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Abstract. In this work, the dynamic behavior of the non-equilibrium cavitation occurring 
around the underwater projectiles navigating with variable speed was numerically and 
theoretically investigated. The cavity collapse induced by the decelerating motion of the 
projectiles can be classified into two types: periodic oscillation and damped oscillation. In each 
type the evolution of the total mass of vapor in cavity are found to have strict correlation with 
the pressure oscillation in far field. By defining the equivalent radius of cavity, we introduce 
the specific kinetic energy of collapse and demonstrate that its change-rate is in good 
agreement with the pressure disturbance. We numerically investigated the influence of angle of 
attack on the collapse effect. The result shows that when the projectile decelerates, an 
asymmetric-focusing effect of the pressure induced by collapse occurs on its pressure side. We 
analytically explained such asymmetric-focusing effect. 

1.  Introduction 
Partial cavitation usually appears around the shoulder the underwater projectiles navigating near sea 
surface. The deceleration of projectile caused by propulsion problem may result in the unstable 
evolution and collapse of the cavity, which will significantly affect the hydrodynamic loads acting on 
the projectile’s body.  

The primary objective of this work is to investigate the dynamic behavior of the cavity in non-
equilibrium state around several underwater projectiles, which is induced by the instantaneously 
variable motion of the projectiles. The numerical works were carried out by solving the one-fluid 
compressible RANS equations using the commercial CFD package ‘ANSYS FLUENT 14.0’. The 
cavitating flow is computed using the cavitation model suggested by Zwart et al. [1]. 

2.  Problem statement 
The axisymmetric underwater projectiles with three kinds of head form were studied. The projectiles 
move in an infinite stationary water area. A constant pressure is specified at the downstream boundary 
to adjust the initial cavitation number  . The motion of the projectiles is achieved by dynamic mesh 
technique The initial velocity of the projectiles, 0bU , is specified as 30 m/s. Then the projectile is 

decelerated to an ultimate velocity btU =20 m/s in 0.2 s, with the law: 3
0(1 0.2) ( )bt b btU t U U   . 

3.  Results and discussion 

3.1.  Evolution of non-equilibrium cavity during variable motion of projectile 

9th International Symposium on Cavitation (CAV2015) IOP Publishing
Journal of Physics: Conference Series 656 (2015) 012149 doi:10.1088/1742-6596/656/1/012149

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd 1



 
 
 
 
 
 

Figure 1
uniform 
The larg
grow an
projectil
  

Figu

 

Fig

 
We o

upstream
peak app
correspo
reaches a

For c
related t
collapse 
same vo
cavity v
change-r

 

 

0.

0.4

0.

0.

m
v/

m
v,

m
ax

 

1 presents th
speed period

ge-scale of s
d collapse p
es make the 

(a)   
ure 1. Evolut

conic

gure 2. The c

obtained the t
m boundary, 
pears around
onds to an in
a periodic sta
cavitating flo
to the chang
effect on the

olume. Here 
volume ( )CV t
rate of the sp

1 1.5 2 2
0

2

4

6

8

1

he evolution
d. The evolu
separated flo
periodically a

secondary ca

  
                   

tion of the ca
c-nose projec

(a)     
correlation be

(a) blu

time historie
as shown in

d the first co
ndividual pre
ate without d
ows in dyna
ge-rate of th
e averaged p
we propose

) , and establ
pecific kineti

2.5 3 3.5 4

Dimensionl
Averaged p

t [s] 

ns of the ca
tions on the 

ow around th
and endlessly
avities to gra

      
                    
avities aroun
ctile,  =0.2

                    
etween the to

unt-nose proj

es of the tota
n figure 2. In
llapse, and e

essure peak. 
damping afte
amic equilibr
he cavity. W
pressure in fa
e the definiti
lish a correl
c energy of c

~ ( )pC E R 

4.5 5 5.5 6

less vapor mass
pressure coefficient

avity during 
projectiles a
he blunt-nos
y. However, 
adually reach

        (b)      
nd the project
5; (c) hemisp

                   
otal vapor ma
ectile; (b) co

al vapor mass
n the case o
each of the f
However, a

er four or five
rium, the dis

We assume th
ar field is sim
ion of the e
lation betwee
collapse: 

3
( )

4

V
R t

 


2

2

3
2

d R
R

dt


 




0

0.2

0.4

0.6

0.8

1

m
v/

m
v,

m
ax

 

0

1.2

2.4

3.6

4.8

C
p 

the deceler
are basically 
se projectile

the relativel
h quasi-stead

     
                   

tiles: (a) blun
pheric-nose p

                    
ass and the a

onic-nose pro

s and the ave
of the conic-n
following va
as for the blu
e times of os
sturbed pres
hat when th

milar with tha
quivalent ra
en the avera

1

3( )CV t





2
3
2

dR
dt

    
  



1 1.5

rating motio
similar but h
makes the s
ly smooth no

dy state after 

  
                    
nt-nose proje
projectile, 

       (b) 
averaged pres
ojectile. 

eraged pressu
nose projecti

alleys on the 
unt-nose proj
scillation.  
sure p  inst

he cavity has
at of a spheri
dius, R , usi

aged pressur

2
0

1
2 bU 




2 2.5 3

Dimensionles
Averaged pre

t [s] 

on and the f
have some di
secondary ca
oses of the o
times of osc

    (c) 
ectile,  =0.3
 =0.2. 

ssure in far f

ure coefficie
tile, a strong

curve of va
ojectile, the c

tead of p  s
s irregular s
ical cavity h
ing the insta
re coefficient

3.5 4

ss vapor mass
essure coefficient

following 
ifferences. 
avities to 
other two 
cillation. 

3; (b) 

 

field: 

ent on the 
g pressure 
apor mass 
cavitation 

should be 
shape, its 
aving the 

antaneous 
t and the 

(1) 

(2) 

-1.6

-0.8

0

0.8

1.6

2.4

C
p 

9th International Symposium on Cavitation (CAV2015) IOP Publishing
Journal of Physics: Conference Series 656 (2015) 012149 doi:10.1088/1742-6596/656/1/012149

2



 
 
 
 
 
 

Figu

 
Figur

in good a

3.2.  Asy
 

We find 
side of th
 

Figur
 
Figur

contours
of high-p

 

Figu
 
We c

produced
frame fix
pressure 

 

ure 3. Compa
of th

re 3 presents
agreement in

ymmetric-foc

if the projec
he projectile 

re 4. Evolutio

re 4 shows 
s of the press
pressure regi

ure 5. Diagra

consider an id
d is reflected
xed on the p
 difference b

1-0.2

-0.1

0

0.1

0.2

0.3

0.4
P

re
ss

ur
e 

co
ef

fi
ci

en
t, 

C
ha

ng
e-

ra
te

 o
f c

ol
la

ps
e 

ki
ne

ti
c 

t=1.20

t=0.90

(a) 
arison betwee
he specific k

s the compar
n the shape a

cusing effect 

ctile navigate
even if the a

on of the cav

the cavity e
sure on proje
ion on the pr

am of the str

deal cavity w
d at the closu
projectile, in 
between the s

2 3
t [s] 

                    
en the averag
inetic energy

rison between
and position o

of the collap

es with angle
angle is smal

vity shape an

evolution ar
ectile’s surfac
ressure side. 

eamlines on 

whose shape 
ure line [4]. B

the stage of 
stagnation po

p 

4 5

  pC
( )E R

t=1.30

t=1.00

            
                   

ged pressure
y: (a) blunt, 

n these two 
of their main

pse-induced p

e of attack, t
ll, different w

nd the pressur

round the pr
ce are shown
This phenom

      
an idealized

is like ellips
By using the 
f the asymme
oints “ A ” an

l

D

Dt
  

P
re

ss
ur

e
co

ef
fi

ci
en

t

6

                    
 coefficient i

0 =0.30; (b)

dimensionle
n peaks.  

pressure 

the collapse w
with tradition

re on project

rojectile nav
n as well. Th
menon is unu

         
d cavity and t

oid [3]. It is 
Cauchy-Lag

etric focusin
nd “ A ” can

l sA A

D
V ds

Dt




1 1.5-0.2

0

0.2

0.4

0.6

0.8

1

P
re

ss
ur

e 
co

ef
fi

ci
en

t, 
C

ha
ng

e-
ra

te
 o

f c
ol

la
ps

e 
ki

ne
ti

c 

t=1.4

t=1.1

            (b) 
in far field an
) conic, 0 =

ess quantities

will entirely 
nal cavitation

tile’s surface

vigating with
e collapse pr

usual in comm

the velocity a

well known 
grange integr
g after the d

n be written a

s

5 2 2.5

t [s] 

40

0

nd the chang
=0.25. 

s. The two c

move to the
n theory [2]. 

e ( 0 =0.3, 

h o2  . T
roduces a sm
mon sense. 

 
along the clo

that the re-e
ration in the 
deceleration s
as: 

3 3.5 4

  pC
( )E R

 

ge-rate 

urves are 

e pressure 

 

 
o2  ).

The filled 
mall block 

osure. 

entrant jet 
reference 
stops, the 

(4) 

9th International Symposium on Cavitation (CAV2015) IOP Publishing
Journal of Physics: Conference Series 656 (2015) 012149 doi:10.1088/1742-6596/656/1/012149

3



 
 
 
 
 
 

In section 3.1, it has been proven that the change-rate of the equivalent radius of cavity, R , has 
good correlation with the variation of pressure. It is considered that the length and the thickness of 
cavity tend to be isotropic when they are small enough. Since the annular cavity is converted into a 
spherical cavity of equivalent radius, OAL  and R  are related as: 

 ~OA

n

dL R dR
O

dt dtR

 
 
 
 

 
 (5) 

The relation between the magnitude of the minimal axial component of the jet velocity JV  and the 
corresponding maximal velocity on the closure line is: 

 ,max ,min

cos( )

cos( 2 )s JV V
 

  



 

 (6) 

This equation can also be expressed as ,max ,min( )s JV C V . The integration of the velocity along the 

closure line is in scale with the maximal velocity ,maxsV : 

 ,max~ ( ) ~ ( )s s n s nA A
V ds O V R O V R

  (7) 

The re-entrant jet reflects on the closure line “ AA ”, thus ,minJV  should be greater than or at least 

not be lower than OAdL dt . The following relation exists: 

 ,min
OA

J

dL
V

dt
  (8) 

After putting all the above-mentioned equations together, the pressure difference between “ A ” 
and “ A ” is in proportional relation to a composite expression of the equivalent radius R  and its 
change-rates: 

 

22

2

1
~

2
l n l n

D dR d R dR
p R R R R

Dt dt dt dtR
  

    
             

   


 (9) 

The R  satisfies the Rayleigh equation, and it’s easy to obtain its change-rates in the above equation. 
Finally we have found that corresponding difference of pressure coefficient can be estimated as 
follows, given 0 1R R   : 

 

3

02
~

3
n

p

R R
C

R R
 

 
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 


   (10) 
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