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Abstract

Riser reactor is a key unit in the Fluid Catalytic Cracking (FCC), and it has
important influences on increasing the yield coefficient of gas and oil. In this
paper, the behaviors of gas-solid two-phase flow in the traditional y-type riser
reactor are investigated by numerical simulation. The calculated particle con-
centration distribution is in good agreement with the experimental data,
which verified the advanced models and calculating methods. The non-
uniform distribution, such as core-annulus flow, may result in the unreasona-
ble matching relationship of catalyst-to-oil ratio. An optimized riser with cu-
neal internals is proposed and the comparison of two different structures of
riser reactor is presented. The comparison results show that the cuneal inter-
nals in the riser both can block effectively the slip down of the particles near
wall region and weaken core-annulus flow structure due to the redistribution
of particles. The results also prove that the particle concentration distribution
becomes uniform along the axial and radial direction in the optimized riser by
adding cuneal internals, which would be benefits for the catalytic cracking
reactions.
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1. Introduction

Fluid Catalytic Cracking (FCC) plays a crucial role in oil refining industry, espe-
cially at aspect of cracking heavy-oil to more valuable light products [1] [2]. Ris-
er reactor is a key unit, which has many simple geometry, good heat and mass
transfer and easy to operate. It can be divided into four sections from bottom to
top according to their functions: the pre-lift zone, the feedstock injection zone,
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the full-reaction zone and the quenching zone. Despite the fact that the riser is
widely used, it is difficult to be clearly studied the complex processes of gas-solid
flow and mixing, even liquid oil vaporization. The gas-solid flow and mixing in
the riser directly affect the product yield. Much attention had been paid to study
gas-solid two-phase flow by measuring the particle velocity and concentration.
The solids distributions showed that a radially dense high near the wall and low
in the center (ie. a core-annulus structure [3]) existed in the riser, and an axially
dense near the bottom and dilute near the top [4] also existed in the riser. Some
researchers found that the factors of the solids flux, the superficial gas velocity
and the feedstock injection structure influenced the flow uniformity [5] [6]. The
formation mechanisms are however hard to validate and quantify through direct
measurement owing to the current limitation in experimental techniques. In re-
cent years, with rapid development of computing technologies, Computational
Fluid Dynamics (CFD) has been widely recognized as a useful tool to analyze the
complex gas-solid flow behaviors in a fluidized bed [7] [8] [9] [10]. Though the
gas-solid flow at the pre-lift zone and the feedstock injection zone has attracted
plenty of researches [11] [12] [13], less attention is paid to the impact of the un-
even distribution in the full-reaction zone.

Thus, in this paper, we try to put emphasis on the gas-solid flow and mixing
in the full-reaction zone. By using CFD simulation, we will find the reasons of
non-uniform flow and mixing, and then present a novel internal structure to

improve the flow uniformity.

2. Geometric Model and Grid System

The schematic diagram of riser reactor and cuneal internals and grid system are
shown in Figure 1. The catalyst particles (instead of particles in this paper), with
volume fraction of 0.3 and density of 1500 kg-m™, are introduced into the
pre-rising phase from regeneration tube at the speed of 0.16 m/s. Then they are
pushed up by bottom gas with a superficial gas velocity of 5.5 m/s and finally are
vented from the top of riser. Considering simplified the geometric structure of
riser [11] [14] [15] [16] might affect the prediction accuracy severely, the entire
computational domain is discretized by hexahedron cells. The origin of the
coordinate system is set at the intersection of the bottom of riser and the center
axis, and the positive direction of z axis is upward. The structured grid system is
shown as in Figure 1(b). In additional, different intervals between two cuneal
internals [17] are added to the traditional riser to investigate the difference of
hydrodynamic characteristics. The schematic of cuneal internals is shown as in
Figure 1(c). The main parameters of the structures are given in Table 1.

3. Mathematical Models

3.1. Governing Equations
The calculation of the turbulent flow is based on the incompressible Reynolds

averaged Navier-Stokes equations. The continuity and the momentum equations

are as follow:
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Figure 1. Schematic diagram of riser, cuneal internals and grid system.

Table 1. Geometry size of riser and cuneal internals.

Parameters Value, m
Riser height, A 15.6
Diameter of outlet, D, 0.1

Diameter of gas inlet, D, 0.12

Diameter of catalyst inlet, D, 0.12

Internals interval, A 0.5,1

Internals width, A 0.016

Internals height, a 0.04

Continuity equations
M _ 0. (1)
OX

Momentum equations

pQipy D P, O u(%+%J +p9, —i(pW) (2)
ot Yox, o ox X, X booxg !

where p, p and u are pressure, density and dynamic viscosity, respectively. v,
and v/ are the mean and the corresponding fluctuating velocity. The additional
transport equations requiring for calculation of the Reynolds stresses are em-
ployed to close the above equations [18]. Comparing the closing models of the
standard k-e¢ model, the Reynolds stress model (RSM) calculate the Reynolds
stresses from their own transport equations, which may described some aniso-

tropy of turbulence [19]. In this paper, the turbulence model of RSM is used to
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calculate the Reynolds stresses. The governing equations of RSM are as follows:

2o )y | s | 2 ) |2ty

where P, is the stress production term given by

— OV, —— 0V
P.=—p| Vv, —L+viv, — 4
ij ,D[ itk axk jk aka ( )

and ¢, isthe pressure-strain term, which is calculated by
el— 2 1
% :_ClpE[vivj _Eké‘ijj_cz(Pij _gpkkéijj' (5)

In addition, the transport equation for turbulent dissipation rate £is expressed

as

0 0 0 K 10s | €1
o)+ (pve)=-2 Al 4l zc,p-C : 6
é’t(pg) aXi (p |g) an ([#+O'€jaxj] k(Z g1 ii 82,05] ( )

The values of the constants which appear in the RSM are usually assigned as
follows: C;=1.8, ;=0.6, Cu =0.09, C, =144, C, =192, o, =13.

3.2. Multi-Phase Flow Model

The multi-phase flow model in current includes Euler-Euler model and Euler-
Lagrangian model, among which Euler-Euler two-fluid model regards gas as
continuous phase and solid particle as quasi-continuous phase, and they are
co-existing and interpenetration. In recent years, based on kinetic theory of
dense gas, the model takes energy dissipation and transfer caused by imperfect
elastic collision between particles into account, so it has great advantages in pre-

dicting the particle concentration distribution.

3.3. Simulation Conditions

The gas inlet and catalyst inlet are defined as a velocity inlet boundary condition,
where the velocity magnitude is specified according to the experiment. The flow
at the outlet is assumed to be fully developed, so an ambient pressure is given at
the outlet. The walls are set as no-slip boundary conditions, and the standard
wall function is applied to determine the flow near walls. The computation is
carried out by using the commercial CFD code, Gambit 2.4 and Fluent 6.3. The
governing equations are solved by the finite volume method. The QUICK
scheme is applied for the convection terms in all transport equations. The
SIMPLE algorithm is implemented to deal with the coupling between velocity
and pressure. The calculation is considered to be finished when the scaled resi-

dual of the continuity converges to below 107

4. Results and Discussion

4.1. Validation of Experimental and Numerical Method

Figure 2 shows the comparison of experimental and simulated particle concen-
tration distribution in the traditional riser. The particle concentration distribution
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Figure 2. Particle concentration distribution along radial direction at different heights. (a) Experimental da-

ta; (b) Numerical simulation.

is divided into two parts along radial direction: a uniform concentration region
at the center that 7/ R value is between 0 and 0.8, and a non-uniform region near
wall that the aggregation is obvious. The graph shows that the distribution
trends of particle concentration obtained by numerical simulation agree well
with the experimental data. Therefore, the model shows the remarkable advan-

tage on simulation of flow characteristic in riser.

4.2. Particle Concentration Distribution in the Traditional Riser

Figure 3 shows the particle concentration distribution at five different sections
in the traditional riser. The figure shows that the particles aggregate near the
wall region and grow large with the action of the coalescence between particle
groups. The low gas velocity might be hard to load the large particles, resulting
in the sink of particles. Finally, the particle concentration is much denser at the
bottom of the traditional riser, and becomes more uniform with the increased
riser height, as shown in Figure 3(a). Due to the high gas velocity, there is not
obvious coalescence of particles existed in the center region. However, the par-
ticles near the wall will aggregate the fine particles. All these lead to non-uniform
distribution of particle concentration, with lower particles in the center region
and higher particles near the wall, as shown in Figure 3(b).

4.3. Structure Optimization

4.3.1. Particle Concentration Distribution of Different Constructs
The non-uniform distribution of particle concentration exists in the traditional
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Figure 3. Particle concentration distribution at different
heights in the traditional riser. (a) Axial particle concen-
tration distribution; (b) Radial particle concentration
distribution.

riser obviously, which might result in coking and unreasonable matching rela-
tionship of catalyst-to-oil ratio. All of above have the adverse impact on the
product yield. Therefore, a new internals, as shown in Figure 1(c), is added in
the traditional riser to investigate the effect of the particle concentration distri-
bution. A comparison of particle concentration distributions at different sections
in the traditional and optimized riser are shown in Figure 4. The concentration
distribution presents a core-annulus flow structure in radial direction, with low-
er in riser center and higher near the riser wall, as shown in Figure 4(a). The
sliding particles are pushed to center region along the surface of cuneal internals
in optimized riser. The distribution of particle concentration tends to be homo-
geneous with the redistribution of the particle near wall, as shown in Figure
4(b) and Figure 4(c).
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Figure 5 shows the particle concentration distribution at z = 2.4 m in different
riser structures. As can be seen from the figure, although particles concentration
distribution both in the traditional and optimized riser are dilute in center and
dense in wall, the particle concentration near wall in the optimized riser is only
half of what in the traditional riser. It can be seen that the particles aggregated
near the wall are pushed to the center region with the action of cuneal internals,

and then they move upwards with the action of upstream gas. In general, the
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Figure 4. Particle concentration distribution in different
riser structures. (a) Traditional riser; (b) Optimized riser
with 6 internals; (c) Optimized riser with 12 internals.
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Figure 5. Particle concentration distribution at z = 2.4 m
in different structures of riser.
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distribution of particles tends to be more uniform in the optimized riser, and the

more cuneal internals the more uniform of particle concentration distribution.

4.3.2. Distribution of Reynolds Stress

Figure 6 shows the comparison of Reynolds stress in the traditional and opti-
mized riser. A large gradient of the Reynolds stress emerges along the radial di-
rection in the traditional riser, while the value of the Reynolds stress is lesser and
more uniform by adding the wedge internals relatively. The Reynolds stress is an
additional tension formed by turbulent fluctuation. Therefore, the larger the
Reynolds stress, the more intensity the turbulent fluctuation of flow. In general,
the action of the turbulent fluctuation is benefits for both the breakage of par-
ticles and the uniform of particle distribution, which strongly agrees with the

previous analysis.

4.3.3. Pressure Drop of Different Constructs

Figure 7 shows the pressure distribution along the axial direction in different
structures of riser. The energy consumption will be increase by adding the cu-
neal internals in the riser, resulting that the pressure drop in optimized riser is
relative increase. In addition, the pressure gradient in the cuneal internal region
at the bottom is significantly higher than that without cuneal internals at the top.
In general, the pressure drop in the optimize riser is about 2 times as large as in

the traditional riser.
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Figure 6. Distribution of Reynolds stress in different riser

structures.
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Figure 7. Pressure distribution in different structures
of riser.

5. Conclusions

The gas-particle flow behaviors both in the traditional and optimized riser reac-
tors are studied by numerical simulation. The flow dynamics, including pressure
drop and particle concentration distribution, is revealed. The main conclusion
can be summarized as follows:

1) A three-dimensional full-scale structural grid system is built in this study.
The flow behaviors obtained by RSM turbulence model and Euler-Euler two-
fluid model are in good agreement with the experimental phenomena and expe-
rimental data, all of which can validate the reliability of the model.

2) The core-annulus flow obviously exists in the traditional riser, which might
have the adverse impact on the product yield. The particles aggregated near the
wall are pushed to the main stream of the center region in the optimized riser by
adding the cuneal internals, and then the particles move upward along with the
high speed gas flow. Comparing the traditional riser, the optimized riser can ef-
fectively weaken the non-uniform particle concentration destruction.

3) In the optimized riser, the kinetic energy increases among the redistribu-
tion of particles near the wall region. Comparing the traditional riser, there is a

higher pressure drop in the optimized riser.
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Nomenclatures

g gravitational acceleration (m-s™)

k turbulent kinetic energy (m?s~)

D pressure (Pa)

R radius of the cylinder (m)

r radial coordinate (m)

v, mean velocity in the zth direction (m-s™)

v/ fluctuating velocity in the ith direction (m-s™)
X spatial component in zth direction (m)

z axial coordinate (m)

3 Kronecker’s delta

e dissipation rate of turbulent kinetic energy (m*s™)
u dynamic viscosity (kg-m™"s™")

6 azimuthal coordinate (m)

p density (kg-m™)

Subscripts

g gas phase

L j,k  spatial coordinates

s solid phase
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