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Abstract

3D liquid foams are investigated for the first time through X-ray tomography. This method enables to observe large number of bubbles
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several thousands), and hence, to extract significant statistical characteristics of the foam structure. This article presents the sucps
e followed to achieve this purpose: image acquisition, image processing and data extraction. This global procedure can be auto
e emphasize the importance of the choice of two parameters which can be arbitrarily set by users. The first one is the cut-off va
ize of the smallest bubbles, the second deals with the definition of the neighbors of a bubble which is ambiguous for wet foams.
ere the consequences of these two choices on characteristics such as the average number of faces of bubbles.
2005 Published by Elsevier B.V.
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. Introduction

Liquid foams are made of thin liquid films separating gas
ubbles and of so-calledplateau bordersconnecting these
lms in a continuous network, and containing the largest part
f the fluid phase. In situ observation of such a structure is a
hallenge, even more during dynamical processes like ageing
r flowing, because of the high diffusivity of the foam and of

he small amount of matter involved. Recently, MRI exper-
ments allowed to visualise the plateau border network of a
iquid foam[1,2]. Optical tomography has also been used to
bserve the foam structure and to follow several individual
ubbles in their ageing process[3,4]. Nevertheless, the foam
roperties are intrinsically statistical and their determination
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imposes the study of a large number of bubbles which
not possible with these techniques. Recent improvemen
X-ray micro-tomography at the European Synchrotron
diation Facility (ESRF, ID19 beamline) and of 3D ima
analysis allowed us to obtain images of a liquid foam du
drainage and coarsening, with a number of bubbles large
in previous works. Segmentation of the image into a s
well-identified individual bubbles is proved to be feasible
tomatically despite the large amount of missing thin film
the image of the structure. Statistical properties of the s
ture, as bubble volume distribution, number of neighb
liquid fraction can thus be extracted from the image. T
article presents the fast image acquisition procedure u
synchrotron radiation at the ESRF. Then, the image seg
tation is described and some preliminary results on the
structure at a given time are discussed. The characteris
of the foam evolution, allowed by this technique, will be
aim of a future work.
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2. Image acquisition

2.1. Sample preparation

The size of the volume scanned by the X-ray beam is
1 cm3. The foam contained in this volume must be stable
enough to obtain good quality images, but should evolve sig-
nificantly during the experiment (some hours), and initially
hold a large number of bubbles to be statistically relevant.

The experimental cell is made out of a hollow acrylic cylin-
der (see sketch inFig. 1). Air is injected in this cell through a
porous plate imbibed with a foaming liquid. We thus obtain
a relatively mono-disperse foam.

Three distinct ageing mechanisms are involved in the evo-
lution of a liquid foam: gas diffusion across the liquid films,
liquid drainage and film rupture. The ingredients involved in
the making of the foam were chosen in order to inhibit the
film rupture and the drainage and to focus on the gas diffu-
sion mechanism (“coarsening”). These ingredients were, for
100 mL de-ionised water:

• 0.1 g sodium dodecyl phosphate,
• 0.003 g dodecanol, and
• 1 g gelatine.

In addition, we set the liquid fraction of the foam to a large
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tion ID19 of the ESRF used for the experiments, the energy
of the synchrotron beam is set to 15 keV by a double silicon
crystal monochromator. Radiographs for 900 angular settings
over a 180◦ range are recorded with a CCD-based high res-
olution detector system. It uses a high quality Peltier-cooled
CCD (ESRF FReLoN camera) with 14-bit dynamic range and
1024× 1024 pixels. The read-out time for a single frame is
65 ms. The X-ray signal is converted into visible light by a
10�m thick Gd2O2S:Tb converter screen. The effective pixel
size is 10�m with a corresponding field of view of 10 mm.
The exposure time for a single radiograph was set to 50 ms.
The closing time of the mechanical shutter introduces further
an overhead resulting in a total acquisition time of 150 s for
one tomographic scan. The sample-to-detector distance is set
to 130 mm. The recorded radiographs contain therefore both
attenuation- and propagation-based phase contrast. Neverthe-
less, the reconstruction procedure for absorption tomography
based on the filtered back-projection algorithm[5,6]was used
to combine the set of 900 radiographs into a 3D image. It
can be shown[7] that, if the sample-to-detector distance is
small, the reconstruction is the sum of two contributions: the
usual attenuation coefficientµ and a second term equal to
−D �δ(x, y, z). δ, the refractive index decrement, is propor-
tional to the electron density of the scanned material, andD
is a proportionality coefficient. The Laplacian operator will
therefore enhance the visibility of structures related to abrupt
c ber
o time

Fig. 2. 3D view of the liquid foam.
alue (≈10%) and keep it constant by maintaining a con
ous liquid flow throughout the cell during the experim
hich balances the effect of the drainage. The cell is ne

ransparent to X-rays and allows to acquire a large nu
f radiographs corresponding to different angular setting
eeded for tomographic reconstruction.

.2. X-ray micro-tomography

Third-generation synchrotron X-ray sources provide
ially coherent, homogeneous and very bright photon be
ere, we mainly exploit the possibility to image with a h

emporal resolution. Propagation-based phase contrast a
urthermore to enhance the contrast for structures with w
ttenuation such as thin liquid films. At the experimental

Fig. 1. Sketch of the experimental apparatus.
hanges in density (edges, thin films, etc.). A large num
f 3D images were recorded during 38 h: the exposure
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was 2.5 min, and the minimum time between two images was
8 min.

3. Image analysis

The reconstructed volumes contain 850× 850× 1024
(respectively, inx, yandzdirections) voxels and are coded on
8 bits (hereafter “grey level” images: the pixels are labelled
from 0 (black) to 255 (white)).Fig. 2shows a 3D rendering
showing an isodensity map of a typical image. The real size of
the volume is 8.5 mm× 8.5 mm× 10 mm. One clearly dis-
tinguishes the bubbles on this figure, as well as the external
wall of the cylinder. This image shows that it should be pos-
sible to segment the image and identify the different bubbles.
However, this procedure is not performed straightforwardly
either by the human eye—because of the very large amount
of bubbles that have to be numbered and described—nor by
computer-assisted image analysis for reasons that will be ad-
dressed in this section.

Let us first describe the main qualitative features appear-
ing on different slices of the foam.Fig. 3 shows four slices

extracted from images obtained at two different stages of the
coarsening. The bi-phasic nature of the foam is still obvious
on each slice. Thus, the shapes of the 2D sections of the bub-
bles are easily readable. In the early stages of the coarsening
(t = 71 min after the making of the foam), the bubbles (in
dark) appear to be round. Their mean size varies along the
height of the cylinder as can be seen by comparing the top
and bottom slices inFig. 3. In later stages (e.g. fort = 38 h
40 min), the bubbles seem to adopt the shapes of polyhedra.

On the other hand, one may point out the fact that the
intensity fluctuates in both phases. This is clear fromFig. 4,
where the frequency of the different intensities is plotted for
a circular area of radius= 350 voxels drawn on the top left
slice pictured inFig. 3. The first peak, centred on intensity
level 97, is due to the gaseous phase (bubbles), whereas the
very smooth plateau ranging from intensity levels 130 to 250
is the signature of the most absorbing phase, i.e. the liquid
phase contained in the plateau borders and in the films. Let
us discuss the possible origin for this spreading of the peaks.

One may first exclude the electronic noise or artefacts of
the camera and of the experimental apparatus. This is made
clear by the fact that if one considers the frequency of the

F
m

ig. 3. Four slices recorded at 1 mm (left) and 9 mm (right) from the top of the
aking of the foam.
scanned volume, 71 min (top images) and 38 h 40 min (bottom images) after the
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Fig. 4. Intensity frequency histogram of the grey levels of the voxels con-
tained in a circular area (radius= 350 voxels) of the first slice pictured in
Fig. 3.

intensity of the voxels outside the cylinder (i.e. in the corners
of the slices shown inFig. 3), the intensity is found strictly
constant (equal to 99) as long as one does not take into ac-
count the voxels nearest to the wall of the cylinder. On the
contrary, one may spot large intensity variations inFig. 5
which represents a detail of the top left slice shown inFig.
3. This is made clearer inFig. 5(b), where the intensity pro-
file along the white segment ofFig. 5(a) is shown. The wet
plateau border crossed by the segment has a clear signature
on this profile, whereas the film is hardly recognisable. Actu-
ally, the spreading of the peaks on the histogram pictured in
Fig. 3 is mainly due to two factors that will intervene during
the image reconstruction procedure:

(1) The non-local character of the grey level intensity
recorded for each voxel. Indeed, the grey level intensity
of a voxel is deduced from a filtered back projection of
a set of radiographs. The radiographs have a finite pixel
size and are blurred due to the detector response. More-
over, each original pixel mixes both local (absorption)
and non-local (phase contrast) informations.

(2) The dynamics of the foam. Each image acquisition lasts
for about 2 min for this set of experiments. For example,
a film breaking during this acquisition will result in a
bad fit between the different radiographs which will not
correspond to the same 3D structure anymore. This re-
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Fig. 5. (a) Detail (200× 200 voxels in size) of the first slice shown inFig.
3. (b) Intensity profile along the white segment shown in (a).

ing section, we will describe the way the segmentation is
performed.

3.1. Extraction of the relevant parameters for a physical
analysis

The segmentation process is based on our knowledge of
the basic structural characteristics of a foam: first, the liq-
uid phase is continuous. In addition, each plateau border is
prolonged by a film although this latter might not be visible.
We also neglect the very small inclusions of each phase into
the other. Liquid drops of a few voxels in suspension into a
bubble are necessarily artefacts. Small bubbles of the same
order of size may be real but are unreliable, as they can be
confused with noise induced by the reconstruction process.
We will further address the consequences of this important
hypothesis.

The segmentation process is performed using the commer-
cial software Aphelion, which includes a set of dedicated 3D
libraries. A first step of the segmentation process consists in
obtaining a thresholded image to separate both phases. The
contrast is first enhanced by using a non-linear 3× 3 × 3
sults locally into a variation of the intensity gradient
the images and into a deformation of the apparent sh
of the bubbles. Of course, other dynamical phenom
such as coarsening or film vibrations may provoke s
lar results.

Thus, it is difficult to rely on the variations of the co
rast in a phase to characterise its homogeneity. In add
he phase boundaries are considerably enhanced sin
riginal 2D radiographs contain phase information rel

o the local density variations; thus, it is very unlikely t
he grey level scale will provide any quantitative inform
ion about the thickness of the films. Therefore, we s
ely here only on the information provided by segmen
mages, where the two phases are separated. In the fo
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Fig. 6. Left: sketch of two artificially merged bubbles. Right: distance function to the liquid phase. The lines are iso-distance levels. The “•” symbols designate
the local maxima of the distance function.

median filter. The image is then thresholded. The threshold
level is set so as to minimise the number of lonely voxels
in each phase. Let us underline the fact that the value of the
threshold is stable from one slice to another, on the same or
on successive images.

The threshold procedure may have erased the films sepa-
rating the different bubbles since some films are too thin to be
detected. One must notice that this is not important in order
to compute the liquid fraction in the foam since the liquid
is mainly contained in the plateau borders, but is especially
important in order to separate the different bubbles. Thus,
these films must be re-built. This is achieved by applying
the procedure described hereafter, based on the fact that the
polyhedron defined by each bubble’s plateau borders should
be convex: two bubbles are separated by a film and a few
plateau borders. If a film F separating two bubbles A and B
is missing on the image, A and B will artificially be merged
into a single large bubble C. C should be cut in two parts. As
the superficial tension tends to diminish the surface of F, the
signature of the missing film arises from the narrowing of the
bubble C, which exhibits a “peanut” shape (seeFig. 6). This
effect is quantified by the distance map between each voxel
and the nearest point belonging to the liquid phase. For exam-
ple, in the simple case pictured inFig. 6, the artificial bubble
C has a map with two maxima, whereas A and B should each
have one maximum in this example. The voxels localised in
t ders
s dle”
p the
p thod
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nce
m rder
t n on
t two
m dis-
t nce
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of the maximum distance, the two maxima are considered as
belonging to the same bubble. The value of the fraction is
optimized manually once and for all the images.

Practically, a first step consists in performing an opening
of the image in order to get rid of the lonely voxels. Then, the
proper convexity detection, based on the procedure described
earlier, is performed by using the “ImgClusterSplitConvex”
Aphelion native operator. This operator performs three suc-
cessive operations: a distance function computation, followed
by a filtering step in order to eliminate spurious maxima and
a cut based on the local maxima method. A parameter, the
“strength” of the operator, is set manually to distinguish sin-
gle bubbles with several distance maxima from artificially
merged bubbles using the method described earlier. This pro-
cedure gives good results as can be seen inFig. 7.

The images being quite large (720 Mo), and the previ-
ous operators memory consuming, it was necessary with our
computer to divide the whole image into 36 subvolumes of

Fig. 7. Detail (200× 200 voxels in size) of a segmented image.
he missing film are relatively close to the plateau bor
urrounding F. This results in the appearance of a “sad
oint on the distance map. This saddle point indicates
lace where C should be cut. Let us notice that this me
rovides us a convenient way to split C at a place located

he original film but not to recover the respective Gaus
urvatures of A and B.

Actually, most bubbles may exhibit several local dista
axima since their shapes are not perfectly convex. In o

o avoid to cut these bubbles, one introduces a criterio
he relative variation of the distance function between
axima in comparison with the maximum value of the

ance function for this bubble: thus, if the value of the dista
unction at the saddle point is larger than a certain frac
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283× 283× 256 voxels in order to proceed to the segmen-
tation and to the registration of the bubbles.

This segmentation procedure being achieved, it is then
possible to register the bubbles and compute their individual
geometric characteristics such as their volume, surface and
positions.

3.2. Neighborhood

In addition, it is crucial to get some insights about each
bubble’s neighborhood, i.e. numbering its neighbors and de-
termining the surface shared with each neighboring bubble.
This is achieved by making each bubble grow and testing
its overlap with the neighboring bubbles: thus, the distance
between two bubbles is here defined as the number ofdi-
lateoperations successively applied to a single bubble before
it overlaps another bubble. Let us recall here that thedilate
morphological operator consists in considering that any voxel
belongs to a bubble if it is in contact, i.e. inside a 3× 3 × 3
voxels large cube, a voxel itself belonging to this bubble. The
same method was previously used in 2D foams by Lorderau
et al.[8] in order to get an automatised determination of the
number of neighbors of a large set of bubbles. The ampli-
tude of the growth influences the neighbor’s distribution as
shown further. Let us notice that in wet foams, a length-scale
is given by the diameter of the plateau border section, which
p lter-
n ried
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let us underline the fact that a single subvolume contains
almost 2000 bubbles at the beginning of the observation. This
represents an interesting quantitative progress with respect to
previous results obtained using optical tomography or NMR
imaging, where the number of bubbles observed was of the
order of 200. It is possible to go further in the segmentation by
glueing the subvolumes back using a “shoelace” procedure
in order to take into account the bubbles that are cut by the
subvolume boundaries. This latter method will be described
in a future paper, since the results that are discussed here only
concern subvolumes.

3.4. Experimental results and discussion

3.4.1. Liquid fraction
The volume liquid fraction is measured on binary images.

It is deduced from the liquid fraction measured on slices (z =
constant) or on hollow cylinders (constant radius) in order
to get an insight of any spatial inhomogeneity of the liquid
repartition in the foam. The influence of the threshold on the
value of the liquid fraction deduced at constant height is not
crucial: one observes a variation of the order of±0.02 of the
liquid fraction for thresholds varying between 107 and 113.
This is due to the fact that the liquid is mainly contained in the
plateau borders for which the voxels are clearly distinct from
the voxels of the gaseous phase. For the results described
hereafter, we chose a threshold of 110.

The liquid fraction determined by this means varies
roughly between 0.1 and 0.2 as can be seen inFig. 8. This
figure shows the variation of the liquid fraction (φl ) as a func-
tion of the heightz in the cylinder.φl was computed for each
slicez = constant by calculating the mean value of the binary
voxels inside a circular area of radius 3 mm in the cylinder.

The largest value ofφl is obtained forz = 0, which is
the top of the cylinder. Indeed, this means that the drainage
is overbalanced by the liquid injected on top of the foam.
This “inverted gradient” is maintained during the whole ex-
periment as can be read on the following lines of the same
figure. It seems that this inverted gradient is quickly stabilised
throughout the foam sinceφl (z) does not vary very much be-
tween 80 min and 38 h after the making of the foam.

Fig. 8. Variations of the liquid fraction as a function ofz, the height in the
cylinder, for different stages of the evolution of the foam.
rovides a natural value for the growth amplitude. An a
ative is to build another foam structure, namely the d

oam structure, in order to obtain a definition of the ne
orhood independent of any new parameter (but not o
rying procedure).

This dried foam structure is determined by making
ubbles grow at the same rate, starting from their orig
hape. If two bubble surfaces meet at any point, the gr
tops at this point. The growth carries on until the bub
ompletely fill the space. Each plateau border is thus
ributed to the surrounding bubbles. The neighborhood is
learly defined and is obtained using the previous algor
ith growth amplitude of one. It must be underlined that
ethod is not the only one that can be used to fill the s

tarting from the initial configuration. One could use ei
oronoi or Laguerre tesselations for example[9].

.3. Boundary effects

At this point, it is worth underlining the fact that the bu
les that are in contact with the boundaries of the sub
mes may introduce important biases in the statistics o
ifferent characteristics of the bubbles (e.g. volume, ne
orhood), since they are cut by the boundaries and some
ven during the segmentation process.

Thus, we chose, in the work reported in this article
emove these boundary bubbles from the samples used
tatistics.

Indeed, this method already provides interesting re
s will be exposed in the following section. For exam
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Fig. 9. Variations of the liquid fraction as a function ofr, the distance to the
axis of the cylinder, for different stages of the evolution of the foam.

One may notice that the first line inFig. 8 is quite reg-
ular whereas later lines fluctuate considerably more. These
fluctuations reflect the fact that the mean size of the bubbles
increases. Thus, there are less bubbles in the same cylinder
at later stages of the foam coarsening. This results of course
in greater fluctuations ofφl (z).

Fig. 9 shows the evolution ofφl as a function ofr, inte-
grated between heights 800 and 900 (bottom of the cylinder).
Even in the early stages of the evolution, it seems that the
liquid fraction is constant inside the cylinder except for a
small volume close to the wall of the cylinder. One may still
see that the average value ofφl lowers quickly, and that the
fluctuations ofφl are more important at later stages of the
evolution.

3.4.2. Bubble size distribution
Let us here describe the results of a detailed analysis on

a given subvolume (containing approximately 750 internal
bubbles) extracted from an image obtained approximately
80 minutes after the making of the foam. The distribution of
the volumes of the bubbles inside this subvolume is shown
in Fig. 10. The bin of the histogram is 2000 voxels. One may
see that a large region of the distribution can be approximated
by an exponential distribution.

F a cir-
c he
f of
b n
o

As previously evoked, it is important for us to know to
what extent the small bubbles modify the statistics observed,
and on which basis one can purely neglect them. Indeed, small
bubbles dominate the size distribution. Some of these small
bubbles are spurious bubbles, introduced during the recon-
struction or the segmentation process. This does not influence
the shape of the size distribution except for small bubbles. In
addition, the fact that we only considered bubbles that are
completely embedded in the subvolume, introduces a bias
toward the small bubbles. This could influence significantly
the shape of the distribution if the number of surface bubbles
is comparable to the number of volume bubbles. Thus, it is
important to work on large samples.

3.4.3. Neighborhood
Following the 2D case, most of the models introduced

to describe the coarsening of 3Ddry foams try to relate the
rate of coarsening of individual bubbles or sets of bubbles
to their number of faces (see[2,10], Hilgenfeldt et al. and
Cox et al. and references therein in this volume). However,
it is difficult to define a neighborhood, and hence faces, in
a real 3Dwet foam. One might think the best way to define
rigorously the neighborhood is to work with a dried foam, the
obtention of which was previously discussed. Yet, in such a
foam, there remains no information about the distance sep-
arating two neighboring bubbles, the distance between two
b
d ther
b ach
s bbles
m at are
r hich
a ore
d s but
t ay to
d is to
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c
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o ere
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ig. 10. Frequency histogram of the size of the bubbles contained in
ular area (radius= 350 voxels, height= 256 voxels) corresponding to t
ourth of the whole cell volume. (�) Linear representation of the number
ubbles of sizeV, the bin is set to 2000 voxels; (�) logarithmic representatio
f the same set.
ubbles being here defined as the number ofdilate proce-
ures one must apply to a bubble for it to overlap the o
ubble. This represents a great difficulty of this appro
ince this assumes that distant, though neighboring, bu
ay exchange gas with the same rate as two bubbles th

eally close to one another. Inversely, some bubbles w
re found to be neighbors in the dried foam might be m
istant than bubbles which might have exchanged ga

hat are not considered as neighbors. Thus, another w
etermine whether two bubbles are neighbors or not
ompute their minimal distance. Doing so, one may se
length scale corresponding to the typical size of a pla

order section. Three distributions of number of faces w
omputed and are compared inFig. 11: one deduced from
he foam obtained using the drying process, the two o
btained from the original foam using the maximal dista
riteriad ≤ 2 andd ≤ 7 voxels. Whereas for large numb
f faces, the three distributions are relatively similar, th
re discrepancies for small number of faces. Indeed, wit
istance criterion, it may happen that bubbles are isolat

he liquid so that they do not have any neighbor (seed ≤ 2
n Fig. 11)! Of course, this is not possible on dried foams
an be verified on the “dried foam” curve.

As previously mentioned, one has to take into acc
mall spurious bubbles. They are more likely to posse
ew neighbors. This results in a change of the distributio
he number of faces. In order to see to what extent this f
lays a role, we show inFig. 12the behavior of the avera
nd standard deviation of the distribution as a functio

he volume of the smallest bubble taken into account f
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Fig. 11. Three distributions of the number of faces computed for the same
set of bubbles. The procedure used to obtain a dried foam is described in the
text;d ≤ 2 (respectively, 7) is the maximum distance in voxels between two
bubbles for them to be considered as neighbors.

Fig. 12. Average〈F 〉 (� for the dried foam,© for thed ≤ 2 neighborhood
criterion) and standard deviationσF (� for the dried foam,♦ for thed ≤ 2
neighborhood criterion) values of the number of faces as a function of to the
size of the smallest bubble taken into account in the distribution (in voxels)
for a dried foam.

dried foam and for thed ≤ 2 distance criterion. The influence
of the small bubbles is to shift the distribution towards the
small number of faces and to widen the distribution. Let us
notice that the average number of faces of the dried foam
derived from our experimental results is slightly smaller than
the average number of faces of foams used in different models
(see[11,12]), whereas the average number of faces deduced
from thed ≤ 2 criterion is considerably smaller.

4. Conclusion

In this article, we showed how 3D images of liquid foams
were obtained and processed in order to extract relevant
informations about the foam structure. The X-ray micro-
tomograpgy technic was described, as well as the procedure
used to extract physical informations from subvolume taken
from a 3D images. This enabled us to obtain statistics about

a large number of bubbles (≈750 on the image shown here)
isolated from the walls of the cell, which represents a progress
with respect to previous results obtained on 3D foams. We
highlighted the influence of two parameters on the statistics
obtained from the segmentation process: the first one is the
cut-off on the size of the bubbles. The second one deals with
the definition of the neighborhood in wet foams.

The perspectives are, on the one hand, the extension of this
procedure to the whole volume of the cell in order to increase
the sharpness of the statistics, and, on the other hand, the anal-
ysis of the behavior of single bubbles, which might provide
us useful informations about, amongst other phenomena, the
coarsening of the foam.
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