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Currently, the supercavitating projectiles mostly rely on experience or experimental results to test the shape of the projectile;
however, the cost of the experiment is relatively high, and there is no specific criterion to judge whether the underwater
projectile is stable. To solve the aforementioned problems, we study the motion stability and establish motion equations for
supercavitating projectiles. Through theoretical analysis and simulation calculations, the optimal center of mass position is
designed to optimize the motion performance of underwater supercavitating projectiles. We think this work can provide
theoretical support for the optimal design of underwater supercavitating projectiles.

1. Introduction

When the vehicle is moving at high speed underwater,
supercavitation is formed on the surface of the vehicle.
Supercavitation can significantly reduce the viscous resis-
tance of the vehicle when it is moving underwater and
greatly increase the speed and range of the navigation [1].
For high-speed vehicles, small changes in the position of
the center of mass, the structure of the supercavity, and
other factors will seriously affect the navigation speed and
range.

At present, there are a lot of researches on the theoretical
analysis of supercavitating projectiles through mathematical
models for reference. For the study of high-speed supercavi-
tating projectiles, starting from the perspective of dynamics,
a motion equation is established for the projectile in the
supercavitation cavity to study the impact of projectile qual-
ity and supercavity structure on the flight performance of
supercavitating projectiles [2]. The increase in the mass of
the projectile can reduce the deviation of the projectile tra-
jectory, and the increase in the diameter of the supercavity
will increase the deviation of the trajectory. Using a water
tunnel, the literature [3] studied the hydrodynamic problem
of a cylindrical vehicle tail when sliding inside the cavity.

Cylindrical voyages interact with each other in the supercav-
ity, and this impact also affects the supercavity. The impact
is more pronounced during longitudinal movement. By ana-
lyzing the fluid dynamics of the supercavitating projectile,
the nonlinear dynamic equation of motion is obtained.
According to the stability equation, the control parameters
that affect the stability of the supercavitating projectile are
obtained [4-6]. The movement process of a projectile after
entering the water is usually divided into an initial stage
and a tail shot stage. In the tail shot stage, the tip force
received by the high-speed supercavitating projectile is gen-
erally along the opposite direction of the projectile’s pointing
motion [7-9]. Affected by the projectile entering water, the
high-speed supercavitating projectile rotates in the cavity
while advancing, which is this rotation that causes the tail
of the projectile to collide with the cavity wall [10]. As shown
in the literature [11], as the projectile beats the water wall,
the force of the water wall on the projectile tail gradually
decreases, and finally, the supercavitation collapses. The lit-
erature [12] obtained through theoretical analysis of the
force of the projectile: when the projectile has the same
shape and other conditions such as the length of the projec-
tile, the forward movement of the center of mass is beneficial
to the linear movement of the projectile and is beneficial to
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keep stability of movement of the projectile underwater. The
collision of the projectile with the cavity wall can reduce the
projectile energy consumed by the tail of the projectile, and
the collision is conducive to the linear movement of the pro-
jectile [13]. The selection of denser materials for the warhead
is conducive to the forward movement of the center of mass
and the linear motion of the supercavitating projectile.
When the shape of the projectile remains unchanged, adding
high-density materials in the projectile body or adding a sta-
bilizer tube to the tail of the projectile can improve the sta-
bility of the supercavitating projectile, which provides a
basis for the projectile design. Meng et al. [14] studied the
motion characteristics of underwater supercavitating projec-
tiles through kinematics and dynamics analysis and mathe-
matical modeling and found that the angular velocity of
the projectile changes periodically. The decrease in the size
of the supercavitation will cause the tail shot amplitude
decreases; the smaller the projectile’s moment of inertia,
the more stable the tail shot changes, the launch speed,
and the launch depth. The larger initial angular velocity
makes the tail angular velocity of the projectile decay faster.
Zhang and Hou [15] analyzed the stability of underwater
projectiles and found that the shape design of underwater
projectiles has a great influence on the stability of motion.
The larger the aspect ratio of the projectile shape, the more
stable the movement of the underwater projectile. Zhao
et al. [16] studied the influence of the position of the center
of mass on the motion of the tail shot and obtained the effect
of the tail shot motion on the symmetry of the supercavita-
tion, and the supercavity surface wall at the collision point
develops in the direction of the supercavitating projectile
rotation. During the movement of the supercavitating pro-
jectile, the angular velocity, angular acceleration, and restor-
ing force of the tail shot all change periodically. Zheng [17],
Qian [18], and Huang [19] all conducted simulation studies
on projectiles entering the water. The viscous resistance of
supercavitating projectiles under water is proportional to
the square of the sailing speed. When entering the water at
the same inclination angle, the greater the water entering
speed, the easier it is to produce obvious cavitation, and
the force on the surface of the projectile reaches the peak
at the moment of entering the water. Shi et al. [20] carried
out resistance analysis and motion stability analysis of
continuous-launched projectiles through fluent software.
The flow field generated by the first supercavitating projec-
tile is helpful to reduce the pressure on the head of the pro-
jectile. When the bubble projectile enters the supercavitation
of the front bullet, the head of the projectile will hardly be
affected by viscous resistance, causing the projectile to
rear-end and split the supercavitation. Yi and Xiong [21]
studied the resistance characteristics of natural supercavita-
tion flow of high-speed vehicles and found that the drag
coeflicient of high-speed vehicles decreases with the increase
of speed. The increase of the slenderness ratio of the vehicle
is beneficial to reduce the drag coefficient of small high-
speed craft, and the drag reduction rate of high-speed craft
reaches more than 95%. Zhang et al. [22] studied the
influencing factors of the impact of the tail shot and con-
cluded that the increase of the mass increases the force of
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the single tail shot, but as the center of mass moves back-
ward, the number of tail shots will be reduced; that is, the
single tail shot will be increased.

To sum up, for most underwater projectiles, the position
of the center of mass is set according to experience; however,
there is no corresponding theory to solve such problem.
Based on the analysis of the movement characteristics of
the projectile in water, star ccm+ fluid simulation software
is used for ballistic simulation, and the best position of the
center of mass is found by constantly changing the position
of the center of mass. We think this work can provide theo-
retical support for the design of supercavitating projectiles.

2. Mathematical Model

2.1. Equation of Motion. The projectile rotates continuously
during launch and movement in the water. If the center of
mass is not properly positioned, the projectile will roll,
which will severely shorten the range of the projectile. The
projectile must satisty the following equations of motion:

M(.Jcm = ZFXI’
MW, =Y Fy, (1)
1Q =My,

Among them, M is the mass of the projectile, U_,, and
W, are the velocity of the projectile’s center of mass along
the coordinate system axis X1 and Z1, I is the moment of
inertia around the Y1 axis and passing through the center
of mass, Q° is the angular acceleration, and My, is the resul-
tant moment [1].

In the initial stage, the projectile mainly considers the
front-end resistance F, of the projectile and its own gravity.
In the tail shot stage, the collision between the projectile and
the bubble wall needs to be considered. The motion equation
of the projectile is relatively complicated, and by simplifying
the equation, we can get the following motion equations:

m

é = Ig (L - xcm)’
ZMYl = mg(L - xcm)’
Q =M, [W(LL) + 2WQ(LY)] - mg(L -3,

ZMYI = M; + mgcosO(L — x_, ).
(2)

In the formula, x_,, is a variable, and the total moment
Y My, >0 always holds. In the initial stage, when x.,
becomes larger, the projectile is easier to move along a
straight line. In the tail shot stage, x_,, becomes larger, )
My, becomes smaller, and Q becomes larger. It is conjec-
tured that there is a critical mass center x_,, value. If x_ is
less than the critical value, the underwater projectile will be
unstable. If the value is greater than this critical value, the
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underwater projectile can maintain the stability of the
movement.

2.2. Governing Equation. For turbulent flow, the Navier-
Stokes equation is always applicable [23]. The following is
the mass conservation equation:

(pu) =0, 3)

where p is fluid density and u; is the component of the fluid
velocity along the i direction.
The following is the momentum conservation equation:

op o7

0 op
E(Pui) + B_x] (Pui”j) = _a_x,. + a—x] +pg;+ F; (4)

The following is the energy conservation equation:

0 0 0 oT
57 (P + % (push) = == (k+ k) 5 + Sy (5)

1 1

where p is the static pressure, 7;; is the stress vector, g; is the

gravity component in the i direction, F; is other energy
terms caused by resistance and energy, h is the entropy, k;
is conductivity of the turbulence transfer, S, is the defined
volume source, and k is the molecular conductivity.

2.3. Basic Model of Star ccm+

2.3.1. The VOF Model. The research content of this study
involves the process of projectile entering water and the pro-
cess of forming supercavity in water, so it involves three-
phase flow, namely, air phase, water phase, and water vapor
phase. In addition, the DFBI 6-degree-of-freedom motion is
used in the simulation to simulate the whole process of the
projectile movement, so the VOF multiphase model and
the VOF wave model are used.

The VOF multiphase model is a simple multiphase
model. It is suitable for simulation processing where there
are clear and obvious interfaces between multiphases and
no mutual dissolution problem occurs between phases. It is
often used in gas-liquid flow and liquid-liquid flow prob-
lems, and it focuses on the shape of the phase interface. It
is worth noting that the VOF model is not suitable for the
case when the scale of the phase interface is much smaller
than the mesh size, because the calculation accuracy is very
low at this time. The VOF multiphase model is a uniform
and homogeneous multiphase flow model; that is, all phases
share the same velocity field, and there are gas phase, liquid
phase, and vapor phase in the calculation results, but in the
actual solution process, the three phases share the same. The
velocity field is when solving the equation, on the same grid,
the gas phase, the liquid phase, and the vapor phase share a
set of momentum equations to solve, which simplifies the
calculation.

To simulate multiple insoluble fluid flows on a numeri-
cal grid, the VOF wave model is used to simulate surface
gravity waves at the interface between light and heavy fluids;

this model is often used in marine applications with a 6-
DOF motion model. This study involves the process of pro-
jectile entering water and the process of forming cavitation
in water, so it involves three-phase flow, namely, air phase,
water phase, and water vapor phase. And the simulation uses
DFBI 6-degree-of-freedom motion to simulate the whole
process of projectile motion, so the VOF multiphase model
and VOF wave model are used.

2.3.2. The Turbulence Model. The governing equations of the
K-epsilon turbulence model are listed as follows.
The following is the K equation:

dk 0 U\ ok
=22 2V 4G+ G — pe. 6
P axiK#’jLok)aijr Kkt Gy~ pe (6)
The following is the & equation:

2
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= T A =) =—| + Cie7 (G + C3,Gp) — Cyp—.
Pt ox; [(y+os) axi] * lsk( K+ C3eGy) 2P

(7)

In the above equations, y; is the laminar viscosity coeffi-
cient, y, is the turbulent viscosity coeflicient, y, = pCsz/s
(Cy is the turbulence constant), Gy is the turbulent kinetic
energy generated by the laminar velocity gradient, G, is the
turbulent kinetic energy generated by buoyancy, and C,,,
Cye> G5, 0, and oy are empirical constants. According to

the turbulence experiment, the empirical constants are
C, =144, C,,=1.92, C;,=0.09, 0, = 1.0, and 0, =1.3.

2.3.3. The Supercavity Model. The complete Rayleigh-Plesset
supercavity model includes the effects of the acceleration of
bubble growth rate, the effects of viscosity, and surface ten-
sion. The bubble growth rate v is determined using the
Rayleigh-Plesset equation.

- 2
R£+§v2:—Sat P_20 4t (8)
d. 2 b PR pR

Among them, p,, is the saturation pressure at a given
temperature, p is the partial pressure in the surrounding liq-
uid, o is the surface tension, and p, is the liquid density.

The growth rate of supercavity bubbles uses an inertial
control growth model.

2 z(psat_p)
Vr = — _— > 9
S (9)

where v, is the growth rate of supercavity bubbles.

2.4. Boundary Condition Setting. The inlet boundary condi-
tion of the velocity is applicable with incompressible flow
and subsonic compressible flow. At the boundary, star ccm
+ will impose or calculate the velocity v, the static pressure
P, and the temperature T according to the flow conditions.

The pressure outlet boundary is the outflow condition of
the applied working pressure, which can be regarded as the
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FIGURE 4: Supercavitating projectile at 200 m/s.
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temperature can be extrapolated from inside the solution
domain. For the pressure outlet boundary, star ccm+ will
be applied according to the flow situation or calculated at
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FIGURE 6: Graph of the displacement of supercavitating projectile.

the boundary surface: the velocity v, the static pressure P,
and the temperature T according to the flow conditions.

2.5. Calculation Model. The projectile can be regarded as a
rigid body, and its total length is L. By changing the length
of the projectile, the shape of the projectile, and the position
of the center of mass and comparing the range when decel-
erating to 200 m/s, the influence of the change of the shape
on the drag reduction performance can be judged.

The projectile adopts three truncated cones with a flat
head, and the cone angle of each truncated cone gradually
becomes smaller and the width of the truncated cone gradu-
ally becomes larger from the back of the head. The projectile
in this simulation experiment is on the left side of the com-
putational domain with a length of 40 m, a width of 1.5m,
and a height of 3m. The grid of the computational domain

TABLE 1: Simulation results.

Time t/s when the speed

Fam (L) drops to about 200 m/s Displacement x (m)
0.05 0.8068 26.6758

0.25 0.8068 26.6706

0.5 0.8068 26.6673

0.6 / 3.48

Note: when the position of the center of mass is 0.6 L from the head of the
projectile, the underwater projectile will roll during the movement. At
0.01 s, the speed is almost zero and the displacement is 3.48 m.

is divided into a background grid and an overlapping grid.
The computational model is shown in Figure 1. The projec-
tile body is then encrypted in the overlapping grid. In the
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calculation process, the projectile body interacts with the
overlapping area, and the overlapping grid interacts with
the background grid. The modeling process is shown in
Figure 2.

3. Numerical Simulation Study

The center of mass position is 0.05L, 0.25L, 0.5L, 0.55L,
0.57L, and 0.6 L from the warhead. The middle motion pro-
cess graph, the velocity graph, and the displacement graph at
200 m/s are used to judge the projectile movement perfor-
mance under the water. From the above process, the best
center of mass position could be found.

3.1. The Influence of the Position of the Center of Mass on the
Movement Performance of Underwater Projectiles. Take the
simulation result when the center of mass is 0.05L away
from the warhead as an example.

It can be seen from Figures 3-6 that when the center of
mass is 0.05 L from the projectile head, at 0.8068 s, the speed
drops to about 200 m/s and the displacement is 26.6758 m.
Also, the simulation results are listed in Table 1.

3.2. The Effect of the Center of Mass Position on the Range.
The three simulation results of the center of mass of 0.05L,
0.25L, and 0.5L from the head of the projectile show that
under the premise of stable underwater projectile move-
ment, the front of the center of mass has little effect on the
range of the underwater projectile.

There are some reasons to explain the inconsistency
between the simulation results and the theoretical results.
The center of mass reduces the single energy consumption
of the underwater projectile’s tail shot motion. As energy
consumption is reduced, the attenuation of angular velocity
and angular acceleration becomes slower, the frequency of
the up and down vibration of the projectile in the cavity
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FIGURE 10: Graph of the elevation angle change of supercavitating projectile when centroid position equals 0.57 L.

becomes relatively faster, and the number of tail shots
increases.

3.3. The Influence of the Position of the Center of Mass on the
Stability of Motion. With the analysis of the simulation
results comparing the position of the center of mass 0.5L
and 0.6L from the bullet head, the following issue can be
drawn.

Tail shot motion is a way for underwater projectiles to
maintain the stability, which satisfies that the moment the
water exerts on the tail of the projectile is greater than or
equal to the moment exerted by gravity, that is, the total
moment ) My, >0. When Q° >0, the force exerted by the
water on the tail of the projectile is not enough to cause
the projectile body to rotate in the opposite direction, and
the projectile body will roll. There is a critical value x_,,
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equals 1.5 L.

between 0.5L and 0.6 L. By changing the length of tungsten
alloy and aluminum alloy, the position of the center of mass
is brought forward to improve the motion stability.

3.4. Best Centroid Position. In order to further obtain the
best centroid position, the next step of simulation is car-
ried out, and three positions 0.55L, 0.56L, and 0.57L
from the bullet head are chosen. The results are shown
in Figures 7-10.

It can be seen from the above three simulation results
that when the position of the center of mass is 0.55L from
the head of the projectile, the projectile is stable, while in
the other two positions of the center of mass, the projectiles

are all unstable. The three centers of mass positions are dif-
ferent by 0.1 L. Therefore, the best center of mass position is
0.55L from the bullet head, for this bullet shape.

In an underwater projectile of projectile length L, the
distance from the center of the projectile to the head of the
projectile is 0.63 L, and the position of the critical center of
mass is 0.08 L ahead of the center of the projectile. However,
the conclusions of simulation research conducted on under-
water projectiles are peculiar and not universal because this
is only for the length of the projectile.

Two design schemes are proposed: (1) when the projec-
tile length increases, the position of the critical center of
mass is still 0.08 L ahead of the position of the centroid. (2)
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The distance between the critical center of mass and the cen-
troid accounts for 8% of the projectile’s length.

Increase the projectile length from 1L to 1.5L, and keep
the other shape parameters unchanged. The results can be
found in Figures 11 and 12. Through calculation, the
centroid position is 0.88L away from the projectile head.
Then, in the first design scheme, the critical centroid
position should be set at 0.80 L; in the second design scheme,
the position of the critical center of mass should be set at
0.76L, and all other «calculation conditions remain
unchanged. Simulate the two positions of center of mass.
From the simulation results of the projectile, it can be seen
that when the center of mass is 0.76 L from the warhead,
the underwater projectile is stable during its movement from
600 m/s to 200 m/s. When the center of mass is 0.80 L from
the warhead, the underwater projectile is stable. The move-
ment process from 600m/s to 200m/s is unstable. It can
be shown that the second design scheme is reasonable; that
is, in the design process of underwater projectile, the dis-
tance from the center of mass to the centroid should be
greater than or equal to 0.08 L of the projectile.

The influence of the position of the center of mass on the
motion performance has been analyzed above. According to
these analyses, an optimal position of the center of mass of
the projectile can be obtained, and in the condition, a larger
range is possible. Consider the projectile as a truncated cone.
When the length of the tungsten alloy is exactly the distance
from the center of mass to the head of the projectile, the cen-
ter of mass is the most forward position. Set the length of the
tungsten alloy at this time as x, the length of aluminum alloy
as 0.1 — x, and the total mass as m.

m m+ml ml m
—< < x 18500 + —. (10)
2 2 18500 — 2700 2

When the length of the tungsten alloy is the distance
from the center of mass to the head of the projectile, no mat-
ter if the length of the tungsten alloy is increased or
decreased, the position of the center of mass is far away from
the head of the projectile.

4. Conclusions

In this paper, we study the motion stability and establish
motion equations for supercavitating projectiles. Through
theoretical analysis and simulation calculations, the optimal
center of mass position is designed to optimize the motion
performance of underwater supercavitating projectiles. The
following conclusions can be drawn:

(1) When only changing the position of the center of
mass, the center of mass close to the head of the pro-
jectile will reduce the energy consumption of a single
tail shot movement, but the up and down vibration
speed in the cavities of the projectile is relatively fas-
ter, and the number of tail shots increases. The
energy consumption gap is nearly the same, which
makes the range of no obvious difference; therefore,

the center of mass is only increased by a centimeter
order of range

(2) The position of the center of mass has a critical posi-
tion; that is, when the value of the center of mass
from the head of the projectile is less than this criti-
cal value, the underwater projectile can maintain the
stability of motion. Otherwise, the result is the
opposite

(3) The front part of the projectile body is made of tung-
sten alloy and the rear part of the projectile body is
made of aluminum alloy. There is an optimal posi-
tion of the center of mass, that is, the most forward
position of the center of mass. When the distance
from the center of mass to the head of the projectile
equals to the length of the tungsten alloy, the posi-
tion is the best center of mass position

The research in this paper can provide theoretical sup-
port for the optimal design of underwater supercavitating
projectiles.
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