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The mesh-less method abandons the idea of traditional mesh method. In numerical
calculation, it only needs the node information, and it’s not necessary to connect nodes into
mesh cells. Aiming at the problem of non-equilibrium chemical reaction flows in a three-
dimensional muzzle with moving boundaries, this paper proposed a three-dimensional least
squares mesh-less (3D-LSM) algorithm, and the ALE (Arbitrary Lagrangian-Eulerian)
form multi-component Euler governing equations were adopted for fluid dynamics
modeling; then, a finite-rate reaction model was used to deal with the chemical reactions
in the flow field, a time-division method was applied to solve the stiff problem of chemical
reactions, and multi-component AUFS (artificially upstream flux vector splitting) format
was introduced to calculate the convective flux term of the governing equation. In addition,
the weighted-point filling strategy and the dynamic point cloud method were employed to
deal with the topological structure changes in the point clouds caused by the large
displacement movement of the projectile in the three-dimensional muzzle flow field.
Finally, the proposed mesh-less method was applied to calculate the muzzle of a 12.7mm
gun, and accurately captured the bottle-shaped shock wave structure in the complex muzzle
flow field and the second muzzle flame phenomenon; the calculation results were
compared with the experimental results and obtained a good match, which had proved the
feasibility of the proposed 3D-LSM method. The research findings of this paper provided
a new solution for the simulation of high-speed non-equilibrium reaction jets with multi-

component and large-displacement moving boundaries.

1. INTRODUCTION

In three dimensions, the problems of non-equilibrium
reaction flow with moving boundaries [1-5] widely exist in
engineering practice, such as the non-equilibrium flow formed
by the high-temperature environment outside hypersonic
aircraft, the interference flow of the internal and external flow
of the aircraft , the atmospheric layer re-entry process of the
aircraft, and the gunpowder gas flow in the muzzle of the guns,
etc. The problem of non-equilibrium chemical reaction flows
[3, 6-11] involves multiple disciplines such as aerodynamics,
air thermodynamics, aero-physics, and chemical reaction
kinetics, etc. Then the numerical simulation of such problem
has always been a hot spot in the field of CFD (Computational
Fluid Dynamics) research.

The challenges in the numerical simulation of complex
chemical reaction flows with moving boundaries are mainly
reflected in [12, 13] the following aspects: the complex
physical process, the stiff problem of chemical reaction
calculation [14] , and the huge amount of calculation, etc. The
flow field contains strong discontinuity surfaces such as
moving boundaries, shock wave, and combustion wave, etc.,
the deformed meshes near the moving boundaries need to be
reconstructed, and the judgment of intersection and
penetration among points, lines and surfaces in the
reconstruction process is extremely complicated. Traditional
CFD methods are mostly based on meshes, but the existence
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of meshes has limited the application of these methods in
solving flow fields with complex boundaries [15-20].
Therefore, the method that can perform numerical analysis on
flow problems without the necessity of meshing has become a
research hotspot and the mesh-less method [21-27] has been
applied to the study of fluid mechanics ever since. After that,
with the rapid development of computer hardware technology
in the 20th century and the continuous emergence of high-
efficiency algorithms, the research on the numerical
simulation of chemical reaction flows based on mesh-less
method has also made some progress, but most of the existing
studies are 2D calculations or 3D non-dynamic calculations [7,
12, 28-30]. In the 1970s, Liszka and Orkisz [31], Liszka and
Orkisz [32] established a prototype of mesh-less algorithm.
Salam [26] calculated the movement of floating objects very
well under the novel meshless local Petrov-Galerkin. Based on
the finite point method, Ortega et al. [33] and Based on the
Taylor—Galerkin format, Erhart et al. [34] solved the
compressible flows in 2D and 3D space. Firoozjaee and Afshar
[35] proposed a localized and virtualized radial basis function,
and gave a local mesh-less method based on a Cartesian point-
distribution scheme. The problem of supersonic flow around a
plate was simulated well. Munikrishna and Balakrishnan [36]
proposed the DLSM method to simulate the steady-state
incompressible N-S equation and the time step could be large.
Gargari et al. [37] adopted a hybrid mesh-less Cartesian point
arrangement method, and calculated the turbulent flow using
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the RANS turbulence model of the mesh-less solver LSFD-U.
In response to the incompressible Navier-Stokes equation and
ALE equation, Hong et al. [38] put forward a mixed discrete
least square mesh-less (MDLSM) method. Compared with the
DLSM method, its accuracy is higher.

For conditions with small rigid boundary displacement and
little changes in existing point cloud structure, commonly-
used methods include algebraic analogy model, Delaunay
graph mapping method [39] , and spring analogy method [40],
etc. As for movements with larger rigid boundary
displacement, the commonly adopted methods include the
point cloud overlapping method [41, 42] , and the local point
cloud reconstruction method [13], etc. The local point cloud
reconstruction method is suitable for dealing with the unsteady
flow problems with complicated boundary deformation; its
idea is quite simple: delete the point cloud whose quality
deteriorated due to the boundary deformation from the original
point cloud topological structure and form a cavity, then use
the automatic point cloud generation method to re-generate a
high-quality point cloud in the cavity, and add it to the original
point cloud system to continue the calculation.

To solve the stiff problem of chemical reaction calculation,
Trotter [43] proposed a high-resolution detonation wave
calculation program based on the decoupling algorithm
combined with the structural grid adaptive method. Aiming at
the problem of sufficiently small time steps, Strang [44]
analyzed the classic decoupling algorithm Lie splitting method
[45] and Strang splitting method [46], and the time accuracy
were order 1 and order 2, respectively. Guzzo and Azevedo
[47] proposed a novel mesh-based MTS method and applied
the elementary reaction Kinetics to improve computational
efficiency. In the time-division method, the chemical reaction
is a set of rigid nonlinear ordinary differential equations. At
present, most of the calculations are conducted using the
VODE solver [48, 49] in the Chemkin software package.

The mesh-less method has received wide attention due to its
inherent superiority, flexibility, and variability. However,
when dealing with complex flow fields with moving
boundaries, its performance is far less mature than the
unstructured mesh method; especially in terms of 3D problems,
its flux calculation of points cloud is more complicated.
However, few studies have been conducted on it. This paper
started from the 3D dynamic point cloud processing method
and established a 3D mesh-less algorithm for the numerical
simulation of point cloud topological structure changes and the
non-equilibrium chemical reaction flow fields, then it
calculated two practical problems, and the calculation results
were in good match with the experimental results, which had
verified the effectiveness of the algorithm.

2. GOVERNING EQUATION AND NUMERICAL
METHOD

The ALE (Arbitrary Lagrangian-Eulerian) method [39]
allows the meshes to move at any speed, and is suitable for
solving flow fields containing moving boundaries with any
displacement value. The mesh-less simulation algorithm for
chemical reaction flow field developed in this paper is based
on the ALE method, and its ALE-form Euler equation
containing the chemical reaction source term can be expressed
in a rectangular coordinate system as:

Ut + Fl‘X + ley + FS,Z =S (1)
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where, the subscripts “, x", ", y", ", z" mean to calculate the
partial derivatives of x, y, and z; U is a conserved variable; F1,
F,, F3 are convective flux terms; S is the chemical reaction
source term.

The specific expressions are as follows:
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where, p is the mass density of the mixed gas, pi is the mass
density of component i; Nr is the total number of components;
u, v, and w are the velocity components in the x, y, and z
directions of the mixed gas; i, v and w are the velocity
components of the node in the x, y, and z directions; p is the
pressure of the mixed gas; wi is the mass production rate of
component i caused by the chemical reaction; pE is the total
energy per unit volume:
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where, v and v® are the chemical reaction equivalent
coefficients of component i on the left and right sides of
reaction t; M; is the molar mass of component i; Ry is the total
number of chemical reactions in the model; K is the forward
and reverse reaction rate constant, its value is obtained by
calculating the Arrhenius formula:

E
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where, A is the pre-exponential factor; by is the temperature



factor; E: is the activation energy; Ry is the universal gas
constant; T is the temperature of the mixed gas.

The equilibrium constant [13] is used to calculate the
reverse reaction rate constant, and the chemical reaction
source term is handled with the finite-rate reaction model.

2.1 Spatial dispersion

In case of 3D space, we assum that the following linear
relationship is introduced to calculate fluid flow variables:

f =ax+ay+az+a,
of &)
X+ —YyY+—1+a,

oy oz

T

In every point cloud structure, the flow variables of the
center point i satisfy the above relationship, and the satellite
points j (j=1, 2, ..., N) are also. Then:

fi =a X t+ay; +a,
f, =ax; +ay; +a,
fj6 =X, +a,y; +8,

Add the relational expression of center point i to the
relational expression corresponding to each satellite point:

(f, +f)/2=a,(x, +x)/2+a,(y, +Y,)/2+a,
(f, +f)/12=a(x, +x)/2+a,(y, +VY)/2+q,

(f, +f)/2=a(x, +x)/2+a,(y, +Y;)/2+a,

Further, it can be written as a matrix:

X +X Yty 7,+1z 1 a
2 2 2 a,
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4
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2
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Observing the above equation, the coefficient matrix is
written as B. In the flow field dispersion, we find the number
of satellite points of a node is usually greater than 4. Thus the
above equations are contradictory equations. At any node i, the
space derivative was calculated by the least square method:

of

N f+f
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ox i j=1
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In the formula, by is the first row of matrix (BT B) BT, cjj
is the second row, and dij is the third row. Then, for the node i,
the convective flux term of the ALE equation can be expressed
as:

oF,

. oF,
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= i( lo? + ¢2 + difWij) (5)
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2.2 The 3D multi-component AUFS format

The artificially upstream flux vector splitting (AUFS for
short) format was developed by Sun et al. [44]. This format is
easy to calculate and can accurately distinguish the contact
discontinuity surfaces, it doesn’t show carbuncle phenomenon
under multiple dimensions, and has good robustness. For the
3D multi-component problems, the specific form of the AUFS
applied to the mesh-less method is as follows:

WijAUFS = 1 - MW, + MW, (6)

The fluid vectors W1 and W, and the constant M in the
formula are defined as follows:
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In the formula, P and oU are defined as follows:
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where, Yi=pilp; the values of «, coefficient M, and scaling
functions S; and S; are obtained from the formulas below:
i S >0
i s <o

1
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where, u” and ¢” are the intermediate wave velocity and

intermediate sound velocity derived from the isentropic
relationship, and the specific expressions are:
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where, v is the gas specific heat ratio.
The time term performs explicit time marching according to
the fourth-order Runge-Kutta method.. The form is as follows:

U_(O) =yr
Ui(j) = Ui(O) _¢jAtR(Qij_l)
1 .
L= =12,34
g 4—j+1 J
Uin+1 :Ui(A)

R(Qi):iwik +S(Ui(0)), Q =(U,U,U,,-Uy)

where, At is the calculation time step, and its value adopts the
full field time step, which can be determined by the minimum
value of the local time step at each point

For the stiff problem of chemical reaction calculation, the
time-division algorithm [39, 40, 45] of the chemical reaction
and flow decoupling calculation are adopted, and the time step
of the chemical reaction is further subdivided. The boundaries
are processed by the method of constructing the mirror point
outside the flow field, and the value of the flow variable of the
mirror point is determined according to the boundary type. The
solid surface adopted the normal impermeable boundary
condition, and the far field adopts the non-reflecting boundary
condition.

3.3D POINT CLOUD GENERATION AND DYNAMIC
POINT CLOUD PROCESSING METHOD

3.1 Point cloud generation

This study introduces the weighed-point filling strategy [25]
to the three dimensional space. The idea of the method is to set
a real weight for each discrete node, and the size of the weight
is represented as the radius of the sphere with the node as the
center of the sphere. The filling of weighted points is to fill the
calculation area with spheres of same or different radius. In
actual operation, to make the method more flexible, two
adjacent virtual spheres are not necessarily tangent, partial
intersection or separate are also allowed. The specific
processes can be divided as follows:

(1) Observing the actual problem, on the discrete boundary
surface, points can be distributed based on certain principles.
The distribution can be uniform or non-uniform. The weight

of each boundary pointiisr; = %Z?’:l d;j, djj is the distance
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between point i and adjacent node j, and N is the number of
adjacent points.

(2) With boundary triangle as the initial front, weighted
points were filling inside. As shown in Figure 1, taking the
front ABC as an example, the weight value rp of the best
marching weighted point D was the average of the weight
values ra, rg and rc of the three endpoints A, B, and C;
according to the principle that the sphere where node D is
located is tangent to the spheres where nodes A, B, and C are
located, then the coordinate of weighted point D was (Xp, Yo,
Zp). pBr is the weight coefficient, because two adjacent spheres
were allowed to be partially intersected or separated, the
purpose of non-uniform point distribution could be achieved
at the same time.

. ®
)

Figure 1. Mesh-less weighted point filling

(3) Then, look for the existing weighted points around point
D (the radius of the area was 1.5 rp), shown as points D; and
D in Figure 1, and establish the linked list of candidate points.
Then, after geometric judgments such as penetration and
intersection, invalid weighted points were deleted. At last,
according to the existing weighted points and the overlap
coefficient of the ideal marching point, the optimal marching
point was determined; the overlap coefficient was defined as
follows:

0 (dij > r o+ r].)
d.
B, = 1_rl+ur]. (|r|_r]|gdu_ri+rj) 9)
2-min(r,r,
# (4 <l =)

where, ri and r; are the weight values of weighted points i and
j, respectively, and dj; is the distance between the two points.
The overlap coefficients g of all candidate points were
calculated, and the point with the largest g value was selected
as the optimal marching point.



3.2 Dynamic point cloud processing

In a 3D space, when a rigid body in the flow field moves
with a large displacement, the surrounding point cloud will be
compressed or stretched, resulting in a decrease in the quality
of the point cloud, and the calculation accuracy will be
affected. This paper adopted the local point cloud
reconstruction method to solve the problem of point cloud
deformity caused by the large-displacement moving rigid body
in the flow field. The local point cloud reconstruction method
mainly includes the following steps:

(1) Find the internal nodes of the moving rigid body that
caused point cloud deformity and form the reconstruction
cavity, then establish the linked list of the initial reconstruction
front. The judgment criterions for the nodes to be deleted are:
1) Detect the distance L between the center point i and its
satellite point j, when Lij<omin 20, OF Lij>0max 2 Fo, point i is
set as a node to be deleted, wherein ry is the average distance
weight of the nodes on the moving boundary, omin and amax are
respectively the tensile limiting coefficient and the
compressive limiting coefficient; 2) Find the satellite points of
center point i, and connect any three points that are mutually
satellite points (S-S-S points) to form non-overlapping
triangles, then check whether the spherical degree 6 of the
trihedral angle formed by each triangle and the center point i
exceeds the angle limit, that is, when8<pmin #o, 0r0>Bmax Ho,
point i is set as a node to be deleted; the average angle is
6o=4x/N; N is the total number of triangles; Smin and Smax are
angle limiting coefficients.

(2) Adopt the weighted-point filling strategy to re-arrange
the points in the cavity and update the point cloud

With the cavity boundary front triangle as the initial front,
the weighted-point filling strategy was adopted to generate
points and point cloud. The quality of the cloud was improved
using the following method: 1) SS cut or connect, as shown in
Figure 2, point A and point B are satellite points for each other,
and points Cy, Cy, and Cz are common satellites of point A and
point B, when the intersection of line AB and triangle C1C,Cs
is inside triangle C1C,Cs, the satellite relationship between
point A and point B can be deleted to improve the quality of
the point cloud without affecting other point clouds. In a more
common situation, when the number of common satellite
points is greater than 3, the polygon formed by the common
satellite points can be divided into multiple triangles, and then
similar operations can be performed; also, the above
processing can be reversed; 2) Laplace smoothing, taking any
node i (Xi, yi, z;) in the flow field as an example, the smoothing
method can be expressed as:

n+ n (1 B /1) - n
y't = Ay + >V (10)
k=1

where, n represents the number of smoothing operations,
usually its value is between 3-5; / is the smoothing factor, its

value is 0</<1, the subscript k represents the satellite point of
the center point i; N is the total number of satellite points.

<

Figure 2. S-S cut or connect

(3) The linear interpolation method was used to transfer the
flow parameters of the new and old nodes in the flow field,
delete the old nodes and point clouds from the data structure,
and add the new nodes and point clouds to the data structure.

Figure 3 is an example of the local reconstruction method.
The sphere moves in the flow field and its displacement is
relatively large. From the point cloud after the movement, it
can be seen that the reconstruction effect was relatively good.
The following formula is adopted to calculate the quality of
the point cloud; the minimum quality factor is greater than 0.3,
and the percentage of point clouds with a minimum quality
factor greater than 0.8 exceeds 65%, which has satisfied the
calculation requirements.

Q — RO _ARmax 90 _Aamax
RO 00

where, Ro is the maximum value of the distances between the
center point and all satellite points.

Figure 3. Example of local point cloud reconstruction
method



4. NUMERICAL EXAMPLES
4.1 High-speed projectile

The projectile flies at vo=1837m/s in a premixed gas. The
mixed gas consists of methane and air with an equal
stoichiometric ratio. Figure 4(left) shows the shape of the
projectile. Its head cone angle is 60< The angle of attack is
a =-4< The temperature and pressure of the surrounding air
are To=298K and po=101325Pa. The flow field is a cylinder
with 809,580 nodes (Figure 4(right)). Its radius is 0.07m and
Its length is 0.16m.

I 45 | ~

| S

<y :

25

Figure 4. The structure of the projectile(left) and flow field
node distribution (partial, right)

The calculated result is showed in Figure 5 (right).
Compared with the experimental result (Figure 5 (left), the
present method can correctly capture the shock waves on the
upper and lower side of the projectile, which are asymmetric
under the angle of attack. Figure 6 gives the flow field
temperature cloud at the z=0 section and the pressure cloud at
the y=0 section. The gas near the top of the projectile is
compressed, causing the temperature and pressure to rise,
where the temperature reaches up to 1200K, which is not
enough to cause combustion. Behind the tip of the projectile,
the presence of the projectile wall makes the temperature and
pressure drop rapidly, then the pressure starts to rise, and the
temperature slowly drops.

Figure 5. Experimental shadow photos (left) and density
cloud images of XOY section (right)

Temperature: 300 415 531 646 762 877 992 1108 1223 1338 1454 1569 16851800

Pressure: 1.0E+05 2. 4E+05 3.9E+05 5.3E+05 6.7E+05 82E+05 96E+05 1.1E+06

Figure 6. Temperature cloud at the z=0 section and pressure
cloud at the y=0 section

46

4.2 Calculation of muzzle flow field with high-speed
moving projectile

The muzzle flow field is usually a complicated highly
under-expanded combustion gas jet. This study adopted the
3D-LSM method to calculate the muzzle flow field with large-
displacement moving boundaries. The calculation area of the
muzzle is an axisymmetrical structure, as shown in Figure 7.
The left figure shows the calculation area on the XOY section
of the D=12.7mm anti-aircraft machine gun, and the right
figure shows the node distribution diagram. The length of the
rifled tube was 1.08m; the flow field outside the muzzle was a
cylinder with a radius of 0.45m and a length of 1.1m. Since the
flow field was symmetrical, 1/4 of the cylinder was taken for
calculation. According to the characteristics of the multi-
component muzzle flow field, the area near the flow field axis
was encrypted in the process of flow field node arrangement,
as shown in the right figure of Figure 7, a total of 2735806
points had been arranged.

_ barrel
projectile

7 4

LN

Figure 7. Muzzle calculation area (left) and flow field node
distribution (partial, right)

Figure 8 is a comparison between the calculated density
shadow map and the experimental shadow map at t=3.55ms.
Table 1 gives the characteristic parameter values of the
shockwave bottle in the flow field at this moment. The two
shapes agreed well with a small error, which had verified the
feasibility of applying mesh-less algorithm in the flow field of
muzzle chemical reactions.

Figure 8. Comparison of XOY section of the calculated
shadow map and the experimental shadow map

Table 1. Calculated results and experimental results of
characteristic parameters of muzzle flow field and the errors

Li/m L2/m L3 /m
0.1593 0.2878 0.1091
0.1683 0.2794 0.1035
535% 3.01% 5.41%

Calculated result
Experimental result
Error

Figure 9 gives the muzzle flow field temperature cloud at
the y=0 section and the OH distribution cloud at the z=0
section at t=3.25ms, t=3.42ms, t=3.55ms, t=3.73ms,
t=3.92ms,and t=4.10ms, showing the muzzle ejection process
of highly under-expanded gunpowder gas in the barrel and the
formed complex wave structure in the muzzle. OH is an



intermediate product of the chemical reaction of Hz and Oz in
the gunpowder gas. As the projectile flew away from the
muzzle, the gunpowder gas expanded very rapidly, and the
ejection speed changed suddenly and was greater than the
speed of the projectile. The high-temperature and high-
pressure gunpowder gas behind the projectile bypassed the
projectile, and moved in the axial and radial directions of the
muzzle, forming a spherical gunpowder gas shock wave
around the projectile, and there’s bottom shockwave at the
bottom of the projectile, as shown in Figure 9. At the same
time, the high-temperature gunpowder gas contained
incompletely combusted combustible gas H, and CO. At the
edge of the flow field, since the air had been drawn in, the
gunpowder gas was ignited and undergone chemical reactions,
namely the second muzzle flame, which caused the
temperature of the flow field in this area to rise obviously, and
the mass fraction of OH increased obviously. The gas in the
core area of the flow field has the characteristics of high speed
and low density. When the gunpowder gas passed through this
area, it was accelerated, and its propagation speed in the axial
direction was greater than that in the radial direction, forming
a high-pressure air mass protruding forward, which then
gradually evolved into a coronal muzzle shock wave. In Figure
9, from left to right, shows the initial shock wave, muzzle
shock wave, bottom shock wave, and gunpowder gas shock
wave. As the flow field continued to develop, the projectile
gradually detached from the gunpowder gas jet, the bottom
shock wave disappeared, the Mach disk of the gunpowder gas
was no longer affected by it and began to close. At this time,
the bottle-shaped shock wave was formed by the Mach plate
and the intersecting shock wave, as shown in Figure 9 (c). At
the same time, the jet boundary curled outwards, vortex rings
appeared at the edges, and the number of vortex rings
increased continuously, which accelerated the mixing of
gunpowder gas and external air, and some of the external air

Tempsrature: 400 528 636 783 ©11 1039 1167 1205 1423 1530 1878 1806

(a) t=3.25ms

(d) t=3.73ms

(e) t=3.92ms

had been drawn into the flow field, causing combustion
reaction in the flow field, and the temperature rose accordingly;
the OH mass fraction increased, but it’s mainly distributed in
local areas where vortex rings existed. After that, the speed of
the gunpowder gas further decreased and was lower than the
speed of the projectile; the projectile passed through the
muzzle shock wave and a shock wave was formed on its head,
as shown in Figure 9 (c-f).

Figure 10 is the temperature cloud of the YOZ section at 9D
on the right side of the muzzle. The temperature changes at
three moments showed that, the combustion was initiated from
the boundary area of the flow field. As the jet boundary curled,
more air had been drawn it, the combustion spread inside, and
high temperature areas increased. At the same time, the size of
the shockwave bottle first increased and then decreased in the
radial direction, also in Figure 9, it can also be observed that
this was because the muzzle gunpowder gas density and
pressure were decreasing. Figure 11 shows the pressure
distribution on the projectile surface at t=3.25ms, t=3.42ms,
t=3.55ms and t=3.73ms. Figure 12 shows the pressure changes
(left) and temperature-OH changes (right) of the projectile
surface along the x direction at the corresponding moments. In
general, the pressure on the surface of the projectile decreased,
when the projectile just came out of the muzzle, the pressure
on its head was relatively high; in process of the projectile
passing through the gunpowder gas flow field, the pressure on
its tail was relatively high; when the projectile had completed
passed through the flow field, the pressure on its head was
relatively high. The temperature and OH distribution curves
showed that when the projectile intersected with the front end
of the shockwave bottle, intense combustion reaction occurred
on the surface of the projectile, while at other moments, the
combustion reaction was weak or there’s no combustion
reaction at all.

OH: 200E-05 820E-04 162E-03 242E-03 322E-03 402E-03 482E-03

(f) t=4.10ms

Figure 9. Muzzle flow field temperature cloud at the y=0 section and OH distribution cloud at the z=0 section
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Temperature:

(a) t=3.25ms

400 627 654 781 908 1035 1162 1289 1417 1544 1671

00

(b) t=3.42ms
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Figure 10. Temperature cloud of YOZ section at 9D on the right side of the muzzle
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Figure 11. Pressure distribution on the surface of the projectile
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Figure 12. Pressure changes (left) and temperature-OH changes (right) of the projectile surface along the x direction at different
time moments

5. CONCLUSION

The mesh-less method has received wide attention due to its
inherent superiority, flexibility, and variability. However,
when dealing with complex flow fields with moving
boundaries, its performance is far less mature than the
unstructured mesh method; especially in terms of 3D problems,
its point cloud calculation and flux calculation are more
complicated, therefore, few studies have been conducted on it.
Targeting at the problem of topological structure changes in
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the point cloud caused by the large displacement movement of
the projectile in the three-dimensional muzzle flow field, this
paper successfully designed a 3D dynamic mesh-less
algorithm. The dynamic point clouds near the large
displacement boundary were processed using the local
reconstruction method, and the weighted-point filling strategy
was adopted to generate the new point clouds. The convective
flux term of the ALE-form Euler governing equation was
calculated using the AUFS format, the time-division method
was introduced to solve the stiff problem of the chemical



reaction calculation, and the terms in the governing equation
were decoupled. The calculation of the flow field around the
high-speed flying projectile with the angle of attack verifies
the effectiveness of the algorithm. At last, the proposed mesh-
less method was applied to calculate the high-speed non-
equilibrium reaction muzzle jet flow field with high-speed
moving projectile. The calculation results showed that the
complex shock wave structure in the flow field had been
captured, and the non-equilibrium chemical reaction was
effectively simulated in the study, exhibiting the phenomenon
of the second muzzle flame. The multi-scale problem of time
and space in the flow field calculation had been solved,
indicating that the proposed LSM method was feasible, and
this paper provided a new solution for the high-speed non-
equilibrium reaction jet problems.
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