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Abstract Controlling the sensitivity of condensed-phase explosives is a matter of
safe handling of the materials and a necessity for efficient blasting. It is known that
impurities such as air cavities or solid particles can be used to sensitise thematerial by
reducing the time to ignition. As the ignition of the explosive is a temperature-driven
event, analysing the temperature field following the interaction of a shock wave with
these impurities gives a measure of the effect of the impurity on the sensitisation
of the material. Air cavity collapse in explosives has been extensively studied and
recently focus has shifted on the accurate recovery of the temperature field during
the collapse process. The interaction of a shock wave with solid particles or with
a combination of cavities and particles, has been studied to a lesser extent. In this
work, we assess the effect of the different impurities in isolation, in a multi-cavity
and a multi-bead configuration and as a combined particle-cavity matrix. Results
indicate that the beads have a more subtle effect on the sensitisation of the material,
compared to cavities. An informed combination of the two (leading order by cavities
and marginal adjustment by particles) could result to a fairly accurate control of the
explosive.

Keywords Cavity collapse · Shock-bead interaction · Hot spots · Sensitivity
Condensed-phase explosives · Nitromethane

1 Introduction

Controlling the performance of condensed-phase explosives is of interest to the min-
ing industry. The ability to control the ignition sensitivity of the explosive material
is not only a matter of safety during handling and transportation of materials but
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also a necessity for efficient blasting [14]. Common techniques used to sensitise a
condensed-phase explosive include the addition of air cavities, glass microbaloons
and glass or other solid beads in the body of the explosive. These artificial impurities
affect the sensitivity of the material to different extent, but they all result in the gener-
ation of regions where the pressure and temperature are locally higher than the rest of
the material, known as hot-spots, and lead to earlier ignition than in a neat material.
Moreover, the inclusion of different types of impurities will have a different effect
in the performance of the explosive compared to a single type of added impurities.
Understanding the effect these impurities have (in isolation, in single-impurity type
matrices and in multiple-impurity type matrices) on the ignition sensitivity of the
material will allow better control of the explosive performance.

To this end, experimental and numerical studies have been performed to iden-
tify the process governing the cavity collapse and determine the mechanical effects
behind hot spot generation. For an extensive discussion on these see the paper by
Michael and Nikiforakis [10] and references therein. However, the interaction of a
shock wave with solid particles or with a matrix combining cavities and solid parti-
cles has not been studied extensively. To the authors’ knowledge, Bourne and Field
[3] are the only ones who presented a study of cavity collapse in an inert liquid laden
with solid (lead and nylon) particles.

Similar studies were done by numerical means, examining the shock-cavity
interaction process in various configurations, mostly considering the collapse in
inert gaseous or solid media, or the pressure field and pressure amplification in
multi-cavity scenarios. For a detailed discussion of these the reader is refereed to
[10, 11]. The two and three-dimensional isolated cavity collapse in inert and reac-
tive nitromethane was presented by Michael and Nikiforakis in [7, 10, 11], focusing
on the temperature field induced by the collapse and subsequent ignition of the
explosive.

A relatively small number of numerical studies can be found on the shock inter-
action with deformable particles. Ling et al. [5] studied the shock interaction of an
aluminiumparticle in nitromethane, and Zhang et al. [19]modelled the shock interac-
tion with magnesium, tungsten, beryllium and uranium in nitromethane, in isolation
and in clusters, to study the velocities attained by the particles. The acceleration
and heating of aluminium particles of several sizes in detonating nitromethane was
studied by Ripley et al. [15]; Sridharan et al. [18] computed the transient drag of an
aluminium particle in nitromethane, after its interaction with a shock. Menikoff [6]
studied the hot spot formation fromglass bead shock reflections in inert nitromethane.

In conclusion, although there is some body of evidence towards understanding the
generation of hot spots by cavity collapse, more insight is needed to understand the
effect of shock-particle interaction on the temperature field of the material and hence
on the control of the performance of the explosive. Moreover, besides [3], there are
no studies on the effects of the combined effect of particles and cavities.

In this work we present and compare the effects of different types of impurities,
namely PMMA particles and gas cavities, in isolation and in matrix configuration
(multi-cavity, multi-bead and cavity-bead combination), assessing their effect on the
ignition control of the explosive.
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A multi-physics methodology is employed to perform these simulations. The
hydrodynamic model presented in [8] is used to model the explosive and air cavities
and a full elastoplastic model is used to describe the response of PMMA particles.
The two models are of the same hyperbolic form and are thus solved with high res-
olution shock-capturing schemes. Communication between the two materials and
the corresponding sets of equations is achieved by means of a variant of the ghost
fluid method which uses mixed Riemann solvers, see [9]. This approach overcomes
several challenges presented in simulating such a complex physical scenario. The
hydrodynamicmodel used for the explosive and air cavities allows the non-trivial use
of complex equations of state for describing the explosive and the cavities, retains at
least 1000:1 density difference across the cavity boundary while maintaining oscil-
lation free interfaces (in terms of pressures, velocities and temperatures) and allows
the recovery of realistic temperature fields in the explosive matrix.

A major challenge worthy of special attention is the accurate and oscillation-free
recovery of temperature fields in the explosive matrix. This is of critical importance
as the ignition process of the energetic material is a temperature-driven effect, thus
the accurate prediction of ignition relies on physically meaningful temperatures. For
more information on this the reader is referred to [10, 11]. This model allows for
oscillation-free temperature fields. The elastoplastic model we use to model the solid
materials is rendered in hyperbolic form and thus can be solved on an Eulerian mesh,
using finite volume methods. This eliminates mesh tangling issues that might occur
in Lagrangian approaches and allows the immediate communication between the
hyperbolic and elastoplastic materials by means of the ghost fluid method.

2 Mathematical Models

In this section, the distinct mathematical formulations used to describe the fluid and
solid elastoplasticmaterials in the interaction of a shockwavewith voids and particles
in an explosive are presented.

The explosives (hydrodynamic) model The air cavities immersed in nitromethane
are modelled using the MiNi16 formulation [8], which is summarised below. The
gas inside the cavities is described as phase 1, with density, velocity vector and
pressure (ρ1,u1, p1). The nitromethane is denoted as phase 2 with density, velocity
vector and pressure (ρ2,u2, p2). We denote by z a colour function, which can be
considered to be the volume fraction of the air with respect to the volume of the total
mixture of phases 1 and 2, with density ρ. For convenience, we denote z by z1 and
1 − z by z2. Then, the closure condition z1 + z2 = 1 holds. Velocity and pressure
equilibrium applies between the all phases, such that uα = uβ = u1 = u2 = u and
pα = pβ = p1 = p2 = p.
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Then, the MiNi16 system is described as in [8] by:

∂z1ρ1
∂t

+ ∇ · (z1ρ1u) = 0, (1)

∂z2ρ2
∂t

+ ∇ · (z2ρ2u) = 0, (2)

∂

∂t
(ρui) + ∇ · (ρuiu) + ∂ p

∂xi
= 0, (3)

∂

∂t
(ρE) + ∇ · (ρE + p)u = 0, (4)

∂z1
∂t

+ u · ∇z1 = 0, (5)

∂z2ρ2λ

∂t
+ ∇ · (z2ρ2uλ) = z2ρ2K , (6)

where u = (u, v, w) denotes the total vector velocity, i denotes space dimension,
i = 1, 2, 3, ρ the total density of the system and E the specific total energy given
by E = e + 1

2

∑
i u

2
i , with e the total specific internal energy of the system. We

denote by λ the mass fraction of the explosive, such that λ = 1 denotes fully unburnt
material and λ = 0 denotes fully burnt material. As this work is restricted to the inert
scenario, λ = 0 everywhere and the equations reduce to those by Allaire et al. [1].

In this work, all fluid components described by the MiNi16 model are assumed
to be governed by a Mie-Grüneisen equation of state, of the form:

p = pre f i + ρiΓi (ei − ere f i ), for i = 1, 2. (7)

Material interfaces between the phases are described by a diffused interface tech-
nique. Hence, mixture rules need to be defined for the diffusion zone, relating the
thermodynamic properties of the mixture with those of the individual phases. The
mixture rules for the specific internal energy, density and adiabatic index (γ = 1 + 1

ξ
)

are:
ρe = z1ρ1e1 + z2ρ2e2, ρ = z1ρ1 + z2ρ2, and ξ = z1ξ1 + z2ξ2, (8)

where e1, e2 denote the specific internal energies of phases 1 and 2.
The sound speed also follows a mixture rule given as:

ξc2 =
∑

i

yiξi c
2
i , (9)

where ci is the individual sound speed of phase i and yi = ρi zi
ρ

its mass fraction. For
more information on this as well as for the numerical evaluation of the total equation
of state the reader is referred to [8]. Validation of the hydrodynamic mathematical
model can be found in [10].
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Equations of state for nitromethane and air To close the hydrodynamic system, the
Cochran-Chan equation of state [16] is employed to describe the liquid nitromethane.
This is an equation of state of Mie-Grüneisen form given by Eq. 7 with reference
pressure given by

pref(ρ) = A
(ρ0

ρ

)−E1 − B
(ρ0

ρ

)−E2

, (10)

reference energy given by

eref(ρ) = −A
ρ0(1 − E1)

[(ρ0

ρ

)1−E1 − 1
]

+ B
ρ0(1 − E2)

[(ρ0

ρ

)1−E2 − 1
]

(11)

and Grüneisen coefficient Γ (ρ) = Γ0. The gas inside the cavity (where applicable)
is modelled by the ideal gas equation of state, which is of Mie-Grüneisen form as
well, with pref = 0 and eref = 0 . The parameters for the equations of state of the two
materials are given in Table1.

Recovery of temperature The multi-phase nature of the model allows for separate
temperature fields to be computed for each material as

Ti = p − prefi (ρ)

ρiΓi cvi

, for i = 1, 2. (12)

As a result, the nitromethane temperature (TNM = T2) is computed explicitly from
the equation of state and can be used directly in the reaction rate law.

Computing the temperature of a general condensed phase explosive (TCF = T2)
can involve completing the equation of state starting from the basic thermodynamic
law T dS

dv = cv
dT
dv + cv

Γ T
v

and by integrating to obtain a reference temperature (TrefCF )
such that:

TCF = p − prefCF(ρ)

ρCFΓCFcvCF

− TrefCF . (13)

When the reference curve is an isentrope, dS/dv = 0 and hence we can simply
compute TrefCF = T0(

ρ
ρ0

)Γ . When the reference curve is a Hugoniot curve, the basic
thermodynamic law cannot be integrated directly and often theWalsh Christian tech-
nique and numerical ODE-integration techniques are used to compute the reference
Hugoniot temperature.

Table 1 Equation of state parameters for nitromethane and air

Equation of state
parameters

Γ0 [–] A
[GPa]

B
[GPa]

E1 [–] E2 [–] ρ0 [kg m−3] cv

[J kg−1 k−1]

Nitromethane [16] 1.19 0.819 1.51 4.53 1.42 1134 1714

Air 0.4 – – – – – 718
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For this work, substitution of the parameters of the equation of state for
nitromethane and imposing an initial temperature of 298 K for ρ = ρ0 gives T0 = 0.
This is in line with other work using the Cochran-Chan equation of state, where T0
takes zero or very small values. The form (12) gives temperatures that match exper-
iments as demonstrated in [10], but for other materials or other equations of state
(e.g., shock Mie-Grüneisen) care should be taken as a different reference curve (as
per Eq. 13) would be necessary.

The ideal gas equation of state results in the overheating of the gas inside the
cavity since high pressures are reached within the cavity during the collapse process.
However, the very short timescale of the process means that heat transfer does not
take place and thus the cavity temperature does not affect the ambient nitromethane
temperature. Since temperatures inside the cavity are not of interest for this work,
they are not presented henceforth.

Note that the two-phase nature of the model allows for large (>1000:1) den-
sity gradients to be sustained across material boundaries and both the density and
temperature fields are maintained oscillation-free.

The elastoplastic model In this work, we use the elastic solid model described by
Schoch et al. [17] and Barton et al. [2], based on the formulation by Godunov and
Romenskii [4] to describe the physical behaviour of the solid particles. Plasticity of
the material is included, following the work of Miller and Colella [13].

In an Eulerian frame employed in this work, there is no mesh distortion that
can be used to describe the solid material deformation. Thus the material distortion
needs to be accounted for in a different way. Here, this is done by defining the
elastic deformation gradient as Fe

i j = ∂xi
∂X j

,which maps the coordinateX in the initial
configuration to the coordinate x in the deformed configuration.

The state of the solid is characterised by the elastic deformation gradient, velocity
ui and entropy S. Following the work by Barton et al. [2], the complete three-
dimensional system forms a hyperbolic system of conservation laws for momentum,
strain and energy:

∂ρui
∂t

+ ∂(ρuium − σim)

∂xm
= 0, (14)

∂ρE

∂t
+ ∂(ρumE − uiσim)

∂xm
= 0, (15)

∂ρFe
i j

∂t
+ ∂(ρFe

i j um − ρFe
mjui )

∂xm
= −ui

∂ρFe
mj

∂xm
+ Pi j , (16)

∂ρκ

∂t
+ ∂(ρumκ)

∂xm
= ρκ̇, (17)

with the vector components ·i and tensor components ·i j . The first two equations
along with the density-deformation gradient relation ρ = ρ0/detFe, where ρ0 is the
density of the initial unstressed medium, essentially evolve the solid material hydro-
dynamically. Here, σ is the stress, E the total energy such that E = 1

2 |u|2 + e, with
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e the specific internal energy and κ the scalar material history that tracks the work
hardening of the material through plastic deformation. We denote the source terms
associated with the plastic update as Pi j .

The system is closed by an analytic constitutive model relating the specific inter-
nal energy to the deformation gradient, entropy and material history parameter (if
applicable) e = e(Fe, S,κ). For more information the reader is referred to [9].

The deformation is purely elastic until the physical state is evolved beyond the
yield surface ( f > 0), which in this work is taken to be:

f (σ) = ||devσ|| −
√
2

3
σY = 0, with devσ = σ − 1

3
(trσ)I, (18)

where σY is the yield stress and the matrix norm ||.|| the Shur norm (||σ||2 =
tr(σTσ)).

As this identifies the maximum yield allowed to be reached by an elastic-only
step, a predictor-corrector method is followed to re-map the solid state onto the yield
surface. Assuming that the simulation timestep is small, this is taken to be a straight
line, using the associative flow rate (ε̇p = η ∂F

∂σ
), satisfying the maximum plastic

dissipation principle (i.e. the steepest path). In general, this re-mapping procedure
is governed by the dissipation law ψplast = Σ : ((Fp)−1Ḟp), where Σ = GσF and
: is the double contraction of tensors (e.g. σ : σ = tr(σTσ)). The initial prediction
is F = Fe and Fp = I, where F is the specific total deformation tensor and Fp the
plastic deformation tensor that contains the contribution from plastic deformation.
This is then relaxed to the yield surface according to the procedure of Miller and
Colella [13].

The explosive and solid mathematical formulations described in this section are
solved numerically using high-resolution, shock-capturing, Riemann-problem based
methods and structured, hierarchical adaptive mesh refinement, as described in pre-
vious work [7, 8, 12, 17].

Equation of state for PMMA To close the elastoplastic system, the PMMA is
described by an energy-independent shock Mie-Grüneisen (Hugoniot) equation of
state where the parameters for PMMA for ρ0, the reference density for identity defor-
mation, s the linear shock speed-particle speed ratio, c0 the unshocked sound speed
and T0 the reference temperature are given in Table2. Validation of the elastoplastic
mathematical model can be found in [9].

Table 2 Shock Mie-Grüneisen equation of state parameters the elastoplastic (with perfect plastic-
ity) PMMA

Hyperelastic, shear
and plasticity
parameters

ρ0
[kg m−3]

c0
[m s−1]

T0 [K] s [–] G [MPa] σY [MPa]

PMMA 1180 2260 300 1.82 1148 85
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The multi-material approach In this work, we use level set methods to track the
solid-explosive1 interface. The behaviour of the material components at the interface
is modelled by the implementation of dynamical boundary conditions with the aid
of the Riemann ghost fluid method and devised mixed-material Riemann solvers to
solve the interfacial Riemann problems between materials. For more details on the
method the reader is referred to [9].

3 Results

In this sectionwe study the interaction of an isolated PMMAparticle, a 2 × 2 PMMA
particlesmatrix, an air cavity, a 2 × 2 air cavitymatrix and a 2 × 2matrix of 2 cavities
and 2 particles with a 10.98 GPa shock wave in non-reactive liquid nitromethane.
Nitromethane is modelled by the Cochran-Chan equation of state given by Eqs.
(7)–(11) and PMMA using a shock Mie-Grüneisen with constant shear and perfect
plasticity both described in Sect. 2. As the ignition and thermal runaway in an explo-
sive are attributed to the complex interaction between non-linear gas dynamics and
chemistry, it is intuitive to consider in the first instance the induced temperature field
in the explosive in the absence of chemical reactions. This will allow the purely gas-
dynamical effects to be elucidated. In effect, by controlling the induced temperature
field in the explosive material (by the judiciary inclusion of voids and beads) we
can control its ignition time. The simulations are performed in two dimensions, with
effective grid size dx = dy = 0.625 µm. The initial conditions for the simulations
in this work are given in Table3.

3.1 Single PMMA Bead

In Fig. 1 we present the temperature field generated in the nitromethane upon the
interaction of the incident shock wave (S0) with the PMMA bead originally cen-
tred at (x, y) = (0.18, 0.2)mm, of radius of 0.08mm. The temperatures in the bead
are omitted as the timescales are small for heat transfer to occur between the two
materials. Instead, we display a mock-schlieren plot inside the bead. As the bead is
symmetric about the horizontal axis we present only the upper half of the configu-
ration. The interaction of the incident shock wave with the bead generates two new
shockwaves, one travelling upstream into the nitromethane (S1) and one downstream
into the bead (S2). The upstream travelling shock compresses again the nitromethane,
which reaches temperatures of 1300K, only ∼30K higher than those generated by
the original incident shock wave (Fig. 1a). The angle of interaction of the shock
wave and the bead continuously changes, resulting to a transition from a regular

1Note that by explosive we refer to any hydrodynamic system modelled by MiNi16 or its reduced
systems, including the simultaneous modelling of the nitromethane and the air-cavities.
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Table 3 Initial conditions for the shock-bead interaction and shock-induced cavity collapse in inert
nitromethane considered in this work

Material ρ1
[kg m−3]

ρ2
[kg m−3]

u [m s−1] v [m s−1] p [Pa] z1

x < 100µm Shocked
nitromethane

2.4 1934.0 2000.0 0.0 10.98 ×
109

10−6

x ≥ 100µm Ambient
nitromethane

1.2 1134.0 0.0 0.0 1 × 105 10−6

Bubble Air 1.2 1134.0 0.0 0.0 1 × 105 1 − 10−6

u [m s−1] v [m s−1] p [Pa]

Bead PMMA 0.0 0.0 1 × 105

t = 0.02 s t = 0.04 s

Fig. 1 Temperature field in nitromethane

shock reflection to a Mach reflection. A pair of Mach stems is generated at the top
and bottom of the bead; the top one is seen in Fig. 1a. In fact, the largest temperature
increase in this configuration is attributed to the Mach stem, leading to temperatures
of ∼400 − 500K higher than the post incident-shock temperature (Fig. 1a). The
Mach stem grows and the Mach stem triple point moves away from the bead, along
the incident shock wave (Fig. 1b) forming a band of high temperatures. Finally the
shock wave traversing the bead exits into the nitromethane and continues travelling
with the incident shock wave. The higher impedance of the bead compared to the
nitromethane contributes (along with the Mach reflection) to the curvature of the
wave front (S0,2), travelling now downstream the bead. Upon exiting the beam, the
shock wave (S2) is weaker than the incident shock wave, leading to temperatures of
only ∼1000 − 1050K (Fig. 1b), which are lower than the original post-shock tem-
peratures induced by the incident shock wave (S0). Another interesting observation
is that the temperature along the final downstream-travelling shock wave (S0,2) is not
uniform.
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3.2 2×2 Matrix of Air Cavities

A common way of controlling the generation of higher temperatures in the explosive
material is the inclusion of cavities. The authors have extensively studied single-
cavity collapse in nitromethane in [10, 11] thus in this work we do not repeat these
results. Inmulti-cavity configurations, thewaves generated upon the collapse process
of each cavity interact in the regions in between the voids leading to elevations
of temperatures higher than in single-cavity configurations [14]. The authors have
studied this scenario before for cavities collapsing in water [12] generating the same
wave patterns so we will limit here the discussion to the wave interaction and its
effect on the nitromethane temperature field.

The first locally high temperature (T ∼ 2960K) in this scenario is encountered
upon the collapse of the first column of cavities, upstream of the cavities in the Back
Hot Spot (BHS - as defined in [10]), at t = 0.04µs. The next locally high temperature
is found in the Mach Stem Hot Spot (MSHS) generated after the collapse of the first
column of cavities at t = 0.055µs. The superposition of the lower Mach stem of the
top void and the upperMach stem of the lower void along the centreline of the matrix
generates temperatures of ∼2880K. The highest temperature peaks in this scenario
are attributed to the supersposition of waves during the collapse of the second column
of cavities. At t = 0.1µs the superposition of waves upstream of the second column
gives temperatures of ∼5275K in between the cavities’ lobes. Similarly, in between
the lobes of the first column’s cavities highs of T ∼ 4660K are seen at t = 0.115µs.
It is concluded that wave superposition plays the most important role in temperature
increase in this multi-cavity scenario.

3.3 2×2 Matrix of PMMA Beads

In this section we investigate the effect of a 2 × 2 matrix of PMMA beads on the
nitromethane temperature field. In the mock schlieren plots of Fig. 2a we see the
first interaction of the S1 from the first two beads along the centreline of the matrix,
perpendicular to the incident shock. Subsequently, S1B , the S1 wave from the bottom
bead impacts onto the top bead and similarly S1T , the S1 wave from the top bead
impacts onto the bottom bead. This leads to new shock waves inside and outside the
beads. The shocks outside the beads interact with the Mach stems and the two Mach
stems eventually intersect. After the exit of the shocks from the beads, the new lead
shock (S′

0), along which different temperature ranges can be found, interacts with
the next two beads and the shock-bead interaction as well as the wave superpositions
are repeated (Fig. 2b).

The interaction of the shock with each bead leads to the formation of a high-
temperature band on each side of each bead. This can be seen, for the outer parts
of the beads, in Fig. 2b. The temperature in the bands, however, is lower than in
the original Mach stem. The bands on the inner sides of the beads, as seen in the
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t = 0.07 s t = 0.12 s

Fig. 2 Mock-schlieren plots (top half) illustrating the interaction of waves and temperature field
in nitromethane (bottom half) in a 2 × 2 PMMA bead configuration

same figure, are superimposed in the region in between the beads, leading to new high
temperature regions. Consequently, the new lead shock (S′

0) has variable temperature
ranges along its front and a higher temperature along its middle compared to the
isolated shock-bead interaction scenario. Moreover, the part of the new lead shock
that is now directly in front of the first column of beads, in the region directly in front
of the beads it is actually weaker then the original incident shock wave. Thus, the
subsequent beads that are in the shadow of the first column beads will feel a weaker
shock, leading to lower temperatures compared to the temperatures produced by the
first column.

In this configuration, the first high temperature peak is seen when the Mach stem
is generated at the top and bottom of the beads of the first column (T ∼ 1770K)
at t = 0.015µs. The second high temperature peak is seen when the Mach stem
is generated at the sides of the beads of the second column (T ∼ 1750K) at t =
0.065µs.

3.4 Combination of 2 Cavities and 2 Beads

In this section, we combine two air cavities and two PMMA beads in a 2 × 2 array,
with a clockwise ordering of cavity-bead-bead-cavity. The clockwise ordering of
bead-cavity-cavity-bead is the same scenario reflected about the horizontal axis and
it is thus not discussed separately. In this configuration, the highest temperatures are
observed during the cavity collapse and not the shock-bead interaction (Fig. 3b, d).
Looking at the interaction of the incident shock wave with the first column of impuri-
ties we observe that the shock wave S1 generated upon the interaction of the incident
shock and the bead is superimposed with the rarefaction wave (R1) generated upon
the interaction of the incident shock wave and the air cavity (Fig. 3a). As a result
this shock wave weakens and when it interacts with the cavity it does not lead to its
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t = 0.045 s t = 0.045 s

t = 0.065 s t = 0.065 s

Fig. 3 Mock-schlieren plots (left) illustrating the interaction of waves and the induced temperature
field in nitromethane (right) in a clockwise cavity-bead-bead-cavity configuration

asymmetric collapse (Fig. 3a). The shock waves generated upon the collapse of the
top cavity, however have a significant effect on the deformation of the lower bead
(Figs. 3c, 4a, c). The interaction of the shock wave emanating at the collapse of the
top cavity, as well as the Mach stem generated by the interaction of the top bead with
the incident shock (S′

0 in this case) leads, however to the asymmetric collapse of the
lower cavity. The jet deviation can be seen in Fig. 4a and the earlier generation of
the upper Mach stem (compared to the lower one) around the lower cavity is seen
in Fig. 4c. This has as a result a higher temperature in this upper Mach stem of the
lower cavity compared to the Mach stems of the upper cavity (3295K compared
to 2300K). The localised maxima of high temperatures in this scenario correspond
to the MSHS of the top bead (T = 1645K) at t = 0.02µs, the BHS of the lower
void, (T = 2940K) at t = 0.04µs, and lower cavity top MSHS (T = 3240K) at
t = 0.105µs.
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t = 0.09 s t = 0.09 s

t = 0.105 s t = 0.105 s

Fig. 4 Mock-schlieren plots (left) illustrating the interaction of waves and the induced temperature
field in nitromethane (right) in a clockwise cavity-bead-bead-cavity configuration (continued from
Fig. 3)

3.5 Analysis of the Temperature Field

In order to infer the effect of the impurities on the shocked material, we need to
consider the maximum temperature of the explosive for any given combination of
impurities. To this end we compare in Fig. 5 the maximum nitromethane temperature
as a function of time, for five different impurity configurations. These include: an
isolated cavity, an isolated bead, a 2 × 2 matrix of cavities, a 2 × 2 matrix of beads
and a 2 × 2 matrix combining 2 cavities and 2 beads. We also include as a dashed
black line the post-shock temperature of neat nitromethane; i.e., the temperature that
the shocked material would reach if no impurities were present.

We observe that the smallest temperature increase occurs by the single bead sce-
nario and slightly higher temperatures in the multi-bead example, which indicates
that the inclusion of beads is suitable for subtle adjustment of temperature. The inclu-
sion of voids should be preferred when higher temperature elevations are needed,
leading to a more abrupt sensitivity increase of the material. In practice, the desired
temperature rise can be achieved to a leading order by means of cavities, while
marginal adjustment can be done by solid particles.
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Fig. 5 Maximum temperature distribution in nitromethane over time, in the five configurations
studied in this work. The dotted black line gives the reference of the post-shock temperature in neat
nitromethane

These initial results have to be verified by large-scale computations, where a
statistically-significant number of cavities and particles are included in a larger sam-
ple of the explosive. We also anticipate that dimensionality effects are important, as
could potentially be the non-uniform distribution of the impurities and the material
of the particles.

4 Conclusion

In this work we employ a multi-physics computational framework to study the effect
of air cavities and PMMA particles on the sensitisation of condensed-phase explo-
sives as a means of controlling their performance. The framework simultaneously
solves a multi-phase hydrodynamic model for the explosive and for the air cavities,
and an elastoplastic model for the solid particles. Communication between the dif-
ferent states of matter (the solid and the two fluids) is achieved by means of a variant
of the ghost fluid method. We study the effect of five configurations of impurities
(isolated cavity, isolated bead, a multi-cavity and a multi-bead configuration and a
combined cavity-bead matrix) in nitromethane and determine their relative effect on
the temperature field. Initial results indicate that cavities have a more profound effect
on sensitisation, compared to PMMA particles; more extended studies are necessary
in order to assess the effect of dimensionality, distribution of the impurities and of
the material of the particles. This knowledge can be used to accurately control the
sensitivity and the performance of nonideal mining explosives.
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