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Abstract — Gas separation via hollow fibre membrane modules (HFMM) is deemed to be a promising technology for
natural gas sweetening, particularly for lowering the level of carbon dioxide (COy) in natural gas, which can cause various
problems during transportation and process operation. Separation performance via HFMM is affected by membrane
properties, module specifications and operating conditions. In this study, a mathematical model for HFMM is developed,
which can be used to assess the effects of the aforementioned variables on separation performance. Appropriate boundary
conditions are imposed to resolve steady-state values of permeate variables and incorporated in the model equations via
an iterative numerical procedure. The developed model is proven to be reliable via model validation against experimental
data in the literature. Also, the model is capable of capturing axial variations of process variables as well as predicting
key performance indicators. It can be extended to simulate a large-scale plant and identify an optimal process design and
operating conditions for improved separation efficiency and reduced cost.
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1. Introduction

Natural gas is considered to be one of the most crucial energy
sources worldwide due to its environmental benefits compared to
other fossil fuels [1,2]. It primarily consists of light hydrocarbons
such as methane, ethane, propane and butanes with impurities of
carbon dioxide, water and hydrogen sulphide, although their
compositions may vary significantly depending on the production
site [3]. In particular, acidic gases such as carbon dioxide (CO;) can
cause corrosion in the pipeline during transportation and therefore
should be removed in order to control the gas quality for improved
performance and to prevent any potential problems that can be caused
during the process operation and transportation, e.g., the maximum
CO, level is restricted to be < 3% [2]. CO, can be captured via
absorption, adsorption and membranes; chemical absorption using
amine solvents is a well-established technology for CO, capture.
However, it requires high solvent regeneration energy and a large
footprint [1,4,5]. Alternatively, membrane separation processes are
thought to be promising; there are mainly two types of membrane
separation methods applied for natural gas separation: gas separation
via a selective membrane and chemical absorption via membrane
contactor [2,6-13]. The latter is essentially similar to amine-based
chemical absorption but operated in a membrane contactor. Such a
gas-liquid membrane contactor system carries similar disadvantages
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accompanied by the use of amine solvents. On the other hand,
membrane gas separation is induced by a partial pressure difference
between feed and permeate gases. It has several advantages such
as simple equipment, small footprint, easy operation and maintenance
and cost-effectiveness and therefore is considered to be an efficient
alternative to the conventional absorption method [7,14]. However,
membrane gas separation has several limitations, such as low CO,
fluxes and selectivities and high operating cost for gas compression
[9].

Many attempts have been made to improve the separation
performance, especially around developing new polymeric membranes
[6,14-23]. In particular, the membrane needs to possess a good gas
permeability and selectivity, but they are often in a trade-off relationship
[6]. In addition to membrane materials, the membrane module design
plays a critical role in determining separation efficiency [3,24-26].
There are three types of membrane modules — plate-and-frame,
spiral-wound and hollow fibre modules — among them, a hollow
fibre membrane module (HFMM) is a popular option owing to its
high packing density [24]. Not only are the diameter and thickness of
membrane fibres critical, but the diameter and length of the membrane
module containing the bundle of hollow fibres are also important.
Furthermore, for a large-scale separation plant, process design and
operating conditions should be carefully selected via optimisation
for improved performance and reduced cost [5,27].

Mathematical modelling can be a valuable and efficient tool in
deriving an effective process design and operation strategy. Depending
on the selected membrane materials and module, separation
performance can be predicted for a single module, as well as other
process variables such as flowrate, concentration and pressure.
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Furthermore, by extending the model, simulation for a large-scale
plant with multiple HFMMs can be undertaken in order to assess
plant performance, energy consumption and cost. There are a number
of modelling and simulation studies for HFMM in the literature
[3,4,18,25-37]. Lock et al. developed a model for CO, capture using
HFMM by means of Aspen HYSYS in order to facilitate the integration
of HFMM in the entire natural gas purification plant [34]. Although
their model incorporates a radial crossflow within HFMM to take
into account more realistic flow effects on separation performance
and cost, their work focused on analysing predicted spatial pressures
and overall performance and cost without detailed analyses on
spatial variations in flowrates and compositions. Moreover, Chu et
al. presented a mathematical modelling approach using orthogonal
collocation to approximate nonlinear differential equations [3].
Although the models presented in the literature proved their
competency in calculating the overall performance indicators, the
treatment of boundary conditions for model equations, especially at
the closed end of the permeate side, was not addressed or assumed to
be zero, which is not realistic. In general, one side of permeate side is
closed, meaning that there is only an exit of the permeate flow path.
In a steady-state, permeate flowrate and composition at the closed
end are not zero and depend on permeate fluxes across the membrane.
Therefore adequate boundary conditions for the permeate side should
be applied so as to identify the steady-state permeate flowrate and
composition at the permeate closed end. Furthermore, an iterative

numerical procedure is required to apply such implicit boundary
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conditions and solve a set of nonlinear differential equations to resolve
flowrate, concentration and pressure profiles.

This study aims to develop a tractable mathematical model for
hollow fibre gas separation with an efficient numerical procedure to
obtain model solutions. In particular, the treatment of boundary
conditions for the differential model equations is focused to realistically
resolve permeate fluxes, flowrates and compositions, especially at
the closed permeate end. The developed model is validated against
experimental data available in the literature [37,38] to ensure the
reliability of the model. Simulations under various operating conditions
and flow modes for removing carbon dioxide from natural gas
(assumed to be methane, CHy4) are undertaken to investigate the
effects of those variables on the overall separation performance.

2. Methods

2-1. Overview of a modelling approach

Fig. 1 shows a schematic illustration of HFMM with various
operation modes. Key module design parameters involve a module
diameter (d,), effective fibre length (L), the number of fibres (V)
and inner and outer diameters of a single fibre (d; and d,,), shown in
Fig. 1a. Feed gas can enter either the bundled hollow fibres or the
membrane module side (i.e., outside the bundled hollow fibres), making
the permeate gas flow outside or inside the fibres. The former is called
the feed-tube (FT) mode, and the latter the feed-shell (FS) mode, as
depicted in Fig. 1b. Also, two gas streams, feed and permeate, can be
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Fig. 1. A schematic of hollow fibre membrane module (HFMM) and flow configurations. a: an illustration of HFMM and key module design
parameters, b: two flow modes, feed gas flowing inside fibres (feed-tube mode, FT) and feed gas flowing outside fibres (feed-shell
mode, FS), c: two flow directions, co-current (CO) and counter-current (CT) flow.
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either in the co-current (CO) or counter-current (CT) flows. As a result,
there are four flow configurations: co-current & feed-tube (CO-FT),
counter-current & feed-tube (CT-FT), co-current & feed-shell (CO-
FS) and counter-current & feed-shell (CT-FS) modes. In addition,
sweep gas, either inert gas or retentate, can be imposed on the permeate
side to induce a higher driving force for permeation through the
membranes. This study only takes into account operating scenarios
without sweep gas, as illustrated in Fig. 1a.

2-2. Mathematical modelling

There are several assumptions used to develop a mathematical
model for HFMM at the steady-state. First of all, an axial gas stream
direction in the shell side is assumed due to the trivial portion of non-
axial flow near the entrance and exit of the module. In other words,
there are either perfect co-current or counter-current flows. Second,
radial variations in flow and concentration patterns are neglected
both in the tube and shell, i.e., plug flow. Third, all fibres are assumed
to be aligned axially and distributed uniformly, making the cross-
sectional areas of tube and shell sides constant across the membrane
module. Finally, temperature variations in the membrane materials
and inside the module are assumed to be negligible due to isothermal
operation.

The amount of gas passing through the membrane is governed by
the difference of partial pressures between the feed and permeate
sides, formulated by the following equation.:

Ji:Qi(Pf.i_Pp.i) (1)

where J; is the permeate flux of component i in mol/(m?-s), O;
the membrane permeance for component i in mol/(Pa-m*:s), P;
the partial pressure of component i in Pa. The subscripts f and p
denote feed and permeate, respectively. Partial pressure is deter-
mined by the total pressure and molar fraction of each component
as:

Bi=y b fork=forp )

where Py and yy; is the total pressure and molar fraction of com-
ponent i either for feed or permeate streams, respectively.

The component balances for each feed and permeate side are
formulated as follows:

dr, .
d= - i""int ( )
ar,, |JW,, forco-current

dz  |-JW,, for counter-current “
W, =nrd,N ®)

where F; is the molar flowrate of component i in mol/s and W;,,
the interfacial membrane width in m. By solving Egs. (3) and (4),
axial molar flowrates can be obtained, along with molar fractions
of each component using Eq. (6).

B
*— fork=forp

Yei = ZEH

i

(©)

Axial pressure variations are accounted for via pressure drop
equations derived from the Hagen-Poiseuille equation for ideal
gases. The pressure drop equations can be found in the literature
[3], depending on the flow configurations.

A set of ordinary differential equations in Egs. (3)-(4) and pressure
drop equations is solved using the following boundary conditions.
For the feed stream, inlet conditions (at z = 0) are given:

F, =y"F) atz=0 ™

P, =P atz=0 ®

where F/”, /" and P/” are the inlet feed flowrate, molar fraction
and pressure, respectively. Boundary conditions for permeate flow-
rates and pressures are given differently for the co-current and
counter-current flow. For the co-current flow, the derivative of each
permeate flowrate at the closed end (at z=0) is provided as a
boundary condition, which equals the product of permeate flux
and interfacial width for each component, as shown in Eq. (9).
dF,

—’”:J,.W

J . atz=0 for co-current flow 9
4

On the other hand, permeate flowrate at the exit (at z = 0) is the
integration of permeate flux along the axial direction, as in Eq. (10).

z=L

F,,= J JW,dz atz=0 for counter-current flow (10)
2=0
Permeate pressure at the exit is assumed to be atmospheric, which
are given in Egs. (11) and (12) for the co-current and counter-current
modes, respectively.

P =latmatz =L for co-current flow 11

P =latmatz=0 for counter-current flow 12)

2-3. Numerical algorithm and simulation details

The ordinary differential equations in Egs. (3)-(4) and pressure
drop equations are converted to a set of algebraic equations through
the 1st order finite backward difference method. The derivative and
integral terms in the boundary conditions in Egs. (9)-(10) are
reformulated to algebraic equations and applied to solve the above
model equations. For the permeate side, an iterative procedure is
required to apply the boundary conditions and solve the differential
equations simultaneously by obtaining values of F,; and P, atz=0
for the co-current mode and F,,; at z = 0 for the counter-current mode,
as illustrated in Fig. 2. The modified fixed-point iteration method is
applied to update unknown variables, for example,

ew

X" =x" 4 ke (13)
where x is the variable to be found, e the relative errors defined
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Fig. 2. A numerical algorithm used in this study.

in Fig. 2 and x the constant between 0 and 1 that controls the
convergence speed and numerical stability. For example, for a
binary system of CO, and CHy, three variables, F}, co, Fp, cra and
P, at z=0 should be found for the co-current flow, while two
variables, F, co» and F, cps are obtained for the counter-current
flow.

A number of simulations are undertaken by varying feed flowrate,
composition and pressure for four different flow configurations, i.e.,
CO-FS, CO-FT, CT-FS and CT-FT. It is assumed that feed gas is
composed of methane (CHy) and CO,. For different operating
conditions, key performance variables —a stage cut defined by a ratio
of the total permeate to inlet feed flowrate, CH4 composition in the
retentate and CO, composition in the permeate — are analysed and
compared. The specifications of HFFM and operating conditions
used in the simulation are listed in Table 1. The range of varying
conditions is chosen based on the literature [3]. A wide range of feed
flowrate is chosen to span between 0 and 100% of the resultant stage
cut. For model discretisation, the number of segments (V,) is selected
to be sufficiently large so that the aforementioned key performance
indicators are independent of a chosen segment size; for a 0.6 m

Table 1. Simulation conditions used in this work

fibre, discrepancies in the calculated stage cut are less than 1% among
N; of 100, 200 and 400 without a noticeable difference in computation
time. The model equations and numerical algorithm are implemented
in an in-house code programmed in MATLAB.

3. Results and Discussion

First, the developed model is validated against experimental data
available in the literature [31,38], followed by simulation results
under various operating conditions.

3-1. Model validation

Fig. 3 shows comparison results between experimental data and
simulation results of CH4 composition in the retentate stream for
four flow configurations under the same experimental conditions
[37]; feed gas consists of CHy and CO, at 7=301 K, Pfi” =405.3 kPa,
yﬁcozi”= 0.6. Membrane permeances for each component are:
Ocor = 1.48x10° mol/(m?-Pa-s) and Qcys = 4.12x107'" mol/(m?-Pa-s).
In the experiments, a composite membrane of a polysulfone support
layer and aliphatic copolymer coating was used. Module specifications

Description Symbol Value Unit Source
Temperature T 296.15 K -
Feed pressure P 20%10%, 40x10° and 60x10° Pa -
Feed flowrate Ff 8.4x10°1t0 6.65 mol/s -
Feed CO, composition Yico™ 0.05,0.1,0.2 and 0.3 - -
CO5 permeance Ocon 3.207x107 mol/(m?-Pa-s) [3]
CH, permeance Ocr 1.33x10°10 mol/(m?-Pa-s) [3]
Module diameter A 0.1 m [3]
Fibre outer diameter d, 250%10° m [3]
Fibre inner diameter d; 200%10° m [3]
Fibre length L 0.6 m [3]
Number of fibres N 60,000 - [3]
Number of discretised segments N 400 - -
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Fig. 3. Comparison between the calculated mole fraction of CHy
from the developed model and experimental data for the
CH4CO; system [37]. Solid and dashed lines are simula-
tion results, and star symbols are experimental data.

are: dy=0.01 m, d,=735%x10°m, d;=389x10°m, L=0.15 m and
N = 100. Comparison results demonstrate that the calculated CHy4
mole fraction in the retentate stream for the co-current flow is in
good agreement with the reported experimental data in the literature
[37] at a relative error of up to 0.054% in the retentate CH,
composition, although the experimental flow mode was not clearly
stated.

In addition, a binary system of N, and O is simulated and compared
with an experimental study in the literature where asymmetric hollow
fibre membranes with a dense outer layer and porous support
were used [38]. The experiments were undertaken for all four flow
configurations: CO-FS, CO-FT, CT-FS and CT-FT. The experimental
conditions are: 7=296.15K, me =790.8 kPa, yﬁozi” =0.205, Qpn =
3.078%10° mol/(m?-Pa-s) and Oy, = 5.7x10"'" mol/(m?-Pa-s), dy,y =
9.5x10% m, d, = 160x10 m, d; = 80x10 m, L = 0.25 m and N = 368.
As can be seen in Fig. 4, calculated N, composition in the retentate
and O, composition in the permeate by the developed model show a
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good agreement with the experimental results; relative errors between
the model and experiments in the N, and O, compositions are less
than 0.6% and 1.4%, respectively. The model validation results
presented here demonstrate the credibility of the developed model
for a CO,-CH, system and an air separation system. Based on the
comparison results, it is also believed that the model can be extended
for multicomponent systems and would be able to produce reliable
predictions if permeance parameters are accurately measured via
experiments, as in the aforementioned experimental studies.

3-2. Simulation results of a representative case

Spatial variations in flowrates, permeate fluxes, mole fractions
and pressures in the feed and permeate sides are presented in Figures
5 and 6 for CO and CT modes, respectively. Both simulations are in
FS mode at Py =60x10° Pa, F;™ = 0.175 mol/s and yzco,™ = 0.1
with other operating conditions as listed in Table 1. Simulation results
reveal that CT achieves a larger stage cut, CHy purity of the retentate
and CO, composition of the permeate than CO, although differences
are small, i.e., stage cut: 21.45% and 21.82%, CH4 purity of 98.80%
and 99.38% and CO, purity of 42.55% and 43.63% for CO and CT,
respectively. Furthermore, the separation factor, defined by (v,.coo/
Yo.cas) (Vicoalyicaa), is predicted to be 61.3 and 125 for CO and CT,
respectively. The high separation factor for CT is attributed to the
CO, mole fraction in the retentate being almost 0.

In CO shown in Fig. 5, CO, flux decreases along the flow direction
(from 1.68x1073 to 9.15x1073 mol/(m*s)) while CH, flux remains
relatively constant over the membrane module (from 7.14x10* to
7.81x10™* mol/(m*s)). This is mainly attributed to the high CO,
permeance, which leads to rapid CO, permeation under the high
driving force near the module entrance. Because of the loss of CO, in
the feed stream, the CO, feed flowrate (F;co,) decreases as well as
its mole fraction in the feed stream (y;co2), as shown in Figs. 5b and
5c. Likewise, the CH, flowrate in the feed side is reduced along the
flow direction due to the continuous permeation of CH, through the
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Fig. 4. Comparison between simulation results and experimental data for the N,-O; system [38], a: N, mole fraction in the retentate stream
and b: O; mole fraction in the permeate stream. Solid and dashed lines are simulation results, and square, circle, diamond and hexa-

gram symbols are experimental data.

Korean Chem. Eng. Res., Vol. 60, No. 1, February, 2022



56 Boram Gu

a ,x10° ‘ b
—CO02 5
— |——CH4| ) °
»15- g £
N 0]
£ o T
>o ’ coz T =
S (]
E Jers % TH
3 o £
X — ©
3 (0]
T 05 3 £
L 3
o

0 ‘
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.2 0.4 0.6
Length [m] Length [m]

Mole Fraction in Feed [mol/mol] &

0.27 0.2
Ytcoz
0 : 0
0 0.2 04 0.6
Length [m]

Mole Fraction in Permeate [mol/mol]

2000

1500

1000

500

Feed Pressure Drop
Permeate Pressure Drop [Pa]

0
0.6

0 0.2
Length [m]

0.4

Fig. 5. Spatial variations of flowrates, fluxes mole fractions and pressures in the feed and permeate sides for the co-current flow. a: CO; and
CHy fluxes, b: (left axis) CO, and CHy4 flowrates in the feed side, (right axis) CO, and CH4 flowrates in the permeate side, c: (left axis)
CO; and CH4 mole fraction in the feed side, (right axis) CO, and CH4 mole fraction in the permeate side, d: (left axis) feed pressure
drop defined as (Py;, — Py), (right axis) permeate pressure drop defined as (P,— P, 4, (1atm)). In b-d, blue and orange curves corre-

spond to the left and right axes, respectively.

membrane, but its mole fraction CHy increases. This results from the
larger amount of CO, permeation through the membrane than CHy.
As can be seen in Fig. 5d, pressure drops in both feed and permeate
sides are insignificant, which means the mole fraction of each
component is a critical factor in determining permeate fluxes. As
demonstrated in Fig. Sc, the difference of CO, mole fraction between
the feed and permeate side decreases, which coincides with decreasing
CO; flux along the flow direction, as shown in Fig. 5a.

CT achieves CO, flux of 1.78x107 to 8.82x10"> mol/(m*-s) and
CH, flux of 7.11x10™ to 7.81x10™ mol/{m?>ss), with remarkable similarity
of the axial profile to CO, as shown in Fig. 6a and Fig. 5a for CT and
CO, respectively. However, the patterns of flowrates, mole fractions
and pressures in CT appear to be different from those in CO owing to
the opposite direction of permeate flow. As seen in Fig. 6b, the permeate
flowrate increases in the permeate flow direction, i.e., from L=0.6 m
to L =0 m, which appears to be flipped horizontally from the
permeate flowrate patterns in CO shown in Fig. 5b.

Interestingly, the trend of mole fractions in CT resembles that in
CO despite the opposite direction of permeate streams in CO and CT,
i.e., a decrease of CO, mole and an increase of CH, in the permeate
side from L =0 m to 0.6 m. In other words, the CO, mole fraction
rises towards the permeate exit (from approximately 0.1 to 0.4),
unlike decreasing the CO, mole fraction in CO (from around 0.7 to

Korean Chem. Eng. Res., Vol. 60, No. 1, February, 2022

0.4). Also, the CH4 mole fraction decreases from about 0.9 to 0.6
towards the permeate exit, while CO exhibits an increase in the CHy
mole fraction from around 0.3 to 0.6 toward the exit. This could be
due to the dominant role of feed pressure and mole fractions in
calculating fluxes, which make the permeate mole fractions follow
the trends of feed mole fractions. Nevertheless, both CO and CT
configurations result in the almost same exit mole fractions in the
permeate side.

It is noticed that permeate pressures at the closed end in both flow
configurations differ from each other, i.e., differences between the
closed end pressure and exit pressure (1 atm) are 1190 Pa and 1806
Pa for CT (Fig. 6(d)) and CO (Fig. 5(d)), respectively. This implies
that CT might be more advantageous than CO in terms of relatively
small pressure loss along the permeate side. The same is observed
for FT scenarios (omitted here due to similar trends to FS); 243.4 Pa
vs 145.4 Pa for CO and CT flows, respectively. Nevertheless, it
should be noted that pressure drops could become significant
depending on the module and fibre specifications, more precisely the
fibre inner diameter and packing density determined by the number
of fibres, module diameters and outer fibre diameter.

Fig. 7 displays the simulation results of CO, mole fraction in the
permeate and CH, in the retentate for four flow configurations under
the same operating conditions as those used for Figs. 5 and 6. Feed
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flowrate is varied between 0.03 mol/s and 1.7 mol/s to accomplish a
stage cut of 3.6% to 86%. It is worth mentioning that a stage cut is
one of the main performance indicators in gas separation via
membranes, which is determined by a feed flowrate and module
length. As the feed flowrate increases at the fixed module length, a
resulting stage cut decreases because the total permeate flowrate
relative to the feed is reduced, as demonstrated in Fig. 7. An important
finding is that for a high stage cut, high CH, purity in the retentate,
up to almost 100%, can be achieved, whereas CO, composition in
the permeate is lowered. This suggests that if gas separation aims to
improve natural gas quality, a high stage cut operation should be
favourable at the expense of CO, purity.

It can also be seen that there is a negligible difference between FS
and FT modes for the current membrane specifications. Furthermore,
as mentioned earlier, differences between CO and CT are not
pronounced, although only CT is able to reach close to 100% separation.
It can be observed that the CO, mole fraction in the permeate tends
to its initial mole fraction of the feed gas as increasing stage cut due
to higher CO, permeance than CH, permeance.

Prior to further simulations under various conditions, the current
numerical method that accounts for the steady-state boundary conditions
at the closed end of the permeate side is compared with a simulation
that assumes zero permeate flowrates at the closed end (called the
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Fig. 7. Simulation results at Pr= 60x10° Pa and y;co; = 0.1 for four flow
configurations by varying a feed flowrate between 0.030 mol/s
and 1.7 mol/s. (Left axis) CO, mole fraction in the permeate
and (right axis) CH4 mole fraction in the retentate.

simplified method). The simulation conditions are same as those
used in the representative scenario. Overall performance indicators
resulting from two simulations exhibit small differences; a stage cut
of 21.46% for the current method and 21.37% for the simplified
method. However, there is a noticeable difference in spatial profiles,
especially near the closed end of the permeate side. As can be in Fig. 8b,
imposing zero permeate flowrates for each component at the closed
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method. A logarithmic scale is used for the right y-axis, permeate flowrate.

end results in the loss of information at the closed end of the permeate
side. This leads to the distinct curve of molar fractions near z = 0. On
the other hand, using the steady-state permeate flowrates obtained by
the proposed numerical method, smooth curves can be gained for
molar fractions, as demonstrated in Fig. 8a.

3-3. Simulation results under various operating conditions

In this section, simulation results under different feed pressures
and compositions for CO and CT are presented for the FS mode.
First of all, the dependence of stage cut on feed flowrate under
different feed conditions is shown in Fig. 9. There is no noticeable
difference between CO and CT for all conditions, consistent with the
representative case presented earlier. It is demonstrated that there is a
lower limit of feed flowrate for a fixed module design, which makes
the resulting stage cut close to 100%. Also, the stage cut becomes
dramatically reduced as the feed flow increases, which implies that
the practical range of feed flowrate would be narrower than the whole
simulated range (from 0.0084 mol/s up to 5.25 mol/s) that corresponds
to a stage cut of 1% to 100% for a single HFFM. If multiple HFFMs
are to be used in the natural gas purification process, an operating

a 1
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feed flowrate can be decided depending on the target single stage cut
via model calculation.

The effects of feed composition on the predicted stage cuts can be
analysed; for the fixed feed flowrate, a stage cut is larger as the CO,
composition in the feed becomes larger. This can be explained by
CO, fluxes being larger than CHy fluxes for the simulated membrane
module. Feed pressure also demonstrated its influence on the predicted
stage cut, as can be seen in Fig. 8. The larger the feed pressure, the
larger the stage cut achieved at the constant feed flowrate. This is a
reasonable outcome because the main driving force for permeation is
a partial pressure difference between the feed and permeate sides.

An interesting observation can be made that patterns of separation
factors (=(v,co/Vp.ca)(Vecoa/vecra)) in CT differ significantly from
those in CO, especially at low feed flowrates, i.e., at high stage cuts.
In such conditions, CHy purity in the retentate tends to 1, which makes
the separation factor approach infinity, as can be seen in Fig. 8b. On
the other hand, there seems to be an optimal feed flowrate that can
achieve the maximum separation faction when the system is in CO.
Further results of CH4 and CO, compositions in the retentate and
permeate streams will be addressed below.
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Fig. 9. Simulation results with respect to varied feed flowrate. a: Predicted stage cut vs feed flowrate in the logarithmic scale and b: separa-
tion factor (ypco2Vp,cra)/(Vr,co2/yscns) under various operating conditions for the FS mode. P indicates feed pressures (20x10° Pa,
40x10° Pa and 60x10° Pa), and the percentage values denote feed CO, molar compositions (5%, 10%, 20% and 30%).
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Fig. 10. Simulation results under various operating conditions for the feed-shell mode. P indicates feed pressures (20x10° Pa, 40x10° Pa and
60x10° Pa), and the percentage values denote feed CO, molar compositions (5%, 10%, 20% and 30%). a: predicted CH, composition in
the retentate vs predicted stage cut under varying feed composition, b: predicted CO, composition in the permeate vs predicted stage cut
under varying feed composition, c: predicted CH; composition in the retentate vs predicted stage cut under varying feed pressure and d:
predicted CO, composition in the permeate vs predicted stage cut under varying feed pressure.

Fig. 10 displays the CH4 mole fraction in the retentate and CO,
mole fraction in the permeate under various operating conditions
with respect to the predicted stage cut for varied feed flowrates. The
top figures (Figures 10 a-b) can be used to investigate the effects of
feed compositions on the resultant CHy purity in the retentate and
CO, composition in the permeate. Although the CH; composition
varies in a range of 70% to 95%, all the simulated scenarios can
achieve a purity over 99% at a feed pressure of 60 bar. As a stage cut
increases (i.e., feed flowrate decreases), purification performance is
shown to be improved. An interesting observation in Fig. 10a (the
zoomed plot) is that discrepancy between CO and CT modes is
larger at the lower CH4 composition in the feed stream. This implies
that CT should be preferred in such cases where the amount of
impurities in natural gas is significant.

For the CO, mole fraction in the permeate stream in Fig. 10b, the
same trends are observed in Fig. 7 for the representative case.
Obviously, the composition of CO; in the permeate is higher for higher
CO, feed compositions. Due to the inherent nature of the selected
membrane with its CO, and CH4 permeance values, there is a
maximum CO, mole fraction that can be achieved even at the very
small stage cut. Also, as mentioned earlier in the previous section,
the CO, mole fraction tends to the feed CO, mole fraction as the

stage cut approaches 1.

Furthermore, the retentate and permeate compositions are affected
by feed pressures as displayed in Figs. 10c and 10d, albeit not
significantly. Higher feed pressures lead to higher CH4 composition
in the retentate and higher CO, composition in the permeate.
Interestingly, differences between CO and CT in CHy in the retentate
shown in Figure 10c are more pronounced at lower feed pressures.
All CT scenarios achieve 100% CHy in the retentate, while for CO,
the CH4 mole fraction at 100% stage cut is slightly lower than 1.
Therefore it can be said from Fig. 10c that CT outperforms CO in
terms of CHy purity while there might be an insignificant difference
between CT and CO in a scenario where a stage cut is expected to be
very low.

4. Conclusion

In this study, we develop a tractable mathematical model for gas
separation via hollow fibre membrane modules which can be applied
to various gas mixture systems. The model is capable of not only
predicting a production rate and purity but also capturing spatial
profiles of flowrates, compositions and pressures both in the feed and
permeate sides through imposing appropriate steady-state boundary
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conditions for the differential model equations. Furthermore, four
types of flow mode (CO-FS, CO-FT, CT-FS and CT-FO) are accounted
for in the model, which makes the developed model applicable to
optimisation an operation mode for performance improvement.

Model validation results demonstrate an excellent agreement with
two sets of experimental data in the literature; the first set of data was
for a CO,-CHy4 system with an arbitrary flow mode, and the other
was for an O,-N; system with all four flow modes. The developed
model has proven its potential for a wide range of gas separation
applications, in addition to natural gas sweetening. The current model
can be extended to simulate a large scale separation process with
multiple membrane modules to assess the large scale performance.
Furthermore, model-based optimisation can be performed to identify
an optimal process design and operating conditions to achieve
improved performance and reduced cost by coupling a cost model
with the developed model.
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