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Abstract

A range of physical problems involving solitary wave solutions to the Korteweg-de Vries
(KdV) equation are discussed. More specifically, relevance of perturbed forms of the
Korteweg-de Vries equation and the effect of surface stress on the propagation of long-
wavelength disturbances on the surface of a fluid layer of finite depth is considered. A
weakly nonlinear analysis is performed leading to an evolution equation similar to the
classic KdV equation, but modified by additional terms due to the viscosity and to the

tangential and normal stress at the surface.

A thorough numerical analysis is constructed concerning numerical solutions to the KdV
equation including an extensive stability analysis. Solutions which are perturbations of
travelling solitary wave solutions are then considered which is mainly focussed on the
Korteweg-de Vries-Burgers’ (KdV-B) equation. Asymptotic analyses demonstrate the
appearance of a decaying oscillatory tail behind a core solitary wave-like solution. The
solution in the tail region is determined in the form of a convolution integral involving

the Airy function, while the core solution is obtainable explicitly.

Attention is also focussed on the effect of stress at the fluid surface. Constant surface
tension leads to a normal stress at the surface, but the presence of an insoluble surfactant
or the application of an electric field can also give rise to tangential stresses. In the
large Reynolds number limit, the governing equation for the surface elevation contains
contributions from two boundary layers in the flow: one is adjacent to the free surface

while the other lies at the base of the fluid layer.

All asymptotic results are fully validated by comparison with numerical results obtained

using a pseudospectral numerical integrating factor scheme.
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Introduction

1.1 Overview of thesis

The main focus of this thesis is examining the effects of surface stress on solitary wave
solutions to the Korteweg-de Vries (KdV) equation and other associated equations. Trav-
elling wave solutions are derived directly from the KdV equation in Section 1.3 as a
starting point, followed by a detailed and extensive numerical analysis of the travelling
solitary wave solution in Chapter 2, where various numerical methods are considered.
A suitable stability analysis of each numerical method is then given to determine its

suitability for the subsequent work.

After establishing an appropriate numerical scheme, the scheme is expanded on so that
various parameters may be added to the governing KdV equation which govern surface
stress and other effects of interest. Each parameter is analysed, where possible, using
exact solutions and asymptotic and numerical approximations to examine the effects on

the generalised soliton solution.

The first of these effects is examined in Chapter 3 which considers adding a diffusive
second-order parameter to the KdV equation contributing to diffusive damping. This
chapter imposes the solitary wave solution to the unperturbed KdV equation as an initial
condition, but assumes that the amplitude is now a slowly varying function of time. The
key purpose of Chapter 3 is to provide a solution for the amplitude as a function of time

and interpret the results accordingly.

In Chapter 4, a significant part of which continues the work of

( ), an extensive analysis is given which considers long-wavelength small amplitude
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disturbances in an incompressible shallow fluid layer, subject to arbitrary stress condi-
tions on the fluid surface. Then in Chapter 5, a tangential stress condition acting due to
a surface boundary layer is considered. A system with an insoluble low concentration

surfactant present at the interface between two fluids is examined.

Finally, Chapter 6 looks at other scenarios with a surface stress condition present at the
fluid surface. Results are given for a system with a solitary wave disturbance at the free
surface, subject to an electric field acting vertically through the fluid. These results are
compared with previous chapters and analogies are given. This chapter, and the thesis as
a whole, are concluded with suggestions for possible extensions to the existing work and

an overall summary of the results presented in the thesis.

1.2 Background

The study of the Korteweg-de Vries (KdV) equation and its associated travelling wave
solutions is well developed. Derived and studied in 1895 by Diederik Korteweg and
Gustav de Vries ( , ), although also known to Boussinesq
( , ), the KdV equation is a nonlinear partial differential equation with a
direct balance between nonlinearity and wave dispersion which has long since been used
in the study of nonlinear shallow water waves. The KdV equation is perhaps best known

for having travelling solitary wave solutions which make up the basis for this thesis.

1.2.1 History of the solitary wave

The solitary wave is sometimes called Russell’s Solitary Wave after its earliest known
observer, John Scott Russell. In 1834 Russell observed what he called The Great Wave

of Translation:

“I was observing the motion of a boat which was rapidly drawn along a narrow channel
by a pair of horses, when the boat suddenly stopped - not so the mass of water in the

channel which it had put in motion; it accumulated round the prow of the vessel in a state
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of violent agitation, then suddenly leaving it behind, rolled forward with great velocity,
assuming the form of a large solitary elevation, a rounded, smooth and well-defined heap
of water, which continued its course along the channel apparently without change of form
or diminution of speed. I followed it on horseback, and overtook it still rolling on at a
rate of some eight or nine miles an hour, preserving its original figure some thirty feet
long and a foot to a foot and a half in height. Its height gradually diminished, and after a
chase of one or two miles I lost it in the windings of the channel. Such, in the month of
August 1834, was my first chance interview with that singular and beautiful phenomenon

which I have called the Wave of Translation” - ( , ).

This early observation of the solitary wave has since been generalised to soliton theory,

the details of which are discussed in Subsection 1.2.2.

1.2.2 Properties of the solitary wave and soliton theory

A solitary wave is a nonlinear travelling wave which has finite amplitude and propagates
with constant speed and constant shape. The solitary wave, as defined in ( ),
is a localised gravity wave that maintains its coherence and, hence, its visibility through

properties of nonlinear hydrodynamics.

After his initial observation, John Scott Russell attempted to recreate solitary wave dis-
turbances in laboratory experiments by dropping a weight at one end of a water channel.
Through these experiments Russell was able to attribute two main properties to the soli-
tary wave: (i) the wave amplitude A is directly proportional to the wave speed ¢, and (ii)
the width of the wave is inversely proportional to v/A. In other words, taller waves travel

faster and are narrower than shorter waves.

Early experiments ( , ; s ) identified another im-
portant property of solitary waves. If a solitary wave of larger amplitude is initially
propagating behind another solitary wave of smaller amplitude, then the larger of the two
waves will eventually catch up the smaller wave. During their interaction, the taller wave

will effectively pass through the smaller wave and then emerge essentially unchanged
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Figure 1.2.1: An interaction between two solitons both travelling to the right. The
illustration shows a larger soliton, first catching up, and then passing through a smaller
soliton.

(except for a small horizontal phase shift). This property is unique to solitary waves; in the
case of other nonlinear travelling waves, the interaction would result in some distortion

or merging of the two waves.

This observation led ( ) to introduce the term soliton to de-
scribe solitary waves involved in these interactions. This name is coined as a direct

combination of the terms solitary wave and photon (or proton) which emphasises the
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particle-like characteristics of retaining their identity following a collision. While there is
no universally accepted definition of a soliton, ( ) attribute three
properties: a travelling wave solution of a nonlinear equation (i) of permanent form,
which is (ii) localised so that it decays or approaches at constant at +co, and (iii) can

interact with other solitons and retain its identity.

Figure 1.2.1 is a numerically generated simulation of two solitons interacting with one
another. This figure was generated using a numerical scheme defined and discussed in
more detail later in Chapter 2. During the course of the thesis, we will often use the
terms solitary wave and soliton interchangeably, as is generally accepted. In the context
of the KdV equation it is usual to refer to the single-soliton solution as the solitary wave,

but when more than one of them appear as one solution they are usually called solitons,

( ; )

1.3 Solitary wave solutions to the Korteweg-de Vries equation

The key focus of the thesis will be the study of interfacial solitary water waves. We begin
with the KdV equation ( , ). The KdV equation is a dispersive
nonlinear partial differential equation (PDE) for a surface elevation function 7, and can
be written as

In

an 0°n B

where 7(z, t) is a function of a characteristic variable which can be denoted by x, and a
time variable denoted by ¢. We restrict our attention to the case when the flow is localised,

so we have a boundary condition which states that n — 0 as z — Fo0.

The coefficient a is a known constant which is directly related to the E6tvos number (also
called the Bond number) which characterises the ratio of gravitational forces to interfacial
tension forces, and affects the wave dispersion ( , ). The Bond
number is discussed in more detail in Chapter 4 when we start to consider the effects on
the surface tension due to surface stress, but for the present we set a = 1 which gives the

general form of the KdV equation for elevated travelling waves (positive amplitude).
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We note that if we were to change the parity of a then we would expect solutions in
the form of a travelling waves of depression (negative amplitude), although in a physical

system this isn’t applicable to water waves.

1.3.1 Derivation of the single soliton solution

The KdV equation has both solitary and cnoidal surface gravity waves with long wave-
length (travelling wave solutions), although the focus of this work concerns solitary waves
only. To derive these solutions we switch to the moving frame of reference by introducing
anew variable z = x — ct, where c is the wave speed, and attempt to solve Equation 1.3.1

for 7.

As discussed in Section 1.2, the wave speed is directly proportional to the wave amplitude.
In the following derivation of the single soliton solution, the exact relationship between ¢
and A will also be derived. Imposing that a = 1, the KdV equation (1.3.1) can be written
in the form

on . on  &n _

After switching to the moving frame, Equation 1.3.2 becomes
d
—c— +6n—+—=0. (1.3.3)
z z

We then integrate with respect to z which gives

d2
_077+3772+d72 -0, (1.3.4)

and multiply by % to give

dn ,dn dnd®n dp
C77d2:+377 dz " dzdz2  ldaz’

where (] is a constant of integration. Integrating once more gives

c o 3 1 /dn 2
5+ +2(dz> = Cin+ Cy,
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where C9 is an additional constant of integration. Then rearranging the equation for
dny\2 -
(F2)7 yields

d 2
(dZ) = cen? — 203 + 2C1n + 2C5. (1.3.5)

If we restrict our attention to solitary wave solutions then the flow is localised in z, so we
have the boundary conditions

dn %

e R 0 as |z| = oo,

since solitary waves decay to zero far from the peak disturbance, by definition. Applying

these conditions to Equation 1.3.4 and Equation 1.3.5 gives C = Cy = 0.

We note that without restricting to solitary waves, the right-hand side of Equation 1.3.5
has three real roots for a given domain: 71,79 and 73, for example. After some work
we could derive periodic cnoidal wave solutions which are defined in terms of the Jacobi
cosinus amplitudinus function cn. This relationship to the cn function is the reason

they are given the name cnoidal waves, ( , ).

As discussed earlier the focus of this thesis is solitary waves, so cnoidal waves are not
explored any further. In order to obtain real solutions we require that (%)2 > 0, and

hence cn? — 21 > 0. Then with these conditions, Equation 1.3.5 becomes

d
d—: = +1/n?(c—2n) = £n\/c— 2n.

This equation is of separable type so we can find a solution using the method of separation

of variables, so that

dn
— =+ [ dz, (1.3.6)
/ nyve —2n

and the right-hand side is simply

i/dz:ﬁ:(z—l—zo),
where z is a constant of integration. Then for the left-hand side of (1.3.6) we try

n = gsechz 0, (1.3.7)
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for some variable 6 to be determined, so that

dn o 2
W= —ctanh 0 sech” 6

and hence we have

/dn = —c/tanh@sechQQdQ. (1.3.8)

We then substitute Equation 1.3.7 and Equation 1.3.8 into the left-hand side of Equa-

tion 1.3.6 which gives

/ tanh 0 sech?

sech2 N c—c sech? 6
/ 2tanh 0
y/e(l— sech2

Then, using the trigonometric identity

/77\/0—7

1 — sech? 0 = tanh? 6,

we have
2tanh 6 2
——df = — / —dé
Vetanh? 0 Ve
and hence
\ﬁ

6::F7(z+zo).

Substituting 6 back into equation Equation 1.3.7 yields

n= g sech? <\§(2 + zo)> ,

where the F is no longer necessary since sech?(X) is an even function, which means
that

sech?(X) = sech?(—X).

It can then be imposed that 2y = 0 since 2 simply represents a phase shift denoting the

position of the wave peak at ¢ = 0. We convert back to x and ¢ and then, finally, the
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travelling solitary wave solution is given by
n(x,t) = Asech? <\§(a: — ct)) ) (1.3.9)

with amplitude A and wave speed ¢ = 2A. We note here that changing the coefficients of
the derivatives in the KdV equation (1.3.2) will modify this relationship between ¢ and

A, although they will remain directly proportional.

The solitary wave solution (1.3.9) will be used in many of the following analyses pre-

sented in the thesis, often as an initial condition by setting ¢ = 0.

1.3.2 The multiple soliton solution

The single soliton solution is not the only solution to the KdV equation. We have already
discussed the possibility of cnoidal wave solutions in Subsection 1.3.1, but there are also
various other possible solutions. Some of these include similarity solutions and rational
solutions which are discussed in ( , ), although these particular
examples are not explored here. A further set of solutions which are of interest are the

two-soliton and multi-soliton (or N-soliton) solutions.

In Subsection 1.2.2 we discussed the unique property that, following a collision, multiple
solitons will emerge essentially unchanged. During a collision between two solitons
there is a point when the centres are aligned where the two waves form a single soliton
profile, after which the two solitons re-emerge. It is possible to use this single soliton
profile as an initial condition to derive the two-soliton solution to the KdV equation. The
exact derivation isn’t given here, but ( ) uses Bicklund transforms to derive a

general form of the solution, which is validated using Mathematica, and is given by

(A; — A2) (cl cosh? (\/—QEZQ) + ¢o sinh? (@21»

77(% t) = 2
((,/01 —\/¢2) cosh(@zl + ‘/—26@) + (e1 + 1/¢2) cosh(@zl — ‘/—26@))
(1.3.10)
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where the wave amplitudes, A; and As, of each soliton are such that

C1 C2
A= —=> A= —=>0
1 2 2 2 ’

and z; = & — c1t and 22 = x — cat are the respective characteristic variables.

In addition to this, it is also possible to derive the N-soliton solution. This, and the two-
soliton solution were originally derived in ( , ) using a method of inverse
scattering transforms, sometimes called the GGKM analysis, after the authors (Gardner,
Green, Kruskal and Miura). A generalisation to the original work is discussed in

( ) where it is shown that taking an initial profile to be
n(x,0) = n(n + 1) sech? x (1.3.11)

results in n unique solitons with different amplitudes as ¢ — co. An N-soliton solution

with the long-time asymptotics

N
n(z,t) =2 n’sech’(n(x — 4n’t)), as t— oo, (1.3.12)
n=1
can also be constructed, see for example ( , : , ).

In this thesis, the main focus will be on the single solitary wave solution applied to
different contexts, although numerical examples will be given in Chapter 2 demonstrating

multiple solitons emerging from an initial single-soliton profile.



A numerical treatment of the Korteweg-de

Vries equation

This chapter will compare a variety of techniques which will be used to produce numer-
ical solutions to the Korteweg-de Vries equation. We will use the solitary wave solution
(1.3.9) derived in Section 1.3 at time ¢ = 0 as an initial condition, and then numerically
advance forward in time using three well-defined time step schemes. The aim is to deduce
the benefits and the limitations of using each scheme to generate numerical solutions.
This chapter will give a detailed comparison of the accuracy of each technique, including

stability analyses and efforts to determine time efficiency.

In addition to comparing the time step schemes, this chapter will also consider two
techniques for numerically evaluating the spatial derivatives associated with the KdV
equation. A comparison highlighting the benefits and limitations will also be made, and
as a conclusion we will decide which of the techniques, both for advancing in time and for

evaluating spatial derivatives, will be the most efficient to use for future approximations.

Overview of schema

In the following analysis, the spatial derivatives will be handled using two different
numerical methods. The first technique we consider will be the finite difference method.
We will then conduct a similar analysis using the pseudospectral method. Each tech-
nique will use the solitary wave solution (1.3.9) at ¢ = 0 as an initial value. We will then
advance in time, first using an Euler time step method, then using a leapfrog method,

and finally using a fourth-order Runge-Kutta time step method, to produce a numerical
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solution. An attempt will then be made to compare the two spatial methods and the three
time step schemes, with the intention of deciding which combination will be the most

efficient to use for more complicated systems of equations explored later in the thesis.

2.1 The finite difference method

Finite difference methods approximate spatial and time derivatives using finite differ-
ences and can produce a numerical solution using difference equations. We begin by
subdividing the domain

[—:cm, .Tm] X [07 tmax]

into

2N +1)x M

equal grid points, where N denotes the number of spatial steps, M denotes the number
of time steps, xy, is the truncation point of x, and ¢,,,x denotes the maximum value of

time. We define the spatial step size as

length of domain 2z

Agj = = s
number of elements 2N +1

and define the time step as

We then define the nodal points to be

2= —am+jAz,  j=0,1,2,...,2N +1

and

t, = nAt, n=0,...,M —1.

To set up the scheme 7 is discretised so we write 7)(z,t) = n(x;,t,) and so we could
write 77?11 to denote the value of 7 at grid point (ji,71). Here, subscripts j represent

discrete points in space and superscripts n denote discrete levels in time. Applying this



30 Chapter 2: A numerical treatment of the Korteweg-de Vries equation

n+1

i1 m; M1

At 77?71

\
7

Zj

Figure 2.1.1: An illustration of the numerical mesh demonstrating the numerical node
structure.

discretisation, 7 is evaluated over a numerical mesh illustrated by Figure 2.1.1.

The next step is to evaluate the KdV equation in terms of finite difference equations. First,
we rearrange Equation 1.3.1 into the following form:
an ( 0°n

3
and focus our attention on the right-hand side of the equation. The derivatives g—g and %

need to be written in terms of finite difference approximations. For this analysis we will
use central difference operators to evaluate the spatial derivatives. These can be defined
in several waves depending on the order of the truncation error, denoted &, which
represents the error conceded in approximating the derivative numerically. For a given

step size h, and any given function f(x), the second-order central difference operator for
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j—gj is defined in ( , ) to be

df _ flz+h)~ flz—h)

dx 2h ’
df _ flz+h)— f(z—h)

This can be derived by taking second-degree Taylor expansions for f(z+h) and f(z—h)

around z, so that

- df  h2d2f  R3d3f ,
f(:L‘—Fh)—f(a?)—Fha—f—j@‘F?@—f—O(h ),

and
B df  h2d%f R3A3f A
f@=h)=F@) =hgr+ 5rgr ~ 3raes O

Combining these we achieve

flx+h)—flx—h) df
57 —a+(9(h2)

and therefore the truncation error &, = O(h?). We can reduce the size of the truncation
error using higher-degree Taylor expansions around z, and hence derive higher-order
central difference approximations. For this example we will use the second-order central

difference approximation described above.

Thus, using Equation 2.1.2 with h = Ax and f(z) = n(x,t), the second-order central

. . on -
difference equation for 7' is

on _ n(x+ Az,t) —n(z — Az, 1)
or 2Az

+0((Az)?) , (2.1.3)

which in terms of our mesh points ¢ and j can be written as

@ _ Mip1 = M1

Ox 20z
Increasing the number of mesh points N will decrease the size of Az and should therefore
improve the accuracy of the approximation. It is possible to illustrate the numerical

accuracy of these approximations to the derivatives by plotting the exact solution together
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with the numerical solution. For this illustration, we choose the solitary wave solution

n = Asech? (\/g(x — ct)) ,

and the derivative is given by

M _ /34 sech? \/X _ \/Z _
B V2A sech( 2(m ct)) tanh( 2(3: ct) |, (2.1.4)

where A = § denotes the wave amplitude. Figure 2.1.2 gives a comparison between the

given in Equation 1.3.9,

numerical central difference equation (2.1.3) approximation to the derivative %, and the
exact analytical solution to the derivative Equation 2.1.4, for a varying number of spatial

steps V.

In the figure it can be seen that the the approximation appears to map much more closely
onto the exact solution for an increased number of steps N. For N = 32 the approxima-
tion mimics the behaviour of the exact solution, but it is clear from the illustration that
there is a reasonably high error in the approximation to the derivative. Increasing the
mesh so that N = 128, and hence decreasing the step size Az, results in the approxima-

tion mapping a lot more closely onto the exact solution.

We can also use Taylor expansions around z to derive the second-order central difference
3

operator used to give a numerical approximation to the third derivative %, although

the explicit derivation is not given here. The central difference equation for the third

derivative is given by

B nlr+2Ax,t) — 2n(z + Az, t) + 2n(x — Az, t) — n(z — 2Ax, 1)

Z 0 2.1.5
Ox3 2(Ax)3 ( )
which in terms of our mesh points ¢ and j can be written as
93 no— ot 2t
7”7 _ 77]—{—2 77]—‘,—1 77] 1 77] 2 . (216)

x3 2(Ax)3

Similar to the first derivative, we illustrate the numerical accuracy of these approxima-

tions to the derivatives by plotting the exact solution against the numerical solution. The
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First derivative with N = 32

2
= 0
-2 Analytical derivative
- - - Numerical derivative
T T T T T T T
—6 —4 -2 0 2 4 6
First derivative with N = 128
2
j 0
-2 Analytical derivative
o Numerical derivative

—6 —4 -2 0 2 4 6

Figure 2.1.2: A comparison between the numerical approximation to the derivative %

using the second-order differential equation (2.1.3), and the exact solution (2.1.4), for
N = 32 (top) and N = 128 (bottom), with parameter values: A = 4, x € [—2m, 27].

analytical form of the exact solution to the third derivative is

3
gxg = 4/2A°" sech* (\/g(x — 2At)> tanh <\/§($ — 2At)>
— 2v/2A%2 sech? <\/§ (z — 2At)> tanh® <\/§ (z — 2At)> :

(2.1.7)

Figure 2.1.3 gives a comparison between the numerical central difference equation (2.1.5)
for the third derivative %, and the exact analytical solution, for a varying number of
spatial steps N. It is clear from the figure that increasing the value of N results in the
numerical approximation mapping much more closely to the exact solution. However,

the error in the approximation to the third derivative appears to be greater than that of the
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Third derivative with N = 32

4 -
2
<= 0
_2 |
Analytical derivative
- - - Numerical derivative
_4 |
T T T T T T T
—6 —4 —2 0 2 4 6
Third derivative withN = 128
4 -
2
j 0
_2 |
Analytical derivative
4 e Numerical derivative
T T T T T T T
—6 —4 -2 0 2 4 6
X

Figure 2.1.3: A comparison between the numerical approximation to the third derivative

3372 using the central difference equation (2.1.5), and the exact solution (2.1.7) , for N =

32 (top) and N = 128 (bottom), with parameter values: A = 4, x € [—27, 27].

first derivative in x. While increasing the number of steps will improve the accuracy of
the approximation, it is not always desirable to set the step size Az to be too small. Later
in the thesis, we will look at solving much more complicated partial differential equations
such as a modified KdV equation to include the effects of a surfactant present at the fluid
interface, see Equation 5.1.12 for example. This, and similar equations may require Ax
to be small enough that this could lead to computationally expensive numerical codes.
To avoid having to set the step size too small we can use a higher-order central difference

equation to approximate the derivatives so that the truncation error is smaller.
3

The fourth-order central difference equations for % and % are given by
X

on _ —n(z + 2Az) + 8n(z + Az) — 8n(z — Az) + n(z — 2Ax)
oxr 12Ax

(2.1.8)
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and
O _ A A A A
923 = n(x — 3Az)—n(x + 3Ax) + 8n(x + 2Az) — 8n(x — 2Ax)
+ 13n(z — Az) — 13n(z + Ax)) / 8(Ax)? (2.1.9)
respectively.
4 |
2 .
< 0
_2 |
Analytical derivative
4 - - - Numerical derivative
T T T T T T T
—6 —4 -2 0 2 4 6
T

Figure 2.1.4: A comparison between the numerical approximation to the third derivative

3
% using a fourth-order central difference equation (2.1.9), and the exact solution, for

N = 32 with parameter values: A =4, z € [—2m, 27].

Figure 2.1.4 is an illustration giving a comparison between the exact analytical solution
(2.1.7) and the numerical solution using fourth-order central difference equation (2.1.9).
Comparing with Figure 2.1.3, we see that although we still retain a noticeable error for
a limited number of steps N = 32, the approximation maps more closely to the exact

solution than it did when using the second-order difference equation.

Going forward, we will use the second-order approximations in the following numerical
analysis, with an increased number of steps. While the fourth-order approximation maps
closer to the exact solution, the second-order equation is accurate enough for a relatively
small number of steps. We also note that when evaluating the end points j = 0 and
J = 2N, using the central difference equations means we attempt to evaluate terms like

1_,»and 7,y ,, which are undefined and would therefore produce an error.

There are several techniques that can be used to avoid evaluating the derivatives at the

end points. One such method, which we have used in the above evaluation, is to introduce
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forward difference equations to evaluate the end points at the lower boundary, and
backward difference equations to evaluate the end points at the upper boundary. These

equations are defined and discussed in more detail later.

Another technique would be to set the points to be zero and re-evaluate the difference
equations at these points accordingly. For example, at the point j = 0 the central

3
difference equation for % would read

P _ Njye — 204, +0 -0

o3 2(Ar)3 ’

and similarly, at 7 = 2N the equation would be

n  0-0+4+2n], —ni,

0x3 2(Ax)3

After indicating the potentially high accuracy of the numerical approximations, given a
suitably large number of mesh points, we now have a basis for a simple finite difference
scheme. How the time derivative % is evaluated depends on which time step method is

chosen.

2.1.1 The Euler time step

Arguably the simplest method for advancing in time is to use the Euler method (some-
times called the forward Euler method). First, we look at the definition of the time
derivative of n around t = 0

@ — lim n(xat + 5t) B 77(93;75)‘

ot 5—0 ot
t=0

Then, discretising this equation as before gives

on it =y

ot~ At
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and this equation can be rearranged to

on

n =t + Atat’

The right-hand side of Equation 2.1.1 can be substituted in place of % in the above
equation, with the central difference equations (Equation 2.1.3 and Equation 2.1.5) in
place of the spatial derivatives, and the travelling wave solution Equation 1.3.9 as an
initial condition. This approach gives an Euler finite difference scheme for advancing in
time. The equation can be written in general as

+ (937] an
n+1 n
n;T =i — At <a3 + 677—x ,

At aﬁ?ﬂ =2 207 — i,
2(Ax)3

+ 6n7 (2.1.10)

Mip1 = M1
2Ax

with

n(zj,to) = Asech? (\ / ;mj) , to=0

as the initial condition.

Numerical stability

The Euler finite difference scheme is now set up so we proceed to determine the values
for which this scheme is stable. First we consider what it means for a scheme to be

numerically stable.

“Numerical stability refers to how a malformed input affects the execution of an algo-
rithm. In a numerically stable algorithm, errors in the input lessen in significance as the

algorithm executes, having little effect on the final output” - ( , ).

In other words, errors in an algorithm which is unstable will increase significantly causing
the output to diverge from the exact solution. In fact, when instabilities occur, errors can
grow exponentially and the algorithm can fail to produce an output at all. A malformed
input typically refers to the step sizes chosen before executing the scheme. Fortunately,

there are methods to determine the step sizes so that a numerical scheme should produce
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a stable output.

In order to determine whether a numerical method will produce reasonable results with
a given time step At, we need some way to determine stability. There are many forms of
stability that have been examined in previous works, but perhaps the one that is the most
basic is called absolute stability, ( , ). This method is based on using the
linear test equation

du

= o), @2.1.11)

where A € C is a constant, and applying our time step method to it.

To determine the values for which the KdV equation is stable when evaluating the time
derivative using the Euler time step method, we first use the test equation (2.1.11) for n

to derive general stability criteria for the Euler method. First, we set

?Z = An, A = constant. (2.1.12)

Then evaluating the time derivative using the Euler method, the discretised test equation

becomes

If we set Z = AAt and rearrange then we have

7t = (1 + AA)”,

=1+ Z)n" (2.1.13)

This can the be rearranged again to give

nnJrl

=1+2Z

The term on the left-hand side of this equation is sometimes referred to as the amplifi-
cation factor, which we will denote by G. The system is said to be absolutely stable if

|G| < 1,( , ). Therefore, we require that

14+ 27| <1, (2.1.14)
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Im(2)

Figure 2.1.5: A plot illustrating the stability region of the Euler time step scheme.

for absolute stability, otherwise the system is unstable. We define the stability region as
a region in the complex Z plane for which the system is stable, since A can be complex.
In this case, the stability region is determined by Equation 2.1.14. Or visually, Z must

lie inside the unit disk |Z + 1| = 1, which is illustrated by Figure 2.1.5.

Now, to determine the values for which the Euler method is stable when applied to the
KdV equation, instead of the test equation we use a linearised KdV equation

o _

5 = 9953 (2.1.15)

The nonlinear term has been dropped since the stability criteria is likely to be most
affected by higher-order linear derivatives, which is discussed in more depth in Milewski
and Tabak (1999). Determining the stability criteria for nonlinear terms is much more
complicated, and is not explored here. In terms of discretised parameters, the linearised

KdV equation is written

n+1

U _ _a"ﬁz — 2 + 205 — iy (2.1.16)
At 2(Ax)3 ' o
which can be rearranged to give
ntl _ n alt

n; nj — 2(Ax) (M2 = 2041 + 207y — nj o) -
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If we compare this to Equation 2.1.13, we see that in this case

a
A= T2 (An)? (77?+2 —2njhy 207, — 77?72) )
J
which still has some time dependence contained within 7. Therefore, we cannot use this

equation to determine the stability criteria and need to use another approach.

Instead, we use a Von-Neumann stability analysis to determine the numerical stability
of this scheme. The Von-Neumann method works by splitting the time dependence from
the spatial dependence in the solution. First, we assume a solution of the form

n) = H"e"" (2.1.17)

where K is the wave number, H represents the time dependence of the solution, and the
exponential term represents the spatial dependence. In the Von-Neumann method, the
amplification factor G is defined as

Hn+1

G on

and states that a scheme is stable if |G| < 1, in the same way as before. Substituting

Equation 2.1.17 into Equation 2.1.16 yields

Hnt+l _ gn . ol (zj+2Az) _ 90K (z;+Ax) + 9eiK (zj—Az) _ K (z;—2Ax) m
— i = — .
At © “ 2(Ax)3

Then, after simplifying we have

G=1- 2 (621KAJ: _ e—21KAJ: _ 2elKAac + 26—1KAJ:)

2 )
= ‘1 - iW(Sin(QKAz) - QSin(KA:U)) ‘ (2.1.18)
where
alAt
= . 2.1.1
W (Az)3 ( %)

The stability condition is G < 1, and hence we require a suitable positive real value for
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our time step At such that
’1 +iWw <2 sin(KAx) — sin(2KA:1;)) ’ <1 (2.1.20)

for the system to be stable. Since W is real, either At = 0 so YW = 0, or the inequality
(2.1.20) is an impossible condition. Therefore, the system is unconditionally unstable
for any chosen positive real value of the time step At, and we can assume that this applies

to the full nonlinear system as well as the linearised equation.

For further clarification, if we compare Equation 2.1.14 with Equation 2.1.20, we see that
for the linearised KdV equation, Z is purely imaginary and therefore will not lie within

the unit disk illustrated by Figure 2.1.5.

A brief note on upwinding

The Euler method can be made stable when applied to the linearised KdV equation (2.1.15)
by considering another method for dealing with the spatial derivatives. To do this we
introduce forward difference or backward difference equations for handling the spatial
derivatives, instead of using central difference equations. This method is known as
upwinding, or sometimes called downwinding when using only the backward difference

equations.

The (’)((Ax)2) forward difference equation for numerically evaluating the first deriva-

tive, in terms of our numerical mesh, is defined by

On _ =3nf + A0y — i
or 2Azx ’

and the O ((Aaz)Q) forward difference equation for evaluating the third-order derivative

is defined by

0x3 2(Az)3

The O ((AZL‘)2) backward difference equation for numerically evaluating the first deriva-
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tive, in terms of our numerical mesh, is defined by

On 3 —Anf +njy
or 2Azx ’

and the O ((Aa:)2) backward difference equation for evaluating the third-order derivative

is defined by

@ 5 = 18nf_y + 24nj_y — 140} _5 + 31},
x3 2(Ax)3 '

As discussed earlier, these equations were used at each of the end points respectively
when producing the numerical approximations to each derivative using the central differ-
ence equations. This was to avoid errors when attempting to evaluate the undefined end
points

jel[-1,-2,-3,2N +1,2N +2,2N + 3].

Whether the forward or backward difference equation is used for the upwinding method
depends on the parity of a as the correct choice depends on the parity of the third deriva-
tive. For this analysis we only consider a forward difference equation which corresponds
to a positive value of a. We also impose that undefined end points, such as 7, . ,, are
assumed to be zero, a viable method which was discussed when deciding how to deal

with the end points of the central difference equations.

The stability criteria of this scheme can be checked using the Von-Neumann analysis.

The resulting amplification factor G looks like

G -1 W (_5 + 18eiKAI o 2462iKAI + 14e3iKAx _ 3641KACE)

and hence the system is stable if
|1 — W (=54 18e AT — 24P KAT | gedilAr _ goliKATy <1 (2.1.21)

This condition (2.1.21) is difficult to solve explicitly. Therefore, due to the difficulty in

determining stability criteria, and also recognising that the forward difference approx-
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imations are perhaps too complicated for evaluating more intricate higher-order terms
explored later in the thesis, we instead choose a different method for evaluating any

subsequent solutions.

2.1.2 The leapfrog time step

We now consider a different method for advancing in time called the leapfrog method.
The key difference between leapfrog method and the Euler method is that leapfrog uses
a central difference equation for evaluating the time derivative, instead of a forward
difference equation. For this reason the leapfrog time step method is sometimes called
the midpoint method. When using this method to advance in time, the time derivative

is evaluated by

@Nn(xjvtn+At)_n(wjatn_At) _ ;H—l_n?_l (2.1.22)
ot~ 2A¢ - oAt o
and thus the numerical scheme can be written as
1 -1
U 2 =20+ 20—y — 2.123)
2At 2(Ax)3 oA -
TV A e/ e ke S/ S
J J 2(Ax)3 7 2Ax ’

where the central difference equations have been used to evaluate the spatial derivatives.

However, when advancing in time we will encounter the undefined term nj_l in the first
time step. For this reason, we use the Euler method for the first iteration, and then use the
leapfrog method for each subsequent step. For a large enough mesh size, any instabilities
associated with the Euler method will have a negligible effect when only used for the first

iteration.

The scheme is now set up, so we proceed to consider the numerical stability associated

with this method.
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Numerical stability of the leapfrog method

We will determine the stability of leapfrog method using the same approach that we used
for the Euler method. In the same way as before, first we will determine the absolute
stability of the leapfrog method using the test equation Equation 2.1.12, and substitute

Equation 2.1.22 for the derivative in time to give

n+1 n—1
T

onr Mg

Then we substitute Z = AAt and rearrange to get

n+1 n—1
ny =1y

=7 2.1.24
2 ; ( )

and then substitute in the amplification factor G = 1™ ! /n™ so that after some simplifi-

cation we have

For absolute stability we require that |G| < 1. Then, to give the boundary of the region

of stability, G = €'’ and thus the equation becomes

i0 e—i9
=isinf = Z. (2.1.25)

Hence the stability region is such that 7 is purely imaginary and lies between —1 and 1
on the imaginary axis. In other words |Im(Z)| < 1, and Re(Z) = 0. This is illustrated
by Figure 2.1.6. Therefore the leapfrog method will only be stable with the linearised

KdV equation (2.1.15) if we choose parameters so that Z € [—1,i].

We now consider the exact values for which the leapfrog scheme is stable when applied

to the linearised KdV equation. To do this we use the Von-Neumann stability analysis
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Im(Z2)

Figure 2.1.6: A plot illustrating the stability region for leapfrog time step schemes.

and substitute a solution of the form Equation 2.1.17 into Equation 2.1.23, which gives

gntl _ gn—1 — 7 eiK(x]-—‘,-QA;r) — 9eiK(zj+Ax) + QeiK(a:j—Aac) _ eiK(a;j—QAac)
_ ¢ J = —q
2A¢ 2(Ax)3 ’
Hgntl _ gn—-1 al\t o ) . .
= — e iKAz QelKAx + ze—lKA:L‘ o e—21KA1’
2H™ 2(Ax)3 (
(2.1.26)

where the nonlinear term has been omitted. Then using Equation 2.1.18 we know that

the right-hand side can be rewritten as

iaAt
(Az)

(sin(2KAz) — 2sin(KAz)).

w

Now, we let # = K Ax and define a function f(6) such that

f(0) =sin(26) — 2sin 6.

We look for bounds on f (), and note that f(0) is stationary when 6 = 6,,,. To determine

the stationary points we consider the derivative

df
W= 2 cos(26) — 2cos ¥,
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then, using standard trigonometric identities we have

df _ 2

@—2(2005 0 —cosfh — 1),
=2(2cosf + 1)(cosf — 1).
df _

Stationary points occur when 35 = 0, or in other words

1
cos) =1, ——
2
which means that
sinf = 0, :I:\gg

in f(@). Then, using the identity sin(26) = 2 sin 6 cos #, we have
f(0) =2sinf(cosh — 1),
and therefore, using the bounds on f(6) we have

1f(0)] <
- 3v3
> T

)

<oV3|_1_,
2 2

Now, if we compare Equation 2.1.26 with the test equation (2.1.24) we see here that

A— (Ai;‘)g<sin(2mx) - 2sin(hAx)>,

and hence Z = AAt must lie on the imaginary axis such that

3\/3'( ait ) . (2.1.27)

< -
7525 (A

From Equation 2.1.25 we know that for absolute stability using the leapfrog method we
require that

Im(Z)| <1,

and therefore for the linearised KAV numerical scheme to remain stable with the leapfrog
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method, we require

7 () <
or in other words

wo 98t 2 (2.1.28)

which is approximately 0.3849.

Now that we have determined the stability region, it is possible to choose suitable values

for the time step At, with a given spatial step Ax, to produce numerical solutions to the

KdV equation using leapfrog method, without incurring numerical instabilities.

2.1.3 The Runge-Kutta time step

The third and final method that we will examine for advancing in time is called the Runge-

Kutta method. The Runge-Kutta method approximates the time derivative using multiple

steps. In this analysis we will consider a fourth-order Runge-Kutta method.

First we introduce a function ¥ (77;7‘, tn), where F is simply defined to be the right-hand

3
side of Equation 2.1.1, with the spatial derivatives % and % evaluated in terms of the

central difference equations Equation 2.1.3 and Equation 2.1.5, respectively. Next we

introduce four operators, g1, g2, g3, and g4 which are defined as follows:

g1 :F(T]?,tn),
g =F0l +a5 tn+ 5,
g3 = F(’r];l +92%7tﬂ + %)7

g1 = F(nj + g3At, t, + At).

The time step n(x, t,, + At) = n;”rl is then defined to be

n+1
1j

and the system is set up.

At
zn?+6<g1+292+293+g4),

(2.1.29)
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Numerical stability of Runge-Kutta method

Next we consider the stability of the Runge-Kutta method using the same approach we
used for both the Euler method and for the leapfrog method. First, we consider the linear
test equation (2.1.12) with the Runge-Kutta method (2.1.29) applied to the time derivative
and attempt to find bounds on Z = AAt in order to determine the absolute stability. We

introduce the amplification factor G = 7! /n™ and hence we have

2 724 22 73 4 2%
G:1+é<Z+2(Z+Z7)+2<Z+%>+(Z+Z2+% :

1 A ARNVA
:1+6<Z+2Z+Z2+2Z+Z2+7+Z+Z2+7+T>,

1 z4
=1+ <6Z+3ZQ+ZS+—>
6 4
Thus, the amplification factor G is given to be

VAR C A
=14+Z+=—+=+= 2.1.
G +7Z+ 5 + G +24, (2.1.30)

and for absolute stability we require that |G| < 1. The stability region for the Runge-

Figure 2.1.7: A plot illustrating the stability region of the fourth-order Runge-Kutta
scheme.
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Kutta method is illustrated by Figure 2.1.7. We can find the bounds on Z by solving
Equation 2.1.30. To do this we consider Re(Z) and Im(Z) separately. For the case
Im(Z) = 0, we have

2%/

1510 2 3y
?(9@—43) - < ) — 5 SRe(2) <0

3 \9v29 — 43

and for Re(Z) = 0 we have
IIm(2)| < 2v/2. (2.1.31)

Now, similar the leapfrog analysis, we consider the explicit values for which the numerical
scheme with the Runge-Kutta method remains stable when applied to the linearised KdV
equation (2.1.15). From Equation 2.1.27 we know that Z is purely imaginary and is

bounded such that

m(z) < 22 (555).

which is a result of using the central difference equation (2.1.5) to evaluate the third-order

derivative. We compare this with the fourth-order Runge-Kutta absolute stability region

IIm(Z)| < 2+/2, which means that for numerical stability we require

3\2/§ (&i;) < 2V2.

In other words, in order to produce a numerically stable solution we should select a

suitable value for the size of the time step At, for a given Az, so that

alt < 42

W= S5

(2.1.32)

This inequality tells us that the largest value JV can take so that the scheme is stable,

sometimes called the critical value which we will denote as W,, is given by

NG
W, = V2 1.0887.

3V3

This critical value is approximately three times larger than the critical value obtained for
the leapfrog method, which was derived using Equation 2.1.28. It follows that the Runge-

Kutta scheme is stable for larger time steps, or equivalently, smaller values of Az.
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Runge-Kutta numerical solution with v = 1.805

—— Numerical solution
e Exact solution

T T
-12 -10 -8 -6 -4 -2 0 2 4 6 g8 10 12

Runge-Kutta numerical solution with v = 1.905

2 —— Numerical solution
e Exact solution
= 1
0 |

T T
-12 -10 -8 -6 -4 -2 0 2 4 6 § 10 12

Figure 2.1.8: A plot to demonstrate the critical values of stability parameter W,
illustrating a numerical solution with parameter values A = 2, N = 128, z € [—4m, 4],
and tpax = 2, comparing VW = 1.085 (top) and WW = 1.095 (bottom).

We can demonstrate the criticality of V) by choosing two values for the step size At, for a
given set of parameters so that the respective value of VWV is either side of its critical value,
say YW = 1.095 and YW = 1.085 for example. The solutions produced from selecting
these values are illustrated by Figure 2.1.8. We can immediately see from the figure that
when we exceed the critical value YV, then the numerical result becomes unstable. This
is demonstrated by oscillatory behaviour either side of the main wave crest indicating that
the errors in the approximation are growing, causing the result to diverge away from the

exact solution.

The stability criteria has been determined for both the leapfrog and Runge-Kutta schemes.
We are now able to choose suitable values for our parameters so that the numerical

algorithms will produce useful results. Looking forward, we will aim to make meaningful
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Completion time (s)

At W | Leapfrog | Runge-Kutta

9.1x107%|0.384 | 59.14 182.37
2.6 x 107° | 1.088 | Unstable 63.78

Table 2.1.1: A table comparing the completion time when using the leapfrog and fourth-
order Runge-Kutta methods to advance the numerical solution to the KdV equation in
time, for each respective critical value of W, using the coefficient values: amplitude
A = 2, maximum time ¢,y = 2, spatial domain z € [—4m, 47|, and number of steps
N =128.

comparisons between the two methods.

2.1.4 Comparisons between the leapfrog and Runge-Kutta method

We have determined conditions for which both the leapfrog and Runge-Kutta time step
method remain numerically stable. We will now use these conditions to produce numeri-
cal solutions to the KdV equation and draw comparisons between the two methods. Since
the Euler method was shown to be unconditionally unstable, we will not include this in

our comparisons.

First we code up each scheme using Python, choosing values for x,,, Az, and ¢, and
then use the respective stability analyses to choose a suitable value for At so that the
output converges to a numerically stable solution. For the first comparison we will look
at the time efficiency of each method. For this comparison to be meaningful, we choose
a value of At for each method using a given set of parameters so that the respective value
of W is close to the critical value associated with each scheme. This recognises that the
Runge-Kutta method is likely to be less time-efficient when using the same value of At
due to increased complexity of the algorithm for advancing in time, but also accounts for

the fact that it remains stable for larger values of At.

Table 2.1.1 shows a comparison between the completion times of the leapfrog and Runge-
Kutta methods. We have used each method to advance the numerical solution to the KdV
equation in time with a different value of At corresponding to the critical value of W for

each scheme. It can be seen in the table that the leapfrog method completes much faster
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than the Runge-Kutta method, although this is expected since the Runge-Kutta method
uses four evaluations to advance each time step, whereas the leapfrog method uses only
one, as discussed earlier. However, it is key to note that using Runge-Kutta method allows
the use of a much larger time step. The completion times are similar for both methods

when using their respective critical stability values.

We note here that the exact values of the times taken for the schemes to complete are
entirely hardware dependent and will certainly differ when using different machines.
However, the purpose of this examination is merely to demonstrate the difference between
the two methods so that a relative comparison can be made. The ability to choose a larger
time step is preferable due to the increased complexity of the equations examined later in
the thesis. For this reason we favour the use of the Runge-Kutta scheme rather than the

leapfrog scheme for which we would have to use a much smaller time step.

Next we consider the numerical accuracy of each scheme. It has been shown already
that with a sufficiently high number of mesh points, the central difference equations give
a very good approximation to the analytical solutions of the spatial derivatives. The
Order of Accuracy, as defined by ( ), “quantifies the rate of convergence
of a numerical approximation of a differential equation to the exact solution. A numer-
ical solution to a differential equation is said to be n'-order accurate if the error, &, is

proportional to the step-size h to the n™ power.”

In our numerical schemes, this translates to

£ o (At)™. (2.1.33)

To provide a comparison for the order of accuracy for each scheme, we consider the

maximum error of each scheme, defined to be

Emax = max[|n — Nex|], (2.1.34)

over an interval x € [—L, L] for time ¢ = tyax, Where 7ex denotes the exact solution.

Table 2.1.2 gives a comparison between the maximum error values calculated when
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Maximum error Epax

At N | Leapfrog | Runge-Kutta
1x107%| 64 | 0.0101 0.0100
1x107% | 64 0.01 0.01

1x107* | 256 | 0.00069 | 0.00062
1x107% | 256 | 0.000621 | 0.000620

Table 2.1.2: A comparison between the maximum error values £y, for different values
of At and N, calculated for each time step scheme using the parameter values: amplitude
A = 2, spatial domain x € [—4m7, 4], at time ¢ = tax = 5.

using the leapfrog and Runge-Kutta time step methods to evaluate the numerical problem
presented in Equation 2.1.10 (with a = 1) compared with the exact solution 7.y given
in Equation 1.3.9. Each solution was computed using a fixed parameter A = 2 over an

interval = € [—4m,4r], at time ¢t = 5, for various different values of At and N.

In each instance we observe that both schemes return a similar value for the maximum
error, which decreases as the number of spatial points /N is increased. Reducing the size

of the time step At yields a negligible improvement to the maximum error.

It would appear from the table that the Runge-Kutta method is consistently more accurate
than the leapfrog method, although almost negligibly so. Visually, in Figure 2.1.9 it is

seen that both approximations map extremely closely to the exact solution.

2.2 The pseudospectral method

In this section, the pseudospectral method is used as an alternative to the finite difference
method for evaluating the spatial derivatives. Assuming we have a periodic function f(z)
with period L (and L is large when we model solitary waves), we can expand this as a

Fourier series

Fz) = _i k) exp<211_jrk:x> 2.2.1)
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Numerical solution using leapfrog scheme against exact solution

—— Numerical solution
e Exact solution

T T T
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Numerical solution using Runge-Kutta scheme against exact solution

—— Numerical solution
e Exact solution
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Figure 2.1.9: A comparison between the numerical approximation to the KdV equation
using the leapfrog method (top), and fourth-order Runge-Kutta method (bottom), with
the exact solution and coefficient values: amplitude A = 2, N = 128, x € [—4m,4n],
and tax = 2.

with Fourier coefficients given by

Fk) = % f(z)exp (—22”@;) : 2.22)

k=—00

where k is a spectral variable. We also note here that the notation varies for different
conventions, and that the sign in the exponential powers can be swapped. One of the main
benefits of using this method is that evaluating spatial derivatives is extremely simple.
The derivative is given by

df 271 < . ~ 2i

d—i = % ik f (k) exp(fkm) .

k=—0o0
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In order to use spectral methods for mathematical programming, we use an approximation
to the series given in Equation 2.2.2, called the discrete Fourier transform (DFT), which

typically has the form
PO s 2irr
fp = ~ Z fi exp<—Njk:> , (2.2.3)
k=0
where we have replaced f(x) by N discrete samples, or steps, so that

LN
f(:r:)%f(_):fj, for 7=0...N—1.
J
This is known as the DFT of the periodic function f(z). To get back to f, we introduce
the inverse discrete Fourier transform (IDFT), which is an approximation to the series

given in Equation 2.2.1, which has the form

= umr
= ) A 2.2.4
by kexp< N > (2.2.4)

In Python, the discrete Fourier transform can be computed using the fast Fourier trans-
form (FFT) function, and likewise, the inverse transform can be applied using the inverse
fast Fourier transform function (IFFT). A much more extensive derivation and discussion

of the discrete Fourier transforms used above is presented in ( ).

For our numerical approximation we transform the surface elevation function 7(z,t)
using a discrete Fourier transform. We impose that 7(z, t) is periodic on the interval

[—2m, 2], over N discrete points x; = —x, + jAx. The DFT is then given by

1 & .
N n(x,t)e ke, (2.2.5)

j=0

—_

(k) = F [n(z,t)] =

The function can n(x, t) can be recovered using the inverse transform, defined by

N
n(z,t) = F (k)] = > fi(k)e™. (2.2.6)

j=0

—_

As discussed, applying the DFT provides a relatively simple way of evaluating the spatial

3
derivatives % and %. Each derivative can be resolved in Fourier space and then
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returned to physical space. We have

N-1

= _d
Z di 1kx] :Z(lk) 1kxj
7=0

Jj=0

= F (k)]

and therefore, using the same logic, the third derivative can be expressed by

o

o3 = F (k) 7] -

The transformed KdV equation can then be represented as

on 53 ~

S = —3ik() — a(ik)’

noting here that the transformed nonlinear term is represented by the discrete Fourier
transform of 72, using the identity

on 0, o
6 3—
Tor ~ "oz ( )

Similar to the finite difference method, a variety of different time stepping methods can
be used to advance forward in time while using the pseudospectral method. We may also

advance in either Fourier space or physical space.

The Euler, leapfrog and fourth-order Runge-Kutta methods will be considered again. The
key difference between the pseudospectral and finite difference methods is the way in
which the spatial derivatives are evaluated. Therefore, we can reuse the time step schemes

derived for the finite difference method, and write the KdV equation in the form

an

a :f(JT,t)

where the function f(x,t) represents the right-hand side at any given time step n, given
by
F(z,t) = —3F [11@(77/2\)} —aF M [(ik)%7] . 2.2.7)

Each time step scheme can then be written as follows:
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Euler time step

"t =" 4+ Atf(a,t), (2.2.8)

Leapfrog time step
"t = L 2ALf (2, t), (2.2.9)

Runge-Kutta time step

At

where

(z,tn),

x+ g5t te + 4,

!
£(
flz+ g5t ta+ 4L,
= I

T+ g3At, t, + At).

We will use Python to numerically solve the KdV equation using each of these step
schemes to advance in time. In order to evaluate the DFT of each derivative, we use
the Python fast Fourier transform (FFT) algorithm (and IFFT algorithm for the inverse
transform), provided by the NumPy package. However, in the same manner as the finite
difference schemes, we will first conduct a stability analysis to generate stability criteria

for each method.

2.2.1 Stability analysis of the pseudospectral method

In the earlier finite difference analysis, presented in Section 2.1, we determined the con-
ditions needed for absolute stability associated with each time step scheme. These are

immediately transferable to the pseudospectral method.

In order to determine the stability criteria for each numerical scheme, using the pseu-

dospectral method to approximate the spatial derivatives, we begin with the linearised
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KdV equation (2.1.15) and assume a solution of the form

We then use the pseudospectral method discussed in Section 2.2 to evaluate the third-

order derivative term to give

f(k) = —a(ik)®n, (2.2.11)

so that f(k) denotes the right-hand side of the linearised KdV equation (2.1.15). If the
spatial domain is assumed to be periodic on the interval x € [—zp,, Zy], then 1 can be

written as a discrete Fourier series given by

N-1
n=>Y_ Apexp(irknz). (2.2.12)

n=0

where

kn=—, using equation (2.2.4).

Looking back to the linear test equation (2.1.12), for absolute stability we require that Z =
AAt must lie inside a stable region such that |k| < ky, for each k,,. Using Equation 2.2.11,

A is given here by
)

Ui

9

and thus we have A = a(ik)3. Then using the fact that

i _W(N—l)_l
me T Az

we have

A = aliky)® = —ia(ALx)S.

Then the stability condition is such that the section of the imaginary axis [—1Z,,1Zy]

lies within the stable region of the chosen step scheme, where

3
7 = A At = —iaAt(Ai) . (2.2.13)
X
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From the finite difference stability analysis we know that this implies that the Euler
method is unconditionally unstable as its eigen-solutions will never lie on the imaginary
axis, and from the absolute stability examination we know that, for the Euler method, Z
must lie in the unit disc |1 + Z| < 1. We proceed to examine stability conditions for the

leapfrog and Runge-Kutta time step methods.

From Equation 2.1.25, we know that for the leapfrog method the absolute stability con-
dition is [Im(Z)| < 1, which means that
T \3
At (—) <1

“ Ax/ —
and therefore the stability region for the leapfrog method when used with the pseudospec-
tral method is given by
At 1

<
(Az)3 = w3

which is approximately 0.0322. Similarly, from Equation 2.1.31 we know that the ab-
solute stability condition of the Runge-Kutta method is [Im(Z)| < 2+/2. Hence, when
using the pseudospectral method with the Runge-Kutta method to advance in time, the

critical stability condition is given by

Bxp = 7

At 2V2
a T3
3
which is approximately 0.0912. Similar to the finite difference analysis, this value is
approximately three times larger than the critical value for the leapfrog method allowing

the use of a larger time-step.

2.2.2 Comparisons with the finite difference method

Comparing the two methods directly we see from Table 2.2.1 that the critical stability
values W, for the pseudospectral method are considerably smaller than those derived
earlier for the finite difference method. Thus, while the pseudospectral method is an
extremely accurate and simple way of evaluating derivatives, the finite difference method

allows for larger time steps and smaller domains for which the system could remain stable.
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Finite difference | Pseudospectral

Leapfrog 0.3849 0.0323

Runge-Kutta 1.0887 0.0912

Table 2.2.1: A table comparing the critical stability values W, for the leapfrog and
pseudospectral methods when using finite difference or pseudospectral schemes.

The main advantages however to using the pseudospectral method over the finite dif-
ference method are accuracy and time efficiency. Whilst the finite difference method is
accurate, it becomes less time efficient at higher orders. The pseudospectral method is
much more efficient in higher-order systems and is therefore the obvious choice when
evaluating more complicated systems of equations. It also offers a higher order of accu-

racy.

Later in the thesis we consider systems of partial differential equations containing ad-
ditional higher-order derivatives and transform terms which model the relative effects
of surface stresses and gradual damping. Due to the complexity of these equations, we
choose to use the pseudospectral method for handling the numerical evaluation of these

equations in subsequent chapters.

2.3 The integrating factor method

In the previous sections of this chapter, we have identified that the presence of the linear
third-order spatial derivative in the KdV equation results in very limited stability for each
of the time step methods that we have considered. For this reason we refer to this term as
being numerically stiff. This gives us motivation to seek a new method which removes
the stiffness associated with the linear term, thus allowing for a more robust and efficient

numerical scheme.

One such method is defined by ( ) (and also discussed in
( )), where an integrating factor is introduced. The main idea behind this
method is to introduce a specially chosen function to be used as an integrating factor, and

then introduce a new variable in terms of this integrating factor. These are defined in such
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a way so that, when substituted into the transformed KdV equation, the third-order linear
derivative term is substituted out, thus removing any associated numerical stiffness. The
numerical scheme then advances the substituted variable in time before returning to the

original variable.

This method is also applicable to other PDEs where, by modifying the integrating factor,
we are able to substitute out other linear derivatives from the given equation. This is
discussed in more depth later in Chapter 3 when we begin to consider numerical solutions

to the KdV equation with additional terms.

In order to utilise this method, we start by taking the Fourier transform of the KdV

equation to give
ZZ + 3ik(n2) = —al(ik)37, (2.3.1)

where the Fourier transform of 7 is given by

0t) = Zlae 0] = [ nfaee e,
and
(P?) = Z]

We define the integrating factor denoted by E tobe

E\ _ ea(ik)3t

Y

where the power of the exponential term is chosen to match the right-hand side of the

transformed KdV equation (2.3.1). We then multiply Equation 2.3.1 by Eto give

Eg? + 3ikE(n?) = —al(ik)3ER (2.3.2)

and introduce a new variable ¥ such that

<)
I
=)

=)
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Then we substitute v into equation Equation 2.3.2 which yields

g: — a(ik)35 + 3ikE(n?) = —a(ik)®s (2.3.3)
using the fact that
85}\ . 3~ ’\87/7\
— = En+E—
It a(lk’) n + ot ’
and hence
~0n 0v NP
F—=—— .
5 = B a(ik)°v

Then Equation 2.3.3 simplifies and rearranges to

ov o~ ——
= 93 2
" 3ikE(n?). (2.34)

The linear term has been eliminated and the transformed KdV equation is no longer stiff.

We can then set up a numerical scheme using Equation 2.3.4. The spatial element of the
system on the right-hand side can be evaluated using the fast Fourier transform (FFT)
function in Python, provided by the NumPy package, as discussed in the pseudospectral
analysis. We choose to evaluate the time derivative, g—f, using the Runge-Kutta time step
method. It was also mentioned in the pseudospectral analysis that we may advance in
either the spectral domain or in physical space. In this example we choose to advance in

spectral space.

We begin by rewriting Equation 2.3.4 so that

ov N -
== F(1,5) = Au()e 235)

where
p() = FIF'@P, A==3(k),  f(k) = —a(ik)®.
Now, using Equation 2.1.29 we can construct the Runge-Kutta system as follows,

ov _ t
E:F(tn,v”), n=0.. =

(2.3.6)
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so that
= F(tp,v") 2.3.7)
At N At
= F(tn + —, 0"+ 2g1> (2.3.8)
At . At
= F(tn + —, 0"+ 292) (2.3.9)
= F(tn + At, 0" 4 Atgs), (2.3.10)
and
~n+1 ~n At
v =0 +F g1+ 292+ 293+ 94 ), (2.3.11)

where the notation v™ denotes U evaluated at a given grid point n, as opposed to an

exponent of .

We now adopt a similar approach to that used in ( , ) and evaluate the
above system of equations, Equation 2.3.6 through to Equation 2.3.11, with respect to a
transformed integrating factor. The motivation behind this is to avoid having the system
diverge for real f(k) (for which the integrating factor would grow exponentially). To

implement this, we introduce
E = ef(®)in, By = ol W5 By = (E1)? = /WAL

Transforming the integrating factor in this way gives O(1) quantities for £ and Eo,
preventing exponential growth of the integrating factor and also preventing possible di-

vergence. Applying this transformation we have
7' =0(tn) = vy, 7" = EEy0"T

where, similar to before, the notation 7)™ denotes the function 7 evaluated at the grid
point n, as opposed to an exponent term. Then g;, g2, g3, and g4 are re-evaluated with

consideration to the integrating factor. Thus we have

= AE u@), where pu(7") = F[F 1[5,
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and we introduce G'1 such that

G = EAt a1
= AAtu(™). (2.3.12)
Then for g we have,
o\ B At
= Ap(v,)E 1 where Vg =0" + — J1-

Applying the transformation we can say

1
= F <ﬁ” + 291> (using 2.3.12),

and thus we can introduce (G5 such that

Go = AAL pu(7)a),

= At EElgg.

We continue in this manner for G5 and (G4, and after some work the system becomes:

G1 = AtAu(i") = E(At)g1, (2.3.13)

AtAu<E177 + E1G1> = EE(At)gs, (2.3.14)
G3 = AtAM(El + 5 > = EE;(At)gs, (2.3.15)
G4 = AtAp(Eon™ + E1G3) = EEy(At) gy, (2.3.16)

and thus

(E2G1 + 2E1 (G2 + G3) + Gy). (2.3.17)

| =

7 = Ean" +
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The function 7)(x, t) can then be recovered by using the inverse transform:

n(x,t) = F 7).

The main benefit of using the integrating factor method is the ability to select a time
step which is much larger than either of the methods seen previously. While an explicit
stability analysis is not explored here, the exclusion of the linear term results in a decrease
in numerical stiffness allowing for a much broader stability region, examples of which
are given in ( ). The ability to select a larger time step means that the
algorithms are much more time efficient, which greatly speeds up completion times when

generating numerical solutions.

The integrating factor method is readily extendible to additional terms which will be
explored later in the thesis, and doing so is also very easy to implement. In fact, the
only change necessary to the algorithm is the definition of the integrating factor £. The
integrating factor is defined in such a way as to reflect the right-hand side of the governing
equation, and incorporate all linear terms which otherwise would result in numerical
stiffness. This also extends to integral transform terms which will be examined later
in Chapter 5 as part of a surfactant analysis, and Chapter 6 in an electrohydrodynamic

system.

Taking account of the reasoning discussed above, for each subsequent chapter in the thesis
we use the integrating factor and pseudospectral methods for handling spatial deriva-
tives, and the fourth-order Runge-Kutta method for advancing in time, for all subsequent
numerical schemes. We believe that the extensive numerical analysis in this chapter
has identified these methods as being the optimal approach applicable to the systems

of equations which will be seen later in the thesis.

To conclude this chapter, we will demonstrate this approach by generating various nu-
merical solutions to the Korteweg-de Vries equation (1.3.1) using the integrating factor

method described above.
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2.4 Numerical solutions to the KdV equation

Now that we have explored a variety of different schemes and have chosen to use the
integrating factor method for the remainder of the thesis, we will now use this method to

present some simple numerical solutions to the Korteweg-de Vries equation.

T
-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12

T T
-12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12

Figure 2.4.1: A plot of the solitary wave solution 7(z,0) = 2 sech? z for times ¢ = 0, 1
and 2, with spatial domain = € [—4m, 4], time step At = 0.01, and number of spatial
steps N = 256.

If we consider the general form of the KdV equation (1.3.1) and set a = 1, then this has

a solitary wave solution given by

n(x,t) = Asech? (y(z — ct)), N =

|A]
= 2.4.1
5 (2.4.1)
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using Equation 1.3.9 with ¢ = 2 |A|. Attime ¢t = 0 we have

n(x,0) = Asech? (yz), (2.4.2)

then if we set A = 2 then the solution is simply

n(x,0) = 2sech? z. (24.3)

We now use Python to code up the integrating factor system given by Equation 2.3.4,
using the Runge-Kutta system presented in equations (2.3.13)-(2.3.17) to advance in time,

with Equation 2.4.3 as the initial condition.

Figure 2.4.1 presents a plot of the numerical solution at times ¢ = 1 and ¢ = 2, each
of which is compared with the initial condition. We observe from the illustration that
the wave has propagated at a constant speed with no change in its shape or form, which
is indicative that the scheme is generating results in accordance with what we’d expect
the exact solutions to look like. We also note the use of a relatively large time step size,
and small number of spatial steps, which is made possible through use of the integrating

factor method since the numerically stiff linear terms have been removed from the system.

If we now fix the shape of the initial wave by imposing that v = 1, but change the initial
amplitude to A = 6 so that

n(x,0) = 6sech? z, (2.4.4)

then we have an initial soliton profile which is not an exact solution to the generalised
form of the KdV equation (1.3.1). Such a scenario should see the initial profile split into
two solitons, as discussed in Section 1.3. This is evidenced by Figure 2.4.2 which is an
illustration of such a system for times ¢ = 0, 0.15, and 0.5. This illustration has been
generated using the same Python script as the one soliton solution, replacing the initial

solution (2.4.3) with Equation 2.4.4.

Similarly, if we set v = 1 but change the initial amplitude to A = 12, so that

n(x,0) = 12sech? z, (2.4.5)
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-2 0 2 4 6 8 10
T

Figure 2.4.2: An illustration of an initial single soliton profile n(x,0) = 6sech?
splitting into two solitons, with parameters x € [—4m, 47|, t = 0, 0.15, and 0.5.

then we have a scenario where we should see the initial single soliton split into three

solitons, a scenario which is also discussed in Section 1.3. This can be seen in Figure 2.4.3

which is an illustration of such a scenario at times ¢ = 0, 0.05, and 0.25, and has been

generated using the same Python script as the one and two soliton solutions, replacing
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Figure 2.4.3: An illustration of an initial single soliton profile n(x,0) = 12 sech? x
splitting into three solitons, with parameters = € [—4, 47|, t = 0, 0.05, and 0.25.

the initial solution (2.4.3) with Equation 2.4.5. The reason for such small increments in
time is because, in this scenario, the leading soliton has a large amplitude compared with

the trailing soliton, which means it travels considerably faster due to the proportionality
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between the wave amplitude and the wave speed.

Figure 2.4.4: An illustration of an initial profile 1(x, 0) = 4 sech? # which is not an exact
solution to the KdV equation, with parameters x € [—4m, 4], t = 0, 0.2, and 0.4.

We also consider a scenario where the initial solution is not an exact solution to the KdV
equation (1.3.1), and additionally is not an exact multi-soliton case, as above. For this
scenario, we again set v = 1 and set the initial amplitude to be A = 4 so that the initial
solution looks like

n(x,0) = 4sech?z. (2.4.6)
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Since A = 4 cannot be written in the form N(N — 1) for N € N we should not see
an exact split into NV solitons, and instead should expect the formation of a dispersive
wave component. In fact, ( ) discuss that this particular solution
should take the form of two solitons followed by a dispersive wave train. This scenario
is illustrated by Figure 2.4.4. We observe from the plots the formation of a decaying
oscillatory tail which forms behind the main disturbance. This oscillatory dispersive
component is a standard result and will be explored in more depth in Chapter 3 where we

consider perturbations to the KdV equation.

Finally, for completeness, we also consider the case of a negative amplitude wave. For
clarity, this assumes a negative amplitude solitary wave as a proposed solution to the
KdV equation (1.3.1) associated with elevated travelling wave solutions, and not the case
where the sign of the third order derivative is also negative which has solutions in the

form of waves of depression.

As discussed in ( ) and ( ), here we
expect that the solution will develop without the emergence of a soliton. The initial
pulse will collapse and degenerate into a wave train which disperses into < 0. This is
illustrated by Figure 2.4.5. We note that a larger spatial range has been used to allow for

the decaying wave train.

We have now demonstrated the integrating factor system which we have selected to use
for the remainder of the thesis, to generate several different numerical solutions to the
Korteweg-de Vries equation, and will now proceed to look at more complicated systems

describing different physical scenarios.
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Figure 2.4.5: An illustration of an initial profile n(z,0) = —2 sech? z which is not an
exact solution to the KdV equation (1.3.1), with parameters x € [—16m, 167], t = 0,
0.15, and 0.5.



Gradual damping of solitary waves and the

KdV-Burgers’ equation

All results in the previous chapter have considered travelling solitary wave solutions to
the Korteweg-de Vries equation (1.3.1) without any additional physical effects. In this

chapter we will consider a solitary wave (1.3.9) subject to diffusive damping.

Previous work has seen scenarios in which a solitary wave experiences damping due to
various different physical scenarios. ( ) examined four different forms
of damping covering physical situations such as magnetosonic waves damped by electron-
ion collisions, ion sound waves damped by ion-neutral collisions and by electron Landau
damping, and shallow water waves damped by viscosity. ( )
examined a system with insoluble surfactant present at the fluid surface, a scenario which

is explored in much more depth later, in Chapter 5.

( ) also discuss a variety of different scenarios with gener-
alised soliton damping such as Rayleigh dissipation ( , ), a Chezy
model where damping is due to friction at the solid fluid bottom ( , ),

and Reynolds-type dissipation with effects due to turbulent viscosity ( ,

), to name a few.

In each scenario, the equation governing the fluid can be written as a perturbed KdV

equation of the form
I

on 9n B
5 + 6778? + r i R(n), (3.0.1)

where any additional physical processes are governed by the R (n) term on the right-hand
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side of Equation 3.0.1.

In each scenario, general solutions are typically not available, and often numerical meth-
ods such as those discussed in Chapter 2 are used to produce approximate solutions. We
begin by considering a system when R(n) is small and the solution is considered as a
perturbation of the soliton solution. In order to develop general methods for examining
such a system, in this chapter we choose to focus on the case when the perturbation
R (n) represents diffusive damping. This is modelled by adding a diffusive second-order
spatial derivative to the right-hand side of the KdV equation, which is kept small so that

the effects of the damping over time are gradual. The resulting equation looks like

2
on L 6n 91 4 M A

ot Mor T T “ox2 (3.0.2)

where ¢ < 1 is a small parameter which controls the magnitude of the diffusion. This
equation is widely known as the Korteweg-de Vries-Burgers’ equation (KdV-B), (some-
times referred to as the Burgers’-KdV equation) and is a direct combination of Burgers’
equation

o, . on _

6 _ !
ot + ”ax 68372’

(3.0.3)
and the KdV equation (1.3.1). The Burgers’ equation has many travelling wave solutions
which represent shock waves, although these are not considered here. Although both

equations have exact travelling wave solutions, the KdV-B equation has only one known

exact, bounded travelling wave solution, given by ( ) to be

2 2 2 2 2
€ € 6e € 6e €
t) = — sech? | — —1) | — —— tanh — + —.
N ) = gaq 5 <10a (¥ 55 )> 9%5a <1o (F 55 )> %5a
(3.04)
We recall that sech? appears in the solitary wave solution (1.3.9) to the KdV equation,
and note that the tanh is seen in the Taylor shock solution to the Burgers’ equation.

Equation 3.0.4 then appears to be a linear combination of these two solutions, although

we do not explore this solution any further here.

The KdV-Burgers’ equation (3.0.2) is widely used in the field of wave propagation through

cosmic plasmas (Gao, ). Particular examples include the propagation of ion-acoustic
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waves and magneto-sonic waves, with 7 denoting perturbations in either ion velocity,
ion density or electrostatic wave potential depending on the exact context. Another
application of the KdV-B equation is propagation of gas slugs through fluidised beds
( , ), where 7 describes the voidage fraction, although in this

case the perturbation term has the opposite sign and is no longer a dissipative term.

In the present analysis we treat KdV-Burger’s equation as a model equation without
considering the significance of the solutions to the physical processes discussed above.
We will impose a KdV solitary wave solution (1.3.9) as an initial condition and then
look at how the inclusion of the diffusive second-order term affects the wave amplitude,
assuming that the effects from the diffusive term are applied for time ¢ > 0. One of
the main purposes for considering this scenario is to formulate a method which can then
be used for more complicated scenarios, examined later. Each scenario will consider
the same solitary wave solution subject to damping due to a viscous boundary layer at
the fluid base, satisfying a no-slip condition at the solid impermeable bottom boundary.
The results generated in this chapter will then be used for comparisons with subsequent

results.

We will then attempt to construct an asymptotic solution to 1 expanding around the small
parameter &, and solve up to and including the O(e) correction term. This asymptotic
solution will then be used to give a better approximation to the behaviour of the solitary

wave subject to the effects due to the diffusion term.

3.1 Leading-order decay due to the diffusive second-order term

Suppose initially that we have a travelling solitary wave solution to the KdV equation (1.3.1),

— 2( [ C(p_
n(z,t) = Asech <\/;(x ct)), (3.1.1)

given by



76 Chapter 3: Gradual damping of solitary waves and the KdV-Burgers’ equation

and then impose that the wave is subject to viscous diffusion for ¢ > 0. Such a system is

governed by the KdV-Burgers’ equation

on on  0n 9%
ot +67783: +a6$3 _68372 3.1.2)

where the second-order derivative term governs the effects due to slow acting diffusion.

This section will use Equation 3.1.2 such that the diffusion term is relatively small in
comparison with the other terms in the equation. The initial solution will be considered
in the form of a solitary wave with slowly decaying amplitude A, due to the addition of
the diffusion parameter, as the wave propagates in time. We first consider the solitary
wave given in Equation 1.3.9. We replace the wave amplitude § with a slow-decaying

function of time A(¢), so that the initial solution to Equation 3.1.2 now takes the form

n(z,t) = A(t) sech? (@(gg - 2At)> . (3.1.3)

The intention is to find the amplitude function A(¢) as an analytic function in terms of ¢,
¢ and the initial amplitude Ag = 5. A similar analysis is given by ( )
who were able to find a function describing the amplitude A(t) as a function of time, for

each of the physical scenarios discussed therein.

3.1.1 Multiple scale asymptotic analysis

We now attempt to construct a multiple scale analysis with the expectation of finding an
analytical solution to the slowly decaying amplitude function A(et). The motivation for
this arises from the small parameter € and the notion of slow-time, €t, since the amplitude
is expected to decay slowly in time. We start by introducing a new variable 7 = €t to

denote slow-time, so that the small parameter € acts as a scale for the time variable ¢.

Now, the KdV-Burgers’ equation (3.1.2) is rewritten in terms of 7 and z, where

t
z=x—2[ A(et')dt,
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and we assume a solution 7 = 7n(z, 7). The derivatives in terms of these new variables
are given by
0 0 0 0 0

% = a, and E = —214& +€§,

and therefore the KdV-Burgers’ equation (3.1.2) in terms of the new variables becomes

on on on  0n 9%
G _gq9M L L 2 _ 91 14
“or 5. TG, Tags T e 3.14

We now attempt to construct a simple asymptotic approximation to 7)(z, 7) valid for e <

1 which takes the form
77(277_;5) = 770(277_) +€771(Za7—) +O(52)7 (315)
subject to the condition
n—0, as |z| = oco.

Substituting Equation 3.1.5 into Equation 3.1.4, and then equating coefficients of powers

of &, we obtain the leading-order O(£”) equation

Ono oo o
—2A—— —_— —0 = 0. 1.
oz + 619 9 +a 9.3 0 (3.1.6)

Then, equating O(e) terms we obtain the differential equation at the next order, given by

o 9m o O(om) | P OPng 9o
25T+ 6= fag g = oy — oL (3.1.7)

Equation 3.1.6 is effectively Equation 1.3.3 in terms of 79, and therefore we can state that

the leading-order solution has the form

m:Am%mfwi%. (3.1.8)

However, the solution to 7;(z, 7) isn’t immediately obvious. Instead we use a similar
approach to that discussed in ( ) and introduce operators Ly and Ly defined to

be

0 o*U
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and

0 o*U

where U and V represent the leading-order and the O(e) solutions respectively. Then,

applying these operators to Equation 3.1.6 and Equation 3.1.7 we have

Oy Ino
022 or’

LO["?O] = 0, and Ll[’lh] = (319)

It can now be shown by straightforward partial integration that Ly and L; are adjoint

operators of each other. Applying the condition 79,71 — 0 as |z| — oo,

/OO Ly ]dz—/oo 9 —2An; +6 +a82m dz
- oL\ . ﬁoaz m 10T 922 )
= Ono *m
=— —| —24 —|d
/_oo oz < M+ Gnom + a7 ) dz,
00 B 00 8770 827’]1
. I 24 2) s — 90 9 4
/_OO n 82< o +37Io> = oo 02 022 =

B 00 o 5 62770
= — /_OO 7’]162<—2A’r]0 + 3770 +a 6z2 dz

= —/ m Lo[no] dz.

— 00

Thus we have

/ T]()Ll[?]l] dz + / 771L0[7]0] dz =0, (3.1.10)

—0oQ —0o0
which is exactly the required condition for Ly and L; to be considered adjoint operators,

(Mei, ). Then, using Equation 3.1.9 we know that Lo[no] = 0, and Equation 3.1.10

oo o) 82770 8170
/OOUOLl[Tll]dZ—/OOTIO(aZQ —8T> dz =0, (3.1.11)

which is a definite integral in terms of the leading-order solution 79 only. Since 7y has

becomes

already been defined in Equation 3.1.8, we can evaluate the integral in Equation 3.1.11
which will remove z, and thus we should be able to rearrange the result into an ordinary

differential equation for A in terms of ¢ only. For simplicity we set

A
y=4/— and 60 =z, 3.1.12)



3.1 Leading-order decay due to the diffusive second-order term 79

and hence Equation 3.1.11) becomes

I 282770 Ino .

into which we directly substitute 79 = A sech? #, from Equation 3.1.8. Evaluating each

of the derivatives in (3.1.13) individually, we have

2
% = 2Asech? 6 (2 tanh? 6 — sech? 6) (3.1.14)
and
A
? — sech? e%u — ftanh ) — 4yAsech? 0 tanh 6. (3.1.15)
T T

Before substituting these back into Equation 3.1.13, we first note that tanh # is an odd
function, which means that

/ tanh 6d6 = 0.

—0o0
Then, since sech?(#) is an even function, the final term in Equation 3.1.15 is equal to
Zero, since

/ sech? @ tanh 6 d6 = 0.

—0o0
We omit this term, and thus after substituting Equation 3.1.14 and Equation 3.1.15 into

Equation 3.1.13 we have

2~2 A2 / 2 tanh?6 sech* 6 — sech® 0 dd

—00

dA [~
—AZ= [ sech 9(1 — ftanh 9) 46 = 0.

T—OO

We evaluate each integral using Maple, which gives

/ 2 tanh? @ sech® @ — sech® 6 dg = —%,

and

/ sech® §(1 — ftanh 6) dd = 1.

—00
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Then, writing 2 = 2=, Equation 3.1.13 simplifies to

dA 8 )
o T A =0, (3.1.16)

Equation 3.1.16 is a first-order ordinary differential equation for A(7) of separable type

and can therefore be solved using the method of separable variables. First, we write

a4 8 [,
A2 15a ) T

Then, using the initial condition A(t = 0) = Ay, after simplification we have

A

Alt) = —5——
() 1+ 5 Aget

(3.1.17)

which is a function describing the leading-order amplitude as a function of time. This
agrees with the solution derived in ( , ). We observe that as t increases,
the value of the amplitude A(¢) decreases gradually from its initial value A(0) = Ao, as

predicted.

We will now construct a numerical solution to the amplitude so that we can directly

compare with the asymptotic solution (3.1.17).

3.1.2 Comparisons between the asymptotic and numerical solutions

Now that we have determined an analytical function which describes the slowly de-
creasing amplitude, we will compare this with a numerical solution. To construct the

numerical solution we will use the integrating factor method from Chapter 2, applied to

n(z,0) = Agsech? (, / ‘24295) (3.1.18)

as an initial condition. Here we are imposing a solitary wave solution for time ¢ = 0

Equation 3.1.2, using

and then applying the diffusive damping for ¢ > 0. The expectation is that we will see
a gradual decay in amplitude and wave speed. First we take the Fourier transform of the

KdV-Burgers’ equation (3.1.2), and group together the linear derivatives in space on the
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right-hand side of the equation. This gives us

on .. = e
(T? +3ik(1%) = —a(ik)’7 + (ik)%en,

= (iak® — ek?)7 (3.1.19)

An integrating factor is then introduced in order to eliminate both linear terms on the

right-hand side, which takes the form
E = exp (— (iak3 — 5k2)t). (3.1.20)

where the exponent is chosen so that it reflects the negative right-hand side of Equa-
tion 3.1.19. We start by multiplying Equation 3.1.19 by E, and then we introduce the
new function ¥ where

v=Ep
and substitute it into the governing equation, which gives

ov ~ AT ~
87:5} + (aik® — k%) U+ 3ikE(n?) = (aik® — k%) 7,
ov ~

— + 3ikE(n?) = 0.

5 T SRE(?)
The linear spatial terms have gone, so we now advance the spectral function v in time
using the fourth-order Runge-Kutta equations (2.3.13) - (2.3.17). We can then recover n

with an inverse Fourier transform. We will generate numerical solutions with this scheme

using Python, similar to Chapter 2.

Figure 3.1.1 is a plot of the numerical solution to Equation 3.0.2 for two different values
of ¢, together with an undamped soliton solution (3.1.1) for comparisons. We have used
Equation 3.1.18 as an initial condition and then applied the diffusive second-order term
for t > 0. Each solution in the figure is essentially a snapshot of the travelling wave at

time tpax = 5.

We observe from the plots that the solitary wave solutions subject to the diffusive damping
due to the second-order term have indeed decayed in both wave amplitude and wave

speed. We see that increasing the size of €, which increases the magnitude of the damping
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Figure 3.1.1: A plot comparing a solitary wave affected by diffusive damping compared
with an unaffected solitary wave, using parameter values: tymax = 5, © € [—8m, 87,
Ap =2,e =0.1(top) and £ = 0.2 (bottom).

effects due to diffusivity, results in a larger decay in amplitude and a further decrease in
the wave speed. This is evidenced by direct comparisons with the unaffected solitary

wave solution, which has maintained a constant amplitude and constant wave speed.

We also observe a change in the wave form for the damped solitary waves. Notably we
draw particular attention to the elevated shelf which forms behind the main wave crest,
followed by a slowly decaying tail. This shelf-tail structure is not specific to diffusive
soliton damping associated with the KdV-Burgers’ equation, and various examples of
this change in wave form have been given in ( ),

( ) and ( ), for different physical processes.

The magnitude of the elevated shelf increases with increasing €. The decaying oscillatory
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Figure 3.1.2: A close-up of the slowly decaying tail region of the solitary wave solution
affected by diffusive damping, using parameter values: ty.x = 2, * € [—4m, 47|, and
e=0.2.
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Figure 3.1.3: A comparison between the asymptotic and numerical solutions to the decay
in amplitude for diffusive damping, using parameter values: tyax = 2, © € [—4m, 47),
Ag=2,6=0.1.

tail is perhaps better observed by Figure 3.1.2 which illustrates a close-up of the tail

region.

Next we look specifically at the amplitude of the wave. In order to obtain the numerical
solution for the amplitude, we use the max function which is built into Python to generate
such a solution, which is updated with each iteration used to advance the numerical
solution to the solitary wave in time. This is then compared to the asymptotically derived

solution to the amplitude given in Equation 3.1.17.
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0.02

0.015

Figure 3.1.4: Difference in amplitude value of numerically and asymptotically derived
amplitudes, for parameters: € = 0.1, Ag = 2, and tax = 2.

Figure 3.1.3 gives a comparison between the numerically derived and asymptotically
derived wave amplitude. We observe an excellent agreement, less than 5% difference
in value, between the numerical and asymptotic solutions, although we note that both
solutions are subject to error since the asymptotic solution only considers leading-order
behaviour, and the numerical solution is subject to the usual numerical error as discussed

in Chapter 2.

We also observe that the agreement between the two solutions is worse at the beginning
but gets better as time increases. This is best illustrated by Figure 3.1.4 which shows
the average difference between the two results over the given time period. We initially
see a large increase in the difference between to two solutions followed by a seemingly
linear decrease. This could potentially be explained by evaluating higher-order terms in

the asymptotic solution.

Now that we have derived a reasonable approximation to the wave amplitude we will
proceed to examine the solution at the next order. This ideally will improve our asymp-

totically derived approximation to the wave amplitude.
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3.2 Evaluation of the first-order correction term

In this section we evaluate the O(e) correction term 7; in the asymptotic solution (3.1.5)
to the KdV-Burgers’ equation (3.1.2). It is our expectation that, by considering the solu-
tion for higher-order terms, we will be able to determine a more accurate approximation to
the decay in amplitude due to the diffusivity associated with the second-order derivative.
The O(¢) differential equation (3.1.7) in general is not solvable explicitly, so instead we

will find approximate solutions to 7;.

3.2.1 Reformulation

We start by considering the Korteweg-de Vries-Burgers’ equation (3.1.2) in its dimen-

sional form given by

877* an* 837’]* 8277*
6m* =&* 3.2.1
ot O gar T Vopes T e ©-2-1)

with boundary conditions n* — 0 as x* — +00, and where the * super-script indicates

that a variable has dimension. If £* = 0 then travelling wave solutions exist in the form
n* = 2a~? sech? (v(2* - 4a’y2t*)) , (3.2.2)

where -y is an arbitrary constant, defined earlier in Equation 3.1.12. This can be rewritten

as
n* = 2a+? sech? 6,
where
g 2
0:7("1;*_5*)7 Ot* :4CL’)/ )

and the reason for this choice of notation becomes clear in the subsequent analysis for

the € # 0 case.
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We now consider the case when € # 0 and use
n*(x*,0) = 2ay* sech? (yz*),

as the initial condition. We solve for ¢ > 0, corresponding to the model problem from
Section 3.1 of taking a travelling wave solution and switching on the damping term at

t = 0. The analysis is simplified by non-dimensionalising, so we set
X

7=y, =, at=T, =aye
Y

which after substitution into Equation 3.2.1 yields

on on 0% 9%
on o On O0m _ 9 2.
o T T o T o (3.2.3)

with the initial condition

n(x,0) = 2sech?z.

Comparing with the ¢ = 0 solution (3.2.2) previously determined, we seek solutions of

the form
n = 27*v(0,1), (3.2.4)
where 7 is now a function of ¢ and
o¢ 2
0=~(x—&—x), where 5 = 4v2, and x = x(t). (3.2.5)

The reason for including x(¢) in the definition of @ is seen later. When £ = 0 the solution

of Equation 3.2.3 is given by

n = 272 sech? 6, with ~(t) =1, &(t)=4t, x(t)=0 (3.2.6)

and hence we take

v=-sech?f, ~(0)=1, £(0)=x(0)=0

as our initial solution.
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Then, substituting (3.2.4) and (3.2.5) into Equation 3.2.3, it can be shown that v satisfies

ov 5 (v ov ov\ ,0%v 00y 0v Oxov 2vu

Recalling that when € = 0, the amplitude, wave number and propagation speed are all
constant, we then seek a solution for ¢ < 1 where ~y and y are functions of a slow time,

7 = et. In this case Equation 3.2.7 becomes

3 2
81)4—73(81}—#121187)—481}) :wz(a z +u0(v+ 8(9v)> +u1av>,

ot 063 06 00 062 o0 90
(3.2.8)
where
1oy _ 10x
Ho = Bor and py = ~or’ (3.2.9)

and, at this stage, po and pq are functions of 7 to be determined.

As discussed, we are interested in the perturbation away from the € = 0 solution for the

case € < 1. In order to reduce complexity, we introduce two new parameters:

t
5:%, and f:/ ~3dt (3.2.10)

so that the full perturbation can be written in terms of one small parameter, §. Then,

substituting (3.2.10) into Equation 3.2.8 and rearranging yields

ov ov ov v 0?v o(0v) ov
— =4— —12vp— — —= + 0| —= — 2.11
af ~ Yo Mae o3 T <ae2+“°<“+ 20 >+"‘1ae>’ (3-2.10)

noting that

00
o7 2]

We now consider an asymptotic expansion valid for small 4, in the form

v(0,;0) = vo(0) + 6F(0,1) + 62G(8, 1) + O(5°) (3.2.12)

and substitute into Equation 3.2.11. At leading order we have

831}0 31)0 8@0
893 + 121}@ — 4% = 0,
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and hence from Equation 3.2.6 we know that
vo() = sech? 4.

The next two perturbation terms satisfy

O _ _LIF] + Rlv), (3.2.13)
o
and

9G o(F?)

7 = ~LIG) + RIF] — o F - 6=

(3.2.14)

with F'(6,0) = G(6,0) = 0, where the operators L[-] and R[] differ from those given in

Section 3.1, and are here defined to be

PV dwV) oV

LV] = 905 + 12 0 4%, (3.2.15)
and
o0*V v ov
respectively.

When comparing the predictions of the asymptotic analysis with numerical results gen-
erated later, one key comparison is the maximum amplitude of the solution, 7, and its

position, x,;, as functions of time. The maximum is located at

Oy ==-—+ +0(0
n=55 O
where Fy = F(0,%), and hence
F
mu(t) = 297 (1 +6°) : (3.2.17)
Y
and
F 1 (7
Ty = =0 /472 + ey dr, (3.2.18)
2y €Jo

correct to the O(e) term.
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In the next part of the analysis we look at the evolution of F' with time, focussing in

particular on the validity of the perturbation expansions over different time scales.

3.2.2 Analytic solutions of the linear perturbation equation

We now consider solutions of the perturbation equation

a;; _ _L[F]+R[w),  F(6,0)=0, (3.2.19)

for different ranges of time. Here the operators R and L are defined in Equation 3.2.16

and Equation 3.2.15, and vy and the scaled time variable £ is defined in Equation 3.2.10.

Small £ expansion
Looking at the case when ¢ < 1, then we have
v ~1— ppet, and t~t.

We can then expand F as a power series in ¢ so that

F=> F(0f,  F =Rl
r=1

and

1
F.=--L[F,_y], r>2
r

Then, solving for F,.(f) and setting 6 = 0 gives
F(0,%) = 2(uo — 1)t + 38483 + O(t4) (3.2.20)

and
oF

= 21t + (48 + 8uo) 2 + O(F). (3.2.21)
90 g—o
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Looking at the equation for G(6,%) for ¢ < 1 shows that G = O(#?). Hence from
Equation 3.2.17 and the definitions of s, 41 and £, the maximum wave amplitude and
its position are given by

e = 2 — det + O(et?, e%t?)

and

Ty = 4t + 24t + O (et?, £%t?)
respectively.

Carefully taking account of the higher-order correction terms in the definition of 7, # and
t shows that these results are independent of 1o and y; for all orders. It is only at later
times that the values of pp and p; become important. While the leading-order term in
these expansions is valid when et = o(1), the first correction term is only valid when

t = o(1), so we now consider the form of solution when ¢t = O(1).

Solution for t=0O(1)

Before considering the solution for F' when ¢ = (1) we note that when F satisfies

Equation 3.2.19, and decay conditions, then there are three integral constraints on F/,

given by
oo 8 ~
/ ’U()F dg = 2(#0 — 15> t, (3.2.22)
/ F df = 2ut, (3.2.23)
and
o 4 -
/ OF df = 8<u0 — 5) 2 — 2u1t. (3.2.24)

These constraints are derived in Appendix A.

Examining the right-hand side of each constraint, we note that there is no choice of g
and 1 which results in all three equations being independent of #. Therefore, since the
right-hand side of each constraint is a function of ¢, we conclude that there is no solution

which decays as 6 tends to both +o00 and —oo.
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However, it is still worthwhile to consider which stationary solutions are possible that
are bounded in space, and how they must be modified to simultaneously satisfy the three

integral constraints.

Stationary solution

oF

We begin by considering the solution F' = ﬁ(é) in which case 5> = 0 and Equa-
tion 3.2.13 becomes
PF d(woF)  OF 8% d(6vo) Ao
12 -4 = — —_—. 3.2.25
2% T a0 06 — agz Mo <”° LT ) TR

Then, integrating once with respect to 6, it can be noted that

~ A )
F =-— = —2tanh h
20 tanh 6 sech” 6

is a homogeneous solution of the second-order linear equation obtained. By writing

=~ (91)0
F=H)—
2,
and solving the second-order equation for %—Ié", the particular integral corresponding to
each term on the right-hand side of Equation 3.2.25 can be constructed, and the general
solution for ﬁ(@) is given by
~ 1 - — 1
F = acosh? 6 + <M80 - 15>si11h0005h0 + btanh 6 + (b - % + 5) (1 — tanh#@)
+ (%0(2 — 9tanh§) + ctanh 0 — d(1 — 6 tanh 6) ) sech? 6,

which has been verified using Maple. Here, a, b, and ¢ are arbitrary constants and

1 3

po— 7H1+ ¢

d=3b— 1 5

ool w

To ensure that F does not grow exponentially as 6 — +oo, the coefficients of the first

two terms must be set to zero and hence, @ = 0 and g = %.
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Looking at the next two terms it is clear that the boundary condition F — 0 can not be
satisfied at both § = +o0. Itis to be expected that the disturbance tends to zero rapidly in
front of the propagating disturbance and hence we set b = 0. This assumption is validated
by the numerical results presented in Subsection 3.2.3. With these conditions imposed,

the stationary solution takes the form

~ 1 1
F = 15se(jh20(20 + <6 — 45,111) (ftanh 6 — 1) — 6? tanh0>

2
+ ﬁ(l — tanh @) + ¢tanh 6 sech? . (3.2.26)
Then, since g = %, from Equation 3.2.22 we have

/ Fsech? 6d6 = 0.

o0

Imposing this condition on F, since sech? 6 is exponentially small away from the core
region, and using the standard integral identities in Appendix A fixes u; = %. Thus F

is determined apart from the coefficient ¢, so we have

F= 130 + ¢tanh # sech? 6,
Fy = 1—5$ech 020+ G_ZM (ftanh @ — 1) — 6 tanh @

2
+ g (1~ tanh6). (3.2.27)

8

Moreover, since (19 = 11 = 7¢, then y(7), which describes the evolution of the wave

amplitude and wave number, is given by solving Equation 3.2.9,

d 83 16\~
CTZ _ _115 = 4= (1 + 157> (3.2.28)

and using (3.2.9), the speed of propagation is given by

0 8
— = =4y 4+ —~e.
—I-ET ’y+1575
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The maximum disturbance amplitude is therefore given by

However, as previously noted, this solution does not satisfy the required boundary as
6 — —oo. In fact, as

~ 4
0— — F— —
oo? 157

and hence we write
F(6,t), 0 < —0y,

F#), 0> —0,.

Here F (0, f) describes the transition from 0 as § — —oo, to % at 0 = —60,,, which we

describe as the tail region. The value of 8, will be discussed later.

Matching of the stationary solution to the tail solution involves using the integral con-
straints Equation 3.2.23 and Equation 3.2.24. The contribution to these integrals from

the stationary solution is evaluated using the identities in Appendix A, so we have

o 4
/ Fdf~—(0y,—1) (3.2.29)
o, 15
and
ToFao~ L(T o) 1o (3.2.30)
o, 15\ 4 M) T -
as 0, — oo.

Oscillatory tail solution

In the tail region (6 > —6y,), the leading order solution vy () is exponentially small and
hence R[vg] — 0. Thus, for the tail region we consider the solution of

oF @ 4315

ot S A5y =0 (3.2.31)
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which is derived using Equation 3.2.15 and Equation 3.2.13 with vg — O and F' = F.

We also require that

~ 4 OF

5 %%O, as 60— —60,, and F—0 as 0 — —oo,

in order to match to the stationary solution. Then in terms of a similarity variable z, given

by
2_0+d+0

T , where T = (31)"7°,

Equation 3.2.31 becomes

~ 32 ~

i e U (3.2.32)

and the matching condition for F becomes

-~ 4  OF

5 a—>0, as z — oo.

The solution of Equation 3.2.32 can be obtained by taking the Fourier transform with
respect to z. However, a more concise derivation is possible by observing that %—5 =

Ai(z) is one solution and writing F as a spatial convolution with the Airy function

F= / " gz — 9. T)AI(y)dy

which we rewrite

F = gxAi (3.2.33)

where * denotes the spatial convolution. The function g(z, T') is obtained by substituting

Equation 3.2.33 into Equation 3.2.32 to give

dg  0Og

ar ~ oz
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This is satisfied if g(z,T") = ¥(T'z) for any ¥ such that the convolution integral exists.

Thus the leading-order solution for the tail is given by

We note that when comparing the analytic solution in the tail region with a numerical

solution, it is more convenient to consider the first derivative of F' since the matching

condition is %—5 — 0as z — *oo.

Using the solution above we can then write

G- -y A w. (3234)

0z o
where % = ®(z).
As z — o0, the tail solution F must match to the stationary solution (3.2.27), and it is
4 ~ 4 ~
/ Fdz, and / zFdz

are required in the matching. In Section A.3 it is shown that if ® decays exponentially as

found that

|z| — oo, then

~ o Ky
F—)KO, FdZ%KOZ—?,

and
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Matching of the stationary and tail solutions
To summarise the structure of the solution that we have constructed so far, we have

F= [ U(TyAi(z—y)dy, 6< 0y,

F(6,T) = (3.2.35)
F= 1/7\0 + ¢tanh 6 sech? 6, 0 > —by,
where
e 0+ 4t
U(z) = / ®(2')da’, and 2= %"‘C’

and I*A}) is given by Equation 3.2.27. In the region about # = —#6,, both F and F are

constant, and it is in this region that the matching occurs. This fixes Ky = %. The

constants ¢ and C' are now determined in terms of ®(x) using the integral constraints.

Using Equation 3.2.29 and Equation 3.2.30, we have

/ Fde_/ ﬁd0+T/Mﬁdz
—00 —0Ou —00

4 4,

= —15(9M—1)+—15(4t—9M+0) - K
16. 4

= 1—5t+1—5(071)—Kl,

which is consistent with Equation 3.2.23 if

1
SRR

It can be shown that the tail solution F is unaltered by the choice of value for K1, so we
set K1 = 0, and hence

2= (3D)7PO+ 4 +1). (3.2.36)
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Similarly, using Equation 3.2.29 and Equation 3.2.30, we have

/ 0Fd0:/ 9ﬁde+T/M(Tz—(4£+1))ﬁdz
—00 —0Ou —00
1 2

L Y- A NN n2y 1
< 20M>+c—|—15(«9M (144D — Ko

15\ 4
32, 16. _ 1 1,\ 1
=2 iy —(2-n?) - Ky,
51 e 15( 4" ) 22

This is consistent with the third integral constraint given in Equation 3.2.24 if

1 1,\ 1
c=—(2-- K.
‘ w( 47T>+22

Thus, assuming that the function which determines the tail solution, ®(z), is known
then the perturbation solution governed by Equation 3.2.13 is known for all # once the
stationary form of the solution is reached. However, without knowledge of the small ¢

solution, ®(z) is undetermined, except that

&:w<2—£¥>+2/mx%wmm. (3.2.37)

In Subsection 3.2.3, we will compare these asymptotic predictions with numerical results,
focussing in particular on the development of the tail behind the main disturbance, and
the maximum amplitude 7n,.. However, first the validity of this composite description

must be considered as ¢ increases.

In the stationary region, it has been demonstrated that the perturbation § F'(6, ¢) is small

compared with the leading-order term, as long as § = % is small. Now, since
v~ (et)? as t— oo,

then the first perturbation term remains small compared with the leading-order term until

t = O(e73). However, it is not guaranteed that the next perturbation term 62G(6,t)
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is smaller than §F'(6,t). In other words, the first non-uniformity in the expansion may
occur when the second and third terms in the perturbation expansion become comparable

in size.

By considering the equation for GG, there will be no free parameter in the particular
integral of the stationary solution. This points to the presence of a term proportional
to ¢ in the stationary solution for GG, leading to a non-uniformity in the expansion when

et = O(1). This is seen more precisely by observing that

(i(/_z UOGdH) - /_Z v <R[F] — uoF — 68(8F92)> do,

where the right-hand side is a non-zero constant. This expression indicates how the

breakdown in the asymptotic description can be eliminated and this is described in the

next part of the analysis.

Solution for 7=0(1)

In the previous section F'(0,t) was determined by assuming that a stationary solution
develops which is independent of £. It was seen that this represents a small perturbation
until t = O(73), but that non-uniformity in the perturbation series may arise earlier due
to the next term §2G(6, t) becoming comparable in size to § F'(6,t). This can be analysed
by recognising that the stationary solution is not truly independent of time, but instead

evolves on the slow time scale 7 = &t.

Thus, in the stationary core we have F' = F'(6, 7), and hence Equation 3.2.13 becomes

L[F] = R[vo, (3.2.38)

and Equation 3.2.14 becomes

2
OF") _1or (3.2.39)

LIG) = RIF) = poF = 6=55= = —55 -

The solvability conditions are now subtly different from those used in the asymptotic
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analysis for the case ¢ = O(1). Then, noting from Appendix A that

/Oo woL[V]d = 0

—00

for any function V'(6) that decays sufficiently rapidly to zero as § — +oo, since vy =

sech? @ the solvability conditions become:

o0 821]0 8(91}0) a'UQ
/_Oov()( 290 + wo (vo—i— 90 ) —l—,u,180> dd =0,

o] 2 2
/ UO(@ F9(0v) OF O(FY) 1 8F) 0.

962 "M g TGy 00 2 or

—00

The first of these integrals can be evaluated using the integral identities involving hyper-
bolic functions given in Appendix A, which fixes py = % as before. However, i is
left undetermined at this order. The stationary solution for F'is given by Equation 3.2.26

which we write in the form
F =F 4 p1(7)g + &(7) tanh @ sech? 6, (3.2.40)

where

— 1
F = 1—5(2(1 — tanh ) + sech? 0(20 — 62 tanh # — 6(1 — 6 tanh 9))) ,

1
g = (1 - 0tanh) sech? 6.

Substituting into the second solvability condition, all the terms involving ¢ cancel out,
and so the evolution of ¢ with 7 can not be determined at this order. The remaining terms

simplify to
1 du

7137

I I, = —
1+ pals 2 dr

where

< 9 (0F — = 176
Il = / ane(ae +,U:()9F — 6F2> do = %,

< 9/f0 = = 2
I :/ UO&@(@? +M09g— 12gF+F> do = —5,

& 1
Igz/ vogdGZZ.

—0o0
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Here the integrals are evaluated using standard results for hyperbolic functions and checked
using MAPLE. Using these numerical values, the ordinary differential equation for y¢1 (7)

can be written as
dp 877 88 Jvy

am -2 97 241
¢ dr 387’ H 1594 ot (3 )

Then, using the result
9y __8 3
or 15/

from Equation 3.2.28, we can solve Equation 3.2.41 to give

88
p(r) = T Cy°.

The stationary solution Equation 3.2.40 breaks down as 7 — 0, but can be matched to

the ¢ = O(1) solution given by Equation 3.2.27. This then fixes p;(0) = % and hence

pa(r) = 4%(11 - 877).

However, 119 does not vary with 7, and hence the expression for (7) previously derived
for t = O(1) remains valid when 7 = O(1). Thus the stationary solution, which is valid

for et = O(1), is given by

n(x,t) = 2y <7U0(9) + 6<F(c9) + %(11 — 873)g(9)>) , (3.2.42)

where

= 1+16 E
Y= BT

1/1 11 4
0=~(z+= jlog’y —(=4+:7*-5])]. (3.2.43)
e\ 2 3y '3

The fact that ¢(7) is not determined at this order is hardly surprising since the term

and where

ectanh 0 sech? § in the perturbation series for v can be interpreted as an O(¢) correction

to the propagation speed and therefore would be determined at the next order.
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Summary of asymptotic results

The asymptotic analysis presented has demonstrated the solution to be a slowly varying
core with propagation speed varying on the slow time scale 7, followed by a tail evolving
on the faster time scale and consisting of a near horizontal shelf followed by a decaying
oscillation. The structure of the tail is described by a convolution integral involving a
single function undetermined by the asymptotic analysis. In the next section this function
is determined numerically, but the main means of validating the asymptotic theory is by

considering the maximum amplitude of the wave and its position.

From Equation 3.2.17, the asymptotic prediction of the maximum amplitude for the

different time scales is given by

2(1 — 2et), fort = o(1) (3.2.44a)

e — 272(14-EFK0,Q>, for t = O(1), (3.2.44b)
0214 2 -0 fort = O(e™) (3.2.44c)
gl o 157 ) = : 2.

where v = (1 + %515)_1/ 2, as before. The corresponding results for the position of the

maximum amplitude are given by

4t + 24et?, t=o(1) (3.2.45a)
10F 8 32
4t —— —t— —=¢? t=0(1) (3.2.45b
Ty = +%uwkfw 15)’ 1) )
15 1 11 4 €
—log| = |+ —+-A* -5+ —C t=0("). (3.2.45
| 0g<7> + 3 + 37 5+ 2720(7'), O(e™). ( c)

The functions F'(0,7) and (%ﬁ (0,%) are obtained from the numerical solution of Equa-

tion 3.2.19, with the asymptotic analysis for the case ¢ = (O(1) demonstrating that

~ 2 F
F(0,t) » ——, and or

5 50 —¢ as t— oo.

0=0

As noted earlier, the function ¢(7) can only be determined by considering higher-order
terms, which is not pursued here. However, as 7 — 0 then ¢ — ¢, and hence as et — 0

the final results for both maximum amplitude and position match the ¢ = O(1) result.
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Similarly letting ¢ — 0 and using the asymptotic form of F'(0, ) and %ﬁ((), t) given in
the analysis for the case ¢ = O(1), Equation 3.2.44b and Equation 3.2.45b agree with

Equation 3.2.44a and Equation 3.2.45a.

3.2.3 Numerical results

Numerical solutions of the KdV-Burgers’ equation (3.2.3) and the linear perturbation
equation (3.2.13) are obtained using a pseudospectral scheme, but with linear terms
absorbed into an integrating factor following the method of ( ),
as discussed in Chapter 2. The Fourier transform of Equation 3.2.3 takes the form

on | .. ~177) 2 7.3~ 2

5 + 3ikF |(F  [n])°| —ik°n = —ck-n. (3.2.46)
Then, writing

V = eh(k)t,;\”

where h(k) = —ik® + k?, Equation 3.2.46 becomes

OV gikeh ity (.F"l[e'h(k)tV]>2 .
ot

This scheme was first used to solve the dimensionless KdV-B equation (3.2.3) with ¢ =
0.1, and initial condition

n = 2sech? z.

Guided by the asymptotic analysis that predicts a slowly decaying tail behind a stationary
core, propagating to the right, a large spatial range [—407, 407 was taken, with N = 21°
spatial points, giving a spatial step size Az ~ 0.04. We have chosen to use a large spatial
range and time step in order to capture a more detailed view of the decaying tail. This
also ensures that we can generate results for larger times without any interference to the

main peak from the oscillating tail due to using a periodic numerical domain.

Results are given in Figure 3.2.1 for ¢ = 10, 20, illustrating the main disturbance prop-

agating to the right at speed C ~ 4 with the maximum amplitude decreasing with
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time. Behind the core is a constant elevated shelf, extending back to x ~ 0, followed
by a decaying oscillatory tail, which agrees with the asymptotic analysis described in
Subsection 3.2.2. Direct comparison of the numerical results with the analytical results

are discussed in the next part of the analysis. The asymptotic analysis presented in
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Figure 3.2.1: Plot of n(z,t) for e = 0.1 at times ¢ = 10, 20, showing the decay in
amplitude with increasing ¢ and the development of a decaying tail.

Subsection 3.2.2 relates to the solution of the perturbation equation Equation 3.2.13.

While this is a linear equation for F'(6,t), a similar scheme to that described above is
used. The presence of the % term requires two discrete Fourier transforms, which is
akin to the treatment of the nonlinear term in the first scheme, with the other terms that

are linear in F' removed using the integrating factor B where hy (k) = —ik® — 4ik.

The system to be solved is then

ov. o k)i 1 [ i (R)E Puvg 8 d(fvg) | dug
o = —laike f[vof [e Vﬂ+f T G R

where vy = sech? 0 as before. Note that the final transform term is independent of ¢ and

hence is only evaluated once.
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Figure 3.2.2: Plot of numerical solution F'(,t) for t = 2 and ¢ = 5 illustrating the
development of a stationary core about § = 0, a constant shelf behind the core, followed
by a slowly decaying oscillating tail.

Numerical results for perturbation equation

We now consider numerical solutions of the perturbation equation (3.2.14). In figure
3.2.2, numerical results for F'(0,1) are plotted for £ = 2, 5. The first thing to note is
that the core stationary solution (the solution around ¢ = 0) has already approached
a stationary form at £ = 2. Ahead of the core, the solution decreases rapidly to zero

confirming the stationary solution analysis presented in Subsection 3.2.2.

Behind the stationary core, a shelf of constant amplitude has appeared by £ = 5 and the
matching range between core and the tail discussed in the matching analysis corresponds
to the region —15 < @ < —5. Results for larger ¢ show that the extent of the shelf in-
creases as t increases. The stationary form of the solution around # = 0 is now compared
with the predicted analytic form of the stationary core (Equation 3.2.27). Focussing first
on the value of F(0,1), the numerical results confirm the ¢ limit F(0,¢) — —= from
Equation 3.2.27, with F'(0, ) attaining 95% of its limiting value when ¢ = 0.7 and 99%
by ¢ = 1.1. The undetermined coefficient ¢ appearing in the stationary solution can be

directly extracted from the numerical results in a number of different ways. Directly from
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the numerical solution,
oF

—_— —Cc as t— oo.
Bl ¢

0=0

Alternatively, using the integral constraint Equation 3.2.30

oo 1 2
CN/ 9Fd0(”29M2>,
o, 15\ 4

where 6, is taken to be in the overlap region. A third method for calculating ¢ comes by

comparing the numerically computed value of F' — ﬁg with

¢tanhf@sech?6 at 6= arctanh<1> ,
V3

the position of the maximum of tanh § sech? §. At £ = 5 all three methods give
¢ = 0.0451

correct to 3 significant figures.

In Figure 3.2.3 numerical results for £ = 0.5, 1, 2 are compared with the analytic results
using the numerically obtained value of c. It is seen that there is good agreement between
numerical and analytic solutions over the main part of the stationary core, even for ¢ =
0.5. When # = 2, results are indistinguishable over the range —5 < 6 < 5. Looking
now at the tail region, it was shown in the tail region analysis of Subsection 3.2.2 that
the solution F can be written in terms of a single universal function ®(x), The method
used to extract this function from the numerical solution is to compare the derivative of
the numerical solution and that of the analytic solution. From Equation 3.2.34, we have

the convolution

g—f = h* Ai(z2),
where
Wz i) =T®(Tz), T =(30)"7,
and where

z= (3070 + 4L+ 1)
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Figure 3.2.3: Plot of numerical results for F'(6,t) for £ = 0.5, 1.0 and 2.0 along with the
analytic solution Equation 3.2.27 with ¢ = 0.0451 (symbols).

from Equation 3.2.36. Taking Fourier transforms with respect to z and using the convo-

lution theorem gives

712

exp( %)

Flai = exp<”‘?3> .

h(z,t) = F* (3.2.47)

since

3

Then to obtain a numerical approximation of h, and hence ®, we define Q(z, t) to be the

computed value of %—5 for 6 < 6y, and 0 elsewhere. Thus, h(z, ) is then given by

The exact value of the Fourier transform of the Airy function is used rather than the
discrete transform over the finite range of the numerical calculation. This proves a better
approach since the slow decay of Ai(z), accompanied by a shortening wavelength as
z — —o0, leads to inaccuracy in the large wave number components of the discrete

transform of the Airy function over a finite spatial range.

The function ®(z), extracted from the numerical solution at £ = 5, is shown in Fig-

ure 3.2.4. The extraction of ®(x) at ¢ = 10 produced indistinguishable results. Thus
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Figure 3.2.4: Plot of ®(x) for f = 5 and ¢ = 10 with h extracted from the numerical
solution of F' using Equation 3.2.47.

the extracted value of ® can be used to give the solution in the tail region for all £ > 5.

Finally, the computed value of

/ 22®(z)dz = 0.153

—0o0

which, using Equation 3.2.37, gives a value of ¢ = 0.0453 which agrees to within 0.5%

of the value extracted from the stationary solution.

Comparison between numerical results and perturbation analysis

We now consider how the numerical solution of the full nonlinear equation (3.2.3) com-
pares with the perturbation expansion. If we consider the perturbation form given by

Equation 3.2.12, we define

1
N 16\
Fu(0,t) = Z<27772 — sech? 9> . = <1 n 1?@) : (3.2.48)

where the N subscript denotes the numerical solution, and 6 is given by (3.2.43). If we
consider ¢ < 1, and 1 < t < ¢!, then Fy should agree with the asymptotic result
Equation 3.2.35. For the stationary region, where § = O(1), in Subsection 3.2.2 it was
seen that as ¢ increases the asymptotic solution F’' approaches the stationary form ]3, with

excellent agreement for ¢ > 2.
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The most direct check of the validity of the asymptotic predictions presented in Subsec-
tion 3.2.2 is by considering the maximum in the waveform and its location, and comparing
numerical results with the asymptotic results. In figure Figure 3.2.5, the asymptotic
prediction of the maximum amplitude of the disturbance is compared with the numer-
ical results for ¢ = 0.1. The numerical results are compared with the two asymptotic

predictions from (3.2.44b) and (3.2.44c), given by

2

w=—(1-2¢), 3.2.49
g 1+}§at< 5) ( )

2 2 16 \” 16 16 \!
o= 1 1+ 2et) -2 (14 et . 3.2.50
7 1+}get< +€(9(+15€) 45(+15€) (3:2:50)

As noted earlier, the term 2/(1 4 %at) remains valid as a leading-order approximation
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Figure 3.2.5: Comparison of the maximum value of 7 as a function of 7 = €t obtained
numerically (circles) for e = 0.1 and the asymptotic predictions 7, (solid line) given by
Equation 3.2.49 and 7y, (dashed line) given by Equation 3.2.50.

of the amplitude across the whole range of time studied, though the first correction term
becomes comparable with the leading-order term when ¢t = O(e73), at which point
the wave amplitude is O(c?). Excellent agreement is seen over a large time range as
illustrated in Figure 3.2.5, and also when comparing x,, with its numerical solution,

although this is not shown here.
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3.3 Summary of chapter

In this chapter we have produced a description of the evolution of a weakly damped
solitary wave due to the inclusion of a diffusive second-order parameter governed by
the Korteweg-de Vries-Burgers’ equation. We began by deriving an asymptotic function
describing the leading-order decay in wave amplitude for small values of time ¢. In order
to extract the amplitude as a function of time we used a solvability condition similar to

the work presented in ( ).

Comparisons with the numerically derived approximation to the amplitude led to further
analysis of the asymptotic correction term at the next order covering three different time
regimes: t = o(1),t = O(1) and t = O(¢!). We drew comparisons with other
analyses applicable to the different time regimes and all asymptotic results were validated
by careful comparisons with the numerical results generated using the integrating factor

method discussed in Chapter 2.

Of particular note is the tail region analysis leading to a description of the tail as a con-
volution of the Airy function and a characteristic function specific to the KdV-Burgers’
equation (3.1.2). The form of this function was extracted from the numerical solution, and
while other perturbations eR(7) to the KdV equation (1.3.1), as given by Equation 3.0.1
will have different characteristic functions describing the tail region, exactly the same

methods may be used to determine such a function.

The transformation of the wave structure in the evolution of the damped solitary wave is
significant and appears in subsequent results presented in the thesis. We note in particular
the elevated constant shelf followed by the decaying tail region to be a general transfor-
mation of the wave form for a dissipated sech? solitary wave. This is further discussed in
Chapter 4 where we present results, with comparisons, for a solitary wave with decaying
amplitude due to a no-slip condition at the solid bottom boundary. In addition to this,
further comparisons are made in Chapter 5 where we present solitary waves experiencing

decay due to an insoluble surfactant at the fluid surface.



Flows with tangential surface stress

Directly continuing the work of presented in ( ), we now
consider flows with a variable surface tension parameter. The previous work considered
two scenarios resulting in variable surface tension and leading to a tangential surface
stress condition at the fluid surface. The first case, which is presented in Chapter 5, is
the presence of an insoluble surfactant with low concentration at the fluid interface. The
second scenario, which is briefly discussed in Chapter 6, examines a flow positioned
between two electric plates which generate an electric field acting vertically through the
fluid body. Both cases include the effects of a no-slip condition at the solid impermeable

bottom boundary, resulting in a viscous boundary layer.

The motivation for this chapter, and indeed much of the thesis, arises from unexplained
behaviour of the existing solutions to the system with an insoluble surfactant at the free
surface, presented in ( ). These results saw rapid growth in
amplitude for certain parameter values, using a solitary wave as an initial condition. No
explanation could be found for this sudden energy gain of the system and was therefore
left as an open problem to be revisited. There was also no development of an elevated
shelf behind the peak disturbance, as observed in the KdV-Burgers’ system presented
in Subsection 3.2.3 and discussed in ( ). This transformation
we would expect when using a solitary wave as an initial solution to a perturbed KdV
equation, as discussed in ( ); ( ).
It also appears from the results presented in ( ) that the
formation of a slowly decaying oscillatory tail region may be present, but this is not

discussed at any depth.
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In this chapter, we first construct a thorough analysis which will rework the existing
formulation given in Hammerton and Bassom (2013), with the intention of filling in any
gaps in the analysis to help identify any errors or inconsistencies. We then examine the
effects of the no-slip condition at the solid bottom boundary using a similar multi-scale

asymptotic analysis to that given in Section 3.1.

4.1 Formulation

We will first construct a formulation for the system in which we will derive the governing
equations for flows with tangential surface stress, defining any necessary scaling param-

eters.

Consider a viscous fluid layer with average depth d above an impermeable, horizontal
plate (illustrated by Figure 4.1.1). Cartesian coordinates are orientated so that X points

horizontally and ¥ points vertically upward. For now we will focus attention on the lower

UPPER FLUID LAYER

LOWER FLUID LAYER

>
% Fluid flow

Figure 4.1.1: An illustration of a fluid layer comprising of a viscous lower fluid with
average depth d, and a passive upper fluid, positioned above a solid impermeable bottom
boundary.

fluid, and assume a passive upper fluid layer. The lower fluid is subject to interface stress
given by
T* = Trn + 17t
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where the star notation (*) denotes a dimensional quantity, and 1, t represent the outward
normal and tangent unit vectors, respectively, at the fluid surface x* = X*. The kinematic

condition takes the form
oX* B

i BN u - 4.1.1)

where u* is the fluid velocity. The surface stress balances ( , ) take the form
Ty =2un-e* - i —p* (normal stress balance) 4.1.2)

TF =2ut-e* - (tangential stress balance) (4.1.3)

where e* is the rate of strain tensor, p* is the pressure at surface, and p is the dynamic

viscosity. These can be combined to give the vector stress balance
T = —p*i + 2ui - €*.

Here, e* is taken from the ( ) definition:

e —ef = 1 8uf + 8u;
Y2 Oxy O ’

1

The incompressible Navier-Stokes equations are

ou*
ot*

1
+u*-Vu* = —;Vp* +vViu* — gy

where g is acceleration due to gravity and v is the kinematic viscosity. These equations
can be non-dimensionalised using a small amplitude, shallow water wave velocity scale

v/ gd, and the resulting dimensionless parameters are

d
x"=dx, t'= \/7t, u* = +/dgu, p*=pdgp, T*=pdgT.
g

The dimensionless system is therefore

0 1
—u+u~Vu+Sf:—Vp+f
Re

5 V2u, V-u=0 (4.1.4)
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where Re is the Reynolds Number such that

_ pdVy _ dVdg

L v

Re

The dimensionless interface conditions then become

0X
n- 5 =u-in (kinematic condition) 4.1.5)
p= 2Re'h-e-f—T, (normal stress balance) (4.1.6)
2Re't-e-n=T; (tangential stress balance) “4.1.7)

We will look specifically at large Reynolds number flows, as consistent with water waves,
which means that the terms with Re™! in the stress balance equations will become rel-
atively small. If we consider flows of finite depth with wavelength much larger than
water depth, in the absence of any surface stress condition, we return to an analysis of
nonlinear water waves consistent with the derivation of standard KdV equation seen in

( ). Hence we consider weakly nonlinear waves of the form

f(x —ctx,7), c=0(1),

\]
I
o

where T is a suitable slow-time with £ a small parameter to be determined. We switch to

a moving frame of reference
/ s ! ~
X =X — ctX, u =u-—cX

so we expect the main peak disturbance to evolve over a large time scale. We are specif-
ically choosing c to ensure that in the moving frame only the slow time variable will
appear in the analysis, so waves will evolve on one slow time scale and we have a slow
modulation of the wave form. Omitting superscripts, the momentum equation in the

moving frame becomes

Jdu

§a—+u-Vu+y: —Vp+ Re ! VZu (4.1.8)
T

where the fluid velocity is now u = —cXony = —1.
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Next, we consider the flow close to the fluid surface. Let s be the arc-length along the

surface from some fixed point such that
b b/ 2
d
s-/ds-/ 1—|—<y>dx.

a a dz
We can then write the position vector of surface as

X = (s, )X +y(s, 7)Y,
with a dependence on 7, recognising that the surface position will evolve on the slow

2 2
(Zf) N (gi) . 4.1.9)

The normal and tangential unit vectors are given by

time scale. Then we have

a ayA+aa;A and i 8xh+8yA
= ———X —_— = —X —_—

0s 95 0s 9s”
and the surface curvature is defined in ( ) as

B 0%z 0y 0%y ox

—z=zd _ZTIZT" 4.1.10
T 95285 9s% 0s ( )
The fluid velocity written in normal and tangential components is
u=ut+oh
and the kinematic condition
0X .
n-— =u-n
ot
becomes
0 0 Ox_ 0 - N\ A
<—‘Z§< + ajy) <€aj_5x + any> = (ut +vi) - 0
_(O0x 0y Oyodx
- g 2SI = 4.1.11
8(8387 asaT) Y 4110

on n = 0, where n is the distance normal to the surface. In order to write the hydro-
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dynamic quantities in terms of orthogonal curvilinear coordinates s and n, we use the
identities derived in the appendices of ( ) and ( ) in which

vector quantities such as V - u are expressed in terms of scale factors

h= 9% 4, (4.1.12)

where (; is the i orthogonal coordinate and a; is the corresponding coordinate unit

vector. Here, we have

(1=s, (=n and alzf, as = 1.

In addition to this, the change in position vector x is given by

d0x = hgdst + hy dn i (4.1.13)

Figure 4.1.2: Orthogonal curvilinear coordinate system illustrating derivation of requisite
scaling factors h;.

Then for any given point P on the surface n = ny with position s = s1, and any given

point @ with position (s3,n2) such that

so=s51+0s, and mno =ni+on
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then the path Pﬁ = dx is given by

ox = (85 +n180)t + on i

as illustrated by Figure 4.1.2. Then the surface curvature s by definition (

) is
do

1o so 00 = k bs.

r =

Hence we have

ox = (14 n1k)0st + dn .
Then using Equation 4.1.12 we have

0x

hs:£-f::1+/§n1.
and
0x
hy=— - -n=1
on n

To summarise, for any n, the requisite scaling factors are

hs=14+&kxn, and h, =1,

(4.1.14)

where x is the surface curvature defined in Equation 4.1.10, which agree with those

examined in ( ). Since the normal scaling factor h,, is simply 1,

we will write hs = h for the remainder of the analysis.

We now obtain expressions for key hydrodynamic quantities in terms of the coordinates

s and n. The continuity equation is

10u Ov kv
+ — =0,

VU= s Tan T

and the vorticity is given by

B _E ov  0(hu)
w-VXu-h<as 87’1/)7

(4.1.15)
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where b = i1 x t is the binormal vector. Since w = wb, we can then write

= — — = —_. 4.1.16
w hds On h ( )
Then, using the identity V?u = —V x w we have
Ow. 10w
Viu=-—"%+-—"h.
v on + h Os n
From the ( ) definition of the strain tensor in terms of general orthonormal
coordinates , we have
fi-e n Ov
e -f= ey = —
2= 5

and also

t-e-ﬁ:elg,

1 Jdv h8<u>’

2mds T 2om\n

_i @+h@_
- 2R\ Os om )

Onn = 0, h = 1 and so using the kinematic condition Equation 4.1.11 we have

. (0x0y Oxdy\ .~
U_5(6387_6783>_0(5)'

Hence from Equation 4.1.16, the vorticity on the surface is given by

w(s,nzo):woz—gz—/ﬂ(]—i—(’)(é\) (4.1.17)

where U = U(s) is the tangential velocity at the surface. Using the continuity equa-



118 Chapter 4: Flows with tangential surface stress

tion (4.1.15) at the surface, the strain coordinates are given by

= —— < + m;), (from the continuity equation)

and

=3 (wo + 2:U) + O(F)

using the vorticity equation (4.1.16), and the surface vorticity equation (4.1.17). Next,

the tangential stress balance is re-evaluated to give

T, = 2Re 't -e- A,

= —Re™ (wo + 2kU) + O(E),
so at leading order we have
AT, + wy + 26U = 0, A% =Re. (4.1.18)

The reason for choosing this definition for A is due to the appearance of (Re)™'/? terms
later in the large Reynolds number analysis. The normal stress balance is also re-evaluated

to give

p+Th—2Re'hn-e-n

|
o

p+ 2Re’! %Z T, = 0®F)

which at leading order is given by

p—|—2A2aa—g+Tn:O. (4.1.19)
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The tangential component of the momentum equation (4.1.8) at the surface is therefore

oU ou 0 oUu ow
E—+U—++(y—-Th—20°— | =-A*—. 4.1.20
€8T+U85+8S(y 85) on ( )
The non-dimensional vorticity equation becomes
1
%—L::Vx (uxw)+ﬁv2w,
I oo
=u-Vw+ EV w,

which is derived from taking the curl of equation (4.1.8) and therefore we have

ga—w —u-Vw = A’Vw.
or

Then using standard vector identities, and the vorticity definition (4.1.16), this can be

written as
ow Ow Ow 0 (10w ow 0w
Eh— — h— =A% = -== — +h— 4.1.21
Por T T <05<h8s)+l{8n+ 8712)’ ( )
and from Equation 4.1.18, the surface vorticity given by
wo = —2kU — A2 T, (4.1.22)

This summarises the initial formulation. We have defined a system of equations: notably
the normal stress balance (4.1.19), the tangential momentum equation (4.1.20), and the
vorticity equation (4.1.21), which will now be used as we proceed to focus on a long wave

approximation, large Reynolds number flow.

4.1.1 Long wave approximation

Consider now a large Reynolds number limit (here we have A < 1), and restrict attention

to disturbances with wavelength O(!) and amplitude O(§), where d, e < 1.
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The fluid surface is parameterised by
r=s+h(S), y=odn(9), S =es

for surface elevation 7 and some function h(.5) to be determined. The large wavelength,
small amplitude approximation motivates this choice of scaling for y and s. The wave
amplitude of the main disturbance is O(d). Then assuming the position x varies with

arc-length s, we have

oz [y oh on '\ )

However, from Equation 4.1.9 we know that
2 2

oa\’ (oyY _ |

Os 0s
so a leading-order balance fixes the scale of f such that

6@ — _§2:2 on i

oS aS )’

and hence

h = §%e¢ = O(6%),

o6 (onY
55 =(59)

The function £(S) doesn’t enter subsequent analysis, but it is important to determine the

where

correct scaling,

x =5+ 6%£(9).

We then express the normal and tangential unit vectors at the surface in terms of the

Cartesian unit vectors. The normal unit vector 11 is given by

~

 Os 95y
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where

oz 2 235 dy B on
s ~1toT g ad 5l =0
=1+ O0(5%%).
We can then write
on
=4 522 4.1.23
585 X+y+0(6%€) ( )

for the normal unit vector, and the tangential unit vector can be written as

£ 6—x>‘<+@
as - sV

s a 2 2
% +0e 5§ + O(0°%). (4.1.24)

~

Note that fi - £ = 0, as required. Recalling the definition of the surface curvature from

Equation 4.1.10,
02z oy 0%y ox

~ 9s20s 05205’

we now note that

O*x 2 3 62y 2 8277
@20(55), and @26@,
and hence
2 82 3 4
= —d¢ O(6°¢
K 552 T 007,
Then the kinematic condition is
h-92X —u-i

i
(—56—S§< + §/> . ?a%(xfc +yy) = (u <x + (5685 y) + U(—deg—gﬁ y)) . < 65%& + A)
or y

+

—6egd19n 4 29y ((u — 551}%)5{ + <5aug—g + v) y) : (—55%)‘( + A)
o
as

€95 ar

5(% — 55%%) =v+ 5au@ —degd On (u —devy
55(% — a%%) —v (1 " 5252(%)2)
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and finally, after rearranging we have the vertical velocity at the surface,

v = 53?;77 + O(6%€2, 6¢8), at n=0. (4.1.25)
T

We now start to consider how the flow will behave for each of the example scenarios with
a surface stress condition at the fluid interface: flows with a surfactant present at the fluid
interface, and flows with an electric field generated vertically through the fluid body. In

each case, the flow in the upper fluid layer doesn’t affect the lower fluid analysis.

For the surfactant scenario we don’t include the upper fluid in the analysis, only the fluid
flow in the lower fluid affecting the surfactant density at the surface. In the case with
the electric field, the upper fluid with different electrical properties modifies the surface
charge density. We will solve this for the electric field, but again, don’t need to solve for

the upper fluid flow. Hence, the upper fluid is considered passive.

We now examine the lower fluid layer as a body of water and solve for the resulting flow.
We find that for large Reynolds number the lower fluid consists of an inviscid, irrotational

main fluid body, plus two boundary layers.

In the main part of the lower fluid layer we consider inviscid, irrotational flow. However,
it was shown earlier in Equation 4.1.22 that the vorticity at the fluid surface is non-zero.
For large Reynolds number flows we expect a thin boundary layer, of thickness J; say,
below the free surface in which the vorticity decays from wyq at the surface to zero in order

to match to the main irrotational layer.

In addition to this, in order to satisfy the no-slip condition at the bottom of the fluid, a
viscous boundary layer of thickness dy is present in which the tangential velocity decays
from its free-stream value in the inviscid main body to zero on the rigid lower surface.

Such a system is illustrated by Figure 4.1.3.

We now proceed to solve the system for each boundary layer and then match the solutions

to the main fluid body.
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UPPER FLUID LAYER

1 O Viscous bottom boundary layer

Figure 4.1.3: Illustration of the viscous fluid layer and passive upper layer with boundary
layers of thickness Jy and J; at the solid bottom and fluid interface, respectively.

Surface boundary layer

We assume that the surface boundary layer has thickness given by d;. We then write

n = —0 N so that N = O(1) in the boundary layer, and is positive.

In the original fixed frame of reference, amplitude disturbances were O(¢), so moving

horizontally at speed c in the moving frame we set
u=—c+0u+ O(5%?), and v =00, (4.1.26)

where the scaling for v follows from Equation 4.1.25. We now write the general stress

applied at the interface in generic form
T = [Tu]Tuh + [T TiE,

where T, = T,(S) and T, = T3(S) are O(1) quantities, and [T,] and [T3] are scaling
parameters for the normal and tangential stress, respectively. Now, from Equation 4.1.22

the surface vorticity in terms of the new scaling parameters becomes

2

w(S,0) = 2552%(—0 +oa) — A2 TT,
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which is a combination of vorticity due to a contribution from hydrodynamic flow and

from tangential shear stress. Hence we can write

w = 2c0e’@1 + [TH A2 Gy 4+ O(5%2), (4.1.27)
and at the surface

5 (S 0%n 508 ~

w1 ( ,0):—@, w2(S,0) = —T;. (4.1.28)

The vorticity equation from Equation 4.1.21 is

_, Ow ow ow o 0 (10w Ow 0w

and from Equation 4.1.14,
h=14kn
32
=1-66,222 N~ 1.

0s?

In terms of the new scaling parameters, the vorticity equation at the surface becomes

290, > > > 2 92 2 O 20,
g 0w; 0w; 5<~8w, ~8wz> A (6 Wi | 552 <(9778w1 3y O wz>>

cor a5 T\"as “Van ) T sz \anve T \GsraN T 5 092
(4.1.29)

for w; , (i = 1,2), and where ¢ is an O(1) quantity. In order to describe the vorticity
decay across the layer, we require a derivative with respect to N to enter at leading-order.

Since ¢ = O(1), this requires that

A
0p = =L (4.1.30)
and hence, for the boundary layer to be thin we require that A < &'/, Here we are

assuming that £ < ¢, and the motivation for this assumption will be discussed later. This

fixes the leading-order vorticity equation for each component w; to be

Pu_ o5,

In terms of the newly scaled variables, the tangential momentum equation (4.1.20) at the
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surface N = 0 becomes

EOU U, o 0U , oy 10T,

: o0 | o0 _ 105
IRoxn oS oS 08 6 0S

95 = 5N |y,

— 262¢* (4.1.32)

where U(S) = @(S,0). To evaluate the right-hand side of Equation 4.1.32, we need to

solve Equation 4.1.31 subject to the matching condition at the surface
(:DZ(S:O) _>fl(S)7 as N —0,

where f;(S) = @;(S,0) is the surface vorticity function. We also need to solve Equa-

tion 4.1.31 subject to the matching condition

wi —0 as N — oco.

Ow;
In order to calculate N |y

, we refer to Appendix B, where it is shown that

Ow;
ON

ds

-ves[th].

N=0

The integral transform .7 [g] is also defined in Appendix B by Equation B.0.5, such that

Tl = = [ ay

where o(X) is some given function of some given X. In addition to these results, it is

also shown that

v L o
/0 BN = - )

which is needed later, and the appropriate f; follows from Equation 4.1.28.

We can now use this result to write the tangential momentum equation (4.1.32) at the

surface N = 0 in the form

coll o0 o 00 oy 10T, _, . 05| | [T 0%

cor ‘95 "7 9s Tas s 0S ON |y_o ' 06a ON | y_q

df1 Vel Ti] 0f2
_ 9.3/2 2
2¢770s8 9[35]4r 55e a5 |
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where terms of (O(52¢?) have been omitted. This simplifies to

200 _ 00 500 00 0Ty s 2 5[ 00) a0
‘o ‘a5 tas Tas Pas owe” T | 5ea| —ave T
(4.1.33)
where
(T3] 1]
« 53.c and 8= 5 (4.1.34)

Next we specify the magnitudes of some of the small quantities. When we begin to
consider the systems involving surfactants, or an electric field, we will be looking for
modifications to soliton-like solutions. We therefore require that the time derivative and
quadratic nonlinear term have the same magnitude. This is consistent with the standard
KdV equation derivation ( , ). In order to achieve this balance, the
relation

g=oe (4.1.35)

is therefore imposed, which gives the slow time scale for slow modulation of the wave
form and is consistent with our earlier assumption that £ < e. With this scaling the

tangential momentum equation at the surface becomes

oy QU _ (00 GO0 | 0T g [OR] s e 2
35 ~ 35 5(8 +Uas>+ an/e T 20,e°c* T 535 | -
(4.1.36)

With these new scaling parameters, the continuity equation (4.1.15) becomes

10u Ov kv
VU—E%—F%"‘W—O,

D 004 OB . 5071
=055 T 5 aN 0 % 55e?
8u o0v

5 oo - on = 06, (4.1.37)

=0,

and the vorticity definition (Equation 4.1.16) is
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We compare this with Equation 4.1.27,

T - -
w= [A;]wg + 258202w1,

o ~
= a—wg + 20220,
g

using the definitions of « (4.1.34) and d; (4.1.30). Hence we can write
—— — aly = O(5,€%). (4.1.38)

Here we see that o characterises the change in tangential velocity through the boundary
layer and hence the case of general interest is when o = O(1). If we can develop a theory
for this general case, then later we can consider limiting behaviour for when « is small

or large.

At leading-order we solve Equation 4.1.38 to give

01 -
o T 0w2,

ON

SO

N
a(S,N) = a / B2(S, N')AN + ¢1(S),
0

for some arbitrary function ¢;. On N = 0, we have @(S, 0) = U(S), so
_ N
a(S,N) = U(S) + a/ (S, N')AN, (4.1.39)
0

and then, using Equation 4.1.37, we can write

ov  odu U Nog [ . )
8]\[—85—884‘0&/0 as,(Wz(S,N))dN,

U a (N &

=95 ") av7 <@2(5, N’))dN’,

since
0o 1 92w

9S ~ ¢ ON?’
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from Equation 4.1.31. Then evaluating the integral yields

00 _0U _ad@  ad
ON 9S c¢ON ¢ ON

N=0
_0U _adiy o Ty
T89S ¢coaN e |as

using Equation B.0.7 and Equation 4.1.35. Finally, integrating with respect to IV, we

have
oU . aN dﬁ
V=N—F——w— —=J | — S
V=Ngg — 7 g | el
for some arbitrary function c3. Now, on the surface
0 dn - ~
0(5,0) = — = d = T
U( ) ) 53 87—’ an w2 ty

where the value of v(.S, 0) is fixed by the kinematic condition Equation 4.1.25. So at the

surface we have

0 0dn o~
ga —T; + c2(9),
and therefore
00n ax
=58 "¢

Finally, we have

N oU o

ds

o A 0 On
)-C( 2+Tt)+6—a—7. (4.1.40)

B

This solution for the vertical velocity in the surface boundary layer needs to be matched to
the irrotational flow. In the main fluid layer, in the fixed frame of reference u,v = O(9)

and hence in the moving frame the fluid velocity at the surface is given by
u = —c+ 0, v = §0ze0

using Equation 4.1.26, where the scaling £ = de on v is taken from Equation 4.1.35.

In order to match to the main fluid layer, we need to calculate the N — oo limit of @ and

v from Equation 4.1.39 and Equation 4.1.40, respectively. Using (4.1.39) as N — oo,
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we have

which means that

U, =U — % y[ﬁ} , (4.1.41)

using f2(S) = —ﬁ from Equation 4.1.28, and where ﬁB denotes the N — oo limit of .

Similarly, using (4.1.40) as N — oo, we have

~ 0 0n ax oU aN 4T,
= —— — —T, N——-—9|—
v =g ¢ ( a5 e |as )
N—o00
§On a~ U,
— — = N
501 ¢ ( as)
N—oo
using Equation 4.1.41, which means that
~ 80n as oU,
= —— — —T N 4.1.42
=5 ar ct+< as) @142
N—00

where ‘719 denotes the N — oo limit of .

Hence, the conditions which match the surface boundary layer velocity to the irrotational

velocity field are given by
u— —c+6U, and v — OV, (4.1.43)
where (73 is defined in Equation 4.1.41 and 173 is defined to be

‘A}B = 5B5‘7b7

an -~ U,
= 555 — 6B€ETt +(SB€ (N 95 )
N—o00

Before we solve for the main fluid layer we need to consider the viscous boundary layer

at the solid bottom boundary.



130 Chapter 4: Flows with tangential surface stress

Base boundary layer

Within the boundary layer at the flat bottom we define the position coordinates to be

X =e¢x, y=—1+464yY,

and we set

u=(—c+ U)X+ doeVy, p=—y+IdP,
where Jy represents the thickness of the lower boundary layer.

The Navier-Stokes equations together with the continuity equation describe a standard set
of boundary layer equations, as discussed in ( ). With the above

parametrisations, the dimensionless continuity equation from Equation 4.1.4 becomes

ou Ov
V-u= %_‘_Fy :0,

ou 1 ov
ea—X—kgW =0,
N T
0X O O0Y ’

oUu oV

87+87 =0. (4.1.44)

Next, taking the z-component of the dimensionless Navier-Stokes equations from Equa-

tion 4.1.4 where ﬁ = A?, together with the above parametrisations and Equation 4.1.35,

we have
ou ou ou op 5 0%u
ae o TR TP A0
ot "o Ty T Tar T2 oy
§@+5 @_‘_E%—_g@_'_ﬁazu
ar " “ox Te.ov Cox | szovy
oU oU oU oU OP A2 0%U
2 OU o OU o 00U o ,0U o O  0AT07U
6587_ c558X+65U6X+58V8Y 558X+ 52 V2

oU 9P A29U <8U oU _ aU
N -6

‘ox " ox Tz ov? 87+U8X+V3Y>' (#4143

Similar to the surface boundary layer, in order to describe velocity decay in the base

boundary layer we require a derivative with respect to Y to appear at leading-order. This
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implies that
A2 (5,
—=[(=) =001
de <5N ) o
and hence §y = &5, which means that the bottom boundary layer thickness is the same as

the surface boundary layer thickness.

Then, taking the y-component of the dimensionless Navier-Stokes equations from Equa-

tion 4.1.4, together with the above parametrisations we have

ov ov ov dp 5 0%
9 G 2 P A2
at " ar Vay T T Tay TS a2
’\@_i_ @+£@+1_1_£87P+5§662’U
“or TMax Tecay T T 6.0y | 6. 0v2
1% oV ov § OP  662e?0%V
2¢ 20V OV L 52682 _oor zE- 07V
d“0nE 5 + 66ye?(— c+5U)aX+65 V@Y 5 8Y+ 5. OY?
ov ov 91% ov._ 0P o’V
2.2 2.2 522 2.2 2.2
0022 T + 0022 o — BRSOV o = — o 2 (41.46)

and so at leading-order we have

oP

2.2\ _ 2 . _ 52
e = 0(0;7) = o(A?), since A = d;e.

Hence, the boundary layer equations governing the bottom boundary layer take the form

oU oV oP
ax tay =0 gy =o&Y)
(9U 8P 82 aU (9U oU

In order to match to the main inviscid flow, we consider the Y — oo limit and set
lim U(X,Y) = U(X). (4.1.48)
Y —oo

Then setting

so that
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the continuity equation (4.1.44) becomes

o ov
oxX oy
dU of oV
7 ax Tax Tay ~ Y
In addition to this, Equation 4.1.44 becomes
oU 9P 99U
“ox ~ox Ty =90

U af oP 0 f
~ax Tx “ax Tavz - O

AsY — oo, f =0, s0
oP dU

but g—{; = 0 so Equation 4.1.49 holds throughout. Therefore, we have

or | &f

This in essence is identical in structure to the surface boundary layer. Then integrating

the continuity equation from (4.1.47), we obtain

du ! [dU] ) (4.1.50)

V=_—V—4+__g|—=
V-V dX+\ﬁ°7 X

asY — oo.

We have shown using scaling arguments that the thickness of the lower boundary layer is
the same order as the thickness of the boundary layer at the surface. However, although
the thickness is the same as the upper layer, the boundary layer at the fluid bottom is a
different kind of boundary layer. The base boundary layer describes a decay in tangential
velocity from its free-stream value in the main inviscid fluid body to zero on the solid
bottom boundary, while the surface boundary layer represents decay of vorticity across

the layer.

At this point we note that although we have derived matching conditions for matching the

base boundary layer to the main flow, we have not fully solved the boundary layer prob-
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lem. The pressure gradient in the boundary layer is given by Equation 4.1.49, although
this is given in terms of U which has not been solved explicitly. Given the geometry of
the surface wave, it is reasonable to expect U to have a turning point for some X. If so,

then there will be a region in the fluid where the pressure gradient becomes negative.

An adverse pressure gradient can cause flow reversal in the boundary layer which can
lead to boundary layer separation ( , ). The flow reversal is usually caused by
adverse pressure gradient imposed on the boundary layer by the potential flow. Boundary
layer separation is prominent in laminar flows; examples include high-speed flow past an

airfoil ( , ), and uniform shear flow around a circular cylinder (

However, boundary layer separation can also occur in horizontal flows over a flat plate
with adverse pressure gradients ( , ). While we make no attempt to
solve the boundary layer problem either explicitly or numerically in this thesis, further
investigation may be needed to decide if the proposed flow structure is correct. Going
forward, we use the assumption that separation does not occur in this system, where the
base boundary layer has a similar structure to that discussed in ( ), and

leave the problem open to future discussion.

We now proceed to solve for the main fluid layer, and use the matching conditions to

match each boundary layer to the main fluid flow.

4.1.2 The potential flow

We solve for the potential flow away from each of the boundary layers, and match to the
boundary layers using the matching conditions defined earlier. In the main fluid layer we

write

u=—cX+ quzS,

590\, 000
_< c+5aX>x+5ayy, 4.1.51)

where the scaling on ¢ (X, y) is chosen so that the horizontal disturbance velocity is O(9).
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First, we will match to the lower boundary layer. The horizontal component of velocity

in the main fluid is given by

¢
—C+ 687

and the horizontal component of velocity in the lower boundary layer is given by
—c+ 60U,
where U is defined by
U(X)= lim U(X,Y)
Y —o0
from Equation 4.1.48. Thus, matching to the lower boundary layer we have

. (%o —
ylgrj1 [—c + 58)(] = —c+0U.

Similarly, matching the vertical component of velocity we have

lim [5%] = 004eVY,
y——1|e dy

where V is defined to be

ou
0X

ou 1

ov 1 y+ 1
X e

here Y =
], where 5

B

Vo.v y{

from Equation 4.1.50. Therefore looking at the horizontal components we can say

lim [aﬂ = lim [U]

y——1|0X y——1
=U
and hence
0% oU

0X2 09X
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as y — —1. Then, looking at the vertical components we can say

ou ¢ oU
— 2 _syv9el L % 5|92
—= (e Sa o)),

and hence

o 1991 (s U b 00
Jm, (5] = (00 g+ 57 (5] )
9 ¢ by ¢

We now solve for the flow in the main layer. The potential flow satisfies the relation

92 92
2Y 7 Y
e X¢2 + y¢2 =0, (4.1.53)

which is the continuity equation (4.1.44) in terms of ¢. In order to solve for ¢, we can

expand for small € and write

d(X,y;¢) = dpo(X,y) +2¢1(X,y) + O(eh). (4.1.54)

Then substituting Equation 4.1.54 into Equation 4.1.53, at leading-order we have

%o

Oy? =0

and hence, after integrating we have

¢o = (y+ DAX) + B(X)

for some arbitrary functions A, B to be determined. We choose (y + 1) as our variable

when integrating as we know that the boundary layer will be a function of ¥ = yg;l.

Then using the matching condition Equation 4.1.52 at leading-order, as y — —1 we have

299

=0
oy ’
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so A(X) = 0. Then we will write B(X) = G(X, ) so that

¢ =G(X,t) +%61(X,y) + O(e*)

where G(X,t) is a function that will be determined later. Now, at O(¢?) we have

¢y 1 9°G 4 PP 0
X2 oy2  9X?2 oy

and hence, after integrating, we have

091 %G
% (y—i—l)W%—C’( )s

for some arbitrary function C to be determined. To derive C' we use the matching

condition Equation 4.1.52 again at O(£?), so as y — —1 we have

ol oo
S ac fy[g’XG]
which means that matching to the main layer gives
—(y + 1)226; +C(X)=-(1 +y)§ig + \(S}E[S;G?]
as y — —1, and hence ,
Therefore we have
e 8

throughout the main flow. Now to get ¢1 (X, y), we integrate again to get

¢1(X7y):_ D(X)

(1+y)? G 5, [0°G
> oxz T T 5%z

where D is an arbitrary function which represents some O(s2) correction to ¢, and can
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therefore be incorporated into G(X, ¢). Hence, we set D(X ) = 0 and obtain

. Ww+1?oa O [ 0°G
to give
_ of 1, PG b PG ‘s 4
¢»=G(X,t)+¢ ( 2(1+y) aijL\ﬁ(1+y)<7 532 O(e*, dze™).

(4.1.55)
We can also solve for O(e%) and O(£°%), which would equate to the functions ¢2(X, )
and ¢3(X, y) respectively in the small € expansion of ¢ given by Equation 4.1.54, through

repeated evaluation of

0° ¢r+1 _ 0” ¢r

oy X2
This eventually yields
¢»=G(X,t)— l52(1 + )282761 +626—B(1 +y)T 8276’
I Y Yioxz TC v TV axe
1 4 410G 1 6 0°G 8 ¢ 4
+ € (1+y) ax1 Gl (1+y) 56 + O(e°, dge™).

(4.1.56)

In the subsequent analysis, it will be seen why O(g*) and O (%) terms are retained, but
O(d5e*) and smaller terms are dropped. We now obtain an equation governing G(X, t)
by considering matching of the main fluid layer to the surface boundary layer. Since the
equations governing the surface boundary layer are all in terms of our scaled orthogonal
curvilinear coordinates S and N, we will match the velocity components to the main
fluid flow in terms of this coordinate system, and from now on we will consider G to be

a function of S and ¢.

Approaching the surface, the tangential component of the velocity in the main flow (4.1.51)
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is given by

0X ey
—c—|—5<g(§ +5§j§2> + O(8%?), (4.1.57)
using the fact
(‘fX = 885 + 0(8%?),

and

from the definition of the tangential unit vector from earlier given in Equation 4.1.24.

Similarly the normal velocity component in the main flow is given by

vy = —c(h- %) + 5(%?@ - X) + igj(ﬁ : 9)) ,
= 65<c§g — %% + ;f;j) )
= ¢ <cgg - ggg? + 51225) + 0(8%%), (4.1.58)
where
ﬁ~>‘<:—55§g, n-y=1,

from the definition of the normal unit vector given earlier in Equation 4.1.23.

In the surface boundary layer, the tangential component of the velocity close to the main

flow is given by

—c+ 5(73

from Equation 4.1.43, where U, is defined in Equation 4.1.41 to be

6, =0 2[R,

Thus, looking at the tangential velocity components, the matching condition of the main
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flow uy; to the surface boundary layer solution is given by

. IRT 8(Z5 2 o ~ « -~
lim fu,] = lim {—c +o5¢+0( )] = —c+ 00 -5 Q[TJ . (4159

We see that the —c terms match exactly. Then considering O(§) terms, in order to match

we require

tiy [ 25] =0 - 5 7 (7]

and hence using Equation 4.1.56 we obtain

lim 8£ — i
y—0 BS 2

3 ~ o~
(1+ y)Qg‘SSj + (’)(5362754)] =U—-— Q[TJ (4.1.60)

Nk

which at leading-order becomes

oG ~ « [A}

55 = N 4.1.61)

Looking now at the normal component of velocity in the outer edge of the surface bound-

ary layer, from Equation 4.1.43 we have

5V, = de <5a’7 _ 5B°‘ﬁ> 1 60,¢ <N6U3>
or c

and therefore, the matching condition of the main flow v; to the surface boundary layer

is given by

) on O~ U,

;136[113] = 65(567_ - Tt> + ddge (N 55 )

N—oo
aU,
=46 1.
sV + 00ge <N 59 > (4.1.62)
N—o0
where
0 0n o



140 Chapter 4: Flows with tangential surface stress

In order to match we require

) on o On0¢p 09|
7}1—%{6&085 558588+58y = 00V + 00l

. n n
1 273_ 27873¢ 7‘9(? = 5,2 =
= yur(l)[z-:cs oe 5 S—i— ” = 05V + U

using the definition of v, given in Equation 4.1.58, and where

oU a
aS \/E N—o0
092G
- (Nas2>m

using Equation 4.1.61. Hence, in the matching region we have

oS

9*G 5
—(14y) gz TO(7,0e%) = 0, Vo +0ald. (4.1.63)

on .0n0G b 0*G
052

‘95 Casas T |as2

y=0n

surface
boundary layer

|

|

|

|

!

.
y = 0n — 6N cos 0
main fluid

body

Figure 4.1.4: Sketch illustrating the relation between y and NV in the matching region.

Up to now, in discussing the matching condition we have written y — 0 as the matching
region for the main layer. However, due to the behaviour of #/, the matching requires a

more careful treatment. In the matching region, y and IV are related by

y = 6n— 0sN cosb,

= — 0, N )
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as illustrated by Figure 4.1.4. But to leading-order, i - ¥ = 1, so the relation between y

and N in the matching region is
y = 0n— 0. (4.1.64)

Hence, in the matching region N — oo, 6 N — 0, and Equation 4.1.63 becomes

on 587}86‘ g {826‘

S 9Sas T e [082

9 b
‘95 95 0s e ]_(1”?7—53]\7)+0(6)—53V0+5BN

It is seen that the terms proportional to N automatically match, leaving

‘95 %asas Va7 |as2| " asr as T 0% o v

I 0 (0G\ &G b PG
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Including the additional terms up to O(£%) from Equation 4.1.56 in the evaluation of g—f

gives
on 0 oG 0?G Oy 0?G e20'G 105G on  adg ~
coe —0nz (50 |~ 7as + =T | Fon | + =7 508 — = 5w =072 — —T4.
oS 0S5 \ ' 08 0582 /e 052 31954 5! 9SS or c
(4.1.65)

Similarly, including terms of the same order the tangential matching condition Equa-
tion 4.1.60 becomes
0G 293G  1o°G

- - 2 2 6 :~_£ ~
95 ~ 2o T oo 1OV ) =U -7 7R @166

The reason for including these higher-order terms is discussed later in this section.

The aim going forward is to derive a differential equation governing the long-wavelength,
shallow water fluid flow with an arbitrary stress condition at the fluid surface. In order

to do this, we need to eliminate GG and (7, and obtain a PDE for the surface elevation

n(S, 7).

We currently have three equations of interest: the normal matching condition (4.1.65)
which gives us information relating the surface elevation 7 to the leading-order potential

G in the main flow, the tangential matching condition (4.1.66) which gives us information
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relating G to the tangential fluid velocity at the surface U, and also the tangential momen-
tum equation (4.1.36) at the surface which relates 7 to U. We will use these equations to

eliminate G and U and derive the PDE for the surface elevation governing the fluid flow.

First, rearranging and differentiating Equation 4.1.66 with respect to .S gives

209G 495G

oT,| £20'G A
21 951 " 41955

oS

oU  9*G  «

95 ~ o2 T e

Then, combining this with Equation 4.1.65, in order to retain higher-order quantities,

yields
oU o, oG ads ~ 0y _[02G
- = bRy ST Z =
o5 ( (%»+ct+ﬁybﬂ}
Lo @ 206 206 e oG
7 21951 " 319581 T 41986 51 086”
which simplifies to
ouU on G ads ~ 8 _[0°G
95 = Nor T @w»+cﬂ+ﬁgbﬁ
Lo @ _2oe o
e 3 951 450956°

Now we can eliminate G using the leading-order form of Equation 4.1.65

¢

852~ “o5°

and hence we have

oU _ on (om0 _ 20 o
as ~ ‘as  "\aor " "Tas 3053 45085
8 on

<5Tt+\ﬂ7 55 )+6B\/Eﬂ[8s]. (4.1.67)

It was discussed earlier in the surface boundary layer formulation that the case of most
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interest is when o = O(1). Therefore, at leading-order Equation 4.1.67 becomes

oU oT, )
ﬁ_cas \/»y 8,5’ +O((5753,€ ),
~ a ~
- U:cn+%9[ﬂ} (4.1.68)

This can now be used to remove terms involving U from the right-hand side of the

tangential momentum equation (4.1.36) at the surface, as follows:

as  “as or 0S8 053

on_ O0U _ 5<3U+(78U>_25352C3/29[8”} \[@4_3 o (4.1.36),

:_5<cgz_7+<cn+\c/)%9[ D(gg%—\o}ﬁ aTt ))
— 28,62 T [853} 8Tt 5(?;;117

__5(:(2 +cngg+\0;< [Tt} 8n+ T 5;? >+ajﬂ[ﬁ}ﬂ
—2535%3/29[252} - 68? 5%@“. (4.1.69)

We then use Equation 4.1.67 to ehmlnate from the left-hand side, which yields

2 93 4 a5
@_ 8£ @_ 287]+5 (an+2 7725)_’_62(687]_’_6677)

s~ “8s ~ as oS 0 3053  4508°
6Tt 3/2 @
— ady Tt—ozfﬂ 35 — dc 9[65’ . (4.1.70)

Then we can combine Equation 4.1.69 and Equation 4.1.70 to give

(1- )8”+5c<8+3 a”)

25 or °"as
B 20y oy 3/ on T,
- (3 053 +45as5> e y[as] %5
ad 8Tt 0 (0% aTt 6B =
_\/5(9 o | Teasln7[T]) + ﬁf[TtV as]_aTt

By considering leading-order terms we see that ¢ = 1 + O(J). Here we define ¢ = 1
and include evolution with time in the PDE on the slow time scale. Hence, finally the

equation governing the shallow water long-wavelength fluid flow with an arbitrary stress

o8

)
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condition at the fluid surface are

on on  2/(19%n &2 6 _[on] BT,
2—+3n—+ |+ == | == T | == - —aR, 4171
or "9 T 5 \30s® T w5055 ) =5 T |as] Teas O LTV
where
oT, oT.| on 1~ ~ oT,| 65~
R= 7|t 407 |52 | + 507 [B] +a 7 |[R]7 |55 | - 2T @172
5. | T [as+05 i + o i 55 5 L ( )
This result is comparatively very similar to the result presented in
( ), the key difference being the definition of R. In
( ), we propose that the parity of all terms involving the tangential surface stress

parameter 71 are incorrect, and that Equation 4.1.72 describes a corrected version.

As such, we expect the relevant effects to the solutions of Equation 4.1.71 (presented later
in the thesis) will be substantial, and critical to explaining the unexpected behaviour of the
solutions previously presented in ( ). This new derivation

is therefore a key result of this chapter.

If the only surface stress acting is in the normal direction due to surface tension with a
constant surface tension parameter, which we’ll denote as o, then the surface tension

parameters can be expressed in their dimensionless form as

2

T, = 552Eogsz, T,=0, Eo

g0

= —, 4.1.73
- 4.1.73)

Using these values the equation governing a system with constant surface tension is given
by
In

T [85] , (4.1.74)

3

an on €2/1 Eo @ gt 857)_573
053 4556955 6

where Eo is an inverse Bond (E&tvos) number characterising the ratio of interfacial
tension forces to gravitational forces ( , ). A high value of the
Bond number indicates that the system is relatively unaffected by surface tension effects
whereas a low value indicates that surface tension dominates. Equation 4.1.74 is a fifth-

order KdV equation, with the addition of the integral transform .7 [g—g} , which describes



4.2 Amplitude decay due to the viscous bottom boundary layer 145

a system with constant surface tension and a viscous boundary layer at the fluid bottom.

Such a scenario is discussed in more depth in Section 4.2.

It should also be noted that when o = 6, = 0 and TA“H = %, then the resulting equation
is a fifth-order KdV equation for surface elevation n(S, 7). Whether or not we need
to retain the fifth-order derivative depends on the size of Eo. When Eo is close to its
critical value of 1/3 then the size of the third-order derivative becomes comparable to the
fifth-order derivative, and hence we need to retain it so that we have the correct balance
between nonlinearity and dispersion in the dispersion relation. When Eo is much larger

or smaller than 1/3 the fifth-order derivative is then much smaller than the third-order

derivative so it an be omitted.

4.2 Amplitude decay due to the viscous bottom boundary layer

Suppose now we have a system with a solitary wave in the absence of any tangential
surface stress, subject to decay due to the effects from the viscous boundary layer at the

bottom of the fluid. Such a scenario is governed by
on on 9%n an

which is Equation 4.1.74 with

271
a:€5<—Eo>, b=0, and 19:%.

We consider the scenario when the amplitude-wavelength scaling is given by

1
5 =¢? g—Eo = 0(£?),

so that ¢ = 1, to remain consistent with the analyses in previous chapters. This assump-

tion implies that

€2

"= 51 Bl
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and we choose Eo such that £2 < 1/3 — Eo. Hence the fifth-order derivative is small
compared with the other terms in Equation 4.1.74 and has been omitted by setting b = 0.
We also impose that 19 < 1 so that the damping effects due to the no-slip condition are

kept small.

Now, Equation 4.2.1 is effectively the KdV equation with the addition of the integral
transform term governing the damping effects associated with the no-slip condition at
the solid impermeable bottom boundary. It is noted here that we could evaluate the
spatial derivatives with respect to the horizontal spatial coordinate x, rather than the
tangential spatial coordinate .S, since here we are ignoring any effects at the surface due
to a surface boundary layer. However, to remain consistent with the rest of the chapter,

we will continue to use .S as our spatial coordinate, and 7 as our time coordinate.

UPPER FLUID LAYER

MAIN FLUID BODY

>
Fluid flow

i s Viscous bottom boundary layer

Figure 4.2.1: A system with a viscous bottom boundary layer.

As discussed earlier, this equation describes a system with constant surface tension mean-
ing at leading-order we have no boundary layer effects at the fluid surface. Such a system
is illustrated by Figure 4.2.1. We can however examine how the viscous bottom boundary
layer affects a solitary wave solution using a similar analysis to that used in Chapter 3
for the KdV-Burgers’ equation (3.1.2). We are particularly interested in modelling the

amplitude decay.

We will first conduct a multi-scale analysis in an attempt to extract an analytical solution

to the amplitude, at leading-order. We will then generate numerical solutions to Equa-
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tion 4.2.1, using the solitary wave solution to the KdV equation (1.3.5) given by

n(S,0) = Ag sech? < /;OS> (4.2.2)

as the initial condition. Finally, we will make comparisons between the asymptotically

derived amplitude function and a numerically derived amplitude function.

4.2.1 Multiple scale analysis

We evaluate this problem in the same way as in Section 3.1 with the KdV-Burgers’ system,
and consider the multiple scale analysis similar to that seen in ( ), and

(1948).

In this example, ¥ is the small parameter which controls the magnitude of decay associ-
ated with the boundary layer. We introduce a new slow time variable 7 = 97, and expect
the slowly decaying amplitude to behave as a function of 7 so that A = A(7). Similar to
Section 3.1, we attempt to derive an analytical form of A. First, we impose that A > 0
and hence we can write |A| = A. We then introduce a change of variables

z2=8— ;/ A7) dr’

so that derivatives in terms of the new variables are given by

9 _0 4 2 __49 ,9
oS 0z M or T 20z "Vor

20— —A— +3n—+ — =197 <877> . 4.2.3)
T 2 z 0z

We now assume a solution in the form of an asymptotic expansion, expanding around

small 9, which takes the form

77(277_'3 19) = 770('277_—) + 19771('2’ 7_-) + 0(192)
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Then, substituting this into Equation 4.2.3 and equating leading-order, O(1#°), terms we

have

dno oy PP
0z + 3o 0z + 023

=0. (4.2.4)

This is effectively Equation 1.3.3 in terms of the variable 19, and therefore has a solution

no(z,7) = A(F) sech? <\/§z> . (4.2.5)

Next, we consider the next-order equation, O(¢}), which takes the form

given by

0z

— +3 + - 2. (4.2.6)

_9m S00om) | OPm_ [0m] ,0m
0z 0z 023 or

The solution to 71 (z, 7) is difficult to solve exactly. Instead we use a similar technique
to that used in Section 3.1 and rewrite Equation 4.2.4 and Equation 4.2.6 in terms of

operators Lg and L1 which are defined as

%) 3 o*U
LolU] = — | -AU + “U* + — 4.2.7
where U is the leading-order solution, and
0 0*V

respectively, where V' is the solution at the next order. Using these operators, Equa-

tion 4.2.4 and Equation 4.2.6 become

L[no] =0, and Lim] = 9[87}0] — 2%

0z or '

It can be shown that Ly and L; are adjoint operators using the same method seen in

Section 3.1. In other words

/ noLl[nﬂdZZ/ m Lo[no]dz,

—0o0 — 00
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and hence we can derive a condition on 79 such that

°° Ino Ino B

Equation 4.2.9 is in terms of the leading-order solution 79 only, and thus we have removed
any dependence on 7;. The next step is to evaluate the integral, which removes any
dependence on z. We can then derive an ordinary differential equation for A in terms of

the slow-time variable T.

First we consider the left-most part of the integral in Equation 4.2.9, with the transform

/ h no-T [aﬂ dz (4.2.10)

term, given by

oo 0z

which, after substituting Equation 4.2.5, can be written as

242 [ soch?d /Oo tanh(# 4 Y) sech?(0 +Y)
0

— dY de,
VAT J oo VY

N

using the definition of the boundary layer transform Equation B.0.5, and where v = %
and # = z. This double integral is evaluated numerically using Maple and hence we

can write Equation 4.2.10 as

00 8?70:| A2
/ 7)09[ dz = =2k —, 4.2.11)
—o0 VY

where the constant k; is given by

1 [ > tanh(f + Y)sech?(6 + Y
k1:/ sech29/ anh(6 +Y)sech (0 +Y) 4349~ 0.3604151815.
NZ 0 VY

Next we consider the remaining part of the integral in Equation 4.2.9 which is given by
o0
0
— 2/ 102 4. (4.2.12)
oo | OT
We evaluate the derivative in time first to get

% = sech? HdA

or a7

dA v
—24sech?0tanh | ——S2 4 04
sech” 0 tan 9<4 T a4 + 5 >,



150 Chapter 4: Flows with tangential surface stress

which can be simplified to

a—”f’ = sech? 0%(1 — Atanh ) — vA? sech? § tanh 6.
oT d7

Then substituting back into the Equation 4.2.12 yields

oo oo A
/ 7708—77_0 dz = A/ sech? Gd—_(l —Atanhf) — yA?sech?ftanh A dz, (4.2.13)
o OT oo d7

AdA [
=——"{ sech*f(1 — ftanh @) db, (4.2.14)
v A7)

where the final term in Equation 4.2.13 is odd and therefore vanishes since
oo
/ sech® @ tanh § dg = 0.
—0o0
Then, evaluating the integral in Equation 4.2.14 yields

/ sech? (1 — ftanh @) df = 1,

—0o0

since

i 4 % 1
/ sech49d0:§, and / Qsech46tanh«9d9:§,

using the integral results presented in Appendix A. Hence we have
< 0 AdA
/ o2l g, = 284 (4.2.15)
or

Substituting Equation 4.2.11 and Equation 4.2.15 back into the condition on 7y (4.2.9)

gives
A 2444
VY v dT
which simplifies to
dA
= + k1A =0. (4.2.16)
7

This is a first-order ordinary differential equation for A in terms of 7 which, using v =

@, can be rearranged to give

dA kA

dr 2

4.2.17)
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This equation is of separable type, and therefore can be solved using the method of
separation of variables. After some work we eventually derive a leading-order analytical

solution to the slowly decaying wave amplitude, given by

A(F) = Ao (4.2.18)

(1 + A8/4k0%)47

where Ay is the initial wave amplitude, and

2
ko = \S[kl ~ 0.063713005.

We see that increasing 7 causes a steady decrease in the amplitude A(7) from its initial

value A(0) = Ao.

4.2.2 Comparisons between the asymptotic and numerical solutions

We now find a numerical solution to Equation 4.2.1 for the surface elevation 7 to de-
termine exactly how the bottom boundary affects the solitary wave. In the same way as
before, we will also generate a numerical solution to the amplitude function and compare

it with the asymptotically derived solution, Equation 4.2.18.

In order to set up a numerical scheme using the integrating factor method discussed in
Section 2.3, we first need to consider how we can evaluate the Fourier transform of the
boundary layer integral transform .7 [ f(s)], so that we are able to advance using spectral
methods. The Fourier transform of Equation B.0.5 is given in

( ) to be

_ EV2exp(i(kS + Z)), k>0,
y[elks] - (i i) (4.2.19)

(—k) " exp (i(kS—1%)), k<o.
We then use this result to evaluate the Fourier transform of Equation 4.2.1, which in terms

of spectral variable & is given by

~

20T 4 333 = — ()% + 10 k[ exp <sgn<m>) 7. (4.2.20)
or 2 4
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In order to eliminate the numerically stiff linear terms from Equation 4.2.20 we introduce

an integrating factor, as discussed in Chapter 2, given by
E =exp <; <(ik:)3 + iﬂkl/Qei”/‘*)) :
and multiply through. We then introduce a new variable
v=Efj

and substitute into Equation 4.2.20 with the integrating factor, which yields

ai}\ 1 <17\ 3 . 1/2 i7r/4 S~ 3 /\/2\ _ 1 7N\ 3 . 1/2 iTr/4 7~
7 + 3 ((1k:) + vk %e )En + ZlkE(n ) = 5 ((1k) +ivk e )En,
00 3. ~—5
= L ZiREMm?) =0 4.2.21)

or 4

and then we advance ¥ in time using the fourth-order Runge-Kutta time step method
defined in Chapter 2, using Python to generate the numerical solution. Figure 4.2.2 is a
plot illustrating the effect of the bottom boundary layer on a solitary wave solution for
two different values of ©). We observe from the plot that the damped solution exhibits
similar behaviour to the solution with diffusive damping Figure 3.1.1 in that we see a
decay in amplitude, wave speed and the formation of an elevated shelf behind the main
wave peak, followed by a decaying oscillatory tail. The decaying tail is more clearly
observed in Figure 4.2.3, which is a close-up of the tail region in Figure 4.2.2, for the
case ¥ = 0.2. Increasing the value of ¥ appears to result in increased damping and a

more defined elevated shelf.

We then use the max algorithm in Python extract the numerical value of the amplitude.
Figure 4.2.4 gives a comparison between the numerical and asymptotic amplitudes as a
function of 7 describing the decay in amplitude due to the viscous bottom boundary layer.
From the figure we can see that there is a good level of agreement between the numerical
and asymptotic solutions, but the agreement diverges as time increases. This differs from
the KdV-Burgers’ diffusive case where the agreement got better with time after initially

diverging.
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2] —— Damped solution ¢ = 0.1
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1.5
= 1
0.5 -
O _______________
T T T T T T T
—-18-16—-14-12-10 -8 —
2 .
—— Damped soliton 1 = 0.2
- - - Undamped soliton
1.5
s 1
0.5 -
O ————————_ _ _ _ _ _ _ _ _ _— - -

T
—18-16—-14-12-10 -8 —

Figure 4.2.2: A plot of the damped numerical solution 7 with ¢ = 0.1 (top) and ¥ =
0.2 (bottom), each plot with the undamped solitary wave (4.2.2), with parameter values
Tmax = D, initial amplitude Ay = 2, and domain S € [—8, 87].

This is perhaps better illustrated by Figure 4.2.5 where we see a gradual increase in the

difference between the two solutions.

At this point we could construct a similar analysis to that seen in Chapter 3, and attempt
to evaluate the correction term at the next order. We could then use this to derive a more

accurate asymptotic approximation to the amplitude. However, this is not explored here.
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Damped solution ¢ = 0.2

= 0.01

12 10 -8 6 4

Figure 4.2.3: A close-up of the decaying oscillatory tail region of the damped numerical
solution 7}, with parameter values Tyax = 5, Ag = 2, S € [—4m, 47| and ¥ = 0.2.
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Figure 4.2.4: A comparison between the numerically derived amplitude and the leading-
order asymptotic amplitude function, with parameters ¢ = 0.1, Ag = 2 and Typax = 2.

4.3 Summary of chapter

A large part of this chapter was dedicated to the derivation of the equations governing the
shallow water long-wavelength incompressible fluid system with arbitrary stress condi-

tions at the fluid surface, given by Equation 4.1.71 and Equation 4.1.72.

By constructing a much more detailed analysis we were able to identify mistakes in
( ) and thus provide the corrections to the equations governing

the system. We believe that this partly explains some of the unexpected behaviour seen
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0.03

0.02

AA(T)

0.01

Figure 4.2.5: Difference between the numerically derived amplitude and the leading-
order asymptotic amplitude function, with 9 = 0.1, Ag = 2 and Tyyax = 2.

in the solutions presented in the previous work, and allows us to use the new equations in
Chapter 5 to provide more accurate numerical solutions to the scenario with an insoluble

surfactant at the fluid interface.

In Section 3.1 we saw that the leading-order asymptotic approximation to the wave am-
plitude for the KdV-Burgers’ system showed reasonable agreement with the numerically
derived amplitude. However, there was a divergence between the two solutions which was
the motivation for Subsection 3.2.2 where we obtained a much more accurate asymptotic

approximation to the wave amplitude.

The system in Section 4.2, with decay due to the no-slip condition at the bottom boundary,
showed a much better agreement between the numerical and asymptotic solutions for
earlier times. This is shown more clearly in Figure 4.2.5. The percentage error at 7 = 1
for the bottom boundary layer scenario is approximately 0.6%, compared with 1% for
the KdV-B scenario at the same time value. We therefore make no attempt to solve the

correction term for the no-slip boundary layer system.

We now proceed, instead, to look at a scenario with a surface stress condition at the free

surface.



The effect of an insoluble surfactant on the

surface stress

Surfactants are chemical compounds that lower the interfacial surface tension between
two fluids (or between a fluid and a solid), and can cause damping in both linear and
nonlinear waves. Surfactants collect at an interface, or surface, and may be soluble or
insoluble. Although clean or surfactant-free interfaces are often preferred for research
studies, some surfactant contamination is always present in natural systems (

) )-

Insoluble surfactants are easier to model as they are typically distributed along the fluid
interface only, whereas soluble surfactants can be present in the main fluid body as well
as at the surface which results in a much more complicated system to model. For air-
water interfaces, as consistent with our previous analyses, examples of common soluble
surfactants include soaps, and common insoluble surfactants include different types of
oils. Surfactants are strongly adsorbed at an air-water interface, resulting in depression

of the surface tension ( , ).

The existence of solitary waves in a system with variable surface tension has been consid-
ered as a model problem by letting the surface tension parameter o* depend linearly on
the surface curvature and demonstrating numerically that solitary waves with oscillating
tails exist ( , ). In other words, the surface tension does
not need to be constant for solitary waves to be present. However, no examination was
given of a surface boundary layer, despite the variation in the surface tension parameter
giving rise to a tangential stress at the fluid surface. The variation of the surface tension

parameter was only taken into account in the normal stress balance at the surface.
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Figure 5.0.1: An interfacial travelling wave with a low concentration insoluble surfactant
at the fluid interface.

Instead of pursuing the model problem, we focus on a more physically realistic scenario
where variation of the surface tension parameter occurs due to the presence of an insol-

uble surfactant along a fluid interface. Such a scenario is illustrated by Figure 5.0.1.

First we construct a similar analysis to Hammerton and Bassom (2013) and derive equa-
tions governing the system with an insoluble surfactant at the free surface boundary. As
discussed in Chapter 4, Hammerton and Bassom used a similar set up to the formulation
presented in Section 4.1 where we consider a long-wavelength small-amplitude incom-
pressible flow with a surface boundary layer due to a general surface stress condition

together with a bottom boundary layer due to a no-slip condition on the fluid bottom.

In this chapter, the surface stress condition occurs due to the insoluble surfactant at the
fluid surface. We solve for the surfactant using the same approach as (Hammerton and
Bassom, 2013), and then present new numerical solutions to the system which will aim to
address the unexplained behaviour seen in the earlier results; namely the rapid amplitude
growth seen in the previous work. Finally we summarise the results presented in the

chapter.
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5.1 Formulation

For systems with a low concentration insoluble surfactant at the fluid interface, we as-
sume that the surface tension parameter o* varies linearly with surfactant concentration
denoted by I'*. Due to the nature of surfactants in lowering the surface tension, we expect
a relationship between the surface tension parameter o* and the surfactant concentration
I'* such that an increase in the surfactant concentration will result in a decrease of surface

tension o*.

We begin with an advection-diffusion equation describing the surface concentration of

the insoluble surfactant on the interface, given by ( ) to be
0 N 0 o x_ x O (10T

in terms of surfactant concentration I'*, horizontal spatial coordinate x*, time t* and the
horizontal fluid velocity at the surface «*, where the * notation denotes that a parameter

is in its dimensional form, and D represents surfactant diffusion. In addition to this

H=1/1+132

where y* = n* describes the surface position. The following scalings are used to non-

t*—t\/g, w =uy/dg, z*=uazd, T*=ITp,
g

where I';, is some constant scaling on the surfactant concentration. With these scalings,

dimensionalise

the dimensionless form of Equation 5.1.1 is given by

ot 0z Podw \ How (5.1.2)

8(Hf)+8(Hfu) 10 <1af>
with
dy/dg

Pe =
e D;

Here Pe is the Peclet number characterising the ratio between surfactant advection along
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the fluid surface and the surfactant diffusion. Looking now at the long-wavelength, slow-

time, small amplitude limit considered in Subsection 4.1.1, we have
r=s+0(%), S=c¢s, u=—c+0U, 7=¢t

where S is the spatial coordinate parametrised at the surface, 7 is the slow-time coordi-
nate, and U is the scaled tangential fluid velocity at the surface. Since g" =0(de) < 1,
then

H =1+ 0(¢)

and thus we impose H = 1. With these scalings the dimensionless advection-diffusion

equation (5.1.2) then becomes

e2 92T
Pe 952

525—%5%( cF—l—éFU)

From Equation 4.1.35 we have € = de so that nonlinearity in the wave amplitude equa-
tion occurs at leading-order, and hence the advection-diffusion equation governing the

surfactant concentration I is given by

o ( -~ €0l ar  a(I'l)
&S’<F+Pe@S> 6(87+ o3 ) (5.1.3)

To remain consistent with the long-wavelength, small amplitude system described in Sub-

section 4.1.1, we set ¢ = 1. We are interested in the case where surfactant concentration
tends to a constant as I' — F-c0. Hence, we consider small perturbations in the surfactant

concentration about its far field behaviour and write
[ =1+ +0O(5?). (5.1.4)
Then, substituting this into Equation 5.1.3, rearranging and dividing through by &, we

o e Or ar  a(rv)
as(r Peas_U) 5(8T+ o ) (5.1.5)

If U is known then this equation determines I'. However, the tangential fluid velocity at

have

the surface U depends on the surface stress condition, so if the surface tension parameter
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is a function of surfactant concentration then a system of equations must be solved relating

n,Fandﬁ.

The aim of this section is to determine how the presence of the surfactant will affect the
surface elevation 7, and thus an equation relating 7 to the surfactant concentration I is

required. From Equation 4.1.68, the fluid velocity at the surface is given by
U= n+a [ﬁ} .

where T} is the tangential surface stress component. Substituting this into Equation 5.1.5,
we obtain an equation for the surfactant concentration I' in terms of the surface elevation
7 and the tangential stress component 7%, given by

oS

aT 9y e T
95 05 Tpegsr 7

_ 5(?; v ;S(ry[ﬁ} n Fﬁ)) (.16

Writing ¢ = 5, we first integrate with respect to S to get

oS

or

1“—77+<,0@—a9 = 0(9),

and then after rearranging, the O(6%) equation is written as
or ~
=T +poc —ad |1 5.1.7
n togg o h (5.1.7)

where I' — 0 as S — 4o00. The normal and tangential surface stress balances are given

by ( ) in their dimensional forms to be
1 0o”* o* O’n*
T = —— T = —— 5.1.8
T H 9x n H 0x*2 ( )

where o* is the surface tension parameter discussed earlier. For low surfactant concen-
trations, we use the standard assumption that the surface tension parameter o* varies

linearly with surfactant concentration so that

O'* =00 — ko(r* — Fm)
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where I';, denotes the surfactant concentration far from the disturbance (which is ef-
fectively the average concentration since I' - 0as S — +o0), and where oy is the
surface tension parameter when I'* = I'y,, and kg is a positive constant. We see that
as the surfactant concentration I'* increases then the surface tension o* must decrease.

Non-dimensionalising, and using Equation 5.1.4, gives

(o) ~
= —— —koI'n(I' =1
77 pdzg ( )

= FEo — 6k0PmI‘

= FEo — (SEF, FE = korm

where Eo is an inverse Bond number and the constant £ can be considered as a dimen-
sionless Marangoni number which characterises the importance of the surfactant in the
interfacial dynamics of the system. Substituting this into the non-dimensionalised form

of Equation 5.1.8 yields

or 9 0%n
T = —55E%, and T, = de“(Eo — 5EI’)@. (5.1.9)
Then, from Equation 4.1.34, we have
[TY] E [Tw]
= = — _ = = E
« 5. 5 and 15} e“Eo,
where
[T}] = 6eE,  and  [T,] = 6e’Eo + O(8%2). (5.1.10)

Thus, in terms of the perturbation of surfactant concentration I', the surface stress com-

ponents are given by

where the O(J) change in fn has been omitted, since it is not used in the following
analyses. Then, substituting the tangential surface stress component into Equation 5.1.7,

we have

=T — = . 1.
n +<pas+aﬂas © (5.1.11)

or or €
’ Pe

If the Peclet number Pe < ¢ then ¢ > 1, and hence g—g < 1, so the diffusion dominates
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and we return to the case of a constant surfactant concentration and constant surface
tension. However, when Pe = O(¢) or larger then the surfactant evolves on the same

time scale as the slow nonlinear evolution.

Now that we have derived a relation between I' and 7, and derived the surface stress
components ﬁ and ﬁ, we can use these, together with the equations governing the
shallow water long-wavelength fluid flow with an arbitrary stress condition at the fluid
surface, (4.1.71) and (4.1.72), to describe a scenario with a solitary wave subject to a low
concentration insoluble surfactant present at the fluid surface. The governing equations

for the surfactant system can be written in the form

3 5
8<m—a9{mq)+3fm+aa"+ba” ﬁﬁ{&q—aR (5.1.12)

or s a5 " "9s3 " Tass T U7 |as
and
0°T on or or 0°T 0 OT
PP o BRIP4 RO 4 P o4 P S
which must be solved together with the relation between 7 and I such that
or or
n_F—i—cp%—kaf [85} (5.1.14)

where

e2 (1 gt Sy € E
- 7_E = — = — = —_— = —.
a < o), b 155 9 5 Y P’ «

The system contains four positive dimensionless parameters. In no particular order, first
we have «, a dimensionless value which describes the relative effects of surface tension

and viscous forces and characterises the Marangoni stresses in the system ( ,

).

Then we have b which characterises the effect of higher-order dispersion term. This is
only important when the inverse E6tvos number Eo is sufficiently close in value to its
critical value of 1/3 so that the constant coefficient, a, of the third-order dispersion term

is the same order as b, the constant coefficient of the fifth-order dispersion term. In
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other words, if a is small then the fifth-order term is needed in the dispersion balance, as

discussed in Section 4.1.

The small parameter ¢ is the magnitude of the effect of viscous dissipation due to the bot-
tom boundary layer, satisfying the no-slip condition at the rigid boundary. This parameter
also governs the magnitude of dissipation due to the presence of surfactant at the fluid
surface. In the latter part of this chapter where we consider the effects due to the surfactant
in the absence of the viscous bottom boundary layer, we set the coeflicient governing the
magnitude of viscous dissipation due to the bottom boundary layer to be zero but retain
the coefficient governing dissipation due to the surfactant. This is discussed in more

detail later.

Finally, ¢ is an inverse Peclet number characterising the ratio between the surfactant
advection along the fluid surface and the surfactant diffusion. In addition to these param-
eters, we also have the parameter a. The parity of a dictates whether we have positive
elevated travelling wave solutions, or negative waves of depression, as discussed in Sec-
tion 1.2. The size of a also determines whether we require the fifth-order derivative in
the dispersion relation. In much of the following analysis, we impose that the coefficient
a = 1 so that in the absence of effects due to surface stress and viscous dissipation we
retain a general form of the KdV equation with positive amplitude elevated solitary wave

solutions.

An interesting first test case that we examine is to set @ = 0 and consider the distribution
of surfactant in a system with no dissipation due to a bottom boundary layer, and fifth-
order derivative ignored. In this scenario, in a surfactant-free system, 1 would have the
travelling wave solution

n = Asech? <'|A| <S — ;AT)) (5.1.15)

2

from before, where A represents the wave amplitude. Setting « = 0 means that the
tangential stress has no effect on the flow in the main body of fluid, nor on the surface
elevation. Thus, the surfactant is passively advected and diffused along the fluid interface.

The motivation for looking at this scenario is to see how the surfactant concentration
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relates to the shape of the interface.

We start by setting o« = 0 and substituting the travelling solitary wave solution (5.1.15)
for ) into Equation 5.1.14, so the relationship between 7 and the surfactant concentration

I' is then given by

r v0IA 1
gog—s + T = Asech? <£’(S - 2AT)> . (5.1.16)

To solve this partial differential equation for I'(.S, 7), first we introduce a new variable

and then rewrite Equation 5.1.16 in terms of 8, which gives us the ordinary differential

equation

do

dr +T = Asech2<s0 '2‘A|9> ,

= Asech?(Kf) (5.1.17)

where

VI]A
KQ = QDLI

In general, it is not possible to write a closed form of the solution for I' in terms of ¢ and
A. However, we can find I" for general ¢ and A using an integrating factor method so
that

I = Ae” / e? sech?(Kyh) db. (5.1.18)

A closed form of the solution can be obtained for the special case

A
KO =1 = L = l,
2 @
given by
I = —Ae™? (sech@ — 2arctan(ee> + c>, (5.1.19)

where c is some constant of integration which must be zero since, using the boundary
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/\ Numerical solution

\ Analytical solution

Figure 5.1.1: A comparison between the exact solution Equation 5.1.19, and
the numerically obtained solution to the distribution of surfactant concentration

Equation 5.1.18 using the integrating factor method, for the special case —V2|A| = %.

conditions I' — 0 as 8 — +o00, we have
e?sech — 2, e%arctan (e9> — 1, as 0 — —o0

and

e¥sech® — 0, earctan <ee> — 0, as 6 — oo.

A plot comparing the exact solution of I" for the special case Ky = 1 with the numerically
obtained solution to I' using the integrating factor method is illustrated by Figure 5.1.1.
The results obtained by numerically evaluating the integrating factor solution given in
Equation 5.1.18 using Python, for various different values of ¢ and different wave am-
plitudes A, are illustrated by Figure 5.1.2 for waves with positive amplitude travelling to
the right. Then the results for waves with negative amplitude travelling to the right, with

similar variations of ¢ and A, are illustrated by Figure 5.1.3.

We observe from Figure 5.1.2 that elevated solitary wave disturbances, travelling to the
right, appear to distribute the surfactant around the main disturbance with the maximum
concentration centred on the front face of the wave. We also see that for larger values of
, which represents large diffusion, the perturbation in surfactant concentration I' — 0
and thus we return to a case with constant surfactant concentration, as discussed earlier.

We also observe that for smaller values of ¢, the surfactant is distributed more uniformly
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_5

Figure 5.1.2: Distribution of the passive surfactant concentration I plot against 6 with

positive amplitude A (elevated waves travelling to the right) for different values of ¢ and
A.

across the surface of the wave. We observe from Figure 5.1.3 that for waves of depression,
travelling to the left, the surfactant appears to be distributed on the rear face of the wave.
Similar to the case with waves with positive amplitude, as ¢ increases then I' — 0 which

depicts a system with constant surface tension.

In the following analysis we turn instead to the case & > 0 which describes a system
where the surfactant is no longer acting passively, and thus the tangential surface stress

directly affects both the fluid flow and the surface elevation.

5.2 Numerical analysis of the surfactant system

We will now construct a numerical scheme to solve Equation 5.1.12 and its associated

equation (5.1.13) for the surface elevation function 7(S, 7). First, grouping all non-linear
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Figure 5.1.3: Distribution of the passive surfactant concentration I" plot against 6 with

positive amplitude A (elevated waves travelling to the right) for different values of ¢ and
A.

terms with the time derivative on the left-hand side, and all linear terms on the right-hand

side yields

d or o (3, a? arN\? or
w(”‘”[as])*as(z" 5 (7]5)) ‘“”y{asD

3 5
G N i 19<9 [8”] 8F> (5.2.1)

253~ 7955 25|~ “as
and from Equation 5.1.11 we know that the relationship exists between 7 and I" such that
or or
=T — T|—. 5.2.2
n tygg ta [ 3 S} (5.2.2)

Now, if we set
or

L(n,T)=2n— — 2.
(n, ) =2n O‘y[as]’ (5.2.3)

and

23n °n an or
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then these can be substituted into Equation 5.2.1, which becomes

oL 0 or
R + .

. %as (2% =) +a8(95(ng[35]> - o)

Next, I' can be eliminated from the above using the substitution

anﬂ[gg] = 21° — L

so we have

gf + ;;S(L? +3n* —2nL) = R(n, ). (5.2.4)
and also

r
n:gp£+F+2n—L,
= L=gos 4Ty (5.25)

using Equation 5.2.3 and Equation 5.2.2.
Once again we will use the method presented in ( ) and attempt

to derive an integrating factor for the right-hand side of Equation 5.2.4, conveniently
given by R(n,T'), and then advance the function L in time using a Runge-Kutta scheme

detailed in Chapter 2.

First we take the Fourier transform of Equation 5.2.4 which yields
7 T
224 ik ((L?) +3(2) — z(nL)) - R (5.2.6)

where the hat notation describes a transformed variable, and k once again represents our

spectral variable. Also, R denotes the Fourier transform of R(n,7) and is given by
R = (~a(ik)® — b(ik)® + 9u(k)) 7 — (ik)adT

If we take the Fourier transform of Equation 5.2.3 and Equation 5.2.5 then we can evaluate
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L in two different ways:

~

L =27 — au(k)T, or L=(1+iko)T +7
where
Ll ;
p(k) = i|k|2 exp (Fsgn(k)) .

In order to advance in time, we require that all variables need to be written in terms of L.
We can write 7 in terms of r by taking the Fourier transform of Equation 5.2.2 to give

n=(1+ikp+ au(k))f
so we have that

L = (2 + 2ikyp + ap(k))T
and hence

L 1+ ike + au(k)

f — d n=
M T S0 Y ike) + au(k)

2(1 +iky) + ap(k)’ (527

For simplicity we can write
F=gkL, and 7=pk)L,

where

1
(14 ike) + au(k)’

q(k) = 5 p(k) = q(k) (1 + ik + ap(k)).

Then, substituting these into Equation 5.2.6, we have

OL ¢ Lin(@) + 367 — 20D)) = (Mbpl) + RN G28)

where

k) = —a(ik)® = b(ik)> + du(k),  v(k) = —ikad. (5.2.9)

Here we note that in the above equations for A\(k) and v(k) we have assumed that both the
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bottom and surface boundary layers have the same thickness (consistent with the analysis
presented in Section 4.1). In the case when there is no effect due to the no-slip condition
at the bottom boundary, the value of 9 in the A(k) relation would be zero. However,
simply setting ¢} = 0 would omit any contribution from the final term in Equation 5.2.1,
described by v(k) in our numerical scheme, which governs dissipative effects due to the

surfactant. We therefore modify A(k) and v(k) to account for this, so that

k) = —a(ik)® — b(ik)® + Dop(k), v(k) = —ikat),

where 9J; is fixed and

0, (no effect from bottom boundary layer),
Yo =

1, (no-slip condition at bottom boundary).

This is the equivalent of saying that the thickness of the bottom boundary layer §, = 0 in
the absence of the no-slip condition at the bottom boundary, or y = d; when we include
the no-slip condition, i.e. the boundary layers have the same thickness as discussed in

Section 4.1.

Before proceeding, we note that some of the nonlinear terms in Equation 5.2.8 still
contain 7). In order to numerically evaluate these nonlinear terms, we write these in terms

of Fourier and inverse Fourier transforms, F and F ! so that

—

(n?)

7] F )|

[F I - F (kL]

]:
]:

and similarly,

Now that the numerical system is set up, we advance L in time using the fourth-order



5.2 Numerical analysis of the surfactant system 171

Runge-Kutta scheme discussed in Chapter 2. We can then recover the surface elevation

n(S, 7) using Equation 5.2.7 and an inverse Fourier transform. Figure 5.2.1 is a plot of the

2 - — - Initial wave M
T=28 ! ‘I
1.5 -
= 1 ," l'l
0.5 |
0 | o L ’/ N < o _\. -
T T T T T T T T \
—15 —10 -5 0 5) 10 15 20 25
2 - - - Initial wave M
T=16 " ‘l
1.5 o
= 1 ,'I .“
0.5 |
0 e ’/ \\ _____________________ -
T T T T T T T T \
—15 —10 -5 0 5) 10 15 20 25

Figure 5.2.1: Solitary wave solution with surfactant present, at times 7 = 0, 8 and 16,
with parameters: a = 0.2, A = 2, S € [—8m,87], b = 0, ¥ = 0.2 and no effect due to
viscous dissipation at bottom boundary vy = 0.

numerical solution together with the initial condition, for a scenario with no effect due to
viscous dissipation from the non-slip condition at the solid bottom boundary. All effects
are therefore due to the surface boundary layer. We observe a change in wave form of
the solitary wave solution, and a slight damping effect on the wave which agrees with the
expected effects discussed in the description of surfactants given in Section 5.1. Even
without boundary layer damping due to the no-slip condition on the bottom boundary,
we see the formation of a decaying oscillatory tail and elevated shelf which we have

consistently observed in previous results.
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Figure 5.2.2: Close-up of the tail region for the surfactant solution at time 7 = 16, with
parameters: o = 0.2, A = 2, S € [-87,87], b = 0, 93 = 0.2, and no effect due to
viscous dissipation at bottom boundary ¥g = 0.

The oscillating tail is perhaps easiest seen in Figure 5.2.2, a close up of the tail region from
Figure 5.2.1. This change in wave form was not addressed in

( ), nor was the formation of the elevated shelf (although the shelf didn’t appear to be
present in the earlier results). Both the shelf and change in form are visible in Figure 5.2.3,
a plot of the solitary wave with the effects due to the insoluble surfactant overlaid with the
unaffected solitary wave solution, Equation 5.1.15. We observe from the figure that the
surfactant has had a slight effect on the wave amplitude and wave speed, but the damping
effect is not as strong as the damping due to the presence of the no-slip condition at the

bottom boundary.

We can further demonstrate this deformation of the solitary wave form by numerically
extracting the perturbation solution. In other words, if we were to construct an approxi-

mation in the form of an asymptotic expansion around small «, so that
n(S, ;) = 1n0(S,7) + ani (S, 7) + O(a?)

similar to that in Subsection 3.2.2, then the leading order solution 75 would have the form

n0(S,7) = Asech? <\/W (5 _ ;Ar>>

2

and the numerically extracted perturbation solution would be approximately given by
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Figure 5.2.3: Comparison between the unaffacted solitary wave solution and the soliton
with a surfactant present at time 7 = 16, with parameters: o = 0.2, A = 2, S €
[—8m,87], b = 0, ¥1 = 0.2, and no effect due to viscous dissipation at the bottom

boundary ¢y = 0.

m(S,7) + O(a?). Such a solution is illustrated by Figure 5.2.4 which has a similar
structure to Figure 3.2.2, the perturbation solution from the KdV-Burgers’ analysis given
in Subsection 3.2.3. The solution appears to take the form of a core stationary solu-
tion followed by the decaying oscillating tail region, as we saw with the KdV-Burgers’
perturbation solution, although the elevated shelf appears to be smaller in amplitude in

comparison with the stationary core and tail regions.

0.1

O,

—-0.1 |

—0.2 |

T T
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Figure 5.2.4: Numerical perturbation solution with surfactant present, at time 7 = 16,
with parameters: o« = 0.2, A =2, S € [-87,87],b=0,v; = 0.2 and Jy = 0.

To summarise this particular result we first note that the surfactant has had a small damp-
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ing effect on the wave amplitude (and by extension the wave speed). The structure of the
wave form has also transformed so that visually the effects are similar to results we have
seen in previous sections: a deformation of the initial soliton profile with the formation

of a small-amplitude elevated shelf followed by a tail region with oscillatory decay.

We now look at the effect of including the no-slip condition at the solid bottom boundary

in addition to the surfactant at the fluid interface.
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Figure 5.2.5: Solitary wave solution with surfactant present, at times 7 = 0,8 and 16,
with parameters: o = 0.2, A =2, S € [-87,87], b =0, and 9y = ¥; = 0.2.

Figure 5.2.5 is a plot of the numerical solution alongside the initial solution, for a scenario
with a moderate effect due to viscous dissipation from the non-slip condition at the solid
bottom boundary. This has been achieved by setting the parameter characterising the

effect of the base boundary layer to be %9 = 0.2. We observe from the figure that the
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solitary wave has been subject to increased amplitude decay and a larger decrease in
the wave speed. We also observe a much more defined elevated shelf behind the peak
disturbance which is expected given that we saw a similar effect in Section 4.2 where we

only considered the effects due to the bottom boundary condition without any effects at

the free surface.
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Figure 5.2.6: Solitary wave solution with surfactant present, at times 7 = 0, 8, 16, with

parameters: o« = 0.2, A = —1, S € [-87,87], b = 0, ¢ = 1, 99 = 0 (no effect from
no-slip condition) and ©¥; = 0.2.

In addition to these results, we also note in particular the efficiency of the numerical

scheme used. In the previous work presented by ( ), the

numerical schemes would generate results in the order of 4-5 hours. Those results were

generated using a basic form of the pseudospectral scheme in Subsection 3.2.3, but with-

out the use of the integrating factor method described in Section 2.3 which has been used
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throughout this report to generate all numerical results. As a direct comparison, with a
negligible difference in hardware, the results presented in this report have taken around
4-5 seconds to generate. This is represents a huge improvement in efficiency and in return
has allowed for a much more detailed comparison between results when using different

parameters.

A much more interesting case is to use the exact parameter values pertaining to the
results in ( ) which saw unexplained rapid increases in wave
amplitude. The following parameter values were used, amplitude A = —1 (waves of
depression with unit amplitude), & = 0.2, domain S € [—8, 87, no effect due to the
fifth-order term since b = 0, and the inverse Peclet number ¢ = 1. The results were
presented for times 7 = 0, 8, and 16, and for Jy = 0 (no effect due to the bottom

boundary layer), g = 1 = 0.1 and ¥y = 91 = 0.2.

In the case where the no-slip condition at the bottom boundary was ignored, ¥g = 0,
the coefficient ¥; governing the thickness of the upper boundary layer was also set to be
zero in the results presented in ( ). This meant that there
was no contribution from the final term in Equation 5.2.1. This term governs some of
the dissipative effects associated with the presence of the surfactant and thus omitting it
may have partly contributed to the rapid growth in amplitude seen in the

( ) results.

Using the same parameters (but not omitting the dissipative term) in the current analysis,
we see from Figure 5.2.6 illustrating the case when Y9 = 0, ¥y = 0.2 that there is no
rapid amplitude growth in the solutions, which was present in the solutions presented in

( ). In the solution for the case g = ¥; = 0.2, illustrated
by Figure 5.2.7, we see a much greater decay in the amplitude and wave speed which is
expected with the no-slip condition present at the bottom boundary. It would appear
then that the current work gives much more physically reasonable results than those

demonstrated in the previous work.

At this point we note that a further check could be made to determine whether the current

work describes an improvement over the previous results presented in
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Figure 5.2.7: Solitary wave solution with surfactant present, at times 7 = 0, 8, 16, with
parameters: o = 0.2, A = —1, S € [-8m,87],b =0, p = 1, Y9 = ¥1 = 0.2 (no slip
condition at bottom boundary).

( ). An energy conservation law could be constructed using

d ar o (3, a? arN\? ar
67(277_@485»%(2” =5 (7[5)) ‘W[asD

03n % an or
= 5 _bas5+ﬁ<'7[as} _O‘as) !

(5.2.10)
together with the equivalent equation given in ( ). If the
conservation argument indicated that energy was decreasing in Equation 5.2.10 which

describes the system presented in the thesis, and that energy was increasing in the equa-

tions presented in the previous work, then this would be further indicative that the current
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work is correct, and the previous work is wrong. However, an energy conservation law

is not given here and we leave this open to future work.

5.3 Summary of chapter

In this chapter we constructed a similar analysis to ( ) for
a system with an insoluble surfactant positioned at the free surface. While much of the
formulation was the same, the equations governing the system (5.1.12) and (5.1.13) were
different. This is largely due to working with the corrected form of Equation 4.1.71 from

Chapter 4.

An additional scenario was explored where we were able to describe how the concentra-
tion of the surfactant relates to the shape of the interface in a system where the surfactant
is passively advected and diffused along the interface. The results indicated that in the
small-amplitude long-wavelength limit, the surfactant is largely distributed along the

leading face of the solitary wave.

Finally we presented new numerical results for elevated travelling waves and recreated
the results presented in ( ) for waves of depression using the
same parameters. We were able to see from the new results that the insoluble surfactant
caused a small amount of dissipation of the solitary wave. In addition the wave form
changed so that it was somewhat consistent in shape with previous results for solitary
waves affected by damping such as the diffusively damped solitary wave solutions pre-
sented in Chapter 3 and the solitary wave solutions damped by the no-slip condition

presented in Chapter 4.

We also saw when attempting to recreate the results from the previous work that the
new solutions no longer experienced rapid amplitude growth. This is much more in line
with what we would expect to see in a physical experiment due to the decaying nature
of surfactants. The efficiency of the numerical scheme used from Chapter 2 allowed us
to provide closer comparisons and give a much more detailed illustrative analysis of the

solutions, such as the close-up plots illustrating regions of particular interest.



Further applications, future work and

concluding remarks

In this chapter we discuss other scenarios where the exact form of the surface stress is
an important factor in the analysis. We then present solutions to an electrohydrodynamic
system and discuss opportunities for possible extensions to this work. Finally we sum-

marise the results presented in the thesis.

6.1 Other scenarios with a tangential stress condition

In the previous chapter we explored the effect of having a surfactant present at the fluid
surface leading to a surface stress condition and the inclusion of a tangential surface
stress component. For this scenario we considered Equation 4.1.71 and Equation 4.1.72,
and calculated the surface stress components ﬁ and fn according to a low concentration

insoluble surfactant.

However, Equation 4.1.71 represents a generalised equation for an incompressible long-
wavelength, small-amplitude hydrodynamic system with a surface stress condition at the
fluid surface. As such, there are many other applications where this equation may be
applicable in governing the system. Of particular note is a system in the presence of an
electric field. The generated electric field modifies the surface tension at the fluid surface
which alters the tangential surface stress. We explore such a system in greater depth in

the following section.
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In addition to an electrohydrodynamic system, there are many other scenarios with a
tangential stress condition at the fluid surface. While no explicit physical application is
given, ( ) considered asymptotic solutions of the wave motion of a fluid

with specified tangential surface stresses constructed at high Reynolds numbers.

More recently ( ) considered sediment transport experiments induced
by a plunging solitary waves. Solitary waves are able to transport a large amount of
sediment when approaching a beach, which sometimes causes serious beach erosion
( , ). In such a scenario any sediment present at the fluid surface is likely
to modify the surface tension of the wave and result in a tangential stress condition at the
surface. While such a scenario is not explored here, we believe we could draw parallels
with the surfactant system and derive a similar set of equations to Equation 5.1.12 and

Equation 5.1.13 which would govern the system.

Instead we proceed to consider a system subject to an electric field due to the presence

of parallel electrodes positioned above the fluid and at the bottom boundary.

6.2 The effect of surface stress in electrohydrodynamic flows

In this section we consider a scenario with a fluid layer of finite depth in the presence of
an electric field acting vertically through the fluid body. The electric field is generated
due to parallel electric plates below and above the fluid with an arbitrary separation
distance d. We focus on the limit d — oo so that E — FEpy as y — oo, for some
constant Ey. The propagation of travelling waves on the surface of the fluid layer along
with the perturbation to the electric field is considered. Such a scenario is illustrated by

Figure 6.2.1.

Nonlinear travelling waves in the presence of a normal electric field have been considered
( ) ; , ) when the
electric field is due to parallel electrodes with arbitrary separation distance comparable
to the fluid depth. In the case of parallel electrodes with very large separation distance,

a Korteweg-de Vries-Benjamin-Ono type equation is obtained for particular wavelength
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Figure 6.2.1: Anillustration of an interfacial travelling wave with an electric field passing
vertically through the fluid body.

and amplitude scalings. This notion was discussed in Gleeson et al. (2007), although
explicit results were not given. Hammerton (2013) considered a similar scenario with
two fluid layers where the lower fluid was assumed to be a perfect conductor and the
upper fluid a perfect dielectric (not conducting), and the existence of solitary waves
was discussed. A further example was provided in Hammerton and Bassom (2013) for
travelling waves of depression and later Hammerton and Bassom (2014) consider small-

amplitude disturbances on the surface of a fluid layer subject to a normal electric field.

6.2.1 Formulation

The general theory is formulated by considering the application of a vertical electric
field when the two fluid layers have different electrical properties. If we use subscripts 1
and 2 to denote the lower and upper fluids respectively, the two fluids are taken to have
permittivity € and conductivity o, 5, where k € [1, 2], and the electric field intensity is

given by E.

Assuming we have an incompressible fluid, the governing equations for an electrohydro-

dynamic system are given by Melcher and Schwarz Jr (1968); Castellanos and Gonzalez
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( ) in their dimensional forms
V*x E* =0, (6.2.1)
V* - (€E*) = ¢*, (6.2.2)
aq*
Ve J* =0, 6.2.3
o (6.2.3)
where ¢* is the charge density, and J* is the current density given by
(6.2.4)

J* = O'CE* _’_q*u*7

where we have assumed no charge diffusivity, and from (6.2.1) an electric potential V*

exists so that
E*=VV™.

At the interface we have the jump conditions

[£-E*],=0, [A-cE=qs, (6.2.5)

where ¢ is the surface charge density and [-]3 denotes a jump in quantity when crossing

the interface from fluid 1 to fluid 2. The normal and tangential stress balances due to the

electric field are

(normal stress balance),

(tangential stress balance),

where the stress tensor f* is given by

1
£ =f = B By — S |E*[* 6y,

Hence the normal and tangential stress components exerted on the lower fluid due to the

electric field are given by

Ty = —gsEx, (6.2.6)
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respectively, where £} and EY are the respective normal and tangential components of

the electric field.

To complete the system we also require an equation relating the surface charge density
and the flux of charge onto the surface from the body of the fluids, and the flux along
the surface. We consider the charge conservation equation (6.2.3) at the fluid interface

which, using Equation 6.2.5 and substituting for Equation 6.2.4, becomes

dqs
ot

+ vs(qus) +1- [GOE*] =0 (6.2.7)

where u; is the surface velocity, and V is the surface divergence such that

VSZV*_ﬁ'(ﬁ'V*).

In the surfactant analysis in Chapter 5 we used an advection-diffusion equation (5.1.1)
to relate the surfactant concentration to the surface fluid velocity and then, after some
work, we derived a relationship between the perturbation of surfactant concentration and
the surface elevation. Equation 6.2.7 provides us with a similar relationship, this time
between the surface charge density and fluid velocity and thus we can derive a relationship

between the electric field and the surface elevation.

We now proceed to look at two cases. The first assumes that the lower fluid is a perfect
conductor, or dielectric. The second case is the general case and makes no assumption

on the lower fluid.

6.2.2 Results for a perfectly conducting lower fluid

In this example we assume that the lower fluid is a perfect conductor so E* = 0 in this

region, and the upper fluid is a perfect dielectric (non-conducting) subject to

E* — Eyy, as y — oo.
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where Ej is some constant describing E* in the far field. With these assumptions, using
the jump condition at the interface given by Equation 6.2.5 we have [E;] = 0. Hence,
since the lower fluid is a perfect conductor, the tangential component of the electric field

either side of the interface is zero, and thus from Equation 6.2.6 we have

1 _
= 560(157;)2, r=0 (6.2.8)

n

where € is the permittivity in the upper fluid. Assuming long-wavelength, small-amplitude
disturbances on the surface of the lower fluid layer (the interface between the two fluids),
we will use the same scalings on the fluid as in the surfactant analysis in Chapter 5. Then
using Equation 4.1.71 in the absence of any tangential surface stress at the fluid interface,

the partial differential equation governing the system in Cartesian coordinates is given by

=2z s

2 3 2 95 T
on on e <1an € 8n> _ 10T, 5By{8n] (6.2.9)

921 2y (2= 7
ot T T 5 \30m T 500 9z

where fn is the normal stress component with contribution 73, from the surface tension
o and contributions T}* from the electric field. We have also assumed a no-slip condi-
tion on the lower electric plate, the effects of which are governed by the final term in
Equation 6.2.9. From Chapter 5 the contribution from the surface tension to the normal

surface stress component is given in its dimensionless form by

62
T, = (562an—$2,

where Eo is the Bond number and thus, if we combine this with the contribution from
the vertical electric field Trf from Equation 6.2.8, which is to be non-dimensionalised,

we have
~ 0?n 1
T, = 582Eo—ax2 + ieo(EI*l)Q.

Then, substituting this into Equation 6.2.9 we obtain

. (6.2.10)

2 3 4 95 7
00y 2 (L) Pry 2 _E b 0]

at To: TS 908 T a5 2 s
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where

and the coeflicients of the derivatives in 7 are identical to those in Section 4.1.

The velocity potential in the lower fluid is ¢; = ¢, and in the upper fluid ¢2 = 0 since
the fluid is considered to be hydrodynamically passive. These satisfy Laplace’s equation,

so we have

Due to the presence of the electric field, we also have voltage potentials V; and V5, where
again the subscripts denote the lower and upper fluids, respectively. Then, since the lower
fluid is a perfect conductor we have E = 0 and hence V; = constant = 0. In addition to
this, since the upper fluid is a perfect dielectric there is no charge density and the voltage

potential in the upper fluid Vo = V™ also satisfies Laplace’s equation. Then we have
V* — Eyy*, as y* — oo.
We use the same scalings as in Chapter 5 to non-dimensionalise
t* = \/g, ut =u\/dg, x*=dx, y*=dy, T*=pghT
and the scaling on the voltage potential in the upper fluid is given by
V* =dE,V,
where F) is some constant scaling parameter. Hence we have
E;=da-VV*=Eyn-VV. (6.2.11)

The wavelength of the surface disturbance is O(¢™!) so we rescale horizontal coordinate
as

X =ex,

and then using the expression (4.1.23) for the unit normal vector i together with Equa-
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tion 6.2.11, we have

Ef = —Ej <8V _ 5&%87‘/

3y X 8X> , on y=dn. (6.2.12)

We then choose the scaling on the vertical coordinate y such that Y = ey so that V'

satisfies Laplace’s equation X, Y

2V 8V

2y, =2 Y 2
VIV =552 T ave

=0.

The interface is then

y=0n = Y =en,

with
Y
Vo— a Y — oo, and V=0 on Y =den.
€

Thus we write

V= é(Y + 0e)

where 1 satisfies

0%y 92
8—);”2 871/% =0 (6.2.13)

with

P —0, as Y — oo, and Y=—-n on Y =den.
Hence Equation 6.2.12 in terms of 1) and Y becomes

* 8¢ _$2.2 877 fw _
En = E() <1 + 5587 0°e 8787 s on Y = (5877 (6214)

Finally we have

_ T* E*2 En2
p o T _ (B _ (B

T pgh 2pgh 2

__B 9% 2.2
=3 (1 +25€8Y + O(6%e?) (6.2.15)
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where Fj, is an electric Bond number (or Weber number) given by

€0E§

pgh

Ey, (6.2.16)

Then the contribution from the electric field E in Equation 6.2.10 in terms of the dimen-

sionless normal component E,, and Ep, is
= Eb 8 2
EF=——|(F . 6.2.17
2 Oz <( ) ) ( )

The problem reduces to solving Equation 6.2.13 together with Equation 6.2.15 in order
to express the contribution from the electric field E from (6.2.17) in terms of the surface
elevation function 5. Using a similar approach to ( ), we observe that
the first-order derivatives g—;é’ and g% in Equation 6.2.13 and Equation 6.2.15 are related

by
oY oY
oy ~ 7t [ax}
where H[f(X)] denotes the Hilbert transform, defined as the Cauchy principal value

PV of the convolution integral

HIF(X)] = PV (jr /: )f(f)sds> (6.2.18)

with the unique property that

HIH[f]] =~

If we apply this at the interface Y = den, then i) = —n so

0Y _ | 0n|_ 1,0
Yy H[ax}_ 8H[81:]

and hence the contribution from the electric field at the interface is given by

s_bv on 2
E= ( 1+267—[[8x]>+0(5 ). (6.2.19)

Finally, substituting (6.2.19) back into Equation 6.2.10, the governing equation for the

incompressible long-wavelength, small-amplitude electrohydrodynamic system is given
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32
0z2

0 on 03 o
XL Dl Al Sy i p?—[[

ot T 9w oz3 ~  Ox®

} 19T [g"} (6.2.20)

where

a= i<1—Eo> b:zf;(Y ﬁ:%, 29:%]3.
If we set b = ¢ = 0 then the resulting equation is sometimes called the Korteweg-de
Vries-Benjamin-Ono equation ( , ) as is it effectively a linear combina-
tion of the Korteweg-de Vries equation (2.1.1) and the Benjamin-Ono equation

on  On %
o T Eb%[(w . 6.2.21)

a nonlinear partial differential equation that describes one-dimensional internal waves in

deep water. We now proceed to obtain travelling wave solutions to Equation 6.2.20.

6.2.3 Numerical derivation of the travelling wave solution

The governing equation equation (6.2.20) derived above has no known exact solutions. In
the next part of the analysis we will attempt to find numerical solutions using a Newton-
Raphson type approximation, with the solitary wave solution given by

n = Asech? <V|A (a: - At)) (6.2.22)

2 2

taken as an initial guess. We begin with (6.2.20) in the case ¥ = 0 with no effect due to

a no-slip condition on the solid lower electric plate,

on on Sn 0%
91 il 4 i)
8t+38 T3

pa M
3+ oxd

—pH [} (6.2.23)

which is a fifth-order KdV-Benjamin-Ono equation where as before we impose that a =
+1 depending on the parity of the amplitude, and the Hilbert transform H[f(X)] is

defined in Equation 6.2.18. Setting b = p = 0 reduces Equation 6.2.20 to a KdV equation
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with solitary wave solution given by Equation 6.2.22. Now, we make the substitution

A A
n=AN(z), z= g | (a: - 2t> , (6.2.24)
so the initial guess becomes
N = sech? z,

and the derivatives become

9 0z0  AJAF 0

ot otoz 4 9z’

(6.2.25)

and

1
o 920 |A2 0
e (6.2.26)

Then we substitute (6.2.25) and (6.2.26) into Equation 6.2.20 to get

A\A\%@+3A1A\%d(m)+ 1Az 3N b\Ay%dw__@H d2N
2 dz 4 Az T8 A’ TV a2 4 Py a2

and this can be simplified to

AV 3d(VH) _ 1 [ JAIEN | APEN g [N
dz 2 dz 24 2 dz3 8 d» ? dz2 | |-
We then integrate with respect to z which yields
N §N2_i @d2N+b|A’2d4N ‘|A|%7-[ Ny (6.2.27)
2 T2a\"2 e T8 et P dz | ) -

As with previous chapters in the report, we will use spectral methods to numerically eval-
vate Equation 6.2.27. Similar to the boundary layer integral transform Equation B.0.5,

the Fourier transform of the Hilbert term is non-trivial and is given in

( ) by

—if(k), k>0
FH[f ()] =

or more compactly,
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where sgn denotes the signum function. We take the Fourier transform of Equation 6.2.27

which gives

1
& 375y, 1 |Al AP LlA]ZY o
N — S (N?) + — | ak®== — bk* = + pk? N =
3 )+2A<“ 2 g TP 0

and this can be simplified to

=~ 5% 1 1 _ N
N — %(NQ) + ;(2%2 - gbk4\A\ + pk | A 2 sgn(k)>N =0 (6.2.28)

where 7 = sgn(A). Then, writing N as a discrete Fourier transform
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Figure 6.2.2: Initial travelling wave profiles for the KdV-Benjamin-Ono equa-
tion (6.2.20), with parameters a = 1, A = 2,b = 0,9 = 0, x € [—4r,4n], for
different values of p = 1, 1.8, and 2.6.

Equation 6.2.28 can be written
 — §Ec chos + 1 (Eak? - lbk“]A\ L pk|A Zsgn(k) ) er =0 (6.2.29)
k 9 - sCk—s 7\ 9 S k e

with unknown coeflicients ci. The set of n + 1 equations with n 4+ 1 unknowns is solved
for c; using a Newton-Raphson approximation method, iterating from the initial guesses

for ¢y, given by taking the Fourier coefficients of N = sech? 2.

Figure 6.2.2 illustrates the approximate travelling wave solution to Equation 6.2.20, with
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no effect due to a no-slip condition on the bottom boundary so that ¥ = 0, and no
contribution from the fifth-order derivative so b = (. We see that increasing the value of
p results in a much smaller initial amplitude of the wave. We also see the formation of
additional troughs and peaks, or ripples, either side of the main peak disturbance. In the
case where 5 = 1 the wave looks altogether similar to a sech? solitary wave solution to the
KdV equation, with the addition of two small troughs either side of the main disturbance.

As we increase p we see additional ripples, bigger troughs and a smaller middle peak.
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Figure 6.2.3: Initial travelling wave profiles for the fifth-order KdV-Benjamin-Ono
equation (6.2.20), with parameters a = 1, A = 2, b = 1,9 = 0, x € [—8m, 87,
for different values of p = 1, 1.8, and 2.6.

Figure 6.2.3 illustrates travelling wave solutions using the same parameters but including
the fifth-order derivative. We observe similar behaviour in these solutions to those in
Figure 6.2.2 except that the main disturbance appears to be much wider with a smaller
amplitude. In addition to this, we observe in Figure 6.2.4 that keeping the value of p fixed
and decreasing the amplitude A results in the ripples becoming more comparable in size

to the main central peak.

We now advance these solutions in time using the fourth order Runge-Kutta and inte-
grating factor methods defined in Chapter 2, and then look at the effects of including
the no-slip condition on the solid bottom electrode boundary. We begin with the case
¥ = 0 where we choose to omit any effects due to a no-slip condition at the fluid bottom.
Figure 6.2.5 illustrates such a scenario which demonstrates that the numerical solution

obtained from solving Equation 6.2.28 using the Newton method is indeed a travelling
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Figure 6.2.4: Initial travelling wave profiles for the fifth-order KdV-Benjamin-Ono
equation (6.2.20), with parameters a = 1, b = 1,9 = 0, z € [-8m,8x], p = 2 for
different values the amplitude A = 1.2, 1.5, and 2.

1 t=0

0.8
0.6 |
S04
0.2

VAR

—0.2 - T T T T T T T T T
—10 -5 0 5 10 15 20 25 30
X

Figure 6.2.5: Numerical travelling wave solution to the KdV-Benjamin-Ono
equation (6.2.20) at times ¢ = 0 and ¢t = 10, with parameters a = 1, amplitude A = 2
b=0,z € [-8m, 8|, p = 2.2 and no effect due to the no-slip condition at the fluid
bottom, so ¥ = 0.

wave solution to the KdV-Benjamin-Ono equation Equation 6.2.23. We observe that the

wave travels without loss of amplitude or change in wave form.

Next we look at the case ©9 = 0.1 which represents a small dissipative effect from the
no-slip condition on the bottom electrode. We advance the numerical solution obtained
from solving Equation 6.2.28 in time and increase ¥ from its zero value to ¢ = 0.1 for
times ¢ > 0. Figure 6.2.6 illustrates such a scenario. We observe from the figure that the

main disturbance has decayed in amplitude, as expected, and that an elevated shelf has
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Figure 6.2.6: Numerical travelling wave solution to the KdV-Benjamin-Ono
equation (6.2.20) at times ¢ = 0 and ¢ = 10, with parameters a = 1, amplitude A = 2
b=0,z € [-8m,8~|, p = 2.2 and a small effect due to the no-slip condition at the fluid
bottom 9 = 0.1.

formed behind the left-hand trough. Although not visible in the figure, careful analysis
of the results show that a decaying oscillatory tail has also formed similar to the KdV-B
results in Chapter 3 and the surfactant analysis in Chapter 5. We see also that both ripples
have become smaller in value, with the trough on the left-hand side decaying more than

the trough to the right of the main peak.
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Figure 6.2.7: Numerical travelling wave solution to the KdV-Benjamin-Ono
equation (6.2.20) at times ¢ = 0 and ¢t = 10, with parameters a = 1, amplitude A = 2
b=0,z € [-8n,8n|, p = 2.2 and moderate effect due to the no-slip condition at the
fluid bottom ¥ = 0.2.

Finally we look at the case ¥ = 0.2 which represents a moderate dissipative effect from

the no-slip condition on the bottom electrode. In the same way as before, we advance the
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numerical solution obtained from Equation 6.2.28 in time and increase 9 to ¢ = 0.2 for
times ¢ > 0. Figure 6.2.7 illustrates such a scenario. We observe from the figure that the
main disturbance has experienced a greater decay in amplitude, as expected, and that an
elevated shelf has formed behind the left-hand trough, as before. We see also that both
sets of ripples have become smaller in value again, with the trough on the left-hand side

decaying more than the trough to the right of the main peak.

6.3 Extensions to the existing analyses

The case when the lower fluid is not a perfect conductor

In the previous results the lower fluid was assumed to be a perfect conductor. This
represents a massive simplification to the model in that we had no tangential surface stress
condition. If instead we do not impose that the lower fluid is perfectly conducting then
the model becomes much more similar to the surfactant system and we would consider
Equation 4.1.71 together with Equation 6.2.7 and a suitable tangential stress component

ﬁ with contributions 7} # 0 from the electric field.

While such a scenario isn’t explored here, we believe this to be an interesting possible
extension to the existing model in Section 6.2 from which we could draw parallels with

the surfactant analysis from Chapter 5.

A scenario with a soluble surfactant at the fluid interface

The surfactant system in Chapter 5 considered weakly nonlinear disturbances in the
presence of an insoluble surfactant. One possible extension of this analysis may be to
explore a similar system but instead consider the effects of a soluble surfactant at the

fluid interface.

Insoluble surfactants are much easier to model than soluble surfactants which adsorb

much more with the main fluid body. This makes the analysis much more complicated
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and would add conditions on the equations governing the fluid flow of the main fluid body.
While such a system isn’t considered here, we believe this would make an interesting

extension to the current model.

This notion has been explored experimentally for nonlinear gravity-capillary waves (

, ) although the governing system of equations were absent from the analysis.
Certainly the surface elevation equation with stress conditions (4.1.71) may be applicable
although both the normal and tangential surface stress conditions would look different to

those described in the insoluble case.

An electrohydrodynamic system with an insoluble surfactant

We have considered two scenarios in depth, a fluid with an insoluble surfactant at the
fluid surface and a fluid in the presence of an electric field. As such, we believe that an
interesting scenario would be to combine both of these systems. Although we pursue
this model out of general interest, in real-world experiments it can often be difficult to
remove all traces of surfactant on a fluid surface. Therefore one possible motivation for
obtaining results for such a scenario would be an instance with an electrohydrodynamic

system subject to unintended surfactant present at the fluid interface.

For a combined system we could assume the travelling wave solution to the electrohydro-
dynamic system which is affected by an insoluble surfactant for times ¢ > 0. Alternatively
we could consider an undisturbed sech? solitary wave solution affected by both an electric
field generated through the fluid and the insoluble surfactant for times ¢ > 0. In either
case we can use the full system of equations given by

0 or on #n [0 on
o (277—&9[65]) + 3n %-i- 753 p’H[aSz}—i—ﬁﬂ[aS]—aR, (6.3.1)

omitting the fifth-order derivative (b = (), and where

821 oan _[or o7 T 6, 0T
R—‘W[asz} asy[as] 9[595]7[(952}*5% 6.3.2)

as in Chapter 5.
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Figure 6.3.1: A numerical solution to the full system of equations (6.3.1) and (6.3.2)
with the electrohydrodynamic travelling wave as an initial condition, with parameters:
x € [-8m, 87|, t =0,8, and 16, A = 2, « = 0.4, a = 1, p = 2.2, and no effect due to
no-slip condition ¥ = 0.

Figure 6.3.1 is a numerical illustration generated using the integrating factor method
defined Chapter 2 which shows the electrohydrodynamic travelling wave solution in the
presence of a surfactant, for times 7 = 0, 7 = 8 and 7 = 16. In this system we have

ignored the effects due to a no-slip condition at the solid bottom boundary.
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We observe from the figure that the travelling wave has formed a noticeable oscillatory
tail behind the ripple which sits to the rear of the main peak disturbance. We also see that
for later times the ripple to the left of the main peak has decayed, whereas the main peak
disturbance has grown in amplitude by small amount. It is not immediately clear from
the figure itself, but upon further inspection we observe that the ripple to the right of the

main peak has also decayed slightly in amplitude.

We note that although the main peak has increased slightly in amplitude, this is not
attributed to a numerical instability or error causing rapid amplitude growth which was
seen in ( ). One possible cause of this growth may be that
the some of the fluid mass has been redistributed from the ripples either side of the main

peak.

Figure 6.3.2 is a numerical illustration which shows the electrohydrodynamic travelling
wave solution in the presence of a surfactant, for times 7 = 0, 7 = 8 and 7 = 16, with
the inclusion of the no-slip condition at the solid bottom boundary. This figure has also
been generated using the integrating factor scheme defined in Chapter 2. We observe
from the figure that the travelling wave has again formed a noticeable oscillatory tail
behind the ripple which sits to the rear of the main peak disturbance. We also see that
another elevated ripple, or indeed perhaps the equivalent of a constant elevated shelf, has
formed behind the trough ripple to the left of the main peak. This time the main peak has
decayed, in addition to the ripples on either side. Once again, it is not immediately clear
from the figure itself, but upon further inspection we observe that the ripple to the right

of the main peak has also decayed slightly in amplitude.

6.4 Summary of chapter and concluding remarks

This chapter first discussed other scenarios where the governing equations for the system
with an arbitrary surface stress condition may be applicable. While usage in previous
work to our knowledge is limited to the surfactant and electric field systems, we believe

that there are many more applications where it may be used such as the sediment transport
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Figure 6.3.2: A numerical solution to the full system of equations (6.3.1) and (6.3.2)
with the electrohydrodynamic travelling wave as an initial condition, with parameters:
x € [-8m, 87|, t =0,8,and 16, A = 2, &« = 0.4, a = 1, p = 2.2, and moderate effect
due to no-slip condition ¥ = 0.2.

scenario discussed in Section 6.1.

In Section 6.2 we revisited a scenario previously explored in Hammerton and Bassom
(2013), Hammerton (2013), and Hammerton and Bassom (2014) as well as various other

works such as Papageorgiou and Vanden-Broeck (2006) and Gleeson et al. (2007). We
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have shown that travelling wave solutions are possible in an electrohydrodynamic system
and in addition to this we provided numerical solutions and illustrations using various dif-
ferent parameters. We also presented illustrations for a scenario with a no-slip condition

at the bottom boundary.

We note, in particular, certain parallels with the surfactant system. A relationship be-
tween the surface elevation function and the electric charge density can be derived using
the electric charge conservation equation (6.2.7), in the same way that a relationship
between the surfactant concentration and the surface elevation can be formed using the
advection-diffusion equation (5.1.1). Both comparisons allowed us to deduce the surface

stress conditions exhibited in each scenario.

While no surface stress conditions were explicitly given for the KdV-Burgers’ system
presented in Chapter 3, these could be derived for each physical scenario discussed in
the chapter introduction. The governing equations for each physical system: the KdV-B
system (Chapter 3), the system with boundary layer damping in Chapter 4, the surfactant
system in Chapter 5 and the electrohydrodynamic system presented earlier in the present
chapter; all represented small perturbations to the Korteweg-de Vries equation (1.3.1).
This is a direct result of applying small magnitude interferences to the weakly nonlinear

long-wavelength fluid system.

Each scenario presented in the thesis has considered a travelling solitary wave solution
as an initial condition before applying the relative effects for times ¢ > 0. While each
scenario has different parameters characterising the relative effects along with its own
intricate boundary conditions, direct comparisons between the results identified similar-
ities in the transformation of the solitary wave profile. In each case we identified a slowly
decaying oscillatory tail, a small amplitude elevated shelf behind the peak disturbance,

and a gradual decay in ampltiude resulting also in a loss of wave speed.

This appears to be a general result for solitary wave dissipation, reaffirming previous

work such as that presented by ( ) and ( ).

As such, it is our belief that the results presented in this thesis may be both useful and

applicable to future research concerning the dissipation and the effect of surface stress
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on solitary wave propagation.
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A

Integral constraints and results used for

the KdV-Burgers’ Analysis

A.1 Integral constraints on the linear perturbation equation

In determining the solution of the linear perturbation equation (3.2.13), three integral
constraints (3.2.22)-(3.2.24), are used. These constraints are derived in this appendix.
For R[vy| and L[F], given by Equation 3.2.16 and Equation 3.2.15 respectively, and
v = sech? @, it can readily be shown that when F' and its derivatives tend to zero as

0 — 400 then

/ R[v] 6 = 210 / L{F]d6 =0
00 0o 2 00
/ voR[vo) df = ;MO/ V2 + (%?) 9 / voL[F]df =0
o o oo
/ OL[F]dg = / (1200 F — 4F) 6 / OR[vo] A0 = 2111

Integrating Equation 3.2.19 with respect to 6 and the product of Equation 3.2.19 with

vp(0) then gives

d o d o0 8
di </oo > T (/oo 0 > (“ ° 15>

Then, noting that F'(6,0) = 0, the first two integral constraints are obtained:

o) B oo 8 5
/ Fdo = 2u0t, / U()F do = 2<,u0 — 15) t.
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Similarly,

(i.(/ 9Fd9>:12/ UoFd9—4/ Fd@—,ul/ Uode,

8\ ~ ~
= 24<u0 - 15) t—8ut —2u1.

Integrating with respect to the transformed time variable ¢ then gives the final integral

constraint required.

A.2 Useful integral results

In the main body Subsection 3.2.2, a number of integrals involving hyperbolic functions
are used. All of the integrals can be evaluated using standard techniques and their values
are given in this appendix for convenience. Using the shorthand notation 7" = tanh 6

and S = sech? 0, we have

* > 4 i 16
240 = 2 / 490 _ = / 6 39 — 2°
/_OOS do =2, _OOS do 3 _OOS do I
o 7T2 0 7T2 oo
/ 03527 d9 = T / 025%d0 = T / 0S%*Tdo = 1,
[e’s) A 1 [e%¢] 0 7T2 5
0S*Tdo = =, (1—1T)do = 26,,, 0(1—T)d = — — 62.
—o0 3 0y o, 12

A.3 Convolution integrals involving Airy functions

If we define the convolution H = f * Ai and

F(z) = /_ OO H()d,

and also
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then it is postulated that as long as f(x) decays sufficiently rapidly as |z| — oo so that

Coz/oo f(z)dx, 01:/00 zf(z)dz, C’gz/oo 22 f(z) dz,

—0o0 —00

then
1
F~ Co, Il(Z) ~ CO,Z - Cl, IQ(Z) ~ 5(0022 - 02) y (A31)

as z — o0o. This corresponds to Equation 3.2.30 with an appropriate change of variables.
Here it is verified that the result is true when f(z) = 1 fora < x < b and zero elsewhere.
Since all the results are linear in f(z), then this validates the result for all piecewise

constant functions with compact support.

We begin by defining the function

IA:/ Ai(2') d

—0o0

from which it follows that

q(z) = / Ian(Z)d2 = 215 — AV
N 1
r(z) = / q(z')d = §(ZQIA — zAi — Ai)

1
s(z) = / 2Zq(2)dy = g(z3IA — 22A1 — zAi + 1.

Taking the limit as z — oo, and using the asymptotic forms for Airy functions (
) gives

1 1
Ian~1, g~z r~§z2 and s~5(23+1).

Hence we have

b
H(z)—/ Ai(z —y)dy = Ia(z — a) — Ia(z — b),

and therefore

F(z) = q(z —a) —q(z = b).
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Thus F' ~ b — a and similarly, after some working,

1 1 1
Ilw(b—a)z—i(bQ—az), Igwi(b—a)f—g(b?’—ag).

Finally, substituting for f(x) in the expressions for C;,
Co=b—a, Ci=-0*—d%), and Cy=—(b*—a?),

and thus the results for Equation A.3.1 are validated.

This proof has been constructed using a piecewise constant, but it can also be demon-
strated numerically that the same limiting forms apply when ¢(x) from Subsection 3.2.2

decays exponentially as |x| — co. However, proof of this is not attempted here.
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Derivation of the vorticity transform

Consider from Chapter 5 the tangential momentum equation (4.1.32) at the surface N =

0,

goU  oU oU 9y 19T, PU 10w

——— =+ U+ 55— = — 2627 =—-—
cor ‘95 TV a5 Tas 505 T 95T T 5oN |y,
where U(S) = @(S,0). To evaluate the right-hand side, we want to find g‘?\;’ N—o and

thus we need to solve Equation 4.1.31 subject to the condition at the surface
wi(S,0) = fi(S)

and the matching condition w; — 0 as N — oo and |S| — oo. From Equation 4.1.31,

the leading order vorticity equation for each component w; has the form

0w 0,
aNz — ‘a5

We set w;(.S,0) = fi(S) where the appropriate f; follows from Equation 4.1.28. First,

we take the Fourier transform with respect to .S to give

0?Q ,

W = —C(lk)Q
where 0 = Flw]. If we write A2 = —cik then we have a second order differential
equation for €2 in the form

0%Q

—— = N0 =

N .

with solutions given by

Q= PeMY 4+ Qe‘AN
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for some constants P and () to be determined. Now, since A\?> = —cik, we have

clk .
A= +Vcke " = O, k>0

—VH 1 +1), k<0

We know that  — 0as N — oo, so P = 0. Then at N = 0 we have
Q= F(k), where F(k)=F[f(9)]
so @@ = F'(k) and hence we can write
Q(N, k) = V2rF(k)G(N, k)
where 2 and F’ are the Fourier transforms of w and f, respectively, and

L exp(—p(l —=i)N), k>0

G(N,k)={ V*"
\/%exp(—,u(l +i)N), k<O
where p = % The solution can then be written as a convolution

wN.8) = [ fs+ )9V do
where ¢g(V, S) is the inverse Fourier transform of G(V, k) so that

g(N,S) = 2i /Ooe—#N (ei(ks+uN) + e—i(kS—l—,uN)) dk
™ Jo

We switch from dk to du for simplicity. Since ¢ > 0 and g > 0, then

2 4
k= o ak="Fau
& C

(B.0.1)

(B.0.2)
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and hence
[e.@]
o4,8) = 2 [ e (@) o)) g
™ Jo
4 [ N 25 2
= ; pe Y cos (?Su —i—uN) dp
Then we set
x dz
= N S0 dH = ﬁa
and also set a = %, so that
4
g(N,S) = o (c(a) — s(a))
where
o0
cla) = —/ ze™ " cos(z) cos (az?) da
%
s(a) = / ze " sin(z) sin (az?) dz
0
Using results from ( ), we can deduce that g(NV,.S) = 0 for
S >0, and
oo
wlN.8) = [T #(S +0)g(N ) do
0
cN —cN?
g(N,v) = o P ( " > (B.0.3)
and also as

N =0, w(N,S)— f(S).

Then if we integrate g(N, v) with respect to N we have

& c 1 o —cN?
N,v)dN =/ —— N
|, o \[Tw/o exp( 1
1

\/ CTTU

) an
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Therefore, if we substitute into Equation B.0.2 we have

/Ooode:/oof(S—Irv) (/Ooong> dv

<f(S+v)
ﬁ o
_ % 7] (B.0.4)
where
Fle(X)] = \/17? /Ooog(X\/;Y) av. (B.0.5)

Direct evaluation of the convolution integral for 2 527 converges as N — 0, but not for

N = 0, so it is better evaluated by integrating the original equation from N = 0 to

N = oo0.
Ow  dw df
— = — dN =+/cT B.0.6
Integrating Equation 4.1.31 yields
*° Owl 92w, 0w;
- dN
“Jo / N7 TON |y_g
and hence, from Equation B.0.6,
0w; df;
=cT B.0.7
ON |y~ v [dS] BOD
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