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Abstract

The subject of this paper is dust lifting behind shock waves, a process that is important for the formation
of explosive dust clouds in air. While Eulerian–Eulerian has been the standard numerical technique for such
simulations, the Eulerian–Lagrangian technique has been used in this paper, making it possible to take into
account more physical phenomena, such as particle–particle and particle–wall collisions. The results of the
simulations are shown mainly graphically, as snapshots of particle positions at given times after the pas-
sing of the shock wave. The results show that the collisions, and the coefficient of restitution assumed
for them, is important in determining the mobility and lifting of dust behind shock waves. The results also
show that the idea of a horizontally travelling shock wave is an oversimplification: the strong pressure gra-
dient at the surface results in a series of reflected waves generated at the surface and travelling into the gas
phase.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Dust lifting behind shock waves is a process that is especially interesting for engineers and
researchers dealing with safety problems connected with dust explosions. Organic, metal or other
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kinds of dust can become hazardous when they are mixed with air and ignited. Such materials are
present in many branches of industry and they constitute a potential danger for both people and
equipment.

In practice dust is lying in deposits, for instance in processing units or in coal mines. The dust
can easily be entrained by a pressure wave that may be generated intentionally or by accident. The
latter case is unexpected and can lead to the creation of a dangerous mixture, and this type of
occurrence has therefore been the subject of much research. Most of this research has been experi-
mental, see for instance Fletcher (1976), Kauffman et al. (1992), Lebecki et al. (1995) and Lebecki
et al. (2000). In those experiments a dust layer was lying at the lower wall of a channel and a
primary explosion was generated with the object of creating a strong pressure wave. The wave
propagated over the dust deposit and as a result the dust was entrained, dispersed and finally
ignited.

This type of experiment is usually expensive and difficult to carry out, especially when accurate
measurements are required. Therefore it has become popular to perform numerical simulations of
such processes in recent years. One of the early studies was that of Butler et al. (1982) in which the
interaction of a shock wave with a porous bed was modelled. The model used by Butler et al. was
the basis of models used later by other researchers.

In the following years, other publications appeared, which were devoted specifically to the topic
of the solid phase lifting behind a shock wave: Kuhl et al. (1989), Ben-Dor and Rayevsky (1991),
Collins et al. (1994), Klemens et al. (2000), Thevand and Daniel (2002) and many others. The
wider problem of modelling two-phase flows, with and without combustion, for safety applica-
tions have been a topic of many publications: Miura and Glass (1982), Dushin et al. (1993),
Samuelsberg and Hjertager (1996), Boiko et al. (1997), Boiko and Poplavski (1997), Rose et al.
(1997), Smirnov et al. (1997), Tu (1997), Mathiesen et al. (2000), Ibsen et al. (2000) and many
others.

This paper is devoted to modelling dust lifting from a solid surface behind shock waves. In most
of the publications mentioned above the main simulation method has been the so-called Eulerian
approach, where the solid phase is treated as a continuum, penetrating and interacting with the
gas phase and described by nearly the same equations as the gas phase. Both phases are coupled
by a set of interphase interaction mechanisms, such as drag and lift force, heat and mass exchange
and chemical reaction.

Not many attempts have been made to use the Lagrangian approach where the particles are
treated as points that move in the computational domain interacting with the moving gas.
Two-way coupling needs to be considered for this kind of process, since the particles act on
the gas by changing its momentum significantly. Simulations using this approach are not easy
to perform even nowadays due to the huge numbers of particles in real applications. On the
positive side, this kind of simulation is very realistic from the physical point of view and many
physical phenomena can be considered that cannot be accounted for in the Eulerian approach.
An example is collisions between the particles: this is challenging and problematic for Eulerian
models.

Summarizing: it is not possible to use the Lagrangian approach for simulation of dust lifting in
large-scale domains covering real industrial facilities. However, using this approach for a smaller
domain makes it possible to analyse the fundamental processes and seek the mechanisms respon-
sible for entrainment of solid particles from a deposit.



P. Kosinski, A.C. Hoffmann / International Journal of Multiphase Flow 31 (2005) 1097–1115 1099
2. Mathematical model

The model used here to describe the flow of the two-phase mixture can be divided into two
parts. The first part is for simulation of the gas phase. The flow equations used are the Na-
vier–Stokes equations, modified to take into account the presence of the solid particles, i.e. when
modelling the exchange of momentum and heat between the gas and the particles, also the effect of
the particles on the gas is taken into account (two-way coupling). Actually, there have been at-
tempts in the literature to model the type of phenomena we are interested here neglecting this,
only considering the action of the gas phase on the solid particles (one-way coupling). In such
a case, the equations describing the movement are simply the Navier–Stokes equations.
Using one-way coupling, however, has not been proven to be successful (see Thevand and Daniel,
2002).

The system of equations for the gas phase can be written in the following way:
oq
ot

þ oqugj
oxj

¼ 0 ð1Þ

oqugi
ot

þ oqugjugi
oxj

þ op
oxi

¼ o

oxj
qsji
� �

� fi ð2Þ

oqE
ot

þ oqugjðE þ pÞ
oxj

¼ o

oxj
qugisij
� �

� Qþ fiusi ð3Þ

p
q
¼ RT g ð4Þ
In the above:~ug is the velocity vector of the gas phase, q is the density of the gas phase, E is the
total energy of the gas phase, p is the pressure in the gas phase, Tg is the temperature of the gas
phase, sji is the stress tensor, R is the universal gas constant, ~f is the force acting on the solid
particles and Q is the heat exchanged between the gas phase and the particles.

The model for the solid particles can be written in the vector form as follows:
mk
d~usk
dt

¼ ~f k ð5Þ

dT sk

dt
¼ 1

mkcs
Qk ð6Þ

Ik
d~xk

dt
¼ ~Mk ð7Þ
and
k ¼ 1; . . . ;number of particles
for the kth particle: mk, Ik are the mass and moment; Tsk is the temperature;~usk is the velocity; ~xk

is the angular velocity;~f k is the force acting on the particle due to interphase forces and collisions;
Qk is the heat exchange rate between the particle and the surrounding fluid; ~Mk is the torque ac-
ting on the particle due to collisions and due to shear stress on the particle surface; cs is the heat
capacity of the solid phase.
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In the following, we describe how the force ~f k, torque ~Mk and rate of heat exchange Qk are
evaluated. Firstly the force acting on each particle as a result of the gas phase. This force mainly
consists of the drag force:
~f k ¼ ~f drag ¼
pd2

8
CDqj~ug �~usjð~ug �~usÞ ð8Þ
where d is the particle diameter (constant for all the particles, but different diameters could easily
be implemented) and CD is the drag force coefficient (a function of the Reynolds number).

The force ~f k is related to ~f (used in (2) and (3)) as:
~f ¼ n~f k
where n is a number density of the particle phase.
We have to emphasize that other interphase forces can be also included in the modelling, we

discuss this below.
The torque due to the shear stress acting on the particle by the fluid can be described for the

following model (Crowe et al., 1998):

• for low Reynolds numbers (Happel and Brenner, 1973):
~Mk ¼ pld3ð1=2r�~ug � ~xkÞ ð9Þ

• for higher Reynolds numbers (Denis et al., 1980):
~Mk ¼ �2:01ld3~xkð1þ 0:201
ffiffiffiffiffiffi
Re

p
xÞ ð10Þ
where Rex is a Reynolds number based on the angular velocity:
Rex ¼ q j ~xk j d2

4l
ð11Þ
and l is the dynamic viscosity of the gas phase.

Additionally, the force acting on each particle is also a result of collisions with other particles.
For modelling of the collisions, the so-called hard sphere model has been adopted. Its detailed

description for the three-dimensional case may be found, for example, in Crowe et al. (1998). The
derivation of the model begins with writing the impulse equations for both colliding particles,
denoted by subscripts A and B. Symbol (0) refers to the state before the collision:
mAðuA � uð0ÞA Þ ¼ JX ð12Þ
mAðvA � vð0ÞA Þ ¼ JY ð13Þ
mBðuB � uð0ÞB Þ ¼ �JX ð14Þ
mBðvB � vð0ÞB Þ ¼ �JY ð15Þ
IAðxA � xð0Þ

A Þ ¼ dA=2 � ð~n�~JÞZ ð16Þ
IBðxB � xð0Þ

B Þ ¼ dB=2 � ð~n�~JÞZ ð17Þ
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In the above: IA is the moment of inertia of a particle (for spherical particles: I = (1/10)md2);~J is
the impulsive force (the time integral of the force throughout the collision) exerted on particle A
(which also acts on the B, but with the opposite sign);~n is a unit normal vector from particle A to
B; ð~n�~JÞz is the z-component of the vector product of the normal vector and the impulsive force,
and m is mass of a particle.

In the model (15)–(20) the particle deformation is neglected, and it is assumed that the friction
on sliding particles obeys Coulombs law. This is described by a constant friction coefficient le.
Additionally a coefficient of restitution e is defined as the ratio of the post-collisional to the
pre-collisional velocities normal to ~n. The coefficient is taken as constant. The integration of
the equations with the mentioned assumptions leads to values of velocities and rotations for
the both particles after the collision. Detailed formulae can be found in Crowe et al. (1998).

Heat transfer between the gas phase and the particles takes place due to a difference of temper-
atures between them. In this research only convective flux has been considered and modelled using
the well known formula:
Qk ¼ pdkNuðT g � T sÞ ð18Þ

where k is the conductivity of the gas phase and Nu is the Nusselt number (an empirical function
of Reynolds and Prandtl numbers).

The value Qk is related to Q (used in (3)) as:
Q ¼ nQk
where n is a number density of the particle phase.
The number of equations of conservation corresponds to the number of the particles. Using

huge numbers of particles is not feasible due to the limited memory of a computer. One of the
methods of overcoming this problem and increase the number of particles in the system is to con-
sider ‘‘virtual particles’’ that each consists of a number of primary particles. The problem is that it
may lead to errors when studying phenomena of dust lifting, especially for thin layers. If this tech-
nique were used, it would not be possible to analyse the fundamental processes taking place in the
layer. Therefore this technique has not been used in the present research.
3. Computational technique

As described in the previous section, the following problems must be considered in the
algorithm:

• the flow of the gas phase,
• the motion of the particles as a result of interphase forces,
• the motion of the particles as a result of collisions.
3.1. The flow of the gas phase

The system of equations for the gas phase (1)–(3) can be written in the following way (for the
two-dimensional case):
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oU
ot

þ oðF � F V Þ
ox

þ oðG� GV Þ
oy

¼ S ð19Þ
where: U ; F ;G; F V ;GV are vectors:

U is the vector of conserved variables; F ;G are the vectors containing convective fluxes through
cell edges; F V ;GV is the vector containing diffusive fluxes through cell edges; S is the vector
containing source terms:
U ¼
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2
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3
777775
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2
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ð20Þ
In (20) the following notation has been used: ug and vg are components of the gas phase velocity in
x- and y-direction; us and vs are components of the solid phase velocity. The dimensions of the
vectors in (19) and (20) correspond to the number of equations of conservation. For two-dimen-
sional flow we thus obtain four such equations.

The computational grid has been divided into nx · ny rectangular elements. The values of the
gas parameters (density, velocity components, pressure and temperature) are written in the cell
centres. The parameters of all the particles (position, velocities, temperature) are stored. In each
time step the new values of gas and particle properties in the cells are calculated using numerical
techniques mentioned below.

The total scheme of the algorithm is based on the idea of splitting (see Toro, 1999), where the
Eq. (19) are solved separately:

• the flow of the gas phase where interphase mechanisms are not considered:
oU
ot

þ oðF � F V Þ
ox

þ oðG� GV Þ
oy

¼ 0 ð21Þ
• the change in time of the conserved variables as a result of particles motion and temperature
difference:
oU
ot

¼ SðUÞ ð22Þ
The numerical scheme for solving (21) begins with writing the equations in the following way (see
e.g. Toro, 1999):
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U
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ð23Þ
for j = 1, . . . ,nx; k = 1, . . . ,nz; and n indicates the time step.
In the scheme F , G (defined above in (20)) constitute fluxes. Their values at the cell interfaces

are based on solving the Riemann problem between two adjacent cells, a problem is well known in
gas dynamics. Here the Godunov-type MUSCL Hancock (van Leer) partial differential solver was
used, so that the second-order spatial accuracy was obtained. The main advantage of using this
method is the possibility of resolving high gradients and discontinuities typical for high-speed
flows and shock waves.

The vectors F V , GV are diffusive fluxes and also have been defined above, in (20). In the nume-
rical scheme they are written in a simple finite difference manner using parameters from adjacent
computational cells.

In the next step Eq. (22) is solved. They constitute a system of ordinary differential equations.
The part of the algorithm involves solving equations of motion of the solid particles as a result of
the interphase mechanisms. It is described in the following section.

3.2. The motion of the particles as a result of interphase mechanisms

In order to solve the motion of the particles on the computational grid, Eqs. (5)–(7) must be
considered. They constitute a system of ordinary differential equations. Because of they can be
solved together with the system (22) as mentioned above. It has been performed by using the
VODE solver (see Kee et al., 1996) that is a high-order implicit scheme widely used for solving
these kinds of equations. Altogether there are seven equations and the following parameters
are found in the new time step: two components of the corrected gas velocity, two components
of a particle velocity, temperatures of the both phases and angular velocity of a particle. Having
done this, the new position of a particle is found as a function of its previous position, as well as
new and previous velocities.
xnþ1
i ¼ xni þ Dt

unþ1
si þ unþ1

si

2

ynþ1
i ¼ yni þ Dt

vnþ1
si þ vnþ1

si

2

ð24Þ
The procedure for solving the ordinary differential equations, described in this section, is called
for each particle separately. The parameters of the particles are stored for all of them individually.
Moreover, during the computation of the interphase mechanisms, it is required to find the values
of gas parameters around each of them. Because the gas parameters are stored in the cells centres,
it is necessary to perform an interpolation to assess the exact values of the gas parameters.

3.3. The collisions between the particles

A part of the algorithm is the collision between the particles. At the beginning of performing the
calculations for each time step all the pairs of particles that collide in the current time step are
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taken into account. It is done by analysis of the distance between them. If, within the time step,
the distance becomes smaller or equal than the sum of radii of the particles they will collide. Ha-
ving done this, their new parameters are found and new values of velocities (both linear and angu-
lar) of the particles are introduced by implementing the analytical formulae mentioned above.

3.4. The sequence

The idea of the algorithm is to find the gas and the particles parameters in the new time step. In
each time step the algorithm solves all the three parts described in Sections 3.1–3.3. They can be
denoted using the following operators:

U—the flow of the gas phase in x- and y-direction (Section 3.1);
K—the computation of the interphase mechanisms and of new parameters of the particles and
the gas phase as a result of them (Section 3.2);
C—the movement of the particles as a result of collisions (Section 3.3).

In the algorithm they are solved in the following sequence:
U
n ! Kð1=2DtÞ ! Cð1=2DtÞ ! UðDtÞ ! Cð1=2DtÞ ! Kð1=2DtÞ ! U

nþ1 ð25Þ

where: U

n
is the parameters in the previous time step; K(1/2Dt) is the computation of the interphase

mechanism for half of the time step; C(1/2Dt) is the computation of new particle velocities after
collision (in half of the time step); U(Dt) is the flow of the gas phase for full time step; U

nþ1
is

the parameters in the new time step.
4. Results

The simulations are two-dimensional and were performed on a rectangular domain whose
dimensions are: 40 cm per 1 cm (Fig. 1). The walls of the channel were modelled as being open
so that no obstructions were present to the flowing gas and no unexpected pressure waves were
created. The main shock wave was created by a high-pressure chamber. At t = 0 an impenetrable
membrane in front of the chamber was removed exposing the computational domain to the
Fig. 1. The scheme of the computational domain.
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pressure in the chamber, resulting in a shock wave travelling through the domain and passing over
the deposit that had been situated initially at the lower side of the channel. The gas pressure in the
chamber was 4 bar. The solid particles, whose diameter was equal to 90 lm, were spherical and
were initially lying in the configuration presented in Fig. 1. This initial configuration was kept the
same in all the simulations.

The most important parameter that was varied between the numerical experiments was the
collision restitution coefficient. The objective was to investigate the importance of the collisions
between the particles and the collisions of the particles with the lower wall of the channel.

Convergence studies are of importance, especially when a two-way coupling technique is used
(both the influence of the gas on the particles and of the particles on the gas are considered). When
Fig. 2. The particles distribution for the restitution coefficient equal to 0.9. Results are presented for five moments of
time: 1.0, 1.3, 1.6, 1.9 and 2.2 ms.

Fig. 3. The particles distribution for the restitution coefficient equal to 0.3. Results are presented for five moments of
time: 1.0, 1.3, 1.6, 1.9 and 2.2 ms.



Fig. 4. The particles distribution for the restitution coefficient equal to 1.0 and the friction coefficient 0.0. Results are
presented for five moments of time: 1.0, 1.3, 1.6, 1.9 and 2.2 ms.
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the influence of the particles on the behaviour of the gas phase can be neglected (one-way cou-
pling), the results are less grid-dependent (see e.g. Portela and Oliemans, 2003). In this research,
Fig. 5. The particles distribution for the restitution coefficient equal to 0.9 and the friction coefficient 0.15. Results are
presented for five moments of time: 0.05, 0.10 and 0.15 ms.
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the results were tested by checking convergence on different meshes corresponding to the follo-
wing sizes of the (square) cells: 200, 400 and 800 lm. It must be noted here that too fine grids
do not describe reality correctly, since the diameter of the particles then becomes large in compar-
ison with the cell size. This problem can be overcome by implementing the particles not as points
but as objects, large relative to the computational cells and moving on the grid. This requires
significant amendments in the numerical scheme. We are working on this aspect now.

In this research, during the convergence studies snapshots of the particle locations for the dif-
ferent grids mentioned above were compared. Additionally, so-called mean square displacement
of the particles for a time t was computed for different grids and the histories of this function were
analysed. Finally pressure histories at different points in the channel were investigated. On this
basis, the grid corresponding to 200 lm was chosen as optimal.

Figures 2–4 show the particles� distribution for different moments in time after the passing of
the shock wave and for different restitution coefficients. The points in time are 1.0, 1.3, 1.6, 1.9
and 2.2 ms for all the three values of the restitution coefficient which are 0.9, 0.3 and 1.0 for Figs.
2–4, respectively. The friction coefficient was equal to 0.15. The last case describes an ideal
situation where the collisions are fully elastic. In this case the value of the friction coefficient also
corresponded to an ideal case and was equal to 0.0.
Fig. 6. The particles distribution for the restitution coefficient equal to 0.9 and the friction coefficient 0.15. Results are
presented for three moments of time: 0.4, 0.6, 0.8 and 1.0 ms.
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Comparison of the results leads to an interesting conclusion: a lower restitution coefficient
slows down the entrainment process. This means that the effect of collisions on the phenomena
is of importance. According to some experiments (e.g. Goldschmidt et al., 2001), the value of co-
efficient of restitution for such particles is usually close to 0.9. Thus the results obtained with
this value can be expected to be closer to reality.

As seen in e.g. Figs. 2–4, the following trend can be observed: the particles are lifted in a wedge-
like shape and later begin to move randomly due to frequent interparticle collisions. The same
trend was observed during experimental investigations of dust lifting behind shock waves (see
e.g. Klemens et al., 2004; Borisov et al., 1999).

In the following, the fundamental phenomena present in the layer are discussed.
Figure 5 shows details of the front part of the layer during the initial stages of the process (0.05;

0.10; and 0.15 ms) where the shock wave hits the layering and leads to the lifting of the first par-
ticles. The results are shown for the value of the restitution coefficient 0.9 and the friction coeffi-
cient 0.15, but the collisions between the particles are negligible at this stage, and the lifting
process is a only result of the upwards gas flow. It is noted that the Eulerian–Eulerian approach
is able to model the phenomenon in a similar way, since the particle–particle interactions can, to
some extent, be neglected at this stage.
Fig. 7. The particles distribution for the restitution coefficient equal to 0.3 and the friction coefficient 0.15. Results are
presented for three moments of time: 0.4, 0.6, 0.8 and 1.0 ms.



Fig. 8. The particles distribution for the restitution coefficient equal to 1.0 and the friction coefficient 0.0. Results are
presented for three moments of time: 0.4, 0.6, 0.8 and 1.0 ms.

P. Kosinski, A.C. Hoffmann / International Journal of Multiphase Flow 31 (2005) 1097–1115 1109
Figures 6–8 present the particle distributions for three moments in time: 0.4, 0.6, 0.8 and 1.0
ms for restitution coefficients 0.9, 0.3 and 1.0, respectively. As previously, the friction coeffi-
cient was equal to 0.15 for the first two cases and 0.3 for the third case. The difference between
Figs. 6–8 and Figs. 2–4 is that in the latter the domain where the main lifting process occurs is
magnified, so that the process can be better investigated. The first conclusion is again that the
higher value of the restitution coefficient, the stronger lifting process. The lifting process begins
when the particles in the deposit come to contact with each other and bounce. Afterwards, the
chaotic movement and collisions with the particles carried by the gas stream from the left lead
to a behaviour difficult to predict. However, the particles are moving quickly in the vertical
direction.

The domain has been even more magnified in Figs. 9–11. The figures correspond to the same
cases as in Figs. 6–8, and Figs. 2–4. We can observe all the processes that occur within the layer:
the gas movement causes the particles come into contact and collide. An important remark is that
that the entrainment does not occur directly after the passing of the shockwave, but only delayed,
after collisional processes in the layer have taken place. It must be emphasized that a similar delay
has been reported in experiments (see e.g. Fletcher, 1976; Klemens et al., 2004) but it has not been
explained up to now.



Fig. 9. The particles distribution for the restitution coefficient equal to 0.9 and the friction coefficient 0.15. Results are
presented for three moments of time: 0.2, 0.4 and 0.6 ms.
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Figure 12 compares the particle–particle interactions for the two cases: the coefficient of resti-
tution 0.9 and 0.3. It can be observed that for the lower value of the coefficient, the particles tend
to stick to each other more easily and they may form agglomerates. A similar conclusion has been
drawn by other researchers, dealing with fluidized beds.

Another interesting phenomenon, which these simulations have brought to light, is the fact that
the shock wave is not one-dimensional, and that waves are periodically reflected into the domain
from the lower wall. The reflection of the waves is caused by the fact that the main shock wave is
not straight but curved due to the presence of the dust. This is shown in Fig. 13 as a pressure dis-
tribution in the vicinity of the shock wave. Similar results were obtained by e.g. Collins et al.
(1994) who used the Eulerian approach.

The last problem that has been considered in the present work was an artificial case where no
actual collisions between the particles were modelled. In this unreal situation, the particles were
allowed to pass through each other. In the computer programme it was realized by switching
off the procedures responsible for the collisions.

The results are presented in Fig. 14. Comparing them to the results from Figs. 2–4, it is easily
observed that the lifting process in not intense and does not correspond to reality. We note that
most researchers, who used the Eulerian–Eulerian approach, have obtained virtually the same
results as the ones shown in Fig. 14.



Fig. 10. The particles distribution for the restitution coefficient equal to 0.3 and the friction coefficient 0.15. Results are
presented for three moments of time: 0.2, 0.4 and 0.6 ms.
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5. Concluding remarks

This paper has been devoted to the problems of modelling dust lifting. The Lagrangian ap-
proach has been adopted, which has not been used for modelling such processes so far. However,
the growth in computer power makes it possible to begin using the technique as a supplement to
the traditional Eulerian technique. The main advantage of the Lagrangian approach is the possi-
bility of implementing many physical phenomena so that the process of dust entrainment can be
thoroughly investigated. In this paper the influence of collisions between the particles has been
considered. It has been shown that these phenomena change the process significantly and they
cannot be neglected.

It must be noted that the dust layer was modelled using the special configuration presented in
Fig. 1. The configuration does not correspond directly to reality where the particles are in contact
from the very beginning and they are placed chaotically. In our research we limited ourselves to
investigating and proving the importance of the effect of collisions and therefore we stayed with
this configuration. Specifically our simulations do not yet account for the effect of particle–particle
and particle–wall adhesion, either in preventing the dispersion of the layer in the first place or in
forming agglomerates below a lower impact threshold. In subsequent work we wish to
address these issues and study how the initial configuration of the dust particles influences the
process.



Fig. 11. The particles distribution for the restitution coefficient equal to 1.0 and the friction coefficient 0.0. Results are
presented for three moments of time: 0.2, 0.4 and 0.6 ms.

1112 P. Kosinski, A.C. Hoffmann / International Journal of Multiphase Flow 31 (2005) 1097–1115
In this paper the results from two-dimensional simulations are presented. If a three-dimensional
case were considered, additional effect could have been modelled: particle/turbulence interaction,
complex interactions between the particles, as well as interactions with two additional walls. Por-
tela and Oliemans (2003) analyse a similar problem: dispersion of particles and their deposition
and re-suspension at the walls. They obtain stream-wise vortices close to the wall, a phenomenon
responsible for behaviour of particles in the near-wall region. Their research, however, is limited
to low-velocity regimes, and no particle/particle interactions were considered. In our paper, on the
other hand, the gas flow is mainly one-dimensional with high velocity and we are interested in
solving the following problem: are the particle/particle and particle/wall interactions important
or not for simulating the particle entrainment process? For this, a two-dimensional simulation
is sufficient and most researchers working in this field used the same strategy: Kuhl et al.
(1989), Ben-Dor and Rayevsky (1991), Collins et al. (1994), Klemens et al. (2000), Thevand
and Daniel (2002). In fact in our previous works we have made an attempt of simulating the prob-
lem using the Eulerian–Eulerian technique (less time consuming) for three-dimensional geometry.
This led to results that are only slightly different from Eulerian–Eulerian simulations in two
dimensions.

Another phenomenon, which we have not yet accounted for, is fluid-dynamical lift forces on the
particles. The Lagrangian approach is, in principle, suitable for taking this into account, and we



Fig. 12. The particles distribution for the moment of time 1.0 ms and for two restitution coefficients: 0.9 and 0.3. The
friction coefficient is equal to 0.15.

Fig. 13. The pressure [bar] distribution in the vicinity of the shock wave after 0.15 ms.
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wish to do so in subsequent work. Initial simulations show interesting effects when including the
effects of the Saffman and Magnus forces on the particles.

According to this research the following mechanisms are important for dust lifting behind a
shock wave. There are instabilities in the layer when a shock wave passes over and through it,



Fig. 14. The particles distribution for three moments of time: 2.5, 3.0 and 3.5 ms. The collisions between the particles
have not been included.
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and collisions between the particles lead to the chaotic movement of them in every direction.
These effects can be amplified by the existence of lifting forces that are functions of rotation of
the particles and the gas around them (not considered in this research).

The simulations have been performed on a relatively small computational domain. It will be
interesting and important to repeat the modelling for bigger channels so that it can be checked
how the process develops.
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