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a b s t r a c t

The hydrodynamic characteristic of transonic motion projectiles with different head diameters are
investigated by numerical simulation. Compressibility effect in liquid-phase water are modeled using the
Tait state equation. The result shows that with increasing of velocity the compression waves transfer to
shock waves，which cause the significant increasing of pressure and decreasing the dimensions of
supercavities. While the increasing of head diameter, the thickness, the vapor volume fraction and the
drag coefficient of supercavities are all enhanced, which is conducive to the stability of transonic-speed
projectiles. The cavity dynamics of the different head projectiles are compared, and the results shows
when Mach number is in high region, the truncated cone head projectile is enveloped by a cavity which
results in less drag and better stability.

© 2020 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

As an important underwater weapon, supercavitating projectile
can be used in anti-frogman, anti-torpedo, anti-mine and so on.
Many countries have invested a lot of researchers and funds to
study it. In the course of underwater high-speed navigation, there
are complex compressible supercavitation flow problems as well as
strong interactions among projectile, water and vapor, which lead
to complex physical phenomena such as shock wave and cavitation
(Al'ev, 1983; Bath and Jespersen, 1989; Brennen, 2013; Wang et al.,
2017). Many scholars at home and abroad have carried out research
work aiming at high-speed supercavitating projectiles. The exper-
imental results of Savchenko et al. (1999) show that when theMach
number of the projectile is between 0.54 and 0.77, there will be
obvious compression wave phenomenon in the head of the pro-
jectile. Therefore, it is considered that the compressibility of water
seriously affects the bubble shape of the projectile. Hrubes (2001)
and others have carried out all-round tests at subsonic, transonic
and supersonic speeds for underwater supercavitating projectiles.
The trajectories and cavitation shapes of supercavitating projectiles
in water are obtained by high-speed camera, and the shock wave

phenomena of supersonic projectiles are clearly captured. In terms
of numerical theory, Serebryakov (2001) predicts the size of
supercavitation between Ma ¼ 0.5 ~ 2 based on slender body the-
ory. Vasin (2001) further developed the slender body theory, he
predicted the supercavitation size of the rotating body and disk
moving at transonic and compressible conditions, and compared it
with experimental data and other numerical results. At the same
time, the flow parameters before and after shock wave were
studied in detail. In China, Zhang et al. (2010) andMeng et al. (2011)
analyzed the influence of water compressibility on disc cavitator at
subsonic and supersonic supercavitation flow based on the po-
tential flow theory of compressible fluid based on the basis of
Vasin's work. In recent years, the development of numerical
methods and computer technology has promoted the study of
transonic supercavitating flow. Owis and Nayfeh (2003) studied the
cavitation at subsonic velocity by adding compressible energy
equation. The results are different from those of incompressible
cavitation flow. Based on one-dimensional Euler equation and Tait
equation of state in water, Neaves and Edwards (2003, 2004, 2006)
et al. designed a set of numerical calculation models for high-speed
supercavitating projectiles entering water and moving underwater.
The predicted cavitation and shock wave states are in good agree-
ment with the experimental results of Hrubes. At present, the nu-
merical simulation of supercavitating projectiles in China is focused
on the condition of subsonic and incompressible. There is still a lack
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of research on the influence of liquid compressibility on the hy-
drodynamic characteristics of supercavitating projectiles during
transonic and supersonic navigation in water. In this paper, based
on CFD software Fluent, the compressibility of liquid phase is
modified by adding Tait's equation of state. A numerical simulation
method is proposed to study the supercavitation flow field char-
acteristics, drag characteristics and shock wave variation law. The
effects of different head diameters and shapes on the hydrody-
namic characteristics of high-speed projectiles are discussed, and
the effects of projectile head shape on the cavitation shape and
resistance as well as stability are analyzed. The research provides a
theoretical basis for navigation stability of high-speed projectiles.

2. Numerical model and compressible correction

Based on the homogeneous flow model, the Navier-Stokes
equation is solved by the finite volume method. The governing
equations include continuity equation, momentum equation and
energy equation. Assuming that the vapor and liquid phase is ho-
mogeneous and there is no velocity slip between phases. The
mixture continuity equation, momentum equation andmomentum
equation are as follows:
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In the formula, subscript i and j represent coordinate directions,
u and p represent velocity and pressure, r densities, and a repre-
sents volume fraction of gas or liquid; subscript m is mixed phase, l
is water and v is gas; keff is effective heat conductivity (keff ¼ kþ kt),
where kt is turbulent heat conductivity; temperature T is the mass
average variable of each phase, mT is turbulent viscous coefficient,
mm and rm are dynamic viscosity coefficient and density of mixture
respectively.

mm ¼mlal þ mvav rm ¼ rlal þ rvav (4)

In order to realize mass transfer between vapor and liquid,
Zwart-Gerber-Belamri cavitation model is used to calculate cavi-
tation phenomena in flow field (Zwart et al., 2004). Based on
Rayleigh-Plesset equation, the model considers the mass transfer
between two phases, bubble growth and turbulence correction, and
has good applicability for unsteady process calculation. The source
phase S is expressed as the mass transfer rate per unit volume
between phases:
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In the formula, RB is the radius of the bubble and Pv is the
vaporization pressure. Considering vaporization and condensation,
the mass transfer rate between phases is as follows:
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In the formula, runc is the volume fraction of the nucleus, Fvap and
Fcond are the empirical coefficients of vaporization and condensa-
tion respectively. The empirical coefficients are set as follows:
runc ¼ 5 � 10�4, RB ¼ 10�6m, Fvap ¼ 50, Fcond ¼ 0.01。

When projectiles navigate at high speed, especially at transonic
and supersonic speed, the fluid medium will exhibit strong
compressibility. In the numerical calculation, the compressibility of
liquid phase is calculated by coupling the Tait equation of state of
liquid phase [9]. The Tait equation of water without considering the
temperature effect is as follows:
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p∞ ¼ 101325Pa, r∞ ¼ 998 kg/m3, a∞ ¼ 1430 m/s, k ¼ 7.15,
B ¼ r∞a

2
∞/k z 300 MPa.

SST k-u model is chosen as turbulence model. The model
combines standard k-u model with standard k-ε model through
mixing function, which has higher accuracy and reliability in
transonic shock calculation.

3. Computational model and numerical method

In order to use commercial software Fluent to simulate pro-
jectiles with different head shapes, the high-speed projectile model
of Hrubes [2] was first simulated to verify the feasibility and reli-
ability of the proposed numerical simulation method. The projec-
tile used is divided into conical and cylindrical segments. The
conical section is divided into two parts with different taper: length
L1 ¼ 20 mm, L2 ¼ 15 mm, cylindrical section L3 ¼ 45 mm, diameter
Dn¼ 8mm, and total length Ln¼ 80mm. For projectiles considering
the influence of the head diameter, the diameter of the front head
section is D1 ¼ 2 mm, D2 ¼ 4 mm, D3 ¼ 6 mm, and is defined as
projectile K1, K2, K3 head respectively.

The pressure-based Fluent unsteady solver is used for simula-
tion analysis. The computational domain and boundary conditions
are listed in Fig. 1. Since the selected model is a revolving projectile,
the three-dimensional environment is simulated by the symmet-
rical axis boundary condition in Fluent in the semi-flow field.
Suppose the total length of the projectile is 1, the left inlet of the
domain is 3.75 from the head of the projectile, the right outlet is 6.5
from the tail of the projectile, the outer diameter is 50. Structured
mesh is advantageous to obtain clear water vapor interface.
Therefore, a fully structured mesh is used to divide the computa-
tional domain, and local mesh refinement around the projectile
body is carried out to capture the supercavitation shape and shock
wave characteristics. The mesh refinement is shown in Fig. 2, and
the number of mesh nodes is about 830 � 140. In order to maintain
the stability of high-speed flow field in unsteady calculation,

Fig. 1. Outline of the computational domain and boundary conditions.
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pressure inlet and pressure outlet boundary conditions are used.

P¼1
2
r∞u2∞ þ Pref (8)

The total inlet pressure is calculated, where the pressure and
density of fluid at infinity are r∞ and u∞ respectively, and the
reference pressure is Pref.

In order to maintain the stability of the calculation and obtain
clear cavity boundary, VOF two-phase flow model in Fluent is
adopted, PISO algorithm is used to solve the flow field iteratively,
and the first-order upwind method is used to discretize space and
time.

4. Results and discussions

4.1. Validation of numerical methods

In order to verify the feasibility of the numerical simulation
method, the simulation analysis was carried out for the experi-
mental model of Hrubes [2]. The projectile model of Hrubes is
157.4 mm long, the head of which is a disc cavitator and the head
diameter is 1.42 mm. Figs. 3 and 4 show the comparison between
numerical simulation and experimental results and the results of
Munzer-Reichardt theory when the projectile travels at 970 m/s.
Fig. 3 is the comparison of experimental image and the vapor vol-
ume fraction counters. Fig. 4 is the comparison of numerical
simulation results, experimental results and theoretical calculation
results of supercavity shape. Thewater vapor volume fraction at the
boundary of the numerical simulation results is 10%[9]. Compared
with the two figures in Fig. 3, the numerical simulation results are
basically consistent with the experimental images, showing that
the cavities are flat and close to the projectile body. Therefore, the
numerical simulation method proposed in this paper can effec-
tively predict the cavity shape. Comparing with the curves drawn

by experiment, numerical simulation and theoretical calculation in
Fig. 4, it can be seen that the thickness of the cavity obtained by
Munzer-Reichardt theory is larger than that obtained by experi-
ment, and the difference between the numerical simulation and
experimental results is small. It is concluded that the compressible
Navier-Stokes equation of the liquid phase used in numerical
simulation can describe the actual physical phenomena more
accurately. It can be seen the numerical simulation method based
on the modified liquid compressible Tait equation of state can
effectively simulate the cavitation flow characteristics of projectiles
during transonic navigation.

4.2. Motion characteristics of supercavitating projectile in transonic
fluid

Based on the above numerical simulation method, the unsteady
process of projectile traveling in transonic water is analyzed. Figs. 5
and 6 show the density distribution of the projectile's external flow
field and the pressure distribution along the axis under different
Mach numbers. Fig. 7 shows the pressure distribution of the pro-
jectile's external flow field under Mach numbers. As shown in
Figs. 5e7, the supercavitating flow field around the projectile shows
compressibility during transonic navigation, and the pressure and
density in the high pressure area near the projectile head increase
greatly. This phenomenon can be described by referring to the
relevant concepts in aerodynamics: when a projectile navigates at
transonic speed, the water in the high pressure area of its head is
compressed to produce compressionwaves, which propagate to the
flow field at local sound speed. With the projectile moving in the
flow field, multi-layer compression waves gather in the projectile
head. The compressibility of water increases with the increase of
projectile velocity. When the projectile velocity is less than the
sound velocity in water, the compression wave propagates ellipti-
cally. With the increase of projectile velocity, the difference be-
tween the compression wave velocity and the projectile velocity
decreases gradually. The compression wave tends to be flat and
close to the projectile body, and the pressure increases significantly
after passing through the compressionwave. A high pressure area is
also formed around the projectile. When the velocity of the pro-
jectile exceeds the sound velocity in water, the velocity of the
compression wave is lower than the velocity of the projectile. The
axial pressure gradient in front of the projectile increases greatly,
showing shock wave characteristics, and the compression wave
changes into shock wave. When the velocity of the projectile is
close to the sound velocity in water, it is a normal shock wave. The
wave surface is perpendicular to the direction of the projectile
motion. When the velocity of the projectile increases. The wave
surface lags behind the head of the projectile and becomes a bow-

Fig. 2. Computational grids around the projectile.

Fig. 3. Comparison of camera image and the vapor counters.

Fig. 4. Shapes of supercavitation by different methods.
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shaped oblique shock wave.
From Fig. 5, it can be seen that with the increase of Mach

number, the cavity thickness decreases gradually. In order to
explain the reasons for the decrease of cavity thickness, as shown in
Fig. 8 the pressure values along the radial direction at A and B
positions are extracted, which are shown in Fig. 9. In Fig. 9, the X-
axis is the ratio of radial distance from the axis to the diameter of
the projectile tail, and the Y-axis is the ratio of local pressure to
environmental pressure. By comparing the curves in Fig. 9, the
nearer the shock wave is, the greater the pressure gradient in the

flow field is, And the pressure gradient of the Supercavitation Flow
field increases with the increase of the velocity of the projectile.

The pressure of A and B atMa¼ 1.2 is 5 times and 3 times of that
at Ma ¼ 0.8, respectively. With the change of the surrounding
pressure the thickness of super cavity decreases with the increase
of Mach number and gradually approaches the projectile body.
Therefore, shock wave is an important reason for the reduction of
super cavity size.

4.3. Effect of head diameter on hydrodynamic characteristics of
high speed projectile

Then the unsteady process of projectiles K1, K2 and K3 with
different head diameters navigating in supersonic is predicted and
analyzed. In the numerical simulation, the projectile moves at a
supersonic speed of Ma ¼ 1.2, with a time step of 1 � 10�7 s. The
results are analyzed when the flow field are calculated for 0.31 ms.
The pressure and density distributions of projectiles with different
head diameters are shown in Fig. 10. The pressure distributions
along the axis in front of projectiles are shown in Fig. 11. Combining
with Figs. 10 and 11, it can be seen that under the same conditions,
the standing point pressure remains unchanged. With the increase
of the head diameter, the position of sudden change of pressure in
the flow field is gradually away from the projectile, the high pres-
sure area of the projectile head is enlarged, and the position of
shock wave moves forward, still in the shape of bow. As for the
cavitation characteristics, with the increase of the head diameter,
the size of the cavity increases obviously, and the boundary of the
cavity is gradually far away from the projectile body, forming a
stable super cavity with a certain thickness under supersonic
conditions.

The curves of axial velocity and volume fraction at different

Fig. 5. Density counters in different Ma (t ¼ 0.3 ms).

Fig. 6. Pressure distribution on the axis in different Ma.
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section positions are shown in Fig. 12 x/Ln ¼ 0.05 at the projectile
head and x/Ln ¼ 0.25, x/Ln ¼ 0.44 where the projectile body with a
prominent change are intercepted as section positions. The X-axis is
the ratio of cavity diameter to projectile diameter, and the Y-axiss
are the ratio of local axial velocity to infinite velocity and the vol-
ume fraction of water vapor, respectively. Compared with the
curves in Fig. 12, with the increase of the distance from the pro-
jectile surface, the volume fraction of water vapor decreases
sharply. There is a obvious velocity gradient at the section x/
Ln ¼ 0.05. The larger the head diameter, the greater the velocity
gradient, and the same situation exists at other sections. The ve-
locity of projectile K2 and K3 is opposite to the mainstream

direction at x/Ln ¼ 0.05 section. The larger the velocity gradient at
the section, the higher the volume fraction of water vapor. The
lower the velocity of water vapor volume fractionwith the increase
of the distance from the projectile surface, result in a larger the size
of the cavity.

The viscous drag coefficient is closely related to the medium in
which the projectile is located. The viscous coefficient of the vapor-
water mixture is defined as: mm ¼ avmv þ (1�av)ml。Fig. 13 draws
the contrast curves of cavity thickness and vapor fraction at
different sections of projectiles with different head diameters.
Table 1 lists the values of various kinds of drag coefficient with
different head diameters. The projectile K1 performs best in total
drag characteristics, but the cavity thickness is the smallest, and the
vapor fraction decreases obviously at the change of projectile body
shape, which results in the increase of medium density in contact
with the projectile body. Its viscous drag coefficient is 9.8 times that
of projectile K2 and 27.3 times that of projectile K3, respectively. The
thickness of cavity is small in some parts of the projectile body can
easily lead to the wetting phenomenon due to the low vapor frac-
tion and small bubble diameter. During the actual movement of the
projectile, the cavity is prone to break under small disturbance, and

Fig. 7. Pressure counters (log scale) in different Ma

Fig. 8. Radial locations and the shape of cavity.
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the local force of the projectile is uneven, which affects the stability
of the projectile navigation.

Fig. 14 shows the contrast curves of super cavity diameter at tail
section of projectile under different Mach numbers. From the dis-
tribution of the curves, it can be seen that the diameter of the
formed cavity presents the same change trend. In the course of

transonic navigation, the thickness of the cavity obviously enlarges
with the increase of the head diameter of the projectile The
diameter of the cavity decreases with the increase of Mach number,
and the decreasing extent gradually increases with the increase of
Mach number. The distribution curves of viscous drag, pressure
drag and total drag of projectiles moving at different velocities are

Fig. 9. Pressure distribution on the radical locations.

Fig. 10. Pressure counters and density counters of projectiles with different head diameters (Ma ¼ 1.2, 0.3 ms).
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plotted in Fig. 15. From the curves in Fig. 15, it can be seen that all
kinds of the drag increases with the increase of the velocity. The
variation trend of the viscous drag withMach numbers of projectile
K1 with head diameterD1¼2mm is obviously different from that of

Fig. 11. Pressure distribution on the axis by projectiles with different head diameters.

Fig. 12. Axial velocity and vapor volume fraction at different locations.

Fig. 13. Cavity shape and the vapor volume fraction of projectiles with different head
diameters(Ma ¼ 1.2 0.3 ms).
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projectile K2 and K3. The viscous drag of projectile K1 increases
greatly after supersonic speed, while the viscous drag of projectile
K2 and K3 remains stable basically. Combining with the previous
description, the cavity thickness of K1 is less than twice the diam-
eter of projectile after supersonic velocity, the vapor fraction
around projectile body decreases, and the density of medium
contacted with projectile wall increases in different magnitudes,
resulting in a significant increase in the viscous drag of projectile.
While the thickness cavity of K2 and K3 is larger than 2.5 and 3.5
times the diameter of projectile respectively. The vapor fraction in
the cavity is stable at more than 98%, and the medium in the cavity
around projectile body is stable. The density remains unchanged
and the viscous resistance remains stable, which means that pro-
jectiles K2 and K3 are easier to generate cavities with high vapor
fraction than projectiles K1. Therefore, in order to ensure the sta-
bility of the projectile during high-speed navigation, the head
diameter of the projectile should be enlarged as much as possible,
so as to keep the vapor franction in the cavity stable, avoid the
breakage of the bubble during the high-speed navigation of the
projectile, and ensure that the cavity completely wraps the pro-
jectile body.

The change of total drag and pressure drag of projectile in
transonic navigation is consistent, while the viscous drag is about
1% of pressure drag. The total drag should be mainly pressure drag,
and the head diameter determines the pressure drag. In order to
reduce the drag and increase the range and lethality of the pro-
jectile in the course of navigation, it is necessary to reduce the
diameter of the head of the projectile, which is in contradiction
with increasing the diameter of the head, improving the quality of
the cavity and ensuring the stability. Therefore, it is necessary to
optimize the projectile head shape.

4.4. Effect of projectile head shape on cavitation flow characteristics
around high speed projectile

When the projectile is traveling at transonic speed, the increase
of the diameter of the cavitator can effectively increase the diam-
eter of the cavity, enlarge the thickness of the cavity around the
projectile, and make the projectile navigate steadily, but it will also
increase the resistance of the projectile and shorten the effective
range of the projectile. On the premise of ensuring the stable
navigation of the projectile, in order to reduce the total drag as
much as possible, the influence of projectile head shape on the
cavitation flow around high-speed projectiles will be further
studied.

In the study, three different types of projectiles were used. As
shown in Fig. 16, the three heads are disc head A, inverted cone
head B and truncated cone head C. The length of the three heads is
the same, and B and C are opposite symmetrical to each other.
Under the same working conditions, the flow around three
different head projectiles is simulated numerically. Fig. 17 is the
cavity shape with different head shapes when Ma ¼ 1.3. C enlarges
the diameter of the cavity and increases the distance between the
cavity boundary and the projectile greatly. The influence of A and B
on the cavity shape is mainly reflected in the projectile front body.
A increases the local cavity length of the projectile front body but it
is still impossible to completely wrap the projectile body, while B
makes the cavity of the projectile front body and the cavity of the
rear body merge to form a complete super cavity which wrap the
projectile body.

The change of the cavitator shape will change the motion state
of fluid in the flow field around projectile head. In Fig. 18, the time-
averaged velocity vector distribution of the projectile flow field
around different shapes of cavitators at Ma ¼ 1.3 is shown. As
shown in Fig. 18, the flow separation at the shoulder of the upflow
surface causes the boundary layer to separate from the projectile
wall and produces separation vortices inside the boundary layer,
which results in cavity in the low pressure area of the rear flow
field. The larger the diameter of the upflow surface, the larger the
flow separation area and the larger the size of the backflow
vortices, which makes the cavity boundary moves away from the
projectile wall and the thickness of the cavity increases. Therefore,
A extends the flow separation area length and it can only increase
the thickness of the cavity slightly, which is not enough tomake the
cavity attached to the front body through the high-pressure zone at
the junction of the front and rear bodies. B creates a sufficiently
large flow separation zone. The cavity thickness is much larger than
that of the original projectile. Although the upflow surface diam-
eter of C is the same as that of A, the second flow separation occurs
when the diameter of the connectionwith the projectile front body
increases, and another backflow vortex occurs in the projectile
head area. The cavity generated by the front body and the cavity
generated by the rear body can fuse though the high pressure area
at the junction of the front and rear body to form a complete super
cavity enclosing the projectile body. Under this circumstance, the
diameter of the projectile head upflow surface determines the
cavity size, but has little influence on the size of the rear body
cavity. At the same time, we can see that there are many recircu-
lating vortices in the fused cavity, which distribute in the cavity
along the axis.

The head shape of the projectile affects the stability of the
cavitation development of the projectile when traveling at tran-
sonic speed. Fig. 19 shows the variation of pressure with time at
different positions of three projectiles during the development of
cavitation. The pressuremonitoring points are located at X/L¼ 0.02,
0.18, 0.4 and 1, respectively. The pressure values are P1, P2, P3 and P4.
The X-axis of Fig. 19 is time and the Y-axis of Fig. 19 is relative

Table 1
Drag of projectiles with different head diameters(Ma ¼ 1.2).

K1 K2 K3

Pressure drag coefficient 0.0654510 0.2555831 0.5731790
Viscous drag coefficient 0.0045270 0.0004622 0.0001661
Total drag coefficient 0.0699780 0.2560453 0.5733450

Fig. 14. Diameters of cavity at tail section of projectiles in different Ma(0.15 ms).
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pressure. The recirculating vortices at P1 exert a reverse force on
the projectile head superimposing the pressure on the upflow
surface. The pressure on head A is 47.9 times that of the original
projectile, while that of B and C is 159.4 times and 141.5 times that
of the original projectile respectively. At P2, the pressure of pro-
jectile fluctuates. The interaction between the closure of the cavity
around projectile with head A and the pressure wave generated

here leads to the fracture of the cavity, which results in the pressure
fluctuation. The supercavity formed around projectile with head B
and head C completely encapsulating the projectile body, so the
pressure at the monitoring point is much lower than that of pro-
jectile with head A. At P3, the reason of pressure fluctuation about
projectile with head A is the same as that of at P2 and the pressure
fluctuation of projectile with head A is so great that it still affects

Fig. 15. Viscosity drag, pressure drag and total drag of projectiles in different Ma.

Fig. 16. Different forms of head.
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the stable navigation of projectile. The pressure of projectiles with
head B and head C is basically stable, and the traveling of projectiles
is more stable.

In order to analyze the influence of various head shapes on the
dynamic characteristics of projectiles, it is necessary to calculate
the drag of projectiles. In this paper, the drag coefficients of pro-
jectiles during navigation are defined.

Cd¼
Fp þ Fv
1
2r0v

2
0S

(9)

Fp and Fv are pressure pressure drag and viscous drag, r0 and v0
are pressure and velocity of incoming flow respectively, and S is the

maximum cross-sectional area of projectile. The drag coefficients of
projectiles with different heads under different working conditions
are listed in Fig. 20. For the original projectile and the projectile
with head A, with the increase of Ma after the velocity of projectile
exceed supersonic speed, a small range of shock waves are formed
on the wetted wall at the cavity fracture, resulting in a sudden
increase in the drag of the projectile. The drag coefficients of pro-
jectile with head B are about 2 times of that of the original pro-
jectile, while the drag coefficients of projectile with head C are
similar to that of the original projectile and the cavity generated by
this head completely encapsulate the projectile body. The drag
coefficient of the projectile increases steadily with the increase of
Ma, and the variation range is small.

The above research shows that the cavity generated by head A
breaks and wets the wall, which results in the pressure fluctuation
of the projectile body. The drag of the original projectile increases
sharply at Ma ¼ 1.27, while the drag of the projectile with head A
increases sharply at Ma ¼ 1.13. The projectile with head B can
greatly increase the thickness of the cavity, which can be applied to
higher Ma, but the range of the projectile is greatly reduced. The
projectile with head C can form super cavity enclosing the whole
projectile body at higher Ma, which can stabilize the drag of the
projectile body. Compared with the original projectile, the projec-
tile with head C has stronger navigation stability.

5. Conclusion

In this paper, the compressibility of liquid phase in the flow field
is modified by embedding Tait equation of state, and a numerical
calculation model for high-speed traveling of projectiles is estab-
lished. Then the cavity characteristics, flow field characteristics and
dynamic characteristics during navigation of projectiles are
analyzed. By comparing the cavity characteristics and drag char-
acteristics of projectiles with different head diameters and cavitator
shapes, the contradiction between improving the stability of cavity
and reducing drag is revealed. The main conclusions are as follows:

Fig. 17. Cavity shape for different heads.

Fig. 18. Time-Average velocity vector contours for different heads.
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1. For the transonic navigation of projectiles, this paper establishes
a numerical simulation method considering liquid phase
compressibility, and compares it with the experimental results
of Hrubes, which verifies the feasibility and reliability of the
simulation method.

2. The size of the super cavity decreases due to the shock wave
formed by the projectile traveling at transonic speed. Consid-
ering the compressibility of liquid phase, the transonic velocity
of projectile in water is calculated. With the increase of navi-
gation speed, the compression wave in the flow field gradually
transforms into shock wave, and the size of cavity decreases
sharply. The pressure of the flow field through shock wave in-
creases significantly, which is an important reason for the
reduction of the size of super cavity.

3. The diameter of projectile head has a significant effect on shock
wave and cavity. The diameter of the projectile head increases,
although the intensity of shock wave does not change much, the
area of shock wave high pressure obviously enlarges. Mean-
while, the diameter of the cavity increases significantly, and the
boundary of the cavity graduallymoves away from the projectile
wall.

4. The shape of projectile head significantly affects the shape of
cavity. Compared with the original projectile, the projectile with
truncated cone head creates a completely encapsulated cavity,

Fig. 19. Pressure fluctuation at different positions of projectile.

Fig. 20. Drag coefficient for different heads.
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which has smaller navigation resistance and stronger navigation
stability at higher Mach number among the three head shapes
discussed in the paper.
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