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Abstract 
 
The effect of wall roughness is known to be particularly important in confined gas-particle flows, as it leads to irregular 
particle bouncing and significant momentum redistribution in the wall normal direction. In two-fluid or Eulerian models, the 
particle-wall interactions need to be described by a set of boundary conditions expressing the second and third-order moments 
of the particle velocities in order to close the transport equations. In this work, the effect of wall roughness is investigated by 
defining equivalent friction and restitution coefficients, making it possible to extend the formulation of the dispersed phase 
boundary conditions as established in the smooth wall case. For the model validation, particle statistics at the wall are 
computed by simulating a large number of particle-wall impacts with a prescribed distribution of the incident velocity. Then, 
the proposed boundary conditions are evaluated in the case of a particle-laden channel flow through comparison between 
Eulerian predictions, Lagrangian predictions and available experimental data. 
 
 

Introduction 
 

One of the approaches that can be used for the numerical 
simulation of dispersed two-phase flows is the so-called 
Eulerian-Eulerian approach commonly named “two-fluid 
model”. It is easier to take the presence of the wall into 
account by Lagrangian simulation, just by using rebound 
laws and introducing the effect of particle shape or wall 
roughness by means of a virtual wall model (Tsuji et al. 
1987, Sommerfeld 1992, Sommerfeld and Huber 1999). In 
two-fluid models, the wall exists only through the boundary 
conditions needed for the solution of the differential system. 
In order to obtain accurate information about the influence 
of the wall on the behaviour of solid particles, it is important 
to develop a set of boundary conditions for the dispersed 
phase. He and Simonin (1993, 1994) and Sakiz and Simonin 
(1999) established a set of boundary conditions for the 
dispersed phase at a smooth wall in terms of the Coulomb 
parameters (coefficients of friction and restitution), using a 
preassigned binormal PDF for the wall normal particle 
velocity. Their formalism is based on the determination of 
the probability density function (PDF) of the particle 
velocities close to the wall. Using this PDF-two-fluid 
method, the mean value of any variable at the wall can be 
expressed as a function of the mean value before collision, 
and relationships between the various statistical moments of 
the particle velocity components can be derived, provided 
that a deterministic rebound law is prescribed. For a rough 
wall, few studies exist in the case of 2D roughness (Zhang 
and Zhou 2002, Tanière et al. 2004). However, in the work 
of Zhang and Zhou (2002), the introduction of roughness 
can result in non zero normal mean velocity, i.e. the particle 

mass flux at the wall is not equal to zero, which is 
physically incorrect. In the 2D case, Tanière et al. (2004) 
established a set of boundary conditions for the dispersed 
phase in terms of the equivalent Coulomb parameters 
(equivalent friction and restitution coefficients), making it 
possible to extend the formulation of the boundary 
conditions established in the smooth wall case to a rough 
wall case. However, as their results were obtained using a 
pre-assigned incident particle velocity distribution, they are 
not applicable in a real flow since the actual distribution of 
the particle velocity in the flow is not taken into account. 
Simonin et al. (2004) suggested a model to describe rough 
wall boundary conditions but the proposed relations are 
restricted to elastic impacts, neglecting the so-called shadow 
effect which was introduced later by Khalij et al. (2005).  

The aim of this paper is to present a set of wall boundary 
conditions for the dispersed phase in the 2D roughness case 
considering inelastic rebounds. The proposed relationships 
are based on equivalent friction and restitution coefficients, 
making it possible to use the same formulation of the 
dispersed phase boundary conditions as established in the 
smooth wall case. The performance of such boundary 
conditions is evaluated via an Eulerian-Eulerian simulation 
of a particle-laden channel flow. 

Nomenclature 

 dp particle diameter (m) 

we  normal restitution coefficient for 
wall-particle interaction (–) 

*
we  equivalent restitution coefficient (–) 
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f  particle velocity distribution function at the 
wall (m−6s3) 

N number of simulated collisions (–) 

pn  particle number density at the wall (m−3) 

pn− , pn+  incident and reflected particle number 
density at the wall (m−3) 

u  instantaneous particle velocity vector (m s−1) 
u%  instantaneous reflected particle velocity 

vector (m s−1) 

x
u ,

y
u ,

z
u  streamwise, wall-normal and spanwise 

velocity components (m s−1) 
xu′ , yu′ , zu′  fluctuating velocity components (m s−1) 

,p iU  particle mean velocity in direction i (m s−1) 
U + , u+  dimensionless mean and rms fluid velocities 

in wall units (–) 
V + , v+  dimensionless mean and rms particle 

velocities in wall units (–) 
  
Greek letters 
γ  inclination angle of the virtual wall (–) 

γ
σ  standard deviation of the inclination angle of 

the virtual wall (–) 

w
µ  friction coefficient for wall-particle 

interaction (–) 
*

w
µ  equivalent friction coefficient (–) 
 
Subscripts 
 f fluid 
 p particle 

, ,x y z  direction of vector components in orthogonal 
system ( , , )R x y z  

 
Others 

.  global statistical average 

.
−

, .
+

 average on incident and reflected particles, 
respectively 

{ }−i ,{ }+i  arithmetic average operators on incident and 
reflected particles, respectively 

 

Rough wall boundary conditions derivation 

Description of the proposed model 

Following Sakiz and Simonin (1999), we consider a 
distribution function f for the velocity of the particles at the 
wall. The mean value of any function ψ  of the velocity is 
given by: 

( ) ( ) ( )1

p

f d
n

ψ ψ= ∫u u u u  (1) 

where ( )   pn f d= ∫ u u  is the particle number density at 

the wall and u  the particle velocity. Thereafter, the 
components of the velocity vector of a spherical solid 
particle before and after impact will be denoted by iu  and 

iu% , respectively, in the Cartesian system ( , , )R x y z  where 

x , y  and z  correspond to the streamwise, wall-normal 
and spanwise directions, respectively. The incident particles 
have a negative wall normal velocity component, 

yu⋅ =u n , where n is the unit vector normal to the wall 
(parallel to the y axis), and the reflected particles have a 
positive velocity component. The fluctuation of ψ  is 
defined by = -ψ ψ ψ′ < >  and the mean value before and 

after collision, noted respectively .
−

 and .
+

, are linked 

to the mean value ⋅  by the following relation: 

+− −+= ψξψξψ )1(  (2) 

where ξ  is defined by /
p p

n nξ −= , pn denoting the 

number density of the particles moving toward the wall 
( p p pn n n− += + ). The reflected wall-normal components of the 
particle velocity are described by means of the impulsive 
equations and Coulomb's law, in terms of the restitution 
coefficient ew and friction factor µw. In the case of sliding 
occurring in the longitudinal direction, and under the 
condition of negligible spanwise component of the impact 
velocity for all particles (Sakiz and Simonin 1999), the 
mechanical rebound laws for the translational velocity 
components are: 

( )

( )

1

0

x x w w y

y w y

z z

u u e u

u e u

u u

µ = + +
 = −


= =

%
%
%

 (3) 

According to Eq. (2), zero particle mass flux at the wall 
( 0yu< >= ) is ensured provided that  

 
yp

p
y y

un

n u u
ξ

+
−

+ −
= =

−

%

%
 (4) 

Using the rebound laws (3), Eq. (4) becomes in the case of 
smooth wall: 

1
w

w

e
e

ξ =
+

 (5) 

From Eq. (2), (3), (5), and using an assumption about the 
distribution of the wall normal incident particle velocity, 
Sakiz and Simonin (1999) obtained the following boundary 
conditions at the wall for all computational variables:  

2 2 2 3

3 2
3

0

2

1

y

x y w y y

x y w x y w y

w
y y y

w

u

u u u u

u u u u u

e
u C u u

e

µ

µ µ

 =


′ ′ ′ ′= −

 ′ ′ ′ ′ ′= − −
 − ′ ′ ′=


  (6) 

where C depends on the distribution of 
y

u  (for Gaussian 

distribution, 4 2C π= − ).  
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By analogy with Eq. (6), a model is proposed here for the 
particulate phase boundary conditions in the case of rough 
wall, based on the equivalent Coulomb coefficients *

we  and 
*
wµ  defined by : 

* y
w

y

u
e

u

+

−= −
%

,   * x y

w

y y

u u

u u
µ

′ ′
= −

′ ′
 (7) 

Following Khalij et al. (2005), we introduce the parameters 
λ −  and λ +  which characterize the incident and reflected 
normal velocities distribution, defined by : 

y y yu u uλ
− −− ′ ′= − ,  y y yu u uλ

+ ++ ′ ′=%  (8) 

As the incident normal velocity is negative, −λ  and +λ  
are positive, and in the case of half-Gaussian distribution of 

incident velocities we have πλ 2=− . Defining 

/λ λ λ− += , we propose the following relationships to 
express the 3rd order particle velocity correlations at the wall, 
by analogy with Eq. (6) : 

:

2 * 2 * 2 3

* 2
3 2

3

*

2

1

x y w x y w y

w
y y y

w

u u u u u

e
u C u u

e

µ µ

λ

 ′ ′ ′ ′ ′= − −


−
′ ′ ′=



 (9) 

Note that for a smooth wall we have 1λ =  due to the 
linearity of the rebound law in the wall normal direction. 
Although the wall is considered as rough, the zero particle 
mass flux condition at the wall is still ensured ( 0yu< >= ) 

since the parameter ξ  is defined by * */(1 ) w we eξ = +  
(similar to Eq. (5)). In the rough wall case, we then rewrite 
Eq. (2) in the following form, where the effects of the 
restitution coefficient, friction factor and roughness upon the 
particle phase boundary conditions at the wall are 
introduced via *

w
e  : 

*

* *

1
  

1 1
w

w w

e
e e

ψ ψ ψ− += +
+ +

 (10) 

In order to close the system, it is necessary to identify *

w
e  

and *

w
µ . The latter coefficient requires knowledge of the 

wall normal velocity variance 
y y

u u′ ′< >  and the kinetic 

shear stress 
x y

u u′ ′< > . In order to evaluate the wall normal 

velocity variance 
y y

u u′ ′< > , we use Eq. (8) so as to obtain : 

* 2 2

y y w y y
u u e u uλ

+ −

′ ′ ′ ′=  (11) 

The average of any function ψ of the velocity is calculated 
just from an arithmetic averaging method, noted { }ψ  : 

{ } ( )1

1 N

ppN
ψ ψ

=
= ∑  (12) 

with the following relations linking the two averaging 

operators { }i  and i  : 

{ }  y

y

u

u

ψ
ψ

−

−

−= , { } y

y

u

u

ψ
ψ

+

+

+=  (13) 

The arithmetic mean { }yu +′  of the fluctuating velocity of 
reflected particles is given by: 

{ } { }* 2

y w y
u e uλ

+ −

′ ′=  (14) 

From Eqs. (13)-(14), it is possible to obtain the wall normal 
velocity variance 

y y
u u′ ′< >  under the form:  

( )
*

* * 2

1

1
w

y y y y

w w

e
u u u u

e e λ

− +
′ ′ ′ ′=

+
 , (15) 

which, under the smooth wall assumption (λ = 1), reduces to 
the relation of Sakiz and Simonin (1999), as it should be, 
i.e.: 

1
y y y y

w

u u u u
e

−
′ ′ ′ ′=  

The effect of wall roughness can be introduced into Eq. (8) 
by means of the so-called "virtual wall" model of 
Sommerfeld (1992). In this model, the actual wall is 
replaced by a virtual wall, whose inclination angle γ  
(fig.1) obeys a centred Gaussian distribution function with 
given standard deviation σγ and zero mean value. The 
generation of only one inclination angle (only one rotation 
around z-axis) traduces the 2D roughness case.  

 

 
Figure 1: Co-ordinate system and definition of the virtual 
wall inclination γ. 

 

Attention must be paid to the validity of such rebound laws. 
Sommerfeld and Zivkovic (1992) showed that the 
distribution of the inclination angle depends on the impact 
angle of the particle with respect to the wall (the so-called 
shadow effect). In order to simulate a physical rebound, 
some values of the virtual wall inclination angle γ must be 
avoided. The velocity components in the Cartesian system 

( , , )R x y z  in the case of rough wall are:  
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1
, , , ,x y z x y z

−=u P C P u%  (16) 

with 

cos sin 0
sin cos 0
0 0 1

γ γ
γ γ

 
 = − 
  

P , 
( )1 1 0

0 0
0 0 1

w w

w

e
e

µ + 
 = − 
  

C  

For small values of virtual wall inclination ( 1<<γ ), from 
Eqs.(13), (14) and (16) and by introducing the mean and 
fluctuating velocity components, ,x p x xu U u′= + , y yu u′= , 

*

w
e  can be written : 

{ }

{ }

*
2

,

2

2
,

2

(1 )

(1 )
1

w

w

p x yw
w

y y

w p x yw

y y

e
e

U ue

u u

U ue

u u

λ

γ
µ

λ

µγ

λ

−
−

−

−
−

−

=

 ′+  
− + 

 ′ ′
 
 ′+  

− − 
 ′ ′
 

 (17) 

For { } 0γ − =  and 2{ } 0γ − = , the restitution coefficient 

w
e  for a smooth wall is retrieved, i.e. *

w w
e e= . 

The kinetic shear stress 
x y

u u′ ′< >  is expressed using 

Eq. (10) with x yu uψ =  : 

*

* *

1
1 1

w
x y x y x y

w w

e
u u u u u u

e e

− +

= +
+ +

 (18) 

From the relationship (13) that links the arithmetic mean 
{ }i  and the statistical average i , the following 

expression of the kinetic shear stress 
x y

u u′ ′< >  is found : 

( )

{ } ( )

{ } ( )

*

*

,

2

,

1
1

1

1

w
x y w w y y

w

w y y w p x y

w w y y p x y

e
u u e u u

e

e u u U u

e u u U u

µ

γ µ

γ µ

−

− −−

− −−

′ ′ ′ ′= − ++ 

 ′ ′ ′+ + − 
 

 ′ ′ ′− + +  
  

 (19) 

The relationship 
x y w w y y

u u e u uµ −′ ′ ′ ′< >= − < >  derived by 

Sakiz and Simonin (1999) for a smooth wall is recovered 
with 2{ } 0γ − = . The approximation proposed by Simonin 

et al. (2004), that is 2

,
2

p x y p p x y
n u u n U u

γ
σ− −′ ′ ′< > = < > , is 

obtained for elastic rebounds (ew = 1) without friction 

(µw = 0) and by neglecting the shadow effect ({ } 0=−γ , 
2 2{ }

γ
γ σ− = ). 

Evaluation of the model 

The distribution function of the wall-normal velocity of the 
particles moving toward the wall is noted ( )yf u− , i.e.  

( )y yf u du−  is the average number per unit volume of 

particles with velocity yu  in the range [ yu , y yu du+ ]. As 

the particle number impacting the wall with velocity yu  

during time dt  is proportional to ( )y y yu f u dt− , the 

wall-normal incident particle velocities have to be generated 
according to a distribution function proportional to 

( )y y yu f u− . In our simulations ( )yf u−  is assumed to be a 

half-Gaussian distribution. The streamwise component of 
the particle velocity is assumed to obey a Gaussian 
distribution with fixed standard deviation. 

According to (13) and as suggested by Sakiz and Simonin 
(1999), the statistical values are computed using the 
following practical formulas for any function ψ  of the 
velocity:  

( )
( )

1

1
1

N

yp p
N

yp p

u

u

ψ
ψ

=−

=

=
∑
∑

, 
( )
( )

1

1
1

N

yp p
N

yp p

u

u

ψ
ψ

=+

=

=
∑
∑

% %
%

 (20) 

The dependence of the equivalent coefficients e∗  and µ∗  
upon the roughness parameter σγ  in the case of 2D 
roughness is examined by simulating a large number of 
particle rebounds (5.106). The distribution of the virtual wall 
inclination angle is Gaussian with given standard deviation  
σγ  and zero mean value. The influence of the virtual wall 
inclination angle is also studied by testing several values of  
σγ  ranging from 0 to 0.2 according to the results of 
Sommerfeld and Huber (1999), who showed that the 
optimum value of σγ  decreases with increasing particle 
diameter for a given physical roughness. As in practical 
problems the particle fluctuating velocity is generally 
anisotropic, we set the ratio 

x x y y
u u u u− −′ ′ ′ ′< > < >  to 2.25. 

For the tests carried out in this section, calculations are 
performed assuming a prescribed mean streamwise incident 

velocity, namely 5x y yu u u− −′ ′< > = < > . 

In order to examine the validity of the model suggested for 
*

w
e , the results issuing from the numerical simulation are 

compared with the model in Figs. 2-3, where *

w
e  is plotted 

as a function of the standard deviation  σγ  for various 
values of ew and µw. It is observed that the proposed model 
is in almost perfect agreement with the numerical 
computations. The results can be seen to present some 
irregular peaks, a behaviour described in Khalij et al. (2005), 
which reflects the possible occurrence of "grazing" 
rebounds with very small reflected velocity in the wall 
normal direction. In fact, in some instances the reflected 
velocity may be very close to zero and consequently the 
ratio 

p p
n n+ −  may tend to infinity. 
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Figure 2: The equivalent restitution coefficient as a 
function of γσ for 0.2wµ = . Comparison between 

simulation and Eq. (17). Simulations : 
w

e = 1 (£), 
w

e = 0.8 

(r), 
w

e = 0.6 (s), 
w

e = 0.4 (¯). Lines : Eq. (17). 
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Figure 3: The equivalent restitution coefficient as a function 
of γσ  for 0.8we = . Comparison between simulation and 

Eq. (17). Simulations : 
w

µ = 0 (£), 
w

µ = 0.2 (r), 
w

µ = 0.3 

(s), 
w

µ = 0.4 (¯). Lines : Eq. (17). 

 

In Fig. 4-5, the validity of the model equation (19) 
suggested for the kinetic shear stress 

x y
u u′ ′< >  is examined. 

The ratio ,x y p x yu u U u −′ ′ ′< > < >  is displayed as a function 

of the standard deviation σγ  for several values of ew and µw, 
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Figure 4: The ratio ,x y p x yu u U u −′ ′ ′< > < >  as a function of 

γσ  for 0.8we = . Comparison between simulation and Eq. 

(19). Symbols : same caption as Fig. 3. Lines : Eq. (19). 

 

and the results obtained by the simulation are compared 
with the predictions from Eq. (19). As can be seen, very 
good agreement between the model and the simulation is 
obtained for any value of ew and µw, even if some slight 
discrepancies appear when σγ  increases. The same remark 
as above can be made as regards the irregular peaks. 

Further comparisons between the model predictions and the 
numerical simulation are shown in Fig. 6-7 regarding the 
normalized third-order velocity correlations defined by:  

3 2

y y y
yyy

y y

u u u

u u

′ ′ ′
Π =

′ ′
, (21) 

shown in Fig. 6, which should be equal to 
2 * *(1 )w wC e eλ−  according to the model equation (9), and 

xxy x x yu u u′ ′ ′Π = , (22) 

shown in Fig. 7, which should be equal to 
* * 22 w x y y w y y yu u u u u uµ µ′ ′ ′ ′ ′ ′− < > − < >  according to Eq. (9). 

As can be seen in Fig 6-7 the obtained values are 
qualitatively in good agreement with the simulations. The 
model allows to get satisfactory estimation of yyyΠ  

whatever the value of ew and µw. The correlation xxyΠ  is 

slightly underestimated by the model for high values of σγ, 
nevertheless the results are very satisfactory. To summarize, 
acceptable estimates of the velocity correlations at the wall 
are obtained by means of a formulation close to the smooth 
wall formulation of Sakiz and Simonin (1999), using 
equivalent restitution and friction coefficients. 
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Figure 5: The ratio ,x y p x yu u U u −′ ′ ′< > < >  as a function 

of γσ  for 0.2wµ = . Comparison between simulation and 

Eq. (19). Same caption as Fig. 4. 

σγ
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-2

0

2
Πyyy

 
Figure 6:  Comparison between the present model and the 
numerical results for yyyΠ . Simulations : ew = 0.4 (r), ew = 
0.6 (£), ew = 1 (¯). Empty, black and grey symbols are for 
µw = 0.2, 0.3 and 0.4., respectively. Lines : Eq. (21). 

 

Numerical simulation of turbulent channel flow, 
results and discussion 

Model description 

In this section, the proposed set of boundary conditions is 
tested by computing a gas-solid turbulent channel flow 
using an Eulerian-Eulerian model and comparing the results 
with the Lagrangian simulations carried out by Carlier et al. 
(2005) based on a Langevin stochastic process (SLM), and 

σγ

0 0.1 0.2

0

0.2

0.4

0.6
Πxxy

 

Figure 7: Comparison between the present model and the 
numerical results for xxyΠ . Symbols : same caption as in 
Fig. 6. Lines : Eq. (22). 

 

with the experiments of Khalitov and Longmire (2003) as 
well. The particle-to-air mass loading in the experiments of 
Khalitov and Longmire (2003) being of order 10%, the 
collisions between particles are not considered in this study. 
For similar reasons, the solid phase can be assumed to be of 
very low influence on the fluid flow, so that the only 
coupling effect is the fluid-to-particle one, i.e. one-way 
coupling. 

In both the Eulerian and the Lagrangian computations, the 
data are taken from the experiments of Khalitov and 
Longmire (2003). Five sets of monodisperse spherical solid 
particles were tested with mean diameter dp ranging from 
20 µm to100 µm and density -32500 kg.m . The Reynolds 

number based on the centerline velocity (equal to 110ms− ) 
and the channel half-width 75mmh =  was 4500hRe = . 
As pointed out by Lain et al. (2002), the standard deviation 
of the virtual wall inclination depends not only of the wall 
structure, but also on the particle diameter. Here, we used 
the values of σγ recommended by these authors for low 
roughness, namely: σγ  = 0.064 for dp = 20 µm , σγ  = 0.061 
for dp = 30 µm, σγ  = 0.052 for dp = 60 µm, and σγ  = 0.043 
for dp = 100 µm. Further details on the experiment 
description can be found in Khalitov and Longmire (2003). 

The gas flow, considered as incompressible and steady on 
average, is predicted using a non linear eddy viscosity 
model (NEVM, Rokni and Sunden 1999), so that turbulence 
anisotropy is taken into account. In order to provide more 
precision in the near wall region, modifications of the k-ε 
model proposed by Myong and Kasagi (1990) are 
implemented to account for low Reynolds effects. 

For the Eulerian computation of the particle flow, we use 
the so-called ,p ij fpR q−  model described by He and 
Simonin (1993, 1994), which is based on modelled transport 
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equations for the second-order velocity moments 
, , ,p ij p i p jR u u′ ′=< >  and for the fluid-particle covariance 

, ,fp f i p jq u u< ′ ′= > . The boundary condition model described 
in the previous section is used to account for the roughness 
effect in particle-wall collisions, with the parameter λ+ as 
given by Khalij et al. (2005), namely 0.4λ λ+ −= , i.e. 
 λ = 2.5. 

The Lagrangian simulation, described in detail in Carlier et 
al. (2005), is performed by tracking a large number of 
particles, with the fluctuating quantities of the fluid flow at 
each particle location being predicted by means of a 
stochastic process based on an extension of the Simple 
Langevin Model (SLM), using the data provided by the 
Eulerian calculation. In case of particle-wall collision, the 
new components of the particle velocity are computed as a 
function of the velocity components before collision using 
the complete 3D rebound laws arising from the momentum 
conservation and Coulomb's law instead of the simplified 
rebound laws given by Eq. (3). The parameters needed for 
the processing of collisions are the coefficient of restitution 
ew and the coefficients of static and kinetic friction µw 
and 0µ . The effects of wall roughness are introduced by 
means of the above described virtual wall model 
(Sommerfeld 1992), so that direct comparison is made 
possible between the Eulerian and the Lagrangian 
computations using the same model for the wall roughness.  

In both the two-fluid model and the Lagrangian simulation, 
the particle-wall collision parameters have been set to the 
following values: kinetic friction factor µw = 0.2, coefficient 
of restitution ew = 0.95. The static friction factor needed in 
the Lagrangian simulation was set to µ0 = 0.3, recalling that 
the boundary condition model for Eulerian computation lies 
on the assumption of sliding collisions (no need of µ0), 
whereas the possible occurrence of non sliding collisions is 
taken into account in the Lagrangian simulation. 

Results and discussion 

The results presented relate to the case of perfect collisions 
(ew = 1, µw = 0), the case of inelastic rebound with friction 
(ew = 0.95, µw = 0.2) and the case of inelastic bouncing with 
friction on a rough wall. The predictions arising from the 
Eulerian computation with the above described boundary 
condition model in these three cases are compared with the 
numerical results of Carlier et al. (2005) obtained through 
Lagrangian simulation with wall roughness and inelastic 
frictional collisions (ew = 0.95, µw = 0.2) and the 
experimental results of Khalitov and Longmire (2003). The 
dimensionless mean velocities (in wall units) of the fluid, 

U + , and of the particles, V + , are plotted in Fig. 8 as a 
function of the wall distance y+  for the various particle 
diameters investigated. All four plots show relatively good 
agreement between both the Eulerian and the Lagrangian 
model and the measured velocities. The gas flow predictions 
for the mean gas velocity (only shown in Fig. 8(a)) are very 
satisfactory in the channel core region. Nevertheless, a slight 
discrepancy for U+ is noticed very close to the wall, where 
the Eulerian model for the fluid flow seems to underestimate 
the experimental data. Despite this difference close to the 
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Figure 8(a)-(b): Profiles of dimensionless mean velocities. 
Experimental data : q unladen gas; � particles. 
Open symbols : Lagrangian simulations (£), Eulerian 
computations for smooth wall with perfect bouncing (�) or 
inelastic and frictional bouncing (r) and for rough wall 
with the present model (v).  
(a) dp = 20 µm (solid line : predicted gas velocity U+); 
(b) dp = 30 µm. 

 

wall, the mean particle velocity V+ is well predicted for the 
three cases studied which seem to differ very slightly in the 
near wall region. All the numerical results within the whole 
channel, from wall to centerline, are very close to the 
experimental data except for the case dp=100 µm where the 
experimental results are underestimated by the Eulerian 
model in the neighbourhood of the wall contrary to the 
Lagrangian model. For smaller particle sizes, the particle 
velocity Eulerian predictions with wall roughness seem 
however to yield better results close to the wall compared  
to the Lagrangian ones.  Among other possible causes,  
the  discrepancies  between  the two-fluid model with wall  
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Figure 8 (c)-(d): Profiles of dimensionless mean velocities. 
Same caption as Fig. 8(a)-(b) except : (c) dp = 60 µm; (d) dp 
= 100 µm. 

 

roughness and the experimental data, in particular for dp = 
100 µm, might be explained by the assumptions that were 
made to establish the boundary conditions, in particular : 
half-Gaussian distribution for the incident wall normal 
velocity of the particles, sliding and nearly two-dimensional 
collisions, and constant value of the ratio 0.4λ λ+ − =  
whatever the value of the standard deviation σγ, as 
suggested by Khalij et al. (2005).  
Comparisons between the measured and computed profiles 
of the gas and particle rms velocities ( u+  and v+ , 
respectively) are presented in Fig. 9. As shown by Fig. 9(a), 
the predicted rms velocities of the gas are in good agreement 
with the experimental ones, except in the near wall region 
(y+< 40) where the streamwise fluctuating velocity is 
somewhat underestimated, showing a local maximum at 
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Figure 9(a)-(b): Profiles of dimensionless rms velocities. 
Experiments : gas: q streamwise, t spanwise; particles: � 
streamwise, ¢ spanwise. Numerical results for the particle 
flow : same caption as Fig. 8, with open symbols for the 
streamwise direction, grey symbols for the spanwise 
direction.  
(a) dp = 20 µm, numerical results for the gas flow : — 
streamwise, – – spanwise; (b) dp = 30 µm. 

 

20y+ ≅  which is not visible in the measurements, whereas 
the spanwise fluctuating velocity is a little bit overpredicted. 

In spite of this small difference between the measurements 
of Khalitov and Longmire (2003) and the present 
predictions as regards the gas fluctuating velocity near the 
wall, the rms velocities of the particles in the streamwise 
direction are described quite well by the both the 
Lagrangian and the Eulerian models, as shown by Fig. 
9(a)-(d), even if the two-fluid model tends to overestimate 
the streamwise particle rms velocity for the case dp = 100 
µm. The effect of wall roughness upon the Eulerian 
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predictions is clearly noticeable by comparing the results 
obtained with smooth wall (r,�) and with rough wall (v). 
The roughness boundary conditions can be seen to lead to 
improved agreement with the measured values and the result 
of Carlier et al. (2005). The computed values of the 
spanwise particle velocity fluctuations from the three 
studied cases as well as for the Lagrangian simulation can 
be observed to underestimate the experimental results, 
especially for larger particles. Nevertheless, it can be 
concluded from Fig. 9 that the numerical predictions with 
boundary conditions for rough wall in Eulerian-Eulerian 
predictions appear to be more accurate to estimate the 
particle fluctuating velocities compared with the results 
obtained with the assumption that the wall is smooth. The 
boundary conditions proposed to account for wall roughness 
seem to appreciably improve the estimate of the particle rms 
velocities.  
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Figure 9(c)-(d): Profiles of dimensionless rms velocities. 
Same caption as Fig. 9 (a)-(b), except : (c) dp = 60 µm; (d) 
dp = 100 µm. 

Conclusions 

A boundary condition model for rough walls was proposed 
to account for irregular bouncing in Eulerian predictions of 
gas-solid flows. The model is based on equivalent restitution 
and friction coefficients which can be assessed in terms of 
the roughness parameter σγ , of the given coefficients ew and 
µw, and of known statistics of the particle motion near the 
wall, namely 

y y
u u′ ′< >  and Up,x. 

These boundary conditions were implemented in a two-fluid 
model in order to evaluate their performance in a gas-solid 
channel flow. The numerical results were compared with the 
experimental data of Khalitov and Longmire (2003) and 
with the predictions by the Lagrangian simulation method 
used in Carlier et al. (2005). Good agreement between our 
results and those of such other works was obtained as 
regards the particle mean and fluctuating velocities. The 
numerical predictions are significantly improved when the 
proposed rough wall boundary condition model is used in 
the Eulerian computation compared with the case of smooth 
wall boundary conditions. 
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