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Bubbles appear when a carbonated drink is poured in a glass. Very stable bubble chains
are clearly observed in champagne, showing an almost straight line from microscopic
nucleation sites from which they are continuously formed. In some other drinks such as
soda, such chains are not straight (not stable). Considering pair interactions for spherical
clean bubbles, bubble chains should not be stable, which contradicts these observations.
The aim of this work is to explain the conditions for bubble chain stability. For this purpose,
experiments and direct numerical simulation are conducted. The bubble size as well as the
level of interface contamination are varied to match the range of parameters in typical
drinks. Both factors are shown to affect the bubble chain stability. The transition from
stable to unstable behavior results from the reversal of the lift force, which is induced by
the bubble wake. A criteria based on the production of vorticity at the bubble surface is
proposed to identify the conditions of transition from stable to unstable bubble chains.
Beyond carbonated drinks, understanding bubble clustering has impact in many two-phase
problems of current importance.

DOI: 10.1103/PhysRevFluids.8.053601

I. INTRODUCTION

Flavor and smell are not the only sensorial traits of drinking champagne. The bubble chains
that appear in a tall glass complete the trifecta: The beauty and visual satisfaction of observing the
consecutive and ordered formation of bubbles are an essential part of the experience. Bubbles in
carbonated drinks, not just champagne, form as excess carbon dioxide exsolves from the supersat-
urated liquid. The supersaturation condition is easily achieved since the bottling pressure is higher
than atmospheric, and hence more gas can be dissolved in the liquid. The chains form as bubbles
are continuously formed at a certain nucleation site; once the bubble reaches a certain critical size
for which buoyancy overcomes the surface tension force that keeps the bubble attached, the bubble
begins to ascend freely. Immediately after the bubble has been dislodged, a new one begins to form.
This process continues for several minutes until most of the dissolved gas comes out of solution [1].
The speed at which bubble rise in the liquid depends on their size and the liquid properties [2–4].
Once the bubbles reach the liquid surface they briefly remain at it while the liquid film drains [5–9].
When the liquid film becomes sufficiently thin, it spontaneously bursts with a characteristic sound
[10] and forms aerosol droplets [9,11,12]. All these processes make a glass of carbonated liquid a
complex laboratory of two-phase flows with intricate physicochemical processes [1,11–14].

The present investigation focuses on the stability of bubble chains: As the bubbles form consec-
utively from the same nucleation site, should they remain in-line or not? Stable in-line motion is
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commonly observed in champagne and other carbonated wines, but is this what one should expect
by considering the hydrodynamic interactions among bubbles? The flow disturbance created by the
motion of a single bubble ascending will exert certain influence on a subsequent bubble moving
behind. Beyond the curiosity of bubble chains in drinks, these results are important in clarifying
the key mechanisms that lead to bubble distributions in bubbly flows in general. The nature of
hydrodynamic interactions among bubbles determines whether clusters are formed [15], which, in
turn, greatly influences the mixing and agitation levels of bubbly flows [16].

Let us first consider the case of two spherical bubbles, with clean interfaces, rising in-line. If
the Reynolds number (defined under Materials and Methods), is higher than 10, then the in-line
motion is unstable because bubbles are ejected from the wake of any previous bubble. The process
is explained by the wake of the leading bubble. Its interaction with the trailing bubble results in the
appearance of a lift force [17,18], FL:

FL = CLρl
4πR3

3
(VL − VB) × (∇ × VL ), (1)

where VL is the velocity field of the leading bubble wake, VB is the velocity field of the trailing
bubble, and CL is a lift coefficient (positive) for spherical and clean bubbles. Such unstable in-line
bubble interaction has been confirmed by experiments [19] and simulations [18]. Recent simulations
have also revealed that the interaction between two bubbles, in the inertial regime, is full of subtleties
[20,21].

For the case of bubbles in champagne, and other aqueous carbonated drinks, the bubble Reynolds
number increases monotonically after the bubble formation as the bubble continues to grow.
However, and most importantly, it reaches a value of Re > 10 a few millimeters after formation [22].
Hence, one would expect that stable bubble chains would not be observed in a glass of champagne.
In this investigation we argue that a stable bubble chain is possible only if the lift force acting on the
trailing bubble changes sign. In such a case, the bubbles would remain in-line regardless of small
disturbances.

Previous investigations have addressed the lift-reversal process. Two mechanisms are known
to cause lift reversal, bubble deformation [3,23,24], and surface contamination [25]. Either one,
or both, can lead to a reversal of the lift force. Harper [26] envisioned that surfactants were in
fact responsible for the stabilization of bubble chains observed on common beverages but did not
propose a physical mechanism to explain the stabilization.

The main objective of this work is to clarify the origin of the in-line stabilization of a bubble
chain, inspired by the particular case of bubble chains in carbonated drinks. Experiments and nu-
merical simulations are conducted to vary the bubble size and surface contamination independently.
To simplify the system, we consider nongrowing bubbles. In the case of carbon dioxide bubbles
rising in supersaturated liquids, the bubbles grow as they ascend. Since the grow rate, Ṙ, is smaller
than the bubble velocity Ṙ/UB < 1, the added mass effect can be neglected [22].

II. MATERIALS AND METHODS

A. Relevant dimensionless groups

The problem of a bubble of radius R rising steadily in a fluid of viscosity μ and density ρ under
the action of gravity g, with a gas-liquid interfacial tension σo, is completely characterized by two
nondimensional numbers. We consider here the Bond number and Archimedes number:

Bo = ρgR2

σ0
, Ar = ρ2gR3

μ2
. (2)

Note that the Archimedes number is in fact a Reynolds number,

Re = ρRUB

μ
, (3)
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TABLE I. Values of physical properties water (carbonated water, Pellegrino), beer (lager, Tecate) and
champagne (sparkling wine, Brut Segura Viudas). The values of the dimensionless numbers were obtained
considering bubbles sizes ranging 0.25 < R < 1 mm.

Fluid ρ (kg/m3) μ (mPa s) σ (mN/m) Bo Ar La Ma

Water 998 1.00 72.0 0.008–0.13 152–9726 0–0.1 0.1
Beer 1124 1.36 55.0 0.013–0.20 105–6700 15–38 0.0014
Sparkling wine 1100 1.47 48.0 0.014–0.23 86–5493 0.2–0.7 0.3
Champagne 992 1.44 58.0 0.010–0.17 73–4653 0.2–0.7 0.3

where characteristic velocity UB = ρgR2/μ is obtained from the balance of the bubble viscous
drag with buoyancy. The bubble deformation can be quantified considering the bubble aspect ratio
defined as χ = DL/DS , where DL and DS are the long and short diameters of an ellipsoidal bubble.
It is well known that χ is a function of Bo [27].

The transfer of surfactants is characterized by the bulk and the interface Péclet numbers,
respectively defined as:

Pe = ρgR3

μD
, Pes = ρgR3

μDs
, (4)

where D and Ds are the surfactant diffusivity coefficient in the bulk and the bubble surface,
respectively. An estimation of Pes for an air bubble of millimetric radius inside a liquid containing
fatty acids or other long chain surfactants [Ds ∼ O(10−10)] gives Pes ≈ 108, indicating negligible
surface diffusion. Therefore, Ds has been set to zero in the simulations.

Furthermore, the surfactant presence at the interface introduces three additional nondimensional
numbers,

α = kaC0μ

ρgR
, La = kaC0

kd
, and Ma = RT �∞

σ0
, (5)

namely the solubility parameter α, the Langmuir number La, and the Marangoni number Ma. C0 is
the surfactant concentration in the liquid bulk, �∞ is the maximum concentration of surfactants at
the interface, and ka and kd are the adsorption and desorption kinetic constants, respectively. R is
the ideal gas constant and T is the absolute temperature. The Langmuir number La compares the
adsoption and desorption source terms at the interface. Clean interfaces are observed for La → 0
while saturated interfaces for La → ∞.

The level of rigidity of the interface due to the Marangoni effect can be quantified by com-
paring the two terms in the right-hand side of Eq. (15), namely the surface tension gradient
∇Iσ ∼ LaMaσ0/R and the liquid viscous shear τ ∼ μLUB/R experienced by a noncontaminated
bubble. Therefore the “rigidity” parameter 	 [8,28] is

	 = Ma

Bo
. (6)

The value of La	 increases with interface contamination by surfactants, which in turn result in the
increase of the interfacial vorticity as shown in Eq. (16).

B. Range of parameters for bubbly drinks

The density, surface tension, and viscosities for water (Pellegrino sparkling water), a lager
beer (Tecate, 4.5% ethanol), sparkling wine (Segura Viudas Brut, 12.5% ethanol), and champagne
(Charles de Cazanove, 12% ethanol) were measured using a pycnometer (25 ml), a tensiometer
(BPT Mobile, KRUSS Scientific Instruments), and rheometer (ARES-G2 Rheometer, TA instru-
ments, concentric cylinders), respectively. The values of these properties are shown in Table I. These
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test beverages were degassed before testing by keeping them in a light vacuum environment (1 mbar)
for 1 h.

Considering bubble radii ranging from 0.25 to 1 mm, the expected values of Ar, Bo, and La for
beer, champagne, and sparkling water, are summarized in Table I.

To estimate the values of La and Ma for these drinks we considered the type of surfactants
and their expected concentrations [29,30]. The equilibrium adsorption parameters for the Langmuir
isotherm were determined for various surfactants from equilibrium surface tension measurements.

For champagne, the surfactants are mainly fatty acids that contribute to the organoleptic sen-
sations [11]. For fatty acids, the Langmuir adsorption isotherm was fitted to the equilibrium
surface tension measurements, which resulted in 0.02 m3/mol < ka/kd < 0.07 m3/mol, and �∞ =
10−5 mol/m2 [29]. Assuming that C0 = 10 mol/m3, La ranges from 0.2 to 0.7 and Ma ≈ 0.3.
Therefore, we estimated that for bubble diameters ranging from 0.25 to 1 mm moving in champagne,
the product of the “rigidity parameter” with the Langmuir number is in the range 0.2 < La	 < 14.
The reader is referred to Refs. [31,32] for a more detailed account on the sorption isotherms of small
molecules.

For beer most surfactants are proteins of molecular weight ranging from 5 to 100 kDa [33,34].
The adsorption of proteins to air-liquid interfaces is significantly different than the adsorption of
small molecules. Most importantly, this adsorption cannot be described by the Langmuir isotherm.
Indeed, protein adsorption requires higher activation energy than fatty acids, once adsorbed proteins
unfold from their three-dimensional structure and create multilayers of adsorbed proteins conferring
elastic and viscous properties to the surface. Also, the adsorption of proteins can be considered as
irreversible [30,35,36]. Nevertheless, attempts to fit adsorption isotherms of proteins with the Lang-
muir isotherm exist. Surface coverage measurements for albumine (molecular weight of 67 kDa)
is one example. These measurements gave ka/kd = 1.3×104 m3/mol and �∞ = 4×10−8 mol/m2

[37,38]. Assuming a concentration of surface active proteins ranging from 0.08 to 0.2 g/l [39]
and an average molecular weight of 67 kDa, we estimate 0.0012 < C0 < 0.003 mol/m3. Therefore,
we obtain Ma ≈ 0.0014 and 15 < La < 40. For bubble from 0.25 to 1 mm in radius, we infer
La	 = Ma La/Bo ≈ 0.1–1.6. Note that other adsorption isotherms have been derived to describe
the adsorption of proteins on air-liquid or liquid-solid interfaces [40,41]; however, the use and
implementation of these isotherms is beyond the scope of this study.

Last, for water, we arbitrarily assigned small values of Ma and La to denote that a small amount
of surfactants are present due to ordinary laboratory conditions.

C. Experimental setup and materials

Bubble chain experiments were conducted in a rectangular plexiglass tank of 50×50×400 mm3.
At the bottom of the tank, a needle was inserted through a self-healing rubber stopper. Blunt edge
needles of three different inner diameters, dc, were used to produce bubbles of different sizes (0.16,
0.26, and 1.55 mm). Air was introduced to the needle to produce bubbles using a syringe pump
(Harvard Apparatus PHD 2000 series), considering flow rates ranging from 1 to 10 ml/min. The
different flow rates resulted in experiments with different bubble formation frequencies which, in
turn, resulted in changes in the interbubble spacing.

To match the Archimedes and Bond numbers for bubbles ascending in typical beverages, a
mixture of 35–65% (by weight) of water-glycerin was used. The resulting fluid had a viscosity
of 0.01 Pa s, which was measured using a rheometer (ARES-G2 Rheometer, TA instruments,
concentric cylinders). The properties of the bubbles produced for each capillary are shown in
Table II.

To calculate the value of La, we considered that for sodium dodecyl sulfate (SDS) aqueous solu-
tions, ka/kd = 0.11 m3/mol, according to Ref. [29]. The critical micellar concentration is 10 mM,
approximately; for higher concentrations of SDS, we can consider that the surface concentration
no longer increases. Therefore, we assume that C∞ = 10 mM. Therefore, different amount of SDS
were added to the fluid to reach values of La relevant to those expected for bubbly drinks.
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TABLE II. Experimental conditions. We used four capillaries with inner diameter dc to produce bubbles of
different radius R.

dc (mm) R (mm) Bo Ar La

0.16, ◦, • 1.1–1.5 0.18–0.39 155–476 0.0
0.8–1.0 0.12–0.19 57–115 0.5
0.8–1.0 0.14–0.20 69–113 1.5

0.26, ◦, • 1.3–1.5 0.26–0.39 262–474 0.0
1.2–1.3 0.30–0.35 237–292 0.5
1.3–1.4 0.38–0.44 293–359 1.5

1.55, ◦, • 2.0–2.1 0.63–0.74 993–1243 0.0
1.8–2.2 0.69–0.94 815–1310 0.5
1.6–1.9 0.56–0.82 517–908 1.5

0.05, Spark. water, 
 0.25 0.008 152 0.1
0.05, Spark. water, 
 0.64 0.056 2610 0.1
0.06, Spark. water, 
 0.76 0.078 4333 0.1
0.16, Spark. water, 
 0.98 0.128 9042 0.1
0.05, Beer, 0.21 0.009 62 27.5
0.05, Beer, 0.38 0.028 354 27.5
0.06, Beer, 
 0.67 0.089 2015 27.5
0.16, Beer, 
 0.84 0.143 4042 27.5
0.05, Spark. wine, 0.19 0.008 37 0.45
0.06, Spark. wine, 0.59 0.078 1128 0.45
0.16, Spark. wine, 
 0.77 0.133 2507 0.45
0.05, Champagne, 0.39 0.026 276 0.45
0.05, Champagne, 0.52 0.045 654 0.45
0.06, Champagne, 
 0.86 0.125 2985 0.45
0.16, Champagne, 
 0.91 0.139 3506 0.45

A series of experiments were conducted with actual sparkling water, beer, sparkling wine, and
real champagne, considering bubble sizes similar to those observed in carbonated liquids. We used a
glass capillary that was heated and stretched to have a very small inner diameter where the bubbles
were formed. The properties of these liquids appear in Table I and the test conditions are in Table II.

D. Numerical simulations

Direct numerical simulations were conducted with the in-house JADIM code by solving the
Navier-Stokes equations coupled with the level-set method. We refer the reader to Refs. [8,42]
for a detailed description of the method and its validation. Briefly, Navier-Stokes equations are
solved for two Newtonian and incompressible fluids using the finite-volume method (second-order
accurate in time and space). Continuity is ensured through a projection method, and the capillary
contribution is considered through the classical continuum surface force method [43]. The interface
position is tracked using the level-set method where the transport of the signed distance to the
interface is controlled through the redistancing method. The important aspect of the considered
numerical approach used here is its ability to account for the interface contamination by the presence
of surfactant in the liquid bulk. The concentration C of surfactant in the liquid bulk is given by the
classical advection-diffusion equation,

∂C

∂t
+ vc · ∇C = ∇ · (Dc∇C), (7)
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while the surfactant concentration � at the interface is given by [44,45]

∂�

∂t
+ ∇s · (vs�) = Ds∇2

s � + S�, (8)

where Dc and Ds are the diffusion coefficients of the surfactants in the liquid phase and along the
interface, respectively; vc is the velocity field in the liquid phase; vs is the projection of vc on
the tangent to the interface; ∇s = [I − (n ⊗ n)] · ∇ is the surface gradient operator; and S� is the
adsorption or desorption source term of surfactants at the interface [45,46],

S� = kaCI (�∞ − �) − kd�, (9)

where ka and kd are adsorption and desorption kinetic constants, respectively; �∞ is the maximum
concentration of surfactants on the interfaces; and CI is the surfactant concentration at the vicinity
of the gas-liquid interfaces. Considering Eqs. (8) and (9), in a steady state (S� = 0), the bubble
interface is covered by the uniform concentration

�0 = �∞
La

1 + La
. (10)

This concentration is the relevant concentration for the interface concentration normalization [see
Eq. (16)].

The variation of the surface tension σ with � is described using the Langmuir adsorption
isotherm [47]:

σ = max

{
σ∞, σ0

[
1 + RT �∞

σ0
ln

(
1 − �

�∞

)]}
, (11)

where R is the ideal gas constant and T is the absolute temperature. σ∞ is a threshold surface
tension, set to 0.05σ0 for stability purposes. It has been verified that the exact value of this threshold
does not affect the bubbles velocity or trajectory and that the surface tension never reaches this
threshold for the range of parameter investigated in this study.

III. RESULTS

A. Experiments

To characterize the system we consider millimetric-sized nitrogen bubbles forming in a capillary
tube and ascending in different viscous liquids. We vary the Bond, Bo, the Archimedes, Ar, and the
Langmuir, La, numbers, defined under Materials and Methods.

Figure 1 shows images of bubble chains (superposing many different instants) using a capillary
tube and a clean water-glycerin mixture, considering different gas flow rates. From similitude
arguments, the bubble size, liquid properties, and gas flow rate are equivalent to bubbles moving
in champagne [48] and other carbonated beverages [49]. In other words, the Archimedes and Bond
numbers are matched as closely as possible for this experiments to those of carbonated drinks. The
lateral dispersion of bubbles from the point of formation indicates that these chains are not stable.
As the gas flow rate increases, the bubble frequency increases and, in turn, the separation distance
in between bubbles decreases. The sideways motion of the bubbles appears sooner as the bubble
separation decreases. This is expected, since the hydrodynamic interaction is stronger for shorter
distances.

To investigate the reason behind the observed unstable behavior of bubble chains we conducted
two types of experiments. First, the bubble size was increased considering the same clean fluid by
changing the size of the capillary through which the bubbles are produced. These results are shown
in Fig. 2(a). In this case, the bubble chain is unstable for small sizes (left and middle images) but
transitions to a stable in-line chain behavior for large bubbles (right image). Note that the Bond
and Archimedes numbers for these large bubbles are larger than expected for bubble chains in
champagne and other beverages (see Materials and Methods).
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FIG. 1. Bubble chains forming from a capillary in a clean fluid. The flow rate through the capillary
increases from 2 to 10 ml/min, from left to right. The bubble frequency ranges from 6 to 18 bubbles/s.
Ar ≈ 150, Bo ≈ 0.2, and La = 0 (see the movies in the Supplemental Material [50]).

In the second experiment, we kept the bubble size relatively fixed by using the same capillary
tube; hence, Bo and Ar did not change significantly. But in this case, we gradually added a surfactant
(sodium dodecyl sulfate) to increase the surface contamination. Figure 2(b) shows that as the amount
of surfactants increases, the bubble chains transitions from being unstable to stable. Experiments for
only one flow rate are shown for both cases (increasing size and increasing surfactant); experiments
for other flow rates (not shown) display the same behavior.

These two experiments clearly indicate that there are two possibilities to stabilize a bubble
chain. However, the physical mechanisms that leads to stabilization remains unexplained. To help
understand this issue, we conducted numerical simulations.

B. Numerical simulations

The details of the numerical scheme can be found in Sec. II D and in the references cited therein.
Most importantly, these simulations are capable of modeling the motion of deformable bubbles
considering the presence of surfactants.

The simulations considered a pair of gas bubbles, initially at rest, rising due to buoyancy
contained in stagnant fluid domain. To simulate the conditions found in a bubble chain, periodic
boundary conditions were imposed on the top and bottom walls of the domain. Many simulations
were conducted considering different bubble sizes and contamination levels. The bubble pair is
initially placed slightly off the in-line configuration (less the 0.2 R).
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FIG. 2. The effect of bubble size and surface contamination on a bubble chain. (a) The bubble size increases
(from left to right) for a liquid without surfactants, La = 0; Ar = (150, 240, 1050), and Bo = (0.18, 0.25, 0.66)
for left, center, and right images. (b) The bubble size is approximately the same, but the amount of surfactant
increases (from left to right). La = (0, 0.1, 0.5), Ar = (240, 150, 225), and Bo = (0.24, 0.21, 0.32) for left,
center, and right images. R is the bubble radius (see the movies in the Supplemental Material [50]).

Figure 3 shows typical results for two characteristic cases. In Figs. 3(a) and 3(b) the results of a
nearly spherical bubble pair (Ar = 400) without surfactants (La = 0) are shown. The bubbles start
close to an in-line configuration at the start of the simulation; after some time, the bubbles no longer
stay vertically aligned, moving away from each other as shown in Fig. 3(a). During this initial transit
period, the wake behind the bubbles develops. To visualize the wake, we show isovorticity surfaces
of the streamwise vorticity, as shown in Fig. 3(b). The interaction of the bubble with the wake in
front of it leads to the appearance of a lift force as indicated by Eq. (1). For the case of spherical
bubbles and the absence of surfactants, the wake has two strands of counter-rotating vorticity, in
agreement with Ref. [51]. This wake structure induces a lift force in opposite directions for each
subsequent bubble. Therefore, the bubbles are pushed sideways, leading to an increasing separation
and deviation from the in-line configuration. These chains are unstable.

In contrast, by considering also spherical bubbles (Ar = 400) but including the effect of sur-
factants such that La = 1 the behavior changes significantly. Figure 3(c) shows the trajectory for
the two bubbles. Clearly, the initial in-line configuration remains unchanged even after the initial
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FIG. 3. Simulation of two interacting bubbles ascending in a fluid. [(a) and (c)] The trajectories of the two
bubbles, where distances are in bubble radius units; [(b) and (d)] streamwise isovorticity surfaces around the
bubbles, ωxUB/R = ±0.05. For both cases Bo = 0.05 and Ar = 400; for [(a) and (b)] La = 0 and for [(b) and
(c)] La = 1.0 (see the movies in the Supplemental Material [50]).

transient period. The structure of the wake around the bubbles in this case, shown in Fig. 3(d), is
significantly different from the case without surfactants. In particular, the vortex pair developing
behind the trailing and leading bubble have the same rotation direction. This configuration induces
a lift force of same direction for both bubbles; therefore, the lift force does not destabilize the in-line
configuration.

As in the case of experiments, simulations were conducted for varying Ar, Bo, and La to identify
the conditions that lead to stability or not. In agreement with the experiments, stable chains were
observed for larger bubbles (more deformed) or when surfactants were present. More importantly,
since the entire flow field around the bubble pair is known, the vorticity field could be readily
obtained. As discussed below, the reversal of the lift force can be attributed to the amount of
vorticity created at the bubble surface. Therefore, a criteria for stability can be proposed based
on the maximum surface vorticity for each case.

For larger bubbles (for higher Reynolds and Weber numbers), it is well known that the trajectories
transitions to a zigzagging path [52]. Although the range of sizes for which such a transition occurs
is beyond those occurring in carbonated drinks, a few simulations were also conducted for such
large bubbles (not shown here). It was found that the presence of surfactants, the transition to a
not-straight path occurs at a smaller value of Reynolds and Weber numbers, in agreement with the
experimental observations in Ref. [53].

IV. DISCUSSION

For the range of Bond and Archimedes numbers relevant to bubbly drinks, the in-line clean
bubble configuration is unstable. In other words, stable bubble chains cannot be observed because
hydrodynamic interactions lead to dispersion. The dispersion is the result of the wake-induced lift
force. Increasing the bubble injection frequency increases the lateral dispersion, as shown in Fig. 1.
An increase in the bubble frequency results in a smaller separation distance between successive
bubbles, for which the wake-induced lift force is larger. Hallez and Legendre [18] showed that the
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FIG. 4. Dispersion angle of the bubble chain. [(a) and (b)] Images of superposed bubbles over time for
the 1 and 10 ml/min, respectively, shown in Fig. 1. In (c), the dispersion angle is shown as a function of
the dimensionless bubble frequency, f R2/ν, for all experiments conducted using the capillary with diameter
dC = 0.16 mm.

magnitude of the wake-induced lift is proportional to the rotational part of the wake velocity field;
the lift magnitude evolves as 1/[r sin(θ )] where r is the distance between the two bubbles centers
and θ is the angle between the center line and the vertical.

To elaborate further on this idea, we measured the bubble chain dispersion angle, α, for different
unstable chains. This is done by superposing the position of bubbles at different instants onto the
same frame, as done in Fig. 1 but considering many more bubbles. Figure 4 shows two examples
for small and high bubble frequencies, Figs. 1(a) and 1(b), respectively. The angle is calculated by
fitting a line from the point at which the chain first becomes unstable to the edge of the bubble
cloud on the top of the image, as indicated by the yellow lines in the image. The angle is then
plotted as a function of frequency for all experiments, in Fig. 4(c). The plot below shows only the
case of small bubbles for different levels of surfactants. The dispersion angle of the unstable bubble
chain increases linearly with bubble frequency. This implies that the bubble-bubble distance also
influences the instability. Adding surfactants reduces the slope of the trend (the angle increases at a
smaller rate with frequency), but the linearity is preserved.

To rationalize this idea we conduct an order of magnitude analysis of the effect of bubble spacing
on the induced lift force. From Eq. (1), we can infer that the the lift force, FL, felt by a trailing bubble
evolves as

FL ∼ CLR3 U 2
B

L

(
1 − R

L

)
, (12)

where L is the separation distance between bubbles, L = UB/ f , where f is the bubble frequency.
When CL has a positive value, the trailing bubble will move sideways at a speed WB. That motion
induces a viscous drag given by FD ∼ μWBR. If we balance lift and drag in the horizontal direction
(for large values of R/L), we can obtain

α ∼ WB

UB
∼ CL f

R2

ν
, (13)
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where α is the half-angle of the bubble dispersion of an unstable chain (assuming small α) and
ν is the fluid kinematic viscosity. This expression indicates that the angle increases linearly with
bubble frequency, in agreement with experimental observations shown in Fig. 4. Furthermore, as
surfactants are added CL is expected to decrease (to eventually reverse, as discussed below), leading
to smaller spreading angle. This fact is also in agreement with the experimental measurements.

Interestingly, the dependence of the dispersion angle of bubble chains with bubble frequency
resembles behavior of the so-called blooming jets [54]. For such pulsed-jets the angle at which they
spread also depends linearly on the pulsating frequency.

The experiments also showed that by increasing the bubble size, without surfactants, a stable
bubble chain configuration could be observed, as shown in Fig. 2(a). The bubble chain becomes
stable because the lift force changes sign. The origin of the lift reversal for deformed bubbles in a
shear flow at large bubble Reynolds number was explained by Adoua et al. [51]. The positive lift
effect [CL > 0 in Eq. (1)] results in the tilting and stretching mechanisms of the vorticity of the
upstream flow in the bubble wake [17,55]. The vorticity produced at the bubble surface is also tilted
and stretched in the wake; however, its contribution gives rise to a streamwise vorticity of opposite
sign and thus an induced lift contribution of opposite direction. When the surface vorticity exceeds a
certain amount, its contribution becomes dominant and therefore the induced lift changes direction
(CL < 0). As the bubble size increases, the bubble shape evolves, becoming more oblate, which, in
turn, increases the production of surface vorticity. Hence, it is expected to observe a lift reversal as
bubbles become more deformed. Such a change in the lift direction been observed experimentally
for air bubbles in different fluids, including water [3,24].

For the case of bubbles in champagne and other carbonated drinks the bubble size is too small
to explain the deformation-induced lift reversal. Typically, for a bubble in water, the lift reversal is
observed for a bubble Reynolds number Re ≈ 1000 corresponding to a bubble aspect ratio χ ≈ 2
[24]. The current experiments and simulations showed that a stable chains could be observed for
small spherical bubbles if the surface was contaminated with surfactants. Therefore, we can argue
that surfactants can also induce a reversal of the lift force. Such a reversal has been reported in
previous experiments [25]. When a sufficient amount of surfactants is present, the bubble surface
becomes immobile. In other words, the surface of the bubble can no longer sustain slip. Such nonslip
condition leads to an increase of the production of vorticity at the surface which is transported to the
bubble wake and is sufficient to change the wake structure. In this case, again, the lift force changes
sign, which implies that the trailing bubble in the wake is pushed to remain in-line, forming a stable
chain.

Since we have access to all flow properties from the numerical simulations we can calculate the
amount of vorticity created at the bubble surface. As discussed above, we expect the surface vorticity
to exceed a certain value for increasing bubble deformation, contamination, or both. The magnitude
of the vorticity at the bubble surface is calculated for each time step of the simulation. To quantify
the vorticity production we consider two quantities: the maximum value or a surface average value.
Each of these quantities increases rapidly when the simulations start to quickly reach a steady state
value after the initial transient. The time evolution of these two quantities is very similar, varying
only in magnitude. We use the maximum value following previous studies [3,56].

The deformation of an air bubble in water can be described in terms of the Bond number, Bo,
or the bubble aspect ratio, χ [24,27]. In Fig. 5(a) the maximum value of the surface vorticity
for each simulation is shown as a function of the Bond number, Bo, and the bubble aspect ratio,
χ . For instance, for a certain bubble size, the Bond number is fixed. By progressively adding
surfactants the maximum amount of surface vorticity increases. It is observed that for all cases
the bubble pair becomes stable once maximum surface vorticity exceeds a threshold value of
ωmaxR/UB = 2.65. This value can be surpassed by adding surfactants or by increasing Bo or χ .
The plot also shows that either the aspect ratio or the bubble Bond number can be used to quantify
the bubble deformation. We found that the transition could be readily detected by either consid-
ering the maximum or mean value of the surface vorticity. The only difference was the value of
threshold.
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FIG. 5. Maximum normalized azimuthal vorticity on bubble surface as function of Bond number (a) and
Langmuir number (b). Filled and empty symbols show unstable and stable chains, respectively. The dashed
line shows the threshold value of ωmaxR/UB = 2.65. The red circles, blue squares, and black triangles shown
simulations for different values of Bo but La = 0, La = 1, or La = 2, respectively. The blue diamonds, magenta
stars, and green sideways triangles show simulations for which both Bo and La were varied. Note that the Ar
was also varied in the simulations (400 < Ar < 11 000).

Considering now the effect of surfactant at the interface, in Fig. 5(b) the maximum vorticity
is shown as a function of the Langmuir number for different values of the Bond number. As in the
previous case, it is clear that the bubbles remain in an in-line configuration once the surface vorticity
exceeds the threshold value. Note that some additional simulations are shown here were the value
of La gradually increased for a fixed Bo (blue diamonds). The results are in good agreement with
the rest of the simulations.

Additionally, to further sustain the argument above we projected the value of the surface vorticity
onto the bubble surface for a few selected cases, shown in Appendix. The images show that the
maximum vorticity is located at the line of maximum curvature for uncontaminated bubbles (La =
0) and at the location where the surfactant gradient is highest for contaminated bubbles (La > 0).

As shown above, the threshold value for ωmax ∼ 2.65UB/R is observed at the transition from
an unstable to stable bubble line. The same vorticity amount is required to reverse the lift force
when either bubble deformation or bubble surface contamination are increased. This confirms that
the transition from unstable to stable is related to the reversal of the lift experienced in the wake of
bubble.

To understand why this is the case, let us consider the stress balance at the bubble interface. At
the bubble surface, the viscous shear stress, �, balances the gradient of surface tension, ∇Iσ :

nb · � · (I − nbnb) = −∇Iσ, (14)

where nb is the normal vector to the bubble surface and ∇I = (I − nbnb) · ∇ is the surface
gradient operator. The gradient of surface tension can be expressed as a function of the surfactant
concentration using the Langmuir adsorption isotherm [47]. The tangential viscous shear along
the flow direction is μ(∂uI/∂r − uI/Rc) and the interfacial azimuthal vorticity is written as ωI =
∂uI/∂r + uI/Rc, where uI is the local bubble interfacial velocity and Rc the radius of curvature.
The interfacial vorticity can then be directly expressed as a function of the two above-mentioned
mechanisms, namely deformation and surface contamination, as

ωI = 2
uI

Rc
+ RT �∞

μ(�∞ − �)
∇I�. (15)
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FIG. 6. Stability map showing the stable and unstable chain behavior in terms of the Bond number and
the product of the rigidity parameter with the Langmuir number. Filled and empty symbols show unstable
and stable chains, respectively. Circles and stars show experimental data, while squares and triangles show
numerical results. The data enclosed in the rectangle correspond to cases for La	 = 0 (clean fluids). The
dashed line presents an line for which ωmaxR/UB ≈ 2.65 which marks the transition. The stars (blue, black, red,
and magenta) show the measurements conducted with carbonated water, beer, sparkling wine, and champagne,
respectively. The yellow, orange, and blue shaded areas represent the expected range of values for champagne,
beer, and water, respectively, according to Table I.

This relation shows that both the surface deformation and the surface contamination can increase
the magnitude of the interfacial vorticity, ωI . Indeed, deformation reduces at the bubble equator
the radius of curvature Rc and the surface contamination results in an accumulation of surfactants
at the rear of the bubble. This expression can be normalized by considering the bubble equivalent
radius R, the characteristic rising velocity of a bubble ρgR2/μ, and the concentration of surfactant
at equilibrium �0 = �∞La/(1 + La) (see Materials and Methods). The normalized vorticity ω∗

I
(denoting all normalized variables with ∗) at the interface can be written as:

ω∗
I = 2

u∗
I

R∗
c

+ La	

1 + La(1 − �∗)
∇∗

I �
∗. (16)

With these ideas, we can now propose a stability map that considers both the effect of bubble
deformation and surface mobility [the first and second terms in the right-hand side of Eq. (16),
respectively] as the main factors determining the stability of a bubble chain. The bubble deformation
can be readily quantified by the Bo number. While La quantifies the amount of surfactants that can
be transferred from the liquid to the bubble surface, a better measure of the effect of surfactants on
the interface behavior is given by the parameter La	, as demonstrated by Eq. (16).

Figure 6 shows both experiments and simulation results in a map of Bo and La	. The filled
and empty markers show unstable and stable chains, respectively. The combination of bubble
deformation and surface rigidity clearly determine the stability conditions of a bubble chain.
Furthermore, the transition results from the amount of vorticity created at the bubble surface as
indicated by the threshold value (dashed line). If the contamination level and the bubble size are
known, the map presented here can be used to determine the stability of a bubble chain. Again,
small bubbles, as those typically observed in carbonated drinks, are not expected to be stable in
clean liquids. However, the presence of surfactants leads to surface immobilization to result in stable
chains.
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We can also note that when bubbles are very small, for Ar < 1, a wake will not develop [57] and
therefore, regardless of contamination, a lift force does not appear. In aqueous liquids, an Ar < 1
corresponds to Bo < 10−3. Bubble chains to the left of this value in the map shown in Fig. 6 will be
stable.

In this study, we neglect the effect of bubble growth. Since the growth rate of the bubbles is
smaller than the bubbles velocity, the flow field around the bubbles is decoupled from the bubble
growth, i.e., at every moment, the flow field is at equilibrium with the bubble size and shape.
Therefore, Fig. 6 can be used to predict the evolution of chain stability as the bubbles grow. Indeed,
in that situation, Bo and Ar increase as the bubble rise; however, La	 decreases as the bubble
grows. Therefore, the chain may transition from stable to unstable, and vice versa, as the bubbles
grow.

To end and to sustain that these claims are valid for bubbles in typical carbonated drinks,
including champagne, we attempt to quantify the Bond number, the rigidity parameters and the
Langmuir number for three types of carbonated beverages. We also conduct experiments with actual
beverages. The calculation of Bo is straightforward, since the values of density, size, and surface
tension are known. For the calculation of 	 and La, on the other hand, some assumptions must
be made of the surface absorption and nature of the typical surfactants in these beverages (see
Materials and Methods). Considering bubbles ranging in radius from 0.25 to 1 mm, carbonated
water is not expected to produce stable chains since a small amount of surfactants is present.
The blue shaded area in Fig. 6 shows the range of parameters valid for water. For champagne,
the type of surfactants and the quantities are well studied and known. Hence, it is possible to
confidently assign the range of expected values of 	 and Bo for the same range of sizes. The
yellow shaded region, shown in Fig. 6, clearly indicates that for this beverage stability of bubble
chains is expected for small bubbles. This is in agreement with what is typically observed. For
the case of beer, on the other hand, we had to make assumptions to infer 	, since the typical
surfactants are very different. We predict that for the same range of bubbles sizes, denoted by
the orange-shaded area in the figure, bubble chains can either be stable or not. This observation
can be seen in some beer glasses, but more carefully conducted experiments are needed to as-
sess bubble chain stability and to understand how proteins immobilize the surface of bubbles in
beer.

The experiments conducted with very small bubbles in water, beer, sparkling wine, and cham-
pagne are also shown in Fig. 6, depicted by the stars. Special glass-pulled capillaries were fabricated
to produce bubbles in the size range of actual beverages. The sizes and values of the relevant
parameters are shown in Table II (a movie is also included in the Supplemental Material [50]).
The chains were stable for sparkling wine and champagne, considering small bubbles. Note
that in one case, we were able to produce a weakly unstable bubble chain for sparkling wine
(Bo = 0.13). For beer, the smallest bubble size produced stable chains, while the other two sizes
showed unstable chains. For water, experiments with these small bubble sizes were all unstable.
These observations are in good agreement with our experiments with mock fluids and numerical
simulations.

V. CONCLUSIONS

In summary, we have demonstrated that the stable bubble chains typically observed in champagne
occur due to the presence of surfactants. For certain bubble sizes, the bubbles can only move in-line
if enough vorticity is produced on their surface. If bubbles are small, then the deformation is not
enough to produce sufficient vorticity. Hence, surface immobilization (resulting from the presence
of surfactants) provides a second source of vorticity that leads to a stable chain. The current results
explain why one observes stable bubble chains in champagne but also provide an interesting case
study of sources of vorticity in bubbly two-phase flows. Additionally, since these effects are now
identified, the stability of a bubble chain could be used to assess the level of surfactant contamination
in any liquid. This idea could be of practical use.
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FIG. 7. Map of the normalized azimuthal vorticity on bubble surface for (a) La = 0, Bo = 0.06, Ar = 400
and (b) La = 0, Bo = 0.2, and Ar = 11 000.
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APPENDIX: DISTRIBUTION OF BUBBLE SURFACE VORTICITY

To show how value of vorticity changes over the surface of the bubble, we calculate the magni-
tude of the azimuthal vorticity and map it onto the bubble surface for several typical cases. Figure 7
shows two cases for uncontaminated bubbles. In both of these cases, the region of highest surface
vorticity coincides with the location of highest radius of curvature. In other words, the maximum
surface vorticity is located at the bubble equator. As discussed above, the bubble deformation
induces the production of surface vorticity. Magnaudet and Mougin [56] calculated the amount
of maximum surface vorticity on an oblate bubble, considering an infinitely large Reynolds number.
The numerical results shown here are in good agreement with their calculations.

The second important mechanism for the production of surface vorticity is the presence of
surfactants, but more specifically the apparance of surface tension gradients. The flow induces a
redistribution of surfactants on the bubble surface, which leads to the appearance different values
of the surface tension across the surface. These gradients are, in turn, responsible for generating
surface vorticity. Since our numerical scheme is capable of capturing the transport of surfactants on
the bubble surface, as detailed under Materials and Methods, we can show the location of maximum
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FIG. 8. (a) Map of the normalized azimuthal vorticity on bubble surface for La = 2.0, Bo = 0.2, and
Ar = 11 000. (b) The map of normalized surfactant concentration, �/�max, corresponding to the case in (a).

vorticity changes when surfactants are present. Figure 8(a) shows the map of surface vorticity for
a bubble with La = 2.0. The red stripe that denotes the location of maximum vorticity, which has
a larger value than the uncontaminated bubble, no longer appears at the bubble equator. Instead, its
location is at the region where the surface concentration gradient is highest, as shown in Fig. 8(b).
The figure show the surfactant concentration, �, mapped onto the bubble surface for the same bubble
pair shown in Fig. 8(a). This increased value of the maximum vorticity and its change in location is
in agreement with our discussion, see Eq. (16).
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