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Gas-solid two-phase flows are numerically simulated in a 90o bends The numerical 

calculations are performed by Eulerian approach for the gas-phase taking into account the 

mutual effects of the solids on the gas, and Lagrangian approach for the dispersed-phase. 

Two particulate turbulence models have been studied to predict turbulent gas-solid flows in 

bends. The first one is based on the standard k- model, while the second model is RNG 

(Renormalization Group) based k- model. Comparisons are made with theoretical results 

and experimental data for the mean axial flow velocities of both phases and these 

comparisons show a good agreement. The present results help to understand the physical 

phenomena occurring in gas-solid flows in 90o bends. In addition the results also show that 

behaviour of gas-solid two-phase flows in bends is affected greatly by inlet gas velocity, 

particle diameter, curvature ratio and mass loading ratio. The present calculations also 

reveal that, the total pressure loss for gas-solid two-phase flow in 90o bend is greater than 

the corresponding value obtained for gas only and its value is greatly affected by the fluid 

and solid parameters.   

. تعتمة  ال راسةة الع  يةة O 09 تم محاكاة السريان الاضطرابى ثنائي الطور لغاز وجسيمات صلبة خلال قنوات أفقية منحنية بزاويةة 
 جعلى معا لات أويلر لسريان الغاز الاضطرابى وتأخذ فى الاعتبار تأثير الجسيمات الصلبة على الغاز بينما تسةتخ م معةا لات لجةران

بة. كما اعتم  النموذج المقترح على ربط معا لات البقاء للغاز والجسيمات مستخ ما نمةوذجين مختليةين الول لحركة الجسيمات الصل

المعتمة  علةى النمةوذج القياسةى لحسةاب اضةطراب  (RNG based k-( والثانى هو )k-منهما هو المو يل القياسى للاضطراب)
عتبار اصط ام الجسيمات الصلبة م  أسط  هذ  النابيب المنحنيةة وارتة ا ها. طاقة الحركة ومعا لة التشتت. كما يأخذ النموذج فى الا

وليحص  قة هذا النموذج المقترح و رجة الاعتما  علية  فقة  أجريةت مقارنةة بةين تنبةنات النمةوذجين المقتةرحين ونتةائج عمليةة سةابقة 
ج الثانى أفضل. كم أوضحت نتائج هذ  ال راسةة تةأثير كةل منشورة لآخرين. وق  أظهرت هذ  المقارنة توافقا جي ا وأن استخ ام النموذ

من سرعة الغاز الابت ائية ، مع ل تحميل الجسيمات ، نسبة التقوس ، وكذا قطر الجسيمات على كل من توزيعةات السةرعة المحوريةة 
سةار هةذ  الجسةيمات  اخةل هةذ  مل اليقة  فةى النابيةب المنحنيةة وكةذا علةى مالكل من الغاز والجسيمات الصلبة واليق  فى الضغط ومع

النابيب. كما أوضحت ال راسة أهمية النتائج التى تم الحصةول عليهةا لاسةتخ امها فةى فهةم سةلون كةل مةن الغةاز المضةطرب وحركةة 
 الجسيمات الصلبة خلال هذ  النابيب المنحنية. 
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1. Introduction 
 

Gas-solid two-phase flows are encountered 
in a wide range of industrial applications. 
Bends and elbows are commonly used in 
many of these applications such as, pneu-
matic conveyers; coal fired power plants, food 
processing, chemical industries, pneumatic 
dryers and moving of dusty gas in heat 
exchangers. When the gas-solid mixture flows 
through a bend the solid particles form a 
ropelike structure because of inertial effects. 
The particle rope, which carries most of the 
conveyed material within a small portion of 
the pipe cross-section, has low particle velocity 
and high concentration. Gas-solid flow struc-
ture through and after bends have been 

studied numerically and experimentally by 
many researchers [1-7]. Yilmaz and Levy [1] 

studied numerically, based on RNG k-ε model, 

the flow through bend but the effects of 
particle rotation, shear lift and Magnus lift 
due to particle rotation on the flow structure 
especially near the wall were not taken into 
account. Huber and Sommerfeld [2] investi-

gated numerically, using standard k-ε model, 

the flow in a bend (Rc/D = 2.54) only at a 
mass loading ratio of 0.3. Akilli et al. [3] 
investigated both experimentally and numeri-

cally, using standard k-ε model, the effects of 

flow parameters on the behavior of gas-solid 
flow in horizontal pipe after a 90o vertical-to-
horizontal elbow. Bilirgen and levy [4] investi-
gated both experimentally and numerically the 
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flow behaviour through bends using standard 
k-ε model and taking into account the drag 
force only. Kuan et al. [5] investigated 
numerically and experimentally the flow 
behavior in a rectangular horizontal-to-vertical 
bend at very low solids mass loading ratio. 
Kuan [6] continued his investigation [5] to 
study the effect of different size distributions 
of solids on the flow behaviour. Both [5, 6] 
neglected the effect of dispersed phase on the 
gas phase (mutual effects). Hidayat and 
Rasmuson [7] performed numerical investiga-
tion of gas-solid two-phase flow in a U-bend 
using Eulerian-Eulerian model. It is well 

known that the standard k-ε model failed to 

simulate the flow subjected to streamline 
curvature due to the anisotropic structure 
that formed by the bend. So the use of RNG 

based k-ε model will apparently cover this 

failer. It appears from the previous discussion 
that there is a little information exists on 

using RNG based k-ε model for the flow 

through the bend. Therefore, in the present 
work the effect of flow parameters on the flow 
behavior in a horizontal 90o bend are studied 
numerically using the two aforementioned 
turbulence models to simulate the gas-solid 
two-phase flow in bends taking into account 
the effect of particle rotation, shear lift and 
Magnus lift due to particle rotation on the flow 
structure. 
 
2. Mathematical modelling 
 

The numerical calculations is performed 
using Eulerian approach for gas-phase, taking 
into account the mutual effects of the solids 
on the air, and Lagrangian approach for 
dispersed-phase, considering that all the 
particles have been introduced in the flow with 
approximately the same bulk velocity of the 
fluid. The particulate phase consists of 
spherical particles. 
 

2.1. Fluid flow modelling 
 

The gas flow calculations are based on the 
time averaged Navier-Stokes equations in 
connection with two turbulent models namely 

standard model and RNG based k-ε model. 

Following refs. [8-10] the general form of ellip-

tic differential equations governing two-dimen-
sional, turbulent, steady, incompressible, 
isothermal, two-phase flow through 90o bend 
shown in fig. 1 is given by, 
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where,  j = 1 , y = r  for curved duct, while for 

straight ducts j = 0 ,  θ = x. and the SФ and Sp
  

are source terms of gas and dispersed phases 
respectively, while the effective viscosity, and 

exchange coefficient, Ф are summarized in 

table 1 for the dependent variable Ф. 

Constants of the two used models are taken as 
in table 2. 

The effective and eddy viscosities are taken 

and calculated for standard k- ε (model-1) and 

RNG based k- ε (model-2) as in refs. [8, 10], 

respectively as,  
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The Prandtl number, σk and σε are calculated 

as follows, 
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where, λ is an inverse Prandtl number with  

λo=1.  
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Table 1 

Governing  equations of gas phase 
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ef f  v Radial momentum 

Spk  (G-ρε) 
k

ef f




 k 

Turbulent kinetic 

energy 

Spε 
k


 (C1 G – C2  - R) 



ef f  ε Energy dissipation  

 
Table 2 

Constants values of the two used models 

 

Model Cμ σk σε Spk Spε   ηo R 

Standard 

 k-ε model 
0.09 1.0 1.3 0.0 0.0 - - - 

RNG based  

k-ε model 
0.0845 eq.(4) eq.(4) eq.(6) eq.(7) 0.015 4.38 eq. (8) 

 
 
The turbulent kinetic energy generation term 

G is evaluated from, 
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   (5) 

The effect of particulate phase on the 
turbulent structure can be neglected in 

standard k-ε model for equilibrium gas-solid 

flow of high density ratio [8]. While in RNG 

based k-ε model particulate phase affect the 

turbulent structure and it can be written as 

reported in [10] for k and ε equations, respec-

tively, as follow, 
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Where Bk, B are constants and taken as 0.09 

and 0.4 respectively as in [10]. While 

 /1 k and p is the particle relaxation time. 

The rate of strain R in the ε equation of RNG 

based k- ε model is expressed as given in [10] 

by, 
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2.2. Particle phase modelling 
 

The solid phase is treated by the Lagran-
gian approach, a few thousands of computa-
tional  particles 'parcels' were traced through 
the flowfield in each coupling iteration. After 
each given time step the new position of the 
parcels and the new translation and angular 
velocities are calculated from the equations of 
motion as in [2, 8] through, 
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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 the particle, Ip is moment 

of inertia and mp is the particle mass, 

LMSLD FFF


   and   , are the components of the 

force arising from drag, shear lift and Magnus 
lift due to particle rotation, respectively and 
calculated as depicted in [8, 11] as follows, 
The drag force is calculated from: 
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The shear lift force due to the non-uniform 
relative velocity over the particle is expressed 
as reported in refs. [11] as, 

   ,  Re.615.1 5.0
fpSLspSL UUCDF 




   (15) 

 

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 [11] by, 
 

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

peR  ≤ 400  

 

      = 0.0524 (
peR ) 0.5   peR >  400,        (16) 

 

where  is the correction function proposed by 

[23] and is defined by the ratio between 
s

Re  

and pRe as, 
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The Magnus lift due to particle rotation is 
expressed as in [8] by, 
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where the quantities pr UUV


  and 

pfr 


   are the instantaneous relative 

linear and angular velocities between local 
fluid and the particle, respectively. The 
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Magnus lift coefficient may be expressed as in 
[8] by, 
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2.3. Inlet and boundary conditions 

 
At the inlet, the axial velocity profile for 

gas phase is assumed fully developed 
turbulent velocity profile, where the radial 
velocity is assumed to be zero. At outlet, the 
gradient of flow variables in the flow direction; 

0 x Φ/ (Neumann conditions), and the 

radial velocity v which is set to zero. At the 

solid wall boundaries, however, u = v = 0.0, 

no-slip conditions.  
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Because the k and ε equations are not solved 

at the grid point adjacent to the wall, a 
modelling 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 modelled as a function of 
mixing length as in ref. [13].  
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where m is the mixing length. For smooth 

walls lm is calculated from Van Dsiert`s 

equation, [13] as, 
 

m  = Kyp (1- exp (-y+ / A)),        (22) 

 

where, A is constant which assumes a value of 

26 for smooth walls in the equilibrium near 

wall layer. Also to improve the accuracy of 

RNG based k-ε the second-order finite 

difference formula is used to evaluate the 
velocity gradient at the wall. This can be 
written as, in [14] as, 
 

)(
3

98 221
w

w

w

w

yO
y

uuu

y

u


















,      (23) 

 

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. 
 

2.4. Particle wall interaction  
 

The condition of rebound is achieved if the 
particle velocity before collision, wp1 is greater 

than the critical particle velocity, wp,cr as in 

ref. [15]. The solution of the momentum 
equations with Coulombs law of friction yields 
a set of equations for sliding and non-sliding 
collision process [16,17]. The condition for 
non-sliding collision is obtained in the form,  
 

1011 )1(
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7

2
pp

p
p ve

D
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Here, the subscript 1 refers to the particle 

velocity components before impact, μo is the 

static coefficient of friction. The values of 
restitution and friction coefficients are taken 
as 0.9 and 0.4, respectively as in ref. [18] for 
all calculations. 

 

2.5. Solution procedure and convergence 

 
The solution procedure of finite volume 

descretisation scheme, is solved over the grid 
cells shown in fig. 1. Pressure-velocity 
coupling was realised by SIMPLE algorithm 
[19]. The solution procedure for the fluid and 
particulate phase is as follows: 
1- A converged solution of gas phase is 
calculated without source term of the 

dispersed phase and with gas void fraction,  
of unity. Convergence solution is accepted at 
normalized residuals less than 0.002.  
2- By numerically integrating the translational 
and rotational equation of motion for each 
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parcel in a small time step Δt using fourth 

order Runge-Kutta, a large number of  discrete 
parcels are traced through the flowfield. 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 [20], 
 

 


 1    ,

traj c

pkk

V
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.            (24)     

 
Here, nk is the number of actual particles in 

the computational particle (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 [8] 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 axial gas velocity between two 
successive coupled iteration is less than 
0.0001 of the inlet mean velocity. 

 

 

                                                

   

 

 

 
 

 

 

 

 

 

 

 

Fig. 1. Duct geometry and computational cell. 

2.6. Model verifications 
 

To validate the models used in this study 
to simulate the flow in a horizontal to 
horizontal bend, the models have been tested 
against the results from different sources [5, 6 
and 20]. These are presented in figs. 2-3 under 
the same conditions for gas and solids 
through the tested duct. It is evident from the 
figures that there is a reasonable agreement 
between the present predictions (model-1) and 
previous data. While in the case of the other 
one (model-2) a good agreement is obtained.  

 
3. Results and discussions 
 

3.1. Velocity distributions 
 

Figs. 4-7 show the effect of inlet flow 

velocity Uo, particle diameter (Dp), curvature 

ratio () and mass loading ratio (Mr) on the 

normalized axial velocity profiles for gas and 
particulate phases. From these figures it is 
easy to conclude generally that, as the flow 
approaches the bend the maximum value of 
axial air velocity is shifted towards the inner 
wall as a result of the favourable pressure 
gradient and also a deceleration of the flow 
near the outer wall due to the unfavourable 
pressure gradient. As the flow progresses 

further into the bend ( = 0, 30o) the gas and 
particulate phases axial velocities increase at 
the inner duct wall as the particle diameter 
decreases, and curvature ratio increases. 
Towards the outer wall of the upstream pipe 

and bend (x/D = -1,  = 0, 30 and 60o) the 
results indicate that the particles have higher 
velocities (negative slip) than the air velocity. 
This is can be explained as, the motion of the 
larger particles is dominated by their inertia 
and hence they deviate considerably from the 
gas streamlines within the curved duct. The 
length of the negative slip velocity region 
decreases as the flow progresses into the 
bend. While the solid velocity profiles are 
found to be considerably flat and is only 
presented in the central bulk of the flow that 
correspond to the particle positions after they 
have rebounded from the outer wall of the 
duct. Also it is seen that there is a large 
interphase slip velocity between the gas and 
particulate phases particularly as the inlet gas 
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velocity, and particle diameter increase and 
curvature ratio decreases. This effect is 
presented for all the stations tested in the 
present study. This can be attributed to the 
flatter distribution of axial velocity profiles 
that appear in the large particle results. In the 
case of higher values of curvature   ratio   and   
particle diameter, a sudden increase in 
normalized axial particle velocity is seen near  

the outer wall of the bend. This is may be due 
to the effect of particles impingement with the 
bend wall which changes their direction 
through the bend. Fig. 7 shows that mass 
loading ratio has an effect on the gas phase 
through the bend. Further downstream the 
bend the mass loading ratio has an opposite 
effect on the gas and particulate phase as a 
result of the increase of number of particles in 
the flow. 
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Fig. 2. Comparisons between predicted normalized axial velocity for both phases with LDV measured  

published data of ref. [20]. 
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Data of Ref.[5,6],            RNG model,          Standard model
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Fig. 3.Comparison between predicted normalized axial gas velocity and published experimental data of refs. [5, 6].  
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Fig. 4. Effect of inlet flow velocity on the normalized axial velocity for both phases at 

(Mr = 0.5, δ= 0.33, Dp = 100 m) 
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Fig. 5. Effect of particle diameter on the normalized axial velocity for both phases. 

(Uo= 10 m/sec, δ = 0.33, Mr = 0.5).  
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Fig. 6. Effect of curvature ratio on the normalized axial velocity for both phases. 

(Uo= 10 m/sec, Dp=100 m, Mr= 0.5). 

 



K.A. Ibrahim et al. / Gas-solid two-phase flow 

 

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

 
 

Loading ratio, Mr                           0.2             0.5              1.0

Gas

Solid  
 

Fig. 7. Effect of loading ratio on the normalized axial velocity for both phases. 

(Uo= 10 m/sec, δ= 0.33, Dp = 100 m). 
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3.2. Pressure distributions and bend losses 
 

Figs. 8-9 show the effect of inlet flow 

velocity Uo, particle diameter (Dp), curvature 

ratio () and mass loading ratio (Mr) on the 

wall pressure distributions, total pressure loss 
in the bend and bend loss coefficient. The 
variations of pressure distributions on the 
inner and outer wall of the upstream straight 
duct, bend and downstream the bend are 
shown in fig. 8. The total pressure loss and 
accompanied bend loss coefficient are shown 
in fig. 9. The present results are qualitatively 
similar to that of [23] and the present 
calculations revealed that total pressure loss 

Pb, for gas-solid two-phase flow in 90o bend is 
greater than the corresponding quantity 

obtained for gas only (Mr = 0.0). Also the 

figures indicate that the flow parameters and 
solid conditions greatly affect the total 
pressure loss. This may be due to that the 
total pressure loss is considered as the sum of 
two quantities namely, the pressure loss due 
to the gas alone and the other is caused by the 
solids. The first one is a function of curvature 
ratio of the bend and Reynolds number, while 
the second is a function of curvature, solid 
properties and loading ratio. The models have 
been tested against the results of other 
investigators as shown in fig. 10. It is evident 
from this figure that there is a reasonable 
agreement between the present predictions of 
static pressure distributions on the wall and 
the experimental results of Kim and Patel [23].   
 

3.3. Particles trajectories 
 

It can be seen from figs. 11-13 that very 
few particles are found in the region near the 
inner wall of the bend. It can be concluded 
that particle-wall interaction is a main 
controlling factor for the outer wall region of 
the flow. The behaviour of the present results 
is also in qualitative agreement with the 
observation of [22]. In addition the results 
show that only the outer wall is impacted by 
the particles. From these figures It is also 
concluded that the particle concentration is 
further increased near the outer wall and 
decreased near the inner wall with the 
increase of Dp. Further progresses of the flow 

into the bend, a particle free region starts to 
be identified close to the inner wall. The 
thickness of this particle free region gradually 
increases until the bend exit 
 
4. Conclusions 
 

Two particulate turbulence models have 
been studied to predict the behaviour of 
turbulent gas-solid flows in bends taking into 
account the particle wall interaction. The 
effect of varying the particle diameter, 
curvature ratio and mass loading ratio on the 
flow parameters were demonstrated. The 
second model (RNG) illustrated a good agree-
ment with the experimental data and the 
numerical results published previously. The 
particle trajectories were found to be useful 
tools for explaining the behaviour of gas-solid 
flow through bends. The present results help 
to understand the physical phenomena 
occurring in gas-solid flows in a 90 o bends. It 
is concluded that, the total pressure loss for 
gas-solid two-phase flow in 90o bend is greatly 
affected by the gas flow and solid parameters.   
 
Nomenclature   
 

D   is the diameter of bend, m 

Dp  is the particle diameter, μm 

e     is the restitution coefficient, 

Mr   is the Mass loading ratio, ( gp mm  / ) 

P  is the pressure, N/m2 

RC  is the mean bend radius of curvature,  

m 

t  is the Time, sec 

u, v  is the mean axial and radial velocities,  

m/s 

pUU ,  is the normalizing mean axial gas and  

particle velocities 

up1, vp1 is the mean axial and radial particle  

velocities before impact, m/s 

up2, vp2 is the mean axial and radial particle  

velocities after rebound, m/s 

Uo  is the mean-bulk longitudinal velocity,  

m/s 

y  is the normal coordinate measured  

from the inner wall,  m, and 

x  is the axial coordinates along the  

straight ducts. 
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d. Effect of inlet gas velocity 
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Fig. 8. Wall pressure distribution along upstream duct, 

90 o bend and downstream duct. 
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Fig. 9. Bend pressure drop, Δpb in pa and bend loss 

coefficient, kb. 
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Fig.11. Effect of inlet velocity on the particles trajectories, ( δ= 0.33, Dp= 100 μm). 

 

 

 
Fig. 12. Effect of curvature ratio on the particles trajectories, (Uo=10m/sec, Dp=100μm). 

 
 

 

 
 

Fig. 13. Effect of particle diameter on the particles trajectories, (Uo=10 m/sec , δ= 0.33). 
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Greek symbols 
 

 is the gas phase void fraction, 

 is the solid phase void fraction, 

 is the curvature ratio (D/2.Rc), 

Ф is the general dependent variable, 

μ is the viscosity, N.s/m2 

θ is the axial coordinate along the bend,  

degree 

ρ is the density, Kg/m3 

ωp,i is the particle angular velocity before  

impact and after rebound,  x rad/s  

ωr is the Relative angular velocity vector,  

rad/s. 
Subscripts 
 

b bend 

p Particle 
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