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Abstract

Accurate prediction of the concentration polarisation (CP) effect is very important in
the design of an efficient membrane-based gas separation process. This study analyses the
reliability of analytical film theory (FT) for evaluating the performance of gas separation
membranes in terms of CP and flux. The analytical model is compared against a more
rigorous numerical model developed by using Computational Fluid Dynamics (CFD) for
various operating variables. The results show that the FT prediction is less accurate at high
CP conditions when gas permeation through the membrane increases, due to higher
permeance selectivity and pressure ratio. Hence, the results suggest that FT is not
recommended for membranes with high permeance or high-pressure conditions. Given that
the typical range of feed composition and temperature has little impact on fluid properties
(i.e., gas diffusion coefficient, densities, and viscosities), the resulting CP does not vary much
and hence both FT and CFD models predict a similar CP. The analysis also suggests that the
FT model is more accurate in predicting CP in the region closer to the membrane entrance.
Overall, the analytical film theory serves as a reliable approximation in membrane gas

applications under low CP at high crossflow and low flux conditions.
Keywords:

CFD, membrane gas separation, concentration polarisation, analytical film theory, gas
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1 Introduction

Concentration polarisation (CP) is one of the critical problems associated with
membrane separation processes. CP occurs when the gradual accumulation of the rejected
species takes place near the membrane surface due to the selective permeability of
membranes (Al-Obaidi and Mujtaba, 2016; Matthiasson and Sivik, 1980). The increased CP
would eventually reduce the driving force between the feed and permeate sides of the
membrane, thus decreasing the membrane overall performance. In membrane gas separations,
the phenomenon occurs when the concentration of the less permeable species increases in the
boundary layer adjacent to the membrane surface as a result of rapid permeation of the more
permeable species through the membrane (Baker, 2004). Early studies have confirmed that
the polarisation effects cannot be neglected for gas separations, especially for membranes
with high permeability (Bhattacharya and Hwang, 1997; Chen et al., 2011; Chen et al., 2012;
He et al., 1999; Liidtke et al., 1998; Mourgues and Sanchez, 2005; Takaba and Nakao, 2005;
Zhang et al., 2006). Therefore, CP prediction is an important aspect in designing membrane-

based gas separation processes and evaluating the performance of membranes.

Early theoretical models, such as the film theory (FT), were developed to describe CP
phenomena by assuming the formation of a boundary layer of thickness (6) associated with
impermeable membrane walls (Baker, 2004; Michaels, 1968; Probstein et al., 1977; Zydney,
1997). In addition, the analytical model also simplifies the mass transport problem by
assuming a uniform concentration along the membrane channel, such that the boundary layer
thickness is independent of the transverse flow field (permeate flux). Nevertheless, no study
up to now has discussed the accuracy of the film theory model against numerical simulations
for describing CP in membrane-based gas separation.

Hence, this paper aims to analyse the reliability of analytical film theory and its
limitations for evaluating the performance of gas separation membranes. The analytical
model is compared against a more rigorous numerical model developed using computational
fluid dynamics (CFD), which solves the flow and continuity equations for the gas separation
system by taking into account the coupling of momentum and mass transport. The
calculations are performed for typical CO,/CH, gas separation (Feng et al., 2021; Liang et al.,
2018; Liang et al., 2017), and the performance is analysed in terms of CP and flux by
considering the effects of varying hydraulic Reynolds number (Rey), membrane selectivity,

feed composition, temperature, as well as pressure ratio in the membrane system.



2 Methodology
2.1 Theoretical background of CP analytical model by film theory

Current commercial membrane gas separation processes mainly use dense polymeric
membranes. The separation of gas mixtures through the dense membrane film is generally
described by the solution-diffusion mechanism, where a gas component dissolves into the
membrane material and then permeates through the dense film down a concentration gradient
(Baker, 2004). The transport of gas components within the boundary layer at any point in the

membrane feed channel can be expressed by using Fick’s law as follows:
pJfWi_pDEI:pJpWi,p (1)

where p is the density, W; is the mass fraction of gas species i, D is the diffusion coefficient,

jr and j, are the volume fluxes of gas (m*m2s") on the feed and permeate sides of the

membrane, respectively.

In gases, the volume fluxes on the feed and permeate sides of the membrane are not
the same. Nevertheless, the gas volume fluxes can relate with each other by correcting for the

feed and permeate pressures, ps and p, on each membrane side as follows:

jf pf :jppp (2)
This gives
Y . .
Jf_f:Jf(P:Jp 3)
Py

where ¢ is the pressure ratio (%J of the membrane system. Using the definition of
p

pressure ratio to relate the gas volume fluxes on each membrane side in equation (1) gives the

following expression

_pD%ZPJ—f ((DWi,p_Wi) (4)

The mass balance equation (4) can be integrated over the boundary layer thickness (&) to

give a concentration polarisation equation (Brian, 1965) as follows:

Wio /@ =Wy _ exp [ﬁj (5)
W, /@ =W, D



Alternatively, the concentration terms in equation (5) can be replaced using the
membrane enrichment terms, E and E,. The enrichment terms represent the factors which
determine the magnitude of concentration polarisation based on the difference in gas
permeabilities (Baker, 2004). As the difference in gas permeabilities increases, the membrane
enrichment terms increase, resulting in larger concentration gradients and thus higher CP.
The enrichment terms for gases are generally expressed as volume fractions in terms of the

pressure ratio (¢), such that

E=te, (6)

ib

<

Excluding the presence of a boundary layer, E, is expressed as

E,=—2¢ (7)

It must be noted that both enrichment terms for CO, are larger than one because the
membrane selectively permeates the gas component. Substituting the enrichment terms into

equation (5) gives

1-VE j;0
— 0 =—exp| — 8
U p( - ©)
The extent of concentration polarisation is measured by the magnitude of the ratio

between the permeate concentration at the membrane surface (Wi,o) compared with the bulk
concentration (Wi,b)' Hence, CP effect becomes significantly important when the CP

modulus (7/ = Wi,o/Wi,b) deviates from one. In this case, the CP modulus is represented by the

concentration gradient of the more permeable CO, gas component. By using the definitions
of E and E,, the CP modulus can be expressed as
e _w,__ en(io/D)

"TE T w, 1+E [exp(j;6/D)-1]

©)

Later the gas volume flux is predicted by CFD calculations and used as an input in CP
prediction for the analytical solution as in equation (9). For a fully developed laminar flow in
a narrow rectangular channel with soluble walls (Probstein, 1989), the boundary layer

thickness can be expressed as



o) _ 1.475(Ej% (LJ% (10)

X X u_h

max
where X is the longitudinal coordinate, h is the channel half-height, and umax is the maximum
crossflow velocity at the centre of channel. The equations and theories used for estimating

gas mixture properties are listed in Table 1:

Table 1: Mathematical formulation used for estimation of gas mixture properties.

Gas properties Theory of formula Mathematical equation
Diffusion coefficient, D Chapman and Enskog theory 1.86x10°T % (UM, +UM . V2
(m?s™) (Cussler, 1997). D" (]2/ HYUM,)
po; Q2
Density of gas mixture, Ideal gas law (Moran and Shapiro, _ 1
prix (kg m™) 1988). o ¢ Z(W j
Pi ),
Dynamic viscosity of gas ~ Wilke correlation (Wilke, 1950). n M.
mixture, pmix (kgmts?) Z(,u A B )

2.2 Flux calculations for membrane gas separation

In gas separation, the driving force across the membrane is driven by the partial
pressure difference of the gas component across the membrane, which can be expressed as

follows:

Ji :Pi(pi,o_pi,p) (11)
where J; is the mass flux of gas species i (kg m2s ™), P; is the gas permeance, p, and p;

are the partial pressures of the gas species on the feed and permeate sides of the membrane,
respectively. Note that the total gas pressures on a membrane side (either feed or permeate)
are the summation of gas partial pressures for a mixture of species i and j, respectively. The
partial pressures are related to the mole fractions of the gas species on both sides of the
membrane and can be calculated as

n. :pi'O n =h
Py

(12)

i,0 Lp

Hence, the flux equation (11) can be rewritten as



‘Ji :Pi(ni,opo_ni,ppp) (13)
and n,  is determined using the following expression by relating the concentration of gas

species i on both sides of the membrane (i.e. feed and permeate sides) (Baker, 2004):

2
dan
nipzz ni0+l+i_ ni0+l+ 1 _ atl (14)
P2l o a-1 T a-1 (a—l)go

where a is the membrane selectivity. Membrane selectivity («) is a quantification of the
ability of a membrane to separate two gases, i and j, and can be expressed as

a=— (15)

Table 2 summaries the differences between the numerical solution using the CFD
approach and the film theory (FT) approximation as follows:

Table 2: Summary of the differences between the numerical approach and the film theory approximation.

Description Numerical solution (CFD FT approximation Significance and source
simulation) of difference
Concentration Can be calculated directly by Requires gas concentration  The effect of varying
polarisation (CP)  solving the mass transport of  and flux input data from solute permeation on CP
and permeate flux  gas component within the either experimental or for FT approximation is
local boundary layer using numerical simulation for not considered.
Fick’s law. calculations of CP and
permeate flux.
Flow profiles Resolves the local velocity The local velocity profiles  CFD requires higher
distribution within the fluid  cannot be predicted computational effort.
domain. directly.

2.3 Description of numerical model by CFD

Figure 1 shows a schematic diagram of the 2D CFD fluid domain used for modelling
CO,/CH, gas separation in this paper. An empty rectangular channel is constructed for the
fluid domain (Figure 1), which is a simplified geometry of a hollow fibre membrane channel
(Liang et al., 2018). A membrane length (L) of 1 m is used for the fluid domain as it is the

typical dimension used in commercial hollow fibre gas separation modules (Ahmad et al.,
2015). The length of the entrance region is set as one-fifth of the membrane length ( % X
L), and it is doubled for the exit region (2 x entrance length). These regions are located at

each end of the membrane channel to avoid the flow solution being affected by both inlet and
outlet boundary conditions (see Figure 1) (Schwinge et al., 2002a, b).
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Figure 1: Schematic diagram of CFD fluid domain (not to scale) for modelling of a gas separation feed channel.

2.3.1 Boundary conditions

The present study employs the commercial CFD code, ANSYS CFX-18.2 for
simulating an isothermal two-dimensional (2D) flow with constant Newtonian fluid
properties inside an empty rectangular channel (Fletcher and Wiley, 2004). The steady-state
simulations are performed with negligible gravitational effects and the binary gas mixture
(i.e. CO; and CH4 gas) treated as an incompressible fluid (Fletcher and Wiley, 2004; Wiley
and Fletcher, 2003). The governing Navier-Stokes equations are therefore, given as in
equations (16) to (18), while the mass transport equation for gas species i is expressed in the

form of equation (19) as follows:

au__ v (16)
OX oy
ou ou au o’'u o%u) op
—HplU—+V— |= | —+— |—— 17
Pa 'O{ax @jﬂ[xz 2]8x a7
2 2
p@+,0 u@+v@ =u 8_\2/+a_\2/ _6_p (18)
ot X ay X2 oyt ) oy
2 2
aWi+uaW‘+vaWi=D av;/‘JraV;/‘ (19)
at o ox oy Y

The high-resolution schemes were chosen for solving the partial differential equations
(16) to (19) to reduce numerical diffusion. All steady-state simulations are considered to have

converged once the RMS errors for residuals drop below 107,

The local mass fraction of gas species i and pressure at any point of the membrane

wall can be obtained directly from CFD calculations. A parabolic velocity profile is specified
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at the feed inlet, whereas the outlet boundary is set to zero relative pressure. The top surface
and other non-membrane channel walls, i.e., entrance and exit region walls, are treated as no-
slip walls with zero mass flux condition. Table 3 summarises the mathematical expressions

used for the boundary conditions specified at different locations of fluid domain boundaries.

Table 3: Mathematical expressions for boundary conditions of CFD model at different locations.

Boundary location Boundary condition Mathematical expression
Inlet Specified parabolic velocity profile (uyg) and Uy = 6U,,, (Y7 hy, )[1_(y /h,, )]
concentration profile (wy).
Who = Wi
Outlet Specified zero average reference pressure coupled  ow A,
with no-slip and zero mass flux condition. X =0, P=Poy
Melrlnbrane bottom  specified fluid velocity normal to the wall (v, ) ¢ J,
wa ==
based on Fick’s law of diffusion (Baker, 2004). Yop
Symmetry plane Specified zero velocity and concentration oV oW
gradients in direction normal to plane. oz =0, oz =0

Membrane top Set as no-slip walls with zero mass flux.
surface and non-

membrane channel

walls

2.3.2 Assumption and cases

Mesh independence studies are performed for model verification so that any potential
source of numerical errors due to inadequate mesh resolution can be excluded. Typically, a
grid resolution with a convergence index (GCI) value below 5% is sufficient for verification
studies (Fimbres-Weihs and Wiley, 2010; Roache and Knupp, 1993). This was obtained
when the fluid domain was discretised with a structured mesh using a minimum element size
of 0.2% and a maximum of 1.6% of the membrane channel height, respectively. In addition, a
minimum of 10 inflation layers are applied near the membrane surfaces (with the first layer
thickness being approximately 0.1% of the membrane channel height) to properly resolve the
velocity and concentration boundary layers. Overall, a fluid domain comprising 1.6 million
control volumes is used for which the resulting GCI was below 1% for both permeate flux

and friction factor.

Once the steady-state simulation has converged, the local variables, i.e., gas
permeation flux and CP modulus, are calculated as the area-averaged variables within the

membrane region length (Ly,) using the following expression:



-1
§ = |, (20)

Table 4 andTable 5 describe the reference parameters and operating variables used for
the typical CO,/CH,4 gas separation case studies. It is important to note that all operating
variables (as in Table 5) are investigated considering other parameters to be the same
following the reference case as indicated in Table 4. The permeate pressure (pp) is set as
constant at atmospheric pressure (see Table 4), which is commonly applied in membrane gas
separation system (Saedi et al., 2014; White et al., 1995). It should be noted that feed
pressure (pr) is varied based on the value of pressure ratio as in Table 5. The permeance value
of CH4 (P;) is fixed for all case studies considered (as in Table 4), while the permeance value
of CO, (Py) is varied depending on membrane selectivity («), as indicated in Table 5 (Blinova
and Svec, 2012; Cakal et al., 2012; Yu et al., 2022).

Table 4: Reference parameters used for gas separation case studies.

Reference parameters Value
Permeate pressure, p, (Pa) 101325
Pressure ratio, ¢ = p; /py 15
Membrane selectivity, a = P; /P; 25
Gas permeance of CH,, P (mol m?s™ Pa™) 1x10°%
Hydraulic diameter, d, (m) 0.01
Hydraulic Reynolds number, Rey = p Uayg dn /12 200
Schmidt number, Sc = u/p D 0.66
Feed concentration of CO, n, | 05
Temperature, T (°C) 25

Table 5: Operating variables used for CO,/CH, gas separation case studies.

Operating variables Value
Membrane selectivity, o = P; / P 10 —250
Pressure ratio, ¢ = p;/ p, 5-65
Hydraulic Reynolds number, Re, = pUayg dn / 1 100 — 800
Feed concentration of CO,, n, | 0.05-0.9
Temperature, T (°C) 25 -60

2.3.3 Comparison between CFD model and analytical correlation

In order to ensure model accuracy, the CFD model presented in this study is
compared against the hydrodynamics analytical correlation, i.e. Fanning friction factor (f) at



different Reynolds number. The Fanning friction factor calculated by CFD in an empty
membrane channel is given as follows (Bird et al., 1960):
— dhAchh (21)
Zpuavg Lm

where dy is the hydraulic diameter, Ap,, is the channel pressure drop, uayg iS the average

velocity, and Ly, is the membrane length.

For a fully developed laminar flow in 2D rectangular channels without permeation
through membrane, the analytical correlation for calculating friction factor is expressed as
(Bird et al., 1960):

_2
Re

Figure 2 shows that both CFD and analytically calculated friction factors agree well

f (22)

with each other with a maximum percentage difference of 5.6% as Re increases. The friction
factor predicted by CFD is consistently smaller compared with that of the analytical
correlation (Figure 2). This is because the gas permeation across the membrane in the CFD
model causes a reduction of bulk fluid flow in the membrane channel, leading to a decrease
in the u-velocity gradient normal to the membrane wall, and hence lower friction factor
(Liang et al., 2014; Liang et al., 2016). Figure 2 also shows that the percentage difference in f
prediction is larger at smaller Re. This is expected, as the membrane extracts more fluid
relative to the bulk flow at a smaller Re. As the main driver of flux enhancement is driven by

hydrodynamics, this gives confidence in the CFD model prediction.

10
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Figure 2: Effect of hydraulic Reynolds number on Fanning friction factor and prediction error (%) between
CFD model and analytical correlation.

3 Results and discussion
3.1 Comparison of CP modulus and flux predicted by FT and CFD models

Figure 3 shows that the analytical film theory (FT) model results in a larger area-

averaged CP modulus () compared with that predicted using the CFD model, thus

indicating that the FT model consistently underestimates CP in the membrane system. As gas
permeation increases across the membrane due to higher membrane selectivity (gas
permeance) and pressure ratio, this causes a large difference in CP predictions up to 25%
between the FT and CFD models (Figure 3a and 3b).

Given that the FT model continues to underpredict CP, this leads to overestimation of
gas permeate flux (J_COZ) in the membrane system, causing the flux predictions to deviate

significantly as selectivity increases, i.e., up to 33% difference between the models (Figure
4a). The significant deviation in predicting CP and flux by the FT model is related to its
assumption that the boundary layer thickness does not depend on gas permeation, which
undermines the effect of CP on the overall mass transfer performance in the membrane
system. Hence, these results suggest that the FT model is not recommended for membranes
with high permeance or high-pressure conditions. Note that the pressure ratio implemented in

industrial gas applications is not more than 15, due to high cost of the energy requirement

11



when compared with a slightly increased membrane gas separation rate (Huang et al., 2014).
This implies that the present FT model can serve as a reliable prediction as the results agree
well with that of CFD for the pressure ratio recommended in practical gas applications, in
terms of CP and flux (Figure 3b and Figure 4b).

While the FT prediction is less accurate at high CP conditions typically, the difference
in CP and flux predictions between the models, on the other hand, becomes smaller as the
flow velocity (or Reynolds number, Rey) increases, i.e. less than 1% for CP, and 2% for gas
permeate flux, as shown in Figure 3c and Figure 4c, respectively. Given that the typical range
of feed composition and temperature has little impact on fluid properties, i.e., gas diffusion
coefficient, densities, and viscosities (Perry and Green, 2007), the resulting CP and flux do
not vary much as well. Therefore, both models predict the membrane performance similarly
with the difference in CP and flux predictions is not more than 3% (Figure 3d and 3e) and 6%

(Figure 4d and 4e), respectively.

12
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Figure 3: Effects of (a) membrane selectivity, (b) pressure ratio, (c) hydraulic Reynolds number, (d) feed
composition, and (e) temperature on area-averaged modulus of concentration polarisation and prediction error

(%) between analytical film theory (FT) and numerical (CFD) models.
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3.2 Accuracy of analytical film theory in industrial membrane gas separation

In order to assess the accuracy of analytical film theory in industrial membrane gas
separation, this section further compares the FT and CFD models across a series of operating
variables, such as hydraulic Reynolds number, membrane selectivity, and pressure ratio that
are typically encountered in industrial membrane processes. Table 6 lists the simulation
parameters used for comparison between the models. A range of hydraulic Reynolds number
(Ren) from 100 to 800 is considered, which are typically applied in industrial gas separation
membrane processes (Alkhamis et al., 2015; He, 2018). Given that the typical range of feed
composition and temperature has little effect on CP and flux as mentioned in Section 3.1, a
constant temperature of 25 °C and 0.5 mole fraction of feed gas concentration are used in this

case.
Table 6: Simulation parameters used for comparison between FT and CFD models.
Case 1 2 3 4 5 6 7 8 9 10
Rey, 100 200 400 800 200 200 200 200 200 200
a 25 25 25 25 10 80 250 25 25 25
) 15 15 15 15 15 15 15 5 40 65
1 q 6 -+
m B "
al ‘?
a wn
£
09 1 41
3 . 2
3 b
= ° .
- x
L. —_
L]
08 1 'g 21 £
£
=
[T
0.7 f : ! 0 . f ; : . |
0.7 0.8 0.9 1 0 2 4 6
CFD model CFD model (x10~* kg m=2 s7")
(a) (b)

Figure 5: Comparison of predictions between analytical film theory (FT) and numerical (CFD) models for area-
averaged (a) CP modulus and (b) CO, permeate flux. The temperature and feed concentration of CO, (mole
fraction) are constant at 25 °C and 0.5, respectively for simulation conditions stated in Table 6.
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Figure 5 shows the predictions of CP modulus and gas permeate flux by the FT model
plotted against CFD results. It is found that there is an average difference of 5.2% in CP
modulus predicted by both models as the FT model consistently underestimates CP, i.e.,
below 0.9 of CP modulus as shown in Figure 5a. This in turn causes the FT model to
overestimate the CO, permeate flux and the difference becomes larger at fluxes higher than
2x107* kg m? s, resulting in an average difference of 9.4% and a maximum deviation of

32.4% in flux predictions between the models (Figure 5b).
3.3 Estimation of local concentration polarisation by film theory

Accurate prediction of local CP becomes important in membrane gas separation
process as significant CP phenomena would reduce gas permeation flux, thus decreasing the

overall performance of membrane module. The local CP modulus () can be estimated by

using the analytical FT model and is expressed as

B exp( J; (x):5(x)/D,)
1+E, [exp(jf (x)-5(x)/Di)—1]

where j, (x) is the local feed volumetric flux calculated by CFD model, and &(x) is the

(23)

7(x)

local boundary layer thickness which can be obtained from equation (10).

Figure 6a shows that the difference in local y predictions between the FT and CFD

models decreases along the membrane channel at higher Rey. This is because a higher Rey,
enhances flow mixing and results in an increase in the boundary layer renewal near the
membrane surface, which minimises CP in the membrane system, leading to a smaller

difference in the local » predictions between both models. Hence, a further increase in Rey, is
expected to result in a closer prediction between the FT and CFD models in this case. Figure
6b and 6¢, on the other hand, show that the difference in local » predictions increases as
membrane selectivity and/or pressure ratio increases. Overall, the trends obtained in Figure 6
show that the difference in local y predicted between both models becomes larger along the
membrane channel. This suggests that the CP prediction using the FT model is more reliable

in the region closer to the entrance of membrane channel.

It should be noted that although this study is performed for typical CO,/CH,4 gas
separation, the insights drawn from this work are applicable to all gases as the mass transfer

finding is driven by hydrodynamics, rather than the gas species. Nevertheless, for other gas

16



separation applications such as membrane gas absorption, the current CFD model should
consider additional parameters such as the reaction rate of gas species along the membrane
module. This is because membrane gas absorption involves both the gas permeation
mechanism through membrane, as well as the chemical reaction of gas species in the

absorption process.
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Figure 6: Effects of (a) hydraulic Reynolds number, (b) membrane selectivity, and (c) pressure ratio on local

CP modulus estimated by analytical film theory (FT) and numerical (CFD) models along the membrane

channel.
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4  Conclusion

A comparative study of film theory against the numerical approach by CFD was
performed for predicting concentration polarisation and flux performance in membrane gas
separation. This study shows that the film theory model becomes less accurate typically at
high CP conditions when gas permeation increases across the membrane due to higher
membrane selectivity and pressure ratio, leading to a large difference in CP predictions as
well as flux performance. This suggests that the film theory is not recommended for
membranes with high permeance or high-pressure conditions. Given that the typical range of
feed composition and temperature has little impact on fluid properties, both film theory and
CFD models predict CP and flux performance similarly. Overall, the analytical film theory
can serve as a reliable approximation for membrane gas applications under low CP at high
crossflow and low flux conditions. The results also indicate that film theory is most accurate
in predicting CP in the region closer to the membrane entrance. Although this study is
performed for the most widely studied CO,/CH,4 gas separation, the same insights could be
applied to other similar gas applications for process design improvement in dense membrane

modules.
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Nomenclature

Symbol
D Diffusion coefficient (m?s )
dn Hydraulic diameter (m)
= Enrichment term
__diApg, o
= 2PU§vg L Fanning friction factor
h Channel half-height (m)
hen Membrane channel height (m)
j Volumetric flux per unitarea (m*m?s™)
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Greek letters

a
)
4
Y7,
¢
P
T

Mass flux (kg m2s 1)

Entrance length (m)

Membrane length (m)

Exit length (m)

Molecular weight (g mol ™)

Mole fraction

Pressure (Pa)

Gas permeance (mol m s * Pa™?)
Ideal gas constant (atm L mol ™ K™?)

Hydraulic Reynolds number

Schmidt number

Time (S)

Temperature (°C)

Average velocity (ms ™)

Inlet velocity at any y-direction (ms™)

Fluid velocity normal to the wall (m s™?)

Velocity vector (m s 1)

Mass fraction

Membrane channel width (m)

Distance in the bulk flow direction, parallel to membrane surface (m)

Distance from the bottom membrane surface, in direction normal to the
surface (m)

Membrane selectivity

Film layer thickness (m)
Concentration polarisation modulus
Dynamic viscosity (kg m*s %)
Pressure ratio

Density (kg m ™)

Wall shear stress (Pa)
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Subscript

b Value at inlet bulk conditions

f Value for the feed

max Value for maximum variable

mix Value for a binary gas mixture of CO, and CH,
0 Value on the feed side membrane surface (wall)
out Value at the domain outlet

p Value for the permeate
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Highlights
e Comparison of CP predicted by film theory and CFD model for membrane gas
separation
e Fluid properties have little impact on CP and flux predicted by FT and CFD models

e Film theory performs better in the region closer to the membrane entrance

e FT predictions are at their best for high crossflow and low flux conditions
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