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Abstract: There is a fundamental issue in the launching system with the modular charge technology,
which is an unsteady gas—solid flow in the sequence-change space within a short period of time. It
leads to complex particle behavior, causing the strong pulsation of particle energy released during
the combustion process. As a result, a large initial pressure wave is generated, which damages the
launching stability. In this work, a 3D gas-solid flow model is developed based on the computational
fluid dynamics—discrete element method (CFD-DEM) model to analyze the particle behavior in the
launching system with different numbers of modules. The rationality of the model is verified through
the experiment. It is found that the particles near the cover of the rightmost module move out of the
module rapidly and collide with the right face of the chamber, forming a retained particle layer. When
particles are stationary, the distribution of particles consists of slope accumulations and horizontal
accumulation. With the increase in the module number, the position changes of all tracer particles
are decreased, both the thickness and the length of the horizontal shape are increased, the variation
laws of the slope stack height change from exponential to linear, and the distribution of particles
becomes uniform.

Keywords: particle behavior; unsteady gas-solid flow; sequence-change space; CFD-DEM,; launching
system

1. Introduction

The issue of unsteady gas—solid flow is a widespread challenge in the launching
system, involving the intricate interaction between gas and particles. This includes factors
such as the gas turbulence effect, the multidirectional movement of particles, the gas—
solid interphase interaction, and the particle-particle collision. When the modular charge
technology is adopted, the process is in a sequence-change space within a short period
of time. In the modular charge technology, energetic modules are charged as the power
source, comprising a flammable module box and a center core igniter. The module box is
filled with energetic particles, and the igniter is internally bound with a bag containing
black powder. The number of energetic modules that are charged in the launching system
corresponds with the velocity of the vehicle. During system operation, the ignition gas is
injected into the modular box through radial holes of the igniter, causing a rise in pressure
within the module. Once the pressure in the module reaches the threshold value, the
modules are broken in sequence due to the ignition delay of the black powder, forming a
sequence-change structure. This exacerbates the complexity of the gas—solid flow and the
nonuniform particle distribution, resulting in a strong pulsating release of the energetic
particle energy in space and time. Consequently, this phenomenon leads to the formation
of substantial initial pressure waves in the chamber, which damages the launching stability.
Therefore, it is of great significance to research the particle behavior in the initial launching
process of modular charge.

Previous studies on the gas—solid flow in the launching system loaded with different
numbers of modules have been carried out to develop the initial pressure wave based
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on the Eulerian—Eulerian method [1]. Ma et al. [2] enhanced the one-dimensional (1D)
two-phase flow model for the modular charge, and the simulation studies on the interior
ballistics for the six-module charge and the four-module charge were conducted. It was
observed that there were strong pressure fluctuations during the interior ballistic process.
Dong et al. [3-5] developed a double 1D two-phase flow model to research the effects
of combustible cartridge energy, propellant mass, and arc thickness on interior ballistic
characteristics for the bimodular charge. They discovered that the obvious pressure wave
is generated in the chamber due to the high burning rate of the module box with high
energy density. Based on the two-dimensional (2D) interior ballistic two-phase flow model,
Woodley [6,7] considered the convection, radiation, and heat transfer processes between the
combustion products of the ignition powder and the propellant. Sen et al. [8] established a
2D two-phase flow model to simulate the ignition process of the one-module charge using
the space-time conservation element and solution element (CE/SE) method. In addition, a
2D axisymmetric two-phase flow interior ballistic model was developed in different regions
according to the characteristics of the modular charge. Based on the monotonic upwind
scheme for conservation laws (MUSCL) with high-order accuracy, Ma et al. [9,10] simulated
the ignition process of the one-module charge. The research indicates that the ignition
powders in different modules are not ignited simultaneously, the module boxes are not
broken simultaneously, and a large pressure fluctuation occurs in the chamber. However,
the space—-time distribution characteristics of energetic particles in the flow field were not
accurately obtained in the previous studies, making it difficult to analyze the mechanism
of the initial pressure wave during the launching process. This is primarily due to the
complex two-phase flow and nonuniform particle dispersion after the module rupture,
which are the primary factors contributing to the formation of the initial pressure wave.
In the launching process of the modular charge, a complex unsteady gas—solid flow is
created by the sequence change of the space structure where the energetic particle groups
are located. The sequence-change space is caused by the nonsimultaneous gas source, which
only exists for a while. In addition, it leads to the complex behavior of particles in a short
period of time. To describe particle behavior characteristics after module rupture in detail,
it is necessary to establish the mathematical models from the particle scale. Recently, the
CFD-DEM coupling method has been widely used for studying the particle-scale behavior
in the two-phase flow with fixed spatial structures [11-13]. Mu, Han, Vijayan, et al. [14-16]
employed the CFD-DEM method to investigate the gas—solid flow with the continuous
gas flow. The low-speed gas flowed from the bottom to the top of the cube chamber.
The effects of superficial gas velocity and other parameters on the flow characteristics of
monodisperse and polydisperse particle groups were analyzed from particle scale. Xi,
Wu, Zhao, et al. [17-19] simulated the motion of particle groups in a cylindrical space
under uniform low-speed airflow using the CFD-DEM method. The gas was sprayed into
the cylindrical chamber through a circular hole on the side wall, and the factors affecting
the generation and distribution of bubbles within the particle group in two-phase flow
were analyzed. Based on the CFD-DEM method, Yue, Breuninger, Batista, et al. [20-22]
researched the particle-scale details of the gas—solid flow in a conical space, in which the
particle group was located at the bottom of the space in the initial state. Additionally,
Zhao, Swasdisevi, et al. [23,24] studied the particle motion details in the funnel-shaped
space with different jet laws, where the gas flowed from the small end face of the funnel-
shaped gas chamber into the large end face. They made predictions regarding particle-scale
information such as distributions of particle drag force and particle concentration. Yang
et al. [25] investigated the particle—fluid dynamics process in a space consisting of two
parallel connected funnel-shaped spaces, in which particle groups moved under the action
of airflow sprayed from two small end faces. Furthermore, CFD-DEM has been applied
to the study of multiphase flow problems in special engineering structures [26,27]. The
gas—solid flows in the above works are in the fixed space within a long time, and the particle
has a low speed. This differs from the gas—solid flow in the modular charge launching
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system. However, some mathematical models from these works can still be referenced for
this study.

Nowadays, there are few reports on the research of the motion characteristic and the
distribution law in the launching system with a sequence-change space. In this study, an
efficient 3D unsteady gas—solid flow model is established based on CFD-DEM. The research
focuses on the particle-scale analysis of the unsteady gas—solid flow in the launching system
with different numbers of modules. The spatiotemporal distribution characteristics and the
motion details of particles in the flow field are accurately obtained. Furthermore, the effect
of the number of energetic modules on the particle behavior is described. The research
results can provide a foundation for further analysis of the formation mechanism of the
initial pressure wave in the launching system.

2. Methods
2.1. Basic Assumption

The theoretical model of the gas—solid flow in the sequence-change space is established
at the particle scale, and the simplified assumptions are as follows:

(1) The ignition gas is treated as an ideal compressible gas.

(2) The modules filled with energetic particles are destroyed in turn under the action
of high-pressure gas, and the particle combustion is not considered.

(3) The cylindrical energetic particle is treated as the sphere by the equivalent volume
method.

2.2. Governing Equations
2.2.1. Gas Phase
In the CFD-DEM coupled calculation, the fluid motion is solved based on the Euler
method
9(egpg) n 9 (egpgus,i)
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where ¢ is the voidage; p, u, and p are the mean density, velocity, and pressure, respectively;

subscript g represents the gas; S is the momentum exchange source term and E is the energy

exchange source term; Eg is the total energy of the gas; and 7;; is the viscous stress tensor.
The transport equations of the realizable k — ¢ turbulence model [28] are as follows:
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where y is the dynamic viscosity and v is the kinematic viscosity; G is the change of
turbulent kinetic energy; o is the turbulent Prandt number; Cy, C;, is an empirical constant;
and k, ¢, and subscript b mean the turbulent flow energy, the turbulent dissipation rate, and
the effect of buoyancy, respectively.
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2.2.2. Solid Phase

The particle motion follows the Newtonian dynamic equation based on the Lagrange
method. The particle-gas density ratio is large, thus only the gravity, drag force Fg, collision
force F. [29], and pressure gradient force F), are considered in this work [30]

dv

msd—: = msg+ Fq+ Fc. + F, (6)
dws N
L = Dot (R o) @)

where ms, v, ws, and I are the mean mass, velocity, angular velocity, and the rotational
inertia of the particle; and R is the radius vector.
In the above equations,

I = msd?/10 (8)

Fp = —VsVpg )

Fe = Z]iu;ei (fn,ij +fT,ij) (10)

Fij = —[kndu +1u (vij - ) [ (11)
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where i, is the maximum static friction force; subscripts n and 7 represent the normal

f n,ij
1]
and the tangential direction; k, and k; are the mean the normal and tangential elastic
coefficients, respectively; # is the damping coefficient; J is the relative displacement; and
vt is the slip vector velocity, and its expression is

vt = v — (vij - n)n+ Riw; X n+ Rjw; x n (13)

2.3. Drag Force

The momentum exchange between the gas and the solid is mainly reflected in the drag
force. The calculation of the drag force is of great significance for the accurate reduction of
gas-solid flow [31]. The calculation formula is as follows:

VX
Fq; = PYs
€s

(ugi — vs,) (14)

where Vs is the particle volume, ug; is the fluid velocity interpolated to particle i, and § is
the momentum exchange coefficient.

In this work, the relative velocities between gas and particles are large to generate high
Reynolds numbers. Therefore, Gibilaro and Gidaspow’s model [32] for the high Reynolds
number is used in this work, which is written as follows:

3 prlug — sl
— 2, 5l 1
p=4Cp oo (15)
o[ & [1 —|—0.15(Re5)0'687}a*1'8 Res < 1000 a8
P 044018 Re, > 1000
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where d; is the particle diameter and Res is the Reynolds number.
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2.4. Model Verification

In this work, a visual simulation experiment system is designed and built, as shown
in Figure 1a. It consists of a simulation experiment device, a pressure measurement system,
and a high-speed video camera system. The energetic module used in the experiment is
shown in Figure 1b. It is composed of the module box, energetic particles, the igniter, and
the ignition packet. On this basis, the simulation experiment can be carried out on the
early launching process of the modular charge. In this process, the high-temperature and
high-pressure gas jet produced by the combustion of the ignition powder is sprayed into
the module box through the hole of the igniter side wall. The signal is amplified by a charge
amplifier and input to the computer, which is stored as the pressure data. The experimental
device is equipped with a transparent viewing window. The high-speed video camera
system consists of the FASTCAM Mini AX-50 and a computer. The computer is used to
control the switch of high-speed video instruments and the storage of video data.

Pressure experimental

Vnsducer device
1

Mechanical
firing control
device

— e e e — ———— —— — — — —— —

Charge amplifier

Center core igniter

Ignition packet

Propellant particle

Concrete

Metab  Viewing window _platform _

<+——NModule box

(b)

— — — — — —

Computer High speed
video camera

Computer

Pressure measurement system High-speed video camera system

(a)

Figure 1. The visual experiment system: (a) test system; (b) internal composition of the energetic
module.

The experimental study on the early launch process of the two-module charge is
carried out. Thereinto, the distance between modules is 50 mm, and the distance between
the module and the left surface of the chamber is 60 mm. The “cold simulation method” is
adopted to observe the motion of particles, module rupture, and particle accumulation, in
which the simulated particles made of incombustible inert materials are used to replace
the propellant particles. During the experiment, the simulated particles move violently by
the high-pressure, high-temperature gas after the module is destroyed. At last, the particle
final accumulation is measured. The center of the left surface of the chamber is set as the
zero point, and the axis of it is set as the X-axis. Finally, most of the particles accumulated
in the area of 310~500 mm in the axial direction with a steep slope distribution. In addition,
the calculated particle stack height is compared with the experimental one, as presented in
Figure 2. The average error is about 8.5%, indicating that the model is reasonable.
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Figure 2. Comparison between the calculated and measured particle stack height.

2.5. Calculation Model

In this work, the two-module (2 M) charge, three-module charge (3 M), and four-
module (4 M) charge are studied. In the three working conditions, module 1 is 40 mm
away from the left end, and the spacing between the modules is 0. Thereinto, the diameter
of the chamber is 135 mm and its length is 500 mm. The inner diameter of the module is
30 mm and the length is 100 mm. For the CFD-DEM method, the flow field information is
obtained from CFD by solving the governing equations, which is transferred to DEM in
each time step. Next, the particle information is updated using DEM by solving the motion
equations, and then the updated particle information is transferred to CFD to calculate the
flow field at the next time step. In this work, the gas is compressible, the specific heat of it
is 1800 ] /kg-K. The particle diameter is 8 mm, the particle density is 1600 kg-m~3, Young’s
modulus is 2.75 x 10? Pa, and Poisson’s ratio is 0.4.

The condition with three energetic modules is taken as an example to show the
geometric structure of the calculation model for energetic particle groups with the sequence-
change space, as illustrated in Figure 3a. The 3D rectangular coordinate system presented in
Figure 3 is established to carry out the numerical analysis of particle motion and dispersion.
In the numerical calculation, both initial velocities of gas and solid are 0, the initial gas
pressure in the chamber is the atmospheric pressure, and the initial temperature is 300 K.
Both walls of the module and the chamber are fixed boundaries. The wall adopts nonslip
boundary conditions. The computational domain is divided by the structural grid. Due to
the large pressure gradient in the area near the igniter, the grids in the area near the central
core igniter are refined during grid division, as shown in Figure 3b.

In the CFD-DEM method, the mesh size should be larger than the particle size. Three
groups of structured grids with main dimensions of 9 mm (fine grid), 12 mm (mediate
grid), and 13.5 mm (coarse grid) are used to divide the computational domain. Then, point
A (X=90mm, Y =0, Z = 66 mm) in the module is selected as the monitoring point. The
comparison of pressure change curves at point A calculated by the three groups of grids is
illustrated in Figure 4. The average error between mediate grid data and fine grid data is
1%, and the average error between coarse grid data and fine grid data is 4.5%. There is no
systematic difference between the three grid calculation results. Considering the efficiency
and accuracy of calculation, the mediate grid is used for numerical calculation.

In this work, the pressure-velocity coupling model is the Semi-Implicit Method for
Pressure-Linked Equations (SIMPLE). The convection-term and diffusion-term in the equa-
tions are discretized by the second-order upwind scheme, the time-term is discretized by
the first-order implicit scheme, and the gradient in spatial discretization is solved by the
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least-squares cell-based scheme. In the DEM collision calculation, the time step of the solid
phase should be smaller than the Rayleigh time 1.7 x 107> s. Therefore, the time step of
the solid phase is 1 x 107° s. The time step of the gas phase is 10 to 100 times the particle
calculation time step. In order to ensure the optimal configuration of calculation efficiency
and calculation accuracy, the gas phase calculation time step of the gas phase is set as
2x107°s.

Gas inlet

Energetic particle m Center core igniter Chamber
| [ B / g

Z[
X Module 1 Module 2 Module 3

(a)

Module 1 ~ Module 2 Module 3 Chamber

Center core igniter
(b)

Figure 3. The computational domain and the grid division: (a) geometric structure diagram of the
calculation model with the three-module charge; (b) the internal mesh of the computational domain.

14

12k - — Fine grid
4 - - - Mediate grid

" N s Coarse grid
g 8t U
= T T S - =
3, -

61 _

4

2

O 1 1 1 1 1 1 1

00 05 10 15 20 25 30 35 40
t/ms

Figure 4. Pressure-time curves at point A in three groups of grid.

3. Results and Discussions

In the launching process, the high-pressure, high-temperature gas generated by com-
bustion is radially sprayed into the module from the igniter, causing the pressure in the
module to rise. The gas source in each module is turned on successively from left to right
considering the ignition delay of the black powder bags. The mechanical strength of the
module box is reduced due to its partial combustion. When the pressure in the module
rises to the threshold value, the end face of it is broken. In the 2 M charge, two end faces
between module 1 and module 2 are broken first, and then the cover of module 2 is opened.
In the 3 M charge, two end faces between module 1 and module 2 are broken first, then two
end faces between module 2 and module 3 are broken, and finally, the cover of module 3
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is opened. In the 4 M charge, the end face of the module is broken from left to right in a
sequence similar to the above process.

The tracer particles are selected near the igniter in the three working conditions. The
motion paths of tracer particles are shown in Figure 5. From Figure 5a, the particles near
the bottom of module 1 only move radially under the effect of the blocking of the right
particle group. The particles in the middle part of module 1 move in the module with a
small axial displacement. When two modules are charged, two particles near the cover
of module 1 move to the chamber with a large axial displacement. With the increase in
the module number, the axial displacement of that particle is decreased. The time-space
release of propellant in the launching system is more uniform because the distribution of
particles is relatively uniform when the axial displacement is small. When four modules
are charged, these particles do not move out of module 1. The particles near the cover of
the rightmost module move rapidly to the right end of the chamber at a large speed and
stay in the area near it after the collision. With the increase in the module number, the
displacements of all tracer particles are decreased. According to the main characteristics of
the particle behavior and the space change, the moving process is divided into three stages
as follows: the in-module stage, the out-module stage, and the accumulation stage.

The tracer particles below the igniter at /=0
T

675
§ b, 75 b
El o .u i i o E 0
N e o R 3 580 N
3375 = 1 ! rZ 3375 F
i '
675 L L 67.5
0 100 200 300 400 300 500
X/mm
()
The tracer particles above the igniter at /=0 The tracer particles below the igniter at /=0
675 T T T 675 ¢
!
i 1
3375 a4 = 3375 B
g 0 g ok
N N
-3375 @ -33.75 |
675 - 67.5 :
0 100 200 300 400 500 0 100 200 300 400 500
/mm X/mm
The tracer particles above the igniter at (=0 The tracer puruclcw‘ below the igniter at /=0
675 T T 67.5 i ]
375 s b
£ [ El 0k
N N
3375 B -3375 =
675 - -67.5
0 0 500 0 100 200 300 400 500
A/mm A/mm
(c)

Figure 5. The motion path of the tracer particles in the three working conditions: (1) the tracer
particles above the igniter; (2) the tracer particles below the igniter; (a) the motion path of the tracer
particles in the two-module charge; (b) the motion path of the tracer particles in the three-module
charge; (c) the motion path of the tracer particles in the four-module charge.

3.1. In-Module Stage

In this stage, the motions of particles in the three working conditions are shown in
Figure 6. From the figure, the particles in module 1 are accelerated first under the action of
the radially input gas, and the speed of the particle near the igniter is the highest. Then,
particles in module 2, module 3, and module 4 begin to accelerate successively. This is
because the gas sources inside modules are generated from left to right. During this process,
the inner diameters of particle groups in modules are increased, as illustrated in Figure 6c.
After particles move radially for a while, some particles collide with the wall of the module,
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the particle velocity is decreased, and the direction of motion changes to antiradial. This
part of particles with the opposite motion direction collided with those with the original
direction. After the collision, the velocities of both particles are decreased, and the motion
directions of those change.

Module 1 Module 2

I’ vimes™
5 - 16.0
e BT o[ e ao‘{-: -
3375 | |[Towesde s ‘0..".‘ 12.0
o @ o g ....‘%‘% :
R r—. RN
S| P N
3375 = [e8 j:gogvjo‘:j 5,"_ “o‘o 40
75 o ege Ry %o Yolog 1 |
0 100 200 300 400 500 0.0
X/mm ’
(a)
Module 1 Module 2 Module 3 —
vim-s
67.5 :.% r u“"aa. .23()
3375 | | ok € S8 FollS 267 210
. 58 T oo =8| S0 SE e %30 L4
e 0 14.0
Y337 N o e TA L TH %4 ™
=33 B S 8o _Te - <
O R ARG A o e 70
&5 230 R O St A :&I I
0 100 200 300 400 500 . 0.0
Y/mm
(b)
Module 1 ~ Module 2 Module 3 Module 4 N
S, | / a5
67.5 TS ) ' 330
5" 2 “0:@j'..’0.:‘: &?/' .
3375 | |Gl e T B S5 48 o9 b oog

Z/mm

3375 =

-67.5 !
0 100 200 300 400 500 0.0

X/mm
(0)

Figure 6. The front view of Y = 0 slices in the three charging conditions: (a) the velocity and position
of particles in the two-module charge at t = 0.1 ms; (b) the velocity and position of particles in the
three-module charge at t = 0.2 ms; (c) the velocity and position of particles in the four-module charge
att=0.3 ms.

The in-module stage ends when the cover of the rightmost module is opened. In this
process, modules are destroyed in turn. The space of the modules is divided into the unit
slices equally along the axis with a length of 10 mm to analyze the variation of the average
value of the particle axial velocity with the axial position. The changes of the average axial
velocity in the three working conditions are shown in Figure 7. For the 2 M charge, the
end faces between module 1 and module 2 are broken at f = 0.28 ms. At this moment, the
axial velocity of particles in module 1 is larger than that of particles in module 2, and the
maximum value is in the area (40 mm < X < 50 mm). The axial motion direction of particles
is irregular. The cover of module 2 is opened at t = 0.33 ms. The closer the particle is to the
end faces between module 1 and module 2, the greater the axial velocity. The maximum
value exists in the area (130 mm < X < 140 mm), as presented in Figure 7a. For the 3 M
charge, the end surfaces between module 1 and module 2 are destroyed at f = 0.28 ms. At
t = 0.38 ms, the end faces between module 2 and module 3 are broken. Thereafter, the
spaces of module 1, 2, and 3 are axially connected, and the axial velocities of particles
change by the gas. From Figure 7b, the particle near the cover in module 1 and particles in
module 2 and 3 move to the right. When the cover of module 3 is destroyed, the particle
axial velocity in module 3 is decreased along the axial direction, while that in module 1
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is increased. The axial velocity of particles in the middle of module 2 is smaller than that
near both end faces, as illustrated in Figure 7b. For the 4 M charge, the change law of the
axial velocity is similar to the above two working conditions. After the end faces between
modules are destroyed, the particles near the end faces obtain the positive axial velocity.
When the cover of module 4 is opened, the maximum value of axial velocity exists in the
area (230 mm < X < 240 mm) near the cover of module 2. In the three working conditions,
the axial velocity of particles in the connected module increases from both sides to the
middle. When the rightmost module is opened, the particle axial velocity increases with
the increase in the number of modules.

0.8

B =0.28ms
B ~0.33ms
0.6 |
Module 1

04 F Module 2

02F

v, /mes!

0.0

-0.2

204 L ! L L L L L L L
40 60 80 100 120 140 160 180 200 220 240

X/mm
(a)
1.4
. B ~0.28ms
121 B ~0.38ms
i Module 2 ] =0.43ms
08T Module 1
_ 06} Module 3
£ 04f
>
0.2 F -ﬂ
gl
. e I L] | B | -q-l 1_'
-0.2
04 H
_0.6 1 1 1 1 1 L 1 1 1 1 L 1 1 1
40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340
X/mm
(b)
2.2
20+ B ~0.28ms
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1'6 L Module 2 Module 3 [ +=0.48ms
y [ ~0.53ms
1.4 F
12 |
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£ 08} Module 1
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04
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(c)

Figure 7. Histogram of the axial velocity of the particles in three charging conditions: (a) the axial
velocity of the particles in the two-module charge; (b) the axial velocity of the particles in the
three-module charge; (c) the axial velocity of the particles in the four-module charge.
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3.2. Out-Module Stage

After the cover of the rightmost module is opened, the space of the gas—solid flow is
changed from a multiple-connected module box to a chamber. Most of the particles move
out from modules to the chamber right face by the gas phase force. The moment when a
particle has moved to the right face of the chamber and has not collided with it is the end
of this stage. The motions of particles at this moment in the three working conditions are
shown in Figure 8. The color of the arrow represents the particle speed in the figure, and the
direction of the arrow represents the motion direction. From the figure, the particle velocity
in the chamber gradually increases along with the axis in three conditions. The end times of
this stage are t = 8 ms for the 2 M charge, t = 5.85 ms for the 3 M charge, and ¢ = 4.2 ms for
the 4 M charge, respectively. It can be seen from the figure that the particle behavior can be
divided into three regions as follows: the disordered motion region, the transition region,
and the ordered motion region at this moment. With the increase in the module number,
the transition region moves to the right, the number of particles moving disordered is
increased, while the number of particles moving orderly to the right is decreased. The
maximum particle velocity is decreased.
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Figure 8. Front view of the particle velocity vector in the out-module stage: (a) the vector of the
particle velocity in the two-module charge at t = 8 ms; (b) the vector of the particle velocity in the
three-module charge at t = 5.85 ms; (c) the vector of the particle velocity in the four-module charge at
t=4.2ms.

3.3. Accumulation Stage

After the particles collide with the right face of the chamber, the motion and distribu-
tion of particles in the Y = 0 slice (the thickness is 20 mm) during the accumulation stage of
the three working conditions are shown in Figure 9. In this stage, the velocities of particles,
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which have collided, are decreased and the axial motion directions of those are reversed.
After the collision, particles moving in the opposite direction collide with particles moving
to the right. Most of the particles collide in the area near the right face of the space and
remain near the surface, forming a retained particle layer, as illustrated in Figure 9. The
thickness of the particle group increases with time. At t = 40 ms, the particles near the left
surface of module 1 move in opposite directions in both radial and axial directions for the
2 M charge. For the 3 M charge, the particle motion in module 1 is disordered. For the
4 M charge, the particle motion in module 1 and module 2 is disordered. With the increase
in the module number, the particle motion in the left part of the chamber changes from
reverse motion to disordered motion, and the area where the disordered moving particles
are located is increased. At t = 80 ms, the particles have begun to move downward. For
the 2 M charge and the 3 M charge, the particles near the bottom move to the right and
collide with the right retained particle group. For the four-module charge, two hill-like
retained particle groups are formed near the bottom of the chamber. With the increase in
the module number, the thickness of the particle layer near the bottom of the chamber is
increased, and the particle behavior changes from orderly motion to accumulation. At this
moment, the retained particle layer in the 3 M charge is larger than that in the 4 M charge.
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Figure 9. Front view of the particle velocity vector in the stage of particle accumulation and sedi-
mentation: (1) ¢ = 40 ms; (2) ¢ = 80 ms; (a) the velocity vectors of particles in the two-module charge;
(b) the velocity vectors of particles in the three-module charge; (c) the velocity vectors of particles in
the four-module charge.

When particles have been stationary, the particle distributions in the three working
conditions are shown in Figure 10. The step point of the particle stacking height is taken as
the dividing point of the distribution form. All three particle distributions consist of the
gentle-slope shape, the horizontal shape, and the steep-slope shape accumulations. From
Figure 10(a2), the particles in the gentle slope and the horizontal shape are from module 1,
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and the particles in the steep slope are from module 2. From Figure 10(b2), the particles in
the gentle slope are from module 1, most of the particles in the horizontal accumulation
are from module 1, and a few are from module 2. The particles from module 2 are located
below those from module 3 for the steep slope. From Figure 10(c2), the particles in the
gentle slope are from module 1. The horizontal accumulation consists of a mixture of
particles from modules 1, 2, and 3, and the particles from module 3 are located below those
from module 2. And the particles from module 3 are located below those from module 3 in
the steep slope. With the increase in the module number, the axial distribution of particles
from module 1 is shortened.
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Figure 10. The final particle accumulation in the three working conditions: (1) the front view of the
particle accumulation; (2) the 3D particle distribution; (a) particle distribution in the two-module
launch system; (b) particle distribution in the three-module launch system; (c) particle distribution in

the four-module launch system.

The parameters of three shape accumulations in the three working conditions are
presented in Table 1. It can be seen from the table that both the length of the gentle-slope
shape and the steep-slope shape accumulation are decreased with the increase in the
module number, while the length of the horizontal shape is increased. The angle of the
gentle slope is increased with the increase in the module number. And the thickness of the
horizontal shape is increased.
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Table 1. The parameters of the three shape accumulations.

Particle Accumulation

Gentle-Slope Shape Horizontal Shape Steep-Slope Shape

Length Slope Angle Length Thickness Length Slope Angle
Parameters Ly (mm) 0 (°) L;, (mm) J (mm) Ls (mm) 0(°)
Two-module charge 167 125 108 10.7 185 19.0
Three-module charge 123 14.6 173 21.9 164 27.0
Four-module charge 87 19.6 250 40.0 123 26.8

The space is divided into 25 units with a height of 20 mm, and the percentage of
particle number in the unit to the total particle number is calculated as n to study the
uniformity of particle axial distribution. The changes of n along the axis when two to four
modules are loaded, respectively, are shown in Figure 11. For the 2 M charge, the minimum
proportion in the chamber npy;, is 0.537%, the maximum proportion in the gentle slope
ng is 8.541%, and the maximum proportion in the chamber #1may is 14.495%. For the 3 M
charge, nmin = 1.226%, ng = 5.129%, and #imax = 14.645%. For the 4 M charge, 1min = 2.604%,
ng = 6.123%, and nmax = 10.342%. As can be seen from the figure, the particle proportion
is increased along the axial from the middle to both ends and that near the left end of
the chamber is increased slowly, while that near the right end of the chamber is increased
rapidly. With the increase in the module number, the change curve of particle proportion
along the axis gradually becomes gentle. When four modules are loaded, the distribution
of particle proportion along the axis is the most uniform.
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Figure 11. The proportion of particles changes along the axis.

From Figure 11, most of the particles in the three working conditions are located in the
slope accumulation, and the axial distributions in the area are nonuniform. It is necessary
to analyze the axial variation of slope shapes. By fitting the axial variation of the height
of slope shapes, the subsection relationship between stack heights and axial positions is
established as follows:

Two-module charge

| 82.985¢(X/-14085) _ 50076 40mm < X < 207mm (R? = 0.9639) (18)
"] 5.2047¢(X/16667) _ 23147  315mm < X < 500mm(R? = 0.9936)
Three-module charge
| 71.570eX/714706) —2.0226 40mm < X < 163mm (R* = 0.9772) (19)
~ | 0.50843X — 147.54 336mm < X < 500mm(R? = 0.9925)
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Four-module charge
b 0.35701X + 85.836 40mm < X < 127mm (R? = 0.9739) (20)
~ | 0.50466X —149.69 377mm < X < 500mm(R? = 0.9930)

From the fitting formulas, it can be seen that the particle stack height in the slope shape
changes exponentially along the axis in the two-module charge. The particle stack height in
the slope shape changes linearly along the axis in the 4 M charge. With the increase in the
module number, the variation law of the slope stacking height changes from exponential to
linear.

4. Conclusions

In this study, the particle behavior in the unsteady gas—solid flow within the sequence-
change space structure is studied using the CFD-DEM method under the background of
the modular charge launching system. The effect of the module number on the particle
behavior under the action of the thermal jet flow in the sequence-change space is analyzed.
The conclusions are as follows:

1. In the launching process, the space structure where the particle group is located
first changes from disconnected modules to a connected module structure, and then to
the cylindrical chamber structure. The particles in the left part of module 1 move in the
module with a small axial displacement. The particles near the cover of the rightmost
module move rapidly to the right end of the chamber at a large speed and stay in the area
near it after the collision. With the increase in the module number, the displacements of
all tracer particles are decreased. The moving process of particles in the sequence-change
space can be divided into the following three stages according to the main characteristics
of the particle behavior and the space change: the in-module stage, the out-module stage,
and the accumulation stage.

2. In the in-module stage, particles are accelerated in turn according to the axial
position of the module in which they are located, and the speed of the particle near the
igniter is the highest. This is because the gas sources inside modules are generated in
sequence from the left module to the right module. During the sequence-change process
of the space, the particles near the end faces obtain the positive axial velocity after the
end faces between modules are destroyed. When the cover of the rightmost is opened,
the particle axial velocity increases with the increase in the number of modules, and the
maximum value of axial velocity exists in the area near the cover of module 2. This moment
is the end of the stage. In the three working conditions, the axial velocity of particles in the
connected module increases from both sides to the middle at this moment.

3. In the out-module stage, the space of the gas—solid flow is changed from the
connected module box to the chamber. Most of the particles move out from modules to
the chamber right face. The moment when a particle has moved to the right face of the
chamber and has not collided with it is the end of this stage. At this moment, the chamber
can be divided into the disordered motion region, the transition region, and the ordered
motion region according to the particle behavior. With the increase in the module number,
the transition region moves to the right, the number of particles moving disordered is
increased, while the number of particles moving orderly to the right is decreased. The
maximum particle velocity is decreased.

4. In the accumulation stage, particles move in the opposite direction after the particles
collide with the right face of the chamber. Most of these particles collide with particles
moving to the right in the area near the right face of the space and remain near the surface,
forming a retained particle layer. The thickness of the retained particle layer in the three-
module charge is larger than that in the four-module charge. With the increase in the
module number, the particle motion in the left part of the chamber changes from reverse
motion to disordered motion, the area where the disordered moving particles are located
becomes larger, and the thickness of the particle layer near the bottom of the chamber is



Processes 2024, 12, 1454 16 of 17

increased. The behavior of particles near the chamber bottom changes from orderly motion
to accumulation.

5. When the particles are stationary, all particle accumulations in the three working
conditions present a combination of gentle-slope shape, horizontal shape, and steep-slope
shape accumulation. With the increase in the module number, both the thickness and
the length of the horizontal stack are increased, while the axial lengths of the slope shape
accumulations are decreased. The variation laws of the slope stack height change from
exponential to linear. According to the proportion distribution of particles along the axis,
the particle axial distribution in the cylindrical space became uniform with the increase
in the module number. In the four-module charge launch system, the gentle-slope stack
height changes with the axial position as i = 0.35701X + 85.836, and the steep-slope stack
height changes with the axial position as & = 0.50466X — 149.69.
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