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Effective pore diffusivities for dilute water vapor in air were measured at atmospheric
pressure and 30◦ C by continuously weighing an evaporator capped with a porous polycarbonate barrier and correcting steady-state water vapor fluxes for apparatus mass transfer
resistances. The Knudsen number was increased from 0.018 to 2.4 at constant pressure by decreasing pore diameter from 5,400 to 39 nm, thus increasing the influence of
vapor molecule collisions with pore walls on mass transport. Correspondingly, diffusivities
decreased in qualitative accord with a model equating total pore diffusion resistance to the
sum of the continuum diffusion (Kn < 0.01) and Knudsen diffusion (Kn > 10) resistances.
Correction for irregular pore geometry with a best-fit tortuosity (∼4) significantly improved
agreement between measured and predicted diffusivities.
KEY WORDS: nanopore, Knudsen diffusion, continuum diffusion, tortuosity, track-etched
porous barriers, water vapor

INTRODUCTION
Gas and condensable vapor transport in nanoporous solids affects energy conversion
technologies [1], air purification and cooling [2], gas separations [3–6], fluid–solids reaction engineering [7–9], adsorption processes [8], water desalination [10], and evaporative
cooling of surfaces covered by ballistic, blast or chem/bioprotection gear [11–13]. There
is need for fundamental understanding of how pore shape, surface properties, and diameter, d (=2r) affect net transport through the solids for pressures, mass transfer rates, heat
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loads, and vapor compositions of practical significance. However, nanoscale pore diameters complicate interpretation. When the pore Knudsen number (Kn), that is, the ratio of
the gas mean free path λ (where λ scales inversely with pressure) to d, exceeds 0.01, gas
rarefaction phenomena affect transport [14–17]. Molecular (bulk) diffusion, caused by collisions between gas molecules, is independent of d, but the Knudsen diffusive flux, caused
by gas collisions with pore walls, scales as r3 and at sufficiently small r can overtake the
Hagen-Poiseuille (i.e., pressure driven) flux, which scales as r4 , even up to pressures of 0.1
MPa [8]. Other effects of tiny length scales are surface roughness when the gas de Broglie
wavelength is less than the size of surface irregularities [17] and nonnegligible statistical
fluctuations in macroscopic state quantities when d is below 20δ, where δ is the mean spacing of the gas molecules = n−1/3 and n is the molecular number density [15]. Moreover,
interfacial curvature [1, 18, 19] can change chemical potential gradients that drive vapor
transport through pores, because vapor pressure, surface tension, and heat of vaporization,
respectively, scale as: exp(±1/r) [1, 8, 9, 18–20]; ±1/r and 1/r2 [1, 18, 19, 21, 22]; and
±1/r and −1/r4 [18] where surface convexity determines the signs. Even without wall curvature, pores of width w comparable to molecular dimensions can modify diffusion driving
forces [8, 9, 23, 24]. For example, molecular simulations of water confined at 300 K in 0.4to 1.6-nm-wide flat channels [24] showed that capillary evaporation depends on total pressure and w for hydrophobic walls, whereas hydrophilic walls prevent ice formation and
cavitation observed in bulk water. This article focuses on impacts of the r dependence of
the Knudsen diffusion coefficient on water vapor transport in nano- and micropores.

BACKGROUND AND MOTIVATION
Past experiments to study rarefaction effects on gas transport in channels have
increased Kn by reducing total pressure (to ∼0.5 Pa) in fixed diameter silica or metal
capillary tubes [16, 25–27] or have imposed pressure gradients across silicon or polymer barriers of a single pore diameter [29, 30]. Thin, organic–polymer barriers with a
range of nano-diameter through-pores (10–12,000 nm with low size dispersion) can now
be obtained and imaged to nanometer resolution. This allows rarefaction effects on pore
diffusion in soft materials to be systematically studied by decreasing d at fixed pressure.
Thus, high Kn can be investigated at elevated pressures (e.g., ≥0.1 MPa), which is of practical interest in micro- and nanodevices [15] and which marginalize statistical fluctuations in
the gas because n is large. Here we report on the use of this approach to quantify how pore
diffusivity of water vapor is affected by a roughly 140-fold variation in d from 39 nm (about
100 molecular diameters) to 5,400 nm. The results are applicable to evaporative cooling
of surfaces protected by nano-engineered porous overlays [12, 13] and to gas and vapor
transport in porous solids used in adsorption and heterogeneous catalysis [8]. Using a mathematical model to disaggregate the effects of apparatus mass
 transfer resistances from pore
transport, we deduced effective pore diffusion coefficients DPH2 O−Air,eff = DPH2 O−Air /τ for
dilute water vapor, 3.5–7.1 mol% in air at 0.1 MPa total pressure in hydrophilic polycarbonate (PC) barriers (1.4–32.0% porosity, 6.3–21.3 µm thick), at 307 ± 9 K for 2.4 ≥
Kn ≥ 0.018. The superscript P denotes a property within the pores, and τ is the tortuosity, a parameter to account for variability in pore orientation, cross-sectional area, and
shape [7, 8]. Figure 1 shows a scanning electron micrograph (SEM) image of an 18.4 ±
0.2−µm-thick PC barrier with d = 95 ± 14 nm that was cross-section polished in an argon
ion polisher.
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Figure 1 SEM images of an 18.4 ± 0.2-µm-thick polycarbonate barrier with track-etched pores of 95 ± 14 nm
diameter. The main image shows internal pore features revealed using argon-ion cross-section polishing. The
exposed edge face was imaged at 45◦ to the incoming electron beam and shows that the pores run straight through
between the two faces of the barrier but also that some pore axes are off-normal to the barrier face (by as much as
80◦ ; see text) and that some pore paths intersect. These features increase the diffusion path length and the mass
transfer resistance of the barrier. The inset is a top-down image of the same barrier.

EXPERIMENT
Our experiments [12] applied a known, constant heat flux density to the underside of
a 42-mm-diameter by 2.1-mm-deep pool of deionized liquid water in a shallow cylindrical
evaporation chamber (Figure 2) sealed at its top with a barrier. The cumulative weight
loss mtot (t) versus time due to water evaporation and transport to ambient through the
barrier’s pores was measured by continuously monitoring the weight of the evaporator.
Assuming that mass transfer resistances are series additive, the steady-state flux of water
vapor through the pores, dmtot (t)/dt, is

Figure 2 Schematic (not to scale) of evaporator apparatus for determining diffusion coefficients for water vapor
in air in nanoscale pores. The coordinate system used for the integration of Eq. (5) is given at the bottom of the
schematic.
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A (ρo − ρamb )
dmtot (t)
=
dt
Rbar + RUS + RDS

(1)

Here, A is the total area of the barrier face; ρ o and ρ amb are the mass density of water vapor
at the liquid water–air interface and in the ambient gas outside the evaporator; and Rbar ,
RUS , and RDS are, respectively, the steady-state resistances to water vapor mass transport
within the barrier, in the region between the liquid water surface and the barrier entrance
(upstream [US] of barrier with respect to the diffusion direction), and across a concentration boundary layer (BL) between the barrier exit and the ambient (downstream [DS] of
the barrier with respect to the diffusion direction). This BL was formed by sweeping dry,
preheated N2 gas across the evaporator exit to keep the barrier pore temperature above the
water dew point and to minimize ρ amb , which was taken as zero. The quantity ρ o was calculated from the vapor pressure of pure liquid water at the temperature of the liquid water
at its air interface (Figure 2).
After RUS and RDS were calculated, Rbar was determined from Eq. (1), taking
dmtot (t)/dt as the slope of the mtot (t) versus t curve and estimating temperature inside the
pores as the arithmetic mean of the measured entrance and exit face temperatures. The
effective transport diffusivity DPH2 O−Air /τ was then calculated from Eq. (2):
DPH2 O−Air
τ

=

L
εv · Rbar

(2)

Table 1 presents measured values of the porosity εν , thickness L, and pore diameter
of each nano- and microporous PC barrier along with measured effective transport diffusivities for dilute water vapor in 0.1 MPa air in the pores. An average τ was estimated for
the present barriers as described below.
A gap of depth LUS between the liquid water–air interface and the barrier entrance
prevents liquid water from wicking into the barrier pores, but it also creates a resistance to
water vapor mass transfer, RUS .

Table 1 Physical characteristics of nano- and microporous polycarbonate barriers and measured effective transport diffusivities (DPH2 O−Air /τ ) for dilute water vapor in 0.1 MPa air in the barrier pores as
determined from Eq. (2)
Pore diameter (nm)
5,400 ± 500
890 ± 30
700 ± 50
410 ± 20
410 ± 20
150 ± 20
95 ± 14
95 ± 14
60 ± 9
60 ± 9
39 ± 13
a Average

Thickness (µm)

Porosity (%)

Diffusivity (m2 /s)a

16.6 ± 0.2
18.8 ± 0.2
21.3 ± 0.2
8.8 ± 0.2
8.8 ± 0.2
19.4 ± 0.2
18.4 ± 0.2
18.4 ± 0.3
19.7 ± 0.2
21.3 ± 0.3
6.3 ± 0.3

15.4 ± 1.7
32.0 ± 1.3
22.3 ± 1.3
17.3 ± 2.5
17.3 ± 2.5
27.5 ± 1.3
13.6 ± 1.6
13.7 ± 1.6
5.9 ± 1.7
5.8 ± 1.8
1.4 ± 0.6

6.0 ± 3.7 × 10−6
5.4 ± 3.7 × 10−6
5.9 ± 2.7 × 10−6
3.1 ± 1.2 × 10−6
3.4 ± 1.6 × 10−6
3.5 ± 1.4 × 10−6
6.5 ± 3.0 × 10−6
2.2 ± 0.4 × 10−6
5.1 ± 2.0 × 10−6
5.1 ± 1.6 × 10−6
1.8 ± 0.7 × 10−6

of three or more separate determinations.
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(3)

DUS
H2 O−Air is the molecular diffusivity of water vapor in air [31] at the measured conditions upstream of the barrier (and downstream DDS
H2 O−Air ; Eq. (4)). During a typical 20-min
steady-state run, water evaporation increased LUS and thus RUS by ≤20%. This caused the
total mass transfer resistance (Rbar + RUS + RDS ) at the end of a run to increase by no more
than 11.5%. Generally the increases were considerably less because in runs with smaller
ID pores RUS represent a smaller fraction of (Rbar + RUS + RDS ). Moreover dmtot (t)/dt in
Eq. (1) was determined from mtot (t) vs. t data during earlier stages of the steady-state evaporation period and did not deviate significantly from linearity [12]. Thus, LUS was treated
as constant in Eq. (3).
Tracer measurements and Reynolds number calculations show that the flow of N2
sweep gas (1.0 ± 0.15 m/s, nozzle exit temperatures of 50◦ C or 100◦ C) created a laminar BL on the DS faces of the barrier and its surrounding flat plate (Figure 2). RDS was
calculated from the properties of this BL:
RDS =

β −α
ShL · DDS
H2 O−Air

(4)

α and β, respectively, are the distances from the beginning of the BL (the leading edge
of a flat plate) to the two sides of the barrier; that is, (β − α) = D, the barrier diameter
(Figure 2). ShL is the average Sherwood number, Sh, for mass transfer occurring in laminar
flow over a horizontal flat plate, estimated by numerically integrating a correlation [31]
for the corresponding position (x)-dependent Sh over the barrier diameter, where x is the
spatial coordinate parallel to the sweep gas flow, and the momentum BL begins on the flat
plate surrounding the barrier at x = 0 (Figure 2).
1
ShL =
β −α

β
α+

1

1

0.331Rex2 Sc 2
dx x > α

 α  34  13
1− x

(5)

Here, Rex is the Reynolds number for laminar flow over a flat plate in the x-direction and Sc
is the Schmidt number for dilute water vapor in nitrogen. To calculate a practical average
mass transport resistance for the mass boundary layer while avoiding a singularity in Eq.
(5) at x = α, the lower limit of integration was taken at α + where (α + − α) = 1 mm or 2.4%
of the barrier diameter. Typical values of RUS , RDS , and Rbar were 34.9–50.7, 45.1–62.5,
and 10.9–248.6 s/m, respectively. Rbar increased as d decreased.
THEORETICAL MODELING
For 0.01 ≤ Kn ≤ 10, sometimes referred to as the transition region, it is reasonable to assume that gases transmit momentum along a pore by the combined effects of
collisions between gaseous molecules (the mechanism of gas phase molecular diffusion)
and by molecule–wall collisions (the Knudsen diffusion mechanism) [8, 17]. The total diffusion resistance of a pore 1/DPH2 O−Air can then be equated to the sum of the molecular
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diffusion resistance, 1/DH2 O−Air , and the Knudsen diffusion resistance, 1/DKn , of the pore
(Di is the corresponding diffusion coefficient) [7, 8, 31]; that is,
1
DPH2 O−Air

=

1
DH2 O−Air

+

1
DKn

; 0.01 ≤ Kn ≤ 10

(6)

DH2 O−Air is independent of pore diameter but, to first order, DKn is directly proportional to
d [16], which allows prediction of pore size effects on DPH2 O−Air . Equation (6) is an approximation, valid for pores of regular geometry (see below) and when net transport occurs by
equimolar counterdiffusion or, as is true here, when convection caused by diffusion (the
Stefan flow) is small [8] (calculated at <4% of the diffusive flux [12]).
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RESULTS AND DISCUSSION
Figure 3 plots the experimentally determined values of DPH2 O−Air,eff = DPH2 O−Air /τ
calculated from Eq. (2), as affected by Kn and d. The indicated uncertainties in DPH2 O−Air /τ
were calculated from Eq. (2) by comprehensively propagating estimated uncertainty
in measuring barrier porosity (determined gravimetrically [12]), barrier thickness [12],
dmtot (t)/dt, barrier temperature, apparatus temperature, ambient pressure, evaporator
geometry, liquid reservoir volume, and sweep gas velocity. Uncertainties in d (and thus
Kn) arise from known uncertainty in measuring pore diameter [12].

Figure 3 Measured (data points) and predicted (smooth curves) effective diffusivities DPH2 O−Air /τ for dilute
water vapor in air in nanoscale pores of track-etched polycarbonate barriers as affected by Knudsen number,
Kn (or pore diameter, upper abscissa). Kn was varied by changing pore diameter at a constant total pressure
of 0.101 MPa. The equivalent pore diameter (upper abscissa) corresponding to the Kn on the lower abscissa was
calculated using the mean free path at the average barrier temperature (307 K) and ambient pressure (0.101 MPa).
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To compare what was actually measured, that is, DPH2 O−Air /τ , with model predictions
that account for irregularities in pore geometry, we modified Eq. (6) to explicitly include
tortuosity (by multiplying each side by τ ). We also employed data and dimensional correlations for DH2 O−Air and DKn from the literature [31]. The resulting modified form of
Eq. (6) [12] is
⎛
τ
DPH2 O−Air

⎞

⎜
1
⎜

+
=τ ⎜
⎝ 1.87 × 10−10 T 2.072
P

⎟
1
⎟
;

⎟
⎠
d
T
97
MH2 O
2

(7)
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280 K ≤ T ≤ 450 K, 0.01 ≤ Kn ≤ 10
where d is in meters, T is temperature in Kelvins, P is total pressure in atmospheres
(1 atm = 0.1013 MPa), MH2 O is the molecular weight of water in g/g-mol, DPH2 O−Air is in
m2 /s, and τ is dimensionless. Figure 3 shows predictions of DPH2 O−Air /τ from Eq. (7) for
τ = 1.00, a benchmark case where departures from ideal pore geometry do not affect vapor
diffusion. The predictions qualitatively capture the broad trend of decreasing DPH2 O−Air /τ
with declining d evident in the present measurements. However, this version of the model
significantly overpredicts the measured DPH2 O−Air /τ values for 2.4 > Kn > 0.018 (39 nm
< d < 5,400 nm), implying that tortuosity effects are important for all of the pore sizes
of Table 1. To quantify effects of irregular pore geometry we deduced a best fit value
of τ by least squares regression of the experimental DPH2 O−Air /τ data in Figure 3 against
predictions of Eq. (7) using the average pore temperature of 307 K and an average pressure of 0.101 MPa. This analysis assumes that any disagreements between a measured
and predicted DPH2 O−Air /τ are caused entirely by deviations in pore geometry from isolated
through-pores of right circular cylindrical geometry with axes parallel to the direction of
diffusion and normal to the barrier face and that the consequences of these imperfections
for modeling pore diffusivity are fully represented by a single, pore-size independent tortuosity. To launch the regression we calculated initial values of DPH2 O−Air /τ by assuming
τ = 1.00 in Eq. (7). The resulting best fit value of τ was 3.96. Figure 3 also presents values
of DPH2 O−Air /τ at 307 K and 0.101 MPa, predicted from Eq. (7) for the limiting cases of pore
transport only by molecular diffusion, that is, DH2 O−Air /τ , or only by Knudsen diffusion,
that is, DKn /τ (for d = 10 nm), for τ = 1.00 and τ = 3.96.
Figure 3 implies that DPH2 O−Air /τ values predicted from Eq. (7) for τ = 3.96 rather
than 1.00 are in substantially better agreement with the data. This is quantitatively supported by the much lower standard error of the estimate for τ = 3.96; that is, 1.89 × 10−6
m2 /s vs. 1.26 × 10−5 m2 /s for τ = 1. If τ = 1 all of the pores would be isolated throughpores of right circular cylindrical geometry running parallel to the direction of diffusion
with axes normal to the barrier face. A τ of ∼4 indicates that our barrier pore geometry
departs significantly from this ideal. SEM images of argon-ion polished edges of a barrier
with pores of nominal ID 95 ± 14 nm (Figure 1) and 406 ± 19 nm (shown in Traum [12])
confirm deviations in pore geometry from isolated through-pores. Because only the portions of pore tracks within ∼100 nm of the cross-sectional surface are visible in Figure 1,
short tracks indicate pores highly inclined to a path normal to the barrier face. The angle, ,
of these tracks to the barrier surface normal can be estimated from cos = Lvis /L where
Lvis is the visible pore track in Figure 1. The smaller values of Lvis in Figure 1 imply that the
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maximum may exceed 80◦ . If the distribution of s for each barrier, which is dictated by
details of the track etching manufacturing process, were known, a distribution of lengths
Lin for the inclined pores could be estimated from Lin = L/cos . A further imperfection
in pore geometry, also indicated in Figure 1, arises if two or more pore channels intersect.
This can create complex three-dimensional networks that may further lengthen the diffusion pathway by allowing water vapor to backtrack before it exits the barrier. In summary,
inspection of Figure 1 implies that use of the barrier thickness L in Eq. (2) underestimates
the diffusion path, necessitating a correction of DPH2 O−Air by a τ > 1. Moreover, the resulting best-fitted τ of 4 is consistent with Satterfield [32] and Satterfield and Cadle [33], who
found τ from 2.8 to 7.3 for diffusion in 11 pelleted commercial porous catalysts. They used
a parallel path model, based on methods of Johnson and Stewart [34], to account for the
known pore size distributions of the catalysts. For 10 of the catalysts studied, the flux was
in the Knudsen and transition regime; catalyst porosities and specific surface areas ranged
from 0.35 to 0.53 and 6.4 to 302 m2 /g, respectively [32, 33].
CONCLUSIONS
When barrier pore diameter d decreases from 5,400 to 39 nm, resulting in an increase
in Kn at a constant pressure of 0.101 MPa from 0.018 to 2.4, measured effective pore
diffusivities for dilute water vapor in 0.101 MPa air, DPH2 O−Air /τ , decrease in accord with
a model Eq. (7), which equates total pore diffusion resistance to the sum of the molecular
(bulk; Kn ≤ 0.01) and Knudsen (Kn ≥ 10) diffusion resistances and corrects for irregular
pore geometry via a single tortuosity, τ , which is assumed to remain the same for all pore
sizes. In general τ may vary with pore size. Using a τ = 3.96 best fitted to the present
data, the predicted DPH2 O−Air /τ s are in good quantitative agreement with the DPH2 O−Air /τ s
measured for d from 5,400 to 39 nm.
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