PHYSICAL REVIEW E, VOLUME 64, 021507
Cascades of popping bubbles along difoam interfaces
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We report image analysis of popping bubbles during the collapsing of two-dimengiadnd 3D aqueous
foams. Although temporal and spatial correlations between successive popping bubbles within avalanches are
emphasized, the breaking of a soap film at the air/foam interface seems to be indeperidehedbpology,
(i) the local curvature, andii) the size of the popping bubble. Possible mechanisms for cascades of pops are
proposed and discussed.
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I. INTRODUCTION vessel, andii) 2D foams in a vertical Hele Shaw cell. Those
different geometries will allow us to investigate both surface
Foams are paradigmatic systems of disordered and heterand bulk rearrangements due to bubble pops.

geneous materialgl]. Indeed, polyhedral bubbles compos-
ing foams are characterized by a wide variety of side num-
bers and face areas. In agueous foams, a fundamental process _ ] ]
is the drainagg2] which is due to the competition between In the first series of experiments, foams have been created
gravity forces and the capillary pressure in channels and pld?y blowing air at the base of a water-soap mixture in a cy-
teau borders. As a consequence, the top of the foam tends #§dric vessel. The diameter of the container is 20 cm. Com-
be dry while the bottom of the foam remains wet. The drain-mercial soapgmainly dodecylsulfatehave been used. Look-
age implies that the film at the air/foam interface becomednd at the foam along the vertical axis, polyhedral bubbles
thin and fragile. Frailty of the bubbles at the top of the foam(typical diameted=5 mm) are observed near the air/foam
leads to film breakingbubble popping and consequently interface while spherical bubblestypical diameter d

leads to a macroscopic collapse of the foam as usually ob=2 mm) are seen at the water/foam interface. The size dif-
served in beer and soap froths. ference observed for bubbles located, respectively, at the bot-

Imposing a thermal perturbation, Burnedt al. [3] re-  tom and the top of the foam layer should be attributed to a

ported “cascades” of film ruptures in soap solutions. Thebuoyancy effecf6]. The thickness of the foam layer can be
dynamics of those cascades is characterized by scaling law&ontrolled such that the foam can be considered as dry in the
In a recent W0r|{4], we reported acoustic measurements ofregion of our interests, i.e., at the air/foam interface. Then,
poppmg bubbles in free|y Co||apsing foams. We put into evi-the foam is left to coIIapse freely without any perturbation. A
dence the existence of temporal correlations for successivéharge-coupled devic€CCD) camera has been placed just
pops. Each pop may provoke the cracking of neighboringtbove the crackling foam. Series of topview images of the
bubbles in some sort of avalanching process or cascadair/foam interface have been recorded. Figuréett) pre-
Also, we measured the acoustic energy release for each po‘ﬁﬁntS a typical top view of this interface. Each bubble at the
A broad distribution of energy dissipation has been discovsurface presents a very thin and curved top face. Inside the
ered[4]. Our acoustic measurements suggest that a broai@am, bubbles are polyhedra.
distribution of bubble breaking at the air/foam interface ex- Bubble pops occur mainly at the air/foam interface. They
ists. This result is in contrast with the widely accepted andcannot be captured by our video equipment. Indeed, such an
intuitive argument that only large bubbles are fragile andevent has a typical duration of about 1 ms as demonstrated in
explode at the air/foam interface. On the contrary, our acousPUr previous acoustic measuremerit$]. Nevertheless,
tic experiment has demonstrated that small bubbles also eRubble pops can be put into evidence by substracting succes-
plode[4].

Because a possible existence of a critical size for film [l
rupture is still uncleaf4,5], and because our acoustic study
should be confronted to other experimental investigations St
we report here image recording of the air/foam interface.g@
Image analysis allows us to visualize the topological rear-}
rangements produced by popping bubbles. Fundamental pra
cesses at the surface of collapsing foams are revealed arg
discussed. o3

A. 3D foams in cyclindric vessels

Il. EXPERIMENTAL INVESTIGATIONS FIG. 1. (left) Picture of the air/foam interface taken by the CCD
camera.(right) The difference between two successive images re-
Two different types of aqueous foam systems have beeweals a single popping event that provokes topological rearrange-
investigated(i) three-dimensiondBD) foams in a cyclindric  ments along the air/foam interface.
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FIG. 3. Three successive pictures of the air/foam interface in a
Hele-Shaw cell. The arrow indicates the wall that will break in the
next picture. Topological indices of neighboring bubbles are given.

FIG. 2. (left) Picture of the air/foam interface taken by the CCD
camera.(right) The difference betwen two successive images re-side switching T1) or the vertex disappearanc&2) also
veals a double popping event. take placd 1]. The combination of bubble area growth/decay
L . . _ nd topological rearrangements induces a complex dynamics
sive images of the air/foam interface. The substraction o n which subtle correlations are found as e.g. described by

successive images reveals also the .su.bsequer_]t topologiqﬂb so-called Aboav-Weaire lajit] or more complex struc-
rearrangements due to the pops. This information was n%res[?]

extracted in4] since acoustic measurements are insensitive
to topological rearrangements. Figure(right) presents a
typical pattern due to a popping event. One can observg th?ltlat will break in the next step. Topological indices for
topological rearrangementSnainly edge and vertex dis- ojonhoring bubbles are also given. One observes that every
.placement)ssp'read over Iong distances along the air/foam op affects the topological indices of two neighboring
interface. Typically, topological rearrangements can affecg

! . bbles, h losi —1). This is illustrated
bubbles that are at a distance up to 10 bubble diameters fromu Figes4 ei‘/lcoreoisrlr?go(r)tr;it?fg:—ggp n"?ay iésdljcg u:d:jﬁtﬁ)nal

fche rupture point. Only_ rearrangements alor_lg the alrhco"’mfopological rearrangements like vertex displacements that
interface can be investigated with this experiment. Bulk re<an also change the topological indicesof neighboring
arrangements will be discussed in the following section.

The sampling rate for the image series is 25 Hz. During
the time intervals of 1/25 second separating the capture of
two images, double pops may occur. In fact, those double
pop events are not so rare. They correspond to pops occuring
within a cascade. Figure 2 reveals such a situation for which
two pops are seeftwo bright regions In our previous work
[4], we put into evidence temporal correlations for succes-
sive pops. Herein, both pops seem to be correlated in space.
Indeed, the topological rearrangements associated with both
pops are connected. We have noticed that the connection of
rearrangements takes always place on double pop pictures.

This gives a complementary view of the phenomenon.
B. 2D foams in vertical Hele Shaw cells
Aqueous foams have also been investigated in vertical
Hele-Shaw(HS) cells that constrain the foam in quasi-two

dimensions. Typically, we used HS cells with a volume of
200X 200X 3 mnt.

By image analysis and using a thresholding method, the
edges of the bubbles can be selected on the pictures. Then,
the bubbles are counted and their respective topological in-
dicesn, i.e., their respective numbers of neighbors, are mea-
sured. We have distinguished bubbles in contact with the
air/foam interface and those that are in the bulk of the foam.

The evolution of 2D dry foam is slow and driven by geo-
metrical constraints like the topological indicesf bubbles.
Indeed, the ared,, of a bidimensionnal bubble evolves ac-
cording to the Von Neumann’s law

dA,
dt

Figure 3 presents a series of three successive images of
the interface in the HS cell. The arrow indicates the bubble

FIG. 4. Sketch of a pop that induces topological rearrangements.
Two neighboring bubbles lose an edge. Due to vertex displace-
ments, the bubble situated below starts to rise towards the top of the
In addition, many topological rearrangements such as the cefbam.

=k(n—6). (1)
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would expect that long films are the more fragiles. We did
not find any significative correlation for the lendttof a film

and its ability to break(frailty). Also, we did not find any
significative correlation for the local curvatufe of a film

and its ability to break. In order to obtain quantitative results,
we should measure the curvature and the length of breaking
films on pictures. However, this kind of measurement is hin-

FIG. 5. Three successive pictures of the air/foam interface in a L .
ecessive pic ' ' " Hered by large uncertainties. There is an argument that sup-

Hele-Shaw cell. This series follows the series of Fig. 3. The arrow . AR
indicates the wall that will break in the next picture? ports the idea that the bubble breaking is independent of the
local curvature and the bubble length. Indeed, the Lewis law

gl] stipulates that the are, of n bubble is given by

bubbles. This is clearly seen on the images 2 and 3 of Fig.
Those rearrangements can be observed deep inside the foam.

Indeed, when a bubble breaks at the interface, other bubbles Ap=an+p. 2
start to rise towards the top of the foam. This is mainly due

to vertex displacements towards the interface as illustrated; e the bubble pops are indepedeninpthey should be

by the sketch of Fig. 4. In fact, the hole left by the pop tend%ndependent ofA, and subsequently the bubble lendth
to be occupied by a rising bubble. and the local curvaturg
n-

Figure 5 presents three successive pictures of the air/foam Summarizing the results of the 2D observations: frailty of

interface following the series of Fig. 3. On this series, onetop bubbles is independent of the topological indioes the

can observe that the popping of one bubble induces also thg, e Observations suggest also that popping events are

breaking of a neighboring bubble. Figure 4 illustrates Weglndependent of the length of the film, and the curvature of

he film. Popping bubbles lead to topological rearrangements

ready emphasized in the previous section. spreading along the surface and inside the foam. The rising
Figure 6 presents the topological distributidn) of ¢ <oe bubbles has been observed
bubbles located at the air/foam interface. The data points are '

statistical averages for measurements made over 80 different

the spatial correlations for successive pops, correlations

images. The distributiorfi(n) is fitted by a log-normal dis- Ill. DISCUSSION
tribution. The mean topological numbénm) is close to 6 as ) ) .
expected by the Euler formu[4]. Moreover, Fig. 6 exhibits We have emphasized temporal and spatial correlations for

the topological distribution of bubbles that are popping onPOP events/locations along the air/foam interface. In other
the surface(circles. This distribution should be compared WOrds, pops do not occur at random within a cascade. One
with the distribution of bubbles at the interfa¢doty. No ~ Understands that each pop implies a topological change for
major difference can be observed between both distributiond1€ighboring bubbles that may propagate in the bulk of the
This indicates that no particular “topological selection” ex- f0&m as well as along the air/foam interface. Actually, it is
ists in the bubble breaking phenomenon. Slight difference&nclear how topo_IoglcaI rearrangements are con_nected to the
are however observed for largevalues but they are hin- ¢@scade of popping events. Moreover, a careful image analy-
dered by large uncertainties. sis suggests that there is no apparent selection for topological
Another major observation is the following, the film indices, no critical size, and no critical curvature for popping

which breaks in Fig. 3 is the smallest one. Intuitively, onePubbles. One should note that simulatidis§ assuming a
breaking ability proportionnal to the length of the film lead

to unrealistic foam coarsening. The origin of the spatiotem-

80 poral correlations should be attributed to a physical mecha-
nism independent of the bubble type and thus independent of
25 |- - , . . X )
topological correlations like the Aboav-Weaire correlations.
»o L | Considering that a broad distribution of bubble types are
fragile at the top of the foam, two different physical mecha-
nisms responsible for temporal and spatial correlations can
- 15 ] be proposed(i) cascades due to the elasticity of the bubble
walls, and(ii) cascades due to air displacement. In the former
10 N scenario, a pop may create an elastic shockwave, which
propagates along the air/foam interface and which is medi-
5T B ated by the bubble walls. The subsequent oscillations of
some bubbles may provoke their breaking. In the second
° scenario, the pop produces locally some air displacement that
may be turbulent. Turbulence may affect neighboring
bubbles and also provoke their breaking.
FIG. 6. (doty Distribution of topological indicesf(n) for In the future, both proposed mechanisms will be further
bubbles located at the air/foam interfaceircles Distribution of ~ confronted to observations that will be performed with the
the topological indices for popping bubbles. help of high speed video equipment.
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V. CONCLUSION nisms for cascades should be found in the elastic properties
of bubble walls or in the air displacement.
In summary, our previous acoustic experimeft$ and Future experiments concern the analysis of topological

the present study have put into evidence the intermittent anéfarrangements near the air/foam interface at high sampling
correlated character of exploding bubbles in collapsing dryates.
foams. The dynamics of collapsing foams is discontinuous
and evolves by sudden avalanches.

Moreover, we have discovered that a wide variety of N.V. thanks N. Rivier for his comments and encourage-
bubble sizes participate in the phenomenon. Physical mechaents at the Eurofoam 2000 Conference.
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