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Abstract. The utilization of membranes for gas separation processes has gained momentum due to its numerous advan-
tages. This article focuses on the separation of gases, with a particular emphasis on the critical CO2 and CH4 separation.
Membrane-based separation offers cost-effective solutions and easy scalability compared to other technologies. This re-
search delves into the relatively unexplored domain of using membranes for gas separation in supercritical conditions.
The study investigates the influence of geometric parameters on membrane modules using Computational Fluid Dynamics
(CFD) modeling and simulations, employing the finite element method in the commercial software COMSOL. The Soave-
Redlich-Kwong real gas model was used within the software. The findings suggest that temperature plays a crucial role
in expediting the process. However, in supercritical conditions, the separation efficiency might be compromised. Sur-
prisingly, many of the geometric parameters were found to have limited relevance. These findings contribute to a deeper
understanding of membrane-based gas separation in supercritical conditions and shed light on the significance of various
parameters involved in the process.
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1. INTRODUCTION

A crucial step in the handling of feedstock gas is the removal of acid gases such as CO2 and SO2 before pressurized,
stored or transported. The separation of the CO2 from the CH4 in natural gas and biogas streams is extremely important
since high concentrations of CO2 can imply direct release of this component in nature, unwanted contamination in chem-
ical processes, and decrease of net calorific value if the gas is used as fuel. The pressurizing of oil wells using CO2 for
enhanced oil recovery and, consequently, its storage in these places is an extremely interesting solution in relation to the
emission of greenhouse gases (Figueroa et al., 2008; Lin and Freeman, 2004).

A simple process technology that can be applied in remote, unattended, or offshore situations is highly desirable. Ease
of operation, quick start-up, and high on-stream factors are needed in addition to competitive capital and operating costs.
Traditional methods for CO2 capture are based on reversible absorption, such as amine scrubbing, but these processes
are energy intensive and pose environmental concerns. The advantages of membrane gas separation over traditional
techniques like chemical absorption by reactive solvents and cryogenic separation include low-energy consumption, ease
of operation, and low environmental impact. However, the separation of the CO2 by membranes of selective permeability
is a technology still in development, and the flux and the selectivity of current commercial polymeric membranes are too
low to process large volumes of gas (Yang et al., 2008).

The membrane separation process may be classified, for example, by the flow regime, mechanism, mode of operation
and membrane constituent material, high pressure or low pressure processes in configurations known as cross flow or
dead-end. In relation to their porosity, we can classify them as porous and non-porous; as symmetrical and asymmetrical
in relation to their structure; organic and inorganic materials given the constitution material. Depending on the type of
membrane or the filter module assembly, the arrangement of the passage ducts of the fluid can result in an unnecessary
loss of pressure that can be avoided with a re-evaluation of the design (Gu, 2022).

Many studies have been developed to simulate and optimize the use of membranes for gas separation. Usually, the
membranes are modelled like hollow fibers or infinite plates and their separation process is improved with spacers and
orifices that promote better mixing of the feed stream, which also changes the membrane’s properties (Alkhamis et al.,
2015a,b; Alrehili et al., 2016; Qadir et al., 2019). Other membrane technologies were also studied, like the use of modified
silicon carbide nanosheets (Bayat et al., 2020), and yet, there are a few works which focus on the simulations in large
scale and in membrane modules (Bayat et al., 2020; Gu, 2022). Thus, there is a lack of research focused on the membrane
gas separation process in supercritical states and just a few concerned with the geometric arrangement of the membranes
with the purpose of optimizing the separation modules.
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This work aims to fill this information gap by simulating the gas separation process in supercritical states and exploring
various geometric conditions to assess their influence. These simulations employ the finite element method and a real gas
model, ensuring more reliable results. A better understanding of the gas separation process can lead to cost savings and
increased efficiency, making it more affordable. Moreover, an improved gas separation process can enhance access to
clean energy sources by capturing and utilizing valuable gases, while also reducing harmful emissions to mitigate climate
change.

2. MATHEMATICAL MODELLING

One notable aspect of this research is the utilization of a real gas model to study the gas separation process with mem-
branes. The thermodynamic Soave-Redlich-Kwong model, implemented in COMSOL, was employed for this purpose. In
terms of the flow characteristics, laminar flow was considered, governed by the Navier-Stokes equations, and the species
transport in the membrane was governed by Fick’s diffusion law.

The separation process is given by a difference pressure between the feed and permeate sides, resulting in a flux of the
species to the permeate. The flux, also depends on the permeance of which gas in it, principal in charge of the separation.

Regarding the geometry, initial analyses were performed using an axisymmetric model. However, further investiga-
tions also explored 3D models. The gas separation process with membranes can be implemented in different configura-
tions, such as shell-side feed and bore-side feed. Additionally, the flow direction can be adjusted, resulting in co-current
flow or countercurrent flow configurations. However, almost all the simulations shown here are done with the shell-side
feed and co-current flow configuration. A schematic representation of this model can be seen in Figure 1.

Figure 1: Schematic representation of the model

2.1 Soave-Redlich-Kwong real model gas

The Soave-Redlich-Kwong real model gas enables the calculation of gas properties under the specific temperature and
pressure conditions required for the other physics involved in the problem, and its equation of state is given by
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with xi being the molar fraction of species i, kSRK,i,j being a tabulated value and the subscript c refers to the critical
temperature and pressure (COMSOL, 2018).

2.2 Laminar flow

The laminar flow was modelled based on the Navier-Stokes equations, considering a compressible flow with Mach less
than 0.3, meaning that viscosity and density variations with temperature are being considered. The continuity equation
and the momentum equation for a single-phase fluid are, respectively,

∂ρ

∂t
+∇ · (ρu) = 0, (9)

ρ
∂u

∂t
+ ρu · ∇u = −∇p+∇ · (µ(∇u+ (∇u)T )− 2

3
µ(∇ · u)I) + F. (10)

In these equations, ρ is the density, u the velocity vector, p is pressure, µ is the dynamic viscosity and F is the volume
force vector (COMSOL, 2018).

For the walls, we considered slip and no slip conditions, depending on the wall. The no slip condition assumes that
there are viscous effects at the wall, so the relative velocity of the fluid particle in contact with the wall is zero, and hence,
boundary layers can develop. Since we are dealing with stationary no slip walls, the boundary condition we employ is
given by u = 0. For the slip condition, we consider that there is no flow across the boundary and nor viscous stress in the
tangential direction (COMSOL, 2018). This condition is described by

u · n = 0, (11)
K− (K · n)n = 0, (12)

K = µ(∇u+ (∇u)Tn, (13)

where n is the unit vector normal to the wall.

2.3 Transport of species

We used the Transport of Diluted Species environment for modelling the transport by diffusion and convection of the
species. The mass balance equation for a species i is

∂ci
∂t

+∇ · Ji + u · ∇ci = Ri, (14)

Ji = Di∇ci, (15)

where ci is the concentration of the species, Di denotes the diffusion coefficient, Ri is the reaction rate expression, and
Ji the mass flux diffusive flux vector (COMSOL, 2019). The diffusion coefficients were calculated by the Champman-
Enskog Theory,

Di,j =
1.86 · 10−3T 3/2(1/Mi + 1/Mj)

1/2

pσ2
i,jω

, (16)

in which Di,j is in cm2/s, p is the pressure in atmospheres and Mi are the molecular weights, σi,j is the collision diameter,
given in angstroms and is the arithmetic average of the two species, and ω is the integration of the interaction, described
by the Lennard-Jones potential between the species (Cussler, 2009).

For the transport through the membrane, the permeance and the partial pressures were considered and the flux was
calculated by

Ji · n = Pi(pi,f − pi,p), (17)
pi = xip, (18)

xi =
ci∑n
j=i cj

, (19)

where Pi is the permeance of the species i and pi is the partial pressure (in the feed and in the permeate) (Cussler, 2009).
We considered that the permeance varied with the temperature and was calculated with the Arrhenius equation,

Pi = Aie
(−

Eact,i
RT ), (20)

where Ai is a constant and Eact is the activation energy. The activation energy and the constants Ai were found linearizing
the equation and fitting a line equation with know experimental values taken from (Tranchino et al., 1989) and Duan et al.
(2023).
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(a) (b)

Figure 2: (a) Model validation; (b) Velocity field

2.4 Uncertainty quantification – Monte Carlo method

Uncertainty quantification (UQ) is a crucial discipline that aims to assess and manage uncertainties in mathematical
models, simulations, and data analysis. Among the many techniques available, the Monte Carlo method stands out as a
powerful and widely used approach for uncertainty quantification (McClarren, 2018).

The Monte Carlo method is a statistical sampling technique used to estimate complex systems’ behaviors by generating
multiple random samples. The input parameters of the mathematical model were defined, along with their respective
probability distributions. For each sample, the model was evaluated, producing an output variable of interest (McClarren,
2018). The method allows to fit a probability distribution of a variable of interest and other statistical measures.

The important input parameters T , x(co2,inlet), αpermeance and βpressure were chosen, no more parameters were picked
up because of the significant growth of number of samples necessary to the UQ. The αpermeance and βpressure were defined,
respectively, by

αpermeance =
PCO2

PCH4

(21)

and

βpressure =
pfeed

ppermeate
. (22)

3. VALIDATION

The developed model was validated with experimental data from the bibliography for an experiment of CO2/CH4
separation (Tranchino et al., 1989). In Figure 2 we show a plot of the molar fraction of CO2 in the permeate by the stage
cut and, in Table 1, we present the values we used for some parameters of the simulations. These values were obtained
from Tranchino et al. (1989) and Gilassi et al. (2017).

In the analyses below, we refer to the stage cut (θ), which is a fraction of how much of the flow of the feed (Qf ) goes
to the permeate (Qp),

θ =
Qp

Qf
. (23)

After the validation, we proceed to the uncertainty quantification, employing the Monte-Carlo method with thirty
thousand simulations. The input parameters defined and their variance are given in Table 2. We have considered a normal
distribution for all of them.

We got an average of 0.78 with a standard deviation of 0.05, so it was considered that the numerical model has a
standard deviation of 6.41% in relation to the results. With this information, we plotted the Normal fit with the data
histogram, as well the convergence of the average, in Figure 3.

4. RESULTS AND DISCUSSION

First, the real gas model based on the Soave-Redlich-Kwong theory was introduced. The focus of the study was on
analyzing the CO2 mole fraction in the permeate at the end of the process under supercritical conditions. Temperature and
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Table 1: Parameters of the simulation

Parameter Unit Value
Fiber Radius µm 195
Shell Width µm 133

Length cm 15
Temperature K 298

Feed Pressure kPa 400
Permeate Pressure kPa 100

Permeance mol s−1 m−2 Pa−1 1.072 · 10−10 CO2
2.989 · 10−10 CH4

Feed Composition 60% CO2
40% CH4

Table 2: Parameters and its variances

Parameter Variance
T 2

xCO2,inlet 0.005
αpermeance 0.51
βpressure 0.28

pressure were varied, the temperature ranged from 300 to 500 K and the pressure from 7.5 to 10 MPa, motivating the use
of a real gas model. The permeance model given by the Arrhenius equation was used. We performed a sweep in pressure
values imposed in the feed, and the difference pressure between the feed and the permeate (300 kPa) was maintained.

In the simulation, a mesh with a total of 3, 750 elements was employed to discretize the domain and capture the
flow behavior. The simulation assumed a steady-state condition. The boundary conditions were as follows. At the inlet
boundary, a fixed flow was imposed, while at the outlet boundary a pressure outlet condition was applied. Additionally,
slip or no-slip conditions were applied at the walls, depending on the case. For mass transport, the concentration of the
species was also imposed at the inlet boundary. At the membrane wall, the flux from the feed to the permeate was defined
using Eq. (17). The obtained results were visualized through a surface plot, which is shown in Figure 4.

As can be observed, the gas separation process did not achieve high efficiency, despite having a feed stream with 60%
of CO2. Another important aspect investigated was the influence of temperature and pressure on the stage cut. A surface
plot depicting this relationship is presented in Figure 5. It can be seen that the temperature has a significant impact on
the stage cut, whereas pressure does not show a notable influence. This suggests that manipulating the temperature could
potentially enhance the efficiency of the gas separation process, allowing for shorter membrane modules to achieve the
desired outcome. However, the associated costs should be carefully considered.

Next, 3D models were employed to analyze the packing factors and bundle arrangement, using the same parameters as
in the validation study. In this analysis, a parameter called γ, representing the ratio between the distance from the center

(a) (b)
Figure 3: (a) Normal fit; (b) Convergence of UQ
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Figure 4: Mole fraction of CO2 at the end of permeate varying pressure and temperature

Figure 5: Influence of pressure and temperature on stage cut

to one of the edges of the polygon and the radius of the fiber, was introduced,

γ =
d

r
. (24)

This parameter serves as a measure of the packing factor, allowing us to assess its influence on the gas separation process.
An example of the hexagonal arrangement is presented in Figure 6.

For the 3D simulations, the meshes consisted of more than 300, 000 elements, and a steady-state condition was also
considered. The boundary conditions for the 3D simulations were the same as those in the axisymmetric case, with the
addition of a periodic condition at the opposite pairs of walls for each polygon. On these walls, the concentration of
species, velocity, and pressure are imposed to be equal, to account for the presence of other membranes with the same
properties surrounding the one under study.

We studied the quadrangular, hexagonal and octagonal geometric packing, with the same γ. The results show that
there is not a large difference between the geometric packings and varying γ did not change much the results as we can
see in Figure 7.

Additionally, the pressure drop across the feed was investigated while varying the γ parameter. The pressure drops
are presented in Table 3, revealing significant differences between the different configurations. It is important to note
that a higher pressure drop corresponds to a greater energy requirement for operating the process. Therefore, choosing
the configuration with the lower pressure drop may be more favorable. Since the efficiency of the gas separation process

Figure 6: Geometric arrangements (the opposing edges of the geometries had periodic boundary conditions).
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(a) (b)

(c) (d)

Figure 7: (a) Separation in quadrangular packing; (b) Separation in hexagonal packing; (c) Separation in octagonal
packing; (d) Comparison between arrangements with γ = 2

Table 3: Total pressure drop in each arrangement and γ

γ ∆P Quadrilateral [Pa] ∆P Hexagonal [Pa] ∆P Octagonal [Pa]
1.5 24.55 48.00 58.97

1.625 13.24 24.46 29.29
1.75 7.71 13.65 16.28

1.875 4.79 8.22 9.69
2 3.16 5.26 6.18

does not show substantial differences among the configurations, it is possible to achieve comparable efficiency with lower
energy costs.

5. CONCLUSION

In conclusion, this study investigated the gas separation process using membranes and explored various factors that can
influence its efficiency. The implementation of a real gas model, specifically the Soave-Redlich-Kwong theory, provided
valuable insights into the behavior of gases under supercritical conditions. The analysis of CO2 mole fraction in the
permeate revealed that the separation efficiency was not optimal, indicating room for improvement. Additionally, the study
examined the impact of temperature and pressure on the process, highlighting the significant influence of temperature on
the stage cut. These findings suggest that temperature control can potentially enhance the efficiency of gas separation,
potentially reducing the length of membrane modules while maintaining desired results. However, the cost implications
must also be considered. Furthermore, the investigation of different packing factors and bundle arrangements in a 3D
model demonstrated the importance of optimizing the packing factor to improve the gas separation process. The pressure
drop analysis indicated that configurations with lower pressure drop requirements may be more energy-efficient, offering
potential cost savings during operation. Overall, this study contributes to a better understanding of the gas separation
process using membranes. These insights can inform the design and optimization of membrane-based gas separation



Flávio Silva Ferro and Bruno Souza Carmo
Numerical Modelling and Simulation of Membranes for Separating Gases in Supercritical State

systems, ultimately enabling more efficient and cost-effective industrial applications.
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