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ABSTRACT

The influence of wall roughness on the properties of
particle-laden turbulent channel flow is investigated using
Large Eddy Simulation (LES) for the fluid and Discrete Parti-
cle Simulation (DPS) for the particulate phase. The influence
of wall roughness is treated stochastically following the ap-
proach of Sommerfeld (1992) in which the impact angle of the
particle is comprised of the particle trajectory angle and a
stochastic component due to wall roughness.

Particle-wall collisions are elastic and for each of the three
Stokes numbers considered computations are performed with
standard deviation of the distribution of “wall roughness an-
gles” of 0 (smooth wall), 2.5 and 5 degrees. Simulation results
show that for a given wall roughness angle and particle Stokes
number the most pronounced effect of roughness is on the
wall-normal component of the particle velocity, which can be
substantially increased by roughness. While the streamwise
particle velocity variance is also increased by roughness, the
spanwise component of the particle velocity variance exhibits
relatively little sensitivity to surface roughness. Turbulent
transport of the particle velocity variance can be strongly af-
fected by roughness and can also provide a mechanism for
transport of the particle velocity variance across the channel.

INTRODUCTION

Turbulent gas flows containing dilute suspensions of solid
particles are complex and pose many technologically challeng-
ing and scientifically relevant questions. For the practical
applications in which particle-laden turbulent flows are en-
countered, statistical models that require substantial empirical
input will continue to form the basis for engineering predic-
tion. The fundamental knowledge base that is crucial for
guiding the development of models for applications is not
sufficiently developed. This is in large part due to the dif-
ficulty in measuring quantities in the reference frame most
naturally suited for analysis, i.e., the Lagrangian reference
frame attached to a particle. This complicates experiments
and motivates the application of numerical simulations that
enable detailed investigation of many of the processes govern-
ing turbulent two-phase flows.

For dilute, gas-solid turbulent flows, numerical techniques
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that resolve some or all of the underlying eddy motions of
the carrier-phase have an important role in advancing funda-
mental understanding of the various interactions important to
accurately predicting dispersed-phase properties. These nu-
merical approaches — Direct Numerical Simulation (DNS) and
Large Eddy Simulation (LES) — together with Discrete Par-
ticle Simulation (DPS) have been applied in several previous
investigations aimed at understanding particle transport by
turbulence, particle-particle collisions, and turbulence modu-
lation by momentum exchange with heavy particles (e.g., see
Laviéville et al. 1995, Wang and Squires 1996, Yamamoto et
al. 2001).

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 re-
bound behavior of particles in a horizontal channel 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 microns
to 1 mm. A focus of this work was variation of wall rough-
ness by changing the wall plates. Their measurements showed
that wall roughness enhanced the particle fluctuating 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, wall roughness introduces an effect analogous to
that produced by particle-particle collisions: amplification of
wall-normal (or, in a pipe, radial) particle velocity fluctuations
that can substantially change the transport characteristics of
the particles and cause large changes in other flow properties,
e.g., the overall pressure drop of a gas-solid mixture. Som-
merfeld and Huber (1999) used their experiments to measure
parameters for a wall-collision model employed in Lagrangian
approaches for gas-particle flows (e.g., see Sommerfeld 2003).
As described below, a similar approach to incorporating the



effect of wall roughness into the computations is employed in
the present study.

As summarized in the next section, the computational ap-
proach 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 para-
meter space of the present investigations are presented and
followed by statistical descriptors of particulate-phase motion
used to assess roughness effects. A summary of the work and
perspectives gained are then outlined.

APPROACH

LES of turbulent channel flow

The flow under consideration is a vertical, fully-developed
turbulent channel flow (i.e., without gravitational settling on
either of the channel walls). The numerical approach employs
Large Eddy Simulation (LES) of the carrier-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 Re, = 180
based on the friction velocity u- and channel halfwidth §. The
dimensions of the channel are 47§ in the streamwise (z or x1),
478/3 in the spanwise (z or z3), and 2§ in the wall-normal (y
or xo) directions. Periodic 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 a
Smagorinsky eddy viscosity model.

The equations governing the fluid flow are solved using a
fractional step method. The fluid-flow solutions are resolved
on a staggered mesh comprised of 64 X 65 X 64 cells in the z, y,
and z directions, respectively. The grid spacings in the stream-
wise and spanwise directions are uniform with corresponding
spacings in viscous units of Azt = 35 and Azt = 12. Spa-
tial derivatives are approximated using second-order accurate
central differences. The Poisson equation formulated for the
pressure variable that is used to obtain a divergence-free veloc-
ity field is solved using fast transforms in the streamwise and
spanwise direction, resulting in a series of tri-diagonal matri-
ces that are efficiently 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
tangent function. The discretized system is advanced in time
using an implicit/explicit time advance (Crank-Nicholson and
second-order Adams-Bashforth).

Dispersed Particle Simulation

The focus of the current work is on dilute gas-solid flows
in the limit of one-way coupling for which there is no mod-
ification of the carrier phase flow due to the presence of the
dispersed phase. In addition, effects of inter-particle collisions
are not included in the present simulations. The particle diam-
eter dp is assumed small compared to the smallest turbulent
lengthscales of the undisturbed fluid flow. The particle den-
sity is much larger than that of the fluid phase, (pp > py,
where py is the fluid density and the pp is the particle den-
sity. Owing to the large density ratio, the particle response
time is large compared to the Kolmogorov timescale of the

Table 1: Particle parameters for turbulent channel flow,
Re; = 180. The particle diameter for each case is one vis-
cous unit, d;r = 1. The time constant in viscous units,
T;rs = StRe.

op/Ps 527 2106 8424
St 0.1625  0.65  2.60
T 29 117 468

undisturbed flow.

For the dilute regimes under consideration, the force in-
duced by the surrounding fluid flow on the particles reduces
to the drag. The equation of motion for a single particle is
written as,

e AT ()

where vp ; is the ith component of the particle velocity and
vr,; is the particle relative velocity,

Vi = Vpi — Uf (2)
2 Gold

Cp = =—(1+0.15RS ), Rep = [Orldy 5y
ep vy

Simulations are performed for three particle Stokes num-
bers, St = 7ps/(6/ur), where 7,5 is the Stokes relaxation
timescale of the particle. For all simulations the particle di-
ameter was specified as one viscous unit and therefore the
variation in the Stokes number is achieved via a variation
in the density ratio, as summarized in Table 1. The parti-
cle response times are chosen so that the lightest particles
(St = 0.1625) follow reasonably well the turbulent fluctua-
tions in the carrier phase, while for the largest St = 2.60 the
particles are largely unaffected by the carrier flow.

Properties of the dispersed phase are obtained via La-
grangian tracking of 1 x 10° particles, corresponding to an
average number density of 950 particles per unit volume,
equivalent to a dispersed-phase volume fraction of 8.5 x 1075.
The particle equation of motion (1) is integrated in time using
second-order Adams-Bashforth. Third-order Lagrange poly-
nomials are used to interpolate the fluid velocity to the particle
position. Particle displacements are also integrated using the
second-order Adams-Bashforth method. For particles that
move out of the channel in the streamwise or spanwise direc-
tions, 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 EN, required in (2), is the value interpolated to the
particle position that is computed in the LES, representing
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 reason-
able assumption given the filtering by particle inertia of the
smaller-scale, high-frequency components of the subgrid fluid
velocity (e.g., see Yamamoto et al. 2001). However, the ne-
glect of subgrid transport restricts the parameter range of the
current calculations, e.g., to moderate Reynolds numbers for
which there is a relatively weak effect of the unresolved mo-
tions on the resolved scales. In other regimes, such as very
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Figure 1: Schematic illustrating particle collision with “virtual
wall” in which particle collides with a wall given a random in-
clination. Wall roughness angles are sampled from a Gaussian
distribution that is characterized by its standard deviation +'.
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Figure 2: Number density. Rough-wall results with / = 5°
shown using symbols and lines; smooth-wall (7' = 0°) cases
shown using symbols only. 0 St = 0.1625; & St = 0.65; o St =
2.60.

small particle response times, the errors introduced by trans-
porting the particulate phase by a filtered fluid velocity should
be significant and will require models of the subgrid velocities
on particle motion.

Particle-wall collisions are elastic with wall roughness sim-
ulated using a statistical treatment. A particle collides with
a “virtual wall” which has a randomly distributed inclination
with respect to the plane, smooth wall (c.f., Figure 1). The
“wall roughness angle” is denoted < in Figure 1 and is sam-
pled from a Gaussian distribution. The stochastic treatment is
very similar to that employed in Sommerfeld (2003) and other
related references. Three values of the standard deviation, v/,
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 ap-
proaches.

RESULTS

Mean flow

Shown in Figure 2 is the wall-normal profile of the mean
particle number density for each Stokes number and from a
smooth-wall case (7' = 0°) and rough-wall case with 7/ = 5°.
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Figure 3: Streamwise mean velocity. Rough-wall results with
~' = 2.5° shown using symbols and lines; smooth-wall (" =
0°) cases shown using symbols only. fluid; & St = 0.65;
o St = 2.60.

The figure shows that for particle-wall collisions with a smooth
wall the number density distribution indicates that there is the
characteristic peak at the wall as typically observed in channel
flow in which particle-particle collisions are not considered and
for which there is a specular reflection of the particle on the
wall (e.g., see Yamamoto et al. 2001). As shown in the figure,
the most significant non-uniformity in the wall-normal profiles
is observed for the lower Stokes numbers, St = 0.1625, 0.65.

Figure 2 also shows that, compared to the smooth-wall pro-
files, for the rough wall with v/ = 5° the number density profile
exhibits the largest changes for the larger Stokes numbers.
For the lightest particles, St = 0.1625, there are insignifi-
cant changes in the number density and in other statistics
not shown here. For the larger Stokes numbers the influence
of wall roughness becomes more apparent with a significantly
lower near-wall number density, especially for St = 2.60.

The effect of wall roughness on the streamwise mean par-
ticle velocity is shown in Figure 3 for St = 0.65 and St = 2.60
at roughness angles of 0 and 2.5 degrees. Also shown in the
figure is the profile of the mean fluid velocity (on the grid, i.e.,
not following particles). 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 par-
ticles is close to that of the fluid. Analogous to the more
uniform profiles achieved in the number density in Figure 2,
for cases in which particles collide with rough walls, Figure 3
shows that the particle mean velocity profile becomes more
uniform across the channel, this effect is the most apparent
for the largest Stokes number, St = 2.60, where the veloc-
ity is not only more uniform for the rough-wall case but also
slips relative to the wall, which is compatible with the elas-
tic bouncing of the particles on the wall as considered in the
current simulations.

The mean number density and mean streamwise veloc-
ity in Figure 2 and Figure 3 show effects of wall roughness
that appear similar to those produced by inter-particle colli-
sions in which the redistribution of particle kinetic energy by
particle-particle collisions provides a mechanism for increasing
cross-stream (radial) transport, and also leads to more uniform
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Figure 4: Influence of roughness on streamwise velocity vari-
ance, St = 0.65. fluid; & smooth wall; &=—= 5/ =
2.5% A—-&~" = 5° —-— fluid-particle correlation for
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Figure 5: Influence of roughness on wall-normal velocity vari-
ance, St = 0.65. fluid; & smooth wall; &=/ =
2.5% a----a y' = 5°; —-— fluid-particle correlation for
smooth wall; ———~ fluid-particle correlation for v/ = 2.5°;
-------- fluid-particle correlation for ' = 5°.

number density distributions and particle mean velocities.

Influence of wall roughness on particle velocity variance

The influence of wall roughness on the particle velocity
variance for St = 0.65 is shown in Figures 4, 5, and 6 for
the streamwise, wall-normal, and spanwise directions, respec-
tively. The calculations shown in these figures are for the
intermediate Stokes number, St = 0.65, and are representa-
tive of the other Stokes numbers not shown here. Plotted
in each figure is the particle velocity variance for the three
roughness angles in addition to the fluid variance as well as
curves corresponding to the fluid-particle velocity correlation,
(ﬂ’fyavé,ya)p where (-), denotes an average over the particulate

phase. Note that the curves corresponding to (ﬂ}’av;,a)p are
obtained for each wall roughness case.

Figure 6: Influence of roughness on spanwise velocity vari-
ance, St = 0.65. fluid; & smooth wall; &=—=& ' =
2.5%; A——-& 4" = 5° —-— fluid-particle correlation for
smooth wall; ———— fluid-particle correlation for v/ = 2.5°;
-------- fluid-particle correlation for 4/ = 5°.

The general effects of wall roughness emerging from Fig-
ures 4-6 is an increase of the wall-normal and streamwise
particle velocity variance, with the largest effects of roughness
on the wall-normal variance, and then with negligible effects
of wall roughness on the spanwise particle velocity variance.
Figure 4 shows that for the smooth-wall case (7' = 0°), the
particle velocity 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 production of the streamwise particle velocity variance,
which is enlarged by the gradients in both the mean parti-
cle and fluid velocities and can in fact become larger than
the corresponding value for the fluid, as shown in the figure.
While the streamwise particle velocity variance is compara-
ble (larger) than that for the fluid, Figures 5 and 6 show
that the wall-normal and spanwise velocity variances for the
smooth-wall case (7' = 0°) are substantially smaller than that
of the corresponding levels in the fluid. This is an intuitive
effect of particle inertia which results in very large anisotropy
of the particle velocity fluctuations in the smooth-wall case.
Figures 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-particle velocity correla-
tions, indicative of the fact that the the particle fluctuating
velocities in these directions are controlled by the drag force,
i.e., effects of turbulent dispersion (triple correlation trans-
port) are not substantial and there is no direct influence of
mean shear on these velocity fluctuations. Thus, particle fluc-
tuating motion in these directions is at equilibrium with the
local turbulent fluid flow.

Figure 5 also shows that for 4/ = 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 approx-
imately y* = 100. With further increases in roughness, to
' = 5°, Figure 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 parti-
cle fluctuating motion have permeated throughout the flow.
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Figure 7: Influence of Stokes number on the streamwise ve-

locity variance, v = 2.5°. fluid; St = 0.65;
o—vo St = 2.60; ———— fluid-particle correlation for St =
0.65; — -— fluid-particle correlation for St = 2.60.

Though not large, in the very near wall region, for y+ smaller
than about 10, Figure 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 discrepancy between the particle velocity
variance and fluid-particle velocity correlation.

‘While Figure 5 shows that there is a relatively large increase
with roughness in the wall-normal particle velocity fluctua-
tions, Figure 4 shows that the streamwise velocity variance
exhibits less sensitivity to increases in the roughness angle
from 2.5° to 5°, indicative of a less efficient mechanism com-
pared to that responsible for elevating the wall-normal particle
velocity variance. As shown in Figure 6, the influence of wall
roughness on the spanwise particle velocity variance is negligi-
ble with good agreement between the particle velocity variance
and fluid-particle velocity correlation for all roughness angles.
Also apparent in Figure 4 and Figure 5, while wall roughness
can have strong effects on the particle velocity fluctuations,
the fluid-particle correlations are virtually unchanged.

Influence of Stokes number on particle velocity variance

The effect of changes to the particle Stokes number on the
particle velocity fluctuations for a given roughness angle are
shown in Figures 7-9. The results in these figures are for a
roughness angle of 2.5° and are representative of the effects
observed for the larger angle 4/ = 5°. Analogous to Figures 4-
6, shown in Figures 7-9 are the profiles of the fluid velocity
variance on the grid and fluid-particle velocity correlations for
each Stokes number.

Each of Figures 7-9 show that the fluid-particle velocity
correlation is decreased with increasing particle inertia and,
as also observed previously for St = 0.65, the wall-parallel
velocity variances (wall-normal and spanwise) for St = 2.60
are in good agreement with the corresponding components of
the fluid-particle velocity correlation for the smooth-wall case,
v =0°.

Figure 8 shows that the wall-normal particle velocity vari-
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Figure 8: Influence of Stokes number on the wall-normal ve-

locity variance, v = 2.5°. fluid; St = 0.65;
o—o St = 2.60; ———— fluid-particle correlation for St =
0.65; — -— fluid-particle correlation for St = 2.60.
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Figure 9: Influence of Stokes number on the spanwise ve-

locity variance, v = 2.5°. fluid; St = 0.65;
o—vo St = 2.60; ———— fluid-particle correlation for St =
0.65; — -— fluid-particle correlation for St = 2.60.

ance for St = 2.60 and «' = 2.5° is larger than the same
curve for St = 0.65 and also substantially larger than the cor-
responding value of the fluid-particle velocity correlation (and
therefore strongly above the particle velocity variance for the
smooth-wall case). Figure 8, which shows the streamwise ve-
locity 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. Figure 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 local equilibrium with the local turbulent fluid flow as ob-
served in the smooth-wall case for St = 2.60 and rough-wall
cases for St = 0.65 (c.f., Figure 6).
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Figure 10: Influence of roughness on turbulent transport of
the wall-normal particle velocity variance by the wall-normal
particle velocity, (v}, yv;, o, 5)p, St =0.65. 0y =0% 2 7' =
2.5% 0 4/ = 5°.

Turbulent transport

Figures 4-9 show that the largest effects on the particle fluc-
tuating 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 chan-
nel, not only in the near-wall region close to the surface where
roughness effects would be expected to be the most signifi-
cant. Some insight into this effect is possible via examination
of the triple velocity correlations. Shown in Figure 10 are pro-
files of the wall-normal turbulent transport of the wall-normal
particle velocity variance, (v;,zv;}’zv;,z)p. The wall-normal
gradient of (v;72v2’2v2’2>p appears in the transport equation
for the wall-normal velocity variance and therefore the behav-
ior of the triple correlation should provide insight into the
changes observed in the wall-normal velocity variance.

Figure 10 shows the effect of wall roughness on
(v}, 2V oVp 0)p for St = 0.65. For the smooth-wall case,
" = 0°, the triple correlation is small, which is expected given
the good agreement shown previously between the particle
wall-normal velocity variance and fluid-particle velocity corre-
lation. Figure 10 also shows that with increases in the rough-
ness angle there is a significant increase in (v}, ,v}, yv;, ,)p 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 velocity variance from the near-wall region to
the channel core.

SUMMARY AND PERSPECTIVES

The present effort focused on the influence of wall rough-
ness on the transport characteristics of heavy particles 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 ef-
fects characteristic of turbulent channel flow in the absence of
particle-particle collisions or surface roughness, e.g., a peak in
the near-wall particle number density and strong anisotropy
of the particle velocity fluctuations. LES-DPS results for the

smooth-wall case show the particle fluctuating motion in the
wall-parallel directions is at equilibrium with the local tur-
bulent flow, as evidenced by the good agreement between the
particle velocity variance and corresponding component of the
fluid-particle velocity correlation.

In general, while it would be anticipated that wall rough-
ness will lead to direct changes to the particle velocities in
the very near wall region, particle collisions with roughened
surfaces can also lead to enhancements in particle transport
across the entire channel. The current simulations show that
the mean number density becomes more uniform as compared
to the smooth-wall results, for cases with wall roughness and
larger Stokes numbers. The mean streamwise velocity of the
particles was also increased near the wall in the rough-wall
cases.

For the particle fluctuating motion, wall roughness disrupts
the equilibrium between the particle velocity fluctuations and
local turbulent flow in the wall-normal direction, but not along
the spanwise coordinate. LES-DPS results showed that the
spanwise particle velocity variance was negligibly altered from
the smooth-wall result in cases with wall roughness. Thus,
the effect of wall roughness, as modeled in the present ef-
fort, does not result in nominally equivalent effects amongst
the particle fluctuating velocities. Examination of the triple
velocity correlation representing the wall-normal transport of
the wall-normal particle velocity variance shows large changes
with increasing roughness. Turbulent transport is important
to increasing velocity fluctuations across the channel for the
larger Stokes numbers and/or larger roughness angles.
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