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Abstract. Three physical mechanisms which may affect dispersion of particle’s motion
in wall-bounded turbulent flows, including the effects of turbulence, wall roughness
in particle-wall collisions, and inter-particle collisions, are numerically investigated in
this study. Parametric studies with different wall roughness extents and with different
mass loading ratios of particles are performed in fully developed channel flows with
the Eulerian-Lagrangian approach. A low-Reynolds-number k−ǫ turbulence model is
applied for the solution of the carrier-flow field, while the deterministic Lagrangian
method together with binary-collision hard-sphere model is applied for the solution
of particle motion. It is shown that the mechanism of inter-particle collisions should
be taken into account in the modeling except for the flows laden with sufficiently low
mass loading ratios of particles. Influences of wall roughness on particle dispersion
due to particle-wall collisions are found to be considerable in the bounded particle-
laden flow. Since the investigated particles are associated with large Stokes numbers,
i.e., larger than O(1), in the test problem, the effects of turbulence on particle disper-
sion are much less considerable, as expected, in comparison with another two physical
mechanisms investigated in the study.

AMS subject classifications: 65M10, 78A48

Key words: Particle-laden flow, turbulent dispersion, inter-particle collision, particle-wall colli-
sion.

1 Introduction

Understanding the physical mechanisms which affect particle motion in turbulent flow is
a prerequisite for accurate predictions of turbulent quantities of particles. For instances,
it is well agreed that the effect of turbulence on particle, i.e., turbulent dispersion, has
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to be considered under the condition of Stokes numbers (St) less than O(1), where the
Stokes number is defined as the ratio of the particle relaxation time (τp) to the turbulence
characteristic time (τf ). Sommerfeld [1] showed significance of inter-particle collisions in
the cases with τp/τc >O(1), where τc denotes the mean free time of particle collisions.
Moreover, the experimental study of Benson and Eaton [2] revealed remarkable effects
of particle-wall collisions on particle dispersion in the bounded turbulent flows laden
with the particles of relatively large St values (i.e., St >O(1)). Particle-wall collision
particularly occurred in rough walls have been shown [3, 4] to play a significant role in
predictions of particle dispersion in a number of wall-bounded turbulent flows because
the particles that collide with a rough wall have a tendency to be suspended into the flow.

In this study, the effects of turbulence, inter-particle collisions, and particle-wall
collisions on particle dispersion are numerically investigated by using the Eulerian-
Lagrangian approach in fully developed, turbulent flows laden with the particles of var-
ious mass loading ratios. Traditional approach based on the Reynolds-averaged Navier-
Stokes (RANS) equations together with a low Reynolds number k−ǫ turbulence model
is applied for the solution of the carrier-fluid flow field [5], while the stochastic separated
flow model [6] is applied for the solution of the dispersed-phase (i.e., particles) flow field.

2 Test problem

The experimental work on fully developed, turbulent downward channel flow laden
with particles at various mass loading ratios conducted by Kulick et al. [7] is chosen as
the test problem. Although the investigated problem is a fully developed flow, a three-
dimensional flow model is used to account for the 3-dimensional nature of the inter-
particle collisions for the translating and rotating particles. The hydraulic diameter of
this channel is equal to the half heights (i.e., Dh =H/2=0.02m). The mean stream-wise
velocity of the carrier fluid (air) at the inlet is equal to 10.5m/s, which corresponds to the
Reynolds number, based on the hydraulic diameter, of 13,800. The length of this channel
(Lexp=5.2m) is sufficiently long (Lexp/Dh=260) to assure both carrier-fluid and particles
reaching their fully developed conditions in the downstream of channel. Here, the ful-
ly developed condition for particles denotes a phenomenon that the particle motion has
reached its own terminal velocity. The ratio of the width of this channel (Wexp =0.457m)
to Dh is 23. The span-wise wall effects can be, thus, negligible in the span-wisely cen-
tral regions. In order to save the computational expenditure, a computational domain
in form of Cartesian coordinate is set as 1m(L) × 0.04m(H) × 0.01m(W) as schematically
shown in Fig. 1 in this study.

3 Physical modeling

The low-Reynolds-number version of the k−ǫ turbulence model is capable of simulating
the fully developed channel flows, including the near-wall regions, which possess some-
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Figure 1: Configuration for the computational domain of the downward vertical channel.

what simple turbulence structure. Since the volumetric fractions occupied by the loading
particles are no larger than the order of 10−4 in the test problem, the void fraction of the
carrier fluid can be reasonably approximated as unity in the modeling. The instantaneous
velocity of either carrier-fluid or particle for ith direction which is denoted in upper case
(Ui) is decomposed into the mean (ui) and the fluctuating (u′

i) components in this study.

3.1 Governing equations of carrier fluid

The Reynolds-averaged governing equations coupled with the low Reynolds number
k−ǫ turbulence model developed by Abe et al. [5] for incompressible flow are given
below.

Continuity:
∂ugi

∂xi
=0. (3.1)

Momentum:

∂(ρgugi
)
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+

∂
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Turbulence kinetic energy:
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Dissipation rate of turbulence kinetic energy:
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where the eddy viscosity, µt, and the turbulence production term, Pk, are given, respec-
tively, by

µt=Cµ fµρg
k2

ǫ
, (3.5a)

Pk=µt

(∂ugi

∂xj
+

∂ugj

∂xi

)∂ugi

∂xj
. (3.5b)

Here fǫ and fµ, which are appeared in Eqs. (3.4) and (3.5a), respectively, are two damping
functions accounting for the viscous effects in the near-wall flow region and are given by

fǫ =
[

1−exp
(

− y+

3.1

)]2{

1−0.3exp
[

−
(Ret

6.5

)2]}

, (3.6a)
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1−exp
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3/4

exp
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, (3.6b)

where

y+=
yuτ

ν
, (3.7a)

uτ =

√

τw

ρ
, (3.7b)

Ret=
k2

νǫ
. (3.7c)

The values of the empirical constants of Cǫ1, Cǫ2, Cµ, σk and σǫ appeared in Eqs. (3.3)-(3.5a)
are summarized in Table 1.

Table 1: Values of the empirical constants used in the low-Reynolds-number k−ǫ model.

Cǫ1 Cǫ2 Cµ σk σǫ

1.5 1.9 0.09 1.4 1.4

3.2 Source terms in carrier fluid due to fluid-particle interactions

The Spui
term shown in Eq. (3.2) represents the momentum exchange rate between the

carrier fluid and particles and is calculated using the PSI-cell method [8] in a specified
grid cell as

Spui
=

N

∑
l=1

ml
p[(U

l
pi
)in−(Ul

pi
)out]/∆V, (3.8)

where N is the total number of particles passing through the specified cell within a given
time step ∆t, and ∆V is the volume of the specified cell. To account for the effects of
turbulence modulation, two fluid-particle interaction terms Spk

and Spǫ are introduced in
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Eqs. (3.3) and (3.4) as the additional source terms, respectively, and are modeled as the
ones suggested by Lightstone et al. [9]:

Spk
=

2kθp

τp

(

1− τ∗

τ∗+τp

)

, (3.9a)

Spǫ =
2ǫθp

τp

(

1− τ∗

τ∗+τp

)

, (3.9b)

where

τ∗=
( ǫ

0.135k
+

ǫ·|up−ug|
0.22k1.5

)−1
, (3.10a)

τp=
ρpd2

p

18µg
, (3.10b)

θp =
N

∑
l=1

ml
p

∆V
. (3.10c)

3.3 Equations of particle motion

Equations of particle motion consist of translation and rotation parts, which are ex-
pressed, respectively, as follows.

Translation:

mp
dUp

dt
=FD+FS+FM+FG. (3.11)

Rotation:

Ip
dΩp

dt
=TV. (3.12)

Note that the virtual mass, Basset history and buoyancy forces have been neglect-
ed due to a fact that the density ratios between particles and carrier fluid are equal to
O(103) in the test problem. The quasi-steady drag force FD is determined by the empiri-
cal drag coefficient CD in terms of the particle Reynolds number, Rep, which is suggested
by Schiller and Naumann [10] as

FD=
π

8
ρgCdd2

p|Ug−Up|(Ug−Up), (3.13)

where

CD=
24

Rep
(1+0.15Re0.687

p ), (3.14a)

Rep=
ρgdp|Ug−Up|

µ
. (3.14b)
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The Saffman lift force FS is due to the velocity gradient of the carried fluid surrounding
a particle. It is determined using the fitted expression of Mei et al. [11] as

Fs=1.61· fs ·d2
p(ρgµ)

1
2 |Ωg|−

1
2 [(Ug−Up)×Ωg], (3.15)

where Ωg is the carrier-fluid vorticity vector defined by

Ωg =▽×Ug (3.16)

and
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(1−0.3314β
1
2 )exp
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− Rep

10

)

+0.3314β
1
2 , for Rep≤40,

0.0524(βRep)
1
2 , for Rep>40,

(3.17a)

β=
dp

2|Ug−Up|
|Ωg|. (3.17b)

The Magnus lift force FM accounts for the effect of particle’s rotation and is determined
using the empirical lift coefficient in term of Rep and Rer as suggested by Oesterle and
Bui Dinh [12]:

FM=
π

8
ρg|Ug−Up|CLRd2

p

[ (Ug−Up)×(Ωp−0.5Ωg)

(Ωp−0.5Ωg)

]

, (3.18)

where

CLR=0.45+
(Rep

Rer
−0.45

)

exp(−0.05684Re0.4
r Re0.3

p ), (3.19a)

Rer ≡
ρgdp|Ωp−0.5Ωg|

4µ
. (3.19b)

The momentum inertia Ip shown in Eq. (3.12) is defined by

Ip=
1

10
mpd2

p. (3.20)

The viscous torque is induced by the viscous shear force on the rotating particle and is
determined by [13, 14]

TV =−CTν

ρg

2

(dp

2

)5
|Ωp−0.5Ωg|(Ωp−0.5Ωg), (3.21)

where the coefficient CTν is a function of Reτ and is expressed by

CTν =Cτ1
·Re−0.5

r +Cτ2 ·Re−1.5
r +Cτ3 ·Rer. (3.22)

The values of Cτ1
, Cτ2 and Cτ3 in various ranges of Rer are listed in Table 2.
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Table 2: Values of Cτ1 , Cτ2 and Cτ3 in various Rer ranges [15].

Rer range Cτ1 Cτ2 Cτ3

Rer ≤1 0.0 16π 0.0
1<Rer ≤10 0.0 16π 0.0418

10<Rer ≤20 5.32 37.2 0.0
20<Rer ≤50 6.44 37.2 0.0

50<Rer 6.45 32.1 0.0

3.4 Inter-particles collisions

Searching for inter-particle collisions is deterministically made with uncoupling tech-
nique of binary-collision hard-sphere model [16]. There are two steps in searching for
the particle collision pair. First, all particles are advanced to the next time step (t+∆t)
through solving the equations of motion without taking into account inter-particle colli-
sions as shown in Fig. 2. Second, particle collision pair is conditioned by the following
relationship

|rt+λ(rt+∆t−rt)|2=
(di+dj)

2

4
, (3.23)

which states the distance between two particles (say the particles i and j as shown in
Fig. 2 equal to the sum of their radii, i.e., (di/2+dj/2), during ∆t. This relationship yields
a quadratic equation for λ. If there exist two real roots, λ1 and λ2, (λ1≤λ2), in the resultant
quadratic equation and 0<λ1 ≤ 1, a collision takes place between these two particles at
the time t+λ∆t, as schematically shown in Fig. 2.

Figure 2: Schematics for searching collision pair in binary collision process.

When a collision is identified, the post-collision velocities for the collision pair are
updated in accordance with the inelastic hard-sphere model as

U∗
pi
=Upi

+
J

mp
, (3.24a)



J. H. Lin and K. C. Chang / Adv. Appl. Math. Mech., 6 (2014), pp. 764-782 771

U∗
pj
=Upj

− J

mp
, (3.24b)

Ω
∗
pi
=Ωpi

+
di

2Ip
en×J, (3.24c)

Ω
∗
pj
=Ωpj

− di

2Ip
en×J. (3.24d)

Here the impulse force vector J is composed of the tangential (Jt) and normal (Jn) compo-
nents which are expressed in [17], respectively, by

Jt=







−2

7

mpimpj

mpi+mpj
|(Uct)ij|, for Jt < f · Jn,

− f Jn, for Jt > f · Jn,

(3.25a)

Jn =− mpimpj

mpi+mpj
(1+e)(Uij ·en), (3.25b)

where e and f are the normal restitution coefficient and frictional coefficient of the parti-
cle, respectively, and are given with the values of 0.995 and 0.3, respectively, in the present
study; (Uij) is the relative velocity vector of the particle i to the particle j at the contact
point during collision and can be expressed as

(Uct)ij =Upi
−Upj

+
di

2
Ωpi

×en+
dj

2
Ωpj

×en. (3.26)

Here en and et represent the unit vectors along normal and tangential directions, respec-
tively, at the contact point of two particles i and j during collision, and are given by

en =− rt+λ1∆t

|rt+λ1∆t|
, (3.27a)

et=−
(Uct)ij

|(Uct)ij|
. (3.27b)

The post-collision positions of the collision pair are updated by the corresponding values
of [rt+λ1∆t+(1−λ1)∆t·U∗]. Since determination of the computational time step follows
the criteria of ∆t/τc ≤O(10−3), it can be reasonably assumed that there is no secondary
collision for the particle i in a given ∆t. Hence, no further search for the collision pair is
performed in the remaining time step, i.e., (1−λ1)∆t, for the particle i.

3.5 Particle-wall collisions

An estimated particle size, for which particle-wall collisions dominate the particle motion
in a fully developed channel flow, was suggested by Sommerfeld [18] as

dp >

√

18µH

0.7ρp(v′p)rms

, (3.28)
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Figure 3: Illustration of particle collision on a rough-wall surface.

where (v′p)rms is the sectionally averaged root-mean-squared (rms) transverse (wall-
normal) velocity fluctuation. Sommerfeld further assumed that

(v′p)rms=Kup, (3.29)

where up is sectionally averaged axial particle mean velocity. As applied to the data re-
ported in the experiments of Kulick et al. [7], the K values were estimated in the range
between 0.015−0.025. Based on Eq. 3.28 together with Eq. (3.29), the diameter, defining
a wall-collision-dominated two-phase flow, falls within 38−50µm for copper particles,
which will be smaller than the sizes of copper particles (70 and 90µm) used in the experi-
ments of Kulick et al. [7]. In other words, the particle-wall collisions in rough walls have
to be considered in the present modeling.

Since the wall roughness may be changed with time due to constant occurrence of
particle-wall collisions, a stochastic model for virtual rough wall (illustrated in Fig. 3)
developed by Sommerfeld and Huber [19] is adopted in this study. The probability dis-
tribution function of contact surface angle (γ), Pcol, at a given incident angle of particle
(α) and a standard deviation of γ, ∆γ, is expressed as

Pcol(α,∆γ,γ)=max
{

0,
1√

2π∆γ
exp

[

− 1

2

( γ

∆γ

)2]sin(α+γ)

sin(α)

}

. (3.30)

Details of the sampling algorithm for this virtual wall approach is referred to [19].

3.6 Particle dispersion due to turbulence

Solution of the equations of instantaneous particle motion, i.e., Eqs. (3.11) and (3.12)
reguire the input of the instantaneous velocity of the carrier fluid. Nevertheless, only
the mean quantities of the carrier-fluid velocity components are provided in the solu-
tions of the RANS governing equations. The fluctuating velocity of carrier fluid along
the particle trajectory is generated using the Langevin method [20] as follows.

(u′
gi
)t+∆t=(u′

gi
)t R+Gi[(u

′
gi)t](u

′
gi)rms

√

1−R2, (3.31)

where Gi[(u
′
gi)t] is the normalized Gaussian distribution function with zero mean and

unit variance for ith velocity component, and R is the autocorrelation function expressed
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by [21–23]
R=exp(−∆t/TL). (3.32)

Here the Lagrangian integral time scale TL is estimated by

TL =
2

C0

k

ǫ
. (3.33)

The first term on the right hand side in Eq. (3.31) represents the correlated part, while the
second term contributes the random fluctuation of turbulence.

4 Numerical aspects and boundary conditions

The carrier-fluid governing equations are solved with the commercial code, ANSYS FLU-
ENT (Version 13.0.0) [24], which uses the finite volume method incorporated with the
third-order QUICK scheme [25] and SIMPLE algorithm [26] as the solver. A non-uniform
grid mesh with in x-, y- and z-directions, which assures nearly grid independent solution
of the carrier-fluid, is applied. To ensure the employed low-Reynolds number k−ǫ mod-
el [5] working normally, the dimensionless position values of the first nodes away from
the channel wall, yp

+, are around unity. The equations of particle motion for both trans-
lation and rotation are solved by iteratively integrating the non-linear first-order differ-
ential equations to an acceptable tolerance in a specified ∆t. The fully developed profiles
of all dependent variables for the carrier-fluid, except for the mean span-wise velocity
(wg), in the flow case without loading particles investigated in the experiments of Kulick
et al. [7] are initially assigned as the inlet conditions. The initial inlet profile of wg is as-
sumed to be same as the one of mean transverse velocity (vg). Distribution of upi

at the
inlet are initially set as same as that of ugi

. Outlet conditions for all dependent variables
of the carrier fluid are set equal to zero derivatives. Due to the fully developed condi-
tions of the test problem, the outlet profiles for both carrier fluid and particles obtained
in a complete computational procedure are re-assigned as the updated inlet conditions.
The computational procedure is repeated until the differences between all the velocity
components of the carrier fluid and particles at the inlet and those corresponding ones at
the outlet are converged within 1%. (each normalized with the sectionally averaged axial
mean value of ug at the inlet, i.e., ug, which is given in the experiment). No-slip condition
for carrier-fluid velocity is used.

5 Results and discussion

The effects of turbulence, wall roughness in particle-wall collisions, and inter-particle col-
lisions on the predictions of turbulence quantities of particles are parametrically studied
with the test problem laden with 70µm copper particles [7] under various mass loading
ratios ranging from 2 to 40%. All the results presented hereafter are subject to the fully
developed conditions.
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5.1 Effects of turbulence on particle dispersion

Different C0 values appeared in Eq. (3.33) were reported in the literatures. For examples,
Du et al. [21] and Sawford [22] concluded C0 = 3.0±0.5 and 7.0, respectively, from their
simulation in grid turbulence, while Mito and Hanratty [23] suggested C0 = 14.0 since
it led to a satisfactory agreement with the direct numerical simulation (DNS) data in a
channel flow. Thus, these three C0 values are tested with 2% mass loading ratio. Note
that only axial and transverse components of mean and rms fluctuating velocities for both
carrier fluid and particles were measured in the experiments of Kulick et al. [7], and not
all measured data were presented in their paper. The sectional profiles of normalized up,
(u′

p)rms and (v′p)rms predicted with three C0 values are presented in Fig. 4. Since the flow
is symmetric with respect to y=H/2 along transverse direction, the results are presented
in half of the domain only (0.5H, see Fig. 1) in Fig. 4 and all the following figures in this
study. Effects of C0 value on up and (v′p)rms are insignificant, while on (u′

p)rms is not as
considerable as for the other two factors, i.e., wall roughness in particle-wall collisions
(Fig. 6b) and inter-particle collisions (Fig. 7b) which will be elaborated later. The Stokes
number defined by

St=
τp

τf
=

ρpdp
2

18µ

/ k

ǫ
(5.1)

is calculated for the case with C0=7.0 and its sectional distribution is plotted in Fig. 5 to
help explain the results appeared in Fig. 4. It shows that St values vary from O(102) in the

Figure 4: Fully developed distributions of (a) up, (b) (u′
p)rms and (c) (v′p)rms obtained with three different C0

values in the case with the mass loading ratio of 2%, and wall roughness of ∆γ=0.01.
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Figure 5: Distribution of Stokes number defined by Eq. (5.1) for the case of C0=7.0 in Fig. 4.

near wall region to O(101) in the central flow region, while are all greater than O(100).
This implies that the effects of turbulence on particle dispersion would not be consider-
able as reported in the results of Fig. 4. Since the choice of C0 would not considerably
affect the turbulent dispersion predictions of particles, the C0 value is set equal to 7.0 (the
mid value among the three tested C0 values) hereafter in the following calculations.

5.2 Effects of wall roughness extent on particle dispersion

The wall roughness is dependent on the wall material and its surface finish. For exam-
ple, the typical values of ∆γ for glass, acrylic (PMMA), carbon steel (unpolished), and
copper (unpolished) are about 0.0004, 0.008, 0.02 and 0.04, respectively. Six different wall
roughness extents ranging from ∆γ=0 (smooth wall) to ∆γ=0.04 are tested in the cases
with 2% mass loading ratio. The predicted profiles of normalized up, (u′

p)rms and (v′p)rms

with six different values of ∆γ are presented in Fig. 6. It is seen that the choice of ∆γ in
the simulation does affect the predicted results of up, (u′

p)rms and (v′p)rms considerably as
shown in Fig. 6. It was reported in the experimental study of Kussin and Sommerfeld [3]
that the wall roughness remarkably enhanced the transverse dispersion of particles and
their fluctuating velocities throughout the channel. Our predictions on (v′p)rms (Fig. 6c)
are consistent with what they observed. Due to this enhanced transverse transport of
particles’ momenta, the transverse distributions of up and (u′

p)rms become more flattened
along with the increased ∆γ as revealed in Figs. 6b and c, respectively. The effects of
rough wall has to be, thus, considered in modeling the wall-bounded turbulent flow
laden with particles.

5.3 Effects of inter-particles collisions on particle dispersion

Four different mass loading ratios of copper particles, which were studied in the experi-
ments of Kulick et al. [7], including 2, 10, 20 and 40% are tested with ∆γ being set equal
to 0.02. Two simulations, each with or without considering the inter-particle collisions in
the modeling, are separately performed for these four ratios of mass loading. Compar-
isons of predicted up, (u′

p)rms and (v′p)rms between the computations with and without
considering the inter-particle collisions in the modeling for these four tested mass load-
ing ratios are presented in Fig. 7. The comparisons made between the two computations
obtained respectively with and without considering inter-particle collisions for each case
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Figure 6: Fully developed distributions of (a) up, (b) (u′
p)rms and (c) (v′p)rms obtained with six different wall

roughness extents in the case with the mass loading ratio of 2%.

reveal a fact that the influences of the inter-particle collisions become gradually consider-
able along with the increase of mass loading ratio of particles. Thus, the usual neglect of
the inter-particle collisions in modeling turbulent particle-laden flow works only for the
very dilute case, that is, 2% mass loading ratio of 70µm copper particles, in the present
test problem.

5.4 Comparison of the model predictions with the experimental data [7]

It is noted that there exist relatively complete database in the case of 20% mass loading
ratio among all the experimental results reported in the paper [7] for the flow laden with
70µm copper particles. This case was, thus, selected as the test case for the comparison
with model performance. As mentioned before, the inter-particle collisions and the wall
roughness extent in particle-wall collisions are two noticeable factors which are capable
of affecting the model performance of turbulent particle dispersion. The first simulation
is performed by taking into account of these two factors. However, for lack of the wal-
l roughness information in the experimental study of Kulick et al. [7], computations are
made with six different values of ∆γ studied in Fig. 6, and each predicted results are indi-
vidually compared with the available experimental data [7]. It is found that the predicted
results of up, (u′

p)rms and (v′p)rms with ∆γ= 0.02 yield the best fit with the experimental
data. Thus, this case is selected as one comparison case and named Case 1. Another
comparison case is designed with a rough condition of without considering inter-particle
collisions and with smooth wall (∆γ=0), and is termed as Case 2.

The fully-developed distributions of ug and k, predicted from Cases 1 and 2, are p-
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Figure 7: Comparison between two sets of fully developed distributions of (a) up, (b) (u′
p)rms and (c) (v′p)rms

obtained with and without considering inter-particle collisions in the case with wall roughness of ∆γ=0.02 for
the four different mass loading ratios.

Figure 8: Comparison of two sets of (a) ug and (b) k obtained with Case 1 (considering inter-particle collisions
and wall roughness of ∆γ=0.02) and Case 2 (considering no inter-particle collisions and smooth wall) as well
as the experimental data [7].

resented in Fig. 8 and compared with the measured data [7]. As noted before, the ex-
perimental work of Kulick et al. [7] did not provide the span-wise velocity data for both
carrier fluid and particles. However, the calculation of k (turbulence kinetic energy of
carrier fluid, which is defined as

k=
1

2

[

(u′
p)

2
rms+(v′p)

2
rms+(w′

p)
2
rms

]

reguires the data of the span-wise component, (w′
p)rms. An approximation of (w′

p)rms =
(v′p)rms, which is usually acceptable in the fully developed flow condition, is made here.



778 J. H. Lin and K. C. Chang / Adv. Appl. Math. Mech., 6 (2014), pp. 764-782

Figure 9: Comparison of the two sets of (a) up, (b) (u′
p)rms and (v′p)rms obtained with Case 1 (considering

inter-particle collisions and wall roughness of ∆γ=0.02) and Case 2 (considering no inter-particle collisions and
smooth wall) as well as the experimental data [7].

Two conclusions can be drawn from the comparisons made from Fig. 8. First is that there
are no distinguishable differences between two predictions obtaine/d from Case 1 and
Case 2. The second is that the predictions of ug and k, no matter which case is, are in
good agreement with the measured data. It provides an evidence that the employed low-
Reynolds-number version of k−ǫ turbulence model worked well even in the near-wall
regions, which, in turn, become a prerequisite for correct prediction of particle dispersion
in the near wall regions.

The fully-developed distributions of up, (u′
p)rms and (v′p)rms, predicted from Cases 1

and 2, are presented in Fig. 9 and compared with the measured data [7]. The comparison
made between the two sets of predictions and the measured data in Fig. 9 shows that
the consideration of inter-particle collisions and wall roughness of ∆γ = 0.02 improves
generally the predictions of turbulent particle dispersion. Although the predictions of
both up and both (u′

p)rms from Cases 1 and 2 are larger and smaller, respectively, than the
measu/red data, the slopes of up and (u′

p)rms distribution profiles obtained from Case 1
are closer to the measured ones than those from Case 2.

6 Conclusions

A series of parametric studies of the physical mechanisms, including the effects of turbu-
lence, wall roughness in particle-wall collisions, and inter-particle collisions on particle
dispersion, are performed in the fully developed channel flows laden with 70µm copper
particles. It is shown that the mechanism of inter-particle collisions should be taken into
account in the modeling except for the cases with sufficiently low (2% in the present test
problem) mass loading ratios of copper particles. Influences of wall roughness on parti-
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cle dispersion due to particle-wall collisions are found to be considerable in the bounded
particle-laden flow too. The wall roughness information should be, thus, provided in the
experimental study of bounded particle-laden flow in order to attain more accurate pre-
dictions of particle dispersion in the consequent numerical simulation. For the particles
associated with the large St, i.e., St>O(1), in the present test problem, the effects of tur-
bulence on particle dispersion are apparently less considerable as compared to the other
two mechanisms investigated in the study.
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Nomenclature

CD Drag coefficient, defined by Eq. (3.14a)
CLR Empirical coefficient of Magnus lift force, defined by Eq. (3.19a)
CTV

Empirical coefficient of viscous torque, defined by Eq. (3.22)
Cǫ1,Cǫ2 Model constants in ǫ equation
Cµ Model in eddy-viscosity formulation
Cτ1

,Cτ2 ,Cτ3 Empirical coefficients in determination of CTV

C0 Empirical coefficients in determination of TL

Dh Hydraulic diameter of channel, (m)
dp particle diameter, (m)
e Restitution coefficient of particle
f Friction coefficient of particle
fs Empirical function, defined by Eq. (3.17a)
fǫ, fµ Damping functinos of the low-Reynold-number k−ǫ model, defined by

Eqs. (3.6a) and (3.6b), respectively
g Gravity, (m/s2)
G Gaussian function with zero mean and unit variance
H Channel height, (m)
Ip Momentum inertia of particle, defined by Eq. (3.20), (kg·m2)
Jn, Jt Normal and tangential components of impulse, respectively, (kg·m/s)
k Turbulence kinetic energy, (kg·m2/s2)
L Length of computational domain, (m)
Lexp Channel length, (m)
mp Mass of particle, (kg)
N Number of particles passing through a grid cell
p Pressure, (N/m2)
Pcol Probability density function of contact surface angle
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Pk Turbulence production term, defined by Eq. (3.5b), (kg·m2/s3)
R Correlation function
Re Reynolds number based on hydraulic diameter
Rep Particle Reynolds number, defined by Eq. (3.14b)
Rer Rotational Reynolds number, defined by Eq. (3.19b)
Ret Reynolds number based on characteristic scale of turbulence,

defined by Eq. (3.7c)
Spui

,Spk,Spǫ Source terms accounting for fluid-particle interactions in ugi
, k

and ǫ equations, (kg/m2 ·s2), (kg/m·s3) and (kg/m·s4), respectively
St Stokes number
t Time (s)
TL Lagrangian integral time scale, (s)
u,u′,U Mean, fluctuating and instantaneous velocities, respectively, (m/s)
uτ Friction velocity, defined by Eq. (3.7b), (m/s)
W Width of computational domain, (m)
Wexp Channel width, (m)
x Coordinate, (m)
y,y+ Dimensional, (m), and dimensionless wall distances, respectively
α Particle incident angle, (radian)
β Dimensionless parameter, defined by Eq. (3.17b)
γ Contact surface angle, (radian)
δij Dirac delta function
∆t Time step, (s)
∆V Volume of grid cell, (m3)
∆γ Standard deviation of γ, (radian)
ǫ Dissipation rate of turbulence kinetic energy, (kg·m2/s3)
θp Bulk density of particles, (kg/m3)
λ Small real root of Eq. (3.23)
µ,µt Molecular and eddy viscosities, respectively, (kg/m·s)
ν kinematic viscosity, (m2/s)
σk,σǫ Turbulent Prandtl numbers in k and ǫ equations, respectively
τ Characteristic time scale, (s)
τ∗ Characteristic turbulence time scale, defined by Eq. (3.10a), (s)
τc Mean free time for inter-particle collisions, (s)
τf Characteristic time of flow field, (s)
τp Particle relaxation time, defined by Eq. (3.10b), (s)
τw Wall shear stress, (kg/m·s2)
ρg,ρp Densities of gas and particle, respectively, (kg/m3)
en,et Unit vectors of the directions normal and tangential, respectively,

to the collision surface
FD Drag force vector, (N)
FG Gravitational force vector, (N)
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FM Magnus lift force vector, (N)
FS Saffman lift force vector, (N)
en,et Unit vectors of the directions normal and tangential, respectively, to

the collision surface
FD Drag force vector, (N)
FG Gravitational force vector, (N)
FM Magnus lift force vector, (N)
FS Saffman lift force vector, (N)
J Impulse between two particles in collision, (kg·m/s)
r Relative position vector between two particles, (m)
TV Viscous torque vector of particle, (N ·m)
Uij Relative velocity vector between two particles, (m/s)
Up Instantaneous velocity vector of particle, (m/s)
(Uct)ij Relative velocity vector at contact point of two particles, (m/s)
Ωg Carrier-fluid vorticity vector, (s−1)
Ωp Angular velocity vector of particle, (s−1)

g Carrier fluid
i, j,k Stream-wise, wall-normal and span-wise directions, respectively
in,out Inlet and outlet positions in the grid cell, respectively
p Particle
rms Root-mean-squared quantity
t,t+∆t At times t and t+∆t, respectively
′ Fluctuating quantity
∗ Post-collision state

Sectionally averaged quantity
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