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The effect of Lorentz force on particle transport and deposition is studied by using direct numerical sim-
ulation of turbulent channel flow of electrically conducting fluids combined with discrete particle simu-
lation of the trajectories of uncharged, spherical particles. The magnetohydrodynamic equations for fluid
flows at low magnetic Reynolds numbers are adopted. The particle motion is determined by the drag,
added mass, and pressure gradient forces. Results are obtained for flows with particle ensembles of var-
ious densities and diameters in the presence of streamwise, wall-normal or spanwise magnetic fields. It is
found that the particle dispersion in the wall-normal and spanwise directions is decreased due to the
changes of the underlying fluid turbulence by the Lorentz force, while it is increased in the streamwise
direction. The particle accumulation in the near-wall region is diminished in the magnetohydrodynamic
flows. In addition, the tendency of small inertia particles to concentrate preferentially in the low-speed
streaks near the walls is strengthened with increasing Hartmann number. The particle transport by turb-
ophoretic drift and turbulent diffusion is damped by the magnetic field and, consequently, particle depo-
sition is reduced.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Magnetohydrodynamic (MHD) turbulent flows at low magnetic
Reynolds numbers occur in many scientific fields and engineering
applications (e.g., semiconductor crystal growth, electromagnetic
melt stirring, MHD pumps, and liquid–metal cooling blankets for
fusion reactors). Constant magnetic fields are often used to control
the flow and suppress unwanted fluid motions. In many circum-
stances, transport of particles is also involved. For example,
charged impurities are introduced in fusion plasmas due to the
erosion of walls (Smirnov et al., 2007; Krasheninnikov et al.,
2010). Recent drag reducing and flow control techniques rely on
the release of particles into the flow in order to enhance the
electric conductivity of the carrier gas and achieve a better perfor-
mance by a magnetic field (Braun et al., 2008). Moreover, non-
metallic inclusions are often present in liquid–metals affecting
the quality of the final product (Takahashi and Tanigushi, 2003).

A significant advance in the existing knowledge of MHD flows
has been achieved by experiments (Lykoudis and Brouillette,
1968; Moresco and Alboussière, 2004) and by direct numerical
simulations (DNS) in homogeneous turbulence (Zikanov and Thess,
ll rights reserved.
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.
ology-Thessaly, 38500 Volos,
1998; Kassinos et al., 2006, 2007), in turbulent channel (Lee and
Choi, 2001; Boeck et al., 2007; Shatrov and Gerbeth, 2007; Krasnov
et al., 2008) or pipe flows (Satake et al., 2002), and in natural con-
vection in cylindrical cavities (Kakarantzas et al., 2009; Sarris et al.,
2010) at low magnetic Reynolds numbers. A summary of related
studies is provided by Knaepen and Moreau (2008). Despite of their
relevance, studies of MHD turbulent flows laden with particles
using DNS are limited (Rouson et al., 2008; Homann et al., 2009).
In Rouson et al. (2008), a new tensor statistic was proposed to de-
scribe the preferred orientation of particle clusters in MHD homo-
geneous turbulence. The neutral particles exhibited a tendency to
concentrate in certain flow regions. Thus, the changes in the homo-
geneous turbulence by the magnetic field were reflected on the
spatial particle distributions and were quantified by using the
new tensor statistic.

It is known that due to inertial bias in the particle trajectories,
high instantaneous particle concentration is observed in flow re-
gions of low vorticity or high strain-rate (Squires and Eaton,
1991; Eaton and Fessler, 1994; Fessler et al., 1994). It was also
shown that the preferential concentration of particles is more pro-
nounced for particles with time constants and settling velocities
close to the Kolmogorov scales (Wang and Maxey, 1993). For tur-
bulent channel flows, it is accepted that the near-wall particle con-
centration is non-uniform in the spanwise direction and the largest
particle number density occurs in the low-speed streaks (Pedinotti
et al., 1992; Kaftori et al., 1995; Pan and Banerjee, 1996). These
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Nomenclature

b⁄ characteristic magnetic field, b� ¼ jb�0j
b0 external magnetic field
C0 initial particle concentration
CD drag coefficient
Cnp mean particle number density
Cw drag coefficient due to the wall
Di particle dispersion coefficients
dp particle diameter
h half distance between the channel walls
Ha Hartmann number, Ha = b⁄d⁄(r/qfm)1/2

Jp particle mass flux onto the walls
N Stuart number, N = rb⁄2d⁄/qfU

⁄

np0 initial number of particles
npd number of particles deposited
p instantaneous fluid pressure
PDcnp probability density function of the conditional particle

number density
PDFin probability density function of particle flux toward the

wall
PDFout probability density function of particle flux toward the

outer region
PDQ2 probability density function of ejection events
PDQ4 probability density function of sweep events
Q2 ejection events
Q4 sweep events
Re Reynolds number, Re = U⁄d⁄/m
Rem magnetic Reynolds number, Rem = U⁄d⁄/mm

Rep particle Reynolds number, Re = |u⁄ � v⁄|d�p/m
Res Reynolds number based on the friction velocity, Re-

s = ush/m
Rf@p.i autocorrelation of the fluid velocity seen by the particles
Rp.i autocorrelation of the particle velocity
S particle–fluid density ratio, S = qp/qf

t time
tþd time interval
Tf@p,i Lagrangian time scale of the fluid velocity seen by the

particles
Tp,i Lagrangian time scale of the particle velocity
tþR particle residence time
u instantaneous fluid velocity
U⁄ characteristic fluid velocity scale
~un

@p;i locally undisturbed fluid velocity at the particle position
ub bulk fluid velocity

uþd non-dimensional deposition velocity
Ui mean fluid velocity
u0i fluid velocity fluctuation
us wall friction velocity, us = (sw/qf)1/2

Vi mean particle velocity
v 0i particle velocity fluctuation
vi,dep particle impinging velocity
vn

i velocity of the n particle
x1, x2, x3 streamwise, wall-normal and spanwise coordinates
yþ0 distance from the channel wall
Y2

i mean-square particle displacement
yn

i position of the n particle

Greek symbols
d⁄ characteristic length scale
g distance of the particle centre from the wall
m fluid kinematic viscosity
mm magnetic diffusivity
qf fluid density
qp particle density
r fluid electric conductivity
sp particle response time, sp ¼ Sd2

p=18v
sw wall shear stress
u electric potential
udiff particle flux due to turbulent diffusion
uturbo particle flux due to turbuphoretic drift
x instantaneous fluid vorticity

Symbols
hiEp quantity averaged over the dispersed phase and the

homogeneous planes
hiEf fluid quantity averaged over the homogeneous planes

and time
hinp;dep quantity conditionally averaged over all depositing par-

ticles
hinp quantity averaged over np particles
hivol quantity averaged over the volume of the flow domain
|| wall-parallel direction
\ wall-normal direction
⁄ dimensional quantity
+ quantity in wall units
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non-uniformities of the particle concentration were related to the
underlying organized fluid motions (Rouson and Eaton, 2001;
Marchioli and Soldati, 2002). In the core region, the particle distri-
bution is not correlated to any coherent structures, although parti-
cles are also preferentially concentrated there (Fessler et al., 1994).
The latter is believed to be due to convection of the near-wall inho-
mogeneities of particle concentration into the outer flow.

The present study investigates the magnetic field effect on
the transport and deposition of uncharged particles in connec-
tion with the modifications of the fluid flow structures. It is
known that simple vortices are mostly enlarged in the direction
of the applied magnetic field (Davidson, 1997; Davidson, 1999).
For homogeneous MHD turbulent flow, the vortical events are
similarly elongated in the direction of the external magnetic
field, with a smaller enlargement in the transverse directions
(Zikanov and Thess, 1998; Kassinos et al., 2006; Kassinos et al.,
2007). In MHD turbulent channel flow, an increase in the size
of vortical structures was observed by Lee and Choi (2001) and
Krasnov et al. (2008). To our best knowledge, this is the first at-
tempt to study several aspects of particle-laden MHD turbulent
channel flow. This study contributes to a better understanding
of how particle transport and deposition are affected by the
changes of the fluid flow due to the magnetic field. Except of
their theoretical value, the results are also of practical interest,
since they can potentially help the development of efficient tech-
niques capable of separating neutral particles from electrically
conducting fluids.

2. Governing equations

The equations of turbulent flow of an incompressible and elec-
trically conducting fluid at low magnetic Reynolds numbers
(Rem� 1) in non-dimensional form are

r � u ¼ 0; ð1Þ

@u
@t
þ ðu � rÞu ¼ �rpþ Re�1r2uþ N½ð�ruþ u� b0Þ � b0�; ð2Þ
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r2u ¼ rðu� b0Þ ¼ b0 �x; ð3Þ

where u, p, and x are the fluid velocity, pressure, and vorticity,
respectively, u is the electric potential, b0 is the uniform magnetic
field, and bold symbols indicate vectors. The non-dimensional
velocity, space, and time are defined as u = u⁄/U⁄, x = x⁄/d⁄, and
t = t⁄U⁄/d⁄, respectively, where � indicates dimensional quantities,
and U⁄, d⁄ are proper characteristic velocity and length scales,
respectively. The non-dimensional pressure is p = p⁄/qfU

⁄2, where
qf is the fluid density. The non-dimensional magnetic field and elec-
tric potential are b0 ¼ b�0=b� and u = u⁄d⁄/U⁄b⁄, respectively, where
b� ¼ jb�0 is a characteristic quantity so that b0 is a unit vector.
Re(=U⁄d⁄/m) and N(=rb⁄2d⁄/qfU

⁄) are the Reynolds and Stuart (inter-
action parameter) numbers, respectively, which are related to the
Hartmann number Ha through N = Ha2/Re, where m and r are the
kinematic viscosity and electric conductivity of the fluid, respec-
tively. Periodic boundary conditions are applied in the streamwise
(x1) and spanwise (x3) directions, and no-slip conditions at the
non-conducting walls (i.e., ou/ox2 = 0). For the cases with a wall-
normal magnetic field, the open circuit condition is also adopted
(Lee and Choi, 2001).

The position yn
i and the velocity vn

i of the n particle are deter-
mined in a Lagrangian frame by

dyn
i

dt
¼ vn

i ; ð4Þ

dvn
i

dt
¼ 3

4
qf

qp

CDCw

dp
j~un

@p � vnjð~un
@p;i � vn

i Þ þ
1
qf

D~un
@p;i

Dt

þ 1
2qf

D~un
@p;i

Dt
� dvn

i

dt

� �
; ð5Þ

where ~un
@p;i is the locally undisturbed fluid velocity at the particle

position, and qp, dp are the particle density and diameter, respec-
tively. Eqs. (4) and (5) are made non-dimensional by using the same
characteristic scales as for the fluid flow. The right hand side terms
of Eq. (5) are the drag, the pressure gradient, and the added mass
forces, respectively. Gravity is not considered in order to concen-
trate on the effects of the MHD turbulence on the trajectories of un-
charged, non-colliding particles. The Stokes drag force is corrected
by the coefficient CD given by

CD ¼
24
Rep
ð1þ 0:15Re0:687

p Þ: ð6Þ

to account for inertial effects at non-negligible particle Reynolds
numbers

Rep ¼ j~u�n � v�njd�p=mð¼ j~un � vnjdpReÞ;

The increase of the drag force due to the channel walls is ac-
counted for by multiplying the drag force with the coefficient Cw,
given as (Pan and Banerjee, 1996)

Cw;k ¼ 1� 9
32

dp

g
þ 1

64
dp

g

� �3
" #�1

þ O
dp

g

� �5
" #

; ð7Þ

Cw;? ¼ 1� 9
16

dp

g
þ 1

16
dp

g

� �3
" #�1

þ O
dp

g

� �5
" #

; ð8Þ

where g is the distance of the particle centre from the wall, and the
symbols || and \ indicate components in the wall-parallel and wall-
normal directions, respectively.

Eq. (5) is appropriate for particles with diameters of the same
order or smaller than the smallest length scales of the fluid flow.
It has also been used for the numerical study of the particle
dynamics in turbulent open channel flows (Pan and Banerjee,
1996) with particle diameters and phase density ratios similar to
the present study. It has been shown that a particle immersed in
an electrically conducting fluid experiences a rigid body motion
by the combined action of the electric and magnetic fields (Leenov
and Kolin, 1954; Moffatt and Sellier, 2002; Sellier, 2003). For parti-
cles with small diameter, such short range perturbations are prob-
ably dissipated by the viscous action and they are not considered
here. The Basset and Saffmann lift forces have been neglected in
Eq. (5) in order to restrict the range of parameters studied. The
Saffmann lift force can increase particle deposition, but its impor-
tance over the drag force is significantly reduced by applying prop-
er corrections for turbulent channel flow (Wang et al., 1997). The
Basset force is significant across the whole spectrum from light-
to-heavy particles, but its treatment is computationally involved
and it is usually discarded (Armenio and Fiorotto, 2001).

Particle–particle collisions and particle feedback effects are not
considered in this one-way coupling treatment. Thus, the validity
of the present results is limited to mixtures with low particle vol-
ume fractions. The locally undisturbed fluid velocity at the particle
position ~un

@p;i is approximated from the velocity obtained by the
solution of Eqs. (1)–(3). Particles exiting the domain in the stream-
wise and spanwise directions are reintroduced in it by using peri-
odic conditions, while elastic particle–wall collisions are
considered. However, for the study of particle deposition, perfectly
absorbing walls are considered, consistent with previous numeri-
cal studies (McLaughlin, 1989; Wang et al., 1997; Zhang and
Ahmadi, 2000). When a particle hits one wall for the first time, it
is labelled as a deposited particle, while its trajectory calculation
is continued and the particle may enter the central flow region
or hit the walls again. In the latter case, the next collisions of the
labelled particle with the walls are not considered in the calcula-
tion of the particle deposition rates. Geometric criteria are used
to identify the deposition of particles, e.g., when their centre is less
than dp/2 distance from the solid boundary.
3. Numerical methods and solution procedure

The numerical algorithm used to solve Eqs. (1)–(3) is based on a
semi-implicit, fractional step method. The time integration incor-
porates an implicit second-order Crank–Nicolson method for the
diffusion terms and an explicit second-order Adams–Bashforth
method for the convection terms and the Lorentz force. All spatial
derivates are discretized with a second-order central differencing
scheme. Poisson equations are solved for the pseudo-pressure
and the electric potential by FFT in the periodic directions and tri-
diagonal matrix inversion in the wall-normal direction (Orlandi,
2000). The trajectory of each particle is computed simultaneously
with the fluid flow field by solving Eqs. (4) and (5) with a sec-
ond-order Adams–Bashforth method. The fluid velocity at the par-
ticle position is calculated by interpolation with fifth-order
Lagrange polynomials.

Direct numerical simulations are performed at a Reynolds num-
ber of 4000 based on the bulk velocity ub and the channel width 2h.
This corresponds to Res,0 � 135 based on the wall friction velocity
us,0 = (sw,0/qf)1/2 and h, where sw,0 is the wall shear stress and the
subscript ‘0’ indicates quantities of the hydrodynamic case. The
dimensions of the channel are 3ph � 2h � ph in the x1, x2, and
x3-directions, respectively. For all cases, the computational grid is
64 � 97 � 96 in the streamwise, wall-normal, and spanwise direc-
tions, respectively. The grid spacing is uniform in the periodic
directions and uneven in the x2-direction based on a hyperbolic
tangent function. The Stuart and Hartmann numbers examined
are: N1 = 0.1, 0.2 and Ha1 = 20, 28.3 for a streamwise magnetic
field, N2 = 0.006, 0.01 and Ha2 = 4.9, 6.3 for a wall-normal magnetic
field, and N3 = 0.01, 0.025 and Ha3 = 6.3, 10 for a spanwise
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Fig. 1. Distributions of the rms fluid velocity fluctuations normalized by the wall
friction velocity with (a) streamwise (N1 = 0.1), (b) wall-normal (N2 = 0.006), and (c)
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magnetic field. The index i of N and Ha indicates the direction of
the external magnetic field. For comparison purposes, the size of
the channel, the computational mesh, and the values of Re and N
used here are the same as those used by Lee and Choi (2001).
The values of N covered here are limited to those for which no tran-
sition to the laminar regime was found by Lee and Choi (2001).

Two types of numerical experiments were carried out: In the
first, the objective was to characterise the inhomogeneity of the
Lagrangian statistics describing particle dispersion. For this reason,
10,000 particles with d�p ¼ 10 lm and S = qp/qf = 250 were distrib-
uted in each of 48 x1–x3 planes from the wall to the channel centre-
plane and tracked, for several cases without and with magnetic
field. For each particle set, the mean-square displacement, the par-
ticle dispersion coefficients, and the time scales of the fluid velocity
along the particle trajectory were calculated. Further increase of
the number of particles revealed only small differences in the
Lagrangian statistics (see also, Rambaud et al., 2002) and, thus,
groups of 10,000 particles were used to generate these results.

In the second type of simulations, the interest was focused on
assessing the magnetic field effect on the particle preferential con-
centration and deposition rates. A total number of 250,000 parti-
cles were uniformly distributed inside the flow domain, which is
considered sufficient to provide accurate particle statistics in the
same manner as for the fluid flow (Marchioli and Soldati, 2002;
Marchioli et al., 2007). After an initial transient, the particulate
phase reaches a stationary state, where the mean statistics do
not significantly change with time. Thus, the results from these
simulations are independent of the initialisation of the particles.
The particle–fluid density ratios were S = 2.5, 25, and 250 to ac-
count for situations corresponding to impurities in liquid–metals
and in less conducting fluids (e.g., salt water), or to a weakly ion-
ized gas. The particle diameters were d�p ¼ 100 lm, 30 lm, and
10 lm, respectively, and the particle response time was
sþp ¼ s�pu2

s=m ¼ 1 with s�p ¼ Sd�2p =18 m. The superscript ‘+’ denotes
quantities made non-dimensional in wall units. The effect of parti-
cle inertia was also examined by keeping constant the particle
diameter at d�p ¼ 30 lm and increasing the phase density ratio S.
The dimensionless response times studied were sþp ¼ 1, 10, 25,
and 100 for S = 25, 250, 625, and 2500, respectively. For both types
of simulations, the initial particle velocities were equal to those of
the fluid at the particle positions for either fully developed hydro-
dynamic or MHD flows.
spanwise (N3 = 0.025) magnetic fields.
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Fig. 2. Distribution of the mean streamwise fluid velocity normalized by the wall
friction velocity without magnetic field (N = 0) and with streamwise (N1 = 0), wall-
normal (N2 = 0.006), and spanwise (N3 = 0.025) magnetic fields.
4. Results and discussion

4.1. Mean and rms fluid velocities

Fig. 1 shows the root-mean-square (rms) of the fluid velocity
fluctuations huþi;rmsiEf normalized by the wall friction velocity for
several cases without (N = 0) and with magnetic field in the
streamwise (N1 = 0.1), wall-normal (N2 = 0.006), or spanwise
(N3 = 0.025) direction. Here, hiEf indicates quantities of the fluid
flow averaged over time and the homogeneous directions. Fig. 1
shows a good agreement of the present predictions of huþi;rmsiEf with
the results of Lee and Choi (2001). The mean streamwise fluid
velocity hUþ1 iEf normalized by the wall friction velocity for the
aforementioned cases is shown in Fig. 2. Upward shifts of hUþ1 iEf

in the central region are observed in all the MHD flows. For the
case of the wall-normal magnetic field, this is due to the small va-
lue of the Stuart number studied. Qualitatively similar results have
been found both experimentally and numerically (Lykoudis and
Brouillette, 1968; Sarris et al., 2007; Krasnov et al., 2008).

The two components of huþi;rmsiEf in the directions perpendicular
to the magnetic field are directly damped by the Lorentz force,
whereas that in the parallel direction is indirectly affected (Lee
and Choi, 2001; Dritselis and Vlachos, 2009). The indirect changes
relate possibly to the suppression by the magnetic field of the pres-
sure fluctuations and the spatial gradients of the fluid velocities.
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This influences the inter-component energy exchange, resulting in
a reduction of the cross-flow velocity fluctuations and the ‘bottle
up’ of the streamwise ones. The latter fluctuations can also be en-
hanced for a streamwise magnetic field due to the absence of any
direct damping effect in the x1-direction. A wall-normal magnetic
field can alter the mean and the turbulent flow affecting the pro-
duction of fluid turbulence and, thus, producing indirect changes
in the fluid velocity fluctuations.
4.2. Particle transport

4.2.1. Particle dispersion from plane sources
Results are presented addressing the effect of the magnetic field

on the dispersion of particles initially released from plane sources.
For all cases, the particle dispersion exhibited qualitatively similar
trends to fluid particle diffusion (Taylor, 1921; Choi et al., 2004;
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Fig. 3. Distributions of particle dispersion coefficients in the streamwise D1 (a),
wall-normal D2 (b) and spanwise D3 (c) directions, without magnetic field (N = 0)
and with streamwise (N1 = 0.1), wall-normal (N2 = 0.006), and spanwise
(N3 = 0.025) magnetic fields.
Luo et al., 2007). The square of particle displacement (dispersion)
is initially proportional to the square of time, while the later-time
dispersion is proportional to time. However, the particle dispersion
in the streamwise direction is mostly affected by the mean flow
and to a lesser extent by the mean shear. Moreover, the wall-nor-
mal particle dispersion is influenced by the limited distance a par-
ticle can travel in the x2-direction. Fig. 3 shows the dispersion
coefficients Di for each particle group as a function of their initial
locations in the normal direction at time t0, defined as

DiðtÞ ¼
1
2

dY2
i

dt
; ð9Þ

where the mean-square displacement Y2
i in the i-direction of a

group of np particles is calculated as

Y2
i ¼

1
np

Xnp

n¼1

½yn
i ðtÞ � yn

i ðt0Þ�2: ð10Þ

We focused on the long-term behaviour in which the linear part
of Y2

i was established. For all cases, Di was calculated in the time
interval between t+ = 455 and t+ = 610 after the release of particles,
which is long enough for an accurate assessment of the long-time
variation of Y2

i (Rambaud et al., 2002; Choi et al., 2004). An overall
behaviour of the changes in the fluid flow by the magnetic field is
illustrated in Fig. 4, showing the time histories of the volume aver-
aged fluid velocity variances hu2

i ivol. The trends of the curves in
Fig. 4 are consistent with the distributions of huþi;rmsiEf shown in
Fig. 1.

The inhomogeneity of Di is apparent in Fig. 3 for both the hydro-
dynamic and MHD flows. The distributions of D1 and D3 are quite
similar and increase asymptotically with increasing distance from
the wall. In contrast, the largest value of D2 is observed close to the
wall and it is gradually reduced toward the centre-plane. In the
MHD cases, D1 is increased in the outer flow region, while D2 and
D3 are reduced throughout the channel. It is seen that the magnetic
field effect on Di is anisotropic; the disparity between the stream-
wise and the cross-flow components of Di is increased, which is
more pronounced for a wall-normal magnetic field. Two of the
parameters influencing the long-term particle dispersion, and con-
sequently Di, are the mean and rms particle velocities. In this study,
the changes in Di by the magnetic field can be explained by observ-
ing the corresponding fluid turbulence suppression. This is be-
cause, for non-colliding particles with sþp ¼ 1, the Eulerian
particle statistics (e.g., mean streamwise and rms velocities)
coincide with those of the fluid, which was also observed in
McLaughlin (1989), Young and Leeming (1997), and Marchioli
et al. (2007). The dispersion of such particles is very close to the
time
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Fig. 4. Time histories of the volume averaged variances of the fluid velocity
fluctuations hu2

i ivol for the cases without magnetic field (N = 0) and with streamwise
(N1 = 0.1), wall-normal (N2 = 0.006) and spanwise (N3 = 0.025) magnetic fields. The
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Fig. 5. Distributions of the Lagrangian time scales of the particle velocity Tp,i (filled
symbols) and of the velocity seen by the particles Tf@p,i (empty symbols) in the
streamwise Tp,1, Tf@p,1 (a), wall-normal Tp,2, Tf@p,2 (b) and spanwise Tp,3, Tf@p,3 (c)
directions, without magnetic field (N = 0) and with streamwise (N1 = 0.1), wall-
normal (N2 = 0.006), and spanwise (N3 = 0.025) magnetic fields.
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diffusion of fluid tracers and, thus, the changes in the fluid flow are
reflected on their motion.

In particular, the wall-normal and spanwise fluid velocity fluc-
tuations are reduced with increasing N. This is observed in Fig. 1 for
all wall-normal positions, independent of the orientation of the
magnetic field. Particle dispersion in these directions is decreased
and, consequently, D2 and D3 are reduced. On the other hand, the
streamwise particle dispersion is influenced by both the mean flow
and the turbulent fluctuations. Fig. 2 shows that, in the presence of
a streamwise or spanwise magnetic field, the mean streamwise
fluid velocity is decreased near the walls and it is increased in
the rest of the flow region. In addition, Fig. 1 shows that the
streamwise fluid velocity fluctuations are increased away from
the wall for a streamwise magnetic field. These changes are also
observed in the corresponding Eulerian and Lagrangian statistics
of the particles with sþp ¼ 1. Thus, the mean-square displacement
in the streamwise direction is increased, resulting in the augmen-
tation of D1. The same applies for a wall-normal magnetic field,
which also modifies directly the mean velocity leading to the
changes of D1 shown in Fig. 3.

For each particle set, the Lagrangian autocorrelation of the fluid
velocity ‘‘seen’’ by the particles was computed:

Rf @p;i½t; yn
2ðt0Þ� ¼

hu0@p;i½t0; yn
2ðt0Þ�u0@p;i½t þ t0; yn

2ðt0Þ�inp

hu02@p;i½t0; yn
2ðt0Þ�i1=2

np hu02@p;i½t þ t0; yn
2ðt0Þ�i1=2

np

; ð11Þ

where hinp indicates averaging over the np particles of each group,
the prime denotes fluctuation about the mean, and the repeated in-
dex does not imply summation. All the averaged quantities in Eq.
(11) are functions of the time difference t. The term after the semi-
colon in Eq. (11) indicates the group of particles, identified by their
initial wall-normal position yn

2 ðt0Þ, for which these quantities are
calculated. This is done in order to assess the effect of flow inhomo-
geneity on the Lagrangian statistics. Fig. 5 shows the distributions
of the associated Lagrangian time scale Tf@p,i. Similarly to previous
studies (Rambaud et al., 2002; Luo et al., 2007), Tf@p,i was estimated
as the time when the autocorrelation crosses the threshold value of
e�1, instead of integrating Eq. (11) over time. Tf@p,i can be regarded
as a rough measure of the time interval over which the fluid velocity
along the particle trajectory is correlated with itself. Fig. 5 shows
that Tf@p,1 is generally larger than Tf@p,2 and Tf@p,3. The particles re-
spond to the changes in the underlying fluid motions by the mag-
netic field, ‘‘seeing’’ a turbulence that is correlated over longer
times and, thus, the time scales are increased.

The Lagrangian time scale of the fluid velocity along the particle
trajectory in the streamwise direction is longer than those in the
other two directions. This can be attributed to the interaction of
particles with the flow coherent structures. Inertial particles are
thrown out from intense vortical regions concentrating in regions
of low streamwise fluid velocity (Pedinotti et al., 1992; Eaton and
Fessler, 1994; Kaftori et al., 1995). Eventually, the particles see
lower streamwise fluid velocities, which are autocorrelated over
longer times relative to the other components, the situation being
similar in the MHD cases. The increase of Tf@p,1 is an indirect evi-
dence of the increased size of the structures in the streamwise
direction by the magnetic field. A similar but smaller enlargement
of the turbulent structures in the wall-normal and spanwise direc-
tions is also indicated by the increased values of Tf@p,2 and Tf@p,3,
respectively. The changes in Tf@p,i reveal that the near-wall turbu-
lent structures are more effectively modified by a wall-normal
magnetic field. Fig. 5 shows a small effect of the spanwise magnetic
field on Tf@p,i, especially in the central flow region. This is related to
the corresponding smaller changes in the turbulent structures,
which consist of their enlargement mainly in the streamwise direc-
tion, due to the mean shear, and to a lesser extent in the other two
directions (Lee and Choi, 2001; Krasnov et al., 2008; Dritselis and
Vlachos, 2009).

In order to explain the effect of the magnetic field orientation
on Di, the Lagrangian time scales associated with the particle veloc-
ities Tp,i are required. The particle velocity autocorrelations Rp,i and
Tp,i were calculated in the same manner as Rf@p,i and Tf@p,i using the
velocity fluctuations of the particles instead of the fluid in Eq. (11).
The distributions of Tp,i are shown in Fig. 5, revealing subtle differ-
ences as compared to those of Tf@p,i due to the small inertia of the
particles studied. Thus, similar inferences to those for Tf@p,i can be
formulated also for Tp,i. The changes in Di with respect to the orien-
tation of the magnetic field can be explained based on Figs. 1, 2, 4
and 5. In particular, D1 seems to be affected mostly by the mean
streamwise velocity indicating a dependence on the square value
of hU1iEf (Choi et al., 2004; Luo et al., 2007). The increase of hU1iEf

in the larger part of the channel, due to the magnetic field, leads
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to a corresponding increase of D1. Moreover, the small differences
in hU1iEf for the MHD cases result also in small changes in D1. The
relatively larger (smaller) values of D1 observed at x2/h > �0.5 (x2/
h < �0.5) for N3 = 0.025 as compared to those for N1 = 0.1 and
N2 = 0.006 are also consistent with the trends in the corresponding
distributions of hU1iEf.

The long-term particle dispersion in the wall-normal and span-
wise directions depends on the corresponding variances of the
velocity fluctuations and the associated Lagrangian time scales.
Due to the wall constraint, the particles are dispersed uniformly
in the channel after sufficient time and the volume averaged fluid
velocity variances shown in Fig. 4 are proper measures of the
velocity fluctuations. The competing changes in these variances
and the Lagrangian time scales by the magnetic field seem to con-
trol the decrease of D2 and D3 with respect to the hydrodynamic
case. The overall reduction of D2 and D3 in all the MHD cases indi-
cates that the suppression of the velocity fluctuations has a more
significant impact on the particle dispersion than the increase of
the relevant Lagrangian time scales.

Figs. 4 and 5 indicate that the smallest hu2
2ivol and hu2

3ivol and the
largest associated Lagrangian time scales for most of the flow are
observed for a wall-normal magnetic field. This combination is
responsible for the small effect of the wall-normal magnetic field
on the distributions of D2 and D3. Fig. 4 indicates also approxi-
mately the same values of hu2

2ivol in the cases with N1 = 0.1 and
N3 = 0.025. However, the Lagrangian time scale in the x2-direction
is larger for the streamwise magnetic field as shown in Fig. 5. Con-
sequently, smaller values of D2 are observed for a spanwise than a
streamwise magnetic field. The variations of the velocity fluctua-
tions and of Tp,2 (Tf@p,2) in the central region result in almost the
same values of D2 for all the MHD cases, revealing a smaller effect
of the magnetic field in that region. Fig. 4 shows also sufficiently
larger values of hu2

3ivol for the case of N3 = 0.025 as compared
to those of N1 = 0.1, while the Lagrangian time scale in the
x3-direction for N3 = 0.025 is little affected. This leads to the smal-
ler reduction of D3 for the spanwise magnetic field in relation to
the streamwise, as illustrated in Fig. 3.

It should be noted that averaging over an ensemble of indepen-
dent realizations of the particle-laden turbulent flow is generally
required for unbiased, stationary statistics (Choi et al., 2004; Luo
et al., 2007), which is beyond the scope of the present study. In-
stead, one realization of a relatively large number of particle trajec-
tories was used for each case (see, Rambaud et al., 2002).
2,0

Fig. 6. Distribution of the particle number density for several cases with particles of
sþp ¼ 1 and S = 2.5 (a), S = 25 (b), and S = 250 (c), without magnetic field (N = 0) and
with streamwise (N1 = 0.1), wall-normal (N2 = 0.006), and spanwise (N3 = 0.025)
magnetic fields.
4.2.2. Particle concentration and transfer mechanisms
For all cases, the particles moving toward the central region see

higher fluid velocities increasing their own and, thus, they move
longer distances. On the other hand, the particles approaching
the wall gradually see lower fluid velocities and their velocities
are decreased. These particles move shorter distances in the
near-wall region, where they remain for longer times, and their
dispersion in the wall-normal direction is attenuated. This results
in a non-uniform distribution of the mean particle concentration
with its maximum value observed near the wall.

Fig. 6 shows the distribution of the mean particle number den-
sity Cnp with distance from the wall. Figs. 6a–c correspond to sim-
ulations for three particle sets with sþp ¼ 1 and S = 2.5, 25, and 250,
respectively, without magnetic field (N = 0) and with a streamwise
(N1 = 0.1), wall-normal (N2 = 0.006) or spanwise (N3 = 0.025) mag-
netic field. The profiles are calculated, firstly, by distributing 96
wall-parallel bins in the x2-direction unevenly as the computa-
tional grid points, of 0.3 wall unit thickness each, and secondly,
by counting the fraction of particles inside each bin. In order to ac-
count for a larger number of particles in the calculation of Cnp,
averaging over 50 instantaneous realizations of the particle distri-
bution in the time period between t+ = 15,190 and t+ = 18,225 was
performed.

The starting point (smallest xþ2;0 value) of the distributions in
Fig. 6 is different, since the particles with density ratios of S = 2.5,
25, and 250 hit the wall at xþ2;0 ¼ dþp =2 ¼ 1:34, 0.42, and 0.13,
respectively. The inhomogeneity of Cnp is apparent in Fig. 6 show-
ing high levels of non-uniformities for xþ2;0 < 20 independent of the
magnetic field. For particles with S = 25 and 250, the local maxi-
mum value of Cnp is observed for xþ2;0 � 1, while Cnp is decreased
as the wall is approached, consistent with the findings of previous
studies (McLaughlin, 1989; Marchioli et al., 2007). For the lighter
particles of S = 2.5, the same behaviour is observed, but the maxi-
mum value of Cnp is located at xþ2;0 � 1:6. It is evident that the accu-
mulation of particles in the near-wall region is inhibited by the
magnetic field. Fig. 6 indicates that, in the MHD flows, the particles
are more slowly transferred by the underlying fluid motions from
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the core region to the walls decreasing the particle number density
for xþ2;0 < 10. This reduction is more obvious in the cases with par-
ticles of S = 250 and 25.

Minor changes were observed in the Cnp distributions by aver-
aging over longer times. The number densities of particles indicate
that they are more efficiently transferred toward the wall than
away from it during the development period. Statistically steady
conditions are gradually achieved for the particle transfer fluxes
toward the wall and the outer flow, resulting in the highly non-
uniform Cnp profiles. This phenomenon of particle migration to
the walls in turbulent channel flow has been previously recognized
(Caporaloni et al., 1975; Reeks, 1983). It is usually attributed to the
turbophoretic convective drift of inertial particles in flow regions
of low fluid turbulence due to the inhomogeneous velocity fluctu-
ations because of the wall presence. From a statistical point of
view, there is a strong possibility for the particles to acquire a mo-
tion towards the walls, as an outcome of the inhomogeneity of the
moments of the fluid turbulence. Due to their inertia, the particles
do not acquire sufficient momentum to escape the near-wall re-
gion, resulting in increased local concentrations. The particle con-
centration profiles in Fig. 6 may be considered to be a
consequence of the effects of turbophoretic drift and turbulent dif-
fusion. The turbophoretic drift is responsible for the transport of
particles toward the walls and the associated particle flux is
uturbo ¼ �ðqppd3

p=6ÞCnpsp@hv 02 v 02iEp/@x2 (Simonin et al., 1993;
Young and Leeming, 1997), where hiEp denotes averaging over
the dispersed phase and the planes in the homogeneous directions.
Turbulent diffusion has a counteracting effect and tends to smooth
any spatial gradient of the particle concentration. The diffusive
particle flux is defined in Simonin et al. (1993) and Young and Lee-
ming (1997) as udiff = hu@p,2iEpCnp(qppd3

p/6).
Fig. 7 shows the distributions of uturbo and udiff for representa-

tive particle-laden cases. Negative values of uturbo are observed
near the wall and the opposite is true for udiff, while a balance be-
tween uturbo and udiff is approximately achieved. In addition, both
|uturbo| and udiff are reduced by the magnetic field about the same
amount. For particles with small inertia, the wall-normal particle
velocity correlation hv 02 v 02iEp is well approximated by its fluid
counterpart hu02 u02iEf (Young and Leeming, 1997), which is reduced
in the MHD flows. Consequently, the total fraction of particles
capable of reaching the viscous sublayer is affected. Similarly, the
diffusive particle flux is adjusted in order to balance the effect of
turbophoresis; it is decreased near the wall due to the reduced lo-
cal particle concentration. Thus, both mechanisms of turbulent dif-
fusion and turbophoretic drift are significantly attenuated by the
magnetic field.
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Fig. 7. Distributions of the particle fluxes due to turbophoretic drift uturbo and
turbulent diffusion udiff for representative particle-laden cases with S = 250 and
sþp ¼ 1, without magnetic field (N = 0) and with streamwise (N1 = 0.1), wall-normal
(N2 = 0.006), and spanwise (N3 = 0.01) magnetic fields.
The near-wall turbulent structures create outward motions of
low momentum fluid (Q2-ejections, u01 < 0 and u02 > 0) and inward
motions of high-speed fluid (Q4-sweeps, u01 > 0 and u02 > 0), con-
tributing to the production of fluid turbulence (Kim et al., 1987).
In addition, these organized fluid motions provide certain paths
through which the particles can approach or move away from
the wall, influencing their accumulation in the viscous sublayer.
To gain insight into the magnetic field effect on the organized fluid
motions in the near-wall region, the probability density functions
of ejection (PDQ2) and sweep (PDQ4) events in a region of
5 6 xþ2;0 6 15 were calculated. Fig. 8a shows the variations of
PDQ2 and PDQ4 with the local wall shear stress sw normalized by
its mean value hswiEf for representative cases. It is seen that, for
the hydrodynamic flow, the sweep and ejection events are clearly
separated around the value of sw=hswiEf ¼ 1. This means that
strong ejection events correspond to low values of wall shear
stress, while the opposite is true for the sweep events (Kim et al.,
1987). The situation is the same for the MHD flows, but the
strength of these events is reduced as indicated by the decrease
of PDQ2 and PDQ4 for the extreme values of sw=hswiEf . Thus, fewer
events correspond to the highest or lowest values of the wall shear
stress and the maxima of PDQ2 and PDQ4 are increased and shifted
to values sw=hswiEf ¼ 1. The above is consistent with previous re-
sults showing that the fluid Reynolds shear stress and turbulence
production are decreased by uniform magnetic fields (Lee and
Choi, 2001; Krasnov et al., 2008).

Fig. 8b shows the probability density functions of the particle
fluxes toward the wall PDFin and the channel central region PDFout

with sw=hswiEf for the hydrodynamic flow and representative
MHD cases laden with particles of S = 250 and sþp ¼ 1. Both PDFin

and PDFout are calculated in the region of 5 6 xþ2;0 6 15. It is clear
that, in the hydrodynamic case, PDFin and PDFout are well correlated
to values of sw=hswiEf > 1 and sw=hswiEf < 1, respectively, which
correspond to flow regions of sweep and ejection events (Marchioli
and Soldati, 2002). This indicates that particles with small response
times are transferred to the wall and the outer flow region mainly
by strong organized fluids motions.

Such mechanisms can be considered universal and, thus, they
are also observed in the presence of magnetic fields. Without the
magnetic field, approximately 70% of the particles with v 02 < 0
are found in flow regions corresponding to sweep events and about
the same fraction of the particles with v 02 > 0 are located in strong
ejection events. These percentages of particles are slightly reduced
by the magnetic field, while mixed trends are observed with re-
spect to the effect of its orientation. The present study suggests
that, in the MHD cases, the paths through which the particles are
transferred close to the wall and away from it are equally effective
as in the hydrodynamic flow. For all the cases, the total numbers of
particles moving toward and away from the wall were almost
equal, indicating that a statistically steady state was established.
However, the total particle fluxes are reduced in the MHD flows
and this is more apparent for a wall-normal magnetic field.

As already mentioned, in the hydrodynamic flows, high instan-
taneous particle concentrations coincide with regions of lower
than the time-averaged streamwise fluid velocity in the near-wall
region. Similar qualitative results are obtained in the MHD flows,
but the preferential concentration of particles is affected by the
suppression of the fluid velocity and vorticity fluctuations. This is
demonstrated in Figs. 9a–d which show the instantaneous posi-
tions of particles with S = 25 and sþp ¼ 1 located in a region of
xþ2;0 6 5 at time t+ = 18,225 for the hydrodynamic and MHD cases
with streamwise (N1 = 0.1), wall-normal (N2 = 0.006), and span-
wise (N3 = 0.025) magnetic fields, respectively. Also shown in
Fig. 9 are the contours of the streamwise fluid velocity fluctuations
in the wall-parallel (x1–x3) plane at xþ2;0 6 5. Particles with sþp ¼ 1
respond to a wide range of scales of fluid turbulence. Due to their
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Fig. 9. Instantaneous distribution of streamwise velocity fluctuations at xþ2;0 ¼ 5 and positions of particles with sþp ¼ 1 and S = 25 between 5 6 xþ2;0 6 15 at time t+ = 18,225 for
(a) N = 0, (b) N1 = 0.1, (c) N2 = 0.006, and (d) N3 = 0.025. Empty spaces indicate low-speed streaks. The lighter dots denote high streamwise particle velocity fluctuationsm01,
while the darker low v1’.
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inertia, once such particles are propelled in some direction by an
intense vortical structure, they will continue their motion, increas-
ing their distance from the event and resulting in regions void of
particles. Fig. 9 confirms the tendency of particles to surpass re-
gions of high streamwise velocities, tending to line up in low-speed
streaks. Also shown, is the streamwise particle velocity fluctua-
tions which exhibits an observable spatial correlation with them-
selves and with the underlying streamwise fluid velocity
fluctuations. Similar results were obtained in the cases with parti-
cles of S = 2.5 or 250 and sþp ¼ 1, regardless of the magnetic field
effect.

The pattern of alternative low- and high-speed streaks is related
to the action of quasi-streamwise vortices near the wall (Kim et al.,
1987). In the MHD cases, the size of the coherent structures is in-
creased. The low-speed streaks are less intense and occupy larger
volume relative to the hydrodynamic flow, as shown in Fig. 9. This
was also verified by examining several Eulerian two-point fluid
velocity correlations in the streamwise and spanwise directions.
Thus, the total number of particles instantaneously concentrated
in these particular flow regions is subsequently increased. In addi-
tion to their increased size, the strength of the vortical fluid events
is reduced by the magnetic field (Lee and Choi, 2001; Krasnov et al.,
2008; Dritselis and Vlachos, 2009), while a drastic depopulation of
such events is also observed. Thus, the particle motion is less prob-
able to be influenced by energetic turbulent structures, and the
particles have a good chance of remaining in the quiescent low-
speed streaks for longer times in the MHD cases.
In order to quantify the above, the probability density function
of the conditional particle number density PDcnp in the region of
xþ2;0 6 5 was calculated and it is shown in Fig. 10 as a function of
the streamwise fluid velocity fluctuations. The values of PDcnp were
computed as follows: The instantaneous u1 and mean U1 stream-
wise fluid velocities were interpolated at the particle positions
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and the corresponding fluctuation u01 ¼ u1 � U1 was determined.
The number of particles associated with each value of u01 was cal-
culated and normalized by the population of particles within the
volume of observation. Fig. 10 reveals that high particle number
densities coincide with low streamwise fluid velocities as indicated
by the bias between the negative and positive values of u01 for all
cases with S = 250 and sþp ¼ 1. This behaviour is consistent with
previous findings of particle-laden turbulent channel flow (Pan
and Banerjee, 1996; Marchioli and Soldati, 2002). In addition, this
is observed regardless of the value of S and magnetic field orienta-
tion. In the MHD cases, the high magnitudes of u01 are decreased
and the fraction of particles associated with these values is re-
duced. Moreover, the maximum value of PDcnp is increased and
slightly shifted to more negative u01 values, revealing a stronger
tendency of particles to concentrate in regions with u01 < 0, as com-
pared to the hydrodynamic flow.

The interest so far was focused on addressing the magnetic field
effect on the turbulent transport of particles rather than the effect
of particle inertia, which has been widely investigated previously
for hydrodynamic flows (McLaughlin, 1989; Young and Leeming,
1997; Rouson and Eaton, 2001; Marchioli et al., 2007). Thus, the
discussion above was limited to particles with sþp ¼ 1. Qualitative
similar results for the effect of magnetic field were obtained with
increasing sþp . However, with increasing inertia, the particle motion
becomes less sensitive to the fluid turbulent fluctuations and it is
little influenced by the flow changes observed in the MHD cases.
Due to their low inertia, particles with small response times may
act as tracers, exhibiting a uniform spatial distribution. On the
other hand, particles with large response times attain random spa-
tial distributions. This is because such particles move in almost
straight lines inside the channel and they are not much influenced
by the fluid motions or structures. Between these two extreme
cases, the particles are affected by the underlying fluid motions,
resulting in non-random spatial distributions. For example, the ef-
fect of the magnetic field on the near-wall spatial distribution of
particles with sþp ¼ 10 is demonstrated in Fig. 11, which shows
the instantaneous particle positions in a region of xþ2;0 6 5 at
t+ = 18,225 for the hydrodynamic flow and the MHD case with
N2 = 0.006, respectively, in a similar manner as Fig. 9.

4.2.3. Particle deposition
The picture drawn so far is that, in the MHD cases, fewer parti-

cles are generally capable of reaching the channel wall. This is ex-
pected to have a considerable impact on the particle depositions
rates, which is also investigated here by considering absorbing
walls. A number of particles is now deposited at the walls and their
total number remaining inside the channel is gradually reduced. In
Fig. 12, the number of particles remaining inside the channel np0–
npd normalized by its initial value np0 is plotted as a function of the
time from the release of the three particle sets with sþp ¼ 1 and
S = 2.5, 25, and 250. It can be seen that after an initial transient,
the slopes of the curves in Fig. 12 approach approximately asymp-
totic values as time increases, despite the particle accumulation in
the near-wall region. This indicates that the number of deposited
particles npd per unit time remains nearly constant.
Fig. 11. Instantaneous distribution of streamwise velocity fluctuations at xþ2;0 ¼ 5 and pos
and (b) N2 = 0.006. Empty spaces indicate low-speed streaks. The lighter dots denote hi
The slopes of np0–npd are increased with increasing N or S,
revealing indirectly a reduction of the particle deposition rate. As
the lighter particles of S = 2.5 are transferred into the viscous sub-
layer, they cross smaller total distances before being deposited at
the wall due to their larger diameter. This leads to faster rates of
particle depletion, which is inhibited for the heavier particles.
itions of particles with sþp ¼ 10 between 5 6 xþ2;0 6 15 at time t+ = 18,225 for (a) N = 0
gh streamwise particle velocity fluctuations m01, while the darker low m01.
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The suppression of fluid turbulence and its structures by the mag-
netic field is reflected on the time history of the number of parti-
cles remaining in the channel flow. It is observed that the
increase of the magnetic field results in slower particle depletion.
The smaller reduction in np0–npd is observed for the magnetic field
with spanwise orientation at N3 = 0.01, which shows the smaller
reduction in ui,rms among the MHD cases.

A proper measure for the particle deposition rate is the deposi-
tion velocity uþd in wall units which is defined as (see, for example,
Zhang and Ahmadi, 2000)

uþd ¼ Jp=ðC0us;0Þ; ð12Þ

where C0 is the initial uniform particle concentration and Jp is the
particle mass flux onto the deposition surface per unit time. In
the present study, the particle deposition velocity is estimated as

uþd ¼ ðnpd=tþd Þ=ðnp0=yþ0 Þ; ð13Þ

where the initial np0 particles are located in a region of yþ0 distance
from the wall and tþd is the time interval in which npd particles are
deposited. As discussed above, the calculation of uþd was performed
after the value of npd=tþd had become nearly constant.

Fig. 13 shows the deposition velocity uþd as a function of N for
several cases. It is generally observed that particle deposition is de-
creased with increasing N, while qualitative similar results are ob-
tained for the three sets of particles with sþp ¼ 1 and S = 2.5, 25, and
250. However, the deposition rates are attenuated by increasing
the particle–fluid density ratio; in some MHD cases, no particles
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Fig. 13. Variation of particle deposition velocity for particles with S = 2.5, 25, and
250 and sþp ¼ 1, in the presence of streamwise (N1 = 0.1, 0.2), wall-normal
(N2 = 0.006, 0.01), and spanwise (N3 = 0.01, 0.025) magnetic fields.
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Fig. 14. Variation of particle deposition velocity with response time without
magnetic field (N = 0) and with streamwise (N1 = 0.1, 0.2), wall-normal
(N2 = 0.006, 0.01), and spanwise (N3 = 0.01, 0.025) magnetic fields.
were deposited. The largest reduction in uþd is observed for the
wall-normal and the smallest for the streamwise magnetic field.

The effect of the magnetic field on the deposition of particles
with larger response times is illustrated in Fig. 14. Due to the faster
depletion of these particles, the deposition velocity was calculated
in the time interval between t+ = 1215 and t+ = 1822 after their re-
lease. The behaviour of particle deposition rates with increasing
particle inertia in the absence of the magnetic field (McLaughlin,
1989; Zhang and Ahmadi, 2000; Marchioli et al., 2007) is well
reproduced in the present simulations with a similar trend ob-
served in the presence of the magnetic field. However, the deposi-
tion velocity uþd is decreased for the range of sþp studied with the
level of reduction being smaller for the heavier particles. Figs. 13
and 14 reveal that the particle deposition is more suppressed by
a wall-normal magnetic field, while the reduction in uþd is larger
for a spanwise than a streamwise magnetic field.
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Fig. 15. Variation of the mean wall-impact particle velocity in the normal (a),
streamwise (b), and spanwise (c) directions for sþp ¼ 1 with streamwise
(N1 = 0.1, 0.2), wall-normal (N2 = 0.006, 0.01), and spanwise (N3 = 0.01, 0.025) mag-
netic fields.
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The wall-normal impinging velocity v2,dep of the deposited par-
ticles and their residence time tþR inside a region of xþ2;0 < 5 were
also monitored. Based on these quantities, two populations were
indentified, depending on whether a particle crossing the domain
of observation performs a ballistic motion or not. In the case of bal-
listic motion, the particles were deposited due to their free-flight
motion, while the deposition of all the other particles was consid-
ered to be due to turbulent diffusion. The deposition of small iner-
tia particles is dominated by diffusion effects, while that of
particles with large response times is mainly due to inertia. Parti-
cles with intermediate inertia are affected by the coherent struc-
tures and are deposited by either mechanism (McLaughlin, 1989;
Zhang and Ahmadi, 2000; Marchioli et al., 2007). The present study
indicates that the dominant deposition mechanism for all particle
response times examined is not affected by the magnetic field.
However, the wall-normal velocities of the small inertia particles
deposited by turbulent diffusion are decreased in the MHD cases
and, consequently, their residence times are increased. Similar re-
sults are obtained with increasing particle inertia, but the magnetic
field effect is smaller in these cases.

The magnetic field effect on the mean wall-impact particle
velocity hv2inp;dep conditionally averaged over all depositing parti-
cles with sþp ¼ 1 as a function of N is shown in Fig. 15a in semi-
log coordinates in order to magnify any differences produced by
the orientation of the magnetic field. It should be pointed out that
the knowledge of the wall-impact particle velocities is of great sig-
nificance regarding wall erosion. Fig. 15a reveals that hv2inp;dep is
decreased with increasing S or N. Similar trends are observed for
the streamwise hv1inp;dep and spanwise hv3inp;dep components of
the mean wall-impact particle velocity shown in Figs. 15b and c,
respectively. It can be seen that the values of hv3inp;dep are larger
than those of hv2inp;dep, and smaller than those of hv1inp;dep Similar
qualitative results for the effect of magnetic field on hviinp;dep were
obtained with increasing particle response time.

For all the cases, the particles lead the fluid near the walls, irre-
spective of the magnitude and the orientation of the magnetic
field. The total drag force opposes the motion of particles during
their crossing the viscous sublayer, causing them to gradually lose
their momentum. The heavier particles remain for longer times in
the near-wall region before they hit the wall and, consequently,
their velocities are more reduced relative to the lighter particles.
The overall magnetic damping effect on the fluid turbulence is also
demonstrated indirectly by the variation of the mean wall-impact
particle velocities shown in Fig. 15.
5. Conclusions

Direct numerical simulations were performed to assess the ef-
fect of the orientation and magnitude of a uniform magnetic field
on the turbulent transport and deposition of uncharged, spherical
particles in fully developed turbulent channel flows of electrically
conducting fluids.

The particle dispersion in the wall-normal and spanwise direc-
tions is significantly damped by the magnetic field, while the oppo-
site is observed in the streamwise direction, as indicated by the
changes of the corresponding particle dispersion coefficients. The
particles see fluid turbulent velocities that are correlated over
longer times in the MHD than in the hydrodynamic flow.

The changes of fluid turbulence by the magnetic field are re-
flected on the dynamic behaviour of particles. The efficiency of
the fluid structures responsible for particle dispersion is reduced
in the MHD flows. Particle accumulation in the viscous sublayer
is decreased and the magnetic field tends to smooth the non-uni-
formities of particle concentration near the wall. It was also shown
that the mechanisms of turbophoretic drift and turbulent diffusion
are less effective in the MHD flows. However, the particle fluxes to-
ward the wall and the central region associated with intense orga-
nized fluid motions are not much influenced by the magnetic field.

The near-wall coherent vortices are enlarged and the low-speed
streaks occupy larger volumes in MHD flows. Thus, an increased
particle concentration is instantaneously found in regions of low
streamwise fluid velocities. This is more apparent for increasing
Hartmann number due to the transformation of the flow
structures.

The particle deposition rates and the wall-impact velocities are
decreased as a consequence of the overall damping of fluid turbu-
lence by the magnetic field. With increasing inertia, the particle
motion is less influenced by the local fluid turbulence and the
changes generated by the magnetic field. The wall-normal mag-
netic field modifies more efficiently the turbulent structures and,
thus, it has a stronger effect on the spatial distribution and deposi-
tion of particles. However, the dominant deposition mechanism is
not affected by the magnetic field, but rather depends on particle
inertia.
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