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Abstract: A two-dimensional axisymmetric numerical simulation was successfully carried out on the muzzle flow field
of a 300 mm-caliber counterrmass propelling gun. Based on the FLUENT software, using the finite volume method
(FVM) and the realizable 4-e turbulence model, we adopted the holistic movement of a partitioned mesh processing
method coupled with the intermediate ballistic model and the six degree-of-freedom model (6-DOF). We compared
the flow field characteristics at the velocity of 1 730.4, 978.3, and 323.4 m/s. The results indicate that the pressure of
the hypersonic initial flow field is much higher than that of the subsonic and supersonic initial flow fields. In the case of
the subsonic (323.4 m/s) flow field, the tiny disturbance spreads throughout the whole domain. But in the cases of
the supersonic (978.3 m /s) and the hypersonic (1 730.4 m/s) flow fields, it cannot spread to the upstream
disturbance source, and the disturbance domain of the supersonic flow field is wider than that of the hypersonic. It is
noted that the subsonic flow field has a rounded shock wave before the projectile. However, in the supersonic and
hypersonic flow fields, a shear layer is formed which begins from the head of the projectile and extends outward from

the side of the projectile. Then a multi-layer shock wave is formed composed of coronal shock waves, bottom shock
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waves, reflected shock waves, and Mach disk.
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0 Introduction

In recent years, there is an increasing interest
in barrel firing engineering including the interior bal-
listic process, the intermediate ballistic process and
the exterior ballistic process. During the intermedi-
ate ballistic process, the unsteady flow field with
strong shock is a phenomenon with important practi-
cal significance, which affects seriously the muzzle
flow field performance, and has a strong impact dis-
continuity and severe chemical reaction''®. Shock
waves propagate to the surroundings, and the inten-
sity and propagation velocity of the shock wave are
related to the relative transient pressure difference
between the gas in the cannon tube and the sur-
rounding gas'*. The jet flow will have an impact on
the firing accuracy of the projectile and will have a
devastating effect on the text equipment around.

There are many factors that affect the characteristics
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of the muzzle flow field, such as different muzzle
pressures and velocities caused by the different pro-
pellant charges'™™. Such a flow disturbance of the
large-caliber counter-mass propelling gun is quite
complicated, including multiphase turbulent com-
bustion and unsteady non-linear problems. It is diffi-
cult to obtain the accurate results of the muzzle blast
wave flow rules through experiments ™. There-
fore, the system would be particularly important in
intermediate ballistic which is known as the after-ef-
fect period".

Some mathematical representations have been
developed for this complex and transient flow field,
and the recent advances in computational fluid dy-
namics techniques become a highly effective alterna-
tive''". Merlen et al. '™’ showed a similar rule in
muzzle flow fields by the experimental study, and
described a theoretical analysis in detail. Wang

1 [13]

et a studied the whole process of 44 mm-caliber
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projectile from inside to outside based on ALE equa-
tions and dynamic grid technology. A numerical sim-
ulation of the 122 mm vehicle artillery flow field

I. """ indicated the flow phe-

completed by Jiang et a
nomenon of 713 m/s projectile firing in detail. The
three-dimensional unsteady chemical reaction con-
trol equations were used to simulate the 7.62
mm-caliber 735 m /s projectile with the muzzle
brake by Dai et al. """, They described the role of
the projectile and the flow field to understand the
structure and ability of the muzzle flow field develop-
ment process. Wang et al."'®’ studied the disturbance
caused by the projectile movement. It is found that
the second-order TVD scheme can improve calcula-
tion accuracy of the muzzle shock wave field. Gao et
al. """ proposed the MUSCL array differential to an-
alyze the flow field, and obtained the entire flow
field image composed of air shock wave and jet

18 ysed the Osher scheme and the

structure. Florio
unstructured grid to study the behavior of a certain
type cannon flow field, combining with two-dimen-
sional or three-dimensional Euler equations. The re-
gional grid method and the fortified solution algo-
rithm (FSA) were used to numerically simulate the
flow field caused by the movement of the projectile
through the front shock wave. Based on the three-di-
mensional Euler equation, combined with Roe for-
mat and structural dynamic mesh technology,

1.1 simulated the muzzle flow field with

Zhang et a
a diameter of 20 mm.

In this paper, an accurate prediction of muzzle
blast waves is critical to ensure that the muzzle de-
vices are economically viable and capable of with-
standing stronger shocks. By analyzing three differ-
ent muzzle velocities, computational models can
help in the simulation of muzzle flow field, while
limiting expensive onsite testing. Aiming at the jet
structure of 300 mm-caliber, a two-dimensional axi-
symmetric numerical simulation model is estab-
lished to study and compare the different phenome-
non and parameters of the flow field and the jet
structure of different velocities from inside to out

side the muzzle.

1 Numerical Model

1.1 Basic assumptions

For the current study, the assumptions are as
follows' ™"

(1) The gas flow is considered to be axisym-
metric.

(2) Powder particles are completely burned,
and the phenomenon that the powder particles are
ejected out of the chamber is neglected.

(3) Tt is assigned as ideal gas in the flow field
to satisfy the ideal gas state equation.

(4) The heat exchange between the tube and
the projectile and the influence of physical strength

are ignored.
1.2 Governing equations

Ignoring the effects of multicomponent and
chemical reactions, the two-dimensional axisymmet-

ric Navier-stokes equations are as follows"*"**
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different direction, respectively, and shown as
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where p is the laminar viscous coefficient. The pres-

sure 1s given by the ideal gas equation
p—(yl)[peg(u2+v2)} (6)

where p 1s the gas density, « and v are the velocity
components of fluids, respectively, and e is the total
energy and expressed as

R l 2 2
e—iy_lJrzp(u Jrv) (7)

where y 1s gas specific heat ratio. The ideal gas state
equation is p= poRT, and R is universal gas con-
stant. ¢, and ¢, are the volumetric heating rate in the

unit mass, respectively, which are expressed as

_ a7 o

q. =k Py -+ Dh P (8)
. aT 87.0

qy—/e—ay -+ Dh 2 (9)

The type of flow is decided by 6. When 6 =1,
it 1s regarded as the two-dimensional axisymmetric
model, and when 6= 0, it is regarded as the two-di~

mensional model.
1.3 Turbulence model

This paper used the realizable k-e turbulence
model. The model has two main differences from
the standard k- model: (1) The realizable /- mod-
el adds a formula for turbulent viscosity; (2) Add a
new transfer equation for the dissipation rate.

Introducing the linear eddy viscosity assump-

tion of Boussinesq, the Reynolds stress is expressed

as
T = — puiu;, =
u, oU, 203U, 2 (10)
S T PN L

J
Different eddy viscosity models have different
eddy viscosity coefficients. In the 4-¢ model, we have

#[—f(pk) (11)

S

where

k= ; (12)

du,  du; du;
e dx; ( dx; * dx,

) (13)

The Schwarz inequality of Reynolds shear

stress 1s

(utut)z < W (14)

2 Dynamic Mesh and Calculation
Model

2.1 Boundary conditions and mesh generation

In order to simulate the motion of the projec-
tile, considering that the projectile moves only in
the X-axis direction, it is necessary to adopt the grid
“layering” technique and set the overflow factor and
the collapse factor. Layers of the grid are destroyed
at the far end of the domain and added at the closed
end of the tube to maintain the extent of the domain
during the simulation. In this example, they are set
as h,=5mm, ¢=0.4, ¢~=0.1.

As shown in Fig.1(a), the whole computation-
al domain is divided into three regions: Behind the
projectile domain [ , in front of the projectile domain
Il , and around the muzzle domain [l . In the initial
state, it 1s 100 mm from the chamber bottom to the
muzzle, and the length and width of the exterior
flow field are 13 m and 3 m. The total length of the
chamber tube is 29.6 m, and the tube thickness is
50 mm. The initial symmetric mesh model is shown
in Fig.1(b). The minimum grid size of the two-di-
mensional axisymmetric model is 2 mm, and
280 000 grids in total. The computational domain is
divided by structural meshes, and the interface
method is used for the data interpolation calculation.

In the computational domain, the pressure-out-
let boundary condition is specified as the domain
boundary around the muzzle flow field. C program-
ming languages have been created based on user-de-
fined function (UDF) subroutines. The bottom of
the cannon tube is specified as the pressure-inlet
boundary condition, which is obtained through the
after-effect period UDF program. The interior ballis-
tic program written as UDF and the six-DOF pro-
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gram are uploaded to control the projectile in the pe-
riod of moving in the tube and out of the chamber,
respectively. At all solid-fluid interfaces, insulated
no-slip boundary conditions are applied.

The cannon tube is applied to the solid wall
boundary condition, and the symmetry boundary
condition is specified at the axis of the symmetry. At
all domain boundaries, impermeable walls and tem-
peratures near walls are applied. The initial pressure
and temperature around the muzzle flow field are set
as 101 325 Pa and 300 K.

13 m

| 29. 6m I
/L !

LR

|| 8

300 mm» f«

(a) Physical simulation model of 300 mm
counter-mass propelling gun

(b) Initial grid simulation model of 300 mm
counter-mass propelling gun

Fig.1 Whole computational domain and initial symmetric

mesh model

2.2 Grid convergence test

Several uniform meshes have been utilized and
the pressure of projectile-bottom is chosen as the
grid independence demonstrating. As shown in
Fig.2, pi, p, represent the pressure with the total
mesh of 280 000 and 340 000, respectively. When

the simulation results of two meshes become tiny,

40.00

30.00

20.00

p/MPa

10.00

0.00 |

0.00 1.00 2.00 3.00 4.00 5.00
t/ ms

Fig.2 Pressure-time curve of projectile-bottom

the results are considered to be convergent. Our
tests indicate that the grid convergence can be
reached with the total meshes of 280 000 and
340 000.

2.3 Calculation model

The 300 mm-caliber counter-mass propelling
gun is numerically studied in this article. The projec-
tile and balanced body mass are 160 and 2 000 kg,
respectively. Figs. 3 (a) , (b) display the pres-
sure-time and velocity-time curves of the interior
ballistic accurately. Fig. 3 (¢) shows the after-effect
period pressure-time curves. The subscripts 1, 2,
and 3 represent the parameters of the velocity of
1730.4, 978.3, and 323.4 m/s. The specific data of
the muzzle pressure and muzzle velocity are shown
in Table 1%/,

According to the Luhowski empirical formula
of the after-effect period, the relationships between
the muzzle pressure and the time for this example
are as follows, the after-effect period of hypersonic
projectile is expressed as

p=46.3X10% =% (15)

Similarly, the expressions of supersonic and

subsonic projectile are™**"
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Fig.3 Comparisons of pressure and velocity in the interior ballistic and after-effect period
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Table 1 Simulation results of interior ballistic

. Muzzle
Sonic Total . Muzzle pres-
Case ) ) velocity/
velocity  time/ms sure/MPa
(mes™)
1 Hypersonic ~ 37.6 1730.4 46.3
2 Supersonic 69.0 978.3 24.4
3 Subsonic 158.7 323.4 7.3

3 Analysis and Comparison

3.1 Numerical verification

In this paper, the holistic movement of a parti-
tioned mesh processing method and realizable 4-¢
turbulence model are used coupling the process of

the interior ballistic. Fig.4 and Fig.5 give some in-
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vestigation results which represent some references
of the flow field simulation. Moving boundary and
Roe upwind scheme are used by Jiang et al.'*’ to
simulate the certain muzzle flow field of the 48
mm-caliber and 530 m/s gun. It can be seen that the
blast wave system formed in Rel.[27] is consistent
with this paper, which proves the reliability of this

numerical method.
3.2 Comparison of initial flow field

The comparison of Mach number at the veloci-
ty of 1 730.4, 978.3, and 323.4 m/s are shown in
Fig.6. Figs.7(a)—(c) show a fully developed pres-
sure contours in the cases of three velocities. The
formation and development of the initial flow field
are described clearly. The projectile moves at the
high velocity in the tube, continuously compresses

and pushes the air before the projectile, thus form-
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Fig.4 Comparison of pressure contours for numerical verification
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Fig.6 Mach number-time curve

ing the initial flow field.

As shown in Fig.7(a) , the initial flow field is
completely generated at the velocity of 323.4 m/s
(0.9Ma) , but the initial shock wave surface, the ini-
tial impact bottle and the initial Mach disk are not
found. The highest pressure is just 0.11 MPa. It 1s
ineresting to note that the disturbance of initial flow
field of the subsonic projectile extends the whole
computational domain. This is because the distur-
bance source has felt the disturbance before it ar-
rives, meanwhile changing the flow direction and
parameters to meet the disturbance source require-
ments. However, in the case of the supersonic and
hypersonic flow field, the disturbance does not
spread to the upstream disturbance source. It will
not feel any disturbance before the airflow spreads
here.

For the initial flow field of supersonic and hy-
personic projectiles, a series of compression waves
are produced when the projectile pushes the gas to
spread towards the muzzle continually. With the ac-
celeration of the projectile, the air before the projec-
tile is squeezed out of the muzzle and propagates in
the surroundings, thereby forming the initial flow
field clearly.

As shown in Fig.7(b), the highest pressure in
the muzzle flow field is about 0.17 MPa in the
case at the velocity of 978.3 m/s (1.56Ma) , but
0.41 MPa at the velocity of 1 730.4 m/s (4.03Ma)
in Fig.7(c). This indicates that the intensity of the
initial flow field depends mainly on the velocity of
the projectile, so the higher velocity of the projectile
is, the stronger blast wave ahead of projectile and
the initial flow field is. As shown in Figs.7(b), (¢),
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(a) Pressure contour of subsonic flow
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(c) Pressure contour of hypersonic flow
Fig.7 Pressure contours of subsonic, supersonic and hyper-

sonic initial flow fields

the triple point and the initial Mach disk are ob-
served clearly. The intensity of the initial flow field
at the velocity of 1 730.4 m/s projectile is stronger
than that of 978.3 m/s projectile more than one to

two times.
3.3 Comparison of gas flow field

The propellant gas of the high pressure and
temperature is ejected from the muzzle, thus creat
ing a blast flow when the projectile is driven out of
the tube absolutely. A series of compression waves
are formed and spread towards the muzzle direc-
tion, mainly composed of the initial blast wave,
contact surface, Mach disk, etc. The blast wave
structure of the propellant gas flow at the velocitiy
of 323.4, 978.3, 1 730.4 m/s, respectively are dis-
played in Figs.8—10.

It can be seen obviously that there are signifi-
cant differences between the three gas flow field
types. As shown in Fig.8, when the projectile is at

the subsonic velocity, the shock wave cannot be
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(d) Development of subsonic flow field IV

Fig.8 Pressure contours of subsonic gas flow field
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Fig.9 Pressure contour of supersonic gas flow field
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(c) Development of hypersonic flow field III

Fig.10  Pressure contour of hypersonic gas flow field

formed clearly, as well as the propellant gas jet
flow. A full wave system 1is also invisible, which
composed of the multiple layers of shock waves, in-
cluding coronary blast waves, shock waves, reflect-
ed shock waves, Mach disk and discontinuity surfac-
es. The shock wave at the head of projectile is as cir-
cular but it is not generated a shear layer which be-
gins from the head of the projectile and extends out-

ward from the side of the projectile. The shock

wave at the projectile bottom has been formed fol-
lowing the projectile moving forward, and pressure
surges can be transmitted from the rear flow field to
the front. But this phenomenon cannot occur in the
case of the supersonic and hypersonic flow fields.
But as shown in Fig. 9 and Fig. 10, the shock
wave can be observed clearly of the supersonic and
hypersonic gas flow field. As shown in Fig.9(b),

the supersonic propellant gas chases and surrounds
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the projectile, the shock wave of the projectile bot-
tom is formed clearly because the propellant gas ve-
locity is higher than that of the projectile, which fur-
ther strengthens and hinders the formation of the
Mach disk. As the impact of the shock wave at the
bottom of the projectile becomes weaker, the Mach
disk gradually increases. At the meantime, cylindri-
cal shock wave expands continually and blast wave
spreads and decays to the distance. As a result, it is
formed a whole wave system including the coronary
shock wave, projectile bottom shock wave, Mach
disk, etc.

As shown in Fig.10, the hypersonic propellant
gas cannot chase and surround the projectile, but
the shock wave of the projectile bottom is formed
clearly because the propellant gas velocity is higher
than the projectile velocity, which further strength-
ens and hinders the formation of Mach disk. Mach
disk increases gradually along with the effect of
shock wave of the projectile-bottom getting weaker.
At the meantime, the cylindrical shock wave ex-
pands continually and blast wave spreads and decays
to the distance. As a result, it i1s formed a whole
wave system including coronary shock wave, pro-
jectile bottom shock wave, Mach disk, etc.

The velocity vectors of the supersonic and the
hypersonic flow field at a same state (=400 mm )
approximately are displayed in Fig.11. It shows that
the disturbance range of the supersonic flow is wider
than that of the hypersonic flow.

At the subsonic, supersonic and hypersonic ve-

locities, the parameters of the gas flow field vary
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F 2.125e¢+003

- 1.594e+003
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(a) Velocity vector of supersonic flow
field at the same distance

widely. To achieve that purpose, two points are

monitored to compare the pressure changing
(Fig.12). The indices 1, 2, 3 represent the pres-
sure of the hypersonic, supersonic and subsonic
flow fields, respectively. The coordinate of the mon-
itoring point 1 is (1 000 mm, 150 mm), and (2 000
mm, 150 mm) for point 2. The center point of the
muzzle is as the origin of coordinate, the center line
of the muzzle is as X-axis. The trends of the pres-
sure are not regular. This is because the sphere of in-
fluence and the structure for three velocities are dif-
ferent. But the disturbance of the hypersonic is stron-
ger than that of the other two conditions, while the

disturbance at the subsonic velocity is tiny and weak.

4 Conclusions

For the 300 mm-caliber counter-mass propel-
ling gun, we discussed the muzzle flow fields at the
velocities of 323.4, 978.3 and 1 730.4 m/s, respec-
tively. A reasonable simulation model is established
coupled with the interior ballistic program and the af-
ter-effect period program. The main conclusions are
as follows:

(1) The disturbance of subsonic projectiles
spreads all over the computational domain. The
shock wave surface, shock bottle and Mach disk are
not formed, and the shock wave at the head of pro-
jectile is as circular, but it does not generate a shear
layer which begins from the head of projectile and
extends outward from the side of the projectile.

(2) For supersonic and hypersonic projectiles,

Velocity/(m-s™")
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(b) Velocity vector of hypersonic flow
field at the same distance

Fig.11 Comparison of velocity vectors in the cases of supersonic and hypersonic
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Fig.12 Comparison of pressure for two monitoring points

the shock wave of the projectile bottom is formed
clearly because the propellant gas velocity is higher
than that of the projectile, which further strengthens
and hinders the formation of the Mach disk. It forms
a whole wave system including the coronary shock
wave, projectile bottom shock wave, Mach disk,
etc.

(3) The strength of the initial flow field at the
hypersonic velocity is the strongest and has a serious
impact on the gas flow field. The initial flow field at
the velocity of 1 730.4 m /s projectile is stronger
than 978.3 m /s projectile more than one to two

times.
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