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ABSTRACT

The flow of saturated vapors and of vapors close to
saturation through porous Vycor glass with pore di-
ameters between 10 nm and 200 nm is investigated
theoretically and experimentally. The flow process is
described assuming an adiabatic flow, accounting for
the Joule-Thomson effect and solving the balances of
mass, momentum and energy. The experimental data
corroborates a former analytical result: Even when
capillary condensation is possible, a vapor close to sat-
uration or a saturated vapor only condenses fully when
the permeability of the membrane is lower than a crit-
ical permeability.

NOMENCLATURE

km,l effective thermal conductivity of the liquid-
filled membrane (W/mK)

L membrane thickness (m)
pcap capillary pressure (Pa), cf. eq. (5)
pK equilibrium vapor pressure at a curved menis-

cus (Pa), cf. eq. (4)
plg saturation pressure (Pa)
r pore radius (m)
β molecular flow factor, cf. eq. (3)
κ permeability (m2), cf. eq. (2)
κc critical permeability (m2), cf. eq. (7)
νapp apparent kinematic viscosity of the vapor

(m2/s), cf. eq. (3)
τ tortuosity, cf. eq. (2)

INTRODUCTION

The flow of fluids through porous media is a topic
that has received long and continuing interest [1–3].
Here, we consider the flow of a vapor close to sat-

uration through a porous membrane which is wetted
by the liquid phase of the fluid. The vapor may con-
dense, either due to capillary condensation or due to
the Joule-Thomson effect [4]. Hence, liquid, vapor, or
a two-phase mixture may flow through parts or all of
the membrane, and the flow process becomes quite in-
tricate [5]. The pore sizes of the porous material under
investigation are so small that capillary forces at fronts
of phase change play an important role. Due to the
large amount of heat transported to or from fronts of
phase change it may be appropriate to describe the heat
transfer at these fronts under thermal non-equilibrium
conditions [6]. In this work, we consider capillary
forces, real gas properties of the vapor, and we assume
local thermodynamic equilibrium everywhere.

Rhim & Hwang [7] investigated the flow of vapors
through porous Vycor glass with pore diameters of ap-
proximately 4 nm. They mentioned that the heat of
vaporization that is released or consumed at the loca-
tions of phase change leads to a temperature gradient
in the flow field, even if care is taken to keep the sys-
tem isothermal. However, usually the flow is described
assuming an isothermal flow field [8–10].

Schneider [4] pointed out that a vapor close to satu-
ration, regardless of the wetting properties of the ma-
terials involved, may also condense due to the Joule-
Thomson effect. Schneider proposed that, for con-
densation to occur, the permeability of the membrane
must be smaller than a critical permeability, see eq. (8)
in Ref. [4]. He assumed adiabatic conditions and de-
scribed the flow accounting for the transport of heat.
Later, his description was extended by considering
also the wetting properties between the fluid and the
membrane material [11].

Here, we investigate the flow of vapors through
porous glass membranes with pore sizes between
10 nm and 200 nm. The porous medium is modeled
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as a bundle of parallel, round tubes and an adiabatic
description of the flow is compared with experimental
data.

THEORETICAL DESCRIPTION

The mass flux of a vapor far from saturation through a
porous membrane is estimated by the mass flux for an
ideal gas,

ṁg =
κ

L
p1 − p2

νapp(T1, (p1 + p2)/2)
, (1)

where the permeability of the membrane is given by

κ = (ε/τ)(r2/8). (2)

If the pore space of a membrane consisted entirely of
cylindrical, straight pores, the tortuosityτ would be
equal to 1. To account for contributions to the mass
transport due to both viscous and molecular flow, the
apparent viscosity of the gas or the vapor is given by

νapp= νg(1+ βKn)−1. (3)

The Knudsen number is calculated by estimating
the mean free path from kinetic gas theory,λ̄ =
3νg
√
π/(RT). Ideally, for molecular flow through a

round, straight tube, the factorβ in eq. (3) would be
equal to 8.1.

The mass flux given by eq. (1) is used as a reference
throughout the present work. For all experimental and
theoretical data points the mass flux is calculated ac-
cording to eq. (1), and all results are presented in terms
of the mass flux ratio ˙m/ṁg.

For the isothermal and the adiabatic description of
the flow ideal wetting, i.e., a contact angle ofθ = 0, is
assumed. According to the isothermal description of
the flow, the vapor condenses forp1 ≥ pK , but remains
in its gaseous state forp1 ≤ pK . Here,pK is given by
Kelvin’s equation,

ln(pK/plg) = −pcapvl/(RT1), (4)

and it is the pressure of the vapor in equilibrium with
its liquid phase above a meniscus with a radius of cur-
vature equal to the pore radiusr, at the temperature
T1. The pressure difference between the gaseous and
the liquid phase across the beforementioned meniscus
is given by

pcap= 2σ cosθ/r. (5)

Hence, forp1 > pK the mass flux is given by [10]

ṁ=
κ

L

(

pK − p2

νapp(T1, (pK + p2)/2)

+
p1 − pK + pcap(p1 − pK)/(plg − pK)

νl

)

, (6)

which is much larger than the mass flux of an ideal
gas. See Fig. 1a for the sketch of the flow in a single
pore forp1 = plg under isothermal flow conditions.

In the adiabatic description of the flow, the mass flux
is calculated numerically. The downstream state of the
fluid is calculated from the thermic and caloric prop-
erties of the vapor by using the Joule-Thomson coeffi-
cient. Darcy’s law is assumed to hold locally and the
mass and energy balances are satisfied. Properties of
the fluid, depending on temperature and on pressure,
are given by correlations from literature containing up
to five parameters. The numerical procedure is similar
to that given in Ref. [12].

For p1 = plg, linearized descriptions of the adia-
batic flow exist forθ = 0 [11] andθ = π/2 [4]. In
Ref. [11] the possible flow configurations for arbitrary
contact angles, pressure differences and permeabilities
are presented. An important result from the linearized
description is that a critical permeabilityκc exists [4],

κc =
νlkm,l

∆hlgdplg/dT
, (7)

wherekm,l is the effective thermal conductivity of the
liquid-filled membrane.

For a permeability of the membrane larger than the
critical permeability, the fluid condenses partially and
a two-phase mixture flows through part or all of the
membrane. In this case the adiabatic description of
the flow predicts a mass flux which is very well ap-
proximated by that of an ideal gas. Forκ < κc the
fluid condenses fully and liquid flows through part or
all of the membrane. In that case, capillary action may
substantially increase the mass flux with respect to ˙mg.

In Fig. 1b, the flow configuration in a single pore
is sketched according to the adiabatic description for
p1 = plg and κ < κc. In Fig. 1, the pressure differ-
ences across a meniscus is indicated by the curvature
of the meniscus. Note, that according to the isother-
mal description the meniscus at the upstream side is
plane, while according to the adiabatic description it
is curved. When adiabatic conditions are assumed, the
heat released by evaporation at the upstream meniscus
causes an increase in temperature, hence the vapor in
front of the upstream meniscus is not fully saturated.
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a) b) c)

Figure 1
Sketch of the flow in a single pore forp1 = plg. Flow from left to right. Grey areas stand for liquid. (a) Isother-
mal flow,θ = 0, (b) adiabatic flow,θ = 0, (c) adiabatic flow,θ = π/2.

EXPERIMENTS

The flux of vapors of butane and isobutane through
porous Vycor glass membranes was measured. Mem-
branes with pore diameters of 100 nm and 200 nm
(Shirasu porous glass, SPG Technology Co., Ltd.,
Miyazaki, Japan) and between 11 nm and 150 nm
(ChemiePark Institut GmbH, Bitterfeld, Germany)
were used. Pore sizes were determined with mercury
porosimetry. Pore size distributions with a standard
deviation of around 10% of the mean were found. The
membranes were in circular shape with an outer diam-
eter of approximately 20 mm and thicknesses of either
0.5 mm or 1 mm.

Fluxes were measured using a steady state perme-
ation method. A permeation cell was made from
polyvinylchloride to decrease the heat transfer be-
tween the fluid and the environment. Each mem-
brane sample was glued with epoxy resin into a circu-
lar membrane holder. These membrane holders could
then be placed between the two parts of the permeation
cell.

Bottles containing nitrogen, butane or isobutane
were connected to the upstream side of the perme-
ation cell. On both sides of the membrane, the pres-
sure could be adjusted by pressure regulation valves
(Brooks Instrument, Hatfield, USA). However, to con-
duct measurements with saturated or nearly saturated
vapors, the upstream valve between the permeation
cell and the butane or isobutane bottle was fully
opened. The gas flow was measured with a soap film
flow meter at atmospheric conditions, downstreams of
the downstream pressure regulation valve. The ac-
curacy of the measurements decreases with decreas-
ing the pressure difference across the membranes. For
pressure differences smaller than about 30 kPa, about
10 minutes and up to 30 minutes were allowed to reach
steady state before taking a measurement.

Mass flow data for nitrogen was used to determine
the tortuosityτ and the molecular flow correction fac-
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Figure 2
Mass flux of nitrogen and of unsaturated vapors
through membranes with different permeabilities. In
the graph, 136 measurements for nitrogen and 183
measurements for unsaturated vapors withp1 < plg −
2(plg − pK) are shown.

Table 1
Topological properties of selected membranes.

κ [m2] pore dia. [nm] ε

1.23× 10−18 11 0.32
1.29× 10−17 33 0.36
8.03× 10−17 95 0.33
2.03× 10−16 100 0.50
5.00× 10−16 200 0.50

tor β for each membrane, see eqs. (2) and (3). The
tortuosities ranged between 0.77 and 1.33,β between
3.83 and 9.62. The small and even unphysical values
for the tortuosity are owed to the different sampling of
the pore space in mercury porosimetry and in a perme-
ation experiment [13].

Figure 2 shows the mass flux of nitrogen and of un-
saturated vapors,p1 < plg−2(plg−pK), versus the per-
meability of the membranes. For convenience, perme-
abilities and pore sizes of some membranes are given
in Table 1. Since the nitrogen data was used to deter-
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Figure 3
Mass flux for saturated vapors and for vapors close to
saturation,p1 > pK . The solid and the dashed lines
refer to calculations withp1 = (plg + pK)/2 andp1 −
p2 = 50 kPa. In the graph, 540 measurements are
shown. 10 additional data points with ˙m/ṁg < 0.5 are
not visible.

mine independentlyτ andβ for each membrane, the
nitrogen data is closely collected around ˙m/ṁg = 1.
There is one exception, the membrane with a pore di-
ameter 2r = 11 nm gave mass flow rates which were
an order of magnitude lower than expected. In Fig. 2,
the data for this membrane, atκ = 1.2 × 10−18 m2, is
plotted by calculating ˙mg with β = 0.25. This value
of β compares very unfavourably with the values ofβ
for the other membranes. Nevertheless, the measured
values are approximately half the calculated values.
Therefore, data for this membrane was excluded from
further analysis.

Fig. 2 shows that the mass flux for unsaturated bu-
tane and isobutane vapors is, in general, about 80% of
the mass flux which is obtained assuming an ideal gas.
It seems that the mass flux of vapors, even far from
saturation, is reduced with respect to the mass flux of
a non-condensable gas. We take the 20% difference
as the accuracy obtainable with our simple descrip-
tion. However, for two membranes with permeabili-
ties of about 5× 10−18 m2, mass flux ratios smaller
than 0.5 were measured. Data aroundκ/κc ≈ 0.06,
which is the value corresponding to these two mem-
branes, was analyzed previously [14]. Measurements
with ṁ/ṁg < 0.6 were taken at pressure differences
less than 30 kPa [14].
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Figure 4
Mass flux versus reduced pressure for 2< κ/κc < 4.
Here,pK/plg ≈ 0.983. Data from 75 measurements is
plotted.

RESULTS

In Fig. 3 the mass flux for vapors close to saturation,
p1 > pK , is plotted versus the permeability divided by
the critical permeabilityκ/κc, cf. eqs. (2) and (7). In
our experiments, the critical permeability had values
in the range between 6.8×10−17 m2 and 1.4×10−16 m2,
which corresponds to pore diameters between 86 and
124 nm.

Fig. 3 also shows the mass flux ratio calculated for
an upstream condition close to saturation,p1 = (plg +

pK)/2, and a pressure difference ofp1 − p2 = 50 kPa.
The solid and the dashed line correspond to the adi-
abatic and the isothermal description of the flow, re-
spectively. Fig. 3 shows that, as long as the permeabil-
ity of the membrane is larger than approximately half
the critical permeability, the mass flux of vapors close
to saturation or far from saturation is nearly the same.
This behavior is qualitatively reproduced by the adia-
batic description of the flow, but not by the isothermal
description. Forκ/κc < 0.5, the mass flux ratio is con-
siderably increased.

We now turn to Figs. 4 to 6, which show the mass
flux ratio versus the reduced pressurep1/plg for nar-
row ranges of permeabilities. In Figs. 4 to 6, the
black dots refer to the experimental data. To every ex-
perimental data point corresponds a computed point,
marked by a cross, which is calculated according to
the adiabatic description for exactly the same condi-
tions under which the measurement was taken. Note
that in Figs. 4 to 6 the scale on the abscissa changes at
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Figure 5
Mass flux versus reduced pressure for 0.2 < κ/κc <
0.4. Here,pK/plg ≈ 0.98. The experimental data is
color-coded by the pressure difference. A total of 162
measurements are shown.

the vertical line in the graphs.

For 2 < κ/κc < 4, see Fig. 4, the mass flux ratio
is nearly independent of the reduced pressure. For the
data plotted in Fig. 4,pK/plg ≈ 0.983. The adiabatic
description of the flow predicts an increase of the mass
flux ratio for p1 approachingplg. The experimental
data shows larger scatter for vapors close to saturation,
but hardly an increase of the mass flux ratio.

In Fig. 5, data for 0.2 < κ/κc < 0.4 is plotted. Un-
der the conditions depicted in Fig. 6,pK/plg ≈ 0.965.
Here, the experimental data shows large scatter. For
instance, at a value ofp1/plg ≈ 0.98 the mass flux ra-
tio lies between values of less than one and about 13.
As the scatter in the computed values indicates, the
mass flux ratio does not only depend onp1/plg. From
an analysis of the adiabatic description follows that the
mass flux ratio also depends on the pressure difference,
see eq. (18) in Ref. [11]. However, the scatter in the
experimental data can not be explained by the different
pressure differences. The experimental data in Figs. 5
and 6 is color-coded by the pressure difference under
which the measurements were taken. Allthough the
data points with high mass fluxes in Fig. 5 all have
pressure differences smaller than 10 kPa, the data in
Figs. 5 and 6 does not allow to draw conclusions re-
garding the dependency of the accuracy of the mea-
surements on the pressure difference.

Fig. 6 shows a similar picture. Forp1 < pK , the
mass flux ratio is close to one. For an upstream state
close to saturation, there is considerable scatter in the

0.3 0.5 0.7 0.9
0

2

4

6

8

10

 

 

0.95 1

calc.

ṁ
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Figure 6
Mass flux versus reduced pressure for 0.1 < κ/κc <
0.2. Here,pK/plg ≈ 0.945. The experimental data is
color-coded by the pressure difference. 136 measure-
ments are plotted.

experimental data. There is one branch with a mass
flux ratio smaller than one, and one branch with a mass
flux ratio larger than one. Again, the scatter in the cal-
culated values reflects the different conditions under
which the measurements were taken.

CONCLUSIONS

The experimental data presented here shows that the
flow of vapors through porous membranes can very
well be described by the flow of an ideal gas, as long
as the permeability of the membrane is larger than the
critical permeabilityκc. While the adiabatic descrip-
tion of the flow predicts larger mass fluxes for perme-
abilities of the membrane which are smaller than the
critical permeability, the experimental data suggests
that the description of the vapor as an ideal gas is prob-
ably correct for permeabilities as small as half the crit-
ical permeability.

For smaller permeabilities the experimental data
shows large scatter forp1 > pK . The qualitative agree-
ment with the theoretical description indicates that, for
κ/κc < 0.5 and p1 > pK , the vapor condenses fully
and liquid flows through a part of the membrane. The
poor quantitative agreement probably indicates that
the large capillary pressure between the liquid and the
vapor phase, which is huge and, hence, has a large in-
fluence on the flow, is not correctly described. It may
be speculated that the assumption of a constant contact
angle is not entirely correct and should be modified.
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The qualitative and quantitative disagreement of the
isothermal description of the flow and the much bet-
ter agreement of the adiabatic description with exper-
imental data shows that, when describing a flow with
phase changes, the energy balance and probably the
Joule-Thomson effect must be considered.
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