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Abstract

The influence of wall roughness on dispersed-phase properties of particle-laden turbulent channel flow is investigated using large eddy
simulation (LES) for the fluid flow and discrete particle simulation (DPS) for the particulate phase. Gas–solid flows are considered for
which the particle equation of motion includes the contribution from the drag force. The influence of wall roughness is treated stochas-
tically in which the impact angle is comprised of the particle trajectory angle and a stochastic component due to wall roughness. Elastic
particle–wall collisions are considered with surface roughness characterized in terms of the standard deviation of the distribution of wall
roughness angles. Computations are performed for three Stokes numbers and standard deviations in the wall roughness angle of 0
(smooth wall), 2.5� and 5�. LES–DPS results show that for a given wall roughness angle and particle Stokes number the most pro-
nounced effect is on the wall-normal component of the particle velocity, which can be substantially increased by roughness. While
the streamwise particle velocity variance also increases, the spanwise particle fluctuating velocity exhibits relatively little sensitivity to
surface roughness. In addition, LES/DPS results show that wall roughness increases turbulent transport of the wall-normal particle
velocity variance, in turn providing a mechanism for elevation of the particle velocity fluctuations across the entire flow.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Turbulent gas flows containing dilute suspensions of
solid particles are complex and pose many technologically
challenging and scientifically relevant questions. For the
practical applications in which particle-laden turbulent
flows are encountered, statistical models that require
empirical input will continue to form the basis for engineer-
ing prediction. The fundamental knowledge base that is
crucial for guiding the development of models for applica-
tions is not, however, sufficiently developed. This is in large
part due to the difficulty in measuring quantities in the ref-
erence frame most naturally suited for analysis, i.e., the
Lagrangian reference frame attached to a particle. This
0142-727X/$ - see front matter � 2006 Elsevier Inc. All rights reserved.

doi:10.1016/j.ijheatfluidflow.2006.02.009

* Corresponding author.
E-mail addresses: squires@asu.edu (K.D. Squires), simonin@imft.fr

(O. Simonin).
complicates experiments and motivates the application of
numerical simulations that enable detailed investigation
of many of the processes governing turbulent two-phase
flows.

For dilute, gas–solid turbulent flows, numerical tech-
niques that resolve some or all of the underlying eddy
motions of the carrier-phase have an important role in
advancing fundamental understanding of the various inter-
actions important to accurately predicting dispersed-phase
properties. These numerical approaches – direct numerical
simulation (DNS) and large eddy simulation (LES) –
together with discrete particle simulation (DPS) have been
applied in several previous investigations aimed at under-
standing particle transport by turbulence, particle–particle
collisions, and turbulence modulation by momentum
exchange with heavy particles (e.g., see Laviéville et al.,
1995; Wang and Squires, 1996; Boivin et al., 1998; Yamam-
oto et al., 2001).
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These and other works have been useful for exploring
fundamental aspects of gas–solid turbulent flows through
controlled, parametric studies. The capacity to precisely
define and control the parameter space is useful since the
presence of a dispersed phase of heavy particles introduces
several additional parameters over those already relevant
to characterizing single-phase turbulence. The relevant
timescales include the particle response time, the inter-par-
ticle collision time, and for wall-bounded flows the time-
scale characterizing particle–wall collisions. Comparison
against the appropriate fluid flow timescales has generally
been thought to indicate the relative importance of a given
effect, though it is increasingly clear in multiphase flows in
general, and gas–solid turbulent flows in particular, that it
is not possible to develop simple criteria that would accu-
rately indicate the dominance of a particular effect.

Less investigated than the effects cited above using tech-
niques such as DNS and LES, and the topic of the present
effort, is the influence of wall roughness on particulate-
phase transport. Experimental investigations have shown
that wall roughness can strongly alter particle motion
and in turn cause measurable changes to the overall flow
properties. Sommerfeld and Huber (1999) showed that wall
roughness altered the rebound behavior of particles in a
horizontal channel flow which, on average, resulted in a
re-dispersion of the particles as well as a lowering of the
settling rate as compared to measurements in smooth-wall
configurations. Kussin and Sommerfeld (2002) obtained
measurements of gas–solid, horizontal channel flow using
spherical beads with diameters ranging from 60 lm to
1 mm. A focus of that work was variation of wall rough-
ness by changing the wall plates. Their measurements
showed that wall roughness enhanced the particle fluctuat-
ing velocity due to the irregular bouncing of the particle
with a rough wall and lead to a more uniform distribution
of particles across the channel.

In general, measurements show that wall roughness
introduces an effect analogous to that produced by parti-
cle–particle collisions: amplification of wall-normal (or, in
a pipe, radial) particle velocity fluctuations that can sub-
stantially change the transport characteristics of the parti-
cles and cause large changes in other flow properties, e.g.,
the overall pressure drop of a gas–solid mixture. Sommer-
feld and Huber (1999) used their experiments to measure
parameters for a wall-collision model employed in
Lagrangian approaches for gas-particle flows as described
in Sommerfeld (1992) (see also Sommerfeld, 2003). As
described below, a similar approach to incorporating the
effect of wall roughness into the computations is employed
in the present study. The reader is further referred to Tsuji
et al. (1987), Sakiz and Simonin (1999), and Zhang and
Zhou (2004) for additional discussion and background of
related approaches to modeling particle–wall collisions.

As summarized in the next section, the computational
approach is based on LES of fully-developed turbulent
channel flow combined with discrete particle simulation
(DPS) of the dispersed phase. The particle equation of
motion and parameter space of the present investigations
are presented and followed by statistical descriptors of par-
ticulate-phase motion used to assess roughness effects. A
summary of the work and perspectives gained are then
outlined.

2. Approach

2.1. LES of turbulent channel flow

The flow under consideration is a vertical, fully-devel-
oped turbulent channel flow (i.e., without gravitational set-
tling on either of the channel walls). The numerical
approach employs large eddy simulation (LES) of the car-
rier-phase flow and discrete particle simulation (DPS) for
prediction of dispersed phase transport. The fluid flow is
maintained at constant mass flux corresponding to a target
Reynolds number Res = 180 based on the friction velocity
us and channel halfwidth d. The dimensions of the channel
are 4pd in the streamwise (x or x1), 4pd/3 in the spanwise (z
or x3), and 2d in the wall-normal (y or x2) directions. Peri-
odic boundary conditions are applied to the dependent
variables in the streamwise and spanwise dimensions and
no-slip boundary conditions to the velocity at the channel
walls. The subgrid-scale stress arising from the filtering of
the Navier–Stokes equations is closed using the eddy vis-
cosity model of Piomelli et al. (1989).

The equations governing the fluid flow are solved using
a fractional step method (e.g., see Burton and Eaton, 2002)
on a staggered mesh comprised of 64 · 64 · 64 cells in the
x, y, and z directions, respectively. The grid spacings in the
streamwise and spanwise directions are uniform with corre-
sponding spacings in viscous units of Dx+ = 35 and
Dz+ = 12. Spatial derivatives are approximated using sec-
ond-order accurate central differences. The Poisson equa-
tion formulated for the pressure variable that is used to
obtain a divergence-free velocity field is solved using fast
transforms in the streamwise and spanwise direction,
resulting in a series of tri-diagonal matrices that are effi-
ciently inverted in the direction normal to the solid walls.
The wall-normal mesh is clustered near the solid surfaces
and stretched away from the wall using a hyperbolic tan-
gent function. The discretized system is advanced in time
using an implicit/explicit time advance (Crank–Nicholson
and second-order Adams–Bashforth).

2.2. Discrete particle simulation

The focus of the current work is on dilute gas–solid
flows in the limit of one-way coupling (i.e., no modification
of the carrier phase flow due to momentum exchange with
the dispersed phase) and without inter-particle collisions.
The particle density is much larger than that of the fluid
phase, (qp� qf, where qf is the fluid density and the qp is
the particle density). Owing to the large density ratio, the
particle response time is large compared to the Kolmogo-
rov timescale of the undisturbed flow.



Fig. 1. Particle collision with a ‘‘virtual wall’’ in which particle collides
with a wall given a random inclination. Wall roughness angles are sampled
from a Gaussian distribution that is characterized by its standard
deviation Dc.
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For the dilute regimes under consideration, the force
induced by the surrounding fluid flow on the particles
reduces to the drag. The equation of motion for a single
particle is written as

dvp;i

dt
¼ � 3

4

qf

qp

CD

dp

jvrjvr;i; ð1Þ

where the particle diameter dp is of the same order or smal-
ler than the smallest length scales in the carrier flow, vp,i is
the ith component of the particle velocity, and vr,i is the
particle relative velocity,

vr;i ¼ vp;i � euf ;i; ð2Þ

CD ¼
24

Rep

ð1þ 0:15Re0:687
p Þ; Rep ¼

jvrjdp

mf

; ð3Þ

where the kinematic viscosity of the fluid is denoted mf andeuf;i is the locally undisturbed fluid velocity at the particle
position. As also shown in (3), the correlation for the drag
coefficient from Schiller and Nauman (1935) is introduced
to extend the Reynolds number range of the drag force.

Simulations are performed for three particle Stokes
numbers, St = 0.1625, 0.65, and 2.60 where St = sps/(d/
us) and sps is the Stokes relaxation time of the particle.
For all simulations the particle diameter was specified as
one viscous unit and therefore the variation in the Stokes
number is achieved by changing the density ratio. The par-
ticle response times span a relatively wide range, from the
smallest value St = 0.1625 that characterize particles which
follow much of the turbulent fluctuations in the carrier
phase while for the largest St = 2.60 the particles are sub-
stantially unresponsive to the carrier-phase turbulent flow.

Properties of the dispersed phase are obtained via
Lagrangian tracking of 1 · 105 particles, corresponding to
an average number density of 950 particles per unit volume
(i.e., the entire ensemble of 105 particles normalized by the
volume of the channel). The particle equation of motion (1)
is integrated in time using second-order Adams–Bashforth.
Fourth-order Lagrange polynomials are used to interpolate
the fluid velocity to the particle position. Particle displace-
ments are also integrated using the second-order Adams–
Bashforth method. For particles that move out of the chan-
nel in the streamwise or spanwise directions, periodic
boundary conditions are used to reintroduce them into
the computational domain.

In this work, the fluid flow is not influenced by momen-
tum exchange with the particles and the undisturbed fluid
velocity ~uf;i, required in (2), is the value interpolated to
the particle position that is computed in the LES, repre-
senting the spatially-filtered (volume averaged) solution
of the Navier–Stokes equations. The influence of subgrid-
scale transport on particle motion is not considered, which
should be a reasonable assumption given the filtering by
particle inertia of the smaller-scale, high-frequency compo-
nents of the subgrid fluid velocity (e.g., see Yamamoto
et al., 2001). However, the neglect of subgrid transport
restricts the parameter range of the current calculations,
e.g., to lower Reynolds numbers in which it is not difficult
to resolve the vast majority of the turbulence kinetic energy
using the grid resolutions applied in this work. The unre-
solved component of the kinetic energy is then a very small
fraction of the total and, coupled with the filtering effect of
particle inertia, the influence of subgrid-scale velocity fluc-
tuations on particle motion will not be strong. In other
regimes, such as very small particle response times, the
errors introduced by transporting the particulate phase
by a filtered fluid velocity should be significant and will
require models of the subgrid velocities on particle motion.

Particles collide with a ‘‘virtual wall’’ which has a ran-
domly distributed inclination with respect to the plane,
smooth wall where the ‘‘wall roughness angle’’ is denoted
c in the plane shown in Fig. 1. The stochastic treatment
is similar to that employed in Sommerfeld (2003) (and
related references therein). Three values of the standard
deviation, Dc, of the distribution of wall roughness angles
are considered: 0� (smooth wall), 2.5� and 5�. These values
are within the range of the measurements from Sommerfeld
and Huber (1999) used to develop and validate roughness
models for Lagrangian approaches.

In the LES/DPS calculations performed in the current
work that are three-dimensional the ‘‘virtual wall’’ is
defined by the surface normal

n ¼ ½sin / cos h; cos /; sin / sin h�; ð4Þ
where the angles / and h are obtained from Gaussian dis-
tributions (note that / = h = 0� corresponds to the smooth
wall with the normal vector aligned with the wall-normal y-
coordinate). Denoting the incident (i.e., toward the wall)
particle velocity as v�p and the reflected particle velocity
as vþp , then the relation between the reflected velocity and
incident values are

vþp ¼ v�p � 2ðv�p � nÞn. ð5Þ

Following sampling of the Gaussian distributions to
obtain the random angles / and h, (5) is applied to deter-
mine the rebound velocity of the particle with the con-
straint that the wall-normal component be directed into
the flow (with new angles sampled in the event that the
rebound velocity was not towards the flow following a wall
collision).
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Fig. 3. Wall-normal profile of the mean streamwise mean velocity; all
profiles are normalized by the friction velocity of the fluid, us. Rough-wall
results with Dc = 2.5� shown using symbols and lines; smooth-wall
(Dc = 0�) cases shown using symbols only. (—) fluid; (n) St = 0.65; (s)
St = 2.60.

622 K.D. Squires, O. Simonin / Int. J. Heat and Fluid Flow 27 (2006) 619–626
3. Results

3.1. Mean flow

Shown in Fig. 2 is the wall-normal profile of the mean
particle number density, np, for each Stokes number and
from a smooth-wall case (Dc = 0�) and rough-wall case
with Dc = 5�. The figure shows that for particle–wall colli-
sions with a smooth wall the number density exhibits a
characteristic peak in the near-wall region as observed in
channel flows in which particle–particle collisions are not
considered and for which there is a specular reflection of
the particle from the wall (e.g., see Yamamoto et al.,
2001). As shown in the figure, the most significant non-uni-
formity in the wall-normal profiles for the smooth-wall
cases is observed for the lower Stokes numbers, St =
0.1625, 0.65.

Fig. 2 shows that, compared to the smooth-wall profiles,
for the rough wall case Dc = 5� the number density under-
goes the largest changes for the largest Stokes number,
St = 2.60. Note that the bulk concentrations for all of
the cases are identical (the entire range of the number den-
sity very close to the wall is not shown in the figure to high-
light the changes in the core of the flow). For the lightest
particles, St = 0.1625, there are only minor changes
between the profiles (and for other statistics not shown
here). For St = 0.65 and St = 2.60 the influence of wall
roughness becomes more apparent with Fig. 2 showing that
the rough-wall profiles become more uniform and with the
largest changes occurring close to the wall.

The effect of wall roughness on the mean streamwise
particle velocity, Vp,1, is shown in Fig. 3 for St = 0.65
and St = 2.60 and for roughness angles of 0 and 2.5
degrees. Also shown in the figure is the profile of the mean
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Fig. 2. Wall-normal profile of the mean number density (average number
density over the entire particle ensemble and channel is 950 particles per
unit volume). Rough-wall results with Dc = 5� shown using symbols and
lines; smooth-wall (Dc = 0�) cases shown using symbols only. (h)
St = 0.1625; (n) St = 0.65; (s) St = 2.60.
fluid velocity on the grid Uf,1, i.e., not along particle trajec-
tories. Each of the profiles shown are normalized by the
friction velocity of the fluid, us and it is also noted that
the mean velocities for both phases in the wall-normal
and spanwise directions are zero. For the smooth-wall
cases (symbols-only in the figure) the mean slip between
the particles and fluid is small and, consequently, the mean
velocity of the particles is close to that of the fluid. Analo-
gous to the more uniform profiles achieved in the number
density depicted in Fig. 2, for the rough-wall cases Fig. 3
shows that the particle mean velocity profile becomes more
uniform across the channel. As shown in the figure, this
effect is the most apparent for the largest Stokes number,
St = 2.60, where the velocity is not only more uniform
for the rough-wall case but also slips relative to the wall,
which is compatible with the elastic bouncing of the parti-
cles as considered in the current simulations.

The mean number density and mean streamwise velocity
in Figs. 2 and 3 show effects of wall roughness that appear
comparable to those produced by inter-particle collisions in
which the redistribution of particle kinetic energy by parti-
cle–particle collisions provides a mechanism for increasing
cross-stream (wall-normal or radial) transport, and also
leads to more uniform number density distributions and
particle mean velocities.

3.2. Influence of wall roughness on the particle velocity

variance

The influence of wall roughness on the particle velocity
variance for St = 0.65 is shown in Figs. 4–6 for the stream-
wise, wall-normal, and spanwise directions, respectively.
The profiles shown in these figures are representative of
the other Stokes numbers not shown here. Plotted in each



0 30 60 90 120 150 180
0

2

4

6

8

10

12

Fig. 4. Influence of roughness on streamwise velocity variance, St = 0.65;
all profiles are normalized u2

s . (—) fluid; (n) smooth wall; ( )
Dc = 2.5�; ( ) Dc = 5�; (– Æ –) fluid-particle correlation for smooth
wall; (- - -) fluid-particle correlation for Dc = 2.5�; (� � �) fluid-particle
correlation for Dc = 5�.
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Fig. 5. Influence of roughness on wall-normal velocity variance,
St = 0.65; all profiles are normalized by u2

s . (—) fluid; (n) smooth wall;
( ) Dc = 2.5�; ( ) Dc = 5�; (– Æ –) fluid-particle correlation for
smooth wall; (- - -) fluid-particle correlation for Dc = 2.5�; (� � �) fluid-
particle correlation for Dc = 5�.
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Fig. 6. Influence of roughness on spanwise velocity variance, St = 0.65; all
profiles are normalized by u2

s . (—) fluid; (n) smooth wall; ( )
Dc = 2.5�; ( ) Dc = 5�; (– Æ –) fluid-particle correlation for smooth
wall; (- - -) fluid-particle correlation for Dc = 2.5�; (� � �) fluid-particle
correlation for Dc = 5�.

K.D. Squires, O. Simonin / Int. J. Heat and Fluid Flow 27 (2006) 619–626 623
figure is the particle velocity variance for the three rough-
ness angles, the fluid variance, and the fluid-particle veloc-
ity correlation, h~u0f ;av0p;aip for each of the wall roughness
cases. Note that h Æ ip denotes an average over the particu-
late phase in the statistically homogeneous wall-parallel
planes and time; the velocity fluctuations are defined by
subtracting the mean values from the corresponding
instantaneous velocities. For the fluid, the fluctuating
velocity following the particle is denoted ~u0f ;a while the fluid
velocity fluctuation on the grid is denoted u0f ;a(the average
shown in the figure taken over the grid in x–z planes and
time is represented using h Æ i).
The general effects of wall roughness depicted in Figs. 4–
6 are an increase of the wall-normal and streamwise parti-
cle velocity variance, with the largest effects of roughness
on the wall-normal variance, and then with negligible
effects of roughness on the spanwise variance. Fig. 4 shows
that for the smooth-wall case (Dc = 0�), the particle veloc-
ity fluctuations for St = 0.65 exceed the fluid levels near the
wall and are also substantially larger than the fluid-particle
velocity variance. As shown by Simonin et al. (1995) and
Wang and Squires (1996), this feature arises due to the pro-
duction of the streamwise particle velocity fluctuations by
gradients in both the mean particle and mean fluid veloci-
ties with the particle velocity fluctuations possibly becom-
ing larger than the corresponding value for the fluid, as
shown in the figure. Fig. 4 shows that the streamwise par-
ticle velocity variance exhibits relatively little change with
increases in the roughness angle from Dc = 2.5� to 5�,
one contributor being a smaller gradient in the mean parti-
cle velocity with increasing roughness.

While the streamwise particle velocity variance is compa-
rable (larger) than that for the fluid, Figs. 5 and 6 show that
the wall-normal and spanwise velocity variances for the
smooth-wall case (Dc = 0�) are substantially smaller than
that of the corresponding levels in the fluid. This is an intu-
itive effect of particle inertia which results in very large
anisotropy of the particle velocity fluctuations in the
smooth-wall case. Figs. 5 and 6 also show that the particle
wall-normal and spanwise velocity variances are in good
agreement with the corresponding profiles of the fluid-parti-
cle velocity correlations. As also discussed below, this is
indicative that the the particle fluctuating motion in these
directions is controlled by the drag force and that effects of
turbulent dispersion (triple correlation transport) are not
substantial. Thus, particle fluctuating motion in these direc-
tions is at equilibrium with the local turbulent fluid flow.
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Fig. 7. Influence of Stokes number on the streamwise velocity variance,
Dc = 2.5�; all profiles are normalized by u2

s . (—) fluid; ( ) St = 0.65;
( ) St = 2.60; (- - -) fluid-particle correlation for St = 0.65; (– Æ –) fluid-
particle correlation for St = 2.60.
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Fig. 8. Influence of Stokes number on the wall-normal velocity variance,
Dc = 2.5�; all profiles are normalized by u2

s . (—) fluid; ( ) St = 0.65;
( ) St = 2.60; (- - -) fluid-particle correlation for St = 0.65; (– Æ –) fluid-
particle correlation for St = 2.60.
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Fig. 5 also shows that for Dc = 2.5� the wall-normal par-
ticle velocity variance is tangibly larger than the smooth-
wall profile in the near-wall region (for values of y+ less
than about 50) and slightly larger than the smooth-wall
profile to approximately y+ = 100. With further increases
in roughness, to Dc = 5�, Fig. 5 shows that the wall-normal
particle velocity variance is larger than the smooth-wall
profile throughout the channel, showing that the effects
of roughness on the particle fluctuating motion have per-
meated throughout the flow. Though not large, in the very
near wall region, for y+ smaller than about 10, Fig. 5 shows
that the particle variance is slightly larger than the fluid
value. Also apparent from the figure is that the wall-normal
particle velocity fluctuations are no longer at equilibrium
with the local turbulent fluid flow, as evidenced by the dis-
crepancy between the particle velocity variance and fluid-
particle velocity correlation.

While Fig. 5 shows that there is a relatively large
increase with roughness in the wall-normal particle velocity
fluctuations, Fig. 4 shows that the streamwise velocity var-
iance exhibits less sensitivity to increases in the roughness
angle from 2.5� to 5�, indicative of a less efficient mecha-
nism compared to that responsible for elevating the wall-
normal particle velocity variance. As shown in Fig. 6, the
influence of wall roughness on the spanwise particle veloc-
ity fluctuations is negligible with good agreement between
the particle velocity variance and fluid-particle velocity cor-
relation for all roughness angles. Also apparent in Figs. 4
and 5, while wall roughness can have strong effects on
the particle velocity fluctuations, the fluid-particle correla-
tions exhibit small changes.

3.3. Influence of Stokes number on the particle velocity

variance

The effect of Stokes number on the particle velocity fluc-
tuations for a fixed roughness angle is shown in Figs. 7–9.
The results in these figures are for Dc = 2.5� and are repre-
sentative of the effects observed for the larger angle
Dc = 5�. Analogous to Figs. 4–6, shown in Figs. 7–9 are
the profiles of the fluid velocity variance on the grid and
corresponding fluid-particle velocity correlations for each
Stokes number.

Each of Figs. 7–9 shows that the fluid-particle velocity
correlation decreases with increasing particle inertia and,
as also observed previously for St = 0.65 in Figs. 5 and
6, the wall-normal and spanwise variances for St = 2.60
in Figs. 8 and 9 are in good agreement with the correspond-
ing components of the fluid-particle velocity correlation for
the smooth-wall case (Dc = 0�).

Fig. 8 shows that the wall-normal particle velocity vari-
ance for St = 2.60 and Dc = 2.5� is larger than the curve for
St = 0.65 and also substantially larger than the corre-
sponding value of the fluid-particle velocity correlation
(and therefore substantially above the particle velocity var-
iance for the smooth-wall case). Fig. 8, which shows the
wall-normal variance, illustrates that for St = 2.60 the
near-wall behavior is rather different than observed for
St = 0.65, with a large increase in the variance at the wall.
Fig. 9 shows that the spanwise variance for St = 2.60 is
essentially unchanged (except very close to the wall) by wall
roughness, indicating that the spanwise particle velocity
fluctuations continue to be in equilibrium with the gas-
phase turbulence throughout most of the flow.

3.4. Turbulent transport

Figs. 4–9 show that the largest effects on the particle
fluctuating velocity occur in the wall-normal component
and that for either increasing roughness or increasing
Stokes number the velocity variance can be amplified
throughout the channel, not only in the near-wall region
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Fig. 9. Influence of Stokes number on the spanwise velocity variance,
Dc = 2.5�; all profiles are normalized by u2

s . (—) fluid; ( ) St = 0.65;
( ) St = 2.60; (- - -) fluid-particle correlation for St = 0.65; (– Æ –) fluid-
particle correlation for St = 2.60.
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Fig. 10. Influence of roughness on turbulent transport of the wall-normal
particle velocity variance by the wall-normal particle velocity,
hv0p;2v0p;2v0p;2ip, St = 0.65; all profiles are normalized by u3

s . (h) Dc = 0�;
(n) Dc = 2.5�; (s) Dc = 5�.
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where effects of surface roughness would be anticipated.
Insight into this feature is possible via examination of the
transport equation for the particle velocity variance, which
can be derived from the particle probability density func-
tion as shown in Simonin (2000) (see also Wang et al.,
1998). For the wall-normal variance the transport equation
can be written as

o

ot
þ V p;2

o

ox2

� �
hv0p;2v0p;2ip

¼� 1

np

o

ox2

nphv0p;2v0p;2v0p;2ip
h i

� 2

sF
fp

hv0p;2v0p;2ip� heu0f ;2v0p;2ip
h i

;

ð6Þ

where sF
fp is an averaged particle relaxation time,

1

sF
fp

¼ 3

4

qf

qp

CDðhRepipÞ
dp

hjvp � euf jip. ð7Þ

In the fully-developed turbulent channel flow as consid-
ered in this work the left-hand side of (6) is zero (because
the statistics are time-independent and the particle wall-
normal mean velocity Vp,2 is zero). The first term on the
right-hand side represents the transport of the velocity var-
iance by the wall-normal particle fluctuating velocity. The
remaining terms on the right-hand side of (6) account for
the interaction of the particles with the fluid turbulent
motion. For cases in which the triple correlation term is
negligible, (6) shows that there is then an equivalence
between hv0p;2v0p;2ip and h~u0f ;2v0p;2ip. As already shown in
Fig. 5 for the smooth-wall cases the particle velocity vari-
ance and corresponding component of the fluid-particle
velocity correlation are in good agreement, consistent with
a weak contribution of the triple correlation term. For the
rough-wall cases, on the other hand, Figs. 5 and 8 show
that the wall-normal particle velocity fluctuations increase
while the fluid-particle velocity correlation is essentially
unchanged. Eq. (6) shows that the increase in the wall-nor-
mal particle velocity variance compared to the fluid-parti-
cle correlation implies a more substantial role for the
transport term.

Fig. 10 shows the effect of wall roughness on
hv0p;2v0p;2v0p;2ip for St = 0.65. For the smooth-wall case,
Dc = 0�, the triple correlation is small, which is anticipated
given (6) and the good agreement shown previously
between the particle wall-normal velocity fluctuations and
fluid-particle velocity correlation. Fig. 10 also shows that
with increases in the roughness angle there is a significant
increase in hv0p;2v0p;2v0p;2ip with the increase from the wall to
a peak value and the decrease to the core of the channel
indicative of a transport of the wall-normal particle veloc-
ity variance from the near-wall region to the channel core.

4. Summary and perspectives

The present effort focused on the influence of wall
roughness on the transport characteristics of heavy parti-
cles in a gas–solid turbulent channel flow. The motion of
the particles was dictated by their interactions with the
local turbulent fluid flow and wall collisions. The
smooth-wall cases show the effects characteristic of turbu-
lent channel flow in the absence of particle–particle colli-
sions or surface roughness, e.g., a peak in the near-wall
particle number density and strong anisotropy of the parti-
cle velocity fluctuations. LES–DPS results for the smooth-
wall case show the particle fluctuating motion in the wall-
normal and spanwise directions is at equilibrium with the
local turbulent fluid flow. The current simulations show
that surface roughness results in the mean number density
becoming more uniform and that the mean streamwise
velocity of the particles also increases near the wall.

In general, while it would be anticipated that wall
roughness will lead to direct changes to the particle veloc-
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ities in the very near wall region, particle collisions with
roughened surfaces can also enhance dispersed-phase
transport across the entire channel. Examination of the tri-
ple velocity correlation representing the wall-normal trans-
port of the wall-normal particle velocity fluctuations shows
large changes with increasing roughness and that turbulent
transport provides a mechanism for elevating velocity fluc-
tuations across the flow, especially for the larger Stokes
numbers and/or larger roughness angles.

For the particle fluctuating motion, wall roughness dis-
rupts the equilibrium between the particle velocity fluctua-
tions and gas-phase turbulent flow in the wall-normal
direction, but nearly negligibly along the spanwise coordi-
nate. LES–DPS results showed that the spanwise particle
velocity variance was nearly unchanged from the smooth-
wall result in cases with wall roughness. The small changes
in the spanwise velocity fluctuations, while surprising, are
consistent with pdf-based modeling approaches under
development for Euler–Euler simulation techniques which
also predict a weaker sensitivity of the spanwise fluctuating
velocities to wall roughness. Further, pdf-based models
show that the different responses of the particle fluctuating
velocities to roughness arises due to different mechanisms.
The current findings and models under development moti-
vate further studies aimed at isolating the physical mecha-
nisms governing roughness effects in addition to detailed
assessment of engineering models.
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