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Cryogenic carbon capture (CCC) can preferentially desublimate CO2 out of the flue
gas. A widespread application of CCC requires a comprehensive understanding of CO2
desublimation properties. This is, however, highly challenging due to the multiphysics
behind it. This study proposes a lattice Boltzmann (LB) model to study CO2 desublimation
on a cooled cylinder surface during CCC. In two-dimensional (2-D) simulations,
various CO2 desublimation and capture behaviours are produced in response to different
operation conditions, namely, gas velocity (Péclet number Pe) and cylinder temperature
(subcooling degree �Tsub). As Pe increases or �Tsub decreases, the desublimation rate
gradually becomes insufficient compared with the CO2 supply via convection/diffusion.
Correspondingly, the desublimated solid CO2 layer (SCL) transforms from a loose
(i.e. cluster-like, dendritic or incomplete) structure to a dense one. Four desublimation
regimes are thus classified as diffusion-controlled, joint-controlled, convection-controlled
and desublimation-controlled regimes. The joint-controlled regime shows quantitatively
a desirable CO2 capture performance: fast desublimation rate, high capture capacity,
and full cylinder utilization. Regime distributions are summarized on a Pe–�Tsub
space to determine operation parameters for the joint-controlled regime. Moreover,
three-dimensional simulations demonstrate four similar desublimation regimes, verifying
the reliability of 2-D results. Under regimes with loose SCLs, however, the desublimation
process shows an improved CO2 capture performance in three dimensions. This is
attributed to the enhanced availability of gas–solid interface and flow paths. This
work develops a reliable LB model to study CO2 desublimation, which can facilitate
applications of CCC for mitigating climate change.
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1. Introduction

Global climate change is taking place at an unprecedented pace and is expected to have
dramatic consequences on humankind from both health and economic perspectives (Babar
et al. 2021; Zhao et al. 2022). There is a consensus among researchers that the growing
anthropogenic CO2 emissions are mainly to blame (Farcas & Woods 2009; Mac Dowell
et al. 2017; Hepburn et al. 2019; Gilmore et al. 2022). To mitigate CO2 emissions, it is
necessary to introduce carbon capture technologies to separate CO2 from the flue gas of
power plants. Several CO2 capture technologies are under development, such as chemical
absorption, physical adsorption, membrane separation and cryogenic capture (Song et al.
2019; Nocito & Dibenedetto 2020; Gomez-Rueda et al. 2022; Naquash et al. 2022). One
of the cryogenic carbon capture (CCC) technologies is to desublimate CO2 on the cooled
surface of heat exchangers, achieving the separation of CO2 in pure from the flue gas
(bin Ab Halim 2013; Maqsood et al. 2014; Shen et al. 2022). This desublimation-based
CCC technology offers attractive advantages, such as easy operation, high efficiency,
no chemical reaction, and pure separation. With these advantages, CCC is considered
to hold significant application perspectives and research interests (Babar et al. 2018,
2021; Font-Palma, Cann & Udemu 2021). Nevertheless, compared with the other mature
technologies, the development of desublimation-based CCC is still in a nascent stage
due to some operational concerns (Pan, Clodic & Toubassy 2013; Gallucci & van Sint
Annaland 2015). For example, a proper cooling temperature is required to guarantee the
efficient desublimation rate and avoid the high cooling duty and cost. Meanwhile, the flue
gas should be fed at a suitable rate so that the heat transfer surface can be fully utilized
before the flue gas breakthrough. Furthermore, the desublimated solid CO2 layer (SCL)
needs to be controlled in a suitable pattern, otherwise it may adversely affect heat and
mass transfer and even plug flow paths. These concerns demand a deep investigation of
CO2 desublimation in the CCC process.

During the desublimation-based CCC process, the flue gas containing multiple
components flows unsteadily in void channels (or flow paths). Meanwhile, the component
CO2 desublimates on the cooled surface of solid heat exchangers, which introduces
two important physical processes: the evolution of channel structures, and the conjugate
heat transfer between the solid and the gas phases. These two processes, in turn, can
significantly affect the flue gas flow and the CO2 desublimation rate (Debnath et al.
2019). Therefore, CO2 desublimation in the CCC process is a complex problem with
fully coupled multiphysics. To study such a problem, some experiments were designed
and conducted. Tuinier et al. (2010) proposed a post-combustion CCC system based on
packed beds. This novel system used packing materials to act as the heat transfer surface
for CO2 desublimation, which operated in three consecutive steps: cooling, capture and
recovery. In order to obtain a pseudo-continuous capture of CO2, Tuinier, Hamers & van
Sint Annaland (2011a) and Tuinier & van Sint Annaland (2012) operated three packed beds
in parallel, following three different cycles of capture, recovery and cooling. They also
changed the system design to use the evaporation of liquid natural gas for cooling, which
would be a preferred option if the liquid natural gas was available at low cost (Tuinier
et al. 2011a). By using such dynamically operated beds at atmospheric pressure, CO2 was
effectively separated from the flue gas or biogas. But this CCC system was not tested
for gas mixtures with high CO2 content and high pressure. To fill this gap, cryogenic
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packed beds with different flow configurations were exploited to purify the natural gas
with high CO2 content (Ali et al. 2014, 2016). Through experimental observations, the
countercurrent flow configuration was found to provide optimal separation and energy
efficiencies, which was superior to the cocurrent flow bed.

Later, another CCC system was developed to introduce Stirling coolers as the heat
transfer surface (Song, Kitamura & Li 2012a; Song et al. 2012b, 2013). Similar to the above
CCC systems with packed beds, this one included three Stirling coolers for gas cooling,
CO2 desublimation, and CO2 capture. From experiments, CO2 and H2O were separated at
different Stirling coolers, without introducing large pressure drops and plugging problems.
In addition, by adjusting operation parameters (i.e. the gas flow rate and the Stirling
cooler temperature), the optimal performance with high CO2 recovery and low energy
consumption was obtained. More recently, in order to avoid the use of multiple packed
beds or Stirling coolers, a new CCC system based on a packed bed of moving packing
materials was built (Willson et al. 2019; Cann, Font-Palma & Willson 2021). Experimental
results showed that this system had a modest life cost for large-scale applications, but a
substantially low cost for small-scale applications. Besides, no excessive accumulation of
desublimated CO2 was observed in the capture step, suggesting the ability to capture CO2
continuously. Subsequently, Wang et al. (2020) carried out experiments to visualize the
growth of the SCL on a cooled surface. They demonstrated that under the low-temperature
condition, CO2 desublimated quickly to generate a loose SCL, which sublimated easily in
the recovery step.

The above experiments were conducted to implement various cryogenic capture
concepts and investigate the CO2 capture performance. Due to the operational complexity
and the experimental cost, however, limited system designs and operation conditions
could be tested by experiments. For such reasons, the numerical simulation was applied
as a powerful and economic approach to investigate the desublimation-based CCC
technology. Tuinier et al. (2010) proposed a one-dimensional (1-D) pseudo-homogeneous
model to describe evolutions of axial temperature, desublimated CO2, and concentration
profiles during the CCC process within packed beds. This 1-D model was validated
by their experiments, and the CO2 capture performance was evaluated for different
parameters. The lower inlet CO2 content and the higher bed temperature were found to
cause the larger cooling duty per mass of CO2 captured (Tuinier, van Sint Annaland &
Kuipers 2011b). Moreover, compared with other competing CO2 capture technologies
(i.e. chemical absorption and membrane separation), the packed-bed-based CCC was
shown to be favourable in cases with the decreased pressure drop and the incorporated
impurity removal (Tuinier et al. 2011a). By introducing a multiple equilibrium temperature
scheme, this 1-D model was extended to investigate the CO2 capture performance of
a desublimation-based cryogenic pipeline network consisting of three packed beds (Ali
et al. 2016). The modelled CO2 content at the outlet showed a promising agreement with
experimental measurements. This 1-D pseudo-homogeneous model was modified further
to consider the desublimation of CO2 both on the gas–solid interface and in the gas area
(Debnath et al. 2019). The spatio-temporal evolution of an SCL in a cryogenic packed
bed was simulated under different operation conditions. The results suggested that the
desublimation rate increased with the decreasing bed temperature, the increasing pressure,
and the ascending CO2 content. In order to enhance the understanding of CCC using
Stirling coolers, Song et al. (2013, 2014, 2017a,b) developed a two-dimensional (2-D)
model to simulate the formation of an SCL during the CCC process. By synthesizing the
heat integration and the membrane capture units, their simulations demonstrated that the
energy requirement of the improved CCC system was reduced. Besides, with the growth of

964 A1-3

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
3.

22
7 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2023.227


T. Lei and others

the SCL on Stirling coolers, the temperature of the SCL increased and the desublimation
rate of CO2 decreased. This indicated that an advanced knowledge base of the SCL could
hep to improve the CO2 capture performance. By comparing with experiments, Wang
et al. (2018a) also demonstrated that numerical models considering heat transfer in the
SCL could produce more accurate results.

The existing numerical studies have improved the understanding of CO2 desublimation
during the CCC process. However, they applied volumetric models to describe the
desublimation of CO2 on the cooled heat transfer surface, which simplified the intricate
pore structure of the SCL as homogeneous. Consequently, these models focused on
averaged desublimation properties at macroscopic scales and ignored pore-scale details.
Furthermore, these numerical studies adopted empirical correlations to determine the
effective transport and desublimation properties. But the formulation of empirical
correlations requires a prior understanding of pore-scale desublimation properties (Xu
et al. 2018a,b, 2022). As can be seen, models that can investigate CO2 desublimation
in the CCC process at the pore scale are essential.

As a powerful pore-scale solver, the lattice Boltzmann (LB) method has been applied
widely to study complex fluid flows in porous structures over the past three decades (Li
et al. 2016; Lei, Luo & Wu 2019; Lei & Luo 2021a; Chen et al. 2022). Accordingly,
LB simulations were reported to investigate separately the physical processes that are
encountered in CO2 desublimation, including the unsteady fluid flow, the heat and mass
transfer, and the active gas–solid interface for desublimation. On the one hand, for
simulating the incompressible fluid flow and component transport in porous structures,
LB models with a single relaxation time or multiple relaxation times were developed
(Dorschner et al. 2016; Wang et al. 2018b; Lei & Luo 2020). Compared with traditional
solvers, these LB models offered attractive advantages, such as simple implementation,
high parallelism, easy treatment of complex porous structures, and the ability to extend
from two to three dimensions. On the other hand, CO2 desublimation on the active
gas–solid interface can be modelled by tracking the porous structure evolution and
solving the boundary conditions for mass conservation and conjugate heat transfer. To
model the mass conservation condition at the active fluid–solid boundary, Zhang et al.
(2012) developed a general bounce-back LB boundary scheme. This scheme was easy
to implement and suitable for boundaries with or without curvature and velocity, but
the update of porous structures was not considered. In the meantime, Kang, Lichtner &
Zhang (2006) and Chen et al. (2014) proposed an LB boundary scheme to solve the active
fluid–solid interface, with both the dissolution of solid matrix and the precipitation of
solid products being considered. Under effects of these two interfacial reactions, porous
structures evolved with time and were tracked by the volume of pixel (VOP) method.
Their model was applied extensively to investigate the active fluid–solid boundary in
applications such as geological CO2 sequestration and fuel cells (Chen et al. 2018a,b;
Chen, Kang & Tao 2019; Lei & Luo 2021b). To solve the conjugate heat transfer boundary
conditions, several efforts were made in the LB community without involving conventional
extrapolations or iterations (He et al. 2019). A half-lattice division scheme was proposed to
model the conjugate heat transfer between the solid and fluid phases. The reliability of this
scheme was limited to cases with steady-state solutions or unified heat capacities between
the two phases (Wang, Wang & Li 2007; Wang & Pan 2008). Later, by recasting the energy
conservation equation, a new source term was introduced into LB equations to guarantee
the conjugate heat transfer (Karani & Huber 2015). Due to the easy implementation, this
treatment was applied to consider the conjugate heat transfer during coke combustion and
methane hydrate dissolution (Zhang et al. 2019; Lei, Wang & Luo 2021).
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From the above literature review, it is concluded that the LB method can be applied
to model separately various aspects of the multiphysics behind CO2 desublimation in
the CCC process. However, modelling the interaction of all these complex and coupled
physics at the pore scale remains challenging and has not been achieved by a single LB
model. To advance the predictive capability of the LB method and improve the current
understanding of the CCC process, this work aims to develop an LB model for studying
CO2 desublimation during the CCC process at the pore scale. The main goal of the
pore-scale simulations is to elucidate the CO2 desublimation properties and evaluate the
CO2 capture performance under various operation conditions.

2. Mathematical and physical models

This study focuses on the multiphysical processes behind CO2 desublimation during the
CCC process within a packed bed. The simplified schematic of a sample cryogenic packed
bed is depicted in figure 1, where the bed is jacked by stainless steel and packed with solid
materials (Ali et al. 2014). Before constructing governing equations for describing the
desublimation of CO2 at the pore scale, some simplifications and assumptions are made
as follows.

(i) This work investigates the capture of CO2 without detailing the cooling of packing
materials and the recovery of desublimated CO2.

(ii) The temperature of packing materials is fixed as Tw.
(iii) The incompressible flue gas is neutrally buoyant and obeys the ideal gas law.
(iv) The flue gas is represented as a mixture of CO2 and N2.
(v) Fick’s law is applied to describe the mass diffusion of gas components.

(vi) The desublimation rate of the gaseous component CO2 is proportional to the local
deviation from the gas–solid equilibrium.

(vii) Physical properties of the gas and the solid phases are set as constants in relation to
the initial condition.

(viii) To allow for a wide-range parametric study, the computational domain is reduced
to a small-size one that can both decrease the computational cost and hold the CO2
desublimation characteristics.

(ix) To compare 2-D and three-dimensional (3-D) simulations, the shape of packing
materials is considered cylindrical.

Under these premises, a small computational domain encompassing a single solid
packing cylinder is selected from the cryogenic packed bed as depicted in figure 1. The
computational domain is 0 � x � lx, 0 � y � ly and 0 � z � lz. From the inlet of the
selected domain, the incompressible flue gas at temperature T0, pressure p0 and velocity
u0 is injected in. Such a flue gas initially consists of CO2 and N2 with mass fractions
Y0 and (1 − Y0), respectively. The temperature of the packing cylinder (Tw) is above the
freezing point of N2 but below that of CO2. Thus once the flue gas is sufficiently cooled
by the cylinder, N2 continues passing the cylinder and leaving the domain without phase
change, while the gaseous CO2 starts to deposit as solid on the cylinder surface:

CO2(g) → CO2(s)+ Q. (2.1)

Here, Q is the released heat from CO2 desublimation, and the gaseous and solid phases of
CO2 are denoted by g and s, respectively. During such a desublimation process, the mass
transfer rate from the gaseous CO2 to the solid CO2 is estimated as (Tuinier et al. 2010;
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Figure 1. The schematic diagram of the problem: desublimation of CO2 in the CCC process.

Debnath et al. 2019)

mr = kr(yip − pe). (2.2)

In the above calculation, kr is the mass desublimation rate constant, p is the flue gas
pressure, and yi is the mole fraction of CO2. The value of yi is calculated based on the
mass fraction Y of CO2:

yi = M
MCO2

Y, with
1
M

= Y
MCO2

+ 1 − Y
MN2

, (2.3)

where M, MCO2 and MN2 are the molecular weights of the flue gas, CO2 and N2,
respectively. The equilibrium pressure between the gas and the solid phases corresponding
to the local temperature T is determined by an empirical correlation as (Tuinier et al. 2010)

pe = exp
(

10.257 − 3082.7
T

+ 4.08 ln T − 2.2658 × 10−2T
)
. (2.4)

The units of pe and T are pascal (Pa) and kelvin (K), respectively. Note that CO2
desublimates continuously on the cylinder surface until the equilibrium pressure is
reached. That is, (2.2) is valid when the partial pressure of CO2 is larger than the
equilibrium pressure (i.e. yip > pe), otherwise the mass transfer rate becomes zero
under conditions with yip � pe. From the desublimation process, the released heat Q is
calculated as

Q = mrarhr, (2.5)

with hr being the enthalpy change of CO2 desublimation, and ar being the specific surface
area per unit volume. During the CO2 desublimation process, the pore structure of the SCL
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changes with the deposition of solid CO2 on the cylinder surface. This structure evolution
is tracked by the mass conservation equation for the solid CO2 as (Kang et al. 2014)

ρs
∂Vs

∂t
= mrarVr, (2.6)

where Vs and ρs represent the volume and density of solid CO2, respectively, and Vr is the
active volume for desublimation.

To model CO2 desublimation at the pore scale, a set of governing equations is built,
including the continuity equation (2.7) and the incompressible Navier–Stokes equation
(2.8) for the flue gas flow, the species conservation equation (2.9) for the transport of CO2
in flow paths, and the energy conservation equation (2.10) for heat transfer in both flow
paths and solid phases (i.e. solid cylinder and solid CO2):

∇ · u = 0, (2.7)

ρg
∂u
∂t

+ ρg ∇ · (uu) = −∇p + ρg ∇ · (ν∇u), (2.8)

∂Y
∂t

+ ∇ · (Yu) = ∇ · (D ∇Y), (2.9)

∂

∂t
(ρcpT)+ ∇ · (ρcpTu) = ∇ · (ρcpα∇T)+ Q. (2.10)

Here, u = (u, v,w), ρg and ν are the gas velocity, density and kinematic viscosity,
respectively; t is the time, and D is the diffusion coefficient of the gaseous component
CO2; ρ, cp and α are the local density, specific heat at constant pressure, and thermal
diffusivity, respectively.

Such governing equations must satisfy boundary conditions at both internal and external
boundaries of the computational domain. At the internal interface between the flue gas and
the solid cylinder or solid CO2, two types of boundary conditions are considered.

On the one hand, at the gas–solid interface I satisfying the criterion yip > pe,
the gaseous CO2 desublimates to generate the solid CO2 and release heat. Such a
desublimation process at the internal interface I is described by boundary conditions as

uI = (0, 0) , (2.11)

n · Dρg ∇YI = mr, (2.12)

TI,+ = TI,−, n · (k ∇T + ρcpuT)I,+ = n · (k ∇T + ρcpuT)I,− + q. (2.13a,b)

These equations describe the no-slip velocity (2.11), the mass conservation (2.12), and the
conjugate heat transfer (2.13a,b) boundary conditions. In these equations, n is the interface
normal pointing to the gas phase, + and − denote parameters on either side of I, k = αρcp
is the thermal conductivity, and q is the heat flux caused by CO2 desublimation.

On the other hand, at the gas–solid interface In satisfying yip � pe, there is no CO2
desublimation, and the no-flux boundary condition is adopted for mass conservation. Thus
the boundary conditions at the internal interface In reduce to

uIn = (0, 0) , (2.14)

∇YIn = 0, (2.15)

TIn,+ = TIn,−, n · (k ∇T + ρcpuT)In,+ = n · (k ∇T + ρcpuT)In,−. (2.16a,b)
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At the external boundaries of the computational domain, boundary conditions are set as
follows. First, at the inlet (x = 0), the component mass fraction, temperature and velocity
are specified. This is because the flue gas is injected into the domain at a specific operation
condition. Then, at the outlet (x = lx), the zero-gradient velocity and the no-flux conditions
for temperature and mass fraction are applied. A fully developed flow is thus considered
there, and the flue gas can flow out freely. Finally, at the bottom (y = 0) and top (y =
ly), the periodic conditions are imposed. Note that the additional front (z = 0) and back
(z = lz) boundaries in 3-D simulations are also treated as periodic ones. These boundary
conditions are described by

u = u0, v = 0, w = 0, Y = Y0, T = T0 on x = 0, (2.17)

∇u = ∇v = ∇w = 0, ∇Y = 0, ∇T = 0 on x = lx, (2.18)

ζ(y = 0) = ζ(y = ly), ζ(z = 0) = ζ(z = lz) for ζ = u, Y, T. (2.19)

In order to model CO2 desublimation using the LB method, the above physical
parameters should be converted to those in the lattice units. For this purpose,
dimensionless parameters are derived to act as the conversion criteria between the two
systems of units. By introducing the characteristic length L, velocity U, temperature Tch
and density ρg, dimensionless parameters marked by asterisks are derived as

x∗ = u
L
, t∗ = tU

L
, u∗ = u

U
, ρ∗ = ρ

ρg
, p∗ = p

ρgU2 , T∗ = T
Tch

,

m∗
r = mr

ρlU
, h∗

r = hr

cp,gTch
, k∗

r = krU, Re = LU
ν
, Pe = LU

D
, Pr = ν

αg
.

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(2.20)
The subscript g refers to physical properties of the flue gas. From such dimensionless
derivations, key characteristic numbers are obtained, such as the Reynolds number Re, the
Péclet number Pe, and the Prandtl number Pr. In the following LB simulations, a match
of these dimensionless variables ensures the same desublimation properties between the
lattice space and the real physical coordinate.

3. Numerical method

Considering different thermophysical properties between the gas and solid phases, (2.10)
is recast as

∂T
∂t

+ ∇ · (Tu) = ∇ · (α∇T)+ FT , (3.1)

with the source term FT being

FT = FT1 + FT2, FT1 = Q
ρcp

, FT2 = ∇(ρcp)

ρcp
· (α∇T − Tu)− T

ρcp

∂(ρcp)

∂t
.

(3.2a–c)

The derivation details can be found in our earlier work (Lei et al. 2021).
To solve the governing equations (2.7)–(2.9) and (3.1) in two and three dimensions,

the 2-D nine-velocity (D2Q9) and 3-D fifteen-velocity (D3Q15) multiple-relaxation-time
(MRT) LB models are developed, respectively (Pan, Luo & Miller 2006; Guo & Shu 2013;
Lei & Luo 2019). The corresponding discrete velocities ei and weight coefficients wi are
provided in Appendix A.
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In the proposed LB models, a set of evolution equations is built as (Guo & Shu 2013;
Lei & Luo 2019; Lei et al. 2021)

fi (x + eiδt, t + δt)− fi (x, t) = −
(

M−1SM
)

ij

[
fj (x, t)− f eq

j (x, t)
]
, (3.3)

gi (x + eiδt, t + δt)− gi (x, t) = −
(

M−1SyM
)

ij

[
gj (x, t)− geq

j (x, t)
]
, (3.4)

hi (x + eiδt, t + δt)− hi (x, t) = −
(

M−1StM
)

ij

[
hj (x, t)− heq

j (x, t)
]

+ δtF̄T,i + δ2
t

2
∂F̄T,i

∂t
, (3.5)

where i and j are discrete directions, and fi(x, t), gi(x, t) and hi(x, t) are distribution
functions for the density, the CO2 mass fraction and the temperature fields, respectively.
The corresponding equilibrium distribution functions f eq

i , geq
i and heq

i are given as

f eq
i = wi

[
ρg + ρp

(
ei · u

c2
s

+ (ei · u)2

2c4
s

− u2

2c2
s

)]
, (3.6)

geq
i = wiY

[
1 + ei · u

c2
s

+ (ei · u)2

2c4
s

− u2

2c2
s

]
, (3.7)

heq
i = wiT

[
1 + ei · u

c2
s

+ (ei · u)2

2c4
s

− u2

2c2
s

]
. (3.8)

Here, ρp is a variable related to the gas pressure as ρp = p/c2
s , where cs = e/

√
3 is the

lattice sound velocity; e = δx/δt is the lattice speed and is set as e = 1 in the following
simulations, with δx and δt denoting the lattice spacing and time step, respectively. This LB
model for incompressible fluid flows can reduce compressible errors (Guo & Shu 2013).

To avoid discrete lattice effects, the distribution function for the thermal source term
(FT ) is defined as (Guo & Zhao 2002; Shi & Guo 2009)

F̄T,i = wiFT

(
1 + ei · u

c2
s

τt − 0.5
τt

)
, (3.9)

with τt being the relaxation time. The time derivatives in (3.2c) (∂ρcp/∂t) and (3.5)
(∂F̄T,i/∂t) are treated by the backward scheme. In the evolution equations (3.3)–(3.5),
S, Sy and St are the diagonal relaxation matrices, while M is the transformation matrix
to map distribution functions from the physical space to the moment space. More details
about the transformation are provided in Appendix A. Based on the distribution functions,
the macroscopic variables can be calculated finally as

ρp =
∑

i

fi, ρgu =
∑

i

eifi, Y =
∑

i

gi, T =
∑

i

hi. (3.10a–d)

In order to obtain the accurate solution of (2.7)–(2.9) and (3.1) by the above LB models,
boundary conditions for macroscopic variables in (2.11)–(2.19) should be satisfied. Note,
however, that the fundamental variables in LB equations are discrete distribution functions
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(i.e. fi(x, t), gi(x, t) and hi(x, t)). It is thus necessary to build LB boundary schemes
to transform the boundary conditions for macroscopic variables to those for discrete
distribution functions.

On the one hand, treatments of the external boundary conditions are introduced. For
the specified inlet in (2.17) and the fully developed outlet in (2.18), the non-equilibrium
extrapolation boundary scheme is applied to reconstruct the unknown distribution
functions (Guo & Shu 2013). For the periodic top and bottom boundaries in (2.19), the
outgoing distribution functions from the top re-enter the domain from the bottom, and
vice versa (Guo & Shu 2013). This scheme is also applied for the periodic front and back
boundaries in (2.19).

On the other hand, LB schemes are built for modelling boundary conditions at the
internal boundaries I and In. For the gas–solid interface I with the desublimation of CO2,
three boundary treatments are required. First, the conjugate heat transfer in (2.13a,b) is
satisfied automatically by solving the energy conservation equation (3.1). Then the no-slip
velocity condition in (2.11) is addressed by the halfway bounce-back scheme, with the
unknown distribution functions at the gas grid xg adjacent to I being (Zhang et al. 2012)

fı̄ (xg, t + δt) = f ′
i (xg, t). (3.11)

Here, the superscript ′ denotes the post-collision distribution function, i is the direction
opposite to ı̄ (i.e. ei = −eı̄ ), and ei points to the solid phase. Finally, to solve the mass
conservation condition in (2.12), the CO2 mass fraction gradient at interface I (∇YI) is
calculated based on the finite-difference scheme as (Zhang et al. 2012)

n · ∇YI = Yg − YI

0.5n · eiδx
, (3.12)

where Yg is the CO2 mass fraction at the gas grid neighbouring the interface I. By inserting
(3.12) into (2.12) and using the ideal gas law, the value of YI is calculated as

YI = DρgYl + 0.5n · eiδxkrpe

Dρg + 0.5n · eiδxkrp0T/T0
. (3.13)

Hence the mass conservation condition reduces to a given CO2 mass fraction value YI . The
halfway bounce-back scheme is used to solve this boundary condition, and the unknown
distribution functions at the gas grid are computed as (Zhang et al. 2012)

gı̄ (xg, t + δt) = −g′
i(xg, t)+ 2wiYI . (3.14)

In addition, for the interface In without CO2 desublimation, the conjugate heat transfer in
(2.16a,b) and the no-slip velocity in (2.14) are addressed as conducted at interface I. In
other words, the halfway bounce-back scheme applied to solve the no-flux condition for
mass fraction in (2.15) becomes,

gı̄ (xg, t + δt) = g′
i(xg, t). (3.15)

With the desublimation process, solid CO2 is generated to form an SCL on the cooled
cylinder surface, and the movement of solid CO2 with the fluid flow is not considered. The
pore structure of the SCL is updated based on the mass conservation equation (2.6) for the
solid CO2. In LB simulations, this structure evolution is realized by the commonly used
VOP method (Kang et al. 2006; Zhou et al. 2020). Explicitly, a grid mesh is selected that
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is fine enough to cover the computational domain. Thus each grid node of the domain can
be assumed to represent only one material: the solid cylinder, the solid CO2 or the flue gas.
In the VOP method, each grid node (or pixel) holds a control volume of size 1 × 1 × 1 in
lattice units, with the grid node being located at the centre of the volume. At each grid
node, the volume of solid CO2 is noted as Vs. Initially, values of Vs are set as Vs = 1 at
solid CO2 grids, Vs = 0 at gas grids, and Vs = 0 at cylinder grids, respectively. As the
desublimation process continues, Vs changes according to (2.6), and it is updated at each
time step as

Vs(t + δt) = Vs(t)+ mrarVr/ρs. (3.16)

Considering that each grid node can be occupied by one material, the desublimated volume
is not included in the grid node until Vs exceeds the threshold value. That is, as the value of
Vs doubles at a solid CO2 grid (i.e. Vs = 2) or increases to Vs = 1 at a cylinder grid, one of
its neighbouring gas grid nodes is chosen to be converted into a solid CO2 grid. The ratios
of the desublimation probability between the nearest and diagonal grid nodes are set as
Rdp = 1 : 0.125 in three dimensions and Rdp = 1 : 0.25 in two dimensions, respectively.
These selected Rdp values are consistent with the ratios of weight coefficients wi between
the nearest and diagonal directions. The sensitivity of CO2 desublimation properties to
the value of Rdp has been evaluated in Appendix B, thus verifying the reliability of the
selected Rdp above.

4. Results and discussion

The developed MRT LB models are programmed in the C language, with the Message
Passing Interface library being applied for parallel computing. The LB code is verified
by two cases: one is the desublimation of CO2 on the surface of a single cylinder
immersed in the quiescent flue gas; the other is the desublimation of CO2 inside a
packed bed fed with flue gas. As demonstrated in Appendix C, the present numerical
results agree well with existing simulations and experiments, validating the proposed
LB models and verifying their implementation. In addition, for a comprehensive model
validation, key sub-models of the proposed MRT LB method have been tested in the
supplementary material available at https://doi.org/10.1017/jfm.2023.227. Subsequently,
pore-scale simulations are conducted to investigate CO2 desublimation on the packing
cylinder as shown in figure 1. Considering that the computational domain is selected from
the cryogenic bed, the volume fraction of void space is set as the bed porosity Ali et al.
(2014). Thus key geometrical parameters of the computational domain are set as length
lx = 14.7 mm, width ly = 14.7 mm, depth lz = 0.69 mm, cylinder diameter ld = 10.0 mm,
and the void volume fraction φ = 0.637. From such a 3-D structure, an x − y cross-section
at a random location zr is selected for 2-D simulations (see the front view in figure 1).

In the computational domain, a cooled cylinder at temperature Tw is placed in the centre
area for CO2 desublimation, and the remaining void space (or flow paths) is initially
filled with pure N2 at temperature Tw. The incompressible flue gas at the initial condition
(T0, Y0, u0, p0) is injected from the inlet, and the component CO2 desublimates on the
surface of the cooled cylinder. The desublimation parameters are set as kr = 10−6 s m−1

and hr = 5.682 × 105 J kg−1 (Tuinier et al. 2010). The initial conditions of the flue gas are
T0 = 293 K, Y0 = 1 and p0 = 0.1 MPa. Based on the equilibrium pressure in (2.4), the
freezing point of CO2 corresponding to p0 = 0.1 MPa can be calculated as Tf = 194.6 K.
The inlet velocity of the flue gas u0 and the cylinder temperature Tw are left for changing
the desublimation conditions. Thermophysical properties of the flue gas, the solid CO2
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and the solid cylinder are fixed as ρg = 1.46 kg m−3, cp,g = 0.846 kJ kg−1 K−1, αg =
5.02 × 10−6 m2s−1, ρs = 1.56 × 103 kg m−3, cp,s = 0.967 kJ kg−1 K−1, αs = 4.64 ×
10−7 m2 s−1, ρc = 2.55 × 103 kg m−3, cp,c = 0.841 kJ kg−1 K−1, and αc = 3.74 ×
10−7 m2 s−1. Here, the subscripts g, s and c represent properties of the flue gas, the
solid CO2 and the solid cylinder, respectively. The gas viscosity and the CO2 diffusion
coefficient are ν = 7.12 × 10−6 m2 s−1 and D = 1.63 × 10−5 m2 s−1, respectively. In the
subsequent simulations, the conversion between the physical and lattice units is based on
a match of the dimensionless parameters in (2.20), with characteristic parameters being
selected as

L = ly, U = u0, ρch = ρg, Tch = T0. (4.1a–d)

Before proceeding further, grid convergence tests have been carried out. A mesh of
size 640 × 640 × 30 with lattice resolution 0.0219 mm is selected to describe the
computational domain in figure 1. In 2-D simulations, an x − y cross-section is selected
randomly from the 3-D domain, thus the mesh size is 640 × 640. More details about the
grid convergence tests are provided in Appendix D and the supplementary material.

Given the periodic front and back boundaries of the computational domain, the
desublimation of CO2 is first simulated in two dimensions. A comparison with 3-D
simulations is then provided to verify the reliability of 2-D results. In the subsequent
simulations, the range of u0 from 1.22 × 10−3 m s−1 to 6.1 × 10−2 m s−1, and the
range of Tw from 100 K to 180 K, are covered. These two parameters (i.e. u0 and Tw)
are characterized by the Péclet number Pe and the dimensionless subcooling degree
�Tsub = (Tf − Tw)/Tch, respectively. The corresponding Pe and �Tsub locate in the
ranges [1.1, 55] and [0.05, 0.32], respectively. Each simulation test is continued until the
maximum thickness of the SCL (δfm) reaches the termination condition δfm = 0.048lx.
The termination time instant in each test is denoted as te. For the quantitative analysis,
the coordinates (x, y, z) are transformed to the coordinates (r, θ, z) (see figure 1). The
coordinates ranges are set as 0 � x � lx, 0 � y � ly and 0 � z � lz for (x, y, z), and
ld/2 < r � lx/2, 0 � θ < 2π and 0 � z � lz for (r, θ, z). Here, the coordinate r starts
from ld/2 because we focus on the space with the flue gas and the solid CO2. Both of
these coordinate systems are used to describe the CO2 desublimation properties.

4.1. CO2 desublimation characteristics
To discuss the general properties of CO2 desublimation on the cooled cylinder surface,
a case with the subcooling degree �Tsub = 0.17 and Péclet number Pe = 11 is first
simulated in two dimensions. This case is referred to as case Base. The simulated CO2
desublimation properties are illustrated in figure 2, including contours of solid CO2,
temperature (T) and CO2 mass fraction (Y) at two time instants t = 8.9, 55.8 s. As the
desublimation process goes on, CO2 deposits on the cylinder surface to generate the SCL,
which is observed to be thicker in the front surface area (facing the inlet) and thinner
in the back surface area (facing the outlet). This uneven desublimation is driven by the
continuous gas injection from the inlet. Also, distributions of Y show that the outgoing
CO2 mass fraction is obviously smaller than the injected value. This indicates that a large
portion of the injected CO2 is captured by the cooled cylinder. These CO2 desublimation
properties are consistent with our expectations. Moreover, by providing the enlarged solid
CO2 distributions, the intricate pore structure of the desublimated SCL is depicted at each
of the selected time instants. Both T and Y are found to decrease within the SCL, implying
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0 1.00.51.0 1.5

YT/TwZoom-in views of SCL

2.0Front Back

t = 55.8 s

t = 8.9 s

Solid CO2

Solid CO2 layer (SCL)

(a)

(b)

Figure 2. CO2 desublimation properties in case Base with subcooling degree�Tsub = 0.17 and Péclet number
Pe = 11. Contours of solid CO2, temperature (T) and CO2 mass fraction (Y) at time instants (a) t = 8.9 s and
(b) 55.8 s. Zoom-in views of solid CO2 are provided to clarify pore structures of SCLs.

the suppressed heat and mass transfer there. The present 2-D simulations provide detailed
temperature and CO2 mass fraction distributions and pore structures of the SCL, which
are difficult to observe from existing experiments and 1-D studies.

In order to quantify these observed CO2 desublimation characteristics, we calculate the
angularly averaged scalars as

ψ̄r = 1
2π

∫ 2π

0
ψ(r, θ) dθ. (4.2)

Here, ψ̄r represents the angularly averaged volume fraction of solid CO2 (φr), temperature
(T̄r) and CO2 mass fraction (Ȳr). Figure 3 plots the computed profiles of ψ̄r at two time
instants t = 8.9, 55.8 s. As shown in figure 3(a), the calculate φr increases with time and
grows outwards, suggesting the growth of the SCL on the cylinder surface. The maximum
φr stays on the cylinder surface and remains less than 1 (i.e. φrm < 1), which stems from
the weak desublimation in the back surface area. Further, profiles of φr can be used
to define the surface of the SCL as the position r = rm with φr = 0.01. The maximum
thickness of the SCL (δfm) is then calculated as the distance between the surfaces of the
solid cylinder (r = ld/2) and the SCL (r = rm). On the other hand, profiles of both T̄r and
Ȳr are illustrated in figures 3(b) and 3(c). At a certain radius r, the value of T̄r (or Ȳr) is
found to decrease with the growth of the SCL. In addition, T̄r (or Ȳr) increases at a smaller
rate inside the SCL (ld/2 < r � rm), and at a larger rate in the gas region (rm < r � lx/2).
This tendency results from two factors: one is the resistance of the SCL on heat and mass
transfer; the other is that heat and mass are transferred mainly by the faster convection in
the gas area, and the slower conduction and diffusion in the SCL.
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Figure 3. CO2 desublimation properties in case Base with subcooling degree�Tsub = 0.17 and Péclet number
Pe = 11. Angularly averaged profiles of (a) volume fraction of solid CO2 (φr), (b) temperature (T̄r) and
(c) CO2 mass fraction (Ȳr) at two time instants t = 8.9, 55.8 s.

Considering the important role of the SCL, we calculate three metrics for quantitative
analyses. The first is φx, the transversally averaged volume fraction of solid CO2:

φx = 1
ly

∫ ly

0
Vs(x, y) dy. (4.3)

The next metric is the local thickness of the SCL (δf ) determined along the angular
direction. Finally, from ld/2 to (ld/2 + δf ), the radially averaged volume fraction of solid
CO2 (φθ ) is calculated as

φθ = 1
δf

∫ ld/2+δf

ld/2
Vs(r, θ) dr. (4.4)

Here, Vs(x, y) and Vs(r, θ) are local volumes of solid CO2 in two different coordinates.
Profiles of φx are first depicted in figure 4(a). The value of φx is found to be larger in

the front surface area but smaller in the back surface area, corresponding to the uneven
CO2 accumulation on the cylinder surface in figure 2. Then results for δf are plotted in
figure 4(b), from which the maximum thickness of the SCL (δfm) is captured at each time
instant. Here, δfm grows with time and keeps locating in the front surface area with strong
CO2 desublimation. Based on the calculated δf , the parameter φθ is finally determined
along the angular direction. As shown in figure 4(c), the value of φθ remains smaller
than 1, suggesting that the SCL consists of both solid CO2 and flue gas. For illustration,
figure 4(d) provides the zoom-in view of the SCL at the time instant t = 55.8 s. The
observed dendritic pore structures of the SCL verify the coexistence of both solid CO2 and
flue gas. Furthermore, ignoring the small fluctuations introduced by the random selections
of neighbouring gas grids for the SCL growth, profiles of δf and φθ in figures 4(b) and 4(c)
are fairly symmetric about the middle of the domain (θ = 0). This symmetry is attributed
to the central position of the cylinder and the periodic top and bottom.
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Figure 4. Analysis of the SCL in case Base with subcooling degree�Tsub = 0.17 and Péclet number Pe = 11.
(a) Transversally averaged volume fraction of solid CO2 (φx). (b) Local thickness of the SCL along the angular
direction (δf ). (c) Radially averaged volume fraction of solid CO2 (φθ ) at two time instants t = 8.9, 55.8 s.
(d) Zoom-in view of the SCL in the highlighted grey rectangle of figure 2(b) at t = 55.8 s.

By modelling this case, the general CO2 desublimation properties have been discussed
both qualitatively and quantitatively. Also, the pore structure of the SCL is visualized
and analysed by different metrics. In order to further investigate effects of operation
conditions on the CO2 desublimation process, simulations with different values of �Tsub
and Pe (i.e. Tw and u0) are conducted. The CO2 desublimation properties and the CO2
capture performance are compared for different operation parameters. Based on this
comparison, four distinct regimes are identified, with each one representing a unique CO2
desublimation pattern. Results of two sets of simulations are provided as representatives of
the four desublimation regimes: cases A1 and A2 with Pe = 11 and �Tsub = 0.32, 0.05,
and cases B1 and B2 with �Tsub = 0.17 and Pe = 1.1, 55. The parameters for case Base,
cases A1-A2 and cases B1-B2 are summarized in table 1.

4.2. Four desublimation regimes
We first consider cases A1-A2 with different�Tsub values. Based on (2.2)–(2.4), the larger
subcooling degree �Tsub (or the lower temperature T) yields the smaller equilibrium
pressure pe and then the faster mass transfer rate mr. Hence, compared with case Base
(�Tsub = 0.17), cases A1-A2 are selected to represent the faster (�Tsub = 0.32) and
the slower (�Tsub = 0.05) CO2 desublimation conditions, respectively. For each case,
figures 5(a) and 5(b) depict spatial distributions of solid CO2, temperature (T) and CO2
mass fraction (Y) at the termination time instant te, with δfm = 0.048lx. Cases A1-A2
generally show CO2 desublimation properties similar to case Base: the SCL grows on the
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Parameters Case no.
Base A1 A2 B1 B2

Tw (K) 145 100 165 145 145
u0 (10−2 m s−1) 1.22 1.22 1.22 0.122 6.10
�Tsub 0.17 0.05 0.32 0.17 0.17
Pe 11 11 11 1.1 55

Table 1. Values of the cylinder temperature Tw, the gas injection velocity u0, the dimensionless subcooling
degree �Tsub, and the Péclet number Pe in case Base, cases A1-A2 and cases B1-B2.

cylinder surface, the strong CO2 desublimation occurs in the front surface area, and heat
and mass transfer is suppressed within the SCL. In addition to these similarities, cases
A1-A2 show pore structures different to those of the SCL from case Base: the smaller
�Tsub brings in the more compact SCL. As visualized in figure 5(c), the decrease of�Tsub
makes the pore structure of SCL transform from a cluster-like type (A1), via a dendritic
type (Base), to a dense type (A2).

The difference in pore structures of the SCL is further quantified by the angularly
averaged volume fraction of solid CO2 (φr) in figure 6(a). At a smaller �Tsub, φr is larger
and thus the SCL is denser. This change tendency is attributed to the relative intensity
of the CO2 desublimation rate and the CO2 supply on the gas–solid interface. Based on
(2.12), CO2 diffuses to desublimate on the gas–solid interface, thus the supplied CO2
there is determined by diffusion. In case A1 with �Tsub = 0.32, the desublimation rate
is sufficiently large and the diffused CO2 is exhausted once it reaches the surface of the
SCL (or tips of solid CO2). This fast desublimation leaves limited CO2 to desublimate
inside the SCL. The favoured CO2 desublimation on the SCL surface combined with the
restrained CO2 desublimation inside the SCL lead to the fast growth of the SCL in a radial
and cluster-like fashion. Note that, compared with the fast CO2 desublimation, the supplied
CO2 via diffusion is insufficient, and case A1 is defined as the diffusion-controlled regime.
Then in case Base, �Tsub decreases to 0.17 and the desublimation rate slows down.
As a result, a part of the diffused CO2 passes the SCL surface without phase change
and desublimates inside the SCL. The comparable desublimation and diffusion of CO2
yield the dendritic-like SCL, which is more compact than the cluster-like SCL in case
A1. Case Base is thus defined as the joint-controlled regime. Finally, as �Tsub decreases
continuously to 0.05 in case A2, the CO2 desublimation rate becomes relatively slow.
Instead of completely condensing on the SCL surface, the injected CO2 diffuses to make
most gas–solid interface rich in CO2. Therefore, the slow desublimation process occurs on
most gas–solid interface, and the SCL grows in a compact and dense pattern. Considering
the sufficient CO2 supply and the slow CO2 desublimation rate, case A2 is marked as the
desublimation-controlled regime.

Upon the growth of the SCL, differences in heat and mass transfer arise among cases
A1-A2 and Base. On the one hand, seen from distributions of Y in figures 2(a), 5(a)
and 5(b), the injected CO2 is captured efficiently by the cylinder in both cases A1 and
Base, while a large portion of the injected CO2 passes the cylinder and leaves the domain
in case A2. Quantitatively, the angularly averaged CO2 mass fraction (Ȳr) is calculated and
plotted in figure 6(b) for case Base and cases A1-A2. As illustrated, the profile of Ȳr in
case A2 is above those in the other two cases. These results indicate that the decreasing
�Tsub (or the increasing Tw) gives rise to the degraded CO2 capture performance. As
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Figure 5. CO2 desublimation properties in cases A1-A2 with Péclet number Pe = 11 and different subcooling
degrees�Tsub. Contours of solid CO2, temperature (T) and CO2 mass fraction (Y) in (a) case A1 with�Tsub =
0.32, and (b) case A2 with �Tsub = 0.05, at the termination time instant te. (c) Zoom-in views of the SCL in
highlighted grey rectangles for case Base and cases A1-A2.

explained above, this is due to the fact that the smaller �Tsub represents the slower CO2
desublimation rate and the smaller capture ratio of CO2. On the other hand, profiles of
the angularly averaged temperature (T̄r) are calculate for case Base and cases A1-A2. As
shown in figure 6(c), T̄r increases along the r direction and the increase rate in the SCL
slows down as �Tsub decreases. This reflects the fact that in a low-�Tsub case, the pore
structure of the SCL is compact and dense, thus its thermal resistance becomes strong.

By modelling cases A1-A2, our results show a consistent trend with previous
experiments (Wang et al. 2020) that the SCL becomes more compact corresponding
to the decreasing �Tsub. This verifies the reliability of the present LB simulations.
However, previous experiments failed to describe intricate pore structures of the SCL,
effects of the SCL on heat and mass transfer, and interactions between desublimation and
diffusion/convection (or causes for different pore structures of the SCL). Therefore, this
study helps to advance the understanding of CO2 desublimation.
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Figure 6. CO2 desublimation properties in cases A1-A2 with Péclet number Pe = 11 and different subcooling
degrees �Tsub. Angularly averaged profiles of (a) volume fraction of solid CO2 (φr), (b) CO2 mass fraction
(Ȳr) and (c) temperature (T̄r), at the termination time instant te in case Base and cases A1-A2.

We then consider cases B1-B2 that have the smaller (B1) and the larger (B2) Péclet
number Pe than case Base. The larger Pe represents the faster gas injection velocity
u0. Again, seen from scalar distributions in figures 7(a) and 7(b), cases B1-B2 hold
CO2 desublimation properties similar to case Base. Zoom-in views of SCL structures
and angularly averaged scalars are then provided in figures 7(c) and 8 to demonstrate
differences between cases B1-B2 and case Base. Compared with case Base, the pore
structure of the SCL becomes incompletely covered on the cylinder surface in case B1,
but compact in case B2 (figure 7c). Correspondingly, there is a gradual rise in φr from
case B1 via Base to B2 (figure 8a). As explained for cases A1-A2, the formation of these
SCL structures is associated with the relative strength of the CO2 desublimation rate and
the CO2 supply on the gas–solid interface. In other words, the gas convection intensity
in cases B1-B2 varies obviously with the Péclet number Pe, which subsequently affects
both the CO2 desublimation rate and the CO2 supply for desublimation. To be specific, in
case B1 (Pe = 1.1), the gas convection is weak, thus the transport of CO2 to the gas–solid
interface is severely limited (figure 7a). As a consequence, the CO2 desublimation rate
declines sharply, the growth of the SCL is retarded strongly, and almost half of the cylinder
surface is not coated by solid CO2 (figure 7c). Due to effects of the weak convection, this
case is defined as the convection-controlled regime. By contrast, the gas convection is
accelerated in case B2 (Pe = 55), and CO2 is transported easily to the gas–solid interface
for desublimation. As illustrated by distributions of Y and profiles of Ȳr (figures 7(b)
and 8(b)), the supply of CO2 via convection is relatively abundant (figure 7b). Similar
to case A2, the sufficient CO2 supply compared with desublimation finally contributes
to the dense and compact structure of the SCL (figure 7c). Case B2 is thus classified as
the desublimation-controlled regime. Furthermore, with the increase of Pe, both T̄r and
Ȳr increase significantly in the flue gas region (figures 8b,c). This is because the strong
convection accelerates both heat and mass transfer in the flue gas area.
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Figure 7. CO2 desublimation properties in cases B1-B2 with subcooling degree �Tsub = 0.17 and different
Péclet numbers Pe. Contours of solid CO2, temperature (T) and CO2 mass fraction (Y) in (a) case B1 with
Pe = 1.1 and (b) case B2 with Pe = 55, at the termination time instant te. (c) Zoom-in views of the SCL in
highlighted grey rectangles for case Base and cases B1-B2.

After that, pore structures of the SCL in cases A-B are analysed quantitatively and
compared with case Base. Figure 9 depicts the transversally averaged volume fraction
of solid CO2 (φx), the local thickness of the SCL along the angular direction (δf ), and the
radially averaged volume fraction of solid CO2 (φθ ). Profiles of these three metrics verify
the strong desublimation in the front surface area and the symmetrical SCL structure about
the middle of the domain. In addition, maximum values of both φx and φθ decrease as
�Tsub increases or Pe declines, which quantify the less compact SCL (figures 9a,c). The
maximum value of φθ reaches 1 in cases A2 and B2 (desublimation-controlled regime) but
drops to 0.56 in case A1 (diffusion-controlled regime). Again, this verifies qualitatively the
dense SCL structure under the desublimation-controlled regime, and the cluster-like SCL
structure under the diffusion-controlled regime. Meanwhile, values of δf and φθ remain 0
in the back surface area in case B1 (convection-controlled regime) due to the incompletely
coated cylinder surface by the SCL (figures 9a,b).

964 A1-19

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
3.

22
7 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2023.227


T. Lei and others

0

0.5

1.0
C

O
2
, 
φ

r
Pe increases

φr increases

0.35 0.40 0.45 0.50

1.0

1.3

1.6

T r/
T w

rm

r/lx

Pe = 1.1

Pe = 11

Pe = 55

Cylinder surface (r = ld /2)

SCL surface (r = rm)

ld /2

0.35 0.40 0.45 0.50

0

0.3

0.6

r/lx

C
O

2
, 
Y r

δfm

SCL

(a) (b)

(c)

Figure 8. CO2 desublimation properties in cases B1-B2 with subcooling degree �Tsub = 0.17 and different
Péclet numbers Pe. Angularly averaged profiles of (a) volume fraction of solid CO2 (φr), (b) CO2 mass fraction
(Ȳr), and (c) temperature (T̄r), at the termination time instant te in case Base and cases B1-B2.
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Figure 9. Analysis of the SCL in cases Base, A1-A2 and B1-B2 with subcooling degrees �Tsub =
0.05, 0.17, 0.32 and Péclet numbers Pe = 1.1, 11, 55 at the termination state. (a) Transversally averaged
volume fraction of solid CO2 (φx). (b) Local thickness of the SCL along the angular direction (δf ). (c)
Radially averaged volume fraction of solid CO2 (φθ ). The four desublimation regimes are joint-controlled
(I), diffusion-controlled (II), desublimation-controlled (III) and convection-controlled (IV).
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Figure 10. Analysis of CO2 capture performance in cases Base, A1-A2 and B1-B2 with subcooling degrees
�Tsub = 0.05, 0.17, 0.32 and Péclet numbers Pe = 1.1, 11, 55. (a) The volume fraction of captured solid
CO2 (φc). (b) The capture efficiency of the injected CO2 (ηc). (c) The overall desublimation rate (m∗

r ).
(d) The utilization of the cylinder surface (ηs). The four desublimation regimes are joint-controlled (I),
diffusion-controlled (II), desublimation-controlled (III) and convection-controlled (IV).

To further discuss the CO2 capture performance under different desublimation regimes
(or cases), temporal evolutions of four metrics are recorded in figure 10, including the
volume fraction of captured solid CO2 (φc), the overall desublimation rate (m∗

r ), the
capture efficiency of the injected CO2 (ηc), and the utilization of the cylinder surface
(ηs). Here, φc is calculated as the volume of captured solid CO2 over the volume of the
domain, which reflects the CO2 capture capacity, and ηc is determined based on the mass
fluxes at the inlet and the outlet as

ηc =
∑

x=0 uY −∑
x=lx uY∑

x=0 uY
. (4.5)

The utilization of the cylinder surface is determined based on the local frost thickness δf
along the angular direction. As illustrated in figure 9(b), the surface area satisfying the
criterion δf /lx � 0.02 is considered to be utilized effectively for desublimation. Thus ηs
is calculated as the ratio of the effective surface to the total surface of the cylinder. As
shown in figure 10, for each simulation case, temporal evolutions of these four metrics are
recorded until the termination time instant te with δfm = 0.048lx.

By comparing values of te among the four desublimation regimes, the diffusion-
controlled regime is found to possess the fastest growth of the SCL and the earliest
termination of desublimation (figure 10a). Nevertheless, this regime features the low CO2
capture capacity and the incomplete utilization of the cylinder surface (figures 10a,d).
This is attributed to the fast CO2 desublimation rate and the cluster-like SCL structure.
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Then, under the convection-controlled regime, the insufficient CO2 supply results in the
slow CO2 desublimation rate (figure 10c) and the incomplete growth of the SCL on the
cylinder. Subsequently, this leads to the low CO2 capture capacity and the incomplete
utilization of the cylinder surface (figures 10a,d). The highest CO2 capture efficiency
is achieved under the convection-controlled regime (figure 10b), which, however, is due
to the slow gas injection rate (or the insufficient CO2 supply) rather than the efficient
CO2 desublimation process. After that, under the desublimation-controlled regime, the
desublimation rate is weaker than the CO2 supply. The injected CO2 is not fully
desublimated on the cylinder surface but flows out partially without phase change.
Consequently, this yields the ineffective capture of the injected CO2 (figure 10b). Finally,
by comparison, the joint-controlled regime features relatively large capture capacity of
CO2, fast desublimation rate, high capture efficiency of the injected CO2, and complete
utilization of the cylinder surface. This regime is thus desirable in industrial applications.
Note that the capture efficiency (ηc) does not reach the idealized value 1 because only one
cylinder is considered in this work.

The above simulations have distinguished four desublimation regimes and demonstrated
that the joint-controlled regime is favourable. To identify the desublimation regime for
a wide range of �Tsub and Pe, values of the four metrics (φc, ηc, m∗

r and ηs) at the
termination time instance te are plotted in figure 11. In cases with a relatively slow injection
velocity (e.g. Pe = 1.1, 5.5), the decrease of �Tsub results in either a slight increase of
the utilization of the cylinder surface or no increase at all (figure 11d). Furthermore,
these cases demonstrate the relatively small CO2 capture capacity (figure 11a) and
the highly limited CO2 desublimation rate (figure 11c). They are thus identified as
the convection-controlled regime. On the other hand, as Pe increases to a larger value
(e.g. Pe > 5.5), effects of �Tsub on CO2 desublimation properties become different.
Explicitly, with the decrease of �Tsub at fixed Pe, the CO2 desublimation process is found
to posses the higher CO2 capture capacity (figure 11a), the smaller CO2 capture ratio
(figure 11b), and the larger utilization of the cylinder surface (figure 11d). Considering
that the supplied CO2 is almost unchanged for a given Pe, the decreased desublimation
rate in relation to the decreasing �Tsub (figure 11c) plays an important role in this
tendency. Accordingly, the desublimation process transfers from the diffusion-controlled
regime, via the joint-controlled regime, to the desublimation-controlled regime. The
discussion and comparison of CO2 desublimation properties and SCL structures finally
lead to the desublimation regime distribution in the parameter space spanned by �Tsub
and Pe (figure 12). The boundary lines of different regimes are identified qualitatively.
Based on this regime diagram, Pe is suggested to exceed a critical value (∼0.5) to avoid
the convection-controlled regime. Then, for a given Pe larger than the critical value, a
moderate range of �Tsub can be identified for achieving the favourable joint-controlled
regime. A relatively higher or lower �Tsub is not necessary due to the high cooling
costs and the degraded CO2 capture performance. In conclusion, the regime diagram
can provide guidance on how to select operation conditions for an optimal desublimation
process.

4.3. Three-dimensional results
In the above 2-D simulations, the cluster-style and dendritic-style SCLs are observed under
the diffusion-controlled and joint-controlled regimes, respectively. These two porous SCLs
may enlarge the gas–solid interface while blocking a part of the flue gas (or flow paths),
thus affecting the CO2 desublimation process. The complexities and effects of a porous
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Figure 11. Analysis of CO2 capture performance in cases with varying subcooling degrees �Tsub and Péclet
numbers Pe. (a) The volume fraction of captured solid CO2 (φc). (b) The capture efficiency of the injected CO2
(ηc). (c) The overall desublimation rate (m∗

r ). (d) The utilization of the cylinder surface (ηs).

SCL are expected to be different between two and three dimensions. Therefore, to verify
the accuracy of the above 2-D simulations, CO2 desublimation needs to be investigated in
three dimensions. The 3-D simulation set-up is shown in figure 1. In order to render the
results comparable, simulation parameters in three dimensions are set identical to those
in two dimensions. Cases A-B are simulated to reflect the CO2 desublimation properties
under the four distinct regimes, with the corresponding �Tsub and Pe values being listed
in table 1. The 3-D simulation results are then compared with those in two dimensions.

The corresponding 3-D results of cases Base and A1-A2 with Pe = 11 and
�Tsub = 0.05, 0.17, 0.32 are shown in figures 13(a)–13(c). Consistent with 2-D results,
three desublimation regimes are identified. To be specific, as �Tsub decreases,
the desublimation process changes from diffusion-controlled, via joint-controlled, to
desublimation-controlled regimes. As explained above, this tendency is driven by the
fact that the CO2 desublimation rate declines and gradually becomes weaker than the
supplied CO2 via diffusion. Despite these similar regimes, SCLs in figures 13(a)–13(c)
have 3-D structures that differ from 2-D cases. To quantify effects of these 3-D structures,
temporal evolutions of four metrics (φc, ηc, m∗

r , ηs) are recorded and compared with
2-D results in figure 14. As can be seen, under the desublimation-controlled regime,
3-D profiles are consistent with 2-D ones. The dense and compact structure of the SCL
plays an important role in this agreement. In contrast, curves of 3-D simulations differ
from those in two dimensions under the joint-controlled and diffusion-controlled regimes.
Explicitly, compared with 2-D simulations, the CO2 desublimation process in three
dimensions has a better CO2 capture performance: faster desublimation rate, higher CO2
capture ratio, and larger utilization of the cylinder surface. Under the joint-controlled and
diffusion-controlled regimes, SCLs show dendritic and cluster-like structures, respectively.
Two possible factors related to these pore structures help to explain the improved CO2
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Figure 12. Analysis of CO2 capture performance in cases with varying subcooling degrees �Tsub and
Péclet numbers Pe. Data points of desublimation simulations plotted against �Tsub and Pe. The grey
dashed lines divide the plane into four desublimation regimes: joint-controlled (I), diffusion-controlled (II),
desublimation-controlled (III) and convection-controlled (IV).

desublimation process in three compared with two dimensions. First, the dendritic and
cluster-like SCLs in three dimensions provide more gas–solid interface and solid CO2
growth directions. To be specific, 9 and 17 growth directions are applied for 2-D and 3-D
simulations, respectively. Second, the porous SCL expands flow paths in three dimensions,
while it blocks flow channels in two dimensions.

As above, the corresponding 3-D cases B1-B2 with �Tsub = 0.17 and Pe = 1.1, 11, 55
are simulated and compared with case Base. As shown in figures 13(a,d,e), three
desublimation regimes are captured in the same vein as 2-D simulations. With the
increase of Pe, CO2 desublimation properties are determined by convection-controlled,
joint-controlled and desublimation-controlled regimes, respectively. Similar to 2-D
simulations, the intensified convection is considered as the major contributing factor to
the transformation of desublimation regimes. To quantify the inconsistency between 2-D
and 3-D simulations, temporal evolutions of φc, ηc, m∗

r and ηs are calculated. As plotted in
figure 15, under the convection-controlled regime, the desublimation properties are quite
similar in 2-D and 3-D simulations due to the dense SCL. Under the joint-controlled
and convection-controlled regimes, however, the CO2 desublimation process in three
dimensions shows a faster desublimation rate and a better CO2 capture performance than
the process in two dimensions. Consistent with the above discussion, this difference is
brought about by the dendritic and incomplete structures of the SCL.

Overall, both 2-D and 3-D simulations are able to capture the four desublimation
regimes that represent different CO2 desublimation properties and SCL structures.
From quantitative comparisons, when the SCL is dense and compact, 2-D modelling
reproduces well the results obtained in 3-D simulations. When it comes to porous SCLs
(i.e. cluster-like, dendritic and incomplete structures), however, 3-D results show a faster
and more efficient CO2 desublimation process than 2-D results. This is due to the fact that
3-D simulations can describe the complex SCL structures more accurately. In addition, a
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Figure 13. CO2 desublimation properties in three dimensions. Contours of solid CO2 and zoom-in views of
SCL in cases (a) Base, (b) A1, (c) A2, (d) B1 and (e) B2. The four desublimation regimes are joint-controlled
(I), diffusion-controlled (II), desublimation-controlled (III) and convection-controlled (IV).

drawback of 3-D simulations is that the computational cost is extremely high compared
to 2-D studies. For example, to record numerically the CO2 desublimation process in
case Base until the termination time instant te, a 2-D simulation takes a 1.71 h parallel
computation of 384 computing cores (i.e. 656.64 core-hours of computation), while
a 3-D simulation spends 41.32 h of computational time using 2048 computing cores
(i.e. 84 623.36 core-hours of computation). Therefore, 2-D simulations are suitable for
the extensive exploration of different desublimation regimes, while 3-D simulations are a
better choice for describing complex SCL structures.

5. Conclusions

In this work, a pore-scale multiple-relaxation-time lattice Boltzmann (LB) model is
proposed and validated to simulate CO2 desublimation during the cryogenic carbon
capture (CCC) process. This novel LB model incorporates LB equations for solving the key
physics behind CO2 desublimation, including the unsteady fluid flow, species transport,
conjugate heat transfer between the fluid and the solid phases, CO2 desublimation kinetics
at the gas–solid interface, and structural evolution of the solid CO2 layer (SCL). These
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Figure 14. Comparison of CO2 desublimation properties between 2-D and 3-D simulations for cases Base and
A1-A2. (a) The volume fraction of captured solid CO2 (φc). (b) The capture efficiency of injected CO2 (ηc).
(c) The overall desublimation rate (m∗

r ). (d) The utilization of the cylinder surface (ηs). The three desublimation
regimes are joint-controlled (I), diffusion-controlled (II) and desublimation-controlled (III).

physical processes, and their interactions are fully accounted for. Also, with the volume of
pixel scheme, the intricate structure of the SCL was depicted at the pore scale.

Based on this model, the desublimation of CO2 on the cooled cylinder surface is studied
in both two and three dimensions with different operation conditions, namely, the gas
injection velocity (Péclet number Pe) and the cylinder temperature (subcooling degree
�Tsub). In 2-D simulations with different operation parameters, the CO2 desublimation
process shares similar characteristics: CO2 desublimates on the cylinder surface and
preferentially in the front surface area; injected CO2 is captured to generate an SCL on the
cylinder surface; and both heat and mass transfer are suppressed within the SCL. However,
changes of Pe and �Tsub modify the gas diffusion rate, the gas convection rate and the
CO2 desublimation rate, which further bring about different pore structures of the SCL.
Accordingly, four desublimation regimes are classified, depending on the relative strengths
between the CO2 supply (via gas diffusion and convection) and the CO2 desublimation.
On the one hand, with the decrease of �Tsub, the CO2 desublimation rate decreases and
gradually becomes weaker than the CO2 supply via diffusion. As a consequence, the
desublimated SCL transforms from cluster-like, via dendritic, to dense structures, which
corresponds to the diffusion-controlled, joint-controlled and desublimation-controlled
regimes, respectively. On the other hand, the increasing Pe represents the stronger
convection and thus enhances the mass transport and the CO2 supply. This then
yields the incomplete, dendritic and dense structures of the SCL at the pore scale,
corresponding to the convection-controlled, joint-controlled and desublimation-controlled

964 A1-26

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
3.

22
7 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2023.227


Study of CO2 desublimation

0

0.02

0.04

0.06

(�Tsub, Pe, case, regime)

2-D: (0.17, 1.1, A1, IV) (0.17, 11, Base, I) (0.17, 55, A2, III)

3-D: (0.17, 1.1, A1, IV) (0.17, 11, Base, I) (0.17, 55, A2, III)

C
O

2
, 
φ

c

0 20 40 60

0

0.2

0.4

m
r∗ /

1
0

5

t (s)

0.7

0.8

0.9

1.0

C
O

2
, 
η

c
0 20 40 60

0

0.2

0.4

0.6

t (s)

η
s

(a) (b)

(c) (d)

Figure 15. Comparison of CO2 desublimation properties between 2-D and 3-D simulations for cases Base and
B1-B2. (a) The volume fraction of captured solid CO2 (φc). (b) The capture efficiency of injected CO2 (ηc).
(c) The overall desublimation rate (m∗

r ). (d) The utilization of the cylinder surface (ηs). The three desublimation
regimes are joint-controlled (I), desublimation-controlled (III) and convection-controlled (IV).

regimes, respectively. Under the four classified desublimation regimes, CO2 capture
performances are recorded and compared quantitatively. The CO2 desublimation process
under the joint-controlled regime is found to possess a relatively fast CO2 desublimation
rate, large CO2 capture capacity and efficiency, and complete cylinder surface utilization.
The joint-controlled regime is thus considered to be desirable for separating CO2 from the
flue gas. Moreover, 3-D simulations are conducted to investigate the CO2 desublimation
properties and the CO2 capture performances, which are in the same vein as 2-D studies
but at significantly higher computational costs. The analysis of quantitative metrics shows
that under the desublimation-controlled regime with a dense SCL, CO2 desublimation
properties in two and three dimensions are almost the same. However, under the other
regimes with cluster-like, dendritic and incomplete SCLs, the CO2 desublimation process
becomes faster and more efficient in three compared to two dimensions. The improved
CO2 desublimation performance is attributed to the more gas–solid interface and flow
paths in three dimensions. To conclude, the newly proposed LB model has proven
capability to capture CO2 desublimation properties under various operating conditions.
The simulation results provide new and important insights into the desublimation-based
CCC process, which is an alternative and promising method for mitigating climate change.

As the first pore-scale study of CO2 desublimation using the LB method, this work
focuses on investigating the CO2 desublimation properties on a single packing cylinder.
In practical applications, however, a cryogenic packed bed usually consists of multiple
packing cylinders, with potential interferences between them. The multiple cylinders are
expected to influence the desublimation process. For example, the multiple cylinders may

964 A1-27

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
3.

22
7 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2023.227


T. Lei and others

affect the temperature distribution because the thermophysical parameters between the gas
and the solid phases are different. The cylinders may also modify the flow channels and
subsequently affect the gas flow. These changes in temperature and flow distributions will
influence the CO2 desublimation properties and also the parameter ranges for different
desublimation regimes. Also, some narrow channels may be blocked by the accumulated
SCL, hence causing operational risks. Therefore, it is necessary to investigate effects of
the packed bed design, including the size, number, material and geometrical position of
packing cylinders, in a follow-on study.

Supplementary material. Supplementary material is available at https://doi.org/10.1017/jfm.2023.227.
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Appendix A. Transformation details in the MRT model

In the proposed D2Q9 and D3Q15 LB models for simulating CO2 desublimation, the
corresponding discrete velocities ei and the weight coefficients wi are set as (Guo & Shu
2013)

D2Q9, ei = e
[

0 1 0 −1 0 1 −1 −1 1
0 0 1 0 −1 1 1 −1 −1

]
, (A1)

D3Q15, ei = e

⎡
⎣ 0 1 −1 0 0 0 0 1 −1 1 −1 1 −1 −1 1

0 0 0 1 −1 0 0 1 −1 1 −1 −1 1 1 −1
0 0 0 0 0 1 −1 1 −1 −1 1 1 −1 1 −1

⎤
⎦ ,

(A2)

D2Q9, wi =

⎧⎪⎨
⎪⎩

4/9, i = 0,
1/9, i = 1–4,
1/36, i = 5–8,

D3Q15, wi =

⎧⎪⎨
⎪⎩

2/9, i = 0,
1/9, i = 1–6,
1/72, i = 7–14.

(A3a,b)
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Also, values of the transformation matrix M in D2Q9 and D3Q15 LB models are (Guo &
Shu 2013)

D2Q9, M =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 1 1 1 1 1 1 1 1
−4 −1 −1 −1 −1 2 2 2 2
4 −2 −2 −2 −2 1 1 1 1
0 1 0 −1 0 1 −1 −1 1
0 −2 0 2 0 1 −1 −1 1
0 0 1 0 −1 1 1 −1 −1
0 0 −2 0 2 1 1 −1 −1
0 1 −1 1 −1 0 0 0 0
0 0 0 0 0 1 −1 1 −1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (A4)

D3Q15, M =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
−2 −1 −1 −1 −1 −1 −1 1 1 1 1 1 1 1 1
16 −4 −4 −4 −4 −4 −4 1 1 1 1 1 1 1 1
0 1 −1 0 0 0 0 1 −1 1 −1 1 −1 1 −1
0 −4 4 0 0 0 0 1 −1 1 −1 1 −1 1 −1
0 0 0 1 −1 0 0 1 1 −1 −1 1 1 −1 −1
0 0 0 −4 4 0 0 1 1 −1 −1 1 1 −1 −1
0 0 0 0 0 1 −1 1 1 1 1 −1 −1 −1 −1
0 0 0 0 0 −4 4 1 1 1 1 −1 −1 −1 −1
0 2 2 −1 −1 −1 −1 0 0 0 0 0 0 0 0
0 0 0 1 1 −1 −1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 −1 −1 1 1 −1 −1 1
0 0 0 0 0 0 0 1 1 −1 −1 −1 −1 1 1
0 0 0 0 0 0 0 1 −1 1 −1 −1 1 −1 1
0 0 0 0 0 0 0 1 −1 −1 1 −1 1 1 −1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

(A5)

The transformation matrix M maps the distribution functions from the physical space
ψ to the moment space as ψ̂ = M · ψ . With this transformation, the evolution equations
(3.3)–(3.5) are implemented in the moment space as

f̂ (x + eiδt, t + δt) = f̂ (x, t)− S
[
f̂ (x, t)− f̂ eq (x, t)

]
, (A6)

ĝ (x + eiδt, t + δt) = ĝ (x, t)− Sy
[
ĝ (x, t)− ĝeq (x, t)

]
, (A7)

ĥ (x + eiδt, t + δt) = ĥ (x, t)− St

[
ĥ (x, t)− ĥeq (x, t)

]
+ δtF̂ T + 0.5δ2

t ∂tF̂ T . (A8)

Through the Chapman–Enskog analysis on the proposed LB equations, the governing
equations can be recovered with relaxation times τ , τy and τt as

ν = c2
s (τ − 0.5)δt, D = c2

s (τy − 0.5)δt, α = c2
s (τt − 0.5)δt, (A9a–c)

as well as the gradient terms of temperature (∇T) as (Lei, Meng & Guo 2017; Lei et al.
2021)

∇xT = − ĥ3 − Tu + 0.5δtFTu
c2

s τtδt
, ∇yT = − ĥ5 − Tv + 0.5δtFTv

c2
s τtδt

. (A10a,b)

Except for these calculations, the other gradient term in (3.2a–c) is determined using the
isotropic central scheme as (Guo, Zheng & Shi 2011)

∇(ρcp) =
∑

i

wieiρcp (x + eiδt)

c2
s δt

. (A11)
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Figure 16. Sensitivity tests of Rdp. Zoom-in views of SCL in cases (a) Base, (b) A1, (c) A2, (d) B1 and
(e) B2, with the desublimation probability ratio Rdp = 1 : 1. The four desublimation regimes are
joint-controlled (I), diffusion-controlled (II), desublimation-controlled (III) and convection-controlled (IV).

Appendix B. Sensitivity tests of desublimation probability ratio Rdp

In the present model, the ratio of the desublimation probability between the nearest
and the diagonal grid nodes (Rdp) affects the intricate structure of the SCL at the pore
scale. In order to test the sensitivity of CO2 desublimation properties to the selection of
Rdp, simulations with different values of Rdp are performed and compared. Considering
the distance between two grid nodes, the desublimation probability in the nearest-grid
direction should be larger than or equal to that in the diagonal-grid direction. Therefore,
four values of Rdp are considered in 2-D simulations: Rdp = 1 : 0.25, 1 : 0.50, 1 : 0.75, 1 :
1. After simulations and comparisons under varying operation conditions (i.e. subcooling
degree �Tsub and Péclet number Pe), the CO2 desublimation process at each given Rdp is
found to show the same desublimation properties as discussed in § 4.

As an example, figures 16 and 17 provide the simulated SCL structures and the CO2
desublimation properties, including the captured solid CO2 (φc), the overall desublimation
rate (m∗

r ), the capture efficiency of the injected CO2 (ηc), and the utilization of the cylinder
surface (ηs). Consistent with cases at Rdp = 1 : 0.25 in § 4, four desublimation regimes
are classified. As �Tsub decreases from case A1 via Base to A2, SCL becomes dense
and the desublimation process changes from diffusion-controlled, via joint-controlled, to
desublimation-controlled regimes. In the meantime, with the increase of Pe from case
B1 via Base to B2, fluid convection becomes intensified and the system transfers from
convection-controlled, via joint-controlled, to desublimation-controlled regimes.

To further quantify the sensitivity of CO2 desublimation properties to Rdp, temporal
evolutions of the four desublimation metrics (i.e. φc, m∗

r , ηc and ηs) are compared for
case Base at Rdp = 1 : 0.25, 1 : 0.50, 1 : 0.75, 1 : 1. As displayed in figure 18, with the
decrease of Rdp, values of the captured CO2 (φc, ηc), the desublimation rate (m∗

r ) and the
cylinder utilization (ηs) increase slightly, hence the improved CO2 capture performance.
However, such an improvement is insignificant, and curves for Rdp = 1 : 0.50, 1 : 0.75, 1 :
1 are in good agreement with those for Rdp = 1 : 0.25.

In general, similar desublimation regimes and CO2 desublimation properties can be
produced at each given Rdp. Meanwhile, under a certain operation condition, the simulated
CO2 desublimation properties at different values of Rdp match well with each other.
Therefore, the reliability of the present findings at the selected Rdp has been verified.
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Figure 17. Sensitivity tests of Rdp. Temporal evolutions of (a) the volume fraction of captured solid CO2 (φc),
(b) the capture efficiency of injected CO2 (ηc), (c) the overall desublimation rate (m∗

r ) and (d) the utilization
of cylinder surface (ηs) in cases Base, A1-A2 and B1-B2, with the desublimation probability ratio Rdp = 1 : 1.
The four desublimation regimes are joint-controlled (I), diffusion-controlled (II), desublimation-controlled (III)
and convection-controlled (IV).

Appendix C. Model validation

To validate the proposed MRT LB model, simulations of two cases are carried out in this
appendix. The first case focuses on the desublimation of CO2 over a single packing grain
immersed in the quiescent flue gas. The modelled thickness of desublimated CO2 on the
packing surface is recorded versus time, which is then compared with results from the
GERAs algorithm (ode15s library function of MATLAB 2009b software; Debnath et al.
2019). The second case is conducted to study CO2 desublimation in a cryogenic packed
bed, with the flue gas flow being considered. Temporal evolutions of the outgoing CO2
content are simulated and compared with experimental measurements (Ali et al. 2014). By
performing these two cases, the reliability of the present LB model for simulating CO2
desublimation on the cooled surface can be verified.

C.1. CO2 desublimation over a single packing
The desublimation of CO2 on the surface of a single packing grain is first simulated to test
the capability of the proposed LB model. As displayed in figure 19(a), the computational
domain is 0 � x � lx and 0 � x � ly. A solid packing grain is fixed in the centre of the
domain, and the remaining void space is filled with flue gas. The four boundaries of the
domain are set as periodic. In order to produce results comparable to those by Debnath
et al. (2019), the same simulation parameters are set: diameter of the packing grain is
ld = 0.01 m, porosity is 0.637, initial flue gas temperature is T0 = 303K, initial packing
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Figure 18. Sensitivity tests of Rdp. Temporal evolutions of (a) the volume fraction of captured solid CO2 (φc),
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Figure 19. Validation case of CO2 desublimation over a single packing immersed in the quiescent flue gas.
(a) Computational domain and boundary conditions. (b) Comparing temporal evolutions of SCL thickness
between the present LB simulations and simulations in Debnath et al. (2019).

temperature is Tw = 155 K, CO2 mass fraction is Y0 = 1, and gas pressure is p0 = 3 atm.
The thermophysical properties of the gas and solid phases are set as in § 4. Once the flue
gas encounters the cooled packing, CO2 desublimates to generate an SCL on the packing
surface. Here, the flue gas is assumed to be quiescent, which depicts the growth of the
SCL for a large exposure time of the flue gas with the packing grain (Debnath et al. 2019).
In this case, a mesh of size 640 × 640 is used.

The calculated thickness of the SCL is recorded versus time and plotted in figure 19(b),
where the numerical data reported by Debnath et al. (2019) are included for comparison.
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Figure 20. Validation case of CO2 desublimation in a cryogenic packed with flue gas feed flow.
(a) Computational domain and boundary conditions. (b) Comparison of the outgoing CO2 content between
the present LB results and experimental measurements in Ali et al. (2014).

As can be seen, our simulation results agree well with those from Debnath et al. (2019),
indicating the reliability of our developed LB model in simulating CO2 desublimation.

C.2. CO2 desublimation in a cryogenic packed bed
The present MRT LB model has been shown to be capable of tracking dynamically the
growth of the SCL on the cooled surface of a packing grain. Nevertheless, the gas feed
flow and the multiple packing grains were not considered. To fill this gap, this subsection
further introduces a cryogenic bed as shown in figure 20(a), which is packed with multiple
grains and fed with a flue gas flow from the left inlet. Based on such a system, CO2
desublimation is simulated and compared with experiments by Ali et al. (2014) to examine
the reliability of the present MRT LB model. In this case, the computational domain is
0 � x � lx and 0 � x � ly. From the left inlet, the flue gas is injected into the domain at
the initial condition (T0, Y0, u0, p0). The injected CO2 deposits on the surface of cooled
packing grains. Once the bed reaches saturation, the injected CO2 leaves the domain from
the right outlet without phase change. The outgoing CO2 content at the outlet has been
measured and compared with experimental data (Ali et al. 2014).

We simulate the case based on the countercurrent flow configuration in § 3.1 of Ali
et al. (2014), for which the same desublimation conditions and parameters are selected.
To be specific, bed size is lx = 0.46 m and ly = 0.0418 m, porosity is 0.637, inlet flue
gas temperature is T0 = 293 K, inlet CO2 mass fraction is Y0 = 1, and gas pressure is
p0 = 1 atm. The initial bed temperature Tw decreases from the inlet to the outlet. The
thermophysical properties of the gas and solid phases are set as in our simulations in § 4.
A mesh of size 640 × 7040 is utilized here.

Under this simulation set-up, the calculated CO2 mass fraction at the outlet is depicted
versus time in figure 20(b), along with the experimental data by Ali et al. (2014) for
comparison. This shows that at first, the injected CO2 is fully captured by packing grains
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Figure 21. Grid convergence test. Contours of solid CO2, temperature (T) and CO2 mass fraction (Y) at t =
55.8 s in case Base with three grid resolutions: (a) 384 × 384, (b) 640 × 640 and (c) 1024 × 1024. Zoom-in
views of the SCL in highlighted grey rectangles are provided.

and the outgoing CO2 content remains zero. After this CO2 capture period, the bed
gradually becomes saturated with solid CO2, and the breakthrough of the injected CO2 is
observed at the outlet. Subsequently, the value of outgoing CO2 content increases rapidly
and finally reaches the feed composition. This trend matches well with the experimental
data. Thus the present LB model is accurate for simulating CO2 desublimation on the
cooled surface during the cryogenic CO2 capture.

Appendix D. Grid convergence tests

We perform grid-independence simulations of CO2 desublimation on a cooled cylinder
surface. Three different grids (384 × 384, 640 × 640, 1024 × 1024) are tested. As an
illustration, simulation results in case Base (see table 1) are provided and discussed. The
calculated contours of CO2 mass fraction, temperature, solid CO2 and zoom-in views at
the time instant 55.8 s are provided in figure 21. All these contours under different grid
resolutions show similar desublimation properties. That is, the SCL grows on the packing
surface, the strong desublimation takes place in the front surface area, the injected CO2 is
effectively captured by the packing grain, and the SCL suppresses heat and mass transfer
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Figure 22. Grid convergence test. Temporal evolutions of (a) the volume fraction of captured solid CO2 (φc),
(b) the capture efficiency of injected CO2 (ηc), (c) the overall desublimation rate (m∗

r ) and (d) the utilization of
cylinder surface (ηs), in case Base with three grid resolutions.

within it. On the other hand, inconsistencies between three tests are observed: the coarse
grid (384 × 384) fails to describe the intricate structure of the SCL at the pore scale.
Specifically, the dendritic structure is captured by grids 640 × 640 and 1024 × 1024, while
the SCL consists of large bumps but not distinct branches under the 384 × 384 coarse
grid.

After the above qualitative observations, temporal evolutions of four metrics are
compared quantitatively in figure 22. That includes the volume fraction of the captured
solid CO2 (φc), the overall desublimation rate (m∗

r ), the capture efficiency of the injected
CO2 (ηc), and the utilization of the cylinder surface (ηs). Profiles of these four metrics
demonstrate similar tendencies. In addition, results by grids 640 × 640 and 1024 × 1024
match well with each other but show slight discrepancies from those by the 384 × 384
coarse grid. That is, the 384 × 384 grid leads to the faster desublimation process and the
slightly over-predicted CO2 capture performance. These comparisons suggest that the grid
of size 640 × 640 is fine enough to obtain grid-independent results. Thus simulations in
this work are conducted with the 640 × 640 grid.

REFERENCES

BIN AB HALIM, M.A.R. 2013 Multiple cryogenic packed bed dehydration and separation of CO2 and
hydrocarbons from natural gas. Bachelor’s thesis. Universiti Teknologi Petronas.

ALI, A., MAQSOOD, K., REDZA, A., HII, K., SHARIFF, A.B.M. & GANGULY, S. 2016 Performance
enhancement using multiple cryogenic desublimation based pipeline network during dehydration and
carbon capture from natural gas. Chem. Engng Res. Des. 109, 519–531.

ALI, A., MAQSOOD, K., SYAHERA, N., SHARIFF, A.B.M. & GANGULY, S. 2014 Energy minimization in
cryogenic packed beds during purification of natural gas with high CO2 content. Chem. Engng Technol. 37
(10), 1675–1685.

BABAR, M., BUSTAM, M.A., ALI, A. & MAULUD, A.S. 2018 Identification and quantification of CO2
solidification in cryogenic CO2 capture from natural gas. Intl J. Autom. Mech. Engng 15 (2), 5367–5367.

964 A1-35

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
3.

22
7 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2023.227


T. Lei and others

BABAR, M., MUKHTAR, A., MUBASHIR, M., SAQIB, S., ULLAH, S., QUDDUSI, A.H.A., BUSTAM, M.A.
& SHOW, P.L. 2021 Development of a novel switched packed bed process for cryogenic CO2 capture from
natural gas. Process Saf. Environ. 147, 878–887.

CANN, D., FONT-PALMA, C. & WILLSON, P. 2021 Experimental analysis of CO2 frost front behaviour in
moving packed beds for cryogenic CO2 capture. Intl J. Greenh. Gas Control 107, 103291.

CHEN, L., HE, A., ZHAO, J., KANG, Q., LI, Z.-Y., CARMELIET, J., SHIKAZONO, N. & TAO, W.-Q. 2022
Pore-scale modeling of complex transport phenomena in porous media. Prog. Energy Combust. Sci. 88,
100968.

CHEN, L., KANG, Q., CAREY, B. & TAO, W.-Q. 2014 Pore-scale study of diffusion-reaction processes
involving dissolution and precipitation using the lattice Boltzmann method. Intl J. Heat Mass Transfer
75, 483–496.

CHEN, L., KANG, Q. & TAO, W. 2019 Pore-scale study of reactive transport processes in catalyst layer
agglomerates of proton exchange membrane fuel cells. Electrochim. Acta 306, 454–465.

CHEN, L., ZHANG, R., HE, P., KANG, Q., HE, Y.-L. & TAO, W.-Q. 2018a Nanoscale simulation of local
gas transport in catalyst layers of proton exchange membrane fuel cells. J. Power Sources 400, 114–125.

CHEN, L., ZHANG, R., MIN, T., KANG, Q. & TAO, W. 2018b Pore-scale study of effects of macroscopic pores
and their distributions on reactive transport in hierarchical porous media. Chem. Engng J. 349, 428–437.

DEBNATH, B., MUKHERJEE, A., MULLICK, A., GHOSHDASTIDAR, S., GANGULY, S. & KARGUPTA, K.
2019 Desublimation based separation of CO2 inside a cryogenic packed bed: performance mapping with
the spatiotemporal evolution of CO2 frost. Chem. Engng Res. Des. 146, 166–181.

DORSCHNER, B., BÖSCH, F., CHIKATAMARLA, S.S., BOULOUCHOS, K. & KARLIN, I.V. 2016 Entropic
multi-relaxation time lattice Boltzmann model for complex flows. J. Fluid Mech. 801, 623–651.

FARCAS, A. & WOODS, A.W. 2009 The effect of drainage on the capillary retention of CO2 in a layered
permeable rock. J. Fluid Mech. 618, 349–359.

FONT-PALMA, C., CANN, D. & UDEMU, C. 2021 Review of cryogenic carbon capture innovations and their
potential applications. J. Carbon Res. 7 (3), 58.

GALLUCCI, F. & VAN SINT ANNALAND, M. 2015 Process Intensification for Sustainable Energy Conversion.
John Wiley & Sons.

GILMORE, K.A., SAHU, C.K., BENHAM, G.P., NEUFELD, J.A. & BICKLE, M.J. 2022 Leakage dynamics
of fault zones: experimental and analytical study with application to CO2 storage. J. Fluid Mech. 931, A31.

GOMEZ-RUEDA, Y., VEROUGSTRAETE, B., RANGA, C., PEREZ-BOTELLA, E., RENIERS, F. & DENAYER,
J.F.M. 2022 Rapid temperature swing adsorption using microwave regeneration for carbon capture. Chem.
Engng J. 446, 137345.

GUO, Z. & SHU, C. 2013 Lattice Boltzmann Method and its Applications in Engineering. World Scientific.
GUO, Z. & ZHAO, T.S. 2002 Lattice Boltzmann model for incompressible flows through porous media. Phys.

Rev. E 66 (3), 036304.
GUO, Z., ZHENG, C. & SHI, B. 2011 Force imbalance in lattice Boltzmann equation for two-phase flows.

Phys. Rev. E 83 (3), 036707.
HE, Y.-L., LIU, Q., LI, Q. & TAO, W.-Q. 2019 Lattice Boltzmann methods for single-phase and solid–liquid

phase-change heat transfer in porous media: a review. Intl J. Heat Mass Transfer 129, 160–197.
HEPBURN, C., ADLEN, E., BEDDINGTON, J., CARTER, E.A., FUSS, S., MAC DOWELL, N., MINX, J.C.,

SMITH, P. & WILLIAMS, C.K. 2019 The technological and economic prospects for CO2 utilization and
removal. Nature 575 (7781), 87–97.

KANG, Q., CHEN, L., VALOCCHI, A.J. & VISWANATHAN, H.S. 2014 Pore-scale study of
dissolution-induced changes in permeability and porosity of porous media. J. Hydrol. 517, 1049–1055.

KANG, Q., LICHTNER, P.C. & ZHANG, D. 2006 Lattice Boltzmann pore-scale model for multicomponent
reactive transport in porous media. J. Geophys. Res.: Solid 111 (B5), B05203.

KARANI, H. & HUBER, C. 2015 Lattice Boltzmann formulation for conjugate heat transfer in heterogeneous
media. Phys. Rev. E 91 (2), 023304.

LEI, T. & LUO, K.H. 2019 Pore-scale study of dissolution-driven density instability with reaction A + B → C
in porous media. Phys. Rev. Fluids 4 (6), 063907.

LEI, T. & LUO, K.H. 2020 Differential diffusion effects on density-driven instability of reactive flows in
porous media. Phys. Rev. Fluids 5 (3), 033903.

LEI, T. & LUO, K.H. 2021a Lattice Boltzmann simulation of multicomponent porous media flows with
chemical reaction. Front. Phys. 9, 715791.

LEI, T. & LUO, K.H. 2021b Pore-scale simulation of miscible viscous fingering with dissolution reaction in
porous media. Phys. Fluids 33 (3), 034134.

LEI, T., LUO, K.H. & WU, D. 2019 Generalized lattice Boltzmann model for frosting. Phys. Rev. E 99 (5),
053301.

964 A1-36

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
3.

22
7 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2023.227


Study of CO2 desublimation

LEI, T., MENG, X. & GUO, Z. 2017 Pore-scale study on reactive mixing of miscible solutions with viscous
fingering in porous media. Comput. Fluids 155, 146–160.

LEI, T., WANG, Z. & LUO, K.H. 2021 Study of pore-scale coke combustion in porous media using lattice
Boltzmann method. Combust. Flame 225, 104–119.

LI, Q., LUO, K.H., KANG, Q.J., HE, Y.L., CHEN, Q. & LIU, Q. 2016 Lattice Boltzmann methods for
multiphase flow and phase-change heat transfer. Prog. Energy Combust. Sci. 52, 62–105.

MAC DOWELL, N., FENNELL, P.S., SHAH, N. & MAITLAND, G.C. 2017 The role of CO2 capture and
utilization in mitigating climate change. Nat. Clim. Change 7 (4), 243–249.

MAQSOOD, K., MULLICK, A., ALI, A., KARGUPTA, K. & GANGULY, S. 2014 Cryogenic carbon dioxide
separation from natural gas: a review based on conventional and novel emerging technologies. Rev. Chem.
Engng 30 (5), 453–477.

NAQUASH, A., QYYUM, M.A., HAIDER, J., BOKHARI, A., LIM, H. & LEE, M. 2022 State-of-the-art
assessment of cryogenic technologies for biogas upgrading: energy, economic, and environmental
perspectives. Renew. Sust. Energ. Rev. 154, 111826.

NOCITO, F. & DIBENEDETTO, A. 2020 Atmospheric CO2 mitigation technologies: carbon capture utilization
and storage. Curr. Opin. Green Sust. Chem. 21, 34–43.

PAN, C., LUO, L.-S. & MILLER, C.T. 2006 An evaluation of lattice Boltzmann schemes for porous medium
flow simulation. Comput. Fluids 35 (8–9), 898–909.

PAN, X.Q., CLODIC, D. & TOUBASSY, J. 2013 CO2 capture by antisublimation process and its technical
economic analysis. Greenh. Gases: Sci. Technol. 3 (1), 8–20.

SHEN, M., TONG, L., YIN, S., LIU, C., WANG, L., FENG, W. & DING, Y. 2022 Cryogenic technology
progress for CO2 capture under carbon neutrality goals: a review. Sep. Purif. Technol. 299, 121734.

SHI, B. & GUO, Z. 2009 Lattice Boltzmann model for nonlinear convection–diffusion equations. Phys. Rev.
E 79 (1), 016701.

SONG, C.F., KITAMURA, Y. & LI, S.H. 2014 Energy analysis of the cryogenic CO2 capture process based on
Stirling coolers. Energy 65, 580–589.

SONG, C.F., LIU, Q., DENG, S., LI, H. & KITAMURA, Y. 2019 Cryogenic-based CO2 capture technologies:
state-of-the-art developments and current challenges. Renew. Sust. Energ. Rev. 101, 265–278.

SONG, C.F., LIU, Q., JI, N., DENG, S., ZHAO, J. & KITAMURA, Y. 2017a Advanced cryogenic CO2 capture
process based on Stirling coolers by heat integration. Appl. Therm. Engng 114, 887–895.

SONG, C.F., LIU, Q., JI, N., DENG, S., ZHAO, J., LI, Y. & KITAMURA, Y. 2017b Reducing the energy
consumption of membrane-cryogenic hybrid CO2 capture by process optimization. Energy 124, 29–39.

SONG, C.F., KITAMURA, Y. & LI, S.H. 2012a Evaluation of Stirling cooler system for cryogenic CO2 capture.
Appl. Energy 98, 49–501.

SONG, C.F., KITAMURA, Y., LI, S.H. & JIANG, W.-Z. 2013 Analysis of CO2 frost formation properties in
cryogenic capture process. Intl J. Greenh. Gas Control 13, 26–33.

SONG, C.F., KITAMURA, Y., LI, S.H. & OGASAWARA, K. 2012b Design of a cryogenic CO2 capture system
based on Stirling coolers. Intl J. Greenh. Gas Control 7, 107–114.

TUINIER, M.J., HAMERS, H.P. & VAN SINT ANNALAND, M. 2011a Techno-economic evaluation of
cryogenic CO2 capture – a comparison with absorption and membrane technology. Intl J. Greenh. Gas
Control 5 (6), 1559–1565.

TUINIER, M.J. & VAN SINT ANNALAND, M. 2012 Biogas purification using cryogenic packed-bed
technology. Ind. Engng Chem. Res. 51 (15), 5552–5558.

TUINIER, M.J., VAN SINT ANNALAND, M., KRAMER, G.J. & KUIPERS, J.A.M. 2010 Cryogenic CO2
capture using dynamically operated packed beds. Chem. Engng Sci. 65 (1), 114–119.

TUINIER, M.J., VAN SINT ANNALAND, M. & KUIPERS, J.A.M. 2011b A novel process for cryogenic CO2
capture using dynamically operated packed beds – an experimental and numerical study. Intl J. Greenh.
Gas Control 5 (4), 694–701.

WANG, J., WANG, M. & LI, Z. 2007 A lattice Boltzmann algorithm for fluid–solid conjugate heat transfer.
Intl J. Therm. Sci. 46 (3), 228–234.

WANG, M. & PAN, N. 2008 Modeling and prediction of the effective thermal conductivity of random open-cell
porous foams. Intl J. Heat Mass Transfer 51 (5–6), 1325–1331.

WANG, Y.N., PFOTENHAUER, J.M., QIU, L.M., ZHI, X.Q. & JIANG, X.B. 2020 Experimental study of
carbon dioxide desublimation and sublimation process on low temperature surface. IOP Conf. Ser.: Mater.
Sci. Eng. 755, 012157.

WANG, Y.N., PFOTENHAUER, J.M., ZHI, X.Q., QIU, L.M. & LI, J.F. 2018a Transient model of carbon
dioxide desublimation from nitrogen–carbon dioxide gas mixture. Intl J. Heat Mass Transfer 127, 339–347.

WANG, Z., SUI, Y., SALSAC, A.-V., BARTHÈS-BIESEL, D. & WANG, W. 2018b Path selection of a spherical
capsule in a microfluidic branched channel: towards the design of an enrichment device. J. Fluid Mech.
849, 136–162.

964 A1-37

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
3.

22
7 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2023.227


T. Lei and others

WILLSON, P., LYCHNOS, G., CLEMENTS, A., MICHAILOS, S., FONT-PALMA, C., DIEGO, M.E.,
POURKASHANIAN, M. & HOWE, J. 2019 Evaluation of the performance and economic viability of a
novel low temperature carbon capture process. Intl J. Greenh. Gas Control 86, 1–9.

XU, Q., DAI, X., YANG, J., LIU, Z. & SHI, L. 2022 Image-based modelling of coke combustion in a
multiscale porous medium using a micro-continuum framework. J. Fluid Mech. 932, A51.

XU, Q., LONG, W., JIANG, H., MA, B., ZAN, C., MA, D. & SHI, L. 2018a Quantification of the
microstructure, effective hydraulic radius and effective transport properties changed by the coke deposition
during the crude oil in-situ combustion. Chem. Engng J. 331, 856–869.

XU, Q., LONG, W., JIANG, H., ZAN, C., HUANG, J., CHEN, X. & SHI, L. 2018b Pore-scale modelling of
the coupled thermal and reactive flow at the combustion front during crude oil in-situ combustion. Chem.
Engng J. 350, 776–790.

ZHANG, L., ZHANG, C., ZHANG, K., ZHANG, L., YAO, J., SUN, H. & YANG, Y. 2019 Pore-scale
investigation of methane hydrate dissociation using the lattice Boltzmann method. Water Resour. Res. 55
(11), 8422–8444.

ZHANG, T., SHI, B., GUO, Z., CHAI, Z. & LU, J. 2012 General bounce-back scheme for concentration
boundary condition in the lattice-Boltzmann method. Phys. Rev. E 85 (1), 016701.

ZHAO, Y., YUAN, J., ZHAO, S., CHANG, H., LI, R., LIN, G. & LI, X. 2022 Is pyrolysis technology an
advisable choice for municipal solid waste treatment from a low carbon perspective? Chem. Engng J. 449,
137785.

ZHOU, X., XU, Z., XIA, Y., LI, B. & QIN, J. 2020 Pore-scale investigation on reactive flow in porous media
with immiscible phase using lattice Boltzmann method. J. Petrol. Sci. Engng 191, 107224.

964 A1-38

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
3.

22
7 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2023.227

	1 Introduction
	2 Mathematical and physical models
	3 Numerical method
	4 Results and discussion
	4.1 CO2 desublimation characteristics
	4.2 Four desublimation regimes
	4.3 Three-dimensional results

	5 Conclusions
	Appendix A. Transformation details in the MRT model
	Appendix B. Sensitivity tests of desublimation probability ratio Rdp
	Appendix C. Model validation
	C.1 CO2 desublimation over a single packing
	C.2 CO2 desublimation in a cryogenic packed bed

	Appendix D. Grid convergence tests
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


