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ABSTRACT

This thesis concerns a class of nonlinear partial differential equations up to fourth
order in spatial derivatives that models thin viscous films. In Chapter 1, we review the
derivations of thin film equations from the fundamental transport equations. Section
1.1 contains the derivation for a thermocapillary driven film to familiarize the reader
with the key long-wavelength approximation that has been successful in modeling
a myriad of thin viscous films. In Section 1.2, we consider the coupling between
a thin viscous layer and a much thicker fluid layer with much larger viscosity and
conductivity and show how a novel, non-local thermocapillary thin film equation
can be derived to model such a system. We then review the wider class of thin
film equations in Section 1.3, note the important Cahn-Hilliard variational form
of these equations, and demonstrate that classic mathematical results concerning
the inverse problem of the calculus of variations permit an algorithmic procedure
for discovering Lyapunov functionals. In Chapter 2, we review applications of
symmetry methods to partial differential equations. Section 2.1 contains an original
geometrical motivation for the study of self-similar reductions which draws an
analogy with the fixed points of dynamical systems. In Section 2.2, we derive for the
first time the full set of symmetries of the fully two-dimensional thin film equations.
We then enumerate the possible symmetry reductions of the thin film equations,
and discover several which have not been previously recognized. In Chapter 3, we
consider rotationally invariant, steady droplet solutions and their stability. In Section
3.1, we derive stability criteria for thermocapillary-driven droplets, and show a novel
correspondence between droplet stability, droplet volume, and droplet Lyapunov
energy. We consider thin films under other forces in Section 3.2 and make new
predictions about conditions under which such films develop into droplets, columns,
or jets of fluid. In Chapter 4, we consider the scale invariant symmetry reductions
of thin film equations. In Section 4.1 we describe the extraordinarily rich variety
of such solutions in the spreading of a insoluble surfactant on a thin viscous film,
identify previously unrecognized scale invariant solutions which are well-behaved at
the origin, and demonstrate their relevance with finite element simulations. Lastly,
in Section 4.2, we illustrate for capillary driven films some numerical solutions to
the novel reductions we uncovered in Chapter 2. Each chapter concludes with a
Notes section which summarizes the new results contained therein and relates them

to the wider literature.
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Chapter 1

DERIVATIONS OF THIN FILM EQUATIONS

In this introductory chapter, we discuss various derivations of thin film equations
from the governing transport equations of fluid mechanics. These derivations rely on
a long wavelength approximation, sometimes called the lubrication approximation
or the thin film approximation, in which the surface-normal length scale is assumed
to be significantly smaller than the surface-lateral length scale. In Section 1.1, the
derivation of a specific and historically important case of a thermocapillary-driven
thin film is carried out from first principles. This derivation is well known, and
the purpose of including it in its entirety here is to familiarize the reader with the
approach and collect intermediate results that are used in the following section. In
Section 1.2, a new non-local thermocapillary thin film equation is derived under
the assumption that a thick fluid layer with large conductivity and viscosity lies on
top of the thin film. A linear stability analysis is carried out for this new equation,
and a limiting case is matched with another model with two thin coupled layers.
In Section 1.3, a general form of the thin film equation including various other
driving forces and slip effects is noted. There we also discuss the Cahn Hilliard
form of these equations and present an algorithmic procedure for finding Lyapunov
functionals. Finally, Section 1.4 contains a discussion of the history and literature
in the field, with an attempt to place the new research contained in this chapter in a
wider context. Readers with little background in thin film literature may prefer to

read Section 1.4 first to get an orientation of the history of the field.

1.1 Thermocapillary driven thin films

The spatiotemporal evolution of thin viscous films has been studied for well over
a century. The modern formulation to model a wide class of such films utilizes a
long wavelength (or lubrication or thin film) approximation of the Navier-Stokes
equations that encapsulates this evolution in a small number of nonlinear partial dif-
ferential equations. In this section, a detailed derivation of one such thermocapillary

driven film will be carried out in order to illustrate this thin film limit.

Recent experimental studies have generated interest in the spontaneous generation of
nanopillars in heated polymer films, with the promise of technological applications

[5-13]. In such experiments, a thin polymer film a few hundreds of nanometers in
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thickness is subjected to a temperature gradient, as depicted in Fig. 1.1. The film
undergoes an instability which results in the growth of nanopillar structures. Such
spontaneously generated, nanoscale patterns are expected to find application in the

manufacture of optical and electrical components.

Cold substrate . s

Air k.

o_
M,k

Thin fluid film
Hot substrate T

Figure 1.1: A thin fluid film with thickness hq, viscosity u, and conductivity & is
confined between a hot substrate below at temperature 7y and a cold substrate a
distance dj above at temperature 7¢ with a layer of air above it with conductivity
kair. Cooler portions of the film have larger surface tension o which pulls more fluid
towards the cold substrate, driving the growth of protrusions.

Protrusions in the fluid film are observed to spontaneously grow at a wavelength
Amax > hg. It has been proposed [12, 13] that the cause of this instability is
variations in the surface tension o~ due to changes in temperature in the film — colder
portions tend to have higher surface tension which pulls more fluid closer towards
the cool substrate. This mechanism of instability has been historically termed
the Bénard-Maragoni instability. To model this phenomenon, surface tension is

assumed to decrease linearly with the temperature of the interface
o(T) = 09— or(T = To), (1.1)

where 09 = o (1) is the surface tension at some reference temperature 7 and
oT = —‘;—‘; is positive for most fluids. This description is adequate for many fluids
over sufficiently small ranges of temperature, and in particular is a good description
of fluids in recent experiments. For the reference temperature, an appropriate
choice is the temperature of the flat film of height 4. In the flat film geometry, the
temperature decreases linearly in the thin film from 7y at the hot substrate at z = 0
and again linearly in the air gap above the film to 7¢ at the cold substrate at z = dj.
There is a jump in the derivative g—g such that the heat flux is continuous across the

film kg—g e kairg—z e Ensuring continuity of the temperature at the interface
-0 -0



as well, the flat film interface temperature is

N (Do — DTy —Tc)

To = T, , 1.2
0 ¢ DO +xk—-1 ( )
where J L
Dy = 20 1, «= air,
hy k

are, respectively, the gap width aspect ratio and the ratio of the thermal conductivity
of the air to the fluid [13, 14].

To model the film, the fluid is assumed to be incompressible and Newtonian and
the viscosity is taken as constant. For nano-scale systems of interest, the Mach
numbers are generally quite small so that the incompressible assumption is well
justified. On the other hand, the viscosity of polymer melts like those used in
experiments is known to be strongly temperature dependent [15]. The constant
viscosity assumption is justifiable when the relative changes in the viscosity are small
compared to the average value of the viscosity, and this follows when the absolute
temperatures are high and when the scale of temperature variations are relatively
small. This approximation is better justified for smaller molecular weight polymers,
which have smaller viscosity variations with temperature. Furthermore, quantitative
inclusions of viscosity variations have not shown major qualitative differences, as
dynamical features like growth rates are altered slightly, but geometric features such
as the prominent length scale are not significantly changed. Thus for the sake of

simplicity, we will assume the fluid’s viscosity is constant.

For this derivation, lower case symbols will denote dimensionful quantities while
upper case symbols will denote non-dimensional ones where possible. Since the
vertical (or surface-normal) scale is significantly smaller than any lateral scale, the
vertical Cartesian coordinate z will be treated differently from the lateral Cartesian
coordinates Xx; = (x,y). A long wavelength approximation will be developed
below to derive a partial differential equation which describes the spatio-temporal
evolution of the film height profile, defined by the surface z = h(xg,f), where
denotes time. The three-dimensional velocity field of the fluid, u;, +u,2 is separated
into a lateral component, uy, and a vertical component, u,Z, where Z is the unit vector

normal to the flat film and uy - Z = 0. Similarly, the three-dimensional dimensionful
K
> 0z
vV, = aa—xﬁ + ;—yy. The Navier-Stokes equations are likewise divided into lateral and

gradient operator V is split into lateral and vertical parts, V = V + 22, where



vertical components
ou, = \2 0%u,
p(E'F(UL'VL) MZ+I/[Za—Z) :_a_z_'_/l((VL) MZ+6—Z2), (13)

ou - ou - = \2 d*u
p(—_L+ (UL~VL)IJL+MZ—L) :—VLp+,u((VL) uy + ZL), (14)
Z 0z

where p is the fluid’s density, u the fluid’s viscosity, and p the fluid pressure, subject

to the continuity equation for an incompressible fluid

9,0+ M (1.5)
0z

For the nano-scale films of interest here, the Bond number is generally very small,
and so gravitational body forces have been neglected. On the other hand, the effect
of disjoining pressures like van der Waals interactions can be relevant for very small
film thicknesses, but will be excluded here for simplicity. Elaborations accounting
for such forces are certainly possible, however, and will be discussed later. To solve
Eqns. 1.3-1.5, no-slip boundary and impenetrability conditions are taken along the

supporting hot substrate
Uzl,.o =0, upl,—o=0. (1.6)

Along the fluid-gas interface, the boundary conditions are the kinematic boundary

condition for a free interface,

-0, (1.7)

z=h

= Oh
uz_uL'VLh_E)

along with the stress balance condition at the free interface,

(Tar =T) -+ V5o — ot (Vs -1)|__, =0, (1.8)

where T is the stress tensor in the thin fluid film, T,;, the stress tensor in the air, fi
is the unit normal vector at the free interface pointing outward from the fluid, and
Vs = (?L + 26%) —f (ﬁ . (?L + 26%)) is the surface gradient operator. The stress
tensor in a Newtonian viscous fluid is T = 2uE — pl, where I is the identity and
E is the symmetric rate of strain tensor which decomposes into lateral and vertical
components as

1/- _ T ou

E= (Voo + (Vou)' + 255202
S\ Ve ( L L) 92

+ VLuZ+8ﬂ ®ZL+2I® VLuZ+a£ ) (1.9)
0z 0z
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where ® is the outer product and the superscript T is the transpose. Equations 1.3-1.9
are simply statements of momentum conservation and some physical assumptions
about the fluid properties — standard derivations can be found in fluid mechanics
references [16, 17]. The unit normal vector to the surface defined by the level surface
z — h(xg) = 0is known from basic geometry,

po 2 Vih (1.10)

\/1 + W Lh|2
The free interface is considered as a two-dimensional manifold embedded in R3
and parameterized with coordinates x; via z = h(xg, ). The surface quantities o
and n are then regarded as functions of the surface coordinates x; and time 7 only.

The stress balance conditions on the free interface Eq. 1.8 decompose into a surface

normal component and tangential component

(p-po—2up-E-A-oVs-a)| =0, (1.11)

z=h

(2uh-E -t - Vg0 1) _ =0, i=12 (1.12)

z=h
where t; are tangent vectors to the surface with t; - i = 0 and we have assumed that,
aside from a constant pressure py component, the stresses in the air are negligible
since the viscosity of the air is relatively small. Tangent vectors are chosen primarily
in the X; = X and X, = ¥ directions,

. R; +2Vih -
R RV (1.13)

J1+ |€Lh : f(l-|2|'

To non-dimensionalize these equations, suitable scales must be specified. The

appropriate vertical length scale is the thickness of the the initially flat film A, but

there is not yet any obvious lateral length scale L. An appropriate scale for L will be
determined below. The long wavelength approximation is possible assuming that

2

»_ hy

€ =ﬁ<<1'

The appropriate scale for the lateral components of the velocity will be denoted .,
and will also be specified below, while the appropriate vertical velocity scale is eu,
(as determined by requiring the balance of Eq. 1.5). The scale of the variations in
pressure is determined by the balance of Eq. 1.4 to be uu./€”L. Lastly, the advective

time scale L/u,. is used. Using these scales, the non-dimensionalized variables are

=
<
N

Z 4 P —Po
s T U = —, U = —, = ’ P TN
L eL L U, z €U, L/u. (uu./€*L)
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The components of X; will be called either (X, Y) or (X X 2) depending on the
context, and lateral gradient will be denoted V; = ﬁ% +§f%. Defining the Reynolds’
number Re, = epu.L/u = puchy/u, the non-dimensionalized Navier-Stokes and

continuity equations Eqns. 1.3-1.5 are

oP AUy Uy 0*Uz
a—Z = —€3Reh (7 + (UL . VL)UZ + Uza—z) + €4ViUZ + E2 972 ,
9*U, v, UL\ »0
972 - VLP = eRe;y, (7 + (UL . VL)UL + Uza—Z — € VLUL,
oUyz
V., UL+ =2 = 0.
L-Ur+ 37

Assuming €2 < 1 and €Re;, < 1, we neglect the remainders on the right hand side

and the thin film (or lubrication or long-wavelength) approximation results

oP
— = 1.14
37 0, (1.14)

U,

-V.P =0, 1.15
572 VL (1.15)

oUy
V;-U — =0. 1.16
LU+ 57 (1.16)

To solve Eqns. 1.14-1.16, the boundary conditions Eq. 1.6, Eq. 1.11, and Eq. 1.12
must also be non-dimensionalized. There are two natural scales for the surface
tension: o7, the surface tension of the initially flat film with height 2 = hy, and
or(Ty —Ty), a characteristic scale for changes in the surface tension due to changes
in temperature in the fluid, where 7 is the reference flat film temperature in Eq. 1.2.

The film height, temperature, and surface tension are then non-dimensionalized as

h T - T -
H=1 o= 0 y-_97% (1.17)
ho Ty —To or(Ty —Tp)

Define the non-dimensional thin film capillary and Marangoni numbers

_ _ Ty — T
Caz M \az €7rTn—To)
3oy Mt

Multiplying Eq. 1.11 by €?L/ .., the non-dimensional normal stress balance is

2
< 1o € ( ouL 5 oUy
P+Ca'V2H = 2Ly H 28V, U, -V, H+ 222
T T 2w, HE oz L TAeVLYZ VL 07
+EVLH - (VUL + (VLU - V. H )
_ 1 V,H- V.|V, H|?
+Ca (1= V2 4 &L ViVLH]
V1 + |V H? 2(1 + €2V, H|?)G/2

ViH » ViH V|V H?

— €
J1+ eV, H|? 2(1 + €|V H|?)G/

—62Ma( )z. (1.18)



In a similar fashion, multiplying Eq. 1.12 by €L/ uu. non-dimensionalizes to

10/ U, oU;L
6_2 —MaV; X = —€ '(VLUz+2 97 Vi.H ( 97 ‘VLH) ViLH

— (Vo UL+ (V. U)Y) -V H - € (V Uz -V H) VLH)

+1\/_Ia(w/1 + 2|V H|? - I)VLZ. (1.19)

Keeping only the leading order capillary and Marangoni terms, Eqns. 1.6-1.7 and

Eqns. 1.11-1.12 non-dimensionalize to

Uzlz-0 =0, Uglz= =0, (1.20)
(P+ c'a‘lviH))Z:H =0, (1.21)
Ui _Maviz)  =o (122)
Py Y

=0. (1.23)

Z=H

0H
Uz-Up-VIH - —
(z L VL 6t)

Now Eqns. 1.14-1.16 are integrated with respect to Z, applying Eq. 1.20 to find

2

Z

UL = TVLP + ZA, (124)
z3 Z?

Uz=-—ViP- =V, A, (1.25)
6 2

P =B, (1.26)

where A and B are integration constants depending only on X; and not Z. The

integration constant B is eliminated using Eq. 1.21
<, 02
B =-CaViH,
while the integration constant A is eliminated using Eq. 1.22
A= (Ca 'HV.VIH +MaV,.3). (1.27)

Substituting Eqns. 1.24-1.27 into the final, kinematic boundary condition Eq. 1.23
and simplifying a bit yields the partial differential equation

o0H _ H? - 1 H? 2

E +V;. - MaTVLZ +Ca ?VLVLH =0. (128)



The heat transport in the thin film is governed by

oT _ oT _ 0T
pc (§+uL-VLT+u28—Z) :k(V%T+a—Z2), (1.29)

with T|,_y = Ty, where c is the heat capacity in the thin fluid film. On non-
dimensionalization, the thin film temperature Péclet number Per = €?Lu.pc/k
arises, and we assume that Pe; < 1. Under this approximation, heat is transferred
through the film strictly conductively with other convective and radiative effects
negligible. Under the assumption that the Péclet number in the air layer is also
small, the heat transport in the air layer is identical to that in the fluid layer with
the appropriate modifications of the boundary condition 7'|,-;, = Tc, density, heat

capacity, and conductivity, and the final leading order non-dimensional equations

are
(92—®—O 0] =1forZ < H
azz — Y, 7Z=0 — )
0’0 Dy -1
572 =0, Olz_p, =-— forZ > H.

This is easily integrated with respect to Z to give the temperature in terms of two

integration constants C and C,;; which depend only on X,

O=1+CZforZ<H, (1.30)

Do - 1
@=-=2

+ Cyir (Z — Dgy) for Z > H,

These two layers are coupled together with boundary conditions that ensure conti-

nuity of temperature and the normal component of the heat flux across the interface,

B

z—h*

- 0T\
le—>h_ = le—)h* , k (VLT + Za—z) ‘n

- oT
7—h~ 0z

which non-dimensionalize to leading order to

00 00
Olzuy-=0Olzpy+, — = K— . 1.31
AN FANY 9Z|, . K7 - (1.31)
Inserting Eq. 1.30 into Eq. 1.31 and solving for C and C,;; yields
Do +xk—1 Do +k—1
Lotk . Cw=——ET (1.32)
k(Do + (k= 1)H) Do+ (k—-1)H
In order to relate £ to H, Eq. 1.1 non-dimensionalizes to ¥ = — ®|z_y. Using
Eq. 1.30 and Eq. 1.32, the surface tension is
D -1H
5= Oy = -1+ 20K D (1.33)

Do+ (k- D)H'



Substituting Eq. 1.33 into Eq. 1.28 results in

0H ~ Do(Do+«k—1) H? S H_
oy, (M ZV,H+Ca ==V, VZH|=0. (1.34
or b ( Do+ (k= DH)2 2 "FITH 3 (1.34)

Note at this point that two non-dimensional groups Ma and Ca appear in Eq. 1.34,
while the two scales L and u, on which these non-dimensional groups depend have
not yet been specified. In order for the scales to be appropriate, each contribution
in Eq. 1.34 and in Eqns. 1.24-1.25 must be O(1). The remaining scales can be

specified by the following choices for the non-dimensional groups

- Do+ k-1 - 3
Mgz Dotk-1

Dy a= an? (1.35)

These particular choices follow [13], and they ensure that the non-dimensional
wavelength of the fastest growing unstable mode Any,x/L is 1 and that the growth
rate of the fastest growing unstable mode is 72. This is appropriate because these
length and time scales are the most relevant one during the development of the
instability. This length scale is a thermocapillary one determined by a balance
between the Marangoni and capillary contributions. Note also that the factors of Dy
and « in Eqns. 1.34-1.35 collapse into a single non-dimensional number

k—1

Dy

X

This number is closely related to the two layer Biot number F' = — /(1 + y) defined
by Van Hook [14], and encodes information about how heat is transported through
the air layer above the film. While y < O usually holds for confined films, y > 0
gives an appropriate description for unconfined fluid films with convective rather
than conductive boundary conditions. Furthermore, there is yet another inequality

X > —1 which always holds. When expressed in terms of u. and L, Eq. 1.35 can be

_( 3 12 -32 (00 o (Ty - To) )
Wz&%ﬁ) 1+ (ﬁ) ( )’

written

u

_ 3 ol 1/2 or(Tu —To) ol
L:(mmJ (v ( 70 ) .

Given typical values of o7, 09, 4, Ty — Ty, and y used in previous experiments, it
is easy to verify that all the remainders that were neglected above are indeed much
smaller than one, so that we can have some confidence in our approximations. Note,

however, that the key assumption €* = h}/L? < 1 depends crucially on the ratio
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or1(Ty —Tp)/oo. The thin film approximation will not be possible unless the applied
temperature gradient is sufficiently small. Fortunately, this restriction is usually not
severe, because the variations in surface tension are typically small compared to the
mean surface tension over relevant temperature ranges. Using Eq. 1.35 the thin film

equation Eq. 1.34 in terms of y is

OH 1+ x \* H? H _
v, ZV,H+—V,V2H|=0. 1.36
+L(( )2L+<4n>2“ (150

Qualitative features and Lyapunov energy
Note that Eq. 1.36 is a local conservation equation - changes in the film height H

are directly related to the divergence of a volumetric flux

2 42 3
1+ H H
X)) IV H+ ——V,V2H.
1+ yH

Q= ( 2 (ar)2

This is simply a reflection of the mass conservation equation for an incompressible

fluid, so that the total volume
v [H] = f d’X H(X,, 1)

is dynamically conserved, ‘% = 0. Next, note that the first two terms in Eq. 1.36

resemble a nonlinear diffusion equation with density variable H and diffusion coeffi-

1+y
1+xyH

term drives H like a diffusion process operating in reverse, leading to fluid accumu-

cient — ( )2 HTZ Since the diffusion coeflicient is negative, this thermocapillary
lation. This is the source of the instability of flat film profiles. The capillary term,
which does not have a diffusive analog since it involves higher order spatial deriva-
tives, acts qualitatively to oppose highly curved interfaces and thereby promotes
flattening. Backwards diffusion alone leads to blow up of solutions in finite time,
but the addition of the capillary term makes a balance between the two possible

which can prevent blow up.

Motivated by the similarity with diffusive problems such as the problem of spinodal
decomposition, Oron and Rosenau [18, 19] derived a Lyapunov energy functional by
analogy with the Cahn Hilliard equation [20]. They cast the thin film equation into a
variational form, which greatly simplifies the stability analysis of steady states. This
variational structure follows whenever some evolution equation can be expressed in

the form

OH 6F
o7 VL (Ql(H)VL(S—H) =0, (1.37)
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where Q;(H) > 0 is some positive mobility function, F = F [H] is a functional
of H and its spatial derivatives, and % is the functional derivative with respect
to H. Recall that the functional derivative is found by comparing F [H] and
F[H + 6H] for infinitesimal functional perturbations OH. For example when
F[H] = fde F(H,V_H), it follows that % = -V 6V 77> Which is the
familiar Euler operator appearing in the Euler—Lagrange equations. Assume that the
domain of support of the fluid is infinite and that boundary terms that arise from
integration by parts vanish identically, e.g. by taking periodic boundary conditions.
After using Eq. 1.37 and integrating by parts, a functional version of the chain rule,

f d2x gg %’;’, yields

dF _ (" o, OF LI I
E_fddevL (Q1<H>VL5H)— fd X0\(H)

SF |7

v, <o,
LsH

where the final inequality follows because Q{(H) > 0. When a functional which
never increases as time increases can be found, it is termed a Lyapunov function
or energy, and its existence can be helpful in establishing the stability of steady
state solutions. The existence of a Lyapunov function fundamentally reflects that a

system undergoes irreversible processes during its evolution.

3
(gr)Z and

In the specific case of Eq. 1.36, take Q1(H) =
F[H] = f d’X F (H,V.H) (1.38)

1 47)?
F (H,V.H) = 3 |V H|*> - %(1 + x)?H log

H
1+ yH’
which defines a Cahn-Hilliard Lyapunov energy. From this definition, it follows that

SF H? (4r)?
2

) H 1
QH)VL o = = an? —— (1 +x) (log1+XH+ 1+)(H))

H3 1 2 |2
_ ( VLV2H + ( +X) —VLH).

— v (VZH

(47)? 1+ xH

Thus Eq. 1.36is indeed of the form of Eq. 1.37. Although the term Lyapunov energy
is used, the functional in Eq. 1.38 does not have any obvious relationship with the
physical conserved energy or a thermodynamic free energy. The first capillary term
in Eq. 1.38 does resemble the expected energy for a surface tension, but the second
Marangoni term does not have an obvious energetic interpretation. The hot and
cold substrates are two heat baths which continuously exchange heat through the

film, and so thermodynamic entropy is constantly decreasing and the entire system
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is not in thermodynamic equilibrium. There does not exist a general free-energy
description for such non-equilibrium systems, and the fact that such a Lyapunov

energy exists for this hydrodynamic system is something of a mystery.

1.2 A non-local equation for a thin film coupled to a thick viscous layer
Several different geometries and models of heat transport have been considered for
the thermocapillary driven thin film. The earliest models considered only a single
fluid layer and used simplified models for heat transport away from the film [21-23].
The equation described above was based on a two layer model in which the layer
above the fluid film is an inviscid, conductive fluid [13, 14]. A more recent and
elaborate model of Merkt et al. [24] treats both layers as thin viscous and conductive
fluids. Here we consider a new regime in which the relative thickness of the two
films differs significantly, as depicted in Fig. 1.2.

Cold substrate . 1S

Thick fluid layer py@ ko d,

0. ,
Tg,yx Thin fluid ilm 0,k JigY
Hot substrate T,

Figure 1.2: A thin fluid film with thickness hq, viscosity u, and conductivity & is
confined between a hot substrate below at temperature 7y and a cold substrate a
distance d( above at temperature 7¢ with a thick layer of viscous fluid above it with
viscosity #® and conductivity k). Cooler portions of the film have larger surface
tension o~ which pull more fluid towards the cold substrate, driving the growth of
protrusions.

Let the density, viscosity, and conductivity of the thick layer fluid be denoted p®,
u® and k@ . Similarly, let the lateral and vertical fluid velocity in the thick layer be

(Lz) and u?’ and let the temperature and pressure in the thick layer fluid be

denoted u
denoted 7® and p®. Under the assumption that the viscosities and conductivities
of the thick layer are smaller or comparable to those of the thin layer, the momentum

and temperature gradients at the film interface in the thick layer are much smaller
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than those in the thin layer and the resulting surface forces become negligible, so
that one of the previous models in the literature is appropriate. However, under the
assumption that 4 > g and k® > k, all surface forces may be relevant and more
interesting equations result. In particular, there is a qualitative difference in the
transport in the thick layer since gradients can be large in both the lateral and surface
normal directions, as depicted in Fig. 1.3. As we will show later, the resulting film
evolution equation must be non-local to account for such processes, unlike all the
previous models described here. The relevant non-dimensional numbers for this
derivation are o @ ) i

u:eT, kEGT, Dozeh—o,
which will all be assumed to be O(1). The unperturbed film temperature from

Eq. 1.2 is, to leading order,

Do(Ty — T¢)

To =Tc + —
0 ¢ D0+k

) (1.39)

and the surface tension again is assumed to decrease linearly with temperature

o=0o—-or(T -Tp). (1.40)

@ (&)

Momentum & Heat Diffusion 2

g .
g ,
- “
" .
" .
; .
K ,
g ,
: : g \

Figure 1.3: Diffusion of heat and momentum in bilayer of differing thickness. (a)
In two thin layers, the diffusion is dominated by the gradients normal to the film
and coupling between surface points only occurs through derivatives of the film
thickness. (b) When a thick layer is present, lateral heat and momentum diffusion
couples far away surface points leading to a non-local film equation.

In the thick layer, the transport of momentum is governed by the Navier-Stokes
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equations,
u _ ou®\  9p® o 9u®
) z 2) . 2) 204 \_ _op ) ¥))
Jol ( 7 + (uL VL) +u, 5 |~ oz + u (VL) u,” + —— (9z2 ,
6u(2) _ ou? _ 92u?®
() 2) () L () ) ) L
e ( 7 + (uL -VL) u’ + uz—aZ =-VipP +u (V ) u,”+ a2 |

Furthermore, we assume the this layer fluid is incompressible,
_ ou'?
€] o
Vw7 + P 0.

No slip boundary conditions are specified at the cool substrate,

2) _ 2) _
u, . 0, u; .

The same non-dimensional lateral coordinates X; and the same non-dimensional
time ¢ are used in both layers. The same lateral velocity scale u, and lateral length

scale L as in the thin layer are used to define thick layer scales

@) el 2
7022 ot U@ = p = P2 =po
L L Ue ' Ue (#(Z)MC/L)

Assuming that the thick layer Reynolds’ number is small Re®® = p® Lu./u® « 1,
the leading order non-dimensional thick layer momentum transport and continuity
equations are

2

aut;
20 4 @ _
ViUD + G = VPP =0,

Uy gp@

2r7(2)
Vi U; +6Z(2) 570 =0,
v, -U? + ouy” =0 1.41
- UY + ot =0 (1.41)

Unlike the leading order equations in the thin film in Eqns. 1.14-1.16, real space
integration of the thick layer momentum equations is not possible. Given the lateral
translational invariance of the problem, taking the Fourier transform in the X

variables is a good first step. Let the Fourier transforms be denoted

d?q | iq ~ *q) ~
U(z) — ﬁ elQ'XL (_%Ul i( q) UZ)
i q

d’¢ . x. ~
@) _ q X
Vz' = f (2m)? Uz,

2 — f L4 guxip
(2m)? ‘
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The linear operator * is the dual two-dimensional vector, defined by its action on the
basis vectors xX = —§ and %y = X. Given any nonzero vector q, that vector q and its
dual *q can serve as an orthogonal basis for the two-dimensional vector space, and
vectors will often be decomposed this way. This operator is related to the Hodge
dual of differential geometry. Taking the divergence V- and the dual divergence
*V | - of the first equation in Eq. 1.41 and then taking the Fourier transform, the thick

layer momentum transport equations are

—-¢°U, + % +¢’P =0,
.
_q202 + % =\,
. L
=4Oz + a(azg)z)z B aazl()z) =0,
U, +;Z—Ué) =0. (1.42)

Using the first and fourth equations in Eq. 1.42 to eliminate U; and P in favor of Uz
in the third equation gives a fourth order ordinary differential equation governing
Uz,
-~ 8*U; 04U,
q'0z - 2¢*

Combined with the second order ordinary differential equation in the second line in
Eq. 1.42, the equations can be solved in terms of six integration constants. Choosing
these constants to be encoded in two two-dimensional vectors a and b and two scalars

ayz and by, the solution can be written

0 = [ s (a3 (g ) (2 - ) o 4 (22 )
L (27T)2 q

(b= bz ia-) (22 - 2 s g (2 54)) )

Uéz) = (;2761)2 eiq'XL( (az — (gbz +iq - a) (Z(Z) - Do)) cosh (q (ZQ) - Do))

(b G i) (7 D)) s (0 (22 - )}

d>q . _
P® = f—(Z 6)12 e’q'XL( (gaz + iq - b) cosh (q (Z(2> - Do))
n

+ (gbz +iq - a) sinh (¢ (2? - Dy)) ) (1.43)
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In the thin film, the lubrication approximation can be made in the bulk as in the
previous section. In particular, the solution in Eqns. 1.24-1.26, repeated here for

convenience, remain valid

ZZ
UL = TVLP + ZA,
73 A
=-ZVp-—vV, A
Uz e VL 7 VLA
P = B. (1.44)

The nine integration constant a, b, az, bz, A and B must next be eliminated using

appropriate boundary conditions. First the no-slip boundary condition on the cold

substrate requires U(LZ) SOp = 0 and Uéz) SO_p = 0, which implies
=L =L
a=0 and az =0. (1.45)

Next is continuity of the velocity at the interface

2 2
ULlz-p = UY € Uzlzp = UY

Z@=eH’ Z@=eH '
Defining
A= HA+ %HZVLB (1.46)
and inserting Eq. 1.43 and Eq. 1.44 into the velocity continuity boundary condition,
the equations are solved for b = %q b+ ;—(21 (*xq) - b and b to zeroth order in €,
i Dy sinh (qDo)

bZ = - — — deX e—iq-XLq . A’
sinh (qDo) - q*D;

~ gDg cosh (qDo) — sinh (qDo)

q-b= - _ fde e XLq . A,
sinh (qDO) - ¢*D},
1 : ~
(%q) b= ——— f X e XL (xq) - A. (1.47)
sinh (qDO)

The stress balance conditions at the interface require slight modification of the
results in Eqns. 1.21-1.22. The terms on the left hand sides of those equations
remain leading order, but in addition we must check any contributions f - T® in
Eqns. 1.11-1.12 from the thick layer stress tensor T? = 2y E® — pAT, with E®
the thick fluid symmetric rate of strain tensor as in Eq. 1.9. The largest additional
contributions from Eq. 1.11 after non-dimensionalizing by multiplying by the factor
€?L/ pu, is

i (P(z) _, 09Uz )

0Z2)



17

which is sub-leading. Thus the normal stress balance is

(P+Ca'V3H)|,_ =0,

from which we conclude that the integration constant B is given by

B=-Ca 'V3H. (1.48)

On the other hand, the largest additional contribution in the tangential stress balance

in Eq. 1.12 after non-dimensionalizing by multiplying by the factor eL/uu, is
out?
/,_t( L +VLU22) ')2,'

which does contributes at leading order in €. The tangential stress balance is then

ZP=eH

ou, - oU?
(—L - MaVLZ) = g( &+ VU
0z Z=H 9z Z0=cH

Inserting the solutions in Eqns. 1.43-1.48 into this tangential stress balance and

simplifying, the result is

~ 1 - _ -
A= HCa 'V, V2 H + MaHV S

+ ,aHf d2x/£27‘])2 eiq.(XL—x'L)( _ coth (qDo) (*q)qﬂ .
.\ 2 (QDO — sinh (quo) cosh (qDO)) q- A(X/L)q)’ 1L49)
sinh (q[)o) _ qu(z) q

which is a Fredholm integral equation determining A. Given a solution to Eq. 1.49,

all the integration constants from the momentum transport are determined.

The heat transport through the bilayer proceeds analogously to the momentum

transport. The thick layer is governed by the heat transport equation

oT? — oT?® _ 9’1
2) .(2) ) . ) 2 — .| g27®2)
pc T +u;” VT +ug oz |~ K\ VT + 22 |’
and Dirichlet boundary conditions on the cold substrate are used,

(©)) —
TP 0, = Te-

The previous non-dimensional temperature in the thin film and surface tension are

used and a new non-dimensional thick film temperature is defined

T-Tp, o -0y

= = @ = —T(Z) — TC
Ty —Tp or(Tu —To)

To-Tc

- 0Olzey, O
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On non-dimensionalization of the heat transport equation, the group

Pel? = p@c® Ly, /k@

2
T

appears, and we assume Pe,”” < 1. The leading order heat transport equation in the

thick layer is then

9*°0®
d(ZO) -
The Fourier transform is used once again

22
vVieW@ +

&g

0O =
(2m)?

el9XL@
and the leading order thick film heat transport equation is

. %0
_2 oY _
q 0+ Dz =0,

subject to the Dirichlet boundary conditions for the temperature at the cold substrate

7@ e = T¢ which non-dimensionalize to ®(2)'Z(2) b = 0. The solution is then
=dy =Do
0 = [ 0w ¥ieinn (4 (2 - By)). (150)
(2m)?

where e is an integration constant depending only on X; and not Z®. In the
thin film, the lubrication approximation can be made in the bulk as in the previous

section. In particular, Eq. 1.30, repeated here for convenience, remains valid,

®@=1+CZ. (1.51)

The integration constants C and e must next be eliminated using appropriate bound-
ary conditions. The temperature continuity condition T'|,_; = T® |Z ;. hon-
=ao

dimensionalizes to

To+ (Ty —Tp) Olz—y = Tc + (Ty — Tc) ®(2)|Z(2>=5H :

Inserting the solution in Eq. 1.50, the constant e can be eliminated to leading order

o Ty =Te+ (Ty = To)CX,H)H(X,
e:—fde’e_’q'XL H—Tc+ Ty —To)C(X))H( L). (152)

(To — Tc) sinh(g Do)
Next the continuity of the heat flux across the interface requires

aT(Z)
= kPh- (VLT<2> +2 )
0z

ki - (VLT + ia—T)
0z

z=dy z=dy
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which non-dimensionalizes to leading order to

1) . 00®
Ty — To)— =k (Tp - T
(TH 0)62 . (To - C)aZ( ] I

Inserting the solutions in Eqns. 1.50-1.52, keeping leading order terms only, and

simplifying using the Tj in Eq. 1.39 results in
C=-2"" k| @x'—Le XX g coth (¢Do) H(X,)C (X)), (1.53
B (2@2 g coth (¢Do) H(X;)C(X)), (1.53)

which is another Fredholm integral equation determining C. Given a solution

to Eq. 1.53, all the integration constants from the heat transport are determined.
Using the relation between the temperature and the surface tension in Eq. 1.40, an
equivalent Fredholm integral equation in the non-dimensional surface tension can
be easily derived,

2
Y= H—l—kad2 ﬁ e/ XXL) g coth (¢ Do) B(XY,). (1.54)

The only remaining equation is the non-dimensionalized kinematic boundary con-

dition in Eq. 1.23, repeated here for convenience,

o0H
(—+VLH UL—Uz) =0.
ot Z=H

Using the thin film solution in Eqns. 1.44 and Eq. 1.48 and the definition of A in

Eq. 1.46, the kinematic boundary condition governing the film evolution is

5 -1
oOH Ca |
+V H3V;VZH + ~HA | = 1.
ot L(lz LY T3 )0’ (1.55)

along with the two integral equations in Eq. 1.49 and Eq. 1.54, repeated here for

convenience,

_ d2 . , _
S=H-1- kade’# "0 X=X0) g coth (qDo) (X)),

~ 1 - -
A= ZHCa 1VLViH +MaHV, X

, (%o (*q) - A(X))
+ gH f d2x'—L (2”)2 el (X L)( coth(qDo)—

2 (qDO — sinh (qDO) cosh (qDo)) q- A(X ) )
_ \2 _ :

sinh (qDo) - ¢*D}, q
Equations 1.55 and 1.56 together form the analog of the thin film equation in Eq. 1.34.

+ (1.56)

The major qualitative difference between Eqns. 1.55-1.56 and Eq. 1.34 is the non-
local contribution arising from the integral equations, which can be understood in

terms of the lateral diffusion of mometum and heat as depicted in Fig. 1.3.
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Liouville-Neumann series

A formal solution for A and X in Eq. 1.56 can be generated by using successive
approximations by initially neglecting the integral terms. The result is called the

Liouville-Neumann series. Define operators
(xq) - A(X), )

Li [ =H f d2X’( o) e/ (Xe- L)( coth (q 0) 7
. 2 (qDo — sinh (qDO) cosh (qDo)) q- A(X ) )
sinh (qD0)2 - ¢*D} q ,

and
dzf] iq-(Xp-X/ >
Lr[Zl=H f dzx’w e X=X g coth (¢ Do) Z(X)),
and let LZ and L. denote the nth iterated operations. Then the Liouville-Neumann

series solution to the integral equations in Eq. 1.56 are

oo

S= (-k) LiiH -1,

n=0

& |

A=) ()" £y |5Ca  HYLVEH + MaH V.3 | (1.57)
n=0

The formal solutions in Eq. 1.57 can then be substituted into Eq. 1.55 to generate the
film evolution equation. The formal nature of the Liouville-Neumann series should
be emphasized — unless the terms decrease in magnitude sufficiently fast, the series
will not converge. This operator series is very much analogous to the Taylor series
ﬁ = Yo x" for |x| < 1, and some operator norms on Lz and Lr could ensure
convergence, though we will not pursue such bounds. Furthermore, both operators

are invertible,

_ d? it (Xi (xq) - A(X))
£A1 [ =H f d2x’ ﬂq)z q(X L)( tanh (qDo) —3H(X’L)
N sinh (qDo) - ¢*D} q-AX)) )
2 (qf)o — sinh (qDO) cosh (qDO)) ¢H(X))

and

1 2y, d%q it (XL~ X/)tanh(qDO) ,
L [l"]_de Gl T AR
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If the Liouville-Neumann series fails to converge, the Liouville-Neumann series for

the inverse equations

T=- > (<k) "L H - 11,
n=1
- - 1 - _ _
A== (0" Ly 5Ca '"HV,V2H + MaHV x|, (1.58)
n=1
1 1/x

may be expected to converge, just as 1= = —1; T

numerical study of Eq. 1.55, a truncated version of Eq. 1.58 or Eq. 1.57 could be

= -2, x"for x| > 1. Ina
easily implemented in finite element simulations.

Linear stability analysis

As a first application of Eqns. 1.55-1.44, we perform a linear stability analysis of a

flat base state Hy(Xy) = 1. Consider a modal perturbation
H(Xy) = 1 + §He" XL

with 6H <« 1 and p a wave vector. First we will consider the solutions to the
integral equations in Eq. 1.56. The iterated operators L. [6H eb’”p'XL] is evaluated

inductively. Suppose

n

L] [sHeM x| = sHebPXe (|p] coth(|p| Do) )
Then it follows that

L+ [sHeb X :Lr[aHeb”"P‘XL (Ipl coth(|p|Do>)"]
Ll
(2m)?
x 6He" X1 (|p| coth(Ip| Dy))"

= (1 + 6Hel+PXe) f d2x’ e (Xe7X1) g coth (¢Dy)

. _ 1
= 6He"Xx (|p| coth(pl D))",

to leading order in 6 H. The base case for n = 0 is immediate, so that the induction is
complete. Inserting this in the Liouville-Neumann series in Eq. 1.57 and evaluating
the sum, the dimensionless surface tension is
5Hebt+ip'XL
2= — —.
1.+ k|p| coth (|p|Dy)
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Next, the argument in the second line in Eq. 1.56 is evaluated,

- _1 -
1 - _ C M
ECaHZVLV%H+MaHVLZ = —aT|p|2 + -

- - l‘péHebt-H.pXL.
1+ k|p| coth (Ip| Do)

The iteratred operator in the second line of Eq. 1.57 can be evaluated inductively in
the same fashion, and the result can be summed to give
12 Ma

2Ca [pl™+ 1+k|p| coth(|p|Do)

| — 2Pl Do=sinh(Ip|Do) cosh(Ip|Do))
sinh(|p| Do)’ Ip[2D?

A= ips He"+PXL,

Finally, the solution for A is inserted into Eq. 1.55 and the equation is solved for

b(|p|) to give the dispersion relation

15,1 2 Ma
—5Ca |pI"+ —— X ——
1 2 1+k|p| coth(|p| Do) I -1, »
b = p*| = _ — L __(C 1.5
(oD = I S S Gpbismn(piby) o) ~ 120 P (1Y)

sinh(|p| Do)’ |p[2D?

This dispersion relation has the qualitative shape of a type II instability, having
b(0) = 0, a positive unstable band of b(|p|) for 0 < |p| < |p|. for some |p|. > 0, and
a maximum at some b(27/ Amax) = bmax, but the shape of the curves vary with the
parameters k, /i, and Dy. The curves can be easily compared by plotting b/bpax Vs.
|p| Amax, Which eliminates the dependence on the parameters Ca and Ma, as shown
in Fig. 1.4 for a selection of k, i1, and Dy.

mb/b,

— =1, k=1, Do=1
10¢ H 0

— =1, k=1, Dy=1/2
=0, k=1, Do=1/2

=1, k=0, Do=1/2

— =0, k=0, Doy=1/2

r 5 10 15 P/
_zf
_4;

Figure 1.4: Linear stability dispersion relation of the thick-thin bilayer. Larger
values of [, k, and Dy tend to make the unstable band flatter and wider.
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Lastly, it is interesting to note the effects of varying the parameters k and ji on the
maximum growth rate bp,x and the wavelength of the fastest growing mode Apax
for fixed Ma and Ca. Larger values of the conductivity ratio k and the viscosity ratio
[t tend to increases the wavelength of the most unstable mode and tend to decrease
the growth rate of the unstable modes. On the other hand, larger values of the gap
width ratio Dy tend to decrease the wavelength of the most unstable mode and tend

to increase the growth rate of the unstable modes. It should be emphasized here that
eor(Ta—To)

Hite -
interface T rather than the temperature at the cold substrate 7¢, varying Dy at fixed

since our definition of Ma = involves the temperature at the unperturbed
Ma entails simultaneously changing the dimensionful gap width d( and the applied
temperature gradient. Contour plots of the wavelength of the fastest growing modes

Amax and its growth rate by, are shown in Fig. 1.5 below for Ca=1andMa=1.

Figure 1.5: Contour plots of (a) the wavelength of the fastest growing mode and
(b) the growth rate of the fastest growing mode for Ca = 1 and Ma = 1. Contour
values increase in the direction of the red arrow. The wavelength A, increases
with increasing k and ji and with decreasing Dg. The growth rate by, decreases
with increasing k and ji and with decreasing Dy.

Limiting Behavior

Here we consider the limiting behavior of Eqns. 1.55-1.56 for Dy < 1. In this limit

the approximations coth(lpll_)o) ~ —L_ ang 2(RIDo Smh(mlDo) cosh(lpDo)) , __4

[plDo s1nh(|p|D0) -|pI?D} ~ ~ IpIDo
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puts Eq. 1.49 in the form

~ 1 - -
A= ZHCa 'V, V2H + MaHV S

_ ) . o
-Ln f de'd—q e (XL -X}) (M *q+ 4wq).
Dy (2m)? 7 7
(1.60)

Solving Eq. 1.60 takes a little work. First, divide by H and take the divergence,
noting that in the integral term a factor iq- will fall out and cancel the denominator
allowing the integral to be performed with a Dirac delta function,
A 1 - , i -
Vi = =V, [5CaHV,ViH + MaV,X| -4V, -A.
Ly L (2 aVvVy avp ) Dy L

Collecting all terms together,

1 TR 1 - ) -

Ve ({|l=+4=—|A—-|zCaHV, V;H +MaV;2|] =0.

([ o)A (et vimiz)

Since the quantity in parenthesis has zero divergence, it can be expressed in terms

in a stream function f as % (xVy) f with the multiplicative factor chosen here for
0

later comparison with work in the literature. Thus

I¥el 2 1 —
- 5CaHV; VIH +MaV; X  6iH (xV
A=2 1L+L4ﬁH = +_2“ ( ;)f. (1.61)
Dy D0(1+4D_0H)

Next, the dual divergence (%xV) - of Eq. 1.60 is taken noting that a factor i (xq) -
falls out in the integral term which allows the integral to be performed,
A 1 - 5 _ i .
(*Vp) - —==0Vy) - [zCaHV V] H + MaV Y| — — (xV) - A.
H 2 Dy
Substituting the solution in Eq. 1.61 and simplifying into a form that will be conve-

nient shortly, the stream function f is specified by

(*V,) 1_23/1 (_DO + /?H) (*V) f|= (xVp) - (Ma _ _6,le - \»>
D3 (Do + 4/iH) Do (Do + 47iH)
Ca(l Do (Do + ﬁH))VLVLH |

(1.62)
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Next, substituting the solution in Eq. 1.61 into Eq. 1.55 and simplifying the result,

a limiting thin film equation is derived,

s -1 = _
0H Ca Do+ aH
0= _ L.( S e L SR S A
ot 3 Dy + 4,uH
Ma H? 3iH?
T LN P (*VL)f). (1.63)
2 Do +4aH Dy (Do +4iH)
The surface tension in Eq. 1.54 is also approximated using cosh (IpIDo) D IlDo
2y d? 4 g (X.-X)) ’
Y= H—l——H d°X' —— ' THLTRIE(XY),
@n)?
which can be integrated and solved as
Y= (H-1). (1.64)

D0+k

In summary, Eqns. 1.62-1.64 are the coupled equations in the Dy < 1 limit. Taking
the small Dy limit of the equations causes the non-local nature of the evolution
equations to break down and allows the integral equations to be re-expressed as the
differential equation Eq. 1.62. This is to be expected since in the small Dg limit the
non-local transport mechanism in Fig. 1.3 is invalidated as the thick layer becomes
thin. As noted at the beginning of this section, the evolution of a doubly thin viscous
bilayer has been considered by Merkt et al. [24]. In fact, the doubly thin bilayer
evolution equations derived by Merkt et al. matches exactly with Eqns. 1.62-1.64 in
the limit of a large gap ratio, viscosity ratio, and conductivity ratio. This matching
between models is entirely analogous to matched asymptotics — these models are
appropriate for distinct parameter regimes and their limiting behavior must coincide

as one moves between these regimes.

1.3 Other variants of thin film equations

We have focused on the case where the only interfacial forces are capillary and
thermocapillary ones, but a much wider class of thin film equations can be derived
with analogous methods. Consider the interface between a gas (with negligible
viscous stresses) and a thin viscous fluid film (incompressible and with constant
viscosity) evolving on a flat substrate under the influence of a body force potential
@, an external interfacial shear stress Tex, an external interfacial normal stress I1,

varying surface tension X, and slip coeflicient S, with all variables being appro-
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priately non-dimensionalized!. Such a film [23] can be modeled with the partial
differential equation
i 1. 1.3 2
—+ VL (Tex + MaV, %) SH? + BH| = (3H* + pH?| VLP| =0, (1.65)

where
P=0|;y—Ca 'V2H-TI (1.66)

Note that Eq. 1.65 is a local conservation equation — changes in the film height
H, and hence the total volume ¥ [H], are directly related to the divergence of a

volumetric flux Qy,

H
aa_z“LVL'QL —0, (1.67)

where
v [H] = f d’X H(X., 1),

- 1 1
Q, = (rm + MaVLZ) (EHZ + ,BH) - (§H3 + ﬁHZ) V,.P.
Assuming the flux Q, vanishes appropriately at the boundary of the wetted domain,

this implies that the total volume 7" [H] is a conserved quantity.

In the important special case where the external forces depend on space and time

only implicitly through H as e = 667;{“ ViH, ®lzoyg = ®(H), II = II(H), and

¥ = X(H), Eq. 1.65 can be cast in the form

%_il +V. - (Q1E)V, (Ca”'VIH - W' (H))) =0, (1.68)

where

_L. 2
Qi(H) = zH™ + BH",

2
_ 0% 9N 3H?+6BH (9t \z 9T
OH oH

The form of Eq. 1.68 is called the Cahn-Hilliard type and is significant because of

its variational structure,

0H oF
E—VL- (QI(H)VLE) =0, (1.69)

'In [23], the authors use a dimensionless surface tension & = :7

We opt to use a dimensionless

surface tension X = % where Ao is a scale of variations in surface tension, as was done in Section

1.1. The two are related by V.E =MaV, S where Ma = Ag

= /l_uc .
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where the Lyapunov energy is

F[H] = f X F (X, 1)
Ca™
F (X, 1) = — \V.H|> + W(H).

In the remainder of this thesis, we will study a variety of such film equations.
Although fluid slip is important for modelling moving contact lines, the only focus
on contact lines will be energetic rather than dynamic, so we will always take

B = 0. The purely thermocapillary case in Section 1.1 affects the surface tension

Ytc=-1+ % as in Eq. 1.33 and contributes to Lyapunov potential through
a term _
3Ma
Wrc=——(1+x)HI1 . 1.70
TC 2 (1+x) 0g(1+)(H) (1.70)

In addition, we will occasionally consider additional body forces including a ver-
tical gravitational force with non-dimensionalized body force potentials ®g = GZ
where G = epgh(z) / uu, is the non-dimensional thin film gravitational number. The

gravitational contribution to the Lyapunov energy is

G
Wg = EHZ. (1.71)

Additionally, an electrohydrodynamic problem with an interfacial normal force
resulting from an applied electric voltage AV across the top and bottom substrates

will be considered for a dielectric fluid. The resulting normal interfacial force is

I 1 gD (epnp— V>
EHD = 3 (Do+(egup—1)H)?

of the air &, to the relative permittivity of the film € and V = /egoe/uu hoAV

is the dimensionless voltage magnitude, with g9 the vacuum permittivity [24]. An

where eggp = €,ir/ € is the ratio of the relative permittivity

appropriate Lyapunov potential for the electrohydrodynamic contribution is

E  xewpH
WEnp = — = X

———, 1.72
21+ xeupH (1.72)

-1 . . . . . .
where ygup = 3EHDDO is a dimensionless dielectric and gap ratio number and

E= %(V 2 is a dimensionless electrohydrodynamic number. This Lyapunov con-
tribution differs from that of [24] by a constant such that Wgyp (0) = O for reasons that
will be emphasized in Chapter 3. Another commonly introduced force is a retarded
body force potential accounting for Van der Waals interactions ®vgw = Avaw/ 73

where Aygw = eA’V IW / 67r,uuch% is the non-dimensional Hamaker constant. Such
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interactions become important near film rupture, but will generally be neglected in

this thesis for the sake of simplicity.

We will also consider a more complicated case which involves more than one in-
dependent variable. When an insoluble surfactant spreads on the film, the surface
tension is a function of the surfactant concentration y. The surface tension is as-
sumed to decrease linearly with the surfactant concentration o = 09— 0y (¥ = Ym).
In terms of the dimensionless surfactant concentration I' = vy /yy,, the dimensionless
surface tension is £ = 1 — I'. A second transport equation in addition to Eq. 1.65
is required to model the transport of the surfactant concentration I'.  Assuming
the surfactant is advectively transported on the surface with an additional surface

diffusion term, the appropriate equations are [25]

- -1 _
OH C M
0=22 4y, ( 2 H3V, V2 H - ;HZVLF),

ot
5 -1
or C . 5
0=—-+Vp- ( ; H?TV;V;H - MaHTV,T - PeVLF>, (1.73)

where Pe = e€Lu./D is the thin film Peclet number with D the surface diffusion
constant for the surfactant. Thiele, Archer, and Plapp [26] uncovered the Cahn-
Hilliard form of the surfactant spreading problem of Eq. 1.73,

Zy \v
3 LS T2 LT

or H?T _ SF. P SF.
0= v, [ v, 5 (B2 s 1| v, 38,
2 SH Ma 6T

OH (H3 6Fss H*T 6Fss)

where the Lyapunov function in this case is

Fss[H,T] = f d’X Fss (X1, 1),

< -1
C _
Fss = —; \VLH|? + Mal log .

The proof of that the Lyapunov energy decreases in time relies on the fact that the

H3 HT
mobility matrix ( 0 L2 P F) is positive definite for H > O and I' > 0, as
2 Ma

can be easily verified by considering its determinant and trace.

The Cahn-Hilliard form of Eq. 1.73 has only recently been derived, and as far as
the author is aware general methods for deriving such forms for more complicated

cases are not well known in the field. The necessary mathematical tools do exist,
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however, and will be outlined in the remainder of this section. Suppose we are
given a set of coupled evolution equations in some number of dependent variables

u' which depend on X; and ¢ like
1) =0, (1.74)

where QiL are some known set of fluxes that corresponds to . The Cahn-Hilliard

form will be generalized to

6_ui_i Qijkl OSF -
ot oxi\=v axlsuk ’

(1.75)

where the matrix of mobility factors Qilj M s appropriately positive-definite. By
an argument identical to the one given in Section 1.1, it follows from appropriate
assumptions on the boundary conditions that

dF 00F ;i1 OOF
— =—| &x — 0" <0,
dt f 0XJsut ¢ 0X!suk

where the inequality follows from the positive-definite assumption on Q1, so that F
is a Lyapunov functional. Clearly Eq. 1.74 is of the form in Eq. 1.75 if the fluxes

can be expressed as
Q - _Qijkl O0F <.
L= =0 axisuk™
The key observation here is that this can be interpreted as an exactness condition in

differential geometry such that (Qfl)ij . (f(j : Q’L) R = =V ¥y, where Q7! is the

inverse mobility matrix and Y = %. Under some mild assumptions, the Poincare
lemma [27] guarantees such an exactness is equivalent to a closedness condition,

which can be written
(*Vp) - ((Ql_l)ijkl (¥ - Q) f(l) = 0. (1.76)

Equation 1.76 can be regarded as a collection of partial differential equations that
the mobility factors Qilj ! must satisfy. In the usual case, we require that Q| depend
only on space and time implicitly through the dependent variables ' and not their
derivatives, though this assumption could be relaxed if no such Cahn-Hilliard form
exists. Under that assumption, Eq. 1.76 can be expanded in a Taylor series in the
derivatives of u' and the coefficient of each term is a partial differential equation
which the mobility factors must satisfy. This expansion is analogous to the method of
finding point symmetries of differential equations that we will discuss in Section 2.2

below. Finding some collection of mobility factors that form a solution to Eq. 1.76 is
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the first step to putting Eq. 1.74 into the form in Eq. 1.75. Once the mobility factors

have been determined, the quantities ¢, can be found using a homotopy operator as

1 . .
1/ (X/L) = —j(; dT/l (Xl (Ql—])l'jkl % . QIL)

We won’t detail homotopy operators here, but refer the reader to [28]. Furthermore it

. (1.77)
X; =X}

is not always necessary to employ the homotopy formula as it is often easy to deduce
Yk from the fluxes and mobilities. Once ¢, is known, there is yet another exactness
condition which needs to be satisfied, namely a functional one y/;, = (%(. There exist
yet another functional closedness condition analogous to Eq. 1.76, this time that the
Fréchet derivative of y is self-adjoint D, = ]D:‘;/, where the Fréchet derivative and
its adjoint are discussed in Section 2.1 and defined in Eq. 2.6 and Eq. 2.9 below. If
this functional closedness condition is not satisfied for any possible mobility factor
solutions to Eq. 1.76, we have proven that no such Lyapunov function exists. On
the other hand when the functional closedness condition is satisfied, the Lyapunov

functional F can be constructed using a functional homotopy operator analogous to

Tda
Fli] = f ( fo — (u wk)|uzm) d2X. (1.78)

Note that the Lyapunov energy is only uniquely defined up to the addition of a null

Eq. 1.77, namely

Lagrangian, and thus the form in Eq. 1.78 may need to be integrated by parts to put
it in a familiar form. This functional homotopy machinery is part of the variational
or bivariational complex and is a relatively modern development which stems from
the study of the inverse problem in the calculus of variations. A more complete

description is available in [28].

The use of Eq. 1.76-1.78 in determining Lyapunov functions provides a powerful
general method. For example, the author has applied this procedure to the surfactant
spreading problem in Eq. 1.73 and revealed a Cahn-Hilliard form depending on a

function Wsg(I') with more general mobility factors

OH H3_ 6F H’T SF.
0= — -V, - [=—v, =25 4 v, =35
ot 3 6H ~ 2WZ ()~ or
or H’T'_ 6Fss 1 , Pe 5Fss
0=—-V,- \Y + HT? + =T |V, —=], 1.79
ar " ( 2 '6H Wé’s(l“)( Ma | © 6T (1.79)
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with an associated family of Lyapunov functionals

Fss [H,T] = f X F (Xi,1),

5 -1
Ca -

Fss =~ |VLH|? + MaWss (D), (1.80)

where the positive definiteness condition is met only if 1/3 < FWé’s (I') < 3. One
particular class with Wgg(I') = I'logI™®, where 1/3 < s < 3, generalizes the

Lyapunov function of Thiele, Archer, and Plapp noted above.

1.4 Notes

The quantitative study of thin films of viscous fluids is well over a century old,
beginning with Reynolds’ description of the fluid flow of an oil layer lubricating
a rotating journal bearing [29]. The parallel study of fluid convection driven by
heating has a particularly rich history originating with Bénard’s first observations of
cellular convection at the start of the twentieth century [30]. Lord Rayleigh’s seminal
description of buoyancy driven convection [31] had enormous influence on physics,
and the study of pattern formation that developed is currently an active area of
research [32]. The identification of surface tension variations as the relevant driving
force for many thin films, including those observed by Bénard, was uncovered in
the middle of the twentieth century [33-37], and a variety of linear stability results
were established then. The study of thin films with a free interface was extensively
explored in the late 20th century. During that time, Davis in the United States [22, 38]
and Kopbosynov and Pukhnachev in the Soviet Union [21] independently introduced
the use of Reynolds’ lubrication theory in deriving an evolution equation for the film
thickness. Oron and Rosenau first described the use of Lyapunov functions for
thin film equations [18]. Later, Van Hook [14, 39] compared simulations with
experiments and recognized an important difference (the sign of his two-layer Biot
number) between fluid films which are placed in a confined geometry and fluid films
which are unconfined above the free interface. An review article detailing many of

these developments in the study of thin films is also available [23].

Much of the recent work on the thermocapillary instability in thin films is motivated
by the prospect of generating micro- and nano-scale patterns for the purpose of
manufacturing devices such as optical arrays. Experiments from Chou et al. [5,
6], Schiffer et al. [7-9], Peng et al. [10], and Troian et al. [11-13] demonstrated
this possibility and highlight advantages over existing lithographic manufacturing

processes. In this same vein, the possibility of driving instabilities using electric
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fields rather than temperature gradients has been explored by Steiner et al. and
Pease and Russel, among others [40—43]. The use of the lubrication approximation
to model the elecrohydrodynamic problem with leaky dielectrics came more recently
in the work of Shankar and Sharma [44], Craster and Matar [45], and Merk et al.
[24]. A model with a perfect dielectric and with negligible viscosity in the top
fluid layer using the film equation in Eq. 1.68 with the Lyapunov contribution in
Eq. 1.72 will suffice for the purposes of this thesis. The inclusion of Van der Waals
interactions is frequently introduced to model thin film rupture and contact line
motion, as the Van der Waals interaction is known to become increasingly relevant
for ultra thin films. DeGennes’ review [46] is a classic account of many aspects of
contact lines. Early numerical work on thin film equations such as the paper of Oron
et al. [18, 47] often encountered numerical singularities during film rupture events.
More recently, Thiele et al. have demonstrated how a repulsive Van der Waals
interaction leads to ultra thin precursor films rather than rupture and allowed more
extensive numerical analysis of thin film equations [24, 48, 49]. The most frequently
employed model of Van der Waals interactions utilizes a retarded potential which
is predominantly phenomenological, and a satisfactory theoretical hydrodynamics
which includes Van der Waals interactions consistently is wanting. Since we do
not require Van der Waals interactions to regulate numerics in this thesis, they will
generally be neglected. The study of the spreading of an insoluble surfactant on
a thin viscous film has an alternate motivation and history in medicine as human
respiratory and ocular systems rely on surfactants to reduce surface tension [25].
The most recent major elaboration of the thin film equation in the literature is the
thin viscous bilayer model of Merkt et al. noted in Section 1.2 [24]. The related
problem of a two layer fluid film with a free interface between the layers and at a
second interface with the overhead air has also received significant attention recently
[50-53].

The first original contribution to the field from this thesis is the coupled thick-thin
bilayer model in Eqns.1.55-1.56 in Section 1.2. This model exhibited a non-local
character that is not present in other thin film equations. We further showed how
the limit of a thin top layer in this model matches with the thin bilayer model of
Merkt et al. [24]. This thin-thick film equation should also be compared with the
boundary element method [54], which permits two-dimensional modeling of three-
dimensional fluid flows by monitoring quantities and fluxes only at the boundary of
a domain. The boundary element method shares the non-local character of Eq. 1.55,

but requires many more dependent variables, including one for each component of
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momentum, one for heat, and even more for the fluxes of these variables rather than
the single dependent variable H of Eq. 1.55. The second original contribution to the
field from this thesis is the description of homotopy methods in deriving Lyapunov
functions in Section 1.3. This work complements recent work by Thiele et al. putting
surfactant and solute transport equations into gradient form [26, 55]. The homotopy
methods developed for use in the inverse problem of the calculus of variations have a
very long and interesting history [28]. As far as the author is aware, the description
of additional Lyapunov functionals for the surfactant spreading problem in Eq. 1.80
is new. The author has not discovered any application of these additional Lyapunov
functionals to the surfactant spreading problem, but has noted the use of multiple
Lyapunov functions in rigorously establishing convergence to steady states from

arbitrary initial conditions in some mathematical works [56, 57].
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Chapter 2

SYMMETRY ANALYSES

The purpose of this chapter is to discuss symmetry analysis methods in the study of
partial differential equations. First among them is the study of self-similar solutions.
The method of reducing the number of independent variables in partial differential
equations by seeking similarity variables is ubiquitous in fluid mechanics. This
procedure is usually carried out in hopes of finding a particular solution which is
believed to at least approximate the evolution of a physical system. In Section 2.1
we argue for a deeper mathematical motivation for this fundamental analysis: such
solutions provide important geometrical information about the system’s general
solution space. Next in Section 2.2 we derive the point symmetries of various thin
film equations with the aid of the symbolic computation package zgnsymmetry.m
which the author wrote for Mathematica. The package is included in full in Appendix
A. Finally, Section 2.3 contains a discussion of the history and literature in the field,

with an attempt to place the new research contained in this chapter in a wider context.

2.1 Geometrical interpretations of self-similar solutions
To develop motivation for the study of self-similar solutions of partial differential
equations, consider first a simpler dynamical systems example of a set of ordinary

differential equations,

Ou! Ou?
i u?, ke —(u")? +u, 2.1

where superscripts are indices enumerating dependent and independent variables,
not exponents. These are the evolution equations for a one-dimensional anharmonic
oscillator in phase space, where the independent variables are the displacement u'
and its conjugate momentum »” and the dependent variable x" is time (this notation
is used here to be consistent with later notation). Since Eq. 2.1 is autonomous, its
fixed points can be studied. There are three such fixed points, a hyperbolic fixed
point at (u',u?) = (0,0) and two elliptic fixed points at (u',u*) = (+1,0). The
stable and unstable manifolds of the hyperbolic fixed point coincide as a homoclinic
separatrix, depicted as a red line in the phase portrait on the (u!,u4%) coordinate

plane in Fig. 2.1 below.
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Figure 2.1: The extended phase space of Eq. 2.1. One-dimensional solution trajec-
tories (gray lines) foliate this space. Projection onto the (u', u?) phase plane reveals
the geometric structure of the foliation characterized by the green fixed points and
the red separatrix.

In this simple example, the charateristics of the fixed points, i.e., their stability
and the separatrices eminating from them, have important implications regarding
the geometric structure of the phase space as a whole. Many other examples of
fixed points having important influence on the topology of solutions in phase space
are known in dynamical systems, including their relevance in the emergence of
chaos. In the language of symmetry analysis, the fact that Eq. 2.1 is autonomous
is a time-translational symmetry of the differential system. Furthermore, the fixed
points of Eq. 2.1 are simply the group-invariant solutions of this equation under this
symmetry. These concepts can be generalized in a straightforward manner to partial
differential equations. In order to make this generalization concrete, we introduce
briefly here some of the language of jet bundles that aid in the symmetry analysis
of partial differential equations. This discussion is introductory and pedagogical —

more formal developments are available in the mathematics literature [28, 58].

Suppose we want to study n coupled partial differential equations with m + 1

independent variables and n dependent variables, denoted as x = (x% xt .o x™)

and u = (u!,u?

,...,u'"), respectively. Partial derivatives of dependent variables
J o= ol
V) = 8(x9)08(x1)1-.-9(xm)vm

Vo + V1 + - -+ + vy, and the system of partial differential equations under study will

will be denoted by u , where v is a multi-index and |v| =
be written A;(x, u; u(,)) = 0, where A; is a set of differential functions depending on
the dependent and independent variables and the partial derivatives of the dependent

variables. Forget for the moment that we ultimately regard the dependent variables
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as functions of the independent variables, and instead consider them as just variables
which can take on values in some domain like R. In fact, rather than considering
u and x simply as variables, it is advantageous to consider them as coordinates on
manifolds. Let U be an n-dimensional manifold with coordinates (ul, u? ..., u")
and X an (m + 1)-dimensional manifold with coordinates (xo,xl, ..., x™), and
consider the (m+n+ 1)-dimensional manifold M = U ® X. We will avoid technical
issues like the distinction between a local coordinate patch and the entire manifold
itself by assuming that these coordinate systems cover the entire manifold which is
Cartesian, i.e. M = R"™*"*!_One reason this geometric interpretation is preferred is
because it is often advantageous to change coordinates on M to various combinations
of the original independent and dependent variables in order to simplify the system
of differential equations, and a coordinate independent understanding of the system

is desired. A solution to the system of equations under study is a set of function

fj (xo, x!,...,x™) which renders the equations an identity when u = f, so that
: oM fx) _ L . :
A (x, F(x); 3 ey ey | = 0 holds identically. Geometrically, a solution

of the partial differential equations is its graph, an m + 1-dimensional submanifold
ScM,
S = {(x,u) eM|uw = fj(xo,xl,...xm)} .

Next is a somewhat abstract conceptual leap — consider the manifold U whose
coordinates are all the partial derivatives (u(,)) of order |v| < s including the zeroth
order partial derivatives which are simply the dependent variables themselves, and
let M® = Y ® X. This construction is called the sth order jet bundle [58].
Such fiber bundles are generalizations of the more familiar tangent and cotangent
bundles of coordinate manifolds in Hamiltonian mechanics. If the set of differential
equations A; = 0 contain at most sth order partial derivatives, then the equations
Aj(x,u;u(,)) = 0are simply algebraic equations in the jet bundle which define some
subvariety Y(As) c M),

SO ={xusup)) € MO | Aj(xusui) =0}

The distinction between a smooth manifold and a variety is not particularly important
for our discussion — only note that varieties may have singularities such as cusps
where they are not locally diffeomorphic to a Cartesian space. Mapping out such
singularities of . (As) is another geometrical aspect which will not be discussed for
the moment. Mathematical objects like functions and vector fields on M are said to

prolong to corresponding objects in the jet bundle M. These prolonged objects
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are found by requiring the natural differential relations between the coordinates of
the jet bundle are satisfied. For example, the manifold S associated to a solution
u = f(x) prolongs to the manifold

o " £ (x)

O 9(xO)d(x ) - G (xm)Vm

S® = {(x,u;u(y)) e M®

VleSs}.

For ordinary differential equations, the space . (AS) is the extended phase space which
is foliated by the prolongation of solutions as in Fig. 2.1. There is, however, one
caveat when generalizing to more independent variables — in contrast to ordinary
differential equations, for partial differential equations there may be multiple solution
manifolds which pass through a point of .7/ ) soa single foliation of . (As) could
never enumerate all possible solutions to a partial differential equation. This is
best illustrated through an example. Consider the linear partial differential equation

1 1
Ay = 24 4 9 — () with general solution u! = £(x° — x!) for any smooth function

8x0 0x
f R —- R. If f| and f, are two such solutions with corresponding prolonged
manifolds S gl) and S;l) in the first order jet bundle M and if there are constants
A, B,C € R such that f1(C) = f2(C) = Aand f{(C) = f5(C) = B, then the curve

in the first order jet bundle parameterized by x°
) |, 1_ .0 1 _ |
{(x,u,u(v)) eMD | =x0-cC, u' = 4 Uio) = ~Uo1) = B}

lies in both S (11) and Sél), so that these manifolds have a non-empty intersection.
We cannot then unambiguously associate a solution leaf to each point in . (As) as
was done in Fig. 2.1. One way to resolve this ambiguity is to consider prolonging
5 X) to another subvariety . (Ak) which resides in a higher order jet bundle M®
with k > s by imposing in addition to A; = O that all the partial derivatives of
Aj which involve partial derivatives of the dependent variables of order less than
or equal to k also vanish. If f{'(C) # f7/(C), then it is clear that in the second-
order jet bundle the prolongations 852) and Séz) would no longer intersect. To
fully resolve all ambiguities, we can consider the prolongation to the infinite order
jet bundle [58]. A related observation is that since the general solution of this
partial differential equation involves an arbitrary function f, an infinite number of
integration constants such as the coeflicients in the Taylor series of f are required
to enumerate all solutions, so the codimensional of a solution leaf must therefore be

infinite.

The symbol .#A will be used to denote the infinite prolongation of the differential

system under study, and it will be called the extended phase space of the system
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of partial differential equations. For ordinary differential equations, this infinite
prolongation actually remains finite-dimensional — for each prolongation to the next
order jet bundle, n new derivative coordinates are introduced and n new constraints
are imposed by taking one more derivative of each the n equations A; = 0, so the
dimension of .¢ (Ak) does not increase as k increases and all the . (Ak) and .5 are
isomorphic. Thus, for example, the extendend phase space .5 for Eq. 2.1 is the
three-dimensional space depicted in Fig. 2.1. On the other hand, for partial differ-
ential equations the space .’A will be infinite-dimensional. The local solvability
and uniqueness of analytic partial differential equations of interest here is provided
by the Cauchy-Kovalevski theorem [28]. This result permits us to consider a lo-
cal foliation of the infinite-dimensional space .”’s by solutions of the differential

equaiton.

A qualitative study of a system of partial differential equations should aim to under-
stand the structure of the foliation of the extended phase space by solutions. What
exactly do we mean by the structure of this foliation? Locally we expect the infinitely
prolonged space .’ to be quite homogenously sliced into m + 1-dimensional sub-
manifolds by the foliation. Let us return to the example in Eq. 2.1 for concreteness
- the extended phase space for this system can be coordinatized by (x, u', 4?) and
is depicted in Fig. 2.1 above. Through each point passes a leaf of the foliation
which is the one-dimensional trajectory that describes a solution. Because of the
time translational symmetry of Eq. 2.1, translating any such leaf vertically maps it
onto another leaf. The quotient space formed by projecting out time is the usual
phase space shown on the (u!, u?) coordinate plane in Fig. 2.1, and the structure of
the foliation becomes clear only after this projection. Note that solutions which are
themselves invariant under time translations project down to zero-dimensional fixed

points rather than lines.

The procedure of forming a quotient space of the extended phase space is a general

one given any symmetry of a differential system. Formally, a vector field on M,

L 8 P
V= é‘:sym(x7 M)ﬁ + ¢éym(x’ M)M’ (22)

generates a point symmetry of the differential system if .%4 is invariant under the
flow generated by its prolongation. Details about the prolongation of vector fields
can be found in [28], and an analytic statement of this condition is given below in
Eq. 2.7. Any solution to A = 0 is mapped onto another solution to A = 0 under

the flow generated by a symmetry. Given a generator of some symmetry v , it is
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generally possible to consider n +m independent invariants of v, which are functions
n*(x,u) on M such that

k k

P(") = Eym(x, u)% + Blym(x, u)% = 0. (2.3)
To find invariants, we can consider Eq. 2.3 as a linear partial differential equation
that needs to be solved for the unknown nk, and the method of characteristics can be
used to find a full set of independent invariants. Similarly, we can consider another

special function ,° that satisfies the linear partial differential equation

. 6770 . (9770
=0 0 _ g J —
V(77 ) - é:sym(x’ M)W + ¢sym(x’ u)ﬁ = 1. (24)
If we change coordinates on M to (no, 171, ..., ™™, we will straighten out the
KB

generator of the symmetry to v = Since V is a symmetry of A(x,u) = 0, this

onY-
implies that in these new coordinates, the transformed set of equations

Al .. "™ =0

does not depend on 77°, and the equations are autonomous with respect to n° if we take
1" to be one of the independent variables. The extended phase space .# can then
be projected along the 1° axis to form a quotient manifold . »/G with coordinates
(m',n% ...,n™™), where G is the Lie group with generator ¥. This quotient manifold
is analogous to the phase space of autonomous ordinary differential equations.
General solutions S c .#A project down to m + 1-dimensional manifolds on
A/ G analogous to the phase space trajectories of an ordinary differential equation.
However, solutions which are themselves invariant under G will project down to m-
dimensional manifolds in .¥’5 /G analogous to fixed points. Such solutions are called
self-similar or group-invariant solutions. When searching for self-similar solutions,
we need only solve a system of partial differential equations in m independent
variables and n dependent variables which is derived from A% n',..., ") =0
by simply setting all ° derivatives to zero. Further symmetries of these reduced
equations permit further projections of the space of self-similar solutions, and in
practice most special solutions to partial differential equations are found through

such reductions.

There exists a general procedure to find all the point symmetries of a given set of
partial differential equations. The invariance condition that the phase space .%' be

invariant under the flow generated by the prolongation of v is equivalent to a set of
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linear differential conditions on the generator coefficients. Define the characteristic

of the generator
QL (%, u3u(ry) = Plym (U X) = Exymn (w, X) ], (2.5)

where 9; is the multi-index with a one in the ith entry and a zero in every other entry
and ¢sym and &gy, are the coefficients of the generator in Eq. 2.2. Also define the
Fréchet derivative of A, D, which acts on differential functions f/ depending on
the independent variables, the dependent variables, and the partial derivatives of the

dependent variables,

. 0N, (d \"( d\" d\" .
(DA)jljz(f”)EZaujjz ( dxo) ( dxl) (W) (f.  (26)
v )

where the sum ranges over all multi-indices and the total derivative is

dcii - % + Z ”évwi)%'
v )
The Fréchet derivative of A is sometimes called the linearized equation since it is
the linear operator that appears when considering perturbations of solutions. The
symmetry condition that is satisfied when Q3 is the characteristic of a symmetry of
Ais
Da)jin(QF)],, =0, 2.7)

where the result is evaluated only on the extended phase space [28]. Any choice

BN

of &ym and ¢gym Which satisfies Eq. 2.7 generates a symmetry of A. The crucial
observation is the while &gy and @syy, depend only on u and x, the various deriva-
tives u,) also appear in Eq. 2.7. Thus the coefficient of every monomial in these
derivatives must vanish independently. In this manner, Eq. 2.7 corresponds to a
large number of generally over-determined linear determining equations which we
must solve to enumerate all the point symmetries of A. Finally, aside from the
characterization that self-similar solutions # = f depend only on invariants of the
symmetry generated by V, another characterization [28] of self-similar solutions is

that the characteristics vanish,

Qé (x, u; u(y))'u:f(x) =0 when f(x) is invariant under V. (2.8)

In addition to A = 0, self similar solutions must satisfy Eq. 2.8 which is another set
of partial differential equations. The compatibility conditions between this new set

of equations and A = 0 are guaranteed by the symmetry condition in Eq. 2.7.
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In searching for self-similar solutions to some set of partial differential equations,
we can hope to map out structures in the phase spaces of the solution set to gain a
qualitative understanding of the possible behaviors of solutions. Furthermore, given
any particular self-similar solution, a local analysis can be carried out for nearby
solutions by finding eigenvalues and eigenfunctions of a linearized problem. By
numerically solving the equation in the direction of the eigenfunctions, we could
try to map out the separatrices in these phase spaces as well. In practice, this is a
fairly daunting task for even very simple nonlinear partial differential equations, and
we will only partially complete such analyses for a few thin film equations in the
remainder of this thesis. In closing this discussion, we emphasize that many concepts
from dynamical systems can be applied to partial differential equations with this
geometric perspective in mind. For example, what could we learn from the Poincaré
sections of these projections of the extended phase space? For what equations and
under what circumstances do fractal sets appear in these phase spaces, and does
this inform us at all about systems with spatio-temporal chaos? For Hamiltonian
systems, is there an invariant tori structure around self-similar solutions, and if so
what can be said about its structual stability to perturbations? Such investigations

seem a promising direction in this very challenging field.

Lastly before closing this section, another important aspect of symmetry analyses
is their connection to conservation laws. For variational problems with an action
functional, the celebrated Noethers’ theorem guarantees a conservation law for
every symmetry of the action. The thin film equations of interest here, however, do
not minimize an action, and thus the classic form of Noethers’ theorem does not
apply. There is a more modern generalization which applies to all partial differential
equations, however. The statement of this result requires the adjoint of the Fréchet

derivative

: d\°( d\" d \" (oA, .
(DZ)'“”(fn)EZ(_T) (_ﬁ) ”-(_dxm) ] @9
Y )

The general condition [28, 59] that guarantees a conservation law is that there exist

a set of multipliers A/ such that
(D)jjx (A2 + (DR);, 7 (Aj,) = 0. (2.10)

The A here is not restricted to depend only on the # and x but may depend on
arbitrarily high derivatives u(,), and we call the highest order derivative on which

A depends the order of the multiplier. This condition can be related to an adjoint
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symmetry condition by restricting the result to the extended phase space

D) jn (A?) (2.11)

7 =0
where the second term in Eq. 2.10 vanishes because A = 0 on .. As for point sym-
metries, Eq. 2.11 generates a large number of adjoint determining equations through
the coefficients of the monomials involving derivatives of dependent variables for
which A does not depend. Not every adjoint symmetry solution to Eq. 2.11 is a
multiplier for a conservation law, but every multiplier for a conservation law satisfies
Eq. 2.11. Once the multipliers are known, there is a closed form expression for the
conserved current of the conservation law [59]. One can solve Eq. 2.11 for any order
|v| to systematically enumerate the adjoint symmetries, and then find which adjoint
symmetries satisfy Eq. 2.10 to enumerate all the conservation laws. Note also that
in the case that the Fréchet derivative is self-adjoint, the symmetries and the adjoint
symmetries of A coincide and the symmetries of A correspond to conservation laws
just as in Noether’s theorem. As noted in Section 1.3, the exactness of the variational
complex implies that the Fréchet derivative of A is self adjoint if and only if A is
the functional derivative of some action functional. Thus we see that Noethers’
theorem is a special case of this connection between conservation laws and adjoint

symmetries.

2.2 Calculations of symmetries and reductions of thin film equations

[1] Z.G.Nicolaou and S. M. Troian. “Embedded symmetries and classes of self-
similar solutions of the thin film equations”. In: Phys. Rev. Fluids (preparing
for submission 2016).

In this section, we will carry out symmetry analyses of the some of thin film
equations described in Chapter 1. First we will consider a driven film with one
dependent variable H. Then we will consider the surfactant spreading problem
with two dependent variables H and I'. Our calculations rely on computational
assistance from the Mathematica package zgnsymmetry.m, which is included in full
in Appendix A.

Thin film equations with a single dependent variable H
Here we consider the symmetries of the general thin film equation in Eq. 1.68 with
no fluid slip, namely

OH H? - -1 ,
= (?VL (Ca” ViH-wW (H))) =0. (2.12)
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To find symmetries of Eq. 2.12, we must solve Eq. 2.7 for the generators &gy and
¢sym- Since Eq. 2.12 is fourth order in space and depends on two spatial independent
variables, the invariance condition in Eq. 2.7 turns out to be an enormous equation,
consisting of 3071 individual terms! Dealing with such large expressions by hand
is not feasible. However, as noted above this large equation actually generates a
large list of simpler equations which must be satisfied, namely the coefficients of the
derivatives of H in this expression. Some of these equations are very simple and can
be readily solved. To aid in our analysis, we have written a Mathematica package to
isolate simple terms in the invariance condition. The package file zgnsymmetry.m
is included in Appendix A, and a digital version can be supplied by the author upon
request. Once the package file zgnsymmetry.m is placed in the Applications folder
in the Mathematic user base directory, it can be included in a Mathematica notebook

with the command

<< zgnsymmetry"

To use the package, we must define Mathematica functions of the independent

variables for the differential equations A

Deltal [t_,x_,y_]:=D[H[t,x,y], t]+Div[1/3:xH[t,x,y]*3x(Grad[Laplacian[H[t, X,y I.{ X,y }]\
'W'[H[t,X’Y]],{ X’y }])’{ X’Y }]’

Similarly the characteristics Oy = ¢sym — §§ymH(Vi) are defined as Mathematica

functions of the independent variables

QI[t_,x_,y_l:=Phil[t,x,y,H[t,x,y]]-XiO[t,x,y,H[t,x,y]]*D[H[t,x,y ], t ]\
-Xil[t,x,y,H[t,x,y]]*D[H[t,x,y ], x]-Xi2[t,x,y,H[t,x,y]]«D[H[t,x,y ],y ];

The equations and characteristics are put into lists

Delta = {Deltal };
Q={Ql};

We next define a list of independent and dependent variables and a list of variables

which will be eliminated when solving A = 0,

var = {{t, x, y}, {H}};
solvefor = { Derivative [1, 0, O][H]};

The function FindInvariance returns the invariance condition in Eq. 2.7. For exam-

ple, we can see the number of terms in the invariance condition with

Plus @@ Length /@ FindInvariance[Delta,var, Q, solvefor ]
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which returns 3071, as claimed before. The zgnsymmetry.m package contains a
function FindEquations which returns a list consisting of the number of equations,
the equations themselves, and the monomials to which that equation corresponds for
equations with a specified number of terms. By solving equations involving only a

small number of terms first, we can effectively find all the symmetries of Eq. 2.12.

We first run FindEquations, looking for equations with 1 term.

FindEquations[Delta, var, Q, solvefor , 1]

This reveals that there are 316 equations in the determining system, including

I
ox
0
ay
%am _,
oH

appearing as coeflicients for multiple monomial terms, including H 7,0y, H(0,0,7)

and H ,1,0)H0,7,0), respectively. We can thus conclude that that

Em(t. XY H) = €3, (1),

where fgyml is a new function which depends only on . We then define this in

Mathematica.

XiO[t_,x_,y_,H_]:==XiO01[t];

We next run FindEquations, again looking for equations with 1 term.

FindEquations[Delta, var, Q, solvefor, 1]

This reveals that there are 78 equations in the determining system, including

Obm
oH
%m _,
oH

appearing as coefficients for multiple monomial terms, including H ¢ 4.0yH0,1,0) and

H0,04)H0,0,1), respectively. We can thus conclude that

Eqym(6 XY, H) = Egyn (1, X,Y),
Eqm(t X, Y, H) = €50 (1, X, 7).

We then define this in Mathematica.
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Xil[t_,x_,y_,H_]:=Xill[t,x,y];
Xi2[t_,x_,y_,H_[:=Xi21[t,x,y];

We next run FindEquations, again looking for equations with 1 term.

FindEquations[Delta, var, Q, solvefor, 1]

This reveals that there are 31 equations in the determining system, including

by
OH?

=0,

2

02.0)° We can

appearing as a coefficient for multiple monomial terms, including H

thus conclude that
¢§ym(t, X,Y,H) = ¢§ym1(t, X,Y)+ Hqs;ymz(t, X,Y).

We then define this in Mathematica.

Phil[t_,x_,y_,H_J]:=Phill[t,x,y]+H*Phil2[t,x,y];

We next run FindEquations, now looking for equations with 4 terms.

FindEquations[Delta, var, Q, solvefor , 4]

This reveals that there are 26 equations in the determining system, including

0 1
afsyml _ 48§sym1 )

b

ot 0X
0 1
a‘fsyml _4a§sym1)

2L+ (3¢;ym2 ;

b

3¢;ym1 + H(3¢;ym2 + 8t aX

appearing as coeflicients for the monomials H q,1,0)H 0,3,y and Ho4,0), respectively.

These equations imply that ¢§ym1 = 0. We then define this in Mathematica.

Phil1[t_,x_,y_]:=0;

We next run FindEquations, again looking for equations with 4 terms.

FindEquations[Delta, var, Q, solvefor , 4]

This reveals that there are 23 equations in the determining system, including

0 1 2
afsyml _2(6§sym1 + a‘fsyml)

1
3¢sym2 +

)

ot 0X oY
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appearing as coeflicients for multiple monomial terms, including H22). This

imples

2 0
¢1 _ l 2 a‘fslyml + afsyml _ a'fsym]
symz2 o3 0X oY or |’

We then define this in Mathematica.
Phil2[t_,x_,y_]:=1/3%2%(D[Xil I[t,x,y ], x]+D[Xi21[t,x,y ],y ]) -D[Xi01[t], t ]);

We next run FindEquations, now looking for equations with 2 terms.

FindEquations[Delta, var, Q, solvefor , 2]

This reveals that there are 21 equations in the determining system, including
azgslyml 32§52ym1
oxXoY  oyz ’
62582ym1 02§S]ym1
oXoY  9x2
afslyrm _ 0582ym1

0X oy ’

appearing as coeflicients for multiple monomial terms, including Ho,1,0)H0,02),

Ho20)H0,0,1), and Ha4,0), respectively. Differentiating the third equation with

Piym R
respect to ¥ and substracting the first equation reveals that af(gyl = 0. Likewise,
differentiating the third equation with respect to X and subtracting the second

PEqm
equation reveal that aing = 0. It follows that

fslyml (t’ X7 Y) = 'fslymz(ta X) + 'fslymS (ta Y)7
Eaym (6 X,Y) = E5 (6, X) + E5, (1Y),
We then define this in Mathematica.

Xill[t_,x_,y_J:==Xil2[t,x]+Xil3[t,y];
Xi21[t_,x_,y_J]:=Xi22[t,x]+Xi23[t,y];

We next run FindEquations, again looking for equations with 1 term.

FindEquations[Delta, var, Q, solvefor, 1]

This reveals that there are 21 equations in the determining system, including

Eym, 0
ax:
azgszymg, -0

oY?
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appearing as coefficients for monomial terms H02)H0,1,00 and H,0,1)H0,2,0)
respectively. It follows that

Eaymy (1 X) = Eqym, (1) + XEyn (1),
Eqmay (6Y) = Eqn (1) + Y3 (1),

We then define this in Mathematica.

Xil2[t_,x_]:=Xil4[t]+x:Xil5[t];
Xi23[t_,y_]:=Xi24[t]+y*Xi25[t];

We next run FindEquations, again looking for equations with 1 term.

FindEquations[Delta, var, Q, solvefor, 1]

This reveals that there are 13 equations in the determining system, including

azgslym -0
ay?2
az‘fszymz -0
ax:

appearing as coefficients for multiple monomial terms, including H ¢ 3,0, and H,03),
respectively. It follows that

Eoymy (LY) = YEL L (D),

Edmy (. X) = XEX0 (1),
where we absorb the integration constants into the previous terms §slym ,() and
fszym ,(1). We then define this in Mathematica.
Xil3[t_,y_l:==y*Xil6[t];

Xi22[t_,x_]:=x%Xi26][t];

We next run FindEquations, again looking for equations with 2 term.

FindEquations[Delta, var, Q, solvefor, 2]

This reveals that there are 11 equations in the determining system, including
Eqms(®) = Elyms (D),
gszym6(t) = _éjslym6(t)’

appearing as coefficients for multiple monomial terms, including H 40y and

H3,0)H,0,1). We then define this in Mathematica.
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Xi25[t_J:=Xil5[t];
Xi26[t_]:=-Xil6[t];

We next run FindEquations, now looking for equations with 3 terms.

FindEquations[Delta, var, Q, solvefor , 3]

This reveals that there are 5 equations in the determining system, including

1 2 1
6§sym5 + agsym4 _ Xagsym() _

0,
o1 o1 o1
aé:slym6 afslym4 aérslym5
Y X =0,
ar T Tar Yo

appearing as coefficients for monomial terms H(o,,1) and H q,1,0), respectively. Not-
ing that the functions here depend only on ¢ and not X or Y, the each term must

vanish independently, so that

1 _ el
é‘:syms (t) - é‘:sym7’

1 _ ¢l
éjsym6(l) - é:symg’

1 _ el
fsym4(t) - é‘:symg’

2 2
é:sym4(t) = ‘fsymg,

where the right hand sides are all constants. We then define this in Mathematica.

XilS[t_]:=Xil7;
Xilo6[t_]:=Xil8;
Xil4[t_]:=Xil9;
Xi24[t_]:=Xi29;

We next run FindEquations, again looking for equations with 1 term.

FindEquations[Delta, var, Q, solvefor, 1]

This reveals that there are 3 equations in the determining system, including

2£0
a §sym1

oz

appearing as coefficients for the constant monomial term. This implies that
0 _ 40 0
‘fsyml(t) - fsymz + té:sym:z)'

We then define this in Mathematica.
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Xi01[t_]:=Xi02+t+Xi03;

We next run FindEquations, again looking for equations with 3 term.

FindEquations[Delta, var, Q, solvefor , 3]

This reveals 2 equations in the determining system, including

O*w ~
OH?2

Pw
— =0,
OH?3

appearing as a coeflicient for multiple monomial terms, including H¢,02).

1 0 1
6§sym7 H (é:sym3 - 4§sym7) (2.13)

Here the symmetry consideration depends on the function W(H). In the general
case, Eq. 2.20 is satisfied only for £y, = £}, = 0. However, when W has a

power law form

a(ZVEl)Ha“‘WlH"‘Wz, ifa#0and a # 1

W(H) ={WyH log (H) + W,H + W,, ifa =1, (2.14)
WolOg(H)+W1H+W2, ifa:O,

for some constants Wy, Wi, W>, and a, Eq. 2.13 can be solved with fgym =

4a-2
a-2

Eq. 2.13 is satisfied with both fslym and §Sym3 free parameters. We note that the

g—‘slym,/. Lastly for purely capillary films with the power law form with Wy = 0,

terms W1 H and W, do not actually contribute any driving terms to the film equation.
Thus there there are four, five, or six symmetries of Eq. 2.12 parameterized by

0 1 2 1 : 1 0 : :
Esymy» Esymgs Esymgs Esymg> and possibly &4, and &5, which correspond to time
translations, spatial X translations, spatial Y translations, rotations, scalings, and
scalings, respectively. These symmetries are summarized in Table 2.1.

Having enumerated the symmetries of Eq. 2.12, we now describe its reductions by
one independent variable. As noted in Section 2.1, this is accomplished by seek-
ing the invariants of an arbitrary symmetry using Eq. 2.3. Listing all the unique
one-variable reductions requires finding an optimal system of one-dimensional Lie
subalgebras [28]. This involves considering how an arbitrary linear combination of
the vectors in Table 2.1 can be simplified under a finite symmetry transformation
and is carried out with the adjoint representation of the group. Any one-variable
reduction is related to one in the optimal system after a finite symmetry transforma-
tion such as a change in the origin or the Cartesian coordinates. The one-variable
reductions of Eq. 2.12 are listed in Table 2.2. Similarly, to reduce Eq. 2.12 by

two independent variables and hence find an ODE reduction, an optimal system of
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Generators
Time translations: ¥

i : .32 J
Spatial translations: v e
Spatial translations: ¥ 3 = %

: Cnes B4 — J d
Spatial rotations: v * = =Y 5% + X 5%

Lie Brackets

! V2 3 4 V>
vl 0 0 0 0 | da-2)v!
V2 0 0 0 3 (@-2)7?2
V3 0 0 0 V2| (@=-2)3
v 0 -3 V2 0 0
V2| —(da-2%! | —(@-2)¥? | —(a-2)¥3| 0 0

Table 2.1: Generators of symmetries of Eq. 2.12 and their Lie brackets. The scaling
V.2 are symmetries only for the power law form in Eq. 2.14. For purely capillary
case with Wy = 0, there are two independent scaling symmetries ¥,> and \705, with

any distinct values of @ and «’.

two-dimensional Lie subalgebras must be found. The two-variable reductions of
Eq. 2.12 are listed in Table 2.3.
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(i-1) Rotating wave solutions are invariant under ¥ ! + w? # with invariants

H=H,
X = X cos (wt) + Y sin (wt),
Y = —X sin (wt) + Y cos (wt) .

Denoting here X; = (X, Y) as independent variables and H as the dependent

variable, the reduced equation is
- a3 - 1o - o~
0=wXy - (¥V.H)+ V.- SV (Ca” VIH -W'(H))].

(i-2) Travelling wave solutions are invariant under v '+ v¥ 2 with invariants

H=H,
X:X—vt,
Y=Y.

Denoting here X; = (X, Y) as independent variables and H as the dependent
variable, the reduced equation is

aI:I ﬁ3 - —1 27 ’ S

0=—v_—+V.- (?VL (Ca” ViH-W'(H))].

(i-3) Rotationally invariant solutions are invariant under v 4 with invariants

T
Il

H,
VX2 +7Y?

t.

R

~
Il

Choosing R and 7 as independent variables and H as the dependent variable,

the reduced equation is

OH 18 (H> 9 (-1 0 (.0H -
O0=—+—=—=|R——=|Ca ——=|R—|-WI(H)]].
of  ROR\ 3 0R ROR\ OR

(i-4) Translationally invariant solutions are invariant under v 3 with invariants

T
Il

H,
X,

<
Il

At
I
~
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Choosing X and 7 as independent variables and H as the dependent variable,

the reduced equation is

OH o (H® 0 (- _10%°H
= _[=——(Ca
or 9x \ 3

t 9%\ 3 9% @‘W(H)))'

For the power-law case in Eq. 2.14, the rotating scale invariant solutions are

invariant under ¥> + w?v % with invariants

X = @nwd (XCOS (wlog(ﬂ)“;_l?) + Y sin (wlog(it)“‘;_lZ)),
—a+2
-2

Y = (1)7a2 (—X sin (w log (it)ﬁ) +7Y cos (cu log (iz)ﬁ)) .

Denoting here X; = (X,Y) as the independent variables and H as the depen-

dent variable, the reduced equation is

H a—-2 ~ -
O—i(—za_l—40_2XL~VLH+LL)XL‘(*VLH))

FIS 3. — 12 7 1/ 17
+V, - TVL(Ca ViH-W ().

The choice of invariants above is only valid for o # % A different choice can

be made for o # 2,

~ 2

H = ReH,
~ _4a-2
t=R o2t

where R = VX2 +YZand 6 = arctan% are the usual polar coordinates. The
reduced equation using these invariants is rather complicated and will be

omitted for brevity.

Table 2.2: There are up to five one-variable reductions of Eq. 2.12, including (i-1)

the rotating wave solutions, (i-2) the travelling wave solutions, (i-3) the rotationally

invariant solutions, (i-4) the translationally invariant solutions, and (i-5) the scale

invariant solutions.
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(ii-1)

(ii-2)

(ii-3)

(ii-4)

Rotationally invariant steady solutions are invariant under v ' and ¥ % with
invariants
H=H,
R=+vVXx2+Y2

Choosing R as the independent variable and H as the dependent variable, the

reduced equation is
10 (A9 (110 (0H -
0= =— (R——~ (Ca e (R—~) - W’(H))).
ROR 3 OR ROR\ OR

Translationally invariant travelling wave solutions are invariant under ¥ 3 and

¥ 1 + v¥ 2 with invariants

Choosing X as independent variable and H as the dependent variable, the

reduced equation is

OH O (H3 0 (Ca_lazﬁ
0X 00X 0X2

0=-v— + 3% ——W(H))).

Constant solutions are invariant under ¥ % and ¥ 3 with invariants

T
Il

H

b

f=t.

Choosing 7 as the independent variable and A as the dependent variable, the

reduced equation is

0H
O = —Q=.
ot
For the power-law case in Eq. 2.14, the rotationally invariant scale invariant

solutions are invariant under ¥,> and ¥ 4 with invariants
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Choosing R as the independent variable and H as the dependent variable, the

reduced equation is

0=+

H a—2 H(91:1
20—-1 4d4a-2 IR
10 (;H 0 (<11 0 (s0H -
+=—= (R——., (Ca 1—~—~ (R—.,) - W/(H))) .
ROR 3 OR ROR\ OR
The choice of invariants above is only valid for a # % A different choice can

be made for « = %,

H=R"*1H,

Choosing 7 as the independent variable and A as the dependent variable, the

reduced equation is

- 0H 320 ., 40 .
0=Ca——-=—
Yor T2437 T 27

For the power-law case in Eq. 2.14, the translationally invariant scale invariant

solutions are invariant under ¥,> and ¥ * and with invariants

Choosing X as the independent variable and H as the dependent variable, the

reduced equation is

0=+(-

H a-2 0H\ 0 (H*d (- 10°H .
- — |t —=|—== C T ~A W, H .
20-1 4a-2 6X) 6X(3(9X(a aX? ( )))
The choice of invariants above is only valid for o # % A different choice can

be made for a = %,

H=X*3H,

Choosing 7 as the independent variable and H as the dependent variable, the

reduced equation is

_0H 56 -, 28 - .
=G _ 22 gh oy Cal.
0=Cazr - 713 57 WoCa



(ii-6)

(ii-7)

55

For the power-law case in Eq. 2.14, the scale invariant steady solutions are

invariant under v ! and ¥,> + wv # with invariants

Choosing 6 as the independent variable and H as the dependent variable, the

reduced equation is

16 N 2 0H O3H
0= 24 2) A% + A2 -2+ =
3 (a @ - ) ((a ) w) a0 393
0H 0*H
—2a + DNwH? 2)2 +
(@ + Dwh? ((a - 2)* “’)ae 092
. 0H 8 - OH
+40% (Qa - Dw? + (@ - 2)? (—) — —(@Ra+7) - 6)wH —
(Qo= Do+ (@=27) {5 | -~ 3(@Qa+7) - Owi—
4 _, 0*H
§H ((a +a—1)(a 2)2 +(a(a+5)+1)w)a§2
2 O*H 1 -.0*H 2
——2 NwH?— 2 2 H3—— 2 2
Qa+3)w YR ((a ) +a))+3 PYE ((a ) +a))
4 - - H
- CaWo (@ -2)%a (0/2 +a - 2) A" (H —a)a—~)
3 FY
CaW()

[ - 0%H ol
(@—-2) (a—l)a/((a ) +w )H (Hﬁ+(a/+l)£).

These invariants are only valid for @ # 2, but for @ = 2, the invariants turn

out to not depend on H and there is therefore no such reduction.

For the power-law case in Eq. 2.14 with a = l the scale invariant rotating

wave solutions are invariant under v ! + wv and v / with invariants

2

H = R*PH,

St}
Il

0 — wt.

Choosing @ as the independent variable and H as the dependent variable, the

reduced equation is
0H 320 ., 4 _,0°H 16_.,(0H\’ _,0°H0H
0=-Caw—s - ~—H*' - —H'— + —H* (—) + B —
a6 243 27 902 9 a0 06 99

—FI364H 1OC3W()H5/2 CaWOﬁ3/28 H CaWOHl/Z (9H
37 964 27 12 962 8 00 )
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(ii-8) For the power-law case in Eq. 2.14 with a = 0, the scale invariant travelling

wave solutions are invariant under ¥ ! + v 2 and \705 with invariants

H=(X-v)'H,

= acan
@ = arctan .
X —vt

Choosing @ as the independent variable and H as the dependent variable, the

reduced equation is

~\2
0 = —vCaH + vCasin(0) 005(9)6_5 ~ 20" cos*(6) ((?9_9)

HO*H _,0°H )
+H =

062 963 A0

. - ~0H 1. . . _0*H

+ 4H° sin(d) Cos3(9)—~ + §H3 cos?(8)(1 — 8cos(29))ﬁ

- 3H? sin(d) cos (9)—

- %H3(297H sin(8) cos (9) + 1H3 (;QH cos (9)
CaW, [ - 7 02 H (aﬁ)2
+ H|H-2 20)— | + 0 H— — .
3 ( ( sin(26) 0) cos()( 352 Py

(ii-9) For the purely capillary case, the scale invariant scale invariant solutions are
invariant under v, )y + WV * and ¥ with & # 1/2 with invariants
H = R*Px1)'H,
§=0-wlog ((iz)% R—2/3) .
Choosing 6 as the independent variable and H as the dependent variable, the

reduced equation is

_ (@-2wdA\ 16,00 4 L 0H A
0=Cal-2 42872 B2 L 2 (4w +9) A
a( 3+3 6a 59)+9 A SR K oy
1 > L OPHOH 256 -.0H 4 0*H
— (40? A —— - —wH~— + — (200w* - 3) A —
+g7 (407 + ) s~ S g + gy (2007 = 3) AP
32 0’H 2 . 0%H 320 -
22 (4 ol 4 30 72 e
- 243“’( w?+9) Py 243( w?+9) 554 243

For a = the scale invariant scale invariant solutions are invariant under

1
=72
St wvtand v v1 2 with invariants

H= R'4/3(it)1/3H,
f=0-wlog((xn"°).
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Choosing 6 as the independent variable and H as the dependent variable, the

reduced equation is

~ ~ ~ 0 27 37 a5
( H 1 aH)Jrgﬁza_H _ 4 3 0PH 2 0PH A

0=Cal-= - —w== - _ 2
3 6. 066) 97 94 27 pa2 063 90
1 -.0%H 320 -
T3 e 213

Table 2.3: There are up to nine two-variable reductions of Eq. 2.12, including
(ii-1) the rotationally invariant steady solutions, (ii-2) the translationally invariant
travelling wave solutions, (ii-3) the constant solutions, (ii-4) the rotationally invariant
scale invariant solutions, (ii-5) the translationally invariant scale invariant solutions,
(ii-6) the steady scale invariant solutions, (ii-7) the rotating wave scale invariant
solutions, (ii-8) the travelling wave scale invariant solutions, and (ii-9) the scale

invariant scale invariant solutions.

For the cases of the scale invariant solutions which involved invariants related to the
angular 6, the reductions are somewhat complicated. This is a consequence of the
fourth spatial order of Eq. 2.12. Some numerical solutions for these reductions are

presented in Section 4.2 below.

Surfactant spreading
We previously detailed how the Mathematica package zgnsymmetry.m was used to
find the symmetries of Eq. 2.12. A similar analysis has been performed for the

surfactant spreading problem of Eq. 1.73, namely

—_ _1 -
OH Ca Ma
0=22.4v,. H3V,V?H - —HV,T
or  F ( 3 L'z 2 k )
5 -1
or C - 5
0= v, ( 3 H2TV,V2H — MaHTV, T — PeVLF> . (2.15)

The need for computer assistance in this case is even greater — the symmetry
condition in Eq. 2.7 contains 18814 terms! Rather than present the each step in

the derivation here, we will simply state the results. The symmetries generators of

Eq. 2.15 include the first four in Table 2.1, namely time translations v e %, spatial
translations ¥ 2 = a% and ¥ 3 = 6%, and rotations ¥ 4 = -Y 6% + X (f—y. In addition,

there are scaling symmetries

-6 _
Viaram) = XG_X + Ya_Y +@2-ar- CVZ)IE + Q]Ha—H + azra—r,
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where ) and a; are two scaling exponents. In general, the scaling \7(21 ) 18 2
symmetry of Eq. 2.15 only for @y = 2/3 and @, = —2/3. If, however, the diffusive

forces are negligible and Pe < 1, then the scaling \7(21 ay) 18 @ Symmetry of Eq. 2.15
whenever for @, = 2a1 —2. On the other hand, if capillary forces are negligible and

Ca < 1, then the scaling \7(31 is a symmetry of Eq. 2.15 whenever a, = —a;.

6
(a1,a2)

is a symmetry of Eq. 2.15 for any values of @ and a,. We are particularly interested

@2)
Lastly, if both capillary and diffusive forces are negligible, then the scaling v

in the case when both capillary and diffusive forces are negligible, both because the
symmetry is extraordinarily large and because these conditions are satisfied for a
certain physical system that we will discuss in Chapter 4. For the remainder of this
section, the Ca < 1 and Pe < 1 equations will be studied. After a simple rescaling

of t, the dependence on Ma can be eliminated and the equations are put in the form

OH 1
0= — +V; - |-=H?*V,T|,
or VL ( L )
r
0= 65_; +V, - (-HTV,.D). (2.16)

We will consider rotationally invariant solutions which are also invariant under

6
(a1,a2)
ideas discussed in Section 2.1. This is also a preview of Section 4.1 below, where

the scaling symmetry generated by v to illustrate some of the geometrical
more detailed calculations are carried out. The symmetry leads to the new set of
variables § = tan™! (%), n =log(xt)/(2—a;—ay), R= \/W/(it)l/(z_‘”_‘”),
H = H/(xt)®/?~01=02) "and T' = T'/(1)?2/?~®1-22)  The variables § and 7 are
the no variables that satisfy Eq. 2.4 for the rotational and scaling symmetries,
respectively, while the variables R, H, I' are mutual invariants to both symmetries

that satisfy Eq. 2.3. In these new variables, the system is

oH 7 poH Lo s o
. G taH-RSE 1 9 ( RA?OF\ 149 ( AB*Or
A== 7 +=—=|l-"——=+t=—=|——=—=] =,
2-a1—a ROR 2 OR) RAO\ 2RI
or = pol - N
. Tl -RG 19 ( .9\ 140 ( AT
A2 = 4+ n IR + =—= (—RHF—~) —=—= (——~—~) =0 (2-17)
2—a1—-ap ROR OR R 06 R 006
Because of scaling and rotational symmetries generated by 66—77 and %, respectively,

these equations are autonomous with respect to 4 and 7.

Self-similar solutions can be found by taking A and I as dependent variables which
depend only on the independent variable R, which reduces Eq. 2.16 to a set of

ordinary differential equations. Because of the remnant scaling symmetries from
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v 6
(a2

resulting ordinary differential equations twice by changing coordinates yet again

) for different values of @) and a», it is possible to further integrate the

so that one of the new dependent variables is the 19 of these remnant symmetries.
Since the equations then depend only on derivatives of this dependent variable,
an integration by quadrature is performed [28]. Details of this reduction can be
found in Section 4.1 below. The final result is a set of planar autonomous ordinary
differential equations in new dependent variables {, and {; with a new independent

variables T,

0

0_571 =0 (0BOL+2a1 —ar—4) +20(5HL - 1),

0

a_iz:3§23+6522§1 +2001(41 + @) — @) — 2bL7, (2.18)

Each self-similar solution with exponents @ and @, corresponds to a trajectory in a
planar dynamical system which satisfies Eq. 2.18. A sample phase portrait for this
planar system is depicted in Fig. 2.2 below. In addition to the system in Eq. 2.18,

‘El

A

Figure 2.2: Planar system in Eq. 2.18 with @; = 0 and a; = —2. The ({2, {1) plane
has been compactified in this image so that the boundary of the disk corresponds
to infinity. Each black line is a solution, the various colored symbols are fixed
points, and the colored lines are the separatrices. The blue separatrix is the special
self-similar solution in Eq. 2.20.

there is a transformation back to the original variables

R=+I2-as - a2 Holopl1]e~2 o (Car-a)ii+26+30) dr.

H = Hy(+f) "o e Jy (Qoimaniivoa@rn) dr

I = To(en) Foim e Jo (@@+200) dr (2.19)
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The quantities Hy and I’y here are the integration constants from the quadratures.
Given a solution of Eq. 2.18, one must invert the first line of Eq. 2.19 to eliminate 7
in favor of R to finally recover the solution in the original variables. It is interesting
to note how self-similar solutions fall into different categories depending on which
class of trajectories in the planar system they correspond to. This is one reflection of

the very complex geometric structure in the foliation of .# by solutions to Eq. 2.16.

The special solution represented by the blue curve in Fig. 2.2 has a particularly

simple form. In the invariant variables, this solution is
~ ~ o~ 1 -
H = Hy(R) = 2R T = Io(R) = -3 log(R), (2.20)

valid for 0 < R < 1. By taking the ansatz H = Hy(R) + 6H (R, 1) cos(nf) and
[ = IH(R) + 6T (R, n) cos(nf) and taking SH and 6T small, a linear problem is
derived from Eq. 2.17,

66H 86H ~ ~ ~
+a6H - R¥E | o (4 H2 o1 2
0=+ O -——|R ()5H—~0 —O—~ +n—~Hg(5F,
2—a)—-ar 0 AR 2 OR R2
86F 66F ~ ~ -
+ a6l - R 16 (~f ~.0ly ~ -00p ~ .86l
0=+ . (R (5Hr0—? + HooT =2 & H0F0—~))
2—a)—ar ROR OR 0
I’l2 ~ o~ ~
+ EHOFO(SF. (2.21)

Since the equations are autonomous with respect to n (as guaranteed by the symme-

), 651{ and a(sr are equal to a linear operator which depends only on R, and the

try
elgenvalues and eigenvectors of this linear operator characterize the n-evolution of
all perturbations. Eigenvalues of a discretized approximation to this linear operator
are depicted in Fig. 2.3 below. Ensuring that the discretization of Eq. 2.21 is suffi-
ciently fine to resolve these eigenvalues would be necessary for a more quantitative
study. The eigenvalue with largest real part in Fig. 2.3, for example, is clearly
converging to the exact value, which is 49 = 0 with n = 0. This mode results from
the remnant scaling symmetries and has simple eigenfunctions § Hy(R,77) = 2R?
and 6T (R, n) = %log R. However, a subtle convergence issue was observed. As
the grid is refined, two eigenvalues from the complex branches may come together
on the real axis and then move apart on the real axis. Two of non-zero, real eigen-
values in Fig. 2.3, for example, had imaginary components for a coarser grid before
becoming real at a finer grid. This issue makes it difficult to determine how many
real eigenvalues there are and their signs in the continuum limit, but it appears that

no eigenvalues for Eq. 2.21 have a positive real part in this limit. The numerical
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Figure 2.3: Eigenvalues 4 = A, + id; corresponding to the n direction for the
special solution in Eq. 2.20. For this particular solution, all the eigenvalues have
non-positive real parts, and the solution corresponds to a stable fixed point.

eigenfunctions associated to the four real eigenvalues are depicted in Fig. 2.4 below.
A more complete analysis would strive to find both eigenvalues and eigenfunctions
for each trajectory in Fig. 2.2, and would further do so for all values of the exponents
a1 and a;. For “hyperbolic” self-similar solutions, the eigenfunctions could also be
used as initial conditions from which one could numerically trace out phase space
“separatrices.” These potential analyses are quite formidable, but could be carried

out given current computational methods.

One important simplification in the eigenvalue analysis that we made above was the
restriction of the domain to R < 1. This choice was made because the base state
surfactant mass vanished there | #=1 = 0. Thisis a singular point (sometimes called
a degenerate point) of Eq. 2.17 since the highest order derivatives have vanishing
coefficients there. This singularity corresponds to the leading edge shock front in
a spreading droplet, and capillary forces need to be reintroduced to properly model
it. This is an example of the other general geometrical feature of singularites of .

that should be understood in a qualitative study, as noted in Section 2.1.

Aside from this interesting structure for fixed values of @ and a5, we can consider
how the planar system in Eq. 2.18 varies as the exponents @ and a, vary. This
corresponds to varying the direction in the extended phase space ., which we
choose to project along, which is possible because of the very large symmetry of
Eq. 2.16. As we vary | and a3, the various fixed points of Eq. 2.18 move. For
certain values of @) and a; these fixed points undergo bifurcations. The local
bifurcations that occur as the real part of one of the eigenvalues of the fixed points
pass through zero are depicted in Fig. 2.5(a) below. These local bifurcations do not

even exhaust all bifurcations that are present — global bifurcations are also known
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(a) (b)
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R — A=0 1-
1 . o
W 02 0.6 0.8 10
-1k
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-3 A=-1.33
-2f — A=-1
3 _at

Figure 2.4: Eigenfunctions for the real eigenvalues in Fig. 2.3. Since all the
eigenvalues are negative for this solution, these eigenfunctions do not represent
separatrices in the extended phase space.

to exist, as depicted in Fig 2.5(b)-(c). This is yet another interesting geometric
structure that is present in .#A. Each bifurcation in Fig. 2.5 corresponds to a change

in the asymptotic behavior of some class of self-similar solutions.

4

@) o (b)

Saddle-node
—— Andronov-Hopf
— Transcritical
— Zero Transcritical
—— Infinite Transcritical

L — ] G
I | ©
-10F 4
r 1 €3
-20¢ S S S S S SRR
- 10 0 10 2

Il L L L L
- 20 0

a,

Figure 2.5: (a) Local bifurcations in the self-similar planar system as the exponents
a1 and a; vary. There are also global bifurcations like that occurring at a; = —1
and @, = —2 depicted in (b) in (c) in which the purple limit cycle collides with blue
heteroclinic orbit and the separatrices rearrange themselves. The scaling exponents
were @1 = —0.8 and @, = —1.6in (b) and a; = —1.5 and a» = —3.0 in (¢).

Finally, to close this section we will enumerate the other two variable reductions of
Eq. 2.16 in Table 2.4 below. These reductions have the same form as those for the
film with a single dependent variable, but since the equations are only second order

in space, they are somewhat simpler. The above description of the eigenvalues and
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eigenfunctions in Figs. 2.3-2.4 and the bifurcations in Fig. 2.5 were carried out only
for the rotationally invariant scale invariant solutions in reduction (ii-4) in Table
2.4. An analogous analysis is readilly made for the translationally invariant scale
invariant reductions in (ii-5), and interesting studies of the other four scale invariant
solutions may be possible. Indeed we have only begun to reveal the complex and

remarkably rich structure in the reductions of the apparently simple Eq. 2.16.
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(ii-1) Rotationally invariant steady solutions are invariant under ¥ ' and ¥ # and with

invariants

Choosing R as the independent variable and A and T as the dependent vari-

ables, the reduced equations are

(ii-2) Translationally invariant travelling wave solutions are invariant under ¥ > and

¥ 1+ v¥ 2 with invariants

H=H,
=T,
X=X —yt.

Choosing X as the independent variable and H and I" as the dependent vari-

ables, the reduced equations are
0H 9 ( H? ar)

0=y22 2 (L2
0X 0X 2 0X

0=, 2 (-ﬁfa—f) |
00X 0X 0X

(ii-3) Constant solutions are invariant under ¥ > and ¥ 3 and with invariants

H=H,
=T,
f=t

Choosing 7 as the independent variable and H and I" as the dependent variables,

the reduced equation are

oH
0=—,
ot
8~
O = —=.
ot



(ii-4)

(ii-5)

(ii-6)

65

=6

Rotationally invariant scale invariant solutions are invariant under v (@) and

¥ 4 with invariants
- o
H = (£t) * 2 =2H,
- @
I'=(xr) o220

- _ 1
R = (#t) To—2 X2 + Y2,

Choosing R as the independent variable and A and I as the dependent vari-

ables, the reduced equation are

0=+ +t=—= |-
2—a;—-a2 ROR 2 OR
azr—Ra—E 1 ... or
0=+ ok 10 (—RHF6—~)
2—a;—a>» ROR OR

The choice of invariants above is only valid for 2 — @ — @, # 0. For brevity

this special case will be omitted.

Translationally invariant scale invariant solutions are invariant under \7(3] @)
and ¥ 3 with invariants

- S

H = (xt) > H,

. .

I'=(x1) 212 H,

~ _ 1

X = (&) X,

Choosing X as the independent variable and H and I" as the dependent vari-

ables, the reduced equations are

ol - X% L9 ( Maf)
2-a1-ay 09X '
The choice of invariants above is only valid for 2 — @ — @, # 0. For brevity

this special case will be omitted.

Scale invariant steady solutions are invariant under v ! and \7(21 ) +w¥ 4 with
invariants

H=R"H,

['=R™T,
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Choosing 6 as the independent variable and H and T as the dependent vari-

ables, the reduced equations are

or 0T
0= H(2w(a1+a2)£+a2(2a1+a2)r+(w +1) 692)
H . r
+ 26—~ (azwf + (a)2 + 1) 8_~) ,
00 00
or 9*T 2)
0=H w(a] +4ar)— + (w? + 1 + ar(ay +2a7)T
(((1 2)86 ( )69) 2(ay 2)
_0H . I - (0T
+F8—~(a2w1“+(w2+1)a—~)+(a)2+1)H(a—~) .
00 00 00

(ii-7) For ay = 2 — ay, scale invariant rotating wave solutions are invariant under

vlywv4and ¥ v( o with invariants
ap,2—ay)
H=RYH,
['=pRrZr,
0=0-

Choosing 6 as the independent variable and H and I as the dependent vari-

ables, the reduced equations are

— (07T _ - 0H oT H
O:HZ(—6~ —(a%—4)r)+2H0—‘9—+2 il
002 90 90
2 ~ ~
~ r (or I (.0A
0=H((af -6 +8)1? I A (a_) +8—~(ra—~+w).
062 \od 06\ o6

(ii-8) For a; = 1 — a1, scale invariant travelling wave solutions are invariant under

1

P14 vyZand 0 with invariants

(ay,1-ay)
7 =(X —vt) ™ H,
[ = (X —ve) 70T,
6 = tan”! ( ) .
X —vt

Choosing 6 as the independent variable and H and T as the dependent vari-
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ables, the reduced equations are

O=v (sin(é) cos(é)a—l_{ - an:I) - cosz(é)I:I(Z—I:I ((aq — DI tan(0) + %)

LT Da; T 6) [2sin(f r 6 )
+2 (a1 — Da I + cos(0) |2 sin( )——cos( )ﬁ

o s s o (i ey
O-v((al l)F+sm(9)cos(9)a§) cos (Q)Faé ((0/1 1)Ftan(9)+aé)

- e ~2
- H( ((30/1 4) sin(6) cos(@)a—g + G_F) + (a1 —1) 2[2 + cos (Q)G—F )

02

(ii-9) Scale invariant scale invariant solutions are invariant under \7(23 1oy T wv 4
and v © with invariants
(a1,a2)

(i )20(11&(12 R~ a’3H

2(13n/

(+t)2 aj—ay R 2+(Y31—*

H

d=0+wlog ((it)_—z‘”% R) .

Choosing 6 as the independent variable and H and T as the dependent vari-
ables, the reduced equations are

~ (0’3_01)H+wae 0H . 5 or
oo 2 a0

+%F](H((ax§—4)f‘—(a)2+l)ﬁ—4wa—g)),

_(w2+1)ﬁ(‘;_1;)2.

The choice of invariants above is only valid for 2 — @ — @, # 0. For brevity
this special case will be omitted.
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Table 2.4: There are up to nine two-variable reductions of Eq. 2.16, including
(ii-1) the rotationally invariant steady solutions, (ii-2) the translationally invariant
travelling wave solutions, (ii-3) the constant solutions, (ii-4) the rotationally invariant
scale invariant solutions, (ii-5) the translationally invariant scale invariant solutions,
(ii-6) the steady scale invariant solutions, (ii-7) the rotating wave scale invariant
solutions, (ii-8) the travelling wave scale invariant solutions, and (ii-9) the scale

invariant scale invariant solutions.

2.3 Notes

The theory of symmetry analysis of partial differential equations developed with
the entirety of physics over the last 150 years. We will not attempt a survey
of the history, but acknowledge the foundational work of Sophus Lie in the late
19th century. Our primary reference is the excellent book by P. J. Olver [28],
where a detailed survey of the history of the field is presented. In Section 2.1, we
presented an argument for the central role of jet space geometry in a qualitative
study of partial differential equations. Our presentation is original but parallels
many modern ideas in the mathematics. In contrast to much of those works, we
attempted to present these ideas in a manner accessible to working physicists and
applied mathematicians. The analogy between fixed points of dynamical systems
and group invariant solutions was an original development for this purpose. Details
on technical aspects of jet bundles which we avoided discussing can be found in [58].
There the important concept of the contact structure should be noted, which played
an important historical role in the development of the method of characteristics
for first order quasilinear equations in one dependent variable [60]. The idea of
passing to the infinite prolongation in jet space to define our extended phase .7
has also been considered in many technical works. Central in these studies are
homological methods such as the variational (bi)complex mentioned in Section
1.4. An alternative but similar approach is the theory of diffieties (a play on the
words “differential” and “‘variety”’) and the secondary calculus of Vinogradov et al.
[61, 62]. The other important modern development noted in Section 2.1 was the
generalization of Noethers’ theorem to non-variational problems through adjoint
symmetries. Aspects of this connection were noted in [28], but Bluman and Anco
expounded the idea and gave explicit formulas for calculating conserved currents
[59, 63, 64].

The application of symmetry methods to thin film equations was presented in Section

2.2. The enumeration of symmetries for a variety of thin film equations in only
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one spatial dimension exists in the literature [65-67]. However, the full equation
in two spatial dimensions has not been considered in the literature as far as the
author is aware. This is not surprising, given the large number of terms in the
symmetry invariance condition noted in Section 2.2. The package zgnsymmetry.m,
included in the Appendix A, was created specifically to deal with this difficulty.
Other mathematical computer packages for deriving symmetries exist such as that
expounded in [68], but the author found it easier to create his own package tailored
to extracting simple equations from a large list of equations than to use existing
software. Since previous studies have focused only on one spatial dimension or
rotationally invariant solutions, the various rotating solutions reductions noted in
Tables 2.2-2.3 were previously, to the authors knowledge, unrecognized. Some
scale invariant solutions with the power law form in Eq. 2.14 find applications
in modeling the rupture of thin film with Van der Waals body forces [69, 70],
but the travelling wave, rotating wave, and steady scale-invariant solutions have
not been previously applied to spreading phenomena. The scale invariant scale
invariant solutions for the purely capillary film are also, to the authors knowledge,
new. In Section 4.2 below, we consider some numerical solutions to these novel
scale-invariant reductions for capillary driven films. The rotationally invariant scale
invariant solutions and the translationally invariant scale invariant solutions for the
surfactant spreading problem were studied by Jensen [71], and the presentation of
them as a planar dynamical system was derived there as well. The enumeration of
the local bifurcations of this planar system, detailed in Section 4.1 below, is new, as
are the additional four scale-invariant reductions of the surfactant spreading problem
listed in Table 2.4.

The zgnsymmetry.m package is capable of calculating adjoint symmetries as well.
Examples of calculations of symmetries and adjoint symmetries for the KdV equa-
tion, Burgers’ equation, the heat equation, the wave equation, and the Euler equations
for an inviscid incompressible fluid have been carried out by the author and have
reproduced the known conserved quantities. The adjoint symmetries of the thin
film equations did not turn out to produce any new conserved quantities aside from
the obvious volume and surfactant mass conservation. We have only considered
fourth order adjoint symmetries for the film with a single dependent variable and
first order adjoint symmetries for the surfactant problem, however. Higher order
considerations are possible but can become computationally expensive. The lack
of additional conserved quantities is perhaps not surprising since we do not expect

any of the thin film equations to be integrable. In this regard, the reductions of the
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thin film equation do not satisty the Painlevé criteria [72], as the contact line is a
movable singularity which is not a simple pole. The contact line singularity will be
discussed in detail in Chapter 3 below. The Painlevé conjecture would then implies

that the thin film equations are not integrable by the inverse scattering method [72].

Generalizations to the procedure of finding group-invariant solutions should be
noted as well. The non-classical method of Bluman and Cole relies on conditional
symmetries which include Eq. 2.8 as well as A = 0 in the constraints in its definition
in Eq. 2.7 [73]. Adding this condition causes the determining equations to become
nonlinear, reduces their number, and in some cases affords new reductions. In
addition to Eq. 2.8, the compatibility conditions with A = 0 and prolongations of
all these equations can be included resulting in weak symmetries [73]. We have not
attempted to seek such conditional symmetries, but it would not take great effort to

incorporate this functionality into the zgnsymmetry.m package.
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Chapter 3

STEADY STATES AND STABILITY

In this chapter, we will carry out analyses of one of the simplest and physically most
important classes of the reductions of the thin film equations that were discussed in
Section 2.2 above, namely the rotationally invariant steady solutions. Our focus here
is on stability which ultimately requires solving a linearized eigenvalue problem as
discussed in Section 2.2. However, because of the existence of the Lyapunov
functional discussed in Section 1.3, a simpler problem which is second order in
spatial derivatives rather than fourth order can be solved. An important subtlety
in these problems is the consideration of the contact line, where the film height
H becomes zero. This is an example of the other general geometrical feature of
nonlinear partial differential equations discussed in Section 2.1, singularities. We
will carefully consider how these singularities complicate some basic assumption. In
Section 3.1, we consider some general results but focus on the stability of droplets
in the thermocapillary problem. In Section 3.2, we will consider droplets under
gravitational and thermocapillary or gravitational and electrohydrodynamic forces.
Finally, Section 3.3 contains a discussion of the history and literature in the field,

with an attempt to place the new research contained in this chapter in a wider context.

3.1 Stability of rotationally invariant, thermocapillary driven droplets

[1] Z. G. Nicolaou. “Stability and instability of axisymmetric droplets in
thermocapillary-driven thin films”. In: Nonlinearity (under review 2016).

The evolution of a thin viscous fluid film has been of theoretical and technological
interest for decades. Often in such systems, a flat fluid film is prepared and some
driving force is then applied that causes the film to deform. Figure 3.1 depicts
two possible scenarios for the structures that might develop from such a film. One
promising application of such an instability is as an alternative to lithography in
the manufacture of micro- and nano- scale optical devices: frozen arrays of smooth
droplets in polymer films similar to those depicted in Fig. 3.1(a) have potential uses
as microlens arrays, for example. On the other hand, the possibility depicted in
Fig. 3.1(b) that a jet or spray of fluid forms because no droplet state exists that

can accommodate the fluid in a growing protrusion has not previously received as
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much attention. Such jets may offer the possibility of application in manufacture
of other structures with very sharp and smooth profiles. Linear stability analyses
give valuable information about the film deformations shortly after the driving force
is applied, but determining the longer time evolution requires a more sophisticated
study. Here we consider this possibility by studying the stability properties of
axisymmetric, steady droplet states in driven thin films. One particular system of

Figure 3.1: An initially flat, unstable film may (a) develop into a collection of
nearly steady, nearly isolated droplets or may (b) develop a secondary instability
resulting in jet formation if no droplet states exists to accommodate the fluid in the
protrusions.

current interest is a thin film destabilized by a surface-normal temperature gradient,
like that depicted in Fig. 3.2. Thermocapillary (or Marangoni) forces have been
recognized as driving this instability [11-13]. These are forces resulting from
variations in the surface tension across the film. The surface tension o varies
with temperature, and colder portions tend to have higher surface tension and
consequently pull fluid closer towards the cold substrate. We shall see that this
system is one example in which both steady droplet formation and jet formation are

possible!.

The basic partial differential equation noted in Eq. 1.65 for driven thin fluid films is

Note that since the cold substrate confines the fluid above in this system, such a jet will result
in the formation of a column of fluid between the hot and cold substrates.
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Figure 3.2: A liquid film of thickness hq is supported on a hot substrate at tem-
perature Ty, and a cold substrate at temperature T¢ is suspended a distance dj
above. The surface tension o increases with decreasing temperature, resulting in
the spontaneous growth of long-wavelength protrusions.

repeated here for convenience:

0= %—IZ +V, - (Ql(H)VL (C?a‘IV%H - W’(H))),

Q1(H) = §H3 + BH?,

o0 Ol 3H?>+6BH (0T .- OX
W' (H)z — — — — Ma—|, 3.1
H) =50 " on 2H3+6,BH2(6H i aé‘H) D
as are the fundamental conservation form for volume:
OH
0=—+V.-Qy,
Py +Vr-QL
- 1 1
Q. = (Text + MaVLZ) (EHZ + ,BH) - (§H3 + ,BHZ) V,.P,
v [H] = f d’X H(Xp,1). (3.2)
and the Cahn-Hilliard form:
OH oF
0=—-V,- H)V; —],
Er L (Ql( ) L(.SH)
F[H] = fde F (X, 1)
< -1
Ca 2
F (X, 1) = — IVLH|” + W(H). (3.3)

For the thermocapillary system described in Fig. 3.2, important dimensionless pa-
rameters are the ratio of the thermal conductivity of the gas to the fluid k = kgas/k
and the liquid-gap width aspectratio Dy = dy/hg > 1. Although x > 11is possible for
light molecular weight gases or highly insulating fluids, it will be assumed through-

out this section that the thermal conductivity of the gas is strictly less than that of the
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liquid film, so that ¥ < 1, unless otherwise noted. For very thin films, gravitational
effects are negligible, and additionally we neglect fluid slip and other interactions
between the fluid and the substrates for the sake of simplicity. We noted in Section
1.1 Eq. 1.35 that the specification of Ca = (4n)?/3 and Ma = (Dgy + k — 1)/ Dy
is equivalent to choosing appropriate scales for the lateral velocity scale and the
lateral legnth scale and reduces the dependence of the thin film equation to a single

parameter y = "D],

oOH J28 JH (1 x 2
—+V; V.ViH V. H|=0. 4
ar ((4 2k 2 (1+)(H) L 0 34)

In this case, yet another rescaling simplifies the problem further. Using rescaled
variables H' = —H/y,t' = —x (1 + X4) tand X, = y/~x (1 + x) Xz allows us to
eliminate all dependence on the parameter y. When discussing this system, these
rescaled variables will be used for the remainder of the section, but the primes will
be dropped in order to achieve more concise notation. The author apologizes for
this abuse of notation, but the advantage of eliminating y from the problem is great.
The rescaled film equation in this case is
OH H3 H?> 1

———V,ViH+———-V,H|=0. 3.5
o an)? L > U H) L (3.5)

The Lyapunov energy can be rescaled in an analogous manner to eliminate the

dependence on y and the relevant functions are

F(H,V.H) = % \V.H|> + W(H)

(47)? H

Hlog ——
2 T
3

H
Qi(H) = 3 (3.6)

W(H) = -

The functions in Eq. 3.6 will be used as a specific example to illustrate some stability
results in what follows. Elaborations taking other effects into account are relatively
straightforward, and it is expected that other researchers can adapt the methods

presented here to their purposes.

Outline of results

Given all the previous results indicating film rupture and evolution towards droplet
states in such driven films, the focus of this study is on finite volumes of fluid

supported on compact domains. To aid understanding and readability, it will be
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everywhere assumed that functions are sufficiently regular to allow the operations
performed, and more technical aspects of the mathematics will be avoided. As a
consequence, we do not claim to prove any theorems with complete mathematical
rigor, but only to provide strong evidence for several propositions which could
be formalized. In general, states may be assumed to be infinitely differentiable
in the interior of their support (the wetted domain) Q2 and only become singular
on the boundary of their support d€2 (the contact line). When considering possible
perturbation that may destabilize a state, volume should be independently conserved
in each connected component of such a domain Q since fluid cannot physically
tranport across the dry regions. Technical complications, such as cases in which the
boundaries of disjoint, connected components of the wetted domain intersect, will
not be considered. Since each connected component then evolves independently,
it is convenient and sufficient to consider the support Q to be a single, connected,

compact region throughout.

The Lyapunov energy functional F [H] from Eq. 3.3 derives its significance from
its time evolution. Assuming periodic boundary conditions or a stationary contact
line so that no boundary contributions appear, a functional version of the chain rule
implies that the Lyapunov energy strictly decreases in time,

dF [H] _ fde OF OH _ _fde Q1 (H)

2

SF
= v, —| <o 3.7
dt 6H ot LsHa| = (3.7

as first noted by Oron and Rosenau and Deissler and Oron [18, 74]. In the subsection
Lyapunov function for states with finite support below this calculation is con-
sidered more carefully in the case that the film profile H is supported on a compact
domain Q with a time-dependent boundary 0. There it is shown that boundary
terms cannot be generally neglected, a complication which, to the author’s knowl-
edge, has not been fully appreciated. An additional assumption will be required

throughout:

Assumption 1 Consider a stable, steady, weak solution Hy(Xy) of Eq. 3.3 with
compact support Q. For any weak solution H(Xy,t) = Ho(Xy) + 0H(Xy,1) of
Eq. 3.3 with 0H sufficiently small and regular, the Lyapunov energy is a non-

increasing function of time, % <0.

Recall that weak solutions are those with moving contact lines which are found
through regularized equations, as described in [75-77]. The restriction to pertur-

bations of steady, weak solutions is all that is required here, though we expect the
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conclusions to hold for all weak solutions. The general validity of Assumption
1 is unknown, but arguments supporting it are given in the subsection Lyapunov

function for states with finite support.

The existence of a Lyapunov energy functional aids in the study of stability of
steady states. In particular, states that are not local minima (among states of
the same volume) of the Lyapunov energy are necessarily unstable as some small
perturbation then exists that decreases the energy. This perturbation cannot decay
with time since the energy can never increase to its previous value. States that are
local minima of the Lyapunov energy are termed energy-stable and enjoy a degree
of asymptotic stability [78, 79]. In the subsection Steady solutions, the following

proposition is easily established as a result.

Proposition 1 Any stable, steady state of Eq. 3.3 H(Xy) has everywhere vanishing

volumetric flux Qp = 0 and satisfies the partial differential equation
Ci1=ViH - W (H) (3.8)

for some constant C\ in the interior of its support.

Next, in the subsection A ‘“‘thermodynamic” relation, two important results are
demonstrated as consequences of a thermodynamic-like relation derived in Lemma
1. First, it is shown that among the solutions to Eq. 3.8, only those that satisfy a
certain contact slope criterion can be stable. The tangent of the familiar contact
angle is the contact slope, which plays a more prominent role than the contact angle

in the thin film limit of interest here.

Proposition 2 Let H(X}) be a compactly supported solution of Eq. 3.8 and denote
the support of H by Q. The boundary of Q will be denoted 02 and will be referred
to as the contact line. Define the contact slope

(X)) = i vV, H(X :
CXo) = lim  IVLHX) (3.9)

LES2)—

at a point X, € 0Q. If H is energy-stable, then C.(X.) = 2CaW (0) everywhere on

the contact line.

Note that the Lyapunov energy density in Eq. 3.3 can always be modified by the
addition of a global constant without altering the thin film equation, since only

derivatives of F appear in Eq. 3.3. However, according to Proposition 2, the addition
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of such a constant alters the potentially stable steady contact slope. The derivation
of Eq. 3.1 assumes that a thin fluid film exists that wets the surface, and the contact
line is precisely where this assumption breaks down. Consequently, the integration
region in the definition of F'[H] in Eq. 3.3 has been restricted to the wetted domain,
where H > 0. Equivalently, # = 0 has been defined wherever H is identically
zero, but ¥ — W(0) as H — 0 from above, and W (0) represents the difference in
Lyapunov energy density between an infinitesimal film and a dry region. Itis evident
that additional physical considerations and modelling are necessary to conclusively
determine W(0), and hence to determine the stable steady contact slope for any

specific system.

In any case, for a given W(H), analysis can proceed, and among those solutions
to Eq. 3.8 that satisfy the contact slope criterion in Proposition 2, a relationship

between the volume and the Lyapunov energy is established.

Proposition 3 Let H.(X}) be a family of compactly supported solutions of Eq. 3.8
with supports Q(g) and C.(X.) = 2CaW (0) for all X, € 0Q(&). Assume that H is
sufficiently smooth with respect to €. Then
dF [H] d¥ [H]
+C =
de e

It follows that if 0 < |th§217/| < oo for all g, then the critical points of V' [H,]

and F [H.] |V [H;] coincide. Furthermore, the relation between volume and free

0. (3.10)

energy per unit volume is monotonic.

Proposition 3 has interesting implications regarding the long-time evolution of the
film. If the droplets’ Lyapunov energy per unit volume decreases with increasing
droplet volume, it implies that droplet coarsening (the combining of smaller droplets
to form larger droplets) is energetically favorable. These assumptions appear to
hold in the usual settings, as corroborated by the numerical droplet-coarsening
observations of Thiele et al. [24, 48, 49]. Cheung and Chou also noted this result
in the case of Eq. 3.100 by observing that “configurations of droplets” are ‘“energy
unstable,” meaning that the Lyapunov energy can always be decreased by combining
droplets to form a single droplet of larger volume. However, we note that if true film
rupture does occur, fluid cannot transfer across dry regions, so that droplets may not

have the opportunity to combine and coarsening may cease.

Next, in the subsection Energy stability in the thermocapillary case of Eq. 3.6, the

stability of rotationally invariant droplets in the thermocapillary problem in Eq. 3.6



78

is considered. This discussion proceeds first by finding numerical, rotationally-
invariant solutions of Eq. 3.8 in the subsection Rotationally invariant solutions
for steady state profiles, then by dividing the change in Lyapunov energy under
small perturbations into interior and boundary contributions in the subsection The
separation of the interior and boundary contributions. The interior contribution
reduces to an eigenvalue problem that is solved numerically in the subsection The
interior contribution to the energy stability analysis and the eigenvalue problem
while the boundary contribution reduces to a problem in asymptotic analysis in the
subsection The boundary contribution to the energy stability analysis and the

stable contact slope. The conclusions are summarized in the following proposition.

Proposition 4 Fix 7 = 1|V, H|> + W(H) and W(H) = -*2 Hlog £ as in
Eq. 3.6, and let Hy(R) be a rotationally invariant solution of Eq. 3.8 with compact
support and everywhere zero contact slope. It follows that Hy attains its maximum
at R = Ryax = 0; denote Hy(0) = Hpnax. Then Hy(R) is energy stable if and
only if Hpnax < 0.81113. Furthermore, for the one-parameter family of solutions
H_ with zero contact slope parameterized by € = Hpyax, the volume ¥ [H,] is
maximized and the free energy per unit volume F[H.] |V [Hg] is minimized for

&= Hpyax ~ 0.81113.

The simultaneous critical point € ~ 0.81113 of ¥ [H.] and F [H.] /V [H,] estab-
lished by Proposition 3 gains further significance in this case as also indicating a
change in droplet stability. Whether a more formal connection can be established

for general Q1 (H) and W(H) is a promising direction for future research.

Results for general driving forces
Here we discuss results that can be established without specifying the mobility factor
Q1(H) or the Lyapunov potential W (H).

Lyapunov function for states with finite support and Assumption 1

The demonstration that the Lyapunov energy in Eq. 3.3 strictly decreases with time
(i.e., that it is a Lyapunov function) is complicated when the wetted domain is not
infinite and boundary contributions are nonnegligible. Consider a solution H (X, 1)
of Eq. 3.3 with support on some finite, compact domain Q(r) ¢ R? and the Lyapunov
energy in Eq. 3.3. The rate of change of F [H] can be found using the Reynolds’



79

transport theorem for 2-forms in 2 dimensions [80],

dF [H] f ) - 1 OH . OH
= d’X |Ca  V,H -V;— + W (H)—
ar Joo 2 ViH - Vigr+ W),
Ca™
+f dx ( |VLH|2+W(H))VC~ﬁC, (3.11)
2Q(1) 2

where 0Q is the boundary of Q, V. = dsft" is the velocity of the boundary point
X, € 0Q, and fi, is the outward-pointing, lateral unit normal vector on the contact
line. Substituting %—7 from Eq. 3.3 and rearranging terms into a total divergence,
this can be reexpressed as

dF [H] 2

=-| &X0uH
7 fQ(t) Q1(H)

_ _0H SF SF
+ 2x v, [Ca'ZEV, H+ Z0,(H)V, 2=
fg(,) L ( a —-VL 6HQ1( ) LéH)

SF
V -
LsH

< -1
¢

+f ax (22— |V, HP + WH) |V, -,
8Q(t) 2

2
=- f d*X Q1 (H)
Q1)

__10H SF SF
+f dx (Ca YOV H + —Ql(H)VL—) f,
8Q(t) 0H

SF
V -
LsH

ot oH
5 -1

+f ax (S v, HR s W) |V, b (3.12)
Q1) 2

where the divergence theorem was used to arrive at the second equality.

Next, consider the conservation of the volume in Eq. 3.2, again using Reynolds’

transport theorem and the divergence theorem,

d”//[H]:f dzxa—H+ dX HV, - fi,
dt Q) ot 2Q(t)
2 oF N
= d“X V- QI(H)VL— + dX HV, - fi.
Q) 0H 80(1)
oF
- f dx (Ql(H)VL— + HVC) A, (3.13)
801 o0H

The integrand here is the volumetric flux of fluid across the moving contact line.
Since the contact line is generally not expected to be a source or sink of fluid mass,

this flux must vanish everywhere on 9€,

oF
(Ql(H)VLE + HVC) -, 0, (3.14)

Q1) -
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dZEH I = 0. Also, note that if X, € dQ(7) is a boundary

point, then H(X,(¢),t) = 0. This relation can be differentiated with respect to ¢ to
find

which of course implies that

OH
(VLH V. + E) |an = 0. (3.15)

Lastly, the outward-pointing unit normal vector on the contact line 9Q(¢), where
H =0,is

Vi H

fi = ——=—
© IVLH]

(3.16)

since the contact line is the zero level set of the film height function H(Xy,?).
Combining Eqns. 3.12-3.16, the rate change of the Lyapunov energy can be written

SF 2

V _
LsH

dF[H]:_f dZXQl(H)
dt Q)

(1
—f dx (Ca 1(— |VLH|2—HV§H) + HW'(H) — W(H)| V. - f,.
00(1) 2

(3.17)

The boundary contribution here was neglected in the derivation in Section 1.3,
and furthermore, it is apparently not negative definite. Thus it does not yet follow
that F [H] is actually a Lyapunov function. Of course, on 0€Q(t), the film height
vanishes H — 0, so provided the Lyapunov potential W(H) and ViH are not too
singular on the contact line, the terms H V%H and HF’(H) will vanish. However,
the other terms CaT_l VL H |2 — W(0) involving the contact slope C, = |V H| and
the Lyapunov potential W(0) will not generally vanish, and the sign of V. - fi, is
apparently unconstrained.

The exact conditions on H, Q{(H) and W (H) necessary to ensure % < 0 will

not be derived here, and instead Assumption 1 will be taken for the remainder of the
section. It seems likely that the correct notion of weak solutions will automatically
entail this assumption, although this would require both a precise mathematical
definition and a physical justification to be satisfactory. There is a promising,
albeit somewhat technical, approach that we will briefly outline now. First, regulate
Eq. 3.3 so as to remove the H — 0 degeneracy, for example, by using Qf(H) =
Q1(H) + & > 0in place of Q;(H). This allows regularity results from the standard
theory of parabolic partial differential equations to be used, and is in fact used in
the construction of weak solutions [75, 76]. Next, consider a disk D € R? with

Q(t) ¢ D. Let H.(x) be a sequence of solutions of the regulated problem with
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support on D and with H, — H(Xy) as € — 0 for all X; € D, and choose H, such
that V. = 0 at time 7 on 0D, so that the boundary contributions in Eq. 3.17 vanish
and <€ [H 1 < 0 follows. It is not yet guaranteed that 0 > ar C[lf”"] - dil[lH] ase — 0,

but thlS is expected to follow from the Ascoli-Arzela theorem given the regularity of

the regulated solution (equicontinuity in time) and the uniform boundedness above

zero of the functions %&£ [H

. The restriction in Assumption 1 to small perturbation
of steady states is weaker than 4 [H I < 0 for all weak solutions, but it is the only

necessary requirement for the remalnder of the section.

Steady solutions and Proposition 1

Here Proposition 1 will be demonstrated. As noted in Section 1.3, assuming the
Lyapunov energy in Eq. 3.3 strictly decreases with time, any stable, steady state must
locally minimize it. It was also mentioned there that the total volume is dynamically
conserved, so a Lagrange multiplier should be included in the Lyapunov energy
when extremizing it to search for stable, steady states. If H is a local minimum, it
must satisfy the Euler-Lagrange equations with Lagrange multiplier C; constraining

the volume

SF &V 5 ,
0= C16—H—C1—(VLH—W(H)), (3.18)

which is indeed equivalent to Eq. 3.8.

A more direct approach to study the steady state solutions of Eq. 3.3 is to set ‘38—];1 =0
so that the equation reduces to V- Q. = 0, where Q_ is the volumetric flux in
Eq. 3.2. This equation can be integrated with a stream function using a form of the
Poincaré Lemma of differential geometry: V; - Qp = O if and only if Q; = (%V )¢
for some function ¢, where xV = X(%, - ‘?aix is the Hodge dual gradient operator.
Note that H may be a steady state even if the flux does not vanish everywhere, as
is often the case in hydrodynamical problems. However, for states with vanishing
flux, it follows that

QL = Qi(H)V, (ViH - W'(H)) =0. (3.19)

This is equivalent to Eq. 3.8 after a trivial integration, so that the solutions of Eq. 3.8
do indeed have everywhere vanishing volumetric flux. Those steady states with

non-vanishing flux therefore cannot be stable.
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The fundamental relation of thermodynamics and Propositions 2 and 3

Here, Propositions 2 and 3 will be demonstrated using a thermodynamic-like relation
for systems that extremize a functional under some constraint. While analogues date
back to the birth of thermodynamics, as far as the author is aware, this relationship has
not been recognized in the context of free boundary problems, like the determination
of a droplet profile and its contact line explored here. A general statement is derived
first for general functionals in D dimensions, and later specialized to the Lyapunov
energy functional in Eq. 3.3 in D = 2 dimensions. Consider an energy functional
Flu] = fQ dPX F (u (X), Vu (X)), where u(X) is an field variable and Q is a
bounded, D-dimensional domain in R? on which u(X) has support. Assume that
u(X) > 0 for X € Q and u(X,) = 0 for X, € 0Q, where 0Q is the boundary of
Q. Also assume that another functional 7 [u] = fQ dPX V (u (X), Vu (X)) exists
that is constrained to take some specified value. The free boundary problem is
to extremize F [u] under the constraint on 7 [u] to determine simultaneously the
profile u(X) and the domain of support 2. For concreteness, we have assumed that
¥ and YV both depend on X only implicitly through u(X) and Vu(X). It follows

that any solution #(X) must satisfy the constrained Euler-Lagrange equations

oF oF oV oV
E—V- IV +C( e -V 6Vu) =0forX € Q
u(X) >0forX e Q
u(X,) =0 for X, € 002, (3.20)

where C is the Lagrange multiplier that is used to fix ¥ [u].

Lemma 1 Let u.(X) be a family of solutions of Eq. 3.20 with compact supports
Q(e). Assume that us(X) is differentiable with respect to € for every X € Q(¢).
Then

dF | Y
de de

oF oV 0X,

dD‘lX( CV - Vu, - C ) .,
fag(g) FaCV=Vu, (0Vu8+ GVug) e D

(3.21)

where X, € 0Q denotes the boundary integration variable and % is the outward-

pointing normal vector to the boundary.
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Lemma 1 is shown using the Reynolds’ transport theorem for D-forms in D dimen-
sions [80]:

d_F"‘Cﬂ:f dDX[(@T_i_CG"V) 6u5+( o0F C@‘V ) V@ug]
Q(e) 61/[8

de " ds ouy) ds \oVu, oVu | e
X,
+ f dP'x (F + CcV) . (3.22)
2Q(e) de
Rearranging slightly,
dF dv 0F oV oF oV \ ou
el L dDX[ c? _v. _cv. :
de * de L(S) ((%tg - Ou, o0Vu, 8Vu8) oe
oF oV \ dug
V.
i ((BVM8 +C8Vu8) 58)]
D-1 oXe
+ d“'X (F +CV) . (3.23)
0Q(s) de

Applying Eq. 3.20 and the divergence theorem results in

0X oF o0V \ du
— +C— = dP1x [ C ‘ C ‘9] .
de " de 0Q(e) F+CV) oe " 0Vu, " oVu, | Oe "

(3.24)

It is remarkable that the particular combination of derivatives on the left-hand side
depends only on the boundary integral on the right-hand side and not on any volume
integrals. Next, the condition defining being on the boundary, u.(X.(g)) = 0 when
X, € 9Q(¢e), can be differentiated with respect to & to find

00X, N oug ~ 0
de O loae) 7

Vu, - (3.25)

and the outward-pointing unit normal vector to the boundary 0€2(¢) defined by the

zero level set u = 0 is

Vu,
h, = — . 3.26
T V] (320
Equations 3.25 and 3.26 are used to eliminate %”; to find
dF dv oF oV \\ 0X,
—+C— = dPIx |F +CV - Vu, - +C
de de LQ(E) (7: e ((9Vu8 6Vu3)) ge ¢

(3.27)

which completes the derivation.
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Equation 3.21 should be regarded as an analogue of the fundamental relation of
thermodynamics. Expressed in terms of the Helmholtz free energy A, this is a

relation among differentials
dA = -SdT — pdV, (3.28)

where § is the entropy, T is the temperature, p is the pressure, and V is the volume
of some thermodynamic system in equilibrium. Since the parameter € in Eq. 3.21
was entirely arbitrary, the “denominators” of the derivatives with respect to & can
be “multiplied through” and thus this relation can be regarded as a relation among
differentials as well. Furthermore, recall from statistical mechanics that the pressure
p, for example, is the generalized force conjugate to the volume V which arises as a
Lagrange multiplier, just as C is the Lagrange multiplier fixing 7 [¢] in Eq. 3.21. In
Eq. 3.21, the generalized force conjugate to the boundary position X, is apparently
F +CV - Vu, - (66\7—7;8 +C aav—(‘;s). Lastly, it is well known that the Helmholtz
free energy strictly decreases during irreversible processes and is minimized at
equilibrium, which is entirely analogous to the Lyapunov energy’s time evolution.
It should be stressed, however, that Eq. 3.21 is not a thermodynamic relationship,
as thermodynamics only applies to systems at thermodynamic equilibrium. There
is a heat flux across this system due to the fixed temperature difference between
the hot and cold substrates and hence a generation of entropy; the thin film, even
under stationary conditions, is not in thermodynamic equilibrium. The origin of
these relations is in the existence of irreversible dynamics (i.e., the existence of a
Lyapunov function) and a conserved quantity, and in the mathematics of constrained

optimization rather than in the physics of thermodynamics.

Specializing to the thin film equations with u = H, C = Cy, and D = 2, the volume

takes the form in Eq. 3.2 with V = H and the free energy takes the form in Eq. 3.3
5 -1

with F = CaT |V.H|? + W(H). Then Eq. 3.21 becomes

7 -1

dF [H, 4V [H, C X,

[He] o 471 ]=f dx (-2 C.(X.)% + W(0) . (3.29)
de de 9Q(e) 2 oe

Propositions 2 and 3 can now be easily demonstrated. First, consider a family
of steady droplet profiles with varying contact lines but constant volume. Then
Eq. 3.29 becomes

< -1
dF [H, C oX. .
LHe] _ f dxX (-2 X0 + W) | 22< . 4, (3.30)
de 9Q(g) 2 de
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5 —1
If —C"ITCC(XC)2 + W(0) is nonzero near any X, € 9€, the family can be chosen
such that ‘96X8"

- fi. is nonzero only near X,.. Then it follows that % # 0, so that
any droplet with C2 # 2CaW (0) cannot be a local minimum of the Lyapunov energy
among states of the same volume, as claimed in Proposition 2. Next, consider a
family of steady states H, for which Cc2 = 2CaW(0) for all &. Note that the right-
hand side of Eq. 3.29 then vanishes, and Eq. 3.10 is established. The final claim in
Proposition 3 follows by noting that Eq. 3.10 implies that
d(F/V) 1dF F dV F+Cv\dv
de :7%_%d8:_( V2 )E

(3.31)

Between each pair of critical points of ¥/, the implicit function theorem guarantees

that the relation between ¥ and & can be inverted, and then on each branch

chfw)_(KFfw)(dV)”___(F+ch)
v de \de) v: o)

(3.32)

F}#l < oo, it follows that the right-

hand side never changes sign, and thus the monotonic relation between F /% and ¥
is established.

By the assumption in Proposition 3 that 0 < |

Energy stability in the thermocapillary-driven case and Proposition 4
In this section, the stability of steady axisymmetric droplet states in the thermocapil-

lary driven film described by Eq. 3.6 will be considered, as described in Proposition
4,

Rotationally invariant solutions for steady state profiles

Consider the steady state condition Eq. 3.8 with the specified W(H) in Eq. 3.6, and
seek solutions Hy(R) that depend only on the radial coordinate R = VX2 + Y2, The
resulting one-dimensional ordinary differential equation is
16 ( 0H 47)? H 1

(R °)+<”> (10 0 )

c =-2 +
' = Ror \" R > \°*1-H, "1-H,

(3.33)

Note that H = 1 is a singular point of Eq. 3.33 since the logarithm term diverges
there. In fact, H < 1 is required since the argument of the logarithm must be
positive. There is another, more physical constraint as well since the fluid interface
cannot penetrate the solid cold substrate in Fig. 3.2. Given the scalings described

above, this requires

H<1-«k. (3.34)
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Since k > 0, this physical constraint is more stringent than H < 1, and solutions

with 1 — k < H < 1 must be regarded as unphysical.

The classes of physically relevant, rotationally invariant solutions will now be de-
scribed. Since solutions are bounded above by Eq. 3.34, they will either achieve
a maximum somewhere or approach a maximum as R — co. In the former case,
since there are no singular points of Eq. 3.33 in the interval 0 < H < 1, the solution
must be differentiable at this maximum. The maximum for such solutions will be

denoted Hpy,x and the position of the maximum R = Ry, so that

0H

Rk, = O (3.35)

Hj |R:Rmax = Hmax,

which are the two boundary conditions necessary to integrate Eq. 3.33. One more
parameter is required to eliminate C in Eq. 3.33, and the curvature (in the thin-film

limit) at R = Rp,x iS appropriate

10 0Hy
k EG_R (RG_R) 'R:Rmax, (336)

where k < 0 since Hp,x is a local maximum. Evaluating Eq. 3.33 at R = Rpax, Ci

can be eliminated in favor of H,,x and &,

(477)2 Hnax 1
log + .
2 I- Hmax 1 - Hmax

Ci=k+ (3.37)

Finally, Eq. 3.33 is integrated numerically starting at any R = Ry, for any given
0< Hpax < land k < 0.

A few subtleties should be noted here. First, as we integrates between either
0 < R < Rpax Or Rpax < R < oo, the profile may or may not achieve Hy = 0. Since
the logarithm in Eq. 3.33 becomes singular at Hy = 0, this is a singular point of the
differential equation. Furthermore, a negative film height would penetrate the solid
hot substrate, which is clearly unphysical, so there is expected to be some singular
behavior as Hy — 0. The lines in space R = R, at which H) first attains zero are
termed the contact lines, and there is technically a loss of uniqueness in solutions
beyond the contact lines. There may be multiple wetted domains, where Hy > 0,
separated by dry regions, where Hj is identically zero. However, each connected
component of the wetted domain can be considered independently in the stability
analysis. A single wetted domain may terminate with zero, one, or two contact lines
(which are always circles centered at the origin for rotationally invariant solutions),

or even a single contact point if Hy should achieve zero at R = 0. Second, while
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an arbitrary choice of the parameters will guarantee that Hyy,x is a local maximum,
it will not generally be the global maximum. If this is not the case, however, the
solution will be identical to a solution with another set of the parameters Hpx,
Rmax, and k for which Hp,y is the global maximum. Lastly, the possibility that the
solution only attains its global maximum as R — oo apparently only occurs for the
flat film solution, and hence is not of additional interest. Depending on the number
and position of the contact lines, there are four possible classes of solutions, and

example of such solutions are depicted in Fig. 3.3.

(a) (b)
1.0 1.0
0.8 0.8
" 0.6 " 0.6
004 004}/
! \
0.2 02k ‘\‘
\
0.0 0.0 A
00 01 02 03 04 05 00 01 02 03 04 05
R R
(©) (d
1.0 1.0
0.8 0.8

Figure 3.3: Examples solutions of Eq. 3.33 with Hy,x = 0.5. (a) A droplet solution
with Rpax = 0,and k = =250, (b) two ring-shaped droplet solutions with Ry« = 0.2,
and k£ = —250 (solid line) and R.x = 0.04, and k = —250 (dashed line), (¢) two
smooth solutions with Ry,x = 0, and k£ = —150 (solid line) and Ry,x =~ 0.16, and
k ~ —41 (dashed line), and (d) two hole solutions with Ry,;x = 0.1 and &k = —150
(solid line), and Ry,x = 0.1 and &k = —50 (dashed line). The smooth solutions
and hole solutions in (c) and (d) have non-compact support that extends to R — oo
beyond the depicted region.

The droplet solutions in Fig. 3.3(a) attain their maximum at R = Ry5x = 0 and have
a single wetted domain which is a disc centered about the origin that is terminated
by a contact line R = R.. The ring-shaped droplet solutions in Fig. 3.3(b) attain

their maximum at R = Ry« > 0, have a dry region around the origin, either a single
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point (as in the dashed line) or a disc centered at the origin (as in the solid line),
and also possess a second contact line at larger R and a second dry region that is
the complement of a disc centered at the origin. The smooth solutions in Fig. 3.3(c)
are everywhere differentiable and approach a flat film solution as R — oo. They
may achieve their global maxima either at R = R,x = 0 (as in the solid line) or at
R = Rpax > 0 (as in the dashed line), and in the latter case, the origin must be a
local minimum of the solution. The hole solutions in Fig. 3.3(d) have a dry region
around the origin and approach a flat film solution as R — co. This dry region may
be a single point (as in the dashed line) or it may be a disc centered at the origin (as
in the solid line).

Although there is a rich variety of rotationally invariant steady state profiles, only
the droplet solutions of Fig. 3.3(a) will be discussed in detail for the remainder of the
section. The ring-shaped droplet solutions in Fig. 3.3(b) have two contact lines, and
the contact slope at the larger contact line is always observed to be smaller than that
of the smaller contact line. The criterion of zero contact slope in Proposition 2 for
stable solutions then precludes their stability. Intuition suggests that the solutions
with non-compact support in Fig. 3.3(c)-(d) cannot be stable either, given first the
analogous results in one-dimensional models [78] and the development of rupture
in three-dimensional numerical models [47]. This establishes the first claim in
Proposition 4, that the stable droplets achieve their maxima at R = 0. In the case
of a fluid film contained in a finite apparatus like a circular petri dish, it may be
possible to restrict the non-compactly supported solutions in Fig. 3.3(c)-(d) to some
compact domain 0 < R < R, by specifying some additional boundary condition at

the lateral boundary R.. Such considerations are left open for future research.

Next, consider the family H, of droplet solutions with zero contact slope and varying
height € = Hpax. Such solutions are found using a numerical shooting scheme,
iteratively increasing k for fixed Hp,x until C,. = 0 is acheived. This was performed
for several values of Hpyax between O and 1, and the volume ¥ and the Lyapunov
energy per unit volume F /7 was computed for each solution. These results are
shown with interpolations in Fig. 3.4. Numerically computing the extrema of the
interpolation reveals a simultaneous maximum of #" and minimum of F/% near

Hpax = 0.81113, as claimed in Proposition 4.
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Figure 3.4: Droplet volume and Lyapunov energy per unit volume as a function of
height Hy,,x with C. = 0. The largest volume droplet occurs around Hp,x =~ 0.81113
and it minimizes the Lyapunov energy per unit volume among all droplet solutions.

The separation of the interior and boundary contributions

To study the stability of a droplet base state H = Hy(R) where H) satisfies Eq. 3.33,

consider “infinitesimal perturbations” of that state. More precisely, consider a
family of states H.(R, 8) such that H.—o = Hy and consider the limit £ — 0. Some
continuity or smoothness in the & variable is clearly implied to restrict this family
of states. Since dynamical excitations that may destabilize the droplet do not add

or remove fluid from the system, it is required that the volume given by Eq. 3.2 for
each state in the family does not vary with &,

2w 0 R(,'
f 6 f RAR H.(R,6) = 21 f RAR Hy(R).
0 0 0

Now, define 0H.(R,0) = H.(R,8) — Hy(R). As ¢ — 0, it is assumed to be the case
that §H, — 0. In many problems, it is possible to assume that ¢ is sufficiently small

so that Hy > 0H_ everywhere, and such perturbations are deemed infinitesimal.

(3.38)

However, in the study of droplets, the existence of a contact line R = R, where
Hy(R.) = 0, makes such an assumption unjustifiable. Whenever the contact lines
of Hy and H, differ, it is clear that §H, < Hj will not hold sufficiently close to

R = R.. In order to overcome the difficulty with the boundary, separate an interior
region 0 < R < R, where

SHelpeg- = (He — Ho) |geg- < Holgeg:» (3.39)

and a boundary region R, < R < R} (in which this approximation may fail), where

R; is the perturbed contact line, Hy|g_g: = 0. Since the & — 0 limit is being
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considered, assume that R_, Rf — R. as & — 0. This separation of the domain into

a boundary region and an interior region is depicted in Fig. 3.5.

Figure 3.5: Separation of domain into boundary region (grey) and interior region
(white). The unperturbed contactline R = R, is shown as a solid circle, the perturbed
contact line R = R/ is shown as a dashed ellipse, and the separation between the
interior and boundary regions R = R, is shown as a dotted line. The perturbative
condition in Eq. 3.39 holds only in the interior region, while the boundary region
becomes increasingly small as € — 0.

Consider the difference in the Lyapunov energy in Eq. 3.3 between the states H, and

Hy, and specifically consider the asymptotic form of this expression as € — 0,

2 2
4 H
§F, = F[H,] - F [Ho] = fd@f RdR |VLH8| G b tog —2
2 - H,
2
H
f def RdR( v HoP + & )Holgl (;1) (3.40)
— 110

Next, divide each contribution into an interior contribution where R ranges from 0

to R, and a boundary contribution, where R ranges from R; to R},

2r R 2
€ 1 4 Hs
6F8:f d@f RAR (2 v, a2+ E H 10g
0 0 2 2 1-H,
2r R 2
= 1 (4r) H, )
- do f RdAR Hylog
fo 0 2 2 1 — Hy
2 R’ 2
e 1 (47) H,
de RAR | = |V H,|? H.1
+f0 fR 2|L8|+ > gogl_Hg)
1
2

2 R, 2
: 4 H
_f def RAR G iy 1og 10 ) (3.41)
0 R:

~ |VLHo|? +

VL Hol* +
IVLHo| 7 T~ Hy
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In the interior region, since H, = Hy + 0H. and 6 H, < H), it is possible to expand

the first integrand in a power series with respect to 6 H, up to second order,

2r 2
(4m) H, 1
SF, = do RAR |V, Hy -V, 6H, - —— (1 + SH,
f f (LO L 2 (Ogl—Ho 1—H0) )
2 R, 2 2
1 (47) oH
de RdR (= |V, 6H,|* - £ NI
f f y WLoH:" == Ho<1—Ho>2)
2m .
+f def RdR
0 -

(4m)> H, )
2r R,
- f de f RdR
0 .

H.log
In the first integral, the first term is integrated by parts and Eq. 3.33 is applied to

2 1-H,
(4r)2 Hy )

Hol
2 OO TTHS

(3.42)

simplify it to

R- 2r R;
— f do ¢ f RdR 6H,. (3.43)
0 Jo 0

0Hy
j; do (B_R(SH) oo

Furthermore, the volume conservation constraint in Eq. 3.38 and the fact that

aHO = |r—o = 0 can be used to reexpress this as another boundary contribution

o o 2r R, R
f dg (—(Ho Hg)) |R_R—f o Cy (f RdR Ho—f RdR Hg).
0 e 0 = =

(3.44)

So, collecting all terms, the leading order change in the Lyapunov energy consists

of an interior contribution §F! and a boundary contribution 6 F?,

6F, = 6F. + 6F?,
2w 2 2
4 SH?
SF. = f def RdR (— ) A )

4 Hy(1 - Ho)?
9
5F§_fo do (R—O (H, - HO)) |R:R;
2n R; R}
—f decl(f RdRHo—f RdRHg>
0 Rz =

2 RY 2
c 1 (47) H,
de RdAR (= |V, H,|?> - H,1
+f f ( ViH[" == 80g1—H8)

2r
f dé)f RdR (—lVLHl 2 )Holg Ho ) (3.45)
. 1 - Hy
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The interior contribution to the energy stability analysis and the eigenvalue

problem

First consider the leading order ¢ interior contribution in Eq. 3.45 for the rotationally
invariant droplets with C, = 0, and ignore any possible movement of the contact
line, which will be considered later in the subsection The boundary contribution
to the energy stability analysis and the stable contact slope. Define € to be the
leading order scale of the perturbation in the interior region, so that 6 H;(R, 0) =
g0H(R,0) + - - -. Because 6 H must be 27 periodic in 6, it can be decomposed in a

Fourier series
1 > —
0H(R,0) = —0Hy(R) + Z o0H,,(R) cos(nf) + 6H,(R) sin(nd). (3.46)
\/z n=1

For simplicity of notation, define 6Hy = 0. The leading order contribution to the

perturbed energy is

OF!
2

E[6H] = lim

>0 &

00 R 2 2 2 2 2
¢ 1 H oH 4m)°0H
”Zf g [1(25H\}, WOH _@4n?oH

—Jo 2\ OR 2R? 4Hy(1 — Hp)?

2 — —
R. 1 (65H,\" n26H.  (4m)*5H.
+ RdR | = + -
o 2\ ToR 2R 4Ho(1 - Ho)?

o R, 2 2
e 1 0 ( 86H SH, 4m)25H,
n§ f RdR(SHn( (R ”)+” (4r) )
n=0 0

"2ROR\" 4R 2R2  4Hy(1 — Hp)?

R, SI7 2577 250
¢ 1 H, H, 4 H,
+f RdR 6H, ___8 R% + no - (47)"6
0 2ROR OR 2R? 4Hy(1 — Hp)?

© AR Re
= Zf RdR 6H,,&E,|0H,] + f oH,&E,0H,], (3.47)
n=0 0 0

where an integration by parts was performed to arrive at the third equality, and

8}1[6Hn] = -

2 2
L g (R(%H”) "5 Go"  sm (3.48)

—_— + _ n—————————
2ROR OR 2R? 4Hy(1 — Hy)?

is a linear operator. The volume conservation constraint from Eq. 3.38 implies a

constraint only on ¢ H,

271' RZ Rc
f do f RAR 6H(R,0) = V2n f RAR 6Hy(R) = 0. (3.49)
0 0 0
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If E[0H] < Oforany 6 H satisfying Eq. 3.49, then Hy will not be a local minimum of
the Lyapunov energy, and the droplet will be deemed unstable. Otherwise, Hy will
be considered stable. To determine which is the case, the problem of determining
the infimum of E [0 H] over normalized 6 H satisfying Eq. 3.49 is considered. By
the standard argument, this is equivalent to considering the infimum over n of the
infima of f RdR 6H,&E,[0H,,] where each 6H,, is normalized and 6 H satisfies
Eq. 3.49. Thus, without loss of generality, it will be henceforth assumed that either
0H(R,0) = %6H0(R) or 6H(R, 0) = cos(nf)6H,(R).

An exact analytic solution of this problem seems intractable, so this analysis will
be carried out numerically. First, the linear operator &,, is approximated on a finite
space. Space is discretized into M + 1 grid points {R,-}f‘;’o with Ry = 0, Ryy = R,
and R; < R; fori < j, and a vector {v; = 6Hn(R,-)}f‘;IO is associated with the
perturbation. Boundary conditions are applied by defining the values of vy and
vy. Since movement of the contact line will be considered in the subsection The
boundary contribution to the energy stability analysis and the stable contact
slope below, take the simple Diriclet boundary condition vy, = 0 at the contact
line. The second boundary condition is more subtle. For n # 0, there will be a
discontinuity in 6 H, at the origin unless vy = 0, but for the n = 0 case, a Neumann
boundary condition %I r=0 = 0 is possible, which can be approximated with
vo = v1. In fact, since the Lyapunov energy increases with curvature, any gradients
around R = 0 will tend to increase E [0H]. It is then more natural to take this
Neumann boundary condition at R = 0 for the n = 0 modes. That this Neumann
boundary condition at R = 0 is appropriate (i.e., that it leads to smaller eigenvalues

below than other possible boundary conditions) has also been numerically verified.

Now, introduce the approximation

En(OH)gor, = D, Aijvis (3.50)
J

where A is the appropriate matrix using a symmetric finite difference approximation

for the derivatives with respect to R,

0i+1,j=0ij  0ij—0i-1; 2
1( Ri—-Ri ~ Ri—Ri ) 1 0it1,j = 0i-1,; N0

A. . E ——
L] R[+1;Ri—l 2Rl Rl+1 - Rl—l 2R12

2

B (4m)%6,
4Ho(R) (1 — Ho(R;))*

(3.51)



94

Integrals are approximated with Riemann sums of the form

R
fg(R) RdR ~ Zi:g(Ri)?(RHl - Ri-1), (3.52)
for any function g. The perturbation energy in Eq. 3.47 is then approximated
[6H] ~ ﬂzj Vi IJVJ ) (Rl+1 i—l)- (353)

There exists an elegant way to absorb the metric factors into A and v that simultane-

ously converts the non-symmetric matrix A to a symmetric A. This is accomplished

with
R;
Vi = vix| —(Riz1 — Ri—1),
V\/z( +1 1)

A A Ri(Riv1 — Ri—1) (3.54)
v YN Rj(Rj+1 —Rj-1) '

It follows that

Elv) = ) widi;v;

ij
R; Ri(Ri+1 — Ri-1) \/R
= > viy| 5 (Riv1 = Ri-) Ay R .
. Vl\/z( i+1 1) 1,]\/R (R]+1 _ J ]) ( j+1 — J 1)

R;
= E ViAi,jVjE(RHl_Ri—l)
Lj

_ E[§H]
~

(3.55)

To verify that A is indeed symmetric, it is only necessary to consider the off-diagonal

part, which after a little simplification,

Gitl,j —0i-1,j
A~ L= _l Ri+1—jRi B Ri—Ri_jl 1 51+1] 0 1,j R,'(Ri+1 - Ri1)

R PP Sy SR U S
méwl,] Ri—Ri_1 51—1,] 2(6l+1,] 51—1,])

VRiRj(Ris1 — Ri-1)(Rj11 — Rj_1)
Rz 1+Rl I t 1
1 Rz:l R; 5l+1j Ri—Ri_ i-1,j

2 \JRRj(Risi = R-D(Rji — Rj-))

Rii1+R; J+|+RJ .
1 Rk O+l + Ri-R, 0ij+1
= —— (3.56)

2 JRR; (Rt - R (R - R)
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is clearly symmetric. Later the eigenvalues of A or a related matrix will be needed,
and besides guaranteeing an orthonormal eigenbasis, symmetric matrices are better

suited for numerical eigenvalue methods than non-symmetric ones.

Before seeking to minimize the energy, the volume conservation constraint Eq. 3.49
must be considered. For n # 0, the 6 integral in Eq. 3.49 evaluates to zero, and this
constraint is satisfied without imposing any on 6 H. For n = 0, on the other hand,
there is a real constraint. When the integral approximation Eq. 3.52 is applied, this

constraint is approximated as
R:
0~ Z ?l(RiH - Ri_1)v;, (3.57)

which can be re-expressed in terms on ¥; from Eq. 3.54 as

R.
0~ Z %;a; where a; = \/?’(Rm —Ri_)). (3.58)
i

The problem is now to find the vectors ¥ that extremize the quadratic formin Eq. 3.55,
subject to the linear constraint in Eq. 3.58 when n = 0. As usual, this extremization
is considered only over normalized vectors, since the quadratic form scales with the

normalization squared. The problem is then to extremize the function
Zi,j‘jiAi,j‘jj_/l( i\j’iz—l) ifn#0,

) (3.59)
Zi,j‘;iAi,j‘jj_/l( iﬁiz—l)—,uzifziai ifi’l:O,

olv] =
where A is a Lagrange multiplier that imposes normalization on ¥ and p is a Lagrange
multiplier that imposes the volume conservation constraint Eq. 3.58. The stationary
values of ¢ are found by equating the derivatives with respect to ¥;, A4, and u (in the

n = 0 case) to zero. For the n # 0 case, the resulting problem is

DL AT+ Y AT =2 ) Ay = 24T,
j j j

dow=1, (3.60)

i
where the fact that A is symmetric was used. Equation 3.60 is simply the problem
of finding the normalized eigenvalues and eigenvectors of A, which is easily accom-
plished numerically. The energy associated to an eigenvector ¥ with eigenvalue A

is simply

L]

E[v] = Z DA 7 = 4 Z Viv; = A (3.61)
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It follows that the base state H is unstable to an n > 0 mode if the smallest

eigenvalue of the corresponding A is negative.

For the n = 0 case, the problem is
Z Aj,i";j + Z Ai,jﬁj + ua; = 22 Ai,jﬁj + ua; = 2/1\71',
J J J

Y=,

i

Z a;; = 0. (3.62)

To simplify Eq. 3.62, we follow the method of Golub [81]. The first equation in

Eq. 3.62 is multiplied by a; and the result is summed over all i
2> aAivi+p ) al =21 ) a4 =0, (3.63)
ij i i

where the last equation in Eq. 3.62 was used to arrive at the final equality. Using
Eq. 3.63, the Lagrange multiplier u is eliminated and substituted back into the first
equation in Eq. 3.62,

~ o jk AkAk,V; N
Z Ai’jVj - a; = /lV,'.
J

Y a;
R
i
> aiwi =0. (3.64)
i
Next, define a new Hermitian matrix &2
Pra =ik — =k, (3.65)
1 Cll
and re-express the first equation in Eq. 3.64 in terms of &,
> Piihijvj = ¥ (3.66)

ik
Note that the matrix & is actually a projection operator

a;ag arda;j aa;
> PiiPrj= Y ik~ o5 ||0kj— o5 | = 0ij— =5 = Prij. (367
- i,k k,j ( i,k Z[ a2>( k,j Zl 6112) 1,j Zl a2 i,j ( )

k ! !
It follows from the last line in Eq. 3.64 that

~ ~ ~ a; ~ ~
Z f@i,kvk = Z @k,ivk =V — Zl a2 Z arVig = V. (3.68)
l / Ik
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Equation 3.68 is substituted back into the left-hand side of Eq. 3.66 to arrive at the

final problem to be solved
Z Dk A Py = AV,

Jikl
Y=l (3.69)
i
Equation 3.69 is simply the problem of finding the eigenvalues and normalized
eigenvectors of the symmetric matrix K = #A%. Note that final condition in
Eq. 3.64 has been omitted in Eq. 3.69. This is permissible because ¢; is an eigen-
vector of K since 3 i Zjia; = 0. This eigenvector does not satisfy the constraint
3 a;#% = 0 and should thus be discarded, but all other eigenvectors of K will be
orthogonal to a since K is symmetric, and they will therefore satisfy this condition.

The energy associated to an eigenvector ¥ with eigenvalue A is (using Eq. 3.68 twice)

Elv) = wikijo; = ) 0Pk Pivi =) 7 = A. (3.70)
i ijk,l i
It follows that the base state Hy is unstable to an n = 0 mode if the smallest eigenvalue

of K is negative.

Finally, the two smallest eigenvalues /l,’Z’ , and /l% forthe n = 0, n = 1 and
n = 2 cases were computed numerically for increasing grid size from M = 5000
to M = 10000 in increments of 100. These estimates have been calculated for
three drops: a short drop with Hp,x = 0.7 < 0.81113, the maximum volume
drop with Hp,x = 0.81113, and a tall drop with Hp,x = 0.9 > 0.81113. The
approximate eigenfunctions for the smallest eigenvalues for three droplets are shown
in Fig. 3.6. The convergence of the numerical procedure with increasing grid size
M has been verified as follows. Suppose that there is a power-law convergence of

the eigenvalues, /l%m ~ Apm + cM™P as M — oo. It then follows that in the plot
M. M
/ln,rlp:—] _/ln,rln

of logdd—;/[ = log Mo

versus log M;, where M; = 5000 + 100i, the values

should lie on a straight line with slope —p + 1. This was verified for multiple spatial

grids, and the grid that attained the fastest rate of convergence p was

[i
R; = Ron|—. 71
- (3.71)

Noting that R; =~ % for small grid spacings, the area elements are approxi-
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0.00 0.04 0.08 0.12

Figure 3.6: Eigenfunction interpolation 6 H with M = 5000 corresponding to
the smallest eigenvalue for (a) n = 0, (b) n = 1, and (c) n = 2 modes. Solid
lines correspond to Hy,x = 0.7, dotted lines correspond to Hp,x = 0.81113, and

dashed lines correspond to Hpyax = 0.9. The perturbations were normalized by
[ RAR (6H)* = 1.

mately constant for this grid,
(Riv1 + Ri-1)(Ris1 = Ri-1) _ R - RL, _ R
4 4 2M
(3.72)

R.
RdR ~ EI(RM -Ri_) =

The convergence of the eigenvalue estimates is depicted in Fig. 3.7.
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Figure 3.7: Convergence of direct numerical estimate of the smallest eigenvalues
/12,40 for(a)n =0, (b)n =1, and (c) n = 2 modes. Circles correspond to Hpax = 0.7,
squares corresponds to Hyax = 0.81113, and triangles corresponds to Hyax = 0.9.
The rate of convergence p is estimated from the slope of the lines fitting the data.

Using the estimated power-law exponent p, it is possible to estimate the continuum
eigenvalue as well by fitting the power-law curve to the data. This results in a direct
estimate for the continuum eigenvalues, /1% for the smallest eigenvalue and /1231 for
the second smallest eigenvalue. Alternatively, the eigenvectors can be used to create
an interpolation to approximate the perturbation 6 H(R), which can then be used in
Eq. 3.47 to estimate the eigenvalues. Again estimating the rate of convergence and
computing a numerical fit, an interpolation estimate for the continuum eigenvalues

is /lin“(‘) for the smallest eigenvalue and /linni for the second smallest eigenvalue.
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The results of this procedure are listed in Table 3.1. It is clear from Table 3.1

AgE =201.87 A% =-0.00 | AJF =265.00
o 07 A =201.87 AP =0.00 AN = 265.00
max — VY-

AT =1396.14 | 11 =793.19 | A5 =1369.46

A= 1396.13 | AT =793.19 | AN = 1369.44
dir _ dir — dir —

e = 0.01 A=-000 | adr=293.39

A = 0.00 AN = 0.00 AN = 293,39

_ 0,0
Hma =083 | 290733568~ | 28t —77240 | 2% = 140282

AN =1338.61 | AN =77241 | AN =1402.79
AgE = -658.21 | A% =-0.00 | A" =341.59

( L0 2,0
/1&16 — —658.23 AP =0.01 /112‘}6 =341.59

Hpmax = 0.9 /181{ = 1218.84 /1(11711 =765.75 /1(2111{ =1515.46

Agh =1218.80 | A =76580 | A% =1515.44

Table 3.1: Numerical estimates for the two smallest eigenvalues of the first three
angular modes for a short droplet, the maximum volume droplet, and a tall droplet.
The direct and interpolations estimates agree up to the tens digit, where numerical
errors become non-negligible.

that the direct and interpolation estimates are in good agreement whenever their
magnitudes are larger than O(107!), where numerical errors apparently become
relevant. Furthermore, the smallest eigenvalue for the rotationally invariant n = 0 is
positive for Hpax = 0.7, approximately zero for Hp,x = 0.81113, and negative for
Hmax = 0.9, indicating that tall droplets are unstable and short ones may be stable,
as claimed in Proposition 4. It is also clear that the smallest n = 1 eigenvalue A4
is approximately zero for all drops. In fact, this mode corresponds to a translation
of the entire droplet without a change in shape. This can be demonstrated by taking
the perturbed state to be the base state translated in the X direction by an amount &

ase > 0,

H.(R,6) = Hy (w/(x — &)+ Y2) ~ Hy(R) - & cos e%ae). (3.73)

A comparison of the interpolation estimate for 6 H and cos 9% confirms that these
n = 1 modes correspond to this translation. Indeed, since a translation of the
droplet does not alter its energy, the continuum eigenvalue is exactly zero. This
can also be easily analytically demonstrated by substituting the n = 1 perturbation
0H(R,0) = — cos(G)% into Eq. 3.47 and applying the derivative of Eq. 3.33 with
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respect to R. Lastly, besides 1o and A, all other eigenvalues are strictly positive,
and so they do not indicate any other instability or neutral modes. In fact, it is clear
that for all n > 2, the eigenvalues will be strictly positive, since the energy E [0 H]
in Eq. 3.47 for n > 2 is altered by a strictly positive perturbation f RdR ”;szl(éH )2
from the n = 1 case.

The boundary contribution to the energy stability analysis and the stable
contact slope

It was shown in the subsection The interior contribution to the energy stability
analysis and the eigenvalue problem that zero contact slope droplets are unstable to
a rotationally invariant perturbation if Hp,x = 0.81113, as claimed in Proposition
< 0.81113, the

Y

4. However, to demonstrate the stability of droplets with Hpax
boundary contribution must also be considered. Here the leading order contributions
to the boundary perturbation § F” in Eq. 3.45 is considered for droplets with C, = 0.
Since the boundary region (R, RY) becomes increasingly small as & — 0, it
is assumed that an asymptotic approximation of the perturbed state will suffice
there. In particular, the perturbed state in the boundary region will be taken as a
0-dependent shift of the base state Hy(R — 6 R (0, )) plus a small linear change
0C:(0,€)(R. + 0R.(0,&) — R),

Ho(R) = Hy(R — 6R.) + 6Co(R. + 6R. — R) + - - , (3.74)

where, for brevity, the 6 and & dependence of 6R. and 6C, has been omitted. It
follows that the perturbed contact line is R} (6, &) = R. + 6R.(0,&) + - - -. The form
in Eq. 3.74 is motivated by the assumption that as & — 0, the perturbed contact line
tends to R, hence the small change 6R.. Since the boundary region is presumed
to be small for small ¢, it is also assumed that the change in the shape of H, from
Hj can be well approximated by the small linear change 6C. (R, + 6 R, — R). While
Eq. 3.74 can represent a very wide variety of boundary perturbations, it should be
noted that some perturbations, such as those that change the nature of the singularity

at the contact line, are excluded for simplicity here.

The division between the interior and boundary regions R, = R. — 6 R_ must also
be specified such that 6R; > 0 and Eq. 3.39 is satisfied. On using Eq. 3.74, Eq. 3.39
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requires

dHo i
(Hy — Ho) lp_p —sp. ~ |~6R- 220 + 6C.(6R. + 6K) ‘
e OR R=R.—6R;

< Holp_g,—sr:> (3.75)

where the facts that R, is small and H) is differentiable at R. — 0 R were used to
approximate the difference Hy(R.—0R; —6R.) — Hyo(R.—06R_) as aderivative using
Taylor’s theorem. This condition depends on the asymptotic form of Hy near the

unperturbed contact line, which is found by balancing the highest spatial derivative

(92]‘]() . . (471')2 .
TR with the singular term 5~ log(Hy) in Eq. 3.33 as R — R, and Hy — 0,
_ ﬂ)2
Hy(R) = (R, — R)? log(R. — R) +- (3.76)
Then Eq. 3.75 becomes
(4m)?
3.77
> (3.77)
so that
OR, < 0R,_ and 6C, < —OR_ log(dR;) (3.78)

is required. Then 6 R, must be chosen sufficiently large that Eq. 3.78 is satisfied for
all 6.

Next, two results that will be used several times in the evaluation of 6F£’? will be

noted. First, multiply Eq. 3.33 by 92 and simplify,

d [1(0H, (4r)? Hy dHy
aR(z(aR) 2 H1°g1—H G ) (aR)' (379)

The quantity in parentheses on the left-hand side of this equality will appear in
several places below. It could be estimated by using the asymptotic form of Hy in
Eq. 3.76. However, this estimate turns out to be much larger than the actual value
because of certain cancellations that occur when higher order terms are included in

Hp. A better estimate can be derived by integrating Eq. 3.79,

1 (0Ho\2  (47)> Hy Re 1 (9Hy\*
2(6R)+ . ngl_H CyHy = fR = (52) k. (80
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and then applying the base state approximation in Eq. 3.76 to the right-hand side.

The second result used extensively below concerns differences of the form

R.+6R, R,
Ilg] = f Rg(R - 6R.) dR - f Rg(R) dR
R

c—O0R; R.—0R;
R. R.
= f (R+6R.)g dR — f Rg dR, (3.81)
R.~SR;—6R, R.—6R;

where g is some arbitrary function and the integration variable in the first integral
was shifted by R, and the functional dependence of g(R) was omitted for brevity
to arrive at the second equality. This will be expanded in a series around SR, up
to second order. The first integral is divided into two parts to cancel the second

integral

R. R.—6R;
Ilg] = (5Rcf gdR + f Rg dR. (3.82)
R.—6R;—6R, R.—6R;—6R,

Next, the Taylor series is formed up to second order:

Re 6R? dg
1g] = 6R. gdR + (6R.Rg + =< (g - RSE ‘ ro (3.83)
Re—6R: 2 OR ) |R=R.-6R:

The boundary contribution of Eq. 3.45 is now divided into five components:

SF? = 6F| + 6F, + 6F; + 6Fy + 6Fy,
2r
OH,
5F, :f do [R—O (HS—HO)H :
0 OR R=R.—6R;

2 R.+6R, R.
5F, = f 49 ¢ [ f H, RAR - f Ho RdR],
0 Re—6R: R.—6R:
21 R.+6R, 2 R.. 2
11 (R+oRe (5H e (0H,
S5F; = f 0 —[f ( ) RAR —f (—0) RdR],
0 20Jr.—sr; \ OR R.—6R: \ OR
2 R.+6R. 2
I (RetoRe | (6H,
(m,:f d@—[f RAR — £ ]
0 21 JR.-sr; R\ 06

2 2 R.+0R,
4 c c H8
5F4:f dg - &M [f H, log RAR
. < 1-H

2 ~6R; —He
R
e H
- f Hoylog — RdR]. (3.84)
Re-0R; 1 - Hy

Next, H. from Eq. 3.74 is substituted in Eq. 3.84 and 6F1, 6F>, 0F3, and 6Fy (0 Fy

is positive definite, and need not be considered until later) are expanded in a Taylor
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series to second order in 6C,,

21
O H,
SF) = f de [R—O (Ho(R — 6R.) — Hy(R) + 6C.(R. + 6R. — R)) H :
0 OR R=R.—0R;

2 RC Rc
oF, = f do ¢, [f Hy (R+ 6R.)dR — f Hy RdR
0 Re—6Rz—6R. Re—6R:
R
+ f C16C.(R. - R) (R + 5Rc)dR],
Re—SR:—6R.
2 R. 2 R, 2
1 ¢ OH, ¢ OH,
6F; = f de —[f (—0) (R+ 6R.)dR - f (—0) RdR
0 20JR.—srz-5r. \ OR R.—6R: \ OR
R
c 0H
n f (—2acc—° n 5C§) (R + 6RC)dR],
Re—6R:—6R. OR
2 2 R
4 € H
6F4:f dg - U0 [f Hylog —% (R + 6R.)dR
0 2 Re—6R;—6R. 1 - Hy
R.
€ H
- f Holog —>— RdR
Re—6R; 1 -Hp
R.
¢ Hy 1
+ 0C.(R. — R) (10 + ) (R+ O0R.)dR
jl;(,—éR;—(SRc o g1- Hy 1-Hy ¢
R 2 2
¢ 0CZ(R. — R
+f C(—)z (R+5RC)dR+---]. (3.85)
R.—6Rz-o6R. Ho (1 — Hp)

Before going any further, the 6C. and §C? parts will be simplified by finding their
leading order parts in the small R, and 6R_ quantities. Collecting the 6C, terms
in the sum 0 F| + 0 F, + 0 F3 + 0 F4 and denoting the contribution by 0 F, o

2
oF = f "a6 sC. [R(RC +oR, - R) 20
0 OR |R=R.-5R;

R R,
c aH c
— Z9 (R+6R,)dR + (R, — R)
AR
R.—6R;—6R. Re—6R;—0R,

(47)? : Hj N
()
> \*1°H, "1-H,

x (01 _ ) ) (R + 6RC)dR]. (3.86)

Applying Eq. 3.33 to the third integral, this is

2
oF = f "a6 sC. [R(RC +0R, - R)%‘
0 OR |R=R.-5R;

R

; OH

- f —— (R +6R,)dR
R.—6R;—R. OR

Re 2
¢ 0 Hj 1 (9H()
+ R.—R + = R+ SR.)dR]. 3.87

\fl;c—éRE—(SRC( ) ( OR*> R OR ) ( ) (3.87)
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The second derivative in the third integral is then integrated by parts

2r
OH
sF = f d6 5C, [R(RC + 6R. — R0
0 OR |R=R.~6R;

R,
c OH, OH,
—f 29 (R+6R.)dR - (RC—R)(R+5RC)—O‘
R.—R-—o6R, OR OR |R=R.-5Rz-6R,
R,
e OH, R, — R) 8H,
+f _OHy b R —2R)+ B RO p sp dR].
R—6Rz-6R. \ OR R OR

(3.88)

The first term in the first line is canceled by the O((6R.)?) part of the term in the

third line, leaving a leading order 6 R, part, while the integrals combine to give

0 2n _ 82H0
SF" = fo de 6Cc5Rc[Rc(5Re TOR)F ‘R:Rc—(SRE

R,
c R.— ROH,
+f < —OdR+---]. (3.89)
R—6R:-6R. R OR

Using the the asymptotic form in Eq. 3.76, and recalling from Eq. 3.78 that 6 R, >

O0R., the leading order result is
2w
SFD = f d6 [ _ (4m)?R.SC.OR. SR 10g GRS + - - ] . (3.90)
0

The second order 6 C,. contribution to the sum 6 F; + 8 F> + 6 F3 + 6 F4, denoted 6 F éz),

is simpler,

2w R, 2 2
‘ R+6R, (41)%(R, — R)2(R + 6R.)
SFY = f do 6C? f ( ~ - ) dR
0 Re—6R;—0R. 2 2Ho(1 - Hp)
2 1 5
- fo do [ERC&CC(SR; . ] (3.91)

to leading order.

Returning now to the 0(6C?) in 6Ff, the quantities 6Fy, 0F,, 0F3, and 0Fy in

Eq. 3.84 are expanded to second order in 6 R, by using the result in Eq. 3.83 for 6 F;

2
with g = Hyp, 6F3 with g = (%) ,and 0Fy with g = —Hplog I_LFOIO respectively.
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The results are (excluding the 6C, and 6C02 terms already described above),

8[‘[() 6H Hy
sF = | do [R ( sR.2Z0 4 Z(5R. ) ] ,
! f oR ( y 6R2 )+ R=R.—6R;

2n R
5F) = f dé ¢ [5Rc f Ho dR + (6RCRH0
0 R.—6R;

5R2 ( aHo)
Hy - R—= ) T ]
2 R=R.—6R;

2r R 2
1 ¢ 0H) 0H)
§F; = de —[512 ~——| dR+|S6R.R
’ f(; 2 chcaR-(aR) ( (‘9R)
SR ((0H, dHo 6*Hy
+ —| —-2R—— + o
2 (( OR ) OR OR? ‘R:RC_(SR; ]’
2n 2 R
4 ¢ H
S5F, = f dg — ”) [6R f Holog —=2 dR + (6RCRH010g
0 Re—6R: 1 - Hy
SR? Hy 1 ) 0H,

+ OR¢ H 1 + + o ..
2 ( olog 1-Hy 1-Hy] 0R )'R:RC—(SRg
(3.92)

0
1-Hy

Ho &
— (0]
1— Hy &

Collecting the 6 R, terms in the sum 6 F + 0 F> + 0 F3 + 6 F4 and denoting them 6 F Igl)

results in

aH 4m)? H,
5FD :f do R, [f 0) O g 4 ¢y | dR
0 R.—6R; 2 1 - Hy

dH, (47r)2 H, ‘ ]
R(z(aR) +— Hologl_HO C1H, -t (3.93)

The second collection of terms in the big parentheses in the previous equation can
be simplified using Eq. 3.80 and included in the integral

2 Re - 2 2
6F(1):fﬂd9 [6R f (_Rc—c‘iRg dHo\" 1 (9Ho
R 0 ¢ Ro—6R: R OR 2\ 0R

(47)? Hy
- Hol
08 T

_ f2”d9 [6R ch (R+(5R; ~R. (6H0)2 B (aHO)
0 “ Jr.-sr: R OR OR

(4m)?
2

+ ClHo) dR]

Hylog

Hj
Hy| dR]. 3.94
O o) ] (3.94)



106

The last three terms can again be simplified using Eq. 3.80

2r R - 2
6F(1):f 49 [(5R f (R+5RE—RC 0H,
K 0 “Jr.-sk: R OR

R q 0Hy 2 ,
—fR E(a_R) dR)dR]. (3.95)

Using the asymptotic form in Eq. 3.76 this becomes

(3.96)

57D _ 0 (<4”>45Rc<6R;>4<log 6R;>2)
R >

R.

which is nonleading. The second order 6 R, contribution to the sum 6F| + 0F, +
0F3+ 0Fy, denoted 0 F 1(32)’ is again simpler. Using Eq. 3.33 and the asymptotic form
in Eq. 3.76, the leading order is

2r 2
1 6H0 (47T) H() 1
SFY) = f do 5 [6R2Rc ( I ) -C '
R 0 2 " OR 2 g 1-Hy M 1 - Hy ! R=R.—6R;
L. ]

2 2
:f del[éRZRcaHo _O0Hy _ 10Hy ‘ +]
0 2 OR OR?> R OR |Ir=Rr.-sr;:

2r 4
4
:f do [( ;) RcaRgaR;(log5R;)2+--~]. (3.97)
0

The completes the leading order derivation of § 2. Combining Eq. 3.84, Eq. 3.90,
Eq. 3.91, and Eq. 3.97, after a little simplification, results in

b 2n 1 ~ ) \2
SFf = de E[Rcng (6Ce — (47)*6R, log 6R; )
0

R.+6R, 1 (9H.\2
+ RAR — [ 22 +] 3.98
»fI;L.—éR; R? ( a0 ) (399)

The term from 6 F Igl) from Eq. 3.96 has been neglected here because it is possible to
choose 6 R sufficiently small in accordance with Eq. 3.78 such that it is negligible
compared to the terms retained. Finally, note that Eq. 3.98 is always non-negative,
since 0R_ > 0. It follows that no boundary perturbation can lower the energy of
the base state by dominating the interior contribution. Since ultimately d F is to be
minimized among all possible perturbations to search for instabilities, it follows that
O0R. and 6C, should be chosen sufficiently small that the leading order contribution
will come from the interior region (5F£, as assumed in the subsection The interior

contribution to the the energy stability analysis and the eigenvalue problem.
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This implies that the zero contact slope droplets with Hyax < 0.81113 are indeed

energy stable. This completes our demonstration of Proposition 4.

A few technical aspects concerning this demonstration will be noted now before
closing this section. First, although we specialized to C, = 0 earlier in view of
Proposition 2, it is worth noting that when considering droplets with C. > 0, the
instability appears in the boundary contribution here as a lower order term that
vanishes for C, = 0 rather than as a negative eigenvalue in the interior contribution.
Also, note that there is one technical complication if 6C, = (47)%6 R, logoR; in
Eq. 3.98. Since the leading order term then vanishes, the next leading order term
should really be investigated before concluding that it is positive definite. Such
an analysis seems excessive and has not been carried out. Lastly, the reader may
wonder whether any of the higher order terms in 6C, or 6 R, could dominate the
terms that we have retained in Eq. 3.98. It was shown, for example, that the 0 F éz)
and 0 F Igz) terms can be comparable or dominate the 6Fél) and 0 F Igl) terms despite
being higher order in 6C, and JR., respectively. However, note that there were
terms of formally larger order in O F, él) and o F 1(31) that happened to cancel each other
exactly after application of Eq. 3.33 or Eq. 3.80. This was in fact the only reason
that it was possible for ¢ Féz) and 0 F Igz) to be comparable to these lower order terms.
No such cancellation took place in the 6Fé2) and 0F I(ez) terms, and so the higher

order terms in 6C, and d R, can never be comparable to them.

Discussion

Several propositions regarding the stability of compactly supported states have
been described and supported in this section. The differential equation governing
potentially stable, steady states described in Proposition 1 and the assessment of
the stability of these solutions in Propositions 2-4 have relied essentially on the
variational form of the governing equation in Eq. 3.3 and the fact that the Lyapunov
energy strictly decreases in time, as described in Assumption 1. It is expected
that physicists working in the field of thin films will be mostly satisfied with the
assumptions made and the evidence provided herein. However, the exact conditions
under which these propositions will hold and mathematically rigorous proofs of
their validity have not been attempted, and future efforts to do so would certainly be

valuable.

The most interesting and novel physical conclusion discussed was the destabilization

of thermocapillary-driven droplets as their volume and height increases in the case
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of Eq. 3.6. This result was likely not noted in previous numerical work because

most studies have employed a convective model with the Lyapunov potential like

H
W(H) = H log (m) , (3.99)
rather than the conductive one in Eq. 3.6, and there is no corresponding instability
in the convective model. This Eq. 3.99 is also relevant in the unusual conductive
case when « > 1. Moreover, this instability result differs qualitatively from the

one-dimensional power-law forcing considered in detail by mathematicians

0H 0 (. 0°H L OH
Eﬁ'a—X(H _6X3+BH 6—)—0,

with Q1 (H) = H" and W/ (H) = 0 (unforced, B = 0) or W”(H) = —BH™™" (power-

law forcing, B > 0). In this case, stability depends on the strength of the power law

(3.100)

but not on the droplet size, as discussed in Section 3.3 below. Unlike the cases in
Eq. 3.99 and Eq. 3.100, the driving force in Eq. 3.6 becomes increasingly dominant
with increasing droplet height, since the thickness of the layer of insulating gas
separating the hot and cold substrates in Fig. 3.2 decreases with increasing H and
thus more heat is transported across taller films. This results in larger Marangoni
stresses that consequently destabilize sufficiently large droplets. The correspondence
in the case of Eq. 3.6 between droplet destabilization and the critical points of " and
F /¥ described in Proposition 3 and Proposition 4 was an intriguing mathematical
conclusion, which raises the question: Do the critical points of ¥ and F/7 always
indicate a change in droplet stability for films governed by Eq. 3.3 with more general
Qi1(H)and W(H)?

Although stability of sufficiently short droplets governed by Eq. 3.6 has been es-
tablished here, it has not been shown that a perturbed flat film will actually evolve
towards a configuration consisting of such stable droplets in the large time limit. In
fact, it can be easily demonstrated that the Lyapunov energy is unbounded below
for any finite volume2. The stable droplet solutions are only local minima of the
Lyapunov energy, and the flat film may or may not lie in the basin of attraction
of droplet configurations. In fact, in past experimental studies, nanopillar growth
has continued until contact with the cold substrate in Fig. 3.2 was achieved, but
the development of an array of steady droplets is still likely possible given appro-

priate experimental parameters. Considering the physical constraint in Eq. 3.34

2Taking the k — 0 limit so that Eq. 3.34 can be satisfied, the profile H.(R) = 1 —exp (-bR™%)
where a > 2 can easily be demonstrated to contain a finite volume 0 < ¥ [Ho,] = b*/“T (“7‘2) /2 <
oo but a divergent Lyapunov energy F [H.,] = —oo, where I is the Gamma function.
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and the conclusions in Proposition 4, it only follows for x < 0.18887 that all
stable droplets described here actually fit in the apparatus. Given the polymer
melts and air used in a current experiment [13] with &, = 0.036 Wm~'K~! and
kps ~ 0.130 Wm™'K™! at T = 443 K, it follows that k ~ 0.28, so that in fact the
unstable tall droplets with height Hpax 2, 0.81113 do not fit in this apparatus and
are unphysical. However, « can easily be lowered by using a heavier atomic mass
gas instead of air above the fluid. For example, argon has a thermal conductivity
0.0224 Wm'K™! < kar < 0.0265 Wm™'K™! for 400 K < T < 500 K, which
could lead to sufficiently small value of « when the fluid is the same polystyrene
melt [82] . Such an experimental setup would be necessary to observe droplet
instability. On the other hand, increasing x will tend to stabilize more droplets
and thus promote steady state formation. If helium, with thermal conductivity
0.1896 Wm™'K™! < kpe < 0.2214 Wm™'K™! for 400K < T < 500 K, were used, it
would follow that « > 1 with the same polystyrene melt [82]. In this case, Eq. 3.99
rather than Eq. 3.6 would be relevant, and all zero contact slope droplets would be
stable.

Even if some of the supposedly stable droplets formed actually contact the cold
substrate, the only requirement for forming a steady state droplets is that the droplets
that do form are shorter than H,,,x = 1 — k. Given the total volume of fluid in initial
flat film state, the most naive model assumes that a hexagonal lattice forms with
the same volume of fluid and with lattice spacing equal to the wavelength of the
most unstable mode of growth for the flat film. Carrying out the linear stability
analysis of the flat film state, it can be shown that each droplet should contain a
volume ¥ = \5)(2(1 + X)2/2, where y = (k — 1)/Dg. On the other hand, the
volume of the largest stable droplet in Fig. 3.4(a) is ¥max ~ 0.0139. It follows that
for —0.851 < xy < —0.149, the largest stable droplet does not have enough volume
to accommodate the volume in the initial state, so that y = —0.149 is another
requirement on steady state droplet formation (y < —0.851 also satisfies this criteria,
but this situation corresponds to very small x and Dy and is not of experimental
interest). Restated in terms of the gap width, the largest volume droplet contains
enough volume to accommodate the hexagonal lattice when Dy = (1 — «)/0.149,
but as noted above, this droplet only fits in the apparatus if « < 0.18887. These
bounds on steady droplet formations are not strict since the assumption that a perfect
hexagonal lattice forms is obviously an idealization, but they may be of value in

designing future experiments.
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3.2 Long time evolution for driven films with gravitational forces

A detailed stability analysis for radially symmetric droplets was carried out in the
previous section for a specific driving thermocapillary force, but the implications
can be extended to a variety of other problems. Furthermore, many of the technical
details considered in the previous sections can often be bypassed. To illustrate,
we consider in this section the long time evolution and expected morphological
development of an initially flat film under the influence of either thermocapillary

and gravitational forces or electrohydrodynamic and gravitational forces.

We described in Eqns. 1.70-1.71 the appropriate Lyapunov potential in the thermo-

capillary and gravitation driven (TC) case

G
) + —H>.

1+ yH

3M
Wrc(H) + We(H) = —Ta(1+)()Hlog( >

We also described in Eqns. 1.71-1.72 the appropriate Lyapunov potential in the

electrohydrodynamic and gravitation driven (EHD) case,

E H G
Wenp(H) + WG(H) = —5% + EHZ-

The resulting thin film equations in Eq. 3.3 in the TC case is

H? Ma(l + y)H? GH?
2H+a(—X)2VLH—
2(1+ yH)

OH Ca
97 vy, .
or L (

VLH) =0, (3.101)

while in the EHD case, it is

(3.102)

As in Section 3.1, a rescaling of H, ¢t and X can help collapse the dependencies
on non-dimensional variables in Eqns. 3.101-3.102. For the TC case, we use the

rescalings

(4m)*  -x
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which, after dropping the primes, results in the rescaled equation

oH H? ) H? grcH?
—+Vy | —Vi Vi H+ ———V,H - VLH| =0, 3.103
5 T VL ((4ﬂ)2 A L ( )
where B )
G pgd;
8TC

" Ma(-x) (1+x) orTu—-To)k(1-x)
is the non-dimensional number quantifying the relative strength of gravitational and

thermocapillary forces. Similarly for the EHD case, we use the rescalings

H' = (- xenp) H,

3 .
{ = - E%Calt,
((4ﬂ)2( XEHD) a)
3 12
X =—— (- 2EC Xy,
L ((4ﬂ)2( XEHD) a) L

which, after dropping the primes, results in the rescaled equation

0H H3 5 H3 geupH>

—+V, | —V,VVH+ —V;H - ViLH| =0, 3.104

5t VL ((4ﬂ)2 LV T L ( )
where

G B pgd;
E(-xpmp)®  €08AVZepmp (1 - genp)?
is the non-dimensional number quantifying the relative strength of gravitational

SEHD =

and electrohydrodynamic forces. Note that both gt¢ and gggp depend on various

experimental parameters but not on the initial film thickness hy.

To apply the conclusions from Section 3.1, we first consider the various radially
symmetric steady droplet solutions to Eq. 3.103-3.104. As in the Proposition 1 of
Section 3.1, because stable solution must minimize the relevant Lyapunov energies,
the potentially stable radially symmetric droplets satisfy a second order spatial

ordinary differential equation. For the TC problem, the droplets satisfy

li(RBH)+(47r)2 (log( H )+ 1 )_(47r)2gTC

Ci H, (3.105)

" ROR\ 0R)" 2 I-H) 1-H 3
while for the EHD problem, the droplets satisfy

1o RB_H +(47r)2 1 (4m)’gemp
~ ROR\ OR 6 (1-H)> 3

Ci H, (3.106)

where C is the Lagrange multiplier enforcing conservation of volume in both cases.

Furthermore, since the relevant Lyapunov potentials vanish as H — 0, Proposition 2
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aH
OR |R=R,

can be stable, where R, is the radius of the contact line where H|g_g. = 0. Thus

of Section 3.1 ensures that only those droplets with zero contact slope C,. =

we can parameterize all the potentially stable droplet solutions with just the droplet
height Hyax = H|g—y. For each Hp.x, we numerically solve Eqns. 3.105-3.106
while iteratively decreasing the droplet curvature in order to achieve the C, = 0
condition, as was done in Section 3.1. Having carried out this procedure for several
values of Hp,x, the volume of each zero contact droplet solution was calculated for
a number values of grc and gggp and plots of interpolations of ¥ vs. Hp,x are
depicted in Fig. 3.8.

@) TC droplets (b) EHD droplets
orol ‘ ‘ ‘ — ‘ ; : ‘
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Figure 3.8: Volume of zero contact slope droplets for (a) thermocapillary driven
films with grc = 0 (solid line), grc = 5 (dashed line), grc = 10 (dotted line), and
grc = 12.1 (dash-dotted line) and (b) electrohydrodynamic films with ggyp = 0
(solid line), gggp = 0.5 (dashed line), gggp = 0.9 (dotted line), and ggyp = 1
(dash-dotted line). As the gravity numbers increase, the scaled height of the largest
volume droplets decreases and the scaled volume of the largest volume droplets
increases.

The relationship between stability and the plots of ¥ vs. Hp.x for zero contact
droplets was the subject of Proposition 3 and Proposition 4 in Section 3.1 in the
thermocapillary case with grc = 0. It was shown there the stable droplets were
those with Hp,,x between zero and the height of the droplet with maximum volume,
which we denote here Hi sp (the subscript LSD denotes largest stable droplet). We
conjecture here that this is true for all values of grc and also true for all values of
genp for the electrohydrodynamic droplets in Fig. 3.8(b). This claim is not proven
but will be tested numerically later in this section for one case of EHD films. As gtc
increases, the volume of the largest stable droplet Vi sp increases while the height
Hiy sp decreases. This is possible only because the radius of the largest stable droplets
Ry sp also increases with increasing grc. In fact, as gtc approaches a critical number
which is apparently a little larger than 12, the radius Ry sp and volume Vi sp appear

to diverge while Hysp approaches a constant that is a little larger than 0.5. This
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is indicative of a bifurcation in which the droplet solutions merge into the flat film
solutions. A similar bifurcation is apparent in the electrohydrodynamic droplets,
but the critical number in that case is ggyp = 1. A qualitative difference in the
EHD case is that the limiting maximum height Hy sp approaches zero as gggp — 1,
while the volume V sp approaches a non-zero constant as the radius Ry sp diverges.
This qualitative difference leads to some interesting physical differences between

the thermocapillary and electrohydrodynamic films which we will discuss shortly.

The knowledge of the volume of the largest stable droplets Vi sp allows us to make
important predictions about the long time evolution of an initially flat film. The first
step in these predictions is the linear stability of an initially flat film. The film height
was initially scaled by the initial film thickness hg. After the rescaling described
above, the initial TC film non-dimensionalizes to Hy = — y while the initial EHD
film non-dimensionalizes to Hy = — ygup. The linear stability of Eqns. 3.103-3.104
is derived by linearizing with the ansatz H = Hy+ § He?*'PXt with §H < Hy. The

resulting dispersion relation in the TC case is

(0 s (=x)? ch<—X>3)
b=-lpl ((4n)2|| 20+ x2 3 )

while in the EHD case, the dispersion relation is

b=—|p|? ((—)(EHD)3 ipl? — (—xEHD)’ N gEHD(_XEHD)3)
(4m)? 3(1 + xenp)? 3 '

The growth rate b is strictly negative for

3 1 1
> o5 Oor gEHD > 0,
2(—=x)(+ x)? (1 + xenp)?

so that the flat films are stable in these cases. A type Il instability results for smaller

8TC (3.107)

gtc and gpyp where a band of unstable wavenumbers with positive growth rates
emergences starting at |p| = 0. During the initial stages of the instability, the most
important quantities are the growth rate by, and the wavelength A, of the fastest

growing mode. For the TC film, these are

(04 ( 3 . )2
max 9 2(_/\/)(1 N )()2 8TC| >

\/g 3 -1/2
A = 5(2(—x><1+x>2_g“) | G109
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while for the EHD film they are

bmax = 47r2(_XEHD)3 ( ! - gEHD)Z,
9 (1 + xEnp)?
s = \ﬁ (; - gEHD) " (3.109)
2\ (1 + xemp)?

These quantities determine the size and growth rate of the initial protrusions that

form in the flat film.

Long after the initial growth of an unstable film, one may expect that the protrusions
will approach steady droplet states, and the film may rupture as the fluid is drawn
out of the troughs between the protrusions. This will only be possible, however, if
steady droplets solutions exists which can accomodate the volume in the initial film.
In particular, if the growing pattern is a perfect hexagonal lattice with lattice constant
of Amax, €ach protrusion must contain a volume of fluid Vrotrusion = \/75 (/lmax)2 Hy
where Hy = — y in the TC case and Hy = — yggp in the EHD case. This estimate for
the volume in each protrusion is an underestimate, as a perfect hexagonal lattice will
not generally occur. Nearby initial protrusions may combine during their growth,
and a more realistic estimate for the volume the largest droplets must accomodate is
2Vorowrusion- Whether such droplets exists depends on the volume of the largest stable
droplet Vi sp. Taking the numerical values of Vi sp from the numerics described in
1

i Dy _ _1 Do _ _ - ~
Fig. 3.8, one can find the values of ;= = X and —*— = T which satisfy

VLsD = 2Vprotrusion and identify the boundary for which thicker initial films (and

hence smaller gap ratio Dg) contain more volume per protrusion than the largest
stable droplets. For films that are thicker than these, the protrusions are expected
to grow until they make contact with the top substrate and form a column. If the
gap width is very large, the growing protrusion may grow very thin and even break
apart before making contact with the top substrate, thus producing a jet or spray or
fluid instead. The thin film approximation is expected to fail prior to this outcome,
and a singularity may be encountered in numerics. These predictions are plotted in
Fig. 3.9 below.

One interesting feature of Fig. 3.9 is the difference between “triple point” where
the droplet, flat film, and columns or jets domains all come together. For the

thermocapillary films, this point lies around grc = 12.1 and % ~ 5, while for the

Dy
1-eEHD

electrohydrodynamic films, it lies at gggp = 1 and = oo. The triple point
is the bifurcation in which the radius R, of largest stable droplet diverges and the

largest stable droplets merge with the flat film solutions. The difference between
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Figure 3.9: Expected long time morphology for (a) thermocapillary driven and
(b) electrohydrodynamic driven films. The solid lines are the boundaries between
stable and unstable flat films in Eq. 3.107, while the dotted lines are the boundaries

determined by Vi.sp = 2Vjrotrusion-

the character of the triple point in the TC and EHD case is the fact that the largest
stable droplets have finite Hy,x as grc — 12.1 in the TC case but have vanishing
Hpnax as gggp — 1 in the EHD case. The origin of this difference is apparently due
to the fact that the thermocapillary force is a tangential interfacial force which has a
H? coefficient in the film equation while the gravitational and electrohydrodynamic
forces are body and surface normal forces which both have a H> coefficient in the

film equation. Experimental implications about these predictions are discussed in

Section 3.3 below.

Finally, to test our prediction about the morphological development, we implemented
dynamical simulations to observe the morphological development of an initially flat
film. We used Mathematica’s method of lines discretization (with 100 points in each
spatial direction) and a BDF integration method (specifically SUNDIALS IDA [83])
to numerically integrate the EHD driven film in Eq. 3.104 starting with an initially
flat film with a small random initial perturbation one tenth the size of the initial
film thickness. We used periodic boundary conditions and a domain that would
accomodate a hexagonal lattice of 24 droplets with A, spacing. One simulation

was carried out in the droplets domain in Fig. 3.9 with gggp = 0.5 and initial film

thickness 1/Hy = I_ZSHD = 100, while a second was carried out in the columns
or jets domain with gggp = 0.5 and initial film thickness 1/Hy = I_ZSHD = 50.

The boundary between the droplet and columns or jets domain was predicted to be

l_lzﬁ ~ 73 for gggp = 0.5. The first simulation was run for a time 5/ by, five times
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longer than the time scale determined by the the fastest growing mode. There we
did observe the protrusions grow towards the steady droplet solutions. The second
simulation reach a singularity shortly before a time 5/bp,x, as a growing protrusion
blew up into a jet formation. The results at the final time step are shown in Fig. 3.10
below. It should also be noted that for longer simulation in the droplet domain of
parameters in Fig. 3.9, a different kind of numerical singularity was observed in
which the film height became smaller than the precision of the integration in some
of the interstitial regions between the droplets. This rupturing singularity has been
noted by many other authors and can be mitigated with additional inclusion of Van
der Waals forces, for example. In any case, these simulation confirm our prediction
that for sufficiently thick initial films, there does not exist stable droplet states that
can accomodate enough volume to support the development of droplets, and jets

form instead.

D
Jenp = 0.5, — - 100 genp = 0.5,

1- egp 1- €ep

Do

=50

Figure 3.10: Final state of the simulations of electrohydrodynamic driven films in
(a) the droplet forming domain and (b) the jet forming domain of Fig. 3.9. The
formation of the prominent jet in (b) is expected to occur only for sufficiently thick
initial films.

Over a longer course of development of a film in the droplet domain of Fig. 3.9, one
may expect (with appropriate modeling of the contact lines or mitigation of rupture
with Van der Waals forces) that the initial droplets that form will combine and coarsen
slowly, as in spinodal decomposition. As this process continues, some droplets may
attain volume in excess of Vi sp and would then be expected to develop into a jet or
column. This very long time coarsening behavior is yet another interesting research

direction for the future.
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3.3 Notes

As noted in Section 3.1, the mathematical community has carried out several rigor-
ous studies of equations of the form in Eq. 3.3 in the special case where H depends
on only one of the two Cartesian coordinates (X, Y) and time 7, as in Eq. 3.100.
The degeneracy Q1(H) — 0 as H — 0 is known to lead to singular behavior re-
lated to rupture, and Bernis and Friedman and later Bertozzi, Brenner, Dupont, and
Kadanoff introduced weak, non-negative solutions to model the spreading of post-
ruptured states and the moving contact line [75-77]. Important results regarding the
t — oo behavior of such solutions have also been established. First, in the unforced
case, long-time strict positivity and convergence towards the uniform film have been
establish by Beretta, Bertsch, Dal Passo, and Bertozzi [56, 57]. In the power-law
forcing case, Bertozzi and Pugh showed that solutions remain bounded above for
all t for m < n + 2, but can blow up in finite time otherwise [84, 85]. Laugesen
and Pugh performed linear stability analyses of strictly positive periodic steady
states and found instabilities when m < n or m > n + 1 (or more generally, when
W& (H) < 0), and states were observed to numerically evolve towards ruptured
arrays of droplets [78, 86, 87]. Recently, Cheung and Chou performed a stability
analysis of droplet states for Eq. 3.100 and found stability of isolated droplets with

zero contact slope for n — 2 < m < n + 2 but instability for m > n + 3 [79].

These mathematical results are significant and give an interesting perspective to
complement the physics literature on the subject, but the specific form in Eq. 3.100
has limited physical application. First, although Eq. 3.100 is a valid reduction of
Eq. 3.3 in which H does not depend on Y, the stability results described above
neglect possible instabilities resulting from perturbations that vary with Y. On the
other hand, the rotationally invariant solutions for which H depends only on R
are expected to have greater physical significance, but the resulting reduction of
Eq. 3.3 is not of the form in Eq. 3.100. Furthermore, perturbations that vary with
the angular coordinate 8 should be accounted for in the stability analysis. Another
peculiarity in Eq. 3.100 resulting from the strict power-law forcing is the invariance
under the scaling H — AH, X — A""™/2X t — 21"~2";  This symmetry allows
droplets of differing volumes to be mapped to each other and implies that if a
stable droplet exist for one volume, then a stable droplet exists for all volumes.
For more general W(H) and Q(H), such a scaling will not be a symmetry of
Eq. 3.3. Our results in Section 3.1 account for these complications. Proposition 1
characterized the potentially stable steady states as extrema of the Lyapunov energy,

while Proposition 2 demonstrated that only those droplets with C,. = 2CaW (0) can
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be stable. Analogous results appear in the one-dimensional study of Cheung and
Chou [79]. However, several novel results were described as well. The coincidence
of the extrema of ¥" and F /7 described in Proposition 3 relied on the analogue to
the fundamental relation of thermodynamics in Lemma 1. This analog in Lemma 1
is rather general, applying to any family of functions which minimize a functional,
and we expect it could find use in other problems involving free boundaries. The
derivation of Lemma 1 relied on a form of the Reynolds’ transport theorem which
was generalized beyond the usual one. This generalized Reynolds’ transport theorem
is discussed and proven in Appendix B below. Finally, in Proposition 4, we studied
one particular thermocapillary form for W and characterized stable droplets as those
with Hyax < 0.81113. This particular droplet height was also a simultaneous critical
point of ¥ and F'/7 as discussed in Proposition 3, which allowed us to conjecture

about stability of droplets with other Lyapunov potentials.

In the physics literature, several numerical studies have been carried out to predict
the long time evolution of initially flat films. Deissler and Oron first described thin
film droplet solutions in a thermocapillary film [74]. Oron and Rosenau and Boos
and Thess have noted that in the absence of other stabilizing forces, the protrusions
in the convectively cooled film tend to grow until film rupture occurs and the long
time steady state is expected to consist of droplets of fluid separated by dry regions
[18, 19, 47, 88]. More recently, Bestehorn, Pototsky, Thiele, and Knobloch studied
the development and stability of droplet states in convectively cooled films, avoiding
the difficulty of singularities during rupture by including a repulsive Van der Waals
interaction with the hot substrate which prevented rupture from developing [48, 49].
They observed long time coarsening behavior, where small droplets combined or
were depleted by larger droplets over time to eventually form a single, large, stable
droplet state. Merkt, Pototsky, Bestehorn, and Thiele have also developed a thin
film equation for two layer confined films which treated both the fluid and gas layer
hydrodynamically and studied the development of droplet states numerically in a

system with two layers of oil, again noting long time coarsening behavior [24].

In Section 3.2, we considered the long time evolution of an initially flat film in the
presence of thermocapillary and gravitational forces and electrohydrodynamic and
gravitational forces. There we utilized the new results of Section 3.1 by focusing
on the simultaneous critical points of ¥ and F/7 for zero contact angle droplets,
which significantly simplified the analysis. We found that the height of the largest

stable droplets decreases while the volume increases with increasing gravitational
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forces in both cases. Noting the size of the growing protrusions using linear stability,
we characterized when stable droplets could accomodate the initial growth or, on
the other hand, when columns or jets are expected to form instead, as summarized
in Figure 3.9 which should be a useful guide to experiments in the future. Whether
it is desirable to form steady droplets, or columns or jets depends on context,
and a specification of the physical parameters necessary to achieve those states is
significant. As far as the author is aware, the possibility of forming jets in the
thermocapillary driven case has not been previously recognized. The portion of the
parameter space in Figure 3.9 where jets might form is rather small, and since the
gap widths are not especially large in this region, the more likely outcome seems to
be the formation of columns when the growing protusion makes contact with the top
substrate. It may be possible to design experiments to avoid this outcome, however,

by leaving a gap in the top substrate for example.

The opposite is true in the electrohydrodynamic case — previous experiments seem
to favor the formation of columns [40, 41]. Our results indicate that much larger gap
widths are necessary to favor droplet formation than have been usually employed
in experiments, but such droplet formation may be desirable. Finally, a particularly
interesting domain of parameters in the electrohydrodynamic case is those films
with large gap width and with gggp < 1. Even for a very large ratio of gap
width to initial film thickness, such films are expected to form jets rather than
droplets. Furthermore, adjustment of ggyp can be achieved by simply changing
the applied voltage. However, since films with gggp = 1 are stable, the timescale
of the linear instability for these films may be rather long, and tuning of various
material and geometry parameters may be necessary to achieve such jet formation
in an experimental setting. For reference, after undoing all the scalings described

in Section 3.2, the dimensionful growth rate and wavelength of the most unstable

2 273 2
_ p°g"h 1
bmax = 0 ( - gEHD) 5

modes are

12u008Fyp \ (1 + xEnp)”

~1/2

- 8200 gEHD 1

Amax = 3 ~ 8EHD .
P8 (I + xEHD)

A fluid with low viscosity and surface tension like ethanol, with p ~ 790 kg/m,

0o ~ 22 mN/m, u ~ 1 mPa - s, and relative permittivity & ~ 25, with an initial
film height of hg = 20 um, a gap width of dp = 2 mm and with an applied voltage
AV ~ 3.9 kV would achieve ggyp = 0.5 with —2— ~ 100 as in Fig. 3.10(a), and

D,
1-&gnD
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drop formation would be expected. Decreasing the gap width to dy ~ 1 mm and
the applied voltage to AV ~ 1.4kV would achieve ggyp = 0.5 with Do~ 50

l—egnp
as in Fig. 3.10(b), and jet formation would be expected instead. The scales are

reasonable in this case with a growth rate of by, ~ 0.002 s™! and a wavelength of
Amax ~ 15 mm. These are rather large voltages to apply to such a small gaps but
are well below the breakdown voltage for air at standard temperature and pressure.
This scenario was chosen such that the film is not so thin that Van der Waals
forces dominate gravitational ones, the voltages are not unrealistically large, and the
growth rate is not unreasonably small. To conclude, it seems likely that experiments
to produce jets or droplets with the electrohydrodynamic instability are possible,
though we note that leaky dielectric model may be more appropriate than the pure
dielectric model we employed. An analogous analysis including Van der Waals
forces for a leaky dielectric while neglecting gravitational forces for nanometer

scale polymer melt thin films would be an interesting future direction for research.



121
Chapter 4

SCALE INVARIANT SELF-SIMILAR SOLUTIONS

We found in Chapter 2 that the thin film equations possess scaling symmetries in a
number of special circumstances. In this chapter, we consider solutions which are
invariant under these scaling symmetries. First, in Section 4.1, we will consider
the problem of an insoluble surfactant spreading on a thin viscous film. When
Marangoni forces dominate capillary and diffusive forces, as is the case in exper-
iments shortly after deposition of a surfactant on a thin fluid film, the relevant
evolution equations possess three independent scaling symmetries which lead to
an extraordinary variety of scale-invariant solutions. Some of these scale-invariant
solutions are well known, but we also demonstrate new scale-invariant solutions
which describe the previously uncharacterized inner droplet portion of the spread-
ing process. Next, in Section 4.2, we describe some scale-invariant solutions for
a purely capillary spreading film which, to the authors knowledge, have not been
previously studied. These include steady scale invariant solutions, traveling and
rotating wave scale invariant solutions, and solutions which are invariant under two
different scaling symmetries, with a rotating component as well. Finally, Section
4.3 contains a discussion of the history and literature in the field, with an attempt to

place the new research contained in this chapter in a wider context.

4.1 Scale invariant spreading of an insoluble surfactant on a thin film

[1] Z. G. Nicolaou and S. M. Troian. “Scale Invariant Draining of the Inner
Droplet in the Spreading of an Insoluble Surfactant on a Thin Viscous
Film”. In: Phys. Rev. E (preparing for submission 2016).

Consider an initially flat thin fluid film onto which a surfactant is deposited, as
depicted in Fig. 4.1(a). Surface tension decreases with increasing surfactant con-
centration, so gradients in surfactant concentration result in surface tension gradients
which are called Marangoni forces. Shortly after the initial deposition of the sur-
factant, a structure like that depicted in Fig. 4.1(b) has been observed to develop
in both numerical and experimental work. The fluid and the surfactant with it are
drawn out from the area of the initial deposition because of the Marangoni forces,

and the fluid accumulates to forms a sharp ridge at the front of the spreading shock,
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where the surfactant concentration vanishes. Closer to the initial deposition, an
inner droplet of fluid with high surfactant concentration is trapped behind a drained
region, where the film is very thin. The spreading ridge continues to expand while
the inner droplet slowly drains with increasing time. Experiments with very thin
films have also exhibited fingering instabilities which occur along the drained front.
In these experiments, a finger of fluid protrudes and branches into finer fingers,
resulting in a beautiful pattern. This pattern formation has not been theoretically
understood, and it is hoped that the work characterizing the draining of the inner

droplet contained in this section will help future researchers better understand this

process.
(a) (b) Shock Front
Vo Q%gﬁ%é%‘éil—) Vo Film
000000000 T Height
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Z y Concentration
X
AN

Drained Front

Figure 4.1: (a) Aninsoluble surfactant of concentration v, is deposited with a length
scale L onto a flat visous fluid film of thickness /. Surface tension o increases
with decreasing surfactant concentration, and the resulting Marangoni forces (red
arrows) pull fluid out from the region where the surfactant was deposited. After a
short time, the structure shown in (b) develops and continues to spread.

The mathematical description of the spreading of an insoluble surfactant on a thin
viscous fluid film was described in Section 1.3. The non-dimensionalized partial
differential equations governing the evolution of the film height and surfactant
concentration in Eq. 1.73 are repeated here for convenience,

0H | R 1.-

=L (§Ca 'H3V, V3 H - 5MaHZVLr) =0,

1 - _ - - _
E +V,- (ECa 1H2FVLV%H —MaHTI'V,I' — Pe IVLF) =0, 4.1)

where H = h/hy is the non-dimensionalized film thickness with /4 the dimensionful
film thickness and A the initial film thickness, I" = y /vy, is the non-dimensionalized
surfactant concentration with y the dimensionful surfactant concentration and yy,

the concentration in the initial deposition, ¢ = fu./L is the non-dimensionalized time
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with 7 the dimensionful time, u. the lateral velocity scale, and L the length scale of
the initial surfactant deposition, V; = (%, %), where X; = (X,Y) = (x/L,y/L)
are the non-dimensionalized Cartesian spatial coordinates in the directions lateral to
the film with (x, y) the dimensionful Cartesian lateral coordinates, Ca = ./ oo
is the thin-film capillary number with € = hg/L < 1 is the thin film aspect ratio,
w is the fluid viscosity, and o the surface tension of the fluid in the absense
of surfactant, Ma = £0yYm/ M. is the thin-film Marangoni number with o, the
coeflicient describing the assumed linear relation o= = 09 — o,y between the surface
tension and the surfactant concentration, and Pe = £Lu./D is the thin-film Peclet
number with O the surface diffusion coefficient of the surfactant. For systems
of interest, the Marangoni driving terms are much larger than the capillary and
diffusive terms over for the portion of the domain closer to the initial surfactant
deposition than the shock front. We therefore choose a Marangoni lateral velocity
scale u. = £0yym/p which fixes Ma = 1 and we assume Ca'<landPe ' < 1.

A valid approximation to Eq. 4.1 is then afforded by

OH 1
0=-—+V, - |-=H*V,T|,
or O F ( 2 L)
r
0:‘2—t+vL-(—Hrer). (4.2)

An extraordinary feature of Eq. 4.2 is the large degree of symmetry that it possess.
Being spatially isotropic and homogeneous, the equations are invariant under the
expected rotation in the (X,Y) plane and spatial translations in each direction,
and being autonomous, the equations are invariant under translations in time. In
addition, Eq. 4.2 possesses invariance under the scaling transformations

22

H— AyH, T AL, X, - ax, X, - —Ly 4.3)
AgAr

parameterized by the independent scaling factors Ax,, Ay, and Ar. Two scaling
exponents a and a, will specify a scale transformation in Eq. 4.3 with Ay =
(Ax,)™" and Ar = (2x,)*. In addition, a dimensionality variable n will be use
that is n = O for translationally invariant solutions which depend on only one of
the Cartesian variable X or Y and is n = 1 for rotationally invariant solutions
which depend only on R = VX2 +Y2 The similarity variable that is invariant
under these scaling transformations and that used as an independent variable below
is & = X/(it)m forn = 0 and ¢ = R/(it)m for n = 1. The scaled
dependent variables are H = H/ (it)"‘—‘::—l—”z and T = T/ (it)Z-:l—z-“z, and a scale-

invariant solution is one for which A and I depend on & alone. Generally we focus
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only the +¢ case, unless otherwise noted. The infinitestimal form of such a scaling
6

symmetry with Ay = /l;‘L and Ar = /l;?L is the vector ¥, ,

- yO_ i
) = Xox + Y37 +
2-a;—az) % + alHaiH + cle"air discussed in Section 2.2.

Derivation of the planar system

One means to study Eq. 4.2 is to look for special solutions, and as discussed in
Chapter 2, invariance of a solution under symmetries of a differential equations
provides a general approach to finding such solutions. In the case of Eq. 4.2, Jensen
[71] described solutions which are invariant either under spatial translations or
spatial rotations and under the arbitrary scaling transformation of Eq. 4.3. Jensen
showed that the scale invariant coupled equations can be recast as a planar system
described by an autonomous pair of ordinary differential equations. Jensen’s results
can be summarized with the following differential system in the new dependent
variables U = HT /&2 which is a scaled product of the film thickness and surfactant
concentration and V = —H g—g/f which is the scaled surface velocity. Jensen used

the independent variable ¢ = log(¢), and derived the planar system,

oU _ UQRV+1-066—-3a(l-26))+V(2V-39)

I vV -26
AV  U(m+DHV+QR5-DU-a)+V(©E-V)
— == , (4.4)
Ao U

where 6 = 1/(2 — a1 — a3) and @ = «a/(a; + @) are an arbitrary real scaling
exponents related to which scaling symmetry the solution is invariant under. Each

solution to Eq. 4.4 corresponds to a solution

H = Co(it)(Z(S—l)wUGZa/q)+f Y(oat) dg. (4.5)

r= i(it)(25-1)(1-0)62(1-a)¢-fM dg.
Co

where Cj is an integration constant. The transformation in Eq. 4.5 follows di-

rectly from equations (2), (4) and (8) of Jensen [71] after noting ¢ = —InCy —

f deb for some constant Cp and substituting his spatial variable x for

x = (2)0 & = (21)0 2.

For completeness, our own derivation of an analogous planar system will be carried
out here using the symmetry methods discussed in Section 2.1. The rotationally
invariant scale invariant reductions (ii-4) and the translationally invariant scale

invariant reductions (ii-5) of Section 2.2 are the starting points. The reduced
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equations can be expressed

+a1f7—f%—?+i o (_&H*or _
2—ay—ap EnO€ 2 E)f ’
ol ~65 10 ( O ) .

where n = 0 and € = (it)_%X for translationally invariant solutions and
n=1and¢ = (it)_%R for rotationally invariant solutions. The invariants
which are the dependent variables in Eq. 4.6 are H = (J_rt)_z—“(;—l—“zH and T’ =
(it)_zf‘z—zf"zl". Because only one of the scaling symmetries in Eq. 4.3 was used to
derive Eq. 4.6, there are a further two remnant scaling symmetries of the reduced
equations which permit a partial integration of the resulting ODE’s into a plane-
autonomous differential system. First, consider the remnant scaling ¥ = —H aiH +
1:%. The invariants for this symmetry which satisfy Eq. 2.3 include ¢ = logé
and A = log H + log I, while an n° variable of Eq. 2.4 is I = log I". The inverse
transformation is H = e/ ‘f, [= ef, and ¢ = e?. Changing independent variables
to ¢ and using A and I" as dependent variables, the change of variables formulae

give

o 0¢

=—"—"—+—F"—-—=
0  OH 09 0¢ o1 0¢ 0¢
of oarofag or o0

9 " aropoE g
62T azr(_) (a¢) afa2f(a_¢)2 oT of 6%¢

2

0H _0HOoHop dHITd¢ _ (aﬁl af) Aot

b

987 Hp2 ¢ "ot og \og) T afogae?
2P 9f .
- (G 5 (5 1))

Then Eq. 4.6 is transformed to

OH | &
a1 =5 T 1 ¢ on o0H
DB Lo (0 (o122 )5) o

2 — a] — @)y 2 (9¢ 6¢
az —fi H-2¢ on oH A A
+—— —¢ —+(n—-1+—+ =0, 4.7
2-a1-a (ﬁqﬁ (n ag " (.7)
where 7 = gg By using the invariants as coordinates, the remnant symmetry of

Eq. 4.7 has been straightened out to vV = so that Eq. 4.7 does not depend on the

(‘3F ’
independent variable I but only on its derivatives. An integration by quadrature is
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performed by regarding Eq. 4.7 as a differential equation of one less order in the
independent variables A and 7. The transformations back to the original variables
are easy to write down and will be expressed later in Eq. 4.12. A second remnant
scaling symmetry of Eq.4.71is vV =

f%
{1 = £5 m e e29-H and £, = 7, Whllean of variable of Eq. 2.4 is 7 = H. The

+o5 . Invariants for this symmetry include

inverse transformation is # = 7, j = {», and ¢ = (H + log ( Zl 2)) Using
17 as the independent variable and {; and {; as dependent Varlables, the change of

variables formulae give

@_aﬁ_ 24y
¢~ 0¢ §+651

d
on _ ononan 203 5

96 0L 00 g+ 841

Then Eq. 4.7 is transformed to

352
(2(”‘1—{2) 20+20 + 5 _

_{2(ﬂ—1+{1+{2)_2€2+2_-
20 g +a§,

=0. (4.8)

Because of the remnant scaling symmetry, Eq. 4.8 is autonomous in the dependent

variable 77. We can put Eq. 4.8 is a more standard form by solving for the derivatives

00 L (LB 21 —a =4 +20(L - 1)

o1 202+ (32 + 201 — an){ ’
98 _ _35; + 4560 +n—1)+200(0 + a1 —az+n—1) - 22} wo)
on 22+ (3L + 201 - a0 . @

The planar systems in Eq. 4.4 and Eq. 4.9 are related by a simple change of variables
and an identification of scaling exponents a; = @(26 —1)/6 and @, = (1 — @) (20 —
1)/0, as we describe below. First, some algebraic features of system in Eq. 4.4 can
be emphasized after a small change in variables. Define scaled versions of the planar
system U = U/6 and V = V/6 and change independent variables to # through the
relation d¢/d% = (V—26)U/52. The trajectories of the planar system never cross the
V =26 or U = 0 lines (which are algebraic invariant curves which will be discussed
later), so that the relation between the independent variables T and ¢ defined here is
monotonic. Applying the chain rule and noting that ¢ = InC; + f (V —2)Ud? for
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some integration constant Cj, the cubic planar system results in

A

a[f =-0 (0(2‘7 Y201 —ay—4) + V2V - 3)),
o1
‘2‘; =—(V-2) (U ((n+1)\7+a2) +Va —\7)), (4.10)

with the following transformation back to physical variables

£=Cre [ oW-2) a2

2a

(1/2+(Yl @ s . A
H = u(ﬂ)@geﬁ) (V+20)(V-2) d#
2 — a1 — @)
2ap
ap+ay o .
= (+1)Fa-me o V(V-2) d2

0

where the first equation should be inverted to eliminate 7 in favor of £ in the second
two equations. The appeal of the (U, V) system over the (U, V) one is its polynomial
form, as a number of tools are available in the study of such systems, including
Poincaré compactification techniques and the Darboux theory of integrability [89].
The Poincaré compactification scheme will be described first. As Jensen noted, in
addition to finite fixed points which act as endpoints of trajectories in the (U, V)
plane, there are several infinite fixed points as trajectories grow indefinitely as
¢ — +oo. The Poincaré compactification is a stereoscopic-like projection which
maps these infinite fixed points to the equator of a sphere or the boundary of a disk
so that they can be studied more concretely. The complete topology of the planar
system can then be easily visualized, and a numerical program P4 is available to
automate this process for polynomial systems like Eq. 4.10 [89]. Example plots
from P4 are shown in Fig. 4.2 below. One important difference between Fig. 4.2(a)
for the n = 0 case and Fig. 4.2(b) for the n = 1 case is the absence of the saddle
infinite fixed point in the n = 1 case. This turns out to be the case for all values
of the scaling exponents, and signals a significant difference between the Cartesian
solutions and the radially symmetric ones near the origin. This difference is to be
expected given that X = 0 corresponds to a Cartesian coordinate axis (a line) in the

n = 0 case while R = 0 corresponds to the origin (a point) in the n = 1 case.

Finally, to relate Jensen’s planar system to ours, consider the change of variables
(related to one of the charts in the Poincaré compactification [89]) to {» = -V/0

and ¢; = 1/U, along with the change of independent variables from 7 to 7 defined
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Figure 4.2: Poincaré compactification of the polynomial planar system Eq. 4.10 for
(@n=0,a1=0,anda; = -land (b) n = 1, @; =0, and ap = —2. The special
separatrix corresponding to the conserved surfactant mass solutions of Jensen and
Grotberg [25] are shown at thick blue lines, all other separatrices are shown as thick
red lines, and a selection of trajectories in each region between separatrices are
shown as thin black lines. Green squares are saddle fixed points, blue squares are
stable node fixed points, red squares are unstable node fixed points, blue diamonds
are stable focus fixed points, pink triangles are saddle-node fixed points, and the
black X is an infinite, non-elementary fixed point.

by t/dt = 1/U g Applying the chain rule, the resulting cubic planar system is

0

aél =0 (0BL+2a1 —a2—4) +20(HL - 1)),

0

;;2 3{2 + {2(651 +n—-1)+204 a1 —ar+n—1) - 2&2{1 “4.11)

This is equivalent to the planar system in Eq. 4.9 when the independent variable
is changed from 7 to T such that 2 a (2{2 + (3% + 2ag - 042){1). Noting also
from Eq. 4.10 that

— M —eh T % a4z _ —c fo (0@V+2a1-ar-4)+7(2V-3)) dt

where U is the initial value of / when # = 0 and similarly from Eq. 4.11 that

LS
oty = 0ot = eho ar 97 _ o= [ (01304 2m—ar-4)+25(6-D) dr)

it can be easily shown that the transformation back to the physical variables is

¢ = V2 — a1 — an) Holoy e Jo (Ca1=a20i+00a+30) dr,

H = Hy(+f) "o e Jy (Qoimaniivoa@rn) dr

[ = Do(r)Forme Jo (£020)) dr 4.12)
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where Ty = C;"""" /Cy and Hy = C{"" CoUp/(2 — @1 — a2). The absolute value

under the square root in the expression for & in Eq. 4.12 is related to the + in the

definition of & above. In the ({j, {») variables, the {; > O upper half plane always
corresponds to solutions which spread in time, while the {; < 0 lower half plane
corresponds to solutions which collapse as time increases. For (2 — a; —ap) > 0
the spreading solutions come from the plus sign in + and the collapsing solutions
correspond to the minus sign, while the opposite is true for (2—a;—a3) < 0. We are
primarily interested in the case where {; > 0 and (2 — | — @2) > 0 corresponding
to spreading solutions which are and valid for all # > 0. The infinite non-elementary
fixed point of Jensen is mapped to the origin ({1, {2) = (0,0) in these coordinates,
and the other infinite critical point is mapped to ({1, {2) = (O, L2y - This second
fixed point coincides with the origin when n = 1, which explains the difference in
the infinite fixed points in Fig. 4.2(a) and (b).

Near origin behavior of the inner droplet
Next the behavior of the planar system in Eq. 4.11 near the ({1, {>) = (0,0) fixed
point will be studied in detail. Near the origin, the cubic terms can be neglected and

the system is well approximated by the quadratic system

0

_6{7-1 ~ q({1, () = 0(QRay —azx =4 - 20),

0

(fTZ ~p(l1,$) = (n— 1){% +2(ay—azx+n—- 104 - 2&'2{12. 4.13)

The Darboux theory of integrability is concerned with the algebraic invariant curves
of polynomial dynamical systems like that of Eq. 4.13 [89]. The zero level set of a
polynomial f({1,{>) = 0 is an called an algebraic invariant curve if g—é p(l1,$H) +
g—glq({l, $) = k(1, &) f (L1, &) for some “cofactor” polynomial k of degree one or
less. The algebraic invariant curves are special trajectories of Eq. 4.13 which play
a role similar to the eigenvectors of the elementary fixed points. There are three

algebraic invariant curves for the approximate system in Eq. 4.13, namely

L) =40, kil ) =20+ Qay —az —4),
200L0) =0 +20, k(l1,0)=m-1)0H-22 - ar +a2)dl,
FGL8) = L= —=0, k) = (1= Do+ Qe = az+ 2= 1)1

n+

The algebraic invariant curves f;({, {») = 0 are approximations to the separatrices
of the planar system along which trajectories may approach the origin. Since
the cofactors satisfy the relation }; 4;k; = 0, where 4; = (n — 1)(a2 + 2n + 2),
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A= Ra;—az)(n+1),and A3 = -2(n + 1)(a1 —2) + a2(n + 3), it follows by the
theorem of Darboux that the quantity
é,l(n—l)(a/2+2(n+l)) ((:2 + 241)(2w|—a2)(n+1)

W (4, )

2(n+1)(a1-2)—as(n+3)
(- 20)
is a first integral of the system and hence approximately constant along trajectories

near the origin.

The first two invariant algebraic curves f] and f; result in singular transformations
when inserted into Eq. 4.12 and are of less interest, but the third curve f3 is of
significant interest. By solving f3({1,{2) = 0 for {» and changing integration
variables in Eq. 4.12 from 7 to {; using Eq. 4.11, an approximation to solutions that

correspond to this trajectory can be made. The result is

ar+2(n+1)

&H(Cr — Cﬁ@)m
L0(Cy — C341)

b

&~ /|2 - a1 — a2)HoT ool (

QQay—ap)(n+l) (ap+2(n+1))(2ay—ap) (n+1)+2(ap +n+1))
- é‘l 4-2a|+ap)(n+D)+2ay C2 — C3é‘0 Qap+3(n+1) (42 +ap)(n+1)+2ap)
A~ Hy2 ~2 77300 ,
o G -Gy
ap+2(n+1)
- —_ 2ap+3(n+l)
I'=T) (M) , (4.14)
G - Gy

where C; = (n+ 1) ((4-2a1+a3)(n+1)+2a)and C3 = ap Caz +3(n+ 1))
and () is the initial value of {;. As {1 — 0, it can be seen easily that the asymptotic
behavior of 4 will either be zero or infinite unless 2a; — @ = 0. Furthermore in
this case, the exponent in ¢ in Eq. 4.14 simplifies to ¢ 4_20?_2;;3;’(’;3) 5a; = 1/2 and
thus & — 0 as {1 — O for such solutions. This is the main result of this study —

LZ = 1/3 in the notation

solutions with exponents @, = 2a (or equivalently @ = aita

of Jensen [71]) describe well-behaved, self-similar spreading near & = 0.

Two special cases have simple exact solutions when @, = 2a;. First, when | = 0
and @, = 0, an exact solution is simply the spatially constant solution H = Hy and
I' = T'y. This solution is somewhat degenerate since the solution does not depend
on &, but it gives an indication of how less degenerate solutions with nearby scaling
exponents behave. On the other hand, when @y = —(n+1)/2and @ = —(n+1), an
exact solution is H = ¢~ ®*D/T+3m) gy and T = ¢~2(1+D/(7+3n) (Fo — &7+ 3n)H0)
for ¢ < V(7 + 3n)HyIy. Both these exact solutions correspond to flat film profiles.
If surfactant is deposited onto a flat film, we might expect that the inner droplet will
evolve with scaling exponents near @ =~ 0 and @y ~ O or @1 % —(n + 1)/2 and

ay ® —(n + 1). Indeed, our finite element simulations below support this assertion.
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The asymptotic form in Eq. 4.14 was used to find well-behaved solutions of Eq. 4.6
numerically in Fig. 4.3 below starting with a small value for ¢y which is the initial
- @
point of numerical integration. At o, the initial values of &, H = H/(xt)> 1,
(1/2

and T = T'/(xt)T*1-2 are found using Eq. 4.14, and the initial value of g_l; is found

with 2L / 9¢ with the T" and ¢ from Eq. 4.14. For a; < —2, both the film height
0417041 71=¢,

(a) 20

15+

0.1

H/Hq 10

05 [ 25

0.0+

&/4/HoTo

Figure 4.3: Well-behaved n = 1 self-similar solutions with @y = ;. The film
thickness (a) and surfactant concentration (b) are finite and non-zero at the origin.
The value of @ is shown next to each curve.

H and the surfactant concentration I are concave at the origin and reach zero at a
finite distance from the origin, and the solution is drop-like. For -2 < a; < -1,
the film height A is convex while the surfactant concentration I is concave at the
origin. For —1 < @ < 0, both the film height A and the surfactant concentration
[" are concave at the origin. For 0 < @ < 2/3, both the film height A and the
surfactant concentration I are convex at the origin. For @; > 2/3 (not pictured),
one must either choose minus in the +¢ to attain a spreading solution which then
blows up as ¢ — 0 or the solutions correspond to collapsing behavior. It is clear that

the solutions with @, = 2a describe a variety of surfactant spreading behaviors.

Fixed points and bifurcations

An interesting feature of the exponents with well behaved solutions near the origin
a3 = 2a and the scaling exponents of Jensen and Grotberg’s solution @; = 0 and
ay = =2 for n = 1 is apparent in the ({1, {») plane — different fixed points of the

planar system coincide at these values. There is a second fixed point located at

1
(Lo = (—5 Q2a) - @2),2a1 - az |,

which coincides with the origin when @, = 2. This transcritical bifurcation is one

example of a complicated structure of bifurcations that exist as the scaling exponents
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a1 and @, vary. A bifurcation occurs when the real part of one of the eigenvalues

of the Jacobian matrix

(252(52—1)+2§1(3§2+2051—052—4) &3 +48H-2) )
AL —a) +20Bh + a1 —a2) 945 + 12010 + 204 + a1 — a)

passes through zero. Itis straightforward to show that the eigenvalues of the Jacobian
at (4’12, 4“22) are 2+ a1)2a; — az) and %(2&1 — @2)?, so that local transcritical

bifurcations occur along the two lines a; = -2 and a; = 2a;.

In addition to (7, ), there are two other finite fixed points

44+2a1+ay + 12-201—-ar F 1
Grimtmza)U2-da—mFes) 1, ) o o),
8(2—0’1—0’2) 2

(é“li’{zi)z(

where a3 = \/24(2 + a3) + (2ay + az)?. The eigenvalues of the Jacobian at the
fixed points ({7, Z5) are somewhat complicated, and it is easier to identify bifur-
cations with the determinant and trace. For the real planar system, either both
eigenvalues are real or the eigenvalues come in a complex conjugate pair. If a real
eigenvalue passes through zero, the determinant of the Jacobian vanishes. If the real
part of a complex pair of eigenvalues passes through zero, the trace of the Jacobian
matrix vanishes. We can therefore find all the local bifurcations by identifying
where the determinant or the trace of the Jacobian at a fixed point vanishes. The

determinant of the Jacobian at ({7, £5°) has two factors,

4+2a1+ar £ a3
2—(11—(1/2

and

(@1 +2) a2 +2 (a1 —4) (a1 - 2)) (a1 + a2)* + 24 (a2 +2))
+ a3 (4 (o] + a1 - 14) a2 + (1 +2)a3 +4(a; - 2)((@) - Ha; +12)),
while the trace of the Jacobian at ({7, £5) has two factors

4+2a)+ar +as

2—0!1 %)
and

2(a1 +22)a3 +4(3(a; - 2)a; + 16)az + 8(ay — 3)(a; —2)* - a3
+ a3 (4(0/1 —Yas +4(a; — 2)2 — a%) .
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Setting the determinant to zero and solving for @3 results in
a3 = — (4 +2a; + 0/2),
(@1 +2)az +2(a; = 4) (1 - 2)) (Qay + a2)? + 24(a2 +2))
4 (2 + a1 - 14) a2 + (@1 +2)a3 +4(a1 - 2)((@) - Day +12)

a3 = —

while setting the trace to zero and solving for a3 results in an additional

taz =— @+ 2a1 + a2),
2(a1 +22)a3 +4(3(a) - 2)a; + 16)asz + 8(a; - 3) (a1 —2)* - o
Ay - Day +4(a) —2)2 - a3 '

a3 =

Substituting into 0 = a% — 242 + @) + 2a; + a»)?, which also vanishes by the
definition of a3 above, the determinant and the trace vanish when

1612 —a; + a)
vanishes, the determinant vanishes when

192(a1 +2)(2 - a1 + a2) (2 — @1 — @2)* (a1 + @2)? + 24(a2 +2))

(4 (a2 + a1 - 14) @2 + (@1 +2)a2 + 4(@1 - 2)((a) - Dy +12))°

vanishes, and the trace vanishes when

48(2 - a1 - 2)% (-2(Tay +2)a - 4(ay +2)%a; + 4(a) - 2)* (e + 1) + 303)

(—4(@1 —day —4(a) —2) + a%)z

vanishes. Finally we can enumerate the local bifurcations. Whenever the deter-
minant vanishes, one of the eigenvalues is zero and there is a bifurcation. When
a1 = —2, there is a finite transcritical bifurcation. When2—a1+a> = Ooras = 2a1,
there are transcritical bifurcations where a fixed point passes through zero. When
2 —a —ay = 0, there is an infinite transcritical bifurcation in which one of the fixed
points passes through an infinite fixed point. When (21 + @2)? + 24(as +2) = 0,
there is a saddle-node bifurcation. The vanishing of the trace does not guarantee
a bifurcation, since the trace will also vanish when there are two real and opposite
eigenvalues. However, some of the branches of the solution to the cubic equa-
tion —2(7a1 +2)aj — 4(a1 + 2)%a2 + 4(a) — 2)2(2a; + 1) + 3a3 = 0 give rise to
Andronov-Hopf bifurcations. These branches come to an end at four points where
the determinant simultanously vanishes, which are | = 2, @, = 0 and three points
which lie on the parabola (2a; + @2)? + 24(ay + 2) = 0. These local bifurcations
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Figure 4.4: Bifurcations in the (i, {») phase portrait. (a) Local bifurcations as
the scaling exponents @ and a; vary and phase portraits for (b) @; = —0.8 and
ay = —1.6 and (c) for @1 = —1.5 and @ = —3.0. The purple limit cycle in (b)
collides with the red and blue heteroclinic orbits and the separatrices rearrange
themselves to the structure in (c) during a heteroclinic bifurcation.

are depicted in Fig. 4.4 below. In addition to these local bifurcation, there is a rich
structure of global heteroclinic and homoclinic bifurcations, when separatrices of
fixed points rearrange themselves and the topological structure of the phase portrait
changes. One such heteroclinic bifurcation occurs at @; = —1 and @, = -2 and is
depicted in Fig. 4.4. These local and global bifurcations signal scaling exponents for
which the asymptotic behavior of some of the self-similar solutions changes. It is
interesting to note that several solutions which appear to have physical significance
occurs exactly at such bifurcations. Lastly, while we have focused here on the n = 1
rotationally invariant case, we note that the n = 0 translationally invariant case is

qualitatively identical.

Finite element simulations

To verify the @, = 2« predicted scaling behavior of the inner droplet, axisymmetric
finite element simulations have been implemented. Simulations were carried out in
the rescaled variables of the @1 = 0 and @, = -2 solution of Jensen and Grotberg,
with dependent variables ¢ = R/t'/* and v = log ¢ and dependent variables H = H

and I' = ¢'/?T". Diffusive terms were neglected, but a small capillary term was
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included to regularize the solution, with Pe ' =0and Ca' = 107. Assuming an

axisymmetric solution, Eq. 4.1 is transformed to

-G $e wme L P (e ))

0= "aae Tzoe\é\ "2 T 3 T oe Y

3
of I ¢ol 10 -0 10° .. 8 (10 (. 0H
0= 53~ Sae v eae ¢ (05 + o (e (€3¢ ) )
(4.15)
An integration domain 0 < & < 2 was used which is twice as large as the expected
shock front structure. Boundary conditions were H le=2 = 1 and flgzz = 0 to be
consistant with an unperturbed downstream film. Initial conditions were a flat film
profile Hl|,—o = 1 and a quadratic surfactant distribution localized to ¢ < 1 with
[l—o = 107* +1/8(1 —¢?) for £ < land [],.o = 107* for 1 < & < 2 with a
small nonzero downstream surfactant concentration included to help regularize the
numerics. Equation 4.15 was integrated numerically with the commercial finial
element software Comsol. Results of this integration are depicted in Fig. 4.5
below. The solution was found to converge to the self-similar solution of Jensen
and Grotberg in the spreading ridge portion of the domain with scaling exponents
a1 = 0 and @y = —2. Around the inner droplet, different local scaling exponents
a/lloc ~ —1.0and 0/1200 ~ —2.0 were observed that varied only slowly with time. It was
also verified that the capillary contribution to the flux was significantly smaller than
the Marangoni contribution in the inner droplet portion of the domain throughout
the simulation so that Eq. 4.2 provides a good approximation for the evolution of
inner droplet. The condition that @, = 2a; at the origin was very well satisfied

throughout the simulation in the inner droplet domain.

To study the evolution of the inner droplet, note that if H and I scale as in Eq. 4.12

for arbitrary a; and @, other than 0 and -2, then it follows that

~ Y o= (1__ 1
H — t2—(yl—a/2 H (t4 2-aj-ap f) ,

- 1, @ /1 _ 1
I_‘ — t2 2—(r1—(z21—‘ (t4 2-aj-ap é‘.‘)

for some function I-:I and l:" . It then follows that

H - (1 1 H
O e g (Lo U 58_,
ot 2—a)1—ap 4 2—-—a1—a (9§

or 1 @ - (1 1 or
t—=|z+——"—|T'+|-——— | &—.
ot 2 2—-a;—-ap 4 2—-—a1—-a 85
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Figure 4.5: Finite element simulations. The film height (a) and surfactant concen-
tration (b) evolution is indicated by red arrows, and the solutions collapse towards
the self-similar solutions of Jensen and Grotberg (dashed lines) in the spreading
ridge portion of the domain. (c¢) The logarithm of the film height Hy = H|:~o and
the surfactant concentration I'y = I'[z-¢ at the origin vs the logarithm of time shows
a near linear relationship, indicating a scale invariant evolution. (d) By monitoring
the local slope of this log-log plot, local estimates of the scaling exponents «| and a;
were made. The condition @, = 2« at the origin is very well satisfied throughout
the simulation.

This equation is simply the statement that the characteristic vanishes for group
invariant solutions noted in Eq. 2.8. We can invert these equations and solve for a

and a; to define local numerical values for the scaling exponents,

. 0H ar +9H ar .0H
4(2Flw+l‘a§@—f—l—)

a,loc - 0¢” ot
U™ Srpg 47 0H _ 7 pr0H O 77 _ #0077’
2I'H + 41—1? - FfE + 4IEH - éj(’?—fH
Fr7 _ TedH ot 73 ot -0H ot 7 ot ,0H
o 2(oTA T8 - alih + 2508 - el - 2650150 )
ol = - ~ . (416)

7 . 0H _ 1 e0H ol 7 ol 7
2I'H + 4FIW - Ffa—g + 4tEH - fﬁ_fH
These local scaling exponents are equivalent to the values obtained from the instan-

taneous slope in a log-log plot of the film thickness and surfactant concentrations at

fixed & vs time provided they remain relatively constant in space and time.

In addition to observing the scaling behavior at the origin, fully two-dimensional
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finite element simulations have also been implemented. A droplet shaped film profile
with an anisotropic initial surfactant concentration confined to a circular domain was
studied. The initial conditions were that of a droplet of height seven times larger than
the unperturbed film, with Hley =7- ‘%65 24 330—1054, and the anisotropic surfactant
distributions was Fli=; = (1/8 + £ cos(36) cos(106)/20) (1 - £2), which has the
same total surfactant mass as the solution of Jensen and Grotberg but is otherwise
arbitrary. A slightly different domain was employed in these simulations with the
domain boundary being ¢ = 1 at the shock front rather than & = 2. For the surfactant
concentration the boundary conditions were flgzl = 0 since it is assumed that no
surfactant is present beyond the spreading front. For the film thickness, the boundary
condition was A l¢=1 = 2—1/1 to be compatible with the initial condition at 7 = 1 but
also to match the expected boundary conditions of the | = 0, @, = —2 solution of
Jensen and Grotberg at large times. By seeding the inner droplet with an anisotropic
surfactant distribution, finger of fluid were observed to grow with time at drained
front boundary between the inner droplet and the spreading ridge portions of the
domain, as depicted in Fig. 4.6(a). These fingers split as they grew, much like the
observed digitated fingering experiments depicted in Fig. 4.6(b).

(a)
0.2 V
0.1

0.0}

<1

-0.1}

-0.2¢
. | | ‘
-02 -01 00 0.1 0.2

X

Figure 4.6: Anisotropic finite element simulations exhibit finger splitting. (a)
Contour plot of the film thickness at log(#) = 15 and (b) digitated fingering process
observed in the experiments of Troian [90].

Special solutions
There are several special solutions to planar polynomial systems, namely the fixed

points and the invariant algebraic curves. The algebraic invariant curves of order
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less than eight and the special values of a1, @z, and n with additional algebraic
invariant curves in phase planes have been uncovered with the aid of Mathematica.
Many of these solutions have been found elsewhere in the literature, but they are

included in Table 4.1 below for completeness.

(1) The two fixed points

o= Ray—az+ar-3n-9)QRa;—az+ar+3n+1)
e 8(ay +az —2)

1
&= 5(—201 +a3—a,-3n-1),
give rise to power-law solutions

1
X/ (£)T  forn =0,

1
R/ (xt)> 2  forn =1,

aq

H = (2170 ¢

Qaj+az+ar—-3n-9Qa;+az+a +3n+1)

==+ (it)hg—z—az I (\/FO(—Ho)(gl + @y —2)

1
5(=2a1—a3—ar—3n-5)
8Hy(a1 + az —2) (‘/ro(—Ho)(almz—z))z

2

2

)%(2a1+a3+a2+3n+1)

where

@3 = i\/(2a1 + @)% —4aq + 14as + 912 + 2nRay + S5a2 + 11) + 17.

The + associated with @3 here must have the same sign as the fixed point
({{.5), while the + associated with ¢+ must have the same sign as that

associated with I'.

(2) When a; = —(n + 1), the algebraic invariant curve {; + {; = 0 gives rise to

surfactant mass conserving solutions

1
X/ (£t)¥=a forn =0,

1
R/ (xt)3ma forn =1,

]
H — (it) 3tn-a; H0§2a1+l’l+l,

—n—1

fl—n—Zal
['= (xr)% 1 Th +

HoB+n—-a)n-1+2a1)]
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Ifa, = 1%”, the solution changes form slightly to

X/ (x)?°  forn =0,
R/ (+n)V*  forn =1,
H = (x1)53 Hoé,

—2(1+n)

2
= ()53 [ITogF —1 "
(£0) (0+5H0 ng)

which includes the solution of Jensen and Grotberg.

(3) When a, = 0, the algebraic invariant curve ¢, = 0 gives rise to steady

solutions

HyX* forn =0,
HoR* forn =1,

r=T,.

(4) Whenn =0, a; = 1/3 and a, = 1/3, the algebraic invariant curve —1 +3{, =

0 gives rise to steady solutions

H = HoX'3,
I =Tox!'3.
(5) When n = 0, a1 = —1/2, and ap = —5/3 the algebraic invariant curve

-1+ 3¢ + 34> = 0 gives rise to solutions

&=X/ (0%,
H = (1) Hoe'?,

- 9
I' = (x1) 2/5 F0§1/3 (1 + méAB) .

(6) Whenn =0, a; =0, and a; = 1, the algebraic invariant curve 422 -0 +0 0 =

0 gives rise to travelling wave solutions

H =tH,,

1
I'=1Y ([ + X) .
VHoly



140

(7) As aj, @y — oo, the original variables (U, V') of Jensen are more appropriate

8)

1

2—a1—ay

than our rescaled versions, along with his scaling exponents 6 =

and o = ﬁ When n = 0 and 6 = O, the algebraic invariant curve

4V? + (3 = 5a)U = 0 gives rise to quasistatic solutions

H = (+1)"" Ho (X = Xo)"o- D/t

(1+a)?

LTy x) G5/t
46a—$( 0)

[ =+ (x)*"!

In this case, there are families of special values of o with additional algebraic
curves which actually have a first integral % (U, V) which is constant along
any solution. These seem to occur for values a = gi—j and a = gif}fi where
i =1,273,.... Bysolving #(U,V) = #;, for U or V, with #; a constant,

Eq. 4.5 can be used to find a large family of exact quasistatic solutions.

a w(U,V)
3
1 u(gry’
2 (U+3V)*
5 U(%+v?)
9 (2U2+63UV2+189V3)*
11
4 U(5+V?)
7 (2U3+154U2V24+3773UV4+11319v5)*
15
u U(%+V?)
19 (16U4+2280U3V2+119130U2V4+2640715UV6+7922145V7 )*
Q le()
19 (19uv-6U+57v2)*
é leS
39 (U?(28-78V)+273U (13V—-4)V2+10647V4)*
3_7 Uv26
39 | (84U3(59V-22)-7788U2(59V-21)V2+268037U (59V—18)V4+47442549V6)*

The algebraic invariant curves U = 0 and £; = 0 and the fixed points that lie
on them are somewhat singular since they resultin H = 0 or £ = 0. Similarly,
the the algebraic invariant curves ¢ +2¢; = 0 and V = 2 and the fixed points
they lie on them result in & = const which cannot be inverted. While these
curves and fixed points do not generally give rise to exact solutions, they
can indicate the asymptotic behavior of solutions which approach them. One
particular class of such solutions which may be of interest for future research
are those that approach the {; = O curve from the ¢, < 0 half-plane, which
may give qualitatively different behavior in the n = 0 and n = 1 cases because
of the differing character of the fixed point at ({1, {2) = (0,0) fixed point for

n=0andn = 1.
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Table 4.1: Special solutions of Eq. 4.1. These solutions correspond to fixed points

and algebraic invariant curves of the planar systems of order less than eight.

4.2 Scale invariant solutions in capillary spreading

For the surfactant spreading problem, a driven film with the special power-law forc-
ing in Eq. 2.14, or for purely capillary films, we noted in Table 2.3 several less
familiar scale invariant solutions. These solutions involved angular coordinates 8
and included the (ii-6) scale invariant steady solutions, the (ii-4) scale invariant
rotating wave solutions, the (ii-8) travelling wave scale invariant solutions, and the
(ii-9) scale invariant scale invariant solutions. In this section, we will illustrate
some numerical solutions of these less familiar scale invariant solutions for purely
capillary films. These solutions are meant only to demonstrate that such solutions
can be found, and the author hopes that visualization of these solutions will aid
researchers in identifying when such behavior may be observed. One complication
for these solutions is the need for periodicity in the angular coordinates. It may be
possible to find solutions which are everywhere non-zero and satisfy these period-
icity requirements, but for simplicity we will focus on solutions with a contact line
which vanish for some interval of . This allows the periodicity requirements to be
trivially satisfied. After a simple rescaling of ¢ by Ca, the purely capillary thin flim
equation in Eq. 1.68 takes the form

3
o0, (L
3

LV%H) =0. (4.17)

Sample solutions are depicted below. The specific parameters chosen are arbitrary,

but we hope the qualitative nature of these solutions can be understood.

Steady scale invariant solutions

Recall the invariants of the steady scale invariant solutions,
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We insert the ansatz H = R"a2 H (0) into Eq. 4.17 to derive the reduced equations

16 - N 2 0H &3H
0= —(a?+a-2)B*+B*((a -2)? + %) ==
3 ( ) (( ) ) 06 963

. 0H 0*H

2+ DwA?* ((@ -2)* + w? _—

(@ + DwH* (@ -2) )89 7

~ 2 ~
- 0H 8 ~,0H
+40% (Q2a - Dw? + (@ - 2)? (—) - ~(@Qa +7) - 6O)wH>—
(Ca =D +(@=2)) (25| —3@Ca+7) - 6wh—
4-3((2 2 2 O°H
+3H ((e?+a-1)(@-2)%+(a(@+5) + Do )ﬁ
2 -, 0°H 5 oy 1 10%H 5 92
-3Qa +3)whi ﬁ((a—% +w )+§H W((a—z) +w?),
and integrate numerically starting at = 0. We take @ = 0 and w = —0.5 and use
initial condition
- )~ 3 A
ﬁ A = 05’ 6_P~I =Y, 8_~H = -5, 8_~H =0,
6=0 90 lg=0 962 lg—o 06% lg=o

and integrate forwards and backwards until the contact line is reached. The resulting

film height profile is depicted in Fig. 4.7 below.

Figure 4.7: Steady scale invariant solutions. For the parameters chosen, the film
height profile is a twisted, sharp finger of fluid that is constant in time.

Rotating wave scale invariant solutions

Recall the invariants of the rotating wave scale invariant solutions,

H=R"*1H,

We insert the ansatz H = R*?H () into Eq. 4.17 to derive the reduced equations

7 2 17 i\ 2 377 971 477
OH 320H4_i~36H+1_6H2(8_H) L pOPHOA 150

0=-w—7F5-— = = = T —,
a6 243 27 902 9 a0 963 96 3 904
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and integrate numerically starting at § = 0. We take w = —0.1 and use initial
condition
8 oH 0°H 0°H
Hl. = 05, = =Y, = = =9 T~ =Y,
6=0 90 lg=0 962 lg—o 96% lg—o

and integrate forwards and backwards until the contact line is reached. The resulting

film height profile is depicted in Fig. 4.8 below.
(@) (b) (c)

Figure 4.8: Rotating wave scale invariant solutions for (a) r = 0, (b) # = 5, and (c)
t = 10. For the parameters chosen, the film height profile is a sharp finger of fluid
that rotates while maintaining its shape.

Travelling wave scale invariant solutions

Recall the invariants of the travelling wave scale invariant solutions,

H=X-v)"'H,

= aan (1)
6 = arctan .
X —vt

We insert the ansatz H = (X —vt)H () into Eq. 4.17 to derive the reduced equations

~ ~\ 2
. ~ ~ OH ~ ~ (OH
0=—-vH + vsin(0) c:os(@)é)—~ —2H? cos4(9) ((Z—é)
. APA 00 , 0f
— 307 sin(f) cos’* (f) — — + H>—
®) ( ) 6 062 003 00
5 A

- . ~0H 1 - ~ ~ 0°H
+ 483 sin(8) cos> (0 —~+—H300529 1 -8cos(20))——
(0) ()89 3 (0)( ( ))692

7 A 1,0t
o | —sm ) cos’(0) + = H cos* (0
37 55 () cos’(6) Py (@),
and integrate numerically starting at & = 0. We take v = —1 and use initial condition
s oH 0’H 0’H
H. = 0.5, — =, — = -1 = =Y
6=0 90 lg=o 06 g—o 06% lg—o
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and integrate forwards and backwards until the contact line is reached. The resulting

film height profile is depicted in Fig. 4.9 below.
(@) (b) ()

Figure 4.9: Travelling wave scale invariant solutions for (a) t = —0.5, (b) # = 0, and
(c) t = 0.5. For the parameters chosen, the film height profile is a sharp finger of
fluid that travels while maintaining its shape.

Scale invariant scale invariant solutions

Recall the invariants of the scale invariant scale invariant solutions,
H=R*3x'3H,
5 2(@-2)
0 =60 —-wlog ((it) 3(@da-2) R—2/3) )

We use the plus sign in the +, insert the ansatz H = R*3(-1)!/3H () into Eq. 4.17

to derive the reduced equations

~ ~ ~ D ~ ~
H (a-2woH\ 16 .,0H" 4 ) -, 0H 0*H
( 37 3 6a ae)+9 55 e (W9 e
1 2> LPHOH 256 -,0H 4 L, 0°H
— (40? +9) B> — = - —wH’— + — (200? - 3) A*—
*gr (4 O) G g~ e g (203 s
32 L 0H 1 2 . 0%H 320 -
+ 523 (407 +9) ag3+243(“’+ ) 96+ 243
and integrate numerically starting at § = 0. We take w = —1 and & = 1/5 and use
initial condition
N H A 3H
H|. :O.S, a—~ = VU, a—~ = —1U, (9_~ :—15,
6=0 (99 6=0 (992 6=0 (993 6=0

and integrate forwards and backwards until the contact line is reached. The resulting

film height profile is depicted in Fig. 4.7 below.
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Figure 4.10: Scale invariant scale invariant solutions for (a) t = 0, (b) # = 5, and (c)
t = 25. For the parameters chosen, the film height profile is a sharp twisted finger
of fluid that rotates at an increasingly slow rate while decreasing in height.

4.3 Notes

The spreading of an insoluble surfactant-laden droplet on a thin viscous film has
been of practical and theoretical interest for several decades. The human ocular
and respiratory systems rely on surfactants to decrease the surface tension of thin
fluid films in order to function, and the delivery of surfactants to such systems
is of significant medical interest. Furthermore, the fundamental fluid mechanics
and pattern formation of a spreading droplet is of theoretical interest. Jensen and
Grotberg [25] made important early contributions to the study, identifying the first
self-similar spreading solution which corresponds to @; = 0 and @, = -2 for
n=1and a1 = 0 and @y = —1 for n = 1 in our notation. They also importantly
characterized the capillary ridge at the monolayer front and performed matched
asymptotics. The conditions @, = —2 for rotationally invariant solutions and a, =
—1 for translationally invariant solutions implies surfactant-mass conservation when
the total surfactant mass is finite, while the condition @ = 0 is necessary to achieve
far-field boundary conditions on H which are constant. These conditions can be
seen to be necessary if the self-similar solution is supposed to be valid in the far field,
but for solutions which are valid in only a limited portion of space and time, they are
not strictly necessary. Halpern and Grotberg described an analogous set of coupled
equations for the problem of a soluble surfactant [91], but we restrict attention here
to the insoluble case for simplicity. Jensen later recognized the possibility of more
general scaling exponents and first developed a planar system like the one utilized
here [71]. More general self-similar solutions like these are sometimes called type

II similarity solutions. Jensen explored several possibilities, but restricted himself

aq
a1+ap

primarily to @ = 0 in his notation, or = 0 in our notation, which again was
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motivated by the far-field boundary conditions on H.

One significant novel contribution in this chapter to this field was the identification
of many well-behaved self-similar solutions near the origin, as described in Section
4.1 and depicted in Fig. 4.3. As far as the author is aware, these solutions have
escaped the attention of other researchers. We took advantage of an approximation
to the ({1, {») planar system near the origin to derive these solutions. Such solutions
were within the grasps of Jensen [71], but the relevant fixed point was infinite in
his planar system and he restricted attention to @ = 0 when the necessary condition
was @ = 2 in our notation, which requires @ = 1/3 in his notation. Jensen and

Grotberg [25] did recognize apparent self-similar draining near the origin in their

431
2—a1—an

simulations. They attempted to identify the scaling exponent which is in
our notation in their Figure 3, and estimated it to be —1/8. However, analysis of
their data suggest a better estimate is —1/5, which corresponds to @; = —1 and
ay = —2. We also found similar scaling in our finite element simulations. Their
estimate of —1/8 was motivated by an apparently flawed asymptotic argument, but
an analogous one for the planar strip predicted a scaling of —1/6, which was much
better supported by their data in their Figure 2. Many other researchers have focused
on the planar translationally invariant solutions rather than the rotationally invariant
solutions because of their greater simplicity, but we noted in Fig. 4.2 and in (8) of
Table 4.1 that the near-origin behavior of these solutions differs qualitatively because
of the additional fixed point in the n = O planar strip case. The special quasistatic
solutions (7) in Table 4.1 is a new class of solutions which may be of interest in the
planar case.

Troian, Herbolzheimer, and Safran first noted the development of fingering instabil-
ities in the spreading of a surfactant laden drop on a thin fluid film [92] and noted an
analogy with the viscous fingering produced when a low-viscosity fluid is injected
into a highly viscous fluid in a Hele-Shaw cell, and consequently to diffusion lim-
ited aggregation [93]. While this analogy generated interest and theoretical work
on the problem, it is now regarded as inexact and the digitated fingering process
has not been theoretically characterized [94]. Several results have been established,
however. First, Matar and Troian performed a linear stability analysis of a spreading
front and found asymptotic stability to infinitesimal perturbation [95]. Subsequent
non-modal and generalized linear stability analyses revealed transient growth modes
which are now known to be sufficient to excite nonlinearities and seed the growth
of fingers [96-98]. The role of additional Van der Waals forces in promoting finger
growth was recognized [97], but Van der Waals forces are not strictly necessary to
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produce the fingering instability [94, 98, 99]. Furthermore, the important role of
initial conditions both near the surfactant deposition and in the precursor film have
been recognized [94, 99, 100]. Several experimental investigations reported similar
digitation in more complex fluids, including non-Newtonian and visco-elastic fluids
and non-linear relationship between surfactant concentration and surface tension,
many of which are summarized in the review of Afsar-Siddiqui, Luckham, and
Matar [101]. We expect that the self-similar solutions described in Fig. 4.3 may
find important application in the description of these fingering structures. We note
that only one of these solutions, the @; = —1 and @, = -2 case, is surfactant mass-
conserving. But we also note that the drained region depicted in Fig. 4.1 can act
as a source or sink of surfactant mass for the inner droplet, and so conservation is
not necessary. Jensen and Naire [99] also emphasized transport of surfactant mass
through the drained or thinning region. Furthermore in applications with both en-
dogenous and exogenous surfactants like the deposition of an exogenous surfactant
in the lungs, the total surfactant mass is infinite and a far field boundary condition
may be more relevant than a surfactant mass-conserving one. We conjecture that the
multiplicity of possible self-similar draining of the inner droplet may permit local
variations in the scaling exponents that would result in differing spreading rates and
thus instability.

Another novel contribution in this chapter was the utilization of our local numerical
scaling exponents cxll"c and alzoc in Eq. 4.16 and Fig. 4.5. This definition relied on the
fact that the characteristic for self-similar solutions vanishes, as in Eq. 2.8. Dijksman
et al. [102] also noted a method for obtaining estimates of scaling exponents from
numerical or experimental data which relied on Eq. 2.8. This method entails
solving Eq. 2.8 in a least-squares sense for the scaling exponents. However, their
method allowed for totally independent scaling exponents for each dependent and
independent variable. In our application, there was a scaling relationship between
some of these variables because of the symmetry conditions for the equations. This
reduced the number of scaling exponents that needed to be found and permitted the
definition of our local scaling exponents. Re-examining previous numerical data
with these local scaling exponents is a very promising direction for future research.
The description numerical self-similar solutions involving the angular coordinates
in Section 4.2 was a first illustration of these less familiar reductions. Jensen [71]
noted the presence of other symmetries in the surfactant spreading problem and the
possibility of other self-similar solutions, but as far as the author is aware there has

not yet been any studies or applications for these particular ones.
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Appendix A

THE MATHEMATICA PACKAGE ZGNSYMMETRY.M

The zgnsymmetry.m package file is reproduced in full below. It should be possible
to copy and paste the text here into a Mathematica notebook and save the file
as a package, but the interested reader is encouraged to contact the author for a
digital version. The file should be placed in the Applications subdirectory of the
Mathematica user base directory, which can be found in a Mathematica notebook

with the command

$UserBaseDirectory

Include the package in a Mathematica notebook with

<<zgnsymmetry"

Information about the functions included in the package can be seen with

?FindInvariance
?FindAllEquations
?FindEquations

zgnsymmetry.m:

(x ::Package:: =)

BeginPackage["zgnsymmetry™ "]

FindInvariance ::usage = "FindInvariance [ Delta, var,Q, solvefor ] gives the \
invariance criteria for the list of differential equations Delta==0, where \
var={indep,dep} is a list of lists of the independent and dependent variables, Q\
the characters of the symmetry. The equation Delta==0 is solved for the \
variables in solvefor . The symbols in Delta, Q, and solvefor should be \
functions of the independent variables , so that e.g. Apply[Delta [[1]], var [[1]]] \
gives the first equations. The option Adjoint->True can be added to search for \
adjoing symmetries."

FindAllEquations :: usage = "FindAllEquations[Delta, var, vec, solvefor ] gives the \
all the equations from the coefficients of derivatives in the symmetry criteria \
for the given system. Arguments are as in FindInvariance . The option \
Adjoint->True can be added to search for adjoint symmetries. The options \
extras -> extralist and excluded-> excludedlist can be aded to add or exclude \
monomial terms in the expansion. The option Assumptions->assumptions can be \
added to include assumptions in the simplification . Lastly, the option \
SuppressArgs->True can be added to suppress arguments and use a more compact \

notation for derivatives . FindAllEquations returns {numeqns, independenteqns, \
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monomials, eqns }, where numeqns is the number of independent equations, \
independenteqns is a list of the independent equations, monomialsis a list of \
the monomials whose coefficients are the equations for each equation in \
FindInvariance , and eqns is a list of the equations corresponding to monomials \
for each equation in FindInvariance .";
FindEquations :: usage = "FindEquations[Delta, var, vec, solvefor ,numterms] gives the \
the equations with only numterms terms appearing from the coefficients of \
derivatives in the symmetry criteria for the given system. Arguments are as in \
FindInvariance , and options are as in FindAllEquations. FindEquations returns \
{egqnsnum, eqns, monomials} where eqnsnum is the total number of equations from \
FindAllEquations, eqns is a list of equations with terms terms, and monomials is \
a list specifying which equation and which monomial each equation in eqns comes \
from. ";
Options[ FindInvariance ] = {"Adjoint" -> False };
Options[ FindAllEquations] = {"Adjoint" -> False, "extras" -> {},
"excluded" -> {}, "Assumptions" -> {}, "SuppressArgs" -> False };
Options[FindEquations] = {"Adjoint" -> False, "extras" -> {}, "excluded" -> {},
"Assumptions" -> {}, "SuppressArgs" -> False };
Begin[" Private *"]
FindInvariance [Delta_, var_, Q_, solvefor

—

OptionsPattern []] :=
Module[{simpl, derivs, derivs2, sol, Qp, G, Gp, cases, vars, ret, F,
Compare}, simpl = Join[Table[var [[2]][[ j 1][1__]1 -> var [[2]][[ j 1],
{j, 1, Length[var [[2]]]}], Table[ Derivative [1__][var [[2]][[ j]]] @@
var [[1]] -> Subscript [var [[2]][[ j 1], {1}], {j. 1. Length[var [[2]]]}]];
derivs = Flatten [Table[Cases[ Variables [ Through[Delta @ @ var[[1]]] /.
simpl ], Subscript [var [[2]][[ i1], j_1], {i, 1, Length[var [[2]]]}]];
derivs2 = Table[Last[derivs [[i ]]], {i, 1, Length[derivs ]}];
Flargs__] := Solve[Through[Delta @@ {args}] == 0,
Through[ solvefor @@ {args}]][[1]]; sol = F @@ var[[1]];
Compare[i_, j_] := First[i] == First [j] &&
And @ @ Table[Last[i][[k]] >=Last[jI[[k]], {k, 1, Length[var [[1]]]}];
G[n_, k_][args__] := D[Delta[[n]] @@ {args},
( Derivative @ @ derivs2[[k]])[ derivs [[k ]][[1]]] @@ {args}];
Gp[n_, k_] := (Derivative @@ derivs2[[k]])[G[n, k]] @@ var[[1]];
Qpln_, k_] := (Derivative @@ derivs2[[k]])[Q[[n]]] @@ var[[1]];
If [OptionValue[" Adjoint "],
ret = Expand[Table[Expand[Sum[Q[[n]] @ @ var[[1]]*D[Delta[[n]] @ @ var[[1]],
var [[2]][[ m]] @@ var[[1]]], {n, 1, Length[Delta ]}]],
{m, 1, Length[var [[2]]]}] + Sum[Product[(-1)*derivs2 [[K]I[[j 1], {j,
1, Length[var [[1]]]}]* UnitVector [Length[var [[2]]], First [
Flatten [ Position [var [[2]], First [ derivs [[k ]]]1]]]* Gpl[n, k]:*
Q[[n]] @@ var[[1]], {k, 1, Length[derivs ]},
{n, 1, Length[Delta]}] + Sum[Product[(-1)derivs2 [[KII[[j 1], {j, 1,
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Length[var [[1]]]}]* UnitVector [Length[var [[2]]], First [
Flatten [ Position [var [[2]], First [ derivs [[k ]]]]]]]*
G[n, k] @@ var[[1]]*+Qpln, k], {k, 1, Length[derivs ]},
{n, 1, Length[Delta]}] /. sol /. simpl]; ,
ret = Expand[Sum[Q[[m]] @ @ var[[1]]*D[Through[Delta @ @ var[[1]]],
var [[2]][[ m]] @@ var[[1]]], {m, 1, Length[var [[2]]]}] +
Sum([D[Through[Delta @ @ var[[1]]] /. simpl, derivs [[k]]]*
Qpl[ First [ Flatten [ Position [var [[2]], First [derivs [[k T1]1]], k],
{k, 1, Length[derivs]}] /. sol /. simpl]; 1;
vars = Table[Cases[ Variables [ ret ], Subscript [var [[2]][[ j 1], 1_1I,
{j. 1. Length[var [[2]]]}]:
cases = Table[Last /@ Cases[vars[[j ]], i__ /; Comparel[i,
solvefor [[j]] @@ var[[1]] /. simpl]], {j, 1, Length[ solvefor ]}];
cases = DeleteDuplicates [ Flatten [ Table[cases [[j ]][[i]] -
Last[ solvefor [[j]] @@ var[[1]] /. simpl], {j, 1, Length[var [[2]]]},
{i, 1, Length[cases[[j 1]]1}], 1]]; While[cases != {},
sol = Flatten [Join[sol, Flatten [Through[Through[(Apply[Derivative, cases,
{1}DIF]] @@ var[[1]]] /. sol ]]I;
While[True, If[TrueQ[Expand[Last/@ sol - Last /@ (sol /. sol)] ==
Table [0, {i, 1, Length[sol ]}]], Break[]; ,
sol = Table[ First [sol [[i]]] -> Last[(sol /. sol)[[i ]]I,
{i, 1, Length[sol ]}]; 1; ]; If[OptionValue[" Adjoint "],
ret = Expand[Table[Expand[Sum[Q[[n]] @ @ var[[1]]«D[Delta[[n]] @ @
var [[1]], var [[2]][[ m]] @@ var[[1]]], {n, 1, Length[
Delta ]}]], {m, 1, Length[var [[2]]]}] +
Sum[Product[(- 1) derivs2 [[k JI[[ j ]I, {j, 1, Length[var [[1]]]}]*

UnitVector [Length[var [[2]]], First [ Flatten [ Position [var [[2]],

First [ derivs [[k ]]]111]* Gp[n, k]*Q[[n]] @@ var[[1]], {k, 1,
Length[derivs ]}, {n, 1, Length[Delta]}] +
Sum[Product[(-1) derivs2 [k JI[[j 1], {j, 1, Length[var [[1]]]}]*
UnitVector [Length[var [[2]]], First [ Flatten [ Position [var [[2]],
First [ derivs [[k ]1]]1]]* G[n, k] @ @ var[[1]]%Qpl[n, k], {k, 1,
Length[derivs ]}, {n, 1, Length[Delta]}] /. sol /. simpl]; ,
ret = Expand[Sum[Q[[m]] @ @ var[[1]]*D[Through[Delta @ @ var[[1]]],
var [[2]][[ m]] @@ var[[1]]], {m, 1, Length[var [[2]]]}] +
Sum[D[Through[Delta @ @ var[[1]]] /. simpl, derivs [[k]]]:*
Qpl First [ Flatten [ Position [var [[2]], First [derivs [[k 111111, k], {
k, 1, Length[derivs]}] /. sol /. simpl]; 1;
vars = Table[Cases[ Variables [ ret ], Subscript [var [[2]][[ j 11, 1_1I,
{j, 1, Length[var [[2]]]}]; cases =
Table[Last /@ Cases[vars[[j ]], i__ /; Comparel[i,
solvefor [[j]] @@ var[[1]] /. simpl]], {j, 1, Length[ solvefor ]}];

cases = DeleteDuplicates [ Flatten [Table[cases [[j ]I[[i]] -



Last[ solvefor [[j]] @@ var[[1]] /. simpl], {j, 1, Length[var [[2]]]},
{i, 1, Length[cases[[j ]II}], 1]I; ]; ret];
FindAllEquations [Delta_, var_, Q_, solvefor_, OptionsPattern []] :=
Module[{f, coeffs, eqns, eqns2, monomialrules, monomials, crules, simpl},
f = FindInvariance [Delta, var, Q, solvefor, "Adjoint" ->
OptionValue[" Adjoint "]]; coeffs = Join[OptionValue[" extras "],
Flatten [ Table[Cases[ Variables [f], Subscript[var [[2]][[ k]I, 1__1]I,
{k, 1, Length[var [[2]]]}]]];
simpl = Join[Table[var [[2]][[ j 1I[1__] -> var [[2]][[ j 11,
{j, 1, Length[var [[2]]]}], Table[ Derivative [1__][var [[2]][[ j]]] @@

var [[1]] -> Subscript [var [[2]][[ j 1I. {I}], {j. 1. Length[var [[2]]]}]];

coeffs = Complement[coeffs, OptionValue["excluded"] /. simpl];
If [TrueQ[coeffs == {}], eqns = Table[{f[[i]]}, {i, 1, Length[f]}];
monomials = Table[{1}, {i, 1, Length[f]}]; ,
crules = Table[ CoefficientRules [ If [TrueQ[OptionValue["extras "] == {}],
f[[i]]l, Numerator[Together[f[[i ]]]]], coeffs], {i, 1, Length[f]}];
eqns = Table[Last /@ crules[[i]], {i, 1, Length[f]}];
monomialrules = Table[ First /@ crules[[i]], {i, 1, Length[f]}];
monomials = Table[ FromCoefficientRules [{ monomialrules[[i JJ[[ j 1] -> 1},
coeffs ], {i, 1, Length[f]}, {j, 1, Length[monomialrules[[i ]]]1}]; ;
eqns2 = Table[Simplify[eqns[[j ]I[[i]] == 0, Assumptions ->
OptionValue["Assumptions"]], {j, 1, Length[eqns]},
{i, 1, Length[eqns[[j ]I1}]; If[OptionValue["SuppressArgs"],
{Length[ DeleteDuplicates [ Flatten [eqns2 ]]], DeleteDuplicates [

Flatten [eqns2 ]], monomials, eqns2} /. Subscript[a_, 1__] :>
Subscript[a, Times @@ (var[[1]]*1)] /. Derivative [1__][a_][12__] :>
Subscript [a, Times @ @ ({12}7{1})],

{Length[ DeleteDuplicates [ Flatten [eqns2 ]]], DeleteDuplicates [
Flatten [eqns2 ]], monomials, eqns2 }]];

FindEquations[Delta_, var_, Q_, solvefor_, terms_, OptionsPattern []] :=

Module[{numeqns, eqns, eqns4, eqns3, monomialrules, monomials, monomialterms,

crules, part}, {numeqns, monomials, eqns} =

FindAllEquations [ Delta, var, Q, solvefor, "Adjoint" ->
OptionValue[" Adjoint "], "extras" -> OptionValue[" extras "],
"excluded" -> OptionValue["excluded "], "Assumptions" ->
OptionValue[" Assumptions"], "SuppressArgs" ->
OptionValue["SuppressArgs "[1[[{1, 3, 4}1];

part[i_] := Flatten [ Position [Length /@ CoefficientRules /@

Expand /@ Numerator /@ Together /@ (First /@ eqns[[i]] -
Last /@ eqns[[i ]]), terms ]]; monomialterms =

Table[monomials[[i ]][[ part[i ]]I, {i, 1, Length[monomials]}];

eqns4 = Table[eqns[[i J][[ part[i ]]], {i, 1, Length[eqns]}];

eqns3 = DeleteDuplicates [ Flatten [eqns4 ]]; {numeqns, eqns3,

151



152

Table[Inner[ List, First /@ Position[eqns4, eqns3[[i ]]],
Extract [monomialterms, Position [eqns4, eqns3[[i ]]]], List],
{i, 1, Length[eqns3]}]1}];
End[]
EndPackage[]
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Appendix B

REYNOLDS’ TRANSPORT THEOREM

[1] Z. G. Nicolaou and S. M. Troian. “Reynolds’ transport theorem without
external advection assumptions”. In: Phys. Fluids (preparing for submission
2016).

In continuum and fluid mechanics, it is often necessary to consider three-dimensional
generalizations of the Leibniz rule for differentiating integrals over varying domains.
Usually [16, 103] this generalization, called the Reynolds’ transport theorem, is
developed in the context of the time evolution of a flow of some sort — an initial
domain Q(0) is advected through a flow field v(x,7) to Q(z), and the question is:
“How are integrals of a time dependent integrand f(x,7) over the domain Q(¢)

differentiated with respect to time?” The answer is

4 fdx = f of dx + fv -y d’x, (B.1)
dr Ja Q) 0t 80t

where dQ(¢) is the boundary of a three-dimensional compact subset Q(r) of R>
and fy is the outward pointing unit normal vector on the boundary. The preferred
method for proving Eq. B.1 is by defining Lagrangian coordinates & € €(0) for
€)(¢) which are the fixed Eulerian or lab coordinates on €2(0) which are advected by
the fluid flow v(x, ¢) to points in Q(¢). A two-dimensional schematic of Lagrangian
coordinates is depicted in Fig. B.1 below.

Here Eq. B.1 will be generalized to integrals over a family Q(g) of compact, D-
dimensional subsets in R? which vary with some arbitrary parameter & rather than
being advected by an external velocity in time ¢ (and eventually to integrals over p-
dimensional hypersurfaces of RP which vary with some arbitrary parameter ). The
boundary 0€Q2(&) will be assumed to be composed of (D — 1)-dimensional surfaces
which are everywhere locally diffeomorphic to the (D — 1)-dimensional hyperplane
and will be assumed to have sufficiently smooth dependence on &. Furthermore,
assume that the boundary has a finite (D — 1)-dimensional surface area. These
assumptions preclude the possibility that the topology of {)(&) changes as ¢ varies,
for example through the formation of a hole and also preculde surfaces with sharp

corners or edges like the D-dimensional hypercubes !. Given the linearity of

!'Such singularities on the boundary surface often do not complicate the result since they often
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Figure B.1: (a) Lagrangian coordinates on €(#). The points x € Q(t) is traced
backwards in time under the flow given by the velocity v(x,¢) (depicted as blue
curves) to the point & € Q(0). The Cartesian coordinates of & in the fixed lab frame,
&', then serve as coordinates for x. (b) Without a provided velocity describing the
flow, it is not clear how to define Lagrangian coordinates.

integration, it suffices to consider (&) as a single connected component from now
on. Throughout, the fixed, Eulerian or lab coordinates will be denoted x and will be
taken as Cartesian coordinates of RP, with ith component x’. The integral over Q(&)
of an e-differentiable integrand f(x, ) is the object of study, I(g) = f ae) f dPx.
The primary difference in this context, aside from the dimensionality, from the time-
dependent one in Eq. B.1 above is that there is no obvious “velocity” field which
is advecting the domain and through which Lagrangian coordinates can be defined.
So before moving on to prove the general Reynolds’ transport theorem, some work
must be done in defining the Lagrangian coordinates, and this will be accomplished
by explicitly constructing a flow field v(x, &) analogous to the usual velocity field
which advects Q(0) to Q(g) 2.

In order to relieve notational burden, the dependence of the domain and other quan-
tities on & will be omitted unless it is needed, so (&) and f(x, &) will be written
Q and f(x), respectively. Explicit specification of the domain  will be assumed

to be given through a specification of its bounding surface d€Q2. As an embedded,

effect a negligible (zero measure) portion of the domains of the integrals. However, pathological
examples can be constructed.

2 An alternative method for proving the Reynolds’ transport theorem involves generalized func-
tions and distributional derivatives [104]. Such a non-classical derivation is less satisfactory than
the classical one based on Lagrangian coordinates because of its reliance on more formal notions of
functions and derivatives.
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(D - 1)-dimensional manifold of R”, this can always be done locally through a
parameterization. Specifially, let the domain of surface coordinates Q; ¢ RP~! be
an open subset of the (D — 1)-dimensional Cartesian space, and let wy € Qg have
Cartesian coordinates w'. The subscript s will be used throughout to denote the sur-
face or boundary quantities, and these Cartesian coordinates parameterize a patch of
the surface AQ through a map Sy, x : (Qs C ]RD‘I) - (0!2 cRP ) Thus a point
on the surface with D-dimensional coordinates x € dQ < R” will be designated
by the surface coordinates wy € Qg C RP-1 when Sw,—x(Ws) = X. The surface
will generally require multiple patches with different coordinate parameterizations
to totally parameterize it, but since it is obvious how to transition between coordi-
nate patches during operatrions like integration, we will simply focus on a single
coordinate patch. Aside from the surface coordinates, multiple coordinates can by
used to specify points in the interior volume €. The natural, Eulerian coordinates
are the Cartesian coordinates of R? itself, so that the coordinates of a point x € Q
are the Cartesian components x'. In the course of this letter, another coordinate
system for Q, the Lagrangian coordinates denoted &, will be given by the Cartesian
coordinates & of points in the & = 0 domain ) ¢ R”. These coordinates will also
specified through a map Mx_¢ : (Q ¢ R?) - (Qp c RP), and the Lagrangian
coordinates of a point x € Q will be given by & = My_,¢(x) € €. The inverse map
changing Lagrangian coordinates back to Eulerian coordinates will also be used
Mgy @ (Qo € RP) - (Q c RP).

Given any description of the domain €, some surface parameterization Sy, _,x can
be defined. The map Sy, x and the integrand f are the only pieces of information
initially provided. The maps Mx_.¢s and M¢_.x are not yet defined, and the main
purpose of this letter is to show how this can be done. Furthermore, it should
be emphasized again that all these coordinate maps Sy, _x(Wy), Mg_x(£), and
My, ¢(x) vary with € as well as the arguments explicitly denoted — they are evaluated
at some fixed & unless otherwise indicated. When evaluating derivatives with
respect to &, care must be taken to avoid confusion. Derivatives of functions
which depend only on ¢ such as /(g) will be denoted with the usual %. Functions
that vary in space as well as with & will generally be defined as functions of
their Eulerian coordinates, as in f(x). The partial derivative % will then be
the derivative when x is held constant. Spatial functions will also need to be
evaluated in their Lagrangian coordinate system through composition with the map
Mgy, asin f(€) = f(Mg—x(€)). The same symbol f is used here to denote
this function from Q to R, but its functional form will of course differ between
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Lagrangian and Eulerian coordinates. When evaluated at fixed &, differentiating

with respect to € requires the chain rule and will be denoted with total derivative

df@ _ [orm | afe) IMi_ (£ |
ds =\ de 9x de X=Mg_x(£)"

The important surface quantities associated to dQ will now be formally defined.

Consider a coordinate patch around some boundary point wg € €, as illus-

trated in Fig. B.2 for a three-dimensional surface. The (D — 1) tangent vectors

Q(e)
Q(e+6¢)

0Q(e+6¢)

Figure B.2: Surface quantities near a boundary point Xy € d€. A parameterization
of the surface yields (D—1) tangent vectors t;, and the normal vector ny is orthogonal
to each tangent. The perturbed surface 0Q2(e+0d¢) is also shown when € is changed by
asmall amount d&. The rate of change of the distance g(d¢) betweenx = Sy, _x(Wy)
and the intersection of the ray through x in the normal direction and 0Q (e + d¢)
defines the boundary velocity.

aSws—m(W‘v)
owt
is assumed to be everywhere diffeomorphic to the (D — 1)-dimensional hyper-

are defined via the parameterization t;(w,) = , and since the surface
plane, it is required that these tangent vectors are everywhere linearly independent.
The components of the normal vector ng(wy) are then defined by a straightfor-
ward generalization of the vector cross product in three dimensions (formally, the
Hodge dual of the wedge product of the Hodge duals of the tangent vectors [27]),
ni(wy) = 6ij°ej0jl...jD_1t{' (Wy) - --tjl;)_’l' (ws) where € is the totally antisymemtric
Levi-Civita symbol and ¢ is the Kronecker delta, the metric in the Cartesian coor-
dinates of RP. The antisymmetry of e implies that ns(wy) is indeed orthogonal to
each of the tangent vectors t;(w;). The coordinates are assumed to be chosen with
the correct order (an orientation) so that ny(wy) is pointing outward from the interior
of Q. The surface measure in the w coordinates induced by the Euclidean measure

WD—I

¢, where | - | is the Euclidean

in R? is given by d?~1x = |ns(w,)[dwldw?---d
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norm. While the tangent and normal vectors are dependent on the particular param-

ng(ws)
[n (wy)|

are surface integrals of the normal flux of a vector field over the surface measure,

eterization chosen, the unit normal fi;(wy) = is coordinate-independent as
as in the surface integral in Eq. B.1.

In addition to the tangent and normal vectors, there is also a boundary velocity
associated with changes in €. A naive definition for the boundary velocity would be
w, but this quantity is dependent on the specific parameterization chosen.
However, it is straightforward to show that the normal component of the velocity is

coordinate independent, so the surface velocity is defined

0 Sws —x(Wy)

A (W) | Bg(Wy). (B.2)
oe

Vs (W) = (

A slightly more intrinsic definition follows from considering the intersection between
the ray through the normal direction at X = Sy, _,x(W,) and the surface 0Q(e+d¢) as
oe — 0, as indicated in Fig. B.2 and described in more detail in the Supplementary
Information.

To define the flow field v(x) and in turn the Lagrangian coordinates, it is necessary
to extend the information from the boundary dQ into the interior of Q. A straight-
forward way to achieve such an extension is through solutions to linear elliptic
partial differential equations on €, since classical smooth regularity of such solu-
tions in X up to and including the boundary is well known [105, 106]. First consider
the eigenfunction corresponding to the smallest eigenvalue of the Laplacian on Q
with zero Dirichlet boundary conditions, and denote this eigenfunction ¢.(x). It is
known that ¢.(x) is a strictly positive, smooth function in the interior of Q [105].
Given the smoothness of ¢.(x) with respect to X, it is straightforward to insert the
power series expansion (plus a remainder term via Taylor’s theorem) of ¢.(x) about
some boundary point X = Sy, _x(W,) € dQ into the eigenvalue equation to derive
recurrence relations between the partial derivatives of ¢.(x). These recurrance
relations determine the higher order partial derivatives of ¢,(x) in terms of the 2°
partial derivatives % with m < D where each k; is distinct, so that k; # k;
for i # j, since only such monomials are in the kernel of the Laplacian. Since the
boundary 9Q is precisely the collection of points x € Q(g) for which ¢.(x) = 0,
the local structure of 9Q is determined by the lowest order non-vanishing terms in
the Taylor series of ¢.(x). Suppose for the sake of contradiction that V¢, (xg) = 0
for some x¢ € (?Q so that the lowest order nonvanishing terms in the Taylor series
are ) 9740 _ ( — xkry... (xg’" — x*m) for some m > 1. This vanishes on all D

OxK1 - xkm
of the Cartesian coordinate axes centered at Xo, where all but one of the x* equals
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k
0’

hypersurface. This contradicts the assumptions about the smoothness of dQ(¢g), so

x;, and so the zero level set cannot be diffeomorphic to the (D — 1)-dimensional

the gradient of ¢.(x) cannot vanish on the boundary,
0 < |V (Sw,—x(Ws))| < oo for all wy € Q. (B.3)

The outward pointing unit normal vector ngy can then be expressed in terms of ¢ (x)
at each x € 9Q using the well-known geometric relation for the normal at a level set

surface,
Vo, (Sws Sx(Wy))

V(S —x (W)
The sign here is determined by the fact that ¢.(x) is positive in the interior of Q and

(B.4)

ﬁs (WS‘) =

vanishes on the boundary. The function V¢, (x) can then be viewed as an extension
of surface normal into the interior of the domain.

Next the boundary velocity v,(wy) will be extended into the interior of € in order to
define the flow field v(x). Consider the Neumann problem for the Laplace equation
on €2,

sz/lg(x) =0forx € Q,
sz(sws—»((ws)) : ﬁs(ws) = G(wy) for wy € Q. (BS)

Provided that G satisfies the compatibility condition faQ G dP-!

y = 0, a solution
Ve to Eq. B.5 is guaranteed to exists and is unique up to an additive constant [105].
The gradient Vi/-(X) is then uniquely defined and is a smooth function of x and ¢.

Now define

G(Ws) = Vs(ws) : ﬁs(Ws)

f v, - Dy dD_ly
+ 6QV D1 |V¢8(Sws—>x(ws))| .
[, Vs - 01y dP-1y

The integrals appearing in the function G here are finite because of the assumptions
of smoothness, the bounds in Eq. B.3, and the assumption that 9C2 has finite (D —1)-
dimensional surface area. Furthermore, G satisfies the compatibility condition by
construction, and G is an smooth function of & as well since all functions in its
definition are. Finally, the flow field is defined in terms of the solution ¢, to Eq. B.5

as o
fagvs-nsd ly

= Vy,
00 = Vo) +

Vs (x).
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It is easy to see that the Eq. B.4 and the boundary condition in Eq. B.5 implies that
for wy € €, the normal component of v(Sy,.x(Ws)) at the boundary is given by
Vs (Ws),

V(Sw,-x(Wy)) - g (Wy) = V(W) - g (W), (B.6)

so that the boundary velocity has been successfully extended into the interior of Q.
Now the Lagrangian coordinates can be constructed and the Reynolds’ transport
theorem can be proved through the known methods. The proof will be reproduced
here for completeness. Define the propagator for the flow generated by v(x) as the
map U which takes an initial point €, an initial value &g, and a final value & to the
point on the integral curve of v(x) at value €. This map is defined as the solution to

the ordinary differential equation

dU(%(:O’ €) _ V(U(f, £0,€)), U(f, £0,&0) = f’ (B.7)

where the derivative % is taken while holding & and g( constant. The smoothness
of the velocity v(x) with respect to x and & implies that the propagator U is itself an
smooth function of €, &, and gy [107]. The coordinate maps transforming between

Lagrangian and Eulerian coordinates are defined by
Meox(§) = U£,0,6), Myoe(x) = U(x, ¢,0). (B.8)

These maps are clearly inverses of each other. The technical but intuitive point that
interior points map to interior points under these maps is detailed in the Supplemen-
tary Information. It follows that the map My_.¢ is a then diffeomorphism between
these sets. Thus it is possible to use the the coordinates & of () as coordinates of Q2
through the map My_,¢, and such coordinates are the Lagrangian coordinates. The

Jacobian matrix and its inverse relating these coordinates will be denoted

i 0Mé_)x(§) L aM)’;_)g(x)
Ji(§) = YR (J )_j(x):T, (B.9)

respectively, and J(£€) = det J J’ (&) will denote the Jacobian determinant.

Now, the derivative of /(&) will be considered. The change of variables formula
to the Lagrangian coordinate system gives /(g) = fQo ( fo M,f_)x) J dP¢ where
o denotes composition of functions, i.e. ( fo M§_>X) (&) = f(Mg_x(€)). When
expressed in Lagrangian coordinates, the domain of integration )y does not vary
with g, so the derivative % can be taken under the integral sign. Applying the chain

rule and the product rule, changing variables back to the Eulerian coordinates, and
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dM§—>x (é:)

noting from Eq. B.7 and Eq. B.8 that v(x) = —

‘ , it follows that
§ :MX—>§ (X)

di(e) _ f (a_f . a_fdMi_)X ) id—l) "
Q

de de O0xi de J de
of fdaz\ p

= — +Vf- ——1 d”x. B.10

j;z (68 tVfove Jdg) * ( )

The divergence of the velocity will next be expressed in terms of the Jacobian.

Note again from Eq. B.7 and Eq. B.8 that v(x) = % . Taking the
f:ang-‘ (x)

divergence and using the chain rule and Eq. B.9,

d (6Mé_)x(§)) c’)M){_)f(x)

V. V(X) E (9.51 O

‘f:MX—)f(X)
dJi(€) .

_ Y9 i
de !
1 dJ&
J(&) de

§=Mx—)§ (X)

(B.11)

E=Mx_¢(X).

The second line here is the trace of the product of the derivative of the Jacobian and
its inverse. To arrive at the third equality, Jacobi’s formula relating this trace to the
determinant is invoked [16]. Finally, noting that Vf(x) - v(x) = V- (f(X)v(x)) —
f(x)V-v(x), inserting Eq. B.11 into Eq. B.10, and applying the divergence theorem,

the derivation of the the transport theorem

d d
—fdex:f—dex+f fv, - fiy dP7lx, (B.12)
d8 Q Q@S o0

is completed. It is worth emphasizing that the auxiliary flow field v(x) appears here
only through its normal component in the surface integral, which is the coordinate
independent surface quantity described above.

Very little additional work is needed to arrive at a generalization of Eq. B.12
to derivatives of integrals over p-dimensional hypersurfaces in a D-dimensional
space, as discussed briefly in the Supplemetary Information. We conclude now
with an application of the generalized Reynolds’ transport theorem to the statistical
mechanics of free boundary problems. Consider a family (parameterized by some
) of real scalar fields p.(x) which represent some conserved physical density (say
mass for example) distributed in space, and suppose that p.(x) has compact support
Q(e). Suppose furthermore that there exists a free energy functional F [p(x)]| =

f F (p, Vp) dPx for some energy density ¥, and physical states of the theory are
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local minima of the free energy F constrained by some fixed value of the mass
functional m [p(x)] = f p dPx. It follows that the physical states p(x) satisfy the
constrained Euler-Lagrange equations,

OF (p(x),Vp(x)) v 0F (p(x), Vp(x)) N
P) - v #
o o

(B.13)

where u is the Lagrange multiplier used to constrain the mass m [p(x)] to some
specified m(e). Besides being solutions to Eq. B.13, the family p(x) is entirely
arbitrary, and the mass m(g) and free energy F(g) = F [p(x)] vary in this family
of states. The derivative of the mass follows from Eq. B.12,

d 9
—m:f—pdeJrf pvs - Ay dP7 1k, (B.14)
de Q oe oQ

Similarly, the derivative of the free energy also follows from Eq. B.12,

dar _f 0F (p,Vp) dp N OF (p,Vp) 9Vp 4Py
de  Jo op oe oVp oe

+f F(p,Vp)v, - iy dP~x. (B.15)
oQ

When Eq. B.13 is used to substitute for the first term in Eq. B.15, the divergence
theorem is applied, and Eq. B.14 is substituted, it follows that

dF dm A -
— —H—— :f (F (0, Vp) = pp) vs - i 7 'x
de de 20
OF (p,Vp)dp .\ p_y
9T VP OP 4 _ B.1
+fag( oV, 95 D d”'x (B.16)

It is a remarkable fact that the integrals in the interior have vanished from Eq. B.16
and only surface integrals remain on the right hand side. Since the family of
physical states p.(x) was entirely arbitrary, we can regard Eq. B.16 as a relation
among differentials dF and dm and surface parts on the right hand side which is
entirely analogous to the fundamental relation of thermodynamics. Recalling the
definition of the velocity in Eq. B.2, the first integral on the right hand side of
Eq. B.16 correspond to the differential change dw; in the surface itself while the

second integral corresponds to changes in the density dp at the surface.

Supplementary Information
Boundary velocity
Let w, € Q; be the surface coordinates of a surface point X = Sy, _,x(W) € 0Q(¢g),

and consider the perturbed surface dQ2(e + d¢) as in Fig. B.2. Consider the D
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functions which are the Cartesian components of the vectors separating the perturbed

surface points from the points on the ray
h(W, 61;62) = (x + 515 (W) = (Sw,ox (W)l g6 -

Each of these functions vanish for ¢ = 6n = 0 and W, = w,. Furthermore, since
the tangent vectors together with the unit normal vector form D linearly independent

vectors, the matrix

oh oh oh _(a
(m T W) on=0 = (ns -t —tD—l)
§ § 0e=0
Wi=Wg

has non-vanishing determinant and is invertible. The implicit function theorem then
guarantees differentiable functions g(d¢) and wi (o) with g(0) = 0 and w(0) = wy
such that

h(g(de), wi(de); 08) = (X + g(0&)s(Wy)) = (Sw,—x(W(08))[e+se) = 0, (B.17)

so that the intersection of the ray with the surface 0Q(e + d¢) is given by x +
g(de)hy(wy). The surface velocity is rate of change of this point with respect to de,

evaluated at de = 0, v,(wy) = (6%(6(18) n;(wy). Differentiating Eq. B.17 with

6820)
respect to d¢ and evaluating at ée = 0,

9g(d¢) . ISw,-x(W;(5¢)) 3(y;) (5¢) asws_m(Wﬁ(és)))
0= ng(wy) — - -
doe dx! doe oe Se0
(9gGe) . AL @e) 38w n(Wy)
—( 950 Ms(Ws) 99e t,(ws)) S P

Dotting this equation with g (w;), the boundary velocity at the boundary point
specified by w; can be explicitly expressed in terms of the parameterization as in
Eq. B.2.

Flow of boundary points

Here it will be shown that an initial boundary point &y = Sy, —x(Ws9) € 9Q(gp) with
surface coordinate wy, € () remains a boundary point along the flow generated by
Eq. B.7, so that U(&y, €9, &) € 0€Q(¢) for all . Since U is the unique solution to
Eq. B.7, it suffices to show that there exists a flow of surface coordinates w;(g) € €
such that the corresponding flow of surface points Sy, _x(W;(g)) satisfies Eq. B.7

with wg(eg) = wy. Inserting U(&, g9, £) = Sw,-x(W(g)) into Eq. B.7 gives

dev (&) + 6Sws—>x (Ws(e))

\% (Sws—>x (WS(S))) =t (wy (8)) de oe
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Dotting this equation with the unit normal fi;(ws(g)), and applying Eq. B.2 and
Eq. B.6, the normal component of the equation is trivially satisfied. The remaining
(D - 1) equations found by dotting this equation with the tangent vectors t;(w,(g))
form a set of ordinary differential equations for the coordinate flow w,(g), and a
unique solution is guaranteed from the standard existence and uniqueness theorems
[108]. Since the flow is continuous, invertible, and cannot pass through the boundary,
it follows that Mx_,¢(Xx) maps interior points X € € to interior points & € €, as

claimed in the main text.

Generalization in differential geometry

Fully expounding the language of differential geometry requires a rather long dis-
cussion, so the reader is referred elsewhere for such a development [27]. The
generalization is phrased in terms of a differential p-form w(g) and a p-chain Q(¢g)

and is easily stated

d ow
ELw:L(%+lV(dw))+LQZV(w),

where V is the surface velocity field defined via a parameterization of the p-chain
in each coordinate patch, d is the exterior derivative, and vy is the interior product
with the vector field V. In fact, proving Eq. B.18 only requires expressing all terms
in coordinates, applying Eq. B.12 to the resulting p-dimensional integrals in each
coordinate patch U (¢) € R?, relating the coordinate velocity v(x) to V, and applying
the divergence theorem once again. This informative exercise is left to the interested

reader.
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