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Abstract—A disc-type Pd-Au membrane module was considered, and a computational fluid dynamics (CFD) model
was developed to describe the actual flow dynamics and the distribution of H, flux over the membrane. When the
membrane size was increased to develop a module with a large separation capacity, the feed flow rate per unit mem-
brane area decreased, indicating loss of utilization of the membrane area. To increase the utilization, the sizes of the
feed inlet tube and retentate tube were varied (cases 1 and 2, respectively). The CFD simulation showed that the feed
flow rates per unit membrane area increased by ca. 8% and 10%, respectively, whereas a change in the geometry from
circular to a rectangle with rounded edges (case 3) resulted in an increase of approximately 19%. A change in the ratio
of the edges (case 4) had a slight influence on the separation performance. The distribution of H, flux where the geom-
etries in cases 1-3 were combined clearly revealed that most of the membrane area was used to permeate H,; as a
result, the number of membranes decreased by approximately 88% upon increasing their size, while the total mem-
brane area remained the same. This indicated improved utilization of the membrane. The proposed approach is
expected to be useful for acquiring valuable information on the design of a membrane module with a large separation
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capacity.
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INTRODUCTION

Precombustion, which is one of the CO, capture processes, in-
cludes the production of synthesis gas (CO and H,), removal of
CO,, and combustion of H,. Synthesis gas is produced from a
variety of feedstock materials such as natural gas, naphtha, heavy
oils, and coal by the reforming, partial oxidation, and water-gas
shift reactions [1]. The H, yield is increased via conversion of CO
to CO, and H, through the water-gas shift reaction; this is fol-
lowed by the CO, removal process, for which either H,- or CO,-
selective membranes can be used [2]. Several types of CO,-selec-
tive membranes have been reported, such as polypropylene [3],
polytetrafluoroethylene [4], and polybenzimidazole/polyvinylidene
[5] membranes; examples of H,-selective membranes include Pd-
based membranes and hybrid organo-silica membranes.

For membranes to be useful for CO, capture, they must have
high permeability, high selectivity, and high physical and chemical
resistance, in addition to being cost effective [6,7]. Gas separation
properties such as permeability, separation factor, and permeance
are strongly dependent on membrane material, structure, thick-
ness, and configuration (e.g., a flat, hollow fiber), as well as on the
membrane module and system design [8]. The membrane thick-
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ness is crucial for improving the permeation flux [9] and mitigat-
ing the effects of contamination [10]. However, despite the fact
that extremely high fluxes can be achieved with thin membranes,
the external mass transfer resistance can become significant, espe-
cially on the low-partial-pressure side of the membrane and when
a porous support is present [9].

The structure of a membrane module has been altered to en-
hance the mass transfer performance. Liu et al. [11] proposed a
coiled hollow fiber membrane module and showed that its mass
transfer coefficient was higher than that of a straight module, up
to 3.5 times higher under the condition of an identical membrane
area, owing to the secondary flow in the coiled tube and the en-
hanced turbulence on the shell side. Jaffrin reported enhancement
of the membrane shear rate necessary to maintain dynamic filtra-
tion through the use of a rotating disk, which also increased both
the permeate flux and the membrane selectivity [12]. In other
works, a plate-type Pd-Au membrane was prepared over a porous
metal support by sputtering and sintering procedures [13,14], and
it was demonstrated that the module configuration could mini-
mize the polarization effects of the gas mixture concentration.

Several research works have been conducted with a focus on
applying the modeling approach to understand the governing
behavior of membrane modules and to improve their performance.
Boon et al. [15] applied a modeling approach to quantify the effects
of inhibitors (such as CO, CO,, and steam) that are adsorbed at
the Pd-membrane surface for the separation of H,. Chen et al.
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developed a two-dimensional numerical method to simulate the
phenomenon of concentration polarization for hydrogen perme-
ation in a Pd-based membrane tube [16]. Takaba and Nakao [17]
modeled actual fluid dynamics in complex geometries by using
the computational fluid dynamics (CFD) method and considered
the concentration polarization effect as a function of the feed rate,
selectivity, operating pressure, mass transfer coefficient, and mod-
ule geometry. Grahn and Hedlund [18] developed a mathemati-
cal model for high-flux tubular silicalite-1 membranes and showed
that the membrane selectivity can be improved by reducing the
flow-through defects and by preparing supports with lower flow
resistance. Ramirez-Santos et al. reviewed the modeling develop-
ment of inorganic microporous membranes for H, and CO, sepa-
ration [19]. Modeling can also be used to investigate the feasibility
of selective layer membranes in industrial hydrogen production
applications [19-21]. Pd-based membranes have been bench-
marked for precombustion CO, capture by achieving the perme-
ation of H, in industrially relevant conditions [22]. Recently, CFD
was applied to evaluate the effects of a micro-channel turbulence
promoter with micro-pores on the turbulent flow in a flat-sheet
membrane channel [23] and to investigate the effects of module
geometry on the separation performance [24].

In our previous work [25], we developed a plate-type Pd-Au
membrane module for application to a precombustion CO, cap-
ture process. This module was scaled up for industrial application
by stacking unit modules, as is done in a microreaction system;
therefore, a very small membrane leads to unbalanced geometry
of the entire module, with a very large height-to-width ratio, or to
the requirement of a large number of entire modules, thereby in-
creasing capital cost. However, an increase in the size (diameter) of
the unit membrane from 2 in to 3.5 in was observed to decrease
the feed flow rate per unit membrane area for a 90% CO, fraction
in the retentate; thus, the utilization of the separation area was par-
tially lost. In the present study, with the aim of increasing the effi-
ciency of large membranes to the level of that of small ones, the
CFD modeling approach was therefore employed along with
detailed fluid dynamics for evaluating the effects of membrane
geometry on the separation performance under the assumption of
its application to the actual feed gas of the separation module in
the precombustion CO, capture process [26].

MATHEMATICAL MODELING

The diameter of the membrane considered in the present study
was 3.5 in, and the diameter and height of the chamber were 81.4
mm and 0.4 mm, respectively. Feed enters from the feed inlet tube,
and H, permeates through the membrane while the remaining gas
exits through the retentate tube. The scheme of the membrane
module is shown in Fig. 1; to reduce the computational burden,
only one-half of the module was simulated under the assumption
of symmetry.

Simulation was performed using the COMSOL Multiphysics”
software, in which the PARDISO solver was incorporated. Two
built-in modules in the software package were used here: the lami-
nar flow module and the transport of concentrated species mod-
ule were, respectively, used to consider total momentum and mass
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Fig. 1. (a) Schematic diagram of disc-type CO, capture module using
Pd-based membrane, (b) structure of chamber realized in
COMSOL Multiphysics (COMSOL Inc.) software, and (c)
distribution of meshes specified for calculations.

balances, and component mass balances in the chamber. Detailed
governing equations and boundary conditions are listed in Table
1. Galerkin's method [27] was employed for the calculation, and
63,130 free trigonal grids were defined (Fig. 1(c)); a large number
of grids were assigned for the feed inlet and retentate tubes to sat-
isfy the overall mass balances.

H, flux in the membrane was calculated by using the following
equation:

I\IHZ =Q ,(lehamber_ P;ermeute) @

where Ny, and Q' denote H, flux [mol/(m*s)] and permeance
[mol/(m®skPa")], respectively, and P, denotes partial pressure.
The superscript n represents the pressure exponent, which is known
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Table 1. Governing equations and boundary conditions considered in the present study

Name

Equations and boundary conditions

Laminar flow
(momentum balance)

V- (pu)=0
pu-Vu:—Vp+V-(y(Vu+(Vu)T)—%y(V-u)I)+F

B.Cs
u=—"Ujn (inlet)

nr[— pI+u(Vu+ (Vu)T) - %,u(V . u)IJn:— p, (outlet)
u=0 (wall)

Transport of concentrated
species (mass balance)

V-(poum)==V-j+R;

where
VM vV
i=—| D"V, DI'—4+D —
Jl (p 1 a)1+pa)1 1 M + 1 T
m_ -0 0.00143T'”
D;'= x k= 172 13 1/32
ZkNil—k P(Mp)[(Zvy) "+(Zvg) 7]
Dy
B.Cs

o=y =%y MM, (inflow)
—n-pD!'Vw,=0 (outflow)

to be dependent on the surface reaction and on other factors such
as defects, impurities, and support resistance that were involved in
the hydrogen permeation behavior [28-30]. The values of n and
Q' were determined to be 0.752 and 1.01x10~>, respectively, by fit-
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Fig. 2. (a) Determination of permeance (Q’) and pressure exponent
(n); the solid line represents the regression results, y=1.01x
10" ’x with n=0.752 (R*=0.9999). (b) Comparison of molar
flow rate of permeated H, between experimental data and
simulated results (mean of absolute relative residuals=2.9%,
relative standard deviation of individual errors=0.63%).
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ting of experimental data under different pressures (Fig. 2(a)). The
regression line was determined such that its intercept passed through
the origin. As shown in Fig. 2(b), the values determined by the
simulation were in good agreement with the experimental data.
Also, because the permeance is a unique property determined by
the characteristics of the membrane only and independent from
the operating conditions except temperature, the parameter was
considered as a constant.

RESULTS AND DISCUSSION

The CFD model was applied to a gas mixture considered in our
previous work [26], where H,O in the effluent of the water-gas
shift reactor was removed using a flash separator and small-sized
membranes (2 in) were then used to separate H, from the mix-
ture. The composition of the gas mixture was CO,/H,/CO/N,/
H,0=40.0%/57.9%/0.11%/1.16%/0.83% with a total flow rate of
2.5Nm’/min (111.5 gmol/min) corresponding to the flue gas flow
rate of 100 Nm’/h, and the pressure and temperature were main-
tained at 30 bar and 400 °C, respectively. Note that a Pd-Au com-
posite membrane deposited on a porous nickel support shows a
high H, permeation flux even in the case of the CO,/H, mixture;
this is attributed to the unique preparation method of the disc-
shaped, thin Pd-based membrane [31] and the module configura-
tion, which minimized the polarization effect of the gas mixture
concentration [25]. So, the flux is dependent on the partial pressure
of hydrogen even in the existence of the other gases in the mix-
ture, and this feature was experimentally corroborated in our pre-
vious work [32]. Therefore, Eq. (1), in which H, flux is expressed
as a function of the partial pressure of H,, was used without modi-
fication.

Fig. 3 shows the simulation results for 3.5-in membranes at var-
ious feed flow rates. Since the threshold value of the CO, fraction
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Fig. 3. (a) CO, fraction in retentate (x,,) as a function of feed flow
rate; the flow rate (F) for the threshold fraction is 10.7x10°
Nm’/min, and the corresponding flow rate per unit mem-
brane area (F’=F/S) is 2.06 Nm®/(m’-min). (b) Distribution of
H, flux in membrane (P,,,,;,,=30 bar, P,,.,,...,=1 bar) at x,,=
0.90.

permissible in the retentate was specified to be 0.90, the corre-
sponding feed flow rate was determined to be 1.07x10~> Nm’/min,
and the feed flow rate per unit membrane area (F®) was calculated
to be 2.06 Nm’/(m” min). The total surface area required to handle
the effluent flow rate of 2.5 Nm?/min was calculated to be 1.22 m’,
whereas the total surface area required for 2-in membranes was
0.971 m* (F°=2.57 Nm®/(m®-min)). This result indicates that loss of
separation efficiency occurred when the size of the unit mem-
brane was increased from 2 in to 3.5 in; this was despite the fact
that the total number of membranes decreased from 585 (2 in) to
234 (3.5 in), which resulted in a decrease in the height of the entire
module that was fabricated by stacking up membranes.

To evaluate the effects of membrane geometry on the separa-
tion performance, the size of the feed inlet tube was increased
(hereafter referred to as case 1) by changing its angle (£}) from the
center (cf. Fig. 4(a)); the results are shown in Fig. 5. The value of
the feed flow rate per unit membrane area (F*) for x.0,=0.90 with
6=30" (Fig. 3) was taken as the reference case (FS,=2.06 Nm®/
(m”min), indicated by the red star in Fig. 5(a)). It was seen that
Xco, decreased with increasing feed flow rate, owing to the reduced
residence time in the chamber; however, an increase in &led to an
increase in xco, owing to the increased H, flux around the feed
inlet tube. This behavior was reflected in the distribution of H,
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Fig. 4. Definitions of variables considered in the present study. (a)
Cases 1 and 2: change in angles of feed inlet tube (¢) and
retentate tube (), respectively; (b) Case 3: change in width
(W) under fixed radius (R); and (c) Case 4: change in R,
under fixed R,.

flux in the membrane (Fig. 5(c)), where most of the right-half of
the plane was used for the permeation of H,, although the utiliza-
tion of the left-half of the plane, especially around the center, was
slightly lower than that in the reference case. As a result, when the
feed inlet tube was widened to §=90°, the feed flow rate per unit
membrane area (F°) increased by approximately 8% and the corre-
sponding value of the total membrane area (S,,,) for the entire
module decreased.

In case 2, the retentate tube was widened; Fig. 6 shows the
results for this case. An increase in the angle of the retentate tube
caused an increase in Xqp,; a further increase in the angle led to an
increment in the degree of increase in X0, As shown in Fig. 5(c)
(6=90°), the pattern of the H, flux distribution was similar to that
in the reference case, whereas the area of high flux (indicated in
red, yellow, green, and light blue) was wider than that in the refer-
ence case. In addition, the upper and lower parts of the left-half of
the plane changed from dark blue to blue in color (the scale of the
colormap was specified to be the same for all the cases), indicat-
ing that the unused parts were additionally utilized in this case.
The effects of the size of the retentate tube were larger than those
of the feed inlet tube, and thus, a 10% increase in the feed flow rate
per unit membrane area (F) and a decrease in the total membrane
area (S,,,;) could be achieved by increasing the angle () to 90°.

As observed in cases 1 and 2, the circular geometry of the mem-
brane provided relatively low fluxes in the upper and lower parts.
This result is attributed to the fact that these parts correspond to
the relatively long path of the gas streams from the feed inlet tube

Korean J. Chem. Eng.(Vol. 34, No. 9)
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Fig. 5. (a) Contour plot of x,, as a function of feed inlet tube angle
(6) and scaled values of feed flow rate per unit membrane
area (FS/F;,( , where Fs,ef=2.06 Nm’/(m’-min). The red star
represents the reference case shown in Fig. 3. (b) Scaled val-
ues of feed flow rate per unit membrane area for x,=0.90
(left ordinate) and total membrane area (S,,,;) required to
handle flue gas flow rate of 150 Nm’/h (right ordinate) [26].
(c) Distribution of H, flux in membrane (P,,,,;.,=30bar,
Pyrea=1 bar) with 6.=90° and 6=0".

to the retentate tube. To eliminate such detour paths, the geome-
try was changed to a rectangle with rounded edges (¢f Fig. 4(b);
referred to as case 3). The value of x,, increased substantially with
an increase in W/R, and it saturated when the ratio became higher
than about 2.5 (Fig. 7(a)). The value of FS/FS,Ef for W/R=2.5 was
about 1.24, corresponding to a 19% reduction in S, in compari-
son to the reference case (Fig. 7(b)). As shown in Fig. 7(c), the por-
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Fig. 6. (a) Contour plot of x,, as a function of retentate tube angle
(8) and scaled values of feed flow rate per unit membrane
area (F/F,), where F,,=2.06 Nm’/(m’-min). (b) Scaled val-
ues of feed flow rate per unit membrane area for x.,=0.90
(left ordinate) and total membrane area (S,,,) required to
handle flue gas flow rate of 150 Nm’/h (right ordinate) [26].
(c) Distribution of H, flux in membrane (P,,,,,..=30 bar,
P,eare=1bar) with §=30° and §=90°.

tion of the blue-colored area decreased; thus, the utilization of the
membrane area improved significantly. Direct flow of the gas from
the feed inlet tube to the retentate tube could be distinguished from
indirect flow with greater clarity (i.e., rightward flows from the feed
inlet tube turned in the upward/downward direction when they
reached the wall and then turned leftward to the retentate tube).
As a result, low-flux regions came into existence (¢f. the white-edged
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Fig. 7. (a) Contour plot of x, as a function of width/radius (W/R)
and scaled values of feed flow rate per unit membrane area
(F°/F,.), where F,,=2.06 Nm’/(m’min). (b) Scaled values of
feed flow rate per unit membrane area for x.,,=0.90 (left
ordinate) and total membrane area (S,,,) required to han-
dle flue gas flow rate of 150 Nm’/h (right ordinate) [26]. (c)
Distribution of H, flux in membrane (P,,,,;=30bar, P,....
=1bar) with W/R=2.5, §=30", and §=0".

(c)

box in Fig. 7(c)).

Since an unused area in the upper and lower parts of the left-
half of the plane was observed even in case 3, the geometry was
changed further: the left-side edge was narrowed while W/R was
fixed at 2.5 (referred to as case 4). As shown in Fig. 8, when the
edge was narrowed, X¢, increased slightly because of elimination
of the unused area. However, a further narrowing of the edge led
to a reduction in the area of the right-half of the plane, resulting in
a decrease in X, Overall, the effects of the change in Ry/R; were
insignificant in comparison to the effects of geometry changes in
the other cases. Note that, in the laminar flow module, the pres-
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Fig. 8. (a) Contour plot of x,, as a function of R,/R, and scaled val-
ues of feed flow rate per unit membrane area (Fs/Fs,ef , where
F,,/=2.06 Nm’/(m’min). (b) Scaled values of feed flow rate
per unit membrane area for x.,=0.90 (left ordinate) and
total membrane area (S,,,,) required to handle flue gas flow
rate of 150 Nm’/h (right ordinate) [26]. (c) Distribution of H,
flux in membrane (P,,,,,,=30 bat, P,,,,..~1bar) with W/R
=2.5, §=30", §=0°, and R/R,=0.75.

sure was assumed to be constant over the entire chamber under
the assumption that the pressure drop was negligible. The change
of membrane geometry may have led to different profile of pres-
sure drop along the chamber and the corresponding profile of
local velocity. Although this impact might become significant when
the width gets much bigger than the radius, weak dependence of
pressure drop was assumed in the present study with W/R lower
than 3.

Fig. 9 summarizes the results of all cases, where it can be seen
that the total membrane area in the reference case (1.217 m’®) was
25.3% higher than that in the case of the 2-in membranes (0.9711

Korean J. Chem. Eng.(Vol. 34, No. 9)
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Fig. 9. Comparisons of (a) total membrane area (S,,,), where the
gray shaded areas and red numerals represent the parts and
relative percentage, respectively, reduced from the reference
case (Case 5 is the combination of Cases 1-3) and (b) num-
ber of membranes between the cases considered in the pres-
ent study. (c) Distribution of H, flux in membrane (P,,,;..=
30bar, P,,,.=1 bar) with W/R=2.5 and §=6=90".

m’). Case 3, in which the geometry was changed to the rectangle
with rounded edges, showed the largest reduction in the total mem-
brane area (19.1%), which made this total membrane area almost
identical to that in the case of the 2-in membranes. In case 4, R,/R;
was varied according to case 3 (W/R=2.5), and thus, the net effects
of case 4 were only 0.7% point (yellow bar in Fig. 9(a)). Therefore,
a simulation was performed by combining the geometries in cases
1-3 (referred to as case 5), and consequently, the total membrane
area reduced further to 0.9573 m’; this is marginally lower than
the total membrane area in the case of the 2-in membranes, and it
corresponds to a 21.3% reduction from the reference case. The
resulting number of membranes for the entire module was deter-
mined to be 71, which corresponds to a reduction of about 88%
from the case with 2-in membranes. Thus, the height of the mod-
ule in case 5 decreased to one-tenth of that in the module with 2-
in membranes. As shown in Fig. 9(c), the widened tube com-
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bined the direct and indirect flows to make the velocity distribution
similar to a hyperbolic profile and eliminated most of the unused
parts (dark blue), except those on the left-hand side of the reten-
tate tube, for maximal utilization of the membranes.

CONCLUSIONS

Various velocity distributions exist in a disc-type membrane
module because of the presence of a variety of trajectories from
the feed inlet tube to the retentate tube. Therefore, the geometry of
the membrane module, which determines the velocity profiles of
gas streams, significantly influences the local partial pressures of
H, over the membrane surface. Since the CFD model developed
in the present study considers the actual flow dynamics in the
chamber of the module, the distribution of H, flux over the mem-
brane surface could be satisfactorily described, and the developed
model was used to evaluate the effects of the membrane geome-
try on the utilization of the membrane area. It was observed that a
change in the geometry from circular to a rectangle with rounded
edges corresponded to the elimination of rather long paths from
the inlet to the outlet of the chamber, ie., the unused parts of the
membrane, and the separation efficiency could be maintained
even after increasing the membrane size. This outcome could pre-
vent a large increase in the height of the entire module, which is
composed of many membrane chambers for achieving a large
separation capacity. In conclusion, the proposed CFD-modeling-
based approach can be used to design effective membrane modules.
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NOMENCLATURE

D, :binary diffusion coefficient between species i and k [m?/s]
F : feed flow rate [Nm®/min)]
F : volume force vector [N/m’]
B :feed flow rate per unit area of membrane [Nm®/(m’-min)]
j : permeate flux [kg/(m’-s)]
Np, :H, flux at boundary between chamber and membrane [mol/
(m’s)]
: pressure exponent
n  :normal vector
M :molecular weight, kg/mol
M, :average molecular weight of species A and B [kg/mol]
M, :average molecular weight of all components in fluid
P uamper : partial pressure on chamber side of membrane [kPa]
P permeare - partial pressure on permeate side of membrane [kPa]
p  :pressure of fluid [Pa]
p, :outlet pressure [Pa]
Q' :permeance [mol/(m’-s-kPa")]
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:radius of membrane [mm]

: production or consumption rate [kg/(m’-s)]
: surface area of unit membrane [m?]
: total surface area [m?]

: chamber temperature [K]

: normal inflow speed [m/s]

: velocity of fluid [my/s]

: atomic diffusion volumes

: width of membrane, mm

:mole fraction of inflow

Xco, :CO, mole fraction in retentate

I NZN R
S

o -

¥ <&

Greek Letters
6  :angle
: viscosity of fluid

7
p  :density of fluid
@  :mass fraction

Subscripts
f : feed inlet tube
r : retentate tube

ref  :reference case
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