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Abstract: In our previous work, a new concept of annular catalyst cooler (ACC) was
recently proposed and validated experimentally, which showed that an internal
circulation of solids can be formed by using two gas distributors and both
hydrodynamics and heat transfer can be largely improved. The current work
simulated the detailed hydrodynamics of gas-solids flow to advance our
understanding of the ACC by using ttweo-fluid model.. The influence of effective
particle diameter i and specularity coefficient in solids wall boundary condition

are examined and compared with experimental data. Optimum valugs=a7@

um andp=0.3 are determined and used in the simulations. The results show that by
properly selecting the gas velocities and the position of heat transfer tube, internal
solids circulation can be formed. TheACC has a combined hydrodynamic feature of
up- and down-flow catalyst coolers with bigger solids volume fraction and smaller
particle resident time, which are beneficial for improving heat transfer coefficients.
Detailed hydrodynamics of gas-solids flow are obtained, and the influential
parameters are examined, which provides valuable information on the design and
optimization of such new ACCs.

Keywords: internal circulation, hydrodynamics, gas-solid flow, catalyst cooler, FCC,
CFD



1. INTRODUCTION

In a modern petroleum refinery, a catalyst cooler plays a crucial role to keep heat
balance ofa fluid catalytic cracking (FCC) unit for processing heavy residue
feedstock 2. A heat balance is achieved when the generated heat from the
coke-burning regeneration is equal to the required heat for the cracking reaction.
However for high coke-contained feedstock, the heat released is generally much
more than the reguement from the cracking reaction. Such extra heat leads to a
reduction in processing capacity with worsened product yields or even serious
accidentd® 4. The catalyst coolds a surface type heat exchanger, where the heat is
transferred from hot particles to a bundle of tubes and taken away by water and
stream inside. Both down-flow and up-flow external catalyst coolers are widely
used in the actual industry [4,5]. .

However when feedstocks beceimeavier and poorer in quality, it is difficult for
conventional external catalyst coolers to meet the industrial defh&fll Several
problems such as low heat transfer capacity, unstable catalyst circulation and severe
tube damages were frequently reported in industrial catalyst cddfétsin our
previous studies, a new catalyst cooler (ACC) concept based on annular flow
configuration was proposed to intensify the bedvall heat transfer and improve the
hydrodynamics of gas-solids flow?. In this new concept, the single gas distributor
associated with conventional catalytic coolers was replaced by two distributors,
including a centre plate distributor and a ring distributor near the bedAmahternal
particle circulation motion can be formed by adjusting the ratios of gas velocities
from two gas distributors. Our experiments have validated the new concept of ACC
and showed that the internal circulation of solids played a dominant role in improving
the hydrodynamics of gas and solids flow, and enhancing particles renewal on the
tube surfacél. Further comparison of the flow and heat transfer behaviour against a
base catalyst cooler (BCC) showed the promise of the new ACC concept.

However, it shall be noted that due to the experimental limitations, the detailed
hydrodynamics of gas and solids in the critical fluidized regions are still unclear. As
summarized in our previous studiés™¥ the design idea of the ACC was originated
from a recirculation fluidized bed (RCFB} %1 For RCFBs, many studies have been
conducted to obtain the profiles of bed density and solids velB€ity! particle
residence time distributiol®, particle circulating velocity*® 29, and cold and hot
particle mixing degred?t 23 in the critical regions. However, an ACC bears
significant differences to a RCFB in terms of the double distributor design and system
configuration.As small variations in the design may lead to large differences in the
performance, it is essential to understand detailed hydrodynamics of gas and solids
inan ACC..



Computational Fluid Dynamics (CFD) based on the Euler-Euler method has been
successfully applied to investigate the micro-structure of gas and solidg4|dveat
transfer performancand operation optimization of industrial proasg® 24 For
bedto-wall heat transfer, most of investigators faetien the predicting ability of the
model on the heat transfer coefficient near the hot wall or the effect of bubble
movement on heat transfer coefficient. For example, Kuiper®t abtained detailed
information on the maximum bed-wall heat transfer occurs in the bubble wake by a
two fluid model without incorporation of turbulence terms. Patil é®hasimulated a
case with a pulsating jet by incorporating a porosity profile near the wall in the
thermal energy balance, based on the effective heat conductivity. And the computed
local instantaneous heat-transfer coefficiemés in good agreement with the
experimentally determined heat-transfer coefficients. Yusuf fldbund the better
results were predicted by using the model of Legawiec and Ziolkdtskather than
Zehner and Schluend®?! to calculate the solid phase thermal conductivity. Moreover,
another researelsaimed to obtain the relation between the gas-solids hydrodynamics
and bedo-tube heat transfer in a fluidized bed with immersed heated Auivestrong
et all®¥ used a two-fluid Eulerian-Eulerian formulation incorporating the KTGF to
simulate the 2D fluidized bed with horizontal heated immersed tubes. Results showed
that increasing the number of tubes promoted heat transfer from tubes to the particles
and flow. Further, Dong et df¥ found a square heated tube influenced the
hydrodynamics more than the circular tube which delayed the bed from reaching
fluidization by investigating the effect of tube shape. Yusuf étZakimulated the
local instantaneous heat transfer coefficient at the top of the tube, which was strongly
affected by the gas velocity. All studies reviewed above simulated the hydrodynamics,
heat transfer or their relation in the local region near the wall or tube. However, little
investigator focuses on the effect of whole gas-solid flow on heat transfer coefficient
in a fluidized bed with vertical heated tube. In this study, the gas and solids flow will
be simulated to obtain the effect of hydrodynamics on the heat transfer performance
on the basic of our pervious experimental measuresHént..

In industrial catalyst cooler, FCC patrticles, a typical Geldart group A particle, are
fluidized by air to form the bubbling fluidized bed. Ferschneider and ®fege
observed severe overestimation of bed expansion by simulating a freely bubbling bed
of FCC particles using an Euler-Euler method. After an extensive review, van
Wachem etal B4 found that drag force has a significant impact on the simulation
results, influencing the predicted bed expansion and the solids concentration in the
dense phase regions of the bed. The poor simulation results for Geldart A particles
were attributed to the existence of cohesive inter-particle forces that are due to
particle-particle collision. The inter-particle force leads to the grouping of solids or
particle clusters, resulting in an effectively larger particle diameter and a lower
interphase exchange coefficient, which would in turn led to a reduced bed expansion



35, For instance, Mckeen and Pugsl€y showed that the effective particle
agglomerate diameter was in the range of 135~imiOfor FCC particles with an
actual mean diameter @5 um. Lettieri et al*® back-calculated the cluster diameters
from the experimeul terminal velocity, and showed that FCC particles wiauter

mean diameter from 49 to 71 um had an effective particle diameter in the range of
200~400 um at 20°C and in the range of 18017 pum at 650 °C. Gao et al*" 38l
proposed a modified drag model based on the effective mean diameter of particles
cluster, and successfully simulated the gas and solids mixing in FCC sthidbans!
hydrodynamics in a gas-solid airlift loop readfék.

As a complementary work to our experimental studié$® the Euler-Euler
model is adopted in this work to simulate gas-solids flow in a BCC and an ACC. The
effective particle diameters and the specularity coefficient (i.e., to describe
particle-wall collision boundary conditions) are obtained by comparing the simulation
with experimental data. The drag model modified by Gao &t & is used to model
the inter-particle force based on the effective particle diameters. A parametric
investigation of the operation conditions and optimization are numerically simulated
and detailed hydrodynamics is then revealed in the critical flow regions, as well as the
driving force of internal circulation, including solids volume fraction, velocity, flux
and their standard derivation.

2. MODEL DESCRIPTION
2.1 Numerical model

Numerical modeling of the fluidized bed system was based on the two-fluid
model, and the equations foretltonservation of mass, momentum and granular
temperature were solved by the commercial CFD program FLUENT 6.3.26. The
kinetic theory of granular flow, which characterizes the stochastic fluctuations of the
kinetic energy of solids, is used for the closure of the solids stress terms. The
governing equations solved for the current gas-solids system are as follows:

Mass conservation for the gas and solids phases:
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Momentum conservation for the gas and solids phases:
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Heree is the volume fractiony is the density, us the velocity, tis the time, p is
the pressure,igs the gravity acceleration apds the interphase momentum exchange
coefficient, respectively. The subscripts g and p indicate the gas and particle phases.
The conservation of the kinetic energy of the moving patrticles is described by the
granular temperaturé), which is derived from the kinetic theory of granular flow:
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where @ is the granular temperaturgp is the diffusion coefficienty, is the solid
phase shear viscosity, i3 the solid phase pressuigjs the solid bulk viscosity, and
is the collisional dissipation of solid fluctuating kinetic energy.
Due to several unknown variables included to the kinetic theory of granular flow,
constitutive equations are needed to close the conservation equations, as below.
The stress tensor for the gas phase is described as:
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while the stress tensor for the solids phase is:
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The solid phase pressure, which describes the change in the total momentum
transport of the motion of particles and their interactions, is used for the pressure
gradient term and is expressed as:

P =£,0,0| 1+ 20, (14 ©) | @)

where e is the particle-particle restitution coefficient, apdttie radial distribution
function, is expressed as:
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The granular temperature is defined by:
1/—/—
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The solid phase shear viscosity is determined by:
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The solids bulk viscosity, which accounts for the resistance of the solid phase to
compression and expansion, is expressed by:
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The collision dissipation of energy, representing the rate of energy dissipation in
the particulate phase due to inelastic particle collisions, is calculated by:
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The conductivity of the solid fluctuating kinetic energy describes the diffusion of
granular energy as:
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The exchange coefficieng in Eq. (3) and (4) is used to couple the drag
interaction between the gas and solids phases. Due to the strong inter-particle force
between Geldart A type particles, a grouping of solids or particle clusters occur in the
fluidized system where many studies have been conductéd #d. The modified
Gidaspow drag model by Gao et is used in this work to compute the drag force
of formed agglomerates
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where ¢* is the effective particle diameter,pGs the drag coefficientyy is the
viscosity of gas, anRg, is the Reynolds number of agglerate.

2.2. Simulation system

Numerical simulation was performed under the same conditions as the



experimental work described in our previous pdp& As shown in Figure 1, the
experimental facilitiesvere simplified to a two-dimensional structure with the height
0.3 m and width of 0.286 m. The heat transfer tube had a height of 0.844 m and width
of 0.04 m. The fluidized bedas divided into two regions by the tube. Onas the

region closing to the bed center, whigkes simply named as the ‘left region
according to their relative positions. Anothweas the region closing to the bed wall,
named as the ‘right regioni. In order to obtaira uniform rectangular mesh, the inlet
was simplified as the uniform velocity inlet, and mesh size of 4 mm*4wasused

The entrained particles from the top outhetre returned to the bed from the bottom
inlet by a user defined function.
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Figure 1 Schematic diagram of simulated 2D fluidized bed catalyst coolers

Table 1 Gas and particle properties and operation conditions

ltem Value
Particle diameter,d 69.4um
Particle densitypp 1500 kg/nd
Minimum fluidization velocity, 0.0035m/s
Air density,pg 1.225 kg/nd
Air viscosity, Ly 1.7 x10° kg/(ms)

Inlet gas velocity
Form distributor in BCC, u 0.1,0.2,0.3,0.4, 0.5 m/s




Form plate distributor in AC, w’ 0.17,0.37,0.57,0.77,0.97 m/s

Form ring distributor in ACC, 2 0.03 m/s
Radial position of heat tube, KR 0,0.3,0.6, 0.8, 0.9, 0.95
Static bed height, i 1.1m
Initial solids volume fractionso 0.55
Specularity coefficientp 0.05, 0.2,0.3,0.35, 0.5, 0.9
Particle coefficient of restitution, e 0.9
Wall coefficient of restitution, g 0.9

The gas usedias air at ambient conditions and the particlese FCC catalysts.
The properties of gas and particle and the corresponding experimental conditions are
listed in Table 1. All inlets were designated as velocity inlet boundary condition,
where the flow directions were normal to the boundary. Based on the experiment,
the inlet velocity of gas phase was determined from the superficial gas velocity, and
the inlet velocity of solids phase was zero due to no solids flow into the bed. As the
flow area was the same #sat in the BCC, the inlet velocity was equal to the
superficial gas velocity, in the range of 0.1~0.5 m/s. However, the area of each
distributor wvasequal to half of the bed cross sectional area in the ACC, i.e.

A=A =ZA (19)

where A, A and A were the bed cross sectional area, the areas of plate distributor and
ring distributor, respectively. Based on the continuity principle, there is a relation
between the inlet velocities from the centre plate distributdy foom the ring
distributor v’, and superficial gas velocity u,

UA=U"A+U,"A (20)

During the experiments, two catalyst coolers were kept at same superficial gas
velocities. Therefore, :iwas in a range of 0.17~0.97 m/s wheny’ was fixed at
0.03m/s. The top of the beubs set as the pressure outlet boundary condition for the
two phases. At the walg no-slip boundary conditiowas assumed for the gas phase.

For the solids phase, the Johnson and Jackdwmsolid phase wall boundary condition

was adopted to describe the interactions between particles and wall. The equations for
boundary conditions used are given in Table 2. The specularity coefficisnan
empirical parameter describing the particle-wall collisions. Its value has a range from
zero for perfect specular collision to unity for perfect diffuse colli§iBnA smaller

value generally represents a smooth wall with less friction. The specularity coefficient
was set as 0.05, 0.2, 0.3, 0.35, 0.5 and 0.9 to investigate their effect on the gas-solids
flow. No- and free-slip boundary conditions also were considered to investigate the
effect of wall boundary condition, corresponding¢gel and 0. Both the particle
coefficient of restitution and the wall coefficient of restitutivere set to 0.9. Initially,

the catalyst coolewas filled with FCC particles at an appropriate initial volume



fraction (0.55). At initial state, the particle velocity and the bed height were set as the
minimum fluidizing velocity 0.0035 m/s and 1.1 m, respectively. The time step used
was 0.001s. Both the time step and mesh sieee tested for independence. The
fluidized bed achieved a steady state for a period of 10 s.

During the actual experimef!, the radial average of solids volume fraction
and instantaneous solids volume fraction on the tube surface were measured to obtain
the bed expansion ratio and the surface hydrodynamics in the BCC, which are used to
validate the model. In addition, the bedtube heat transfer coefficients were
measured by heated tube and thermocouples in the BCC and ACC, and will be used
to illustrate the influence of hydrodynamics via the modelling. Please refer to our
paper for detailed experimental descriptich

Table 2 Johnson and Jacksthsolids wall boundary conditions

Item Expression
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VE|OC|ty s \/éiZ'(Opsgsg 0,58\ o s an
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3. PARAMETERSDETERMINATION
3.1 Effective particle diameter

The effective particle diametery*dis of crucial importanceto the modified
Gidaspow drag model. It directly influents whether the predicted bed expansion ratio
is in agreement with experimental value or A8t In the simulation, the effective
particle diameter is set &9.4 pm, 170 pm, 250 um, 300 um and 400 um respectively
to determine the appropriate particle cluster diameter. For axial distribution of solids
volume fraction, the simulated values are compared with the experimental ones from
the BCC & u=0.3 m/s Figure 2. The predicted particle volume fraction and bed
expansion height are in good agreement with the measured values wheh ithe d
equal to 17Qum. For the smaller effective particle diameted9.4 um, the calculation
gives a severe over-prediction of the experimental bed expansion. For the bigger
effective particle size, i.e. 250 - 4@, larger solids volume fractions are obtained
due to smaller drag force and correspondingly, a smaller bed expansion height. So the



effective particle diameter70 um is selected in this work to simulate the gas and

particles hydrodynamics in two catalyst coolers.
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Figure 2 Effect of the effective particle diameter on solids volume fraction
distribution (u=0.3 m/sp=0.3, &=0.9)

3.2 Specularity coefficient

Zero, partial- and free-slip wall-boundary conditions are respectively used to
investigate the effect of particle-wall interactions. The partial-slip wall boundary
condition proposed by Johnson and Jack§bimcludes two important parameters to
describe the fluctuating energy due to the inelastic collision between particles and
wall, and the tangential particles velocity at the wall. The fluctuating energy is
specified by the particle-wall restitution coefficienteAnother parameter is the
specularity coefficient ), which characterizes the sliding and bouncing back
behaviours of particles’?. For both 2D and 3D bubbling fluidized beds, the
simulation results from Li et df¥! has shown that the restitution coefficient had a
smaller influence on the radial profiles of solids volume fraction and velocity, but the
specularity coefficient influenced gas and solids flow significantly. Zhong éfl al
also found that the restitution coefficient pdalyonly a minor role in predicting the
segregation and mixing behaviour of binary particle mixturea irbubbling bed
However, for both segregation and mixing process, the specularity coefficient
significantly affeceédthe predicted jetsam velocity distributions, whieés obviously
different in terms of jetsam concentration distribution. The same results were also
obtained in in spouted be#$l. In this study, the particle-wall restitution coefficient
0.9, which was employed in many stud®$’!, was used and the effect of specularity
was examined corresponding to different boundary conditions.. In the stady,
free-slip boundary condition is simulated witlp=0, and the no-slip boundary
condition is represented byp=1, similar to previous studi¢®>%. In the partial-slip



boundary condition, the specularity coefficient is set as 0.05, 0.2, 0.3, 0.35, 0.5 and
0.9.

Figure 3 presents the axial profiles of solids volume fraction at different wall
boundary conditions, which shows that the influence of the specularity coefficient is
small. Except the free-slip case=0) where a peak value is observed at z=1 m, all
other simulations reach similar results and are in good agreement with the
experimental values. Such results are consistent with Loha!#t who found the
predicted pressure drop across the bed was also similar except for the free-slip
condition, which showed the maximum deviation
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Figure 3 Effect of specularity coefficient on solids volume fraditiotie axial
direction (u=0.3 m/s,=170 um and =0.9)

Though the influence of the specularity coefficient on the average solid volume
fraction is small, the simulation results from Li et*8land Loha et df® showed that
the specularity coefficient would affect the radial distribution of solid volume fraction.
Experimentally, we have developed an optical fibore probe to monitor the transient
solids flow near the wall. When the particles or bubbles flow through the heat transfer
tube, the voltage signals measured by the probe will fluctuate correspondingly, which
indicates the change of the solids volume fraction. Figure 4 compares the simulated
instantaneous solids volume fractions with the experiaterglues at z=0.5 m at
different wall boundary conditions. As the shear effect of thi wa the particles
decreases with reducing specularity coefficient, the particles tends to reside at the wall
region at the low specularity coefficief2®3. The smaller specularity coefficient
would cause lower frequency of bubbles occurred at the wall, forming bigger solids
volume fraction. It is found that the simulation value {©6¥0.3 is closerto the
experimenral value. Therefore, the specularity coefficient 0.3, which is very close to
9= 0.25 used by Armstrong et &P>4 for the partial-slip boundary condition is
selected to simulate the flow of gas and particles in two catalyst coolers. The selected
specularity value is also consistent with the recommendations from Bakshplet al



who sugge®d that values ofy shall be n the range of [0.01, 0.3] to simulate dense

solid-gas flows.
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4. RESULTSAND DISCUSSION

Based on experimentally-validated effective particle dimeter and specularity
coefficient, extensive simulation is conducted to reveal detailed hydrodynamics of the
gas and solid phase and the influence of the operational conditions, as described
below.

4.1 Particle radial distribution

Figure 5(a)~(f) respectively compare the radial distribution of solids volume
fraction and velocity in the BCC and ACC when the heat tube is fixed a0/R.3,
0.6, 0.8, 0.9, 0.95 for a given superficial gas velogit.3 m/s at z=0.5 m, where r
is the distance between tube centre and bed centre an e maximum radial
position that the heat transfer tube can reach, i.e., bed radius R minus the tube radius r
The BCC has clear characteristicsadfubbling bed, which is not influenced by the
radial position of heat tube due to uniform gas distribution. The particles ascend in the
centre region and descend near the wall, resulting in a smaller solids volume fraction
in the centre region and a higher value toward the bed wall or tube wall.



When the heat tube is fixed in the bed centre, i.ew R0, the ACC has similar
flow state and solids distribution as the BCC due to the symmetry of the flow region.
The distribution is not changed with time, as shown in Figure 6(a). Such a result is
consistent with the experimentally determined heat transfer coefficient trend, where
nearly identical values were obtained in the BCC and ACC at the bed centre, as
shown in Figure . Although there is asymmetrical gas distribution at,/#R.3, a
complete internal circulation is not achieved. According to the change of solids
volume fraction with time in Figure 6(b), there is an unsteady solids internal
circulation in the ACC. This unsteady flow state is attributed to smaller difference of
gas velocity and circulation area between the two regions. Correspondently the
improvement of heat transfer performance is limited in the ACC aty =0F3.

When the heat tube is close to the bed wall, i.e>0F5, the ACC presents a
differert flow state from the BCC, where the particles move upward in the left region
and downward in the right region. The particles form a steady internal circulation in
the ACC, not changing with time (as shown in Figure 6(c) aj)d\idich is reflected
in the salient increase in the heat transfer coefficient, Figure 7. When the heat tube is
installed at r/R=0.6 and 0.8, the ACC has larger solids velocity than that of BCC in
the left region, although their solids volume fractions have the same profiles. At
r/Rv=0.6, the heat transfer coefficient in the ACC reaches the maximum value, i.e.,
550 W/Kn?, a 22% increase over the BCC. When fixing the heat tub®#0.9 and
0.95, both solids volume fracti@nd velocity in two catalyst coolers show identical
radial profiles in the left region. In tieright regions, the solids volume fraction of
the ACC is always bigger thdahat of the BCC. By comparing the solids velocity, it is
found that the solids internal circulation rate at,#®6 and 0.8 is bigger than the
ones at r/R=0.9 and 0.95. Correspondingly, the heat transfer coefficient is also bigger.
It is expected that both the smaller circulation area and the stronger shear effect from
the wall imit the movement downward of solids in the right region at higher r/R
values.

Such results show that the particles in the left region have the characteristics of a
bubbling fluidization witha high velocity, which is similar to those of an up-flow
catalyst cooler. The right region is a bubbling fluidization vaitbw velocity and has
similarities with a down-flow catalyst cooléZonsequently, the ACC has a combined
hydrodynamic behavior of both up-flow and down-flow catalyst coolers.
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Figure 5 Comparison of solids volume fraction and velocity in two catalyst coolers
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4.2 Axial distribution

Figure 8 shows examples of the instantaneous solids flux in two sides of the heat
tube at u=0.3 m/s and /R0.8. Here the solids flux is an area-averaged value based
on the flow area of each sitfél. It presents a great periodicity in the left region of
BCC. There is a high frequency for particles movement upward and downward, with



similar amplitudes of fluctuations. In the right region, the solids flux is bigger than
that in the left region, i.e., almost doubled as shown in Figure 8(a). This is attributed
to the presence of bigger bubbles flowing through the right region, where the bubble
size approximately equals to the flow area as shown in Figure 9(a). But their
time-averaged values are very close due to continuous particles descending for several
seconds. The fluctuating curves show a back-mixing motion in the BCC, which are
typical characteristics @t bubbling bed.

The ACC has similar frequency and amplitude of the solids flux as the BCC in
the left region. As shown in Figure 8, their flow states, including both bubble size and
flow directions, are very similar. In the right region of the ACC, the fluctuating
frequency of solids flux is smaller than that of the left region, as shown in Figure 8(b)
The bubble size is also smaller than that of in the BCC in Figure 9 (a). The particles
are always moving downward without any baxkdng motion. According to
gas-solids spatial profiles in Figure 9, the particlescircled to ascend in the left
region due to the generation and broken of bubbles. The small bubbles in the right
region have a small influence to the downward movement of particles.
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Figure 8 Instantaneous solids fesin the two regions (u=0.3 m/s, WR).8 and
z=0.5)
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Both standard derivation and mean value of the solids flux are computed to
compare the axial distributions of solids volume fraction and velocity in the two
regions of BCC and ACC. The results from the BCC are shown in Figure 10. At the
bottom of the heat tube (z<0.2 m), both solids volume fraction and velocity are
smaller than those in the upper region, resulting from the combined impact of a small
distance from the distributor and a turbulent flow across the heat tube. In both sides of
the heat tube, there is small difference in the solids volume fraction. However, a
slightly bigger solids velocity occurs in the right region due to the wall effect, which
causes the particles to have an instantaneous and rapid motion. The right region has
larger standard derivation in solids volume fraction and velocity than those of the left
region, which indicates the inferior flow stability in the right region due to the wall
effect. The flow state leads souniform axial distribution of heat transfer coefficient
in the BCC, as shown in Figure 12. At the top of the heat tube (i.e., z>0.9 m), the
solids velocity becomes smaller and the solids volume frastmeases, mainly due
to the increase of the flow area.
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Figure 10 Comparison of solids volume fraction and velocity in two regions of heat
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Although there is a turbulent flow, Figure 11 shows that the solids volume
fraction at the tube bottom is bigger than the upper region of the ACC. The velocity of
solids is also smadt. This further indicates the radial movement of particles at the
tube bottom. At 0.2 nix z < 0.6 m, the solids volume fraction in the right region is
bigger and thie difference decreases witficreasing axial height, which is the driving
force of internal circulation. The solids velocity has almost no change in the whole
left region. In the right region, the solids velocity has no change at 8.2 0.5 m
resulting from bigger solids volume fraction, whighitsthe solids movement. Rapid
decrease of the particle velocity is observed as the particles reach z~0.5, but
subsequently remains a constant value at the regions of <6zrd0.9 m. The
standard derivations for both solids fraction and solids velocity in the right region are
bigger than the left region, which indicates that there is an inferior steady flow in the
right region, despite of the downward movement of particles. Such observations are
consistent with our experimental determined heat transfer coeffi¢#@n&igure 12.
Comparing to the BCC, larger heat transfer coefficients are observed in the ACC,
possibly due to increased particle renewal frequency, and the enhancement decrease
with increasing axial height. Such a trend is attributed to the difference of solids
volume fraction at 0.2 i z < 0.5 m, which enhances the internal circulation of

particles.
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Figure 11 Comparison of solids volume fraction and velocity in two regions of heat
tube (ACC) (u=0.3 m/s and r/R0.8)
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4.3 Bed expansion ratio

Figure 13 compares the bed expansion heights of the BCC and ACC. The
simulated axial profiles of radial-averaged solids volume fraction are in good
agreement with the experimental values at different superficial gas velocities. In both
catalyst coolers, the solids volume fractions decrease and the bed heights increase
with increasing gas velocity. However, the ACC has a bigger solids volume fraction
than the BCC under the same operation conditions, hence a smaller expansion height.
The difference is due to the bigger solids volume fraction in the right region of ACC,
as shown in Figure 11(a).

Such results reveal that the solids internal circulation can improve the solid
profiles by increasing the solid volume fractions and decreasing the residence time of
particles on the heat tube by increasing the solids velocity. As mentionad in
previous studyl®’l, both factors are beneficial to increase the heat transfer
coefficient. The ACC has combined features of both up- and down-flow catalyst
coolers.
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4.4 Effect of operation conditions on the internal circulation
4.4.1 Gas velocity from centre distributor

Figure 14 describes the effect of gas velocity from the centre distributor on the
solids volume fraction, velocity and flux in both sides of the heat tuba.léw gas
velocity of 0.1 m/s, the right region has smaller solids volume fraction, bigger solids
velocity and flux than the left region. The bigger standard derivation in the right
region indicatesn unstable flow state. The internal circulation is not formed due to
the uniform gas distribution at u=0.1 m/s. At u=t% the solids volume fractions
velocities and flugs are close in both regions of theC&. The internal circulation
rate of particles increases with increasing gas velocity from the center distributor.
Although both the solids volume fractions decrease in two regions, their difference
increases with increasing gas velocity. The standard derivations show that both solids
volume fraction and velocity have bigger fluctuations in the right region. At u>0.2
m/s, the gas velocity in the centre region has no effect on the solids flux. Hence, it is
necessary to have the ratio of gas velocity from two distributdfgu> 12 in order
to form a stable internal circulation, which is in good agreement with experimental
results™3l,
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Figure 14 Effect of the superficial gas velocity on flow performance in two region
of the heat tube in ACC (r{R0.8, z=0.5 m)

4.4.2 Radial position of heat tube

Figure 15 quantitatively compares the solids volume fraction, velocity, and flux
in both sides of the heat tube at different radial positions of the heat tube. Bigger
standard derivations indicate strong back-mixing motion af #R0.0 and 0.3.
Although there are some differences in the solids velocity and flux, there is not a real
circulation formed as shown in Figures 5(a) and 6(a). At ¥/B.3, the solids volume
fractions in the right region are bigger than the left region. Their difference decreases
with increasing the radial position of heat tube. Both solids volume fraction and
velocity decrease as the heat tube moves to the bed wall in the left region. In the right
region, they first have no change and then decrease. The cut-off point is attR
The solids internal circulation is directly influenced by the solids flux in two sides of
heat tube. Therefore, the internal circulation decreases with heat tube closing to the
wall due to reducing the flow area in the right region. In the left region, the
back-mixing motion will get strong. Combining Figures 5 and 6, it suggests that an
optimal position of heat tube is at 6<6/Ry <0.8, where a stable internal circulation
with a large circulation rate indicatasvery good heat transfer between the bed and



tube wall. Such simulated results are in good agreement with our experimental values
[13]
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Figure 15 Effect of the radial position of heat tube on flow performance in two
regions of heat tube in ACC (u=®s z=0.5 m)

5. CONCLUSION

Gas-solids flow dynamics of the BCC and ACC are numerically investigated
based on the two-fluid model with modified Gidaspow drag model. A good
agreement is obtained between the numerical simulation and experimental results, and
the main points can be summarized:

(1) Due to different distributor, two catalyst coolers present different fluidizing state.
Two sides of heat tube have same volume fraction and flow direction, similar
fluctuation frequency, which indicate a typical characteristics of bubbling bed in
the BCC. In the left region of the ACC, there are a bigger rising velocity of
solids anda smaller solids volume fraction than those in the BCC, which is a
bubbling fluidization witha high velocity. In its right region, particles with
bigger volume fraction move downward witlh small velocity, which isa
bubbling fluidization with low velocity. Therefore, the ACC has a combined



hydrodynamics of up- and down-flow catalyst coolers, i.e., bigger solids volume
fraction and smaller resident time of particle in the view of the bed, which are
helpful to increase the bed-tube heat transfer coefficient.

(2) At same operation condition, the ACC has a smaller expansion ratio, which is
attributed to movement downward of particles with bigger solids volume fraction
in the right region.

(3) In the ACC, there is an internal circulation due to the difference of gas velocity in
two sides of heat tube. When fixing the position of the heat tube, solids volume
fractions decrease and solids velocities increase in two regions with increasing
gas velocity from plate distributor. Moreover, a bigger increase of solids velocity
is obtained in the right region. The internal circulation keeps a constant at u>0.2
m/s. At constant superficial gas velocity, solids volume fraction is influenced by
the radial position of heat tube. However, both solids velocity and internal
circulation decrease with heat tube closing to bed wall.

(4) The internal circulation can be kept to need the certain operation conditions, i.e.,
u>0.2 m/s, r/>0.3.

(5) In the solid wall boundary condition of Johnson and Jackson, the specularity
coefficient has significant effect on the locally instantaneous solids volume
fraction. However, the average solids volume fraction is not almost influenced
by the specularity coefficient. The specularity coefficient 0.3 is a reliable choice
in order to ensure the agreement between simulated and experimental values.

Nomenclature

A flow area, m

Cp drag coefficient

dp diameter of particle, m

dp effective particle diameter, m

e restitution coefficient

ev wall coefficient of restitution

g acceleration due to gravity, ra/s
go radial distribution function

Ho Static bed height, m

p pressure, Pa

Re, Reynolds number

R  radius of fluidized bed, m

Rv maximum radial position that the heat transfer tube can reach, i.e.o/R- r
re the radius of the heat tube, m
t time,s

u velocity, m/s

W terminal velocity, m/s



w* experimental terminal velocity, m/s
X  coordinate
z distance from the plate distributor, m

Greek letters

S interphase momentum exchange coefficient, ki#m
y  collisional dissipation of energy fluctuation, kgis)
¢ volume fraction

g Initial solids volume fraction

& solid bulk viscosity, Pa

© granular temperature,¥e®

i viscosity, P&

up solid phase shear viscosity, $a

p density, kg/m

¢ Specularity coefficient

t  stress tensor, Pa

I'e diffusion coefficient for the energy fluctuation, kg/éin

Subscripts

1 plate distributor in ACC
2 ring distributor in ACC
i, j, kK direction coordinate
g gas phase

max maximum

p particulate phase

mf Minimum fluidization
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