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ARTICLE INFO ABSTRACT

Editor: S Yi Given that carbon dioxide (CO3) constitutes the predominant proportion of greenhouse gas emissions, its capture,
utilization and storage have always been a subject of great concern. Gas-solid fluidized bed has become one of

Keywords: the commonly applied equipment for the removal of CO, from flue gases owing to its advantages such as

CO; capture exceptional mixing effect and substantial interfacial area between the phases. However, there is a lack of

Two-way coupled CFD-DEM simulation
Solid sorbent absorption
Decarbonization performance

attention to the mechanism of CO2 absorption by individually-tracked moving solid sorbents as well as their
effects on the decarbonization performance in a gas—solid fluidized bed. In this study, CO5 removal model by
solid particles based on MgO adsorbent was established with the implementation of the shrinking-core model and
each particle was tracked individually. Results validated the accuracy of the absorption model and revealed that
smaller sizes of the solid absorbent, lower inlet gas velocities and larger inlet CO, mass fractions exhibit rela-
tively high CO, removal efficiency. In addition, the decarbonization performance of fluidized and packed beds
was compared. The packed bed exhibits more uniform gas flow and higher CO5 removal efficiency, whereas the
fluidized bed provides larger interphase contact area, which facilitates the heat transfer process. Through the
analysis of a series of parameters, the results provide recommendations for improving the CO2 removal efficiency
and help to explore the optimal protocol for the design of bed reactors for CO5 removal.

Common CO; capture techniques include gas-liquid adsorption,
gas-solid adsorption, cryogenic distillation [5] and membrane separa-
tion [6]. The gas-liquid absorption method is one of the most mature
and promising technologies for industrialization since it provides high
CO, removal rate [7]. However, this method suffers from inherent de-
fects such as equipment corrosion and high energy consumption in the
desorbing section [8]. Despite its relatively low CO, removal rate, the
gas-solid method as an alternative method has been widely applied due
to its advantage of requiring lower energy and operation temperature
[9-11]. Consequently, as a crucial criterion for assessing the decar-
bonization performance, improving the CO; removal efficiency of
gas-solid fluidized is of great importance and has attracted the attention
of many researchers. To figure out the impacting factors on CO removal
efficiency and to access enhanced methods, a sequence of experiments
has been conducted.

In recent research, the most commonly applied sorbents are

1. Introduction

Over the past few decades, the excessive emissions of greenhouse
gases have resulted in severe global warming and climate change. Given
that carbon dioxide (CO3) constitutes the predominant proportion of
greenhouse gas emissions, many countries and regions have enacted a
series of emission limits: more than 110 other countries have pledged to
achieve carbon neutrality by 2050; China has also committed to
reaching this goal of carbon neutrality by 2060. Despite the prediction
that fossil fuels will remain the worldwide-dominant source of energy at
least the next decade [1,2], imperative strategies on CO» miti-
gation have emerged, one of which is the widespread deployment of
valorization technologies for captured CO; [1]. Towards Carbon-neutral
and Net-zero emissions in a sustainable way, CO5 capture and valori-
zation technologies have become highly concerned topics [3,4].
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Nomenclature

Cp(mol/m®) CO, concentration in the bulk gas
Cp(-) Drag coefficient for an isolated particle
C.(mol/m®) Equilibrium CO, concentration
Dg(mz/s) Diffusion coefficient of gas

Dgo(mz/s) initial diffusion coefficient

d,(m)  Particle diameter

f.(N) Contact force

fa@N) Drag force

frg@M)  Interaction force between phases
g(m/sz) Gravity acceleration

Hg(J/kg) Gas enthalpy

Igm(N/ms) Coupling term between phases
Ip(kgmz) Particle inertia

Ji(kg/(mz-s)) Diffusion flux of species i

ks(m/s) Reaction constant

my(kg)  Particle mass

Nl?,,go(N/m3) Initial number of moles of MgO per unit volume
N;(kg/(m-s)) Production net rate

Re(-) Reynolds number

rco, (mol/(m?s) Reaction rate of CO,

r.(m) Low-reactive zone radius

r;(m) Unreacted solid sorbent particle radius

rp(m) Initial particle radius

r;,(rn) Expanded radius of the sorbent particle

Sh(-) Energy source

Syi(kg/(m-s)) Rate of creation by addition plus any user-defined
sources

T-(Nm) Rolling friction torque

ug(m/s) Gas velocity

u,(m/s) Particle velocity

V,(m®)  Particle volume

X() Conversion rate

Y:() Mass fraction of species i

Z(-) Expansion factor

Greek letters

a(-) Adjustable parameter for diffusion coefficient
B Fluid-particle drag coefficient

RO Adjustable parameter for diffusion coefficient
&(m) Thickness of high-reactive zone

&) Gas volume fraction

ﬂg(Pa-s) Viscosity of the gas phase
/)g(kg/ms) Density of the gas phase
z'g(N/mz) Stress tensor of the gas phase
wp(rad/s) Angular velocity of solid particles

r:

»: Expanded radius

r;: Unreacted radius

MgO-based

(a) Schematic diagram of shrinking-core
model for MgO-based sorbent

—>  Gas Film
Product Layer ‘

| Reactive Zone !

T, Initial particle radius

r.: Low-reactive radius

8;: Thickness of high-reactive zone

(b) Schematic diagram of the Two-Zone
shrinking-core model

Fig. 1. Schematic diagrams of the reaction model for MgO-based sorbent.

magnesium-based [12-17] and potassium-based [8,11,18] sorbents. To
design the carbonization absorber, different parameters (including
temperature, carbonator space time, Ca looping ratio) were investigated
in quartz fixed bed [19] and DFB facility [20]. For the design of CO5
removal in a circulating fluidized bed (CFB), Benjapon et al. [21]
experimentally determined the sorption rates of CO5 based on potassium
carbonate sorbent using a kinetic theory based hydrodynamic model.
Ayoobi et al. [22] employed a laboratory-scale bubbling gas-solid flu-
idized bed to gain deeper insights into the fluid dynamics and adsorption
kinetics using KoCO3 based sorbent particles by experiments as well as
numerical simulations. Hassanzadeh et al. [12-14] extended the vari-
able diffusivity model by incorporating the physically expanding prod-
uct layer and two reacting zones to describe the gas—solid decarbonation
reaction.

However, practical problems were faced in experimental studies. For
example, to understand the gas-solid flow behaviors and determine the
optimum parameters of the fluidized bed such as sorbent particle

diameter, inner structure, etc., the analyses of flow characteristics and
transient particle behaviors are necessary, which are difficult to be ob-
tained by experimental results. The computation methods provide
powerful and attractive complementary approach to laborious experi-
mental studies in an economically feasible way [23]. Generally, the
simulation model of gas-solid absorption could be divided into two
classifications: Eulerian-Eulerian and Eulerian-Lagrangian model. Based
on Eulerian-Eulerian model, both solid phase and gas phase are regarded
as the continuous phase. By using Eulerian-Eulerian model, researchers
mainly focused on the adsorber performance with respect to heat
removal efficiency, gas flow rate, solids circulation rate [24], and re-
action kinetics [18], etc. Abbasi et al. [15] proposed a novel two-way
coupled CFD-PBE model along with the two-zone variable diffusivity
shrinking core reaction model for CO capture in a circulating fluidized
bed. As for Eulerian-Lagrangian model, the gas phase is regarded as the
dispersed phase, of which the motion is calculated individually to obtain
the moving trajectory and distribution in the fluidized bed reactor.
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@CO, diffusion through the product layer to unreacted sorbent

@New product layer produced at the sorbent surface

Fig. 2. Reaction mechanism of CO, absorption by MgO-based sorbent.

Table 1
Simulation parameters of the bed.
Parameters Values
Mesh grid size (mm) 2.7 d,
Bed size (Length*width*height)(mm) (22%2.7 d,)*(3.7*2.7 dp) *
(100*2.7d,
Gas density Ideal gas
Viscosity/ Thermal conductivity/ Specific heat Mass-weighted mixing law
capacity
Temperature (K) 673
Inlet CO, mass fraction 0.5
Particle diameter (mm) 0.5,1,2,3
Particle density (kg/m%) 2545
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Fig. 3. Comparison of TGA experimental results against the simulated sorbent
conversion rate (d, = 255 pm, T = 698 K).
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Fig. 4. Mesh dependence test.

Commercially available Barracuda® software package [25,26] and
FLUENT® software were most commonly applied to study the hydro-
dynamics and CO, adsorption in the certain reactor. To achieve the
bubble-free fluidization, a plug flow model has been proved as a reliable
first approximation for achieving bubble-free using two binary mixtures
of 75 and 375 pm particles [27].

To summarize, previous studies have primarily concentrated on the
overall CO, removal performance and flow field behavior, with less
attention paid to the detailed motion of particles. Most studies apply the
two-fluid model (TFM), ignoring the moving trajectories and decar-
bonization performance of solid particles. This leaves a significant gap in
understanding the specific movements and decarbonization effects of
solid sorbents. In addition, the implementation of CO2 adsorption model
by solid sorbent particles is limited in the current simulations of
gas-solid fluidized beds that apply commercial software packages.
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Fig. 5. Instantaneous contour of gas volume fraction for varying sorbent particle sizes and inlet velocities.

Unlike the commonly applied TFM model, our research utilizes two-way
coupled CFD-DEM numerical simulations with open-source software to
track each particle individually within a gas-solid fluidized bed. The
CO, removal model based on MgO sorbents was established with the
implementation of shrinking-core model and the moving trajectory of
each particle was recorded. Since pioneering researchers have already
focused on some of the impacting factors on the decarbonization per-
formance and removal efficiency in the fluidized bed, for instance,
particle radius, inlet gas velocity, inlet CO, concentration, gas temper-
ature, etc., similar parameters were conducted to verify the accuracy of
the self-developed CO, removal solver based on CFD-DEM model. The
goal is to access the impact of different parameters, thereby offering
recommendations for improving the CO, removal efficiency and the
design of bed reactors for the removal of CO2 by solid sorbent particles.

2. Numerical models

For the numerical simulations conducted in this study, two-way
coupled CFD-DEM MPI method was utilized. The gas phase was
treated as the continuous phase while the solid phase was treated as the
dispersed phase. MgO-based sorbent was chosen to absorb CO; from the
gas phase and the shrinking core model is implemented to describe the
absorption process. Further details can be found in the governing

equations specified in the following sub-sections:

2.1. Gas phase

The continuum equation, Navior-Stokes equation (momentum bal-
ance equation), and energy balance equation were employed to solve the
gas phase [28,29]:

0
ot (eé’pg) +Ve (sgpgué’) =0 M

P) M
En (ggpg”g) +Ve (ggpg”g"g) = —gVp+Ver +epg— Elgm 2

m=1

% (€epeH,) +V o (gp Hoty) =V @ (£kVT) + hyy (T, — T,) + S 3)
where gg, p,, ug stand the volume fraction, density and velocity of the gas
phase, respectively; p is the pressure, 7, represents the stress tensor of the
gas phase, Iy, stands the coupling term between the two phases; H, and k
are the enthalpy and thermal conductivity of the gas phase, respectively;
hg, represents the interphase heat transfer coefficient, and Sy, is the en-
ergy source term. For the gas phase, Sj, represents the heat released by
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Fig. 6. Time-averaged void fraction for different sizes of sorbents and varying inlet gas velocities.
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Fig. 7. Equivalent bubble diameter/sorbent particle diameter for varying sizes
of sorbent particles.

the chemical reaction. Since the chemical reaction heat is omitted, Sy, is
assumed to be 0 in this equation.
The species transport equation is listed as the belowing:

9 (0,Y:) +V o (egp,Yiu,) =V 0 J; 4+ N; + Sy,

A 4

where Y;, J; are the mass fraction and diffusion flux of the ith species,
respectively. N; represents the net rate of the species i that is produced
by the reaction, Sy; is the rate produced by the solid particles.

2.2. Solid phase

For the dispersed phase, the moving trajectory of each individual
solid sorbent particle is determined by applying Newton’s Second Law,
with its translational equation as well as the angular momentum equa-
tion provided as follows [23]:

du
my—E =SS AL g (5)
dw,
P _T. 4T, 6
v ar +T; (6)

Where m,, represents the particle mass; T, and T respectively denote
the rolling friction torque and tangential torque; I, is the moment of
inertia of the sorbent particles; f and f: correspondingly refer to the
normal contact force and tangential contact force; u, and @, indicate the
translational velocity and angular velocity of the sorbent particles; f, , is
the total interaction force exerted by the continuous phase.

In this study, the hertz contact model is applied to describe the
collision between particles. The contact forces between particles were
based on Hertz contact model, as shown below [30,31]:
fn = - kn(snnc —Tn® (vL‘ ° nt‘)né' (7)
ft = min[fkr(sttc -V ® (ve L ”c)tmf.vfntc] (8)

where f,, denotes the normal force and f; denotes the tangential force;k,,
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Fig. 8. Time-averaged particle velocity vector and contour for different sizes of sorbent particles.

k¢, v, and y, represent the normal and tangential stiffness coefficients and
viscoelastic damping coefficients respectively; &, and &, represent the
normal and tangential overlap distances of two particles; f; is the sliding
friction coefficient.

2.3. Phase interaction

In this study, it is hypothesized that the dominant interaction force
between sorbent particles and gas phase is drag force. Gidaspow model
is preferred [32] in this study, and the expressions could be written as
the following [33]:

Vob(ug — up)

Ji=" =)

©)]

where V, is the sorbent particle volume, § stands for the fluid-particle
drag coefficient:

1-¢,)’ 1- -
1501 6;’2) Fe q 750 8’;)}"" | . <os
p= o ’ (10)
3, pe(1 = &) g —my|
ZCD 3 gdp e —Up egzés £, > 0.8

where d, represents the diameter of the sorbent particle; the drag co-
efficient of the particle, denoted as Cp, is determined by the Schiller &
Naumann correlation:

4
= (14 0.15R¢*®")  Re < 1000

Cp =< Re an
0.44 Re > 1000

where the Re stands for Reynolds number and is defined as:

Re — pgggdp|"g — up| 12)

Hg
2.4. Decarbonization model

In this study, the decarbonization process is based on the absorption

process of MgO-based sorbent and the chemical reaction equation could
be summarized as follows [12]:

MgO + CO,—~MgCO3, AH — 96kJ /mol 13)

For the process of CO5 absorption by the solid sorbent particle, the
shrinking-core model is applied. The solid sorbent particle is assumed to
be spherical, as illustrated in Fig. 1(a), the absorption process occurs on
the surface of the particle, with the generated product layer depositing
on the outer layer of the particle. The sorbent particle consists of three
parts: the gas film, the product layer and the reactive zone. Fig. 1(b)
illustrates the schematic diagram of the reactive zone: the core of the
sorbent particle is the low reactive zone, which is wrapped by the highly
reactive zone with a thickness of 5. When the reaction occurs on the
surface of the highly reactive zone, the reaction rate is relatively high;
once the highly reactive zone is consumed, the reaction occurs on the
surface of the low reactive zone with a relatively low reaction rate.

The overall reaction process could be divided into several main steps
as depicted in Fig. 2 [11,13]:

a) Gaseous reactant (CO2) diffuses from the gas film to reach the solid
sorbent particles’ surface;

b) Gaseous reactant (CO») diffuses through the product layer to the
interface between the product layer and the unreacted sorbent;

c) Gaseous reactant (CO,) reacts with the unreacted sorbent particles;

d) New product layer generated on the surface of the sorbent particle.

The reaction rate of the COy absorption r¢o, could be expressed by
rco, = —Kreaction ® Cco,, Where kreqcrion is the reaction rate coefficient and
Cco, is the CO5 concentration.

The reaction rate constant kreqion iS determined by the Arrhenius
equation:

Kreaction = Aei% a4

Where A is the pre-exponential factor, Ea is the activation energy for
the reaction, R is the universal gas constant. In this case, the activation
energy of the carbonation reaction is about 44.1 kJ/mol and the pre-
exponential factor is about 0.0643 m/s [12].

The unreacted radius r; could be calculated by the following equation
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dr Nygo |14 (1 — %)
(4 p

where k; is the constant reaction rate of the surface reaction at different
zones: when the reaction occurs on the surface of the highly reactive
zone (outer layer of the particle), ks = kp; when the reaction occurs on

the surface of the inner low reactive zone, k; = k;. NOMgO is the number of

moles of MgO (per unit volume) at the initial state, r;, is the expanded
radius of the sorbent particle, C, and C, are the bulk gas CO2 concen-
tration and equilibrium CO, concentration, respectively. D, is product
layer diffusivity of CO2, which could be calculated by the equation:

Dy =Dy oe ™ (16)
where Dy is the diffusion coefficient at the initial state; @ and f are two
adjustable parameters in the model. The value of Dy and « are in terms
of temperature [13]. § could be obtained through curve fitting by
Matlab.

The conversion rate for the sorbent particle is determined by the
equation:

X=1-(2y a7

Tp

where r,, is the particle radius at the initial state.
Equation (18) describes how the expanded radius r;, of the particle
can be calculated:

rrp =rv(1-X)+ZX

in which Z represents the factor of expansion.
Combining equations (15)-(18), the change rate of the conversion
rate can be derived from the equation:

18)

2
& SAe@-c)u-x)
(1= V/xiw)

3. Numerical settings

19

Tl

At k(g -
1+Dgrp(l X)

In this study, two-way coupled CFD-DEM simulations were per-
formed based on the open-source software CFDEM®Coupling [30]. On



L. Zhu et al.

0.5mm sorbent particle

05

0.4
0.3
0.2

Up=02m/s  Up=0.3m/s
@

2mm sorbent particle

Up=0.1m/s

Separation and Purification Technology 346 (2024) 127381

1mm sorbent particle

0‘5
0.4
0.3
0.2
0.1
0

Up=0.55m/s  Up=0.91my/s
(©

Up=1.68m/s Uy=2.58m/s

0.5
0.4
0.3
0.2

g 2
& &
L8 8
Up=035m/s Up=0.64m/s Uy=0.75m/s Uy=1m/s
®)
3mm sorbent particle
o.s
0.4
g g
g 03 g
= =
g 02 §
L8 g
0.1
0

Uip=2.2m/s
(D

Up=1.2m/s Uip=4.5m/s

Fig. 10. Instantaneous screenshots at various inlet gas velocities and sorbent particle sizes.

the CFD side, the governing equations were solved by the open-source
software OpenFOAM; on the DEM side, the particle motion was simu-
lated by the open-source software LIGGGHTS. Due to the limitations of
the computational resources, only a section of the fluidized bed flow
field was selected as the subject of the simulation to investigate the local
behavior of the flow field and particle motion, as well as the decar-
bonization performance. Table 1 lists the specific simulation
parameters:

4. Results and discussion
4.1. Validation and mesh dependence

To determine the values of the coefficients and verify the accuracy of
the decarbonization model, the shrinking-core model was calculated via
Matlab codes as well as the self-developed CO, removal solver based on
the CFD-DEM model. The parameters applied in the simulations (e.g.,
adjustable parameters in eq. (13) were determined through curve fitting
via Matlab. The simulated results of Matlab ensure the accuracy of
parameter values applied in this study, while the simulation case of CFD-
DEM model was conducted to verify the particle shrinking model
implemented in this study. In Fig. 3, the conversion rate of MgO sorbent
is compared between TGA experiment results [34] and simulated results
calculated by Matlab codes and the CO, removal solver. It could be
found that the conversion rate initially increases almost linearly with
reaction time, indicating a high reaction rate, but after 120 s, the reac-
tion rate significantly decreases. The simulation results closely align
with the experimental fundings within acceptable margin of error. This

discrepancy may be due to simplified assumptions about the decar-
bonization reaction process [28]. In this study, it is assumed that as long
as both gaseous reactant and particles are situated within the same
computational grid, the reaction would take place; however, the actual
reaction dynamics are far more intricate than assumed.

To ensure the accuracy of the selected grid size in this study, we have
conducted a verification of grid independence in this section. Fig. 4 il-
lustrates the averaged gas volume fraction corresponding to different
bed heights under varying grid sizes. All simulations employ identical
boundary conditions, while the grid size ranges from 2.5dp to 3.3dp.

Conclusion could be drawn that for the two coarse grids of 3dp and
3.3dp, there exists a significant deviation in simulation results compared
to other cases: when employing a grid size of 3.3dp, the average gas
volume fraction within the bed height range of 0.2 ~ 0.4 m is notably
smaller than that observed in other cases; conversely, when employing a
grid size of 3dp, the average gas volume fraction within the bed height
range of 0.1 ~ 0.3 m is quite larger than that observed in other cases.
The difference in the cases that apply grid sizes of 2.7dp and 2.5dp is
relatively small. After careful evaluation of both computational preci-
sion and cost, 2.7dp of grid size has been chosen.chosen.

When the inlet gas velocity is larger than the minimum fluidization
velocity, the fluidized bed exhibits typical fluidization characteristics. A
series of simulations were conducted to figure out the effects of different
sizes of solid sorbent particles and different inlet gas velocities on the
flow field behavior, particle motion and CO5 removal performance of the
fluidized beds.
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Fig. 11. Violin plot for the unreacted radius of solid sorbent particle with the instantaneous screenshot of particles.

4.2. Flow field behavior

Fig. 5 (a) to (d) plot the instantaneous screenshots of the fluidized
bed for different sizes of solid sorbent particles (from 500 pm diameter
to 3 mm diameter) and different inlet gas velocities. It could be found
that when the inlet gas velocity is relatively small (Ui, < Upy), the flu-
idized bed exhibits semi-fluidized characteristics, where the particles
are partially fluidized and only small bubbles are formed in the system.
As the inlet gas velocity increases, the fluidization state becomes much
more violent from partly fluidized to fully fluidized and the bed
expansion greatly increases. For the smaller sorbent particles (0.5 mm
and 1 mm particles), the void fraction in the computational domain
predominantly exceeds 0.6, which means that particles are more likely
to be fully fluidized and considerable bed expansion could be exhibited.
When the bed is fully fluidized, the particles are distributed relatively
uniformly throughout the entire reaction duration; for larger sorbent
particles (2 mm and 3 mm particles), the void fraction in the compu-
tational domain varies between 0.4 ~ 0.6, with slugging modes as well
as gas channels observed in the bed. Large bubbles are formed from the
bottom of the fluidized bed, resulting in a considerable reduced average
bed height compared to that of the smaller solid sorbent particles. It
could be summarized that different sizes of solid sorbent particles
exhibit varying fluidization characteristics.

To obtain more quantitative data on these cases with different pa-
rameters, Fig. 6 depicted the time-averaged void fraction for different
sizes of solid sorbent particles and varying inlet gas velocities. It could be
noticed that the bed expansion experiences a noticeable increase with

the increase of the inlet gas velocity. For small solid sorbent particles,
the averaged void fraction is less than 0.8, whereas the value of larger
solid sorbent particles is about 0.85, implying that the bed expansion of
larger solid sorbent particles is much higher than that of smaller solid
sorbent particles. The particle distribution exhibits enhanced uniformity
throughout the reaction period. When the bed is partly fluidized,
increasing the diameter of sorbent particles significantly decreases the
averaged void fraction in the fluidized bed; when the bed is fully flu-
idized, solid sorbent particles with different sizes cast only slight influ-
ence on the time-averaged void fraction of the fluidized bed. The results
indicate that for semi-fluidized bed, increasing the size of solid sorbent
particles significantly reduce the bed expansion and the solid sorbent
particle are packed much more tightly.

It could be found that for the fully fluidized bed, the difference in
particle distribution is not obvious while the bubbles formed in the case
of different sorbent particle sizes are different. As a consequence, the
analysis of bubble dynamics is necessary. In order to detect bubbles in
the fluidized bed system, self-written Matlab codes were applied to re-
cord the position and size of bubbles formed at each time step. Fig. 7
shows the probability of equivalent bubble size for varying sizes of solid
sorbent particles, from which it could be observed that for smaller solid
sorbent particles, the probability of small bubbles is the highest, which is
up to 0.45, and as the particle diameter increases, the probability of
small bubbles decreases and the probability of medium-sized bubbles
increases significantly. For larger particles (2 mm and 3 mm solid sor-
bent particles), the probability of medium-sized bubbles was the highest,
which is up to 0.35. Large bubbles are primarily observed with relatively
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Fig. 12. Probability plot of absorbed CO, mass with varying inlet gas velocity.

large sorbent particles. Thus, smaller solid sorbent particles are associ-
ated with smaller bubbles, and larger particles with larger bubbles. For
smaller solid sorbent particles, only a small number of small bubbles can
be detected with higher bed expansion, while for large solid sorbent
particles, large bubbles can be found pushing the solids upwards.

4.3. Particle motions

It has been pointed out in the introduction section that pioneering
researches mainly regarded the solid phase as Eulerian phase and
therefore there is a lack of information on the particle motion. In this
study, the moving trajectory of each particle is calculated by Newton’s
second law and recorded individually. The validation of particle motion
can be referenced from our previous work [35]. In this section, the
motion of the solid sorbent particles has been analyzed through Fig. 8
and Fig. 9. Fig. 8 plots the time-averaged velocity vectors of the parti-
cles, colored by velocity magnitude, clearly highlighting the symmetric
motion of particles. The time-averaged velocity vector of particles shows
the tendency of particle motion: particles flow upward from the center of
the bed and downward from both sides back to the bottom of the bed. As
the particle velocity contour shows, small sorbent particles exhibit large
bed expansion, while large sorbent particles exhibit greater symmetry.
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To quantitatively analyze the motion pattern of solid sorbent parti-
cles in the bed, the vertical velocity of the particles is depicted in Fig. 9,
based on which it can be stated that the larger the inlet gas velocity, the
larger the velocity fluctuations; and the smaller the inlet gas velocity is,
the smoother the velocity fluctuation is. For example, for 2 mm solid
sorbent particles, when the inlet velocity is 0.55 m/s, the fluctuation
amplitude of vertical velocity is about 0.05 m/s; when the inlet gas
velocity increases to 0.91 m/s, the fluctuation amplitude of vertical
velocity sharply increases to 0.4 m/s; when the inlet gas velocity con-
tinues to increase to 1.68 m/s, the fluctuation amplitude of vertical
velocity correspondingly increases to 0.6 m/s; when the inlet velocity
increases to 2.58 m/s, the minimum vertical velocity is about — 0.6 m/s
and the maximum vertical velocity is up to 0.4 m/s, corresponding to a
maximum vertical velocity fluctuation of 1 m/s. The symmetry of the
particle motion could also be observed in Fig. 9. Similar to the conclu-
sion drawn from Fig. 8, increasing the size of solid sorbent particle could
significantly enhance the symmetry of the solid sorbent particle motion
in the fluidized bed.

4.4. Gas-solid COz removal performance

The decarbonization performance is one of the most concerned
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indicators to guide the design of gas—solid fluidized bed for CO, removal.
In order to figure out the CO, removal performance, Fig. 10 displays the
instantaneous screenshots colored by CO2 mass fraction at various inlet
gas velocities and sorbent particle sizes. By varying the inlet gas veloc-
ity, the effect of gas residence time can be evaluated. As can be seen in
Fig. 10, the carbon capture process predominantly occurs at the bottom
of fluidized bed where the solid sorbent particles are placed. As the inlet
gas velocity increases, there is a decrease in the mass fraction of CO5 at
the outlet, meaning that enhancing the residence time of gas could
improve the removal efficiency of CO; since longer residence time al-
lows for increased contact time between the sorbent particles and the
gas phase. For instance, when the inlet gas velocity increases from 0.35
m/s to 1 m/s, the mass fraction of CO5 at the outlet increases from 0.3 to
0.4, indicating that the removal efficiency of CO5 is decreased to 20 %.
Similar conclusions could be drawn for different sizes of solid sorbent
particles. By comparing the mass fraction of CO5 at the outlet for cases
with different sizes of sorbent particles, it can be noticed that decreasing
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the diameter of solid sorbent particles also contributes the removal
process of COs.

However, it is not possible to achieve excellent decarbonization
performance simply by further decreasing the inlet gas velocity or par-
ticle size. Decreasing the inlet gas velocity would change the fluidization
behavior of the bed from a turbulent fluidization regime to a semi-
fluidization regime or even a fixed bed state. In addition, the decrease
of the inlet gas velocity also prolongs the total elapsed time of the
removal process. For fine particles, the fluidization of the bed is much
more turbulent and the existence of cohesive force makes the bed
behavior unpredictable: particles are more likely to lose mass to
downstream equipment and therefore only suitable for circulating flu-
idized beds.

Fig. 11 shows the violin plot of the radius of unreacted zone of the
solid sorbent particles with the instantaneous screenshots of particles.
To save computational resources, only the reaction time period from 1
~ 10 s is excerpted (the gas—solid reaction occurs mainly on the surface
of the outer high-reactive zone). As can be seen, as the reaction occurs,
the unreacted radius continues to decrease and shows a linear rela-
tionship between the unreacted radius and the reaction time within the
time period of 1 ~ 10 s. This could be due to the fact that during the time
period of 1 ~ 10 s, the reaction mainly occurs on the surface of the high-
reactive zone and the reaction rate is almost linearly correlated with the
reaction time as indicated in Fig. 3. The instantaneous screenshots as
well as the violin plots also display the distribution of solid sorbent
particles with varying unreacted radii. It can be obviously observed that
at the beginning of the reaction (time = 1 ~ 3 s), the distribution of
unreacted radius is much more irregular and does not obey the kernel
smooth rule. As the reaction proceeds, the distribution of unreacted
radius obeys the kernel smooth rule. When the inlet gas velocity is 0.91
m/s, solid sorbent particles with medium-sized and large-sized unreac-
ted reaction zones dominate; when the inlet gas velocity increases to
1.68 m/s, solid sorbent particles with small-sized and medium-sized
unreacted reaction zones dominate. The results indicate that the in-
crease in gas velocity significantly changes the distribution of unreacted
radius of solid sorbent particles. As the inlet gas velocity increases, the
probability of solid sorbent particles that own small-sized unreacted
zones increases a lot.

To identify the effects of inlet gas velocity on the decarbonization
performance of solid sorbent particles, Fig. 12 plots the probability plot
of absorbed CO; mass with varying inlet gas velocity at time = 10 s (the
gas-solid reaction occurs mainly on the surface of the outer high-
reactive zone). It could be stated that when the bed is semi-fluidized
(Ujn = 0.55 m/s and Uj, = 0.91 m/s), most of the solid sorbent parti-
cles only absorb a small amount of COy; when increasing the inlet gas
velocity to 1.68 m/s and 2.58 m/s to achieve fully fluidization region,
solid sorbent particles that absorbed a relatively large amount of CO4
dominate. To be more detailed, when the inlet gas velocity is 0.55 m/s,
the solid sorbent particles are almost fixed, and the probability of solid
sorbent particles with an absorption amount between 0.99 x 1077 kg
COy and 1.5 x 1077 kg COx is the largest, which are mainly placed at the
bottom of the bed. Similarly, when the inlet gas velocity is 0.91 m/s, the
probability of solid sorbent particles with an absorption amount be-
tween 1.135 x 1077 kg COz and 1.175 x 1077 kg COy is the largest. The
results indicate that when the bed is semi-fluidized, only a few particles
exhibit great decarbonization performance and most particles only
absorb a small amount of CO,. On the contrary, when the bed is fully
fluidized, the probability of the solid sorbent particles that absorbed a
relatively large amount of CO; increases significantly.

To exclude the effect cast by varying CO, concentration, the influ-
ence of varying inlet CO, concentration was also studied. Fig. 13
compared the decarbonization efficiency of adsorbent particles with
varying inlet COy mass fractions, from which it could be summarized
that different sizes of solid sorbent particles exhibit various decarbon-
ization characteristics.
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With the increase in inlet CO, mass fraction, the CO5 removal effi-
ciency for smaller solid sorbent particles (d, = 0.5 mm) increases
slightly. Conversely, larger particles show a significantly lower COy
removal efficiency. The CO5 removal efficiency initially increases with a
higher inlet COy mass fraction, then decreases, and eventually rises
again. This pattern may be attributed to changes in gas density across
mesh grids.

4.5. Influence of bed type on decarbonization performance

It is widely recognized that fluidized beds allow continuous input of
solid sorbents and provide large inter-phase contact area that is bene-
ficial to heat transfer process. However, the particle conversion rate of
the fluidized bed is relatively low. Packed beds offer the advantages of
high conversion rate and low erosion of solid sorbent particles in
chemical reactions. In this study, similar simulation cases were also
carried out on packed beds to figure out the influence of bed type on
decarbonization performance, which is helpful to approach the optimal
protocol of bed reactors for CO5 removal.

In previous section, the influence of inlet gas velocity on decarbon-
ization performance was analyzed, and effect of different bed regimes on
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decarbonization performance was also observed. In this section, solid
sorbent particles were packed at the bottom of the bed with different
values of inlet gas velocity and sorbent particle size.

Fig. 14 plots the removal efficiency of COs at the outlet of packed bed
and fluidized bed. It can be easily concluded that in the packed bed, the
CO,, removal efficiency is almost constant at the outlet, indicating that
the distribution of CO5 mass fraction at the outlet of the packed bed is
much more uniform compared to the fluidized bed. In addition, the
packed bed exhibits a slightly higher averaged CO, removal efficiency
than the fluidized bed, which may be due to the homogeneous distri-
bution of gas flow throughout the packed bed.

To be more quantitative, Fig. 15 displays the average CO5 removal
efficiency for fluidized bed and packed bed with different diameter of
solid sorbent particles and inlet gas velocity. As it is observed, for larger
solid sorbent particles, the CO, removal efficiency of the packed bed is
only slightly larger than that of the fluidized bed. The removal efficiency
of both fluidized bed and packed bed decrease with the increase of inlet
gas velocity. In addition, with increasing inlet gas velocity, the differ-
ence in the reduced CO; removal efficiency becomes smaller. For small
solid sorbent particles, it could be observed that although the decar-
bonizationl efficiency decreases with increasing inlet gas velocity for
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both fluidized bed and packed beds, the difference in CO, removal ef-
ficiency between the packed bed and fluidized bed is obvious. For the
packed bed, the removal efficiency decreases almost linearly with the
increase of inlet gas velocity. As for the fluidized bed, the relationship
between the CO, removal efficiency and inlet gas velocity is heteroge-
neous, which may be due to the irregular turbulent gas flow of the flu-
idized bed. The more irregular the turbulent flow of fluidized bed, the
more difficult to predict its decarbonization performance. It could be
summarized that packed beds exhibit relatively larger removal effi-
ciency and more uniform gas flow, while fluidized beds provide larger
contact area between the gas phase and solid sorbent particles.

5. Conclusions

In this study, the removal of CO; by solid particles based on MgO
adsorbent was modelled in a gas—solid fluidized bed, and the fluid hy-
drodynamics, particle motions, and COy removal performance were
investigated by CFD-DEM two-way coupled numerical simulations. With
the analysis of varying particle radius (different type of Geldart parti-
cles), inlet gas velocity (different type of fluidized bed ractors) and inlet
CO4 concentration, the results are helpful to explore the optimal pro-
tocol of bed reactors for CO, removal. Main conclusions are shown as the
following:

1. The moving trajectory of each particle was individually tracked,
allowing for quantitatively calculation of CO, absorption capacity
based on the shrinking-core model

2. The effects of solid sorbent particle size, inlet gas velocity, and inlet
CO2 mass fraction were simulated. It was found that utilizing lower
inlet gas velocities (providing longer residence time and significantly
improving CO5 removal efficiency by over 50 %), smaller solid
adsorbent particles (providing larger contact area between phases
and exceeding 60 % improvement), and higher CO, mass fractions
(especially for smaller sorbent particles) can effectively enhance the
removal efficiency of CO,.

3. The decarbonization performance of fluidized bed and packed bed
was compared. The packed bed exhibits a higher decarbonization
efficiency and a more uniform gas flow, while the fluidized bed
provides a larger contact area between the gas phase and the solid
particles, which is beneficial for the heat transfer process.
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