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In this research, the membrane separation process was used to separate helium from
methane gas. In order to do this, computational fluid dynamics (CFD) was used, and the
effect of process parameters on the performance of the membrane separation process was
studied by this method. To simulate the hydrodynamics of flow in the channel, the Navi-
er-Stokes equation was used, and the Maxwell-Stefan equation was applied to simulate
the mass transfer phenomenon. In addition, Fick’s law was utilized to simulate mass
transfer in the membrane domain. The impacts of significant parameters such as feed
pressure, feed flow rate, and feed concentration on parameters such as He/CH, separation
factor, methane and helium membrane flux and helium mole fraction in permeate stream
were studied. The results of the simulation indicated that the feed pressure of 10 bar, feed
flow rate of 120 cm® min™', and feed mole fraction of 0.0254 had the best membrane

performance in He/CH, separation.
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Introduction

The importance and applications of helium
have increased due to its physical and chemical
characteristics. Helium is a non-flammable and in-
ert gas with a small molecular size, and its boiling
temperature is low. These unique characteristics in-
crease its applications in industrial, medical, and
scientific applications as a cryogenic fluid, protec-
tive fluid media, and an inert gas'. Currently, 29 %
of the global helium supply is consumed by cryo-
genics and superconductivity users?. Among various
applications, 20 % of helium supply is used for
MRI (Magnetic Resonance Imaging) scanners®. In
the future, a large amount of helium will be required
for nuclear fusion power plants*. Market modeling
forecasts that helium demand in technological uses
may double by 20303¢. Therefore, helium produc-
tion has great importance in the industries.

Natural gas fields are the primary sources for
helium extraction, and cryogenic distillation and
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pressure swing adsorption (PSA) are the main con-
ventional processes in helium recovery and purifi-
cation”®, Membrane gas separation is another pro-
cess that can recover and purify helium from natural
gas in some stages. Membrane gas separation has
specific advantages over conventional separation
processes’'*. Low environmental impact, low-ener-
gy consumption, and ease of operation are the main
advantages of this process'®. To gain an efficient
membrane process, membrane material and operat-
ing conditions are the critical factors that should be
considered'”. Hyflon AD60X is a perfluoro polymer
that has a high chemical, thermal, aging, and sol-
vent resistance'®. On the other hand, due to high
helium permeability (up to 476 barrels) and high
He/CH, selectivity (up to 169), Hyflon AD60X is
an excellent membrane material in He/CH, separa-
tion".

A detailed study of the fluid dynamic behavior
becomes essential for both predicting the process
performance and selecting more effective operating
conditions®***. Recently, computational fluid dy-
namics (CFD) has become a practical tool for the
investigation of fluid flows within different geome-
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tries® . It is stipulated that CFD has decreased the
cost and the required number of experiments for the
design and optimization of various processes** ¢,
Therefore, in the following text, the application of
the CFD technique for the investigation of He/CH,
membrane separation will be presented.

Previous researchers and scholars have modest-
ly focused on the membrane separation process in
He/CH, separation. Laguntsov et al.*’ considered
the membrane as a one-dimensional process, and
they also assumed the membrane as a wall without
volume to examine the membrane process for sepa-
ration of helium from natural gas. In their model,
the flux of each component of the membrane is re-
lated to the permeability and partial pressure differ-
ence of that gas on both sides of the membrane. The
gas-phase resistance is ignored on both sides of the
membrane. In other words, they assumed that the
ideal plug flow is running on both sides of the
membrane; thus, the concentration of each compo-
nent is equal in every cross-section of the channels.
By their method, several types of one- and two-
stage membrane separation processes were studied.
They showed that the optimal process was a two-
stage membrane separation with recirculation lines.

Perrin and Stern® studied membrane separation
of the He/CH, mixture experimentally and theoreti-
cally. They simulated He/CH, separation by using
two types of membrane, including silicon rubber
(which is more permeable to methane) and cellulose
triacetate (which is more permeable to helium). To
simulate the membrane process, they considered the
system as a one-dimensional geometry and pre-
sumed that structures of membranes are symmetric.
Therefore, in real situations, the structure of cellu-
lose triacetate is asymmetric. In addition, they sup-
posed that the permeability is not related to the gas
pressure, and axial pressure loss was ignored on
both sides of the membrane. The numerical analysis
done by these assumptions and the comparison of
numerical results with experimental results showed
that the agreement improved in the lower stage cuts.

Ahsan and Hussain simulated the separation of
helium from fuel gas in the hollow fiber mem-
branes®’. They considered the one-dimensional ge-
ometry and used the approximation of logarithmic
mean partial pressure difference on both sides of the
membrane as a driving force to penetrate the gases
through the membrane. Besides, they considered
plug flow at permeate and feed side, and minor
pressure losses at the feed side. By these assump-
tions, they developed a fast and straightforward
model to recover helium from a multicomponent
gas mixture off course for hollow fiber membranes.
Comparison of the literature data and numerical re-
sults showed that the model results could be used

for the prediction of separation and recovery of he-
lium.

Recently, Naumkin applied CFD simulation to
study the separation of helium from methane by
various types of flat polymeric membranes in
two-dimensional geometry*. To simulate the mem-
brane process, the membrane was considered as a
wall without volume. Also, the membrane flux of
each component was considered dependent on the
permeability of every component. The results
showed that high membrane selectivity could not
always lead to a high degree of mixture separation.

To simulate the membrane separation of helium
from methane by the flat inorganic membrane,
Volchkov et al.*' used the mentioned simulation
method. In this study, temperature-related permea-
bility was considered since the used membrane is
an inorganic membrane. Thus, the possibility of
evaluating the membrane performance at high tem-
peratures (even up to 750 K) was accessible.

Although a few researchers have used numeri-
cal studies to investigate the flow feature and mass
transfer efficiency in the helium membrane separa-
tion, there is a lack of a comprehensive numerical
study on this process. This study focuses on im-
proving the simulation method with computational
fluid dynamics. Therefore, a two-dimensional simu-
lation of He/CH, separation by a high-quality mem-
brane material (Hyflon AD60X) were studied. Ad-
ditionally, both membrane medium and flow
channel (upon membrane) were considered in the
simulation. In these conditions, the effects of oper-
ating parameters (such as feed flow rate, concentra-
tion, and pressure) on He/CH, separation were in-
vestigated.

Numerical simulation

Computational domains

In this study, a radial flow pattern occurred on
the flat disk membrane surface. Therefore, the 2D
axisymmetric model of the membrane system was
chosen for the simulations. The membrane system
contained a flow channel and membrane domains.
The flow channel domain was divided into three
subregions: central inlet tube, outlet ring, and mem-
brane channel. Fig. 1 illustrates the full detail of the
membrane system, and the governing equations of
each domain were determined.

Governing equations for flow channel domain

In this study, the Navier-Stocks equations were
coupled with a mass transfer equation to simulate
two-dimensional fluid flow inside the flow channel.
The fluid was assumed laminar, Newtonian, and in-
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Fig. 1 — Membrane system geometry

compressible. The conservation equations for mass
and momentum describing the flow features are
given as follows*™":

V=0 1)
(pu)Vu =V.(—p1+,u(Vu +(Vu)T)) @)

where p, u, u and p are fluid density, velocity, dy-
namic viscosity, and fluid pressure, respectively.

As the molecular diffusion in bulk might affect
the model results, the interactions among the gases
were considered, and the approximation of the di-
lute solution was abandoned®*?*. Thus, the Max-
well-Stefan diffusion equation was used in multi-
component species transport. The mass conservation
equation for component i can be written:

V.j + p(u.V)a)i =R 3)
N, = J; + pua, “
where
Ji :_[pa)iZDikdkj )
k=1
d, =Vx, +(x, -, )21 ©6)
Py
X, = &Mt (7)
Mk
3

-z

i i

where j, w, D,, d_and p, are mass flux, mass frac-
tion, Maxwell-Stefan diffusion coefficient, driving
force, and absolute pressure, respectively. M, and M,
are molecular weight for species i and mixture mo-
lecular weight.

Governing equation for membrane domain

Gas permeation in non-porous, dense polymer-
ic membranes is defined by solution-diffusion theo-
ry. According to the theory, gas transport occurs by
sorption of gas into one surface of the membrane
(high-pressure side), then molecular diffusion oc-
curs in the polymer matrix (that is the rate-limiting
step®®). Desorption of the gas from the other surface
of the membrane (low-pressure side) occurs.
Based on the solution—diffusion model, the pressure
within the thickness of the membrane is uniform. In
this regard, as a fixed parameter, the pressure differ-
ence above and below the membrane was adjusted
at 10 bar. So, the chemical potential gradient of the
species across the membrane is represented only as
a concentration gradient. Fick’s law of diffusion in-
terprets the fundamental mathematical framework
for mass transfer across the nonporous membranes
or diffusion of species through the membrane, and
it was derived by analogy with Fourier’s law of heat
conduction®”*, The species mass conservation for
membrane phase and Fick’s law are presented as
follows:

)
(10)

V.(-DVc¢,)=0
N, =-DV,

.
where N, and ¢, are the molar flux and concentra-
tion of component i.

Boundary conditions

Boundary conditions for the momentum and
mass transfer model in flow channel domain are
given as:
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0 (mm) <7 <3 (mm) and z = 11.065 (mm)

I (un)ds=Q,,, (mass flow) (11)

oQ st

o. = w, , (mass fraction 12
i 0,i ( ) (

where p and Q  are the density and volumetric
flow rate at standard conditions (0 °C and 1 atm).

33 (mm) < r <35 (mm) and z = 11.065 (mm)
P = P, (pressure) (13)

(/A(Vu + (Vu)T ))n =0, (no viscous stress) (14)
(—po. ZDikdk).n =0, (outflow) (15)

=0 (mm) and 0.065 (mm) <z < 11.065 (mm)

u.n = 0, (insulation/symmetry) (16)

(—p1+,u(Vu+(Vu)T)n=0, (17)
(insulation/symmetry)

N.n =0, (axial symmetry) (18)

0 (mm) < r < 35 (mm) and z = 0.065 (mm)
u =0, (no slip condition) (19)

M.p
N,n=A| Kx, Sl e M. |, 20
( p(RT] ; j (20)

st

(Stift-Spring continuous flux)

F;C;Ilbt
1+bx,p

K =K, + e2))

To explain the Stiff-Spring boundary condition,
more details about this boundary condition will be
presented in the next section.

In addition, at the other boundaries related to
flow channel domain:

u = 0, (no-slip condition) (22)
~N.n =0, (no flux) (23)

Due to discontinuities of concentration profile
at the boundary between flow channel domain and
membrane domain, instead of Dirichlet concentra-
tion boundary conditions, the Stiff-Spring boundary
condition was used to achieve continuous flux over
the boundary®. The Stiff-Spring equation was de-
fined as follows:

N.n=A(Kcl -c!') (24)

where i, I, and II represent the species, flow chan-
nel, and membrane domain, respectively. 4 is the

Stiff-Spring velocity which should be sufficiently
large to allow the term in parentheses to approach
zero, ¢ i1s the molar concentration, and K denotes
the partition coefficient®. The partition coefficient
is defined by the solubility coefficient of species in
the membrane. According to the experimental data,
Henry’s law sorption could apply for the solubility
coefficient of helium in Hyflon AD60X®, and du-
al-mode sorption is recommended for calculating
the solubility coefficient of methane®. Thus, the re-
quired parameters for defining partition coefficient
are presented in Table 1.

Table 1 — Parameters required for defining the partition co-
efficient of helium and methane in Hyflon AD60X

K, c
Gas Di Hi b
type cm’® (STP) cm?® [STP] . " |Reference
atm
cm [polymer] atm™ | cm™ [polymer]
He 0.08 — _ £}
CH 0.31 2.95 0.08 33

Boundary conditions for membrane domain are
given as:

0 (mm) <7 <35 (mm) and z = 0 (mm),
(concentration)

¢, = 0, (concentration) (25)
r=0 (mm) and 0 (mm) <z < 0.065 (mm)
N, n=0, (axial symmetry) (26)
0 (mm) < r <35 (mm) and z = 0.065 (mm)

N n=-A| Kx.p P —c |»
RT,

(Stiff-Spring continuous flux) 27

r =35 (mm) and 0 (mm) <z < 0.065 (mm)
N;n=0, (no flux) (28)

Physical properties and transport coefficients

Helium and methane with the dipole of 0.0
thereby® can be assumed as nonpolar molecules.
For nonpolar molecules, the most reliable molecular
model is based upon the Lennard—Jones potential
energy function. This model is a more realistic mo-
lecular model rather than the rigid-sphere approach.
Based on this theory, the viscosity expression for a
pure gas is expressed as follows:

Jmr

=2.6693
a a’Q

U

10°° (29)
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Q,=A(T") " +C(exp(~DT"))+ E(exp(-FT")) (30)

« kT
T =— (31)

£
where T is temperature, Q is the collision integral,
o is the collision diameter, 7" is the dimensionless
temperature, k is the Boltzmann constant, and ¢ is
the characteristic energy of interaction between
molecules. The values of constants A,(9 B, C, D, E
and F are given in Table 2, and M, = and o are

given in Table 3: k

Table 2 — Parameters required for calculating collision inte-
gral®

4 | B | ¢ | p | E | F

* kT
=" (37)

&y

&5 =&, (38)

where D, is the diffusivity of i component through j
component, p is the absolute pressure, o, is the col-
lision diameter, Q is the collision 1ntegral for mo-
lecular diffusion, and ¢, is a Lennard—Jones param-
eter which is the energy of molecular interaction for
the binary system of i and j in**. The values of con-
stants A, B, C, D, E, F, G and H are given in Table
4.

Table 4 — Parameters required for calculating collision inte-
gral for molecular diffusion®

1.16145 0.14874 0.52487 0.77320 2.16178 2.43787

ale|lc|p|e|Fr|e]|u

Table 3 — Parameters required for calculating viscosity

Parameter He CH,
M (g mol™) 4 16

elk (K) 10.22 136.5

o (A) 2.576 3.822

To calculate the viscosity of the multicompo-
nent gas mixture, an empirical formula proposed by
Wilke was used:

n

L =ZL (32)

Z,l]¢11

v 05 0.5 Y, 025 )2
@i:L 1+ =L 1+ Hi (_/j (33)
Tl M, H; M;

For gas pairs of nonreactive and nonpolar mol-
ecules, modern versions of the kinetic theory have
been applied to compute forces of repulsion and at-
traction between the gas molecules. To evaluate the
influence of the molecular forces, the Lennard—
Jones potential, was used and an equation for the
diffusion coefficient presented by Hirschfelder-
Bird-Spotz. Their formula for calculation of diffu-
sion coefficient is®*%:

0.5
0.0018587%5| L 4 L
M, M

J

D, = ey (34)
O-i +0.
0, === (35)
Q, =A(1")" +C(exp(-DT"))+ a6

- E(oxn(-FT))+ O{exo-477)

1.06036 0.15610 0.19300 0.47635 1.03587 1.52996 1.76474 3.89411

The fluid density is another significant parame-
ter, which should be determined to solve the fluid
flow equation. In this study, the fluid includes a
mixture of methane and helium gases, which are
non-polar and spherical. Therefore, in this research,
the ideal gas law (Eq. 39) was used to calculate the
mixture density of the two gases.

n M,x,
pz;':l rt (39)
RT

The last remaining parameters are the gases
diffusion coefficient in membrane material (Hyflon
ADG60X). Their values were 1.700-107 and
3.762-10° cm? s! for the methane and helium gas-
es, respectively.

pmix =

Numerical solution

Mesh independence and operating conditions

To obtain numerical solutions, a two-dimen-
sional model with an adequate number of elements
was generated. To investigate the mesh quality, the
results of average He normal flux in retentate stream
(output flow) of the five different computational
grids (1989, 4242, 5348, 11386, 20080 elements)
were compared. For this purpose, the finite element
method of the COMSOL software package was
used to obtain numerical solutions. The details of
numerical solver can be expressed as:

— Solver: Direct (PARDISO).

Relative tolerance: 0.00001.

— Initial damping factor: 0.01.

Minimum damping factor: 0.000001.

— Restriction for step-size update: 10.
Recovery damping factor: 0.75 (Automatic).
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Table 5 presents the operating and boundary
conditions.

Table 5 — Conditions used for grid study

Parameter |Dimension| Value
Feed flow rate @ STP (Q,) (cm® min') 60
Retentate pressure (p,) (bar) 10
Temperature (7) (K) 308.15
Helium mass fraction in feed (w, ;) ) 0.02
Methane mass fraction in the feed (WOTCH4) =) 0.98

The results of the grid study were extracted
from the software. Fig. 2 compares the normal total
flux of different grids. The variation of the average
He normal flux showed that the relative error was
approximately 0.4 % for grids with 11386 and
20080 elements. Therefore, the geometry with

2.8

1079
o

“a

&

g
ES

Average He normal total flux
o
o

in retentate (kg m? s -
Lo
tn

g
w

0 5000
Number of elements

Fig. 2 — Average He normal total flux in retentate stream vs
the number of elements

10000 15000 20000 25000

11386 elements was selected as the threshold of the
computational domain to apply for further numeri-

cal simulations. The generated mesh is presented in
Fig. 3.

Method validation

The simulation results for the permeation of He
and CH, using the Hyflon AD60X membrane were
compared with the experimental data in order to
validate the mass transfer 2D model proposed. As
the experimental permeability data of He® and
CH,* pure gases were available, it was necessary to
determine the membrane mass flux of He and CH,
pure gases from software, and then calculate perme-
ability data according to the permeability definition.
As shown in Fig. 4, a good agreement was achieved
between our simulation results and experimental
data. The result agreed well with the trends ob-
served in the experimental data. This is confirma-
tion that in modelling, consideration of all the trans-
port mechanisms through the membrane system
(i.e. mass and momentum transport phenomena in
flow channel domain and mass transport phenome-
na in membrane domain) should be preferred to
simpler approaches. Therefore, it may be concluded
that this simulation method could be applied for
further investigations.

Results and discussion

Effect of pressure and feed flow rate on He/CH,
separation factor

The separation factor is an important parameter
that shows the performance of the membrane sepa-
ration process. According to Eq. 40, which was
used for calculating separation factor (@Xye/cy, ), it
was necessary to specify the amount of average

A,

¥
ad
]
&

)
v
|
[
g

¥ AT

W L W T DA AT T

AT AT AT VAT AT ATATA VAT,

[
]
bt
1
5
]
1
[ =
[~
e
[
p
- |

Fadg s
T

3 L/
L e

T,
A
XY, e

Fig. 3 — Mesh used in membrane simulation
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at a different feed flow rate

mole fraction of gas components on both sides of
the membrane (y and x are mole fraction in perme-
ate and feed side of the membrane, respectively).
As the studied gas mixture was composed of two
gases, calculating the mole fraction of one of the
gases facilitated calculation of the other gas. There-
fore, if the mole fraction of helium is determined,
the separation factor can be calculated as follows:

COyercn, = ~ (40)

In this section, the separation factor was calcu-
lated for different feed pressures and feed flow
rates, as shown in Fig. 5. According to obtained re-
sults, the rising pressure value directly increased the
separation factor, while the increase in feed flow

rate had no effect on the amount of the separation
factor. This indicated that the pressure must be in-
creased to achieve a higher separation factor, and
that there was no meaningful relationship between
feed flow rate and separation factor.

Effect of pressure and feed flow rate on CH,
and He flux

The other important parameter, which is used
in assessing membrane performance, is the gases
membrane flux. Desired gas flux (helium) is high in
the efficient membrane, while undesired gas flux
(methane) is low. Thus, the impact of process pa-
rameters such as pressure and feed flow rate on he-
lium and methane flux was examined. As shown in
Fig. 6, methane flux strongly relied on the pressure,
while there was no considerable dependence be-
tween methane flux and feed flow rate. According
to Fig. 7, helium flux was highly proportional to
feed pressure (like methane flux), while feed flow
rate impacted helium flux, and increasing feed flow
rate should also increase helium flux. As shown in
the plots, the effectiveness of helium flux from
pressure was higher than that of helium flux from
the feed flow rate. These explanations show that it
is better to increase pressure in order to gain more
helium flux.

Results clearly show that both methane and he-
lium membrane flux are functions of pressure. The
concentration driving force is needed to penetrate
gas components into the membrane, and the con-
centration driving force is profoundly affected by
the partial pressure of gas components on the mem-
brane surface (feed side). On the other hand, the
partial pressure is directly proportional to feed pres-
sure and gas component mole fraction. Therefore,
flux is a function of (total) feed pressure.

Our results show that the variation of mole
fraction of gases on the membrane surface due to
changes in feed flow rate is the other reason for flux
changes. According to the average mole fraction of
helium on the membrane surface, it will be apparent
that the average helium mole fraction increases
about 7 % when the feed flow rate rises from 60 to
120 cm?® min™', and this difference leads to increase
in helium flux. For methane flux, this variation is
about 0.002 %. According to Fig. 6, there is no sig-
nificant change in methane flux when the feed flow
rate is increased. It can be concluded that a change
in feed flow rate can affect the gas membrane flux
when it could cause a considerable change in gas
mole fraction. Thus, high helium flux will be ob-
tained when pressure and feed flow rate are high. In
addition, the variation of feed flow rate has a con-
siderable effect on helium flux, while it has no ef-
fect on methane flux practically. Therefore, it is rea-
sonable to raise the feed flow rate as much as
possible.
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Effect of feed pressure and feed flow rate on
the permeate mole fraction

In this section, helium mole fraction in the per-
meate stream for different pressures and feed flow
rates were determined utilizing simulation, and the
obtained results are presented in Fig. 8. According
to this figure, the amount of helium mole fraction in
permeate stream is added with the increase of pres-
sure or feed flow rate. Also, the rate of this increase
will be more and more when the amount of feed
flow rate increases.

Indeed, helium mole fraction in the permeate
stream is calculated from the ratio of helium mem-
brane flux to the total membrane flux of methane
and helium. As mentioned, the growth of feed flow
rate will lead to a tangible increase in helium flux,
but the variation of methane flux is not significant.
Therefore, the amount of helium mole fraction in
permeate stream is increased with the growth of
feed flow rate. We can conclude that a feed pressure
of 10 bar with a flow rate of 120 cm® min' is the
most efficient condition. This condition represents
the maximum mole fraction of helium in permeate
stream (according to Fig. 8).

Effect of feed mole fraction on membrane flux

Since the amount of helium concentration in
different gas fields varies, tour aim was to evaluate
the impact of helium concentration of feed stream
on the performance of the membrane process. In
this research, feeds with the helium mole fraction of
0.0004 (Iran, South Pars Gas Field)®’, 0.0021 (Aus-
tralia, Northern Territory, Palm Valley), 0.0053
(Canada, Alberta, Worsley), and 0.0254 (United
States, Alaska, North Slope, South Barroweast)®
were examined. Note that the other fraction of the
feed will be considered methane, and the amounts
of pressure and feed flow rate will be 10 bar and
120 cm?® min'!, respectively.

Fig. 9 and Fig. 10 illustrate the diagram of
methane and helium membrane flux versus helium
mole fraction in the feed stream, respectively.

According to Fig. 9, with the increase in heli-
um mole fraction in the feed stream, the amount of
methane flux reduced, which was, of course, a de-
sirable result. The reason for this decrease in meth-
ane flux is that the amount of methane mole frac-
tion in the feed stream had reduced as helium mole
fraction increased. This will decrease methane par-
tial pressure. Decreasing the partial pressure of
methane in the feed stream reduces the concentra-
tion driving force, and this decreases methane mem-
brane flux. On the other side, according to Fig. 10,
with the increase in helium mole fraction in feed,
the helium flux rises linearly. Indeed, the increase
in helium mole fraction rises concentration driving
force as well as helium membrane flux, linearly.
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In Fig. 11, the impact of helium mole fraction
of feed stream on helium mole fraction in permeate
stream is illustrated. According to this figure, the
amount of helium mole fraction in the permeate
stream is increased from 0.0156 to 0.5081, with the
rise of helium mole fraction in the feed stream from
0.0004 to 0.0254. In other words, the amount of he-
lium mole fraction in permeate stream increased
about 33 times when helium mole fraction in feed
stream increased about 64 times. Therefore, a slight
increase in helium mole fraction in the feed stream
improves the performance of the membrane separa-
tion process. According to Fig. 11, the increasing
procedure of helium mole fraction in the feed stream
is not linear. As shown in Eq. 41, the relationship

NHe

between He/CH, membrane flux ( ) and helium
CH,
mole fraction in permeate stream (y,, ) is nonlinear.
As shown in the previous part, the amount of heli-
um flux (N, ) increased with the rise of helium
mole fraction in feed stream while the amount of
methane flux ( N, ) decreased. Therefore, the non-
linear relationship between helium mole fraction in
the feed stream and helium mole fraction in perme-

ate stream will be confirmed in theoretical analyses.

yHe = NHe = 1 1 (41)
Ny + NCH4 1+
NHe
NCH4
Conclusion

In this study, the impact of feed flow rate and
feed pressure on He/CH, separation factor for a
feed with the helium mole fraction of 0.0004 was
initially studied. The results revealed that rising
pressure increased the separation factor, but the
feed flow rate had no impact on the separation fac-
tor. In the present work, the effects of feed flow rate
and pressure on the membrane flux of methane and
helium were examined comprehensively. According
to the results of simulations, methane flux strongly
relied on the pressure but there was no significant
functionality between feed flow rate and methane
membrane flux. Our findings show that it is better
to increase pressure to obtain higher helium flux.
Mole fraction of permeate stream is another crucial
parameter that was used in analyzing membrane
process performance. Our results confirm that in-
creasing either feed pressure or feed flow rate will
rise helium mole fraction in the permeate stream.
Our findings demonstrate that the pressure of 10 bar
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with 120 cm® min! feed flow rate is an efficient
condition since the amounts of separation factor,
helium flux, and helium mole fraction in permeate
stream were maximum in this condition.

Additionally, the impact of helium mole frac-
tion in feed stream on methane and helium mem-
brane flux and helium mole fraction in permeate
stream was examined in the optimum condition.
The results indicated that the amount of methane
flux decreased with the increase in helium mole
fraction in the feed stream, while the amount of he-
lium flux increased. Moreover, the amounts of heli-
um mole fraction in permeate stream increased from
0.0156 to 0.5081 nonlinearly with the increase in
helium mole fraction in feed stream from 0.0004 to
0.0254. Thus, the increase in helium concentration
in the feed stream improved the performance of the
Hyflon AD60X membrane.

Nomenclature

Symbols

A Stiff-Spring velocity, m s

Constant for calculation of collision integral
Constant for calculation of collision integral
Langmuir affinity constant, atm™!

Constant for calculation of collision integral

aAa S W

T ¢

Langmuir capacity constant, cm®[STP] cm
[polymer]

Concentration, mol m
Diffusion coefficient, m? s
driving force

Constant for calculation of collision integral

DR CEE R

Moving fraction of Langmuir’s population,
Constant for calculation of collision integral

Constant for calculation of collision integral
Constant for calculation of collision integral
Identity tensor

Mass flux (diffusion), kg m? s

Partition coefficient

Henry’s law constant, cm* [STP] cm™ [polymer] atm™

o

Molecular weight, g mol™!

Mass flux, kg m2 s

Molar flux, mol m?2 s

Normal vector

Pressure, Pa

Volumetric flow rate at standard condition, m? s

<

Production rate, kg m= s°!
Radial coordinate, m
Temperature, K

NNYTRRT T ZTZEAAT ST Q

Dimensionless temperature

Velocity vector, m s
Mole fraction
Mole fraction

N2 xR

Axial coordinate, m

Greek letters

o Separation factor

e Characteristic energy of interaction between mol-
ecules, ergs

k Boltzmann constant, ergs K

U Fluid viscosity, Pa s

p Fluid density, kg m™®

o Collision diameter, A

Q,  Collision integral for molecular diffusion calcula-
tion

, Collision integral for viscosity calculation

1) Mass fraction

Subscripts

A Absolute

i Species

J Species

k Species

st Standard

t Total
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