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a b s t r a c t

This article presents modelling considerations and simulation results for a dust lifting process in a three-
dimensional domain. The Eulerian–Lagrangian modelling technique is used. Multiple simulations with
different values for the number of particles were performed. The results of the simulations are shown
as snapshots of particle position at certain points in time after the passage of a shock wave. Statistical
data for the particle positions and collisions are presented. These are: the average height of the particles,
the mean square displacement of the particles and the cumulative number of recorded collisions plotted
as functions of time. The particle averaged kinetic energy and the mechanical energy lost by particles dur-
ing collisions are recorded as functions of time in order to study the motion of particles. The results show
that simulations of an increasing number of particles render a less intense lifting effect and, more impor-
tantly, that the inter-particle and particle–wall collisions represent essential phenomena and need to be
included in this type of model. Also, a comparison between two-dimensional and three-dimensional sim-
ulations was performed. It was found that, although 2D simulations are still useful, they overestimate the
lifting process and therefore a 3D model is preferable. The influence of the magnitude of the restitution
and friction coefficients on the process was also studied.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The importance of dust lifting behind shock waves is due to
applications in chemical and physical engineering, in process tech-
nology and safety. Within the field of process safety, layers of or-
ganic or inorganic dust can be entrained when an intentional or
accidental pressure wave is produced in, for instance, coal mines
or chemical processing units. As a consequence, the created dust
cloud combined with other substances, which may be present in
the environment, can form a dangerous, ignitable mixture that
can be easily ignited. This type of phenomenon describes, for
example, dust explosions in coal mines. This is the reason behind
the fact that dust lifting processes have been the subject of numer-
ous research efforts during the recent years. Experimental studies
(e.g. Fletcher, 1976; Kauffman et al., 1992; Klemens et al., 2006;
Lebecki et al., 1995) were performed to determine the mechanisms
responsible for the entrainment of dust and creation of a particle
cloud behind shock waves. It is fair to say that this kind of exper-
iments are costly, difficult to reproduce and require very accurate
measurement apparatus in order to obtain useful data. It is there-
fore difficult to find specific and reliable data for model validation.

Numerical simulations of the process were performed using
two distinctive techniques: the Eulerian–Eulerian and the Euleri-
an–Lagrangian techniques. The former method is described and
assessed in numerous studies (e.g. Igra et al., 2004; Kosinski
ll rights reserved.
et al., 2005; Mathiesen et al., 2000; Rogue et al., 1998; Samuelsberg
and Hjertager, 1996; Thevand and Daniel, 2002) and is considered
a good engineering tool as both the fluid and solid phase are con-
sidered as inter-penetrating continua. The latter is considered a
better phenomenological tool to study the fundamental processes
of dust lifting (Chang and Kailasanath, 2003; Kosinski and Hoff-
mann, 2005; Kosinski et al., 2005; Lu et al., 2005) since each solid
particle is traced in the simulation domain. It was found that the
collisions that take place between the solid particles and their sur-
roundings (walls or other particles), along with considering two-
way coupling, represent important factors governing the process
of dust lifting (Kosinski and Hoffmann, 2005; Kosinski et al., 2005).

So far, the majority of the research studies on dust lifting have
only described processes in two-dimensional domains. This was
done mostly due to computation limitations. Even considering a
medium size 3D simulation domain or tracking a large number
of particles has been computationally problematic until recently.
Results of 2D simulations have been useful both in engineering
applications and in fundamental studies, but not all mechanisms
of the process have been fully understood. Some of these
shortcomings can be addressed and possibly solved using a
three-dimensional model as it is closer to a real-life scenario. Such
simulations are time-consuming, due to the very high number of
computations, but it is becoming a very useful tool to study the
phenomena behind dust lifting.

The aim of this paper is to model a dust lifting process in a
three-dimensional domain using the Eulerian–Lagrangian model-
ling technique. Emphasis was put on the importance of considering
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particle collisions. For this, simulations were run with a varying
number of particles in the layer and statistical parameters have
been studied. Also, possible improvements to the model were
sought in order to improve its accuracy and efficiency. Due to the
lack of reliable literature data on the process it is difficult to pro-
duce a validation of the model. One of the main problems of exper-
imental studies is the inability of tracking particle trajectories
accurately. In spite of these limitations, some qualitative compari-
sons with previous experimental and numerical studies are pre-
sented. The influence of collision parameters on some statistical
results of the simulations was also assessed.

2. The mathematical model

The mathematical model needs to incorporate the mathemati-
cal expressions that govern the flow of the gas, the motion of the
particles and the interphase interactions that occur in a dust lifting
process. In this paper the Eulerian–Lagrangian modelling tech-
nique was employed. This means that the gas phase behaviour
was modelled in a Eulerian frame of reference and the motion of
the solid phase was resolved in a Lagrangian frame of reference.

2.1. Equations for the gas phase

Because the modelled gas flow is a shock wave, it suffices to
solve the Euler equations rather than the full equations of motion.
The Euler equations were modified in order to account for inter-
phase interactions. Therefore, these may be written as

oq
ot
þr � ðq~uÞ ¼ 0 conservation of mass; ð1Þ

oq~u
ot
þr � ððq~uÞ �~uÞ þ rp ¼ SI conservation of momentum; ð2Þ

oE
ot
þr � ð~uðEþ pÞÞ ¼ SII conservation of energy: ð3Þ

In these equations, the time and space dependent variables are:
the gas pressure p, the gas density q, the gas velocity ~u and the to-
tal energy of the gas per unit volume E. The source term SI repre-
sents the action of the particles on unit volume of gas and it can
be written as

SI ¼ �
XNp

i

~f p;i; ð4Þ

where Np is the number of particles per unit volume and~f p;i is the
force acting on particle i. Similarly, the energy source term SII is

SII ¼ �
XNp

i

~f p;i �~vi; ð5Þ

where ~vi is the velocity of particle i.
Because there are fewer equations than variables, it is necessary

to add one more equation, the gas equation of state:

p ¼ q � Rg � T; ð6Þ

where Rg represents the specific gas constant and T is its tempera-
ture. The gas temperature and gas energy are linked through the fol-
lowing equation:

E ¼ q � Rg � T
c� 1

þ qu2

2
; ð7Þ

where c is the adiabatic index of the gas.

2.2. Equations for the solid phase

The motion of each particle is modelled individually by apply-
ing Newton’s second law of motion,
mi
d~vi

dt
¼~f p;i: ð8Þ

Here, the specific variables for particle i are: mi particle mass; ~vi

particle velocity. The particles are moving under the influence of
the drag force, which acts upon them due to the gas movement rel-
ative to them. At high Reynolds numbers, this force has a dominant
role over other forces (Crowe et al., 1998). Previous studies, e.g. Zy-
dak and Klemens (2007), have mentioned that implementing lift
forces has very little or no effect on the model predictions. There-
fore, only the drag force is considered in this model and is computed
as

~f p;i ¼ CDApq
j~u� ~vijð~u� ~viÞ

2
; ð9Þ

where CD is the drag force coefficient and Ap represents the pro-
jected area of the particle on a plane normal to the direction of mo-
tion. This drag law enables the consideration of viscous effects due
to the presence of the particle. The momentum exchange between
the wall and the gas phase will be mediated by the particles in
the vicinity of the dust layer. Particle–wall, inter–particle and
fluid–particle interactions are responsible for this. In this particular
type of process, the boundary layer is thin enough to be neglected.
Neglecting boundary layer effects can be thus regarded as a minor
error. The drag force coefficient CD is a function of the relative Rey-
nolds number, defined as

Rer ¼
qdij~u� ~vij

l
ð10Þ

where di represents the particle diameter, l is the gas viscosity.
The empirical formula of Clift and Gauvin (1970) was used to

compute the drag coefficient

CDRer

24
¼ 1þ 0:15Re0:687

r þ 0:0175Rerð1þ 4:25 � 104Re�1:16
r Þ�1 ð11Þ

Due to possible high velocity differences between gas and parti-
cles, the latter might be subjected to some compressibility effects.
Therefore, the drag coefficient not only varies with the relative
Reynolds number Rer, but also with the relative Mach number
Mr. According to Crowe et al. (1998), it is necessary to correct
the value of CD for this effect if Mr > 0:6. We used their proposed
empirical correction:

CD;c ¼ 2þ ðCD � 2Þe�3:07
ffiffi
c
p

GMr=Rer þ Hffiffiffi
c
p

Mr
e�

Rer
2Mr

with

GðRerÞ ¼
1þ Rerð12:278þ 0:548RerÞ

1þ 11:278Rer
ð12Þ

HðMrÞ ¼
5:6

1þMr
þ 1:7

ffiffiffiffiffi
Td

Tc

s
;

where Td and Tc are the temperatures of the particles and the gas,
respectively.

The change of the particle angular velocity due to the influence
of the fluid phase is not considered in this model. However, the
model considers particle rotation as a consequence of particle
collisions.

2.3. Collision model

The hard-sphere model of Crowe et al. (1998) was used to mod-
el particle–wall and particle–particle collisions. In this approach,
there are three basic assumptions:

(1) The deformation of the particles is neglected, therefore the
distance between the centres of the spherical particles is
the sum of the two particle radii.
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(2) The particles slide along each other according to Coulomb’s
friction law.

(3) Once the particles stop sliding during a collision, they will
roll over each other for the remainder of the collision and
not resume sliding later.

The impulse equations must be solved in order to determine the
emergent velocity and rotation of the particles. Crowe et al. (1998)
give two sets of solutions for this problem, depending on whether
the sliding stops (their case a) or not (their case b) during the col-
lision process. We denote e as the coefficient of restitution for the
collision and f as the Coulombic dynamic coefficient of friction. The
coefficient of restitution is very important to the behaviour of the
particles and can vary between 0 (for non-elastic collision) and 1
(for fully elastic collisions). The Coulombic friction coefficient is
also significant when accounting for inter-particle and particle–
wall collisions. The values of both coefficients are specified as con-
stants in the model.

We now calculate the loss of mechanical energy with the aid of
the exact model equations given in Crowe et al. (1998). Let~n be the
unit normal vector to the plane of collision and ~G0 the initial rela-
tive velocity vector of the particle pair defined as ~G0 ¼~v0

1 �~v0
2

where~v0
1 and~v0

2 are the initial translational velocities of the parti-
cles. Also, let ~G0

ct be the initial tangential component of the relative
velocity of the contact point and~t the unit vector in the tangential
direction. Considering that the particles are identical, with mass m
and radius r, and that the total translational mechanical energy of a
particle is 1

2 m~v2, the loss of translational energy due to inter-parti-
cle collision is

Et;lost ¼
m
2
ðð~v0

1Þ
2 þ ð~v0

2Þ
2 �~v2

1 �~v2
2Þ: ð13Þ

Using the model equations for case a, this gives:

Et;lost ¼
m
2
~G0 � ð1þ eÞð~n �~G0Þð~nþ f~tÞ �m

4
½ð1þ eÞð~n �~G0Þð~nþ f~tÞ�2;

ð14Þ

and for case b one obtains:

Et;lost ¼
m
2
~G0 � ~nð~n �~G0Þð1þ eÞ þ 2

7
j~G0

ctj~t
� �

�m
4

~nð~n �~G0Þð1þ eÞ þ 2
7
j~G0

ctj~t
� �2

: ð15Þ

The rotational mechanical energy of a particle is 1
2 I~x2, where I is the

particle moment of inertia and ~x is the rotation vector. For a spher-
ical particle I ¼ 2

5 mr2. The loss of rotational mechanical energy dur-
ing an inter-particle collision is

Er;lost ¼
1
2

Iðð~x0
1Þ

2 þ ð~x0
2Þ

2 � ~x2
1 � ~x2

2Þ; ð16Þ

where the index 0 denotes initial values.
Using the rotation vector solutions for case a, this becomes:

Er;lost ¼
mr
2
ð~n �~G0Þð1þ eÞf ð~n�~tÞ � ð~x0

1 þ ~x0
2Þ �

5m
8
½ð~n �~G0Þð1

þ eÞf ð~n�~tÞ�2: ð17Þ

And finally, using the solutions for case b, the lost rotational energy
is

Er;lost ¼
mr
7
j~G0

ctjð~n�~tÞ � ð~x0
1 þ ~x0

2Þ �
5m
98
½j~G0

ctjð~n�~tÞ�
2
: ð18Þ

The total loss of mechanical energy is Et;lost þ Er;lost.
The collisions between a particle and a hard wall follow the

same principles and they are dealt with in a similar manner. More
details about the post-collisional velocity and rotation vectors can
be found in Crowe et al. (1998).
2.4. Numerical techniques

A second-order flux corrected transport algorithm (LCPFCT) was
implemented to solve the Euler equations given a sharp shock ini-
tial condition (Boris et al., 1993). The same method has been pre-
viously employed in studies of shock waves interacting with
particles and droplets (Chang and Kailasanath, 2003).

In the Lagrangian approach, the particles are treated as point-
like objects. Their behaviour is modelled in accordance with the
forces that act upon them. Therefore, the positions of each particle
and their velocities are calculated every time-step. The numerical
scheme concerning the particle flow is

mi
~vi

nþ1 � ~vi
n

Dt
¼ CDApq

ð~unþ1 � ~vi
nþ1Þj~un � ~vi

nj
2

; ð19Þ

xnþ1
i ¼ xn

i þ Dt
ðvnþ1

x;i þ vn
x;iÞ

2
; ð20Þ

ynþ1
i ¼ yn

i þ Dt
ðvnþ1

y;i þ vn
y;iÞ

2
; ð21Þ

znþ1
i ¼ zn

i þ Dt
ðvnþ1

z;i þ vn
z;iÞ

2
: ð22Þ

The index i identifies each particle, n is the time-step index, x; y and
z represent the components of the position vector, while vx; vy and
vz represent the components of the particle velocity vector.

The values of the gas velocity and gas energy are altered for
each computational cell in accordance with the presence of parti-
cles, their volume fraction and the force acting upon them. This
was done in order to account for two-way coupling.

2.5. Collision handling

An event-driven algorithm (Sundaram and Collins, 1996) was
adopted in order to properly account for collisions. Its purpose is
to detect the exact time of each collision within a time-step in or-
der for all of them to be treated sequentially. The steps followed by
the algorithm are presented in Fig. 1. At the beginning of each
time-step the particles variables are advanced to the end of the full
time-step. Next, the particles are checked for overlaps, i.e. if the
distance between two particles is less than the sum of two particle
radii or the distance between one particle and a wall is less than
one particle radius. If this is the case, then a collision has to be han-
dled within the time elapsed and the exact instant of collision has
to be calculated. In order to achieve this, we assume that the par-
ticles are advancing with a constant speed within the time-step,
equal to the average between the initial and final speed. The qua-
dratic equation:

j~rij þ Dtc
ij �~G0

ijj ¼ 2 � r ð23Þ

was solved to determine the time of collision for the particle pair
i–j. The initial relative distance vector between particles is ~rij and
r is the particle radius. Eq. (23) cannot be solved only along one
of the axes, to make it linear, because the length of the axis compo-
nent of the allowed distance between the particles cannot be deter-
mined. Since the equation is quadratic, one obtains two solutions
for the time of collision Dtc

ij. The smaller positive value represents
the time necessary for the particles to achieve surface contact and
the bigger positive value represents the time until the particles have
completely passed through each other. Thus, the first solution is the
one of interest and it is chosen to be compared with values
calculated for other particle pairs in order to check for the minimum
value of collision time. This is done in order to finally obtain the in-
stant in time for the first collision.

The linear equation:

di;w þ Dtc
iw � ~vi ¼ 0 ð24Þ
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Fig. 1. The event-driven algorithm.

872 C.G. Ilea et al. / International Journal of Multiphase Flow 34 (2008) 869–878
was solved when a particle–wall collision had to be handled. Here,
di;w represents the initial distance from particle i to the wall, ~vi rep-
resents the average velocity of particle i (taken constant for this
time interval) and Dtc

iw is the unknown time of particle–wall
collision.

It is important to mention that the overlap check can be done for
each possible pair of particle. But, in this way a very long
computation time is needed. This can be adjusted by using the so-
called neighbour lists (Sundaram and Collins, 1996). A list of neigh-
bours is created for each particle by setting a certain maximum vicin-
ity distance. So, possible collisions are tested only among these.
These neighbour lists must be updated after a number of time-steps
have been passed. If a large update period is used, the computation
time is significantly reduced, but this comes at the cost of possibly
missing some collisions. On the other hand, a small value will only
slightly decrease the computation time. Therefore, an appropriate
value must be chosen. After successive trials, a value of 50 time-steps
between updates was employed for this study.

After the exact time of the first collision is determined, all the
particles are advanced to their position at this time. This is set as
the new initial position. Next, the actual collision is handled using
the hard-sphere model to calculate the post-collisional values of
the particle translational and angular velocities.

In the end, the sequential steps are run again starting with the
new initial position of the particles. The algorithm will run until
the overlap check will give a negative result. It will start again in
the next time-step.

3. Results and discussion

3.1. The dust lifting simulation parameters

For simulation purposes, a three-dimensional simulation do-
main was considered. The dimensions of the domain are
30 cm�1 cm�0.3 cm. In all simulations, the chosen grid was uni-
form along all axes. The computational cell was represented by a
cube and had a side length of 0.25 mm. The LCPFCT algorithm
was tested for grid sensitivity.

At the boundary, the fluid density, pressure and tangential
velocity components were set the same values as in the first/last
cell of the actual domain, respectively. Mirror boundary condi-
tions were employed for the fluid velocity component that is nor-
mal to the boundary. Ambient air parameters were used for the
fluid phase physical properties. In order to generate a shock wave,
the domain was initially split into two regions, a high pressure
region and a low pressure one. An imaginary membrane was
placed parallel to the y—z plane at 2 cm along the x-axis to sep-
arate the two sections. Thus, the high pressure section is 1/15
of the total channel volume. However, the left boundary condition
of this chamber is such that high pressure gas is supplied freely
as gas exits the chamber to the right during the simulation. A
pressure difference of 4 bar was set for all dust lifting simulations.
The initial temperature was set identical in both regions at 20 �C.
When the membrane was removed, a shock wave started to prop-
agate at a Mach number of 1.33. Thus, a steady shock wave is
obtained.

A set of different simulations was done considering an increas-
ing number of particles (5000, 7000 and 9000). This increase only
affected the thickness of the initial particle layer, its width and
length were kept constant. The initial layer extends only a few
rows of cells in the z direction; the cell size cannot be made smaller
lest the particle size becomes comparable to the cell size. However,
as the simulation starts, the particles will quickly spread over a lar-
ger number of cells. All of the particles were considered spherical
and identical with a 100 lm diameter. Coal dust normally has a
density in the range 1000—1500 kg=m3, and for this reason a par-
ticle density of 1000 kg=m3 was chosen for these simulations. The
particle layer was initially placed immediately in front of the shock
wave, in regular arrays. Their positions were then altered by a
small random value in order to obtain a random initial placement
of particles in a compact layer. An example of such a particle place-
ment is given in Fig. 2. The volume fraction of the particles in the
initial layer is 9.5%. With this initial position the dust layer will pri-
marily interact with a mixture of driver and driven gas. This does
not cause problems since neither temperature effects nor chemical
reactions are studied at this stage.

Concerning the collision hard-sphere model, the value of
Coulomb’s friction coefficient was set at 0.15 and the restitution
coefficient was 0.8 in accordance with suggestions from Goldsch-
midt et al. (2001).
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Fig. 2. Example of particle placement.
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3.2. Simulations with varying number of particles

Different simulations were performed for each initial layer
thickness. Fig. 3 shows the time evolution of the dust lifting process
of 5000 particles, in the x–z plane. Fig. 4 presents a closer look at the
front of the particle layer, after 1.2 ms. It can be observed that, due
to the passage of the shock wave, particles are moved both in the
direction of the wave and normal to it. Particles are blown forward
for a certain distance but due to them shielding each other from the
effects of the gas flow, the effect is rather moderate as opposed to
one-way coupling simulations. This shielding effect is particularly
clear in the early snapshots, where particles are seen to be blown
off the front of the particle layer by the passing shock wave, while
the particles within the layer are much less affected.

The dust layer snapshots presented in Figs. 3 and 4 show pro-
files that are qualitatively similar to the experimental ones pre-
sented by Gerrard (1963) or two-dimensional numerical ones by
Kosinski and Hoffmann (2005).

In order to make a statistical study of the process a few
parameters such as average height of particles, mean squared
displacement of particles and cumulative number of collisions have
been compared. The average height as a function of time was
calculated as:

hðtÞ ¼ 1
N

XN

i¼1

ziðtÞ; ð25Þ
2 3 4 5
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0.5
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m
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0
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Fig. 3. Particle positions in the channel after: (a) 0.4 ms; (b) 0.6 m
where N represents the total number of particles and zi represents
the elevation of particle i. The evolution of the average height for
each simulation is presented in Fig. 6.

To calculate the mean squared displacement of the particles as a
function of time, the following equation was used:

MSDðtÞ ¼ 1
N

XN

i¼1

½ðxiðtÞ � xi;0Þ2 þ ðyiðtÞ � yi;0Þ
2 þ ðziðtÞ � zi;0Þ2�: ð26Þ

Here, xi;0; yi;0 and zi;0 represent the initial coordinates of particle i.
The particle displacement chart is shown in Fig. 7. Fig. 8 presents
the cumulative number of collisions versus time. This parameter
has been also chosen as a worst-case in terms of the reproducibility
of the simulations, since it presented the largest spread of results
during repeated simulations. Fig. 9 presents results from three re-
peat simulations and it can be noticed that they are reproducible
as they render similar statistical results.

Lifting of the particles is mainly due to particle–wall and parti-
cle–particle collisions. Fig. 8 shows, not surprisingly, that the
cumulative number of collisions is higher in the simulations with
the higher number of particles, by the end of the simulated time-
frame. It can also be seen that the cumulative number of collision
is higher for 5000 particles and lower for the other two cases, dur-
ing much of the first half of the simulation. However, the rate of in-
crease in number of collisions (the slopes of the curves) starts to
decrease significantly for 5000 particles, while for the other two
cases it does not. This difference seems to be the result of two
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Fig. 5. Air pressure profile in an x–z plane after 0.4 ms of simulated time.
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opposing effects. On one hand, having more particles with similar
mobility increases the frequency of particle collisions. On the other
hand, the shielding effect, which is stronger in the cases involving
more particles, acts to decrease the individual particle mobility
caused by the shock wave. Fig. 6 furthermore shows that the lifting
of the particles, within the time-frame simulated, is more signifi-
cant than the fewer the particles.
The over-all impression is thus that the fewer the particles in
the layer, the larger the particle mobility and the more efficient
the effect of collisions in bringing about particle lift. As the inter-
particle spacing increases due to the lifting, the rate of increase
in the cumulative collision number decreases. This latter feature
is probably reflected in the slight decrease in the rate of particle
rise for the case of 5000 particles seen in Fig. 6, towards the end
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Fig. 11. Particle averaged kinetic energy of particles along the y-axis as a function of
time.
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Fig. 8. Cumulative number of collisions as a function of time.
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Fig. 9. Reproducibility of simulations.
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of the simulation. Consistent with this it is seen in Fig. 7 that the
mean squared displacement is higher for the case of 5000 particles
than for the two other cases. All the trends with number of parti-
cles in the layer seen in Figs. 6–8 can be attributed to the varying
influence of the ‘‘shielding” effect. This underscores the importance
of taking into account two-way coupling in this type of simulation.
To illustrate this, from the point of view of the fluid phase, Fig. 5
presents the pressure profile of air in an x–z plane situated in the
middle of the channel. It can be observed that the presence of
the particles has created specific structures in the pressure profile.
A high pressure region can be observed in front of the particle
layer, while behind them there is a low pressure region.

Another important factor that may influence the statistics of the
process is the surface roughness of the walls. In a previous study by
Ilea et al. (2007) it was found that wall roughness did influence
simulation results in two-dimensional domains. However, a rough-
ness model for the present three-dimensional simulations has not
been developed.

In order to have an account of the particle energy change, the
averaged kinetic energy evolutions of the particles along each of
the axes (the forward direction x, the lateral direction y and the
upward direction z) are presented in Figs. 10–12, respectively.
The level of the kinetic energy is also a good indicator of the
entrainment process.

It can be seen that the fewer the particles the more translational
energy they possess. This is natural since the shock wave energy is
the same in all simulations and some of it is transferred to an
increasing number of particles. Since the shielding effect seems
to have been overcome to a significantly larger extent in the
5000 particles case, there is a large difference in the amount of en-
ergy that the particles possess on average compared to the other
two cases. However, as the collision process settles down, there
is significant decrease of energy in the lateral and vertical direc-
tions, meaning that particles are mostly blown in the same direc-
tion as the gas. But the particle energy account is not complete if
the loss of energy due to collisions is not considered. Fig. 13 pre-
sents a cumulative account of these losses. The effects observed
in this chart are directly linked to Fig. 8. Having on average initially
achieved a higher interparticle spacing during the simulation, the
5000 particles case has produced more collisions, efficient in terms
of producing lifting, and an associated higher mechanical energy
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Fig. 12. Particle averaged kinetic energy of particles along the z-axis as a function of
time.
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Fig. 13. Total lost energy by particles in collisions. Values are cumulated.
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Fig. 14. Comparison of average heights of particles as a functions of time.
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Fig. 15. Influence of the compressibility correction.
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loss. As the number of collisions starts to decrease, so does the
slope of the lost energy curve and conversely for the cases involv-
ing 7000 and 9000 particles. Therefore, it can be concluded that the
average energy loss due to a collision is lower the more particles
are involved in the simulation.

A comparison of the average particle height between two-
dimensional and three-dimensional simulations of dust lifting is
presented in Fig. 14. These results come from simulating particle
layers of the same thickness and length. It may be observed that
the 2D simulations overestimate the lifting process. This was to
be expected since collisions result in only vertical transverse
movement in the 2D case while they may also give rise to horizon-
tal transverse movement in the 3D case. We note, on the other
hand, that the two types of simulation agree globally.

Amending the particle collision model in a two-dimensional
simulation to account for three-dimensional movement could im-
prove the model, causing time-saving two-dimensional simula-
tions to give more accurate results. This will require a stochastic
model.

In order to determine the effect of the compressibility correc-
tion, the simulation of 5000 particles has been compared with
similar simulations but without including the compressibility cor-
rection in the model. Fig. 15 presents a comparison between their
results. It may be observed that the model only slightly overesti-
mates the average height of the particles if the compressibility
correction is not included. An explanation might come from the
fact that the threshold of Mr > 0:6 for applying the correction is
only satisfied for a few of the particles.

3.3. Simulations with varying restitution and friction coefficients

The restitution and friction coefficients are two important
parameters with regard to particle collisions. The statistics of the
process depend on their value. The coefficient of restitution e is,
somewhat surprisingly, not strongly material dependent, and is
more related to the collision conditions (Goldschmidt et al.,
2001; Yao et al., 2003). In contrast, the friction coefficient f can
more appropriately be considered a material property, although
process conditions (e.g. humidity) may have some influence on
its value. The values for f of some materials range from low kinetic
friction (e.g. coal–coal, 0.1–0.2) to high kinetic friction (e.g. glass–
glass, 0.4–0.6).

Simulations have been performed in order to determine the
influence of the restitution and friction coefficients on the statisti-
cal parameters of the dust lifting process. For this, the case of 5000
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particles has been chosen. The chosen values for e and f are shown
in Table 1. The base case is that of ðe; f Þ ¼ ð0:8;0:15Þ, and the values
of e and f are each varied independently over three levels around
this base case.

Fig. 16 shows the influence of e and f on the average particle
height. It can be observed that the restitution coefficient has the
more significant impact on these statistical results. Fully elastic
collisions lead to a higher lifting effect, while more plastic colli-
sions reduce the average height values of the particle layer.
Fig. 17 shows the cumulative number of collisions for each simula-
tion. Decreasing e for a constant value of f is seen to increase the
number of collisions, at the lower level of e quite dramatically so.
Increasing f , on the other hand, gives rise to a moderate increase
in the number of collisions. However, the friction coefficient is
much more influential when it comes to the lost energy during col-
Table 1
Values of e and f

e 0.6 1.0 0.8 0.8 0.8
f 0.15 0.15 0.0 0.3 0.15
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Fig. 16. Average height of particles as a function of time.
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Fig. 18. Total lost energy by particles in collisions. Values are cumulated.
lisions. In Fig. 18, a greater value for f leads to high values of the
total energy loss, while disregarding friction altogether ðf ¼ 0Þ
leads to the lowest energy loss values. The energy loss in this latter
case is caused by the mechanical energy dissipation due to the nor-
mal component of the impact only.

4. Concluding remarks

This research aimed at modelling a dust lifting process inside a
3D channel where a particle layer has been placed at the bottom.
The Eulerian–Lagrangian modelling technique was adopted since
it is the only way that particle interactions can be accounted for
in fundamental manner and this is one of the main causes for
the lifting process, even though the computational cost is higher
when compared to the Eulerian–Eulerian technique. However, this
disadvantage decreases in time as computer speeds are rising stea-
dily. A particular emphasis was put on the study of the inter-parti-
cle collisions and the particle–wall collisions. Results have shown
that collisions are of crucial importance to the development of
the process of dust lifting behind a shock wave. Comparative sim-
ulations of different layer thicknesses have shown that as the layer
thickness increases the lifting effect is less intense (see Fig. 6).
More particles, having on average less energy are displaced less
(see Fig. 7). Due to the effect of particle shielding, the individual
particle mobility is lower and the number of collisions initially
takes on lower values for the cases where more particles are sim-
ulated (see Fig. 8). Also in these cases the particles possess less
translational energy (see Figs. 10–12). The situation reverses as
the collision process starts to gain on the shielding effect. Also,
comparing some of these results to similar two-dimensional simu-
lations, it was found that the latter render higher lifting effects due
to the lack of lateral particle movement in the 2D model. These re-
sults demonstrate that, although 2D simulations of dust lifting are
still useful, a 3D model has to be considered in order to have quan-
titatively accurate results (see Fig. 14). It was also shown that com-
pressibility effects, due to high relative velocities between the fluid
and the solid phase, have a slight influence on the lifting effect pro-
ducing marginally lower values of the average height of particles
(see Fig. 15). This type of model can also be extended and modified
to simulate various other particle transport processes.

This work also presented results showing the influence of the
collision parameters (the coefficient of restitution e and the friction
coefficient f ) on the statistical results of the simulations. It was
found that the restitution coefficient is more influential when
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accounting for the average height of particles (see Fig. 16) and the
cumulative number of collisions (see Fig. 17) while the friction
coefficient has, as expected, a significant influence on the total loss
of energy during particle collisions (see Fig. 18).
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