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Abstract

A supercavitating projectile is launched underwater with supersonic speed, and then, the speed decreases to transonic and
subsonic conditions orderly because of the drag coming from surrounding water. The flow regime and hydrodynamic
characteristics are significantly influenced by the flying speed, the influence laws in supersonic, transonic, and subsonic
regions are totally different. These issues aren’t well studied. A numerical model consisting of VOF model, moving frame
method and state equation of liquid is established to calculate the compressible supercavitation flow field, and validated by
comparing with a published result. The influences of water compressibility and Mach number on supercavity shape and
hydrodynamic characteristics are quantitatively summarized. The results show that the flying speed of supercavitating
projectiles exerts significant influences on the flow regime, supercavity shape and hydrodynamic characteristics for the
transonic and supersonic conditions. With the decrease of flying speed, the drag coefficient decreases gradually, and the
dimensions of the supercavity near supercavitating projectiles significantly increases in the high-speed conditions. An
underwater bow shock is numerically observed before the disk cavitator in supersonic condition. However, no obvious
changes are found for the incompressible water cases with different speeds. For supersonic conditions, the supercavity near
supercavitating projectiles of compressible water is smaller than that of incompressible water, the drag coefficient is larger,
and the relative difference significantly increases with the flying speed. For the case of Ma 1.214, the relative difference of
supercavity diameter at the tail section 3.98%, and the difference of the drag coefficient is 23.90%.
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1 Introduction

Supercavitating projectiles are weapons launched by
artilleries, and fly with very small drag by using super-
cavitation drag reduction technology. Supercavitating
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projectiles fly underwater by consuming initial kinetic en-
ergy, and destroy small underwater objectives by the hit-to-
kill mode, so is not equipped with any explosive and pro-
pulsion devices (Saranjam, 2013). A well-designed projec-
tile can fly 100 m underwater, the residual speed is still
higher than 200 m/s, and the residual kinetic energy is
strong enough to break down a 100 mm-thick steel plate
(Zhao et al., 2021). To achieve a larger defensive range
and stronger lethality, a higher initial speed of supercavitat-
ing projectiles is expected. Currently, launching speed of
small-caliber artilleries can be up to 1 800 m/s, and can be
further increased to 3 000 m/s if electromagnetic guns
are used (Yao et al., 2017). Therefore, it is necessary
and realizable for supercavitating projectiles to
achieve the underwater supersonic speed, which is
higher than 1 483 m/s.

However, supercavitating projectiles encounter new
challenges when flying with a high-speed approaching the
sonic speed in water (Yao et al., 2017; Wang et al., 2020).
For example, when the speed is approximately equal to
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1 500 m/s, the stagnation pressure ahead of cavitator can be
up to 1.1 GPa. Given that the bulk modulus of water at
room temperature (about 25 °C) is only 2.2 GPa, so the
water compressibility can’t be ignored (Serebryakov, 2003).
Further, a bow shock occurs when supercavitating pro-
jectiles flies in supersonic conditions, which exerts
significant influences on the flow regime, supercavity
shape, and hydrodynamic characteristics (Al’ve, 1983).
Resultantly, the flow field characteristics are totally dif-
ferent from that of conventional supercavitating vehicles
(~100 m/s).

A series of experimental and numerical investigations
on high-speed supercavitating projectiles were previously
carried out. In 1983, Al’ve numerical studied the subsonic,
transonic and supersonic flow field of water around a cone
at the first time, and pointed out that the drag coefficient is
not a constant and depends on the Mach number (Ma)
(Al’ve, 1983). Savchenko et al. carried out experiments of
subsonic supercavitating projectiles, obtained the super-
cavity in high-speed condition, and believed that the stag-
nation pressure coefficient before the cavitator increases
with speed because of water compressibility (Savchenko
et al., 1993). Jenkins et al. experimentally investigated the
external flow field of a supersonic supercavitating projec-
tile and an underwater bow shock is observed by using a
high-speed camera (Jenkins and Evans, 2004). Hrubes et
al. investigated the supercavity shape and motion stability
of the high subsonic (Ma 0.654) projectile and supersonic
(Ma 1.032) projectile by high-speed photography, and also
studied the formation mechanism of the underwater bow
shock (Hrubes, 2001). Savchenko et al. pointed out that
the underwater bow shock strongly influences the super-
cavity shape (Savchenko, 2001). Dyment et al. studied the
relationship between the water compressi-bility and flow
speed by studying the impingement of a high-speed flow
on the stationary rigid body, and obtained the influence of
a high-speed rigid body on the free surface of water (Dy-
ment, 2015).

To predict the supercavity shape and the hydrodynamic
characteristics of cavitator, the subsonic, transonic, and su-
personic flow fields underwater are also analytically
solved. Serebryakov built a method to predict the super-
cavity behind a slender cavitator in subsonic and superson-
ic flow field by using the matched asymptotic expansion
method (MAEM) (Serebryakov, 1992). MAEM was also
adopted by Wang et al. to calculate the supercavity pro-
duced by slender cones in high-speed supercavitation flow
(Wang et al., 2017). However, MAEM is suitable for slen-
der cavitators, of which the angle between the tangent
lines of cavitators and supercavities at the initial point of
supercavity should be no more than 10°, and the calcula-
tion precision decreases as the angle increases. For disk
cavitators and blunt cone cavitators, MAME can’t calcu-
late the supercavity accurately (Serebryakov, 1994). In ad-
dition, Serebryakov (Serebryakov, 1994) also held the idea

that the results calculated by the developed asymptotic the-
ory is uncertain for the transonic region, and it is hard to
build a unified correlation to describe the supercavitation
flow regime in the subsonic, transonic, and supersonic re-
gion. Li et al. theoretically analyzed the influence of pro-
jectile speed on the position and shape of underwater bow
shock and the flow parameters ahead and behind the bow
shock (Li et al., 2018). Further research shows that the su-
percavity produced in high-speed condition significantly
influenced by Ma, and the influence laws for blunt cavita-
tors are very different from that for slender cavitators
(Serebryakov, 2001).

According to the published literature, water compress-
ibility has significant influence of the flow regime, super-
cavity shape, and hydrodynamic characteristics for high-
speed supercavitating projectiles, and must be considered.
Although the experiments of high-speed projectile have
been conducted, the effective results are insufficient be-
cause of limited testing method in so high-speed underwa-
ter conditions, particularly for supersonic projectiles. Nu-
merical simulations are focusing on the computational
method for compressible supercavitation flows and the
capturing method for underwater shocks. Analytical meth-
od has a poor accuracy for solving the transonic and super-
sonic problems in water. In addition, most of the published
results focus on the slender cavitator. The flow regime of
high-speed water pasting a slender cavitator is obvious dif-
ferent from that of a blunt cavitator. Although blunt cavita-
tors, especially disk cavitators, are mainly used as the cavi-
tator of supercavitating projectiles because of the good sta-
bility of motion (Mansour et al., 2020), the relevant results
are rare. The influences of water compressibility and un-
derwater shock on supercavity shape and hydrodynamic
characteristics are not explained quantitatively and the
mechanism is also unclear. These problems are essential to
further explore motion characteristics of high-speed super-
cavitating projectiles.

In this paper, the compressible supercavitation flow
field of supersonic supercavitating projectiles during the
deceleration process (from supersonic speed to subsonic
speed) is studied using the computation fluid dynamic
(CFD) method. The quantitative influence of the speed on
the supercavity shape and hydrodynamic characteristics in
the range of 200-1 800 m/s are explained. The remainder of
this paper is organized as follows. The numerical model
applied to the compressible supercavitation flow field is
first established, followed by the model validation. Then,
the supercavitation flow regimes around a supercavitating
projectile with a disk cavitator in the compressible and in-
compressible waters at different speeds are numerically
calculated and compared. The influences of water com-
pressibility and flying speed on the supercavity shape and
hydrodynamic characteristics of supercavitating projectiles
are finally obtained.
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2 Numerical model
2.1 Governing equations

The external flow field of supercavitating projectiles in-
cludes a two-phase flow and a mass transfer between va-
por and water, and a clear and stable interface exists be-
tween the two phases. Volume of fluid (VOF) model is an
effective method to solve multiphase flow fields, and espe-
cially suitable for the flow filed of which the interactions
between different phase is not very strong and the inter-
face is continuous and stable (Wang et al., 2017; Li et al.,
2018). The VOF model solves only one set of momentum
equations and calculates multiphase flow by tracking the
volume fraction of each phase, and is featured by high
computational efficiency and strong adaptability for deal-
ing with complex flow problem. Since the temperature in-
crease is not significant, the energy equation is neglected
when modeling the flow field of supercavitating projec-
tiles. The basic control equations consist of the mass con-
servation equation and the momentum conservation equa-
tion. In addition, the gravitational force is not taken into
account because of the large Froude number (Xu et al,
2021).

For the ¢" phase of multiphase flow, the mass conserva-
tion equation is written as follows.

n

%(a"pq) TV (aqpqv) - Z(mpq - mqn) (1

where, a, is the volume fraction of the g™ phase; v denotes
the velocity, m/s; p, is the density of the ¢" phase, kg/m’;
m,, and m , represent the mass transfer rate between the "
phase and the ¢" phase, kg/(m’s);n is the total number of
all the phases, and n=2 for the supercavitation flow field.

To close the mass conservation equation, a relationship
describing the sum of the volume fraction of each phase is
supplemented as follows.

>, = 2
In a control volume, the momentum conservation equa-

tion based on the average density and the average kinetic
viscosity can be described as follows.

%(pmv)-i-v-(pmvv): —Vp+V-[,um(Vv+VvT)]+pmf(3)

where, p,, is the average density of all the phases, kg/m’;
U, is the average kinetic viscosity of all the phases, N-s/m”.
P, and z, can be expressed as follows.

Pu= D.P,0, )
p=1
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The mass transfer rate between water and vapor in the
mass conservation equation can be calculated by a cavita-
tion model. Schnerr-Sauer cavitation model has the advan-
tages of simple form, high computational efficiency, and
strong numerical stability (Huang et al., 2015), which is
expressed as follows.

2 P,-P
=P —ay 2 2570 pop
Pm RB 3 P
L P-P, ©
pvp[ 3 2 - v
m=—oa(l-a)—5 |+ , P, <P

where, 1, is the evaporation rate, kg/(m’-s); n, is the con-
densation rate, kg/(m*-s); P, is the saturated vapor pres-
sure at room temperature, Pa; P is the local static pressure,
Pa; p,, p, and p,, are the density of vapor phase, water
phase and mixture phase, respectively, kg/m’; a denotes
the volume fraction of the vapor phase, which is related to
the quantity of microbubbles in per unit volume of water
phase and the size of the micro-bubbles.

To close the control equations, a turbulence equation is
included. The realizable k-¢ turbulence model can achieve
high simulation accuracy and strong numerical stability
when used to calculating the supercavitation flow field,
which is adopted in this paper (Muhammad, 2014). How-
ever, the realizable k-¢ turbulence model is applicable to
the fully developed turbulent flow field under the high
Reynolds number conditions. Thus, a wall function is also
required to accurately calculate the wall shear stress and
heat flux. The scaled wall function is chosen as the supple-
ment of the realizable k- turbulence model.

According to the test data, Lyons proposed an empirical
correlation based on Tait equation to govern the relation-
ship among density, pressure and temperature, and also
called an improved version of the Tait equation (Lyons,
1996). This correlation is a widely accepted state equa-
tions to describe the liquid density with the changes of
pressure and temperature. The effect of temperature is ex-
cluded in this paper, and the temperature is taken as a con-
stant value of 25 °C. Then, the state equations are simpli-
fied as follows.

p=a+bp (7
K = nbp" ®)

where, p is the static pressure, n is the compressible coeffi-
cient of water, and takes value of 7.15, p and K are the den-
sity and bulk modulus of water, respectively, a and b are
the constants.
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The sonic speed is the propagation speed of pressure dis-
turbance in the medium, and can be calculated as:

c= JKp ©)

In the normal condition, the operating pressure is
101,325 Pa, which is equal to the static pressure at 1 m
depth underwater, the density of water is 1 000 kg/m’, and
the bulk modulus of water takes value of 2.2 GPa. Substi-
tuting these parameters into Egs. (7) and (8), the values of
the parameters a and b can be calculated, a is 307.59 MPa,
b is 1.09x107". Moreover, the underwater sonic speed at
the normal condition can be calculated by Eq. (9), and the
value is approximately equal to 1 483 m/s.

2.2 Geometric model

The supercavitating projectile is a revolution solid, and
typically consists of two cone sections and one cylindric
section. The configuration and geometric parameters of
the supercavitating projectile are displayed in Figure 1.
The diameter of the disk cavitator (D,) is equal to 2.5 mm
and the geometry of the projectile can be determined as
shown in Figure 1.

First cone

Cylinder
1/

D

n

Second cone

| 4.5D

Figure 1
projectile

Configuration and geometric parameters of supercavitating

2.3 Computation domain

The moving frame method is utilized to model the mo-
tion of supercavitating projectiles. The supercavitating pro-
jectile is regarded as a moving body, and the far field is
considered as stationary. The computational domain is de-
signed to be a large cylinder, and shown in Figure 2. The
reference coordinate system is fixed with the projectile
and the moving speed is equal to the flying speed of the su-
percavitating projectile. The pressure inlet and pressure
outlet boundary conditions are utilized for the inlet and
outlet, respectively. The operating depth is set as 1 m, and
the total pressure at the inlet and the static pressure at the
outlet are both set as 111,125 Pa. The outer cylindrical sur-
face is modelled as a slipping wall.

Huang et al. demonstrates that a large enough radial ex-
tent of the computational domain is necessary to minish
the influence of the boundary on the flow regime and su-
percavity shape, and obtains requirement of the dimen-
sions the computational domain (Huang et al., 2015). As
shown in Figure 2, the diameter of the computational do-
main is 60 D, and the total length is 10 L,, which can en-

sure independent calculation results. Where, D, and L, are
the maximum diameter and length of the supercavitating
projectile. The inlet is 3.5 L, ahead of the cavitator. Since
only the supercavity around the projectile is of interest, the
supercavity far behind the projectile is not modelled in this

paper.
VoY Slipping wall }
Ly L z o . Supercavity |
'l‘. Moving frame Projectile S8 !
| F:::“«T‘ |
35L, . L, “““‘55[;—— *
,' Outlet| :
; Inlet . i
' p=111125pa  Suppingwall P~111125Pa |

Figure 2 Computational domain and boundary conditions

Hexahedral grids are used to mesh the computational
domain. The grids near walls are refined to ensure the y-
plus within the range of 30 — 300 to satisfy the require-
ment of the turbulence model (Muhammad, 2014). The
grids at the wake region and phase change region are also
refined to achieve an independent result of supercavity
profile. The resulting total grid number is approximately
1.2 million. Though not shown here, the grid indepen-
dence study is performed.

3 Model validation

Hrubes conducted an experimental investigation of sub-
sonic and supersonic projectiles, and the operating depth is
4 m underwater (Hrubes, 2001). The supercavity profile at
the speed of 970 m/s (Ma 0.654) and the underwater shock
of the case with speed of 1 530 m/s (Ma 1.032) are ob-
served. The experimental results are used to validate the ra-
tionality of the numerical method. The supercavity profiles
at the speed of 970 m/s (Ma 0.654) from numerical simula-
tions and experimental results are compared in Figure 3.
The axial and radial size of the supercavity and supercavi-
tating projectile are normalized by the cavitator diameter
(d, =1.41 mm). Numerical simulations are performed with
compressible and incompressible water to highlight the in-
fluence of water compressibility. It is shown that numeri-
cal results in compressible and incompressible water are
both slightly larger than experimental results, and the rela-
tive differences are less than 5%. The comparison demon-
strates the feasibility of the numerical method in simulat-
ing the subsonic supercavitation flow field. Moreover, the
supercavity profile obtained from numerical simulation in
compressible water is smaller and closer to the experimen-
tal results. It shows that the water compressibility slightly
decreases the size of the part of supercavity near the super-
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cavitating projectile.

The schlieren of the underwater shock at the speed of
1 530 m/s (Ma 1.032) is also provided (Hrubes, 2001). The
velocity contour in log-scale shows a bow shock in front
of the projectile, which is shown in Figure 4. Therefore,
the feasibility of numerical method in predicting the under-
water supersonic flow filed is well validated. In addition,
this case is simulated by using compressible water as fluid
medium, and no underwater shock is observed by using in-
compressible water.

r/d,

O Resultfrom Ref.[9]
—— Projectile from Ref.[
— — Compressible water
—— Incompressible water

(= A
T

Non-dimensional radial size,

0 20 40 60 80 100 120 140 160
Non-dimensional axial size, x/d,

Figure 3 Comparison of numerical and experimental supercavity
profiles

21.2 —8— Experimental results
7.24 —— Projectile
248 — —Numerical supercavity

0.85
0.28
0.09

(m/s)

Figure 4 Comparison of numerical and experimental underwater
bow shocks

4 Results and discussions

The initial speed of the supercavitation projectile is ap-
proximately 1 800 m/s (Ma 1.214). To produce the big enough
supercavity, the ending speed must be no less than 200 m/s
(Ma 0.135), which also ensures enough kinetic energy to
kill targets. Therefore, the flow fields around the supercav-
itating projectile with the speed of 200—1 800 m/s (Ma
0.135-1.214) are simulated, and the interval value is
100 m/s. In addition, numerical simulations with incom-
pressible water are also included as reference to highlight
the influence of water compressibility.

@ Springer

4.1 Flow regime

The pressure contours at different Mach number (Ma
0.135—1.214) are first extracted and compared. Three rep-
resentative cases, Ma 0.405 (subsonic speed), Ma 0.809
(high subsonic speed) and Ma 1.214 (supersonic speed)
are chosen and displayed in Figure 5 (incompressible wa-
ter) and Figure 6 (compressible water). When the water
compressibility is not taken into account, the stagnation
pressure ahead of the cavitator increases with Ma by
square relationship, and the pressure distribution laws
around the cavitator are approximately the same. Howev-
er, the pressure distribution laws for cases with different
Ma are totally different in compressible water, and shown
in Figure 6. With the increase of Ma, the high-pressure ar-
ea extends in radial direction, and shrinks in axial direc-
tion. Further, the pressure distribution exhibits the under-
water bow shock for the supersonic condition.

5(MPa)

119 98 78 58 37 17 0.03

(a) Ma 0.405

180 159 139

~—
->

719 637 556 475 393 312 231 149 68 0.035

(b) Ma 0.809

-~ —
16161433 1501 12511068 885 702 519 336 0.035
(c) Ma 1.214

Figure 5 Influence of Ma on pressure profiles when ignoring water
compressibility
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— - MPa)
711 621 530 440 350 259 169 790.035
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——
193717191 50112831065 847 629 411 1930. 035(MPa)

(c) Ma 1214

Figure 6 Influence of Ma on pressure profiles when considering
water compressibility
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By comparing the stagnation pressures of Figures 5 and 6
for the conditions with same speed, it is found that the
stagnation pressure before the disk cavitator is significant-
ly higher when the water compressibility is considered,
and the difference increases with the speed. To explain this
phenomenon, the relationship between static pressure and
speed in compressible water is derived. The differential
form of Bernoulli's equation is:

dl+d
p

V22)+c1>—o (10)

where, v is the speed of free stream, @ is the potential
function and can be regard as to zero.

Substituting Eq. (7) into Eq. (10), The following rela-
tion can be obtained.

_ 2
d( B (11)

n-1 p 2

Therefore, the compressible Bernoulli equation shown
in Eq. (11) can be rewritten as:

2
n p-a v
- 4+ — =
=1 » 2 C (12)

Combining Eq. (7), Eq. (12) has the form as follows:

1 n-1

2
bi(p-a)” +V7=c (13)

n-1

Eq. (13) describes the conversion relationship between
the static pressure and dynamic pressure in compressible
water.

The static pressure and speed of the freestream are p_
and v, respectively, and the stagnation pressure is as-
sumed to be p. Then, the conservation relationship be-
tween the freestream and stagnation point can be described
as follows.

+a(15)

Eq. (15) is a theoretical expression of the stagnation pres-
sure in compressible water. For incompressible water, the
stagnation pressure is equal to the sum of static pressure
and dynamic pressure of far field, and can be expressed by
incompressible Bernoulli equation. The change of stagna-

tion pressure with the projectile speed in the compressible
and incompressible water is displayed in Figure 7.

20 A
— Analytical results, incompressible //
& 150 ——- Analytical results, compressible /
e O  Numerical results, incompressible 7
= /A Numerical results, compressible ,

7
2 10¢
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2051
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02 04 0.6 0.8 1.0 12

Mach number

Figure 7 Comparison of stagnation pressures in compressible and
incompressible water

It is shown that the analytical results (Eq.15) are consis-
tent with the numerical results. The conversion relation-
ship between the static pressure and dynamic pressure of
compressible water is different from that of incompress-
ible water. The stagnation pressure in compressible water
is larger than that in incompressible water, and the differ-
ence increases with Ma.

The local pressure profile at line A (seen in Figure 6) is
extracted and displayed in Figure 8. For the incompress-
ible water, the static pressure at line A increases with Ma,
and decreases gradually in the streamwise direction. By
considering the water compressibility, the obtained static
pressure is similar to that of incompressible water for the
conditions of Ma 0.405 and 0.809. However, for the super-
sonic case, the static pressure sharply increases to a very high
peak, and then decreases gradually because of the underwa-
ter bow shock. Further comparisons show that the water
compressibility slightly increases the static pressure at the
position close to the tail of the supercavitating projectile.

When a supercavitating projectile flying underwater, the

60 s —Ma 0.405, compressible—Ma 0.405, incompressible
-Ma 0.809, compressible— —Ma 0.809, incompressible
--Ma 1.214, compressible------Ma 1.214, incompressible
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o H \
a i IF=S===—_
220¢ T T T E=E===3
E N 0
« 45 50 55 60 65

== = Erteeceess

20 30 40 50 60 70 80
Non-dimensional radial size, x/D,

Figure 8 Comparison of pressure profiles at different Ma
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cavitator receives a drag and pushes the surrounding water
aside. An additional radial speed is thereby produced in
the water near the cavitator. The radial speed at line A is
depicted in Figure 9. When the water compressibility is
considered, the radial velocity at line A is approximately
the coincident with the incompressible result in subsonic
condition, and a gradually significant difference is found
between the transonic and supersonic cases. For the super-
sonic condition, the radial speed increases rapidly, and
then decrease gradually. The change law along the stream-
wise direction is obviously different from the subsonic
conditions because of the underwater bow shock. In addi-
tion, For the region of line A with axial-position respond-
ing to the cylinder section of the supercavitating projectile,
the radial speed in compressible water is about half of that
in incompressible water in the condition of Ma 1.214.

251
—— Ma 0.405, compressible
— - Ma 0.809, compressible
20} N e Ma 1.214, compressible
{ —— Ma 0.405, incompressible
— H — - Ma 0.809, incompressible
| e Ma 1.214, incompressible
=) R U
2 P e
=3 i
i &
'—"E 10 ’7___‘-;-:.,—_—_:—_—_—_—_—_—_—_—_—_—
2 |- ; L T —
o
5
L
0 10 20 30 40 50 60 70 80

Non-dimensional axial size, x/Dn

Figure 9 Influence of Ma on radial velocity in line A

The axial speed at line B (seen in Figure 6) is also dis-
played in Figure 10, where line B is in the radial direction
and the initial point locates at the edge of the cavitator.
The maximum axial speed is equal to the flying speed of
the supercavitating projectile, and rapidly decreases to an
approximate constant value. For the conditions of Ma

18001 —— Ma 0.405, compressible —Ma 0.405, incompressible
— —Ma 0.809, compressible — —Ma 0.809, incompressible
1500k i Ma 1.214, compressible ------ Ma 1.214, incompressible
— 150 freees
L
E 100 -
2 900
=
=
< 600
300
0
Non-dimensional radial size, x/D,
Figure 10 Influence of Ma on axial velocity in line B
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0.405 and 0.809, the steady speed is slightly larger than
that in incompressible water at the same position. For the
conditions of Ma 1.214, the finally speed is about 2 times
larger than that in incompressible water. It is demonstrated
that the supersonic supercavitating projectile provides stron-
ger disturbance to the flow field because of the existence
of underwater shock wave.

4.2 Supercavity shape

Cavitation number is a non-dimensional parameter used
to describe the supercavity shape, and defined as:

O__poo_pv (16)

2

where, o is cavitation number, p, is the cavitation pressure,
P, 1s the density of freestream.

For the calculated cases, the cavitation number changes
from 5.4x107 to 6.6x107, and the full length of the corre-
sponding supercavity is approximately 350D —27 200D,.
The hydrodynamic and motion characteristics are only de-
termined by the supercavity near the projectile (Wang et
al. 2020). The length of this part of supercavity is approxi-
mately 70D,. Therefore, only the part of supercavity around
the supercavitating projectile is focused.

The contour of the volume fraction of water phase
equaling to 0.5 is regarded the boundary of supercavity,
and the supercavity profiles are extracted from the numeri-
cal results. The outline of supercavity at Ma 1.012 and Ma
1.214 are compared in Figurell. The axial and radial sizes
of the supercavitating projectile and supercavity are nor-
malized by D,. Moreover, the results from numerical simu-
lations in incompressible water are taken as the reference.
The supercavities obtained from the cases with different
Ma are approximately the same when the water compress-
ibility is not taken into account. On the contrary, the super-
cavity size decreases with the increase of Ma if the water
compressibility is considered. For the cases with same
speed, the water compressibility tends to reduce the radial
size of the supercavity near the supercavitating projectile,
and the influence further increases with Ma.

The supercavity profile is roughly a parabola, and can
be described by three points (Serebryakov et al., 2009a).
The first point related to the supercavity profile is located
at the cavitator and its coordinate is (0, 0.5 D,) as shown in
Figure 11. Other two points are also required to fully deter-
mine the supercavity. Thus, two cross-sections are selected
as characteristic section. The first cross-section (section A)
locates at the beginning of the cylinder section of the su-
percavitating projectile, the other section (section B) is at
the tail section of the supercavitating projectile. The posi-
tions of section A and section B are displayed in Figure 11.
The supercavity diameters at the two sections are quantita-
tively compared shown in Figure 12.
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Figure 11 Influence of water compressibility on supercavity shape

Experimental results of supercavity diameter at the posi-
tions of x = 10D,, 20D, 40D, 50D,, 60D, and 80D, in the
conditions of Ma = 0.331, 0.454, and 0.667 are published
(Savchenko et al., 1993). By using the interpolation meth-
od, the experiment results at the positions of 25D, (Section
A) and 67D, (Section B) are obtained, which are compared
with the calculation results. The comparison is also dis-
played in Figure 12. For the three experimental conditions,
the relative differences between experimental and numeri-
cal results are no more than 3.2% at section A, and no
more than 3.8% at section B.
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Figure 12 Influence of water compressibility and Ma on supercavity

size

For the cases with speed less than Ma 0.607, the super-
cavity diameters obtained from incompressible and com-
pressible water are almost the same at both section A and
section B. The reason lies in that the compressed extent of
water is limited in the low-speed conditions. Then, a tiny
difference in the supercavity shape is observed in the
range of Ma 0.607—0.809. However, in spite of the speed
is same, the supercavity of compressible water is much
smaller than that of incompressible supercavity at both sec-
tion A and section B for the transonic and supersonic con-
ditions. In addition, the difference increases with Ma. The
comparison shown in Figure 12 demonstrates that the wa-

ter compressibility exerts little influence on the supercavi-
ty shape near supercavitating projectiles for the subsonic
condition, and results in a significant shrinkage of the part
of supercavity for the transonic and supersonic conditions.

As described by the principle of independent expansion
(Serebryakov, 2009b), the water near the cavitator moving
in the radial direction forms a cross-section of supercavity,
and overcomes the pressure of far field by consuming the
radial moment. The imbalance between radial inertia forc-
es and pressure forces results in the gradually enlarged di-
ameter of the cross-section. The radial speed finally de-
creases to zero at the point where the diameter of the cross-
section expands to the pick value. Thereafter, the pressure
from far field forms a reversed radial speed and acceler-
ates gradually, the diameter of the cross-section decreases
to zero consequently. In this process, the pick value of the
cross-section is the maximum diameter of the supercavity,
the flowing distance of the free stream during the exis-
tence time of the cross-section is the full length of the su-
percavity. Therefore, the supercavity shape is determined
by both the pressure of far field and radial speed.

As shown in Figures 8 and 9, the static pressure increas-
es and the radial speed decreases in the high-speed condi-
tions when considering water compressibility. It indicates
that the kinetic energy forming the supercavity decreases
and the resistance preventing the expansion of the super-
cavity increases in the compressible water. This phenome-
non is more obvious in the supersonic conditions. Conse-
quently, the water compressibility significantly shrinks the
part of supercavity near supercavitating projectiles in the
high-speed condition, especially in the supersonic condi-
tion.

To further analyze the effect of water compressibility on
the supercavity, the shrinkage ratio of the supercavity at
the key section in compressible water is defined as follows.

e=(d,-d)/d, (17)

where, ¢ is the shrinkage ratio of supercavity, d; and d,_ are
the diameter of the compressible supercavity diameter and
incompressible supercavity diameter at section A or sec-
tion B, respectively.

According to the data of Figure 12, the shrinkage ratios
at section A and section B at the speed of Ma 0.135-1.214
are calculated in Figure 13. The shrinkage ratios at the two
sections are almost zero when the speed is no more than
Ma 0.607. When the supercavitating projectile flying with
a speed within Ma 0.607—0.809, the water compressibility
begins to have slightly influence on the shape of the sur-
rounding supercavity, the maximum shrinkage ratio at sec-
tion A is about 1.5%, and that of section B is less than
0.5%. For the case of Ma 1.012, the shrinkage ratios at sec-
tion A and section B are 8.54% and 9.13%, respectively.
When the speed is up to Ma 1.214, the shrinkage ratios at
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the two sections are 19.41% and 23.98%, respectively. To
summarize, the shrinkage ratio increases sharply with Ma
after the underwater bow shock occurs.
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Figure 13 Change of shrinkage ratio of supercavity with Ma in
compressible water

4.3 Hydrodynamic characteristics

The motion characteristic of supercavitating projectiles
is determined by the hydrodynamic force. For the calculat-
ed conditions, the supercavitating projectile is assumed to
fly with no angle of attack and no angle of sideslip, and on-
ly subjected to the drag force. Moreover, the supercavitat-
ing projectile is fully enveloped by a supercavity, and the
drag force only acts on the cavitator. Serebryakov (Sere-
bryakov et al., 2009a) points out that the drag coefficient
of the disk cavitator is also related to the pressure coeffi-
cient, and the following analytical correlations are pro-
posed.

C,=0.827c.(1 + o)

19)
C,=0827c.+o

where, c. is the pressure coefficient at stagnation point, C,
is the drag coefficient of the disk cavitator.

The drag coefficients of the supercavitating projectile of
different speed are obtained by numerical and analytical
methods, and compared in Figure 14. The drag coefficient
is calculated by dividing the drag by the dynamic pressure
of far field. The drag coefficient obtained from compress-
ible water is largely different from that from incompress-
ible water, and this difference increases with Ma. For ex-
ample, when Ma = 0.135, the drag coefficients are roughly
equal between incompressible and compressible water.
However, for the case of Ma 1.214, the drag coefficient is
increased by 23.90% because of water compressibility.

@ Springer

The comparison between numerical simulation in com-
pressible water and theoretical correlations are close, and
the relative differences are within 3.5%. It can be seen
from Figures 5—7 that the stagnation pressure in incom-
pressible water is equal to the sum of the dynamic pressure
and static pressure. The dynamic pressure is much larger
than the static pressure in the high-speed condition, there-
fore the drag coefficient is approximately a constant value.
However, the water compressibility causes the significant
increase of the stagnation pressure, and the increment in-
creases with Ma as shown in Figure 7. Eventually, the drag
coefficient of the projectile increases with Ma when water
compressibility is taken into account.
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Figure 14 Influence of Ma on drag coefficient of disk cavitator

When supercavitating projectiles fly in low speed, the
compressed extent of water is limited, and the water can
be addressed as incompressible fluid. Thus, the value of c.
expressed by Eq. (12) tends to be 1.0, and the drag coeffi-
cient of disk cavitator can be regard as 0.827(1 + o).
Therefore, the drag coefficient is slightly influenced by
cavitation number in incompressible water, and the influ-
ence is further weakened with the decreases of the cavita-
tion number. The cavitation number decreases from 5.4x
107 to 2.4x10™ when the speed increases from Ma 0.135
to Ma 0.202, and decreases from 2.4x107 from to 6.6x
107 when the projectile speed increases from Ma 0.202 to
Ma 1.214. Therefore, the drag coefficient of the cavitator
in incompressible water slightly decreases with the in-
crease of speed, and the change mainly occurs in the range
of Ma 0.134 to Ma 0.202.

5 Conclusions

In this paper, numerical simulations are performed to in-
vestigate the influence of water compressibility on the sub-
sonic, transonic and supersonic supercavitation flow
fields. The flow regime, supercavity shape and hydrody-
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namic characteristics are compared. The key findings are
as follows:

(1) For the supersonic conditions, the water compress-
ibility has significant influences on the distributions of the
pressure, radial speed and axial speed, and must be consid-
ered. In compressible water, a bow shock is observed in su-
personic condition, and a larger stagnation pressure on the
disk cavitator is obtained. In addition, the shock changes
the distributions of the radial and axial speed of water
around supercavitating projectiles.

(2) Water compressibility has no influence on the shape
of the part of supercavity near supercavitating projectiles
when speed is less than Ma 0.607, leads to a slightly
shrinkage of the supercavity in Ma 0.607 — 0.809, and
causes a significant shrinkage when speed is more than
Ma 0.809. By contrast with the results of incompressible
water, the diameter of supercavity at the tail decreases by
9.13% for Ma 1.012, and 23.98% for Ma 1.214.

(3) By considering the water compressibility, the in-
creased stagnation pressure on the disk cavitator results in
the increase of drag coefficient comparing with the case of
same speed in incompressible water. The drag coefficient
increases by 23.90% for the case of Ma 1.214. The calcula-
tion change law of drag coefficient with Ma is coincident
with the published analytical result.
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