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e kinetics of water imbibition in
polydisperse foams

Kanoko Tsuritania and Susumu Inasawa *abc

We investigated the kinetics of water imbibition in polydisperse foams. We used a Hele-Shaw cell, and

horizontal imbibition was observed for a timescale of up to 103 s in which the gravity effect was

negligible. While several papers have reported kinetics for imbibition in foams, imbibition kinetics in

polydisperse foams and its variations in longer timescales are not well understood. The tip position of

imbibition was proportional to the square root of time in the initial stage of imbibition, but it showed

plateauing in the late stage of imbibition. We evaluated the proportional constant A in the initial stage of

imbibition as a kinetic constant for the time-dependent increase in the tip position, which showed

a clear dependency on the initial and final water volume fractions in the foams. Conversely, the mean

initial radius of the curvature and the channel length in the Plateau borders did not show any clear

correlations with A, although both valuables are frequently used in modeling for liquid imbibition in

foams. On the basis of the t1/2 dependence, the correlation of A with the water volume fraction and the

increase in the water volume fraction during imbibition, we proposed a simple equation to describe the

tip position over the entire period of imbibition. We used them to scale all of the experimental data,

which showed good agreement with the theoretical line. This clearly showed that the water volume

fraction in the foams during imbibition was the key factor to quantitatively describe the rate of water

imbibition. Features in the kinetics of imbibition were discussed.
1. Introduction

Foam is an ensemble of bubbles separated by thin liquid layers.
The gas–liquid interfaces are generally deformable, which
provides a complicated structure of a connected network of thin
liquid layers. Gas molecules permeate through liquid lms,1

and coarsening,1,2 rearrangement,3 and destabilization4 of the
bubbles frequently occur in foams. The surface elasticity of
bubbles is an important factor for coarsening and coalescence5

because of the large gas–liquid interfacial area in foams.
Osmotic pressure emerges in foams depending on the liquid
volume fraction, size of the bubbles, and gas–liquid interfacial
energy.6,7 To understand the complicated properties of foams,
theoretical approaches have also been used to describe defor-
mation of the bubbles8 and the response to shear elds.9 These
are only a few examples, but they clearly show the unique
properties of foams originating from the gas–liquid interfaces.
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Many thin liquid channels are connected in foams, and the
ow in these channels is an intensely studied topic. A narrow
channel of liquid typically surrounded by three contacting
bubbles is called Plateau border and many Plateau borders are
connected by junctions called nodes. These connected paths are
the main routes for liquid ow in foams. Cutting-edge
approaches have been developed to measure the ow in
a single Plateau border formed by a triangular prism frame10–12

or three-dimensional (3D) printing.13 The distribution of ow
velocities in an exterior or interior channel of the Plateau border
has been measured by particle tracking.14 The mobility and
surface viscosity on the gas–liquid interfaces are the main
factors that affect the ow velocity in Plateau borders,14,15

whereas it has been reported that there is no close relation
between the interfacial shear elasticity and liquid entrainment
on foam lms.16 Studies on the spontaneous ow of liquid in
a narrow gap between rods17 or bubbles18 has also provided
useful information about the liquid ow in a Plateau border
between packed bubbles. The ow in nodes and its differences
from the ow in channels have been experimentally investi-
gated.19,20 The cross section of the Plateau border and the
channel length have been mathematically modeled using
a geometric relation,21,22 with which conservation of the liquid
volume during ow is considered.23–26 Both the experimental
and theoretical work on the microscopic ow in foams are
summarized in ref. 27. Similar Plateau borders form in
RSC Adv., 2021, 11, 33093–33101 | 33093
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Fig. 1 (Top) Optical microscope images of imbibition. The dyed
surfactant solution imbibed from right to left, as shown in (a)–(c).
(Bottom) Schematic illustration of the experimental setup used in this
study.
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concentrated emulsions,28–31 and these models for the ow
between bubbles are used to simulate the pressure distribution
in packed droplets in drying emulsions.28,29

The ow of liquid through many Plateau borders and nodes
is measurable experimentally using foam drainage or imbibi-
tion of the liquid into dry foam. In foam drainage, the liquid
phase drains owing to gravity, which has been extensively
investigated experimentally and theoretically.32–38 The moving
rate of the wetting front is proportional to the square root of the
rate of liquid addition to a monodisperse foam.32 The mobility
parameter M, which incorporates bubble size, liquid content
and surface shear viscosity of bubbles has been proposed as
a relevant parameter to describe foam drainage regimes.36 In
the case of emulsions or colloidal suspensions, dispersed oil
droplets or solid particles are trapped in the water paths in the
foams, which reduces the rate of drainage compared to that
without droplets or solid particles.39–41

Imbibition of liquid into a foam occurs owing to the capillary
pressure of the Plateau border, and comparison with the gravity
effect is the key to imbibition on earth.42,43 Microgravity has
been investigated in liquid imbibition to minimize the effect of
gravity,44–50 in which the bubbles are very stable and coarsening
or coalescence does not occur.50 Imbibition can be explained by
a diffusion-like process and the wetting front is proportional to
the square root of time.46 In the case of dry foam under
microgravity, the proportional constant of A ¼ 1.19 cm2 s�1, is
reported,46 but this value would vary depending on foams. The
diffusion-like process of the wetting front has been supported
by modeling and the corresponding diffusion equations have
been theoretically derived.44,46,48,51 Prediction of the A value from
experimental data has also been performed.46,51 However, one
important point is that most reported microgravity experiments
were mainly conducted in a falling plane and the experimental
time for imbibition was inevitably limited (up to at most
20 s).45,46,48 We do not understand how imbibition proceeds for
longer time scales. In addition, a number of reported A values
are rather limited46,48 and the generality of this approach to
other polydisperse foams and the range of A are still unknown.
Our motivation for this work is to clarify these points. Imbibi-
tion is a fundamental phenomenon in foams and it consists of
the microscopic ows in many Plateau borders. Thus, this study
is important to understand the features of liquid ow in foams.

In this study, we observed water imbibition in aqueous
foams. For visual observation, the foam was introduced into the
gap between two parallel glass plates (Hele-Shaw cell). To avoid
the gravity effect, we set the samples horizontally and forced
dyed aqueous solution to contact the foam. We used poly-
disperse foams with various initial water fractions. The change
of the position of the imbibition front with time was measured.
The correlations between the rate constant for imbibition and
the relevant parameters of foams are also discussed.

2. Experimental methods

Sodium dodecyl sulfate (SDS) (Fujilm Wako Pure Chemical
Co., Osaka, Japan) and polyoxyethylene(10) octylphenyl ether
(TX-100) (Fujilm Wako Pure Chemical) were used as
33094 | RSC Adv., 2021, 11, 33093–33101
surfactants. We prepared aqueous surfactant solutions con-
taining 8 mM SDS and 1 mM TX-100. The interfacial energies
(surface tensions) of these solutions were 42 mN m�1 for SDS
and 33 mN m�1 for TX-100, both of which were determined by
the capillary rise method (DG-1, Surfgage Instruments, Mat-
sudo, Chiba, Japan). We also prepared surfactant solutions with
the same concentrations but dyed with uranine (Fujilm Wako
Pure Chemical). We used the dyed solutions for imbibition
observation.

Air was introduced into the solutions through a glass tube
with an inner diameter of 5 mm. The tip of the tube was fully
covered by a lter paper (Munktell M1-125, Ahlstrom Corpora-
tion, Helsinki, Finland). We changed the air ow rate in the
range 50–200 mL min�1 to vary the sizes of the bubbles and
their distribution. Aer the bubbling, the bubbles were spon-
taneously accumulated on the top of the solutions and we ob-
tained foams. The solutions were le to stand for various
periods to change the liquid-volume fraction in the foam. We
placed a specied amount of the foam in an observation cell,
which is schematically illustrated in Fig. 1 (bottom). We fabri-
cated the observation cells using a set of slide glasses and
spacers. Two spacers with a height of 0.5 mm was set on the
slide glass in parallel. The width between the spacers was
35 mm. We placed aqueous foam between the spacers and set
the other slide glass on them so that the foam was sandwiched
between the slide glasses. The total length of the foam between
the glasses was approximately 5–6 cm. We then placed an
amount of the dyed surfactant solution on one side of the cell.
Spontaneous imbibition of the dyed surfactant solution was
observed and recorded by an optical microscope (AZ-100,
Nikon, Tokyo, Japan) equipped with a digital camera (D-5200,
Nikon). We used an objective lens (AZ-Plan Apo 0.5�, Nikon).
An example of imbibition observation is shown in Fig. 1 (top).
The time intervals for recording were 3 s for the initial fast
imbibition and 20 s for the later slow imbibition. Bubbles were
exible and shape change in bubbles spontaneously occurred
owing to water imbibition within the time intervals of 3 s. We
observed water imbibition in a timescale of up to 103 s.

The recorded images were analyzed using the free soware
ImageJ (National Institute of Health, USA). We measured the
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 Cumulative frequencies of the initial values of the (a) radius of
curvature (rcurv), (b) circular radius (rcircle), and (c) channel length of the
Plateau border (Lnn) for the three different foams. The black, red, and
blue symbols are for the foams in Fig. 2(a–c), respectively. The defi-
nitions of rcurv, rcircle, and Lnn are schematically shown in the inserts.
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imbibition length of the foam, from the injection edge of the
cell to the tip of the imbibition as dened in Fig. 1b and c. In
addition, we measured the radius of curvature and channel
length of the bubbles in the foam. Denitions of these valuables
are shown in Fig. 3. We also estimated the total air area of the
bubbles using the commercial soware MATLAB (Mathworks
Inc., Natick, MA, USA), with which we estimated the water
volume fraction in the foam.

The numerical aperture of the objective lens was 0.05 and the
resolution limit of the lens was estimated to be 6 mm. We also
checked the resolution of the recorded digital images, which
was 10 mm per pixel. The minimum length scale discussed in
this work is 0.1 mm and we conrmed that the observed images
had sufficient resolution.

In estimation of the water volume fraction, we rst estimated
the total area of the bubbles surrounded by gas–liquid inter-
faces. We then subtracted it from the total area of the foam.
Owing to the curved shape of the interfaces, they were recorded
as black lines with a width in the images. In our analysis, these
lines were counted as the water phase, but both air and water
were present in these black line regions owing to the curved
interfaces. This suggests that the estimated water volume frac-
tion would overestimate the actual value. However, we did not
aim to determine the precise value of the water fraction, and
hence we used the estimated water fraction in this work. The
estimated values of the initial water volume fraction before
imbibition were in the range 0.18–0.59 and those of the nal
water volume fraction aer the end of imbibition were in the
range 0.40–0.70.
3. Results

Optical microscope images of the foams before imbibition are
shown in Fig. 2a–c. The corresponding distributions of the
radius of curvature rcurv, circular radius rcircle, channel length of
the Plateau border Lnn are shown in Fig. 3. The denition of
rcircle is shown in Fig. 3b. The bubbles in the foams we used were
Fig. 2 (a)–(c) Optical microscope images of three different foams. (d)
Changes of the imbibition lengths with time. The data for the foams in
(a), (b) and (c) are represented by black, red, and blue symbols in (d),
respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
polydisperse and they had different distributions of these
characteristic values (Fig. 3). The change of the imbibition
length with time is shown in Fig. 2d. Imbibition of water varied
depending on the foam, and the rate of imbibition decreased
with time. Images of the bubbles at three different positions
during imbibition are shown in Fig. 4. Before imbibition, the
bubbles were packed and distorted at all positions (images 1–3
in Fig. 4a). Aer 30 s imbibition (Fig. 4b), the bubbles near the
Fig. 4 Optical microscope images of a foam in different imbibition
states: (a) before imbibition and (b) 30 s and (c) 600 s after the
beginning of imbibition. Imbibition proceeded from right to left. The
entire foam was horizontally long and we recorded the foam at three
different positions and overlaid them to obtain the long horizontal
images of (a)–(c). Images 1–9 are enlarged images of the parts of the
foam indicated by the red boxes in (a)–(c). The vertical red dashed lines
in (b) and (c) show the tip position of water imbibition. (d) Corre-
sponding change of the imbibition length with time. The dashed lines
indicate 30 s and 600 s on the time axis. The scale bar in (a) is 1 cm.

RSC Adv., 2021, 11, 33093–33101 | 33095



Fig. 6 Data in Fig. 2 replotted using eqn (1). The definitions of the
black, red, and blue solid circles are the same as in Fig. 2. The solid lines
show the initial slopes of A for the separate data.
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starting point of water imbibition were circular in shape (image 6),
while those at different positions near the imbibition tip (image 5)
and away from the tip (image 4) were still distorted. In the late
stage of imbibition, the tip of imbibition reached the other side of
the foam (Fig. 4c), and all of the bubbles became spherical in
shape (images 7–9). The correlations between the imbibition
length and estimated water volume fraction 3water at three different
positions are shown in Fig. 5. We need to dene a sufficiently
larger area than the bubble sizes to estimate 3water. The sizes of
most of the bubbles were less than 1 mm (Fig. 2 and 3). Thus, we
used a 13 mm square to estimate the water volume fraction
(see the top image of Fig. 5). 3water increased with time for all three
areas, but the increase was slower for areas b and c. This suggests
that 3water was not uniform in the foams during imbibition. In the
late stage of imbibition indicated by the arrows in Fig. 5d and e,
there was almost no change in 3water for all areas and 3water was
almost constant at around 0.7 (Fig. 5e).
4. Discussion
4.1 Kinetic constant for the initial stage of imbibition

Foam drainage theory is a candidate to describe the change of
the tip position of water imbibition.33,34,36,38 However, this is not
practical for this study because the partial differential nature of
the fundamental equation in foam drainage theory.33,34,44,46

Conservation of the volume of the owing liquid in foams
frequently requires both temporal and spatial differential
Fig. 5 (Top) Optical microscope image of the foam during imbibition.
We estimated the water volume fraction 3water in the three areas
indicated by the red squares of (a), (b), and (c) during imbibition.
Changes of the (d) imbibition length and (e) 3water with time. The black,
red, and blue open circles show 3water in areas (a), (b), and (c) in the top
image, respectively. The solid black diamonds in (e) show the average
values of 3water over the three areas (a)–(c). The double-headed arrows
in (d) and (e) show the periods of the late stage of imbibition. The scale
bar in the top image is 5 mm.

33096 | RSC Adv., 2021, 11, 33093–33101
formulas. Consequently, the governing equations need to be
numerically treated to obtain solutions,33,34,44,46 which brings
complexity into the analysis. Thus, we analyzed the experi-
mental data using a square-root expression.45,46,48

Assuming that the tip position of water imbibition x(t) is
described by the square root of time, we set x(t) ¼ At1/2, where A
is a kinetic constant in units of cm s�1/2. In several papers, the
constant A is called the diffusivity.45,46 However, as we have
already discussed, the origin of water imbibition is ow.
Therefore, hereaer, we call A the kinetic constant in this paper.
We dene t ¼ 0 as the time when we added the dyed solution to
the observation cell. However, there was a slight delay before
the rst image of imbibition was recorded. To minimize this
experimental error in time, we used the difference in the
imbibition length

xðtÞ � xðt1Þ ¼ A
� ffiffi

t
p � ffiffiffiffi

t1
p �

(1)

where t1 is the time at which the rst image was recorded. We
analyzed the data in Fig. 2 using this equation and the results
are shown in Fig. 6. All of the data showed a linear increase in
the initial stage of imbibition, but the slope decreased with
time, which will be discussed in the following section.

Water imbibition occurs because of the negative pressure in
the Plateau borders in the foam, which is approximately
expressed as g/rcurv, with g being the interfacial energy on the
air–liquid interface. Thus, it is a reasonable interpretation that
rcurv has a close relation with A. However, there was no clear
relation between A and the mean values of the initial rcurv (Fig. 7
le). We also plotted A against the mean channel length before
Fig. 7 Correlation between A and the mean initial rcurv (left) and mean
channel length before imbibition Lnn (right).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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imbibition Lnn, but there was also no close relation with A (Fig. 7
right). Thus, we did not nd any clear relation between the
initial geometric parameters of the foams and the kinetic
constant A. There were wide distributions of rcurv and Lnn
(Fig. 3). This would be a reason why A and rcurv did not show
a clear correlation (Fig. 7 le). We also measured the cumulative
frequencies of the bubble area in the foams during water
imbibition, but we did not nd any clear change in the distri-
butions during water imbibition.

We found that 3water in the foam increased as imbibition
progressed (Fig. 5). It became constant aer the rate of increase
in the imbibition length was small. In this late stage of imbi-
bition, all of the bubbles were circular in shape (Fig. 4c), sug-
gesting that the foam was saturated with water. We consider
that the constant 3water in the late stage of imbibition was the
upper limit of 3water in the foam. Water imbibition is a process
in which 3water increases in foams. The difference between the
nal water volume fraction 3water_f and initial volume fraction
3water_0 in the same foam corresponds to the amount of water
that can be absorbed by the foam. The ratio of the absorbable
amount of water to the maximum water volume in a foam
(3water_f � 3water_0)/3water_f would then be correlated with the
kinetics of imbibition. Thus, we plotted the A values using (1 �
3water_0/3water_f) for all of the examined foams (Fig. 8). The
samples of SDS and TX-100 both showed good correlations. We
concluded that the initial and nal volume fractions of water
are the key factors to describe water imbibition.

We used a power law formula to describe the dependency of
A on (1� 3water_0/3water_f). The SDS data agreed well with A¼ (1�
3water_0/3water_f)

0.6, while A ¼ 0.89(1 � 3water_0/3water_f)
0.6 gave the

best tting result for the TX-100 data. This suggests that the rate
of water imbibition in the TX-100 foams was about 90% of that in
the SDS foams. The surface tension on the air–water interface was
42 mN m�1 for SDS and 33 mN m�1 for TX-100. The air–water
interfacial energy of the TX-100 samples was about 80% of that of
the SDS samples, showing reasonable agreement with the
proportional constant of 0.89. This simple comparison suggests
that the air–water interfacial energy affects A. Thus A would vary
depending on types of surfactants and types of gases in foams.

In this study, the kinetic coefficient A varied from 0.2 to 1 cm
s�1/2 (Fig. 8). In a microgravity experiment, the corresponding
Fig. 8 Correlation between A and (1 � 3water_0/3water_f). Black and red
represent the data of SDS and TX-100, respectively. The power law fits
to the data are shown as solid lines with A ¼ (1 � 3water_0/3water_f)

0.6 for
SDS (black) and A ¼ 0.89(1 � 3water_0/3water_f)

0.6 for TX-100 (red).

© 2021 The Author(s). Published by the Royal Society of Chemistry
coefficient has been reported to be 1.19 cm2 s�1 (1.09 cm s�1/2)
in a Hele-Shaw cell.45,46 Our values were smaller but in reason-
able agreement with the previous studies. Cox et al.51 predicted
this constant as A2¼ gLKd/h, in which L is a relevant length scale
for the Plateau border, K is the permeability constant, d is
a geometric constant, and h is the viscosity of the surfactant
solution. In this study, L was typically 0.5 mm (Fig. 7 right) and
the other values were g ¼ 42 mN m�1, d ¼ 0.655,51 and h ¼ 1 �
10�3 Pa s. K depends on the type of gas–liquid interface, and it
has been proposed that K ¼ 9.9 � 10�3 for rigid interfaces and
K ¼ 2.3 � 10�3 for mobile interfaces.51 A is then estimated to be
1.2 cm s�1/2 for rigid interfaces and 0.6 cm s�1/2 for mobile
interfaces. This simple comparison suggests that the gas–liquid
interface of the SDS or TX-100 aqueous solution in this study
would be treated as a mobile interface.46,51

In two-dimensional water imbibition under microgravity, A
has been reported to be 0.01–0.02 cm s�1/2.48 This value is one
order of magnitude smaller than our values. The imbibition
front radially spread in that study, whereas it proceeded along
the x direction in this work. In addition, because of the differ-
ence in the thicknesses of the observed foams, the number ratio
of exterior channels to total channels would be larger in this
study compared with that in ref. 48. Faster ow velocity in the
exterior channels has been reported,23 and this would
contribute to a larger value in A in our work. These factors would
cause a different value of A.
4.2 Scaling formula for water imbibition

The kinetic constant A describes the initial rate of increase in
the imbibition length, but we were not able to describe the later
imbibition rate using A. In this section, we derive a dimension-
less equation that describes the change of the imbibition length
with time over the entire period.

We assumed a constant value of A in eqn (1). However, as
clearly shown in Fig. 6, A decreased as water imbibition pro-
gressed. We dene An for A at time tn. We then rewrite eqn (1)
using a recurrence formula as

xðtnþ1Þ � xðtnÞ ¼ An

� ffiffiffiffiffiffiffiffi
tnþ1

p � ffiffiffiffi
tn

p �
(2)

where tn+1 ¼ tn + Dt with Dt being a small time interval. From
summation of the right-hand side of eqn (2) from 1 to n, we
obtain

xðtnþ1Þ � xðt1Þ ¼
Xn

i¼1

Ai

� ffiffiffiffiffiffiffi
tiþ1

p � ffiffiffi
ti

p �
(3)

The kinetic constant An varies with time because the volume
fraction of water in the foam increases during imbibition. We
assume that the volume fraction of water in the foam is 3water_f
aer the tip of water imbibition has passed and the water
volume fraction in the rest part of the foam is 3water_0. This
assumption is schematically illustrated in Fig. 9. The average
water volume fraction in the foam 3av is then

3av ¼ 3water_0 þ
�
3water_f � 3water_0

� xðtnÞ � xðt1Þ
L0 � xðt1Þ (4)
RSC Adv., 2021, 11, 33093–33101 | 33097



Fig. 9 Schematic illustration of the assumptions for the imbibition
length and water volume fraction in the proposed model.

Fig. 10 Plots of the dimensionless imbibition length hn and time 4n for
foams of (a) SDS and (b) TX-100. The different symbols represent the
data for different samples. The solid lines in (a) and (b) were obtained
with eqn (6), and they show good agreement with the experimental
data. The inserts show the same data but not in a dimensionless form,
in which x and x1 correspond to x(t) and x(t1) in the main text. The two
short lines in (a) show the corresponding slopes for hn in proportion to
4n

1/2 and 4n
1/4.

RSC Advances Paper
where L0 is the initial length of the foam before water imbibi-
tion. We note that there is a distribution of water volume frac-
tions during imbibition (Fig. 5). Thus, 3av in eqn (4) is used as
a representative value for 3water. According to the correlation A¼
(1 � 3water_0/3water_f)

0.6 for the SDS samples in Fig. 8, we intro-
duce the following relation between An and 3av:

An ¼ (1 � 3av/3water_f)
0.6 (5)

We are able to simulate the change of the imbibition length
with time using eqn (3)–(5).

We further developed these expressions by introducing the
dimensionless length and time. We dene the dimensionless
length as hn ¼ (x(tn) � x(t1))/(L0 � x(t1)) and the dimensionless
time as 4n ¼ tn/sSDS, where sSDS is the characteristic time scale
for water imbibition in the SDS samples, which is dened as
sSDS

�0.5 ¼ (1 � 3water_0/3water_f)
0.6(L0 � x(t1))

�1. For the TX-100
samples, An is 0.89(1 � 3av/3water_f)

0.6, which is roughly
described as (gTX-100/gSDS)(1 � 3av/3water_f)

0.6 as discussed in the
Section 4.1. In this relation, g is interfacial energy between
water and air, and the subscript denotes surfactants dissolved
in water. Then we obtain the ratio of the characteristic times as
sTX-100/sSDS ¼ (gSDS/gTX-100)

2. By substituting these values into
eqn (3) and using the relation that h1 ¼ 0 from the denition of
hn, we nally obtained the following relation:

hnþ1 ¼
Xn

i

ð1� hiÞ0:6
� ffiffiffiffiffiffiffiffiffi

4iþ1

p � ffiffiffiffiffi
4i

p �
(6)

Derivation of eqn (6), sSDS and sTX-100 is given in the
Appendix. We scaled all data for SDS and for TX-100 to hn and
4n, and they are plotted in Fig. 10. For comparison, the same
data before scaling are shown in the inserts of Fig. 10. We found
that there was good agreement between the experimental data
and the curve simulated using eqn (6). We concluded that eqn
(3)–(5) and the dimensionless form of eqn (6) reasonably
quantitatively describe water imbibition.

One important point is that we did not use microscopic
parameters, such as rcurv and Lnn, in the above equations. They
have been used as essential factors in theoretical approaches of
the ow in foams. However, our results clearly showed that we
did not need to evaluate these parameters for water imbibition.
From eqn (4), the dimensionless water volume fraction of (3av �
3water_0)/(3water_f � 3water_0) is equal to hn. Thus, another
33098 | RSC Adv., 2021, 11, 33093–33101
interpretation of Fig. 10 is time evolution of the average water
volume fraction in foams. (3av � 3water_0)/(3water_f � 3water_0) z
0.7 for 4n � 41 z 1, around which the rate of water imbibition
gradually decreased. In most cases, 41 �1, and thus tz s is the
characteristic time for the beginning of the decrease in the rate
of water imbibition.

In the initial stage of imbibition, hn was proportional to 4n
1/2

(Fig. 10). This feature is observed in three different experi-
mental systems: water imbibition under microgravity,45,46 oil
imbibition under gravity,42 and horizontal oil imbibition in
aqueous foams in a Hele-Shaw cell.52 In the rst case, the gravity
effect is negligible and water imbibition is induced by the capillary
pressure in the dry foam. Mensire et al.42 observed 3D oil imbibi-
tion in a dry foam under gravity. They proposed a physical model
that considers a balance between gravity and the vertical capillary
pressure, Darcy's law, and conservation of mass in the foam, with
which they succeeded in describing the t1/2 dependence of the tip
position of imbibition.42 Kusaka et al.52 reported horizontal oil
imbibition, and they explained the t1/2 dependence of the tip
position using a simple form of Darcy's law. Our data agrees with
these results, and we conclude that the t1/2 dependence of the
imbibition tip is a general feature independent of the imbibition
direction (horizontal or vertical) and type of liquid (water or oil).

In the late stage of imbibition, the rate of imbibition grad-
ually decreased (Fig. 10). Mensire et al.42 reported that the time
dependence of the tip position was t1/4 in 3D imbibition, while
a theoretical approach predicted t1/3.33 The differences in the
boundary conditions between theory and experiment have been
© 2021 The Author(s). Published by the Royal Society of Chemistry
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suggested to be a reason for the discrepancy.42 Horizontal oil
imbibition shows t1/3 dependence of the imbibition front.52

Thus, the time dependence is still under debate. Our data
showed approximate agreement with the slope of 4n

1/4 around
4n z 1 (Fig. 10), but the slope of the data clearly decreased for
further imbibition. Thus, our data did not show any constant
time dependence of the tip position in the late stage of imbi-
bition. One reason is the small ratio of the imbibition length to
the total length of the foam. In the 3D imbibition study,42 the
reported tip position was about 10 mm in a foam with a height
of 5 cm. For the horizontal oil imbibition study,52 an imbibition
length of 10 mm was observed for a circular foam with a diam-
eter of 55 mm, which was estimated from the experimental
conditions. The ratio was approximately 0.2 in both cases. In
the above studies, the liquid imbibed from the edge of the foam,
but the observed tip position was away from the other edge,
suggesting that the end of the foam could be assumed to be an
innite boundary for imbibition. In contrast, in this study,
imbibition reached very close to the end of the foams and the
innite boundary condition was not a suitable assumption.
Imbibition occurs in a foam, and imbibition will stop when the
front reaches the end of the foam. Therefore, the rate of imbi-
bition decreased when hn was close to unity, and this effect is
expressed as (1 � hn)

0.6 in eqn (6).
In vertical capillary rise experiments, there is a maximum

height at which the capillary pressure balances with the
gravity.53 However in horizontal imbibition, the gravity is
negligible in general54 and there is no clear prediction on the
maximum length for the imbibition. But our results clearly
show that there is a termination in horizontal imbibition in foams
when the foams are lled with imbibed liquid. Another important
point is that we used an expression of t1/2 dependence for scaling.
In most previous papers on imbibition or capillary rise experi-
ments, imbibition kinetics is considered separately with a different
scaling law. Different imbibition regimes are expressed by
different power laws of time, such as t1/2, t1/3 or t1/4 in these
papers.33,42,52 We used a combination of t1/2 dependence and
a valuable of A, which was a function of the volume fraction of
water in foams during imbibition. This is not a general approach.
However we have succeeded in describing water imbibition over
the entire period of imbibition using a single formula of eqn (6) as
shown in Fig. 10. Gradual decrease in the rate of imbibition was
not described by the power law of t1/2, but it was described by
a decrease in A in ourmodel.We conclude that the volume fraction
of water during imbibition is a key to describe imbibition.

We note that coalescence or coarsening of bubbles occurred
during imbibition but it was infrequent. In addition, the time-
scale for coarsening was about 103 s in this study. Water imbi-
bition wasmuch faster than this time scale and we consider that
bubbles in this work was stable during observation. We also
note that coarsening and coalescence generally occurs when
bubbles are in close contact. However, in the nal stage of water
imbibition, the water volume fraction in foam is large and
bubbles are separated by thick water layer as in Fig. 4c. Thus
even if coalescence or coarsening of bubbles would affect water
imbibition in this study, it would be observed in the initial stage
of imbibition, in which foam is still dry.
© 2021 The Author(s). Published by the Royal Society of Chemistry
In ow of an oil in a single aqueous Plateau border, the imbi-
bition dynamics of the oil obey the t2/3 law in the initial stage of
imbibition, during which there is oil ow from the soap lm to the
Plateau border.10 It then changes to the t1/3 law aer all of the oil
has entered the Plateau border.10 These features were not observed
in our study. This clearly shows that imbibition in foams is not
simple summation of the ows in the individual Plateau borders.
Different ow velocities in the exterior and interior channels,23

complicated ow in the nodes,23,25 and connection ofmany Plateau
borders through nodes would cause different imbibition features
from the liquid ow in a single Plateau border.

We found that the average liquid volume fraction of water is the
key factor to describe the kinetics of the imbibition front. This is
important to predict the imbibition front in a simple way and could
be used for liquid transport on two-dimensional cell sheets.However,
several open questions remain. The followings are two examples.
First, what is the physical background for why A is proportional to
(1 � 3water_0/3water_f)

0.6? Second, what is the link between the micro-
scopic parameters, such as rcurv and Lnn, and the macroscopically
determined 3water, especially for a system of a polydisperse foam?
Theoretical approaches are necessary to answer these questions. We
believe that further investigation of these questions will reveal the
hidden physical background of liquid imbibition in foams.

5. Conclusions

Our main ndings are the following points.
� The progression in the tip position of water imbibition in

polydisperse foams is proportional to the square root of time
during the initial stage of imbibition, but the kinetic (proportional)
constant A gradually decreases during further water imbibition.

� The kinetic constant A does not show any clear correlation
to the radius of curvature and channel length in the poly-
disperse foams before imbibition. Conversely, the volume
fraction of water closely relates to the kinetic constant A.

� All data is well summarized by the dimensionless recur-
rence formula, which is obtained from the t1/2 dependence of
the tip position and the correlation of A with the water volume
fraction during imbibition. This suggests that the formula can
be used as a general scaling law for water imbibition.

We consider that these ndings in this work provide a new
framework for theoretical approaches in understanding the
scaling law for the kinetics in water imbibition in foams.

6. Appendix

From eqn (4), 3av ¼ 3water_0 + (3water_f � 3water_0)hn and we obtain
a different expression for An:

An ¼ (1 � 3water_0/3water_f)
0.6(1 � hn)

0.6 (A-1)

The imbibition length and time are expressed as x(tn) � x(t1)
¼ (L0 � x(t1))hn and tn ¼ 4nsSDS. By substituting these expres-
sions and eqn (A-1) into eqn (3), we obtain

hnþ1 ¼
�
1� 3water_0

3water_f

�0:6 ffiffiffiffiffiffiffiffiffi
sSDS

p
L0 � xðt1Þ

Xn

i

ð1� hiÞ0:6
� ffiffiffiffiffiffiffiffiffi

4iþ1

p � ffiffiffiffiffi
4i

p �

(A-2)
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Thus, sSDS
�0.5 ¼ (1 � 3water_0/3water_f)

0.6/(L0 � x(t1)) is dened
as the characteristic time scale for water imbibition in the SDS
samples, with which the nal form of the dimensionless
formula of eqn (6) is obtained. For TX-100, An is approximately
dened as (gTX-100/gSDS)(1� 3water_0/3water_f)

0.6(1� hn)
0.6 and this

leads (sTX-100/sSDS) ¼ (gSDS/gTX-100)
2 as in the main text.
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