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Numerical simulation of two-phase flow field

in underwater sealing device based on dynamic mesh
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Abstract: In order to speed underwater launch of minor-caliber weapons, a sealing device can be set in front of underwater muz-

zle to separate water, preventing the muzzle from water immersion. By establishing and simplifying the model of underwater

weapon sealing device and unstructured mesh computing domain model based on computational fluid dynamics (CFD), dynamic

mesh and user defined function (UDF), the N-S equation is solved and the numerical analysis and calculation of the complex

two-phase flow inside the sealing device are carried out. The results show that the gas discharged from the sealing device is con-

ducive to the formation of the projectile supercavity. When the projectile is launched at 5 m under water, the shock wave before

and after the projectile has impact on the box body up to 100 MPa, therefore the sealing device must be strong enough. The re-

search results have the vital significance to the design of underwater weapon sealing device and the formation of the projectile

supercavitation.

Key words: two-phase flow; supercavitation; sealing device; computational fluid dynamics (CFD); dynamic mech

CLD number: TJ65; TP391. 9
Article ID; 1674-8042(2015)03-0253-05

As a result of the change of international situation,
the water weapon has got rapid development. The
density of water is about 850 times as dense as that of
air, thus water resistance is too large for projectile
weapons to hit the target at a distance. Therefore,
how to increase the initial velocity and decrease the
resistance of underwater weapon inevitably becomes
the key of the research.

In recent years, many experts and scholars have
done a lot of work in the numerical simulation of un-
derwater jet and supercavity based on computational
fluid dynamics (CFD). TANG , et al. ' used volume
of fluid (VOF) model to simulate the evolution of
underwater gas jet. XU Jia-wei, et al. ! used mix-
ture model based on FLUENT software to study the
unsteady evolution process of nozzle air-water two-
phase flow field at different underwater depths in
rocket ignition experiment. CHEN Huan-long, et
al. '"°) calculated the initial flow of underwater gas jet

using axisymmetric, inviscid and compressible Euler
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equations, revealed the gas-water interaction and
shock wave shape as well as the formation and evolu-
tion process of jet air bags at jet initial stage, and
confirmed the similarity of near flow fields of the gas
jet in the water and gas. ZHU Lin, et al. used the
dynamic mesh technique and mixed multiple flow
model to get the effect of thrusting force on produc-
tion, variation and development processes of water
cavity and natural cavity hydrodynamics of projectile

bodies'”.

flow model of Fluet6. 2 to conduct the simulation of
[7]

Y1 Wen-jun, et al. used mixed multi-phase

resistance characteristics of underwater projectile

Uhlman and Kinnas™®'"

and Fine used the velocity
potential modified boundary element method to carry
out nonlinear simulation on many cases of partial cav-
ity flow. But the analysis of muzzle gas injecting
sealed container is rare. This paper, using mixed
multiple flow model and dynamic mesh technology,
by solving N-S equations, carries numerical analysis

and calculation for complex water-gas two-phase flow
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inside it and gets the distribution of the flow field in-
side the sealing device. Furthermore, the strength of
the sealing device and bubble formation of supercavi-

tation are analyzed.

1 Control equation and numerical
method

1.1 Control equation

The basic laws of conservation in the element in-
clude the following equations.

Continuity equation
dp . —
Momentum conservation theorem
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Energy conservation equation
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where p stands for the density; z, the time; V, the
velocity vector; S,,, the mass added to the continu-
ous phase; p. the pressure born on upon fluid mi-
celle; g and F represent gravity and other external
volume forces exerted on the infinitesimal; £, the
viscous stress tensor on infinitesimal surface due to
molecular viscosity; E, the fluid micelle gross ener-
gy; T, the temperature; J;, the diffusion flux of j;
kei» effective thermal conductivity; and S, the other

customized heat sources.

1.2 Cavitation model

Regardless of the influence of the latent heat of e-
vaporation, it is done in the isothermal process. Con-
sidering the pressure and bubble volume, Rayleigh-

Plesset equation is written as

R
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where pg is the pressure inside the cavity, which is

the sum of steam pressure p, and noncondensable gas
partial pressure p; o is coefficient of surface tension.
Simulation calculation functions for growth and rup-

ture process of cavitation are given by
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2 Dynamic meshing theory and compu-
tation model

2.1 Dynamic mesh updating method

FLUENT provides three methods of dynamic mes-
hing movement to update the mesh after deforma-
tion, including spring smoothing method (smoot-
hing), dynamic layer method (layering) and local
mesh reconstruction method (remeshing). Spring
smoothing method is to idealize the meshes between
the nodes as a spring system. The movement of
boundary nodes produces spring force between the
nodes, and the force spreads along the downstream
nodes in turn and eventually produces a new spring
system. Dynamic layer method is that whether to in-
crease or to decrease the mesh layer number is deter-
mined by the height of mesh layer close to the mov-
ing object surface. In FLUENT, when the mesh cell
layer near the border increases or reduces to a certain
extent, the mesh automatically splits or merges. Lo-
cal mesh reconstruction method refers to the interpo-
lation reconstruction method for distorted mesh be-
cause the movement of boundary may result in seri-
ous quality decline, even negative volume, which in-
creases the difficultly for next solution. The methods
adopted in this article to control mesh deformation
are the spring smoothing method and the local mesh

reconstruction method.
2.2 Establishment of computation model

A 3D model profile of a sealing device is shown in
Fig. 1. The whole sealing device is put under water at
a depth of 5 m whose inside pressure and water pres-
sure are equal before firing. The valve (unshown in
Fig. 1) of the sealing device under the water pressure

acts as a seal. Mesh partition method is used for the
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calculation region, and mesh refinement is processed
within the tube and sealing device. The farther from
the tank, the sparser the mesh is. Boundary condi-
tions include pressure export, pressure inlet and the
solid wall boundary. The related parameters of pres-
sure export and the depth of water are the same, and
the pressure inlet parametes are defined based on
field function. At the same time, FLUENT UDF is
used to control projectile motion parameters. The in-

itial velocity of the projectile is 890 m/s.

Projectile Tube Sealing device

—

Fig. 1 Sealing device with a tube

Fig. 2 exhibits the computation mesh in flow field

of the sealing device with a tube.

Fig. 2 Computation mesh in flow field of sealing device with

a tube

In the process of the projectile entering into the
water, air, vapor and liquid water are allowed to in-
terpenetrate each other and move at different speeds.
VOF model is not applicable, mixture model should
be shosen.

FLUENT simulation settings: (O Calculation is
based on three-phase flow, whose major phase is wa-
ter and minor phases are vapor and compressible gas;
@ Realizable k¢ model is selected as turbulence mod-
el, PRESTO is as the pressure and velocity fields
coupled mode; @ Gravity effect should be consid-
ered, and the change curve of water pressure with
depth is defined based on field function, Patch for re-
pairing it in the computational domain; @ Using the

cavitation model is opened.

Making unsteady calculation according to the above
settings, we can get better convergence by selecting
the appropriate iteration step length and the relaxion

factor.

3 Simulation and analysis

Fig. 3 is the nephogram of gas-liquid phase distri-
bution at different times after projectile is out of the
chamber. It can be seen that the moment the projec-
tile firing, shock wave in front of projectile is genera-
ted by squeezing the air in front of projectile when
the projectile moves at high speed in the tube. The
gas expands rapidly after entering the sealing device,
which results in pressure rising and part of the gas is
pushed through the valve into the water forming bub-
bles. With the projectile velocity increasing, the
shock waves in front of the projectile keep swelling
and the gas inside the sealing device is constantly dis-
charged into the water, and bubbles increase quickly.
After 3. 3 ms, gunpowder gas was totally released in-
to the case and enough pressure is created to form a
big bubble to wrap the projectile outside the sealing
device. At 3.5 ms, the projectile moved throughout
the sealing device into the big bubble in the water.
At 3.8 ms, the projectile pierced the big bubble into
the water, but was still wrapped by cavitation bub-
bles which are natural supercavitation. The bubbles
in the valve in the seal device is helpful to provide the
projectile with ventilated supercavitation. The device
combines the ventilated supercavitation with natural

supercavitation perfectly.

(a) =0.2 ms (b) 3.3 ms

(c) =3.8 ms

(d) 4.0 ms

Fig.3 Nephogram of gas-liquid phase distribution at different

times after firing
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Fig. 4 is the pressure distribution curve in axial di-
rection of gun when the projectile is fired out of muz-
zle and goes into the sealing device at different times.

It can be seen that at 3. 3 ms, warhead is just fired
out of the tube, The pressure distribution behind the
projectile is linear, but the pressure in front of the
projectile is higher than atmospheric pressure. This
is because the moving projectile in the tube pushes
the air in the tube leaked behind the projectile as well
as gunpowder gas into the sealing device.

At 3.5 ms, the projectile goes through the tube in-
to the sealing device, the pressure behind the projec-
tile spreads instantly in the sealing device. But unlike
in the air, the pressure diffusion is restricted by the
sealing device, resulting in high pressure in the seal-
ing device. The projectile under high pressure contin-
ues to move forward and warhead appears in high
pressure area. For high-speed projectile, it moves in
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the sealing device in a very short time, therefore, the
effect on the projectile velocity can be neglected. At
the time of 3. 8 ms, the projectile goes into the water
and the end of the projectile appears in low pressure
area, which is conducive to the formation of cavitati-
on bubble.

At 4.0 ms, the pressure of gunpowder gas is still
greater than the water pressure. It may be impossible
for the gunpowder gas to be instantly released into
the sealing device because of the small mouth of the
valve, which means the water not going back to the
sealing device under super-high firing frequency can
be realized absolutely.

During the whole process, the gunpowder gas is
kept in the sealing device and the maxium shock wave
can reach up to 100 MPa generated by gunpowder gas
at high temperature and high pressure, which re-

quires strong strength capacity of the sealing device.
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Fig. 4 Pressure distribution curves in axial direction of gun at different times after projectile is out of muzzle

4 Conclusion

The following conclusion can be drawn based on
numerical simulation on the complex two-phase flow
in the sealing device of underwater weapon by using
FLUENT. When the underwater weapon with the

sealing device is fired, gunpowder gas pressure dis-

tribution in the sealing device is extremely complex,
The high pressure also requires strong strength of
the sealing device. With high-speed movement, the
gas in front of the projectile is extruded and shock
wave is formed. The gas in front of the projectile and
gunpowder gas leaked from the clearance between

projectile and tube expand rapidly after entering seal-
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ing device, which results in pressure rising in the
sealing device. With the increasing of pressure, the
gas inside the sealing device is discharged into the
water. As the projectile entering the water, the pres-
sure inside the sealing device is strong enough to pre-
vent the reverse flow of water. Under ultra-high fre-
quency shooting, the pressure of the sealing device
can ensure that the water will not flow back at the
depth of 25 m under water; at the same time, the ac-
tuating pressure of the sealing device caused by the
projectile shock wave reach up to 100 MPa. The re-
search results may have some significance to the de-
sign of underwater weapon sealing device and the for-

mation of the projectile supercavitation.
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