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ABSTRACT

In this paper, a two-way coupling Eulerian-
Lagrangian approach is presented for the simulation of gas-
solid two-phase flow in 180° curved duct. In the present
study, Reynolds averaged Navier-Stokes equations (RANS)
and two turbulence models namely; standard k-¢ model and
RNG (Renormalization Group) based k-¢ model are
adopted. The effects of particle rotation and lift forces are
included in the particle tracking model while the effect of
inter-particle collisions is neglected. The present
predictions are compared with published experimental data
for single-phase flow and published particles trajectories.
The comparisons show that the RNG based k-¢ model
predicts the flow behaviour better than the standard k-¢
model. Furthermore, the particles trajectories are compared
very well with published data. The effects of inlet gas
velocity, bend geometry, loading ratio and solid properties
on the flow behaviour are also discussed. The results show
that the flow behaviour is greatly affected by the above
parameters.

Keywords:  Gas-solid, U-bend, Pneumatic conveying,
Numerical simulation

INTRODUCTION

Bends are a common element in any piping system
of gas-solid flow applications such as pneumatic conveyers,
pneumatic dryers, chemical industries and food processing.
The gas-solid flow in bends is affected by complex
parameters, such as centrifugal forces, formation and
dispersion of ropes, secondary flows and erosion of bend
outer walls. The gas-solid flow in 90° bend has been studied
by many researchers. Levy and Mason [1] and Huber and
Sommerfeld [2] studied the effect of the bend on the cross-
sectional particle concentration and segregation of solid
particles from the carrier gas. Ibrahim et al. [3] studied the
characteristics of gas-solid flow in a horizontal-to-
horizontal 90° bend and they continued their work [4] to
investigate the effect of bend orientation and flow direction
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on the behavior of gas-solid flow through bends. The
roping phenomena was investigated experimentally in
vertical-to-horizontal 90° bend by McCluskey et al [5] and
Jakobsen et al. [6], while Yilmaz and Levy [7] studied this
phenomena in horizontal-to-vertical 90° bend. The effect of
90° bends on the system pressure drop was investigated by
Ratnayaka et al. [8] and McGlinechey et al. [9] for dense
phase pneumatic conveying and by Chaudhry et al. [10] for
lean phase pneumatic conveying. The U-bend is a basic
element of pneumatic dryers and heat exchangers. Hidayat
and Rasmuson [11-13] investigated numerically the gas-
solid flow in circular U-bend using Eulerian model for both
phases. The mass loading ratio used in the investigation
was varied from 0.001 to 0.01. Niu and Tsao [14] evaluated
the erosion due solid impact in a two-dimensional curved
channel. From the previous discussion it is clear that the
behavior of gas solid flow in U-bend needs to be
investigated to evaluate the effect of flow parameters on the
characteristics of such flows. Therefore, the aim of this
paper is to investigate numerically the flow of gas-solid
suspension in U-bend in order to evaluate the ability of
existing computational methods to simulate such flows.

NOMENCLATURE

D Diameter of bend, m

Dy Particle diameter, pm

e Restitution coefficient

Mr Mass loading ratio, (M, /Mg)

P Pressure, N/m?

Rc Mean bend radius of curvature, m

t Time, sec

u, v Mean axial and radial velocities, m/s

u, U, Normalized mean axial gas and particle
velocities

Upt, Vp1 Mean axial and radial particle velocities
before impact, m/s

Up2, Vp2 Mean axial and radial particle velocities after
rebound, m/s

U, Mean-bulk longitudinal velocity, m/sec
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y Normalized distance measured from the inner
X Axial coordinates along the straight ducts
Greek symbols

o Gas phase void fraction

B Solid phase void fraction

) Curvature ratio (D/2R.)

0 Axial coordinate along the bend, degree
) General dependent variable

U Viscosity, N.s/m?

P Density, kg/m®

®p Particle angular velocity, rad/s
Subscripts

1 before impact

2 after rebound

p Particle

GOVERNING EQUATIONS

The numerical calculations of particle-laden gas
flow in 180° bend are 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. In the present study 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.

Fluid Flow Modelling

The gas flow calculations are based on the
Reynolds averaged Navier-Stokes (RANS) equations in
connection with two turbulent models namely standard k-¢
model and RNG based k-g model. Following Refs. [15-16],
the elliptic differential equations governing two-
dimensional, turbulent, steady, incompressible and
isothermal flow through 180° bend shown in Fig. 1 are as
follow:

Continuity equation
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Momentum equation
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In the above equations, the parameter @ represents the
variables u;, k and €, while, ST is the source terms due to
the presence of dispersed phase. The constants of the two
turbulence models are given in table 1. The effective and
eddy viscosities are calculated for standard k- € (model-1)
and RNG based k- £ (model-2) as in reported Refs. [15 and
16], respectively as,

Standard k-¢, model

k2
Meg =HHH Iy =Cup? (6)
RNG based k-¢ model
2
Cp k
Hegt =u[1+ :l E] ;B =Hey —H )

The Prandtl number, o, and o, in the RNG bases k-& model

are calculated as follows,
0.3679
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where, A is an inverse Prandtl number with A,=1.
The rate of strain R in the ¢ equation of RNG
based k- € model is expressed as given in [16] by,
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Fig. 1 Schematic view of 180° curved duct and coordinate
system.

Particle Phase Modelling

The solid phase is treated by the Lagrangian
approach, a few thousands of computational 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 [15] through,

o, _ U (11)
dt P

o, . . .

Pt =k +FK, +F, (12)
I da, =T (13)
Pdt
T:ﬁyDﬁ{%VxU—@p} (14)
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where, X, is the particle position vector, U, U, are the
gas and particle velocity vectors, @, is the particle angular

velocity vector, T is the torque acting on the particle, Ip is
moment of inertia and, m, is the particle mass,

F,,F.and F,, are the components of the force arising

from drag, shear lift and Magnus lift due to particle
rotation, respectively, and calculated as follows,
The drag force is calculated from:

Co(U-0,) [0-0,] (15)

F =2

where Cp, is the drag coefficient and calculated as given by
[17].

The slip shear lift force is based on the analytical
result of Saffman [18] and extended for higher Reynolds
numbers according to Mei [19]:

F, =1615.D,uRe?® Cq [ (U-U,) x| (16)

where, @ =0.5(VxU) is the fluid rotation, while,

Re,=pD2|w,|/u is the particle Reynolds number of the
shear flow and the Cs; =Fq/F ssf represents the ratio of the
extended lift force to the Saffman force:

Cq = (1-0.3314y"°)e ™" +0.3314y°° Re, <40
0.5
= 0.0524(yRe,) Re, > 40

where vy is the correction function proposed by [19] and is
defined as,
Re
=— (18)
0.5Re,
The Magnus lift due to particle rotation is expressed as in
[15] by,
~ _. nD? H xV
Fim :lpvrz : Cim o =
270 4 o v
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Where the quantities V, =U-U, and &, =&, -, are the
local relative linear and angular velocities between fluid
and the particle, respectively. The Magnus lift coefficient
may be expressed as in [15] by,
_b,[a

Coy = |a Re, <1
" (20)
_Dy [ (0.178+0.822Re,"*?) 1< Re, <1000
g o e
Table (1) Constants values of the two used models.
Model Cu o Ce X Mo C, G
standard 09 149 13 - . 144 1.02
k-£ model
RNG based
ke model 0.0845 Eqn.(8) Eqgn.(8) 0.015 4.38 1.42 1.68

Effect of Particles on Gas Flow

The particles occupy the computational cell and
reduce the gas volume fraction and exert interaction forces
on the surrounding gas phase. Thus, the two phases are
coupled through the gas volume fraction and through the
total source term, s that accounts for the momentum

transfer from the particles to the gas (two-way coupling).
The void fraction for dispersed phase, p and for gas phase,
a are calculated using trajectory method, Ref. [20] as,

n At Vv,
0 I
where, n, is the number of actual particles in the
computational parcel (k), Vp is the volume of the particle,
V. is the volume of computational cell and Z means

traj

summing over all trajectories passing through the
computational cell. The source term of dispersed phase in
the gas momentum equation is calculated as in [15] by,

W Bpy &= = -
S o ;(FDk +Fun, +Fs, ) (22)
where, n is the number of trajectories passing through the
computational cell. The effect of particulate phase on the
turbulent structure can be neglected in standard k- model
for equilibrium gas-solid flow of high density ratio [15.
While in RNG based k-¢ model the particulate phase affect
the turbulent structure and it can be written as reported in
[16] for k and € equations, respectively, as follow,

, a=1-B (21)

Sk = 2.{&}{1— exp(-B, T—P} (23)
s T,

S;=2¢ {&}{1—exp(—88 T—P} (24)
Tp T

where B, ,B_ are constants and taken as 0.09 and 0.4
respectively as in [16]. While, t,=k/e and T, is the
particle relaxation time.

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;
od/ox =0 (Neumann conditions), and the radial velocity
Vv is set to zero. At the solid wall boundaries, however,
u=v=0.0, no-slip conditions.

i

“0.01.D
Because the k and ¢ equations are not solved at the grid
point adjacent to the wall, a modelling scheme is required
to simulate the variation of eddy viscosity, . For this
purpose the mixing length approach is adopted where the
eddy viscosity is modelled as a function of mixing length as
in Ref. [21].

1/2

ou, 0u; \éu,
— 62 |+ J i 26
He=p mK—an _axJ_axJ (26)

where ¢ is the mixing length. For smooth walls it is
calculated from Van Driest’s equation, [21] as,

l,, =Ky, (1-exp(-y* / A)) (27)
Where, A is a constant equal to 26 for smooth walls in the
equilibrium near wall layer. Also to improve the accuracy
of RNG based k- ¢ the second-order finite difference

formula is used to evaluate the velocity gradient at the wall.
This can be written as, in [22] as,

[a—“j S BT, g2 (28)

k, =0.003UZ , g, =C

(25)

oy 3y
where, y,, is the thickness of the cell adjacent to the wall.
While u,, = 0.0 for stationary wall and no slip condition, u;

w
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and u, are the velocities at the next two grid points,
respectively.

Particle Wall Interaction

The condition of rebound is achieved if the particle
velocity before collision, wy; is greater than the critical
particle velocity, w, as in Ref. [23]. The solution of the
momentum equations with Coulombs law of friction yields
a set of equations for sliding and non-sliding collision
process [24]. The condition for non-sliding collision is,,

D
Lo < %p.o d+e)v, (29)

u pl 2 pl

Here, the subscript 1 refers to the particle velocities before
impact, |, 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. [24] for all calculations.

SOLUTION PROCEDURE AND CONVERGENCE

Finite volume discretization and iterative solution,
based on the SIMPLE algorithm by Ref. [25], have been
used for the numerical solution of the fluid phase. The
calculations are performed with a mesh of control volumes
shown in Fig. 2. The iterative procedure is repeated until
convergence is achieved, (the normalized residuals for all
variables, summed over the whole calculation domain, were
each smaller than 0.001). In order to handle the interaction
between the gas and the particles, calculations of the
particle trajectories by integrating the translational and
rotational equation of motion for each parcel in a small time
step At using fourth order Runge-Kutta method are
performed. With the computed information on the particles,
the solid phase source term and void fractions can be
calculated and introduced into the gas equations using
suitable under-relaxation factor before the solution
procedure is repeated. The overall procedure is repeated
until the maximum error in the axial gas velocity between
two successive coupled iterations is less than 0.005 of the
inlet mean velocity.

Fig. 2 Computational domain for 180° curved
duct.

MODEL VALIDATIONS

The U-bend of Monson and Seegmiller [26] is a
strongly curved internal flow problem. The geometry
consists of a straight constant area duct leading to a 180
degree bend with constant gap spacing followed by another
straight constant area duct. Reynolds number was 10° based
on the inlet mean gas velocity and duct height. The
experiment was conducted for CFD validation purposes.
The predicted axial gas velocity profiles are compared with
experimental data of [26] as shown in Fig. 3. The figure
shows that the RNG based k-¢ model predict the axial
velocity better than the standard k-¢ model near the outer
wall in the upstream duct and up to the bend inlet , the latter

predicted better than the former near the inner wall in the
tested range. Inside the bend and up to & = 30° both model
predicted the axial velocity very well, as the flow
progresses both models under predict the axial velocity near
the outer wall up to 6 = 150°. At the exit from the bend,
separation region begins to appear and continued to x/D =1.
Therefore, it is evident to conclude that, RNG k-¢ model
accurately predicts this region than standard k-¢ model.
Downstream the separation region the RNG k-g& model still
predict the axial velocity better than the standard k-& model
up to x/D = 12. At this section the flow has recovered from
curvature effect and both models have nearly the same
behavior. In general, the predictions by RNG k-g¢ model
were found to be in acceptable agreement more than that of
the standard k-¢ model. Therefore, the RNG k-¢ model is
used in the present two-phase flow simulations. The
numerical results of [14] are selected for 180° bend
validations. The predicted trajectories for 50, 100 and 200
um particle sizes were compared with that of [14] and a
good agreement is obtained as shown in Fig. 4

RESULTS

The turbulent gas-solid two-phase flow through
180° bend is investigated numerically using RNG based k-g
model. The effects of curvature ratio 5, inlet gas velocity
U,, particle diameter Dy, mass loading ratio Mr and particle
density, (pp) on the flow behaviour studied. To analyze the
calculation results, the axial gas velocity for the two phases
are presented at several positions along the upstream duct,
180° bend and the downstream duct for the parameter given
in table 2, as shown in Figs. 5- 9.

Table 2 Summary of parameters used in bend calculations.

D, um p, kg/m®*  Mr, kg/kg U, misec &

60 1680 0.2 15* 0.135
100* 2650* 0.5* 20 0.33*
150 3950 1.0 25 0.5

* Base case.

Effect of Curvature Ratio

The curvature ratio is one of the key parameter for
obtaining successful design of pneumatic bend. The
curvature ratio plays a vital role in creating and controlling
the particle rope. The effect of curvature ratio on the
development of axial velocity profiles is shown in Fig. 5.
The figure shows that the axial velocity for the gas phase
increases near the inner wall and its maximum value being
more and more as the curvature ratio increases. This is may
be due to the increase in the radial pressure gradient with
the increase in curvature ratio. Downstream the bend
midsection (0 = 90°), axial velocity for gas phase begins to
decrease near the inner wall due to the unbalance between
the radial pressure gradient and centrifugal forces,
consequently a separation region appeared near the inner
wall downstream the bend exit for the sharp bend . On the
other hand, the curvature ratio has a great effect on the
particles flow. Thus, the slip velocity between the two
phases increases, and the rope dispersion process occurs at
a faster rate as the curvature ratio increases. This is due to
the increase in impact and rebound angles as the curvature
ratio increases. Furthermore, the accumulation of particles
near the inner outer wall increases as the curvature ratio
decreases which in turn results in a decrease in the axial gas
velocity.
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15 2,
1D

10 |

05 |

0.0 L
0.0

1'6,"'l"'l"'l"'l"'
12 F
1> f
0.8 b3
0.4

0.0 K

0.0
0.0

-0.4

0.0 0.2

02 04 06 08 10

y

0.4

08 10

0.0

02 04 06

06 08 1.0

Fig. 3 comparisons between predicted normalized axial velocity profiles and published data of Monson and Seegmiller [26].

Effect of Inlet Gas Velocity

The effect of inlet gas velocity on the flow
behaviour is also studied by changing the inlet gas velocity
with respect to the base case as shown in Fig. 6. The figure
indicates that the axial velocity profiles for the gas phase is
less affected by the inlet gas velocity. On the other hand,
the slip velocity between the two phases increases as the
inlet gas velocity increases. Furthermore, the rope
dispersion process occurs at a faster rate as the inlet gas
velocity increases. This may be due to the increase in
particles inertia and impact angle with the increase in inlet
gas velocity.

Effect of Mass Loading Ratio

Figure 7 shows the effect of mass loading ratio on
the axial gas velocity profiles for both phases. It can be
seen from the figure that the axial velocity for the gas phase
is increased near the outer wall as mass loading ratio
increases, up to 6 = 90°. This may be due to the increases in
momentum transfer from solid phase to gas phase because
the velocity of solids is grater than that of gas phase in this
region. Downstream the bend midsection, the negative slip
region is disappeared and the momentum begins to transfer
from gas phase to the solid phase, consequently the axial
velocity begins to decrease near the outer wall. As a result
of the momentum exchange, the gas phase has recovered
from mass loading effect approximately at bend exit (i.e.
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the energy that transferred to the gas phase from the solid
phase in the first half of the bend has been lost in the
second half). As a result of the continuous energy lost from

Dp=50 um Present

the gas phase, the axial velocity for both phases decreases
near the outer wall and its decease being more and more as
the mass loading ratio increases.

Present Dp=200 um Present

A

S GO

s“—‘d" et
> AN, 7"\‘- ]

W,
Ko

Fig. 4 Comparisons between predicted particle trajectories and published ones of Ref. [14].

Effect of Particle Diameter

The axial velocity profiles for both phases are
presented in Fig. 8 for three different particles diameters.
The figure indicates that, the slip velocity between the two
phases increases as the particle diameter increases. Thus,
the axial velocity of solids reaches about 0.5 U, for the 150
pum particles size while it is about 0.8 U, for the 60 um
particles size, as shown in the figure, at 8 = 60°. This is may
be due to the increase in particles segregation towards the
outer wall as the particles size increases. Furthermore, the
axial velocity for the 60 um particles size does not changed
suddenly after particle-wall collision, this may be due to
that, the small particles responding to the change in the
local flow velocity field and the change in its direction due
to wall collisions is relatively small. Due to the effect of
particle-wall interaction the solid velocity for all sizes
reaches about 0.8 U, at the bend exit. As the flow
progresses in the downstream duct, the solid particles re-
entrained into the bulk flow and the propagation of large
particles occurs at a rate greater than that of smaller
particles. Therefore, flat velocity profile for the large
particles is obtained, which in turn results in more
uniformity in the associated gas velocity profiles.

Effect of Particle Density

The effect of particle density on the axial velocity
profiles for both phases is shown Fig. 9. The figure
indicates that, as the particle density increases the slip
velocity between the two phases increases. Thus, the slip
velocity is about 0.5 U, for the heaviest particles (p, = 3970
kg/m®) while it was about 0.2 U, for the lightest ones (p, =
1680 kg/m®). As the flow progresses, due to particle-wall
collision, the solids axial velocity reaches abut 0.8 U, at the
bend exit. In the downstream duct, the effect of centrifugal
force on the particles motion is disappeared, and the rate of
energy transfer from gas phase to solid phase increases,

consequently the gas phase axial velocity at the outer wall
slightly decreases. The figure indicates also that, the
decrease in the axial velocity for gas velocity increases as
the particle density decreases. This is due to that, the lighter
particles accumulates at the outer wall more than the
heavier ones.

CONCLUSIONS

Two particulate turbulence models have been
used to predict the behaviour of turbulent gas-solid flows
in U-bends taking into account the mutual effects. The
effect of inlet gas velocity, particle diameter and density,
curvature ratio and mass loading ratio on the flow
parameters were demonstrated. The comparisons with
single-phase flow data show that, the second model (RNG)
illustrated a good agreement. Furthermore, the predicted
particles trajectories by the present model show a very
good agreement when it compared with the previous
published ones. The present results help to understand the
physical phenomena occurring in gas-solid flows in 180°
bends. It is senn that, the slip velocity and rope formation
and dispersion processes are greatly affected by the gas
flow and solid parameters.
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Fig. 6 Effect of inlet gas velocity, U, on the normalized axial velocity profiles for both phases.
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Fig. 7 Effect of mass loading ratio, Mr on the normalized axial velocity profiles for both phases.
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