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Nomenclature: C,, inlet H, concentration in the feed (shell) side, mol/m? Ch,-membrane, Ha concentration in the membrane, mol/m?; Ch,-shetl, H
concentration in the shell, mol/m? Cy,-tube, Ha concentration in the tube, mol/m? C;, concentration of any species, mol/m?; Dy, -membrane, Ha
diffusion coefficient into the membrane, m?/s; Dy, -shell, H, diffusion coefficient into the shell, m?/s; Dy, -tube, H, diffusion coefficient in the tube,
m?/s; Dy, gas phase diffusion coefficient, m?/s; Dignen, diffusion coefficient of any species in the shell, m?/s; Diiquia» liquid phase diffusion
coefficient, m?%/s; L, length of the fiber, m; m, partition coefficient; N, total flux for all species, mol/m?s; r,, inner radius of tube, m; r», outer radius
of tube, m; r3, inner radius of shell, m; R, overall reaction rate for all species, mol/m3s; R, inner radius of module, m; u, average velocity, m/s; V,,
velocity in the module, m/s; V, e, Velocity in the shell, m/s; V, e, Velocity in the tube, m/s; z, axial distance, m; p, pressure, Pa; T, temperature,
°K; v, fluid velocity, m/s; n, number of fibers, —

Greek symbols: ¢, porosity; 7, tortuosity; @, module volume fraction, m>; o, density, g/1; , viscosity, cp

Subscripts: Shell, space around the fibers in the HFMC; Tube, inner part of the fiber

Abbreviations: FEM, Finite element method; HFM, hollow fiber membrane; HFMC, hollow fiber membrane contactor; CFD, computational fluid
dynamics; H,, hydrogen; MEA, monoethanolamine; TEA, triethanolamine
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1 | INTRODUCTION

Hydrogen (H,) is the most abundant element in the
world.! It can be used as an important energy carrier
and fuel in the transport systems. However, available
pure H, is very low. A large amount of available H, is
in combination with oxygen and carbon. Water, biomass,
and hydrocarbons are three different forms of H, storing
systems.>® Nowadays, membrane-based technology has
been considered as a powerful technique for various
separation processes. Membrane-based process units have
a compact size, high efficiency, low maintenance,
low-energy consumption, low capital investment, ease
of operation, and high flexibility.*” Hence, membrane
technology can be preferred to other separation processes
such as adsorption, absorption, and cryogenic distillation.
The first H,/nitrogen (N,) membrane separation unit in a
large-scale industrial plant was implemented by
Monsanto in the ammonia purge gas unit in 1980.**°
Other major H, separation processes include the separa-
tion of H, from methane (CH,) (natural gas refining)
and adjusting the carbon monoxide (CO)/H, ratio in the
syngas process.'!!

H, is a small and noncondensable gas with a high
diffusion rate in glassy polymers. The common
polymeric membrane materials for H, separation are
polysulfones, polycarbonates, cellulose acetates, polyam-
ides, polyimides, and fluoropolymers.”**> Among the
membrane configurations, hollow fiber membrane
(HFM) has the highest surface area in comparison with
the other modules such as spiral wound and plate and
frame.10’16‘17

Gas-liquid HFM contactors (HFMCs) are proposed as
favorable equipments, which take the advantages of both
the HFMs and gas-liquid contactors. They are preferred
due to high surface area, no phase interpenetrations,
and the ease of scale-up and down. In addition, they have
no operational problems that usually occur in conven-
tional equipment, such as flooding, weeping, loading,
entrainment, and foaming. In recent years, many studies
have been conducted in modeling and simulation of
HFMCs by considering the influence of various parame-
ters such as gas and liquid flow rates, absorbent types,
fluid velocities, and pressure.'®?® Membrane modeling
can be done for a better material selection, adjusting
the operating conditions and design of the membrane
modules. Moreover, simulation of HFMs can help to pre-
dict optimum operating conditions for minimization of
economic costs.?>?*>7 In addition to process conditions,
membrane materials and configurations have also been
considered in many studies. For example, HFMCs in
nonwetted conditions, which apply hydrophobic mem-
brane materials, showed usually better performances

due to low resistance against the species transport
through the membrane pores.*®

Aghaeinejad-Meybodi et al*® have modeled the inor-
ganic silica membranes in cocurrent, countercurrent, and
crosscurrent flow conditions in order to optimize the
process of H, separation from methanol steam reforming
products (with CO as a major component). The
results showed that by a single-stage silica membrane for
H,/CO, separation can be obtained high purity of
H; (99 mol.%, and 0.4 mol.% of CO) at a pressure gradient
equal to 3 bar. Peer et al*® have also modeled the H,/CO
separation (syngas ratio adjustment) with polyimide
HFMCs. They concluded that both the plasticization and
concentration polarization, which are induced by CO
transfer, reduce the H, permeance in the mixed gas
experiment. Mansourpour et al*' through a three-
dimensional computational fluid dynamics (CFD) model
investigated the steady and unsteady state H,/N, separa-
tion by Pd/a-Al,0; HFMs. The effects of operating condi-
tions on concentration polarization were also examined
by applying flux as the sensitivity factor. They observed a
good conformity between the CFD results and the experi-
mental data. Wang et al** have reported an experimental
and modeling study of H,/N, separation in a thin Pd/a-
Al,O; HFM. In order to determine the membrane param-
eters, they applied pure gas experimental data. Applying
the data, H, flux in the mixed gas experiments was simu-
lated, which led to an excellent agreement between the
model results and the experimental data.

In addition to the abovementioned studies, many
research studies have been devoted to simulation or
modeling study of H,/CO, and H,/CH, separations.**”
% But there is rarely a comprehensive mathematical
modeling study for investigating the separation perfor-
mance of HFMs in H, recovery from ammonia (NH;)
purge gas. Recently, Ardaneh et al*® reported a 2D
mathematical model for H, recovery from ammonia
purge gas by polyimide HFMs. They investigated differ-
ent operating conditions and geometrical factors for a
two-stage membrane module. The results showed that
H, recovery reduces by 4.82% through increasing the
feed flow rate from 0.3847 to 0.5014 kg/s in the second
stage, in comparison with the first stage that H, recov-
ery reduces 5.887% at a constant pressure. Moreover,
H, recovery increased by increasing the fiber lengths.
They also showed that the countercurrent flow has a
higher performance than the cocurrent one at the same
operating conditions.

The present study aims to provide a new 2D mathe-
matical model for HFMs, which is capable to evaluate
the influence of different factors on the membrane perfor-
mance. To give better insight, the model will be validated
by the data obtained from an industrially implemented
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hydrogen recovery unit (HRU) from ammonia purge gas
in Razi Petrochemical Company, Imam Khomeini Port,
Iran. The above-mentioned report by Ardaneh et al*®
has also presented mathematical modeling of HFMs and
investigated different flow patterns and geometrical
parameters of the polyimide HFMs. In the present
research, for the first time, a comprehensive CFD model
was presented for an industrial scale, single-stage, poly-
amide HFM separator unit using the real operating condi-
tions for H, recovery from ammonia (NH;) purge gas. As
the new and remarkable insights, the effects of feed gas
concentration, fluid velocity and H, fluxes in the tube
(fiber), membrane, and shell sides of the HFM separator
were investigated, which had not been considered in the
previous publications.

2 | MODELING

Modeling makes a possibility for investigating the influ-
ence of different parameters on the system performances
with the least cost. Here, the equations of mass and
momentum transfers for an HFM separator are developed.

- -

RIS
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2.1 | Modeling of mass and momentum
transfers in the membrane

Two-dimensional mathematical modeling was applied for
an HFM separator, which is used in H, recovery from
ammonia purge gas. Figure 1 illustrates four identical
HFM modules applied for separating H, from ammonia
purge gas in Razi Petrochemical Company, Imam
Khomeini Port, Iran. Also, it represents a schematic for
each of the HFM separators, which are applied for model-
ing. A feed gas mixture enters into the shell with the com-
position of 77 mol.% H,, 17.5 mol.% N,, and 5.5 mol.%
CH, at 58°C and 88.82 atm. H, penetrates through the
porous polyamide hollow fibers and leaves the separator
as a permeate stream with the purity of 92 mol.%.

2.2 | Assumptions

Some assumptions used this model can be given as
follows.

« Steady-state isothermal flow considers without any
considerable frictional losses and stresses.
« No chemical reactions occur in the membrane fibers.

H2 permeate

O

") Gas mixture

Retentate

FIGURE 1 Four identical hollow fiber membrane modules and a schematic for one of the membrane modules applied for separating H,

from ammonia purge gas in Razi Petrochemical Company, Imam Khomeini Port, Iran. The photo of real modules was taken with permission

from Razi Petrochemical Company [Colour figure can be viewed at wileyonlinelibrary.com]
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o The hollow fibers do not show deformations and leak-
ages for the gas losses.

o The hollow fibers are uniform.

« Concentration polarization can be neglected.

« The membrane module is at adiabatic conditions with
no heat transfers between the shell outside, the wall
and the atmosphere.

2.3 | Governing equations of the tube side

A general form of the continuity equation governing all
the species (i) transports in the HFM separation system
is as follows*”*%;

aC;

5 = ~(V.GV) = (V.J) + Ry M

where C; is the i-component concentration, J; is diffusive
flux, and R; is the rate of reaction for species i. V and ¢ are
velocity and time, respectively. Each of the fibers in an
HFM separator has a cylinder shape that can be modeled
in cylindrical coordinates (radius r, azimuth 6, and eleva-
tion z). According to the proposed assumptions in the
text, a constant azimuth 6 and also a radial symmetry
are the majority of presenting a 2D mathematical model.
Considering Ficks law of diffusion for mass transport of
species, the continuity equation for H, transport in the
tubes (fibers) in cylindrical coordinate at the steady-state
condition is

D d 2 CHz»tube 10 CHz-tube + az CHZ-tube
H,-tube ar2 r or 972
0CH,-tub
= Z—tubeﬂ- (2)
oz

Here, the radial and axial directions in the cylindrical
coordinate are shown by r and z, respectively. Dy, -tube,
Cr,-tube and Vo qype, respectively, are known as diffusion
coefficient, concentration, and fluid velocity in the tube.
Since “z” is much larger than “r,” for solving the equation
in a numerical manner on “z,” scaling factor is applied.
Laminar fluid flow with constant density and viscosity
is considered in a circular porous tube. The incompress-
ible Navier-Stokes equation in cylindrical coordinates is
49-51

followed by

-V (VVz—tube + (VVz-tube)T) +P(Vz-tube-v)vz-tube Q)
+Vp = F‘7 V.Vz_mbg =0

where 7 represents dynamic viscosity of the fluid (kg/m.
S), Vesnenn (m/s) denotes velocity, o (kg/m’) is the fluid
density, p equals pressure (atm), and F represents a body
force term (N/m?).

The boundary conditions for tubes are defined as
follows:
Continuity equation:

Ci,-ube =0 @  z=0 Concentration ()

n.(—DVC,tupe) =0, @  z =1L Convective flux (5)

where Cp, (mol/m®) represents for H, concentration
inside the tube. It is assumed that the boundary condition
(convective flux) is constant in all fibers. According to
this assumption, the diffusion flux is zero across the
tubes.

0Ch,-
%ube -0 @) r = 0 (symmetry) (6)
Cti,-tube = Cripomembrane X M @ r=n (7)

Here Ch,-membrane (mol/m?) is H, concentration in the
membrane and m is a partition coefficient, which
depends on the equilibrium solute concentrations two
sides of a boundary and is obtained from the concentra-
tion ratio of liquid to gas at the equilibrium.

Momentum equation:

oV,

gi;llbe =0 @ r=0 Symmetry boundary (8)

V ztube = 0 @  r=r, Wall, no slip velocity (9)
V ztuve = Vo @ z=0 Inletvelocity  (10)
D =D @  z=L Outlet boundary 11)

CH,-tube (mol/m?), po (Pa), and V, (m/s) are H, concen-
tration, output pressure, and input velocity in the tube,
respectively. Indeed, at the fluid-porous medium inter-
face, the slip velocity is usually considered. However,
the slip velocity in hollow fibers can be neglected due to
the low permeability in open pores. It results from the
fact that the aspect ratio between the pore diameter and
the height of the fiber is small. Therefore, it is considered
that there is no slip velocity at the fluid-porous medium
interface.”

2.4 | Membrane equations

The continuity equation in the steady-state condition for
H, transfer within the membrane is only defined by diffu-
sion. This equation is written as.
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2
1aCHz—membrane 0 CHz—membrane
r or 9z?

2
0 CHZ —membrane

DHz—membrane ar2 =0

(12)

In this equation, Cu,_membrane (mol/m?®) and
Dy, — membrane (m?/s) are H, concentration and its diffusion
coefficient in the membrane, respectively. The reaction
rate is not considered because of the absence of chemical
reactions into the membranes. Mass transfer is performed
only via molecular diffusion, and there is no bulk diffu-
sion. Therefore, Ficks law of diffusion can be applied
alone in the membranes.

The boundary conditions in the membranes are.

_DHZVCHz—membrane =0 @ z = 0andz = L (13)
CH,—tub
CH,—membrane = —Hatube Q@ r=n (14)
m
CHz—membrane = CHz—shell Q@ r=r; (15)

2.5 | The governing equations in the shell

Based on the Ficks law of diffusion, the continuity equa-
tion in the steady-state condition for H, transfer in the
shell side of HFM separator at cylindrical coordinate
can be written as.

0°Cry—shett  10CH,—shett ~ 0°CH,—shet
D, —shelt a;zs ‘ p azrs =+ azzzs : (16)
OCH,—shell
= _Vz—shell azZS 2

By assuming uniform velocity on the shell side, the
Navier-Stokes motion equation is applied in this area.
In this case, considering the constant fluid density and
viscosity, Navier-Stokes equation is defined as follows™:

-V (sz—shell + (VV—shen) T) +o(Veshel- V)V sl + Vp = F

V'Vz—shell =0 (17)

where V, shenn (m/s) is velocity vector, 7 is dynamic viscos-
ity of the fluid (kg/m.s), and p (kg/m?) is the fluid density.
p indicates the pressure (atm), and F represents a body
force term (N/m?). Happel model can be applied for esti-
mating the free surface radius (r3) in the shell®*:

1 1/2
r3 = () r (18)
1-¢
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where r, and ¢ are the outer radius of the membrane
(tube) and volume fraction of the fibers in the shell,
respectively. It should be notified that the present study
is focused on the entire HFM module, and the adoption
of Happels free surface model enables the simulation to
be simplified into the one of single fiber and its local shell
space. Happels model is used for free surfaces. It con-
siders a cylindrical arrangement and investigates the flow
of fluid in a unit cell. In this model, a fiber is located as an
inner cylinder and the fluid is considered on the surface
of the fiber or as an outer cylinder. Happels model con-
siders that all fibers have the same contribution in the
separation process. Moreover, no-slip boundary condi-
tions are assumed on the fiber surfaces. This model sim-
plifies the calculation of effective properties.>

The volume fraction of the fibers (¢) is calculated by
the below equation:

2
n

52 (19)

1-¢=
where n is the number of fibers and R is the modules
inner radius.

The velocity of fluid in the shell side of HFM separator
can be determined by Happels free surface model.>**
However, Navier-Stokes equation is more usual and
frequently used for calculation of the fluid velocity in
the shell for all membrane geometries.** The boundary
conditions of the shell are written as.

Continuity equation:

CHz—shell = CHz—membrane © r = r, Concentration (20)
CH,—shett = CH, Q@ r = ry; Concentration (21)
Ch,-shen = CH, @ z=0 Concentration (22)

n-(_DHZ—membraneVCH;»membrane) =0 @ Z
= L Convective flux (23)

Momentum equation:

V,=0 Q r =r, Wall, no— slip (24)
V=V @  r=r; Open boundary  (25)
V.=V, @ z=0 Inlet (26)

P =D, @ gz=L Outlet (27)

Cy,-shell (mol/m?), Do (Pa), and V,, (m/s) are H, con-
centration, output pressure, and input velocity in the
shell, respectively.
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2.6 | Procedure of numerical solution

The equations of the proposed model can be solved by
considering the  proper boundary  conditions
according to the industrial membrane separators imple-
mented in the HRU in order to H, capture from
NH; purge gas in Razi Petrochemical Company, Imam
Khomeini Port, Iran. The applied physical characteris-
tics in the model are represented in Table 1. Numerical
solution is conducted by Comsol Multiphysics version
4.2 that applies the finite element method. The
UMFPACK solver is also applied, which is an opera-
tional and accurate solver for the cases with symmetri-
cal geometry. The capability, power, and accuracy of
this method for membrane processes have been proven
by some authors.?¢>°

Figure 2 shows a representation for a three-sectional
domain, which is considered in this paper. COMSOL
provides an isotropic triangular mesh in this case.
A reducing scale factor considers due to the larger
length of the membrane fibers in comparison with their
radius. Adaptive mesh tool in COMSOL was applied to
optimize the mesh numbers in the model domain, ie,
the mesh independency test. Thoroughly, the number
of meshes reached 1875, by using a scale factor of

TABLE 1 The applied parameters in the present model

Parameter Value
Dghett, cm?*/s 8.778 x 107*
Dyype, cm’/s 2.3038 X 1072
€ 0.78
Dinembrane, CM°/S 6.87 x 1077
Fp, m 5%x107°

F2, M 9 x 107>

F3, M 1.5x107*
R, m 0.065

L,m 2.935

n 76 000

Q. m’/s 2.537 x 107
C,, mol/m? 0.5

Po, atm 88.82

o, g/lem’® 0.4143

7, kg/m.s 1.0 X 107
Scale 4000

Note. It should be notified that the measurable parameters were taken with
permission from the real hollow fiber membrane modules in Razi Petro-
chemical Company, Imam Khomeini Port, Iran. The other parameters were
determined by the methods and formula that come in the text.

z(m)

r(m)

FIGURE 2 The three-sectional model domain and the generated
meshes for numerical solution of the model equations
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4000 for z coordinate. It is noteworthy to mention that
the interfaces between neighbor domains have finer
meshes in order to enhance the precision of the model
solution.

The porosity of hollow fibers, ¢, is determined by
Equation (28)°"%%

o (Wwet - Wdry)

(%) = oV % 100, (28)

where Wy, and Wy,, are the wet and dry weights of a
hollow fiber (g), ps is the wetting liquid (isopropanol)
density (g/cm?), and V (cm?) is the volume of the hollow
fiber. The experimental data of porosity were measured
for 3 times, and the mean value of these measurements
was reported as the membrane porosity.

FIGURE 3 H, concentration
distribution in the hollow fiber membrane
separator; r; = 5 X 107> m,
r,=9%X10"m, r; = 1.5 X 10* m,

L = 2.935 m, Dgpep = 8.778 X 10™* cm?/s,
m = 0.82, Qgen = 2.537 X 107+ m>/s, and
Co = 0.5 mol/m>. A three-dimensional

view is only presented for better z
understanding the results [Colour figure
can be viewed at wileyonlinelibrary.com|
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3 | RESULTS AND DISCUSSION

3.1 | H, concentration profile in the HFM
separator

Figure 3 represents the H, concentration profile in all the
model domains, ie, tube (fiber), membrane, and shell
sides of the HFM separator. On the shell (right-hand side
of the figure), the purge gas stream has its maximum H,
concentration (0.5 mol/m?®) at z = 0. H, passes across
the membrane and transports from the shell into the fiber
(left-hand side of the figure) due to the H, concentration
difference in two membrane sides. There is only a radial
flux in the membrane with the diffusion mechanism,
while the flux is generally in the axial direction for the
shell and fiber. The maximum H, concentration obtains
at the fiber output (z = L).

408031
0.8
0.7
0.6
{os
x10"2
{04
{03
0.2
0.1
z
y‘\t/"‘
0
vo
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Figure 4 shows the total H, concentrations in the
radial direction and at different positions (z = 0, z = L/
3,z = L/2, and z = L) of the HFM separator. As seen,
from r; to r, (in the shell side), the H, concentration
decreases or the concentration gradient increases. This
is a common behavior for mass transfer towards the
membrane. From r, to ry, in a short distance (or across
the membrane), H, concentration increases very sharply
due to a large difference in H, concentration gradients
in the tube (fiber) and shell sides. From r, to the center
of a fiber (r = 0), H, is significantly concentrated as com-
pared with its concentration in the shell. The H, concen-
tration value is also increased from z = 0 to z = L at axial
direction of the separator that was previously discussed.
The contact area or the membranes effective surface area
directly affects the separation performance of HFM
separator.

3.2 | Velocity in the shell side

Navier-Stokes equation was applied to obtain the fluid
velocity in the shell side of the HFM separator.
Figure 5 shows the z-velocity as a function of radius
(fromr, = 9 X 10° m to r; = 1.4 x 10~* m) in four
selected cross sections of z = 0, L/3, L/2, and L in the
shell side. If there was not a continuous fluid perme-
ation into the membrane, a parabolic velocity profile
would be attained. Here, the velocity increases with
increasing the permeation into the membrane because
the gas molecules attain a higher space with a lower

—0—Z7Z=0

—0—Z=L/3

—o0—Z=L/2
Z=L

H, concentration (mol/m3)
o o
s -]

e S
) 9
\

g
=N

5.0E-05 1.0E-04
Radius (m)

0.0E+00 1.5E-04

FIGURE 4 H, concentration in the tube, membrane, and shell
sides of the hollow fiber membrane separator at radial direction
with Cy = 0.5 mol/m? and Qgey = 2.537 x 10~* m?/s [Colour figure
can be viewed at wileyonlinelibrary.com|

2.5

Velocity (mv/s)

—0—7~0
Z=L73
—0—Z7-L12
0~ 7Z-L
0 T T T T T
9.0E-05 1.0E-04 1.1E-04 12E-04 13E-04 14E-04 1.5E-04
Radius (m)

FIGURE 5 The z-velocity profile in the shell side of the hollow
fiber membrane separator at different radii with C, = 0.5 mol/m?
and Qgpen = 2.537 X 10™* m?/s [Colour figure can be viewed at
wileyonlinelibrary.com]

collision for their motion. Moreover, an increase in the
H, mass transfer from the shell into the fibers leads to
the more uniform distribution of H, velocity in the shell
side. Figure 5 shows that for all the curves, it happens
lower velocities at lower radii and then the velocity
increases in a short distance from the membrane wall.
For z = L, velocity reaches zero near the membrane
wall because of the viscosity effects or no-slip condition.
Next, the velocity reaches a plateau with a constant
value about 2 m/s at the radius of 1.3 x 10™* m (close
to the r; = 1.4 x 10~* m). The results also show that
with the increment in z values, the velocity tends to pla-
teau at higher radii. This means less potential for con-
vection mass transfer and reducing from the removal
efficiency.

Figure 6 shows the velocity changes in the shell side as
a function of input feed flow rate in different radii (from
r, =9 % 107> to r; = 1.4 X 10~* m) at a constant length
(z = L). As shown, the velocity increases with increasing
the input feed flow rate. Moreover, it reaches to its max-
imum value or to a plateau at lower radii. Therefore, it
can be concluded that the alteration of velocity is remark-
ably related to input feed flow rate. It can also be
observed that the initial slope of the curves increases with
the increase in flow rate. This means higher velocities
near the fibers and hence higher mass transfer rates.
Moreover, when the input flow rate increases in the
HFM separator, the residence time of the molecules
decreases that leads to a higher productivity.
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Radius (m)

FIGURE 6 The effect of feed flow rate on the shell side velocity
of hollow fiber membrane separator at different radii in a constant
length (z = L) with C, = 0.5 mol/m? and

Qs = Qqnen = 2.537 x 10~* m*/s [Colour figure can be viewed at
wileyonlinelibrary.com]

3.3 | Concentration of H, in the tube side

Knowing how the concentration distribution of penetrant
gases is in the membrane fibers is of great importance for
design and optimization of the separation process.
Figure 7 shows H, concentration profile in the hollow

%
S 0.8
=]
g
g
=
W
2
= 0.6
P
=
S
g
g
S 04
<
&
=
W
]
S o2 20
=~ —0—Z=L/3
—0—Z2=L/2
Z=L
[ S N V" " U U U U W—" S—
0.0E+00 1.0E-05 2.0E-05 3.0E-05 4.0E-05 5.0E-05
Radius (m)

FIGURE 7 H, concentration in the tube side of hollow fiber
membrane separator at different fiber radii for different axial
positions (z = 0, z = L/3, z = L/2, and z = L) with C, = 0.5 mol/m>
and Qe = 2.537 X 10~* m>/s [Colour figure can be viewed at
wileyonlinelibrary.com]
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fibers of HFM separator in the case of fiber radius. The
curves were produced in constant feed concentration
and flow rate at different (scaled) axial positions (z = 0,
z=1L/3,z=1L/2, and z = L). Generally, H, concentration
increases by increasing the fiber radius. H, concentration
changes with a mild slope near the fiber center (r = 0)
and then it rises with a steep slope up to r = r; (the mem-
brane interface). Moreover, it increases by the increment
in the axial direction from z = 0 to z = L. The lowest H,
concentration is observed for z = 0, at the fiber inlet, and
the highest for z = L, at the fiber outlet. Since the mass
transfer is directly proportional to H, concentration gra-
dient, it can be expected the more mass transfers with
lower fiber radii and higher lengths.

3.4 | H, mass transfer flux

The distributions of convective and diffusive mass trans-
fer fluxes for H, transfer in fiber (tube) side of the mem-
brane in the radial direction at different positions (z = 0,
z=1L/3,z=1L/2, and z = L) are shown respectively in Fig-
ures 8A and 8B. In Figure 8A, the convective flux is zero
at the fiber inlet (z = 0). The convective flux increases
from the fiber center (r = 0) to the gas-membrane inter-
face (r = ry, the internal wall of the fiber) due to the
increase in mass transfer driving force. Moreover, the
velocity changes have a significant effect on the convec-
tive flux. On the other hand, as seen in Figure 8B, in
the lower part of the fiber (z = 0), diffusive flux is greater
than the convective flux (Figure 8A). Afterwards, in the
major parts of the membrane length in Figures 8A and
8B, the convective flux increases as it will be greater than
diffusive flux in the axial direction of the fibers because of
greater velocities in the axial direction.

3.5 | The effect of initial feed
concentration

Figure 9 shows the effect of initial feed concentration (in
the shell) on the H, concentration distribution in the
tube. As shown, by increasing the feed concentration,
H, concentration in the tube increases. The reason is an
increase in driving force (H, concentration gradient) by
the increase in feed concentration. The effect of feed con-
centration is more around the gas-membrane interface
(r = rp) due to the more mass transfer rates in this region.
Near the center of the fibers (r = 0), H, concentration
decreases sharply due to the governing of convection in
this case.
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FIGURE 8 The distributions of (A) convective and (B) diffusive
mass transfer fluxes of H, in radial direction at tube side of the
membranes in the hollow fiber membrane separator with

C, = 0.5 mol/m? and Qe = 2.537 X 10~* m*/s [Colour figure can
be viewed at wileyonlinelibrary.com|

3.6 | Model validation

A series of actual industrial data from the HFM separa-
tors implemented in HRU in order to capture the H, from
NH; purge gas in Razi Petrochemical Company, Imam
Khomeini Port, Iran, are used to validate the model
results. Sampling was carried out via two sampling
valves, which are located at input and output of the
HFM separator (Table 2). Variations in the H, concentra-
tion in the feed (input) are because of H, concentration,
which is delivered to the plant as well as the operating
conditions at different 4 months of operation. Gas chro-
matography (GC) was used to analyze the gas samples
from the separator with an Agilent instrument (Agilent
Technologies, Model 6890 N, Network GC System, Neth-
erlands) equipped with a thermal conductivity detector. A
stream of argon was applied as a carrier gas. Five

C0-05
L5 1 | ——co=0.6
—o—C0=0.7
—&— C0-0.8
1.3

09 M

H, concentration in the fiber (mol/m?)

0.7 -
0.5
0.0E+00 1.0E-05 2.0E-05 3.0E-05 4.0E-05 5.0E-05
Radius (m)

FIGURE 9 The effect of feed concentration on the H,
concentration in the tube side of the hollow fiber membrane
separator with Qgnen = 2.537 x 10™* m®/s in a constant length

(z = L) [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Comparison between the model results and the
industrial data with Qe = 2.537 X 10~* m>/s and z-scale
factor = 4000

Cyip at Input Cy2 at Output, mol/m?

mol/m? Experimental  Theoretical  Error, %
0.5 0.74 0.72 2.70
0.57 0.84 0.81 3.57
0.61 0.89 0.86 3.37
0.65 0.95 0.91 4.21
Average 3.5

measurements were done for each sample, and the aver-
age value of the measurements was reported with an
accuracy of +1 mol.% in H, concentration. As seen in
Table 2, the model results have good agreement with
the experimental data. Mean deviation of the model from
the experimental data is determined by the following
equation:

Error(%) = @Z Cexperimental — Ctheoretical ' (29)
N Cexperimental

A mean deviation of 3.5% was obtained by the model
that shows a reliable and accurate model. It can be attrib-
uted to operating conditions, alteration in feed flow rate
and its purity.
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4 | CONCLUSIONS

This work presented a two-dimensional CFD model for
HFM separators applied for hydrogen (H,) recovery
from ammonia (NH;) purge gas. The distribution of
concentration, the mass transfer flux, and the velocity
profile were achieved by the model. The results show
that H, velocity increases with the increase in gas per-
meation from the shell to the tube of the separator,
and also, it increases with increasing the feed flow rate.
Moreover, H, is concentrated in the tube side of the
HFM separator and its concentration increases with
increasing the initial (inlet) H, concentration. Also, the
convective flux is more than diffusive flux in the radial
direction of the tube from the gas-membrane interface
(r = rp) to fiber center (r = 0) because of the higher
velocities far from the membrane walls. Generally, the
simulation results were comparable with the experimen-
tal data obtained from an industrially implemented
HFM separator in HRU from ammonia purge gas, with
a low mean error of 3.5%. Therefore, it can be expected
that the model will be useful to design and development
of HFM separators in H, recovery units. However, as a
future direction, it can be experienced the model capa-
bility with other membrane materials and different
geometries.
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