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Abstract. A fluidized bed reactor designed for the dehydrogenation of isobutane is considered.
The process takes place at high temperature and with heat absorption. A feature of the apparatus
is the mechanism of block heating due to the catalyst entering through the pipe located in the
center. The analysis of the effect of the grids located in the apparatus on the reactor heating is
carried out.

1. Introduction

Fluidized bed reactors are used for many processes of the petrochemical and refining industries and
energy [1-3]. The Eulerian-Eulerian approach is widely used for fluidized bed apparatus modeling when
both the carrier (gas, liquid) phase and the discrete (solid granular) phase are considered as continuous.
For the discrete phase, the equation of the granule temperature variation is added due to the change in
their kinetic energy due to collisions (for example, [4]).

The ability to control the particle movement in the fluidized bed with internal elements such as grids
and deflectors is widely studied. Experimental and numerical studies of devices with installed perforated
plates and grids are presented in [5,6]. Grids were considered in [7] to improve the quality of dense bed
fluidization. The influence of the heated particle feeder on the fluidized bed reactor heating is considered
in [8,9]. The effect of grids on the fluidized bed porosity and the particle residence time in a bed were
experimentally and numerically studied in [10].

This paper describes an industrial large-scale fluidized bed reactor used to dehydrogenate isobutane
to isobutylene. The reaction takes place with the heat absorption. The pipe for supplying heated catalyst
particles from the regenerator is located in the center of the apparatus. The focus is on grids located in
the reactor. Grids can be installed at different distances from the walls. Three variants of the gap between
the grids and walls and their influence on the particle motion and heating of the reactor are considered.

2. Problem formulation
We consider an industrial fluidized bed reactor with a catalyst particle diameter of 20-200 um (Figure 1).
The reactor has a cylindrical shape with a diameter of 5.2 m and a working area height of 11 m. At the
bottom of the reactor there is a feeder for a gas with temperature of 550°C. Gas consumption is about
24 t/h. A feature of the apparatus is a centrally located vertical supply pipe from the regenerator of a
heated catalyst at a temperature of 650°C. The grids with a free cross-section area of 30% are located in
reactor.

An analysis of the reactor design showed that there is a gap between the grids and the block walls.
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The size of the gap may differ due to errors in the manufacture and installation of grids, as well as due
to thermal metal expansion. In this paper, we consider three options for the gap size, there are 9 cm,
5 cm and 3.6 cm. The gap is considered to be the same from the side of the reactor wall and from the
side of the central pipe. It is required to determine the influence of the gap size on the hydrodynamic
and heat exchange processes in the reactor.
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Figure 1. Reactor model and explored gaps.

3. Mathematical models
In the present work, the continuous Eulerian—Eulerian multiphase model is used, supplemented by the
kinetic theory of gases to take into account collisions of solid particles. For each phase, we write the
laws of conservation of mass, momentum and energy.

The mass conservation equation for gas or solid phase:

%WLV'(aipivi):O’ 1)
where ¢; is volume fraction, p; is density, V; is velocity.

The momentum conservation equation ll‘or the gas phase:

aai%vgw-(agpgvgvg):—agvmv-?g+agpgg*+gﬁgj, @)

where p is pressure, r=g is stress tensor for gas phase, Ifigj is interfacial interaction force between the
gas and j-th discrete solid phases. In equation (2), the stress tensor is:

Ty =gl (va +V\7gT)+0:g %ygv.vglz, (3)

where g, is shear viscosity, | is unit tensor. The interfacial interaction force is written as:

jo = Kgi (\79 -V )’ (4)
where ng is interfacial interaction coefficient.
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The momentum conservation equation for the solid phase:
aafspsvs YRV = ~ )
ot +V'(aspsvsvs)=_asvp_vps +V'Ts + a9 +ZRSJ" (5)
i
where p, is solid granule pressure; 7, is stress tensor for solid phase; ﬁsj is interfacial interaction force

between the solid and j-th gas or solid phases. In equation (5), the stress tensor is:

= . . 2 =
rs:asys(ws+vVST)+aS(ﬂS—§ﬂsjv.vsl, (6)
where g, A, is shear and bulk viscosity. The interfacial interaction force is written as:
st = Ksj (\75 _\7] ) (7)

Let us note that for the interaction of gas and solid phases K ; =Kg; .

The energy conservation equation for the gas or solid phase:

—aa‘pihi+V-(aipi\7ihi)=0!i%+?i:\7i+ZQij' ®
at ot j

where h; is enthalpy; Q; is heat transfer intensity between the i-th and j-th phases. Let us note that
Qij =Q ji*
The equation for the solid phase granule temperature [11]:

3| 0 _ = = ~
E|:E(asps®s)+vl(aspsvs®s ):| :(_ psl +Ts):vvs +V'(k®sv®s)_7®s +¢sg’ (9)

where kg is the granule energy diffusion coefficient; ®, is solid phase granule temperature; y,, iS
energy dissipation from particle collisions; ¢,; is energy exchange between solid and gas phases.

The coefficient of interfacial interaction can be written in the form [4] in the case of the two phases
interaction of type as gaseous and solid granular. In the case of the interaction of two solid granular
phases, we use [12]. The shear viscosity of the solid phase is taken into account as the sum of the
viscosity of the collisions and the kinetic viscosity [4]. The bulk viscosity in the solid phase is
responsible for the resistance of granules of particles to compression [13]. The pressure in the solid
granular phase is considered to be independent and takes into account the pressure change due to the
collision of particles [4]. The expression Kk, ,V®, describes the diffusion energy flow of granules from

[4]. The term y,, in the equation for the granule temperature characterizes the rate of energy dissipation

in the s-th solid phase caused by collisions between the particles of the phase [13]. Transfer of kinetic
energy from fluctuations of particle velocities from the s-th solid phase to the g-th gaseous phase is
considered from [4]. In the case of the presence of a granular solid phase, the calculation of the Nusselt
number in the heat exchange between the s-th solid phase and the g-th gaseous phase is applied from
[14].

The flow considered in the apparatus under the accepted loads is turbulent. In the solution model
used for the calculations, a dispersion k—& model of turbulence was used, in which the motions of the
“secondary” solid granular phases are generated against the background of the motion of the “primary”
gas phase. The written system of differential equations is solved in the ANSYS Fluent software package.
The computational domain was divided into quadrilateral elements. In the present work in the
calculations carried out, the typical number of finite elements was 500 thousand. The boundary
conditions were prescribed for all elements of the constructed model of the apparatus.

4. Results

The polydisperse catalyst is located in the reactor. For the calculations, we choose the average fraction
with a diameter of 100 pm. However, the average gas velocity over the cross section of the apparatus is
not enough for entrainment of such particles. In turn, the fine fractions can have a significant impact on
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the bed movement and the heating of gas and particles. At the same time, the system of cyclones and
filters of an industrial reactor returns particles with a diameter of more than 40 um to the block.
Therefore, we choose an additional average fraction of fine particles with a diameter of 50 um and a
volume content of 20% of the total number of particles in the reactor.

At a given gas flow rate, catalyst particles circulate throughout the reactor volume. The fields of
granule concentration are similar for all variants of the considered values of the gaps. However, the
analysis of temperature fields shows significant differences. Fig. 2 presents the temperature fields for
calculations after one minute of reactor operation. The temperature scale is from 550°C (blue areas) to
570°C (red areas). In figure 2 (a) the heated region above the central tube is visible. Thus, the incoming
heat is quickly removed from the reactor. In figure 2 (b) the heated regions are above the central tube.
On the contrary, the regions in the lower and middle parts of the reactor are more heated. In this case,
for the case with a gap of 3.6 cm, a well-heated area is observed near the outer wall of the apparatus.

570°C

560°C

550°C
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Figure 2. The temperature distribution (°C) in the reactor for three values of the investigated gap:
(@) 9 cm, (b) 5 cm, (c) 3.6 cm.

To analyze the results of calculations, averaged parameters were constructed in the reactor sections:
(a) — the upper grid, (b) — the lower grid. The graphs are built for the time interval of the blocks from 40
s to 70 s. Figure 3 shows the average temperature values. For the 9 cm gap option, there is a slight
temperature increase in all sections. An exception is the area around the central pipe. Options with gaps
of 5 cm and 3.6 cm show significantly better heating in all areas. We also note that in all sections for the
case with a gap of 5 cm, the region around the symmetry axis of the reactor is better heated, and for the
case with a gap of 3.6 cm, the region near the outer wall of the unit is better heated. An analysis of the
results of the reactor heating indicates that, as a result of a change in the gap, the directions of the main
circulation flows of gas and catalyst particles also change. We calculated the averaged values of the
velocity for axial particle motion in the reactor cross sections for the values of the investigated gap. The
results are presented in figure 4.
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Figure 3. The averaged values of the
temperature in the sections of the reactor
for the three values of the gap being
investigated: solid lines — 9 c¢m, dashed
lines — 5 c¢m, dashed lines — 3.6 cm.

The essence of the reactor under consideration is that gas and catalyst particles must move in the

Figure 4. The averaged values of the
velocity of axial motion of particles in
the sections of the reactor for three
values of the gap being investigated:
solid lines — 9 cm, dashed lines — 5 cm,
dashed lines — 3.6 cm.

vicinity of the heated granule feeder. So, in the first case with a gap of 9 cm, it can be seen that the
incoming heat is quickly carried upwards by the upward flow. In the case of a gap of 3.6 cm, the
incoming heat is transferred by descending flows to the lower part of the reactor and to the zones near
the outer wall, which allows heating a large number of large catalyst grains.

5. Conclusion

Grids installed in the fluidized bed reactor can have a significant impact on the hydrodynamics of the
phases and the thermodynamics of the apparatus. In this case, not only the transparency and the shape
of the grids, but also the distance between the grids and the walls of the apparatus is important. For a
reactor in the presence of a central vertical pipe designed to supply heated particles, an increase in the
efficiency of heating the apparatus by reducing gaps for the movement of free gas and catalyst particles

along vertical surfaces is shown.
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