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Gas-solid turbulent two-phase flows and interaction between gas and particles phases in a 

horizontal two-dimensional channel with sudden-expansion have been studied by numerical 

simulation using a modified k- model. The turbulent fluid flow is governed by Eulerian 

approach, whereas the particulate flow is governed by the Lagrangian trajectory equations. 

The mutual effects of the solids on the gas-phase, (two-way coupling), are taken into 

account.  The effects of flow Reynolds number Re, mass loading ratio mR, channel height 

ratio Ho/Hi and particle diameter, Dp on the flow behaviour and particles trajectories were 

also investigated. A fully developed inlet flow conditions was assumed, while all the particles 

have been introduced in the flow with approximately the same fluid bulk velocity. 

Comparisons are made with present predicted results and others published experimental 

and numerical data for both phases and a reasonable agreement is obtained. The results 

show that the behaviour of gas-solid two-phase flows in a horizontal sudden-expansion 

channel is affected greatly by flow Reynolds number, particle diameter, height ratio, and 

mass loading ratio. In addition the particle trajectories are also affected by recirculating flow 

regions especially particles of small diameter, small inlet height and low velocity. 
تأسو  هوذا  باسوتقدا. تبحث هذه الورقة دراسة السريان الاضطرابى ثنائي الطوور لاواو ويسوي ال ةوخبة قووا قنووال ذاتيوة ذال اتسوا    وايى  

لحركوة  جن الاواو الاضوطرابى وكوذا  عوادلال ليوراناالن وذج النظرى العددى ب حاكاة السريان قوا هذه التنووال  سوتقد ا  عوادلال ذويخور لسوري
لخااو واليسي ال  ستقد ا ن وذج اضطراب طاقوة الحركوة و عادلوة  الاست رارك ا اعت د الن وذج ال تترح عخى ربط  عادلال    ال الةخبةاليسي

ك ا يأقذ الن وذج اوى الاعتبوار التوأثير ال تبوادا لكوا  ون الاواو واليسوي ال كوا  نلأ وا عخوى اطقور وكوذا اةوطدا. اليسوي ال الةوخبة  و   0التشتل
ذه الورقة بدراسة تأثير كا  ن سرعة الااو الابتدائية ، نسبة تداق اليسي ال إلى تداق الااو )  عدا تح يوا هوتلأت.   التنوال وارتدادها ذسطح هذه

كوا لاى اتياه السريان والع ودية عخيلأا السرعة  اليسي ال( ، نسبة الاتسا  ، ارت ا  التناة عند ال دقا وكذا قطر اليسي ال عخى كا  ن توويعال
الن وذج ال تترح ونتوائج  نتائجالن وذج ال تترح ودرية الاعت اد عخيه اتد ذيريل  تارنة بين  لختأكد  ن و   ن الااو واليسي ال الةخبة داقا التناة
الاوواو ذوضوحل نتووائج هوذه الدراسوة توأثير كوا  ون سورعة ا ك و  رضويا وقود ذظلأوورل هوذه ال تارنوة توااتوا   نظريوة وع خيوة سوابتة  نشوورة نقورين

اوى اتيواه  الابتدائية ،  عدا تح يا اليسوي ال ، نسوبة الاتسوا  ، ارت وا  التنواة عنود ال ودقا وكوذا قطور اليسوي ال عخوى كوا  ون توويعوال السورعة
طتوة لكا  ن الااو واليسي ال الةخبة داقا التناة وكذلك عخى  سار هذه اليسي ال داقا هذه التنوال وقةوةوا اوى  ن السريان والع ودية عخيلأا

 السريان الدوا ى لخيسي ال ةايرة الحي.  ك ا ذوضحل الدراسة ذه ية النتائج التى ت. الحةووا عخيلأوا لاسوتقدا لأا اوى الأو. سوخوك كوا  ون الاواو
  التنوال ال ضطرب وحركة اليسي ال الةخبة قوا هذه 

   

Keywords: Turbulent flow, 2-D sudden expansion, Gas-solid two-phase, Two-way coupling,  

Particle collision, Particle trajectory 

 

 
1. Introduction 
 
 Two-phase flows are commonly found in 
many engineering and natural processes such 
as, solid transport, coal fired power plants, 
food, chemical industries, pneumatic dryers 
and moving of dusty gas in heat exchanger. A 
better understanding of two-phase flow is 
important to improve performance or safety of 
the engineering systems as well as to reduce 
cost or pollutant emission. Therefore, solid 
particle separation and determination of parti-
cles trajectories are of great importance and it 
is necessary to predict the path of the particle, 

or the so-called particle trajectory. The 
combined effect from turbulence and other 
mechanisms such as Brownian diffusion, 
gravitational settling and electrostatic effects 
were studied by Ganic and Mastanaiah [1]. 
Complexity criteria in analyzing gas-particle 
flows arises when considering both the inertia 
of solid particles and the lift force on the parti-
cles due to a shear of the gas-phase flow [2]. 
The velocities of the particles can be, in 
general, different from the gas velocity and the 
particle streamlines may be deviated from 
those of the gas. This is consequently leads to 
distinct coupled momentum equations for the 
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two phases. Ebert [3] and Abou-Arab and 
Abou-Ellil [4] studied the interaction between 
the motion of particles and their turbulent 
carrier fluid flow. They reported that the 
turbulence occurs in the flow of the carrier 
fluid exerts a substantial influence on the 
motion of suspended particles. The motion of 
micron-sized aerosols in a turbulent gas flow 
was studied by Simo and Lienhard [5]. They 
reported that the inertial effects depend on the 
relative magnitude of the particle relaxation 
time. Martin and James [6] examined the 
motion of a small rigid sphere in a non-
uniform flow. They determined separately the 
forces, which affect the small particle from the 
undisturbed flow and the disturbance flow 
created by the presence of the sphere. Some 
works were carried out [7-9] to determine the 
deposition velocities of spherical and 
nonspherical particles from gas flow in a 
horizontal pipe. It was observed that most of 
the previous researches show that the 
particles deposition, can be characterized by 
the intermediate values of the effective 
relaxation time and the particle shape or 
geometry. Founti et al. [10], investigated 
experimentally and numerically the effects of 
particle collisions on the characteristics of the 
particle motion in a vertical downward flowing 
sudden expansion flow. The results shown 
that the collisions between the particles 
induce small variation of the fluid – particle 
slip velocities and reduce the turbulent kinetic 
energy created from the dispersed phase. Also 
Founti et al. [11] extended their work, 
presented in [10], and studied the effects of 
increasing particle loading in an axisymmetric 
vertical, liquid–solid sudden expansion flow. 
They concluded that, increasing the particle 
concentration affected the local flow behavior, 
with most obvious consequences within the 
recirculation zone and near the wall region. 
Xi-Qing Chen [12] studied numerically the 
effect of using multi grid on the computations 
of turbulent particle-laden flows in a 
horizontal channel with sudden expansion. 
Zhang et al. [13-15] simulated numerically 
gas-particle sudden-expansion flows using an 
improved stochastic separated flow (ISSF). In 
their study the particle-particle interactions, 
the pressure gradients, the virtual mass, the 
effects of particle rotation, shear lift and 

Magnus lift due to particle rotation on the flow 
structure especially near the wall were not 
included. Comparison of three separated flow 
models was made by Zhang et al. [16]. In their 
work, comparison among the Improved 
Stochastic Separated Flow (ISSF) model and 
two widely used trajectory models (DSF and 
SSF) Deterministic Separated Flow (DSF) mod-
els and stochastic separated flow model re-
spectively are made. They concluded that, 
ISSF model has distinct advantage over the 
other separated models while DSF model is 
capable of obtaining a solution with very few 
computational particles, but the particle 
turbulent dispersion is greatly underestima-
tion. Mofreh [17] investigated numerically the 
flow behavior and particle trajectory in rectan-
gular horizontal duct neglecting the effect of 
dispersed phase on the gas phase (mutual 
effects or one way coupling). Therefore, the 
present work continued the investigation given 
in [17] to study the effect of different size 
distribution of solid, mass loading ratio, chan-
nel geometry and initial flow velocity on the 
flow behaviour in a horizontal channel with 
sudden expansion. In addition the mutual 
effects between particulate phase and gas 
phase and also the effects of, gravity, particle 
rotation, shear lift and Magnus lift due to 
particle rotation, which were neglected in the 
previous studies are considered.  
 
2. Basic equations 
 

The fluid model based on Eulerian 
approach and the trajectory model based on 
the Lagrangian approach [12-20] are consid-
ered here. In addition the effect of flow 
parameters on the flow behavior in a 
horizontal channel with sudden expansion are 

studied numerically using modified k-ε model 

to simulate the gas-solid two-phase flow in 
ducts taking into account the effect of particle 
rotation, shear lift and Magnus lift due to 
particle rotation on the flow structure. 

 

2.1. Basic equations of gas-phase flow 
 
Sudden-expansion gas-solid two-phase 

flow as shown in fig. 1 is considered to be 
steady, two dimensional and turbulent.     The  
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a- Duct geometry, inlet and boundary conditions and computational grid. 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

b- Computational cell 

Fig. 1. Duct geometry, inlet and boundary conditions and computational cell. 
 

general form of the Reynolds-averaged equa-
tions of continuous phase is expressed in 
cartesian coordinates as in [12-20] as follows, 
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Where,  is the generalized dependent variable 

(representing 1, u, v, k and  for the conserva-

tion of mass, momentum in x and y directions, 

turbulence energy and its dissipation rate, 

respectively).  is the transport coefficient, S


 

is the source term of the continuous phase 

itself, and Sp


 is the source term due to gas-

solid interaction. The meaning for each 
governing equation is given in table 1. The 
empirical constants used by many investiga-
tors [12-20] for the turbulence model are given 
in table 2. 
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Table 1 

Governing equations of gas-phase  
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Table 2 

Values of model constants 

 

Model constants 
C 1 C 2 Cμ σk σ SPK SP

 

1.44 1.92 0.09 1.0 1.3 eq. (6) eq. (7) 

 
 
Where, the turbulent kinetic energy generation 

term  G,  is defined as, 
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The rate of strain R in the ε equation of k- ε 
model is expressed as given in [19] by, 
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The effect of particulate phase on the 
turbulence structure can be formulated as 
reported in refs. [15, 19] for k and ε equations 
respectively as follow, 
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Where Bk, B are constants and taken as 0.09 

and 0.4 respectively as in [19]. While, l = k/   

and P is the particle relaxation time.  
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2.2. Basic equations of particle-phase flow 

Particles are assumed to be non-
deformable and spherical. The ratio of particle 

density and the fluid density (p/f) is 

approximately 2  103. Virtual mass force and 
pressure gradient force are of the order of 

(f/p), as concluded by other investigators; 

hence these forces are neglected in the present 
study. In these simulations particle-particle 
interactions is also neglected. The solid phase 
is treated by the Lagrangian approach, a few 
thousands of computational  particles 'parcels'  
were traced through the flow field in each 
coupling iteration. After each time step the 
new position of the parcels and the new 
translational and angular velocities are 
calculated from the equations of motion as in 
[11, 21-22] through, 

p
p

U
dt

Xd 
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where, pX


is the particle position vector, 

pUU


, are the gas and particle velocity vectors, 

p


is the particle angular velocity vector, T is 

the torque acting on a rotating particle due to 

the viscous interaction with the fluid flow, Ip is 

moment of inertia and mp is the particle mass, 

LMSLD FFF


,, and FG are the components of the 

force arising from drag, shear lift Magnus lift 
due to particle rotation and gravity respec-
tively and calculated as depicted in [11, 22-23] 
respectively as follows, 
 
The drag force is calculated from: 
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The relationship between the drag coefficient; 

CD, and Reynolds number; ReP, can be 

expressed using the empirical formulas as in 
[17, 23]; 
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where, Rep = Dp /pUU


  is the particle 

Reynolds number. 
The shear lift force due to the non-uniform 
relative velocity over the particle is expressed 
as reported in refs. [11, 23] as, 
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 5.0Re.615.1
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where, )(5.0 Uf


  is the fluid rotation, Res 

=   /2
fpD


 is the particle Reynolds number 

of the shear flow and the coefficient CSL is 

given as in [23] by, 
 

CSL = (1-0.3314 0.5)e-Rep/10 + 0.3314  0.5  

   Rep ≤ 400  

      = 0.0524 ( Rep)0.5    Rep >  400. 

                (11) 
 

where  is the correction function proposed by 
[23] and is defined by the ratio between 

seR and Rep as, 
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The Magnus lift due to particle rotation is 
expressed as in [11, 24] by, 
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Magnus lift coefficient may be expressed as in 
[22] by, 
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Finally the gravitational force is, 
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2.3. Inlet and boundary conditions 
 

The   above   differential   equations, eqs. 
(1 and 8-10) are coupled with the definitions 
and complementary equations to compute the 
gas and particle velocities and particle 
trajectories under the initial and boundary 
conditions for gas and particulate phases. 
 

2.4. Initial and boundary conditions 
 

At the inlet, the streamwise velocity profile 
for gas phase (air) is assumed fully developed 
turbulent velocity profile in a straight channel 
connected upstream the sudden expansion, 
where the transverse velocity is assumed to be 
zero. The inlet particle velocity is taken 
approximately equal gas inlet velocity. At 
outlet, the gradient of flow variables in the 
flow direction; 0/  xΦ (Neumann condi-

tions), and the transverse velocity v which is 
set to zero. At the solid wall boundaries, 

however, u = v = 0.0, no-slip conditions. 

Because the k and ε equations are not 
solved at the grid point adjacent to the wall, a 
modeling scheme is required to simulate the 

variation of eddy viscosity, μt. For this purpose 

the mixing length approach is adopted where 
the eddy viscosity is modeled as a function of 
mixing length as in ref. [25] by,  
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where, m is the mixing length and is calcu-

lated for smooth walls, from Van Dsiert`s 
equation, [25] as, 
 

m  = Kyp (1- exp (-y+ / A)).        (17) 

 

Where, A is constant and takes the value of 26 

for smooth walls in the equilibrium near wall 

layer. Also to improve the accuracy of k-ε the 

second-order finite difference formula is used 
to evaluate the velocity gradient at the wall as, 
[26]. 
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Where, yw is the thickness of the cell adjacent 

to the wall, uw = 0.0 for stationary wall and no 

slip condition, u1 and u2 are the velocities at 

the next two grid points respectively. 
 

2.5. Particle wall interaction  
 
As reported in ref. [27] the model of 

particle wall adhesion is based on energy 
balance around the particle wall collision, 
additionally, in the present study electrostatic 
part was neglected, so the involved energy 
balance becomes, 

 

12.1. EEEE
inkvdWink  .        (19) 

 

Where  2.1. ,
inkink EE   is the kinetic energy 

before and after the wall collision, (EvdW) is the 

energy ratio describing the adhesion with Van 

der Waals and (E1) is the energy loss of a 

particle due to wall collision which is defined 
as, 
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1.1 1 eEE

ink  .           (20) 

 
The prerequisite of adhesion is that the 
particle is not able to leave the wall after the 

wall collision, i.e.,  0.02. 
inkE . Inserting this 

condition with eq. (20) in eq. (19) yields a 
critical particle velocity. 
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w
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2.


 .        (21) 

 
The critical velocity depends on the 

Liffschitz-van    der      Waals     constant,    

(4×10-19), as reported in [27], the material of 
the pipe wall and the particle, the particle 

diameter Dp, the distance at contact zo(4×10-10), 

the strength of the pipe wall H(250×106 N/m2). 
The condition of rebound is achieved if the 

particle velocity before collision, wp1 greater 

than the critical particle velocity, wp,cr. The 

solution of the momentum equations with 
Coulombs law of friction yields a set of 
equations for non-sliding and sliding collision 
process [24, 29]. This model was used and 
verified by [28]. The non-sliding collision takes 
place when the following condition is valid,  
 

1011 )1(
2

7

2
pp

p
p ve

D
u  


 .       (22) 

 
Here, the subscript 1 refers to the particle 

velocity components before collision, μo is the 

static coefficient of friction. Furthermore the 
velocity components before impact and after 
rebound are calculated for a collision  without 
sliding as follows, 
 

)5(
7

1
112 pppp Duu 


 .         (23) 

 

Vp2 = - e vp1.            (24) 

 

p

p
p

D

u 2
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While, for the so-called sliding collision the 
change of translational and rotational 
velocities are calculated as, 

Up2 = up1 - d (1+ e) o vp1.        (26) 

 

Vp2 = - evp1 .            (27) 

 

p

p
dpp

D

V
e

1

012 )1(0.5   .       (28) 

In these equations, μd is the dynamic friction 

coefficient, and εo determine the direction of 

the motion of the particle surface with respect 
to the wall which is given as in [24, 29] by, 
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D
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The values of coefficient of restitution, e static 

and dynamic coefficients of friction, μo and μd 

are taken as 0.9, 0.4 and 0.15 respectively as 
in [29] for all calculations. 
 

2.6. Numerical procedure and convergence 
 

The resulting system of equations has 
been solved used a finite differencing 
descretisation scheme based on a staggered 
grid arrangement shown in fig. 2. Pressure-
velocity coupling was realised by SIMPLE 
algorithm [26, 30]. The solution procedure for 
the fluid and particulate phase is as follow: 
1. A converged solution of gas phase is 
calculated without source term of the 
dispersed phase and with gas void fraction, α 
of unity. Conversion solution is accepted at 
normalized residuals less than 0.002. 
2. By numerically integrating the translational 
and rotational equation of motion for each 

parcel in a small time step Δt which is firstly 

assumed  by (0.33.DP/up) using fourth order 

Runge-Kutta method, a large number of  
discrete parcels are traced through the flow 
field. The time step is selected to achieve 
trajectory independent for each run case. 

3. The void fraction for dispersed phase, β  

and for gas phase,  are calculated using 
trajectory method as [31], 
 

 

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pkk

V
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Here, nk is the number of actual particles in 

the computational particle 'parcel', k ,VP is the 

volume of the particle, Vc is the volume of 

computational  cell and 
traj

means summing 

over all trajectory passing through the 
computational cell. The source term of 
dispersed phase in the gas momentum 
equation is calculated as in [22] by, 
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where, n is the number of trajectories passing 

through the computational cell. 
4. The gas flow field is recalculated taking into 
account the source term and void fractions 
resulting in step 3 
5. Repeat step 2 through 4 until the maximum 
error in the streamwise gas velocity between 
two successive coupled iteration is less than 
0.0001 of the inlet mean velocity. Convergence 
history of mean streamwise flow velocity 
(normalized error) for the case of comparison 
is shown in fig. 3. 
 

2.7. Model validation 

 
A test for the present model is carried out 

for a typical case of sudden-expansion particle 
laden flow, which has a recirculating region 
and widely found in engineering. So the 
models has been tested and validated against 
the numerical results of [14] and experimental 
results of Summerfeld [32]. The test case is 
carried out with the geometry of the circular 
test section and flow parameters similar to 
those in [14, 32] and summarized in table-3. 
The comparison illustrated in fig. 3, shows a 
good agreement for both axial mean velocity 
and turbulent kinetic energy profiles. The 
difference between the published data and 
some data of the present predictions may be a 
result of two factors. One due to the ability  of 

the k-ε model for liquid phase in sudden 

expansion flow. The other is a result of the 
assumed inlet conditions, as no experimental 
data available. 

 

 

 

 

 

 

 

 

 

 
 

 

 

Fig. 2. Convergence history of streamwise flow velocity, 

(normalized error). 

 

 

 

 

 

 

 

 

a- streamwise velocity 

Gas Particle

Exp. data,  [32 ]

Present predictions

 

 

 

 

 

 

 

 

 

 

 

 
b- kinetic energy 

Present predictions Exp. data, [32]Num. data, [14 ]  

Fig. 3. Comparison between present results and the 

previously published data of [14, 32]. 
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   Table 3 

Flow parameters of comparison test case 

 

Property Liquid-phase Particle-phase 

Density,  830 kg/m3 2500 kg/m3 

Kinetic viscosity 5.205 cS - 

Inlet velocity 6.021 m/s 6.021 m/s 

Mass flux, 2.29 kg/s 0.213 kg/s 

 
4. Results and discussion 
 

A two-phase gas-solid flow through a two-
dimensional sudden expansion of a channel 
has length of 1 m is used for all calculations. 
The flow characteristics through the channel 
are studied for different height ratio (HR), inlet 

height (Hi), particle diameters (Dp), mean air 

inlet velocity (Uo), and mass loading ratio. In 

addition the effect of these parameters on 
particles trajectories are presented. All the 
particles have been introduced in the flow with 
approximately the same fluid bulk velocity. 
The particulate phase consists of spherical 
particles with diameter varied from 20 to 400 

m, with a density of 2600 kg/m3, and the 
mass loading ratio for the mixture was varied 
from 0.1 to 1.5 which was assumed to be 
uniformly distributed. About 10000 particles 
per parcel are introduced. 
 

4.1. Velocity profiles  
 

The velocity profiles for gas and solid 
phases of a two-phase flow through a 
horizontal channel with sudden-expansion are 
investigated for different inlet flow velocity 
ranged from 1 to15 m/s, channel height ratio 
HR, was ranged from 1.25 to 1.75 at constant 
inlet height 0.0125 m. The channel inlet 
height, Hi was varied from 0.00625 to 0.025 m 
at constant height ratio of 2. The velocity 

profiles of gas and solid (u , v) respectively for 

different inlet flow velocity, are shown in figs. 
4 and 5. The streamwise gas velocity profiles 
show the presence of recirculation flow 
regimes where, the streamwise velocity drops 
from positive value at the center to negative 
value near the wall. Generally the streamwise  

 
 
 
 

 

 

 

 

 

 

 

 

 

 
 
 

a- Uo = 5 m/s. 
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c – Uo = 15 m/s 

Gas Particle

x/L = 0.136 x/L = 0.332 x/L = 0.868 
 

 (Dp = 400 m , mR = 0.1, HR = 2). 

 

Fig. 4. Effect of inlet gas velocity on streamwise 

velocity profiles for gas and particulate phases. 
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a- Uo = 5 m/s 

 
b- Uo = 10 m/s 

 
d-  = 15 m/s 

Gas Particle

x/L = 0.136 x/L = 0.332 x/L = 0.868 
 

(Dp = 400 m , mR = 0.1, HR = 2) 

 
Fig. 5. Effect of inlet gas velocity on transverse velocity 

profiles for  gas and particulate phases. 
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(Uo=5 m/s, Dp= 400 m, mR= 0.1, Hi = 0.0125) 
 

Fig. 6. Effect of height ratio on sreamwise velocity profiles 

for gas and particulate phases at constant inlet height. 
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u, up 

 

a- Hi = 0.00625 m 

 

 
u, up 

 

b- Hi = 0.0125 m 

 

 
 
u, up 

 

c- Hi = 0.025 m 

 
Gas Particle

x/L = 0.136 x/L = 0.332 x/L = 0.868 
 

Fig. 7. Effect of inlet height on streamwise velocity 

profiles for gas and particulate phases at constant 

height ratio. 

 

gas velocity profile through the channel in x-
direction becomes more uniform as the duct 
length increases. Whilst the velocity compo-

nent (v), in the y-direction decreases with 

increasing the channel length and approaches 
to become zero.  

Figs. 6-7 show the effects of height ratio 
and inlet height on gas and particle 
streamwise velocities. Predicted streamwise 
velocity profiles for both gas phase and 
particle phase for channel with sudden 
expansion have three different height ratio of 
(Ho/Hi = 1.25, 1.50 and 1.75) is shown in fig. 
6. The figure illustrates that, the particle 
velocity first lags behind the gas phase velocity 
and then exceeds it. In the reverse flow region 
a higher velocity slip between two phases is 
obtained as the height ratio of the channel 
increases. Fig. 7 shows the predicted velocity 
profiles for both gas phase and particle phase 
for channel with sudden expansion with 
constant height ratio of 2 but have three 

different values of inlet height (Hi = 0.00625, 

0.0125 and 0.025 m) respectively. The figures 
indicate that, in the reverse flow region slip 
velocity close to the wall appear to be increase 
between two phases as the inlet height of the 
channel decreases. This can be attributed to a 
relative of increase of the number of particle 
wall collisions.  

The effect of particle diameter on the 
particle velocity profiles is presented in fig. 8-a 
and b. The figure indicates that the heavy 
particles have greater values of both stream-
wise and transverse velocities. While fig. 8-c 
shows the effect of particle diameter on the 
variations of the turbulent kinetic energy of 
gas phase along the channel axis. The figure 
indicates that there are two maximum values 
of turbulent kinetic energy in the upstream, 
further progress along the channel axis the 
maximum value moves to the axis in the down 
stream.  

 

4.2. Particle trajectory  
 
Figs. 9-13 show the effects of loading ratio, 

inlet flow velocity, particle diameter, height 
ratio and inlet height on particle trajectories. 
fig. 9 shows the particles trajectories for 
different mass loading ratio. The figure reveals 
that the solid particles  are  more  dispersed  
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Fig. 8. Effect of particle diameter on particle velocity 

profiles and turbulent kinetic energy. 

 

 
 

a- mR = 0.5 

 

 
 

b- mR = 1.0 

 

 

 
c- mR = 1.5 

 

 (Uo= 5 m/s , Dp = 400 m, HR =2) 
 

 
Fig. 9. Effect of mass loading ratio, mR on particle 

trajectory. 
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a- Uo = 1 m/ s 

 

 
b- Uo = 5 m/ s 

 

 
 

c- Uo = 10 m/ s 

 

 
 

 

d- Uo = 15 m/ s 

 

(Dp = 400 m , mR = 0.1, HR = 2) 

 
Fig. 10.  Effect of inlet gas velocity  

on particles trajectories. 
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Fig. 11. Effect of particle diameter on 

 particles trajectories. 
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with increasing mass loading ratio. From 
velocity profiles previously shown in figs. 4-7 it 
can be seen that, although all particles 
entered under the same conditions, during 
their traveling they acquired different 
velocities and dispersed in the flow and the 
particles don’t follow the fluid. If a particle 

moves faster than the fluid by pslip uuu  , 

the time of interaction with the large eddies 
 

 
a- Ho/Hi = 1.25 

 

 
 

b- Ho/Hi = 1.5 

 
 

c- Ho/Hi = 1.75 

 
 (Uo=5 m/s, Dp= 400 m, mR=0.1, Hi =0.0125) 

 
Fig. 12. Effect of height ratio on particle trajectories. 

 

 
 

a- Hi = 0.00625 m 
 

 
b- Hi = 0.0125 m 

 

 
c- Hi = 0.025 m 

 
(Uo= 5 m/s, Dp = 400 m, mR = 0.1, HR = 2) 

 
Fig. 13. Effect of inlet height on particle trajectories. 

 

and particle dispersion are reduced. It can be 
anticipated that for the particles to enter the 
recirculation zone as shown in fig. 10 by 
crossing the shear layer, the Stockes number, 

St= )/( Fv   for the shear layer and for the 

recirculation zone should be less than unity 
then the particles are expected to respond to 
fluid. It is also clear from fig. 10 that the 
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initial momentum affects the particle 
trajectory.  

Changes in particles trajectory and particle 
velocity profiles through the tested duct at 

different values of particle diameter Dp, height 

ratio and inlet height, at constant mean inlet 
gas velocity are illustrated in figs. 11-13. From 
these figures generally it can be noticed that, 
the required duct length for the solid particles 

to collision with bottom duct surface, xc, 

decreases with decreasing the initial particle 

location(xo, yo). Fig. 11 declares that increasing 

the particle mean diameter, decreases the 
required duct length to ensure adequate 
particles collision. Also fig. 11 shows that at 
constant initial momentum the recirculation 
zone affects small particles, more than the 
heavy particles and the dispersion for heavy 
particles is higher than for small particles. The 
particles located near the wall move very 
slowly but due to the initial momentum, heavy 
particles accelerate where as the small 
particles start spinning and move very slowly 
in the positive direction. Particles can enter 
the recirculation zone, due to their history, 
with higher local mean velocities than the 
carrier gas depending on the size of the energy 
carrying eddy that drives the particle into the 
recirculation zone. In particular, close to the 
channel wall the carrier gas velocity is 
relatively small thus transferring momentum 
to the carrier gas is obtained. It is also noticed 
that, by decreasing particles diameter (small 
particles) the wall effect on the particle 
trajectory diminishes. For small particles it is 
also seen that the particles suspended with 
gas stream near the wall while in the core 
region the particles flow in approximately 
straight line. This may be due to that the 
viscous effect which exceeds the gravity effect.  

 
5. Conclusions 
 

The main conclusions drawn from this 
study are: 
- The present model can estimate the particle 
trajectory, particle velocity as well taking into 
account the mutual effects of solid-phase on 
gas-phase. 
- The flow velocity, location of particle in the 
channel and its size play an important role in 
the particle trajectory. 

- The particles collision on the bottom surface 
of a two-dimensional straight channel occurs 
faster for lower initial particle location in the 
y-direction, large particles and slower flow 
velocities. 
- The trajectories are influenced by the size of 
the particles, mass loading ratio and the 
locations of particles. 
- The dispersion of heavy particles is higher 
than that for small particles. 
 
Nomenclature 
 

F  is the force, N 

G  is the gravity acceleration, m.s-2 

Hi     is the duct inlet height, m 

Ho     is the duct outlet height, m 

HR      is the height ratio (H o / H i) 

L         is the channel length, m 

e         is the restitution coefficient 

gm   is the mass rate of gas phase, kg.s-1 

pm   is the mass rate of particulate phase,  

kg.s-1 

m R  is the mass loading ratio, ( pm  / gm  ) 

P  is the pressure, N.m-2 

t  is the time, sec 

u, v is the streamwise and transverse  

velocity components of the gas phase,
 m.s-1 

up1, vp1 is the streamwise and transverse  

particle velocities before collision, m.s-1 

up2, vp2 is the streamwise and transverse  

particle  velocities after rebound, m.s-1 

Uo  is the mean-bulk longitudinal velocity,  

m.s-1 

y  is the normal coordinate measured  

from the upper wall,  m, and  

x  is the axial coordinates along the axis  

of the duct, m. 
 
Geek symbols 
 
  is the gas phase void fraction, 

β is the solid phase void fraction, 

Ф is the general dependent variable, 

ωp,i is the particle angular velocity before 

impact and after rebound, rad.s-1 

ωr is the relative angular velocity vector,  

rad.s-1 

 is the laminar viscosity; N.s.m-2 



M.H. Hamed / Gas-solid flow in 2-D sudden expansion 

450                                         Alexandria Engineering Journal, Vol. 45, No. 4, July 2006 

t is the turbulent viscosity; N.s.m-2 

 is the kinematic viscosity; m2.s-1 

 is the gas density; kg.m-3  

F is the time characteristic  of the flow field,  

s and, 

V is the velocity or momentum response  

time s. 
 
Subscripts 
 

C  collision 

D  drag    

f  fluid 

i  inlet section 

LM  Magnus lift 

o  outer section 

p  particle 

s  solid 

SL  shear lift 
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