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ARTICLE INFO ABSTRACT
Keywords: The transport of vapors of isobutane near saturation through multi-layered asymmetric membranes is
Mass flow

investigated experimentally and theoretically. The influence of the upstream state of the vapor, whether far
or close to saturation, and of the orientation of the membrane on the mass flow rate is investigated. For
a membrane with five layers, the mass flux increases from about 0.25 kgm~2s~! for a vapor further from
saturation to about 0.45 kgm=2s~! for a vapor close to saturation. Also, close to saturation the mass flux in
the flow direction from the separation layer to the support is up to 50% larger than in the opposite direction.
The membranes consist of three to five layers, the support has a pore size of 3 pm, the finest separation
layer has a pore size of 20 nm. Plane, circular membranes were tested in steady-state permeation experiments.
The upstream pressure varied between about 0.3 times the saturation pressure and a value a few percent
smaller than the saturation pressure, which is about 3.5 bar. Pressure differences between 0.1 and 0.5 bar
were applied. Theoretical descriptions of the flow process are given, assuming that condensation may take
place. For one description any heat transfer is neglected and the flow is assumed to be isothermal while
for two other descriptions heat transfer and temperature variations due to condensation and evaporation are
considered. For the experiments presented here the mass fluxes predicted by these three descriptions do not
differ by a wide margin, e.g., the predictions vary between 1.02 and 1.25 kg m~2s~!. Qualitatively, the increase
of the mass flux for a vapor close to saturation and the dependence of the mass flux on the flow direction is
recovered by all three descriptions.

Inorganic membranes
Porous media
Capillary condensation
Joule-Thomson effect

1. Introduction whether the flow direction plays a role in membrane performance.
Here, because of availability, plane, not tubular membranes were inves-

Inorganic membranes usually consist of several layers, which differ
in pore size and thickness. A hierarchy of structural properties often
offers advantages, for instance for the combination of pressure drop and
mechanical strength [1]. Commonly, a support layer is used, which has
a large pore size, large thickness and which provides structural stability.
On top of the support layer several intermediate layers with smaller
thicknesses and decreasing pore sizes and finally the separation layer
with the smallest thickness and smallest pore size is placed. Thus, a

tigated. While the influence of the flow direction has been investigated
for gaseous flow, data and descriptions for flows with condensation are
scarce. The present investigation contributes experimental data under
these conditions, and highlights the importance of heat transfer and
temperature boundary conditions on membrane permeance.

In the following, we recall modeling efforts and results for purely
gaseous flow through homogeneous porous media, followed by a re-

membrane consisting of several different layers is mostly asymmetric
with respect to the flow direction. The fluid may either flow in the
direction from the support to the separation layer, or in the reverse
direction from the separation layer to the support.

For instance, tubular ceramic membranes may have the separation
layer at the inside or at the outside of the tube, and the feed may be
also be applied at the inside or at the outside. It would be of interest,

* Corresponding authors.

count on the effect of capillary forces for flows with condensation.
Condensation and evaporation leads to the treatment of temperature
variations and energy transport. Furthermore, it is mentioned that
the Joule-Thomson effect may play a role, and different boundary
conditions are proposed. At the end of the introduction section, the
choice of the experimental method is justified.
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The transport of vapors and non-condensable gases through porous
membranes can be described, from application of the dusty-gas model
[2], as a combination of viscous and molecular flow. Uchytil [3]
compared the pore radius obtained from interpreting permeation data
as the sum of viscous and molecular flow with the pore radius obtained
from mercury porosimetry, and found good agreement. Similarly, the
flow of gases through ceramic asymmetric membranes with one and
up to five layers was described as the sum of viscous and molecular
contributions [4]. The pore size could be recovered from the perme-
ation data, and mass flow differences of up to 6% between the two flow
directions for ideal gases were computed [4]. Mass flow differences
were also computed for a membrane consisting of two layers [5],
and these mass flow differences, of up to 50% depending on the
pressure conditions, were experimentally verified [6]. The influence of
the transport direction on permeance was also investigated on a stack
of two homogeneous membranes, mimicking an asymmetric two-layer
membrane [7]. It should be recalled that a description where interac-
tions between fluid molecules and the walls of the porous medium are
not taken into account is applicable if the pore size is much larger than
a fluid molecule, or if fluid molecules do not interact with the pore
walls. However, accounting for these additional transport mechanisms,
the importance of the orientation on mass transport was also computed
for a two-layer membrane [8] and shown for zeolite membranes [9].

In contrast to gases, a vapor that flows through a porous membrane
may condense. The flow of vapors through Vycor glass membranes
with pore diameters of 4 nm was described by Rhim & Hwang [10],
accounting for viscous, molecular and surface flow and also considering
capillary condensation. Rhim & Hwang [10] mentioned that when
condensation occurs a large enthalpy of vaporization is transported,
and the flow cannot be isothermal. However, an isothermal model
was used [10], and later similar experimental data for Vycor glass
was described as isothermal flow [11]. With the inclusion of surface
flow an effect of pore blocking by condensate could be observed
and modeled [12], while other experimental data did not show a
maximum in permeance versus mean pressure [13]. For the flow of
butane through 4 nm Vycor glass membranes, with an upstream state
of either a liquid or a gaseous state, the role of capillary pressure
was worked out [14]. Data from steady-state and unsteady permeation
experiments for butane through 4 nm Vycor glass membranes was re-
ported [15]. In the references mentioned above, the flow was modeled
as isothermal, and the large capillary pressure at the strongly curved
interfaces between the liquid and the gaseous phase of the fluid within
the porous membrane was taken into account [10-15]. To recover
a flow hysteresis, non-equilibrium molecular dynamics simulation or
lattice-based dynamic mean field theory should be used [16].

Schneider [17] relaxed the assumption of isothermal flow, con-
sidered the balances of mass, momentum and energy and took into
account real-gas properties, recovering the Joule-Thomson effect. The
flow of propane through a stretched polyethylene membrane with a
pore width of 20 nm was measured and could be well described [17].
The same model was applied to a two-dimensional flow through a
slender cylinder [18]. A salient feature of the non-isothermal descrip-
tion [17] is that a vapor near saturation that flows through a porous
membrane may also condense only due to the Joule-Thomson effect,
capillary effects may be disregarded.

Capillary effects were later included in a non-isothermal description
of the flow based on the model given by Schneider [17], and a large
amount of experimental data was presented [19]. This model was sub-
sequently applied to a theoretical study of the flow of isobutane through
an asymmetric membrane consisting of three layers [20]. Depending
on the flow direction, from the separation layer to the support or
from the support to the separation layer, the mass flux could be up
to ten times larger in one direction than in the other direction [20].
A factor of seven was reported in another study [21]. Analyzing the
flow of propane through an asymmetric membrane whose properties
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were given elsewhere [4], mass flux differences, pressure profiles and
the distribution of liquid phase in the membrane was given [22].

Here, the description of the flow is refined with respect to heat
transfer from the surroundings. Accounting for real-gas properties of
the fluid and assuming adiabatic boundary conditions at the upstream
and the downstream side of the membrane, the Joule-Thomson effect
is recovered. However, due to small mass flow rates through the mem-
brane, the assumption of adiabatic flow may be unrealistic. Therefore,
heat transfer from the environment to the membrane is allowed, and
the flow is described for (i) purely isothermal flow, (ii) adiabatic bound-
ary conditions, and (iii) a diabatic downstream boundary, i.e., requiring
that the downstream temperature of the fluid shall be equal to the
upstream temperature. In the latter case, temperature variations within
the domain are allowed.

The mass flow of isobutane through asymmetric membranes with up
to five layers was measured. Isobutane was chosen because its saturated
vapor pressure at a laboratory temperature of 25 °C is 3.51 bar. A
pressure in the range between 2 to 5 bar is suitable for experiments
for several reasons. During the experiments, a pressure difference can
be set that the flow through the studied ceramic membranes is easily
measurable. In the case of using a substance with a low pressure such
as water, which has a saturated vapor pressure of 0.0312 bar at 25 °C,
only a small pressure difference across the membrane could be applied.
Hence, the mass flow rate would be small and therefore not precisely
measurable. Also, measurement of small values would place additional
demands on the tightness of the apparatus. Increasing the pressure of
water vapor by increasing the temperature of the experiment would re-
quire an extensive heat insulation of the whole apparatus. An elevated
temperature and bulky heat insulation would make operation of the
apparatus much more inconvenient. Therefore, isobutane was found
to be very suitable for investigating mass transport accompanied by
condensation in small pores of a membrane.

While experiments were only done with isobutane, the theoretical
description and some findings from this study are also applicable to
other fluids and asymmetric membranes. However, the minimum pore
size is restricted to about 10 nm. Otherwise, fluid-wall interactions
should be taken into account, which is not done in the description pre-
sented here. There is no maximum pore size beyond which the proposed
model would become invalid. However, beyond a pore size of perhaps
500 nm, several terms in the current description, e.g., those relating
to molecular flow but also to capillary pressure, become small or even
insignificant. Therefore, for flows through media with pore sizes on the
order of microns, the proposed description is too complicated, involves
terms that do not play a role, and conclusions drawn for flow through
asymmetric media may not be applicable.

2. Theory

To describe the ceramic membranes, a model of the porous media
as consisting of equivalent, parallel, round capillaries is invoked. The
properties of these equivalent porous media are partially determined
from permeation experiments with nitrogen, cf. Section 3.1. The inner
diameters of these capillaries change discontinuously according to the
pore size of the corresponding layer. The contact angle inside the
capillaries is assumed to be zero and constant, i.e., independent of the
mass transfer across the meniscus. As a consequence, if there is a front
of phase change within the capillaries, the curvature of the menisci
within the capillaries is uniquely determined by the contact angle
and the pore radius. Heat conduction within the ceramic membrane
is modeled by treating the membrane as a homogeneous medium,
assigning an effective thermal conductivity to the membrane filled with
either the liquid or the gaseous phase of the fluid.

In the following, the governing equations are given for three one-
dimensional descriptions of the flow through the asymmetric porous
membrane, an isothermal, an adiabatic, and a diabatic description:
In the first, isothermal description, heat transfer is not taken into
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Table 1
Material properties of isobutane and thermal conductivity of the membrane.
Property Correlation Ref.
R R=R/M, R =83144 J kmol™' K!, M =58.124 kg kmol! [23]
10~ 947.54 Y 2 ., _ T/K-268
Pt P = 10 ((9.00272 - m) (0.43429 726705 19,64 2% + 27921")) Pa, y = &2 [24]
v, p1 = 870.93 — 1.36494(T /K) + 0.00256419(T /K)* — 5.32743 x~6 (T /K)* kg m™3, v, = p;’! [25]
) _ RT _ _ 10293 _ 12475 _ 7.0490x10° 3 1
vy = B =0.11625 T/K Ty T m? kmol [26]
T T 2 T 3 T 4 1 1

o &1 = 172370~ 1783.9% + 14759 (£ ) - 0047909 (£ ) +5805x 10 (£ ) J kmol™! K-

cp1 =G/ M [27]

2 2

o 1587/(T /K) 706.99/(T /K) .
Cpia &0 = 65490 + 247760 (FU e ) +157500 ( AR ) s Cpia = Epia/ M [271
v = exp(—18.345 + ‘;’%‘ +1.0978In(T/K) — 6.1 x 102/(T /K)'® Pa s, v, = y;/py [28]

o116y \ /6

v Hg = (0.807T06!8 — 0.357¢ 0447 4 03440 +0.018) /M (%) Pa s,

T, = (T/K)/408.2 [29]
K ki = 0.1495(1 - T,)°3 /T, W m! K1, T, = (T/K)/408.2 [30]

_ 8.757(exp(0.0464T,)—exp(—0.2412T,))+9.55(—0.152T, +1.191772-0.0397) -1 -1 _ T/K

kg ks - 0.457x10°(408.2M3 /(3.65x106)4)!/6 Wm™ K™, T, = 408.2 (31
o & = 0.0505731(1 — (T /K)/408.15)! 212 N m~! [32]
Ahyyy From Clausius-Clapeyron, 4h,,, = (dpy, /dT)T (v, — v))
K ky =30 W m™! K! [33]

account, and the flow is assumed to be isothermal throughout the entire
flow field. In the second and third descriptions, account is taken of
the enthalpy of vaporization released or consumed at fronts of phase
change, of heat transfer within the flow, and of the real fluid properties
of the fluid. The second and the third description differ only in one
boundary condition at the downstream side of the membrane. For the
adiabatic description, it is assumed that there is no heat flux to or
from the membrane. Hence, the Joule-Thomson effect is recovered: The
temperature of the fluid at the downstream side of the membrane is
smaller than the temperature at the upstream side of the membrane.
Conversely, for the third, the diabatic description, the downstream
temperature is assumed to be equal to the upstream temperature. This
boundary condition results in a heat flux from the environment to
the downstream side of the membrane. In contrast to the isothermal
description, there is still a temperature variation within the membrane.

2.1. Governing equations

The balances of mass, momentum and energy are given by [19]

J = constant, (@]
x dp

=-E22 2

vdz 2

Jh + ¢ = constant, 3

where J is the mass flux, k refers to the permeability of the membrane,
v denotes the kinematic viscosity of the fluid, p refers to the pressure,
the spatial coordinate in flow direction is given by z, the specific
enthalpy of the fluid is given by & and ¢ refers to the heat flux. Note,
that D’Arcy’s equation is used as the momentum balance, and that
the kinetic energy of the fluid is neglected in the energy equation.
Therefore, this description is restricted to porous media with small pore
sizes. Modeling the porous medium as a bundle of parallel capillaries,
the permeability is related to the pore radius by [34, p. 128]

er2

T8’
where ¢ is the void fraction, 7 the tortuosity, and r is the pore radius.
The flow of the gaseous phase through the porous medium is taken
to be the sum of viscous and molecular flow, applying a result from

G

the dusty-gas model [2]. Hence, for the gaseous phase an apparent
kinematic viscosity can be defined as

v=v,(1+pKn)™", 5)

where v, is the kinematic viscosity of the gaseous phase in the bulk, f is

a correction factor for molecular flow, and Kn is the Knudsen number.

The heat flux ¢ is given by Fourier’s law of heat conduction,
dT

_ka’

where k is the effective thermal conductivity of the fluid-filled mem-

brane and T refers to the absolute temperature. The effective thermal

conductivity is computed from the effective medium theory equa-

tion [35],

§= (6)

k=(1/4) ( Be=Dk;+(2=3e)k,, + \/((35 — Dk; + (2 = 3e)k,, )2 + 8kmkf> ,

)

with k; and k, referring to the thermal conductivity of the fluid and the
solid matrix, respectively. Eq. (7) yields the bound between materials
where a disperse phase is more conductive than the homogeneous
phase, and materials with a homogeneous phase that is higher con-
ductive than the dispersed phase. Ceramic membranes with loosely
contacting granules belong to the former. Nevertheless, the data given
in Ref. [35] indicates that Eq. (7) gives a good estimate for the effective
thermal conductivity of the fluid-filled ceramic membranes utilized
here.

At interfaces within the porous medium, the pressure difference
across the meniscus is given by the Young-Laplace equation,

Ap =20/r, (€]

where o refers to the surface tension. Eq. (8) above is valid for a contact
angle of zero between the liquid phase of the fluid and the solid matrix
of the membrane, i.e., for an ideally wetting fluid. The pressure of the
gaseous phase of the fluid that is in equilibrium with its liquid phase at
a curved meniscus is denoted by py, and it is given by Kelvin’s equation,

]n<1’_r<> __ 204 ©
Psat r RT

Here, R is the specific gas constant, p, refers to the saturation pressure
and v, is the specific volume of the liquid phase of the fluid.
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Fig. 1. Temperature (top) and pressure distributions (bottom) according to the adiabatic (left) and the diabatic (right) description. Computed for the flow of isobutane through
the membrane with five layers. In both cases, T, =25 °C, p,/py, = 0.95 (p; = 332 kPa) and p, —p, = 100 kPa. Flow is from the left to the right, direction separation layer — support.
Liquid is indicated by blue color, vapor by red color. The insets show enlarged views. Vertical lines in the insets mark the boundaries between layers. A mass flux of 1.66 kg m~2
s~ is obtained for the adiabatic description and 0.70 kg m~2 s~! for the diabatic description.
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Fig. 2. Temperature and pressure distribution according to the diabatic description for the flow of isobutane in direction support — separation layer through the membrane with
five layers, T; =25 °C, p;/py = 0.95, p; — p, = 100 kPa. The mass flux is 0.515 kg m~2 s71.

At the upstream front of the membrane, the vapor must condense if
the upstream pressure is larger than the pressure py given by Eq. (9).
In that case, Eq. (9) yields the radius of curvature of the meniscus by

setting px equal to the upstream pressure and solving for r, which in

that case denotes the radius of curvature of the meniscus, not the radius
of the capillary. A similar situation occurs at the downstream front
of the membrane, or at the interfaces between layers with different
pore sizes. In the region with the smaller pore size, it must be checked

whether the pressure is larger than px given by Eq. (9). If so, a front
of phase change is located at that position, and the radius of curvature
of the meniscus is computed from Eq. (9).

At curved interfaces, the enthalpy of vaporization is different from
the enthalpy of vaporization at a plane interface,

oh oh
S 20 1
Ahyapx = Ahyyy + (P = Dsar) (E) - (PK = Psat — —) <a—p> , (10

r
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Table 2
Properties of the ceramic membranes.

Layer Thickness Pore diameter Porosity Tortuosity B
(um) (nm)

1 1000 3070 0.5 1.2 6

2 25 1840 0.5 1.2 6

3 15 3230 0.5 2.5 1.7
4 10 80 0.3 1.1 11
5 1 20 0.3 1.1 11

Table 3

Open areas of the membrane samples after being glued into the membrane holder with
epoxy resin, and equivalent diameter.

Layers Area (mm?) 2 x y/area/x (mm)
3 25.8 5.73
4 34.6 6.64
5 39.1 7.06

where Ah,,,  is the enthalpy of vaporization at a curved interface, and
4h,, is the enthalpy of vaporization at a plane interface.

The governing equations are further supplemented by the thermic
and caloric equations of state. Correlations for the material properties
of the fluid depending on its state and the thermal conductivity of the
membrane material are given in Table 1.

2.1.1. Isothermal description

The isothermal description is based on the assumption that the
temperature is the same everywhere within the flow field. Hence,
the energy balance and equations related to heat flux are not taken
into account. The solution according to the isothermal description is
calculated from Egs. (1), (2), (4), (5), (8) and (9).

The boundary conditions are given by the upstream and the down-
stream pressure,

p(z=0)=p,, an

p(z=L)=p,. 12)

Here, p, is the upstream pressure, p, is the downstream pressure and L
refers to the thickness of the membrane.

2.1.2. Descriptions with heat transfer

In the case that the energy balance is taken into account, the full
governing system of equations, Egs. (1) to (10), must be considered.
Under adiabatic conditions, the boundary conditions are given by

p(z=0)=p;, T(z—>-0)=T;, ¢(z—>-x)=0, 13)

pz=L)=p,, ¢(z=1)=0. ()

The boundary conditions must partially be applied at negative infin-
ity, to account for a probable temperature boundary layer upstream
of the membrane. Under adiabatic conditions, the governing equa-
tions and boundary conditions describe a Joule-Thomson process. The
downstream temperature can be computed by integrating the Joule—
Thomson coefficient along an isenthalpic line

P
T -T,= / Hyr dp, (15)
J2)

where uyr = (0T /dp),, is the Joule-Thomson coefficient. Vapors always
have a positive Joule-Thomson coefficient, therefore, the downstream
temperature for the flow of a vapor through a porous membrane is
always smaller than the upstream temperature.

The porous membranes investigated here have such small pore sizes
that the mass flow through the membranes is very small. Therefore,
the assumption of adiabatic flow may not be appropriate. Just a small
heat flux from the outside may suffice to render the flow not adiabatic.
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Therefore, for the diabatic description, the assumption of adiabatic flow
is relaxed, and it is assumed that the downstream temperature is equal
to the upstream temperature. A heat flux from downstreams of the
membrane towards the downstream front of the membrane must be
imposed to fulfill the boundary condition to the temperature at the
downstream front. The diabatic description is equivalent to keeping
the membrane in an isothermal environment and having an infinite
heat transfer coefficient at the downstream side of the membrane. The
boundary conditions for the diabatic description are

pz=0)=p;, T(z—->-00)=T), ¢(z— —00)=0, (16)
pz=L)=p,, T(z=L)=T,. 17)
In fact, for numerical integration, from dh = (dh/dp)y dp first the

enthalpy difference h, — h, is computed. The downstream heat flux is
then set to ¢, = J(h, — h,), thus completing the initial value problem
starting from z = L.

For all descriptions, the corresponding system of equations is solved
numerically using a Matlab [36] program. The governing equations are
integrated using a shooting method, but marching upstreams against
the flow direction. First the downstream state is calculated from the
global energy balance,

Jhy = Jhy + . (18)

The governing equations are then integrated beginning with the down-
stream state, varying the mass flux J. The solution is obtained when
the pressure at z = 0 is equal to p; within a tolerance of (p; — p,)/1000.

2.2. Properties of the descriptions

Temperature and pressure distributions according to the adiabatic
and the diabatic description are shown in Fig. 1. At the top, the
temperature distributions are plotted. The temperature distribution
for the adiabatic description, especially in the enlarged inlet, nicely
displays the upstream temperature boundary layer and the kinks in
the temperature distribution between regions of liquid and vapor flow,
due to consumption and release of the enthalpy of vaporization. The
most striking difference between the two temperature distributions is
the effect of the downstream boundary condition. The temperature
distribution on the left with the adiabatic boundary condition becomes
horizontal at z/L = 1, indicating zero heat flux, while there is a heat
flux in upstream direction over nearly the entire membrane for the dia-
batic boundary condition on the right. Also, the minimum temperature
is much smaller for the adiabatic boundary condition, slightly above
22.5 °C versus 24.6 °C. The lower temperature causes condensation in
a larger part of the flow domain for the adiabatic boundary condition,
which is better seen in the inlays to the pressure distribution on the
bottom of Fig. 1.

The discontinuity in the pressure distribution between the second
and third layer on the left, for the adiabatic boundary condition,
corresponds to the pressure difference across a curved interface be-
tween liquid and gaseous flow that forms within the membrane. This
pressure difference acts, in addition to the pressure difference applied
between the feed and the permeate side of the membrane, to enhance
the mass flow rate. In contrast to the pressure discontinuity within
the membrane, the pressure distribution is continuous at the interface
between liquid and gaseous flow at the upstream side of the membrane,
at z/L =~ 0. This continuous pressure distribution indicates that a
thin liquid film with a plane interface forms at the upstream side of
the membrane. In comparison, for the diabatic boundary condition
on the bottom right of Fig. 1, there are pressure discontinuities both
at the upstream and the downstream end of the liquid flow region,
corresponding to curved interfaces at both sides. The interface form
in the first layer with the smallest pores, hence the pressure differences
across the interfaces are much larger than in the case of the adiabatic
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Fig. 3. Mass flux of nitrogen through ceramic membranes with three, four or five layers. The experimental data is used to fit the values of tortuosity and the molecular flow
correction factor f. Curves computed from the description with 7| =T, and using the fitted values of r and § are shown as lines.

Fig. 4. Flow chart of the experimental apparatus. 1 — gas cylinder, 2 — pressure gauge, 3 — regulating valves, 4 — on/off valves, 5 — permeation cell, 6 — membrane,

7 — bubble flow meter, 8 — heating jacket, 9 — thermostat.

boundary condition, with an interface in the second layer. However,
these large pressure differences are nearly balanced, and a net pressure
difference across the liquid flow domain of around 100 kPa remains.
For the adiabatic description, the pressure difference across the liquid
flow domain amounts to a bit more than 200 kPa. Accordingly, the
computed mass flux is 1.66 kg m~2 s~1 in this case with the adiabatic
boundary condition and 0.70 kg m~2 s~! with the diabatic boundary
condition.

For the same conditions as in Fig. 1 on the right the pressure
distribution has also been calculated for the reverse flow direction,
from the support to the separation layer, see Fig. 2. The layers with the
small pores are now on the downstream side of the membrane, where
the pressure is lower. Therefore, in contrast to the orientation of the
membrane with the small pores on the upstream side, condensation
does not occur. The temperature variation is an order of magnitude
smaller than with condensation. The mass flow is not enhanced by
capillary pressure, the mass flux for this case is 0.52 kg m~2 s~1. Hence,

we have the result that in this case the mass flux for the two flow
directions differs considerably. Without presenting more details, the
importance of capillary pressure and the different temperature and
pressure conditions in the layers with small pore sizes may suggest
why the mass fluxes are different for the two flow orientations if
condensation occurs. The above cases were computed for p, /pg,, = 0.95.
For smaller upstream pressures, condensation does not occur, and there
are only small effects of different kinematic viscosities due to different
pressures in the individual layers. Hence, without condensation, mass
fluxes for different membrane orientations are very similar.

3. Experimental
3.1. Membranes

The membrane samples investigated here correspond to asymmetric
membranes at consecutive stages of production. Membrane samples
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consisting of only the support layer, of the support layer and the
first intermediate layer, of the support layer and two intermediate
layers, and so on were produced (Fraunhofer Institut fiir Keramische
Technologien und Systeme, Hermsdorf, Germany). The support layer
and the three intermediate layers were made from a-aluminumoxide,
the separation layer was made from titaniumoxide.

A plane sample geometry was used, since this is a common shape
for membranes, and an apparatus for plane membranes was available.
There were no requirements on the chemical composition of the mem-
brane material, other than it should be wetted by the liquid phase of
the fluid. A very common material for inorganic porous membranes
is a-aluminumoxide, but for very small pore sizes either y-aluminum
or titaniumoxide should be used [37]. The pore size of the separation
layer was required to be in the range from about 10 to 50 nm. A
previous study has shown that the effect of condensation, i.e., the
ratio of the mass flow rate for p; = p,, versus the mass flow rate
for p; < pg,, increases with decreasing pore size [19]. The larger the
pore size, the smaller the ratio of the mass flow rates. According to an
adiabatic description of the flow, a critical permeability exists above of
which the fluid does not condense completely, and an increased mass
transfer due to condensation cannot be observed [19]. For the materials
considered here, the critical permeability corresponds to pore sizes of
220 nm for ¢-aluminum and 420 nm for titaniumoxide. For pores sizes
smaller than about 10 nm fluid-wall interaction effects, e.g., surface
flow, would start to play a role. These fluid-wall interaction effects are
not taken into account in the descriptions presented here, hence a pore
size of about 10 nm is regarded as the lower limit or our theoretical
descriptions.

The thicknesses, pore sizes and porosities of the individual lay-
ers were provided by the manufacturer. The thickness of every layer
was measured on the cross section of finished membranes using field
emission scanning microscopy, the last, thinnest layer in addition was
investigated with transmission electron microscopy on lamella pro-
duced with focused ion-beam and on ion-beam etched samples. Pore
sizes of the support and the intermediate layers down to 100 nm
pore size were measured by mercury porosimetry, the smaller pore
sizes were measured by nitrogen sorption technology. The samples to
determine pore sizes were produced by spreading small amounts of the
respective coating solutions on a polymeric foil, drying, removing the
samples from the foil and firing them together with the membranes.
The pore size of the 20 nm layer was additionally checked by retention
measurement with molecules of known dimensions.

The tortuosity and the molecular flow correction factor g were
determined in our laboratory from permeation experiments with nitro-
gen. The measurements were done with the same experimental setup
that was used for the permeation experiments with isobutane, see
further below. The mass flux was measured for a pressure difference of
approximately 0.4 bar and for different mean pressures. The tortuosity
and the molecular flow correction factor § were determined by fitting
the expression for the mass flux of a gas through a membrane,

€ dp
J=- (v + pKn) o 19)

to the measured data. Eq. (19) is obtained by substituting the ex-
pression for the apparent kinematic viscosity of a gas, Eq. (5), into
Eq. (2). Experimental data for the flow of nitrogen through membranes
with three, four and five layers and the curves obtained by evaluating
Eq. (19) with the values given in Table 2 are shown in Fig. 3. The data
for nitrogen transport shown in Fig. 3 was measured in the direction
from the smaller pores to the larger pores, i.e., in the flow direction
from the separation layer to the support. However, for a gas, the fluxes
in opposite flow directions practically do not differ.

Applying a result from the dusty gas model [2] for molecular flow
through round tubes yields a value of g = 9.1, see [22]. The values for
p obtained here, with the exception of the value for the third layer, are
in the vicinity of this value.
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Fig. 6. Photographic image of the membrane holder (top) and an example of the
evaluation of the membrane area using the ImageJ [38] software (bottom).

3.2. Experimental setup

A flow chart of the experimental setup is shown in Fig. 4. A
permeation cell made from polyvinyl chloride was manufactured in
the workshop. Polyvinylchloride is a readily available material that
can be easily machined and it thermally insulates the membrane a bit
from the surroundings. The permeation cell is connected on one side
to a bottle containing isobutane, on the other side it is connected to
a bubble flow meter. From the bubble flow meter, the gas exhausts to
the atmosphere. On both sides of the permeation cell, pressure gauges
and regulating valves (Brooks Instruments, Hatfield, USA) are utilized
to maintain constant pressures. Additional shut-off valves and tubing
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Fig. 7. Mass flux for the flow of isobutane through the membrane with three layers at pressure differences of 0.5, 0.3 and 0.1 bar. Flow direction separation layer — support

(filled symbols) and support — separation layer (open symbols).
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Fig. 8. Mass flux for the flow of isobutane through the membrane with four layers at pressure differences of 0.5, 0.3 and 0.1 bar. Flow direction separation layer — support (filled

symbols) and support — separation layer (open symbols).

allow to direct the flow in both directions through the permeation cell.
The isobutane bottle is wrapped in a heating jacket connected to a
thermostat, and the temperature of the water circulating through the
heating jacked is kept constant.

The membrane samples are inserted into the permeation cell by
using membrane holders. A membrane sample is fastened with epoxy
resin to a circular membrane holder, see Fig. 5. The sample is placed
on top of a support made of porous glass SO, which has a thickness of
2 mm and a pore size between 150 and 250 pm. For each membrane
sample, the free area is measured by taking a photograph from above
the top side of the membrane. The area not obstructed by epoxy resin is
determined from the photograph using the image processing software
ImageJ [38], see Fig. 6. Table 3 reports the areas measured for the
individual membrane samples.

3.3. Measurements

After concluding the experimental setup, initially all the valves,
including the regulating valves, are closed. A flow direction is set by

opening two of the four block valves. Mass flow data is then taken by
first opening fully the regulating valve at the downstream side of the
permeation cell. The pressure level in the permeation cell is thus at
atmospheric pressure. Next, the regulating valve at the upstream side
is carefully opened until the pressure difference between the upstream
and the downstream side is approximately at the target value. The
pressure level on both sides of the permeation cell is then increased by
slowly closing the downstream regulating valve. To keep the pressure
difference at the target value, the upstream regulating valve may need
to get adjusted. In the procedure above, it is important that initially
the downstream valve is fully open. Otherwise, if the upstream valve
is first opened, a large pressure difference between the upstream and
the downstream side of the membrane may build up, and destroy the
membrane.

After adjustments to the regulating valves, a time of five to ten
minutes is allowed to pass before a mass flow measurement is taken.
For the next measurement, the downstream valve is throttled a bit
more, thus raising the pressure level. A series of measurements for a
specific pressure difference starts at small pressure levels, increasing
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Fig. 10. Mass flux for a pressure difference of 50 kPa, membrane with five layers. Experimental data is denoted by symbols, flow direction separation layer — support (filled
circles) and support — separation layer (open circles). Isothermal description (solid line), diabatic description (dashed line) and adiabatic description (dotted line). Computations

for the flow direction support — separation layer are shown as thick purple lines.

the pressure level for subsequent measurements. The mass flow rate
is calculated from a reading of the bubble flow meter, and noting
the atmospheric pressure and the room temperature. For the flow of
nitrogen, the measured volumes ranged from 100 ml to 250 ml, for
which between 30 to 70 s elapsed. For the flow of isobutane, the
measured volumes were mostly between 50 to 100 ml, except for the
pressure difference of 0.1 bar, where the measured volumes ranged
from 20 to 50 ml. The times it took to fill these volumes lied between
a minimum of 12 s, up to 60 s, with a mean of 30 s. The mass flux is
calculated from

J = Y Proom
tART, o

room

(20)

where V refers to the measured volume, ¢ to the elapsed time, A is the
open area of the membrane, and p,,,, and T, refer to the ambient
pressure and temperature, respectively. Here, but not in the numerical
computations to calculate the flow field within the membrane, the

density of the fluid is evaluated from the ideal gas law.

For measurements where the upstream pressure approached the
saturation pressure, the mass flow increased to such large values that
the temperature of the bottle could not kept constant any longer.
Thus, measurements with the upstream pressure in close vicinity to the
saturation pressure were not possible.

4. Results

Mass flow data for the flow of isobutane through membrane sam-
ples with three, four and five layers are shown in Figs. 7, 8 and 9,
respectively. Flow in the direction from separation layer to the support
is indicated by filled symbols, while open symbols stand for the reverse
flow direction from the support to the separation layer. Since the mini-
mum pore size decreases and the thickness of the membranes increases
slightly with each additional layer, the flow resistance increases with
each additional layer. Therefore, as can be seen, the mass flux decreases
from Figs. 7 to 9.

A striking feature of the flow data depicted in Fig. 7 is the decrease
of the mass flux for p; approaching p,, and for the flow direction
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result.

from the support to the separation layer. This decrease might be
caused by contact angle hysteresis and the formation of condensate
in the downstream-most layer. This hypothesis is supported by the
observation that the decrease of the mass flux only happens at small
pressure differences, not at a pressure difference of 0.5 bar. However,
a decrease of the mass flux is not seen in the membranes with four
or five layers, where the separation layer has smaller pore sizes. On
one hand, in smaller, smooth pores a smaller contact angle hysteresis
would suffice to form a liquid plug that is able to withstand a given
pressure difference. On the other hand, in smaller pores capillary pres-
sure is more dominant, responding less to outer pressure conditions.
Nevertheless, there is no good explanation for a decrease of the mass
flux for three layers only. This might serve as reminder that modeling
the pores as smooth capillaries might lose some properties of the pore
space.

Another feature of the mass flow data is that for a vapor far from
saturation, the mass flow is independent of the flow direction. As can
be seen in Figs. 7 to 9, for p, smaller than ~ 0.9p,, the open and the
filled symbols closely coincide. The near independence of mass flow
rates on membrane orientation for vapors far from saturation is also
reproduced by the theoretical descriptions, see Fig. 10. The theoretical

10

lines shown in Fig. 10 for the two flow directions differ by less than
five percent.

The mass flow through the membrane with four layers, Fig. 8, is
only slightly larger than the mass flow through the membrane with five
layers, Fig. 9. The flow resistance of the fifth layer is small. However,
in the region of condensing flow, for p,/p, > 0.9, due to the action
of capillary forces the mass flux through the membrane with five
layers, Fig. 9, can become even larger than the mass flux through the
membrane with four layers, Fig. 8.

The mass flow data for the membrane with five layers, Fig. 9, shows
a strong increase of the mass flow for p; /py, > 0.9 in the flow direction
from separation layer to support. For a pressure difference of 0.5 bar,
there is also an increase for the flow direction support-separation layer
for p; /ps, > 0.9. The strong increase of the mass flux for upstream states
close to saturation is further investigated and compared to predictions
from the theoretical descriptions in Figs. 10 to 12.

Fig. 10 shows experimental data and computations for the mass
flow through the membrane with five layers for a pressure difference
of 0.5 bar. The experimental data shows a sudden increase of the mass
flow at p;/py; =~ 0.9. The isothermal and the diabatic descriptions of
the flow also yield a sudden increase of the mass flow at the same
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position while, according to the adiabatic description, the mass flow
should increase already for smaller values of p,/p,. The kinks in the
theoretical descriptions are caused by the coarse description of the pore
space. The pore diameter changes instantly at the layer boundaries. A
gradual change of the pore diameter from one layer to the next would
be more realistic.

The maximum mass flow rates according to the theoretical descrip-
tions, which occur for a vapor at saturation upstream of the membrane,
P1/Pg = 1, are not shown in Fig. 10. They are J = 1.19 kg m™2 s7!
according to the isothermal description, 1.02 kg m~2 s~! according to
the diabatic description and 1.25 kg m~2 s~! according to the adiabatic
description. These values are much beyond the range of mass fluxes
shown in the graph, but do not differ widely between themselves.

In the reverse flow direction, from the support to the separation
layer, the experimental data seems to show a sudden increase of the
mass flow at p,/p, =~ 0.94. The adiabatic description predicts an
increase of the mass flux at nearly the same location. There is no
increase of the mass flux according to the diabatic and the isothermal
description. Since the sudden increase of mass flow rates depending
on the flow direction occurs at different states of the upstream fluid,
pi/psat = 0.9 versus p;/py, ~ 0.94, for a vapor close to saturation the
mass flow rates through a membrane may differ considerably for the
two flow directions.

The smaller the pressure difference across the membrane, the closer
the three descriptions of the flow become, see Figs. 11 and 12. For
very small pressure differences, the state of the fluid in the upstream
part of the membrane does not differ much from the state of the
fluid in the downstream part of the membrane. Hence, the smaller the
pressure difference becomes a change of the orientation should yield a
smaller influence on the mass flow rate. The experimental data shows a
much more gradual increase of the mass flow rate than the theoretical
predictions. As for the case with a pressure difference of 0.5 bar, the
comparison of experimental data with predictions is not much more
favorable for one of the descriptions over the others.

5. Conclusions

For isobutane vapors in a state far from saturation and up to
P1/Pac = 0.9, the mass flow through the asymmetric ceramic mem-
branes tested here can very well be predicted by any of the descriptions
presented here, isothermal, adiabatic, or diabatic. As long as there is
no condensation within the flow, there is not much difference between
the models. Also, a different orientation of the membrane with respect
to the flow direction influences the mass flow rate by less than a few
percent. Specifically, a simple isothermal description of the flow, for
which the energy balance is not taken into account, yields the same
results as more involved descriptions of the flow.

For isobutane vapor close to saturation, the theoretical descriptions
predict the formation of condensate in parts of the membrane. The
formation of condensate and the pressure profile resulting from the
pressure differences across the boundaries between the liquid and the
gaseous phase cause a sudden and distinctive increase of the mass flux.
A sudden increase of the mass flux for a vapor close to saturation is also
seen in the experimental data. In one specific case, due to condensation
the mass flux through a membrane with larger resistance could become
larger than the mass flux through a membrane with smaller resistance,
cf. Figs. 8 and 9. In another case, the mass flux through the membrane
in one direction could become approx. 50% larger than the mass flux
in the other direction, cf. Fig. 10. The dependency of the mass flux on
vapor upstream pressure supports the theory that condensate forms in
the membrane.

The comparison of the data with three different descriptions of the
flow, one isothermal description for which temperature variations and
transport of heat is neglected, and two non-isothermal descriptions, a
diabatic and an adiabatic descriptions, does not show clearly whether
one of the descriptions should be favored. For an appreciable pressure
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drop of 0.5 bar, all descriptions show satisfying agreement with the
data. For the flow through membranes with three layers and a smallest
pore size of 0.23 pm, a decrease of the flow for a vapor close to
saturation is not predicted by any of the descriptions.

The modeling of the pore space as consisting of layers with distinc-
tive pore radii that changes discontinuously between layers introduces
artifacts, kinks in the distribution of mass flux over upstream pressure.
The descriptions should be improved in that respect.
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