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Dynamics of capillary condensation of liquid 4He in various density silica aerogels was investigated sys-
tematically. Interfaces were clearly visible when bulk liquid was rapidly sucked into the aerogel. Time evolu-
tion of the interface positions was consistent with the Washburn model and their effective pore radii were
obtained. Condensation was a single step in a dense aerogel and two steps in a low density aerogel. Crossover
between the two types of condensation was observed in an intermediate density aerogel. Variety of the dy-
namics may be the manifestation of the fractal nature of aerogels which had a wide range of distribution of
pore radii.
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Liquid-gas phase transition in porous material is suitable
for studying the basic problem of the effects of disorder on
phase transitions and critical phenomena, and has been sug-
gested to be a realization of the random field Ising model
�1,2�. Liquefaction processes of 4He in silica aerogels have
been studied extensively �3–9�. Aerogels are very tenuous
materials with fractal correlation in nanometer scales
�10–12� and have various porosities. They provide an oppor-
tunity to study the effect of correlated disorder on liquid-gas
phase transitions in a systematic and controllable way. Hys-
teresis was observed in adsorption and desorption of 4He,
and was recently reproduced by simulation in realistic aero-
gel structures �13,14�. To date experiments have been per-
formed slowly to study the adsorption process in quasiequi-
librium or in rate-independent limit �3–8�.

In this paper we condensed 4He very rapidly, avoiding
liquefaction in aerogels, in order to study how aerogels with
different porosities sucked up the outside liquid. Interfaces
were observed during the condensation into aerogels under
this highly nonequilibrium condition. The motion of the in-
terfaces was described by the Washburn model �16� and ef-
fective pore radii were obtained. Condensation in a dense
aerogel was a single-step process with a single interface,
while condensation in a low density aerogel was two-step
process with two interfaces appearing separately. Crossover
between the two processes was observed in the temperature
dependence for an intermediate density aerogel. These be-
haviors may be the manifestation of the fractal character of
aerogels with no well-defined pore radii. The two-step cap-
illary condensation is probably related to the avalanche pro-
cess of liquid in aerogels referring to the studies under qua-
siequilibrium conditions.

The experiment was performed in a 3He optical cryostat
as described in Ref. �9�. A sample cell with two windows
was anchored to the 3He pot and we could observe its inside
from room temperature. Temperature was measured by a
RuO2 resistance thermometer inside the cell. We used silica
aerogels of three porosities, �=90.4, 95.8, and 99.5% which
were made by MarkeTech International Inc., USA �15�. In
this paper these samples are referred to as aerogels P90, P96,
and P99. Their heights were about 12 mm. One of the aero-
gels was set on a stage fixed on the bottom of the cell. The

rate of filling 4He gas in the cell f was controlled by a needle
valve of a gas handling system at room temperature. One
might worry about the large temperature gradient in aerogels
caused by the large heat release from the adsorbed few
monolayers of 4He. The monolayers always existed before
the rapid filling began because they were not completely
evacuated between each filling. We expect that they did not
cause the temperature gradient during filling. We investi-
gated the dynamics of capillary condensation in aerogels at a
high filling rate in the temperature range of 2.2 to 4.2 K
where liquid 4He was normal fluid.

At a low filling rate of 4He gas, the aerogel became al-
most uniformly opaque during the condensation before the
bulk liquid appeared outside of the aerogel. As condensation
proceeded, it cleared up and became transparent again, and
was filled with the liquid completely. Then, bulk liquid ap-
peared outside of the aerogel. This behavior at low filling
rate was common to all the aerogels of different porosities
used in our experiment. An extensive optical study was re-
ported by Lambert et al. �5� who observed behavior similar
to ours.

At a high enough filling rate, however, equilibrium was
not established in the aerogel and bulk liquid appeared out-
side of the aerogel before it became opaque. A bulk liquid-
gas interface outside of the aerogel rose as the condensation
proceeded in the cell. Once the interface reached the bottom
of the aerogel, the aerogel sucked the liquid. The liquid-gas
interface in aerogel was visible and rose much faster than
the bulk interface did. Successive images of this process
are shown in Fig. 1 for P90. The filling rate was f
=4.8 �mol/sec and temperature was T=2.4 K; this was
about 70 times faster than the case in which the aerogel

FIG. 1. �Color online� Single-step capillary condensation of liq-
uid 4He in aerogel P90 at 2.4 K. The arrow indicates the height of
the interface. Times of the images are �a� 0.37 and �b� 3.47 min.
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became opaque. Height of the interface h was measured at a
particular position as indicated by the arrow in Fig. 1 and h2

is plotted as a function of time t in Fig. 2�a�. We can clearly
see h2� t. This single-step capillary condensation was ob-
served throughout the experimental temperature range for
P90. We always found h2� t and the interface moved faster at
lower temperatures.

Different dynamics was observed at large f for the lower
density aerogels P96 and P99. We followed the same proce-
dure described above to fill the cell without making the aero-
gel opaque and the aerogel sucked the liquid in two steps as
can be seen in Fig. 3. In this case, the aerogel was P96 and
T=2.5 K. Again, a bulk liquid-gas interface outside of the
aerogel rose as the condensation proceeded, and the aerogel
began to suck up the liquid when the interface reached the
bottom of the aerogel. Initially a precursor interface with a
height of h1 rose in the aerogel. The second interface with a
height h2 appeared later, rose in the aerogel faster than the
precursor interface and caught up with it; thereafter the pre-
cursor interface moved at the same speed as the second in-
terface. We define � as the time at which the second interface
caught up with the precursor interface and call the process
before �after� t=� step 1 �2�. In Fig. 2�b�, time evolution of
h1 and h2 are plotted as open and closed circles and �
�3.2 min in this case. We can see that h1

2� t both in step 1
and 2 and that h2

2� t.
The behavior h2� t is consistent with the Washburn model

of capillary condensation in porous media �16,17�. The
model assumes that the liquid with viscosity � flows in a
narrow capillary with radius R following Poiseuille’s law and
that the driving force for the flow is the capillary pressure
�P=2	 cos 
 /R. Here, 	 is surface tension and 
 is the con-
tact angle of the liquid. The Washburn equation is

h�t�2 =
	R cos 


2�
t . �1�

We extracted the effective radius of the pore size at each
temperature using Eq. �1� from the known values of ��T�
�18� and 	�T� �19� for 4He. We assumed complete wetting by
liquid 4He: 
=0. Figure 4 is a plot of the effective radii of

FIG. 2. �a� Time evolution of the height of the interface for
aerogel P90 at 2.4 K. �b� Time evolution of h1 and h2 �see text� for
aerogel P96 at 2.5 K. Lines in the figures are the fitting by Eq. �1�.
Inset is the temperature dependence of the catch-up time �.

FIG. 3. �Color online� Two-step capillary condensation of liquid
4He in aerogel P96 at 2.5 K. The right �left� arrow indicates the
height h1 �h2� of the precursor �second� interface. Times of each
image are �a� 1.87; �b� 2.23; �c� 2.60; �d� 2.97; �e� 4.68; �f�
6.42 min.

FIG. 4. Temperature dependence of the effective radii of aero-
gels P90 �a�, P96 �b�, and P99 �c�. Closed circles are obtained from
h or h2 and open circles are from h1 �see text�. Lines are the guides
for the eyes.
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three aerogels at different temperatures. Condensation in P90
was a single step and the single value of the effective radius
R90 was obtained from h�t�. In P96 condensation was two
steps and thus we had two effective radii: R96�1� obtained
from h1�t� in step 1 and R96�2� from h2�t�. In the same way
we had R99�1� and R99�2� for P99.

In an ordinary porous material with a well-defined pore
size, the Washburn model gives a single value of the pore
radius which does not depend on the properties �� and/or 	�
of working liquids. Propriety of the Washburn model for
aerogels is not clear because aerogels do not have a particu-
lar pore radius. Although interface motions were about 2.5
times faster at the lowest temperature 2.2 K than at 4.2 K
mostly due to the temperature dependence of 	�T�, R90 was
scaled to be an almost temperature independent value, R90
=9.0±1.4 nm, as in Fig. 4�a� using ��T� and 	�T�. This im-
plies, surprisingly, that the Washburn model seemed to de-
rive correctly the relevant scale of pores in the low porosity
aerogel where condensation of liquid was a single step. R90
may be around the largest scale of pore size because the
aerogel was completely filled with the single-step.

As for the two-step condensation observed in lower den-
sity aerogels, step 1 was presumably the process at which a
precursor liquid, whose front was at h1, first flowed in the
regions with a higher density of silica strands, where the
effective pore radius was smaller and the liquid could exist
more stably. Step 2 was the process at which the liquid filled
the space with the largest pore size where it was harder for
the liquid to exist. Two values of the effective pore radii for
the single aerogel does not mean that the aerogels had two
well-defined subnetworks but rather that the fractal nature of
the aerogels which have large distributions in pore radii led
to the two-step condensation. It is reasonable that R96�2� had
a temperature independent value 11.3±1.1 nm and was
larger than R90 as can be seen in Fig. 4�b�. However, R96�1�
had a very curious temperature dependence. This is because
h1�t� was almost temperature independent in P96. R96�1� was
less than half of R96�2� at 2.3 K and was close to R96�2� at
4.2 K. This means that the precursor liquid flowed through
pores of different scales depending on the temperature. The
temperature dependence may be the manifestation of the
fractal character of the aerogel structure, otherwise the effec-
tive pore size would have been a specific value. In the inset
of Fig. 2�b�, � is plotted as a function of temperature. The
period of step 1 became shorter at higher temperatures as �
decreased with increasing temperature. Therefore, the con-
densation in P96 was two steps �R96�1��R96�2�� at low tem-
peratures and became single step like those �R96�2�
�R96�1� ,��0� at high temperatures. As for the lowest den-
sity aerogel P99, the condensation was always two steps and
we had two temperature independent effective radii, R99�1�
=11.3±1.0 nm and R99�2�=23.1±2.1 nm.

Types of the capillary condensation in aerogels are sum-
marized as follows: single step for the dense aerogel P90,
two-steps for the low density aerogel P99, and single step
like at high temperatures and two steps at low temperatures
for the intermediate porosity aerogel P96. What controls the
dynamics of capillary condensation? Fluid dynamics in a
confined geometry with fractal correlation is a very compli-

cated problem and not much is known about it. Let us refer
to the studies on adsorption of 4He in aerogels under quasi-
equilibrium conditions which have been extensively investi-
gated experimentally �4–8� and theoretically �13,14� in order
to gain insight into our highly nonequilibrium situation.
Shapes of adsorption isotherms of 4He in aerogels change
with porosities and temperatures as follows. Densities of 4He
in aerogels increase by increasing chemical potential � to the
bulk equilibrium value or by increasing pressure to the bulk
equilibrium vapor pressure. This increase is gradual at higher
temperatures or in denser aerogels and has a sharp jump at a
particular chemical potential �c at lower temperatures or in
lower density aerogels. The jump becomes larger and �c
becomes smaller at lower temperatures or for higher porosi-
ties. This behavior was recently reproduced by the lattice
model of a fluid within local mean-field theory �13,14�.
Aerogel structure was generated by a diffusion-limited
cluster-cluster aggregation algorithm which is believed to re-
produce the structural features of aerogels �10–12�. It was
shown that increasing temperature mimicked decreasing po-
rosity for the shapes of adsorption isotherms. The gradual
change in density observed at higher temperatures or in low
porosities was a process in which the liquid layer coating the
aerogel strands thickens continuously and finally fills the
pore smoothly as � increased. The jump in the isotherm
observed at lower temperatures or in higher porosities was
associated with macroscopic avalanches of liquids at �=�c.
Liquids are formed in the dense strand regions or in the pores
with small size below �c and almost completely fill the large
pore regions abruptly with macroscopic avalanches at �
=�c. The avalanches were the origin of the hysteresis in
adsorption and desorption. Complex behaviors of the iso-
therms can be recognized as a manifestation of the fractal
nature of aerogels, not seen in the other dense porous mate-
rials. So far clear experimental observation of the avalanche
process has been reported only in the draining of superfluid
4He in Nuclepore �20�.

In a situation in which the avalanche process is involved,
dynamics of the capillary condensation may become two
steps. Liquid needs a finite driving force associated with �c
to flow in the largest pore region. However, before the large
pores are filled, precursor liquid can flow in the small pore
region without any threshold value for the driving force. One
can notice that the conditions of porosity and temperature for
the two-step capillary condensation are similar to those for
the jump in the isotherms or the macroscopic avalanches. If
we regard step 1 as the process of precursor liquid flowing in
the dense strand regions and step 2 as the liquid filling the
large pore regions with macroscopic avalanches, the ob-
served dynamics can be qualitatively explained. For the
dense aerogel P90 condensation was single step because liq-
uid could fill the pores smoothly without any abrupt change.
For the low density aerogel P99 it had two-step condensation
at all temperatures because it always had to have avalanches.
For the intermediate case of P96 it was two-step condensa-
tion at low temperatures where the avalanche process had to
be involved and was single step like at high temperatures
where the liquid could fill the pores more smoothly. Tem-
perature dependences of R96�1� and � were caused by the
crossover between the two condensation mechanisms. There-
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fore, our finding of the several types of capillary condensa-
tion may be another way of manifestation of the fractal na-
ture of aerogel. It is, of course, necessary to check this
scenario not just by the similarity to the results in quasiequi-
librium but by a theory dealing with the dynamical process
positively.

We investigated the dynamics of capillary condensation in
aerogels with various porosities at high filling rates. Aerogels
sucked the outside liquid from the bottom by making inter-
faces. Condensations were a single step for the dense aero-
gel, two steps with two separated interfaces for the low den-
sity aerogel, and single step like at high temperatures and
two steps at low temperatures for the intermediate porosity
aerogel. The height of the interface proceeded as �t in both
single step and two steps, and the effective pore radii were
obtained from the Washburn model. Two-step condensation

was possibly the consequence of avalanches referring to the
experiments and the theories under quasiequilibrium condi-
tion. Variety of the dynamics may be a manifestation of the
fractal nature of aerogels which had a wide range of distri-
bution of the pore radii. The determination of the spatial
distribution of the average 4He density in aerogels, the inves-
tigation of the sample dependence and the sample characta-
rization are remaining as the future subjects. These measure-
ments are necessary to make our interpretation more solid.
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