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Abstract

The effect of support geometry on the performance of asymmetric ceramic membranes for gas separation is analyzed. Flat plate (FP),
tubular (TU) and multichannel (MC) geometries are investigated using the dusty gas model (DGM) to describe transport of a multicomponent
gas mixture through the macroporous support. It is shown that: (a) the support geometry significantly affects membrane performance; (b)
in the case of the multichannel geometry, the inner channels do not contribute efficiently to the overall gas transport; (c) best performance
in terms of both flux and permselectivity is obtained for tubular geometry. It is furthermore clarified that for an accurate description of the
transport behaviour it is crucial to properly account for the relative contributions of all different transport mechanisms (Knudsen diffusion,
bulk diffusion and viscous flow) included in the DGM.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction permeable gases ¢HHe)[3] (although for most of the gases
the top selective layer determines transport).

In the petrochemical industry, energy and equipment sav- Membrane systems consist of membranes elements or
ings can be obtained if selective membrane separation ofmodules. They often involve a tubular (TU) geometry rather
hydrogen from a gas mixture is employed in processes suchthan flat plate (FP). Though multichannel (MC) monolithic
as steam reforming, water—gas shift reaction, hydrocarbonselements provide a greater surface-area-to-volume ratio and
dehydrogenatioiil,2]. To ensure high separation and per- mechanical robustness, the use of multitubular modules al-
meation rates, while still retaining mechanical stability in lows for easy change of faulty elements. The packing den-
harsh application conditions (chemically aggressive envi- sity can be further increased by the use of hollow fiber ge-
ronment and high temperature), asymmetric ceramic mem-ometry with even smaller overall membrane thickness and,
branes are usually employed. An ultrathin separation layer ishence, reduced support resistafitle
superimposed onto one or more intermediate layers that, in The aim of this paper is to investigate the influence of
turn, are supported on a mechanically strong base supportsupport geometry on the overall membrane performance of
This results in a graded pore structure across the membraneasymmetric ceramic membranes for gas separation. Due to
Large dimensions (thickness) of the base support, comparedhe complex set of interrelated parameters, numerical simu-
to those of the selective layer, may induce a high resistancelations are usually employed for this kind of analysis. In the
to mass transport that can even be dominant for the highlyfield of gas separation such studies are scarce. For micro-

and ultra-filtration membranes, Dolecek and CRl have
- ) shown that increasing the packing density does not gener-
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Fig. 1. Calculation domains with boundariesds2 and flux expressions for the three support geometries: FP, TU and MC.

hexagonal ceramic membrane depend on the ratio of theature, i.e. in the Henry regime. The permeability of silica
selective-layer to porous-support permeabilities. However, for hydrogen is varied over a very wide range of values,
these parameters vary with membrane geometry and the typdrom 10720 to 1 molnT2s 1Pal, which includes the
of application. In this paper, we address this issue for gasvalue~10-% molm=2s-1Pa ! observed for state-of-the-art
separation considering different membrane geometries. Tosilica membrane$5]. Since our interest involves the hy-
the best of our knowledge, it is the first time that the effect drogen permeability, this quantity is referred toFam the

of support geometry on the transport of a multicomponent remainder of the text. Different values for the pressure dif-
gas mixture through asymmetric ceramic membranes is con-ference are consideredgble ). Each of these values cor-

sidered, in terms of both flux and selectivity. responds to different contributions of the involved transport
mechanisms, i.e. Knudsen diffusion, viscous flow and bulk
1.1. Base cases diffusion.

To enable comparison of the effect of support geometry
on overall membrane performance, the following support

geometries are considered: 2. Theory

1. Flat plate (FP). For an isothermal system at steady-state, in the absence

2. Tubular (TU). of chemical reactions, conservation of mass requires that

3. Multichannel (MC). the divergence of the fluyy; (molm=2s-1) of a gaseous
The corresponding calculation domaifssand boundary ~ component vanishes

condition linesis2 (Fig. 1) are determined by transportdirec- v, . N;=0 (1)

tion and symmetry considerations, which are addressed later
in more detail. The macroscopic dimensions of the support whereV is the differential operatofd/ax, d/dy, 3/9z), with
geometries match those of commercially available ceramic spatial coordinateg, y, andz Transport in a flat plate ge-
membrane supports. Parameters used in calculation for bottometry occurs in one direction and, consequently, for its
top layer and membrane support, are listedable 1 description only a single coordinate is required. Transfor-
For a single-species gas, hydrogen, and in the case of anation to polar coordinates and taking advantage of the ax-
binary gas mixture hydrogen and methane are consideredal symmetry also renders transport in the tubular geometry
as the permeating gases. The flux through the selectiveinto a one-dimensional (1D) problem. For the multichannel
layer is assumed to be linearly dependent on the partialgeometry two independent coordinates ¥) remain and,
pressure difference across the layer, with the permeability due to symmetry considerations, the calculation domain
F; (molm2s~1Pal) of gas species as the parameter only covers 1/12th of the actual 19-channel MC membrane
of proportionality. This would, for instance, correspond to cross-sectionFig. 1 depicts the corresponding calculation
transport through a microporous silica layer at high temper- domainss2 and boundary condition&s2.

II?S:)eeriies of the top layer and membrane support, and the investigated process parameters

Material properties Process parameters

Top layer (SiQ) Support layer (AdO3) Pressure (bar) T (K)
Case pret pperm

F (molm2s1pal) =10201 e(-)=03,1(=)=3,dy (M=7x 10°° A 2 104 873
B 32 30

C 30 1
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In the solution domair2, three different categories of
boundariesds2 can be distinguished:

1. 9025 symmetry,—n - N; = 0;
2. 992p: permeate side, fixed pressupg,= pi°

3. 082R: retentate side, flux through selective layer,
—n-N; = Fi(p[* - p)).

wheren is the outward normal vector of2. The partial

103

_ 8dp
%= 4
The other diffusion coeﬁicierﬁijo accounts for binary col-

lisions between the two gaseous species. It is related to the
binary diffusion coefficienD;; by

(5)

0=
] —

&€
p=Dj (6)
T

pressureg; (Pa) at both permeate and retentate side arehere multiplying withe over is performed to account for

assumed constant.

2.1. Flux expressions

Transport of gas mixtures in porous media has been stud- D
ied extensively, and abundant theoretical descriptions have

the structure of the porous medium. For non-polar gases,
the binary diffusion coefficient can be estimated from the
expression given by Fuller et 4B]

Tl.75

Mi+ M,
p® 40732\ MiM;

1.013x 102

ij =

(7)

been proposed in the open literature. Present and DeBethune

[6] presented flux expressions for the transport of a binary wherev (m3) is the diffusion volume of a species aiv}
mixture in a long capillary, based on a momentum approach. (kg mol~?1) is the molar mass. Employing expression (7)
They assumed that diffusive and viscous transport are sim-the multiplication with the total pressure renddﬁ% to be
ply additive and obtained expressions that are essentially theindependent of pressure.

same as those provided by the well-known dusty gas model

(DGM) (e.g.[7]) for transport of gas mixtures in porous

2.1.2. Unary system

media. For most practical problems, these expressions are For single component gas transport, D&d. (2)reduces

generally considered adequate.

2.1.1. Binary system
For a binary mixture, the fluxX;) expressions can be
written as

0

RTN; =— !
" DY+ piDj+piDi

D;Vp;

Bo, D;D;
n DY+ piDj+p;Di

where the interchangeable indideandj refer to either H

or CHy, RandT have their usual meaning amds the vis-

cosity (Pas)By is a parameter related to the structure of the

porous medium (4) and can be obtained from experiment

or, assuming cylindrical pores, estimated frpf
deZ,

T 32 3

with ¢ (-) the porosity,r (-) the tortuosity andi, (m) the
pore diameter.

Expression (2) contains three different diffusion coeffi-
cients, two of which D; andD; (m?s~1)), are related to
diffusion in the free molecule or Knudsen regime. These dif-
fusion coefficients depend on the molar mags(g mol2)
of the gaseous species and on temperature via

D-—4K 8RT
l_3 0 7TM,'

) piV(pi+p) (2

Bo

(4)

to the following flux expression:

1 Bo
Ni=—R—.|_ <Di+71?> Vp (8)
The first and second term on the right hand side account for
the diffusive and convective contribution to the total flux,
respectively.

2.2. Comparison

A comparison between the geometries in terms of mem-
brane performance is made on the basis of pyréik and
H2/CHg selectivity for a 50-50% binary mixture. The pure
hydrogen flux is normalized with respect to the surface area
of the silica layer on the retentate boundasyr

Jyo, — - Nd(O2)
Jag, d(382)

In case of MC geometry, we can distinguish three boundaries
on the retentate side, each corresponding to a chanfileé
channel efficiency is defined as

9)

< N >=

<N >

L

10
< Niot > (10)

where the total flux< Nigt >= ) < N; > is the sum of
the normalized fluxes of all three channels.

2.3. Numerical solution

Numerical simulations were performed using the

whereKg is a parameter related to the structure of the porous FEMLAB® software package. Files used for the calculations

medium (m). Assuming cylindrical pordsy can be esti-
mated from[7]

can be found at the Internet sitetp://www.ims.tnw.utwente.
nl/.
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Fig. 2. 2D-pressure profiles (isobars) and 2D flux profiles (arrows) as a function of permeability of silica in MC membranes for unary system for pressure
case C. Very lowF (a), value for the state-of-the-art (b) and very higkc).

3. Results tribute to the total flux, albeit that the outer channels con-
tribute more.
3.1. Unary system Fig. 3 shows the channel efficienc¥q. (10) for each

channel as a function of the permeability of silica. For low

From a practical point of view, the tubular and multi- values of the permeability, the influence of the support is
channel geometries are considered to be the most suitablenegligible (analogous tBig. 2g and the efficiency of each
due to their greater surface-area-to-volume ratio and me-channel is the same (1/3). Around the state-of-the-art value,
chanical robustness. Consequently, emphasis will be on thethe inner channels show a distinct decrease in efficiency
comparison of these two geometries. Calculations showedwith increasing permeability of silica, accompanied by an
that the same general trend holds for all pressure differ- increase in the efficiency of the outer channels. For high
ences, which is why only case C is discussed in more detail permeability of the silica layer, only the outer channel con-
below. tributes to the flux.

The pressure and flow profiles over a solution do- The reduced efficiency of the inner channels of a MC
main (1/12 of multichannel cross-section) are presented in membrane suggests that the performance of a thin silica layer
Fig. 2 for permeation of pure hydrogen in case of a high
trans-membrane pressure difference (case C) for three dis- 1.0
tinctive values of the permeability of silica, i.& being
very low, state-of-the-art or very high. Very low values of
F (Fig. 29 correspond to almost impermeable dense silica 0.8
layers. In this case, the major part of the transport resistance
and, hence, gradients in pressure are located in these thin
layers. The pressure in the supporting structure is more or 0.6
less constant and equal pB*™. The fluxes in the support g1
are low and gradually increase in the direction towards the
outside of the MC membrane. 04

In the extreme case of a very high permeability of silica

(Fig. 20, the thin silica layers pose nearly no resistance. "'"“'\'"\’-“2'
Hence, transport behavior in this case is entirely determined N\
. o 0.2 \
by the support. Here, the MC geometry induces a distinctive 2\
pressure profile, i.e. the pressure gradient is entirely located \ S,
on the outside of the MC membrane. Consequently, only a 00 \\_'-.______

small portion of each outer channel contributes to the total
flux, while the central portion of the entire multichannel
element shows negligible contribution. F [mol/m?/s/Pa]

Fig. 2bcorresponds toan mtermed_'at_e S|tuat|_o_n, in which Fig. 3. Channel efficiencyHg. (10) in MC membranes for unary system
the pressure changes are located within the silica layers asng pressure case C. Labels correspond to the different channels as in
well as in the entire support. In this case all channels con- Fig. 2

10° 107 10° 105 104  10° 102 10
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7 erning transport mechanism, and the lines-ig. 4 would
have shifted much more to the left.

For highly permeabile silica, overall transport is governed
by the support. Surprisingly, the ratio Nty > / < Nmc >
reaches an asymptotic value (6.58), which is identical for all
three cases of the pressure difference. The asymptotic value
is not related to the pressure or temperature, but only arises

,\(2) from differences in geometry. For a comparison between MC
§ and TU membranes, sophisticated numerical methods are
7 required, such as the finite element method employed here.
g However, for a comparison between TU and FP geometry in
this asymptotic regime an analytical solution can be found
for the flux
Nep= —— (D +2%4) A
FP = RT(S n Pav p (11)
Nty =G X Npp
0 . . T T . w wherepay is the average of the permeate and retentate pres-
107 10% 0 0% 100 107 10T 00 sures. The geometrical fact@ expresses the influence of
F [mol/m?/s/Pa] the curvature on the support resistance
Fig. 4. Flux normalized with respect to the surface area of silica for TU a (12)

and MC membranes as a function of permeability of silica, for unary - +In(1+a)

system and pressure cases A, B, and C. . . .
wherea = §/r is the ratio of the support thicknedsnd the

inner radiug. The positive signs are valid in case the silica

will be better when applied onto tubular support geometry. layer is on the inside of the tube. Then, for @liG exceeds
Fig. 4 shows the ratio of fluxes, normalized with respect to unity, signifying that the flux through a tubular membrane
the total surface area of silica, for both tubular and multi- is always larger than through a flat membrane of the same
channel membranes as a function of the permeability of sil- thickness. For > §,G — 1, i.e. the effect of curvature
ica. It can be seen that the flux per surface area of silica isdisappears. When it is assumed that the silica layer is on
distinctly higher for tubular membranes for all three consid- the outside of the tube (corresponding to negative signs in
ered cases of the pressure difference. For low permeabilityEq. (12), the flux with respect to the outside of the tube is
F the resistance imposed by the silica layer is dominant andrelevant and curvature has a negative effect on the flux.
the normalized flux is independent of the properties of the The surface area of silica is generally larger in a mul-
support, causing: Nty > / < Nuc > to be close to unity. tichannel membrane than in a tubular membrane of the

When the permeabilit of silica increases, the influence same length. To account for this, we calculated the number
of the support becomes more significant. The reduced effi- of required tubes to obtain the same performance as one
ciency of the inner channels causes a reduced performancenultichannel element. The result is depictedFiy. 5 as
of the MC membranes compared to the TU membranes.a function of permeability- of silica. For all three cases
Clearly, the change ik Nty > / < Nmc > with F is dif- of the investigated trans-membrane pressure difference, the
ferent for the various cases of pressure difference. For thenumber of required tubes decreases as the performance
low pressure difference case (case A) the reduced perfor-of silica improves, especially for state-of-the-art values of
mance of the MC membranes occurs at loweralue. This F. For the chosen commercial multichannel element and
is due to the high support resistance in case A (i.e. due totubular membranes, the rat® of the silica surface areas
a smaller viscous flow term). For the high pressure differ- of multichannel and tubular supports is 10.85. In the case
ence case (case C), the viscous flow term is larger and theof almost impermeable silica equals the number of tubes
resistance of the support is much lower compared to the low required to achieve the same performance as an MC mem-
pressure difference case. Consequently, a much higher perbrane. As the permeability of silica increases, the number
meability of silica is allowed before the support resistance of required tubes decreases dramatically and finally reaches
becomes significant. It should be noted that even for the low the asymptotic value of 1.67 (&/G).
pressure difference case (case A), the Knudsen number (ra-
tio of the mean free path of the molecules and the pore 3.2. Binary system, MC geometry
radiusdp) is smaller than 0.01, indicating that the Knud-
sen diffusion contribution is negligible compared to viscous  The performance of a membrane is hot merely determined
transport. When a support with much smaller pores would by the flux of the desired species, but also by the selectivity
be used, the Knudsen contribution might have been the gov-towards this species. In the remainder it is assumed that the
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F [mol/m?/s/Pal] Fig. 7. Permselectivity per channel (labeled aBiim 2) in MC membranes

in case of defects in silica layer for the low pressure case (case A).
Fig. 5. The number of tubes, required to acquire the same performance

as one multichannel element, as a function of permeability of silica for

bution of the support resistance, resulting in a decline of the
unary system for pressure cases A-C.

selectivity. The decline in selectivity is most remarkable for
the inner channels, for which even selectivities below unity

intrinsic selectivity (i.e. the permselectivity of only the thin ~are observed. This corresponds to a higher transport rate of
silica layer) for b over CH; is 500[5]. Due to the presence  CHs compared to b, suggesting that plugging of the inner

of the support the actual selectivity will be less than 500. channels would improve the performance. The reversed se-
In Fig. 6, the selectivityF, for the different channels in an  lectivity can be explained as follows. At high values, the

MC membrane is plotted as a function of the hydrogen per- MC membrane will fill up with hydrogen, causing a decline
meability F of silica for the pressure difference of case C. in the flux of this gas in the inner channels. The permeance

Clearly, the increase iR corresponds to a rise in the contri-  0f CHa through the silica is much lower and the effect of fill-
ing up is less pronounced. Consequently, a smaller decline

in CHy flux is expected.
1000 In Fig. 7, the selectivity is depicted for an MC membrane
with a defective silica layer on the inside of channel 3, cal-
culated for the low pressure difference (case A). Clearly, for
low F-values the overall transport is largely determined by
the defective channel. Almost all gas permeates from chan-
nel 3 to the outside of the MC membrane, while the contri-
bution of the other channels to the flow is negligible. As can
be expected from the small value@.01) of the Knudsen
numberKn (ratio of the mean free path of the molecules
and the pore radiudp), the transport is dominated by the
pressure-dependent second ternEm (2) and, hence, se-
lectivity is low.

With an increase i the contributions of channel 2 and
in particular that of channel 1 become more important and
the overall selectivity increases. Concurrently, the influence
of support resistance becomes larger FtlThis leads to a

100 -

0.1 ' ' ' ' decrease in the apparent selectivity of channels 1 and 2 sim-
106 10° 104 10 102 101 . — . .
ilar to that observed ifrig. 6. At a certainF, the increase
F [mol/m?/s/Pa] in the contribution of both channels to the total flow and

Fig. 6. Permselectivity per channel in MC membranes in case of no the decrease in their apparent selectivity cancel each other

defects in silica layer for the pressure case C. Labels correspond to theOUt €xactly. At this point, the selectivity of the MC mem-
different channels as indicated Fig. 2 brane reaches a maximum value of approximately 10, which
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2.5e-3 diffusion contribution. Consequently, for a prediction of
transport behaviour, it is crucial to properly account for the

2o three transport mechanisms included in the DGM.
.0e-3 -

1503 4. Summary and conclusions

The effect of support geometry on multicomponent gas
transport through microporous silica composite membranes
was investigated under several trans-membrane pressure dif-
ferences. Multichannel, tubular and flat plate geometries
were compared on the basis of purgfiix and H/CH, se-
lectivity for a 50-50% binary mixture. The dusty gas model
was used to account for the properties of the multicomponent
gas mixture, membrane matrix and the governing transport
mechanisms. Numerical simulations were performed using
; . ; : the FEMLAB® software package.

-10 8 ) ; It is shown that the MC support geometry imposes a se-
log F [molim?/s/Pa] vere resistance to gas transport, inducing a distinct pressure
F_ig. 8. Flux of hydr_oggn and methane in MC membranes with de_f_ective 52?:1:?1&2% E;gtf;:g gjgggzblleeS'Llfllcea[;)rtzsesl:?gZ?g;tléitesng:glgn-
silica layer on the inside of channel 3 as a function of permeability of ™ _'
silica for the low pressure case (A) and smaller pore size of the support tirely located on the outside of the MC membrane. Hence,
materialdy "’ = 0.7 pm. only a small portion of the outer channels contributes to the
total flux, while the central portion of the multichannel mod-
ule shows negligible fluxes. This suggests that the perfor-
is small compared to the intrinsic selectivity of 500. Fur- mance of the thin silica layer will be improved when applied
ther increase oF leads to a more dominating support resis- onto a tubular support. Indeed, for all investigated pressure
tance, and consequently a decrease in the selectivity of thedifferences the flux per surface area silica for this geome-
MC membrane. The position of the maximum is obviously try is clearly higher than for a multichannel geometry. The
dependent on the relative resistance of the support. For in-< Nty > / < Nmc > flux ratio reaches an asymptotic
stance, the maximum shifts to the left upon decreasing porevalue (6.58), which is identical for all considered pressure
size of the support material. differences. This indicates that the asymptotic value is nei-

The fluxes of hydrogen and methane corresponding tother related to pressure nor temperature, but arises only
Fig. 7are predominantly governed by viscous transport and, from differences in the geometry. Consequently, as the per-
consequently, show a monotonic increase Witi he max- formance of silica improves, the number of required tubes
imum in overall selectivity is due to a change in the relative to obtain the same performance as the MC membrane de-
transport contributions of the silica layer and the support. creases dramatically to the value of 1.67. Hence, the high
When the pore size of the support is decreased, the viscougpacking densities, i.e. high surface area to volume ratio,
contribution is lowered compared to the diffusive contribu- for multitubular and multichannel membrane modules only
tion and the maximum in selectivity shifts towards lovirer translate into optimum performance for the former case.

In Fig. 8 the fluxes of hydrogen and methane are depicted for  In terms of permselectivity, the inner channels also show
the casel, = 7 x 10~ m, and again a defective silica layer a considerable decline, and even selectivities below unity
on the inside of channel 3. Remarkably, for this case the hy- are observedHig. 6). This corresponds to a higher transport
drogen flux shows a maximum at a certain valué-of his rate of CH, compared to K, suggesting that plugging, i.e.
indicates that improvement of the permeability of the silica exclusion, of the inner channels would improve the perfor-
membrane layer beyond a certain value would even resultmance. When the inner channel is leaking, a maximum in
in decreased performance of the multichannel membrane. selectivity is observed for a certain value lef Due to in-

The increased number of intermolecular collisions with termolecular collisions, the flux of hydrogen may also show
increasing methane concentration can explain the decreas@a maximum withF, suggesting that further improvement of
in hydrogen flux observed for high permeability of silica. the silica layer would result in a decreased performance of
During these collisions, momentum is transferred from the the MC membrane.
fast moving hydrogen to the less mobile methane, moder- Finally, the present study demonstrates that for accurate
ating the hydrogen flux while increasing the methane flux. description of the gas transport it is crucial to properly ac-
It should be noted that there is still an overall selectivity at count for the relative contributions of Knudsen diffusion,
infinite value ofFF. This can only be attributed to the dif- bulk diffusion and viscous flow, which are included in the
ference in mass of the permeating gases, i.e. the KnudserDGM.

1.0e-3 -

N [mol/m?/s]

5.0e-4 -
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Nomenclature

ratio of the support thickness and the
inner radius of a tubular membrane (-)
ratio of silica surface areas of
multichannel and tubular supports (-)
structure parameter of the porous
medium (n¥)

pore diameter (m)

diffusion coefficient of gaseous species
i in the free molecule, or Knudsen
regime (nfs1)

binary diffusion coefficient (fhs1)
diffusion coefficient that accounts

for binary collisions between the two
gaseous specigsj (m?s1)
permselectivity (-)

permeability of gaseous species

(mol m2s1pa?)

ratio of fluxes through tubular and
multichannel membrane, which are
normalized with respect to the surface
area of the silica layer (-)

Knudsen number (-)

structure parameter of the porous
medium (m)

molar mass of gaseous specigg mol1)
flux of gaseous speciegmolm2s1)
flux through channél normalized with
respect to the surface area of the silica
layer on the retentate boundary (mol¥
flux through multichannel membrane
normalized with respect to the surface
area of the silica layer (mot$)

total flux as sum of the normalized fluxes

of all three channels (mot$)

flux through tubular membrane
normalized with respect to the surface
area of the silica layer (mot$)

~

Pav average of the permeate and retentate
pressures (Pa)

pi partial pressure of gaseous spedi¢Ba)

perm partial pressure of gaseous spedies
permeate side (Pa)
ret partial pressure of gaseous spedies

retentate side (Pa)

r inner radius of a tubular membrane (m

R gas constant (J mot K1)

T temperature (K)

Greek symbols

1) support thickness (m)

e porosity (-)

& efficiency of channel (-)

n viscosity (Pas)

A mean free path of molecules (m)

;i diffusion volume of gaseous species
(m?)

T tortuosity (-)

082s symmetry boundary

02p boundary on the permeate side

082R boundary on the retentate side
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