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ABSTRACT

The hydrodynamic behavior of a gas-solid flow in a 14-m high riser with a 45°
inclined standpipe using a venturi pipe inlet was predicted using a transient three-dimensional
hydrodynamic model. The model based on the kinetic theory of a granular flow was
constructed using commercial computational fluid dynamics (CFD) software. The
hydrodynamic behaviors of the gas-solid flow in the risers with a conventional straight pipe
inlet and with a venturi pipe inlet were compared. In addition, the effect of throat diameter
of the venturi pipe was studied. The solid concentration over the cross-sectional area of the
riser is asymmetric because of the asymmetry of the particle inlet. The simulation results
showed that a riser with a venturi pipe inlet can improve the solid flow behavior in the region
near the riser entering region. In the riser with a venturi inlet, the solid particles flow in the
standpipe with less gas blocking and higher velocity than those in a riser with a conventional
inlet. The throat diameter has significant effects on the flow pattern in the riser. The solid
velocity increases as the throat diameter decreases. Therefore, a venturi pipe inlet with proper
design can decrease the backward gas flow into the standpipe.

Keywords: Riser, Simulation, Computational fluid dynamics, Hydrodynamics,
Venturi pipe inlet.

1.INTRODUCTION

A circulating fluidized bed (CFB) is a
highly effective reactor for gas-solid reaction
systems. This reactor has been employed for
a wide range of applications, including
catalytic cracking, calcination, and combustion
of a variety of fuels [1]. The bottom section
of a CFB includes an inlet section of the riser
and a returning system which is used for
accommodating solid recirculation. The
returning system of a CI'B unit consists of a
cyclone and standpipe. The standpipe is used
for returning the solid back to the riser. The

outlet gas and solid particles from the riser
are separated by the cyclone. The solid
particles flow downward into the downer
pipe and then are then fed into the riser
through the standpipe. The geometry of a
returning system has a significant effect on the
flow behavior of gas and solid particles in
the feed and return zones. Without a suitably
designed riser, some riser-inlet gas might flow
into the standpipe. In a riser with a
conventional straight inlet, some riser gas also
flows upward along the inclined standpipe
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which is unavoidable. The slugging of gas
can intermittently block the downflow of the
particles in the standpipe. Therefore, a venturi
inlet is proposed as a solid recirculation
connector at the bottom inlet section of the
riser. The venturi inlet consists of a narrow
section (throat portion) where the pressure is
low. This pressure drop enables gas and
particles to be drawn into the riser.

There are many adjustable configurations
and operating conditions for effective
recirculation flow in the CFB. Construction
and testing is tedious and time consuming
work with a high cost. Therefore, simulations
can be used to predict the behavior of systems
with various geometries and operating
In addition, the solids holdup
and velocity profile in the system are important

conditions.

local information for design and operation.
However, this local hydrodynamic informa-
tion is rarely available in the literature. This is
due to difficulty of experimental measure-
ments.

In a gas-solid system with fine particles,
the flow behavior of these particles has been
described by the two-fluid model [2-5]. The
flow behavior in a fluidized bed is usually
predicted by the 2-D two-fluid model [6-7],
which is suitable for a simple geometry such
as a thin rectangular system or an axis-
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symmetric cylindrical reactor. The bottom
section of a CFB has a complex shape
consisting of side pipes: hence the 2-D
assumption is unacceptable and a 3-D
simulation is required [8-9].

In this work, the simulation of flow
behavior in riser with a 45° inclined standpipe
was carried out to show the improvement
of the solid flow entering the riser when using
the venturi pipe inlet. A 3-D transient model
based on the two-fluid model with the kinetic
theory for the particle phase, was applied to
predict the flow pattern in the standpipe and
riset. The flow behaviors in risers with a venturi
inlet and with a conventional straight inlet were
compared. In addition, the effect of the
venturi inlet size on the flow behavior was
also studied. The local velocities and solids
holdups in the riser zones were investigated.

2. MATHEMATICAL MODELING

The conservation equations of mass and
momentum for the gas and solid phases are
written in equations 1 to 3. For the solid phase,
the transport equations for mass, momentum
and granular temperature are obtained via the
kinetic theory of a granular flow.

The continuity equation for phase i (1 =
gas phase or solids phase) is written as

@
The conservation of momentum for the gas phase (g) yields
%(ggpgvgn V.(s,p,5,,)=-&,Vp+V -1, +8,p,8+BE, V) o
The conservation of momentum for the solid phase (s) is
g(&;psi}s Y+V.-(g.pvv )=—Vp-Vp_ + V-;s +e.p.8+ ﬁ(iig -v,) 3)

The inter phase momentum transfer coefficient, 3, can be written in the following

form [10]:
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where the drag coefficient is correlated as:
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and the relative Reynolds number is defined as:
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The granular temperature for the solid phase is proportional to the kinetic energy of the
random motion of the particles. The transport equation derived from the kinetic theory can
be written in the form
3|0

E|:5(ps£s®s)+v'(psgs§s®s):|_ (_ps;_'_:s) : v‘_;s +V'(K®S v®s)_7®s +¢gs (7)

Constitutive equations are required to close the governing relation. These constitutive
equations are summarized in Table I. The effects of turbulence are taken into account via the
k — & turbulence model. The turbulence equations are shown in Table II.

Table I: Constitutive equations.

Solids pressure

ps = g.rps®s +2ps(1+ess)8s2g0,ss®s

Radial distribution function 177!

3
£
_ K
gO,ss - 1_
gs,max

/’ls = #s,col + lus,kin + l"ls,fr

Solids shear viscosity

Solids collision viscosity

4 @J 1/2
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Kinetic viscosity [11]
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Solids bulk viscosity [12]
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Diffusion coefficient of granular temperature [11]
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Collisional dissipation of energy [12]
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Transfer of the kinetic energy
¢gs = _3Kgs®s
Table II: k — ¢ Turbulence model.
k-equation
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3. SIMULATION CONDITIONS

Figure 1 shows the riser and the returning
systems used in this study. The riser reactor
has 0.05 m diameter and 14.2 m height. Two
types of bottom inlet sections of the riser were
studied: conventional straight pipe inlet and
venturi pipe inlet. The returning system
consists of a particle inlet, storage tank, and
hybrid angled standpipe. The standpipe is
used for particle feeding into the riser. The
angle between the standpipe and the riser is

45°. The throat diameters of the venturi pipes
used in this study were 2.5, 3, and 4 cm. The
throat length of the venturi pipe was equal to
the riser diameter (D). The converging and
diverging cone angles were 21° and 8°,
respectively. At the tank inlet, the solid and
gas velocities, and solid fraction were specified.
However, the gas velocity was only specified
for the riser inlet gas; which is assumed to be
uniform across the riser sectional area. The
simulations were carried out using the
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computational fluid dynamics software The physical properties of the particles
package named Fluent version 6.2. Fluid and the simulation conditions are shown in
catalytic cracking (FCC) particles and air were ~ Table III.

used as the solid and gas phases, respectively.

TOP - VIEW
SIDE - VIEW
vZ-plane
T~
solids inlet solids inlet
H D,
>
Riser
Storage tank

Hybrid angled standpipe

I

1|

ft

gas inlet gas inlet
=

Conventional inlet ~ Venturt mlet

(a) (b)

Figure 1. The geometry of riser reactor used for the simulation (a) with a conventional inlet
(b) with a venturi inlet.

Table III: The physical properties of the particles and the simulation conditions.

Properties Valve
Particle diameter (um) 76
Particle density (kg/m?) 1,712
Riser diameter (m) 0.05
Riser heigth (m) 14.2
Throat diameter (m) 0.025,0.03,0.04
Time step size (sec.) 1.0X10°
Inlet conditions Valve
Tank solids inlet solids velocity; 0.2 m/s
gas velocity; 0.2 m/s
solid fraction; 0.4
Riser gas inlet 10 m/s
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4. RESULTS AND DISCUSSION
4.1 Flow behavior in the standpipe
Figure 2 shows the solid volume fraction
and velocity vector profiles in the standpipe
and riser. The solid concentration profiles
show that the gas and solids are segregated in
the standpipe, which were also observed in
the experiments of Karri et al. and Sauer et
al., [13, 14].
downward along with the downflow of gas

Most solid particles flow

from the tank into the lower portion of the
standpipe cross section, while some gas from
the riser inlet flows upward in the upper
portion as shown in Figure 2 (b). Comparing
the two types of riser, the riser with a venturi
inlet has fewer gas bubbles flowing upward
in the upper portion of the standpipe cross

Riser with conventional inlet
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section while the particles flow downward
along the bottom section of the standpipe
with less gas blocking, Figure 3 shows the
time-averaged axial velocities of gas and
particles in the middle section of the standpipe.
The a-a and b-b lines ate vertical and hotizontal
lines through the axis of the standpipe. It can
be seen that the downflow gas and solid
velocities in the standpipe for the system with
a venturi inlet are higher than those in the
system with a conventional inlet. From the
venturi principle, the pressure in the throat
portion decreases while the velocity increases.
This pressure drop enables gas and solids to
be drawn into the riser resulting in higher gas
and solids velocities in the standpipe.

Riser with venturi inlet

xz-plane yz-plane
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Figure 2. Solids volume fraction and velocity profiles in the standpipe and riser at 7 sec. (a)

solids volume fraction (b) gas velocity vectors (c) solids velocity vectors.
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4.2 Flow behavior in the inlet area of
the riser

The solid concentration is high in the
connecting area of standpipe and the riser,
especially in the conventional riser. Figure 2
(b) shows that gas velocities in the riser junction
area which is a dense zone are low and the
riser gas velocity beside and opposite the
particle inlet pipe is high. This higher velocity
is the result of gas channeling away from the
dense particle region. Thus the axial solid
velocity profiles show off-center maxima
(Figure 2 (c)). This behavior has also been
reported by Van Engelandt et al., [15]. Figure

137

4 shows the time-averaged axial and radial
solid velocities in the inlet zone of the riser.
In a conventional riser, the comparison of the
simulation and experimental results, as
obtained by Van Engelandt et al. [15], shows
that the axial solid velocities are low in the
central region. However, the simulated solid
velocities near the wall region are significantly
lower than the experimental results (see Figure
4). Therefore, the wall boundary condition
should be modified to obtain motre accurate
results. In a more realistic model, at the wall,
a slip boundary condition can be applied for
the solid phase. Then the simulated solids
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Figure 3. Time-averaged axial velocity in the middle section of the standpipe, throat diameter

= 4 cm. (a) gas phase (b) solids phase.
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Figure 4. Time-averaged solids velocity in the inlet zone of the riser in the YZ plane along the

Y-axis (radial direction), throat diameter = 4 cm. (a) time-averaged axial solids

velocity (b) time-averaged radial solids velocity.
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velocity should be better fitted to the
experimental velocity. Comparing the
velocities in the riser between a venturi inlet
and the conventional riser, it was found that
the axial solid velocity in the riser with a venturi
inlet is higher, while the radial solid velocity is

slightly lower (see Figure 4 (b)).

4.3 Effect of throat diameter
Figure 5 shows gas velocity vectors in

risers with different throat diameters. In the

16.2 m/s
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riser with a smaller throat diameter, gas
velocity is higher in consistency with the mass
conservation, especially at the opposite side
of the solid feeding inlet. The high gas
velocity leads to non-uniform flow above the
connecting point of the standpipe and the riser
(Figure 5 (c)). Figure 6 shows the time-
averaged axial solid velocity profiles along the
radial direction. The simulation results show
that solid velocity increases slightly as the throat

diameter decreases.

@ (®) ©
Figure 5. Gas velocity in the XZ plane at 7 sec., throat diameter (a) = 4 cm. (b) = 3 cm.
(c) = 2.5 cm.
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Figure 6. Time-averaged axial solids velocity in the riser with various venturi pipe inlet

diameter (D) at H = 1.2 m.
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5. CONCLUSIONS

The solid concentration distribution over
the cross-sectional area of the riser is
asymmetric because of the asymmetry of the
solid inlet. The riser with a venturi pipe inlet
can improve the flow of particles entering
the bed. The solid particles flow in the
standpipe with less gas blocking and higher
velocity. The axial solids velocity in the riser
with a venturi pipe inlet is higher than that of
the conventional riser. In addition, the axial
solid velocity profiles show off-center
maxima. In the venturi pipe inlet, the gas
velocity increases through the throat section
Therefore
gas and particles are sucked into the riser with

due to the decreasing pressure.

higher velocities because of the pressure drop
inside the throat. The venturi pipe inlet with
proper design can decrease the backward gas
flow into the standpipe. Moreover, the solid
velocity increases slightly as the throat diameter
of the venturi pipe decreases.
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