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Gas flow through aerogels
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Abstract

Aerogels have an extraordinarily large internal surface area which is accessible via open pores, making them candidates
for filters and gas adsorption media. The idea is frequently included in lists of potential applications, but little research has
been conducted on the use of aerogels as filters or adsorption media. Consideration of aerogels for use as aerosol collection
media requires knowledge of the behavior of gas flow through them. Nitrogen and helium gases at a range of pressures from
6–200 kPa were flowed through aerogel and the flow was shown to be a superposition of molecular diffusion and laminar
viscous flow. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Aerogels with mesoscopic pore sizes, large inter-
nal surface area, and open pore structure, are often
listed as materials for filters and gas adsorption

w xmedia 1–5 . Little is published relating to gas flow
through these materials and most studies have in-
volved high density samples with small pore sizes
w x5–7 . This study utilizes a low density silica aerogel
and covers a large range of pressures, thus covering
a wide Knudsen number range. In addition, as op-
posed to the dynamic gas expansion method used by

w xmany previous researchers 3,7 which involves dif-
fusion into aerogel, this study focuses on forced flow
through aerogel. In the reported experiment surface
adsorption of the test gas does not influence mea-
sured conductance values, unlike when the dynamic
gas expansion method is used, since the sample is
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allowed to come to equilibrium with the test gas
before data is recorded.

Properties that determine permeability of a porous
media are structure and porosity. Within the aerogel

Ž .structure are micropores -2 nm and mesopores
Ž .2–200 nm . Mesopores control the permeability of
gases since they offer the path of least resistance to

w xfluid flow 6 . Porous materials are typically modeled
as an array of capillary tubes of diameter d . Knud-c

sen’s number is the dimensionless parameter used to
define the flow regime within the porous material.
Knudsen’s number is given by

Knslrd , 1Ž .

where l is the mean free path of the gas at the
pressure and temperature of interest. When describ-
ing flow through aerogels, d is the mesopore diame-
ter. If Kn<1, the flow is purely viscous. In viscous
flow, the flow is driven by a pressure gradient and
the viscosity of the gas opposes the flow, as de-
scribed by Darcy’s law. If Kn41, the flow is
mainly by molecular diffusion. In molecular diffu-
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sion, the gas molecules collide elastically with the
walls of the pores, and a concentration difference
provides the motive force for flow by diffusion. For
Knf1, flow is a superposition of both viscous flow
and molecular diffusion.

For molecular flow, Kn41, the conductance, D,
is given by

34 2pR T r0 c
Ds , 2Ž .(

3 M lc

where R is the gas constant, T is the temperature,0

M is the molar mass of the gas, and r and l are thec c

capillary radius and length, respectively. This shows
the dependence of the conductance for molecular
flow on the inverse of the square root of the molar
mass of the gas, DAM 1r2. For purely viscous flow,
Kn<1, gas transport through a single capillary is
given by the Hagen–Poiseuille law and the conduc-
tance is given by

p r 4
c

Ds P , 3Ž .ave8m lc

where m is the viscosity, P is the average pressureave

of the gas, and r and l are the capillary radius andc c

length, respectively. This shows the direct depen-
dence of the conductance for viscous flow on the
average pressure, DAP , and the inverse depen-ave

dence on gas viscosity, DAmy1. Thus, if the gas
flow regime transitions from molecular diffusion to
laminar viscous flow, D is no longer constant but
increases linearly with pressure. Since the mean free
path of the gas is inversely proportional to the
average pressure of the gas, transition from molecu-
lar diffusion to laminar viscous flow may occur as
the pressure in a sample is increased. Note, D indi-
cates conductance which is either diffusion or per-
meability, depending on flow regime.

2. Experimental procedures

Silica aerogel samples were prepared using a
two-step acid–base catalyzed sol–gel process. A cat-

Žalyst solution 720 ml de-ionized water, 333 ml 200
proof ethanol, 3.3 ml 30% aqueous ammonium hy-

.droxide was slowly mixed with a precondensed

Ž .silica solution 50 ml Silbond H-5, 48 ml ethanol .
The mixture was poured into the appropriate molds.
Following gelation, the alcogels were aged for 48 h
and subsequently washed several times by soaking in

Ž .ethanol 24 hrwash . Solvent was removed by CO2

exchange and supercritical extraction at 358C and 9
MPa.

Density was measured by machining a paral-
lelepiped of known dimensions and weighing it after
drying the sample for over 12 h at 1108C. The
density was 0.06 grcm3. Several pieces from the
parent monolith were analyzed in a Micromeritics
Pore Size Analyzer using nitrogen as the test medium.
The average mesopore diameter, as determined by
the desorption isotherm using the BJH formula, was
24 nm. The standard deviation over five samples was
1 nm. The BET internal surface area was found to be
800 m2rg with a standard deviation of 30 m2rg.

Although the average pore size for this sample
was 24 nm, the incremental pore volume peaks at
about 50 nm and there was significant pore volume
throughout the measuring range of the instrument
from 2 to 200 nm. The mesopores characterized by
the analyzer account for only about a third of the
total porosity. Others have noted a discrepancy in the

w xpore diameter results for low density samples 8
which may be due to the fact that the BJH formula
assumes independent cylinders. The pores are ran-
domly connected, and hence this assumption is not
applicable. The purpose of this flow study was to
provide an experimental measurement of the ‘effec-
tive’ pore diameter for flow.

Fig. 1 shows the set up used for steady state gas
flow measurements through the aerogels. A square
sample approximately 2 cm on a side was cut from a
1-cm thick disk of monolithic silica aerogel with a
density of 0.06 grcm3 and mounted using sealing

Fig. 1. Experimental setup for flow measurements.
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wax on a perforated partition in the test chamber.
The wax did not penetrate into the bulk of the gel
and effectively seals the surface. The quality of the
seal was confirmed by the fact that the aerogel
sample effectively blocks aerosols introduced in the
flow stream and the flowrate scales with sample
area. After the back pressure was established by
means of controlled bypass gas flow from either a
vacuum pump or an air compressor, the test gas was
introduced and allowed to flow for a time long
enough for ambient air in the chamber and aerogel to
be replaced by test gas. During each run the gas flow
was controlled by an automatic control valve integral
with the inlet flowmeter while differential pressure
across the aerogel and the absolute pressure down-
stream of the aerogel were monitored by electronic
pressure transducers. A plot of the data collected for
a typical run is shown in Fig. 2. The flowmeter
measured the mass flowrate at the constant pressure
upstream of the control valve and was therefore
unaffected by pressure. The flowmeter calibration
was checked against a gas burette and found to have
a constant offset, but good linearity. The differential
pressure transducer was calibrated against a water
manometer and the absolute pressure transducer was
calibrated using a vacuum pump for zero and a
mercury barometer for a particular atmospheric pres-
sure.

The gas flow was increased in steps and time was
allowed for differential pressure and flow to stabilize
at each step. The inverse slope of the resultant
differential pressure vs. normalized flow curve is the

Fig. 2. Pressure drop as a function of flow through aerogel. Raw
data as collected at 100 kPa with nitrogen.

gas conductance of the sample. Since the absolute
pressure at the inlet of the sample increased as the
differential pressure increased with a constant back
pressure, only the final step in gas flow was used to
calculate the gas conductance for the pressure pre-
sent at that time. Plots such as that shown in Fig. 2
of differential pressure vs. flow were made for each
run to check for anomalies in data collection or gas
contamination. Due to the very low gas flows en-

Ž .countered typically about 20 mlrs , small leaks
known to exist in the apparatus tubing could not be
detected using either soap solution or by immersion
of the test chamber in water while the entire appara-
tus was pressurized to 200 kPa. Such leakage was
not considered a problem for data collection since it
represents an offset in the data and does not affect
the slope of the plot. However, the in-leakage could
contaminate the helium test gas with room air, there-
fore the entire apparatus downstream of the flowme-
ter was enclosed in a helium-filled bag during sub-
atmospheric, helium test runs.

3. Results

Fig. 2 shows a graph of pressure drop vs. flowrate
for a typical run. This sample data was collected for
nitrogen at 100 kPa. The linearity of this graph
indicates no change in flow properties with increas-
ing differential pressure and leakage in the apparatus
is accounted for by the non-zero offset. The slope of
graphs such as this were used to calculate the con-
ductance values for each set of experimental condi-
tions.

The gas conductance was measured at absolute
pressures ranging from 6 to 200 kPa for both nitro-
gen and helium. As the gas pressure is lowered, the
mean free path of the gas is increased and thus the
Knudsen number is increased. The experiment re-
ported here covered a range of mean free paths from
30 to over 3000 nm and the conductance values as a
function of both pressure and mean free paths for
both helium and nitrogen are shown in Fig. 3. To
clearly represent the experimental results in relation-
ship to the limiting regimes of pure diffusion flow
and pure viscous flow, Fig. 4 presents a plot of the
ratio of the conductance for helium to that for nitro-
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Fig. 3. Conductance of He and N through low density SiO2 2

aerogel vs. P .ave

gen as a function of pressure, as well as mean free
paths.

The repeatability of the conductance values was
calculated to be 3.5%. Instrumentation random errors
varied for each conductance value and were as high
as 4.2%. The error bars indicated in Figs. 2–4 are
the calculated random instrumentation error at each
level. As shown in Figs. 3 and 4 the relative errors
decrease with increasing flowrate. Systematic errors
were primarily due to uncertainties in the flow area
and were estimated as high as 10%. To eliminate the

Ž .Fig. 4. Ratio of conductance HerN as a function of absolute2

pressure. The ratio should be 2.65 for pure diffusion and 0.89 for
pure laminar viscous flow. The scale at the top indicates the mean
free path length for the gases at the various pressures.

effects of systematic errors, all data was taken on
one sample and thus the flow area remained con-
stant. The systematic errors represent a constant bias
and do not affect the shape of the curves while they
can affect the absolute value of the measured con-
ductance given in Fig. 3. The results in Fig. 4,
however, are unaffected by these systematic errors as
the effects are eliminated in the ratio.

4. Discussion

The linearity of the graph in Fig. 2 indicates that,
as expected, the application of a 4 kPa differential
pressure did not deform the aerogel sample enough
to influence the flow characteristics of this low
density sample. Since the test pressure that defines
the mean free path is uniformly felt throughout the
bulk of the sample, the static pressure does not exert
a deformation force. Small leaks in the flow appara-
tus were detected by observing differential pressure
across the aerogel when a low pressure was estab-
lished downstream of the aerogel and no gas was
introduced via the flowmeter. This leakage into the
system, which represents an offset in Fig. 2, was
calculated to be as high as 0.5 mlrs when the back
pressure was reduced to 4 kPa. For a given back
pressure, the in-leakage represents a constant offset
and does not influence the slope of the curve. The
calculated inverse slope of the differential pressure
vs. normalized molecular flowrate curves is defined
as the conductance of the sample. Hence, the in-
leakage does not affect the measured conductance.

Theory indicates that when the Knudsen number
is very much greater than unity, diffusion flow should
dominate and the ratio of the conductance values for
the two gases should scale as the square-root of their

Ž .molar masses, i.e., the molecular velocity as indi-
Ž .cated from Eq. 2 . But when Knudsen number is

significantly less than unity, viscous flow should
dominate and the ratio of the conductance values for
the two gases should scale as their viscosities, as

Ž .indicated from Eq. 3 . Between these two extremes,
mixed flow should be seen.

As shown in Fig. 4, the scaling was seen to vary
from that indicative of primarily diffusive flow to
well within the mixed flow regime. The conductance
should not vary as the mean free path of the gas for
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large Knudsen numbers since the mean free path in
the porous medium is determined by the pore size. A
break from constant conductance to rising conduc-

Žtance as the gas pressure increases and thus mean
.free path of the gas decreases would be an indica-

tion of the size of the pores controlling flow through
the aerogel. The absence of any clear break in Fig. 3
supports the assumption of a continuous distribution
of pore sizes within the range of the mean free paths
in this experiment. Given that the pore size distribu-
tion can vary for a particular average pore size
depending upon the nature of the aerogel, simple
relationships between average pore size and either
density or diffusion coefficients will not be univer-
sally applicable for a wide variety of aerogel formu-
lations. The tendency for flow to become more
viscous as the mean free path decreases was ob-
served, but higher pressures or aerogels with larger
pores would be required before pure viscous flow
behavior could be observed.

5. Conclusions

Throughout the range of mean free paths obtain-
able in the experimental apparatus, mixed diffusive
and viscous flow was observed with no clear break
between the two flow regimes. The flow mechanism

transitioned smoothly from a flow dominated by
Ždiffusion with some contribution of viscous flow at

.mean free paths in the microns range , to a flow in
which both viscous and diffusive flow were signifi-

Ž .cant at mean free paths in the tens of nanometers .
The dependence of flow on pressure at mean free
path lengths as high as 3000 nm indicates that there
is a population of pores that influence flow where
the effective capillary diameter is on the order of
microns.
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