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A numerical study of the fluidized bed industrial reactor in the presence of various internal

elements is carried out by CFD methods A simple reactor heating efficiency function of

chemical reaction with heat absorption is considered. The main emphasis is placed on the

circulation flows of the catalyst particles and heating of the reactor. The analysis of the

impact of various design elements on the heating efficiency of the reactor is carried out.

Particular attention is paid to the possibility of baffles applying, which allows redirecting

the  flow. This effect may have an especially important value when the rapid heating of the

reactor is required for temperature dependent reactions. The influence of heated catalyst

feeder design on the efficiency of whole reactor heating is educed. The influence of the

fractional composition of the catalyst, namely the presence of fine particles, on the reactor

heating efficiency for different reactor design features is also studied. The results are carried

out for a specific reactor example, but contribute to the overall branch of fluidized bed
Particle feeder

Fine particles

Heating

engineering.

©  2018 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

fluidization process, both in terms of basic research and practical appli-
1.  Introduction

Fluidized bed gas–solid reactors are widely used in the chemical and

petroleum industry and gasification of coal and biomass (Kunii and

Levenspiel, 1991; Grace et al., 1997; Yang, 2003; Basu, 2006; Sadeghbeigi,

2012) due to the high efficiency of heat and mass transfer between the

components. Even though such an apparatus has been used in industry

for more than fifty years there is still a high demand in the study of

fluidized bed properties and applications.

The investigations on laboratory fluidized bed apparatus do not

provide complete results for industrial large-scale reactors. Currently
one of the most reliable methods of determining the properties of the
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large-scale fluidized beds is a tomographic scanning, as presented by

the recent works (Chen et al., 1999; Jin et al., 2005; Patel et al., 2008;

Heindel et al., 2008; Wang et al., 2012; Mandal et al., 2012; Escudero and

Heindel, 2014; Kingston et al., 2015).

One of the possible ways to get the data is a numerical simu-

lation. Computational fluid dynamics (CFD) is a very effective tool

for understanding fluidized bed hydrodynamics including heat and

mass transfer. CFD is important in optimization and design of

industrial large-scale reactors. Solving equations numerically allows

carrying out calculations of different possible mechanisms of the
an Federal University, Kremlevskaya St. 35, 420008 Kazan, Russia.

cation. Numerical calculations of fluidization are usually based on
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Nomenclature

A interfacial area (m2)
Cef reactor heating efficiency coefficient (–)
CD drag coefficient (–)
d diameter (m)
e  coefficient of restitution (–)
Fef reactor heating efficiency function (K)
g gravitational acceleration (m s−2)
g0 radial distribution coefficient (–)
h enthalpy (J)
I  unit tensor (–)
K interphase exchange coefficient (kg s−1)
k diffusion coefficient for granular energy (–)
NC Courant number (–)
Nu Nusselt number (–)
p pressure (Pa)
Pr Prandtl number (–)
Q intensity of heat exchange (W)
R interphase exchange force (N)
Re Reynolds number (–)
t time (s)
T temperature (K)
v velocity (m s−1)

Greek letters
˛  volume fraction (–)
� energy exchange (kg m−1s−3)
� collisional dissipation of energy (kg m−1s−3)
� thermal conductivity (W K−1)
� bulk viscosity (kg m−1s−1)
� shear viscosity (kg m−1s−1)
� granular temperature (m2s−2)
� real density (kg m−3)
	 stress tensor (Pa)

Subscripts
g gas phase
s solid phase
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ulerian–Lagrangian and Eulerian–Eulerian approach. The solid phase

s considered as discrete particles in Eulerian–Lagrangian approach (e.g.

hen and Wang, 2014; Zhou, Q. et al., 2016). In this approximation,

ach particle is treated separately. It requires considerable computing

esources and is laborious for industrial devices that work with a hun-

red tons of particles. In Eulerian–Eulerian approach, the carrier (gas,

iquid) and the discrete (solid) phase are considered as continuous. To

ccount for the particle interaction in the fluidized bed, by analogy with

he kinetic theory of gases, we added an equation describing the change

n the kinetic energy of particles due to their collision (e.g., Gidaspow,

994). This approach is less demanding in terms of computational

esources. However, there is a problem of creating reliable models of

nteraction between phases and boundaries. The development of such

odels continues to this day. There are different mathematical models

or resistance forces, viscosity, heat transfer, etc., and their parameters

re studied for possible applications by means of numerical simula-

ions (Chalermsinsuwan et al., 2012; Peng et al., 2013; Shuai et al., 2015;

padhyay and Park, 2015). Some papers are focused on the effect of wall

oundary condition in CFD modeling of fluidized bed hydrodynamics

Zhong et al., 2012; Li and Benyahia, 2013; Loha et al., 2013; Bakshi et al.,

015; Gupta et al., 2016; Fede et al., 2016).

Particle size distribution plays an important role in the behavior
f fluidized bed. Adding fine particles (diameter <45 �m, Yates and

ewton, 1986) reduces the bubble sizes and increases the reaction rates.
In some cases, the addition of fine particles leads to a bed expansion

and an increase in the dense phase porosity (Yates and Newton, 1986;

Kono et al., 1987; Grace and Sun, 1991; van Ommen et al., 2007). How-

ever, in other cases, the addition of these particles leads to a reduction

of the solid phase porosity (Khoe et al., 1991; Saayman et al., 2013). The

possibility of reducing the effective viscosity in the fluidized bed sub-

stantially by adding fine particles was experimentally demonstrated

in Kono et al. (1986). Authors (Beetstra et al., 2009) showed that the

addition of fine particles only slightly reduces the effective viscosity.

Experimental results showing the reduction in the bubble sizes by fast

X-ray tomography were obtained in Brouwer et al. (2012). The influ-

ence of fine particles on fluidization was investigated in Gu et al. (2016)

by numerical simulations. It was shown that the addition of a large

number of fine particles suppresses the bubbles and the apparatus can

reach a stable solid-like operating regime.

Each element of the chemical fluidized bed reactor can have a signif-

icant impact on hydrodynamics, processes of heat and mass transfer,

and the overall efficiency of the apparatus. For example, obviously, the

shape of the gas feeder will affect the particle motion. The results of

calculations for a bed in a rectangular chamber with various forms

of nozzles and their effect on the motion of the particles are pre-

sented in Deb and Tafti (2014). Modeling and comparative analysis of

two large fluidized bed units with various gas feeders were carried out

in Solov’ev et al. (2016). The influence of the gas feeder on the vari-

ation of the circulation flows and the efficiency of industrial reactors

is shown here. The location of internal elements in the fluidized bed

reactor may affect the operation of the apparatus. Experimental stud-

ies of internal elements in a liquid–solid fluidized bed are presented in

Piovano et al. (2015). The significant decrease in the bed expansion for a

given liquid superficial velocity is shown in this paper. The tapered cir-

culating fluidized bed reactor risers are studied in Chalermsinsuwan

et al. (2009, 2010). The criteria of geometry type for different reac-

tion characteristics are shown there as well. Effect of bed geometry

on the hydrodynamics of slot-rectangular spouted beds was studied in

Golshan et al. (2017).

A downward movement of the solid particles along the walls with

a high particle concentration is observed in fluidization in cylindrical

columns. This effect ensures continuous circulation of the particles

in the apparatus. The near wall dense ring in a large-scale down-flow

circulating fluidized bed is investigated experimentally in Zhang et al.

(2003). Particle motion near the walls is researched in Wang and Rhodes

(2005) by discrete element method. One main problem is to ensure a

satisfactory contact between the gas and solid particles. The bubbles

in the fluidized bed have a negative effect on the processes of heat and

mass transfer. The bubble’s breakage in fluidized bed is studied experi-

mentally in Movahedirad et al. (2014). The effects of the reduction of the

fluidization column diameter on the fluidization quality are considered

in Ansart et al. (2017).

Some papers present the attempts to control the fluidized bed flow

by using structural elements, where researches focus on the baffles.

Such structures allow to redirect a near wall particles flow and to

change the general circulation flows in the apparatus. Authors of the

paper (Jiang et al., 1991) researched internal ring baffles that improve

the chemical reaction efficiency by increasing the particle concentra-

tion in the radial direction. Influence of ring-type internals on axial

pressure distribution is experimentally investigated in Bu and Zhu

(1999). The changes in the character of the movement and particle

concentration along the wall with deflectors are shown in Golriz and

Grace (2002). Thesis elements increase the heat transfer between the

suspension and the wall. The papers (Samruamphianskun et al., 2012;

Chalermsinsuwan et al., 2014) focus on the experimental and numer-

ical study of the effect of the ring baffles on the hydrodynamics of

the fluidized bed. The considered elements are used for improving

the mixing and heat and mass transfers in the system. Authors of

papers (Guio-Perez et al., 2013, 2014) concluded that ring-type internals

capable to optimize fluidized bed system for process requirements by

gas and particle residence time control. Experimental and numerical

investigations of the apparatus with perforated plates and louver baf-
fles are presented in Yang et al. (2015, 2016). Numerical gas–solid flow

analysis of ring-baffled risers is carried out in Rossbach et al. (2016).
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Investigations of the particle distribution and kinetic energy and tur-

bulent energy dissipation rate are studied there as well. In the paper

Zhou, E. et al. (2016), a pronation-grille baffle was designed and used

to improve the fluidization quality of gas–solid dense phase fluidized

bed.

In the current paper, a mathematical model is constructed and

applied to the operation of an industrial fluidized bed reactor using

numerical simulation. The reactor works with a pulverized catalyst

and is designed to dehydrogenate isobutane to isobutylene at the

temperature of 550–650 ◦C. We consider that the fluidized bed reac-

tor of cylindrical shape with internal structural elements which are

the cheapest methods for bubbles breaking and flow control. The ring

baffles, deflectors and the grids were investigated as the internal com-

ponents. The grids provide the breaking of the rising bubbles. The

ring baffles and deflectors provide the deviation in the solid particle

flow. The main aim of the present paper is to determine the influence

of the internal elements on the circulation flow of gas and particles

and whole reactor heating and efficiency. The hydrodynamic and ther-

mal characteristic operating parameters, such as the field of particle

concentration and the temperature of the gas, were obtained by the

numerical calculations. The effect of internal elements on the behav-

ior of the catalyst in the reactor and the reactor heating efficiency were

investigated.

2.  Problem  formulation  and  CFD  model

2.1.  The  large-scale  industrial  reactor

The work is based on mathematical modeling of hydrody-
namics and heat transfer processes in the industrial chemical
fluidized bed reactor designed for the isobutane dehydrogena-
tion. The reactor column has a height of 11 m and 5.2 m in
diameter in the active zone. A gas-raw feeder is located in
the lower part of the reactor; the reactor’s load is 20–40 tons
per hour of raw material gas flow rate. The gas is supplied
at a temperature of 550 ◦C. In the active zone of the reactor,
there is a chromia-alumia microspheroidal catalyst with the
particle diameter of 20–200 �m.  A vertical supply pipe from
the regenerator of the heated fresh catalyst is located in the
center of the reactor. The average catalyst feed rate to the
reactor is 60–100 tons per hour. Catalyst from the regenera-
tor is supplied at the temperature of 650 ◦C. The pipe extends
from the bottom of the reactor to a height of 7 m and is
0.3 m in diameter. There is a channel for the waste catalyst
removed into the regenerator at the bottom of the reactor.
From the principle of maintaining a balance, the waste cat-
alyst is taken in the volume of incoming fresh catalyst. Ten
rows of grids of the angular type with a free-sectional area
of about 30% are located in the middle of the reactor in the
working zone (grid sizes are presented in Fig. 1). Grids and
baffles have an influence on voidage and particle residence
time in fluidized bed reactor (Klenov et al., 2017). A pronation-
grille baffle can effectively destroy bubbles and improve the
axial and radial distribution of the bed density (Zhou, E. et al.,
2016). Six pairs of the cyclones are placed in the upper part
of the reactor to separate the gas leaving the reactor and
return the catalyst particles into the working zone of the reac-
tor.

It is required to determine the hydrodynamic and thermal
characteristics of the processes taking place in the reactor.
Main attention is paid to the influence of structural elements,
in particular grids, baffles, and gas and catalyst feeders, to the
efficiency of reactor heating. It is necessary to carry out an

upgrade of the reactor’s design to increase the reactor product
yield.
2.2.  Reactor  model

The chemical reactor considered consists of various elements
and has a macro and microelements. The construction of a
complete 3D model based on all structural features of the
geometry would lead to very high costs of computer capacity
and computational time. As the analyzed reactor has a cylin-
drical structure, its model for calculations was constructed
assuming the axial symmetry. It is assumed that an arbitrary
vertical cross-section of the reactor completely characterizes
the processes taking place in the reactor. Fig. 1 shows the
geometry used in the calculations.

The axial symmetry model suggests that the problem
solved is not plane 2D and the reactor model is constructed by
rotating the geometry shown in the figure around its symme-
try axis. The geometric dimensions of the model correspond
to the geometric dimensions of the analyzed reactor.

2.3.  Fluidized  bed  mathematical  model

The numerical simulation of the fluidized bed in a chem-
ical reactor was performed using a continuous multiphase
Euler–Euler model complemented with the kinetic theory of
gases to include the collisions between solid particles. Equa-
tions are presented in Tables 1 and 2.

This equations system is unclosed. To close it we  use the
relations obtained from the experimental studies of the flu-
idized bed.

The gas motion considered in the reactor at the accepted
loads of the raw gas feeding and parameters of the catalyst
used is turbulent. In the model accepted for the calculations
a dispersed k − ε model of turbulence was used in which the
motion of the “secondary” solid granular phases is generated
on the background of the turbulent motion of the “primary”
gas phase.

Differential equations that describe the hydrodynamic and
thermal processes in the computational field of the reactor’s
model were solved in CFD ANSYS Fluent 14.5 for the scheme of
unsteady flow. Fluidization modeling is also used in other CFD
codes (e.g. Marschall et al., 2011; Liu and Hinrichsen, 2014a; Liu
and Hinrichsen, 2014b; Gu et al., 2016).

2.4.  Particle  size

A large industrial reactor operates at high temperature and
has thick insulating walls; hence it is not possible to evalu-
ate the particle motion visually and make a comparison with
the results of numerical simulation. Laboratory experiments
on small tubes have significant differences from the large
industrial reactors, but allow us to choose approximations for
the calculations. For example, we  can estimate the average
particle size and the effect fine particles have on the aver-
age volume fraction of the solid phase and the fluidized bed
height.

As mentioned before, catalyst particles in the reactor have
a wide range of sizes. But using the whole fractional compo-
sition in calculations is too expensive, this is why we  select
the particle size for calculations. The calculated Sauter mean
diameter is about 100 �m.  For the analysis of the adequacy of
this particle size, laboratory experiments were carried out on
a transparent glass tube with a diameter of 2.2 cm and height
of 1 m,  with uniform airflow feed. Before entering the tube

air stream passes through the container with hot water to
reduce the occurrence of electrostatic charge (Movahedirad
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Fig. 1 – The reactor model scheme.

Table 1 – The conservation equations.

Conservation of mass for the gas phase
∂˛g�g

∂t
+  ∇ · (˛g�g�vg) = 0 (1)

Conservation of mass for the i-th solid particle phase
∂˛s,i�s,i
∂t

+ ∇ · (˛s,i�s,i�vs,i) =  0 (2)

Conservation of momentum for the gas phase

∂˛g�g�vg
∂t

+  ∇ · (˛g�g�vg�vg) =  −˛g∇p + ∇ · ¯̄	g + ˛g�g�g+
N∑
i=1

Kg s,i (�vg − �vs,i) (3)

Stress for the gas phase

¯̄	g = ˛g�g
(
∇�vg + ∇�vTg

)
+ ˛g

2
3
�g∇ · �vg ¯̄I (4)

Conservation of momentum for the i-th solid particle phase
∂˛s,i�s,i�vs,i

∂t
+ ∇ · (˛s,i�s,i�vs,i�vs,i) = −˛s,i∇p − ∇ps,i + ∇ · ¯̄	s,i+

+˛s,i�s,i�g + Ks,i  g (�vs,i − �vg) +
N−1∑
j=1

Ks,i  s,j

(
�vs,i − �vs,j

) (5)

Stress for the solid particle phase

¯̄	s,i = ˛s,i�s,i
(
∇�vs,i + ∇�vTs,i

)
+ ˛s,i

(
�s,i −

2
3
�s,i

)
∇ · �vs,i ¯̄I (6)

Conservation of solid particle phase fluctuating energy (Ding and Gidaspow, 1990)
3
2

[
∂

∂t
(˛s,i�s,i�s,i) + ∇ · (˛s,i�s,i�vs,i�s,i)

]
=

(
−ps,i ¯̄I+ ¯̄	s,i

)
: ∇�vs,i + ∇ ·

(
k�s,i∇�s,i

)
− ��s,i + �g s,i +

N−1∑
j=1

�s,j s,i

(7)

Conservation of energy for the gas phase

∂˛g�ghg

∂t
+  ∇ · (˛g�g�vghg) =  ˛g

∂pg

∂t
+ ¯̄	g : �vg +

N∑
i=1

hg  s,iA (Tg − Ts,i) (8)

Conservation of energy for the i-th solid particle phase

∂˛s,i�s,ihs,i
∂t

+ ∇ · (˛s,i�s,i�vs,ihs,i) =  ˛s,i
∂ps,i
∂t

+ ¯̄	s,i : �vs,i + hs,i  gA (Ts,i − Tg) +
N−1∑
j=1

hs,i  s,jA
(
Ts,i − Ts,j

)
(9)
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Table 2 – Constitutive equations.

Shear viscosity for the solid particle phase (Gidaspow, 1994)

�s,i = 4
5
˛s,i�s,ids,ig0 s,i  s,i (1 + es,i  s,i)

(
�s,i


) 1
2 +

˛s,i�s,ids,i
√

�s,i

6 (3  − es,i  s,i)

[
1 + 2

5
(1 + es,i  s,i) (3es,i  s,i − 1)˛s,ig0 s,i  s,i

] (10)

Bulk viscosity for the solid particle phase (Lun et al., 1984)

�s,i = 4
3
˛2
s,i�s,ids,ig0 s,i  s,i (1 + es,i  s,i)

(
�s,i


) 1
2

(11)

Pressure for the solid particle phase

ps,i = ˛s,i�s,i�s,i +
N−1∑
j=1

2
d3
s,j  s,i

d3
s,i

(
1 + es,j  s,i

)
g0  s,j  s,i˛s,i˛s,j�s,i�s,i, ds,j  s,i = ds,j+ds,i

2 (12)

Radial distribution function (Ogawa et al., 1980) g0  s,i  s,j = ds,jg0  s,i  s,i+ds,ig0  s,j  s,j
ds,j+ds,i

,g0 s,i  s,i =
[

1 −
(

˛s
˛s,max

) 1
3
]−1

+ 1
2 ds,i

N∑
j=1

˛s,j
ds,j

, ˛s =
N∑
j=1

˛s,j (13)

Interphase exchange coefficient for gas–solid interaction (Gidaspow, 1994)

Ks,i  g =

⎧⎪⎨
⎪⎩

3
4
CD
˛s,i˛g�g|�vs,i − �vg|

ds,i
˛−2/65
g , ˛g > 0.8

150
˛s,i (1 − ˛g)�g

˛g�2
s,i

+ 1.75
�g˛s,i|�vs,i − �vg|

ds,i
, ˛g ≤ 0.8

(14)

Drag coefficient CD = 24
˛gRes,i

[
1 + 0.15(˛gRes,i)

0.687
]

(15)

Reynolds number Res,i = ˛g�gds,i |�vs,i−�vg |
�g

(16)

Interphase exchange coefficient for two solid granular phases (Syamlal, 1987)

Ks,i  s,j =
3
(

1 + es,i  s,j

)(
0.5 + 0.1252Cfr  s,i  s,j

)
˛s,i�s,i˛s,j�s,j

(
ds,i + ds,j

)2
g0  s,i  s,j

2
(
�s,id

3
s,i

+ �s,jd
3
s,j

) |�vs,i − �vs,j| (17)

Diffusive of granular energy coefficient (Gidaspow, 1994)

k�s,i =
150�s,ids,i

√
�s,i

384 (1 + es,i  s,i) g0 s,i  s,i

[
1 + 6

5
˛s,ig0 s,i  s,i (1 + es,i  s,i)

]2

+ 2�s,i˛
2
s,ids,i (1 + es,i  s,i) g0 s,i  s,i

√
�s,i


(18)

Energy dissipation (Lun et al., 1984) ��s,i =
12
(

1−e2
s,i  s,i

)
g0  s,i  s,i

ds,i
√


�s,i˛
2
s,i
�

3
2
s,i

(19)

Transfer of the kinetic energy of random fluctuations in particle velocity (Gidaspow, 1994)
�g  s,i = −3Kg s,i�s,i, �s,j s,i = −3Ks,j  s,i�s,i (20)

Heat transfer coefficient between solid and gas phases hs,ig = �gNus,i
ds,i

(21)

Nusselt number (Gunn, 1978)

Nus,i =
(

7 − 10˛g + 5˛2
g

)(
1 + 0.7Re

1
5
s,i
Pr

1
3

)
+

(
1.33 − 2.4˛g + 1.2˛2

g

)
Re

7
10
s,i
Pr

1
3 (22)

Prandtl number Pr = Cpg �g

�g
(23)

Fig. 2 – Particle volume fraction for particles size test. (For interpretation of the references to colour in the text, the reader is
referred to the web version of this article.)
et al., 2012; Nosrati et al., 2018). The same catalyst with the
weight of 30 g is put inside the tube. Experiments were con-
ducted for two velocities: 0.076 m/s  and 0.1754 m/s.
We  have performed two classes of simulations: 2D axisym-
metric simulation and full 3D simulation (Fig. 2). A large-scale
reactor is calculated in a 2D axisymmetric approximation. 3D
modeling is carried out for comparison since it is feasible for
a laboratory experiment in a small tube.
Because of the small sizes of the tube, the size of the mesh
has been set to 1 mm and time step to 0.0001 s. The results of
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Table 3 – Monitoring the absolute errors of solid particle
volume fraction in CFD simulation test.

Velocity, m/s Height,
m

Fine particles
volume
fraction, %

2D
axisymmetric
simulation
error

3D  simu-
lation
error

0.076 0.03 0 0.1275 0.0264
0.076 0.06 0 0.1055 0.0313
0.076 0.09 0 0.3060 0.3060
0.076 0.03 10 0.0819 0.0058
0.076 0.06 10 0.0871 0.0072
0.076 0.09 10 0.3060 0.0298
0.076 0.03 20 0.0582 0.0037
0.076 0.06 20 0.0605 0.0010
0.076 0.09 20 0.2163 0.0311
0.076 0.03 30 0.0051 0.0448
0.076 0.06 30 0.0060 0.0050
0.076 0.09 30 0.0414 0.0080
0.1754 0.03 0 0.1627 0.1024
0.1754 0.06 0 0.1159 0.1170
0.1754 0.09 0 0.3160 0.3132
0.1754 0.12 0 0.1012 0.1012
0.1754 0.03 10 0.1431 0.0518
0.1754 0.06 10 0.1459 0.0824
0.1754 0.09 10 0.0771 0.0202
0.1754 0.12 10 0.1008 0.1009
0.1754 0.03 20 0.0955 0.0221
0.1754 0.06 20 0.0781 0.0059
0.1754 0.09 20 0.0062 0.0242
0.1754 0.12 20 0.0982 0.0058
0.1754 0.03 30 0.0261 0.07139
0.1754 0.06 30 0.0230 0.0772
0.1754 0.09 30 0.0412 0.0296
0.1754 0.12 30 0.0364 0.0857

t
o
m
t
t

p
v
l
t
m
P
t
5

i
m
b
a

m
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Velocities were specified according to the gas and the catalyst
he calculations for the monodisperse catalyst with particles
f 100 �m are in red. The data for monodisperse catalyst do not
atch properly the experimental data. Overall, we see that all

he 3D simulations are closer to the experimental results than
he 2D axisymmetric simulations.

Then additional calculations were conducted for a bidis-
erse catalyst for fine particles with the size of 50 �m and
olume fraction 10%, 20% and 30% (green, blue and orange
ines accordingly). The size of 50 �m was chosen because in
he reactor there are filters capturing all particles with the size

ore  than 45 �m and returning them back into the system.
articles with the size less than 45 �m are taken off the reac-
or’s system. Therefore, the smallest particles have the size of
0 �m.

The discrepancy between curves increases with the veloc-
ty; at lower velocity curves are closer. Also, the results of

onitoring the absolute errors of particle volume fraction
etween the CFD simulation data and the experimental data
re presented in Table 3.

Full 3D simulations exhibit better result than 2D axisym-
etric simulations. It appears that in both cases the best

pproximation is achieved using fine particles 20% in full 3D
imulation. Considering only 2D axisymmetric calculations,
he best approximation appears to be with volume fraction
0%. On the base of these considerations, the calculations of
he large reactor were conducted with the presence of fine
articles.

CFD test simulation shows that the presence of fine par-
icles contributes to the fluidized bed expansion and the

ecrease in the average solid phase volume fraction in the bed.
The porosity of the solid phase decreases, which agrees with
the results of (Yates and Newton, 1986; Kono et al., 1987; van
Ommen  et al., 2007; Gu et al., 2016).

2.5.  Mesh  size

The entire large-scale reactor computational domain, shown
in Fig. 1, is divided into elements of a rectangular shape, the
sizes of which are sufficient to determine characteristic factors
of the investigated phenomenon. In the calculations carried
out in this paper the typical number of finite elements was
465,000. Here we have a hybrid grid with the cell size of 5 mm
in the area of the grids near the walls and nozzles and cell size
of 10 mm in the reactor free zone. Reducing the cell size will
be too expensive in terms of computational cost.

To select a time step, we estimate the Courant number

NC = |�v|dt
dx

. (24)

At a given gas flow rate, the average velocity in reactor sec-
tion is 0.32 m/s. Fig. 3 shows the calculations for the average
values of particle volume fraction along the height of the reac-
tor near the central pipe, between the pipe and the wall, and
near the wall. In the calculations, the time steps are 0.01 s,
0.005 s, 0.001 s, 0.0005 s and 0.00025 s. The averaging is taken
from five calculations for each step in interval time of 60–70 s
of the reactor operation.

We  can see a change in the height of the bed and its average
volume fraction with a change in the time step in Fig. 3a. Step
0.01 s causes oscillations in the height of the bed. Step 0.001 s
gives a more  uniform particle volume fraction along the height
of the bed on all calculated lines.

A time step of 0.01 s provides a criterion for the Cur-
rant number of 0.32 and 0.64 for a mesh size of 10 mm
and 5 mm respectively. The authors (Gobin et al., 2001) pro-
posed a maximum Courant number of 0.3. For monodisperse
liquid-fluidized suspensions, authors (Cornelissen et al., 2007)
suggested setting a limit on a Courant number between 0.03
and 0.3. For such values, the time step should be in the range
from 0.00046 to 0.009.

Fig. 3b presents comparative calculations for the time step
of 0.001 s, 0.0005 s and 0.00025 s. It can be seen that there are
small differences, but the behavior is the same, there are no
oscillations. At the same time, the choice of time less than
0.001 s will be too expensive in terms of computational time.
Thus, a hybrid mesh with cells of size 5 mm and 10 mm and
the time step of 0.001 s was chosen for the calculations.

2.6.  Boundary  and  initial  conditions

The boundary conditions were set according to the mechanics
of the reactor’s work and the solver used at all the boundaries
of the calculation domain. As the reactor model assumes rota-
tional symmetry, the condition of axial symmetry “axis” was
set on the axis of the constructed model. The “wall” condi-
tions were set at all impermeable surfaces; temperature equal
to the temperature of the suppling catalysts was set on the
wall of the pipe to supply fresh catalyst, while other walls
were considered thermally insulated. “Velocity-inlet” condi-
tions were set for the models of gas-raw supply nozzles and for
the outlet of the centrally located pipe of the catalyst supply.
flow rate required. The temperatures of gas and catalyst were
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Fig. 3 – Particle volume fracti

Table 4 – Operating conditions for the reactor model.

Gas Catalyst

Density (kg/m3) 1 2400
Viscosity (kg/m s) 1e–05 –
Thermal conductivity (W/m K) 0.013258 37
Cp (specific heat) (J/kg K) 2680 1047
Mass flow rate (kg/s) 6.6 20.6
Coarse particle diameter (�m) – 100
Fine particle diameter (�m) – 50
set to 550 ◦C and 650 ◦C, respectively. “Pressure-outlet” condi-
tions were specified on a site at the upper part of the reactor
model for a gas outlet, and on the site at the bottom part of the
reactor to simulate the flow of catalyst into the regenerator.
Also, there is a removal of the catalyst fine particles through
the outlet at the reactor top part. In the current reactor, par-
ticles from the upper part turn back into the working area
under the grids through cyclones. In the model constructed
“velocity-inlet” conditions were specified on the output chan-
nels of cyclones according to a flow rate of catalyst through
the outlet channel in the upper part of the reactor.

The final properties of the gas and the catalyst used are
shown in Table 4. The rates are selected from the industrial
parameters 24 t/h and 72 t/h, respectively, for gas and cata-

lyst. Due to the small number of impurities in the feed gas
raw materials, they can be considered as homogeneous. From
on on test vertical lines.

the fractional composition analysis of the catalyst used in the
reactors, the two fractional models are assumed for calcula-
tions.

At the gas flow rate under consideration the terminal veloc-
ity for coarse particles is Ut(dp = 100�m)  = 0.99m/s and for the
fine particles is Ut(dp = 50�m)  = 0.29m/s. Thus, coarse parti-
cles must form a bounded bed, while the fine particles move
throughout the entire volume of the reactor and are carried
out of it.

After the setting of the initial distribution of catalyst in the
reactor solving the equations was started on the built mesh.
After some period, the flow in the constructed model reached
the quasi-stationary mode, which was assumed as the hydro-
dynamic and thermal picture of the reactor’s operation in the
approximation of the constructed model. Time to reach the
quasi-steady mode of the calculation depended on the condi-
tions of the computational experiment and on average took
about 50 s of actual time.

3.  Results

3.1.  Analysis  of  the  reactor  operation

Fig. 4 shows the characteristic patterns of the catalyst par-

ticle volume fraction and gas temperature in the reactor for
monodisperse and bidisperse cases. This figure corresponds
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Fig. 4 – The catalyst volume fraction and gas temperature fields in the reactor. Coarse particle (100%) volume fraction is
presented for the monodisperse case (a). Coarse (65%) and fine (35%) particle volume fraction is presented for bidisperse
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ase (b). Temperature fields are presented in the wide-scale 

o the instantaneous state after a one minute of the real-time
peration and is characterized by the presence of the areas of

ow concentrations (gas bubbles) and the areas of high con-
entrations (catalyst clots).

In the case of monodisperse fluidized bed, the particle size
s chosen to consider the fact that the average gas velocity is
ot sufficient for the catalyst grains removal. This ensures the
resence of an expanded bed height in numerical simulation.
or calculating the bidisperse catalyst coarse and fine particle
izes are chosen in a proportion of 65% and 35% of volume frac-
ion, respectively. The fine particles are presented in the whole
eactor area with small volume fraction. Also, the presence of
ne particles contributes to the fluidized bed expansion.

The studied chemical reaction rate depends on the tem-
erature and starts with heat absorption. In order to maintain
he temperature, sufficient for the reaction, the heated cata-
yst is continuously fed to the reactor from the regenerator.

n calculations of the reactor model, the gas feed tempera-
ure was set to 550 ◦C, and regenerated catalyst was fed at
650 ◦C and the narrow scale 550–570 ◦C.

a temperature of 650 ◦C. The change in of the temperature
due to the chemical reaction is not taken into account. The
heat exchange between the catalyst entered, the gas and the
circulating catalyst is only considered. Despite the fact that
the calculation does not take into account the temperature
effects of the reactions, the nature of heat propagation from
the incoming field the catalyst will most likely determine the
reaction.

The gas temperature fields are shown in Fig. 4 in two scales:
wide scale from 550 to 650 ◦C and a narrow scale from 550 to
570 ◦C. When considering the wide scale in the monodisperse
case, a region of notable gas heating near the regenerated
heated catalyst feeder is observed. In that region, there is no
catalyst, and the rising gas takes heat from the incoming cat-
alyst granules. In the bidisperse case, notable heating zones
are not observed on the wide range.

A narrow scale makes it possible to determine the zones

of the initial reactor heating. A white spot appeared in the
picture for the case of monodisperse particles. This is an area
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l pip
Fig. 5 – Particle motion along the central vertica

where the temperature is higher than 570 ◦C. In general, it can
be seen that the gas is more  heated in the upper part of the
reactor, where there is no catalyst. But the lower part of the
reactor is also warming up. For the bidisperse case, the gas is
more  heated in the lower part of the reactor where the catalyst
particles are located.

3.2.  Particles  motion  near  the  hot  catalyst  feeder  and
the central  pipe

In the currently operating reactors, the gap between the wall
of the reactor and the grids has a significant effect on the cat-
alyst circulation. In the calculations carried out along the wall
of the reactor and along the central pipe of catalyst feeder
we observed significant descending flows of catalyst particles
(Fig. 5a). The presence of the circulation mechanism in the
reactor has a positive effect on the course of chemical reac-
tions, as there is an active catalyst mixing over the entire
reactor height. The reactor is connected with the regenerator
by two cross flows, where the spent catalyst should fall and
the fresh catalyst is supplied into the reactor. The incoming
fresh catalyst has a higher temperature and hence can more
actively participate in chemical reactions. Therefore, the type
of the distribution of fresh hot catalyst incoming to the reactor
is of a great importance.

In the numerical simulation of the monodisperse catalyst
case, considerable heating begins in the upper part of the reac-
tor. The upward flow of the gas, which is moving towards the
outlet from the reactor, is warming up considerably. When
calculating the case of the bidisperse catalyst (used in indus-
trial reactors), the heating starts at the bottom of the reactor.
This may be due to the downward flow of hot particles along
the central pipe from the catalyst feeder outlet to the bottom
of the reactor. This may not be effective since the channels
are situated in the lower part for removing the catalyst from
the reactor. Therefore, in the industrial reactors, it is desired
to warm up the middle part of the reactor, where grids are
installed.
Considering the gas temperature fields, catalyst volume
fraction fields, and the patterns of particle motion vectors,
e (a) and modification case 1 (b) and case 2 (c).

the following assumptions can be made. The incoming hot
catalyst falls on the fluidized bed in monodisperse case. Hot
particles give off heat to the upward gas flow. The incoming
hot catalyst moves along the central pipe from top to bottom
in bidisperse case. Once under the gas feeder on the bed of a
dense catalyst, the heated particles give off heat more  poorly
than in the monodisperse case, as it is seen in Fig. 4. The
redirection of this particular particle flux can influence the
location of the initial heating zones.

Let us consider the options for modifying the reactor block,
based on the analysis of the calculation results obtained.

3.3.  Modification  case  1

As the first modification option, we will consider the change
in the heated catalyst feed device. In the model of the device,
we will set a baffle whose geometric interpretation is shown in
Fig. 5b. This option may not be unique, and it implies a device
that increases the area for the distribution of the catalyst feed.
A deflector mounted at the exit of the pipe allows to reduce the
downward flow and direct the heated catalyst into the upper
reactor zone.

Fig. 6 shows catalyst volume fraction fields calculated with
adding this modification into the construction of the catalyst
feeder. There are no differences in the distribution of the cat-
alyst in the bed. This is due to the fact that the amount of
catalyst fed is small compared to the catalyst in the circulating
bed. Incoming catalyst has little effect on the hydrodynamics
of the reactor bed core.

Fig. 6 also shows calculated gas temperature fields. How-
ever, in a modified case there is a large area of a white
color corresponding to a range from 570 ◦C to 650 ◦C for the
monodisperse catalyst. If we add the deflector the heat of the
reactor’s upper region is greatly increased. Hot catalyst does
not roll down along the pipe and reaches the upper boundary
of the bed while maximally exchanging heat with ascending
gas flows.

For a bidisperse catalyst, a significant part of the fresh

heated catalyst also falls into the zone of fine particle’s cir-
culation, where it starts the processes of heat transfer to the
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Fig. 6 – The catalyst volume fraction and gas temperature fields in the reactor for modification 1. The coarse particle volume
fraction is presented for the monodisperse case (a). Coarse and fine particle volume fraction is presented for the bidisperse
case (b). Temperature fields are presented in the wide-scale 550–650 ◦C and the narrow scale 550–570 ◦C.
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irculating bed and gas. In comparison to the base case, there
s a considerable heating of the areas of the upper and higher
rids. In terms of heating reactant gas-feed, the use of such
odification has a positive effect. When the fine and coarse

articles are in the heated region they participate in a chemical
eaction.

.4.  Modification  case  2

he desired modification goal is to direct the heated cata-
yst particles into the reactor region where a large amount of
atalyst is located. In the reactor under consideration, this is

 region with grids. There are coarse catalyst particles. We

an use deflectors to direct the hot particles flow into the
rid area. For example, in articles (Golriz and Grace, 2002;
Samruamphianskun et al., 2012; Chalermsinsuwan et al., 2014;
Guio-Perez et al., 2013; Guio-Perez et al., 2014; Rossbach et al.,
2016) ring baffles are used on the walls. It is noted that the
ring baffles improve the phases mixing in the radial direction
and the elimination of the reverse flow near the wall, which
allows obtaining a high benefit for heat and mass transfer.
Also, the particle residence time in zones with installed inter-
nals is increased. The numerical results obtained show that
ring baffles improve the homogeneity of the gas–solid flow,
which makes the use of ring baffles suitable. In our unit, such
internals can also increase the heat exchange between the
heated central pipe and the phases in the reactor.

As the second modified scheme, we propose to eliminate
the downward flows of the heated catalyst along the pipe

and to direct the catalyst into the space between the grids.
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Fig. 7 – The catalyst volume fraction and gas temperature fields in the reactor for modification 2. The coarse particle volume
fraction is presented for the monodisperse case (a). Coarse and fine particle volume fraction is presented for the bidisperse
case (b). Temperature fields are presented in the wide-scale 550–650 ◦C and the narrow scale 550–570 ◦C.
This scheme allows heating the zones with a higher catalyst
volume fraction. To implement this idea we conducted the cal-
culations with the baffles disposed on the pipe. The realization
of the idea is shown in Fig. 5c. Note that the elimination of
downward flows along the pipe will not lead to a violation of
the particle circulation mechanism. The volume of catalyst,
falling down along the pipe, is averagely a tenth part of the
catalyst volume, descending along the walls of the reactor.
Therefore, the overall circulation of the catalyst in the reactor
is not disturbed.

Calculations of monodisperse and bidisperse fluidized bed
were carried out for the model constructed. Fig. 7 shows the
catalyst volume fraction and gas temperature fields. The cat-
alyst volume fraction fields also do not differ much from the
base case and modification 1. However, the gas temperature

fields have significant differences from the cases considered
previously. An increase in temperature in the grid zone near
the central pipe is seen in both cases of the monodisperse
catalyst numerical simulation and the bidisperse catalyst
numerical simulation. It can have a beneficial effect since
there is a large number of coarse catalyst particles in that zone.

4.  Summary

4.1.  Particle  circulation  in  the  reactor

From the results described, we  can see that the existence
of fine particles has an impact on the circulation in the
fluidized bed of the reactor as well as on the temperature
field. This is primarily due to the movement  of the par-
ticles in the top of the reactor. However, a bed of coarse
catalyst particles circulating in the middle part of the reac-

tor makes a significant contribution to the efficiency of the
reactor.
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Fig. 8 – Average velocities of the particle movement  in the middle part of the reactor. (For interpretation of the references to
colour in the text, the reader is referred to the web version of this article.)
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To better understand the impact of the modifications pro-
osed we  constructed the average values of the catalyst
articles and gas velocities’ vertical components. The average
alues are taken from the five single calculations over the time
nterval of 60–70 s. The results are shown in Fig. 8. The curves
re obtained for the points over the top grid, between the mid-
le grids, and under the bottom grid with a fine particle of 0%,
5% and 30%.

It is seen from the figure that on the upper grid in all the
ases circulation flows are not yet clearly expressed. Only
n the case of modification 1 with the baffle on the cen-
ral pipe, there is a flexure in the middle of the curve that
ndicates the hitting place of the particles received from the
egenerator to the main catalyst bed. Red lines represent the
urves for the base case of the reactor. The downward flow
f particles along the wall becomes especially important to
he bottom grids, creating a global circulation flow from the
olling of the particles in a large area near the wall and lift-
ng the particles closer to the axis of the reactor. At the same
ime, there is a thin bed of particles descending along the
entral pipe.

Blue lines represent the curves for modification 1 with the
affle on the catalyst inlet. The curve of the mean velocities
escribes two significant downward flows along the wall and
long the central pipe. The flexure at the center is defined by
he movement  of particles received from the regenerator. In
ther zones, particles are raising up.

Green lines represent the curves for modification 2 with
he baffles along the central pipe. Several opposing flows
f high intensity are observed. Particles move down along
he wall of the reactor, then there follows the zone of
articles moving up, and a significant zone of descend-
ng particles, after which again we  have a zone of the
articles rising up. Continuous flow along the center pipe
is not possible due to the presence of deflectors. Small
circulation zones are observed between the baffles along
the pipe.

4.2.  Average  catalyst  volume  fraction  and  gas
temperature

The average parameters of catalyst volume fraction and gas
temperature are presented below. The average values are
taken from five single calculations for the time moment of
60 s of reactor operation. In Fig. 9 we  can see the curves
for the parameters under the grids, in the middle zone of
the grids and above the grids, depending on the percentage
of fines. The catalyst volume fraction is approximately the
same for the base case and modifications. It can be seen
that the total particle concentration decreases between the
grids as the fine particles percentage increase. Fine parti-
cles are easier to slip through the free cross-section of the
grids, and also they circulate throughout the entire height
of the reactor. In modification 2, we  eliminated the flows
along the pipe, sending the particles into the grid zone. Thus,
we raised the gas temperature between the grids and under
the grids.

Fig. 10 shows the average parameters along the vertical
lines: along a pipe near the symmetry axis, in the middle
between the pipe and the wall, near the wall. The particle vol-
ume  fraction along vertical lines is approximately the same in
all cases. There is a decrease in concentration near the pipe for
modification 2 with baffles. There is no dense downward flow.
The gas temperature is expected to increase along the pipe for
modification 2 and decreases with modification 1. In this case,
modification 1 shows a significant increase in gas temperature

closer to the wall with an increase of the fine particles fraction
percentage.
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Fig. 9 – Average values of catalyst volume fraction and gas temperature in the middle part of the reactor. (For interpretation
of the references to colour in the text, the reader is referred to the web version of this article.)
4.3.  Average  gas  temperature  and  added  enthalpy  rate
in the  reactor

Then we  analyze the average gas temperature in the reactor.
Fig. 11 shows graphs for the operating time of the reactor of
60 (solid lines) and 70 (dashed lines) seconds. The reactor with
modification 1 without the fine fraction has the largest average
gas temperature. However, as the percentage of fine particles
increases, the average gas temperatures approach each other.
The resulting graphs are correlated with Figs. 4, 6 and 7. It
may seem that the presence of a baffle at the pipe outlet in
the absence of fine particles is the most effective option. But in
this case, the upper part of the reactor is warmed up, and there
are almost no particles. At the same time, the heat received
from the catalyst is simply carried out.

For a more  effective evaluation of the reactor heating, we
calculate the enthalpy flow rate introduced into the reactor as
ḣreactor = ḣgas,inlet + ḣcat,inlet − ḣgas,outlet. (25)
It can be seen from Fig. 11 that the thermal energy that
remains in the reactor is inversely proportional to the average
gas temperature in the reactor. The highly heated gas carries
a lot of thermal energy out of the reactor. Adding fine parti-
cles allows storing more  thermal energy in it. Judging by these
characteristics, the greatest effect of adding the fine particles
is observed for the modification 1 case.

The increase in the flow enthalpy in the reactor with the
addition of fine particles can be associated with two factors.
First, fine particles are located in the entire volume of the
reactor, and coarse particles are mostly below the upper grid.
Secondly, the fine particles have a large surface area. In our
example, the volume of one granule of a coarse particle is
equal to the volume of eight granules of fine particles. The
surface area of one granule of a coarse particle is equal to
the surface area of four granules of fine particles. Thus, with
an equal volume fraction, fine particles will have a surface
area twice as large as coarse particles. That is, fine parti-
cles can transfer more  heat to the gas compared to coarse
particles.
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Fig. 10 – Average values of catalyst volume fraction and gas temperature on vertical lines. (For interpretation of the
references to colour in the text, the reader is referred to the web version of this article.)

Fig. 11 – Average gas temperature and added enthalpy rate. Solid lines show 60 s of the reactor operation, dashed lines
show 70 s of the reactor operation. (For interpretation of the references to colour in the text, the reader is referred to the web
version of this article.)
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Fig. 12 – The reactor heating efficiency. Solid lines show 60 s of the reactor operation, dashed lines show 70 s of the reactor
e te
operation. (For interpretation of the references to colour in th

4.4.  Reactor  heating  efficiency

We  made one more  estimate of the modifications efficiency.
By analogy with the paper (Solov’ev et al., 2016) assessment
of efficiency was conducted on the basis of the function of
reactor heating efficiency

Fef (x, y) = ˛cat (x, y)
(
Tgas (x, y) − Tgas,0 (x, y)

)
, (26)

where ˛cat (x, y) is the catalyst volume fraction (˛cat =
N∑
i=1

˛s,i),

Tgas (x, y) is the gas temperature at a point in the reactor. The
value Tgas,0 (x, y) means a minimum temperature at which gas
is fed to the reactor. The higher gas temperature and the cata-
lyst concentration in a particular point of the reactor are more
likely to cause the reaction at this point. To determine an inte-
gral value which characterizes the function of efficiency, we
introduce the factor

Cef =

∫
V

Fef dV

˛cat,maxTgas,maxV
· 100. (27)

The coefficient defined by the Formula (27) characterizes
the efficiency of the reactor heating in the entire active reac-
tor zone. The value of Cef = 100 is only possible if the entire
reactor is the most densely filled with the catalyst while the
gas is heated to a maximum possible temperature. Of course,
in a real reactor, the catalyst is not distributed densely, and
the gas is heated irregularly as it passes through the hot cat-
alyst. Therefore, in the real reactor model, the coefficient will
be much less than 100.

Fig. 12 shows the graphs for the base case and various mod-
ifications suggested by the volume content of fine particles.
The solid lines represent the results after 60 s of operation of
the reactor, the dashed – after 70 s of the reactor operation.

It is seen that the presence of fine particles, even up to 35%
does not greatly change the efficiency of the reactor heating.
In the base case block’s heating goes very slow, as evidenced
by the minor difference of the results for 60 and 70 s of the
reactor operation. The efficiency of heating is much higher in
the cases with the modifications. This indicates the correct
identification of the problems of the base case and of the right
idea for optimization by modifying the internal components.

The addition of fine particles leads to the more  intensive gas
heating in the zones with a large number of catalyst particles
xt, the reader is referred to the web version of this article.)

and a decrease in the gas temperature in the zones with a
small number of catalyst particles.

5.  Conclusion

From calculations of the base reactor and proposed variants of
the construction changes, we  can make conclusions regarding
the movement  of the catalyst in the reactor, the processes of
heat exchange and the reactor heating. In a turbulent gas bed,
the catalyst granules form the main circulating flows. A major
role here belongs to the parietal effect when the particles fall
along the walls at the high speed and rise gradually in the free
zones of the apparatus. Grids located in the reactor contribute
to the break of rising gas bubbles and mixing of the catalyst
grains.

The type and position of the hot particle feeder have a
major effect on the rate of the reactor heating and the initial
zones of that heating in it. By controlling the direction of hot
catalyst granules movement  on the output device, it is possi-
ble to change the region of the reactor heating based on the
necessary conditions. Note that the modifications considered
did not change the position of the hot particles feeding point
into the reactor, but only redirected the particles.

The presence of fine particles affects the hydrodynamics of
the fluidized bed and the reactor heating. The bed expansion is
increased, the average value of particle volume fraction in the
section is decreased. Numerical simulation results show that
the presence of fine particles reduces the average gas temper-
ature in the reactor. However, the presence of fine particles
contributes to the conservation of larger amounts of thermal
energy in the reactor. Also, the addition of fine particles can
change the heating regions in the reactor. In the cases consid-
ered, the addition of fine particles contributed to the increase
of intensity of the heating of the lower part of the reactor,
where coarse particles circulate.

A function is considered that depends on the catalyst par-
ticle volume fraction and the gas temperature, to estimate the
efficiency of the reactor heating. The function helps to deter-
mine when the hot gas is in contact with large volumes of
the catalyst. The modifications proposed showed an increase
in efficiency, in comparison with the base case. Moreover, the
addition of fine particles had a negligible effect on the values of
the function under consideration. The addition of fines leads
to more  intensive gas heating in the zones with a large num-

ber of catalyst particles and a decrease in the gas temperature
in zones with a small number of catalyst particles.
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Thus, the type of the hot catalyst particle feeder and the
resence of fine particles can influence the intensity of the
eactor heating and the area of strong and weak heating. Note
hat these results correspond only to the reactor design con-
idered and may not be valid if there are additional structural
lements.
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