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Abstract

A hybrid two-phase numerical methodology is used to investigate the flow-field subsequent to the det-
onation of a spherical charge of TNT with an ambient distribution of a dilute cloud of aluminum particles.
The interaction of the particle cloud with the contact surface results in Rayleigh–Taylor instability, which
grows in time and gives rise to a mixing layer where the detonation products mix with the air and afterburn.
At early times, the ambient particles get engulfed into the detonation products and ignite. Subsequently,
they catch up with the Rayleigh–Taylor structures, and the vortex rings around the hydrodynamic struc-
tures cause transverse dispersion that results in the clustering of particles. Then, the particles leave the mix-
ing layer and quench, yet preserve their hydrodynamic foot print. Preferential heating and combustion of
particles occurs due to clustering. A higher initial mass loading in the ambient cloud results in larger clus-
ters due to stronger/larger vortex rings around the hydrodynamic structures. A larger particle size results in
the formation of fewer and degenerate clusters when the initial width of the cloud is larger. A theoretical
model is used to predict the bubble amplitudes, and are in good accordance with the simulation results.
Overall, this study has provided some useful insights on the explosive dispersal of dilute aluminum particle
clouds and the gas dynamics of the flow field in the mixing layer.
� 2010 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

The study of the interaction of a high explosive
generated flow field with reactive solid particles
has been undertaken recently [1–3], and is a field
of research gaining interest. Computational
simulations have shown that hydrodynamic
instabilities such as Rayleigh–Taylor [4] and
Richtmyer–Meshkov [5] occur in the flow field
behind blast waves [6–8], thereby resulting in a
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turbulent mixing layer where the inner detonation
products mix with the outer air and burn, accom-
panied by an exothermic energy release. Subse-
quent to the detonation, as the contact surface
overtakes the particles and engulfs them into the
detonation products, the particles introduce per-
turbations on the contact surface due to momen-
tum and energy absorption, which subsequently
grow into Rayleigh–Taylor instability [4]. Then,
the particles pick up significant momentum and
energy from the gas, are set into motion, and
catch up with the hydrodynamic structures.

The hydrodynamic instabilities on the contact
surface grow as bubbles of lighter fluid rising into
the heavier fluid, and spikes of heavier fluid falling
ute. Published by Elsevier Inc. All rights reserved.
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into the lighter fluid. Subsequently, a bubble
competition [9–11] ensues in which contiguous
hydrodynamic structures of different wavelengths
can interact and merge, giving rise to a mixing
layer (ML) where afterburn occurs between the
detonation products and air [6–8]. Concurrent to
these phenomena, the inward moving rarefaction
wave over-expands the flow near the core of the
charge—this creates a secondary shock (SS) that
implodes, reflects from the origin, then explodes
and interacts with the hydrodynamic structures
in the ML, giving rise to a Richtmyer–Meshkov
instability [5]. Here, vorticity is created by the
baroclinic mechanism, which further enhances
the mixing process and later results in a turbulent
ML.

The particles can either get completely
engulfed into the detonation products, or exist
in the ML, or penetrate into the outside air—
allowing for three possibilities for their existence
at a given time instant. As the particles disperse
outwards, they interact with the vortex rings
around the hydrodynamic instabilities in the
ML, causing them to cluster, as we will show in
this paper. In [7], we explored aluminum particles
of 10 lm radius and higher, and did not observe
any transverse dispersion of the particles due to
these larger particle sizes having slower response
time scales. In this paper, the focus is on 5 and
10 lm particle radius clouds, as these smaller par-
ticles have faster response time scales, which can
significantly affect their dispersion characteristics
as they can be influenced by the fluid dynamic
time scales of relevance in the ML; in particular,
the vortex rings around the Rayleigh–Taylor
structures play a prominent role in particle igni-
tion and dispersion as we will show in this study.

The main objectives of this paper are to under-
stand the interaction of an ambient cloud of alu-
minum particles with the detonation products of
a TNT explosion, with particular attention on
the effects of three-dimensional physics such as
hydrodynamic instabilities on the dispersion and
combustion of aluminum particle clouds in post-
detonation flow fields. The parameters of interest
in the study have applications in the investigation
of Shock Dispersed Fuel (SDF) charges [2] as well
as aluminized explosives. While this study consid-
ers aluminum particles due to recent interest in its
burning under shocked/detonation conditions
[12,13], the same approach can be extended to
magnesium and zirconium as well—other metals
widely used in explosives. The ignition, combus-
tion and clustering effects of the particle cloud
are studied in detail and explained. This paper is
organized as follows: in Section 2, we present
the governing equations and the numerical meth-
odology; in Section 3, the results from the current
study are reported and the involved physics eluci-
dated; finally, in Section 4, the conclusions drawn
from this research effort are presented.
2. Method of study

2.1. Gas-phase

We solve the compressible, unsteady, multi-
phase gas-phase equations using a finite-volume
method [14–16], not presented here for brevity.
Whereas the large scales are resolved, an eddy vis-
cosity ðmtÞ closure is used to model the small scales
[14–16], summarized below:

mt ¼ CmD
ffiffiffiffiffiffiffi
ksgs
p

; D ¼ ðDxDyDzÞ1=3
; ð1Þ

where ksgs denotes the sub-grid kinetic energy and
Dx;Dy and Dz are the local grid spacing in the x-,
y- and z-directions, respectively. ksgs is obtained
by solving a one-equation transport [14–16], with
the production ðP ksgsÞ and dissipation ðDksgsÞ of ksgs

obtained as P ksgs ¼ @
@xi
ð�qmt

@ksgs

@xi
Þ; Dksgs ¼ C��q

ðksgsÞ1:5
D .

Here, �q is the filtered gas density; Cm and C� are con-
stants [16]. Detonation profiles based on the Gas-
Interpolated-solid Stewart–Prasad–Asay (GISPA)
method [17] are computed from a 1D simulation
that assumes finite reaction rate, and are extrapo-
lated to a 3D sector grid [6,7]. In the afterburning
phase, the chemical reaction rate, _xk , is assumed
to be infinitely fast and a six-step chemistry is used
[7]. For thermodynamic closure, we employ the No-
ble–Abel equation of state [7], which is typically
used for post-detonation behavior of explosives.

A hybrid approach is employed that uses the
MUSCL shock-capturing scheme with the
HLLC/E Riemann solver [18] in regions domi-
nated by discontinuities, and a central scheme in
relatively smooth regions of turbulence [14]. Over-
all, the scheme is second-order accurate in both
time and space. Several canonical studies have
been carried out recently to verify the simulation
strategy and the numerical approach used in the
current hydrocode [7,14,15] with success.

2.2. Solid phase

The Lagrangian tracking approach is used to
compute the particle position and velocity vectors
from the forces acting on a particle; these kine-
matic equations are not summarized here for
brevity, and can be found in [7,16]. The heat
transfer between the two-phases is estimated
assuming convection and radiation, and is used
to obtain the solid particle temperature. The alu-
minum evaporation rate is obtained from the
widely used empirical quasi-steady evaporation
law following other studies [7,19]:

drp

dt
¼ � rp

tb
1þ 0:276

ffiffiffi
R
p

e
� �

; ð2Þ

where rp denotes the particle radius, tb is the burn-
ing time, and Re is the Reynolds number
(Re ¼ qj~ug�up j2rp

l ; ~ug is the filtered gas velocity, up

is the particle velocity and l is the viscosity of



Fig. 1. x–t diagram showing the trajectories of the
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the gas). Two regimes of aluminum combustion
exist: diffusion and kinetic [12,13], and appropri-
ate burn times need to be used. We use the evap-
oration law as specified in Eq. (2) with the burn
time data from [12], and assume the ignition tem-
perature of the aluminum particles to be 1000 K
[7].

A fourth order Runge–Kutta scheme is used to
solve the solid phase governing equations to
obtain the solid particle position vector, velocity
vector, temperature and radius. The coupling
terms that are source terms to the gas-phase are
computed as a summation, accounting for inter-
phase mass, momentum and energy transfer, and
are summarized in [7,16].
different waves. RT denotes Rayleigh–Taylor and RM
denotes Richtmyer–Meshkov.
3. Results and discussion

We consider a 5.9 cm radius TNT charge with
an ambient cloud of mono-disperse aluminum par-
ticles. A spherical sector grid spanning 2.4 m in
length and 45� in the azimuth ðhÞ and zenith ð/Þ
directions, is used with free-slip boundary condi-
tions along the sides, and outflow in the outermost
plane [7]. The TNT detonation products (C(S),
H2O, N2, CO) are initialized within the initial
charge radius with appropriate detonation profiles
[7] and ambient air outside. Aluminum particles of
5 lm radius are randomly distributed in the region
from outside the charge to a radial location of
8.68 cm, with g ¼ 1 (g is the mass loading ratio,
defined as the ratio of the mass of solid to gas in a
given control volume). We considered 1000X45
X45 (G1), 1000X60X60 (G2), 1000X75X75 (G3)
and 1000X90X90 (G4) grids, and our simulations
show that whereas G1 barely suffices to capture
the blast wave trajectory, overpressure, and ML
boundaries, G2 is required to capture rms of veloc-
ity and concentration profiles in the ML, and also
the particle clustering patterns’ spatial widths.
The finest grid, G4, produces nearly identical gas-
phase profiles and particle cloud trajectories as
G2 and G3. Thus, we employ G2 for this study.
The trajectory and overpressure of the primary
blast wave has been validated in [6,7]; there is, how-
ever, no known experimental data for the gas
dynamics of the mixing layer behind explosions.

3.1. Dispersion and ignition

After the completion of detonation within the
charge, a blast wave propagates outwards; the
contact surface overtakes the particles and engulfs
them (the first interaction event). An x–t diagram
(schematic) of the primary shock, secondary
shock, contact surface and particle cloud trajecto-
ries is presented in Fig. 1. The particles pick up
momentum and energy from the gas—introducing
perturbations on the contact surface during this
interaction, which subsequently grows into Ray-
leigh–Taylor [4] instability. Ignition occurs in the
cloud around t=to � 5 (to is the time required for
detonation completion in the initial charge), ini-
tially at the leading edge since it is closer to the
source of heat. Subsequently, the hydrodynamic
structures decelerate more than the particles, as
the latter have a higher inertia; this results in the
leading edge (LE) of the particle cloud to interact
with the hydrodynamic structures (the second
interaction event). Around t=to � 35, the second-
ary shock (SS) implodes inward as the pressure
has reduced considerably near the core due to
the earlier rarefaction wave; the trailing edge
(TE) of the particle cloud slows down as the local
gas velocity reverses. At the same time, the LE of
the cloud starts to emerge out of the hydrody-
namic structures, and thus the choice of the oxi-
dizer varies across the width of the particle
cloud for the aluminum combustion: it is O2 near
the LE (aerobic); is H2O near the TE (anaerobic);
and a combination of multiple oxidizers
ðCO2;H2O;O2Þ in the middle of the cloud that is
currently in the ML. By this time, about 75% of
the initial aluminum by mass has already evapo-
rated, indicating that most of aluminum evapora-
tion occurs primarily when the particles are
engulfed inside the detonation products. Around
the Rayleigh–Taylor structures, vortex rings exist
due to shear and baroclinic effects; during the sec-
ond interaction between the particles and the con-
tact surface, these vortex rings manifest transverse
velocities locally, causing the particles to also dis-
perse in the transverse direction, giving rise to
their clustering.

Subsequently, beyond t=to � 75, the particle
cloud leaves the ML, and is quenched shortly
due to the unavailability of heat in the relatively
cooler surrounding air; analysis shows that only
12% of the original aluminum mass remains un-
evaporated for the chosen rp and g. Once outside
the ML, the particles disperse mostly along the
radial direction, since vorticity effects are not as
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significant outside the ML, and so the particle
cloud maintains its clustered shape as it slows
down due to aerodynamic drag. Meanwhile, the
SS reflects from the origin (t=to � 120), subse-
quently explodes outwards and compresses the
structures in the ML [6–8], giving rise to a Rich-
tmyer–Meshkov instability [5]. Subsequently,
around t=to � 325, the SS catches-up with the par-
ticle cloud and penetrates it, thereby shrinking the
width of the cloud. However, the quenched parti-
cles do not re-ignite, as their interaction with the
SS occurs radially far away where the latter has
already attenuated by then.

3.2. Particle clustering

During the second interaction of the exploding
particle cloud with the decelerating hydrodynamic
structures, vorticity around the latter introduces
transverse velocities to the particles. Since the par-
ticles are dispersing from the inner to the outer
side of the ML, they interact first with the vortex
rings around the bubbles. These vortex rings exist
around the tip of the mushroom-like structures; in
regions between contiguous structures where the
fluid is primarily air only, vorticity is not as signif-
icant. This gives rise to preferential accumulation
(or clustering) of particles, illustrated chronologi-
cally in Fig. 2 (the view presented is that as seen
from the outermost plane of the sector looking
inwards at the origin). At early times (Fig. 2(a)),
the expanding particle cloud encounters the vor-
tex rings and begins to also disperse in the trans-
verse direction. Later, most of the transverse
dispersion is complete, and the particles are clus-
tered by t=to � 45 (Fig. 2(b)), and preserve their
hydrodynamic foot print even after leaving the
mixing layer (Fig. 2(c)). These clustering patterns
are similar to the ones reported by Ling et al. [20]
from a DNS study, albeit for planar mixing layers.

To better understand the actual clustering pro-
cess, we consider four groups of particles based
on their initial locations in the cloud: we denote
as C60, a collection of 100 randomly chosen parti-
Fig. 2. Clustering of particle cloud at times (a) t=to � 35; (b) t
been adjusted for better clarity.
cles initially located at radial location r ¼
ð6:0� 0:1Þ cm; as C70, a collection of 100 ran-
domly chosen particles initially located at radial
location r ¼ ð7:0� 0:1Þ cm; similarly, C80 to r ¼
ð8:0� 0:1Þ cm; and C86 to r ¼ ð8:6� 0:1Þ cm. Spe-
cifically, we track the average particle velocities
(juhj; ju/j) of each group, and the average local gas
velocity as seen by the particles corresponding to
each group, presented in Fig. 3 (only uh is presented
for brevity; the profiles are similar for u/). uh of each
group of particles rises fast at early times, as they
pick up momentum from the gas and are set into
motion. Around t=to � 20, the particles start to
interact with the vortex rings in the hydrodynamic
structures, as evident from the peaks observed in
Fig. 3(b). The transverse average local gas velocities
around t=to � 35 are �20 m/s—this creates the
transverse motion that results in the clustering
around the hydrodynamic structures. Beyond
t=to � 60, the average juhj and ju/j of the particles
and the local gas decrease rapidly, and asymptote
to zero due to the absence of vorticity outside the
ML.

3.3. Parametric study of particle clustering

3.3.1. Particle mass loading ratio
In addition to the above case, we also consider

g ¼ 2, for the same rp ¼ 5 lm and initial radial
extent of the particle cloud distribution (5.9–
8.68 cm). A higher g results in more perturbations
on the contact surface during the first interaction
event—consequently, more mixing and afterburn
[7], later resulting in stronger/larger vortex rings
around the Rayleigh–Taylor structures. The clus-
tering for g ¼ 2 is presented in Fig. 4(a); closer
observation reveals that due to larger vortex rings,
many clusters appear larger due to more trans-
verse dispersion. To quantify this transverse
motion, the average local gas transverse velocity
as seen by particle group C60 is presented in
Fig. 4(b) and, evidently, the gas transverse veloc-
ity components seen are slightly higher for the
g ¼ 2 case during the peak of the second interac-
=to � 45; and (c) t=to � 90. The scales of the figures have
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tion (t=to � 30). Moreover, near the region indi-
cated by the arrow, the gas transverse velocities
are higher by a factor of 1.5–2—a direct conse-
quence of more perturbations introduced to the
contact surface by the g ¼ 2 cloud, which
enhances clustering of the particles.

3.3.2. Particle size and distribution
To investigate the effect of particle size on the

clustering, we now consider rp ¼ 10 lm, with
g ¼ 1, and the cloud initially extending from
r ¼ 5:9–8:68 cm. Our analysis shows that this set
up does not form clusters—for these 10 lm radius
particles, ignition is delayed vis-à-vis the 5 lm
radius particles, due to which they are still suffi-
ciently large (�8–8.5 lm radius) during the second
interaction event. In comparison, the particles in
the 5 lm cloud easily ignite during their engulf-
ment into the detonation products, and are about
2.5–3 lm in radius during the second interaction
event; here, particle size during the second interac-
tion event decides whether or not clustering will
occur, as the inter-phase momentum transfer time
scales as r2

p. On the other hand, by considering
10 lm radius particle clouds corresponding to
g ¼ 1, but an initial distribution extending from
r ¼ 5:9–12 cm, clustering is observed and is pre-
sented in Fig. 5(a). A prima facie observation is
that fewer clusters are observed in Fig. 5(a) com-
pared to Fig. 2, and are also more degenerate due
to the larger particle size having larger momentum
transfer time scales. This study illustrates that
while a threshold particle size for the formation
of clusters may not be relevant, the particle size
that can result in clustering depends on the initial
width of the cloud, and presumably, also on the
initial charge size and choice of the high explosive.
Moreover, the transition from ‘clustering’ to ‘no-
clustering’ events is gradual, and so the definition
of what constitutes a cluster is rather ad hoc.
Thus, no attempt is made to ascertain a threshold
particle size for cluster formation.

In Fig. 5(b), the average local gas transverse
(ugas;h; ugas;/) velocities as seen by the particle group
C60 for rp ¼ 10 lm;g ¼ 1, and the initial particle
cloud extending radially from r ¼ 5:9–8:68 cm
and r ¼ 5:9–12 cm, are presented. As evident, the
transverse gas velocities seen by the particles are
higher, when the initial cloud width is wider and,
consequently, the clustering is more pronounced
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(similar comments hold for the other particle
groups, C70, etc.).

3.3.3. Relevant time scales
The time scales of the particles are estimated

based on their respective size and the local gas
properties during the second interaction event,
and are presented in Table 1. Here, the vortex
residence time denotes the approximate time a
particle resides in the vortex rings. Both particles
have burn times larger than the vortex residence
times—so they do not completely burn during
their interaction with the vortex rings. For the
5 lm particles, the momentum and heat transfer
time scales are significantly smaller than the vor-
tex time; thus, clustering occurs and, in addition,
also preferential particle heating (shown below).
However, for the 10 lm particles, the momentum
and heat transfer time scales are comparable to
the vortex residence times; thus, they are less
prone to transverse dispersion and clustering.

3.4. Aluminum combustion

After the particles ignite during their early
engulfment into the detonation products, their sus-
tenance of burning depends on the clustering
aspects, due to which preferential combustion of
particles occurs subsequently. Particles accumu-
lated in the afterburning regions around the hydro-
dynamic structures can burn longer than those in
the surrounding regions owing to the availability
Table 1
Relevant approximate time scales (in ls) for 5 and 10 lm
radius particles.

Time scale 5 lm 10 lm

Burn time [12] 1000 2000
Momentum transfer 40 160
Heat transfer 40 200
Vortex residence 200–300 200–300
of the afterburn energy, and is illustrated in
Fig. 6, corresponding to rp ¼ 5 lm;g ¼ 1, and the
initial cloud extending from r ¼ 5:9–8:68 cm. From
Fig. 6(a), significant particle temperature gradients
are observed to exist during this burning phase, as
evident from the transitions between the red and
the green regions1; this corresponds to the time
instant when the particles are interacting with the
hydrodynamic structures in the ML; later
(Fig. 6(b)) the particles quench and have clustered
around the hydrodynamic structures. The white
regions in (b) denote particle-free regions, demon-
strating significant transverse dispersion of parti-
cles upon interaction with the vortex rings in the
ML.

The exact amount of formation of aluminum
oxides can be quantified by investigating the
instantaneous total mass of AlO and Al2O3ðLÞ,
and is presented in Fig. 7, normalized with the ini-
tial mass of solid aluminum; the cases presented
here correspond to the initial cloud width from
r ¼ 5:9–8:68 cm. Once the particles are engulfed
inside the detonation products, since ignition
occurs earlier for aluminum particles of size
rp ¼ 5 lm than 10 lm, the AlO mass starts to rise
earlier for the former. Around t=to � 15;Al2O3ðLÞ
starts to rise—this being the time instant when the
leading edge of the particle cloud enters the ML—
where both aerobic and anaerobic combustion
concurrently occur. Due to the relatively delayed
ignition of the 10 lm radius particles, they
undergo a higher proportion of aerobic burning
as evident from the earlier rise of the Al2O3ðLÞ
mass. At late times, the mass of AlO and
Al2O3ðLÞ asymptotes, as the particles quench after
they leave the ML. In summary, aluminum burn-
ing is anaerobic initially; both aerobic and anaer-
obic burning co-exist at intermediate times when
1 For interpretation of color in Fig. 6, the reader is
referred to the web version of this article.



Fig. 6. Preferential combustion of aluminum particles: particle temperature (in K) at times (a) t=to � 25 and (b)
t=to � 120.
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the particles traverse the ML; and, later, burning
is strictly aerobic outside the ML; finally, the par-
ticles quench and the aluminum products mass
asymptotes.

3.5. Theoretical considerations

Many theoretical models have been used in the
past to model the growth of hydrodynamic insta-
bilities in classical gravity-driven fluid interfaces
as well as blast wave driven systems; among these,
the Buoyancy–Drag (BD) model is common [21–
23]. Here, the rise of bubbles is modeled account-
ing for buoyancy, drag and decompression effects.
The bubble amplitude (h) is obtained as [21]

d
dt

dhðtÞ
dt
¼ eAgðtÞ �

eC
k

uinstðtÞ2 þ
d
dt

xðtÞhðtÞ; ð3Þ

where eA denotes the postshock-modified Atwood
number, gðtÞ is the driving acceleration, eC is the
modified drag coefficient, k is the perturbation
wavelength, uinst is the instability velocity (i.e.,
how fast the perturbation grows away from the
unperturbed interface), and xðtÞ is the radial
velocity gradient evaluated at the interface.
Following [21], the amplitude is obtained as
dh
dt ¼ uinstðtÞ þ xðtÞhðtÞ, and substituting this into
Eq. (3), we obtain the standard BD equation
duinst

dt ¼ eAgðtÞ � eCk uinstðtÞ2. Based on the simulation
for the rp ¼ 5 lm;g ¼ 1 case, we consider an
ensemble of 10 bubbles, and measure their ampli-
tude (h) and transverse scale (L) at different times.
In addition, a single-phase, unperturbed 1D simu-
lation is carried out to obtain the interface radius,
riðtÞ, and is used to obtain gðtÞ and xðtÞ. The LðtÞ
for the bubble ensemble from the simulation are
used to compute uinstðtÞ, and from it hðtÞ is evalu-
ated. Self-similarity of bubbles at late times is of
interest, and is a debated topic in recent literature
[21], albeit not previously studied for chemical
explosions. Here, self-similarity refers to the
growth of bubble amplitudes (h) proportional to
their transverse scale (L). This analysis is per-
formed using the initial amplitudes from
t=to � 12—approximately the time required for
the contact surface to overtake the initial particle
cloud, until t=to � 160—the time when the sec-
ondary shock explodes into the ML during the re-
shock phase.

Analysis shows that a range of length scales
exist for the bubbles, as shown in Fig. 8(a), includ-
ing some “runaways” [24]. We classify the bubbles
into three branches—lower, middle and upper,
and use three LðtÞ curve-fits for the current analy-
sis (length scales are normalized with the initial
charge radius, ro). The L=h ratio for the bubbles
from the 3D simulation is shown in Fig. 8(b),
and suggests L=h � 0:5–1:1 at early times, but
tends to asymptote near t=to � 150 to 0:2� 0:07;
this evidences that self-similar growth of the bub-
bles is possible at late times. The runaway bubbles
shown do not conform to self-similarity. The def-
inition of k is critical to the BD model analysis.
Some researchers have used k ¼ L [22], while oth-
ers have used k ¼ 2L [23] (ideally, k should be the
volume to cross-sectional area ratio for the bub-
bles). We make both considerations in our analy-
sis, and present in Fig. 9 the bubble amplitude (h)
obtained from the BD model for the lower, middle
and upper branches, for both k definitions. As
evident, with k ¼ 2L, the h predicted by the BD
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model is in better qualitative agreement with the
simulation results for large amplitude bubbles;
with k ¼ L, the BD model predicts h that con-
forms better to the simulation results for small
amplitude bubbles. This clearly demonstrates that
large transverse scale (L) bubbles (smaller volume
to cross-sectional area ratio) have smaller ampli-
tudes (h), and vice versa. Larger transverse scale
bubbles have larger frontal area and are thus slo-
wed down easily by aerodynamic drag, unlike
smaller transverse scale bubbles that can rise far-
ther before drag effects come into play. Indeed,
our simulation results show that during the implo-
sion phase, small bubbles, albeit not all, implode
deep into the core—thereby increasing their
amplitude. These bubbles are more elongated in
shape and have a higher volume-to-area ratio;
thus, it is not surprising that the BD model pre-
dicts a higher amplitude for k ¼ 2L.
4. Conclusions

A robust hybrid two-phase numerical method-
ology is used to study the flow-field subsequent to
the detonation of an explosive charge surrounded
by an ambient dilute cloud of solid particles. Ray-
leigh–Taylor instability is observed at the contact
surface that separates the inner detonation prod-
ucts and the outer air, which subsequently results
in a mixing layer where they afterburn. At early
times, the particles are engulfed into the detona-
tion products completely, where they pick up heat
and ignite; pick up momentum and disperse. Sub-
sequently, as the particles disperse outwards, they
interact with the vortex rings around the hydrody-
namic structures, which introduces transverse dis-
persion and clustering. Preferential particle
heating and combustion are observed in the cloud,
with particles in the afterburning regions burning
more than their counterparts. With twice the ini-
tial mass loading in the ambient cloud, slightly
larger clusters are observed, due to stronger/larger
vortex rings around the hydrodynamic structures
owing to more particles available to perturb the
contact surface during the first interaction. For a
larger particle radius cloud, clustering is not
observed for the same initial radial cloud width;
however, when present in a wider initial cloud,
fewer and degenerate clusters form, indicating
that particle size during the second interaction
event is critical to the clustering process. Further-
more, the bubbles are observed to attain self-sim-
ilar growth at the later stages of the explosion. A
theoretical Buoyancy–Drag model is used to eval-
uate the bubble amplitudes, and the predictions
are in qualitative accordance with the simulation
results.
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