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SUMMARY
We perform direct numerical simulation of three-dimensional turbulent flows in a rectangular channel, with
a lattice Boltzmann method, efficiently implemented on heavily parallel general purpose graphical processor
units. After validating the method for a single fluid, for standard boundary layer problems, we study changes
in mean and turbulent properties of particle-laden flows, as a function of particle size and concentration. The
problem of physical interest for this application is the effect of water droplets on the turbulent properties of a
high-speed air flow, near a solid surface. To do so, we use a Lagrangian tracking approach for a large number
of rigid spherical point particles, whose motion is forced by drag forces caused by the fluid flow; particle
effects on the latter are in turn represented by distributed volume forces in the lattice Boltzmann method.
Results suggest that, while mean flow properties are only slightly affected, unless a very large concentration
of particles is used, the turbulent vortices present near the boundary are significantly damped and broken
down by the turbulent motion of the heavy particles, and both turbulent Reynolds stresses and the production
of turbulent kinetic energy are decreased because of the particle effects. We also find that the streamwise
component of turbulent velocity fluctuations is increased, while the spanwise and wall-normal components
are decreased, as compared with the single fluid channel case. Additionally, the streamwise velocity of the
carrier (air) phase is slightly reduced in the logarithmic boundary layer near the solid walls. Copyright ©
2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION
The study of turbulent particle-laden flows is important for various fluid mechanics problems of
scientific and practical interest. Such flows frequently occur in nature and in industrial applications, for example, as a result of the release of sea sprays in the lower atmospheric turbulent
boundary layer above the ocean, or in the scope of pollutants in the atmosphere and the ocean,
chemical and oil engineering, and in sedimentation problems. Although turbulent particle-laden
flows have been extensively studied in the past two decades, the full understanding of the modifications they induce to turbulent flow properties is still lacking. The complexity of such fluid
flows and the numerous governing parameters that must be considered in their numerical simulations make it a challenging problem of which many aspects are still poorly understood and thus
actively researched.
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The behavior of dispersed multiphase flows can be classified according to the level of interactions between the carrier (fluid) and the dispersed (particle) phases. Elghobashi [1] represented the
different interactions that can be observed in such flows in terms of two parameters: (i) the parparticle inertia,
ticle Stokes number St, which is the particle response time p , a measure of the p
normalized by the turbulence time scale e or the Kolmogorov time scale K D =" (where 
is the fluid kinematic viscosity and " the rate of dissipation of turbulent kinetic energy (TKE)) and
(ii) the particle volume fraction ˆpv . When ˆpv < 106 , the flow governs the particle trajectories, but the dispersed phase has a negligible effect on flow turbulence. In this case, the interactions
between the two phases are unidirectional only, that is, a one-way coupling from fluid to particles
exists. For intermediate volume fractions, 106 6 ˆpv 6 103 , the momentum transfer from the
particles to the flow turbulence is large enough to alter the turbulent structures [1]: this is a case
where the interactions between the two phases are bidirectional, and the coupling is referred to as
two-way coupling (i.e., from fluid to particles and from particles to fluid). In the case of very dense
suspensions, for ˆpv > 103 , strong interactions (i.e., collisions) between particles become important, and the coupling is called a four-way coupling (i.e., between carrier fluid and particles and
among the particles). While one-way and two-way coupled systems have been extensively investigated, both numerically and experimentally [2], the four-way coupling implies that the dynamics of
droplets, such as breakup or coalescence, have to be taken into account, which represents a much
larger computational challenge.
In the following, we discuss some of the key findings of earlier work performed for moderately
dense suspensions. Rashidi et al. [3] experimentally studied the wall turbulence with polystyrene
particle of various sizes. Results showed that the larger particles enhance Reynolds shear stresses
and also increase the number of wall ejections, while the smaller particles lead to opposite effects
on the turbulent fields. Squires and Eaton [4], in their two-way coupled direct numerical simulations (DNS) of isotropic turbulence, observed that heavy particles collect preferentially in regions of
low vorticity and high strain rate. Pan and Banerjee [5] numerically investigated the effects of nearneutral density solid particles on a turbulent channel flow. They reported that particles smaller than
the dissipative length scale reduce the turbulence intensity and Reynolds stresses, whereas particles
that are somewhat larger increase intensity and stresses. Li et al. [6] numerically studied the behavior of particle-laden gasses in a small Reynolds number vertical downward channel flow. Effects of
particle–particle collisions are considered in their work. They reported that particle feedback forces
cause the turbulent structures to become more anisotropic as the particle concentration is increased.
For small mass fractions, the particles cause an increase in the gas flow rate. Also, particles tend to
increase the characteristic length scale of the fluctuations in the streamwise components of velocity. Most recently, Richter and Sullivan [7, 8] performed a series of DNS to highlight the role of sea
sprays in the momentum transfer between the atmosphere and the ocean. Sea spray droplets were
modeled as heavy inertial particles suspended in a turbulent airflow, and droplets were represented
by solid pointwise particles, whose individual trajectory was tracked over time in a Lagrangian way.
They reported that, for typical diameters of sea spray droplets (typically between 10 m and 1 mm),
mechanical effects dominate over the thermal effects. By studying the momentum budget, they
introduced a ‘spray’ stress, which compensates for the decrease in Reynolds stresses by providing
a feedback effect on the turbulence. They showed that the drag coefficient based on the total stress
remains almost unchanged in the presence of sea sprays, while the drag coefficient based on the turbulent stress is reduced. Zhao et al. [9] also performed two-way coupled DNS of turbulent channel
flows, with a Lagrangian point particle approach. They pointed out that for sufficiently large particle response times (a measure of the particle inertia that will be defined later), the Reynolds shear
stresses and the turbulence intensity in the spanwise and wall-normal directions were attenuated,
whereas velocity fluctuations were increased in the streamwise direction.
The present work is devoted to the intermediate situation of two-way coupling of fluid and particles. Similar to some of the aforementioned recent studies, we perform DNS to study in detail
the impact of point particles on properties of turbulent channel flows, in the particle mass fraction
range that is relevant to the water (sea) spray particles in a high velocity gas (air) flow. To do so, a
three-dimensional (3D) lattice Boltzmann method (LBM) to solve Navier–Stokes (NS) equations is
implemented and applied. For the coupling between particles and the fluid carrier phase, a two-way
Copyright © 2015 John Wiley & Sons, Ltd.
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coupling approach is implemented, in which the particle feedback forces are expressed as distributed
volume forces in the LBM. In particular, the effects of particle volume fraction and size are studied
on a series of mean and turbulent channel flow properties.
This article is organized as follows: the LBM for solving the fluid flow in the carrier phase is
described in Section 2. The Lagrangian particle tracking method is then explained in Section 3.
Results for a series of relevant simulations are presented next in Section 4, and conclusions and a
discussion of the main results are finally given in Section 5.
2. DIRECT NUMERICAL SIMULATION OF FLUID FLOWS WITH A LATTICE
BOLTZMANN METHOD
A 3D model based on an efficient LBM is used in this study for performing DNS of the fluid flow
for the carrier phase in particle-laden flows. Such Three Dimensional Direct Numerical Simulation
(3D-DNS) on large grids are computationally very demanding and require the use of efficient
numerical models and high-performance computing platforms. While essentially solving for similar
physics than standard NS solvers, LBMs have several advantages in terms of data locality and parallel computing, and can be very efficiently implemented on CPU clusters and even heavily parallel
general purpose graphical processing units (GPGPUs) [10, 11, 14]. Instead of solving the macroscopic NS momentum equations, LBM models solve discretized mesoscopic Boltzmann equations,
which are collision–propagation equations, for fluid particles moving on a regular lattice. It can be
shown that for sufficiently small values of space and time steps, Mach (Ma) and Knudsen (Kn)
numbers, the LBM solution converges to that of the NS equations.
E which specify the
The Boltzmann equation thus governs particle distribution functions, f.x;
E t; /,
probability of finding a fluid particle at position, xE at time t , with particle velocity E [12, 13]. The
fundamental Boltzmann equation reads
E
E
E
@f.x;
E t; /
@f.x;
E t; /
@f.x;
E t; /
D ;
C E 
C BE 
@t
@xE
@E

(1)

where BE denotes the external body forces. The left-hand side of the Boltzmann equation is of advection type, while the right-hand side contains the collision operator , which describes the interaction
of particles.
2.1. Lattice Boltzmann method governing equations
For flows in a continuum, with a low Knudsen number, discretized velocities eEi are introduced
to yield a model of reduced computational cost. In this discretized formulation, a particle is only
allowed to move from a given grid (lattice) point, in a limited number of directions and for specific
distances. With these assumptions, Eq. (1) transforms into a set of discrete Boltzmann equations
E t/
E t/
E t/
@fi .x;
@fi .x;
@fi .x;
D i :
C eEi 
C BE 
@t
@xE
@E
ei

(2)

In this work, the 3 dimensions, 19 discrete velocities (D3Q19) regular sub-lattice model is used for
the discretization of the velocity space around one grid point (Figure 1). The discrete velocities ei
for this model are (i D 0; : : : ; 18) [14]
9
8
< 0 1 1 0 0 0 0 1 1 1 1 1 1 1 1 0 0 0 0 =
0 0 0 1 1 0 0 1 1 1 1 0 0 0 0 1 1 1 1 ; (3)
eEi D c:
: 0 0 0 0 0 1 1 0 0 0 0 1 1 1 1 1 1 1 1 ;
where c D x=t is the lattice speed, with x the regular lattice space step and t the time
step. This means that a particle with velocity c will travel one lattice grid cell over one time step.
A finite difference discretization in space and time over a grid cell yields the LBM equation
fi .xE C eEi t; t C t / D fi .x;
E t / C t i C tFi ;
Copyright © 2015 John Wiley & Sons, Ltd.
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Figure 1. D3Q19 sub-lattice model used in the present LBM, where the blue vectors indicate the 18 possible
vectors of motion (both direction and length) for a particle to move on the lattice according to Eq. (3.2).

where Bi represents the discretized effects of body forces B˛ in Eqs. (22,2). Following
Buick and
p
Greated [15], the latter can be expressed as Fi D wi 0 eij Bj =cs2 , where cs D c= 3 is the speed of
sound, and wi is the lattice weight factor, which for the D3Q19 lattice is
w0 D

1
1
1
I w1;:::;6 D
I w7;:::;18 D
:
3
18
36

(5)

Equation (4) may be split up into a collision step, during which the particle distribution functions
change from equilibrium state due to the collision of the particles, and a propagation step, where the
evolved particle distribution functions are moved to the respective neighboring grid points.
E t / D fi .x;
E t / C i C tFi
fNi .x;
fi .xE C eEi t; t C t / D fNi .x;
E t/

collision step,

(6)

propagation step.

(7)

For the collision operator, a so-called multiple relaxation time (MRT) has been used instead of the
more widely used single relaxation time collision operator, which is less stable for high Reynolds
number flows [13]. In the MRT model, the particle distribution functions are transformed into
moment space before relaxation. The moments m D Mf are labeled as


(8)
m D ; e; ; jx ; qx ; jy ; qy ; j´ ; q´ ; 3pxx ; 3 xx ; pww ; ww ; pxy ; py´ ; px´ ; mx ; my ; m´
and denote the mass density m0 D , the part of the kinetic energy independent of density (m1 D e),
the part of kinetic energy square independent of density and kinetic energy (m2 D ), and the
momentum (m3;5;7 D jx;y;´ ); m4;6;8 D qx;y;´ are related to heat fluxes; m9;11;13;14;15 are related
to the symmetric traceless viscous stress tensor; m16;17;18 are third-order moments; and m10;12 are
two fourth-order moments [16, 17].
The collision operator for MRT reads


E 1 SE M
E f  meq :
(9)
i D M
i
M is the transformation matrix from distribution functions to moment space (m D Mf and f D
M 1 m) and is given in [17]; meq
i are the equilibrium moments given by
Copyright © 2015 John Wiley & Sons, Ltd.
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eq
meq
D 0 ux2 C uy2 C u´2 ;
1 De

meq
0 D ;
eq
meq
3 D jx D 0 ux ;
eq
meq
7 D j´ D 0 u´ ;

(10)

eq
meq
5 D jy D 0 uy ;

(11)

 2

eq
2
2
meq
9 D 3pxx D 0 2ux  uy  u´ ;

(12)

 2

eq
2
meq
11 D p´´ D 0 uy  u´ ;

eq
meq
13 D pxy D 0 ux uy ;

eq
meq
14 D py´ D 0 uy u´ ;

eq
meq
15 D px´ D 0 ux u´ ;

meq
2;4;6;8;10;12;16;17;18 D 0;

(13)
(14)
(15)

where the density has been split up into a constant reference density 0 and a density fluctuation ,
such that total D 0 C . The velocities are derived from the represented momenta: u˛ D j˛ =0 . SE
is a diagonal matrix given by
SE D diag.0; sa ; sb ; 0; sc ; 0; sc ; 0; sc ; sd ; se ; sd ; se ; sd ; sd ; sd ; sf ; sf ; sf /;

(16)

with sd D t = , where  is a relaxation time computed as a function of the fluid viscosity and
the time step as
 D3


1
C t:
c
2

(17)

Parameters sa ; sb ; sc ; se ; sd ; sf can be chosen freely in the range of [2; 0]. For the D3Q19 MRT
model, d’Humieres et al. [17] use a linear, local analysis to obtain a set of relaxation rates for
optimal stability
sa D 1:19; sb D 1:4; sc D 1:2; se D 1:4; sf D 1:98:

(18)

Even though the local analysis does not consider boundary conditions, and therefore, these values
are not necessarily the optimal choice for transient, wall-bounded simulations, they were used in
all our simulations and considerably improved the stability. Finally, both the velocity and pressure
fields are obtained from their respective momenta as
j˛
;
0

(19)

p D cs2 :

(20)

u˛ D

It can been shown with Chapman–Enskog expansion that the LBM solution converges to that of the
incompressible NS equation
@
@uj
D 0 C O.t 2 / C O.Ma2 /;
C
@t
@xj
²

@uj
@uj

C uk
@t
@xk

³
D

(21)

@ jk
C Bj C O.t 2 / C O.Ma2 / C O.Kn2 /;
@xk

(22)

up to the second order of grid spacing x, time step t , Mach number Ma, and Knudsen
number Kn.
Copyright © 2015 John Wiley & Sons, Ltd.
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Figure 2. No-slip boundary condition at solid walls: sketch of LBM bounce back on link scheme.

2.2. Boundary condition on solid walls
To simulate no-slip conditions at solid boundaries in the LBM, a so-called ‘bounce back’ boundary
condition is specified at the wall, which requires the fluid velocity to be zero at stationary walls.
Bounce back on link is used in this work, which gives a second order of accuracy in space for straight
walls [18] that are placed halfway between two lattice nodes. Note that the flow field calculation is
only performed for nodes inside the domain. After the propagation step, the unknown particle distribution functions at the domain boundaries are set equal to the opposite post-collision distribution
functions at the same node (Figure 2)
fi .xb ; t C t / D fNiN .xb ; t /;

(23)

the particle distribution functions ‘bounce back’.
3. MODELING OF PARTICLE-LADEN FLOWS
3.1. Key physical concepts
Here, we perform the DNS modeling of turbulent channel flows, for a homogeneous fluid of density
f , kinematic viscosity , and velocity uj (using index notation; j D 1; 2; 3), in the presence of
a dispersed phase made of a large number of small spherical particles, of density p and velocity
vj (here, we assume p  f ). Such flows were described by Janßen [19], who introduced the
following assumptions that will also be made in our study:
 Particles are spherical with diameter dp and volume Vp D dp3 =6, that is, no shape effects are
considered.
 Particles are smaller than the Kolmogorov length scale, that is, dp  K .
 Particles are rigid, that is, no deformation is allowed, and their diameter remains constant.
d ju v j
 The particle Reynolds number is small: Rep D p j j < 1, so that Stokes law of drag
applies to compute the particle drag force.
Here, because the ratio of densities between the particles (water) and the fluid (air) is large, the
particles are referred to as heavy. For such cases, the force Fpj exerted by the fluid on the particles,
and vice versa, will be assumed to result only from the drag contribution, and added mass and lift
effects are neglected. In this case, the equation of motion for each particle of mass mp D p Vp in
the presence of a gravitational acceleration gj reads
mp

dvj
D .p  f /Vp gj C Fpj :
dt

(24)

The time derivative in this equation is a material derivative, following the particle motion. The
external force that is applied on each particle consists of three contributions: weight, buoyancy, and
drag. The latter is based on the instantaneous relative velocity of the flow at each particle location,
and reads
Copyright © 2015 John Wiley & Sons, Ltd.
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Fpj D

1
CD Ap f .uj  vj / j uj  vj j;
2

(25)

where Ap D dp2 =4 is the particle cross-section and CD .Rep / is the drag coefficient, which is a
function of particle Reynolds number Rep . Using Stokes law of drag, which is valid for a laminar
flow around each particle, we have
CD D

24
:
Rep

(26)

Combining Eqs. (25) and (26), we find the drag force applied by the fluid on each spherical particle
located at xpj ,
Fpj D 3 dp f .uj  vj /;

(27)

which, by reaction, is also the force applied to the fluid by each particle at the same location.
In the absence of gravity, the drag force exactly balances the particle inertia force, and
Eq. (24) yields
Fpj
dvj
D aj ;
D
dt
mp

(28)

with aj the particle acceleration.
Combining Eqs. (25) and (28), the particle equation of motion reads
dvj
.uj  vj /
D
dt
p

with

p D

p dp2
18f 

;

(29)

with particle response time p . The particle response time is the key characteristic time scale of the
multiphase flows under consideration and physically represents the time that is necessary for the
dispersed phase to respond to fluctuations in flow velocity [1]. The larger p , the more inertia
the particles have. To the limit, when p is very large, the particle inertia is so large that they behave
like ballistic projectiles with their trajectory being nearly unaffected by the fluid flow. By contrast,
when p is close to zero, particles act as passive tracers for the flow, because they have so little inertia
that they are able to freely follow the fluid motion. In the present context, we will see that the magnitude of p is a crucial factor for determining the behavior of the dispersed phase, by comparing it
with a typical time scale of the turbulent flow.
In the following, we further discuss the dimensionless parameters that govern fluid flows with a
dispersed point particle phase, that is, the (i) particle Stokes number St; (ii) particle volume fraction
ˆpv ; (iii) fluid–particle density ratio f =p ; and (iv) particle Reynolds number Rep . The first two
parameters are the two most important ones identified by Elghobashi [1], and the fourth one was
already discussed earlier.
(i) Particle Stokes number. This parameter, defined as the ratio of the particle response time to
the characteristic time scale of the turbulent flow, qualifies the interactions between the turbulence
structures and the dispersed phase. Several different definitions of the Stokes number can be found
in the literature, for DNS on wall-bounded turbulence, which usually
 in the selected time scale
p differ
of the flow. Indeed, the Kolmogorov (turbulent) time scale K
= and the viscous time scale
 D ı =u can be used to define two different Stokes numbers
StK D

p
K

and

StC D

p
p u2
D
:



(30)

A review of the computational fluid dynamics literature indicates that, in the past 30 years, StK has
been more widely used to characterize interactions between particle motions and flow structures,
mainly because it applies to both isotropic and wall-bounded flows, making it a more universal
parameter. However, some recent studies have questioned its relevance for channel flows, in which
the dissipation rate is not constant in the wall-normal direction, because " is larger near the walls.
Copyright © 2015 John Wiley & Sons, Ltd.
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This implies a smaller Kolmogorov time scale near the walls, for a constant fluid viscosity, than at
mid-channel width. However, because it is hard to accurately quantify the variation of the dissipation rate across the channel width, most studies have used the time scale calculated at mid-channel
width and assumed that it remains unchanged across the channel. By contrast, the viscous time
scale does not present this problem as it does not depend on the distance from the wall, because the
friction velocity is calculated from the wall stress and fluid density. Hence, for the wall-bounded
turbulent flows, it appears more relevant to compare the particle response time with the viscous
time scale, rather than with the Kolmogorov time scale. For instance, Richter and Sullivan [7, 8]
and Zaho et al. [9] used StC in their recent studies.
(ii) Particle volume fraction. The volume fraction, ˆpv , quantifies how much of the dispersed
phase is present in the flow. It is defined as the ratio of the volume occupied by the particles to the
total volume (fluid plus particles)
ˆpv D

Np dp 3 =6
Vf C Np dp 3 =6

;

(31)

where Np denotes the number of particles and Vf the fluid volume. Alternatively, the particle mass
fraction can be used to specify the global concentration of particles in the flow. In a similar way to
the volume fraction, it is defined as the ratio of the mass of all the dispersed particles Mp D Np mp
to the total mass of system Mt
Np .p dp 3 =6/
 D 

ˆpm D 
f Vf C Np p dp 3 =6

Np D
6Vf
dp 3

C Np D

;

(32)

where D is the density ratio discussed in the succeeding text.
As discussed in Section 1, our work focuses on cases with intermediate volume fractions,
106 6 ˆpv 6 103 , where a two-way coupling assumption between fluid and particle motions is
valid. This is the relevant regime to describe interactions occurring between the lower atmospheric
turbulence and sea spray droplets at the ocean surface [1]. In this regime, the particle suspension is
not so diluted as to prevent particles from affecting flow turbulence or so concentrated that particles
would strongly interact with each other (e.g., collisions, coalescence and breakup).
(iii) Density ratio. This is the ratio of the dispersed phase (particles) density over the carrier phase
(fluid) density (using Eq. (29))
D D

p
18
D 2 p :
f
dp

(33)

When considering the forces applied by the carrier fluid onto the dispersed phase, the density ratio
helps sort out forces that can be neglected from those that are relevant to the problem (Maxey
and Riley [20]). For instance, as seen in Eq.(33), the particle inertia characterized by the particle
response time becomes predominant when D is very large. In our target application, the density
ratio is on the order of 1000, which means that particles can be qualified as heavy. In applications,
the value of D will remain unchanged unless specified otherwise.
3.2. Numerical algorithm for particle tracking and volume forces
This algorithm solves the particle equation of motion (29) by first-order finite difference (owing
to the very small time steps), to compute the velocity vj of individual particles, as a function
of time
vjt Ct D vjt C
Copyright © 2015 John Wiley & Sons, Ltd.




t  t
uj  vjt C O t 2 :
p

(34)
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The new position of each particle is then obtained via a second-order Taylor series expansion
1
t Ct
t
xjp
D xjp
C t vjt Ct C t 2 ajt C O.t 3 /;
(35)
2
where the particle velocity is obtained from Eq. (34) and the acceleration is obtained from Eq. (29).
As this is a Lagrangian time integration following each particle trajectory, the flow velocity uj
must be computed at each particle instantaneous location. In the LBM model, however, velocities
are only available at lattice nodes, which require interpolating the velocity field. To do so, we use the
accurate and efficient tricubic interpolation scheme of Lekien and Marsden [21]. Once identified,
the grid cell in which the particle resides, the method interpolates velocities from neighboring lattice
nodes. Because this is a regular lattice, a single set of coefficients (64  64 matrix) is computed
and repeatedly used in the interpolations, which save both time and computational resources. In
applications, to reduce computational time, particles are released in the fluid flow, once the latter is
fully established (i.e., with proper turbulent structures). In this initial stage, particles are uniformly
distributed and given the flow velocity at their release location.
The two-way coupling between the fluid and particle phases is operated in the LBM model by
way of the volume force term Bj in Eq. (22). For a given lattice cell of volume Vc containing Mp
particles, the total volume force per unit mass exerted in the xj direction is expressed as the opposite
of the sum of all the drag forces applied to the particles as
Mp
1 X
Fpj ;
Bj D 
Vc pD1

(36)

with Fpj the drag force given by Eq. (27) for a single particle. In the LBM model, the contribution Bj to the body force is uniformly distributed to the lattice nodes that are the vertices of the
considered cell.
To summarize, in this particle tracking/volume force approach, the following five steps are taken
at each time step:
the tricubic interpolation of the fluid velocity uj to find its value at the particle positions xjp ;
the computation of the particle velocities vj from the fluid velocity field using Eq. (34);
the time integration to find the new position of each particle using Eq. (35),
the computation of the forcing terms Fpj using Eq. (27) and contribution Bj using Eq. (36),
and its distribution to the affected LBM nodes; and
 updating the fluid velocity after taking into account the feedback effect of the particles by
solving the complete LBM equations for the fluid phase.






4. RESULTS
The computational domain used in the Three Dimensional Lattice Boltzmann Method (3D-LBM)
model for the following DNS of turbulent channel flows is set as follows; no-slip boundary conditions are specified along the lower and upper wall boundaries in the ´-direction. These boundaries
represent two solid walls separated by a distance L´ D 2ı. Periodic boundary conditions are
specified in both the streamwise (x) and spanwise (y) directions, which express that turbulence is
homogeneous in these directions.
Next, we specify the grid resolution, in the form of the space step x, as a function of the
desired Reynolds number. Near the wall, the two important dimensionless parameters are the
friction velocity
r
w
;
(37)
u D
0
where w is the wall shear stress, and the viscous length scale
r

0
D
:
ı D 
w
u
Copyright © 2015 John Wiley & Sons, Ltd.
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The friction velocity can be used to define the friction Reynolds number [22]
Re D

u ı
;


(39)

where ı, as defined earlier, is half of the channel width. To compare with earlier seminal work on
DNS of single fluid channel flows, we use Re D 180 in all the applications. Additionally, we found
that this value is nearly the lowest possible Reynolds number that can be used to achieve turbulent
conditions, which, in return, allow the use of the largest possible domain.
According to Kim et al. [23], one of the requirements to achieve turbulent DNS is that the grid
resolution has to be fine enough to resolve the smallest turbulent length scales. In particular, the
grid spacing should be on the order of the Kolmogorov length scale, which is estimated to be twice
the viscous length scale, K ' 2ı ; one also defines C
K D K =ı ' 2 (the superscript C denotes
the quantity that is normalized by the viscous length scale). In turbulent channel flows, the grid
resolution should be at least equal to the normalized Kolmogorov length scale in the wall-normal
direction. We therefore impose the normalized grid resolution to be ´C D C
K D 2 in our configuration. The grid resolution in the other directions does not necessarily need to be as small as the
Kolmogorov length scale. However, LBM models normally use regular lattices, where time, space,
and velocities are uniformly discretized in all directions, that is, x C D y C D ´C . As a result,
in the present case, the flow is over-resolved in the horizontal directions while being appropriately
resolved in the wall-normal direction [24]. This situation can be improved upon by using a varying
grid resolution in different directions, as will be attempted in future work.
It should be pointed out that in the LBM, the length, time, and mass scales are usually defined in
non-dimensional lattice units. Here, the symbols L, T , and M are defined to characterize the length,
time, and mass scales, respectively, used in the lattice units. In particular, the grid spacing x D 1L
is set to unity in lattice length scale and time step t D 1T to unity in lattice time scale. Thus, lattice
speed c D x=t is equal to 1 L=T in lattice unit. As discussed previously, the LBM is based on
a weakly compressible formulation that converges to the incompressible NS equations in the limit
of small Mach numbers Ma. Hence, even though dealing with essentially incompressible flows, the
Mach number must be specified as a parameter. The Mach number of the present simulations is
based on the mean centerline velocity in the channel flow, which is the maximum mean velocity in
the simulation.
p
The speed of sound is cs D c= 3 D 0:577L=T in lattice unit. Hence, to yield a low mean Mach
number Ma = 0.2, the mean centerline velocity was set to U0 D 0:115L=T in lattice unit. The
theoretical velocity profile for a wall boundary layer can be expressed by the log law [22]
U0C D

1

ln.Re / C A;

(40)

with A D 5:5 and D 0:4, which can be used to express the relationship between centerline velocity
U0 and friction velocity u , U0C D U0 =u .
In the applications, given the Mach and friction Reynolds number values, we obtain the mean
velocity U0 , and Eq. (40) can be used to calculate the friction velocity. For Ma = 0.2 and Re D 180,
the friction velocity obtained from this equation is u D 0:00622L=T in lattice unit. With x D
1L, and the minimum requirement x C D 2, the viscous length scale is set to ı D 0:5L. Then,
the kinematic viscosity of the simulation is computed from the definition of the viscous length scale
(Eq. 38); here, we find,  D 0:00311L2 =T , which based on Eq. (17) yields the relaxation time in
LBM simulations,  D 0:5093T .
Based on the definition of the friction Reynolds number in Eq. (39), we find the half width
between walls to be ı D 90L, and, hence, the total number of lattice nodes in the wall-normal
direction ´ to be 2ı=x D 180 (Figure 3). Note, from the implementation of the bounce back
on link boundary condition, that the first nodes next to the wall are placed at 0:5x (x C D 1)
away from the wall. Because of the restriction of the numerical implementation to use single GPGPUs only (with a maximum device memory of 6 GB), the maximum lattice grid size that could be
achieved was, 260  260  180 (12.2 million nodes), in the x-direction, y-direction, and ´-direction,
respectively, which corresponds to a domain size of .2:9ı; 2:9ı; 2ı/.
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Figure 3. Sketch of half the computational domain in the wall-normal direction ´, using the bounce back on
link boundary condition. Total number of nodes for the half channel is ı=x D ı.

The mean wall shear stress can be computed from the definition of the friction velocity in Eq. (37),
where the fluid reference density in lattice units is 0 D 1ML3 . For the selected parameters, we
find w D 3:87  105 ML1 T 2 . Finally, the mean pressure gradient that is required to drive
this specific fluid flow problem can be computed from a simple force balance (considering there
are two walls)
w D ı

@p
;
@x

(41)

balancing the wall shear stress terms integrated over the wall. This yields a pressure gradient of
@p=@x D 4:30  107 ML2 T 2 . In the numerical code, this pressure gradient is actually implemented as a body force (as part of the Bi term), as this allows to apply periodic boundary conditions
in the streamwise direction also.
To summarize, the main parameters used for this DNS of turbulent channel flows in the 3D-LBM
model, without particles so far, are (in lattice units)





the viscous length scale ıv D 0:5L,
the friction velocity u D 6:22x103 L:T 1 ,
the kinematic viscosity  D 3:11x103 L2 :T 1 , and
the friction Reynolds number Re D 180.

This setup corresponds to the one used in the reference DNS study of Kim et al. [23] (Kim, Moser,
Moin (KMM)).
4.1. Validation of turbulent channel flow simulations
Before modeling particle-laden turbulent channel flows, we first assess the accuracy and convergence of LBM results for a single fluid phase by comparing our results to the reference DNS study
of Kim et al. [23] (KMM). Because they used a variable grid in their finite volume model, KMM
solved the flow in a larger channel, 8ı4ı2ı, while in our case, when solving for particle motions,
the memory limitation of using a single GPGPU yielded a maximum size of 2:9ı  2:9ı  2ı
(260  260  180 lattice nodes; referred to as case A). Larger sizes/grids, however, can be solved in
the absence of particles.
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Thus, to investigate the convergence of flow fields toward KMM’s results, we ran three DNS for a
single fluid, using varying grid sizes, while maintaining the distance between walls to 2ı as in KMM.
Besides case A, we also modeled a larger channel in case B, with dimensions of 3:9ı  3:4ı  2ı
(350  300  180 lattice nodes; 18.9 million), which is about the largest size achievable on one
GPGPU without particles, and finally the largest grid in case C, with 6:7ı3:4ı2ı (600300180
lattice nodes; 32.4 million), for which we used two GPGPUs. Note that this single attempt at using
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Figure 4. Validation of turbulent channel flow simulations. Mean streamwise velocity: KMM (blue solid
line), case A (black dotted line), case B (blue dashed line), case C (red dashed line).
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Figure 5. Validation of turbulent channel flow simulations. Reynolds shear stress u0 u0 , normalized by the
wall shear velocity: case A (black dotted line), case B (blue dashed line), case C (red dashed line), and KMM
(right panel).
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Figure 6. Validation of turbulent channel flow simulations. Root mean square velocity fluctuations normalized by the wall shear stress: KMM (blue solid line), case A (black dotted line), case B (blue dashed line),
and case C (red dashed line).

two GPGPUs is only applicable to single fluid flows, and this model has not yet been extended to
particle-laden flows, for which the management of particles moving between GPGPU regions and
flow interpolation is much more complicated.
Figures 4, 5, and 6 show the mean streamwise velocity, normalized Reynolds stresses, and root
mean square velocities computed for cases A, B, and C, respectively, in comparison with KMM’s
results. While differences for the mean streamwise velocity are quite small for all cases, for the
turbulent properties, as should be expected, LBM results obtained in the larger domains B and C are
in better agreement with KMM’s benchmark study, with case C results having nearly converged to
those of KMM. Even for case A, however, results are in reasonable agreement with KMM’s results,
which allows using this case for studying effects of the dispersed particle phase on turbulent flow
properties. Clearly, however, more accurate results would be obtained for larger grids, which require
using several GPGPUs for the particle-laden flow simulations as well. This will be left out for
future work.
4.2. Turbulent particle-laden flow simulations
As explained earlier, the turbulent particle-laden flow simulations are performed on the grid A. Four
non-dimensional parameters have been previously identified that govern the dynamics of turbulent
particle-laden flows. In the present simulations, the flow Reynolds number and particle density ratio
are kept constant while varying the concentration (mass fraction) and size (Stokes number) of the
particles. Table I summarizes the different cases that were simulated. Numerical results for each
case are presented and discussed in the following sections. Figures will be presented as a series of
curves corresponding to the various cases, obtained first by varying the mass fraction (at constant
Stokes number) and then by varying the Stokes number (keeping the mass fraction constant). Line
codes in figure legends are kept identical throughout and are listed in Table II.
4.3. Mean and root mean square (RMS) flow velocity
The effects of particles on the turbulence can be observed in the mean streamwise velocity of the
carrier fluid across the channel width, shown in Figure 7 in semi-log scale and in Figure 8 in linear
scale. In the presence of particles, the mean flow velocity decreases in the logarithmic region and
near the center of the channel relatively to the clean channel case while it is nearly unchanged near
the walls.
More specifically, for particle-laden flows, the mean velocity profiles are all found to be below
the baseline profile from ´C  20 (i.e., beyond the viscous wall region) to the center of the channel,
while they remain very close to the clean channel profile near the wall. In the case where the mass
fraction increases from 0.1 to 0.25 and then to 0.5 (left panels), a consistent decrease of the velocity
can be noted, with the largest difference occurring for case IV. The right panels indicate that the
Copyright © 2015 John Wiley & Sons, Ltd.

Int. J. Numer. Meth. Fluids (2015)
DOI: 10.1002/fld

A. BANARI ET AL.

Table I. Turbulent particle-laden flow simulations. Particle properties for
seven different DNS, using Re D 180 and D D 1000. The particle diameter
dpC has been normalized using the viscous length scale.
Np

ˆpm

StC

dp (m)

dpC

0
6  105
4:6  104
1:2  105
2:3  105
2:3  104
985
1980

—
0.25
0.10
0.25
0.5
0.25
0.25
0.5

—
10
30
30
30
90
720
720

—
26
45
45
45
78
220
220

—
0.104
0.18
0.18
0.18
0.312
0.88
0.88

Case
Clean channel
I
II
III
IV
V
VI
VII

DNS, direct numerical simulations.

Table II. Line codes in figure legends for simulation cases listed in Table I.
DNS runs

Case

Color, symbol

Baseline

Clean channel
II
III
IV

Black solid line
Blue dotted line
Blue solid line
Blue dashed line

Effects of particle size

I
III
V

Blue dotted line
Blue solid line
Blue dashed line

Effects of large particles

VI
VII

Red solid line
Red dashed line

Effects of concentration

DNS, direct numerical simulations.

Figure 7. Turbulent particle-laden flow simulations. Mean streamwise velocity (log scale), normalized by
the friction velocity. Left: as a function of increasing mass fraction: cases II, III, and IV (StC D 30). Right:
as a function of increasing Stokes number: cases I, III, IV, and VI (ˆm D 0:25).

discrepancy with the baseline (clean channel) is largest for case I (i.e., the smallest particles) and
is reduced for the larger particles. The impact nearly disappears for case VI (StC D 720; ˆpm D
0:25). This suggests that the smaller particles (for the particle size range investigated) are more
effective in modifying the mean profile, given a constant mass fraction. Among all the cases, case
IV (StC D 30; ˆm D 0:5) shows the highest impact on hui.
Next, Figure 9 shows the root mean square of turbulent velocity fluctuation components computed
across the channel. This is the primary statistics of turbulence, where effects of particles can be
easily observed. In general, the presence of particles increases the streamwise turbulence intensities
while reducing the spanwise and the wall-normal components. For increasing particle concentration,
the streamwise fluctuations are larger relative to the baseline of the clean channel. The increase is
Copyright © 2015 John Wiley & Sons, Ltd.
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vrms
wrms

urms

vrms
wrms

urms

Figure 8. Turbulent particle-laden flow simulations. Same results as in Figure 7 in linear scale.

Figure 9. Turbulent particle-laden flow simulations. Root mean square velocity fluctuations. Top: streamwise, middle: spanwise, bottom: wall-normal. Left: increasing mass fraction, right: increasing Stokes
number. See Figure 7 for details of cases.
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non-monotonic, however, and happens mainly outside the viscous sublayer, after the maximum of
the fluctuations has been reached (around ´=ı  0:9). The spanwise and wall-normal fluctuations
noticeably drop across the channel width, as compared with the baseline, and the maximum of
each curve is displaced further away from the wall. The disparity with the clean channel becomes
more pronounced when a larger number of particles are dispersed in the flow. For increasing Stokes
number, the streamwise velocity fluctuations are higher than for the clean channel, although the
difference is negligible for case VI. The enhancement of the streamwise fluctuations is particularly
evident for cases III and V. Dampening of the y-fluctuation and ´- fluctuation components can be
seen in all cases. Moreover, case I with the smallest particles displays an interesting behavior: the
curves for vrms and wrms start at the wall between cases III and V, but end up crossing the curves
beyond the viscous wall region.
Overall, we may conclude that there is a global effect of ˆpm and StC on the lower-order statistics of turbulence, although the underlying mechanisms of turbulence modulation may be different
whether StC or ˆpm is changed in the DNS runs. According to Zhao et al. [9], it is thought that the
inertia of particles may play an important role in modifying the low-order moments of turbulence,
at any concentration. The attenuation of the wall-normal fluctuations, combined with the enhancement of the streamwise turbulence intensities, has a profound impact on many aspects of turbulent
channel flows.
4.4. Streamwise force balance
One way to verify that the two-way coupling approach is correctly implemented in the LBM model
is to compute a streamwise force balance between the feedback volume force, which is included in
the LBM equation, as a result of momentum exchanged between the fluid and the dispersed phase
and other components of the momentum balance, in the streamwise x-direction. Once we verify that
the conservation of momentum is satisfied, we can focus on understanding the particles’ role in the
global force balance. The ‘mean’ operator (denoted by the angle brackets) here refers to results that
are both spatially averaged in the streamwise and horizontal plane directions and time averaging
over the simulation after the statistically steady state has been reached.
In the case of the clean channel, the force balance consists of the mean viscous force and the
Reynolds force, which should be exactly compensating the mean pressure gradient



@hui
@hpi
@
@ 

and FR D 
FV C FR D
(42)
; with FV D
f hu0 w 0 i :
@x
@´
@´
@´
Note that while many studies examine the stress balance and compute the viscous and Reynolds
stresses in turbulent Poiseuille DNS, examining the force balance is more relevant in the case
where particles are dispersed in the computational domain. We emphasize that both formulations are
equivalent, and we can relate the forces described in Eq. (42) to the viscous and Reynolds stresses as
V D 

@hui
and R D f hu0 w 0 i:
@´

In the case of particle-laden flows, the force balance becomes
@hpi
(43)
; with Fp D f hB1 i;
@x
where B1 denotes the x-component of the particle feedback volume force computed with Eq. (36).
Figure 10 shows the repartition of the various forces for channel flow simulations, as a function
of the normalized distance from the wall. [Note that the legend in this figure differs from that of the
previous plots.] The first plot corresponds to the clean channel case, where we see that the sum of
the viscous and Reynolds forces nearly exactly compensate the mean pressure gradient applied to
the flow (within a small numerical error). This shows that there is no sink or source of momentum
in the channel flow DNS, confirming the accuracy of the LBM solution. The second plot illustrates
the repartition of the forces among viscous, Reynolds, and particle feedback forces, for cases II, III,
and IV (for increasing particle concentration), while the third plot shows a similar family of curves,
FV C FR C Fp D
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Figure 10. Turbulent particle-laden flow simulations. Average force balance in streamwise direction: clean
channel (upper left); varying mass fraction (upper right: case II—blue, III—green, and IV—red); varying
Stokes number (lower left: case I—blue, III—green, and V—red); and particle force components for case
IV (lower right). Legend for the first three plots: viscous force FV (solid line), Reynolds force FR (dashed
line), particle feedback force Fp (dotted line), pressure gradient @hpi=@x (black thin horizontal line marked
at 4:34x107 ML2 T 2 ), and sum of all forces (red starred line). Legend for the last plot: hB1 i (solid
line), hB2 i (dashed line), hB3 i (dashed dotted line).

for cases I, III, and V (for increasing Stokes number). The last plot, on the lower right, shows the
force components, for the case with the largest concentration of particles (case IV).
As expected, for the clean channel case, the absolute value of the viscous force is maximal in the
viscous layer [22], and reaches zero beyond the buffer layer (´C  30). The Reynolds force has an
opposite sign to the viscous force, and balances it by reaching the value of the mean pressure gradient at the point where viscous effects vanish away from the wall. The effect of an increasing particle
mass fraction on the force balance can be seen in the second plot, in the upper right corner: inside
the viscous sublayer, the magnitude of both the viscous force and the Reynolds force progressively
decreases, while the particle force hB1 i increases at the same time. A small discrepancy between the
sum of the forces and the mean pressure gradient is observed near the wall, which is likely due to
the treatment of the no-slip boundary condition in the LBM (bounce back scheme). Similar observations can be made in the third plot (lower left) for the forces and force balance for the case of an
increasing Stokes number. Again, the magnitude of the forces is smaller than for the clean channel
case. However, the evolution of the forces is non-monotonic: the curves for case I are found between
cases III and V (Reynolds force) and case V (viscous force). The lesser impact of particles is seen
for case VI (not plotted here), which is expected because it corresponds to the smallest amount of
particles. In both cases (second and third plots), besides the numerical artifact near the wall, it is
clear that the force balance is well-satisfied across the channel width in the presence of dispersed
particles, thus confirming the relevance and accuracy of the proposed Lattice Boltzmann MethodDirect Numerical Simulation (LBM-DNS) approach for two-way coupled particle–fluid problems.
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Additional observations are that the Reynolds force decreases faster than the viscous force near
the wall for increasing mass fraction or Stokes number. On the other hand, for cases II, III, and IV,
the locations of the particle force maxima are closer to the wall than the maxima of both FV and
FR , which indicate that the particles impact the turbulence mainly close to the wall, rather than in
a homogeneous fashion over the whole domain. While the particle force magnitude can reach up
to five times that of the mean pressure gradient, it remains very localized in the domain. Outside
the viscous sublayer, the particle force is small but remains finite, and reduces the Reynolds force
accordingly. Lastly, the fourth plot in Figure 10 on the lower right shows the mean particle force
component variation across the channel for case IV. As expected, hB1 i in the streamwise direction
provides the maximum contribution, while hB3 i is zero everywhere. It is interesting to note that
hB2 i is not zero near the wall, but its magnitude is much smaller than that of hB1 i.
From Figure 10, we may conclude that regardless of their size or concentration, small inertial particles allowed to interact directly with the carrier fluid impact the distribution of the forces
by dampening the Reynolds force (across the channel) and the viscous force (within the viscous
wall region).
4.5. Production and dissipation of mean turbulent kinetic energy
Zhao et al. [9] investigated particle effects on the mean TKE budget of particle-laden fluid flows,
focusing on the energy transfer between the fluid and the particle phases and on the dissipation rate
in the wall turbulence. This budget is based on a conservation equation that can be derived from the
NS Eqs. (21) and (22) as
@2 k
1 @hu0i pi @hku0i i
Dk

C
D
Dt
f @xi
@xi
@xj @xj
0 0
@hu
u
i
@hui i
i j
 hu0i uj0 i

C hu0i Bi0 i;
@xj
@xj @xj

(44)

with k D .1=2/hu0i u0i i the mean TKE, in which there are seven terms, from left to right, of the mean
TKE: (i) time rate of change; (ii) pressure transport; (iii) turbulent transport; (iv) viscous diffusion;
(v) production; (vi) dissipation rate; and (vii) particle production.
For a statistically stationary turbulent channel flow, the mean TKE is conserved, and its time rate
of change, which is expressed in the left-hand side of Eq. (44) by a material derivative, corresponding to the sum of a local rate of change and the advection of k by the mean flow, must be equal
to zero. Because gravity has been neglected in this work, buoyancy does not intervene in the mean
TKE balance. Here, we are mainly interested in the repartition of mean TKE among production
terms and the dissipation rate. We will denote the mean TKE production by P (mean-shear production), particle production by Pp , and dissipation rate by ". In wall-bounded turbulent flows, the
production term P can be simplified to
P D hu0 w 0 i

@hui
:
@´

Figure 11 plots P , Pp , and " across the channel width, for cases I to VI, with the clean channel
results being shown as a baseline. The left side figures represent cases II, III, and IV with increasing
mass fraction; because of particle feedback effects, we see a reduction of the TKE mean production
and the presence of a non-zero production term Pp . The magnitude of the dissipation rate also
decreases with increasing mass fraction. The top and bottom panels show that the particle production
is small compared with the TKE production, and negative across the channel width for cases III and
IV. The fact that Pp becomes negligible for case II is due to the very low concentration of particles
dispersed in the flow. The right side figures represent cases with increasing Stokes number; we see
that particles of various diameters impact in a different and complex manner the TKE production and
dissipation terms, although both the production and dissipation terms are reduced in the presence of
particles. The impact is much smaller however for case VI (StC D 720; ˆpm D 0:25), which has a
very small number of particles. We also see that the particle production term changes sign for some
Copyright © 2015 John Wiley & Sons, Ltd.
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Figure 11. Turbulent particle-laden flow simulations. TKE production and dissipation terms, across the channel width. Top: P , middle: ", bottom: Pp . Left: cases with increasing mass fraction. Right: cases increasing
Stokes number. See definitions in Table II.

cases, being mostly negative for cases I and III, then positive across the channel width for case V,
and finally nearly zero for case VI, where, as indicated, very few particles were dispersed in the flow
(like in case II).
To summarize, the introduction of many small particles in a turbulent channel flow modifies
the TKE budget across the channel width, in the wall-normal direction, although change is not
monotonic and varies depending on values of the mass fraction and Stokes parameters. The fine
turbulent flow structures that influence the TKE production and dissipation are further discussed in
the next section.
4.6. Turbulent coherent structures
It is commonly accepted in the wall turbulence research community that turbulence appears in the
flow as organized structures, spanning several length and time scales [25]. According to Adrian
[26], wall turbulence is characterized by the presence of packets of hairpin vortices and associated
quasi-streamwise vortices (QSVs) near the walls. Such turbulent structures, which are referred to
Copyright © 2015 John Wiley & Sons, Ltd.
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as coherent because they persist for a long time in the flow, have been extensively studied both
experimentally and numerically. In particular, a mechanism for generating QSVs in a turbulent
channel flows was suggested by Zhou et al. [27]. They argued that the turbulent boundary layer
contains a large number of hairpin vortices, aligned in the streamwise direction as coherent packets. Although they first studied the evolution of a single idealized symmetric hairpin vortex, they
also investigated asymmetric hairpin vortices and concluded that QSVs generated from asymmetric structures occurred more often singly and rarely as counter-rotating pairs of equal strength.
Zhou et al. added that asymmetric vortex generation was more frequently observed experimentally in turbulent boundary layers. Moser et al. [28] investigated the role of near-wall coherent
structures in turbulent channel flows and proposed a model with overlapping and alternating sign
QSVs, as the dominant near-wall coherent structures (Figure 12). Note, similar to KMM’s study,
that the convention used in this figure for the coordinates is that the y-direction corresponds to the
wall-normal direction.
Figure 13 shows the instantaneous snapshots of streamwise velocity u from a side view (x–´),
as well as the second component of vorticity !y (rotation around our y-direction). Vorticity is
computed by a finite difference scheme, based on its general definition
!i D

ij k

@uk
;
@xj

Figure 12. Schematics of an array of quasi-streamwise vortices (QSV).

Figure 13. Turbulent particle-laden flow simulations. Instantaneous snapshots of (upper left) streamwise
velocity u for the clean channel, (upper right) streamwise velocity for case IV, (bottom left): vorticity !y
(rotation around y-direction) for the clean channel, and (bottom right) vorticity for case IV.
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with ij k being the third-order antisymmetric unit tensor. For channel flow turbulence, where the
flow is strongly anisotropic, the vorticity component of interest is
!y D

@u @w

;
@´
@x

which can be computed based on LBM results at various lattice nodes at a given time as
!y D


1 
2wi C2;j;k C wi C1;j;k  wi 1;j;k  2wi 2;j;k
10x

1 

2ui;j C2;k C ui;j C1;k  ui;j 1;k  2ui;j 2;k :
10´

Snapshots in Figure 13 clearly capture the dominant turbulent structures in the computational
domain. In particular, for the clean channel flow, the pattern of vorticity seen in the lower left
corner figure matches the locations of the slower streamwise velocity in the upper left corner plot.
Comparing these simulations to the schematics of Jeong et al. [29] in Figure 12 suggests that the
structures of positive and negative vorticities y indeed correspond to QSVs, or more generally to
turbulent coherent structures. In the upper left corner plot, the enforced no-slip boundary condition
results in a thin blue layer near each wall, where the streamwise velocity u  0. Conversely, the
velocity is maximum near the center of the channel. The upper right plot shows, for particle-laden
flows, the striking absence of the coherent structures near the walls, as well as a reduction of the
velocity at the centerline of the channel. Vorticity in the lower right plot is also significantly reduced,
except for a few traces of negative vorticity near the walls. It is evident that the major effects of small

Figure 14. Turbulent particle-laden flow simulations. Snapshots of velocity fluctuations in horizontal (x–y)
planes. Clean channel flow (left plots), case IV (right plots).
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inertial particles in the flow are to dampen the turbulent coherent structures near the boundaries of
the channel.
Patterns observed for the streamwise velocity and QSVs are further investigated in Figure 14,
where the left side plots are for the clean channel, and the right side plots are case IV particleladen flow. The upper plots show the streamwise velocity u observed from a top view (x–y plane)
at a small distance from the channel bottom wall, while the lower plots show the u at the midchannel width. The scale of velocity at the channel center (from 0.1 to 0.12) takes into account the
fact that the velocity at the center of the channel has a large mean value and smaller fluctuations.
Consistent with Figure 13, in the upper plots, we see that turbulent structures near the wall are
drastically modified by the particles. The vortices present in the clean channel flow are weakened
under the action of particles, leading to less low-speed regions near the wall. In the lower plots, the
effects of particles on turbulent structures are less obvious, other than the fact that the mean velocity
is slightly reduced.
5. CONLUSIONS
In this work, we efficiently implemented, on a heavily parallel GPGPU board, a 3D-LBM
model for DNS of turbulent particle-laden flows and used it to simulate and study a variety of
channel flow turbulent properties, as a function of various mass fractions, numbers, and sizes
of particles.
We first validated the fluid only model by simulating turbulent boundary layer flows, in a periodic
channel with two solid walls without particles, and comparing the results with those of the reference
paper by Kim et al. [23]. We concluded that, despite using a smaller computational domain in
the wall-parallel directions than normally necessary to resolve all the turbulent eddies, our results
were in good agreement with KMM’s results, in particular for statistics of turbulent fields (e.g.,
mean velocity and normalized Reynolds stresses). In the absence of particles, larger computational
domains were used on a single GPGPU and even larger using two GPGPUs, which showed a clear
convergence of LBM toward KMM’s results. In the presence of particles, the LBM grid has to be
smaller on the single GPGPU, and clearly, this is a limitation of the present simulations. Future
work could extend the simulation of particle-laden flows to multiple GPGPUs. Nevertheless, this
validation study confirmed that turbulent flow properties were adequately simulated in the selected
model grid, particularly in the vertical direction, to allow accurately studying particle effects on
turbulent properties and structures.
Hence, next, we explored the effects of having a dispersed phase made of many small inertial particles in turbulent channel flows. Once particles were properly dispersed in the flow, we performed
several DNS runs by varying the particle concentration and size (i.e., the mass fraction: ˆm and
the viscous Stokes number StC ). Overall, compared with the clean channel, these DNS showed that
effects of particles are to reduce the mean streamwise velocity, turbulent structures, and intensity
near the walls, and spanwise and wall-normal velocity fluctuations, while accentuating streamwise
turbulent intensities and velocity fluctuations.
The momentum conservation and force balance were computed as well. In the clean channel
case, the Reynolds and viscous forces compensate each other, so that their sum is equal to the
mean pressure gradient applied to sustain the mean flow. With particles (cases I–VI), feedback
force appears in the force balance, and a new force distribution takes place: both the Reynolds and
viscous forces are much lower than in the clean channel case, while the particle force progressively
increases for larger mass fractions and decreases for larger Stokes number (because a lower number
of particles is required to reach the given mass fraction of 0.25 for cases V and VI). Additionally, the
TKE budget, including the mean-shear production (P ), dissipation rate ( ), and particle production
(Pp ) were evaluated. The particle production is usually small relative to the flow production term,
and can change sign depending on the particle size (cases I and III: Pp < 0, case V: Pp > 0,
and case VI: Pp  0). Both P and " are found smaller than for the clean channel case, in all six
cases studied with particles, implying that the general effect of particles on turbulence is to reduce
its production and attenuate the dissipation. Finally, we investigated the interactions between the
Copyright © 2015 John Wiley & Sons, Ltd.

Int. J. Numer. Meth. Fluids (2015)
DOI: 10.1002/fld

TURBULENT PARTICLE-LADEN CHANNEL FLOW

turbulent coherent structures and the dispersed phase. From the various snapshots of instantaneous
velocity and vorticity, we may argue that the coherent structures (QSV and sweeps) are weakened
near the channel walls in the presence of particles.
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