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Dynamics of 3D Real Foam Coarsening
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Dynamics of a polydisperse 3D dry foam was experimentally investigated by means of a novel
nondestructive method, more precisely by optical tomography associated to a foam reconstruction
algorithm. The foam coarsening law obeys to a 3D extension of the classical von Neumann coarsening
law of 2D foams. It is obtained a&/,)~'/3d(V,)/dt = k'(f — (f)). (V;) is the mean volume of
f-faced bubblesk’ a diffusion constant equal to the single film gas diffusion coefficient,(gf)ds the
mean number of faces per bubble. [S0031-9007(98)06375-3]

PACS numbers: 82.70.Rr

Until now, many studies have been devoted to thegated by Glaziert al. by magnetic resonance imaging
morphology of two dimensional foams, which are much[4] and by Durianet al. by multiple light scattering [5].
simpler and easier to visualize than the three dimensionablazieret al. proposed for 3D cellular structures numeri-
ones. The way the 2D foam structure evolves is now weltally generated by a Potts model, the following normalized
known [1]. The film network reorganizes during time law of coarsening by analogy with (1):
because of gas diffusion from a small bubble towards a _13dVy
bigger neighbor due to the difference of Laplace pressure Vi = k(f = fo), ()
(coarsening) or because of film ruptures (coalescence). ) o o
It also evolves because of morphological rearrangementdherek is a diffusion coefficient angfy was not found
such as a topological changE1) where two neighboring €dual to( /) but to 15.8 [2,6]. In [7], Weaire and Glazier
bubbles generate a new face or such as a transformatiéigduced empirically that

(T2) where a bubble disappears. von Neumann has w2
demonstrated that the law of coarsening in 2D foams for a fo=A(N{1+ W : 3)
bubble depends only on its topology (its number of edges,
n) and not on its area: whereu, = ( f%) — (f)* is the foam disorder.
JA As far as we know, the foam structure and its dynamics
~=k(n —6), (1) have never been simultaneously studied independently. It
dt is the purpose of this paper to fill this gap by numeriz-

with A, the area of the: edges bubble and a diffusion  ing real foam structures and performing measurements on
constant. 6 is the mean value of edges per bubble in a 2ihe elements of individual bubbles. Hence, optical tomog-
foam with an infinite number of bubbles. Thusz@dges raphy associated to a foam reconstruction algorithm was
bubble has a constant area, shrinks, or grows with timejeveloped as a nondestructive method to investigate the
if n =6,n <6,0rn > 6, respectively. Experimentally, morphology, topology, and dynamics of a 3D foam, i.e.,
relation (1) holds on the average [2]. the time evolution of the structure, the bubble volumes,
Now, in a dry 3D foam, the bubbles are polyhedral andand the area of 3D transparent dry foams [8]. The present
the structure is therefore much more complex and difficulpaper is focused only on dynamics.
to observe. The foam structure is such that the liquid Experimentak—The foam cell consists of a cylindrical
films organize themselves to minimize their surface at aontainer (5 cm diameter and 10 cm height) covered by a
given gas volume. From the area-minimizing principle,glass lid, whose lower part is a sintered glass plate. Its
Plateau derived the first laws of foam geometry: (i) thebottom is connected to a liquid reservoir by a flexible
edges (Plateau borders) are formed by three liquid filmsTeflon tube in order to control the capillary pressBrein
with mutual angles equal to 120(ii) the vertices are the foam by changing the height lev&l) between the
formed by four edges with mutual angles equal to 109.5container and the reservoir. Both container and reservoir
[the tetrahedral angle, coY—1/3)]. Moreover, each are fixed to the same motorized talft¢ in order to keep
liquid film has a constant curvature, because the pressuekh constant during scanning. In the whole experiment,
difference between the two sides of a film is inverselyAs is fixed to 60 mm, i.e.,P, = 595 Pa. Thus, the

proportional to its mean curvature (Laplace’s law). Plateau border curvatures are kept nearly constant along
By studying photographs, Matzke found that the averagéhe foam column and during the coarsening experiment.
number of faces per bubblef) = 11.00 for 400 bubbles In order to prevent contamination by antifoaming ma-

belonging to the first three layers aggd) = 13.7 for the  terials, great care was taken in cleaning the cell [8]. A
600 internal bubbles [3]. Foam coarsening was investipolydisperse foam with a mean diameter bubble size of
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5 = 2 mm was then generated in the cylindrical con-the vertices in the same arrangement as the real foam.
tainer by blowing filtered/-nitrogen through a pro-Pasteur The physical assumption underlying the reconstruction
pipette directly into an aqueous solution of SDS (0.1%procedure is that capillarity and gravity are acting on the
wt) and dodecanol (0.003% wt) at a flow rate aroundfoam structure. Theequilibrium structure is therefore
55 mm’s™!. Its densityp, surface tensiony, and dy- obtained when the total energy of the foam is minimum.
namic shear viscosity. are 1.01 gcm 3, 40.0 mNm™!,  Both gas and liquid are treated as incompressible.
and 0.99 cP, respectively. The films of SDS and dode- In the individual images, there are sharp parts which be-
canol in these proportions immediately evolve into blacklong to the actual focus plane= const, and fuzzy zones
films which are rigid and extremely stable in time [9]. which do not belong to it. The sharp points correspond
The cell was lit with a cold and polarized illumination to the bubbles vertices. Mousse software (Mousse is a
plate. Optical tomography consisted of scanning the foanfoam analyzer software from Noesis Inc., Surface Evolver
by means of a Lhesa CCD camera equipped with a vergompatible) analyzes by a morphological gradient method
thin depth-of-field (1 mm thick) Micro-Nikkor 105 mm the whole series of images to find in which one each ver-
f12.8 objective and connected to a graphic digitizationtex has the best sharpness; this determines thiertex
card. The camera was focused on the center of theoordinate. Then, in the image to which the vertex be-
upper surface of the foam to analyze only the centralongs, segments corresponding to the edges are detected
bubbles without any contact with the lateral walls of by means of a Hough transformation and their intersec-
the cell (Fig. 1). During scanning, the optical systemtion precisely gives the andy coordinates of the vertex.
was kept fixed while the foam cell was displaced inEach vertex is numbered. The spatial resolution isu30
the focus plane, by stepAz = 1 mm. Images of the inthex andy directions, and the accuracy of the measure-
slices were digitized and stored in a microcomputer. Ament is 0.5 mm in the direction, which corresponds to
whole scanning took 45 sec for 28 slices. Since nitrogemalf the distance between two successive images.
has a low solubility in water, the foam coarsening The foam reconstruction procedure involves three main
was negligible during scanning. Foam coarsening wasteps:
followed during 9 h. Besides, in aad hoc cell, the (i) Determination of the equivalent polyhedral struc-
film thicknessh¢;m and the nitrogen diffusion coefficient ture having the same number and arrangement of bubbles,
D¢im in the film formed by one attached bubble to thefaces, edges, and vertices. It consists of defining, orien-
free surface of the same aqueous solution were measuréating, and naming each edge, each face, and each bubble
by videomicrointerferometry [10]. It was found that of the foam, knowing that the faces are oriented with their
heiim = 35 nm andDyj, = 3.7 X 107> mn? s~ ! [8]. normal going out. At this stage, the structure of the 3D
Reconstructior—Only the central core of the foam foam is a set of polyhedra with straight edges which does
was processed. The liquid films are transparent (commonot satisfy the Plateau laws (Fig. 2).
black films) and only the Plateau borders network (edges) (ii) Calculation of the total energy¥ (total surface
appears in the images (Fig. 1). The principle of foamenergy E; + gravitational energy,) of the equivalent
reconstruction is to determine the locations of all the foanpolyhedral structure.E, is neglected because the liquid
vertices from a series of such images of foam slices, and teolume is negligible in dry foams. The foam films solely
numerically reconstruct the minimal surfaces connectingontribute toE,; the film energy per unit area is taken as
2v. Actually, the disjoining pressure contribution to the

FIG. 1. Image of a slice in the central parallelpipedic core
(2.2 X 1.6 cn?). This slice is located at the center of the
cylindrical foam column whose internal diameterdis= 5 cm;

vertices belonging to image— 1 (0); i (O), andi + 1 (+). FIG. 2. Projection of the structure of the first bubble layer.
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film energy can be neglected since only common black (a)
films (=35 nm) are obtained here. Therefore, for this
foam sample

E = E; =2y X Aftim » (4)

whereAs;, is the total film area.

(iif) Minimization of E with Surface Evolver software
(Surface Evolver is a minimization software developed
by Brakke [11]) under the constraint that the bubble
volumes are constant and for the following boundary
conditions: (i) on boundary bubbles, the edges that appear
with 2 reconstructed faces instead of 3, and the vertices
with 3 reconstructed edges instead of 4 are fixed; (ii) the
vertices, edges, and faces in contact with the porous plate
are allowed to move only in the plate plane. The 3D foam
structure is displayed by Geomview software (Geomview
is a graphic display software [11]). The bubble faces are
triangulated [Fig. 3(a)] and¢im is minimized by moving
the facet vertices by a gradient descent method until
convergence [11]. This makes the faces and edges more
curved and the polyhedral angles closer to the tetrahedral
angle. The reconstructed foam is the one with a minimal
value of Ag1 [Fig. 3(b)]. On the reconstructed foam,
the bubble, faces, edges, and vertices are analyzed, and
the geometrical properties measured.

Foam dynamics—The foam has been reconstructed at
t=0,1, 3, 6, and 9 h after its creation. It consists of
5 layers of bubbles among which 48 entire bubbles are
reconstructed, which corresponds to 412 faces, 800 edges,
and 437 vertices.

Two types of bubbles should be distinguished: the ex-
ternal bubbles that belong to the top layer or to the bot-
tom layer in contact with the porous plate (20 bubbles)
and the internal bubbles that belong to the others laye
(layers 2, 3, and 4: 28 bubbles).

It is crucial to notice that the present discussion is fo-
cused only on internal bubbles belonging to the central coréSTD = 17 mm?). No topological transformation was ob-
which are at least 3 bubbles far from the lateral walls ofserved, i.e., af-faced bubble keepg faces during the
the cell (Fig. 1). Most of the faces are pentagonal withwhole experiment. Hence, the observed volume varia-
the mean number of edges per faeg;,, = 5.11 and it  tions are not due to topological transformation, but to
was found that f);, = 13.39 = 0.05 which is in good coarsening.
agreement with the literature values [3,12,13]. We have Equation (2) holds on average [7]. In a polydisperse
checked that the fluctuations arould) became lower foam generated at random as the present one, a bubble
than=0.05 as soon as more than 20 bubbles taken at rarhas on the average 13 larger or smaller neighbor bubbles
dom are considered to calculat¢). Neither Kelvin nor  which also evolve because of their own 13 larger or
Weaire-Phelan structures were found in this foam althougBmaller neighbors either by shrinking or by expanding.
they are theoretically the most stable structures in monodisFhis confers collective properties to the foam. Hence, it
perse foams [12]. The foam disorder, was found is not possible here to calculate a slope with an acceptable
equal to 1.8. Another independent experiment dgt}e=  regression coefficient for each internal bubble assuming
13.75 = 0.05 for 57 internal bubbles withw, = 0.85. that Eq. (2) is verified. Introduction of the mean volume

Each bubble was followed individually. The mean vol- of the f-faces internal bubblesV,(r)) instead of V(r)
ume(V())ine Was constant during timé/(¢));,y = 58 =  into Eq. (2) yields
I mm’. The foam was not in a scaling state, where AV (1))
(V(1)) = 1%, with @ = 1.5 measured by Durian [5]. Poly- W)y B = (- fo), (5)
dispersity was lower at the beginning (smaller standard dt
deviation, STD= 14 mn?), and it increased with time wherek’ is a diffusion coefficient.
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IG. 3. Foam reconstruction at 9 h: (a) with triangulation;
) without triangulation.
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. i % =12 on the present foam, as in von Neumann's law (1).
<Vi(t)> k=3.3 10-5 mm2s k=2.8 10-5 mmafs fo calculated using Eg. (3) equals 13.5. Hence, this
* o o0 experimental result compares well with the numerical one
4‘#\%\0 40 of [6]. The foam disorder is here low and the above
0 s 10 0 5 1 correction is negligible.
w0 =13 w =14 In conclusion, the dynamics of coarsening of a slightly
<Vi(t)> K=2.8 10-5 mmars disordered foam with rigid films is likely given by Eq. (5)
80¢——o —2 A where fo = (f). A bubble with less than(f) faces
a0 agf RS 10-ommer should shrink and a bubble with more thdif) faces
0 5 10 0 5 1 should expand. As far as we know, this work is the
. =15 w“ =16 first experimental investigation of a 3D analog of von
<Vi(ty> | o Neumann’s law.
g 80 We are indebted to Dr. B. Prunet-Foch for his advice
aof KeE10-Smmale sof NSSE10-Smmess in implementing the optical tomography. The partial
o 5 10 0 5 1 financial support from the Centre National des Etudes
time (h) time (b) Spatiales is greatly acknowledged.

FIG. 4. (V,(¢)) for internal bubbles. The regression coeffi-
cients are reported in physical units. The lines are the fits.
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