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ABSTRACT

Cavities and other fracture structures within energetic materials may have significant impact on their performance. The mechanism on how
hot spots induced by cavity collapse affect the detonation initiation process is still not fully understood. In this work, two-dimensional simula-
tions are conducted for heterogeneous LX-17 energetic material containing array-distributed cavities to investigate the detonation initiation
process induced by the impaction of the incident shock wave (ISW), and the impacts of cavity size and volume fraction on the shock-to-
detonation transition (SDT) are also evaluated. First, we fix the cavity radius to be 40 lm and the cavity volume fraction to be 12.57%, and
compare the detonation initiation processes for neat and heterogeneous LX-17 energetic materials. The results indicate that cavities within
LX-17 can accelerate the detonation initiation, i.e., shortening the initiation distance and time. Then, the flow characteristics and incident
shock wave evolutions during the cavity collapse process are analyzed. The results show that the interaction between the cavity and the inci-
dent shock wave results in the local hot spots and causes LX-17 reactant to auto-ignite, so as to accelerate the shock-to-detonation transition.
Finally, the influence of the cavity size and volume fraction on the detonation initiation process is assessed. It is found that as the cavity vol-
ume fraction increases, the detonation initiation distance and time increase and even become larger than the results predicted of the neat
case, i.e., the acceleration effect of cavities on the detonation initiation weakens and the cavities even inhibits the shock-to-detonation transi-
tion. When the cavity volume fraction is fixed, it is found cases of small-size cavity predict longer initiation distance and time than cases of
large-size cavity. The analysis indicates that increasing cavity volume fraction corresponds to smaller density of LX-17 reactant, and the hot
spot duration time is shorter for cases of small-size cavity than cases of large-size cavity. Therefore, the detonation initiation distance and
time increase as the cavity volume fraction increases and the cavity size decreases.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0174851

I. INTRODUCTION

During the manufacturing of energetic materials, imperfections
may occur, such as air bubbles or foreign particles, leading to internal
cavities and defects.1,2 The internal structure of heterogeneous ener-
getic materials has a significant impact on their performance.3–6

Energetic materials, including explosives, propellants, and pyrotech-
nics, release energy through chemical reactions. The cavity in heteroge-
neous energetic material can impact its behaviors under shock waves,
thus influencing crucial properties such as burn rate, pressure, and
temperature and result in decreased performance and uneven burn-
ing.7,8 Hence, comprehending how internal cavity structure affects the

flow and reaction plays a critical role in the design and optimization of
heterogeneous energetic materials.

Early studies focused on analyzing the flow evolutions during a sin-
gle cavity collapse process induced by the impaction of the incident
shock wave and the effects of chemical reactions were usually
ignored.9,10 The results revealed that the jet induced by the cavity col-
lapse played a critical role in local temperature rise, i.e., hot spot forma-
tion. Then, the influence of key factors such as the cavity shape and the
angle between the incident shock wave and the non-circular cavity on
hot spot formation was further studied.11–13 Recently, Michael et al.14,15

employed a high-precision numerical procedure to characterize the
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wave structures during the cavity collapse process for nitromethane sep-
arately under reactive and non-reactive conditions. They numerically
resolved the detailed flow characteristics resulting from the interaction
between the incident shock wave and air–nitromethane interface. The
effects of cavity collapse on temperature growth rates were quantized.15

In addition, the collapse process of multiple cavities impacted by an inci-
dent shock wave was also investigated,16–18 and the results indicated that
interaction among waves induced by adjacent cavities could increase the
local pressure peaks so as to affect the formation of hot spots.17

Although the cavity collapse induced by the incident shock wave
can lead to hot spots formation and significantly affects the local tem-
perature in heterogeneous energetic material, the effects of shock-
induced cavity collapse on the full detonation initiation process, i.e.,
shock-to-detonation transition (SDT), have only recently become fea-
sible to be evaluated due to advances in computing resources and pro-
grams.19–21 Mi et al.19 numerically observed the SDT process for liquid
nitromethane filled with air cavities. They found air cavities within
nitromethane could accelerate the strong incident shock wave develop
to the detonation wave but prevent the SDT when the shock wave is
weak.19 The impacts of cavity distributions on the detonation initiation
process were also assessed, and the interaction among cavities was con-
sidered crucial for the SDT process.20 In addition, Rai et al.21 employed
an image-based level-set representation method to obtain the actual
mesoscale structure of the cavity in a solid heterogeneous energetic
material and evaluated how the irregular cavities affect the detonation
initiation and propagation process. The results revealed that micro-
structures significantly impacted the ignition behavior of the energetic
materials, emphasizing the critical role of microstructural details, such
as void size, distribution, and orientation in the detonation initiation
process.

In summary, cavities within heterogeneous energetic materials
collapse when impacted by the incident shock wave and then induce
hot spots. The mechanism of hot spot generation is well-understood,
i.e., the interaction among density interfaces and shock waves during
cavity collapse leads to the local temperature increasing (the formation
of hot spots). However, how these hot spots affect the subsequent deto-
nation initiation process has not been well studied and it is still not
clear whether hot spots under different conditions accelerate detona-
tion initiation. It is necessary to understand how some key factors,
such as the cavity volume fraction and size, affect shock-to-detonation
transition, which motivates the present work.

The present work aims to study how cavities within heteroge-
neous energetic material affect the detonation initiation process under
the impaction of an incident shock wave, i.e., the shock-to-detonation
transition. As a composite material consisting of a fuel and an oxidizer,
LX-17 has high energy density and is attractive for use in high-
performance propulsion systems.22,23 In this work, two-dimensional
numerical simulations on the scale of detonation induction length are

conducted for heterogeneous LX-17 containing cavities. It is assumed
that the circular cavities within the LX-17 arrange in regular arrays.
The detonation initiation processes for neat LX-17 (no cavities
included) and heterogeneous LX-17 energetic material impacted by
the same incident shock wave are compared at first. Then, the flow
characteristics and shock wave evolutions are analyzed to show how
cavity collapse accelerates the LX-17 react. Finally, the influence of cav-
ity volume fraction and size on the shock-to-detonation transition is
evaluated.

The paper is organized as follows. The model and numerical
methods are introduced in Sec. II. Then, the shock-to-detonation tran-
sition for heterogeneous LX-17 containing cavities is simulated and
discussed in Sec. III. The conclusions are summarized in Sec. IV.

II. NUMERICAL MODEL AND METHODS

The simulation domain is depicted in Fig. 1 and covers a rectan-
gular region with length L and width H. The left boundary is set to
zero-gradient, while the right boundary is modeled as a supersonic
outlet. The top and bottom boundaries are set to cyclical. Region I
(x< 0.1mm) is filled with high-pressure LX-17 product (LX-17P) to
generate the incident shock wave. Atmospheric LX-17 reactant (LX-
17R) covers region II (x> 0.1mm), while circular cavities covering
region III are regularly arranged within LX-17 reactant. The cavity
radius is denoted as r, and the distance between adjacent cavities is
defined as d. Regions II and III consist of square cells containing a sin-
gle cavity arranging side by side, and the volume fraction of the cavity,
VC, is defined as

VC ¼ pr2

d2
: (1)

In the simulations,H is set to d and L equals to 15mm. The initial
field is assumed to be stationary and other values at t¼ 0 are set to

ðp; q; yr; yp; yaÞ ¼

ð21GPa; 2505 kg=m3; 0; 1; 0Þ; ðx; yÞ � I

ð10�6 GPa; 1905 kg=m3; 1; 0; 0Þ; ðx; yÞ � II

ð10�6 GPa; 1:25 kg=m3; 0; 0; 1Þ; ðx; yÞ � III;

8>>>><
>>>>:

(2)

where q is density and p is pressure of the mixture. yr, yp, and ya are
mass fractions of LX-17R, LX-17P, and air, respectively, and the sum
of yr, yp, and ya equals to unity.

The Euler equations developed based on four-equation model are
used to describe the flow evolutions. Air, LX-17 reactant, and LX-17
product are assumed to be isothermal and isobaric. The governing
equations are

FIG. 1. Schematic of the simulation domain and initial settings.
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@q
@t

þr � qVð Þ ¼ 0

@ qVð Þ
@t

þr � qVVð Þ ¼ �rp

@ qEð Þ
@t

þr � qE þ pð ÞV½ � ¼ 0

@ qyað Þ
@t

þr � qVyað Þ ¼ 0

@ qypð Þ
@t

þr � qVypð Þ ¼ K;

(3)

where V¼ (u, v) is the velocity vector and E is the total energy. K is the
source term caused by chemical reactions. Rai et al.’s work11 has indi-
cated that the contribution of cavity collapse induced by jet flow to the
generation of hot spots significantly surpasses the frictional heating
and adiabatic shear banding. Hence, the stress terms are ignored in Eq.
(3). Similar simplifications are also employed in Refs. 4, 9, 24 The air is
modeled as the ideal gas. The Mie–Gr€uneisen equation24 is used to
characterize the states of LX-17 reactant and product as

pi ¼ pref ;i þ xiqi ei � eref ;ið Þ; (4)

where i represents the type of the species, either the reactant (i¼ r)
and the product (i¼ p). ei is the internal energy, and qi is the phase
density. pi is the phase pressure and pr¼ pp¼ p. xi is the Gr€uneisen
coefficient. The reference pressure and reference internal energy for
the LX-17 reactant and product are denoted as pref, i and eref, i, respec-
tively. Specifically, pref, i and eref, i are calculated using the
Jones–Wilkins–Lee (JWL) equations25–27 as

pref ;i ¼ Ai exp
�R1;iq0

qi

� �
þ Bi exp

�R2;iq0
qi

� �

eref ;i ¼ Ai

q0R1;i
exp

�R1;iq0
qi

� �
þ Bi

q0R2;i
exp

�R2;iq0
qi

� �
;

(5)

where Ai, Bi, R1,i, and R2,i are the coefficients calibrated according to
the experimental data. q0 is the reference density. Values of these coef-
ficients are referred to26,28 and listed in Table I. In addition, Cvi in
Table I is the heat capacity, and Q is the calorific value of the LX-17
reactant.

The Lee–Traver ignition and reaction model [see Eq. (6)],29

which has been widely used to characterize the ignition and reaction
process for energetic materials, is employed to calculate the reaction
rate as

dð1� kÞ
dt

¼ �K ¼ Ið1� kÞbðq=q0 � 1� aÞmWðkig;max � kÞ
þ G1ð1� kÞckdpnWðkG1 ;max � kÞ
þ G2ð1� kÞekgpzWðk� kG2 ;minÞ; (6)

where G1, G2, I, a, b, c, d, e, g, m, n, z, kig,max, kG1,max, and kG2,max are
the coefficients calibrated according to experimental data. k is the reac-
tion process variable, and k¼ yp/(yr þ yp).W is the Heaviside function.
For LX-17 reactant, the coefficients in Eq. (6) are referred to26,28 and
listed in Table II.

The in-house code, MEMD (multiphase energetic material deto-
nation), is developed to solve the governing equations. MEMD uses
the finite volume method. The second-order steepness-adjustable har-
monic (SAH) scheme30,31 is employed for reconstruction, and the
Harten-Lax-van Leer-contact (HLLC) approximate Riemann solver32

is used to calculate the convection fluxes. The third-order
Runge–Kutta scheme is employed for time integration. To ensure the
results in this work are reliable, the grid independence test and the pro-
gram verification are conducted in Appendix A and Appendix B,
respectively. For the simulations in Sec. III, uniform grids with
dx¼ dy¼ 0.39lm are used.

III. RESULTS AND DISCUSSION
A. The detonation initiation for the neat/
heterogeneous LX-17

The detonation initiation process initiated by the incident shock
wave for the neat LX-17 is simulated at first. Figure 2 plots the tempo-
ral pressure distributions and reaction process variable distributions. It
shows that the LX-17 reactant is compressed by the incident shock
wave and its pressure increases from 10�6GPa to 9.89GPa at t¼ 1 ls,
corresponding to the increased chemical reaction rate according to the
Lee-Traver ignition and reaction model in Eq. (6). Subsequently, the
compressed LX-17 reactant reacts and Fig. 2 indicates the reaction
front moves from x¼ 2.34mm at t¼ 1 ls to x¼ 4.44mm at t¼ 1.2
ls. At t¼ 1 ls, a significant pressure peak is observed near the reaction

TABLE I. Coefficients of the JWL equation for LX-17 reactant and product.

q0 (kg/m
3) Ai (GPa) Bi (GPa) R1,i R2,i Cvi (Pa/K) xi Q(GPa)

LX-17R 1905 77 810 �5.031 11.3 1.13 2.487� 106 0.8938 6.9
LX-17P 1905 1481.05 63.79 6.2 2.2 1.0� 106 0.5 0

TABLE II. Coefficients of Lee–Traver ignition and reaction model for LX-17 reactant.

I (s�1) a b c d e g m

4.0� 1012 0.22 0.667 0.667 1.0 0.667 0.67 7.0

n z kig,max kG1,max kG2,min G1[(10
11 Pa)�ns�1] G2[(10

11 Pa)�zs�1]

3.0 1.0 0.02 0.8 0.8 4500� 106 30� 106
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front, resulting from the convergence of pressure waves accompanying
reactions. Then, the pressure peak couples with reaction front and con-
verts to a detonation wave at t¼ 1.2 ls, as seen in Fig. 2. When t> 2
ls, the detonation wave has caught up with the incident shock wave
and converts to a stable propagating detonation wave. The detonation
wave propagation speed (SD) and the pressure at Von–Neumann spike
(PVN) predicted in this work are 7691.3m/s and 34.8GPa, respectively,
almost consistent with the results predicted by the Chapman–Jouguet
(C–J) theory, i.e., 7679.9m/and 34.8GPa.28 This further confirms the
reliability of numerical models and program used in this work.

Then, the detonation initiation process for heterogeneous LX-17
containing cavities is simulated. The cavity radius is set to 40lm and d
equals to 200lm; i.e., the cavity volume fraction is 12.57% according
to Eq. (1). Figure 3 displays the temporal density contours during the
detonation initiation and propagation process. It shows that the wave
front is periodically disturbed by cavities and becomes irregular.
Qualitatively, as seen in Fig. 3, the density behind the wave front is
highly uneven, causing varying reaction rates and impacting the deto-
nation initiation process.

Since the wave front is inhomogeneous due to cavity interference
during propagation, the average quantities along y direction are calcu-
lated to identify the position of the wave front. The average pressure
and reaction process variable distributions in the y direction at differ-
ent times are recorded in Fig. 4. Intense pressure oscillations behind

the incident shock wave, resulting from the periodic interruption of
cavities to the wave front, are observed in Fig. 4. Ignoring the pressure
and reaction process variable oscillations caused by the cavities, the
detonation initiation process for heterogeneous LX-17 in Fig. 4 is simi-
lar to that for neat LX-17 shown in Fig. 2. Both the shock-to-detona-
tion transition processes shown in Figs. 2 and 4 can be divided into
three stages. First, the incident shock wave compresses the fresh LX-17
reactant, triggering initial reactions. Then, pressure waves converge to

FIG. 2. Temporal pressure distributions (black lines) and reaction process variable
distributions (red lines) during the detonation initiation process for the case of neat
LX-17.

FIG. 3. Temporal density contours for heterogeneous LX-17 impacted by the incident shock wave. VC¼ 12.57% and r¼ 40 lm. (a) t¼ 0.3 ls, (b) t¼ 0.6 ls, (c) t¼ 0.9 ls,
(d) t¼ 1.2 ls, and (e) t¼ 1.5 ls.

FIG. 4. Temporal (a) pressure and (b) reaction process variable distributions during
the shock-to-detonation transition process for heterogeneous LX-17. VC¼ 12.57%
and r¼ 40 lm.
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form the shock-reaction structure, i.e., the temporary detonation wave.
Finally, the shock-reaction front catches up with the incident shock
wave, converting to the stable propagating detonation wave.

Pressure profiles for cases of neat LX-17 (as shown in Fig. 2) and
heterogeneous LX-17 (as shown in Figs. 3 and 4) are presented in x-t
diagrams in Fig. 5. The initiation distance, xi, is denoted as the distance
from the left inlet to the position reaction front catching up with the
incident shock wave and the time consumed in this process is defined
as the initiation time, ti. For the case of neat LX-17, xi equals to 7.4mm
and ti equals to 1.51 ls [as shown in Fig. 5(a)]. For the case of hetero-
geneous LX-17, xi is 4.7mm and ti is 1.07 ls [as shown in Fig. 5(b)].
Comparing with the case of neat LX-17, the initiation distance reduces
by 36.5% and the initiation distance reduces by 29.1% for the case of
heterogeneous LX-17, i.e., cavities significantly accelerate the shock-to-
detonation transition.

To explain how cavities accelerate the detonation initiation, the
probability density function (PDF), f(q, x), for the case of heteroge-
neous LX-17 are plotted in Fig. 6. Here, q is the volumetric heat release
rate. The maximum heat release rate for the case of neat LX-17, qmax,

neat, is also signed with the black lines in Fig. 6 as the reference. Figures
6(a) and 6(b) show the heat release rate in part of the region behind
the incident shock wave for heterogeneous case is significantly higher
than the maximum exothermic rate of the neat case at t¼ 0.6 ls and
0.9 ls. It indicates that cavities in heterogeneous LX-17 cause an
increased exothermic rate of the reactant compared to the case of neat
LX-17, resulting in the reactant ignites earlier so as to accelerate the
detonation initiation process. At t¼ 1.2 ls, the steady detonation wave
has formed and it is seen in Fig. 6(c) that the exothermic rate in the
region just behind the incident shock wave is remarkably high; i.e., LX-
17 reactant reacts right away after compressed by the leading shock
wave and the reaction front couples with the leading shock wave.

B. The formation mechanism of hot spots

To explain how cavities within heterogeneous LX-17 promote the
reactant release heat and accelerate detonation initiation, we take the
cavity at the first column as an example and analyze the wave evolu-
tions when it is impacted by the incident shock wave (ISW). Figure 7
shows temporal density and pressure contours during the cavity col-
lapse process. At t¼ 31 ns, it is seen in Fig. 7(a) that the incident shock
wave has not touched the cavity yet. Then, at t¼ 38ns [see Fig. 7(b)],
the incident shock wave interacts with the left reactant–air interface
(LRAI) and rarefaction waves (RW) are reflected upstream, causing
lower pressure in the left region of the cavity. Then, the incoming flows
toward the low-pressure region and converges at the center of the cav-
ity [see the streamlines shown in Fig. 7(c) at t¼ 50 ns], resulting in a
jet flow propagating along the line y¼ 0.1mm. At t¼ 60 and 65ns, as
Figs. 7(d) and 7(e) show, the jet flow impacts on the right reactant–air

FIG. 5. x–t diagrams of pressure profiles for cases of (a) neat LX-17 (as shown in
Fig. 2) and (b) heterogeneous LX-17 (as shown in Figs. 3 and 4).

FIG. 6. Probability density function, f(q, x), as a function of heat release rate, q, for
the case of heterogeneous LX-17 during the shock-to-detonation transition process.
The black dashed line is the maximum exothermic rate for the case of neat LX-17,
and the red line represents the position of the leading shock wave (LSW) front. (a)
t¼ 0.6 ls, (b) t¼ 0.9 ls, and (c) t¼ 1.2 ls.
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interface (RRAI), strongly compressing the surrounding LX-17
reactant and increasing local pressure and density. It is expected
that the reaction rate in compressed regions increases according to
Eq. (6) so as to promote LX-17 reactant ignite, i.e., inducing hot
spots.

Figure 8 displays the wave structures and exothermic rate con-
tours after the cavity collapses. At t¼ 58 ns, it is seen in Fig. 8(a) that
the jet flow impacts the right air–reactant interface, forming a trans-
mitted shock wave (TSW) and a reflected shock wave (RSW). In
Figs. 8(b) and 8(d), the TSW and the RSW move upstream and

FIG. 7. Temporal density contours (upper) and pressure contours along with streamlines (lower) during cavity collapse process. (a) t¼ 31 ns, (b) t¼ 38 ns, (c) t¼ 50 ns, (d)
t¼ 60 ns, and (e) t¼ 65 ns.

FIG. 8. Temporal numerical schlieren images (upper) and heat release contours (lower) during the cavity collapse process. The red arrows indicate the wave movement direc-
tions. (a) t¼ 58 ns, (b) t¼ 60 ns, (c) t¼ 65 ns, (d) t¼ 70 ns, and (e) t¼ 80 ns.
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downstream, respectively, compressing the reactant and giving rise to
high exothermic rates. It is seen in Fig. 8(e) that waves induced by
adjacent cavities collide at t¼ 80ns, compressing the reactant and
inducing it release heat. Comparing the results in Figs. 8(c) and 8(e), it
is noted that maximum exothermic rates in reaction regions separately
induced by cavity collapse and wave collision are the same order of
magnitude. It highlights that interactions among waves induced by
adjacent cavities also play a significant role in hot spot formations,
which is ignored in previous studies.

C. Impacts of cavity volume fraction and size
on the detonation initiation

In Secs. IIIA and III B, we have compared the detonation initia-
tion processes for neat LX-17 and heterogeneous LX-17, and the
regime how cavity collapse within heterogeneous LX-17 induces the
formation of hot spots and accelerates the shock-to-detonation transi-
tion is analyzed. Then, effects of cavity volume fraction and size on the
detonation initiation process for heterogeneous LX-17 are assessed in
this section. The settings for cases 1–9 are listed in Table III. Cases 1, 4,
and 7 share the similar cavity distributions, i.e., VC¼ 6.28% and
r/d¼ 0.1414. For cases 2, 5, and 8, VC¼ 12.57% and r/d¼ 0.2, while
VC¼ 25.13% and r/d¼ 0.2828 for cases 3, 6, and 9.

Figure 9 records the velocity of the leading shock wave, S, during
the detonation initiation and propagation processes for cases 1–9. In
Fig. 9(a), for cases 1, 4, and 7, the propagation speeds of successfully
initiated detonation waves equal to 7265m/s, 7272m/s, and 7321m/s,
respectively. For cases 2, 5, and 8 shown in Fig. 9(b), the detonation
propagation speeds are 6996m/s, 6992m/s, and 7033m/s, respectively.
For cases 3, 6, and 9, it is seen in Fig. 9(c) that the detonation propaga-
tion speeds are 6528m/s, 6521m/s, and 6548m/s, respectively. The
results suggest that the detonation propagation speeds are almost con-
sistent when the cavity volume fraction is fixed. According to the C–J
theory, the detonation wave propagation speed is determined by the
heat release. When the cavity volume fraction is fixed, the average heat
release per unit volume remains constant, resulting in almost
unchanged detonation wave propagation speed.

The initiation times and distances of detonation initiation pro-
cesses shown in Fig. 9 are counted in Fig. 10. It is observed that initia-
tion time and distance decrease with the cavity radius increases when
the cavity volume fraction keeps constant. Taking cases that VC equals
to 12.57% as instances, Fig. 10 shows that ti¼ 1.50 ls, 1.08 ls, and

0.78 ls, xi¼ 6.12, 4.84, and 3.52mm for cases of r¼ 20lm, 40lm,
and 80lm, respectively. When d is fixed to 200lm (cases 4, 5, and 6),
as the cavity volume fraction increases from 6.28% to 12.57% and then
to 25.13%, the corresponding initiation time increases from 0.98 ls to
1.08 ls and then to 2.15 ls, and the initiation distance increases from
4.71mm to 4.84mm and then to 8.39mm. However, ti¼ 0.78 ls and

TABLE III. Settings of cavity size and volume fraction for cases 1–9.

d (lm) r (lm) VC (%) r/d

Case 1 400 56.57 6.28 0.1414
Case 2 400 80 12.57 0.2
Case 3 400 113.14 25.13 0.2828
Case 4 200 28.28 6.28 0.1414
Case 5 200 40 12.57 0.2
Case 6 200 56.57 25.13 0.2828
Case 7 100 14.14 6.28 0.1414
Case 8 100 20 12.57 0.2
Case 9 100 28.28 25.13 0.2828

FIG. 9. The leading shock wave speeds vary with time during detonation initiation
processes for heterogeneous LX-17 of cases 1–9. (a) VC¼ 6.28%, (b)
VC¼ 12.57%, and (c) VC¼ 25.13%.

FIG. 10. The detonation (a) initiation times and (b) initiation distances for the case
of neat LX-17 and cases 1–9 of heterogeneous LX-17.
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xi¼ 3.78mm for case 1 (d¼ 400lm and VC¼ 6.28%), while ti¼ 0.77
ls and xi¼ 3.52mm case 2 (d¼ 400lm and VC¼ 12.57%), i.e., both
the initiation time and distance decrease as the cavity volume fraction
increases, showing an opposite trend with the cases d¼ 200lm. In
addition, ti¼ 2.14 ls and xi¼ 8.38mm for case 6 (d¼ 200lm and
VC¼ 25.13%), while ti¼ 2.75 ls and xi¼ 10.33mm for case 9
(d¼ 100lm and VC¼ 25.13%). Both detonation initiation distances
and times of these two cases are larger than the results of neat LX-17

(ti¼ 1.51 ls and xi¼ 7.4mm), i.e., cavities within heterogeneous LX-
17 for cases 6 and 9 inhibit the shock-to-detonation transitions.

The results shown in Fig. 10 highlight two issues. The first one is
that the SDT is more significantly accelerated for cases of larger cavities
than cases of smaller cavities when the cavity volume fraction is fixed.
The second one is that the SDT is inhibited when the cavity volume
fraction is large and the cavity size is small. These two issues are
explained below.

Temporal density contours during the first cavity collapse process
for case 2 (d¼ 400lm, r¼ 80lm, and VC¼ 12.57%) and case 5
(d¼ 200lm, r¼ 40lm, and VC¼ 12.57%) are illustrated in dimen-
sionless coordinates in Fig. 11. The cavity radius is set as the reference
length and the coordinate origin locates at the point x¼ 0.22mm and
y¼ 0.2mm for case 2 while at the point x¼ 0.26mm and y¼ 0.1mm
for case 5. It is seen in Fig. 11(a) that the density distribution at
t¼ 28ns for case 5 is almost consistent with that at t¼ 56 ns for case 2.
The similarity of flow structures is further verified in Fig. 11(b) where
density distributions for case 5 at t¼ 50 ns and case 2 at t¼ 100 ns are
plotted. Using r/u0 (u0 is the inflow velocity) as the reference time,
flow structures of case 2 and case 5 shown in dimensionless space and
time coordinates are similar. The similarity of the flow structures
between case 2 and case 5 is employed to explain why detonation initi-
ation distances and times for cases of larger cavities are smaller than
results for cases of smaller cavities as follows.

In Fig. 12, we mark the reactant in the first square cell and track
its density distribution over time. It is observed in Fig. 12(a) that part
of the LX-17 reactant is compressed and its density is significantly
higher than others after the cavity collapses. The jet induced by cavity
collapse develops, forming the spike structure as shown in Figs. 12(b)–
12(e). In addition, it is also seen that when the downstream cavities
collapse, the upstream propagating shock waves induced by collapse of
these cavities further compress the marked LX-17 reactant and
increase its density.

The PDF of the marked reactant density, f(q, t), is plotted in
Fig. 13. It is seen that the reactant density increases since the local

FIG. 11. Temporal density contours during the first cavity collapse process for case
2 (lower) and case 5 (upper) in dimensionless coordinates. (a) t¼ 28 ns for case 5
and t¼ 56 ns for case 2, (b) t¼ 50 ns for case 5, and t¼ 100 ns for case 2.

FIG. 12. Temporal density distributions of LX-17 reactant in the first square cell for case 5. (a) t¼ 0.1 ls, (b) t¼ 0.3 ls, (c) t¼ 0.5 ls, (d) t¼ 0.7 ls, and (e) t¼ 0.9 ls.
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cavity collapses at first. Then, the upstream propagating shock waves
induced by collapse of downstream cavities compress the reactant and
frequently increase its density. As the leading shock wave propagates
downstream, waves induced by downstream cavities become weaker
when it reaches to the marked reactant, resulting in weaker compres-
sion effects. In Fig. 13, we fit the peak density of the marked reactant
with blue line and it shows that the peak density decreases with time.
According to the flow similarity between case 2 and case 5 as shown in
Fig. 11, i.e., the flow state for case 5 at time t¼ t1 is approximately sim-
ilar to that for case 2 at t¼ 2t1, the red line representing the temporal
peak density of the reactant in the first square cell for case 2 is antici-
pated and plotted in Fig. 13. The results indicate that the peak density
for case 2 (r¼ 80lm) decays more slowly compared with that for case
5 (r¼ 40lm), i.e., intensity of hot spots induced by cavity collapse
decreases more rapidly for cases of heterogeneous LX-17 containing
smaller cavities. Therefore, initiation time and distance decrease with
the cavity radius increasing when the cavity volume fraction is fixed, as
illustrated in Fig. 10.

Although the results in Sec. III B indicate that cavity collapse
results in the formation of hot spots and reactant ignition, the detona-
tion initiation processes are inhibited for case 6 and case 9 when the
cavity volume fraction is large enough. To explain this point, the tem-
poral density PDF of reactant compressed by the incident shock wave
at t¼ 0.6 ls for case 4 (d¼ 200lm and VC¼ 6.28%), case 5
(d¼ 200lm and VC¼ 12.57%), and case 6 (d¼ 200lm and
VC¼ 25.13%) is counted in Fig. 14. It is seen that there are two PDF
peaks of the LX-17 reactant for all three cases. The first peak corre-
sponds to the compressed reactants far away from cavities, whose
value closed to the compressed reactant density of the neat case, i.e.,
2409 kg/m3. When the cavity collapses, LX-17 reactants surrounding it
fill the space, resulting in the density of nearby reactants decrease. As
the cavity volume fraction increases, more reactants fill the cavity space
and reactant density behind the incident shock wave reduces to lower
values. As expected, the second PDF peaks in Figs. 14(a)–14(c) corre-
sponding to reactants surrounding cavities for case 4 (VC¼ 6.28%),
case 5 (VC¼ 12.57%), and case 6 (VC¼ 25.13%), equal to
2343.3 kg/m3, 2302.5 kg/m3, and 2230.7 kg/m3, respectively. As a
result, the reaction rate decreases, while the detonation initiation

distance and time increase as the cavity volume fraction increases.
When the cavity volume fraction is large enough, the shock-to-detona-
tion transition is inhibited.

In summary, the cavity collapse causes local reactants are greatly
compressed within a short period of time, inducing formation of hot
spots and accelerating the detonation initiation. However, reactants
surrounding the cavity fill the void and the density of these reactants
decreases, resulting in the decreasing reaction rate and inhibiting the
shock-to-detonation transition. Hence, when the cavity volume frac-
tion is large enough, both the detonation initiation distance and time
for cases of heterogeneous LX-17 are larger than the results predicted
by the case of neat LX-17 (see case 6 and case 9 in Fig. 10); i.e., the

FIG. 13. The temporal PDF of the marked LX-17 reactant density, f(q, t), for case 5. The blue line is the fitted peak density evolutions for case 5, and the red line is the pre-
dicted peak density evolutions for case 2 according to the flow similarity between case 2 and case 5.

FIG. 14. The density PDF of reactants compressed by the incident shock wave at
t¼ 0.6 ls for (a) case 4 (d¼ 200 lm and VC¼ 6.28%), (b) case 5 (d¼ 200 lm
and VC¼ 12.57%), and (c) case 6 (d¼ 200lm and VC¼ 25.13%).
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detonation initiation process is inhibited. In contrast, when the cavity
size is large and the cavity volume fraction is small, the detonation ini-
tiation processes are significantly accelerated, as cases 1–3 in Fig. 10
show.

IV. CONCLUSIONS

This work simulates the detonation initiation processes in a het-
erogeneous LX-17 energetic material impacted by an incident shock
wave. The objective is to understand how cavities within LX-17 reac-
tant affect the detonation initiation. The mechanism of hot spot forma-
tion induced by cavity collapse is interpreted. Moreover, the effects of
cavity size and volume fraction on the shock-to-detonation transition
are assessed.

First, we compare detonation initiation processes between the
case of heterogeneous LX-17 (r¼ 40lm and d¼ 200lm) and the case
of neat LX-17. Compared with results of the neat case, the detonation
initiation distance and time for the heterogeneous case are reduced by
29.1% and 36.5%, respectively. The hot spot formation is found to play
a critical role in accelerating the shock-to-detonation transition. Then,
the flow characteristics and shock wave dynamics during the cavity
collapse are analyzed. The results indicate that the jet flow induced by
the cavity collapse impacts on the air–reactant interface and com-
presses the LX-17 reactant, resulting in the early ignition of the reac-
tant, i.e., forming the hot spots. In addition, the present results
highlight that interactions among waves induced by adjacent cavities
are also critical in hot spot formations, which is usually ignored in pre-
vious studies. Finally, detonation initiation processes for heterogeneous
LX-17 of different cavity volume fractions and sizes are simulated.
When the cavity volume fraction is fixed, the detonation initiation dis-
tance and time for cases of large cavities are smaller than those for
cases of small cavities, resulting from the slower decay rate of the hot
spot intensity according to the flow similarity analysis. As the cavity
volume fraction increases, more reactants surrounding cavities fill the
void after cavities collapse and densities of these reactants decrease,
resulting in the decreasing reaction rate and increasing detonation ini-
tiation distance and time. However, when the cavity volume fraction is
large enough and the cavity size is small enough, the detonation initia-
tion process is inhibited.

Note that the cavity radius considered in this work is much
smaller than the detonation initiation distance; i.e., the detonation
wave cannot be induced by collapses of few cavities. When the cavity
radius is large so that the detonation wave forms during the single cav-
ity collapse, conclusions drawn from this work are not applicable. In
addition, cylindrical cavities are assumed to be regularly arranged
within LX-17 material in this work. Although there is different from
the practical situation, these simplifications help to essentially explain
the mechanisms how the cavity size and volume fraction affect the
shock-to-detonation transition. In future studies, more realistic cavity
shape and distribution should be considered.
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APPENDIX A: GRID INDEPENDENCE TESTS

To demonstrate the results presented in this work are indepen-
dent of grids, detonation initiation processes with grid sizes of
0.78 lm, 0.39 lm, and 0.20 lm are simulated. The cavity volume
fraction is fixed to 12.57%, and the cavity radius equals to 40 lm.
Figure 15(a) shows the density contours are almost consistent for
cases of grid sizes equaling to 0.39 lm and 0.20 lm. The leading
shock wave speeds during detonation initiation processes for these
three cases are recorded in Fig. 15(b). Detonation initiation times

FIG. 15. Comparison of results predicted by cases of grid sizes equaling to
0.78 lm, 0.39lm, and 0.20lm. VC¼ 12.57% and r¼ 40 lm. (a) Density contours
at t¼ 55 ns for cases of grid sizes equaling to 0.39lm and 0.20lm and (b) the
leading shock wave speed varies with time for these three cases.
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for cases of grid sizes equaling to 0.78 lm, 0.39 lm, and 0.20 lm are
1.13 ls, 1.07 ls, and 1.05 ls, respectively. Hence, uniform grids
with size of dx¼ dy¼ 0.39 lm are accurate enough to ensure the
simulation results are independent of grids and used in this work.

APPENDIX B: CODE VALIDATION

In Sec. III A, we have compared the detonation wave velocity
predicted by the in-house code MEMD with the result predicted by
the C–J theory. To further valid the reliability of MEMD, the col-
lapse process of an air bubble within water is simulated. Figure 16(a)
shows the schematic of the simulation settings and the initial states
are set as

ðp; q; u; v; ywater; yairÞ

¼
ð10�6 Mbar; 1:2 kg=m3; 0; 0; 0; 1Þ ðx; yÞ � I

ð10�6 Mbar; 1000 kg=m3; 0; 0; 1; 0Þ ðx; yÞ � II

ð21Mbar; 1325 kg=m3; 680:5m=s; 0; 1; 0Þ ðx; yÞ � III;

8><
>:

(B1)

where q, p, (u, v), ywater, and yair are the density, pressure, velocity
vector, mass fraction of water, and mass fraction of air, respectively.
Figure 16(b) records the bubble shape evolutions predicted by this
work. The results show a good agreement with results provided by
Michael et al.14 The reliability of the mathematical model and pro-
gram used in this work is furtherly confirmed.

FIG. 16. The collapse process of an air bubble within water induced by an incident shock wave. (a) Schematic of the simulation settings and (b) the bubble shape evolutions
predicted in this work and results provided by Michael et al.14 Note the results are dimensionless, and the reference values are same with Michael et al.’s work.14

FIG. 17. Detonation initiation processes for heterogeneous LX-17 with staggered cavities impacted by the incident shock wave. VC¼ 12.57% and r¼ 40 lm. (a) Temporal den-
sity contours, (b) position, xi, and (c) propagation speed, S, of the leading shock waves vary with time for cases of staggered cavities and regular cavities.
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APPENDIX C: THE INFLUENCE OF CAVITY
ARRANGEMENT

The influence of cavity arrangement is evaluated in this appendix.
Different from the regularly arranged cavities above, cavities are
adjusted to staggered arrangement. The cavity volume fraction is set to
12.57%, and the cavity radius equals to 40lm. Figure 17(a) displays the
temporal density contours during the detonation initiation and propa-
gation process for heterogeneous LX-17 containing staggered cavities,
which is similar to the results shown in Fig. 3 predicted by the case of
regularly arranged cavities. Positions (xi) and propagation speeds (S) of
the leading shock waves both for cases of staggered cavities and regular
cavities are recorded in Figs. 17(b) and 17(c). Figure 17(b) illustrates
temporal positions of the wave fronts are almost consistent for these
two cases. As Fig. 17(c) shows, the detonation initiation times predicted
by cases of staggered cavities and regular cavities are closed and equal to
1.04 ls and 1.07 ls, respectively.

The results in Figs. 3 and 17 indicate that the cavity configura-
tion has little influence on the detonation process and initiation
time. In addition, this work focuses on assessing the effects of cavity
volume fraction and cavity radius on the shock-to-detonation tran-
sition. The influence of cavity arrangement on results is not the
focus. Hence, cavities are set to regular arrangement. The effects of
cavity arrangement on detonation initiation processes will be stud-
ied in future works.
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