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Chapter 1

Introduction

1.1 Basic theory of fluid mechanics

In this section we begin by introducing some basic theory of fluid mechanics. We will only
present what is most relevant for the current text. The following theory is based mainly
on [1], with some details from [4], and [2].

Consider an inviscid, incompressible fluid occupying a time — dependent domain {2, in
R3, with the variable ¢ denoting time. Using a Cartesian coordinate system (x,y, z) with the
z-axis pointing vertically upwards, we let i, j and k denote the unit vectors in the positive
x —, y — and z — directions, respectively. The fluid velocity field u(z,y, z,t) = ui+ vj + wk
(where u, v and w each depend on (x,y, z,t)) and the pressure field p(x,y, z,t) then obey
the Euler equations

0
a—lthL(u-V)u—f—Vp:—gk, in €, (1.1)

V-ou=0, in € (1.2)
as they are stated in [1], where g denotes the gravitational acceleration, and V =

<8%, 8%, %)T. Equation (1.1) follows from the Navier Stokes equation when the fluid is in-
compressible and inviscid, and equation (1.2) is derived from the equation for conservation
of mass when the assumption of incompressibility is used.

Next, we introduce the vorticity w of the flow, defined as the curl of the velocity field

u

w=V xu

It can be shown that w represents twice the rotation rate of a fluid element, see e.g.
2], p. 91.

A fluid flow is said to be irrotational if w = 0. As will be discussed shortly, Helmholtz’
vorticity principle states that if a flow is initially irrotational, then it remains so for all
time.
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By assuming that the flow is irrotational, then u can be written as the gradient of a
velocity potential function ¢(x,y, z,t), i.e.,

u= V. (1.3)
This follows from the fact that

Vxu= (wy T Uz, Uy — Wy, Uy — uy)T = (0,0, 0)T

is identically satisfied when (u, v, w)? = (¢, ¢y, ¢.)".
From the incompressible continuity equation (1.2) it then follows that ¢ satisfies the
Laplace equation

52

where A = V? = 5z T 88—; + g—; is the Laplace operator.

Assume now that the fluid occupying €2; is water, bounded below by a fixed surface
at z = —h(z,y), and bounded above by the interface z = n(x,y,t) separating water from
air above it. The interface n(z,y,t) will be referred to as a free surface. The coordinate
system is chosen such that the x and y axes are aligned with the undisturbed free surface
of the water, i.e., z = 0 describes the undisturbed free surface. Assume in addition that

Q); is unbounded in the x and y direction, that is,

Q, = {(x,y,z)T ER}zeR, yeR, —h(x,y) <z <n(x,y,t), tZO}.

The bottom boundary z = —h(x,y) is assumed to be impermeable, so that no fluid can
cross it. This means, from the principle of conservation of mass, that the component of the
fluid velocity normal to the bottom must equal the velocity of the bottom normal to itself.
Since the bottom boundary is stationary, we must then have n-u = 0 at z = —h(x,y),
where n is a unit vector normal to the boundary, pointing inward into €2;.

Since V(2 + h(z,y)) = (hg, hy, 1)T is normal to the surface z + h(x,y) = 0, pointing

inward into €2, we can take n = \/ﬁ(hm hy,, 1)*, which means from (1.3) and n-u = 0,
z Ty

that

¢xhx =+ ¢yhy + ¢z = Oa on 2= —h(l’,y) (15)

This ensures that no fluid can flow through the fixed boundary at the bottom.

The interface between two fluids is defined by the property that fluid does not cross
it. Thus, at the free surface, separating air and water in this case, a kinematic boundary
condition must apply. The kinematic boundary condition states that the fluid velocity
normal to the free surface must equal the velocity of the free surface normal to itself.
Letting u, be the velocity of the free surface, and ng be a unit vector normal to the free
surface, this is equivalent with requiring that

(ns : u) |z=77 = I - Us. (16)
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The free surface n(x,y,t) is described by the equation f(z,y, z,t) == z — n(x,y,t) =0,
and a unit vector normal to this surface, pointing out of the liquid, is ny, = Vf/|Vf| =
(=N, —1y, 1) /|V f|. The normal velocity of the fluid is then ny-V¢ = ﬁ (—@ane — Pyny + ¢2).
It is assumed that the velocity of the free surface is purely vertical everywhere, so we can

write ugy = n:k. Thus, the normal velocity of the free surface is n, - u;, = ﬁnt, and
according to (1.6), the kinematic boundary condition at the free surface is
N+ Gatle + Gy — 6= =0, on z=n(z,y,1). (1.7)

The second boundary condition at the free surface is obtained from (1.1). Making use
of the vector identity

V(uP) =V(u-u)=2ux(Vxu)+2u-Viu=2uxw+2(u-Vu,
and the anti-commutativity of the cross product, equation (1.1) can be rewritten as

0 1
a—ltl +V <§|u]2) +w xu+ Vp=—gk. (1.8)

Since the curl of a gradient vector is the zero vector, we can take the curl of equation
(1.8) to obtain Helmholtz’ equation

Ow
E—FVx(wxu):O, (1.9)

where we also used the fact that the order in which the curl operator and the ¢t —
derivative is applied can be interchanged.

Now, using V - u = 0 from (1.2), the fact that the divergence of the curl is zero, and
the vector identity

Vx(wxu=w(V-u)—u(V-w)+(u-V)w—(w-V)u
=(u-Vw—(w-V)u,

we can rewrite (1.9) as

D 0
F‘;E&—‘;’+(u-V)w:(¢u-V)u, (1.10)
Here % = % + (u- V) is the material derivative operator, which when applied to a

physical quantity, such as the vorticity of the fluid, measures the change in that quantity
with time as we follow a specific fluid particle. Obviously, w = 0 is a possible solution of
(1.10). This solution is unique as long as each component SZJ of Vu stays bounded, which
means that if the initial flow is irrotational, then the flow will remain irrotational for all
time. This is referred to as the Helmholtz vorticity principle.
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Returning to (1.8), by assuming irrotational flow and substituting u = V¢, we integrate
the third equation (i.e., the z component) in (1.8) with respect to z to obtain

1
¢t+§IV¢I2+(p—po>+gz=O(t>- (1.11)

Here the constant py, which we separated from the integration constant C(t), denotes
the ambient pressure. Defining a new velocity potential by ¢’ = ¢ — f C'(t)dt, substituting
it into (1.11), and assuming that the pressure on the free surface, p|,—,, equals the ambient
pressure, we thus obtain the second boundary condition at the free surface

¢+ 5IVOP+g2=0,  on z=n(zyt) (1.12)

where the prime over the new velocity potential has been dropped.

As discussed in [1], the system of equations (1.4), (1.5), (1.7), and (1.12) in the un-
knowns 7 and ¢ is difficult to treat numerically and analytically due to the nonlinear nature
of the free surface boundary conditions, and the fact that 2, depends on time.

From here on, we will only consider fluid low which is assumed to be uniform in the y
— direction, i.e., the velocity field (and thus the velocity potential) and the free surface do
not depend on y. Additionally, we always assume that the flow is irrotational and inviscid.
The bottom is assumed to be flat and located at z = —hy. The Cartesian coordinate
system can then be considered two dimensional in x and z, with the x — axis aligned with
the undisturbed free surface, and the z — axis pointing vertically upwards, so that the
undisturbed free surface is located at z = 0.

Then equations (1.4), (1.5), (1.7), and (1.12) simplify to

(bxm + (bzz = 07 in — hO <z < 77($7t>7 (113)
¢.=0, on z=—h, (1.14)

nt+¢wnw_¢z:0:
1
¢t+§(¢i+¢§)+gz=0,

where z € R, ¢t > 0. Suitable boundary conditions must be chosen for + — +o00, and
an initial condition must be specified at ¢t = 0.

on z=n(z,t). (1.15)

1.2 Linearized theory of water waves

Next, we introduce some basic theory of gravity waves in water, which will be needed later.
The content in this section is based on [2] and [3].

We start by linearizing the free surface boundary conditions in (1.15). The first equation
in (1.15) may be linearized by noting that the factor 7, in the ¢,n, term is small compared
to the other terms, presuming that the slope of the waves is small. It then becomes
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N = ¢ (1.16)

z=
We may linearize further by Taylor expanding the right hand side around z = 0.
This yields

ntg¢z

= ¢.
n

Since both ¢, and 7 are assumed small, we may neglect quadratic and higher order
terms in ¢, (and its higher order derivatives) and 7 on the right hand side to obtain the
following approximation

+n¢..| 4 ... (1.17)
0 0

z= z= z=

1.18
L (1.18)

ntg(bz

valid for ap/\ < 1, where \ is a typical wavelength, as argued in [2].
The second equation in (1.15) linearizes to

I

o —gan

z=
after neglecting the terms quadratic in ¢, and ¢,, both assumed small.
Using the same reasoning as above, we Taylor expand the left hand side around z = 0
and neglect terms of quadratic order in 1 and ¢, (and its higher order derivatives) to obtain

=, (1.19)

again valid for ap/A < 1.
The linearized water wave problem is then

Gzo +¢oo =0, In —ho <z<n(zt), (1.20)
¢.=0, on z=—hg, (1.21)
n—¢.=0, on z=0 (1.22)
¢t +gn=0, on z=0. (1.23)

Before we can apply the boundary conditions above, we also need an initial condition
for the shape of the free surface n. Since small amplitude water waves tend to become
sinusoidal some time after their generation [3], it is expedient to assume that the free
surface takes the form of a simple travelling wave

n(x,t) = acos(kr — wt), (1.24)

so that the intitial condition becomes 7(x,0) = a cos(kz).
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Here k = 27/ is the wave number (spatial wave frequency), and w is the wave’s radian
frequency.

From (1.22) and (1.23) it then follows that ¢ must be a sine function in kx — wt, so we
can write

¢ = f(z)sin(kx — wt), (1.25)

where f(z) and w(k) are functions to be determined.
Now substitute the ansatz (1.25) into the Laplace equation (1.20) to obtain the second
order ODE

d?f
Z k2=
d22 f 07

with general solution

f(z) = Ae* 4+ Be ™%,

where A and B are constants.
Thus the velocity potential becomes

o= (Aekz + Be_kz) sin(kx — wt). (1.26)

To find the constants A and B, first substitute (1.26) into the boundary condition on
the bottom, (1.21), to get

k (Ae™* — Be ) sin(ka — wt) = 0,
which holds true for all kx — wt if

B = Ae ko, (1.27)
Now substitute the ansatz for n from (1.24), and (1.26) into (1.22) to obtain

k(A — B)sin(kx — wt) = wasin(kz — wt),

which is true for all kz — wt if

k(A— B) =wa (1.28)
The two equations (1.27) and (1.28) can now be solved for A and B, and we obtain
aw awe =2k
A= ————— B=—"—-—.
k(1— e*Qkho)’ and k(1 — e~2kho)
Finally, the velocity potential then becomes
o= aw cosh(k(z + ho)) sin(kx — wt). (1.29)

k  sinh(kho)
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Now the horizontal and vertical velocity components v and w are readily obtained by
differentiating (1.29) with respect to x and z, respectively.

They are
cosh(k(z + hyg))
u = aw Sinh () cos(kx — wt)
" h(k(: + ho))
sin z+h)) .
= kx — wt).
w = aw sinh (o) sin(kz — wt)

To find a relation between k and w, substitute (1.24) and (1.29) into (1.23) to get

aw? cosh(kho)
k sinh(khg)

— cos(kx — wt) = —ag cos(kx — wt),
which simplifies to
w? = gktanh(khg). (1.30)

Relation (1.30) is the dispersion relation for the linearized water wave problem. As-
suming that the waves are right-travelling, it may be rewritten as

w /
c=4 = %tanh(k‘ho), (1.31)

where c¢ is the phase speed of the surface waves. This shows how the phase speed depends
on the wave number k. Because of this, surface waves are called dispersive waves.

From (1.31) we can derive an important approximation for the phase speed for surface
waves of long wavelength in shallow water, that is, for khy < 1.

Since tanh(z) ~ x as x — 0, we can write tanh(kho) ~ khg as kho — 0, and so (1.31)
can be approximated as

c=/gho (1.32)

for khg — 0.

It is important that the wavelength is significantly longer measured relative to the
undisturbed water depth in order for (1.32) to be valid. As noted in [2], it yields better
than 3% accuracy if hg < 0.07\. From (1.32) we note that shallow water waves of long
wavelength are non-dispersive.

1.3 Higher order Boussinesq equations

Most of the discussion in this text will be centered around the specific fluid flow regime
where the water waves are of small amplitude and long wavelength, both measured rela-
tive to the undisturbed depth hg. Therefore, it is convenient to introduce the standard
parameters a = ag/hg and 3 = h3/(* where ay denotes a typical wave amplitude, £ is a
typical wavelength, and hg is the undisturbed depth as always. The parameters o and (3
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measure the relative strength of the nonlinear and dispersive effects in the flow. Assuming
that these effects are nearly balanced, the Stokes number S = «/f must be of order one.

The goal now is to obtain approximations to equations (1.13), (1.14) and (1.15) by
employing an ansatz for the velocity potential in the form of a Taylor series, as is done in
[1]. Since our assumptions on the flow imply that « < 1, § < 1 and S = /8 = O(1), it
is expedient to expand the series in terms of the small parameters o and 5. Following [1],
we choose to expand in terms of § as the primary parameter. Then higher order terms in
a and [ can be neglected in the series expansions of equations (1.13), (1.14) and (1.15) in
order to approximate the full equations to order of accuracy 5". For the equations to be
expanded in terms of (3, it is best to scale the variables such that all dependent quantities
and the initial data are of order one, and the assumptions of small wavelength appear
explicitly connected with small parameters appearing in the equations of motion.

The dimensionless variables to be used are as follows

=L, z= h0(5 - 1), n=apn, t = &:/Co, o= QGOEQE/CO, (1-33)

where ¢y = +/ghg is the linear phase speed approximation for surface waves of long
wavelength relative to the undisturbed depth.

This scaling implies from the chain rule that the derivatives are scaled as 681 = 881 gi =
%%, % = a%% = le)gt and Z 5 = %Z‘Z = hlo 5z In particular, this implies that the horizontal
fluid velocity component u(z, z,t) is scaled as u = ¢, = gc‘i% = %qﬁi = %ﬁ.

In the new variables, the equations are

Béaz + ¢z =0, in 0<Z<1+ai(ii), (1.34)
$:=0, on zZ=0, (1.35)
. o I~
M + a1z — Bcbz =0, i
on zZ=1+ an(z,t), (1.36)
72 72
=0,
n+ ¢t + aQS +35 5 ﬁ¢

for z € R, t > 0.

To simplify the notation, we drop the tilde over the dimensionless variables in further
calculations unless otherwise is stated. The following calculations are all done in the non-
dimensional variables.

Proceeding as in [1], the standard approach is to use an ansatz of the form

o(x, 2, 1) me x,t)z (1.37)

for the velocity potential. Substituting this into the non-dimensional Laplace equation
(1.34) we get
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Bzafm m—l—z (m+2)(m+1)fra22™ = 0. (1.38)
m=0

Using the boundary condition at the bottom, ¢, (z, z, t)‘z:O = 0, it follows from (1.37)
that fi(z,t) = 0.

Since equation (1.38) must hold for all z € (0,14 an), we get the following recurrence
relation by requiring that the coefficients of terms of order z™ for each m = 0,1,2,... on
the left hand side are equal to zero

O fm
B 52 +(m+2)(m+1)frn2 =0,
or | o
= mg 1.39
form=0,1,2,....
Now let F(x,t) = fo(z,t), which, from (1.37), is the velocity potential at the bottom
z = 0. Using (1.39) repeatedly, keeping in mind that f; = 0, we see that fo = —5; gi}; B,
2 2
f3=0, fi= 55580 = 5550 fs =0, fo= —55 5# 8= —5 565 fr=0,...

Then, formally, we get by induction that

(—=1)* 0% F(x,t)

k k=012, ..
(2k>' aka /B b 07 b b b)

jﬁk(x7t>::

and

Jorg1(z,t) =0, k=0,1,2,...

Inserting this into the ansatz (1.37) we get the following expression for the velocity
potential

= (=1)* 0% F(z,
o) =2 (<2k;§' o2
k=0 )

Now insert this series into the non-dimensional free surface boundary conditions (1.36)
and evaluate at z = 1 4 an(x,t) to obtain the following system of equations

00 ) a2k+1 Qk . ( 1)k 82k+2 et
77t+oz77mz 2k)! Ox 2k+1(1+a77 B —l—Z 2k+1)|8x2k+2(1+a77) 1k = 0 (1.40)
k=0
2
00 (_1)k 82k+1F 1 0o (_1)1: 62k+1F
n+ Z (%) 02701 (1+ ozn)%ﬂk + §a Z @) 9 (1+ an)%ﬂk
k=0 0

(1.41)

S ]' g 82k+2F 2k+1 pk
{Z 2t 1)) gazz (L Ham A =0
0
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The series in (1.40) and (1.41) may be truncated at terms of order 8", n =0,1,2, ..., to
obtain approximate equations for the free surface n(x,t) and the horizontal fluid velocity
at the bottom, F,(x,t). In [1], systems of O(a, 3), O(af, 3?) and O(a?B,aB?, 33) are
derived in this way. By introducing a parameter 6 € [0, 1], equations (1.40) and (1.41) can
be transformed into a system of equations instead modelling the horizontal fluid velocity
w = ¢,(x,2,t)|.—¢ at an arbitrary non-dimensional height z = 6, as well as the free surface
n(x,t), as shown in [1].

Before we proceed, we must clarify some notation. By "n —th order equation” we
always mean that the highest order derivative appearing in the equation is an n—th order
derivative, not that the equation is to n—th order in . If the equation is to order n in 3,
it will be explicitly specified, e.g. by writing O(5").

As will be shown shortly, a certain equivalent version of the fifth order system to
O(a?B,af?, 3%) for w(x,t) and n(z,t) derived in [1] has an unbounded dispersion relation
for all 8 € [0,1] \ {1 / \/5}, which is not physically correct, and may lead to instability if
the equations are solved numerically. If the value § = 1/ V/5 is chosen in the equations, the
fifth order system reduces to a third order system.

In Chapter 2 we will derive a seventh order Boussinesg-type system to O(a?3, o?32, a3, )
and investigate whether this system has a better dispersion relation than this particular
fifth order system to O(a?8,a3?, 3) derived in [1].

Going to a higher order also yields a more accurate approximation of the full equations,
as the neglected terms are of smaller magnitude, assuming long wavelength and small
wave amplitude compared to the undisturbed depth. As far as we can tell, there exists no
literature on the seventh order Boussinesq-type system, its derivation, nor on any of its
properties.

The derivation procedure is the same as in [1], except that we keep the terms of
O(a?B,ap?%, %) as well. The lower order systems may be derived from the 7th order
Boussinesq system by neglecting higher order terms. As shown in [1] the fifth order
Boussinesq system modelling the fluid velocity w at the non-dimensional height z = 6,
where 0 < # < 1, can be derived from equations (1.40) and (1.41). Since the procedure is
the same as for the seventh order system, which we derive in Chapter 2, we refer to that
chapter (or [1]) for the details. The fifth order system is then obtained by collecting all
terms of order o2, af? and 3% in system (2.10), (2.12) and writing O(a?3, 32, 3%) in
place of those terms.

The fifth order system is then

1 1 1
ne+ w, + o (qw), + 5 (02 — §) BWgge + 3 (0> = 1) aB (Nwgs),

(1.42)

5 2 1 2 2 _ 2 2 3
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1 1
N + wy + 5 (62 - 1) Wyt + @ww, — af (Nwyy), + 5 (92 + 1) QLW Wy

1
2

(1.43)

+ (92 - 1) aﬁwwxa}x + i (92 - 1) (92 o 1) ﬁwaxxa:t = O(Oé2ﬂ, a62763)'

24 5

We now want to investigate whether this system has a bounded and positive dispersion
relation. The linear well-posedness of the system (1.42), (1.43) and many of its variants is
extensively studied in [1], but the particular fifth order BBM-type system we investigate
below is not studied explicitly, except for a short note on BBM systems which describes suf-
ficient conditions for well-posedness for systems of BBM-type. BBM-type systems (named
after Benjamin, Bona and Mahony) may be defined for our purposes as any Boussinesq-
type system obtained from (1.40) and (1.41) (such as system (1.42), (1.43)) where at least
the highest order derivative in both the truncated equations obtained from (1.40) and
(1.41) is of the form %, where n is the order of the highest order derivative. It is well
known that systems of BBM-type are well behaved numerically, in the sense that they are
more amenable to numerical integration [12].

To investigate the dispersion relation for the linearized version of equations (1.42) and
(1.43), we linearize these equations around the rest state n = 0 and w = 0 by substituting
w = ew and n = €7 into these equations. Here ew and e, where |¢|] < 1, are small
perturbations of w and 1 around their rest states. We neglect terms of O(€?). It is easy
to see that when these are substituted into the equations, all non-linear terms drop out as

they contain factors of O(e?), but the rest of the equations remain as before.
The linearized form of (1.42), (1.43) is then

1 1 5 1\2
1 2 5 2 2 1 2 3
Ny + Wy + 3 (0 — 1) Bwya + 5 (0> —1) (6° — : B Wazaat = O(S°), (1.45)

where we have dropped the 'bar’ over the new variables.

As shown in [1], equations (1.42) and (1.43) can be altered further by manipulating
lower order terms and inserting these into the equations. Since we are mostly interested in
systems that behave well numerically, BBM-type systems are of particular interest in the
present text.

Following [1], by multiplying (1.42) with 32 and differentiating both sides four times
with respect to x, it follows that

ﬁ2w:pxmym = _B2na:xmxt + O(O&ﬂQ, ﬁg) (146)

Replacing the last term on the left hand side of equation (1.44) with this, and converting
to dimensional variables gives the following BBM-type system to O(a?3, af?, %)
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1 2 1 3 ) 2 1 ? 4
1 2 2 ) 2 2 1 4
Wy + 9Nz — 5 (1 -0 ) how:cxt + ﬂ (0 - 1) 0 — 5 howmmt =0. (148)

Seeking a solution of equations (1.47) and (1.48) of the form n = Ae** ! o =
Bekz=t where A, B € R\ {0}, we obtain
—w 1= 5 (07— 1) ik Ak [ho— 3 (62— 3) k) B =0, (1.49)

and

gkA—w [1+3(1=60*) ngk® + 2 (0° — 1) (6> — 1) hok'] B = 0. (1.50)

This is equivalent with the matrix equation

— [1= 507 = )"k ko = (07 = 3) 1] A
| )

gk —w 143 (1 —0*) hgk* + & (0> — 1) (0 — §) hgk*] ) \ B

and since A, B # 0 by assumption, the determinant of the matrix above must be zero.
This yields the following dispersion relation

W gho (1~ 3 (0° — 3) hgh?) s
k2 (1 — 2 (02— 1)’ hék‘i) (1+2(1—02)n2k>+ 2 (6> —1) (6% — 1) hik?)

Note that when 62 = 1/5, equation (1.51) becomes ‘,‘;—; = ghog(l;;g—hti) which is bounded
0

above (by its maximum value ghg at khy = 0), and is clearly non-negative for all k. Thus
the linearized version of system (1.42), (1.43) has a bounded and positive dispersion relation
for 62 = 1/5.

: : 5 (p2 _ 1\2 1474 _ 24
Since the first two roots of the polynomial 1—5; (0 — 5) hok™ are ko = £ 1)

when 62 # 1/5, which are real for all values of 6, the dispersion relation (1.51) may become
unbounded (in the limiting sense) for any fixed 6 € [0,1] \ {\/ig} Plotting the dispersion

relation for such 6 suggests that it is always unbounded for these values of 6.

As will be shown in Chapter 3, when the Fourier transform is taken of the fifth order
system for the purpose of numerically solving the equations, we are dividing by the func-
tions appearing in the denominator of dispersion relation, hence, if 6 € [0, 1] \ {1/ V5 } we
are dividing by zero for some values of k.

It is also important that the dispersion relation stays bounded, positive and approaches
zero for large khg like the dispersion relation for the full water wave problem (1.30), because
an unbounded dispersion relation is physically incorrect. The dispersion relation should
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tend to zero as the wavenumbers k become large, such that both the phase velocity w/k
and the group velocity dw/dk tend to zero as well for large k, as was argued in [12]. This
implies that fine scale features of the solution do not propagate, which in turn means that
the system responds weakly to artificial short wave components that may be generated
during a numerical computation, as argued in [12]. The phase velocity and the group
velocity should also be bounded above over all wavenumbers, hence the importance of the
bounded dispersion relation.

Note also that the fifth order system (1.42) (with the w,z.., term replaced by —Nuppat),
(1.43) reduces to a third order system and is no longer a BBM—type system when 6 = \/m
Therefore the fifth order BBM-type system (1.42), (1.43) is not so interesting for our
purposes, and we will derive a seventh order system instead. This is done in Chapter 2.

In order to investigate whether the linearized system (1.42), (1.43) has a bounded and
positive dispersion relation for a larger range of #-values, one can also replace the Sw,..,
term in (1.42) by a t-derivative, in a similar way as was done above. We will obtain a system
that is formally equivalent up to the same order of o and 3 as the standard fifth order
system (1.42), (1.43). We will nevertheless first derive a general seventh order Boussinesq
system and investigate whether this system has a better dispersion relation. Then all other
formally equivalent fifth order systems can be easily obtained by neglecting higher order
terms in the various seventh order systems we derive in Chapter 2.

We can replace terms in the equations by manipulating lower order terms, and inserting
these into the original equations, still keeping the formal order of approximation. Solving
(1.42) for w,, differentiating both sides n — 1 times with respect to z, and multiplying both
sides by 8™ (m > 1) gives

B = —Bm0 1y, — aB™OT (nw) — 5 (92 — 5) B2 — 5 (92 - 1) affmOT (Nwes )
5 1\?
_ﬂ (92 _ 5) 6m+2a;t+4w + O(Oégﬁm—H, a5m+2,6m+3).
(1.52)
(Higher order terms are included here for use in later equations).
Thus we can write
Lo 1Y\ Lo 2
6wxmm - _anxt - O‘B (Uw)xm - 5 0" — g 6 Wrreze — 5 (0 - 1) O‘ﬂ (me)mz
. ~ (1.53)
2 (g2t 3 202 03 a4

Bwaxx:cr = _5277150503% - 0462 (nw)xxxxx - = (92 - _) /B3wq;xxgcxxaj + O(a53, 54), (154)

and
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53wxxm:xmm = _Bgnxazmzxwt + O(aﬁga ﬁ4> (155)
Inserting (1.55) into (1.54) yields

1 1
BQMZ’xxa:a: = _ﬁgnxaca:a:t - &62 (nw)xxg;am + 5 (92 - g) /Bgncca:a:xxxt + O(O‘ﬁga 54)7 (156)

and inserting (1.56), (1.55) into (1.53) we obtain

1 1 1
ﬁwxaxz} = _577969615 - 055 (nw):m:x + 5 (92 - g) ﬁznx:ﬁxazt - 5 (92 - 1) 0552 (nwxx)xxx

—|—% (92 — %) aB? (), e — % (1594 — 3060 + 7) B Navezaet + O(a?B2, af?, B,
(1.57)
after simplifying.

These relations can be used to transform the Boussinesq equations into a formally
equivalent system where all the aaz_"n derivatives on the linear terms are replaced by %
terms. The purpose of this is to obtain a system that is more well behaved numerically.

In order to remove t-derivatives on the nonlinear terms appearing in the equations,
some other relations are needed. This is useful for easily taking the Fourier transform of
the equations later. Solving (1.43) for w; and differentiating both sides three times with
respect to x, we obtain

Wegat = —Nozox + O(Oz, 5) (158)

Likewise, solving (1.43) for w; and differentiating once with respect to z yields

1
Wyt = — Mgz — @ (WW), — 5 ((92 — 1) Beear + O(af, B?). (1.59)
Now insert (1.58) into (1.59) to obtain
1

Relations (1.58) and (1.60) will be made use of later when the equations are solved
numerically.



Chapter 2

Seventh order Boussinesq systems
and their properties

In this chapter, we derive multiple equivalent seventh order Boussinesq systems of equations
modelling the horizontal fluid velocity w(x,t) at a non-dimensional height z = 6 in the
fluid column, where 0 < 6 < 1, as well as the free surface n(z,t). We derive dispersion
relations for linearized versions of the seventh order systems, and discuss requirements on
the parameter 6§ which make the systems well behaved numerically, in the sense that the
dispersion relations remain bounded and non-negative for all wavenumbers k. The results
presented in this chapter, including the seventh order systems and all their properties,
have, to our knowledge, not been derived or discussed before in other literature.

21
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2.1 Derivation of the seventh order Boussinesq sys-
tem

In the derivation of the general seventh order system, we use the notation 9 ’:,fgt? famep
where m+p = n. The procedure is the same as in [1], the only difference is that we include
terms of one higher order in « and 8 and their products. Expanding (1.40), (1.41) and

keeping terms of order 5%, /3% and o8 we get from (1.40)

b ane | B Fa (L4 i 5 P (14 an) 6+ 08

1 1
—Foa (14 an)’ 6+§Fx6(1+an)562—

+ [FIQ (1+an) - o

e (L an)” 3+ 0(3")| =

1 1
Nt + Qny |:Fx - §Fz3 (1 +20”7)ﬁ+ EF:& (1)ﬁ2:|

1 1
[ 1t ) = g (14 30+ 30%7) 54 S (14 S0

O(a3ﬂ7a2627a63764)

1 1
= + N Fpa — Eannx (14 2am) af + —4F 5nxa62

1
+Fx2(1+an)—6x4(1+3an+3a )5+ F6(1+50m)ﬁ

1
ﬁ1«368(1)53]

1
_M xsﬁg + O( 5,0(252,0453,54) =

(2.1)
Let u = F, as in [1], and insert this into the last equation of (2.1) to get
1 1
N + Npuce — 2“2:27733 (1 + 20”]) af + 4%4773:045
1
+u, (1 +an) — gl (14 3am + 30”n*) B + To0U=° (14 5an) 3* (2.2)

_ﬁu 30+ 0(a’B, 052, af?, 5Y) =
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From (1.41) we get

1 1
+ lFt — §sz (1+ om)2 B+ —Fm4 (1+ om)4 B2 — i

L s (14 an)® 7 + o<@4>]

+50f [F — SFe (L an) B+ s (14 om)' 5+ O(ﬁ%]

X {Fx — %an (1+ cm) 5+ Fx5 (1+ cm) %+ O(ﬁg)] }

3!

o {[ratt+an - !

e (1 an)® 5+ 0| | P (4 an) = gy (1 a5+ 0%}

1 1 1
O(?B,a*8% af®, BY) =n+ | F, — §Fm2 (1+an)* B+ EFMA (14 4an) B2 — gFms(l)ﬂi”]

ol [F P+ an)? B4 L Fa (L an) B+ 0(&?’)]

—%Fxs [F (1+an)’ B - %F (1+an)' B + 0(63)} + i, Fys [Fe (1+an)' 8%+ O(8%)] + 0(53)}

%{F [FxQ(l +an)’af — %Fx‘l(l +an)*af® + O(ap?, ﬂﬂ

_é Fy [Fa(1+ an)*af? + O(af?, 8] + O(af?, 54)} + O(0®8,a282, 0, )

1 1 1
=n+ [Ft — —F2(1+ om) B+ Fm4 (1+ 4an) [ R— }

2 6!

1 1 1

1 1 1
—Fus {Fm(lman)ﬁ— SFus (1) 8 } + e Fe (1) 8 }

1 1
+§{Fm2 |:Fx2(1 + 2am)af — inﬁl(l)aﬁQ}

_%meﬁ(l)aﬁ} +0(a’B,a*6%, 0, 5%)

1 1 1
th2 (1—|—Oé?7) ﬁ—i_ th4 (1+4Oﬁ7)ﬁ2__thGB3

= F
(R 2 720
1 1 1
+§Oé{ (Fz> — sk <1+2an)ﬁ+EFz5Fxﬁ2+Z(Fz3) 52}

1 1
+§ (Fafz)Q (1 + 20477)055 - EFx4Fz2a52 + O(CXSB, O{252, aﬁga 64)

1 1
=1+ Fi = SFae (14 o) B+ o7 Fas (14 4an) B2

1 1 1 1
50 () = S FaFy (Lt 20m) aff + o FanFoa® + 5 (F) aff°
1 1 1
+5 (Fe)” (14 20m)af — cFuaFaf® — — Fis i + 0(a”8,0°6, 0%, ') = 0
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Next, differentiate the last equation in (2.3) with respect to x and substitute u = F,
as above to get

1 1 1
Ne + F:pt - iFt:ﬁ (1 + OéT])2ﬂ - F’ta:2 (1 + 0577) nzaﬁ + [ﬂﬂ;ﬁ (1 + 40”7) 52 + ﬂFm‘l (40”736) ﬁ2:|

1 1 1
+afF,F,2 — 5045 (FpaFy, + FsFy2) (14 2an) + 2F s Fyan,| + {ﬁananBQ + ﬂFﬁszaﬁz}
1 1 1 1
+ZF1,3FI40452 + §aﬁ [2F,2Fps (1 + 2am) + 2 (Fy2)” an,] — éFxstzoﬁQ — éFx4Fx3a52

B § + (0?8, 026, o, B*) =

720
1 1 1
Ne + Up — 5 U2 (1+ om)2 B — u (1 + an) nyafb + g et (14 4an) g + g e (4am,) B
1 1 1
+out, — 5&6 [(ugsu + uz2uy) (1 + 2am) + 2ug2uan,] + ﬂuxsuaﬁz + ﬂuﬂuxaﬁQ

1 1 1 1
+Zuzzuzsaﬁ2 + 50[6 [2ugu,2(1 + 2am) + 2 (uz)” an,] — gux4uxa62 - éuxsuxzaﬁ2

_L 133 3 212 3 4\ _
720utxbﬁ +O(Oé B,CY 5 ,Oéﬂ 76)_

1 1 1
Ne + U + QUU, — §ut12 (1 + 0477)2 B — Utz (]- + O”/) Oéﬁ + ﬂutx‘l (1 + 40”]) 52 + 6“1&13 (0477z) /32

1 1
—5045 [(ugsu + uz2uy) (1 + 2am) + 2ugzuan,] + v [Ugs U + Ugaty + BUZ2UL3] af?

1 1
+aB [ugu, (1 + 2an) + (ug)? an,| — gum4u$a52 — éuxauxzaBQ

_7_;07%1663 + O(a3ﬁ,a2ﬁ2,aﬁ3,ﬁ4) =0
(2.4)
Proceding as in [1], we define w = ¢,|,—¢ as the horizontal velocity at the dimensional
height z = (0 — 1)hg, with 0 < 0 < 1, and a formal use of Taylor’s formula with remainder

gives
W= ¢yl.co = Fy — 3B0°Fps + 4,8°0* Fys — $8°0°F,» + O(8)
=u— 186072 + 3 5°0 s — 55°0°us + O(BY)

as 3 — 0 (see the expression for the velocity potential ¢(z, z,t) derived in Section 1.3).
Recalling the definition of the Fourier transform in the spatial variable x of a function

f, given by

(2.5)

“+o00

f = [ et paan

[e.9]

and using the standard result 2= f(z,t) = (ik)" f (k. 1),
we get
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1 1 1
w= |1+ §ﬁ92k2 + 5ﬁ294/€4 + 65366]66 U+ 0(54)

after taking the Fourier transform of (2.5).

Next, invert the positive Fourier multiplier to get

1 1 1 -1
4= {1 + §B92k2 + 55204/@4 + 5530%6] w+ O(BY)
1 21.2 1 2n41.4 1 30671.6 - ~ 4
—|1— —éﬁek—aﬁek—@ﬁek W+ O(B8Y)

1562k2 . lﬁ294k4 _ lﬁSeﬁkG ’
2 4! 6!

_1 2 2_l 24 4_1 3n61.6 .
1+( SBOR = B0 — 5 ) +
1 21.2 1 2n41.4 1 3061.6 ’ 4 ~ 4
+ (—300%° = 0 - 280 ) + O3 ]w—i—@(ﬂ)
— [1_1ﬁ92k2_16264k4_lﬁ306k6+ 15204k34+i6306k6+0(54)
2 4! 6! 4 24
+<—

_ _122 3244_@366A 4
_{1 SPOK + O — B0 i+ O(5Y).

FOR + 0(54)) +O(8Y)] 0+ 0(8"

| —

This is equivalent with

2(:7N\2.~ 324-4A 236-6A 4
BO (i) + B0 (ik) e + o 600 (i) + O(8)

5) 61
A - 2Q—— -~ 2 n4—— e 3n06—— 4
=+ =0 wx2+2459wx4+72060w$6+(9(5 ).

Finally, taking the inverse Fourier transform of (2.7) yields

25

(2.7)

1 1
u=w+ 559210272 - %529410334 + %639621},,36 +O(pY). (2.8)

Inserting (2.8) into (2.2) and neglecting terms of O(a?3, 82, a8, 1) gives
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1 ) 1 1
e + lw + 559211;12 + ﬂ/82€4w334 + (’)(53)} Npt — 57795(1 + 2am)af lwmg + 5592@014 + (’)(/32)}
+in a8 [wye + O(B)] + (1 + an) |w, + 1,69210 3 + 3,629410 5 + ﬂ630610 -+ 08"
24" * T2 * 24 ‘ 720 ‘

1 1
_6(1 + 3am + 3a’n?)3 [wxzz + 5&921%5 + %B%‘"wy + O(ﬁg)}

g1+ 5an)5? [ws + 350w + O] - o108 + O3]
+0(a*8, 0%, ", B

1 2 o 24 1 1 2 2 1 2
=+ [w + 580" wee + 57 5°0 wx4} et = 5120 [wxz + 560 wﬂ} — MaNWz20" + o a0 Wes

1 ) 61 1 )
+ {wx + 5592103:3 + ﬂﬁ294wxs + %ﬁ?’ﬁﬁwﬂ} +an {wx + 559211}13 + ﬁ5294wx5]
1 1 5! 1 1 1
—65 [wxs + 55921%5 + ﬂ5294wm7] — 57] af [wms + 55921%5] — 577204251%3

1 1 1 1
+m52 [wx5 + 55‘921%7] + ﬂﬁwx50€52 — Mﬁg'wﬂ + 0(04357 o? B, 0453,54> = 0.

(2.9)

Collecting terms in the last equation above, we end up with the first equation of the
desired system to O(a®3,a?(%, a3, 34)

1 1
N+ wy + o (nw),, + 3 (02 _ %) B + 3 (92 _ 1) aB(Nwgs),

+L (76% (616" — 256° + 3) — 1) B Wnzazas + OB, a°B%, a8, ) = 0.

5040

Similarly, inserting (2.8) into the last equation in (2.4) and neglecting terms of O(a?8, o232, 32, 3)
yields



2.1. DERIVATION OF THE SEVENTH ORDER BOUSSINESQ SYSTEM 27

1 5 61
N + |:wt + 55921%% + ﬂ6204wz4t + mﬁ‘geﬁwzﬁt + O(ﬁﬂ}

1
+a |w+ 1592%2 + 35294%4 + OB |wy + =p0Pw,s + 35294%5 +0(B%)
2 24 2 24
1 1 5 1
_5(1 + an)Qﬁ |:w:c2t + 55921%4:: + ﬂ6204w$6t + 0(53)] — (1 + an)af {th + 5592@%31& + 0(52)

g1+ 40 s+ 500+ O + gmad? s + O0)]

— g0+ 2an){ [+ 300700 + ()| [ + J00%u + 0)

s+ 55000+ O] a4 300+ 0] } = a2, o+ O] [+ 0(9)]
4208 {[w+ O(B)] [1wss + O(B)] + s + O(B)] [wys + O(B)] + 6 w2 + O(B)] e + O(B)]}
+af(1 + 2an) {wx + %BGwas + (’)(62)} [wxz + %5927%4 + (9(62)] + 0,02 B [we + O(B)] [we + O(B)]

a5 w, + O(8)] s + O(B)] ~ 208 s + O)] s + O(B)] — =5 [ + O(B)]
+0(a®B, 0?5, af?, B*)
=+ 0+ 5w P s, + s B

1 5) 1 1 )
+ {aw {wx + §ﬁ92wxs + ﬁﬁ294wxs] + §aﬁ92wxz {wx + §ﬁ62wxa] + ﬁa6294wm4wx}

1 1 5) 1 1
|- g0 — 1~ 8] 4 |~ 0B - Ja2ru

1 1 1 1
+ { {—aﬁ%th - 504529277.@1%%] - 042577779:th} + { [ﬂﬁ2wx4t + 553‘921%%} + 60452771%41%}

1
+6a62nwwx3t

1 1
—%aﬁ { {wwxg + %59211)11)335 + %BGmezwms + 0(62)} + lwzwxz + iﬁﬁzwxwxz; + §ﬁ62wxzwzs + 0(52)] }

—na? B {[wwys + O(B)] + [wewg + O(B)]} — a?Bn,wwye + 2—14a52 [Wwes + Wewes + 6w2w,s]

1 1
+af [wxwxz + 5592wzwx4 + éﬁﬁzwxzwxg - (9(62)] + 2108 [wew,e + O(B)]

1 1 1
—|—77$oz25 (wgc)2 — 604521%1%4 — éa/Bwazwms — %53@%% + O(a?’ﬁ, a262, a53,54) —



28CHAPTER 2. SEVENTH ORDER BOUSSINESQ SYSTEMS AND THEIR PROPERTIES

1 5 61 . .
=N, +w; + 5502%% - ﬂﬁw‘wm + %5‘596%%

1 5 1 1 5
+aww, + 5()4/302wwm3 + ﬂaﬁ%"lwwxs} + 5046921%1%2 + Zaﬂ204wzzwm3 + ﬂa62«94wmwz4

48
1 1 1 1 1
_aﬁnxth - §a5202nxwm3t - 012577773311}:,;,5 + ﬂBQ,wx‘lt + E6302wx6t + aaﬁznwx‘lt + 6(152%@%37&

1 1 1 1 1 1
——afuww,s — —af0Pww,s — —afl0Pwews — —afw,w,e — Zaﬁ292wxwx4 — Zaﬁ292wxzwx3

1 1 5 1 1
_§5w12t - 15292'“}1415 - _ﬁ394wx6t - 045777%% - 50452927771)3:% - 5042ﬁ772wx2t

2 4 4 2
1
—na? B {wwys + wew,e} — o Bn,ww,e + ﬂaﬂz [Wwys + Wewea + 6W2w,3]
1 1 1
+af |wywye + 5592109@1%4 + §ﬁ92wxzw$3 + 2na’ fwyw,e + Ny B (wx)2 — éaBwawz4

1 1
—gaﬁ%xzwxs — %53%% + O0(a3B,a28%, B3, %) = 0

(2.11)
Finally, collecting terms in the last equation in (2.11), we end up with the second
equation of the desired system

Ne + Wi + aww, + % (0% = 1) Pwaar — aB(war), + % (0 = 1) afwwy,

+% (1 + 02) aﬁwxwxx + % (02 - %) (92 - 1) ﬁ2wzxxxt - %a2ﬁ(n2th>x - 042510(771%90);;;
+a26wx(nwz)r — % (62 - %) a52<7]wzx:pt)x + 25_4 (92 — %) (62 - 1) aﬁ2wwmraz:px

¥ (25—4(92 B é) O (L P
bt (62 = 1) (610" — 146 4 1) FPrrnens + O(0%5, 0757, 08, %) = 0.
(2.12)

Note that when 6 = 0 in equations (2.12) and (2.10), they reduce to (2.2) and the last
equation in (2.4), as expected, since z = 6 = 0 gives the horizontal fluid velocity u(zx,t) at
the bottom z = —hy (in dimensional variables).

We now want to investigate which values of 6 € [0, 1] give a bounded and positive
dispersion relation for the linearized version of system (2.10), (2.12).

Since systems of BBM type are more amenable to numerical integration, we substitute
the relation S3w, = — 3316, + O(aB2, 3*) in the last term of (2.10) in order to obtain a
BBM-type system. (More general systems can be derived from (2.10), (2.12) by introducing
other parameters, such as is done for the fifth order system in [1], but since we are mostly
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interested in solving these equations numerically, only BBM-type systems are considered
here.) The linearized versions of equation (2.10) with the last term replaced, and equation
(2.12) in dimensional variables are

1 1 5 1\° 1
Net-howe+= (02 — —> hgw,s+— (92 - —) how,s— (767 (616* — 2567 + 3) — 1) hin,e, = 0

3 24 5} 5040
(2.13)
1 ) 5o 1 1 9 " 9
91 twit3 (0> —1) howzzt+24 0° - < (6> —1) hg oWetit=os (0 —1) (616" — 146% + 1) hjw,e, = 0
(2.14)
to order 4.
Proceeding as with the fifth order system, we seck a solution of the form n = Ae™** =t 1 =
Beik*=t which gives

w1+ g (767 (610% — 2562 + 3) — 1) ARS] A+ ko [1— & (6% — 3) k28 + 5 (0% = 1)" Whi] B =0,
GhA—w[1— 1 (07— 1) I2K2 4 5 (67— 1) (0% — 1) hik* — 1 (67 — 1) (610" — 146> + 1) hSk] B = 0.

720

Rewriting this as a matrix equation and requiring that the determinant of the coefficient
matrix is zero gives the following dispersion relation

w2 f()(k, 9)

— =gh 2.15
2 = R0 0) (k. 0) 21
where
1 5 1\°
_ = 2 272 | Y 2+ 474
fo(k,0) =1 (9 3)kh0+24 (9 5) hok?,
1
Sk, 0) =1+ =5 (76° (616" — 256% + 3) — 1) hok®
_ 1 6 4 2 61.6
=1+ =10 (4270° — 1750" + 216° — 1) hgk®,
and
fo(k,0) = 11 (0°—1) R R (0> —1) h%‘*—i (0° —1) (616" — 146° + 1) hok®
2 2 LY 5 720 o

First, note in particular that this dispersion relation becomes singular when 6 = 0.
Indeed, when 6 = 0, eq. (2.15) reduces to

wt 30240((kho)* + 20(kho)? + 120) (2.16)
k2 ((kho)® — 5040)((kho)® 4 30(kho)* + 360(kho)? + 720) '
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One of the real roots of the sixth degree polynomial (khg)®—5040 in k is k1 = h%)\ﬁ/ 5040.
It is easy to check that the limits of the right hand side of (2.16) as k — k; from the left
and right side are +00 and —oo, respectively. Hence the dispersion relation (2.16) becomes
unbounded for these values of k. This shows why we needed to introduce € in (2.2) and
the last equation in (2.4), since these equations, which model the horizontal fluid velocity
u(z,t) at the bottom z = —hg (in dimensional variables), are not well behaved numerically.

It turns out that the dispersion relation (2.15) is bounded above and positive for all
wavenumbers k when sy < 62 < 1, where

1
0= o1 (175 + \/759304 71736v102 + 2\/94913 + 8967v/102 ) ~ 0.2511.

To prove this, we first show that fi(k,0) > 1 for all % € [so, 1],k € R, hg > 0.
Let s = #? and consider the function

1
p(k,s) = =00 (427s° — 1755% + 21s — 1) k°h. (2.17)
The discriminant of the cubic polynomial py(s) := 427s3 — 175s? + 21s — 1 appearing
n (2.17) is Ay = —426496 < 0, so po(s) has one real root and two non-real, complex

conjugate roots. Its real root can be found from the cubic formula, and it is

0 =5 =s50= 1581 (175 + \/759304 71736102 + 2\/94913 + 8967v102 > ~ 0.2511.
Since po(s = 0) = —1 < 0, and po(s = 1) = 272 > 0, we conclude that py(s) > 0 for

s = 0% > sy, and py(s) < 0 for s = 62 < sq. Tt follows that

p(k,s) = (427s* — 1755 + 21s — 1) k°h§ > 0 (2.18)

5040
for any s = 6% € [sg,1] and any k € R, hg > 0. Now add 1 to both sides of inequality
(2.18) to conclude that f(k,0) > 1 for any 6% € [sg, 1], kK € R, hg > 0.
Note that if #? < sp, then py < 0 and there exists some k& € R such that
1
5040

and hence f; = 0. Thus the dispersion relation (2.15) may become unbounded for 6% €
(07 SO)‘

Next, we show that fo(k,0) > 1 for all 6% € [0,1],k € R. Let r = hZk*. We begin by
looking at the sign of the polynomial

(4276° — 1750 + 216% — 1) k°h§ = —

5 1 1
)=1—— (6> = — (616* — 146% + 1) 2. 2.1
pi(r,0) 12( 5) r+ 355 (© +1)r (2.19)

Treating p; as a quadratic polynomial in r, with coefficients depending on 6, its dis-

criminant is ]

—3636* + 626% — 3).
720

A (0) =
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Note that 616* — 1402 + 1 has no real roots, so p; is always a quadratic polynomial in r.
Since A, < 0 for all 8 € R, it follows that the polynomial (2.19) has no real roots r, for
any fixed value of § € R. Moreover, we have p;(r,0)],—o = 1 > 0 for any fixed § € R. Thus
the following inequality is true for any fixed # € R and all r = (khg)? > 0

5) 1 1
=1-— (6= —— (610" — 146% + 1) r* > 0. 2.2
p(r, 0) 1 (0 5)7’+360(66 0> +1)r* >0 (2.20)

Now assume 0 < #* < 1 and r = (khy)? > 0, and multiply both sides of inequality
(2.20) by —5(6% — 1)r > 0. Then add 1 to both sides to obtain

1—% (0> —1) r+2—54 (92 — %) (0 —1) rz—% (0> —1) (616" —146° + 1) r* > 1. (2.21)
Inequality (2.21) is true for any fixed 6% € [0,1) and all » > 0. Since r = (khg)?, the
expression on the left hand side of inequality (2.21) is equal to fa(k,#), and we have shown
that fo(k,0) > 1 for any fixed 6* € [0,1) and all khy # 0. Looking at the expression
for fo(k,0), we have fo = 1 when khg = 0 or when § = 1. Thus, we have shown that
f2(k,0) > 1 for all k € R, hy > 0, for any fixed 6% € [0, 1].
In order to prove that the dispersion relation (2.15) is always positive for 6% € [sg, 1],
k € R, we need to show that fo(k,60) > 0 for such 6, k. Again letting r = (khg)?, we have

1 1 5 1\2
e D2 _ 2 2
fo(r,0) 5 (9 3>r+24 (0 5) r

The discriminant of the quadratic polynomial fy(r, ) in 7 is

1
A, = —(—1056* 2.
180( 050* + 300 )

Since A, < 0 for 6 > ﬁ (15 + 2@) ~ (0.2472, and 1—(1)5 (15 + 2\/@) < Sg, it follows
that fo(r,6) has no real roots r for any fixed 6? € [sq, 1] (it is obviously also always a
quadratic polynomial in r for such ). Since fy(r,8)|,—o = 1 > 0 for any 0 € R, we have
fo(k,0) > 0 for any fixed 6 € [sg,1], K € R, hg > 0. From the discussion above, we
conclude that the dispersion relation (2.15) is positive for any 62 € [so, 1], k € R hy > 0.

Since we have shown that fi(k,0) > 1 and fo(k,0) > 1 for all k € R, hy > 0 when
62 € [so, 1], the dispersion relation (2.15) has no singularities for these values of 6,k and
ho.

Now fix any 6* € [sg, 1]. Note that since 1/5 < sg, the polynomial in the numerator of
(2.15) is always of degree 4 in khg, while the expanded polynomial in the denominator of
(2.15) is of degree 12 in khg, provided so < 6% < 1 (it is easy to check that 610* — 1462 + 1
has no real roots). If §2 = sy or §% = 1, the expanded polynomial in the denominator is
of degree 6 in khy. In either case, the polynomial in the denominator is of higher degree
in khg than the polynomial in the numerator of (2.15). Thus, for any fixed 6% € [sq, 1] the
dispersion relation (2.15) remains bounded above as khg — %00, since the denominator
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dominates the numerator for large k, hy. Hence we have proved the fact that the dispersion
relation (2.15) is bounded above and positive for 62 € [sg, 1], k¥ € R and hy > 0.

Note that there may exist values of 62 € (0, sg) for which the dispersion relation (2.15)
is bounded above and positive for all k£ € R as well, but there is no guarantee for this, as
there always exist k£ € R such that f; = 0 for these values of 6. Plotting the dispersion
relation for #% € (0, sp) suggests that the dispersion relation is always unbounded for some
k € R for such 6.

If both sides of the dispersion relation is multiplied by k2, so that w? is a function of ,
the numerator on the right hand side is a polynomial of degree 6 in k, for any 6% € [sq, 1].
Since the polynomial in the numerator is of degree 12 in khy when 62 € (sg, 1), w? will stay
bounded for any 62 € (s, 1).

A plot of the dispersion relation (2.15) for /5o < 6 < 1 is shown in Figure (2.1).

2,2
oK)

W1 (c

Figure 2.1: Plot of the dispersion relation (2.15) for the linearized seventh order BBM system
(2.13), (2.14) for /59 <0 <1
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2.2 Seventh order system of pure BBM type

Another interesting equivalent system to consider is when aé% derivatives in the linear
terms are replaced by % derivatives in (2.10), for all n > 3.
Inserting relations (1.55),(1.56) and (1.57) into (2.10) we obtain

77t "’ Wy "‘ (67 (nw)z 2 <62 - _) Bn:pxt + ; (92 - 1) Oéﬁ (wax)m

1 1 1
—— (9 -= — (150* — 300 + 7) B*Nuwus
1 1 1
—= (62— < ) (6° = 1) aB® (NWas) 0w + == (156" — 306 + 7) aB* (qw) (2.22)
+3 0% — 1 (92 — 1) aﬂ2 (nw )., — 1(126 (772w )
1
BT (216° — 1050* + 1476% — 31) B°Nugawaar + O(a®B, 0757, af?, %) =

after simplifying.
The system (2.22), (2.12) will be referred to as the seventh order system of pure BBM

type.
The linearized version of (2.22) is

1 1 1
N+ Wy — = (92 — -) Bgz + 360 (156* — 306” + 7) B*1a,
1

_ 6 4 2 30 6 4\ _
130 (216° — 1050* + 1476* — 31) B°n,e, + O(BY)

The linear system (2.23), (2.14) in dimensional variables leads to the dispersion relation

(2.23)

w? 1

2 = I 0) fak.0)

(2.24)

where

1 1 1
f3(k,0) = 1+= (92 — §> hk?+—— (156" — 306° + 7) hok*+

21605 — 10560* + 1476% —
5 250 ( 050 + 147

(2.25)

15120
and fo(k,0) is as defined in (2.15).

We now investigate which 6 € [0, 1] make the dispersion relation (2.24) bounded and
positive. Let » € R, and consider the polynomial

15120

F(r,0) =1+= (92 — 1) e (156* — 306% +7) r 2y 1 (216° — 1056* + 1476% — 31) »°.

3 360

(2.26)

31) hOK®
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Note that f3(k, ) is equal to F(r,0) when r is evaluated at (khg)* > 0.

A general cubic polynomial az® + bz* + cz + d has discriminant A = 18abed — 4b3d +
b2c? — dac® — 27a*d?. If A > 0, the equation has three distinct real roots. If A = 0 then
the equation has a multiple root and all its roots are real. If A < 0, then the equation has
two non-real complex conjugate roots and one real root. If the highest order coefficient a
in the cubic polynomial is zero, the discriminant becomes b*c? — 4b3d = b?(c® — 4bd), i.e.,
b? times the discriminant of the quadratic polynomial bz? + cx + d. Thus, if the leading
coefficient of a cubic polynomial is zero, its discriminant computed from the formula for
a cubic polynomial has the same sign as the discriminant computed from the formula for
the discriminant of the quadratic polynomial bz? + cx + d.

Treating F'(r,0) in eq. (2.26) as a cubic polynomial in r with coefficients depending on
0, its discriminant is found to be

1

A, (0) = STE30000 (—463056" 4 3307500™ — 4652556° + 373800° — 4005750* + 2198706*
(2.27)

We look at the sign of the polynomial
5,(0) == —463050"% + 3307500"° — 4652550° + 373800° — 4005750* 4 2198706% — 29017.

To analyze the sign of the 12th degree polynomial 6,.(6) for 6 € [0, 1], we will use
Sturm’s theorem, which we state below.

Sturm’s theorem

The Sturm sequence of a polynomial P(x) of one real variable, with real coefficients is
the sequence S(x) = {FPy(z), Pi(z), ...} of polynomials Py(z), Pi(z), ..., defined by

Py=P, P, =P, Py = —Rem(P, 1, P))

for @ > 1, where P’ is the derivative of P and Rem(F,_;, P;) is the remainder of the
Euclidean division of P,_; by F;, that is, P,y satisfies P,_; = P,Q; — P11, where (); is the
quotient when FP;_; is divided by P;, for ¢ > 1. The length of the Sturm sequence is at
most the degree of P.

The number of sign variations at zy of the Sturm sequence is the number of sign
changes in the sequence Py(xg), Pi(zo), Pa(zo)..., ignoring zeros. We denote the number of
sign variations by N ().

Sturm’s theorem states that if P is a square-free polynomial, then the number of real
roots of P in the half-open interval (a,b] is N(a) — N(b). Furthermore, if the polyno-
mial P is not square-free, then N(a) — N(b) is the number of real roots of P in (a,b], if
neither a nor b is a multiple root of P. Each multiple root of P in (a, b) is counted only once.

—29017) .
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For more information on Sturm’s theorem, see [13], [14], [15] or [16]. A proof of Sturm’s
theorem is given in [15], p. 220.

We will use Sturm’s theorem to show that 6,(#) has no real roots in the interval (0, 1].
It is easy to check that neither § = 0 nor § = 1 are roots of 6,(6).

The Sturm sequence of §,(0) is

S(0) = {Py(6), P,(6), ..., P2 (0)},

(2.28)
where
Fo(0) = 0:(0),
d
Py(6) = a55,{9)::-—5556609114—330750099--3722040974—22428095--1602300934—4397409,

Py () = —551250" + 1550850% — 186900° + 2670500* — 18322562 4- 29017
2121667 1766822467 121
P5(0) _ 87212160 + 76682249 4—246758495—-24460893—-§§§———§€
5 5 25
44710050° 9957570605 283024000* 1839285062
Py(0) = — — — 2901
1(6) 03 103 03 7 103 o017
Py(0) = 30504960067 1173932928095<+.644805580863<_ 61969512966
T 869 869 869 6083
833485827305  85101697176* 13928042316
Ps(6) = — — 29017
(6) 5296 13240 26480
Pi(6) = 53047967681318400°  29496742928808966°  4069018121602566
e 396898013 396898013 396898013
764188238132391176* 5 66453774262
P8) = 6418823813239117 N 7006860664537 0017
328918450405 328918450405

27T146296667962772449286°
Py(0) = —

70313942802758300129286
10916974830462731

10916974830462731

14740335917039300684827562
Pyo(0) = — 29017
10(0) 1288312763522802357 T

Pu(6) = 1884213974328615096074246
M 49134453056797668949425

Pyy(0) = —29017.
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Note that the greatest common divisor of the polynomials §,(6) and d%ér(G) is equal to
1, so the polynomial 6,.(f) is square-free, i.e., it has no repeated roots (see [13]).
Evaluating the Sturm sequence (2.28) at § = 0 gives

S(O) - {P()(O), Pl(O), ceey Plg(O)}
={-29017,0,29017,0,—29017,0,29017,0, —29017, 0, (2.29)
29017,0, —29017}

and evaluating (2.28) at 6 = 1 gives

S(1) = {Py(1), Pi(1), ..., Pia(1)}
4
::{ —-353152,——1908480,194112,ggﬁgggg—,
| 7411736 41100518400 1201475893 2762024287411200

103 6083 ' 1324 396898013 (2.30)
| 5791237964820652  20683235386520447232000
65783690081 10916974830462731

~110005879211249239325206  188421397432861509607424
1288812763522892357 7 49134453056797668949425

-—29017}.

Going from left to right in the sequence (2.29), we see that there are six sign changes
(ignoring zeros), hence N(0) = 6. Likewise, we see that there are six sign changes in
(2.30), so N(1) = 6. Thus N(0) — N(1) = 0, and by Sturm’s theorem the polynomial 4, (6)
has no real roots in (0,1]. Moreover, when § = 0 we have §, = —29017 < 0, and since
A (0) = ==1z550050+(0), we have shown that A,(6) has no real roots in [0,1].

, S[inc? A(0 =0) = -2 < 0, we conclude that the discriminant A, (6) < 0 for all
€ [0,1].

Note that if § € [0, 1] is chosen such that the coefficient a(0) = =55 (216° — 1056 + 1476* — 31)
in front of the cubic term r3 in (2.26) is zero, then the discriminant A,(6) (eq. (2.27))
computed from the formula for a cubic polynomial has the same sign as the discriminant
computed from the formula for a quadratic polynomial. We will show later that a(6) has
exactly one real root ¢ in the interval (0,1), which we denote by /s1. Thus, the quadratic
polynomial F(r,0)|s— s in (2.26) has no real roots r for § = /s, and the fourth de-
gree polynomial f3(k,0)|g—, s in (2.25) has four non-real roots, and it is positive for all
ke R, hy>0,since f3(k=0,0=,/s51) =1>0.

The fact that A,.(6) < 0 for all § € [0, 1], implies that the cubic polynomial F(r,#) in
r, where r € R, has two non-real roots (complex conjugates), call them 7 and ry, and one
real root which we denote by r3, for any fixed 0 € [0,1] \ {\/E }

The roots of the sixth degree polynomial f3(k,0) in khy (eq. (2.25)), for the same
ﬁxed 9 € [O, ].] \ {\/a}, are then ]{3172 = h—lo(rl)%, ]{3374 = h—lo(’l“z)%, k5,6 = j:h_lo\/a’

where (r1)z and (r3)z both denote double valued square roots of the non-real numbers
r1 and ro. Since the n-th root of a non-real number is always non-real, we always have
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ki2ss € C\R. If r3 < 0, then all 6 roots k123456 Of f3(k,0) are non-real, and the
dispersion relation has no singularities for any k£ € R, and it remains bounded above for
all k. Since fo(k,8) > 1, f3(k,0) > 0 for all such 6 and for all k € R, hy > 0, the dispersion
relation is also positive for all such &, hg, 0. If r3 > 0, then k56 € R and the dispersion
relation becomes singular at these values of k.

Thus, in order to determine which values of 6 give a bounded and positive dispersion
relation (2.24), we need to investigate which choices of 6 € [0,1] \ {{/51} give r5 < 0. For
this we will use Descartes’ rule of signs on the cubic polynomial F'(r,6). (See * below for

an alternative proof without using Descartes’ rule of signs.)

Descartes’ rule of signs states that if the terms of a single-variable polynomial p(z)
with real coefficients are ordered by descending variable exponent, then the number of
positive roots of p(z) is either equal to the number of sign differences between consecutive
nonzero coefficients, or is less than it by a positive, even integer. Multiple roots are counted
separately.

The number of negative roots of p(x) can be found by substituting x +— —z in p(z),
and counting the number of positive roots using Descartes’ rule of signs on the polynomial
p(—x).

For more information on Descartes’ rule of signs, see [13], [16].

To apply Descartes’ rule of signs on F(r, ), where r € R, it will be treated as a single
variable cubic polynomial in r, with coefficients depending on 6.
Write
F(r,0) = a(@)r® + b(0)r* + c(0)r + 1 (2.31)

where a(f) = i (210° — 1056 + 14707 — 31), b(0) = 55 (150* — 306> +7), c(0) =

%(Qz—é),andreﬂ%
First note that a(f) is a cubic polynomial in s := 62 and its roots can be found from the

cubic formula. Its only real root is s; = 6% = ( 2\/ 11 — 6\/_ 2\/ 11 + 6\/_ )

0.2549 (the discriminant of a(s) treated as a cubic polynomial in s = 62 is Ay = — 555875005 <
0, by the same formula used above for calculating A,.(6), so it has only one real root, which
must be s1). Furthermore, we have a(s = 1) = 5= > 0 and a(s = 0) = —25 < 0, so

945
a(f) > 0 for 62 > s, and a(f) < 0 for 62 < s;.
Next, the roots of b(s) are found to be s, = 62 = 1 —2,/2 ~ 0.26970, and s3 =

360 (

0? =1+ 2,/1 ~ 1.7303, where s = 6* as before. Since b(s = 1) = —5 < 0 and
b(s = 0) = 505 > 0, we have b(f) > 0 for s = 6? < s, and b(f) < 0 for s < s = 6> < 1.

It is obvious that r = 0 is not a root of (2.31), so the only possibilities are r > 0 and
r <0.

First consider the case when § < 6% < 1. Then ¢(f) > 0, a(f) > 0 and b(f) < 0,
so we can write F(r,0) = +a(0)r® — |b(0)|r* + c(6)r + 1. Going from left to right in this
polynomial, we see that there is a total of two sign changes between each coefficient. This
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implies that F'(r,0) has either two positive, real roots r, or zero positive, real roots r, for
any fixed 62 € (3,1]. Since we already know that F'(r,6) has two non-real roots and one
real root from the discussion above, we can conclude that F'(r,0) has zero real, positive
roots, and one negative real root. (This can also be verified by substituting r — —r and
counting the number of positive roots of F'(—r,#), which shows that F'(r, #) has exactly one
negative real root.) Thus, for any fixed 62 € (%, 1}, the sixth degree polynomial f3(k,0)
has only non-real roots, and the dispersion relation is non-singular. The dispersion relation
(2.24) is bounded above and positive for these values of 6.

Next, consider the case s < 0% < 5. Then b(f) < 0,a(f) > 0, and ¢(f) < 0, so we
can write F(r,0) = +a(0)r® — |b(0)|r* — |c(0)|r + 1. There are again two sign changes in
this equation, so Descartes’ rule of signs implies, by the same argument used above, that
F(r,0) has zero positive roots, and thus must have one negative root. Thus the dispersion
relation (2.24) is bounded above and positive for s, < 62 < 3 as well.

The next case to consider is s; < 6? < s5. Then we have b(6) > 0,a(0) > 0, () < 0, so
F(r,0) = +a(0)r*+b(0)r*—|c(0)|r+1. By Descartes’ rule of signs and the same arguments
as above, since there are two sign changes, we again conclude that the dispersion relation
(2.24) is bounded above and positive s; < 6% < s, as well.

The final interval to investigate is 0 < 6? < s;. For such 62, we have a(f) < 0,b(6) > 0,
and ¢(f) < 0. Thus we can write F(r,0) = —|a(0)|r® + b(0)r* — |c(6)|r + 1. Here there
are three sign changes, which means that F'(r,0) has either three positive roots, or one
positive root, by Descartes’ rule of signs. Again, since we already know that F'(r, ) has
two non-real roots and one real root, we can conclude that F(r,6) has one positive real
root 73 for 0 < % < s;. This means that the sixth degree polynomial f3(k,0) in khy has
two real roots ksg = :I:hio\/r_g for such 02, and the dispersion relation becomes singular
at these values of k. The dispersion relation (2.24) is thus not bounded for all k& when
0< 0% < S1.

Finally, we look at the cases #2 = %, and 6% = s5. When 6% = £, we have b(d) < 0,
a(f) > 0 and ¢(f) = 0, so F(r,0) = +a(0)r® — |b(#)|r* + 1. Here there are again two sign
changes, so we conclude by the same arguments as above that the dispersion relation (2.24)

is bounded above and positive for % = 3.

When 6% = s,, we have b(6) = 0, a(f) > 0 and ¢(f) < 0, and so F(r,0) = +a(0)r® —
lc(0)|r + 1. Again, there are two sign changes, so the dispersion relation (2.24) is bounded
above and positive for 6% = ss.

For the final case 0% = s;, we know from above that the fourth degree polynomial
f3(k,0)|g2=s, is always positive, hence (2.24) is bounded above and positive.

wl=

S

To summarize, we have shown that

e Given any fixed § € [0,1]\ { /51 }, the cubic polynomial F(r,6) in r € R (eq. (2.26)),
with coefficients depending on @, has two non-real roots r; and ry, and one real root
73 (by Sturm’s theorem). If § = |/s1, the quadratic polynomial F(r, 0)[¢—, /s has two
non-real roots.

e Given any fixed 62 € (sy, 1], the cubic polynomial F(r,#) in r has two non-real roots
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= |r1]e¥t and ry = |ry|e’®2, where ¢1, ¢y # jm, j € Z are the arguments of 7; and

9, and one negative real root 3 = —|rs| (by Descartes’ rule of signs).
For such a fixed 6% € (sq,1], the sixth degree polynomial f3(k, 6’) (eq. (2.25)) in
kho has six non-real roots given by k5 = j:hio r1]€"91/2 kg q = 55 1/|r2]€™2/? and

kse = :I:hiD |73]i. When 6? = sy, the fourth degree polynomial f3<k, 9)|92:51 in (2.25)
is always positive, as discussed above.

e Since f3(k,0)|r=0 =1 > 0, for any fixed 6? € [s1, 1], and it has no real roots for such
0, we have f3(k,0) > 0 for all k € R, hy > 0, for any fixed 6% € [sy, 1].

From the above discussion, and the fact that fo(k,0) > 1 for all #* € [0,1] and all
k € R, hy > 0, we conclude that the dispersion relation (2.24) for the linearized seventh
order pure BBM system is bounded above and positive for

1 L1 L1
0.2549 ~ 3 (5 -2y ?(11 —6V2) — 2(/?(11 +6\/§)> =5 <0*<1.

* ALTERNATIVE PROOF:
For any polynomial P(x) of odd degree we have

400 if C' >0,
lim P(x) = 2.32
rooe (=) {—oo if C <0, (2:32)
and
—o0 if C'>0
lim P(x) = ’ 2.33
Am ) {+oo if ¢ <0, (2:33)

where C' € R is the coefficient of the highest power in x of the polynomial P(z). From
(2.32), (2.33), the fact that the cubic polynomial F'(r, #) has exactly one real root r3 for any
fixed 6 € [0,1]\ {{/51}, and that F(r,#) must pass through the point F(r,6)|,—o = 1, it is
clear that F'(r,0) has a negative root r3 if and only if the highest order coefficient a(f) =
e (2165 — 1050* + 1470% — 31) > 0. (If a(f) = 0, i.e. 6 = \/s1, then F(r,0) becomes
a quadratic polynomial in r which has no real roots, so the fourth degree polynomial
f3(k,0)|o= /s in (2.25) is positive for all & € R for § = /51 (see the discussion below eq.
(2.30)).)

Note that a(f) is a cubic polynomial in s := #%, and its roots can be found from the cu-

bic formula. Its only real root is s; = 6> = ( —2¢/3( L(11 — 6v/2) — 24/ %( L(11 4+ 6v/2) )

0.2549 (the discriminant of a(s) treated as a cubic polynomial in s = 62 is A, 19289340000 <
0, by the same formula used above for calculating A +(0), so it has only one real root which

must be s;). Furthermore, we have a(s = 1) = > 0 and a(s = 0) = < 0, so

945 15120
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a(f) > 0 for 62 > s;, and a(f) < 0 for 6% < s;. Hence, for any fixed 62 € (sy,1], F(r,0)
has one negative real root 73 = —|r3| and two non-real roots r; = |r1|e’® and ry = |ry|e??,
where ¢1, po # jm, j € Z are the arguments of r; and ry.

For such a fixed 6% € (sy,1], the sixth degree polynomial f3(k,6) (eq. (2.25)) in khg
has six non-real roots given by ko = ih—lo [r1|ei®1/2) k34 = j:h—lo\/Wei‘”/2 and k56 =
:I:h—lO |rsli.

Since f3(k,0)|k=0 = 1 > 0, for any fixed 6% € [s1, 1], and it has no real roots for such 6,
we have f3(k,0) > 0 for all kK € R, hy > 0, for any fixed 62 € [sy, 1].

The alternative proof is obviously much less work, but we include both versions to
illustrate the usefulness of Descartes’ rule of signs, which can be employed to study more
complicated dispersion relations, for example for even higher order systems.

The dispersion relation (2.24) for the linearized seventh order system of pure BBM-type
is shown in Figure (2.2) below.

2,2
oK)

W1 (c

Figure 2.2: Plot of the dispersion relation (2.24) for the linearized seventh order system of pure
BBM-type for \/s1 <6 < 1.



2.3. COMPARISON OF DISPERSION RELATIONS 41

2.3 Comparison of dispersion relations

In this section, we compare dispersion relations for the third, fifth and seventh order BBM
- type systems, for different values of 6, with the dispersion relation for the full water wave
problem eq. (1.30).

First note that the dispersion relation for the full water wave problem (1.30) may be
rewritten as

w?  ghg tanh(khg)

— = “—tanh(khg) = cg———>.

B e, ko) =

The lower order pure BBM type systems can be derived from the seventh order equa-
tions.

Collecting terms of order a3 and order 5% in (2.10) and (2.12) and writing O(aj3, 5%)

in place of those terms, we obtain the widely studied third order Boussinesq system

(2.34)

m+ w, + a (nw), + % (6% — %) Beze + Oaf, %) =0, (2.35)

1
Mo+ W+ awwg + 5 (07 = 1) gy + O(aB, %) = 0. (2.36)

Now replace the fw,,, term in (2.35) using relation (1.53) to obtain the well known
3rd order system of pure BBM - type

M+ w, + a (nw), — % (6% — 1) Bripar + O(a, ) =0, (2.37)

1
Ne + Wi + Qww, + 5 (92 — 1) Beer + O(aB, B*) = 0. (2.38)
Its dispersion relation is

w? 1

BT (@ - D) (L= 52— 1) )

From (2.39) we see that 1—3 (62 — 1) k*h§ > 1for all 6 € [0,1], k € R, ho > 0, and that
1+ (62— 3)k*h3 > 1if 6* € [1,1], k € R, hg > 0. If 62 € [0, 1), then there always exists
some k € R such that 1 + (62 — %) k*h3 = 0 and the dispersion relation (2.39) becomes
singular for these values of §. Hence the dispersion relation (2.39) is bounded above and
positive for 6% ¢ [%, 1}, k € R, hg > 0. This was also discussed in [10].

The linearized seventh order Boussinesq system (2.10), (2.12) with no terms/derivatives
replaced has dispersion relation

(2.39)

w? L fa(k, 0)

2~ 9%k, 6)

(2.40)
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where

2
Fak, 0) =1 — % (92 _ %) (kho)? + % (92 - é) (k) — ﬁ (767 (610" — 256% + 3)) — 1) (kho)®

=1 — fi(k,0) + fo(k,0)

and fo(k,0) is as defined in (2.15).
When 6 = 11/25 this becomes

W’ _ 6020083(kho)° +656250(kh)" + 5373046875 (khy)® + 76904296875 (2.41)
k2~ 97063 (34 (9374(kho)* + 15625(kho ) + 5859375) (kho)2 + 1220703125) '

which is always positive, and the denominator obviously has no real roots.

Since the fifth order BBM-type system where only the w,;.., term is replaced by
—7Nezzet Das an unbounded dispersion relation for all 6% # 1/5 (as discussed earlier), and
the fifth order system reduces to a third order system that is not of BBM-type when
the value 62 = 1/5 is chosen, we only look at the fifth order system of pure BBM type
instead. The fifth order system of pure BBM type can be obtained by neglecting terms of
O(a?B,af?, %) in the seventh order pure BBM system. The linearized fifth order system
of pure BBM type is then obtained as

1 1 1
w5 (92 - 5) Bzt + 35 (156" — 306 + 7) B°Nugaar + O(B°) =0 (2.42)

1 1

Its dispersion relation is

w? 1

— =gh 2.44
=9 0)gah ) 249
Where
g1 (k 9)=1+1 2L (kh )2+L(1594—3092+7)(kh )t
e 2 3 360 0
ga(k 9):1—1(92—1)(% )2+3(92—1) g L (kho)*
2 ) 9 0 24 5 0

It can be shown that this dispersion relation is bounded and positive for §% € [0,1/5].
The choice of 0 plays a large role in how the dispersion relations look. For instance,
looking at the dispersion relation (2.24) for the seventh order pure BBM-type system,
we see that the magnitude of the coefficient in front of the highest degree k'2h{? in the
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expanded denominator determines how rapidly the dispersion relation approaches zero
as kho becomes large. If the coeffient in front of the highest order term k'2A{? in the
dispersion relation is as small as possible, then the dispersion relation will remain closer to
the dispersion relation for the full water wave problem as khy gets larger. The dispersion
relation (2.15) has a term in the numerator which balances out the denominator, and hence
this dispersion relation will remain closer to the dispersion relation for the full water wave
problem as khg gets larger. For the dispersion relation (2.40) the situation appears to
be even better, since unless ¢ = /5o or § = 1, this dispersion relation has sixth degree
polynomials in khgy in both the denominator and the numerator. Thus, this dispersion
relation will remain much closer to % than the other dispersion relations as khg
gets large. In some cases, these dispersion relations remain close to the full water wave
dispersion relation for relatively large khg, but they approach zero too slowly (or never
approach zero at all) as khg grows larger and thus diverges from the curve for % for
such khg, which is not physically correct, and can cause problems numerically as there is
no control over the phase velocity or the group velocity of the finer scale components, as
was argued in [12]. The system (2.10), (2.12) is also not a BBM-type system, so it is more
difficult to treat numerically. From the grid lines in Figures (2.1) and (2.2) it appears that
values of 6 chosen closer to the endpoints of the intervals in which the dispersion relation
is bounded and positive yield a closer approximation to the dispersion relation for the full
water wave problem, as the dispersion relations have larger magnitudes for values of 6 close
to the endpoints. It must be noted that if one of the endpoints is chosen as the value of 6,
then one of the highest degree terms in the seventh order systems drop out. This is also
true for the fifth and third order systems.

Plots of various dispersion relations for the different systems are shown in Figure (2.3).
As expected, the dispersion relation (2.40) for the seventh order Boussinesq system (2.10),
(2.12) with 6 = 11/25, indicated by a blue line, remains closest to % (indicated by
a black line) in the interval shown in the figure. However, since this dispersion relation
does not approach zero as khg — 400 (it in fact approaches 6029083/49607208 ~ 0.12), it
eventually intersects the full dispersion relation at around |khg| ~ 7.5, and remains above
the full dispersion relation % (which approaches zero as khy — +00) for all |kh|
greater than = 7.5. One might try other values of § to find a dispersion relation that
remains closer for a larger interval of khg, and gets closer to zero for large khgy. All other
dispersion relations shown in Figure (2.24) approach zero as khy — 4o00. In general, it
appears that the dispersion relations for the seventh order BBM-type systems always stay
closer to % for small khg than the lower order BBM-type systems, at least as long
as similar values of 6 are chosen for the different order systems. That is, if we compare
the dispersion relation for the seventh order pure BBM-type system with the dispersion
relation for the fifth order pure BBM-type system, and we choose a value of # in the interval
6? € [s1,1] that is close to the endpoints (such that the dispersion relation has the largest
magnitude as khg increases), and also choose a 6 close to the endpoints of the interval
for which the fifth order pure BBM-type system has a bounded and positive dispersion

relation (such that this dispersion relation has the largest magnitude as well), then the
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dispersion relations for the seventh order system remains closer to % than the fifth
order dispersion relation does. This is indicated in Figure (2.24), where the dispersion
relation (2.24) for the seventh order pure BBM-type system with § = 0.52 (indicated by a
green line) is compared to the dispersion relation for the linearized fifth order pure BBM-
type system (2.44) with § = 1/1/6 (indicated by a yellow line). The red line shows the
dispersion relation (2.15) for the linearized seventh order BBM-type system with 6 = 0.52,
and as expected, this dispersion relation remains closer to % for all khy due to the
term fo(k,0) in the numerator balancing out the 12th degree polynomial fi(k,0)fs(k,0)
in the denominator. Finally, the purple line shows the dispersion relation (2.39) for the
third order pure BBM-type system with # = 0.95. As can be seen from the figure, the fifth
and seventh order BBM-type dispersion stay much closer to % for small khg, but as
|kho| — 4, the seventh order and fifth order dispersion relations actually intersect the third
order dispersion relation and remain (very) slightly below the third order dispersion relation
for large khg. This is expected, due to the higher degree polynomials in the denominators
of the seventh and fifth order pure BBM-type dispersion relations, which cause more rapid

decay as khg increases.

[ [
——tanh(kh,)/(kh,)
12 ——3rd order pure BBM, #=0.95
5th order pure BBM, 6=+/(1/6)
— 7th order pure BBM, #=0.52
1k —— 7th order BBM, 6=0.52 Ll
— 7th order Boussinesq, /=11/25
0.8 -
<«
4
N O
L
> 06 i
3
0.4 -
0.2+ -
0 | | | | | | |
-4 3 2 1 0 1 2 3 4

Figure 2.3: Comparison of the dispersion relation (2.24) for the linearized seventh order system
of pure BBM-type with 8 = 0.52, the dispersion relation (2.15) for the linearized seventh order
BBM system with # = 0.52, the dispersion relation (2.41) for the seventh order Boussinesq system
(with no terms replaced) (6 = 11/25), the dispersion relation for the linearized fifth order pure
BBM system with 6 = \/%7 the dispersion relation for the linearized third order BBM system
with # = 0.95, and the dispersion relation for the full water wave problem (2.34).



Chapter 3

Numerical experiments

In this chapter we solve the seventh order systems numerically, using various initial condi-
tions, to illustrate the behaviour of the equations. To solve the equations numerically, we
use Fourier collocation methods with periodic boundary conditions on the domain [0, L].
The equations are discretized using the discrete Fourier transform, and the resulting sys-
tems of ordinary differential equations are solved numerically using a fourth order Runge-
Kutta method. The numerical scheme is implemented in MATLAB. A similar method was
used in [7] for a single equation, here we will do the same for a system of two equations.
This chapter is only meant as a brief illustration of the behaviour of the various BBM-type
systems, for more in depth information on spectral collocation methods, refer to [9].

3.1 Third order pure BBM-type system, convergence
tests

We begin by verifying that the numerical scheme converges for the third order pure BBM
system, which has exact solitary wave solutions. The L? norm is used to measure the error
between the numerical solution and the exact solution.

We use the discrete L? norm, as used in [7], defined as

| N
[vlle = szlv(fﬂj)l2
j=1

so that the relative L? error is

v = vl
V1]
where vy (z;), j = 1,2,..., N, is the numerically approximated solution at a time ¢, and
v(z;) is the exact solution for j =1,2,..., N at a time ¢.
We test convergence with the third order pure BBM type system (2.37), (2.38) in
dimensional variables, with § = /7/9.

, (3.1)

45
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This system features exact solitary wave solutions, originally derived in [8], given by

n(z,t) = Agsech® (A (x — 2o — Cit))

w(z, t) = Wysech? (A (z — 2o — Cst)) (3.2)

where

39 3h0+2A0 3 AO
Wo=4/—2 Ay, C,= Vaho, A=——y/—20
OV A+ 3k " /3ho (Ao + 3hg) V7 2ho \/ 24, + 3hg

hg is the undisturbed depth, ¢ is the gravitational acceleration, and A is the amplitude of
the solitary wave (see also [10] or [5]).
The problem in dimensional variables is then

1
e + how, + (nw)m - 5 (92 - %) hgnm:t = 07 (33)
Lo Lo 2
9Nz + Wi + 5 (w )x + 5 (9 — 1) hgwzat = 0, (3.4)
to O(af, 3?), where x € (0, L) and ¢t > 0, and we use (3.2) as initial condition, § =

7/9.
Since we are assuming periodic boundary conditions on the domain [0, L], we first

translate the interval [0, L] into [0, 27] before taking the Fourier transform of the equations.

This is done by introducing the change of variables z — az, where ¢ = £, and defining

&(z,t) = n(ax,t), v(z,t) = w(azx,t). This implies from the chain rule that aﬁT — 1.2 With

this change of variables the system (3.3), (3.4) becomes '

a*&y(x,t) + ahove(z,t) + a (E(z, t)v(x,t)), — % (0% = 1) hi&oat(a, 1) =0, (3.5)

T

agé.(z,t) + a*v,(z,t) + g (v2(x,t)) + % (02 — 1) RVt (7, 1) = 0, (3.6)

for x € [0,27], t > 0.
Taking the Fourier transform in the spatial variable = of equations (3.5), (3.6) yields

a26,(k,t) + ahoiki(k, ) + aik(€v)(k, t) + % (6% — 1) h2k*E, (K, t) = 0, (3.7)
for t > 0 with £(k,t = 0) = F(&(x,0)), and
agiké(k,t) + a*o,(k,t) + %z’k:(/v?\)(k:,t) — % (6% — 1) h2k20,(k,t) = 0. (3.8)

for t > 0 with £(k,t = 0) = F(&(x,0)), and
These equations may be rewritten as
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. 1k . PN
k) =~y (0 @60). G
. ik : L5
e iy | (SCURECRIC0) B CR

Note that the expressions 1+3 (6% — 1) h3k?/a® and 1—1 (6% — 1) h3k?/a® in the denom-
inators of (3.9) and (3.10) are precisely the functions appearing in the dispersion relation
(2.39), evaluated at k/a. Since § = /7/9 in this case, and the dispersion relation (2.39)
is non-singular for % € [1/3,1], this ensures we are never dividing by zero.

We proceed by discretizing equations (3.9) and (3.10) in Fourier space, using the discrete

Fourier transform, denoted here by .#. The discretized version of (3.9) is
k) =~ T Ty (o0 + 7 ((2710) (276) ().
(3.11)
fork=-5+1,..,5,t>0,
&(k, t)—Ofork:—N t>0,
with initial condition £(k,0) = .Z(£(x,0)) = 2= Zjvzl e~*rig(x;,0) for k = - +
1,

ey
The discretized version of equation (3.10) is

oD == l(eﬁl)h%k?/a?) (gﬁ(k o % 7 ((7) (k’t))’ (312

2

for k = =5 +1,.., 2, t >0, oy(k,t) =0for k=%, ¢ > 0 with initial condition
o(k,0) = .F (v (q,- 0)) =25 ekny(ay,0) for k= -4 + 1,.

The discrete Fourier transform is 1mplemented numerlcally usmg MATLAB’s built in
Fast Fourier Transform function £ft and the Inverse Fast Fourier Transform function ifft.

Equations (3.11) and (3.12) are both systems of N ordinary differential equations for
the discrete Fourier coefficients & (k,t) and 0(k,t), for k = —% +1,. ,% The nonlinear
terms v and v? appearing in these equations are treated pseudospectrally [9], in the sense
that the products of the nonlinear terms are taken in the physical space before taking the
Fourier transform.

We solve the coupled system of 2N ordinary differential equations using a fourth order
Runge-Kutta method implemented in MATLAB.

The fourth order Runge Kutta method (RK4) for a system X(t) = f(x(¢),t) of m ODE’s
" At

$n+1 =, + ? (k?l + 2’{72 + 2k3 + k?4) s

where
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At =0.2 x (0.5)P! L* error for 7 R, L* error for w | R,
p=1 0.001084338954903 0.001121379001679

p=2 6.846446228660445¢-05 | 15.8380 | 7.080110394023327¢e-05 | 15.8384
p=3 4.284123005436054e-06 | 15.9810 | 4.430312328965367e-06 | 15.9811
p=4 2.677412582051853e-07 | 16.0010 | 2.768763272647687e-07 | 16.0011

1.673091451697128e-08 | 16.0028 | 1.730169955784558e-08 | 16.0028

1.045553820488500e-09 | 16.0020 | 1.081224647945483e-09 | 16.0019

6.545896835295415e-11 | 15.9727 | 6.772136813103757e-11 | 15.9658

5.845947610408335e-12 | 11.1973 | 6.353704618024995e-12 | 10.6586

TBRITITI
I
©| o] | o o

4.236622994029508e-12 | 1.37990 | 4.797209561139811e-12 | 1.32450

Table 3.1: L? errors and convergence rate for the RK4 method. The convergence rate is the
ratio of successive L2-errors. R, is the convergence rate for n and R, is the convergence rate for
w.

kl = f(wnatn) )

k; = .f(wn + %klatn + Agt)a
ks = .f(wn + %k%tn + Agt)a
k4 = f(mn + Atki’ntn + At),

and At is the time step.

To check that the method is correctly implemented in MATLAB, we run convergence
tests from ¢ = 0 to ¢ = Tax With the initial conditions (3.2) at t = 0, § = /7/9, and
compute the relative L? error (3.1) from the numerical solution obtained at t = T, and
the exact solution at the same time Ti... We use N = 1024 grid points, Tiax = 5 s,
L =200 m, hy =2 m, o = L/3, and the amplitude of the solitary wave is Ay = 0.5 m.
We start with the time step At = 0.2 s, and in successive runs we halve the timestep while
keeping all other parameters fixed, i.e., for simulation p the time step is At = 0.2 x (0.5)P,
The results are given in Table (3.1). As can be seen from the table, the convergence rate
is fourth order, since halving the time step results in a 16 times reduction of the error.
A similar test was also run with the same parameters but with N = 2048 instead, which
yielded similar results.

Spatial convergence is tested in Table (3.2). Here we keep the parameters L = 100,
Ay =05m, hg =1 m, xg = L/2 and A, = 0.0001 s fixed, and we double the number
of grid points N in each successive simulation. The convergence rate in Table (3.2) is
exponential, which is called spectral accuracy. This shows that the numerical scheme is
correctly implemented in MATLAB.

Plots of the numerically obtained solution 7n(z,t) and w(z,t) of the third order pure
BBM-type system with initial condition (3.2) are shown in Figures (3.1) and (3.2). In
these figures, the parameters A = 1 m, hg =2 m, L = 100, 0 = \/m and Ty = 10 s
were used.
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At N L? error for n R, L? error for w | R,

0.0001 64 0.040054013348561 0.036178604449950

0.0001 | 128 | 2.452905558521918e-04 | 0.0016e+05 | 2.565531063910353e-04 | 0.0014e+4-05

0.0001 | 256 | 2.796703973017485e-09 | 0.8771e+05 | 3.482178364372149¢-09 | 0.7368e+05

0.0001 | 512 | 1.440649320748695¢e-14 | 1.9413e+05 | 1.625254052201758e-14 | 2.1425e+05

0.0001 | 1024 2.8002e-12 0.005145 2.9900e-12 | 0.005436

Table 3.2: L? errors and convergence rate due to spatial discretization. The convergence rate is
the ratio of successive L?-errors. R, is the convergence rate for  and R, is the convergence rate
for w.

10

()
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9% 100

X [m]

Figure 3.1: Space-time plot of the solitary wave solution n(z,t) of the third order pure BBM
system obtained numerically with the RK4 method, using initial condition (3.2). Here hg = 2 m,
AO =1m.
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Figure 3.2: Plot of the numerical solution 7n(z,t) (left panel) and w(z,t) (right panel) of the
third order pure BBM system at ¢ = 7 s, obtained using (3.2) as initial condition. The parameters
and initial conditions are the same as used in the space-time plot in Figure (3.1). The wave is
right-moving.
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3.2 Seventh order pure BBM-type system

We now turn to the seventh order equations. In many practical situations, « is generally
smaller than J by a substantial amount. In such cases, it can be justified to make the
assumption that a = O(B3). With this assumption, the pure BBM-type system (2.22),
(2.12) reduces to

1 1
N + Wy + (Uw)x - 5 (92 ) /anxt + o= 360 (1594 - 3092 + 7) 6277J:a:xxt ( )
3.13

6 4 2 B 3 4 _

Nz + Wy + awwy + 1 (92 - 1) 6wxxt + 3 (62 - %) (02 - 1) 62wxx:c:r;t
2 24 (3.14)

+ﬁo (0% — 1) (616" — 1462 + 1) B Wapsawat + O(af, BY) =

Note that the only non-linear terms in equations (3.13), (3.14) are o (nw), in (3.13)
and aww, in (3.14).

Proceeding in exactly the same way as for the third order system, we first convert
to dimensional variables, neglecting terms of O(a/3,3%). Then we translate the problem
onto the interval [0, 27] using the same scaling as for the third order system, and take the
Fourier transform of the resulting equations. The equations are then discretized using the
discrete Fourier transform.

The discretized version of (3.13) is

1 vk
E f3(k/a’ 0)

fork:—%qu ,g,t>0

ik t) = — <a5h0@(k,t) YT ((f—l(é)) (3@-1(@))) (k:,t)) . (3.15)

E(k,t) =0for k=% 1>0,

with initial condltlon {(k‘ 0) = F(&(z,0) = & Zjvzl e *ig(z;,0) for k = —% +
1. 5.

Here

1
fs(k/a,0) =1+ = (92 ) hik?Ja® + —— 250 (150" — 306 + 7) hok* /a*
1

——(216% — 1050* + 1476% — 31) h8KS /4"
+15120( 050* + 147 31) hik®/a

is as defined in the dispersion relation (2.24), evaluated at k/a.
The discretized version of equation (3.14) is
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1 vk . 1 2
0y (k1) = —————— [ a’g€(k, t) + =a® ( 71A>kt 1
b t) = - e (o 0+ 57 (F97) (0)) 319
for k = —% + 1,...,%, t >0, 0k, t) =0 for k = %, t > 0, with initial condition
o(k,0) = Z(v(z,0)) = & ;\/:1 e~ ip(z;,0) for k=-5 +1,..., 5.

1 5 1
fo(k/a,0) =1 — 3 (0> — 1) hgk?/a® + 3 (02 - g) (0 — 1) hok*/a*

1

o (6> —1) (616" — 146° + 1) hik®/a®

is as defined in the dispersion relation (2.15), evaluated at k/a.

Choosing a value of 6 € [/s1, 1] ensures that we are never dividing by zero.

Plots of the solution obtained from the seventh order pure BBM system with a = O(3%)
are shown in the figures below. Using the same initial condition as the exact solution (3.2),
with § = \/7/9, we get the result shown in Figure (3.3). The exact solution (3.2) of the
third order equations obviously does not satisfy the seventh order equations, so we get
components of left and right moving waves with low amplitudes. This can also be seen in
the plot of the horizontal velocity w(x,t) in Figure (3.3), where the velocity is negative for
some values of x. The amplitude of the wave is also increasing slightly with time.

In figures (3.4) and (3.5) we use the initial conditions n(x,0) = 0.5sech(0.2(z — L/2)),
with L = 200 m, and w(z,0) = 0.1. Here hy = 2 m and § = /7/9 as before. As can be
seen from the figures, the initial profile splits into a left-moving and right-moving solitary
wave. This is expected of any BBM type system of equations, since these systems model
waves propagating in two directions.
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Figure 3.3: Plot of the numerical solution n(z,t) (left panel) and w(z,t) (right panel) of the
seventh order pure BBM system, with a = O(33) at t = 20 s. The initial condition (3.2) with
0 =/7/9, Ag = 0.5 m, hg = 2 m was used. Since (3.2) is not an exact solution of the seventh
order system, we get small amplitude waves emerging from the tallest wave. Since the velocity
w(z,t) is slightly negative for some values of x, some of the small-amplitude waves are moving
to the left. The amplitude of the tallest wave also slightly increases with time from the initial
maximum amplitude Ag = 0.5.
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Figure 3.4: Space-time plot of the numerical solution 7n(z,t) of the seventh order pure BBM
system, with a = O(%). The initial surface n(z,0) = 0.5sech(0.2(x — L/2)), with L = 200 m,
splits into a left and right moving wave. Here hg = 2 m, and the initial velocity was w(z,0) = 0.1
m/s.



o4 CHAPTER 3. NUMERICAL EXPERIMENTS

0.25 ‘ ‘ : 08
06f
02f
04r
E 0.15 E 0.2
3 Z
= ol
01f =
0.2}
0.05f
0.4}
0 -0.6 * * *
0 50 100 150 200 0 50 100 150 200
x [m] x [m]

Figure 3.5: Plot of the numerical solution n(x,t) (left panel) and w(z,t) (right panel) of the
seventh order pure BBM system, with o = O(83) at t = 8 s. The parameters and initial
conditions are the same as used in the space-time plot in Figure (3.4). Note how the velocity
w(x, t) is negative for the leftmost wave at x &~ 60 m, and the velocity is positive for the rightmost
wave located at x ~ 140 m. The peak of the leftmost wave is travelling to the left with a slightly
lower speed (= 0.43 m/s) than the peak of rightmost wave, which is travelling to the right with
a speed ~ 0.63 m/s. This is due to the small positive initial velocity w(z,0) = 0.1 m/s.
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We shall now solve the full seventh order system of pure BBM-type (2.23), (2.12)
numerically in a similar manner. Before we can proceed, we replace the nonlinear terms
containing t-derivatives in (2.12) using relations (1.58) and (1.60), removing the nonlinear
terms with t-derivatives, so that we can isolate the ¢ - derivatives of  and w after taking
the Fourier transform. Inserting these relations into (2.12) we obtain

Nz + Wy + awwy, + % (02 - 1) ﬂwxa;t
@B (122), + 028 (1 (ww,),), = & (67 = 1) aB? (lara), |

(92 — 1) ALWW4er + % (1 + 92) QLWL W,y

+

| =~

+
g (02 = 3) (F = 1) P+ {508 (170), } = @)
24 5 zxxrrt T Nex Q@ DW NWyg T

+a? B, (), + { (92 )aﬁ2 (nmm)}

5
+ﬁ (92 — %) (62 _ 1) aﬁ2wwmx:ﬂ:px + (ﬁ(QQ + %>2

(3.17)

1 2
- 5) O‘ﬁ Wy Werrzx

1 4 2 Lo
+7 (0° +3) @B wartas + =5 0 (0
O(a’B,0”8%, af?, ) = 0.

after simplifying. The new terms are indicated by the curly brackets. The system we
are solving numerically is then (2.23) and (3.17).

Note that the dispersion relation for the linearized system remains the same as before,
and is given by eq. (2.24).

Proceeding as with the third order system above, we convert the equations to dimen-
sional variables, neglect terms of O(a®3, a?(%, a3, 3%), then transform the interval [0, L]
into [0, 27] using the same change of variables as was used for the third order system, and
finally we take the Fourier transform F in the spatial variable x of the resulting equations.

Equation (2.23) then becomes

y 1 1
W= ke
+La¥ik? (67 — 1) B2F (€0) + Laik® (602 — 1) (62 — 1) hAF (€vs)
+-taik® (150" — 3002 +7) hoF (&v) + La%ik (6 — 1) h{F (§vz)

360

L ikhoF (€002) + ik (62 = 1) (62 = 1) B4F (€vreas) ),

— 1) (610" — 146° + 1) B*Wanwwsat

<a5h0ik@ + aBikF (€v)

(3.18)

where
1
fa(k/a,0) =1+ = (92 ) h3k?/a* + — 250 (150" — 300 + 7) hok* /a*

1

* 15120 (

216° — 1056* + 1476° — 31) h{k® /a®
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is as defined in the dispersion relation (2.24), evaluated at k/a.
Equation (3.17) becomes

1 1

E fQ(k/a’ 0)
+a®ghoikF (&) + a’hoikF (€ (vvy),) — %aik («92 — 1) ghoF (E€unaa) +

—|—%a3 (02 — 1) REF (VUppe) + %a?’ (1 + 92) hEF (VaVes) (3.19)
—|—%a3gik}— (§2§m) —a*hoF (v (Evgs),) + a*hoF (vy (Evg),)

+1a (0% = 1) ghgikF (£ vaea) + ma (6 — 1) (0% — 1) hoF (V0ssaws)

+a ( («92 ) — %) hoF (VaVpawa) + a (94 ) hé]:(vxxvgcxx))

Oy (k,t) = — (a5giké + a° F (vv,)

where

fo(k/a,0) =1 — % (0> — 1) hgk*/a® + 254 (92 - %) (0° — 1) hok* /a*

1

o (0> — 1) (610" — 146° + 1) hik®/a"

is as defined in the dispersion relation (2.15), evaluated at k/a.

We discretize equations (3.18) and (3.19) in Fourier space using the discrete Fourier
transform as for the third order system.

The discretized version of (3.18) is

(a hoikt + a®ik.F (

KQ
=
NS

|
=
\\:’/

(k) = a6 f3 k/a 6)
itk (0 - 1) 17 (76T (0))
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itk (02 = 1) B (F T (-k%))
—LadikhoF <<91(é)) F (k%)
)

+Zaik (60— 1) (02~ ) 7 (77O 7 (K9)) ).

for k=-S+1,...,5,t>0,
ét(k',t):Ofork—N t >0,
with initial condition §(k,0) = F(&(x,0)) = QW” ;V:l e~"hwig(x;,0) for k = _% +

N
1.,
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The discretized version of (3.19) is

Lo
ab fa(k/a, )
VaPghyik T (ﬁ‘l(é)ﬁ‘l (—k?é))

+athoik T (FUEF T (KT (F7(0)F 7 (ik0))))

@t<k>t) =

+labgikF ((ﬁ—l(é))Qﬂ—l (-k?é)) (3.21)

+ha (0 + 5 WAF (7 (~k20) F 7 (—ik"D)) )

for k = —% + 1,...,%, t >0, v(k,t) =0 for k = %, t > 0, with initial condition
o(k,0) = F(v(z,0)) = Z 30 e7 (a0 for k=-5 +1,... 5.

In most of the simulations we ran, there was little observable difference between the
solutions of the full seventh order pure BBM type system and the seventh order pure BBM
type system with a = O(3?), except that the full seventh order pure BBM system appeared
more sensitive to large amplitude, short wavelength initial conditions unless hy was large
enough (at least twice the amplitude of the tallest wave), and was less stable in these cases
over long time intervals. This is possibly due to aliasing errors from the pseudospectral
treatment of the numerous nonlinear terms, accumulating over time. A possible fix for this
could be to implement a de-aliasing filter by using, for instance, the standard two-thirds
rule, which was not done in our experiments for the time being.
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Chapter 4

Some further comments on our
published article

Attached in the next chapter is our article which was published in Physics of Fluids. The
article discusses applications of the Boussinesq systems discussed throughout this thesis,
specifically how it is possible to determine whether a wave modeled by a BBM-type system
starts breaking using a convective breaking criterion. Here we make a few comments on
some details in the attached article.

The average flow depth behind the bore was calculated by locating each peak and
trough in the wavetrain using MATLAB’s built in findpeaks function, and averaging the
result. We argue that, since the experiments were carried out by Wilkinson and Banner
in 1977, when proper digitizing software was unavailable, it would be almost impossible
to take the average of every single point on the free surface of the photographed undular
bore from the physical experiments. Since Wilkinson and Banner did not define the mean
depth behind the bore in [11] (outside of a sketch on a figure), we argue that they surely
did something similar to calculate the mean depth behind the bore front.

We also numerically integrated the entire free surface n obtained from the numerical
simulation, from the leftmost peak to the rightmost peak in the wavetrain, and calculated
the true average of the function from this. Using this as the mean depth behind the bore
front yielded similar results, our findings for the critical bore strength and Froude number
were still within 5% of the values obtained by Wilkinson and Banner.

A few corrections regarding the published article must be made:

e On page 7, line 8, it should be 0 <0 <1

e In Table II, simulation 2, the weir velocity U, should be U, = 0.706 m/s, and in
Table II, simulation 3, the weir velocity U, should be U, = 0.713 m/s. The rest of
the values in Table II are correct.

The figures from [11] were digitized using Engauge Digitizer, and thereafter imported
into MATLAB.

29
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Chapter 5

Published article

In this chapter, our article which was published online in Physics of Fluids on March 22.,
2019 is presented.

61
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ABSTRACT

If a weir is dragged through a wave flume, the upstream flow takes the form of an undular bore propagating ahead of the weir. It was found
previously in the work of Wilkinson and Banner (“Undular bores,” in 6th Australian Hydraulics and Fluid Mechanics Conference, Adelaide,
Australia, 1977) that the leading wave of the undular bore will break if the bore strength given by the ratio of downstream to upstream flow
depth exceeds a certain value. In the present work, a Boussinesq system is used to study the situation in a numerical wave tank. It is found
that if a convective breaking criterion is used to indicate wave breaking, then the critical bore strength of the numerical model agrees with the
experimental value of Wilkinson and Banner up to an error of less than 2%.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5085861

I. INTRODUCTION

A river bore is an upstream-propagating transition between two
different flow depths usually caused by tidal forces. Similar flows
can also be realized in controlled environments such as wave flumes,
and a number of laboratory studies have been conducted in order to
bring to light some of the main features of bores. One of the first in-
depth investigations of undular bores in the laboratory was carried
out by Favre in a dedicated wave flume,' and Favre’s results have
been examined theoretically from a number of angles. For exam-
ple, the initial formation of the free-surface oscillations was under
study in Refs. 2-4, and the energy balance at the bore front has been
reviewed in Refs. 5-9. Dissipative effects were considered in Refs. 10
and 11, and the breaking of the leading oscillations in the bore was
studied in Ref. 12.

Favre’s experimental results highlighted in particular the tran-
sition between purely undular and partially turbulent bores in terms
of the bore strength defined as the ratio of downstream to upstream
flow depth, and the main purpose of the present work is to explore
whether the critical bore strength can be found using standard wave
models such as the classical Boussinesq system.

Favre himself used the shallow-water Saint-Venant system with
frictional terms to describe the flow. One weakness of the shallow-
water system is that it fails to describe the transition between undular

and breaking bores because in the shallow-water theory, all waves
eventually break (see Ref. 13, chap. 13.11, or, Ref. 14 chap. 11.3).
On the other hand, the Boussinesq models incorporate dispersion,
and small-amplitude waves do not feature the typical steepening
observed in the shallow-water theory.'®> Therefore, wave breaking
cannot be observed directly in the Boussinesq equations, but one
may use a convective criterion comparing the crest speed of the lead-
ing wave to the fluid particle speed near the crest as a diagnostic
for wave breaking. In these terms, a wave breaking criterion may
be defined by saying that a wave starts to break when the horizon-
tal component of the fluid velocity near the wavecrest exceeds the
wavecrest velocity.

An initial study using this wave-breaking criterion in the con-
text of Boussinesq modeling of Favre’s experiments gave good qual-
itative results but was quantitatively inconclusive.'® The relatively
poor agreement with the experiments may be partially due to vortic-
ity created by the discharge used to generate the undular bore. The
existence of vorticity in a similar situation was also found in Refs.
17 and 18, and a mathematical inquiry into the Favre results also
suggested that vorticity might be present in such flows."®

In the current work, we investigate the wave breaking onset
in the leading wave in a bore created by moving a weir through
a wave tank. Such experiments were carried out by Wilkinson and
Banner,?° and as shown in Fig. 1, this generating mechanism yields
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Undisturbed depth h0

FIG. 1. Generating mechanisms for
undular bores. Left panel: Undular bore
created by a constant discharge imposed
on the left-hand side of the wavetank.
Right panel: Undular bore created by a
moving weir through upstream influence.
Note that the bore front propagates at a
speed U which is generally larger than
the speed U,, of the weir. The differ-
0 ence is exaggerated by the length of the
arrows. The undisturbed depth is ho, and
the average flow depth behind the bore
is ap + ho.

bores that are markedly different from the ones created by a forced
inflow. Favre found that wave breaking occurred when the bore
strength was larger than 1.28. By contrast, in the experiments carried
out by Wilkinson and Banner, the critical bore strength was found
to be about 1.38. As will be shown in the body of the present paper, if
the convective wave-breaking criterion is used in connection with a
Boussinesq model in the case of a bore generated by a moving weir,
then the critical bore strength may be found numerically to within
an error of less than 2%. The plan of the paper is as follows. In Sec. 11,
the Boussinesq system used in the study of the undular bore is intro-
duced. In Sec. 111, the wave breaking criterion is explained in detail.
The numerical experiments are described in Sec. IV, and the results
are discussed in the Conclusion.

Il. UNDULAR BORES AND BOUSSINESQ-TYPE
SYSTEMS

In the experiments by Wilkinson and Banner, a moving weir
is used to generate an undular bore (see Fig. 1 for an illustration
of the geometric setup). The weir is placed at the bottom of a wave
flume and dragged along the tank. As the weir is moving, it creates
a mound of fluid propagating ahead of the weir itself. This phe-
nomenon is well known to experimentalists and is sometimes called
upstream influence.?® The borefront develops oscillations (which in
this case are often called undulations), and at first sight, the result-
ing undular bore seems similar to the bore featuring in the work of
Favre.! However, as already mentioned, there are some important
differences between these two flows. In particular, vorticity seems
to be an important factor in the bores generated by a constant dis-
charge, while as far as we can tell, vorticity is a minor effect in the
bore generated by the moving weir. Some authors have pointed out
the importance of bottom friction on the appearance of an undu-
lar bore.'%” Indeed, in a river bore, if the conditions are right, a
nearly steady profile of undulations can be observed. However, in the
present case, the main focus is on the onset of wave breaking which
happens on relatively short time scales where dissipative effects do
not have a major impact.

A bore may be characterized either by the bore strength already
mentioned or using the Froude number. The Froude number is
defined by Fr = U/ \/%, where U is the velocity of the bore front,
ho is the undisturbed (upstream) depth, and g is the gravitational
acceleration.?#26 While the Froude number seems to be more com-
mon in the literature, in the present case, since we are aiming for

a favorable comparison with the experimental work in Ref. 20, it
is expedient to use the same parameter as in that work to quantify
the strength of the bore. Given the average downstream flow depth
ap + ho, the bore strength is defined as the ratio of flow depths by

As a side note, we should mention that recent work suggests
that a single parameter such as the Froude number or bore strength
may not be sufficient to classify bores and hydraulic jumps. For
example, the authors of Ref. 27 proposed an additional parameter
related to the vorticity of the flow. However, in the present case, such
an extension is unnecessary.

Boussinesq systems are approximations of the full Euler equa-
tions valid for long waves of small amplitude if the fluid is incom-
pressible and inviscid and the flow is irrotational.?®'> Due to their
relative simplicity, Boussinesq models are frequently used to model
various surface wave phenomena. Since the undular bores described
in Ref. 20 have small amplitudes and long wavelengths relative to
the undisturbed depth, it is natural to use a Boussinesq model in the
current situation.

Here, and in the rest of this article, a Cartesian coordinate sys-
tem (x, z) is chosen such that z = #(x, t) describes the free surface 7,
the undisturbed free surface is at z = 0, and the bottom of the wave
tank is located at z = —hy. Moreover, u(x, t) is the horizontal fluid
velocity at the fixed height z = (\/7/_9 —1)ho. We use the Boussinesq
system

7t + houx + (nu)x - %hgnm =0, W

Ur + ghx + Ully — éhgum =0,
to simulate an undular bore. The Boussinesq system (1) was intro-
duced in Ref. 21. It is valid in the Boussinesq scaling regime, which
applies when the parameters a = a/hg and = hg/¢* are small and
of the same order of magnitude. Here a is a typical wave amplitude,
¢ is a typical wavelength, and hy is the undisturbed depth, and the
parameters « and f3 describe the relative strength of nonlinear and
dispersive effects in the flow.

System (1) is a coupled system of two regularized long-wave
equations. Using the same rationale as the authors of Refs. 2 and
22 who introduced the Benjamin-Bona-Mahony (BBM) equation,
it can be surmised that this system is more amenable to numerical
methods than a number of other Boussinesq systems that were dis-
cussed in Ref. 21. In fact, the system can be solved efficiently using a
Fourier-spectral collocation method.
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As shown in Ref. 21, the system has exact solutions which can
be used to test the convergence of numerical codes. The system can
also be extended to accommodate time-dependent bathymetry. This
was first done in Ref. 29, and in the present case, a time-dependent,
spatially varying bottom topography h(x;, t) is included in these equa-
tions to model the weir moving along the bottom of the wave tank.
The precise version of (1) to be used, including all parameter-values
and some details on the numerical discretization, is given in the
Appendix.

In Sec. I11, it is shown how the full fluid velocity field is recon-
structed from these variables, using an asymptotic expansion of the
velocity potential. It will be shown that once a solution of (1) is avail-
able and the wave crest velocity is known, then a local convective
criterion can be taken as an indication of whether the wave starts
breaking or not. Denoting the crest speed by U and the horizon-
tal component of the fluid particle velocity by u(x, z, t), we say that
the wave breaks if u(x, #(x, t), t) > U. This convective wave break-
ing criterion is standard in the study of breaking waves (see Ref.
30 and references therein) but has not been tested in the current
situation.

11l. WAVE BREAKING CRITERION
FOR THE BOUSSINESQ SYSTEM

In order to understand the wavebreaking criterion, a look at
the derivation of the Boussinesq system (1) is in order. Since this
derivation is well known, we just summarize a few points of impor-
tance. For a more detailed discussion, the reader is referred to Refs.
16 and 13. As discussed above, since the bottom of the wave tank
is constant away from the weir, and given by z = —hy near the
leading wave crest behind the bore front, the following discussion
is based on the Boussinesq system (1). It is assumed that &« and
B are small and of the same order so that Eq. (1) are valid and
higher order terms in « and 8 can be neglected in the following
derivation.

With the assumptions of irrotational flow of an inviscid and
incompressible fluid, a velocity potential ¢(x, z, t) can be introduced.
The surface wave problem is then formulated in terms of the velocity
potential as

¢xx + ¢zz = 0>
sz =0, Z= _hO;

—ho < z < y(x,t),

scitation.org/journal/phf

with the free-surface boundary conditions
Nt + (z)x”]x = ¢z;
G+ 3(pr+2) +gn=0,

As discussed in Ref. 13, since the total depth is small, an ansatz of

the form ¢(x,z,t) = § (z+ho)"fu(x,t) is suggested for the veloc-
0

z = n(x, t).

ity potential. Inserting this into the Laplace equation and using the
boundary condition on the bottom gives

S(xzt)=f - %(z+ o) fx @)

to second order in f3. Note that f = f; is the velocity potential at the
bottom z = —ho and that ¢x(x,z,t) = fx(x, 1) - 1 (z+ o) fr (%, 1)
is the horizontal velocity at a height z in the fluid.

Using this relation, it is possible to derive systems of equations
such as (1) where the horizontal velocity is modeled at a prescribed

depth z = (\/7/9 — 1)hy. Letting u(x, t) = ¢x(x, 2, t)|2:(\/7ﬁ_l)h0 be
the horizontal velocity at z = (1/7/9 — 1) ho, we obtain

A
fx—u+ lghouxx (3)
to order ﬁ2 . Combining (3) and (2) gives
1
o(man) ~uGn) + 3 (24 - 4 h) Jua(nt) @

up to O(B?).

Equation (4) can be used to approximate the horizontal fluid
velocity field at any point (x, z) in the fluid domain. As discussed in
Ref. 16, we assume that wave breaking commences when the hor-
izontal fluid particle velocity at the leading wave crest exceeds the
local phase velocity of the wave crest, denoted by U. Evaluating (4)
at z = yj(x, t) yields the following breaking criterion:

A wave solution (n(x,t),u(x,t)) of system (1) starts breaking if

u(xt) + %(ghﬁ ~(e D) +h) Jua(ot) > U (9)

This criterion is illustrated in Fig. 2. From (5), it follows that once
a solution (#(x,t),u(x,t)) of the BBM system (A2) is available,

FIG. 2. Convective wave breaking crite-
rion. The left panel shows a wave with
horizontal particle velocity less than crest
velocity. This wave is not breaking. The
right panel shows a case where the hori-
zontal particle velocity exceeds the crest
velocity. This wave is breaking.
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the onset of wave breaking can be predicted provided the wave
propagation speed U is known.

IV. NUMERICAL EXPERIMENTS

We consider quasi-twodimensional fluid flow in a numerical
wave tank of length L. The coordinate system (x, z) is as defined
in Sec. I, with the positive z direction taken vertically upwards
and the horizontal x-axis along the undisturbed free surface of the
fluid. The bottom of the wave tank is located at z = —hp, and the
undisturbed free surface is located at z = 0, as shown in Fig. 3.
The numerical domain is x € [0, L], and the fluid domain is then
(0,L) x (=h(x,t),n(x,t)), where z = —h(x, t) describes the weir and
the bottom of the tank, and z = #(x, ¢) is the free surface as usual.

In the numerical simulation used in the present study, sys-
tem (A2) is approximated using a spectral collocation method cou-
pled with a 4-stage Runge-Kutta time integration scheme. At each
time step, the resulting linear system is solved using a precondi-
tioned conjugate gradient method. As the bore is generated by a weir
moving along the bottom of the tank, we use initial values of zero
surface displacement and zero initial velocity, i.e., 7(x, 0) = 0 and
u(x, 0) = 0.

Wilkinson and Banner conducted numerous experiments with
varying undisturbed fluid depths and showed experimentally that
undular bores may persist up to bore strength = 1.377. Since the
goal of this paper is to obtain favorable results in comparison with
Wilkinson and Banner,2° we used the same parameters as in that
work. Accordingly, a weir of height 25 mm and length 150 mm was
used in our simulation. As the value of h is not consistently specified
in Ref. 20 for a given Froude number, we have chosen to use the fluid
depth hy = 0.06 m in all simulations shown, except the computations
shown in Fig. 4. In this case, the undisturbed depth was specified
in Ref. 20 to be hy = 0.053 m. We chose to run the simulations for
t = 15 s as larger time intervals seemed to have little impact on the

ARTICLE scitation.orgljournal/phf

TABLE |. Parameters used in the numerical simulation.

Parameter Symbol Units Value
Undisturbed depth ho m 0.06
Tank length L m 50
Weir height A mm 25
Weir width mm 150
Time interval length T s 15

eventual bore strength r. The parameters used in our simulation are
summarized in Table I. The function

z=-h(xt) = %(1 + tanh(Kt g/ho - m))
x exp(—(w(x/ho - 0 = Uwt/ho))*) = ho (6)

with the parameters A = 0.025 m, x = 0.2, m = 2, w = 1.22, ¢ = 100,
and hp = 0.06 m is used to model the weir moving along the bottom
of the tank. The speed U,, at which the weir is moving along the
bottom of the tank is the only parameter which is varied, while the
rest of the parameters in (6) are held fixed.

In order to test the validity of the numerical simulations, we
first run a test with a purely undular bore. We choose the case
shown in Fig. 3, page 372 from,2° which features a Froude number
Fr = 1.24, and is far from the breaking regime. In this case only, in
order to obtain a good match with the experimental data, we have
used the undisturbed depth hy = 0.053 m. Figure 3 from Ref. 20 is
shown in Fig. 4 in digitalized form, alongside the numerical approx-
imation of # obtained in our simulation. As can be seen, there is
relatively good correspondence between the experimental data and
numerical simulation. In particular, the wavelengths and amplitudes
of the bores agree very well.

I T
0.25 H—Free surface n(x.t)
e 11X, )

0.2 [{---.2,=0.0238 m

FIG. 3. Undular bore generated by a moving weir at the
bottom of the tank z = —hy = —0.06 m.

20.5 21 215 22 225 23 23.5

T T T
0.08 H~ = "1 (Numerical simulation)
—n (Wilkinson, Banner)

FIG. 4. Digitized form of Fig. 3 in Ref. 20, Fr = 1.24 superim-
posed with a plot of # obtained from the numerical simula-
tion with Fr = 1.24. The fluid depth is hy = 0.053 m, and the
x-axis is aligned with the undisturbed water line. The bottom
of the flume is indicated by a solid line at z = —0.053 m.

7.3 7.4 75 76 7.7 7.8 7.9
x [m]
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—Horizontal particle speed: u

—Horizontal particle speed: u
[|- - ‘Propagation speed: U ] 1.1 |- - ‘Propagation speed: U

FIG. 5. Left panel: The horizontal par-
ticle speed does not exceed the phase
speed, so the bore is purely undular.
This corresponds to the bore strength
r =1.38. Right panel: The horizontal par-
ticle speed curve intersects the propa-
gation speed curve at t = 15 s, and the
leading wave starts breaking. This corre-
sponds to the bore strength r=1.40 as
can be seen in the plot of the undular
bore in Fig. 3.

5 10 15 20 5
Time, t [s]

Since the bottom is described by the constant function z = —hy
near the leading wavecrest, Eq. (4) can be applied in approximating
the particle velocity there. At each time step " = nAt in the sim-
ulation, the position x" of the leading wave crest is located. From
this sequence of values, the local phase velocity U” of the wavecrest
is estimated by a fourth-order, backwards finite-difference formula.
The fluid particle velocity at the leading wavecrest behind the bore
front is estimated from (4) with z = (x", t") at each time step.

As U, is increased manually in each new run, the wave crest
velocity and the horizontal fluid particle velocity also increase.
Eventually the fluid particle velocity exceeds the phase velocity of

15 20

Time, t [s]

the wave, and wave breaking commences. The process is illustrated
in Fig. 5. In the left panel, the value of r is 1.38 and no intersection is
taking place at times ¢ < 15 s. As shown in the right panel of Fig. 5,
the particle velocity curve first intersects the phase velocity curve at
t = 15 s for the value r = 1.40 which is therefore just above the critical
bore strength for the current setup. The corresponding weir velocity
is Uw = 0.724 m/s.

Table II tabulates whether the bore is breaking or not for differ-
ent values of the bore strength r obtained numerically. Each row in
Table II contains values of r and Fry obtained from a fixed value of
Uy. We find the critical value of the bore strength in Table II to be

TABLE II. Wave breaking in the numerical model for different Froude numbers and bore strengths at t = 15 s. The critical

bore strength is r = 1.395.

Simulation  r=1+ag/ho Fru = U/\/gho U (m/s) Uy (m/s) Breaking/non-breaking
1 1.35 1.319 1.012 0.675 Not breaking
2 1.38 1.344 1.031 0.698 Not breaking
3 1.39 1.350 1.036 0.706 Not breaking
4 1.40 1.358 1.042 0.724 Breaking
5 1.41 1.375 1.055 0.744 Breaking
6 1.43 1.388 1.065 0.760 Breaking
Wave flume experiments Numerical simulations
6 * Non-breaking waves ‘ ‘ 16 * Non-breaking waves‘ ‘
o Breaking waves o Breaking waves
1.5¢ A 1.5¢
FIG. 6. Relation between the flow-depth
14 o I .- SR ratio r and the Froude number Fr. The
fffffffffffffffffffff e " critical bore strength is indicated with a
R dashed horizontal line. Left panel: Exper-
~13 -13 iments by Wilkinson and Banner.2°
° The critical bore strength is r = 1.377.
1ol 1.2 Right panel: Numerical simulations using
° Boussinesq system. The critical bore
strength is r = 1.395.
1.1 T
1 ‘ ‘ ‘ ‘ ‘
Y 1 12 1F? T4 15 1.6 ! 1 12 1F'f 14 5 16
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r = 1.395, between the values 1.39 which does not feature breaking,
and 1.40 which does lead to breaking. As an additional comparison,

we also include the Froude numbers Fry = U/ \/gT , where U is the
phase speed of the leading wave behind the borefront, approximated
numerically at £ = 15 s by the method described above.

Comparing the results in Table II with the ones in Ref. 20, we
see that the numerical critical bore strength r = 1.395 is about 1.3%
higher than the experimental value r = 1.377 in Ref. 20 and that
Fry = 1.358 is about 4.5% larger than Fr = 1.3 in Ref. 20, so the
results are relatively close in both cases. The data are also represented
in Fig. 6, where the left panel shows data from the experiments in
Ref. 20, and the right panel shows data based on our numerical
simulations.

V. CONCLUSION

In this work, it has been shown that the transition from laminar
to partially turbulent flow in an undular bore can be captured with
a standard weakly nonlinear dispersive system of Boussinesq type.
Reference is made to two experimental studies: the experiments of
Favre' and the experiments of Wilkinson and Banner.?® The partic-
ular quantity of interest is the bore strength r given by the ratio of
downstream to upstream flow depths.

In previous work, it was shown that using a convective wave-
breaking criterion leads to qualitative agreement with the experi-
ments of Favre in the sense that the Boussinesq system features a
critical ratio indicating the commencement of wave breaking.!®>'
However, the quantitative agreement between the numerical exper-
iments in Refs. 16 and 31 was not very good. The discrepancy may
possibly be ascribed to the appearance of vorticity in the undular
bore, such as suggested in Refs. 17 and 19. Indeed, it was argued in
Ref. 27 that a single parameter such as the bore strength r or the
Froude number Fr may not be sufficient to classify bores, even in the
case where the flow is quasi-two-dimensional. In the present case
of a bore generated by a moving weir, it was found that the bore
strength r can be used as an effective diagnostic parameter to predict
whether a bore will break or not. The critical bore strength signal-
ing the demarcation between laminar and turbulent flow was found
experimentally to be about 1.377.2° Our numerical simulations indi-
cate that the leading wave breaks at a bore strength of 1.395. Thus,
experiment and simulation coincide up to an error of less than 2%.

The separate comparison using the Froude number Fry
= U/ \/ﬁ for the phase speed of the leading wave crest behind
the bore front, which was found to be Fry = 1.358 when the bore
started breaking, is also fairly close to the critical Froude number
Fr = 1.3 in Ref. 20. Using this parameter as an indicator for the
onset of breaking yields agreement between experiment and numer-
ical simulation with an error of less than 5%. Additionally, Fig. 4
shows that the shape of the free surface of the bore obtained numer-
ically for non-breaking bores is very similar to the free surface in Ref.
20. This further validates the results obtained from the model used
in this work.

One may ask whether the bore strength r or the Froude number
Fr is a better indicator for whether a bore features incipient break-
ing. While the Froude number is probably more commonly used
than the bore strength, the present study found slightly better agree-
ment between theory and experiment if the bore strength was used
as a parameter. Indeed it can also be observed in the left panel of

ARTICLE scitation.orgljournal/phf

Fig. 6 that the relation between Fr and r is slightly nonlinear in the
experimental measurements.

To put our findings into context, it should be mentioned that
wave breaking in an undular bore is a special case of wave breaking
on a planar beach, a phenomenon which has been studied widely. It
is not immediately clear whether the convective breaking criterion
can be used in this case as well. Recent work paints a complicated
picture. The experiments described in Ref. 32 point to the convective
criterion as being a good indicator for the commencement of wave
breaking. On the other hand, if the wave breaking criterion is to be
used in a numerical model in order to switch between a dispersive
system and a hyperbolic system (in order to exploit the dissipative
nature of numerical approximations to hyperbolic systems), then the
convective breaking criterion should possibly be sharpened in order
to give the waves time to adjust (see Refs. 36-38 and the references
therein).

Indeed, the detection of wave breaking through various wave
breaking criteria has been researched by a number of groups for
many years. As explained in Ref. 33, there are essentially three classes
of criteria. Geometric criteria are based on the shape and in partic-
ular the steepness of the waves close to breaking, while kinematic
criteria such as used here are based on violation of the kinematic free
surface boundary condition. As it generally seems to be understood
that no dynamic insight or advance warning of imminent breaking
is provided by geometric and kinematic criteria,** dynamic criteria
based on evaluation of the energy flux such as proposed in Refs. 35
and 30 seem to be favored at the moment.

Recently a new parameter based on crest speed and local energy
flux and density has been put forward as a diagnostic for the initia-
tion of wave breaking. As shown in Ref. 30, using this parameter
reduces to a sharpened convective criterion when evaluated at the
free surface. However, it has been tested mainly in deep and inter-
mediate water,>>? and it is not clear at this point whether this
diagnostic will work in shallow water such as in the current situation.

It should also be noted that there have been extensive efforts
to understand various aspects of wave breaking using numerical
approximations of the full Euler equations. In particular, in the case
of potential flow, we mention the work on overturning breakers
reported in Refs. 40 and 41. On the other hand, some authors have
advocated the use of conservative Boussinesq system“? or indeed for
the use of fully nonlinear long-wave systems, such as the Serre or
Green-Naghdi equations**>“* in order to study wave breaking on a
slope (see Ref. 45 for example). However, in the present case, no such
extension is needed.
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APPENDIX: BOUSSINESQ SYSTEMS
WITH MOVING BATHYMETRY

In order to simulate an undular bore generated by a moving
weir numerically, a BBM-BBM type system is used in this work.
In Ref. 29, the following system describing unsteady fluid flow in
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one horizontal dimension over a time dependent, spatially varying
bottom topography is derived:

ne+ ((h+ n)u) + {AR [ (uhe)x + hyt]
+ah’ (hu),, - bl ne} + A(Khi) +hi=0

(A1)
U + gijx + Utly + {th[(hqu)x + hqux]

+ Cg”lzf’]xxx - dhzutxx} - thttx =0

Here u = u(x, t) is the horizontal fluid velocity at the height
z = (0 — 1)ho, where 0 < 0 < 1, n(x, t) is the free surface, and
h(x, t) describes the bottom topography. The parameter 6 is an
arbitrary modeling parameter which has been chosen to be equal

7/9 in the body of this paper. The definitions of the further
parameters used in the system are as follows:

a=0-1/2, b=-A, &t=-B,
A=11-(0-1°], B=1-6, A=pa-(1-u)b
a=3(6"-3)u =%( -3)1-p),
c=1(1-0)v, d=1(1-6*)(1-v),
where y, v € R. Taking u = v = 0in (A1) gives
= b(H'a)x + (B + m)u)x

+ {24 e + AW hou} = b(H*hut)x + hi = 0,
Ur + ghx + utly + Bghhxctix + 2Bghhhxx
— dh’ Ut — Bhhy = 0

(A2)

where b = %(92 - %), d = %(l - 92). The BBM-BBM type sys-
tem (A2) with the boundary and initial conditions stated in Sec. IV
is used to simulate an undular bore numerically in this work. Like
system (1), this system is valid under the Boussinesq approximation.
As discussed earlier, the time dependent bottom h(x;, t) is included
in Eq. (A2) to model the weir moving along the bottom of the wave
tank.

The numerical approximation of this system is effected by a
pseudo-spectral collocation method based on a Fourier basis. This
discretization entails the imposition of periodic boundary condi-
tions. In the present one-dimensional case, this choice does not pose
a serious problem since the numerical domain [0, L] can be made
large enough to prevent wave interactions at the far ends on either
side. Rescaling the equations to the numerical interval [0, 27] intro-
duces a scaling factor A = L/(2m). Using the standard collocation
points x; = % forj=0,1, ..., N — 1 yields the first-order col-
location derivative matrix Dy and the corresponding second-order
matrix Dy 2, such as detailed in Refs. 46 and 47. Defining the N x N
identity matrix by Iy, and the discrete unknowns as =" and UV, the
semi-discrete system is written as

[A*Iv — 1b Dydiag(hy ) Dy =
= ~Dy[2A % Dyhy Dn(UY) + A Dy ohy by U]
~A*Dn(hnUN) = AADN (B Dy (hy):)
~A*Dn(ENUN) = A (h)s,

ARTICLE scitation.orgljournal/phf

[V’Iy - Ad diag(h3) Dy, JUY

1
= -A2gDysN - 2? EDN(UN UY) - 2Bghy Dxhy Dy =N

— BghnDnhn DNZN + lthNDN(hN)n,

where hy is defined by [hn(f)]; = h(xj,t). This system of N ordi-
nary differential equations is integrated using a 4-stage Runge-Kutta
method. The most demanding operation is the inversion of the
time-dependent matrices on the left-hand side of these equations
which has to be performed at each time step. The inversion is per-
formed using a preconditioned conjugate gradient (PCG) method
(see Ref. 48). The scheme has been tested for convergence in Ref. 49.
Alternative methods for the numerical discretization of these equa-
tions are finite-element methods?® or finite-difference methods.'®
These methods would allow for straightforward incorporation of
various boundary conditions, but in the present case, that is not
necessary.
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