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How stable are saline, surfactant foams? While the effect of sur-
factants on stabilizing bubbles in foam is well understood, the
effect of salt is not. Saline foams are potentially very impor-
tant in industrial applications, including enhancing oil recov-
ery, yet there is only a limited understanding of their long-term
stability. We report an experimental methodology to simulta-
neously study the time evolution of foam, at varying salinity, at
both macroscopic and bubble scales. With our dual-scale mea-
surements, we track the dynamics of foams made with air and
aqueous solutions containing non-ionic surfactant and salts
over long times. In macroscopic foam height measurements,
we observe that at long times, the foam height decreases loga-
rithmically for all salinities, with the height reduction rate being
significantly lower at the highest salinity, i.e. the most saline
foam persists the longest. Bubble-scale measurements of bub-
ble size, carried out near the bottom of the foam are far more
sensitive, providing early warning of the fate of the foam.

1. Introduction

In this work, we study the decay of saline surfactant foams, si-
multaneously on macroscopic and bubble scales. Surfactant foams
have been studied extensively [1-5], but two themes have been
less explored: the role of salinity and the correlation of macro-
scopic foam phenomena with dynamics on the bubble scale.
Liquid foams are useful in a wide range of pharmaceutical,
cosmetic [6], therapeutic [7] and other industrial applications [8].
Saline foams, in particular, have industrial relevance. For exam-
ple, the most accessible injection fluid in the process of enhanced
oil recovery [9-11] is saline water (brine), either directly from the
ocean or from the reservoir well itself. Injecting brine into an oil
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well can result in viscous fingering when attempting to displace a more-viscous fluid (oil) with a less-
viscous fluid (brine). Avoiding this instability is, therefore, crucial because it can create islands of un-
recoverable oil. Aqueous foam, composed of air and brine, is a promising visco-elastic (or visco-plastic,
given that it flows beyond a threshold yield stress [12]) material because its mechanical response is signif-
icantly different from that of either of its gas or liquid constituents [13]. Several studies have investigated
fingering instabilities in radial Hele-Shaw cells by changing the viscosity ratio of the displacing and dis-
placed fluids [14] or by controlling the injection flow rate of displacing fluids (Newtonian [15,16] or
non-Newtonian [17]) to explore possible strategies to combat the issues arising from the fingering in-
stabilities for industrial applications. Making non-Newtonian saline foams as an injection fluid is thus a
viable strategy, but these foams need to persist for very long times.

In the absence of surfactant (apart from possible bio-surfactants in quantities of a few grams per kilo-
gram), salt enhances foaming capacity, as evidenced by the froth in breaking waves in the sea [18,19].
This is surprising from the point of view of the classical Derjaguin—Landau—-Verwey—Overbeek (DLVO)
theory [20] because one would expect at higher salinity that a stronger Debye-Hiickel screening would
reduce electrostatic repulsion across liquid films and destabilize them [21]. Since the empirical obser-
vations made by Craig et al. on the inhibition of bubble coalescence in some salts [18], it is recognized
that the behaviour at high salinity relates to ion-specific effects [22]. In the absence of surfactant, there
appears to exist a threshold salt concentration above which the bubble coalescence process slows down
[23].

The use of a surfactant can significantly affect foamability and foam stability in saline water. Saline
foams made with an ionic surfactant (e.g. anionic sodium dodecylsulfate (SDS) [24] or cationic dode-
cyltrimethylammonium bromide [25]) generally showed higher foamability than saline foams made with
a non-ionic surfactant [24,25]. The latter are generally less susceptible to changes in salt concentration,
whereas the decay of SDS-containing saline foams appears to be highly dependent on salt concentration
[24]. For example, the mean bubble diameter of a non-ionic surfactant foam, when tested with electrolytes
or seawater, has been reported to be less sensitive to salinity beyond a characteristic salt concentration
[26,27]. Characterizing the time-dependent ageing process of various types of surfactant foams and at
different salinity levels is important for making a strategic choice of surfactants.

Foams are known to age through three interdependent processes: foam drainage, which is flow of
liquid through the foam films due to gravity, coalescence, where the liquid film between two or more
bubbles ruptures, and coarsening, which is caused by gas diffusion between neighbouring bubbles at
different pressures [13]. As will be seen below, drainage occurs over relatively short times, while coa-
lescence and coarsening coexist in time. At the macroscopic (bulk, centimetre) scale, foam evolution is
quantified in terms of the height (and therefore the volume) of the foam, and simultaneously, the height
(or volume) of the liquid level beneath the foam [4]. At the bubble scale, gas exchange through the lig-
uid films occurs between adjacent air bubbles in the foam, leading to slow coarsening. This coarsening
is often found to obey the von Neumann law, which was originally applied to domain coarsening in
a purely two-dimensional (2D) dry foam [28]: the growth rate of the bubble area (in 2D) is a constant
that depends only on the number of bubble neighbours [29,30]. Physics at the bubble scale causes the
behaviours observed at the macroscopic scale: it is thus valuable to probe both these length scales.

Studying the time evolution of aqueous foams on the bubble scale in confined geometries often
provides more robust characterization in 2D using optical imaging techniques [5,11,31]. For practical
applications, however, it is essential to probe foam evolution on multiple length scales and for three-
dimensional (3D) foams. Osei-Bonsu et al. [11] have carried out interesting foam stability experiments at
macroscopic and bubble scales, albeit in separate experiments. In this work, we characterize, optically,
the evolution of saline non-ionic surfactant foams at both the macroscopic (centimetre) and the bubble
(sub-millimetre to millimetre) scales simultaneously in the same sample container. To this end, we first
develop an imaging system that can probe the macroscopic-scale and the bubble-scale dynamics of a
3D foam at a container surface. We then examine the salinity dependence of foam dynamics, from short
times (dominated by foam drainage) to very long times (dominated by coarsening via gas flux through
liquid films and coalescence through film rupture), on both macroscopic and bubble scales.

€1 s Uadp 205y sosy/jeuol biobunsygndkiaposiedor [

S9L1SC

Downloaded from http://royalsocietypublishing.org/rsos/article-pdf/doi/10.1098/rsos.251765/6111612/rsos.251765.pdf?guestAccessKey=11ad0994-73ba-40c9-9a3b-f502fde 19849

by guest

on 18 February 2026



Linearly polarized light source

%’

|
|
|
|
|
Water-filled prism : Macro-scale
|
B ]
| \
Bubble-scale
Analyzer — ,' ! Light source
— Bubble-scale camera |
[ .
Macro-scale camera I
|
Top view ! Side view

Figure 1. Schematic diagram of the simultaneous dual-scale imaging set-up. Top view (left) and side view (right) for macroscopic
(‘macro-scale’) and bubble-scale imaging. The polarized light from the LCD monitor illuminated the foam sample for both macro-scale
and bubble-scale imaging. A polarizer (used as an analyser, crossed with the monitor polarizer) was placed in front of the macro-scale
imaging camera.

2. Experimental
2.1. Imaging apparatus

A dual-scale imaging apparatus, shown in figure 1, was constructed to measure the time evolution of the
macroscopic foam height while at the same time measuring bubble cross-sectional areas near the bot-
tom of a 3D foam. The measurement timescales ranged from seconds to days. For the macroscopic-scale
measurement, a camcorder (JVC GC-PX100) was used to image the entire foam at 1 frame min! at a
spatial resolution of 1280 x 720 pixels. Simultaneously for the bubble-scale measurement, a digital CCD
monochrome camera (Qimaging Fast 1394) was used to image at 0.5 frames s™! at a spatial resolution of
1392 x 1040 pixels. As will be expanded on later, this dual-scale set-up was crucial to the results of this
work.

To produce a foam, we used a simple bottle shaking technique, a similar foam generation technique
used in the Bartsch shaking test [32], at four oscillations of the bottle, back and forth over 100 cm, in 1's,
repeated 10 times [33]. We selected a 16 oz French square bottle (6.5 cm x 6.5 cm x 17 cm) with a screw
closure type rubber cap with a wide bottle opening, available at Thermo Fisher Scientific, as a container.
The bottom 14 cm of the bottle has uniform cross-section. We carefully attached a hand-made triangu-
lar glass prism (refractive index n=1.51) filled with water (n2=1.33) to the bottle using a UV optical glue
(Norland Optical Adhesive 63, n=1.56) without introducing any air bubbles. The bottle was washed very
carefully to minimize any possible contamination by following glass-cleaning suggestions provided by
Sigma-Aldrich [34].

An LCD monitor (at 70% brightness with equal RGB setting) was used as an illumination source for
both the macroscopic-scale and the bubble-scale imaging. For the macroscopic-scale imaging, we config-
ured the imaging set-up in a transmission geometry that captured the dynamics of bulk foam through a
set of crossed polarizers, which reduced background noise and facilitated macroscopic foam height anal-
ysis. The monitor provided linearly polarized illumination while a linear polarizer in front of the camera
served as the analyser. The distances between the LCD monitor and the foam sample, and between the
foam sample and the macro-scale imaging camera, were both approximately 20 cm.

For bubble-scale imaging, we configured the set-up in a total-internal-reflection (TIR) geometry that
captured light from the same LCD monitor from a side that was slightly tilted through the water-filled tri-
angular glass prism, while making macroscopic-scale imaging possible. We obtained the surface features
of the foam that were close to the interior surface of the bottle through TIR, while rejecting interference
from interior bubbles. Electronic supplementary material, figure S1, shows the difference between foam
bubbles imaged in transmission (left) and TIR (right) geometries. It was shown in previous work that
bubble diameters obtained near the surface of a container scale linearly with the transport mean free
path of light in a 3D multiple scattering experiment [35,36]: thus, the TIR method is a good reporter of

61 s uadp 205y sosy/jeuol biobusygndiiaposiedor [

S9L1SC

Downloaded from http://royalsocietypublishing.org/rsos/article-pdf/doi/10.1098/rsos.251765/6111612/rsos.251765.pdf?guestAccessKey=11ad0994-73ba-40c9-9a3b-f502fde 19849

by guest

on 18 February 2026



Table 1. Composition of synthetic ocean brine for five salinities. As categorized by the US Geological Survey [46], a salinity level less than n
1000 parts per million (ppm) is considered as fresh water, 3000—10 000 ppm is moderately saline, and 10 000—35 000 ppm is highly

saline (the latter is termed ocean brine). The reservoir brine concentration of 107.133 g kg™ (or 107 133 ppm) is a standard (representa-  : 5
N
tive) concentration for synthesizing an offshore Newfoundland reservoir brine (of the Hibernia oilfield) used in the Hibernia enhanced oil  : £
recovery laboratory at Memorial University. The uncertainty of the brine concentration for each salinity is within the range of (—0.4%, S_D
+0.4%). 3
5
salt composition (%) fresh moderate high ocean brine reservoir brine z;
Nadl,) 84.4 0g 591¢g 17.7¢ 2959 90.49 é
(aCl,-2H,0) 12.3 0g 0.869 264 43¢ 13.202¢g :j
MgCl,-6H,0( 26 0g 0.18¢ 0.54¢ 09g 28¢ 93_,
KClgs) 0.4 0g 0.03g 0.08¢ 0.14¢ 04g g
Na2504® 0.3 0g 0.02¢ 0.07¢ 0.11g 0.345¢ :
totalb(g kg“) e ‘0 B Jo . 21.0.. . 35.0 . . 107133
total (ppm) — 0 7000 21000 35000 107 133
total (mol I7") — 0 0.11 033 0.54 1.7

3D bubble sizes. The application of TIR for bubble-scale imaging has been demonstrated in previous
studies [37,38], and similar devices have been commercially available (e.g. Foamscan (Teclis Scientific)
and Dynamic Foam Analyzer (KRUSS)). Unlike these commercial devices, our approach provides flex-
ibility in container size. A key feature in our study is that we carry out simultaneous measurements on
both the macroscopic (bulk) and bubble scales.

9/LST €L DS uadp 20S Y

2.2. Preparation of saline foams

The aqueous foaming solutions used in this study consist of five salts in a ratio of concentrations de-
signed to create a synthetic mimic of ocean brine. Each of the saline foams was prepared with 50 ml of a
solution containing 0.0047 + 0.0002 mol I"! of Triton X-100 (Fisher Scientific), a commonly used non-ionic
surfactant in engineering and biological research laboratories. In actual field trials, the choice of whether
to use an ionic and/or non-ionic surfactant depends on the type of rock; non-ionic surfactants such as
Triton X-100 are used in any case as co-surfactants because they do not adsorb to the rock surface [39].
The surfactant concentration was chosen to be 0.3 wt% (weight percentage) above its first critical micellar
concentration (CMC) of 0.25 mM in the absence of the synthetic ocean brine salts. This CMC value was
chosen from a reported range of 0.19-0.27 mM from several studies [40-44]. Even in saline solutions, the
surfactant concentrations are safely above the CMC, as the CMC is reported to be lowered in the presence
of salts, by as much as 50% for NaCl, and less than 20% for divalent salts [45], per 1 wt% of salt. The 50
ml solution volume was chosen to maximize the use of the uniform column of the bottle and to keep the
foam from exceeding the 14 cm limit of the bottle for all salinities. The brine compositions of the foaming
solutions are shown in table 1.

2.3. Image analysis

To process each image for the macroscopic foam height analysis, each frame of a given image sequence
(i.e. a video) is subtracted from the last frame of the video. We also select a region of interest (ROI), as
shown in figure 2 (left), to avoid the edge regions of the bottle being included in our analysis, as there is
a small metric ruler attached vertically to the outer front surface of the bottle (not shown), close to one
of the edges for a pixel-to-metric conversion. The processed image is a background-subtracted image, of
which the pixel intensity reflects the number of scattering events that occur at the liquid—-air interfaces
in the bulk foam, as the light passes through the crossed polarizers of the macroscopic imaging set-up.
To obtain each intensity profile from a macroscopic foam image, as shown in figure 2 (right), we first
compute the average of the pixel intensities across the width (horizontal) pixels of the ROI. We then plot
the averaged intensity of the width pixels (bottom axis, figure 2 (right)) against the height pixels (left

axis, figure 2 (right)) in the direction of gravity.
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Figure 2. Macroscopic foam analysis. Sample snapshots of background-subtracted macroscopic foam images from one of the four repli-
cates of the foam drainage experiment at a salinity of 7 g kg™ (left) and the corresponding intensity profiles (right) are shown at selected
times: t =05 (0 min), 3000 s (50 min), 6000 s (100 min) and 18 000 s (300 min). Left: A cloudy white colour indicates the foam in the
bottle. The upper black region seen in the images indicates a region of no foam, while a slightly lower black region (e.g. between 70 and
80 mmin the image of 50 min), where the white signals (resulting from light scattering) are present, corresponds to a region of a very dry
foam. The white stripe added through the images between 21 and 24 mm corresponds to the final liquid meniscus level. Image bright-
ness has been adjusted for visualization purposes. Right: The intensity profiles correspond to the unadjusted version of the images, and
the horizontal grey solid lines correspond to the final liquid meniscus level present in the left images. The top common threshold level
(shown with a vertical grey dotted line) intersecting with each of the intensity profiles determines the foam level ({T(t)}) for the upper
region of the image (above the final liquid meniscus level). Similarly, another common threshold level is drawn to determine the liquid
level ({L(t))) for the lower region. Red circles indicate the crossing points that are used to determine the foam and liquid levels. A movie
is provided for visualization of the macroscopic-scale dynamics of the foam in electronic supplementary material, video S1. Sample: 4.7
mM of Triton X-100 surfactantina 7 g kg™ synthetic brine solution.

3. Results

We investigated aqueous saline foams at five different salinities during their free drainage by simultane-
ously measuring the foam’s macroscopic and bubble-scale features.

3.1. Macroscopic-scale foam imaging

We measure the height of a foam in a French square glass column bottle from images obtained from
macroscopic-scale imaging, as shown in figure 1. For varying salinities, individual height measurements
are obtained from a series of intensity profiles with two different threshold values above noise levels for
the upper and the lower region, splitting the height measurements between above and below the final
liquid meniscus level. While we introduce two different threshold values for the two regions based on
noise level differences, the difference is small. Four intensity profiles are shown for selected times t = 0
s (0 min, black), 3000 s (50 min, red), 6000 s (100 min, green) and 18000 s (300 min, blue) in figure 2. The
top of the liquid, i.e. the liquid ‘level” L(¢), is easily identified by a sharp dip (notch) in the intensity. A
white (horizontal) stripe is drawn on each image to delineate regions of liquid from foam (figure 2, left),
corresponding to the solid grey horizontal lines seen roughly between 21 and 24 mm (figure 2, right).
The top of the foam, i.e. the foam ‘level’ T(¢), is defined by a threshold intensity level that is determined
to be just above the background noise seen both in the images by eye and in the intensity profiles (i.e.
the minimum threshold level that does not interfere with the foam height measurements across all trials
of the experiment). This is shown in the right panel of figure 2, with a set of grey dotted vertical lines
through the intensity profiles. These ‘common’ threshold levels are consistently applied in the analysis
of macroscopic foam images from all trials of the experiment.

The time evolution of the foam is shown with the foam level T(t) and the liquid level L(), at different
salinities, in figure 3 (left). Results for each salinity are obtained from the mean of four trials, shown in
the main panel of figure 3 (left). The top panel in figure 3 (left) shows the standard deviation of the foam
level from the four trials. The initial increase in liquid level for each salinity in figure 3 (left) is re-plotted
between 0 and 500 s in electronic supplementary material, figure S2 (top). Three time regimes of foam
behaviour are observed. First, there is a rapid decrease in foam level, likely resulting from liquid drain-
ing through Plateau borders of the foam (i.e. foam drainage): we call this regime I. In this regime, foam
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Figure 3. Dependence of macroscopic mean foam and mean liquid levels on salinity. Left: Time dependence of the mean foam level
and liquid level for five different salinities. Regimes I, Il and Il are separated by the yellow vertical lines, where regime | ranges from 0
102000 s (33.3 min), regime Il ranges from 2000 to 12 000 s (200 min), and regime Il ranges from 12 000 s to the rest. The errors (in the
top panel) represent the standard deviation of the foam level from all four trials. Right: Mean foam level {T(t)) and liquid level {L(t)) at
t=105,9000 and 36 000 s are plotted against all salinities. The error bars represent the standard deviation of the foam level and liquid
level, respectively. n = 4 trials.

drainage thins the liquid film separating the larger bubbles at the top of the foam, mainly resulting in
rupture events of the top bubbles. Thereafter, one observes sporadic foam collapse events (regime II).
Finally, there is a slow decrease in foam level (regime III) with the smallest variations of foam level,
which we will examine in more detail shortly. While the top foam surface, which is in contact with the
atmosphere, is often not horizontal, the acquisition of four replicates for each salinity and the intensity
profile approach to measuring the foam height allows for consistency in our foam height measurements.

Figure 3 (right) shows these results as a dependence of time-dependent foam level, T(t), on salinity
at different times. From top to bottom, t =0 s is in regime I, t =9000 s (150 min) is in regime II and ¢ =
36000 s (600 min or 10 h) is in regime III, with the long-time steady-state liquid level L(t < 0) = L(t = ),
where t at infinity corresponds to when the foam is completely destroyed and the liquid level is at the
same height as before the foam is formed. This long-time steady-state liquid level is obtained in practice
from the last frame of each macroscopic-scale video. The liquid level (red squares) across different salin-
ities is relatively flat, indicating that the liquid contribution to the production of foams is independent of
salinity, i.e. the difference in initial foam level arises from the incorporation of different volumes of air
in the foam. The lowest salinity (fresh water at 0 g kg™ or 0 mol I"!) foaming solution produced foams
with the highest initial mean foam level (T(t = 0)), while the highest salinity (reservoir brine at 107 g
kg™!) foaming solution produced the lowest (T(t = 0)). These differences due to salinity become smaller
in regime II and smaller yet in regime III. Specifically, while low-salt solutions are significantly more
foamable (as seen in the t =0 s data in figure 3 (right)), this has little impact on the long-term survival
of the foam. In fact, as seen in the next section, it is the highest-salinity foams that persist at the longest
times. The effect of salinity on the initial foam can be quantified in terms of liquid fraction, which can be
estimated with the measurements of the initial mean liquid level (L(f = 0 s)) obtained for each salinity.
The liquid fraction (defined in electronic supplementary material, section B) is the amount of liquid con-
tained in a bulk foam. Since the liquid contribution to the production of foams is relatively similar across
all salinities in our case, the greater the difference between the initial mean foam level (T(t = 0 s)) and
the initial mean liquid level (L(f = 0 s)), the lower the initial mean liquid fraction. As shown in electronic
supplementary material, figure S2 (bottom), the highest-salinity (i.e. 107 g kg™!) foams show the highest
initial mean liquid fraction, while the initial mean liquid fraction of the other foams (i.e. 0-35 g kg™!) is
generally lower and within the uncertainties of one another.

3.2. Logarithmic decrease in foam height: long-time behaviour of the foam

Time evolution of the difference between the mean foam level (T(t)) and the mean liquid level (L(#)) is
plotted in figure 4 (left) for each salinity, which we define as the (time-dependent) mean ‘foam height’
((F(®))y =(T(t)) — (L(t))). It is noticeable that regime III is characterized by a decrease in foam height that
is linear in the logarithm of the time elapsed, a result also noted in the experiments of Iglesias et al. [47].
One can characterize the logarithmic dependence of the foam through the form
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Figure 4. Logarithmic decrease of mean foam height. Left: Long-time behaviour of the mean foam height (F(t)), for different salini-
ties, exhibits a logarithmic decrease in regime 1. Regimes |, I and IIl are separated by the yellow vertical lines, where regime | ranges
from 0's to 2000 s (33.3 min), regime lIl is the logarithmic regime, which begins around 12 000 s (200 min) and regime II, which is in
between, exhibits the foam collapse events. Right: The mean foam height of each salinity in regime IIl is shown along with a fit in the
form of equation (3.1). The errors in the top panel show the standard deviation of the foam height from all four trials of each salinity.
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Figure 5. Salinity dependence of /.5, (the mean foam height reduction rate, left) and #;,, (the time for the macroscopic foam to reach
the liquid meniscus level, right). Results are shown for the logarithmic decrease regime (regime IIl). The error bars on J;,,, represent
the standard deviation of J;,,, obtained from the weighted fits of the form of equation (3.1), as shown in figure 4 (right) and electronic
supplementary material, figure S7 (left). The error bars on t;,, are computed using the errors of (F(1)) and J,c,, from the fits.

(F(1)) =(F(1)) = Jmean IOglo(i) = —Jmean 10g10(t/tﬁnal)’ (3.1)

where (F(1)) is the extrapolated foam height at 1 s, and Jyean (in units of mm/ log,,(f) or mm decade™)
is the decrease in foam height per decade of time. The y-intercept of the linear relationship in equation
(3.1) (i.e. (F(1))) is less physically meaningful than the x-intercept that can be obtained from the same
linear relationship (i.e. (F(1))/Jmean), Wwhich can be interpreted as log, (tfinal) because it is the time when
the foam height is reduced to zero. Figure 4 (right) re-plots just the data in regime III. The long-time foam
height (F(#)) in regime III is instructive: data for all salinities converge, with the exception of the highest
salinity foam made at a salt concentration that is intended to mimic the salinity of reservoir brine, which
persists for the longest times. All salinities converge at the start of regime III, as can be seen, but the high-
est salinity foam decays noticeably slower than the rest of the salinities. In the literature, the half-life time
t12 is often used as a measure of foam stability. Given the clearly non-exponential decay of the foam,
t1/2 is not very meaningful, and we examine instead the long-time persistence of the foam directly.

A fit of figure 4 (right) to equation (3.1) yields the mean foam height reduction rate [,y and the time
to final collapse tgny1. Figure 5 (left) shows Jinean as a function of salinity. It is seen, quite clearly, that it is
significantly lower at the highest salinity. The time to final collapse t,,), which is plotted as a function
of salinity in figure 5 (right), shows a steady increase with increasing salinity. These observations can be
corroborated with the analysis of the images at bubble scale, which is discussed in the next section.

3.3. Bubble-scale foam imaging

Focusing on a fixed ROI, we examine bubble size evolution as a function of time. Figure 6 shows an ex-
ample of bubble size evolution as a function of time for a foam of salinity 7 g kg™!. The bottom of the ROI
is always at a height of 30 mm from the base of the bottle, and thus always above the final liquid level of
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Figure 6. Bubble-scale images. A set of perspective distortion-corrected raw images for different times (left) and the corresponding
processed binarized images (right) is shown. The bubble sizes are obtained from the processed images, excluding the edge bubbles. A
time-dependent visualization of the bubble-scale dynamics of the foam for up to 10 000 s is shown in electronic supplementary mate-
rial, video S2. Sample: CMC + 0.3 wt% (0.0047 =+ 0.0002 mol I=") of Triton X-100 surfactantin a 7 g kg =" synthetic brine solution (total
volume =50 ml).

23 mm, as can be seen in figure 2. The selected ROl is a rectangle, 23 mm in lateral extent and 20 mm ver-
tically. The images are corrected for perspective distortion, as described in the electronic supplementary
material (see the discussion in electronic supplementary material, figure S3).

The corrected raw images for bubble-scale foam evolution are shown at five different times (figure 6,
left panel). Corresponding binarized images of the corrected raw images are shown in the right panel of
figure 6. These binarized images are then used to extract the mean bubble size (by measuring the bubble
cross-sectional area) as a function of time. While one could also measure bubble size distributions, the
statistics are not sufficient to make any concrete interpretations of the overall pattern of our bubble-scale
results. We will address this in future work.

The bubble sizes evolve in time (top to bottom in figure 6) from the sub-millimetre length scale to
the millimetre length scale. Qualitatively, we are at the onset of a transition from circular bubbles to
faceted bubbles with Plateau borders at ¢t = 1500 s. This timescale coincides with our previous identifi-
cation (in macroscopic-scale foam images) of a transition from regime I, with a rapid decrease in mean
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Figure 7. Salinity dependence of the growth rate of the mean bubble cross-sectional area. Left: The time evolution of mean bubble area
(pink: full ROI; orange: bottom half of ROI) is fitted to a linear function, {(A(t)) = (Ap) + Knexnt, OVer the 5000 s range (blue: full ROI;
red: bottom half of ROI). Right: A set of the mean bubble area growth rates ., obtained from the full ROl images over the first 5000 s
is plotted for each salinity. The one-sided error bars represent the difference between the K, obtained from the full ROl and the K,
obtained from the bottom half of the full ROI. For a guide to the eye, the dotted line in green shows an average of the K;,, values for
the first four salinities (i.e. 1.15 X 107> mmZs™"). n = 4 trials.

foam height (approximately a 30% decrease in foam height over 2000 s), to regime II, where there is a
slow decrease in mean foam height coupled with sporadic foam collapse events. By this time, most of the
foam drainage is complete, and regime II can be identified as the regime of slower phenomena, coales-
cence and coarsening. The time regime corresponding to regime III in the previous discussion is probed
in the bubble-scale study, but it is already seen in the bottom panel of figure 6, at t =9000 s (150 min), that
there are fewer bubbles detected in the ROI Edge bubbles are not counted. The statistics become poor
past £ =20000 s (333.3 min or 5.5 h). Detected bubble counts for the individual trial data are available in
electronic supplementary material, figures 54 and S5.

In figure 6, at any instant, there is a spatial variation in liquid fraction across the ROI and can largely
be divided into two parts: the upper half and the bottom half of the ROI for bubble size measurements.
In order to account for measurement error on the growth rate of the bubbles in the full ROI due to this
variation in liquid fraction, the same bubble analysis is performed to obtain the growth rate of the mean
bubble area for the bottom half of the ROI. We compute the difference of the mean bubble area growth
rates from the full ROI and the bottom-half ROI for each salinity and use this as a one-sided error, as
shown in figure 7 (right). In figure 8, we show a sample bubble size analysis of the time evolution of
mean bubble cross-sectional area, comparing the full ROI and the bottom-half ROI at a salinity of 7 g
kg 1. The mean values are obtained from the average of four trials over the first 10000 s. Qualitatively,
the time evolution of bubble size for each trial is similar to the evolution shown in figure 6. The initial
mean bubble cross-sectional area (A) is approximately 0.07 mm? for the full ROI of this salinity. Both
(Ap) and the time-dependent mean bubble area (A(t)) are shown for all salinities in electronic supple-
mentary material, figure S6. It is seen that the bubble growth in the full ROl is linear from a few seconds
to t =5000 s for all trials of all salinities. Indeed, as shown in figure 8 as an example, an average over four
trials also shows a reasonable agreement with a linear growth law all the way to t = 5000 s, which we
choose as a reasonable range for the analysis across all the salinities. While noisier for longer times, we
show the data for all trials of all salinities, all the way to t=10000 s in electronic supplementary material,
figure S7 (right column), and to ¢ =20000 s in electronic supplementary material, figures S4 and S5.

A linear growth of average bubble area is indeed consistent with previous experiments in 2D and
3D foams, where a t1/2 dependence of the bubble diameter was observed, corresponding to a linear-¢
dependence of the bubble area (in 2D) and of the cross-sectional area (in 3D) [35]. The von Neumann law
for domain coarsening predicts, in two dimensions, that for each individual bubble cell,

dA/dt=K, (3.2)

where K= (27 /3)yx(n — 6) is the bubble area growth rate. 1 is the number of sides of each bubble, y is
the surface tension (in units of ] m™2) of the bubble wall, and x is the permeability constant for the bub-
ble film. Equation (3.2) was formulated for each individual bubble in a 2D foam, but an averaged (A)  t
growth law appears to hold experimentally, and even in 3D foams [35,38,48]. The surface tension y is very
weakly salinity-dependent, as has been measured (see electronic supplementary material, figure S8). If
coarsening through gas diffusion dominates over film rupture events, then the permeability constant x
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Figure 8. Growth of mean bubble cross-sectional area. The time evolution of the mean bubble cross-sectional area in the full ROl and
the bottom-half ROl is shown for all trials of the 7 g kg~ foam. Individual trials (independent replicates) are shown in light blue and
light pink for the full ROl and the bottom-half ROI, respectively. The average (purple) of all trials of the full ROl is fitted (blue) to a linear
function as shown in the legend. Similarly, the fit (red) of the average (dark pink) of all trials for the bottom-half ROl is also shown over
the same range of the first 5000 s

depends on the gas diffusivity through the foam liquid film, which in turn depends on liquid viscosity
(also measured in electronic supplementary material, figure S9, as a function of salinity) and on the sol-
ubility of air in brine. While these multiple dependencies are challenging to quantify, it should be noted
that both the difference in solubility of air in fresh water and sea water (about 30% less in sea water), and
the difference in viscosity of fresh water and sea water (about 10% higher in sea water) point to a steady
reduction in x (and thus K) with increasing salinity. No corresponding decrease in Kiean is seen from
0 to 35 g kg!. At the highest salinity (107 g kg™!), we have no data for gas solubility, but the viscosity
is enhanced by over 20%. Here, Ky eap, is reduced by 40%. The fact that it is reduced is reasonable; with
what we know, we cannot justify the magnitude of the decrease.

Using the average of four trials, we find linear dependence on bubble area for all salinities: this is
shown in figure 7 (left). Fitting the time-dependent mean bubble area to the form (A(#)) = (Ag) + Kmean?,
the slopes yield the mean bubble growth rates Kie,n, which we plot as a function of the salinity, as
shown in figure 7 (right). Consistent with the observation for the long-time bubble areas, Kiean is seen to
be roughly 1.15 x 1073 mm? s! for salinities from 0 to 35 g kg™! (0-0.54 mol 1"1), but roughly half of that
value for the 107 g kg™! salinity (1.66 mol I"!) foam. Since the surface tensions for all salinities are not
very different (less than 2%; see electronic supplementary material, figure S8), the difference in Kpean
for the highest salinity must arise from differences in the permeability constant x which will vary more
significantly due to the appreciable change in the fluid viscosity (see electronic supplementary material,
figure S9).

4. Discussion and conclusion

In this work, we developed an imaging system that could simultaneously visualize the dynamics of aque-
ous foams, both at the macroscopic scale and at the bubble scale, in an automated way across multiple
timescales. Our system is flexible and designed to enable measurements that span from seconds to an
entire day. Finally, the system was used to examine the decay of the foam as a function of salinity. For
our study, we investigated the evolution of 3D aqueous foams in the presence of non-ionic surfactant (4.7
mm of Triton X-100) and synthetic ocean brine at five different salinities. While the effect of electrolyte
solutions and seawater on surfactant foams has been examined in other studies [26,27], we have focused
on a systematic study of the time dependence of saline foams at different salinities.

4.1. Macroscopic-scale measurements

At the macroscopic scale, we followed the evolution of foam height for approximately up to 25 h. We ob-
served three time regimes of behaviour. In regime I, between 0 and 2000 s (33.3 min), rapid foam drainage
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caused the foam height to decrease for all salinities. While bubble coalescence events were likely also hap-
pening here, the first 500 s were dominated by liquid drainage in the foam (see electronic supplementary
material, figure S2 (top)). In regime II, between 2000 and 12000 s (200 min), foam collapse events were fre-
quently observed. In regime III, all saline foams converged in foam height at around 12000 s, after which
the rate of decrease in foam height qualitatively seemed similar, but with one exception: the foams with
the highest salinity brine (i.e. the salinity corresponding to reservoir brine) survived longer than the rest
on average, as shown most clearly in figure 4 (right). A quantitative comparison with the [je.n of all
salinities in figure 5 confirmed that the reservoir brine foams had the slowest rate of decrease in foam
height in regime III. While it is typical in many studies to quantify a foam’s lifetime by measuring the
height or volume of its half-life time (i.e. the time it takes for the foam to reach half its initial height or
volume in the case of our bottle or containers alike) [11,24,49], in our study, we probed much longer
times. Indeed, the half-life time for our foams is in regime II (i.e. it is not yet in regime III, where there is
logarithmic decrease in foam height). Thus, the half-life does not capture all of the physics of the decrease
of foam height. It is, however, reasonable to question whether this slower rate of decrease at the highest
salinity is significant; this point is addressed below in connection with the bubble-scale measurements.

For all salinities, the foam height in regime III exhibits a slow, logarithmic decrease, as shown in figure
4. What is the origin of the logarithmic height relaxation of the foam? Logarithmic time dependence (or
shear rate dependence) has been observed in a wide range of systems: examples are settling in a sand-
pile [50], stresses in sheared granular materials [51,52], excess conductance in electron glasses [53,54], the
height of crumpled Mylar films [52,54,55] and stresses in a settling elastic foam [52]. Typical relaxations
in simple systems are exponential, with a single relaxation rate. Amir ef al. [54] model logarithmic relax-
ations in granular systems as arising from a probability distribution P(f) (of relaxation rates f) that obeys
a 1/f frequency dependence. We propose, therefore, that the logarithmic relaxation of foam heights ob-
served at long times independent of salinity arises from a generic property of granular materials. Indeed,
it has been noted that foam is a particular kind of granular material [56], and the observed logarithmic
relaxation in our experiments is good evidence for this. The measured foam height reduction rate Jjean
is significantly lower for the highest-salinity (reservoir brine) foam, and the time to final collapse tg,1
increases with salinity.

A practical outcome of our macroscopic-scale measurements is that the foam with highest salinity
(i.e. with a salinity corresponding to reservoir brine) exhibits both the weakest foamability (seen clearly
in figure 3 (right) where the initial foam height of the highest salinity foam is the smallest) but it also
persists the longest (seen in figure 4 (right)). It is only fair to point out, however, that the most saline
foam only outlives those of lower salinity when 80% (or more) of the foam is already gone. We note that
this unexpected behaviour occurs in the logarithmic decay regime identified in this work.

4.2. Bubble-scale measurements

At the bubble scale, we probed the foam for 20000 s (333.3 min). During the first 5000 s (83.3 min), the
number of bubbles in the field of view was adequate for obtaining statistical information on bubble sizes
in all trials of each salinity. In all cases, the ROI for the bubble-scale measurements was chosen at the same
absolute position of 30 mm from the base of the bottle. In all the regimes identified for macroscopic-scale
imaging (as defined for the macroscopic-scale dynamics), the mean cross-sectional area of the bubbles
(in the ROI) increased steadily with time for all salinities. Perhaps surprisingly, the foams showed clas-
sical von Neumann scaling at all salinities: the mean bubble cross-sectional area grew linearly with time.
This might indicate that in spite of the fact that we observe a coexistence of coalescence and diffusive
coarsening, the latter is dominant, at least at the bottom of the foam. The growth rates were reasonably
consistent for all salinities, with the lone exception of the highest salinity: the foaming solution with
salinity corresponding to reservoir brine. An important point to revisit is with regard to high long-time
persistence of the foam at the highest salinity (i.e. salinity comparable with reservoir brine).

4.3. Comparison between scales

At the macroscopic scale, approximately 90000 s of data (25 h) were required to show clearly that the
highest salinity foam of 107 g kg‘1 was the most persistent. For the bubble scale, however, a clear differ-
ence in growth rates of the mean bubble cross-sectional area, Kpeqp, is seen already at very early times.
Figure 9 shows that through both macroscopic (f,1) and bubble-scale (Kiyean) measures, the foam made
from reservoir brine stands out as longest-lasting and most stable. Ki,e,, shows very little change as a
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Figure 9. Comparison between the macroscopic and bubble scales. The bubble-scale K;,c,,, within errors, does not change much with
increase in tg,,;, with the exception of the highest salinity, where there is a drop in Ky, The error bars on the K., reflect the uncer-
tainties obtained from the difference between the K;,,, obtained from the full ROl and the K;,,, from the bottom-half ROI. The dotted
line in green shows that the average K ,,.,, of the first four salinities (i.e. 1.15 X 103 mm? s~") is significantly higher than the value at
highest salinity. n = 4 trials.

function of salinity except for the highest salinity (reservoir brine). The bubble area at a fixed reference
above the unperturbed liquid level is also much less susceptible to the ‘noise’ in foam height that arises
from the foam collapse events. Thus, we conclude that bubble-scale imaging is a more sensitive probe of
foam stability.

4.4. The long-time behaviour of reservoir brine foams

What characteristic of the reservoir brine makes foams made from it persist for longer times? In the ab-
sence of surfactant, a critical salt concentration has been proposed above which bubble coalescence is
inhibited [23]: experimentally, this concentration is of order 0.1-0.3 mol ! [23,57,58] for some of the
salts used in this study. In the presence of a non-ionic surfactant, we see a significant change in be-
haviour at about 0.5 mol "1, The physical properties of the foaming solution could provide some clues:
to this end, we measured the surface tension (electronic supplementary material, figure S8), viscosity
(electronic supplementary material, figure S9) and density (electronic supplementary material, figure
S10) of the foaming solutions. The surface tension shows only a slight decrease at the highest salinity.
The density and viscosity show a systematic increase of 6% and 17%, respectively. It is possible that the
approximately 17% increase in viscosity at the highest salinity contributes to the increased stability, but
specific salt effects at the air-water interface could also be at play. Future work will focus on studies
(using another technique such as X-ray tomography [59]) to image foams in 3D and also at several inter-
mediate salinities to understand the behaviour of the highest salinity foam further. While our work has
focused on a non-ionic surfactant, we have not yet touched on the very interesting question, addressed in
part by other groups, of how foams made with ionic surfactants would behave over the entire decay pro-
cess [24,60,61]. Barring the observation of Iglesias et al. [47], these studies, however, have not examined
long-time foam persistence in the systematic way as we describe in this work: identifying different foam
decay regimes and, in particular, the existence of a logarithmic decay regime at long times. Examining
the rheological properties of these foams [62-66] is also of interest for future work.

4.5. Relevance to oil recovery

The unexpected long-term persistence of high-salinity foams (albeit in the newly identified logarithmic
decay regime after a significant fraction of the foam has already collapsed) is potentially good news for
oil recovery applications with the provision that the mechanisms for foam collapse in bulk and porous
media can be quite different [67]. However, it should be noted that the next steps involve the survival
of this foam inside porous rock [68], where coarsening is only unrestricted until the bubbles grow to the
size of the pores. Since our study, at long times, focuses on the bottom of the foam where capillary effects
are more important, there is hope that some of our results may carry over to porous rock, where capillary
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pressure effects are likely more important than gravity effects. In addition, foam studies for enhanced n
oil recovery will need to contend with variable electrostatic properties [39] that will likely require mixed
(ionic and non-ionic) surfactants.

4.6. Significance

The main contribution of this work is a quantitative examination on two length scales of saline foams.
We find, remarkably, that the bubble-scale probe (at the bottom of the foam) is an early warning of the
long-time behaviour of the foam studied on the bulk (macroscopic) scale. Moreover, the long-time per-
sistence of the foam turns out, quite universally for all salinities, to be logarithmic. We believe this is
significant because past quantitative measures of foam lifetime (such as the half-life) are predicated on
an exponential (not logarithmic) decay model. We thus hope that the methods presented in this work
will be found to be broadly applicable for different foam systems (saline or not).
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