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Period-adding route in sparkling bubbles
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Chains of bubbles are seen rising along the wall whenever champagne is poured into a glass. The careful
observation of a given bubble chain often reveals that the interbubble distance suddenly changes during the
degassing process, indicating different bubbling regimes in this elusive phenomenon of effervescence. We
report the transitions between these different bubbling regimes that present sequences of multiple periods

known as the period-adding route.

DOI: 10.1103/PhysRevE.72.037204

Instabilities leading to transitions in effervescent systems
are observed from biological systems to the food industry
[1,2]. A striking example of the influence of transitions in
degassing process is the dangerous behavior of the explosive
release of CO, from lake Nyos [3]. Moreover, the main
cause of an embolism in living beings also involves bubble
formation from liquids supersaturated with dissolved gas.
For example, gas bubbles can nucleate and develop in the
xylem, the water conducting tissue of vascular plants, which
leads to a blockage of water transport [4]. A gas embolism
may also arise in divers who have breathed high-pressure air,
if they resurface too quickly [5].

Our experiment focuses on the dynamics of bubble nucle-
ation from the wall of a glass freshly poured with cham-
pagne. In this paper we report that the multiperiodic bub-
bling dynamics from sparkling bubbles undergo sequences
known as a period-adding route, similar to those observed in
the complex response in neurons, rhythmic processes in
physiology, electronic circuits, ocean wave motion, and
bubble columns [6-10].

The close-up examination of an everyday situation like
the fizzing of champagne revealed a curious and unexpected
phenomenon. Actually, chains of bubbles are seen rising
along the wall whenever champagne is poured into a glass.
In Fig. 1, macrophotographs of a typical bubble chain issued
from a given bubble nucleation site followed with time while
degassing are displayed. It is observed that the bubbling re-
gime changes in time. In Fig. 1(A) bubbles are seen gener-
ated from a period-2 bubbling regime, which is characterized
by the fact that two successive bubbles rise in pairs. Later, a
multiperiodic bubbling regime arises, which is displayed in
Fig. 1(B). Then a bubbling in period 3 occurs and is shown
in Fig. 1(C). Finally, the nucleation site ends in a clockwork
period-1 bubbling regime presented in Fig. 1(D), where the
distance between two successive bubbles increases mono-
tonically as they rise. Thus, a transition from multiperiodic to
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a clockwork period-1 bubbling regime takes place, raising
the question of what mechanism will be responsible for the
transitions between the different bubbling regimes.

In weakly carbonated water solutions, the clockwork
period-1 bubbling from a cavity of the vessel’s surface has
already been reported and interpreted by Jones et al. [11].
The authors of the previous work proposed two characteristic
time scales for the cycle of bubble production: (i) the bubble
growth time, denoted 7, and (ii) the bubble nucleation time,
denoted 1,. #, is the time required for a bubble, being rooted
to its nucleation site by capillary forces, to grow by diffusion
to its detachment size, whereas ¢, is the time lapse between
the moment the bubble detaches from the site and the mo-
ment a new bubble reappears at the same site. In this model,
the time interval between two successive bubbles is the total
time per cycle, i.e., T=t,+1,. Consequently, the bubbling fre-
quency of a given nucleation site is defined as F;,=1/T.

The dynamics of sparkling bubbles is nevertheless quite
different than the previous description accounting, only for
the clockwork period-1 bubbling regime. Actually, most of
the bubble nucleation sites in carbonated beverages were re-
cently identified as being located on bubble embryos trapped
inside tiny and roughly cylindrical hollow cellulose-fiber
structures of the order of 100 um, with a cavity mouth of a
few micrometers [12]. The close-up observation (conducted
in situ from high-speed video camera recordings) revealed
that the gas pocket trapped inside the fiber oscillates with its
own frequency F. higher than the bubbling frequency F), (see
Fig. 2). The hollow cavity inside the fiber where the trapped
bubble embryo oscillates is denoted the lumen. It is also
worth noting that, in comparison with other types of bub-
bling from artificial nozzles or boiling systems [10,13-15]
bubbles ejected from these tiny cellulose fibers present the
more spherical shapes observed, due to their very low Weber
numbers close to the fiber tip.

Actually, We=(2pRU?)/ y=~10°-10< 1, where We, R,
U, p, and vy are the Weber number, the bubble radius, the
bubble velocity, the liquid density, and its surface tension,
respectively.

Two different and well-defined oscillators may be distin-
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FIG. 1. (a)-(d) Macrophotographs of the bubble chain issued
from a given nucleation site on the wall of a glass poured with
champagne. As time proceeds, the bubble nucleation site experi-
ences different bubbling regimes; in (A) bubbles are seen generated
from a period-2 bubbling regime, which is characterized by the fact
that two successive bubbles rise in pairs. (B) Multiperiodic bub-
bling. As time passes, a bubbling in period 3 occurs and is shown in
(C). Finally, after others various changes in the bubbling regime,
the nucleation site ends in a clockwork period-1 bubbling regime
shown in (D) (bar=1 mm).

guished in this tiny bubbling system [see Fig. 3(a)]: (i) the
gas pocket oscillating while trapped inside the fiber’s lumen,
and (ii) the released bubble in touch with the tip of the fiber.
In what follows, we analyze both oscillators independently.

(i) The characteristic time required for a period of the
oscillating trapped gas pocket is accessible by applying the
classical Fick’s law to the CO, molecules that diffuse from
the liquid bulk into the gas pocket through the gas/liquid
interface. This period is accessible by evaluating the
time needed for a gas pocket to grow, from its initial position
to the tip of the fiber. Actually, the cellulose fiber was con-
sidered as a nearly cylindrical microchannel, where the
trapped gas pocket grows by diffusion. The following equa-
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FIG. 2. Close-up time-sequence illustrating one period of the
oscillation of the gas pocket trapped inside the fiber’s lumen. The
nucleation site is in its period-2 bubbling regime. The time interval
between two successive frames is 20 ms (bar=50 um).
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where P, is the atmospheric pressure, vy the liquid surface
tension, D the diffusion coefficient of CO, molecules
through the liquid medium, r the inner radius of the fiber, R
the ideal gas constant, € the absolute temperature, / the
course of the gas pocket oscillation [see Fig. 3(a)], and \ the
boundary layer around the gas/liquid interface where a gra-
dient Ac of dissolved-CO, molecules exists.

Finally, the frequency F. of the oscillating gas pocket is
approached by

1 ROD  Ac

Fo=~—=—-—"———. (2)
, ( 2y) \h
ot
r
(ii) The bubble, which is blown by the fiber, does not
anchor to the fiber tip (because of unfavorable wetting con-
ditions). Actually, the cellulose is highly hydrophilic and for-
bids any contact line. Therefore, the released bubble imme-
diately begins its rise through the liquid. In the very few tens
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FIG. 3. The cellulose fiber blowing bubbles is a tiny “bubble
gun” modeled as a system of two coupled oscillators; the course of
the bubble embryo oscillating trapped inside the fiber’s lumen is
denoted & (bar=50 um) (a). Temporal evolution obtained from the
model for a period-2 bubbling regime, in which the bubble radius
function has a threshold given by an envelope & cos(2mQF,7) (b).

of micrometers of its early rise, the Reynolds number of the
bubble is much lower than unity and its velocity of rise U is
close to the well-known Stokes velocity, U=(2pgR?)/97,
where R is the bubble radius, p the liquid density, # the
liquid viscosity, and g the acceleration due to gravity [12].
However, while rising through the liquid supersaturated
with dissolved gas, the bubble still continues to grow by
diffusion with a constant growth rate, k=dR/dt [12]. The
absolute velocity of the rear part of the bubble is therefore
the sum of the velocity of the center of mass of the bubble U
(pointing upward) and the velocity of the rear part of the
bubble k (pointing downward). Consequently, the released
bubble stays in touch with the tip of the fiber as soon as k is
higher than the Stokes velocity U. The critical radius needed
to leave the tip of the fiber is therefore accessible through

2 97k
U="PR2 = ks Ro= | 2. 3)
97 2pg

The characteristic time needed to reach this critical size for a
bubble is denoted the residence time ¢, and may be esti-
mated from the relation
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FIG. 4. A comparison between attractors obtained from the ex-
periment (left) and from the model (right), respectively; the lines
between successive dots show the cycle; in (a) the bubbling regime
is in a period 3; in (b) there is a pile-up when the points come into
the vicinity of 7=850 ms, and a very similar behavior is obtained
with the model for a period-7 bubbling regime; in (c) the system
ends abruptly in a clockwork period-1 bubbling regime. The bub-
bling dynamics, both in the experiment and in the model, are char-
acterized by a sequence of increasing periodicity always ending in a
clockwork period-1 bubbling regime.

dR R R /9
Z_Q_C:>[resz_cz 77 (4)
dt t k 2pgk

The bubble growth rate k during the bubble rise has been
derived in a previous paper [12], where it was connected
with some parameters of the liquid medium as follows:

dR RO 202\
LS 0.63—02’3<Lg> Ac.
97

dt P, ®)

Finally, the total time required for a bubble to definitively
leave the fiber’s tip is T=t,+1,,,. Consequently, the bubbling
frequency F), may be written as

(6)

T t,+t

res

The control parameter () that was chosen as the ratio be-
tween F,. and F;, may then be written as follows:

Q=—tomTle g les (7)

By replacing in the latter equation the values of ¢, and t,,
defined in Egs. (1) and (4), the theoretically derived relation-
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FIG. 5. Bifurcation diagram of stable periodic points obtained
by numerical simulation and by gradually decreasing the frequency
ratio ).

ship for the bubble growth rate k defined in (5), the control
parameter ) may be connected with both some fluid and
fiber parameters as follows:

Q=1+A(Ac)"?,

ﬁ>2/3 P(l)/2D2/3 (m 0) 172

2 2 ' ®
ps <P0+ —7))\}1
r

As time proceeds during the continuously bubbling process,
the only parameter that gradually changes in (8) is the con-
centration of dissolved CO, molecules through Ac.

The envelope in the bubble radius function, shown in Fig.
3(b), represents the influence of the trapped gas pocket
(which oscillates at a frequency F.=QF,), given by
£ cos(2mQF,7). The parameter ¢ is related to the amplitude
of interactions between the two systems, and in the model

with A = (
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the value is e=(#,+1,.,)/5. This value was inferred from ob-
servations made from the experiments, in which z,,, is the
residence time without the influence of the gas pocket.
Therefore, the residence time and the oscillatory motion of
the gas pocket control the bubble radius R(7). The bubbling
mode is given by

R(7,,) =Ry + & cosRQmQF,T,,),

Ti=tn+tres’ (9)

where R, is the radius of the bubble just blown from the
fiber’s tip, and 7; is the time interval between two successive
bubbles.

By using () as the control parameter, we obtained some
attractors that can be compared with the experimental recon-
structed attractors. Numerous nucleation sites were followed
while degassing. Series of time intervals departure 7; be-
tween successive bubbles were taken, all along the degassing
process, and plotted as a function of one another (7}, vs T}).
For a given nucleation site, Figs. 4(a)-4(c) present a com-
parison between some maps obtained from the experiment
(left) and from the model (right), respectively. Figure 5
shows the bifurcation diagram of stable periodic points ob-
tained by numerical simulation and by gradually decreasing
the frequency ratio (). The bifurcation has the same charac-
teristics of systems that present a sequence known as period-
adding route [6—10]. The period-adding scenario is typically
characterized by a sequence of increasing periodicity, with a
sudden transition to period 1 or period 2, as the control pa-
rameter ) is changed.

In conclusion, we observed transitions from multiperiodic
to single periodic bubbling regimes during the formation of
sparkling bubbles. These bubbling transitions undergo a se-
quence known as a period-adding route, based on a model
that takes into account the coupling between two dominating
time scales: the bubbling frequency F, and the frequency F
of the gas pocket that oscillates while trapped inside the cel-
lulose fiber’s lumen. In our model, the distribution of peri-
odic solutions follows a sequence of different bubbling re-
gimes, and the transitions between these different bubbling
regimes depends on the ratio of the two latter frequencies,
i.e., the parameter O =F_/F),.
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