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ABSTRACT

The detonation wave propagation and output properties have been analyzed for D-shape structure. Four initiation
modes were designed to compare wavefront profiles and output pressure distribution. Simulation results show that
three-array-nine-point initiation mode (Mode-III) brings about the most match-up wave front for D-shape structure.
Detonation output properties have great influence on fragment ejection velocity and distribution density. The statistical
results reveal that fragment parameters of Mode-III are the largest. Compared with Mode-III, the kinetic energies
of other three modes decrease by 31.6 per cent, 19.6 per cent, 4.5 per cent, respectively. The computational values
and normal curve of fragments distribution are obtained. From these analyses, it can be concluded that initiation
mode has great influence on output parameters of fragments. With the optimal initiation Mode-I11, ideal hitting angle
should be within the range of -10° to 10°, the probability of distribution density would be close to 70 per cent.
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NOMENCLATURE
Py, Detonation C-J pressure
Detonation velocity
A Parameter of JWL equation
B Parameter of JWL equation
R, Parameter of JWL equation
R, Parameter of JWL equation
E
G

Ccl

Young’s modulus

reek symbols
& Intersection angle
p Material density
® Parameter of JWL equation
v Poisson’s ratio
c Material yield stress
B Hardening parameter
Subscripts
o Chapman-Jouguet
1. INTRODUCTION

Since the first recognition of detonation phenomenon in
the last century, the propagation rule of detonation wave had
intrigued great concern. As one of typical research issues, the
behaviour and control of detonation wave propagation after
interactions such as regular reflection and Mach reflection®®
had been widely studied. In these studies, the detonation wave
could be affected by the diameter and curvature of charge
under certain conditions*5. Numerical simulation was a strong
tool for the investigation of detonation wave structure and
dynamics since the first three-dimensional wave was simulated
by Williams’, et al. By means of designing three kinds of shock

configurations, Teng® studied the induction zone structures
of oblique detonation waves with different Mach numbers.
Zhang® designed a double-layer cylindrical high explosives
configuration, where regular and irregular reflections of
detonation waves were observed in computational program. At
the collision point of Mach reflection, the maximum pressure can
be upto 4-time of Chapman-Jouguet pressure. Wei' investigated
detonation wave propagation of a D-shape confined structure
which was controlled by three initiation points.

In fact, detonation wavefront is mainly controlled by
initiation position and initiation number for a certain confined
structure. Multi-point initiation is a well-known method to
achieve a favourable wave' 2. In virtue of interactions of
detonation waves, an expected wavefront appears. However,
wavefront configuration would be quite complicated as the
result of wave collisions and convergences. Compared with
experiment, detonation wave propagation and ejection process
can be observed clearly by numerical simulation®*,

D-shape structure is a better scheme to achieve directional
dispersal of fragments. The purpose of research was to study the
influence of detonation configuration with multi-point initiation
on detonation output property. Four initiation modes were
designed to investigate the evolution processes of detonation
wavefronts by numerical simulation. The wave collisions and
wave convergences were observed in three-dimensional wave
configuration. At the same time, wavefront profiles and their
pressure distributions are described in detail. Ejection results
of fragments, such as ejection angle, fragment density, kinetic
energy in hit angle, are calculated and compared. Based on
these studies, the optimal initiation mode is obtained.
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2. PHYSICAL STRUCTURE AND INITIATION

MODES
2.1 Physical Structure

Usually the shape of confined shell for charge is cylindrical,
and the fragments are symmetrically arranged along the cylinder
circumference. However, D-shape geometric configuration has
compressed explosive charge on one side, while the fragments
are laid out on another side. This premade structure will lead
a higher density fragment cloud to explode toward the target,
which can not only increase the efficiency of explosive charge,
but enhances damage probability to targets. D-shape structure
is symmetric about the centreline, the larger curvature side
is metallic case and the smaller curvature side is double-row
spherical fragments. The condensed high energy explosive is
filled in the body case. The cross section of D-shape structure
is shown in Fig. 1.
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Figure 1. Cross section of D-shape structure.

2.2 Initiation Modes Design

To drive fragments in main ejection direction effectively, a
match-up wave is needed. According to the design of structure,
a match-up wave herein means that the final detonation wave
shape needs to fit upper shell profile well. So, the design of
initiation mode would be particularly important. That is because
the oblique collisions of detonation waves can make the wave
shape relatively flat if synchronous multi-point initiation mode
is used. It not only make the fragments produce higher ejection
velocity, but also makes fragments more concentrative. Namely,
increasing synchronous detonation points can improve hitting
ability.

Considering actual application of initiation mode, four
initiation schemes were designed for D-shape structure. Side
single initiation point (Mode-I), side three initiation points
(Mode-11), side three-array-nine-point initiation mode (Mode-
I and Mode-1V) are presented in Fig. 2. In Mode-I, the
initiation point is placed in the centre of the curved surface.
Three points are located on the middle cross section side
surface in Mode-II. The three points in each array of Mode-
III are placed in quartered point of generatrix. For Mode-1V,
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Figure 2. Four initiation modes: (a) Mode-I, (b) Mode-II, (c)
Mode-111, and (d) Mode-1V.

initiation points are middle point of generatrix, two points of
L/3 to middle point in axial distance. According to previous
studies, when intersection angle & is set to 19°, the kill kinetic
energy of fragments can be improved?,

3. NUMERICAL SIMULATION MODEL
3.1 Numerical Model

The three-dimensional finite element model is made up of
five parts including fragments, explosive, case, upper shell and
lid, which is calculated by LS-DYNA code. Lagrange method
can trace the boundaries of materials and display the whole
drive process from explosive initiation to fragment dispersion.
So explosive, case, upper shell, lid, and fragments are all
established with Lagrangian meshes. Sliding contact algorithm
is used for the contact between explosive and upper shell, while
surface-to-surface contact algorithm is applied between upper
shell and fragments. Three-dimensional finite element model
is shown in Fig. 3.

There are two rows of fragments along the upper shell, the
inner one has 34 fragments and the outer one has 33 fragments.
A total of 1206 fragments, 18 layers are arranged along the
axial direction.
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Figure 3. Three-dimensional finite element model for (a) section
view and (b) back view.

3.2 Material Model and Parameters

Comp B charge is used for explosive, meanwhile the
MAT HIGH EXPLOSIVE BURN material model and JWL
equation of state are adopted®. JWL can accurately describe
the characteristics of pressure, volume and energy of detonation
product in the driven process of detonation.

P= A[l—ije"w + B[l—i]e**zv L9 (1)
RV RV Vv

The detonation product pressure P is expressed as the
function of relative volume V and internal energy E, A, B, R,
R, and o constants are determined by tests, the parameters of
explosion property and the JWL equation of state are shown
in Table 1.

The steel material is used for the shell and case, elastic
and plastic deformation of the material is easily occurred under
detonation, so MAT PLASTIC KINEMATIC material model
is selected for the material model. The material of performed
fragments is steel ball. MAT RIGID material model is used to

Table 1. The detonation parameters of Comp B

p(ka/ P D, A B 2 R o
m?) (GPa) (m/s)  (GPa) (GPa) e 2

1650 25.0 7800 11418 52423 42 11 034
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ensure integrity of fragments in the process of ejection?®. The
main material parameters are shown in Table 2.

Table 2. The parameters of steel material

Material

3
model p (kg/m3) E (GPa) v ¢ (GPa) B
Plastic_
kinematic 7850 210 0.3 0.3 1.0
Rigid 7850 210 03 -

4. SIMULATION RESULTS AND ANALYSIS
4.1 Propagation Characteristics of Detonation Wave
On the basis of interaction mechanism of multi-point
initiation of detonation wave, four kinds of detonation
wave propagation characteristics are analysed in Figs 4-7.
The propagation process of detonation wave is described
respectively from initial initiation to wavefront reaching the
upper shell. The figures of detonation wavefront are described
by pressure contour.
Single detonation wave propagates with a spherical
structure, such as Mode-I. If two or more initiation points
are used, the collisions and convergences of these detonation
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Figure 4. Detonation wave propagation of Mode-1 at (a) t =
1.5 ps; (b) t=6.0 ps; (c) t=10.0 ps; (d) t=14.0 ps; (e)
t=16.0 ps; (f) t=19.0 ps; (g) t=19.5 ps; (h) t=22.0 ps.

() (9) (h)

Figure 5. Detonation wave propagation of Mode-11 at (a) t =
1.5 ps; (b) t=3.0 ps; (c) t=6.0 ps; (d) t=10.0 ps; (e)
t=13.2 ps; (f) t=14.0 ps; (g) t=14.5 ps; (h) t=20.0 ps.
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Figure 6. Detonation wave propagation of Mode-I11 at (a) t
= 1.5 ps; (b) t=3.0 ps; (¢) t=5.0 ps; (d) t=7.0 ps; (e)
t=9.0 ps; (f) t=11.0 ps; (g) t=13.2 ps; (h) t=14.5 ps.
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Figure 7. Detonation wave propagation of Mode-1V at (a) t =
1.5 ps; (b) t=3.0 ps; (¢) t=4.5 ps; (d) t=7.0 ps; (e) t=9.0
ps; (f) t=11.0 ps; (g) t=13.2 ps; (h) t=14.5 ps.

waves would appear. In Mode-I1, three detonation waves form
two Mach waves at 3.0 us and then continue to converge to
be one. When Mode-III and Mode-IV are adopted, initial nine
detonation waves interact to form six Mach waves at 3.0 ps.
Later, six waves continue to propagate, collide, and converge.
The wavefront of Mode-I reach the upper shell at 14.0 s,
which delays about 0.8 ps than other three modes. That is
because Mach wave has the characteristics of high speed and
high pressure. Therefore, the formative bumps of Mach waves
reach the upper shell first. Compared with Mode-1 and Mode-
I1, other two modes can obtain relatively good driving wave to
fit upper shell well.

Multi-wave interaction is a complicated process in which
the wavefront transforms from multiple irregular curved
surfaces to a smaller curvature surface after the detonation
wave interaction. The curvature of detonation wave has an
influence on its stability, and the larger curvature surface is
less stable. Flat detonation wavefront can make better driving
characteristics®®. In the case of Mode-III, the axial spacing of
initiation points is suitable, and the loading time to upper shell
is almost the same. In this condition, the wave curvature of
Mode-III is small and stable, and better driven capability can
be expected.
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4.2 Characteristics of Pressure Distribution

The pressure distribution and wavefront profile are
compared for four initiation modes, which are shown in Fig. 8.

When detonation wave reaches the upper shell and the
case, the blast compression wave expands outwards, whereas
rarefaction wave moves inwards. Expansion waves penetrate
into the reaction zone and attenuate detonation wave pressure.
Influenced by rarefaction wave, wavefront pressure close
to upper shell is 23 GPa, which is 8 per cent lower than the
detonation CJ pressure. Multi-point initiation modes have
some obvious pressure augment zones where collision and
convergence of multi waves occur. The maximum pressure is
up to 29 GPa, which increases by 26 per cent. Moreover, it can
be seen clearly that wavefront pressure of the side is lower than
that of the centre.

From four wavefront profiles, the most match-up wave
shape is produced by Mode-III. Enough initiation points and
adequate arrangement are all indispensible. It can be predicted
that the fragments would be ejected in a more focused way by
the match-up wave.
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Figure 8. Pressure distribution curve and profile of wave front:
(a) pressure distribution curve, and (b) wave front
profile.

4.3 Characteristics of Fragment Ejection

When explosive is initiated, the explosive energy is
stored inside the case until the explosive pressure exceeds the
fracture and yield strength of the case. Before breaking apart,
the upper shell will deform firstly to drive outer fragments,
thus the fragments obtain high ejection velocity. Fig. 9 shows
the ejection results of fragments at 80 ps for four initiation
modes.
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Figure 9. Fragments ejection results of four initiation modes
at 80 ps: (a) Mode-I; (b) Mode-II; (¢c) Mode-III; (d)
Mode-1V.

When using single-point mode, distribution is quite
uniform around the circumferential direction. The fragments
cloud has the same velocity in Mode-I. There are relatively
concentrative fragments that are driven in azimuthal direction
for other three initiation modes, where the Mach wave increases
the detonation pressure. At the same time, the velocity of
fragments in the centre is higher.

The proper detonation wave pressure and profile are
favourable for fragment spray. To extensively analyze the
effect of the detonation wave on fragments, average velocity,
distribution density, and total kinetic energy of fragments are
calculated. Table 3 shows the ejection results of fragments by
different initiation modes.

Table 3. Ejection results of fragments by different initiation
modes
Initiati Average Fragment Distribution  Total kinetic
nitiation - . Lo
mode velocity numbgr in den_5|ty in 30 energy of
(m/s)  30° (piece) (pieces/m?)  fragments (kJ)
Mode-I ~ 2046.6 1044 74.0 1956.2
Mode-II ~ 2087.0 1112 78.8 2153.6
Mode-1IT  2399.6 1154 81.8 2574.8
Mode-IV ~ 2387.6 1106 78.4 2464.3

The average velocity of Mode-III is 2399.6 m/s, which
is 1.17, 1.15, and 1.01 times the velocity of Mode-1, Mode-
IT and Mode-1V, respectively. If the lethal zone angle is 30°,
the distribution density of Mode-III is 81.84 pieces/m2. In
contrast with Mode-I11, the distribution density of other three
modes decrease by 10.5 per cent, 3.7 per cent, and 4.3 per cent,
respectively. That is to say, much more fragments are loaded to
spray into the lethal zone if Mode-I11 is chosen. The larger total
kinetic energy in lethal zone is the higher lethality performance
could be. The statistical results reveal that the total kinetic
energy of fragments of Mode-III is the largest. Compared with
Mode-I1I, the Kinetic energies of other modes decrease by 31.6
per cent, 19.6 per cent, and 4.5 per cent, respectively.
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4.4 Fragment Distribution

From these analyses, the Mode-II1 is the optimal initiation
mode which has an excellent output property of fragments.
The distribution density of fragments by initiation Mode-III
is computed, which is displayed in Fig. 10. The comparison of
computational data with experimental data shows a good fit.

To interpret these data, a fitted curve is done. The fragment
density is given by a Normal distribution of f(x) with respect
to ejection angle x, the mathematic model can be expressed as
Eqn. (2). Here, the geometric mean p = 0, standard deviation
o= 10.

x2

— 1 2102
f) 10v2r @
It can be observed that the distribution density is
symmetrical about the NN which is shown in Fig. 8(b).
Moreover, the largest number of fragments appears in
the direction of N"N. Within the range of -10° to 10°, the
probability of distribution density is close to 70 per cent. If the
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Figure 10. Distribution density of fragments vs ejection angle:
(a) experimental data, and (b) computational data.
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target comes into the ejection angle (-10°, 10°), a large number
of effective fragments would be ejected toward the target. It
has been proved that the damage efficiency of Mode-III is
excellent.

5. CONCLUSION

Three-dimensional simulations were carried out to
investigate the detonation wave propagation and detonation
output properties for D-shape structure. Detonation wave
configuration has great influence on fragment ejection, whereas
wave configuration is controlled by initiation mode for a certain
structure. Here, four initiation modes are designed to study the
detonation wavefront profiles. Spherical wave propagation,
collision and convergence are all observed, and pressure
distributions of wavefronts are obtained. Simulation results
show that three-array-nine-point initiation mode (Mode-III)
can produce a match-up wave. Considering output property of
detonation, the average velocity, ejection angle, distribution
density, and total kinetic energy of Mode-III are all larger than
those of other modes. Thus, it can be drawn that Mode-III
provides an ideal detonation wave to obtain the largest lethal
performance in hitting angle, and the fragment density fits a
normal distribution.
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