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Abstract

There are many reasons to investigate the propagation of surface water waves in the sea. In
this report Boussinesq models are studied, that can be applied for modeling free-surface waves
propagating from the deep sea up into the surf zone. These models can become fairly complex
and improving linear frequency dispersion properties of these Boussinesq models often invoke
difficult higher-order terms in the resulting partial differential equations [18].

Among others, Broer [7, 8], Broer et al.[9]and Klopman et al.[19] propose, based on the vari-
ational principle for potential flows proposed by Luke [27], variational Boussinesq models
to describe potential flows with dispersion. The advantage of these models is that energy
is conserved and guaranteed to be positive, while mixed higher order spatial and temporal
derivatives are avoided. The cost of this is that we additional unknown quantities, with as-
sociated elliptic partial differential equations, that are relatively simple to solve numerically
[20].

In this report three variational models are considered, namely those of Luke [27], Klopman et
al. [19] and Whitham [37], and they are extended including surface tension effects. Addition-
ally, we integrated the motion of the fluid domain boundaries with our variational principles
describing the fluid motion. We compare the linear dispersion relations of the three models
and draw the conclusions that the Klopman variational Boussinesq model approximates the
exact linear dispersion obtained from Luke variational principle for potential flow, better than
the Whitham model.

We numerically solve the Whitham and Klopman variational Boussinesq models in time using
a continuous Galerkin finite element method. To simulate the propagtion of the discontinu-
ous jump that occurs when waves are breaking, we propose a discontinuous Galerkin finite
element method. In this progress of this report, a discontinuous Galerkin approach was suc-
cesfully applied to the linear Klopman variational Boussinesq model. This approach can be
followed to formulate a discontinuous Galerkin finite element discretization to solve the fully
nonlinear model.

In this report it is shown that breaking waves do not occur in Whitham’s variational Boussi-
nesq model for waves propagating over a horizontal seabed. Further, we consider the weakly
nonlinear Klopman VBM, i.e. neglecting higher-order waves-slope effects, and it is shown that
waves described by this model can not break as well. Further research on the fully nonlinear
Klopman variational Boussinesq model is required. In this report we draw some conclusions
and state recommendations, particularly on how to construct a discontinuous Galerkin FEM
to solve the fully nonlinear Klopman variational Boussinesq model numerically.
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1 Introduction

1.1 Motivation

There are many reasons to investigate free-surface water waves propagation in the sea, such
as the necessity to predict the motion of the water-surface at a certain place and time and
to deduce the effects when waves reach shores which is of much interest for coastal defenses.
Waves reaching the entrance of a harbor are of much interest for both harbor designers and
vessel constructors. Propagating waves may threaten offshore oil rigs.

The recent devastation of the shores and cities of South-Asia and East-Africa by a tsunami
(December 2004) is a striking example where the origination and propagation of waves is
of particular interest. The tsunami was excited by a fault movement! in the Indian Ocean
near the Indonesian island of Sumatra. Reconstruction of the seabed movement at the time
of fault motion is crucial for scientific understanding of tsunami excitation and developing
coastal warning systems. Furthermore, predicting the propagation of tsunamis and tsunami
wave trains may indicate which regions are relatively safe and which coastal regions are
threatened the most when tectonic activity is measured.

Wave prediction and reconstruction can be achieved in various ways. Field data can be
observed to gain real scale statistical information. A laboratory setting can be used to simulate
a full-scale problem and to validate theoretical models. Lastly, mathematical models can be
developed to understand and predict water waves.

In this report we consider Boussinesq models that aim to accurately model waves propagation
from the deep sea to the surf-zone [25]. An important question is, whether waves in the
Boussinesq models are capable to break, i.e. develop jumps in the surface elevation. Further
challenges will then be to cope with the breaking of the waves numerically and to model
flooding and drying of waves reaching the shore.

1.2 Mathematical model

Waves of Boussinesq type account for dispersion? and nonlinearity [17]. Ideally, Boussinesq
models can be applied to water waves occurring from deep water to the surf zone, without any
extensions of the model. The model is valid for long waves with a depth to wavelength ratio of
h/X << 1 [25]. Over the years the original Boussinesq formulation (Peregrine, 1967 [30]) has
been extended to improve the dispersion properties of the model and to adapt for bathymetric
influences. See for an overview the work of Madsen et al. [25] and Kirby [17]. Extensions are
generally made by introducing complex high-order mixed spatial and temporal derivatives.
Further, many Boussinesqg-type models are not derived from variational principles and do not
satisfy positive-definite energy conservation [19], while the original (potential-flow) models do
conserve positive-definite energy [27].

Therefore, we start from a variational approach to account for the conservation of energy
[19]. The complete complex dynamics of the system is now captured in two scalar quantities,
namely the velocity potential and the kinematic energy [21]. Furthermore, the variational
principle provides a weak formulation, which is easily transferred into a finite element weak
formulation.

In this report three variational Boussinesq models are studied. Firstly, Luke’s variational
principle [27] for the full three dimensional potential flow is investigated. Luke’s variational
principle allows us to compare the dispersion relations of the two Boussinesq models with the
exact dispersion relation of the potential flow model.

The second variational model is derived by Klopman et al. [19] and is an approximation of

!Fault movement was the actual cause of both the tsunami and the earth quake.

2Dispersion is a phenomenon that causes the wave to separate into components with different frequencies
and wavelengths, due to the dependency of the celerity of these components on its wavelength and/or it’s
frequency.



2 1 Introduction

Luke’s variational principle. Within this model energy is conserved and is positive-definite.
This model is applicable for fully non-linear water waves of Boussinesqg-type and has im-
proved dispersion characteristics for propagating wave-groups such as tsunami wave-trains as
compared to classical Boussinesg-type equations.

The third variational Boussinesq model is derived by Whitham [37], resulting (under addi-
tional approximations) in the original Boussinesq (partial differential) equations formulated
by Peregrine [30]. It is a further simplification relative to Luke’s and Klopman’s variational
principle.

In this report surface tension effects are included in the three variational models. These
effects are not negligible in small water-depths [23] and are easily included in a variational
principle. This has the advantage that the mathematical models can be validated eventually
with a laboratory test in which surface tension is imporatant.

In this report we introduce moving boundaries for the Klopman’s variational Boussinesq
model in order to capture flooding and drying effects in the model.

1.3 Numerical computation

The wave propagation described by the two variational Boussinesq models is solved numer-
ically. The variational models lead to weak variational forms, that are used to conduct the
weak formulations of the continuous Galerkin finite element method. We compare the numer-
ical results with approximate the original Boussinesq equations [11], called cnoidal waves?.

Instead of investigating shoaling effects we will simulate breaking waves by initially considering
very steep linear wave solutions in our non-linear model [36]. When a wave is breaking,
the water surface shows a discontinuous jump. To be able to solve the propagation of a

discontinuous jump numerically we propose a discontinuous Galerkin method.

3A cnoidal wave is a periodic analytical solution to the Korteweg-de Vries (KdV) euations, which is a
propagating, shape invariant solution in both space and time.
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2 Variational principles for water waves

2.1 Introduction

Considering fluids with the assumption of conservation of energy enables us here to formulate
a variational principle. We assume the fluids to be incompressible. Neglecting air pressure,
Luke’s principle [27] varies the total energy for potential flow, which is the addition of the
kinetic energy Ej and potential energy [, as the basis of his principle. This principle com-
pletely describes the fluid motion at the free surface and incorporates appropriate boundary
conditions for free surface flows. Taking variations results in partial differential equations,
which are called the Euler-Lagrange equations and which are the governing equations of mo-
tion for our system. In the next section §2.2, we consider Luke’s principle including surface
tension for nonlinear potential flow. Thereafter, we will derive the exact linear dispersion
relation for potential flow.

In section 2.3, we consider a variational principle for Klopman et al.’s [19] nonlinear con-
servative Boussinesq equations extended with surface tension. This variational principle is
deduced by approximating the vertical structure of the velocity potential. As a result, the
kinetic energy term is changed relative to Luke‘s variational principle. Surface tension effects
are included in the model and the linear dispersion relation is derived.

In section 2.4 we consider the simpler Whitham Boussinesq model. We again include surface
tension in the model and we derive the linear dispersion relation.

Finally, in section 2.5 the three dispersion relations are compared for deep water and for
relatively small water depth, as compared with the wave length. For long waves the surface
tension effects can be neglected, for short waves the effects of surface tension must be in-
cluded.

Finally, in section 2.7 some conclusions are drawn.

2.2 Luke’s variational principle for free-surface potential flow

We consider a fluid layer with surface tension in three dimensions extending over a horizontal
domain (z,y) € Dy, and in the vertical direction z, see figure 2.2.1. The solenoidal® velocity is

T fluid = L 9yo
z ui 8wﬁ,y,z,t) ;
—d

seabed

_ s
ho 0 v

0 x —

Figure 2.2.1: Parameters describing the free surface n(x,y,t) of the fluid moving in a hori-
zontal velocity v = V¢(x,y,z) above a varying seabed z = —d(x,y) in an horizontal domain
(x,y) € Dp,.

given by v = V¢(z,vy, z,t), where ¢(x,y,2,t) is the velocity potential and V = (9,9, 9.)T
the three dimensional gradient. We write |[V¢[? = (8,¢) + (0,$)*+ (9.¢)?. Surface tension is
a force that tends to minimize the area of the free surface. The surface tension v is measured
in Newton per meter [Nm~!] and is defined as the intensity of the molecular attraction per

4The divergence of a vector in a solenoidal field V - v is equal to zero; the fluid is irrotational.
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unit length along any line in the surface [29]. In the following we will write v = 7//p. The
kinetic Fj, and potential energy E,, are of the form

n(z,y,t)
pE, = // / %pva dz dzdy (2.1)
D, —d
n(z,y,t)
PEpot = // / pgz d2+w(\/1+(0w)2+(3y77)2—1) dz dy (2:2)
Dy, —d

with p the constant density of the fluid, n(x,y,t) the surface elevation, d(x,y) the still water
depth at (x,y), and g the gravitational acceleration. The first order horizontal derivatives
are denoted as V = (0,,9,)T, with the transpose (-)7. We define Hamilton’s principle for
potential flow with the action functional Ly:

t1

0 =06Ls(o, ds,m) =5/Lf(¢, ¢s,1m) di (2.3)
to
with Ly = // ppsOn dedy — H (2.4)
Dy,
and H = Ej + Epot. (2.5)

Here, ¢ = [¢].—y is the evaluation of ¢ on the free surface z = 7 [27] and Ly is the Lagrangian.
This action functional is known as Luke’s principle (Luke, 1967) for v = 0, in the form as
given by Miles [27]. We vary (2.3):

t1

0 = 5 [ Lyéoum at (2.6)
to
t1
= lelf(f]l% /Lf(¢ + €00, o5 + €095, m + €dn) — Ly(¢, ds,m) di (2.7)
to
t1 n+edn
_ 15%1% ///[(% + €0,)0(n + cdn) — / SV 6+ c39) dz
to Dy A —d T
— 5900+ ebn)? — 3T [V + o)) dady (28)
P D

n

1 1

- //[%am —/§!V¢>]2 dz — 5gn? + v/ 1+ |Vn[?] dzdy dt
D, A —dT \Cf" D

The linearity property of variational problems allows us to write out expressions per term
more elaborately [35]. Integrating with respect to time, terms A in (2.8) can be rewritten as:

t1 t1
/// 0psOm + Ps0pdm drdy dt = /// 0psOm — s dx dy dt, (2.9)

to Dh tO Dh

where we used that d7(tg) = dn(t1) = 0, since dn belong to the set of test functions C3°(Dp,),
which is the set of admissible elements. We rewrite terms B by splitting the integration
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domain [—d,n + €dn] in the two intervals [—d, n] and [n,n + edn]. We get for the first interval
[—d, n] using Gauss’s law:

// / (V9 Vo) d // / 3pV?¢ AV + 7{ 3¢V ¢-n dS, (2.10)

Dy —d Dy —d

with S the (closed) surrounding boundaries of the volume V = [Dj] x [~d,n] and with
dV = dadydz. The boundary S includes the seabed, the vertical boundaries on the edges
of the horizontal domain Dj, (for example a wall at © = z), and the free surface boundary
Sy at z = n. We adjust our infinitesimal surface element dS with respect to the surface we
are integrating over. We again evaluate d¢ at the free surface with d¢s. The free surface
parametrized as the surface s = 0 with s = 1 — z and we obtain for the normal vector on the
free surface the following expression:

_1\T
ne Vs _ (@ Oyn -7 (2.11)

Vsl \/(0m)” + Oyn)? + 1

Combining this with evaluating d¢ on the free surface, the boundary integral of equation
(2.10) becomes:

7{5¢V¢ nds = // 56V -n dS +/ 365 [V - Vi — 85 dady (2.12)
5\S;
For the second contribution to B, i.e. the interval [n,n + edn], we obtain:
77+6577

lim = // / —|V¢+65¢)|2dV (2.13a)

el0 €

_Eféle// / —\V¢\2 dV+11m// / Vo¢-Vép dV (2.13b)
// IVol2_, dedy, (2.13¢)

where we applied Taylor expansions around z = 7 in going from (2.13b) to (2.13c). Terms D
in equation (2.8) are approximated with Taylor expansions around € = 0:

hf(r]le //’y\/l—i-\v n+eon)2 —y/1+|Vn?2 dedy (2.14a)
— lim // ve (Nt eom) VO ) g g, (2.14b)
€l0 V14|V (n+ ein)?

// vn VO 4y ay (2.14c)
RVienTE

—Zh/van

Tz

V1+ [Vl ]

Ty

VI+[Vn ]

+ von dax dy, (2.14d)
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where 7,, = 9n/0z. We used Gauss’ law from (2.14c) to (2.14d) and used that 7 is arbitrary.
With the (derived) expressions for A to D, we obtain for equation (2.8):

t1
1
0= // —0ndips + 0¢s0pm — gnomn — 577§!V¢!§:n

to Dh
n
+0¢s [V - Vi — 0.6],_, + / 5¢V2p dz — [56V e - nlg,, (2.15)
~d
Nz Ty
o | | — S E— dzdy dt.
NN R N

Y

Note that the subscript Sy indicates the free surface, while S denotes all the surrounding
surfaces. The variational problem states that L£(¢, ¢s,n) is stationary with respect to the
independent variables d¢, d¢s and o7 [35], and thus we obtain the following expressions:

7///5¢V2¢ dz dzdy + [0V nlgg, dt =0

to Dh —d
= 8¢: V2¢=0for z € [~d,n|N (x,y) € Dy, (2.16)
and 6¢: V¢ -n=0at S\S; (2.17)

7//6¢3(8t77+v¢'v?7—8z¢) dedydt =0

to Dy,
= 0¢s: Om+Vo-Vn—0,0=0at z=mn; (2.18)
t1 1
/// on{—0sps — gn — §|V¢|§:n
to Dy,
Tz Tly
U ) P — S E— dady dt = 0
VIV V[Vl ] :
1
= 01: Ohp+gn+ 5|Vl
Nx My
Y P — W | —gatz=n. 2.19
VI I[Vnl? |, VI I[Vnl? |, (219

Expression (2.16) implies that the fluid is incompressible (Laplace’s equations) and denotes
conservation of mass. Expression (2.17) states that no particle of the fluid can move through
the seabed and the wall. The natural boundary condition (2.17) is also known as Neumann’s
boundary condition. In expression (2.18) the free surface kinematic free surface boundary
condition [16] is given, which expresses that matter does not leave the fluid through the free
surface (for example, there is no evaporation). Expression (2.19) represents the free surface
dynamic free boundary condition, which is the so-called Bernouilli equation, evaluated at the
free surface [16].

2.2.1 Linear dispersion for potential flow

We sketch the derivation of the exact linear dispersion relation for potential flow over a
horizontal seabed, as in [23], but now with surface tension. We translate the surface elevation
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n to h + hy, see figure 2.3.1, and the seabed —d to hy in order to compare the models later.
The two boundary conditions in one dimension regarding the free surface in potential flow
read, as seen in section 2.2:

Oth + 0,¢0.h — 0.9 = 0 at z = hg, (2.20)
1 h
O+ gh+ (0.0 —v | ——=| =0at z=h+Mn,. 2.21
vo+ g 2( ) Y 1+(hx)2L b ( )
We rewrite the y—term
hl‘ hl‘l‘
) R, [ S (2.22)
1+ (ha) . (14 (hsy)?)2

and we linearize around the free surface z = hg:

Oth— 0,0 =0 at z="h-+ hy (2.23)

Oip+ g(h —ho) —Yhez =0 at z = hy. (2.24)
Combining the two linear boundary conditions and with a constant seabed, such that 0;hy = 0,
we obtain

02+ g0.¢ — 70,0 = 0 at z = hy. (2.25)

With Stokes’ first-order theory [23] we can write the velocity potential as

B, 2,t) = D(2)e "), (2.26)
which satisfies Laplace’s equation V2¢ = 0 and we may write

O(x, z,t) = §g cosh[kz], (2.27)

since as ¢ is a solution to Laplcace’s equation, so is its complex conjugate. Substituting this
in the free-surface boundary condition (2.25) yields the exact linear dispersion relation

—w¢ + gtanh[kz]g + vk tanh[kz]g =0 at z = hy < (2.28)
w? = (g + yK%)k tanh(kh). (2.29)

We get the following Taylor expansion in k, around the long-wave limit x = 0:

1 2 1
w? = ghok? — (5ghy — vho)k* + (== gh§ — =vh3)K°
3 15 3
17 2

2.3 Klopman’s variational Boussinesq model (KVBM)

We consider the fluid layer in two dimensions with horizontal x—axis and vertical z—axis, see
figure 2.3.1. The fluid velocity is now given by (u,v) = (9,¢, 0.¢) and we change the definition
for the free surface elevation n(x,t) to the total water height h(x,t)+hy(x) by translation over
ho, such that —d equals the seabed height hy(x). This choice is convenient when modeling
free surface waves that may run up, for example, beaches, or where dry patches of land may
appear. Now we make the following Ansatz for the potential ¢(x,z,t), motivated by the
parabolic vertical structure of the velocity potential found in conventional Boussinesq models
for water waves over a horizontal bed [19]:

¢(x7 2, t) - “P(wv t) + f(Z)’l/J(.%', t)7 (2'31)
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T air

fluid 1
Oxp(x,t) ! h(z,1) - ho
seabed 3 hy ()
0 |
0 x —

Figure 2.3.1: Parameters describing the free surface h(x,t) of the fluid moving with horizontal
velocity 0,¢ above a varying seabed hy(x) in an horizontal domain x € Dy, for the Klopman
and Whitham variational Boussinesq model.

where ¢ = ¢ at the free surface z = h(x,t) + hy(x) and
f(z)=(z—h—hp)(z+h—hp). (2.32)

We take this choice because we only want time derivatives of h(z,t) and ¢(z,t) to appear
in the Euler-Lagrange equations. Further, the form of the vertical structure function f(z) is
motivated by the fact, that for long waves over a horizontal bed, the cosh—function of equation
(2.27) becomes, to a good approximation, a parabolic function with its derivative equal to
zero at the sea bed. The assumption that 9,¢ = 0 at z = h;, for a (locally) horizontal seabed is
a good approximation for small bottom slopes [19]. Under the assumption of a mildly sloping
bottom, i.e. assuming spatial derivatives of hy(x) are small and thus neglected, and under
the assumption that wave slopes are small 9,.(h + hy — hg)) << 1 we have a weakly nonlinear
model and the velocity components become:

Opd = Opo + f(2)000) and 0,0 = 2(z — hp)1. (2.33)
When we substitute these expressions into the energy H in (2.3):
h+hy 1
M= [ {500 + @0 dzt Golh ~ ho)?} (2.34)
o, “Jn, 2 2

we find for the modified energy H; in the two dimensional case:

= {/ L B+ S+ £ dxt Sglh Plde (235)
Dh hb 2 $SO r 29 0 .
= l —g 3 i 5 2 2 3.2 1 - 2
_ /D {31000 = S 0u000 + T W (@0)? + SH0% + Sg(h— ho*}do (2.35D)
— l _2 2 ? 3 5 2 g 3,2 l _ 2

We can define the action functional £ for the energy H; and the first variation is

0= 5/ { / pdh da — H}dt. (2.36)
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Taking variations with respect to ¢, h and ¢ gives:

t1
0= / / 8pdh — D,0¢ [h@mgo — gh?’am] (2.37a)

to Dy,

+@0i6h — h (%(amgp)Z — 2h20,00,1 + %hﬂt(aﬂp)? +2h2¢?% 4+ g(h — h0)> (2.37b)

2 8 4
+0,00 [gh?’amgo — 1—5h58x1p} — §6¢h3¢ dx dt. (2.37¢)
Partial integration with respect to time and space results in the variational derivative:
t1
2
to Dy,

~6h (atso + 5 (0up)? — 220000 + SHAOD) + 2027 + gl ho)) (2.38)

2 4
—&1 (ax [ghg@ap — %hf’aﬂp} + §h3w> dz dt, (2.38¢)

where we used that d¢ and 0h are elements of C§°(Dy,). The variational principle states that
Ly is stationary with respect to the independent variables ¢, h and ¥. We replace the flow
velocity variable u = 0,¢ and obtain the Euler-Lagrange equations, from (2.38a)

Sp 1 Oh+ 0, [hu — gh?’axqp} =0, (2.39)
from (2.38b), and differentiating with respect to x,

Sh = Oyu+ O, Bzﬂ — 2h%udp + §h4(amw)2 + 2122 + g(h — ho)| =0, (2.40)
and from (2.38¢)

. 2,3 8.5 4.3
5 : O, [3hu Sh axw}+3h¢_o. (2.41)

2.3.1 Klopman Variational Boussinesq model including surface tension

We now consider the expressions derived previously including surface tension. Note that
Vn = Vh = 9,h in the one dimensional case. The energy equation (2.35a) now reads:

ht-hy

H :/{/ %[(am¢+fam¢)2 + (fl¢)2]dz —{—%g(h—ho)? +v(\/1+ (0:h)2 —1)}d:{3. (2.42)
Dy hy

Analogous to Luke’s variational principle, due to the linearity property [35], this contributes
in a term which occurs in the first variation of 6h. The governing equations now read (with
the respective variated variables):

0p : Oth+ 0, [hu — %h‘g’@x?p} =0, (2.43a)

Sh = O+ 0, [%u2 — 2h*ud 1 + §h4(8x¢)2 + 2h2q?

+g(h — ho) —

hy
— @h_)Q] } —0 (2.43D)

2,3 8 .5 4.3
: — - — — =0. 2.4
0 0y [3h u 15h wa} + 3h P =0 (2.43c¢)
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2.3.2 Linear dispersion for Klopman Variational Boussinesq model

We obtain the following linearized equations of the Boussinesq model of subsection 2.3.1, for
a constant mean-water depth hg:

2
Oth + hoOpu — ghga;*zp =0, (2.44a)
Opu + g0yh — y02h = 0, (2.44b)
2 8 4

ghg&vu — 1—5h88§¢ + ghgqp = 0. (2.44c)

We introduce solutions h(z,t) = he'5®=D y(z,t) = e/ =D and 1 = he!"*=“t to the

linear system (2.44), and to find the dispersion relation:

h0w2 _ ( 'Y/{Q)(Kh )QM (2.45)

1+ — .
g 1+%(/€h0)2

We get the following Taylor expansion in s

1 2 1
w? = ghok? — (Zgh} — vho)k* + (== ghf — ~vhi)K®
3 15 3
4 2

2.4 Whitham’s variational Boussinesq model (WVBM)

Finally, we consider the following one dimensional simplified variational principle L4 intro-
duced by Whitham [37], equation (1.7):

t1

Lo(h, Buh, Dp6) = / / GO~ Sh(D:0) + Sho(@h)? — Solh— o) drdi  (2.47)

to Dy,

with hg(z) the height of the water when the fluid is at rest. Taking variations with respect
to ¢ and h, we obtain the Euler-Lagrange equation:

t1

1 1 1
0= [ [ 60k~ 5h(@.07 + GO ~ 9h  ho)? du s

to Dy,

t1
_ / / 5¢Oh — hdpdDy6d + GO 5h — %M(am)? + éhoathatéh — g(h — ho)Sh dz dt

to Dy,

t1
- / / 56 (O4h + 0,[hd,9)) — oh (w (@0 g(h—ho>+§hoafh> dedt,
to Dy,
(2.48)

where we integrated by parts with respect to time and space from (2.4) to (2.48) and we used
the arbitrariness of ¢ and dh. Taking the first variations we obtain the following governing
equations:

3¢ : O¢h + 0.[h0y¢] = 0, (2.49a)
1 1
Sh : Oy + 5(8$¢)2 + ghoagh + g(h — hg) = 0. (2.49D)
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Introducing the horizontal velocity u = 0,¢ we rewrite the equations of motion in the form:
Och + 0y [hu] =0, (2.50a)
Opu + Oy [ u? 4 g(h — ho) + = h082h] (2.50b)

Note that expression (2.50a) is a kinematic condition concerning conservation of mass and
expression (2.50b) is a dynamic condition, which denotes conservation of momentum. Without
the term %afh we have the non-linear shallow water equations:

aeh + O, [hu] — 0, (2.51a)
0w + Oy [ u?* + g(h — ho)] = (2.51b)

2.4.1 Whitham variational Boussinesq model including surface tension

Analogous to the derivation in section 2.3.1 we obtain for the Whitham Boussinesq model
the following equations:

B + By hu] = 0, (2.52a)

atum[ w? + g(h — ho) + = hoath 7[ ] =0. (2.52b)

1+ (hy)?

2.4.2 Linear dispersion for the original Whitham Boussinesqg-model

We linearize the governing equations of the Whitham Boussinesq-model, in the same way as
considered in section 2.4:

Oth + hoOzu = 0, (2.53a)
1
Opu + gOph + ghoﬁfamh —~d2h = 0. (2.53b)

We introduce solutions h(zx,t) = he!(5r=wt) and u(z,t) = ae'"*=“  Substituting these into
the linear system (2.53) we observe that they satisfy the dispersion relation:

how? Y 5 (kho)?
=(1+— _ 2.54
g ( g ) 1+ 2(rho)? (2.54)

We get the following Taylor expansion in &, around x = 0:

1 1 1
w? = ghor® — (gghg — yho)k* + (§gh8 - g’th)ffG

—( 7gh7——7h0)/€ +4+0(x'0).  (2.55)

2

2.5 Comparison of dispersion relations

In this subsection we compare the three models derived for 2D. The Taylor expansions around
k = 0 of the linear dispersion relations of the three models that we studied, are the following:

1. Full potential flow®, as derived from Luke’s variational principle:

Whot = hio ((hoff)2 - %(ho"?yl + 1—25(h0/<a)6 — %(hom)S)
g ((hony* S (h0m)® + (o)) + O(s1°), (2:56)

5Taylor approximation of the exact linear dispersion relation.
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2. Klopman variational Boussinesq Model (KVBM):

== ((h —=(h —(h ——(h
Wi = o ((hom)? = 5 (hom)* + = (hom)® = (o)’
i a1 2 8 10
+h_8((h0’f) - g(hof‘@) + 1—5(hof€) ) +O(k") and (2.57)
3. Whitham variational Boussinesq Model (WVBM):
2 =9 2_1 a1 6_ L 8
wy = ho <(h0/€) 3(h()li) + g(hon) 27(h0,<) >

+hlg ((hor)* - %(hoH)G + %(hoff)g +O(s'%).  (2.58)

2.5.1 Comparison of dispersion relations without surface tension effects

We neglect surface tension effects, v = 0. When comparing the Taylor expansions of the dis-
persion relations, we see that the Klopman variational Boussinesq model is of order O(x!?)
and the original Whitham Boussinesq-model is of order O(x?) compared with the exact dis-
persion relation. In fact, the linear dispersion relation of the KVBM is the same relation as
for the Boussinesq equations with improved linear dispersion of Madsen et al. [25].

We will first consider the dispersion relations without surface tension effects, v = 0. In figure
2.5.1 we plot the dispersion relations® of the three models for small khg, where x = 27 /).
Long waves are represented by khy — 0 and for khy >> 1 we have short waves relative to
the water depth. For long waves the three dispersion relation denoted by defining Q(k) = w

1.8 ‘
Exact .=

1.6/ ==~ Klopman VBM P> J
------- Whitham VBM z

0 0.5 1 15 2 2.5 3
kh

Figure 2.5.1: Dispersion relations: w+/h/g as a function of khg, for the Klopman and
Whitham Boussinesq-models and the exact dispersion relation. water depth hg = 10m.

of equations (1)-(3) yield a group velocity Vyroup(k) equal to 0€2(x)/0k. For infinitesimal
waves it is shown by Klopman et al. [19] that for waves up to khy = 7 the phase speed
Qx (r)/+/(gho) of the Klopman variational Boussinesq model has a relative error,

Qe (k)/k

Voot (m)fr (2.59)

SPartly reconstruction of figure 5.1a in [20].
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less than 3% compared to the exact phase speed. For the original Whitham variational
Boussinesq model we have that the relative error,
Qw(k)/k

-1 2.60
Qea}act/"i ' ( )

is equal to 15%® for khg = m. The equality khg = 7 is particularly important if we like
to investigate breaking waves. For smaller water depths and around this x it is where we
consider waves propagating from deep water into shallow water. For the nonlinear shallow
water-wave model propagating waves will break eventually. Note that Vinje and Brevig [36]
investigated the breaking of nonlinear shallow water waves with an initial sinusoidal wave
profile, at a ratio of khy = 0.53 % (27) [36]. Due to the accurate approximation of the exact
phase speed we have that the linear Klopman variational Boussinesq model holds for waves
propagating up to the edge of the deep-water zone. Moreover, it is particularly interesting to
investigate within the non-linear Klopman variational Boussinesq model whether waves will
eventually start to break in the presence of dispersion.

2.5.2 Comparison of dispersion relations with surface tension effects

Now we include surface tension effects in our dispersion relations. We investigate surface
tension effects since they affect the velocity of propagating waves. In figure 2.5.2 we plot the
linear dispersion relations for 4/ = 7.4 - 1072 Nm~! and v = 4'/p, since we eliminated the
water density p previously. This is an experimental value for water in contact with air at
15.6°C [29]. We take p = 1.0 - 1073, This figure is partly a reproduction of fig. 57 in [23].
We observe that the Klopman variational Boussinesq model more closely resembles the exact
dispersion relation including surface tension. In table 2.5.1 and figure 2.5.2 this has been

made more explicitely. In table 2.5.1 the relative error of the phase speeds of the KVBM C,S’)

and WVBM 01(17) with the exact phase speed Cé” are given:

Observe that in the KVBM with surface tension the error is bigger, as compared with the
Whitham formulation for longer waves.
Now the question arises if it is always appropriate to include surface tension effects. Denoting
the phase speed when neglecting surface tension effects by C'(?) and the phase speed with
surface tension effects by C(7), we can calculate the relative error by

e gty
cO Ty

1 (2.61)
since Céo) ~ g and C) ~ g + K2y for a certain waterdepth hy and wavenumber x and
again v = +'/p with o/ = 7.4-1072 Nm~! and p the water density, here 1000 kgm 3. For
wavelengths A equal to 27/k the relative error is : We added the third column (hg = 5 cm)
in table to compare the results with figure 2.5.1. Lighthill [23] states that in general surface
tension is negligible for water waves A > 7 c¢m; from (2.5.2) we see that the phase speed has
a relative error of 0.061 %. Longer waves propagate as pure gravity waves.

When including surface tension effects we may conclude that for the region where surface
tension effects are important, the KVBM including surface tension shows smaller relative
errors than the WVBM.

"We found a relative error of 2.79%.
8The actual error was —14.7%, which implicitly yields that propagating waves will be dissipated and will
not be dispersed.
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(a)

Phase speed t,o/(kzgho)“2

1.5¢

- - --Klopman VBM with st.
Exact with st.

o Whitham VBM with st.
Exact, no st.

(c) Water depth 5 cm.

2 Variational principles for water waves
2 _ 21y,
With st. h=0.01 m ‘ - - - -Klopman VBM with st.
! _ - - With st. hO: 0.02m R Exr?c': with st. )
o . ) _ N ' <+ Whitham VBM with st.
—~is\ With st. hy=0.04 m 15 \ Exact, no st.
N%, ' ... With st. h = 0.08 m Ng
= 1 No st. (all depths h ) =<
3 0 3
o 1h kel
[} [}
Q Q
o Q.
2] 2]
Q Q
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(b) Water depth 1 cm.

- - --Klopman VBM with st.
Exact with st.

o Whitham VBM with st.
Exact, no st.

2y,
1
:
1
N 1
— Y
—~ 15¢,
< '
=l
=
3
o 1
(]
@
o
a
)
@
< 05
[2 B
ot
0

(d) Water depth 10 cm.

Figure 2.5.2: Phase speed w/(k\/gh) plotted against the ratio 27 /(kho) = \/hg for small
water depths ho. Here: Surface tension (st.) parameter v = 7.4 % 1072Nm~! for water in
contact with air at 15.6°C. For reference the pure gravity wave at this water depth is plotted.
(a) the exact dispersion relation including surface tension effects for various water dephts.
Presented are the dispersion relations for the KVBM, WVBM and the exact model including
surface tension effects at depth b) hg =1 em, ¢) hg =5 em and d) hy = 10 em.
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| o [em] | A [em] [ €fmys) | ¢ [ eDye) —1 | o [ el jct) —1]

1.0 1.0 0.125 | 0.146 16.578 % | 0.083 -33.386 %
2.0 0.176 | 0.181 2.794 % | 0.151 -14.264 %

4.0 0.239 | 0.240 0.187 % | 0.232 -3.059 %

7.0 0.280 | 0.280 0.012 % | 0.278 -0.530 %

10.0 0.295 | 0.295 0.002 % | 0.294 -0.148 %

14.0 0.303 | 0.303 0.000 % | 0.303 -0.042 %

20.0 0.308 | 0.308 0.000 % | 0.308 -0.010 %

5.0 1.0 0.125 | 0.288 130.264 % | 0.039 -69.1449 %
2.0 0.177 | 0.293 65.810 % | 0.077 -56.5613 %

4.0 0.250 | 0.313 25.057 % | 0.151 -39.6463 %

7.0 0.331 | 0.356 7.761 % | 0.252 -23.7148 %

10.0 0.394 | 0.405 2.794 % | 0.338 -14.2638 %

14.0 0.462 | 0.466 0.847 % | 0.428 -7.4348 %

20.0 0.535 | 0.536 0.187 % | 0.519 -3.0586 %

1.0 1.0 0.125 | 0.405 224.116% | 0.0273 -78.157%
2.0 0.177 | 0.407 130.264% | 0.0545 -69.145%

4.0 0.250 | 0.414 65.810% | 0.1086 -56.561%

7.0 0.331 | 0.434 31.191% | 0.1877 -43.235%

10.0 0.395 | 0.461 16.578% | 0.2632 -33.386%

14.0 0.467 | 0.504 7.761% | 0.3566 -23.715%

20.0 0.558 | 0.573 2.794% | 0.4782 -14.264%

Table 2.5.1: Phase speeds of the exact dispersion relation including surface tension effects
Ce(ﬁ/)/ " compared with the phase speed of the KVBM C,S/)/ " and WVBM C’gy,g /% The relative
errors are computed for several wavelengths at various water depths. Here hg is the water
depth, k¥ the wave number and A the wavelength.

‘ A [cm] ‘ Ce(v)/Ce(O) -1 ‘ kho
1.0 2.978 % | 31.4159

2.0 0.745 % | 15.7080

4.0 0.186 % | 7.8540

7.0 0.061 % | 4.4880
10.0 0.030 % | 3.1416
14.0 0.015 % | 2.2440
20.0 0.007 % | 1.5708

Table 2.5.2: Relative error of the exact phase speeds compared with the exact wavespeed
including surface tension effects.
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2.6 Moving boundaries in the KVBM

The three variational models that we investigated previously were all considered on a horizon-
tal domain with a fixed horizontal extent. When we consider a fluid layer which is flooding
and drying on a seabed hy(z) with a slope, the fluid boundaries may not be fixed in time.
Moreover, a part of the seabed may fall dry when the fluid is moving away creating distinct
patches of fluid. On the other hand, distinct fluid patches may merge and flood a land patch
in between. The horizontal domain now becomes D, = [z (t),zr(t)] for example and the
action functional becomes

t1
0=0L(p, h, Y,z xR) = 6/ L(p, h,¢,xr,zR) dt. (2.62)
to

We illustrate the moving boundary condition for the Klopman Boussinesq-model [19]. We
choose the Lagrangian density L as
zR(t)
Lo boanon) = [ 60k~ H da, (2.63)

:BL(t)

where H was derived in equation (2.35¢):

1 2.9 22 5 2, 2;3.2, 1 2 1 .9
g 1) = 51 |0 = 310,04 (@0 + 102 + F0(h + ) - S
(2.64)
Taking variations with respect to ¢, h, v, x, and xr we have
"R 9
0= / / §p0h — 0,0 [h@xgp — —h?’axzp} (2.65a)
0, 3
to
o0 (6h) —oh (X 2 o2 4.4 2 2,2
©0(6h) —0h | 5(02p)” — 2170y p0uth + Zh™(0p10)” + 207" + g(h + hy) | (2.65D)
N 2 3
E
2 3 8 5 4 3
TRr+edxrp
+ hfg - (¢ + €dp)0y(h + €0h) — Hy(p + €dp, h + €dh, 1) + edp)dz (2.65d)
€ TR
1 [*r
+ hl%l - (o + €0p)0i(h + €dh) — Hy(p + €dp, h + €dh, ¢ + edp)da dt. (2.65e)
€0 € Jy;+edzp

For the integrals terms at the boundaries x,(t) and zg(t), terms (2.65d) and (2.65¢) we have:

t1
1 TR+edxrp
/lim - / (¢ + €dp)0i(h + €0h) — Hy(p + €dp, h + €dh, 1) + edp)dx

el0 €
to ! TR
1 [*r
+lim - (¢ + €6p)0i(h + €dh) — Hy(p + €dp, h + €6h, ) + edyp)da dt
€l € ry,+edxy
31

= / [pOeh] i 0R = [0Oh],_, (0L dE. (2.66)

to

since the water levels h(xg(t),t), h(zr(t),t) are equal to zero at the fluid boundary. The
term E, pd;(0h) requires special treatment, since the boundaries are now time dependent.
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We have the following relation to rewrite term ¢d;(dh):

t1 t1
4 far® 0
/ < / ooh da = / { / Shdhp + pdy(6h) dz
p 4 A
0 0

dzp(t) dzy (1) } dt, (2.67)

+[¢5h]x:m(t) 1 — e ]m::}:L(t) a

where F is the term that completes the terms (2.65a)-(2.65¢) to regain the variational deriva-
tive resulting in the governing equations in the fluid domain, as collected in (2.38). We express
E explicitely using the above relation and we substitute E in (2.65b).

We combine the terms at the boundaries with the boundary terms (2.65d) and (2.65¢). At
the boundary xg(t), we have for dxr and dh the following relation:

= d,h Sz r(t), (2.68)

z=zpr(t)

|

:L‘R(t)

and similarly for z = x(¢). Combining the remaining terms with respect to (2.38), we have:

zR(t)
t h dzp(t)
0= oh d 0 Oth 0 (h 2.69
/ v xto +/t0 xR[SDt +¢0:(h) dt L:mR(t) ( 2)
:L‘L(t)
dzp(t)
-4 h . (h dt. 2.69b
L Pat + @0x(h) dt L:mL(t) (2.69b)
Observe that everywhere in the fluid we have conservation of mass
Oth + 0, (hdyp) =0 (2.70)

and we have that h(zg(t),t) = h(zr(t),t) = 0 at the boundaries. Substitution of the above
relations and using the arbitrariness of the variables dxy, dxr we obtain conditions for the
moving boundaries

an + 0 (0:0)(0h) 0 (O) T _0 a2 = an), (2.71)

5xr 1 —p (050)(Dsh) + ¢ (Ozh) dmgt(t) =0 at z=ar(t), (2.72)
which is simplified to

SR ¢ Opp — dxjt(t) =0 at x=ag(t), (2.73)

Ser : D — dmgt(t) —0 at x—ar(h). (2.74)

Together with equations (2.39), (2.40) and (2.41) these conditions govern the Klopman vari-
ational Boussinesq model for fluid boundaries that can move in time.
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2.7 Conclusion

In this section we have studied variational principles for free surface water waves, where
the total energy H is the basis of an action functional and where H varies per model. The
following three variational principles have been studied:

1. Luke’s variational principle for (3D) non-linear potential flow [27].
2. Klopman’s variational Boussinesq model (1D) [19].
3. Whitham’s variational Boussinesq model (1D) [37]

We have included surface tension effects by adding an extra term in the total energy H.

For all three principles the Euler-Lagrange equations were derived which govern the fluid sur-
face motion. Comparing the linear dispersion relations we conclude that the Klopman varia-
tional Boussinesq model approximates the exact dispersion relation better than the Whitham
variational Boussinesq model.

In the region where initial sinusoidal waves start to break [36], we find that the relative error
of the KVBM is small compared to the exact linear dispersion relation.

Furthermore, surface tension effects can be approximated more accurately with the KVBM
in water depths where surface tension effects may not be neglected, i.e. for short waves with
A < 10 em.

We conclude that for longer waves propagating over deeper water the Klopman Boussinesq
variational is equivalent to the Boussinesq formulations of Madsen [25]. The advantage of
the KVBM is that energy is conserved and guarantueed to be positive-definite. Furthermore,
moving boundaries of the fluid domain can be nicely incorporated, such that the physics of
flooding and drying is described easily.
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3 Numerical modeling: continuous Galerkin

3.1 Introduction

To approximate the solutions of the governing equations derived in section 2 we use the
continuous Galerkin finite element method, which is also know as Ritz-Galerkin method.
In this method we formulate a weak formulation of the Boundary Value Problems that we
observe. Discretizing the equations offers the possibility to obtain the approximated solution
numerically.

First we discretize Whitham’s variational Boussinesq formulation by using the arbitrariness
of the variational derivatives with respect to each variable. Note that they are elements of the
test function-space C§°(Dy,) on the domain, which can be restricted to the test functions on
each element K; with the test function space C§°(K;). Hereby we then formulate the finite
element weak formulations.

In section 3.3 the assembly of the discretized system is considered. First the linearized shallow
water model is considered, then the nonlinear shallow water model and finally the Boussinesq
term is included, where we used an auxiliary variable to treat the second-order time derivative.
Then a non-flat seabed is introduced, which enables us to test if waves will start to break.
In section 3.6 time-integration methods are proposed, namely the total variation diminishing
Runge-Kutta 3 and 4 method and the symplectic Stormer-Verlet method.

In section 3.7 some conclusion are drawn.

3.2 Whitham’s Boussinesq variational principle

For the Whitham Boussinesq-model including surface tension (including the ~-term, section
2.4) the variational formulation £, was

0= 57 / Ly(h, ¢) dzdt (3.1)

to Dy,
h 1 2 1 2 1 2
=5 [ [ 60h ~51(0:0)" + Gho(@h)? ~Sah—ho)? ~2(V/T+ @A) ~ 1) dodt. (32
to Dy,

Solving the system with a finite element method requires that we partition the horizontal
domain Dy = x € (zp,zR) with elements to approximate the solution. We introduce the
partitioning 7}, existing of N open elements K; = {z|z € (xj,x;41)} where z; and x4 are
the so-called nodes. The result is a tessalation

T, = {K;|UX| K; = Dy and K; NK; =0 if i # 5,1 <4,j < N} (3.3)
with K; the closure of element K;. This discretization is illustrated by figure 3.2.1.
S I v Y I

T
T

1 T3 3 Z; Tjt1 TN TN+1

Figure 3.2.1: Subdivision into N elements K of the horizontal domain Dj,.

We introduce global Galerkin basis-functions x;(x) € P"(Djy), which means that they are
continuous, have compact support on Dj, and are polynomials of degree n [6]. We choose
linear basis-functions x;(x) = 1 on global node j and zero at the other nodes, see figure 3.2.2.
For convenience we consider periodic boundaries, such that node ;1 = x 11 and we consider
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Xj—1 Xj Xj+1
Oy 6,

Kj o Kj Kj | Kjn
Tj-1 j Tjt1

Figure 3.2.2: Linear basis functions for continuous Galerkin finite element methods; thick line
is x;(z).

the surrounding elements Ky and K for node z1. We approximate the unknown functions
of the system on the nodes x;, j = 1,.., N + 1 with trial-functions h(t) and ¢(t) for h(zx,t)
and ¢(z,t) respectively in terms of the basis-functions x; [5]

N+1 N+1

h(z,t) 2 hiz,t) = > xi(@) Hi(t), o(x,t) 2 dlx,t) = >, x;(@)@;(t) (3.4)
j=1

1

+

<.
Il

where x; is only non-zero in the elements K;_; and K. In element K}, the basis-functions xy
and yj1 are considered, since the other basis-functions are zero. It is convenient to introduce
the element basis functions 6, (m = 0,1), such that 6y(z) = xx(x) and 01 (x) = xx+1(x) for
2 € Kj,. The representation of the trial functions ¢(z,t) and h(x,t) can now be written as

bz, t) = Op(t)0(x) + Ppyy ()01 (z) z € Ky, (3.5a)
h(z,t) = Hy(t)00(z) + Hpp1()01(z)  z € K. (3.5b)

When we consider a non-flat seabed, we may represent the still water level ho(x) with:
ho(z) = Hoxbo(x) + Hopi161(z) € K. (3.6)

3.2.1 Discretized variational formulation

Neglecting surface tension, the discretized variational formulation is the substitution of (3.5)
and (3.6) in (3.1):

1 N Tl . -
_ k k1
0—5/]; /(‘I)k90+‘1)k+191)( % 0o + i 61)
_§(Hk90+Hk+191)(‘I’ka+@k+1a) +6h0( i 0y + 5T 61)

1
—§g(Hk(90 + Hk+1(91 — hO(xk)HO — ho(.%'k+1)(91)2 dzdt. (3.7)

We may now vary with respect to the variables Hy(t), Hyy1(t), Pr(t) and ®py1(t) over the
elements Kj. The first variation with respect to 0P (t) and 6Py (¢) is:

N
dH, dH,
0=>" / (00400 + 6@y1161)( dt‘f 0o + d’flal)

k:lKk

df df df df
—(Hifo + Hia01) (P> + Prrg ) (00 2 + 00 1) de (38)
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and with respect to dHy(t) and 0 Hyy1(t) is

dPy d®p 1
0=

Z/ (0Hk00 + 0 Hy101)(— =00 + — 1)

k=1f,
dé de

(5Hk90 + 6 Hpq161) (P —— e S+ D . —=)?
d?Hj, d?Hy 44
= H H
+3h0(5 ko + 0 k+191)( 12 0y + 12 91)

+9(0H 00 + 0Hj1101)(Hybo + Hyq101 — Ho 1,00 — Ho p+1601) de. (3.9)

3.3 Assembly of global nodes

In this section an assembly framework is created that we can use to calculate the fully dis-
cretized variational formulation. The assembly framework results in an algebraic system.
Using the arbitrariness of the variational derivatives, Hy, 0@ € C5°(Kj—1 U K}), we are
able to collect the function values in element Kj_; and K} that contribute to the function
values at node xy.

We start with the linearized shallow water model. Then we include nonlinear terms that
play a role in the shallow water formulations. Thereafter we consider the discrete variational
formulation for the Boussinesq model as derived in the previous section. For each step the
total energy of the system is considered.

3.3.1 Discrete linearized shallow water variational formulation

When we linearize the system (3.8, 3.9) around the still water position z = hy and neglect
the higher order time derivatives, we obtain the following discrete system principle for the
linearized shallow water equations;

O—Z/Go—i-éﬁ dH’f@ + Wiy

dt
k=1,
deo o, deo do,
N
do do
Z/ O+ 01)( k@o—i— k+191)
— dt
+9(00 + 01)(Hpby + Hi 101 — H07k90 — H07k+191) dz, (3.10b)

where we used the arbitrariness of the variational derivatives. These relationships can be
simplified as follows. We transform the integrals over the element Kj into integrals over the
reference element K = [0, 1] with local basis-functions Op=1— &, 6, = ¢, € € K. We are now
able to reformulate the integrals over elements Kj, with respect to the reference element K:

d9 do,,

T do d¢, (3.11)

— 1l [nbo de, Bl =1
0
with |Kj| = xg41 — zx the length of the element Kj and {m,n} = {0,1}. These integrals
over the reference element can be computed with Gauss’ two-point formula, which is exact
for linear polynomials [24]. The representations ¢ and h in (3.5) evaluated on the elements
K}, together with the evaluation of the inner-products on the reference element (3.11), gives
us a linear system per node k:
dHy 4
dt

dH dH
k-1 kA g e AdH g1
+ (A77 " + Ago) I + Agy ar

k—1
AlO
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— ho (Bk51q>k_1 + (BEL + BE) @), + B§1®k+1) , (3.12a)
d(I)k 1 -~ d‘I’k de 1
dt ( 11 + 00) dt dt (3 b)

=—yg (A Y(Hy—1 — Hop-1) + (Alffl + AGo) (Hy, — Hog) + Ay (Hyr1 — Ho,k+1))

whit the stillwater height hg constant in time. We can write this system using mass matrix
M 4 and stiffness matrix Mp as follows:

dH

Mpa— T = hoMp ® (3.13a)
do

My— T = —gMy (H — hy), (3.13b)

where M, and Mp are tri-diagonal matrices with the exception of the first and last row,
where boundary condition are playing a role. Since M, is invertible we can write the system
as follows:

dH

ke hoM ' Mp ® (3.14a)
dd
o = 9 — ho), (3.14b)

Integration over time can be done using the third-order Runge-Kutta method, see §3.6. The
spatial averaged energy H(t) for the linearized shallow water variational formulation is given
by:

do;
)\Z/ hO(I)k + Prar g )*
1
+§Q(Hk90 + Hy1601 — Ho o — Ho jr161)%dz. (3.15)

3.3.2 Discrete shallow water variational formulation

The discrete nonlinear shallow water system can be obtained from the discretized variational
formulation described by system (3.8, 3.9). The discretized shallow water system reads:

N
dH dH
-y / (6D1bo + 5041161) (g 1 LIkt1g )

dt dt
k=1f,
dé de dé de
—(Hybo + Hy1161) (@kd_o 1 1)(5<1>kd_0 +0Bpr ) de  (3.16a)
N
d®y d®p 1
(6Hbo + 6 Hy4161)(— 6o + 01)
iy dt dt
déy de
(5Hk90 + 0 Hp101) (P~ + Prr —=)?

(5Hk90 + 5Hk+191)(Hk(90 + Hk+1(91 — Ho,ktgo — HO,kJrlal) dx. (3.16b)

For convenience we introduce the element integration

d9 dé
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Assembly of the elements K1 and Kj around zp € Dj, using the arbitrariness of the variables
0P and JH results in the following system:

s st
= ho <Bfo_1‘1’k—1 + (BIT" + Blo)®x + B§1‘I>k+1>
+ DS Hy 1@,y + DY Hy 1 @y + DY HL®, oy + DY H O,
+DgooHy®r + Diioy Hr®pr1 + Do He1®k + Doy Hyy1 Proy1,
o
=-9 <A]fo_1(Hk4 — Hog—1) + (AfT" + Afo) (Hi — Hog) + Afy " (Hyern — Ho,k+1)>

Ab + (A AR (3.18a)

Ak + (AR oAk (3.18D)
—lD’f—l(cb ) — Lpiig, @, — 1pblo,a, - lD’H(@ )2

97100 k—1 97101 k—1%k 97110 k¥k—1 97111 k

1 1 1 1
—§D§oo(‘bk)2 — §D§01‘bk‘bk+1 - §Dg1o‘bk+1q’k - §D§11(‘Dk+1)2

We rewrite this assembly in terms of solution vectors as follows

dH

Ma— = hoMp ® + Mp(H) & (3.19a)
4o 1

M = —gMa(H — ho) = 5 Mp(®)®, (3.19b)

where Mp(H (t)) is denoted for periodic boundaries (z1 = zy41) by

Mp = (3.20)
[ MD} MDY 0 0 MDY 7
MD? MD2 MD? ... 0
0 ... MDY MDY MD# 0
0 e . ... MDYM' MDYT' MDY
| MD} 0 0 MDY MDY
with
MDY(H(t)) = Diig He1(t) + Diyo Hy(t) (3.21a)
MD5(H(t)) = Dy He—1(t) + D" Hi(t) + Dioo He () + Dioo Hi 11 (t) (3.21Db)
MDJ(H(t)) = Dioy Hy(t) + Dioy Hy41(t)- (3.21¢)

Similarly, matrix Mg(®(t)) is denoted by M E; j(x) = MD; j(x), i,j € [1,.., N] with coefhi-
cients computed as follows:

MEH®(1)) = Dl B 1 (1) Dl B (1) (3:220)
MES(®(t)) = le(ilq)kfl(t) + DY @y (t) + Do @ (t) + Do Py (t) (3.22b)
ME5(®(t)) = Doy ®x(t) + Dy Prra(1). (3.22¢)

Note that in the assembly of the nonlinear terms in (3.19a) and (3.19b), the matrix coefficients
MDY (3.21a) and MEY (3.22a) are multiplied by ®;_;. Similarly, the coefficients M D
(3.21b) and ME% (3.22b) are multiplied by ®;, and finally M D5 (3.21c) and ME% (3.22¢c)
are multiplied by @y, .
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The spatial averaged energy H(t) for the shallow water variational formulation is given by:

dé dé
=33 [ 3+ Hint) @ T + 0T

1
+§Q(Hk90 + Hy101 — Ho o — Ho j161)* dz. (3.23)

3.3.3 Discrete Whitham variational Boussinesq formulation

Equivalently to the previous formulations for the shallow water model the Whitham Boussi-
nesq model can be discretized. The Boussinesq model includes the second-order time deriva-
tive of the wave elevation, 9?1(x,t) in (3.9). The system to be solved now reads:

dH

My— q = hoMp q)—i-MD(H) P (324&)
de 1 d’H 1
Ma + shoMa™z = —gMa(H — ho) — 5 Mp(®)@, (3.24b)

For convenience, write %:TQI = %(%—?) and introducing F' = ® + 1h0 yields the following
system:

1
F = o+ ghoMgl(hoMB ® + Mp(H)®)

1
— <1N + ghoj\gl(hoMB + MD(H)> i) (3.25a)
dH
dF 1
Ma— = —gMa(H — ho) — 5 ME(2)2. (3.25¢)

where Iy is the [N x N] unity matrix. When H ("), F'(t") known, we can solve (3.25a) and
obtain ®(¢"). We then can compute (3.25b, 3.25¢) in time using an explicit time stepping
method.

The spatial averaged energy H(t) for the Whitham Boussinesq variational formulation is given
by:

_ db, by .,
H(t )\Z/ Hk90+Hk+191)((I)kd + @y, d:r:)
K,
1 1,dH dH,
+59(Hibo + Hi1161)° da — dt’“e + d’““el) (3.26)

3.4 Klopman’s variational Boussinesq model

In order to solve the weakly nonlinear Klopman variational Boussinesq model numerically we
introduce the following expansions for the trial and test functions

Wz, t) = SO @) (1), oh(z,t) = S @)V,
Sl t) = S xG@)B(), bz, t) = S (@)W, (3.27)
1/’(957t = ZN—HXJ(QU)\I”@)’ 51/’@70 = ZN+1XJ(x)Z

where x; are linear basisfunctions of degree d,, = 1 that are only non-zero in the elements
K;_1 and K; as introduced in section 3.2. The seabed slope ho(x) is approximated by Hy,
which we will assume constant in the rest of this subsection. We integrate the variational
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formulation of the Klopman Boussinesq model (2.37) by parts with respect to time and we
have

t1
0= / / 8pdh — Dy0¢ [h@mgo — gh?’am] (3.28a)

to Dy,

—3hdyp — Oh (%(6@2 — 202000, + §h4(8xw)2 + 20%* 4+ g(h — h0)> (3.28b)

+0,00 [;h?’amgo — %h%xw} — §5¢h3¢ dadt. (3.28¢)

We will now substitute the expansions for our trial and test functions to discretize our weak
formulation for each varied variable. Evaluation of the global basisfunction is done over the
reference element as described in section 3.2.

3.5 Assembly of global nodes

We assemble our system per varied variable at each elements belonging to the tesselation of
a periodic domain. We introduce convenient integrals over the elements and collect these
contributions per element to solve our system in time.

3.5.1 Assembly for the first part

We first consider part (3.28a), the variation with respect to d¢. We have

Spdih — 030 [haa;(p — gh?’aw] de =0« (3.29a)
Dy,
l P
> / 8p0th — Dy [h8$ap - gh?’axw] dz = 0. (3.29D)
j=1"K;

We substitution the expansions (3.27). For convenience we introduce the following integrals
at elements K; of our tessalation 7p,

- K| [
A(jyi,m) = - ©,0,, d¢ (3.30a)
—1
1
o | K| doe; dOe, dOg
B1(j,i,Hy, Hg, @1, PRr) = TJ/E(HLgl‘FHR@O) ((I)LE +¢Ra)d§(3-30b)
—1
K| [ de o,  de
.. j 7 3 1 0
C1(j,i,Hp, Hr, ¥y, UR) = TJ/ o (HLO1+HROo) (\IJLEJF\I/RE)dg (3.30c)
-1

where ©; represents the expansion of our arbitrary testfunction d¢ and indices L and R
represent respectively the left (z;) and right (z;41) node of the element concerned. Note
that, for fast computation of the integrals, % = (—1)1_1'% for linear polynomials. We
collect the integrals above by summation over all elements an(Ji add the contributions to the
left and right node. We obtain for equation (3.29b)

dH
dt
where the matrices are found by summation of all contributions from elements K;, j =

1,..,Ne to both nodal values at the left and right boundaries, x; and 41, of elements K;.
They are indicated by xj11-4, ¢ =0, 1.

MAj+1—i,j+1—m = A(], i, m) Vm= O, 1 (332&)

2
MA MB1+ 3 MC1=0 (3.31)
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MBlj1-; = B1(j,i, Hj, Hj41,9;,®41) (3.32b)
MCljJrl,Z' = Cl(j,i,Hj,Hj+1,\I]j,\I]j+1) (3326)

Observe that the parameter j + 1 — 7 in combination with element K represents the global
node, nameley ©; = O refers to the left and ©; = ©¢ to the right node of an element.
Note that we still have to account for boundary conditions; eg. in case of periodic boundary
conditions we concern nodal value 1 if 2;11_; = Tne41 and we add this contribution to the
global matrix accordingly.

3.5.2 Assembly for the second part
We now consider part (3.28b), the variation with respect to dp. We have

1
/ (01 + 3 (00 — 20200000 + §h4(6x1/1)2+ W27+ g(h—ho)))dz=0 ¢ (3.33)
Dh

5 [ (000 + 5(0u0)~ 220,50, + SH 00+ 200 + g(h—ho) ) do =0 (3.330)
Jj= 1K

and adopt the convenient integrals for our tessellation 7p,

K| [
K de do
B2(j,i,®r, Pr) = ‘ ’/ Oi(— @y + ——Dp)° de (3.34b)
dx dx
C2 (]727HL7HR7®L7®R7\IJL7\IIR) -
1
K; de de do do
’2—]‘/@i(HL91+HR@0)2(‘I>Ld—1+‘I>R 1 0)(\I/Ld—1+\I/R O)d§ (3.34c¢)
de do
D2(j,i,H,, Hr, V1, V)= ]‘/ {(H,©1 + HrOp) (\I/Ld—1+\I/R 0) de (3.34d)
E (]725HL,HR,\IIL5\I]R J|/ HL®1+HR®(]) (\I]L®1+\I]R®O)2d£. (3346)

where ©; represents the expansion of our arbitrary testfunction dh. We obtain for equation
(3.33b)

dH 1 3
MAd—+ —MB2—-2MC?2 + MD2+2ME2+gMA(H Hy) =0 (3.35)
where
MAjJrl,Z"jJrl,m == A(], ’i, m) Vm= 0, 1 (336&)
MBQJ‘+1_Z‘ = B2 ( ,Z,‘I)j,q)]_H) (336b)
M02j+1_2‘ = CQ( ,Z,Hj,Hj+1,q)j,(I>j+1,\pj,\pj+1) (3360)
MD2j+1—i = DQ(],Z,H Hh+1,\pj,\I/j+1) (336d)
MEQJ‘_H_Z' = EQ( ,Z,Hj,Hj+1,\Ifj,\Ifj+1) (3366)
3.5.3 Assembly for the third part
We now consider part (3.28¢), the variation with respect to d¢). We have
0,00 | =h’0pp — —h’0, 0| — =0h’p de =0 & (3.37)
Dy 3 15 3
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al 2 8 4
> / D301 [—h?’ax@ - —h5axzp} — Zyhiey da = 0. (3.38)
= Jx, 3 15 3

and use the integrals for our tessellation 7p,

1
- K| [ de; de de
C3(j7zaHL7HR7(bL7(bR) = %/ - (HL®1+HR®0) (@Ld—l‘i‘@R O)df (339&)
—1
K| [d de,,
D3(j,i, Hy, Hr,m) = %/ mi (HL®1+HR®0)5d—d§ (3.39b)
—1
% 1
E3(j,i,Hy, Hr,m) = |2—j|/@i(HL@1+HR®O)3@m d¢ (3.39¢)
—1

where ©; represents the expansion of our arbitrary testfunction ¢ and with the parameter
m we represent the nodel value of W1, at 2j;1_,. We obtain for equation (3.38)

2MC3 - (— ® MD3+ 4ME3)\IJ =0 (3.40)
3 15 3

where
M03j+1—i = C3(j,i,Hj,Hj+1,q)j,q)j+1) (341&)
MD3j+1—i,j+1—m = D3(j,i,Hj,Hj+1,m) (341b)
ME3j+1—i,j+1—m = E3(j,i,HL,HR,m) (3410)

where for periodic boundaries if j +1 —m = Ne + 1 we have to put j+1—m = 1.

3.5.4 Solving the system in time

Since we represent each trial function in terms of polynomial basisfunctions of degree d, = 1
we have to make sure that our spatial integration routine preserves accuracy. For example
integral D3; we numerically integrate h° over an element. Observe that as a result we obtain
polynomials of order at most d, = 5.

/.“1 . J'/ +HJ+1(1;§))5 de. (3.42)

Therefore an integration routine should be chosen that is at least exact for polynomials of
degree 5. We choose the three point Gauss quadrature rule, which is exact for polynomials
of degree d, =23 — 1.

Note that we have the following invertible matrices; M A, M D3 and M E3 of size [Ne % Ne].
We have the following vectors of size [Ne x 1]: the trial function vectos H, ® and ¥, and the
assembly vectors M B1, M B2, MC1, MC2, MC3, M D2, M D3, M E2 and M E3.

When solving the system in time, we first have to solve the third part to obtain W. Then we
obtain our residuals for a time integration method.

4 -

U= (MD3 +2ME3) " MC3 (3.43)
H 2

(L—t =MA ' (MB1 - 3MC1) (3.44)

dH 4 1 3

o - MA™(—gMA(H — Hy) — S MB2+ 2MC2 — MD2 - 2M E?2) (3.45)
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3.6 Time integration

Untill now the time was considered to be continuous. We now discretize our systems with
respect to time, to integrate numerically in time from one time step to another. In literature
many time integration methods are proposed. Since we consider energy conserved systems,
we would particularly like to conserve energy in our numerical scheme. Therefore we consider
the Stormer-Verlet method. The two Runge-Kutta methods are considered, since they are
high order in time (third- and fourth-order, respectively). However, they are total variation
(T'V') diminishing [14] under the CFL coefficient. For our systems this results in numerical
dissipation. The TV diminishing is expressed as follows:

TV () = 3t - Ut < 3 gy — UF| = TV (), (3.46)

i€Ty, i€Ty,

where u(z,t) = u(x;,t,) is the solution at the i*" node x; and at time step ¢, [14]. The CFL
conditions states:

max Az

N —

~ max |u”|’
J€Th 7

(3.47)

Another result is that a solution of the systems observed only is oscillatory when the numerical
solution is representing a discontinuous jump [14], in our case representing the breaking waves.

3.6.1 Stormer-Verlet

Stormer-Verlet is a symplectic method; it is reversible in time and it conserves energy for
Hamiltonian systems such as the (non)-linear shallow water equations. [15].
For the linearized Shallow-Water equations:

At

n+1 n At nJrl
el = @ - My H" (3.48)
g+l — Hn—i—% + %MBq)nﬂ

3.6.2 Third order Runge Kutta

We collect the discretized variational formulations in the following system:
U =R(U), (3.49)

with U = [H, ®]" the state vector. We can use the third-order Runge Kutta to discretize
the system in time. We compute the new state vector U"*!(z) at time-step t"T! = " 4+ At
explicitely
v = U™+ AtR(U™, )
U® = [3U"+UW + AtRUW " 4 At)] /4 (3.50)
Untt = [U" 420 4 2AtR(UP) 1% + At/2)] /3.
A rough time step estimation is given by

At < C’FLmkin(Kk)/c (3.51)

with CFL the Courant-Friedrichs-Lewy number; C'F'L < 1 and c is a constant velocity, eg.
¢ = +/ghy in the shallow water case §3.3.1.
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3.6.3 Fourth-order Runge-Kutta

The classical fourth-order Runge-Kutta formula is [31]:

vl = AtRU™, )

u® = %AtR(U" + %U(l),t" + At)
U = %AtR(U" + %U@), "+ At) (3.52)

UW = ARUT+U® " + At)
A A ¢ N J LGV §4C)
6 + 3 - 3 + 6

Un+1 _ Un +

3.7 Conclusion

In this section we derived for fully nonlinear Whitham variational Boussinesq model a contin-
uous Galerkin finite element method to approximate propagating wave solutions numerically.
In the progress of this derivation we have derived a ¢cG FEM for the linear and nonlinear
shallow water equations.

Furthermore, we have derived a ¢cG FEM formulation for the weakly nonlinear Klopman vari-
ational Boussinesq model for a horizontal seabed.

Finally, we have presented two total variation diminishing in time integration methods, namely
the Runge-Kutta methods 3 and 4, and the Stormer-Verlet method, which is a symplectic
method.
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4 Numerical Modeling: Discontinuous Galerkin

4.1 Introduction

The first discontinuous Galerkin (DG) method was introduced in 1973 by Reed and Hill [32]
in the framework of neutron mass transport, i.e. for hyperbolic equations. Since then DG
finite element methods have been developed for a wide range of models and applications. In
our model besides hyperbolic terms also elliptic terms appear. The DG method has been
developed for purely elliptic problems by Bassi and Rebay [3]. In this report we will follow
the approach of Arnold et al. [1] to compute the elliptic terms that appear in the Klopman
model. We will use the method of Brezzi et al. which is a local, consistent and conservative
method [2]. The discontinuous Galerkin method is particularly useful when hydraulic jumps
occur.

The basic idea of the Galerkin method is to multiply the system of partial differential equa-
tions by arbitrary test functions. In Discontinuous Galerkin methods we perform a partial
integration over each element resulting in a weak formulation. When we discretize the weak
formulation the discontinuous Galerkin methods specifically uses a numerical flux at the
boundaries of the element that concerns the two neighboring elements. The discontinuity
may occur at the element boundaries. The advantage of this method that we can refine hp
locally, which means that we may refine the element size h of one element or that we may
adjust the order of our polynomial expansion p in an element [38].

In subsection 4.2 we will first introduce the discretization that we will use and we introduce
some conventional notations and properties, such as the average {-} and jump [-] at a face
S and the global and local lifting operators R and Rj.

The DG method is illustrated for the linear shallow water model? in subsection 4.3. It is shown
how we can design the relations defining the numerical fluxes when energy is conserved, as is
the case in our variational models. These fluxes affect the stability and the accuracy of the
method. We will follow the approach of Yan and Shu (2002) [38] for KdV type equations to
derive conditions for the numerical fluxes.

In subsection 4.4 three basic properties of fluxes are formulated, namely consistency, conser-
vation and stability in time. Furthermore the Rankine-Hugoniot relation is formulated with
which we can calculate the propagation speed of the local discontinuity.

Thereafter we present two choices for the fluxes, namely an alternating flux and the simple
Lax-Friedrich flux [22].

In subsection 4.5 we illustrate the local discontinuous Galerkin method to compute the ellip-
tic terms on a Poisson equation. In subsection 4.6 we apply the local discontinuous Galerkin
method to the linearized equations that were derived from the Klopman variational model.
It is in these equations that the elliptic terms appear. It is discussed why the formulation
of the primal form as proposed by [38] was not followed and where discrepancies are with
Eskillson’s work [12, 13].

4.2 Finite element discretization

In this section first the finite element discretization is introduced that we will use in the
DG method. Second we discretize the trial functions which enables us to solve the system
numerically. Third the jump and average over a face are defined and some algebraic properties
are given. Fourth the global and local lifting operator are defined, which we will use to solve
our elliptic terms.

9The lsw is a system of hyperbolic equations when written in [h, u]
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4.2.1 Tesselation of the horizontal domain

The spatial discontinuity in the DG method requires that we discretize the horizontal domain
slightly different than in the continuous Galerkin case. Again we partition the horizontal
domain Dj with elements to approximate the solution. We introduce the partitioning T}
existing of NV open elements K; = {z|z € (xj_%,xj+%)} where T 1 and Tjy1 are the so-
called nodes. The result is a tesslation

Ty, = {K;| UL, Kj =Dy and K; N K; =0 if i # 5,1 <i,j < N}. (4.1)

with K ;j the closure of element K;. The discontinuity may occur at the internal faces x i1

2
and ;1 of element K;. Values of u left and right of face x ;1 are therefore denoted by
2 2
respectively
w, = lim w(z,t) and w’ ,:= lim wu(x,t) (4.2)
J=3 :vaj_% J=3 ml:vj_%

as illustrated in figure 4.2.1

I T M B A
]

Ty-L T14d Ty_1 Lj—1 Tjyl TN-1 TN+

Figure 4.2.1: Spatial discretization of the horizontal domain D}, for the discontinuous Galerkin
finite element method.

4.2.2 Discretization

To reduce the partial differential equations of our model explicitely to ordinary differential
equations, we choose a finite number of polynomials to expand the variables in each element
K ;. We hereby obtain the so-called trial functions uy(x,t) and vy (z,t) for the solution u(x,t)
and for test function v(z,t), respectively:

dp dp
uh(xat) = Z Um(xjat)@m(x)a wh(xat) = Z Wm(xj’t)gm(x)’ (43)
m=0 m=0

with polynomial basis functions 6,,(z) € P9 (K}) in which P9 (K;) denotes the space of
polynomials in K; of degree dp and up, wy, € V4, with Vj, = {v MKJ' € P*(Kj), k=1,..,N}.
The so-called global basis functions ©,, are defined on element K by:

O () = 1 itm=20 (4.4)

I\ T G () — ‘le‘ ij O j(z) dz if m > 0. :

with compact support (equal to zero outside the element) and 6,, = (" on the local reference

element ¢ € [—1,1]. With a mapping z = Fj(¢) € [z;_1,2,,1] with degree d, = 1 we map
2 2

from the reference element to the partitioning

FJ(C) — 5%‘—% + ic

5 1 (4.5)

9 Tits

and vise versa from the partitioning to the reference element with its inverse F~!(z). Integrals
over an element can now be computed with a two-point Gaussian quadrature rule which is
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exact for polynomials of degree 1 [28]. An integral over an element can be computed as follows
for a smooth function g(x) € V},

Z .
ity

1
[ o) da i;-[ ) a6 = T (o5 (2 + ol (7)), (1.6

Tj—

N[

4.2.3 Jump and average on a face

The union of the internal faces is denoted by I'; and the boundary faces are united in the set
I'y. All the boundaries are represented by I' = I'; UT,. At an internal face S we define the
jump [-] and the average {-}

[v] =v n” +vinT for STy (4.7a)
1
{v} = E(v* +o™) for S eT. (4.7b)
with n~ and nt the outward normal with respect to the left and right element of face S. At
S € I'y the jump is v™n' or v™n~ and the average equals the internal value v™ at the left
boundary or v~ at the right boundary of the domain. Note that in the 1D case n~™ = —1 and
nt = +1.

We state some algebraic properties that we will use in the following subsections. For v;”, w;”
at the left and U;L , wf at the right of face S; we have that

v (w ) +ot(wtnt) = o} w] + [v]{w} at S € T; (4.8)

and at the left or right boundary, we have that

vE(wtn) = {u}w] = [v]{w} at S € Ty, (4.9)

with n the outward unit normal. Observe that the following relations hold for the jump
average

{{’U + U}}} = {{’U} + {{w}’ [[’U + U}]] = [[U]] + [[U]]], (4 10)
oy = {v} and  [fv}] =0 '
4.2.4 Lifting operator

To deal with elliptic terms in our systems first the global and local lifting operators are defined
[3] in this subsection. Then they are discretized and rewritten as a linear system [34]. The
global lifting operator R(p) is defined with an arbitrary test function v € 7, as follows:

/D RO dr = /F [vlp ds. (4.11)

The local lifting operator at face S is Rs(p). It has compact support outside the elements

K;, Kj1 adjacent to the face S = Tjp1= K; N Kji is defined as:

vRs(p) do := /{[v}p ds. (4.12)
Dy, s

The local lifting operator Rs(p) is related to the global lifting operator R(p) by:

=3 R.). (4.13)

Serl’
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We discretize the local lifting operator R(p) at face s left or right of element K;, by expansion
in polynomials of degree d, as [34]

dp
(Rs(p)); = ZRf’j@i(:c) for z € K; (4.14)
=0

in order to solve elliptic terms numerically. Likewise the expansions of our test-function vy (x)
and trial function v, (z) read

dp dp
vp(z) = Z Vii©i(x) and oy(x) = Z U, i0,(z) for x € K;. (4.15)
1=0 =0

We substitute these expansions in the definition for the local lifting operator (4.12) and for a
face S of element K

d d
ZPRISTJ(/K 0,0; dCU) = Zp (%‘I’k,i/s@i@z ds —{—/SGZFGZ ds) for [ =0,..,d,
=0 J i=0

(4.16)

where ©; and @;r represent value at the left and at the right element of face S, respectively.
For convenience we define a matrix 47 € R(@+1)x(d+1) gt element K ; and the matrix P*/ €
R(@+1)%2 a4t face S adjacent to elements K; and K1 as

. , 1
A{z = / @l@z dx and PSR’j(\I/j7i, \I/j—f—l,i)li = §\Ifk7l/ el@z ds. (4.17)
K; S

Now we can collect the integrals over the elements and over the faces to obtain the following
linear system [34]

ATRRT = PSRI(W W), (4.18)
Similarly, we have on the left face of element Kj;:

ARSI — PSL’j(\I]jfl, \I]j) (4.19)

Note that, since the basis functions ©; are orthogonal, automatically yields A7 is invertible.
Finally the lifting operator coefficients R*7 are found for a left or right face s = {Sr, Sr} by
inversion of A7 and the expansion of the trial function for the local lifting operator now reads

dp dy
(Rs)j = Z Rf’j@i = Z(Aj)_lps’j@i (4.20)
=0 =0

for face S left or right of element Kj.

4.3 Linear shallow water system

In this subsection we apply the discontinuous Galerkin method on the linear shallow water
equations over a flat seabed and illustrate how our numerical fluxes can be chosen such that
energy is conserved. First we start with our system of equations, which are

Oth + hoOyu =0 (4.21a)
Oyu + goyh = 0. (4.21Db)
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We multiply with arbitrary test functions v(z),w(x) € C*°(K;) on a certain element K; and
integrate by parts over each element K; € 7;. For convenience, we write v, = % for the first

order spatial derivative with respect to its only argument. At each element we have

/ vOh — vy hou dz + vhour — vh0u|+ (4.22a)
K Tird T

J

(S

/ wou — wegdyh dx + wgh|_ — wgh‘+ (4.22b)
K; Tit+d Tj-

J

Nl

where we have taken the internal element values at each face as in (4.2). Since the system

[h,u] can be discontinuous at a face the limit solutions of h and u may not exist at the

element boundaries 0K; = S € T'. Instead, we introduce the numerical fluxes h; = h(h; ,h;")
+

and 4; = u(u; ,u;") for all faces S; € I'. Summation over all elements K results in the

discontinuous Galerkin weak formulation over the whole tesselation 7j,.

N
Z { /K vOh — v hou dx + vjjr%hozljJF% — v;r %hoﬂj,%} = (4.23a)
j=1 j

N

_ — 7 e 7 _
Zl { /Kj wot — wegdph dx + wﬂ_%ghmH% wj_%ghm_ } =0. (4.23b)
]:

Now we will derive conditions for the fluxes that we introduced. Remember that we have an
energy conserving system and at a certain horizontal domain Dj, we have 9yH = 0. We manip-
ulate the system such that we end up with an alternative expression for energy conservation.
By addition of (4.23a) and (4.23b) we obtain the following bilinear form:

N N

. —_ A~ —_ A +
g 1 {Bj(h,uw,w)} = E 1{/Kj vOth — hovgu dx—i—houﬁ%vﬂ% —houj_%vj_%
J: J:

+/ wopu — gorwh dx + ngLjJr%w*
K.

_ +
19y 1wj_%}, (4.24)

J

which is equal to zero for all v,w € C*°(K}), since the solutions h and w of the bilinear form
also satisfy the system (4.23). We then take!°

v(x) = gh(x,t) and  w(z) = hou(z,t) (4.25)

at a certain time ¢. Using — [ hdyu + udyh dx = —uh]]:rl + uh]; we obtain the following
2

NI

relation on element K

Bj(h,u; gh, hou) = %/KJ %h0u2 + %gh2 dx + fIH% — fAI];% + (:)];% (4.26)
with

H; = —F(x;) + ghoth; + ghohiu; (4.27)
and

Oi = [F(z:)] - 2ghotii{h}: — 2ghohi{u} (4.28)
where

F(7) = gholhu] __=. (4.29)

=x;

1%Yan and Shu (2002) proposed this procedure for the KdV equations where cell entropy is conserved [38].



36 4  Numerical Modeling: Discontinuous Galerkin

Say 7j, is a periodic domain. We may sum B; over all elements K; € 7j, and it is still equal
to zero. Remember that we have energy conservation and that we have 0;H = 0 or

1 1
OH =0, / —hou?® + =gh?® dz = 0. (4.30)
D, 2 2

Summing B;(h,u; gh, hou) over the periodic domain cancels the ﬁi—terms, since they were
constructed such that alternately a contribution of one element is canceled by a contribution
of another element.

N d 1 1 N
B = — ~hou? + =gh2d ). 4 = 4.31
;] dt/Dh20u+2g H;@j_ 0 (4.31)

=

Then we substitute 0;H = 0 and we observe that only (:)i—terms remain. Thus for all faces
holds

@i = gho{[[hiui]] — QQZ{hz}} — Qﬁ{{ul}} =0&
gho{h~u™ — htut —a(h™ +n*) - h(u™ + ut)} =0 at face ;. (4.32)

What is left is to choose proper fluxes for u; and h; such that this equality holds (besides
consistency and conservation, see the following subsection). The non-linear shallow water
equations are formulated in discretized in appendix A.

4.4 Numerical Fluxes

Numerical fluxes are used for inter-cell communication. At a face the solution of a system can
be discontinuous. The basic idea of a numerical flux is to treat these values as a local Riemann
problem and solve it numerically. The local Riemann problem can be solved analytically, but
it can be quite expensive in terms of computational effort [4]. So we should use an approximate
Riemann solver, eg. HLL or HLLc, to simulate the propagation of the discontinuous jump.
First we will state three requirements that should be satisfied by our numerical fluxes and
then two examples are presented, namely an alternating flux and the Lax-Friedrich flux [38].
We require that a numerical flux f (u™,u™) is consistent, i.e.

Flu,u) = f(u). (4.33)
Furthermore we require that the flux is locally conservative, i.e.
fat,u) + fu,ut) =0, (4.34)

Finally we require that energy is conserved as illustrated in subsection 4.3, which leads to L?
stability in time

B(h,u;v,w) —H =0 (4.35)

for an appropriate v,w € H'(Dy,).

In literature several numerical fluxes are proposed satisfying the three requirements stated
above. Whether to choose the right or the left value at a face depends mainly on the propa-
gation speed s of the solution of the local Riemann problem. We have s = da/dt¢ and it can
be found by the Rankine-Hugoniot relation [5]

r+e
0=l / O+ O ()de = —sfu] + £({u}). (4.36)
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where u = [h,u|” and f(u) = [hou, gh] in the linear shallow water case.

For a system with two equations such as (4.23) in the shallow water case, we may choose
an alternating flux. For the shallow water case it is sufficient to evaluate f(u) for the first
equation at the left of a face and for the second equation at the right of a face (or vice versa).
This choice satisfies the above requirements for linear systems.

Another simple flux is the Lax-Friedrich flux. It satisfies above requirements, but is found to
be quite dissipative [38]. It reads

Pl ) = {7} - g0l @ = max|duf(w), (4.37)

where the maximum is taken over a relevant u, which in practice is the maximum is taken over
the elements sharing the respective face. Note that the value of the flux on a boundary face
S € I'y is attained by evaluation of the internal boundary value with the respective normal
direction.

4.5 Elliptic equations

We follow the approach of Arnold et al.[1] to apply the method of Brezzi et al.[2] to the
elliptic terms that appear in the Euler-Lagrange equations of the Klopman model [19]. For
convenience we consider the Poisson equation:

f=8 =0 (4.38)

to illustrate the method, with f € L?(Q2). We introduce an auxiliary variable o = 9,1 and
we rewrite the equation to a system of first order equations:

f— 08,0 =0, (4.39a)
o — O = 0. (4.39b)

We may now formulate a weak formulation over a subset K € Dj by multiplying by test
function w € C*°(K). From now on ¢ and 1 represent the trial functions for the solutions o
and v respectively. For equation (4.39b) we obtain after partial integration twice (forwards
and backwards) in space

/ wo dr = / wox do (4.40a)
K K
= —/ Wy dx—i—/ win ds (4.40b)
K oK
= / woy) dx —|—/ w(th — )n ds, (4.40c¢)
K oK

with n the outward normal vector to 0K . Note that when we integrate by parts with respect
to ¢ we have to introduce the numerical flux 1& since ¥ can be discontinuous at the faces,
provided that the face is an internal face. For convenience we choose the consistent flux
TZJ = {#'}. The test functions are still arbitrary. Summation over all elements K; € 7}, gives
the weak formulation

/Dwadx:/ wawdm—i—Z/ w(t) —)n ds. (4.41)

We transform this weak form using algebraic property (4.8) into:

/Dh wo dz = /Dh wdypp da — /F{w}}[[w]] ds + /F [w]{e> — ¢} ds. (4.42)
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Since the numerical flux v is consistent at the internal faces I'; we have the relation {{1[1—1&}} =
0. We now rewrite o by means of the global lifting operator (4.11) to

/ wo dz = / woy — wR([Y]) dz (4.43)
Dy, Dy,
and we obtain:

o = 0,00 — R([W]). (4.44)

Similarly we obtain a weak formulation for the first equation (4.39a) of our system by multi-
plying with a test function v € C*°(K). We introduce the numerical flux ¢ and sum over all
elements. After application of (4.8) we have:

/Dh vf tugo doe = /F{v}[[c}]] ds + /Fi[[v]]{{ﬁﬁ ds. (4.45)

Substitution of equation (4.44) in: (4.45) for our auxiliary variable o results in
[ or +0s(0i0 = R(G D) do = [ goblolas+ [ [} as (4.40)
h i

and we obtain, after using the relation (4.13) for the local lifting operator, the primal formu-
lation [1]:

/ o] e = 3 / oaRs([v]) dor = Jeobotas+ [ Bl ds (a7

Ser’

We choose the stable and consistent numerical flux proposed by Brezzi et al.[2] such that
[e] =0

o = {09 — " Rs([¥]) } (4.48)

where the global lifting operator R was approximated by the local lifting operator Ry and n°®
should be strictly larger than the number of faces per element.

4.6 Linearized Klopman model

In this subsection we will first derive a weak formulation for the linearized Klopman model.
In subsection 4.6.1 we will discuss why we need a primal formulation to solve the system.
Thereafter the primal formulation is presented, where the approach of Arnold et al.[1] is
followed. The linearized Euler-Lagrange equations of the Klopman variational model were
derived in section 2.3 and read:

2
Orh 4 hoOyu — ghgagzp =0, (4.49a)
Oru ~+ g0y (h — hy) =0, (4.49b)
4 2 8
ghgzb - ghgamu - 1—5hga§¢ =0. (4.49¢)
For the elliptical terms 0%¢ we introduce the auxiliary variable ¢ = 9,1 and we follow

the approach of Arnold et al.[1] as described in the previous subsection. We multiply with
arbitrary test functions v(x), w(z),s(x) € C°°(K;). The weak formulation at each element
K, after simplification, reads:

2 2
/ vO:h — hovzu + ghgvxa dx + / (hovt — ghgvﬁ)n ds =0, (4.50a)
K; 16)

J K
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/ wopu — gwy(h — ho) do + / gw(h — ho)n ds =0, (4.50b)
K, oK
4.9 o4,
269 — quu + —hgszo dz + (st — —hiso)n ds = 0. (4.50¢)
. 5 . 5
J J

and summation over all elements of 7} gives us the weak formulation of the whole system.
Note that to solve our system we would need an extra equation o = d,%. However this would
yield solving the system globally as we will discuss in next subsection. A LDG approach is
proposed by Cockburn and Shu [10], which eliminates o locally. A more easy approach is
eliminating the auxiliary variable globally following the Arnold et al. approach as sketched in
the previous subsection on elliptic terms.

4.6.1 Primal formulation

To solve system (4.50) numerically at a certain time step ¢"*! we have data available from
the previous time step t" and information on how h and u progress in time, namely according
to a first order time-derivative. We can observe that to solve the system per element at a
time step t"T! we also need information of how v evolves in time at every element to obtain
¢ at "1, This is not expressed explicitely so we have to obtain this information from our
third equation (4.49c) with the u at the new time step t"T!. This quantity is known from the
second equation (4.49b), but 921 and ¢ are still unknown. Solving this elliptic equation can
be done with a continuous Galerkin method as Eskilsson & Sherwin [12] do for a Boussinesq-
type equation or with a local Discontinuous Galerkin method as proposed by Cockburn and
Shu [10]. The approach of Cockburn and Shu is similar to the approach of Brezzi [1], but
with a much more complex formulation for the auxiliary variable. Therefore the more simple
approach of Brezzi et al. [2] is used, which can be replaced by a purely local DG method.
The approach of Brezzi et al.is able to approximate the propagation of discontinuities in time,
where the continuous Galerkin method is not.

We will now derive the primal formulation for the linearized Klopman Variational Boussinesq
equations. As seen in section 4.5 we could substitute our auxiliary variable o:

o = 0,0 — R([¥]) (4.51)
and its flux &
o =fo - n"Rs([¥D} = {00 — n*"Rs([W]) } (4.52)

in the weak formulation (4.50). As a result we have a primal formulation which we can solve
at a certain timestep t"*! with the values of h,u,v and 9,% known at time-step ™. It reads

/ vOhh — hovat + ghgvx(am ~R([¥])) dz
K

J

J,

J

| 20— Gt Sha (0.0~ R(Iu) da
K.

J

+ / (hovii — ghgv{aw R n ds =0,  (4.53)
oK

wopu — gwy(h — ho) do + / gw(h — ho)n ds =0, (4.53b)
- OK;

+/ (¢t — %h%§{{3ﬂ/} —n*Rs([¥])})n ds =0 (4.53¢)
0K,

J

and after application of the definition of the global lifting operator (4.11) we have

2 2
/ vOih — hovzu + ghgvx&v?/) do + / hovin — gh%{@m}H¢H
K; o

J K
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0.0 — i Ry([WD )0 ds = 0, (154a)

/ wopu — gwy(h + hy) dz + / gw(h — ho)n ds = 0, (4.54b)
K, K

4 4
/ 2t — ey + Sh2,00 d + / can — =h3{sa } Y]

J

A0~ R[] I ds =0, (454c)

where we used that [[12)]] = 0. Summation over all elements gives us the desired discretization.
Note that, when we assume that vertical velocity profile of the fluid, governed by the term 1,
is equal everywhere, we re-obtain our linearized shallow water system that we considered in
subsection 4.3.

4.6.2 DG discretization on the Klopman model

To solve the primal formulation numerically we use the tesselation proposed in subsection
4.2.1. We discretize the trial- and test-functions as proposed in subsection 4.2.2 and we
expand our functions as in equation (4.3) with polynomials of degree dp. We obtain the
following expansions for the trial and test functions

U

hp(z,t) >ito Hii(1)Oi(x), vn(x) >0 ViiOi(w),
up(z,t) = YT UL 0)0i(x), wh(z) = Y@, W;0(x), (4.55)
Un(a,t) = ST 010i(x), wlr) = N7, Z;0(x)

for x € K;. We discretize the lifting operator R as in section 4.2.4, equation (4.20), with
expansion coefficients (R); with respect to element K; and its faces S € 0K

dP dP
(Re); =Y R0, = (4)tP*ie;. (4.56)
=0 =0

We substitute the expansions introduced above in equation (4.54) and we obtain

dp
dHJl d@z 2 5 dO;de,
2 de .
+/ hOVj,i@i (u — gh%({{\lll } { R 7]@ }))

hg{{vj,id—;}[[%@i]] ds =0, (4.57a)

I du. e,
ZZ/ W;.i0; ”91 Wiy HjO1 du
=1

=1

—|—/ ngﬂ'@i(iL - ho(:ﬂj))n]’ ds =0, (457b)
19}

J

dP
de, 5. dO;de,
Zzllzl/ 2Z]z® ‘I/]l@l ]zd Ujl@l h ']Zdl‘ 1z \II]J dz
) de; .
+/ Z;iOi (u— 5h3({{‘1’z } - {n°R7e; }))
OK
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where s as superscript in Rf’j refers to the faces Sy and Sk of OK;. Note that the average
[[\Ifl%]] and jump [V;0;] are over the elements adjacent to the face. Using that the test
functions are arbitrary on every element K; € 7; we obtain a linear system and we may sum
over all elements over our domain Dj,. This system is written out further for polynomials of
degree d, = 1 in appendix B.

4.6.3 Total energy

The total energy of the linearized system over a horizontal domain Dy, is given by

1 2 2 9 2 1
H= [ ho [u - —h%(axw] + —hg(0u)* + Zhiy® + 5g(h — ho)* da (4.58)
D, 2 3 45 3 2

(4.59)

which can be approximated on our tesselation 7; with our polynomial expansion of degree
d, =1 by

N
H:Z&/l lho((j—i—g(j—gfﬁ(i\i"f—l——h (_@)2
; 9 712 J J 3 0 |Kj| J 0 . J

2 3,2 - 1 - N _
+3h0(W5 +EW5)° + Sg(H; + EH, — Hp))® dg. (4.60)

4.6.4 Choice of numerical flux for KVBM

Since we consider an energy conserving system, we do not adopt the Lax-Friedrich flux. We
observe a linear system of equations and therefore we simply choose an alternating flux:

h; = Hj, — Hy at face S; (4.61)
u; = Upr at face S; (4.62)

which could be interchanged by Hr — Hy, Uy, respectively. Note that, to solve ¥ in the third
equation of our system, we have to use the same choice for @ for consistency reasons, since
U — %h%@ﬂb combine to the depth averaged fluid velocity, as stated in the conservation of
mass equation (4.49b).

4.6.5 Time integration

To solve this system propagating in time we start with initial data at a certain time step
t". With equation (4.57) and U™ known we can compute the values of ¥". With the values
H™ U™ and U™ we can compute (a,b) of (4.57) and obtain H"* U"*! using for example.
RK3 or RK4, cf. §3.6. Then again with (4.57) we can compute the value of U"*! at time
step "1,

4.7 Conclusion

In this section a discontinuous Galerkin approach was proposed to solve the (non)linear shal-
low water equations numerically. An energy conservation restriction for the numerical flux
was formulated.

The discontinuous Galerkin finite element method was then applied on the linear equations
of the Klopman variational Boussinesq model. The system describing the KVBM has an
elliptic equation in space, which is solved numerically using Brezzi’s approach [2]. Since the
021)~term, which appears in the linear equations, appears in a similar way in the weakly
nonlinear [19] and the fully nonlinear Klopman variational Boussinesq equations [20], the lat-
ter two models can be implemented fairly easily using the proposed discontinuous Galerkin
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method. However, the choice of the flux should be considered in the nonlinear case. One
might try the more complex HLLC flux for nonlinear shallow water systems [4], where the
knowledge of the linear dispersion relation might be helpfully in the determination of the local
wave speeds.



5 Verification 43

5 Verification

5.1 Introduction

In this section the verification of our numerical models is presented. We verify our numerical
results against (semi-)analytical solutions.

Firstly we investigate our shallow water models. We consider wave propagation and energy
conservation for linear and nonlinear shallow water waves, simulated numerically with the
continuous (see sections 3.3.1 and 3.3.2) and discontinuous (section 4.3) Galerkin finite el-
ement methods. Then we verify the time integration methods that have been proposed in
section 3.6. Numerical dissipation and a numerical phase shift are illustrated for periodic
linear waves that are propagating for a very long time. Next, we investigate the breaking of
periodic nonlinear shallow water waves propagating over a horizontal seabed.

Secondly, we will verify our results obtained with the continuous Galerkin (CG) finite element
method for the nonlinear Whitham variational Boussinesq model (WVBM).

Thirdly, we will present the verification of the linear Klopman variational Boussinesq model
(KVBM) propagating in time over a horizontal seabed. We will verify the results computed
by the DG method with the analytical solution. Then we compare the results computed with
the CG FEM for the weakly nonlinear model against linear solutions for small amplitude
waves.

5.2 Shallow water equations

In this section we will verify the numerical implementation of our shallow water models
over a horizontal seabed with still water depth hg. First the linear shallow water model is
implemented to investigate the time integration methods for the continuous Galerkin finite
element methods. Then we present the verification for the nonlinear shallow water model,
numerically implemented with the continuous and discontinuous Galerkin FEM.

For shallow water we have the energy density H given by

1 1
H = —h(0,0)* + =g(h — ho)? da, (5.1)
p-H 2 2
which results, as the basis of our variational principle, in the following Euler-Lagrange equa-
tions
1
Oh = —0,[hd.¢],  p = —g(h — hg) — i(am)?, (5.2)

or more conveniently for our DG FEM, after substitution of u = 0,.¢,

Lo

Oth = =0, [hul, Oru = —0g[gh + U ]. (5.3)
5.2.1 Linear shallow water
We linearize (5.3) and we have:

Oth = —ho0s¢, 9 = —g(h — ho). (5.4)
As periodic analytical solutions we take

h(z,t) = acos(kx — wt) + ho, o(x,t) = % cos(kx — wt), (5.5)

where a is the wave amplitude, x the wave number and w = /ghg is the (dispersionless) wave
speed. The initial wave profile is plotted in figure 5.2.1
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Figure 5.2.1: Initial sinusoidal wave profile; a/hy = 0.19; kohy = 0.537; deep water.

We now consider a linear wave solution, approximated numerically, which is propagating for
a long time period over a horizontal seabed. In figure 5.2.2 we see the surface elevation after
a large number of wave periods, i.e. 0, 50, 100 150, 200 and 250 times wave period T = 27 /w.
The non-dimensional value of the total energy computed analytically is 2.1125- 1073 per unit
length and per unit mass (for non-dimensional values of g, hg). Observe that the RK4 has a
phase shift that is almost equal to RK3, but is far less dissipative than RK3. Observe that
Stormer-Verlet is second-order conservative in time, but has a bigger phase shift than the RK
methods.

5.2.2 Nonlinear shallow water

The nonlinear shallow water equations are given in (5.3). We consider a sinusoidal initial
wave profile, in order to investigate breaking behavior of a traveling wave described by non-
linear models [36]. The initial solutions are obtained from linear theory equation (5.5) and
the initial wave profile is plotted in figure 5.2.1.

We investigate shallow water waves with an initial wave steepness kga = 0.53m, using the
continuous Galerkin FEM. The numerical approximation in time is plotted in figure 5.2.3.
Observe that the water level approximation becomes oscillatory (Gibbs phenomenon) when
a hydraulic jump appears. Observe that the value of the total energy (rapidly) decays when
the wave starts to break. Before that, the value of the nondimensionalized energy is similar
to the ones plotted for the linear shallow water equations; cf. figure 5.2.2.

We now investigate the same initial wave profile numerically approximated with the discon-
tinuous Galerkin FEM. For our numerical flux we use both the simple alternating flux and
the Lax-Friedrich flux (see section 4.4). Observe from the results, presented in figure 5.2.4,
that the Lax-Friedrich flux is able to cope with a discontinuous jump, while the alternating
flux is not. However, the alternating flux is conservative (except for numerical dissipation
by the RK4 time integration method) as was shown in section 4.4. The initial value of the
nondimensionalized energy is 2.1125 - 1073 per unit lengt and per unit mass, the same as for
the linear case. Note that the numerical dissipation of energy when simulating an hydraulic
jump is not an unwanted effect since breaking waves dissipate energy in nature.
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Figure 5.2.2: Runge Kutta 3, RK/ and Stormer-Verlet time integration methods for the linear
shallow water equations with periodic boundary conditions; CG FEM. Water height h(x,t)
are plotted for time t € [0, tenq] at time steps n 50T, n=0,1,..,5, with T = 27 /(kw). Initial
condition is (k = 2m): h(x,0) = acos(kx) + ho, ¢(x,0) = Lsin(kz), with a = 0.065 and
ho = 0.53 (deep water), g =1 and X = 1. The thick dotted line is the initial condition and
the thick dashed line is at t = tenq. The total energy is plotted up to tenq = 500T and number
of elements is 20.
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Figure 5.2.4: Nonlinear shallow water equations for a ratio kho = 0.53-(2m) (deep water, DG
FEMs), a = 0.065, g =1 A =1 and hg = 0.53. The initial condition (5.5) is the dotted line.
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5.3 Whitham’s variational Boussinesq model

In this subsection we will verify the numerical implementation of the Whitham variational
Boussinesq model. Firstly, we will scale the model to the domain as depicted in figure 5.2.1
but now for a small wave amplitude a/hg = 0.01. We compute the total energy and wave-
propagation over a long time stretch. Secondly, we will compare with a semi-analytical
periodic solution for the full nonlinear case.
The energy ‘H for the WVBM was given by:

1 1 1
H= [ =h(0:0)*— =ho(d:h)* + =g(h — hg)? dz, (5.6)
D, 2 6 2

which results, from our variational principle, in the following Euler-Lagrange equations:
1 1
Oth = —0,[hd, @), O = —g(h — hg) — 5((31@5)2 — ghoafh. (5.7)
This is rewritten as:

Oih = —0,[h0pd],  OF = —g(h — ho) — %@@2, (5.8)

after introduction of the auxiliary variable F' = ¢+ %hoath, in order to facilitate the numerical
integration in time.

5.3.1 Small amplitude waves nonlinear WVBM

As initial conditions we take solutions of the linearized WVBM equations, equation (2.53)

h(z,t) = acos(kx —wt)+ hy (5.9a)
h 2
F =% sin(kz — wt) with w? = gli. (5.9b)
w 1+ g(liho)Q

Nonlinear water waves behave like linear waves when considering small amplitude waves over
not too long stretches of time [33]. We take a/hg = 0.01, hy = 1, representing deep water.
For one time period T' = 27 /w the propagating wave is plotted in figure 5.3.1. To compute
the the total energy (5.6) we approximate O.h(x,t) by hoMp ® + Mp(H)P, see equation
(3.25). Observe that the total energy is less than the energy of our nonlinear shallow water
systems of section 5.2.2 due to the term —Zho(0:h)?.

5.3.2 Nonlinear Whitham variational Boussinesq model

To verify our numerical model for the Whitham variational Boussinesq, we first consider
cnoidal waves!'!, for which analytic solutions can be found [11]. Second, we consider semi-
analytical periodic-wave solutions to the WVBM, using a standard MATLAB boundary value
problem (BVP) solver, see appendix D. Initial profiles of the analytic solution and of the BVP
are plotted in figure D.6.1. The initial solutions are obtained semi-analytically as follows, see
Dingemans [11], chapter 6.

—ct
h(z,t) = —ay + ch%QK(m)%

16h3 c
A= \/3—Aom <\/gTo> K(m) (5.10b)

1A cnoidal wave is a periodic analytical solution of the KdV equations, which behaves like a propagating
soliton; shape invariant in time

;m) + ho(x) (5.10a)
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Figure 5.3.1: Nonlinear WVBM for small amplitude waves a/hg = 0.01 computed with CG
FEM, for and initial condition (5.9a). Number of elements N is 40 and At = T /50, solutions
plotted every 5At. The energy is computed for a = 0.65, hg = 0.53, g =1 and \ = 1, time
integration method RK/4, under time-step restriction CFL = 0.5 up to tepqg = 650 for N = 20.

ae = %(1 - %) (5.10c)
a; = A — a, (5.10d)
.- 1—2—’20+mi0<1—§£§”;§> * Voo, (5.10¢)

with a, = ma)}\c(h(x, t) — ho(x)) the expression for the crest elevation and a; = mig\l(h(x, t) —
TE e

ho(z)) the through depth and c is the wave celerity; cn(6;m) are Jacobi elliptic functions and
K(m) and E(m) are complete elliptic integrals of the first and second kind, where m; = 1—m
and m is the elliptic parameter; § is a value concerning the wideness of the crest.

The initial condition for the velocity potential ¢ can be computed using the mass conservation
equation:

O¢(h — hg) + 05 [h0,¢] = 0. (5.11)
Using that 0; = —cd, for cnoidal waves, gives us:
—c(h — hg) + h0y¢ = constant = Q. (5.12)

which can be rewritten to

h—h
Dy = m. (5.13)
h
Averaging over a wavelength \ yields that equation (5.13) is equal to zero (cnoidal waves are

periodic and thus 0,¢ cancels at periodic boundaries at one wavelength) and we obtain

Q=—c (b0 /() (5.14)

where we define the wavelength average (.) = X fo)‘(.) dz.
and ¢(x,t) is initially given by:

xQ—{—C(h(CE/,t)—ho(CE/)) ,
¢ = /xo e da’. (5.15)
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Figure 5.3.2: Cnoidal wave in the WVBM; H = 5.0 m, hg = 10 m, A = 1654 m, g =
9.81 ms~2 and m = 0.001. The '+ denotes the initial profile as in figure D.6.1 and the o’ is
after one wave period T'. Number of elements N = 40, At = T/50 s.

The numerical solution for one wave period T is plotted in figure 5.3.2 for parameters H =
5.0m, hg = 10m, X = 165.4, g = 9.81 and m = 0.001. Observe that cnoidal wave is not an
approximate solution of the Whitham variational Boussinesq model since waves are dispersed.
The BVP, see appendix D, gives us, as shown in figure 5.3.3 an exact periodic solution; the
initial condition lies on top of the solution at t.,q = T. Note that the total energy was not
solved completely correct, since we used an approximation for 921.
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Figure 5.3.3: Nonlinear WVBM with an initial condition solved with the standard matlab
boundary wvalue problem solver. Initial values are: H = 5.0m, hg = 10 m, A = 100 m,
g =9.81 ms~2 and we had m = 0.0334. The '+’ denotes the initial profile of one wavelength
as figure D.6.1 and the '’ is after one wave period T. The energy per unit length H/\ is
plotted up to time to,q = 1007 and N = 80.

5.4 Klopman’s variational Boussinesq model

In this subsection we will verify the numerical implementation of the Klopman variational
Boussinesq model. Firstly, we will scale the model to the domain as depicted in figure 5.2.1
but now for a small wave amplitude a/hy = 0.01. We observe the total energy and wave-
propagation for a long time. Secondly, we will consider large amplitude waves for the linear



50 5 Verification

KVBM computed with the DG FEM.

5.5 Small amplitude waves in the Klopman variational Boussinesq model

In this subsection we verify our results obtained for the linear KVBM, numerically computed
with the DG method as proposed in section 4.6. The accuracy of our numerical solution of
the third elliptic equation of our KVBM system has been verified separately in appendix C.
We non-dimensionalize our models by scaling for comparison reasons. We observe periodic
waves on the horizontal domain x € [0, 27]. When we consider as an initial profile a sinusoidal
wave we relate twice the height of the wave 2a to its wavelength A as follows

Az 2a  2adk (5.16)
Az N 2n] '
where a is the amplitude of the wave with wavenumber kg as depicted in figure 5.2.1.
For the complete linear KVBM model an analytical solution is given by
h(z,t) = acos(kx —wt)+ hg, (5.17a)
u(z,t) = akcos(kr —wt)/w, (5.17b)
awk )
Y(x,t) = —W sin(kz — wt), (5.17¢)
where w is obtained from the dispersion relation as derived in section 2.3.2 and reads
1 2
2 _ 4 o1+ 15(kh)
w” = =(kh)"—2———. 5.18
p, () 1+ 2(kh)? (5.18)

Note that for the continuous Galerkin method we ought to compare ¢(z,t) = asin(kz—wt)/w
instead of u(z,t).

After one wave period T' = 27 /w we have that, for a periodic solution on an horizontal domain
x € [0,27], the solution is ideally the same as the initial condition. Moreover, the shape of
wave profile is time invariant (modulo T') when propagating over the free surface, as indicated
by (5.17). The total energy of the linearized system is given by

1 2 2 9 ) 1
Hy, = / “ho |u— Sh§0u| + ——h{(0u)? + Shi? + —g(h — ho)? da (5.19)
D, 2 3 45 3 2

which can be computed analytically for our linear system (5.17) and is approximated nu-
merically by (4.6.3). We now consider a periodic horizontal domain L = 27, wavenumber
k =1 (such that A = 27) and a small amplitude wave a << hyg, for example a = 0.01 with
the non-dimensional coefficients hg = 1 and g = 1. The steepness ratio is then given by
R = 0'—791. The total (non-dimensional) energy of our system is'? H;, = 3.142103451, which is
constant in time. The wave propagation for this linear wave, approximated by the discontin-
uous Galerkin method for the linearized KVBM (section 4.6), using a time step At = 7'/48
with T' = 27 /omega, is plotted in figure 5.5.1a. The total energy of our system at time steps
(At = T'/48, where T' = 27 /w is our wave period) is plotted for a hundred wave periods in
figure 5.5.1b.

When we consider small amplitude water waves, in this case a = hy/100, it is observed that
the solution of the nonlinear KVBM by the continuous Galerkin method will behave like linear
water waves. Nonlinear effects are small compared to the leading linear order [33]. The wave
propagation, as approximated with the continuous Galerkin method (section 3.4), is plotted
in figure 5.5.1c. The total energy of our system at time steps At = T/24, is plotted for a
hundred wave periods in figure 5.5.1d.

Note that the plot may suggest that the total energy remains completely constant in time,
where in fact energy is dissipated numerically, see table 5.5.1

1280lved analytically with maple.



5 Verification

51

1.015

1.01

=
o
=}
a

Q

Surface height
[

0.995¢

0.99

Q

Q

g

XX

Q

¢

0.985

1.015

1.01

=
o
=}
a

Surface height
=

o
©
©
@

0.99

0.985

(c¢) Nonlinear KVBM, CG method

3.5
> 3
[
o}
(5
o
L
2.57
2 L L L
0 200 ~ 400 600
Timet
(b) Energy of KVBM, DG method
3.5
3,
B3
o}
@
=
L
2.5¢
2 L L L
0 200 ~ 400 600
Timet

(d) Energy of nonlinear KVBM, CG method

Figure 5.5.1: Small wave amplitude a/ho = 0.01, time integration method is RK4. The initial
condition is represented with the '+, given by (5.17). For DG we used a time step At = T /48
and number of elements Ne = 20. For CG we used At =T /24 and Ne = 20. The propagating
wave is plotted at time steps t = gT,n = 0,1,..,8. The total (non-dimensional) energy is
plotted for 100 wave periods.
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Lin. KVBM, DG FEM | Nonlin. KVBM, CG FEM
Total energy at t =0 3.141907 3.141952
Total energy at t = 1007 3.141864 3.141948
Relative difference —1.37-10%% —1.34-107*%

Table 5.5.1: Total energy H of the linear and nonlinear KVBM computed with respectively
DG and CG FEM.

5.6 Large amplitude waves in the Klopman variational Boussinesq model

Verification for large amplitude waves in the the Klopman Boussinesq model can only be done
for the linear model, computed with DG FEM. Results for the nonlinear model (CG FEM)
will be presented in section 6. We consider very large amplitude waves with a/hg = 0.4. The
surface height and velocity potential are plotted in figure 5.6.1. as can be seen, the solution
remains sinusoidal, as expected for a linear problem.

5.7 Conclusion

In this section we we verified the numerical implementation of the linear and nonlinear shal-
low water, the nonlinear Whitham variational Boussinesq model and the linear and nonlinear
Klopman variational Boussinesq model.

The Runge-Kutta 3 was shown to be more numerically dissipative than the Runge-Kutta
4 time integration method. The Stormer verlet time integration method was shown to be
conservative, although it has a bigger phase shift than the Runge-Kutta methods.

The discontinuous Galerkin FEM prooved to approximate the propagation of a discontinuous
jump in the nonlinear shallow water model better than the continuous Galerkin FEM. When
a discontinuous jump occurs, the performance of the discontinuous Galerkin FEM mainly
depends on the choice of the flux. The (conservative) alternating flux shows spurious oscilla-
tions when the numerical solution follows a propagating shock. The Lax-Friedrich flux only
showed unwanted oscillations near the shock.

The cnoidal wave solution showed dispersion effects and it appears that the cnoidal wave
does not approximate a periodic solution of the WVBM. The BVP solution of appendix D is
shown to be a periodic solution of the nonlinear WVBM. Appart from numerical dissipation,
energy is nicely conserved.

The more complex KVBM was solved correctly using the continuous Galerkin FEM for the
nonlinear KVBM and using the discontinuous Galerkin FEM for the linear KVBM. Energy
was shown to be conserved with the alternating numerical flux.
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6 Investigation into wave breaking and linear dispersion

6.1 Introduction

In section 2 the following three variational models were studied analytically: Luke’s vari-
ational principle for potential flow, Klopman’s variational Boussinesq model (KVBM) and
Whitham’s variational Boussinesq model (WVBM).In section 5 we presented the verification
of our numerical models. We find that the propagation speed of periodic waves in our numer-
ical models were approximated correctly. In this section we investigate, if in the nonlinear
WVBM and weakly nonlinear KVBM breaking waves may occur.

This study is motivated by the fact, that opposite to the nonlinear shallow water equations,
waves do not break (i.e. have discontinuous solutions developed from continuous initial so-
lutions)) in traditional Boussinesq models. Apparantly, the counteracting effect of linear
frequency dispersion is too strong for wave breaking to occur. Offcourse, we know from our
own observations at the beach, and from numerical simulations using the full potential flow
equations, that real waves may break. Therefor, we will investigate whether the nonlinear
WVBM and weakly-nonlinear KVBM allow for breaking waves to develop.

The numerical results are computed with the continuous Galerkin (CG) finite element method
for the nonlinear Whitham and Klopman variational Boussinesq models as described in sec-
tion 3.1.

Firstly, we consider the possibility of wave breaking in the nonlinear Whitham variational
Boussinesq model, for waves computed with the CG FEM and propagating over a flat hori-
zontal seabed. The initial wave profile is chosen as in section 5.2.2.

Secondly, we consider the weakly nonlinear Klopman variational Boussinesq model for various
wave amplitudes, computed with the CG FEM.

Thirdly we present traveling waves in the linear Klopman variational Boussinesq model nu-
merically computed with the DG FEM.

Conclusions are drawn in next section, section 7.

6.2 Wave breaking
6.2.1 Nonlinear Whitham variational Boussinesq model (CG)

In section 5 we have verified that the correct implementation of the nonlinear WVBM. to
study the possibility of wave breaking, We now present two test cases for waves propagating
over a horizontal seabed. We plot in figure 6.2.1 the (non-dimensionalized) waves propagating
for one wave period in deep water, hox = 0.53 * (27) and shallow water hor = 0.13 * (27).
The initial conditions are given by:

h(z,t) = acos(kx —wt)+ hg, (6.1a)
h 2
F =9 sin(kz — wt) with w? = gli (6.1b)
w 1+ 3(kho)?

where a = 0.65, k = 2m and g = 1. To compute the energy we approximate (9;h)? as we did
in the verification, section 5.3. As can be observed, even for the steepest initial wave profile,
the waves do not start to break in the Whitham variational model. As expected for the CG
FEM model, energy is almost conserved.

6.2.2 Weakly nonlinear Klopman variational Boussinesq (CG)

To investigate the behavior of the weakly nonlinear Klopman variational Boussinesq model,
we start with a sinusoidal wave profile, given by relations (5.17) and plotted in figure 5.2.1,
but now for various amplitudes at a water depth hy = 10 m, non-dimensionalizing using
k=2 and g = 1.
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Figure 6.2.1: Nonlinear WVBM. The initial condition is represented with the dotted line and
given by (6.1a). Number of elements N = 40, time steps At = T/50, RKj. The wave ratios
hok are for a) the deep water 0.53 x (27) and c) the shallow water 0.13 * (2m). Energy is
computed up to tepg = 50T. We have g =1, A= 1.
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At teng, plot 6.2.2¢ typically illustrate the behavior of the weakly nonlinear KVBM for ex-
tremely high and steep waves. Wave crests are steepening at the front and an extra wave
is appearing at the trough due to wave dispersion. This phenomenon is also visible for
Rienecker-Fenton!? initial waves as illustrated in figure 5a of [20]. For high amplitude waves
the propagating waves will start to deform strongly, but will not break!.

6.3 Linear dispersion

To illustrate the effects of dispersion, we now consider the linear KVBM. We consider an initial
sinusoidal wave profile, which could represent an initial disturbance of the free surface by, for
example, a fast motion of the seabed caused by an earth quake. We consider a flat horizontal
seabed of depth hg = 10 m. The wave has a wavelength of A = 100 m and amplitudes
a = 1 m. The left "fronts” of the wave starts at xg = 50 m. The initial disturbance does
not affect initially the surrounding fluid, so we choose a zero velocity u and initial water level
ho = 10 m. At the initial surface elevation at the bump is given by:

h(z,0) = g(l — cos(k(x — x0))) + ho, and  u(x,0) =0. (6.2)

In figure 6.3.1 we compare the linear shallow water equations with the linear KVBM to
illustrate linear dispersion. The linear shallow case is obtained by assuming that vertical
velocity profile of the fluid, governed by the term 1, is equal everywhere. We take ¥ = 0. We
consider the linear shallow water and the KVBM at periodic boundaries.

13Rienecker-Fenton provided a relatively simple method to get a nonlinear potential description of a regular
wave in any water depth by means of a Fourier series of the stream function [26].
¢ f. the verification in section 5.6
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Figure 6.3.1: Linear KVBM computed with the DG method. The initial condition is repre-
sented with the dotted line and given by (6.2). Number of elements N = 250, Az = 300/250 m
and time-integration method is RK/ with time-step T /300. Water depth ho = 10 and the ini-
tial amplitude is a = 1 and wave length A = 100. The surface height and velocity of the fluid
are plotted in a) for the linear shallow water (I' = 10,10 s) and in b) for the linear KVBM
(T = 10,72) after timesteps t = T/6 and tepg = I%T; the waves travelling to the left and

right meet at xepg = 300 m.
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7 Conclusions

In this report three variational principles modeling free surface waves were studied, namely
Luke’s variational principle [27] for the full three dimensional potential flow, Klopman’s vari-
ational Boussinesq model (KVBM) and Whitham’s variational Boussinesq model (WVBM).
An important property of these models is that energy is conserved by construction and is
positive-definite. In this report surface tension is included to the variational principles. By
studying the linear dispersion relations, we find that surface tension can not be neglected for
short waves, A < 10 ¢m since it affects the phase speed of the propagating waves.

The KVBM is found to approximate the exact dispersion relation, obtained from Luke’s vari-
ational principle, better than the WVBM. Furthermore, the Taylor expansion of the KVBM
approximates the exact dispersion relation up to the order O(x!?).

Considering variational principles provide two nice properties. First, moving boundaries have
been included in the variational principles describing free surface potential flows. The mo-
tion of moving boundaries is obtained by taking variations with respect to time dependent
fluid boundaries. Second, variational principles are a logical starting point for the continuous
Galerkin finite element weak formulation.

An important question is whether the Boussinesq models allow for the development of break-
ing (discontinuous) waves. From the numerical computations, see figures 6.2.1 and 6.2.2 is
concluded that the waves described by the nonlinear WVBM and the weakly nonlinear KVBM
do not break. In the derivation of the weakly nonlinear KVBM some nonlinear terms were
canceled due to the assumption that wave slopes are small d,(h + hy — hy)) << 1. The dis-
persion effects in this model might be in balance with the nonlinear terms. The possibility
of wave breaking described by this fully nonlinear model should be investigated further, see
equations (8.1) from [20] .

If the fully nonlinear waves eventually start to break, for waves propagating through the surf-
zone, the propagating waves are shown to have a relatively good dispersion with respect to
the exact dispersion relation. To be able to simulate the propagation of these waves through
the surf zone it is shown that the discontinuous Galerkin method is able to deal with the
propagating discontinuous jump. However, the choice of the numerical flux for the fully non-
linear model has not yet been proposed. Dissipation properties of the numerical flux are to
be considered, since the model itself does not dissipate energy. The numerical dissipation due
to the numerical flux is desired, as illustrated by the the Lax-Friedrich flux in the case of
nonlinear shallow water wave and a clever choice can be desirable when waves overturn. In
his report an energy conservation restriction for the numerical fluxes have been formulated
for the shallow water equations. In a similar way one may be able to construct a restriction
on the numerical flux for the fully nonlinear KVBM case.

Besides the advantage of the possibility to cope with breaking waves, the discontinuous
Galerkin method has the benefit to locally refine the grid size and the accuracy by locally
introducing higher order polynomials [38].

We conclude that the linear KVBM has successfully been implemented in a DG FEM, using
linear polynomials to expand the variables. Solving ¢ in the linear KVBM from the elliptic
equation, eq. (4.49c¢), is done using the Brezzi approach [2], see appendix C.






8 Recommendations 63

8 Recommendations

In this section we discuss some recommendations. We will start with the model assumptions
and present possible model extensions. Thereafter we discuss the numerical methods and
present some findings.

When validating the potential flow models against small-scaled laboratory settings one
has to include surface tension effects in the variational model, as proposed in this report.
The surface tension effects affect the propagation speed of the fluid, and this effect can be
easily included in your mathematical model when validating your model with laboratory
data.

In this report we have investigated fluid domains with a constant horizontal water depth
ho and with periodic boundaries. Further investigation on bathymetry influences, such
as steep seabed slopes might be required when simulating waves propagating from the
deep oceans to the shores. Furthermore, for practical applications, we may include
special boundaries such as ships, sloping beaches and quays in our variational models.
Introducing these boundaries means that we have to add additional assumptions at the
boundaries for : i.e. for the vertical velocity 0.¢ at z = h(z,t).

When one considers a broader range of waves than only small-steepness water waves,
one has to adopt the fully nonlinear KVBM instead of the weakly nonlinear KVBM.
Dropping the assumption that wave slopes are small and allowing waves slopes to be
steep may affect the breaking behavior of wave described by the KVBM model heavily.
We suggest the discontinuous Galerkin FEM to simulate waves propagating in the surf-
zone, and to investigate wave breaking in the fully nonlinear KVBM.

The continuous Galerkin FEM is derived nicely from the variation of the action func-
tional. It might be worthwhile to investigate further if this may be possible for the
discontinuous Galerkin FEM for Lagrangian systems in general. Combining the advan-
tages of these energy conserving system with a highly adaptable computational methods
as DG FEM would have many benefits.

The fully nonlinear equations are, from [20]:
dh : Oth + 0y(huy,) =0, (8.1a)
_ 1 1. o, 1 ,
56 ¢ O+ B {gh+ Slup — hOwI = [0Ouh + hO,u]

1 1 9 o 2 7 1 B
=1+ 2 (@:h) 0 + alh(Gu— T00sh — =hoap)] | =0, (8.1b)
RTINS hw[% + %(amh)2 - [%hu - éhanw]axh

1 1 2
ASh*u — —h*Yd.h — —h30,0p} = 1
+(9{3 u- 0, 5 00} =0, (8.1c)
where u = 0,phi and the depth-averaged velocity u,, is given by
2
Up = U — gwaxh — hOz1. (8.2)

When one constructs a discontinuous Galerkin FEM for the fully nonlinear KVBM, one
can still use the Brezzi approach to solve the elliptic equation, since it is linear in ¢ and
one still has to solve an elliptical equation. Construction of the weak formulation per
element of the fully nonlinear equations (8.1) will give a term over element K, from
the last term

0. (0.1 10,0} (8.3)
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in equation (8.1b):

1
/ Uxax[gh28$1/}] dz + a flux—term at the element boundaries, (8.4)
K.

J

which can be solved using the knowledge of o = 9,1 from (8.1c) from and adopting the
degeneration method of Yan and Shu [38] for third order spatial derivatives.

For the fully nonlinear KVBM, implemented using the discontinuous Galerkin method,
we have to investigate the choice of the numerical flux. In this report an alternating
flux have been chosen for the linear KVBM. In the shallow water model it is shown that
the alternating flux is not able to deal with discontinuous jumps. The Lax-Friedrich
flux is too dissipative in the shallow water case. So, for the fully nonlinear KVBM
we might want to adopt the HLL or the HLLC flux as proposed by Batten et al.[4],
where the wave speed can be approximated locally using the linear dispersion relation.
In our linear case the flux choice of the elliptic equation depends on the choice of the
numerical flux in the mass-conservation equation, i.e. the determination of d;h, only. In
the nonlinear case the term 1) comes forth in both equations (8.1a) and (8.1b), so even
for an alternating flux the choice of the numerical flux for the third equation (8.1c) is
not yet obvious.
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A Nonlinear shallow water equations with discontinuous Galerkin

A.1 Non-linear shallow water equations

The non-linear shallow water equations over an horizontal flat seabed are the Euler-Lagrange
equations of the following action principle

Dy,
where the total energy of the system H is given by
1 2, 1 .9
H = —h(0,0)° + —gh® dz. (A.2)
D, 2 2

Imagine D}, = K is an element of our tessalation 7j,, then taking variations with respect to
h and ¢ gives us our variational weak formulation per element

h d5¢
0= /to - 6¢0h — ——~[h0;¢] dx —/I . 5h(8t¢—|—gh—|— ( 0x$)?) dadt. (A.3)

Spatial partial integration and seperation of the two variational derivatives with respect to
each variable gives

t1 —
/ / dpOch + 60, [hO, @] dx — / 0phdy¢n dsdt =0 (A.4a)
OK;

/tl/ Sh(8p + gh + = ( 9:¢)?) dadt = 0. (A.4b)

where h@xtb denotes the numerical flux at the boundary faces. We use the arbitrariness of
0h in the set of testfunctions C*°(K) and instead we take % € C*®(K). Substitution of
u = Jp¢ and partial integration with respect to space and gives us for

t1 o~
/ / dp0th + 6¢p0; [hu] dx — / dphun dsdt =0 (A.5a)
|55 0K,

i1 1 |
/ / Shdyu — D 0h[gh + §u2] dz + / Sh(gh + §ﬂ2)n dsdt = 0. (A.5b)
0K

A.2 DG discretization with polynomials of degree 1

In order to compute the Shallow Water equations we expand the variables with polynomials
of degree d,, = 1. We expand our trial and test functions with polynomials of degree dp =1

hi(a,t) = Hi(t)+ H;(t)O1(z), oh(x) = Vj+V;01(x) (A.6a)
uh(:r:,t = Uj(t)—{—Uj(t)@l(:C) 5¢h($), = Wj—FWj@l(Cﬂ) ’

where for example H j and H ; are the numerical approximations of the mean and the slope
of h(x,t) at © = ;.

A.3 Algebraic system of equations

_ N d , - A doe = ~
/K(Vj—i—vj'Gl)a(Hj—FHj@l) V i dr 1(H +H®1)(Uj—|—Uj@1) dx

J
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+/ (Vi + V;®)hun ds =0 (A.7a)
OK;

| &

. . de . 1 .
(Uj + j91)—Wjd—;<g(Hj+Hj91)+§(Uj+Uj91)2> dx

[N

/ (W, + W;01) :
K.

J

- A ~ 1
+/ (Wj + Wj@l)(gh + 5122)71 ds=0 (A?b)
IK;

A.3.1 Means

We evaluate the integrals over the elements by using the reference element ¢ € [—1,1] and

mapping z = F};(() € [xj_%,xj+%] ¢ € [-1,1] as in section 4.2.2. Using the arbitrariness of

the test-functions, we first take V] =1, V] =0, and Wj =1, Wj =0.

d - . .
EH]|KJ| = —hujJr% + hujfé (A8a)
a1k, = —gh + 2a bt La2 A8
Uil = =lgh+ 57,1 +gh + Sa7); s (A.8b)
A.3.2 Slopes
Vice versa Vj = O,Vj =1, and Wj = O,Wj =1
dH; |K;| - - 2. - . .
_dtﬂ —3J = 20,0 + S H;Uj — (huy g+ hiuy_y) (A.9a)
dﬁj ’KJ‘ 7 2 Lo > 1o Y
L = 298, + U7 + 207 - <[gh+ 5800+ lgh+ i ]j_%>. (A.9b)
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B Klopman’s variational Boussinesq discontinuous Galerkin
discretization

In order to compute the Klopman Variational Boussinesq equations we expand the variables
with polynomials of degree d, = 1 and substitution results in a linear system.

B.1 DG discretization with polynomials of degree 1

We expand our trial and test functions with polynomials of degree dp =1

W(e,t) = 0+ B (001() w() = T+ Vi)
up(z,t) = 7]'(25) +U;j t)01(z) wp(x) = W + Wj@l(ac) (B.1a)
Yn(z,t) = Wi(t) + W;()O1(x) n(x) = Zj+ Z;01(x)

where H j and H ; etc. are the numerical approximations of the mean and the slope of h(z,t)
at x = xj. For the lifting operator coefficients (R;); at face S we have (cf. section 4.2.4)

dp

Rf’j = Z(AS,j)*1P57j7 where Aj,li = /K 0,0, dz,= Aj = ’KJ‘ |: (1) (l) :| (BQ)
i=0 ; 3
and
PSL ] 1, Z — Z Z 9161 dS = (B3)
=0 k=j— 1

-1 =g ] . [ 1 & }

Pst \I",,\I"i :l d PSr \I’;,\I"i — 1
( Jj—1 ]) 2 [ e an ( -1 ]) e el

PoL(W5, Uyp)i = 3 [ ! & ] and  PSR(U;,W;11); =5 [ 1 &r }

_57“ _glgr é‘r grgr

B.2 Algebraic system of equations
/ (V; + V36 Dy (Hj + HjO1) = hoVj—— 19, L(U; +U;01) + = h3v 49, del\p dx
K; dt dx 1z de
% % del e ps,J
+ ho(V; +Vj91)< ({—\If }— {n°R> }}))n
2 d91
+—ho{{ }[[\I/ +U0,]ds=0 (B.4a)
Tt d - - . de,
(Wj + W;01) 3 (U +U;01) — gWj-—= L(H; + H; @1) da

K.

+/ g(Wj + W]G)l)(il + hb)’l’L ds=0 (B.4b)
IK;

. _ 5 46y O, de
/ 2Z; + 2;01)(; + ¥,0,) — Z,—(U; +U®1)+ h2 L2y da
X dx i de e "

[ 2+ 200)(i- HATHY— LRI

d@1

+gh3{ }[[\I/—Hll@l]]d =0. (B.c)
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B.2.1 Means

We evaluate the integrals over the elements by using the reference element ( € [—1,1] and
mapping z = F};(() € [xj_ Vg1 1] £ € [-1,1] as in section 4.2.2. Using the arbitrariness of

the test-functions, we first take V] =1, V] =0, Wj = 1,Wj =0 and Zj = 1,Zj =0.

d ) ) 2 i i
K| = —ho(uj+% — iy 1)+ ARG (8 — W)

+= hO|K | + h3 ¢ A [PSR(\I’]',l,\I’j)Q —{—PSL\I’j,\IfjJrl)()] (B5a)
d _ A -
EUJ"KJ" = —g(hj +1 7 h; _— g(hb,j-i-% - hb,j-i—%) ds =0 (B.5b)

_ 4 5 U, 1,
20| K| + ﬂ%ﬁ - —h%neiAj LPSR (W y, W) + P20, 054 )o)
J

)
= (ﬂj+% —ﬂj_%) (B.5¢)
B.2.2 Slopes
VlceversaV =0, V =1, W =0, W —1andZ =0, Z1—0
%@ = 2hoUj — ho(tij, 1+ 1) — hglfi | p
%hgne%/gl [PSR(W;_q, W;)y + P (W5, Wj4q)1], (B.6a)
il a9, — g+ haly s + 1+ i), y), (B.6b)
2‘1’3'@ - %hgﬁ‘i’j - %hgﬁe%fl}l (PR (W1, W)+ PPy, g )]
= —20; + (hy,1 +hy_y). (B.6¢)
Note that the two equations, (B.5¢) combined with (B.6c), can be solved globally by
MV = BU = U = (Iyy + M)"'BU (B.7)

where M represents the collection of the lifting operators over the faces and the contribution
of 0,1 and Ian the "DG-eye” matrix with terms 1/|K;| on Ioj_1 251 and 3/|Kj;| Iz 25, which
multiply with ¥ (B.5¢) and 1 (B.6¢) respectively.
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C Brezzi’s approach

C.1 Fixed boundary conditions

We test the elliptic system by taking a dirichlet boundary at the left and a Neumann boundary
at the right.

Y =Yg = f(x) (Cl)
$(0) =0, (1) =0 (C.2)
We consider the exact solution ¢ = —% + 1 cos(mz) on z € [0,1] and for our right-hand-side
we have
11 )
flz) = 5 + 5(1 + %) cos(mx). (C.3)

We obtained the following order of convergence

Ne L?error Order
8  5.4347e¢ — 03 0
16 1.4007e — 03 1.9561
32 3.5447e — 04 1.9824
64 8.9086e — 05 1.9924
128 2.2326e — 05 1.9965
256  5.5879e — 06 1.9983
512 1.3978e¢ — 06 1.9992

(C.4)

for lifting parameters 1 + Ny = 3.

C.2 Periodic boundary conditions

To compute the third equation of the linearized Klopman Euler-Lagrange equations, we have
to solve some kind of elliptic system as

Y — COprtp = f(x) (C5)

To test the Brezzi method, we take ¢ = 1 and consider the exact periodic solution ¥ =
cos(2mz), x € [0, 1] and right-hand-side

f(z) = (14 (27)?) cos(2nmz). (C.6)

We solve the system with the Brezzi method and with a finite difference method. We obtain
the following order of accuracy:

Brezzi Finite difference
Ne L2 error Order L? error Order
8  3.8095e — 02 0 1.7489%¢ — 02 0
16 9.6920e — 03 1.9747 4.1447e — 03 2.1906
32 2.4338¢ — 03 1.9935 1.0222e¢ — 03 2.0197 (C.7)

64 6.0914e — 04 1.9984 2.5467e¢ — 04 2.0049
128 1.5233e — 04 1.9996 6.3613e — 05 2.0018
256 3.8085¢ — 05 1.9999 1.5900e — 05 2.0003
512 9.5213e — 06 2.0000 3.9747e¢ — 06 2.0001

for lifting parameters n° + Ny = 3.

C.3 Conclusion

The Brezzi method is applicable for periodic systems and has second-order convergence for
polynomials of degree 1.
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D Periodic wave solutions for WVBM model

Remark. The author of this document is Gert Klopman of the group AAMP, University of
Twente (date: March 31, 2006). The document has been adapted to fit into this report.
D.1 Model equations

We use the following variational principle for water waves with surface elevation 7(x,t) and
velocity potential ¢(z,t):

ZL(n,0m, 0pp) = // L(n, 0, Opp; x, ) da dt, (D.1)

with the Lagrangian density L(n, 9, 0z¢;z,t) [37]:

1 1 1
L(n, 0, Qapiw,t) = =0 Ohp = 5 (ho +1) (%a0)” + 5 ho () = 5 g0°s  (D2)
where g is the gravitational acceleration and hg(z) is the still water depth: both quantities g
and hg(x) are positive. Then from 6. = 0 we have the following Euler-Lagrange equations
for variations with respect to ¢ and 7, respectively:

82577 + Oy [(hO + 77) 8:1:@] = 0, (D'3a)
1 1

D.2 Periodic solutions

We are looking for periodic solutions, with wave length A and moving with a constant (yet
unknown) phase speed c. The surface elevation itself will be periodic, i.e. n(x — ct), but the
potential ¢(x,t) may contain a constant drift in space and time:

o(x,t) = Ux + vt + ¢z —ct), (D.4)

with U = 0, the mean potential-gradient and v = 0y the Bernoulli constant. Both n(z —ct)
and ¢(z — ct) are chosen to have a zero mean value, 7 = 0 and ¢ = 0 respectively:

1 A
N = X / n(x —ct)de = 0 and (D.5a)
0
_ 1 [
o = - ¢(x —ct)dx = 0. (D.5b)
A Jo
The flow equations (D.3) become, for the periodic wave case:
—cn + [(hoJrn) U +4¢)| =0, (D.6a)
/ 1 /\2 1 2. 1
v o— e+ WU+ )+ gn+ Shoctn =0, (D.6b)

with an apostrophe denoting differentiation with respect to x. For the remainder, we consider
all quantities at ¢ = 0, so we can write them as only a function of x.

D.3 Integrations

The mass conservation equation (D.6a) can be easily integrated once, giving:

—cn + (ho+n) (U + ¢') = Q, (D.7)
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with the mean mass flux ) an integration constant. From this, we have for the oscillatory
part of the velocity-potential gradient ¢’ :

c
o = P ig ~ U (D.8)
This can be used to eliminate ¢’ from the momentum equation (D.6b):
W+cU—c%+%<%)2+gn+éh002n":0. (D.9)
After multiplication with 1’ we can also integrate this:
ety - 2T L L e - g (D.10)
2 hy+n 2 6

with (G another integration constant. This equation looks a bit similar to, but is not the same
as the Lagrangian density (D.2). We can write it as:

f(n) 1 2 (N2
s g () =0 (D.11)

with f(n) a cubic polynomial:

f) = asn® + aan® + a1 + a, (D.12)
where
L o
a = —5Q — Sho, (D.13a)
ap = (y+cU)hy — cQ — f, (D.13b)
1 1
ay = v+ cU — 502 + §gh0 and (D.13c¢)
1
a3 = g (D.13d)

The consequences of f(n) being a cubic polynomial will be examined in more detail later on.

D.4 Model closure

To close the system of equations, we average equations (D.8), (D.9) and (D.10):

n 1

+ —~ U = 0, D.14

Tt TRty (D-142)
1 1——
v+ §U2 +5(@)? = 0 and (D.14b)
L(en+Q?2 1 = 1. ,

T ) Z Zh N2 _ = 0. D.14

> he T 1 + 59 +6oc(?7) B (D.14c)

Note that from eq. (D.14b), and from eq. (D.10) for the z-locations where 7 is zero, we have:

v < 0 and (D.15a)
1 2
B+ 5%—0 > 0. (D.15b)

From eq. (D.11) we see, that for each 7 in the periodic wave there are two possible values,
a positive and a negative one, for the wave slope 1/. So we restrict our search for periodic
waves to symmetric waves around the wave crest, which is taken to be at + = mA, m € N.
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Then the waves are also symmetric around the wave troughs o = I A + mA, m € N. The
surface elevation 7 is an even function of x around the crest and trough z-locations. And the
potential ¢ can be taken to be an odd function around crest and trough z-locations, fixing
the level of ¢ at zero at the crests and troughs.

If we take eq. (D.9) as a basis to solve for periodic waves, we have a second-order ordinary
differential equation to be solved, with the boundary conditions:

)

and (D.16a)
A (D.16Db)

n =0 at z =
7 =0 at z =

SIS

Further, if we assume the wave length A\, mean water depth hg and gravitational acceleration
g are given, we have the following unknowns parameters: the wave speed ¢, the mean depth-
averaged velocity U, the mean discharge ) and the Bernoulli constant v. So we need four
additional conditions to close the system of equations. First, we have that the mean surface
elevation 77 equals zero, eq. (D.5a). Second, we either specify the mean depth-averaged velocity
U or the mean discharge @, and third we use eq. (D.14a), to relate them to each other and
the phase speed ¢. And fourth, we specify the wave height H:

H = max{n} — min{n} = n(0) — n(iA). (D.17)

If we use eq. (D.10) as our flow equation, also 3 is an unknown, which can be fixed by using
eq. (D.14c) as an additional constraint.

Observe that the mean mass-transport velocity is @ / hg, which is in general unequal to the
mean value of the depth-averaged velocity U. Also U is not equal to the mean Eulerian velocity
under the trough level. So while specifying the discharge ) corresponds to Stokes’ second
definition of wave phase speed, specifying U does not correspond to Stokes’ first definition of
phase speed.

D.5 Further investigation into the periodic wave solutions

Dingemans (section 6.4 [11]) gives a detailed description of how to obtain periodic solutions
to (variants of) the Korteweg—de Vries equation, as well as approximate periodic solutions to
Boussinesg-type equations.

Starting from eq. (D.12), since f(n) is a real-valued cubic polynomial, it can have either three
real-valued roots, or one real-valued root and the other two being a complex-conjugate pair.
Since we have at both the wave crest and trough that the wave slope 7/ is zero, and we assume
that they are at two distinct levels 7, which must be roots of f(n), we conclude that f(n)
must have three real-valued roots. So from eq. (D.11) we have that there are, for given ¢, @,
U, 3 and -, three levels 11, o and n3 where 1’ becomes zero. Without loss of generality, we
take 1 > n9 > 3, so:

1
f) = 59 —=m) @ =)0 — ). (D.18)
Since 7 = 0, at least one root must be above zero and one below. Further, we see from

eq. (D.11), that the part of f(n) for our present interest is the negative part between two
zeros, since otherwise (1')? cannot be positive. Because f(n) is positive above n = 71, we
conclude that:

nm > 0, ny < 0 and n3 < 0. (D.19)

Note that for = 0 we have from eq (D.15b) that f(0) < 0. The periodic wave solutions
are in the range 72 < 7 < 1, with n(0) = n; and n(i\) = 2 being the crest and
trough elevation, respectively. Further 7 is the negative root of eq. (D.10) in the interval
x € [0,iN].
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Next, it is advantageous to write n(z) as Dingemans (section 6.4 [11]):

n=m — (m — n) sin® (), (D.20)
with §(z) a yet unknown function of x, varying from 6(0) = 0 at the wave crest to 0(1\) = in
at the wave trough. Then we have:

n—m = —(m —mn)sin®0, (D.21a)

n—1m = (m—m) (1--sn’0), (D.21Db)

n—mn3 = (m—mn) — (m — ) sin® 0 and (D.21c)
()2 = 4(m —m)?® (sin?0) (1 — sin?0) (¢')>. (D.21d)
So, eq (D.11) becomes:

4 hg 2 — — _ in2 6

*hocC (9/)2 _ (m — n3) (m — m2) 51.112 ‘ (D.22)

3.9 (ho +m) — (m — n2) sin” 6

From this equation we can solve x as a function of € in the interval 0 € [0, L7]:
g ho +m) — (m — m2) sin? s
5T = —— ds =
ho ¢ m —n3) — (m — m2) sin® s
1 —
_ / / \/ my sin® s ds, (D.23)
1 — my sin? s

where the plus sign branch of ¢’ is taken, since 6 is increasing from 0 to iz for z from 0 to
i), The coefficients m, and my, are given by:

e~ w

mg = i S— and (D.24a)
nm — s
m — 2
my, = —. D.24b
’ ho + m ( )
Both m, and m,; satisfy
0 < mg <1 and 0 < mp <1, (D.25)

since the wave height H = 7, — 10 is always less than the water depth hg for physically mean-
ingful solutions. The integral in eq. (D.23) may be expressible in terms of elliptic integrals,
but no sensible analytical solution has been found yet.

D.6 Numerical solution

For the numerical solution of the periodic wave problem we use eq. (D.9) and solve this using
the MATLAB routine bvp4c. In order to be able to do so, we have to write the problem as a
system of first-order differential equations:

y = p(y), (D.26)
with
"
o
y=1, (D.27)
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and
7,’/
3 + 1 + Q)
s (700 - e () )
p(y) = ‘ o o , (D.28)
n
cn+ Q@
ho + n
with
Z E/ n(z) dz (D.29)
0

The last two equations are added to be able to ensure that 7 = 0 and ¢/ = 0. The boundary
conditions are:

n'(0) = 0, (D.30a)
(AN = 0, (D.30D)
Z0) = 0 and (D.30c)
6(0) = 0. (D.30d)

For given values of the mean water depth hg, gravitational acceleration g, mean depth-
averaged velocity U and wave height H = 1(0) — n(1\), we have as additional unknowns: the
phase speed ¢, mean discharge @), Bernoulli constant . So we have to add three additional
constraints, which are:

Z(3A) = 0, (D.31a)
p(IN) = 0 and (D.31b)
n0) = n(zA) — H = 0, (D.31c)

the first ensuring that 7 = Z(i\)/(3A) = 0, the second that ¢ is an odd periodic function
(¢ = 0) and the last condition demanding the requested wave height H. As an initial
condition, we specify the cnoidal wave solution to the BBM-equation (Dingemans, eq. (6.86)
[11]). Some results are shown in figure D.6.1. The input parameters for this case are: mean
water depth hg = 10 m, wave height H = 6 m, wave length A = 100 m, mean depth-averaged
velocity U = 0 m/s and gravitational acceleration g = 9.81 m/s?. The computed parameters
are: phase speed ¢ = 9.83296 m/s, mean discharge @ = 3.71993 m?/s and Bernoulli constant
v = —1.62375 m?2/s%. As can be seen from figure D.6.1, there are small, but noticeable
differences between the approximate cnoidal wave solution and the ‘exact’ numerical solution.
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Figure D.6.1: Numerical solution of the periodic wave problem. The parameters are: hg = 10 m,
H=6m A\ =100m, U = 0 m/s and g = 9.81 m/s?. Left is the surface elevation n(x) and
right the oscillatory part of the velocity potential ¢(x). The drawn red line is the numerical solution
obtained with the MATLAB routine bvp4c. The dashed blue line is the cnoidal wave solution of the
BBM-equation (Dingemans, eq. (6.86) [11]).



