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1 Overview

High-speedmultiphaseflows containing shockor blastwaves
occur in a wide variety of natural and engineered systems as
well as across various length scales. At astrophysical scales,
multiphase instabilities driven by shock waves have been
cited as the mechanism for the evolution of the turbulent
structure of supernova remnants [1,2]. At terrestrial scales,
depressurization of a volcanic fluid can lead to explosive
volcanic activity associated with a rapid release of gases that
drive a blast wave followed by an ash particle flow, as in
the case of the eruption of Mt. St. Helens [3]. Vulcanian
eruptions, characterized by discrete explosions and shock
formation, have been observed to coincide with the forma-
tion of dense gas–particle jets with a finger-like structure [4].
At laboratory scales, instabilities in shock-driven multiphase
flows play a key role in laser-driven inertial confinement
fusion experiments [5].

Shock-driven multiphase flows are a concern in the loss
prevention industry, particularly regarding the accidental
explosion of combustible dust–air mixtures or hybrid sys-
tems containing reactive powder and combustible gases [6].
In commercial or military explosive systems, reactive solid
particles may be mixed within an explosive to enhance the
explosive performance, which may be characterized by the
blast overpressure, the blast impulse, the thermal signature,
or the work done by the expanding detonation products [7].
Heat transfer from the burning particles will locally raise the
temperature and pressure of the ambient gas, and if the rel-
ative velocity between the particles and gas is supersonic,
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shock waves may be generated. Embedding inert particles
within an explosive or surrounding the explosive with a layer
of particles or liquid generally leads to a mitigation in the
blast overpressure and impulse, at least in the near field, with
a corresponding transfer of kinetic energy to the particles
or liquid [8]. As a result of the significant momentum flux
associated with the particles, the complex gas–particle flow
that is generated may impart a significant impulsive loading
on nearby structures or personnel [9]. The experimental and
numerical investigation of the properties of such particle-
laden flows with blast waves is the subject of this thematic
issue.

The physical phenomena that must be addressed to predict
the behavior of these flows span a range of scales. At the scale
of the particles, which may range from microns to millime-
ters, it is necessary to quantify the effect of particle–particle
collisions, particularly in the dense particle regime. The tran-
sient forces and heat transfer between particles and the flow
during shock–particle interactions must be specified [10].
Of particular importance is determining the rate of relax-
ation of the relative velocity between the particles and gas
behind the shockwave [11]. For reactive particles, the particle
reaction rate, which may be limited by kinetics or diffusion,
should be quantified, as well as the collective effects from
multiple particles [12]. Also, in the case of liquid droplets,
droplet fragmentation andvaporization effectsmaybe impor-
tant. Other effects play a role at scales from millimeters to
centimeters and include the development of force-chain net-
works during the compaction of granular media [13], as well
as the subsequent formation of filamentary particle clusters
and jets [14]. Finally, at large, integral scales (tens of cen-
timeters to meters), particle–structure and shock–structure
interactions come into play as well as shock–shock interac-
tions.
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Fig. 1 Schematic of the instability that develops on the interface of the
particle layer for a circular ring of particles dispersed by a weak shock
wave (adapted from the schematic in Fig. 6 of Rodriguez et al. [15]
based on their experiments of the impulsive dispersal of fine particles

contained within a 2D Hele-Shaw cell). Note that the perturbations ini-
tially develop on the inner boundary of the particle layer. The particle
clusters catch up to and penetrate the outer portion of the powder layer
to form the particle jets observed experimentally

Fig. 2 Schematic of the events that occur following the detonation of a
high-explosive charge surrounded by a layer of particles, as shown in a.
Once the shock reaches the layer–air interface (b), a blast wave is trans-
mitted into the surrounding air and rarefaction waves propagate back
into the compacted layer (c), expanding the layer and causing it to frac-

ture with fragment sizes on the order of the compacted shell thickness
(δ). Particle jets are formed as the fragments move radially outwards,
and shed particulate in their wakes (d). Figure adapted from Loiseau et
al. [18]

Recent experiments by Wagner et al. [16] within a multi-
phase shock tube have provided a well-characterized dataset
for the validation of the physical processes that occur dur-
ing the shock interaction with a dense array of particles in
air. Ling et al. [17] have demonstrated that the processes
associated with the shock interaction with a dense particle
curtain differ significantly from those in a dilute gas–particle
mixture. In particular, they have shown that for dense parti-
cle clouds, important effects to account for during the shock
interaction include the two-way coupling between the parti-
cles and gas, the particle inertia, and unsteady forces.When a
planar shockwave interactswith a planar particle layerwithin
a shock tube, the thickness of the particle layer increases in
the longitudinal direction, whereas the layer surfaces remain
relatively stable in the transverse direction [16,17]. In con-
trast, systems involving the interaction between a decaying

blast wave and a cylindrical or spherical particle layer are
more susceptible to the generation of instabilities at the sur-
faces of the particle layer. Examples of such systems include
the dispersal of a circular ring of particles confined between
two plates by a radially expanding shock wave (see Fig. 1)
and the explosive dispersal of a layer of particles surrounding
a spherical or cylindrical high-explosive charge (see Fig. 2).
The characteristics of the instabilities that develop in each of
these systems are described in the sections below.

A common feature of explosively driven gas–particle
flows is the formation of a non-uniform particle distribu-
tion which can take the form of particle filaments or jet-like
structures. The mechanisms that cause the formation of spa-
tial non-uniformities in the particle number density, for the
case of a shock interacting with a particle layer, can be
divided broadly into two classes. The first consists of a mul-
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Fig. 3 Schematic of the events that are hypothesized to occur follow-
ing the detonation of a high-explosive charge with embedded reactive
particles, as shown in a. The passage of the detonationwave over the par-
ticles and flow behind the detonation rapidly accelerates the particles,
and the particles begin to react within the detonation products. When
the detonation reaches the outer layer of the explosive (b), a blast wave
is transmitted into the surrounding air. As the blast wave expands radi-

ally and decelerates, the particles, which self-aggregate into conically
shaped jets, first cross the detonation products interface (not shown in
the figure) and react aerobically in the shocked air. They then penetrate
the blast wave and drive bow shocks into the quiescent fluid (c). As the
particle jets slow due to drag, the bow shocks run ahead and merge, and
eventually, the primary blast wave, coming from behind, coalesces with
the bow shocks (d)

tiphase hydrodynamic instability, which is often denoted a
shock-driven multiphase instability (SDMI). This interfa-
cial instability mechanism is observed particularly during
the interactions between a weak shock and the interfaces of
a gas–particle region. This instability is related to the clas-
sical hydrodynamic instabilities associated with either the
continuous or impulsive acceleration of density interfaces in
single-phaseflows (i.e., theRayleigh–Taylor andRichtmyer–
Meshkov instabilities, respectively), yet has unique features
due to the multiphase nature of gas–particle flows in which
the transfer of momentum and energy between the phases
may occur due to relative motion between the phases.

A secondclass ofmechanisms that lead tonon-uniformities
in shock-driven gas–particle flows typically occurs during the
acceleration of particles, or liquids, with a high explosive. In
the case of a stratified layer of particles surrounding a high-
explosive charge, the shock transmitted from the explosive
into the particle bed has an overpressure that is orders ofmag-
nitude greater than shock pressures typically encountered in
shock tube studies. The strong shock interactingwith the par-
ticle layer compacts the layer, causing inelastic deformation
of the particles and leading to a bed density approaching that
of a solid. The release wave that forms at the outer surface
of the layer and propagates inwards, expands the compacted
material putting it into tension,which then fractures into large
fragments. The radial motion of these fragments, which shed
unconsolidated particles, forms the jet-like structures typi-
cally observed.

A third class of mechanisms that leads to the formation
of particle jets, which appears to be distinct from the above

two mechanisms, has been observed to occur when light,
reactive particles embedded within a liquid or solid explo-
sive are explosively dispersed. In this case, the sequence of
events that is hypothesized to occur is shown schematically
in Fig. 3. The particles are directly accelerated by the passage
of the detonation wave and reach speeds that are a substan-
tial fraction of the velocity of the detonation products on
a timescale of the order of nanoseconds. The particles col-
lectively form conically shaped jets, which have a sufficient
velocity to penetrate the blast wave that is transmitted into
the surrounding atmosphere. The particle jets, moving at a
supersonic speed relative to the quiescent gas, drive conical
bow shocks. As the particle jets slow, the bow shocks move
ahead of the particle jets and coalesce, and eventually, the
primary blast wave, moving in the shocked air perturbed by
the bow shocks, reaches and merges with the bow shocks.

The three mechanisms noted above that lead to the for-
mation of particle jets or filaments during explosive particle
dispersal will be explored in more detail in the following
section, with illustrations provided from experimental inves-
tigations in each case.

2 Particle jet formation

Schematics of the two mechanisms for shock destabilization
of the surfaces of a layer of particles are given in Figs. 1 (for
a weak shock) and 2 (for a strong shock). The formation of
particle jets for the case of particles embedded within a high
explosive is shown schematically in Fig. 3. These threemech-
anisms are described in more detail in the sections below.
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2.1 Shock-driven multiphase instability

The instability that occurs when weak shocks interact with
gas–particle mixtures is closely related to the Richtmyer–
Meshkov instability (RMI) [19,20], which occurs when a
density interface in a fluid is impulsively accelerated by the
interaction of a shock wave with the interface. The insta-
bility is associated with the generation of vorticity at the
interface due to misalignment of the interfacial density and
pressure gradients. A density interface may also be formed if
a cloud of solid or liquid particles is dispersed within a gas.
Vorobieff et al. [21] and Anderson et al. [22] have clarified
the relationship between SDMI and RMI with experimental
and computational studies. Their experiments examined the
shock interaction with a gas column seeded with droplets.
They found that the interaction of the shock with the cylin-
drical droplet volume generated counter-rotating vortices in
a similar manner as for the single-phase case of a shock in air
interacting with a cylindrical volume of heavy gas [23]. They
pointed out that while in both cases vortices are formed, in
the single-phase case, the density change occurs across a dis-
tinct interface, whereas for the multiphase case, gradients of
average density play a role. They also noted that the physical
mechanism associatedwith themultiphase analog of theRMI
differs from the classical baroclinic mechanism in that after
the passage of the shock, the particle (or droplet) velocity
can lag behind that of the gas.

Ukai et al. [24] carried out a numerical and analytical study
of the instability that develops in shock-driven gas–particle
mixtures. They considered a planar shock wave interacting
with a gas–particle mixture with a sinusoidal perturbation
imposed on the interface of the two-phase region. They found
that the growth rate of the perturbation predicted with the
multiphase model, for the case of very small Stokes num-
bers (St � 1), agreed well with the classical single-phase
RMI growth rates. Very small particles subject to a shock
accommodate sufficiently rapidly with the ambient flow so
that the two-phase mixture effectively acts like a dense gas.
For larger particles, where St is on the order of unity or a
larger value (St ≥ 1), the particles do not experience an
impulsive acceleration, but instead accelerate continuously,
so that the instabilities grow exponentially, similar to the
behavior observed in the Rayleigh–Taylor instability (RTI).

A convenient arrangement for visualizing the instabili-
ties that develop when a layer of particles is dispersed by a
shock is the 2D Hele-Shaw apparatus used by Rodriguez et
al. [15,25,26], as well as, more recently, by Xue et al. [27].
They attached an air shock tube perpendicular to the center of
a Hele-Shaw cell containing a ring of fine powder. When the
radial shock wave passed through the powder, they observed
low-wavenumber filamentary perturbations growing on the
inner surface of the powder layer and high-wavenumber jets
appearing later on the outer surface of the layer. The growth

Fig. 4 Dispersal of a ring of fine powder within a Hele-Shaw cell with
a shock wave. The picture shows a superposition of two images of the
powder, taken at times of 6 and 57ms. The particle filaments visible on
the inner surface of the particle layer at the earlier time are correlated
with the particle jets visible at the later time. (Jets are identified with
the dashed red lines.) Taken from Fig. 7 of [15] with permission

of the large inner perturbations is consistent with the SDMI,
since perturbations on the inner surface subject to an outgo-
ing shock wave are subject to unstable growth. Rodriguez
et al. [15] demonstrated, with an examination of their high-
speed video results, that the particle filaments that develop
initially on the inner surface, but are moving outwards, even-
tually penetrate the remainder of the powder layer to form the
outward moving particle jets that are observed at later times.
An example of the jet formation they observed is shown in
Fig. 4, which shows a superposition of two images, illustrat-
ing the correlation between the early-time internal particle
filaments and the late-time external jets. This sequence of
events is also shown schematically in Fig. 1, which illustrates
the development of the particle jets following the shock–
particle layer interaction. Through an extensive series of
experiments, Rodriguez et al. [15] also found that the wave
number of the particle jets increases with shock overpressure
and with decreasing particle density.

To increase the strength of the shock impinging on a
particle layer, it is convenient to utilize a quantity of high
explosives. However, it is difficult to design a 2D Hele-
Shawexperimentwith high explosives, unless theHele-Shaw
plates are sufficiently massive to reduce the out-of-plane
motion. One method is to partially constrain the motion of
a ring of powder with layers of dense steel beads, as in the
experiments of Frost et al. [14]. However, it is more con-
venient to study the development of instabilities during the
dispersal of a powder layer by a high-explosive charge in a
1D spherical geometry. The development of perturbations to
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Fig. 5 Composite of images related to the explosive dispersal trial
shown in Fig. 6. a SEM image of SiC powder used in the trial,
b photograph of spherical glass casing partially filled with SiC pow-
der, with central ball of C-4, c photograph of the charge placed on top

of a wooden post on the test site, with two protected X-ray film cassettes
visible behind the charge. Photographs taken at the Flash X-ray test site
at DRDC Suffield, Alberta, Canada (unpublished)

the particle density field during explosive particle dispersal
is described in the next section.

2.2 Shock-compaction-fracture-driven particle jetting

A schematic of the events that occur during the dispersal of
a bed of particles with a high-explosive charge in spheri-
cal geometry is shown in Fig. 2, as first proposed by Milne
et al. [28]. The initial charge shown in Fig. 2a consists of
a spherical bed of packed solid particles, with a spherical
ball of C-4 explosive positioned at the center of the charge.
After detonation of the explosive, a shock wave travels radi-
ally outwards through the particle bed and eventually reaches
the outer surface of the particle bed (Fig. 2b). At that point, a
blastwave is transmitted into the surrounding air and a release
wave travels inwards through the compacted powder, causing
it to expand radially outwards (Fig. 2c). Circumferential ten-
sionwithin the particle bed induces the propagation of cracks
through the partially consolidated powder. Empirically, it is
observed that the spacing of the fragments that are generated,
δ, is on the order of the thickness of the compacted layer at
the time when the expansion wave reaches the inner surface
of the particle bed. The fragments move radially outwards,
shedding unconsolidated powder, forming jet-like structures
(Fig. 2d). Depending on the degree of consolidation of the
parent fragments, the parent fragments may completely shed
their initial core, at which point the radial jet motion stops.

Milne et al. [28] observed with radiography that the
nascent formation of the perturbations to the particle bed
that develop into the particle jets observed at later times
occurred on the same timescale as the transit time for the
shock to reach the outer surface of the bed and the expansion
wave to then reach the inner bed surface. They concluded that
the jet formation is related to the fracture of the compacted
particle bed, rather than the growth of a hydrodynamic insta-
bility, which occurs over much longer timescales [29]. As an
example, to illustrate the time at which perturbations form
within the particle bed following the passage of the shock,

Figs. 5 and 6 show the experimental arrangement and results
for the explosive dispersal of a packed bed of brittle silicon
carbide particles (SiC). The charge (shown partially filled
with powder in Fig. 5b) consists of a glass sphere containing
1661 g (M) of SiC with a centrally located 90 g (C) ball of
C-4 (M/C = 18.5). The SiC particles (30 grit with a nom-
inal size of about 400µm) have an irregular shape as shown
in the SEM image in Fig. 5a. The arrangement on the test
site is shown in Fig. 5c, which shows two X-ray cassettes,
placed perpendicular to the charge. Figure 6 shows single
frames taken from the high-speed video record of the explo-
sive dispersal process, as well as the two radiographs taken
during the experiment. The first two video images correspond
closely to the times of the radiographs. At the time of the first
video image (140µs after detonation), the outer surface of
the expanding particle layer appears smooth, although the
corresponding radiograph (taken at about 146µs) indicates
that the particle distribution is highly non-uniform at this
time. The perturbations are formed at an earlier time, likely
on the order of the time for one wave transit within the parti-
cle bed, estimated to be about 50µs. The second radiograph
(taken at about 296µs after detonation) shows that all the SiC
particles are grouped into clusters, with a bimodal size distri-
bution. Each of the larger clusters visible on the radiograph
corresponds to a compacted fragment of SiC particles which
moves out radially, shedding individual SiC particles, form-
ing the billowing wakes visible in the fourth video frame.
When the parent fragments have been completely exhausted,
the particle jets reach their maximum radial extent. The large
jets visible have considerable momentum and the impact of
the jets with the layer of particle board protecting the front
surface of the X-ray cassette is sufficient to punch holes in
the plate, as visible in Fig. 7. Note that the impact of the
minor fragments visible in radiograph shown in Fig. 6f is
also visible on the witness plate shown in Fig. 7, but they
have insufficient momentum to penetrate the plate. Although
the mechanism for the formation of the particle jets (Fig. 2)
appears to be related to a brittle fragmentation mechanism, a
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(a) (b) (c) (d)

(e) (f)

Fig. 6 Single frames from the high-speed video record of the explo-
sive dispersal of SiC particles. Times of the frames are a 140µs,
b 300µs, c 1780µs, d 5980µs. e Radiograph taken at about the same
time (146µs) as the video image shown in a. Similarly, f is the radio-
graph taken at about the same time (296µs) as the video image in b. The
non-uniform particle clusters visible in the radiographs move rapidly
radially outwards and shed unconsolidated particles, producing the jet-

like structures visible in image (d). A photograph of one of the particle
board sheets that protect the front of the X-ray cassettes, taken after
the trial, is shown in Fig. 7. Experiments carried out at the Flash X-
ray test site at DRDC Suffield, Alberta, Canada (unpublished results by
D. L. Frost, J. Loiseau, S. Goroshin, and F. Zhang, 2017, trial FX315-38,
used with permission)

detailed model is not yet available to predict the size dis-
tribution of the fragments or the dependence on material
properties, which will influence the degree of shock con-
solidation of the material.

2.3 Detonation-driven particle jetting

The jet formation that can occur when light reactive particles
embedded within a high explosive are explosively dispersed
is shown schematically in Fig. 3. (Note that heavy embedded
particles, such as steel particles, typically do not form jets
during explosive dispersal [30].) The jet formation mecha-
nism differs from the abovemechanisms in several important
aspects. First, since the particles are embedded within the
explosive with no inter-particle voids, compaction of a parti-
cle layer does not occur. Instead, the passage of the detonation
wave over the particles rapidly accelerates the particles to a
velocity which is a substantial fraction of the radial veloc-

Fig. 7 Post-test photograph of one of the particle board sheets that
cover the X-ray cassettes and act as witness plates during the experi-
mental trial shown in Fig. 6, illustrating the effect of the impact of the
particle jets. Witness plate initially located about 55 cm from center of
charge
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Fig. 8 Comparison of the development of the fireball surfacemorphol-
ogy from homogeneous and heterogeneous explosive charges (adapted
from [32]): (left) fireball from homogeneous C-4 charge illustrating the
billowing perturbations that develop on the detonation product inter-
face as a result of the Rayleigh–Taylor instability. A strong blast wave
is visible outside the fireball near the top of the photo; (middle) fire-
ball from an improvised explosive formulation comprised of oxidizer,
metallic particles, and a non-energetic fuel, exhibiting the formation of

reactive particle jets. Note that no blast wave is visible ahead of the
jets; (right) close-up of the motion of a reactive particle jet that moves
ahead of the primary blast wave from a heterogeneous charge. The bow
shock driven by the particle jet, visible against the zebra board back-
drop, begins to detach from the jet and becomes less curved as the jet
slows. The parameters of the tests are given in [33] (left, trial 0; middle,
trial 8; right, trial 19)

ity of the detonation products [31]. The relative velocity
between the detonation product gases and the particles serves
to further accelerate the particles. The particles react with
the oxidizers within the detonation product gases and then
react with the shocked air when they penetrate the detonation
product interface. Secondly, the particles self-aggregate into
conically shaped particle jets, and unlike the earlier jet for-
mation mechanisms, due to the high jet speeds, the particles
penetrate the primary blast wave at early time. The forma-
tion of the jets cannot be directly observed from high-speed
visualization due to the intense luminosity of the fireball.
The particle jets move into the quiescent air surrounding the
charge at supersonic speeds, and each jet drives a leading
bow shock. As the jets slow due to drag, the bow shocks
run ahead and eventually merge together to form a combined
wave. The primary air shock wave generated at the surface
of the explosive charge initially lags behind the particle jets,
but eventually catches up to and merges with the collective
bow shocks.

An illustration of the jets formed during detonation of a
heterogeneous metalized explosive charge is shown in Fig. 8,
which contains single video frames taken from a set of large-
scale experiments described in several publications [32–34].
The image on the left in Fig. 8 corresponds to the fireball from
a homogeneous C-4 charge. The detonation product interface
develops large perturbations resulting from the action of the
Rayleigh–Taylor instability (RTI), and a strong blast wave is
visible ahead of the product interface near the top of the pho-
tograph. The fireball from a heterogeneous explosive charge
containing metallic particles, shown in the middle of Fig. 8,
has a distinctly different surface morphology, with a large
number of reacting particle jets giving the fireball a spiky

surface structure. The mechanism which leads to the forma-
tion of the jets has not yet been definitively articulated, and,
for example, it is not clear whether the interaction between
the particles and the unsteady fluid motion associated with
the RTI plumes at the product interface plays a role in the
jet formation. The series of four video images shown on the
right of Fig. 8, taken from another trial with an explosive
charge containing metal particles, exhibits the motion of one
of the metal particle jets and the bow shock that is driven
ahead of the jet. In these images, there is no primary blast
wave visible ahead of the jets. However, at later times, as
the particle jets slow due to drag, the multiple bow shocks
move ahead of the particle jets andmerge together. The initial
shock wave generated at the surface of the explosive, which
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Fig. 9 Physical and temporal scales associated with modeling regimes
Adapted from [50]
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Table 1 Multiphase flow modeling approaches Adapted from [51]

Type of model Model name Gas phase Solid phase Gas–solid coupling Scale

Atomistic Molecular dynamics Lagrangian Lagrangian Elastic collisions at particle
surface

Micro

Discrete Smoothed particle
hydrodynamics

Lagrangian Lagrangian Short-range potential Macro

Continuum Resolved discrete
particle model

Eulerian (resolved) Lagrangian Boundary condition at
particle surface

Macro

Continuum Unresolved discrete
particle model

Eulerian
(unresolved)

Lagrangian Gas–particle drag closure Macro

Continuum Two-fluid model Eulerian Eulerian Gas–solid drag closure Macro

lags behind the particle jets at the time of the images shown
on the right of Fig. 8, eventually reaches and coalesces with
the bow shocks.

3 Computational approaches

A variety of computational models have been used to investi-
gate the interactions of shockwaves withinmultiphase flows.
The modeling of heterogeneous explosive systems involves
a range of length- and timescales, as shown schematically
in Fig. 9. Here the term microscale refers to length- (and
time-) scales at which atomistic and molecular effects play a
role. At the so-calledmesoscale, phenomena that occur at the
scale of the particles (ranging typically from 0.1µm to 1mm)
play an important role. The largest scale, or macroscale, is
associated with the size of the simulation domain.

The types of modeling approaches associated with the
various scales are listed in Table 1. At the microscale,
Lagrangian models based on ab initio molecular dynamics
(MD) are commonly used to investigate the material dynam-
ics and reaction, particularly for energetic materials. MD
is computationally intensive and limited to computational
domains that are typically much smaller than for problems
of engineering interest. Hence, most multiphase engineer-
ing models assume that one (or both) of the phases can be
considered to be a continuum.

Anexception to the continuumassumption is the smoothed
particle hydrodynamics (SPH) method, in which the mate-
rials are discretized into a set of particles, which interact
through a short-range potential. Initially developed for the
simulation of astrophysical phenomena, the SPH method
is a meshless method that has the advantage of being able
to handle extreme interface deformations and density varia-
tions. SPH has been used to simulate interfacial multiphase
fluid flows (e.g., [35]), as well as the specific problem of
the explosive dispersal of particles [36]. The SPH method
yields qualitatively reasonable results, although the choice of
appropriate material models to produce quantitatively accu-
rate predictions remains largely unresolved.

Themajority of engineeringmodels for simulating hetero-
geneous/particle-laden blast waves are based on one of the
continuum approaches listed in Table 1. Most models are
based on a solution of the Euler equations, although there is
currently a significant effort being applied within the com-
putational community to incorporate turbulence effects in
modeling compressible multiphase flows (e.g., [37]). With
continuum models, while the conservation laws governing
the multiphase flow are known, defining the closure terms
specifying the exchange of mass, momentum, and energy
between the phases remains a significant challenge [38,39].
Furthermore, to close the equations for the multiphase flow,
it is necessary to introduce an additional condition related to
the compressibility of each phase and the compaction of the
granular bed, as discussed by Baer and Nunziato [40].

The simplest continuum approach for modeling particle-
laden compressible flows is the two-fluid model listed as
the last item in Table 1. Also referred to as the dusty gas
model [41,42], this model assumes that the particles are
sufficiently small that they perfectly follow the local gas
flow. Hence, the particle-laden gas can be considered to be
a single fluid where the density depends on the local par-
ticle number density. For most particle sizes of interest,
this assumption is too restrictive and the relative motion
between the particles and ambient fluid must be consid-
ered. In the next level of complexity (fourth model listed
in Table 1), the particles are treated as a separate phase
in a Lagrangian manner, with the interstitial gas treated as
another phase mapped onto an Eulerian grid. In this case,
the particles are not explicitly resolved, and the momen-
tum coupling between the phases is treated by specifying a
gas–particle drag closure. Depending on the problem con-
sidered and the nature of the particles, the exchange of
heat and mass (due to particle reaction or evaporation)
may also be considered. In this formulation, the interac-
tion between a shock or detonation wave with individual
particles cannot be resolved explicitly. Hence, the interac-
tions occur at a sub-grid scale and separate models must be
specified for the heat and momentum transfer that occurs
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during the shock–particle or detonation–particle interac-
tion [31].

The thirdmodel listed in Table 1 refers to the case inwhich
individual particles are explicitly resolved. In this model,
the multibody particle collisions can be modeled directly
as well as the non-steady shock–particle and particle–flow
interactions. Modeling a large number of particles is com-
putationally intensive, with current exascale computations
limited to tracking on the order of 104 particles [43]. Since
this is still much less than the number of particles in typ-
ical experimental systems (e.g., a 1-L sphere maximally
packed with 10-µm-diameter particles contains on the order
of 1011 particles), a common technique is to have a single
computational particle represent a large number of physical
particles.

Examples of the use of the two continuum models listed
in Table 1 in which the solid phase is treated in a Lagrangian
manner are represented by papers in this thematic issue [44–
49].

4 Thematic issue on heterogeneous/particle-laden
blast waves

The objective of the current thematic issue is to bring together
experimental and computational researchers working in the
area of compressible multiphase flows driven by shock or
blast waves. Some issues that need to be addressed by the
shock physics community include a clear articulation of
the mechanisms responsible for the formation of interfacial
instabilities in gas–particle flows. Ideally, a model should
lead to quantitative predictions of the scale and growth rate
of perturbations that develop at the surface of particle lay-
ers subject to acceleration by a shock wave. Some progress is
beingmade, particularly for the case of aweak shock interact-
ing with a particle cloud, as exemplified by the papers in this
thematic issue. However, for strong shocks associated with
high explosives, an additional complication is the particle
deformation that occurs at these extreme pressures. During
the explosive dispersal of particles (or liquids), the exchange
of momentum and energy between the phases plays a key
role in the decay of the blast wave overpressure and impulse.
Both inert and reactive particles may mitigate, or augment,
the blast wave, depending on these exchange terms, and the
prediction of particle–blast interaction is clearly important
from the point of view of applications. Computation of com-
pressible multiphase flows remains a difficult task, with the
choice of the closure of the multiphase model by specifying
the interaction between the phases a particular challenge. The
role of turbulence in amultiphase flow remains an open ques-
tion. All of the issues mentioned above are addressed by the
papers in this thematic issue, which are briefly summarized
in the next section.

Note that every contributed paper to this thematic issue
has been rigorously peer reviewed, following the established
policies and procedures of the Shock Waves Journal. Each
paper was reviewed by two or more independent referees,
each an internationally recognized expert in the field. Of the
13 papers submitted for the thematic issue, nearly equally
divided between experimental and numerical contributions,
one paperwaswithdrawn following a “major revisions” deci-
sion, and the 12 papers were accepted after typically two
rounds of revision.

4.1 Overview of papers in thematic issue

The interaction of a weak shock wave with a particle layer is
addressed in several computational studies. Osnes et al. [44]
develop a model to investigate particle jetting observed by
Rodriguez et al. [15] during the shock acceleration of a cylin-
drical shell of particles confined within a Hele-Shaw cell.
They systematically vary the gas–solid coupling mechanism
to determine the primary mechanism responsible for jet for-
mation. Black et al. [45] also present numerical simulations
of a shock-driven multiphase instability, by considering the
interaction of a shock wave with a circular region dilutely
seeded with particles. They consider the effect of different
particle force models on the development of the instability.

Several papers consider the multiphase flow generated by
the explosive dispersal of inert, solid (or liquid) particles.
Experimentally, Loiseau et al. [18] focus on the terminal
velocity attained by the accelerated material, extracted from
high-speed images, and compare the results with predictions
from the conventional Gurney model as well as a modified
version. They quantify the differences in the predictions for
solid particles and liquids, as compared with the experimen-
tal results. In a related study, Pontalier et al. [52] examine
the same experiments to extract the blast overpressure and
impulse to determine the influence of the interaction between
the particles and the flow and blast wave. In a companion
manuscript, Pontalier et al. [46] use a multiphase hydrocode
to explore the effect of various parameters on the particle–
blast interaction which influences the decay rate of the blast
wave overpressure and impulse.

McGrath et al. [53] present numerical predictions for the
flow generated during shock-driven particle dispersal for
initial conditions ranging from a packed particle bed to a
dilute particle suspension. They demonstrate good agreement
with experiments ranging from particle motion driven by a
shock within a shock tube, to particles dispersed with a high
explosive. Ling andBalachandar [47] computationally inves-
tigated the spherical particle-laden blast wave generated by
the sudden release of a spherical volume of a high-pressure
gas–particle mixture. By carrying out a scaling analysis, they
find that a particular length scale may be used to approx-
imately collapse the results over a wide range of pressure
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ratios. Mo et al. [48] use a discrete formulation to simu-
late the explosive dispersal of a finite number of particles
by directly tracking the motion of individual particles and
particle–particle collisions.

Sen et al. [49] have critically examined the closure terms
for gas–solid momentum and energy transfer that are needed
in macroscale models of shock–particle interactions. Their
work represents the first attempt to quantify the effect of
turbulent velocity fluctuations for systems involving shock–
particle interactions.

One paper in this thematic issue considers the dispersal
and reaction of reactive particles and droplets. In a large-scale
experimental study, Bai et al. [54] investigate the detonation
of large droplet clouds generated by the explosive dispersal
of a metalized slurry. The dispersal process exhibits jet for-
mation, although casing fracture effects may influence the jet
scale.

The manuscript by Rigby et al. [55] investigates the
explosive dispersal of saturated soils from a buried explo-
sive charge, with the motivation of protecting personnel and
structures against buried landmines and IEDs. By directly
measuring the pressure and impulse from the buried explo-
sive, they found a single fundamental loading mechanism,
independent of particle size and soil cohesion.

The only technical note in the thematic issue has been
contributed by Sugiyama et al. [56] who carried out two-
dimensional experiments in which an explosive charge was
buried within a sand hill in the shape of a triangular prism.
They studied the mitigation of the peak blast wave overpres-
sure and impulse by the sand.
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