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A structured dynamic overlapping grid and a user-defined function are used to study the projectile launching process, and the
hybrid Roe scheme is used to solve the flow field with strong shock wave. The launching process of a projectile with a muzzle
decompression device is numerically simulated by using a three-dimensional transient model, and the flow field inside the muzzle
decompression device and the development process of the muzzle flow field in the projectile launching process are discussed in
detail. Compared with no device, the muzzle decompression device can effectively reduce the peak pressure around the muzzle;
the numerical results are in agreement with the corresponding experimental values. The numerical investigation in this paper is
helpful to understand the mechanism of pressure reduction of the device. It also provides a new way to reduce the muzzle pressure

of aircraft gun.

1. Introduction

The transient flow field with strong shock wave formed after
gun firing is very complicated. The muzzle flow field usually
consists of two shock waves. The first is caused by the
projectile starting to accelerate in the barrel, which pushes
and compressions the air column in front of it to produce
a shock wave and then diffraction occurs at the muzzle. The
second is caused by the projectile flying away from the
muzzle, and the high-temperature and high-pressure pro-
pellant gas is expelled and expanded instantaneously. For
warplanes, muzzle shock wave will cause a sudden increase
in pressure around the muzzle, which is easy to cause vi-
bration of the aircraft body around the muzzle, thus affecting
the normal operation of airborne equipment and even
causing damage in serious cases. Therefore, in order to
reduce the peak pressure of muzzle flow field, it is necessary
to investigate the muzzle decompression device.

In the past few decades, a series of theoretical research,
experiments, and numerical simulation have been carried
out on muzzle flow field [1-3]. Li et al. [4, 5] studied the

evolution process of supersonic muzzle jet based on dynamic
mesh technology, and the results showed that the muzzle jet
distorts under the influence of constrained boundary. The
effects of different projectile velocities and shapes on the
muzzle flow field were studied in [6, 7]. In addition, the
combustion mechanism of chemical reaction is gradually
applied to the study of the muzzle flow field. Sun et al. [8-13]
studied the shock wave and jet and secondary combustion
processes in the muzzle flow field by numerical simulation
using detailed chemical reaction dynamics models. In the
visualization of the muzzle flow field, Moumen [14, 15]
combined Schlieren technology with high-speed cameras to
realize quantitative visualization of traffic, and the results
showed that this technique could visualize the density flow
field. In the measurement of muzzle shock wave pressure,
Kong et al. [16, 17] used a piezoelectric sensor to measure the
muzzle overpressure and established the distribution law of
the muzzle overpressure.

Due to the high temperature, high pressure, and high
speed of the propellant gas at the muzzle, thus has great
harmfulness, some scholars have studied various hazards


https://orcid.org/0009-0005-8906-7870
mailto:djs101@163.com
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

caused by the muzzle flow field. Zhao [18] used the method
of numerical simulation and experiment to study the noise
produced by small-caliber rifle shooting and analyzed the
distribution rule of noise produced by jet. Ding [19] cal-
culated the value of the overpressure generated by the firing
of the aircraft gun, established the expression of the impact
load, and calculated the dynamic response of the aircraft
cabin under the load.

Previous studies have been very perfect in revealing the
formation, development, and distribution of muzzle shock
waves, and the test methods are very mature. At present,
most studies on the harm of shock wave overpressure focus
on the distribution of overpressure value in different sce-
narios, and the measures to reduce overpressure value are
rarely proposed. In this paper, a muzzle device which can
reduce the muzzle overpressure value is designed for small-
caliber aircraft gun. The working principle of the device is
revealed by numerical simulation and verified by experi-
ment. The research results are of great significance for
understanding the muzzle flow field characteristics and
designing the muzzle decompression device.

2. Model and Method

2.1. Design of the Parameter Scheme. Figure 1 shows the
computational domain inside the muzzle decompression
device; there are 6 holes evenly distributed on the inner wall
and the front wall. The computational domain of the whole
numerical simulation and the corresponding boundary
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In the equation, p is the gas density, k is the turbulent
kinetic energy, and ¢ is the turbulent diffusivity. u; and u; are

velocity components and y/; yj'- is the Reynolds pressure term.
0, and o, are the Prandtl number for the turbulent kinetic
energy and the dissipation rate, respectively. In this case,
o,=10and o, = 1.3; y, = Cﬂkzle is the turbulent viscosity;
and the constants C,; =1.44, C, =1.92, and C, =0.09
represent the empirical coefficients.

In the numerical simulation, the convergence accuracy is
set to 107>, the time step is set to 10™®s, and the number of
time steps is 2000. The required convergence accuracy can be
achieved. The numerical simulation is divided into two
stages as follows: first, the projectile is placed at the bottom
of the barrel and gradually begins to accelerate, where the
precursor shock wave is formed. Before the projectile moves,
the pressure in the area in front of the projectile was set to
101325 Pa, the temperature to 300 K, and the gas velocity to
0m/s. The velocity of the projectile is calculated by the
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conditions are shown in Figure 2, and the length of the barrel
is L2 = 1.5m, the radius of the barrel is R2 = 0.015m (the
radius of the projectile is also 0.015m), and the length of the
projectile is L3 = 0.1m. The boundary condition of the wall
of the barrel, projectile, and muzzle depression device is
defined as “wall,” the outer boundary of the projectile is
defined as “overset,” and the boundary condition of the
outside domain is “pressure outlet.”

2.2. Model Establishment and Mesh Division. In this paper,
the dynamic overlapping grid method is used for numerical
simulation. The mesh system of the muzzle flow field
established in this paper consists of two parts, a component
grid describing the high-speed moving projectile and a static
background grid describing the environment around the
barrel and muzzle decompression device. In order to ensure
the simulation accuracy, structural mesh is used, and the
density of the grid around the trajectory of projectile is
improved. Figure 3 shows the grid model; after grid con-
vergence testing, the background grid of the computational
domain has a total of 2,530,000 cells and the component grid
has a total of 96,000 cells. The standard K-Epsilon turbulence
two-equation model calculates the whole flow field in this
simulation; the model is commonly used to calculate tur-
bulent flow with high Reynolds number and has the ad-
vantages of moderate computation, easy convergence, and
considerable computational accuracy, and its expression is
as follows:
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internal ballistic model; when the projectile is about to fly
away from the muzzle, its velocity is 860 m/s. The numerical
simulation enters the second stage. When the projectile
bottom is about to pass the muzzle, we set the gas tem-
perature in the barrel as 1800 K, the propellant gas pressure
at the projectile bottom as 60 MPa, and the velocity as 860 m/
s. The gas parameters in the barrel are calculated by the
mathematical model of internal ballistic gas dynamics;
considering the propellant gas as a homogeneous flow, the
equations of continuity and motion are as follows:
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where x is the distance between the bottom of the barrel and
the projectile, ¢ is the time variable, p is the gas density, and
v, is gas velocity in the barrel.
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FIGURE 3: Grid model. (a) Mesh of device. (b) Mesh of the computational domain.

Using the Lagrange assumption that the gas density in
the barrel is uniformly distributed, the following formula
can be obtained:

dp
— | =0. 3
(32) ®
Equation of projectile motion is as follows:
dv. A
—=""p,, 4

where v is the projectile velocity, A the sectional area of the
projectile, m is the projectile mass, ¢ is the secondary work
coefficient, and p, is the gas pressure at the bottom of the
projectile.

The propellant gas pressure and velocity inside the barrel
are obtained from the boundary conditions, where v, = 0 for
x=0,v,=vforx=1L,and p, = p, for x = L:
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where w is the propellant mass, p, is the gas pressure in the
barrel, L is the length of the barrel, and w/2¢m = 0.12.

2.3. Experimental System. Ground firing experiment was
carried out to verify the numerical simulation model and to
better study the effect of the muzzle decompression device.
The overpressure is measured using the pressure sensor type
211B3 from KISTLER, Switzerland, which has a measuring
range of 500 psi. As shown in Figure 4(a), the corresponding
experimental system is composed of the following three
parts: launch platform, 30 mm caliber aircraft gun, and
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FIGURE 4: Experimental system. (a) Experimental facility. (b) Sensor location.

pressure measurement system. The launch platform is fixed
on the cement platform, above which is installed a 30 mm
caliber aircraft gun; muzzle decompression device is also
fixed on the launch platform, and the overpressure around
the muzzle is measured by pressure sensor and recorded by
computer. The sensors are arranged as shown in Figure 4(b).
During the test, the gun was fired without device and the
muzzle overpressure data were collected. Then, the device
was mounted on the launch platform, and the pressure
sensor was moved 256 mm along the muzzle to ensure that
the relative position of the test point remained unchanged,
fired again, and collected overpressure data.

3. Results and Discussion

3.1. Numerical Simulation and Experimental Verification
without Muzzle Decompression Device. In order to verify the
reliability of the numerical simulation model in this paper
and the depressurization efficiency of the device, numerical
simulation was conducted for the scene without the muzzle
depressurization device. Each simulation condition is the
same as that with the decompression device, and the time of
the projectile coming out of the muzzle is defined as t = 0,
and the results are as follows.

Figure 5 shows part of the muzzle flow field development
process without muzzle decompression device. When the
projectile accelerates in the barrel, it pushes and compresses
the air column in front of the projectile, thus a series of
compression waves are formed and gradually forming
a shock wave front with the movement of the projectile,
which is the precursor shock wave, as shown in Figures 5(a)-
5(c). Figure 5(d) shows that as the projectile flies away from
the barrel, the precursor shock wave continues to expand
into a sphere, and the high-pressure gas rushes out of the
barrel at a higher speed than the precursor shock wave and
the projectile. After chasing and overtaking the projectile,
the gas travels forward along the side wall of the projectile. It
can be seen from Figures 5(e) and 5(f) that when the
projectile penetrates the precursor shock wave, since the
motion of the projectile with respect to the gas in front is
supersonic, a high-intensity bow shock is formed at the head
of the projectile.

In the process of numerical simulation, the pressure
monitoring of several points around the muzzle is carried
out, and the position of each monitoring point is the same as

that of the pressure sensor in the experiment. Figure 6 shows
the pressure change at each monitoring point. It can be seen
that the pressure value at each monitoring point increases
sharply after the propellant gas rushed from the barrel. The
monitoring point 3 closest to the muzzle was the first to be
impacted by gas, and its peak pressure reached 3.21 MPa.
With the position of the monitoring point gradually away
from the muzzle, the peak value of other monitoring points
decreased significantly. Since monitoring points 2 and 4 are
almost the same distance from the center of the muzzle, the
shock waves of the time and intensity are relatively close to
arrive here.

Table 1 shows the peak pressure measured by the ground
firing test of the aircraft gun without the muzzle de-
compression device. It can be seen that the maximum
pressure measured by the numerical results is basically
consistent with that measured by the experiment, and the
maximum error is 9.6%, which indicates that the numerical
simulation in this paper is credible.

3.2. Numerical Simulation and Experimental Verification with
Muzzle Decompression Device. Figure 7 shows the evolu-
tion of the muzzle flow field with muzzle decompression
device. It can be seen from Figures 7(a) and 7(b) that the
precursor shock wave formed by the air column in front of
the projectile is destroyed by the device and part of the
high-pressure gas in front of the projectile enters the
chamber of the device. When the projectile flies off the
barrel, part of the high-pressure propellant gas in barrel
quickly flows into the chamber through the hole on the
inner wall of the muzzle decompression device. Figure 7(c)
shows that after the propellant gas impacts the wall of the
device, it expands forward and backward. As shown in
Figure 7(d), since the inner diameter of the muzzle de-
compression device is much larger than the diameter of the
projectile, the propelling gas behind the projectile starts to
chase and overtake the projectile before it leaves the device,
and when the projectile flies off the decompression device,
the precursor shock wave formed in front of the projectile
contains not only the compressed column of air in front of
the projectile but also part of the high-pressure propelled
gas. It can be seen from Figures 7(e) and 7(g) that pro-
pellant gas is gradually ejected from the nozzle de-
compression device after the projectile flies away. At the
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(f) t=0.25ms.

same time, more propellant gas enters the chamber, raising
the pressure inside the chamber and then ejected through
small holes at the front of the muzzle decompression
device. Figure 7(h) shows that as the projectile moves

gradually, the bottom shock wave forms, the presence of
the projectile prevents the formation of the Mach disk, and
the shock wave formed by the propellant gas expands into
a larger sphere.



24

16

12

P (MPa)

04 ' \

0.0 [ ———a

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

- - - Numerical value
—— Experimental value

(a)

4.0

35

3.0 |-

20 |

P (MPa)

0.5

0.0 b——— T A ——————— - -

_0'5 L 1 1 | 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6

- - - Numerical value
—— Experimental value

(©

Shock and Vibration

2.0
1.6 +
';‘
il n By
12 .‘ |
~ ] v I
< ' [}
a i ;
= ] |
S 08 ' .
!
% |
! i
: \
04 + » L
5
| 1
|
0.0 S T e e
1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
t (ms)
- — - Numerical value
—— Experimental value
(b)
2.0
15 )‘L
i\
{\
F1or | \'s
A \
i L |
' ¥
0.5 | ‘_\ '
\
0.0 o e
1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
t (ms)

- — — Numerical value
—— Experimental value

(d)

FIGURE 6: Pressure curve at monitoring points without device.

TABLE 1: Peak pressure at the monitoring points without device.

Serial number Numerical value (MPa)

Experimental value (MPa) Error (%)

1 1.83
2 1.60
3 3.21
4 1.55

1.99 8.0
1.75 8.6
3.55 9.6
1.67 7.2

Figure 8 shows the Mach number contours of the muzzle
flow field with muzzle decompression device. After the pro-
jectile passed the muzzle, the expansion process of high-
pressure propellant gas at the muzzle creates Prandtl-Meyer
(PM) expansion waves, and the expansion waves spread ra-
dially at high speeds, but limited by the wall of the de-
compression device and reflected after hitting the wall, and
then transformed into a compression wave. During the motion
of the propellant gas, these compression waves merge into

shock waves surrounding the core of the propellant gas jet. As
the compression wave gets closer to the center of the gas jet, its
direction of motion is gradually parallel to the jet axis, thus
forming a shock wave perpendicular to the jet axis, which is
Mach disk. After the supersonic propellant gas passes through
the Mach disk, the pressure increases and the velocity decreases
to subsonic. At this point, the propellant gas is still in the state
of high pressure; the gas will expand again and form expansion
waves and then the previous process will be repeated until the
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energy is dissipated so that no shock wave can be formed. Three
shock wave units inside the device can be seen clearly in
Figures 8(b)-8(d).

Figure 9 shows the pressure curve of each monitoring
point with or without muzzle decompression device. The
increase of projectile travel after the installation of the

muzzle decompression device delays the impact time of the
monitoring point; the peak pressure was decreased by 40.0%
at monitoring points 3 and 4, by 25.0% at monitoring point
2, while had no significant change at monitoring point 1. By
comparison, it can be found that with the increase of axial
and radial distance between the monitoring point and the
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FiGUure 9: Comparison of pressure curve at monitoring points.

barrel axis, the peak pressure of the monitoring point with
the muzzle decompression device decreased more than that
without the device.

Figure 10 and Table 2 show the dynamic pressure curve
and peak pressure measured by the ground firing test of the
aircraft gun with a decompression device. It can be seen that
the peak pressure measured by the numerical results is
basically consistent with that measured by the test, and the
maximum error is 9.3%, which verifies the correctness of the
numerical model in this paper.

Figure 11 shows the changes of axial force and velocity
of the projectile after it flies away from the barrel under
two working conditions. As can be seen from the figure,
after the projectile flies away from the body tube, it
continues to accelerate under the action of high-pressure

propellant gas inside the device, and the velocity of the
projectile is finally increased by 7 m/s compared with that
without the device.

When the projectile moves inside the device, it will have
a certain influence on the movement of the gas inside the
barrel. As shown in Figure 12, since the velocity of the
projectile is lower than that of the high-pressure propellant
gas, its movement in the device will limit the movement of
the gas behind the projectile. As a result, the gas pressure
drop speed at the center of the muzzle decreases and the gas
velocity drop increases compared with that without the
device. When the projectile flies away from the device, the
gas pressure at the center of the muzzle increases by 1.9%
and the gas velocity decreases by 1.2% compared with that
without the device.
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FIGURE 10: Pressure curve at monitoring points with device.
TABLE 2: Peak pressure at the monitoring points with device.
Serial number Numerical value (MPa) Experimental value (MPa) Error (%)
1 1.78 1.96 9.2
2 1.20 1.11 8.1
3 1.89 2.01 6.0
4 0.94 0.86 9.3
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4. Conclusions

Based on Euler equations, the hybrid Roe type scheme and the
structured dynamic overlapping grid technique are employed
to investigate the formation and development of complex flow
field structure in the firing process of aircraft gun. The muzzle
flow field is simulated under two conditions, without muzzle
decompression device and with muzzle decompression de-
vice. For muzzle decompression devices, the formation of the

precursor shock wave is more complicated, and multiple
shock waves are generated during the expansion of propellant
gas in the center hole of the device.

Based on the three-dimensional solution of the launch
process with a muzzle decompression device and the two-
dimensional axisymmetrical solution of the launch process
without a muzzle decompression device, the decompression
efficiency of the device can reach 40% at some characteristic
points, which agrees well with the corresponding experimental
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result. The results show that the numerical calculation method
can be used as guidance for the design and development of
muzzle decompression device.
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