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Abstract
The behaviour of the particulate phase in a turbulent gas-solid channel flow is investigated by means
of an improved Lagrangian stochastic model combined with realistic treatment of saltation phenomena
using an irregular bouncing model for particle-wall collisions. Such particle-wall interaction
mechanisms, which are difficult to include in two-fluid (Eulerian-Eulerian) models, may be accurately
described by means of the Eulerian-Lagrangian approach. In that sense the present study is a
preliminary step towards improvement of the formulation of wall boundary conditions needed in twofluid models.
Particles are numerically tracked by predicting the instantaneous fluid velocity at the discrete particle
location using a modified Langevin model, which takes the anisotropy and the non homogeneous
character of the turbulence into account. Comparisons with available experimental data are provided,
and examples illustrating the effects of the collision parameters upon the particle mean and r.m.s.
velocities, kinetic stresses and concentration distribution in channel flows are given. The effect of
irregular bouncing upon the relationships between various particle velocity correlations at the wall is
examined and discussed with relevance to boundary conditions used in Eulerian two-fluid models.
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Introduction

A great number of experimental and numerical investigations have been devoted to the study of the
motion and distribution of solid particles conveyed in wall-bounded turbulent flows. Most of them
deal with gas-solid channel flows [1-4]. Computational models aimed at numerically predicting such
dispersed two-phase flows include the so-called Eulerian-Lagrangian approaches and the two-fluid
models or Eulerian-Eulerian methods, the latter being more effective and less time consuming.
However, some details of the dispersed phase flow are much more accurately described by the
Lagrangian technique, which can therefore be used as a tool for improving some modelling aspects
needed in two-fluid models, like the particulate phase wall conditions [5-7], which may have
significant consequences on pressure drop predictions for instance.
This is one of the purposes of this work, where an Eulerian-Lagrangian approach is used to simulate a
gas-solid channel flow in order to examine the properties of the particulate phase motion as competing
effects of wall collisions and turbulence are expected. Additionally, the need of accurate modelling of
near-wall turbulence effects is put forward, and an original model is used to predict the anisotropic
turbulent dispersion of solid particles, including improvements in the assessment of the required time
scales of the fluid flow.
In such wall bounded flows, the prevailing effect of inter-particle collisions compared with turbulence
modulation has been pointed out by many investigators (see [2,3,8,9]). This is the reason why such
particle-to-particle interactions are taken into account in the present simulations, whereas turbulence
modulation is neglected since our main goal is to characterize the near-wall behaviour of the dispersed
phase at moderate loading. Furthermore, the boundary conditions that we are investigating, which
consist in relationships between various 2nd and 3rd order particle velocity correlations, do not depend
on the flow properties but only on the particle-wall collision parameters.
After checking the capability of the numerical code in two opposite cases, namely a saltation
dominated horizontal flow and a vertical channel flow where the particle motion is mainly controlled
by turbulence and inter-particle collisions, we focus on the effect of irregular bouncing upon the
properties of the particulate flow. In the following sections, the Eulerian-Lagrangian simulation is first
presented, including some details about the associated dispersion and collision models. Some
numerical results are then presented and discussed concerning the combined effect of turbulence and
particle-wall interactions, and the effect of the collision parameters upon the relationships between
various particle velocity correlations at the wall is examined.

2
2.1

Simulation overview
Use of an anisotropic Low-Reynolds model for the fluid phase

The fully developed channel flow is described by the usual Reynolds-averaged Navier-Stokes
equations. It is assumed that the suspension flow is dilute enough for the effect of the particulate phase
on the fluid flow properties to be negligible. Closure is achieved through an anisotropic Low-Reynolds
k-ε model, where the fluid Reynolds stresses are modelled by means of a non linear eddy viscosity
model as proposed by Rokni & Sunden [10]. In order to account for the near-wall effects, the
turbulence model has been mofidied as recommended by Myong & Kasagi [11]. The corresponding
Low-Reynolds model requires that the first node be located very close to the wall, namely y+<0.6.
Therefore, numerical calculations have been carried out using a stretched grid in the wall-normal
direction, with 50 nodes along the half channel width, and the first grid node located at y+≅0.4.
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2.2

Lagrangian modelling of the dispersed phase flow

2.2.1 Outlines of particle trajectory calculation
The solid phase motion is simulated by tracking a large number of particles injected in the gas flow
field. Particles are assumed to be rigid and spherical. Due to particle-wall and particle-particle
interactions, which are not supposed to be frictionless, particles may be subjected to significant
rotational motion, which is to be taken into account in expressing the particle-fluid interactions. The
particle motion is therefore described by a set of six equations (linear and angular momentum
conservation). Besides the quasi-stationary drag force, which is expressed according to usual standard
correlations for the drag coefficient in terms of the sphere Reynolds number, particles are experiencing
a torque and a lift force which may be of significant importance, particularly for large particles (see
[12]). All these fluid-particle interaction forces (and torque) involve the instantaneous velocity of the
fluid at the particle location. Non-stationary contributions to the drag force, such as history force,
added mass force and displaced force, were neglected, owing to the high particle-to-fluid density ratio.
Mainly due to the lack of available data for particle Reynolds number exceeding unity, the shear and
wall induced lift forces are also ignored, although this point might require further investigation.
Periodic boundary conditions are used between the inlet and outlet sections of the channel since the
two-phase flow is assumed to be fully developed. The trajectory computation is reinitialized after each
collision with the wall or with another particle. Simulation of such collisions requires some empirical
parameters such as the static and kinetic friction factors fs and f, and the coefficient of restitution e,
which are needed to express the particle translational and rotational velocities after the collision using
the impulsive equations and Coulomb's law.
For particle-wall collisions, the so-called "virtual wall" model of Sommerfeld [13,14] is used in order
to account for the effect of wall roughness and particle shape (departure from sphericity). In this
model, the actual wall is replaced by a virtual wall, whose inclination angle obeys a Gaussian
distribution with given standard deviation γ and zero mean value. The so-called shadow effect is
included in the model. The restitution and friction coefficients are fixed for each case, and the
examples given in Section 3 focus on the effect of the virtual wall parameter γ and its consequences
upon the particle mean velocities, kinetic stresses and concentration distribution. Particular attention is
paid to the relationships between the components of the particle velocity covariance matrix at the wall,
which are required in order to fix the boundary conditions in two-fluid models.
In order to avoid handling the particle-particle interactions in a deterministic way, which requires to
simultaneously compute the trajectories of all the particles present in the flow domain (a method
limited by present computer capacities due to the huge number of particles in actual flows),
interparticle collisions are taken into account according to the probabilistic method suggested by
Oesterlé & Petitjean [15]. In this method, the occurrence of a collision is decided, at each time step,
according to a collision probability depending on the local concentration and properties of the twophase flow. The collision probability is obtained from the expression of the inter-particle collision
frequency corrected to account for the correlated motion of neighbouring particles [16]. In case of
collision, the tracked particle hits a standard particle whose translational and rotational velocities are
determined using the average and r.m.s. values of the velocities of the solid phase. The precise position
of the point of impact is chosen according to a uniform probability on the disc corresponding to the
effective collision cross-section. This allows to compute the velocity components after collision, and
therefore to restart the trajectory calculation process.
Once the Eulerian calculation of the fluid flow unknowns has been achieved, series of Lagrangian
steps (with 106 particle trajectories for each step) are carried out with the fluctuating quantities of the
fluid being calculated according to the dispersion model described below, using the data provided by
the Eulerian calculation. In the first Lagrangian step, inter-particle collisions are not considered. From
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the second Lagrangian step, such collisions are included by means of the probabilistic method, using
the concentration and velocities obtained in the previous Lagrangian step.
2.2.2 Dispersion model
In order to reproduce the effect of the fluid turbulence upon the particle motion, the instantaneous fluid
velocity along the particle path (the velocity of the fluid "seen") has to be properly assessed to express
the instantaneous forces acting on the particle. Here, a direct method is used to predict the time rate of
change of the velocity of the fluid seen : basically, a first-order autoregressive process is used to
predict the instantaneous fluid velocity seen by a particle at time level t = n∆t from the fluid velocity
seen by the same particle at time level t−∆t=(n-1)∆t :

u fi n = u fi n −1 e

− ∆t Ti∗
+ ψ in

(1)

where u fin is the i-component of the velocity fluctuation of the fluid at the discrete particle location at
time n∆t , Ti* is the integral time scale of the fluid seen in the i-direction, and the ψ in are centered
Gaussian variables satisfying <ψ inψ in − p >=0 for any integer p ≠ 0 .

Anisotropy can be introduced into the stochastic process by linking the white noise disturbances ψ in
(i=1,3) in order to satisfy the prescribed values of the Reynolds stresses (which are known from the
Eulerian calculation). From Equ.(1), we get the conditions to be fulfilled by the covariances (under
local homogeneity assumption in order that the process be stationary) :


 1
1 
< ψ inψ j n >= 1 − exp  − ∆t  ∗ + ∗    < u f i u f j >
(2)


T
T j   


 i
A simple procedure to generate such random numbers ψ in is to select ψ1n from a normal p.d.f. with

(

(

))

zero mean and variance < ψ 12n >= 1 − exp − 2 ∆t T1∗ < u 2f1 > , and to build ψ 2n and ψ 3n by

ψ 2n = a 0ϕ + a1ψ 1n and ψ 3n = b0 χ + b1ψ 1n + b2ψ 2n , where ϕ , χ are independent Gaussian variables
with zero mean and variance unity, and the coefficients a k , bk are deduced from Equ.(2).
Under conditions of non homogeneous turbulence, it is necessary to take the variation of the fluid
Reynolds stresses into account to avoid the spurious drift of fluid particles towards the low turbulence
intensity regions [17,18]. In our channel flow configuration, the corresponding correction involves the
y-derivatives of the fluid Reynolds stress and wall-normal velocity variance, according to :
∂ < u fx u fy > * 
 ∆t  
 ∆t 
u fx n = u fx n −1 exp − ∗  + ψ xn +
Tx 1 − exp − ∗  
(3)
∂y

 Tx  
 Tx 

u fy n

 ∆t  
 ∆t 
∂ < u 2fy > * 


Ty 1 − exp − ∗  
= u fy n −1 exp − ∗ + ψ y n +

 T 
 T 
∂y

 y 
 y 

 ∆t 
u fz n = u fz n −1 exp − ∗  + ψ z n ,
 Tz 
where x, y, z denote the streamwise, wall-normal and spanwise directions, respectively.

(4)

(5)

The integral Lagrangian time scales Ti* of the fluid seen by the discrete particles are evaluated
following the proposals of Wang & Stock [19], which may yield acceptable estimates even in case of
our non-homogeneous anisotropic channel flow, provided that the fluid Lagrangian time scales TLi
and moving Eulerian time scales TmEi are properly assessed in terms of the y-location along the
4
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channel height, as decribed later.
First, the integral time scales of the fluid seen when no external force is acting are computed by :
T 
 

T0*i = TmEi 1 − 1 − Li  (1 + Sti )− 0.4(1+ 0.01Sti ) 
(6)
  TmEi 

where the inertia effect is introduced through the particle Stokes numbers St i = τ p / TmEi , τ p being
the particle relaxation time. Crossing trajectories effects are then introduced by expressing the time
scales T x* , T y* , T z* in terms of T0i* and the mean drift velocity vd (which is directed in the streamwise
direction x) :
 T* v
T x* = T0*x 1 +  0 x d

Lf
 






2 −1 2






, T y*, z


 T0*y , z v d
* 
= T0 y , z 1 + 
  Lf
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T0*y , z v d    T0*y , z v d
1+ 
−
2 L f    L f
 






2 −1 2






(7)

where L f is the longitudinal integral length scale defined here by L f = <u 2fz > TmEz .
Now, the remaining unknowns are the fluid timescales TLi and TmEi in each direction. We will make
use of a recent model [20] supported by DNS and LES investigations of channel flows to estimate the
directional dependence as well as the wall distance dependence of the Lagrangian time scales.
According to [20], the generally used empirical laws, which assume TLi ∝<u 2fi >/ε , are far from being

satisfactory. The best way to evaluate the wall-normal Lagrangian time scale TLy is to express it using
the proposal by Ushijima & Perkins [22], or alternatively by means of the eddy viscosity model which
leads to TLy =−<u fxu fy >/(<u 2fy >dU / dy) . The streamwise and spanwise Lagrangian integral scales are
then calculated from the model proposed in [20] :
TLx = TLy

< u 2fx >
< u 2fy >

Ψ , TLz = TLy

< u 2fz >
< u 2fy >

Ψ , with

(
Ψ=
1 + (< u

)
>)

1 + < u fx u fy > < u 2fx >
fx u fy

>

< u 2fy

2
2

(8)

The moving Eulerian time scales are deduced by prescribing a fixed value of the ratios β i = TLi TmEi ,
namely β i ≅ 0.6 , which seems to be an acceptable estimate according to available LES and DNS
results in channel flows [20,21].

3
3.1

Results and discussion
Comparison with available channel flow measurements

The predictions of the simulation are first compared with the experimental data of Kulick et al [1]. As
mentioned above, trajectories have been computed assuming fully developed flow for fluid and
particles ; the time step for the trajectory computation has been set to ∆t = min τ p 20, TL 0 5 , τ c 10 ,

(

)

where TL 0 is the transverse Lagrangian time scale at the channel center, and τ c is an estimate of the
mean inter-particle collision time. The influence of the number of particles has been tested, showing
that the computation of 106 particle trajectories in each Lagrangian loop is reasonable in order to get
enough particles in each computational cell, at least for the statistics about the mean velocity and 2nd
order correlations, even though better accuracy could have been obtained in the very near-wall cells by
computing more trajectories.
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In the experiments of Kulick et al. [1], mean and r.m.s. velocities profiles were measured in a
downward vertical air-solid channel flow at moderate loading ratios Φ, namely Φ = 0.02, 0.1, 0.2 and
0.4. Particles were 50 µm and 90 µm glass beads and 70 µm copper beads (nominal diameters). In fact
the particles were polydispersed, however the present simulations have been performed assuming
monodispersed particles. The width of the channel was 0.04 m, the fluid centerline velocity 10.5 m/s
and the friction velocity was 0.49 m/s. The particle-wall collision parameters have been set to : kinetic
and static friction factor f=fs=0.3, coefficient of restitution e=0.95. Several values of the parameter γ
(standard deviation of the virtual wall inclination) have been tested, showing that the main effect of
irregular bouncing is upon the wall-normal r.m.s. velocity and the concentration profile : this will be
discussed in the next section.
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Figure 1: Particle mean and streamwise r.m.s. velocity profiles in a vertical channel. Comparison
between the simulations (lines and small symbols, thin solid line : fluid) and the experimental results
of Kulick et al. [1](∆ : Φ =2%, ▲: Φ =20 %).
Figure 1 displays a comparison between our simulations (for γ = 0.06 ) and the experimental data for
the 50 µm glass particles used by Kulick et al. [1], showing that the effect of increasing loading upon
the mean velocity profile is well reproduced by the computations, as well as the value of the mean
particle velocity at the wall. In agreement with the measurements, the streamwise r.m.s. velocity is not
found to be significantly altered by the solid concentration. It should be recalled that in the
computations the effect of solid loading is introduced by inter-particle collisions, and that the effect of
particles upon the fluid flow is not taken into account, thus confirming the prevailing role of interparticle collisions in wall-bounded flows at low loading ratio.
3.2

The effect of the irregular bouncing parameter γ

In order to illustrate the effect of the irregular bouncing parameter, computations have been performed
using the data of the above mentioned Kulick's experiments, as well as the horizontal channel
measurements by Tsuji et al. [4].
The influence of γ in the experimental conditions of Kulick et al. [1] is shown in Fig.2, for the
particle wall-normal r.m.s. velocity and concentration distribution ( c 0 is the concentration at channel
center), which can be seen to be significantly affected. Due to increasing irregularity in particle-wall
collisions, the wall-normal velocity fluctuations are intensified, resulting in a more uniform
concentration profile. Compared to the results presented above, we can observe that the wall-normal
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r.m.s. velocity is more difficult to accurately simulate, however the predictions obtained for γ = 0.06
or γ = 0.08 are nevertheless satisfactory, except very close to the wall where the fluctuating velocities
are overestimated.

Figure 2: The influence of γ on the wall-normal r.m.s. velocity and the near-wall concentration
distributions in the conditions of Kulick's experiments (▲, loading 2%).
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Figure 3: Concentration and particle mean velocity profiles in a horizontal channel. Comparison
between the simulations (lines and small symbols) and the experimental results (∆) of Tsuji et al. [4] at
loading ratio Φ = 1 and mean air velocity 15 m/s.
The concentration profiles in the vertical channel were not measured in [1], however such profiles
were investigated in the experiments of Tsuji et al. [4], together with the mean velocity profiles, in a
horizontal air-solid channel flow. The height of the channel was 25 mm, the particles were polystyrene
beads with diameter d=1 mm and density ρp=1000 kg·m−3. The mean air velocity was set at 7 or 15
m/s, and measurements were done at three loading ratios, namely Φ =1, 3 and 5. According to the
authors, the collision parameters were : kinetic friction factor f=0.4, coefficient of restitution e=0.8. A
static friction factor fs=0.5 was assumed in our simulation, and several values of the parameter γ have
been tested too. Since two-way coupling is not considered in the present simulations, comparison has
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been carried out only for the lowest loading studied by Tsuji et al., namely Φ =1. From Fig.3, it can be
observed that acceptable agreement is obtained by the present simulation with γ ≅ 0.05 , even though
the mean particle velocity is somewhat overestimated.
Again, the important effect of the nature of particle-wall interactions upon the concentration
distribution is demonstrated in this example, and it is therefore questionable how such effects can be
obtained by means of two-fluid computational models. Obviously, the answer lies in the formulation
of proper boundary conditions at the wall for the particulate phase, however this problem has not yet
been solved in case of irregular bouncing. This is the reason why it may be interesting to compare the
present results from our Lagrangian simulation with the available theoretical relationships valid for
spherical particles and smooth wall ( γ = 0 ). Such relationships, which were analytically derived by He
& Simonin [5] and Sakiz & Simonin [6], involve the 2nd and 3rd order particle velocity correlations at a
distance of one particle radius from the wall. Here, we restrict ourselves to the double correlations,
which should satisfy the following relationships :
< u pxu py > w = − f < u 2py > w
(9)

< u py u pz > w = 0

(10)

It is worth mentioning that in the analytical derivation of such relationships, it is assumed that the
sliding velocity is in the x-direction (negligible spanwise component of the impaction velocity for all
particles), and that all collisions are sliding collisions. In order to make the simulation consistent with
the latter assumption, the investigation of the particle boundary conditions has been carried out in
enforcing sliding for all particle-wall collisions, therefore we may expect to obtain, at least
approximately, quantitative agreement with equ. (9) on setting γ = 0 . This is shown in Fig. 4, together
with the effects of varying γ from 0 to 0.12, for two values of the friction coefficient, f = 0.2 and
f = 0.4 . In each case, the ratio − < u px u py > w < u 2py > w has been obtained through statistics over

more than 104 particle-wall collisions, with the same particles as in Tsuji's experiments [4]. It can be
seen from Fig. 4 that the predictions at γ = 0 slightly exceed the theoretical value (which is f), and that
the ratio first increases with increasing γ , and then it decreases and finally seems to reach an
asymptotic value which is of the order of 0.7f to 0.8f. Of course, such interesting but preliminary
results need to be supplemented by further investigations in order to provide some means of taking the
bouncing irregularities into account in two-fluid models.
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Figure 4: Illustration of the effect of irregular bouncing on the particulate phase wall condition.
Plot of the ratio − < u px u py > w < u 2py > w as a function of the irregular bouncing
parameter γ (triangles are for the theoretical values at γ = 0 ).
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4

Conclusion

An improved Eulerian-Lagrangian technique has been presented for the computation of wall-bounded
gas-solid flows. The method lies on accurate modelling of the near-wall behaviour of both the fluid
phase (Low Reynolds anisotropic model) and the dispersed phase (particle turbulent dispersion, interparticle collisions and particle-wall interactions). Satisfactory agreement has been obtained by
comparison with available experimental data in vertical and horizontal channel flows.
Emphasis has been put on the effect of irregular bouncing due to wall roughness upon the properties of
the particulate flow. It has been shown that the concentration and wall-normal r.m.s. velocity
distributions are significantly altered by irregular bouncing, as are the wall boundary conditions which
should be used in two-fluid models for the dispersed phase. Further computations are planned in order
to get reliable statistics for such wall conditions, including the triple correlations and the correlations
involving the angular velocity components.
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