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Abstract: As one of the future main directions for underwater artillery, a ventilated launch can
significantly reduce the huge water resistance during the underwater launching process. This
paper aims to clarify the effect of starting conditions on the internal flow field and interior ballistic
performance of an underwater ventilated launcher. Firstly, a three-dimensional unsteady model of
gas-liquid two-phase flow is established. Following, an interior ballistic program of the underwater
ventilated launch is developed. A coupling model between interior ballistic and gas-liquid interaction
is then established, accounting for the projectile’s dynamic boundary effect and gas-liquid interaction.
Subsequently, the simulation accuracy of the model is confirmed. Finally, the effect of parameter
adjustments on the internal flow field and interior ballistic properties are contrasted and examined
by altering the starting conditions. The results indicate that adjusting the gas injection pressure
and projectile starting pressure can effectively regulate the drainage and resistance reduction effect,
thereby obtaining the desired interior ballistic performance of the underwater ventilated launch. The
findings offer recommendations for future underwater launchers.

Keywords: underwater launch; gas-liquid interaction; flow field; interior ballistic; drag reduction

1. Introduction

Developing highly effective low-resistance underwater artillery is one of the crucial
objectives for researchers, which is also an urgent need for the Navy. It is well known that
water has an approximate 800-fold higher density than air, making vehicles submerged
in water far more difficult to navigate than that in air. Thus, reducing the drag of vehicles
has long been one of the issues of greatest concern in underwater launch. Supercavitation
technology [1-3] is a ground-breaking method of reducing drag in the water that has much
of attention. It encases the underwater vehicle in a gas cavity via artificial ventilation or
natural cavitation, preventing contact between the vehicle’s side and the water. This can
considerably lower the viscous resistance of the vehicle during underwater navigation,
allowing for optimal speed and range. However, the only vehicles that can use it are those
that have already moved in water and are incapable of being propelled by a launch tube.
For vehicles that need to be launched underwater, supercavitation technology will not be
effective when moving inside the launch tube. Ventilation can still be used to reduce drag,
such as submarine launched missiles. For underwater missiles, ventilation can also be used
to reduce resistance and improve underwater launch performance during their launching
and navigation processes [4—6].

However, the only way for underwater artillery to achieve a high muzzle velocity
is precisely to reduce the resistance during the launch process, as the initial velocity of
the projectile often reaches 800-1000 m/s. For submerged underwater guns, the water
inside the barrel has a significant negative impact on the firing performance and safety.
In order to improve muzzle velocity and ensure shooting safety, Wang’s team [7] adopt a
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shortened barrel to reduce added mass for better interior ballistic performance. Of course,
a sealing structure [8] can also be adopted to make sure that no water can enter the barrel,
thereby achieving low-resistance launch of underwater guns. Each of these approaches,
nevertheless, have substantial drawbacks. First, shortening the barrel only accomplishes
low-resistance launch by reducing the added mass, which also shortens the projectile’s
acceleration distance, lowering its muzzle velocity. This is due to the fact that it does
not significantly alter the launch environment. Secondly, the sealing device increases the
complexity of the mechanical structure, making it difficult to adapt to the harsh underwater
high-frequency launch combat environment [9]. In recent years, we have proposed the
underwater ventilated launch to address the drawbacks of sealed launch and submerged
launch based on the structure design of projectile and barrel. Through reasonable charge
design, it is possible to achieve low-resistance and high-velocity launch of underwater
guns [10,11]. Hu [12] built a simulated projectile with circumferential grooves attached
to the wall in order to explore the joint draining capabilities of numerous wall gas jets.
Zhao [13] created a simulated projectile with one vertical central nozzle and four to eight
slant lateral nozzles, and then used experiment and numerical simulation to determine
the main factors influencing gas-liquid turbulent mixing downstream. To clarify the effect
of side and center nozzle sizes on the evolution characteristics and drag-reduction effect
of the gas-curtain, an underwater simulated-launch experimental device was constructed
and experimental study under multiple operating conditions were conducted by Zhou [14].
Our team [15,16] has also designed a ventilated launch mechanism with grooves in the
inner wall of the barrel to avoid lowering the structural strength of the projectile. The
effect of the groove structure on the independent expansion and interference properties of
multiple jets is thus numerically investigated.

The schematic diagram of the ventilated launcher with grooves in the inner wall of
the barrel is shown in Figure 1. Firstly, the coated propellant inside the chamber is ignited.
The projectile belt is squeezed into the barrel for a short distance to connect the chamber
and the barrel with grooves once the gas pressure inside the chamber reaches a specific
value. However, due to the poor burning rate of the propellant coating layer, the volume of
gas generated is relatively tiny, and a portion cannot engage in the work on the projectile,
causing the projectile to stagnate for a short period of time. As the gas in the chamber blasts
from the slit between the projectile and the barrel towards the projectile’s front, several gas
jets form a gas-curtain to force away the water in the barrel. While the propellant coating
layer is totally burned off, the propellant matrix rapidly burns to produce a large amount
of high-temperature and high-pressure gas, which drives the projectile to move at high
speed in a low-resistance environment.

1 2 3 4 5 6 7 8
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Figure 1. Schematic diagram of underwater ventilated launch. 1—breech, 2—igniter, 3—chamber,
4—propellant, 5—Dbelt, 6—projectile, 7—Dbarrel, 8—groove.

It is clear that altering factors such as the belt parameters, the gas-curtain drainage
efficiency, and interior ballistic performance can be controlled. To further master the interior
ballistic control technology of ventilated launch, the drainage effectiveness and interior
ballistic performance under diverse starting conditions are the main topics of this paper. In
order to achieve the expected goals, a matching design was carried out between the charge
and the projectile-gun structure, using coated propellants to meet the needs of gas-curtain
drainage and high-speed propulsion, and a jet structure was designed to achieve real-time
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drainage and drag reduction. This study is of great significance for achieving efficient and
controllable launch of underwater guns.

2. Theoretical Model

A range of sophisticated physical and chemical processes, such as propellant combus-
tion and gas flow in narrow grooves, gas-liquid interaction, projectile motion, turbulence,
and so on, are involved in the underwater ventilated launch process. The theoretical model
for the ventilated launch including the above process is established as follows.

2.1. Physical Assumptions

(1) The propellant obeys the parallel layer combustion rule. The propellant surface
catches fire at the same time. All of the surfaces burn at the same speed, and the
burning surface recedes at the same speed.

(2) The gas is compressible and conforms to the Nobel-Abel equation.

(8) Without taking into account the process of the projectile belt compression, the pro-
jectile starts to move once the combustion chamber pressure reaches the projectile’s
starting pressure.

(4) The RNG k-¢ model is employed to describe the turbulent mixing of gas and liquid
while the endothermic evaporation of liquid is disregarded.

(5)  The volume of fluid (VOF) method is applied to capture the boundary of the gas-curtain.

2.2. Governing Equations

In general, the model of ventilated launch mainly includes an interior ballistic model,
a turbulence model [17,18], and governing equations for gas-liquid flow [19,20].
The thorough introduction of the interior ballistic equations is given below.

(1) Expression for the proportion of propellant combustion:

B(1+447), -4 <z <0

B+ xpZ(14+ApZ+upZ?*)(1—-B),0<Z <1
B+ xsZ(1+AsZ)(1-B), 1< Z < Z

1, Z =12

M

1 is the proportion of burned propellant; B is the proportion of coating layer mass; e is half
the thickness of the propellant arc; Aey, is the thickness of the coating layer; Z represents
the relative thickness burned according to the parallel layer theory; xp, Ap, pip, Xs, and As
are the feature parameters related to propellant shape; and Zy is the relative thickness after
the propellant has split and all of its pieces have been burned.

Here, Z < 0 represents the combustion of the propellant coating layer, and Z > 0
represents the combustion of the propellant matrix.

(2) Exponential burning rate equation:

%’pcnp, Z <0
%Pcnp/ 0<Z < Zy 2)
0, Z =7

dz _
dr

In the exponential combustion law, n and u represent the burning rate index and coefficient,
respectively. The propellant coating layer and matrix, respectively, are denoted by the

“u_ 1

subscripts “b” and “p”, and p. is the chamber pressure.

(3) Equation of gas state:

1
Pc < - “p) = Rch (3)
Pg
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Sope(ly +1) =

Rg stands for the constant of the combustion gas and T for the temperature of the gas; &p is
the gas covolume, which is a correction to the state equation of high-pressure combustion
gas.

(4) Momentum equation:
dop
e = Sope — Fw 4)

Sp is the cross-sectional area of the projectile; ¢ represents the proportional coefficient
between secondary work and kinetic energy of the projectile; m and v, are the mass and
velocity of the projectile; and Fy, is the motion resistance of the projectile.

(5) Motion equation of the projectile:

di

Frin Up @)
I is the displacement of the projectile.

(6) Energy equation:

fb%w — 9p<%mq)vp2 + fot Imitgdt + fol Fwdl>, Z <0

W [fp(% — 1) —i—fb] —6p (%mquz + fot Imitgdt + fol Fwdl), Z>0

f is the propellant impetus; w is the propellant mass; kp, is the specific heat ratio of gas; gm
and ug are the mass of gas flowing out of the chamber and the internal energy carried by it
per unit time, respectively; Iy is the initial chamber length; A is the charge density of the
propellant; and Vj is the initial volume of the chamber.

(6)

(7) Gas flow equation:

k
peS (2 \2k-D) r 2 k1
P1 /Fo (k-l—l) vk, e < (k+1)

PSS | 2k | (P i3 : v
P n | -1 (pg) ’

qm =

ELS)
=

_ (P F P 2 k1
(Pc) e~ (k+1)

@1 is the correction coefficient of the gas flow; S is the grooves’ cross-sectional area; and 7
is the gas temperature in the chamber.

3. Numerical Methods and Initial Boundary Conditions

A fourth-order Runge-Kutta method is used to solve the interior ballistic model of
the ventilated launch [21,22]. The gas-liquid flow field solution is based on the CFD
software FLUENT. A user-defined function (UDF) is used to compile the interior ballis-
tic program into FLUENT software. Figure 2 depicts the FLUENT and UDF coupling
solution procedure.

Before starting the numerical simulation, the boundary conditions are set and the flow
field initialized based on the actual situation. Then, FLUENT calculates the pressures at
various locations in the flow field and transmits the pressure at projectile head and base to
the user-defined function. Next, the interior ballistic program obtains the projectile velocity
and the chamber pressure. At this point, the interior ballistic program determines whether
the projectile has exited the barrel. If the projectile has exited the barrel, the calculation
stops. Otherwise, the user-defined function feeds back the projectile velocity to the dynamic
grid and applies the chamber pressure to the pressure inlet. Subsequently, FLUENT begins
the next iteration calculation.
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: Pressure at the ¢
projectile head and base

: Projectile
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displacement

: Dynamic grid
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Stop calculation i Projectile flies out
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: Pressure inlet

Figure 2. The coupling solution of FLUENT and UDF.

The calculation domain is shown in Figure 3. The inlet pressure is calculated in the
simulation by determining the pressure in the chamber. The outlet pressure is pg and
the temperature is Ty. For all numerical calculation examples in this paper, py is set to
101,325 Pa and T is set to 300 K. The motion of the projectile along the axis of the barrel is
taken into account and treated as a moving rigid body.
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Figure 3. Schematic diagram of calculation domain.
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Based on the aforementioned concept and methodology, a numerical validation is
performed. Projectile E’s experimental finding from reference [23] is repeated. The numer-
ical and experimental findings of the axial displacement of the gas-curtain are shown in
Figure 4. The figure illustrates that the model built above is practicable because the average
error between simulation and experiment is no more than 4.86%.

600
500+ ‘
400+ /
g .
£ 300} o
>
20 / = Experiment
100+ " —— Simulation
0 4 6 8 10 12 14 16 18 20 22

t/ms

Figure 4. Axial displacement of the gas-curtain.

4. Results and Discussions

To achieve a highly efficient and low-resistance launch of an underwater ventilated
launcher, the drag-reduction effect of the gas-curtain and time control of the interior ballistic
must be fully considered. As mentioned earlier, coated propellant is used, in which the
coating layer burns slowly to create the gas-curtain for draining off water. The propellant
matrix burns quickly and it is mainly used to propel the projectile to achieve an ideal
muzzle velocity.

The flow field and interior ballistic properties of the ventilated launch are examined in
this research using the same charge under various starting conditions, primarily the initial
injection pressure of the gas and the starting pressure of the projectile. The initial injection
pressure varies from 8 to 20 MPa, while the starting pressure of the projectile varies from
30 to 50 MPa.

4.1. Influence of Gas Injection Pressure

The underwater ventilated launch procedure is compared using the same propellant
at the four different gas injection pressures: 8, 10, 15, and 20 MPa. Figure 5 shows the
evolution process of the pressure within a symmetrical cross-section when the gas injection
pressure (Py) is 8, 15, and 20 MPa. The jet contour curve is depicted by the black dashed line.

The high-pressure region in the internal flow field inside the barrel is situated close
to the jet head at 3.0 ms, as depicted in the figure. The axial expansion displacement
of the jet, the pressure inside the high-pressure zone, and the separation between the
high-pressure zone and the entrance of the barrel all increase as the gas injection pressure
rises. The pressure inside the barrel is significantly lower at 6.0 ms than it was at the
previous moment, but the high-pressure zone distribution varies under the three working
conditions. When Py = 8 MPa, the high-pressure zone forms close to the jet head. When
Py =15 MPa, a banded high-pressure zone forms close to the projectile head (s = 20 mm).
At Py = 20 MPa, two banded high-pressure zones form in the barrel near s = 30 mm and
s = 200 mm downstream from the projectile. At 8.0 ms, multiple banded high-pressure
zones also developed in the barrel with the gas injection under the working parameters of
Py =8 MPa and Py = 10 MPa. As can be observed, a banded high-pressure zone forms in
the barrel sooner the higher the gas injection pressure.
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Figure 5. Evolution process of pressure within a symmetric cross-section.
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At 13.0 ms, the pressure within the barrel is still falling compared to the prior time
when Py = 8 MPa, but it is rising compared to the preceding moment when Py = 15 MPa
and Py = 20 MPa. This is due to the fact that the projectile has already begun to travel in
both working scenarios, which enhances the interaction between the projectile and the
gas-curtain. At 14.0 ms, the local high-pressure zone right above the projectile head is still



J. Mar. Sci. Eng. 2023, 11, 1525 8of 13

there under the operating condition Py = 15 MPa, but the pressure above the projectile head
has tended to be dispersed evenly when Py = 20 MPa. It is clear that the initial injection
pressure influences the gas-curtain expansion process as well as the projectile motion,
which in turn influences the characteristics of pressure distribution inside the barrel.

The pressure inside the symmetrical section at gas injection pressures of 8, 15, and
20 MPa with projectile velocity of 258.0 m/s are shown in Figure 6. It can be seen that the
higher the gas injection pressure, the higher the pressure inside the tube when the projectile
speed is the same, and the weaker the projectile acceleration ability. According to the
figure, the maximum pressure inside the barrel rises from 12.74 to 17.79 MPa when the gas
injection pressure rises from 8 to 20 MPa, and the projectile displacement also somewhat
increases. As can be observed, the ability of the projectile to accelerate is weaker the greater
the gas injection pressure, the higher the pressure inside the barrel with the same projectile
velocity. Additionally, it can be seen that the distance between the gas-curtain depression
and the projectile head increases with decreasing initial injection pressure of the gas.

600 % { 600 600
500 500 500
»/MPa p/MPa
100 400 . 16.22 400 17.79
15.34 16.93
14.47 16.07
E £ 13.59 £ 15.21
§ 300 1 E 300 12.71 £ 300 14.34
: : 11.83 ° 13.48
e . 10.95 M 12.62
200 NI+ 200l 10.08 00l 11.76
920 10.90
100 | - 100 10|+
o UL foowa | YLl S | A 0 Pt | #
220-10 0 10 20 220-10 0 10 20 20-10 0 10 20
Fmm rmm r/mm
Po=8 MPa Po=15 MPa Po=20 MPa

Figure 6. Pressure distribution within a symmetrical cross-section (vp = 258.0 m/s).

According to numerical simulation, the projectile starts to move at 15.8, 14.7, 12.5,
and 10.8 ms under the four different operating conditions, respectively. The variation
curve for the axial expansion displacement of the gas-curtain under the four different gas
injection pressures is shown in Figure 7, together with the gas volume fraction in the barrel
during the drainage stage. The gas volume fraction in the barrel gradually increases along
with the axial expansion displacement of the gas-curtain as the gas injection pressure rises.
Additionally, the growth rate for both the axial expansion speed of the gas-curtain and the
gas volume fraction in the barrel gradually rises.

1200 1.0
Muzzle —a— P =8 MPa
1000 . o 0.8k !
—=— P =8 MPa i )o) ®[ -0 - P~10 MPa
800} e _
. -0 --P=10 MPa . v//;/g 0.6L & P=15 MPa
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= = z . L
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P
200} ;Ej/ 0.2F
x5 e
oLt . - - gobedEES L.
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t/ms t/ms
(a) Axial displacement of the gas-curtain (b) Gas volume fraction in the barrel

Figure 7. Gas-curtain drainage characteristics under different gas injection pressures.
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The gas-curtain drainage parameters under different gas injection pressures are given
in Table 1. Based on Figure 7 and Table 1, it can be seen that as the gas injection pressure
rises, the projectile movement time advances and the duration of the gas-curtain drainage
stage falls from 15.8 to 10.8 ms, resulting in a reduction in the axial expansion displacement
of the gas-curtain before the projectile starts. The integral number for the combustion
gas inside the barrel falls from 0.83 to 0.60 as the gas-curtain expansion becomes more
insufficient, although the average gas-curtain drainage rate continuously rises from 41.00
to 43.36 g'ms 1.

Table 1. Gas-curtain drainage parameters under different gas injection pressures.

NO. Py/MPa tp/ms sp/mm g 7lg-ms—1
1 8 15.8 1000.00 0.83 41.00
2 10 14.7 981.50 0.80 42.47
3 15 12.5 862.29 0.69 43.08
4 20 10.8 764.05 0.60 43.36

The pressure at the projectile head for the four different gas injection pressures is
displayed in Figure 8. According to the figure, when different injection pressures are
used, the surface pressure at the projectile head first rises and then falls as the projectile
moves. The surface pressure of the projectile gradually rises as the gas injection pressure
rises, but there is little difference in the maximum surface pressure under Py = 8 MPa
and Py = 10 MPa, Py = 15 MPa, and Py = 20 MPa. Under the four working conditions, the
projectile’s maximum surface pressure is 19.65, 20.76, 22.24, and 22.81 MPa, respectively.

25

20} PP

15F

p,/MPa

~-=-=-P,=20 MPa

0.2 0.4 0.6 0.8 1.0
I/m

O
(=)

Figure 8. Surface pressure of the projectile under different gas injection pressures.

The interior ballistic curves for the ventilated launch under varied gas injection pres-
sures are shown in Figure 9. As seen in Figure 9a, during the propellant coating’s combus-
tion phase, the chamber pressure rises concurrently with the gas injection pressure, though
more slowly. The maximum pressure inside the chamber does not change much, but the
propellant coating burns sooner. The timing of the complete launch process is reduced from
20.4 to 15.5 ms as indicated in Figure 9b, and as a result, the final velocity of the projectile
at the muzzle is reduced from 360.6 to 338.4 m/s. Both the whole interior ballistic time and
the muzzle velocity are decreased by 24.0% and 6.1%, respectively.

The interior ballistic properties of the underwater ventilated launch at the four different
gas injection pressures are shown in Table 2. For the four different gas injection pressures,
the change of the maximum chamber pressure is negligible. The duration of a single launch
and the muzzle velocity of the projectile increase with decreasing gas injection pressure. It
should be noted that the increase in the projectile’s muzzle velocity reduces when the gas
injection pressure steadily drops from 20 to 8 MPa. Based on Table 1, it can be seen that
when the gas injection pressure decreases, the average gas-curtain drainage rate steadily
declines, but as the gas used for drainage grows, there is more than enough drainage as a
result. The internal ballistics time for a single launch is inversely related to the initial gas
injection pressure under specific charge and injection structure circumstances.
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Figure 9. Interior ballistic curves under varied gas injection pressures.

Table 2. The interior ballistic properties at the four different gas injection pressures.

No. Py/MPa Pomax/MPa to/ms Vp,o/m-s~1
1 8 86.3 20.4 360.6
2 10 87.1 19.3 358.0
3 15 87.4 17.2 347.7
4 20 87.4 15.5 338.4

4.2. Influence of Projectile Starting Pressure

In this section, the interior ballistic properties of the ventilated launch at projectile
starting pressures (P)) of 30, 40, and 50 MPa are compared and analyzed. Py = 8 MPa is the
chosen gas injection pressure.

The interior ballistic curves for the underwater ventilated launch at various projectile
starting pressures are depicted in Figure 10. The maximum chamber pressure rises from
86.34 to 102.7 MPa, an increase of 18.9%, as the projectile starting pressure rises from 30 to
50 MPa, while the muzzle velocity of the projectile only increases from 360.58 to 385.42 m/s,
an increase of 6.9%. The starting time of the projectile is delayed as the projectile starting
pressure increases. Under the three operating conditions, the time needed for a single
launch is not noticeably different.

120
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400 : 400 =
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(c) -t (d) v-1

Figure 10. Interior ballistic curves under different projectile starting pressures.



J. Mar. Sci. Eng. 2023, 11, 1525

110f13

Figure 11 depicts the relationships between surface pressure and displacement of the
projectile under different projectile starting pressures. The figure shows that the larger the
projectile starting pressure, the farther back the place where the surface pressure abruptly
rises, and the higher the peak pressure on the surface of the projectile. This is due to the fact
that the gas near the projectile can have more time to expand as the starting pressure rises,
but the amount of gas downstream from the entire gas-curtain also rises. The maximum
surface pressure rises from 19.65 to 22.00 MPa, an increase of 11.2%, when the projectile’s
starting pressure rises from 30 to 50 MPa. It is clear from this observation that the increase in
surface pressure of the projectile is less significant than the increase in maximum chamber
pressure, which further explains why the projectile’s muzzle velocity increased.

25

—Pj:30 MPa
20 ____Pj:40 MPa .»’-’"m;‘-\§§\“‘.

15¢

p,/MPa

ol -
0.0 0.2 0.4 0.6 0.8 1.0
I/m

Figure 11. Relationships between surface pressure and displacement of the projectile.

5. Conclusions

A two-phase flow and interior ballistic coupling model is developed and validated
based on the underwater low-resistance launch concept, and the effect of starting conditions
on the internal flow field and interior ballistic characteristics of underwater ventilated
launch are examined. The results found are as follows.

(1) A solid foundation has been established for future simulation designs of underwater
ventilated launchers owing to the coupling model developed for underwater venti-
lated guns, which produces a simulation error in the axial expansion displacement of
the jet head of no more than 4.86%.

(2) According to the operating conditions described in this paper, the burning duration
of the propellant coating layer is decreased with an increase in gas injection pressure,
and the gas-curtain’s drainage impact is lessened as a result. The maximum chamber
pressure does not significantly change when the gas injection pressure rises from 8 to
20 MPa, although the projectile’s muzzle velocity drops by roughly 6.2%. The drainage
effect of the gas-curtain is not significantly altered by increasing the projectile’s starting
pressure from 30 to 50 MPa. However, as the pressure differential between the
projectile’s front and back widens, the projectile’s acceleration and motion resistance
both slightly increase. The projectile’s muzzle terminal velocity increases by 6.9%,
and the chamber pressure significantly increases by 18.9%.

(3) The starting pressure of the projectile has a more pronounced effect on the internal
ballistics performance of the underwater ventilated launch than the gas injection
pressure does.

Furthermore, the matching design of gas injection pressure and projectile starting pres-
sure to boost the launching effectiveness and interior ballistic performance of underwater
ventilated launchers is one of the future directions for this work.
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