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a b s t r a c t

The subject of this research is the propagation of a cloud of solid particles formed from an explosion-
damaged construction. The main objective is the interaction of the cloud (debris) with a solid beam
located at some distance from the explosion. The mathematical model involves the flow of the gas using
standard conservation equations, and this part of the model is solved numerically. The solid particles are
treated as a system of solid points (so-called Lagrangian approach), whose motion is the result of the
flowing gas as well as collisions with obstacles. These two issues are described respectively by Newton’s
eywords:
xplosion
afety
athematical modelling

luid–structure interaction

second law and the hard-sphere model. The model is used to simulate various cases where the influence
of different parameters like the value of the pressure of the explosion, the particle size, the number of
particles and the obstacle location are investigated. The results are presented as snapshots of particle
location, and also as the particle total momentum during collision with the beam.

© 2009 Elsevier B.V. All rights reserved.

ebris–structure interaction
wo-phase flow

. Introduction

Modelling of the interaction of a fast-moving flow with a
tructure requires using proper computational tools that can deal
ith this multi-physics problem. The flow is usually modelled
sing computational fluid dynamics (CFD) techniques, while the
ehaviour of the structure is done by applying codes using the
inite Element Method. This paper focuses on the first problem,
nd a technique that can simulate the flow of debris resulting from
n explosion has been developed. This technique is based on the
o-called Eulerian–Lagrangian modelling, normally used to simu-
ate two-phase flows (see e.g. [1]). Our objective is to adapt this
pproach for our needs.

CFD has been extensively used to study gas/dust explosions and
nnumerable publications have dealt with this problem. An explo-
ion usually leads to the formation of a strong pressure wave that
ropagates in the computational domain, and interacts with the
bstacles and other solid bodies. This has many applications rang-
ng from pure scientific interest to important practical ones such as
xplosions.

In the literature several papers dealing with the issue of the

esponse of a solid structure to a sudden flow of gas can be found.
owever, most of these works consider blast waves from explo-

ives, while a little less focus has been given to what could happen
o a construction after a gas/dust explosion. In reality, the prob-

∗ Tel.: +47 555 87742; fax: +47 555 87790.
E-mail address: adk@hib.no.

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.12.075
lems are very similar, though the “explosion characteristics” are
quite different. Studying some selected publications dealing with
these problems, indicates a general trend.

The literature overview on explosions reveals Eckhoff’s books
as the most recent and extensive Refs. [2,3], which describe
the entire physics of the problem. However, the issue of explo-
sion/construction interaction is only briefly described. Clutter et
al. [4] show some CFD results on an explosion propagation that
is simulated in some modelled urban area. The model is based
on the compressible Euler equations, and therefore their paper is
quite similar to this research paper (see next section). They used
a one-step chemical reaction process that had been tested earlier
that produced satisfactory results. What they show are pressure
histories measured at some monitor points in the computational
domain. This illustrates how the complex geometry influences the
results, as well as emphasizes the need to use advanced computa-
tional techniques to study these interesting problems.

The paper by Lu and Xu [5] is also somewhat related to our
research. The authors present a model that is able to predict the
initial velocity of debris resulting from an internal explosion in
a concrete vessel. They analyse the wall material and create a
mathematical model that describes its behaviour. Various cases are
analysed and the results are compared with experimental findings.
Where their papers differ from this one is that, here we do not

model the exact behaviour of the material that is damaged during
an explosion, but rather the further consequences.

Many authors use some commercial software (usually AUTO-
DYN) to analyse the exact behaviour of the construction due to
a sudden load. For example Luccioni et al. [6] analyse a concrete

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:adk@hib.no
dx.doi.org/10.1016/j.jhazmat.2009.12.075
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uilding and its collapse due to a TNT explosive. Also Shi et al. [7]
nalyse the RC columns and their damage in a similar situation.
inally, experimental techniques have been also widely used (e.g.
8]). Other such works include: Sprague and Geers [9] or Ross et al.
10].

Not only is this study focussed on explosions and structures, it
lso addresses the issues of interaction of a strong pressure wave
ith a cloud of particles. A short literature overview on this topic

ollows.
Some of the most recent work has been done by Igra and Jiang

11] who analyse the problem of the first interaction and behaviour
f the shock wave. Their tool is a computer code that solves the solid
hase using the Eulerian approach (the solid particles are treated
s a second fluid). Bedarev et al. [12] use the Lagrangian approach
o model shock-wave interaction with particles in a cavity.

Federov et al. [13] analyse two problems, where the first one is
he interaction of a shock wave with a layer. The results are com-
ared with experimental observations. Suzuki et al. [14] perform

nteresting experiments as they study the behaviour of solid parti-
les behind shock waves, where the particles initially form a layer.
case when both the dust phase and some element of geometry are
resent in the system is thoroughly studied by Igra et al. [15]. Their
bjective is the analysis of shock-wave interaction with a wedge,
here the solid phase forms a surrounding environment.

Some examples of other works are: Igra et al., Thevand and
aniel, Saito, Klemens et al. [16–19].

The objective of this research is to first combine some of the
ssues mentioned above: the propagation of the shock wave and
ts interaction with the cloud of solid particles and an obstacle. We
nvestigated an explosion in a closed domain that resulted in a cloud
f solid particles (i.e. the damage of the construction). The debris
ropagates further away due to the intense gas flow and interacts
ith a solid obstacle.

This paper differs from the above mentioned work in the
etailed analysis of the debris interaction with some construc-
ion elements, in this instance, with a solid beam that is located
t a specified distance from the explosion. First, the mathematical
odel (see the next section) was carefully selected and then simu-

ations were performed, where the following important parameters
ould vary: explosion intensity, particle size, particle number and
eam location. As the influence of some of the parameters is rather
bvious, we also obtain less expected results.

. Model

Modelling of the consequences of a gas explosion where debris
s produced requires the analysis of a few phenomena that occur
t the same time. One is the gas flow in a domain with a complex
eometry with combustion and interaction with the solid bodies.
n some cases, however, there is no necessity to analyse all the
etails, as in this paper, where the focus is only on the behaviour
f the debris. Therefore, it is not necessary to model the chemical
eactions: assuming that the origin of the explosion is a domain
ith high pressure and temperature is quite sufficient. This will

ead to strong pressure waves being formed that mimic the explo-
ion.

The second issue is the motion of the debris, which really is a
ystem of solid particles of different shapes and sizes. One approach
s to assume that all of them are spherical in shape and of the same
iameter. Thus, we may find ready expressions for the aerodynamic

orce between the gas and the solid particles (the drag force). The

otion of the particles can be modelled using the standard New-
on’s second law.

The first part of the model that corresponds to the above men-
ioned description is given below.
aterials 177 (2010) 602–612 603

2.1. Model for the gas phase

We model the gas flow using the well-known Euler equations
for compressible flow:

∂�

∂t
+ ∇ · (��ug) = 0 (1a)

∂��ug

∂t
+ ∇ · (��ug ⊗ �ug) = −−→∇p −

∑ �fi (1b)

∂E

∂t
+ ∇ · [�ug(E + p)] = −

∑ �fi · �up,i −
∑

qi (1c)

The first Eq. (1a) is the continuity equation with � being the gas
density and �ug the gas phase velocity. The second Eq. (1b) is the
momentum conservation equation where p is the pressure and

∑ �fi
represents the sum of the forces from the solid particles (debris).
This is described below. The third Eq. (1c) is the energy conservation
equation with E being the total energy of the gas in unit volume,
�up,i is the velocity of ith particle and qi is the heat transfer rate (also
see the details below).

The system of equations also requires a closure, which is the
equation of state. Here, we assume the ideal gas law.

2.2. Model for the solid phase

As mentioned above, the cloud of debris can be treated as a sys-
tem of spherical particles whose motion can be described using
Newton’s second law:

mi
d�up,i

dt
= �fi + mi �g (2)

where the subscript i denotes the ith particle and m is particle mass.
Note that Eq. (2) describes the motion of ith particle only. There-

fore, the number of these equations must equal the number of
particles in the system.

The force �fi in the model is the drag force between the gas phase
and the particles. This is modelled using the well-known expression
(see e.g. [1]):

�fi = CD(Re) · Ap · �(�ug − �up,i)|�ug − �up,i|
2

(3)

where CD(Re) is a coefficient dependent on the relative particle
Reynolds number Re, and Ap is the projected area. In this research,
the following empirical formulae were used (e.g. [20]) that gives the
value of the coefficient approaching Newton’s law as the Reynolds
number increases:

CD = 24
Re

[
1 + 0.183

√
Re
]

+ 0.42 (4)

The relative Reynolds number is defined as: Re = � · d ·∣∣�ug − �up,i

∣∣/�, with d being particle diameter. The typical value
of the Reynolds number in the simulations may vary from zero
(as the relative velocity is also zero) until around 20 000 for the
values used in the simulations (as the shock wave encounters the
particles).

Since the particles may also rotate, this is described using the
model below,

Ii
d �ωi

dt
= �Mi (5)

where Ii is the moment of inertia, �ωi is the angular velocity and �Mi
is the torque. The source of the torque is usually the shear from the
flow, acting on the particle surface. This effect is actually negligible
compared with the much more important effect than the collisions
of the particles with the solid walls present in the computational
domain. Therefore, we ignore this effect.
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The next problem is the heat transfer between the particles and
he gas. As no chemical reactions are assumed, this effect is less
rgent to model. However, there is a possibility of obtaining some
ooling effect of the hot gas, and this will influence its behaviour.
herefore, we consider it in the modelling by assuming the forced
onvection between the particle surface and the flow:

dTp,i

dt
= 1

mp,icp
qi (6)

here Tp,j is the particle temperature and cp is its heat capacity.
The heat transfer rate is described by the standard expression:

i = A · Nu · k/d
(

Tg − Tpi

)
(7)

here Nu is the Nusselt number, k is conductivity of the gas phase,
is particle surface area and Tg is the temperature of the gas phase.

The Nusselt number was modelled as follows:

u = 2 + 0.6
√

RePr1/3 (8)

ith Pr being the Prandtl number.

.3. Collisions

As a particle approaches a solid wall or another particle, it may
e a subject to a collision. The most interesting for us especially,
re the collisions with a structure. This leads to a sudden increase
n stress and a possible fracture. In this paper, the behaviour of the
olid structures is not modelled, as the problem of the response of
he construction has been widely researched earlier.

To study the collisions, the hard-sphere model was used. A
recise description for both particle–particle and particle–wall col-

isions can be found in e.g. [1]. In this paper we focus on the
article–structure interactions, i.e. we study how the behaviour
f the particle cloud may lead to stresses in the construction.
herefore we do not present the exact model for particle–particle
ollisions, bur rather emphasize the particle–wall collisions. Both
odels are, however, included in the computational code.
In our simulations the collision model is necessary to account

or both particle–obstacle collisions, as well as particle collisions
ith the lower wall. The second effect is especially more visible for
articles with a higher inertia as shown later in the paper.

As a particle approaches a wall its initial velocity has the follow-
ng components: �up,i = (v(0)

x , v(0)
y , v(0)

z ) and �ωi = (ω(0)
x , ω(0)

y , ω(0)
z ).

he coordinate system is thus described: y-axis is normal to the
lane of collision, while x- and z-axes are in the plane of the wall.

During the impact two periods can be clearly distinguished:
ompression and restitution. In both periods there is a normal
mpulse acting outwards (i.e. along y-axis). Here, we define the
oefficient of restitution, e, that expresses the ratio between the
ormal component of this impulse in the compression period to
hat in the recovery period. This coefficient may vary between 0
nd 1, where 0 corresponds to a fully non-elastic collision, and 1
orresponds to an elastic collision where no energy is lost.

The new velocities after the collision with the wall are (see [1]):

vx = 5
7

(
v(0)

x − 2r

5
ω(0)

z

)
; vy = −ev(0)

y ; vz = 5
7

(
v(0)

z + 2r

5
ω(0)

x

)
ωx = vz

r
; ωy = ω(0)

y ; ωz = − vx

r
(9)
or the case when:

v(0)
y

|v| < − 2
7f (e + 1)
aterials 177 (2010) 602–612

and

vx = v(0)
x + εX f (e + 1)v(0)

y ; vy = −ev(0)
y ; vz = v(0)

z + εZ f (e + 1)v(0)
y

ωx = ω(0)
x − 5

2r
εZ f (e + 1)v(0)

y ; ωy = ω(0)
y ; ωz = ω(0)

z + 5
2r

εX f (e + 1)v(0)
y

(10)

for the case when:

v(0)
y

|v| > − 2
7f (e + 1)

where r is particle radius (r = d/2).
In the above, other parameters are also used: f is the friction

factor between the particles and the wall and εX and εZ are the two
factors indicating the proportion of the velocity in each component
direction (for a 2D collision in the x–y plane they are equal to 1.0
and 0.0, respectively).

3. Numerical scheme

The mathematical model presented above consists of issues that
need to be considered while solving numerically: the flow of the
compressible gas (partial differential equations), the motion of the
particles (ordinary differential equations), the coupling between
the gas and the particles (ordinary differential equations), and the
collisions with the walls and between the particles (analytical equa-
tions).

The computational domain is two-dimensional and discretized
into square cells where gas parameters (density, velocity, tem-
perature and pressure) are stored. The gas equations (Eq. (1)) are
solved using the Godunov scheme (see e.g. [21]). For each time step,
the particle equations (see Section 2.2) are simultaneously solved
using the Runge-Kutta numerical scheme. The particle behaviour
is solved in a loop (for each particle) and as the algorithm detects
a collision with e.g. a solid obstacle, the hard-sphere model (see
Section 2.3) is used to modify the particle velocity.

The boundary conditions were as follows: no-slip boundary con-
ditions on the surfaces of the solid obstacles, while on all the other
boundaries we require that the gradient of all parameters is equal
to zero.

The numerical scheme used in this paper is based on algorithms
shown elsewhere [22,23] and is not the focus of this study. There-
fore, the details are not described here.

4. Parameters

The manner in which the cloud of solid particles interacts with
a solid obstacle depends on many factors: the explosion pressure,
the size of the exploding domain, the concentration of the debris
and particle size, as well as the distance to the obstacle as well as
the presence of other objects that may change the flow direction of
the exploding gas.

However, it may be difficult to estimate the influence of all
these factors. Therefore, in this paper the focus is on the geome-
try that is presented in Fig. 1. The domain where the gas explodes
is assumed to be rectangular and its size is the same for all the
cases investigated. From the right-hand side it is “blocked” by a
cloud of particles, all of the same size (spherical) and density. It is
possible to also analyse other configurations, but this will be done
during further research. At some distance to the right, a vertical
beam of specific size was identified that we did not change during
the simulations for the same reason.
The particles are not connected by any interaction, as it would
normally be in reality. On the contrary, our research corresponds
to the “worst-case” scenario, i.e. these interactions would actually
dampen the strength of the explosion. Therefore, they are safely
ignored and the desired issues alone are focussed on.
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The results in this section are presented showing snapshots of
Fig. 1. The sketch of the computational domain.

Another possibility would be to add some “attractive force” that
cts between the particles. The value of the force would be a func-
ion of the separation between the particles. In order to better
uantify the reality this interaction should be strong as the par-
icles are close to each other and then decrease significantly as the
istance becomes higher.

As a result the speed of the evacuated gas will be more reduced
n comparison to the results presented in this paper. Also higher
as pressure would be recorded in the debris cloud.

The following parameters were not constant: pressure in the
igh-pressure domain, particle diameter and the distance between
he domain and the obstacle. Analysis of only these three param-
ters produced very interesting results revealing some complex
henomena. Before discussing the results, however, it was worth
eeing how the parameters may influence the results, i.e. interac-
ion of debris with the obstacle.

The higher the pressure in the domain, the higher is the initial
peed of the particles, and therefore, the faster they would prop-
gate and collide with the obstacle with a higher momentum. In
eality it is far more complex: the higher pressure also means that
he amount of gas in the domain is higher. The gas, as evacuated,
ill proceed together with the solid particles and influence their
otion. Therefore, it is not enough to mention the “initial velocity

f debris”, as it is still subject to further interaction with the gas
articles as they move.

In practice, the moving gas will also exert some force on the
bstacle. This is included in the model presented in this paper,
hough not emphasized, as this has been dealt with in other works.

Particle size is another interesting parameter. The bigger parti-
les also have a higher inertia, i.e. it takes more time to catch up
ith the flow, as well as they are later on less influenced by the
owing gas. As the gas interacts with e.g. obstacles, it will change
irection and velocity. Heavier particles will be less influenced than
he lighter ones.

The location of the obstacle is also significant. If the obstacle is
ituated very close to the exploding domain, it will be more greatly
nfluenced by the flowing debris. Actually, this is not always the
ase: if the obstacle is closer to the explosion source, it will also
nfluence the direction of the flowing gas. However, it must be
mphasized that the debris is projected with some delay, and as
he particles approach the obstacle, they are either slowed down

r turned by the gas that has interacted with the obstacle. Thus, the
esults may be unexpectedly different.

The following parameters were used in this study: the domain
as 2D and it was divided into 512 × 512 computational cells. The
aterials 177 (2010) 602–612 605

physical length and height were 5.12 m. The right and the upper
walls were simulated as “open”; thus no physical boundaries were
present and the expanding blast waves could freely develop in these
directions.

Particle diameter was 2, 4, 6 mm for different cases. Their den-
sity was always 1000 kg/m3 (this parameter is less important as
variation of the particle diameter should be sufficient to analyse
the issues addressed in this paper) and their initial temperature
was 293 K.

The pressure in the high-pressure section varied for different
simulations: 4 × 105, 6 × 105 and 8 × 105 Pa. The temperature in this
domain was always constant and equal to 1000 K. The size of the
high-pressure section was 64 × 64 computational cells. The obsta-
cle was located in positions 128, 192 and 256 computational cell
(for various simulations). The thickness of the obstacle was 8 cells,
while the height was 256 cells.

The total number of particles was 2560 (except for one simula-
tion, as mentioned in Section 5.4). The particles were distributed
at the right side of the high-pressure section mimicking a wall that
has been damaged to an explosion. The thickness of the “wall” was
around 14 computational cells.

The force of gravity was also included, with the standard accel-
eration of 9.81 m/s2. The ambient pressure and temperature were
1.013 × 105 Pa and 293 K, respectively.

We must emphasize that the objective was not to simulate a
real case, like comparing with experimental results or solving a
genuine engineering problem. The aim of this study is the analysis
of the physical processes that are more of a scientific nature, i.e. to
investigate the influence of these parameters and to reveal some
complex phenomena.

5. Results

The computer program was validated, right at the beginning.
The first part was to compare the results with the analytical solu-
tions. For example, the shock tube problem, whose solution is based
on the Riemann problem, or the propagation of a spherical parti-
cle whose motion can also be integrated and solved analytically.
This usually involves simple one-dimensional cases, but give indi-
cation about the robustness and correctness of a computational
code.

The second part was to compare with fundamental experimen-
tal observations. Here the validation was based on the paper by
Boiko et al. [24]. In this reference, the interaction of a shock wave
with a cloud of particles was studied. Both particle cloud behaviour
as well as gas pressure distribution was given. This made it possible
to assess the validity of the code used in this paper.

The third part was to analyse the grid independence where the
same case was solved using various grids. The influence of the
grid cell size on results like gas pressure or velocity distribution
was studied. Also results like the particle location as well as their
behaviour (e.g. number of collisions) was controlled using different
meshes. It has to be emphasized that using of too fine grids does
not lead to physically correct results: the cell size has to be consid-
erably bigger than particle size. Otherwise the primary assumption
that the particles are treated as points is not valid any more.

The issue of the interaction of the particles with the solid obsta-
cle involves algebraic formulae, so it does not require validation.
These results are not presented in this paper; the focus is only on
the problem that we desire to study.
particle position or gas parameters (velocity field, pressure, etc.) for
different points in time. Further, the statistical results presented
help in understanding these processes, as well as predicting out-
comes for other cases that are not dealt with in this research.
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cle, before the debris. This problem (the shock-wave phenomena
and dynamic loading of structures) has already been extensively
studied by many researchers, and is therefore, not repeated in this
paper.
Fig. 2. Two snapshots of particle position after 20 and 60 ms.

.1. The process

In this subsection, the process is illustrated by showing some
napshots of particle position as well as gas pressure distributions
nd velocity fields. The objective is to present the fundamental
henomena necessary to understand more complex issues and
acilitate the reader to move to the next sections.

First, two snapshots of particle positions after 20 and 60 ms,
.e. relatively early as we consider the whole processes, are pre-
ented (see Fig. 2). The simulation corresponds to the following
arameters: particle diameter was 2 mm, the initial pressure in
he chamber was 8 × 105 Pa and the obstacle position was 256 grid
ells.

The first interesting observation is that the particles are “com-
ressed” towards the central line. This is due to the gas flow that
as been evacuated from the high-pressure section as illustrated

n Fig. 3. After a few milliseconds, two eddies are observed at the
orners, and at the same time, gas flow back to the chamber. This
henomenon is well known in gas dynamics, and in this case, may
nfluence the results in a way difficult to predict. This leads to
hanging of the particle cloud shape as well as deceleration.

To eliminate this phenomenon, we “removed” the wall on the
eft side of the high-pressure section, thus forming a huge domain
Fig. 3. The gas field velocity close to the chamber exit after 6 ms.

with high pressure, as this type of boundary condition mimicked
it. This greatly influences the initial shape of the cloud as well as
flow pattern. The results are shown in Figs. 4 and 5 as a snapshot of
particle position and the gas velocity field, respectively. When the
results are compared with Figs. 2 and 3, a significant difference is
evident.

For further simulations, however, the initial geometry was still
used, i.e. the size of the high-pressure section was finite, as it was
actually more real, especially in rather small-scale explosions.

The next stages of the process are shown in Fig. 6, as subsequent
snapshots of particle position showing the interaction of debris
with the obstacle. As observed, some particles collide with the beam
and bounce off. This also leads to strain in the structure and possible
damage. This issue is discussed in subsequent sections.

As mentioned in the earlier section, the beam is also loaded by
the exploding gas. The pressure waves actually arrive at the obsta-
Fig. 4. A snapshot of particle position after 20 ms for the case where the left wall
was simulated as “open”.
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Fig. 5. The gas field velocity close to the chamber exit after 6 ms for the case where
the left wall was simulated as “open”.

Fig. 6. Snapshots of particle positions for various points in time: (a) 150 ms, (b) 200 ms
8 × 105 Pa and particle diameter was 2 mm.
aterials 177 (2010) 602–612 607

5.2. The influence of the initial pressure

Many parameters may influence the interaction of the debris
and the structure. One of the first parameters usually studied is the
explosion strength that in this paper is mimicked by the value of
the initial pressure in the chamber.

To better evaluate the interaction of the debris with the solid
obstacle, a parameter that describes the “strength” of the impact
needs to be found. An example is the measurement of the particles’
momentum as they collide with the beam.

In this research, simulating the process for the same time period
for all the cases was suggested. Then the beam was divided into a
number of bands, and later all the particles that collided with each
band during this period were analysed. A time period correspond-
ing to 800 ms with the number of bands equal to 10 were selected.
Thus, both the “strength of impact” as well as “distribution” over
the beam could be investigated. These values here are merely arbi-

trary and were selected after some testing, to better illustrate the
results.

Fig. 7 shows a comparison among three cases, where the initial
pressure was 4 × 105, 6 × 105 or 8 × 105 Pa. The curves reveal the
total momentum of the particles that collide with the correspond-

, (c) 250 ms, and (d) 300 ms. The initial pressure in the high-pressure section was
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Fig. 8. Snapshots of particle position for two values of particle diameter: (a) 4 mm
and (b) 6 mm.
ig. 7. The distribution of the momentum of particles that have collided with the
bstacle for various values of the initial pressure.

ng band. The first conclusion is that the higher pressure led to a
igher value of the maximum momentum (this conclusion is rather
bvious), but also that the collisions were more “focussed” on the
pper part of the obstacle. It is observed that Fig. 6 corresponds to
he case with the higher pressure that confirms the observation.
or the lower value of pressure (e.g. 4 × 105 Pa) the collisions were
istributed rather uniformly over the whole length.

This information yields the first indication that enables the pre-
iction of stress and strain in the construction and/or possible
racture points.

.3. The influence of particle diameter

Particle diameter is another parameter of interest. Bigger parti-
les usually tend to accelerate slower due to their higher inertia. On
he contrary, they also have a higher mass which is of importance
hen collisions with an obstacle are considered. Another important

ssue is that they do not intensively interact to sudden changes in
he flow direction or magnitude (like eddies) so that the shape of
he flowing cloud is also different.

Fig. 8 shows particle snapshots for two cases, where the particle
iameter was equal to 4 and 6 mm. For both cases, the time was
0 ms; hence, these figures correspond to Fig. 2b. We can observe
hat the “heavier” particles also have a higher inertia and they are
ess subject to sudden changes of the flow.

The momentum distribution of particles that collided with the
eam during the period 800 ms was also analysed. The results are
hown in Fig. 9. In all the cases, the initial pressure was the same
nd equal to 8 × 105 Pa. Particle diameter was the parameter that
aried at 2, 3, 4 and 6 mm.

This time the results were more difficult to predict and less obvi-
us conclusions were arrived at. For the smallest particles (2 mm)
he focus on the higher part of the beam was observed (note that
he same curve is also shown in Fig. 7). As the particles became big-
er (3 mm), formation of more uniform distribution was observed
s the particles tended to fall due to gravity and their initial veloc-

ty was lower. An interesting observation was made for particles of
iameter 4 mm that tended to collide only with the lower part of
he obstacle, while particles of diameter 6 mm hardly touched the
bstacle.

Fig. 9. The distribution of the momentum of particles that have collided with the
obstacle for various values of the particle diameter.
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ig. 10. Snapshots of particle positions for various points in time: (a) 300 ms, (b) 4
× 105 Pa and particle diameter was 6 mm.

This is also illustrated in Fig. 10, as snapshots of particle posi-
ion for different points in time: 300, 400, 500 and 600 ms and for
he case where the particle diameter was 6 mm. This figure can
e directly compared to Fig. 6, where the particle diameter was
maller: gravity force and higher inertia of the heavier particles
lay a role here.

In this section the influence of particle diameter has been anal-
sed. The increase of diameter also leads to increase in particle
oncentration, i.e. particle mass per unit volume.

.4. The influence of number of particles

A comparison of the following two cases is of interest. Debris
oncentration (or the total mass) is the same for both cases, but the
umber of particles is different. This also leads to the conclusion
hat the particle diameter must change if the mass is to be kept

constant, i.e. the following relation can be easily derived (still

ssuming the spherical shape of the particles):

1 = d2
3

√
N2

N1
(11)
, (c) 500 ms, and (d) 600 ms. The initial pressure in the high-pressure section was

where d is particle diameter and N is the total number of particles
in the cloud, while 1 and 2 denote two different cases that are being
analysed.

The two simulations are compared. The first has already been
discussed above: particle diameter was equal to 2 mm, the ini-
tial pressure in the chamber was 8 × 105 Pa and the total number
of particles was 2560. In the second simulation, the total num-
ber of particles was four times smaller, i.e. 640. To have the same
mass of debris, the particle diameter had to be higher and equal to
3.1748 mm (see the above mentioned relation).

The results are shown in Fig. 11 and illustrate the influence.
However, it appears that even though the debris mass is the same,
the number of particles will have a crucial effect.

This can be supported by theoretical analysis that does not
require use of any simulating techniques as above. Let us assume
that particles are subject to a one-dimensional gas flow that is not

influenced by the particles and that the relative Reynolds number is
high (Newton’s law is valid, i.e. drag force coefficient is constant).
Also gravity does not act in this direction. The total momentum
of the particle cloud is defined as: M = N · up · m, where N is the
total number of particles in the cloud, up is their velocity (assum-
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ig. 11. The distribution of the momentum of particles that have collided with the
bstacle for two different total number of particles: 2560 and 640.

ng now that it is the same for all the particles) and m is mass of each
article.

By repeating Eq. (2) we obtain (we multiply both sides by N and
ssume that all the particles have the same mass and velocity):

· m · dup

dt
= N · f (12)

hich is the same as:

dM

dt
= N · f (13)

ith M being defined above.
Combining Eq. (13) and Eq. (3) yields:

dM

dt
= N · CD

�d2

8
�(ug − up)2 (14)

here we additionally specify the projected area Ap as �d2/4, as
ell as: (ug − up)

∣∣ug − up

∣∣ ≡ (ug − up)2 since we assume that the
ow is only in one direction.

This can be further modified to:

dM

dt
= N · CD

�d2

8
�(m · N · ug − m · N · up)2 1

(m · N)2
(15)

hat yields:

dM

dt
= CD

N

4.5

�2
p · � · d4

�

(
N · ug · �p

�d3

6
− M

)2

(16)

ince particle mass is: m = �p · � · d3/6
By solving this differential equation, the momentum of the par-

icle cloud for any point in time can be found with the above
entioned assumptions (the initial momentum of the particles is

ero):

= N · d3

(
ug · �p · �/6 − 1

(4.5CD�/�2
p · � · d)t + (6/ug · �p · �)

)

(17)

s we analyse the two cases, where the total mass of the particles
s the same and what differs is the total number of particles and
heir diameter, Eq. (17) can be written for these two situations,
aterials 177 (2010) 602–612

i.e. M1 = f(d1, N1) and M2 = f(d2, N2) for a given point in time t. For
instance for the first case:

M1 = N1 · d3
1

(
ug · �p · �/6− 1

(4.5CD�/�2
p · � · d1)t + (6/ug · �p · �)

)

(18)

And in the same manner one can write a similar formula for the

second case (subscript 1 has to be replaced with 2):

M2 = N2 · d3
2

(
ug · �p · �/6− 1

(4.5CD�/�2
p · � · d2)t + (6/ug · �p · �)

)

(19)

Taking into account the relation defined in Eq. (11), the total

momentum for the first case (Eq. (18)) can be changed to the fol-
lowing relation:

M1 = N2 · d3
2

(
ug · �p · �/6 − 1

(4.5CD�/�2
p · � · d2) 3

√
N1/N2t + (6/ug · �p · �)

)
(20)

Thus: if N1 > N2, the total momentum for the first case (Eq. (20)) is

higher than for the second case (Eq. (19)). This explains the results
shown in Fig. 11.

Nevertheless, it must be noted that this discussion does not take
into account some more complex phenomena, though it explains
the fundamental behaviour of the debris cloud.

5.5. The influence of obstacle location

As expected, the position of the beam is one of the most impor-
tant parameters. As the obstacle is located closer to the chamber
exit, the particles may collide with a higher momentum. However,
the closer location may also lead to some unexpected phenomena
due to the fact that any additional elements in the domain will
strongly influence the gas flow, which may later alter the motion
of the debris.

As earlier, the total momentum of the particles that collide with
the obstacle during period of 800 ms was analysed. The results are
shown in Fig. 12 as three curves corresponding to the various loca-
tions of the obstacle.

This time the results may not appear obvious: for the situation
where the beam is located at the distance 256 computational cells,
the total momentum is observed to be actually higher in com-
parison to the case where the beam is placed much closer to the
explosion zone. The explanation of this surprising observation is
as follows: the beam also hinders the gas flow, which is suddenly
turned. This is especially visible for the case when the obstacle
is situated closer to the chamber exit. Another important issue is
the lower “volume” of the space between the obstacle and the left
side of the domain. The first pressure wave moves down and then
returns as a reflected wave, and this phenomenon is stronger for a
“narrower” domain. This leads to the well known, though surpris-
ing observation that the particles do not interact with the beam as
intensively as it is located at a further distance.

Fig. 13 illustrates this situation: a snapshot of particle position
is shown as they approach the obstacle. The figure also shows the
vectors of the particle velocities and a clear motion upwards may

be observed. In order to better illustrate this process, we show also
the gas pressure distribution for the same point in time (see Fig. 14).

However, this observation cannot be expected for the case
where the particles have a higher inertia. Therefore, results for big-
ger particles, namely of diameter 4 mm (see Fig. 15) are shown.
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Fig. 12. The distribution of the momentum of particles that have collided with the
obstacle for various locations of the beam. Particle diameter was 2 mm.

Fig. 13. Particle cloud motion after 50 ms. The beam was located at distance 128
cells and the particle diameter was 2 mm.

Fig. 14. Gas pressure distribution after 50 ms. The beam was located at distance 128
cells and the particle diameter was 2 mm.
Fig. 15. The distribution of the momentum of particles that have collided with the
obstacle for various locations of the beam. Particle diameter was 4 mm.

This time there is a clear trend that corresponds to our expecta-
tions: as the distance increases, the particles collide with a lower
momentum.

The main conclusion drawn here is that two opposite mecha-
nisms exist: strength of the explosion and particle inertia. If the
former dominates, results are obtained that appear to be more
obvious: this usually describes stronger explosions. For weaker
explosions (lower pressure or smaller domain), the behaviour of
the debris becomes dependent on geometry.

6. Concluding remarks

In this research we showed that the Lagrangian approach for
solid particle modelling can be used to simulate the flow of debris.
The gas flow was based on the standard Navier–Stokes equations
where the influence of the particles was implemented as the source
terms. The algorithm accounts for collisions, especially with obsta-
cles. The chemical reactions were ignored, as the objective was
only to analyse the consequences of explosions and not their exact
course.

Other assumptions were also made. All the particles were
assumed to be spherical and of the same size. The former made
it possible to use quite accurate and well-tested models, while the
latter can be easily modified by assuming any particle size distribu-
tion. In this paper we did not wish to focus on it: the objective was
rather not to simulate a real case, but to investigate the influence of
various parameters like particle size and mass, the initial pressure
and the location of the obstacle

In future studies we are, however, planning to influence a more
real case as well. It will be assumed that the particle size can vary
in the debris cloud and the size distribution is specified. This will
influence both the behaviour of the cloud since smaller particles do
not behave in the same way as the bigger ones, as well as the gas
motion.

The parameters (particle size, pressure and the obstacle loca-
tion) were tested for some arbitrary geometry and initial data.

We must emphasize that the mathematical model is able to also
cope with other cases, but we did not focus on them. Analysis of
the results led to interesting observations and revealed complex
phenomena, where perhaps the most important was the coupling
between the fluid flow and the debris behaviour.
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The ultimate goal would be to implement models describing the
ehaviour of the solid structure and the debris. This is outside the
cope of this research, as the main focus was an analysis of the
echanisms leading to a possible debris–obstacle interaction, not

he consequences.
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