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Abstract: To solve the problem of water carryover in the supercritical CO2 separation and mining
process in the CO2 plume geothermal system, a three-dimensional shell-tube hollow fiber membrane
absorption separator is designed in this study. A coupled species transport model, a porous medium
model, and an absorption mathematical model are established, and the flow field and separation
characteristics in the circular and flat tubes are analyzed using numerical simulation. The results show
that the membrane separation efficiency increases with an increase in the flatness and membrane
tube length. When the inlet velocity of the mixture is 0.1 m/s, the separation efficiency can reach
75.92%. Selecting a smaller flow Reynolds number and a more significant membrane tube flatness
will reduce the water mass fraction at the outlet. When adding baffles of different shapes to the
membrane tube, the mixture fluid in the membrane tube meanders forward and flows in the shape of
“Z” under the blocking effect of the arcuate baffles. With an increase in the number of arcuate baffles
in the membrane tube, the membrane separation efficiency of the separator increases continuously.
The mixture fluid flows in the membrane tube with the built-in torsional baffles in a spiral manner,
and the separation efficiency of the membrane separator increases with a torsion ratio reduction in
the membrane tube.

Keywords: supercritical carbon dioxide; membrane–absorption separator; hollow fiber membrane;
numerical simulation; separation efficiency

1. Introduction

Global warming is one of the most critical environmental issues. Fossil fuels account
for 81% of global energy consumption, and energy-related CO2 emissions account for more
than two-thirds of total greenhouse gas emissions [1]. There are several effective ways to
reduce greenhouse gas emissions [2]: (1) change the energy structure and increase the clean
energy proportion of total energy, (2) improve the energy efficiency utilization to reduce
CO2 emissions, and (3) capture, comprehensive utilization and geological storage of CO2
emissions. A CO2 plume geothermal (CPG) system is illustrated in Figure 1. The captured
CO2 is first compressed and injected into the geothermal reservoir from an artificial well,
and then the CO2 experiences full diffusion and heat exchange. After the CO2 is sufficiently
heated and reaches a supercritical state, it is extracted in the production wells to be used as
a power generation medium. However, supercritical carbon dioxide (sCO2) extracted from
the ground will carry much water, which may cause corrosion of the heat exchanger in
the CPG power generation system [3], which seriously affects the system’s reliability and
service life. Therefore, it is precious to study the separation of the sCO2-H2O mixture.

Authors have researched separation mechanisms for the scCO2-H2O mixture in pub-
lished studies [4,5]. The principles of gravitational and centrifugal force are used to design
the axial guide vane cyclone separator and the biconical hydrocyclone. The separation
mechanism of the immiscible scCO2-H2O mixture through numerical simulation is ex-
plored. The operating characteristics of these separators are analyzed. The results show
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that the two separators can achieve a good separation effect. The biconical hydrocyclone
can realize the separation of water droplets with a smaller particle size than the axial flow
guide vane separator. However, some scholars found that [6,7], when the temperature
is 313.15~478.15 K, and the pressure is 10~50 MPa, water will dissolve in sCO2, and the
mixture cannot be separated. For this separation requirement, other separation methods
need to be studied. As sCO2 is a solvent with both liquid and gas properties, it diffuses
similarly to gases and dissolves similarly to liquids. Low temperature, absorption, and
adsorption [8–10] may be potential separation technologies for separating water from mix-
tures. However, the low-temperature technology is expensive, which is inconsistent with
the purpose of CO2 utilization. The adsorption technology is only effective at low pressure
(2~3 MPa). The absorption separation technology will also lead to secondary pollution
of the mixture and absorption solution, leading to a more complex separation process.
The membrane separation technology is also challenging because of the high-pressure
difference on both sides of the membrane during the separation process [11].
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Figure 1. Schematic of CPG system.

Membrane–absorption separation technology combines membrane separation with
physical absorption, which is considered a better choice. The membrane absorption process
is shown in Figure 2 [12]. It uses a microporous membrane as the mass transfer platform,
takes the membrane as a mass transfer site without selectivity, and uses physical absorption
to solve the problem of excessive pressure difference on both sides of the membrane. Mem-
brane absorption forms a phase interface through the membrane pore port. A concentration
difference drives the water in the membrane pore. It reaches the surface of the absorption
solution and then is separated. SCO2 is more difficult than vapor to dissolve in a lithium
bromide (LiBr) solution. At the same time, LiBr solution has strong moisture absorption and
can effectively function at a temperature range of 0~190 ◦C [13]. Therefore, LiBr solution
will be used as the absorbent in this study. Membrane absorption can solve the problem
of absorbing solutions carried by supercritical CO2. In addition, compared with other
separation methods, the process energy loss of membrane absorption separation of scCO2
and water-miscible fluid is small, which is conducive to efficiently utilizing supercritical
CO2 heat carrier fluid.

In the research of membrane separator design, a hollow fiber membrane (HFM) sep-
arator can maximize the membrane surface area that a specific volume accommodates,
reducing the pressure vessel cost required by the membrane, so it is widely used [14–19].
Ouyang and Zhang [16] studied the flow and transfer phenomena in an HFM used for
air-dehumidifying liquid desiccants. They used the finite volume method to solve the differ-
ential equations of continuity, momentum, energy, and concentration to obtain the shell side
mass transfer coefficient, which was verified in experiments. Yoshimune and Haraya [17]
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studied the permeability of CO2-CH4 mixed gas through a carbon HFM module using a
sulfonated poly (cyclopentyl) (SPPO) derived carbon module. They found that the carbon
HFM module can achieve good gas separation performance. Moulin et al. [18] studied the
mass transfer in the spiral and straight HFM modules and made a comparison. The results
showed that at the same Reynolds number and the mass transfer coefficient, the spiral HFM
module was nearly four times higher than that of the straight shape. Wu et al. [19] used
numerical simulation to establish various arrangement modes of HFM tubes in the filter
channel and analyzed the effects of different arrangement modes and operating parameters,
including membrane tube diameter, transverse pitch, and longitudinal pitch of membrane
tubes, on the distribution of flow field velocity and pressure.
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Researchers have conducted extensive studies on membrane absorption and separation
processes using experiments and numerical simulation methods. Quek et al. [20] set up an
experimental platform for membrane absorption and separation, used a gas chromatograph
to detect the separation effect and studied the CO2 separation process from CH4 and N2.
Kang et al. [21] studied the CO2 mass transfer of membrane absorption and separation
in natural gas through experiments and obtained the rules of the influence of operating
variables. Li and Tsotsis [22] built a membrane absorption separation device for the
methanol synthesis process and carried out experimental research under different pressure,
temperature and absorption liquid flow. Mansourizaheh and Ismail [23] summarized the
numerical simulation method of membrane absorption separation for air dehumidification.
They established the liquid phase equation, gas phase equation and membrane phase
equation by characteristics of the membrane absorption separation to describe the mass
transfer process. Lim et al. [24] used numerical simulation to analyze the optimization
of the design parameters for the HFM modules. Ma et al. [25] conducted computational
fluid dynamics (CFD) simulation modeling the porous medium to simulate the processing
process in the HFM, proving the influence of fiber distance and position on the fiber
interaction. Wotzka et al. [26] found that according to the mass ratio of H2O-CO2, the
separation of the mixture through the MFI zeolite membrane will be affected. At a low
H2O-CO2 ratio, when the separation factor is lower than 10, the separation performance is
poor. The higher the H2O-CO2 mass ratio, the higher the separation level, which can reach
more than 1000.

To sum up, many experiments and simulation studies on membrane absorption and
separation are currently carried out, but the object is mixed gas or atmospheric wet air.
To the best of the authors’ knowledge, there have been no studies on the separation of
sCO2-H2O mixtures at high temperatures and pressures so far, except for some studies
conducted by the authors’ team [12]. It is valuable to study further membrane separation
to improve the economics of the process. A three-dimensional membrane absorption
separator model is established using the CFD method to address the problem of water
carried by sCO2 extracted from the ground. Based on the model verification, the membrane
separator performance in separating mixtures is explored. At the same time, the effects of
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different parameters, such as the inlet parameters, the geometric size, the tube shape, and
the structure of built-in baffles on the separation efficiency are analyzed in detail. It also
provides a possible choice for building the best membrane absorption separator model.

2. Numerical Simulation of Membrane Absorption and Separation Process
2.1. Design of Membrane Separator

The membrane tube separator we use is similar to the equipment used for absorption
refrigeration, and the refrigeration uses condensation as a way to absorb water. In our
manuscript, the reason for separating the water vapor from the gas mixture is to prevent
the water vapor from liquefying and causing damage to the high-velocity equipment. The
primary component of the gas mixture, supercritical carbon dioxide, serves as the working
medium for power generation equipment and requires maintenance of a high-energy state.
While condensation can enhance water removal efficiency, it also results in heat loss and
decreased temperature of the CO2, which is not conducive to operation. The goals in
designing the separation equipment are to maintain high energy CO2 while removing as
much vapor as possible.

The separator structure is similar to a shell-tube heat exchanger, as shown in Figure 3a.
Water containing sCO2 flows in the tube, and LiBr absorption liquid flows outside the tube
and is separated using the countercurrent flow. Considering that the tube’s shape and
internal structure will impact the mass transfer process, the membrane module selected
in this study is a circular tube and a flat tube. Based on the smooth tube structure, a bow
baffle-type spoiler is installed inside, and the impact on the separation performance before
and after optimization is compared and analyzed. The numerical simulation method is
used to study the membrane absorption and separation process, as well as the change rule
of separation efficiency with the parameters of sCO2 and LiBr absorption liquid and the
structural parameters of the separator. Because the structural types of each channel of
the membrane tube are the same, this study only selects a single-channel membrane tube
for numerical analysis. The selected simulation object is shown in Figure 3b. The cross-
section of the separation unit of each membrane tube is regarded as a regular hexagon [12].
According to the number of membrane tubes arranged in this section, it can calculate the
size of the hexagon.
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2.2. Numerical Model

Based on the ANSYS software platform, the coupled species transport model, porous
medium model, and water absorption mathematical model are established by numerical
simulation. A three-dimensional model of an HFM separator is established, and the flow
field with separation in the membrane domain is simulated. To simplify the modeling, the
following assumptions need to be made in the simulation process. (1) The mass transfer
is steady. (2) The both-side flow of the sCO2-H2O mixture and LiBr absorption solution
is laminar. (3) The heat generation in the absorption is ignored. (4) LiBr solution and
sCO2-H2O mixture have the same temperature.

2.2.1. Single-Phase Porous Medium

The governing equation for general scalar transport in isotropic porous media in
single-phase flow is

∂

∂t
(γρφ) +∇ · (γρ

→
v φ) = ∇ · (γΓ∇φ) + γSφ, (1)

where γ is the porosity, ρ is the density,
→
v is the velocity, Γ is the diffusivity, φ is the scalar

quantity, and Sφ is the φ-related source term.
The volume-mean mass and momentum equations are

∂

∂t
(γρ) +∇ · (γρ

→
v ) = 0, (2)

∂

∂t
(γρ

→
v ) +∇ · (γρ

→
v
→
v ) = −γ∇p +∇ · (γ→τ ) + γ

→
B −

(µ

α
+ C2ρ|→v |

)→
v . (3)

The last term in Equation (3) represents the viscous resistance and inertial resistance.

2.2.2. The Porous Medium Model

The FLUENT component transport model is used to simulate the HFM. It can obtain
the influence of porous media using an additional momentum source term to the flow
equation. This momentum source term has two terms, viscosity, and inertial loss, and the
expression is

Si = −
(

3

∑
j=1

Dijµνj +
3

∑
j=1

Cij
1
2

ρ|ν|νj

)
, (4)

where i = x, y, z represents the direction, µ is the dynamic viscosity, D is the viscosity
resistance coefficient, and C is the inertial loss coefficient.

For homogeneous porous media, the source term is

Si = −
(

µ

α
νi + C2

1
2

ρ|ν|νi

)
, (5)

where α is the permeability.
Darcy’s law can calculate the laminar pressure drop of fluid in porous media.

∇p = −µ

α

→
ν , (6)

where p is the pressure. The Ergun equation gives the viscosity resistance 1/α as

1
α
=

150(1− λ)2

D2
Pλ2

. (7)

where DP is a mean grain diameter.
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2.2.3. Mathematical Model of Water Absorption

Water forms a phase interface between the absorption solution and the gas mixture for
the absorption model. The water absorption capacity of the LiBr solution depends on the
vapor pressure of water on its surface (Pw,ν) and the partial pressure of water in the sCO2-
H2O mixture (Pw,m). Therefore, the driving force of mass transfer for water absorption ∆Fw
can be expressed as

∆Fw =
Pw,m

Pm,i − Pw,m
− Pw,ν

Pm,i − Pw,ν
> 0, (8)

where Pw,m can be calculated by Dalton’s partial pressure law in kPa, Pw,ν can be estimated
by the saturation temperature of the water Tw,sat in kPa, and Tw,sat can be calculated using
NIST REFPROP 9.0 [27] in ◦C.

The Dooling gives the relationship as Tw,sat and the temperature of the LiBr solution
TS as

TS = ADTw,sat + BD, (9)

where AD is the Turin slope, and BD is the Turin intercept. When the concentration of the
LiBr absorption solution is 65%, AD = 1.2, BD = 55 ◦C [13]. In the membrane absorption
separator, the water in the sCO2-H2O mixture will be absorbed by the solution, and the
separation efficiency (η) is calculated as

η =

.
ms,i −

.
ms,o

.
ms,i

× 100%, (10)

where
.

ms,i is the inlet water flow rate, and
.

ms,o is the outlet water flow rate.

2.3. Grid Division and Boundary Conditions
2.3.1. Simulation of Membrane Tube Structure Dimensions

The flat tube selected in this study is rolled from a typical smooth circular tube as
the base tube; its two ends are semicircular arcs, and the middle section is a parallel plate.
Four types of flat tube membrane separator models with different specifications are selected,
and the circular tube and flat tube membrane separator are simulated at the same time.
The membrane separator length is 180 mm, the radial section radius is 10 mm, and the
number of facial mask tubes is 5. Table 1 gives the structural parameters of membrane tubes
of different specifications, mainly including the length, width, height, flatness, hydraulic
diameter, membrane thickness, and flow area.

Table 1. Structural parameters of membrane tube.

Name Round Tube #1 Flat Tube #2 Flat Tube #3 Flat Tube #4 Flat Tube

Length, l/mm 180 180 180 180 180
Width, w/mm 1.60 2.05 1.88 1.76 1.67
Height, h/mm 1.60 1.20 1.30 1.40 1.50
Flatness, e/h 1.00 1.71 1.45 1.26 1.11

Hydraulic diameter, d/mm 1.00 0.88 0.94 0.98 1.00
Film thickness, σ/mm 0.3 0.3 0.3 0.3 0.3

Circulating sectional area, S/mm2 0.79 0.79 0.79 0.79 0.79

2.3.2. Grid Division of Membrane Separator

According to the structural parameters of the membrane tubes mentioned above,
the three-dimensional physical model of the membrane tubes of the separator is first
established using the ANSYS software platform, and each physical model is grid divided.
The grid is divided into unstructured grids from surface to volume. Considering the
particularity of fluid flow near the wall, the wall grid is densified. The cross-section is
divided into quadrilateral grids. Figure 4 shows the grid division of the radial section of
the membrane tube.



Membranes 2023, 13, 892 7 of 18

Membranes 2023, 12, x FOR PEER REVIEW  7  of  19 
 

 

tubes of different specifications, mainly including the length, width, height, flatness, hy-

draulic diameter, membrane thickness, and flow area. 

Table 1. Structural parameters of membrane tube. 

Name  Round Tube  #1 Flat Tube  #2 Flat Tube  #3 Flat Tube  #4 Flat Tube 

Length, l/mm  180  180  180  180  180 

Width, w/mm  1.60  2.05  1.88  1.76  1.67 

Height, h/mm  1.60  1.20  1.30  1.40  1.50 

Flatness, e/h  1.00  1.71  1.45  1.26  1.11 

Hydraulic diameter, d/mm  1.00  0.88  0.94  0.98  1.00 

Film thickness, σ/mm  0.3  0.3  0.3  0.3  0.3 

Circulating sectional area, S/mm2  0.79  0.79  0.79  0.79  0.79 

2.3.2. Grid Division of Membrane Separator 

According to the structural parameters of the membrane tubes mentioned above, the 

three-dimensional physical model of the membrane tubes of the separator is first estab-

lished using the ANSYS software platform, and each physical model is grid divided. The 

grid is divided into unstructured grids from surface to volume. Considering the particu-

larity of fluid flow near the wall, the wall grid is densified. The cross-section is divided 

into quadrilateral grids. Figure 4 shows the grid division of the radial section of the mem-

brane tube. 

 

Figure 4. Schematic diagram of grid division of membrane tube radial section. (a) Round tube; (b) 

Flat tube. Grey: membrane; purple: fluid mixture. 

Because the calculation accuracy may vary with the grid number, the grid independ-

ence test must be carried out first to determine the appropriate grid number. The Ansys 

meshing module divides the structured grid of the three-dimensional membrane separa-

tor model and verifies the grid independence using three different unit numbers. The sim-

ulation results are shown in Figure 5. In the case of the grid numbers 1.46 × 106, 1.84 × 106, 

and 2.26 × 106, the grid size does not affect the simulation results, so the total number of 

grids selected  in this study  is 1.84 × 106. Specifically, the membrane, mixture flow, and 

solution flow areas are 1.8 × 105, 5.22 × 105, and 1.14 × 106. 

Figure 4. Schematic diagram of grid division of membrane tube radial section. (a) Round tube;
(b) Flat tube. Grey: membrane; purple: fluid mixture.

Because the calculation accuracy may vary with the grid number, the grid indepen-
dence test must be carried out first to determine the appropriate grid number. The Ansys
meshing module divides the structured grid of the three-dimensional membrane separator
model and verifies the grid independence using three different unit numbers. The simula-
tion results are shown in Figure 5. In the case of the grid numbers 1.46 × 106, 1.84 × 106,
and 2.26 × 106, the grid size does not affect the simulation results, so the total number of
grids selected in this study is 1.84 × 106. Specifically, the membrane, mixture flow, and
solution flow areas are 1.8 × 105, 5.22 × 105, and 1.14 × 106.

Membranes 2023, 12, x FOR PEER REVIEW  8  of  19 
 

 

0 20 40 60 80 100 120 140 160 180 200
2

3

4

5

6

7

8

9

10

W
at

er
 m

as
s 

fr
ac

tio
n 

(%
)

Distance from inlet (mm)

 1.84×106

 2.26×106

 1.46×106

 

Figure 5. Grid independence verification results of membrane separator. 

2.3.3. Boundary Conditions 

The inlet of the sCO2-H2O mixture and the LiBr solution is set as the velocity bound-

ary. The outlet of the sCO2-H2O mixture and the LiBr solution is set as the pressure outlet, 

the thick layer of the HFM tube is set as the porous medium layer, calculated by the lam-

inar flow model,  and  other  parameters  adopt  the  system  default  values.  The  specific 

boundary condition parameters are shown in Table 2, in which the LiBr solution concen-

tration of 65% by a mass fraction is used because of the high temperature at the inlet of 

the membrane separator. The ice crystal formation is inhibited [28], and the mass fraction 

of the sCO2-H2O mixture is determined by the solubility of H2O in sCO2 [29]. 

Table 2. Boundary conditions for numerical simulation of HFM [12]. 

Parameter Name  Numerical Value 

Mixture inlet temperature, Tm,i/°C  160 

Mixture inlet pressure, pm,i/MPa  20 

LiBr solution inlet temperature, Ts,i/°C  160 

LiBr solution inlet pressure, ps,i/MPa  20 

LiBr solution inlet concentration, Xs,i/wt%  65 

SCO2 mass fraction in the mixture, Xs,c/wt%  90.17 

Water mass fraction in the mixture, Xw/wt%  9.83 

Water diffusion coefficient in sCO2, Dw,sc/(m2/s)  7.69 × 10−8 

Water diffusion coefficient in LiBr solution, Dw,s/(m2/s)  3 × 10−9 

LiBr solution dynamic viscosity, µs/(Pa·s)  5 × 10−3 

LiBr solution density, ρs/(kg/m3)  1638 

2.4. Model Validation 

The separation efficiency of the continuous air dehumidification system is simulated 

and analyzed. A representative unit consisting of liquid desiccant flow inside a single hol-

low fiber and airflow outside the tube is studied. Simulation is carried out according to 

the established HFM separator model, and the proposed model’s accuracy is verified by 

comparing it with the experimental results in reference [30]. As can be seen from the com-

parison of simulation and experimental results and their relative errors in Figure 6, the 

Figure 5. Grid independence verification results of membrane separator.

2.3.3. Boundary Conditions

The inlet of the sCO2-H2O mixture and the LiBr solution is set as the velocity boundary.
The outlet of the sCO2-H2O mixture and the LiBr solution is set as the pressure outlet, the
thick layer of the HFM tube is set as the porous medium layer, calculated by the laminar
flow model, and other parameters adopt the system default values. The specific boundary
condition parameters are shown in Table 2, in which the LiBr solution concentration of 65%
by a mass fraction is used because of the high temperature at the inlet of the membrane
separator. The ice crystal formation is inhibited [28], and the mass fraction of the sCO2-H2O
mixture is determined by the solubility of H2O in sCO2 [29].
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Table 2. Boundary conditions for numerical simulation of HFM [12].

Parameter Name Numerical Value

Mixture inlet temperature, Tm,i/◦C 160
Mixture inlet pressure, pm,i/MPa 20

LiBr solution inlet temperature, Ts,i/◦C 160
LiBr solution inlet pressure, ps,i/MPa 20

LiBr solution inlet concentration, Xs,i/wt% 65
SCO2 mass fraction in the mixture, Xs,c/wt% 90.17
Water mass fraction in the mixture, Xw/wt% 9.83

Water diffusion coefficient in sCO2, Dw,sc/(m2/s) 7.69 × 10−8

Water diffusion coefficient in LiBr solution, Dw,s/(m2/s) 3 × 10−9

LiBr solution dynamic viscosity, µs/(Pa·s) 5 × 10−3

LiBr solution density, ρs/(kg/m3) 1638

2.4. Model Validation

The separation efficiency of the continuous air dehumidification system is simulated
and analyzed. A representative unit consisting of liquid desiccant flow inside a single
hollow fiber and airflow outside the tube is studied. Simulation is carried out according
to the established HFM separator model, and the proposed model’s accuracy is verified
by comparing it with the experimental results in reference [30]. As can be seen from the
comparison of simulation and experimental results and their relative errors in Figure 6, the
average relative error of the water fraction at the outlet of the separator (the ratio of water
mass in the mixed fluid to the mixed fluid mass) is 2.64%. These simulated data agree well
with experimental data, indicating the accuracy of the model in simulating the absorption
and separation of the sCO2-H2O mixture in the HFM tube by the LiBr solution.
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3. Simulation Results and Analysis
3.1. Flow Field Analysis

The simulation results given in Figure 7a are under the condition that the inlet velocity
of the mixture is 0.1 m/s. The temperature is 433.15 K. It means the schematic diagram of
mixed fluid flow velocity in membrane tube membrane separators with different specifi-
cations on xy plane under the same inlet flow rate, it can be seen that with a continuous
increase in the flow distance of the mixed fluid in the membrane tube, the flow velocity
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of the fluid first reaches the maximum near the inlet of the membrane tube, and the maxi-
mum velocity is about 0.3 m/s and then decreases gradually with an increase in the flow
distance of the mixture due to the influence of friction resistance. Simultaneously, when
the membrane tube’s flatness decreases continuously, the friction resistance in the tube
decreases. Along the fluid flow direction, the flow velocity of the mixture fluid in the
membrane tube decreases gradually, and the outlet velocity of the fluid increases. The
simulation results given in Figure 7b are the velocity distribution diagrams of the radial
sections at the outlet of membrane tube separators of different specifications. The center
velocity of the membrane tube is the highest. The velocity gradually decreases along the
radial direction of the membrane tube. With a decrease in the flatness of the membrane
tube, the velocity at the center gradually increases. Because the tube is flatter, the upper
and lower walls are closer to the center of the tube, so the velocity gradient between the
relative flat walls increases significantly.
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Figure 8 shows the cloud diagram of the distribution of water mass fraction in different
membrane tubes. Along the fluid flow direction, when the flatness of the membrane tube
increases, the water mass fraction at the outlet section of the membrane tube decreases
because the increase in the membrane tube flatness will change the similar diameter of the
membrane tube. The contact area between the mixed flatness and the absorption liquid
will increase, making the separation process more complete, thus improving the separation
efficiency. From the normal view of the flow direction, the water mass fraction at the
side near the membrane surface is always less than the middle. Because the closer the
membrane tube surface is, the closer the mixture fluid is to the LiBr absorption liquid, the
greater the driving force of water absorption, and the easier the mixture is to be separated.
Therefore, the water mass fraction at both sides of the membrane tube surface is lower, and
this trend is more obvious with the increase in the flow distance.
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3.2. The Influence of Reynolds Number on Separation Efficiency

Changing the inlet velocity of the mixed fluid and keeping other parameters un-
changed simulates and calculates membrane tube separators of different specifications. The
Simulation in Figure 9a obtains variations in pressure drop in different-sized membrane
tube separators with the Reynolds number. The pressure drop of five kinds of HFM tubes
increases with an increase in the Reynolds number, whether at low or high Reynolds
numbers. Among them, at the same Reynolds number, the pressure drop in the round
tube is the smallest, and that in the #1 flat tube is the largest. The greater the flatness of
the membrane tube, the greater the pressure drop of the corresponding membrane tube
because the equivalent diameter of the membrane tube changes when the circular tube is
replaced by a flat tube. When the same Reynolds number changes, the equivalent flat tube
diameter decreases, and the fluid in the corresponding tube is easier to reach the turbulent
state, thus increasing the fluid pressure loss in the tube and increasing the corresponding
pressure drop.
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Figure 9. Effect of Reynolds number on parameters of membrane separator. (a) Pressure drop of
membrane tube; (b) mass fraction of water at membrane tube outlet.

Figure 9b shows the relationship between the mass fraction of water at the outlet of
membrane tube separators of different specifications and the Reynolds number. With a
constant increase in the Reynolds number, the outlet water mass fraction of all the HFM
tubes increases continuously. When the Reynolds number increases to a higher level
(Re > 1600), the increasing trend of the water mass fraction at the outlet of membrane tubes
decreases. For the same Reynolds number, the round tube has the highest water mass
fraction, while the #1 flat tube has the lowest. The greater the flatness of the flat tube, the
smaller the outlet water mass fraction because when the flat tube replaces the round tube
at the same Reynolds number, the equivalent diameter of the membrane tube changes. The
more excellent the flat tube flatness, the greater the contact area, promoting the contact
separation process, thus reducing the water mass fraction at the membrane separator outlet.
Although the flat tube increases the contact area at a high Reynolds number, the mixture
cannot be fully separated due to the fast fluid flow velocity, so the corresponding separation
efficiency increases.
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3.3. Effect of Mixture Inlet Velocity

Figure 10 illustrates the streamlined diagram of the fluid in the circular tube and flat
tube under the same mixture inlet velocity. From the diagram, the flow path of the mixture
fluid in the two kinds of tubes, in which the fluid flow path in the flat tube and the ordinary
circular shape is parallel to the tube axis, and the fluid flow velocity in the circular tube
is faster.
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Figure 11 shows the separation efficiency variations with the mixture inlet velocity
of the membrane separator. The water flux is an important metric, and the amount that is
absorbed away is readily available once the separation efficiency and water vapor flow rate
are obtained. Therefore, the change in separation efficiency is the focus of the analysis. The
separator separation efficiency decreases with a rise in the mixture inlet velocity. When
the mixture inlet velocity is 0.2 m/s, the separation efficiencies of #1, #2, #3, and #4 flat
tubes and circular tube membrane separators are 61.95%, 58.70%, 56.78%, 55.85%, and
56.15%, respectively. When the inlet velocity increases, the contact time between the LiBr
solution and the gas mixture is shortened. The absorption separation process of the two
fluids becomes insufficient, leading to the decline of the membrane separation efficiency.
In addition, when the flatness of the membrane tube gradually increases, the separation
efficiency gradually increases. When the flatness of the membrane tube increases, the
contact area increases under the same mixture inlet flow. It also makes the separation more
complete, correspondingly improving the separation efficiency.
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3.4. The Influence of Membrane Tube Length

Figure 12 demonstrates the influence of the HFM flat tube length on the separation
efficiency under the same mixture inlet flow. The membrane separation efficiency increases
with a lengthening of the flat tube. When the membrane tube flatness increases, the
separation efficiency also increases. When the length of the membrane separator is 270 mm,
the separation efficiency of the #1 flat tube is the highest, 83.98%. As the length of the
HFM flat tube increases, the contact area and time are improved. The contact separation of
the two fluids is complete, thus raising the separation efficiency. When the tube flatness
increases, the contact area expands under the same mixture inlet flow, which also makes
the separation more sufficient and the separation efficiency higher.
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4. Numerical Simulation of Separation Efficiency with Bow Baffle

Adding a spoiler structure in a smooth membrane tube is a significant method to
improve the separation efficiency. The purposes of setting the baffle are to increase the
turbulence intensity of fluid in the tube, strengthen the separation process between fluids,
and improve the separation efficiency of the separator. A spoiler does not need to change the
separator’s overall structure. Many baffle structures can be used to optimize the structure
of the hollow fiber separator, among which the bow baffle can improve the cross-flow effect,
enhance the disturbance, and thus improve the separation efficiency. Meanwhile, the bow
baffle is cheap and easy to manufacture. In this study, arch baffles are added to the circular
tube to keep the basic structural parameters of the membrane separator unchanged. The
length is 180 mm, the radial section radius is 10 mm, and the inner and outer radii of the
membrane are 0.5 mm and 0.8 mm, respectively. Arch baffles with half of the flow area
are added. The number of arch baffles is variable, and the five membrane separators with
baffle spacing of 45 mm, 36 mm, 30 mm, 18 mm, and 12 mm are simulated.

4.1. The Influence of Bow Baffle

Figure 13a shows the streamline diagram of the mixture fluid velocity in the membrane
tubes. The fluid mixture flows up and down in the tube, and the fluid velocity increases
significantly near the baffle. Figure 13b is the velocity distribution vector diagram on the
tube side. After the fluid enters the tube side from the inlet, it passes through the area under
the baffle plate and meanders forward under the blocking of the baffle plate, showing a
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“Z” shaped flow. The enlarged view is the velocity vector distribution in the tubular near
the front of each baffle plate. The flow direction is almost perpendicular to the baffle plate.
In contrast, the flow area below the baffle plate is the downstream. The fluid flow here is
parallel to the flow of the tube bundle. The flow velocity is also higher than that between
the baffles. The area behind the baffle plate is a low-velocity region. There may be backflow,
generating several small vortices. The fluid here is almost static, forming a detention zone.
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The simulation results given in Figure 14 are the water mass fraction distribution of
the HFM flat tube separator under the same mixture inlet flow. The number of bow baffles
is 3, 4, 5, 9, and 14, respectively. From the inlet to the outlet of the membrane tube, the color
of the water mass fraction decreases gradually from dark to light overall. The water mass
fraction changes slowly between the flow basins of the two adjacent segmental baffles. In
contrast, the mass fraction changes dramatically in the flow area close to the segmental
baffles. With a reduction in baffle plate spacing, the decreasing trend of water mass fraction
increases—the more baffles, the lower the water mass fraction at the outlet. The number of
baffles increases, the flow velocity between baffles increases, and the low-velocity area on
the back of each baffle decreases, which means the dead zone decreases. With the reduced
baffle plate spacing, the channel area between them becomes smaller, the flow around the
fluid becomes more intense, and the fluid in the shell side closer to the vertical tube bundle.
The turbulence degree increases, making the fluid contact with the LiBr absorption liquid
more sufficiently, and the water mass fraction decreases faster.

Figure 15 shows the influence of inlet velocity on separation efficiency when there
are different segmental baffles. The separation efficiency decreases with the growth of the
inlet velocity. Because an increase in the inlet velocity of the mixture decreases the contact
time, the separation becomes inadequate, leading to a reduction in the separation efficiency.
As the baffle number increases, the distance between baffles decreases. The separation
efficiency increases continuously when the baffle number increases. The disturbance in the
fluid flow process increases, which also makes the separation process more adequate and
increases the separation efficiency.
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4.2. Influence of Spiral Bow Baffle

This study gives another arrangement of bow baffle, which uses a spiral arrangement
to make the fluid spiral flow in the membrane tube. Figure 16 shows the streamline
diagram of the mixture fluid velocity in the membrane tube. It can be seen from the
diagram that the mixture of fluid flows in a spiral shape in the tube, and the fluid velocity
increases significantly near the baffle. Figure 17 shows the velocity streamline diagram
of the mixture fluid when the baffle number is 4, 5, 9 and 14, respectively. The maximum
velocity remains almost unchanged under a different number of baffles. While at the baffle,
the fluid direction changes, and the streamline is cut off.

Figure 18 shows the distribution of the water mass fraction when the baffle number
in the spiral flow membrane tube is 4, 5, 9, and 14, respectively. The water mass fraction
decreases continuously along the flow direction. The contour changes near the baffle
position because the water mass fraction decreases suddenly. The existence of baffles makes
the flow direction of the sudden change, which enhances the disturbance to the fluid. It
makes the separation process more sufficient and results in a fast decrease in the water
mass fraction. When the baffle number increases, it can be found that the decreasing trend
of water mass fraction is increasing, and the color of the separator outlet section is lighter.
With a reduction in baffle spacing, the fluid disturbance is more intense, and the contact
separation between fluids is sufficient. The color change trend in the membrane tube is
more intense, and the outlet water mass fraction is lower.
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Figure 18. Water mass fraction distribution with different numbers of baffles in spiral flow membrane
tube. (a) 4 baffles; (b) 5 baffles; (c) 9 baffles; (d) 14 baffles.

The simulation results in Figure 19 show that when the number of baffles in the
membrane tube is nine, the influence of different mixture inlet velocities on the outlet water
mass fraction changes. As the mixture inlet velocity increases from 0.1 to 0.2 m/s, the
outlet separation efficiency decreases correspondingly. At the same mixture inlet velocity,
the separation efficiency of the #1 flat tube is the highest, while that of the circular tube
membrane separator is the lowest. As the membrane tube flatness increases, the equivalent
diameter of the membrane tube decreases gradually. The fluid flow in the tube becomes
more intense, making the separation process between the mixture fluid and the absorption
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liquid more sufficient. Therefore, the water mass fraction at the outlet of the #1 flat tube
is the lowest, and the separation effect is the best. Compared with the segmental baffles
arranged in the membrane with an area of half of the flow cross-section area, the separation
efficiency decreases, and the pressure drop in the membrane tube increases dramatically.
The flow cross-section area in the membrane tube decreases, and the turbulence degree of
the fluid increases. The energy consumption of the fluid flow in the tube increases, and the
separation between the mixed fluid and the absorbent fluid becomes inadequate, reducing
the membrane separation efficiency.
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5. Conclusions

Coupled with the species transport model, the porous medium model, and the water
absorption mathematical model, a three-dimensional shell-tube HFM separator model
is established. The flow field in the membrane of the round tube and flat membrane
separator with different flatness is simulated using the numerical simulation method.
The flow field characteristics of several membrane tube separators at different inlet flow
rates are compared, and the influence of different parameters on the membrane separator
performance is analyzed. The flow field characteristics in the membrane tube and its
influence on the performance of the membrane separator are discussed by adding a baffle
plate and bow baffle to the tube side. The following conclusions are reached.

Under the same Reynolds number, an increase in the flat tube flatness will reduce
the outlet water mass fraction, but the membrane tube pressure increases. Therefore, the
membrane tube flatness cannot be increased without limit. Otherwise, the hydrodynamic
consumption will be increased. With an increase in membrane tube flatness, the separation
efficiency also increased. When the inlet velocity of the mixture is 0.1 m/s, the separation
efficiency is 75.92%. The separation efficiency and the pressure drop inside the membrane
separator increased when the membrane tube lengthened. The membrane tube length has
the same effect as the flatness, but increasing the length will raise the production cost and
difficulty of the membrane separator. Therefore, it is necessary to choose the appropriate
length to construct the best structure of the membrane separator.

The mixed fluid meanders forward under the blocking effect of the bow baffle in the
membrane tube and flows in a “Z” shape. Due to the existence of the baffle, the fluid flow
direction changes dramatically, leading to increased energy consumption and significant
pressure reduction in the membrane tube. The built-in torsional baffles can improve the
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mass transfer coefficient. The existence of torsional baffles makes the fluid flow generate
vortex flow, which intensifies the turbulence, dramatically strengthens the mixing between
the near surface area and the core area, reduces or even destroys the boundary layer, and
promotes the separation of water in the mixed fluid. With the increased segmental baffle
number in the membrane tube, the pressure drop in the tube and the separation efficiency
increase continuously.

Author Contributions: Conceptualization, Z.Q. and Y.C.; methodology, Z.Q.; software, Z.Q.; vali-
dation, Z.Q., Y.P. and Y.C.; formal analysis, Z.Q.; investigation, Z.Q.; resources, Z.Q.; data curation,
Y.T.; writing—original draft preparation, Z.Q.; writing—review and editing, F.S.; visualization, Y.P.;
supervision, F.S.; project administration, F.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The authors confirm that the data supporting the findings of this study
are available within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dubey, A.; Arora, A. Advancements in carbon capture technologies: A review. J. Clean. Prod. 2022, 373, 133932. [CrossRef]
2. Owebor, K.; Diemuodeke, E.O.; Briggs, T.A. Thermo-economic and environmental analysis of integrated power plant with carbon

capture and storage technology. Energy 2022, 240, 122748. [CrossRef]
3. Nogara, J.; Zarrouk, S.J. Corrosion in geothermal environment: Part 1: Fluids and their impact. Renew. Sust. Energ. Rev. 2017, 82,

1333–1346. [CrossRef]
4. Qiao, Z.; Tang, Y.; Zhang, L.; Pan, C.; Romero, C.E.; Wang, X.; Charles, J.; Si, F.; Maya, C.R. Design and performance analysis of a

supercritical CO2 (sCO2)-water separator for power generation systems using hot sCO2 from geothermal reservoirs. Geothermics
2019, 81, 123–132. [CrossRef]

5. Qiao, Z.; Tang, Y.; Zhang, L.; Pan, C.; Romero, C.E.; Wang, X.; Charles, J.; Si, F.; Maya, C.R. Performance analysis and optimization
design of an axial-flow vane separator for supercritical CO2 (sCO2)-water mixtures from geothermal reservoirs. Int. J. Energy Res.
2019, 43, 2327–2342. [CrossRef]

6. Wang, Z.; Zhou, Q.; Guo, H.; Yang, P.; Lu, W. Determination of water solubility in supercritical CO2 from 313.15 to 473.15K and
from 10 to 50MPa by in-situ quantitative Raman spectroscopy. Fluid Phase Equilib. 2018, 476, 170–178. [CrossRef]

7. Pan, L.; Freifeld, B.; Doughty, C.; Zakem, S.; Sheu, M.; Cutright, B.; Terrall, T. Fully coupled wellbore-reservoir modeling of
geothermal heat extraction using CO2 as the working fluid. Geothermics 2015, 52, 100–113. [CrossRef]

8. Ravanchi, M.T.; Kaghazchi, T.; Kargari, A. Application of membrane separation processes in petrochemical industry: A review.
Desalination 2009, 235, 199–244. [CrossRef]

9. Aneke, M.; Wang, M. Potential for improving the energy efficiency of cryogenic air separation unit (ASU) using binary heat
recovery cycles. Appl. Therm. Eng. 2015, 81, 223–231. [CrossRef]

10. Aghel, B.; Heidaryan, E.; Sahraie, S.; Nazari, M. Optimization of monoethanolamine for CO2 absorption in a microchannel reactor.
J. CO2 Util. 2018, 28, 264–273. [CrossRef]

11. Shamu, A.; Miedema, H.; Metz, S.J.; Borneman, Z.; Nijmeijer, K. Mass transfer studies on the dehydration of supercritical carbon
dioxide using dense polymeric membranes. Sep. Purif. Technol. 2019, 209, 229–237. [CrossRef]

12. Qiao, Z.; Cao, Y.; Tang, Y.; Si, F. Numerical analysis of membrane–absorption separation for supercritical carbon dioxide and
water mixture of plume geothermal power generation systems. Energy Conv. Manag. 2020, 208, 112609. [CrossRef]

13. Chua, H.; Toh, H.; Malek, A.; Ng, K.; Srinivasan, K. Improved thermodynamic property fields of LiBr-H2O solutions. Int. J. Refrig.
2000, 23, 412–429. [CrossRef]

14. Rajabzadeh, S.; Yoshimoto, S.; Teramoto, M.; Al-Marzouqi, M.; Matsuyama, H. CO2 absorption by using PVDF hollow fiber
membrane contactors with various membrane structures. Sep. Purif. Technol. 2009, 69, 210–220. [CrossRef]

15. Li, J.; Chen, B. Review of CO2 absorption using chemical solvents in hollow fiber membrane contactor. Sep. Purif. Technol. 2005,
41, 109–122. [CrossRef]

16. Ouyang, Y.; Zhang, L. Conjugate heat and mass transfer in a skewed flow hollow fiber membrane bank used for liquid desiccant
air dehumidification. Int. J. Heat Mass Transf. 2016, 93, 23–40. [CrossRef]

17. Yoshimune, M.; Haraya, K. CO2/CH4 mixed gas separation using carbon hollow fiber membranes. Energy Procedia 2013, 37,
1109–1116. [CrossRef]

18. Moulin, P.; Rouch, J.; Serra, C.; Clifton, M.; Aptel, P. Mass transfer improvement by secondary flows: Dean vortices in coiled
tubular membranes. J. Membr. Sci. 1996, 114, 235–244. [CrossRef]

19. Wu, S.; Lin, Y.; Hwang, K.; Cheng, T.; Tung, K. High-efficiency hollow fiber arrangement design to enhance filtration performance
by CFD simulation. Chem. Eng. Process. 2018, 125, 87–96. [CrossRef]

https://doi.org/10.1016/j.jclepro.2022.133932
https://doi.org/10.1016/j.energy.2021.122748
https://doi.org/10.1016/j.rser.2017.06.098
https://doi.org/10.1016/j.geothermics.2019.05.001
https://doi.org/10.1002/er.4452
https://doi.org/10.1016/j.fluid.2018.08.006
https://doi.org/10.1016/j.geothermics.2014.05.005
https://doi.org/10.1016/j.desal.2007.10.042
https://doi.org/10.1016/j.applthermaleng.2015.02.034
https://doi.org/10.1016/j.jcou.2018.10.005
https://doi.org/10.1016/j.seppur.2018.07.042
https://doi.org/10.1016/j.enconman.2020.112609
https://doi.org/10.1016/S0140-7007(99)00076-6
https://doi.org/10.1016/j.seppur.2009.07.021
https://doi.org/10.1016/j.seppur.2004.09.008
https://doi.org/10.1016/j.ijheatmasstransfer.2015.09.009
https://doi.org/10.1016/j.egypro.2013.05.208
https://doi.org/10.1016/0376-7388(95)00323-1
https://doi.org/10.1016/j.cep.2018.01.003


Membranes 2023, 13, 892 18 of 18

20. Quek, V.; Shah, N.; Chachuat, B. Modeling for design and operation of high-pressure membrane contactors in natural gas
sweetening. Chem. Eng. Res. Des. 2018, 132, 1005–1019. [CrossRef]

21. Kang, G.; Chan, Z.; Saleh, S.M.; Cao, Y. Removal of high concentration CO2 from natural gas using high pressure membrane
contactors. Int. J. Greenh. Gas Control 2017, 60, 1–9. [CrossRef]

22. Li, Z.; Tsotsis, T. Methanol synthesis in a high-pressure membrane reactor with liquid sweep. J. Membr. Sci. 2019, 570–571,
103–111. [CrossRef]

23. Mansourizadeh, A.; Ismail, A. Hollow fiber gas-liquid membrane contactors for acid gas capture: A review. J. Hazard. Mater. 2009,
171, 38–53. [CrossRef]

24. Lim, K.; Wang, P.; An, H.; Yu, S. Computational Studies for the Design Parameters of Hollow Fibre Membrane Module. J. Membr.
Sci. 2017, 529, 263–273. [CrossRef]

25. Ma, C.; Liu, Y.; Li, F.; Shen, C.; Huang, M.; Wang, Z.; Cao, C.; Zhou, Q.; Sheng, Y.; Sand, W. CFD simulations of fiber-fiber
interaction in a hollow fiber membrane bundle: Fiber distance and position matters. Sep. Purif. Technol. 2018, 209, 707–713.
[CrossRef]

26. Wotzka, A.; Jorabchi, M.; Wohlrab, S. Separation of H2O/CO2 Mixtures by MFI Membranes: Experiment and Monte Carlo Study.
Membranes 2021, 11, 439. [CrossRef]

27. Higashi, Y. NIST Thermodynamic and Transport Properties of Refrigerants and Refrigerant Mixtures (REFPROP). Netsu Bussei
2000, 14, 1575–1577.

28. Conde, M.R. Properties of aqueous solutions of lithium and calcium chlorides: Formulations for use in air conditioning equipment
design. Int. J. Therm. Sci. 2004, 43, 367–382. [CrossRef]

29. Levy, E.; Wang, X.; Pan, C.; Romero, C.E.; Maya, C.R. Use of hot supercritical CO2 produced from a geothermal reservoir to
generate electric power in a gas turbine power generation system. J. CO2 Util. 2018, 23, 20–28. [CrossRef]

30. Zhang, L.; Huang, S.; Chi, J.; Pei, L. Conjugate heat and mass transfer in a hollow fiber membrane module for liquid desiccant air
dehumidification: A free surface model approach. Int. J. Heat Mass Transf. 2012, 55, 3789–3799. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.cherd.2018.01.033
https://doi.org/10.1016/j.ijggc.2017.03.003
https://doi.org/10.1016/j.memsci.2018.09.071
https://doi.org/10.1016/j.jhazmat.2009.06.026
https://doi.org/10.1016/j.memsci.2017.01.053
https://doi.org/10.1016/j.seppur.2018.09.029
https://doi.org/10.3390/membranes11060439
https://doi.org/10.1016/j.ijthermalsci.2003.09.003
https://doi.org/10.1016/j.jcou.2017.11.001
https://doi.org/10.1016/j.ijheatmasstransfer.2012.03.034

	Introduction 
	Numerical Simulation of Membrane Absorption and Separation Process 
	Design of Membrane Separator 
	Numerical Model 
	Single-Phase Porous Medium 
	The Porous Medium Model 
	Mathematical Model of Water Absorption 

	Grid Division and Boundary Conditions 
	Simulation of Membrane Tube Structure Dimensions 
	Grid Division of Membrane Separator 
	Boundary Conditions 

	Model Validation 

	Simulation Results and Analysis 
	Flow Field Analysis 
	The Influence of Reynolds Number on Separation Efficiency 
	Effect of Mixture Inlet Velocity 
	The Influence of Membrane Tube Length 

	Numerical Simulation of Separation Efficiency with Bow Baffle 
	The Influence of Bow Baffle 
	Influence of Spiral Bow Baffle 

	Conclusions 
	References

