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Simulation of water waves near the coast is an important problem in
different branches of engineering and mathematics. For mathematical models
to be valid in this region, they should include nonlinear and dispersive prop-
erties of the corresponding waves. Here, we study the numerical solution to
three equations for modeling coastal water waves using the hybridized discon-
tinuous Galerkin method (HDG). HDG is known to be a more efficient and in
certain cases a more accurate alternative to some other discontinuous Galerkin

methods, such as local DG.

The first equation that we solve here is the Korteweg-de Vries equation.
Similar to common HDG implementations, we first express the approximate
variables and numerical fluxes in each element in terms of the approximate
traces of the scalar variable, and its first derivative. These traces are assumed

to be single-valued on each face. We next impose the conservation of the

vil



numerical fluxes via two sets of equations on the element boundaries. We
solve this equation by Newton-Raphson method. We prove the stability of
the proposed method for a proper choice of stabilization parameters. Through
numerical examples, we observe that for a mesh with kth order elements, the
computed variable and its first and second derivatives show optimal conver-
gence at order k + 1 in both linear and nonlinear cases, which improves upon

previously employed techniques.

Next, we consider solving the fully nonlinear irrotational Green-Naghdi
equation. This equation is often used to simulate water waves close to the
shore, where there are significant dispersive and nonlinear effects involved.
To solve this equation, we use an operator splitting method to decompose
the problem into a dispersive part and a hyperbolic part. The dispersive
part involves an implicit step, which has regularizing effects on the solution
of the problem. On the other hand, for the hyperbolic sub-problem, we use
an explicit hybridized DG method. Unlike the more common implicit version
of the HDG, here we start by solving the flux conservation condition for the
numerical traces. Afterwards, we use these traces in the original PDEs to
obtain the internal unknowns. This process involves Newton iterations at each
time step for computing the numerical traces. Next, we couple this solver with
the dispersive solver to obtain the solution to the Green-Naghdi equation. We
then solve a set of numerical examples to verify and validate the employed
technique. In the first example we show the convergence properties of the

numerical method. Next, we compare our results with a set of experimental
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data for nonlinear water waves in different situations. We observe close to
optimal convergence rates and a good agreement between our numerical results

and the experimental data.
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Chapter 1

Introduction

Computational modeling of near-coastal water waves is a crucial field
of research to understand the complicated behavior of the water flow in these
regions. While engineers use such models to design and build effective coastal
protection systems against hurricanes and storms, emergency managers use
them to improve their preparedness in the case of such hazards. The mathe-
matical models used to describe the fluid flow in such problems are based on
the asymptotic expansion of the incompressible Euler’s equation and removing
higher order terms from the expansion. When studying off-shore waves, we
usually consider nondispersive wave models where different wavelengths travel
with the same speed. However, near the coast, short waves start to fall behind
the longer waves and the shape of the waves start to evolve. This process,
which is known as wave shoaling, results in the breaking of waves and dis-
sipation of their energy. Including such phenomena in the simulations using
nondispersive wave models results in significant errors. The key fact in choos-
ing the correct wave model is knowing the scales dominating different regions
of the problem. Throughout this work, we will follow the shallow water regime
assumption, which are characterized by large length scales compared to the

typical depth.



1.1 Shallow Water Regime

In order to identify the regime of the water waves, we need to introduce
a number of length scales in the problem. These scales are shown in Fig. 1.1.
Here, we have denoted the horizontal coordinates with x € R, where d is the
horizontal dimension of the problem. For instance, when we are solving a 2D
problem, x is simply the xz-coordinate and for 3D problems x = (z,y). At
the given time ¢, we use D, to denote the subset of R which is filled with
water, and any point in D; is identified by the coordinates (x, z) € R4, In

this dissertation, we make the following assumptions:

e The fluid is inviscid, incompressible, irrotational, with constant and uni-

form density.

e Water surface and bottom can be presented as graphs, in the forms
z = ((t,x) and z = b(x), respectively. Hence, while the water surface
can change as a function of time, the bottom boundary is taken constant

in time.
e Fluid particles do not cross the top and bottom boundaries.
e The external pressure (P) is constant, and there is no surface tension.

e The only forcing applied to the water is the gravity force; hence, the

wind and Coriolis forces are not considered in this study.

For reasons that will become evident later, we define four dominant

length scales in our problem. As shown in Fig. 1.1 we use Hj to denote the
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Figure 1.1: Domain of the problem, and the employed notations and length
scales.

typical water height, Lq for the typical horizontal scale, ag for the order of
wave amplitude, and by to denote the order of topography variation. Based

on these length scales, we also define the following dimensionless parameters:

Qo Hg bo
=2 u==2 p= 1.1
TS B e (1.1)

€
It is worthwhile noting that, while our definition of € and S match the majority
of literature, some researchers tend to take y = Hy/Ly. As we will see in the
next chapter, € controls how much nonlinearity we allow in our formulation,
e.g. when £ = O(1), the regime is known as large amplitude or fully nonlinear;
moreover, 0 < € < 1 results in the weakly nonlinear regimes. Accordingly,
¢ is referred to as the monlinearity parameter. Moreover, p and § are the

shallowness and topography parameters, respectively. In our study, we assume

1< 1, but we do not set any special condition on € and f.

As we will see in Chapter 2, by expressing the solution of the Eu-

ler’s equation in terms of an asymptotic expansion with respect to u, e, 3, we



arrive at an equation which is in terms of the increasing powers of these pa-
rameters. Now, if we assume p < 1, and for some n > 0 drop all terms
containing ™ with m > n, we say that the obtained equation is O(u™) con-
sistent with the original Euler’s equation. The shallow water regime is the set
of all such equations, in which by dropping the higher order terms of u we
can achieve a desirable approximation to the original equation. This disser-
tation is devoted to develop a hybridized discontinuous Galerkin method for
solving three such equations, i.e. Nonlinear Shallow Water Equation (NSWE),
Green-Naghdi (GN) equation, and weakly nonlinear Korteweg-de Vries (KdV)
equation. The details for derivation of these equations are discussed in the

next chapter.

1.2 A Review of Numerical Procedures in Shallow Wa-

ter Regime

Among the equations in the shallow water regime, NSWE has been
studied by many researchers. This equation was first derived in the one-
dimensional case, by Saint-Venant [24], assuming a linear variation of the
pressure in the vertical direction. This work resulted in an equation with
advection, diffusion, and eddy viscosity terms. As will be shown in the next
chapter, the NSWE is O(u) consistent with the water wave equation. Due
to the complex geometries in which we need to solve this equation, the finite
element method has been a viable option among other numerical methods.

Most of the efforts in this context have been on the development of stable



techniques for advection dominated flows. The first such study was conducted
using an implicit continuous Galerkin method with cubic Hermite functions
to solve the 1D NSWE [71]. The 2D problem was later solved in Cartesian
and Spherical coordinates, and including Coriolis forcing [21]. Most of these
methods were based on primitive variables (velocity and surface elevation). It
was later shown that approximating the primitive variables at the same nodal
points can result in spurious oscillation and the idea of staggered grids for these
variables were implemented [73]. Hence, most of the techniques developed later
were based on using primitive variables in staggered grids [70]. However, it
was known that using the formulation in terms of vorticity and divergence in
non-staggered grids does not result in the same issues as primitive variables in
such grids [74]. The developments in this context continued with conservative
iterative methods [56], selective lumping finite elements [35], and improved
stability methods [51]. One of the more popular techniques was based on wave
continuity equation instead of water surface evolution equation [46], which was
employed in a number of other works [36, 37, 45]. A priori error estimates were

also provided for this method [8, 9].

A majority of the methods based on the continuous Galerkin (CG) for-
mulation, have important drawbacks such as violating the local conservation,
failing to satisfy the primitive variable continuity, and lack of stability. As a
result, a number of important studies were carried out in the framework of dis-
continuous Galerkin methods (DG). These methods can naturally incorporate

some of the important features mentioned above. By a proper choice of nu-



merical fluxes, one can add more stability to the solution, and including slope
limiters in their formulations is quite straightforward [7]. They are locally con-
servative, which makes them appropriate choices when one wants to use them
for particle tracking purposes [22]. Different variations of DG have been used
to solve the system of nonlinear hyperbolic equations or specifically NSWE.
One of the first DG formulations for such equations was proposed in [6]. A
major upgrade to accuracy and stability of these methods was the Runge-
Kutta local projection DG [12-14, 16], which was later applied to nonlinear
convection-diffusion systems [10, 15]. Different studies have used coupled CG-

DG methods for the simulation of shallow water systems [23].

One of the drawbacks of the DG methods compared to the CG variants
is the large number of degrees of freedom that one needs to deal with when
solving large problems. Hence, by writing the DG equations in hybridized
form, one can get a comparably smaller global system along with a set of
element-wise equations. This technique is known as the hybridized DG (HDG)
and has been applied to a variety of problems, including nonlinear hyperbolic
systems [11, 53, 54, 57]. The global system of equations in HDG needs to
be solved on the skeleton space of the mesh, which results in lower number
of degrees of freedom and smaller bandwidth of the global matrix. HDG has
been usually used in combination with implicit time integrators; however, there
are other implementations such as implicit-explicit methods [68], fully explicit

methods [39, 65], and spacetime discretization [59)].

A higher order approximation than NSWE to the water wave equation



is the Green-Naghdi equation (also known as Serre or fully nonlinear Bousinesq
equation [72]). It was first derived by Serre for a 1D problem [63], and later for
the 2D problems with general topography [31]. As we will show later, they are
O(u?) consistent with the incompressible Euler’s equation. They are usually
used to solve the water wave problem in deeper regions compared to NSWE.
For example, while inside the ocean the values of u vary between 1075 — 1074,
near the coast, p is of order 1072. Hence, in the simulation of water waves
approaching from the ocean to the coast, if we use an O(u) model for the ocean
(e.g. NSWE), we need an O(u?) model for the coast to keep the approximation

order consistent throughout the computational domain.

An important feature that the Green-Naghdi equation offers is the abil-
ity to include dispersive characteristics of water waves. Simulation of dispersive
water waves dates back to the 1980s when numerical methods were used to
solve the run-up of non-breaking [47] and breaking [77] water waves. However,
most of these methods were at best based on weakly nonlinear assumption, i.e.
taking e = O(p) in the asymptotic expansion [50]. The equations in this regime
are usually referred to as the ‘classical’” Boussinesq equations or Boussinesq—
Peregrine models. This regime is not suitable in many applications in coastal
oceanography, where we need to model large amplitude waves. It was not
until the 2000s that the first works on solving the fully nonlinear dispersive
waves appeared [29, 30, 48]. Lannes et. al used an operator splitting technique
to solve the equations derived in [41], using a combination of finite volume

and finite difference methods [4]. These equations were later developed for 2D



simulations [42] and solved using local DG [28]. While most of these works
were based on the assumptions that we made in Sec. 1.1, one can also find
rotational fluid models employed to obtain such approximate equations [78].

This rotational model equations have been solved in [55] using local DG.

1.3 Contributions

The research work which is reported in this dissertation contains the

following contributions:

e We have developed an implicit hybridized DG method for the nonlin-
ear KdV equation. The KdV equation is one of the simplest dispersive
equations, which involves third order derivatives. We prove the stability
of our numerical scheme for the linear KdV, and show the convergence
properties of the proposed method through numerical examples. The

results of this part of the work is also reported in [62].

e We have developed a hybridized DG element in the deal.Il finite element
library. This element can be used in shared and distributed parallel
frameworks. To this end, we have implemented a new scheme for num-
bering of the degrees of freedom and applying the boundary conditions
independent of the library. The developed software has been shown to
scale well up to 1024 computational cores. The results of using this ele-
ment in solving the nonhomogeneous and anisotropic diffusion equation

is reported in [61].



e We have solved the fully nonlinear irrotational Green-Naghdi equation
in two dimensions using the hybridized discontinuous Galerkin method.
The proposed method is validated against experimental benchmark tests,
where we have found good agreement between our numerical results and
the experimental data. This part of our work has also given rise to an
explicit hybridized DG for solving nonlinear shallow water equations.
To the best of our knowledge, this technique is among the first explicit

implementation of HDG for solving a nonlinear conservation law.

1.4 Outline

In the forthcoming chapters, we first discuss the different wave models,
which are solved in this dissertation, and explain how they are related to each
other. In Chapter 3, we present our method for solving the KdV equation
and show the corresponding results. In Chapter 4, we explain our explicit
hybridized DG method for the solution of the nonlinear shallow water equation.
In Chapter 5, we present our numerical method for solving the irrotational
Green-Naghdi equation, and use a set of numerical experiments to verify and
validate our proposed method. In Chapter 6, we mention our concluding

remarks and a few directions to continue the current work.



Chapter 2

Wave Models for Shallow Water Regime

In this section we derive the governing equations of the water waves
based on the assumptions that we introduced in Sec. 1.1. By substituting
an asymptotic expansion of the solution into these equations we obtain the
main wave equations that we plan to solve in the next three chapters. In this
section, we follow the notation used by many other researchers in the water

wave theory [40].

2.1 Free Surface Bernoulli Equations

At a given time ¢, let D; denote the subset of R, which is filled
with water (refer to Fig. 2.1). At a given point (x,2) € Dy, let U(t,x,2) €
R*! denote the velocity of a fluid particle. Meanwhile u(t,x,2) € R? and
w(t,x,z) € R are the horizontal and vertical components of the velocity. At
this point P(t,x, z) denotes the pressure. The acceleration of gravity, which
acts in the vertical direction (—ge,), is taken constant everywhere. In what
follows, we use V to denote the gradient in the horizontal direction and V to
denote (V,d,)T. In order to maintain consistency, we also use A and A to

denote VZ and V? + 9?2, respectively.

10



Figure 2.1: Domain of the problem, and the employed notation.

Based on the assumptions introduced in Sec. 1.1, the Euler’s equation

governs the flow, and the velocity field is both irrotational and solenoidal:

1
U+ (U-V)U = —;YP — ge, in Dy, (2.1a)
V-U=0 in D,, (2.1b)
VxU=0 in D;. (2.1c)

Meanwhile on 'y, we have P = F,. The boundary conditions on 'y and
I'p can be derived using the fact that the fluid particles do not cross these
boundaries. Let (x,(t),2,(t)) denote the position of a fluid particle on I'r.
Since, the equation of I'r is —z + ((t,x) = 0, we have z,(¢) — ((¢,x,(t)) = 0.

Moreover, the particle stays on I'r, and we have:

% [—2,(t) + ((t,x(t))] =0 = =0z, + O( + V(Ox, = 0.

Knowing that 0,2, = w, and 0;x, = u,

atC + VC -u—w=20 on FT. (22)
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This is the kinematic boundary condition on water surface. Now, the normal
vector to I'r can be obtained by taking the gradient of the equation of this
surface, i.e. n = (—=V(,1)/y/1+ |V(|?. Hence, (2.2) can be written as:

¢ —+1+|V(PU-n=0 onlr. (2.3)
similarly on I'g, we have:
U n=0 onlg. (2.4)

Next, we use (2.1c), to express U in the form U = V&, and obtain the free

surface Bernoulli equations:

0P + %W‘W + gz = —%(P - R) in Dy, (2.5a)
Vi =0 in Dy, (2.5b)
¢ — 1+ |V(29,® =0 on I'r, (2.5¢)
0,®=0 on ['p. (2.5d)

2.2 Dirichlet-Neumann (D-N) Operator

Here, we plan to transfer our d+1-dimensional problem to a d-dimensional
problem. In the literature, this is usually done by a process of integrating the
equations over the depth of the domain [44]. Basically, we want to remove any
dependence on the vertical direction. To this end, we choose a more mathe-
matically established approach. First we combine Eqs. (2.5b-d) into a single

equation, which will be only in the horizontal direction. Second, we replace
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the derivatives in the z-direction, using the chain rule. This scheme was first

introduced by Zakharov [76] and later formulated in a robust procedure in

[19, 20].

2.2.1 Definition of the D—IN Operator

Let us define ¢ as the trace of ® at the water surface, i.e.: 1 = ®|p.
We use the well-developed theory of Laplace’s equation to define an operator,
which takes ¢ as its input and having (, b, uses the following boundary value

problem to solve for ®:

Ad =0 in Dy, (2.6a)
=1 on I'y (ie. z = ((t,x)), (2.6b)
0, ®=0 onI'p (i.e. 2z =—Hj+ b(x)). (2.6¢)

Under proper regularity assumptions, the above equation has a unique solution

for a given . We identify the following map:

G[Cv b] : ¢ = \% 1+ |VC|2 8TL(I)|FT7 (27)

or the form, which is more useful for practical purposes (compare (2.2) and

(2.3)):
G[C, b] : w — —VC . V(I)’FT + aZ(I)h‘T, (28)

which is known as the Dirichlet—-Neumann operator. A rigorous definition of
the D-N operator is beyond the scope of this dissertation. Here, we have

assumed enough regularity for the unknowns, so that the solution of the above

13



boundary value problem exists in the distributional sense of the derivatives.
We refer the interested reader to the original papers [19, 20], where the operator
is defined in its appropriate functional settings, and is proved to be well-defined

and continuous.

Now, we can write (2.5b — d) as a single equation:

AWC — GIC, B =0 (2.9)

In the next step, we want to remove ® and its z-derivatives from (2.5a). For
this purpose, we obtain the three derivatives: 0;,®, 0,P, and V& at the water
surface. For 9;® and V&, we use 1(t,x) = ®(¢,x,((t,x)) and the chain rule

to get:
0P =0 — 0,920, onI'p, (2.10a)
V& =Viy—0,2V( onlr. (2.10b)

For 0,9, we start from (2.2) and use (2.9) and (2.10) to obtain:

GlC Y+ VC - VY
O:% = e

nIr. (2.10c¢)

Next, substituting (2.9) and (2.10) in (2.5a) results in the following equation

on FTZ

0ub -+ ¢ = —5 (V= 0.90) - (V4 = 0.9¢) = 5(0.)° + 0.0

= —IouP — (14 1VCP) (0.9)" + (2.2) + (2.9 VC

= VUl 4 (14 [VCP) 0.9

(G[¢, b+ V(- V)2
2L+ VeP)

= _%|v¢|2 + (2.11)
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In the above derivation, from first to second step, we have used (2.2), i.e.

0, = —V(- V& + 0,9 and substituted V& and 9,P from (2.10).

Thus we arrive at the following two equations, which are written on the
water surface (a d-dimensional manifold) and only contain horizontal deriva-

tives:
0,¢ — G[¢, b]y =0, 2
8tw + gC + %’vwF . (G[C7 bW + VC ’ V¢) —0 (2.12)

2(1+ V()

2.2.2 Relationship between D-IN Map and the Depth Averaged
Momentum

In order to establish a relationship between D-N map and the depth

averaged velocity (u), we start from the definition:

0= [ vax

u(t,x) = —— Vo(t,x,z)dz,
h(t,x) — Ho+b(t,x)

and take the divergence of the integral in the horizontal direction, i.e.:

¢
v-(ha):v-/ Vo dz

—Hop+b

¢
:/ V20 dz + V(- V|, — Vb VO, .
—Ho+b

Due to the irrotational flow, A® = V2® + 3% = 0, and the term inside the
above integral is —9?®. Furthermore, 9,®|r, = 0, which can be written as
Vb - V|, — 0,P|r, = 0. Hence, the last term in the above relation can be
substituted with 0,®|r,. As a result:
V- (ha) = /C ~0?®dz+ V(- V|, — 0.®|r,
—Ho+b

= =00, + V(- VOp, (2.13)
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Comparing this with (2.8), we find that:
GIC, bl = —V - (ha). (2.14)

Substituting this relation into the first equation of (2.12), one gets the familiar
form of kinematic condition, i.e. 9;( +V - (hu) = 0. Since, we mainly use the
velocity potential to derive the asymptotic equations, we prefer to keep our
equations in terms of this variable instead of velocity and water height, for

Nnow.

2.3 Nondimensionalization and Dominant Scales

We have already defined the length scales: Lg, Hy, ag, by (refer to Fig.
1.1, and Sec. 1.1). Now, we want to define a time scale. The way we do this is
by first obtaining a wave speed scale and then dividing a length scale by it to
get the time scale. The velocity scale that we use here is the phase speed of
the solution of the linearized equation about the rest state on a flat bottom,

i.e. when ¢ =0,b = 0. In this case (2.6) becomes:

AD =0 in Dy, (2.15a)
O =1 on I'y (ie. z=0), (2.15Db)
0.2=0 onI'p (i.e. z=—H,). (2.15¢)

We also linearize (2.12) about ¢ = 0,b = 0, to get:

(2.16)

0:¢ — G[0,0]y =0,
o+ g¢ = 0.
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Which can be combined to form the following equation for (:
¢ + gG[0,0]¢ = 0. (2.17)

For our purpose, we take the Fourier transform of (2.15) with respect to the

horizontal variable x:

1 —1iX-
W/Rd [8§(I)+V2(D(€,Z):|€ de:()

2(¢, 2) — [P (¢, 2) = 0
With the boundary conditions 9, = 0 on z = —Hy, and & = 1[1 on z = (. The
solution to this equation is ® (&, z) = C1(€) sinh(|€|z) + Cy(€) cosh(|€]z), and
after applying the boundary conditions: Cy(£) = tanh(|¢|Hy)¥(€), Co(€) =

~

1 (€). This results in the following form for P:

. _ cosh [(z + Ho)[£]]
(g, 2) = cosh(Hyl¢|)

b (8). (2.18)

Hence, the formulation for the Dirichlet-Neumann map in the wavenumber

domain becomes:
(0:9)(¢,0) = [€] tanh(Hol€])b(€)

And (2.17) becomes:

074(&) + gl¢| tanh(Ho|¢]){(6) = 0,

Next we take the Fourier transform of the above equation with respect to
time to obtain the variation of the frequency (w) as a function of the wave

number|¢|:

w(€) =/ glé] tanh(Holg]),

17



which is the dispersion relation for linear waves. It gives the frequency of
oscillation as a function of the magnitude of the wavenumber vector (|£]).
The wavelength of the corresponding waves is given by A = 27/|{|. Next,
by calculating the ratio w(£)/[£], one obtains the phase speed (or celerity) of

linear water waves:

cp(|§[Ho) = \/gHo%Efm, (2.19)

and we use v¢ to denote:

_ tanh(|¢|Ho)  tanh(27Ho/)\)
1) = "R, = @)

Now, having (2.19), we can define our wave speed scale ¢, by substituting v

with v as follows:

tanh(2
co =+ gHor ,with v= M. (2.20)

27\/11

Here, p is the shallowness parameter and is defined according to (1.1). Intu-
itively, p characterizes the typical wavenumber in the problem. The variation
of v as a function of x4 is shown in Fig. 2.2. When we are dealing with the shal-
low water regime or long waves (< 1), we can assume that v ~ 1. In other
words by a small change in A, v¢ does not vary significantly, and ¢y = v/gH is
the traveling speed of the majority of wavelengths. Thus the water waves are
nondispersive in very shallow waters. One can also refer to Fig. 2.3, where we
have shown the variation of normalized phase velocity (cp/v/gHp) as a func-

tion of |{|Hy. On the other hand, when we have intermediate values for y, the
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Figure 2.2: Variation of /v, with respect to shallowness parameter pu; the
dashed lines represent = 1072 and /v = 0.95.

longer waves travel faster than the shorter waves and the water waves show

dispersive properties.

For future reference, we also derive the formula for the group velocity
of the linear waves. The group velocity characterizes the speed at which the
wave packet travels. The overall shape of the wave packet is formed by the
superposition of different wavelengths with different frequencies. If the disper-
sion relation is linear (i.e. the wave is nondispersive) then the wave packet and
the energy travel with the same speed as the global phase velocity. However,
in dispersive waves, the wave packet travels at a lower speed compared to its

wave constituents. The group velocity can be obtained as the gradient of w(§)
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Figure 2.3: Normalized group and phase velocity of linear waves for different
wavenumbers.

with respect to &; hence:

/—|§|Ho sech’(|¢|Hy) + tanh(|¢|Ho)
2+/|€|Ho tanh(|£[Ho)

The graphs of the phase and group velocity for different wavenumbers are

c (€| Ho) (2.21)

plotted in Fig. 2.3.

Finally, we can define our time scale based on the length scale (Lg) and

the characteristic speed cy:

(2.22)
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2.3.1 Scaling the Variables and Operators

In order to obtain the nondimensionalized equations, we first define the

scaled space and time coordinates:
X =— Z=—= t=— (2.23)
and their corresponding derivatives:
V=LV, Y =L(V,po.)', A=L}V2+pd?), 0y==te:. (2.24)

For future reference, we also recall V and A in terms of nondimensionalized

coordinates:

Vv

1 / T _L 12 2
VY0 A= (v +32) (2.25)

The scaling of ¢, b, and h = ( + Hy — b is quite straightforward:

¢ b h
/:_ b/:— h/:—.
C a(), b()’ H()

(2.26)
To find the order of magnitude of ® and 1, we first refer to (2.18), which states
that ® and v should have the same order of magnitude. Next, we look at the

second equation of (2.16) to get:

1 a H
—pbot’ + gaol’ =0 => o = gagty = — Ly hily
t() H(] 14
Hence, we define the scaled velocity potential as:
1 . ap gHy
= _—0 th  ®g=—Loy/—. 2.27
(I)O ’ Wi 0 HO 0 1% ( )
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Now, since we have defined ®,, we define a velocity scale uy based on the
identity: uy = V®, or in nondimensional form: uou’ = ®&/LyV'®’. Hence,

the dimensionless horizontal velocity finds the form:

1 (I)O g
g ith N 2.28
u uou, W1 o LO \/; g 0 ( )

Before obtaining the nondimensionalized forms of the equations, we consider
scaling the Dirichlet-Neumann operator. According to (2.2), we know that
G[(,bj) = 0,2 —V®-V( on the water surface. By substituting the derivatives
and variables from (2.24) — (2.27), we have:

GG = 72008 — pV'(=C) - V)
0
Thus we define:
G'led, BV = (0,9 — uV'(e(’) - VO')| 1 —ce, (2.29)

to get:
P
G, bl = FZG’[EC’,BHW- (2.30)

2.3.2 Nondimensionalization of the Equations

We first obtain the nondimensionalized version of the boundary value
problem (2.6). Using the definitions in the previous section, this equation

takes the form:

w(V')2' + 9% =0 in — 1480 <2 <e, (2.31a)
Q' =) on 2’ = e('(t, x), (2.31Db)
0@ — uV'(BY) - V'®' =0 on z=—1+pV(x). (2.31¢)
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Next, we write Egs. (2.12) in the nondimensionalized form. We show the
procedure for the first equation, and only write the result for the second equa-
tion. As we have already defined, ( = ao(’, 9, = (1/to)0y, and GI[(, Bl =
(Po/Ho)G'e’, BU']Y'. Hence, the first equation in (2.12) becomes:

Do
Hy

toq)g

CleC’ B =0 = 0 — o

%at,(aog') _ GIC, BV = 0.

One can simply check the identity t¢®o/agHy = 1/pv. The process for the
second equation is similar, but requires a little more work. We leave that part

to the reader and write the final nondimensionalized equations:
( 1
at’cl - _G,[Scla 5bl]¢, = Oa
7%
€
Ot + ¢+ | V'
2v

o (2G04 V() )

(2.32)

\ v 2(1+2u|V'¢?)

It will be also useful to write (2.14) in the dimensionless form. This will be a

straightforward application of definitions for V’, &', b/, and u’:

G, BV = —u V' - (W) (2.33)

2.4 Shallow Water Models

In the previous sections we defined four dimensionless parameters pu, €,
B, and v. We mentioned that u < 1 characterizes the shallow water regime
and in this case v = 1. If we do not make any assumption on the typical

magnitude of topography and wave amplitude, we can take ¢ ~ 1,5 ~ 1. The
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equations which will be derived by this assumptions are called fully nonlinear
equations. As we will see both Nonlinear Shallow Water (NSW) and Green-

Naghdi equations belong to this group.
Since u < 1, we consider approximating the velocity potential based
on the following asymptotic expansion:

N
O'(t,x,2) = > "D (t,x,2) + O ) (2.34)

n=0

Hence, by including only the first term in the above sum, we approximate
® up to O(uN*). Thus such a model is called O(u™*!)-consistent with the
solution to original water wave problem. Here, we only consider O(u) and

O(p?) models.

Substituting (2.34) to the boundary value problem (2.31), and arrang-

ing the terms with the same power of y, one gets:

0, for n =0,
2P, =1 o . (2.35)
(V2@ _,, otherwise.

Meanwhile, we let & satisfy the boundary condition on the top and set the ho-

mogeneous boundary condition for other ®/’s. Thus the boundary conditions

find the form:

/ f _
Q! = v, forn=0, for 2 =e(l, (2.36)
0, otherwise,
f =
0P = 0 e o ‘0’ for 2 =-1+4+p. (2.37)
pVY -V'®! | otherwise,

We have to solve a simple ODE to obtain the solution to ®;. After-

wards, the solution to ®] will be obtained by substituting ®; in the above
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equations and solving another ODE. The process is straightforward, and can

be done using a computer algebra software. Thus, we will have:

D) = (2.38)
/ VIQw, 2 / 12,01 /
<I>1:—Tz + [(=1+ V")V + VY - V] 2
+ %%6202 o 5C/(_1 + 5b’)V’2w’ . eﬁC’V’b’ X V'W
12,0,/
__ %ﬁ (=14 BY)VY + BV - VY] -
2
+ v2w W2 — (1= B2 — B — 1+ BV -V (2.39)

It is worthwhile noting that for an O(u) model, the velocity potential is con-
stant in depth. This means, the velocity field does not depend on the z-
coordinate in the O(u) models (e.g. NSWE). Also, the vertical component of
the velocity, i.e. w’ = 9.’ vanishes in these models. On the other hand, in
O(p?) models, such as Green-Naghdi equation, the velocity varies quadrati-

cally in depth.

Next, let us obtain the velocity variation corresponding to ®; and /.

In the nondimensionalized coordinates we have:

/ 1 ¢ ! !
un = W V(I)n dZ .
—14-8

Hence, we can obtain uy and u; by some algebraic manipulations. Here, we
use Wolfram Mathematica to obtain the following formula for these averaged

velocities:
ﬁ{) = V', (2.40)

@, = —uT'[W, V|V, (2.41)
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where,

T'W Viw = R[N, b)(V'-w) + BRy[h, V](VY - w), (2.42)
and,
Rﬂﬁbmu:—iLv%M%g—ﬁﬂwvw (2.43a)
1 ) 3h/ 2 Y N
1
Rwuww:§ﬁvm%m+ﬁwvu (2.43Db)

Now, we can write the average velocity as:
' = V' — uT'[W, V]V +O(u?) (2.44)
Therefore, Vi)' = 0’ + pT'Vy)' + O(p?). Substituting V'4)’ from this relation
into itself, will result in:
V/wl — 1—1/ + /,LT/[h/, b/]ﬁl _|_ M2T/[h/, b/] (T/[h/,bl]vli/f’) + O(/J/Q)
V'Y =a + uT'[W, V]a + O(u?). (2.45)
This relation is our last piece of machinery to derive asymptotic water wave
equations. In the remainder of this chapter we obtain three main equations
in the water wave theory. In Table 2.1 we have summarized the main features

of a number of shallow water models based on the considered range of the

dimensionless parameters.

2.4.1 Nonlinear Shallow Water Equation

In order to obtain the nonlinear shallow water equation, we start with

(2.32) and use (2.33) to substitute G'¢)" with —uV’ - (h'n’). We also take the
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Table 2.1: Range of nonlinearity parameter (£), topography parameter (3),
and the spatial dimension for different shallow water models and the corre-
sponding precision order

Class Model € B d Precision
Fully Saint-Venant (NSWE) | O(1) O(1) 1,2 O(ut)
Nonlinear Green-Naghdi o(1) O(1) 1,2 O(u?t)
hﬁ(;i?szzlry Camassa-Holm O(ym) 0 1 O(u%t)
Weakly Bossinesqg-Peregrine O(p) O(p) 1,2 O(u%t)
Nonlinear K4V O(p) 0 1 O(pt)

gradient of the second equation of (2.32), and use (2.33) and V¢’ = 1’ to
replace G’ and V'¢)’ in terms of @’. We also drop all terms of order O(u'Y),
with N > 1. Thus, we will get:

{% + V- (h') = 0,

2.46
oy’ + V' +eu’ - Vu' =0. (2.46)

We usually prefer the equations to be in terms of the conserved variables, i.e.
h, hu. Hence, we use Oyh' = €0p(’, and dpu’ = [0y (W'Q') + e’V - (R'@')]/h in

the second equation to obtain:

Ouh! + V' - (W) = 0,

_ R 1 (2.47)
Op(K'0)+eV' - (Wu' @u') + gh’(V’(h’ + pt')) = 0.
Finally, we can write the equations with dimensions:
@h—i_—v-(hu)f(),_ (2.48)
O(ha) + V- (ha®u) + ghVh + ghVb = 0.

We will explain the solution technique for this equation in chapter 4.
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2.4.2 Green-Naghdi Equation

The process for obtaining Green-Naghdi equation is similar to NSWE;
however, in the final step, instead of dropping all terms containing powers of
p, we drop the terms of order O(uV), with N > 1. This derivation is a little
more involved than NSWE, and we only give the final equations. In order
to avoid excessive verbosity, we denote such operators as T'[}/,b'] without
their arguments, i.e. 7. Then, the Green-Naghdi equations in terms of the

dimensionless variables reads as:

{at,c + V- (W) =0,

([ + MT’)(@t/ﬁ’) + VIC, + €<l_l/ . V/)l—l/ + SHQI(ﬁ,) —0. (249)

With 7" defined in (2.42), and @’ is defined in terms of R} and R}, which were
introduced in (2.43):

Q'(w)=Ry (V- (wV'-w)—2(V'-w)?) + BR, (w - V')*V) (2.50)

It is easy to check that )" contains third order derivatives of the velocity field,

which can be avoided by introducing a new operator ()] as follows:
Q[P V] (w) = TR, ] ((w - V)w) — Q[ ] (w). (2.51)
Now, @} contains up to second derivatives, and has the form:
Qi (w) = = 2R} (Qww - Oyw" + (V' - w)?)
+ B8Ry (w - (w - VV'Y) (2.52)

Here, wt = (—wy, wi)T; meanwhile, 9,/, and 0y are the partial derivatives

with respect to 2/, and vy’ respectively. Using this definition, the equation
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(2.49) becomes:

{aﬂc' + V- (hE) =0,

(I + puT") (OpW + e(W - V)W) + V¢ + epQ) (W) = 0. (2.53)

Similar to the previous section, we prefer the equations in terms of h’, h'u’:

Oph' +eV' - (W'u') =0,
(I+ph'T'E) (p(WR) + V' - (W @ ') + K'V'¢ + eph/ Q) () = 0.
(2.54)

As we will see in chapter 5, solving this equation can be simplified, if we apply
the inverse operator (I + puhT’ %)_1 on the second equation. Afterwards, we

go back to the unknowns with dimensions and the above system becomes:

Oh+V - (hu) =0, (2.55)

9(hia) + V - (hu @) + (I + phTL) ™" (ghV¢ + hQy (1)) = 0. '
The operators 7' and (); with dimensions are according to (2.42) and (2.52)
with 8 = 1, respectively. We will solve this equation in chapter 5, with a small

modification which improves its dispersive properties.

2.4.3 Korteweg—de Vries Equation (KdV)

The KdV equation was first derived by Korteweg and De Vries [38],
and the existence of its solution was proved in [18]. Unlike the previous two
equations which were categorized as fully nonlinear models, the KdV equation
is a representative of weakly nonlinear models, i.e. 4 < 1 and € ~ p. In the
special case of KdV equation, we also take § = 0. As a result, we can write

equation (2.32) in a 1D setup as follows:

{at/(’ + 0p(h'1') =0,

2.56
(1—£82) (0p@) + 0p(' + SWI0 = 0. (250
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A possible solution to this equation satisfying it up to order O(u?) is given by

[17):

r =1
C—u—|—4

u’ Héxuﬁ’ i =u ﬂx’(?z/u.
gt 12

Here u solves the Benjamin-Bona-Mahony equation [2], which is a weakly
nonlinear equation (¢ ~ O(y/i)). It is shown in [41] that by taking 7 =
et n=a" —t' u=wv(et' 2’ —t'),S = ¢/u, one can obtain a unidirectional wave

equation, which is known as the KdV equation:

3 1.,
0-v + §v8nv + @87722 =0 (2.57)

We will solve this equation using an implicit hybridized DG method in the

next chapter.
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Chapter 3

A Hybridized Discontinuous (Galerkin
Technique for the KdV Equation!

In this chapter we introduce a hybridized discontinuous Galerkin (HDG)
method for solving nonlinear Korteweg-de Vries (KdV) type equations. Similar
to a standard HDG implementation, we first express the approximate variables
and numerical fluxes inside each element in terms of the approximate traces
of the scalar variable (u), and its first derivative (0,u). These traces are as-
sumed to be single-valued on each face. Next, we impose the conservation of
numerical fluxes via two extra sets of equations. Using these global flux con-
servation conditions and applying the Newton-Raphson method, we construct
a system of equations that can be solely expressed in terms of the increments
of approximate traces in each iteration. Afterwards, we solve these equations,
and substitute the approximate traces back into local equations over each ele-
ment to obtain local approximate solutions. As for the time stepping scheme,

we use the backward difference formulae. The method is proved to be stable

!This chapter is based on the article by Ali Samii, Nishant Panda, Craig Michoski and
Clint Dawson, entitled: “A hybridized discontinuous Galerkin method for the nonlinear
Korteweg—de Vries equation” [62]. Samii prepared the computer code for this article and
wrote most of the manuscript except its introduction. Panda helped with implementing the
numerical approach, Michoski wrote the introduction of the article, and Dawson provided
mathematical proofs.
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for a proper choice of stabilization parameters. Through numerical examples,
we observe that for a mesh with kth order elements, the computed variable
and its first and second derivatives show optimal convergence at order k + 1
in both linear and nonlinear cases, which improves upon previously employed

techniques.

3.1 Problem Statement and Space Discretization

We explained the derivation process of KAV equation in the previous

chapter. Here, we write this equation in a more general form:
O+ 0y (anu® + apd?u) = f(z,t), r€QCR,te(0,T], (3.1)

with Q = [z, zg], and the following initial and boundary data:

U = Uy in Q2 for t =0,
U= g, on ry, and xg,
either of < u = g, on 7, and d>un =g, on Tg, (3.2)
8§un =g, onzg, andu=g, on Iy,
Ox1 = g4 on xy or Tpy.

Here u represents the wave amplitude, and n is the outward unit normal on the
corresponding face (c.f. Fig. 3.1). Since, we are working in a one-dimensional
setup, we look at n as a scalar, which is equal to £1 on z; and zi. as is also
equal to 1, and signifies the wave propagation direction. Moreover, we use
a1 to switch between a linear problem, where a; = 0, and the nonlinear case

with a3 = 3. When we take as = 1, the boundary condition on d,u should be
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Figure 3.1: The domain of the problem and its left and right boundary.

applied on xg, and when a, = —1, the boundary condition should be applied
on xry. The well-definedness of the above problem has been studied in detail
in [34], and it is known that the above set of boundary conditions results in a

well-posed initial-boundary value problem for the KdV equation.
Next, we introduce the mixed forms ¢ = d,u and p = ¢,, and form the
first order system of equations corresponding to (3.1):
Oru + 0y (aru® + agp) = f(z,t),
p—0,q =0, reQ te(0,T], (3.3)
q— O,u=0,
with initial and boundary conditions:

U = U in Q for t =0,

U= gy on xr, and xg,
either of ¢ u = g, onzy, and pn=g, on g, (3.4)

pn=g, onzx, andu =g, on rg,

q=9g on xj Or Tpy.
For the purposes of analyzing the stability of the method, we will also consider

periodic boundary conditions in place of (3.4).
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3.1.1 Mesh Notation

We will partition 2 C R, by a finite collection of disjoint elements
T = {K,}. The domain of each element K, is considered to be: K; =
[xj_ 1,051 |. Since, we will work on a 1D domain, the left and right faces of
K are each comprised of just one point. However, to maintain the generality,
we use 07, to denote the collection of the faces of all of the elements, i.e.
0T, = {0K : K € T,}. Let us denote by &Y the set of interior faces and &%

the set of boundary faces; meanwhile &;, = €7 U &Y.

For any two neighboring elements K and K, with nonempty 0K+ N
OK~, we will assign n* and n~ the outward pointing normals of K™ and
0K~ respectively. The values of (u,q,p) on the common face of these ele-
ments will be denoted by u™, ¢, p*. We also denote u*, ¢*, p* on Tjrt, with

ut, , q.jE 1 ,p,jE .. For instance, u . ; means the value of u on the left side of a
JF57 IF3 T IFS Jt3

face located at x ;. Hence, nj_ , =+1 and ”jt; = —1, for all . The mean
2

it3 +3

{-} and jump [] of the information v on a given face e € &) are defined as:
{v} =@ +v7)/2, and [on]=v"n"+u n".

For boundary faces in €f where the information (v) is single valued, the mean

and jump are defined as:
{v} =v, and [vn]=wvn.

Furthermore, the boundary faces with available boundary data on u, ¢, and
p will be denoted by I'y, I'y, and I',, respectively. It is worthwhile to mention
&9 =T,Url,.
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3.1.2 Approximation Spaces

Let P*(G) be the set of polynomials of degree at most k on the domain

G. The discontinuous finite element spaces we use are
WE={we L*Q):w|g € PHK), VK € T),}.
The trace finite element space (or skeleton space) is defined by:
MF = {p € L*(&) : ple € PF(e), Ve € &}

We also characterize the following spaces, with the built-in boundary condi-

tions:
Mf(l)={pe€ MF:p=11¢ onT,}, MF() ={pe MF:p=11¢ onT,},

with II being the L? projection into the skeleton space restricted to the bound-

ary.

For the scalar product of functions v and w we will use the convention
(v,w)g = fG vwdz, for G C €. Moreover, (v, w)sr; which is commonly

denoting the integration on the faces of K; € T}, may be simply written as

+ vjt ) wj+ ;. Nevertheless, we might use any of these notations to
2 2

VW
jtg o dts

keep the expressions concise and clear.

When we sum inner products over the entire mesh we use the notation:

(Uv w)‘Ih = Z (U, w)K7

KET,

<Cap>(9f]'h = Z <C7P>8K7
KeTy,

<,lL,OJ>gh = Z</J’ﬂw>67
ecéy,
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where v, w are defined on T}, (, p are defined on 07}, and u,w are defined on

En.

3.2 Solution Method

Since the solution method for the nonlinear equation is closely related
to that of the linear problem, and the latter can be explained more clearly, we
will first look at the technique for the linear case. Without loss of generality,

we take ap = —1 in (3.3).

3.2.1 Linear Problem Solver

Considering eq. (3.3) with as = —1 and oy = 0, we want to find the
piecewise polynomial solutions u,q,p € WF, such that for all test functions
v,w,z € WF,

(O, v) ik + (p, 0e0) ik — (P, 0)orc = (f,0)k,

(p,w)x + (¢, 0w) — (g, w)ox = 0, (3.5)

(q,2)k + (u,0:2)k — (G, zn)gx = 0,
for all K € 7,,. Here 1*9, Ek], are numerical fluzes and u is the numerical trace on
OK . Similar to other numerical methods, numerical fluxes are approximations
to p, ¢, and we choose them in a way to result in a stable and accurate method.
On the other hand, in our hybrid method, we keep the numerical trace u as
a new unknown on the skeleton space. We take 4 from MF(g,), which means

@ is single valued on &€, by construction. To ensure the conservativeness of

the method, we require that the normal components of Z} and 1*9 be continuous

36



across element edges. This continuity in our 1D problem means that these
fluxes should be single-valued on each face. In regular discontinuous Galerkin
methods, we can apply this single-valuedness by using the same flux on each
face for the two elements connected to that face. In our hybrid technique we
maintain the conservation of the flux via extra sets of equations. As a first

step, we define 5, and ;5 in the following forms:
q=q+o(g—q)n,
(3.6)
p=p+7(u—1u)n.
Here, we have introduced a new numerical trace § € M ¥(g,) and expressed the
flux ¢ in terms of this trace. Similar to 4, we are going to keep ¢ as a global
unknown in the equations. Meanwhile, p is also defined in terms of u, @, p,
which are among the current unknowns of the problem. Moreover, ¢ and 7

are stabilization parameters. We will obtain the required condition for these

parameters to make the method stable in the next section.

Next, we want to include the boundary data g, and g, into our solu-
tion. These boundary data are included by defining @ and ¢ on I',, and I'y,
respectively. Hence, we set:

Gu, ON 8K N Fu, gq, on aK N Fq,
(3.7)

>
Il

2
Il

A, on OK\I,. Y, on OK\I,.
With (\,¢) € MF(0) x MF(0). In other words, on the faces where we have
boundary data on u (I',), we exclude u from our set of unknowns. On other
faces, we substitute @ with A. We also eliminate ¢ on I'y, and substitute it

with 1 on all other faces.
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So far, we have three equations (3.5), in the domain of each element.
These three equations will be used to compute the internal unknowns: wu, p, q.
Solving these three equations in each element for u, p, ¢ forms our local problem.
In other words, for a given element K € T, we assume , 1*9,5 are known on
0K, and we want to solve (3.5) for u,p,q. Since, the fluxes Z],E are defined
through numerical traces w, ¢, we can solve the local problem, provided that
i, q are known. Unlike, u,p, q, the traces u,§ are global unknowns. In order
to find them, we need two extra global equations. These global equations are
obtained by enforcing the conservation of the numerical fluxes on the element
edges. Hence, we require that, on a given face e € &:

gn, ee€ Sg\l“q7 gp, €€,

in] - ] - os

0, ecél. 0, ecé&).

It should be noted that, by setting [[én]] = ¢n we are not applying any
boundary condition on §¢. Instead, we want to emphasize that on the outflow
face, where we have no boundary data on ¢, the normal component of g should
be equal to the normal component of ¢ from the upwind element. For the case
of ay = —1, EJ\I', in the above relation is equivalent to x = z. Since on g,
f]n is single-valued, we set its value equal to ¢n from the only contributing
element. Meanwhile, by applying (3.8) on interior faces, we make sure that

the fluxes on all of the element edges are conserved.

Before we continue to the final formulation, let us review our unknowns
and the equations we use to solve them. We have three unknowns in the

domain of each element K € T}, i.e. u,p,q. Our local problem is solving (3.5)
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for these internal unknowns, assuming that 4, ¢ are known on K. We also
have two sets of global equations (3.8), which we use to compute 4, §. These
equations are the conservation of the flux across element edges. For interior
faces, these global equations are simply [[Ek]n]] = 0 and [[ ignﬂ = 0. The
boundary conditions on u, ¢ are applied on 4, ¢, through (3.7). The boundary
condition on p is applied via [[ E nﬂ = gp on I',. It should be noted that @ is
unknown on every face in £,\I',,, and we have an equation for [[ 1*) n]] on every
face in €9 UT,. Since, &,\I', = &) UT, the number of unknown 4 is equal to
the number of equations on [[f) nﬂ . Similarly, one can see that, the number of
unknown ¢ is equal to the number of equations on [[5 nﬂ . Since, we introduce
U, q as extra unknowns on the mesh skeleton, and compute them using two
constraint equations, i.e. the flux continuity conditions, this method can be

classified as a hybrid method [3, 25].

As a special case of the above discussion, one can apply periodic bound-
ary conditions by setting 4|,, = |, , and §|., = ¢|.,. These two will guar-
antee that the numerical traces are the same at xy and xgr. Also, in order to
apply the flux conservation conditions on the two ends of the domain, we set
(§|z = 5\1 ., and D lep = ) |z, - These two conditions are actually obtained by

assuming all faces are interior faces in (3.8).

Ultimately, we want to find u, ¢,p € W}, and traces (\,v) € MF(0) x
MF(0), such that Vv, w,z € WF, (3.5), and (3.8) are satisfied. In this process
we will apply the boundary conditions (3.7) and the flux definitions (3.6).

Before looking at the implementation, we substitute the fluxes from (3.6) into
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equation (3.5). Hence, for all K € Tj:
(Oyu, v) ¢ + (p, 0u0) ik — (PN, V) ox — (TU, V)ox + (TU, V) ox = (f, V) K,
(p,w)k + (¢, O,w)k — (0q, w)ox — ((n — 0)q, w)sr = 0, (3.9)
(q,2)k + (u,0:2)k — (U, zn)gx = 0.

As mentioned before, for a given K € T, we will use these equations to obtain

u, q, p, assuming that @ and ¢ are known on JK.
By inserting the boundary data (3.7) into these equations, one gets:
(O, v) g — (Oup, )k — (T U, V)oK

+{T A\ v)ax = (f,0) Kk — (T Gu, V)ornr.,,
(p,w)k + (¢, 0xw) k. — {0q, W)oK (3.10)

—{(n = o), w)ox = ((n — U)gqaw>8KﬂFq>

(CZa Z)K + (U, Zx)K - <)\a z n>8K — <gua z n>8KﬂFu-

Also substitute (3.6) into (3.8) to obtain the following global equations:

<(j n+ U(q - qA)7M>87h = 07
(3.11)
(pn+7(u—10),m)eom, = (9p, M) oTHnr,
for all (u,n) € MF(0) x MF(0).
Next, we want to solve the system of equations (3.10) and (3.11) by the
hybridized DG technique.
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3.2.1.1 Implementation

Let us assemble the local equations (3.10) and write them in terms of

the following bilinear operators:
@ (Ou,v) = 67 (p,v) +-c1(A\,v) = di(u,v) = f(v) = g(v),
a(p,w) +6(q,w) = c2(h, w) — da(q, w) = (w), (3.12)
a(q,z) +6(u,z) —c3(\ 2) = k(z),
and for the global equation (3.11):

oy (g, 1) + er(d, 1) = 0,
(3.13)
o3 (u,n) + <4 (1) — e2(A, ) = 3(n),
with the following definitions:
a(u,v) = (u,0)7,, 6(q,w)=(q,%w)s,,
di(u,v) = (Tu, v)or,, da(q,w) = (oq, w)or,,
o1\ v) = (TA vy, ©2(¥,w)=((n—0)Y,w)oy,,
os(X,2) = (N zn)ar,, <4 (g, 1) = (0, oz, — (a0, oz,
o5 (u,n) = (Tu, Moz, <4 (p:1) = (PN, Moy, (3.14)
el(, ) = ((n— )Y, o, ea(X p) = (TA, Wom,,
fFw)=(f;v)7, 4)=(Tgu,v)om,nr.
f(w) = ((n — 0)gg, w)or,nr,, R(2) = (gu, 2 N)om,nr,;
3(n) = {gp> Momur,;

for all v,w,z € WF, and (u,n) € MF(0) x MF(0).
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Next, we write (3.12) and (3.13) in the discretized form. As for the time
integration scheme, we choose a backward Euler approach with time-step At"
at time-level t”. One may appropriately use higher order BDF or an implicit
Runge-Kutta method. As a result, the corresponding matrix equations at time

t"™ would become:

AitAU ~B"™P+CA-DU=F -G+ AitAU”‘l, (3.15a)
AP + BQ — C,¥ — D,Q = H, (3.15b)

AQ+ BU — C3A = K, (3.15¢)

CiQ+ E\V =0, (3.15d)

CiU +CyP — EyA = S, (3.15¢)

where U™! stands for U from the previous time-level, and all other variables

are calculated at the current time-level.

As mentioned before, we are not going to assemble egs. (3.15a-c) and
solve them globally. We will apply a process of condensation on the internal
unknowns U, P and () and express them in terms of the trace unknowns A
and W. Then we solve global equations (3.15d,e) for A and W. To this end, we
do a local solve on (3.15¢) and obtain @ in terms of the other unknowns, and

the supported boundary data:
Q=AYK — BU + C3A). (3.16a)

Then, we substitute () from the above relation into (3.15b), to obtain an
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expression for P in terms of U, A, ¥, and the boundary information:

P :Ail(B - Dg)AilBU - A71<B - DQ)Ailch + Ailcg\p

+A'H - AY(B - Dy)A™'K. (3.16b)

Finally, we put P from the above relation into (3.15a) to obtain U in terms of

A, ¥ and the boundary data:

AitA — D, —BYA Y (B—-Dy))A'B|U

1
At
— BTAN(B-Dy)AT'K + BTA7'H + F - G. (3.16¢)

AU+ [-Cy — BTA™(B — Do) A7'C3] A+ BTATICL0

The solution procedure to implement this technique, can be summarized in

three steps:

1. Obtain U in the local equation (3.16¢) in terms of A and W, and use this
U to obtain ) in terms of A and ¥ via (3.16a); also obtain P in terms
of A and VU via (3.16b).

2. Assemble the U, @), and P from the previous step for each element,
along with A and ¥ into the global equations (3.15-d,e), to form the

global matrix equation and solve it for A and V.

3. Use the globally solved A and ¥ from the previous step, to solve the
local equations (3.16¢,a,b) for U, @, and P. As explained in the first
step, one starts with (3.16¢) to compute U, then use this U in (3.16a)

and (3.16b) to obtain @ and P.
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In this scheme, the first and third steps are local on each element and can
be done in parallel. The only global solve step is the second step. Moreover,
the number of skeleton unknowns in these global equations are O(k?~!/h),
compared to the internal unknowns which are O(k¢/h). Hence, we can expect

an improved performance from the proposed hybridized scheme.

3.2.1.2 Stability of the Method

In this section we prove the stability of the proposed method in the
continuous time case. We first look at the simplest case of periodic bound-
ary conditions. Then, we discuss the stability for other types of boundary

conditions.

Theorem 3.2.1. If the stabilization parameters in (3.6) satisfy: o # 0, o >
%n, and 7 < 0, then the proposed method with periodic boundary conditions is

stable and the solution to (3.5) exists and is unique.

Proof. We consider (3.5), with the zero source term and expand the boundary

terms to obtain:

* — _ x +
(O, 0)i; + (P, Qav)ie; = Piysvys + P10’y =0, (3.17a)
* = _ * T+
()i, + (0, 0aw)ie; = Qg s + 5 yw”, =0, (3.17b)
(¢, 2)k; + (u,0:2) K, — Ujp1z + ﬁj_%zjt% =0 (3.17¢c)
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Setting v = u, w = —q, z = p, would yield:

* T
(atU,U)K]. + (p) aaxu) pj-i,-lu +1 +pj—%ujt% - 07
—(0, 9k, — (¢, 0.9k, + qj+%qj+% — qj_%qu% =0,

A —

(,p)r; + (u,0up)K;; — UjptPypn T 1P 1

Then we add these equations together:

* * T + * _ * T +
TPyt TP T GGy T 33
p p +
T UjiP TU AP = 0
Which may be written as:
SO, + oy, w3 [~ (@)
o TR T Vil i3y 2 i+3 i~3
- * + + * = _ * T +
_pa+2 ]+1 tpj_iu L + Grg9er — 9-39-1
J%—épﬁrl +u %pjt% =0.
By reordering the terms, we get:
10 q »
26t||u||K + 0% +9 =0, (3.18)

with
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Now, let us rewrite p from (3.6), as below:

a=p . +7 (uT, =0 A )n ,=p ,+7 " (u_ ., 1
Pret =Py gy~ Gy TP Pl Tk
x + )
+ + + N + + + + N
i =p T, 477 (v, -0 A nT,=p7, —7 7, (uT, —0. .
D=y =Py Ty (gl — g ny =y 7 n (g )

I B - A — A 2
— U, 1+ T, U, 1%, 1 — (U
j+iPit J+%< J+3i+: ( J+%) )
x T
- + (5 + - 2
U 14T U, U — (U, . 3.20
gyt (iguty - @) (3.20)

Now, we sum over all elements, and apply the conservation of the flux. For
the current 1D problem, the flux conservation condition, i.e. [{E n]] = 0, simply
becomes: ]3* = E‘. Hence, we get:
Of = > O = —T(ul —a ) -t (- i, 4)% (3:21)
K;€T) j
which is nonnegative, for all Tji% < 0, or simply 7 < 0.

Next, let us consider ©f in (3.18), and choose ¢ similar to (3.6):

% T
— 4 + (,t 5 _ 4 + (gt 5
Gj—1=4q;,_1+ c(¢ s —q¢_1)n" =4 _1—0".(¢71—q._1),
2 J—3 J—3 I3 J—3 J—3 J—3 J=3 7173 I3 (3 22)
* A~ —_ —_ A~ —_ A~ —_ —_ A )
=4q. 0. — n =q, o —
TGy = 4l T J+%(qj+% qJJrg) it its T J+%(qj+% qJ+§)
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These fluxes should be used along with the flux conservation condition [¢n] =

.+
g nt+ q n~ = 0. Assuming o # 0, q I and q L, may be written as:

0 G~ (1—0 1)
~ -3 R I T s
¢ s — , 1 = — . (3.23)

h
l\)\»—‘

S ks
K; - )2
j 2(0j+%)
(@01 — (1= 0" aiad s (L0t )a1d, o — (G1)?
J+ + J+3 Jjts _ Jj—3 J=2%j—3 J—3
= ¥
* T+ . xt+
(Qj_%)2 +(1+ 0;%)2( ],%>2 —2(1+ th%)q]‘—%qj,%
2 O—jtl)2
2
(20_ 1 1) _ _ 1 —
_ Jt+3 * ~ 2 * o o 2 - A
2(0_]3_1 )2 |:<QJ+%) + (qurl) - 2q]+%qj+%:| - §<qj+1) + qj+%qj+%
2
J—§ * ~ ~ 2 * A

By summing over all elements, and applying the flux conservation and periodic

boundary condition, we get:

oL = Y 0%

K,;€T)
TS el PR /1 e iy 0] 62)
: 2(01%)2 [qj+é qj+%} W UG-5 4G5 -\
Which is non-negative for o~ > s and ot > —2, or simply o > —n and also

o # 0.
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Eventually, if we sum (3.18) over all elements, we get:

ol + o, +er, =0

with ©F and ©F obtained in (3.21) and (3.25). According to the assumptions
on o and 7, these two are nonnegative. Hence, dlul|3, /0t < 0, and the only
solution to the problem with zero source term and zero initial condition is
u = 0. By putting v = 0 in (3.21), and knowing that ©F = 0, one gets
@ = 0. Next, set z = ¢ in (3.17¢) and use u = 0 and @ = 0 to conclude ¢ = 0.
Also, we know ©F = 0, which implies q¢" = ¢~ = ¢. Comparing this with
the relationship of ¢ and § obtained from (3.23) and setting ¢ = 0, one can
see that ¢ = ¢ = 0. Finally, set w = p in (3.17b), and use ¢ = 0 and qg=0
to deduce that p = 0. Consequently, the only solution to the problem with

periodic boundary condition, zero initial condition and zero source term is the

trivial solution.

Since we are working in a linear and finite dimensional setting, the
trivial null-space implies existence and uniqueness of the solution. Therefore,

the theorem follows. O

Corollary 3.2.2. The proposed method with the boundary conditions u = 0
on xgr,xr, and ¢ =0 on xp, and the stabilization parameters: o > %n, T <0,

15 stable and has a unique solution.

Proof. The proof follows similar steps as Theorem 3.1. However, in (3.20) the

. * = N * + . .
two terms —Uy 1P and U;_1Pj-1 will not cancel at the boundaries of the
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domain. Instead, by taking g, = 0 both of these terms become zero. Moreover,
in (3.24), by setting g, = 0, one can get qgtq= () =0atz=x. Onz = R,

using (3.23) with g~ = ¢, results in ¢~ = ¢. Hence, we get:

with, ©f = ©% + 5(gls=sy)?, which is non-negative. Therefore, based on

the same logic as Theorem 3.1, the only solution to the problem with zero
source term, zero initial condition, and zero boundary conditions is the trivial
solution. Hence, we have stability. The existence and uniqueness will also

follow. O

Corollary 3.2.3. The proposed method with the boundary conditions u = 0 on
xr, p=20 on xg, and ¢ =0 on x, and the stabilization parameters: o > %n,
7 < 0, is stable and has a unique solution. The same is true for u =0 on g,
p=0onzy, and =0 on xr.

Proof. Similar to Corollary 3.2, one can show that in (3.20) the two terms
A * T A * + . . .
—U; 1Pj41 and U;_1Pj-1 are Zero for g, = g, = 0. Hence, for zero initial
condition, zero boundary condition and zero source term, the only solution to

the problem is the trivial solution. Therefore, we have stability, existence, and

uniqueness of the solution. O

In the proof of Corollary 3.2.2, it is worthwhile noting that, supporting
the boundary data for ¢ on x instead of z;, can result in an unstable scheme.
In that case, instead of O = O% +5(qlo=sz)?, We get OF = 0% —3(Gla=a,)?,

which is not necessarily non-negative, and the stability cannot be inferred.
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3.2.2 Nonlinear Solver

Let us consider (3.3), with ap = —1 and a3 = 3. We want to find the

approximations u, ¢, p € W/, such that for all test functions v, w, z € W},
(O, v) g — (3u* — p, 0,v) i + (Hn, V)or = (f, )k,
(p,w)k + (¢, 0w)x — (g, w)ox =0, (3.26)
(q,2)k + (u,0:2)k — (G, zn)gx = 0,
for all K € T3,. Here, the numerical flux H is an approximation to 3u? —p. In

this nonlinear problem, we define H and Ek] as follows:

q:q—i_a(q_(j)na
(3.27)
H=30"—p+71(u—1a)n.
In order to apply the boundary conditions on u, ¢, we use the same scheme as
linear case, i.e. (3.7). Furthermore, we require our fluxes to be conserved across

the element faces. This flux conservation will be enforced explicitly through a

set of global equations, which can be written for a given face e € &:

qn, ec &Nl pn =g, eel,,

[anﬂ = (3.28)
0, ecél. [Hn] =0, ecé&).

The difference of the above equations with (3.8) is the way that we apply the
boundary condition on p. Since this boundary condition is applied through
the numerical flux, and the flux is nonlinear, the boundary condition at I, is
applied via pn = g,. It should be noted that we use local equations to derive
p in terms of u and ¢; therefore, the corresponding global equation will be in

terms of the numerical traces.

50



Using the flux conservation relations together with (3.26) we can form
our nonlinear system of equations. Moreover, in order to discretize in time,
we use backward Euler time-stepping scheme with time-step At at time-level
t,. Hence, we are looking for u,q,p € W} and 4,§ € M} (g,) x M}(g,), such

that:

1

A—t(u,v)K—(px, V) — (3u2, 0:0) i + (3112 N, v)oK

+<TU7U>3K - <T1l,U>aK = (f7U)K + E(un_17U)K7

(p,w)k + (¢, 0,w)k — (0q, w)ox — ((n — 0)q, w)ax =0,
(3.29)

<Q7 Z)K + (u7 Z&?)K - <’&, < n>8K - 07
<(j n+ U(Q - Cj>7 M>3‘Ih - 07

<3a2 n -+ T(U - a)7 7]>8‘J'h\rp - <p n, T]>3(Th - _<gp7 n>Fp7
For all v,w,z € WF, and (u,n) € MF(0) x MF(0).

3.2.2.1 Choice of the Numerical Fluxes

Theorem 3.2.1 gives the sufficient conditions on the stabilization pa-
rameters to make the linear solver stable. For the nonlinear solver, we use the
same o as we suggested for the linear one. However, choosing a constant 7
will not result in the best approximation in nonlinear problems. Therefore,
we split 7 into 79 and 71 which are corresponding to the linear and nonlinear
parts of total flux. Hence, in (3.27), H = 3u* — p + (1o + 71)(u — @) n. Based
on Theorem 3.2.1, —7y should be a constant negative real value; hence, 7y > 0.
For 71, one option can be based on a Lax-Friedrichs type of flux [54, 57]; how-

ever, according to Theorem 3.2.1, we still want 7, < 0. Hence, we choose

51



7 = —|0(30?) /04|, and finally 7 can be written as:

+7'0 = —6|7:L| +T07

T(a):_' dii

with 7y being a constant positive real value.

3.2.2.2 Implementation

To implement the nonlinear solver, we apply the Newton-Raphson
method to the system of equations (3.29). Hence, having the current iter-
ation i, q,p € WF and (4,q) € MF(g.) x MfF(g,), and denoting 7() with 7,
we want to find the increments du, dq, 5p € W} and (51, 5G) € MF(0) x MF(0)
such that:

& (0u,v) — 6T (0p,v) + €1 (60, v) = £(v),
(0p,w) + 6(3g,w) = €2(04,w) ~ da(6g,w) = Fo(w),
a(0q, 2) + 6(0u, 2) — ¢3(01, 2) = h(2), (3.30)
i (0q, 1) + €1(0q, ) = #(p),

o5 (6u,n) — <o (Op,m) + €2(50, ) = 3(n),
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with v,w, 2 € WF, and (u,n) € MF(0) x MF(0). The bilinear forms are similar

to (3.14), except the following:

1
@ (0u,v) = = (6u,v)g, — (61 u, 0pv)7, + (T 0u, V) 4y,

At
~ A~ ~ A 87_- — ~ — A~
61(00,v) = (60 din,v), —I—<{—;(u—u)—7} 5u,v> :
h ot o7,
~ A~ ~ ~ 87—- — ~ — A~
@2(5u,77):<6u(5un,n>mh+<{§(u—u)—7} (5u,77> ,
u T,
1

F0) = (Fov)s = o (0= 0)g, + (o0l )

+ (3u?, c‘)xv)jh — (30* + 7(u—a)n, ”>a:rh ,

fu(w) = =(p,w)3, — (7 pw)y, + (07, w)a, + ((n = 0)d, w)ar,,
#(2) = =(g, )3, — (u, z)y, + (G 2 n)om,,
#(p) = —(Gn+ (7= q), wom,,
5(n) = {gp, ), — [(30° n + 7(u — @), n)ar,\r, — (30N, Mo, ] -
Next, let us discretize system of equations (3.30), to obtain the following ma-
trix equations:
ASU — BT 6P+ C 6N = F,
ASP + (B —Dy)6Q — Cy 60 = H,
A6Q + BoU — Cy6A = K, (3.32)
CréQ + E 60 = R,
CToU — CL 6P + Ey0U = S.
The process of solving this system of equations is similar to the linear case.
We will use the first three equations to obtain 0U, 0@}, and éP in terms of

0N and 0V; then we solve for A and d¥ using the last two equations. It is
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worth noting that in the process of condensing the interior unknowns on the
numerical traces, we just solve a series of independent local equations, which

can be done simultaneously.

3.3 Numerical Experiments

In this section we will solve a number of simple examples to study the
accuracy and capability of the proposed method. In all of these experiments
we will use a first order backward difference scheme for time discretization. We
will first examine the convergence rate of the computed u, ¢, p for linear and
nonlinear problems. Afterwards, we use the method to solve a few well-known

problems in the context of dispersive wave problems.

Example 1: In the first example, we solve the equation (3.3), with ay = —1,
a; =0, and f(x) =0 in the domain 2 = [0, 7]. The initial condition is taken
up = sinz, and the boundary conditions are u(0,t) = —u(m,t) = —sin(t), and
q(0,t) = cost. Obviously, the exact solution to this problem is u = sin(z — t).
Meanwhile, the boundary conditions are not periodic, but would result in a
well-posed problem. We use a constant and appropriately small time step
with different mesh sizes. The values of 7, and ¢ are equal to —10, and 10,
respectively. Hence, the convergence rate of the computed solutions u, g, p at
the final time level 7' = 0.1 is calculated. These rates are listed in Table 3.1 for
different number of cells and different orders of the polynomial approximation.

As one can observe, all of the approximate solutions u, ¢, p are converging with
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k+1.

In the second part of this example we consider a similar problem, except
at the right side of the domain we apply the boundary condition on p, leading
to the boundary data: u(0,t) = —sint, p(w,t) = —sint, and ¢(0,t) = cost. It
is worth noting that the boundary condition on p is applied through the flux
conservation condition (3.11). Since this set of boundary conditions provide
a well-posed problem, one might expect the proposed numerical method to
converge at the optimal rates for each £ > 0. We list the corresponding rates
of convergence in Table 3.2. Note that unlike the previous case where, we
obtain optimal convergence for all £ > 0, in this example, when boundary
data on p is set in tandem with no information on the variation of the solution
within the interior of the cell, i.e. the case of £ = 0, we see a loss of uniform
optimal convergence. Here, the solution of ¢ will be unique up to a constant,
and although we can satisfy all of the boundary conditions, we lose the optimal
convergence. Nevertheless, the uniform optimal convergence is still observed

for each u, ¢, p whenever k > 1.

Example 2 In this sample problem, we examine the convergence of the
method in solving a nonlinear problem. In Eq. (3.3) we let ap = —1, a3 = 3,
and f(x) = 7cos(2x —t) + 6sin(4x — 2t), and solve the equation in the domain
2 = [0,7]. As for the initial condition we apply u(x,0) = sin(2x), and the
boundary conditions are u(0,t) = u(w,t) = —sint, and ¢(0,¢) = 2cost. Thus,

the exact solution of the problem is u = sin(2x —t). The stabilization param-
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Table 3.1: Convergence rates of the solution of the linear problem (example
1), with the right side boundary condition on u. The analytical solutions are
denoted by e, ge, and pe.

’ Order (k) ‘ Num. of cells ‘ ||U—Ue||L2(Q) ‘ HQ—Qe”Lz(Q) ‘ Hp_pe||L2(Q) ‘

10 5.95E-02 8.14E-02 2.16E-01
0 20 3.06E-02 3.74E-02 1.12E-01
40 1.55E-02 1.79E-02 5.73E-02

Convergence rate 0.98 1.09 0.95
10 1.12E-03 3.95E-03 5.89E-02
1 20 1.97E-04 7.60E-04 1.48E-02
40 4.12E-05 1.39E-04 3.72E-03

Convergence rate 2.38 2.41 1.99
10 2.48E-04 1.16E-03 4.37E-03
9 20 3.18E-05 1.80E-04 5.71E-04
40 3.47E-06 2.32E-05 5.22E-05

Convergence rate 3.08 2.82 3.19
10 3.36E-06 5.23E-06 3.34E-05
3 20 2.09E-07 3.01E-07 2.04E-06
40 1.59E-08 2.17E-08 1.33E-07

Convergence rate 3.86 3.96 3.98
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Table 3.2: Convergence rates of the solution of linear problem (example 1),
with the right side boundary condition on p. The analytical solutions are
denoted by e, ge, and pe.

[Order () [ Num. of cells | [lu— ucll gy | 14— dell gy | 1P~ pellogey |

10 1.13E-03 4.04E-03 5.89E-02
1 20 1.98E-04 7.60E-04 1.48E-02
40 4.12E-05 1.39E-04 3.72E-03

Convergence rate 2.39 2.43 1.99
10 2.46E-04 1.16E-03 4.23E-03
9 20 3.17E-05 1.79E-04 5.58E-04
40 3.47E-06 2.32E-05 5.15E-05

Convergence rate 3.07 2.83 3.18
10 3.36E-06 5.25E-06 3.35E-05
3 20 2.09E-07 3.01E-07 2.03E-06
40 1.59E-08 2.18E-08 1.33E-07

Convergence rate 3.86 3.96 3.99

eters are 0 = 1, and 79 = 20. In this problem, the stabilization parameters
have a noticeable effect on the accuracy of the solution, and need to be cho-
sen carefully to result in optimal convergence. The convergence rates of the
approximate solutions are presented in Table 3.3. It is worthwhile noting that
the approximate solutions u, p, and ¢ are converging with optimal convergence

for polynomial orders 0 < k < 3.

Next, we test the method for the case where the boundary condition
on the right side of the domain is applied on p instead of u. The convergence
results for this problem are listed in Table 3.4. Similar to the linear case with
the boundary condition on p, the method results in the optimal convergence

for polynomial orders k > 1.
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Table 3.3: Convergence rates of the solution of nonlinear problem (example
2), with the right side boundary condition on u. The analytical solutions are
denoted by e, ge, and pe.

’ Order (k) ‘ Num. of cells ‘ ||U—Ue||L2(Q) ‘ HQ—Qe”Lz(Q) ‘ Hp_pe||L2(Q) ‘

10 2.22E-01 5.92E-01 1.71E4-00
0 20 1.23E-01 2.98E-01 9.86E-01
40 6.49E-02 1.49E-01 5.33E-01

Convergence rate 0.93 1.00 0.84
10 1.08E-02 5.04E-02 3.46E-01
1 20 2.46E-03 1.21E-02 8.83E-02
40 5.97E-04 2.99E-03 2.22E-02

Convergence rate 2.04 2.04 1.98
10 1.62E-03 3.94E-03 2.61E-02
9 20 2.06E-04 4.79E-04 3.17E-03
40 2.59E-05 5.93E-05 3.93E-04

Convergence rate 2.99 3.03 3.03
10 7.88E-05 1.56E-04 1.39E-03
3 20 4.99E-06 9.28E-06 8.72E-05
40 3.15E-07 5.76E-07 5.50E-06

Convergence rate 3.99 4.04 3.99
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Table 3.4: Convergence rates of the solution of nonlinear problem (example
2), with the right side boundary condition on p. The analytical solutions are
denoted by e, ge, and pe.

[Order () [ Num. of cells | [lu— ucll gy | 14— dell gy | 1P~ pellogey |

10 1.09E-02 5.11E-02 3.46E-01
1 20 2.46E-03 1.21E-02 8.83E-02
40 5.97E-04 2.99E-03 2.22E-02

Convergence rate 2.04 2.02 1.99
10 1.59E-03 3.99E-03 2.64E-02
9 20 2.06E-04 4.79E-04 3.17E-03
40 2.59E-05 5.93E-05 3.93E-04

Convergence rate 2.99 3.01 3.01
10 7.88E-05 1.56E-04 1.38E-03
3 20 4.99E-06 9.28E-06 8.72E-05
40 3.15E-07 5.79E-07 5.50E-06

Convergence rate 3.99 4.00 3.99

Example 3 In the previous examples, we have shown the convergence prop-
erties of the method; in this example, we are solving for the classical solution
of (3.3) with ap = 1, oy = 3, and f(z,t) = 0. We solve this equation taking
(z,t) € [~10,0] x (0,2], with initial condition u(z,0) = 2sech®(z +4). An ex-
act solution to this problem is u(x,t) = 2sech(x —4t+4); therefore, we extract
the relevant boundary data for u(—10,t), u(0,t), and ¢(0,t) and include them
in IBVP definition. Since, as = 1, we have applied the g-boundary condition
at the right end of the domain. Results are computed using 100 elements with

3rd order polynomials. The time-step size in this example is At = 1073,

The space-time graphs of the computed solution are shown in Figs.
3.2-3.4. Moreover, the relevant analytical solutions are also shown, for a side

by side comparison. Although, we have not chosen our time-step small enough
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for error calculation, one can still observe a good match between the computed

and analytical solutions.

Example 4 In this experiment, we examine the interaction of two solitary
waves with different propagation speeds [75]. We want to solve equation (3.3),
with ag = 1, @y = 3, and f(x,t) = 0 with (x,t) € [-20,0] x (0,2]. The initial

condition is assumed as:

4.5 csch? [1.5(z + 14.5)] + 2sech?(z + 12)

up(x) =5 >
{3 coth [1.5(x + 14.5)] — 2 tanh(z + 12)}

Next, we use the following exact solution to extract three required boundary

data, to complete the problem definition:

(o 1) = 4.5csch? [1.5(x — 9t + 14.5)] + 2sech®(z — 4t + 12)
’ {3 coth [1.5(z — 9t + 14.5)] — 2tanh(z — 4t + 12)}*

Similar to the previous example, as = 1 in (3.3); hence we apply the boundary
condition on p at the right end of the domain. The results are computed using
50 elements with 4th order polynomials. The time-step size is also taken as:

At = 1075.

Figs. 3.5-3.7 shows the space-time graphs of the two solitons interacting
with each other. In the first phase, the two waves are approaching, and around
t = 0.5, they overlap each other. Afterwards, the faster soliton continues to
propagate and leaves the domain of analysis. The analytical solutions are also
presented in this figure, for comparison purposes. It is worthwhile to note that,

one can achieve a better accuracy by using a smaller time-step; nevertheless,
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Figure 3.2: Space-time graphs of one soliton in the domain (z,t) € [—10,0] X
(0,2]. Evolution of the computed solution (top) and analytical solution (bot-
tom) of w.
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Figure 3.3: Space-time graphs of one soliton in the domain (z,t) € [—10,0] X
(0,2]. Evolution of the computed solution (top) and analytical solution (bot-
tom) of ¢.
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Figure 3.4: Space-time graphs of one soliton in the domain (z,t) € [—10,0] X
(0,2]. Evolution of the computed solution (top) and analytical solution (bot-
tom) of p.
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even with the current time-step size, we have obtained a very good match

between the analytical and computed solutions.

Based on the presented results, we have shown the accuracy of the
proposed HDG method. It is worth noting that this technique may be extended
to higher order equations. This can perfectly fit into the optimal convergence
of HDG in high order derivatives, and give rise to a family of accurate methods

for higher order differential equations.
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Figure 3.5: Space-time graphs of two solitons in the domain (z,t) € [—10,0] X

(0,2]. Evolution of the computed solution (top) and analytical solution (bot-
tom) of w.
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Figure 3.6: Space-time graphs of two solitons in the domain (z,t) € [-10,0] x
(0,2]. Evolution of the computed solution (top) and analytical solution (bot-
tom) of ¢.
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Figure 3.7: Space-time graphs of two solitons in the domain (z,t) € [—10,0] X

(0,2]. Evolution of the computed solution (top) and analytical solution (bot-
tom) of p.
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Chapter 4

Hybridized Discontinuous (Galerkin Method
for Nonlinear Shallow Water Equation!

In this chapter we present an explicit implementation of the hybridiz-
able discontinuous Galerkin (HDG) method for solving the nonlinear shallow
water equation (NSWE). We first follow the common construction of the im-
plicit HDG for nonlinear conservation laws, and then explain the differences
between the explicit formulation and the implicit version. For the implicit im-
plementation, we use the approximate traces of the conserved variables (il, El\l)
to express the internal variables and numerical fluxes in each element. Next,
we impose the conservation of the numerical fluxes via a global system of equa-
tions. Using the Newton-Raphson method, this global system can be solely
expressed in terms of the increments of the approximate traces in each iter-
ation. On the other hand, for the explicit method, having (h, hu) at each
time level, we first obtain (iz, ];l\l), such that the conservation of the numerical
fluxes is satisfied. This will result in a nonlinear system of equations, which
is local to each face of the mesh. Having the solution ((h, hu),h, Hl) for the

previous time step, we use the Runge-Kutta time integration method to ob-

IThis chapter is based on the paper which will be submitted to Computer Methods in
Applied Mechanics and Engineering [60].
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tain (iL, f/Ll\l) in the next time step. Hence, the introduced explicit technique
is based on local operations over the faces and elements of the mesh. Using
different numerical examples, we show the optimal convergence of the solution
of the explicit approach in the L? norm. Finally, through numerical experi-
ments, we discuss the advantages of the implicit and explicit techniques from

the computational costs point of view.

4.1 Statement of the Problem

We showed in Chapter 2 that the water wave problem can be approx-
imated by the NSWE up to a good accuracy [40, 41]. This equation reads as
follows:

0q+V-F(gg=L inQCR? (4.1)

with L being the source term, and

1= {h};} Fla) = {hu@ . %ghQI}' (4.2)

Here, g is the gravitational acceleration and h is the water depth, i.e.
h(x,t) = ((x,t) + Hy — b(x) (refer to Fig. 2.1). Meanwhile, u is the velocity
vector in d spacial dimensions, and I is the d x d identity matrix. We assume

that h is bounded from below by a minimum positive value.

On the domain boundary (02) we can employ different types of bound-
ary conditions, such as periodic conditions, inflow or outflow boundaries, solid

wall or any other type of boundary condition which can accompany Eq. (4.1)
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and result in a well-posed problem. We postpone the matter of boundary

conditions to section 4.2.2, where we discuss the formulation of the method.

4.1.1 Notation

In order to solve Eq. (4.1) with discontinuous finite elements, we define
T, = {K} as a finite collection of disjoint elements partitioning €. Also,
let 07, denote all of the faces of the elements in Tj, and &; be the set of
faces in the mesh. It is worthwhile mentioning that, while in &, we count
the common faces between two elements only once, the same common face is
counted twice when we form 07,. Now, assume e is a common face between
two elements K+ and K, i.e. e = KT NOK~. We denote by n* the unit
normals of K* at e and use [[-] to show the jump of the information across e,
eg. [F-n]=F"-nt+F -n", with F* being the values of F corresponding
to K*. For the faces on the boundary of the domain, where e € 9T, N 09, we

define the jump based on the only contributing face, i.e. [F -n] = F - n.

Throughout this chapter, we mainly use vector notation, with bold
italic symbols denoting tuples with d + 1 components (such as g in Eq. (4.1)).
For certain relations, the index notation can provide a more clear description.
In those cases, we denote derivatives with respect to spatial coordinates with
subscripts, i.e. ¢; ; denotes the derivative of ¢th component of g with respect to
the jth spatial coordinate. We also use (v, w)q to denote the inner product of
functions v and w in G C R%, ie. (v,w)e = [, vw dG. Furthermore, (v, w)r

denotes [ vw dI', when I' C R4,
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4.1.2 Functional setting

For each element K € T), and p > 0, let QP(K) denote the space of
polynomials of degree at most p in each spatial direction. We choose our trial
solution and test spaces, as the set of square integrable functions over T, such

that their restriction to the domain of K belongs to QF(K); i.e.

V= {q € (L*(Tn)"" : q|x € (Q"(K))™" VK € Ty} (4.3a)
The approximation space over the mesh skeleton (&) is defined as:

M? = {p € (L*(E,)™ : pl. € (QP(e))™! Ve € &4} (4.3b)

We also define the L2-projection operator Iy, which maps a given & € (L%(&j,))4H!
to the set of functions whose restriction to e € &, is in (QP(e))¢!, and I, sat-

isfies:

(o€ — &, p)e =0, Y e (Q(e)).

4.2 Variational formulation

We are looking for a piecewise polynomial solution g, € V7 which
satisfies Eq. (4.1) in the variational sense. Hence, for all p € V¥ and every

K € T, we want q,, to satisfy:

(0w, P) i + (F},p)ox — (F(qy), VP)k — Li(p) = 0. (4.4)

Here, F'} is the numerical flux, an approximation to F'(q) - n over the faces

of the element K. Similar to the finite volume method, we can obtain a
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stable and convergent solution by a proper choice of F;. In hybridizable DG
formulation, the numerical flux is defined through the numerical trace (g,),
which is an approximation to g on the skeleton space (€,). Here, we consider

the following form for F';:

Fj =F(q,) n+7(q,—q), (4.5)

where 7 is the stabilization parameter and its choice is important for obtaining
a convergent and stable method. We briefly discuss some of the well-known
choices for this parameter in section 4.2.1. It is also worth mentioning that g,

is assumed to be single-valued on any given face in &j.

Next, we also want to satisfy the flux conservation condition across the
element faces. Since, the numerical flux is the only means of communication
between elements, in all of the internal faces, we require that the projection
of the jump of F}; onto M}, vanishes, i.e. IIo[F};] = 0. On the other hand,
over the domain boundary (0€2), we apply the boundary condition through

the boundary operator Bj,. Hence, Y € M}, we want to have:

(F}, w)or o0 + (Bh, ) or,no0 = 0 (4.6)

Here, By, is the boundary operator, and should be defined according to the
applied conditions on 0f). The extended form of Bj for a few boundary

condition types is represented in subsection 4.2.2.

We should solve (4.4) and (4.6) to obtain the unknowns of the problem.

We can substitute F'; from (4.5) into these two equations, and assemble (4.4)
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over all of the elements. Thus, the problem may be summarized as finding the
approximate solution (g, q,) € V} x M}, such that, for all (p, u) € Vi, x M}:
(9qy,P)7, — (F(q1,), VD)7, + (TQ), P)oT,

+ <F(/q\h) ' nap>87h - <T/q\h7p>8‘.]'h - Lh(p) = 07 (47&)
(F(q),) -n, lt>a:rh,\an + (Tqy, 1) o7,\00

— (TG, ), 00 + (Bh, t)or,noa = 0. (4.7b)

Before we explain the solution approach for this problem, a brief discussion on
the stabilization parameter and the employed boundary conditions is worth-

while.

4.2.1 Stabilization parameter

As commonly considered in the literature [52], we employ two choices
for the stabilization parameter (7) which are motivated by Lax-Friedrichs
and Roe solvers. As for the Lax-Friedrichs approach, we first find A.x, the
maximum absolute value of the eigenvalues of the Jacobian matrix of the
system (denoted by A):

A=0F(q)/0q-n (4.8)

Having in mind that ¢ = {B, i/ll\l}, one can simply verify that \,.. = \/E +

\(ifu\l/ h) - n| [43]. Now, we define the Lax-Friedrichs stabilization matrix as:
T = )\maxIa

with I being the (d 4 1) x (d 4 1) identity matrix.
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Another option for constructing the stabilization parameter is based
on the Roe solver. For this purpose, we form the eigenvalue decomposition
of A as: A = RAR™', where, R is a matrix whose columns are the right
eigenvectors of A, and A contains the eigenvalues of A. Thus, we form the
stabilization matrix as:

T =|A| = RIA|R™", (4.9)
with |A| being a diagonal matrix containing the absolute values of the eigen-

values of A.

4.2.2 Boundary conditions

Different types of boundary conditions can be employed in Eq. (4.7).
One of the simplest ones is the periodic boundary conditions. Let I'; and
I'y denote a pair of periodic boundaries; along these boundaries, we should
have @,|r, = q,|r,, and the numerical flux passing through them should be
conserved. To this end, one can couple the degrees of freedom on I'; and I’y
and set the boundary operator in Eq. (4.6) as: By|r, = F}|r,, and By|r, =
F7j|r,. This way, the method remains conservative and the required periodic

conditions are satisfied.

We can also use Eq. (4.6) to apply inflow/outflow boundary conditions.

To this end, we define B, as:
B,=A"q, - |Alg, - A q,,
with A and |A| defined in (4.8) and (4.9), and A* = A + |A|. By applying

this boundary condition, when the characteristic directions on a given point
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at the boundary are outward, we define the value g, from g. On the other
hand, when a characteristic direction is pointing inward, the values of g, are
chosen according to the supported boundary data, i.e. q.,. As we will see in
the second numerical example, by a proper choice of g, we use this boundary

condition to apply a wavemaker boundary.

One can also implement a solid wall with slip condition using the
boundary operator Bj. For this purpose, we need to construct Bj, such

that hj, = hy, and @, -n = 0 [52].

4.3 Solution procedure

We now consider solving the nonlinear system of equations (4.7) us-
ing two approaches. In the first approach, we use an implicit time stepping
technique to form a global system of equations and solve it using Newton it-
erations. In the second approach, we use an explicit time stepping technique
to form a set of local nonlinear equations and solve them using local Newton

iterations.

4.3.1 Implicit approach

Considering Eq. (4.7), we use Newton-Raphson method to form a lin-
earized equation in terms of the increments of g, and g,,. For the simplicity of
the presentation, we consider backward Euler technique as the time integra-
tor, with At being the current time step. Hence, denoting by qZ’l the values

of g, in the previous time level, and (g,,q,) € V7 x M? the corresponding
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values in the current iteration, we seek (dqy,, dg,) € V; x M}, such that for all

(p, ) € V) x M}, we have:

a1(0gy, p) + ¢1(6Gy, p) + fi(p) =0, (4.10a)

Cg((gq}“ #) + C?;((th, Pl') + 61(521\117 “’)
+ e2(0Gy, 1) + fa(p) + fs(p) = 0. (4.10b)

with the bilinear forms and functionals defined as below:

1 OF;
a1(5Qj7pi) = E(&Ij: 5ijpi>‘3’h - (#&Ijapi,k) + <Tij5Qjapi>8‘J'h )
J T
A aﬁz’k 0Tk, _ 0Tk, A
0qj,pi) = Py - - > — Tij | 045, ps )
Cl( QJap) << aqj ng + 8(]]- dk 8q]~ k. — Tij d;, P -
h

1 . )
filpi) = Kt(% —q; lapi)Th_<Ejnjapi>BTh + (73;Q, pi)ov),

— (14385, PiYo, — (Fij, 0ipi), — Li(pi),

OB (4.11)
¢ (8g5, 1) = (73005, i) o> €3 (0@, 1) = < aq:5qh7u>a ,
Q
“ 8]3; aTi _ 87’1 = R
61(5%%) = << afnk + af@lk - af(lk - Tij) 5Qj,m> )
1 1 4 T\OQ
" 0B, .
e2(6qy,, 1) = <T<5q ,u> :
S aqy, " a0

fa(ps) = <Fijnj + Tijq; — Tij§j7ﬂz‘> fa(p) = <Bh,H>aQ

oT\00
In the above definitions, Fj, Aij, and 7;; denote the element at ith row and
jth column of F(g,), F(q,), and 7(q},), respectively. Meanwhile, &;; denotes

the Kronecker delta.

Thus, the implicit solution approach can be summarized as below:
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e Step 1: Having g, and g, from previous time step, solve Eq. (4.10a) in
all of the elements to obtain an expression for g, in terms of dgq,, q,,

and q,.

e Step 2: Assemble the computed dq, from the previous step into Eq.
(4.10b) and form a global system of equations for dg. Solve the global

system and obtain dg,.

e Step 3: Use the computed dg, from the above global system in Eq.

(4.10a) to obtain g, and g, for the next iteration.

e Step 4: Substitute the computed g, and g, from Step 3 into Step 1,
and continue iterating through Steps 1-3, for the Newton method to

converge.

As mentioned before, the system of equations that we solve in Step 2, is a
global system. For later reference, we call this step, the global step, while all
the other three steps are called local steps. From the computational costs point
of view, for large problems, solving a sizable global system may not scale well
with the computational cores. This is a main motivation to use an explicit

method, which does not require solving such a large system of equations.

4.3.2 Explicit approach

Again, we consider Eq. (4.7). As for the explicit time stepping, we first
use the computed qZ’l from the previous time step (or in the first step we

take it from the initial condition) in Eq. (4.7b) to derive g, ' that results in
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. . _ ~n—1
the conserved numerical fluxes at time level ¢,,_;. Then, we use g U and g}

in Eq. (4.7a) along with an explicit time integrator to obtain g} and use it as
the initial condition for the next time step. As a result, our solution procedure
is comprised of two parts. In the first part, having qul € V7 from the last
time step and g, € V¥ from the previous iteration, we seek g, € M} such

that for all u € M} we have:

e3(0qy,, 1) + e2(0qy,, p) + fa(p) + f3(p) =0, (4.12)

with, e5 and f3 defined as in (4.11), while e3 and f; have the following forms:

) oF; OTik w1 OTik = )
63(5%/%) = aAknk + aAqu b aAka — Tij 5%'7/%' )
K 4 % omon  (4.13)

Ja(pi) = <Fijnj + Tiqu_l - Tijéjvﬂi>

T\OQ
A closer look at ez and f; reveals that we do not perform any iterations on
q;- As a result, this equation is local to each face. In other words, instead of
solving a large system of equations in implicit method, we solve many small
systems of equations, each corresponding to one of the faces in &j,.

After solving Eq. (4.12) through Newton iterations, we have qZ_l and
az_l, which satisfy the flux conservation condition. In the second part of the
method, we should use some explicit time integration technique to obtain qj.

For simplicity of formulation, we use forward Euler technique. Hence, we want

to find g} € V7, such that for all p € V7, we have:

(qr.p) = (g, ".p) + At(— (F(gy ') n,p) — (rq} ", p)

+(rq; L, p)+ (F(q; "), Vp)+ L(p)) (4.14)
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In other words, the equations in the element interiors are a set of linear equa-
tion, which are directly giving the g, for the next time step. Concerning, this

explicit approach, we want to highlight the following points:

e The first step in the above approach, i.e. solving Eq. (4.12) by Newton
iterations, is local to each face in €;,. Hence, for large problems, the com-
putational time can be scaled down by increasing the number of working
processors. Furthermore, the second part of the approach is also local to
each element in J},. As a result, for large practical problems, this explicit
method perfectly fits the high performance computing requirements, i.e.

scalability and local operations.

e There are similarities between the above procedure and the Reconstruct-
Evolve-Average algorithm, which is used in the finite volume method.
Albeit, we prefer to use the terms Extend-Evolve-Project for our ap-
proach. This is because, in the first step, we obtain an extension of g}~
to a numerical trace g ', which satisfies the flux conservation condi-
tion. In the second step, we evolve the solution of the previous step, and

finally project it onto V7.

e In order to achieve a higher accuracy for the same time step size, one
can use the explicit Runge-Kutta methods instead of the forward Euler
method in the above algorithm. In that case, at the end of any Runge-
Kutta stage in Eq. (4.14), we have to solve Eq. (4.12) and use those

results for the next stage.
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e Similar to other explicit techniques, the limitations on the time step
size is an important issue in the proposed algorithm. Although by using
strong stability-preserving techniques [64] can improve the time step size,
we cannot obtain an unconditionally stable technique, similar to what

an implicit method can offer.

4.4 Numerical experiments

In this section we present a set of numerical examples to investigate
the accuracy, convergence properties and the performance of the described
technique. The software that we use to solve these problems is written in
C++, and makes use of different numerical libraries such as deal.Il, PETSc,
MUMPS, and Eigen. This software is an extension of the one developed in

[61], and utilizes the shared and distributed memory parallelism.

Example 1: In this example we consider the nondimensionalized ver-
sion of Eq. (4.1) with a known smooth solution in Q = (—1,1)%. Hence, we

want to solve:

h hu B _— ) )

Here, all of the variables and derivatives are nondimensionalized, and we define

L to balance the above equation for the following manufactured solution:
h =2 + sB2)sin@y)=sin(H) " pyy — (cos(4t — ), sin(4t + y)) .

Fig. 4.1a shows the variation of A at ¢ = 0 in the domain. For the implicit

approach, we use second order backward difference formula to integrate the
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solution in time. For elements of order 0, 1, and 2, we use At = 1073, and for
third order elements we use At = 2.5 x 10™* to keep the time integration error
below the space discretization error. At time ¢ = 1, we compute the L*(Q)
error of the g; and use them to obtain the rates of convergence for a set of
uniformly refined meshes. We use Lax-Friedrichs flux in all of the elements,
and inflow /outflow boundary condition on all of the boundary faces. As for the
space discretization, we utilize modal elements with Legendre polynomials to
construct the basis for each element. The finite element mesh will have 2" x 2"
elements, where n = 3,4,5,6. In Fig. 4.1b, we have shown the employed mesh
with n = 6, which is decomposed into 24 subdomains for a distributed parallel
solve. At each Newton-Raphson iteration, the global system of equations is
solved using the PETSc wrapper for MUMPS solver. The convergence toler-
ance for Newton iterations is set to 10712, Using this tolerance, the maximum

number of Newton iterations was six throughout the analysis.

In Fig. 4.2 we have shown the L*-norm of the error of g, and the cor-
responding convergence plots. We observe that in all of the polynomial orders
we get the optimal (p + 1) order of convergence. The computational time for
solving 1000 time steps for the models with n = 6, and different polynomial
orders are listed in Table 4.1. For this timing, we have used 24 processors of
the Lonestar 5 supercomputer in the Texas Advanced Supercomputing Cen-
ter (TACC). Since, each node of Lonestar 5 contains 24 processors, this test
does not involve any node-to-node communication. However, we have used

distributed memory parallelism to run these tests. By no means, we claim
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s

Figure 4.1: (a): The schematic plot of the initial state of h in example 1 at
time ¢t = 0; (b): The decomposed computational mesh between 24 processors
for n = 6, i.e. 25 elements in each direction.
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o Approximation error of g, for the implicit method
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Figure 4.2: Approximation error and convergence rate of the implicit method
for solving the first example in Q = [—1,1]? using 2.0/h elements in each
direction, and polynomial order p = 0,1, 2, 3.

that our code is optimal for conducting a conclusive performance test; nev-
ertheless, both implicit and explicit methods have received the same amount

of optimization in our code. Hence, we can use this code for a comparison

between the performance of implicit and explicit methods.

Next, we use the introduced explicit method to solve the same problem

Table 4.1: Execution time of local and global steps for solving 1000 time steps
of example 1 using the implicit method for the case of 2% x 26 elements, and
different polynomial orders p

D Local Global Execution time (seconds) CPU time share (%)
DOF's DOFs Local steps Global step | Total time Local Steps Global Steps

0 12,288 24,960 35.2 48.1 83.3 42% 58%

1 49,152 49,920 92.4 200 292 32% 68%

2 110,592 74,880 224 378 602 37% 63%

3 196,608 99,840 535 636 1171 46% 54%




as explained above. For our time integration algorithm, we use the four stage
low-storage explicit Runge-Kutta method. For the case of p = 0, 1,2, we use
At = 1073, and for p = 3, we set At = 5x10~*. Similar to the implicit case, we
compute the L*(Q)-error of g, at t = 1. To solve the decoupled equations on
each face, we use MUMPS direct solver. The convergence tolerance for Newton
iterations is set to 10712, which results in a maximum of three iterations per
stage for the solution to converge. We use the same meshes as described in

the implicit method to solve this problem.

In Fig. 4.3, we have shown the L? errors of g, for meshes with differ-
ent element sizes and polynomial orders. Similar to the implicit method, we
observe optimal convergence for all of the polynomial orders. Moreover, the
errors for the same mesh size seems to be smaller than the implicit method
errors. This can be due to the higher order time integration technique that
we use here, and the strong variation of g with time in this example. We have
also listed the computational times for solving 1000 time step of the models
with n = 6 and different polynomial orders in Table 4.2. One can observe that
the explicit solver is around eight times faster than the implicit solver, for the

same setup and computational power.

For practical applications one can also increase the time step size of an
implicit solver to obtain a comparable performance to the explicit methods.
We will consider this in the next example, where the time step size of the
implicit solver is around 100 times larger than the explicit method. As such,

gaining around eight times performance boost by using an explicit solver,
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Figure 4.3: Approximation error and convergence rate of the explicit method
for solving the first example in = [—1,1]?, using 2.0/h elements in each

direction, and polynomial order p = 0,1, 2, 3.

Table 4.2: Execution time of local and global steps for solving 1000 time steps
of example 1 using the explicit method for the case of 2% x 2¢ elements, and
different polynomial orders p

Local Global Execution time (seconds) CPU time share (%)

p DOFs DOFs Local steps | Global step | Total time | Local Steps | Global Steps
0 12,288 24,960 8.9 28.0 37 24% 76%
1 49,152 49,920 17.9 44.2 62.1 29% 1%
2 110,592 74,880 33.2 58.7 91.9 36% 64%
3 196,608 99,840 65.4 80.5 146 44% 55%
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may not sound very promising. Nevertheless, one should also note that, in
practical applications, the memory usage of an implicit solver can be its main
bottleneck. In large problems, this can also result in the higher scalability of

explicit solvers, by increasing the number of processing cores.

Example 2: In this example, we consider the propagation of a long
wave in a relatively fine mesh. In Eq. (4.15) set L = 0, and let us solve it
in Q = (—1,1)% As for the initial condition we set h|;—g = 3 and u|;—g = 0
everywhere in the domain. We use solid wall with slip condition on I'g, I'y,
and I'g (c.f. Fig. 4.1b). On I'yy, we apply inflow/outflow boundary condition
with u,, = 0, and h, defined in the following form:

B - 2+cos(t) t<ty
o to <t

In this example we consider two cases with t, = 1,3. Hence, the excitation
frequency in both of these cases is the same, and the only difference is the
longer loading time in the case with ty5 = 3. The case with ¢, = 1 imitates the
waves induced by a tide from the right side of the domain. We want to solve

this problem in the time interval ¢ € (0, 20].

Our finite element mesh for this problem consists of piecewise quadratic
elements with n = 7, i.e. 27 x 27 elements. This results in roughly 300,000
global unknowns. We use both implicit and explicit methods to solve this
problem. Our initial perception of this process suggests that since the induced
waves are fairly long waves, we can choose a large time step size for the implicit

method and still obtain a valid solution. Therefore, we choose At = 0.1 for
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the implicit method. On the other hand, the time step size for the explicit
solver is still restrained by the stability requirements. For our setup, the CFL
condition suggests [32]:

1

AtExplicit X T lh~
)\max

With [, being the smallest element size, and A\« being the largest eigenvalue
of the Jacobian matrix A (as defined in Eq. (4.8)). This results in a time step
size around 1073; although we can choose the time step size adaptively, we
use the simple choice of At = 1073 for the explicit method in all time steps.
Thus, if both methods had the same performance for solving the problem at

each time step, the implicit method would have been 100 times faster.

The profiles of the water surface at different time steps are shown in
Figs. 4.4 and 4.5 for ty = 1 and tg = 3, respectively. These figures are obtained
using the explicit solver, with At = 1073. We have also compared the water
surface profiles obtained from implicit solver (with At = 107!) and explicit
solver (with At = 1073) at different time steps In Figs. 4.6 and 4.7. For the
case of tg = 1, i.e. Fig. 4.6, we can see a very good match between the results
of At = 107! and At = 1073, On the other hand, in Fig. 4.7, we notice that
after t = 1, the plots of At = 107! and At = 107® do not match. Even
though both of these figures are obtained for the same wave length, the longer
excitation time in the case of ty = 3 has resulted in the formation of shock
waves that require a smaller time step to be resolved in the solution. Hence,
when we want to choose the time step size of the implicit solver, the excitation

wavelength is not the only deciding factor. Even if the solution seems quite
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stable and well behaved, we might still loose important phenomena that might

be captured if we use a smaller time step.

Despite the accuracy loss for the case of tg = 3, the implicit method
with time step At = 0.1 can produce quite good results for t; = 1 case.
Hence, it is worthwhile to compare the CPU time of the implicit method (with
At = 107!) and explicit method (with A = 107?) for solving the problem
using different number of processing cores. In Table 4.3 we have listed the
computational time of solving this problem on 12, 24, and 48 cores. Again,
we use Lonestar 5 to perform these tests. The first observation in this table
is the noticeably lower computational time of the implicit method. As we
mentioned earlier, this is due to the much larger time step size of the implicit
technique, which requires 200 time steps to solve the problem as opposed to
the explicit method, which requires 20000 time steps. Although each time
step in the explicit solver is 5 to 8 times faster (depending on the number of
processors), it cannot make up for the 100 times fewer time steps required in
the implicit method. On the other hand, the explicit solver exhibits a better
scalability than implicit method. This can be mainly attributed to the local
nature of the computation in the explicit solver, which reduces memory usage

and communication between nodes.

Example 3: In our last example, we solve the release of water from
a dam into the still water inside a narrowing channel. Consider the trape-
zoidal domain in Fig. 4.8. This domain is discretized with 192 x 64 first

order elements. We want to solve the nondimensionalized shallow water equa-
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Figure 4.4: The water surface profile of example 2, at different times, with
to =1 and At = 0.001.
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Figure 4.4: (cont’d) The water surface profile of example 2, at different times,
with tg = 1 and At = 0.001.
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Figure 4.5: The water surface profile of example 2, at different times, with
to = 3 and At = 0.001.
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Figure 4.5: (cont’d) The water surface profile of example 2, at different times,
with to = 3 and At = 0.001.
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Figure 4.6: Comparison of water surface profile in example 2, between At =
0.001 and At = 0.1, for the case of t; = 1.
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Figure 4.7: Comparison of water surface profile in example 2, between At =
0.001 and At = 0.1, for the case of ty = 3.
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Table 4.3: Execution time and speedup of implicit and explicit methods for
solving example 2 with different number of cores. For implicit method we solve
200 steps with At = 0.1, and for explicit approach, we solve 20000 steps with
At = 0.001.

Cores Implicit method CPU time (seconds) Explicit method CPU time (seconds)
Local steps | Global steps | Total | Speedup | Local steps | Global step | Total | Speedup
12 373 357 730 1.00 5522 8733 14255 1.00
24 182 311 493 1.48 2785 5107 7892 1.81
48 94.2 268 362 2.01 1382 2930 4312 3.31

tion (similar to (4.10)) in this domain. As for the initial condition, we set
hli=o = 1.5, u|i—p = 0 everywhere in the domain. We apply, inflow/outflow
boundary condition on the left boundary (c.f. Fig. 4.8) with h, = 3, and
U, = 0.5e,. Meanwhile, on the right boundary, the outflow boundary condi-
tion is applied, and on the top and bottom boundaries, we employ solid wall
condition. We solve the problem in the time interval ¢ € (0,5]. In order to
integrate the semi-discrete form in time, we use the low-storage fourth order
explicit Runge-Kutta method. The time step size is chosen constant equal to

1073 throughout the analysis.

In Fig. 4.9, we show the snapshots of water height at four different
time steps. This setup can imitate the water released from a dam into the
downstream water at rest. Throughout the channel, the Froude number is less
than one, which is an indication of a subcritical low. Hence, the initial water
wave is traveling faster than the flow, until it reaches the narrower sections of
the channel. Near the outlet, the water starts to build up, and thus, a new
wave start to propagate towards upstream (c.f. Figs. 4.9c,d). This process will

eventually results in a steady water profile. Fig. 4.10 presents the velocity in
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(-1.1)

é

Figure 4.8: The discretized computational domain of example 3. There are 64
divisions in the vertical direction, and in the horizontal direction, we have 64
elements in each of the intervals € (—1,0), z € (0,0.5), and = € (0.5, 1).

y-direction for the same problem at the same time steps.

Overall, based on the presented results, each time step in the explicit
approach is faster and scales better by increasing the number of computing
cores. On the other hand, the time step size in the implicit approach can
be increased significantly, and hence result in a good performance, especially
when the evolution of the solution happens slowly. However, by increasing the
time step size, there is a chance that we miss important processes in the flow.
In practice, both of these methods can have their own applications. While,
the lower memory usage of the explicit method and the local nature of its
computation results in a better scalability of this approach for large problems,
the higher stability of implicit method can be utilized for a more efficient time

integration procedure.
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Figure 4.9: Water height in example 3, at different time steps.
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Figure 4.9: (cont’d) Water height in example 3, at different time steps.
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Figure 4.10: Velocity in y-direction in example 3, at different time steps.
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Figure 4.10: (cont’d) Velocity in y-direction in example 3, at different time
steps.

100



Chapter 5

Solving Green—Naghdi Equation Using
Hybridized Discontinuous (Galerkin Method

In this chapter we introduce a hybridized discontinuous Galerkin method
for the Green-Naghdi equation. We explained the derivation procedure of this
equation in Chapter 2, and here we apply a minor change on the equation to
improve its dispersive properties. We then use an operator splitting technique
to split the equation to a hyperbolic part and a dispersive part. The hyperbolic
part will be solved using the explicit technique that we introduced in Chapter
4. Here, the solution to the dispersive part will be explained in more detail.
Let us first recall the G-N equation (2.54) in the nondimensionalized form:

B B - - (5.1)
(I+uT)(0u+e(a-V)u)+ VE+eu@:(a) =0.
Here, we have dropped primes, despite all variables and operators being nondi-

mensional. Meanwhile, operators T, (); are defined as:

T(w) = Ri(V-w)+ BRo(Vb-w), (5.2)

Q1(w) = —2R; (0,w - Oyw" + (V- w)?) + BRy (w- (w-V)Vb),  (5.3)

101



where, wb = (—wy, w;), and:
1
Ro(w) = ﬁV(h%u) + BwVb. (5.5)

Although Eq. (5.1) is a dispersive equation, there are modified versions of this
equation which can offer better dispersive properties [48]. The main idea here
is to add some terms of order O(u?), such that the approximation order of the
equations are not affected, but the equations will be appropriate for a wider

range of p. To this end, based on the second equation of (5.1), we have:
du = —V(—e(u-Viju+O(p)
Now, given o € R, we have:
du=adu+ (1—a)du=adu—(1-a)(V(+e(u-V)u)+0(u)

Substituting d;u from above into equation (5.1) and dropping all terms of
order p? or higher, we will have:
{atg + V- (ha) =0,

(I 4+ paT)(Ou+ce(a-V)u)+ (I —p(l —a)T)V(+eu@i(a) = 0.
(5.6)

We rewrite the term (I — u(1 — o)1) V( as:

(L = p(l =a)T) V(= (I + paT)V( = pTV(
_ V(—-V(+a(l + paT)V( — paTV¢

«

(I + paT)VC.

a—1

1
= —V(+
« «
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Next, we will replace the variables (,u) with the conserved variables (h, hu).
In this regard, we use du = £8;(hu) + £V - (hu)u, and V - (hu ® u) =
V- (hu)u+ h(u- V)u to get:

(9th + eV - (hﬁ) = O,
-1
Oy(hu) + eV - (hu®u) + aThVC

(5.7)
+ (I + uahT%)_l [éhvg + 5uhQ1(u)] =0.
Finally, we write the equations in the dimensionalized form:
Oh+ V- (hu) =0, ,
o —
Oy(hu) +V - (hu®u) + TghVC (5.8)

+ (I +ahTh)™ [éghvg + th(ﬁ)] = 0.

5.1 Dispersive Properties of the Modified G-N Equa-
tion
Before we continue to the solution of Eq. (5.8), we need to explain
the effect of o on the dispersive properties of this equation. Let us refer
to (2.6), and linearize it by setting 8 = ¢ = 0, and u = 0. Hence, h
(nondimensionalized water depth) is equal to 1, and @;(u) = 0. Moreover,

T(0pu) = —(1/3)V (V- (0¢u)). Thus, the linearized version of equation (5.6)

reads as:
atg-i-Vu:O,
1— 5.9
atu—%vv.atlwvcw Bo‘vv-vgzo. (5.9)
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The dimensionalized equation, corresponding to (5.9) finds the following form:

8tC+H0V-u:0,

]_ _
dyu — %Hgvv D+ gVE + To‘gﬂgvv V¢ =0.

(5.10)

By taking Fourier transform of this equation with respect to the horizontal
variable and time we obtain the corresponding dispersion relation. A less
intricate approach for this purpose is to use ((,u) = (f, 0)e'é*=" as the
solution and obtain the following relation:

= |¢[v/gH, \/Ha (€10 (5.11)

(€1 Ho)?

Now, we want to compute the phase and group velocities based on this dis-

persion relation. One can easily check that:

N(le|Ho) = /g H, \/ |§||§]L[H°) (5.12)

9+6(a—1)(kHp)? + ala — 1) (kHy)*
3+ (a— 1) (kHo)?) " (3 + alkHo)2)>

caN(|€[Ho) = (5.13)

These relations are an approximation to the phase and group velocities that

we derived in Chapter 2 (refer to Egs. (2.19), (2.21)). In Figs. 5.1 and 5.2 we

BN (1€ Ho) g™ (1€ Ho)
have plotted the ratios -==p5 and “Zaz for || Ho € [0,4]. Based on these
graphs and the range of wavenumbers that we have to resolve in a problem,
we can choose the proper value for o to make our model more dependable in

practical applications.
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Figure 5.1: The ratio of approximate phase velocity based on the modified
G-N equation to the exact linearized wave model, for different values of a.

20 25 30 35 4.0
€| H

Figure 5.2: The ratio of approximate group velocity based on the modified
G-N equation to the exact linearized wave model, for different values of «.
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5.2 Solution Approach

Here we introduce an operator splitting approach which will be used to
solve Eq. (5.8). The splitting method that we use here is widely referred to
as Strang splitting [66]. This splitting is known to be second order accurate if

each of its components are at least second order accurate.

In order to apply this method, we first consider §; as the solution

operator associated with hyperbolic part of (5.8):

{8th+V~(hu) — 0, (5.14)

d(hu) + V(3gh?) + V- (hu ® u) + ghVb = 0.
This operator takes the solution at the previous time level and computes the
evolution of the solution during the current time step. Moreover, 8, is the

solution operator for the dispersive part:

Och = 0, (5.15)
O (hu) — LghV( + (1 + ahT1)! [LghV( + hQi(u)] = 0. '

Then the Strang splitting suggests that the solution operator corresponding

to system (5.8) is:
S(At) = 81(At/2)89(At)S1(AL/2). (5.16)

Thus, we start our computation by solving Eq. (5.14), and use the solution
obtained from this equation at time At/2, as the initial condition for Eq. (5.15).
Then we use the solution of (5.15) at time At as the initial condition for (5.14)
and solve this equation to obtain the solution at time At. We continue this
process in the next time steps. A graphical representation of the employed

technique is shown in Fig. 5.3.
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qh / qh|tn+1

tn—l—l

tnt+1/2

lny1/2
qh|tn qhn+/

Figure 5.3: The splitting technique used to solve the coupling between the hy-
perbolic and dispersive sub-problems. We start with g,[, , and obtain qh|tn+1
at the end of the time step.

Since the second step in this splitting, takes into account the dispersive
terms in the Green—Naghdi equation, in some references [33], this step has
been called the dispersive correction step. The significance of this naming is
that by turning this correction off, we can reduce the computational cost of
the dispersive terms in those parts of the domain where these effects can be
neglected. For example, as we mentioned in Chapter 2, for ocean modeling
applications, near the coast, the value of pu is large enough to consider using
O(u?) models. Hence, using the dispersive correction is an apt choice. How-
ever, away from the coast, the values of u are small and an O(u) model (such

as Saint-Venant wave equation) can give us the required precision.

The solution to system (5.14) was explained in Chapter 4, and here,

we only discuss the solution to system (5.15). To this end, we are looking for
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(h, hu) that solves the following equation:

h—
Oth =0, ) (5.17)
Oi(ha) — ~ghV( +w; =0,

where w; is obtained using:
1 1
(1+ othE)Wl = aghVC + hQ1(u). (5.18)

Using definition (5.2) with 5 = 1, the above equation finds the following form:

1 - 3 1 ah? 1
+ %v (hVb - w1) + aVb - w, Vb. (5.19)

We also expand the operator @;(u) in the right hand side of (5.18) as follows:

hQ1(u) :§V (R*0,u- 9yut + k¥ (V - u)?) + %V (P*u- (u- V)Vb)

+h? (Opu-Gyut + (V-u)’) Vb+h(u- (u-V)Vb) Vb (5.20)

It should be noted that in order to compute (;(u), one needs to obtain the
second derivatives of u in the domain of each element. As will be explained
later, we use a local discontinuous Galerkin approximation to Vu and VVu

to compute the high order derivatives of u inside Q;(u).

Based on the above relations, (5.18) can be written as a system of first

order equations:

h
Wi — 3 (ZUQ — %UJQVZ) + %V(th : Wl) (521)

+awVb® Vb = LghV({ + hQ:(u).

V- (lwl) - h_3'LU2 = 0,
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We are going to use an explicit method to solve (5.17). Hence, in the process
of solving (5.21), h and u are known. However, the assumption that h > Ay,

with hni, being a uniform positive constant should be taken into account.

An important feature of Eq. (5.18) is the regularization effect of this
equation on the solution [41]. One can realize this fact, by comparing the effect
of the term ghV( in Egs. (5.17) and (5.18). This term can significantly affect
the momentum equation in NSWE and is usually in charge of the development
of sharp features in this equation. Since, in the dispersive correction, we apply
the operator 8, after each hyperbolic solve, we actually remove the sharp
features which might be developed by ghV( and replace them with wy, which
is the solution to a globally solved equation. This property improves the
stability of the numerical method and diffuses some of the features that will

develop in the solution due to the nonlinear hyperbolic part, i.e. Eq. (5.14).

5.3 Variational Formulation

In this section we use the hybridized DG method to solve Eq. (5.17).
To this end, we refer to the functional settings introduced in Section 4.1.2,

and define an additional space M’,’; as follows:

M? = {u e (L))" : ple € (Q7(e)) Ve € &} (5.22)
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Now, we want to find (wy,, wsy,) € VI, and Wy, € M} such that:

( N
(h™3 wap, p2) — <h_1 Wip, - n,p2> + (b~ wip, Vo) = 0.
& (wy, -1, p1) + $ (wor, Vp1) — § (3 Vbway, p1) (5.23)

(Win, P1) — 3
+ % <iLVb : Wlh) | SA n> - % (th " Wih, % pl)

+a (Vb ® Vowi, p1) = loi(p1),

\

for all (p1,p2) € V7. Here, the definition of ly;(p1) can be inferred by com-
paring the above system with (5.21); moreover, the numerical flux w3}, - n is

defined as:
Wo, - = wopl - n 4+ T (Wi, — Wyp) (5.24)

where I is the d x d identity matrix and 7 is the stabilization parameter matrix.

We will use a constant and uniform diagonal matrix for this purpose.

Next, we define the following bilinear forms and functionals:

aga(Wan, p2) = (W 3wap, p2); by (Win, p2) = (R~ 'Win, Via);

001(W1,p2) = <iL—1W1h : 1’17192>; b02(w2hap1) = (Vw%,l)l);

a1 (Win, P1) = (Win, P1) + @ (Vb @ VOwWip, P1) ;
(5.25)

dor(Win, P1) = (TWin, P1);  bo3(Win, p1) = (RVb - Wiy, V - p1)

ao3(wan, P1) = (3 Vbway, p1) ;
. . 3 /s .
co2(Win, P1) = (TW1p, P1) + 5 <th “Wip, P1 - n> :
We are now able to write Eq. (5.23) as:

{A02w2h + Bliwy, — Corwyy, =0

(Aor — $Bls — Do1) win — ($ 403 + §Bo2) wan + $Co2W1in = Loy
(5.26a)
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Finally, we also require that the numerical flux be conserved across element

edges. In other words, we have:

(W3, - 1, M>acrh\ag + (Bn, ﬂ>a¢hmag =0, (5.26b)

for all 4 € M}. Here By, is the boundary operator, which can be defined based

on the applied boundary conditions.

5.3.1 Boundary Conditions

In this study, the following types of boundary conditions have been

applied through the operator By:

e Periodic boundary condition: In this case, we couple wy;, on the two
periodic boundaries and also set the incoming and outgoing fluxes from
these boundaries equal to each other. Hence, B;, = w}, - n, which sat-
isfies the conservation of the numerical flux w3, - n across the periodic
boundaries. This also means that the periodic boundary will be treated

as if it is a boundary between two elements inside the domain.

e Solid wall boundary: At the solid wall, we simply set wy, - n = 0.
However, this condition does not set wy;, in the tangent direction to the
wall. In the tangent direction, we set wyj, - t based on the projection of
wyp, - t onto 1\_/I’;L at the corresponding face (t being the tangent vector to
the solid wall). This means, we take the tangential component of Wy,

from the tangential component of wy,. We include the conditions on
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normal and tangential directions of wy; using the following definition of
B, in (5.26b):

'Bh = Wiy — (Wlh : n)n - Wlh- (527)

One can simply check that By -n = wy,-n, and By, -t = wy, -t —wyy, - t.

We will use the above boundary conditions in the examples presented below.
Here, we also need inflow boundary conditions. To apply these types of bound-
ary condition, we simply use a region with no dispersive correction. Hence,
we simply solve NSWE in that region to be able to apply more sophisticated
boundary conditions. As a result, there is no need for including those types of

boundary conditions directly in the formulation of By in (5.26b).

5.3.2 Computation of Higher Order Derivatives in Q;(u)

Solving equation (5.18) involves computation of the 1st and 2nd order
derivatives of the velocity vector. Among all other terms, we need to compute
the term V (h30,u - d,ut + h*(V - u)?) in each element. If this computation
is performed in a local manner in each element independent of the others, we
lose a significant order of accuracy. It can be easily checked that by computing
this term locally, our solution will not converge for elements with first order
polynomial approximation. On the other hand, since we use this term in our
weak formulation, one might consider using the integration by parts technique
to transfer the gradient of the term in parentheses to the test function, and
replace their flux with a proper numerical flux. However, finding such a flux

formulation for the extremely nonlinear terms like (V -u)? or d,u-d,ut is not
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straightforward. Therefore, in this study we use a local discontinuous Galerkin
technique to obtain approximations to Vu and VVu. It is worthwhile to note
that, Vu is a 2-tensor and VVu is a 3-tensor; As a result, we switch to index
notation for clarity. We use u; to denote the components of u and define the
tensors r;; (which contains the components of Vu), and s;;, (containing the

components of VVu) as follows:
rij — Oju; = 0, (5.28a)
Sijk — Okrij = 0. (5.28b)
Next, we write the variational formulations corresponding to these equations

in an element (K € T},):

(rijs 04j) i = (i 0451) o — (Wi, 05035) e (5.292)
(Siks Mijie) ¢ = (Pig» MijkT) pie — (Tig» OkMigie) g - (5.29b)
In these equations, 4, and 7;; are the numerical fluxes, which should be defined

based on the values of u; and r;; in the two neighboring elements. In this study

we will use the centered fluxes [1], i.e. u; = {u; }, 7 = {ri; }-

By using this technique, we can compute the derivatives of u, and
substitute them in (5.20) to compute h@Q);(u), and solve the system (5.26a) by

an explicit time integration method.

5.4 Numerical Examples

In this section, we present five numerical example, for verification and

validation of the presented technique. The purpose of the first example is to
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show the convergence properties of the numerical approximation with respect
to the element size (Az) and the polynomial order (p). We also measure the
amount of time spent on each phase of the operator splitting to give a sense
of the cost of each phase of this procedure. In the second example we consider
the amplifying effect of the reflection from a solid wall on the amplitude of a
solitary wave. These kinds of simulations are useful in the design of levees and
dikes. We compare our numerical results with a number of experimental data
from the literature. In the third example, we study the shoaling and reflection
of a solitary wave. This example tests the model’s dispersive and nonlinear
properties before the breaking stage. In the fourth example, we compare our
numerical results for a wave traveling on a mild slope with the corresponding
experimental observations. In the last example, we solve a two dimensional
problem. Even though, we do not compare our results for this example with
experimental data, we find our numerical results to be consistent with the
observations in 1D experiments. In all of the numerical tests presented here,
we use the regular Runge-Kutta time integration technique for each part of the
operator splitting. Similar to Chapter 4, we use our software which is written
in C++4, and uses the libraries deal.Il, PETSc, and MUMPS for solving the

GN equation.

Example 1: In this example we consider the exact solution to the
nonlinear Green-Naghdi equation on a flat bathymetry in one dimension. This

solution, which is derived by Serre [63], should match our numerical results
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with o = 1. This analytical solution is given by:

h(t,z) = Hy + agsech® (k(z — 29 — cot)), (5.30a)
hu(t, x) = coh(t, z) — coHo, (5.30b)
?)CLO
= Y20 5.30c
QHO\/ H[) “+ ag ( )
Co = g(HO + CL(]) (530d)

Here, we consider Hy = 0.5, and two values for ag/Hy, i.e. 0.05, 0.2. We solve
the problem in the domain shown in Fig. 5.4. The domain is a stripe with 20
m length and 0.2 m width, and is oriented with an angle of 30° with respect
to the z-axis. The reason for choosing a rotated domain is to include as many
nonzero terms as possible in Eq. (5.18). Since we have rotated the domain,
the a-coordinate in the analytical solution (5.30) should be replaced by z;
(refer to Fig. 5.4). At all boundaries we consider solid wall conditions. In
our numerical scheme, we assign the initial conditions according to the above
h,hu at t = 0, o = —4, and let the solitary wave propagate in the positive

z-direction (refer to Fig. 5.5).

We compute the errors of the numerical results at time ¢t = 0.375 s
in the L?>morm, i.e. ||g — q,||z2 with ¢ = (h,hu). Next, we compute the
corresponding rates of convergence on a set of successively refined meshes for
polynomial orders p = 0, 1,2,3. The time step size in all of the simulations is
chosen such that the CFL condition is satisfied. The corresponding plots for
ap/Hy = 0.2,0.4 are shown in Fig. 5.6. We can observe that for aq/Hy = 0.2,

the convergence rates are very close to the optimal rates, i.e. p + 1, for all
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Figure 5.4: Schematic plot of the domain of Example 1. The stripe is 20 m
long and 0.2 m wide.
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Figure 5.5: Plots of the numerical results of Example 1 with aq/Hy = 0.2, at
times (a): t =0 s and (b): t = 0.375 s.
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orders of polynomial approximations. An important feature in these plots is
the convergence of the results for p = 0 with the order 0.85. This is of special
interest in practical applications where one needs to use filters to stabilize the
numerical results, and the convergence in lowest order approximation can be
very helpful [29]. The same observation as above is also true for ag/Hy = 0.4,
except the lower convergence rate for p = 0. As a final remark, it should be
noted that in this example, the analytical solution of u is not exactly zero
at the two ends of the domain i.e. 1y = £10 m. Hence, the error caused
by applying the solid wall becomes the dominant error as we decrease the
discretization errors. As a result we cannot achieve errors lower than 107 in

this example.

Finally, from the computational cost point of view, we compare the
CPU time of different phases of the computation in our splitting scheme. As
mentioned before, our computation at each time step consists of two NSWE
solves and one dispersive solve. We have measured computational time of each
of these steps on a mesh with 480 elements with p = 2, when 4 computational
cores on a single machine are utilized. We observe that in each time step,
around 52% of the CPU time is taken by the two NSWE solves and 48% is
taken by the dispersive solve step. It is worthwhile to mention that these
cost shares can vary based on the size of the matrices and the way we employ

parallelism.

Example 2: In this example, we compare our numerical results with

the experimental data regarding the reflection of a solitary wave from a solid
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Figure 5.6: The approximation errors and rates of convergence for different
mesh sizes and polynomial orders (a): ag/Hy = 0.2, (b): ag/Ho = 0.4.
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wall [5, 49, 58, 67]. The phase change and the amplification of a nonlinear
wave reaching a solid wall is of special interest in the design of levees and

dikes.

Here, we consider a similar setup as Example 1, but we let the wave
reach the solid wall and report the maximum water elevation that it exhibits at
this location. For this test we use a mesh of first order elements with Az = 0.1
m. As an example, we show the snapshots of the water surface for a solitary
wave with ag/Hy = 0.35 at two different times in Fig. 5.7. One can observe
that the maximum wave height reaches 0.887 m near the wall, which results
in (max/Ho = 0.774. This value is very close to the experimental data for
ag/Hy = 0.35. In Fig. 5.8, the wave amplification factors are computed for
multiple values of ag/Hy and compared with the experimental data. Moreover,
we include the results from linear dispersive wave theory in this graph. One can
observe that, for large values of ag/Hy, the linear wave theory has noticeable
errors compared to the Green-Naghdi model. It is also worthwhile to mention
that simulating this phenomenon using the nonlinear shallow water equation
requires a filtering or limiting process. This process will in turn result in the

loss of the peak amplitude, which happens next to the wall.

Example 3: In this example we validate our numerical results against
the experimental data regarding the reflection of a solitary wave over a sloping
beach [26, 69]. The geometry of this problem is shown in Fig. 5.9. The incident
wave does not break prior to touching the wall; however, after the reflection its

shape changes dramatically, which requires a fully nonlinear model to capture
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Figure 5.7: Profile of water height h = ( + H, (measured in 0.1 meter) at two
times for the case of ag/Hy = 0.35; (a): t = 0.0, (b): t = 17. 36/\/9/[{0
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Figure 5.8: Amplification effect of a solid wall on the reflected solitary wave
in Example 2.

its behavior.

The numerical model is 40 m long, and the solid wall condition is
applied at both ends. The initial water depth is Hy = 0.7 m, and two values
are used for the initial wave amplitude, i.e. ag = 7 ¢m, and ag = 12 cm. The
wave starts its propagation at x = 10 m (refer to Fig. 5.9), and the beach with
the slope 1:50 starts at z = 20 m. The element size is 8 cm and we use first
order elements to discretize the domain. To satisfy the stability criterion, the
time step size is taken to be 0.01 s. The time history of water surface elevation
at different locations in the domain is available in the literature [69]. Here, we

present our results for a reading station located at x = 37.75 m.

In Fig. 5.10, we show the snapshots of the water surface rise during

the simulation for the initial amplitudes ap = 7 and 12 cm. In Fig. 5.11 we
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Propagation direction
E—

Reading station

Figure 5.9: The geometry of the numerical model of Example 3.

show the time history of the water surface elevation at the reading station with
x = 37.75 m. The numerical results have been able to capture the peaks in the
experimental data quite well; however, as the reflected waves return from the

wall, we can observe differences between numerical and experimental results.

Example 4: In this example, we validate our numerical results against
experimental data for the nonlinear shoaling of waves propagating over a slop-
ing beach. The sloping beach causes the waves traveling over it to steepen and
shoal and finally break. Including the nonlinear shoaling is a required feature
for the models used in the coastal ocean simulation. The experimental data
for the current test can be found in [4, 27]. The interested reader can also
refer to the original reports in French, which were prepared in the Laboratoire

des Ecoulements Geophysiques et Industriels (LEGI) in Grenoble.

As shown in Fig. 5.12, we generate a solitary wave at x = 0, and
let it propagate towards the sloping beach, which has a mild slope of 1:30.
The water height at the flat part of the channel is Hy = 25 cm. We use

four different values for the amplitude of the solitary wave, i.e. ag/Hy =
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Figure 5.10: The snapshots of the water surface (¢) in Example 3, at different
times.
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Time history of ( at x =37.75 m, for ag =7 cm
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Figure 5.11: Time history of the water surface at reading station (x = 37.75
m) in Example 3.
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0.096, 0.298,0.456,0.534. As the solitary wave travels into the sloping beach,
it shoals and gets close to the breaking point. We plot the time-history of the
water surface at four stations near the shore and compare it with the data

presented in [4].

As for the numerical mesh, we use a 25 m long 2D domain, with 0.2 m
width. In the longitudinal direction, we use 420 elements with Az,;, = 0.05
m and Az, = 0.1 m. The polynomial order of all of the elements is p = 1.

The time step size is taken At = 0.015 seconds.

The plots of the time history of water surface elevation at five stations
near the shore are shown in Fig. 5.13. For moderate nonlinearity parame-
ter, i.e. ap/Hoy = 0.298,0.456, we can observe a good agreement between the
numerical results and the experimental data. However, the unexpected obser-
vation in these figures is the noticeable difference in the phase and amplitude of
the numerical and experimental results for the case of ag/Hy = 0.096. Since,
both nonlinearity and shallowness parameters are smaller in this case com-
pared to all other cases, we expect to see a good match for ag/Hy = 0.096.
The reason for this discrepancy, which has been also reported in the literature

[4] is unknown to us.

Example 5: In this example we solve a two dimensional problem with
varying bathymetry. It should be mentioned that, most of the available test
cases for the two dimensional experiments require an absorbing boundary con-
dition to be implemented in the numerical solver. Employing such absorbing

boundary conditions is a demanding process in a two dimensional problem.
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Figure 5.12: The setup of the numerical test of Example 4.

Hence, we only present our numerical results for a sample 2D problem and

leave the more sophisticated test problems for later developments.

The geometry of the problem, along with the initial water elevation
is shown in Fig. 5.14. Here, we have a rectangular domain Q = (—3,7) X
(—2.5,2.5) m, with solid wall boundary conditions on all of its boundaries.
The topography is flat, except a cosine hump which is located inside a circle
with radius 2.0 m and centered at x = 2 m, y = 0 m. The following formula
is used for the bathymetry:
0.0 V(T =224+ 42> 20
b= {é [14—005 <§ (:C—2)2—|-y2>} Vit —2)2+y2 <20
One can observe that by using the above definition for b, the gradient of b in Eq.
(5.20) is not zero. Actually, we have to obtain Vb, VVb, and VVVb (which
are first, second, and third rank tensors) at the integration points and support
them to the solver. We use the solitary wave introduced in Example 1 with
Hy = 0.3 m and a¢p = 0.1 m, as our initial condition. The domain is divided
into 120 x 50 elements with Ay = 0.1 m, Az, = 0.05 m, and Az = 0.1

m. All of the elements have second order polynomial basis and accordingly
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Figure 5.13: Time history of water surface elevation at different locations near

the shore, for Example 4. The numerical results are shown in continuous lines
and the corresponding experimental values are shown in dotted lines.
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T
Station location

Time history of {/Hq for ag/Hy = 0.534

T
Station location
0.6 H — 1432m

— 1453 m "y )
054 — 1479 |
— 15.01m ‘
04H — 15.25 m
o
I
> 03
0.2
0.1
0.0 ' -

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2

Figure 5.13 (cont.): Time history of water surface elevation at different lo-
cations near the shore, for Example 4. The numerical results are shown in
continuous lines and the corresponding experimental values are shown in dot-

ted lines.
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Figure 5.14: The bathymetry and initial state of water surface in Example 5.

the time step size is taken At = 0.005 s. The water surface at different time
steps during the simulation is shown in Fig. 5.15. As the solitary wave travels
over the hump, its shape starts to change (5.15a) and it is no more the exact
solution to the Green-Naghdi equation. Hence, we notice in 5.15b that the
long waves have traveled ahead of the shorter waves and after the reflection in

5.15¢, the same pattern is followed by the returning waves.
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Figure 5.15: Water surface elevation of Example 5 at different time steps.
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Figure 5.15 (cont.): Water surface elevation of Example 5 at different time
steps.
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Figure 5.15 (cont.): Water surface elevation of Example 5 at different time
steps.
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Chapter 6

Conclusion

In this study we solved three equations of the shallow water regime
using the hybridized discontinuous Galerkin method. We first discussed the
solution of the KdV equation, which belongs to the family of weakly nonlinear
dispersive waves. We have shown the proposed method is stable and highly
accurate compared to the previous methods used in the literature. When HDG
is applied to lower order equations, we express the approximate variables and
numerical fluxes in terms of the numerial trace of u. Here, in order to keep the
same workflow as the common HDG schemes, we include the numerical traces
of J,u and u as our global unknowns. By using this technique, the method can
be conveniently extended to higher order equations. Despite adding another
global unknown, the number of global equations is still O(k%!/h). Although,
we solve our global set of equations for two numerical traces, the solution pro-
cedure is similar to that of common HDG implementations. Hence, we expect
to inherit the corresponding properties of the HDG, especially the optimal
convergence of the method. In our method, the numerical fluxes are related
to the unknown traces through two stabilization parameters, ¢ and 7. We
derived the sufficient conditions on ¢ and 7 to construct a stable method for

the linear problem. Next, for the nonlinear case, we chose the stabilization
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parameter (7) based on a Lax-Fredriech choice of flux. Afterwards, through a
set of numerical experiments we have shown that by using elements of order
k, the computed solution would converge optimally with order k + 1 for every

approximate solution, i.e. u, p, and q.

Next, we solved the nonlinear shallow water equation using an explicit
hybridized DG. Although the NSWE is not a dispersive wave equation, it was
necessary to solve this equation to be able to tackle the fully nonlinear Green-
Naghdi equation by an operator splitting technique. There are a number of
papers for solving nonlinear conservation laws using HDG in the literature;
however, to the best of our knowledge, the presented method is one the few
explicit implementations of the hybridized DG for this purpose. We demon-
strated the optimal convergence of the results of the proposed method and
explained the main advantages of an explicit technique compared to the more

developed implicit scheme for the NSWE.

In the final part of this work, we explained our technique to solve the
Green-Naghdi equation using the hybridized DG method. This equation is
a fully nonlinear and dispersive equation, which is used to model nearshore
water waves. We also employed a well known modification of this equation
to improve its dispersive properties for a wider range of wavenumbers. The
developed method is based on an operator splitting of the original equation,
which involves solving a hyperbolic and a dispersive part. This operator split-
ting is second order accurate, if each of its constituents are at least second

order accurate. To solve the hyperbolic equation we used the explicit tech-
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nique, which we developed for the Saint-Venant equation. The dispersive part
of the problem was also solved using the standard HDG flux. This part of
the splitting involves an implicit solve step, which is known to have regulariz-
ing effects on the solution, and hence improves the numerical stability of the
scheme. Finally, we carried out a set of numerical experiments to verify and
validate the proposed method. We first discussed the convergence properties
of the proposed technique. Next we simulated a set of standard experimental
tests, which are often used as benchmarks for dispersive water waves. We
showed good agreement of the numerical results of these problems, with the

experimental data.

For the continuation of this research, we suggest the following direc-

tions:

e In the Green-Naghdi equation that we solved here, a matrix factorization
is required at every time step for the elliptic solve stage. To avoid this
expensive procedure, one can use the proposed method in this study to
solve the new family of Green-Naghdi equation [42], which are known to

be more computationally efficient than the one we solved here.

e Adding wetting and drying techniques to the current solver is needed to

make it more appropriate for the simulation of run-up.

e As we mentioned earlier, the dispersive correction requires a good spatial
discretization to give accurate results. By refining the mesh for this

equation, we will need a reduced time step size to maintain the stability of
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the NSWE solver. However, if we use an implicit solver for the hyperbolic
part of splitting, we can get a more efficient solver. Moreover, it will be
possible to use the adaptive mesh refinement which is available in the

developed software.

e Applying the developed software to more practically relevant problems.
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