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a b s t r a c t

Large-eddy simulations (LES) of particle-laden turbulent flows are presented in order to investigate the
effects of particle response time on the dispersion patterns of a space developing flow with an obstruc-
tion, where solid particles are injected inside the wake of an obstacle [Vincont, J.Y., Simoens, S., Ayrault
M., Wallace, J.M., 2000. Passive scalar dispersion in a turbulent boundary layer from a line source at the
wall and downstream of an obstacle. J. Fluid Mech. 424, 127–167]. The numerical method is based on a
fully explicit fractional step approach and finite-differences on Cartesian grids, using the immersed
boundary method (IBM) to represent the existence of solid obstacles. Two different turbulence models
have been tested, the classical Smagorinsky turbulence model and the filtered structure function model.
The dispersed phase was modelled either by an Eulerian approach or a Lagrangian particle tracking
scheme of solid particles with Stokes numbers in the range St = 0–25, assuming one-way coupling
between the two phases. A very good agreement was observed between the Lagrangian and Eulerian
approaches. The effect of particle size was found to significantly differentiate the dispersion pattern
for the inhomogeneous flow over the obstacle. Although in homogeneous flows like particle-laden turbu-
lent channels near-wall particle clustering increases monotonically with particle size, for the examined
flow over an obstacle, preferential concentration effects were stronger only for an intermediate range
of Stokes numbers.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

LES is considered nowadays as a powerful technique for the
accurate simulation of turbulent flows. In the last decade, LES
has been also successfully applied for the simulation of two-phase
flows, which are of great importance in a variety of industrial and
environmental applications. Particle-laden flows are typical exam-
ples of such multiphase flows, where the particles are simulated
with varying degrees of complexity, from simple tracers that are
transported by the main flow, to inertial particles that might affect
the flow field, diffuse, conglomerate, collide inelastically, etc. LES
offers an excellent frame of reference for the modelling of such dis-
persion phenomena, since it provides instantaneous and time
accurate information – at least – for the largest scales of motion.

Several advantages exist when one performs LES-based numer-
ical dispersion studies. First of all a wider range of particle size can
be analyzed, and monochromatic (or monodisperse) particles can
be considered in order to study in detail the effect of particle size
on the dispersion pattern. Secondly, since the instantaneous flow
field is available, one can directly examine and establish correla-
tions between the interactions of coherent flow structures and
ll rights reserved.
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particle motion. This interaction is primarily dominated and deter-
mined by inertia effects because particles of different size will
selectively interact with different scales of fluid motion. It is there-
fore expected that the dispersion pattern will heavily depend on
particle mass and size. Although the statistical characteristics of
dispersion are dominated by well-resolved large scale flow struc-
tures (Armenio et al., 1999), the particle’s time of response is ex-
pected to play an important role on the produced dispersion
pattern.

The relative importance of the involved time scales is usually
expressed by the characteristic dimensionless Stokes number St
defined as the ratio St ¼ sp=sf , where sf is the characteristic time
scale of the fluid phase and sp is the particle’s relaxation time,

sp ¼
d2

pqp

18lf
; ð1Þ

where lf if the fluid viscosity and the subscripts (f) and (p) denote
the fluid phase and particles, respectively.

In the present study, we focus on the dispersion characteristics
of particle-laden inhomogeneous flows for a wide range of St num-
bers, which – in contrast to homogeneous flow cases – have not
been studied extensively. The main objectives were to (i) investi-
gate the potential of the method for inhomogeneous flows typi-
cally appearing in environmental applications and (ii) study the
dispersion characteristics and preferential concentration effects
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in inhomogeneous flows. An Eulerian approach is adopted for the
carrier fluid phase, combined with a Lagrangian tracking procedure
of solid particles for the dispersed phase. Detailed comparisons
with a classical Eulerian approach for both phases are presented
and discussed.

In the following sections, the theoretical considerations for
the two phases are first presented in Section 2. The validation of
the numerical methodology (Section 3) for a particle-laden turbu-
lent channel flow is presented in (Section 4.1). Finally, results from
the dispersion analysis in the wake of a wall-mounted obstacle are
given in (Section 4.2).

2. Theoretical formulation

2.1. Fluid phase

The fluid motion is governed by the continuity equation and the
full set of the Navier–Stokes equations for an incompressible fluid
which are formulated in a dimensionless form as,

@ui

@t
¼ 0; ð2Þ

@ui

@t
þ @uiuj

@xj
¼ � @p

@xi
þ 1

Re
@2ui

@xj @xj
þ fIB ð3Þ

where Re denotes a relevant Reynolds number for each case. The last
term fIB in the rhs of Eq. (3) represents the immersed boundary forcing
term. This term is specified so that it dynamically mimics the exis-
tence of solid, immersed boundaries (for details see Balaras, 2004).

2.2. Particulate phase

The dispersed phase was described by two different methodo-
logical approaches, i.e. by an Eulerian or a Lagrangian approach.
In the first case, the concentration field was assumed to be contin-
uum and a transport equation governed the evolution of the con-
centration field. In the second case the dispersed phase consisted
of a collection of transported particles where the force exerted
on each particle determined its trajectory. Both methods can be
beneficial for different classes of dispersion problems. In cases
where the time dependent flow field is not available or when
chemical reactions take place, an Eulerian approach might be ben-
eficial. On the other hand, the Lagrangian approach comes at a low-
er numerical cost and offers a wide range of descriptive capabilities
for the dispersed phase. Especially in practical applications, the
Lagrangian approach can naturally accommodate physical effects
like inertia, stationary or moving sources concentrated in space,
elastic or inelastic wall-collisions, particle deposition, etc. There-
fore, it offers a convenient tool for dispersion investigations in
complicated dispersion studies (Li et al., 2006).

In the present study we consider particle-laden turbulent flows
where a number of Np particles are dispersed. The average volume
and mass fractions Uv and Um occupied by the particles are simply
defined as,

Uv ¼
NpVp

Vf ;tot
¼

Nppd3
p

6Vf ;tot
and Um ¼

qp

qf
Uv ; ð4Þ

where Vp is the volume of a single particle and Vf ;tot the total vol-
ume occupied by the fluid and the solid phase. For volume fraction
values smaller than Uv � Oð10�6Þ, a dilute suspension is expected
and the interaction between the two phases is classified as an one
way coupling interaction (Elgobashi, 2006). In these cases of dilute
suspension, because of the low particle-concentration, momentum
exchange is minimized between the two phases, the particle motion
does not modify the flow and the effect of particle motion to the
carrier fluid phase can be neglected.
The equation of motion of each solid particle is governed in the
most general case by Newton’s second law of motion according to,

mp
dup

dt
¼ FD þ FL þ Fg þ Fam þ FBasset þ FPD þ Fsgs; ð5Þ

where mp is the mass of each particle. Terms on the rhs represent
contributions from the drag, lift, gravity, added mass, Basset, pres-
sure drag and subgrid scale forces.

The relative importance of each force in Eq. (5) depends mainly
on the particle size dp, and the density ratio qp=qf between the two
phases. Armenio and Fiorotto (2001) studied the importance of
these forces acting on particles with respect to the density ratio
qp=qf . For a turbulent channel flow at Res ¼ 175, Stokes drag was
found to be the dominant force for density ratios in the range of
O(1) to O(1000). Compared with drag, Basset force was signifi-
cantly smaller, pressure drag forces were limited for density ratios
O(1), while the added mass force was found three orders of magni-
tude smaller. In all cases, they concluded that the effect of forces
other than Stokes drag on particle dispersion was limited to 1%.

Effects of lift force (Wang et al., 1997), and near wall forces (Ar-
cen et al., 2006) on particle deposition and statistics have been
extensively studied for a variety of confined turbulent flows. Most
of these studies conclude a limited effect of lift, gravity and near-
wall forces on the particle motion and the dispersion characteris-
tics in turbulent flows of high density ratios which concerns the
present study. The effects of gravity and lift force on vertical chan-
nel flow were studied numerically by Marchioli et al. (2007).
Although the velocity profiles and deposition coefficients were
found to be influenced by gravity, the qualitative behavior of par-
ticles was not significantly affected by the inclusion of gravity and
lift forces in the particle’s equation of motion.

The last term Fsgs of Eq. (5) denotes the contribution of subgrid
scale effects on the particle’s motion. This term is zero for DNS sim-
ulations since all the existing scales are resolved, and the velocity
field distribution is known for the smallest scales. For LES though,
only the filtered velocity field is computed and particles are nor-
mally located inside subgrid scale regions which are not explicitly
known. Depending on the available numerical resolution of an LES
simulation, the introduced subgrid error can be significant for the
evolution of the particle’s trajectories (Kuerten and Vreman, 2005).
This is especially the case for smaller particles (i.e. St numbers)
which have smaller relaxation times and respond faster to the flow
irregularities (Wang et al., 1997). On the other hand, larger parti-
cles with more inertia are less sensitive to the flow field fluctua-
tions because they tend to retain their gained momentum for a
longer time.

The effect of sgs motion on the particle motion has been inves-
tigated by Armenio et al. (1999) using filtered DNS data. They re-
ported that particle dispersion was suppressed when filtered
field were used, while the effect of sgs terms was found to affect
as little as 8–20% the dispersion characteristics depending on the
grid resolution. These findings were based on tracer particles with-
out inertia, and thus the effect on larger particles and well-resolved
simulations is expected to be even weaker. Therefore, in cases
where well-resolved large scales dominate the flow, the statistical
features of dispersion for larger particles are expected to depend
weakly on the sgs motions (Marchioli et al., 2006).

For the present study, particles were assumed to be solid, rigid
and spherical colliding in a fully elastic manner with the wall
boundaries. Since low volume fractions Uv (or concentrations)
are considered, the effect of particles on the fluid phase was ne-
glected and particle-particle interactions were not taken into ac-
count i.e. one way coupling was assumed between the two
phases. Due to the density ratio and the size of the released parti-
cles, only the drag force was considered to contribute to their
equation of motion. Particle lift, buoyancy, Basset and added mass
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forces were thus neglected for the present analysis. The effect of
gravity would be expected to play an important role only when lar-
ger particles are considered by generating a tendency for particle
accumulation at the lower walls. In order to isolate such an effect,
gravity effects were thus also neglected.

Under these assumptions, the trajectory of each particle located
instantaneously at xp, travelling with velocity xp can be computed
from,

dxp

dt
¼ xp; ð6Þ

where the velocity of each dispersed particle was governed by Max-
ey and Riley (1983),

dxp

dt
¼ �3

4
CD

dp

qf

qp

 !
jup � ufðxpÞj up � ufðxpÞ

� �
; ð7Þ

where CD denotes the drag coefficient based on the Stokes force on a
sphere with respect to the particle’s Reynolds number Rep,

CDðRepÞ ¼
24
Rep

with Rep ¼
dpjup � uf j

m
: ð8Þ

In order to extend the applicability range of Eq. (8) for higher Rep

numbers, an empirical non-linear correction (Clift et al., 1978)
was applied, and the drag coefficient was eventually computed
from,

CDðRepÞ ¼
24
Rep

1þ 0:15Re0:687
p

� �
ð9Þ

For high values of Rep, the drag coefficient reaches a plateau and a
constant value is normally adopted for Rep > 700 (Fessler and Ea-
ton, 1999) or Rep > 1000 (Geurts and Vreman, 2006). In the present
work, the value of CD ¼ 0:43 was applied for Rep > 800 (Mizuya and
Kasagi, 1998) which was well above the values of Rep computed for
all the cases presented in Section 4.

3. Numerical method

An Eulerian approach was adopted for the fluid phase using the
fractional step method to solve the set of Navier–Stokes equations
(Eq. (3)). Spatial discretization was based on a central finite differ-
ence scheme of second order accuracy and time advancement was
performed using a fully explicit Adams–Bashforth scheme. A vari-
able time step was computed dynamically according to the convec-
tive (CFL) and viscous time scale (VSL) criteria: CFL < 0.2 and
VSL < 0.05. Details of the numerical scheme and implementation is-
sues can be found in Grigoriadis et al. (2004). The resulting com-
puter code has excellent parallel efficiency, requires 120 Mb of
physical memory per million nodes and reaches performances of
0.8 ls/node/iter on personal computers (WinXP, PIV@3.2 GHz).

The core of the numerical methodology was based on the com-
bined application of fast direct pressure solution (Schumann,
1976; Swarztrauber, 1977; Wilhelmson and Ericksen, 1977) and
the use of the immersed boundary method (IBM) technique (Balar-
as, 2004) for the specification of complicated geometries. Instead of
using an iterative pressure solution algorithm (like ADI, SOR, Mul-
tigrid, etc.), which normally consumes the majority of the total
computational effort, a direct pressure solution was adopted. Di-
rect poisson solution is a fast, efficient and parallelizable numerical
algorithm for the solution of pressure, but is by nature restricted to
orthogonal or cylindrical domains without internal boundaries.
That disadvantage was eliminated by the use of the IBM method,
which allows the specification of complicated – or even moving
– boundaries within rectangular domains with Cartesian grids.
The IBM concept is based on the dynamical representation of solid
or moving boundaries by mimicking their presence instead of
explicitly defining them (Peskin,1972; Mohd-Yusof, 1998; Verzicco
et al., 2000). The application of the method in the present work is
based on the proper definition of forcing terms in the N–S equa-
tions as described in detail in Balaras (2004).

In order to perform the Lagrangian tracking of the dispersed
particles, the local fluid velocity uf at the particle’s location is
needed as shown in Eq. (7). Since the particle’s location does not
coincide with the location of grid nodes and the particle’s size
can be several orders of magnitude smaller than a typical LES grid
cell, an interpolation scheme is normally adopted in order to esti-
mate the local fluid velocity ufðxp; tÞ. Most of the studies per-
formed so far make use of a combination of high (fourth or even
sixth) order Hermite or Lagrange interpolation in homogenous
directions and Hermite or Chebychev polynomials in wall normal
directions (Armenio et al., 1999; Kuerten, 2006, respectively). In
order to minimize the interpolation error introduced in the equa-
tion of particle motion, high order interpolation schemes with at
least fourth order of accuracy are usually applied in most of the
previously reported studies (Kuerten, 2006). However, Marchioli
et al. (2007) recently proposed an efficient and accurate interpola-
tion scheme of second order accuracy based on Taylor expansions,
which is appropriate for geometrically complicated domains with
Cartesian or Curvilinear grids. Using a second order accurate
numerical method, considering only the first derivatives and the
values of few neighboring nodes (12 instead of 24 used for trilinear
interpolation), they demonstrated the simplicity and efficiency of
their algorithm for LES in complicated geometries.

In the present study, a similar procedure was used for the esti-
mation of the local fluid velocity ufðxp; tÞ which is appropriate for
Cartesian flow solvers. Instead of using Taylor expansions, our
interpolation method consists of a second order polynomial veloc-
ity field reconstruction as shown in Fig. 1. Depending on the loca-
tion of each particle within a computational cell, the velocities that
were taken into account for the interpolation scheme were chan-
ged accordingly. The criterion for node selection is that the particle
is always contained within the box defined by the closest 12 nodes
along the direction of each velocity component. First, the location
of eight closest primary velocity locations are identified (full trian-
gles in Fig. 1). Depending on the particle location and the direction
considered, the stencil is extended to include another four extra
fluid nodes (open arrows in Fig. 1).

Once the interpolation stencil is defined, a total of four velocity
field reconstructions are built as piecewise quadratic polynomials
along the x, y or z directions, depending on the velocity component.
These polynomials evaluate the velocity at the four closest
points (marked as P1, P2 for the plane shown in Fig. 1) which are
then used to obtain the fluid velocity by bilinear interpolation.
Thus, the interpolation scheme uses only the computed values
of velocities at faces, avoiding the interpolation at cell centers
which would inevitably lead to smoothing and additional filtering
of the solution. Such an effect is definitely undesirable especially in
cases where LES computations are performed, as will be discussed
later.

One of the main advantages of using such an interpolation
scheme, is the fact that the local solution reconstruction can be
performed once per time step per cell, and can be easily applied
for all the particles contained at the same computational cell.
The present method only needs a layer of cells adjacent to the
boundaries and can therefore significantly simplify the computa-
tion close to external domain boundaries, especially in flow solvers
that use fictitious cells around the flow domain (Grigoriadis et al.,
2004). In doing so, the demand for special treatment at the bound-
aries (solid or not) in order to retain the global accuracy of the
method is eliminated. Due to the generality of the interpolation
scheme, the method can be efficiently and easily implemented
within existing Cartesian flow solvers using the IBM method.



Table 1
Test cases and basic parameters considered for the simulations of particle-laden
turbulent channel flow.

Case Res Reb ¼ ub h
m dp=h Stþ Uv � 106 Um � 103

A 150 2300 1:02� 10�3 1.0 0.35 0.27
B 150 2300 2:28� 10�3 5.0 3.93 3.02
C 150 2300 5:10� 10�3 25.0 43.9 33.8
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Fig. 1. Interpolation method used for the estimation of the fluid velocity at particle’s location in a staggered variable arrangement (shown here for u (a) and v (b) velocity
components and performed in a similar fashion for w component). A stencil of the 12 closest nodes to the particle is defined (six nodes are shown here, for one of the two k-
planes involved). A piecewise polynomial reconstruction uiðjÞ is performed along j direction to define the velocity at the four closest locations (two points P1 and P2 are shown
here, for one of the two k-planes involved).
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The trajectory of each particle was obtained by the time integra-
tion of Eq. (6) using a modified Heun’s method. Preliminary simu-
lations proved that very similar dispersion results could be
obtained even using an Euler scheme for time integration. This fact
is due to the fully explicit nature of the numerical algorithm used
here and the relatively small time steps taken for time advance-
ment. The use of a higher order integration schemes would thus
be justified only in the case of an implicit or a semi-implicit
numerical method. The accuracy of the proposed interpolation
and integration schemes is demonstrated and verified in the next
section where the dispersion results are compared against refer-
ence DNS solutions which use high order polynomial interpola-
tions and integration schemes.

4. Results

4.1. Fully developed turbulent channel flow

Simulations of particle-laden fully developed turbulent channel
flows were first conducted to validate the numerical algorithm
against existing DNS results for a Reynolds number of Res ¼ 150
(Kuerten, 2006).1 Three different sizes of particles were released
with a density ratio qp=qf ¼ 769:23 at Stokes numbers Stþ ¼
1:0; 5:0; 25:0 (Table 1). For each case, a total of 100,000 particles
were introduced randomly in the flow field with a uniform initial
distribution. The computations were performed in a domain with
dimensions 4pd� 2pd� 2d, where d is the channel’s half width,
using a numerical resolution of 128 � 96 � 90 cells. Fully elastic
collisions were assumed at the walls, and a collision event was
recorded every time the distance of the particle from the wall
was less than its radius.

In these simulations, the volume fraction for the largest parti-
cles shown in Table 1, would imply a two-way coupling between
the two phases (Elgobashi, 2006). However, instead of reducing
the number of particles by a factor of 44 for this case, it was
decided to keep the same number of particles so that a proper
1 Available at http://cfd.cineca.it/cfd/repository/ (Marchioli et al., 2008).
statistical sample could be established within a reasonable compu-
tational time. Thus, particles were still treated as transparent, i.e.
the particle motion was not allowed to affect other particles or
the carrier flow.

As the Stokes number increased and heavier particles were dis-
persed, the near-wall concentration increased significantly while
the concentration in the core region reduced. This phenomenon
known as turbophoresis (Kuerten and Vreman, 2005), can be simply
explained by the inertia effects of the heavier particles which are
captivated in the slowly-moving near-wall regions as shown in
Fig. 2. Fig. 3 shows the predicted rms values of particle velocities
for the three different it St numbers considered. In all cases, the
agreement with the DNS reference solutions was very good, even
for the lower St number cases where no sgs model was applied
to the local particle velocity.

The tendency to predict increased concentrations close to the
walls as Stokes number increases, as well as a slight decrease in
the fluctuating components of the particle velocities was verified
from all computed cases. These two weak effects are the only ones
that differentiate the dispersion pattern between lighter and hea-
vier particles in a turbulent channel flow. Overall, the dispersion
pattern and the associated statistics showed a qualitatively similar
behavior for different particle sizes.

4.2. Particle dispersion over a two-dimensional obstacle

The present case considered line-injection of a passive scalar in-
side the wake of a wall mounted two-dimensional square obstacle,
according to the experimental study of Vincont et al. (2000). The
Reh number based on the obstacle’s dimension h and the free

http://cfd.cineca.it/cfd/repository/


Fig. 2. Instantaneous dispersion patterns in a fully developed turbulent channel for various Stþ numbers at Res ¼ 150. The flow is directed inwards, walls are perpendicular to
z-direction, particles are magnified 1000 times and 0.5% of the total number of particles is shown.

++++
+
+
+
+
+
+
+
+
+
+
+++++ + + + + + + + + +

+ + +
+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + +

z+
0 50 100 150

-1

0

1

2

3

4

<up
+>rms

<u’p w’ p>

<wp
+>rms

<vp
+>rms

St+=25.0

++++
+
+
+
+
+
+
+
+
+
+
+
++++ + + + + + + +

+ + +
+ +

+ +
+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + +

z+
0 50 100 150

-1

0

1

2

3

4

<up
+>rms

<u’p w’ p>

<vp
+>rms

<wp
+>rms

St+=5.0

++++
+
+
+
+
+
+
+
+
+
+
+++++ + + + + + + + +

+ + +
+ + +

+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + +

z+
0 50 100 150

-1

0

1

2

3

4

<up
+>rms

<u’p w’ p>

<vp
+>rms

<wp
+>rms

St+=1.0

Fig. 3. Predicted fluctuating components of particle velocity in a fully developed turbulent channel for various Stþ numbers at Res ¼ 150. (Symbols): DNS by Kuerten (2006),
(lines): present LES computations.
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Fig. 4. Coordinate system and computational domain used for the dispersion in the
wake of a two-dimensional obstacle. Particles are injected from a slot with a width
of d ¼ 0:7 h with an initial velocity of Ud ¼ 4%U1 .
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stream velocity U1 was 740 while the oncoming BL had a thickness
of d ¼ 7h. A passive scalar was injected normally through a slot of
width h=7 at a distance h after the body, with an injection speed of
Ud=U1 ¼ 4%, as shown in Fig. 4. The existence of the obstacle was
prescribed using the immersed boundary method.

LES calculations were performed on a computational domain
with dimensions ðLi þ Lx; Ly; LzÞ ¼ ð5dinl þ 4dinl;3dinl;3dinlÞ. An inlet
generation procedure based on boundary layer rescaling has been
applied to provide a realistic inflow condition for the simulation
(Grigoriadis, 2006). Two different numerical resolutions have been
used with 192 � 48 � 64 or 320 � 48 � 130 cells, using both an
Eulerian and a Lagrangian approach for the dispersed phase. All
the calculations performed in the present section were conducted
using the filtered structure function model (FSF hereafter) of Du-
cros et al. (1996), unless otherwise stated. The simulations were
performed for a total time of � 550h=U1 and a total of 40,000 sta-
tistical samples were collected for the flow field and the particles
during the time interval t ¼ 350—550h=U1.

For the limiting case of St ¼ 0, particles tend to disperse in a
more uniform manner and particle trajectories coincide with fluid
trajectories. Due to the lack of any inertia effects, these particles
do instantaneously adjust to the local flow conditions by follow-
ing every single vortical motion created by the flow field. There-
fore, in such a limiting case one can directly compare the
results of a typical Eulerian approach using a turbulent diffusivity
for the dispersed phase. Such a comparison was performed in the
present study by performing two different simulations to verify
the methodology. In the first Eulerian calculation, the dispersed
phase was governed by the solution of a transport equation for
concentration with a Schmidt number of Sc ¼ 2500 in accordance
with the experimental study of Vincont et al. (2000). A turbulent
Schmidt number of Sct ¼ 0:6 was used to estimate the turbulent
diffusivity.

For the second set of Lagrangian simulations, the equation of
motion for each solid particle was solved, and the concentration
field was estimated from the predicted trajectories of each particle.
In order to ensure similarity, the particles were injected in a ran-
dom fashion from the slot, with an initial velocity of 0:04U1. A to-
tal of 200,000 solid, spherical particles were injected for each St
number, with a density ratio qp=qf ¼ 769:23. The concentration
field was normalized with respect to the predicted concentration
value Cs over the slot.

Fig. 5b, shows the comparison between these two simulations
for the time-averaged concentration field C=Cs using the coarser
numerical resolution of 192 � 48 � 64 cells. In that case, the
Lagrangian simulation underestimated the dispersion especially
in the primary recirculation region. This effect is due to the insuf-
ficient resolution of the flow field which is crucial for smaller St
numbers when a sgs model is not used for the particle velocity.
When the finer numerical resolution of 320 � 48 � 130 cells was
used (Fig. 5c), a very satisfactory agreement was reached between
the two approaches, which verifies the Lagrangian tracking meth-
odology used in the present study. The adequacy of numerical res-
olution for the finer grid was also supported by the fact that when
the Smagorinsky model was used, minor changes in the predicted
dispersion pattern were noticed.



-3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12

-3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12

-3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12

0

1

2

3

x/h

z/h

0.04

0.01

0.6

0.2 0.1

0.02

0.2

0.005

0.001

0

1

2

3

x/h

St=0.0z/h

0.2

0.1 0.04

0.005

0.1

0.001

0.01

0.01

0

1

2

3

x/h

St=0.0z/h

a

b

c

Fig. 5. Mean velocity field and time-averaged concentration fields C=Cs of inertialess particles ðSt ¼ 0Þ in the wake of a wall-mounted obstacle using the Eulerian (solid lines)
and the Lagrangian approaches (dashed lines). (a) Mean velocity streamlines, (b) coarse numerical resolution of 192 � 48 � 64 cells, (c) fine numerical resolution of
320 � 48 � 130 cells. (- - - -): Lagrangian simulations with the Filtered structure function model, (� � �): Lagrangian simulations using the Smagorinsky turbulence model with
Cs ¼ 0:1.

Fig. 6. Effect of particle size on snapshots of the instantaneous concentration fields (particles of different St number are plotted as points of the same size).

D.G.E. Grigoriadis, S.C. Kassinos / International Journal of Heat and Fluid Flow 30 (2009) 462–470 467



0.25 0.06 0.03 0.02

0.004

0.008

-2 0 2 4 6 8 10 12 14 16 18 20 22 24
0

1

2

3

4
St=0.0005

x/h

z/h

0.25
0.06 0.02

0.008

0.008
0.03

0.004

0.004

-2 0 2 4 6 8 10 12 14 16 18 20 22 24
0

1

2

3

4
St=5.0

x/h

z/h

0.03

0.008

0.004
0.02

0.02
0.06

0.12
0.5

0.004

-2 0 2 4 6 8 10 12 14 16 18 20 22 24
0

1

2

3

4
St=25.0

z/h

x/h

0.004

0.03
0.12

0.25

0.008

0.02

-2 0 2 4 6 8 10 12 14 16 18 20 22 24
0

1

2

3

4
St=1.0

x/h

z/h

0.25
0.03

0.008

0.004

0.06
0.02

-2 0 2 4 6 8 10 12 14 16 18 20 22 24
0

1

2

3

4
St=0.25

x/h

z/h

Fig. 7. Effect of particle size on the time averaged concentration field C=Cs .

0 1 2 3 4 5 6 7 8 9 10
10-4

10-3

10-2

10-1

100

101

102

Eulerian St=0.0005

St=0.25

St=1

x/h

C/Cs|(z=0)

St=5

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
10-4

10-3

10-2

10-1

100

101

102 Eulerian
St=0.0005
St=0.25
St=1.0
St=5.0
St=25.0

St=5

St=0.0005

St=0.25
St=1

z/h

C/Cs|(x=0)

Obstacleheight

a

b

Fig. 8. Particle accumulation along the downstream facing wall of the obstacle (a), and the lower wall (b). The time-averaged mean concentration C=Cs is plotted within a
strip of thickness 0:02h away from the walls.

468 D.G.E. Grigoriadis, S.C. Kassinos / International Journal of Heat and Fluid Flow 30 (2009) 462–470
Some weak fluctuations observed at the end of the wake for
Lagrangian calculations using the finer grid (Fig. 5c), are due to
the highly intermittent character of the flow and the sampling pro-
cedure adopted for the concentration statistics. The statistical
window at each location coincided with the local size of the control
volume as defined by the non-uniform grid used. A statistical
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sample was taken every time a particle was tracked inside a con-
trol volume. Therefore, depending on the numerical resolution,
the population and the motion of the particles, eventually a differ-
ent number of samples may be collected at each grid location. Thus
for Lagrangian inhomogeneous cases like the one considered, the
particle statistics may still look intermittent when compared to
Eulerian simulation, especially at higher numerical resolutions in
regions of high unsteadiness such as the reattachment region.
Although increasing the number of released particles over
200,000, the sampling period over t ¼ 200h=U1 and/or the number
of collected samples over 40,000 would be definitely desirable, it
would significantly increase the computational cost.

The strong effect of particle size on the instantaneous disper-
sion characteristics is demonstrated in Fig. 6 where a snapshot of
the particle location is shown for different St numbers. As ex-
pected, for the lower St number cases, particle motion is more sen-
sitive to the local flow field. In these cases, light particles are
captured by the primary and secondary recirculation regions
(Fig. 5a) and travel upstream towards the obstacle before they
are convected by the oncoming turbulent stream. For larger St
numbers though, the dispersion pattern differs significantly be-
cause these particles tend to ignore the surrounding recirculation
patterns. Since the heavier particles possess sufficient initial inertia
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Fig. 9. Vertical distribution of mean properties in the wake region against the experime
velocity u=U1 , (c) fluctuating component of the vertical velocity component wrms=U1 .
to escape from the obstacle’s wake, they are almost directly in-
jected into the shear layer generated by the obstacle.

This is also demonstrated in Fig. 7, which presents the time
averaged concentration field. As St number increases, the core of
the plume moves higher, and for the higher St numbers, a chim-
ney-like dispersion pattern is produced. Even if gravity force was
included in the equation of particle’s motion, their trajectories
would not be significantly affected close the injection point due
to their large initial inertia. Further downstream though, the effect
of gravity would gradually ‘bend’ the generated plume towards the
lower wall as demonstrated in previous studies of particle disper-
sion (Yua et al., 2004). Thus, the inclusion of gravity effects would
be expected to delay the transition to a chimney-like dispersion
pattern and lead to enhanced particle accumulation at the lower
wall away from the obstacle.

Wall concentration and regions with particle accumulation were
also found to heavily depend on the St number. Due to the interac-
tion of the particles with the wake, the concentration at the obsta-
cle’s upper wall was found to reduce with St number. As shown in
Fig. 7, the region with maximum concentration is wider and it is lo-
cated between the slot and the obstacle for the lower St numbers.
For higher values of St, it becomes narrower and tends to align along
the direction of the particle’s initial velocity.
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Fig. 8a and b present the mean wall concentrations along the
downstream facing wall (x = 0–0.02h) and the lower wall (z = 0–
0.02h), respectively. For very light particles the concentration
along the obstacle wall was close to the value of C=Cs � 0:1, while
the higher particle-concentration was found for intermediate par-
ticles with St � 0:25 which accumulate at the corner. As St in-
creases, heavier particles gradually avoid the secondary
recirculation leading to lower concentrations along the obstacle’s
wall. For St ¼ 25, the obstacle’s wall was found completely free
of particles.

This non-monotonic behavior was also apparent if one exam-
ines the concentration along the lower wall after the obstacle
(Fig. 8b) and resembles preferential concentration effects in flows
like mixing layers (Eaton and Fessler, 1994). The overall accumula-
tion at the lower wall was maximum for St ¼ 0:25, and was also
found to reduce for St > 0:25. Particle accumulation was maximum
at x=h � 0:1, decayed fast before reaching the slot, while lower par-
ticle accumulation gradients were observed further downstream.

This tendency for preferential concentration in the lower wall
after the obstacle is also evident from Fig. 9a. For example, when
particles with St ¼ 0:25 are dispersed, most of the particles are
accumulated in the lower wall region. Further downstream, hea-
vier particles gradually escape from the recirculation region and
a Gaussian-type dispersion was found for St > 1. The velocity of
the particles was also significantly affected by particle size as
shown in Fig. 9b and c. The slip velocity of the particles increased
monotonically with the St number downstream of the obstacle.
Due to their larger inertia, heavier particles were therefore found
to move slower with velocities as low as 50% with respect to the
fluid particles at distances as far as 10h after the obstacle. Addi-
tionally, as shown in Fig. 9c, for very heavy particles smooth veloc-
ity profiles were predicted with very small fluctuations. Such a
uniformity implies that the majority of heavier particles tend to
travel with similar and nearly constant in time velocity at each
location.

5. Conclusions

Large-eddy simulations of particle-laden flows in homogeneous
and inhomogeneous turbulent flows were presented. A Lagrangian
particle tracking algorithm was used for the simulation of the dis-
persed phase, based on a simple local reconstruction of the flow
field at the particle’s location. Such a method was found to be well
suited and accurate for dispersion studies in turbulent flows using
the IBM for the specification of complicated geometries.

The effect of several modelling parameters was analyzed and
comparisons with an Eulerian description of the dispersed phase
was also performed. Analysis of the computed cases verified the
strong effect of particle size and inertia on the dispersion pattern,
especially for the inhomogeneous case considered where particles
were injected inside the wake of an obstacle. In these cases, the
produced dispersion pattern and the associated statistics showed
a much stronger dependence on the St number. Preferential con-
centration effects in the near-wall regions were identified only
for an intermediate range of St numbers. For higher St number,
Gaussian-like dispersion patterns were predicted after the obsta-
cle. The effect of insufficient grid resolution was found to reduce
the dispersion of particles. The extension to cases with two-way
or four-way coupling between the two phases is under progress.
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