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Abstract

Detailed measurements in a horizontal channel flow laden with solid particles with different size and loading ratio were per-

formed using phase-Doppler anemometry. The data were required for the validation of numerical calculations based on the Euler/

Lagrange approach. In this approach the Reynolds-averaged continuity and Navier–Stokes equations in connection with a full

Reynolds-stress model constitute the basis. The conservation equations include appropriate source terms resulting from the dis-

persed phase (i.e., two-way coupling). For modelling the particle phase in the Lagrangian frame all relevant effects are accounted for,

such as, turbulent dispersion, transverse lift forces, wall collisions with roughness, and inter-particle collisions (i.e., often called four-

way coupling). Comparison of measurement and numerical calculation is presented for different particle diameters and mass

loading. The agreement was found to be reasonable good for both mean and fluctuating velocities. � 2002 Elsevier Science Inc. All

rights reserved.

1. Introduction

Confined gas–solid flows are frequently found in in-
dustrial and chemical process technology. As a result of
the complex microphysical phenomena affecting the
particle motion, such as turbulent dispersion, wall col-
lisions, inter-particle collisions, and flow modulation by
the particles, a reliable numerical prediction is rather
sophisticated. An essential requirement are reliable ex-
periments which may be used as a basis for model de-
velopment and refinement and additionally for the
validation of the numerical calculations. A number of
experiments were performed in the past aiming at a
detailed analysis of particulate flows in pipes and
channels. A very detailed set of experiments was, for
example, provided by Tsuji and Morikawa (1982, 1984)
for a gas–solid flow in a horizontal and vertical pipe
using different types of relatively large polystyrene
spheres. Kulick et al. (1994) experimentally analysed a

downward directed gas–solid flow in a channel of 40 mm
height. The channel had a length of 5.2 m and a so-
phisticated feeding system was used in order to insure a
homogeneous dispersion of the particles. The particles
used in the experiment were Lycopodium, glass beads
with different diameter, and copper beads. The main
objective in this study was the analysis of turbulence
modulation considering particle mass loadings up to
about 0.5 (kg particles)/(kg air). Unfortunately, the ex-
periments were not done carefully enough and it seems
that a fully developed flow was not achieved, since
particles were slower than the gas phase. This is caused
by a change of wall material just above the measurement
location and was demonstrated by a number of studies
using LES (large eddy simulations, see for example Lei
et al. (2001)) and DNS (direct numerical simulations).
Detailed experiments in different elements of pipes with
80 and 150 mm diameter were performed using phase-
Doppler anemometry (PDA) and a laser light sheet
technique for particle concentration measurements by
Huber and Sommerfeld (1998). The particles were again
spherical glass beads with number mean diameters of 40
and 100 lm, respectively. A mass loading up to about 2
could be analysed in these studies. It was clearly dem-
onstrated that wall roughness plays a significant role in
the development of the particle concentration in differ-
ent cross-sections of the pipe system.
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Additionally, numerical calculations based on the
Euler/Lagrange approach were performed. By account-
ing for wall roughness and inter-particle collisions good
agreement with the measurements was achieved for the
stainless steel and the glass pipe. Also the calculations
by Lun and Liu (1997) and Lun (2000) were based on
the Euler/Lagrange approach considering inter-particle
collisions and wall collisions without roughness. Initially
(Lun and Liu, 1997), a horizontal channel according to
Tsuji et al. (1987) was considered. The results clearly
revealed the importance of restitution ratio and friction
coefficient in modelling inter-particle collisions. The sec-
ond study (Lun, 2000) concentrated on modelling tur-
bulence modulation for larger particles where wakes
may result in a considerable enhancement of turbulence.
On the basis of the experimental data of Wu and Faeth
(1994), an empirical wake model was proposed. How-
ever, the agreement of the calculations for a vertical pipe
(Tsuji and Morikawa, 1984) was found to be not very
good.

One of the first studies where a full Reynolds-stress
model with two-way coupling based on the standard
terms was used for the prediction of gas-particle flows in
a channel was introduced by Kohnen and Sommerfeld
(1997). Additionally, a two-time-scale k–e turbulence
model was used and the predictions were compared with
the data of Kulick et al. (1994). Recently, Berlemont and
Achim (2001) analysed the effect of four-way coupling
(i.e., inter-particle collisions) on the prediction of a
vertical gas–solid flow (Tsuji and Morikawa, 1984) using
the Euler/Lagrange approach with a Reynolds-stress
turbulence model. It was demonstrated that the gas-
phase fluctuating velocity components were consider-
ably reduced due to the effect of inter-particle collisions.

In extension of the experimental studies previously
performed in different pipes the present measurements
are related to a detailed analysis of a gas–solid flow in a
horizontal channel by considering also different degrees
of wall roughness and varying the other parameters,
such as, conveying velocity, particle mass loading, par-
ticle mean diameter, and size distribution (Kussin and
Sommerfeld, 2001). These data are being used for the
validation and improvement of the Euler/Lagrange ap-
proach using recently developed models on wall colli-
sions (Sommerfeld and Huber, 1999) and inter-particle
collisions (Sommerfeld, 2001).

2. Test facility

The entire test facility is shown in Fig. 1. The main
component of the test facility is a horizontal channel of
6 m length which has a height of 35 and a width of 350
mm, so almost two-dimensional flow conditions can be
established. The upper and lower channel walls were
made of stainless steel plates which could be exchanged

in order to study the effect of wall material and wall
roughness on the particle behaviour. The measurements
were performed close to end of the channel at a distance
of 5.8 m from the entrance. In order to allow optical
access for the applied PDA, the side walls were made of
glass plates and a glass window of 35 by 350 mm was
inserted at the top wall. The required air flow rate was
provide by two roots blowers mounted in parallel with
nominal flow rates of 1002 and 507 m3/h, respectively.
The blowers are connected with the test section using
a 130-mm pipe. Just prior to the channel a mixing
chamber for injecting the particles and a flow condi-
tioning section where the cross-section changes from
circular to rectangular are mounted. Additionally, sev-
eral sieves are inserted in this section in order to ensure
rather homogeneous flow conditions at the entrance of
the channel. In a straight section of 2 m before the
mixing chamber a flow meter, and temperature, humi-
dity, and pressure sensors are installed. For feeding the
particle material into the mixing chamber a screw feeder
is used, where the particle mass flow rate can be adjusted
accordingly. In order to ensure a continuous particle
feeding the air is injected into the mixing chamber
through a converging nozzle, whereby a lower pressure
is established. The resulting jet enters the exit pipe of the
mixing chamber on the opposite side. At the end of the
channel a 90�-bend is mounted which is connected to a
flow passage where the cross-section changes from
rectangular to circular. A flexible pipe is used for con-
veying the gas-particle mixture to a cyclone separator.
The separated particles are re-injected into the reservoir
of the particle feeder through a bucket wheel. Finally,
the air from the cyclone passes through a bag-filter in
order to remove also very fine particles (i.e. the tracer
particles) and is released into the environment. The
test facility described above allows for reach convey-
ing velocities of up to 30 m/s and mass loadings up
to 2 (kg dust)/(kg air) could be established.

The particles used in the experiment were spherical
glass beads with different mean diameter Dp ¼ 60, 100,

Fig. 1. Schematics of experimental facility.
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195, 625 and 1000 lm (qp ¼ 2500 kg/m3). For allowing
simultaneous measurements of the air and particle ve-
locities, spherical tracer particles with a nominal size of
4 lm were added to the flow. This was done by mixing
the tracers with the solid particles in the reservoire on
the feeder. Hence, a discrimination between dispersed
phase particles and tracer was possible using the method
of Qiu et al. (1991) which is based on the signal phase
discrimination. For the present experiments stainless
steel walls with a mean roughness height of 4 and 7 lm
were used respectively. Additional experimental results
are presented by Kussin and Sommerfeld (2001).

3. Summary of numerical approach

The numerical calculations of the particle-laden gas
flow in an horizontal channel have been performed
using the Euler/Lagrange methodology. The fluid flow
was calculated based on the Euler approach by solving
the full Reynolds stress turbulence model equations
extended in order to account for the effects of the dis-
persed phase (Kohnen and Sommerfeld, 1997).

The time-dependent conservation equations for the
fluid may be written in the general form (in tensorial
notation):

ðq/Þ;t þ ðqUi/Þ;i ¼ ðCik/;kÞ;i þ S/ þ S/p ð1Þ

where q is the gas density, Ui are the Reynolds-averaged
velocity components, and Cik is an effective transport
tensor. The usual source terms within the continuous
phase are summarised in S/, while S/p represents the
additional source term due to phase interaction. Table 1
summarises the meaning of the quantities for the dif-
ferent variables /, being P the mean pressure, l the gas
viscosity and Rjl ¼ u0ju

0
l the components of the Rey-

nolds stress tensor.
The calculation of the particle phase by the Lagran-

gian approach requires the solution of the equation of
the motion for each computational particle. This equa-
tion includes the particle inertia, drag, gravity-buoy-
ancy, slip-shear lift force and slip-rotational lift force.
Other forces such as Basset history term, added mass

and fluid inertia are negligible for high ratios of particle
to gas densities. The change of the angular velocity
along the particle trajectory results from the viscous
interaction with the fluid (i.e., the torque ~TT ). Hence, the
equations of motion for the particles are given by

dxp i

dt
¼ up i ð2Þ

mp

dup i

dt
¼ 3

4

q
qpDp

mpcDðui � up iÞj~uu�~uuBj

þ mpgi 1

 
� q

qp

!
þ Fls i þ Flr i ð3Þ

Ip
dxp i

dt
¼ Ti ð4Þ

Here, xp i are the coordinates of the particle position,
up i are its velocity components, ui ¼ Ui þ u0i is the in-
stantaneous velocity of the gas, Dp is the particle di-
ameter and qp is the density of the solids. The particle
mass is given by mp ¼ ðp=6ÞqpD

3
p and Ip ¼ 0:1mpD2

p is
the moment of inertia for a sphere. The drag coefficient
is obtained using the standard correlation:

cD ¼ 24Re�1
p ð1þ 0:15Re0:687p Þ Rep 6 1000

0:44 Rep > 1000

�
ð5Þ

where Rep ¼ qDpj~uu�~uupj=l is the particle Reynolds
number.

The slip-shear force is based on the analytical result
of Saffman (1965) and extended for higher particle
Reynolds numbers according to Mei (1992):

~FFls ¼ 1:615DplRe1=2s cls ~uu
�h

�~uup

�
� ~xx

i
ð6Þ

where ~xx ¼ r�~uu is the fluid rotation, Res ¼ qD2
pj~xxj=l is

the particle Reynolds number of the shear flow and
cls ¼ Fls=Fls;Saff represents the ratio of the extended lift
force to the Saffman force:

cls ¼
ð1� 0:3314b0:5Þe�Rep=10

þ 0:3314b0:5 Rep 6 40

0:0524ðbRepÞ0:5 Rep > 40

8><
>: ð7Þ

and b is a parameter given by b ¼ 0:5Res=Rep.

Table 1

Summary of terms in the general equation for the different variables that describe the gas phase

/ Cik S/

1 0 0

Uj ldik �P;j þ ðCikUi;kÞ;i � qRij;i þ qgj
Rjl cSqRikk=e Pjl � ejl þ Pjl

e ceqRikk=e ce1Pkke=k � qce2e2=k

Pjl ¼ qðRjkUl;k þ RlkUj;kÞ
ejl ¼ 2

3
qdjle

Pjl ¼ �c1q e
k ðRjl � 1

3
djlRkkÞ � c2qðPjl � 1

3
djlPkkÞ

cS ¼ 0:22; ce ¼ 0:18; ce1 ¼ 1:45

ce2 ¼ 1:9; c1 ¼ 1:8; c2 ¼ 0:6
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The applied slip-rotational lift force is based on the
relation given by Rubinow and Keller (1961), which was
extended to account for the relative motion between
particle and fluid. Moreover, recent measurements by
Oesterl�ee and Bui Dinh (1998) allowed an extension of
this lift force to higher particle Reynolds numbers.
Hence, the following form of the slip-rotation lift force
has been used

~FFlr ¼
p
8
D3

pq
Rep
Rer

clr ~XX
h

� ~uu
�

�~uup

�i
ð8Þ

with ~XX ¼ 0:5r�~uu� ~xxp and the Reynolds number of
particle rotation is given by Rer ¼ qD2

pj~XXj=l. The lift
coefficient according to Oesterl�ee and Bui Dinh (1998)
is given for Rep < 140 by

clr ¼ 0:45þ Rer
Rep

�
� 0:45


e�0:05684Re0:4r Re0:3p ð9Þ

For the torque acting on a rotating particle the ex-
pression of Rubinow and Keller (1961) was extended
to account for the relative motion between fluid and
particle and higher Reynolds numbers

~TT ¼ q
2

Dp

2

� 5

cRj~XXj~XX ð10Þ

where the coefficient of rotation is obtained from Ru-
binow and Keller (1961) and direct numerical simula-
tions of Dennis et al. (1980) in the following way:

cR ¼

64p
Rer

Rer 6 32

12:9

Re0:5r

þ 128:4

Rer
32 < Rer < 1000

8>>><
>>>:

ð11Þ

Eqs. (2)–(4)). For sufficiently small time steps and as-
suming that the forces remain constant during this time
step, the new particle location, the linear and angular
velocities are calculated.

The instantaneous fluid velocity components at the
particle location occurring in (3) are determined from
the local mean fluid velocity interpolated from the
neighbouring grid points and a fluctuating component
generated by the Langevin model described by Som-
merfeld et al. (1993). In this model the fluctuation ve-
locity is composed of a correlated part from the previous
time step and a random component sampled from a
Gaussian distribution function. The correlated part is
calculated using appropriate time and length scales of
the turbulence form the Reynolds stress turbulence
model.

When a particle collides with the wall, the wall col-
lision model provides the new particle linear and angular
velocities and the new location in the computational
domain after rebound. The applied wall collision model,
accounting for wall roughness, is described in Som-

merfeld and Huber (1999). According to the presented
experimental results the variation of the restitution (ew,
being defined as the absolute value of the ratio of the
normal velocity components after collision to that be-
fore collision) and friction (lw) coefficients versus the
impact angle a (expressed in degrees) for spherical par-
ticles is given by

ew ¼ max 1f � 0:0136a; 0:7g

lw ¼ max 1f � 0:0175a; 0:15g
The wall roughness seen by the particle is simulated

assuming that the impact angle is composed of the
particle trajectory angle plus a stochastic contribution
due to wall roughness. The probability of this wall
roughness angle can be approximated by a normal dis-
tribution function with standard deviation of Dc. The
value of Dc depends on the structure of the wall
roughness and on the particle size. In the present cal-
culations, the dependencies between Dc and Dp showed
in Fig. 2 have been used, according to the experimental
studies of Sommerfeld and Huber (1999).

Inter-particle collisions are modelled by the stochastic
approach described in detail in Sommerfeld (2001). This
model relies on the generation of a fictitious collision
partner and accounts for a possible correlation of the
velocities of colliding particles in turbulent flows. For
the particle–particle collisions the restitution coefficient
was taken as a constant equal to 0.9 and the static and
dynamic friction coefficients were made equal to 0.4.

Since inter-particle collisions will modify the particle
phase properties and eventually the gas phase, the con-
sideration of this combined effect is often referred to
as four-way coupling.

Fig. 2. Values of Dc versus particle diameter Dp for the two roughness

cases considered.
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4. Effect of particles on gas flow

The standard expression for the momentum equation
source term due to the particles has been used. It is
obtained by time and ensemble averaging for each
control volume in the following form:

SUip ¼ � 1

Vcv

X
k

mkNk �
X
n

up i

� �nþ1

k

�(
� up i

� �n
k

�

� gi 1

 
� q

qp

!
DtL

)
ð12Þ

where the sum over n indicates averaging along the
particle trajectory (time averaging) and the sum over k
is related to the number of computational particles
passing the considered control volume with the volume
Vcv. The mass of an individual particle is mk and Nk is the
number of real particles in one computational particle.
DtL is the Lagrangian time step which is used in the
solution of (3).

The source terms in the conservation equations of the
Reynolds stress components, Rjl, are expressed in the
Reynolds average procedure as:

SRjlp ¼ ujSUlp þ ulSUjp � UjSUlp

�
þ UlSUjp

�
ð13Þ

while the source term in the e-equation is modelled in the
standard way

Sep ¼ Ce3
1

2

e
k
SRjjp ð14Þ

with Ce3 ¼ 1:0 and the sum is implicit in the repeated
subindex j.

All the calculations have been performed with a mesh
of 800� 40 control volumes in the horizontal and ver-
tical direction, respectively. Such a resolution was found
to be sufficient for producing grid-independent results.
A converged solution of the coupled two-phase flow
system is obtained by successive solution of the Eulerian
and Lagrangian part, respectively. Initially, the flow
field is calculated without particle phase source terms
until a converged solution is achieved. Thereafter, a
large number of parcels are tracked through the flow
field (typically 20000) and the source terms are sampled.
In this first Lagrangian calculation inter-particle colli-
sions are not calculated, since the required particle phase
properties are not yet available. Hence, for each control
volume the particle concentration, the local particle size
distribution and the size-velocity correlations for the
mean velocities and the rms-values are sampled. The
particle phase properties are sampled in the standard
way for each transverse cell when the computational
particle crosses this location. These properties are up-
dated each Lagrangian iteration in order to allow cor-
rect calculation of inter-particle collisions. From the
second Eulerian calculation, the source terms of the
dispersed phase are introduced using an under-relax-

ation procedure (Kohnen et al., 1994). For the present
calculations typically about 30 coupling iterations have
been performed with an under-relaxation factor of 0.25.

5. Results

The numerical calculations have been compared with
experimental data obtained in the horizontal channel
facility described in the first section. Three particle dia-
meters have been considered, i.e. Dp ¼ 60, 100, 195 lm.
The particle material density was qp ¼ 2500 kgm�3 (i.e.,
spherical glass beads). For the 60 lm particles the size
distribution was accounted for according to the mea-
surements. The size distribution was resolved by six
equidistant classes between 33 and 83 lm. The larger
particles could be considered to be mono-disperse due to
the narrow size distribution and the resulting small value
of the standard deviation normalised by the mean par-
ticle diameter, implying that the particle response char-
acteristics are quite similar for the largest and smallest
particles in the distribution. The simulations have been
performed using the full Reynolds stress turbulence
model described in the previous section accounting for
particle-wall and inter-particle collisions, i.e. considering
the so-called four-way coupling. Two configurations
have been selected:

1. Case 1: High roughness, corresponding to the upper
curve DcðDpÞ in Fig. 2, and high gas mean velocity,
U0 ¼ 19:5 m s�1.

2. Case 2: Low roughness, corresponding to the lower
curve DcðDpÞ in Fig. 2, and lower gas mean velocity,
U0 ¼ 14:25 m s�1.

The gas density and the dynamic viscosity were q ¼
1:16 kgm�3 and l ¼ 1:8� 10�5 kgm�1 s�1, respectively.
In the following, all the comparisons between experi-
mental data and calculations are showed in the mea-
suring location x ¼ 5:8 m downstream the inlet.

Fig. 3 shows the effect of particle mass loading
(LR ¼ 0:2, 0.5, 0.7) on the gas-phase velocities in the
case of 100 lm particles and high roughness (Case 1) in
comparison to the measurements. The profiles of the
calculated mean gas velocity in the horizontal direction
reveal that with increasing loading and inter-particle
collision frequency a reduction of the gas velocity out-
side the core of the channel occurs. Hence, the profiles
become slightly more spiky. Moreover, both compo-
nents of the mean fluctuating velocity, horizontal u0 and
vertical v0, are reduced regarding the single-phase flow,
which is consistent with the observation that small
particles tend to suppress turbulence. For the vertical
component this decay is more pronounced and rather
symmetric. In the experiments, however, the vertical
velocity fluctuation of the gas is more or less constant
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and no pronounced damping with increasing loading is
observed.

The calculated horizontal component of the gas
phase fluctuations shows a lower decay compared to the
vertical one. Since the collision frequency is higher in the
lower part of the channel due to the influence of gravi-
tational settling, also the horizontal gas-phase fluctua-
tion velocity is not so strongly reduced than in the upper
half when particle loading is increased (Fig. 3). The
experiments show a somewhat stronger decay of the
horizontal velocity fluctuation with increasing particle
loading, but the shape of the profiles is very similar to
the calculations. As shown in Fig. 4 the turbulent kinetic
energy is reduced with increasing loading when account-
ing for two-way coupling only. The consideration of
inter-particle collisions causes again a slight enhance-
ment of turbulence, which is consistent with the profiles
of the gas phase horizontal fluctuation. Due to the
different modulation of the gas phase fluctuating com-
ponents, the turbulence structure becomes more aniso-
tropic with increasing particle mass loading (Fig. 4).

Fig. 3. Effect of the particle mass loading on the gas velocity profiles for a particle diameter of 100 lm, calculations with inter-particle collisions (i.e.,

four-way coupling) and for high roughness (Case 1). Horizontal mean velocity (top left), rms horizontal velocity (top right) and rms vertical velocity

(bottom).

Fig. 4. Variation of the vertically averaged (i.e., across the channel) gas

phase turbulent energy and ratio of the fluctuating components with

increasing particle mass loading (100 lm diameter particles, high

roughness and high conveying velocity, Case 1).
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With inter-particle collisions, this effect becomes even
slightly stronger.

In Fig. 5 the results for 195 lm particles and high
roughness (Case 1) are presented with loading ratio
LR ¼ 1:0. Two-way and four-way coupling calculations
are shown versus the experimental data for the mean
horizontal and both rms velocity components. The gas-
phase predictions are in reasonable agreement with the
measurements. For the vertical fluctuation some differ-
ence in the shape of the profile is observed similar to the
result presented in Fig. 3. The calculated profile shows a
distribution similar to that known for a single phase
channel flow. However, the measurements provide al-
most constant values across the channel. This difference
is attributed to problems in accurately measuring the
transverse component of the gas phase. The particles
properties show quite good agreement with the experi-
mental data, even with the vertical rms velocity com-
ponent, when the four-way coupling is considered. If
only the two-way coupling is taken into account, i.e.
neglecting inter-particle collisions, an over-prediction of
the particles horizontal fluctuating and mean velocities
is observed as well as an underestimation of the vertical

rms velocity values. These findings are associated with
the following effects:

• Inter-particle collisions increase the wall collision
frequency for larger particles resulting in a higher
momentum loss due to wall collisions and hence a re-
duction of the mean particle velocity.

• As a consequence of inter-particle collisions a re-
distribution of the fluctuating components occurs,
namely the streamwise component is reduced while
the normal component is enhanced. This implies an
isotropisation of the particle phase fluctuating mo-
tion.

Both effects are very well captured by the calculations
and agree with previous observations (Sommerfeld,
1998; Sommerfeld et al., 2001).

Fig. 6 shows the comparison for the smaller particles
with loading ratio of 0.2, also for high roughness and
high conveying velocity (Case 1). In this case the particle
size distribution is very important and was considered in
the calculations in accordance with the experiments. For
the gas phase the agreement between measurement and

Fig. 5. Comparison of measurements and calculation for the Dp ¼ 195 lm particles with LR ¼ 1:0 and high roughness (Case 1). Horizontal mean

velocity (top left), rms horizontal velocity (top right) and rms vertical velocity (bottom). Also the simulations without considering inter-particle

collisions (i.e., with two-way coupling) are included.
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calculation is again reasonably good. For this case the
particle mean horizontal velocity (top left) is slightly
overestimated compared to the measurements, while the
corresponding rms values (top right) are reasonably well
captured. The bottom graphic in Fig. 6 shows the
comparison for the vertical velocity rms values, where
the simulations provide similar results to the experi-
ments for the particles in the lower two thirds of the
channel, while there is an over-prediction in the upper
third. This effect can be explained because in the upper
regions of the channel the number density of particles
is smaller than in the lower parts leading to a larger
values of the rms components of the velocity.

Fig. 7 presents results for the low roughness and low
conveying velocity (Case 2), where the diameter of the
particles was 100 lm and the loading ratio 0.9. As a
result of the lower conveying velocity, gravitational
settling is more pronounced, which is revealed by the
profiles of the normalised particle mass flux. This also
causes a stronger asymmetry in the four-way coupling
effects for the gas phase fluctuations. It is obvious that

inter-particle collisions tend to enhance the gas phase
fluctuation in the lower half of the channel, while a
decay is observed in the upper half. The horizontal
component of the gas phase mean velocity is only
slightly influenced due to four-way coupling. The effects
of inter-particle collisions on the particle-phase velo-
cities are similar to the high velocity case (Fig. 5). Es-
pecially, for the horizontal component of the particle
fluctuating velocity a high degree of asymmetry in the
profiles is found. This is similar to the experimental ob-
servation and is a result of the considerable higher inter-
particle collision frequencies in the lower half of the
channel. Hence, also the velocity profiles for the particle
phase mean and fluctuating velocities are stronger influ-
enced in the lower half of the channel when accounting
for inter-particle collisions. The horizontal particle
phase fluctuation is remarkably reduced in the lower
half of the channel and slightly enhanced in the upper
half. The difference from the measured fluctuation may
be attributed to some small changes in the wall rough-
ness structure during the experiments. On the other

Fig. 6. Comparison of measurement and calculation for particles with Dp ¼ 60 lm (with particle size distribution and four-way coupling), LR ¼ 0:2

and high roughness (Case 1). Horizontal mean velocity (top left), rms horizontal velocity (top right) and rms vertical velocity (bottom).
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hand, the vertical component is enhanced over the entire
channel due to inter-particle collisions.

Finally, the vertical profiles of the normalised profiles
of the particle mass flux reveal the redispersion effect due
to particle collisions which is coupled with an enhance-
ment of the vertical fluctuating component. The agree-
ment with the measurements for the flux is satisfactory.
This result again reveals the importance of inter-particle
collisions on the particle phase properties even for mod-
erate loading, especially when wall roughness effects are
less pronounced.

6. Conclusion

This paper shows that the use of the Reynolds stress
turbulence model in conjunction with a wall roughness
model and a stochastic inter-particle model is appro-
priate enough to predict the behaviour of particle-laden
turbulent gas flow in channels. Not only the mean but
also rms particle velocities have been taken into account

showing reasonably good agreement with detailed ex-
perimental measurements carried out using PDA.

Both, inter-particle collisions and wall roughness
have a very strong effect on the development of the
particle phase properties. The redistribution of the
particle mean fluctuating components due to particle
collisions and the resulting isotropisation of the fluctu-
ating motion have been demonstrated. Additionally, the
effect of inter-particle collisions on the gas-phase pro-
perties, i.e., the so-called four-way coupling has been
analysed. A slight enhancement of the turbulent kinetic
energy was caused by particle collisions.

The future work will be devoted to deal with larger
particles as well as the evaluation of pressure drop in the
channel.
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