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Abstract

The undular bore is a wave propagating in shallow water, often resulting from tidal forces
that cause a slight change in the wave heights. Favre (1935) did a physical experiment where
an undular bore was created and he discovered that the leading wave was breaking when the
ratio between the height of the wave above the initial water height and the initial water height

exceeded 0.281. He referred to this ratio as the bore strength.

This study numerically simulated an undular bore in dimensions and physical assumptions
approximating the experiment of Favre to find the threshold for breaking. The nonlinear, dis-
persive KdV equation and two extensions of the KdV equation, which we called the eKdV
equation and the eeKdV equation, based on the work of Norevik and Kalisch (2022), were
utilised to produce the undular bore solutions and the solitary wave solutions. Moreover, the
eKdV equation was evaluated with an addition of a background shear flow to analyse if this
could improve the result further. The aim was to find an equation that models the breaking of

undular bores.

The convective breaking criterion was applied on the numerical simulations of the undular bore,
where the equation gave a good approximation on undular bore breaking if the bore strength
was close to the bore strength found by Favre (1935). The higher-order eKdV and eeKdV
equations experienced breaking with a higher bore strength compared to the KdV equation,
while the eKdV equation with background vorticity exhibited breaking with an even lower
bore strength than the KdV equation. Unfortunately, none of the equations had a lower bore
strength than the one achieved by Bjgrnestad et al. (2021).
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1 Introduction

The study of wave breaking is an essential subject in fluid dynamics. As highlighted by Lubin
and Chanson (2017), it plays a crucial role in various aspects, like air-sea transfer of gas, energy
and momentum, and many technical applications, like acoustic underwater communication.
However, the nature of wave breaking is poorly misunderstood due to its multiple-scale nature
and complicated factors (Wong et al., 2019). All flows involving a free surface can have wave
breaking, which various factors like circulation, turbulence, and capillarity effects can cause.
Consequently, a wide range of wave types and corresponding methods for their study exist.
This report will focus on bores, more specifically, weakly undular bores. Filippini et al. (2019)
states the significance of bores for the sustainable management of water resources in estuaries
and understanding the human impact on ecosystems. Additionally, Lin et al. (2019) studied
the undular bore on the slope bottom that is relevant in illustrating tsunami-like waves towards

land. This is important due to the enormous damage tsunamis can cost.

A bore is a wave caused by a sudden increase in the water flow in a channel with shallow water.
The rapid transition between the different water heights create a bore front, which can either
remain stationary and form a hydraulic jump or propagate further and form a bore (Kundu et
al., 2016, p. 379). As explained by Johnson (1997, pp. 374-375), the bore was modelled as a
discontinuity, but in reality, there is often a narrow region where variations in flow properties
are significant. The transition to a continuously breaking wave occurs within a region of highly
turbulent flow. However, a river flow can, under certain circumstances, cause a flow change
to be more gradual with almost no turbulence, leading to an almost smooth transition. This
occurs when the change in water levels is relatively small. Such gradual transitions give rise to
a phenomenon known as an undular bore. The bore front is followed by a train of undulating,
solitary-formed waves, and it is therefore called an undular bore (Ali & Kalisch, 2010). Bores
and hydraulic jumps are, in nature, commonly formed at the mouth of rivers, where tidal forces
are at play and cause a gradual change in the flow levels. Examples are the Severn River in

England, the Dordogne River in France and the Qiantang River in China.

Favre (1935), (cited in Bjgrnestad et al., 2021), made a series of experiments on creating undu-
lar bores. In an open tank with a length of 75.58 m, a width of 0.42 m and a depth of 0.40 m,
the experiment was designed to create undular bores with varying initial heights and observe
them as they propagated through the tank to study whether the solitary formed waves either

reached the end of the tank or if the waves would break. Favre performed 30 experiments with



three different initial depths, where the leading edge of the waves was photographed at different
positions within the tank. He introduced the bore strength, Z—g, where ap was the height of the
initial bore above the water depth and Ao was the undisturbed water depth, as shown in Figure
1.1.

- N\

ho

L 1

Figure 1.1: Illustration of the initial undular bore. ayg is the height of the undular bore above the undisturbed water
height hy.

Favre (1935) discovered that with small bore strength the initial bore evolved into almost si-
nusoidal waves, but with higher bore strength the result was cnoidal waves. For experiment
number 22 and 23, with an initial water depth of 0.1075 m and bore strengths of respectively
0.1395 and 0.2307, none of the waves experienced wave breaking when passing 64 meters.
However, with bore strength of 0.281, experiment number 24 demonstrated spilling breaking
after the wave had travelled a shorter distance. Hence, with the experimental result Favre con-
cluded that the bore strength 0.281 was the threshold for undular bore breaking. The data from
Favre’s experiment is shown below in Figure 1.2. As the figure show, Favre noted the height
of the leading wave at the point it broke. He discovered that the maximum height of the lead-
ing wave increased when the bore strength increased, reaching a peak at 2.06 times the initial
height, corresponding to the bore strength 0.281. The figure illustrates that with bore strength
higher than 0.281, the waves broke at a much lower height. Hence, the bore strength 0.281 gave
the maximum possible wave height of the leading wave. The lowest bore strength that causes

breaking is referred to as the critical bore strength in this report.

Previous studies have attempted to approximate wave breaking in Favre’s experiment using var-
ious mathematical equations. Bjgrkavag and Kalisch (2011) made a numerical approximation
using Boussinesq models and discovered wave breaking with a bore strength of 0.379. Brun

and Kalisch (2018) explored wave breaking by approximating the wave with the Korteweg—De
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Vries (KdV) equation, which resulted in wave breaking at a bore strength of 0.353. Bjgrnes-
tad et al. (2021) improved upon these results by including a constant background shear flow
to the KdV equation. This modification resulted in wave breaking at a bore strength of 0.307,
suggesting that the addition of constant background vorticity can impact the approximation of

wave breaking.
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Figure 1.2: The dotted line show the relation between the initial relative height and the relative height of the
leading wave of the undular bore. The figure is taken from Bjgrkavag and Kalisch (2011) who got the experimental
data from Favre (1935).

In this study, I aimed to improve the numerical approximation of undular bore breaking. This
was done using the eKdV equation and the eeKdV equation and compare the critical bore
strength of the equations with the bore strength 0.281 from the experiments of Favre (1935).
The assumption was that the critical bore strength of the eKdV equation and the eeKdV equa-
tion was closer to 0.281 than the previous results (Bjgrkavag and Kalisch, 2011; Brun and
Kalisch, 2018; Bjgrnestad et al., 2021). The motivation behind this study was that the fig-
ures from the experiments of Favre (1935) indicated that the wave’s relative amplitude could
be somewhat larger than the relative wavelength (Norevik & Kalisch, 2022). Based on this, |
aimed to simulate the undular bore in Favre’s experiment more precisely when using higher-
order non-linear equations by extending the KdV equation to the eKdV equation and the eeKdV
equation. In this study, the KdV equation was analysed as a foundation for comparison, even

though similar analyses have been done before (Brun & Kalisch, 2018).

Also, since the results of Bjgrnestad et al. (2021) achieved a smaller critical bore strength as



the threshold for wave breaking, I studied when a constant background shear flow was added
to the eKdV equation. The motivation was that the inflow in Favre’s experiment was added
at the bottom of the water tank and I assumed that this inflow gave a constant vorticity in the
water. Therefore, with the aim of improving the approximation of undular bore breaking, a
higher-order equation with an incorporation of a constant shear flow was used. The assumption
was that the eKdV equation with constant background vorticity would give a lower critical bore
strength, which would be even closer to 0.281.

1.1 The solitary wave

The KdV equation is a relevant equation for solitary waves. Drazin and Johnson (1998) explains
how the establishment of solitary waves happened. Before 1834, the existence of solitary waves
was yet to be discovered. In that year, Russel (1844), cited in (Drazin & Johnson, 1998, pp. 7—
8), observed a boat drawn by two horses on the Edinburgh-Glasgow canal. The boat suddenly
stopped, causing the wave to accumulate in front of the boat and then roll forward in a solitary
form. Russel followed the wave on a horseback for one or two miles while the wave kept its
shape, but after some time, the height was gradually reduced, and at the end, it vanished in
the windings of the channel. He named it the "great wave of translation". After this, Russel
conducted physical experiments to recreate the solitary wave. He showed empirically that the
amount of water in the wave was equal to the amount of water displaced and that the phase
speed was obtained from
> =g(h+a),

meaning that the solitary wave was a gravity wave. The equation also denotes that higher waves
have higher velocities. Further, Lord Rayleigh and Boussinesq deduced Russel’s formula for ¢
using the equation of motion for an inviscid, incompressible fluid and found the formula for the
wave profile 1. Finally, in 1895, Korteweg and de Vires completed an equation for the wave

profile. The equation was the KdV equation.

The KdV equation exhibits two distinct types of wave solutions: the localised wave called the
solitary wave and the periodic waves known as cnoidal waves. The solitary wave is charac-
terised by its solitary nature and defined by being infinitely separated from any other wave.
It represents a single travelling wave of a permanent form, maintaining a constant shape and

moves with a steady velocity (Drazin & Johnson, 1998, p. 20).

Since it is known that the KdV equation has a solitary wave solution, I aimed to find the solitary

wave solution of the eKdV equation and the eKdV equation with background shear flow and
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then derive the maximum analytical height of the solitary waves. The solitary wave solution
of the eKdV equation is already established. Still, I sought to derive the exact solution cor-
responding to the coefficients used in the eKdV equation in this study. Further studies have
estimated the maximum height of solitary and periodical waves and found it to be close to
0.78hg (Massel, 1996).

Furthermore, the solitary wave solution was also used in the numerical implementation since
the numerical approximation of the solitary wave should converge towards the exact solution
with the order of convergence corresponding to the numerical method. Therefore, knowing the

exact solution was fundamental to our research as it verified our numerical scheme.

1.2 Outline of the report

Chapter 2: This chapter will provide an overview of the theoretical foundations on which the
results were based. Initially, the physical system and basic water wave theory were derived
and stated. This entails establishing the governing equations and the boundary conditions for
the system. Further, the linear water wave theory for shallow water was derived, which served
as a basis for developing the nonlinear theory of shallow water waves. The non-linear theory
presents the non-linearity that had to be satisfied to present a breaking wave. Further, the
Boussinesq system was established, balancing the non-linear and dispersive terms. Then, the
KdV equation was derived from the Boussinesq system by assuming unidirectional waves.

Finally, the convective wave-breaking criterion was established, based on the Froude number.

Chapter 3: In this chapter, the numerical methods are explained, where a finite difference
scheme was used as a spatial approximation and a hybrid Crank-Nicolson/Adams-Bashfort
scheme was used for the temporal approximation. These numerical methods were then applied

to simulate the undular bore using the equations evaluated in this report.

Chapter 4: This chapter first presents the derivation of the solitary wave solution of the KdV
equation, which was then used to verify the implementation of the numerical methods for the
KdV equation. The implementation was then used to simulate the undular bore and calculate
the corresponding horizontal particle velocity and the phase speed to establish the critical bore

strength for the KdV equation.

Chapter 5: This chapter introduces the eKdV equation and the derivation of the equation.
Then, the solitary wave solution was found, which was used to calculate the maximum height

allowed for a natural surface wave. Next, the exact solitary wave solution was used to verify the

5



numerical approximation of the eKdV equation. Further, the critical bore strength was found

for the eKdV equation.

Chapter 6: This chapter presents the eeKdV equation and shows the derivation leading to
the equation. The exact solitary wave solution for the eeKdV equation has yet to be found,
so the exact solution for the wave equation with an additional term was used to validate the
implementation of the additional term. Then, the critical bore strength was found.

Chapter 7: The eKdV equation with a constant background shear flow was derived and in-
troduced in this chapter. Then the exact solitary wave solution was found, which was further
used to establish the maximum allowable height of the solitary wave for a natural wave. Ad-
ditionally, the implementation of the equation was verified and the critical bore strength was

found.

Chapter 8: At the end, the conclusion is presented.



2 Theory

This chapter presents the theory used as basis in this study, where the theory was primarily
based on the work of Whitham (1974, pp. 431-466). Other sources are denoted when they

were used.

2.1 Basic water wave equations and boundary conditions

We aimed to numerically approximate the experiment of Favre (1935) such that the physical
system considered in this study was based on the actual experiment. A Cartesian coordinate
system was used where the x-axis denoted the horizontal direction, the y-axis denoted the
vertical direction and the wave propagated along the x-axis. Only two coordinates were used
because the wave tank stretched out along the x-axis and we assumed that the tank was so
narrow that we could neglect all transverse motion. The velocity coordinates were it = (u,v),
which corresponded to X = (x,y) and the orthogonal unit vector i and j denoted the x and y
direction. The undisturbed water dept at the bottom was set to y = —hg, and the free surface of

the wave was given by y = 11 (x,¢). This is illustrated in Figure 2.1.

Figure 2.1: An illustration of the physical system considered in this study.

We considerd an inviscid, incompressible and irrotational fluid with constant gravitational flow.
Hence, the fluid’s viscosity equaled zero and the material density was constant within a fluid

parcel such that it did not change with pressure (Kundu et al., 2016, p. 113). The frequency
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was also assumed to be much higher than the Coriolis frequency, such that the waves were not
affected by the rotation of the earth.

Two main equations for the water wave theory are the continuity equation and the Navier-
Stokes equation (Kundu et al., 2016, pp. 116-130). The mass continuity equation is based on
the principle that the mass of fluid particles is constant, meaning that tracked elements in a fluid
do not disappear and new elements do not appear out of nothing. Hence, the integral of the fluid
density is zero. From this, the equation for the mass conservation, the continuity equation, was

derived, yielding

Dp
—+pV-a=0
p TPV u=0
where p denoted the density. Under the assumption of incompressible flow, the term %
dropped out from the continuity equation, and it became
V-a=0. (2.1)

The velocity potential was introduced as ¢, satisfying it = V¢. Laplace’s equation was then

found when inserting the velocity potential into the continuity equation 2.1:

VZp =0. (2.2)

The conservation of fluid momentum formula is derived from Newton’s second law of motion.
Considering an infinitesimal fluid parcel and using Newton’s second law, the Navier-Stokes
momentum equation is obtained. The inviscid, incompressible Navier-Stokes equation, also

named the Euler equation, is given by
Dii _
— +Vp=pF
p Di +Vp=pr,

where p = p(x,y,t) was the pressure and F were the external forces. It was assumed that the
only external force were F' = —pgj. Therefore, the inviscid, incompressible Navier Stokes
equation could be written as
Di Jdi 1 -
—=—+4@-V)i=——Vp—gj.
o = 3, T@V) VP8l
The velocity potential was substituted into the previous equation and by using the vector iden-

tity, (a-V)iu = V(%I/_tz) + (V x 1) x i, a rewriting yielded

8V(p 1 2 1 -
5 —i—V(z( (p))—!—a)XV(p pr gJj



Since the flow was assumed to be irrotational @ = 0, where @ = V X &t was defined as the

vorticity. Thus, the term ® x V¢ vanished, i.e.

8V(p 1 2 1 -
V(= = ——Vp—
5 (2( 90)) o VP—8l

The terms were rearranged and by integration over the spatial domain, the equation became

— 1
P—Po_p
P 2
where B(t) was an arbitrary function resulting from the integration. By assuming a new poten-

tial @', such that ¢’ = ¢ — [ B(t)dt, B(t) was absorbed into ¢ and the inviscid and incompress-
ible Navier-Stokes equation was then reduced to

p—po_ 1
. [0 2(V<P) gy (2.3)

Two essential equations for water waves that satisfy the assumptions made on the fluid were
established. Next, the boundary conditions had to be found. First, the kinematic boundary
condition at the top of the wave was derived. A case of a body of water with air above it
was considered, such that the interface between the water and the air could be described by
f(x,y,t) = 0. At the free surface y = 1(x,¢), such that the interface became

f(x;%t):n(xaf)—)’- (24)

At the interface, no water could cross it. Consequently, the kinematic boundary condition
claimed no flow through the water’s surface. For a particle M(x(z),y(z)) at the surface, it had
to satisfy f(M(z),t) =0 and % f(M(t),t) = 0. Using the chain rule on the last equation gave
d d_ _d
—f+=—M-—f=0. 2.5
ol T oM am! )
%M equaled the velocity vector i of a particle at the surface and aiM f equaled the gradient of
the surface 2.4, which equaled

Vf: (nxv_l)

Substituting this and the velocity vector on form of the velocity potential into 2.5 yielded

e+ (00, 9y) - (e, —1)" =0,



The result was the kinematic boundary condition at the surface

N+ QM — @y, =0, y=n.

Next, the dynamic boundary condition was derived. Since the interface had no mass, the forces
on each side had to be equal. If surface tension was neglected, the water and air pressure
were the same. Additionally, motion in the air was neglected such that there were no surface
disturbances. Therefore, the air pressure was approximated as an undisturbed and constant
value, such that p = pg, where p was pressure in the water and pg was the constant pressure in

the air. Substituting this into 2.3 resulted in the dynamic boundary condition at the free surface

1
¢t+§(<p§+¢§)+gn:07 y=n.

The interface between the water and the bottom could be described by f(x,y) =y + ho(x).
Since there was no through flow at the bottom, the following had to hold for a particle M (x, y,t)
at the interface, 5 5 5
o f+ EM M f=0.
This was equal to
fit@-Vf=(+ho@))+ ) (hoy 1) =0.

Because the bottom was solid, % f = 0. Hence, substituting it = V@ into the equation, the solid

boundary condition at the bottom became

@Oy + @choy = 0. (2.6)

Two boundary conditions were needed at the free surface, one to determine the velocity po-
tential and one to determine the water surface. In contrast, at the bottom, where y = —hg(x),
the boundary was solid, and only one was needed. For the physical situation considered in the
experiment of Favre (1935), the bottom was horizontally flat and constant, such that hy, = 0.

The boundary condition at the bottom was then

10



To sum up, the water wave problem with a free surface and constant flat bottom was

Oxx + Qyy = 0, —hp<y<n 2.7
N+ QN — @y =0, y=n (2.8)
1
¢+ (@ +97) +gn =0, y=n (2.9)
o, =0, y = —hg. (2.10)

2.2 Linear theory for water waves

In this section, the linear water wave theory is presented. Later in the report, the linear equations
will be used to advance to nonlinear theory. Since the free surface and the velocity were small
quantities of shallow water initially at rest with small perturbations, we have assumed that the
non-linear terms in free surface boundary conditions 2.8 and 2.9 could be neglected. The linear

boundary conditions at the surface were then
=9y, y=n @.11)
and
¢ +gn =0, y=n. (2.12)

The boundary conditions at the free surface could be linearised further by expansion around
y = 0, such that

Pyly=n = @yly=0+N¢sly=0--

Neglecting the nonlinear terms due to the assumption of the variables being small, 2.11 became,

nt:(py’ y:O

The boundary condition 2.12 was differentiated with respect to time and 1, = @, was used,

resulting in the boundary condition

O +80y, =0, y=0.

Laplace’s equation and the boundary condition at the bottom were linear, such that the linear
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problem with a free surface and a solid flat bottom yielded

Oux + @y =0, —hp<y<O0 (2.13)
O +80y+ =0, y=0 2.14)
¢, =0, y=—hy (2.15)

The problem only depended on the velocity potential, not the free surface. Therefore, to solve

for the surface, |
n(x,t) = —g(pt(x,OJ). (2.16)

The water depth was assumed to be constant and the water waves propagated horizontally in
an oscillatory motion in a sinusoidal traveling waveform. The waveform could therefore be
represented by

n(x,t) = acos (kx — wt),

where a was the amplitude, A the wavelength, k = 21—” the wave number telling the spatial
frequency of the wave and @ = 2?” the time-frequency (Kundu et al., 2016, pp. 355-356).
Because of the linear relationship between the waveform and the velocity potential, 2.16, we

could assume that the form of the velocity potential was
¢ = f(y)sin (kx — t).
The value of f(y) was found by substituting the equation into 2.13, i.e.
f'0) =k f(y) =0.

The general solution for f(y) was given by Aek’ + Be™®, such that the expression for the
velocity potential became

@ = (Ae® + Be ™) sin (kx — ot).
Inserting the velocity potential into the boundary condition at the bottom, 2.15, we got that,

k(Ae *ho — B0 sin (kx — wt) = 0.

For this to hold,
B = Ae 2k,

12



We used the relationship 1, = ¢y at y = 0, and it yielded
—wasin (kx — ot) = k(A — B) sin (kx — ot )
such that
k(A—B)=—wa
The two relationships between A and B determined that the following had to hold,

amw awekho

A= k(1 — e—2kho) and B= k(1 — e=2kho)’

Using that sinh (§) = 1;::; ® and cosh (&) = # for a random variable &, the velocity po-

tential could be expressed by

_aw cosh (k(y+ho)

— in (kx — o1).
K sinh (ki) (k=)

The equality 2.16 at y = 0 gave the linear dispersive relation
> = gktanhkhy. (2.17)

The dispersive relation is the relationship between the wave’s frequency and the wave number.
Since the wave number was a function of the wavelength, the dispersive relation is a relationship

between the frequency and the wavelength of the wave. The dispersion relation had two modes

o = +£W(x), where
W (k) = +/gktanhkhy.

Following, the phase speed of the surface waves, meaning the velocity of an individual wave

w
(k) == = /%tanhkk.

Hence, the phase speed was also dependent on the wave number.

component, was

2.3 Nonlinear theory for shallow water waves

In this section, the calculations will be specified towards equations for shallow water by includ-
ing the nonlinear theory. For shallow water, khg — 0, such that the linear dispersion relation was

approximated by ®? ~ ghok® and the linear phase speed was approximated to be cq ~ +/gho.
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As we can see, the phase speed was independent of the wave number and, therefore, non-
dispersive. For shallow water, the components in the vertical direction are small compared to
the components in the horizontal direction. The earlier established inviscid and incompressible
Navier-Stokes,

Di  di 1 -

— =—+(a-V)i=——~Vp—gj

o =9 T@V) 5 VP8

has vertical components that could be approximated by

Integration over the vertical domain of the previous equation resulted in an equation of the

pI'CSSLlI'C,
p—po=pg(n—y). (2.18)

Inserting the equation for the pressure back into the inviscid and incompressible Navier-Stokes
equation and use the assumption for the vertical components, yielded

@4_ @_{_ @—_li( + — )
at Max v&y_ pax pO pgn pgy7

where both the initial pressure and the gravitational force were constant, and the result became

du N du N du an

—tUu—+v—=—g——.

ar ' "ox oy T 8ox
As the equation show, the right-hand side was independent of y, while the left-hand side was
the rate of change of u following a particle. If it is assumed that # was independent of y initially,
it would always remain so, hence the term vg—; had to be equal to zero and we ended up with

the shallow water equation for the surface:

du Jdu JIn

To find the shallow water equation for the velocity we began by taking the integral over the

vertical domain of the Euler equation, 2.1,

n
V.-idy =0.
—hy

Using Leibniz integral rule, this became

g [ an Oho | (ven _,

ox /ho udy — [u]y:ng - [”]y:—hog + [V]y:—hg -V
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The kinematic boundary conditions at the surface, 2.8, and the boundary condition at the flat
bottom, 2.10, was inserted into the last term and the equation was then reduced to

a M an _ d an
a/_houd}/%—g—a(nu—i—hou)—{-g—o.

Using that & = 1 + hg, the equation became

dh 0
E—Fa(hu) =0.

Together, this was the shallow water equations for the surface and the velocity:

du, ou, on _
or " "ox -

oh n d
dt  dx
The approximation for the vertical components of the inviscid incompressible Navier-Stokes
equation for shallow water had an order of error. This order of error was derived from the first
term in the inviscid incompressible Navier-Stokes equation,
di 1 -
—+(@-V)i=——Vp—gj.
5, T@v) VP8l
When integrating the equation from y =y to y = 1), the nonlinear term and the horizontal

velocity were approximately equal to zero. The remaining part was

n
p [ vidy=pvi(n—) < pyiho.
y

The equality difference holds for small 17, which is the case for shallow water. Hence, the error
for approximating the pressure was p ~ pv;hg. The integral over the vertical domain from A

to n of the Laplace equation, 2.1, resulted in
v = —houy

by the consideration that 11 was very small compared to hg. The relative error for the assump-

tions made for the non-linear parts was then

Px _phOVtx - h_(z) h%

_pu[ ~ pus = s (uxxt) ~ 1_27

where [ was the length scale of the wave in the horizontal direction. The last approximation
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came from u,, < ZLZ since u, could not be greater than the unit length of the wave. Later, this

was expanded to incorporate dispersive terms.

The one-dimensional nonlinear shallow water wave equations were,

hy 4+ (uh), =0,
¢+ (uh)x 2.20)
uy + uuy + ghy = 0.
In matrix form it became,
h u h| |h 0
+ - . (2.21)
u g u| |u 0
t pY

The following calculations to find the Riemann invariants and the characteristics of the system
were drawn upon the calculations of Gavrilyuk et al. (2017, pp. 1-4). The characteristic direc-
tion of the system was found as an eigenvalue of the middle matrix, which we named A. Using

the characteristic equation, det(A — cI) = 0, the eigenvalues were determined by,

u—c h
det(A — cI) = det( )=(u—c)*—hg=0,
g u—c

+

and the characteristics of the system were ¢ = u =+ /gh. For an eigenvector I, the following

condition had to hold for the characteristics,
I-((0; +cdy)it) =0. (2.22)

If there exist two scalar functions r(iz) and (i, x,t) such that

or
_— i7 ':1,..., 9
o wul (i n)

then the following equation was equivalent to 2.22,
(0 +co)r(i) = —ul-b=0.

The vector b was the right-hand side in 2.21, consequently, it was a zero vector and the previous
equation equaled zero. The term r(ii) was the Riemann invariant of the system and it was

therefore constant along the system. The characteristics were inserted into the characteristic
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equation to find the eigenvectors. The positive was

l+_

V&
This gave a system of equations for the Riemann invariants,

or

% = ‘u\/§7
ar
% = ,Ll\/z

The system could then be written as a first-order partial differential equation by excluding the

or_ |hor_,
du gdh

This was solved using the method of characteristics, i.e.

du dh du g g
_ = _ = — — = — — :—2 B.
7 — T . - u /\/;dh — u \V gh+

integrating factor u, such that

The Riemann invariant was a scalar function, hence r = B = u+2+/gh. The same procedure was
utilised to find the other Riemann invariant. The conclusion was that for the one-dimensional

shallow water equations, the characteristics were

cr=u++/gh and cy=u—+/gh, (2.23)

and the Riemann invariants were

1 =u+2+/gh and o =u—2\/gh. (2.24)

For a given point £, a wave moving into still water with height 4 = hy was given by
h=H(E), u=2ygH(E)-2y/ghy and  x=E+(3/gH(E)—2/gho)t.

The second term was calculated from characteristics of the wave at h = H(&) moving into the

water with & = hg. The last term was found by the use of equation x = £ + F(&)t, calculated
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from the equation for the characteristic velocity, % = ¢, where the function F (&) was found by

u(E,1)+/gH(E) =2\/gH(§) —2+/gho+/gH(E) =3\/gH(§) —2+/gho.

T
N
i
N—

I

a
—~
)
—~
i
N—
N—

I

This wave, due to increase of elevation, must at a point break. Hence, at the breaking point
a discontinuity would be created and a shock condition had to be satisfied. The conservative

form of 2.20 was found to be

1
U*[uh) + [u’h+ =gh*] =0,
[uh] + 58 ] | 225)

—U*[h] + [uh] = 0.

where U* was the velocity of the shock. Shallow water theory predicts that all waves with an
increase in elevation will at a point break, but observations show that this is not always the
case. Bore conditions, 2.25, conserved mass and momentum across a bore, but what about
the energy? From the system of equations for shallow water waves, 2.20, the conservation of

energy across a bore could be expressed by

12 1 2 13 2
~u*h+~gh ~wh+ugh®) =0.
(3308 e (o)

This expression was calculated from the integral over the area of the expression for the accu-
mulation of energy plus the effusion of energy. The energy conservation equation could imply
a third potential shock condition for the system, but only two were needed. Rayleigh proposed
that energy was not conserved across the bore and that the loss was due to turbulence. Hence,
the shock condition corresponding to the previous equation could not be used since it did not
consider turbulence. From equation 2.25, the energy across a bore with two different heights

hy and hy, could be expressed as

(! 2 ? 1o 1 9 ?
—wh+ugh®| —U" |zu"h+—-gh”| <0 (2.26)
2 | 2 2 |
This hold for a bore when hy > hy. The entropy required £ < 0, causing the inequality sign.
The energy across a bore is consequently decreasing. Based on Aavatsmark (2004), using the
Rankine-Hugoniots equations on 2.25 would give the conservative solution of the velocity of
the shock:

(hy —m)U" = haupy — hyuy, (2.27)

. 1 1
(hous — hyuy ) U* = (houil + Egh%) — (hyu? + 5gh%). (2.28)
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The velocity of the shock have to be equal in each equation, thus

Ut — hour — hyjuy _ (hzu% + %gh%) — (hlu% + %gh%)
(hy —hy) (hauy — hyuy) '

Factorizing this gives,

hy—hy |gha(hy + hy)
hy 2hy )

uy =u; +

Inserting the expression for u; back into 2.27 yielded the form of the velocity for the shock,

U* = u; +
“ 2

The derivation show the shock solutions when including energy loss across the bore due to

turbulence, but in our study turbulence was not assumed.

2.4 The Boussinesq system

This section presents the derivation that led to the Boussinesq system, which, when considering

unidirectional waves, lead to the KdV equation. The dispersive effects had to be incorporated

into the nonlinear theory to find the Boussinesq system. For better understanding, this was first

done with an intuitive procedure to show the incorporation of dispersion. We have proven that

the linearised version of the equation had to satisfy the linear dispersive equation
> = gktanhkhy.
Using Taylor expansion around k = 0, the two first terms became

1
w* = 3k* — §c3h5k4.

The second term had to satisfy the linearised form of the dispersion as well. A linear equation

for n that satisfied the previous dispersion relation was

1
N — C%nxx - gc(z)h%nxxxx =0. (2.29)

This was proved by substituting the term for the surface, n = A cos (kx — wt), into the equation

1
—’n +k*cn — §k4c%h(2)n =0,
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and solve for @ |
w? = c3k* — §c3h3k4.

Since the shallow water equations 2.20 were linearised to
2 —
Nit — coMux = 0,

adding the term V1), to the shallow water equations would make a system that could be lin-

earised to 2.29. This would give a system of both nonlinear effects of relative order a = %

2
and the dispersive effect of relative order 8 = IZ—S The term was added to the linearised form of
2.20, it yielded
N: + hO”x =0

U+ 8MNx + VNxxx = 0

To find the value of v, the first equation was differentiated w.r.t time and the second w.r.t space,

and then solving for u,,, it gave the linear equation

N — C%rlxx - VhOrlxxxx =0.

For this equation to be equal to 2.29, v = %c%ho. The result was the nonlinear shallow water

equations with dispersion,
hy + (uh), =0,

1
Uy + uuy + ghy + §C%h0hxxx =0.
2
It will reduce to 2.29 when }f’—o — 0 and to 2.20 when };—3 — 0.

If we use the lowest approximation 1;; — C%rlxx = 0, such that 1y, = C%nzz, the correction term
0

became %cghohxxx = %hohx,,. The system of equations then yielded,

hy + (uh), =0,

1
ur + uny + ghy + ghOhxll =0.

This system was linearised to the equation,

1
N — C(z)nxx - gh%nxxtt =0,
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with corresponding dispersive relation

2 _ C(Z)k2
1+ 1k2h3

Boussinesq’s equations include waves moving both left and right, but if we assumed unidi-
rectional waves propagating to the right, we obtained the Korteweg-deVries equation with the

dispersive relation,

1
o = cok — 6c0h3k3
This dispersive relation corresponds to the equation
1 5
Ny +coNx + gcohonm =0. (2.30)

As derived above, a wave moving to the right into undisturbed water has Riemann invariant,

u=2v/g(ho+mn)—2+/gho.
Substitute & = hg + 1 into the first equation in system 2.20, it yielded

(ho+1)s + ((ho+n)u)x = 0.
The equation for u was then substituted into the equation, i.e
N+ (2v/g(ho+ 1) —2+/gho)xn + (2v/g(ho + M) —2+/gho) N+ (2+/ 8 (ho + M) —2+/gho)xho =0,

resulting in
N+ (3v8(ho+ 1) —2+/8ho)N: =0

Adding the dispersive term in 2.30 to the equation, yielded

1
N+ (3v/g(ho +1n) —2+/gho)Nx + ECOh%nxxx =0.

The Taylor expansion was used on the middle term and the approximation was derived to the

first order of hi,
0

gn 3 gm
3 h —2+/ghy ~3(\/ghy+ ———=) —2+\/ghy = ho+ - ——.
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Since cg = +/ghy, the equation became the KdV equation:

3 1
N: +Co(1 + Ehﬂo)nx—’_ ECOhgnxxx =0.

Next, a more formal explanation is presented to show the incorporation of the dispersion to the
non-linear equations. As derived, for an incompressible and inviscid fluid, the Laplace equation
had to hold,

O+ @yy =0, 0<Y <hy+n,

with the boundary condition @y = 0 on ¥ = 0. Here we have defined Y as the distance from
the bottom to the free surface, where Y = 0 was at the bottom. Since the water was shallow, the
velocity potential was approximately independent of Y and it was assumed that the asymptotic

series below could represent it:

0= ZY"fn(x,t).
0

This was substituted into the Laplace equation, i.e.
Y'— — 1)y “fu=0.
LYkt Bl =1y,

The Laplace equation claimed that the following equations had to hold:

d? 1 d>
—fo+2/H=0 -
2ot - f=—5-75/f
d? 1 d>
— 613) =0 - __
Y(dx2f1+ f3) — fi=—goah
d? 1 d?
2
= ht12f) = =
y (dx2f2+ f4) =0 — fa=—15 000

The boundary condition at the bottom required that:
oy =Y nY"  f(x,t) = filx,t) +Y fo(x,t) +O(Y?) =0 — fi(x,r) =0.
0
As the pattern show, the even numbers of the function f;,, were dependent on each other. There-

fore, they were all dependent on fy;. The odd numbers also depended on each other, but the

boundary condition at the bottom required f; = 0, consequently, the odd terms all equalled
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zero. An expression for the velocity potential where f = fo was therefore

oo Y2m 82m
o-foiri

The free boundary conditions 2.8 and 2.9 were nonlinear and applied on Y = hy+n. The
derivation became involved and the terms were therefore ordered by the relative amplitude
o= hio and the relative wave number 8 = ?—2(2’, where o and B were considered small and of
approximately the same size. Further, to simplify and to represent the equations explicitly the
different dominant lengths, the variables were non-dimensionalized as follow

(2.32)

X Y co
X=-
l

~ - . 1 ~
Y=—, = —t, n=-n and ¢ =
a

€0
’ ho [ [

V"
gla
where the non-dimensional variables were noted with a tilde-sign. The non-dimensional differ-

ential operators were found by using the chain rule,

Ja Jdgtd _ 19

o Jdidt ~—  c¢oot’

9 _ dxd 12

ox oxdx dx’

9 _ 2.9% 2.33
o2 ! ox2’ ( )
9 _ 9 d _ p 0

oy —  oJrar — 07y
2 20
¥z — 0gy2-

The non-dimensional variables and operators were substituted into the Laplace equation 2.31,
the boundary condition at bottom 2.10 and at the free boundary conditions 2.8 and 2.9 at the

surface. The normalised problem was then

B e+ @ry =0, 0<¥ <1+af, (2.34)
¢, =0, 7=o0, (2.35)
1 -
ﬁt+a¢xﬁx_ E@Y = 07 Y = 1+(Xﬁ, (236)
.o 1, Ta s ~ .
77+(Pt+EOC(Px+§E(Py=0, Y=140an. 2.37)

The asymptotic series for ¢ was inserted into 2.34 and 2.35. The same derivation as previ-

ously shown for the dimensional asymptotic equation was utilised and the non-dimensional
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asymptotic expansion became

. 0 mY2m aZm - B YZ _ 2y4 . 3
@—;(—1) Sl gt B == B fee+ BTy frexe + O(BY).

The two first terms of the normalised asymptotic series were substituted into the boundary
conditions 2.36 and 2.37. It yielded

i+ O+ ) e~ [ (14 @) v+ 01+ 1)1 feal B+ O(B) =0,

o1 1 3 .
i+ fi+ Eaf;?— 51 + i) [ froa + O fefrox — 2B+ O(B?) =0.

Further, the notation w = f, was used. If the B orders were kept, but all of order O(f3, %)

were assumed to be zero, the equations became

~t+ 14 an ~)c_l Nxxx:()a
e+ [(1 4 o)) — g Bw 238)

Wy + QW + Tlx — 5 By = 0.

The system is the Boussinesq equations. Later in the report, it will be shown that these were
used as a base when deriving the KdV equation, the eKdV equation, the eeKdV equation and
the eKdV equation with background shear flow.

Other versions of the Boussinesq system are achievable. The velocity was given as the gra-
dient of the velocity potential, i# = V¢, and the average velocity over the dept was found by
integration over the vertical domain. Substituting this into the first terms in the asymptotic

series

YZ
Px zw—ﬁijerO(Bz), (2.39)

resulted in .
ﬁmean =w-— gﬁwxx + O(Oéﬁ, ﬁz)

Rewriting the expression gave

W= ( )ﬁmean+0(aﬁaﬁ2)'

1 - %ﬁ axx
Using the series —— = 1 +x+ O(x?), it yielded

1—x

1
VT/ — ﬁmean + 6[3 (ﬁmean)xx + 0(aﬁ7ﬁ2)
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Setting the equation for w into 2.38 resulted in

fir + [(1+ ) fimean)x + O(aB, B?) = 0, (2.40)
(ﬁmean)t + aﬂmean(’zmean)x + ﬁx - %B (ﬁmean)xxt + O(Qﬁ [} ﬁz) - O (241)

From equation 2.40, the lowest order was
ﬁmean - _ﬁt-

The lowest order was substituted into 2.41 and it was assumed that higher orders were equal to

zero. This gave the normalised Boussinesq’s system in the form of the mean velocity,

~t 1 ] Iimean)x + O ) 2 =0
Tl + [(1+ &R )dmean]x + OB, B7) 242)

i+ aﬁmean(’zmean)x + ﬁx + %ﬁﬁxtt + O(aﬁvﬁ2> =0.

2.5 The Korteweg—de Vries equation

The KdV-equation was derived from Boussinesq’s equations by only considering waves moving

to the right. The lowest order of 2.38 was,

ﬁt + Wy = 07
VT}[ + ﬁx - 0
This could be written in matrix form,
n 0 1| (7 0
+ = . (2.43)
w 1 0| |w 0
t X

Using the characteristic equation (A — A7) = O the eigenvalues were derived, yielding A; = 1
and A, = —1. The corresponding eigenvectors were then found, such that the diagonalised

system became

1 o1 oo =1
A=P 'AP=~
2

-1 1{ [0 =1 (1 1
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By introducing the variables (r,s) = P~!(fj, W), we had that r = % (+w) and s = % (= +w).

The system 2.43 was then written on the diagonalized form and multiplied by P!, where

11 1
P—1=—
-1 1
The result was
I 1 0 Iy 0
+ = ,
S 0 —1| [sy 0
1t X

From the definition of r and s, the constants were

| P
ro = E(TIO +W0)a
|
s0= 5 (=Tlo +),
such that the solution to the system became

1
r=—
2

[=Tlo(x+1) +Wo(x+1)].

[Tlo(x —1) +Wo(x—1)],

S =

N | =

Since (r,s) = P~!(f,w), the solution of fj and W was found by (fj,w) = P(r,s). Hence, the

solution to the system of equations was

[Tlo(x —1) +Wo(x —1) +Tjo(x +1) —Wo(x+1)],

{1}
I

W=

1
2
%[ﬁo(x—t)tho(x—t) —No(x+1) +Wo(x+1)].

The KdV equation was found from this solution by considering waves moving to the right, such
that the following holds

w=T and

5131
+
3
=
Il
)
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This was the solution of first order Boussinesq system, from this, we sought a solution of the

KdV equation where the diffusion term and the nonlinear terms were balanced and on the form
W =1 +aA() +BB(7) + 0(a?, ap, B).

The variables A and B were functions of ] and its derivative, and they were found by substi-

tuting the equation for w into the Boussinesq equations 2.38, such that

e + e+ A(Ax +27 7)) + B(By — %ﬁmm) +0(a*+ %) =
(2.44)

e + M + (A, + 7)) + B(B, — %ﬁxxt) + O(OCZ +B2) =

Since 7); = —1,, this was inserted into the equations, giving

0(Ax+27171x) + B (By — g Tlewe) + O(0 + p?) =
a(—Ax+N7x) + B(—By + %ﬁXM) +0(a*+B*) =0
We assumed that the higher orders of o and B were equal to zero. The two equations are

required to be consistent. Therefore, the first equations were set equal to the other equation and

the result gave

s 1.
(24, +7z) =0 — A=—77,
2 1.
ﬁ <ZB 3 xxx) =0 — B = gnii
The values of A and B were substituted into W, such that
T 1 .
=n- 10“7 + gﬁnxx- (2.45)

Setting the variables of A and B into one of the equations in 2.44, the result gave the non-

dimensional KdV equation

L 3., 1.
nt+nx+a§nnx+ﬁgnxxx:0- (2-46)

The KdV equation in dimensional form was found by substituting the dimensional variables

into the equation, which gave

3¢ 1
Nt +coNx + nnx + COhonxxx =0.
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We scaled the variables such that

X Y t n
d —. 247
I Iy an T (2.47)

oo |5

Hence, ho was the unit of distance and 4/ % was the unit of time. In practice, this meant that
we could set g =1, hp = 1 and cp = +/gho = 1 into the KdV equation. The result was the KdV

equation

3 1
U + Nx + Erlrlx + gnxxx =0. (2.48)

2.6 The convective breaking criterion

At the end of the theory chapter, the breaking criterion we used to determine wave breaking had
to be established. The convective breaking criterion is based on the Froude Number, Fr, which
is a non-dimensional number defined as the ratio between the particle velocity of the wave
and the square root of the gravity and the wavelength, given as Fr = \/Lg (Kundu et al., 2016,
pp. 378-379). As proven earlier, the phase velocity for shallow water was ¢ = y/gh and the
wavelength was proportional to the wave height. Hence, for shallow water, the Froude number
is a relationship between the wave’s particle velocity and phase speed:
Fr= 4
c
If F > 1, the flow is supercritical, and if F* < 1, it is subcritical. In the transition from subcritical

flow to supercritical flow, a discontinuity occurs and a wave breaking is created.

In this study, the horizontal particle velocity was evaluated at the top of the front wave of the
undular bore. If it was higher than the local phase speed, it was assumed that the wave would
break. In the experiment of Favre (1935), when an undular bore was propagating into still water,
the first wave was usually the greatest, and it would move approximately with the same speed
as the bore front (Bjgrkavag & Kalisch, 2011). Hence, by testing when the horizontal particle
velocity at the top of the front wave surpassed the local phase velocity, an approximation of
when a shallow water wave was breaking was established. The convective breaking criterion

was therefore given as

ol

> 1.

This study used the breaking criterion as the definition of wave breaking. In the article of
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Hatland and Kalisch, 2019, the authors discussed the quality of the convective breaking crite-
rion. Since it is based on theory, it can give a better agreement between theory and experiment.
However, undular tidal bores have been observed with higher Froude numbers in physical ex-
periments. For example, Lubin and Chanson (2017) stated that there are experiments where the
Froude number equals 1.3 or 1.4 and breaking tidal bores have been observed with the Froude
number from 1.4 to 1.6. Hence, the convective breaking criterion might lack agreement with
the physical considerations in some situations. Furthermore, Senthilkumar and Kalisch (2019)

discussed that the wave’s steepness has also been used as an indicator for wave breaking.
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3 Numerical methods

In this chapter, the numerical methods that were used to simulate the waves are presented.
The numerical scheme consisted of finite differential spatial operators combined with a hybrid
Crank-Nicolson/Adams-Bashfort method, based on the work of Skogestad and Kalisch (2009).
The numerical scheme was used to find the equations’ solitary wave and undular bore solutions.
While the methods are presented here for the KdV equation, additional modifications were
incorporated when implementing the eKdV equation, eeKdV equation and eKdV equation with

background shear flow, as will be shown in their respective chapters.

The KdV equation was given as

et N ST = 0
nt nx znnx 6nxxx—~

This study has analysed an undular bore propagating from left to right over an undisturbed
depth, such that the initial condition was on the form of an initial undular bore given by the
equation

no = % [1 — tanh (kx)],

where k was a parameter stating the steepness of the bore slope and it was always chosen to be
k = 1. If the spatial domain was big enough, the surface elevation 7 in the far field upstream
and downstream of the bore would approach respectively ap on the left end and zero on the
right end, where ag was the initial height of the wave. The problem for the undular bore was

therefore

3 1
nt+nx+§nnx+6nxxx:0a —hp<y<mn,t>0

n(xv O) = nO(x)7

n(_l7t) = do,
n(l,1) =0,
Ne(l,1) =0

Stated by Bona et al. (2003), this boundary value problem should be well-posed.

An auxiliary function & was introduced to enforce homogeneous boundary and initial condi-
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tions for the problem, i.e.
§(x,1) = N (x,1) = No(x).

This simplified the problem and made the scheme usable for simulating the solitary wave solu-
tion without any changes. The auxiliary function was substituted into the problem such that it
was on the form of &, i.e.

3 3 1
gt"’éx"’z(éz)x"‘§(n0§)x+g§xxx - _F7 _hO <y<n,t> 0

where the forcing function was F = 1o, + %nonox + %nxxx. The problem then had a homo-
geneous Dirichlet boundary condition at both ends and a homogeneous Neumann boundary
condition at the right end. The solution of 1 was found by adding the initial undular bore
to the solution of &. The spatial domain [—/,/] was discretised by using a finite set of points
{x j}]}]:() C [—1,1]. The first point in the set was xo = —I, the last point was xy = [ and the
distance between neighbouring points was given by éx = % The time domain was uniformly
discretised by defining ¢, = ndt, where fy was the initial time. The numerical approximation

was defined by vt ~ & (x;,1").

The first and the third spatial derivatives were approximated by the central difference schemes

given by
Vitl —Vj-1
gx ('x]’ ) 25x Y
and 5 12
L Vit2 =4Vt Vi—1 —Vj-2
gxxx(xjvt) ~ 2853 :
Due to the Dirichlet boundary conditions, the endpoints could be excluded from the calculations

1}’;11, and the scheme for the

of the derivatives. The equations were therefore solved for {x;
first derivative was valid at each point. The scheme for the third derivative could not solve for
the values v and vy_;. Therefore a central difference scheme was utilised on the Neumann
condition at x = [, giving 251 = 0 and this allowed us to set vy41 = vy_;. Hence, the
third derivative approximation at the grid point xy_; was

VN—1+2VN_2—VN_3
gxxx(xN—lat) ~ 25:3

There was no Neumann condition at the point x, so a forward difference scheme was used to
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approximate the third derivative. It was given by,

V4 4+ 6v3 —12v3+ 10v;

&xxx(xbt) ~

263

— 3

To sum up, the results of the spatial differential matrices used to derive the KdV equation’s first

and third-order derivatives numerically were

and

T 2A8

0

0

-1 2

-2

1

To verify the differential matrices, they were tested on first and third-order derivative functions

with the same boundary conditions, such that the schemes gave an exact solution. Hence, it

was confirmed that the spatial differential matrices were correct before continuing. However,

the convergence of the schemes are presented later, showing the accuracy of the operators.

To approximate the time iterations of the equations, the trapezoidal method, also known as

the implicit Crank-Nicolson method, was utilised for the linear terms. The method is implicit,

however, the evaluation was treated explicitly. The error of the method decays globally with
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O(h?) (Iserles, 1996/2000, pp. 8-9). The method is presented as

_ I DR ~ _
Snet = Fnt Sk (7w, 5n) + Fltns1.5n1)]

Vn+1 18 the vector with the solutions at the future time step, while y,, denotes the vector with the
current solutions utilised to determine the next step. f corresponds to the vector containing the

equation evaluated at the given position and time.

The explicit Adams-Bashforth method of order two was used to solve for the non-linear terms
to gain a more efficient scheme (Skogestad & Kalisch, 2009). The Adams Bashforth method is

a multistep method given as

3 1.
Ynt2 = Yn+1 +h Ef (tn+1ayn+l) - Ef (tna)_}n) .
Hence, two time steps were needed to find the next iteration. Since we used the second-order
Adams-Bashforth method, the error of the approximation should be decreasing quadratically
since the global error of the method decreases with O(h?) (Isetles, 1996/2000, pp. 20-21).

Even though the methods were both second-order, a combination of the method do not neces-
sarily prevent a second-order convergence. However, the numerical result presented by Sko-

gestad and Kalisch (2009) indicated that we should expect a second-order convergence with

n+1

this scheme. With v/ = & (x;,"), the vector of values v'*! was determined by the scheme

3 3 1 3 3
{ 1 1(v") PV 770] 2 { 1 (V") Py Mo

Vn—H —
At

3
2

1 1
—1—5 {—Dl(v"Jrl +V) — ng(v"Jrl —|—v”)} —F.

Due to the methods using two previous time steps, both vo and v; was defined before the
iteration began. The first time step was the initial value of & given as a vector of zeros and
the vector with the second time step was found by a forward Euler method combined with the
Crank Nicholson method:

1 0
— 3 3 1 1
v Atv - _ZDl(VO)z - EVOTIO + 5 —D1(v! +0) + ng(vl +9)| - F.

The forward Euler method had a local truncation error of order two, so it would not cause any

problems when used in one iteration (Skogestad & Kalisch, 2009).

This numerical scheme was used to implement all four equations considered in this study, with
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some additional terms included for the eKdV equation, the eeKdV equation and the eKdV
equation with background vorticity. The numerical implementations were verified for each
equation and the convergence is presented in the corresponding chapters. Due to the duration
to run the wave simulations, the numerical schemes grid size was dx = 0.2 and 6¢ = 0.01 when
implementing the undular bore. Skogestad and Kalisch (2009) have studied the stability of the
numerical scheme, where the method for the linear parts was stable for all values of 8¢ and
Ox and the scheme of the non-linear components was technically never stable, but for small
enough Ot the system would be as good as stable. Therefore, the implementations of the waves
were tested with a smaller temporal grid size to check the stability of the numerical scheme.
The authors define that the boundary conditions were exact up to machine precision when the

spatial domain was big enough.
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4 Wave breaking modelled by the KdV equa-
tion

As presented in chapter 2, the KdV equation is a model equation for surface waves of an inviscid
and incompressible fluid. With a as the relative amplitude and the order of the nonlinear
steepening effects and B as the relative wavelength and the order of the dispersive spreading,
the KdV equation is an equation that balances the two parts such that they are of the same
order. The solution of the undular bore simulated by the KdV equation lead to a formation of
steady waves in the form of solitary waves, but since the KdV equation balances the non-linear
components with the dispersive components, the numerical simulated undular bore would never

break. Therefore, as stated by Brun and Kalisch (2018), the solution is only valid for certain

amplitudes.
1.5 T
= =The initial condition: 7y
——— The numerical approximation of KdV: n
1 —
0.5
BE
0
-0.5 n
-1 | I | I | |
-100 0 100 200 300 400 500 600

Figure 4.1: An undular bore modelled by the KdV equation with initial bore strength of 0.353. It propagated to
the endpoint of 600 depths, where the height of the wave was 0.6992.

4.1 The solitary wave solution

This section presents the derivation of the solitary wave solution of the KdV equation. Derived
from the work of Drazin and Johnson (1998, pp. 21-22), I started with the KdV equation

1

6 Noxx = 0.

3
77t+77x+§777‘lx+
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The travelling wave solution was given by 11 = (&), where & = x — ¢t and ¢ was the constant

phase speed of the wave. The solution was substituted into the KdV equation, yielding
/ 3 / 1 "
(—C—I-l)f +§ff +8f =0.
The equations were integrated once.
1 Z
(—c+1)f+ f + f =A.

Using f/ as the integrating factor, the equation was integrated once more, which resulted in

1

c+ 12+ f3+— (f')zzAerB.

2( 12

Since a solitary wave is infinitely separated from other waves, the boundary conditions yielded
that f, f/ and fN — 0 when & — +eo, causing A and B to become zero. Then,

(F) = 6e-1)-3p).

The integrated form of this resulted in

/N6<cd—flﬁzi/dé'

By substituting the expression £(8) = 2(c — 1) sech?(0) into the equation, I got

—2tanh(9)

/\/6 1 —sech?(0))

d@z:l:/dé.

Using that tanh(0) = £4/1 — sech?(8), gave the integral

/\/Tde i/dg

This had the solution 6 = —”6(26_1)5 Using ¢ = % +1 gave 6 = @(x —ct — xp). Hence, the

solitary wave solution of the KdV equation was derived to be,

flx,t) = Hsechz(\/ﬁ(x—ct —Xx0)).

The choice of + did not matter since this was an even function.
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4.2 Code validation

The numerical methods presented in chapter 3 were utilised to numerically estimate the KdV
equation and run simulations of an undular bore. To verify the implementation of the KdV
equation, the result of the approximation was tested towards the exact solitary wave solution.
As mentioned, from the results of Skogestad and Kalisch (2009) a second-order convergence
was expected. With the initial condition

No = H sech? [@(x)] :

the numerical solution should converge towards the exact solution

n(x,t) = Hsech? [ H(x—cT)] :

where ¢ = % + 1.With H = 1, the spatial convergence is presented in table 4.1 where the tem-
poral grid size was 6 = 0.001 and the final time was 7 = 1. The error at each time step was

defined by using the L? norm.

Table 4.1: The spatial convergence rate of the numerical approximation of the KdV.

Sx L?-norm Convergence rate (;Og% >
i

0.16 0.01382 -

0.08 0.00342 2.015
0.04 0.00085 2.008
0.02 0.00021 2.017
0.01 0.00005 2.070
0.005 0.00001 2.322
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The results of the temporal convergence are presented in table 4.2 where the spatial grid size

was 0x = 0.01 and the final time was T = 1.

Table 4.2: The temporal convergence rate of the numerical approximation of the KdV.

ot L?-norm Convergence rate (%)
1

22 0.18968 -

23 0.04594 2.046

24 0.01097 2.066

25 0.00274 2.001

26 0.00067 2.032

As the result in the tables show, the numerical solution converged towards the exact solution
with a 2. order convergence of time and space. Thus, I was confident that the numerical

implementation was accurate.

4.3 Numerical convective breaking criterion for KdV

To determine the critical bore strength of the KAV equation, it was necessary to establish the
breaking criterion. In chapter 2, the derivation of the equation for the non-dimensional hor-
izontal component W corresponding to the KdV equation was shown, equation 2.45. To find
the expression for the horizontal particle velocity, w was substituted into the non-dimensional
horizontal velocity equation 2.39, i.e.

~ ~ 1 ~2 1 YZ = 2 2
‘Px:n—zarl +B 5_7 nxx+0(a 7aB7ﬁ )

It was assumed that the higher orders of o and 8 were equal to zero. The horizontal particle
velocity was transformed into dimensional form by substituting the dimensional variables in

2.32 into the expression, such that

—Sp_C 2y .
P con c0h4n 0(3 2h3 T
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When all the variables were scaled by 2.47, the undisturbed depth hg was taken as a unit of
distance and 4/ %0 as a unit of time, such that

1, (1 Y?
Pe=n— N+ (g—g) M-
To find the strength of the bore when the leading wave broke, the breaking criterion was utilised
for the numerical approximation of the horizontal particle velocity and the phase speed. Hence,
the velocities were found at each numerical iteration as the undular bore propagated along the
horizontal axis. Given that the numerical solution of the KdV equation was 1 (x;,7,) = 17, the

numerical horizontal particle velocity was found by

R T S B B £ R s LR %)
”j:”j—z(’”lj)JF(g— 5 522 )

where a second-order central-difference scheme was used to approximate the second-order
spatial derivative. I was interested in the horizontal particle velocity at the crest of the front
wave, therefore with nf . = 1 (Xfront,#"), Where xgrone Was the horizontal position of the top of

the front wave, the numerical horizontal particle velocity at the top of the front wave became

1 > (1 (R0 Nioneet — 2Mfron + Mrontr
Un:m’}rom_z(ngom) + (g_ 2ront ront+ d;(z)nt ront+ ’

where U is the velocity at the top of the wave. The phase velocity of the undular bore was

found using a first-order central difference scheme. Since the location of the top of the leading
wave was defined by xgone, the following method was used for the approximation,

n _.n—1
- xfront x?ront
Chp=—-=F"7.

ot

4.4 Numerical results on the breaking of undular bores

This section presents the result of the breaking of the undular bore simulated by the KdV
equation. The numerical horizontal velocity at the top of the leading wave and the phase speed

found in the previous section were used to see when the breaking criterion was reached.

Favre (1935) ran many experiments before he found at experiment number 24 that the bore
strength of 0.281 caused the leading wave to exhibit breaking. Experiments no.22 and no.23

had bores with a slightly smaller initial height above the undisturbed water, and the crest of the
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waves was photographed at approximately 64 meters without breaking, while no.24 did break
during this distance. Thus, this length was adopted for numerical testing. Since the undisturbed
depth hy was taken as a unit of distance and \/}% as a unit of time, the values had to be scalded
to use the unit in meters and seconds. The length of 64 meters, with the undisturbed water
height of 0.1075 m, corresponded to 595.35 depths. Therefore, 600 times the depth was used
as the endpoint for the wave during the numerical testing. Hence, if the wave satisfied the

breaking criterion before reaching 600, I concluded that the wave was breaking.

When applying the breaking criterion, the phase speed was challenging due to the significant
oscillations resulting from the first-order finite difference scheme. A higher-order difference
scheme was tested to avoid this, but it did not yield an improved result. Since the spatial
grid size was smaller than the temporal grid size, xf,,, would not switch position at every
implementation, and when it first moved, the jump was relatively large, resulting in a non-
smooth graph. An effort was made to decrease the spatial grid size, but this resulted in an
excessively long simulation duration. The conclusion was that the best approximation was to
take the mean value of every 500 points of the horizontal position of the front wave, xg .,
as the front wave propagated during the simulation. The simulations showed that the undular
bores used a maximum of 500 \/% ~ 52 sec to reach 600 depths. With 67 = 0.01, 500 points
were about 0.52 sec, so each part of mean values of x,, equals around 1% of the total x,. Worth
mentioning is that this approach corresponds with the physical experiment conducted by Favre,
where obtaining an accurate determination of the physical phase speed could be challenging.
Hence, taking the mean value of every 500 xf, | . gave an approximation of the phase speed that

I was comfortable with.

Brun and Kalisch (2018) concluded that the wave modelled by the KdV equation broke when
the bore strength was 0.353. Hence, this was tested to determine if the results agreed. Figure
4.2 show the result of the horizontal particle velocity at the top of the front wave and the
phase speed for the bore strength 0.353. Since the horizontal particle velocity passed the phase

velocity, I concluded that the leading wave was breaking.

The bore strength of 0.352 was also tested to see if there was a lower value where the leading
wave was breaking. Figure 4.3 below show that the horizontal particle velocity never exceeded

the phase speed before the wave reached 600 depths.
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Figure 4.2: The horizontal particle velocity, coloured in blue, and the phase speed, coloured in red, when the bore
strength was 0.353. Panel (b) provides a closer view of panel (a).
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Figure 4.3: The horizontal particle velocity, coloured in blue, and the phase speed, coloured in red, when the bore
strength was 0.352. Panel (b) provides a closer view of panel (a).

4.5 Discussion

The result show that the undular bore simulated by the KdV equation was breaking for a bore
strength 0.353, which agreed with the result found by Brun and Kalisch (2018). However, as
figure 4.3b illustrates, the horizontal velocity potential was close to cross the phase speed at the
end with bore strength 0.352. Hence, the leading wave would break if the horizontal domain

was longer.

Brun and Kalisch (2018) derived the maximum analytical height of the solitary wave solution
of the KdV equation and found it to be 0.6879. The authors discovered that the maximum
analytical height of the solitary wave was smaller than the height of the leading wave of the

numerical simulated undular bore with a critical bore strength of 0.535. Therefore, an asymp-
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totic bore strength was derived from the numerical results, assuming that a lower bore strength
was achievable when the time evaluation was large. The authors found that the asymptotic
bore strength of 0.328 would lead to breaking. This, again, indicated that for an extended
horizontal domain and time evaluation, the threshold for breaking would be for a lower bore
strength. Even though, in the current study the purpose was to approximate the experiment of
Favre (1935) and therefore, if the leading wave did not break before reaching 600 depths, I

considered it not to break.

44



S5 Wave breaking modelled by the the ex-
tended KdV equation

This chapter evaluates wave breaking of a wave modelled by the extended KdV equation, de-
noted the eKdV equation. The eKdV equation, also called the Gardner equation, is well known

and early derivations on the equation were done by Benney (1966) and Lee (1974).

I
= =The initial condition: 1y
The numerical solution of eKdV with background vorticity:

Figure 5.1: The undular bore was simulated by the eKdV equation with bore strength 0.363, where the leading
wave was at 600 depths and had a height of 0.7183.

5.1 Derivation of the eKdV equation

This section will present the derivation of the eKdV equation. It was found by including higher
powers of ¢ to the regular KdV equation, which was done under the assumption that a? ~ 3,
meaning that the squared non-linear term was on the same order as the dispersive term. This
assumption was made because situations may arise where the relative wavelength is larger than
the relative amplitude. Norevik and Kalisch (2022) illustrated the waves in the experiment
of Favre (1935) and the figures indicated that the wavelength could be slightly larger than
the amplitude. Therefore, it was interesting to analyse if the breaking criterion for the eKdV

equation was reached for a smaller value of the bore strength than for the KdV equation.

The procedure to find the eKdV equation was based on the work of Whitham (1974) presented
in chapter 2 when finding the KdV equation. However, to include the second-order non-linear
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term, I sought a solution where w was on the form
W =1+ aA(f) + BB(7) + o’C(7) + O(a, @B, B?),

such that variables A, B and C were functions of 7] and its derivative. It was assumed that
the higher orders of o and B equaled zero. The expression for w was then substituted into the

non-dimensional Boussinesq equations 2.38, and the result were the system of equations,

i + (ﬁ+aA+[SB+a2C)X+(x(ﬁ(n+aA+ﬁB+a2C))

[3 (1 + @A+ BB+ a*C) .. =0,

(1 + aA+ BB+ a*C). + Mz + a (1 + @A+ BB+ o*C) (7 + @A + BB+ *C) s+

[ 2
_Eﬁ (1+aA+pBB+a“C)..=0.
The equations were required to be equal and then the terms in front of ¢, o> and 8 had to be
identical. With the use of 7 = —1}; the coefficients A and B were derived, and as presented

below, they were the same as for the regular KdV equation:

[ 1
@A+ (1)) = (474 5 (), .
L [ 1
B (B)E_ 3 xxx) =p (Bf— 5”;@25) — B = 3N

The coefficients A and B were then substituted back into the equations. The equations were
sorted after order and set to equal each other. The terms in front of f would cancel or result in

orders assumed to be zero. Hence, only terms with ¢ and a?> were left and the equation yielded

1\ 3 5 I\ ST
=AM+ 200 | +o ( Co— 07 7s ) = ( = Afr+ e | +o? ( G — 31— 777 )

To find the coefficient C, the next term of the KdV equation had to be included in the derivation

relation such that 3
My =—Mz— O”’l M-

An additional a? term was then created. By removing all orders except o the equation became

3 5. 3 5.
(C ——77 nx) = (Zomznx) +ao? (—Cx—znZWJz)-
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Simplifying the terms yielded

(Xz(ij— fﬂ}):o — C=-7°.

Sw

Substituting A, B and C into the equation for W resulted in

The coefficients were substituted into one of the Boussinesq equations and it resulted in the

non-dimensional eKdV-equation

i+ e+ zaf iz — s 7 fzg + —PRzex = 0. (5.1

The eKdV equation was transformed to dimensional form by substituting the dimensional vari-

ables 2.32 into the equation, such that

31 31

1 1
— N +MNx+ 57NN« an+_h%nxxx:0'
co 2 hy

8 hg 6
With scaling 2.47, this resulted in the eKdV equation with dimensional variables

3 3, 1
Th+7”lx+§7177x—§77 nx_'_gnxxx—o- (52)

5.2 The solitary wave solution

The extended KdV equation usually models internal waves of an ideal fluid, but it can also
simulate shallow water waves. The equation has a solitary wave solution, where the amplitude
can be both positive and negative. Kalisch and Nguyen (2010) stated that the equation

iy -+ fifix + 12 Fx + Flxer = O, (5.3)

has an exact solitary wave solution, given as 1 (x,7) = ®({) where { = x — ct, on the form

A
®()= b+ (1—b)cosh?(K¢) >4)
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where

CA?
6c

_ —1+VI1+6co

o)

A K= and b=

[

By substituting the exact solitary wave solution into 5.3, the following equation holds,

—c® + D +oDXP + P =0, (5.5)

where ® = ‘%. The eKdV equation evaluated in this study had other coefficients than the

equation evaluated by Kalisch and Nguyen (2010). Therefore, the solitary wave solution 5.4
had to be scaled to align with the formulation considered in this analysis. It was assumed a
solution on the form 1 = A®ux — vt), where A, ut, and v were constants and the values had
to be determined such that they satisfied the solution of this studies eKdV equation. To find the
values, 1 = AP Lx — vt) was substituted into the eKdV equation 5.2, which yielded

Al=v+u)® + %Azucpq:’ - %Aﬁ@zqn’ + él/ﬁ(bm =0. (5.6)

Since it was known that ® satisfies the equation 5.5, this was used to find to correct values
of A,u and v. By using A, u and v to scale 5.6 such that it became equal to 5.5, I knew that
also 5.6 would be satisfied by the solitary wave solution 5.4. Hence, this gave the system of

equations
3,2 3.3 1, 3
Al=v+u)=—c, EA u=1, —gﬁt U=o and glu =1.

In equation 5.5, the variable o was not stated, but it was a value that could be determined.
Therefore, the values of A, u, and v was calculated first and then ¢ was fixed to satisfy the

values of A, i and v. Solving the system of equations resulted in,

2 4
23 33 1
A=21, w=2%3%, v=T_c4253% and c=——r. (57
33 23 12%

Since the value of ¢ was negative, Kalisch and Nguyen (2010) stated that the eKdV equation

will only have solitary wave solutions with positive amplitude.

In the solitary wave solution 5.4, all the variables depended on the phase speed c. Due to further
calculations, I sought a solution where the only variable was A. Rewriting the relationship
between c and the amplitude A gave

1 1

c=— A2+ A,
6x 123 3
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Since v, b and K were dependent on c, they were rewritten such that they also depended on A:

1 1 1 3
V=——A%4 —_A4+2535,
TR
—A 1 1
b= and K= A——— A2,

A—2x12% V120 4128

By substituting all the coefficients and variables back into the equation, the exact solitary wave

solution of the eKdV equation 5.2 was found to be

23
3—%A
nexact:
A T+ (H—%) cosh? \/%A_ 1 A2 (2%32)(_ (_2_1414%L 21 1A+2;3g)t)]
A—-2x125 A—2%x125 ax 122 o

(5.8)
In this solution, A represented a variable and not the amplitude of the solitary wave.

5.3 The maximum height of the solitary wave

In the previous section, the exact form of the solitary wave solution of the eKdV equation was
given. Here, the derivation of the maximum analytical height of the solitary wave, by use of
the conductive breaking criterion, will be presented. As explained in chapter 2, the conductive
breaking criterion implies that the wave breaks if the horizontal particle velocity at the top of

the leading wave exceeds the wave’s local phase speed.

The horizontal particle velocity for the eKdV equation was found by substituting the horizontal

component

UV S | I I 5.
w=1- Zan2+§ﬁmx+§a2n3,

into the equation for the horizontal velocity, equation 2.39, which yielded
U P B IR ZAWN
Ox=1 10”7 +§a n +ﬁ (§ 7 MNxx-

By reinserting the dimensional numbers, the dimensional horizontal velocity equation was

g lg > 1 g 3 1y
=Sy s e (5= ) e
P 0 dcohy T TR TOMNZ T 2 )
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The variables were scaled by 2.47 and the horizontal particle velocity at the top of the leading

wave for the eKdV equation with dimensions became

1 1 1 (14n)?
u=n—1n2+§n3+(§—%> M-

The breaking criterion for the eKdV equation was then

1, 1 5 (1 (1+n)n?
— — —+ - +-—— > .
n 477 871 <3 ) Nxx = Cphase

The breaking criterion was applied on the solitary wave given by equation 5.8. Hence, the sec-
ond derivative of the solitary wave equation needed to be determined. The derivation presented
further to find the maximum height of the solitary wave is given in terms of o, v, and A for
practical reasons, where the values are given as in 5.7. Due to the size of the expression, the

part inside the cosh-term in the denominator of 5.4 was simplified to W(x,#) such that,

W(x,1) =1/ iGAZ—F iA (ux—vt).

The expression for the second derivative was obtained through regular derivation calculation,
yielding the following result

—22u? (ZA? + 5A) (1+ 5.25A) A [sinh® (W) + cosh? (V)]
(oAt (14 524) COShZ (‘P)}
N A% (GA2+ LA) (1+ 525A) A [sinh? (¥) cosh? (P)] |
- GA+2A +(1+ 544) cosh® (¥)] ’

MNax =

Since the shape of a solitary wave is constant, the wave will have the same height as the initial

height for all time. Hence, the solitary wave was evaluated at (x,7) = (0,0), i.e

1 o
= AA d = 2au*( =A%+ —A) (1 AlA
=Ad, an s # (24 T )( T oAr2 )

The right-hand side of the breaking criterion was the phase speed of the solitary wave, which

was equal to

v o 1
—_ — = A A 1-
Cphase L 6AU +37Lu +

To find the maximum height of the solitary wave, the horizontal particle velocity was evaluated

at the top of the solitary wave. The variable A was not the amplitude of the solitary wave since

the amplitude of the solitary wave was AA. Hence, I substituted H = AA into the horizontal

50



particle velocity and the phase speed, such that H was the height of the wave. This gave the

equation for the breaking criterion, i.e.

Lo Los (1 (I4H?\( 5 0 5 ] c
1 4H+8H+<3 2 et ")\ er ) H

>_9% g2y

1
— 1.
~ 6A3u 3A%u +

The right-hand side was set equal to the left-hand side, and after rearranging the terms, the

result was a sixth-order polynomial of the variable H:

o’u? o (20%u’+30Au?\ s [(20%u’+360Au%+122%u% +96A2%N
P(H) = H H H
(H) = 1222 < 1222 ) +( 7272 )
N 3Au 44030 +oA%u’ - 301U — 20 o —9A3u — 120 +A%u? +180A%u 2
12A3u 18A2u
20_4_
n 12A°u —4—60Au H_ 24 —0
6AL

The polynomial had six roots, where the correct root would give the maximum allowable height
of the solitary wave. Since I sought a solitary wave with positive amplitude, the negative roots
of P were excluded. The polynomial and its derivative are depicted in figure 5.2. The red graph
shows the polynomial’s derivative, which was always positive between 0 and 1, meaning that
the polynomial increased in this interval. Since P(0) < 0 and P(1) > 0, there was only one root
of P for H € [0, 1]. Using the bisection method, with an error smaller than e — 04, the maximum

height of the solitary wave solution of the eKdV equation was numerically approximated to be
Hppax = 0.7079.

The maximum height of the solitary wave of the KdV equation was found to be 0.6879 (Brun &
Kalisch, 2018). Hence, the maximum height of the KdV equation is lower than the maximum

height of the solitary wave solution of the eKdV equation.

The eKdV equation would admit solutions with higher amplitude than the limit found here, but
for natural waves, the breaking criterion was reached and the waves will break. Therefore, the
waves simulated by the eKdV equation with amplitude higher than H,,,, would not describe an
real surface wave. On the other hand, as Brun and Kalisch (2018) mentions, real waves with
smaller amplitude than H,,,, may break before, and therefore, the wave simulation of the eKdV

with lower amplitude will not necessarily describe an actual wave.
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Figure 5.2: The blue graph is the polynomial of H, and the red graph is its derivative.

5.4 Code validation

Before determining the numerical breaking criterion of the undular bore, the numerical imple-
mentation of the eKdV equation had to be verified. With the boundary conditions presented in

chapter 3, the boundary-value problem for the eKdV was

3 3 1
N+ M+ Ennx—gnznﬁr—nm:O, —hy<y<m,t>0

6
n(x,0) =no(x),

n(-=1,t) = ao,
n(l,t) =0,
MN(l,1) = 0.

To make the problem usable to approximate solitary waves, an approximation for the free sur-
face was made, 1 = & + 1), such that homogeneous boundary conditions were achieved. When

inserting this into the eKdV equation, the equation became

&=~ 2 (ENe— S (EM)et (6t S (EM0 + E1R) — e +F,
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where F = —1, — %(n%) x+ %(778) x— %(T[o) xre- The numerical scheme presented in chapter
3 was utilised to find a numerical approximation of the eKdV equation. The only change was
the additional terms in the eKdV equation that had to be included in the numerical scheme.
Since this term is non-linear, the Adams-Bashforth method was used to find the approximation.
Hence, the difference equation to determine vector v, which consists of approximated solutions
of &, was the following,

yrrl oy 3 { 3

3D 510+ DU+ DO+ )

3 3 1 3
— |:—§D1 (V2 — §D1 (vV"'no) + ng v+ ng (" mo+v*! (770)2>]

1 1
_'_5 [—D] (anrl + vn) . gD3(Vn+l + vn) _F
The exact solitary wave solution of the eKdV equation presented in section 5.3 was used to
test the implementation of the equation. Since this was the exact solution, I expected that the
numerical approximation of the eKdV equation should converge towards it when the grid size

was reduced. The initial condition of the solitary wave was

Nexact = )

Ay (1 + %) cosh? [\/#1 g <2§3§x>]
A—-2x125 A—-2x125 24x125

where A was set equal to 1.

First, the spatial convergence was tested. The time step was o0f = 0.001, the length of the
horizontal domain was x € [—50,50] and the iteration was evaluated until the final time 7' = 1.
The table 5.1 show the convergence results, where the L% norm was used to define the error

between the exact solution and the numerical approximation.

Next, the temporal convergence was tested, shown in table 5.2. The spatial grid size was
O0x = 0.01 and the horizontal domain was the same. The implementation was run until a final
time 7 = 1.

The tables 5.1 and 5.2 proves that the numerical approximation of the eKdV equation was
converging towards the exact solitary wave solution with a second-order convergence of both
time and space, showing that the scheme was accurate. To avoid the result being random, the
convergence was also tested to a final time of 7 =7 and T = 10, where both approximations

had a second-order convergence. The value of A has also been tested for other values to ensure
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Table 5.1: The spatial convergence rate of the numerical approximation of the eKdV equation.

Ox [*-error Convergence rate (1?;% )
0.16 0.04570 -
0.08 0.01142 2.000
0.04 0.00285 2.004
0.02 0.00070 2.015
0.01 0.00017 2.061
0.005 0.00003 2.258

Table 5.2: The temporal convergence rate of the numerical approximation of the eKdV equation.

St L>-error Convergence rate <log§ )
log%

272 0.7564 -

73 0.1872 2.014

-4 0.0439 2.091

-5 0.0108 2.014

26 0.0026 2.048

77 0.0006 2.243

that the value of A did not impact the result. Since the convergence was always second-order,
I was confident that the implementation of the eKdV equation was correct. Therefore, the

following results based on the eKdV implementation are reliable.

5.5 Numerical results on the breaking of undular bores
From section 5.3, the breaking criterion for the eKdV equation was presented and it was used
to find the numerical result of the critical bore strength.

The breaking criterion was evaluated at each time step to find when the horizontal particle
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velocity at the top of the leading wave exceeded the phase speed. Hence, the horizontal position
of the top of the front wave was to be determined numerically. By defining the horizontal
position of the leading wave as Xgon, the value at the top of the wave was Ngont = 1M (Xfront, )-
A second-order finite difference scheme was used to calculate the second derivative. Hence,

the numerical approximation of the horizontal velocity of the front wave was,

1 1 T (402 )2\ Moniet + 2N+ Mhoni 1
Uf?ont:nfr;ont_Z(nﬁont)2+§(nﬁont)3+(5— 2flront ront+ 6;(2)nt ront—1

As for the KdV equation, the phase speed of the wave simulated by the eKdV equation was
found using a finite-difference approximation. The horizontal particle velocity and the phase
speed were approximated for different values of the bore strength to find the threshold for wave
breaking. Since Favre (1935) discovered breaking with a bore strength of 0.281, this was the
starting point. Figure 5.3 show the horizontal particle velocity and the local phase speed when
the bore strength was 0.281. The horizontal particle velocity, colored in blue, was far from

exceeding the phase velocity, colored in red. Hence, the wave was far from breaking.

1.4

12t/

U
gho

0.8+
0.6
= The horizontal particle velocity: U
- The phase speed: ¢
0'4 | 1 i I
0 100 200 300 400 500

ho

Figure 5.3: The red curve is the phase speed and the blue curve is the horizontal particle velocity. The bore
strength was 0.281.

The wave did not break at the bore strength 0.281, it was, therefore, necessary to test higher
values of the bore strength. To achieve this, increments of 0.001 was added to the bore strength
until the breaking criterion was reached. With a bore strength of 0.363, figure 5.4 show that the
horizontal particle velocity exceeded the phase speed. The red graph also show the oscillation

of the phase speed, even when the mean value of 500 points was used.
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Figure 5.4: The horizontal particle velocity is coloured in blue and the phase velocity is coloured in red when the
bore strength was 0.363. The right panel is a closer view of the left panel.

The conclusion was that a wave modelled by the eKdV equation would break with a bore
strength of 0.363 when the bore was evaluated at 600 depths, making this the critical bore
strength. However, figure 5.5 below illustrate the horizontal particle velocity and the phase
speed with a bore strength of 0.362. The figure shows that the breaking criterion was almost
reached, but the two graphs never crossed during the time evaluated. At the end, the two graphs
are so close that it was assumed that the undular bore would break if it propagated a small

distance further.

1.4 T T . -
147
1.35
Iz g 18f
> -
0.8
1.25
0.6
= The horizontal particle velocity: U 12+ = The horizontal particle velocity: U
= The phase speed: ¢ = The phase speed: ¢
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Figure 5.5: The horizontal particle velocity is colored in blue and the phase velocity is coloured in red when the
bore strength was 0.362. The right panel is a closer view of the left panel.

To verify the result, the stability of the implementation was tested by decreasing the time grid
when simulating the bore. With a time step of 6z = 0.001, the result of the breaking criterion is
shown in figure 5.6 with a bore strength of 0.362. The horizontal particle velocity never crossed
the phase speed and the wave will not break here either. The conclusion was that the result was
stable.
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Figure 5.6: The horizontal particle velocity, coloured in blue, and the phase speed, coloured in red, with a bore
strength of 0.362 and time grid 8¢ = 0.001.

5.6 Discussion

The results conclude that the threshold for wave breaking modelled by the eKdV equation was
for a bore strength of 0.363. The implementation of the undular bore with a smaller temporal
grid strengthened the result by proving that it was not due to instabilities. Unfortunately, it did
not improve the result of the KdV equation, where breaking was achieved for a bore strength of
0.353. However, the next chapter will present the study of the eeKdV equation where the next

non-linear order was included.

Figure 5.5 indicates that the wave would break if the spatial domain were longer since the
horizontal particle velocity was approaching close to the phase speed. Therefore, a smaller
bore strength could cause the leading wave to break if it continued on an extended horizontal
domain. However, as mentioned, this was not included in this study. Favre (1935) discovered
that the front wave of the bore, when the bore strength was 0.281, reaches a height of 2.06 times
the initial height of the wave before the wave broke. At 600 depths, the leading wave of the
undular bore simulated by the eKdV equation reached a height of 1.97 times the initial height.
Hence, to be a better approximation of Favre’s experiment, the wave should have reached a
higher height before it broke.

In section 5.3, the derivation of the maximum analytical height of the solitary wave solution
of the eKdV equation was found to be 0.7079. The front wave of the numerical simulated
undular bore with the critical bore strength 0.363 reached a height of 0.7183 at the endpoint
of 600 depths. Hence, the numerical approximation of the undular bore was not far from the
maximum analytical height of the solitary wave, but it was still higher. Therefore, ideally, the

eKdV equation should be able to simulate the breaking of waves at a lower bore strength and
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reach Hp,yx, but this would demand an extended horizontal domain and reaching the analytical,
critical height is assumable impossible. However, the result of the maximum analytical height
somehow agrees with the study of Massel (1996), who found that the limiting wave height of a

solitary wave was close to 0.78hy.

The max solitary wave solution of the KdV equation was found to be 0.6879 (Brun & Kalisch,
2018), which is lower than the maximum height of the eKdV equation. This explains why
breaking of the undular bores simulated by the KdV equation happens at a lower bore strength
than the eKdV equation.
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6 Wave breaking modelled by the double
extended KdV equation

The eKdV equation was not able to provide a better model of the experiment of Favre (1935)
compared to the KdV equation. However, motivated by the same assumptions as for the eKdV
equation, including the next order of the nonlinear terms might improve the approximation of
the waves in the experiment of Favre (1935). Including o>, the eeKdV equation is derived as an
extension of the KdV equation. Therefore, like the KdV equation, the eeKdV equation is based
on the Boussinesq equations, which balance the nonlinear terms and the dispersive term. The
motivation and derivation of the eeKdV equation are based on the work of Norevik and Kalisch
(2022), and the derivation is equal to the derivation made for the KdV equation based on the
work of Whitham (1974). The derivation began by including the o> term in the W equation:

— ~The initial condition: 7
— The numerical approximation of ceKdV: n

-?00 0 100 200 300 400 500 600

Figure 6.1: The wave was modelled by the eeKdV equation, where the bore strength was 0.353. The leading
wave was at 600 depths with a height of 0.7112.

W=7+ aA(f]) + BB(7) + &*C(7) + o’ D(7)) + O(a*, ap, B?). (6.1)

The higher orders of o and 8 were assumed to be zero. The coefficients A, B, C and D were
found by substituting 6.1 into the Boussinesq equations 2.38. The two equations were required

to be equal such that

A+ 201) + BB — i) + GG+ (AT)) + 0 (D + (CT))

= a(A; +M7x) + B (B — %ﬁm) + 0% (C + (Af})y) + & (D; + (Ci) 4+ AA,).
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The coefficients A, B and C were the same as for the eKdV equation, i.e.

1 1 1
A= ——n2 B= M and C= §ﬁ3. (6.2)

The values were substituted back into the Boussinesq equations. The 3 terms were cancelling

or the terms were assumed to be zero, such that the remaining part was

ﬁﬁ)z

.. 3.5 o 1.5, 1 _5.
o _Ennt"i‘rlnx 1717——7‘1 TNx Dz+§rl rlx‘f’gn Ny | -

l\)l'—

3.5 23202 3
5T — a7 n+a (

To determine the coefficient D, the next term in the derivation relation was included, which was

the next term in the eKdV equation:

S P +§a2~2”
M= —"MNx 2 LR 3 N Nx-

After inserting the derivation relation, the terms with & and &? cancel and the remaining part

was
1 3 9 5 5
2D+ -7+ —7° — @37, — =17, | = D=——gf
( x+2n Tx "‘1677 Tlx+1677 Nx 871 nx> 0 — 64”
Hence, the equation for w became
L _1 2,1 [3 n 1a 5 P
W_n 4 nxxx n 64 n

This was inserted into the Boussinesq equations, and the requirement of the equations in the
system to give identical equations was used such that the non-dimensional eeKdV equation

became

3
1605 ] rlx‘|’ anxx

The equation was then transformed back into dimensional variables by 2.32 and scaled by 2.47.

.. 3 3 55
Th+7”lx+§0“77‘lx— ga n nx+
The eeKdV equation with dimensional variables was

et DN S — o0 P, =0
nt T’x znnx 6nxxx 811 n-x 16n nx_ *
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6.1 Code validation

The exact solitary wave solution to the eeKdV is yet to be found, as we know. However, stated

by Bona et al. (1996), the solution to the equation

4NN+ enu=0

is given by
n(x,t) = ®(x — ct) = Asech? (Kx — t), (6.3)
where
X P2AP q ° 2KAF
= an - -
2e(P+1)(P+2) (P+1)(P+2)

Since it was already proven that the implementation of the eKdV equation had a second-order
convergence, | only needed to test the convergence of the implementation of the additional term
included in the eeKdV equation, %Tfnx. Therefore, the exact solution 6.3 was used to find the

convergence rate of the problem

1
nt+n3nx+_nxxx:0a —ho<y<n,t>0

6
n(x,0) = no(x),
n(—L,t) = ao,
n(l,t) =0,
Nx(l,1) = 0.

The exact solution to this problem, formed as a solitary wave, was then given by

2 [ [2743 A3
N(x—ct) = ®(x,t) = Asech3 ( 0 (x—1—0t>> ,

where A was the given amplitude of the solitary wave. Also here, & = 11 — 19 was used to

achieve homogeneous boundary conditions, which resulted in the problem
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1 3 1
&+ 76N+ (E7m0)x+ 5 (E7N3)x+ (EM0 )+ Gene +F =0, —hg <y <m,1>0

where the forcing function was F = —%(na‘ )x — %(TIO)xxx- As explained earlier, a Crank-
Nicolson method was used to approximate the linear terms and Adams-Bashforth was used
to approximate the nonlinear terms to find the evolution of the wave over time. With the ap-

proximation v/} & & (x;,#"), the difference equation to determine vector v was then

N 3 1 4 3 3 2,2 3
— = —D; | —— =" —5(/ d
St K1 4(V )= (V)"0 2(V Jmg v no]
1 1 n— n— n— n- ! " "
—5Du | (" =40 o - 60771 G — dv 17703} - [E(V v 1)} -

Since this will produce solitary waves, the amplitude was constant and, therefore, chosen to be
1 when testing the convergence towards the exact solution. The discretisation errors and the
convergence rate are shown in the table 6.1 below. The temporal grid size was 6¢ = 0.001 and

the wave was simulated to a final time 7 = 1.

Table 6.1: The spatial convergence rate of the numerical approximation of the eeKdV equation.

Ox L2-error Convergence rate < lloog g% >
0.16 0.004000 -
0.08 0.000984 2.023
0.04 0.000245 2.006
0.02 0.000061 2.002
0.01 0.000015 2.001
0.005 0.000004 2.003
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The discretisation error and the convergence rate for the time evaluation are shown in the table

6.2 below with a spatial grid size of 6x = 0.001 and the final step size T = 1.

Table 6.2: The temporal convergence rate of the numerical approximation of the eeKdV equation.

St L2%-error Convergence rate (k)gg,; )
log%

22 0.001600 -

23 0.000420 1.930

o4 0.000108 1.963

2-5 0.000028 1.944

26 0.000015 0.923

27 0.000015 0

The tables 6.1 and 6.2 show that the approximation of the solitary wave was very close to a
second-order convergence rate. Hence, by scaling the implementation of the additional term by
% and then adding the eKdV implementation, the conclusion was that the implementation of

the eeKdV equation was accurate and valid.

6.2 The numerical convective wave breaking criterion for eeKdV

The full expression for the horizontal particle velocity was found by using the same procedure
as was used for the KdV and the eKdV equation; the expression for w was inserted into the

equation for the non-dimensional horizontal particle velocity 2.39, i.e.

- 1 ¥
3720

i 5 L
$e =1 — a2n3—6—4a3n4+ﬁ(

0| ==

ocﬁ2+

e

The equation was transformed back to dimensional variables using 2.32 and scaled by 2.47 to
get the right scaling of the dimensions. The expression for the horizontal particle velocity with

dimensional variables was evaluated at the top of the wave. It gave

1, 15 5 1 (14+1n)?
=gt gt (5= ) e

With xgone as the horizontal position of the front wave in the numerical simulation, such that

Nfront = T (Xfront,#) Was the vertical position of the front wave, the horizontal particle velocity
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at the top of the undular bore was given by

1 1 5 1 (Mittront)
U = Mfront — anzront + gnf3ront - anéont + (§ - # Nfrontxx-

When implementing the horizontal particle velocity, a central finite difference scheme approx-

imates the second derivative of Ngont.

n n 1 n\ 2 1 n\3 5 m4 1 (I’l—|—1)2 n(lil_znr.z_}_n;? 1
wyj=mj—7 ()" +5 (f)" — o (n]) +(§— . )( T

The local phase speed was found by using the first-order finite difference scheme

n -1
o Xront — x?ront
c, = —romt ___tront

ot

6.3 Numerical results on the breaking of undular bores

The breaking criterion was first tested with the bore strength 0.281 to compare it to Favre’s

result. As the figure 6.2 show, the wave was far from breaking.
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Figure 6.2: The horizontal particle velocity, coloured in blue, and the phase speed, coloured in red, with a bore
strength of 0.281.

The horizontal particle velocity and the phase speed were then found for other values of the
bore strength, where the bore strength was increased by 0.001 until the breaking criterion was

satisfied. At a bore strength of 0.359, the horizontal particle velocity exceeded the phase speed,
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as figure 6.3 below show. The maximum value of both velocities was found, concluding that the

horizontal velocity was the highest. In figure 6.3, the mean values of both the horizontal particle
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Figure 6.3: The horizontal particle velocity, coloured in blue, and the phase speed, coloured in red, with a bore
strength of 0.359. The right panel is a closer view of the left panel.

velocity and the phase speed were used to provide a result possible to analyse. However, figure

6.4 depicts the two velocities with a bore strength of 0.358 without calculating the mean value

of the horizontal particle velocity. The horizontal particle velocity was then represented by

a thicker line, resulting in the horizontal velocity exceeding the phase speed. This show the

challenge when evaluating if the wave breaks, indicating that this aspect must be considered

when determining the threshold for wave breaking. Nevertheless, using the same definitions

for breaking as for KdV and eKdV, the conclusion was that the wave breaks for bore strength

of 0.359.

1.45 ' '

1.4 ¢

1.35

i

Ava Fg

13}

1.25

1.2}

= The horizontal particle velocity: U7
= The phase speed: ¢

150 200

250 300
t. &

’ V hy

350 400

Figure 6.4: The horizontal particle velocity, coloured in blue, and the phase speed, coloured in red, with a bore

strength of 0.358.
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6.4 Discussion

The results show that the undular bore simulated by the eeKdV equation broke for a bore
strength of 0.359. The result did not improve the approximation of wave breaking compared to
the regular KdV equation, where breaking happened at 0.353. However, the wave breaking for
the eeKdV equation occurred at a lower bore strength than the eKdV equation, which broke at
0.363. The conclusion so far was that the KdV equation was the most optimal approximation

of undular bore breaking.

Even though the result of both eKdV and eeKdV were not quantitatively good, since the agree-
ment with the experiment of Favre (1935) was lacking, using an equation with a® was closer
to approximating Favre’s experiment, then the equation including a?>. Consequently, utilising
even higher-order equations may yield further improvements. On the other hand, when we
compared the results to the KdV equation, it was hard to imagine that higher-order equations

would improve it further.

Figure 6.5, on the next page, depicts an undular bore simulated by the KdV equation in 6.5a),
the eKdV equation in 6.5b) and the eeKdV equation in 6.5c). The initial conditions of the
undular bore were the same for all the simulations. The bore had an initial height of ag = 0.3,
the wave’s steepness was k = 1 and the bores were simulated until the final time 7" = 450. The

height and position of the leading waves are presented in table 6.3 below.

Table 6.3: The height and the horizontal position of the leading wave for the numerical approximation of the KdV,
the eKdV and the eeKdV equations at the final time T = 450.

Equation Leading wave height Leading wave position
KdVv 0.5952 577.4
eKdV 0.5943 567.2
eeKdV 0.5949 569.0

Figure 6.6 show a plot where all the simulations of the undular bore are presented together, with
the same initial conditions as before. It was evident that the undular bore simulated by the KdV
equation propagated the fastest, followed by the wave simulated by the eeKdV equation and
last the wave simulated by the eKdV equation. This show that the KdV equation had the highest
phase speed and reached a larger height earlier, which was consistent with my result. Since the
leading wave reached a higher amplitude faster, the wave would break earlier. On the other

hand, a higher phase speed makes the conductive breaking criterion harder to achieve. But, the
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Figure 6.5: A simulation of the undular bore where all initial values were equal, and the bore propagated until
it reached 600 depths. The bore was simulated by a) the KdV equation, b) the eKdV equation and c) the eeKdV
equation.

results from chapter 4 prove that the horizontal particle velocity at the top of the front wave for
the KdV equation was higher at lower bore strength than the horizontal particle velocity at the
top of the front wave for the eKdV equation and the eeKdV equation. For the corresponding
critical bore strength, figure 4.2 showed that the horizontal particle velocity with the KdV
equation reached approximately 1.35 \/go , while figure 5.4 showed that the horizontal particle

velocity reached 1.33 % with the eKdV equation and figure 6.3 showed that the horizontal

67



particle velocity reached approximately 1.33 %0 with the eeKdV equation.

1 H=The numerical approximation of KdV.
The numerical approximation of eldV.
e The numerical approximation of eeKdV.

% 0.4

0.2
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Figure 6.6: A closer view of an undular bore approximated by KdV, eKdV, and eeKdV. The green graph show the
approximation of the KdV equation, the yellow by eKdV, and the purple by eeKdV. Here, 6r = 0.01 and T = 450.

The same undular bores were simulated with temporal grid size 6 = 0.005 when testing the
stability of the implementation, shown in figure 6.7. The undular bore simulated by the KdV,
the eKdV and the eeKdV equation had no difference in the horizontal position compared to
figure 6.6 where 8¢t = 0.01. Therefore, this strongly implied that the implementation was stable.
Especially when we use higher-order non-linear equations, the phase errors associated with the
numerical implementations can grow large when simulating waves over an extended period.

However, the results indicated that this was not the case here.

T = The numerical approximation of KdV.
The numerical approximation of eKdV.
e The numerical approximation of eeKdV.
0.8 -
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Figure 6.7: A closer view of an undular bore approximated by KdV, eKdV, and eeKdV. The green graph show
the approximation of the KdV equation, the yellow by eKdV, and the purple by eeKdV. Here, 6 = 0.005 and T =
450.
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Favre (1935) discovered that the undular bore with the critical bore strength reached a height
of 2.07 time the initial height above the undisturbed water depth. With the corresponding
critical bore strength the KdV equation reached a height 1.981 times the initial height, the eKdV
equation reached a height of 1.979 times the initial height and the eeKdV equation reached a
height of 1.981 times the initial height. Notably, the KdV and eeKdV equations exhibited the
same ratio at the breaking point, accurate to three decimal places. These results indicate that
all the equations, ideally, should have the potential to reach higher heights before the leading
wave breaks. However, the equations do not include all the physical considerations involved in

the experiment of Favre (1935) and therefore the equations are not entirely ideal.

There can be many reasons for the lack of improved results; one might be that the equations
considered here do not include damping. The energy across a bore was discussed in chapter 2.
As mentioned, Rayleigh proposed that the energy was not conserved, and equation 2.26 show
that energy was decreasing (Whitham, 1974). Thus, across a bore, there should have been a
dissipation of energy, but the KdV equation does not consider this. Sturtevant (1965) discussed
energy damping for a weak undular bore. The author explained that Benjamin and Lighthill
proved that a steady train of undular cnoidal waves travelling into water with uniform flow
was possible only if there was a change at the front in either mass, momentum, or energy. If
not, the only viable solution was the solitary wave. The conclusion was that some turbulence
must lead to dissipation at the front of the weak bore. Sturtevant (1965) then did an experiment
demonstrating the damping in the boundary layer at the bottom of the channel. The author
concluded that the energy flow was more significant behind the undular bore than in front of
it. On the other hand, Ali and Kalisch (2010), who studied bores in shallow water, used a
higher order dispersion equation and established that the energy loss was then accounted for;
it vanished in the oscillations developing behind the bore front. Hence, it would be interesting
to see if the result established so far could be improved by considering the energy loss for an
undular bore by either considering a damping boundary layer or by including a higher-order

dispersive term.

Another reason might be that the equations are based on the theory of an irrotational flow and

omit vorticity. This was evaluated for the eKdV equation and is presented in the next chapter.
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7 Wave breaking modelled by eKdV with

background shear flow

Da Silva and Peregrine (1988) explains how shear can have a dominant effect on shallow water
waves and that currents cause shear at the bottom of the sea for natural waves. Further, the
authors argue that solutions of waves with constant shear flow for shallow water are a good
representation because, for shallow water, the disturbance of the vorticity is less important
than the non-zero mean vorticity. Considering the experiment of Favre (1935), when the water
is pumped into the water tank, it is assumable to imagine that the forces from the water are
stronger at the bottom than at the top since the water is pumped in at the bottom. A constant
background shear is included in the eKdV equation to investigate wave breaking and if this
improves the approximation of the experiments of Favre (1935). The following calculations
are based on the theory of Senthilkumar and Kalisch (2019) and Yaosong et al. (1994).

7.1 Derivation of eKdV with constant background shear flow

Figure 7.1: An illustration of the background shear flow U = yI'. Here I' is negative.

The background current is shown in Figure 7.1. It was a constant shear flow, such that the
velocity components became
u= (px + Fy7
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V=0Q,.
I' was the constant vorticity and at the bottom it was assumed that uy = 0 without loss of

generality.

To derive the eKdV equation with included vorticity, the derivation started with the inviscid

Navier Stokes equation where the dynamic assumption p = py was already assumed:
1 —12 - — _
Vot Vsl +gj=ixad

The argument was that since the left side was a gradient, the right side had to also be a gradient.

Hence, a potential function G had to exist such that
VG =iix .

To find the function G, it was convenient to use three dimensions. Hence, I used the vector
(x1,x2,y), where x| represented the previous value of x, x, denoted the component orthogonal
to the other variables and y represented the previous y. This gave the velocity vector it =
(uy,uz,v) = (¢x+1I'y,0,¢y). Deriving the cross product @ =V x i, resulted in

o=lo r 0.

Then,
Ux o= [—Fv 0 Tul} = [—npy 0 To, +F2y} :
Since the component in the x; direction was equal to zero, we could go back to the original two
dimensions, i.e.
VG=ixd= {—F(py Lo, —H“zy} .

The equation
2

y r
G=T / oudy +—y*
" 2

will satisfy VG and this was proved by finding the elements in VG = (G, Gy). The first element

was y
Gx =TI / QDxxdy ’
—ho

and using the Laplace equation 2.7, it became

Y
G = —F/ . Qyydy = —1'@y.
—1o
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The second element in the gradient was
Gy =T, +T?.

The fundamental theorem of calculus was used to solve the integral of both equations. As
we can see, the derivative components of G are equal to the components in VG. Hence, the

Navier-Stokes equation could be written as a gradient, i.e.

1
V((p,+§]ﬁ|2+gy—G) =0 (7.1)

The non-dimensionalization 2.32 was utilised to derive the problem for shallow water waves
with a shear flow and the corresponding boundary conditions. From chapter 2 it was shown that

the Laplace equation had to be satisfied for water waves and the non-dimensional form yielded
B @iz + @y = 0, —1<j<afn.

The boundary condition at the bottom was a no through flow condition, such that the non-

dimensional boundary condition was

@5 =0, j=—1.

At the top of the wave, the kinematic boundary conditions for the free surface had to be derived.

From chapter 2, this was found to be

N +uNx = @, y=n.

The velocity components was substituted into the equation, resulting in,

M+ (@ + 1Y) e = @
Using the non-dimensionalization 2.32, the non-dimensional kinematic condition at the free
surface became,
~ ~ SR 1 - -
i+ (@i +aln) fls = £ 6y, y=od.

As mentioned, the dynamic boundary condition at the free surface comes from the pressure
in the air and water to be equal, such that p = pg, which was already included earlier in the

derivation. Hence, integrating over 7.1 and assume an infinitesimal fluid parcel, the Navier-
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Stokes equation became
1 1
(pt+§u2+§v2+gy—G:0.

Substituting the horizontal particle velocity into the equation gave

1 1
(Pz+§(<Px+1"y)2+§v2+gy—G=0-

Scaling the variables, such that they are dimensionless, resulted in the dynamical boundary

condition in non-dimensional form,

o 1 B 1 G
frti+ e ( a(wﬂ E@r -2 o

Due to the shallow water, the vertical components could be separated from the horizontal com-

<
Il
R

=

ponents, and the velocity potential was expanded in an asymptotic series. Hence, it was as-

sumed a solution on the form

(o]

¢ = Z (1 +)7>nf(x7t)n'

n=0
The derivation was the same as was shown for equation 2.31 in section 2.4. With the use of the
Laplace equation and the boundary condition at the bottom ¢, = 0 for y=0 the odd terms of f
vanished, and the first terms in the asymptotic expansion were
2
: B B

A __ f_ M r 3
= 7= S (145 fae+ 5 (149 rsss+ O (B7) (12)

The non-dimensional equation for G were found to be

of 2
G =agl’ B Ozdy + gho —y

Inserting the asymptotic expansion of () gave the integral

on ~ B Bz ) 3
| Gedy= (1 am)f = (14 an) fat 56 (1+ ) frae+ 0 (B7),
such that
G=agl' | (1+af)fi— ﬁ(1+a )? Fee Bz (14 af})’ free + gh f—2~+0(B3)
=ag n 6 n fodun 1 20 n FRARRE 8N ) y .

The equation for G was used in the dynamic boundary condition, where the expression was

divided by ag, therefore this was considered at this point. Also, the evaluation at the top of the
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wave was considered, such that § = a 7). The first terms in the series were then
G . . T(+an)’. 1+« 2
ag L(1+afn)fi— ﬁ%fﬁf“‘ﬁzﬁfﬁﬁf‘% o~ i?+0(B?).

The asymptotic expansion for the velocity potential was substituted into the kinematic boundary
condition at surface, yielding

i+ (a(f—ﬁuﬁ)z }g+---) +afﬁ)
( (1+ > gl >4~m,_>

=]

Using that w = f; and assuming that O (oc3, of, [32) terms were equal to zero, the kinematic
boundary condition became

fir + Wz + ol Tz + o (Wh) = af.
The dynamic boundary condition was found by inserting the asymptotic expansion for the ve-

locity potential and the equation of G into the non-dimensional dynamical boundary condition

(¢ o)’ (tai). 1.\ «a .
<f B—F— >l+77+ (fx Bfox)z-FaF(Om)) +ﬁ(—ﬁ(1+an) %)
N N 3
—<f(1+aﬁ)~f—ﬁ@}m ﬁZMf r >_0

52
T 051

Assuming that O (oc3 of, B ) was zero, and differentiate the equation with respect to x, re-
sulted in the dynamical boundary condition at the top of the wave

Wi+ Tz + o0 — Divg — [23 Wi + g T =

6

= =on.

Hence, to sum up, the Boussinesq system with constant background vorticity was derived and
it was found to be

nf+ ~f+ af‘ﬁﬁj—l— o (Wﬁ>f_ % ~f~~ — 0,
B B (7.3)
Wi+ e+ o — D ) Ve + gf Vi = 0.
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By neglecting the orders of O («, B) the Boussinesq equations became

ﬁf+wi:07
W;+ﬁg—fWg:0.

This can be written as the system

=
(e]
(SN
=
(a]

- = . (7.4)
W 0

)
|
=

I used the diagonalisation method, as it was utilised in section 2.5, to find the solution of the
system. The eigenvalues of the system were calculated by the use of the characteristic equation,

det (A — AI) = 0, where A were the eigenvalues.

A 1
det (A — A1) = det =A24+TA—1=0.

1 —A-T

Hence, the eigenvalues were A = g + 4/ % +land A, = g —1/ % + 1. The eigenvalues are

the characteristics of the system, therefore we denoted ¢ the positive eigenvalue and ¢_ the

negative one. Using AV = AV, the corresponding eigenvectors v were following

1 Ct
V] = and v, =
Cyt —1

This was found by using that cﬂ +é& T =1and &, +¢_ +I =0. The diagonalised system
yielded

1 1 &8 o1 &4

1+é,

C~+ —1 0 Ct Cyt —1

The variables r and s were then introduced, such that (r,s) = P~! (r,s). Where
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r and s were substituted into system 7.4, which yielded the result

and this had the solution
r=ro(x—C¢4t)
s=so(x—¢_t).

Since r = —~— (fj + &, W) and s =

(¢+7 —w), the constants were found and the results

1+, 1+¢%
were
L o= 1) + &g —.t)]
y = — X—C CoWolX—C y
1+5i Mo + +Wo +
1
§= +2 [¢+To(x —é—t) —wo(x—¢-1)].

Since (r,s) = PV (/,w), multiplying both sides with the matrix P gives the solution, of

and w, which was

= T2 [l (x — &41) + & o (x — E41) +c%rn0(x—c,t) —&wo(x —é-1)],
J’_
1 n 3 ~ . ~ ~ >4 ~ ~ ~
W= 1+5%_ [5+770 (X—c+t)+ciw0(x—c+t)—c+no(x—c_t)+w0(x—c_t)}.

The unidirectional eKdV equation was derived from the Boussinesq system by considering a

wave moving to the right. Then w = ¢, 7] and from this I sought a solution of the form
W= f+aA+BB+a’D+0 (o, aB,B?).

To not confuse the coefficient corresponding to o> with the characteristic value &4, the coef-
ficient was denoted D (in stead of C). With the assumption that O (OC3, aB,pB 2) were equal to

zero, the equation was substituted into the boundary conditions 7.3. Ordering the terms by «, 3
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and o2 yielded

fiy + &4 Mz + o (Ag + TR e + 284 77c) + B (Bx— gCMm)
+o Dz + (AR);) =0,

- N o o 1 1
&+ s —Te s+ a (A +C+"777x [A:) + (B FB)E_E m+6FC+nm)

+a* (D + ¢4 (Af); —I'Dz) = 0.

The first equation was multiplied by ¢, and in the second equation the terms fjz — ['¢, 7z =

Ei Tz, such that

&1 fip+ iz + o (61 Az +e. In7; +20+7771x) +p (C+B 5%rﬁxxx)

+0? (64 Ds+ ¢4 (Af]);) =0

ETir+ & e+ a (A + &AM — TAz) + B (B,~ —I'B;— 1c+ s + rc+nm)
+a* (D + &4 (Af); — =0.

By setting the equations equal to each other the coefficients A and B were found by using
ﬁ[ = —5+ﬁj§, 1.e.

~1 1+3
= f{? and B = %Tlﬁx
2(2¢4 +T) 3(2¢.+1)
Inserting the values for A and B back into one of the equations in 7.5, and ignoring the terms

with a2, resulted in the KdV equation with background shear flow

& (3+172) &

—Nfﬁzo
6(1+2) "

To derive the coefficient D, the coefficient A and B were inserted back into the 7.5 and the three

first terms in the KdV equation with background shear was used as the derivation relation

iy = —& fiz a5+(3+f2)~~~
Ny = +77x (1 +5%r) nMnx,
resulting in 5
C+ (3+F2) =3
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The equation for w was then

—1 14362 g G (3+17) 7.

W= o B - (7.6)
o ﬁ6(26++F) 3(28, +1) (& +1)

2(2&,+1)

Substituting all the coefficients back into one of the equations in 7.5 gave the non-dimensionalized

eKdV equation with constant vorticity,
o & (3+12) Y\ . & 5
Ftenzt+o | ———— v P | 75—~ | N
N7 + CNx ( 1_*_52+ nns B 3(1+52+) Nixxx
o 2026, — 68 . 302 —3r
2(261+1)7 (2 +1)

2

Mz =0

The dimensional variables were substituted back with 2.32 and scaled by 2.47 to have hg as
the spatial unit and % as a unit of time. Hence, the eKdV equation with constant vorticity was

found to be
e [8FD) Y +
C — —
N: +Mx C%_ +1 NMNx 3 (6_3+ + 1) Nxxx (7 7)
22, —6c3 —3Tc2 -3\ , '
2/ 2 Nx =0,
2(2c4+T)7 (3 +1)
with the corresponding equation for w,
—1 1+3c2 et (347172
w=cin+ 2 o + ) 3. (18)

+ XX
22c,+D) T6(2e D) 3(2c 4 +T)? (c2++1)n

7.2 The maximum height of the solitary wave

The procedure to determine the solitary wave solution of the eKdV equation outlined in section
5.2 was utilised to find the solitary wave solution of the eKdV equation with constant back-
ground shear flow. It is presented here. Stated byKalisch and Nguyen (2010), the solitary wave

solution of the non-dimensional eKdV equation
ﬁl+ﬁﬁx+6ﬁ2ﬁx+ﬁxxx = O; (79)

is on the form 4
n(x_a‘):q)(é):b—f—(l—b)COShz(Ké)’ (710)
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where

141 A2
_ ~1EVI+6eo K= Ye and b= -C (7.11)

A -
c 2 6c

Hence, all the variables depend on the phase speed ¢, which had to be given as an initial value

of the wave. Setting 7.10 into 7.9 yielded
—c® + OY + oP*D + D =0, (7.12)

where @' = ‘3—?. It was assumed that the solution was of the form 11 = AP (ux — vt), where
® was the solitary solution 7.10. The variables A, i, and v were determined by inserting the
assumed solution into the eKdV equation with constant background vorticity, equation 7.7, and

scaling the solution such that it satisfied 7.12. Hence, the following system of equations had to

be solved
A (_V+C+H) = —C,
Az <C+ <3+F2)> _1
Wl ———F— | =L
c+—|—l
3
pYTEY S
H (3(ci+1)>
and

23 2I%c; —6¢3 —30c3 —3r Y
2(2¢4 +T)* (2 +1)

The variables b and K could be made solely dependent on the amplitude by first express c in

terms of the amplitude. This was done by use of the expression for A in 7.11, i.e.

1, 01
= -0A —A.
€=6%4 T3

Following, the values of » and K became

1 1
o s \ 50A% 34

b= — A d
Ao 12 an 2
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Solving the system of equation and inserting the equations for b, K and c into the solution, the

solitary wave solution of the eKdV equation with constant background vorticity was

n(x,t) = AA (7.13)
o 2 m
—525A+ (1 — 525A) cosh® | 05— (ux+ vr)
where ! | |
z 2\35 (.2 5
IJ:95 (3+T)° (1 +1) 7 (7.14)
Ct
2 1)3
_ $C++ ) y (7.15)
35(3+T7)3
3
1 2\5
V= 5(3+F2 ( A+—A>—|—95(3+F2)§(c++1)% (7.16)
and

2

2%c, —6¢3 —30c2 —3I) (2 +1)3

0':( . + )(+8 ). (7.17)
2x35¢; (2c4 +T2)(3+1)5

Having determined the solitary wave solution for the eKdV equation with vorticity, it could be
used to derive the corresponding breaking criterion. This involved deriving the non-dimensional
velocity potential ¢ by substituting equation 7.6 into equation 7.2 and then differentiating the

non-dimensional velocity potential with respect to x, yielded

0 ~_1 = ﬁ2+062 5+(%—ZFZ) i’ 1—f3c~i~ _(1+n)25+ ﬁxx-
2(20++F) 3(25++r) (5%r+1) 6(2c++F) 2

The dimensional variables were inserted back into the equation to find the velocity potential
with dimensions using 2.32 and then scaled by 2.47. The velocity potential was then used to

find the horizontal particle velocity, given by u = ¢, +yI, i.e.

—1 3412 1432 (14y)?
u=cin+ 2 e ( ) 3 < +3ct (1+y)

— c o+ 1y
2(2c4+1) 1 3(2c: +T)* (2 +1) 6(2c.I) 2 +> L ’

From the solitary wave expression, the phase velocity was given by

_v_t (1 H2+1H +
c_‘LL_}L,Z‘u 62, Cy.

Hence, the breaking criterion for the eKdV equation with constant background vorticity was as
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follow

-1 c. (3+T2 1+3c2 1+y)?
i+ 2, (3417) 3< G _(1+y)

+ - C xx+r
22c+1) " 3(2c++F)2(c2+—|—1)n 6(2¢.T') 2 +>n g

1 (1 ., 1
> — | — . .
> (61 oH? + H)+c+ (7.18)

Using standard differential methods, the second order derivative of the solitary wave solution
7.20 became

—2Au% (ZA*+ 5A) (1+ sZ5A)A [sinh? (¥) + cosh? (P)]

[ 6A+2A + (1 + GA+2 ) COSh OP)}
SAu? (SA%+
Miidda "

Nxx =

LAY (1+ 5Z5A)” A [sinh? () cosh? ()]
A+ (14 225A) cosh? (¥)]

b

[ 0'A+

Since the solitary wave remains its shape for all time, the wave was evaluated at (x,7) = (0,0),
such that

1 o
=AA o = —2 2 AP+ A 1 A4
n=~4 and n A <24 D) )( oAt )

To find the maximum allowable height of the solitary wave, it was necessary to evaluate the

horizontal particle velocity and the phase speed at the top of the wave, such that AA = H, where
H was the height of the wave. Substituting the expressions for 7 and 7y, into the breaking

criterion, yielded

-1 p ¢t (3+4T7) o
2(2c4+T) 32 +0)* (2 +1)

1432 (1+H)* s 6 5 1 c
(e ) (e (s ) (1 ) ) -

> 1 icH2+1H + (7.19)
= ),Z‘u 6)[, Cq. .

C+H—|—

Setting the horizontal particle velocity equal to the phase speed and rearranging the terms, a
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6th-order polynomial of H was obtained.

olu’c; o (30Au*cy+20%u’ct ) |
P(H) = a2 1 ( 1212 )H

2.2 2. (1433 e <2,,2 e (3412) 2
247U cy +60A U C 2(6(20+F) 2)6 u +12<3(2c++r)2(c2++1) A“c .

i 1222
et (3417) 4 3,3, _ 1434 ¢ 2,3 -1 3, <2
2(3(2c++r)2(c2++1)))L Ht2A ey 3<6(2T++F) 7+) oATH Jr6(2(20++F)> oA'n—o
+ 6A3u
_ 14-3¢2 ¢
12 (2(2T]+1“)> ),3/,1—46—2(@—7*) A2u +60A%uc, +6IcA’u )
+ H
6A2u
2 _ 2 _
N (6/1 iz 2+36)1:2 u 3(57LLLC+)H_27LC+ _o.

Bjgrnestad et al. (2021) made numerical simulation of the KdV equation with constant shear to
model a bore front. The height and the wavelength of the first five waves after the bore front
were compared to those behind the bore front in experiments of Favre (1935). Discrete values
of the vorticity ranging from —0.4 to 0.4 were tested, and the relative error between Favre’s
experiment and the numerical approximation was derived for each value of the vorticity. Based
on the lowest relative error, they discovered that I' = —0.2213 was the best estimate of the
vorticity in Favre’s experiment. In the article, the authors have defined the background shear
flow such that the circulation was headed in the opposite direction to how the background shear
flow was defined in this study. Due to this, I" had to be positive to achieve the same vortic-
ity. Therefore, I' = 0.2213 was substituted into the polynomial of H. The polynomial and its
derivative were implemented numerically and the result was shown in figure 7.2. The red graph
is the derivative of the polynomial P(H) and it was positive between 0 and 1, meaning that the
polynomial increases between these values. Since P(0) < 0 and P(1) > 0, the polynomial had
to have a root between 0 and 1. Using the bisection method, a numerical approximation of
the root was found. Hence, the maximum height for the solitary wave solution of the eKdV

equation with constant background vorticity was approximated to be

Hypx = 0.6215.
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= The polynomial: P(H)
P(H).

= The derivative of the polvnomial: ;-"'—

L
-4 ' ' '
-0.5 0 0.5 1 15

H

Figure 7.2: The polynomial P(h) is the blue graph and its derivative is the red graph.

The maximum height of the solitary wave solution of the KdV equation was 0.6879 and the
solitary wave solution of the eKdV equation was found to be 0.7079, hence the result of adding
a shear flow to the eKdV equation was a solitary wave with much lower maximum height than
both the KdV equation and the eKdV equation.

Additionally, the maximum height of the solitary wave was investigated for various vorticity
values in the eKdV equation with constant background vorticity. Using the numerical bisection
method, a numerical approximation of the roots of polynomial P was found by inserting differ-
ent values of I' € [—0.4,0.4]. With the argument given in the previous paragraph, the maximum
height of the solitary wave corresponding to each vorticity was found, and the graph represent-
ing the points is depicted in figure 7.3 below. As the vorticity approaches zero and beyond,
the maximum wave height decreased. This behaviour aligns with using positive vorticity when

approximating Favre’s experiment since a solution with minimal wave height was wanted.

84



—The maximum height of the solitary wave.

s

Figure 7.3: The graph show the maximum height of the solitary wave for various values of the vorticity ranging
fromI" € [-0.4,0.4].

7.3 Code validation

I aimed to make a numerical implementation of the eKdV equation with constant background
shear such that the breaking criterion could be defined and the critical bore strength found.
The numerical method presented in chapter 3 was utilised for this. Hence, together with fi-
nite difference spatial operators, the linear terms were approximated by the Crank-Nicolson
method and the non-linear methods were approximated by the Adams-Bashforth method. The
auxiliary function & (x,¢) = 1 (x,1) — Mo (x) was defined to incorporate homogeneous boundary

conditions and with the discretisation v} ~ (xi,1"), the scheme became

-2 <—C+ 2 +F2)> (V") +2v"np)

=D,

ot 2 2 ci—i—l

1 (212 6¢3 —30c% —3r
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where

1 [ct (3 +F2) ) 1 (2%, — 6c§L — 3Fc3L -3 3
F = + - | ———= +—
Cct (no)x 2 < Ci +1 (TIO)X 3 2(2C+ —|—F)2 (CEL + 1) (nO)x

C3
+ <m> (no)xxx :

The previous numerical analysis using the hybrid Crank-Nicolson/Adams-Bashforth method

proves that we should expect a second-order convergence of the approximation toward the
exact solution. The exact solitary wave solution found in the section 7.2 was tested towards the

numerical implementation of the wave, where the initial value was

AA
N (x,1) = : (7.20)
QA2+LA
2 6 3
58t (14— 5 25A) cosh [—Vzux]

where the values of A , u and ¢ were given by 7.14,7.15,7.16 and 7.17, and A = 1 when testing
the convergence of the solution. When calculating the error between the approximation and the
exact solution, the L>-norm was used. The spatial convergence was tested for 8¢ = 0.001 until
the final time 7 = 1, shown in table 7.1.

Table 7.1: The spatial convergence of the numerical approximation of the eKdV equation with I = 0.2213.

Sx L?-norm Convergence rate
0.16 0.0517 -
0.08 0.0129 2.00279
0.04 0.0032 2.01123
0.02 7.9624e-04 2.00687
0.01 1.9143e-04 2.05654
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The temporal convergence was tested for dx = 0.01 to final time 7 = 1. It is shown in table
7.2.

Table 7.2: The temporal convergence of the numerical approximation of the eKdV equation with I' = 0.2213.

0x L?>-norm Convergence rate
272 0.81540 -

23 0.20420 1.99753

274 0.04640 2.13779

273 0.01140 2.02509

276 0.00270 2.07800

27 0.00057 2.24392

The result presented in the tables show that the implementation of the solitary wave solution
of eKdV equation with constant background vorticity converges toward the exact solitary wave
with a second order convergence, as expected. Hence, we can be confident that the result based

on the implementation is correct.

7.4 Numerical results on the breaking of undular bores

The scheme derived in the previous section was used to simulate an undular bore propagating
from left to right. The breaking criterion at each time evaluation was derived by calculating the
horizontal particle velocity at the top of the front wave and comparing it to the approximation
of the local phase speed. With different values of the bore strength, the breaking criterion was
tested. The simulation started with o = 0.281 as in the experiment of Favre (1935), and an
increment of 0.001 was added to the bore strength until the horizontal velocity exceeded the
phase speed. The implementation was made such that when the wave reached a distance of 610

hg, the simulation ended.

Figure 7.4 displays the result of the horizontal particle velocity and the phase speed with bore
strength 0.318. The figure 7.4b provides a closer view of 7.4a, and in both figures, the mean
value of every 10th value of the horizontal particle velocity is shown, with the result that the
horizontal particle velocity never exceeded the phase speed. In figure 7.4c the horizontal parti-

cle velocity without the use of the mean value is depicted. At the very end, a small part at the
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top of the horizontal particle velocity exceeds the phase speed, indicating that the wave might

be breaking.
1.2 "
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Figure 7.4: The horizontal particle velocity coloured in blue and the phase velocity is coloured in red when the
bore strength is 0.318. b) is a closer view of panel a).

The horizontal particle velocity at the top of the front wave and the phase speed are depicted
in figure 7.5 with the bore strength 0.319. The mean value of each 10th value of the horizontal
particle velocity was presented. The result show that the breaking criterion was satisfied and

that the wave was breaking.
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Figure 7.5: The horizontal particle velocity coloured in blue and the phase velocity is coloured in red when the
bore strength was 0.319. The right panel is a closer view of the left panel.

7.5 Discussion

For the numerical simulation of an undular bore with the eKdV with constant background
vorticity, the results show that the breaking criterion was satisfied at a bore strength of 0.319.
Figure 7.4 indicated that the wave could break at the bore strength 0.318, but since this was
not satisfied in 7.4b, I stated that the critical bore strength was 0.319. This result was closer
to the experimental result of Favre (1935) than the eKdV equation without shear flow. Thus,
including constant background vorticity in the eKdV equation was an improvement. However,
it did not exceeded the result of Bjgrnestad et al. (2021) when a constant background vorticity
was added to the KdV-equation. Neither a higher-order non-linear equation with shear flow did

improve the KdV equation with included vorticity.

The maximum analytical height of the solitary wave was calculated to be Hy,x = 0.6215. This
means that waves simulated by the eKdV equation with constant background vorticity with
higher amplitude than Hy,x do not describe actual surface waves, even though the equation can
simulate waves with higher amplitude. The height of the numerically simulated undular, with
the bore strength 0.319, was found to be 0.6315. Thus, the analytical Hp,.x was smaller than
the height of the simulated leading wave with the critical bore strength. Hence, the numerical
undular bore breaking do not fulfill this prediction during the domain determined in this study,

which was not assumable either.

An interesting comparison was the different bores simulated by different vorticity values,
shown in figure 7.6. The waves had the same initial conditions where ap = 0.3, k =1 and
the final time was T = 450. They are shown in figure 7.6. In a), coloured in yellow, is the
eKdV equation withI'=0,inb) '=0.2213 and in¢) ' = —0.2213.
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Figure 7.6: Comparing the undular bore simulated by the eKdV equation for different values of vorticity. a)
I'=0,b)I'=0.2213 and c) I' = —0.2213.

The leading waves’ height and horizontal position are presented in table 7.3. Clearly, the bore
with negative vorticity propagated much faster than the two other waves. However, it had
not gained a higher front wave. Figure 7.3 show that the maximum allowable height of the
solitary wave with I' = —0.2213 was numerically approximated to 0.7911, which indicated
that if the numerical undular bore in Figure 7.6c was a real, natural wave, it would be far
from breaking. Further, the simulation of the eKdV equation with I' = —0.2213 show that
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the horizontal velocity for o = 0.3 had a much lower horizontal particle velocity at the top of
the front wave and it never exceeded 0.8319, while the phase speed reached 1.4, which was a
quite big difference. Russel (1844) showed that waves with higher amplitude propagate faster.
However, the shear flow have affected the phase speed, and therefore, a wave with a smaller
amplitude propagated faster. The wave with the lowest critical bore strength was the central
bore with I'=0.2213 and, as depicted in figure 7.6, it had a much lower phase speed, but higher
leading wave.

Table 7.3: The height and the horizontal position of the leading wave for the numerical approximation of the
eKdV with different vorticity values at the final time T = 450.

Vorticity I' Leading wave height Leading wave position
0 0.5934 567.2
0.2213 0.5942 5222
-0.2213 0.5929 620.5

Figure 7.7 show the eKdV equation with I' = 0.2213 where the undular bore was implemented
with 6t = 0.005. To check the stability of the implementation of the eKdV equation with
vorticity, the wave was simulated with half the temporal grid size. The position of the leading
waves was the same as when using grid size ¢ = 0.01. Hence there were no phase errors

affecting the phase speed of the wave.

15 T T T T T

= =The initial condition: 1

The numerical solution of eKdV with background vorticity: 5

-0.5 - =

_-100 0 100 200 300 400 500 600

Figure 7.7: An undular bore simulated by the eKdV equation with background vorticity I' = 0.2213 and with
temporal grid size 0.005

The results derived for the eKdV equation with constant background shear are qualitatively

good. Still, they are quantitatively inconclusive, meaning that they do not agree so well with
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the experiments of Favre. Other actions could be made to improve the quantitative result.
Wilkinson and Banner (1977) did an experiment where the bore was created by a weir that was
moved through a wave tank, resulting in bores that were different from the bores formed in
Favre’s experiment. The authors discovered that the waves were breaking with a bore strength
of 1.38, higher than the critical bore strength found by Favre. Hatland and Kalisch (2019) used
the Boussinesq system to simulate the undular bores made in the experiment of Wilkinson and
Banner (1977) and then used the conductive breaking criterion to find the critical bore strength.
The numerical result gave a critical bore strength within an error of 2% from the result of
Wilkinson and Banner (1977) . When the wire moves through the tank, it generates an undular
bore due to the upstream flow caused by the wire and the flow was assumed to be inviscid.
The numerical result was quite close to the actual result from the experiment of Wilkinson and

Banner (1977) , giving a much better outcome than the result achieved in this report.

Further, the article of Hatland and Kalisch (2019) demonstrated that the bore strength was a
suitable parameter to determine breaking when a wire created the wave. Senthilkumar and
Kalisch (2019) stated that the breaking criterion is a good indicator for breaking in some prac-
tical situations, usually for shallow water, but it might be less correct in other situations. It
is therefore worth mentioning that this might have influenced the lack of agreement with the
experiment of Favre. Further Senthilkumar and Kalisch (2019) mentioned that the error in de-
riving the breaking criterion is often due to the difficulty of determining the phase speed. We
have discussed for the KdV equation in chapter 4, that the phase speed was wildly oscillating,
and therefore the determination of it was an approximation that might lack from the real phase
speed. However, as mentioned before, Favre’s experiment was made physically and therefore
determining the phase speed was hard there as well. Still, most likely, the lack of good results

was not due to the phase speed.

Another question is how the vorticity actually influenced the experiment of Favre (1935), and
further, what directions were the circulations? Due to the length of Favre’s wave tank, the
forces coming from the inflow might not influence the water waves when they reach the end of
the wave tank. Even though the inflow creates a shear flow, the flow might evolve into other

types of flows influencing the waves at the breaking point.
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8 Conclusion

The purpose of the report has been to find a good approximation of Favre’s experiment on the
breaking of undular bores by use of higher order KdV equations. Starting with the KdV equa-
tion, an equation that balances the nonlinearity with the dispersive effects, two extensions of
the nonlinear part have been made with the motivation that the equation will better simulate the
waves in Favre’s experiment when adding higher non-linearity. However, the bores simulated
by the eKdV and the eeKdV equations did not break for a smaller bore strength than the bore
strength already established for the KdV equation by Brun and Kalisch (2018).

Assuming a constant background shear to the eKdV equation gave a lower critical bore strength,
indicating that the vorticity was important in the approximation. However, the addition of a
background shear flow to the KdV equation derived by Bjgrnestad et al. (2021) resulted in an
undular bore with an even lower threshold for breaking. Hence, even with a background shear
flow, did a higher-order non-linear KdV equation improve the approximation of the waves
in Favre (1935) experiment. Figure 8.1 show the analysed equations’ bore strengths and the

previous results.

This report has also derived the maximum height of the solitary wave solutions for the eKdV
with and without background shear flow. Since the eeKdV solitary wave solution has yet to be
found, it has not been included. The maximum height of the eKdV equation with the constant
shear flow was lower than the maximum height of the solitary wave solution of the KdV and the
eKdV equations, which predicted that the waves would break at a lower height. Senthilkumar
and Kalisch (2019) derived the maximum height of the solitary wave solution of the KdV
equation with a constant background shear flow and got a lower critical height than the eKdV
with constant background shear flow. This conclusion is supported by the result of Bjgrnestad
et al. (2021). Adding a background shear flow to the KdV equation resulted in breaking for a
lower bore strength than the eKdV equation.

There have been other factors discussed that might have improved the result. Since the equa-
tions based on the KdV equation do not involve damping, this was discussed, based on the work
of Sturtevant (1965). Also, Ali and Kalisch (2010) added higher-order dispersion to an equa-
tion to include the lack of energy. Further, Hatland and Kalisch (2019) derived the equation
with a base where the undular bore was created by a wire that moved through the tank. This
indicates that the lack of results could also be qualitative. Hence, the equations might estimate

this experiment better. This would be interesting for further work.

93



0.4 T \ T T T
— v = ().379 (Bjorkavag, Kalisch, 2011)
—x = ().363 (eKdV equation)
—x = ().359 (eeKdV equation)
0.35 f|e—n = 0.353 (KdV equation) 7
— ¢ = ().319 (eKdV equation with background shear flow)
— ¢ = (.307 (Bjornestad et al., 2021)
0.3 L= —2= 0.281 (Favre, 1935), experimental i
0.25 |- =
s 02r i
0.15 =|
0.1 .
005 b
0 I ! I I I
0 0.2 0.4 0.6 0.8 1 1.2

}L[]

Figure 8.1: The relationship between the initial height of the wave above the undisturbed water and the undis-
turbed water height is shown for the different equations and Favre’s experimental result.

In the end, it is important to remember that even though Favre made a qualitatively good experi-
ment, the experiment was carried out outdoors. Therefore, other physical effects may influence
the result. In contrast, the equations used in this report are idealised and do not consider all
this.
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