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Bubble trains are seen rising gracefully from a few points on the glass wall (called nucleation sites)
whenever champagne is poured into a glass. As time passes during the gas-discharging process,
the careful observation of some given bubble columns reveals that the interbubble distance may
change suddenly, thus revealing different rhythmical bubbling regimes. Here, it is reported that the
transitions between the different bubbling regimes of some nucleation sites during gas discharging
is a process which may be ruled by a strong interaction between tiny gas pockets trapped inside the
nucleation site and/or also by an interaction between the tiny bubbles just blown from the nucleation
site.

KEYWORDS: Champagne; sparkling wines; carbonated beverages; effervescence; bubble nucleation;

nucleation sites; bubbling instabilities; cellulose fibers

INTRODUCTION

In champagne and sparkling wines, an excess of carbon
dioxide molecules is formed with ethanol when yeasts ferment
sugars. They are responsible for producing gas bubbles as soon
as the bottle is uncorked. In soda drinks and most fizzy waters,
industrial carbonation is the source of effervescence (1).

In weakly supersaturated liquids such as carbonated beverages
in general, bubble formation and growth require preexisting gas
cavities with radii of curvature large enough to overcome the
nucleation energy barrier and grow freely (2, 3). Closer
inspection of glasses poured with champagne revealed that most
of the bubble nucleation sites were found to be located on
preexisting gas cavities trapped inside hollow and roughly
cylindrical cellulose-fiber-made structures on the order of 100
µm long with a cavity mouth of several micrometers (4-6).
These fibers are released from the surrounding air or from the
towel used to wipe the glass. Fibers probably adhere on the
flute wall due to electrostatic forces (especially if the glass or
flute is vigorously wiped by a towel). Flutes that have been
cleaned with a towel before use show an excess of bubble
nucleation sites and, therefore, an excess of effervescence (7).
Therefore, there is a substantial variation between flutes
depending on how the flute was cleaned and how it was left
before serving. If it is not wiped by use of a towel and left
upside down during the drying process, fibers will not be able
to settle and adhere on the glass wall, for example.

It is also well-known that bubbles may also arise from
microscratches on the glass wall (8, 9), done intentionally by
the glassmaker to produce effervescence. A rendering of such
microscratches done by a glassmaker at the bottom of a
champagne flute is displayed inFigure 1. However, in a glass
without such a specific treatment, irregularities of the glass itself
are unable to entrap gas cavities of a critical size needed to
produce bubble formation. In this paper we nevertheless
exclusively focused on bubbling from cellulose fibers, which
are the most common source of bubbles in carbonated beverages.

The hollow cavity inside these fibers where the gas pocket
is trapped during the pouring process is called the lumen. The
mechanism of bubble release from a fiber’s lumen has already
been described and partly modeled in recent papers (4-6,10).
In short, after the opening of a bottle of champagne or sparkling
wine, the thermodynamic equilibrium of CO2 molecules dis-
solved in the liquid medium is broken. The dissolved CO2

molecules become in excess compared to what the liquid
medium can hold. Therefore, CO2 molecules will escape from
the liquid medium through every available gas/liquid interface
to reach a vapor phase. Actually, once the sparkling beverage
is poured into a glass, the tiny gas pockets trapped inside the
collection of fibers adsorbed on the glass wall offer gas/liquid
interfaces to the dissolved CO2 molecules, which cross the
interface toward the gas pockets. In turn, gas pockets grow inside
the fibers’ lumen. When a gas pocket reaches the tip of a fiber,
a bubble is ejected, but a portion of the gas pocket remains
trapped inside the fiber’s lumen and shrinks back to its initial
position, and the cycle starts again until bubble production stops
through lack of dissolved gas molecules (cf.Figure 2). The
fiber displayed inFigure 2 is a sort of textbook case, the
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behavior of which was recently understood and modeled (10).
Studies of the fine mechanisms behind the regular production
of bubbles from those tiny hollow and cylindrical structures
are indeed still in progress (11).

Actually, the process mentioned above and illustrated in
Figure 2 basically describes the repetitive and clockwork bubble
production, but this clockwork process may sometimes be
suddenly broken at some given nucleation sites, which show a
much more intriguing way of blowing bubbles during the gas-
discharging process. In a previous paper, we have already
reported that the bubbling transitions of some nucleation sites
undergo a sequence known as the “period-adding” route, based
on a model that takes into account the coupling between the
bubbling frequency and the frequency of the gas pocket, which
oscillates while trapped inside the fiber’s lumen (12). However,
numerous bubble nucleation sites found on the wall of a glass
poured with champagne, sparkling wine, or soda and showing
bubbling instabilities as time proceeds do not fit the period-
adding scenario.

The aim of this work, based on close observation of some
other nucleation sites presenting sequences of bubbling instabili-
ties during gas discharging in a flute, is twofold: (i) to
underscore and describe the phenomenon of bubbling transitions
as time progresses during the gas discharge; and (ii) to propose
that the transitions between the successive bubbling regimes
could also be ruled by an interaction between multiple gas
pockets trapped inside the fiber’s lumen and/or by an interaction
between the tiny bubbles just blown from the fiber’s tip.

MATERIALS AND METHODS

The close observation of nucleation sites was conducted in situ, at
room temperature (20( 2 °C), in a classic crystal flute (Marianna,

Lednické, Slovakia) with a diameter of 4.9 cm and a wall thickness of
0.8 mm poured with a standard commercial Champagne wine (supplied
by Champagne Pommery, Reims, France). A sample of 150 mL of
champagne was poured into the flute, which was first rinsed using
distilled water and then air-dried. To avoid the effect of the initial liquid
convection on bubble formation, nucleation sites were observed at least
3 min after the champagne had been poured into the flute.

Close-up photographs of bubble trains experiencing bubbling transi-
tions were taken with a photographic camera (Olympus OM2) fitted
with bellows and with a 50:1.8 objective. Close observation of the
nucleation sites themselves was conducted using a high-speed digital
video camera (Speedcam+, Vannier Photelec, France) capable of 2000
frames per second and which was fitted with a microscope objective
(M Plan Apo 5, Mitutoyo, Japan). The time resolution of our high-
speed camera enabled us to examine details of the bubble production
process. The flute was placed on a micrometric plate, which enabled a

Figure 1. At the bottom of this flute, the glassmaker has engraved a
small ring. Bubbles are seen generated from these “artificial” micros-
cratches. Bar ) 1 mm.

Figure 2. Time sequence illustrating one period of the cycle of bubble
birth from the lumen of a typical hollow cellulose fiber adsorbed on the
wall of a glass poured with champagne; the time interval between
successive frames is ≈200 ms. Bar ) 50 µm. Reprinted with permission
from ref 10. Copyright 2005 American Chemical Society.
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precise rotation of the flute in front of the objective. A cold back-light
was placed behind the flute. To homogenize the light, a white
translucent plastic screen was placed between the flute and the back-
light. To have access to the dynamics of bubbling from nucleation sites,
the microscope objective was pointed at the base of each bubble train
investigated. A photographic detail of the microscope objective pointing
to a nucleation site is displayed inFigure 3.

RESULTS AND DISCUSSION

After the champagne had been poured into the flute, thorough
examination (even by the naked eye) of the bubble trains rising
toward the liquid surface revealed a curious and quite unex-

pected phenomenon. As time proceeds, during the gas-discharg-
ing process from the liquid matrix, some of the bubble trains
showed abrupt transitions during the repetitive and rhythmical
production of bubbles. Visually speaking, the macroscopic
pertinent parameter that is characteristic from the successive
bubbling regimes is the interbubble distance between the
successive bubbles of a given bubble train.Figure 4 illustrates
the sudden changes in the bubbling regimes from a given
nucleation site producing bubbles at the bottom of the flute. In
Figure 4, micrographs of a bubble train in its successive
rhythmical bubbling regimes while degassing are displayed. The
duration of a given bubbling regime may vary from a few
seconds to several minutes. In framea, bubbles are seen to be
generated from a period-2 bubbling regime, which is character-
ized by the fact that two successive bubbles rise in pairs. Then,
the bubbling regime suddenly changes, and a multiperiodic
bubbling regime arises, which is displayed in frameb. Later,
in framec, a clockwork bubbling in period 1 occurs when the
distance between two successive bubbles increases monotoni-
cally as they rise, and so on. This nucleation site experienced
various other bubbling regimes during its life, until it finally
ended in a clockwork period-1 bubbling regime presented in
frameg.

To clearly identify the succession of the numerous bubbling
regimes experienced by nucleation sites during the degassing
process, the time intervals between the successive bubbles blown
from various nucleation sites were measured as time proceeds,
in situ, by high-speed video recordings. For each given
nucleation site, time series were obtained that show the

Figure 3. Photographic detail of the workbench used to observe bubble
nucleation sites in close-up.

Figure 4. Time sequence (from left to right) showing a bubble nucleation site at the bottom of a flute poured with champagne blowing bubbles through
different and well-established bubbling regimes. Bar ) 1 mm.
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successive time intervalst between the successive bubbles, that
is, t1, t2, t3, ..., tn-1, tn, tn+1, ...,n being the index assigned to the
nth bubble of the bubble train. From the single time series thus
obtained, a simple analytical method was then used to visualize
the rhythmicity in the production of bubbles from a nucleation
site (13). The time intervals between successive bubbles were
simply plotted as a function of one another (i.e.,tn+1 versustn).
The obtained graph is called the return map. If the return map
corresponding to a given time series contains a single dot-cloud
only, the nucleation site is in a period-1 bubbling regime, that
is, bubbles are released monotonously with a constant time
interval between each bubble. Currently, due to sudden transi-
tions between successive bubbling regimes, it is possible that
more dot-clouds show up in the map. Generally speaking, the
nucleation site is multiperiodic and has a periodicity equal to
the number of dot-clouds in the corresponding return map.

During degassing, the successive time series of a given
nucleation site as well as the corresponding return maps are
displayed inFigures 5 and6, respectively. When the average
bubbling frequency of the nucleation site is≈4 bubbles/s, the
bubbling occurs in a period-3 regime (seeFigure 6a). Further
decrease of the average bubbling frequency to 2 bubbles/s
modifies the bubbling regime, which suddenly turns in a
period-4 regime (seeFigure 6b). When the average bubbling
frequency is≈1.5 bubbles/s, another regime takes place, and
the nucleation site blows bubbles in a period-5 regime (see
Figure 6c). Ultimately, for a bubbling frequency close to 1
bubble/s, the time interval between successive bubbles collapses
in a monotonously period-1 behavior (seeFigure 6d). Thus, it
clearly appears that this given nucleation site experienced
numerous bubbling regimes during its fleeting life, to finally
release bubbles in a clockwork period-1 bubbling regime.

Such a curious and unexpected observation raises the fol-
lowing question: what is/are the mechanism(s) responsible for
the transitions between the different bubbling regimes?

To better identify the fine mechanisms behind this rhythmical
production of bubbles from a few nucleation sites, some of them
experiencing bubbling transitions were filmed in situ by use of
the high-speed digital video camera. Two time sequences are
displayed inFigures 7 and 8, where bubbles are blown in a
period-2 and in a very erratic way, respectively. The lumen of
the cellulose fiber displayed inFigure 7 shows numerous gas
pockets growing, interacting together, and breaking while
releasing a bubble at the fiber’s tip (see framesc, e, andi of
Figure 7). This is a crucial difference with the case of the fiber
displayed inFigure 2, where there is only a single gas pocket
that grows inside the lumen, breaks at the end of the fiber tip,
and therefore releases a bubble with clockwork regularity (10).

Figure 5. Four time series showing the time interval tn between the
successive bubbles blown from a fiber’s tip showing four well-established
bubbling regimes during the gas discharging process (n is the index
assigned to a bubble in the bubble train).

Figure 6. Four return maps corresponding to the four time series presented
in Figure 5 . The periodicity of the bubbling regime is equal to the number
of dot-clouds in each map.
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The fiber’s lumen displayed inFigure 8, which is wider than
that displayed inFigure 7, clearly shows two gas pockets
periodically touching and connecting themselves through a tiny
gas bridge (see framesc, d, f, and i of Figure 8). The
micrometric gas bridge connecting the two gas pockets and
disturbing the overall production of bubbles is enlarged in
Figure 9. This tiny gas bridge is a likely source of instability
in comparison with the classical textbook case of the single gas
pocket fiber displayed inFigure 2 (10). Furthermore, it is worth
noting that contrary to the fiber displayed inFigure 7, where
gas pockets could freely move while interacting inside their
cylindrical “sleeve” of cellulose, the two gas pockets trapped
in the lumen of the fiber displayed inFigure 8 are fixed. This
observation seems to indicate that the wettability of the lumen’s
inner wall may vary from one fiber to another. The huge
diversity of our observations, in terms of the various successive
bubbling regimes, is also directly linked with the “natural”
variability of cellulose fibers (in terms of size, lumen diameter,
inner wall properties, etc.).

In a previous paper, instabilities from a cellulose fiber were
already reported (12). The previously published data showed a
general rule concerning instabilities arising from some fibers
presenting just one trapped gas pocket. In our previous paper,
the successive rythmical bubbling regimes followed the so-called
period-adding scenario (12). Nevertheless, this previously
published scenario does not fit the various ways of blowing
bubbles from more complex cellulose fibers able to entrap
numerous gas pockets as shown inFigures 7and8. Numerous
fibers, such as those shown in the present paper, presented a
sequence of various bubbling instabilities, which is not repro-
duced by our previous model (12). A huge collection of
successive rythmical bubbling regimes has been observed, and
the highest recorded periodicity was observed for a fiber
presenting a period-12 bubbling regime. The only rule which
seems to fit our observations at this step is that the numerous
fibers (with one or numerous gas pockets interacting) followed
as time progresses seem to always end in a clockwork period-1
bubbling regime. In the future, we plan to modify our previously
developed model to add other gas pockets and to force an
interaction between them. At the moment, we could not find
any general rule with fibers presenting numerous gas pockets
interacting together, but the close-up observation and the
discovery of the multiple gas pockets interacting together are
considered to be a step toward a deeper understanding of the
successive rythmical bubbling regimes arising from complex
fibers.

During the observation in close-up of the release of bubbles
from numerous nucleation sites showing instabilities in their
bubbling regimes, another source of instability was underscored,
which adds further to the sources of instability described above.
The tiny bubbles just blown from the fiber’s tip may sometimes
coalesce (seeFigure 10), thus modifying the overall number
of bubbles produced from the nucleation site, the allure of the
bubble train as seen by the taster, and finally the overall
degassing process in the flute.

This paper reports close-up films showing some of the
mechanisms behind the bubbling instabilities observed in a flute
poured with champagne. The complex interplay between gas
pockets trapped inside nucleation sites was found to be the key
parameter leading to bubbling instabilities. We also have
observed similar bubbling instabilities and transitions in glasses
poured with various sparkling wines and soda drinks, where

Figure 7. Time sequence showing a cellulose fiber releasing bubbles by
pairs, that is, in a period-2 bubbling regime. The black arrows point to
the various gas pockets interacting. The time interval between two
successive frames is 100 ms. Bar ) 100 µm.

Figure 8. Time sequence showing a cellulose fiber releasing bubbles in a very erratic way, without periodicity, contrary to the fiber displayed in Figure
7. Two fixed gas pockets are interacting in the lumen of this cellulose fiber, thus disturbing the periodicity of the bubbling regime. The black arrows point
to the various gas pockets interacting. The time interval between two successive frames is 10 ms. Bar ) 100 µm.
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most of bubble nucleation sites were also identified as being
cellulose fibers.

Furthermore, bubbling instabilities are observed in a huge
quantity of everyday situations, from the food industry (ef-
fervescence and foaming) to biological systems (embolism in
plants). Even human beings may be concerned by the formation
of bubbles. Actually, nitrogen bubbles may arise and grow in
the bloodstream of divers who have breathed high-pressure air
if they resurface too quickly. These observations conducted in
a simple flute poured with champagne may therefore also extend
to the more general field of heterogeneous bubble nucleation
and could eventually contribute to the unlocking of some of
the mysteries hidden behind bubble formation from gas cavities.
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Figure 9. Detail of the cellulose fiber displayed in Figure 8 , which clearly
shows the establishment of a micrometric gas bridge between the two
gas pockets trapped inside the fiber’s lumen. Bar ) 10 µm.

Figure 10. Time sequence showing the coalescence of two bubbles rising
in-line. The time interval between two frames is ≈4 ms. In-line coalescence
may also be responsible for the breaking between different and well-
established bubbling regimes. Bar ) 100 µm.
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