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Abstract

Thin liquid films are found everywhere in nature. Their flows play a fundamental
role in a wide range of applications and processes. They are central to a number
of biological, industrial, chemical, geophysical and environmental applications. Thin
films driven by external forces are susceptible to instabilities leading to the break-
up of the film into fingering-type patterns. These fingering-type patterns are usually
undesirable as they lead to imperfections and dry spots. This behaviour has motivated
theoreticians to try to understand the behaviour of the flow and the mechanisms by
which these instabilities occur. In the physically relevant case when surface tension is
large, the film’s free surface exhibits internal layers where there is rapid spatial variation
in the film’s curvature over very short lengthscales and away from these internal layers
the film’s curvature is almost negligible. This provides the main motivation for this
thesis which is to develop adaptive numerical solution techniques for thin film flow
equations that fully resolve such internal layers in order to obtain accurate numerical
solutions. We consider two thin film flow problems in one and two-dimensions to test

the adaptive numerical solution techniques developed in this thesis. The first problem
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we consider is related to a liquid sheet or drop spreading down an inclined pre-wetted
plane due to influence of gravity. The second problem we consider is also related to
the spreading of a liquid sheet or drop down an inclined pre-wetted plane including
surfactant-related effects in addition to gravity. We follow the r-adaptive moving mesh
technique which uses moving mesh partial differential equations (MMPDESs) to adapt
and move the mesh coupled to the underlying PDE(s). We show how this technique can
accurately resolve the various one and two-dimensional structures observed in the above
test problems as well as reduce the computational effort in comparison to numerical

solutions using a uniform mesh.
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Chapter 1

Introduction

1.1 Motivation

Thin liquid films are found everywhere in nature. Thin liquid film-flows play a fun-
damental role in a wide range of applications and processes. They are present in
industrial, biological, chemical, geophysical and environmental applications. Some ex-
amples are, for instance, in industrial applications such as, coating flows (e.g. drying of
paint) [68, 69] and computer microchip production [75], in biological applications such
as, the mucus layer lining the airway walls of the lung which assists in conditioning
and sensing of air before it accesses the lung [46, 45] and is essential for the stability
the lung, in geophysical and environmental applications such as, mudslides and lava
flow [2, 44]. Tt is important to understand the mechanisms controlling the fluid flow

within these liquid films through the study of such applications.
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When the films are subjected to the action of various mechanical, thermal, chemical or
structural forces, they display interesting dynamics such as, wave propagation, wave
steepening and, spatial and temporal instabilities. The interested reader is referred to
the review articles by Oron et al. [71] and Craster & Matar [26] for a review on these.
A particular class of thin film flow problems that has a wide range of applications
and is of particular interest both in the physical and mathematical context are those
that include surface tension effects [69]. In the physically relevant case when surface
tension is large, the film’s free surface exhibits internal layers where there is rapid
spatial variation in the film’s curvature over very short lengthscales and away from
these internal layers the film’s curvature is almost negligible. This provides the main
motivation for this thesis which is to develop adaptive numerical solution techniques
for thin film flow equations that fully resolve such internal layers in order to obtain
accurate numerical solutions. We consider the following two thin film flow problems
to test the adaptive numerical solution techniques developed in this thesis. The first
problem we consider is related to a liquid sheet or drop spreading down an inclined
pre-wetted plane due to influence of gravity. For example, rain drops or sheet of rain
running down the windscreen of cars. The interesting phenomenon in the case, is the
breaking up of the sheet of liquid into fingers (see figure 1.1). The important physics
related to the spreading fluid drop or sheet down an inclined plane are gravity and
surface tension. Figure 1.2(a,b) illustrate the evolution of the cross-section of a sample
finger shown in figure 1.1. We observe that the shape of the bulk drop is influenced

by gravity with surface tension effects important near the drop’s leading and trailing
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edges. Near the leading edge the effect of surface tension results in a hump which is
referred to as a capillary ridge. There are capillary wave near the leading and trailing
edges also due to surface tension (of a very short lengthscale so cannot be seen on the

scale shown).

Figure 1.1: A viscous liquid sheet spreading down an inclined pre-wetted plane due to
gravity. Notice that the liquid sheet breaks up into fingers. This figure is reproduced
with permission from L. Kondic [57].

The second problem we consider is also related to the spreading of a liquid sheet or
drop down an inclined pre-wetted plane including surfactant-related effects in addition
to gravity. A more dramatic fingering instability now arises when a drop laden with
surfactant spreads on a horizontal pre-wetted plane (see figure 1.3 of an experiment
by Afsar-Siddiqui et al.[1]). Surfactants are chemicals that adsorb into free surfaces
and reduce the surface tension there. Gradients in surfactant concentration result

in gradients in surface tension which can also drive flow (referred to as Marangoni
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(b)

Inclined substrate

Figure 1.2: This figure illustrates a schematic of the fingers shown in figure 1.1 showing
(a) side view and (b) single finger.
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flow). This lead to the fingering patterns observed in figure 1.3. Figure 1.4 shows a
cross-section of a single finger shown in figure 1.3. The dynamics in this case is much
different from that shown in figure 1.2(b). We observe an advancing fluid front ahead
of the bulk drop mainly due to surface tension gradient-driven flow. Surface tension
effects are only important near the bulk drop’s leading edge resulting in a capillary
wave there. An ultra thin film develops between the bulk drop and fluid front which
undergoes severe thinning. At the trailing edge of the fluid front a rarefaction wave

develops.

Figure 1.3: This figure illustrates the development of fingering-type patterns in a
surfactant-laden drop spreading on horizontal pre-wetted plane. This figure is repro-
duced with permission from Afsar-Siddiqui et al. [1].
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— >

Figure 1.4: This figure illustrates a schematic of the cross-section of one finger shown
in figure 1.3.

1.2 Thin film equations for gravity and surfactant-

related spreading

The key aspect in thin liquid films is that the characteristic film thickness H (say) is
much smaller than the length of film L (say); i.e., the small aspect ratio, e = H/L < 1,
which is typically much less than one. This is important for using lubrication theory (or
long-wavelength analysis) to reduce the Navier-Stokes equations of fluid flow and free
surface boundary conditions to an evolution equation for the free surface represented
by h(zx,t). Here = (x,y) and ¢ is time. For a liquid sheet or drop spreading down
an inclined pre-wetted plane due to gravity, the dimensionless evolution equation can

be written to leading order in € as

1
hi + V- %Ca WVV2h — %D(@)h:th} + [ghﬂ = 0. (1.1)
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For a derivation of this from the Navier-Stokes equation, one can refer to Kondic [57].
We note that Eq. (1.1) is derived using a scaling based on balancing the horizontal
component of gravity with viscous forces. This is a fourth order nonlinear degenerate
parabolic PDE for the evolution of the film thickness h(x,y,t). It is degenerate since the
coefficient of the highest derivative tends to zero as h approaches zero. This equation is
driven by the horizontal component of gravity (fourth term in Eq. (1.1)), the vertical
component of gravity (third term in Eq. (1.1); represents second order diffusion) and
surface tension (second term in Eq. (1.1), represents fourth-order diffusion). Here,
the dimensionless parameters D(0) = ecot(f), is the ratio of the size of the vertical
and the horizontal components of gravity, Ca = (e3y)/(uU), is an inverse capillary
number (compares surface tension to viscous forces) and 6 is the inclination angle.
Here, U = (pgsin(0) H?)/pu is a characteristic velocity based on balancing viscous forces
with the horizontal component of gravity. These parameters depend on viscosity pu,
the surface tension at the air liquid interface 7, acceleration due to gravity g and the

fluid density p, all taken to be constant.

We first seck y-independent numerical solution of Eq. (1.1) for constant flux and

constant volume boundary conditions (described later on) satisfying

1 1 1
hi+Q, =0, Q= gOah?’hm - gD(Q)h3hm + §h3, (1.2)

where @ is the liquid flux. Analytical solutions to Eq. (1.2) are difficult to obtain for

general boundary and initial conditions. One then needs to resort to numerical solution.
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Numerical solutions of Eq. (1.2) have been done using finite difference schemes on a
fixed uniform mesh (see Kondic [57], for example). The solution successfully capture
the main characteristics of the evolution of h(z,t), namely, the capillary ridge near the
leading edge of the drop and capillary waves at both the leading and trailing edges of
the drop (see illustration in figure 1.2). However, for Capillary number Ca < 1 (which
corresponds to large surface tension) the width of the capillary ridge is much smaller
(hence, the slope and curvature there becomes much larger). Hence, a uniform mesh
finite difference scheme would require a large number of mesh points to accurately
resolve the capillary ridge region resulting in a large overall number of mesh points and
increased computational effort. We show in chapter 3 how this can be resolved using

an adaptive moving mesh scheme.

For the two-dimensional problem in Eq. (1.1), we are interested in numerically simu-
lating the fingering instability observed in figure 1.1. Linear stability analysis of this
problem using the y-independent solution obtained from Eq. (1.2) as the base state
have shown this solution to be linearly unstable to small-amplitude sinusoidal per-
turbations in the transverse y-direction above a critical angle 6 from the horizontal
(see Bertozzi & Brenner [7] and Kondic & Diez [58]). This critical angle has an im-
plicit dependence on the parameters Ca and D(f) but in generally around 3 — 5° for
physically realistic values of Ca and D(f). Numerical solutions for the nonlinear fin-
gering behaviour have been obtained using finite differences both on a uniform mesh

and non-uniform (but fixed) mesh (Kondic & Diez [58, 57, 59]), using an alternate



CHAPTER 1. INTRODUCTION

-direction-implicit (ADI) time-stepping technique [40] and using both an adaptive fi-
nite element [77] and finite difference method [62] based on a multigrid method. One
would require a large number of uniform mesh points in the y-direction to accurately
resolve a finger. We show in chapter 5 how this can be effectively resolved using a

two-dimensional adaptive moving mesh scheme.

We now consider the above problem with the inclusion of surfactant and surfactant-
related effects. The bulk flow in the drop or sheet is governed by the Navier-Stokes
equations. The surfactant is considered insoluble (i.e., it is present only on the free
surface) and its transport on the free surface is modelled using an advection-diffusion
equation. Lubrication theory can be applied to reduce the governing equations to give
the evolution equations for the film thickness h(z,y, t) and the surfactant concentration
['(x,y,t). The interested reader can refer to Edmonstone et al. [32, 36, 34, 38] for their

derivation. These can be written as

1 1 1 1
hy +V - {g Cah®*VV?h — gGcos, Oh*Vh — §h2vr} + [G sineghg] =0, (1.3)

T

1 1 1 1
I+ V- {5 Cah’T'V'V?h — 5Gcoseh2th - hFVF} + {G sin0§h21’] = P—v2r.
e

T

(1.4)

The scalings used to derive Eq. (1.3) are different those used to derive Eq. (1.1). Here,
the balance is between viscous forces and surface tension gradients (due to surfactant

concentration gradients). The spreading of the drop and transport of surfactant are

10
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driven by the horizontal component of gravity (fifth terms on left-hand side of Egs.
(1.3, 1.4)), the vertical component of gravity (third terms on left-hand side of Egs.
(1.3, 1.4)), surface tension (second terms on left-hand side of Eqgs. (1.3, 1.4) and
surface tension gradients related to surfactant concentration gradients (fourth terms
on left-hand side of Eqgs. (1.3, 1.4). The surface diffusion of surfactant also con-
tributes to its transport (the right-hand side of Eq. (1.4)). Here, the dimensionless
parameters Ca = €%0,,/I1, is an inverse capillary number (compares surface tension
to viscous forces), G = (pgHL)/II is the Bond number (relating gravity and viscous
forces), Pe = (IIH)/(uD;) is a Péclet number (compares the magnitude of changes
to surfactant concentration due to diffusion and advection by surface flow) and 6 is
the inclination angle. U = (I1H)/(uL) is the characteristic Marangoni velocity in this
problem. These parameters depend on surface diffusivity Dy of the surfactant , viscos-
ity u, the spreading pressure II (is used to scale the surface tension), acceleration due
to gravity g the fluid density p and the maximal value of the surface tension o,,, all

taken to be constant.

We seek one-dimensional (y-independent) solutions of Egs. (1.3, 1.4) for constant flux

and constant volume boundary conditions (described later on) satisfying
1 3 2 1 3 Ly
hi +Qf =0, Qf=V- gC'ah \AY% h—chosé’h Vh—éh vTr (1.5)

+ {G sin Héhg} ,

T

11
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1 1
I''+Qr=0, Qr=V- {5 Cah’TVV?h — 5GcosefﬂFVh — hI'VT (1.6)
+ |Gsinotpr L vor
mo— - —
) . Pe ’

where Qy and Qr are fluid and surfactant fluxes, respectively. Numerical solution of
Egs. (1.5,1.6) have been done using finite difference schemes on a fixed uniform mesh,
collocation methods (using PDECOL and EPDCOL [56, 64]) and finite element meth-
ods [32, 36, 34, 38, 60]. The solution behaviour shows multiple wave-like structures in
addition to the capillary ridge and capillary waves mentioned in the previous problem.
These include a step-like structure ahead of the leading edge of the drop and a fluid
front upstream of its trailing edge. The slope and curvature of these structures become
much steeper for Ca < 1 and hence a scheme incorporating a uniform mesh would
require a large number of mesh points to accurately resolve all these structures. We
show in chapter 4 how by carefully selecting a monitor function representing region
where the solution changes rapidly and incorporating it into an adaptive moving mesh
scheme can accurately resolve these structures. In this thesis we only consider the
1D problem, Egs. (1.5,1.6). Edmonstone et al. [32, 36, 34, 38] have also considered
fully nonlinear simulations of Eqgs. (1.3, 1.4)) to explore the stability of their spatially
one-dimensional solutions of Egs. (1.5,1.6) to transverse perturbations in the flow and
surfactant concentrations. Their numerical simulations using a finite difference scheme
on a uniform mesh and an ADI time-stepping scheme captures the fingering instability

similar to the gravity-driven spreading problem.

12
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Boundary conditions

We now prescribe boundary conditions for the gravity-driven spreading problem Eq.
(1.1) and the gravity and surfactant-driven spreading problem Eqs. (1.3,1.4). Two
sets of boundary conditions (BCs) are considered in this thesis, namely constant flux
and constant volume. Constant flux BCs correspond to constant supply of fluid and
surfactant concentration at one end of the domain while constant volume prescribes no
flux BCs at both ends of the domain. We also assume that the plane is pre-wetted with
a precursor film of thickness b = b*/ H* < 1, which relieves the contact line singularity,
and it is surfactant free. Here, b* is the dimensional precursor film thickness and H*

is a characteristic film thickness. These boundary conditions are prescribed as follows:

The constant flux boundary conditions are given by

Npwwe =0, h=1, at x =0, hg =0, h=0b, at x = L,, (1.7)

F=1,atx=0, I'=0, atx=1L,, (1.8)

where the computational domain in this case is given by x € [0, L,]. These correspond
to constant supply of fluid (or constant flux of fluid) and surfactant concentration the

end at © = 0. A schematic of this BC is shown in figure 1.5(a).

The constant volume boundary conditions are given by

heze =0, h=0b, at e =+L,, I'=0, at x = +L,. (1.9)

13
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Surfactant

Constant flux

Precursor film

Inclined substrate

Y Surfactant

l

Precursor film

g Inclined substrate

Figure 1.5: These figures illustrate a schematic of a surfactant-laden drop or sheet
spreading on an inclined plane with (a) constant flux boundary conditions and (b)
constant volume boundary conditions.

14
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A schematic of this BC is shown in figure 1.5(b). The computational domain in this

case is given by = € [—L,, L,].

For the two-dimensional gravity-driven spreading problem in Eq. (1.1) we apply sym-

metry boundary conditions in the y direction which are given by h, = hy,, = 0.

15
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1.3 Adaptive mesh techniques

Numerical solution of partial differential equations are obtained by approximating the
PDESs on a mesh by basically discretising the physical domain into a finite set of points.
A uniform mesh is commonly used to discretise the physical domain (see figure 1.6(a)
for an illustration of a solution on a uniform and fixed mesh). More mesh points are
required to resolve the steep front, resulting in solving a large system of equations.
This is computationally intensive and expensive. So, an alternative approach is to
have an adaptive mesh which redistributes or puts more points in regions where the
solution changes rapidly and less points elsewhere (see figure 1.6(b) for an illustration
of this). Although discretisation schemes on a uniform mesh are routinely used for
the numerical solution of thin film problems, over the past two decades or so adaptive
moving mesh techniques have also been utilised in problems with rapid spatial variation
such as, steep fronts, shock-like structures and moving contact lines [47]. The aim of
an adaptive mesh is to obtain an acceptable degree of accuracy and efficiency without
having an excessive number of mesh points, as compared to a uniform mesh. As pointed
out by Brackbill [10],

" the marginal utility of using an adaptive grid over using a uniform grid is much greater
than the marginal utility of using one method for adaptive gridding over another. It is
almost always better to use an adaptive grid of any kind than to use none.”

Moreover, as illustrated in figures 1.2,1.4, the front is moving in time. So, not only

is an adaptive mesh needed to accurately resolve the front, but it is also necessary to

16
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(0)

PR

Figure 1.6: These figures illustrate the differences between (a) a uniform mesh and (b)
an adaptive mesh. A large number of mesh points are needed to resolve the steep front
using a uniform mesh. The adaptive mesh redistributes the mesh points so that more
points are in regions where the solution has rapid variation and fewer points in regions
where the solution varies slowly.



CHAPTER 1. INTRODUCTION

move the mesh points in time in order to conform with the moving front.

Many adaptive mesh strategies have been utilized for investigating the numerical so-
lution of partial differential equations. We categorise these methods into three groups

[78]:

h-refinement methods (or h-adaptive mesh methods): h-refinement methods
are the most widely applied and developed of these methods and generally use the
finite element method to discretise the underlying PDE. They form the basis of several
commercial codes which usually start with a uniform mesh and then automatically
coarsen or refine the mesh by the inclusion or deletion of mesh points. The strategy
for applying this is usually based on some a posteriori indicator of the solution error.
Barrett et al [4], Sun et al [77] and Li et al [62] have applied h-refinement techniques
using the finite element method for fourth order degenerate parabolic PDEs in one
and two dimensions. These h-refinement techniques form the basis of general purpose
software packages for one-dimensional parabolic PDE systems, for example, BACOL

(B-spline Adaptive COLIlocation) [82] and DO3PPF [70].

p-refinement (or p-adaptive mesh methods): In p-refinement methods a finite
element discretisation of the PDEs is utilized with basis functions involving polynomials
of a particular order. Then, based on some error estimate, this order is increased
or decreased. p-refinement is usually never applied alone and is combined with h-
refinement to generate more sophisticated techniques such as, hp-refinement. HPNEW

[66] and HPDASSL [65] are general purpose software packages which use hp-refinement

18
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for the solution of one-dimensional parabolic PDE systems.

r-refinement (or r-adaptive methods): These are also referred to as moving mesh
methods. A moving mesh method has a fixed number of mesh points that are re-
distributed based on a monitor function (could be based on variation in the solution
gradient or curvature) and then the mesh is moved by solving the so-called moving
mesh PDEs (MMPDEs) [41]. The MMPDEs are derived based on, for example, the
equidistribution principle [18, 73] and variational methods [53, 13]. Both finite element
and finite difference methods have been used to discretise the underlying PDE and
MMPDEs. Although r-adaptive methods are a recent development and have not been
used as frequently as h- or p-refinements, they have been successfully applied in various
applications such as, computational fluid mechanics [78], convective heat transfer [24]
and meterological [17, 81] problems. The r-refinement techniques also form the basis
of general purpose software packages for one-dimensional parabolic PDE systems, for
example, MOVCOL [50] and TOMS731 [9]. The interested reader can refer to the
book, Adaptive Moving Mesh Methods, by Huang & Russell [54] and the review paper
by Budd et al. [13], who have made substantial contributions to r-adaptive methods

over the last twenty years.

The main aim of the thesis is to investigate existing r-adaptive or moving mesh strate-
gies for the numerical solution of fourth order nonlinear degenerate parabolic PDEs in
one and two dimensions. The goal is to determine the efficiency and accuracy of these

techniques in comparison to uniform mesh schemes. We will use as test problems: a

19



CHAPTER 1. INTRODUCTION

single one-dimensional fourth order nonlinear parabolic PDE given by Eq. (1.2), a
system of two coupled fourth order and second order parabolic one-dimensional PDEs
given by Egs. (1.5,1.6) and a single fourth order nonlinear parabolic PDE in two dimen-
sions given by Eq. (1.1). While r-adaptive methods have been applied with success to
second order nonlinear parabolic PDEs, to the best of our knowledge, they have never
been investigated for fourth order parabolic PDEs. We emphasise that our goal is not
to claim superiority of r-adaptive methods over hp-adaptive methods for this class of

PDEs but rather an exploration of their potential usefulness.

1.4 Thesis outline

The outline of this thesis is organised as follows. In Chapter 2, we provide an overview
of the main ingredients of r-adaptive or moving mesh methods based on the book,
Adaptive Moving Mesh Methods, by Huang & Russell [54] and the review paper by
Budd et al. [13]. We can ordinarily classify r-adaptive methods as either velocity-
based methods [63, 22] or location-based methods [14, 48]. We focus on location-based
methods. We define the 1D and 2D equidistribution principles, first used by de Boor
[29] and Burchard [18]. The equidistribution principle is then used to derive one-
dimensional MMPDEs. The variational method is also used to derive MMPDEs in
both one and two dimensions. A good choice of the monitor function is an essential
basis for the success of r-adaptive methods. We consider several monitor functions

which can be obtained either by an error estimate or based on solution characteristics.
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We also provide the general numerical framework followed in this thesis.

In Chapter 3, we investigate the numerical solution of a one-dimensional fourth order
nonlinear parabolic PDE given by Eq. (1.2) using a uniform mesh and adaptive mov-
ing mesh scheme with a variety of MMPDEs and monitor functions. The numerical
solutions are compared with a travelling wave solution that exists for constant flux BCs
using which we determine an optimal MMPDE and monitor function for this problem.
We also show for the constant volume case that the weights associated with the moni-
tor function need to be adapted so as to redistribute the mesh points to several regions

which require accurate resolution.

In Chapter 4, we investigate the numerical solution of a system of two one-dimensional
fourth and second order parabolic PDEs using the uniform and the adaptive mov-
ing mesh scheme with a strategy informed by results from Chapter 3. We will see
how to modify the monitor function so as to include solution characteristics of both

components required for their overall accuracy.

In Chapter 5, we investigate the two-dimensional evolution of Eq. (1.1) using an
adaptive moving mesh scheme with two-dimensional MMPDEs including the Parabolic-
Mongé -Ampere (PMA) equation. We investigate the fingering instability that develops
during the evolution and compare the numerical solutions to determine the efficiency

and accuracy of the adaptive moving mesh schemes.

In Chapter 6 we discuss some future work that includes some thin film flow problems

that pose challenges to the successful implementation of r-adaptive methods.
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Adaptive moving mesh methods:

An Overview

In this chapter, we present an overview of the theoretical and practical aspects of adap-
tive mesh methods, with emphasis on its application for solving time-dependent PDEs
discussed in Chapter 1. We focus on the theory of r-adaptive moving mesh meth-
ods which are a more recent development than hp-adaptive methods. The r-adaptive
methods can be classified into two groups [23]. These are: location-based methods
(control directly the redistribution of mesh point locations) [14, 48] and velocity-based
methods [63, 22] (control the mesh velocity which on integration gives location of the
mesh points). We only consider location-based methods in this thesis which are more
widely used than velocity-based methods. In section §2.1 we consider the equidistri-

bution principle, which is the underlying framework for the so-called moving mesh
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Partial Differential Equation (MMPDE) methods considered in section §2.2. This sec-
tion also considers MMPDEs based on variational methods. Section §2.3 considers the
so-called optimal-transport-based methods, most notably the Monge-Ampere and the
Parabolic Monge-Ampere (PMA) equation. We include discussion in both one and two
dimensions of the above methods. In location-based methods, the local density of the
mesh points is controlled by a so-called mesh-density function, often referred to as a
monitor function. These are discussed in section §2.4. We then discuss in section §2.5
regularisation of MMPDEs and smoothing of monitor function required in their prac-
tical implementation. We emphasise here that the material presented in this chapter is
adapted following the book, Adaptive Moving Mesh Methods, by Huang & Russell [54]
and the review paper by Budd et al. [13], who have made substantial contributions to

r-adaptive methods over the last twenty years.

2.1 The Equidistribution Principle

The concept of equidistribution plays an important role in formulating most of the
adaptive moving mesh methods we discuss in this chapter. We first consider the idea

behind equidistribution in one dimension.

Consider a given positive integer N > 1 and a positive continuous function p = p(x)
defined on an interval [a, b]. This continuous function p(x) will subsequently be referred

to as a monitor function. The equidistribution principle requires determining a mesh,
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Jh:a=x1 <y < ...<xyp1 = b, such that p(z) is evenly distributed between the

subintervals determined by these mesh points [3]. Hence,

/ Y o(@)ds = / Y @) == / ZN“ ol(x)dz. (2.1)

x1 )

This means that the area under p(z) is the same for each subinterval. Hence, the mesh
points near the region(s) where p(z) is large will be close together and will move further

apart, where p(z) is small. If J, satisfies the relation Eq. (2.1) then it is called an

a=x X X X X e X X XN=2 XN-1

Figure 2.1: This figure shows an illustration of the equidistributing mesh that satisfies
the relation Eq. (2.1).

equidistributing mesh for the monitor function p(z) [53]. The objective of designing the
monitor function is to control the concentration of the mesh points. Figure 2.1 shows
an illustration of the equidistributing mesh that satisfies the relation Eq. (2.1). To

practically implement Eq. (2.1) for the equidistributing mesh 7, it is more instructive
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to consider this as a coordinate transformation:
r=x(8): Q. =10,1 — Q, = [a,],

where ), and (2, are referred to as the computational and physical domains, respec-
tively. Then,

.I'j:l'(fj), jzl,,N—l—l,

where

j—1 .
£j:T’ jzl,...,N+1,

is a uniform mesh on [0, 1].

The Eq. (2.1) can be written as
J A R P (2:2)

9:/ p(x)dx. (2.3)

In general, a continuous mapping x = z(§) is called an equidistributing coordinate

transformation for p(x) if it satisfies:

z(§)
/ plx)dr =€ 0, V¢ € [0, 1], (2.4)
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where 6 is defined as above. Differentiating Eq. (2.4) once with respect to £, we obtain

plx)—= =0, (2.5)

z(0) = a, z(1) = 0. (2.6)

We see later that it is more useful in the practical sence to formulate the equidistributing
coordinate transformation as an ODE in Egs. (2.5,2.6) rather than solving the integral
equation in Eq. (2.4). It can be shown that, for any strictly positive monitor function
there exists a unique equidistributing coordinate transformation x = z(£) for that p(z).
Although the existence and the uniqueness of the equidistributing mesh is guaranteed
theoretically, it can rarely be determined analytically and in most cases needs to be
approximated. A simple approximation for determining an equidistributing mesh is

based on de Boor’s algorithm [27, 28].

de Boor’s algorithm Suppose that there is a known mesh density function on an

arbitrary background mesh 7, such that

Tpa=2z0<z1<29<...<zpy=b,

which can be thought of as a prescribed mesh in an iterative process. Here, M is used
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to specify the number of points in the background mesh. Then, de Boor’s algorithm

approximates p(z) on this background mesh by a piecewise constant function as follows

(p(20) + p(21)) for = € [z, 1]

[N

%(,0(21) + p(29)) for € [z, 2)]

Yp(zua) +p(an))  for @€ [z, 201

(2.7)

and to then obtain the equidistributing mesh of N points (can be different from M)

for this piecewise constant function. Denoting

Hence, the equidistribution relation Eq. (2.2) can be written as

(2.8)

(2.9)

(2.10)

where 6 is defined as §# = P(b). To obtain z;, i = 0,..., N, one first determines the
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index k such that

P(zr—1) < &0 < P(z).

Since & < 1 and P(x) should be piecewise linear, x; is computed by

2(&iP(2k) — P(26-1))
plzr) +plzr1)

X, = 21+

Unfortunately, de Boor’s algorithm requires to calculate Eq. (2.3) for every monitor
function and does not extend easily to higher dimensions. A widely used method
which can be generalised to higher dimensions is based on the ODE form given in Eqgs.

(2.5,2.6). Differentiating Eq. (2.5) again with respect to £, we have

(p(.%)l‘g)g =0, ¢ €10,1], (2.11)

subject to the boundary conditions

z(0) = a, z(1) = 0. (2.12)

We not that, the above equidistribution-related concepts are for time-independent prob-
lems. For the numerical solution of time-dependent problems, the monitor function
depends on the solution and hence on time. So, the coordinate transformation will
also depend on time, i.e., x = z(&,t). One can still use the BVP in Eqs. (2.11,2.12) to

determine x = (&, t) as follows:
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(p(:L‘,t):L‘g)g =0, §€ [0’ 1]’ (2'13)

subject to the boundary conditions
z(0) = a, z(1) = 0. (2.14)

It is considered advantageous to employ a PDE that involves a mesh speed rather
than the ODE in Eq. (2.13). A mesh equation that involves a mesh speed is referred
to as a moving mesh PDE (MMPDE) and discussed in section §2.2. Consider given
positive integers N, > 1 and M, > 1 and a positive continuous function p = p(x, t)
(where & = (x,y)) on a rectangular domain [a, b] X [¢, d]. The equidistribution principle
requires determining a mesh, Jp:a =21 < 29 < - < 2p,41 =0, c=1y1 <y <

-+ < yn,+1 = d, such that

p(zc,t)d:c:/ plx,t)dx, for j=2,... . M, —1, k=2,...,N,,
Ajrg el
27 2

(2.15)

where A; 1411 denotes the mesh cell [z, 2541] X [Yk, Yret1]-

Counsider this as a coordinate transformation:

x=x(&1t): Q. =1[0,1] x [0,1] = Q, = [a,b] X [c,d],
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where = (z,y)T and € = (£,1)T. Then,

j—1 k-1 .
(&) = ( N, ),forjzl,...,Mx—l—l, k=1,...,N,+1, (2.16)

is a uniform mesh in [0, 1] x [0, 1]. The relation Eq. (2.15) can written as

—1k—
/ / (xz,t)d M Ny@forj—l oMy +1, kE=1,--- N, +1, (2.17)

where

Hz/ab/cdp(a:,t). (2.18)

In general, a continuous mapping @ = x(&,t) is called an equidistribution coordinate

transformation for p(x,t) if it satisfies:

/z(ﬁ / pl,t)de =End, V(& n) €[0,1] x [0,1], (2.19)

where 6 is determined in Eq. (2.18). Since the above relationship is true for all (£, 7),

the coordinate transformation mesh must satisfy the identity

pla,t) 22| = g, (2.20)
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T
where o is the Jacobian matrix of the transformation @ = x(§,t), which is given by

Te Y
J= , (2.21)

Ly Yn

dx
d =
on ’d

(2.20), becomes

is the determinant of the Jacobian, J = |J| = z¢ y,, — =z, ye. Hence, Eq.

plx,t)] =0, (2.22)

where 6 is determined in Eq. (2.18). This problem does not have a unique solution
and additional conditions are required to ensure existence and uniqueness of a mesh.

This will be considered in §2.2.

2.2 Location-based adaptive moving mesh methods

for time dependent problems

2.2.1 Moving mesh partial differential equations (MMPDEs)

In this section, we describe moving mesh methods based on MMPDEs, derived using
the equidistribution principle. We first consider them in one dimension. We suppose
the monitor function p(z,t) is a given continuous function in z and ¢. Discretising the

boundary value problem in Eq. (2.13) in the computational domain yields a system of
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nonlinear equations which is difficult to solve directly. Alternatively, Huang, Ren and

Russell [73] present a time evolution by taking the total time derivative of Eq. (2.13):

— 0= (pe)e + e (pze)ee = 0. (2.23)
_ (0x Oz Df of af . .. .
where (z¢, ;) = (85’ 8t> and Di = o + x4 o the total derivative of f with

respect to t. Eq. (2.23) is referred to as MMPDEO. We obtain the equidistributing
mesh by solving MMPDEQO starting with any initial mesh, e.g. uniform mesh. However,
there is no guarantee that the initial mesh satisfies the equidistribution relation. This
could lead to mesh tangling which can occur if z¢ < 0, i.e., x; > x;1;. We can alleviate
this problem by introducing a relaxation time into the solution of Eq. (2.23). One

possible form is given by

TT = (pTe), (2.24)

where 7 > 0 is a relaxation time. The equation Eq. (2.24) is referred to as MMPDED5
[73]. If 7 is small, then the mesh will adapt quickly to changes in p, hence equidis-
tributing quickly. For 7 large then the mesh will adapt slowly to changes in p, hence
equidistributing slowly. Once equidistributed, the mesh speed is zero. An alternative
MMPDE equation can be determined from Eq. (2.5) by integrating both sides with

respect to £ and taking the residual:

3
R=2¢€0(t) — /0 plx, t)xede. (2.25)
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Setting R = mx; and differentiating twice with respect to & on both sides, leads to

Ti(1)ee = — (pe), - (2.26)

This equation is referred to as MMPDEG6 [25, 51]. If we combine MMPDES in Eq.

(2.24) and MMPDES6 in Eq. (2.26) with 77 = —y,7, we obtain

7 (1 = 110) 1 = (pxe), , (2.27)

where 7, is a smoothing parameter. It is chosen to control the smoothness of the mesh.

We refer to Eq. (2.27) as regularised MMPDES.

2.2.2 Variational methods

The variational method is an alternative approach for deriving MMPDEs. The advan-
tage of this approach is that it can be extended relatively easily to higher dimensions.
For time-dependent problems, the differential form of the one-dimensional equidistri-

bution Eq. (2.13) can be written as

p(x), (1) + p(x)1ee = 0, z(0,t) = a, z(1,t) =b,Vt > 0. (2.28)
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We define a functional corresponding to Eq.(2.28) as

Ma = 5 [ (olayeg? de (2.20)

Using calculus of variations, a minimiser z = x(§) of this functional will satisfy the

Euler-Lagrange equation given by
1 2
)5 =0, where F (& z,2¢) = 5 (pxe)”. (2.30)

Therefore, we can determine the equidistributing coordinate transformation x = z(§)
by minimising the functional I[z] in Eq. (2.29). For the time-dependent transformation
x = x(£,t), we can consider ¢ to be a parameter such that z(£,t) — z(§) as t —
oo. Then a minimiser of I[z] in Eq. (2.29) can be obtained by solving the following
equation, referred to as the gradient flow equation,

P

Ty = —
T ox’

(2.31)

of
where 5 is the functional derivative of I[x]. 7 > 0 is a parameter for adjusting the
x

mesh response time to changes in the monitor function p(z,t) and P could be chosen
as a function of p or as a differential operator (as shown below), which can take various

forms as we shall see later. It can be shown that

ol
— =F, — (Fz5)£, where F (£, x,2¢) =

5z (p(a, t)ze)?. (2.32)

N | —
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Hence, the variational method determines a coordinate transformation z = x(§,t)
which satisfies the equidistribution condition Egs. (2.13, 2.14) by minimising the func-

tional I[x] in Eq. (2.29).

By using Eq. (2.30), with F (£, z,z¢) = % (pxg)Z, we can prove that the Euler-Lagrange

equation of Eq. (2.29) is given by Eq. (2.13) as follows
Fp= (Fu)e =0 = paepare — ((pe)ep + prepoe) = 0. (2.33)

Fy = (Fue)e = —plpre)e = 0. (2.34)

Since, the monitor function p > 0, then

(pze)e = 0.

Hence, we obtain the Euler-Lagrange equation Eq. (2.13) for I[z]. From Eq. (2.32)
and Eq. (2.34), the gradient flow equation Eq. (2.31) (which is similar to the heat or

differential equation) becomes

L plpre)e. (2.35)

Ty = —
T~

By choosing P = % in Eq.(2.35), gives MMPDES5:

Tx = (pTe), - (2.36)
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Other choices are:

e Modified MMPDES: P = p%, leads to
1
= (pe)e - (2.37)
-1
e MMPDE4: P—— ((%p(%) L Jeads to
1
(p@ie)e = =~ (p ze), - (2.38)
1
e MMPDEG: P —— (%) L Jeads to
1
Tige = —— (P Tg)e - (2.39)

Alternatively, it is convenient to consider £ = £(z) instead of z = x(, t) which satisfies

(%gx)z 0. (2.40)

In one dimension, equidistributing the monitor function is precisely equivalent to the

Euler-Lagrange equation for the functional
1 (1 /0¢\?
1] == - | =) d=. 241
a5 3 (5) @ (2.41)
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The gradient flow equation is given by

gtzzéi(lfg)z. (2.42)

Differentiating both sides of the relation £ = £(z(&,t),t) once with respect to ¢ (keeping

¢ fixed) and with respect £ (keeping ¢ fixed), we obtain
§e = Te §e = —&ay.
Substituting into Eq. (2.42), we obtain the mesh equation for z = z(,t) as
v = LaeP (pre) ™ ()™ (o). (2.43)

Choosing P = (pz¢)” in Eq.(2.43), gives MMPDES:

To = (p T¢), - (2.44)
Other choices are:
e Modified MMPDE5: P = (px¢)” p~t, leads to
_ 2.45
«Tt—T—p(Px&)g- (2.45)
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e MMPDE4: P = —xgl ((%p(%) (pxe)? e, leads to
1
(paie)e = =~ (p ze), - (2.46)
~1
e MMPDEG: P= —xgl (5—;) (pxe)® e, leads to
1
Tige = —— (P T¢)e - (2.47)

MMPDES5 and modified MMPDES given in Eqs. (2.44,2.45), respectively, are gener-
ally quite stiff and in practice it is proposed to regularise this and we refer to it as

Regularised MMPDE5:

T (1 =70¢) 2t = (p ¢), - (2.48)

Regularised modified MMPDED5:

1
T (1 — 710e) 2y = p (p ze), - (2.49)

A smoothing parameter 7, is related to the monitor function p (see Budd et al. [13] and
references therein). An important advantage over Regularised MMPDE5 Eq. (2.48) is
that Eq. (2.49) is more robust usually leading to stable meshes which extends easily
to higher dimensions. It is essentially related to the PMA moving mesh method based

on optimal transport which we discuss later on in this chapter.
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The one dimensional functional Eq. (2.41) can be generalised to two dimensions as

1
1[€] = 5/ (VﬁTpAVﬁ + VnT,o”V?y) dx, (2.50)
QP
0 . . . . .
where V = 3 90 ) and the monitor function p(x,t) is a 2 x 2 symmetric positive
T oY

definite matrix [52, 21, 20]. The gradient flow equations are given by

1 1
= V.plve), = V.p 'vn), 2.51
“= ey ) T e ) @8

Using some transformation relations in Eq. (2.51), the following equations for the mesh

can be written

i ) ()
TJ\/WKM; (xgpxg)L—(ﬁt(p) (x?pxg)>n], (2.52)
e TJ\/F [(Jdelt (ygpy")l_(ﬁt(ﬂ) (ygpyn))J

1

TJ\/W [(Jdelt (y?pyg))é — (Ft(p) (ygpys)>n] : (2.53)

Here, det(p) is the determinant of the monitor function. These mesh equations can
be easily discretised to move the mesh. The interested reader can refer to [13, 48].
The main disadvantage of solving the discretisations of Eqs. (2.52, 2.53) are that the
resulting system is a highly nonlinear which is difficult to solve. Another disadvantage

is that the resulting system requires the solution of a lower dimensional mesh equation
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on the boundaries to obtain Dirichlet conditions for solving Eqs. (2.52, 2.53). The
main advantage is that, under certain conditions on the monitor function, uniqueness
and existence of the solution are ensured in two dimensions [81]. Alternatively, there is
a method which derives mesh equations by solving a gradient flow problem related to
a variational principle. This method is so-called Winslow method [25, 85]. The mesh

equations can be written in the computational domain as

Ty = Ve (p(@, 1) Vex), 1y = Ve (p(x,1)Vey). (2.54)

Here, V¢ = (9¢,0n)" and p(zx,t) is a scalar function. This is the two-dimensional
version of MMPDES. Eq. (2.54) is significantly easier to solve than Eqgs. (2.52, 2.53)
and can also be easily discretised. However, discretisation of Eqgs. (2.54) results in a
very stiff system. Ceniceros and Hou [25] apply a low-pass filter smoothing to p(&,t) .

The low-pass filter can be explicitly applied to the mesh equation which is given by

T(1=mVe)ze = Ve (p(x,)Vex), (1 =mVey = Ve (p(x,)Vey), (2.55)

where 7 is the relaxation time parameter and 7, is a positive real number related to

p(x,t). It is usually given by v; = /At max(p) if a time step At is used or 7, =

/max(p) if not. Eq. (2.55) is the two-dimensional version of regularised MMPDES.

We can extend the one-dimensional MMPDE4 and MMPDEG6 described previously to

also obtain their two-dimensional versions:
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2D MMPDEA4:

Ve (pVexy) = =Ve - (pVex). (2.56)

2D MMPDES6:

TVex, = —Ve- (pVex). (2.57)

The disadvantages in using the above MMPDEs are that we need to solve two PDEs
coupled to the underlying PDE(s) to obtain the adaptive moving mesh and, more
importantly, these MMPDEs cannot ensure no mesh tangling and acceptable mesh
regularity. These disadvantages can be overcome by the optimal transport equations

discussed next.

2.3 Optimal transport equations

Consider the computation domain 2. = [0, 1] x [0, 1], with the computational coordi-
nates £ = (£,n) continuously mapped to the physical domain Q, = [0, L,] x [0, L,],

with the physical coordinates & = (x,y) such that

r=x(,t), zeQ, and &€, (2.58)

where L, and L, are the length of the domain in x and y directions, respectively. In
two dimensions, this mapping does not ensure existence and uniqueness of the solution

only based on the equidistribution principle. This results in mesh tangling and loss of
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mesh regularity as was discussed in §2.2. Alternatively, we consider a mesh generation
method based on optimal transportation. Optimal transport methods are a generali-
sation of one-dimensional mesh equations discussed in §2.2. To avoid the possibility of
mesh tangling, Budd and Williams [15] propose that a good equidistributed mesh is
near a uniform mesh. Recall from §2.2 the two-dimensional equidistribution principle

Eq. (2.22) given by

(@, )| = 0(t), where 0 — /Q oz, 1)dz, (2.59)

and J is the Jacobian matrix is defined in Eq. (2.21). Brenier [11], Caffarelli [19] and
Finn [42] prove that there is a unique optimal mapping « satisfying Eq. (2.59). This

map x is determined by the gradient of a convex mesh potential Q(&,t), such that

z(§,t) = VeQ(&, ), (2.60)

(52"
o’ on”
Substituting into the definition of the Jacobian matrix Eq. (2.21), leads to

where V¢ =

T Ye Qee Que
J = = =H, H=|H|= Qee Oy — an’ (2.61)

Ty Yy Qén an
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where H is referred to as the Hessian matrix of Q(&,t) and H is its determinant.

Hence, the two dimensional equidistribution principle Eq. (2.59) can be generalised to

plx, t)|H| =0(t), where, 0:/ p(VeQ, t)dex, (2.62)
Q

P

Eq. (2.62) is referred to as the Monge-Ampere equation. The interested reader can

refer to Budd et al. [16, 17].

A temporal relaxation method of Eq. (2.62) is proposed by Budd and Williams [16] to

solve Eq. (2.62), which is given in the computational domain by

T (1—=nVE) Q = (p(=, 1) H|)'"*, (2.63)

This equation is referred to as the Parabolic Monge-Ampere (PMA) equation. The
smoothing operator (1 — V) is similar to that used in §2.2, which is used to reduce
the stiffness of the PDEs. The power 1/2 in the above equation is called the scaling
power which is important for global existence of the solution and guarantees that the
right hand side of eq. (2.63) scales linearly with Q(&,¢) [17]. Again, 7 is the relaxation
time parameter and ; is a positive real number related to p(x,t). It is usually given

by 71 = /Atmax(p) if a time step At is used or v; = /max(p) if not. The PMA

equation Eq. (2.63) is subject to the Neumann boundary conditions:
Qe =0,L,, at £=0,1, Q,=0,L,, at n=0,1. (2.64)
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The initial condition for Eq. (2.63) is generally based on a uniform mesh chosen as

QEt=0)= (L& +LyP), Eeq. (2.65)

| —

The advantage of the PMA equation over the MMPDESs is that there is one equation
less to solve in two dimensions to obtain the mesh and the meshes are generally regular

and there is no mesh tangling.

2.4 Monitor function

The choice of the monitor function p is essential for the success of adaptive moving mesh
methods. The monitor function can be chosen based on error estimates (e.g., based
on polynomial interpolation or truncation error of a finite difference discretisation of a
differential equation) or based on the solution characteristics of the underlying PDE. In
the latter case, the monitor function can be defined by the solution u of the underlying

PDE and possibly its derivatives so that

plx,t) = p(x,u(zx, t), Vu(zx,t), Vu(z,t), - t). (2.66)

We just mention here several choices of the monitor function p that are commonly
used, (see Appendix A for a selection of the monitor functions and Huang & Russell

[54] for details of their derivation based on interpolation error estimates).
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e In one-dimension, the arc-length monitor function is given by

p(z,t) = /1 + |ug|”. (2.67)

In two dimensions, a scalar version of the one-dimensional arc-length monitor

function generalised to two dimensions is given by

p(z,t) = /14 |Vu(z, ) (2.68)

This monitor function is used by Ceniceros and Hou [24], and Tang et al. [86]

for several applications in fluid mechanics.

e In one-dimension, the curvature-based monitor function is given by

pla1) = \/1+ a fugal® (2.60)

In two dimensions, a scalar version of the one-dimensional curvature monitor

function generalised to two dimensions is given by

p(z,t) = /1 + a|V2u(zx,t)2. (2.70)

Here, « is a non-negative adaptivity parameter (or weight parameter) of the
monitor function [5, 51] which controls the distribution of mesh points between

regions where curvature changes rapidly and where curvature is almost negligible.
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If & = 0, then the monitor function p = 1 which represents a uniform mesh. For
a > 0, the monitor function p responds to changes in curvature and adapts the
mesh points accordingly. Generally « is chosen to be a constant (equal to one,
say). However, if there are regions of varying degrees of curvature, one would need

to vary a with respect to x for the monitor function to capture these accurately.

e In one-dimension, the curvature-based monitor function is also given by
1/4
plx,t) = (1 + |um\2) / , (2.71)

And its generalisation to two-dimensions is given by

1/4

p(z,t) = (14 a|Vu(z,t)?) (2.72)

This monitor function is provided by Huang & Russell [54].

e An optimal monitor function [54] is also used in one-dimensional problems and

is given by

1 1/3 1 b
=11 — 2 = 2 . 2.
o) = (14 2hl) o= [ [uPad] . 2y

46



CHAPTER 2. ADAPTIVE MOVING MESH METHODS: AN OVERVIEW

2.5 Monitor function smoothing and regularisation

If the solution of the underlying PDE is not smooth, the discretised monitor function
can change abruptly and slow down the computation. To obtain a smoother mesh
and also make the MMPDEs easier to integrate, it is common practice in the context
of moving mesh methods to smooth the monitor function [31, 43]. Dorfi and Drury
[31] propose a technique to smooth a one-dimensional mesh concentration. in this
technique, if n; = (2,41 — xi)fl, then a smoother mesh is obtained by n; = n; —
v (niy1 — 2n; + n;—1). This technique is often called the Dorfi and Drury method.
Another method to obtain a smoother mesh can be generated by averaging the monitor
function p over all mesh points prior to the mesh adaptation [80]. In one-dimension,
assume that the monitor function p(z,t) is given, then the values of the smoothed p at

the mesh points are given by

i+p 2 N |k
P Zk:i—p pi (7/(1=7)) (2.74)

PN CTIC Y )

where v € (0,1) is called the smoothing parameter and p > 0 is referred to as the

smoothing index. In two-dimensions, this can be written as

+1 +1 AR
A k=—1 l=—1 pk+l,]+l'7 (2 75)
" ST Akl '
k=—124=—1"7
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For example, if v = % then Eq. (2.75) is given by

pij < 1Pig 5 (i + Picry + Piger + pij1)
(2.76)

+% (Piv1j1 + Piv1j1 + Picrj—1 + pic1j1) -

This is widely applied in the adaptive moving mesh literature [13].

2.6 Computation using adaptive moving mesh meth-

ods

Computing numerical solutions of the underlying PDE using an adaptive moving mesh

method has three related problems:
1. The strategy used to adapt and move the mesh.

As described in this chapter the mesh is moved by solving the moving mesh
equations either MMPDESs or the PMA equation. We need to choose a suitable
relaxation parameter 7 and smoothing parameter v; to maintain mesh regularity
and avoid mesh tangling. The adaptivity of the mesh is controlled by a suitable
choice of a monitor function. In this thesis we use the curvature monitor function
Egs. (2.69,2.70) and the arc length monitor function Egs. (2.67,2.68). Smoothing
of the monitor function may be required to obtain a smoother mesh and also make
the MMPDE:s easier to integrate
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2. The method used to discretise the underlying PDE(s) and the mesh equation(s).

The finite difference method is used to discretise the equations. We semi-discretise
the spatial derivatives using second-order accurate finite differences and we keep
the time derivative continuous. The resulting system of ODEs are then solved
using the method of lines (see Morton & Mayers [67] or Smith [76] for finite

difference techniques to solve PDEs).
3. The method used to solve the discretised system of equations.

We solve the resulting ODEs for the semi-discretised PDE(s) and mesh equa-
tion(s) simultaneously using the stiff ODE solver DASSL [72] or DASPK [12].
These solvers use either a direct (DASSL) or iterative (DASPK - based on pre-
conditioned Krylov subspace method) method to solve the linearised system of
equations. They also allow approximating the Jacobian using an Incomplete LU
factorisation which, if carefully done, can enhance the performance of the solver

in comparison to the direct method.
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Chapter 3

Numerical Solution of a 1D Fourth
Order Parabolic PDE on an

Adaptive Mesh

3.1 PDE with constant flux boundary conditions

Consider the one-dimensional fourth order degenerate nonlinear paraboic PDE de-

scribed in Chapter 1,

B3 W B3
hi+ |Caghune = DO)he + | =0, (@) €0.L]x 0,77 (31)

xT
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CHAPTER 3. NUMERICAL SOLUTION OF A 1D FOURTH ORDER
PARABOLIC PDE ON AN ADAPTIVE MESH

Here, h = h(x,t) is the film thickness, x is the spatial variable and ¢ is time. The

dimensionless parameters are Ca < 1, the Capillary number, D(6) is related to the
vertical component of gravity, 6 is the inclination angle, L is a domain length and T

is a specific time.

Equation (3.1) is supplemented by four boundary conditions (BCs) in z. These are:

h(0,8) =1, huwa(0,8) =0, h(L,t) =b, and hype(L,t) = 0. (3.2)

Here, b < 1, is the precursor film thickness. This represents a constant flux of fluid
introduced at the upstream end x = 0 and the substrate is pre-wetted with a thin

precursor film of thickness b. The initial condition is chosen as

h(z,0)=(1—2%) Hl—2)+b H(x—1), z€]|0,L], (3.3)

where H(z) is the Heaviside function. This represents a 1D drop connecting onto a

precursor film of thickness b. Figure 3.1 shows this initial condition with b = 1072,

We seek the numerical solution of Egs. (3.1-3.3) to determine the evolution of the
film thickness h(z,t) using the Finite Difference technique and the Method of Lines.
A travelling wave solution exists for this problem [8, 57]. This is then used as an
exact solution to compare the convergence and accuracy of the numerical solution on

a uniform and adaptive moving mesh.
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Figure 3.1: The initial condition for the film thickness h using Eq. (3.3). The precursor
thickness b = 1072,

3.1.1 Travelling wave solution

We seek a travelling wave solution of Eqgs. (3.1,3.2). We write,

§= i h(.%,t) = ﬁ(f)a (3'4)

where ¢ is the wave speed. Substituting these scalings into Eq. (3.1), leads to

R ﬁ3 R R ;L:s R ;L:s
—C hé -+ ? hégg — D(@) ? hg —+ ? =0, (35)

where D(0) = 28 Eq. (3.5) is subject to the boundary conditions,

h—1, ﬁggg—)O as £ > —oo, and h—b, izggg—>0 as & — oo. (3.6)
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Integrating Eq. (3.5) and using downstream boundary condition, we obtain

I B h3 1 )
—ch+ — heyee — D(O) — B — = ——(b+b"). 3.7
ch+ 3 heg ()3 et 3 3(+ ) (3.7)

Applying the upstream boundary conditions, we obtain the wave speed ¢ = é(l—kb—i— b?).

Hence, the travelling wave solution satisfies the following third order ODE,

» 1+b+0> b+b* . -
heee = —— 37—~ 53 +D(0) he — 1, (3.8)

subject to the following boundary conditions,

h—1 as € > —oo, and h—b as £ — oc. (3.9)

Egs. (3.8,3.9) can be solved numerically either as an Initial-Value-Problem (IVP) using
the shooting method or as Boundary-Value-Problem (BVP) using finite differences to

discretise the spatial variables and solving the resulting system of nonlinear equations.

The shooting method

Here, we present a brief outline of the shooting method that is used to solve Eq.
(3.8,3.9). Eq. (3.8) is linearised about the upstream boundary condition, i.e., h — 1 as
¢ — —oo. This generates three initial conditions along with a shooting parameter that

is utilized to integrate Eq. (3.8). This shooting parameter is varied so as to satisfy the
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downstream boundary condition, i.e., h = b as ¢ — +o0o. For a detailed description,
the reader can refer to [79]. We define, h(¢) = 1+ 8 H(€), where § < 1. Substituting

in Eq. (3.8) gives at O(d),

Heee = (b+0* — 2)H + D(0) He. (3.10)
The above ODE has characteristic equation with three roots, one of which is negative
and the remaining two roots are positive. Here, the negative root is neglected to prevent
the solution increasing exponentially as & — co. We have three cases for the remaining

two positive roots depending on inclination angle 6. If the roots are,

e Real and equal (= «, say), then the solution is written as,

H(E) =1+e(A+Bf), as £— —oo.

e Real and distinct (= «, [, say), then the solution is,

HE) =1+Ae+Be% as £ — —oo.

e Complex conjugate roots (= a=+1if, say, with a > 0), the solution takes the form,

H(E) =1+ Aecos(B(E—&)), as &— —oc.

We only consider the case where the roots are complex conjugate. This is the case for
large inclination angle #. Using the translational invariance of Eq. (3.10), we choose &,
to be large and negative such that cos (5 (§ — &y)) = 1. We write Eq. (3.10) as a system
of three first order ODEs with initial conditions provided by the above linearisation

about h = 1. We solve the resulting IVP using the MATLAB routine ODE15s [74] and
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modify the shooting parameter A until the downstream boundary condition is satisfied.

Solving the BVP

We rewrite Eq. (3.8) as,

: o L £b+82 bt i :
F(h) =0, where F(h) = heee — +iﬂ+ - ;;3 L DO) he—1].  (3.11)

We discretise the above equation using centred finite differences on either a uniform or
non-uniform mesh resulting in a system of nonlinear algebraic equations. We use the
MATLAB routine FSOLVE to solve this system which uses a quasi-Newton method
[74]. It is crucial to have a good starting guess for the solution to converge; we use the

corresponding solution obtained by the shooting method as a starting guess.

Figure 3.2 shows the numerical solution of Eq. (3.10) obtained using the shooting
method (dashed blue line) with stepsize A¢ = 107° and the BVP method (solid red
line) with mesh size Aé = 5 x 107°. The parameter values are Ca = 1, § = 90°
(so, D = 0) and b = 1072, The solution is translated so that the origin £ = 0 is at
the minimum value of h attained just before connecting onto the precursor film, the
so-called effective contact line. The solution is characterised by a shock-like structure
which develops just upstream of the contact line, the so-called capillary ridge, and a
capillary wave that forms both upstream and downstream of the capillary ridge (the
downstream capillary wave has a much smaller lengthscale and is not seen on the scale
shown in Figure 3.2). The width of the capillary ridge region scales like Cal/? (see Eq.
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Figure 3.2: Numerical solution of Eq. (3.10) obtained using the shooting method
(with stepsize A = 107°) and the BVP method (with mesh size A = 5 x 107°). The
parameter values are Ca = 1, § = 90° (so, D = 0) and b = 1072

(3.4)) and hence becomes much steeper as Ca — 0. This would require a large number
of mesh points in any numerical discretisation to fully resolve this region making the

use of an adaptive moving mesh even more important.

Figure 3.3(a) presents convergence histories (measured in the Ly norm) for the shooting
and the BVP methods. Both methods converge as the stepsize A¢ decreases. Figure
3.3(b) presents the error measured in the Ly norm for both schemes. We assume the
solution with A¢ = 107> obtained using shooting method as the exact solution when
computing the error. We observe that the error in both methods tends to zero as A¢
goes to zero. Moreover, shooting method is more accurate than the BVP method.
However, in the shooting method, the shooting parameter is dependent on the mesh

size AE. We can conclude that the shooting method is more accurate and convergent
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Figure 3.3: (a) convergence histories (measured using the Ls norm) and (b) Ly norm
error for numerical solutions is obtained using the shooting and BVP methods for
varying A¢. We assume that the travelling wave solution obtained using the shooting

method for A§ = 107° as the exact solution when comparing the error. The parameters
values are 6 = 90° (so, D =0) and b = 1072
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than the BVP method. We will assume that the numerical solution using the shooting
method for A¢ = 107° as the exact solution when making comparisons between the
numerical solution of the full time-dependent problem using a uniform and adaptive

moving mesh scheme described in the following sections.

3.1.2 Numerical solution of Egs. (3.1, 3.2) on a uniform mesh

The domain [0, L] is uniformly divided into N + 1 discrete points as follows:

r; = (j—1) Az, Vz; € [0,L], j=1,2,..,N+1, where Az = % is the width

of each sub-interval. We discretise the spatial derivatives appearing in Eq. (3.1) using

finite differences; the time derivative is kept continuous.

The spatial discretisation is done as follows. We define a forward and a backward

difference as:

hj1 — h;
hojry = =1+ OBa), h

_hi—hia

£+ N + O(Ax), respectively. Thus, a

semi-discretisation of Eq. (3.1), keeping the time derivative continuous, is

b4 @ (h3)j+% (hxa’:x>]+% - <h3)J7% (hm’m:)J,%
b 3 Ax
3 - 3 1 . 1 1
_DO) [Py Py = Uiy By | L0, = (W) g4
3 Az 3 Az

where j =2,..., N and (h3)j+% can be approximated by

h3. , + h? hiv 4 hy\°
3 _ +1 3 _ +1
(W54 = =5 ]°r<h)j+;_(]2 j>'
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It has been shown that there are particular choices for the approximation of (h?) !
that have special properties, for example, the so-called positivity-preserving scheme,
meaning that if one starts from strictly positive data for h, the scheme will help pre-
serving this property. The interested reader is referred to the works by Bertozzi [6]
and Zhornitskaya & Bertozzi [87] for details. Evaluating Eq. (3.12) at j = 2, N require
fictitious points which are obtained by discretising the boundary conditions A, = 0
at © = 0, L using centred finite differences. The boundary conditions ~(0,¢) = 1 and

h(L,t) = b are replaced by their ODE form:

ht,l = O, ht,NJrl = O (313)

This semi-discretisation scheme is second order accurate and uses a 5-point stencil. It
requires a smaller bandwidth in comparison with a 7-point stencil if using a centred
finite difference scheme. This discretisation is frequently used in thin film problems,

particularly, for discretising the fourth order derivative (for example, see Kondic [57]).

Equations (3.12,3.13) form a system of N + 1 ordinary differential equations for the
solution hy, ..., Ay with initial condition given by Eq. (3.3). These are solved using
the stiff ODE solver DASSL [72] which uses backward differentiation formulae (BDF's)
to approximate the time derivative and the resulting nonlinear system of equations are
solved using Newton’s method. The banded structure of the Jacobian matrix (with
bandwitdh=>5 based on the above semi-discretisation) corresponding to the linearised

system is utilised to improve the performance of the ODE solver.
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Figure 3.4: Time evolution of h(z,t) to the travelling wave solution with parameter
values Ca = 1073, 0 =90°, b= 1072, L = 6 and Az = 1073 (so, N = 6000). Time ¢ is
increasing between ¢t = 0 and ¢ = 10.

Figure 3.4 illustrates the time evolution of h to a travelling wave solution with param-
eter values Ca = 1073, 0 = 90°, b= 1072, L = 6 and Az = 1072 (so, N = 6000). The
results are shown for time ¢ ranging between 0 to 10. Note that, after ¢ ~ 4, the solu-
tion appears to have converged to a travelling wave solution. Figure 3.5(a) illustrates
the numerical solution of Eq. (3.12) at ¢ = 10 for varying Az. The dashed line shows
the assumed exact solution obtained using the shooting method with Az = 1075. We
note that the solution converges to the exact solution as Ax decreases. Therefore, we
can conclude that the uniform scheme converges to the exact solution as Ax — 0.
This convergence is verified in figure 3.5(b) which shows the L, norm error between
the numerical (at ¢t = 10) and exact solution for decreasing Az. Observe that Ly norm

error decreases as Ax decreases.
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Figure 3.5: (a) shows the numerical solution of Eq. (3.12) at ¢ = 10 for decreasing Az.
The dashed line shows the exact solution obtained using the shooting method with
Az = 107°, and (b) shows the L, norm error between the numerical (at ¢ = 10) and
exact solution for decreasing Aw.
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3.1.3 Numerical solution of Egs. (3.1, 3.2) on an adaptive

moving mesh

We now seek the numerical solution of Egs. (3.1, 3.2) using an adaptive moving mesh
method. We first transform from the physical domain €2, = [0, L] to the computational

domain 2. = [0, 1] using the transformation

r=ux(t), £€[0,1], €0, L]

Then the solution can be written as

~

h(z,t) = h(z(&,t),1).

A moving mesh associated with the solution h is described as

Ti(t): i (§) = x(&;,1), j=1,...,N+1, (3.14)

and a fixed uniform mesh on the computational domain is described as

Tn(t):§="——,j=1...,N+1L (3.15)
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Using the chain rule, we have

h . h
hm = _f) ht = ht - —5 Tt (316)
3 73
Using the above, Eq. (3.1) can then be written as
- h ) g
hy — —2a, = Q¢ + %, where (3.17)
73 73 73
L[ () W\ () (#
/e : 3
G=D0)| = —=1—-(=1- 3.18

A h3

Q =Ca|— | — )
3 ) w¢ Tg
3

A conservative semi-discretisation scheme for the spatial derivatives in Eq. (3.17) on

the uniform mesh J(¢) using finite differences can be written as, keeping the time

derivative continuous,

b ) — O G — G
R Bl P —4;,?]7@1 2 where (3.19)
j+2 — Lj—2 Tj+1 = Tj-1

hij —

g

Lj+1 — Tj—1
i (%)
O, = ca [ =S ¢
3/ Tej | e
j+1/2 ’
57]‘

e e e
G, = DO) | — S
j+1/2 ,J j+1/2

j=2,...,N.
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The spatial derivatives appearing in (); are discretised as follows:

he . .

1 (E) 3 1 h 1 (h
Bl AL = <—§> - — <—§> , Where
T¢ 5 X X, — i T¢ 5 xz T¢ 45 X

3%} 13 ' J+2 Jj—1 §J+1 3 €1 3%} 13 €.

3%

1 (h 2 hjsn —hj by —h;_
= (2] = ol 5 L) =1, N. (3.20)
Teg \Pe /), it T T \ i T T

The spatial derivatives appearing in G; are discretised as:

<@> = i = hy (3.21)

Te Tjy1 — Ty

. . . 73 . . 73 ]A/L?+l + ]/\1‘:]5
In the above discretisations, (h°);1/2 is approximated by (h”);41/2 = o
. A\ 3
3 hj+1 + hj .. . . . : 73
(h)j41/2 = |- A similar approximation is used for evaluating (h’);_1 /2.

Evaluating Eq. (3.19) at j = 2, N require fictitious points ho and ilN+2, which are
obtained by discretising the boundary conditions h,,, = 0 at = 0, L using centred

finite differences.

The boundary conditions h(0,t) = 1 and h(L,t) = b are replaced by their ODE form:

ht,l - O, ht,N+1 - 0 (322)

We can also write a non-conservative semi-discretisation scheme for the spatial deriva-
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tives in Eq. (3.1). To do this, we write Eq. (3.1) in the following form:

h? h3 h3
h: + Ca [gpx} — D(6) [?hx} + [3} =0, where p = hy,. (3.23)

A non-conservative semi-discretisation scheme for a function of the form [au,], on the

uniform mesh J¢(t) using finite differences can be written as:

1 [aue 1| |augle, 1
[aug]e; = — [—] = — | T T Qe T | =
Tej LTeley; Tej | Te Le j

.fL'jJrl - xjfl
Cw (’%’H - Ujl) ( Tj+1 — 205 + T ) (3.24)
J Tjt1 — Tj—1 (%’H - xj)(xj - x]-,l)

Using the above, a non-conservative semi-discretisation scheme for the spatial deriva-

tives in Eq. (3.23) on the uniform mesh J¢(¢) using finite differences can be written

as, keeping the time derivative continuous,

13

fLm- + Ca gpm] —D(0) izx +
z,j

x?j

ﬁ3
3 =0, pj = haay, (3.25)

3
3

x?j
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where
9 2
[apale; = (m) [aﬂg(ﬁm —pj) —a;_1(p; — pj—l)]
—q (pj+1 _pj—l) ( Tj1 —20; + ;0 > : (3.26)
T — w1 ) \ (i1 — 25) (x5 — 751)
. 9 2 . . ..
[ahy)e; = (m) [%%(’%’H —h;) —a;_1(h; — hj,l)]
—a hjr1 —hj ( Tjp1 — 285 + Tj > , (3.27)
Tir— i1 ) \ (i1 — 25)(25 — 25-1)
. 9 2. ..
=Py = [ ————— [h» Y S ]
b ! (l’j+1 - l’j—l) s i+ )
_ hj+1 — hj—l ( Lj+1 — 2xj + T > : (328)
Tir— 251 ) \ (201 — 25)(25 — 25-1)
) K3, ., —h3
3], = 2 ( AL “”) . (3.29)
Lj+1 = Tj-1
Here, a = %ifs and approximations to a;iy/2 and a;_y/; are the same as defined previ-
ously.

The equidistributing coordinate transformation z = (&, t) is obtained by solving the
moving mesh PDEs (MMPDESs). We use four different MMPDEs, the so-called MM-
PDE 4, 5 and 6 and modified MMPDE 5, described previously in Chapter 2. A semi-

discretisation scheme using centred finite differences to discretise the spatial derivatives
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is employed. The semi-discretisation of the above MMPDESs is as follows:

A 1 ~
MMPDE 4 (prie)e = ——(pze)e;
semi-discretisation :  7[(pj11 4+ pj) (T a1 — Tey) — (Dj—1 + P5) (T — T j—1)] =
= [(Pea + 23) (@i = 25) = (Pjr + P3) (5 — 254)];

j=2,...,N. (3.30)

1
MMPDES : 2y = —(pxe)e,
T

o . r .. . . .
semi-discretisation @ T2 ; = m[(ﬂjﬂ + i) (@i — x5) = (pj—1 + pj)(w; — xj-1)],

j=2...,N. (3.31)

1
MMPDEG6 : x4 ¢ = ——(pze)e,
T
- _— L. . R
semi-discretisation :  7(xy 41 — 22 + T 1) = —5[(pj+1 + pj) (@i — xj)—
(Pj—1 + pj)(j — 1)), 5=2,...,N. (3.32)
: I
Modified MMPDES5 @z (pxe)e,

= Ié‘_,r

. d- t- t- 1 [(/\ + A )( )

semi-discretisation : 7x;; = ———|(p; N, — xi)—
t,j QﬁjAfz Pi+1 T P )\ Tj+1 J

(Pj—1+ pi)(xj — 1)), 5=2,...,N. (3.33)
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Here, p(z,t) is a monitor function (defined below), A{ = % is the mesh size in the

computational domain and 7 > 0 is a user-specified relaxation parameter. 7 is the
timescale over which the mesh responds to changes in the monitor function p(x,t).
The smaller 7, the more quickly the mesh responds to changes in p(z,t). Likewise, the
mesh moves slowly when a large value of 7 is used. MMPDE 5 and modified MMPDE 5
and their discretisation given in Eqgs. (3.31,3.33) are generally quite stiff and in practice

it is proposed to use a more regular system,

1

Regularised MMPDES : 2, — 124 ¢e = ;(ﬁ:pg)g,

semi-discretisation :  7[z;; — %}2(@,#1 — 2%y + Ty jo1)] =

1 . . . .
m[(ﬂjﬂ + i) (i1 — x5) — (Pj—1 + py) (w5 — 25-1)],

j=2,...,N. (3.34)

1
Regularised modified MMPDES :  x; — 112 ¢ =

ﬁ—T(ﬁxs)s,

semi-discretisation : 7z, ; — %}2(1}7]41 —2x; + 2 51)] =

1 . . ) .
TN [(Djr1 + i) (i1 — x5) — (Pj—1 + pj) (x5 — 1)),
J

j=2,...,N. (3.35)

Here, the parameter 7; > 0 is related to the monitor function p (see Budd et al. [13]

and references therein).

68



CHAPTER 3. NUMERICAL SOLUTION OF A 1D FOURTH ORDER
PARABOLIC PDE ON AN ADAPTIVE MESH

The boundary conditions z(0,t) = 0 and z(1,t) = L are replaced by their ODE form:
.Z't71 == 0, .[L't7N+1 =0. (336)

The initial condition

2(£,0) = L¢, (3.37)

which represents a uniform initial mesh on the physical domain €, = [0, L]. We note
here that a non-uniform initial mesh was also used which was obtained by solving in
pseudo-time the chosen MMPDE (with the uniform mesh as the initial condition) with
h fixed (hence,  is also fixed) at its initial condition given by Eq. (3.3). This did
not have any significant influence on the solution or the performance of the solver in

comparison to the uniform initial mesh.

Finally, the monitor function p(z,t) is chosen and discretised using finite differences

as:

Arc-length monitor function :  p(z,t) = \/1 + |hgl?,
semi-discretisation :  p(x;,t) =1/1+ |iALm-|2,

;

hyihy 1
hpzhiz i —9 N

Tjp1—Tj-1

hgji={ hazhyi 5 _ (3.38)

T2—11’

ilN+1—ﬁN -
| Zvricen j=N+1.

69



CHAPTER 3. NUMERICAL SOLUTION OF A 1D FOURTH ORDER
PARABOLIC PDE ON AN ADAPTIVE MESH

Curvature-based monitor function :  p(x,t) = (1 + a|ﬁm|2)i7
semi-discretisation : ﬁ(xj, t)=(1+ O[|ilzz,j|2)%,
(
2 (hjg1=hj)  (hj—hj_1) .
(szrl*xj—l) (1‘;+1ij) (Cl?;'ijfl) ) .] - 2, ceey N,
hzz,j — 2[(J:Q—J:1)(h3—hl)—(mg—ml)(hg—hl)] j _q (339)

(z3—z1)(x3—22)(T2—T1) ’ ’

2[(IN*l"N-H)(}ALN—l*}ALN-H)*(Q?N—l*1N+1)(EN*EN+1)]
(en_1—znq1)@EN—zN41)(@N_1—ZN)

. j=N+1.

\

Here, « is user-defined parameters.

If h is not smooth, the discretised monitor function computed as above can change
abruptly and slow down the computation. To obtain a smoother mesh and also make
the MMPDEs easier to integrate, it is common practice in the context of moving mesh
methods to smooth the monitor function. A simple but effective smoothing scheme

suggested by Huang [53, 49] is based on weighted averaging,

. k—j
J+p 2 2l l
k=j—p Pk \ TH7

. k—j
Jj+p ol k=3l
k=j—p \ 1+~

where p is a non-negative integer called the smoothing index and + is a positive smooth-

pj = , j=1,...,N+1 (3.40)

ing parameter. Several sweeps of the scheme may be applied each integration step (only

one sweep is used for the numerical results presented in this chapter).

The above semi-discretisations for 2 and z form a coupled system of 2(N + 1) or-
dinary differential equations for the solution ﬁl, cee ﬁNH and the mesh z1,..., N1

with initial condition given by Egs. (3.3,3.37). These are solved using the stiff ODE
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solver DASSL [72]. We use a staggered system for numbering the unknowns, i.e.,
izl, T, ilg, To, ..., iLN_H, xn+1 which provides a smaller bandwidth for the Jacobian ma-
trix (note: the bandwidth=10 for the semi-discretisation in Eq. (3.19); it could be
larger if smoothing of monitor function is used. This is in comparison to, for example,
the numbering izl,fzz, .. .,iLNH,xl,xg, ..., ZN+1, which although sparse has a much
bigger bandwidth. This significantly improves the performance of the solver. We note
here that the stiff solver DASPK [12] was also used which utilises an iterative scheme
based on Krylov subspace methods for the solution of the linearised system (DASSL
uses a direct solver) including preconditioning using Incomplete LU decomposition of
the Jacobian matrix. This had no significant influence on the performance in compari-
son to DASSL, at least for the 1D problem considered in this chapter. We do not show

here but the numerical results show that

e [f the value of the capillary number Ca decreases, the width of the capillary ridge

decreases.
e If the inclination angle # increases, the height of the capillary ridge increases.

e [f the value of the precursor film thickness b decreases, the height of the capillary

ridge increases.

In all the results presented below, the parameter values are: Ca = 1073, § = 90°
(so, D = 0), b = 1072 and L = 6; the monitor function smoothing parameters are
p = 2, v = 2. The choice of these parameters particularly C'a,b < 1, other than

being realistic is that it makes the problem stiff and challenging to resolve numerically
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the internal layers associated with the capillary ridge region. We only show results
based on the conservative semi-discretisation scheme Eq. (3.20). Our results using the
non-conservative scheme Eq. (3.25) was not as accurate compared to the conservative
scheme so we do not show these results here. The first set of results show the evolution
of h(z,t) and z(&, t) with MMPDE and monitor function chosen to be MMPDE 2 (with
relaxation parameter 7 = 1072) and curvature-based monitor function (with o = 1),
respectively. We then consider the error and convergence of the moving adaptive mesh

scheme for varying MMPDEs (and their parameters) and monitor function.

Figure 3.6(a, b) illustrate the time evolution of h(z, t) to the travelling wave solution and
the corresponding trajectories x(&, t), respectively, obtained using the adaptive moving
mesh scheme with N = 800 (so, initial Az = 0.0075). In this simulation, MMPDE 2
(using 7 = 107?) with the curvature-based monitor function (using o = 1) are used.
The results are shown for ¢ ranging between 0 to 10. Figure 3.6(a) shows that the
adaptive moving mesh scheme captures the essential features of the solution, including
the capillary ridge and capillary wave ahead and behind it, with less number of points
(N = 800 here compared to N = 6000 for the uniform mesh computation shown in
figure 3.4). Figure 3.6(b) shows that the mesh points are redistributed with more
points in the region near the capillary ridge and fewer points elsewhere (Az ~ 10~% in
the capillary ridge region and Az ~ 1072 elsewhere; the initial Az = 0.0075 uniform

everywhere).

Figure 3.7(a) presents the solution h(z,t) at time ¢ = 10. The insets show the in-
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Figure 3.7: (a) h(xz,t = 10), (b) curvature-based monitor function at ¢ = 10 and
(¢) z(&,t = 10 obtained using the moving adaptive scheme with N = 800 (initial
Az = 0.0075) and MMPDE2. The parameter values are: Ca = 1072, § = 90° (so,
D=0),b=10%L=6,p=2v=2 a=1and 7 =102 Insets in (a) show the
zoomed-in capillary ridge and capillary wave ahead and behind the ridge. The solid
blue line in (¢) represents a uniform mesh.
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creased number of points that are redistributed to the capillary ridge and the capillary
wave ahead and behind it. Figure 3.7(b) shows the curvature-based monitor function
associated with this solution. The large values of the curvature in the capillary ridge
region results in the increased number of points redistributed in this region (see insets
in figure 3.7(a)). Figure 3.7(c) shows the equidistributing coordinate transformation
x = x(§,t = 10). We observe the large number of points in the capillary ridge region
(around = = 4) compared to elsewhere (compare also to a uniform mesh represented by
the solid blue line). Hence, the adaptive moving mesh scheme allocates large number of
points where there is a rapid variation in the solution characterized by large variations

n its curvature.

2 ‘ T I T

1.8 —adaptive moving mesh N = 600|
—travelling wave solution
1.6- < —uniform mesh N = 600 7

14
S12
I
Sog
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Figure 3.8: This figure presents the travelling wave solution (solid black line) and
corresponding numerical results for both uniform (solid red line) and adaptive moving
mesh (solid blue line)schemes. Insets show the zoomed-in solution near the capillary
ridge and capillary wave ahead and behind the ridge. The adaptive moving mesh
solution is obtained using MMPDE 2 and the curvature-based monitor function. The
parameter values are: N = 600 (initial Az = 1072), Ca = 1073, § = 90° (so, D = 0),
b=102L=6,p=2,v=2,a=1,and 7 = 1072,
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Figure 3.8 compares the assumed exact travelling wave solution (solid black line) with
that computed on a uniform mesh (solid red line) and adaptive moving mesh (solid
blue line). To make a direct comparison between the uniform and adaptive moving
mesh schemes, we fix N = 600 points for both schemes (initial Az = 1072). We
illustrate the accuracy of the numerical solution by focussing on the capillary ridge
and the capillary wave ahead and behind it (see insets in figure 3.8). We observe that
the solution obtained using the moving adaptive mesh scheme is almost identical to the
assumed exact solution (see solid blue line in the insets in figure 3.8). The numerical
solution using the uniform mesh scheme has not converged to the exact solution for the
value of Az = 1072 used (see solid red line in the insets in figure 3.8). The adaptive
moving mesh scheme takes an average value of Ax = 2 x 107° in the capillary ridge
and capillary wave regions, hence the almost identical match to the exact solution.
However, the uniform mesh scheme requires at least Az < 1073 (N = 6000 points for
this case) for this region to be well-resolved (not shown here). The adaptive moving
mesh scheme requires much fewer points (N = 600 or initial Az = 1072) to give much

higher resolution and accuracy of the numerical solution.

Error analysis and convergence

We now consider the error and convergence of the moving adaptive mesh scheme for
varying MMPDEs (and their parameters) and monitor function. Table 3.1 summarises

the error and CPU time taken to reach ¢ = 10 using MMPDESs 4,5,6 and modified
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| MMPDE | N | 7 [CPU| Error |
1000 1 41s [38x10°°
1000 | 10T | 64s [1.8x10°"
4 1000 [ 102 [ 71s [32x10°°
1000 | 1073 | 148s [1.0x10°°

1000 1 48s [ 2.4x107°

3 1000 | 1071 | 146508 5.9 x 10~®
1000 1 79s 1x107°
6 1000 | 107! 80s |22x1078

1000 1072 | 130s | 1.1x10°8
1000 1073 ] 932s | 1.1x10°8

1000 1 116s | 2.6 x107°
modified 5 | 1000 1071 [ 2088s | 1.4x10°°

Table 3.1: Error and CPU time taken to reach ¢t = 10 for MMPDEs 4, 5 and 6, and
modified MMPDE 5 varying the relaxation parameter 7. The numerical solution for
h used is obtained at ¢ = 10 and the curvature-based monitor function is used. The
parameter values are: N = 1000 (initial Az = 6 x 1073), Ca = 1073, 6 = 90° (so,
D=0),0=10%L=6,p=2,v=2, a=1.

MMPDE 5 for several values of 7 with N = 1000 (initial Az = 6x1073). The curvature
monitior function is used. The numerical solution for h used in calculating the error
and CPU time is obtained at ¢ = 10. We observe from Table 3.1 that MMPDE4
and MMPDEG6 give more accurate solution and take less CPU time compared to the
MMPDE 5 and modified MMPDE 5. Four values of the relaxation parameter 7 are
used with MMPDE4 and MMPDE 6 and we observe that the error gets smaller but the
CPU time increases as 7 decreases. The equations become much stiffer as 7 decreases
and we were unable to obtain a numerical solution for 7 < 10~* for MMPDE 4 and
MMPDE 6. The same trend holds for MMPDE 5 and modified MMPDE 5, however,
we were unable to obtain a numerical solution for 7 < 1072. Therefore, it can be

concluded that a value of 7 = 1072 — 1072 is optimal with respect to accuracy and
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CPU time taken. Also, MMPDE 4 or MMPDEG6 are the best in terms of accuracy and

CPU time taken (see Table 3.1).

U
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Figure 3.9: The L, norm error for numerical solutions obtained using uniform mesh
(solid black line) and adaptive moving mesh using the arc-length monitor function
(solid blue line) and curvature-based monitor function (solid red line). The numerical
solution is obtained at ¢ = 10 using MMPDE 4. The parameter values are: Ca = 1073,
0=090°(so, D=0),b=102%L=6,p=2,v=2,a=1and 7 =102

Figure 3.9 compares the error measured in the Ly norm for the numerical solutions
obtained using the adaptive moving mesh (solid blue line using the arc-length monitor
function and solid red line using the curvature-based monitor function) and uniform
mesh schemes for varying Az. The numerical solution for both schemes used in mea-
suring the error is obtained at ¢ = 10 and MMPDE 4 is used to adapt and move the
mesh. We observe that the adaptive moving mesh numerical solution is more accurate

with respect to the error compared to the uniform mesh scheme, i.e., it achieves a

higher accuracy for the same number of mesh points. For example, the lowest error
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recorded is 1.6 x 1072 for Az = 5 x 1073 (corresponding to N = 1200 points) for the
adaptive moving mesh solution using the curvature-based monitor function (solid red
line). The error for the uniform mesh solution corresponding to this Az is 2.57 x 1073.
Moreover, it is also efficient in the number of mesh points used to achieve a desired
level of accuracy, i.e., it uses less number of points to achieve the same error as the uni-
form mesh scheme. For example, the lowest value of the error recorded for the uniform
mesh solution is 4.12 x 107¢ for Az = 5 x 10™* (corresponding to N = 12000 points).
The adaptive moving mesh requires Az ~ 0.02 (corresponding N = 300 points) to
record similar error. We also observe that the adaptive moving mesh scheme using the
curvature-based monitor function (solid red line) is more accurate and efficient in the
number of points used compared to that using the arc-length monitor function (solid
blue line). Therefore, it can be concluded that the adaptive moving mesh scheme using

the curvature-based monitor function is optimal for the problem considered here.

Error CPU time taken to t = 10
N Uniform Adaptive Uniform Adaptive
mesh moving mesh | mesh moving mesh

200 2.08 x 1072 2.75 x 107 2s 9s

400 1.11 x 1072 1.66 x 107° 6.5s 29s

800 4.8 x 1073 1.56 x 1078 22s 59s

1000 3.4 x 1073 3.2 x 107 25s 71s

1200 2.57 x 1073 1.6 x 1077 43s 119s

3000 3.1 x 107" — 233s —

6000 3.93 x 107 - 264s -

12000 412 x10°° - 819s -

Table 3.2: Comparing the error and CPU time taken to reach ¢ = 10 for the uniform
mesh and adaptive moving mesh (using the curvature-based monitor function and
MMPDE 4) schemes. The numerical solution is obtained at ¢ = 10. The parameter
values are: Ca =1073 0 =90° (so, D =0),b=10"2 L=6,p=2,7v=2, =1 and
T=10"2
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Table 3.2 shows the error and CPU time for the uniform mesh and adaptive moving
mesh (using the curvature-based monitor function and MMPDE 4) schemes. The
numerical solution used in recording the error is obtained at ¢ = 10. The error columns
summarise figure 3.9 (solid black line for uniform mesh scheme and solid red line
for adaptive moving mesh scheme using the curvature-based monitor function and
MMPDE 4). The error for the adaptive moving mesh scheme is much smaller and is
achieved using less number of points compared to the uniform mesh scheme. However,
with respect to the CPU time taken, the adaptive moving mesh takes more time to
reach t = 10 compared to the uniform mesh scheme for the same number of points.
This is due to the additional adaptive mesh equations that need to be simultaneously
solved along with the discretised PDE. Hence, one would need to balance the accuracy
desired and the CPU time taken to judge the efficacy of the moving adaptive mesh
scheme over the uniform mesh scheme. For example, at N = 800 there is a threefold
increase in time taken by the adaptive moving mesh scheme to reach ¢ = 10 (less than a
minute, though), however, there is a reduction in the error by five orders of magnitude.
For this case, we can certainly conclude that the adaptive moving mesh scheme is more
computationally efficient than the uniform mesh scheme. Note that we were unable to
compute the solution at ¢ = 10 for N > 1200. For these values of N the minimum Ax
becomes very small and round-off errors dominate resulting in the numerical solution

losing stability and becoming unstable.

Informed by the results of this section, we now consider the numerical solution of the
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same PDE as in Eq. (3.1) but with constant volume boundary conditions.

3.2 PDE with constant volume boundary condi-

tions

In this section, we investigate the numerical solution of a spreading one-dimensional
drop using both a uniform mesh as well as an adaptive moving mesh. The underlying
PDE is given by Eq. (3.1). This PDE is supplemented by boundary conditions, which

are,

h=>bhg heze,=0 at o = %L, (3.41)

where +L are the boundaries of the physical domain and b < 1, is the precursor film
thickness. This represents no flux of fluid out of the domain and the drop connects

onto a flat precursor film. The initial condition is chosen as:

h(z,0) = (1 —2%) [H(xo — x) — H(—20 — 2)] + b[H(x — 20) + H(—z0 — 7)], (3.42)

where H(x) is the Heaviside function and xy, is the initial location where the parabolic-
shaped drop connects to the precursor film both upstream and downstream. This initial

condition is shown in figure 3.10.

We seek the numerical solution of Eqgs. (3.1) subject to the BCs given by Eq. (3.41)

for the time evolution of the initial drop. We first show this solution using a uniform
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Figure 3.10: The initial shape of the parabolic drop connecting onto a precursor film
of thickness b = 0.01 at the location z = £1.

mesh followed by an adaptive moving mesh. The parameter values are: Ca = 1073,
b=10"% and 6 = 90° (so, D = 0). The upstream and downstream domain length is

fixed at L; = —2 and Ly = 10, respectively.

3.2.1 Numerical solution of Egs. (3.1, 3.41) on a uniform

mesh

We use the uniform mesh scheme Eq. (3.12) for discretising Eq. (3.1). As in the
previous section, fictitious points are used, where necessary, near the ends of the domain
and are derived from the BCs given by Eq. (3.41). The numerical solution procedure

followed is similar to the previous section and is described in detail in §3.1.2.
We make the additional check to ensure that the drop volume is always conserved.
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Figure 3.11: (a) Time evolution (time ¢ = 30 —60) of Eq (3.1) subject to the boundary
conditions Eq. (3.41) using a uniform mesh scheme, and (b) a particular numerical
solution at ¢ = 60. The insets in (b) show zoomed-in capillary ridge and capillary waves
at the leading and trailing edges. The parameter values are: Ca = 1073, b = 1072,
6 = 90° (so, D =0) and N = 12000 (so, Az = 1073). The upstream and downstream
domain length is fixed at L; = —2 and Ly, = 10, respectively.
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Figure 3.11(a) shows the time evolution of Eq (3.1) subject to the boundary conditions
Eq. (3.41) and the initial condition Eq. (3.10) using the uniform mesh scheme. In
the simulation shown the number of points used is N = 12000 (corresponding to
Az = 1073). The time ¢ ranges between 30 to 60. We observe the development of the
capillary ridge and capillary wave ahead and behind it near the drop’s leading edge
where it connects onto the precursor film (the wave ahead of the ridge has a much
smaller width and is not seen on the scale shown). This is similar to the previous
constant flux case but here the drop height steadily decreases in time as it spreads
down the inclined substrate. We also observe a capillary wave that develops near the
trailing edge of the drop. This is of similar width to the one near the leading edge and is
also not seen on the scale shown. Figure 3.11(b) shows a particular numerical solution
at time ¢ = 60. The insets show the zoomed-in capillary ridge and capillary waves
at the leading and trailing edges. We clearly observe that a large number of mesh
points is required in order to fully resolve these regions which makes the numerical
solution using a uniform mesh very computationally intensive. Figure 3.12(a, b) shows
the same evolution as in figure 3.11 except that the number of mesh points N = 600
(corresponding to Az = 0.02). We clearly observe that the capillary ridge and waves
are under-resolved in comparison to the previous numerical solution. Next, we seek

the numerical solution on an adaptive moving mesh.

For the adaptive moving mesh scheme we use Eq. (3.19), the curvature-based monitor

function (see Eq. (3.39) with o = 100) and MMPDE4 (see Eq. (3.30) with 7 = 1073).
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Figure 3.12: (a) Time evolution (time ¢ = 30 —60) of Eq (3.1) subject to the boundary
conditions Eq. (3.41) using a uniform mesh scheme, and (b) a particular numerical
solution at ¢t = 60. The insets in (b) show zoomed-in capillary ridge and capillary waves
at the leading and trailing edges. The parameter values are: Ca = 1073, b = 1072,
6 = 90° (so, D = 0) and N = 600 (so, Ax = 0.02). The upstream and downstream
domain length is fixed at L; = —2 and Ly, = 10, respectively.
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Figure 3.13: (a) Time evolution (time ¢ = 30 —60) of Eq (3.1) subject to the boundary
conditions Eq. (3.41) using a moving adaptive mesh scheme, and (b) the equidistribut-
ing coordinate transformation (&) versus . The dashed line shows the initial uniform
mesh. The parameter values are: Ca = 1073, b = 1072, § = 90° (so, D = 0), N = 600
(so, initial Az = 0.02), @ = 100 and 7 = 1073, The upstream and downstream domain
length is fixed at L; = —2 and Lo = 10, respectively.
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A uniform mesh is used as the initial condition for the MMPDE. The numerical solution

procedure followed is similar to the previous section and is described in detail in §3.1.3.

Figure 3.13(a) shows the time evolution of Eq (3.1) subject to the boundary conditions
Eq. (3.41) and the initial condition Eq. (3.10) using the adaptive moving mesh scheme.
In the simulation shown the number of points used is N = 600 (corresponding to
initial Az = 0.02). The time ¢ ranges between 30 to 60. The solution structure is
similar to that described for the uniform mesh simulation. Figure 3.13(b) shows the
corresponding equidistributing coordinate transformation x(§). The dashed line shows
the initial uniform mesh. We observe from figure 3.13(b) that majority of mesh points
are redistributed to the capillary ridge and waves near the leading edge of the drop
where changes in curvature are very rapid. There is also redistribution of points near
the trailing edge where there are also changes in curvature, although not as rapid as near
the leading edge. The redistribution of points is observed to be more biased towards the
leading edge of the front where there are rapid changes in curvature. To better control
this redistribution so that the solution near trailing edge is also accurately resolved,

we modify the parameters in the curvature-based monitor function as follows:

p(x,t) = 1+ a(z)h?,, (3.43)
where
3, if x <1,
a(z) = (3.44)
1073, if x> 1,
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The higher value of v in the interval [L;, 1] ensures that more points are redistributed to
the trailing edge region (compared to the previous simulation) while the lower value of
a in the interval [1, Ls] reduces the redistribution to the leading edge eventhough there
are large changes in curvature there. We note that the choice of z = 1 is arbitrary in
Eq. (3.44); any location at the upstream end of the trailing edge capillary wave would
suffice. The piecewise constant values for o are based on some a priori knowledge of

the values of the solution curvature at the leading and trailing edges of the drop.

Figure 3.14(a) shows the time evolution of Eq (3.1) subject to the boundary conditions
Eq. (3.41) and the initial condition Eq. (3.10) using the adaptive moving mesh scheme
using the curvature-based monitor function given by Eq. (?7?). In the simulation shown
the number of points used is N = 600 (corresponding to initial Az = 0.02). The time ¢
ranges between 30 to 60. The solution structure, at least visually, looks more accurate
than that in figure 3.13(a). Figure 3.14(b) shows the corresponding equidistributing
coordinate transformation z(£). The dashed line shows the initial uniform mesh. We
clearly observe a marked change in the redistribution of points towards the trailing
and leading edges in comparison to that shown in figure 3.13(b). The effect of this
on the accuracy of the numerical solution is shown in figure 3.15(a,b), which plots
the numerical solution at ¢ = 60 for the adaptive moving mesh using the curvature-
based monitor function given by Eq. (3.43) and Eq. (3.39) (with o = 100), respectively.
Inspection of the figures (see zoomed-in insets at leading and trailing edge of the drop),

clearly show the well-resolved capillary wave near the trailing edge in (a) compared to
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Figure 3.14: (a) Time evolution (time ¢ = 30 —60) of Eq (3.1) subject to the boundary
conditions Eq. (3.41) using a moving adaptive mesh scheme, and (b) the equidistribut-
ing coordinate transformation x(§) ploted against £, using the curvature-based monitor
function given by Eq. (3.43). The dashed line in (b) shows the initial uniform mesh.
The parameter values are: Ca = 1073, b = 1072, § = 90° (so, D = 0), N = 600
(so, initial Az = 0.02), 7 = 1072 and « as given in Eq. (3.44) . The upstream and
downstream domain length is fixed at L; = —2 and Ly = 10, respectively.
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that in (b); the leading edge structures are similar in both.

3.3 Conclusions

We have successfully implemented a moving adaptive mesh scheme based on mov-
ing mesh PDEs (MMPDES) for a fourth order degenerate parabolic PDE. The main
highlights of the results are shown in figure 3.9 and Table 3.2 which enables direct com-
parison with the uniform mesh scheme. We observe that the error for a fixed number
of mesh points is always much lower for the adaptive moving mesh schemes compared
to the corresponding uniform mesh scheme. Alternatively, for a prescribed error, the
adaptive moving mesh scheme achieves this with far less number of points compared
to the uniform mesh scheme. However, the adaptive moving mesh scheme takes much
longer CPU times than the corresponding uniform mesh scheme. This is due to the
extra mesh equation that needs to be solved along with the underlying PDE. This
difference between CPU times is not that large if the desired error is not too small.
We solve the underlying PDE and the mesh equation simultaneously which results in
a larger bandwidth for the Jacobian matrix used in solving the linearised equations
by the ODE solver. This could result in the increased CPU times observed. If this
is the case then one could solve the PDE and mesh equation alternately, i.e., update
the mesh solution at next time level based on the solution of the PDE at the current
time level and then use this mesh solution to obtain the PDE solution at the next time

level. Thus one solves a single PDE at each time step thereby reducing the bandwidth
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Figure 3.15: The numerical solution at ¢ = 60 using the monitor function given by (a)
Eq. (3.43), and (b) Eq. (3.39) with @ = 100. The parameter values are: Ca = 1073,
b=10"2 60 = 90° (so, D = 0), N = 600 (so, initial Az = 0.02), « =1 and 7 = 1073.
The upstream and downstream domain length is fixed at L; = —2 and L, = 10,
respectively.
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which could reduce the CPU times. This will be explored in future.

The other significant result is related to adaptation of the monitor function to accu-
rately resolve the solution at multiple locations. In the constant flux BC case, we had
to resolve the solution only around the capillary ridge region. In contrast for the con-
stant volume BC case, we had to also resolve the capillary wave near the drop’s trailing
edge in addition to the capillary ridge region. We adapted the monitor function by
choosing a piecewise constant (simplest option) weight parameter which allowed mesh
points to be redistributed accordingly so as to resolve both regions. We note that this
was not too difficult to implement for the constant volume BC since the trailing edge
was almost stationary. However, it could be quite difficult if this was not the case. In
any case, one would need to devise a similar strategy if the mesh requires to be adapted
at multiple locations. One could also use a mixed monitor function, i.e., combination
of curvature-based and arc-length monitor functions. These would need to be explored
in future. This also highlights one of the drawbacks of r-adaptive methods which re-
distribute a fixed number of points. One would need to start with a large number of
points if there are multiple locations to resolve along with a judiciously chosen monitor
function. In this case, it might be more advantageous to consider an hp-refinement

method.

In conclusion, our results indicate great promise for MMPDESs in thin-film flow problem.
Although we have only considered a specific form of the underlying PDE, the general

framework presented in this chapter can be utilised for any thin-film equation of the
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form considered here.
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Chapter 4

Numerical Solution of 1D Coupled

PDEs on an Adaptive Moving Mesh

4.1 PDEs with constant flux boundary conditions

Consider the one-dimensional coupled system of two fourth and second order nonlinear

PDEs described in Chapter 1,

b3 b3 h? b3
} =0, (4.1)

h: + [C’a Y [P — Gcos(@)ghx — ?Fx + G sin(6) )

2 2 2

Iy + {C’a %F hygw — GCOS(G)%F h, — hI'T, + Gsin(0) %F} =0Ty, (4.2

(x,t) € [0, L] x [0, T%].
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Here, h = h(x,t) and I' = ['(z,t) are the film height and surfactant concentration,
respectively, = is the spatial variable and t is time. The dimensionless parameter
Ca < 1, is the Capillary number, G is a Bond number, ¢, is the inverse of the Péclet

number, L is a domain length and 7% is a specific time.

Equations (4.1,4.2) are supplemented by six boundary conditions (BCs) in . These

are:

h(0,8) = 1, huwe(0,8) = 0, T(0,¢) = 1, h(L,t) = b, hyua(L,t) = 0, T(L,t) =0, (4.3)

where b < 1, is the precursor film thickness. These BCs represent a fixed fluid and
surfactant flux source far upstream and a flat precursor film and zero surfactant concen-
tration far downstream. We choose the following initial condition for A and I" following

35, 37, 39]:

h(z,0)=(1—2*)H(1 —x) +bH(z — 1), T'(2,0)=H(1—1z)— H(—x—1), (4.4)

where H(x) is the Heaviside function. Figure 4.1 shows the initial condition using Eq.
(4.4) for b = 1072, The initial condition for h represents a drop connecting onto a thin
precursor film and for the surfactant concentration represents a large gradient at the

location where the drop connects onto the precursor film.

We now seek the numerical solution of Eqgs. (4.1,4.2) with the boundary and the ini-

tial conditions using finite difference methods. The numerical method is performed
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Figure 4.1: The initial condition for the film thickness h using Eq. (4.4). The precursor
thickness b = 1072,

first on a uniform mesh and then on an adaptive moving mesh. Levy and co-workers
[60, 61] have analysed the travelling wave structure of this problem and have shown
the existence of multiple waves travelling with the same speed. In principle, one can
use this multiple travelling wave structure to compare the convergence and accuracy
of the numerical solution. We do not do this here but as an alternative use the numer-
ical solution using a uniform mesh with sufficiently small Az as an exact solution to

compare with that using an adaptive mesh.
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4.1.1 Numerical solution of Egs. (4.1, 4.2, 4.3) on a uniform

mesh

The domain [0, L] is uniformly divided into N + 1 discrete points as follows:

z; = (j—1) Az, Va; € [0,L], j=1,2,..,N+1, where Az = £ is the width
of each sub-interval. We discretise the spatial derivatives appearing in Eq. (4.1,4.2)
using finite differences; the time derivative is kept continuous. For convenience, we let

a3 = Gsin(f) and f; = G cos(#) in what follows.

The spatial discretisation is done as follows. We define a forward and a backward

difference as:

. (h> F)jJrl - ( j
(h,T) 1= +0(An),  (hD),,.

1

h,T). D) = (D) o(a0)

respectively.

Thus, a semi-discretisation of Eq. (4.1,4.2), keeping the time derivative continuous, is

b4 @ <h3>j+% (hxix)ﬁr% - (h?’)jf% (hxa’:x%,%
b 3 Ax
B [y gy = (g (hadyoy | 1 F )5y Ty = (), (D) g

3 Ax 2 Az

(13 3

Qq (h )j+% —(h )jfé

- = =2,...,N. 4
_'_ 3 3A$ O?j Y b ( 5)
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P + Ca (hQP)j-i-l (hmix)]+% - (hQF)j_% (hziz)]_%
b 2 Az
_ A (B°D);544 (ha) g — (B4 (ha)jy _ (A)j41(Ta) g — (AD); 1 (Ta); g
2 Ax Ax
M2 2
N KPS Sl G e § P Sl U P (4.6)
2 3Ax Ax

In the above, we approximate terms denoted by (a),, 1 using spatial averages:

_ (%1t
2

aj+1 + a5

(a)j+1 = or (a)jJr

1 > A similar approximation is used for
2

terms denoted by (a);_1.

1
2
Evaluating Eq. (4.5,4.6) at j = 2, N require fictitious points which are obtained by
discretising the boundary conditions h,,, = 0 at x = 0, L using centred finite differ-

ences.

The boundary conditions h(0,t) = I'(0,t) = 1, h(L,t) = b and I'(L, t) = 0 are replaced
by their ODE form:

ht,l = ht,NH = Ft,l = Ft,NJrl = 0. (4-7)

This semi-discretisation scheme in Eqgs. (4.5,4.6) is second order accurate in z. The
scheme for h in Eq. (4.5) uses a 5-point stencil (has a smaller bandwidth in compar-
ison with a 7-point stencil if using a centred finite difference scheme). The scheme
for I' in Eq. (4.5) uses a standard 3-point stencil for the second derivative in I
Equations (4.5,4.6,4.7) form a system of 2(N + 1) ordinary differential equations for
the solution hq,...,hyyy and I'y, ..., T'y41 with initial condition given by Eq. (4.1).

These are solved using the stiff ODE solver DASSL [72] which uses backward dif-
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ferentiation formulae (BDFs) to approximate the time derivative and the resulting
nonlinear system of equations are solved using Newton’s method. We use a staggered
system for numbering the unknowns, i.e., hy, 'y, ho, ['s, ... hyy1, [ yy1 which provides
a smaller bandwidth for the Jacobian matrix (note: the bandwidth=9 for the semi-
discretisation in Eq. (4.5,4.6)). This is in comparison to, for example, the numbering
hi,hoy....hny1, 11, Ts, ..., I'nyyq, which although sparse has a much bigger bandwidth.
This significantly improves the performance of the solver. We note here that the stiff
solver DASPK [12] was also used which utilises an iterative scheme based on Krylov
subspace methods for the solution of the linearised system (DASSL uses a direct solver)
including preconditioning using Incomplete LU decomposition of the Jacobian matrix.
This had no significant influence on the performance in comparison to DASSL, at least

for the 1D problem considered in this chapter.

Figures 4.2(a, b) illustrate the time evolution of A and T, respectively, to a travelling
wave solution using the above uniform mesh scheme. The parameter values are: C'a =
1073,0=90°, G=1, (so,a; =1,5,=0),b=10"2%6 =107, L = 40 and Az = 1073
(so, N = 4 x 10%). The results are shown for time ¢ ranging between 0 to 90. The
solution for h shows a multiple travelling wave structure characterised by a capillary
ridge and capillary waves near it’s leading edge. In addition, a “step”-like structure
where h ~ 2b develops ahead of this leading edge [35, 37, 39, 60, 61]. The solution for
I', although continuous, displays rapid variation in it’s gradient, particularly, near it’s

leading edge.
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Figure 4.2: Time evolution of (a) h(z,t) and (b) I'(z, t), using the uniform mesh scheme
given in Eqs. (4.5,4.6). The parameter values are: Ca = 1073, § = 90°, G = 1, (so,
ar=1,8=0),b=10"2 6 = 107°, L = 40 and Az = 1073 (so, N = 4 x 10*). The
results are shown for time ¢ ranging between 0 to 90.
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3 | | B
—uniform mesh N = 4 x 10*
—uniform mesh N = 10
2L N
1.57 ~ _

h(x,t)
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Figure 4.3: The numerical solution for (a) h and (b) I' at ¢ = 90, using the uniform
mesh scheme given in Egs. (4.5,4.6) with N = 1000 points or Az = 0.04 (solid red line)
and N = 4 x 10* or Az = 1073 points (solid black line). The insets show zoomed-in
solution characteristics near the leading edge of A and I'. The parameter values are:
Ca=10"3,0=90°, G=1,(s0,a1 =1, B =0), b =102, § = 105 and L = 40.
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Figures 4.3(a,b) shows a particular numerical solution at time ¢ = 90 for h and T,
repsectively. The insets show the characteristics of the wave-like structures described
above in more detail, including the step-like structure. We also compare two numerical
solutions corresponding to N = 4x 10* or Az = 1073 (solid black line) and N = 1000 or
Az = 0.04 (solid red line). Inspection of these figures reveal that the numerical solution
has several regions (see insets) that are not appropriately resolved with N = 1000 points
(Ax = 0.04). These regions require a much finer mesh (as seen with N = 4 x 10* points
or Az = 1073) to be adequately resolved using a uniform mesh. We have checked the
accuracy and convergence of the numerical solution as Az — 0 (not shown here) and
confirm that the solution with N = 4 x 10* points or Az = 1073 is sufficiently accurate.
This makes the numerical solution on a uniform mesh computationally intensive and

hence the use of an adaptive moving mesh would be beneficial in this respect.

4.1.2 Numerical solution of Egs. (4.1, 4.2, 4.3) on an adaptive

moving mesh

We now seek the numerical solution of Eqs. (4.1,4.2,4.4) using an adaptive moving
mesh method. The adaptive moving mesh method uses a coordinate transformation
from the computational domain with coordinate &, to the physical domain with the

coordinate zx:

r=u1z(§):Q.=[0,1] = Q, = 1[0, L].
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(2. is called the computational domain and €2, is the physical domain. Then the solution

can be written as

h(z,t) = h(z(€,1),t), D(x,t) = D(x(E, 1), 1),

A moving mesh associated with the solutions h and I' is described as

Thr(t): z;(§) = x(§,8), j=1,--- ,N+1 (4.8)

where the boundary nodes are given by

Ir = 0, IN+1 = L. (49)

A uniform mesh on the computational domain is described as

Tpr(t): & = ,j=1- ,N+1L (4.10)

h h r r
hey = =, h = h — —a, [, = =, I, =T, - ~*ua, (4.11)
Te Le¢ Le¢ Le¢
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Using the above, Egs. (4.1,4.2) can be written as

h T
oo he, o Qe op Te S (4.12)
Tg Te Zg Zg
A3\ 1 <E) h3\ h W\ T h3
e/ £ ¢
S i R _ — === — 4.13
o=an(g) o | 5] - (5) - (3) ey aw
¢
R\ 1 (k> h2T\ h, T h2T
e/ ¢ ¢
_ el I BN _ )= (A + & = —_ 4.14
S C'CL(2)I‘E e 51(2)x£ ( +)x§+0412 ( )
¢

A conservative semi-discretisation scheme for the spatial derivatives in Eq. (4.12) on

the uniform mesh J¢(¢) using centred finite differences can be written as, keeping the

time derivative continuous,

hiy1 —hj_ = Qi

hej — ( j+1 j 1)%7], _ _QM, (4.15)
(Tj41 — 1) Tjr1 — Tj-1
i — T .

O LTS R E Y P e/ (4.16)
(Tj41 — Tj-1) Ljr1 — Lj-1

h3 1 <Z_§) h3 h
o=o(3),,, (%) 4,0,
e 3/ ir1p \Te/

j+1/2 TEj
&J
h3
a (—) : (4.17)
3/ jr1/2
(%)
h?T 1 g h?T h,
o) (B) )0,
2 ) sy Teg 3 2 ) e \Te /)
§J
r h2T
[(hr)j+1/2+5] <—£) +(I1 (7) s (418)
Te/ g j+1/2

j=2,...,N.
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The spatial derivatives appearing in ); and S; are discretised as follows:

he

1 (?) 2 1 h 1 h
B AT = ( ) (—5) - — (—5) , Where
Te,j Ze Tj+1 — Lj—1 LTej+1 \Te ) e i1 Teg \Te/ ¢

£.j

orl 6 B G | Bt ey
Lej \Te/ ¢ Tjp1 = Tjo1) \Tj — @ T —Tj)

h hivi — h; r ., —"r;

<_€) _ i by <_é) S el Y 7 (4.19)

Te g Tjy1 — Zj Te g Tjy1 — Ty

Approximations to terms of the form a;, /2 and a;_;/, are the same as defined previ-

ously.

We can also write a non-conservative semi-discretisation scheme for the spatial deriva-

tives in Eqgs. (4.1,4.2). To do this, we write Egs. (4.1,4.2) in the following form:

h3 h3 h? h3
o] o] 5] 5] - e
h2T h*T hT

A non-conservative semi-discretisation scheme for a function of the form [au,], on the
uniform mesh J¢(t) using finite differences can be written as:
1 |aug U |fouge; 1
laugle; = — [—] =TT T T e T | =
Tej LTeley; &g | Tej Le j

<#) 2 [aj+%(uj*+1 —uy) —a; g (uy — “j‘l)}

.fL'jJrl - xjfl
—q (Ujﬂ - Ujl) ( Tjp1 — 205 + x5 ) ' (4.22)
Tjt1 — Tj—1 (%’H - xj)(xj - x]-,l)
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Using the above, a non-conservative semi-discretisation scheme for the spatial deriva-

tives in Eqgs. (4.20,4.21) on the uniform mesh J¢(¢) using finite differences can be

written as, keeping the time derivative continuous,

h? h? h2 73
ht,j + Ca - Pz - ﬁl _hz - _Fz + a1 | — = 07
3 , 3 , 2 . 3
x,] x,) z,j )
h*T K2l i3
I'vj+ Ca {sz} — B |:Thx:| —[(hL +0)ly], ; + gl =0,
x,J x,j ]

2 2
Pj = hawj = (7_1) [j+1 — 2h; + hji]

Tj+1 = X5
a (hj+1 - hj_1> ( Tjp1 — 205 + 25 )
b
Tip1 — Tj—1) \(Tj41 — 25)(2; — 1)

2 2
(0P = (m) [ajJr%(pj-i-l —p;) —a;_1(p; —pj—l)]

—a; (Pj+1 —Pj—l) ( Tjy1 — 225 + 15 >
T\wjp —xjm ) (@ —a5) (2 —x54) )

[ahy]s; = (#)2 [%%(’%’H —h;) —a;_1(h; — hj,l)]

Lj+1 — Lj—1
hjsr — hj Tivr — 275 + 75
Tisn — i1 ) \ (a1 — 25) (25 — 251

[al'z].; = (%)2 [%%(DH —Ij) —a; (T — ijl)]

Lj+1 = Xj

— aj (FJ‘H - Fj_1> ( Tjp1 — 20+ T )
Tivr — Tj-1 ) \(Tie1 — 25) (25 — 1)

[h3] —9 h§+1/2 B hjg'*l/Q

: Tjt1 = Tj1

(4.23)

(4.24)

(4.25)

(4.26)

(4.27)

(4.28)

Approximations to terms of the form a;;/2 and a;_;/ are the same as defined previ-

ously.

The boundary conditions h(0,t) = I'(0,¢) = 1, h(L,t) = b and I'(L, t) = 0 are replaced
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by their ODE form:

ht,l - O, ht,N+1 - O, Ft,l - O, Ft,N—i—l - 0 (429)

The equidistributing coordinate transformation x = x(¢,t) is obtained by solving the
moving mesh PDEs (MMPDESs). Based on the results in Chapter 3 (§3.1.3) we choose

MMPDE 4. Recall the semi-discretisation of MMPDE 4:

1
MMPDE 4 (pie)e = ——(pme)e,
semi-discretisation :  7[(pj11 4+ pj)(@e 01 — Tey) — (Pj—1 + ;) (T — Tej—1)] =
—[(pjrr + pi) (01 — 25) = (P51 + p3) (25 — 25))];

j=2...,N. (4.30)

2=

Here, p(z,t) is a monitor function (described below), A¢ = < is the mesh size in the

computational domain and 7 > 0 is a user-specified relaxation parameter.

The boundary conditions z(0,t) = 0 and z(1,¢) = L are replaced by their ODE form:

Tl = 0, T N+1 = 0. (431)

The initial condition

x(§,0) = L&, (4.32)
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which represents a uniform initial mesh on the physical domain €, = [0, L]. We note
here that a non-uniform initial mesh was also used which was obtained by solving
in pseudo-time the chosen MMPDE (with the uniform mesh as the initial condition)
with A and T fixed (hence, the monitor function p is also fixed) at its initial condition
given by Eq. (4.4). This did not have any significant influence on the solution or the

performance of the solver in comparison to the uniform initial mesh.

Finally, we choose the curvature-based monitor function based on the results in Chapter
3 (§3.1.3). We note here that the monitor functions described in chapter 3 are based
on the solution having only a single component, i.e., only h. When the solution has
multi-components (as in the case here where the solution has two components h and I'),
these monitor functions need to be adapted to account for rapid variations in the other
components (which need not necessarily be aligned to variations in one component).
Therefore, the curvature-based monitor function Eq. (3.39) is modified by the addition

of the curvature in I' and discretised using finite differences as:

modified Curvature-based monitor function :  p(x,t) = (1 + B|heal* + w|Fm|2)i,

semi-discretisation :  p(x;,t) = (14 Blhes ;> + w\FmJ|2)%,

e

2 ((hD)j41=(AD);) ((h,F)j—(h,F)j_l)] . i=2,..,N,

(zj+1—2j-1) (zj+1—25) (xj—wj-1)

(h, D)y = Az=z)(RD)s=(h D))= (zs—21)(h.D)a—(h.[)1)]

(x3—1)(x3—22)(T2—21)

, J=1

Ao (e s s DGl = N -1,

(4.33)
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Here 8 and w are user-specified parameters. We also use the same smoothing process

for the discretised monitor function as described in Chapter 3 (§3.1.3) using Eq. (3.40).

Eqgs. (4.15) or Egs. (4.23) and Eq. (4.30), form a coupled system of 3(N + 1) or-
dinary differential equations for the solution hy, ..., hyy1, I'1,...,T'nyq and the mesh
x1,..., TN+ wWith initial condition given by Eqgs. (4.4,4.32). We use a staggered system
for numbering the unknowns, i.e.,

hi, Ty, 20, ho, Doy 2o, oo hnat, Uvat, TN,

which provides a smaller bandwidth for the Jacobian matrix (note: the bandwidth=13
for the semi-discretisation in Eq. (4.15); it could be larger if smoothing of monitor
function is used. This is in comparison to, for example, the numbering

hi,hoy.oo. hni, T, Doy oo DN, @1, X2y - oo TN,

which although sparse has a much bigger bandwidth. This significantly improves the
performance of the solver. We note here that the stiff solver DASPK [12] is used which
utilises an iterative scheme based on Krylov subspace methods for the solution of the
linearised system including preconditioning using Incomplete LU decomposition of the
Jacobian matrix. This had a significant influence on the performance in comparison to
DASSL. However, we need to choose a sufficiently large fill-in for the LU factorisation

of the Jacobian, otherwise the convergence of the iterative solver is very slow.

In all the results presented below, the parameter values are: Ca = 1073, § = 90°,
G=1, (0,01 =1,6 =0),b=10"2 6§ = 1075, L = 40; the MMPDE 4 relaxation

parameter 7 = 1073; the modified curvature-based monitor function parameters are:
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= w = 10° and the monitor function smoothing parameters are p = 2, v = 2. We
only show results based on the conservative semi-discretisation scheme Eq. (4.15). Our
results using the non-conservative scheme Eq. (4.23) was not as accurate compared to
the conservative scheme so we do not show these results here. Figures 4.4(a, b) show the
time evolution of h(z,t) and I'(z, t) respectively, to a travelling wave solution using the
adaptive moving mesh scheme Eq. (4.15) with N = 1000 points corresponding to initial
mesh size Az = 0.04. The results are shown for ¢ ranging between 0 to 90. We observe
that the adaptive moving mesh scheme captures the essential features of the solution
with less number of points (N = 1000 here compared to N = 4 x 10* for the uniform
mesh computation shown in figures 4.2(a, b). Figure 4.5(a,b) shows the corresponding
equidistributing coordinate transformation x = z(&,t) and trajectories. These figures
show that the mesh points are redistributed with more points in the region near the
leading edge (Ax ~ 10™*), where there is a rapid variation in both h and T', and fewer
points elsewhere (Ax & 0.1); note the initial Az = 0.04 uniform everywhere. Figures
4.6(a, b) present the solution h(z,t) and I'(z,t), respectively, at time ¢t = 90. The insets
show the increased number of points that are redistributed near the capillary ridge and
capillary waves ahead and behind it, and the step-like structure (figure 4.6(a)) which
are controlled by the curvature in A component of the monitor function. In addition,
we see redistribution of points around the maximum in I" and it’s leading edge (figure
4.6(b)) controlled by the curvature in I' component of the monitor function. In Figures
4.7(a,b) we compare the numerical solution for h and I', respectively, at ¢t = 90, using

the uniform mesh scheme Eqs.(4.5, 4.6) (N = 10° or Az = 0.04 - solid blue line;
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Figure 4.4: Time evolution of (a) h(x,t) and (b) I'(z,t), using the adaptive moving
mesh scheme given in Eq. (4.15). The parameter values are: Ca = 1073, § = 90°,
G=1,(s0, a1 =1,6, =0),b=10"2 6§ = 107°, L = 40, Az = 0.04 (so, N = 103
points), 7 = 1073, a =1, § = w = 10°, p = 2 and v = 2. The results are shown for
time ¢ ranging between 0 to 90.
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Figure 4.5: (a) The equidistributing coordinate transformations = = x(¢, t) and trajec-
tories corresponding to the numerical solution shown in figure 4.4.
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Figure 4.6: (a) h(z,t = 90) and (b) I'(x,t = 90) obtained using the moving adaptive
scheme with N = 1000 (initial Az = 0.04). Insets in (a,b) show the zoomed-in wave-
like structures in h and steep gradient in I" around the location of it’s maximum and
leading edge. The parameter values are: Ca = 1073, = 90°, G = 1, (so, a; = 1,
f1=0),b=10206=107° L=40,7=103 B=w=10°, p=2and 7y = 2.
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Figure 4.7: A comparison of the numerical solution of (a) h(z,t = 90) and (b) I'(z,t =
90) using the uniform mesh scheme Eqgs.(4.5, 4.6) (N = 10% or Az = 0.04 - solid blue
line; N = 4 x 10* or Az = 1073 - solid purple line; N = 4 x 10° or Az = 10~* - solid red
line) and the adaptive moving mesh scheme Eq. (4.15) (N = 1000 or initial Az = 0.04
- solid black line). The insets show the zoomed-in solution at locations where there is
rapid variation in h and T'. The parameter values are: C'a = 1073, 6 = 90°, G = 1, (so,
a;=1,8=0),b=102%6=10° L=40,7=10"3 f=w=10°, p=2and v = 2.
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N =4 x 10* or Az = 1073 - solid purple line; N = 4 x 10° or Az = 10~* - solid red
line) and the adaptive moving mesh scheme Eq. (4.15) (N = 1000 or initial Az = 0.04
- solid black line). We observe that the adaptive moving mesh numerical solution is
almost indistinguishable from the uniform mesh numerical solution corresponding to
Az = 107310~ Moreover, the insets in figures 4.7(a, b) show that there is still an error
(albeit small) between the uniform mesh solution for Az = 10731074, particularly at
the capillary ridge in A and the maximum in I'. This implies that the accuracy and
convergence of the uniform mesh scheme is restricted to very small values of Ax in
these regions. In contrast, the adaptive moving mesh scheme by redistributing more
points to these regions (starting from a modest number of points, N = 1000) can very

effectively control the accuracy and convergence of the numerical solution there.

4.2 PDEs with constant volume boundary condi-

tions

In this section we investigate the numerical solution of a spreading one-dimensional
drop laden with surfactant using both a uniform mesh as well as an adaptive moving
mesh. The underlying PDEs are given by Eqgs. (4.1, 4.2). These PDEs are supple-

mented by boundary conditions, which are,

h=0bhg.,=0T1=0, at v ==L, (4.34)
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where +L are the boundaries of the physical domain and b < 1, is the precursor film

thickness. The initial conditions are taken as (following [35, 37, 39]):

h(x,0) = (1 —2®) [H(zg — z) — H(—70 — )] + b[H(x — 2¢) + H(—z0 — 2)], (4.35)

[(x,0) = H(xg — z) — H(—x — xy), (4.36)

where H(z) is the Heaviside function and zy, is the initial location where the parabolic-
shaped drop connects to the precursor film both upstream and downstream. The initial
condition for I' assumes a uniform surfactant concentration between 4z, and zero
surfactant concentration ahead and behind it and is characterised by a steep gradient

at xg. The initial conditions are shown in figure 4.8 with b = 0.01, o = 1 and L = 2.

;h(x,O)
---T(x,0)

h(x,0), '(x,0)
o o o
= S ®

o
N
T

—02 -1.5 15 2

Figure 4.8: The initial condition for A and I" with b = 0.01, zp = 1 and L = 2.

We seek the numerical solution of Egs. (4.1, 4.2) subject to the BCs given by Eq.
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(4.34) for the time evolution of the initial drop and surfactant concentration. We first
show this solution using a uniform mesh followed by an adaptive moving mesh. The
parameter values are: Ca = 1072, 0 = 90°, G =1, (so, a; = 1, #; = 0), b = 1072
and § = 1075, The upstream and downstream domain length is fixed at L; = —3
and Lo = 17, respectively. In all numerical simulations show we have ensured that the
initial volume of fluid and surfactant are always conserved. Figures 4.9(a, b) illustrate
the time evolution of h and I', respectively, using the above uniform mesh scheme with
N = 2x10% points (so, Az = 1073). The results are shown for time ¢ ranging between 0
to 400. In addition to the wave-like structures observed at the leading edge of the drop
(similar to the constant flux case), there is now also a front in A travelling upstream
of the trailing edge of the drop (see figure 4.9(a)). There is also a steep gradient in
" near the trailing edge of the drop (see figure 4.9(b)) in addition to the one near the
drop’s leading edge. Thus, accurate resolution of the numerical solution for both h and
I' at multiple locations is required. This makes the numerical solution on a uniform
mesh computationally intensive and hence the use of an adaptive moving mesh would

be beneficial in this respect.

Figures 4.10(a, b, ¢) show the time evolution of h(z,t), I'(z,t) and x = x(,t), respec-
tively, using the adaptive moving mesh scheme Eq. (4.15) with N = 1500 points
corresponding to initial mesh size A¢ = 0.013. The results are shown for ¢ ranging
between 0 to 400. We observe that the adaptive moving mesh scheme captures the

essential features of the solution with less number of points (N = 1500 here compared
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Figure 4.9: Time evolution of (a) h(x,t) and (b) I'(z, t), using the uniform mesh scheme
given in Egs. (4.5,4.6) with N = 2 x 10* points (so, Az = 1073) and = € (—3,17). The
parameter values are: Ca = 1073, 0 = 90°, G =1, (so, a; = 1, 1 = 0), b = 1072 and
d = 107°. The results are shown for time ¢ ranging between 0 to 400.
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Figure 4.10: Time evolution of (a) h(z,t), (b) I'(z,t) and (¢) x = (&, t), using the
adaptive moving mesh scheme given in Eq. (4.15) with N = 1500 (initial Az = 0.013)
and x € (—3,17). The results are shown for time ¢ ranging between 0 to 400. The

parameter values are: Ca = 1072, 0 = 90°, G = 1, (so, a; = 1, 31 =

d=107°7=103B=w=10° p=2and v =
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to N = 2 x 10* for the uniform mesh computation shown in figures 4.9(a,b)). The
corresponding equidistributing coordinate transformation x = z(,t) in figure 4.10(c)
shows that the mesh points are redistributed with more points in the region near the
leading edge and trailing edges (Axz ~ 10~%), where there is a rapid variation in both
h and I'; and fewer points elsewhere (Ax &~ 0.1); note the initial Az = 0.013 uniform

everywhere.

Figures 4.11(a,b) present the solution h(z,t) and I'(x,t), respectively, at time t =
400. The insets show the increased number of points that are redistributed near the
capillary ridge and capillary waves ahead and behind it, the step-like structure ahead
of the drop’s leading edge and the front upstream of the drop’s trailing edge (see figure
4.11(a)) which are controlled by the curvature in h component of the monitor function.
In addition, we see redistribution of points around the maximum in I' and it’s leading
edge and trailing edge (see figure 4.11(b)) controlled by the curvature in I' component

of the monitor function.

In Figures 4.12(a,b) we compare the numerical solution for h and I', respectively, at
t = 90, using the uniform mesh scheme Eqs.(4.5, 4.6) (N = 1500 or Az = 0.013 -
solid black line; N = 2 x 10* or Az = 1072 - solid blue line) and the adaptive moving
mesh scheme Eq. (4.15) (N = 1500 or A¢ = 0.013 = initial Az - solid red line). We
observe that the adaptive moving mesh numerical solution is almost indistinguishable
from the uniform mesh numerical solution corresponding to Az = 1073. However, on

closer inspection there are discernible differences between the two solutions for both h
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Figure 4.11: (a) h(x,t = 400) and (b) I'(z, t = 400) obtained using the moving adaptive
scheme with N = 1500 (A{ = 0.013 = initial Az). Insets in (a,b) show the zoomed-in
wave-like structures in A and steep gradient in I' around the drop’s leading and trailing
edges. The parameter values are: Ca = 1073, § = 90°, G =1, (so, a; = 1, 81 = 0),
b=10"260=10"°,7=103 B=w=10% p=2and v = 2.
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Figure 4.12: A comparison of the numerical solution of (a) h(z,t = 400) and (b)
['(x,t = 400) using the uniform mesh scheme Eqs.(4.5, 4.6) (N = 1500 or Az = 0.013
- solid black line; N = 2 x 10* or Az = 1072 - solid blue line) and the adaptive moving
mesh scheme Eq. (4.15) (N = 1500 or A¢ = 0.013 = initial Az - solid red line). The
insets show the zoomed-in solution at locations where there is rapid variation in h and
I'. The parameter values are: Ca = 1073, 0 = 90°, G = 1, (so, ay = 1, f; = 0),
b=102%5=10°7=10"3 f=w=10° p=2and v = 2.
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and I, particularly, near the leading and trailing edges of the drop (see solid blue and
red lines in the insets in figures 4.12(a, b)). We believe that the uniform mesh solution
at Az = 1072 has not fully converged in these regions in comparison to the adaptive
mesh solution where Az ~ 107" in these regions. We would need to use a smaller
value of Ax to confirm this which we have not done here. This again highlights the
usefulness of the adaptive moving mesh scheme in redistributing more points to these
regions (starting from a modest number of points, N = 1500) enabling to effectively

control the accuracy and convergence of the numerical solution there.

4.3 Conclusions

We have successfully implemented a moving adaptive mesh scheme based on moving
mesh PDEs (MMPDES) for a coupled system of two parabolic PDEs. The main high-
light of the results is in adapting the monitor function to include multiple solution
components (based on Huang & Russell [53]). This enables us to accurately resolve
the complicated multiple wave-like structures (which need not necessarily be aligned
for both solution components)) compared to the uniform mesh scheme (see figures 4.7,

412).

In conclusion, our results indicate great promise for MMPDEs in thin-film flow prob-
lems which involving couple evolutionary PDEs. Although we have only considered a

specific form of the underlying PDEs, the general framework presented in this chapter
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can be utilised for a thin-film equation coupled to other PDEs such as, electric field,

temperature (in non-isothermal problems), etc., of the form considered here.
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Chapter 5

Numerical Solution of a

Two-dimensional Fourth Order
Parabolic PDE on a Moving

Adaptive Mesh

5.1 PDE with constant flux boundary conditions

Consider the two-dimensional fourth order degenerate nonlinear parabolic PDE de-

scribed in Chapter 1,

1 1 ‘ 1
h+V- gCa h*VV2h — gD(Q)h‘SVh} + [ghi”} =0, (z,y,t) € R*x[0,T¢]. (5.1)
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0* o7

Here, V = ( w’a—yQ

o o\, : 2
92 5y is the gradient operator and V= =
T oy

operator. The dimensionless parameters are the Capillary number Ca (related to the

) is the Laplacian

surface tension term), D () is related to the vertical component of gravity and 6 is
the inclination angle. We consider a rectangular physical domain: 0 < =z < L, and
—L,/2 <y < L,/2, where L, and L, are the lengths of the domain in the z and y

directions, respectively and T is a specific time.

Equation (5.1) is supplemented by eight boundary conditions (BCs) in « and y. These

are given by

h(0,y,t) =1, h(Ly,y,t) = b, hyya(0,9,1) = hya(Ly,y,t) =0, Yy € [-L,/2, L, /2],

(5.2)

hy(l’, _Ly/2a t) = hy(x’ Ly/2a t) = hyyy(x> _Ly/2a t) = hyyy(ZE, Ly/2> t)=0, Yz € [0, L],

(5.3)

Here, b < 1, is the precursor film thickness. This represents a constant flux of fluid
introduced at the upstream end x = 0 and the substrate is pre-wetted with a thin

precursor film of thickness b. We impose symmetry BCs at the y boundaries.

The main aim here is to obtain numerical solutions that demonstrate the fingering
instability similar to that observed in figure 1.1 in Chapter 1. Linear stability analysis of
this problem using the one-dimensional travelling wave solution obtained from Eq. (3.1)
as the base state have shown this solution to be linearly unstable to small-amplitude

sinusoidal perturbations in the transverse y-direction (see Bertozzi & Brenner [7] and
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Kondic & Diez [58]).

The numerical dispersion relation computed by Bertozzi and Brenner [7] showed that
the longer wavelengths are linearly unstable with a well-defined maximum wavelength
and corresponding growth rate. The shorter wavelengths are stabilised by capillary or
surface tension effects. They performed a small wavenumber analysis to obtain a stabil-
ity criterion which showed that the capillary ridge is necessary for the long wavelength
instability. They also showed that there is a critical angle above the horizontal be-
yond which the spreading flow is always linearly unstable with the maximum growth
rate and band of unstable wavenumbers increasing. This critical angle is implicitly
a function of the system parameters Ca and D. Two-dimensional numerical studies
of this problem analysing the nonlinear evolution of the transverse instability have
been done by several authors, most notably by Kondic and Diez [58]. They showed
that by varying the inclination angle the shape of the fingering instabilities and the
surface coverage varied considerably. Decreasing the angle of inclination resulted in
saw-tooth, or triangular-type patterns being observed. As the angle of inclination was
increased the fingers were more rounded with parallel sides. This gave quantitative
agreement to the corresponding experimental work. These numerical studies were per-
formed using finite differences on a uniform mesh. Our goal is to accurately capture the
fingering behaviour also including adaptation of the mesh in the transverse y-direction
along with that in the z-direction described in the earlier chapters. Based on this, we

superpose sinusoidal perturbations in the y direction locally on the one-dimensional
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travelling wave solution. Using this superposed initial condition for Eq. (5.1,5.2,5.3)
we then track the evolution of the two-dimensional solution to determine the nonlinear

fingering behaviour.
The superposed initial condition is chosen as

m,n

h(z,y,0) = ho(z) + Z a, cos(kmy) el K1 =a)’], (5.4)

I=1,k=1

where, ho(z) is the travelling wave solution, k is the wavenumber of each sinusoidal
mode with period = 2/k and amplitude ag, n is the total number of modes imposed,
m is the total number of locations z = z; in the = direction across where the sinusoidal
perturbations are applied and K; controls the width of the localised perturbations at
x;. Figure 5.1 shows the two-dimensional initial condition Eq. (5.4) with a single
transverse perturbation (k = n = 1) applied at two locations: z, location where hg
has a maximum (i.e., at the capillary ridge) and z», the location of the effective contact
line where the front connects onto the precursor film. The corresponding amplitude of
the perturbation at each location is a; = 0.1 and ay = 0.01, respectively. We choose
K, = 20, Ky = 100, the precursor thickness b = 0.1, L, = 20 and L, = 2. The
travelling wave solution hg(x) is obtained from the solution of Eq. (3.1) at ¢t = 2 (by
this time the one-dimensional solution has already developed into a travelling wave
solution). The choice of the above parameters are informed from previous studies, for

example Kondic & Diez [58].

We now seek the numerical solution of Eq. (5.1) with the above boundary and initial
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(b)

0.5r

|

Figure 5.1: (a) Surface and (b) contour plots showing the two-dimensional initial con-
dition given by Eq. (5.4) with k =n =1, m = 2, a; = 0.1, ay = 0.01, K; = 20,
K, =100,0=0.1, L, = 20 and L, = 2. x; is the location where hy has a maximum
(i.e., at the capillary ridge) and x5 is the location of the effective contact line where the
front connects onto the precursor film. The travelling wave solution hgy(z) is obtained
from the solution of Eq. (3.1) at ¢ = 2.
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condition to determine the evolution of the film thickness h(z, y, t) using finite difference
methods. The numerical method is performed first on a uniform mesh and then on an

adaptive moving mesh.

5.1.1 Numerical solution of Egs. (5.1,5.2,5.3) on a uniform

mesh

The domain [0, L, x [-L, /2, L, /2] is uniformly divided into (M, +1) x (N, +1) discrete
points, respectively, as follows:

(xj,yr) = ((j — Az, (k—1)Ay - L,/2), j=1,2,..., M, +1,k=1,2,...,N,+1,
where (Az, Ay) = (]\[14—:1, %) is the width of each sub-interval. We discretise the spatial
derivatives appearing in Eq. (5.1) using finite differences, keeping the time derivative

continuous. The spatial discretisation is done as follows. We define a forward and

backward finite difference as

h. — h. hi11 — h.

(he)jeyp= =25+ 0(B),  (he);y =~ £ 0(A2), (55)
_ Pk — By _ hik = hik

(hy)j,kJr% - Ay + O(Ay), (h?])j,kf% = Ay + O(Ay). (5.6)

Thus, a semi-discretisation of Eq. (5.1), keeping the time derivative continuous, can

be written as
1 3 2 1 3 L3
(o) + 5 CaV - [BPVVPR], = S DOV - [PVR], 4 (1), = 0. (5.7)
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The surface tension term can be discretised in the following two ways:

1. Using Egs. (5.5,5.6) we can write

1
V - [h3vv2h:| ik — A_:CQ [(h3 (hxa?z + hygx))jJr%,k — (h3 (hzix + hygz>)j*%7k:| +

1
A—yQ [(h?’ (hxjy + hy?jy))j,k—kl - (h3 (hmi‘y + hy?jy))j,k—%} . (58)

2

2. Writing V2h(z,y,t) = G(x,y,t), we can discretise

1
V. [hva}j,k = A—xQ [h?-f—%,k: (Gj+1,k — Gjyk) — h?—%,k (Gjyk — Gj—l,k;):| +
1
N [hi;ﬁ% (Giner = Gin) = by 1 (hjs — hj,k—l)} , (59)
where
1 1
Gik =R [Pk — 2hn + hj1 k] + N [Pjk1 — 2Rk + i) (5.10)

The vertical component of gravity term is discretised as

1
V- [V = i [0 e = i) = (07) (i = hyoa) | +
1
A (%), s (s = Ry) = (B) (g = by )] - (5.11)
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The horizontal component of gravity term is discretised as

1
(F)ay = 5 [ ()30 = (0),1] - (5.12)

The nonlinear diffusivity h? L1k and h? fpl Can be approximated by averaging and can
)

1
2

be written as

h3., .+ h? 3. . 4+ h3
(hg)ﬁ_%,k — %7 (h3)j,k+% — W’ (5_13)

or

hj+1,k + hjyk

3 3
hjk1 + ik
(hg)jJr%,k — ( 5 > ’ (hB)MJr% = (%) : (5.14)

with similar formulas for h?_ and h:;, ,_1- 1t has been shown that there are particular
)

1
2k

choices for the approximations of hj. . and hj. o 1 that have special properties, for
A

+35
example, the so-called positivity-preserving scheme, meaning that if one starts from

strictly positive data for h, the scheme will help preserving this property. The interested

reader is referred to the works by Kondic & Diez [30, 58] for details.

Evaluating the above at j =1, M, + 1 and k = 1, N, + 1 require fictitious points hg j,
Pty 2.k, Njo, By -1, hjn,+2 and hj n, 13 which are obtained by discretising the boundary
conditions Eqgs. (5.2,5.3) using centred finite differences. Therefore, hjo = hj2, h;_1 =

hj’g, hj,Ny—i—Q = h/j7Ny7 hj,Ny—i—B = hj,Ny—la hO,k = h27k and th-l-?,kJ = th,k' The boundary
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conditions h(x = 0,y,t) = 1, h(x = L,,y,t) = b are replaced by thier ODE form:

hiar =0, hin416=0, k=1,...,N,+ 1. (5.15)

The semi-discetisation scheme Eq. (5.7) is second order accurate and uses a 13-point
stencil. It therefore requires a smaller bandwidth in comparison to a 25-point stencil

if using a centred finite difference scheme in each direction.

Equations (5.7,5.15) form a system of (M, +1) x (IV,+1) ordinary differential equations
for the solution hjy for j =1,..., M, +1and k =1,..., N, + 1 with initial condition
given by Eq. (5.4). It is worth noting that although we have written the solution as
hj, for computational purposes it is better to write it as hy ;. This is because we
anticipate less number of mesh points in the y-direction compared to the z-direction
(since the solution develops more structure in the z-direction requiring more mesh
points for accurate resolution as seen in Chapter 3). Numbering the unknowns this
way reduces the bandwidth of the system (albeit sparse) which significantly improves
the performance of the solver. The resulting system of ODEs are solved using the stiff
ODE solver DASPK [12]. This solver utilises an iterative scheme based on Krylov sub-
space methods for the solution of the linearised system including preconditioning using
Incomplete LU decomposition of the Jacobian matrix. This had a significant influence
on the performance in comparison to DASSL. However, we need to choose a sufficiently
large fill-in for the LU factorisation of the Jacobian, otherwise the convergence of the

iterative solver is very slow.
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0 2 4 6 8 }é) 12 14 16 18 20

Figure 5.2: Surface plot ((a) side view and (b) top view) of h(z,y,t) at t = 31. We
clearly observe the formation of a fingering instability. The parameter values are:
Ca = 1073 6 = 90° (so, D = 0), b = 107, L, = 20, L, = 2, M, = 2000 (so,
Az = 0.01) and N, = 200 (so, Ay = 0.01).
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In all the results presented below, the parameter values are: Ca = 1073, § = 90° (so,
D =0),b=10" L, =20, L, = 2, M, = 2000 (so, Az = 0.01) and N, = 200
(so, Ay = 0.01). We have checked (but not shown here) that the above discretisation
scheme converges for (Az, Ay) — 0 and the numerical solution shown below for Az =
Ay = 0.01 is accurate enough to be considered a converged solution. Figure 5.2(a,b)
illustrate the surface plots (side and top view, respectively) of h(x,y,t) at time ¢t = 31.
We clearly observe the formation of a single finger which is consistent with the linear
stability analysis for the parameter values considered here. Figure 5.3(a, b, ¢) illustrate
the surface plots of h(zx,y,t) showing its evolution in time (times shown are t = 11,
t =20and ¢t = 31). At early time ¢t = 11, a finger is observed to slowly start forming. As
time ¢ increases, the finger appears to develop with a preferred width which is consistent
with the linear stability analysis. This is more clearly depicted in the contour plots
presented in figure 5.4(a, b, ¢) where the width of the finger is approximately one and

it lengthens as time ¢ increases.

5.1.2 Numerical solution of Egs. (5.1,5.2,5.3) on an adaptive

moving mesh

We now seek the numerical solution of Eqgs. (5.1,5.2,5.3) using an adaptive moving
mesh. In this section, we present the computational domain €2., which is mapped to

the physical domain €2,. We donate the computational and physical coordinates by
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Figure 5.3: Surface plots of h(x,y,t) showing its evolution in time (a) t = 11
and (c) t = 31. The parameter values are: Ca = 1073, = 90° (so, D = 0), b= 1071,
L, =20, L, = 2, M, = 2000 (so, Az = 0.01) and N, = 200 (so, Ay = 0.01).
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Figure 5.4: Contour plots of h(x,y,t) showing its evolution in time (a) t = 11, (b)
t = 20 and (c) t = 31. The parameter values are: Ca = 1072, § = 90° (so, D = 0),
b=10""1, L, =20, L, = 2, M, = 2000 (so, Az = 0.01) and N, = 200 (so, Ay = 0.01).
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E=(&n) and x = (z(&,n,t),y(&,n,t)), respectively. This yields
r=x(&):Q. =01 x[0,1] - Q, =10, L, x [-L,/2,L,/2].

Then the solution can be written as h(x,t) ~ h(x(£),t). A uniform mesh on the

computational domain with the computational coordinates is depicted as
Tit): & =G-1AE n = (k—1)An, forj=1,... ., M,+1, k=1,...,N,+1, (5.16)

and a moving mesh associated with the solution h(x(£),t) is described by
Tn(t): (&) = x(&,mi,t), for j=1,..., M, +1, k=1,...,N, + 1, (5.17)

1 1

where A{ = — and Anp = — denote the uniform grid size in the computational
x y

domain and M,, N, are given positive integers denoting the number of mesh points in

the z and y direction respectively.. Eq. (5.1) is reformulated in Lagrangian form. This

is given by

h? h? h?
he — (hute + hy) + V- [Ca- VV*h = D(6) = VI + ( — ) =0, (5.18)
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The derivatives are transformed in terms of the computational coordinates by using

the chain rule, so that

hé .’L’g yg hx
hy, Ty Yn hy,
Thus, we have
h 1| W Y he
=5 ’
Dy —T, X¢ D,

Oe,y) | Te Ve

J = = , J =det(J) = zey, — e

Ty Yn

The inverse Jacobian matrix is given by

S §o Mo

Sy Ty

Thus, we obtain the transformation relations as

Yn —Ye

§y My —Ty  Xg
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Substituting into Eq. (5.19), leads to

= . (5.21)
hy &y My hyy
Therefore, the first order derivatives are transformed as follows
hy = [fg;hg + nzhn] ) hy = [gyhf + nyhn] ’ [hg}x = [fzhg + Umhi} . (5~22)

Consequently, the vertical gravity and the surface tension terms are accordingly trans-

formed using the fact that h,, = (h;), and hy, = (h,), as follows:

V- [h*Vh] = % [(h?’R)é + (hgs)n] :

1
J

V. [1PVVh] =V [1PVG] = % [(h?’Rl)§ + (h?’Sl)n} ,

G=V’h=—[R:+5,],
R=lahe+chy, S=[qghy+che, Ri=[aGe+cG,, S1=1I[qG,+cGe,

(V&) (Jna) + (J&,)(Iny)) -

(5.23)

(J&)2 + (J&,)%), q=~((Jna)+ (Jn,)?), c=

a =

~l=
~l =
~l =

2D Moving mesh PDE and monitor functions

We use the two-dimensional MMPDEs described in Chapter 2. These are
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Regularised MMPDE5:

T(1=mVE) x, =V - (p(x,t)V). (5.24)

MMPDEA4:

TVZ (p(x,t)xy) = =V - (p(x,t) V). (5.25)

Here, (1 — yV?), is the smoothing operator, z = (z,%), £ = (£&,7) and p(x,t) is the

monitor function.

These equations are supplemented by boundary conditions:

l'(f = Oanat> = 07 l'(f = 17777t> = L:L“a xn(gan = Oat) :xn(fan = 17t> = 07

y(&n=0,t)=—L,/2, y(&n=1,t) =Ly/2, y(§=0,n1) =ye({ =1,n,t)=0.

(5.26)
The initial conditions are taken to be a uniform mesh as follows
ik = (5, t) = La&yy yie =y (&imey t) = Lymi — Ly /2. (5.27)
The monitor function is chosen to be the curvature-based monitor function:
p(z,y,t) = (1+a|V2h[2)T (5.28)
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where « is a user-specified parameter.

Finite difference discretisation of Eq. (5.18), MMPDEs and

monitor function

A conservative semi-discretisation scheme for the spatial derivatives in Eq. (5.18) on
the uniform mesh J¢(¢) using centred finite differences can be written as, keeping the

time derivative continuous,

1
~(h*)ejx = 0. (5.29)

1
hge = (hate + hyge) 3V - [Cah®V'V?h — D(0) VR + 3

We first discretise the spatial derivatives, so that

1171
[hi]jvk :j |:A—€ <(J§x>]+%,k (hg)jJr%,k - (inv)jf%,k (hg)j7%7k> +

A (et 090y = Oy (90, )] Ga0)
[hm]j,k :% {Aig ((‘]gm)j-i-%,k; (h)j+%,k - (‘]gm)j—%7k (h)j—%7k) +
Ain ((JT/J:)]‘JH—% (h)m_,_% - (an)j’k_% (h)j,k—%)} , (5.31)

11
[hy]j,k :j {A_f <(‘]§y)j+%,k (h)j+%,k - (ny)j,;k (h)j_%,k> +

Ain <(J77y)jak+% (h>j,k‘+§ - (Jny>j,k;—% (h)Jk%>:| ) (5.32)
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The vertical component of gravity and surface tension terms are discretised as

1| (PR); = (PR); e (B29), = (PS),
. 3 _ - 7 j—1k 7,k J,k—1
VWV =S Y: + A )
1| (PR = (BPRy); e (B2S1)5, — (BPS1);,
v . [ = g, i—1, Js Js
1[(R)j = (B)jie | (8) = (5)je
— 2 _ J J—1 7> Jk—1
hyr — hy By — hig
Rjk:{aj%kHlAg j J+"“JHA77 j }7
g _ P g1 — Rk iy — hjg
i,k — qj,kJr% AT] j k+% Af )
G -G G -G,
(R1)jk = |:aj+ . J+1,kA§ gk + €1 J k-i—lA77 j,k:| ’
Gir1— Gk Gtk — Gk
(Sl)] k |:q]'7k+é AT] Cj,kJr% Af
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We evaluate a, ¢, ¢ and the Jacobian J as follows

7 ((J&)* +(J&)7), s for j=2,.... M,
jk = % (J&)jk, for j =1, (5.40)
| 7 (&) for j =M, +1,
T ((Jn,)* + (Jnx)Q)M, for k=2,...,N,,
Qjk = JL (Jny)] . for k=1, (5.41)
\ %(Jny)ﬂg, for k=N, +1,
cip = ﬁ ((Jny) (J&) + () (JE)), 4 for j=2,... My, k=2, N, (5.42)
‘
(JE€)ju (J), 5 — (JE), 1 (Jm) s for =2, My, k=2,...,N,,
Tk =0 (T€a)ju (T4 for j k=1
| (JE) (T), for j=M,+1, k=N, +1.
(5.43)

We use centred finite difference approximations to approximate J&,, J&,, Jn, and Jn,

as follows

1

(&) =+ () = oAy (Yjk+1 = Yjn—1) (5.44)
(600 = = (@)= =557 (ikin = 3001), (5.45)
(Jnx)j,k == (yi)j,k = —2?15 (Yjr1k — Yi1k) 5 (5.46)
()0 =+ (@e) .= + 555 (@10 = 5-10), (5.47
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where the transformation relations Eq. (5.20) have been used. The approximations
Egs. (5.36, 5.39) to the vertical component of gravity and surface tension terms involve
evaluation of a, ¢, and ¢ at half points. These evaluations have been obtained as an

average of the neighbouring mesh points.

We discretise the MMPDEs Eq. (5.24) and Eq. (5.25), respectively, for j =2,..., M,

and k = 2,..., N, as follows

Regularised MMPDES5:

1
T |:wt -M (A—@ (Trjp1h — 2@ j g + Toj1k)

1

_A—772 («'Bt,j,kJrl — 2y 41 + wt,j,kl))] = Fj, (5.48)

MMPDEA4:

T [A%z (ijr%,k (T 1k — Tejk) = Pj- 1 g (ejk — wt,jfl,k)>

(5.49)
—x7 (pj,k—i-% (@1 — Zejn) = Pjp-1 (®ejr — mt,j,k—l))] = —Ejk,
where
Ejp= 7 [% <P'+l k(e — k) = pj_1 g (T — wjfl,k)>
AT g (5.50)
~x7 <pj,k;+% (et — Zjk) = Pyt (T — %‘,k—l)ﬂ ,
and x = (z,y).
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The curvature-based monitor function Eq. (5.28) is discretised as follows:

pin = (14 a|(V2h); )7, (5.51)

where (V?h); is approximated by Eq. (5.35). Smoothing of the discretised monitor

function is done based on a two-dimensional generalisation of Eq. (3.40).

The boundary conditions h(0,y,t) = 1 and h(L,,y,t) = b are replaced by their ODE
form:

ht,l,k == ht,Merl,k — O, V k - 1, ey Ny —|— 1 (552)

Similarly, the boundary conditions z(0,7n,t) = 0, x(1,n,t) = Ly, y(£,0,t) = —L,/2

and y(&,1,t) = L, /2 are replaced by their ODE form:

Tiih = TeMoprh =0, VE=1,... Ny +1; 451 =¥y jn+1=0,Vi=1... M, +1
(5.53)
Evaluating the above at the boundaries require fictitious points which are obtained by
discretising the boundary conditions. In some cases, we had to use one-sided finite
differences to evaluate a particular quantity at the boundary which was obtained using

a Taylor’s series approximation there.

The above semi-discretisations for h and & = (z,y) form a coupled system of 3(M, +
1)(Ny+1) ordinary differential equations with initial condition given by Eqs. (5.4,5.27).

These are solved using DASPK [12]. We again follow a staggered system of numbering
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the unknowns which reduces the bandwidth of the system. We note here that a non-
uniform initial mesh had to be used instead of the initial mesh in Eq. (5.27) which
had an influence on the solution and the performance of the solver in comparison to
the uniform initial mesh. This nonuniform initial mesh was obtained by solving in
pseudo-time the chosen MMPDE (with the uniform mesh as the initial condition) with
h fixed (hence, the monitor function p is also fixed) at its initial condition given by Eq.
(5.4). This mesh was then used to solve the MMPDEs in real time. For the Regularised
MMPDES5 equation, we had to choose the parameter values 7 = 1 and y; = y/max(p)
for the pseudo-time calculation after which 7 = 1072 was chosen for the solution in

real time.

In all the results presented below, the parameter values are: Ca = 1073, 6 = 90° (so,
D=0),b=10", L, =20 and L, = 2, « = 1. We only present results using MMPDE4
with 7 = 1072; the regularised MMPDESH gave similar results but was very stiff. Figure
5.5(a, b) show the surface and contour plots, respectively, of the initial condition given
by Eq. (5.4) with k =n =1, m =2, a; = 0.1, ap = 0.01, K; = 20, Ky = 100,
b=0.1, L, =20 and L, = 2. Figure 5.5(c) shows the corresponding adaptive mesh
obtained by solving MMPDE4 with 7 = 1072 in pseudo-time using the curvature-based
monitor function with o = 1. We observe that the mesh adapts to the initial condition
predominantly in the x direction with more points at the leading edge, the mesh in the

y-direction is uniform.

Figure 5.6(a, b) illustrate the surface plots (side and top view, respectively) of h(x,y,t)
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(5.4) with k =n =1, m = 2, a; = 0.1, ax = 0.01, K; = 20,
Ky =100, b= 0.1, L, = 20 and L, = 2. (c¢) shows the corresponding adaptive mesh

obtained by solving MMPDE4 with 7 = 1072 in pseudo-time (see text for details) using

Figure 5.5: (a) Surface and (b) contour plots showing the two-dimensional initial con-
the curvature-based monitor function with o = 1.

dition given by Eq.
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y(& m,t =31)

20

x(&,m,t = 31)
Figure 5.6: Surface plots ((a) side view and (b) top view) of h(x,y,t) at t

= 31
using the adaptive moving mesh scheme with M, = N, = 200 (so, initial Az = 0.1
and Ay = 1072). (c¢) shows the corresponding adaptive moving mesh obtained using

MMPDE4 with 7 = 102 and curvature-based monitor function with oo = 1.
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at time ¢ = 31 using the adaptive moving mesh scheme with M, = N, = 200 (so, initial
Az = 0.1 and Ay = 1072), MMPDE4 with 7 = 1072 and curvature monitor function
with a = 1. We clearly observe the formation of a single finger and visually it appears
identical to the uniform mesh solution shown in figure 5.2(a,b) (note M, = 2000 and
N, = 200 for this solution). Figure 5.6(c) shows the corresponding adaptive moving

mesh and we clearly see clustering of mesh points in the y-direction along the finger.

This can also be observed from figure 5.7(a,b) which plots the adaptive mesh y(&,n)
and z(&,n), respectively at t = 31. We see that y when considered as a function of 7
for fixed £ € [0.6,0.8], deviates from a straight line (representing a uniform mesh) with
more points clustered in the interval [—0.5, 0.5] which is approximately the width of the
finger (see figure 5.6(b, c)). y appears to be uniform in the £ direction. Similarly, = varies
nonuniformly as a function of £ with more points clustered around £ € [0.6,0.8] which
is is approximately the finger lengthscale. = appears to be uniform in the 7 direction.
Figure 5.7(c) shows the curvature-based monitor function at ¢ = 31 which has large
variations in the curvature near the finger region. This results in the refinement of the

mesh as seen in figure 5.7(a, b).

Figure 5.8(a, b, ¢) illustrate the surface plots of h(z,y,t) showing its evolution in time
(times shown are t = 11, ¢t = 20 and ¢ = 31). At early time ¢t = 11, a finger is observed
to slowly start forming. As time ¢ increases, the finger appears to develop with a
preferred width. This is more clearly depicted in the contour plots presented in figure

5.9(a, b, ¢) where the width of the finger is approximately one and it lengthens as time
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) ) 2 4 6 10 12 14 16 18 20

8
v z(&,m,t=31)

Figure 5.7: Surface plots showing the adaptive mesh (a) y(&,7n) and (b) x(§,n), and
the monitor function p(z,y,t) corresponding to figure 5.6 at t = 31 using the adaptive
moving mesh scheme with M, = N, = 200 (so, initial Az = 0.1 and Ay = 1072),
MMPDE4 with 7 = 1072 and curvature-based monitor function with o = 1.
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t increases. These results are indistinguishable from those obtained using a uniform
mesh (see figures 5.3, 5.4). Figure 5.10(a, b, ¢) show the adaptive moving mesh at times
t =11,1t =20 and t = 31, respectively. We clearly see the mesh adaptation in both x

and y as the propagating finger gradually develops.

5.1.3 Numerical solution of Egs. (5.1,5.2,5.3) using the Parabolic-

Monge-Ampere (PMA) equation

Consider the transformed PDE Eq. (5.18) with the boundary conditions Egs. (5.2,5.3)
and the initial condition Eq. (5.4). Expressing the mesh @ and the velocity x; in Eq.

(5.18) in terms of @, leads to

h? h? h?
he = (haQué + hyQua) + V - [Cage VV?*h = D(0) % Vh] + <§) —0. (5.54)

Substituting the transformation relations Eq. (5.20) into Eq. (5.21), we have
= ) 5.55
: (5.55)

Thus, the transformations are obtained using the fact that @ = V¢Q by

1
hy = q [anh£ - Qénhn] ) (5-56)
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Figure 5.8: Surface plots of h(z,y,t) showing its evolution in time (a) t = 11, (b)
t =20 and (c) t = 31 using the adaptive moving mesh scheme with M, = N, = 200
(so, initial Az = 0.1 and Ay = 107%), MMPDE4 with 7 = 1072 and curvature-based
monitor function with o = 1.
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Figure 5.9: Contour plots of h(x,y,t) showing its evolution in time (a) t = 11, (b)
t = 20 and (c) t = 31 using the adaptive moving mesh scheme with M, = N, = 200
(so, initial Az = 0.1 and Ay = 107%), MMPDE4 with 7 = 1072 and curvature-based
monitor function with oo = 1.
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Figure 5.10: The adaptive moving mesh showing its evolution in time (a) t = 11, (b)
t =20 and (c) t = 31 using the adaptive moving mesh scheme with M, = N, = 200
(so, initial Az = 0.1 and Ay = 107%), MMPDE4 with 7 = 1072 and curvature-based
monitor function with oo = 1.
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1

hy:ﬁ[

—Qeyhe + Qechy] (5.57)

9.9
o¢" an
J. The Hessian is given by:

T
where V¢ = ( ) and H is the Hessian of ), which is equivalent to the Jacobian

Qe Qey )
H(Q) = , H=det(H) = QecQuy — Q- (5.58)

Qen QO
The spatial derivatives of Eq. (5.54) are transformed as follows:
3 1 3 3
hi = 27 [@uhé = Qenhy] - (5.59)

Since hyy = (hy), and hy, = (hy),, the vertical component of gravity and the surface

tension terms can be written as

V- [1¥Vh] = % [(BR)+ (1°8), |, (5.60)
v 1VE] = o [0 R) 4 (0°S)),). (5.61)
G=Vh= % [(R)e+(5),] (5.62)
R = [ahe — chy), S = [qhy — che], R = [aGe — ¢Gy], S = [qGy) — ¢Ge],  (5.63)
0= (@, Qh), 4= 5 (@ + QL)) =5 (QuQn+QuQe). (560
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Parabolic-Monge-Ampere (PMA) equation in two dimensions

We use the two-dimensional PMA equation described in Chapter 2. This is given by
T(1-=mVz) Q= (p(VeQ, ) H(Q))?, == V,Q. (5.65)

where © = (z,y) and & = (&, 7).

This equation is supplemented by Neumann boundary conditions, which are
[Qcl; =0, Ly, for j=1,M,+1, [Q];, =—Ly/2,L,/2, for k=1 N,+1. (5.66)

The initial condition is taken to be a uniform mesh as follows:

1

QEm0) =5 (Lo + Lyn®*) - (5.67)

We choose the monitor function to be the curvature-based monitor function:
2,12\ 1
p(1+a|V?h*)*, (5.68)

where « is a user-specified parameters.
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Finite difference discretisation of Eq. (5.54) and PMA equation

A conservative semi-discretisation scheme for the spatial derivatives in Eq. (5.54) on
the uniform mesh J¢(¢) using centred finite differences can be written as, keeping the
time derivative continuous,

Qujie — Quj—1k h,) Qtjh+1 — Qrjr—
2A¢ Yiik 2An

ht,J}k - [hm]j,k

1 1
+3V- [Cah®V'V2h — D(O)h*Vh] , + g(hi”)m,c =0. (5.69)
The first spatial derivatives are discretised by

171
[hﬂja’f T H [A_é <(Q’7”)J+%vk (hg)j%,k — (Qun)j_1s (hg)j—%,k) +

Ain <_ (Qﬂf)j,lﬁr% (hg)j7k+% + (QU&)J’,]{f% (h?’)j?k_%)} ) (5'70)
[hx]j,k = % {Aig <(Q7777>j+%,k (h)jJr%,k - (an)j—%,k (h>j7%,k> + (5-71)
A (= Qg s + @ty (),0) (572
[hy]j,k - % [Aig <_ (Qﬁﬁ)j-i-%,k (h)j-f—%,k + (Qnﬁ)j—%,k (h)j—%,k) + (5-73)
8 @)y 000y = Qe 0,04 (5.74)
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The vertical component of gravity and surface tension terms are discretised by

V. [PVh] = Hl]k (R°R); —A éh?’R)ij L (W8) _A;hgs)j,kll | (5.75)
SR — (BPR)), . (h3S))., — (B3S),,
V. [1*VG] = Hl]k ) YR S 1], (5.76)
O— v — H?k |:(R)j,k —AER)]-M N (5) _A;S)j,k1:| | (5.77)
Rk [am ,ﬁh””;; Pk _ 41 khj’k+1An hﬂ’“} , (5.78)
Sjk = [%,H%%ﬂg = Ck+d hﬁ%gh]k} , (5.79)
(R1)jk = {aﬂé kGJ*lkAg G _ J+§’ijvk+1A77 GJ’“} : (5.80)
(1) lq] H;Gj”““m? Ciik k] Gj“’gg G”“] (5.81)
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We evaluate a, ¢, c and H as follows:

e

ﬁ ((Q,m)2 + (Qng)Z)M, for j =2,..., M,,
Qjk = ﬁ (Q"”)ik’ for 7 =1,
| (@) for j =M, +1,
(
Hik ((Qee)? + (Qn£)2>j,k , for k=2,...,N,,
Gk= g (Qee)ip s for k=1,
\ 7 (Qee) i for k=N, +1,
Cjk = ﬁ Qne (Q§§+Qnﬂ)j7]g7 for j=2,...,M,, k=2,
(
(st)j,k (Qrm)j,k - (Qns)jk o for j=2,...
Hik = (Qee); 4 (@) for j, k=1,
\ (Q££>j,k (an)j,k )

for =M, +1, k=N, +1, -

(5.82)

(5.83)

(5.84)

(5.85)

The approximations Eqs. (5.78, 5.81) to the vertical component of gravity and surface

tension terms involve evaluations for a, ¢, and ¢ at half points. These evaluations have

been obtained as an average of the neighbouring mesh point values. At the boundaries

in x direction, the vertical component of gravity and surface tension terms require

fictitious points which are obtained by discretising the boundary condtions h¢ = 0 and

heee = 0 at & = 0,1 using centred finite differences. While in the y direction, the

boundary conditions h,, = 0 and h,,,, = 0 are discretised to obtain the fictitious points.
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We obtain

b1k =hji1k, hj—or = hjron, at £ =10,1,

hj,kfl Ithngl, thg,Q = hj,k+27 at n = O, 1.

The second order derivatives of () are obtained using the centred finite differences at

the interior points by

[fo]j 2A§2 [Q]+2 k — Qijk —f- Qj—2,k;] s fOI" j = 3, ey Mm — 1, (586)
1
Q) = A (Qjk+2 —2Q ik + Qjr—s), for k=3,...,N, —1, (5.87)
1
(@nel e = IADAE [Qjr1ht1 — Qjrip—1 — Qj—1 k41 + Qj-151], (5.88)

for j=2,...,M,, k=2,... N,

-y 1Vy.

To approximate Q¢ and @, at j = 2, M, and k = 2, N, respectively, we use the fact

that Q¢ = = and @,, = y. We obtain

[Qeely ), = 4A§2 [Que — Qail, (5.89)
(@eelar, = 7 A1§2 2 Lo A& = Quipk + Quro—24] (5.90)
@nlja = a7 Q= Qua+ Ly, (5:91)
(@uiljn, = 7 Al = [Ly A — Qi N, + Qjn,—2] . (5.92)
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At the boundaries, we force @,c = 0. To evaluate Q¢ at £ = 0, we utilize the Taylor

expansions so that

1
Tag = Tk + AL [xf]l,k + §A§2 [$££]1,k + (A%, (5.93)

4
T3k = g+ 208 [z + S AL [wee]  + (AL, (5.94)

after some processing and neglecting terms of O(A&?), we obtain

1

[xf]l,k = m (4o — x31) - (5.95)

Since Q)¢ = z, leads to

[Qeely f, = 4A§2 [4Qs )k — 4Q1 ) — Qup + Qaxl, V k. (5.96)

Similarly, we approximate Q¢ at £ =1 by

[Qeelpr, 10 = 4A§2 Qs — Qarp—20 — 4@, 11k +4Q0, 15 +6 Ly AS], V K

(5.97)

We evaluate @)y, at n =0, 1, in a similar manner so that

[an]j 1 4A —— [4Qj3 —4Qj1 — Qja+ Q2 +3 L, An], ¥ j, (5.98)

[Qm?]j,Ny—l—l 4A 2 [Q] Ny — ijNy*Q - 4ijNy+1 + 4Q]'7Ny*1 + 3 Ly ATI] ) v j (599)
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We discretise the PMA equation Eq. (5.65) at the interior points of the computational

domain using centred finite differences, so that

1 .
[Q&g]j,k = NG (Qjt1k —2Qjk +Qj—1k], for j=2,..., M, (5.100)
1
[Qnﬂ]j,k = A—TF [Qj,k-i—l - Qijk + Qj,k;—l] s for k= 2, ceey Ny, (5101)
1
[Quel;p = 1ADAE (Qj+1,k11 — Qjt1h-1 — Qj—1h41 + Qj—1k-1] , (5.102)

for j=2,....M,, k=2,...,N,.

The Hessian

H = QecQuy — Qre (5.103)

is determined by using the above approximations of the second order derivatives of Q).
At the boundaries, we force Q¢ = 0. We approximate Q¢ at x = 0 using the following

Taylor expansions of (), so that

Qo = Qui+ DEIQL] 4 + 508 [Qedl  + 5AC Qe+ (AT, (5104

Q3 = Qi + 288 [Qe], , + gﬁfz [Qeel, 1 + §A€3 Qe . + (AEY). (5.105)

Since [Q¢], ., = 0 at = 0, and after some processing with neglecting terms of O(A&*),

we obtain

[Qééh,k = fgg [—7Q1 +8Q2k — Qax], V k. (5.106)
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We evaluate Q¢ at v = L,, and @, at y = £L, /2, in similar manner, this leads to

1
[Qeelns, 16 = AL [=7Qr, 116 + 8@k — Qrr16 +6 AS L], ¥V K, (5.107)
1 .
[an]j,1 = DN [=7Qj1+8Qj2 — Qjz+3 Ly, An], ¥ j, (5.108)
1 .
[Qunlj N1 = AP [~7Qjn,+1 +8QjN, — Qjn,—1 +3 Ly An], Vi (5.109)

The discretised curvature-based monitor function Eq. (5.51) is used. The above semi-
discretisations for h and @ form a coupled system of 2(M, + 1)(N, + 1) ordinary
differential equations with initial condition given by Eqs. (5.4,5.67). These are solved
using DASPK [12]. We again follow a staggered system of numbering the unknowns
which reduces the bandwidth of the system. We note here that a non-uniform initial
mesh had to be used instead of the initial mesh in Eq. (5.67) which had an influence
on the solution and the performance of the solver in comparison to the uniform initial
mesh. This nonuniform initial mesh was obtained by solving in pseudo-time the PMA
equation (with the uniform mesh as the initial condition) with h fixed (hence, the
monitor function p is also fixed) at its initial condition given by Eq. (5.4). This mesh

was then used to solve the MMPDESs in real time.

Figure 5.11(a, b, ¢) illustrate the surface plots of h(z,y,t) showing its evolution in time
(times shown are t = 11, ¢t = 20 and t = 31). These numerical solutions are obtained
using the adaptive moving mesh scheme with A, = 200, N, = 40 (so, initial Az = 0.1

and Ay = 0.05), PMA equation and curvature-based monitor function with @ = 1. At
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early time ¢t = 11, a finger is observed to slowly start forming. As time ¢ increases,
the finger appears to develop with a preferred width. This is more clearly depicted
in the contour plots presented in figure 5.12(a, b, ¢) where the width of the finger is
approximately one and it lengthens as time t increases. These results are similar to
those obtained using both a uniform mesh (see figures 5.3, 5.4) and adaptive moving
mesh using MMPDE4 (see figures 5.8, 5.9). Figure 5.13(a,b,c) show the adaptive
moving mesh at times ¢ = 11, ¢ = 20 and ¢ = 31, respectively. We clearly see the mesh

adaptation in both x and y directions as the propagating finger gradually develops.

Figure 5.14(a, b) illustrate the surface plots (side and top view, respectively) of h(x,y, t)
at time ¢ = 31 using the adaptive moving mesh scheme with M, = 200, N, = 40 (so,
initial Az = 0.1 and Ay = 0.05), PMA equation and curvature-based monitor function
with a = 1. We clearly observe the formation of a single finger and visually it appears
identical to the uniform mesh solution shown in figure 5.2(a,b) (note M, = 200 and
N, = 200 for this solution) and 5.6(a,b)). Figure 5.14(c) shows the corresponding
adaptive moving mesh and we clearly see clustering of mesh points in the y-direction

along the finger.
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Figure 5.11: Surface plots of h(z,y,t) showing its evolution in time (a) t = 11, (b)
t =20 and (c) t = 31 using the adaptive moving mesh scheme with M, = 200, N,, = 40
(so, initial Az = 0.1 and Ay = 0.05), PMA equation and curvature-based monitor
function with a = 1.
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Figure 5.12: Contour plots of h(z,y,t) showing its evolution in time (a) t = 11, (b)
t =20 and (c) t = 31 using the adaptive moving mesh scheme with M, = 200, N,, = 40

(so, initial Az = 0.1 and Ay = 0.05), PMA equation and curvature-based monitor
function with a = 1.
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Figure 5.13: The adaptive moving mesh at times (a) ¢t = 11, (b) t = 20 and (¢) t = 31
using the adaptive moving mesh scheme with A, = 200, N, = 40 (so, initial Az = 0.1
and Ay = 0.05), PMA equation and curvature-based monitor function with o = 1.
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5.2 PDE with constant volume boundary condi-

tions

In this section, we investigate the numerical solution of the spreading of a two-dimensional
drop or sheet on both a uniform mesh as well as an adaptive moving mesh. The under-
lying PDE is given by Eq. (5.1). The physical domain is selected as a rectangle denoted
by —L, <z < L, and —L,/2 <y < L,/2 which is divided into (M, + 1) x (N, + 1)

mesh points (z;,y;) with j=1,... . M, +1land k=1,...,N, + 1.

Equation (5.1) is supplemented by the boundary conditions in the z direction, which
are

h=0, hypw =0, at x=+L,, (5.110)

and we use symmetry boundary conditions in y direction given by Eq. (5.3). Here,
b < 1, denotes the precursor film thickness. This represents no flux of fluid out of the

domain and the drop connects onto a flat precursor film.

As in the previous section, we are interested in the development of the fingering in-
stability for this case starting from a y-independent initial condition with sinusoidal

perturbations imposed on it. Based on this, the initial condition is chosen as:

m,n

h(x,y,0) = ho(z) + Z ay, cos(kmy) el~Ki @=a)’]

I=1,k=1

ho(x) = (zo — %) [H (20 — ) — H(—20 — 7)] + b[H (2 — 2¢) — H(—20 — )], (5.111)
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where, H(x) is the Heaviside function, xg is the initial location where the parabolic
shaped drop connects to the precursor thickness film both upstream and downstream,
k is the wavenumber of each sinusoidal mode with period = 2/k and amplitude ay, n
is the total number of modes imposed, m is the total number of locations x = x; in
the x direction across where the sinusoidal perturbations are applied and K; controls
the width of the localised perturbations at x;. Figure 5.15 shows the two-dimensional
initial condition Eq. (5.111) with a single transverse perturbation (k = n = 1) applied
at two locations: 1 = 0 with amplitude a; = 0.1 and x5 = 1 with amplitude a; = 0.01.
We choose K7 = 20, Ky = 100, the precursor thickness b = 0.1, L,, = —2, L,, = 18

and L, = 2.

We seek the 2D evolution of the Eq. (5.1) subject to the BCs given by Egs. (5.3,
5.110) for the two-dimensional time evolution of the initial condition Eq. (5.111). We
first show the numerical solution using a uniform mesh followed by an adaptive mesh.
The parameter values used are: b= 0.1, Ca = 1072, § = 90° (so, D(0) = 0), L,, = —2,

L,, =18 and L, = 2.

5.2.1 Numerical solution of Egs. (5.1, 5.110, 5.3) on a uniform

mesh

We use the uniform mesh scheme Eq. (5.7) for discretising Eq. (5.1). As the previous
section, fictitious points are used, where necessary, near the ends of the 2D domain

and derived from the BCs given by Eqgs. (5.110, 5.3 ).
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Figure 5.15: The initial condition showing (a) surface and (b) contour plot using Eq.
(5.111) with a single transverse perturbation (k = n = 1) applied at two locations:
r1 = 0 with amplitude a; = 0.1 and x5 = 1 with amplitude a; = 0.01. We choose
K, =20, Ky = 100, the precursor thickness b = 0.1, L, = =2, L, = 18 and L, = 2.
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Figure 5.16(a, b) illustrate the surface plots (side and top view, respectively) of h(x,y, t)
at time ¢ = 80. We clearly observe the formation of a single finger which is consistent
with the linear stability analysis for the parameter values considered here. Figure
5.17(a, b, ¢) illustrate the surface plots of h(x,y,t) showing its evolution in time (times
shown are t = 10, t = 40 and ¢ = 80). At early time ¢ = 10, a finger is observed
to slowly start forming. As time ¢ increases, the finger appears to develop with a
preferred width which is consistent with the linear stability analysis. This is more
clearly depicted in the contour plots presented in figure 5.16(a, b, ¢) where the width of

the finger is approximately one and it lengthens as time t increases.

5.2.2 Numerical solution of Eqgs. (5.1, 5.110, 5.3 ) on an adap-

tive mesh

We use the adaptive moving mesh scheme Eq. (5.29) for discretising Eq. (5.1) with
MMPDE4 given by the discretisation in Eq. (5.49) and the curvature-based monitor

function discretisation given by Eq. (5.51).

Figure 5.19(a, b, ¢) illustrate the surface plots of h(z,y,t) showing its evolution in time
(times shown are t = 20, ¢ = 40 and ¢ = 80) using the adaptive moving mesh scheme
with M, = 200 and N, = 40 (so, initial Az = 0.1 and Ay = 0.05), MMPDE4 with
7 = 1072 and curvature monitor function with o = 1. At early time ¢ = 10, a finger is
observed to slowly start forming. As time ¢ increases, the finger appears to develop with

a preferred width. This is more clearly depicted in the contour plots presented in figure

173



CHAPTER 5. NUMERICAL SOLUTION OF A TWO-DIMENSIONAL FOURTH
ORDER PARABOLIC PDE ON A MOVING ADAPTIVE MESH

0.25

" 9.15
0.1

1 2 0

0.45

, 0.4
035

0.3
0.25

o 0.2
10.15

4 0.1

8 10 12 14 16 18

-2 0 2 4 6

Figure 5.16: Surface plot ((a) side view and (b) top view) of h(z,y,t) at ¢ = 80.
We clearly observe the formation of a fingering instability. The parameter values are:
Ca=10"%6=90° (so, D =0),b=10", L,, = -2, L,, = 18, L, = 2, M, = 2000
(so, Az = 0.01) and N, = 200 (so, Ay = 0.01).
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Figure 5.17: Surface plots of h(z,y,t) showing its evolution in time (a) ¢ = 10, (b)
t = 40 and (c) t = 80). The parameter values are: Ca = 1073, § = 90° (so, D = 0),
b=10", L, = —2, Ly, = 18, L, = 2, M, = 2000 (so, Az = 0.01) and N, = 200 (so,
Ay = 0.01).
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Figure 5.18: Contour plots of h(z,y,t) showing its evolution in time (a) ¢ = 10, (b)
t =40 and (c) t = 80). The parameter values are: Ca = 1073, § = 90° (so, D = 0),
b=10"", L,, = =2, L,, = 18, L, = 2, M, = 2000 (so, Az = 0.01) and N, = 200 (so,
Ay = 0.01).
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5.20(a, b, ¢) where the width of the finger is approximately one and it lengthens as time
t increases. These results are indistinguishable from those obtained using a uniform
mesh (see figures 5.17, 5.18). Figure 5.21(a, b, c¢) show the adaptive moving mesh at
times t = 20, t = 40 and ¢t = 80, respectively. We clearly see the mesh adaptation in
both = and y as the propagating finger gradually develops. Figure 5.22(a, b) illustrate
the surface plots (side and top view, respectively) of h(x,y,t) at time ¢t = 80. We
clearly observe the formation of a single finger and visually it appears identical to the
uniform mesh solution shown in figure 5.16(a,b) (note M, = 2000 and N, = 200 for
this solution). Figure 5.22(c) shows the corresponding adaptive moving mesh and we

clearly see clustering of mesh points in the y-direction along the finger.
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Figure 5.19: Surface plots of h(z,y,t) showing its evolution in time (a) ¢ = 10, (b)
t =40 and (c¢) t = 80 using the adaptive moving mesh scheme with A, = 200, N, = 40
(so, initial Az = 0.1 and Ay = 0.05), MMPDE4 with 7 = 1072 and curvature-based

monitor function with o = 1.

178



CHAPTER 5. NUMERICAL SOLUTION OF A TWO-DIMENSIONAL FOURTH
ORDER PARABOLIC PDE ON A MOVING ADAPTIVE MESH

. . @ 0.9
0.8
__ 05 i
= 0.7
—
I 0.6
-~
< 0 D 0.5
o
= 0.4
0.5 1803
0.2
) 0 : ' 6 8 0 2 ' 5 8
- 4 1 1 14 1 1
x(&,m,t = 10)
1 T T T T T T T T T
()| Wos5
0.5
—~0.5 -
S 0.45
Il 0.4
-~
< O [0 4+10.35
* 0.3
>
0.25
_0.5_ -
0.2
0.15
_ 1l | | | | |
) 0 12 14 16 18
1 T T T T T
(c)| Mo.45
0.4
__ 05 i
K 0.35
I
- 0.3
= 0
Y 0.25
>
-0.9 {H8o.2
0.15
_ | | | | |
) 0 2 6 8 10 12 14 16 18
x(§,m,t = 80)

Figure 5.20: Contour plots of h(z,y,t) showing its evolution in time (a) ¢ = 10, (b)
t =40 and (c) t = 80 using the adaptive moving mesh scheme with M, = 200, N,, = 40
(so, initial Az = 0.1 and Ay = 0.05), MMPDE4 with 7 = 1072 and curvature-based
monitor function with oo = 1.
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5.2.3 Numerical solution of Egs. (5.1,5.2,5.3) using the Parabolic-

Monge-Ampere (PMA) equation

We use the adaptive moving mesh scheme Eq. (5.69) for discretising Eq. (5.1) with
the PMA equation given by the discretisation in Eq. (5.100) and the curvature-based

monitor function discretisation given by Eq. (5.51).

Figure 5.23(a, b, c) illustrate the surface plots of h(z,y,t) showing its evolution in time
(times shown are ¢ = 20, ¢ = 40 and ¢t = 80). These numerical solutions are obtained
using the adaptive moving mesh scheme with M, = 200, N, = 40 (so, initial Az = 0.1
and Ay = 0.05), PMA equation and curvature-based monitor function with a = 1. At
early time ¢ = 10, a finger is observed to slowly start forming. As time ¢ increases,
the finger appears to develop with a preferred width. This is more clearly depicted
in the contour plots presented in figure 5.24(a, b, ¢) where the width of the finger is
approximately one and it lengthens as time t increases. These results are similar
to those obtained using both a uniform mesh (see figures 5.17, 5.18) and adaptive
moving mesh using MMPDE4 (see 5.19, 5.20). Figure 5.25(a, b, ¢) show the adaptive
moving mesh at times ¢ = 20, t = 40 and ¢ = 80, respectively. We clearly see the
mesh adaptation in both x and y as the propagating finger gradually develops. Figure
5.26(a, b) illustrate the surface plots (side and top view, respectively) of h(z,y,t) at
time ¢t = 80 using the adaptive moving mesh scheme with M, = 200, N, = 40 (so,
initial Az = 0.1 and Ay = 0.05), PMA equation and curvature-based monitor function

with a = 1. We clearly observe the formation of a single finger and visually it appears
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Figure 5.22: Surface plots ((a) side view and (b) top view) of h(x,y,t) at t = 80 using

6

40 (so, initial Az = 0.1

(c) shows the corresponding adaptive moving mesh obtained using

MMPDE4 with 7 = 102 and curvature-based monitor function with oo = 1.

the adaptive moving mesh scheme with M, = 200, N,

and Ay = 0.05).
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identical to the uniform mesh solution shown in figure 5.16(a, b) (note M, = 200 and
N, = 200 for this solution) and 5.22(a,b)). Figure 5.26(c) shows the corresponding
adaptive moving mesh and we clearly see clustering of mesh points in the y-direction

along the finger.

5.3 Conclusions

In this chapter we presented a robust and accurate finite difference method on an
adaptive moving mesh for the two-dimensional gravity-driven spreading of a liquid
sheet or drop down an inclined plane. The adaptive moving mesh strategy was based
on an MMPDE (namely, MMPDE4) and an optimal transport equation, the PMA
equation. By comparing the results using the MMPDE4 and PMA equations with those
from a uniform mesh method, it was shown that the adaptive moving mesh methods
are accurate and offer significant reductions in memory requirements (for example,
a converged uniform mesh solution required 2000 x 200 mesh points in the z and y
directions, respectively, while the adaptive moving mesh schemes required much less
mesh points 200 x 40). The CPU times, however, for the MMPDE4 adaptive moving
mesh solution corresponding to 200 x 200 mesh points was comparable to the uniform
mesh solution with 2000 x 200 mesh points. This is due to the additional two mesh
evolution PDEs that are also required to be solved simultaneously with the underlying
PDE. The PMA adaptive moving mesh solution took less CPU time compared to both

MMPDE4 and the uniform mesh solution because there were only two coupled PDEs to
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Figure 5.23: Surface plots of h(z,y,t) showing its evolution in time (a) ¢ = 10, (b)
t =40 and (c¢) t = 80 using the adaptive moving mesh scheme with A, = 200, N, = 40
(so, initial Ax = 0.1 and Ay = 0.05), PMA equation and curvature-based monitor
function with o = 1.
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Figure 5.24: Contour plots of h(z,y,t) showing its evolution in time (a) ¢ = 10, (b)
t =40 and (c) t = 80 using the adaptive moving mesh scheme with M, = 200, N,, = 40
(so, initial Az = 0.1 and Ay = 0.05), PMA equation and curvature-based monitor
function with ao = 1.
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Figure 5.25: The moving adaptive mesh at times (a) ¢t = 10, (b) t = 40 and (c) t = 80
using the adaptive moving mesh scheme with A, = 200, N, = 40 (so, initial Az = 0.1
and Ay = 0.05), PMA equation and curvature-based monitor function with o = 1.
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Figure 5.26: Surface plots ((a) side view and (b) top view) of h(x,y,t) at t = 80 using
the adaptive moving mesh scheme with M, = 200, N, = 40 (so, initial Az = 0.1 and

Ay = 0.05). (¢) shows the corresponding adaptive moving mesh obtained using the
PMA equation and curvature-based monitor function with o = 1.
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solve. As mentioned in Chapter 1, the strategy of solving the PDE and mesh equations

alternately may reduce the CPU times further.

While the emphasis here was in simulating the fingering instability for a single finger,
we can modify the symmetry BCs on the y-boundaries (both for the underlying PDE
and mesh equations) to incorporate periodic BCs. This would make the bandwidth
of the system larger and may increase CPU times but would enable us to simulate
multiple non-symmetric fingers. This will be explored in future. We have not made
any direct comparisons on accuracy and CPU times with corresponding hp-refinement
techniques used by Sun et al. [77] and Li et al. [62]. However, if we visually compare
the adapted mesh from our solution (see figures 5.10,5.21) to figures 6, 7 in Sun et al.
[77] and figure 4 in Li et al. [62], we see a very close resemblance. This suggests that
the adaptive schemes are almost similar in their accuracy but their efficiency in their

performance needs further investigation.

In conclusion, our results indicate great promise for MMPDEs and the PMA equation
in two-dimensional thin-film flow problem. Although we have only considered a specific
form of the underlying PDE, the general framework presented in this chapter can be

utilised for any two-dimensional thin-film equation of the form considered here.
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Future Work

We have successfully applied the r-adaptive moving mesh method based on moving
mesh PDEs (MMPDESs) for two prototype one and two-dimensional thin film equations
considered in this thesis. Our results indicate great promise in terms of simplicity in
its implementation and efficiency for this method to be applied on a regular basis to
thin film equations, in general. However, there are challenging problems in the thin
film literature where this method needs to be further tested before its success can be

guaranteed. We list some of these challenges which will be considered in the future.

1. Drop spreading with a dynamic (or moving) contact angle. The spreading prob-
lems considered in this thesis assume that the plane or substrate is pre-wetted
with a thin precursor film of thickness b. This is a mathematical regularisation
required to remove the so-called contact line singularity when a no-slip boundary

condition is applied at the substrate. Another regularisation is to introduce some
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amount of slip which along with a moving contact line condition allows study-
ing spreading problems with dynamic (or moving) contact lines (rather than the
effective contact line considered here). In the gravity-driven spreading problem
considered in Chapters 3 and 5 this would result in much steeper slopes around
the dynamic contact line (analogous to the case when b < 1). Adapting the
mesh around the this region to accurately resolve the solution there using the

r-adaptive method will be considered in future.

| Spreading of a surfactant-laden liquid drop on a horizontal pre-wetted plane. As
was discussed in Chapter 1, this problem displays intricate wave-like structures
and development of ultra-thin films for the one-dimensional problem (see figure
6.1 and Jensen & Naire [55] for the one-dimensional numerical solution descrip-
tion) and a dendritic (or branching) fingering instability for the two-dimensional
case (see figure 6.2 (a, b), Warner et al. [83, 84] and Edmonstone et al. [33]). The
one-dimensional numerical solutions by Jensen & Naire [55] were obtained using
a nonuniform (but fixed) mesh manually clustering mesh points in the regions
of rapid variation in the solution. We are interested in applying the r-adaptive
method to redistribute the mesh points automatically to these regions based on a
suitable monitor function. The framework using MMPDEs of the type discussed
in this thesis will be directly applicable to this problem but the main challenge
will be in determining an appropriate monitor function. Warner et al. [83, 84]

obtained the fingering solution shown in figure 6.2 using finite differences on a
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uniform mesh using the ADI method. We plan to use the r-adaptive method to

obtain this solution in future.

I >

Figure 6.1: This figure illustrates the one-dimensional solution for a surfactant-laden
drop spreading on horizontal pre-wetted plane.
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Figure 6.2: Numerical solution of surfactant-induced fingering instability. (a) shows
fingering-type pattern from Warner et al. [84, 83] and (b) shows tip splitting from
Edmonstone et al. [33].
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Appendix A

Selection of mesh density functions

A convenient choice of mesh density function is an essential basis for the success of
an adaptive equidistribution method. Here, a interpolation error is presented for the
adaptive equidistribution, which is dealt with in this report. The interpolation error

has been selected for several reasons.
e [t is easy to use.
e [t contributes to saving time and effort of the computers memory.

e An estimate of truncation error can be formulated as a form of an estimate of

interpolation error.
e [t is one of the most reliable estimates

In general, we seek to understand how to choose the best mesh density function based
on the error which is associated with the numerical solution of the partial differential
equation used. For example, if approximating a function by a piecewise polynomial,
the error is associated with whether a piecewise constant interpolation or a piecewise
linear interpolation is used. Similarly, if finding the numerical solution of a partial
differential equation, the error is associated with truncation error. Therefore, the mesh

density function which will be described here is based on linear interpolation error. It
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is claimed that the truncation error has the same form of linear interpolation error. So,
the mesh density function used for interpolation error is also be valid for the truncation
error for numerical solution of PDEs. In this case, the order approximation could be
piecewise constant or piecewise linear and the error is measured in the L? norm. The
basic idea is to choose a mesh density function based on minimising the error associated
with the truncation error when finding a numerical solution of a PDE or interpolation
error when approximating a function.

I have read and understood details and proofs given in Chapter 2 of [53]. T have
not presented the details here but just listed the mesh density functions based on
minimisation of error measure in the L, norm. So, the summary of the mesh density
function:

Suppose that 7, is a mesh so that J,: vo =a <21 < ... < xy = b, then

1. The error associated with a piecewise constant of a function v on a uniform mesh

in L, norm is given by

1
2

b
Nl — Houl| 2(ap) < C U |u’|2dx} . (A.1)

2. Error associated with piecewise constant of u on an optimal mesh density function

in Ly norm:

3

1 5 1ot
M(ZL‘) = (]. + a|ul|2) , = |:m/ |Ul|§dl':| s (AQ)

3
b 2
lim N||U - HOUHLQ(a,b) S C |:/ ‘u"%dx:| . (Ag)
N—o0 a

3. The error associated with a piecewise constant approximation of v on an arc-
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length mesh density function in Ls norm is given by

M(z) = (1+ |u/]?)?, (A.4)

]\}LI%O N||U — HOUHLQ(a,b)
b |u/|2 % b ) 1
/ 2
S C [/(; mdl} [/a (1 + |U | ) dl':| . (A5)

4. The error associated with a piecewise linear interpolation of u on a uniform mesh

in Lo norm, is given by

1

b 2
NQHU — HluHLQ(a,b) S C |:/ |U//|2d.fll':| . (A6)

5. The error associated with a piecewise linear interpolation of u on an optimal

mesh density function in L, norm, is given by

1 : LI
M(z) = (1+E|u"\2> , a= [m/ |u"\5dx} : (A7)

5
2

b
lim N?||u — Ihul|p2(0p) < C l/ |u”|§dx} : (A.8)
N—o0 a

6. The error associated with a piecewise linear interpolation of v on an arc-length

mesh density function in Ly norm:

M(z) = (1+ |u/]?)?, (A.9)
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A}im N?||u — yul|r2ea,0)
b |u//|2 % b 9\ = ?
! 2 A
<(C |:/ mdx] [/ (1 + ‘U| ) d.%] . ( .10)

7. The error associated with a piecewise linear interpolation of u on a curvature

mesh density function in L, norm:

M(z) = (1+]u"]?)* (A.11)

dim N2 {Ju = Thul| 2

2

<C /bﬂdx : /b (1+|u”|2)%dx (A.12)
e TP o -

In the above, Il u indicates an interpolation operator of piecewise polynomials, k is a
non-negative real number, called the degree of the interpolating piecewise polynomials
on this mesh. For example, & = 0 corresponds to a piecewise constant interpolation

and k£ = 1 corresponds to a piecewise linear interpolation.
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