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Abstract: This paper mainly investigates the influence of initiation mode and structural parameters of composite
charge on detonation waveform and kinetic energy conversion efficiency of driving shell. The simulation was carried
out by using AUTODYN software. The results provided the detonation waveform and the final kinetic energy of the
shell under different charge structure parameters and initiation mode, and the kinetic energy conversion efficiency
from the initial energy of the composite charge to the kinetic energy of the shell was calculated. The orthogonal
optimization method is used to study and analyze the kinetic energy and kinetic energy conversion efficiency of the
shell with three factors and each level, and the best parameter combination scheme is obtained. The three factors
are the detonation velocity matching relationship between the inner and outer explosives of the composite charge,
the initiation mode and the loading ratio of the inner and outer explosives. From the perspective of detonation
waveform, the results show that when the inner layer is high detonation velocity explosive and the outer layer is low
detonation velocity explosive, the detonation waveform is convex wave. On the contrary, under the explosive
matching relationship of low detonation velocity in the inner layer and high detonation velocity in the outer layer,
the detonation waveform is concave wave. From the perspective of the kinetic energy conversion efficiency of the
shell, the results show that the kinetic energy conversion efficiency of the shell is the largest under the charge
structure with the inner layer of low detonation velocity explosive and the outer layer of high detonation velocity
explosive, loading ratio of the inner and outer explosives is 0.25 and the initiation mode is the initiation of the center
point at the bottom of both ends. The research results can provide support for the design of composite charge
structure.

Keywords: Detonation waveform; Detonation mode; Composite charge structure; Kinetic energy conversion
efficiency

1. Introduction

The propagation of detonation waveform is a key phenomenon in the process of explosion. The
charge structure and initiation mode are important factors affecting the propagation of detonation
waveform, which directly determine the propagation law, pressure and energy release of detonation
waveform. The energy output characteristics of a single charge structure are basically fixed, and the
means of regulating the detonation waveform are limited. However, for a composite charge structure,
the detonation waveform can be changed by regulating the charge structure and initiation mode of the
inner and outer layers of explosives. Therefore, in order to optimize the detonation waveform and
improve the kinetic energy conversion efficiency of the shell, it is necessary to carry out research on the
charge structure and initiation mode of the inner and outer layer explosives for regulating the composite
charge.

Optimizing the initiation mode design to change the detonation waveform and then studying the
output characteristics of explosion energy is one of the main research directions in this field now. At
present, a large number of scholars are focusing on studying the regulation of detonation waveforms by
changing the initiation mode, and then investigate the characteristics of detonation energy output. Gu
et al. [1] studied the distribution law of explosion shock wave field by changing the single detonation and
combined detonation when the warhead is a single charge TNT. Li et al [2] studied the propagation law
of shock wave and the influence of overpressure field distribution under the single charge trapezoidal
warhead by means of multi-point detonation on the central axis. In the case of a single charge of the
warhead, Wang et al. [3] analyzed the influence of different detonation mode on the distribution of the
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initial velocity of the fragment along the axial direction of the warhead, and then studied the influence
of the detonation method on the lethality of the warhead. Miu [4] studied the influence of bilinear
symmetric detonation mode on the propagation characteristics of axial detonation waveform and the
distribution of detonation pressure of strip charge with single charge. Deng et al. [5] studied the fragment
velocity distribution and energy output characteristics of the warhead with elliptical cross section under
different detonation modes. Guo et al. [6] studied the variation laws of internal and external detonation
pressures of explosives under symmetrical bilinear initiation and unilateral linear initiation methods for
a single charge. Xiao et al. [7] investigated the changes in detonation waveforms and detonation
pressures under the charge structure of a single explosive 8701 by studying the initiation mode at one
end and both ends. Li et al. [8] studied the axial propagation characteristics of a single charge detonation
waveform by means of symmetrical bilinear initiation. Li et al. [9] studied the fragmentation and shock
wave characteristics of composite charges by changing two initiation modes: one that only detonates the
inner layer of explosives and the other that simultaneously detonates the inner and outer layers of
explosives. Zhang et al. [10] studied the influence of non-circular cross-section charge structures on the
evolution of detonation waveforms, fragment mass and initial velocity of fragments under different
initiation modes by changing the single-point initiation at the end, two-point initiation and three-point
initiation. Deng et al. [11] investigated the propagation, superposition and fragmentation velocity of
detonation waveforms under single-layer charge by studying four different eccentric initiation methods.
It can be seen that the current method of optimizing the initiation mode and thereby regulating the
waveform has broad prospects and significance for improving the velocity distribution, overpressure
distribution, debris mass and motion distribution of the shell.

In addition to the initiation mode, the charge structure also has a significant impact on the
propagation characteristics of the detonation waveform. The propagation process of the detonation
waveform within the charge structure is restricted by multiple factors such as the internal structure of
the composite charge and the properties of the explosive material. Different charge structures will
directly affect the pressure distribution, waveform characteristics and energy release of the detonation
waveform. Therefore, optimizing the charge structure design, enhancirig the propagation efficiency of
detonation waveforms, and improving the energy output characteristics are important research
directions in this field. In terms of the regulation of charging structure parameters, Zhang [12] studied
the detonation energy output and shock wave sensitivity of the composite charge by changing the radius
ratio and height ratio of the inner and outer layers of the high-sensitivity explosive based on HMX and
the insensitive explosive based on TATB. Yin [13] studied the fragment driving ability and shock wave
overpressure characteristics in the fully prefabricated composite charge fragment warhead through
simulation and experiment. Niu [14] studied the variation of underwater explosion shock wave by making
GH-1 and GUHL-1 explosives into a composite charge structure with inner and outer layers and upper
and lower superposition. Shen et al. [15] obtained the detonation release law of 3,4-dinitrofurazanfuroxan
( DNTF ) based high detonation velocity explosive and high detonation heat explosive by narrow scanning
experiment and circular experiment. Hamada [16] studied the overpressure detonation process of
composite charge with outer layer of high detonation velocity explosive and inner layer of low detonation
velocity explosive. The results show that the overpressure detonation pressure of composite charge is
2.5 times that of CJ detonation pressure. Shi et al. [17] conducted two-point detonation of composite
cylindrical explosives containing RDX, Al powder, etc., so as to study the enhancement effect of near-
field shock wave power of explosives. Li et al [18] studied the energy output characteristics of coaxial
composite charge with shell under different detonation modes with polyurethane material as the
explosion-proof material, and the inner layer is 8701 explosive and the outer layer is RDX-based
aluminized explosive. Shen et al. [19] obtained the detonation waveform propagation characteristics of
coaxial double charge structures prepared by two types of aluminum-containing explosives with a
detonation velocity difference of 1.81mm/ microsecond between the inner and outer layers by using high-
speed scanning method and electrical measurement method, respectively. Wang [20] studied the stable
propagation of detonation waveforms and the expansion process of the cylinder in a single-layer PBX
cylinder through a combination of simulation and experiments. Ling et al. [21] studied the dispersion
characteristics of detonation waveform trace fragments by altering the structural parameters of fan-
shaped single and composite charges. Lu et al. [22] studied the fragmentation velocity by altering the
mass ratio of the charge inside a cylinder. Zhao et al. [23] studied the propagation and action process of
detonation waveforms by adding different partitions in the composite charge structure.

At present, most scholars focus on simply changing the initiation mode of the charge or attempting
to regulate the detonation waveform by adjusting the structure of the composite charge. However, there
are relatively few studies that combine the different composite charge structure with the initiation mode
to investigate the variation law of detonation waveforms. Especially, the research on artificially regulating
the detonation waveform by combining the composite charge structure with the initiation mode to
improve the kinetic energy conversion efficiency of the shell is relatively lacking. In this regard, in order
to achieve the optimization of detonation waveforms and enhance the kinetic energy conversion
efficiency of the shell, this paper discusses the influence of the optimized design of the composite charge
structure and the initiation mode on the propagation of detonation waveforms and the kinetic energy of



the shell. Through numerical simulation of a specific composite charge structure, the effects of different
initiation modes and the loading structures of inner and outer layers of explosives on the propagation of
detonation waveforms, the kinetic energy of the shell and the kinetic energy conversion efficiency of the
shell were evaluated. Taking the kinetic energy conversion efficiency of the shell as the index, different
composite charge structures and initiation modes were evaluated, and the optimal combination of
composite charge structures and initiation methods with high kinetic energy conversion efficiency of the
shell was obtained, providing a research basis for optimizing the detonation waveform and exploring the
energy conversion rate of explosives.

2. Composite Charge Structure Design

2.1. Composite Charge Structure

The composite charge structure used in this paper is shown in Figure 1, which mainly includes: inner
explosive, outer explosive and shell. The composite charge is a coaxial multi-layer cylindrical structure
with a height of 30 cm and a diameter of 11 cm. The thickness of the outer shell is 0.5 cm. The height of
the inner and outer explosives is consistent with that of the shell. T1 and T2 represent the diameter of
the inner explosive and the diameter of the outer explosive. The length of the T2 is 10 cm, and the length
of the T1 is depends on the loading ratio of inner and outer explosives.
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Figure 1. Structure Diagram of Composite Charge

2.2. Detonation Mode Design

In this paper, four kinds of initiation modes are used. As shown in Figure 2, there are four kinds of
initiation modes, which are initiation of the center point at the bottom of one end, initiation of the surface
at the bottom of one end, initiation of the center point at the bottom of both end and initiation of the
internal center point. Because the explosive in the inner and outer layers of the composite charge is set
as the explosive of the Lee Tarver equation of state, it cannot be directly initiated and can only be initiated
by impact, so the initiation explosive HMX with the equation of state of JWL is set in the composite charge.
The detonation waveform generated by the explosion of the explosive HMX initiation the inner and outer
layers of explosives. The position of the initiation explosive changes according to the change of the
initiation mode. Regarding the size of the initiation explosive, for both the initiation of the center point at
the bottom of one end and the initiation of the center point at the bottom of both end, the size of the
initiation explosive is 2cm along the X-axis and 3cm along the Y-axis. The initiation explosive size of the
initiation of the internal center point is 4cm along the X-axis and 3cm along the Y-axis. The size of the
initiation explosive for the initiation of the surface at the bottom of one end is 1.2cm along the X-axis
and 10cm along the Y-axis. The position of the initiation explosive can be seen from Figure 2.
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Figure 2. Four Initiation Modes



3. Finite Element Model Building

3.1. Establishment of Finite Element Mode/

AUTODYN (ANSYS 2022) software is used to numerically simulate the process of explosive explosion
and detonation waveform propagation. The calculation adopts the coupling of EULER and Lagrange. The
model scale is 1:1, and the unit system for modeling is cm-g-us. There are three parts in the calculation
domain, which are explosive, shell, and air. First, the air domain part is established using the Euler
algorithm (a commonly used algorithm for flu-id substances). Next, the inner and outer layers of explosive
and initiating explosive are directly added on the air domain. Then, the shell part is newly established
using the Lagrange algorithm (a commonly used algorithm for solid substances), and the model is a 2D
axisymmetric model. The Flow Out command is used to simulate the model with three free boundaries
on the air domain. The overall grid size is set to 0.1 cm x 0.1 cm. Thirty-one Gauge observation points
are set on the shell, and the interval between each Gauge observation point is 1cm. The diagram of the
calculation model is shown in Figure 3.

Flow Out
Shell Gauge Outer Explosive Inner Explosive Air Domain

Figure 3. The Calculation Model Diagram

3.2 Material Model Selection/

There are two kinds of explosives used in the inner and outer layers, CL20JJ1 explosive (hereinafter
referred to as CL-20 explosive) and TNTCAST]J1 explosive (hereinafter referred to as TNT explosive). CL-
20 explosive has high detonation pressure, good safety and stability. TNT explosive also has high stability
and strong safety. Both explosives can release a large amount of energy in a short time, produce
significant destructive power, and have a large detonation velocity difference, about 2280m/s, so it can
more clearly reveal the influence of high and low detonation velocity explosives on detonation
waveforms. The HMX explosive was selected as the initiation explosive, and the COPPER material was
used as the shell. In the study, AUTODYN simulation software was used to simulate the internal structure
of the composite charge. In the simulation, all the materials are selected from the finite element software
library, and the air adopts the ideal gas state equation. JWL and Lee Tarver state equations were used
for explosives. The specific parameters of the explosive state equation are shown in Table 1 and Table
2. Table 3 is the selected shell material density, state equation, strength model and failure model.

The JWL equation of state is described as follows [24] :

E

R W

In the formula, p is the product pressure, Mbar; v is the relative specific volume of the product, m3/kg;
E is the specific internal energy of the product, Mbar; A, B, R, R, and W are undetermined coefficients,
which are obtained by cylinder experiment.

Table 1. Parameter of JWL Equation of State for HMX Explosive

Detonation P A B

Velocity(m/s) (g/cm3) (Mbar) (Mbar) Ri Rz w

Explosive

HMX 9110 1.891 778.28 7.0714 4.2 1 0.3

The shock response process of explosive is simulated by Lee-Tarver trinomial ignition growth model.,

including the state equation of three stages. The first stage of the equation is the ignition stage. In the
early stage of the impact initiation, the hot spot is generated and the ignition is completed due to the
action of the incident shock wave. The second stage is the growth stage, which is the low-speed growth



stage of the hot spot outward diffusion; the third stage is the fast reaction stage, which spreads rapidly
on the basis of the hot spots formed in the early stage, so that the unreacted samples can quickly
complete the reaction and eventually grow into detonation. The trinomial ignition growth reaction rate
equation has good compatibility with the JWL equation of state of reaction products and unreacted
products, and is often used together to form a complete Lee-Tarver ignition growth model [25]. The
reaction rate equation of state of CL-20 and TNT in this paper uses the above-described form. The specific
equation is as follows [26]:

dF

5 =11 -FP(u-a)* + Gy(1-F)FIpY + Go(1- F)°F%*  (2)

In the formula, Fis the reaction ratio ( the ratio of the mass of gas explosive to the total mass of explosive
), B = p% -1[u is used to characterize the compressibility of the materialJo is the current density[Jg/cm3[]

p is pressure, Mbar; I0bJa[Ix[0G;[0cdy[]G,[le(Ja0z are constants, which can be obtained by parameter
fitting through pull analysis.

Table 2. Explosive Parameters of Lee Tarver Equation of State

Detonation p

Explosiv Velocity(m (g/cm [ b ax G c d y G e g =z
/s) 3)
1 S
cl20 9210 1942 743 0% 0201500667 O2% 2400377 1 2
TNT 6930 163 50 *2204 0 0 0 o 402220661

Shock state equation is described as follows [27] :

p={pH +Tple-ey)h =0
PoCoH b < O

In the formula,

— DPoCBM(1+p) — 1Py
[1<(s- 2 - H 7 2po

T

o (4)

PH

Here, I is the Gruneisen coefficient, pg is the initial density, g/cm3, p = p/po—l-

The Johnson-Cook constitutive model can better reflect the strain rate effect and temperature
softening effect of the material, and the expression is as follows [28] :

3

o= (A + Be")[1 + CIn|=]|[1 - (T"™] (5)

éO
In the formula, 0 is the true stress, Mbar, A is the yield stress under the reference condition, Mbar, B
and n are the strain hardening coefficient and strain hardening index, respectively. € is the true strain,
C is the strain rate strengthening coefficient, € is the actual strain rate, €q is the reference strain rate,
m is the temperature rise softening coefficient, T" = (T-T)/(Tm - T,), T is the experimental
temperature, K, T, is the reference temperature, K, and T, is the material melting temperature, K.

Table 3. Material Parameters and Models Used in Calculation

Failure
Model

Equation of

Material p (g/cm3) State

Strength Model




COPPER 8.9 Shock Johnson Cook  Plastic Strain

In order to analyze the influence of grid size on the numerical simulation, in this study, seven grid
sizes of 0.1 cm, 0.2cm, 0.3cm, 0.4cm, 0.5cm, 0.6cm and 0.7cm were selected to establish numerical
simulation models under the same charge structure and model. The maximum pressure values at the
same gauge point position in seven numerical simulation results were compared, and the comparison
results are shown in Figure 4.
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Figure 4. Grid Size Sensitivity Analysis

It can be seen from Figure 4, as the grid size decreases, the pressure value gradually tends to
stabilize. When the grid size gradually decreases from 0.7 to 0.1, the corresponding pressure value keeps
increasing. When the side length of the grid becomes 0.1cm, the pressure value tends to converge. Based
on this, the numerical simulation in this paper ultimately adopts a grid with a side length of 0.1cm, which
is reliable and reasonable.

To verify the accuracy of the numerical model, this study conducted a comparative verification of
the incident shock wave overpressure time-history curve and detonation waveforms based on references
[29] and [30]. As shown in Figuie 5, it is a comparison of detonation waveform simulations conducted
under the same charge structure and model. The first line is the detonation waveform numerical
simulation diagram of this aiticle, and the second line is the detonation waveform diagram in reference

[29]. By comparing this two, it can be seen that at the same moment, the detonation waveforms have
similar contours.

" q " The numerical simulation
L diagram of this artide

. il Detonation waveform diagram
= \ in reference [29]
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-

Figure 5. The comparison chart of detonation waveforms in the numerical simulation of this article with those in
reference [29].



Then compare the incident shock wave overpressure time-history curves. Field experiments were
conducted with reference [30], and the overpressure of the incident shock wave was tested. As shown in
Figure 6, it is a numerical simulation and experimental comparison chart of the incident shock wave
overpressure time-history curve under the same charge structure and model.
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Figure 6. Numerical Simulation and Experimental Comparison Chart of the Incident Shock Wave Overpressure Time-

History Curve

It can be seen from Figure 6 that the changing trends of the shock wave overpressure time-history
curves presented by the numerical simulation and the test results are very similar.

According to the detonation waveforms have similar contours between the numerical simulation
diagram of the detonation waveform in Figure 5 and the comparison diagram of the detonation waveform
in reference [29], and the variation trend of the shock wave overpressure time-history curve presented
by the numerical simulation and the test results in Figure 6 is very similar, the accuracy of the numerical
simulation method can be determined.

In this paper, the air domain all choose is 50cm * 50cm square. Figure 7 shows the detonation
waveform and the position distribution of the material in the air domain. It can be seen from Figure 7
that the detonation waveform and material distribution do not exceed the range of the air domain, which
can support the complete driving acceleration of the shell.

Air Domain Air Domain

a) Detonation waveform diagram[] Scheme 1) b) Material Distribution diagram[] Scheme 1)

Figure 7. Detonation Waveform and Position Distribution of the Material in the Air Domain Diagram

4. Simulation Condition Design

In this part, the simulation calculation is mainly carried out by controlling the matching relationship
between the detonation velocity of the inner and outer explosives, the loading ratio of the inner and outer
explosives and the initiation mode. A total of two explosives were used, of which the high detonation



velocity explosive was CL-20 and the low detonation velocity explosive was TNT. In the design conditions,
when the inner layer is a low detonation velocity explosive TNT and the outer layer is a high detonation
velocity explosive CL-20, the following is referred to as the “Inner Low and Outer High”. Similarly, the “
Inner High and Outer Low” can be obtained.

In this paper, the matching relationship of detonation velocity, the loading ratio of inner and outer
explosives and the initiation mode are selected as three factors, which are represented by A, B and C
respectively. Factor A set two variables, factor B and factor C set four variables respectively. Each
variable is represented by 1, 2, 3, 4. For example, B1, B2, B3 and B4 represent the four levels of the
loading ratio of the inner and outer explosives, respectively. Similarly, the two levels of the detonation
velocity matching relationship and the four levels of the detonation mode are also the same. The three
factors affecting the detonation waveform and the corresponding levels of each factor are determined
as shown in Table 4.

Table 4. Factor Level Design Table

Detonation Velocity Loading Ratio of

Maching Inner and Outer Initiation Mode
Relationship Explosives C
A B (T1:T2)

Level Al Inner High and Bl 05 C1 Initiation of the Center Point at

1 Outer Low ' the Bottom of One End
Level A2 Inner Low and B2 0.334 C2 Initiation of the Center Point at
2 Outer High ' the Bottom of Both End )
C3.Initiation of the Internal Center
B3 0.25 Point .
B4 0.2 C4 Initiation of the Surface at the

_E&t»)m of One End

According to the number of factors and levels, a totai of 32 schemes is designed as shown in Table
5.

Table 5 Scheme Design Table

Workin

Schem ‘(’:\:’o':gii;‘ig Schem a_ . Sche ‘(,:\Lo;zl(iitnig Schem Worlgir:\g
e n e Conditio me n e Condition
n
1 Al,B1,C1 _9 Al,B3,C1 17 A2,B1,C1 25 A2,B3,C1
2 Al,B1,C2 10 Al1,B3,C2 18 A2,B1,C2 26 A2,B3,C2
3 Al1,B1,C3 11 Al1l,B3,C3 19 A2,B1,C3 27 A2,B3,C3
4 Al,B1,C4 12 Al,B3,C4 20 A2,B1,C4 28 A2,B3,C4
5 Al,B2,C1 13 Al,B4,C1 21  A2,B2,C1 29 A2,B4,C1
6 Al1,B2,C2 14 Al,B4,C2 22  A2,B2,C2 30 A2,B4,C2
7 Al1,B2,C3 15 Al,B4,C3 23 A2,B2,C3 31 A2,B4,C3
8 Al,B2,C4 16 Al,B4,C4 24 A2,B2,C4 32 A2,B4,C4

5. Numerical Simulation Results Analysis

This part is mainly analyzed from two aspects. The first is about the composite charge under the
same detonation velocity matching relationship, changing the initiation mode and the loading ratio of
the inner and outer explosives, and observing the influence on the detonation waveform. Secondly, the
influence of the loading ratio and initiation mode of the inner and outer explosives on the kinetic energy
conversion efficiency of the shell is analyzed under the same matching relationship of the detonation
velocity of the composite charge with the same inner high and outer low.

5.1. Propagation Process of Detonation Waveform of Composite Charge
5.1.1 The Propagation Process of Detonation Waveform at “Inner High and Outer Low”’

When the inner layer of the composite charge is a high detonation velocity explosive CL-20 and the
outer layer is a low detonation velocity explosive TNT, the initiation mode and the loading ratio of the
inner and outer explosives are changed. The specific detonation waveform diagram is shown in Figure 8.



The transverse detonation waveform diagram has the same initiation mode, and the longitudinal
detonation waveform diagram has the same charge ratio of inner and outer explosives.
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Figure 8. Detonation Waveform Propagatlon Diagram of ‘Inner High and Outer Low” Scheme

It can be seen from Figure 8 that different detonation modes will produce different detonation
waveforms. Under the detonation velocity matching mode of "Inner High and Outer Low", no matter what
kind of initiation mode and explosive loading ratio, the overall detonation waveform is convex wave. A
convex waveform is formed by initiation of the center point at the bottom of one end. In the way of
initiation of the center point at the bottom of both ends, the detonation waveform is generated from the
bottom of both ends at the same time, forming a convex wave with two opposite directions. In the way
of initiation at the internal center point, the detonation waveform is emitted from the internal center to
both ends, and two convex waves in opposite directions are formed. A convex wave is formed by initiation
at the one end bottom surface. And with the decrease of the loading ratio of the inner and outer layers
of explosives, the overall convex wave is not smooth.

5.1.2The Propagation Process of Detonation Waveform at “Inner Low and Outer High”

When the inner layer of the composite charge is a low detonation velocity explosive TNT and the
outer layer is a high detonation velocity explosive CL-20, the initiation mode and the loading ratio of the
inner and outer explosives are changed. The specific detonation waveform diagram is shown in Figure 9.
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Figure 9. Detonation Waveform Propagation Diagram of “Inner Low and Outer High” Scheme

It can be seen from Figure 9 that the overall detonaticn waveform is a concave wave under the
detonation velocity matching mode of “Inner Low and Outer High”, no matter what kind of detonation
mode and the loading ratio of inner and outer explosives. With the decrease of the loading ratio of the
inner and outer explosives, the concave wave is less obvious.

5.2 Influence of Detonation Mode on the Kinetic Energy Conversion Efficiency of the Shell
The formula for calculating the kinetic energy conversion rate of the shell is as follows [31]:

n =El/E2 ged

In the formula, N represents the conversion efficiency of shell kinetic energy, E1 represents the shell
kinetic energy, and E2 represernts the initial internal energy of the total explosive. In this paper, the initial
internal energy of the total explosive includes the sum of the initial internal energy of the initiating
explosive HMX, the inner explosive TNT and outer explosives CL-20 at O time. The kinetic energy value
of the shell is selected from the maximum kinetic energy of the shell during the whole kinetic energy
propagation process. The kinetic energy of the shell and the initial internal energy of the total explosive
are originated from AUTODYN. In order to more clearly express the selection and location of the initial
internal energy value of the total explosive and the kinetic energy value of the shell, the scheme 1 is
taken as an example. As shown in Figure 10 and Figure 11, the selection and location of the initial internal
energy value of the total explosive and the kinetic energy value of the shell in Scheme 1 are listed.
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In the composite charge with the inner layer of all high detonation velocity explosives CL-20, the
outer layer of all low detonation velocity explosives TNT, and the loading ratio of the inner and outer
layers of explosives is 0.5, the effect of changing the initiation mode on the kinetic energy of the shell
and the kinetic energy conversion efficiency of the shell is shown in Figures 12 and 13.
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Figure 13. Influence of Detonation Mode on Kinetic Energy Conversion Efficiency of the Shell

It can be seen from Fig.12 that the kinetic energy of the shell propagates faster under the initiation
of the center point at the bottom of both ends(C2), and the kinetic energy of the shell reaches the
maximum value of 65.4777 Terg (1Terg = 1*1012J) among the four initiation modes. Under the internal
center point initiation (C3), the propagation speed of kinetic energy is similar to the initiation of the center
point at the bottom of both ends(C2), but the kinetic energy value of the shell is the smallest among the
four initiation modes, only 59.3347 Terg. The maximum shell kinetic energy value is 10.35 % larger than
the minimum kinetic energy value.

In the way of initiation of the center point at the bottom of one end (Cl), the kinetic energy
propagation speed is slow. Compared with the four initiation modes, the shell first obtains kinetic energy
by initiation of the surface at the bottom of one end (C4), but the growth rate of kinetic energy is slow. It
can be seen from Fig.13 that the kinetic energy conversion efficiency of the shell is up to 34.25 % under
the initiation of the center point at the bottom of both ends(C2). The kinetic energy conversion efficiency
of the shell obtained by the internal center point initiation(C3) is the lowest at 31.04 %, and the highest
value is 10.34 % higher than the lowest value.

5.3Influence of the Charge Ratio on the kinetic energy conversion efficiency of the shell

In the composite charge with the inner layer of high detonation velocity explosive CL-20 and the
outer layer of low detonation velocity explosive TNT, which is initiated by the center point at the bottom
of one end, the influence of the charge ratio on the kinetic energy of the shell and the conversion
efficiency of the kinetic energy of the shell is shown in Figure 14 and Figure 15.
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Figure 15. Influence of the Charge Ratio on the Conversion Efficiency of the Kinetic Energy of the Shell

As shown in Figure 14, when the loading ratio of inner and outer explosives is 0.5 (B1), the kinetic
energy propagation speed is fast, and the shell kinetic energy value reaches the maximum value of
62.9436 Terg in the four charge ratios. When the loading ratio of inner and outer explosives is 0.2 (B4),
the kinetic energy propagation speed of the shell is the slowest, and the kinetic energy value of the shell
is the smallest of the four charge ratio schemes, which is 52.4173 Terg. The maximum shell kinetic energy
value is 20.08 % larger than the minimum kinetic energy value. With the decrease of the loading ratio of
the inner and outer explosives, the kinetic energy of the shell shows a significant downward trend. As
shown in Figure 15, the kinetic energy conversion efficiency of the shell reaches a maximum value of
32.9 % under the condition that the loading ratio of the inner and outer explosives is 0.5. When the
loading ratio of the inner and outer explosives is 0.2, the kinetic energy conversion efficiency of the shell
reaches the lowest value of 30.95 %. The maximum shell kinetic energy conversion efficiency value is
6.3 % larger than the minimum value. With the decrease of the loading ratio of the inner and outer
explosives, the kinetic energy conversion efficiency of the shell gradually decreases. In summary, for the
composite charge with the matching relationship of inner high and outer low detonation velocity, and the
loading ratio of inner and outer explosives is 0.5, the highest shell kinetic energy value and shell kinetic
energy conversion efficiency can be obtained by initiating at the center point of both ends. Similarly, in
the composite charge with high inner and low outer detonation velocity matching relationship and
initiated by the center point at the bottom of one end, the highest shell kinetic energy value and shell
kinetic energy conversion efficiency can be obtained when the loading ratio of inner and outer explosives
is 0.5.



6 Multivariate Analysis Based on Orthogonal Optimization

In order to explore the influence of the initiation mode and the loading ratio of the inner and outer
explosives on the kinetic energy conversion efficiency of the shell, the orthogonal optimization method
is used for analysis.

6.1 Orthogonal optimization scheme design

The factor level design table is shown in Table 4. According to the size of the factors and the number
of levels, the orthogonal table is selected to design the test scheme, and the parameter combination of
the 16 tests is shown in Table 6.

Table 6. Test Scheme Design

Detonation Loading Ratio of
Scheme Velocity Inner and Outer Initiation Mode
Number Maching Explosives C
Relationship A B (T1:T2)
1 Al Bl C1
2 Al B2 Cc2
3 Al B3 C3
4 Al B4 C4
5 A2 Bl Cc2
6 A2 B2 C1l
7 A2 B3 C4
8 A2 B4 C3
9 Al Bl C3
0 Al B2 c4
11 Al BE3 C1
12 Al B4 Cc2
13 A2 Bl C4
14 A2 B2 C3
15 A2 B3 Cc2
16 A2 B4 C1

6.2 Analysis of Orthogonal Optimization Results

The 16 schemes of orthogonal test schemes listed in Table 6 are numerically simulated, and the results of shell
kinetic energy conversion efficiency n and shell kinetic energy E1 are shown in Table 7.

Table 7. Numerical Simulation Results of 16 Schemes of Tests

Scheme Factor Test Index
Number 1 2 3 n E1l(Terg)
A B C

1 Al Bl Cl 32.90% 62.944
2 Al B2 C2 32.57% 57.478
3 Al B3 C3 29.82% 51.185
4 Al B4 c4 31.71% 54.645
5 A2 Bl C2 35.22% 86.455
6 A2 B2 C1 33.49% 86.959
7 A2 B3 c4 35.04% 92.381




8 A2 B4 C3 30.85% 82.365
9 Al Bl C3 31.04% 59.335
10 Al B2 c4 32.18% 57.8

11 Al B3 Cl 31.08% 53.33
12 Al B4 C2 31.99% 54.254
13 A2 Bl c4 33.15% 81.083
14 A2 B2 C3 30.22% 78.601
15 A2 B3 C2 36.80% 97.493
16 A2 B4 Cl 34.17% 91.174

In the 16 schemes of tests, the shell kinetic energy conversion efficiency and shell kinetic energy

reached the maximum values in the 15th scheme of tests were: n = 36.8 % and E1 = 97.493,
respectively, and the corresponding test combination was A2-B3-C2. The minimum shell kinetic energy
conversion efficiency and shell kinetic energy occur in Scheme 3. Compared with the maximum shell
kinetic energy conversion efficiency and the minimum shell kinetic energy conversion efficiency, the shell
kinetic energy conversion efficiency increases by 23.41%. Compared with the maximum shell kinetic
energy and the minimum shell kinetic energy, the shell kinetic energy increases by 90.47%.
Figures 16 and 17 are the average values of factors and levels obtained by range analysis of shell kinetic
energy and shell kinetic energy conversion efficiency, respectively. Among them, in the part of
detonation velocity matching relationship, the abscissa is 0.76 (Inner Low and Outer High) and 1.31 (Inner
High and Outer Low) respectively. In the loading ratio of the inner and outer explosive, the abscissa is
the loading ratio of the inner and outer explosive, which is 0.2,0.25,0.334 and 0.5, respectively. In the
part of the initiation mode, the initiation mode cannot be expressed by specific numbers, so the four
initiation modes are replaced by 1.0 (Initiation of the Center Point at the Bottom of One End ), 2.0 (
Initiation of the Center Point at the Bottom of Both End), 3.0 (Initiation of the Internal Center Point) and
4.0 (Initiation of the Surface at the Bottom of One End).
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From Figure 16, it can be seen that when the detonation velocity matching relationship is the
0.76(Inner Low and Outer High), the loading ratio of the inner ana outer explosives is the 0.25, and the
initiation mode is the2.0(Initiation of the Center Point at the Bottom of Both Ends), the kinetic energy of
the shell reaches the maximum value. It can be seen from Figure 17 that when the detonation velocity
matching relationship is the 0.76 (Inner Low and Outer High), the loading ratio of the inner and outer
explosives is the 0.25 or 0.5, and the initiation mode is the 2.0 (Initiation of the Center Point at the Bottom
of Both Ends), the kinetic energy conversion eificiency of the shell reaches the maximum. By
comprehensively analyzing the optimal leve! of the three factors in Figure 16 and Figure 17, the optimal
level combination is determined to be A2-B3-C2.

7. Conclusions

In this paper, AUTODYN software is used to simulate and calculate the two kinds of detonation
velocity matching relationship, four kinds of loading ratio of the inner and outer explosives, and the four
kinds of initiation modes. Then, the detonation waveform diagram, shell kinetic energy and shell kinetic
energy conversion efficiency are compared and analyzed. Orthogonal design was used to study the shell
kinetic energy and shell kinetic energy conversion efficiency by three factors and levels of detonation
velocity matching relationship, loading ratio of inner and outer explosives and initiation mode, so as to
determine the best parameter combination scheme. Based on the research results, the following
conclusions are drawn:

(1) Under the same matching relationship of inner high and outer low detonation velocity, the overall
detonation waveform of composite charge is convex wave by changing the loading ratio of the inner and
outer explosives and detonation mode. Under the matching relationship of inner low and outer high
detonation velocity, changing the initiation mode and the loading ratio of inner and outer explosives, the
overall detonation waveform is concave wave, and with the decrease of the loading ratio of inner and
outer explosives, the concave wave is less obvious.

(2) In the composite charge with the matching relationship of inner high and outer low detonation
velocity and the loading ratio of inner and outer explosives of 0.5, the kinetic energy propagation speed
is fast under the initiation of the center point at the bottom of both ends, and the kinetic energy value of
the shell and the kinetic energy conversion efficiency of the shell reach the maximum values of 65.4777
Terg and 34.25 %, respectively. In the way of internal center point initiation, the shell kinetic energy
value and shell kinetic energy conversion efficiency are the smallest, which are 59.3347 Terg and 31.04
%, respectively.

(3) In the composite charge with the matching relationship of inner high and outer low detonation
velocity and the initiation of the center point at the bottom of one end, when the loading ratio of the
inner and outer explosives is 0.5, the kinetic energy propagation speed is fast, and the kinetic energy
value of the shell and the kinetic energy conversion efficiency of the shell reach the maximum values of
62.9436 Terg and 32.9 %, respectively. When the loading ratio of inner and outer explosives is 0.2, the
minimum shell kinetic energy value and shell kinetic energy conversion efficiency are 52.4173 Terg and



30.95 %, respectively. With the decrease of the loading ratio of the inner and outer explosives, the shell
kinetic energy and the shell kinetic energy conversion efficiency gradually decrease.

(4) Through orthogonal optimization, the best combination of shell kinetic energy and shell kinetic
energy conversion efficiency can be obtained as A2-B3-C2 (Inner Low and Outer High, Loading Ratio of
the Inner and Outer Explosives is 0.25, and Initiation of the Center Point at the Bottom of Both Ends).
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