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A porous medium approach to the 3D modelling of an entire rotating packed bed

for post-combustion carbon capture

Guojun Zhang, Lin Ma*, Mohamed Pourkashanian
Energy 2050, Mechanical Engineering, Faculty of Engineering, University of
Sheffield, Sheffield S10 2TN, UK

Abstract: Rotating packed bed (RPB) technology shows great potential for post-
combustion capture. However, the capture process inside the full RPB is difficult to
simulate, due to the complexity of the process and the neglect of the CO: capture in the
outer cavity zone. In this paper, a full 3D CFD model, including the packing and the
inner and outer cavity zones, has been established employing the Eulerian porous
medium method coupled with various sub-models. The COz capture performance in the
packing and outer cavity zones has been quantitatively analyzed under different
operating conditions. The simulation results show good agreement with the
experimental data, and the contribution of the outer cavity zone to the CO2 capture of
the RPB is in the range of 28%~42%. This work provides a new approach to efficiently
simulate the mass transfer process in the RPB.

Keywords: rotating packed bed, Eulerian method, 3D porous media model, CO2

absorption, outer cavity zone
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Nomenclatures

as

Ae

specific area of the packing
materials, m? - m~3
effective interfacial area, m? -

m—3

concentration, kmol - m™3
specific heat of gas phase, J-
kg™!-K™1

drag coefficient
diffusivity, m? - s~1

enhancement factor

total energy, ]

drag function

ratio of wetted packing area to the

total packing surface area

dispersion forces of phase i, N -
m=3

interaction force between the
phase i and solids of the packing

material, N- m~3

gravitational force, m - s72

height of the packing, m

enthalpy of the species, ] - mol™?
heat transfer coefficient between
the gas and liquid phases, W -
m-2-K?!

Henry constant

Hatta number

mass diffusion flux of species, kg -
m2-s71

thermal conductivity, W-m™1-

K—l

mass transfer coefficient of phase
i,m- st

reaction rate constant, m3-
mol~1.s71

overall mass transfer coefficient,

m-s~!

m ™<= R

[«9)

K¢

Pi

Apgy,

heat of chemical reaction, W -
m-3

interfacial force between the
gas and liquid phases, N - m™3
time, s

temperature of phase i, K

flow rate per unit area, m - s~1

velocity of phase i, m - s~1
volume, m3

Weber number

radial length of a cell, m

CO2 mole fraction in the gas
inlet and outlet and on the outer

packing surface, respectively

mass fraction of species

phase saturation
packing void fraction (porosity)
dynamic contact angle, °

volume fraction

diffusion layer thickness, m
angular velocity, rad - s ™1
thermal conductivity of the gas
phase, W-m™1.-K1

angle of flow direction slop to
the bed axis, °

density of phase i, kg - m™3
absolute value of the density
difference between liquid and
gas phases, kg - m™3

dynamic viscosity, kg-m™
-1

1,

S
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22
23
24
25
26
27
28

momentum exchange coefficient
between the gas and liquid phases
overall volumetric mass transfer
coefficient, s !

molar mass, g - mol™?

transfered CO2 between the gas
and liquid, kg-m™1-s71

Nusselt number

pressure, Pa

capillary pressure, Pa
Prandtl number

liquid initial velocity number
volume flow rate, m3 - s~1
transferred heat between the gas
and liquid phases, W - m™3
radius or radial distance, m
inner packing radius, m

outer packing radius, m

3 -1

COz reaction rate, kg m™ * s
gas constant

net rate of production of the
species j by the reaction, mol -
m3-s71

Reynolds number

relative Reynolds number

mass transfer rate between gas and

liquid, kg - m™3 - s71

Ue effective dynamic viscosity,
kg-m1-s71

T particulate relaxation time, s

T stress tensor, N - m ™2

Tesrij effective shear tensor

ArT Rayleigh-Taylor instability
wavelength

o surface tension, N - m™?!

v kinematic viscosity, m? - s~1

Subscripts

cell mesh cell

COx carbon dioxide

G gas phase

i =G, L

Jj species

L liquid phase

MEA  monoethanolamine

0 outer cavity zone

ow computational cell next to the
casing wall

P packing zone

PW computational cell next to the
packing wall

S solids phase for the packing

materials

1. Introduction

3

CO2 emissions, as a kind of greenhouse gas, has become an urgent issue in the 21st
century (Khan, 2017). In response to this important issue, the EU has a commitment for
a net-zero greenhouse gas emissions target by 2050 (Garba, 2012), which aims to reach
a balance between the amount of greenhouse gas emissions produced and the amount
captured. Particularly, the total power plants contribute a huge amount of CO2, which
could contribute to 30% of the total CO2 emissions. Therefore, reducing CO2 emissions

released by the power stations has become an emergent activity.
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Currently, the amine-based post-combustion COz capture (PCC) is the most common
and commercial way to capture CO2 using the conventional packed bed (CPB), which
results in the CPB being large and costly. In addition, the high amine solvent flow rate
demanded by the large CPB would consume large heat energy for the rich solvent
regeneration. On the other hand, the rotating packed bed (RPB), one of the most
important applications in the area of process intensification, has the potential to enhance
the CO2 capture performance and reduce the packed bed size by applying a high
centrifugal force (100-1000 times gravity) (Liu et al., 2019). However, the RPB is on
the early stage of the technological development for PCC, and the CO: capture
processes, including the hydrodynamics, heat and mass transfer, are still unclear inside

a RPB. Thus, it requires extensive research and design optimization.

In general, the RPB may be divided into three parts - inner cavity, packing and outer
cavity zones, see Figure 1. At the beginning, the liquid jets out from the liquid
distributor and passes through the inner cavity zone entering the packing region, then
the liquid contacts and reacts with the opposing gas flow on its way outwards through
the packing region. During this process, the liquid breaks into tiny droplets, or generates
thin films on the packing surface due to the strong interaction with the rotating mesh
packing, which can enhance the interfacial area and micromixing (Yang et al., 2015b)
between gas and liquid. In addition, the liquid surface renewal rate in the packed bed is
improved, which also leads to a large increase in the CO: capture. In addition, the liquid
leaves the packing with a large tangential velocity and enters the outer cavity zone in
the form of liquid droplets. Finally, the liquid droplets hit the cavity casing wall and the
liquid phase flows out from the liquid outlet tube under the influence of the gravitational
force. It should be noted that before the liquid leaves the outlet tube, the liquid has been
reacting with the gas phase all the time in the outer cavity zone. In addition, the space
ratio of the outer cavity zone to the packing region is large (Guo et al., 2019). As a
result, it can be concluded that the CO2 capture in the RPB occurs not only in the

packing zone, but also in the outer cavity zone.
4
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However, most investigations only focus on the packing region, the contribution of the
outer cavity zone for the CO:2 capture is rarely studied. In the experimental
investigations, it has been reported that the effective interfacial area of the outer cavity
zone could be up to 30% of the entire effective area (Guo et al., 2014; Sang et al.,
2017a). Further, experiments showed that the contribution of the outer cavity zone to
the mass transfer was determined to take up approximately 13—-25% of the total mass
transfer in the entire RPB (Sang et al., 2019; Yang et al., 2011). Therefore, the CO2

absorption in the outer cavity zone cannot be ignored.

+<— Liquid inlet
Gas outlet—fU, rU
|

Kl
| TRl
Outer cavity zone ——— |
Inner cavity zone Gas inlet
Liquid distributor - ¢==
q T

Packing

Casing wall—|
tr

Liquid outlet

Motor

Figure 1. Schematic diagram of a typical RPB for COz capture.

In addition, the Volume of Fraction (VOF) method has widely used to computationally
study the COz capture in the RPBs. For instance, the micromixing and mass transfer
have been studied in a 2D packing region along with the Volume of Fraction (VOF)
method and user defined functions (UDF) (Guo et al., 2016; Yang et al., 2016). The
advantage of employing the VOF method is that it can reasonably, clearly and
accurately capture the interface between the gas and liquid, including the evolution of
the liquid droplets in the RPB. Due to the multiscale nature of the liquid flow in an RPB,
the computational mesh should be fine enough to resolve the finest droplet and liquid
films, typically in millimeter and even micron meter scales, in addition to the packings,
within a meter scale RPB. When modelling in 3D this will require a prohibitively large

number of computational cells and computational time. This is the reason why most of
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the CFD simulations using CFD methods are for small RPB models and mostly in 2D.
If the packing in an RPB is treated as a porous medium using the Eulerian model, where
the liquid flow is modelled as a continuum, there is no need to resolve the packing or
the liquid droplets. Instead, the interfacial area and the momentum transfer between the
phases are modelled using experimental correlations. Clearly, this method could not
produce a clear picture of the real discrete liquid droplet flow and its accuracy relies on
correlations employed for the resistance among the phases and the interfacial area.
Nevertheless, the Eulerian method could significantly reduce the simulation time and
with appropriate validations, it can potentially be utilized to address the significant

difficulties of modelling 3D and large-scale RPBs (Lu et al., 2019; Zhang et al., 2022a).

However, the Eulerian porous medium approach has so far seldom been employed for
the RPB because the momentum transfer between the phases has to be closed by closure
equations. In other words, a suite of mathematical formulations is essential for
accurately expressing the flow characteristics in the RPB, such as the sub-models for
the forces for the phases and the effective interfacial area between the phases (Fourati
et al., 2013; Iliuta et al., 2014). Since the characteristics of the multiphase flow are very
different when passing through the rotating packing and in the static cavity space, sub-
models for the forces and the interfacial area should be separately introduced for the
packing region and the outer cavity zone, which is quite complex. For the packing
region, not only the porous resistance should be considered due to the wire mesh
packing, but also the dispersion force should be taken into account due to the strong
interaction between the liquid and the packing (Jiang et al., 2002; Xu et al., 2019; Zhang
et al., 2022b). In addition, it is complex to predict the contact area between gas and
liquid due to the non-uniform liquid distribution in the packing zone. The above force
and the effective mass transfer area models for the non-uniform multiphase flow in the
packing zone have been developed and validated in our previous paper (Zhang et al.,
2022a). However, for the outer cavity zone, the liquid phase exists in the form of liquid

droplets in the cavity space and liquid film on the casing wall. As a result, different
6
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contact area correlations for the liquid droplets and film should be proposed. In addition,
there is no existing force models for the outer cavity zone via employing the Eulerian
method. Therefore, the appropriate model and correlation for the outer cavity zone

should be developed for accurately analysing the hydrodynamics in this zone.

In addition to the momentum transfer between phases, the heat and mass transfer should
be modelled in the RPB. Many semi-empirical correlations for predicting the mass
transfer coefficients have been proposed in the literature based on different applications
and packing systems of the RPBs (Munjal et al., 1989), however, these correlations are
too general to be confidently employed for the CO2-MEA absorption system employed
(Lu et al., 2019). A method that has been commonly used to model the chemically-
enhanced mass transfer in the CPB, is to use an enhancement factor coupled with a
mass transfer theory, such as the two-film, penetration, or surface renewal theories.
Although penetration and surface renewal theories are more accurate in calculating the
mass transfer by introducing the contact time and surface renewal frequency, these two
parameters are difficult to measure in the RPB, especially under unsteady-state
conditions. Furthermore, the two-film reaction-enhanced mass transfer model has
already shown sufficient accuracy for expressing the CO2 mass transfer among the
phases in many CPB investigations (Dashliborun et al., 2019; Kim et al., 2017; Pham
et al., 2015), which is introduced into the RPB model as presented in Sections 2.4 and

2.5.

The thermodynamics in the RPB should also be carefully considered because the liquid
temperature and the chemical reaction rate could affect each other in this CO2
chemisorption system. The heat released by the chemical reaction increases the liquid
temperature; meanwhile, some of the heat would be carried away by the gas flow due
to the temperature difference between the phases so that the gas temperature also
increases. The increasing phase temperature would speed up the reaction rate until the

whole COz2 absorption system reaches a balance. In particular, the efficiency of the heat
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transfer between the phases is determined by the diameter of the liquid droplet. The
smaller the droplet diameter, the more heat transfer takes place. The predicted heat and
mass transfer processes can be made accurate only when the liquid droplet diameters

in the packing and outer cavity zones are set properly.

In our previous work, the COz capture performance in the RPB was explored in a 2D
packing region by the Eulerian porous medium method (Lu et al., 2019). However, the
predicted liquid outlet temperature and the overall volumetric mass transfer rate (K, a,),
which was defined in Section 3.3, were lower than the experimental data because the
outer cavity zone was not taken into consideration at the time and the liquid droplet
diameter was set using the default value in the software. In this paper, for accurately
studying the COz2 capture process within a RPB, a comprehensive 3D RPB model,
including the packing, inner and outer cavity zones, was built based on a practical pilot-
scale RPB coupled with various sub-models. The K; a, and liquid outlet temperature
under various operating conditions were analysed. Furthermore, the ratio of the CO2
capture performance in the packing zone and outer cavity zone was quantitatively
investigated. Therefore, this paper provides, for the first time, a new feasible approach
to effectively and accurately predict the mass transfer within the entire RPB.

2. CFD simulations

In this section, a 3D model has been built that incorporates the porous resistance,
dispersion force, two-film reaction enhancement mass transfer and heat transfer
models in order to achieve an accurate prediction of the flow dynamics, mass transfer
and heat transfer in the whole RPB. Since the resistance and dispersion models
developed for the packing zone have been illustrated in our previous paper (Zhang et
al., 2022a), only some of the most important models and equations, such as the
governing equations, mass and heat transfer models, and the correlations of the
effective interfacial area and liquid droplet diameter, are presented in this paper.

2.1 Geometry of the RPB



160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187

In order to establish and validate the 3D RPB model, the detailed information of the
experimental rig and the quality of the experimental results are required. Among all the
published experimental works on RPBs, the Kolawole experimental data (Kolawole,
2019) has been selected as the comparison data. The reasons are: (i) the relative detailed
operating conditions and dimensions of the RPB have been offered, especially the size
of the packing and outer cavity zones. (ii) The CO2 capture performance with different
operational conditions is analyzed by various indexes, including the overall mass
transfer coefficient, the liquid and gas phase temperatures at the outlets, etc., which
could help to validate the simulation results. And (ii1) the experimental data has been
presented in the published paper (Lee et al., 2017) and previously utilized by Lu et al.
(2019) for verifying their models, thus meaning that the experimental data is reliable.
However, no experimental data related to the flow characteristics (i.e. liquid holdup)
has been shown in the thesis (Kolawole, 2019), thus, the flow dynamics obtained by
the experiment and simulation are not compared in this work.

The 3D RPB geometry has been reproduced in Figure 2 according to the experimental
rig (Kolawole, 2019). The inner diameter, outer diameter and height of the wire mesh
packing are 80, 300 and 20 mm, respectively, and it is made from stainless steel with
an expanded mesh grade 707. The void fraction and specific area of the packing are
0.801 and 663 m?/m?, respectively. The diameter and the estimated height of the RPB
casing are 360 and 180 mm, respectively and the space ratio of the outer cavity zone to
the packing zone is about 11. There are two gas inlet tubes and one liquid inlet tube
with diameters of 60 and 14 mm, respectively. In order to make the mesh in the outer
cavity tetrahedral and further reduce the mesh number, the shape of the gas inlet tubes
and one liquid inlet tube is simplified to be a rectangle but with the same flow cross-
sectional area. In addition, a gas outlet tube is outside the liquid inlet tube with a
diameter being 40 mm. A 2-arm liquid distributor is used, and its length and diameter
are 22.4 and 7 mm, respectively. In Figure 2, only two liquid nozzle outlet holes are

presented. In order to save computational time, the liquid flows passing through the

9
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liquid inlet tube and 2-arm liquid distributor has not been modelled. Initially, a liquid
pressure outlet boundary was built at the bottom of the RPB to ensure that the liquid
phase flows out from the RPB. However, after the simulation, we found that a large
amount of the gas phase would flow out from this boundary at the same time. Thus, an
elimination zone is employed at the bottom of the RPB to remove the liquid phase but

to retain the gas phase, and the appropriate source equations for this zone can be found

in (Zhang et al., 2022a).

Figure 2. Schematic diagram of the 3D RPB (1, gas outlet; 2, case; 3, gas inlet; 4,
liquid elimination zone; 5, liquid inlet; 6, outer cavity zone; 7, packing zone; 8, inner
cavity zone).

2.2 Governing fluid flow equations

The main assumptions of the RPB model are as follows:

(1) The wire mesh packed bed is a homogenous porous medium.

(ii) The gas is incompressible.

(iii)  The pressure field is shared by the gas and liquid phases.

(iv)  The liquid phase exists in the form of the film and droplets in the packing
and outer cavity zone.

(v) The mass transfer only happens in the packing and outer cavity zones
due to the small interfacial area and short contact time in the inner cavity
zone.

(vi)  The heat transfer only occurs between the gas and liquid phases and the

10



210 casing wall is adiabatic.

211  The continuity equation utilized to calculate the overall mass conservation is given as
212 follows:

213 % (gipi) — V- (gipitis) = S (1D
214  where p; is the density of the ith phase (i = G for gas or L for liquid), t is the time, U;

215  is the phase velocity, S, ; is the mass transfer rate between phases, and ¢; is the phase

216  fraction, which is defined as follows:

Vi Vi

217 =y = = 2
AR AT T (R VAN VA /A @)
218  where «; is the phase saturation (a; = #), V; is the volume of the ith phase, and y
G L

219  and Vs are the porosity and solid volume of the packing, respectively, which are 1 and

220 O for the outer cavity zone.

221  The momentum conservation equations for the packing and outer cavity zones are
222 different since the drag, capillary and mechanical dispersion forces only exist in the

223 packing region. The governing momentum equations for the whole RPB are as follows:

a — - — = - = p =
224 %(SL.DG“L) + V- (eppLuigtiy) = —g VP + VP + V- (eT,) + £1p1.9 — Faragr + S 61 + Faisp,. (3)

a — - — = = - = =
225 a(fcpcua) + V- (g6pglclic) = —gcVP + V- (eT5) — Farage + €Pc9 — S 6L + Fdisp,a(4)

226  where P is the pressure, P, is the capillary pressure, which is produced by the difference
227  in the pressures across the fluid interface and only included in the liquid phase
228  momentum equation, model details please refer to (Zhang et al., 2022a), T; is the stress
229  tensor, ﬁdmg‘i is the drag force between the phase and packing, §GL is the interfacial
230  force between the gas and liquid, and ﬁdisp_i is the mechanical dispersion force.

231  The species transport equation and energy equation are shown as follows:

11



239 0(&ipiu;Yy;)

a(ng) N R ) B
233 latl —+V (Eiui(piEi + P)) = &VP| VT, — Z h; Jij + (Teff,ij “U;) | +&Qni+€Shi(6)

234 where Y;; is the mass fraction of the species j in ith phase, such as the COz in the gas
235  phase or MEA in the liquid phase (j= species), R;; is the production of the species j by
236  the reaction, such as MEACOO™ (HOC:2H4sNHCOO), fl ; 18 the mass diffusion flux, E;
237  is the total energy, k; is the thermal conductivity, h; is the enthalpy of the species,
238 T.sy;; is the effective shear tensor, Qp,; is the transferred heat between the phases, see
239 Section 2.6, and Sy, ; 1s the heat of chemical reaction, which may be obtained by Sj,; =
240 =2 h; R;; (Mardani and Mahalegi, 2019).

241 2.3 Effective interfacial area and forces

242 Since the effective gas-liquid interfacial area and forces are quite different between the
243  packing zone and outer cavity zone, the effective interfacial area correlation and force
244  models for these two zones should be separately developed. In the packing region,
245  models for the interfacial, drag and dispersion (including capillary and mechanical
246  dispersion) forces and the effective interfacial area for the non-uniform multiphase flow
247  in the RPB have been introduced in the previous work (Zhang et al., 2022a). It is worth
248  mentioning that the angle between the flow direction and the bed axis (6) included in
249  the porous resistance model is set as 10°, which is determined by a commonly used
250  specification of the wire meshes with the wire mesh diameter and the centre distance
251  between the wire mesh being 0.6 and 3.5 mm, respectively. Also, this value has been
252  employed in the work of Zhang et al. (2022c¢). Furthermore, when the dynamic contact
253  angle (B) in the effective interfacial area model is set as 12°, the modelled fractional
254  effective interfacial area for the cases simulated in Section 3 is in a reasonable range of

255  0.29-0.52 (Luo et al., 2017; Yang et al., 2011) and the CO2 capture coefficient matches

12
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the experimental data well. In this section, only the effective interfacial area and force
model for the outer cavity zone are discussed.

2.3.1 Effective interfacial area model

At present, no correlation of the effective interfacial area has been introduced for the
outer cavity zone of the RPBs in the published papers. For a spherical bubble or droplet,
the algebraic interfacial area concentration models are derived from the surface area to

2
ndp

volume ratio (A, = = di). When using the Eulerian multiphase model, a
P

%ndf,
commonly used equation, as given in Eq. 7, could be utilized to estimate the effective

interfacial area, which has been built in Fluent ia-symmetric model.

begEL
AE,O = d

(7)

p,0

where A, is the effective interfacial area in the outer cavity zone, d,, ; is the average
diameter of the liquid droplets in the outer cavity zone. The ia-symmetric model not
only considers the gas and liquid volume fraction, but also takes into account the liquid
diameter. In the experimental work of Sang et al. (2017b), they concluded that the liquid
exists in the outer cavity zone mainly in the form of droplets and a correlation of the

average droplet diameter in the outer cavity zone has been proposed as follows (Sang

etal., 2017b):

u
dyo = 0_042We—0.272Reo.068(_0)0.0987,0 (8)
wr,
w?r} wr? u
W€=p O;Re=p o;q= Oiu0= QL (9)
o U wr, 2nr;h

where We is the Weber number, Re is the Reynolds number with outer packing radius
as the characteristic linear dimension, w is the angular velocity, Q; is the liquid
volumetric flow rate, o is the liquid surface tension, u is the liquid viscosity, and 7,, 7;

and h are the outer radius, inner radius and height of the packing, respectively.

13
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Because the liquid on the casing wall exists in the form of the liquid film instead of the
liquid droplet, Eq. (7)-(9), which are developed for the liquid droplets in the outer cavity
space, cannot be used for estimating the contact area between the gas and the liquid
film near the casing wall. If the casing wall surface is fully covered by the liquid film,
then the effective interfacial area in the cell next to the casing wall (a, gy ) 1s estimated

as follows:

A 1
Ae,OW — celLOW __ (10)

Veetr,ow - Axow

where Agqy ow and Ve ow are the wall area surface and volume in the computational
cell next to the casing wall, respectively, and Axyy, is the radial length of the cell
normal to the casing wall. For the case studied in this paper, the radial length Ax,y is
0.005 m, thus, the effective interfacial area near the casing wall is no more than 200
m?/m3. According to Equation (10), it appears that the maximum effective interfacial
area (A ow) depends on Axgy . Nevertheless, it should be noted that the unit of the
interfacial area (A o) is m?/m?3, and therefore it is more suitable to describe A, oy
as the interfacial area concentration. The real physical interfacial area (m?) could be
obtained by Aoy = Ae owVeeow = Aceu,ow» Which is independent on the first-layer
mesh size at the wall.

In addition, within the packing bed, the method given by (Lu et al., 2019) has been
employed to calculate the effective interfacial area in the cell next to the packing wall

as follows:

A _ APer + asfchell,PW _ (
e,Pw — -

+ as) £, 1)

Vcell,PW

where Acey pw and Ve pyy are the wall surface area and volume of the cell next to the
packing wall, respectively, Axpy, is the radial length of the cell normal to the packing

wall, ay is the specific area of the packing, f, is the fractional effective interfacial area

. . L . . A
in the packing, which is the ratio of the wet area to the total packing area (aL'P), and f,
S

of the packing walls is considered to be the same as that in the packing region.
14



305  2.3.2 Interfacial force model

306  The interfacial force is the only force for the liquid and gas phases in the outer cavity
307  zone. It is due to the momentum exchange between the gas phase and liquid phase and
308 this force is usually presented as an exchange coefficient in Ansys Fluent. There are
309  many built-in models to calculate the interfacial exchange coefficient and a model,
310  named universal drag laws (Ishii and Zuber, 1979), has been designed for the bubble-
311  liquid and droplet-gas flows that could be utilized for modelling the interfacial

312 exchange coefficient in the outer cavity zone, namely

EqE
313 Ke == TLpo (12)
L
d2
314 T, = fg“’” (13)
G
CpRe
315 = ;4 (14)
U, — U, |d
316 Re' = Palitc — ldy (15)
He
(24
ﬁ Re <1
24 0.75
317 Cp =+ E(l + 0.1Re"7>) 1 < Re’ <1000 (16)
2 <dp> 1+ 17.67f76/7)" Por > 1000
(3 Upr 18.67f €
lic G \05
318 = (1—g)% gy =—2 2 =( ) 17
f ( SL) He (1 _ gL)z_S RT gApGL ( )

319  where K is the interfacial exchange coefficient, f and f* are the drag functions, 7, is
320 the particulate relaxation time, Cp, is the drag coefficient, Re’ is the relative Reynolds
321  number, y, is the effective viscosity, Axr is the Rayleigh-Taylor instability wavelength,
322 g is the gravity, and Apg; is the absolute value of the density difference between liquid

323  and gas phases.
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2.4 Mass transfer rate model
The two-film theory has by far been the most popular and useful theory for dealing with
the CO2 mass transfer among the phases (Gbadago et al., 2020; Kim et al., 2016, 2017;
Pham et al., 2015). Generally, based on the two-film model and the Henry law, the
overall mass transfer coefficient and enhancement factor are applied to model the CO2
mass transfer between the gas phase and MEA solution, which can be expressed as
follows:

Neo, = KLAe(CEo2 - Ccoz) (18)

L___ R 1
KL HCOZ—MEAkG EkL

(19)

where N¢o, is the CO2 mass transferred through the gas-liquid interface, K, is the
overall mass transfer coefficient, k; and k; are the mass transfer coefficients in the gas
and liquid phases, respectively, R is the gas constant, T'is the temperature, Hco,_yga 18
the Henry constant, £ is the enhancement factor, which is defined as the ratio of the
absorption rate with and without chemical reaction (Sebastia-Saez et al., 2015), and
C¢o, and C¢o, are the CO2 concentrations on the surface of the liquid and in the liquid
bulk flow, respectively. In particular, Hco,_mpa, £ and Cgo, have been adequately
illustrated in many works (Borhani et al., 2018; Lu et al., 2019; Pham et al., 2015), so
that these factors are expressed in Table 1 along with some other parameters.

Since the CO2 mass transfer resistance between the gas and liquid is dominated by the
liquid side, the CO2 mass transfer resistance in the gas side is neglected. Therefore, Eq.
(19) may be simplified as the following equation:

1 1

= 20
K, Ek; (20)
According to the film theory expression, the mass transfer coefficient is given as

follows:

Dyco
k, =——= 21
L= (21)
where Dy ¢, 1s the diffusivity of the COz in the liquid phase, which could be calculated
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by the N20 analogy method (Liu et al., 2006) and given in Table 1, and § is the diffusion
layer thickness for the mass transfer.
Guo et al. (1997) and Munjal et al. (1989) proposed the correlations for predicting the

film thickness for the RPBs, which are shown in Eq. (22) and (23), respectively,

Q. v,
_ 8
6 =4.20x%x10 i (22)
1
3
6= (3 (ZQnLr) 1”122) (23)

where r is the radial distance, v; is the kinematic viscosity, and w is the rotational
speed.

For the operating condition in the simulations, the enhancement factor ( E) is
approximately equal to the Hatta number (Ha) when the reaction is in the fast reaction
regime (5 < Ha < E;) due to the high MEA concentration or the small CO2 partial

pressure given by Eq. (T-7) (Jiru and Eimer, 2013; Ying and Eimer, 2013). As a result,

[k2DLco,C .
K, = Ek, = Hak, = %h = Jk2Dy,c0,Crmea» Which means that the

overall mass transfer rate is almost independent of the film layer thickness. In addition,

this conclusion is consistent with that drawn by Lu et al. (2019). Therefore, either of
these equations could be utilized in this paper and Eq. (22) is selected in this paper since
this equation is derived from the wire mesh (Guo et al., 1997), which is the experimental
packing material used in the reference paper (Kolawole, 2019).
2.5 Chemical reaction rate
The CO2-MEA absorption system can be expressed by the zwitterion mechanism
(Danckwerts, 1979), and the overall reaction between CO2 and MEA is described as
follows (Borhani et al., 2018):

2MEA + CO, = MEACOO™ + MEAH* (24)
The above reaction could be separated into two-step reactions. According to the
zwitterion mechanism, an intermediate product - the zwitterion ion (MEAH'COQ") is

generated in the CO2-MEA absorption process (Ebadi Amooghin et al., 2018). Then,
17
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Table 1 Some of the correlations utilized in the current study.

Equation name Equations Eq. No. | Reference
Diffusivity of the 2198.3 (Snijder et
D = —13.275 ——————0.078142C, -
MEA LmEa = €XP ( T LmEA) b al., 1993)
Dy co
DL,co2 = DL,NZO DW : T-2
W,Nzo
. .. 2119
Plffu51v1ty of CO2 Dy, co, = 2.35 X 10~ exp (— T ) 1-3 (Liu et al.,
in the MEA 2371 2006)
solution Dy n,0 = 5.07 X 10 ¢ exp (— T) T-4
2371 —93.4C,
Dyn,0 = 5.07 + 0.865Cyp4 + 0.278CE 54 exp (— - MEA) T-5
_ 135\ Wellek et
E=1+((E—1)"1% + (B, — 1)"%5) 7135 T6 (
((Ei—1) (B —1)77%) al., 1978)
Dy meaCLMEA
E; =1+ 28 T-7
Enhancement 2D1co,C1co, .
factor Ha (Sebastia-
El - tanh(Ha) T-8 Saez et al.,
2015)
Ha = k2Dyco,CLmEa T-9
(kp)?
CO2 saturation Pco, (Penttild et
C/ M T-10
concentration L.COz €02 Heo,-1 al., 2011)
Henry constant of Heo,-n,0 (Penttild et
Hqo, _ Hyo- T-11
the CO> COz=L ™ TINz0-L (HNZO_HZO al., 2011)
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8172.355
Heo, 0 = €xp (145.369 2Ty 19.303) T-12
9048.596
Hy,0-1,0 = €Xp (158.245 - 2086InT - 0.00252) T-13
39.598
HNZO—MEA = eXp <_91725 + ) T'14
Hy,o-1 = Hnyo0-1,0C1 0 + Hyyo-meaCrmea + 3524641.533(Cy,0CLmen)’ (1
T T-15
- m) exp(—13.219C, yga)
Viscosity of the Uo3 = 0.3083 — 0.00262T + 7.4882 x 107°T? — 7.17293 x 10°T3 116 (Amundsen
MEA solution Uoo = 4.37711 — 0.03776T + 1.08945 x 10~4T2 — 1.05031 x 107T3 etal., 2009)
T T 2
=0.18548(1 — ———— (2717+3.554(gz773)+2.047(gg773) ) T-17
Tzo = 0-18548(1 —77)
Surface tension of (Vazquez
ompa = 0.09945(1 — (1.067) T-18
the MEA solution MEA (- 51245 etal., 1997)
B 2.129(1 — Yupa)
0L, = OmEA T-19

+
(1+(2129-(1 - yMEA)))(GHZO — OmEA)
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this zwitterion transfers into carbamate (MEACOQ") via deprotonation by a base (MEA)
(Moftakhari Sharifzadeh et al., 2016), and the two-step reactions are as follows:
MEA + CO, = MEAH*COO~ (25)
MEAH*COO~ + MEA - MEACOO~ + MEAH™ (26)
Reaction (25) has a finite reaction rate and could be performed in Ansys Fluent through source
term UDFs. Reaction (25) (i.e. carbamate formation) is the controlling step and presents the
whole reaction kinetics (Sebastia-Saez et al., 2014; Sebastia-Saez et al., 2015). It can be
regarded as a second-order irreversible reaction, and the reaction rate is expressed as follows
(Luo et al., 2012):

Tco, = —k; [MEA][CO,] (27)
where k, is the reaction rate constant. Different k, equations have been proposed for the CO:-
MEA absorption system based on various experimental conditions (Hikita et al., 1977; Luo et
al., 2015; Versteeg and van Swaaij, 1988; Ying and Eimer, 2013).

Among them, the reaction rate reported by Versteeg et al. (1996) has been validated by Ying
and Eimer (2013) and used in many studies (Dashliborun et al., 2019; Ying and Eimer, 2013),
which is given as follows:

5400) (28)

k, =4.4x 10" exp (—T

2.6 Heat transfer rate
The amount of the transferred heat between the gas and liquid phases is a function of the
temperature difference and the interfacial area:

QneL = herAc (T, — T¢) (29)
where Qp g, 1s the transferred heat between the two phases, and hg, is the heat transfer rate.
A commonly used model- the Hughmark model (Hughmark, 1967) was utilized to calculate
the heat transfer rate, namely

KeNuy
d

he = (30)

p
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101
2.0 + O.6ReL2PrG3 0 < Re;, <776.06,0 < Pr; < 250

NuL == 1 (31)
2.0 + 0.27Re*2Pr3 776.06 < Re,,0 < Pr; < 250
C
PTG — pGUG (32)
Kg

where k. is the thermal conductivity of the gas phase, Nu; is the Nusselt number of the
liquid phase, Pry is the Prandtl number of the gas phase, and C, is the specific heat. The
heat transfer in the RPB is determined by the heat transfer rate, which is reversely proportional
to the liquid droplet diameter according to Eq. (30). The larger the liquid droplet diameter, the
lower is the heat transfer rate, which means that more heat could be retained in the liquid phase.
As a result, the liquid temperature changes and the CO:2 capture performance is changed.
Therefore, the liquid droplet diameter is a critical parameter for the CO2 absorption, and this
parameter in the packing region and outer cavity zone should be carefully modelled. In
particular, the diameter of the liquid droplets in the outer cavity zone (Sang et al., 2017b) are
shown in Eq. (8) and the diameter in the packing region has been regressed as two
correlations based on the same set of the experimental data (Zhang, 1996), namely (Guo et

al., 1997; Yi et al., 2009):

g \05
d,p = 0.7284 (w%‘p) (33)

0.630
dypp = 12.84( ) 0201 (34)

w?rp
where 7 is the radial coordinate of the packing from the centre, and u is the liquid flow rate
per unit area, which is only included in Eq. (34). Since the liquid diameter is influenced by
the liquid flow rate u, Eq. (34) could more accurately predict the diameter of the liquid
droplets in the packing region. Thus, Eq. (34) has been utilized in this work.

2.7 CFD model setup

Figure 3(a) shows the outside and inside mesh layouts of the 3D pilot-scale RPB model
generated by the ANSYS Mesh. In addition to the packing region, the flow characteristics

change evidently in the middle of the outer cavity zone and the inner cavity zone, the meshes
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in these areas are finer compared with the top and bottom cavity zones. To reduce the number
of cells and improve the calculation accuracy (Zhang et al., 2022b), the structured hexahedral
grids were generated in the whole RPB except in the inner cavity zone. Various numbers of the
grid cell were tested with total cells of 0.16 M, 0.26 M, 0.42 M and 0.76 M in order to obtain
a mesh independent solution, which is shown in Figure 3(b). According to Figure 3(b), until a
grid of 0.42 M cells, the COz capture rate and liquid outlet temperature reached stable. Finally,
the grid of 0.42 M cells, including 0.05 M cells in the packing zone and 0.28 M cells in the
outer cavity zone, was applied. The minimum and largest mesh volumes are 1.4x107'° and
3.3x1077 m?, respectively, and the average skewness and element quality are 0.11 and 0.85,
respectively. It should be noted that the mesh number used in this study is adequate only for

this case study. A solid mesh study may be required for other applications.
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Figure 3. (a) Schematic of the mesh in the 3D model and (b) predicted CO2 capture rate and

liquid outlet temperature using different grids.

The 3D transient simulations have been performed using the ANSYS Fluent 2021 R1 in a
double precision mode based on the High Performance Computing cluster in the University of
Sheffield. Various UDFs have been developed for defining the properties of the MEA solution,
implementing the extra forces in the momentum equations, and calculating the transferred CO2
in the mass equations, etc. The Phase Coupled SIMPLE method was applied, and the pressure
equations were discretized by the second-order scheme. The pressure-based method and the
absolute velocity formulation have been utilized. The time step was set as 5x10* s, and a
maximum of 35 iterations was employed per time step, and the convergence tolerance was
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1x10. The simulation case can be assumed to be the pseudo steady state when the CO:
concentration at the gas outlet and the liquid outlet temperature were reduced to within 1% in

ten seconds, and the governing equations’ residuals were less than 5x107.

For the RPB model, the realizable k-¢ turbulence model is more suitable for implementation in
the RPB than the standard k—e model, and the reasons are illustrated in our previous paper
(Zhang et al., 2022a). In addition, this turbulence model has been frequently used for the fluid
flow simulations in RPBs (Wang et al., 2020; Wu et al., 2018; Yang et al., 2010), thus, this

model has been employed in this study.

The properties of the gas and liquid phases are shown in (Xie, 2019). The gas phase consists
of CO2 and air, and the liquid phase is composed of CO2, MEA (HOC,H,NH,), MEAH+
(HOC,H,NHF), MEACOO™ (HOC,H,NHCOO™) and water. The correlations of the surface
tension and viscosity for the MEA solution are present in Table 1 (Amundsen et al., 2009;
Viazquez et al., 1997). In addition, the liquid density, thermal conductivity and specific heat of
the two phases are evaluated by the mixing law based on every species in each phase. The
operating conditions are shown in Table 2.

Table 2. The operational conditions of the experiments (Kolawole, 2019).

MEA concentration Rotational speed Gas flow L/G mass ratio
(Wt%) (rpm) rate (kg/h)
30, 50, 70 600, 850, 1150 42 1.3-35

In the experiment conducted by Kolawole (2019), all MEA solutions were preloaded to 0.1 mol
CO2/mol MEA before the MEA solution was fed into the RPB. The same MEA loading is
employed in the CFD model. The gas flow rate is fixed at 42 m*/h with a temperature of 40 °C
according to the experimental settings and the gas outlet boundary is set as the pressure-outlet
with a zero gauge pressure. In terms of the reverse flow at the gas outlet boundary, the CO2
fraction on the inner packing surface is used as the CO: fraction in the gas outlet, which has
been performed iteratively. In addition, different L/G mass ratios, e.g. L/G = 2.7, 3.1, 3.5 for
30% MEA, are tested in the model. Accordingly, the liquid inlet velocity ranges from 0.20 to

0.54 m/s with a temperature fixed at 40 °C and the liquid disappears after entering the liquid
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elimination zone. The gravity force is set as 9.8 m/s? and in the -Y direction. The rotating speeds
employed in the experiment, including 600, 850 and 1150 rpm are used in the simulations. The
sliding model has been performed to achieve the motion of the packing. The wall boundaries
have been set as no slip and adiabatic.

3. Results and discussion

In order to validate the CFD model developed, 27 simulation cases have been compared with
various experimental cases, and all the major variables have been critically analyzed. After
that, the effects of various operational parameters on the mass transfer process have been
investigated. In addition, the ratio of the CO2 captured in the outer cavity zone to that in the
full-scale RPB has been investigated.

3.1 Validation and the distribution of variables

For validating the developed 3D RPB model, the obtained CO2 mole fraction in the gas outlet
and the liquid temperature at the liquid outlet, which could reflect the mass and heat transfer
performance, are compared with the experimental results in the Kolawole thesis (Kolawole,
2019). The full operating conditions are listed in Table 2. Although the flow dynamics may be
compared via the liquid holdup, unfortunately, this parameter has not been measured in the

experimental investigation.

Figure 4 presented a comparison of the CO: fractions in the gas outlet and the liquid outlet
temperatures obtained from the experiments and simulations under various operating
conditions, including the MEA concentration, rotational speed and the L/G mass ratio. From
Figure 4(a), it is observed that all relative deviations of the CO2 mole fraction are within 15%.
And the CO2 fraction for the 50% MEA solution has a better agreement with the experimental
data, whose relative deviations are less than 6%. According to Figure 4(b), most of the relative
deviations of the liquid outlet temperature are less than 10%. Only a few points for the 70%
MEA solution with a lower rotational speed are larger than 10%. The difference between the
simulations and experimental results may mainly result from the difficulties and uncertainties

in measuring the variables since the experiments have been conducted in a relatively small
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reactor (Lu et al., 2019). In addition, the employed empirical correlations may not be suitable
for this RPB model since these correlations were derived from different RPB sizes, operating
conditions, etc. Also, the phase properties may not be able to be accurately evaluated as the
temperature and CO2 loading increase. Furthermore, the employed mesh grid with only 0.42
M cells could be a possible reason for the errors between the simulations and experiment
results. It can be found that the average absolute relative deviations in the CO: fraction and
liquid outlet temperature are smaller than 7% and 6%, respectively, thus indicating that the
effective interfacial area, mass and heat transfer models could accurately describe the
thermodynamics and mass transfer processes within the RPB. Furthermore, the same sub-
models, such as the hydrodynamics, including the interfacial, drag, capillary pressure and
mechanical dispersion force models, have been verified in our previous paper (Zhang et al.,
2022a) using a smaller RPB model. Therefore, it can be concluded that the developed 3D RPB
model gives a good match to the experimental results, and it can be employed to investigate
the COz capture process within this RPB. It should be noted, although the overall CFD results
agree with the experimental data for this RPB, further validation may be required when
applying the sub-models to other RPBs, in particular when different packings are employed.

GO, fraction in gas outlet Liquid outlet temperature ( ‘C)
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Figure 4. Comparison of the (a) CO2 mole fraction in the gas outlet; (b) liquid outlet

temperature (Kolawole, 2019).

In addition, the distributions of some important variables are presented in order to analyze the
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hydrodynamics, thermodynamics, and reaction-enhancement mass transfer within the RPB.
Figure 5 presents the predicted variables for the 30% and 70% MEA solutions. Also, the cases
are performed with the rotational speed being 850 rpm and the L/G ratios being 3.1 and 1.5 for
30% and 70% MEA solutions, respectively. Since the vectors of the gas and liquid velocities
are similar for the 30% and 70% MEA solutions, only the vectors for the 30% MEA solution
in half of the RPB cut from the central plane is presented in Figures 5(a) and 5(b) in order to
observe them clearly. Figure 5(a) shows that the liquid flows tangentially followed the
rotational bed due to the porous resistance and its velocity gradually increases on the way
outwards through the packing. Near the outer packing surface, the liquid velocity reaches a
maximum and then the liquid velocity suddenly reduces in the outer cavity zone due to the
interfacial force between the gas and liquid phases. In addition, the liquid also rotates with a
small velocity in the bottom outer cavity zone. From Figure 5(b), it is observed that the gas
phase that radially flows from the gas inlet, begins to rotate after entering the outer cavity zone
due to the effect of the rotational packing. Its motion is in rapid synchronization with the
rotating packing in the outer packing zone and it reacts with the MEA solution when passing
through the packing region. It is worth mentioning that although the vectors of the phase
velocity in Figures 5(a) and 5(b) are very similar, the radial flow directions of the gas and liquid

phases are opposite.

According to Figure 5(¢), it is observed that the liquid holdup gradually reduces along the radial
direction in the packing zone and this is due to the increasing flow space and the increasing
liquid radial velocity due to the centrifugal force, which also can be seen in Figure 6(a).
Although the liquid holdup data is not available in the Kolawole’s thesis, this phenomenon has
been accurately predicted by other simulation and experimental investigators (Burns et al.,
2000; Lu et al., 2018). After flowing out from the packing region, the liquid radial velocity
suddenly increases without the restriction of the porous resistance, thus causing the liquid
fraction to become quite small in the outer cavity zone. Subsequently, the liquid droplets collide
on the casing wall and flow downwards under the influence of the gravitational force. Thus,

the liquid with a higher volume fraction may be observed on the casing wall surface. Also, it
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can be found that the liquid holdup for the 30% MEA solution is clearly larger than that for the
70% MEA solutions as the ratio of the liquid flow rate for 30% to 70% MEA is 2.1. However,
the ratio of the liquid holdup in the packing regions is about 1.6, which is smaller than the ratio
of the liquid flow rate of 2.1. The first reason is that the liquid viscosity for the 70% MEA is
larger, which means that the 70% MEA solution is more likely to adhere to the wire mesh
surface (Xie et al., 2019). Furthermore, the liquid radial velocity increases and the liquid
residence time reduces when more of the liquid phase enters the packing zone, which allows
the 30% MEA solution to faster escape into the packing. These factors lead to a higher liquid
holdup for the 30% MEA solution and thus the ratio of the liquid holdup is not exactly equal
to the ratio of the liquid flow rate. As a result, the effective interfacial area for the 30% MEA
solution is larger, see Figure 5(c), since more liquid is attached to the wire mesh packing surface,
or it is split into numerous small droplets in the packing zone (Liu et al., 2019; Yang et al.,
2015a). This means that the contact area between the gas and liquid phases is larger, thus

indicating that the 30% MEA solution has more chance to interact with the COx.

Although the liquid holdup and contact area are larger for the 30% MEA solution resulting
from the larger liquid flow rate, the COz fraction in the gas outlet is higher by comparing the
two illustrations in Figure 5(e). This is because the COz2 capture performance is not only related
to the liquid holdup and contact area, but also it is affected by some other parameters, such as
the MEA concentration, liquid temperature and residence time. Clearly the MEA concentration
is the dominant factor in determining the CO2 capture process. For the CO2-MEA absorption
system, the heat will be released when the COz is captured in the MEA solution, thus leading
to an increasing liquid temperature. Simultaneously, some heat is taken away by the opposing
gas flow via the heat transfer and the rest of the heat remains in the liquid phase. This could be
the reason why the liquid temperature for the 70% MEA solution is higher than that for the 30%
MEA solution, see Figure 5(f), because more active MEA participates in the reaction and
releases more heat to the already smaller flow rate of the liquid phase (Vaewhongs et al., 2020).
This phenomenon is more clearer in the top and bottom outer cavity zones, where the liquid

fraction is quite low and the liquid temperature could be even up to 89 °C. In return, the
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577  chemical reaction is faster when the phase temperature is higher. In addition, the phase
578  temperature could also influence the physical properties, including the viscosity and density,
579  which further has an impact on the flow dynamics, such as the liquid holdup and residence
580  time. Thus, this indicates that the liquid holdup, COz capture rate, and liquid temperature could
581  affect each other in this system. The predicted variables can be made accurate and stable only
582  when all the parameters related to the flow dynamics, mass and heat transfer are set properly
583  and these processes reach a balance within the whole RPB.

Liquid velocity Gas velocity
(m/s) 30% MEA (m/s) 30% MEA

132 Liquid elimination zone 13.2

% Inner cavity zone

7.94 gt 7 . ‘:\! Gas inlet

584
(a)
Liquid holdup 30% MEA 70% MEA fr'::‘(“l;;,:;;'f““ 30% MEA 70% MEA
010 663.0
0.08 530.4
0.06 397.8
0.04 2652
0.02 1326
585 0.00 0.0
(c) (d)
CO, mole fraction :;Ig;ﬂd temperature
e S0%MEA 70% MEA i 30% MEA 70% MEA
0,096 - 792
0.072 69.4
0,048 506 :
0.024 “-12 49.8
586 0000 * 00
(e) (H)

587  Figure 5. Vectors of the (a) liquid velocity; (b) gas velocity; contours of the (c) liquid holdup;
588 (d) effective interfacial area on the planes z = 0.01; (e) CO: fraction in the gas phase; and (f)

589 liquid temperature on the planes y=0 for 30% and 70 % MEA.
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3.2 Mass transfer in different zones in the RPB

As we know, the CO2 absorption within a RPB mainly occurs in two zones: packing and outer
cavity zones. Based on the newly developed 3D full-scale RPB model, where the CO2 capture

process in the packing and outer cavity zones is separately analyzed by using the CFD method.

Taking the 50% MEA solution with a L/G ratio of 2.1 in Section 3.1 as an example, Figures
6(a), 6(b) and 6(c) show the circumferentially averaged liquid holdup and effective interfacial
area (per unit, m*/m%), liquid velocity, as well as the CO2 mole fraction in the gas phase and
the liquid temperature along the radial direction, respectively. For r; <r <r,, these
parameters are only circumferentially averaged in the packing region rather than including the
top and bottom cavity zones. When flowing into the inner packing zone, with a radial velocity
only, the liquid violently collides with the rotational packing and it is quickly dispersed, thus
generating numerous very small tiny droplets, or forming thin films on the wire mesh surface.
Due to the small flow space in the inner periphery of the packing, a large effective interfacial
area could be observed in Figure 6(a), which is defined as the “end-effect zone” - an area where
excellent micromixing occurs due to the strong interaction and liquid dispersion (Cortes Garcia
et al., 2017; Esmaeili et al., 2022). Although the phase surface renewal is fast and the effective
interfacial area is large in the end-effect zone, a sharp decrease in the CO: fraction is not
observed in Figure 6(c) due to the small local COz2 fraction in the gas phase flow and the low

liquid temperature.

Soon after entering the bulk of the packing zone, the liquid starts to synchronize with the
rotating packing, and its tangential velocity almost coincides with the packing rotational
velocity in Figure 6(b). Consequently, the liquid dispersion is relatively weak, thus the effective
interfacial area decreases along with the radial position in Figure 6(a) (Zhang et al., 2017).
Since smaller droplets and thinner film are formed in this region, the liquid radial velocity
gradually decreases due to the larger interfacial and drag forces, which is shown in Figure 6(b).
In this packing region, most of the COz is captured and a large amount of heat is released, and

this is due to the large interfacial surface area and the enhanced surface renewal of the phases
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(Wang et al., 2021). Therefore, the CO2 fraction in the gas phase reduces and the liquid

temperature increases on their way through the packing as shown in Figure 6(c).

After flowing out from the outer edge of the packing, the liquid droplets with large velocity
pass through the cavity space, causing a sudden decrease in the effective interfacial area and
liquid holdup in Figure 6(a). Without the interaction with the packing, the liquid flow direction
is almost unchanged in the outer cavity space, thus causing the liquid radial velocity component
to increase and the tangential velocity component to decrease as shown in Figure 6(b). As a
result, the difference between the gas and liquid radial velocity increases, which leads to an
increase in the interfacial force between the two phases and a decrease in the total liquid
velocity. In addition, an increase in the liquid temperature can be observed in Figure 6(c) due
to the high liquid temperature in the top and bottom regions of the outer cavity zone (see Figure
5(f)). Then the liquid droplets collide on the inner casing wall, generating the liquid film and a
large number of splashing droplets (Sang et al., 2017b). These phenomena have been modelled
well with a steep increase in the liquid holdup and effective interfacial area, see Figure 6(a).
Figure 6(c) shows that the magnitude of the decreased COxz fraction is small in the outer cavity

zone due to the low average effective interfacial area.

In general, the outer cavity zone's volume is much larger than the packing region. For instance,
the volume of the outer cavity zone to the packing region is about 11 for the present employed
RPB model. However, most of the COz is captured in the packing region instead of the outer
cavity zone, which means that the larger the volume of the packing occupied in the fixed full-
scale RPB, the more effective is the CO2 absorption.

Based on the validation cases under various operating conditions shown in Figure 4, it is found
that the outer cavity zone takes up 25%~40% of the total effective interfacial area and the effect
of the outer cavity zone on the mass transfer could range from 28% to 42% for this case study.
From the wide range of the contribution of the mass transfer and effective interfacial area in
the outer cavity zone, it is known that the COz capture process in the packing and outer cavity

zones are quite different under various operating conditions. With the aim of providing some
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new, useful and important suggestions for RPB design and scaling up, the contribution of the
CO2 removal and effective interfacial area in different zones has been investigated, which is

presented in the following section.
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Figure 6. The circumferentially averaged (a) liquid holdup and effective interfacial area; (b)
liquid and rotating packing velocities and (c) CO2 mole fraction in the gas phase and liquid
temperature along the radial direction.

3.3 Effect of the operating parameters

Among the three MEA concentrations investigated, the relative deviation of the COz fraction
in the gas outlet for the 50% MEA solution is small, as discussed in Section 3.1. Thus, the 50%

MEA solution is selected as the baseline case for discussion, and its operating conditions are

listed in Table 3.
Table 3. The operational conditions for the baseline case.
MEA concentration  L/G Rotational Liquid inlet Gas flow rate
(%) ratio  speed (rpm) temperature (°C) (kg/s)
50 2.1 850 40 42

For evaluating the CO2 absorption performance in the full-scale RPB, the overall volumetric
mass transfer coefficient (K;a,), a parameter that may determine the rate at which a gaseous
compound (CO2) can transfer from the gas phase to the MEA solution, is introduced along with
the liquid temperature at the liquid outlet. The equation for K;a, is shown in Eq. (35).
K, a.becomes larger when the COz fraction in the gas outlet (Y¢o,0ut) 18 lower, indicating a

better CO2 capture performance.

K,a, = Qg In ( Yco,in ) (35)

T[(Toz - riz)Z ycozout
31




664
665
666

667

668

669

670
671
672
673
674

675
676
677
678
679
680
681
682
683
684

685
686
687
688
689

The ratios of the captured CO: (7,.) and the effective interfacial area (7, ) in the outer cavity zone
to those in the whole RPB are examined in order to analyze the mass transfer in different zones.
The expression for 7, and 7, are given as follows:

_JYico, ~ Yop,o,

T, = (36)
Yico, — Yo,co,
o J,acav 37)
° [ya.dV+ [ a.dVv

(i) Effect of the MEA concentration

It is known that the CO2 capture efficiency increases when using the solution with a higher
MEA concentration. In terms of the flow dynamics, the liquid phase can lead to early flooding
or abnormal distribution in the packing of a CPB due to its large viscosity. However, one of the
advantages of applying the RPB is that a higher MEA concentration solution with larger

viscosity can fluently pass through the packing due to the higher gravitational environment.

Figure 7(a) illustrates the influence of the MEA concentration on the CO2 absorption and
thermodynamics in the RPB in terms of K; a,and liquid temperature at the liquid outlet. In this
case study, the MEA concentration varies from 30 to 70% while keeping all the other operating
conditions consistent with the base case. It can be observed that the magnitude of the increased
K;a, and liquid outlet temperature significantly becomes larger when using a higher MEA
concentration solution since the increased active MEA available in the solution could remove
more COz from the gas phase and more reaction heat would be generated at the same time
(Qing et al., 2011). Although the solution with a higher MEA concentration favors for the CO2
absorption, the greater trend for corrosion, degradation and foaming should be carefully

considered before the PCC industrial application.

Figure 7(b) illustrates the ratios of the COz2 capture and effective interfacial area in the outer
cavity zone to the whole RPB under the same operating conditions as Figure 7(a). On one hand,
the effective interfacial area mainly depends on the liquid flow rate and rotational speed. On
other hand, the increasing temperature in Figure 7(a) affects the phase properties, such as the

density and viscosity. As a results, the 7, changes only slightly in Figure 7(b).
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On considering Figure 7(b), the liquid temperature approximately reaches the maximum after
entering the outer cavity zone, which means that the average liquid temperature is relatively
high in the outer cavity zone compared with that in the packing zone. The higher liquid
temperature benefits the reaction rate. Therefore, the proportion of the CO2 removed in the
outer cavity zone (1) increases as the MEA concentration increases. From the above analysis,
it is indicated that the higher MEA concentration could enhance the CO: capture in the full

RPB, and more proportions of CO2 are captured in the outer cavity zone.
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Figure 7. The effect of the MEA concentration on (a) K; a, and liquid outlet temperature and
(b) ratio of the contribution of CO2 capture and effective interfacial area in the outer cavity
zone.

(ii) Effect of the liquid flow rate

For post-combustion capture using the CPB, it is reported that the liquid outlet temperature and
COgz capture level increase when the L/G ratio increases due to the larger amount of free amine
molecules and the higher effective interfacial area (Senderby et al., 2013). However, a reduced
liquid outlet temperature is observed in the RPB from the experimental work (Kolawole, 2019).
Therefore, it is worth exploring the difference in the CO2 capture processes under various L/G

ratios within the CPB and RPB.

Figure 8(a) presents the predicted impact of the L/G ratio on K; a, and liquid outlet temperature
with the L/G ratio ranging from 1.5 to 2.7 while keeping the gas flow rate unchanged. As the

L/G ratio increases, more CO: is captured resulting from the larger amount of free amine
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molecules and also the mass transfer resistance is reduced due to the enhanced gas-liquid
mixing (Luo et al., 2021) and liquid film refreshing. In addition, the increasing L/G ratio leads
to a higher effective interfacial area. These factors increase K; a,, but this increase tends to
slow down as L/G increases. Although increasing the number of tiny droplets that could be
generated, the increase in the effective interfacial area is limited at the higher range of the liquid
flow rate (Wu et al., 2017). Similarly, although more heat is generated as the L/G ratio increases,
the heat generation is not high enough to increase the liquid temperature due to the large
sensible heat of the liquid phase. In addition, this may explain the decreasing liquid outlet
temperature in Figure 8(a), which is consistent with the Kolawole’s experimental results
(Kolawole, 2019). This is different from that typically observed in a CPB because the liquid
flow rate in a CPB is the dominant factor that could significantly increase the interfacial area
leading to the significantly increased mass transfer and heat generation. From the above
analysis, the increased liquid flow rate, effective interfacial area and the decreased liquid

temperature together cause K; a, to increase more slowly (Kuntz and Aroonwilas, 2009).

Figure 8(b) shows the ratios of the CO: capture and effective interfacial area in the outer cavity
zone to the whole RPB for L/G ratio from 1.5 to 2.1. The 7, and 7, slightly change with
changing L/G ratios, but it is noted that a critical point is observed in Figure 8(b). As the L/G
ratio increases from 1.5 to 2.1, more liquid concentrates in the outer cavity zone and the
temperature in this zone is relatively higher. As a result, both 7, and 7,, increase. While the L/G
ratio continues to increase, the liquid turbulence is dominant in the packing region and the
liquid temperature continues to decrease in the outer cavity zone. As a result, the CO: that is

captured in the packing increases, thus leading to a reduced value of 7, and 7.
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Figure 8. The effect of the L/G ratio on (a) K; a, and liquid outlet temperature and (b) ratios
of the contribution of CO: capture and effective interfacial area in the outer cavity zone.

(iii) Effect of the rotational speed

In our previous investigation (Zhang et al., 2022a), it was reported that the rotational speed has
a considerable impact on the liquid holdup and liquid distribution, thus it will further affect the
CO2 capture in the RPB absorber. In addition, the rotational speed could directly affect the
effective interfacial area and the reaction time between the liquid and gas phases. Thus, it is a

key parameter for the PCC in a RPB.

Figure 9(a) presents the impact of the rotational speed on the K;a,, the liquid outlet
temperature of the entire RPB and the liquid temperature at the outer packing boundary. Figure
9(b) illustrates the ratios of the CO2 captured and effective interfacial area in the outer cavity
zone to the whole RPB under various rotational speeds. As the rotational speed increases, the
liquid holdup in the packing region reduces due to the stronger centrifugal force. However,
more tiny liquid droplets are formed among the packing region, which results in an improved
effective interfacial area (Zhang et al., 2022a), although the magnitude of the improvement is
very limited. On the other hand, the liquid fraction in the outer cavity zone becomes larger
because the liquid accumulation in the outer cavity zone relies on the gravitational force to
remove out of the RPB. In addition, more liquid is more likely to attach and cover the casing
wall when it flows out from the packing with a higher rotational speed, which leads to a

significant increase in the effective interfacial area in the outer cavity zone. Thus, the 7, in
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Figure 9(b) gradually increases as the rotational speed increases. And the increasing effective

interfacial area in both the packing and outer cavity zones makes the K; a, increase in Figure
9(a).

From Figure 9(a), the liquid temperature flowing out the packing region (blue line) increases
with the rotational speed increasing and it is always lower than the liquid outlet temperature
(red line). However, the liquid outlet temperature reduces when the rotational speed increases
from 600 to 850 rpm. The possible reason is that in the outer cavity zone, the liquid fraction
increases more significantly compared with the increase in the effective interfacial area when
the rotational speed increases from 600 to 850 rpm. And the reaction heat generated in this
zone at 850 rpm cannot significantly increase the temperature of the liquid with a large fraction.

Therefore, the liquid outlet temperature at 850 rpm slightly reduces from the value at 600 rpm.

In addition, 7, increases as the rotational speed increases, thus, 7. is expected to increase
accordingly. However, 1, reduces in the range of 300 to 850 rpm as observed in Figure 9(b).
The possible reason is that the micromixing performance in the packing region improves
significantly at the lower rotational speed (Ouyang et al., 2019). As a result, the packing region
captures more CO2 compared with the outer cavity zone when the rotational speed increases
from 300 to 850 rpm. Overall, the K; a, and 7, increase with the increase in the rotational speed,

and 7, decreases first and then increases.
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Figure 9. The effect of the rotational speed on the (a) K; a, and liquid temperatures at liquid
outlet and outer packing boundary and (b) ratios of the contribution of CO:2 capture and
effective interfacial area in the outer cavity zone.

4. Conclusions

This paper has established a full 3D RPB model using the Eulerian porous medium approach,
and the physical and chemical processes occurring in the packing and outer cavity zone of a
pilot scale RPB have been modelled. The overall CFD results agree with the experimental data.
Nonetheless, further validation may be required when applying the sub-models to other RPBs,
in particular when different packings are employed. The main findings of this paper are as
follows: (i) a new completed 3D Eulerian porous medium RPB model was established based
on a pilot scale RPB model. By using the Eulerian porous medium modelling method, the CO2
absorption performance within a whole RPB could be effectively investigated due to the
significantly reduced computational cost; (i) the force, effective interfacial area, heat transfer,
mass transfer models were coupled with the Eulerian RPB model, thus, the hydrodynamics,
thermodynamics and mass transfer processes could be thoroughly analyzed; (iii) the effective
interfacial area, force and even liquid droplet diameter models were introduced separately for
the packing region and the outer cavity zone for accurately predicting the CO2 capture
performance inside the full RPB, and the CO:2 absorption processes in these zones were
quantitatively evaluated under various operating conditions by the CFD method for the first

time.

The predicted simulation results are in good agreement with the experimental data by
comparing the CO: fraction in the gas outlet and liquid outlet temperature. In addition, the
end-effect zone is observed near the inner packing region where a large gas-liquid contact area
and strong micromixing occur due to the liquid dispersion and strong interaction between the
liquid and packing. However, the amount of the CO: transferred between the phases is small
in the end-effect zone due to the small local CO2 fraction in the gas phase and the low liquid

temperature.
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The outer cavity zone has an effect on the CO2 capture inside the RPB. The contributions of
the outer cavity zone to the effective interfacial area and CO: capture are respectively in the
ranges of 25%~40% and 28%~42% in the RPB investigated in this paper. However, of course,
these values may be different for different designs. Also, the simulation results show that the
CO2 captured in the outer cavity zone becomes more as the MEA concentration increases,
however, the MEA concentrations have little effect on the ratio of the effective interfacial area
in the outer cavity zone to the whole RPB. The contributions of the outer cavity zone to the
effective interfacial area and CO: capture change slightly with the L/G ratio increasing. With
the increase in the rotational speed, the ratio of the effective interfacial area in the outer cavity
zone to the whole RPB increases, however, the ratio of the CO:2 capture in the outer cavity
zone to the whole RPB first decreases slightly and then increases significantly.

The RPB model developed in this paper can successfully and effectively predict the CO:
capture process in the whole RPB, and this demonstrates the substantial potential of the model,
with further validation, to be used for process optimization and design of the large-scale RPB
for industrial PCC. There are two limitations of the CFD model proposed in this study. The
first is that using the porous media approach, the details of the fluid flows are not resolved, and
therefore the characteristics of the formation of liquid droplets/films are unable to be revealed.
Secondly, the accuracy of the model is highly dependent on the applicability of the sub-models
employed and therefore, careful validation of the model should be considered, especially when
a very different packing is employed for the RPB.
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