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a  b  s  t  r  a  c  t

In  a typical  experiment  of  underwater  vertical  launching,  cavitation  bubbles  are  generated  in  the low-
pressure  regions  of the  vehicle  in the  water  and  collapse  when  the  projectile  runs  through  the  free  surface.
A new  internal  collapse  phenomenon  that  advances  from  the  tail  to the  head  of  the  axisymmetric  projec-
tile  has  been  observed  in an  underwater  launching  experiment:  it differs  from  usual  collapse  phenomena
and  is  rarely  observed  in  water  tunnel  tests.  During  this  process,  cavities  shrink  upstream  quickly,  pro-
ducing  high  impact  pressure,  and fast  re-entry  jets  form,  inducing  strong  instabilities.  Analysis  indicates
that  this  phenomenon  is  relative  to rapid  changes  in  vehicle  speed  and cavitation  number.  Thin  cavitation
bubbles  are  generated  when  the vehicle  accelerates  rapidly,  and  then  vapor  condenses  rapidly  and  forms
an additional  body  force  at the  closure  of the  cavity  in the  deceleration  process.  As a result,  large  velocity
nderwater launching process
eceleration

directed  to  the  wall  to the wall is  generated,  and  the  liquid  water  layer  continues  to  move  toward  the  wall
and  impact  as  an  internal  collapse.  Numerical  simulations  are  also  performed  on  the  decelerating  effect
on the cavity  evolution.  Results  indicate  that  the  pressure  increase  is a  critical  factor,  which  results  in a
nonlinear  change  in the  cavity  length.  In proportion  to  the  enlargement  of  the  deceleration,  the  cavities
shorten  more  quickly.
. Introduction

When objects run in water at high speed, cavitations occur in
ow-pressure regions, where part of the liquid water changes into
apor. Cavitation is one of the most important and complicated
henomena in hydrodynamics. In particular, when cavitation bub-
les collapse, high-pressure pulses are generated, exerting major

mpact and even causing damage on the structures of vehicles [1].
Bubble collapse has been intensively investigated theoreti-

ally, experimentally, and numerically in the past, including the
ynamics of single sphere bubbles [2–5], non-sphere bubbles
6–9], and interaction among a limited number of bubbles [10–16].
owever, very large scale computation involving the solution of
avier–Stokes equations is required to determine the behavior of
any bubbles [17]. Simplified models of bubble clusters and bub-

ly flows have also been established and used to identify various
echanisms of flow behaviors [18–20].

In applied research on hydrodynamics and ocean engineering,

he collapse of bubble clusters that involve a huge number of bub-
les is also an important issue. For example, cavitation bubbles

∗ Corresponding author. Tel.: +86 1082543811.
E-mail address: wangyw@imech.ac.cn (Y. Wang).
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collapse when vehicles are launched through the free surface of
the water to open air [21], and bubble dynamics is also an impor-
tant issue in research on underwater explosion [22,23]. Moreover,
the instabilities at cavitation closures are usually prominent in
cloud cavitations with quasi-periodical breaking-off and shedding
[24,25]. Observations show that the shedding cavitation cloud may
collapse at the cavitation closure, and this kind of collapse is closely
related to the instability of cavitation bubbles [26–29].

Given the strongly unsteady behavior of cavitating flows, the
variation in the velocity is an important influencing factor on the
evolution of cavitating bubbles. Some researchers have studied
the changes in the shape of natural supercavitation under var-
ious decelerating conditions using numerical methods [30–32].
Chen et al. [33] numerically and analytically investigated the devel-
opment of cavitation bubbles around submerged vehicles with
decelerating navigation and indicated that the cavity is induced
to collapse by the deceleration after fluctuation. These afore-
mentioned numerical results are mostly similar in terms of their
qualitative characteristics. However, the associated experimental
results available in the literature are very limited because of the

limitations in water tunnel and other test methods. As a conse-
quence, numerical results are also lacking in rigorous validation.

In the present study, an internal collapse is observed in a verti-
cal underwater launch experiment without bubble shedding. The

dx.doi.org/10.1016/j.apor.2016.02.001
http://www.sciencedirect.com/science/journal/01411187
http://www.elsevier.com/locate/apor
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apor.2016.02.001&domain=pdf
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158 Y. Wang et al. / Applied Ocean Research 56 (2016) 157–165

b
q
n
p
e
S
r
v
i
n
j
m
a
t
o
n
t

2

2

v
T
t
p

a
c
t
e
l

T
B

Fig. 2. Projectile speed in the launch process. The black solid squares represent
the speed of the projectile by conducting pixel analysis on the experimental results.
The red curve represents the linear fitting of the experiment results, while the green
curve represents a linear estimate of the speed in the acceleration process. The speed
Fig. 1. Schematic of the experiment system.

ubble collapses at the closure and is propagated reversely and
uickly upstream. The mechanisms and influence of the inter-
al collapse are analyzed. Furthermore, numerical simulations are
erformed to study the effects of speed change by varying the decel-
ration of the projectile. The present work is organized as follows:
ection 2 presents the experimental setup, numerical methods, and
elevant flow parameters. Section 3 focuses on experimental obser-
ations, in which the overall evolution of the cavitation patterns
n the whole launching process, the rapid cavity shortening phe-
omenon in the internal collapse process, and the strong re-entry

et induced by the collapse are described. Section 4 discusses the
echanism of the internal collapse. Section 4.1 identifies the fast

cceleration and deceleration of the projectile as the main cause of
he internal collapse, and Section 4.2 further examines the effect
f deceleration on the variation of the cavity shape, along with
umerical results. Section 5 summarizes the major conclusions of
he study.

. Experimental and numerical methods

.1. Experimental setup

To investigate the underwater launch problem, a small-scale
ertical underwater launch system is established, as shown in Fig. 1.
he measuring equipment used includes pressure probes to obtain
he air pressure after decompression by vacuum pump and tem-
erature probes to obtain the water temperature.

In the launch experiment, the piston is pushed by compressed
ir and propels the projectiles to accelerate and move vertically. The

avitation bubbles generated in the low-pressure regions around
he shoulder of the projectiles evolve unsteadily and collapse after
xiting the water. The projectile model is hollow and made of stain-
ess steel. The equivalent density of the model is similar to liquid

able 1
asic launch parameters.

Water depth 1.185 m
Air pressure 40 KPa
Water temperature 19.2 ◦C
Fastest measured speed of projectile 21.8 m/s
Frame rate of high speed camera 6000 fps
Projectile diameter 70 mm
Projectile length 500 mm
Projectile mass 1.9 kg
values shown in the green and red curves are combined and used as the speed
condition in the basic numerical simulation (For interpretation of the references to
color in this figure legend, the reader is referred to the web  version of this article.).

water to avoid the large influence of the forces of gravity and buoy-
ancy. The basic launch conditions of the typical experiments are
listed in Table 1.

The projectile speed varies throughout the whole process. In the
observed part, the speed curve can be calculated as shown in Fig. 2
by image processing and is approximately linear. For the accelera-
tion part in the launch tube, the movement of the projectile cannot
be observed. Assuming that the high-pressure gas expands uni-
formly, the pressure on the piston surface can be conducted by the
volume ratio of the gas tank and tunnel. Subsequently, the pro-
jectile speed in the accelerating process is estimated as shown in
Fig. 2.

2.2. Numerical methods

To simulate the motions and phase change of liquid water and
vapor, the mixture/multiphase flow equations are adopted based
on the third type of method mentioned in Section 1. The continuity
and momentum equations of the mixture of liquid water, vapor,
and non-condensable air are established as

∂

∂t
(�m) + ∇ · (�m�vm) = 0 (1)

∂

∂t
(�m�vm) + ∇ · (�m�vm�vm)

= −∇p + ∇ · [(�m + �t)(∇�vm + ∇�vT
m)] + �m�a + �m�g (2)

where p is the mixture pressure, �m is the mixture density, �vm is
the mixture velocity vector, and �g  is the gravitational acceleration.
�a is the acceleration of the flow field and is calculated by �a = −�̇v,
where �̇v is the acceleration of the projectile model. The laminar
viscosity �m is defined as the density-weighted average of the three
components. �t is the turbulent viscosity closed by the RNG k–ε
model. The mixture density �m is defined by

�m = (1 − ˛v)�l + ˛v�v (3)
where ˛v is the component volume fraction of vapor, and �v and �l

are the component densities of the vapor and liquid components,
respectively.
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Fig. 3. Computational domain and boundary conditions.
Y. Wang et al. / Applied Oce

The mass fraction equation for vapor is

∂(�v˛v)
∂t

+ ∂(�v˛vuj)
∂xj

= Re − Rc (4)

here Re and Rc are the evaporation and condensation rate, respec-
ively, which can be simulated in the cavitation model established
y Zwart et al. [34].

Re = Fvap
3anuc(1 − ˛v)�v

RB

√
2
3

max(pv − p, 0)
�l

Rc = Fcond
3˛v�v

RB

√
2
3

max(p − pv, 0)
�l

(5)

here the generalized bubble radius RB is set at 10−6 m,  the nuclea-
ion site volume fraction anuc is set to 5 × 10−4, the evaporation
oefficient Fvap is set to 50, and the condensation coefficient Fcond

s set to 0.01.
To calculate the turbulent viscosity �t in Eq. (3), the two  trans-

ort equations for turbulence kinetic energy k and its dissipation
ate ε are solved as the RNG k–ε model.

∂

∂t
(�mk) + ∂

∂xi
(�mkvi) = ∂

∂xj

(
˛k�eff

∂k

∂xj

)
+ Gk − �mε (6)

∂

∂t
(�mε) + ∂

∂xi
(�mεvi) = ∂

∂xj

(
˛ε�eff

∂ε

∂xj

)
+ C1ε

ε

k
Gk − C2ε�m

ε2

k
(7)

here Gk represents the generation of turbulence kinetic energy
aused by the mean velocity gradients, calculated as Gk =
�u′

i
u′

j

∂uj

∂xi
, the quantities ˛k and ˛ε are the inverse effective Prandtl

umber for k and ε, respectively, ˛k = ˛ε = 1.393, and the model
onstant is C1ε = 1.42, C2ε = 1.68.

For the ordinary case, the turbulent viscosity is calculated by

t = C��m
k2

ε , which is overestimated in the mixed region [35]. As
uch, a modified turbulent viscosity, which is found to improve sig-
ificantly the simulations of the cloud shedding, is instead defined
s follows:

t = f (�)C�
k2

ε
. (8)

here C� = 0.0845, and

 (�) = �v + (�m − �v)n

(�l − �v)n−1
, n = 10.  (9)

These unsteady numerical simulations are performed based on
he finite volume method with the PISO scheme, using the com-

ercial CFD software FLUENT. The equations are discretized by a
econd-order implicit scheme in time and a second-order upwind
cheme in space. The numerical parameters are summarized in
able 2.

Given the axisymmetric characteristics of the flow field, 2D

xisymmetric simulation is performed. The computational domain
hown in Fig. 3 is discretized with a block-structured grid with
40 × 200 cells. The height of the first layer is set to 1/10,000 of
he projectile’s diameter to ensure that y+ equals 1 approximately

able 2
umerical parameters.

Simulation type Unsteady
Pressure–velocity coupling PISO
Temporal scheme 2nd-order implicit
Time step 1 × 10−5 s
Spatial scheme 2nd-order upwind
Pressure interpolation scheme Body force weighted
Turbulence model Modified RNG k–ε
Fig. 4. Near wall grids around the head of the projectile.

(as shown in Fig. 4). Thus, the two-layer model is adopted to resolve
the laminar sub-layer. Similar schemes are used to simulate under-
water launching in previous works [21,36].

3. Evolution of the cavitation bubbles

3.1. Overall evolution of the cavitation bubbles

In the two stages of cruising and exiting water, cavitation bub-
bles evolve as shown in Fig. 5. The whole process can be divided into
two large stages according to the projectile motion. In the cruising
stage, the projectile is fully submerged in the water, and the cavity
grows first and then shrinks gradually without exhibiting any obvi-
ous phenomena of cavity breaking up and shedding. In the exiting
stage, the projectile head moves out of the free surface, and the
whole cavity collapses in a very short period.

According to the development of the cavity, the launching pro-
cess is further divided into the following four small stages:

(1) When the projectile moves at a relatively high speed, the cav-
ity grows continuously, and the cavity shape becomes thin and
long (as shown in Fig. 5(a) and (b)).

(2) As the projectile speed decreases, the trailing edge of the cav-
ity advances upward, and the cavity internally collapses and
shortens rapidly (as shown in Fig. 5(c) and (d)).

(3) The re-entry jet is generated during the shortening process,
which is shown as the movement of the brighter white liquid
water from the trailing edge to the leading edge of the cavity.

(4) When the projectile moves through the free surface with a large
cavity, the low pressure in the cavitation region cannot remain,

and the cavity collapses.

The cavity growth, the re-entry jet, and the collapse in the exit-
ing stage have been widely investigated in previous studies, but
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ig. 5. Overall evolution of cavitation bubbles. The process is divided into two  stages
o  the cavity evolution.

he internal collapse as a rapid shortening of the cavity is a new
nstable phenomenon.

.2. Description of the internal reverse advance collapse

As mentioned above, the internal collapse is a particular phe-
omenon and should be given focus. The variation of the cavity

ength throughout the whole launching process is shown in Fig. 6.
he process of the internal collapse process involves two  differ-
nt periods. In the first period, the length varies almost linearly. In

he second period, the shortening process becomes faster first, and
hen the length variation becomes slower.

Observations of the cavity show that the shortening in the first
eriod is similar to the shock propagation in the cavity, and a small
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ig. 6. Lengths of the main cavity in experimental results. The values of the length
re  calculated by pixel analysis. The measurement error is about 1 pixel, which is
qual to 0.89 mm.  The shortening process of the cavity involves two different periods
ccording to the shortening rate. The Roman numerals represent the serial numbers
f  the pictures in Fig. 7.
ding to the projectile movement, which in turn is divided into two stages according

amount of free bubbles are generated after the collapse occurs at
the closure of the cavity (as shown in Fig. 7(I)–(III)). In the sec-
ond period, the cavity in the large region vanishes quickly, and a
large amount of free bubbles are generated. The rebound is also
observed after the collapse occurs at the closure of the main cav-
ity. Observations of the collapse in the second period are more
similar to the typical process of the collapse of the bubble cloud
shed from the sheet cavity [37]. However, this internal collapse
advances reversely and lasts for a longer time period, affects a
larger region, and exerts a more significant impact on the projectile
surface.

3.3. Influence of the internal collapse on the formation of the
re-entry jet

The re-entry jet is one of the most important factors of cavitation
instability. During the launching process, high-pressure pulses are
generated by the internal collapse. Consequently, a large adverse
pressure gradient is generated by the internal collapse, which
induces the strong re-entry jet. The development of the re-entry jet
is observed beginning from the internal collapse process (as shown
in Fig. 8, with the red arrows pointing to the frontier of the re-entry
jets). The motion of the re-entry jet front is approximately linear, so
that the average velocity is calculated by linear fitting as 19.48 m/s,
which is similar to the mean inflow velocity. Compared with the
measurements of Callenaere et al. [24], in which the speed of the
re-entry jet is about half of the mean inflow velocity, the re-entry jet
is significantly strengthened by the internal collapse. Furthermore,
this means that the instabilities of the evolution of the cavitation
bubbles are also much aggravated.

4. Discussions on the mechanism
4.1. Analyses of the mechanism of the internal collapse

The cavitation number is usually considered to be the gover-
ning parameter of the cavity development. The mechanism of the
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Fig. 7. Cavity evolutions in the fast shortening period (the seri

nternal collapse is qualitatively analyzed based on the variation of
he local cavitation number and the interfacial dynamic situation
f the cavity. During the whole process, the local cavitation number
t the head of the projectile can be calculated as plocal−pv

1/2�v2 (as shown

n Fig. 9), where plocal is the local hydrostatic pressure, pv is the
vaporation pressure, � is water density, and v is the instantaneous
peed of the projectile.

In the acceleration process, the speed of the projectiles acceler-
tes very fast in the tube, with the water depth declining quickly.
he local cavitation number decreases significantly from several
undreds to approximately 0.16 (as shown in Fig. 9). Consequently,
he main bubble is incepted from the shoulder and then grows
uickly.

After the projectile runs out of the tube, its speed starts to

ecrease, inducing the local cavitation number to rise (as shown in
ig. 9). Correspondingly, deceleration forms additional body forces
t the closure of the cavity, which in turn induce the pressure
round the closure of the cavity to increase. As a result, the vapor at

ig. 8. Re-entry jet after the internal collapse (the front of the re-entry jet is shown as an 

For  interpretation of the references to color in this figure legend, the reader is referred to
bers of the pictures are marked in Roman numerals in Fig. 6).

the closure has a large condensable rate. The experimental results
show that re-entry jets already form before the internal collapse
occurs. Thus, the cavities at this time are thin and long between the
re-entry jets and main flow and are suspended in a certain distance
from the projectile surface (as shown in Fig. 10(a)).

The cavity boundary moves inward quickly given the pressure
differences inside and outside. Furthermore, constrained by the
projectile surface, the velocity directed to the wall is much larger
than the velocity in the reverse direction. As a result, the liquid
water layer continues to move toward and impact the wall as an
internal collapse (as shown in Fig. 11).

Once the collapse occurs, high pressure is generated at the clo-
sure and is propagated to the leading edge as a shock (as shown in
Fig. 10(b) and (c)). In addition, complex structures exist inside the

cavity before the internal collapse, perhaps including the breakage
in the thick region, which may  cause the collapse to occur faster
near the breaking region. When the collapse approaches the lead-
ing edge, condensation at the closure is much weakened by the

interface between the bright and dark parts, marked by red arrows in each picture)
 the web  version of this article.).
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Fig. 9. Local cavitation number at the head of the projectile (the initial time of the
internal collapse is indicated by the arrow).

Fig. 10. Schematic of the dynamic analysis of the evolution of the cavity during the
deceleration period. The strong body forces are shown as red arrows in (a), while
the flow direction of liquid water is represented by green arrows in (b)–(d) (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web version of this article.).

Fig. 11. Schematic of the motion of the cavity boundary near the collapse point at
the closure of the cavity. The yellow arrows represent the directions of liquid water
motion near the boundary (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.).
search 56 (2016) 157–165

low-pressure region around the projectile shoulder. Subsequently
re-entry jets form as a result of the adverse pressure gradient, and
the internal collapse finally terminates (as shown in Fig. 10(d)).

As indicated in the aforementioned analysis, the fast decelera-
tion of the speed of the projectile is the main cause of the internal
collapse. In addition, the cavity is very long, thin, and influenced
by the fast acceleration, which induces the collapse to propagate
from the trailing edge to the leading edge. Therefore, the present
phenomenon is more unstable than other phenomena and is hardly
observed in water tunnel tests.

4.2. Parameter analysis of the deceleration

The influence of deceleration as the governing factor of the cav-
itating flow is studied by numerical simulation in this subsection.
First, on the form of the motion of the acceleration–deceleration
discussed in the present study, the governing parameters of bubble
length are derived as follows:

Lb = f (t,  �w, vmax, D, �w, P∞ − Pv, aa, ad) (10)

where Lb is the length of the cavitation bubble, t is the time, �w and
�w are the density and viscosity of water, respectively, D and vmax

are the diameter and the maximum speed of the projectile, respec-
tively, P∞ − Pv is the pressure difference between the reference and
vaporization pressure, and aa and ad are the acceleration of the pro-
jectile in the accelerating and decelerating processes, respectively.

The equation above can be transformed into the following
dimensionless form, if the density, velocity, and diameter are cho-
sen as the basic quantities:

Lb

D
= f

(
tD

vmax
;

�wvmaxD

�w
,

P∞ − Pv

1/2�wv2
max

,
aaD

vmax
,

adD

vmax

)
. (11)

where tD
vmax

is the dimensionless time, �wvmaxD
�w

is the Reynolds num-

ber, P∞−Pv
1/2�wv2

max
is the cavitation number, and aaD

vmax
and adD

vmax
are the

dimensionless accelerations. If the process of the increase in veloc-
ity is fixed, the decelerating effect is controlled by the parameter
adD
vmax

.
The basic numerical simulation of the cavitating flow in the

decelerating process is performed using the speed curve in Fig. 2.
The time sequences of the distributions of the pressure and water
volume fractions are as shown in Fig. 12. When the speed of the
projectile begins to decrease at 0.04 s, the growth of the cavita-
tion bubble persists because of the inertia of the flow (as shown
in Fig. 12(a)). At 0.05 s, the growth slows down, and the pressure
starts to increase at the closure of the cavity (as shown in Fig. 12(b)).
At 0.06 s, the cavity begins to collapse at the closure and advances
upstream (as shown in Fig. 12(c)). The propagating velocity of col-
lapse becomes fast, and the pressure becomes higher at the closure
at 0.07 s (as shown in Fig. 12(d)). In proportion to the accumulation
of the high pressure at the closure, the cavity collapses as a local
bubble cloud, inducing the velocity of the shrinking of the bubble
to suddenly quicken at 0.08 s (as shown in Fig. 12(e)).

Detailed flow fields in collapse regions are shown in Fig. 13.
There are flow stream with velocity pointing to the wall which
are formed after the condensation process in the trailing area of
the cavity (as shown in Fig. 13(b) and (d)). Strong collapse pressure
is generated (as shown in Fig. 13(a) and (c)) by the impact of liq-
uid water. Flow characteristics indicated in Fig. 13 are similar with
those schematics in Fig. 11, which can validate relevant mechanism
analysis.
Strong adverse pressure gradient is formed by the collapse pres-
sure at the cavity closure and generates the re-entry jet as shown in
Fig. 14. Consequently the liquid water is carried by the re-entry jet
on the bottom of the cavity to the leading edge. And the vapor region
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ig. 12. Time sequences of the pressure (left) and water volume fractions (right) du
n  red rectangles (For interpretation of the references to color in this figure legend, 

s separated from the wall surface, which induces the subsequent
ollapse to happen easily. The shape and characteristics shown in
ig. 14 are similar with those schematics shown in Fig. 10.

Various cavitating flows are also simulated by amplifying the
eceleration. The variations in cavity lengths are as shown in Fig. 15,
ith three different amplification factors. The varying tendencies of
he cavity lengths in numerical and experimental results coincide
ith one another, and their magnitudes are similar. In proportion

o the enlargement of the deceleration, the cavities shorten more
uickly.

ig. 13. Flow field near collapse regions at cavity closure which are surrounded by red
ontours in right views show water volume fractions with levels of 0.1, 0.5 and 0.9. Flood
elocity  pointing to the wall surface (For interpretation of the references to color in this fi
he internal collapse stage in the numerical results. Collapse regions are surrounded
ader is referred to the web  version of this article.).

Certain differences in the variation in the cavity length con-
tinue to exist between the experimental and numerical results,
for example, the computed decrease rate of cavity length is much
smaller than in the experiment, which embody some of the defects
of the numerical model. For example, the free surface and 3D
effects are unconsidered, and the accelerating process is unknown

and is an uncertain factor, thereby resulting in the difference in
maximum cavity lengths. Moreover, it is interesting to notice that
the computed decrease rate of the cavity length during “period-1”
is almost proportional to the deceleration rate, while that during

 rectangles in Fig. 12. Flood contours represent pressure fields in left views. Line
 contours show radial velocity in the views in which the blue color represents large
gure legend, the reader is referred to the web version of this article.).
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Fig. 14. Re-entry jets in the cavity represented by streamlines at time = 0.08 s. The
flood contour represents the water volume fraction. The re-entry jet is generated at
the  cavity closure and flows to the leading edge with entrainment of liquid water.

Fig. 15. Variation in the cavity lengths in the experimental and numerical results.
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period-2” is almost constant and independent of the deceleration
ate. This fact may  suggest that cavity collapse during period-1 is
ue to the increase of the cavitation number and deceleration, and
hat during period-2 is due to the instability of cavity itself.

. Conclusions

In a typical underwater launch experiment, a special internal
ollapse was observed as a propagation process from the trail-
ng edge to the leading edge, and relevant cavity evolutions and

echanisms were analyzed. Our results indicate the following:
During the deceleration stage, cavitation bubbles collapse at the

losure and advance upstream. This is significantly different from
he common collapse of shedding cavitation clouds.

For the dynamic mechanism, high pressure is generated by
he additional body force induced by the fast deceleration. Con-
equently, internal collapse occurs and produces high-impact
ressure. The major reasons for this internal collapse are the fast
cceleration and deceleration of the projectile speed.

Induced by the pressure of the internal collapse, the strong
e-entry jet forms, and the instabilities in the evolution of the cav-
tation bubbles are aggravated.
Numerical simulations are performed on the decelerating effect
n the cavity evolution. The results indicate that the pressure
ncrease is a critical factor that results in the nonlinear change in

[

[
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the cavity length. In proportion to the enlargement of deceleration,
the cavities shorten more quickly.

Speed variation may  be an important issue in the cavitating flow
of the application of high-speed underwater vehicle. In particular,
deceleration can lead to the aggravation of cavitation instability and
should be studied further. To obtain more accurate results, more
precise experimental and numerical approaches are required in the
future.
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