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Abstract

Sound produced by gas emission through a fluid layer, in the context of volcanic eruption is not yet
fully understood. Strombolian explosions consist in the breaking of large overpresurized bubbles at the
surface of the magma column, which produces two monochromatic signals. In order to enlight the re-
lationship between seismic spectral contents and the physical nature of bursting bubbles, we decide to
focus on the sound emitted by a single bursting bubble at the free surface of a hair-Gel solution. The use
of a non-newtonian fluid takes into account foam properties of lava.

Rising in a Gel solution, an overpressurized bubble develops a sharp centimetre tail. Reaching the fluid
free surface, a thin film separates the bubble from the bulk air. The breaking of the thin film excites
the cavity limited by the bubble walls. As elastic properties of our Gel solutions allow the bubble tail
being motionless during this excitation, the bubble tail plays the role of a resonating tube, emitting a
sound (audible high frequency). Afterwards, a damped shear elastic wave takes place while the bubble
inner-walls fall down (low frequency). A single bursting bubble at the free surface of a non-newtonian
fluid produce two signals of well defined frequency, and thus could be at the origin of the two well-defined
frequencies recorded on the top of the volcanoes vent.

We also present a simple device dealing with soap film breaking under tubes of variable lengths. These
tubes are perfect bubbles of controled properties which confirm us the energy is stocked with the over-
pressure, and mainly released by radiations. This system allows us to develop some intuitions about the
more complicated bubble system.

Reésumé

Lors des éruptions volcaniques, du gaz est amené & traverser les couches de lave pour étre libéré
bruyament en surface. Une partie de I'activité du Stromboli consiste en I’explosion de larges bulles sur-
pressurisées a la surface de colones de laves, qui produisent deux signaux de caractére monochromatique.
Ayant dans l'idée de préciser la relation existant entre la nature des explosions (bulles) et le spectre des
signaux associés, nous nous sommes penchés sur les signaux émis lors de l’explosion d’une bulle d’air
surpréssurisée 4 la surface d’un fluide non-newtonien : du Gel pour les cheveux. L’utilisation de Gel nous
permet de prendre en compte les propriétés viscoélastiques de la lave.

Une bulle d’air qui monte dans une colonne de Gel developpe une queue pointue de I’ordre du centimétre.
En atteignant la surface, un film fin de Gel séparant la bulle de I’air extérieur se forme, puis se rompt
excitant la queue conique de la bulle. Les propriétés élastiques du Gel permettent & cette queue de ne
pas se déformer durant toute la vidange de la bulle. Elle joue alors le role d’un résonateur émettant
un son (haute fréquence audible). Puis les parois de la bulle s’effondrent en s’affaissant, générant une
onde élastique de cisaillement (basse fréquence). Ainsi, ’explosion d’une bulle d’air & la surface d’un
fluide non-newtonien produit deux signaux de fréquences bien définies qui pourraient étre a l’origine des
signaux enregistrés 3 la surface des conduits de lave.

Nous exposons parallélement un petit montage permettant d’écouter la rupture de films de savons sur
des tubes de plexiglass de longueurs variables. Ces tubes et films peuvent étre vus commes des "bulles
parfaites” au sens ou nous en contrdlons les propriétés géométriques. Un bilan d’énergie nous permet
alors de développer quelque intuition sur ’explosion des bulles qui reste plus complexe.
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Introduction

Fluid flows are described by the continuous set of Navier Stokes equations. This description remains
fruitful as long as microscopic and macroscopic scales remain separated. Thus, problems appear on the
one hand as soon as flow sizes are reduced to the flow particle one; typically when a drop detaches
from a capillary under gravity, singular behaviors known as finite-time singularity ensue [1]. On the
other hand, increasing fluid-particles size affords greater degrees of freedom which leads to macroscopic
viscoelasticity [5]. Complex fluids as polymers and wormlike micelles solutions satisfy this size effects.
Under flow, polymers react by bending their statistical equilibrium pelota-shape on time scale allowing
matter-flow interaction. The added feature of self-assembling micelles is that their length distribution is
determined by aggregation kinetics, thus micelles continually break and reform [7, 8, 28]. In both cases,
increasing particle size, introduces one (polymers) or two (micelles) time scales to the relevant physical
parameters. Those new time scales allow spectacular macroscopical effects as the Weissenberg effect. A
rotating cylinder in an elastic fluid will not dig a hole in the free surface, but make the fluid climb along
the cylinder [5]. "Die swell effect" is of the same kind (fig. 1).

F1G. 1 — The Weissenberg effect (Left) ; "die swell effect” (Right) occurs with fluid presenting strong and anisotrope elastic stress
coming out of a capilary tube [5].

Several novel results have been reported : dealing with falling hanging drop, the finite-time singularity

occuring with water drop has been drastically inhibited using polymer solutions [2] or presheared micelles
solutions [11]. Notice here that two properties going the same way (produce a finite-time singularity), lead
to an inhibition of this effect. Also, falling spheres [16] and rising air-bubbles [15] in micelles solutions
have been observed to oscillate without reaching a terminal velocity. And while rising, an air-bubble
displays a sharp and non-axisymmetric cusp, which remains unchanged during a steady rise [5].
Bubbles in non-newtonian fluids have been studied for the past ten years : modeling and understanding
bubbles formation [20]; correlating bubbles rise [21] and coalescence [22] with local change of fluid struc-
tures involving stress competing mechanism. Finally, a liquid film separates air bubbles from the bulk
air at the surface of viscous liquids. These long-lifetime films display unusual dynamical behaviors in
drainage and rupture [9, 10]. Air-bubbles collect and explode this way at the surface of lava flow during
volcanic eruptions.
For instance, Strombolian activity consists in a series of explosions due to the breaking of large overpres-
surized bubble at the surface of the magma column which produces two monochromatic acoustic signals.
The signal of lower frequency could be explained by vibration [30, 32] or coalescence [26] of bubbles
under the free surface. A large agreement seems to link the upper frequency to bubbles explosions them-
selves [26, 31, 32] : this frequency is independant of the geometrical features of the volcanic conduit,
and the pressure in the lava column seems to control the explosivity of the Stromboli [24, 27]. However
the relationship between seismic spectral content and physical nature of the source remains unclear and
unknown : why recorded signals present two well defined frequencies ? And as lava is a foam,

Can a single bubble bursting at the free surface of a non-newtonian fluid produce two sounds of well
defined frequencies ? Or vibrations, and coalescence hypothesis remain necessary.

To answer these questions we are going to listen to bubbles bursting at the free surface of a non-
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newtonian fluid. From now on, two points of view can be adopted : a phenomenological one consists
in listening to a permanent regime of bursting bubbles. Air is permanently injected in the system and
bubbles are allowed to interact : rising bubbles may form new structure : connected long chains similar
to beads [18]. These air tunnels have a proper sound emission, and require to listen globaly to hours of
signals, and thousands of events [33]. Having the choice, a physicist would prefer the second approach
which consists in listening and understanding the explosion of a single bubble at the surface of a non-
presheared and non-newntonian fluid.

Contents of this report

Part ONE focuses on the high frequency a bursting bubble produces. We show that the bubble while
exploding, behaves as an undeformable resonator excited by the tearing of the thin film separating the
bubble from the bulk air. We introduce rough estimates and simple ideas on bursting bubbles.

In Part TWO, we dwell on the thin film properties and on the way its breaking stimulates the re-
sonator. A simple soap film breaking device is presented to establish general results on film - resonator
interaction, and achieve simple energy balances.

Part THREE allows us to enlight the bubble bursting sound with soap film result. The competition
between characteristic times allows the energy emitted by bursting bubbles to present an optimum va-
rying bubbles volume for a given Gel concentration.

Finally, Part FOUR sums up the low frequency properties : a shear elastic wave takes place after the
bubble has collapsed.

The way the report is written should not appear weird. This 6 month work has been mainly spent
in hours of experiments, looking for the simpliest way to prove (or infirm) ours intuitions and the most
scientific way to shot a bursting bubble. I do hope this report to give the reader the feeling he’s reading
a story book of simple, but not so dead easy experiments. Being more formal would have drawn this
"short novel". Going trough it, I hope you will take as much pleasure and astonishment as I did, living
and writing it.



I) Learning about the high frequency

Experiments are conducted in a plexiglas rectangular column (30 x 30 x 88 mm). The cell is fullfilled
with a hair-Gel solution (Gel fijador para el cabello, for men, Camel White ®), and air-bubbles are
generated by means of a submerged orifice at the bottom section of the column using calibrated syringes,
with total volumes ranging from 3 to 50 mL. We watch and listen to bubbles exploding at the free surface
on the top of the cell. Pictures and films are recorded using a fast camera Hisis 2002 that makes possible
to capture 100 to 1220 frames per second. Sound is recorded with an electrostatic microphone (used with
appropriate conditioning and amplification units) ; associated signals are visualized with an oscilloscope
and archived using a simple code under labview. If necessary sounds and frames are synchronised using
a homemade comparator circuit : the sound emission triggers a LED visible on frames, marking a zero
(fig. 10).

Hair-Gel solutions ranging from 25 to 45 % Gel concentration, are prepared with distilled water and
mixed during half a day using a stirring rod. Submitting the solutions to ultrasonic sound, remaining
bubbles are destroyed . Finally, the solutions are left at rest a night before performing experiments. As
the solutions dry up significantly after a week and a half, we do not work more then four days with the
same solution.

For this first part, we listen to a single bubble rising through a non presheared hair-gel solution.
Actually, as our solutions are shear thinning!, a bubble rising through a non presheared hair-Gel solution
creates a privileged path for other bubbles that will rise after it, at least before the solution relaxes.
Bubbles of the same volume rising through a presheared and a non presheared solution do not rise the
same way. In sheared areas, viscosity decreases leading to bubbles of higher velocity, and very different
shape (fig. 2). In order to perform experiments in the same conditions for all bubbles, we could have wait
a few relaxation times of our hair-Gel solution. However, this time lasts more than a few minutes and we
prefer stirring slowly the solution, destroying that way the presheared path 2.

F1G. 2 - A0.70 mL rising bubble in a 40 % Gel solution. Left : the Gel is not presheared, the bubble is creating a sheared conduct.
Right : bubble evolving in this conduct; the bubble is getting thinner and will explose at the free surface with other geometrical
properties than the left-hand bubble (scale : black straight line is worth 1 cm).

After formation, a bubble rises through the gel oscillating as mentioned by Belmonte, and the cusp
periodically extends to a sharp point and then retracts to a blunt edge [15]. The bubble then reaches the
free surface which deforms : while at rest, a thin film separates the bubble from the bulk air. Actually, we
observe two distinct behaviours : a bubble rising in a low Gel-concentration solution (< 30%) stands a
few seconds to a few minutes in equilibrium at the surface before exploding (regime 1), whereas bubbles
rising through a high Gel concentration solution (> 30%) explode immediately when reaching the free
surface (regime 2).

I The viscosity of the solution decreases while increasing the shear-ratio.
2This way, we certainly do preashear a bit the whole Gel solution. But after a few strirring, the solution reaches some
stationary states, and repeating an experiment leads to the same results. We thus kept this method.



F1G. 3 — Bubbles shapes for 3 concentrations and 4 representative volumes. The a) and d) pictures illustrate namely regime 1 &
2 varying Gel concentration and volume. Centered pictures ¢) and d) illustrate a regime change at fixed concentration. In the last
right-hand-side picture, we can see small bubbles emphasizing the threshold property. (scale : black straight lines are worth 1 cm.)

Nevertheless the gel concentration of the solutions is not the only relevant parameter as for interme-
diate concentration of 30% Gel, the solution exhibits both behaviours, depending on the volume of air
injected : meaning that "small bubbles" have a rest at the surface before their film breaks, while "big
bubbles" do not (fig. 3). This volume-driven transition is hardly brought to the fore for concentrations
higher than 30 % because of the threshold properties of our solutions. A way to enlight this transition is
to look at the parameter drastically changing with the volume : the total vertical length of the bubble,

before explosion Ly (fig. 4).

L, (mm)

FI1G. 4 — The length Ly before explosion (£0.4 ms) versus the bubble volume V. As the bubble section before explosion Sy varies
slightly with V, we divide V by Sy. The shape-transition introduced on figure 3 is clearly visible as the graph parts in two regions.
Left-hand-side region ruled by capillarity allows the bubble to rest, while right-hand-side region do not, and is ruled by elasticity.
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Figure 4 exhibits two different regimes :

— the left part of the graph corresponds to low Gel concentration solutions with water like properties.
Bubbles have small volumes® and low overpressure. Bubbles reach an equilibrium at the free surface,
and their shape is almost driven by surface tension. The radius of curvature allows us to evaluate
surface tension. For instance, the picture a) of figure 3 gives a fair v ~ 20mN/m, a weak-but-

correct value for water surface-tension with surfactants.

the right part of the graph corresponds to high Gel concentration solutions, with high elastic pro-
perties. Evaluating the surface tension of the solution for a bubble at the border of the two regimes
gives an absurd v ~ 80mN/m > 20mN/m (second left picture of figure 3) as the surface tension
of Gel solutions of concentrations ranging from 25 to 40 % is almost the same. This evaluation only
involves gravity and surface tension which hence shows that elastic stress rules capillarity for Gel

3capillarity makes bubbles of higher volumes break into smaller ones during their rise.
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concentrations higher than 30 %. Overpressure required to create bubbles in such solutions makes
them unable to rest on the fluid surface before breaking.

At the free surface, capilarity balances the Archimedius forces. And as both regimes present a flow
in the thin film which separates the bubble from the bulk air, an effective surface tension balances the
Archimedius forces (Yers > Ywater). Consequently, a bubble smaller than the effective capillar length
k™1 = \/7er7/pg will have a rest at the free surface, whether larger bubbles will not*.

Finally, we can associate a tail shape before film breaking to both regimes. Bubbles having a rest at
the surface present a round bottom, whether the others present a sharp one. This fact can be intuitively
understood ®. At low Gel concentration ¢, the local pressure equilibrium of a bubble, which gravity center
is at the depth h can be written as :

1 1
gl = 27<Ru 2Rl) @)
writing bubble inner-pressure two different ways, with R,, and R; namely the upper and lower radius
of curvature. As the left-hand is positive, 2 R; has to be greater than R,,, unless what no closed physical
shape should exist for the bubble tail as the pressure is not locally equilibrated. This is the case for every
rising bubbles whatever its overpressure is : the dynamics sets the sharp shape of the bubble tail, which
presents a singularity at its very end.

In both regimes, a bursting bubble is accompanied by the emission of a high and well defined frequency.
Ranging from 1 to 10 kHz, the frequency range is obtained varying two parameters : the bubbles volume
and the Gel concentration of our solutions. In figure 5, we report the typical bubbles shapes and signals
emitted for solutions of 25, 30, 35 and 40 % Gel concentrations.
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FiGc. 5 - Typical bubbles shapes and associated signals, for 25, 30, 35 and 40 % gel concentrations. We can notice the decreasing
frequency, and the increasing signal duration with bubbles volume. Black straight lines are worth 1 cm.

4This argument remains valid for a newtonian fluid with vefrr = ywater-

5A more quantitative approach is non trivial and would not teach us more, unless prove the unicity of the sharp shape
of the bubble tail.

Stypically for shape alike picture a) of figure 3.
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We observe that the frequency emitted by the bursting bubble is directly linked to its length. More
precisely, the frequency of the sound emitted is well defined, and corresponds to the fundamental mode
of the tube corresponding to the tail of the bubble. The better way to see it is to plot the wavelength
associated to the frequency recorded versus the length of the bubble.
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F1G. 6 — Wavelength (mm) of the sound emitted during the bubble bursting, versus the length Ly (mm) of the bubble. The linear
fit is \ = 4L 4+ C®° = 4(L 4 6L). 6L can be interpreted as the real length of vibrating air, excited on the top of the bubble.
Over this length, the plane wave existing in a tube is turned into a spheric wave radiated by the tube. For a radiating tube, L is
known to lie between 0.6 R and 0.8 R with R the tube radius, depending on the shape of the acoustic waveguide [23]. The ordinate
at L =0 gives L ~ 2.5mm, thus R ~ 0.4 cm which is the right rough estimate for our bubbles (see fig. 3).

For the open bubble, the closed end (tail) must be a displacement node, and the open end an antinode
[3]. The distance between a node and the adjacent antinode is one-quarter of the wavelength of the tra-
velling waves. We fairly observe a A = 4L law on figure 6. The point is that the elastic properties of the
solutions allow the bubble to develop a centimetre tail which play the role of an indeformable resonator
excited by the breaking of the film. Actually, the tearing of the thin film creates a sound wave which
makes a round trip between the open horn and the bottom of the bubble, exciting a characteristic length
of the bubble.

A way to see that there is really a characteristic length excited, evolving smoothly with the gel concen-
tration of the solutions, is to compare the bubble to a tube L; x Sy constructed with before-explosion
bubble parameters.

240 ,
V/’
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F1G. 7 — Letft : comparison to the equivalent tube of the same length : length of the bubble before the thin film tears, times
the largest section of the bubble at the same time, versus bubbles volume. The solid line is the first bissectrice representing an
exact tube behaviour. Right : a 0.45 mL bubble in a 35 % Gel solution, on the edge of bursting, showing clearly before explosion’s
parameters Ly and Sy
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Figure 7 shows us that changing the Gel concentration does not modify drastically the structure of
the excited resonator. Furthermore, all solutions at different concentrations are part of the same straight
line, which is not so trivial” : for a given volume, but increasing the concentration, the bubble tail could
present a pointed part more or less important than the cylindrical part. The curves associated would be
more alike a log function or a power function respectively. There is some "universality" in the evolution
of the effective resonating length as this evolution is the same for solutions of different Gel concentration.
At this point, we can conclude that :

The bubble tail is a resonator, equivalent to a tube selecting frequency and excited by the film tearing.
The part of the tail that is really excited seems to evolve independently of the Gel concentration and
smoothly enough to be a relevant physical parameter.

This resonator property is firmly linked to elastic properties that set a sharp tail and introduce a time-
scale large enough to allow the bubble tail being motionless during the sound emission. To be convinced,
we can listen to the sound emitted by a bursting air-bubble at the surface of an aqueous solution of sugar
(60 %) and compare the results with the ones obtained for the 30 % gel concentration solution of the
same viscosity (fig. 8).

F1G. 8 — Air-bubble bursting at the surface of a 60 % sugar aqueous solution (At = 1.6 ms).

Instead of being well defined, the frequency emitted by bubbles bursting on sugar aqueous solutions
slides from 6.6 to 11.7 kHz, approximately. Energy is unequally distributed within both frequencies (fig.
9).

T - T T
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Fia. 9 — Right : FFT of the signal emitted by a 0.35 mL bursting bubble in a 30 % hair-Gel solution. Left : FFT of the
sound emitted by a bursting bubble in a 60 % sugar solution. Original signals are given in both insets. Notice that the energy is
concentrated and released monochromaticaly in the non-newtonian case.

7 Actually, we are in the approximation of low frequency, as A = 4L >> L or R, thus physics is less sensitive to the length
ratio of the wave-guide.
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In the non-newtonian case, the well defined resonator is excited by the film breaking (fig. 10) which will
be discussed in detail in the next part. Roughly, the film breaking gives birth to an acoustic perturbation
that propagates in two directions : a part of it propagates outside the bubble, while the other part is
directed toward the bubble tail. The wave propagating inside the bubble may excite resonant mode of
the cavity. A wave fairly exists in the bubble cavity as long as an overpressure A P remains in the bubble.
We notice experimentally that the film breaking time remains shorter than the overpressure relaxation
time.

F1G. 10 — Pictures of the film breaking for a bubble in a 40 % Gel solution. This sequence corresponds to the duration of the
sound emission (At = 0.8 ms). Notice the surprising horn shape of bubble’s top, not deformed during the sound emission. This
figure is a good example of highly non trivial experimental result.

The case of a highly viscous film breaking with fast pressure equilibrium has been studied by Chaieb
Sahraoui at the MIT [29]. He used viscous polymer solutions (n ~ 103 Pa.s) to make a centimetre film
break. As the viscosity is high, the breaking time 7, is very long in front of the time needed to reach
pressure equilibrium 7p, and the film develops a large scale instability as it falls down under gravity as
a falling big top (fig. 11).

F1G. 11 - Film breaking of a very viscous polymer solution. Pressure equilibrium occurs before the complete film breaking leading
to a large scale instability [29].

Let’s finally notice that we also observe an instability already observed by Debregeas [9, 13], but
completly different from Chaieb’s regime one. We observed a "parachute instability" due to the film

buckling & at the thickness scale.

film buckling

F1G. 12 — Small scale film instability ; right part is a zoom version of the enligthed film. Gel 40%.

This comparison allows us to introduce the last characteristic time relevant for our bubbling issue :
the equilibrium pressure time 7p. Including the period T of the emitted signal, the film breaking time 7y,

8buckling could be translated in french by flambage.
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and the total signal duration 7g, we have all the relevant times of the problem that experimentally can
be ordered as follows® :

T LK1 <Tg~Tp
We thus keep in mind that :

a bursting bubble can be mainly described with two characteristic time-scales : the sound period and
the film breaking time.

And this as long as 7p remains longer than any other time.

Through 73, the thin film tearing remains the excitation of our resonator. However 7, is swamped by
two other times. In order to test the influence of the excitation rate and to really understand it, we will
work with a system very similar to bubbles, in which time-scales are more separated. Let’s focus on the
thin film tearing.

97, varies between 0.2 and 3 ms, while T varies between 0.07 and 0.2 ms.
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IT) Thin film story

The idea of this part is to focus on the excitation (the film tearing) of the resonator (the bubble tail).
As we want to dissociate the film tearing from the natural characteristic times of the system, we used
soap. The soap film breaking duration 730 is the shortest time of the system as :

T ~01ms <T~05ms L7p>~71s5 ~ 10 ms.

The resonator is a tube made of plexiglas which constitutes a well defined and indeformable resonator.
This system allows us to control uncontrollable bubble parameters as the film radius of curvature (over-
pressure) or the "bubble" geometrical properties. This way we will enlight the essential role played by .

I1.1. Experimental setup

To focus on the film tearing, we handcrafted a simple plexiglas cell to listen to a film breaking under a
well known overpressure. We use a "U-tube" of plexyglas which is halfly filled with distilled water. Under
one tube we make a soap film using a razor strip thus trapping in an air volume demarcated by the
distilled water and the soap film. We then inject air in this closed volume using a syringe. This way we
control the inside-pressure, and the water-level change (Ah) in this very tube gives us the overpressure.
We use the fast camera to get the level change with the required precision (typically, Ah is worth a
few tenth of millimeter and varies during 73). Finally, by changing the level of distilled water in the U-
tube before formation of the soap film, we control the resonating frequency of the tube under the soap film.

We made two cells as described, with different diameters : 4 and 8 milimeters. We show in figure 13
the grading of those tubes. The frequency emitted by the tube is plotted versus the opposite of the tube
length recognizing the classic 1/L tube law [3,12]. At last, in inset we plot the wavelength emitted versus
the tube length. The tube is opened at one end (pressure node) and closed at the other (velocity node).
The distance between a node and the adjacent antinode is a quarter wavelength, which is easily verified 1.
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F1G. 13 — Frequency of the signal emitted by the tube versus the inverse of the tube length. Two tubes of respectively
4 and 8 mm of diameters are used. The classical 1/L law is verified in both cases. The deflection observed for the 8 mm dia-
meter tube is linked to the effective length §L defined for figure 6 which is no longer small compared to L. The frequency emitted
has to be written v = c¢/4(L + §L). The 8 mm diameter tube which will always be used for length larger than 12 mm. Inset :
wavelength emitted versus the tube length.

For the grading, the excitation of the tube are provided by the breaking of soap films, which are all
lead to break the same original way : the chamber under the soap film is linked to a syringe of large

107, can be considered as a constant. Using a microscope we check that the film always breaks the same way.
2% 0.
1The linear fit has got a not so surprising 0.15 = — mm offset, which corresponds exactly to the fall of water level
in the tube (0.3 mm) and the radius of the film on top of the cell (0.3 mm).
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volume in front of the tube one. Just handing the syringe provides a thermal distention sufficient to push
up the film and break it in a reproductible way. 12

I1.2. "Broken chord can sing a little"

Watching and listening to a film exploding over a tube, we control two parameters : the tube natural
frequency, as we can change the level of water in the tube, and the excitation of the resonating tube, as
we control the inner overpressure. A soap film tears in less than a few tenth of milisecond : 7, ~ 0.2 ms
meaning v, ~ 5 kHz. We used tube of length ranging from 1 to 8 ¢m, meaning that the natural fre-
quencies of our tubes range from 1 to 5 kHz. Thus, except for the smallest tubes, the system is always
over-excited (vp > Viype)-

We can than conduct two kinds of experiments. The first one consists in varying the excitation over a
tube of given length, that is to say changing overpressure in the tube for a given level of water in the
tube. The other one changes tube length for a given excitation. We begin with the last kind.

First, we choose a well defined excitation, and we change the resonator. We use tubes of different
lengths excited by an exploding thin film, always submitted to the same overpressure Ah. The films are
always made the same way using a rasor strip, and using a large quantity of aqueous soap solution!2. To
sum up general results, let’s take Ah = 0.4 mm for the tube of 8 mm diameter.

a) b) C)ys)
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0.34 0.2
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0.0 Anfti o.og‘ AR LELLEELSL ) O
il 4 VT
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03 & { du ™y
'% -0.3 0.2 ‘
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FiGc. 14 - Up : typical signals emitted by different tubes of length : 1.5 & 4.5 & 7 cm excited the same way (overpressure fixed by
Ah = 0.4 mm). Down : corresponding FFT. We have for the three fft that the first two pics are in the ratio of 3 while the first
and the third one are in the ratio of 5, etc. Insets : zoom on the non linearity for signal b) and c) ; time-scale : second.

Figure 14 gives 3 typical signals for tube lengths ranging from 1.5 to 7 ¢m, and the corresponding fft
(for this excitation). For tube longer than 1.5 c¢m, we notice the presence of harmonics during the first
oscillations of the signals. A zoom on these harmonics is given in inset for L = 4.5& 7 ¢m. The Fourier
transforms confirm us the presence of a large spectral contents for large tube. And that the energy is
equaly distributed in all the excited modes (only a decade of intensity between the first two modes, fol-
lowings are equivalent). At this point, we cannot say more on the nature of the wave the tube contains.

12To break a film, the requested volume-increase is at max a half-sphere volume, i.e. §V ~ 10~ 2c¢m? for a our bubbles
radius of a few mm. The corresponding temperature increase is then 6T ~ T— ~ 0.3°C for a 10 mL syringe volume.

Increase easily provided by the human hand. Large volume V contains all the physics of this phenomenon.
13We verified using a microscope, that soap films always break the same way : draining make the film thining untill it
reaches the newton black film.
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Energy study will close the matter there.

We can also see on figure 14, that the tube is naturaly a damped oscillator.After the film is broken, two
main processes could be responsible for the dissipation. A sound is emitted (radiation), and the relaxa-
tion of the overpressure to zero is associated to an hydrodynamic flow from the in-tube to the outside
generating a viscous dissipation. We have to define an energy we can access experimentaly, this way we
will see how the total energy is really stocked and dissipated.

I1.3. Energy matter

Before dealing with energy, let’s define the energy the microphone is sensitive to. A bursting bubble
produces an acoustic wave. On the one hand, the power associated to the signal we record corresponds
to the kinetic energy per unit time the microphone membrane is able to acquire : ex o pv?, where p is
the inertia of the membrane. On the other hand, the acoustic signal recorded s(t) is proportional to the
pressure fluctuations caused by the acoustic wave '* : s(t) oc p. Finally, as for a propagative wave the
pressure p is proportional to the wave speed v, we can fairly define'® the energy we listen to, during the
signal duration, as :

E = / (s(t)— < s(t) >)?dt  (2)

We have to substract the average level to be sure all signals, especially those of different experiments,
can be compared. Practically, we have to be carefull with the signal duration 7 on which we make the
integration. The oscilloscope always acquires 2000 points for each signal. the integration is discrete and
includes the constant time delay At between 2 points, i.e. the acquisition frequency v, of the oscilloscope :

E = Z (s(t)— < s(t) >)?. At = — Z (s(t)— < s(t) >)? (3)

. Vg .
2000 points 2000 points

We defined an energy associated to the recorded signal in order to explain an "ear-catching" pheno-
menon : a highly curved bursting film is definitely noisier than a flat one. This fact leads us this time,
for a given tube length to listen to the energy emitted by the soap film tearing with different radius
of curvature. We used the tube of 8 mm diameter, which length is set at 5.5 ¢m. The syringe injecting
the air into the tube is reset to the starting position for each film breaking. For each Ah, we took five
measurements, in order to get three measurements with exactly the same Ah. On figure 15, each point
is the average of three measurements.
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F1G. 15 — Energy emitted by a film bursting on a tube of given length (5.5 em), versus the overpressure imposed. The energy is
given with arbitrary units, in conformity with our definition.

14 Assuming the microphone is evolving in a linear regime.
15Notice that except a factor 1/2pc, this is the usual definition of the acoustic power per unit surface : p%/2pc.



13

We notice two facts on graph 15 : the linearity of the energy recorded with the overpressure, and an
increasing dispersion on the energy for the largest Ah :

The linearity of the energy with the overpressure may appear surprising. Our experiment can
be understood as follows : a tube contains an overpressure AP, and is closed at both ends. At time ¢t = 0,
we open the right end (film tearing). Dealing with the problem linearly, the pressure step gives birth to
two symetric waves : one toward the bubble tail, and the other one toward the exterior. Writting f; and
f— the usual solutions of the d’Alembert equation, we find that the initial overpressure is symetricaly
divided into two equal parts leading to the following wave velocity expression [17] :

vy = ?—p]Zfi(:c:Fct) (4),
and the proportionality between the particles speed v and the overpressure AP inside the tube. And
as the energy evolves with v2, we expect a linear dependance of the energy with AP2, and not AP.
The only way to get a proportional relationship between v? and AP is to involve a non-linear mechanism.
The shortness of the film breaking characteristic time in front of all other relevant timescales for the
system, leads us to conclude that a shock wave occurs in the tube when the film breaks.!'® Then writing
the energy conservation on both sides of the shock wave front gives naturally'” :

p<v?>~ AP  (5),
leading the energy stocked in the cavity, being proportional to the overpressure :

E.., x V.AP (6).

And as the losses in the tube are proportional to the energy stocked into the tube, we can easly
understand that the energy we listen to is proportional to the overpressure (this fact will be well detailled
in the next part II.4.). Producing the linear fit of energy to 0 (fig. 15), we can conclude that :

A flat film does not emit any sound : overpressure injects energy in the system {film-bubble} .

We can also notice an increasing dispersion for the largest Ah, which is not a new linear regime
of different slope, but a softer regime before the film breaks. For our thin film generated over a closed
tube, increasing the pressure decreases the radius of curvature, and makes the thin film well rounded. The
radius of curvature of the thin film can decrease until reaching the tube radius (forming a hemisphere),
as increasing it more make surface tension and overpressure evolve the same way. When the thin film is
not far from half sphere shape, it responds softly to a pressure increase. A way to see this consists in
evaluating, in the limit of high overpressure (Ah), the evolution of overpressure itself with a small volume
increase.

2
The volume generated by a rounded thin film is : V = 3 7R3 (1 - cos(a)), where R is the radius
of curvature, and a the angle between the vertical and the film at the boundary (fig. 16). The radius of
curvature is linked to overpressure by Laplace’s law AP = 2%, and geometrically to the tube radius rq

by R sin{a) = rg. This allows us to write the volume V as a single function of AP :

Vzgw(%f [1_ 1—(;—;)2AP2} (7)

16this hypothesis is also fairly coherent with signals fft showing large spectral contents (fig. 14). We also notice the absence
of non-linearity for a 1.5 em tube (fig. 14.a) : the shock-wave front has a spatial extent of a few "acoustic particles" length.
When this spatial extent is worth the tube length at a rough estimate, the tube becomes resonant, and the shock wave the
fundamental \/4 resonating mode.

17vwe forget on purpose numeric coefficients, as we henceforth focus on scaling laws.
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Fic. 16 — Gragh giving the definitions of the relevant parameters needed to explain the soft regime of the film bent.

In the limit of high AP, ;—OAP tends toward 1 as the curvature radius tends toward the tube radius.
2

Setting ;—OAP =1 —¢, with € € 1; we enlight physics rewriting the volume as following :
Y

V:%m«gﬁ(k -(-97) @

In the limit € — 1, we have :

Vo 1-v2e+o(Ve)  (9)

We thus evaluate the sensitivity to volume increase of a film of small curvature radius. We find that :

\g—ﬂ ~ Vel (10),

meaning that for high overpressure regime, increasing the volume under the thin film do not affect
its curvature. Thin film system is in a "soft regime". As soon as all the potential film curvature is used,
the system is definitly less sensitive to an overpressure increase, and stocks less energy : this is another
confirmation of the fact the overpressure contains the energy of the system.

Looking after the energy released on top of a tube of given length for different excitations leads us to
understand the nature of the wave evolving in the tube : it is a shock wave exciting in a non trivial way
several modes (fig. 14), and leading to a quadratic relationship between the particles velocity and the over-
pressure (5). We are also convinced now, that the bubble overpressure allows energy to be stocked (fig. 15).

However we do not know the way energy is dissipated, as two ways of dissipating energy exist : ra-
diation and viscous dissipations. The next part will also help us to bring more proofs of the shock wave
existence.

11.4. Energy balances

We want to write energy balances to evaluate which way energy is released from the system, whether
by radiation or viscous dissipation. The signal duration, meaning the caracteristic time for the sound
signal to vanish, is a relevant parameter which is going to help us to write some scaling laws, and put us
on the picture about energy evolution.
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Writing down the total energy conservation law for an incompressible fluid, the viscous dissipation

term occurs to be [14] :
ov;
= = 11
Py ///a” oz, dVv (11),

with o}, the viscous stress tensor. This viscous dissipation takes place on a typical length § = /v /w,
with v the kinematic viscosity, and w a typical frequency. For a given tube, we choose w as the lowest
frequency the tube can emit. The power dissipated (11) can be rewritten dimensionally as follows :

v v
Py ~n=.=.0LR (12)
6 6

0 LR is the volume of a sleeve of the same length L and radius R that the tube, and thickness §. Let’s
now make the assumption that the viscous dissipation is the main process of energy loss in our tube-film
system and see what happens. The energy balance at the tube scale is :

n v?

d 2\ _

Using the expression of the tube volume V' ~ LR?, and subtituting é by its value, we find that :

(14),

where Tg ;5 is the viscous estimation of the signal duration. Notice that the signal duration varies as
TS vis X w‘1/2 (15)

To confirm or infirm our assumption of a viscous driven process, we look at the signal duration
evolution with the frequency. The experiment is lead as follow : the same overpressure is always imposed
to films lead to burst on top of tube of different lengths. As some signals can be fit by a decreasing
exponential, but some other cannot, we choose to collect the real signal duration, and not the caracteristic
decreasing time. We performed this experiment for 3 different overpressures. The real signal duration is
plotted on graph 17 as a function of the frequency.
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FiGc. 17 - Signal total duration g versus the inverse of the frequency recorded, for three different overpressures. Inset : number
of oscillations versus the frequency (kHz).

The signal duration goes definitely linearly with the tube length L, and not as v/L as would be the
case if our asumption were right (remember, for a tube, L oc w™!). Another way to see the 1/v law is to
plot the factor of quality of the tube defined as () = w 75 versus the frequency. Q is approximately the
number of oscillations counted on a signal, and is here constant for a given excitation (Inset fig. 17).
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We have to restate our assumption : energy losses are not driven by the viscous dissipation.
Let’s thus have a look at the energy radiated at the top of the tube as soon as the film has broken.
Evaluating the energy emitted at the end of the tube is really non trivial. A way introduced by L. Landau,

regards the emitting end of the tube as a half vibrating sphere [19]. The energy per unit time emitted by
a vibrating sphere depends on its volume acceleration V', and can dimensionaly be reduced to :

Erad
t

= g <VZ> (16)

And if we write vy the mean particle speed at the opened end of the tube, we can consider the opened
end as a gas source, with a flow Svy = V, with S the tube section. The energy emitted by unit time by
the tube is then :

2

S
Eraa . = pT < ’U‘OZ > (17)

Now, the crux of the matter remains to write properly vy. As vy is yet a mean speed, vy has to be
decomposed in a vy divided by a caracteristic time. The energy is maximum when the acceleration does
too; then the time on which we can expect pulsations at the end of the tube is the shortest time of the
system : let’s write it 7. Substituting vy by vo/7 in the energy expression, we get the energy emitted by
unit time at the end of the tube :

_pS? <yl > (18)

Erad D)
t C T

Using energy conservation (5), energy can finally be expressed as a function of the energy FE..,
contained in the cavity before film breaking (6) :

i Ecav
cT T

(19)

Erad
t

1

Finally, assuming radiation to be the main process for energy loss in the tube, energy balance takes
the following form :

d

da 1
dt

t TS rad

Ecav = _Erad

Ecov (20)

The tube section, and film breaking time are two constant parameters, we conclude that under the
asumption of an energy loss driven by radiation, the signal duration varies like :

TS rad X L ox w™t (21),

which is exactly the scaling law experimentally encountered. Morever the expression of 7g 4q is inde-
pendent of AP which is in full agreement with the experiments (fig. 17).

In order to test our scaling law, we can deduce from the latest lines the radiated-energy variations
with the tube frequency. This gives us a chance to see the self-coherence of our asumption. The total
energy emitted is the radiated energy (19) integrated over the real signal length, that is to say :

S 1

rad tot = Z P Ecov X TSraqg = SLAP (22)

On figure 18, we verify that the radiated energy varies as the length of the tube. The experiment
is conduced for 2 different overpressures and the ratio of the two linear fits equals approximatly the
overpressure ratio. The radiated energy is fairly proportional to the volume and the overpressure.
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F1G. 18 — Energy emitted by tubes of different lengths submitted to the same excitation (Ah = 0.40 & 0.80 mm). The slopes of
the linear fit are in ratio of 2, egual to the overpressure ratio.

Finally, we have introduced 7, the shortest time-scale of the system. We chose to note it 7 as it does
not play any role in our scaling laws, except by being constant'®. However, 7; the film breaking-time is
a suitable candidate for that time 7.

I1.5. Soap conclusions

The energy is stocked in the tube because of the overpressure we inject, which one leads to curve the
film. In that sence, curvature contains the energy. Energy emitted goes also linearly with the overpressure
and the tube length that allows us to propose a last expression for the energy associated to the emitted
signals :

E = f(%) V.AP  (23)

In expression (23) we introduce f as a slowly variable function of 7. Indeed, the film breaking time
Ty is not a perfect constant, and certainly evolves slowly with overpressure and tube length. However, 7
remains the shortest time of the system, and drives the energy dissipation process : mainly radiation.

1801 slowly variable, as long as the variations of 7 are small compared to the next shortest caracteristic time in the system.
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ITT) Back to bubbles

In this part, we get back to the bubble study, keeping in mind soap films results. The purpose is
here to focus on the way the bubble tail (resonator) is excited by the film breaking, which time-scale
is no longer the shortest and limiting time-scale of the system. Even slowly variable, the time of the
film breaking 7, enters in competition with the other time-scales allowing a brandnew behaviour for the
energy associated to the emitted signals. As overpressure is not a well controled parameter of the system
{bubble}, we begin directly with energy matter.

IT1.1. Linear burstings

We saw that for a soap film bursting, the energy is released quasi-equally between the excited modes
and that only a decade gap can be observed between the first two modes. A shock wave taking place
during the film breaking is the only explanation for the energy to be released such a way.

This is not the case for bubbles. Fast Fourier Transform shows us on figure 9 and especially 19, that the
harmonics modes only begin to be significantly excited from 40 % Gel solution, and that at least a 2
decades gap of intensity separates the first two modes.
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F1G. 19 — cCaracteristic FFT of signals emitted by bubbles of increasing volume at the free surface of Hair-Gel solution of
increasing concentration. Scale is the same for the whole four graghs. Insets : corresponding signals; time-scale is the second.

On the one hand, the signals emitted in the 25 % Gel solution present a large spectrum certainly
linked to the water-like properties of the solution, which allow spherical shapes for the bubble. On the
other hand, bubbles bursting at the free surface of a solution of 40 % Gel concentration seems to present
a similar behaviour to a tube, but excited at lower frequencies as the film breaking times are longer
(15 > 1.6ms) than soap ones (7, < 0.2 ms) . Between this two cases, Gel 30 and 35 % solutions exhibit
strong monochromatic behaviours. Whatever, in the whole range of frequency we use, the harmonic are
excited such a weak point, we can consider the problem as linear, meaning that the particles speed is
proportional to the overpressure inside the bubble.

From now on we do not expect the same quantitative behaviour between the soap-film device and explo-
ding bubbles.
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IT1.2. "Sweet and Lowdown"

In Part II, we showed that a plexiglas tube excited by the breaking of a soap-film is a damped oscilla-
tor over-excited. Consequently, plotting the energy versus the frequency emitted by the resonating tube,
we obtain a decreasing shape (fig. 18) : the soap-film breaks very quickly in front of the period of the
signal a the tube can produce. In the case of the exploding bubbles, the breaking-time of the film evolves
with the Gel concentration (~ 0.2 to 4ms), but always remains larger than the period of the signal a
bubble can produce. We would thus expect an increasing shape.

The figure 20 shows the energy released by bubbles bursting versus the frequency emitted. Curves associa-
ted to longer bubbles (35 and 40 % Gel concentration) present a surprising "hat shape", i.e. a resonance.
If "hat-shape" curves present only a few points on the decreasing side, the decreasing side experimentaly

really exists, and remains unclear. Nevertheless, we can present here some results giving an intuition
about what’s going on.
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FiGc. 20 - Energy recorded while bubble bursting, versus the frequency emitted. Dashed lines are only here as an eye-guide.
Experiments are performed for 4 Gel concentrations : 25, 30, 35 and 40 %. Inset : the bubbles overpressure for a 40 % Gel solution.

To ensure the reproductibility of the results, the curve is made two times, the first one increasing the bubbles volume (UP), the
second one decreasing the bubbles volume (DOWN).

We can see what results the scaling law developed in the latest part gives us; we still want to make
an energy balance, and more precisely write a balance about E.,,, the energy stocked by the bubble tail.
We still can write the volume variation as the flow getting out of the bubble V = S.vg. And as here the
shortest time of the system remains the signal period, the energy radiated per unit time can be written :
2 2

pS

S .
E”“dt:pT<U°2>:Tw2<U°2> (24)

Using that vg and AP are proportional (II1.1.), energy can be expressed as a function of the energy
E.,, contained in the cavity before film breaking (6) :

Erad ¢

= Lviap = 2g (25)

cav
Finally, assuming radiation to be the main process for energy loss in the tube (II.), energy balance
takes the following form :

d pc

EEcav = —FE,uq . = _F

B (26)
Integrating (26) over the signal timescale 7g, the energy in the cavity and thus released varies as
follows :

L4
Eepp x — L? (27)
Ts
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Fi1aG. 21 — Signal total duration Ts versus the square of the frequency recorded, for 4 different Gel concentrations.

We find experimentally the L dependance for 7¢ (fig. 21). This scaling-law argument explains the
increasing shape of the energy emitted with the frequency : the limitting time-scale of the system is no
longer slowly variable compared to the other time-scales. However, we cannot explain the decreasing part
of the graph this way. Another effect has to be taken into consideration.

We check the reproductibility of the thin film breaking, exactly as we did for the soap-films.
Using a microscope, we convinced ourselves the film breaks a non trivial, but reproductible way, whatever
the Gel concentration of the solution is. A typical breaking sequence is reproduced on the figure 22.

F1G. 22 — Pictures of the film breaking with a microscope (At = 15 s). The thin film first shows an interference figure, exactly
as a soap-film does. Then the film becomes more and more wrinckeld showing complex figures, till the film breaks.

We check the evolution of the overpressure inside the bubbles with a volume increase.
For a 40 % Gel solution, we measure the overpressure in the bubbles with a static pressure captor, fixed
parallel to the tube supplying in air the submerged orifice creating bubbles in our Gel column. The bubble
liberation triggers a depressure which intensity is recorded with a oscilloscope. We plot the maximum
obtained varying the volume of the bubbles in the inset of figure 20.

Contrary to energy, there is no abrupt evolution of the overpressure with the volume increase. The pres-
sure remains constant in the range of volumes used to plot the 40 % energy curve. The overpressure seems
not to explain the hat-shape energy curves.
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IT1.3. High frequency conclusions

A bursting bubble is a resonating tube excited by the film breaking. Although the film breaking time-
scale remains largest than the period of the signal emitted by the bubble, the evolution of the energy
released with the bubble length is non trivial. We observe a resonance which cannot be explained by the
complex breaking process of the thin film, or the strong overpressure necessary to create a bubble and
make it rise.

We do think this "hat-shape" effect is due to a pure resonance effect inside the tube. Geometrical para-
meters adjust themselves such a way the energy released is maximal only for a set of parameters. The
question remains opened.

After dwelling on the highest frequency over three parts, we can now legitimately focus on the lowest
frequency.
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IV) The low frequency

We focused lately on the low frequency which is not a mystery as being easily visible while performing
experiments dealing with the high frequency. Indeed, this low frequency appears to be a shear elastic
wave, produced by the bubble colapse, and shaking the highest part of the hair-Gel column. The Gel
column used is the same as described in part I., and has been extended on top by a 8 ¢m diameter and
3 ¢m depth cylinder, in order not to be limited by the edge of the cell.

In a newtonian fluid a collapsing bubble produces a surface wave. The bubbles inner-wall fall down on
each other, generating a draught excluder of increasing diameter going away from the colapsing point. On
figure 23 we produce shots of a movie realised with a 60 % sugar aqueous solution where the expension
of the draught excluder is clearly visible.

Fic. 23 — expension of the draught excluder created by a bursting bubble at the free surface of a 60 % sugar aqueous solution.

In the non-newtonian case, the bubble colapses and recoils generating the same surface wave that
in the newtonian case. The elastic properties of the solutions allow a response of the Gel to the bubble
collapse, which consits in a shear elastic wave of a few centimeters depth from the free surface, and a very
few centimeters extension. Oscillations of the small bubbles remaining in our solutions allow us to detect
this shear wave, and that is also a rough estimate mean to get the elastic wave frequency. Small bubbles
are injected underneath the free surface on purpose in a Gel solution. The radius should not exceed a
few millimeter so that small bubbles will keep its shapes. Figure 24 shows the oscillations of two single
bubbles while the wave pass through them. We find an approximate frequency of 15 Hz.

Notice that a simple surface wave is unable to produce such oscillations, but only excite the shear
elastic wave. The frequency associated to a simple surface wave generated by the collapse of bubbles of a
few centimeters length would be inferior to the frequencies we find experimentally, and would not depend
on the Gel properties. Indeed, the frequency of a surface wave generated by a 2 ¢m length colapsing
bubble is :

1 1 27
f—gvgk—g QT—QHZ (28),

with g the gravity and L the bubble length.
Another argument consists in evaluating the product f 7gissipation Which compares the dissipation time-
scale to the surface wave time-scale as follows :

deissipation ~ Vik2 ~ 5.10_3 <1 (29),
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V =0.90 mL, = bubble 1.3 cm
41 Gel35% o bubble 1.7 cm

v=15 Hz

Amplitude (-)

0 20 40 60 80 100 120 140 160
Time (ms)

FiGc. 24 - Single bubble oscillations due to the passing by elastic wave. The bubble is shot with the fast camera, its position
noted down for each frame. Wave diplacement is rebuild this way. The job is done for 2 bubbles; their respective distances to the
collapsing point are indicated in centimeter. The fit is obtained minimizing the only frequency.

using a viscosity of approximately 10° v44te-. We thus conclude a simple surface wave is quickly
dissipated and cannot be the motor of the Gel vibration.

However this method of following a single oscillating bubble does not give access to the wave ampli-
tude decrease!®, and remains rough to get the frequency accuratly. A more appropriate method consists
in enlightning a given point of the Gel-solution free surface with a laser beam. Beforehand the free sur-
face have been smoothed out, and the laser beam widen out such a way we obtain a straight laser line
reflecting on the free surface?®. The reflected laser line hit a displacement detector. When the elastic wave
come by, the detector allows us to follow the surface oscillation in a given point.

We first fixed our extended laser beam on a given area, and make bubbles of different volumes explose
at the free surface of a 35 % Gel solution. Between each bubble, the solution is stirred, as we still focus
on non-presheared solutions. On figure 25, surface oscillations obtained with the laser method are ploted
for three different volumes of exploding bubbles.

Amplitude (-)

F1G. 25 — The surface oscillations on a given point due to the the shear elastic wave passing by. We change the volume of the
exploding bubble, and so the intensity of the excitation.

19A good idea would be to inject bubbles of a few milimeters radius on an imaginary line drawn from the colapsing point
to an edge of the cell. Determining the amplitude of each bubble would gives us the decrease of the wave amplitude. After
several attempts, results are not enough accurate to achieve our purpose.

20 A cylinder of plexyglas is sufficient to transform a focused laser beam in a thin laser brush.
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We observe that the resolution of the signal is quite good, and the decreasing amplitude is fairly
visible. Increase the bursting bubbles volume naturaly increase the amplitude of the first pic, and does
not change the elastic wave frequency. For a 35 % Gel solution, we find 14.0 Hz, and a 40 % Gel solution
gives approximately a 15.5 Hz. Generaly speaking, the low frequency increases, and becomes to slide
being less well-defined with increasing Gel concentrations. However, it remains between 10 and 20 Hz
for concentrations going from 30 to 60 %.

Finally, a shear elastic wave satisfy the same equation of propagation as an acoustic wave ; a balance
of forces for a slice of Gel of depth h, width dz and elastic modulus « can be written as follows :

(phdzr) — =k — (hdx) (30)

d?z d?z
dt? dx?

The emerging frequency is thus :

f~ CShI‘jM, with Cspear = \/K/p (31).

This simple dependance of the frequency with L is compatible with the increase of the frequency with
the Gel concentration. The usual shear modulus of our Gel solutions is approximately 100 Pa?!, which
gives a fair frequency of f ~ 15 Hz for a 2 e¢m length bubble.

21This measure has been done in Lyon by J.-C. Geminard, using a rheometer.
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Conclusion and Outlook

We are know convinced that :
a bursting bubble at the free surface of a non-newtonian fluid can produce two well defined frequencies.

The highest, and audible one (a few kH z) is produced by the excitation of the bubble tail which plays

the role of a resonator. The frequency is driven by the bubble-tail length exactly as a tube does and
the breaking of the thin film separating the bubble from the bulk air is the excitation. When the bubble
colapses, a shear elastic wave is generated which involves the Gel solution properties. This low frequency
is slowly dependant of gel properties and is worth about 15 Hz. Finally, an esthetic result is that both
frequencies can be written as a function of bubble length L : fpign = Cqir /4L, while fioy = cger/L.
In order to enlight characteristic-times competition, we developed a simple device to listen to soap-film
bursting on top of plexiglas tubes. By this way we confirmed that the shortest time (7, for a soap film,
T for the bubbles) of the system play an essential role in the oscillator response. This device is also a
very simple way to define, and deal with energy matter : energy is released by radiation in the case of a
motionless resonator. However, optimal conditions for the energy to be released from a bursting bubble
remains to be clearly explained.

Being curious, we conducted some experiments in permanent regime we did not mentioned explicitly
in this report ; bubbles are emitted at a given frequency at the bottom of the cell and the hair-Gel solution
not stirred between two emissions. Bubbles rise and explose without making a stop on top of the Gel
column, whatever the concentration is. As the bubbles are longer (fig. 2, comment), the frequency is
lower, usualy 1 kHz above our results, but the same well defined one for all bubbles. In this regime,
bursting bubbles always leave in addition a small bubble underneath the free surface exploding-point,
meaning the bursting bubble does not empty itself completly. The following bubbles usualy collapse with
the left bubble. And if they collapse while the thin film of the upper bubble is tearing, not only one, but
two high frequencies are emitted (chronologically the first one is always lower than the second one). This
simple result remains another source of explanations for volcanologits.

A study varying the frequency of bubble emission, recording and corelating the frequency emitted remains
to be done; also that a complete study on sound emitted by underneath-the-surface colapsing bubbles.
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T ABLE OF FIGURES

F1G.1 : The Weissenberg effect (Left) and "die swell effect" (Right), [Bird].

F1G.2 : A rising bubble in a 40 % hair-Gel solution ; left : in a non-presheared solution ; right : in a
presheared solution.

F1G.3 : Bubble shapes for 3 concentrations and 4 representative volumes.

Fi1G.4 : The bubble length before explosion L versus the bubble volume V, for 25, 30, 35 and 40 %
Gel concentration.

F1G.5 : Typical bubble shapes and associated signals for 25, 30, 35 and 40 % Gel concentration.

F1G.6 : Wavelength of the sound emitted during the bubble bursting, versus the bubble length before
explosion L.

F1G6.7 : The bubble parameters before explosion versus the bubble volume : smooth evolution of the
effective resonating length.

F1G.8 : Air-bubble bursting at the free surface of a 60 % sugar aqueous solution.

F1G6.9 : Comparison between the signal emitted by a 0.35 mL bursting bubble at the free surface of
a hair-Gel solution and the same process at the free surface of a viscous-equivalent sugar aqueous solution.

F1G.10 : Pictures of the film breaking for a bursting bubble at the free surface of a 40 % Gel solution.
F1G.11 : Film breaking of a very viscous polymer solution. [Chaieb]
F1G.12 : Film Buckling. 40 % Gel solution.

F1G6.13 : Frequency of the signal emitted by the tube versus the inverse of the tube length. Inset :
wavelength versus the tube length.

F1G.14 : Typical signals emitted by different tubes of length 1.5, 4.5 and 7 ¢m, and the corresponding
FFT.

F1G.15 : Energy emitted by the film bursting on a tube of given length (5.5 ¢m), versus the over-
pressure.

F1G6.16 : Graph giving the definitions of the relevant parameters needed to explain the soft regime
of the film bent.

F1G6.17 : Signal total duration 7g versus the inverse of the frequency recorded, for three different
overpressures. Inset : number of oscillations versus the frequency.

F1G.18 : Energy emitted for tubes of different lengths, and submitted to the same excitation (Ah =
0.40 and 0.80 mm).
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F1G.19 : Caracteristic FFT signals emitted by bursting bubbles of increasing volume, at the free
surface of different Gel solutions. Inset : corresponding signals.

F1G.20 : Energy recorded while bubbles burst, versus the frequency emitted. Inset : evolution of the
overpressure inside the bubble with the volume for a 40 % Gel solution.

F1G.21 : Signal total duration 7g versus the square of the frequency recorded, for 4 different Gel
concentrations.

F1G.22 : Expansion of the draught excluder created by a bursting bubble at the free surface of a 60
% sugar aqueous solution.

F1G.23 : Pictures of the thin film breaking with a microscope (At ~ 155).
F1G.24 : Single bubble oscillations due to the coming by elastic wave (Direct method).

F1G.25 : Single bubble oscillations due to the coming by elastic wave (Indirect method).
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