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ABSTRACT ARTICLE HISTORY
The integration of chemical looping combustion with fluid catalytic cracking Received 5 September 2023
(CLC-FCQ) is an innovative concept that serves as a cost-effective method for CO, Revised 23 January 2024
capture in refineries. This approach has the potential to reduce refinery CO, Accepted 24 January 2024
emissions by 25-35%, offering a promising solution. As in the conventional FCC KEYWORDS

unit, it is common for CLC-FCC regenerators to be exposed to an on-off process €O, capture; chemical
while they are being maintained and cleaned. The novelty of this research lies in looping combustion;

its specific focus on a less-explored phase (start-up) of CLC-FCC regenerators, the computational fluid
application of advanced CFD modeling, and the comprehensive analysis of dynamics; hydrodynamics;
operational parameters that influence the system'’s performance. To validate =~ CLC-FCC

the CFD simulations of the different drag models for solid-gas granular, bed

density profiles under steady-state conditions, collected from industrial pro-

cesses, were used. For the flow period based on the start-up process of the

drag models, the fluidization gas inlet geometry of the regenerator, flow regime

(laminar and turbulent), and superficial gas velocity were comprehensively

investigated to reveal their effects on hydrodynamic characteristics. The results

show that Gidaspow and Syamlal-O’Brien drag models of the solid-gas multi-

phase granular flow exhibited a better fit with industrial data. The Syamlal-

O'Brien and Gidaspow models closely align with industrial data under steady-

state conditions, displaying similar bed densities in the dense phase region (230-

310 kg/m? for Syamlal-O'Brien and 235-300 kg/m?> for Gidaspow). During the

initial stage (less than 0.2 seconds), both laminar and turbulent models yield

comparable bed density profiles, approximately 510 kg/m? in the dense phase.

However, as the process progresses, the dense phase density decreases to about

250-350 kg/m? at around 0.5 seconds, with laminar flow models showing

a slightly better fit with industrial data. Notably, at 0.5 seconds of fluidization

time, inlet geometries having better gas distribution achieve a highly diluted

phase with bed densities of 10-20 kg/m>. Reaching a steady state, the bed

density decreases from around 400 kg/m> to 260-300 kg/m>, expanding into

a higher section of the regenerator where it aligns well with industrial data. The

increase in superficial gas velocity would result in the clarification of the differ-

ence and well mixing of the solid-gas multiphase flow.

Introduction

Fluidisation reactors have high heat transfer capacity and brilliant mixing behaviors of the solid-gas
flows (Chew, Lamarche, and Cocco 2022). The use of these reactors can therefore be found in many
industries, including petrochemicals, mining, and pharmaceuticals (Alobaid et al. 2022). Fluid
Catalytic Cracking (FCC), as an illustration, is a critical unit for converting vacuum gas oil or heavy
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petroleum residues to valued products such as light cycle oil, gasoline, and light petroleum gas
(Erdogan 2023). An FCC unit typically consists of two interconnected reactor configurations;
a fluidized bed reactor called “regenerator” and a riser reactor also called “catalytic cracking riser
reactor” (Jones and Pujadd 2006). The preheated petroleum feedstock mixes with hot catalysts and
steam and is then cracked at a temperature of 480-600 C in the FCC riser reactor. Cokes (mainly
carbon) are deposited over the catalyst surface and decrease the activity of the catalyst during this
cracking reaction. Following cracking reactions, the cracked products and coke-deposited catalysts are
separated in cyclones. The coke-deposited catalyst is then transferred to the regenerator, in which air
combust the coke (Golgiyaz et al. 2022) in conventional FCC regenerator and oxygen carriers combust
the coke in the advanced CLC-FCC regenerator (Gtileg et al. 2021). The regeneration process is the key
process for the FCC units (Amblard et al. 2017). The regeneration process of catalysts in a regenerator
is a type of solid-gas multiphase flow. Whether an FCC regenerator can regenerate effectively depends
on how well the catalytic materials are distributed and mixed with the oxygen agent (air in conven-
tional FCC regenerators, oxygen carriers in CLC-FCC regenerators).

Computational fluid dynamics (CFD) offers valuable insights relating to the characteristics of the fluid
domain such as velocity, pressure, temperature, turbulence, and particle volume fractions indicating the
characteristics of the fluid domain. Thus, CFD has been increasingly useful for designing, analyzing, and
optimizing fluidized bed reactors. The hydrodynamics of turbulent fluidized bed reactors have been
numerically studied extensively (Tu, Wang, and Ocone 2022), in contrast, few studies have applied CFD
to the hydrodynamics of FCC regenerators (Yang et al. 2021), coke combustion (Yang et al. 2021), and
heat transfer (Singh and Gbordzoe 2017) in the FCC regenerator could be predicted by utilizing various
CFD models or commercial package software. In these studies, regenerator bed density and the volume
fraction of the FCC particles (catalyst) are considered to illustrate the hydrodynamic behaviors of the
solid-gas multiphase flows in the FCC regenerator. Besides, the steady-state period is usually considered
in the flow simulations when modeling solid-gas multiphase flow in FCC regenerators. This flow period
surely varies depending on the geometric model and the size of the FCC regenerator. However, both
conventional FCC and CLC-FCC regenerators are expected to be shut down and restarted to perform
maintenance and cleaning. The characteristics of solid-gas multiphase flows during start-up play
a crucial role in determining the behavior of flows at steady-state in FCC regenerators. Therefore, the
solid-gas granular flow is a type of multiphase flow and its hydrodynamics in the CLC-FCC regenerators
during start-up should be clarified. There has not been a study investigating the hydrodynamic
characteristics of the start-up period in FCC regenerators.

This study therefore specifically addresses the start-up period hydrodynamics in CLC-FCC regen-
erators, which is particularly innovative as most existing studies focus on steady-state conditions. To
achieve this, the study employs advanced CFD modeling using ANSYS - Fluent software, which
enables a detailed and accurate representation of the solid-gas multiphase granular flow, thus
significantly enhancing the understanding of the complex physical phenomena during the start-up
phase. The objectives of this research are multi-faceted: firstly, to investigate the impact of varying
fluidization gas inlet geometries and superficial gas velocities on the hydrodynamics; secondly, to
assess the performance of different drag models in simulating these dynamics in CLC-FCC regen-
erators. Through this, the study aims to deliver critical insights that could inform the design and
optimization of CLC-FCC systems, thereby contributing to more effective CO, capture and emissions
reduction strategies in industrial processes.

CFD methodology

Solid models were first generated to model the solid-gas multiphase granular flow in a CLC-FCC
regenerator (Giileg et al. 2021) using Computational Fluid Dynamics (CFD). In these regenerators, the
geometry of inlet surfaces, in which fluid enters the fluid domain through these surfaces, has a key role
since the geometry affects the hydrodynamic characteristics of the flow in the entrance section of the
regenerators. For this reason, four different inlet surface configurations were designed and integrated
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Figure 1. An illustration showing the configuration of a regenerator used in CFD simulations (Chang et al. 2013, 2016; Gao et al.
2009a).

with the regenerator geometry. Figure 1 shows the CLC-FCC regenerator and the different inlet designs,
respectively. The designed regenerator of FCC unit comprises three sections having different diameters
and heights. The lower section has a diameter of 210 mm and a height of 792 mm. The diameters of
middle section and upper section are 270 and 290 mm, respectively. The height of the middle section of
the CLC-FCC regenerator is 350 mm while the height of the upper section is 586 mm. When looking at
the inlet geometries, gas flows into the fluid domain through a surface with a diameter of 210 mm in
Design-1, 105 mm in Design-2, 23 surfaces with a diameter of 30 mm in Design-3, and 137 surfaces with
a diameter of 10 mm in Design-4. The gas inlet surface of the CLC-FCC regenerator, which features
various inlet designs, is referred to as the “velocity inlet” boundary condition. Meanwhile, the upper
section of the regenerator, with a diameter of 290 mm, is designated as the “pressure outlet” boundary
condition. The details of the CFD models are presented in Table 1. For the remaining surfaces, the “wall”
boundary condition is applied. The tetrahedral mesh was generated and used in the simulations. To
conduct mesh sensitivity analysis, four different mesh numbers were determined and simulated for the
CLC-FCC regenerator with the Design-1 inlet section. The mesh numbers are 155,000 (M1), 215000
(M2), 300000 (M3), and 415,000 (M4). The inlet domain of the CLC-FCC regenerators plays a key role in
the fluid domain because multiphase granular flows especially most of the interaction between solid and
gas phases flow occur in this section. In the inlet region, therefore, dense mesh is created to obtain more
sensitivity solutions. The maximum inlet edge and face sizing of the mesh in all solid models is 2 mm.
M1, M2, M3, and M4 have maximum element sizes of 35, 27, 21, and 17 mm, respectively. The maximum
skewness number, which is an important parameter of mesh quality, is kept at 0.8, which is acceptable
(Fluent 2009). Meshes are refined throughout the entire flow domain. 18 of span angle is determined for
the mesh curvature. Coarse and medium options are selected as the relevance center and mesh
smoothing characteristics.
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Table 1. Numerical parameters determined in the study.

Variable Unit Value/Condition References
Solid-gas model - Euler-Euler (Alzate Hernéndez 2016; Chang et al. 2013; Gao et al. 2009a)
Coefficient of specularity - 0.6 (Chang et al. 2013)
Coefficient of restitution - 0.95 (Alzate Hernandez 2016; Chang et al. 2013)
Boundary condition (wall) - Partial slip (solids), No (Chang et al. 2013; Gao et al. 2009a)
slip (gas)

Time step size s 0.0005 (Chang et al. 2016)
Max iterations per time - 20 (Azarnivand, Behjat, and Safekordi 2018; Chang et al. 2016)

step
Convergence criteria - 0.001 (Alzate Hernéndez 2016; Azarnivand, Behjat, and Safekordi

2018; Chang et al. 2016)
Superficial gas velocity m/s 0.6,0.7,0.8,0.9, 1.0 -
Velocity-pressure coupling - Simple (Alzate Hernandez 2016; Azarnivand, Behjat, and Safekordi
2018; Chang et al. 2016)
Discretisation Scheme - First-order upwind  (Alzate Herndndez 2016)
scheme

Max volume fraction of - 0.63 (Alzate Herndndez 2016; Gao et al. 2009a)

solid packing
The diameter of particle mm 0.00065 (Chang et al. 2016)

catalysts*
The density of particle kg/m? 1560 (Wang et al. 2011)

density™

*Solid particles in the regenerator were presumed to have the same density and diameter (Giile¢ et al. 2021).

CFD simulations were performed using ANSYS FLUENT which is a commercial CFD software. ANSYS
Fluent based on Finite Volume Method and can simulate single or multiphase fluid flows. It is also able to
visualize characteristics of the fluid domain such as velocity, pressure, temperature, shear stress, and volume
fraction. This study includes a series of CFD simulations of a three-dimensional multiphase flow based on
the Eulerian-Eulerian model with the kinetic theory of granular flow. Solid-gas multiphase granular flow
analyses are performed by solving the governing and transport equations given in Table 2.

In the CFD models, “no slip” and “partial slip” were used for the gas and solid-phase walls boundary
conditions. Coefficients of restitution and specularity were 0.95 and 0.6. The governing and transport
equations were solved with 0.0005 s time step size in which the numbers of iterations per step is 20. The
convergence criteria were 0.001. The SIMPLE algorithm was used to discretize the flow domain variables.
In the spatial discretization process, the first-order upwind scheme was chosen. Parallel processing was
carried out on 8 processors for each analysis. The value of the maximum solid volume fraction was 0.63.
Particles identified as a solid material in the models have a density of 1560 kg/m’ and a diameter of 65 um.
The continuity and governing equations for gas (carrier gas - CO,) and solid (oxygen carrier modified FCC
catalyst) phases (subscript q can be solid (s) or gas (g)) are presented in Table 2.

Results and discussions
Mesh sensitivity study

To determine the convenient mesh number, sensitivity analyses of the mesh were conducted using four
different mesh quantities: 155,000 (M1), 215,000 (M2), 300,000 (M3), and 415,000 (M4) elements using
Geometry-1. Particle volume fraction with time-averaged through radial distribution at different heights
(250 mm and 500 mm) are shown in Figure 2 shows. The results of the mesh sensitivity analyses are
presented for four different mesh quantities under steady state conditions at 1.0 m/s of superficial gas
velocity. Figure 3 also shows particle volume fraction profiles for four different meshes at 1.0 m/s of
superficial gas velocity under steady state conditions (8 s).

At 250 mm and 500 mm of CLC-FCC regenerator height, the radial volume fraction distributions
for the particles (catalysts modified by oxygen carriers) of the finest and medium meshes (M4 and M3)
show remarkably similar trends. Furthermore, the particle volume fractions show that at the early
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Table 2. Governing equations and constitutive relations.

Continuity equations 2 (agoy) + V. (agpyly) =0 m
Flasps) + V.(asp,Us) = 0 2
ag+as =1 (3)
Momentum equations 2 (agpyUy) + V-(agpyUalg) = —agVpg + agp,g — B(Ug — Us) + V.agT, ) (4)
ﬁot(aspsUS) + V.(asp,UsUs) = —a;Vpg — Vps + asp,g — .B(Us - ag) +V.aT, ©)
Turbulence kinetic energy (k) 2 (aggks) + V. (agpgUgky) = (aq (ﬂq +'Z—f)qu) + (04Gkq — UgPgtq) + agp,T, (6)
Turbulence dissipation rate (€) 2 (agpyee) + V. (agoglEs) = (aq (Nq +%")V£q) +aq,% (CreGrg — Coebytq) + ago,TIe, 7)
Turbulence viscosity _ PgGik (8)
Hiqg = %
Constants of the turbulence G, = 1.44, (. = 1.92,04 = 1.0,0, = 1.3 9)
model
Transport equation for 2(0:0.0) + V.(a.0.00 :g[(7 T45) V.0 - V.(FeVO) —y. + ] (10
Granular Temperature 71 (05p:0) +V.(a:ps0Us) =5 | (=pd +T) : V.l + V.([0VO) — ¥ + by,
Syamlal-O'Brien drag model  3py005 | Up—is . (% (11)
B - 4v2d; (E)
2
Cp=(063+—*>—5
o= (0o ity)
_ P ag‘ﬁg—ux‘dg
Re; = QT
, N
Ups = 0.5( A — 0.06Re; + <(0.06Res) £ 0.12Re; (28— A) + A )
0.8a!%® a,<0.85
— 414 _ g g =
A= ag -,B = ( G;'ﬁS ag>0.85
. - " N o2
The gas-phase stress tensor T =ty [Vug + (V) ] + (A — 25 o)V | (12)
The solid-phase pressure ps = asp,0[1 + 2goas(1 + e)] 13)
The radial distribution s 14)
functions go= |1-— (Ufﬁ)
Granular Temperature 0=1x (V) (15)
The solid-phase stress tensor ¢ _ ) v 574 4 [V-ﬁs (V. Us)r] — 24 (V.5)] (16)
The solid-phase bulk viscosity )= * a2p,dsgo(1 + e)( )1/2 (17)
S
Th[e):rr;ieca;;swscosny of solid _ ’aspsdsgo(1 1@ )1/2 4 uSpgzZ;(j(:))hz [1+2a,g0(1 + )(3e - 1)] (18)
The collisions dissipation yo=3(1—¢ )a psg()@( ( )1/2 V.US) (19)
energy
The coefficient of granular 150p,ds (70 1/2 20
diffusion 9 [o= 733‘1(1&1);0 (14201 + e)goas]” + 202p,dsgo(1 + €) (9) 20

The transfer of fluctuating by = —3B0 (21)
kinetic energy

stage of fluidization (0-0.5 s), the fluidization flow (CO, flow) expands the solid volume through the
vertical direction and the gas flow splits the bed into two sides while itself passing through the central
zone of the bed Figure 3a. At the steady state conditions (8 s), Mesh-3 and Mesh-4 demonstrate similar
particle volume fraction profiles Figure 3b as observed in the similar time-averaged particle volume
fractions in Figure 2a, b. For the solid-gas hydrodynamics in the CLC-FCC regenerator reactor,
Figures 2 and 3 illustrate that M3 (300000 cells, a medium mesh) provides judiciously mesh-
independent CFD results. Consequently, the M3 mesh number (300000 cells) was used for the rest
of the simulations presented here.

Drag models and validation

The selection of an appropriate drag force model is significantly important for accurately simulating
the gas and solid hydrodynamic interactions in the CLC-FCC regenerator reactor, given the broad
range of available models (Li et al. 2009). To predict the hydrodynamics of solid-gas interactions, the
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Figure 3. Contours of volume fraction of particles for a) mesh-3 from 0.1s to 5.0s and b) four different meshes at 8 s (steady state) at
1.0 m/s.

most used drag force models i.e. Gidaspow (Tsuo and Gidaspow 1990), Syamlal-O’Brien (Syamlal and
O’brien 1989) and Schiller-Naumann (Schiller 1933) were employed for the regenerator reactor of
CLC-FCC unit. Figures 4 and 5 demonstrate the axial bed density profiles through bed height (h/H)
and instantaneous solid oxygen carriers modified FCC catalysts particles volume fraction profiles,
respectively, at the fluidization time lower than 1.0 s and steady state (S.S.). The results were validated
with the industrial scale bed density profiles of the regenerator, which are categorized into three parts:
a dense phase having a bed density ~285kg/m> at h/H of 0.13, a dilute phase having a bed density
decreases to ~ 145 and ~60 kg/m® at ratios of h/H of 0.30 and 0.43, and a highly dilute phase having
a bed density ~12 kg/m” at the h/H of 0.92 (Chang et al. 2016; Giileg et al. 2021).

Regardless of drag force models, at the early stage of the fluidization (0-0.5 s), the solid FCC catalysts
modified by oxygen carriers are in the dense phase and have a high bed density (500-550 kg/m?). The
solid bed expands while the bed density decreases with increasing fluidization time Figures 4 and 5 i.e.
bed density of 350-400 kg/m” at the ratio of h/H of 0.2 at 0.5 s. The bed density profiles at 2.0 s Figure 4
show that the CLC-FCC regenerator reactor starts building dense and dilute phases throughout the bed
height. When the unit reaches a steady state, the bed profile also shows two well-defined phases; dense
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fluidisation (0.1-2.0 s) and steady state (S.S.). (.D. represent the industrial data).

phase, and dilute phase, but the highly dilute phase above 0.45 of h/H is not clear unlike it was provided
in the industrial data (Chang et al. 2016).

Despite the failure of the Schiller-Naumann drag model Figure 4c, Syamlal-O’Brien Figure 4a and
Gidaspow Figure 4b models demonstrate close fit with industrial bed density profile under steady-state
conditions. For normalized bed heights of 0-0.25, both models give comparable results as bed density
profiles, particularly in the dense phase region are 230-310 kg/m’ for Syamlal-O’Brien and 235-300
kg/m® for Gidaspow. There is a diluted phase with a normalized bed height, h/H, between 0.25 and
0.50 within the middle section of the CLC-FCC regenerator. Both Syamlal-O’Brien and Gidaspow
models indicate that bed density is gradually decreasing in this region from approximately 285 kg/m’
to a low level. These models also show better prediction for the solid-gas hydrodynamics in
a circulating fluidized bed (Almuttahar and Taghipour 2008), and FCC regenerator (Zimmermann
and Taghipour 2005).

Although the bed density in the second part of the dilute phase and highly dilute phase (specifically,
in the region of h/H >0.35) was underestimated when compared to the industrial data, both the
Gidaspow and Syamlal-O’Brien drag force models remain applicable and can be considered validated
models for predicting the hydrodynamics in the dense phase of a CLC-FCC regenerator. It may be
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possible to modify these models to make better predictions in highly dilute regions. For the rest of the
hydrodynamic investigation of solid-gas interaction in a CLC-FCC regenerator reactor, the Syamlal-
O’Brien drag force model was therefore employed.

Flow regime study

Since CFD analyses of turbulent flows consider eddies spinning within vortex regions, turbulence
modeling requires more computation time and data storage. Hence, it is necessary to determine to
what extent consideration of turbulence during CFD analysis affects hydrodynamics, to avoid adding
modeling costs. An illustration of the contrast between laminar and turbulent flow profiles at 1 m/s of
superficial gas velocity for Geometry-3 is shown in Figure 6. At the early stage of the process (less than
0.2s), both laminar and turbulent models provide similar bed density profiles of ~510 kg/m’ in dense
phase. However, with increasing the simulation time, the dense phase gradually expands, which results
in decreasing the bed density and expanding the bed to the dilute phase. The bed density in the dense
phase was observed around 250-350 kg/m” at around 0.5 s and compared to industrial data, laminar
flow Figure 6a tests show better fit with the industrial data.

According to Figure 7, there are no significant differences between instantaneous particle volume
fractions in these two flow regimes (turbulent and laminar) based on the axial bed density profiles
Figure 6. Therefore, both flow models can be used to predict solid hydrodynamics of oxygen carriers
modified FCC catalysts in the dense phase of the regenerator of the CLC-FCC unit. The only
difference is that more solid catalysts modified with oxygen carriers are transported to the upper
parts of the solid bed in laminar flow, in the turbulence approach, since the flow’s internal losses are
modeled, including fluid internal energy losses. Comparable results were reported by Gao et al. (Gao
et al. 2009a) and Chang et al. (Chang et al. 2016). as the dense phase located at the bottom of the
bubbling/turbulent CLC-FCC regenerator displayed low Reynolds numbers, leading to minimal
turbulence in the flow regimes. In the high-density riser of the circulating-fluidized bed, both flow
models yielded comparable axial solid velocities. However, it was observed that the laminar flow
model exhibited superior performance in accurately reproducing the experimental data (Almuttahar
and Taghipour 2008). The particle volume fraction profiles in the CLC-FCC regenerator exhibited no
significant differences Figures 7a, b. As the restitution coefficient significantly influences the hydro-
dynamics rather than flow models and kinetic theories (Gao et al. 2009a), this factor must be
considered while analyzing the data.
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Figure 6. The axial bed density profiles were estimated via a) laminar and b) turbulent flow regimes under geometry-3 and 1.0 m/s of
superficial gas velocity at 0.1-0.5 s and steady-state.
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Figure 7. Contours of volume fraction of particles for a) turbulent flow model and b) laminar flow model at the early stage of
fluidisation.

Fluidisation gas inlet geometry

For four different geometries of gas inlet, the radial distributions of particles at 250, 500, and 750 mm
heights obtained time-averaged are shown in Figure 8. Figure 9 illustrates the bed density profiles and
contours of the volume fraction of particles for different geometries at Mesh-3 in the time range of 0.1-5.0
s. The G1, G3, and G4 geometries show similar radial distributions based on their time-averaged volume
fractions as shown in Figure 8. Conversely, G2 shows a different particle volume fraction due to the dead
volume near the fluidized bed reactor inlet. At higher positions within the reactor, lower particle volume
fractions are observed, suggesting the existence of dense and dilute phases in the lower and upper regions of
the fluidized bed, respectively. The single-central inlet geometry (G2) results in a significant catalyst
accumulation at the bottom of the CLC-FCC regenerator compared to G1, G3, and G4. Particles tend to
accumulate closer to the wall (at distances of 0.05-0.1 m), while the lowest concentration of particles was
observed near the center (—0.05-0.05 m) for G1, G3, and G4.

It is anticipated that the solid particles will move fast in the central part of the regenerator due to the
fluidization gas, regardless of the inlet configuration for the fluidization gas. This will result in the solid
volume expanding and ascending through the central part (as shown in Figure 9). The catalyst
particles are split by the fluidization gas from the center to the walls Figure 9, forming a dense gas
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Figure 8. Radial particle volume fraction distribution with time-averaged through different inlet geometries (G1, G2, G3, and G4) at
different height positions within the reactor (y = 250 mm, y = 500 mm, and y = 750 mm 0 at 1.0 m/s of superficial gas velocity.

phase near the walls and a dilute solid phase in the center. In circulating FCC regenerator reactors, this
is one of the characteristics of the flow regimes (Almuttahar and Taghipour 2008). The formation,
movement, and splitting of bubbles cause these flow patterns (Gao et al. 2009b). A further character-
istic of the solid particles near the wall is that they tend to descend. There was also a demonstration
that particles accelerate to the center of the regenerator and fall close to the wall, generating a core-
annular flow (Chang et al. 2016). Unlike the general trends, the particle volume fraction profiles differ
significantly for each inlet geometry. G1, G3 and G4 exhibit similar profiles, while G2 shows a much
higher particle volume fraction at the bottom of the CLC-FCC regenerator reactor in which the gas
flow entrances through a narrowed inlet surface, which causes a dead volume near the entrance and
solid particles accumulate on. In addition, at 0.5 s of fluidization time, G1 and G4 show a highly
diluted phase, which is 10-20 kg/m’ of bed density, but not others. Better mixing occurs with
a distributed flow regime through the regenerator enabling efficient mixing and contact with solid
gas (Figures 9¢, d)). A better mixing and distributed flow regime enable high mass and heat transfer
rates, homogeneous mixing, high reaction rates, and low pressure drop (Giileg et al. 2021).

Supefficial gas velocity

Figure 10 demonstrates bed density profiles at the early stage (0.1 s to 2.0 s) of the CLC-FCC
regenerator operating under 1.0 m/s of superficial gas velocity and bed density profiles under various
superficial velocities from 0.6 to 1.0 m/s at an early stage (E.S., from 0.1 s to 0.5 s) and steady state (S.S.,
averaged between 5.0 s and 10.0 s). The increase in fluidization time Figure 10a expands the catalyst
bed throughout the reactor height (path-a) and then decreases the bed densities from ~500 kg/m” to
~250-300 kg/m’ (path-b). At the later stage of the fluidization, the catalyst bed expands to the higher
location in the reactor and provides a characteristic profile in the CLC-FCC regenerator as a “dense
phase” and a “dilute phase” at the bottom and middle section (path c), respectively. The bed density
profiles are unaffected by the superficial gas velocity during the earlier stage (ES) of fluidization, as
illustrated in Figure 10b. The increase in superficial gas velocities expands the bed density to higher
points within the CLC-FCC regenerator. When the fluidization reaches the steady state condition, the
bed density decreases from about 400 kg/m” to 260-300 kg/m” (path-a and -b in Figure 10b) and the
catalyst bed expand to higher section (path-c and -d in Figure 10b), where the bed density profiles
demonstrate similar trends with the industrial data and expand to the dilute phase.

Figure 11 shows the contours of particle volume fraction which confirm a variation in 06-1.0 m/s of
superficial gas velocities. However, irrespective of these superficial gas velocity differences, the
catalysts are separated by the fluidization gas from the reactor’s center to its walls. This flow regime
enhances fluidization and enhances solid-gas interactions by establishing a dense gas phase near the
wall and a less concentrated solid phase in the center. As shown in Figure 11d, an increase in
superficial gas velocity increases the mixing of the solid-gas phases, and turbulence and augments
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average bed density profiles from 0.05 s to 0.5 s) and steady state (S.S., average bed density profiles from 5.0 s to 10.0 s).

the gas phase’s entrainment capacity, much like in conventional CLC-FCC regenerator reactors
(Azarnivand, Behjat, and Safekordi 2018; Chang et al. 2013).

General discussion

It is important to address the distinction between conventional FCC regenerators and the emerging
CLC-FCC regenerators. While conventional FCC regenerators are widely utilized in many refineries,
the CLC-FCC regenerator, which aims to capture CO, emissions from coke combustion, is still in the
developmental stages. This integration introduces some primary differences in the regenerator design:
first; the modification of FCC catalysts with metal oxides serving as oxygen carriers, second; the
alteration in the regenerator’s size to accommodate these metal oxides, and third; the change in the
fluidization gas from air to CO,. Addressing these changes in the regenerator is significantly important
to understanding the role of CLC-FCC in CO, capture from FCC units, which is crucial for achieving
net-zero emissions in refineries. Although successful at the laboratory scale (Giileg, Meredith, and
Snape 2023), the absence of pilot-scale implementations of the CLC-FCC concept has impeded its
industrial-scale application. Thus, this study, along with previous research (Gtileg et al. 2021), aims to
deepen the understanding of the operational parallels and distinctions of CLC-FCC regenerators with
conventional FCC regenerators.

In this context, this study has uncovered that different gas inlet surface designs markedly influence
gas and modified catalyst distribution within the regenerator throughout the start-up operations. For
instance, designs like G1 (a full surface inlet with a 210 mm diameter) and G4 (137 surfaces with a 10
mm diameter) demonstrated superior distribution capabilities compared to others, such as G2. This
enhanced distribution leads to a highly diluted phase of 10-20 kg/m® at the top of the regenerator
within 0.5 s. Furthermore, an increase in superficial gas velocity enhances the mixing of the solid-gas
multiphase flow, thereby elucidating the differences between laminar and turbulent models. These
insights are pivotal for the optimization of CLC-FCC regenerator design, suggesting that the selection
of appropriate gas inlet designs and operational parameters can improve hydrodynamic behavior,
enhancing the regenerator’s performance during the start-up phase.
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Conclusions

This study has presented CFD simulations on the hydrodynamic characteristics of the solid-gas multiphase
granular flow in the CLC-FCC regenerator, where the coke-deposited catalysts are regenerated by metal
oxides, during the start-up period of the unit. The study examined the impact of fluidization gas inlet
geometry, superficial gas velocity, and different flow regimes (turbulent and laminar) on the gas-solid (CO,
as gas, and oxygen carriers modified FCC catalysts as solid) hydrodynamics in the CLC-FCC regenerator.
In agreement with the industrial data at the steady state conditions, Syamlal-O’Brien and Gidaspow drag
models exhibited better predictions for the hydrodynamic behavior of the multiphase solid-gas flow in the
CLC-FCC regenerator. The Symlal-O’Brien drag model demonstrates a bed density of 350-400 kg/m” at
a h/H ratio of 0.2 after 0.5 s, with the inception of dense and dilute phases occurring within 2 s in the CLC-
FCC regenerator reactor. Additionally, the gas distributor geometry plays a significant role in providing
a more uniform distribution of the particle volume fractions. Surface designs for gas inlet surfaces such as
G1 (a full surface inlet surface with 210 mm diameter), G3 (23 surfaces with 30 mm diameter), and G4 (137
surfaces with 10 mm diameter) provided better gas and catalyst distribution than G2 (a half surface inlet
surface with 105 mm diameter) and a highly dilute phase of 10-20 kg/m? can be obtained at the top of the
regenerator within 0.5 s in case of utilizing G1 and G4. Although no significant difference was observed
between laminar and turbulent models at low values of superficial gas velocity, an increase in superficial gas
velocity resulted in clarification of the difference and well mixing of the solid-gas multiphase flow. The
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findings of this study provide valuable insights into the hydrodynamic behavior of solid-gas multiphase
granular flow in CLC-FCC regenerators during the start-up period and could be useful for the design and
optimization of these systems.

A key direction for future work should involve the incorporation of combustion reactions into the
developed CFD models. This addition is crucial for a more comprehensive understanding of combustion
efficiency and CO, capture efficiency within the CLC-FCC systems. Additionally, there is a compelling
need to investigate an advanced configuration of the CLC-FCC concept, particularly focusing on inter-
connected three fluidized bed reactor configurations. These configurations, comprising the air reactor,
regenerator, and riser reactor, present a complex yet potentially more efficient system for particle fluidiza-
tion and energy conversion. By operating and studying these interconnected systems, the intricacies of
particle dynamics and fluidization between the reactors can be demonstrated. This investigation will not
only enhance the understanding of the CLC-FCC process but also contribute to optimizing the design and
operation of these systems for improved efficiency and reduced environmental impact.
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