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Abstract

Turbulence modulation due to its interaction with dispersed solid particles in a downward fully developed channel flow was studied.
The Eulerian framework was used for the gas-phase, whereas the Lagrangian approach was used for the particle-phase. The steady-state
equations of conservation of mass and momentum were used for the gas-phase, and the effect of turbulence on the flow-field was included
via the standard k–e model. The particle equation of motion included the drag, the Saffman lift and the gravity forces. Turbulence dis-
persion effect on the particles was simulated as a continuous Gaussian random field. The effects of particles on the flow were modeled by
appropriate source terms in the momentum, k and e equations. Particle–particle collisions and particle–wall collisions were accounted for
in these simulations. Gas-phase velocities and turbulence kinetic energy in the presence of 2–100% mass loadings of two particle classes
(50 lm glass and 70 lm copper) were evaluated, and the results were compared with the available experimental data and earlier numer-
ical results. The simulation results showed that when the inter-particle collisions were important and was included in the computational
model, the fluid turbulence was attenuated. The level of turbulence attenuation increased with particle mass loading, particle Stokes num-
ber, and the distance from the wall. When the inter-particle collisions were negligible and/or was neglected in the model, the fluid tur-
bulence was augmented for the range of particle sizes considered.
� 2007 Published by Elsevier Inc.
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1. Introduction

There has been a continuing interest concerning turbu-
lence modulation by presence of particles in recent decades.
Despite many experimental and numerical simulation stud-
ies, the mechanism controlling the turbulence modulation
process is not fully understood due to the large number
of relevant parameters.

Available experimental data on particle-laden turbulent
flows show that the addition of particles may increase or
decrease the turbulence kinetic energy of the flow. Tsuji
and Morikawa (1982) showed that small particles with
diameter of about 200 lm attenuated the turbulence out-
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side the viscous sublayer, while larger particles with dia-
meter in the range of 3–4 mm lead to augmentation of
turbulence fluctuations. Hetsroni (1989) and Gore and
Crowe (1991) showed that, in general, small particles tend
to damp the turbulence intensity while larger particles will
increase the turbulence level. Gore and Crowe (1991)
reported that the ratio of the particle diameter to a charac-
teristic eddy diameter of the turbulence was the parameter
that controlled whether fluid turbulence was attenuated or
augmented. Hetsroni (1989), however, suggested that the
particle Reynolds number was the key controlling parame-
ter. Kulick et al. (1994) studied the turbulence modulation
in a fully developed channel flow. In their study, particles
were smaller than the Kolmogorov length scale of the flow
and they showed that the fluid turbulence was attenuated
by the addition of the particles and the level of attenuation
increased with particle Stokes number, particle mass
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loading, and distance from the wall. Fessler and Eaton
(1999) studied the turbulence modification by particles in
a backward-facing step flow. They reported attenuation
of the streamwise fluid turbulence in the extension region
of the flow. No modification of the turbulence, however,
was found in the separated shear layer or in the redevelop-
ment region behind the step, although there were signifi-
cant particle loadings in these regions. Elghobashi and
Truesdell (1993) showed that several factors including
gravitational field strength affected the turbulence decay
rate. Yamamoto et al. (2001) studied the interaction
between turbulence and solid particles in a fully developed
channel flow using LES; they also considered the inter-par-
ticle collisions which were important for flows with high
mass loading of particles.

Portela and Oliemans (2003) developed a code for the
direct numerical simulation of particle-laden turbulent
flows, using Eulerian–Lagrangian point-particle approach.
When the two-way coupling was considered, they reported
that the presence of particles led to large damping in the
intensity of the streamwise vortices, without any significant
change in their shape and their size. They also showed that
this damping led to a weakening of the near wall streaky-
pattern, and to a reduction in the accumulation of particles
at the wall. Rashidi et al. (1990) performed an experimental
study of particle–turbulence interactions near a wall, and
they found that the near wall particle transport was mainly
controlled by the turbulence burst phenomena. They also
showed that presence of larger polystyrene particles (with
diameter of 1100 lm) increased the number of wall ejec-
tions, and augmented the fluid turbulence, while smaller
120 lm polystyrene particles caused a decrease in the num-
ber of wall ejections, and attenuated the turbulence fluctu-
ations. Yarin and Hetsroni (1994) studied the particle–
turbulence interaction. They showed that finer particles
damped the turbulence, while coarser particles enhanced
it. They found that the level of turbulence modulation
was affected by four parameters: the particle mass loading,
the particle–fluid density ratio, the particle Reynolds num-
ber, and the ratio of the particle diameter to the character-
istic eddy diameter.

Squires and Eaton (1991) simulated a homogeneous iso-
tropic nondecaying turbulent flow-field by imposing an
excitation at low wave numbers, and studied the effects of
inertia on particle dispersion. They also used the DNS pro-
cedure to study the preferential microconcentration struc-
ture of particles as a function of Stokes number in
turbulent near wall flows. Lain and Sommerfeld (2003)
studied dispersed two-phase gas–solid flows using an Eule-
rian–Lagrangian approach including two-way coupling
and analyzed turbulence modulation.

In this paper, the effects of inter-particle collisions on
turbulence modulation caused by the presence of solid par-
ticles in a downward fully developed channel flow were
studied. A hybrid (Eulerian–Lagrangian) model was used
to solve the governing equations of particle and gas-phase.
The effect of particles on the flow was considered by the
appropriate source terms in the Eulerian governing equa-
tions of the gas-phase. The instantaneous turbulence fluc-
tuation was simulated as a continuous Gaussian random
field using the Kraichnan model. The drag, the Saffman lift
and the gravity forces were included in the Lagrangian
equation for particle motion. Particle–particle collisions
as well as the particle–wall collisions were included in the
simulations. Several computer simulations in the presence
of two classes of particles (50 lm glass and 70 lm copper)
were performed, and the results were compared with the
experimental data of Kulick et al. (1994) and the LES
results of Yamamoto et al. (2001).

2. Particle equation of motion

The particle motions are governed by Newton’s second
law. That is,

dup
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where ui ¼ ui þ u0i is the instantaneous fluid velocity, ui the
mean velocity vector, u0i the fluctuation velocity, up

i the par-
ticle velocity, xi the particle position, t the time, d the par-
ticle diameter, S the ratio of particle density to fluid
density, dij the deformation rate tensor, m the kinematic vis-
cosity, K = 2.594 the constant of Saffman’s lift force, and gi

is the acceleration of gravity.
The first term on the right-hand side of Eq. (1) is the

drag force. Drag force is always present and is generally
the dominating force for particle motion in most regions
of the flow. Here CD is the drag coefficient, which varies
with particles Reynolds number, Rep. The drag coefficient
for the solid particles is given as:
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Here the particle Reynolds number is defined as

Rep ¼
djui � up

i j
m

ð4Þ

The second term on the right-hand side of Eq. (1) is the
expression for the lift force provided by Saffman (1965,
1968) generalized to a three-dimensional shear field. (Note
that the summation convention is suspended for the Saff-
man’s lift force when i = j.)

2.1. Particle–wall collisions

Particle–wall collisions affect the nature of particle
motion in the near wall region and also significantly affect
the particle deposition rate on the wall. The effect of parti-
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cle rebound from surface and its effect on particle deposi-
tion rate is included in the analysis. The wall surface poten-
tial arises due to the London–van der Waals force. At low
impact velocities, small particles that strike a surface
adhere to it. However, as the impact velocity increases,
the particle may rebound from the surface. Bounce occurs
when the kinetic energy of a particle is sufficiently large to
overcome the wall potential of attractive forces. In this
study, the wall surface potential is modeled as a boundary
condition for the particle velocity. This approach originates
from the observations that the effective length of the wall
potential (of the order of �Å) is much shorter than the
fluid dynamical length scale (of the order of �lm). Accord-
ingly, the wall-normal velocity of the particle after the
impact on the wall, vp(after), is given as:

vpðafterÞ ¼ �sgnðvpðbeforeÞÞ � r
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðvpðbeforeÞÞ2 � V 2

c

q
ð5Þ

where r is the coefficient of restitution, vp(before) is the par-
ticle velocity normal to the wall before the impact. The crit-
ical velocity, Vc, is given by

V c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Uðy0Þ

m

r
ð6Þ

where U(y0)

Uðy0Þ ¼
Ad

12y0

ð7Þ

is the surface potential energy. According to Dahneke
(1971), the minimum separation distance, y0, is typically
about 4 Å. In Eq. (7), A is the Hamaker constant (Ha-
maker, 1937). For most materials, A is of order of
10�20 J. The Hamaker constants for several materials were
given by Dahneke (1972). When the wall-normal velocity
of the particle is less or greater than Vc, respectively, cap-
ture or bouncing will occur.

2.2. Particle–particle collisions

The procedure for particle–particle collisions is the sim-
ple hard sphere model as described by Crowe et al. (1998)
and Chen et al. (1998), among others. In this paper, the
coefficient of restitution for the inter-particle collisions
was taken to be 0.95. The collisions were assumed to be
binary. Multiple collisions that were extremely rare for
the range of concentration studied were neglected.

3. Gas-phase flow model

The governing equations for the motion of an incom-
pressible fluid flow with a density qf, and a kinematic vis-
cosity t, are the continuity and the Reynolds average
Navier–Stokes equations. The effect of turbulence on the
flow is modeled by the standard k–e model. The corre-
sponding governing equations for the carrier phase then
are:
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where p is the mean pressure, Rij the Reynolds stresses,
k ¼ 1

2
u0iu
0
i the turbulence kinetic energy, and e is the turbu-

lence dissipation energy. Sp
ui

, SP
k , and SP

e are the source
terms due to presence of particles, respectively, in the mean
flow, turbulence kinetic energy, and turbulence dissipation
equations.

According to Boussinesq hypothesis, the Reynolds stress
tensor can be written as:

Rij ¼
2

3
kdij � 2mTdij ð12Þ

where dij is the Kroenecker Delta, mT the eddy viscosity,
and dij is the deformation rate tensor defined as:

mT ¼ Cl
k2

e
; dij ¼

1

2
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The values of constants in Eqs. (10) and (11) are given as:

rk ¼ 1; re ¼ 1:3; Ce1 ¼ 1:44; Ce2 ¼ 1:92 ð14Þ
3.1. Coupling between phases

The coupling between gas and disperse phases is imple-
mented through momentum interaction term, Sp

ui
from the

particle-phase to the gas-phase. Sp
ui

is the negative of the
drag force acting on the particles exerted by the fluid in
an Eulerian cell, and it is obtained by time and ensemble
averaging for each control volume (Gouesbet and Berle-
mont, 1999; Lain and Sommerfeld, 2003). That is,
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In this expression, VCell is the volume of the computational
cell which is given as:

V Cell ¼ dx� dy � 1 ð16Þ
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where dx and dy are the grid size in x and y directions. The
sum over n indicates the number of time steps that one par-
ticle is tracked within the computational cell, NT is the total
number of time steps that a particle remains in the compu-
tational cell, and the sum over k is related to the number of
particles passing through the cell, NP is the number of par-
ticles which are tracked within the computational cell,
NkDtL is the number of real particles in one computational
particle (in a computational Cell), and mp ¼ qPp d3

6
is the

particle mass. In Eq. (15), DtL is the Lagrangian time
step that is used in the solution of particle equation of
motion.

The effect of particles on turbulence kinetic energy is
expressed as an additional source term which is defined
as (Lain and Sommerfeld, 2003):

SP
k ¼ up

i SP
ui
� uiS

P
ui

ð17Þ

while the source term in e-equation is modeled as:

SP
e ¼ Ce3 e

k
SP

k ð18Þ

In this expression, it is assumed that SP
e is proportional to

SP
k and Lagrangian time scale of the turbulence e

k

� �
. The

constant value for Ce2 is not universal but depends on par-
ticle concentration and particle diameter. In this study,
however, Ce2 is assumed to be 1.87 after Lain and Sommer-
feld (2003).

3.2. Effect of turbulence on particles

Several models have been proposed to account for the
effect of turbulence on the particle trajectories. The turbu-
lence fluctuations are random functions of space and time.
The Monte-Carlo velocity simulation techniques have been
used as an economical method for generating time histories
that have the random characters and statistical properties
of turbulence. Kraichnan (1970) suggested a simple method
for generating a Gaussian random field which resembles a
pseudo-isotropic turbulence. Accordingly, the scaled
instantaneous fluctuating velocity is given as

~uI�ðx�; t�Þ ¼
ffiffiffiffi
2

N

r XN
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In this equation

~u1ð~knÞ ¼~f� ~kn; ~u2ð~knÞ ¼~n� ~kn ð20Þ
~kn � ~u1ð~knÞ ¼ ~kn � ~u2ð~knÞ ¼ 0 ð21Þ

Eq. (21) ensures the incompressibility condition. The com-
ponents of vectors ~fn and ~nn and the frequencies xn are
picked independently from Gaussian distribution with a
standard deviation of unity. Each component of ~kn is
a Gaussian random number with a standard deviation of
1/2. Here, N is the number of terms in the series.
In Eq. (19), the dimensionless quantities are defined as

x� ¼ x
l0

; t� ¼ t
t0

; uI�
i ¼

uI 0
i

u�0
ð22Þ

where l0, t0 and u�0 are the length, time and the velocity
scales of turbulence and uI 0

i is the fluctuation fluid velocity.
For this pseudo-turbulent velocity field the energy spec-
trum E(k) is given by

EðkÞ ¼ 16
2
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1
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where k is the wave number.
The instantaneous turbulent fluctuating velocity vector

is then given by

u0i ¼ uI 0
i eiðyÞ; no sum on i ð24Þ

where ei(y) are the shape functions for the axial, vertical,
and transverse RMS velocities. (Here 1, 2, and 3 stand
for x-, y-, and z-directions, respectively.) Estimates for
the length and time scales of turbulent flows were provided
by Davies (1972). Accordingly,

l0 ¼ 0:1hð2ReÞ�
1
8; t0 ¼
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1
8
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Eqs. (19) and (24), with N = 100, together with (25) were
used for simulating the fluctuation components of turbu-
lent velocity in a channel. It should be emphasized that
the Kraichnan (1970) model was developed for simulating
isotropic flows. Here with use of scaling factors given by
Eq. (24) and the length and time scales given by (25), an
anisotropic turbulence fluctuation near a wall can be simu-
lated. The simulated flows lead to proper variation of
mean-square fluctuations and appropriate turbulence diffu-
sivity. However, it is still a random Gaussian field and does
not have the proper spectral energy distribution of
turbulence.

4. Eulerian-to-Lagrangian and Lagrangian-to-Eulerian grid-

mapping

Gas-phase velocities, turbulence kinetic energy and tur-
bulence energy dissipation from the Eulerian approach are
evaluated at the face and center of the staggered grids.
However, for evaluating the forces acting on the particles,
the gas velocities at the locations of particles must be eval-
uated by certain interpolation techniques. Similarly, the
forces acting from the particles on the gas-phase are
exerted at the particle position. To account for two-way
interactions in the computation of the gas-phase motion,
an interpolation technique is needed to transfer these forces
onto the staggered computational grids. Here, an area-
averaged interpolation scheme for Eulerian-to-Lagrangian
grid-mapping is used. i.e.,

/L ¼
1

dxdy
ð/E1A3 þ /E2A4 þ /E3A1 þ /E4A2Þ ð26Þ
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Fig. 1. Schematic of Eulerian-to-Lagrangian interpolation scheme.
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where /L is the estimated local properties (gas-velocity) for
the Lagrangian approach, /E1–/E4 are properties (gas
velocities) at the grid nodes of the Eulerian frame, and
A1–A4 are areas of cell fractions shown in Fig. 1.

The interpolation scheme used for Lagrangian-to-Eule-
rian grid-mapping reads

/E1 ¼
/LA3

dxdy
/E2 ¼

/LA4

dxdy

/E3 ¼
/LA1

dxdy
/E4 ¼

/LA2

dxdy

ð27Þ

where in this case, /L is the force acting on the particles in
the Lagrangian frame and /E1–/E4 are the transmitted
forces to the Eulerian grid nodes.
5. Numerical procedure

In this study, an Eulerian–Lagrangian computation
model for analyzing turbulent gas–solid flow in a two
dimensional channel was developed. The new code (STAR-
PIC-TP) is based on STARPIC computer code developed
by Lilley and Rhode (1982) extended to two-phase flows.
The gas-phase is the continuous-phase and the particles
are treated as the dispersed phase. The code solves the
incompressible RANS and the standard k–e equations for
the gas-phase in gas–solid flows with the coupling effect
of particle being included as sources that are evaluated
by a cell-averaged approach. A finite-difference method
was used to discretize the gas-phase equations on a struc-
tured, staggered grid. The particle motion is simulated by
the Lagrangian trajectory analysis procedure. Two-way
coupling between the gas-phase and the particles is
accounted for. The particle-phase equations are solved
using the Runge–Kutta-4 method. When particles hit the
wall or when two particles collide, the final coordinates
and velocities of the particles are modified to account for
the particle–wall and particle–particle collisions. An itera-
tive procedure between Eulerian mean flow calculation
and the Lagrangian particle tracking was used to account
for the two-way coupling as described by the following
procedure:
(1) A fully developed velocity profile is used as an inlet
boundary condition for the channel flow.

(2) The code solves the gas-velocity field first (gas-phase
solver).

(3) Due to the importance of the inter-particle collisions
on the results, this step is done in the following two
sub-steps:
(a) When the new values for the velocity are

obtained, particles which are uniformly distrib-
uted in the channel with the initial velocity equal
to the local gas-velocity are tracked in the known
gas-velocity for a long time (about 20 times the
particle relaxation time) considering the inter-
particle collisions. In this sub-step, the source
terms are not evaluated and particles are tracked
until the particle mean velocity profile reaches a
statistically stationary state then the second sub-
step is followed.

(b) Particles are tracked in the channel, and the val-
ues for the source terms are evaluated. It is
important to note that in this sub-step, each par-
ticle is tracked until it passes the entire length of
the channel just once. For example, when the ini-
tial location of a particle is in the middle of the
channel, that particle is tracked until it goes out
of the channel, and again it is tracked for the
remained path, and when it reaches its initial x-
coordinate, it is no longer tracked. (Periodic
boundary condition is set at inlet and outlet for
particles.)
(4) For this step the gas governing equations are solved
by the addition of source terms due to the presence
of particles in the flow (coupling between the contin-
uous-phase and the particles).

(5) After obtaining the converged solution for the gas-
phase field, all the particles are tracked again in order
to identify their corrected positions and the improved
interaction source terms.

(6) This iterative procedure is repeated until convergence
is achieved.
6. Results and discussions

In this section, the simulation results for fluid and parti-
cle velocities, turbulence kinetic energy, and turbulence dis-
sipation for different particle mass loadings are presented.
The Simulations were performed for a 2D downward fully
developed channel, which is 4 cm wide and 1.0 m long.
(For the test of accuracy, simulations were also performed
for a 2.0 m long channel, and no noticeable difference in the
results was seen.) All simulations were performed for a cen-
terline air velocity of 10.5 m/s, corresponding to a Rey-
nolds number of 13,800 based on the channel half-width,
which are identical to the experimental conditions of
Kulick et al. (1994). A temperature of 288 K,
l = 1.85 · 10�5 N s/m2, and q = 1.225 kg/m3 for air are



Fig. 3. Comparison of the present simulations results for gas-phase mean
streamwise velocity profile in the presence of 70 lm glass particles with the
experimental data of Kulick et al. (1994) and the LES of Yamamoto et al.
(2001).
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assumed. Wall units are used for comparison with the
experimental data with

yþ ¼ yu�

m
; uþ ¼ u

u�
ð28Þ

where m is the kinematic viscosity and u* is the friction
velocity. Kulick et al. (1994) reported a value of
u* = 0.49 m/s for the friction velocity in their experiments.
Their experiments were performed for different concentra-
tion of 50 lm glass particles with a density of 2500 kg/m3

and 70 lm copper particles with a density of 8800 kg/m3.
In the simulation a fully developed profile correspond-

ing to the experimental gas flow rate was imposed as an
inlet boundary condition. The simulation results for differ-
ent particle mass loadings are presented in this section and
are compared with the experimental data of Kulick et al.
(1994) and the LES simulation results of Yamamoto
et al. (2001). Initially, particles are distributed uniformly
in the computational domain and are assumed to have
the same velocity as the local gas flow. When a particle hits
the wall, the wall collision model provides the new particle
velocity and the new particle position after rebound. In all
simulations the coefficient of restitution was set equal to
0.95. In order to study the effect of inter-particle collisions
on the flow, all simulations were repeated for the cases that
the inter-particle collisions were included or ignored.
6.1. Mean fluid velocity

Figs. 2 and 3, respectively, compare the predicted
streamwise fluid velocity in the presence of different mass
loadings of 50 lm glass and 70 lm copper particles with
the experimental data of Kulick et al. (1994) and the LES
simulations of Yamamoto et al. (2001). These figures show
Fig. 2. Comparison of the present simulations results for gas-phase mean
streamwise velocity profile in the presence of 50 lm glass particles with the
experimental data of Kulick et al. (1994) and the LES of Yamamoto et al.
(2001).
no apparent modification of the streamwise fluid velocity
due to the presence of particles. As noted before, the gas
flow rate was kept constant in the experimental study of
Kulick et al. (1994) and the present simulation for different
mass loadings. Therefore, no significant change in the
mean fluid velocity is observed. The present simulation
results for the streamwise fluid velocity are in good agree-
ment with the experimental data of Kulick et al. (1994).

The LES simulation of Yamamoto et al. (2001) pre-
dicted that the mean streamwise fluid velocity remains
unchanged up to a mass loading of M.L. = 20%. They also
found that, in the case of very high mass loading of parti-
cles (M.L. = 100%) the mean fluid velocity changes and
shifts upward in the logarithmic region as shown in Figs.
2 and 3. It should be pointed out that Yamamoto et al.
(2001) assumed a constant pressure gradient, while in the
experimental work and the present simulation the gas flow
rate was constant. The addition of particles in a downward
gas flow increases the mean gas-velocity under a constant
pressure gradient, which is seen in the simulation of
Yamamoto et al. (2001).

6.2. Mean particle velocity

Figs. 4 and 5 show the mean particle velocity profiles of
50 lm glass particles with sp = 0.02 s and 70 lm copper
particles with sp = 0.1 s for different mass loadings in the
range of 2–100%. Here sp is the particle relaxation time
defined as:

sp ¼
d2S
18m

ð29Þ

It is seen that the mean velocity profile of the particles is
flatter than that of the flow, and as mass loading and par-



Fig. 4. Comparison of the present simulations results for 50 lm glass
particle streamwise mean velocity profile with the experimental data of
Kulick et al. (1994) and the LES of Yamamoto et al. (2001).

Fig. 5. Comparison of the present simulations results for 70 lm copper
particle streamwise mean velocity profile with the experimental data of
Kulick et al. (1994) and the LES of Yamamoto et al. (2001).

Fig. 6. Present simulated results for turbulence kinetic energy in the
presence of 50 lm glass particles at different mass loadings.
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ticle relaxation time increase, particle velocity profile be-
comes more flat. The 50 lm glass particles have nearly
the same velocity profile as the local gas flow in the core
and somewhat higher near the wall. Close examination of
the simulation results shows that while there are many col-
lisions between 50 lm glass particles, but because the relax-
ation of these particles is low (0.02 s), the glass particles
follow the flow. When heavier 70 lm copper particles col-
lide, a large fraction of streamwise particle velocity is con-
verted to the normal velocity, which leads to the so-called
transverse mixing. As a result, the particle velocity profile
becomes significantly more flat. It is important to note that
although the number of collisions for 50 lm glass particles
is higher than that for 70 lm copper particles, the motion
of 70 lm copper particles is significantly influenced by
the inter-particle collisions. The 50 lm glass particles re-
spond to the flow much faster than 70 lm copper particles
after collision due to their different particle relaxation
times.

Figs. 4 and 5 show that the simulated mean particle
velocities are in favorable agreement with the experimental
data of Kulick et al. (1994). The LES simulation results of
Yamamoto et al. (2001) for mean particle velocities, shown
in Figs. 4 and 5, appear to deviate from the experimental
data. Fig. 5 shows that the LES simulations of Yamamoto
et al. (2001) for the 70 lm copper particles predict that the
particles move faster than the flow both in the core and in
the wall region. The experimental data of Kulick et al.
(1994) shows that the particles lag the flow in the core
due to transverse mixing. One possible explanation is that
the computation time of the LES simulation might not
have been sufficient to produce statistically accurate results
for the steady mean particle velocity.

In the present study, particles are allowed to collide for a
long time and when the mean particle velocity reaches a
steady-state solution, the source terms due to the presence
of particles are evaluated. This could explain in part the
better agreement obtained in the present simulation.

The particle concentration was also evaluated, which
showed a roughly uniform variation across the channel
with a slight increasing trend toward the wall. The roughly
uniform variation is perhaps due to the particle–particle
and particle–wall collisions as suggested by Kulick et al.
(1994).
6.3. Turbulence modification

The effects of particles on the turbulence kinetic energy
of the gas flow for different particle mass loadings with and
without inter-particle collisions are shown in Figs. 6 and 7.
For both 50 lm glass and 70 lm copper particles when the
inter-particle collisions in the simulation are turned off,



Fig. 7. Present simulated results for turbulence kinetic energy in the
presence of 70 lm copper particles at different mass loadings.

Fig. 8. The ratio of the streamwise turbulence fluctuation energy to the
turbulence kinetic energy based on the experimental data of Kreplin and
Eckelmann (1979).

Fig. 9. Comparison of the present simulation results for gas streamwise
turbulent intensity in the presence of 70 lm copper particles with the
experimental data of Kulick et al. (1994).
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augmentation in turbulence kinetic energy occurs. As mass
loading increases, the level of augmentation increases.
When the inter-particle collisions are taken into account,
the simulation predicts attenuation in turbulence kinetic
energy. The level of attenuation for copper particles is
higher than that for the glass particles, and as mass loading
increases the attenuation of turbulence increases. When the
inter-particle collisions are ignored in the simulation, parti-
cles move faster than the flow due to gravitational sedimen-
tation, and they tend to make the gas flow move faster.
However, because the gas flow rate is forced to be constant,
and the exerted drag forces of the particles are uniformly
distributed in the channel, the gas-velocity profile remains
roughly unchanged. As a result, the pressure drop
decreases and the Reynolds stresses (turbulence kinetic
energy) increase.

When the effect of inter-particle collisions are included,
transverse mixing occurs and particles lag the flow in the
core. As a result, particles exert a drag force on the gas-
phase but due to the constant gas flow rate, the pressure
drop increases and Reynolds stresses decrease. From the
presented results, it is concluded that inter-particle colli-
sions play a crucial role in turbulence attenuation process.

Comparison of the present simulation results for the
streamwise turbulence intensity profiles with the experi-
mental data of Kulick et al. (1994) and the LES simulations
of Yamamoto et al. (2001) are performed in Figs. 9–11. To
calculate the streamwise turbulent intensity, the ratio of
u02=k was evaluated from the experimental data of Kreplin
and Eckelmann (1979) and was used to estimate u02 from
the present simulation results for k. Fig. 8 shows the vari-
ation of u02=k across the duct. It is seen that the ratio has a
peak of about 1.75 very close to the wall and decreases to
about 0.7 at the duct centerline. It should be emphasized
that the use of Eq. (12) for evaluating u02 from the value
of k will not lead to proper variation of streamwise fluctu-
ation velocity since this equation incorrectly assumes isot-
ropy of turbulence fluctuation.

Figs. 9–11 show that the predicted levels of attenuation
of the present simulation are in agreement with the exper-
imental data of Kulick et al. (1994). While the LES simula-
tions of Yamamoto et al. (2001) captures the trend of the
variation of the experimental data, the magnitude of the
turbulence intensity is overestimated near the wall. It is
observed that the LES simulation of Yamamoto et al.
(2001) for the streamwise turbulence intensity at 20% mass
loading does not show a noticeable level of attenuation, but
the experimental data of Kulick et al. (1994) and the pres-
ent simulation results lead to an attenuation of streamwise
turbulence intensity by about 40%. This discrepancy of



Fig. 12. Present simulation results for turbulence dissipation rate in the
presence of 50 lm glass particles.

Fig. 13. Present simulation results for turbulence dissipation rate in the
presence of 70 lm copper particles.

Fig. 11. Comparison of the present simulation results for gas streamwise
turbulent intensity in the presence of 50 lm glass particles with the
experimental data of Kulick et al. (1994).

Fig. 10. Comparison of the experimental data of Kulick et al. (1994) with
the LES simulations of Yamamoto et al. (2001) for gas streamwise
turbulent intensity in the presence 70 lm copper particles.

H. Nasr, G. Ahmadi / Int. J. Heat and Fluid Flow 28 (2007) 1507–1517 1515
LES results could be due to prediction of mean particle
velocity which is higher than the mean fluid velocity as is
seen in Fig. 5.

Fig. 11 compares the present simulation for the stream-
wise turbulence intensity in the presence of 50 lm glass
beads with the experimental data of Kulick et al. (1994).
It is seen that turbulence attenuation due to the presence
of the 50 lm glass beads is lower than that for 70 lm cop-
per particles.

Figs. 12 and 13, respectively, show the effects of particles
on the turbulence dissipation rate for 50 lm glass and
70 lm copper particles. It is seen that when the inter-parti-
cle collisions are not considered, the simulation predicts an
increase of the turbulence dissipation rate. As mass loading
increases, the magnitude of turbulence dissipation rate also
increases. When the inter-particle collisions are included in
the analysis, the simulation leads to a decrease in turbu-
lence dissipation rate and the level of attenuation increases
with an increase in mass loading, particle relaxation time,
and distance from the wall.

Kulick et al. (1994) measured the turbulence kinetic
energy and turbulence dissipation at the center of the chan-
nel in presence of different mass loadings of 70 lm copper
particles. Their experimental data for k/kUnladen and
e/eUnladen are reproduced in Fig. 14. Here kUnladen and
eUnladen are unladen values at the channel centerline. The
present simulation results in the presence and absence of
particle collisions are shown in this figure for comparison.
It is observed that when the inter-particle collisions are



Fig. 14. Modulation of turbulence kinetic energy and turbulence dissipa-
tion rate with mass loading for 70 lm copper particles at the center of the
channel.
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included in the simulation, in agreement with the experi-
mental data of Kulick et al. (1994), both turbulence kinetic
energy and turbulence dissipation rate are attenuated. The
level of attenuation increases as particle mass loading
increases. The predicted amount of attenuation, however,
is lower than that observed in the experiment.

When the effect of particle collisions are neglected in the
simulation, the trend of the predicted behavior is opposite
to the experimental data and suggest augmentation of
turbulence.

7. Conclusions

The interaction between solid particles and gas-phase in
a downward fully developed channel flow was investigated.
A hybrid (Eulerian–Lagrangian) model was used to solve
the coupled governing equations of gas-particle flows.
The effect of particles on the flow was considered by inclu-
sion of appropriate source terms in the Eulerian governing
equations of the gas-phase. The instantaneous turbulence
fluctuation was simulated as a continuous Gaussian ran-
dom field using the Kraichnan model. The drag, the Saff-
man lift and the gravity forces were accounted for in the
Lagrangian equation of particle motion. Particle–particle
collisions as well as the particle–wall collisions were
included in the simulation. Several simulations in the pres-
ence of two classes of particles, 50 lm glass and 70 lm cop-
per particles, were performed, and the results were
compared with the experimental data of Kulick et al.
(1994) and the LES simulation of Yamamoto et al.
(2001). On the basis of the results presented, the following
conclusions may be drawn:

(1) Computation simulation provides a viable method
for studying turbulence modulation process.

(2) Under fixed flow rate condition, no apparent modifica-
tion of the mean flow velocity profile due to the pres-
ence of particles is observed, which is in agreement
with the experimental data of Kulick et al. (1994).
(3) When particle–particle collisions are included in the
simulation, the predicted mean particle velocity pro-
file becomes flatter than the mean fluid velocity pro-
file due to the transverse mixing phenomenon.

(4) The motion of 70 lm copper particles is significantly
affected by the inter-particle collisions, while for
50 lm glass particles the inter-particle collision effect
is less important.

(5) Due to the condition of constant gas flow rate in this
study, the addition of particles changes both the pres-
sure gradient and the Reynolds stresses to balance the
addition of particle drag force on the flow.

(6) It is observed that when the inter-particle collisions
are included in the simulation, turbulence attenuation
occurs. This is in agreement with the experimental
data of Kulick et al. (1994). Therefore, for studying
turbulence modulation due to the presence of parti-
cles, inter-particle collisions have to be included in
the analysis.

(7) The level of turbulence attenuation for 70 lm copper
particles is higher than that for 50 lm glass particles.
It is conjectured that this is because of the differences
in the mean particle velocities. The mean streamwise
velocity of copper particles is smaller than that of
glass particles due to the high level of transverse mix-
ing. Therefore, the copper particles exert a larger drag
force on the flow when compared with the glass par-
ticles. As a result, the presence of copper particles
exerts a larger damping force on the flow compared
to the glass beads.

The present approximate method that uses the k–e tur-
bulence model was found to provide a useful tool for
studying turbulence modulation in a downward channel
flow. There are many additional important effects that were
not addressed in the present study. For example, the effect
of direction of gravity, parametric study of turbulence
modulation for a large range of particle concentrations
and material properties are left for the future studies.
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