of the 
re-entrant jet inside the cavity of various submerged 
depths are examined under a series of working 
conditions. 
 
 
1. Water tank experiment 

The water tank test facilities are shown in Fig.1. 
The tested model in the experiment is a slender, 
polished stainless-steel cylinder of 37 mm in diameter. 
The launching process is based on the Split- 
Hopkinson pressure bar technology[6], which could 
accelerate the launched model to a speed of 18.5 m/s 
in less than 50 s. The entire cavity evolution process 
could be recorded by a high-speed camera with 25 000 
frames per second. The water temperature is approxi- 
mately 20oC. In the following sections, the cavity 
evolution will be mainly discussed based on experi- 
mental pictures and numerical results. The cavity 
shape changes with the submerged depth at the launch 
time, the cavitation phenomenon can be classified by 
the shape development into the cloud cavitation[13], 
the natural ventilation[27] and the supercavitation as 
the submerged depth decreases. We mainly focus on 
the cloud cavitating flow in this paper with the submer-  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ged depth varying from 15 mm to 40 mm. There will 
be no free surface effect on the cloud cavi- tating flow 
around the projectile when the distance between the 
upper side of the projectile and the free surface 
exceeds 40 mm. 
 
 

2. Numerical methods 
 

2.1 Governing equations 
    The multiphase flow equations are extensively 
used for solving the water-liquid/water-vapor two- 
phase flow problems. The governing and momentum 
equations are expressed as: 
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where iu  is the velocity component in the i  
direction,   is the mixture density, p  is the 

pressure, and   is the laminar viscosity, which can 

be defined as 
 

= (1 ) +v l v v    
                                                  

(3) 
 
where   is the volume fraction of the different 
phases, and l  and v  represent the liquid water and 
the water vapor, respectively. The mixture density   
is defined as 
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    The transport equation of the water vapor volume 
fraction is 
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Fig.1 Water tank test facilities 
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where +m  and m  are the mass transfer rates of the 
evaporation and the condensation, respectively, which 
are derived from the Rayleigh-Plesset bubble dynamic 
equations as presented by Zwart et al.[31]. 
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where 6= 10 mBR 

 is the generalized bubble radius, 

= 2 340 Pavp  is the saturated vapor pressure, 

nuc =a 45 10  is the nucleation site volume fraction, 

vap = 50F
 

is the evaporation coefficient, and cond =F

0.01  is the condensation coefficient. The selected 
parameter values are based on the work of Zwart et al.. 
The parameters are evaluated and found to work well 
for a variety of fluids and devices. The parameters and 
the recommended values of the cavitation model were 
extensively used[13]. In addition, several studies in- 
dicated that the parameters had a small effect on the 
results of the cloud cavitating flow within a certain 
range[32]. 
 
2.2 Numerical schemes and parameters 

In this study, the commercial software FLUENT 
is used for simulating the cloud cavitating flow around 
a blunt body near the free surface. The 1.2 m0.8 m 
0.4 m computational domain and the defined boun- 
dary conditions include the velocity-inlet, the pres- 
sure-outlet, and no-slip wall, as shown in Fig.2, where 
half of the model is considered. The depth between 
the upper side of the blunt body and the free surface 
(15 mm) and the simulated velocity (18.5 m/s) are the 
same as those in the water tank experiment. The tail 
effect on the cavity is neglected by using a semi- 
infinite projectile model. Other simulation conditions 
are consistent with the experimental conditions. 
During the calculation, the VOF method and the LES 
approach with the Smagorinsky-Lilly model are used 
for simulating the turbulent flow. Other detailed nu- 
merical schemes and parameters are shown in Table 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.2 Computational domain and boundary conditions 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3 Mesh near the head of the projectile 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4 Comparison of cavity lengths on the upper and lower 

sides of the model between the experimental and 
simulated results 

 
2.3 Validation 

The numerical results of a block-structured mesh 
(Fig.3) with a cell number of approximately 4106 are 
compared with the water tank experimental data in 
Fig.4. l  is the distance between the upper side of the 
 

Table 1 Numerical schemes and parameters 

Velocity 
inlet 

Model 
diameter 

Cavita- 
tion 

number 

Reynolds 
number 

Froude 
number

Scheme in 
time 

Pressure 
interpola-

tion 

Scheme in 
momentum 

Scheme in 
volume 
fraction 

Time 
step size

18.5 m/s 37.0 mm 0.579 7.61105 30.7 

Bounded 
second- 
order 

implicit 

Body 
force 

weighted

Bounded 
central 

differencing 

Modified 
HRIC 1105 s
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Fig.5 Comparison of simulated results of cavity length at the 

upper and lower sides of the model of original mesh and 
refined mesh, and experimental results 

 
projectile and the free surface, t  is time. The first 
layer height is set at 1 m to ensure that +Y  is appro- 
ximately equal to 1. The total cell number is approxi- 
mately 4106 with a good orthogonality, which is 
refined around the model and near the free surface. 
The results are consistent with each other, which 
validates the accuracy of the numerical methods. The 
cavity evolution process shown in the figure includes 
four stages: the cavity growth, the re-entrant jet, the 
cavity shedding, and the collapse. 
 
2.4 Mesh independence study 

Based on the original mesh plan, a refined mesh 
is generated with a total cell number of 3107. The 
mesh independence is confirmed by comparing the 
cavity length at the upper and lower sides of the blunt 
body among the experimental results, and the si- 
mulated results with the original mesh, and the refined  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

mesh, as shown in Fig.5. The results of the new mesh 
plan are in good agreement with those of the previous 
models. The cavity shapes of the simulated results are 
also compared in Fig.6, which shows that the refined 
mesh simulation results are consistent with the 
original results of the cavity evolution. As the main 
features of the cavity evolution are our concern to a 
greater extent than other attributes, the mesh indepen- 
dence of the simulation method can be verified. The 
LES approach is widely used in the calculation of the 
cavitating flow nowadays, but without much valida- 
tion and verification (V&V) study[33]. The V&V is 
necessary for numerical calculations[34] and the V&V 
research for the LES methods will be conducted in the 
future. 
 
 
3. Results and discussions 

Figure 7 shows the comparison of cavity patterns 
between the experiment and simulation results during 
the cavity evolution process. The preceding four 
stages mentioned above can be clearly observed 
through the figures. The cavity is generated in the first 
stage. The re-entrant jet appears inside the end of the 
cavity and moves toward the shoulder of the model 
when the cavity turns into a stable shape. In the third 
stage, the re-entrant jet removes the cavity by inter- 
fering with the outside flow. Thereafter, the cavity 
shedding occurs. In the last stage, the cavity collapses, 
and the cavity length is significantly decreased. The 
differences of the cavity shape between the upper and 
lower sides of the body reflect the effect of the free 
surface on the cavitating flow. With a small upper 
constraint and the effect of the free surface, the upper 
side of the cavity has a larger curvature than that of 
the lower side cavity. Cavities can be thick and short  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Fig.6 (Color online) Comparison of the cavity evolutions between simulated results with the original mesh and the refined mesh 
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Fig.7 (Color online) Comparison of cavity patterns between ex- 

periment and simulation results at =t 2 ms, 4 ms, 6 ms, 
8 ms, 10 ms, 12 ms and 16 ms. Re-entrant jets are 
marked by red lines 

 
near the free surface. The entire cavity evolution 
period is also shortened. Detailed discussions and an- 
alyses of the flow characteristics and the mechanism 
of the cavity are given in Ref.[13]. 
    In this study, various submerged depths (15 mm, 
20 mm, 25 mm, 30 mm and 40 mm) are considered to 
analyze the cavity stability and the asymmetry, the 
re-entrant jet thickness, and the velocity with the free 
surface effect. If the submerged depth is reduced, a 

natural ventilation will occur[27]. 
 
3.1 The effect of free surface on cavity stability and 

asymmetry 
Plotted data are shown in Figures 8 and 9. The 

cavity stability on the upper side of the blunt body 
increases with the decrease of the submerged depth, 
whereas the stability on the lower side cavity is 
generally unchanged. The cavity asymmetry increases 
with the decrease of the submerged depth. The rela- 
tionship between the average cavity length difference 
and the submerged depth can be expressed by the 
following equation 
 

2= 0.01 + 0.32 + 2.52l d d 
                                      

(8) 
 

where l  is the cavity length, and d  is the submer- 
ged depth. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8 Standard deviation of cavity length ( )l  on the upper 

and lower sides of blunt body at 1 ms-17 ms 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.9 Average value of cavity lengths ( )l  on the upper and 

lower sides of blunt body at 1 ms-17 ms 
 
3.2 The effect of free surface on re-entrant jet 

thickness and velocity 
The re-entrant jet is one of the important factors 

for the cavity instability. By putting the velocity 
contour charts on the symmetry plane of the model, 
we can clearly see the re-entrant jet inside the cavity 
based on the numerical results. Figure 10 shows the 
velocity distribution around the blunt body and the cavi-  
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Fig.10 (Color online) Comparison of simulation results for vari- 

ous submerged depths (15 mm, 20 mm, 25 mm, 30 mm 
and 40 mm) at 6 ms (velocity contour charts show the 
velocity distribution around the model at the added 
symmetry plane) 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.11 Thickness of re-entrant jet inside the cavity for various 

submerged depths (15 mm, 20 mm, 25 mm, 30 mm and 
40 mm) at 6 ms 

 
tating flow on the model at = 6 mst . With the 

increase of the distance between the free surface and 
the model, the difference between the cavity length on 
the upper and lower sides of the body decreases. The 
thickness of the re-entrant jet inside the cavity at t =6 ms 
is plotted in Fig.11, which shows that the thickness of 
the re-entrant jet is proportional to the water layer 
thickness. When the model is sufficiently close to the 

free surface, the re-entrant jet on the upper side is very 
thin and does not have a sufficient strength to remove 
the cavity. Thus, several fluctuations of the cavity 
shape are found on the upper side; however, no 
shedding occurs[27]. The thin re-entrant jet also in- 
duces a stable cavity when the blunt body moves close 
to the free surface. The relationship between the re- 
entrant jet thickness and the submerged depth can be 
expressed by the following linear equation 
 

= 0.0425 + 0.4d
                                                       

(9) 
 

where   is the re-entrant jet thickness. 
The re-entrant jet inside the cavity moves toward 

the shoulder of the blunt body during the cavity 
evolution. The re-entrant jet profiles are marked by 
red lines in Fig.12. Finally, the main cavity is 
removed by interfering with the outside flow at 

= 8 mst . Figures 13 and 14 compare the re-entrant jet 

velocities re-entry jet( )V  of the simulated cases with 

various submerged depths (15 mm, 20 mm, 25 mm, 
30 mm and 40 mm) in terms of the re-entrant jet 
length from the end of the main cavity to the 
re-entrant jet front inside the cavity. Generally, the 
re-entrant jet velocity increases as the submerged 
depth decreases. The re-entrant jet inside the upper 
side cavity of the blunt rapidly moves under the free 
surface effect. The re-entrant jet takes a considerable 
time to reach the leading edge of the hydrofoil due to 
the increase of the cavity length and the decrease of 
the speed of the re-entrant jet. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.12 (Color online) Cavity evolution of simulation results 

with submerged depth of 15 mm at 2 ms, 4 ms, 6 ms 
and 8 ms (velocity contour charts show the velocity 
distribution around the model at the added symmetry 
plane) 
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Fig.13 The re-entrant jet velocities of the simulated cases with 

various submerged depths (15 mm, 20 mm, 25 mm,  
30 mm and 40 mm) at 6 ms 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.14 The re-entrant jet velocities of the simulated cases with 

various submerged depths (15 mm, 20 mm, 25 mm,  
30 mm and 40 mm) at 6 ms 

 
 
4. Conclusions 

In this study, the effect of the free surface on the 
cloud cavitating flow around an underwater- launched 
blunt body is analyzed. The results of the water tank 
experiment and the CFD simulation are in good agree- 
ment. The mesh independence study is also carried out. 
The results of a series of water tank experiments and 
simulations for various submerged depths are an- 
alyzed. 
    Generally, the effect of the free surface on the 
cavitating flow around the blunt body is enhanced 
with the decrease of the submerged depth. The cavity 
on the upper side of the model is stable, thick, and 
short under the free surface effect. The cavity 
asymmetry, the difference between the upper and 
lower side cavities, increases as the submerged depth 
decreases. 

The thickness of the re-entrant jet is proportional 
to the water layer thickness as shown by the simu- 
lation results. Therefore, the thin re-entrant jet also 
induces a stable cavity when the blunt body moves 

close to the free surface. In addition, the re-entrant jet 
velocity increases as the submerged depth decreases. 
The free surface effect near the blunt body can induce 
a fast re-entrant jet inside the upper side cavity. 
    The cavitating flow around the model near the 
free surface is complex. Apart from the submerged 
depth of the model, many other control parameters, 
such as the head type of the projectile and the 
boundary conditions, may influence the cavity. The 
author will focus on the effect of the free surface on 
the cavitating flow in case of wave movement in the 
future. Further study on the V&V research with the 
LES methods is also necessary. In this study, the 
results are limited to typical working conditions for a 
typically shaped model, and an in-depth analysis is 
required. 
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