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Abstract We present a theoretical and numerical study of the time evolution of the film of a soap bubble. Bubbles
are assumed to remain approximately spherical with axisymmetric evolution. Inertia is neglected, and the surfactant
is assumed insoluble. Applying lubrication theory, we simplify the equations governing the film thickness evolution,
surfactant concentration, and tangential fluid velocity. Solving the simplified equations numerically, we examine
the long-term behavior of the film and find that most features follow a power law of the form aT# where T is a
dimensionless time parameter. We also predict the location (angle from the top) at which the film is thinnest and
thus most likely to initiate bursting and present a similarity solution that predicts the decay rate of the minimum
film thickness near the pinch-off location.
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1 Introduction

Soap films are a frequent topic of research in microrheology. Micrometer-scale liquid films are bounded inside and
out by much thinner, nanometer-scale layers of surfactants. These surface-active molecules stabilize the film against
the influence of gravity and other perturbations. Soap films may be used to accurately determine physical properties
of fluids, such as viscosity, surface tension, and surface diffusion [ 1-4]. They are also the basic component of foams,
which have wide-ranging uses in industry [5]. Bursting soap films have been extensively studied in their own right
[6-9], but unbroken films tend to yield more information, and we will focus here on their dynamics.

In laboratory studies, soap films are most commonly either planar, being held vertically, or nearly spherical when
a free soap film is allowed to form a closed bubble. While plane soap films are often studied for the purpose of
understanding 2D turbulence [10—14], we focus here on the dynamics of the more ubiquitous spherical soap bubbles.
In a bubble at rest, the fluid within the film drains downward under the influence of gravity while maintaining a
horizontally uniform profile when no instabilities are present [15]. Researchers have measured the film thickness
as a function of height in an approximately spherical soap bubble using large lateral displacement interferometry
[15,16]. A numerical study of the film evolution of anti-bubbles has also been presented [17].
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More recently, researchers have been developing theoretical and numerical methods for tracking film thickness,
which have been applied to 3D spherical films. Huang et al. [18] presented a numerical method for tracking non-
axially symmetric flow on a spherical bubble and compared their computed effects to experimental observations.
Nearly simultaneously, an inviscid model has also been presented for tracking film thickness [19]. We here study
theoretically and numerically the dynamics of draining soap bubbles, including viscous effects and focusing on the
long-time dynamics that proceed bursting.

To study the time evolution of soap films, we make use of lubrication theory. This method takes advantage of
the disparity between the film thickness, usually on the micrometer scale, and the macroscopic scale of the bubble.
Lubrication theory has been used extensively in the analysis of thin films [20,21], including films on a solid substrate
[22,23], underneath a solid object, subject to gravitational instability [24,25], and free films [26]. In addition to
surface tension and body forces, previous studies using lubrication theory have accounted for Van der Waals forces
[25], thermocapillarity [27], temperature-dependent viscosity [28], evaporation/condensation [25], and surfactants,
soluble [29] or insoluble [30]. Both planar [22,24,26] and cylindrical [31,32] geometries have been analyzed.
Lubrication theory was also used to describe flow over a solid sphere [33,34]. An analysis of the drainage at the
top of a spherical cap was recently conducted [35], although surfactant sorption and thickness variation effects on
the drop curvature were neglected. We present here a more systematic derivation of the governing equations of the
drainage of an approximately spherical soap film.

To analyze the film drainage of an approximately spherical soap bubble, we combine theoretical results obtained
from lubrication theory and numerical solutions of the resulting partial differential equations. Large-scale shape
perturbations are neglected, and the bubble is thus assumed to remain approximately spherical. We also assume that
the film profile is axisymmetric as seen from above, an assumption that is often confirmed by observations [15].
For the sake of simplicity, evaporation and airflow are neglected. We also restrict our attention to the regime where
the film thickness is small compared to the bubble radius, as is most often the case. Finally, we consider quantities
averaged over the film thickness.

We characterize the location (angle with the vertical axis) at which the thickness first tends to zero, corresponding
to the most likely location of eventual bursting. We also look at the transient evolution of the film, assuming a uniform
initial thickness profile. The thickness profile is the primary quantity of interest, but we also examine the surfactant
concentration and tangential velocity profiles on the surface of the film.

The remainder of this paper is organized as follows. In Sect. 2, we apply lubrication theory to simplify the
governing equations. After integrating the equations across the film thickness, we incorporate surfactant effects and
obtain a reduced system. We then present and validate our numerical method for solving these reduced equations in
Sect. 3. Our results for time evolution are presented in Sect. 4, our analysis of the location where the thickness tends
to zero is given in Sect. 5, and our similarity solution is presented in Sect. 6. Finally, we present our conclusions in
Sect. 7.

2 Governing equations: lubrication theory
2.1 Physical setup

We consider a stationary bubble, for which air flow is negligible. Thus, air pressure is assumed present, but uniform
over the inside and outside surface. This can be achieved by suspending the bubble from the top or bottom, or if
the bubble is simply resting on a solid surface, see Fig. 1. In our model, owing to the small thickness of the film,
we neglect inertia. Due to symmetry considerations, we impose zero flow at the top and bottom of the bubble, so
that the solid object suspending the bubble, if present, does not affect the dynamics of the drainage. We assume
the bubble to be approximately spherical—an assumption is valid for small Bond numbers, which we consider
here. The radius of the soap bubble, ry, is assumed to be much larger than the mean film thickness, 2/¢. Since the
mean film thickness has a micrometer scale, this assumption is valid for ry > 10~2 cm. For simplicity, we consider
evaporation to be negligible.
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Fig.1 Schematic of the
soap bubbles considered
and of the notation used.
Note that the figure is not to
scale: € = ho/r is typically
much smaller than shown

2ho

tether

In studying the behavior of an approximately spherical soap film, our objective is to obtain integrated equations and
solve for the thickness, surface velocity, and surface concentration of surfactants. To this end, we apply lubrication
theory, which takes advantage of the disparity in scale between the central bubble radius (average of the inner and
outer bubble radii), and the mean film thickness as illustrated in Fig. 1. In particular, we consider ¢ = ho/ro < 1.

2.2 Dimensional equations

We begin with the dimensional axisymmetric incompressible Stokes equations in spherical coordinates [36]:

, 19/, 18
dlvu=——<r v)+ — —(using) =0, (D)
r2 or rsing dg
10p 1 0/ ,0u 1 a /. Ou u 2 dv 10¢
po (10 a0y L0y w 2wy 13 :
r8(p+'u<r2 o\ or +r25in<p3tp Sm‘oaq) rzsin2g0+r28g0 r g @
and
ap 1 9/ ,0v 1 d /. OJv 2v 2 ] . R0}
(L) ) B2 L) 2
ar +M<r2 ar " or +r251n<p A SIWa(p r2  rlsing a(p(usmgo) ar ®)

where r is the radial coordinate, ¢ is the angle with the positive vertical axis, # and v are the respective angular
and radial components of velocity field, u, p is the pressure, u is the viscosity of the fluid in the film, and ¢ =
r(p — pa)g cos ¢ is a potential associated to a buoyancy force based on the difference between the film density, p,
and the ambient gas density, p,. We also assume that the normal stress balance between the film and the surrounding
air is dominated by surface tension, preserving an approximately spherical bubble.

The fluid has two free surfaces: the exterior surface where r = ro + h1(p, t) and the interior surface where
r =ro + ha(e, t), as shown in Fig. 1. To simplify the analysis, we assume that the initial conditions are identical
on both the inner and outer interfaces. This will ensure that, to first order, the evolution equations for the surfactant
concentration and interface location are identical on both surfaces and their relation to the flow field inside the film
is symmetric. In this case, we only need to keep track of a single film surface and we set, hy = —hy = h. Our
assumption that the evolution equations are identical for both surfaces is valid only in the limit ¢ — 0. In the
regime we consider, ¢ < 1, typically ¢ < 0.01.

The surface concentration, y, on the interfaces, satisfies an advection-diffusion equation projected onto the
interface [37,38]. However, surface diffusion is usually very small [39—41] and we neglect it, leaving us with
88—]; + Vs - (usy) =0, “)
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where Vi is a gradient operator on the surface. The term V; - (ugy) is a divergence projected onto a plane tangent to
the interface. Henceforth, we use the subscript s for bulk quantities evaluated on the interface. The usual surface-
bulk exchange term [38] is neglected here because we assume the surfactant is insoluble. An examination of the
equations governing soluble surfactant is presented in Appendix A.

We describe the effects of the surfactant concentration on the surface tension using the Langmuir equation [37],
given in dimensional form as

U:GO‘FRTVoolOg(l_L), (5)
Yoo
where R is the ideal gas constant, 7 is the temperature, o is the surface tension on the interface, and oy is the

surface tension of a clean interface.
On the film surface, we first apply a kinematic condition

v =dhdt = — + ——. (6)

The stress jump at the boundary is given by the Young—Laplace equation,

[z - ]fiim — [T - nlyir = —xon + Vo, (N
where 7 is the stress tensor, defined by

7 = p(Vu+ vu') —Ip. 3

Here, the symbol I represents the identity tensor, the prime in Vu’ represents a transpose, n is the outward unit
normal, and « is the total curvature of the interface. We assume the viscosity of the surrounding air to be negligible,
so that the stress tensor in the air reduces to T, = —Ipair, and we assume pyir to be constant. Note that the air
pressure is different on the outside and inside. Because we later differentiate with respect to ¢, this will not affect
the derivation. The surface gradient can be written

- do
Vio = —t,
as

where s is arclength along the surface and t is the unit tangent in the direction of increasing arclength.

2.3 Dimensionless equations

We non-dimensionalize our system by writing the radial coordinate as r = ro + hgR = ro(1 + ¢R), where R is
a dimensionless rescaled coordinate of order R = O(1). We leave the angular coordinate, ¢, unchanged but let
T = t/ty where to = uro/e>0y is a timescale chosen for reasons to be explained later. We thus define a velocity
scale ug = ro/tp and dimensionless velocity U = u/ug. To balance the continuity equation, and following the
usual lubrication theory approach, we scale v using V = v/eug and obtain a dimensionless continuity equation

ov + Lo (Using) =0 9)
— — (U singp) =0.
OR  sing dg ¢

Rescaling the ¢ momentum equation requires the introduction of a dimensionless parameter. We define a rescaled
Bond number, which differs from a standard Bond number by a factor of 8_2, as

_ e = pag _ roho(p — p)g
 umg o0 '
The assumption of spherical geometry breaks down when the non-rescaled Bond number is of order 0.1 or greater,
£?Bo > ((0.1) [42]. For ordinary soap and water with a micrometer scale film thickness, we have p = 103 kg/m?,
pa = lkg/m3, g = 10m/s?, g = 0.072N/m, and hg = 10~ m, yielding

1010~ m)(10° kg/m*)(10m/s?)
N 0.072N/m B

Bo (10)

&?Bo 0.1,
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which corresponds to a radius of 7o = 0.14 m and a rescaled Bond number of Bo & 10°. We scale the pressure as

P =p/py where po= Hor _ 80—0.
hoe ro
Discarding higher order terms, we obtain from Eq. (2)
aP U _
—£+W+BOSIH¢:O. (]1)

When we rescale the r-momentum equation and discard higher order terms in ¢, we obtain from Eq. (3)

Lop B 0 12
~ IR ocosgp = 0. (12)
We notice that Eq. (12) implies that d P/dR = 0 to leading order. This feature is a common consequence of the
lubrication assumption [21].

To obtain a dimensionless surface surfactant evolution equation, we define I' = y /Yy~ Where yo is the maximum

packing concentration. Then, if we discard higher order terms, Eq. (4) rescales to

8F+ ! a(UF' )=0 (13)
— — sing) = 0.
AT ' sing dp = ¢
Here, Us = ug/uy is the axial velocity projected onto the interface. We note that Eq. (13) was also derived in [43]
(Eq. (38)).
The dimensionless form of Eq. (5) is
¥ =1+Ellog(1-T), (14)
where
RT
Bl = 2 Yee (15)
0o

is an elasticity number and the surface tension has been rescaled as ¥ = o/0y.

To non-dimensionalize the surface boundary conditions, the rescaled curvature is K = rok and the stress T is
rescaled by pressure given above T = 7/pg = 82ror /ug. Then, on the outer surface, Eq. (7) has the dimensionless
form

1 X
T -n+Pjyn=—-|—-KEXn+ —t|, (16)
£ ap

where Py = pair/ po. The capillary number [44] that often appears in Eq. (16) is equal to one due to our choice
of timescale: Ca = puug/ e300 = 1, which thus justifies our choice of 7. On the inner surface, the equation is the
same, except for a sign change on the left-hand side. We note that in non-dimensionalizing Eq. (16), we have made
the approximation

3 10x%
ds = V/r2dg? + dr? = rov/dg? + 2dR? ~ rodg 50 — = —— + O(e).
as ro d¢

We introduce the rescaled film thickness as H = h/hy = h/erg, a dimensionless quantity of order one. To
leading order, at R = H, we thus find that the kinematic condition is

y=2 0 (17)
AT A’
and the curvature is given by
3*H 0H
K=-24¢|—5+ —cotp+2H (18)
dp? Ao

(see Eq. (71) in Appendix B). Taking the dot product of Eq. (16) with the unit normal and keeping only terms of
order one or greater, we find that the normal stress balance at R = H is
2 9*H 9H

P—Pa1r=E<g—W—£C0t§0—2H) (19)
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At R = —H the stress balance is similar, with the coefficients of terms involving H changing sign. The tangential
stress balance is

w = iE (20)
OR €2 93¢

A detailed derivation of Egs. (19) and (20) is presented in Appendix B.

2.4 Additional symmetry conditions

As a consequence of the symmetry of the problem, we can also impose symmetry in the bulk liquid at the center of
the film where R = 0, which gives, in dimensionless form,

ouU
Vigeo=0 and —

3R =0. 21

R=0
At the rotation axis, where ¢ = 0 or 7, we also impose symmetry boundary conditions:

or _0H

U - = =0. 22
|(p=0,7‘[ dp Ao (22)

¢=0,7

=0,

Finally, the system has initial condition
H|,_, = Hi(p). (23)

We do not require initial conditions on Us and T', as they are determined entirely by H, as we explain in more detail
in Sects. 2.5 and 3.1.

2.5 Flow equations integrated across the film

To simplify the system of equations further, we eliminate the dependence on R by integrating across the film, in
a manner similar to what is done on a flat surface to derive the shallow water equations [45] and in a way often
used to describe flow in thin films [39,51]. Beginning with the continuity Eq. (9) and defining a total flux in the
film, in spherical coordinates, Q = sin ¢ fOH U dR, we integrate over the half-thickness of the film (the other half
is identical by symmetry),

oH 1 d

o 130 (24)

dT  sing Jdp

Now, we integrate Eq. (11) twice, applying relevant boundary conditions (21) to find a parabolic flow profile

U= E(R — H?) B——Bosmgo + Uy(T, ¢). 25)
2

Here, Us = us/ Uy is the axial velocity projected onto the interface. We integrate again to get an expression for the
flux

1 s/0P . .
OQ=|—-—z-H (— — Bosin (p) + HU(T, ¢) ] sin(p). (26)
3 R1%)
Equations (24) and (26) can now be combined to form a thickness evolution equation:
oH 1 0 1 /0P ) .
e 2((-=zH <— — Bosm(p) £ HU(T, ¢) | sing ) = 0. 27)
oT  sing dg 3 ap
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2.6 Surfactant effects

To simplify the stress condition, we substitute Eq. (14) into Eq. (20) and obtain

ou El 9 log(1-T)=M 0 log(1 —T) (28)
—| = 5—1log(l —I') = Mg— log(1 — 1),
OR|,  2ag ¢ £9¢ 8
where we have defined a Marangoni number:
El
Mg = o (29)

We see from Eq. (29) that if Mg = O(1), then El = O(g?) « 1, which means that the surfactant has negligible
effect on surface tension. In that case, unless I" approaches 1, a regime we do not consider here, a Taylor expansion
of Eq. (14) yields ¥ = 1 + O(&?) implying that to first order ¥ = 1. Our assumption of constant ¥ breaks down
only when " > 1 — exp(s‘z). When inserted into Eq. (14), we obtain variations of O(1) in X. In other words,
even though the surfactant coverage of the surface hardly impacts the overall surface tension, it still remains at a
level such that Marangoni stresses can balance viscous shear stresses given the flow that develops within the film.
This confirms that, to first order, the pressure within the film is constant, ensuring that the normal stress balance is
satisfied when the curvature is also constant, which is to say when the bubble is spherical with a pressure difference
between the inner and outer air of Piair in — Pair,our = 42 /&. We hence substitute Eq. (19) into Eq. (27) to get

0H 1 9 ((1 53 (3*°H 0H | R ,
T + ®@<<§H @(W + % cotp + 2H) + §H Bosing + HU(T, (p)) smgo) =0. (30)
We note that multiplying by 1/ sin ¢ does not lead to any singularity at the axis, because d H/d¢ = 0 there. Other
authors have presented an equation similar to (30), as a continuity equation, but without the gravitational and
nonlinear terms (see [43, Eq. 30]). Rather, the gravitational term was introduced in a momentum balance equation.
From there, the resulting system of equations is very different from ours, and is not applicable to the regime where
our rescaled Bond number is of order one.
Similarly, we can combine equation (28) and the radial derivative of (25), to find

0 oP .
Mga—log(l—F)zH — — Bosing | .
¢ de

Finally, we substitute in Eq. (19) to get

d 3 (3°H oH ,
Me—"log(1 —T) = —H —<—+—Cot(p+2H)+Bosm<p . 31)
dg dp \dp? By

Together, Eqs. (30), (31), and (13) comprise a system of three equations with three unknowns: I', U, H. Eq. (30)
enforces conservation of fluid mass, while Eq. (13) conserves surfactant mass. Eq. (31) is a boundary condition that
relates I' to H. There is no evolution equation for U, which only appears in (13), and therefore, this equation is
used to determine Ug, while Eq. (31) can be used to determine I", and Eq. (30) can be used to advance H in time.
We note that in Appendix A, we have extended our governing equations to include sorption effects.

3 Numerical method and validation

This system of equations (30), (31), and (13), admits no steady-state solution (see Sect. 5), so that the bubble always
eventually bursts. We consider two separate regimes. The first is the limit of large Marangoni number, Mg > 1.
The second is Bo € [1, 10], Mg € [2, 10], and [ €[0.5,0.9]. Here, T is the average surfactant concentration on
the surface as a fraction of the maximum possible concentration.
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3.1 Initial condition

To determine the behavior over time, we supply the initial condition H (0, ¢) = 1, chosen for simplicity, and advance
the system in time numerically. We have also looked at the initial condition H (0, ¢) = 1 —0.9 cos ¢ for comparison,
and found the long-time evolution to be similar. Because of Eq. (31), the surfactant profile is determined entirely
by the thickness profile, H. Thus, it is not possible in our model to have both H and T initially uniform. In cases
where sorption, i.e., transfer of surfactant between the bulk and the interface, is present, a broader range of initial
conditions should be feasible, but our assumption on insoluble surfactant limits the possible initial conditions.

In the case Mg > 1, where the dominant balance is between Marangoni stresses and gravity, the system can
develop the necessary Marangoni stresses to enforce H (0, ¢) = 1 and a non-uniform surfactant profile on the
surface, such as we impose. However, for Mg € [2, 10], it is more likely that the dominant balance is between
the curvature term and gravity, in which case the rapid evolution will be toward an uneven thickness profile, and
the initial condition H (0, ¢) = 1 is less likely to be physical. This explains why we do not find initial surfactant
concentration profiles consistent with H (0, ¢) = 1 for Mg = O(1).

3.2 Large Marangoni number limit

In the regime where Mg >> 1, we can expand the variables in powers of Mg~! and obtain I' = I and U = 0, to
leading order (see Appendix C). Physically, this means that Marangoni stresses will quickly even out the surfactant
distribution on the surface and thus suppress tangential flows. To describe this regime, we define a new Bond number
and timescale based on the equilibrium, rather than surfactant-free, surface tension oeq = 0o (1 + Ellog(1 — f‘)).
Specifically,

roho(p — pa)g g2

Boeg = .
eq

(32)
and T = ¢ /teq Where teq = uro/ s3oeq. Note that the definitions of the elasticity number and Marangoni number
remain the same. We then obtain a simplified, and decoupled, film thickness evolution equation:

9H 1 9 (1 d (°H 9H

— —(-H? —(— — cot 2H) Boeg sing | sing ) = 0. 33

8T+Sin<p8go<3 (a¢ dg2 T g COLY M) H Boe ‘”) ‘0> (33)
To solve Eq. (33), we discretize it in space using second-order finite differences. Due to stability considerations
and the fact that the equation is fourth order, we set AT o (Ag)*. We advance the system in time using an explicit
Euler time-stepping method. Simulation results are presented in Sect. 4.1.

3.3 Intermediate Marangoni number: Mg € [2, 10]

To solve numerically equations (30), (31), and (13) in terms of I', Us, and H, we discretize Eq. (30) in the same
way as Eq. (33)—using finite differences in space and an explicit Euler method in time. Next, we solve Eq. (31) for

I:
1 [? 9 /0°H 0OH
F=1-cr(T)e!T? where 1(T,¢)=—M—g/0 H(w<a—w2+wcotw+2H)+Bosinw>dw. (34)

Here, cr(T) is a constant of integration that we determine based on the total surfactant mass, M, which, in the
absence of sorption, i.e., surfactant interchange between the bulk and the surface, is constant. In particular, we have

T
Mr = 4xT = 271/ (1 - cr(T)e’(T"/’)) sin pdg,
0

where I is the average surfactant concentration on the surface. Solving for cr, we obtain
2-2r

cr(T) = .
r(7) Jo el T-9) sin g de

(35)
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Table 1 Limiting surfactant concentrations ensuring that the initial dimensionless surfactant concentration is between zero and one for
various Bond/Marangoni number ratios

Bo/Mg Fmin

0 0

0.1 0.0937
0.5 0.3679
1 0.5677
1.5 0.6833
2 0.7546
5 0.9000
10 0.9500
00 1

Because we non-dimensionalized I" using the maximum surfactant concentration, we require 0 < I' < 1, which
adds a constraint on I'. If we initially set H = 1, then the curvature terms vanish, in which case

B T M
1(0,¢) = M—(;(cosgo —1) and / !0 ging dp = B_f(l — e 2Bo/Mgy
0

where the ratio Bo/Mg captures the importance of the gravitational force relative to that of Marangoni forces.
Hence,

2B0 1-T
and altogether we have
0, ¢) =1- ZBOLCBO(COW—D/M%. (37)

Mg 1 — e2Bo/Mg

Imposing 0 < I < 1, or equivalently 0 < crel 0.9 <1, yields the condition

2Bo 1-T
<

2 - - a(eosp—1)Bo/Mg
= Mg 1 — ¢ 2Bo/Me© =1

From here, we use the fact that cos¢p — 1 < 0 and Bo/Mg > 0, so that 0 < e(cos¢—DBo/Mg < 1 We are left with

the condition that
_ 1 — 672B0/Mg

F>1-—— = Thin. 38
- 2Bo/Mg min (38)

In a physical system where this condition is not met, our chosen initial condition H = 1 is not possible. We show
in Table 1 limiting surfactant concentrations and associated rescaled Bond/Marangoni number ratios, and in Fig. 2
plots of I"(0, ¢) for various values of Bo/Mg and T.

For an initial average concentration above ', we may solve Eq. (13) for U and find

1 ?aor

Us(T, o) = _Fsin(p /0 ﬁSlnwdl/f. (39)
The lower bound of integration has been chosen so that Us(7T', 0) = 0 and the condition Us(T, ) = 0 is imposed
separately. Note that imposing those conditions ensures that we never use Eq. (39) when sin ¢ = 0, thus avoiding
issues associated with dividing by zero.

Because the time step is much smaller than Ag, the time derivative 01" /9T is unstable if computed at every time
step. We avoid this problem by computing the time derivative of I" over a time span of AT, = Ag:

ar T+ ATy, ¢) —T'(To, ¢) _ T'(To + Ag, ¢) — I'(To, ¢)
T |7—1, AT, Ag ’
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Fig. 2 Initial surfactant concentration as a function of the angle from the top, ¢, for ' = 0.9 and various values of Bo/Mg (a) and for
Bo/Mg = 1 and various values of I (b)

We verified that our method is robust against the choice of AT3. In particular, using AT, = 2A¢@ or AT, = 0.5A¢
resulted in surface velocities that differed by less than 0.6% from the case with AT, = Ag for all times greater
than zero. Differences in I' and H were even smaller.

The initial surface velocity Us(0, ¢) = Uy ; appears in both Egs. (30) and (39) and both equations must therefore
be solved simultaneously to obtain a consistent initial condition, Us ;. We do so by solving each equation in turn
in an iterative manner, beginning with the assumption that Us ; = 0. First, we solve Eq. (30) for H with U ; set to
zero. Then, we solve Eq. (31) for I'. Calculating I" at different times, we obtain 0I" /0T, which we insert into Eq.
(39) to solve for Us ;. We then reset I and H to their known initial values every time we update Us ;. When U ;
converges, we have obtained the initial surface velocity, Us ;. The convergence of Us ; depends on the Bond number,
the Marangoni number, and the average surfactant concentration. For Bo = 1, Mg = 10, and =09, convergence
is very rapid—occurring in as few as 3 iterations. When Bo = 1, I' = 0.9, as Mg approaches approximately 1.5,
the number of iterations increases without bound, and for values of Mg below approximately 1.5, convergence fails.
Similarly, when Bo = 1, convergence fails for I' < 0.5, for all values of Mg. In those cases, our assumed initial
condition, H = 1, is not feasible, and we therefore focus on the regime where Mg > 2 and [ > 0.5. The initial
condition can be sensitive to numerical parameters, but we verified that the long-term behaviors (7' > 1), which is
what we focus on, are not.

3.4 Validation

We present here results confirming that convergence is achieved in terms of both temporal and spatial discretizations.
We also validate our method by showing conservation of film and surfactant mass, and by comparing our results to
existing experimental results.

We first consider spatial resolution for the case when Mg > 1, the change of thickness at the top of the drop was
found to vary by less than 0.0012% when simulations were performed with Agp = 0.01 compared to Ap = 0.02,
taken at T = 10, confirming that results are well resolved with Ag = 0.02, a value we use in the remainder of our
study. We next consider spatial resolution for the case when Bo = 1, Mg = 10, and I' = 0.9. Here, " is the mean
surfactant concentration on the surface. We measure the relative variation in thickness at the top of the drop, the
variation in surface surfactant concentration at the top of the drop relative to I' = 0.9, and the relative variation in
maximum absolute surface velocity. We thus define errors as
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Table 2 Relative errors for two pairs of spatial meshes at time 7 = 10, with Bo = 1, Mg = 10, and T = 0.9 compared against
Agp =0.01

Resolutions erry errp erry
Ag = 0.04 6 x 1073 1.8 x 1074 4 %1073
Ag =0.02 6.1 x 1074 2.6 x 1073 3.9 x 1074

Table 3 Relative errors for two pairs of temporal meshes at time T = 10, with Bo = 1, Mg = 10, and I" = 0.9, compared against
AT, =0.01

Resolutions Ey Er Ey
AT =8 x 1072, AT, = 0.04 5.2 x107° 2.1 x 1078 23 x 1073
AT =4 x107%, AT, = 0.02 2.6 x 107° 1.1 x 1078 1.1 x 1073

|Hcoarse(T» O) - Hﬁne(Tv 0)'

erry = s
Hﬁne(T’ 0)
errp = |Fcoarse(T, O)__ Fﬁne(T7 0)| 7 (40)
r
’Us,max,coarse(T) - Us,max,ﬁne(T)‘
and erry =
Us,max,ﬁne(T)

Here, quantities subscripted “coarse” are evaluated on the coarser of the two grids and quantities subscripted “fine”
are evaluated on the finer of the two grids, while Us max,coarse and Us max.fine are the maximum absolute surface
velocity on the coarser and finer grids, respectively. Table 2 shows better than second-order convergence, and good
accuracy for Ap = 0.02.

We also tested three temporal resolutions for the case when Mg € [2, 10]. Keeping AT = 2 x 1077 AT, we
consider AT, = 0.04, 0.02, and 0.01. We defined relative error at time 7 for H, I', and U, respectively, to be

| Heoarse (T, ©) — Heine (T, @)
Ey = max

)

¢el0,m] Hfine (T, @)
r T, - I T,
Er = max ITcoarse ( (/7)_ fine (T, @)1 ’ @1
pel0,7] r
|Us,coarse(T’ ®) — Us fine (T, ¢)|

and Ey = max
¢el0,7] Us,max,ﬁne(T)

The results at time 7 = 10, given in Table 3, show first-order convergence for H, I', and Us. All convergence
results were obtained using Bo = 1, Mg = 10, and [ = 0.9. Based on these results, we conclude that time steps of
AT =4 x 1072 and AT> = 0.02 provide sufficient accuracy and the results we present later were obtained with
these time steps.

We also validated our conservation of film mass and surfactant mass. We measure variation in surfactant mass
by computing the quantity

_ |Mr(100) — Mr(0)]
Mr(0)

T
AMr , where Mp(T) =2m / (T, ¢) sinpde
0
is the total surfactant mass at time 7'. Table 4 shows A Mt for various parameter values. In all cases, AMr < 1073,
Similar to the surfactant mass, we measure variations in film mass by computing the quantity
|M(100) — M (0)]

g
AM = , Where M(T) = 871/ H(T,p)singpd
M(0) 0 pmece
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Table 4 Variations in surfactant mass for different cases at time 7' = 10

Case AMrp

Bo=1 Mg = 10 r=09 5.274 x 1077

Bo=1 Mg =2 =09 2.995 x 107©

Bo=1 Mg = 10 r=05 4744 x 1076

Bo=10 Mg =10 =09 7.140 x 107©

Fig. 3 Thickness profile Bo =10.0

against the vertical 45 T

displacement from the 4% e T—10

center. Here, Mg = oo ‘- —_——T =20
351 § wees T = 100

0.5 \\
0 ! N o o B B R SR
1 0.5 0 0.5 1
Y = cos(y)
Table 5 Variations in film mass for different cases at time 7' = 10
Case AM
Bo=1 Mg = 10 r=09 2.136 x 107
Bo=1 Mg =2 =09 2.136 x 1074
Bo=1 Mg = 10 r=05 2.136 x 107
Bo =10 Mg =10 =09 4757 x 1074

is the total film mass at time 7". Table 5 shows AM for various parameters covering the regime studied in Sect. 4.
In all cases, AM <5 x 1074,

Finally, we compare qualitatively our thickness profile, H (¢, T') at different times to published experimental
results. For the case of infinite Marangoni number and a Bond number of Bo = 10, shown as the dashed line in
Fig. 3, we observe qualitatively similar behavior to that reported in [15, Fig. 9] and [16, Fig. 3(a)] . We also note
that dimpling occurs in the thickness profile, similar to what has been observed in [46,47]. However, the dimpling
in those cases occurred without the influence of gravity, whereas the dimpling in the present study is dependent
on gravitational effects (see Sect. 5). In general, a quantitative comparison is not possible, due to the different
definitions of the governing parameters, specifically the rescaled Bond number.

4 Time evolution of the system
We consider first the limit of large Marangoni number where the only independent parameter remaining is the

rescaled equilibrium Bond number, Boeg. In that case, we focus on the time evolution of H, the only quantity that
is not rendered uniformly constant. We then study the more complicated regime where Mg € [2, 10] and Bo is of
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Table 6 Fitted coefficients and powers for Hpyin

Boeg o B

1 0.34 —0.62
2 0.26 —0.56
3 0.23 —-0.53
4 0.22 —-0.52
5 0.22 —0.53
6 0.23 —0.55
10 0.23 —0.60
15 0.19 —0.60
20 0.16 —0.58
25 0.13 —0.55

The curve fitting is done for times 50 < 7' < 100

order one. We vary three independent parameters, Bo, Mg, and I, and examine the three dependent parameters,
H(T, ), (T, ¢), and Us(T, ¢).

4.1 Large Marangoni number limit: results

We ran simulations of Eq. (33) beginning with H(0, ¢) = 1, and over the range T € [0, 100]. Our results for
various Bond numbers are shown in Fig. 4. Fluid drains from the top portion of the bubble and accumulates at the
bottom, so that two distinct regions appear: a top region where H < 1, and a bottom region where H is of order 1.
These regions are separated by a local minimum in the thickness profile. In all cases, at long enough time, the time
derivative of H decreases toward zero for all values of ¢, and H does not reach zero in finite time.

We note that the thinnest part of the film is not at the top, but at some critical angle, ¢., along the profile of the film
(see Fig. 5). This can be explained by the fact that the drainage of the film is driven by gravity, and is proportional
to sin ¢ (see Eq. (11)). Gravitational effects therefore go to zero and the bottom and, more importantly, at the very
top of the bubble, which pushes the thinnest part of the film off the symmetry axis. We note that the top part of the
film remains much thinner than the bottom portion of the film, due to the cumulative effect of the drainage.

To gauge the time evolution of the system, we track the minimum thickness, Hpin (7)), as a function of time. Figure
6a shows the time decay of Hmin(T). We see that larger values of Boeq result in a faster decrease of the minimum
thickness, as gravitational effects accelerate the film drainage. The log—log plots of Hyin (T) are approximately linear
for Boeqg > 1 which suggests a relation of the form Hpin(T) = «T#. The resultant values for o and B obtained
using least squares regression on 7 € [50, 100] are given in Table 6. The fitted curves shown in Fig. 6b show good
agreement with the computed curves for sufficiently large times. The values of « and $ exhibit non-monotonic
behavior at intermediate values of Boeq. We note that these results are for intermediate times, T €[50, 100], only.
In the limit as 7 — oo, the exponents may change. In this limit, however, other factors not included here are
likely to be determinant, notably the disjoining pressure [48].

4.2 An intermediate Marangoni number of Mg € [2, 10]
To describe this regime, we ran simulations of the time evolution of Egs. (30), (34), and (39) for different rescaled

Bond numbers, Marangoni numbers, and average surfactant concentrations, I', tracking the thickness profile,
H(T, ¢), surfactant concentration on the surface, I' (T, ¢), and fluid velocity on the surface, U(T, ¢).
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Fig. 4 Half-thickness of the film, H, as a function of the angle from the top, ¢, at various times obtained by solving Eq. (33), for
four different rescaled Bond numbers. The black curves are obtained as described in Sect. 5, using Egs. (46) and (47). The rectangles
indicate the extent of the zoomed-in regions shown in Fig. 5 which demonstrate that the thickness exhibits a local (and global) minimum
atld <. <m

Figure 7 shows the time evolution of the system for Mg = 2, ' = 0.9, and Bo = 1. The time evolution of
H(T, ¢) is nearly identical to the case Mg >>> 1 studied in Sect. 4.1 with plots that are visibly indistinguishable
for different values of Mg and I. This is because the surface velocity is relatively small for all cases studied, with
values ranging from 10~* to 2 x 10~2. Hence, Eq. (30) differs only by a small term from Eq. (33).

The surfactant concentration on the surface, I'(T, ¢), begins with a non-uniform distribution to allow for a
uniform initial value of H, as described by Eq. (37). It then relaxes toward a uniform distribution I'(7, ¢) —> r
as T —> oo. The initial surfactant gradients can be scaled by

2Bo -
ATy = r — min I’ =T -T =" (1-T 4
0= mex [(0.¢) — min [(0.¢)=T0.m)~T0.0 =T (1-T). “2)

where the last equality comes from Eq. (37). This initial relationship matches physical intuition. In particular, we
expect drainage to occur faster for increasing Bo, leading to larger initial surfactant gradients. For increasing Mg,
we expect that the surfactant concentration will be more uniform initially, resulting in lower values of AI'g. For
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Fig.5 Closeups of the half-thickness of the film, H, as a function of the angle from the top, ¢, at various times obtained by solving Eq.
(33), for four different rescaled Bond numbers shown more broadly in Fig. 4. The black curve is obtained in Sect. 5, using Eqs. (46)
and (47). The inset in a shows a closeups of the curve near zero

increasing I', we know from Eq. (37) that I'(0, @) is be confined to a narrower range of values, resulting in lower
surfactant gradients.

The time decay of the variations in surfactant concentration can be measured by the time decay of the normalized
change in surfactant across the film

(T, 7)) —T(T,0)
ATy '

(43)

1
ATpel(T) = —— I'(T.¢) — min T(T.¢)) =
o™ = g (s, r0 = s, o)

As seen from Fig. 8, this time decay, after a transitional period, is linear in a log—log plot—i.e., it obeys a power law
for T € [50, 100], ATye1(T) = ar TP . From Fig. 8(b,c), we see that o and Br depend only weakly on Mg and T.
The dependence on T is especially weak—the graphs are virtually on top of one another. The dependence on the
rescaled bond number is much more substantial, as seen in Fig. 8a. Unfortunately, due to the slow convergence in
time, this dependence is difficult to quantify for smaller values of Bo. However, as Bo increases, ar — 0.5 and
ﬂr —> —0.56.

The initial surface velocity, Us(0, ¢), varies between positive and negative values, in an uneven sinusoidal wave
(see Fig. 9). We note that negative surface velocity values indicate an upward surface flow. However, the overall
flow is still downward (see Fig. 11). Situations in which the surface flow opposes the overall direction of flow
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Fig. 6 Time evolution of the minimum half-thickness, Hpip, for four different rescaled Bond numbers (a) and long time behavior of
the minimum half-thickness, Hin, versus time, both observed and fitted, for four different rescaled Bond numbers (b). The curve fitting
is done for times 50 < T' < 100 and the coefficients are given in Table 6

have been observed before [52]. Smaller Marangoni numbers result in larger initial surface flows, while the initial
surface velocity approaches zero as Mg —> oo. Similarly, initial surface velocities are zero for Bo = 0 and
increase in magnitude with Bo. The initial surface velocity decreases uniformly with increasing average surfactant
concentration. This is also unsurprising, as larger values of T result in smaller initial surfactant gradients (see Eq.
(42)). These surfactant gradients then decay toward equilibrium more quickly, resulting in larger initial values of
doI'/dT and hence larger initial surface flows.

After a short period of time, the surface velocity becomes strictly negative, which means that surface flow is
driven primarily by surfactant gradients, rather than gravity. For long times, the surface velocity decreases to zero,
in all cases. The time decay of the surface velocity, Us(7T', ¢), can be quantified by the time decay of the maximum
absolute surface velocity,

Us,max (T) = max |Ug(T, )] .

¢el0,7]
After an initial transition, Us max(T') is linear in a log—log plot—i.e., it obeys a power law: Us max(T) = oy Thu
for T € [50, 100], as shown in Fig. 10.

For Bo = 1, as Mg increases from 2 to 10, oy decreases from approximately 0.02 to 0.004, while Sy ~ —1.7
remains approximately constant. As I increases from 0.5 t0 0.9, oty decreases from 0.035 to 0.003, while 8y remains
constant at —1.7 to a very good approximation. The dependence of «y; and By on Bo is less straightforward, because
of the slow convergence in time for small rescaled Bond numbers. However, 8y decreases from —1.46 to —1.55,
and oy more than doubles from 0.005 to 0.011 as the rescaled Bond number increases over the range 6 < Bo < 10.
As seen in Fig. 10, the dependence of oy on Bo, Mg, and T" closely mirrors the initial conditions, shown in Fig. 9. In
all cases, the behavior of Us max (') qualitatively resembles that of AT'ye;(7"), which supports the claim that surface
velocities are driven primarily by surfactant gradients, rather than gravity. Although the surface velocity can be
upward, the total flux at any angle ¢ is always positive (i.e., toward the bottom of the bubble), as shown in Fig. 11.
Unsurprisingly, the total flux increases with Bond number (Fig. 11a). Furthermore, the flux decays with time (Fig.
11b).

Although our discussion uses the arbitrarily imposed initial condition, H (0, ¢) = 1, only the initial transition
period was found to depend on this initial condition. The results for the long-term time decay are qualitatively
similar for any initial condition, as was found when using the initial condition H (0, ¢) = 1 — 0.9 cos ¢. Indeed,
for H(0, ¢) = 1, Us max(T) decayed as Us max(T) = 0.00367 19, while for H(O, ) =1—0.9cos g, it decayed
as Us max(T) = 0.00217 190 We mention, also, that due to slow convergence in time, Sy and Br have variations
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Fig. 7 Film half-thickness (a), surfactant concentration on the surface (b), and surface velocity (c) as a function of the angle from the
top, ¢, at various times. Panel d shows a time series of surfactant concentration at the top and bottom of the bubble. All panels are

computed with Bo = 1, Mg =2 and " = 0.9

on the order of £0.1. Finally, we reiterate that this decay is for intermediate values of time only. In later times, the
exponents are likely to change, and disjoining pressure is likely to become a factor.

5 Bubble bursting and minimizing angle

As the film thickness tends to zero, the bubble will eventually burst and we will have lim7_, oo H(T, ¢.) = 0 at
some minimizing angle, ¢.. A prediction of this angle follows from Eq. (30). We have observed that the rate of
change of the thickness approaches zero as H approaches zero (see Figs. 4 and 5). Furthermore, the power law
Huin(T) = oT# implies H . (T) = O(T#~!), where —1.5 < B — 1 < —1.6, so that the time derivative of the
minimum thickness decreases to zero for long times. Hence, we consider the approximation that dH /0T =~ 0.
Correspondingly, the surface flow also decays in time according to the power law Us max(T) = ay TP, so that we
may consider the approximation Us =~ 0. We have observed from our simulations that drainage eventually divides
the interval 0 < ¢ < 7 into two regions: one, ¢ < ¢, in which H « 1, and one, ¢ > ¢, in which H is of order
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Fig. 8 Time evolution of the relative surfactant difference shown on a logarithmic scale, for different rescaled Bond numbers (a),
Marangoni numbers (b), and average surfactant concentrations (c)

one. In the region ¢. < ¢ < m, Eq. (30), with the time dependence and surface velocity set to zero, integrates to

d (0°H 0H ,
@<8—¢2 + %cotgo—i-ZH) = —Bosin¢. (44)
Eq. (44) then has general solution

1
Hoo(@) = H(c0, ¢) = —g(cosgo log(1 — cos ¢) + cos @ log(1 + cos ¢))Bo 45)
+ B (cos ¢ log(1l — cos¢) —cosglog(l 4+ cosg)) + Acosg + A,

where B, A, A are constants to be determined by the boundary conditions. We notice that the terms of the form
cos ¢ log(1 — cos @) become unbounded as ¢ —> 07T, and the terms of the form cos ¢ log(1 + cos ¢) become
unbounded as ¢ — 7. Since both groupings of terms cannot be set to zero simultaneously, it is impossible to
obtain a physically feasible solution to the steady-state equation on all of 0 < ¢ < m, as was mentioned earlier
at the beginning of Sect. 3. However, in the domain ¢. < ¢ < 7, we only need eliminate the terms of the form
cos ¢ log(1 + cos ¢). This can be done by setting B = —Bo/6. We impose the condition that Hy, be smooth at ¢,
and have a relative minimum. In addition, we impose that at ¢ = ¢, the thickness be zero. Altogether,

1 cos? g¢

—log (1 —cos¢e) | + z Bo——m—. (46)
3 1 —cos¢c

COS ¢

1 1
Hyo(p) = —§Bocos<plog(1 —Ccos ) — §Bocosga <m
- C
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Fig. 9 Initial velocity profile for various Marangoni numbers (a), average surfactant concentrations (b) and rescaled Bond numbers
(c), for uniform initial thickness: H (0, ¢) = 1

To determine ¢., we make use of volume conservation. We do not have a specific way to track the exact fluid

volume in the top region (0 < ¢ < ¢.). However, because the film is observed to be very thin in that region, almost
all the fluid volume will be located in the region ¢. < ¢ < 7. Therefore, we make the approximation
s

T
H (o0, ¢) sing do %/ H(0, ) sing dg = 2.
Pe 0

Although the left-hand side underestimates the fluid volume, we expect that the error will be small as H (T, ¢.)

approaches zero. Using the form given in Eq. (46) and integrating, we have that the minimizing angle satisfies
24 (1 +cos @)’

- 47
Bo 1 — cos ¢c “7)

We note that Eq. (47) has a single real root that can be obtained analytically which is confined to the interval (—1, 1),
and which increases monotonically with Bo (see Appendix D).

We compare this approximate analytical result with numerical simulations of Eq. (33), in which we have recorded

the minimum thickness, Hpin, at T = 100 for several rescaled Bond numbers, and the associated minimizing angle,
¢c. Figure 12 shows excellent agreement with the predicted values. We note that for Bo = 24, ¢. = 7/2, while
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Fig. 10 Time evolution of the maximum absolute surface velocity shown on a logarithmic scale, for different rescaled Bond numbers
(a), Marangoni numbers (b), and average surfactant concentrations (c)
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Fig. 11 [Initial flux as a function of angle fro_m the top, ¢, for various rescaled Bond numbers (a), and flux against ¢ at various times
for Bo = 1 (b). In both cases, Mg = 10 and I' = 0.9
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Fig. 12 Minimizing angle, ¢., at which H — 0 first, plotted against the rescaled Bond number. The observed values of ¢ for
simulations in which Bo = 0.1, 0.2, 0.5, 1, 2, 5, and 10 are shown as red dots, while the predicted curve based on Eq. (47) is plotted in
blue. (Color figure online)

¢ —> 0as Bo — 0 and ¢, —> m as Bo —> oo. These results are applicable with or without sorption (see
Appendix A), and for any value of Mg.

6 Similarity solution

The long-term dynamics of thin films and the approach to their break-up can often be successfully captured by
similarity solutions, see e.g., [49-51], including in the presence of Marangoni effects [47]. For long but finite times,
our numerical results indicate that the minimum thickness will decay according to a power law. As such, near
¢ = . we seek a similarity solution and posit the form

H(T, ) = Hoo(9) + TP f () where 5= (¢ — ) T?, (48)

for T > 1. Here, Hoo(¢) is given by Eq. (46) for ¢ > ¢. and Hx () = 0 for ¢ < ¢, so that Hy () < 1 near ¢.
Because the minimum thickness tends to zero, we assume 8 < 0. As T > 1, the size of the region described by the
similarity solution shrinks, and so we must have that b > 0. However, setting b = 0 implies that the curvature terms
become negligible, which is contradicted by our numerical observations. In particular, the derivative of curvature
spikes near ¢ so that at that location, the curvature and gravity terms remain of comparable magnitude even when
Bo > 1 (see Fig. 13). Hence, we must have b > 0. Furthermore, we note that our numerical data indicate that the
surface velocity term decays as Us max(T) ~ 717 while Hpin(T) ~ T# with —0.6 < B < —0.5. The gravity
term therefore decays as 718 (or more slowly) and the maximum surface velocity term decays as T-22 (or faster),
rendering it negligible.
Putting Eq. (48) into Eq. (30) and discarding higher order terms, we obtain

1
BT~ f 4oy 2=V ' 4 f2 (Tﬁ+4bf/// 4 TPBosin ¢C> T §f3Tﬁ+4bf//// —0 for ¢ <o (49)
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Fig. 13 Ratio of the
curvature to gravity terms
appearing in Eq. (33) at the
point of minimum
thickness, ¢, over time, for
different rescaled Bond
numbers. More specifically,
the vertical axis is

1 9 (3°H oH
— + —cotp +2H

Bosing g \ 3¢ = d¢ "
Here, Mg > 1
and
1
IBszﬁflf + bnTizﬂilf/ 4 f2f/Tﬁ+4bf/// 4 §f3Tﬁ+4bf//// -0 fOr @ > Q. (50)

We note that the only difference between Eqs. (49) and (50) is the absence of a gravity term in Eq. (50). This is due
to the fact that the curvature of Hy, cancels the gravity term, because it is a solution to Eq. (44). Balancing the time
dependence in Eq. (50), we obtain —28 — 1 = 8 + 4b. Balancing the curvature and gravity terms in Eq. (49), we
obtain 4+ 4b = b, so that 8 = —3/5, and b = 1/5. The exponents in Table 6 are close to the value of § = —3/5,
and exactly equal it for Bo = 10 and Bo = 15. It appears that the asymptotic behavior has not quite been reached
by the time 7 = 100.

If we substitute the forms I'(7, ¢.) = r+ T g(n) and Ug(T, ¢.) = T G(n) into Egs. (13) and (31) and
discard higher order terms on the assumption that ar, ay < 0 and 5 is given by Eq. (48), then we obtain ar = —4/5
and ay = —2. These values indicate significantly faster decay than the observed decay rates for Al'ye] and Us max,
which is unsurprising, since we expect AT and Us max to represent the slowest global decay rates of I' — I" and
Us, respectively. The decay rate of I' and Uj is therefore faster at the critical angle than in the rest of the film. This
also confirms our assumption that the surface velocity term can be neglected in the similarity solution.

7 Conclusion and discussion

To describe the time evolution of the flow, film thickness, and surfactant concentration of an approximately spherical
soap bubble, we have applied lubrication theory to simplify the axisymmetric Stokes, Young—Laplace, Marangoni,
and surfactant tracking equations. Integrating across the film surface, we derived a reduced system of equations that
capture the most important features of this system.

We studied numerically the transient dynamics for two cases—first, for large Marangoni numbers, in which the
tangential flow is suppressed, and second, for a Marangoni number of order 1. In both cases, the minimum film
half-thickness approaches zero according to a power law, which is, in dimensional form,

< t hSU() ) P
hmin (¢, Bo) = hoa(Bo) 7} , where «a(Bo) €[0.34,0.13] and B €[-0.6,—0.5]. ShH
22

Although B appears to exhibit a weak time dependence, we have found that for long times, § = —3/5. Here, Bo is
the bond number, representing the relative importance of buoyancy to surface tension, and is assumed to be in the
range Bo € [0, 25]. Although our findings are not directly comparable with any results we are aware of, they are
generally consistent with previously published results. In [43], both theoretical and experimental results indicate
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a linear decrease in thickness over time at the top of a spherical cap bubble. This differs from our power law for
Hpin. However, those results are not directly comparable as [43] use different boundary conditions at the base of
the bubble (allowing for a loss of fluid mass from the system), have a different initial condition, and study a regime
where Bo is significantly larger. The simulations presented in [17] Figure 3 show the thickness of the bubble varying
by several orders of magnitude, which differs from our observed results for low rescaled Bond number Bo < 25, but
is consistent with what we would expect for large values of Bo. For example, Eqs. (46) and (47) predict a relative
thickness at the bottom of the bubble at long time (quasi steady-state) of H (oo, w) &~ 77.3 for Bo = 10°, which is
consistent with [17] Figure 3. For ordinary soap bubbles, this rescaled Bond number corresponds to a bubble radius
of approximately 0.67cm.

Our results for the film evolution may also be compared with experimental results—particularly Figure 3 of [15]
and Figure 9 of [16]. In [15], the thickness was observed to vary minimally over time, indicating that the quasi steady-

state had already been reached, with an exponential model of the form H (p) = exp (& cos2 ¢ + bcos g + E). In

[16], an exponential model of the form H (¢) = exp (l; cos @ + 5) was employed, with time-dependent coefficients.

In both cases, b < 0. When Bo > 1, our results are qualitatively similar to experiments (see Fig. 3), but the regime
we focus on is different. Future work may solve the equations we derived in the regime considered in the experiments
of [15] and [16] and allow for a more direct comparison, but it is outside the scope of the present work which focuses
on a small rescaled Bond number, 1 < Bo < 25.

We also obtained analytical expressions, confirmed by simulations, for the minimizing angle at which the film
first tends to zero and where, therefore, the bubble is most likely to burst. However, it is also possible that the bubble
bursts away from the exact location of the minimum thickness, given that the thickness varies very slowly near the
location of minimum thickness. We are not aware of comparable experimental measurements of the location when
bursting is initiated, despite the importance of this feature on the dispersion of the droplets generated by bursting
[6-9,53].

Our derivation of general lubrication equations describing the dynamics of spherical films opens the door to
several other possible avenues for future research. Evaporative effects eventually become important. These may
be included in future work by considering a slowly varying film thickness /¢ and corresponding changes in bulk
and surface surfactant concentrations which would allow a more complete picture of the lifespan of a soap bubble.
Another research area left to explore is the stability of soap bubbles to non-axisymmetric perturbations. While
experimental results, e.g., [15,16], confirm that the axisymmetric solutions are indeed realized, casual observations
of soap bubbles and recent simulations [ 18] show that they are sensitive to symmetry-breaking perturbations. Though
Marangoni effects are stabilizing against thickness perturbations, they may create oscillatory responses to surfactant
concentration imperfections [43,54].

Finally, we note that our results give a good description of fully spherical bubbles, an idealized set-up corre-
sponding to bubbles tethered at the bottom or resting on a hydrophobic surface. More generally, soap bubbles may
be deformed by gravitational effects or external forcing. The general trends found to dominate here should also be
dominant for deformed bubbles, but a more detailed treatment of the effects of shape deformations remains to be
undertaken. Moreover, commonly encountered soap bubbles are shaped as spherical caps that rest on a liquid surface
or substrate. The equations derived here may be applied to such bubbles, though they will need to be supplemented
by appropriate boundary conditions [42,55,56].

Appendix A: Soluble surfactant
The surfactant concentration in the film, ¢, (in mass per volume) satisfies an advection-diffusion equation, given,
in dimensional form, as

ac

Fri V- (uc) = ke Ve, (52)
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where k. is the bulk diffusivity and V is a dimensional gradient. In the presence of sorption, Eq. (4) is supplemented
with a bulk exchange term [37,38],

dy
o
where kr is a diffusivity of surface surfactant. Combining Eq. (52) with the exchange term, we obtain a boundary
condition on the bulk concentration,

J.e) = —kem- V)cs, (54)
where n is the outward unit normal at /. To describe the bulk exchange term, we can apply the constitutive relation

[37,38]

—Jjy,c) = kadcs(l - %) — kaey (55)

[e¢]

+ Vs - (usy) = krV2y 4 j(y, ¢s), (53)

where k,q and kq. are kinetic constants of adsorption and desorption, with units of m/s and s~ !, respectively.

To obtain dimensionless equations, we define C = c¢/co where ¢ is the equilibrium bulk concentration. The
exchange term in Eq. (55) rescales to J (I', Cs) = j (v, Cs)/(¥sotto/ o). To describe it more precisely, we write the
gradient of the bulk concentration in coordinates, (¢, R):

g 10dc Odc co {0C 10C
c = N 4 = P s
rade Jr ro \d¢ € 0R

so that in rescaled coordinate form, Eq. (54) becomes, on the outer film,
1 /ac ,OH 3C L 0HN2\"? 1 ac

- JI,C)=—\|—| —&—— 1+¢ (—) = —
LPe. \OR | 0p 0@ | ap LPe; OR

where L is a dimensionless surfactant depletion length L = Y,/ hoco. The expression on the inner film is the same
but with the opposite sign of the R derivative. Rescaling, we obtain

+ O(e), (56)

S

J(, Cy) = —Bi(AdCs(1 —T') =T, 57
where we have introduced a Biot number and an adsorption number
Bi— [0 g Ad = Kadc0
uo kde Voo
Then, if we discard higher order terms, Eqs. (52) and (53) rescale to
aCc 9 1 9 a2C
o7 TR VO T g o U = b R (58)
and
ar’ 1 a(UFs' ) 1 ] i al’ L JT.CY (59)
— — ing)=———— | sinp— , Cy),
9T ' sing dp = ¢ Per sing d¢ ¢ ap *
where
2
Pec = =100 nd Pep = [2M0 (60)
ke kr

are Péclet numbers associated to the bulk and to the surface, respectively. Note that the factor of 2 in Pe. ensures
that Pe. is likely much smaller than Per. In general, surface diffusion, i.e., 1/Per, tends to be very small. The
symmetry of the system results in the condition % | r—o = 0 at the center of the film.
Proceeding in a manner similar to Sect. 2.5, we integrate the bulk surfactant equation, Eq. (58), across the film,
using Eq. (17) and the boundary conditions (21) and (56). We obtain
H

B H
— singp/ UCdR ) =—-LJ(T, Cy). (61)
aT Jo sin @ d¢ 0
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Appendix B: The derivation of equations (19) and (20)

Here, we derive equations (19) and (20) from Eq. (16). In axisymmetric spherical coordinates, the components of
the stress tensor are given by

v
Tr=—p+2u—, (62)

ar

ou v
T¢¢=—p+2u<;@+r) and (63)
1 0v u v
= —_——t ——— . 64
tre M<r3¢+8r r> ©4)
In dimensionless form, the components of the stress tensor rescale as
T,, = —P + O(e?), (65)
Tpy = —P 4+ O(e?) and (66)
oU

Try = e — + O(e?). (67)

oR

Now we write the outward unit normal, n, and the unit tangent, t, in terms of r = r(sin ¢ cos 8, sin ¢ sin 8, cos ¢),

— or » N
ar | ~! or sob+rd OH
—H— —=a‘p—_s—r+¢+0(8 ), (68)
do |  d¢ (9_r)2 12 dp
ar|~'ar or —§—"¢+rf 9H
and n:H— ol e = — e 5+ O, 69)
J
% (#) +7‘2 %

where T is the unit vector in the radial direction and @ is the unit vector in the angular direction. Now, we calculate
the total curvature (the sum of the two principal curvatures), following [57]

2. A -
det (258000 ) | 30 |” — 2det(iy de 80 (35 - 3¢) + der(SE 2228 o |?
K = 37 . (70)
(ﬂ ? a2 (ﬂ.ﬂ>2>
ap a6 dp 0
We obtain
9°H 0H
K:r()K=—2+8<8—2+8—00t§0+2H)+O(82). (71)
@ @

Next, we write Eq. (16) explicitly in normal and tangential components, using Eqs. (68) and (69), and keeping in
mind the form of the Cauchy stress tensor,

T=T,tRF+ T,k @0+ Ty ¢ QT+ Ty, ® §

to obtain

dH\2 OH OH 92H
n-T-n= (82(@) TW—2£%T,¢+TN>/<1+ (8w> ) =257 +0() and

oH oH oH 103
t.T.n=(8—(T,r—TW)+T,¢<1—£ <3(p> ))/(1+8 <a¢>)=g%+0(8).

Substituting in Eqs. (65) and (67) and taking leading order terms, we obtain Egs. (19) and (20).
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Appendix C: Analysis of the large Marangoni number limit

For El = O(1) and Mg = 0(8_2) > 1, we expand I', Ug, and H in powers of Mgfl,
(T, ¢.Mg) = T()(T. ¢) + Mg 'T(1y(T. ¢) + OMg ),
Us(T, 9, Mg) = Uso)(T, ) + Mg ' Uyt (T, ¢) + O(Mg ™), (72)
and H(T, ¢, Mg) = H)(T, ) + Mg ' Hy(T, ) + O(Mg™2).
Substituting this result into Eq. (28) and Taylor expanding the logarithm, we obtain
oUu d r
-1 -1 @ -2
— = — | log(1 — I'p)) — Mg —)—i—(’)(Mg ). (73)
OR |p_y o < © 1 —T()
The leading order term in this equation implies that I'(y) is independent of ¢. In fact, surfactant conservation,
combined with our assumption of insolubility, additionally implies that I'¢) is constant in time, so I' gy = I", where
I" is the average surfactant concentration on the film.
The (’)(Mg_l) terms in Eq. (73) can be substituted into the radial derivative of Eq. (25), to obtain

1 aIn H < P Bosi ) (74)
—_— = — — Bosing ).
1-T d¢ © R17%) ¢
Substituting Eq. (72) into Eq. (14), we find that

EIl'( (T, ¢)
Mg(1 —T)
where Yeq = 1+ Ellog(1 — I) is the equilibrium surface tension of the film. Thus, we can substitute Eq. (19) into
Eq. (74), to find

¥ =1+Ellog(1 —= ) + +OMg™?) = Zeq + OMg ™)

% =—(1-DHpy (= i azH(O) + i) cotp +2Hq) | + Bosing (75)
Then, the O(Mg™") terms yield the equation

ol T o )

TW 4 O % (g sing) = 0. (76)

oT sing dg
By defining a new rescaled Bond number, Boeq (32) in terms of the equilibrium surface tension Xeq rather than
the surfactant-free surface tension, and a new timescale, T, based on the equilibrium surface tension, we obtain an
equation similar to Eq. (30). Substituting Eq. (72) into Eq. (13), and taking the leading order terms only, we obtain
U0y = 0. Dropping the subscript (0) in H(g), we have (33). Finally, although our analysis assumes Mg = O(72),
our numerical results indicate that Us is negligible even for moderate values of Mg (see Fig. 10).

Appendix D: Exact root of Eq. (47)

If we define & = 1 + cos ¢, then Eq. (47) takes the form
24 £
— = or

Bo 2-¢& Bo Bo

This is a depressed cubic with coefficients 24 /Bo and —48/Bo. The discriminant of the equation is then

24\? 9
A=—4(=) (274 2.
Bo Bo

For Bo > 0, this discriminant is always negative, guaranteeing a single real root. That root then yields

1/3 1/3
24\ Ji+ L / Jis Sy / 1 a7
COS = _ _— — - _
%=1\ Bo 9Bo 9Bo

Note that this is confined to the interval (—1, 1), and is monotonic.
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