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The rupture of soap films has attracted scientific interest for over a century, but only few qualitative and
quantitative experiments of bursting soap bubbles have been reported so far. Thermotropic smectic films behave,
in many respects, in a very similar manner to lyotropic (soap) films. We compare the rupture dynamics of smectic A
bubbles on a qualitative level with that of soap bubbles. Our attention is focused on the velocity of the progressing
rim around the growing hole, the stability of this rim, changes in the thickness of the film during rupture and the
propagation of mechanical waves ahead of the rim in the remaining film. Differences in the internal structures of
soap films and smectic films manifest themselves in different rupture characteristics. The experiments help us to
understand the dynamical properties of quasi-two-dimensional liquid films far from their mechanical equilibrium.
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1. Introduction

Certain liquid materials with an internal layered mole-
cular structure are able to form stable free-standing
films. A well-known example is soap bubbles, stabi-
lised by surfactant layers at the film surface. In addi-
tion to soap solutions, thermotropic liquid crystals
represent materials with an inherent molecular layer-
ing. In a free-standing smectic film with two liquid-air
interfaces, the layers are arranged parallel to the film
surfaces, and this order is transferred into the internal
of the film, thus stabilising the film against thickness
fluctuations, spontaneous hole formation and rup-
ture. This configuration is metastable because of its
large surface energy as compared with, for example, a
compact droplet of the same liquid volume. When the
film is sufficiently disturbed, for example, when a
freely suspended film is pierced with a hole in its
equilibrium shape, the film is rapidly destroyed. The
excess of surface energy is released and partially trans-
formed into kinetic energy of the material in the rim
around the opening hole. The final state is reached
when the film material is collected in one or multiple
small droplets, and in the meniscus if the film or
bubble has been supported by a solid frame or
capillary.

About a century ago, Athanase Dupré and Lord
Rayleigh proposed a model of the film dynamics dur-
ing the rupture process (/-3). The early models started
from the assumption that the released surface energy is
completely transformed into kinetic energy of the film
material. Quantitative corrections concerning the rim
velocity were introduced around 1960 by Culick (4)

and Taylor (5). Today, the following model for the
burst of a thin liquid film (or bubble) appears to be
generally accepted.

(i) When a hole opens in the film, its edge velocity
depends on the film thickness ¢, the density p
and the surface tension o of the material.

(i1) The velocity of the edge (Culick’s velocity) is

v =1/20/pb. (1)

In this model, there is no initial acceleration
phase of the rim.

(iii) The rim separating the hole from the film col-
lects all of the film material during rupture; the
film far from the rim stays at rest.

(iv) In the case when the film thickness is constant
over the whole film, the hole grows with con-
stant velocity, it expands homogeneously in all
lateral directions. The shape of the hole is circu-
lar in that case.

This model implies that half of the surface energy
contributes to the kinetic energy of the moving rim
and the other half of that energy is dissipated. The
physical basis for this model is the assumption of the
validity of the momentum balance, which relates the
capillary forces in the film to the increasing momen-
tum of the rim. It follows that the mechanical energy is
not conserved. The influences of the surrounding med-
ium (air) is neglected. Dissipation is the natural con-
sequence of the assumption that the rapidly moving
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rim permanently hits the film material at rest. This
material is then accelerated practically instantly
when it is absorbed into the rim. The details of the
dissipation processes are not relevant here.

Since this basic model was established, additional
phenomena have been discovered which are, in part,
incompatible with the model. It has been shown in
further studies that one has to develop a more detailed
description of the rupture process. The most striking
phenomenon during the rupture of soap films, discov-
ered by McEntee, Mysels and Frankel is the appear-
ance of a considerable disturbance in front of the rim,
which is called the aureole by these authors (6, 7). The
authors assume a stepwise thickening Aé of the film.
This step travels with constant velocity away from the
rim. For a step velocity higher than the rim velocity,
the surface tension of the aureole has to be lower than
that of the thinner, undisturbed film.

In the simple model described above, the rim has a
cylindrical shape and the hole confined by the rim is
perfectly round. In experiments, even in the early
snapshot images by Ranz (8) or in the bursting soap
bubble studies by Pandit and Davidson (9), however,
it is evident that the rim does not remain compact in
general; a lateral instability occurs. The edge of the
growing hole frays out during rupture. This results in
the formation of droplets released from the rim, and
hence the rim contains less material than in the ideal
model. This fact has been recognised in soap film
experiments. For example, by McEntee and Mysels
(6), Pandit and Davidson (9), Evers et al. (10, 11)
and in our experiments with thin thermotropic smectic
films (12).

McEntee and Mysels (6) have reported a rim velo-
city much smaller than Culick’s prediction for soap
films thinner than around 100 nm. In this film thick-
ness range, the velocity decreases strongly with deceas-
ing film thickness. This has been confirmed by Evers
et al. (10, 11), who studied the rupture behaviour of
Newton black films. The authors assume that the
influence of both the surrounding air and the elastic
deformations of fluid elements during the entrance
from the resting film into the moving rim have to be
taken into account.

We note that both the above-mentioned soap films
and smectic films are referred to as inviscid, even
though dissipation is involved in the propagation of
the rim. In contrast to these low-viscosity systems,
Debrégeas et al. (13, 14) have studied the rupture of
bubbles formed by highly viscous liquids. They used
polymer melts (polydimethylsiloxane (PDMS)) with
high molecular weight, the viscosity n being of the
order of kilopascals. Such bubbles show qualitatively
different rupture characteristics. The rim accelerates
exponentially, until its velocity reaches a limiting value

at a radius of about R, = 1+/26/po. The velocity fields
in viscous films has been visualised by means of tiny
glass particles dispersed on the film surface. The film
velocity as a function of the distance r from the
expanding hole obeys a relation v (r) o< 1/r, that is,
the film thickness increases globally during the rupture
process.

Comparably few published experiments so far
deal with rupture or collapse of thin smectic films.
On the other hand, smectic films offer a number of
advantages for quantitative studies of the rupture
dynamics, compared with soap films. One of their
advantages over soap solutions is that the are com-
posed of pure, one-component mesogenic material;
other advantages are the absence of drainage pro-
blems, the homogeneity of the film thickness and a
higher accuracy of film thickness measurements. The
viscosity of smectic liquid crystals is often consider-
ably larger than that of water, of the order of 50 mPa
for the material studied here (/5), but it is still orders
of magnitude below that of high-molar-mass poly-
mers. Like soap films, their dynamics can be
described rather well within the inviscid bubble
model and (1) (see (12)).

Today, the rapid progress in high-speed video ima-
ging allows us to analyse the rupture processes in thin
liquid films in great detail (/6). In this study, we com-
pare experimentally the rupture of both soap and
smectic A bubbles in order to obtain insight into simi-
larities and differences of the film dynamics in both
structures, and in order to understand the nature of
the anomalies described above. The two types of a
system differ in their inherent structure and thus the
rupture process in detail has slightly different features.
Soap films are typically made of amphiphile surfac-
tants dissolved in water. At certain surfactant concen-
trations the mixture tends to form bilayers with a
variable amount of water in between. There exists an
ordered, but not homogeneous layer structure.
Usually, in particular in gravitational fields, one
finds film thickness gradients across the film. In con-
trast to soap films, mesogens in a smectic A material
arrange in layers of well-defined thickness 6, of the
order of the molecular length. The orientational order
parameter of the mesogens is typically about 0.8. The
film consists locally of a number of N stacked identical
layers (except for small influences of the surface).
After the smectic film has reached equilibrium with
its meniscus, both N and the film thickness 6 = N é, are
constant across the whole film, or at least over large
portions of the film surface. Any thickness inhomo-
geneity in the film implies the formation of disloca-
tions in the smectic layer arrangement and is thus
energetically unfavourable. Islands (excess layers) or
holes (depletion of layers) vanish in equilibrium.
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2. Experimental setup

A schematic of the experimental setup, where the two
illumination geometries (setups 1 and 2) have been
combined for simplicity, can be seen in Figure 1.
A collimated monochromatic light beam (A = 535
nm) of approximately 2 cm in diameter serves as the
light source. This allows the film thickness profile to be
determined even during rupture. The rupture process
is typically finished within less than 3 ms after initia-
tion. Therefore, we employ an ultrafast camera
(Photron Ultima APX) mounted on a long-range
microscope (Infinity, K2). An additional digital cam-
era (Nikon Coolpix 4500) is mounted on a second
adapter of the microscope to monitor the bubble
before rupture.

We compare the behaviour of the liquid crystal SCB
(4’-Octyl-biphenyl-4-carbonitrile) and an commercially
available soap solution (Pustefix, Dr Rolf Hein GmbH &
Co. KG). 8CB has the phase sequence Cr 21.5°C SmA
33.5°C N 41.5°C 1. It is in the smectic A phase at the
temperature of the measurements, 26°C.

Even before rupture, the differences in the internal
structures described above leads to differences in the
bubble behaviour. The smectic liquid crystal films are
stable: there is no ageing over time periods of several
days. We let the bubbles equilibrate, so that the whole
film is of uniform thickness & before puncture.
Usually, a period of about 1 hour was sufficient to
eliminate islands and holes. In 8CB, the thinnest part
of the freshly drawn film spreads slowly over the whole
film. In contrast, soap films are not long-time persis-
tent; they suffer from drainage. One finds substantial
vertical film thickness gradients (due to gravity), in all
soap bubble experiments. A slow downward material
flow results in a successive thinning of the top. For the
initiation of the rupture of the smectic liquid crystal
films we have used a glass needle. The rupture of the
soap films in practice did not need to be initiated. The
bubbles burst within 2 min following preparation as a
consequence of drainage.

needle

perspex windows
ultrafast camera

D‘L LC bubble

digital long range
camera microscope
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The study of hole growth and of the global shapes
of the bursting structures is preferably performed in
transmitted light. In some experiments, however, we
have observed the bubbles under indirect illumination,
that is, the light source for transmission optics has
been replaced by a diffuse light source illuminating
the bubbles perpendicularly to the observation axis.
The background was kept dark. The detected signal is
a superposition of the light scattered by the liquid plus
some localised reflections in the bubble (which can be
ignored in the evaluation). This illumination geometry
is useful for the analysis of details during rupture, in
particular the fragmentation of the hole edge.

The film thickness is determined with an optical
method as described in (/7). For that purpose we have
used monochromatic illumination. The accuracy is
410 nm for smectic A bubbles and +20 nm for soap
bubbles. One of the problems with optical film thick-
ness measurements of soap bubbles is that the trans-
mitted light passes the film at the front and back side
of the bubble, and in case of inhomogeneous film
thickness, the superposition of the two interference
textures is not unambiguous.

3. Experimental results

The basic features of the bubble burst processes have
been described previously. In a study of soap bubbles
by Pandit and Davidson (9), attention was focused on
the determination of the rupture velocity, and the
authors have verified the momentum conservation
model of (1) with satisfactory accuracy. In addition,
they have reported a decomposition of the rim into
droplets. The average film thickness in these experi-
ments has been determined before rupture from inte-
gral current measurements, experimental data on the
local film thickness are not available. One should also
note that Pandit and Davidson assumed in their
experiments that the rim recesses with uniform and
constant speed. This is correct when the soap film is

*glass fiber
light source ‘parallel light

“diffuse light -

. 1 .
alternatively monochromatic
filter (thickness measurements)

copper box or *black absorbing background
(temperature control)

Figure 1. Sketch of the experimental setup. Most of the experiments are performed in the transmission geometry (respective
parts are labeled with 1); in some experiments, dark field illumination (labeled 2) has been employed.
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uniformly thick everywhere. We analyse this assump-
tion below.

Some of these findings for soap films have also
been reproduced in a study of smectic bubbles (12).
Our earlier measurements confirmed the momentum
balance model and the inviscid film dynamics quite
well, although a small systematic deviation of the rim
velocity from Culick’s prediction to lower values has
been observed. The velocity determined experimen-
tally amounts to about 80% of the theoretical value
of (1). In thin smectic A films, even the instability of
the film edge has been reproduced. The rim decom-
poses into small droplets, whereas in thick films
(micrometres and above), the rim remains straight.
In contrast to the soap film experiments of Pandit
and Davidson, the film thickness of the smectic A
bubbles could be measured locally, and data have
even been obtained dynamically during the burst. In
addition to a slight thickening of the complete film, we
have discovered that bursting smectic bubbles with a
film thickness in the micrometre range start to scatter
light during the rupture process. This feature has not
been considered in soap films before. In the following
experiments, we compare two features of the rupture
process for soap and smectic A bubbles.

(1) We study the light scattering of the film in the
transmission geometry during rupture. This scat-
tering is a consequence of the propagation of
transversal mechanical waves in the film plane.
A possible interpretation is given below.

(i) We analyse the thickness change of the films dur-
ing rupture.

3.1 Initial thickness

Before the rupture process starts, we take images of the
bubbles in monochromatic light or in white transmitted
light to determine the film thickness, either from inter-
ference rings or from the interference colours, respec-
tively. The latter approach gives only a rough measure
of the thickness range, while the images under mono-
chromatic illumination produce quantitative results.
Figure 2 shows the optical appearance of a uniform
1.785 pm thick bubble: the left-hand part shows the
experimental image of one hemisphere in 535 nm
monochromatic light, the right-hand side gives the cal-
culated image. Since the indices of refraction of 8CB, 7,
= 1.673, n, = 1.524 at 27°C, are known (/8), the film
thickness is the only fit parameter in the model. The
numbers and positions of the interference fringes are
precise indicators of the film thickness. The model
makes the well-founded assumption that the smectic
film has the same thickness on the front and back
sides of the bubble. The concentric rings in Figure 2

Figure 2. Simulation of the optical transmission of a smectic
bubble in monochromatic light of 535 nm wavelength. The
radius is 4.58 mm. A uniform thickness of 1.785 ym has been
assumed. The experimental image on the left-hand side has
been background corrected and contrast enhanced.

indicate that the whole film is uniformly thick within
the accuracy of the optical measurement, that is, within
less than 1%. From experience we estimate that the film
is uniformly thick down to the molecular layer level.

The images of the soap bubbles in monochro-
matic light are completely different. Owing to drai-
nage and gravitation, a non-vanishing vertical film
thickness gradient appears. As is seen from a quali-
tative comparison of the experimental and simulated
images (Figures 3 and 4), the films are much thicker
at the bottom than at the top. An unambiguous mea-
surement of the film thickness is possible only where
front and back sides have approximately the same
thickness; this is condition is satisfied in the top part
of the bubble in Figure 4(a). The calculated image
assumes a continuous thickness gradient. In thick
soap films, the absolute interference order of a given
fringe is not always measurable unambiguously, it
may vary by +1 order. Measurements with different
monochromatic wavelengths are difficult since the
film thickness is not in equilibrium. Thus, the optical
measurements give a reliable thickness gradient and
time evolution of the film thickness gradient and time
evolution of the film thickness in the cause of the
rupture process, but yield only an approximate abso-
lute value.

3.2 Rimvelocity

The inviscid film model assumes that the momentum
generated by film rupture is entirely transferred to the
motion of the rim that transports the excess material.
The momentum balance, in combination with the
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Figure 3. Simulation of the optical transmission of a soap
bubble (same as in Figure 4 before rupture) in
monochromatic light of 535 nm wavelength. In this image,
an exponentially decreasing film thickness along the vertical,
from 6.37 pum at the capillary to 135 nm at the bubble top,
has been assumed. Further it is assumed that the film
thickness is the same for all azimuthal positions at a given
height. The simulation shows the characteristic upward bend
of the interference bands (indicating the direction of the film
thickness gradient) as can be seen in the experimental
images. The number and positions of the bands give a
rough measure of the film thickness profile.

assumption that the remaining film is at rest, leads to
the differential equation for the momentum change of
a rim segment with length ¢€:

d
20¢ = % (MyimVv)

where m,,, 1s the mass of the material in the rim per
length € of the border (for a straight edge moving on a
plane film it is mum = [ 6(x(1))pv€dt), x is the
momentary position of the rim and 8(x(¢)) is the film
thickness immediately in front of the moving rim. In
the case of a film of uniform thickness 6, the constant
Culick velocity of (1) and v = 0 solves this equation.
The kinetic energy of each portion of liquid material
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moving in the rim remains constant. The surface
energy of the material absorbed per unit time is trans-
formed into kinetic energy of the same material with a
constant efficiency of % Thus, it is irrelevant for a
uniform film whether the edge is straight or circular,
or whether the film is planar or bent (/2). The situation
is different if the film thickness is inhomogeneous. We
consider two cases here, a flat film with thickness
gradient perpendicular to the propagation direction
of the edge (vertical soap film with vertically propa-
gating straight edge) and a bursting spherical bubble
in the same geometry.

For simplicity, the quantity v§(r) = 20/(pd(x(1)) is
introduced, x is the momentary position of the edge.
For a flat film, one finds

o=(-50)/ (55 ©

while for the spherical film and a horizontal circular
edge, parallel to the lines of equal film thickness, mov-
ing downwards (bubble pierced on top, Figure 5), the
velocity has to be determined from

W(f) = sin0(t)<1 - :;Eg)/(/ot%((’t)) sin 6(1) dt). (3)

Here, 6(¢) is the momentary polar angle of the edge.
In the rupture experiments with smectic films,
where the film thickness is constant, the edges practi-
cally start with velocity vy, an initial acceleration phase
is not resolved. Figure 6(a) shows two typical measure-
ments of the rim velocity for smectic bubbles of uni-
form thickness. The solid lines correspond to Culick’s
model. An acceleration phase can be observed only in
bubbles where different regions of distinct film thick-
nesses are present (see, e.g., Figure 9 below). When the
front hits the dislocation line, and enters a region of
thicker film, an (negative) acceleration is observed and
the velocity of the rim slows down quickly. This is
evident in Figure 6(c) where the vertical dashed line

Figure 4. Time series of the rupture of a soap bubble. The characteristic interference patterns arise from the vertical film
thickness gradient (cf. Figure 3). There is no detectable darkening during rupture. The radius of the bubble is 5.2 mm. The

images are contrast enhanced and background corrected.
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0.00 ms

0.33 ms

0.83 ms

1.33 ms

Figure 5. Time series of the rupture of a smectic A bubble. The film thickness is 2310 nm and the radius is 4.4. mm. There occurs
a global darkening and, in addition, a black front propagates ahead of the rim (see the arrow in (b)). The images are contrast

enhanced and background corrected.
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Figure 6. (a) Rupture dynamics of a smectic bubble with uniform film thickness of 1.46 um, 4.5 mm radius (squares) and 260
nm, 5.1 mm radius (circles). The velocities of the rim are constant and initial acceleration phases are not resolvable. The solid
lines represent Culick’s model with the known parameters of 8CB. (b) Soap film with continuous film thickness gradient, see
Figures 3 and 4. The solid line was calculated numerically from (3) with the optically determined thickness profile 6(¢) = 0.625
pm exp (1.1143(1 — cos ¢) — 0.201 pm, ¢ is the polar angle of the hole. (c) Smectic bubble of 4.5 mm radius, with two regions of
different film thicknesses (Figure 9(a)—(c)). The film in the upper hemisphere was 1.9 ym thick, while in the bottom part it was
much thicker than 10 gm. The dashed line represents (1). The rim velocity slows down even before the rim hits the dislocation
step, and a new asymptotic velocity corresponding to the changed film thickness is approached gradually.

marks the instant when the edge hits the dislocation
step. Interestingly, the velocity already slows down

before the edge has reached this step.

When the film thickness is inhomogeneous, (3) can
be solved only numerically, provided some model or

experimental data for the film profile §(x) is available.
In that case, the solutions depend not only on the film

thickness profile but also on the hole geometry; the

solutions differ for a straight edge on a planar film, for
a circular edge in a planar film and for holes in
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spherical bubbles, cf. (2) and (3). It can be seen imme-
diately from the images in (9) that the upward and
downward moving fronts of the hole are moving at
different velocities. The upward edge, collecting thin-
ner film, is notably faster. The authors have deter-
mined an average velocity in (9).

Figure 6 compares the rupture dynamics of (a) a
smectic bubble of uniform thickness with (c) a bubble
with two uniformly thick regions and (b) a soap bub-
ble with exponentially increasing film thickness from
top to bottom. The linear fits give (a) v= 5.4 m s for
the uniform bubble of = 1.46 pm film thickness and
R = 4.5 mm radius, (b) v = 14.7 m s™' for the uniform
bubble of 6 = 0.26 um film thickness and R = 5.1 mm
radius and (c) v =9 m s~ for the region with thickness
of 0.69 um. These values agree with the solid lines
determined from (3) within an accuracy of 10%. The
asymptotic velocity of v = 1.9 m s™' in (c) would
correspond to a film thickness of 15.1 ym according
to Culick’s model. However, for such thick films it is
not possible to determine ¢ experimentally from the
interference fringes with sufficient accuracy. The soap
film (b), owing to its nonuniform thickness, shows a
typical slowing down of the rim velocity as the hole
progresses towards the thicker film regions at the bot-
tom. The curve calculated with (3) is in qualitative
agreement with the experimental data, but shows
some systematic deviation to lower values as in the
smectic films. The surface tensions used in the calcula-
tions are o = 0.028 N m™' (see (31)) for the smectic
material and 0.0335 N m™' for the soap film, deter-
mined with a Wilhelmy balance in an independent
experiment.

3.3 Scattering of transmitted light

Figure 5 shows a typical burst experiment in smectic A
recorded in monochromatic parallel light in transmis-
sion, and Figure 4 shows a similar experiment with a
soap bubble. For smectic A bubbles, the transmitted
light intensity decreases after the puncture (Figure 5).
Initially, the interference fringes still remain visible in
transmission (Figure 5(b)). Then, there is a very fast
global darkening of the films (bottom of Figures 5(c)
and (d)). It was impossible with our experimental
technique to resolve a front velocity. The darkening
intensifies continuously and homogeneously during
rupture, independent of the film thickness in suffi-
ciently thick films. However, films with thickness
well below 500 nm burst in such short timescales that
the darkening is not visible in the time series.

In addition to this global darkening, a black front
spreads over thick films (micrometer film thickness)
with a certain finite velocity. The global darkening and
the dark front are hard to distinguish in the
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experiment; they are presumably of similar origin.
The velocity of this front seems to be quite indepen-
dent of the film thickness. Since the rim velocity
depends on the film thickness 6, the black front can
only be observed within a certain film thickness range.
In thin films the rim is faster than the typical velocity
of the black front. In the case of very thick films, the
global darkening dominates the transmission charac-
teristics and the black front is difficult to identify.

This darkening of the films in transmission
during rupture has been identified as a consequence
of light scattering (/2). This is particularly evident
from the images in Figure 7 which have been taken
under indirect (dark field) illumination. After pier-
cing of the bubble, the film starts to brighten up
gradually, which provides evidence of some strong
scattering (a faint image of the upper part of the
initial bubble in these pictures is an artifact: an after-
image of the camera at high speed and low illumina-
tion intensity).

Since a similar scattering as in smectic bubbles has
not been reported earlier in soap films, it was one of
the aims of this study to analyse whether this is a
consequence of different film structures or of the dif-
ferent observation techniques. Figures 4 and 8 provide
evidence that this difference between the smectic and
soap films cannot be attributed to the observation
technique. The sequence in Figure 4 shows a typical
soap bubble bursting. No darkening is observed in
transmission, even though the film is several micro-
metres thick at the bottom, nor does one observe
brightening at indirect illumination. This observation
is independent of the initial film thickness profile. The
details of soap film rupture can be seen in Figure 8.

The reason for the scattering could be a dynamic
phenomenon, the peristaltic motion (see Figure 12) of
the film or static inhomogeneities such as focal-conic
domain formation. We interpret the intense scattering
of the bursting smectic film with the assumption that
transversal waves propagate on the film. These waves
undulate the film surfaces in a wavelength range of
micrometres. Such undulations can be classified, in
principle, into two types.

Capillary waves where the two film surfaces are in
phase represent the first type. Such an undulation
leaves the local film thickness unchanged; it is thus
not coupled to modulations of the smectic layer thick-
ness. The propagation speed of such capillary waves,
Vs, 18 given by vy, = 1/20/pd. A comparison with the
velocity of the edge, (1), shows that the two velocities
are equal. Consequently, capillary waves with in-
phase undulations of the upper and lower film surfaces
(bending mode (/9)) do not travel faster than the rim,
and consequently they do not penetrate the remaining
film in front of the hole edge, irrespective of the film
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Figure 7. Bursting smectic bubble observed under indirect illumination. The light source illuminates the bubble at 90° to the
observation direction. Initially, one can see the reflections of the light sources and some mirror images. After rupture, the

smectic film brightens up globally due to light scattering.

Figure 8. Image of a bursting soap bubble compared with
that of the initial undistorted bubble (background
subtracted and contrast enhanced). The bubble radius is
3.8 mm. Evidently, the transmission characteristics of the
remaining film do not change during rupture and there is no
increased light scattering.

thickness. This holds for soap films as well as for
smectic A films.

Strictly, in smectic films an additional term related
to the orientational elasticity enters the equation for
the wave velocity. The energy per film area connected
with this term is of the order of K¢*6, with the wave
number ¢ and the splay elastic constant K. It is orders
of magnitude smaller than the surface tension term 2o.
With typical values of ¢ ~ 102 N m™, K~ 107! N,
g~ 10°m™, § =107° m, one finds a ratio 20/(Kq’6)
> 10°. Thus, it is justified to neglect the orientational
elastic terms for the capillary wave velocity.

Another aspect of these symmetric film surface
undulations concerns their optical properties.
Capillary waves which do not modulate the film thick-
ness have insignificant effects on plane light waves
penetrating the film, that is, their contribution to the
scattering profile and scattering efficiency of the film is
rather small. Even if such mechanical waves would
precede the rim motion, they would hardly be obser-
vable optically in transmission.

We also exclude the static interpretation of the
scattering phenomenon, since such a formation of
focal-conic domains in the films would either occur
instantaneously, that is, with the speed of sound in the
film, or as a consequence of the peristaltic waves. In

the latter case, such layer undulations would be a
secondary effect.

The second type of film undulations, waves that
involve antisymmetric fluctuations of the two film
surfaces (peristaltic waves, squeezing modes (/9)) dif-
fer essentially in soap films and smectic films, because
of the smectic layer compression elasticity. Since such
waves modulate the local film thickness, they not only
cause strong scattering of transmitted light (20), but
they also couple to the smectic layer compression con-
stant B, a material parameter of the order of several
megapascals, which describes the elasticity of smectic
molecular layers with respect to compression and dila-
tation. A back of the envelope calculation of the layer
compression elasticity term shows that peristaltic
undulations move with a velocity of the order of
\/B/p (see (21, 23)) instead of the value \/20/(6p) in
a non-layered system (22). This velocity is two orders
of magnitude larger than the latter case, at least in
films in the micrometre thickness range. This leads to
a faster propagation of peristaltic waves in the smectic
films, their velocity is of the order of 30 to 100 m s~".
When such waves are emitted near the hole edge, they
can precede the rim during rupture and lead to the
characteristic darkening of the transmission images.
As has been determined in earlier experiments (/2), the
typical wavelengths of these peristaltic undulations are
of the order of a few micrometres. A quantitative
analysis of the propagation of all of these types of
mechanical waves in smectic films may be possible
on the basis of theoretical models, developed for
example by Holyst (24), Fedorov et al. (25) and Chen
and Jasnov (26), but such a treatment is beyond the
scope of this experimental study. When the layer com-
pression term dominates, their propagation velocity is
Up & \/B/p. This consideration explains why common
soap films, which lack the smectic layer compressibil-
ity term, do not show the pronounced scattering dur-
ing rupture.

From an optics point of view, peristaltic waves
modify locally the optical path of transmitted light,
unlike the capillary waves described above. The opti-
cal path difference created by a few per cent film
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thickness modulation in a micrometrethick film is
sufficient to make the film turbid in transmission,
and brighten the film under indirect illumination
(Figure 7).

Two effects may be responsible for the fact that
thin smectic films do not show the pronounced scat-
tering. First, the velocity of peristaltic waves is inde-
pendent of film thickness if the layer compression
effect dominates, while the rim velocity is proportional
to 1/+/6, so that in thin films the rim moves faster than
the peristaltic waves. Second, the film undulations and
the optical scattering efficiency both decrease with
decreasing film thickness, so that thin films may
appear nearly transparent even if low-amplitude peri-
staltic undulations are present.

Interestingly, the peristaltic waves are reflected at
large thickness steps in the film, as is seen in
Figure 9(b) and (c). Only after the edge has passed
the dislocations of the smectic layers does the bottom
half of the bubble darken.

3.4 Film thickening during rupture

Since the dynamic model assumes that the film mate-
rial stays at rest until it is collected in the moving rim,
the original film thickness in an inviscid bubble should
not be influenced by rupture before the arrival of the

Figure 9. (a) Fragmentation and filamentation of the film
edge in a thin film (close to the end of the rupture process),
bubble radius R = 3.3 mm, film thickness § = 135 nm; and
(b), (c) straight progressing rim in a thick film, R = 3.2 mm,
6 = 445 nm, with images taken 1.17 ms and 1.67 ms after
rupture, respectively. (d)—(f) Bubble with inhomogeneous
thickness (d) before rupture, (¢) 0.4 ms and (f) 0.53 ms after
rupture, R = 3.6 mm, 6 = 1950 nm in the lower part, only a
few nanometers in the top part. The undulation instability of
the rim sets in after the front has hit the layer thickness step
and is slowed down subsequently. The images in (d)—(f) have
been obtained with the dark field diffuse illumination
technique. Artifacts seen on the bubble (d) reflect the dark
screen behind the bubble. They disappear when the film
becomes strongly scattering during rupture (e), (f).
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film edge. Our optical transmission measurements
with monochromatic light allow a test of this hypoth-
esis for smectic and soap bubbles. A shift of the fringe
positions is taken as a measure of local changes in film
thickness. In soap films, the fringes can be monitored
during the complete rupture process, while in smectic
films, it is possible to discriminate between the fringe
positions only until the onset of the strong light scat-
tering. Nevertheless, both types of films reveal a thick-
ness increment during rupture. The thickening
dynamics of the soap films differs remarkably from
that of smectic A films.

A global thickening takes place in smectic A films
at the very early stage of the rupture. The shift of the
fringes in the equatorial plane, as shown in
Figure 10(a), is representative of a global uniform
film thickness change. The figure shows the time evo-
lution of a horizontal cross section near the equator of
a smectic A bubble with initial film thickness 6 = 2.31
pm. The white arrow in Figure 10(a) marks the posi-
tion of one of the intensity maxima. The bright ring of
constructive interference is displaced outwards. Even
though it is difficult to measure the film thickness
change quantitatively during the onset of scattering,
the increment of the film thickness is clearly uniform
(the fringes remain concentric rings). The graph to the
right-hand side of Figure 10(a) indicates the relative
thickness at various stages of the rupture, the film
thickness increment Ad: § was of the order of 1.5%.
This order of magnitude has been found to be quite
independent of the initial film thickness in several
experiments with films of thicknesses in the micro-
metre range. Since the displacement of the interference
fringes can only be observed until the transmission
pattern is superimposed by scattering, we cannot defi-
nitely state what asymptotic value is finally reached in
the smectic films. Figure 10(b) gives the observed film
thickness increments for a series of bubbles. A trend to
larger thickness changes with higher film thickness is
clearly observable; apparently the relative thickness
change (before the onset of scattering) is of the same
order in all films.

In soap films, a similar thickening was measurable.
The initial exponential increase of the vertical film
thickness profile results in a characteristic pattern as
can be seen in Figures 3 and 4. During rupture, the
interference maxima are displaced upwards, which
reflects a thickening of the film.

Figure 11 shows the analysis of two thickness pro-
files at r = 1ty and ¢y + 0.17 ms. The dots refer to the
observed interference maxima. In the soap films,
because of the absence of the strong scattering, the
film thickness change can be monitored until the rim
collects the respective film area. In the second profile
of the figure, 0.17 ms after the rupture had started, the
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Figure 10. (a) Time evolution of the horizontal cross section
of a smectic bubble with initial film thickness 6 = 2.31 pm.
The time axis runs from top to bottom. The stack consists of
nine images and puncture occurs at ¢ = 0. Contrast has been
enhanced. During rupture, the interference maximum shifts
outward (arrow), indicating a global thickening of the film.
The graph at the right-hand side visualizes the approximate
film thickness change for each image. (b) Film thickness
dependence of the detectable thickness change before
scattering covers the transmission pattern.

rim has already passed the interference maximum of
the first-order fringe. The film thickness increase in
this region was approximately (15 £ 5)%. The excess
material that leads to an increasing local film thickness
stems from the opening edge of the film hole. This has
been verified from the observation of small tracer
(dust) particles which move in the same direction as
the edge.

3.5 Rim fragmentation

During the rupture of inviscid soap films, a typical
fragmentation of the progressing edge into small dro-
plets has been reported carlier (9), and the same

Figure 11. The left half sphere shows a bubble at time ¢, the
right half presents the same bubble at the time #;, + 0.17 ms,
the dashed line separates the two half-images. The images
are background corrected and contrast enhanced. All
interference maxima in the right-hand picture are shifted
up with respect to the corresponding maxima in the right-
hand image (the top first-order maximum is already caught
up by the rim at the top). The upward shift of these fringes
corresponds to a gradual thickening.

symmetric antisymmetric

“bending mode” “squeezing mode”

Figure 12. Sketch of symmetric (bending) and
antisymmetric  (squeezing) modes of film surface
fluctuations of smectic free standing films.

phenomenon occurs in thin smectic films (/2). The
physical background for this instability is not yet
fully understood. However, it is evident that this type
of decomposition of the film edge is dependent on film
thickness in smectic bubbles. This is demonstrated in
Figure 9, which shows bursting smectic A films of
different thickness: (a) is a bubble with uniform thick-
ness, in (b), (c) the bubble has two regions of uniform
thickness, and (d)—(f) show a bubble with a single,
particularly large thickness step. In the thin film (a),
the rim becomes unstable with respect to undulations,
their lengths are of the order of a few hundred micro-
metres. The instability leads to the formation of irre-
gular rim shapes and to a more or less pronounced
fragmentation and droplet formation. In the thicker
film (b), (c), the rim remains straight and compact
until it collides with the film thickness step. Since
the velocities of the bursts in the two films in
Figure 9(a)—(c) differ only by roughly a factor of two
and not by orders of magnitude, it is unlikely that this
is an effect of different rim progression speeds. This is
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discussed in a little more detail below. Smectic films
with very inhomogeneous thickness represent an
exception, as seen in Figure 9(d)—(f). When the front
hits the layer thickness step, its velocity reduces almost
instantly (here by almost one order of magnitude), and
the edge starts to undulate. The initial thickness step
is seen as a horizontal edge in the upper part of
Figure 9(d).

4. Discussion and summary

The rupture of smectic and soap films follows essen-
tially the same dynamics. The similarities between the
experimental observations in the two materials mani-
fest themselves primarily in the geometrical features of
the collapse. In both types of materials, one observes
the recession of the film material in a rim that moves
with a velocity given by geometrical and material para-
meters. This feature is a direct consequence of the
release of surface energy, its transformation into kinetic
energy of the rim and partial dissipation. Even though
the viscosities of the smectic material is higher than that
of water by at least one order of magnitude, the princi-
pal feature of an inertial burst (constant rupture velo-
city) is maintained. In homogeneous smectic films, this
is confirmed by time-resolved measurements of the rim
position in uniformly thick films. In soap films, a direct
confirmation of Culick’s model is difficult because of
the non-uniform film thickness. However, a numerical
calculation of the momentary rim dynamics yields satis-
factory qualitative agreement with the experimental
observations.

An instability of the moving rim that leads to its
decomposition and the scattering of small liquid dro-
plets is observed both in soap films and very thin
smectic films (9, 12). In thick smectic films (above
several hundred nanometers film thickness) the rim
remains straight and compact (/2). Actually, such a
formation of small droplets has been suggested by de
Gennes (27) in an introductory lecture on the
mechanics of soft interfaces. He proposed that the
constant impact of the moving rim material onto the
resting film could lead to a fragmentation of the film
and a transfer of kinetic energy onto the emerging
small droplets. The first part of this view seems to be
confirmed by our experiments, at least in sufficiently
thin films. Furthermore, according to de Gennes, the
scattering of droplets could serve as a possible process
to account for the above-mentioned discrepancy in the
energy balance. Droplets escaping the rim in direc-
tions normal to the film, with a velocity comparable
to the rim motion, would not change the momentum
balance of (1) but save the energy balance without the
necessity to introduce dissipative terms. They would
slow down the rim motion. On the basis of our
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observations, we conclude that this interpretation
does not hold for the investigated systems. The rim
velocity is slightly below Culick’s prediction in thin
smectic films (with fragmenting edge) as well as in
thick films (with compact edge), thus the fragmenta-
tion should not be responsible for the kinetic energy
loss.

It is well known that fragmentation of thin liquid
sheets can occur when the liquid object is moving
rapidly in a surrounding medium (see (28) and refer-
ences therein). Hanson et al. (29) have measured cri-
tical Weber numbers We = pairuzr/a for droplet
fragmentation, with u being the difference of the velo-
cities in the stagnation points and in the region of
maximum flow (which is approximately equal to the
rim velocity of (1) in our system), p,;, being the air
density, and r being the radius of the liquid object and
o being the surface tension. For different fluids, they
found critical We above 1. On first glance, the edge
geometry in this experiment looks similar to the bub-
ble burst. In our system, the Weber number is two or
three orders of magnitude below that value. One has to
conclude that the mechanisms leading to fragmenta-
tion in Hanson ez al.’s experiments is different from
that in the bursting smectic and soap bubbles.
Actually, the geometry differs in the direction of the
film edge with respect to the bulk. In (29) the shock
wave pulls the liquid from the bulk droplet, carrying
the droplets with the external fluid. In the bursting
bubble geometry, the rim hits the resting film and
permanently creates collisions, which may lead to the
instability of the edge and fragmentation in the bubble
experiments.

Both smectic and soap bubbles show a thickening
of the film in front of the rim and this involves practi-
cally the complete bubble remainder. This has not
been observed in soap bubbles before, presumably
because the experiments (9) have been performed in
white light where the film thickness has not been mon-
itored during rupture. Drainage cannot be responsible
in our bubbles, even though the gradient of the grav-
itational potential is parallel to the rim motion. This
process is much slower than the film thickness changes
observed during rupture.

On the other hand, it should be mentioned here
that in planar films with thickness gradients, a com-
plex thickness change can precede the advent of the
rim (30). The experiments by Liang et al. (30), per-
formed in monochromatic light, show a much more
intricate scenario than that observed in our bubbles.
The characteristics of upward moving fronts differ
qualitatively from those of downward moving fronts
in vertically suspended films. Both thickening and
subsequent thinning are observed in the downward
front or, in other words, in the front that moves in
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the direction of positive film thickness gradient. The
front moving against the initial film thickness gradient
is preceded by a continuous thickening of the film. The
concentration and type of surfactant play an essential
role in these systems, but the authors have no conclu-
sive explanation of this unusual behaviour. Definitely,
the thickening in the smectic films is essentially differ-
ent from that observed by Liang et al. The thickness
change occurs (within the time resolution of our
experiment) uniformly in the whole bubble, and not
in the form of a front or aureole.

Continuous thickening during rupture is a charac-
teristic feature of viscous bubbles, where it has been
measured quantitatively (13, /4), as stated in the intro-
duction. The effect observed in the inviscid soap and
smectic bubbles is clearly observable and quantita-
tively measurable, but is much weaker, and certainly
of different origin. A possible explanation of the thick-
ening of bursting smectic films is the increased pres-
sure in the film after rupture. The inner pressure of a
smectic film before rupture is slightly below the exter-
nal air pressure (because of the Laplace pressure of the
meniscus (32-34)). After rupture, the curvature at the
edge of the order of a few micrometres creates a large
Laplace pressure in the film. This inner excess pressure
may be responsible for a sudden viscoelastic response
of the layers, connected with a contraction in the film
plane and dilation normal to the layers. In the smectic
films, we find that the thickening of a uniform film
during rupture amounts to a relative thickness change
A/é of a few per cent. A rough estimate gives pressures
of the order of BA/§ =~ 150 kPa, which corresponds to
the Laplace pressure of a film edge with a diameter of
about 200 nm. This is a realistic value for the thin films
shown in Figure 10(b), but our interpretation cannot
explain why the relative film thickness increment is
almost the same for all films, that is, unexpectedly
large in the thicker films.

In the soap films, where the quantitative measure-
ment is difficult because of the spatial inhomogeneity
of the films, the thickening is much more pronounced
and it reaches far more than 10 per cent of the initial
film thickness. Again, the difference can be attributed
to the smectic layer compression modulus B which
counteracts a change of the smectic layer spacing.

Finally, the smectic films (except very thin films)
are characterized by a pronounced diffuse light scat-
tering after rupture. This leads to a darkening of the
transmission images, and on the other hand to a
brightening when the films are indirectly illuminated.
The reason for this scattering is a local modulation of
the optical path of transmitted light, which could
either be caused by undulations of the layers con-
nected to a modulation of the effective refractive
index, or caused by a modulated film thickness. The

arguments in favour of the latter interpretation are the
large scattering intensity even in films below micro-
metre thickness, and the correct estimate of the pro-
pagation velocity of peristaltic waves in a smectic film
(23). In common smectics, this velocity is faster than
the propagation speed of the rim of the bursting film
and it depends on the layer elasticity B. If the film has
no inner layer structure (B = 0), such waves do not
occur. Therefore, the phenomenon is absent in the
soap film experiments. The numerical analysis of
these waves will be published elsewhere. Another
argument that supports the peristaltic wave model is
derived from the observation of the darkening effect in
films with large thickness steps (Figure 9(c)). We find
that the film beyond the thickness step darkens only
after the rim has passed this step into the thicker
region. This can be explained by a reflection (or
absorption) of the mechanical waves at the thickness
step. There is no obvious reason why ordinary sound,
that is, density and pressure pulses, should not pass
such layer steps. They do not depend on the film
thickness. On the other hand, the propagation of peri-
staltic undulations is film thickness dependent, as the
mathematical treatment shows (23). At the border of a
much thicker film region, such waves may be reflected
almost completely, as is seen in Figure 9(c).
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