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GRAPHICAL ABSTRACT

® Coarsening dynamics of foams stud-
ied by multi-speckle diffusing wave
spectroscopy.

Magnetic levitation allows a large
range of liquid fractions to be studied
for hours.
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We use diffusing wave spectroscopy to study the microscopic dynamics of foams. These foams are lev-
itated diamagnetically, such that very high liquid fractions can be achieved. We find that at low liquid
fraction the dynamics is dominated by local rearrangements, whereas at high liquid fraction the move-
ment of bubbles is ballistic and large scale rearrangements are absent. This change in the microscopic
dynamics coincides with a change in the scaling of coarsening on increasing the liquid fraction that we
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1. Introduction

The dynamics of foams has been studied intensely due to the
fact that they are interesting model systems for non-equilibrium
dynamics as well as important in several industrial applications
[1]. However due to the drainage of fluid in response to gravity [2],
these studies have been mostly limited to foams containing little
liquid, i.e. at liquid fractions below 20% [3-5,7,6,8,9]. Recently, we
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have studied foams at very high liquid fraction (up to 50%) using
diamagnetic levitation to circumvent the problem of drainage. In
this way, the lifetime of wet foams was strongly increased [10].
Alternatively, experiments are planned to be carried out on the
international space station, which would also allow the study of
very wet foams [11].

The study of wet foams is of particular interest because at liquid
fractions around 30% a transition in the foam dynamics is predicted
due to the fact that at these liquid fractions the gas bubbles start
to lose their contacts [11-13]. This not only changes the dynamics
of gas exchange between bubbles, which is of crucial importance
for the coarsening behaviour, but also the movement of bubbles is
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qualitatively changed leading to a liquid like behaviour of the foam.
Here, we will address the question of the local bubble dynamics in
diamagnetically levitated dry and wet foams using diffusing wave
spectroscopy (DWS) [14,15,8]. In particular using multi-speckle
DWS [18] based on a fast camera, we are studying the time depend-
ence of local movement of the scatterers on time scales of several
seconds [17]. We find large local rearrangements in dry foams [8]
contrasting with a more continuous dynamics in very wet foams.

Before discussing the results, we will discuss the basis of
diamagnetic levitation and the potential landscape for residual
accelerations in our setup [19,20], as well as the fundamentals of
DWS with an emphasis on multi-speckle DWS [14,15,17]. Then
we will present results on the averaged dynamics, which corre-
sponds well with our earlier results on the transition in coarsening
dynamics [10]. Finally, we will discuss the spatio-temporally local
dynamics for both wet and dry foams.

2. Diamagnetic levitation

Due to the diamagnetism of water it is possible to stably levi-
tate it in a strong enough magnetic field gradient. As described in
[21,22], two conditions have to be fulfilled in order to achieve a
stable levitation. These correspond to a potential minimum in both
the vertical (z) and the radial (r) directions. This potential energy
density landscape can be obtained for a given solenoid to be: Epo(r,
z)= o xH2(r, )+ pgz. Here, x is the magnetic susceptibility and p
is the density of the material studied. In order to have a minimum
in this potential energy, the magnetic susceptibility has to be neg-
ative, such that only diamagnetic substances can be levitated. In
addition, levitation is achieved at a certain height (determined by
the ratio of p to x), where the radial gradient of the magnetic field
of the solenoid has to be positive. In our experiments, we use a
superconducting solenoid capable of reaching a maximum field of
18T and a vertical room temperature bore with a diameter of 4 cm
[19]. The field distribution of the solenoid leads to potential energy
landscapes for levitation shown in Fig. 1[19,20]. The residual accel-
erations in the central area can be easily obtained from the slope
of this plot and are less than 0.001 g in all directions in the inner-
most volume of 1cm?3, i.e. better than the jitter in parabolic flight
experiments. Therefore we use a sample-cell of a height of 1.2 cm
and a diameter of 1.7 cm to ensure a homogeneous levitation of the
entire sample.

The samples we use consist of a mixture of water and sodium
dodecyl sulfate (SDS), containing 8% of SDS by weight that is foamed
with nitrogen gas using two connected syringes connected by a thin
tube [23,19]. The foams thus created have an average initial bubble
size of 100 wm and a large polydispersity of more than 50%, as can
be seem in Fig. 1 of Ref. [10]. The liquid fraction is controlled by
the initial ratio of gas to liquid in the two syringes, which can be
controlled to an accuracy of 1-2%. On foaming the sample, the gas is
compressed, leading to a systematic underestimation of the foams
liquid fraction from the controlled initial liquid fraction. The liquid
fractions quoted in the following always refer to the initial liquid
fraction. From an estimation of the pressure exerted on the gas after
foaming the underestimation of the liquid fraction is around 5%.

3. Diffusing wave spectroscopy

Diffusing wave spectroscopy is a version of dynamic light scat-
tering that can be applied to multiply scattering samples and gives
information about movements on the nm-scale in such samples
[14,15]. For this purpose, we illuminate the sample with a Coher-
ent Verdi CW laser at a wavelength of 532nm and a power of
100 mW. The transmitted light is collected with an optical fibre
and a photomultiplier and a correlator, which is averaged over a
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Fig. 1. Potential energy landscape in the vertical (z) and radial(r) directions. As can
be seen, up to distances of a few mm in both r and z, the residual accelerations from
these potentials are less than 0.001 g.

few minutes for single speckle measurements and with a LaVision
high speed star 5 (HSS5) camera at a frame rate of 1000 fps captur-
ing the dynamics of several speckles for a time frame of up to 10s.
Since DWS is a multiple light scattering technique, the information
obtained on the scatterer displacements, while being on very small
spatial scales, is averaged over the whole sample. In single speckle
measurements, it is also averaged over long times in order to have
reliable statistics for determining the correlation function

() = Aexp(—2k2(Sr(t)*)L2 /I2) + 1, (1)

where k=27/X is the wavenumber of the incident light, I is the
transport mean free path of the light and L is the sample thick-
ness [15]. (8r(t)?) is the mean square displacement of the scatterers,
which is given by (8r(t)2)=6Dt in case of Brownian motion with dif-
fusion constant D and by (5r(t)?) = (Fl*k)2/30 -t2 for shear flow
with shear rate I" [16].

In order to access fast rearrangements in a foam, where the
dynamics of the sample only takes place in short bursts, the tempo-
ral resolution of a single speckle DWS experiment is not sufficient.
For this purpose, we use multi-speckle DWS, where we follow many
speckles using a fast camera, as shown in Fig. 2 [17]. Averaging the
correlation functions of many speckles spatially, each individual
pixel is treated as a single correlator for which temporal averaging
can be reduced to just one second, while spatial averaging pro-
vides the statistics. To study fast dynamics such as they are induced
by bubble rearrangement events the recorded frames were post-
processed using this multi speckle statistics with a shifting starting
time and a constant time average. The change in dynamics can be
attributed to the shift, which in this case was 50 frames, i.e. 50 ms.
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Fig. 2. Speckle pattern of a foam with 20% liquid fraction at an age of 100 min viewed with a high speed camera. The different images show subsequent frames spaced by
10 ms of the same speckle pattern. This can cover the dynamics of the changes in the speckle pattern as evidenced by the circled speckle that appears and disappears in the
covered time-frame.



SDS foam 34% liquid fraction

al

08}

< o8}
;‘“ 04
02t

ot

16-3 6-2 “;-1

1
time (s)

Fig. 3. Correlation function from multiple speckles obtained with a fast camera. The
different curves correspond to different times in the foam on the scale of seconds
showing large fluctuations in the temporal dynamics of the scatterers.

Therefore it becomes possible to identify large rearrangements of
bubbles in dry foams. These variations can be seen in Fig. 3, where
the correlation functions averaged over many speckles taken at dif-
ferent but small averaging times reveal large fluctuations of the
DWS correlation time 1p. Before we discuss these fluctuations of
Tp we turn first to the ageing behaviour of tp averaged over longer
times (but still short compared to the ageing time scale).

4. Results

As discussed above, it is predicted that foams show a qualita-
tive change in the coarsening dynamics with increasing the liquid
fraction above roughly 30% We have shown this by studying the
diffuse transmission from levitated foams as a function of foam age
and liquid fraction, where we have found a transition between two
distinct coarsening regimes [ 10], The diffuse transmission, giving a
measure of the mean free path I [24] and hence the mean bub-
ble size r [25,26] shows a change in age scaling exponent from
1/2 to 1/3, which needs several decades of dynamic range to be
separated experimentally. Therefore at intermediate liquid frac-
tions, only an intermediate exponent could be determined [10].
When studying the local dynamics via DWS and the correspond-
ing decay time of the correlation function, the spread in scaling
exponent is much bigger. As can be seen from Eq. (1), the charac-
teristic decay time tp depends on {2 and 1/(8r2). In the dry case
the dynamics is Brownian, (8r%(t)) cct, probably due to tiny ran-
dom motions originating from thermally fluctuating film surfaces
and/or random relaxation events due to distributed stresses [ 10].
At higher liquid fractions (5r2(t)) progressively crosses over to bal-
listic motion (8r2(t)) o t2, probably due to the progressive onset
of very slow convective motions which give rise to small relative
displacements of individual bubbles [10]. Note that, whatever the
shearrate I", diffusive motion will always dominate (5r2(t)) at times
t< 1.~ D[(I2T'2) [16]. Therefore, as small (convective) shear may
appear more easily at higher liquid fractions, the temporal cross
over of (8r2(t)) o t? at large t to (8r2(t)) et at small t moves with
increasing liquid fraction through the time window of the DWS
experiment set by (8r2(1)) ~['2/(Lk)?. We thus expect that tp crosses
over from tp «I?/(k*L2D) (dry case) to tp~tc (wet case) and only
at higher shear rates when t. moves out of the small t side of the
DWS time window we expect tp o 1/(kICL).

In order to arrive at the scaling of tp with age, we use the fact
that I scales with bubble size r. Therefore, in the diffusive regime,
Tp scales as r? and hence tp ecage32 for dry foam. For wet foams
and tp & . we obtain poc ['2/(Dk21.2) oc 12 ocage?/3. Suchachange in
age-exponent from 3/2 to2/3 is indeed observed in Fig. 4, where the
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Fig. 4. DWS correlation times obtained from integrating g; for several foams as a
function of foam age. At low liquid fraction, the correlation time scales with age™?
(full line), whereas at high liquid fraction it scales as age®” (dashed line). Around
liquid fractions of 20%, close to the transition, two regimes corresponding to the
limiting cases can be seen.

age dependence of the DWS correlation time is shown for several
foams ranging in liquid fraction from 9% to 47%. At intermediate
liquid fractions (between 27% and 32%), the two regimes of scaling
can be seen with distinct exponents as 1. crosses the DWS time
window.

The results of Fig. 4 come from single speckle DWS and thus
average the dynamics over long time frames. As discussed above,
when averaging over shorter times, large fluctuations can be seen,
which we study in the following using multi-speckle DWS [17].
Here, we obtain the decay time from determining the correlation
function from several speckles and averaging those over a time
frame of 50 ms. With this we obtain good enough statistics for a
determination of g; and the corresponding decay time on a 50 ms
time scale. Since we obtain these data from movies of up to a
minute, we can study the time dependence of the decay time thatin
Fig. 4 was averaged over completely. This is shown in Figs. 5 and 6
for two foams with liquid fractions of 19% and 34%, respectively.
In addition, the time dependence of the decay time is shown for
several foam ages, showing the effect of coarsening on the dynam-
ics. For comparison, the figures also contain the average decay time,
which shows the same dependence as that from single speckle DWS
shown in Fig. 4.

Comparing the dynamics for the two different liquid fractions,
one observes that for relatively dry foams, the dynamics is dom-
inated by large, intermittent bursts of activity, in between which
the dynamics is very slow, corresponding to an almost stationary

decay t me 1(s)

time (s)

Fig. 5. Temporal dependence of the DWS decay time for a foam of 19% liquid frac-
tion for several ages of the foam. In addition to an overall increase of the average
decay time due to the coarsening of the foam, a marked change in the dynamics can
be seen. At late age, the dynamics is dominated by intermittent burst of activity cor-
responding to large scale rearrangements of bubbles, which decrease in frequency
as the foam coarsens.
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Fig. 6. Temporal dependence of the DWS decay time for a foam of 34% liquid fraction
for several ages of the foam. In contrast to the relatively dry foam of Fig. 5, the
dynamics is here not dominated by single events, but rather by random fluctuations.
In addition, the time scale of the decay time is much faster, connected to the ballistic
motion of bubbles between collisions.
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Fig. 7. The rearrangement frequency in a foam of 19% liquid fraction. The frequency
scales with the foam age ~'/2, as indicated by the solid line. The rearrangement
frequency is given in s~!

foam. The frequency of these bursts decreases with age of the foam
such that in the oldest foam in Fig. 5, the bursts of activity are well
separated. The frequency of such large rearrangements in the foam
can be obtained from this time dependence and is shown in Fig. 7
as a function of age. The straight line indicated in the figure cor-
responds to a scaling of the rearrangement rate o age~1/2, which
is similar to what Durian et al. [27] found in shaving cream. This
would correspond to von Neumann coarsening dynamics when the
overall dynamics probed by DWS is solely due to large scale rear-
rangements, which give rise to an overall diffusive dynamics with
(8r2) o t as is indeed observed [10].

In contrast, the dynamics of the decay time for wet foams is
markedly different as there are no large scale bursts of activity
and the overall heterogeneities are rather smooth. Also, the overall
increase in the decay time is much slower as given by the slower
coarsening law valid in the wet limit. The overall dynamics here
is rather given by the ballistic motion of bubbles in between colli-
sion events, which take place at the short time scales picked up by
DWS [10]. Thus there are no large scale rearrangements, which is
clearly reflected in the time dependence of the decay times and no
rearrangement frequency can be determined. Again, this dynam-
ics points strongly to a state of the wet foam, where bubbles are
separated and perform ballistic motion.

5. Conclusions

In conclusion, we have shown that the coarsening dynamics
of foams of various liquid fractions can be studied in great detail
using multi-speckle DWS. The foams are levitated allowing a large
range of liquid fractions to be studied, in particular, we can study
foams of liquid fractions corresponding to separated bubbles rather
than solid foams. As we have found previously [10], at a liquid
fraction of about 30%, the coarsening dynamics shows a marked
change corresponding to the separation of bubbles. Here we study
this transition in the local dynamics, where we find that the decay
time of g, shows a change in the dynamics as found previously
between a von Neumann like [12] to an Ostwald-like regime [13].
At intermediate liquid fraction however, the larger spread in the
corresponding scaling exponents allows for a determination of a
cross-over in dynamics in a single foam with age, as the increase in
bubble size with coarsening will lead to an eventual contact of the
bubbles and therefore a change in the coarsening dynamics.

In addition, we have studied the non-local dynamics at interme-
diate time scales using multi-speckle DWS [17], where we find that
at low liquid fractions, the dynamics is dominated by intermittent
bursts of activity, which we associate to large scale rearrangements
of bubbles, whose frequency decreases with foam age [27]. For wet
foams, in contrast, no such rearrangements can be seen and the
overall dynamics corresponds to that of ballistically moving slowly
convecting bubbles.
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