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Abstract

When long waves propagate into shallow water, their dynamics changes and
an undular bore may generate. This undular motion is strictly dependent on the
shape of the channel in which the waves are travelling. The code developped in
the CARDAMOM team at Inria makes use of a two-dimensional, depth-averaged
model which accounts for non-linear and dispersive effects for waves in shallow
water.
First the code is used to simulate and compare the flow in a rectangular and in
a trapezoidal channel. The presence of sloping banks triggers different dynamics
along the cross-section of the channel and a transition of the wavelength for a
certain Froude number Frt1 is observed. The simulation results are validated
against experimental data.
As a proof of concept, we then vary the inclination of the banks of the trapezoidal
channel in order to analyse its influence on Frt1 . As the numerical results show, a
smaller banks slope induces longer waves and the transition takes place at higher
Froude numbers.
The linearized theory for long waves proposed in [Chassagne, 2017] is endorsed for
gently sloping banks channels.

Keywords: Surface waves, undular bore, Boussinesq-type model, Green-Naghdi
equations, Shallow Water equations.
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Introduction

An ocean wave is a perturbation that propagates in time and space along the
interface between two different media: water and air. There are many kinds of
surface waves, depending on the forces acting on them: gravity, surface tension,
atmospheric pressure. The effect of these different forces is reflected on the wave
period (Figure 1).

Figure 1 – Classification of ocean waves by wave period. Figure from [Laing, 1998].

A wave can be characterised by many quantities. Some of them are displayed
in Figure 2.

Figure 2 – Main characteristics of a simple surface wave. Figure from [Laing, 1998].

First of all, the shape of the wave is delineated by the free surface elevation
η = η(x, t), where x is the vector of the spatial domain. The form of η allows to
identify the wave period T , which is the time interval taken by successive wave
crests to pass a fixed point. The period is linked to the frequency f = 1/T , i.e.
the number of crests passing a fixed point in 1 second. In space, the wavelength λ
represents the horizontal distance between two successive crests and the amplitude
a is the maximum of the displacement from the mean sea-level.
A single wave advances at a certain speed, the rate of propagation cφ or also phase
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Introduction

speed, which links the wavelength and the period through the relation λ = cφT .
When the individual wave is part of a train of waves, one must differentiate the
phase speed from the group speed : the latter is the velocity of the entire wave
envelope and of the wave energy too. Furthermore, we can define the wavenumber
as k = 2π/λ and the angular frequency as ω = 2π/T . The wave speed results thus
also as cφ = ω/k and the group speed is cg = ∂ω/∂k.
Lastly, the variation of the phase speed with the wavelength is called dispersion
relation and it is usually parametrised via the dispersion parameter µ = h0/λ.
Note that µ

2π = kh0. The dispersion parameter, together with the non-linearity
parameter ε = a/h0, plays a major role in the choice of the physical model used
to describe waves dynamics.

In this study we focus on waves forming a bore. A bore can be defined as an
hydraulic jump in translation, a discontinuity between two states of the fluid, with
different speed and height, as in Figure 3.

Figure 3 – Sketch of an hydraulic jump and definition of the main variables

It is common practice to define a fluid flow and its characteristics by a dimen-
sionless number; using the variables of Figure 3, the Froude number is defined as
follows

Fr =
|u1 − cb|√

gh1

where cb is the bore celerity. The Froude number, in analogy to the Mach number
for air flows, is the ratio of the inertia force to the weight of the fluid. For Fr < 1,
the flow is subcritical, slow and with no waves. We concentrate on the dynamics
of the supercritical flow, for the range Fr > 1.

As waves travel, all the water particles are affected, from the free surface to
the bottom. However, when the water depth h0 is big enough, the influence of the
bottom can be neglected. In particular, we can distinguish between a deep water
domain when h0 > λ/4, and a shallow water regime when h0 < λ/25. The tran-
sition between the two regions is for a transitional depth, where λ/25 < h0 < λ/4
([Laing, 1998]).
For example, water close to the shoreline is called shallow since the wavelength
is considerably larger than the water depth; the entire ocean can be considered
shallow as well because, there, the waves are in general extremely long. In both
cases, we can say that µ is small.

Nearly all the characteristics of the waves change within the different zones: when
the wave propagates from deep water to shallow water, only the period remains
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Introduction

constant. The wave speed and the wavelength decrease when h0 decreases, while
the wave height increases because of the conservation of the energy.

Tsunamis are waves characterised by very long wavelengths. They are nearly
undetectable out in the ocean, but extremely dangerous when reaching the coast.
Moreover, they are highly unpredictable and generated by large displacements of
water. Their origin can be, among others, tectonics, earthquakes, landslides or
underwater explosions.

For tsunami propagation, the shallow water hypothesis can be made, since µ
is small. It is, in a first approximation, a non-dispersive phenomenon; however,
although dispersion is small, it is present. When the motion takes place over a
long time, dispersive effects may accumulate and eventually become non-negligible
close to the coast.

It has been observed that short waves, such as undular bores and solitons,
are generated by a long tsunami wave propagating into shallow water. The same
behaviour can be seen when tides propagate into estuaries: long waves travel-
ling upstream into shallow water undergo a progressive distorsion and generate
tidal bores. As [Bonneton et al., 2015] have shown experimentally in the Giron-
de/Garonne estuary (France), tidal waves propagate long time upstream before
forming a tidal bore, the onset position of which is difficult to determine and lo-
cate precisely.
This phenomenon is surely less alarming than a tsunami; it is anyhow important
to understand it, since the secondary, undular waves created by the bore induce
an amplitude growth of about half the amplitude of the primary wave. Neglecting
this aspect when planning the height of the river walls would increase the risk of
flooding, letting water overflow into residential areas at the riverside. Moreover, in
rivers, the dynamics of these bores is exactly the same as that of tsunami-generated
ones.

Field measurements are extemely difficult to carry out and only few records are
available. During 2010 and 2011, [Bonneton et al., 2015] realized a big campaign
in the Gironde/Garonne and in the Seine estuaries (France), for different times of
the year, so as to encounter various tidal amplitudes and freshwater discharges.
Observations from more than 200 tides in rivers with sloping banks show a tran-
sition between different regimes around a Froude number Frt1 of about 1.10: an
undular motion appears in addition to the main bore. The transition is visible
also in the wavelength evolution, as shown in Figure 4.
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Figure 4 – Non-dimensional wavelength as a function of the Froude number minus
1. Square, circle, triangle: Garonne campaigns; asterisk: Seine campaign; solid
square: experimental data by [Treske, 1994]; solid triangle: experimental data by
[Favre, 1935]. Continuous line: theory by [Lemoine, 1948]; dashed line: approxi-
mate equation by [Bonneton et al., 2015]; dotted line: transition around Fr ' 1.10.
Figure from [Bonneton et al., 2015].

For Fr > Frt1 , field results are in good agreement with laboratory data and
theory’s predictions; for smaller Froude numbers, instead, the wavelengths mea-
sured along the axis of the estuaries are much larger than those from the other
sources. The same evolution is seen for the wave steepness.
This outcome goes along with that observed by Treske during his laboratory experi-
ences [Treske, 1994]. Indeed, Treske found a great difference in the fluid behaviour
on the axis of a trapezoidal channel with respect to a rectangular channel when
passing a transition Froude number of Frt1 = 1.15. The value for Frt1 may be
different from Bonneton but is very close: surely the gap is caused by the different
experimental conditions, one carried out in real estuaries and the other in a labo-
ratory, by mean of a manmade open channel. What is striking is that something
is going on around a certain Frt1 .

Actually, another transition can be seen for all shapes of channels, at about
Frt2 = 1.30: for very large Froude numbers, all the energy is dissipated by the
turbulence. The bore is breaking, no secondary waves can be detected, leaving a
simple translating hydraulic jump.

The different flow regimes can be resumed as in Figure 5.
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Figure 5 – Bore regimes according to the Froude number

Following the experiments of Treske, this work is focused on a flow travelling in
a trapezoidal open channel, in the proximity of the first transition, i.e. around Frt1 ,
when the secondary wavefield appears. The flow dynamics is studied, especially
its interaction with the sloping banks. In order to do so, a code developed in the
CARDAMOM team to model shallow water flows in open channels is used.
The results of the numerical simulations allow us to observe how the interaction
of the fluid with the gently sloping banks affect the transition. Moreover, they
are used to validate the linearized theory developped in the CARDAMOM team
for the prediction of the evolution of the wavelength with the Froude number in
sloping banks channels.

The computational domain is a constant cross-section channel with regular
banks and a simplified, symmetric trapezoidal bed. Such an approximation can
be done to keep the computation easy to handle without loss of generality: long,
smoothly changing estauries and rivers might be represented as a series of many
shorter, regular channels.

In chapter 1 the equations governing the flow dynamics and the physical models
used for shallow water problems are reviewed. In chapter 2 the numerical methods
implemented in the code are described. Simulations are done firstly to validate the
code and a previous work on the different flow dynamics in rectangular and trape-
zoidal channels (chapter 3); then, chapter 4 presents the analysis of the influence
of the sloping banks on the flow field.
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Chapter 1

Physical Models

Even though the two-phase (water-air) Navier-Stokes equations can describe in the
most complete way the motion of the fluid in an open channel, they are excessively
costly from a numerical point of view. Some assumptions can thus be made to
simplify the model, while preserving a sufficient amount of physical informations.
First of all, water is a Newtonian fluid and it is also incompressible, so the density
ρ is kept constant. Moreover, for all applications only involving wave propagation,
water can be considered inviscid: the Reynolds number goes to infinity. This
hypothesis allows to prove the irrotationality of the fluid flow. As a consequence,
velocity can be derived from a scalar potential. Furthermore, as the viscosity is
neglected, the only forces acting on a water particle are gravity and pressure. For
the scales used here, friction and surface tension can be ignored too. The Navier-
Stokes equations are then simplified to the incompressible Euler equations with a
moving boundary: the free surface.

Figure 1.1 – Visual description of the free surface flow problem, with the main
parameters.

In Figure 1.1 we can see the setting of the problem. It is a three-dimensional
problem in the Cartesian coordinate system (x, y, z), but it can be reduced to a
bi-dimensional one, in this case in the plane (x, z) for a lighter notation.
The velocity vector is denoted by u = (u,w)T ; η(x, t) is the free surface elevation,
taken with respect to the water depth at rest h0; b(x) is the bathymetry, considered
indipendent from time.

Taking into account all the hypotheses made so far, the Euler system of equa-
tions can be written as:
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Chapter 1. Physical Models

ut + u ux + w uz +
px
ρ

= 0 (1.1)

wt + u wx + w wz +
pz
ρ

+ g = 0 (1.2)

ux + wz = 0 (1.3)

where p is the pressure, g is the gravity and the subscripts denote partial differen-
tiation.

We recognise the two components of the momentum conservation (equations (1.1)
and (1.2)), written in convective form, and the continuity equation (1.3), express-
ing incompressibility. The irrotationality condition can be added to the system:

uz − wx = 0 (1.4)

This system is valid for z ∈ [b(x), h0 +η(x, t)], but in order to have a well-posed
problem, we still have to add the boundary conditions at the free surface and at
the bed.
Concerning the velocity boundary conditions, we define the free surface as f(x, z, t) =
z − (h0 + η(x, t)) and knowing that the interface water-air is immiscible, so that
the normal component of the velocity must be the same in the two fluids, we get
the first boundary condition:

w = ηt + u ηx at z = h0 + η(x, t) (1.5)

The slip-wall condition at the bed can be derived following the same procedure:

w = u bx at z = b(x) (1.6)

As for the pressure at the free surface, we consider that it is constant across
the interface: p = patm at z = h0 + η(x, t). The boundary condition is thus given
by the Bernoulli’s equation applied at the free surface with a suitable choice of the
integration constant, equal to patm.

1.1 Asymptotic Development

Large scale simulations using the Euler equations are still prohibitive in term of
computational cost, essentially due to their 3D nature. For this reason, other
models have been developed, leading to the Boussinesq approach. [Boussinesq,
1872] was the first one to propose, for shallow water flows, a depth-averaged system
of equations in which the velocity is expressed by an asymptotic development
with respect to a depth-averaged velocity ū. The degree of approximation of the
equations is controlled by two non-dimensional parameters referring to the physics
of the problem: the non-linearity of the flow ε and the dispersion of the waves µ.

Before applying the simplifications, we need to rewrite the Euler system with-
out the pressure term. From equations (1.1) to (1.6), using the pressure boundary
conditions on the free surface, we obtain:
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ut(h0 + η) + ηxwt(h0 + η) + gηx +

[
u2(h0 + η)

2

]
x

+

[
w2(h0 + η)

2

]
x

= 0

ux + wz = 0

uz − wx = 0 (1.7)

w = ηt + u ηx at z = h0 + η(x, t)

w = u bx at z = b(x)

Now, let the dimensionless variables be introduced as follows:

x′ =
x

λ
z′ =

z

h0
t′ =

√
gh0

λ
t η′ =

η

a
b′ =

b

h0

u′ =
h0

a
√
gh0

u w′ =
λ

a

1√
gh0

w p′ =
p

gh0ρ

Dropping the primes for sake of clarity, we riformulate system (1.7) in a di-
mensionless form:

ut(1 + εη) + εµ2ηxwt(1 + εη) + ηx + ε

[
u2(1 + εη)

2

]
x

+ εµ2

[
w2(1 + εη)

2

]
x

= 0

ux + wz = 0

uz − µ2wx = 0 (1.8)

w = ηt + εu ηx at z = 1 + εη

w = u bx at z = b

Combining the second and third equations of (1.8) and after some manip-
ulations, we are able to express the horizontal velocity at an arbritrary level
ũ as an asymptotic development of the depth-averaged horizontal velocity ū =

1
(1+εη−b)

∫ 1+εη
b u dz. The resulting expression is

ũ = ū− µ2

[(
(z̃ − 1)2

2
− h2

6
+
hb
2

(h− hb)
)
ūxx +

+

(
(z̃ − 1)−

(
h

2
− hb

))
(hbū)xx

]
+O(µ4) (1.9)

The expression for the asymptotic development of the vertical velocity can be
found as well as

w̃ = − ((z̃ − 1)ūx + (hbū)x) +O(µ2) (1.10)

The different Boussinesq-type («BT») models that have been developed are
based on the choice of a certain order of truncature for the asymptotic development
of the velocities.
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Chapter 1. Physical Models

1.2 Non-Linear Shallow Water equations

The simplest and most used model is based on the assumption that:

O(ε) ∼ 1 and O(µ2)� 1

Thus the velocity (1.9) reduces to

ũ = ū+O(µ2)

Substituting this relation in the first equation of (1.8), coupling it with the
continuity equation and coming back to physical variables allows us to finally
obtain the following system:

ηt + (hū)x = 0

ūt + ūūx + gηx = 0 (1.11)

In two-dimensions, system (1.11) reads:

ηt +∇ · (hū) = 0

ūt + (ū · ∇)ū + g∇η = 0 (1.12)

For numerical purposes, the most suitable form for this system is the conser-
vative one: introducing the new variable q̄ = hū of the volume flux, we finally
obtain

ht +∇ · q̄ = 0

q̄t +∇ ·
(

q̄⊗ q̄

h

)
+∇

(
gh2

2

)
+ gh∇hb = 0 (1.13)

We can see that the Non-Linear Shallow Water («NLSW») system is composed
of non-linear hyperbolic partial differential equations plus a source term (gh∇hb)
modelling the effects of the topography. Hyperbolicity implies that the solutions
may evolve discontinuities. Physically speaking, these discontinuities can be seen
as breaking waves.
It must be noticed too that there is no dispersion in the NLSW model: in fact
dispersion properties arise from the presence of third order derivatives, here absent
since they are of order O(µ2).

In general, a model can be characterized by the phase velocity. The expression
for cφ is obtained by doing a Fourier analysis of the linearized system, looking
for a solution in the form η(x, t) = η0 expνt−ikx and ū(x, t) = ū0 expνt−ikx, where
ν = ζ + iω, with ζ being the dissipation rate and ω the phase shift.

Solving the 1D linearized system with the expressions just mentioned, one
obtains

ζ = 0

ω2 = k2gh0
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Chapter 1. Physical Models

Using the definition cφ = ω/k, we can see that the phase velocity of the waves
is indipendent of the wavenumber: each wave will travel with the same speed
c2
φ = gh0. This is the main reason why the NLSW is valid for shallow water

problems, where the parameter µ is very small, but it is not suitable for regions in
which the dispersion is important, as in intermediate waters.

1.3 Dispersive Non-Linear BT equations

Improvements of the NSLW system can be done by considering higher orders in
the asymptotic development. In this way, dispersion is introduced in the equations
and allows to describe more general problems.

1.3.1 Weakly Dispersive Weakly Non-Linear BT Equations

Weakly dispersive and weakly non-linear BT models are obtained by adding to the
NLSW equations a perturbation computed under the hypothesis that

ε� 1, µ2 � 1 and ε = O(µ2) .

In this case, we obtain a first set of equations, starting from the Euler system,
in which all the O(ε) and O(µ2) terms are considered and the O(εµ2) and O(µ4)
are neglected. The resulting system is composed of an hyperbolic part, as for the
NLSW system, together with additional terms, accounting for the higher order
dispersive terms.

Many models obtained with the aforementioned hypothesis have been pro-
posed by, among others, [Peregrine, 1966], [Beji and Nadaoka, 1996], [Madsen and
Sørensen, 1992], [Nwogu, 1993].

The Peregrine model

Peregrine obtained his Boussinesq-type model neglecting the terms of order O(εµ2)
in the asymptotic development (1.9) and the system of equations reads as ([Pere-
grine, 1966])

ηt + (hū)x = 0

ūt + ūūx + gηx +
h2b
6 ūxxt −

hb
2 (hbū)xxt = 0

(1.14)

and in a conservative form:

ht + (hq̄)x = 0

q̄t +
(
q̄2

h

)
x

+ ghηx + hPt(ū) = 0
(1.15)

where we define the elliptic operator

P (·) =
h2
b

6
(·)xx −

hb
2

(hb(·))xx (1.16)

The two-dimensional form can be easily derived. The Fourier analysis gives, in
this case, a phase velocity depending on the wavenumber:

c2
φ =

gh0

1 + (kh0)2

3

(1.17)
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The Madsen-Sørensen model

Madsen and Sørensen improved the linear dispersion and the shoaling properties
of the Peregrine model obtaining a more complex structure as follows ([Madsen
and Sørensen, 1992]):

ht + (hq̄)x = 0

q̄t +
(
q̄2

h

)
x

+ ghηx − hP̃t(ū)− gβhP̂ (ηx) = 0
(1.18)

where

P̃ (·) =

(
1

3
+ β

)
h2
b(·)xx + (1 + 2β)hb(hb)x(·)x (1.19)

and

P̂ (·) = h2
b(·)xx + 2hb(hb)x(·)x (1.20)

The Peregrine system can be found when putting the tuning parameter β = 0.
The phase velocity is now

c2
φ = gh0

1 + β(kh0)2

1 +
(

1
3 + β

)
(kh0)2

(1.21)

If we compare the linear phase error (Figure 1.2) of the NLSW, the Peregrine
(here called «P-A», where A stands for Abbott, who slightly modified Peregrine’s
model while keeping all the linear properties of the original) and the Madsen-
Sørensen (here «MS») models, we can see that the latter, with β = 1/15, gives an
error less than 2% in almost all range of kh0 considered. The comparison is made
with respect to the phase velocity computed using the Airy wave theory, which is
derived from the linearisation of the Euler equations.

Figure 1.2 – Percentage error in the phase velocity description with respect to the
Airy wave theory for the weakly non-linear models. From [Filippini, 2016].
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The Korteweg - de Vries Equation

A simpler variant of these weakly non-linear dispersive models is the Korteweg
- de Vries equation. This model consists of a one-dimensional non-linear partial
differential equation of third order.
The starting point of the work done by Korteweg and de Vries is the same as
that of Boussinesq: the Rayleigh’s series expansion for the wave velocity†. In both
cases, they consider an incompressible, rotation-free, frictionless fluid.
The two theories for long waves in shallow water were formulated separately at
the end of the 19th century. Their result is quite similar, nevertheless they are
different. One of the differences concerns, for example, the frame of reference:
while Boussinesq used a fixed coordinate system, Korteweg and de Vries used
a coordinate system moving with the wave. We can thus define the following
variables:

η(x, t) = ζ(τ, x)Q(x) Q(x) =

[
h

h0

]− 1
4

τ = t−
∫

dx

c(x)
c(x) =

√
gh(x)

Furthermore, unlike Boussinesq, the KdV theory is centered on only one equa-
tion ([Grue et al., 2008]):

∂ζ

∂x
− 3ζQ(x)

2h(x)c(x)

∂ζ

∂τ
− h2(x)

6c3(x)

∂3ζ

∂τ3
= 0 (1.22)

We refer to [de Jager, 2006] and the references therein for an extensive review.
The KdV model has some interest because it accounts for non-linearity and

dispersion. Moreover, approximation wouldn’t be needed because the analitical
solution of the KdV equation would give a more precise idea of the flow dynamics.
However, [Grue et al., 2008] showed some non-negligible limits of the KdV model.

In the context of the Indian Ocean Tsunami, Grue compared this model to the
BT model by Peregrine: both models show the formation of short waves, but the
former exhibits some severe shortcomings with respect to the latter. Indeed, the
KdV model predicts unrealistically large wave peaks and a wider wave spectrum
than the Peregrine model. Therefore, even if the KdV model could give a more
accurate solution, it poorly resolves the short waves in the first place. Moreover,
it is well established for 1D problems, which are a too strong restriction. As an
example, the flow field studied here is fully bidimensional.

1.3.2 Weakly Dispersive Fully Non-Linear BT Equations

Broadly speaking, when approaching very shallow water, the domain goes well
outside the range of weakly non-linear models: the effects of the non-linearity
become too strong and we need a model which can handle them, along with the
dispersion. This is the reason why fully non-linear models are necessary.

In this case, the range of validity is enhanced to

†L. Rayleigh, On Waves, The London, Edinburgh, and Dublin Philosophical Magazine and
Journal of Science, 4:257-279, 1876.
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ε ∼ O(1) and µ2 � 1

where the former represents the non-linearity and the latter the weakly dispersive
character of the model.

[Green and Naghdi, 1976] derived a set of equations in which the velocity is
expressed as:

u(1 + εη) = ū− µ2

((
h2

3
− hhb

2

)
ūxx +

h

2
(hbū)xx

)
+O(µ4) (1.23)

and

w(1 + εη) = − ((h− hb)ūx + (hbū)x) +O(µ2) (1.24)

Substituting (1.23) and (1.24) in the first equation of system (1.8), we get an
expression for the momentum equation; this is then coupled with the continuity
equation to give, in dimensional form:

ηt + (hū)x = 0

(1 + T )(ūt + ūūx) + gηx +Q1(ū) = 0 (1.25)

with

T (·) = − 1

3h

(
h3(·)x

)
x
− h

2
(·)xbx +

1

2h

(
h2bx(·)

)
x

+ bx(·)bx (1.26)

Q1(·) = − 2

3h

(
h3 ((·)x)2

)
x

+ h ((·)x)2 bx +
1

2h

(
h2(·)2bxx

)
x

+ (·)2bxxbx (1.27)

In a two-dimensional, conservative form we have:

ht +∇ · (hū) = 0

(I + αT)

(
q̄t +∇ ·

(
q̄⊗ q̄

h

)
+ g

α− 1

α
h∇η

)
+
g

α
h∇η + hQ1(ū) = 0 (1.28)

with I as the unit matrix, and the two operators T and Q1 containing second and
third derivatives, respectively:

T(·) = − 1

3
∇
(
h3∇ ·

(
(·)
h

))
− h2

2

(
∇ ·
(

(·)
h

))
∇b +

+
1

2
∇
(
h2∇b ·

(
(·)
h

))
+ h

(
∇b ·

(
(·)
h

))
∇b

(1.29)

Q1(·) = − 2

3h
∇
(
h3
(
∇(·)1 · ∇⊥(·)2 + (∇ · (·))2

))
+

+ h2
(
∇(·)1 · ∇⊥(·)2 + (∇ · (·))2

)
∇b +

+
1

2h
∇
(
h2 ((·) · ((·) · ∇)∇b)

)
+

+ ((·) · ((·) · ∇)∇b)∇b

(1.30)
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It must be noticed the presence of a tuning parameter α in equation (1.28).
This form has been proposed by [Chazel et al., 2011]. According to Chazel, α
is used to enhance linear frequency dispersion and shoaling properties, giving the
so-called eGN (enhanced GN system). It is possible to recover the original Green-
Naghdi («GN») model simply putting α = 1.

The GN system contains third order derivatives of the type (·)xxt or (·)xxx,
which imply, in the Fourier analysis, a dependence of the group velocity with
respect to the wavenumber:

c2
φ = gh0

1 +
(
α−1

3

)
(kh0)2

1 + α
3 (kh0)2

(1.31)

Each wave thus travels at its own speed and this is the basic mechanism of
dispersion. The form of (1.31) has a structure similar to that of the MS model.
The value α = 1.159 is suggested in [Chazel et al., 2011] as an optimal choice. We
can see in Figure 1.3 that the error never exceeds 1% in absolute value, for the
entire range of kh0.

Figure 1.3 – Percentage error in the phase velocity description with respect to the
Airy wave theory for the fully non-linear model. From [Filippini, 2016].

The weak point of the GN model, as all BT models, is the inability to account
for wave breaking. All depth-averaged models are unable to simulate the break-
ing process and the consequent energy dissipation. It is thus necessary to add
a condition in the models such that, if satisfied, it triggers an energy dissipation
mechanism. The latter can, among other possibilities, be performed by the NLSW
model, for it reproduces correctly the breaking process. This aspect is discussed
in more details in section 2.

1.3.3 Qualitative Comparison of the Boussinesq-type Models

From an analytical point of view, it is now clear the difference between the NLSW
system (or Saint-Venant equations) and the dispersive equations; we want to show
this difference with a simple numerical example.
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Defining a bore as a translating hydraulic jump, we define a discontinuity at a
point x0 close to the entry of a one-dimensional channel and we leave it travel for
a certain length Lx.

Sufficiently far from the jump, assuming the overall conservation of mass and
momentum, we can write the jump conditions, better known as the Rankine-
Hugoniot equations, relating the flow conditions before and after the discontinuity.
It can be shown that we obtain the following relations ([Ali and Kalisch, 2010]):

u1 − cb =

(
gh2

2h1
(h1 + h2)

)1/2

(1.32)

u2 − cb =

(
gh1

2h2
(h1 + h2)

)1/2

(1.33)

The parameters imposed are the water velocity and the upstream depth, u1

and h1; the bore strength, via the Froude number, is also chosen. Then, from
the definition of the Froude number, the value of cb can be obtained. From equa-
tion (1.32), h2 is computed and finally equation (1.33) gives the value of u2. All
the variables are thus computed and the initial solution is completely defined as
an hyperbolic tangent, smoothly joining the two states:

h(x, t = 0) =
h2 − h1

2
tanh

(
x− x0

lt

)
+ h2

u(x, t = 0) =
u2 − u1

2
tanh

(
x− x0

lt

)
+ u2 (1.34)

v(x, t = 0) = 0

where lt is the curvature of the hyperbolic tangent. The initial solution is visualized
in Figure 1.4.

Figure 1.4 – Initial solution for the one-dimensional problem.
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As mentioned before, the variables at the origin of the channel are imposed, so

h(x = 0, t) = h1

u(x = 0, t) = u1 (1.35)

v(x = 0, t) = 0

while for the exit, at x = Lx, the boundary conditions are obtained using the
method of the characteristics: we want the perturbation to leave freely the domain.

So we put h1 = 1 m for simplicity and u1 = 0 m/s; Fr = 1.20 is chosen in such
a way as to be sure to see the undular motion developping. Here x0 = 0 and the
channel is extended 30 m on the left and 100 m on the right of the origin. The
spatial discretization is taken as ∆x = 0.02. Solutions are plotted every 5 seconds
for both NLSW and GN models, superposed (Figure 1.5).

Figure 1.5 – Propagation of a tidal bore computed with NLSW and GN models.

The difference in the results is striking: while secondary waves appear imme-
diately for the GN model, no sign of them is found for the NLSW model, which
keeps transporting the jump and gradually transforms it into a sharp discontinuity.
Furthermore, the amplitudes predicted by the two models disagree considerably:
the secondary waves amplitude becomes very important as they keep going and it
can eventually increase up to 1.5/2 times the constant amplitude of the jump.

1.4 Modelisation of Shoaling

When waves propagate into shallow water, the water depth gets smaller and smaller
and the wave height gets bigger: this is called the shoaling effect. Entering zones
of small depth induces the wavelength to reduce while frequency remains constant;
also both phase velocity and group velocity change.

Let’s take the energy balance: in absence of wave dissipation, the total trans-
port of wave energy in the longitudinal direction is not affected so that, for sta-
tionary conditions, we have ([Laing, 1998])
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d

dx
(cgE) = 0 (1.36)

where cgE is the energy flux per unit crest length; precisely, E = ρgh2/8. It is
evident that any decrease in cg must be accompanied by a corresponding increase
in wave height h in order to keep equation (1.36) true. This is the reason why
waves elevation increases near shore, in a dramatic way when talking about highly
energetic phenomena such as tsunamis.

In our case, we are keeping the bottom flat along x so we don’t expect shoal-
ing in that direction. Transversally, however, the presence of sloping banks will
introduce some shoaling effect.

1.5 Energy Law for an Undular Bore

The energy argument is not important only for the shoaling effect. It is also at the
origin of the generation of the secondary waves. We try to give a brief clarification
of the physics behind it.

It is common knowledge that a sharp transition in both flow depth and flow
velocity, which conserves both mass and momentum, necessitates a loss of energy
across the discontinuity: this is what shallow water equations predict, as seen in
Rayleigh†.
This loss of energy across the bore front can be explained by pointing to the
physical effects neglected by the shallow water theory, such as viscosity, frequency
dispersion and turbulent flow. Actually, in strong bores, turbulent dissipation
accounts for most of the energy dissipation, but in this work we are focusing
on smaller Froude numbers, where turbulence has not developed yet. Moreover,
bottom boundary layer and frictional effects are not considered in the bore model
because it is originated from the Euler equations and not from the Navier-Stokes
equations.
For weak bores, the inclusion of dispersive effects is indeed sufficient to explain the
energy loss predicted by the NLSW system: physically, this is expressed by the
creation of oscillations in the free surface behind the front.

We consider a control volume of unit width, bounded laterally by the sides of
the interval [x1, x2], where x1 is far to the left of the bore front and x2 is far to
the right, and vertically by the free surface η and the bottom b.
We can write the total mechanical energy inside the control volume as the sum of
the kinetic and the potential energy:

E =

∫ x2

x1

∫ η

b

{ρ
2

(u2 + v2) + ρgz
}
dz dx (1.37)

†L. Rayleigh, On the Theory of Long Waves and Bores, Proceedings of the Royal Society of
London A: Mathematical, Physical and Engineering Sciences, 90(619):324-328, 1914.
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The conservation of energy is thus:

d

dt

∫ x2

x1

∫ η

b

{ρ
2

(u2 + v2) + ρgz
}
dz dx =

=

[∫ η

b

{(ρ
2

(u2 + v2) + ρgz
)
u+ up

}
dz

]x1
x2

(1.38)

Some manipulations can be done to equation (1.38) in the same way as done in
sections 1.3.1 and 1.3.2. It can be shown that the non-dimensional energy balance
results in

∂Ẽ

∂t̃
+
∂q̃E
∂x̃

= O(εµ2) (1.39)

Thus there is no energy loss in a dispersive system; numerical simulations
confirm that the net energy flux agrees with the change in Ẽ to the machine
precision.

For an horizontal bed, we can express in dimensional form the energy density
as

E =
ρg

2
h2 +

ρ

2
hu2 +

ρ

6
h3h2

x (1.40)

and the energy flux, considering also the work rate due to pressure forces, as

qE = ρguh2 +
ρ

2
u3h− ρ

3
h3u

(
uxt + uuxx −

3

2
u2
x

)
(1.41)

There is no exact conservation law connected with E: E approximates the
energy of the full problem in the same way as the solution of a BT system approx-
imates the solutions of the full surface water-wave problem.

A simplification of equations (1.40) and (1.41) for µ2 → 0 can be done and the
corresponding expressions for shallow water are derived:

ESW =
ρg

2
h2 +

ρ

2
hu2 (1.42)

and

qSWE = ρguh2 +
ρ

2
u3h (1.43)

It is evident that ESW 6= E and qSWE 6= qE .

Since we have taken x1 and x2 sufficiently far from the bore front, shallow
water theory should be valid at those points. The usual formula for the energy
loss in SW theory is

d

dt
ESW + ∆qSWE = −Λ +O(µ2) (1.44)

with

Λ =
ρ

4
a3

0

√
1

2
g3

(
1

h0
+

1

h0 + a0

)
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where a0 is the bore amplitude and ∆qSWE = qSWE (x2, t) − qSWE (x1, t) represents
the net influx of energy into the control volume. Λ is the energy loss due to the
approximate nature of the governing Saint-Venant equations.
We can rewrite equation (1.39) in a way closer to equation (1.44): since εµ2 � 1,

d

dt
E + ∆qE ' 0 (1.45)

Adding and subtracting the NLSW terms to equation (1.45) gives:

d

dt
ESW +

d

dt
(E − ESW ) + ∆qSWE + ∆(qE − qSWE ) ' 0 (1.46)

We introduce the differences ENH = E − ESW and qNHE = qE − qSWE , repre-
senting the non-hydrostatic («NH») terms. Using equation (1.44), equation (1.46)
becomes:

d

dt
ENH + ∆qNHE ' Λ (1.47)

The energy which is lost in the discontinuity in the SW model is rather used
by the non-hydrostatic part of the GN model for the creation of an undular bore:
Λ gives an estimate of the amount of energy fed in the oscillatory motion of the
free surface.

It must be noticed that we have considered the simplified case of a flat, hori-
zontal bottom: bottom topography actually influences the distribution of energy
and equations are more complicated when considering bx 6= 0.

1.6 Physical Development of an Undular Bore

The creation of an undular bore is evident in nature and it has been justified
analitically from an energetic point of view. It is now interesting to investigate the
physical mechanism that triggers the undular motion behind the bore front.

We consider that an initially smooth positive wave steepens while travelling
and undulations slowly grow at the front head. The undulations are not described
by NLSW equations because the phenomenon is linked to non-hydrostatic pressure
distribution near the bore front.

Consider a long shallow-water wave like that in Figure 1.6(a): its motion can
be well described by Saint-Venant equations, as the change in water level is smooth
enough and the pressure is effectively hydrostatic.
However, the wave celerity depends on the water depth: thus, point A travels
faster than point E. While travelling, the wave therefore steepens until the water
surface curvature becomes sufficiently important to affect the pressure distribution
significantly. In this state, there is a downward pressure gradient beneath the sur-
face which is greater than hydrostatic between point E and point C. Likewise, the
downward pressure gradient between point A and point C is less than hydrostatic.
Since points B and D are the points of maximum water surface curvature, they
are also subject to the maximum change from hydrostatic pressure: the pressure
beneath point D is greater than hydrostatic and beneath point B is less.

Those alterations affect also the horizontal pressure gradient (Figure 1.6(b))
among the different points; this results in additional horizontal currents and ver-
tical displacements of the water surface. In particular, point B feels an extra
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elevation while point D faces a corresponding depression; points A and E undergo
the same phenomenon, but less intense, so that A is slightly lowered and E is
slightly raised (Figure 1.6(c)). The process continues, a sequence of waves forms
and grows in amplitude, until reaching an equilibrium or eventually breaking.

Figure 1.6 – The development of an undular bore. (a) The initial wave. (b) The
extra horizontal pressure gradient. (c) The resulting free-surface deformation.

Completely developed undular bores have been classified by Favre according
to their ratio of the change in the water level ∆η to the undisturbed water depth
([Favre, 1935]): undular bores are non-breaking when ∆η/h0 < 0.28, for 0.28 <
∆η/h0 < 0.75 at least one of the leading waves of the undular bore is breaking
and for greater differences there are no short waves, the bore is broken.
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Numerical Methods

Once the physical model has been chosen, it is necessary to solve it numerically.
The choice is now diverted on the most appropriate numerical method needed
to discretize the equations on a given mesh grid. The approach developed in the
CARDAMOM team is based on a hybrid strategy, allowing to deal separately with
the NLSW part and with the non-hydrostatic part.
We express here equations in one dimension for sake of simplicity, but the system
which is actually solved is 2D.

Space Discretization

To appropriately discretize the equations, some manipulations are required.
Starting from system (1.25), and using the conservative variables (h, q), we can

write the GN equations in this way:

ht + qx = 0

(I + αT )
[
qt +

(
q2

h

)
x

+ ghηx

]
− T (ghηx) + hQ1(u) = 0

(2.1)

so that the operator (I + αT ) is applied to the full shallow water momentum
residual.
A splitting of (2.1) is now possible:

(I + αT )φ =W −R (2.2)

ht + qx = 0

qt +
(
q2

h

)
x

+ ghηx = φ
(2.3)

where W = T (ghηx) and R = hQ1(u). We recognize an elliptic operator in (2.2),
to be solved for the non-hydrostatic term φ and where no time derivatives appear,
and an hyperbolic part for system (2.3), in which the flow variables actually evolve.
We notice that putting φ = 0 allows us to recover the NLSW system. It is evident
that this term models the effects of the non-hydrostatic pressure.

The decoupling of equation (1.25) into equations (2.2) and (2.3) is useful be-
cause it allows to apply, for each step, the most appropriate numerical method to
discretize the space derivatives.
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As a matter of fact, solving (2.2) using (hn,qn) implies the inversion of the
matrix discretizing (I+αT ) and it represents the most computationally demanding
process of the entire algorithm. For this elliptic step, a classical C0 Galerkin finite
element method is used.
To this purpose, we consider a tesselation of the spatial domain composed by a
set of non-overlapping elements. We denote by ∆x the reference mesh size. In
1D, ∆x can be defined as ∆x = xi+i − xi1. Defining Θ = (η,u) at a certain time,
this set of unknowns is interpolated in the nodes by means of the piecewise linear
continuous shape function ϕi(x) such as

Θ∆x(x, t) =
∑
i

ϕi(x) Θi(t) (2.4)

The function ϕ(x) is the well-known finite element basis function, which assumes
value 1 in the node i and is null everywhere else. We have plotted ϕ in two
dimensions in the left picture of Figure 2.1. In the right picture of Figure 2.1 we
show the resulting interpolation for η∆x. The same can be thought for all the
quantities involved in the system: h∆x, b∆x, u∆x, φ∆x, interpolated in the nodes
of the mesh.

Figure 2.1 – Finite element: P 1 basis function (left) and interpolation (right)

Passing through the variational form of (2.2) and defining Φ = [φ1(t), φ2(t), ....,
φN (t)]T and U = [u1(t),u2(t), ....,uN (t)]T in the N nodes of the mesh, the dis-
cretized system is

(MG + αT)Φ = W− R

W = Tδ (2.5)

R = Q[h,U]

where T is the matrix deduced from (2.2) and Q is a non-linear operator; δ is
an array containing nodal values of auxiliary variables introduced to handle the
third order derivatives. The mass matrix MG is symmetric, positive definite and
constant. The matrix (MG + αT) is invertible thanks to the coercitivity property
inherited from the continuous operators (I + αT) ([Filippini et al., 2016]).

1The mesh is chosen uniform here for simplicity. For non-uniform meshes, the ∆x is taken as
the maximum value ∆x = max(xi+i − xi) and the equations are slightly more complex.
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Concerning the hyperbolic step, a finite volume scheme is a very suitable choice.
The method currently implemented in the code at the CARDAMOM team is a
node-centered scheme for which one evolves the averaged value over the median
dual control cell Ci:

Θ̄i(t) =
1

∆x

∫
Ci

Θi(x, t) (2.6)

This allows to write equations (2.2) and (2.3) in a semi-discrete form as

∂

∂t
Θ̄i +

1

| Ci |

∫
∂Ω

(Fn̂x + Gn̂y) =
1

| Ci |

∫
Ω

(Sbi + Φ) (2.7)

with Ω the area of the cell Ci, ∂Ω its boundary and n̂ the unit normal to that
boundary (see Figure 2.2), along x and along y. F and G are the numerical fluxes
at each cell interface in the x and y direction respectively and Sbi is the topography
source term. The term Φ is the source stemming from the elliptic phase integrated
over Ci.

Figure 2.2 – Finite volume: median dual control cell definition for an internal node
i of the mesh (left) and basic notation for the ij interface (right)

Because the non-hydrostatic part is the most expensive to solve, discretising
the complete GN system requires a substantial amount of computational time.
Running the NLSW model demands up to five times less than the GN model.
Considering this great difference in computational cost, one can initially use the
NLSW model as a first approximation, in order to have a quick idea of the solution,
and then wait for the GN, more precise, solution.

Time Discretization

An explicit method is used in the time discretisation. The simpler is the explicit
Euler method: 

(I + αT )nφn =Wn −Rn
hn+1 = hn − qnx∆t

qn+1 = qn − (uq)nx∆t− (ghηx)n∆t+ φn∆t
(2.8)

where the superscript n indicates the variables at a certain time tn = n∆t, if the
time step chosen is ∆t. As shown in system (2.8), the solution at time tn+1 = (n+
1)∆t is computed thanks to the solution obtained at the previous time. However,
there are some higher-order methods that can give higher accuracy with respect
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to the explicit Euler scheme, as the Runge-Kutta («RK») methods. In particular,
the explicit Euler method is nothing but a RK1, i.e. a Runge-Kutta method of
order 1. We can increase the order and approximate the solution with a RK2:


(I + αT )nφn =Wn −Rn

hk = hn − qnx∆t
qk = qn − (uq)nx∆t− (ghηx)n∆t+ φn∆t

(2.9)
(I + αT )kφk =Wk −Rk
hn+1 = 1

2h
n + 1

2h
k − qkx∆t

2

qn+1 = qn+qk

2 − (uq)kx
∆t
2 − (ghηx)k∆t

2 + φk∆t
2

Higher orders can be derived similarly. The choice of the method is dictated
by a compromise between accuracy and cost of application.
For the spatial discretization, high orders are used to minimise the error. It can
be shown that the third order is necessary for the finite volumes in order to obtain
an overall dispersion close to that of a fully 4th order approximation ([Filippini,
2016]). Similarly, the time discretization must be of at least order 3; therefore, a
RK3 scheme is used here.

We point out that the time step is actually defined as ∆tn+1 = tn+1 − tn and
it changes at every step, computed by means of the CFL condition:

∆tn+1 = CFL
∆x

maxi(|uni |+
√
ghni )

(2.10)

Treatment of Wet/Dry Fronts

Water running-up the banks implies an issue for the numerical modelling: the
definition of the limit between wet and dry areas. Normally, in an open channel,
the center part is always submerged while on the banks there can be both wet and
dry areas, changing with the travelling wave.
Deciding when a cell in the mesh must be considered dry is not trivial. In this
case, we introduce two threshold parameters, εwdh and εwdu , acting indipendently
on the water depth and velocity respectively. Basically, when the water depth gets
values less than εwdh , the corresponding cell is considered dry.
The velocity wet/dry parameter is necessary to avoid division by zero when com-
puting u from q = hu. In particular, if in a node h ≤ εwdu , the velocity there is set
to zero.

For a matter of absolute mass conservation, the total mass in the nodes that
are considered dry is redistributed uniformly to the rest of the domain.

In our simulations, after some trials, it was found that the best choice for the
parameters, in order to have a neat wave signal, is εwdh ∼ 10−4 and εwdu ∼ 10−7.

Modelisation of Wave Breaking

We have seen in section 1.4 that shoaling implies an increase in the wave amplitude
when entering shallow water. In this situation, since the wave velocity depends on
the water height, the top of the wave may travel faster than the toe. In reality,
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the wave front steepens and steepens, becomes vertical and it is only a question
of time before the wave crest overturns. The wave is thus broken and it dissipates
energy in the turbulent flow originated.
The BT models provide a correct description of the waves up to the breaking point,
but from this point on, they are no more correct. Some additional mechanism is
therefore necessary. The NLSW equations, owing to their hyperbolic form, may
have solutions developping shock discontinuities very early in the propagation.
This feature can be however exploited to model breaking.

The algorithm implemented in the numerical model is delineated hereafter
([Kazolea et al., 2014]):

• Computation of wave breaking criteria for each computational cell.

A wave is considered breaking when the vertical velocity component at the
free surface exceeds a value proportional to the shallow water wave phase
velocity, i.e. when |∂tη| ≥ γ

√
gh, with the calibration constant γ ∈ [0.3, 0.65],

depending on the physical configuration. This surface variation criterion is
not sufficient because it can be ∂tη ≈ 0 for stationary hydraulic jumps. It is
thus combined with the local slope angle criterion: ‖∇η‖2 ≥ tan(φc), where
φc is the critical front face angle at the initiation of breaking and its values
are in the range φc ∈ [14°, 33°].
In our simulations, we chose γ = 0.6 and φc ≈ 30°, as done in [Kazolea et al.,
2014] too.

The first criterion is easily calculated during the running of the model, the
second acts complementary to the first one and corrects its limitation.

• Each mesh node is checked and if at least one of the criteria is satisfied, the
relative node is flagged as breaking.

• Different breaking waves are distinguished by creating a dynamical list that
contains the breaking nodes of each wave.

• Each breaking wave is treated individually.

Here we switch from GN equations to NLSW, locally in time and space, by
setting φ = 0 in equations (2.2) and (2.3). Only the hyperbolic part is solved
for the wave fronts and the breaking wave dissipation is represented by shock
energy dissipation. This strategy is kept until bores stop breaking, i.e. when
their Froude number drops below the critical value Frc ≈ 1.3 (see below).

• If Fr < Frc, a switch is done back to BT model for non-breaking undular
bores.

This criterion is based on the computation of the local Froude number whose
definition

Fr =

√
(2H2/H1 + 1)2 − 1

8
(2.11)

is derived from the analogy between a broken wave and a bore in the sense of
a simple transition between two uniform levels. Since every wave is treated
individually, H1 and H2, defined as in Figure 2.3, can be easily found by
computing the minimum and the maximum water depth respectively among
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all the breaking nodes corresponding to a certain wave.
If the condition Fr < Frc is satisfied, all the breaking points of the wave are
unflagged and the wave is considered non-breaking.

Figure 2.3 – Sketch of a roller wave and definition of the breaking zone

• For each breaking wave, extension of the computational region governed by
the NLSW equations.

Along the wave direction there is a region, roughly centered around the wave
front, where the NLSW equations are applied; it is limited by the quantity
lNLSW = [xmin, xmax]× [ymin, ymax] (Figure 2.3), using the breaking node’s
minimum and maximum x-coordinate and y-coordinate.

Outside this zone, the BT equations are applied. At the interface, some non-
physical effects may appear due to the relatively strong variations that may
exist in the solution, which affect the estimation of the dispersive terms.
In order to obtain a smoother link between the two different models, the
NLSW region is enlarged: lNLSW = [xmin−δx, xmax+δx]× [ymin−δy, ymax+
δy], where δx = max(2.5 lr − (xmax−xmin, 0) and δy = max(2.5 lr − (ymax−
ymin, 0), being lr ≈ 2.9(h2 − h1) the physical length of the wave roller2.

2The surface roller is an aerated white water region which rides the underlying breaking wave,
is stationary relatively to the wave crest and therefore moves with the wave speed.
From Svendsen, I.A., Wave heights and set-up in a surf zone, Coastal Engineering, 8(4):303-329,
1984.

Beatrice Battisti 31



Chapter 3

Test Cases

Open channels can have various bed shapes but looking at what nature and men do,
two main geometrical approximations can be done: a rectangular and a trapezoidal
configuration. Previous works on bore propagation in this type of channels provide
experimental and numerical data that are used in this work to validate the latest
version of the code.

3.1 Undular Bore in a Rectangular Channel

The most simple bed shape is certainly the rectangular one, with flat bottom; it
is also the first configuration to be studied in the past.

3.1.1 Experimental Data and Theoretical Models

Indeed, the first experiments on rectangular channels are performed by [Favre,
1935]: being the first one to observe the undular motion creating at the bore
front, these secondary waves are named after him. [Treske, 1994] carried out
some experiments on a rectangular channel too, together with measurements in a
trapezoidal channel. These two experimental campaigns give us the references for
the validation of the numerical methods presented here.

To complement field measurements in the validation, we also consider the the-
ory by Lemoine for secondary waves ([Lemoine, 1948]). We will outline the basic
ideas hereafter.
First of all, Lemoine assumed that the Rankine-Hugoniot relations, true for a
breaking bore, are valid for an undular bore as well. He considered that the sec-
ondary waves propagate at the same speed than the bore: the undulations are
therefore stationary in the referential of the bore and only one wavelength verifies
the equality cφ + u2 = cb, so dispersion is not taken into account. Concerning
the energy, his assumptions are in accordance with what explained in section 1.5:
for high Froude numbers, energy is dissipated by turbulence, but for low Froude
numbers the same energy is distributed among the secondary waves.
This theory derives from a sinusoidal model for waves of small amplitude and it
gives the variation of the wavelength and the wave amplitude with the Froude
number. This is obtained by using the dependence of cφ on the wave number, and
inverting the dispersion relation. Briefly speaking, it can be summarised as:
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{
cb − u2 = f(Fr)

cφ = ω(k)
k

→ λ
ω(2π/λ)

2π
= f(Fr) (3.1)

from which the expression of λ = f(Fr) can be derived. From the wave steepness
relationship ([Bonneton et al., 2015])

A

λ
=

4

3
√

2π
(Fr − 1)3/2 (3.2)

the expression of A = f(Fr) is obtained.
Despite all the hypothesis, Lemoine’s theory represents well the reality. There-

fore, having in mind all the restrictions of the case, we can use it as a guide for
the validation of the numerical methods.

In particular, what we are interested in is, as Lemoine, the evolution of two
main parameters of the wave: the wavelength and the amplitude. In Figure 3.1
we have sketched the values experimentally measured: the characteristics of the
first waves of the undular train. The choice is probably due to the fact that these
parameters change along the wave train, as pointed out by [Lemoine, 1948].

Figure 3.1 – Measurement of wavelength and amplitudes of the undular bore

3.1.2 Numerical Simulations

We start by reproducing the experiments led by Treske. We consider an open
rectangular channel of width w = 1,24 m, with initial upstream conditions h1 =
0,16 m and u1 = 0 m/s. The actual computational domain is half the channel (i.e.
of width w/2), but the complete solution can be found exploiting the symmetric
condition with respect to the longitudinal direction. Simulations are carried out
for both NLSW and GN models for a range of Froude numbers of Fr = [1.05, 1.30].
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The channel is 40 m1 long and the free surface signals are taken at time t = 23 s,
close to the final time. The spatial resolution is chosen as ∆x = 0,02 m and
∆y = 0,05 m. This choice is derived by the need to have enough nodes along a
single wave in order to model it properly. Bigger space intervals would lead to an
unacceptable approximation for the shortest waves and, as it is easily seen, the
requirement is stricter in the propagation direction.
The NLSW model, because of its lack of dispersive terms, does not predict the
undular motion (as already seen in section 1.3.3, for the one-dimensional case)
and it transforms the initial change in water depth into an abrupt discontinuity,
as shown in Figure 3.2. For all Froude numbers, the wave steepens when travelling
into the channel and it eventually breaks. The ability of the NLSW model in
creating a breaking bore is confirmed both for high Froude numbers, which is
consistent with field observations, and for low Froude numbers, for which no wave
breaking is observed in reality.

Figure 3.2 – Time evolution of the free water surface in a rectangular channel

The GN model, instead, develops the secondary waves during the propagation
of the bore; this train has a distinctive shape (Figure 3.3): from a maximum
amplitude at the front of the bore, the oscillations exponentially decrease and
dissolve around the new water depth h2.

1The channel must be taken long enough to allow the undular motion to stabilize and develop
at least 2 or 3 crests. The variation of λ with the channel length has been analysed, for L =
25 m, L = 50 m and L = 100 m, giving some - negligible - percentage of discrepancy among the
results. Taking into account the stationarity of the solution and the computational costs, a good
compromise has been chosen and thus L = 40 m.
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(a) Fr=1.05 (b) Fr=1.10

(c) Fr=1.17 (d) Fr=1.23

Figure 3.3 – Solution at t = 23 s of the undular bore in a rectangular channel, for
different Froude numbers

To have an idea on how the bore is travelling in reality, we refer to Figure 3.4
for a 3D representation of the solution.

For high Froude numbers, thanks to the breaking model discussed in chapter 2,
the bore breaks and almost no wave train is generated behind it. The amplitudes
of the secondary waves are modest and the shape of an hydraulic jump can be
distinguished.
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(a) Fr=1.05 (b) Fr=1.10

(c) Fr=1.17 (d) Fr=1.23

Figure 3.4 – 3D visualisation of the solution at t = 23 s of the undular bore in a
rectangular channel, for different Froude numbers
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From a more quantitive point of view, the wavelength shows an evolution with
the Froude number (Figure 3.5): for low Froude numbers, λ is quite big and it re-
duces with the increasing strength of the bore until breaking, where no wavelength
can be detected.

Figure 3.5 – Evolution of the bore wavelength with the Froude number in a rect-
angular channel

Figure 3.5 shows also the Lemoine’s theory curve: although the wavelength re-
sulting from the simulations is slightly higher, it represents well the evolution with
the Froude number. In particular, Lemoine’s theory is appropriate for Treske’s
data and our results find a closer correspondence with Favre’s data. For very low
Froude numbers, Lemoine’s theory predicts very long waves, which are rarely seen
in Treske’s experiments and in our simulations.

Concerning the amplitudes (Figure 3.6), we can see that the gap between Amax
and Amin first increases as the Froude number increases and then reduces when
reaching breaking, in accordance with the visual interpretation (Figure 3.3).

Figure 3.6 – Evolution of the bore amplitudes with the Froude number in a rect-
angular channel
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Lemoine’s theory shows a good prediction for A; it is however erroneus for
the amplitude at high Froude numbers: it can’t predict breaking so it gives a
continuous, unreal growth.
Our numerical results are in good accordance with the ones from [Chassagne, 2017]
too, sometimes even closer to Lemoine’s theory and experimental data.
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3.2 Undular Bore in a Trapezoidal Channel

Admitting only rectangular shapes for natural and artificial channels is too restric-
tive: it’s hard to find channels of perfect shape and normally banks are sloped.
Trapezoidal sections are a good compromise between reality and simplicity of mod-
elling.

3.2.1 Experimental Data and Theoretical Models

In this spirit, [Treske, 1994] carried out experiments on trapezoidal channels, re-
porting a transition in the flow behaviour for relatively low Froude numbers. More
recent field measurements by [Bonneton et al., 2015] in real estuaries are in good
agreements with Treske.

If we recall the flow in the rectangular channel, we can consider the flow field
one-dimensional and identify a transition from an undular bore to a turbulent
bore, approximatively around Fr = 1.30; for the trapezoidal case, Treske noticed
two transitions: the one already mentioned and a new one, for Fr ∼ 1.15. For
the latter transition, we define the transition Froude as Frt1 . We use Frt2 for the
transition to turbulent flow.

Qualitatively, around Frt1 , the bore front is not uniform any more (Figure 3.7),
there is probably some interactions of the waves with the sloping banks; from the
top view, it looks like a cross is forming on the waves crests. For high Froude
numbers, the dynamics is even more evident (Figure 3.8). The flow at the banks
is therefore quite different from the flow in the center of the channel: this diversi-
fication oblige us to consider the flow field bi-dimensional.

Figure 3.7 – Undular bore at Fr = 1.12 in a trapezoidal channel - Experimental
results by [Treske, 1994]

Figure 3.8 – Undular bore at Fr = 1.24 in a trapezoidal channel - Experimental
results by [Treske, 1994]

Lemoine’s theory cannot be used to model the waves appearing before Frt1 .
A ad hoc linearized theory can however be written for the trapezoidal channel
([Chassagne, 2017]).
The theory is based on the linearized Saint-Venant equations for the unknowns
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η, u, v, where the free surface function is represented as the mean value in the
transversal direction, y. We define the parameter ϑ = Ly/Lx, where Ly is the
transversal channel length and Lx is the longitudinal length in the direction of the
wave propagation. Assuming ϑ to be small, we can express the three unknowns as
an asymptotic development of ϑ. The smallness hypothesis for ϑ corresponds to
the assumption that the propagation of perturbations in the flow direction takes
place on a larger scale than that of the transversal variation of the bathymetry.
Another adimensional parameter is introduced, ε, as the ratio of the amplitude
of the perturbation to the water depth at rest; ε represents the degree of non-
linearity and it is assumed to be ε � 1, ε � ϑ. In this case, all the non-linear
terms in the equations can be neglected: we obtain a linearized theory, from which
a dispersion relation can be deduced. It results that the phase velocity is not
constant with the wavenumber and thus dispersion is present. Following the same
approach than Lemoine, the evolution of the wavelength and the amplitude can be
found as functions of the Froude number. For more details, the reader can refer
to [Chassagne, 2017].

In this case too, the theory needs some hypothesis, sometimes some strong ones.
Keeping that in mind, it is still very useful as a first prediction of the numerical
results.

3.2.2 Numerical Simulations

Figure 3.9 – Sketch of the geometry of a trapezoidal channel. The banks slope is
fixed at β = 1/3.

Figure 3.9 represents the setting of the problem: the geometrical parameter are
the same as for the rectangular channel, except for the introducion of a new one:
β, the inclination of the banks with respect to the horizontal. A remark must be
done on this variable: it is not an angle but a non-dimensional parameter standing
for the tangent of the banks inclination angle. Thus when we speak of β = 1/3,
we mean an angle of the banks of about 18°.

The initial solution is still computed from the Rankine-Hugoniot relations but,
since the geometry is slightly more complex, the equations are also more compli-
cated. Moreover, the initial solution is the same as (1.34), with the hyperbolic
tangent function, but now for h we have to take into account the bathymetry too,
which is a function of y.
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Therefore, we have

h(x, t = 0) =
h2 − h1

2
tanh

(
x− x0

lt

)
+ h2 − b(y)

u(x, t = 0) =
u2 − u1

2
tanh

(
x− x0

lt

)
+ u2 (3.3)

v(x, t = 0) = 0

The initial velocity expression doesn’t change and it is assumed to be the same
both in the axis and at the banks.

As done before, we impose some geometrical and flow parameters, inspired
by Treske’s experiments: w = 1,24 m, β = 1/3, h1 = 0,16 m, u1 = 0 m/s and
Fr = [1.05, 1.30]. Once again the computational domain is reduced to half channel,
as shown in Figure 3.9 and the entire solution is recovered by symmetry.

We could expect the NLSW model to give, as for the rectangular channel, the
propagation of a breaking bore at all Froude number. However, we can see in
Figure 3.10(a) the presence of secondary waves.

(a)

(b)

Figure 3.10 – Free surface elevation along the axis and along the banks of a trape-
zoidal channel (β = 1/3) at Fr = 1.20 for (a) SW model and (b) GN model

The NLSW equations don’t contain dispersive terms, but the transverse vari-
ation of the bathymery induces diffraction and refraction of the waves such that
we get some dispersive-like effects. The physics predicted by the NLSW model is
still different from reality: as a matter of fact, we can’t see the change of dynamics
between axis and banks that appears in real life and when using the GN model
(Figure 3.10(b)). The latter, containing the NLSW one, is able to combine refrac-
tion with dispersion and the result is in good accordance with Treske’s results.
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In Figure 3.11 we can see a 3D representation of the GN solution before and after
transition: the two regimes are comparable to Treske’s data (Figures 3.7 and 3.8).

(a) Fr=1.10 (b) Fr=1.24

Figure 3.11 – 3D visualisation of the solution of the undular bore in a trapezoidal
channel (β = 1/3), for (a) Fr = 1.10 and (b) Fr = 1.24, i.e. before and after
transition.

The comparison is possible also quantitatively, as seen in Figure 3.12.

Figure 3.12 – Evolution of the bore wavelength with the Froude number along the
axis and the banks of a trapezoidal channel with β = 1/3

Along the banks, we have an evolution of the wavelength similar to the one in
the rectangular case, but shifted to lower frequencies.
Along the axis, we can see the transition, here for Frt1 = 1.16, from the trape-
zoidal banks condition back to the rectangular wavelengths: higher frequencies
have appeared and they are kept until high Froude numbers. At Fr = Frt2 we
have the second transition, common to all channel shapes, due to wave breaking.

We may say that the NLSW model, the linearized theory - which is derived from
NLSW equations - and the GN model are in good accordance until the transition
at Frt1 . The GN model bifurcates at this point and the wavelengths along the
axis fall on the Lemoine’s theory line.
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Figures 3.13 and 3.14 show that the amplitude evolution is the same for axis
and banks and for the rectangular channel, but here the values are different with
respect to which part of the channel section is chosen: amplitudes along the banks
are wider than along the axis, as explained in section 1.4. Moreover, there is a
jump in the amplitudes along the axis (Figure 3.14) after the transition because
of the post-processing strategy.

Figure 3.13 – Evolution of the bore amplitudes with the Froude number along the
banks of a trapezoidal channel with β = 1/3

Figure 3.14 – Evolution of the bore amplitudes with the Froude number along the
axis of a trapezoidal channel with β = 1/3
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Applications

The work of [Chassagne, 2017] discussed in the previous chapter is part of the
various numerical analysis on the dynamics in open channels carried out hitherto.
It shows the capabilities of the GN models to reproduce these dynamics, and pro-
poses a linear theory for the hydrostatic low Froude number dispersive-like mode.
These results encourage to push the study further.
From the simple rectangular and trapezoidal channel shapes, one can think of en-
larging the range of possibilities to irregular, non-symmetric, bed-changing chan-
nels or taking into account sediment transportation, viscosity, natural and articial
obstacles and many other inputs that would give a description of the problem
closer to reality.

In this work we investigate the dependence of the transition Froude number
Frt1 on the slope of the banks.

4.1 Undular Bore in a Channel with Sloping Banks

The geometry of the channel is characterised by the width w, and by the banks
inclination β. The flow regime is determined by the Froude number. Just as done
in the aeronautical field for airfoils, we want to keep the study general and suitable
for any scale: to do so, we must consider non-dimensional parameters. Fr and β
don’t have any dimension by definition, but the width is thus redefined as w/h1.

In order to analyse one effect at the time, we decide to keep w/h1 constant and
we study the dynamics when the other two parameters vary.
So if we suppose a symmetric bed and β 6= {0,∞}, the starting point is still a
trapezoidal channel, but unlike the one of section 3.2, now the banks can vary
their inclination (Figure 4.1).

The assumption of symmetry allows once again to limit the computational
domain to half the channel, in the longitudinal sense, and the solution is then
mirrored for visual analysis.

4.1.1 Setting of the Problem

As displayed in Figure 4.1, we analyse banks with β in the range [1/6, 4]. In gen-
eral, tidal bores occur in fluvial estuaries, for which the banks slope is in the range
0.1-0.3 ([Bonneton et al., 2015]). Thus β = 1/6, or either about 10° of inclina-
tion, is an appropriate choice of minimum slope. The choice of this minimum β is
corroborated by the fact that for smaller slopes, the water distributes more along
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Figure 4.1 – Half trapezoidal channel with variable banks inclination

the banks, thus moving the wet/dry line further and forcing to widen the compu-
tational domain. This phenomenon is not easy to predict and the computational
cost would be increased. The upper boundary β = 4, or an angle of about 76°, is
a dozen degrees from the limit case of vertical banks. Such an important banks
inclination is considered in order to study the wave dynamics in manmade rivers.

The Froude number is still in the range [1.05, 1.30] and the initial solution is
the same as for the previous simulations: h1 = 0,16 m, u1 = 0 m/s; w = 1,24 m just
as in Treske’s experience. Treske didn’t explore the case with sloping banks and
we don’t have any data about it from anyone else, neither empirical nor numerical.
Therefore, we compare our results with Lemoine’s theory and the linearized theory
by [Chassagne, 2017].

More than a dozen different inclinations of the banks are analysed in the range
decided for β using the same basic structured grid (Figure 4.2), the same one used
in sections 3.1 and 3.2. We recall that ∆x = 0.02 and ∆y = 0.05.

Figure 4.2 – Zoom of the mesh grid

Actually, since β changes, the extension of the mesh changes as well, as dis-
played in Figure 4.3.
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Figure 4.3 – Variation of the geometry with β < 1/3

Instead of changing the mesh for every angle to keep ∆y constant, we stretch
and contract the basic grid thanks to a scaling factor based on LS , the horizontal
projection of the new bank, being L0 the projection of the basic bank, i.e. for
β = 1/3. In this way, ∆y changes with every different mesh but not excessively, so
this variation can be accepted. Some tests were conducted in order to verify the
assumption.

Post-processing

One of the major difficulties is to post-process the numerical solutions. To get the
wavelengths and the amplitudes, one must recognize the transition; sections of the
2D time dependent data have been extracted to this end. The phenomenon of the
transition is not abrupt and, in some cases, requires a non trivial choice for Frt1 .
We can see the evolution for β = 1/6 with the Froude number in Figure 4.4. A first
issue is discriminating real crests and signal noise (see for example Figure 4.4(b),(i)
- the banks line). Then an uncertainties arise when discerning the creation of high
frequencies over the basic signal (especially Figure 4.4(d),(e),(f), for the axis). For
this second issue, some ”objective” methods have been considered in a first time,
such as using wavelets on the space signal in order to detect the creation of the
high frequencies, but as results weren’t conclusive, we have discarded this solution.
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(a) Fr=1.05 (b) Fr=1.10

(c) Fr=1.13 (d) Fr=1.15

(e) Fr=1.18 (f) Fr=1.21

(g) Fr=1.23 (h) Fr=1.25

(i) Fr=1.30

Figure 4.4 – Evolution of the space signal with the Froude number, for β = 1/6
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Concerning the difficulty in discerning the wavelength, an analysis on the ex-
perimental and numerical methods used for the computation of λ was carried out
in a first time. In particular Treske, during his experiments ([Treske, 1994]), mea-
sured the water level curvature by mean of three gauges installed across the main
cross-section of the channel. The information recorded by the gauges was thus a
signal in time from which he could get the wave period T . The wavelength was
then obtained with the relation λ = cbT , using the propagation speed calculated
with the jump conditions. In our case, we can put some fictional gauges and repli-
cate the same procedure as Treske; however, we can also obtain the signal in space
at a particular time and directly determine the wavelength. This is what is done
in [Chassagne, 2017] too, in which the wavelength is computed as the distance
between two wave peaks.
The main feature of both methods is the quality of the signal: in the rectangu-
lar channel, the undular wave is neat and the peaks are easily detectable. When
passing to the trapezoidal channel, the signal is slightly noisier but one can still
distinguish the wave crests.

For many values of β, the flow interacts in different ways with the banks and it
produces a more complex dynamics (Figure 4.4(b)). For this reason, we introduced
a different method for the computation of the wavelength, as shown in Figure 4.5.
The definition of λ doesn’t change but instead of being computed between two
peaks, is it computed between two mean values of points taken at the same height.

Figure 4.5 – Post-processing strategy to individuate the wavelength

This solution creates a new issue: the homogenisation of the results. Indeed,
the peaks are normally not simmetric but slightly leaning forward or backward
and this shape is not considered if the values are taken quite distant from the
peak (as in Figure 4.5). The analysis of the wavelength is thus affected. However,
estimating the error committed using this technique is not straightforward. If
we compare the wavelengths using this mean-value techinque with the peak-value
technique, we obtain a relative difference that can go from some percentage to
almost 20%. A trend with Fr or with β is not discernible. Since the peak-value
method is proved to be too tricky, especially close to the transition, we decided to
compute the wavelength as in Figure 4.5, keeping in mind the drawbacks of this
technique.
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In addition, the flow signal, such as those represented in Figure 4.4, depends
on where it is taken along the channel. If locating the axis is pretty easy, deciding
where to take the signal on the banks is not trivial at all. Some discrepancies in
our results could be caused by this choice, especially in the amplitudes. However,
we are more interested in the evolution of the wavelength, which is not relevantly
affected by the position along the banks. In any case, for consistency, we take the
signal every time at the same place. This position is chosen taking into account
that the wet/dry front varies not only with time but also with the various β.

The post-processing remains thus strictly linked to personal discretion; how-
ever, if it is carried out in the same way all the study long, conclusions don’t lose
their validity.

4.1.2 Results

For the different banks inclinations, the trend of the wavelength doesn’t change:
while the banks see a light reduction of λ with Fr, the axis witnesses an abrupt
change of values in correspondance of a certain Froude number. We can see the
results for the well-known case β = 1/3 in Figure 4.6.

Figure 4.6 – Evolution of the bore amplitudes with the Froude number of a trape-
zoidal channel with β = 1/3
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If we move to lower values of β, as β = 1/6 (Figure 4.7) and β = 1/4 (Fig-
ure 4.8), we first notice that the dynamics is the same but the Frt1 is different
than that of the case β = 1/3.

(a) Fr=1.13 (b) Fr=1.25

Figure 4.7 – 3D visualisation of the solution of the undular bore in the trapezoidal
channel with β = 1/6 before and after transition.

(a) Fr=1.12 (b) Fr=1.21

Figure 4.8 – 3D visualisation of the solution of the undular bore in the trapezoidal
channel with β = 1/4 before and after transition.

Beatrice Battisti 50



Chapter 4. Applications

In particular, transition takes place later for lower β (Figures 4.9 and 4.10).
Moreover, the jump in the values is higher because waves before the transition are
longer.

Figure 4.9 – Evolution of the wavelength with Fr for a trapezoidal channel with
β = 1/6

Figure 4.10 – Evolution of the wavelength with Fr for a trapezoidal channel with
β = 1/4
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For β > 1/3, a similar but opposite trend is obtained, with lower values for λ
and with a lower Frt1 . Figures 4.11 and 4.12 show the results for the case β = 1/2.

(a) Fr=1.10 (b) Fr=1.20

Figure 4.11 – 3D visualisation of the solution of the undular bore in the trapezoidal
channel with β = 1/2 before and after transition.

Figure 4.12 – Evolution of the wavelength with Fr for a trapezoidal channel with
β = 1/2
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There is a progressive translation to small λ when the banks are less and less
sloping, i.e. when the trapezoidal channel gets closer to the rectangular one. We
can see, for example, the case β = 2/3 (Figures 4.13 and 4.14), for which the
results are lower than those shown before.

(a) Fr=1.07 (b) Fr=1.15

Figure 4.13 – 3D visualisation of the solution of the undular bore in the trapezoidal
channel with β = 2/3 before and after transition.

Figure 4.14 – Evolution of the wavelength with Fr for a trapezoidal channel with
β = 2/3
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For angles of about 40° and more, no transition can be detected and the be-
haviour is similar to the rectangular channel, except for the values of the wave-
lengths. Surely we can see from Figure 4.15 that the evolution is quite continuous
and there isn’t a Frt1 . The results follow the Lemoine’s theory evolution but
the values are slightly higher. For higher β, results would eventually fall on the
theoretical line and the channel would be considered rectangular.

Figure 4.15 – Evolution of the wavelenth with Fr for a trapezoidal channel with
β = 4

Similar trends are exhibited by the other β analysed but the results shown here
are limited to few significant cases.
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The dynamics observed can be summarised as in Figures 4.16, 4.18 and 4.19.
In Figure 4.16 the red solid line defines the evolution of Frt1 with β, while the
blue dashed lines enclose the transition region: being the transition gradual, we
can perceive the change a little before and a little after. This lines derive from
a least squares method for the Froude numbers corresponding to the transition
(Frt1), the beginning and the end of the transitional region, for each analysed β.
For Froude numbers below the transition area, we obtain the wave shapes observed
by Treske ([Treske, 1994]) and the field is considered one-dimensional. For Froude
numbers above the transition the typical X-shape appears, changing the wave field
to two-dimensional.

Figure 4.16 – Transition region evolving with β

We plot the relative error in the discrimination of the transition with respect
to Frt1 in percentage (Figure 4.17): the maximum error doesn’t exceed 6% and it
is experienced for low β. The general trend is a decrease in the transition region
width and thus a more evident determination of the transition with increasing β,
exception made for β = 2/3, the limit case where we still perceive a transition.
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Figure 4.17 – Relative error for the individuation of the transition. The line
smoothly interpolates the error of the simulation results.

From a different point of view, in Figure 4.18 we can see that the wavelength
on the axis right before transition (red dotted line) becomes smaller as β increases
whereas the wavelength on the banks (blue dashed line) keeps values in a small
range, which is the same of the rectangular channel.

Figure 4.18 – Wavelength at transition on the axis and on the banks
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Finally, combining the data of Figures 4.16 and 4.18 we can plot a ”transition
front”1 linking all the points which have reached transition, before the jump in λ
(Figure 4.19). This jump in the values of λ is shown with respect to the rectangular
case.

Figure 4.19 – The transition front

The results obtained with the numerical simulations can be compared with
the evolution of the wavelength predicted by the linearized theory developed in
[Chassagne, 2017]. In Figure 4.20, we observe that for β = 1/6 the linearized
theory can well describe the wavelength evolution, unless for the values along the
axis after the transition, which follow the Lemoine’s theory until breaking. Some
problems arise for low Froude number too, where we don’t observe the expected
increase in the wavelength.

1Here too, as for Figures 4.16 and 4.18, the lines are obtained through an approximation using
a least squares method with the single cases analysed.
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Figure 4.20 – Comparison of the simulation results with the linearized theory for
a trapezoidal channel with β = 1/6

For β = 1/4 (Figure 4.21) the theory is still in good accordance with the
numerical results, even though we notice a small deviation for intermediate Froude
numbers.

Figure 4.21 – Comparison of the simulation results with the linearized theory for
a trapezoidal channel with β = 1/4

We have already seen in section 3.2 the comparison for β = 1/3 (Figure 3.12):
the deviation is more important than for smaller β but still acceptable, since the
numerical results fall among the experimental data. For higher β, on the other
hand, the linearized theory seems to fail. There could be a non-linear mechanism
caused by the refraction on the banks, which is always present but not evident for
small β; when the β increases, the non-linearity becomes quite important and the
deviation from the linear behaviour is non-negligible.
Indeed, this theory is linear with respect to both the flow and the geometrical
variations. Thus it is appropriate for small values of β. However when the banks
inclination is around 30° or higher, β can’t be considered small any more and the
theory is no longer valid.

These results are interesting because they point out some weaknesses of the
linearized theory as it has been formulated hitherto. The numerical simulations
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suggest a way to extend the linear theory to a more complete law, which takes into
account also some non-linearities concerning both the flow and the geometry.

Concerning the amplitudes, we can’t compare our results with theoretical or
experimental data. We can only say that the transition is quite visible with the
post-processing strategy used, because the high frequency amplitudes are smaller
with respect to the primary waves. Changing β of course affects the evolution
of the amplitudes: for small β, the secondary waves along the axis are small too
because the refraction is weak; they get higher with a decreasing banks inclination.
On the banks, however, the difference in the amplitudes with β is less pronounced
but, in general, if the banks are very sloping, the shoaling effect is stronger and
the waves are higher.
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Ocean waves travelling into shallow water may develop into an undular bore. This
dynamics is observed for rare events such as tsunamis as well as during more
recurrent tidal bores or dam breaks.

Experimental measurements in estuaries and open channels ([Bonneton et al.,
2015]) show a relationship between the wavelength of the undulating waves and
the bore strength, represented by the Froude number. In general, the waves tend
to become shorter when Fr increases. Furthermore, in the range Fr ∈ [1.10 1.20],
a sudden transition takes place: along the axis of the channel, the wavelength is
attested to abruptly decrease, creating thus a superposition of shorter waves on the
initial undular bore. This phenomenon is caused by different types of dispersive
effects across the channel section. Indeed, the dynamics along the axis is governed
by an intrinsic dispersion property of the flow while close to the banks the refraction
of the surface waves causes a dispersive-like effect. Natural river and estuaries have
such a trapezoidal-shaped bed, but manmade channels can have rectangular beds.
In this case, the wavelength decreases very gently with Fr, following the theory
proposed by [Lemoine, 1948]; compared to the trapezoidal case the waves are quite
short, and the transition is absent.

Many depth-averaged models have been proposed to well describe the dynamics
of surface waves in shallow water. The Green-Naghdi model is proven to be the
most appropriate as it accounts for the non-linearity and the dispersive effects.
The numerical method in the code developed in the CARDAMOM team at Inria
is a hybrid model combining the GN and the NLSW models. This choice allows
to take care of some lacks in the GN model, such as the simulation of the wave
breaking.
The code is used in a first time to simulate the bore propagation in a rectangular
and a trapezoidal channel: the results are in agreement with the experimental data
([Favre, 1935], [Treske, 1994]).

The trapezoidal channel in then analysed further, in particular the influence
of the banks on the transition. To this aim, the inclination of the banks is varied
in a range large enough to consider all shapes of channels, natural and artificial
ones. The difference in the direction of the wave refraction caused by the differ-
ently sloped banks has an impact on the transition. In particular, for gently sloped
channels, the transition takes place at relatively high Froude numbers, in the range
Frt1 ∈ [1.15 1.20].
Similar to Lemoine for rectangular channels, a linearized law has been proposed
by [Chassagne, 2017] for the evolution of the wavelength with the Froude number
in gently sloping channels. The numerical results show its validity when the incli-
nation angle does not exceed 30°; for higher values, the non-linearity of the flow
and of the geometry is non-negiglible and the theory fails.
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Moreover, increasing the banks inclination causes the transition Froude number to
decrease until no transition is discernible any more. In this case, the slope of the
banks is too important and the effects of the refraction are too weak. Even though
the waves are still slightly longer than in a rectangular channel, the dynamics can
be considered the same.

The results obtained in this work suggest a possible extension of the linearized
theory to a more general law if the non-linearities arising for high banks inclination
are taken into account. Furthermore, as mentioned in chapter 4, we concentrated
the analysis to only two non-dimensional parameters, β and Fr: one can think
of a study on the influence of the channel width w/h1 on the transition in the
futur. Considering a variable bathymetry or the transportation of sediments in
the numerical model would increase further the range of case studies.

The numerical simulations provide a good description of the reality and thus
are of great help for the investigation of the undular bore phenomenon, since
measurements in situ are usually long and difficult.
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