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The draining of a two-dimensional bubble
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Abstract. A two-dimensional bubble at rest near the surface of a semi-infinite liquid layer is considered. A
lubrication analysis of the thin film above the bubble is matched to a capillary-static solution for the outer geometry.
Analysis of a transition region between the thinning viscous film and the capillary-static solution leads to an
effective boundary condition to be applied at the edge of the film. The result is a description of the drainage of
liquid out of the film under gravity and surface tension. This drainage is ultimately responsible for rupture of the
film and hence bursting of the bubble.
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1. Introduction

During the manufacture of glass, ‘batch’, consisting mainly of sand, is introduced onto a
heated bath of molten glass. It gradually floats along the bath, melting as it does so. The
melting inevitably results in the formation of a large number of small bubbles. Further bubbles
may be introduced by furnace equipment or contamination as the glass moves through the
furnace. It is important that these all rise to the surface of the glass and burst before the glass
leaves the furnace. It is far from clear to what extent a glass surface at furnace temperatures is
affected by surface active agents, but at least in the first instance it is of interest to determine
how long a bubble might take to burst at the surface of a viscous liquid assuming a constant
surface tension.

In this paper we consider the final stage of the bursting process, when the bubble has
already risen to the surface of the glass. It can remain there for some time while the thin liquid
film that separates the bubble from the air above thins under the action of gravity and surface
tension. Eventually the film becomes thin enough (around AD@Gat inter-molecular (van
der Waals) forces take over and the film rapidly rupturesthe bubble bursts.

Several previous authors have considered bubble rise towards a rigid or free surface and
the film drainage problem that follows. The most satisfactory asymptotic study is that of Jones
and Wilson [1] who considered the draining of the thin film above a solid sphere or liquid drop
at a free surface. Their work is not valid, however, as the viscosity of the drop tends to zero,
which is the limit of interest here. Chi and Leal [2] used a boundary-integral method to solve
the full problem numerically. They found good agreement with [1] for small viscosity ratio,
but not for large viscosity ratio (the regime of interest to us). Numerical solutions for nonzero
Reynolds number were found by Shopov and Minev [3] using finite elements.

In many other papers (for example [4, 5, 6, 7, 8]) lubrication theory is used to model the
film thinning problem (the last two also incorporating van der Waals forces). In each case a
no-slip boundary condition is applied to at least one surface of the film, either because it is on
a rigid or slightly mobile substrate, or because the free surface is assumed to be loaded with
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Figure 1. Schematic of a bubble at a liquid free surface.

surfactant. The resulting equations of motion, which are generalised versions of the standard
lubrication equation [9] differ markedly from our governing Equations (21-23), since in our
case both free surfaces are free and the flow is extensional [10].

Similar extensional flow models have been applied to macroscopic liquid films by Pearson
and Petrie [11] and van de Fliegt al. [12] for example. To model much thinner films (for
example lamellae), van der Waals forces were incorporated by Erneux and Davis [13], Hwang
et al. [14] and Ida and Miksis [15, 16], while the effects of an insoluble surfactant were
included by De Wittet al. [17] and Hwanget al. [18]. We sketch the derivation of a general
model for the flow of a free liquid film under surface tension and gravity in Appendix A.

Our new contribution is to match such a model with an outer solution away from the bubble
and hence quantify drainage out of the edge of the film. We use the concept of a transition
region between the thin film and an outer capillary-static region: an idea similar to that applied
to lubrication flows by Bretherton [19] and subsequent authors. Instead of including inter-
molecular forces, we make the simpler assumption that there is a critical thickness below
which the film will rupture. To simplify matters further, in the body of the paper we restrict our
attention to a two-dimensional geometry, which means that the capillary-static outer problem
can be solved exactly. We show in Appendix B that qualitatively similar results occur for an
axisymmetric configuration.

In Section 2 we derive the outer solution for a bubble of effectively zero thickness at a free
surface. Then, in Section 3 we consider the flow of liquid in the thin cap of the bubble. For
small Bond number we effect a decomposition of the flow into a nearly uniform thinning film
and a transition region at its edge that matches with the outer solution from Section 2. The
transition region supplies an effective boundary condition to be applied to a simple model for
the thinning of the main part of the film. An exact solution of this model allows us to estimate
the lifetime of a bubble at the surface of a viscous liquid. For non-small Bond number the
matching procedure fails and a new approach is suggested in Section 4.

2. Capillary-static solution

Consider a two-dimensional gas bubble almost at rest at a liquid free surface, as shown in
Figure 1. We employ Cartesian coordinates with fkexis pointing vertically upwards along
the axis of the bubble. The free surface is givenyby n(x), and the origin is chosen such
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Figure 2. The capillary-static outer problem.

thatn — 0 asx — oo. Our fundamental assumption is that the liquid film at the top of the
bubble is thin compared to the bubble radius. As a result, we can decompose the liquid domain
into three regions which are analysed separately. In this section we find the outer solution on
a scale on which the film has zero thickness and capillary statics dominates. This means that
the problem reduces to the solution of the Laplace—Young equatiof(£or

In the idealised static situation shown in Figure 2, the film on top of the bubble has zero
thickness, but nevertheless a surface tensierwhile the other free surfaces have a surface
tensiono . The three curves are all tangent at their common point of intersection. The radius of
curvature of the thin film is given by a balance between the pressure drop across it (assumed
constant) and surface tension:

20

and in terms of this radius we define a Bond number

_ PgR? _4pgo

B = .
o A P?

(2)

Here p is the density difference between the liquid and gas phaseg @&nthe acceleration
due to gravity. Note thar is not the radius of the bubble — for nonzero Bond number the
bubble is not circular and so does not have a well-defined radius. HowR\verelated to
bubble size, in a way that we will find later.

The free surfaces outside (denoted by the subscript ‘out’) and inside (denoted by the sub-
scipt ‘in’) satisfy the Laplace—Young equation, which relates their curvatucehydrostatic
pressure, and reads in either case

O Kout = 081, okin= AP + pgn. (3)

These are best solved using an angle/arc-length formulation. We ddbriee the angle made

by the free surface with the-axis in either case, andto be arc-length along the surface. Our
approach is to solve first for the ‘outside’ free surface and then to patch the solution to that
for the ‘inside’ surface. Finally, the patching of both solutions to the circular cap results in a
unique bubble shape for each value of B.
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2.1. THE ‘OUTSIDE SURFACE

When we nondimensionalise all lengths wikhand use an angle/arc-length formulation, the
governing equations for the free surface read

00 on .
— = Bn, — =Ssinég. 4
as f as ()

Without loss of generality we take= 0 to be the point of intersection, and denote the angle
made by the free surface there &y Then the solution of (4) with — 0, — 0 ass — oo
is [20, Section 127]

6 =4tant [tan(%) eXp(—s«/g)} . (5)

Hence we obtain a relation between the free surface afighnd height, say,,, at the
intersection point

2 )
c=———=sin{ = ). 6
o= ——=sin(5 ) ©)
This is the classical solution for capillary rise up a vertical wall with contact afgkeg.[21,
Section 1.9].

2.2. THE ‘INSIDE’ SURFACE

The inside free surface feels an extra component of pressure arising from the\jBmgnd
therefore satisfies

a0 a .
248y, L —sine. (7
as as

Here we take the origin far to be the bottom of the bubble and denote the intersection point
by s = s., so the boundary conditions are

0=0 at s=0, (8)
0=m+6,, n=n. at s=s.. (9)
The solution is an elliptic integral [20, Section 127]

b/2 dr VB

—_ = —, (lo)
0 +1+4a2sirft a
where
2 B

a® = . 11
2Bsirf 36, — 24/Bsinif. +1-B ()

The conditions for this solution to exist are

-7<6.<0 for B<l,
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-7 <6, <—-p for B>1,

where
B—1
V2B—1

From the above solution we can also obtain the horizontal distanc# the point of
intersection from the centre of the bubble

tang =

Xe = / ' coso ds. (12)
0

Since the bubble cap is a circular arc of dimensionless radiuscomayst be equal te- siné,,
and hence we obtain a functional relation betwéeand B

kB sing, sin 36,

2 — kKHF(¢; k) — 2E(p; k) = ————2—,
( )F(@; k) (¢: k) 1= VBsinlg,

(13)

where F and E are elliptic integrals of the first and second kind respectively, with modulus and
amplitude given by
a? B

k? = = ,
1+a?>  1-24Bsinio. + 2Bsirf 36,

VB cosio.
k(1—+/Bsinio,)

In Figure 3 we plot, against B. From this we deduce tidaalways lies between /2 and
0: there are no solutions in which the bubble sits proud of the surface as shown in Figure 4(
As the Bond numbeli.g. the dimensionless bubble size) approaches Zere; 0 so that the
bubble approaches a circle beneath a flat surface. The valgiedefcreases monotonically
with B, approaching-m /2 for very large bubbles. The variation of the bubble shape with B is
shown schematically in Figure 4.

From the bubble shape, we can determine its area (which corresponds to volume in this
two-dimensional configuration), nondimensionalised with

sing =

: : [ : (9) 1 ]2

A=sin, —6.—2sing,.|sin| — ) — —| . (14)
2) B

By combining (14) with (13) we obtain a functional relation between the bubble Avazd

B, plotted in Figure 5. As noted above, the bubble approaches a circle when ® but

notice that the radius of that circle ®/2 not R. To close the equations and enable us to

determine B (and henck, A and6,), we assume a gas law is given that relates the bubble

area to the pressure inside it. The simplest such law is to assume that the gas in the bubble is

incompressible, so that the bubble area is fixed at some given initial ¥glua this case,

R = \/zf (,0ng> , (15)
rg o
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Figure 3. Angle at which fluid interfaces mee,, against Bond number.
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Figure 4. Schematic of the variation of bubble shape with Bond number.

where the functiony ( - ), obtained by inverting (14), is plotted in Figure 6.

For many bubbles of practical interest, the expressions found heretofore can be simplified
somewhat by assuming that the Bond number is small (for a bubble in molten glass, for
example, this will be true if the radius is around a millimetre or less). This allows us to express
6. and A as asymptotic expansions in B

T 3 2
0. ~ ——B — —B? + ——B*? 4+ 0(B®), 16
3 25 3B 0B (16)
A~T i Tp Ty o@? (17)
48 32 '
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Figure 5. Dimensionless bubble area versus Bond number.

é Lll é é 1.0 1I2 1‘4 g
Figure 6. Function relating dimensionless bubble radius to dimensionless bubble Rrea: (a/pg)1/2
f(pgAo/o).

Hence, given the dimensional bubble arga and assuming = pgAg/o < 1, we obtainR
in the form

Ag a a®? 2
R 2,/7{1—24—2\/;—1—0(0)}. (18)

The result of the analysis of this section is that, given the size of a bubble, we can predict
the radius of curvatur® of, and angle-6, subtended by, the thin film on top of the bubble.
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Figure 7. Schematic of a thin liquid film.

Moreover, for subsequent matching with the flow in the thin film, we will require the sum of
the curvatures of the two surfaces where they intersect with the thin film:

. {6,
Ktotal = 2(1 + B?]C) = 2 — 4\/§ Sin (E) . (19)

3. Thin-film analysis

Here we model the flow in the thin liquid film capping the bubble, as shown in Figure 7.
As previously, we use arc-lengthand angled to describe the centre-line of the film (whose
curvature is given by = 6;), and denote the film thickness lis, r) and the axial fluid
velocity byu(s, ). The radius of curvatur®@ and length scalé of the film are given by the
solution of the outer problem discussed in Section 2. We write the governing equations in
dimensionless form, using the following scalings:

h = hoh', s = Ry, u="Vu', t=(R/V)t. (20)

We take the origin of to be the centre of the film, so that the edge is ats. = —6..

The general equations for the flow of viscous liquid in a thin film under surface tension
and gravity are given in Appendix A. For a two-dimensional film, these reduce to (dropping
primes)

h; 4+ (uh); =0, (21)

Cadhu,), + %h(hm +62h,) = B hsing, (22)
eB

(1+ 2¢Cahu,)b, = -1+ 7h COsh, (23)

where the capillary number is defined by €auV /o, and the inverse aspect ratiods=

ho/R <« 1. Physically, these equations correspond to conservation of mass and tangential
and normal force balances respectively. Not all the terms in (21-23) can balance at once —
depending on the relative sizes of the dimensionless parameters, certain physical effects will
be negligible in all or part of the film, so that the corresponding terms can be omitted. In
particular, we anticipate that the surface tension effects in (22) are small in the main body
of the film, where variations ik are small, but become important towards the edge of the
film s = s., whereh begins to increase rapidly. This motivates a decomposition of the fluid
into an unsteady thinning film away from the edges where surface tension is negligible, and
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a quasi-steady transition region near the edges where surface tension becomes important and
the free surfaces match with the outer solution found in Section 2.
The normal force balance (23) gives

00
35 + 1~ 0(eCa €B),
s

and since it will transpire that both terms on the right-hand side are small, this simply implies
that the film forms a circular arc, as assumed in Section 2.

For the remainder of this section we assumeBl. This simplifies the analysis greatly,
for reasons that are discussed in Section 4. Then, using (16) we see that the length of the film
scales with R, which motivates the rescaling

s = Bg, 0 = B¢, t = Br, (24)
after which the edge of the film is given ky= ¢, where

T 3
.~ =+ B+ 0B¥>.
S 8+32+( )

3.1. THE TRANSITION REGION

The length scale of the transition region is determined by the fact that it must match with the
thin film on one side and with the outer solution of Section 2 on the other. The solutién for

in this region is expected to be quadratic ‘at infinity’, to be matched with the curvayge
found in the previous section. The matching can only be achieved if the transition length scale
is chosen to be

Ltran =V hORv (25)

and a balance between surface tension and viscous stress in this region gives the velocity scale.
V =—e. (26)
o

For the concept of a transition region to be useful, we reqlitg to be much less than the
length of the film, and this leads to the condition

e < B>« 1 (27)

In the transition region, we set

s =s.++/€S orequivalently ¢ =g + %ES,

and denote the dependent variables with capital letters also. Employing the scales (25, 26), we
obtain

“/FEHf + (U H)s =0, (28)
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H
(A4HUs)s + EHSSS ~ O(e, BJ/e). (29)

The boundary conditions are found by matching with the main film on one side and the outer
solution from Section 2 on the other

H — h(s.), U—u(s) as §— —oo, (30)
Hgg — Kiotar @S S — +4o0. (31)

Note that ife ~ O(B?) then (28, 29) is the time-dependent problem including surface
tension, which implies that surface tension is important throughout the film. However, the
guasi-steady verion that results from the Assumption (27) can be integrated analytically. From
(28),

HU = h(sou(s,), (32)

and then, integrating (29) twice and applying condition§ at —oo, we obtain

16u(s)
3Vh(se)

Another integration can be performed, but for our purposes it is only necessary to make use
of the behaviour off asS — +o0. The result is a relation betweatic,), 2 (c.) andxiotal

_§ Kiotall (S¢)
wee) = 5\ ——5 (34)

This is the boundary condition to be applied to the film at its edge. Physically, the negative
pressure at the edge of the film acts as a sink sucking fluid out of the film. The rate at which it
does so is given by (34).

HHs = (H¥? — h(s)%?. (33)

3.2. THE THINNING FILM

After the rescaling (24), the leading-order governing equations in the main film become

he + (uh). =0, (35)

4
(bhu,), — %mp ~ 0 (BZ, g) . (36)

Again we note that the assumptien« B? is required for surface tension to be negligible in
(36). The second term in (36), which represents gravity, will also be neglected henceforth. For
a bubble in molten glass with a radius of around a millimetre, for example, this term would
only become considerable if the thickness dropped 18 0dong before which the film would
have ruptured.

We assume symmetry of the film abaut= 0,

u=0 atc=0, (37)
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Table 1.Estimated parameter values for a bubble in molten

glass.
Property Symbol  Approximate  Units
value

Viscosity m 2500 NsnT2
Density 0 103 Kg m—3
Gravitational accel. g 10 ms?
Surface tension o 1071 Nm-1
Initial thickness ho 10°° m
Rapture thickness  Arup 10~/ m
Bubble cap radius R 10-3 m
Rupture timescale  frup 60 s

and the boundary condition (34) derived via matching with the transition region, along with
an initial condition fori, closes the system.

The problem (35-37, 34) is particularly easy to solve if the film is taken to be uniform
initially (say h = hg atr = 0). Thenh remains uniform and the solution in dimensional form

-2
h 32 o2 h?
S § PR (38)
37 ppg R7?

Hence, if the thickness at which the film rapturesig, then the time taken for the bubble to
burst is

3T upg 3 R R
tup= == —=R3| | — — [— 39
P32 o2 hp  \ ho)’ 39

which has the implication that smaller bubbles should burst much faster than larger ones.
Recall that this result was obtained in the linyiio/R < pgR?/o < 1. The time taken for

the film thickness to become small enough for (38) to apply may be considerable, and may
well be longer for smaller bubbles.

For bubbles in molten class, the dimensional parameters, in particular surface tension and
viscosity, are strongly temperature-dependent, and so may vary considerably depending on
the stage in the forming process during which the bubble arrives at the free surface. However,
using the rough estimates shown in Table 1, the rapture time is found to be approximately one
minute.

4. Form of the problem for B ~ O(1)

The matching between the main film and the transition region carried out in the previous
section is much more problematic if B is not assumed to be small. In such a case, the length
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scale of the main film i® and the velocity scale is determined by a balance between viscous
stress and gravity

R2
v = Ps% (40)
7

The governing equations for the main film therefore reduce to
hy + (uh)s =0, (41)
(4huy), + hsins = 0. (42)

The velocity scale in the transition region is still given by a balance between viscosity and
surface tension, and if the film thickness is to match quadratically with the outer solution, this
necessarily leads to the scale (26), which is now much smaller than (40). The implication is
that gravity causes fluid to drain into the transition region at a much faster rate than surface
tension can suck it out.

This situation can be remedied, and (41, 42) rescued, by relaxing the assumption that
the transition region be slender. If the film thickness is assumed tinéar, rather than
quadratic, as it matches with the outer solution, then the velocity scales in the two regions can
be reconciled. The appropriate length scale for the transition region is found to be

h
Ltran = = . (43)

B
This implies that in the outer problem of Section 2, the interfaces should actually meet with
a finite angle, of order tart B, rather than zero angle as assumed in Section 2. The transition
region solution must match with that angle at positive infinity and with the solution of (41, 42)
at minus infinity. Hopefully the extra boundary condition analogous to (34) could be deduced
from the solution in the transition region and the matching conditions.

In this regime, no thin-film approximation can be employed in the transition region. Instead
the full two-dimensional Stokes flow problem must be solved with surface tension on the free
boundary. The problem is quasi-steady, and it is hoped that explicit solutions may be available
via complex analysis techniques (see for example [22]). Otherwise a canonical problem must
be solved numerically.

5. Conclusions

We have modelled the draining of a two-dimensional viscous bubble under gravity and surface
tension. The leading-order solution is hydrostatic, with viscous effects negligible compared to
gravity and surface tension. In the thin liquid film capping the bubble however, surface tension
is assumed to be negligible, and viscous drag dominates. In between there is a transition
region in which viscous drag and surface tension balance. In the parameter regime considered
in this paper (chosen to be applicable to the bursting of small bubbles in liquid glass), the
governing equations can be integrated analytically in the transition region, and provide an
effective boundary condition to be applied at the edge of the thin film. We use this boundary
condition to estimate the time taken for a bubble at the surface of a viscous liquid to rupture.

181918.tex; 15/04/1999; 10:40; p.12



The draining of a two-dimensional bubbl263

We expect the decomposition employed in this paper — into a thin draining film, a transition
region and a capillary- or hydrostatic outer solution — and the effective boundary condition
(34) to be widely applicable. An example is the thinning and eventual rapture of a lamella in
a foam. Here the capillary-static Plateau border acts as a sink sucking fluid out of the edge of
the lamella, and our theory can be applied directly.

However, the liquid component of most foams of practical interest is many orders of
magnitude less viscous than liquid glass, and so our theory typically predicts extremely rapid
collapse. This is indeed the behaviour one would expect from a foam constructed out of a pure
liquid, and foams that exhibit much longer lifetimes must have some stabilising mechanism:
usually one that involves surface tension gradients. These can arise in many ways, incjuding (
surfactant molecules that accumulate on the free surfageshémical gradients due to mass
exchange between the liquid and gaseous phasesijiatite¢mal gradients due to differential
heat exchange along the lamellae; see [23]. Each of these mechanisms may play a role in
bubbles in glass also, and may help to explain why bubbles occasionally last much longer
than the timescale predicted by (39).

Our analysis is simplified by considering a two-dimensional geometry. Since the azimuthal
component of curvature is not large in the bubbles under consideration, one should expect the
results to be qualitatively close to those of the true three-dimensional geometry. We confirm
this in appendix B by performing the corresponding analysis for an axisymetric bubble. It
is worth noting that the transition region is effectively two-dimensional, even for a three-
dimensional bubble, since its lengthscale is much smaller than the bubble radius. Hence the
boundary condition (34) applies to a three-dimensional bubble also. The same is true for the
scenario discussed in Section 4: even for a three-dimensional bubble, only a two-dimensional
Stokes flow problem need be solved.
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Appendix

A. DERIVATION OF THE THIN-FILM EQUATIONS

The reader is referred to [10] for a general discussion of the use of systematic asymptotic
methods to derive reduced-dimension models for viscous flow in thin films. Here we give a
rough outline of the method and of the general equations that it produces.

Consider a thin film of viscous fluid whose centre-surface is given parametrically by

r= rc('xl’ xz’ t)’

wherex! andx? are spatial parameters anis time. We use coordinatégs®, x2, n) to describe
a point in the film whose position vector at timés

r= rc(xl, xz, t) + nn(xl, x2, 1),
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wheren is the unit normal to the centre-surface. Hence the two free surfaces are given by
n = +3h, whereh(x*, x2, 1), is the film thickness.
Now the method runs as follows.

1. Write down the Navier-Stokes equations and dynamic and kinematic boundary conditions
on the two free surfaces, using the coordinate systehne?, n). A thoughtful choice of
spatial parametrisation makes this job easier.

2. Nondimensionalise! andx? with a typical length scal®, andn with a typical thickness
ho. In our problem, the characteristic length is defined to be the cap radius

2o
AP’
wherex is 1 in a two-dimensional geometry or 2 in an axisymmetric configuration. The
inverse aspect ratio of the sheet is defined to be

ho
= — 1.
€ R <

Suppose also that velocity is scaled with a typical flow spéeahd time withR/ V.

3. Decide how the other dimensionless parameters scalecwithour case inertia is cer-
tainly neglible so the only parameters of interest are the capillary number and Bond
number

v L?
ca=2-, B=2—

o o

4. Pose asymptotic expansions of the dependent variables in powers of the small parameter
€.

5. Expand the governing equations and boundary conditions in power8gfequating the
coefficients, deduce equations for the leading-order unknowns.

Step 3 is particularly of interest here since we do not kraopriori what the velocity
scale is, and hence how Ca scales witiTherefore, it is better to look for all the possible
distinguished limits in which the different physical effects balance. One of these occurs when
Ca ~ 0O(e™Y), in which case surface tension and viscous effects are of the same order in
the normal force balance, but surface tension is negligible in the tangential force balance;
this limit is used in [12] to model the flow of glass sheets. The other extreme occurs when
Ca~ 0(e), in which case surface tension balances viscosity in the tangential force balance,
but surface tension dominates the normal force balance; this limit is used in [15] to model flow
in a lamella. Outside these two extreme cases, either viscosity or surface tension is formally
negligible throughout. Similar considerations apply to B: once again the two extreme cases
are B~ O(e*?).

Having examined all the limiting cases, one can constmnifiormly valid equations that
contain the leading-order terms obtained in each limit. In this way we obtain equations that
give the correct leading-order behavidwoweverCaandB scale withe. Since (to the author's
knowledge) they do not appear elsewhere in print, we present the full equations here in a
concise tensorial form that is valid in any coordinate system.
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We denote the first and second fundamental forms of the centre-surfagedsy dx/ and
b;; dx’ dx/ respectively (in each casej = 1, 2). and set = det(a;;). If gravity acts in the
direction—k, we decompose this vector into normal and tangential components

k, =kn,  k=k—k,n. (A1)

If the surface velocity of the liquidelative to the moving coordinate systésm, then the
rate-of-strain tensaor is given by

2¢ij = — Ui+, (A2)

and in terms of this, the surface viscous stress temgot, x2, ¢) is found to be
ol = 2n(ks! +¢). (A3)
The governing equations represent conservation of mass,

1 0 N
ﬁngh) + V,(0h) =0, (A4)

tangential force balances in thé- andx?-directions,

Cav,.o + %hVS[VSZh +byb' h] = Bhk, (A5)
and a normal force balance.

2b% + eCao'b;; = —2) + €Bk,h, (A6)

whereV is the surface gradient operator. Note that the components of the tefisand
vectoru’ donotcorrespond to the physical components of stress and velocity, which are given
respectively by

Yo , .
o(ij) = ,/ﬁajmﬂlm, u(i) = /a;u',
Ji

see [24] for example.

In (A4—-A6) we have four equations for the nine unknowns;, a;; andb;;. Three more
equations, known as the formulae of Mainardi-Codazzi and the equation of Gauss, arise from
conditions for compatibility between the first and second fundamental forms. Therefore two
degrees of freedom remain, corresponding to the arbitrariness of our parametiisatio?:

a particular choice of coordinates closes the system. Choices that might be useful ifclude (
Lagrangian coordinates (as in [11])) Coordinates fixed with respect to the moving surface
(as in [24]), or {ii) coordinates that remain orthogonal as the surface evolves (as in [10]).

Inspection of (A4—A6) elucidates the comments made earlier: it is impossible for surface
tension to balance either gravity or viscous effects in both (A5) and (A6). We also note that
there has been an implicit assumption that the typical radius of curvature of th&filmthe
same order as its length. In practice we may well havé <« R and (A4—A6) will remain
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266 P. D. Howell

valid so long asip/L « 1. (Similarly, we can allonR <« L so long asig/R < 1, although
that limit is not of interest in this paper.)

B. Axisymmetric bubble bursting

Although the axisymmetric version of the problem tackled in this paper is qualitatively sim-
ilar to the two-dimensional configuration, the analysis is hampered by the fact that the outer
capillary-static problem cannot be solved explicitly. However, in this appendix we construct
an asymptotic solution using the fact that the Bond number is small. As in Section 2 we
decompose the bubble into an ‘inside’ free surface and an ‘outside’ free surface, both of which
satisfy the Laplace—Young equation, and a (in this case) spherical cap. Because of the extra
component of curvature, a normal force balance on the cap gives a radius

R = ﬂ (B1)
AP

and we use this radius to nondimensionalise all lengths and to define the Bond number in
this case. The ‘inside’ surface closely resembles a sessile drop, which has been analysed in
the small Bond number limit by O’'Brien [25], while the ‘outside’ surface is similar to the
meniscus on a small cylinder [26, 27]. Similar small Bond number asymptotics were applied
to holes in fluid layers by Wilson and Duffy [28].

We employ cylindrical polar coordinatés, z) with the z-axis along the axis of symmetry
of the bubble and pointing vertically upwards. The free surface is denoted=by; (), and
the origin forz is chosen such that — 0 asr — oo. As in Section 2, it is convenient to
introduce the anglé made by the free surface with the horizontal direction and arc length
measured along the free surface in ther) plane. We begin with an analysis of the inside
surface.

B.1. The ‘inside’ surface
The displacement of the free surface inside the bubble is governed by the system

96  sind 0 . d
4+ — =Bn+4, a—n = sing, 8—r = COSh. (B2)

a r N S
The origin fors is chosen to be the bottom of the bubble, so we require
0(0) = r(0) = 0. (B3)

We pose asymptotic expansions of the dependent variables in thé ferfy + Bo, + B%0, +
-+ -, etc The leading-order (zero Bond number) solution is simply a sphere resting under a flat
free surface, whence

Op = 2s, no = —3(1+cos 2), ro = 2 sin 2s. (B4)
Proceeding ta@ (B) and using (B3) we obtain the first-order solution:

3s 4+ sin 3s

6, = —
! 12 coss

(BS)
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cos4 —5cos2 ssin2s N log(coss)
48 9 12

m=c+ (B6)

5sinZ —sinds scos? (B7)
r = — ,
! 48 8

wherec; is an (as yet) undetermined constant. For matching purposes it is worthwhile to
determined up to one more order

I(s) + s log(coss)

02 = 24
1+ 24 1
+seds 1+ 24a)s +( + 8¢1)s COS 3
96 32
n scos4d 29sind  7sind N sin 6s (88)
96 1152 576 1152|°
where
I(s) = / £ tang de. (B9)
0

This asymptotic solution is clearly nonuniform neae /2 (i.e. the top of the bubble).
Although it will transpire that the region in which validity breaks down is outside the domain
of interest to the current problem, to confirm that our asymptotic solution is self-consistent we
perform a local analysis of this point, setting

s =m/2+B§, 0(s) = a(§), n(s) = BY (&), r(s) =BR(&). (B10)

Hence the problem faz, Y andR reads

do  Sina oY oR
— = 4B + B%Y, — =sina, — = cosa, B11
a& + r + & o aE ( )
and the leading-order solution is
o = 31/2 — tan Y (ay — a1§), (B12)
sinht(a, —
Yo = as + (a2 — a15) (B13)
a
1 _ 2
Ro = v1+ (a2 —a16) ’ (B14)

ay

where the constants of integratianhave to be determined by matching with the outer solu-
tion. First we take the three-term outer solution fcgind expand in inner variables up to one
term

1 T

b — o
T 106 T 1922

(B15)
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using the expansion

/4 1 3
I(n/Z—E)NElogZ—i—e—i—O(e ).

By comparing this with the three-term outer expansion of (B12) we obtain

3
a=12 &= (B16)
Finally we expand the two-term outer solution fpin inner variables,
1  log(—B¢)
~ -+ —=——"|B B17
n (cl tgt—0p : (B17)
and by comparing with (B13), obtain
1 log(B/24)
= -+ — B18
az=c1+ 8 + B (B18)

We have obtained self-consistent asymptotic approximations to the ‘inside’ free-surface
profile. It remains to fit this free surface to a spherical cap of unit radius. To do so we require

r =sinf at(says = s.. (B19)

By comparing the expansions ferandé, we see that this condition can only be satisfied if
Se — /2 ~ O(\/E), so that, as noted earlier, the contact point occurs in a region in which
our outer expansion is valid. Substituting the expansions &d6 into (B19) and posing an
expansion fos,. in powers ofv/B, we find that

T J/B 7B
e~ = ——~—— 4+ — 4+ 0(B¥?. B20
s 3 273 + 16 + O(B7) (B20)
Moreover, we obtain the free-surface angle and height at the contact point
VB
6. = 0(s.) — T ~ ——— + O(B¥?), B21
( We (B”%) (B21)
Ne = n(se) ~ {1+ 24¢ + |ogE B + 0(B*?log B) (B22)
¢ ‘ ' 12] 24 ’

where now only the constarf remains to be determined. We do so in the next section by
examining the outside surface.

B2. The ‘outside’ surface
The general equations to be satisfied by the free surface outside the bubble are

00  siné 0 ) d
— 4+ = Bn, a_ sing, T _ cosh. (B23)
0s r 0s 0s
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We start in a neighbourhood of the contact point and scale as suggested by (B21, B22),

s=+Bc,  0(s) = v/Bo(c),

(B24)
n(s) =B¢(s),  r(s) =vBp(s),
so the leading-order equations are
] ] )
o, 90 _o o _y o oy (B25)
s p ag ag
Using (B21, B22) as initial conditions, we obtain
1 1+ 24¢ + log B — 2log(12¢)
-, — , =c. B26
%o 12¢ %o 7 Po=¢ (B26)

The logarithmic blow-up of the free surface (not surprising in an axisymmetric geometry)
is counteracted by gravity in the far field. To examine this, rescale as follows,

R(X)
so that the leading-order equations become
3Py Do 9Zo dRo
=0 — 7, —— = Py, — =1 B28
0z Ry O iz~ 0 % (B28)

The solution that matches to leading order with (B26) is (as in [27])

_Ku(®)
Po = 1 (B29)
 Ko(D)
0="—75 (B30)
Ro==, (B31)

where the Kdenote modified Bessel functions. An expansion of (B30) in inner variables gives

log 2 —log(Bg) — v
12 ’

z (B32)

wherey is Euler's constant. By comparing this with (B26) we finally obtain the constant

_ 2log24—3logB—1—2y

B
C]_ 24 ’ ( 33)
and hence the height of the intersection point,
B 3/2
Ne ~ ﬂ{log 24— 2logB— 2y} + 0(B*“logB). (B34)
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As in Section 2, for matching with the thin film we require the total curvature of the two
free surfaces at their point of intersection, and once again this is given by

ktotal = 2(1 + Bn). (835)

B.3. The thin film

We use the thin-film equations given in Appendix A in axisymmetric form. As in Section 2,
the normal force balance simply tells us that the film has constant mean curvature to leading
order and, in an axisymmetric geometry, this implies that it is a spherical cap, as assumed in
Section B.1. Therefore we use spherical polar coordinates to describe flow in the cap, with the
dimensionless centre-surface given by

siné cosyr
r=r.0,y)=| singsiny |. (B36)

cosf

Assuming that the flow is independentf and nondimensionalising all lengths wikh we
observe that the film thickne#sand velocity in thed-directionu satisfy

oh 1 9
— + ———(uhsinfd) =0, B37
or T sing 39 ) (B37)
d .0 d
Cai—|2h Zsme—u +ucosh | | — 2h coso o + 2u cos6
a0 a9 a0
€ d 1 9 oh
=sin0— | =——— (sinf— ) + 21 | = Bhsir’6. B38
+2 a0 [sme a0 ( 89) + } ( )

On the scale of the transition region, the flow is effectively two-dimensional so the results
of Section 3.1 can be applied directly. Thus the velocity scale is given by (26) and hence

h
Ca:ﬁ:,/ﬁo.

Also, the length scale of the transition region is given by (25), while from (B21) the diameter
of the film is of orderv/BR. We require that the former be much shorter than the latter, and
hence

e<B«1l
Then, rescaling over the film length scale,
6 = /Bo,
the governing equations (B37, B38) reduce to

oh 190
9 5 ag ) =0 (B39)
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0 ou ou 2u
|2 (g 0] -2 (55 5)

B>
~Eon~o(e \E) . (B40)
€ B
As in Section 3.2, we assume henceforth that the gravity term in (B40) is negligible. The
boundary conditions are

u=0 at ¢ =0,

8 Ktota|h
= /—— at ¢=a¢, B41
! 3 2 t < (B41)

where

1
. ~ —— + O(B), Kiotal ~ 2+ O(B?log B),
¢ 2«/§ () total ( g)

plus an initial condition forz. Again, the problem is particularly easy to solvehifis uni-
form initially, since then it remains spatially uniform. In this case its evolution is given
dimensionally by

-2
h 16 o¥2 pl?
Loy 22 =20 (B42)
ho V3u/pg R

and the dimensional rupture time as

3/ R R
16 03/2 hrup ho

As in the two-dimensional calculation, using the estimated parameter values given in Table 1,
trup IS @pproximately one minute.
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