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1 Introduction

The Maritime Research Institute Netherlands (MARIN) facilitates a basin where offshore
models are tested in a realistic environment (source: MARIN site). In this Offshore Basin
waves are generated using wave makers. In order to prevent reflected waves from interfering
with the waves in the basin, passive wave absorbers are installed opposite to the wave makers.
The current computational models at MARIN describing the waves in the Offshore Basin do
not incorporate the simulation of the fluid at these wave absorbers. The goal of this research is
to develop a numerical model of the surface waves in the Offshore Basin included simulating of
the behaviour of the fluid at the passive wave absorbers. The approach used in the research
is the coupling of a linear potential flow model with a shallow water model. The linear
potential flow model that is used is developed by Ambati/Bokhove (more?) and describes
surface waves in a incompressible, irrotional fluid when no wave breaking is present. The
shallow water model describing the wave motion at the wave absorbers can handle these
breaking waves. In chapter 2 the mathematical model is described. Chapter 3 involves the
presentation of the numerical methods that are used for the simulation of water waves in the
Offshore Basin. The numerical results for each of the two models are compared with exact
solutions. In chapter 4 simulation are compared with real data of the Offshore Basin. This
report ends with conclusions and recommendations which can be found in chapter 5.

wave maker

< 0.8 m
/I\. ay v vy 12m
\ u x

46 m 5.6 m

Figure 1: Sketch of the wave tank
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2 Mathematical models

2.1 Introduction

In this chapter the mathematical models that describe the wave motion in the Offshore Basin
(OB) are presented. As can been seen from the side view sketch of the OB in figure 1 (chapter
1), the OB consists of a deep water part and a shallow water part, the latter being located at
the wave absorbers at the right end of the domain. The wave motion in the OB is described
by a linear potential flow model for the deep water part and a one dimensional depth-averaged
shallow water model for the shallow water part. A sketch of the modeled domain is depicted
in figure 2, with domain I being the deep water domain and domain II the shallow water
domain. In the next two sections (sections 2.2 and 2.3) each of these models are treated. In
section 2.4 the coupling of these two models is treated.

Domain I1

wave maker z
_/I\ /\_’ water surface 02,

\/ A

an/ D(z) + b(z)

Domain I

/
Rigid wall 012,

N /
Rigid bottom 02,

L, L,

Figure 2: Domain of consideration

2.2 Linear potential flow model

The wave motion in the deep water part of the OB is described by a linear potential flow
model. The domain under consideration is shown in figure 2. The linear potential model for
this domain is given by Laplace’s equation

~V?*® =0in ©Q, (2.1)

combined with boundary conditions. At the free surface 9€g the following boundary condi-
tions apply:

0;® + gn =0 and (2.2)
O — 0P = 0. (2.3)
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wave maker z
water surface OS2, Internal boundary 9€;
"""""" e /\;f/ x
n Rigid bottom 02,
o0
E—
D(z) + b(z) Q
/
Rigid wall 012,
=0 /7 x=1L
v Rigid bottom 0€2, P
Lp

Figure 3: Potential flow domain (domain I)

The boundaries 0, 02, and 0€)p, are modeled as fixed impermeable walls, therefor a no
normal flow boundary condition applies on both of these boundaries:

n,-Ve® =0 on 0y,
—n,-V® =0 on 9%,,
ny, - Ve =0 on 0Q,.

Because of the flat (horizontal) bottom at €2, and the vertical wall at 0€2, the boundaries
conditions reduce to:

0.2 =0 on 0, (2.4)
—0,®=0 on0Q,, (2.5)
ny, - V& =0 on 8Qb2.

The boundary 0f€; is the boundary that is linked to the shallow water model. The condition
for this boundary is derived in section 2.4. In this section it is treated as a fixed impermeable
vertical wall:

0,® =0 on Q. (2.7)

At the left boundary, 0€);, the wave maker is located, which is modeled as a prescribed
horizontal velocity at this boundary (Westhuis):

0, P = g(2)T(t) on 0. (2.8)

The type of wave maker is governed by the function g(z), which is defined as (Schaffer (1996))
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g(z):{lJth” for —(h—d) < (2.9)

)<z
0 for —h<z<—(h—d).

where [ is the length of the wave board, z = —(h+1) is the center of rotation of the board and
d > 0 the elevation of the rotation point over the bottom of the domain. The wave maker in
the OB at MARIN is a flap-type wave maker, which is a hinged board that oscillates around
a rotation point (see Westhuis p 86). This type of wave maker corresponds to the case where
[ = —d (see figure 4), with [ = 1.2m.

T

Figure 4: MARIN flap-type wave board

V20 =0 inQ,

—0® —gn=0 onodQ,
on—V&-ng=0 onodl,
0, =0 on 0y,

0, = g(2)T(t) on Iy,
—0, =0 on 99,,
—Vo& - -nyp =0 on dQs,
—0,® =0 on 09;.

assumptions: irrotional, incompressible, inviscid flow

2.2.1 Variational formulation

The Lagrangian functional for the modeling of linear potential flow is stated as:

t1 t1
L(®,n) = / / —%|V<I>|2 dzdzdt —I—/ / { - %gnz + <I>8m} dz dt, (2.10)
to JQ to J O

with ® = ®(x, z,t) and z = n(z,t) for the case of two-dimensional potential flow.
The equations of motion can be obtained by determining the critical point(s) of the La-
grangian, using the first variation around ¢ and 7,

OL(® + 6P, n+eon) = %E(@ +ed®,n + 6n) - 0, (2.11)
e=
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Writing (2.11) out:

55(@ 26D, + 20n) — digc(ap 26D, + 26n)

/ ~|IV(® + &6®)|? dedzdt +

t1
/ / { — 39 (4 e6n)? + (@ +56<I>)8t(77+5617)} dzx
0
t1
de//——\v (® +e0®) > dedzdt +

1
+ / / { 77 + 2endn + ¢ ((57]) ) + @Oy + Py (6n) + e6POn + 62(5@@(577)}
to J Qs

t1 t1
/ / —|V®|-|V(6D)| dxdt+/ / { — gnon + ®O(6n) —|—5<I>8t77} drdzdt =
Qs

= / / - (0PVP) + 6PV - (VCIJ)) drdzdt +/ / { — gnon + ®O(on) + 5<I>Z?m} dedt =0
to 090

Applying Gauss’ divergence theorem to the first term and integrating the fourth term by
parts with respect to ¢ gives:

t1 1 t
= / 0OV - (VP) dedzdt + / / (=0 ®(on) + (60®)0n — gn(om)) dzdt + / [@(577] Nz +
0 02

to

tl 11 t1

// —(0P)VP - ng da:dt+// —(0P)VP - ny, d:ndydt—l—// —(0P)VP - ny dzdt +
to J O oy, oYy
t1 t1 t1

/ / —(0P)VP - n, dzdt —I—/ / —(0P)VP - nyo dzdt + —I-/ / —(0P)VP - ny dzdt =
to J O (0975

t1 t1
/ (60)(V2®) dz dzdt+/ / (=0y® — gn) + (0@) (O — VP - ng) dedt +
0

1 1
+/ [@577 dx—l—// (60)(—0,®) dwdzdt+/ (60)(9,®) dz dt +
to 8Qb to J O

1 1 1
/ / (6D)(—0,P) dzdt —l—/ / (0D)(—=VD - nyp) dz dt+/ / (0D)(—0,P) dzdt =0
to J O to J O to J 02

Because we are considering only domain I in the paragraph, we take the internal boundary
0f2; to be a fixed wall. Then because dn and P are zero at © =0, z = L, t = to, t = t; and
because of the arbitrariness of §n and §®, this results in:
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V2d =0 inQ,
—0;® —gn=0 onodQy,
on—Vo&-ng=0 ondfl,
0.9 =0 on 08y,
0, P =0 on 99y,
—0,® =0 on 09Q,,
—V® -nyp =0 on dQp,
-0, D=0 on 09;.

2.2.2 Analytical solutions

For the potential flow model (2.1)-(2.8) analytical solutions can be obtained. Suppose the
solution is of the form

D(z,2,t) = D(x, z)e™ (2.12)
Then because of (2.1) we have on

V(®(x, 2)e™) =0,
or

e T}
SO

V2d(x,z) = 0. (2.13)

Boundary conditions (2.2) and (2.3) on 0f)g can be written as a single boundary condition,
by differentiating (2.2) with respect to t and substituting (2.3) into (2.2), resulting in:

Ou® — g0, = 0 on 0fQ2g. (2.14)
Putting (2.12) into the free surface boundary condition (2.14) gives

2w de™t 4 g0, de™! = 0 on g,
or

€™t (gd,® — w?®) = 0 on AN,
resulting in

90, — w?® = 0 on INg. (2.15)
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Substituting (2.12) in (2.8) leads to:
0,Pe™t = 0 on O,
or
9% = 0 on O, (2.16)

Now we apply the method of separation of variables for (2.13), (2.15) and (2.16).
Suppose

b(z,2) = f(2)h(2),
Then because of (2.13) we have on :
VA(@(x,2)) = V2(f(2)h(2)) = 0,

or

a2f 82
8a:2h+8 2f 0

Deviding by fh gives:

ohl  Of1
022 h 0z f
Because g—% depends only on z and 8—f% only on x, we have:
’h 1 2f 1
%E = k% and %? — —k?, with k a constant.
Shorter notated as:
= —k?f and b = k*h , with k a constant. (2.17)

Boundary condition (2.15) (at the free surface 0€2g) then becomes:
gfd.h — w2 fh = 0on dQg,
or
f(gd.h — w?h) = 0 on INs.
Because f # 0 (trivial solutions not allowed):
g0.h — w?*h = 0 on 9Ng. (2.18)
Boundary condition (2.16) then becomes:

f0,h =0 on 0,
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because f # 0:
0.h = 0 on 0. (2.19)
Take f(z) = 7™ and h(z) = €¥#, then (2.17) holds. Substituting these in (2.18) gives:

gke* — w?e** = 0 on ONg or at z = 0,

or
gkeo —w?e =0,
or
gk — w2 = 0,
S0

o= ok
Substitution of f(x) and g(z) in (2.19) gives:
keF* = 0on 0Oy or at z = —H,
or
ke *H =,
and because k = 0 results in ® = 1, we take h(z) = e*=+H) 4 =k(+H) then (2.19) becomes
kePGH) _ pemkGHH) — gt 2 = —H,
or
ke’ — ke’ = 0,
so (2.19) holds. With the new f and h boundary condition (2.18) gives:

gheFCTH) _ gloem k) _ (2(hEHH) 4 o=h(=HH)) — gt 2 = 0,

or

gheFH _ gleH _ 2 (ekH I e—kH) —0,
or

w2 (ekH + ek = gk(ekH — ekH),
SO

k(eFH — e~ kH 2sinh kH
w2:g(e(:H+eka)):gkﬁm:gkztanth or w=+/gktanhkH.

Summerizing, we have f(z) = e=** and h(z) = e*HH) 4 e=k(EHH) — 2 cosh k(2 + H), result-
ing in

D(z,2,t) = D(x, 2)e™" = f(x)h(2)e™" = 2cosh (k(z+ H))e it = (2.20)

= 2cosh (k(z + H))ei(“’t_kz) = Acosh (k(z + H))ei(“’t_kx). (2.21)

Analytical solutions for certain boundary conditions and initial conditions, with and without
wave maker.
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2.3 Shallow water model

The modeling of the offshore basin at MARIN considered in this report consists of a shallow
water part and a deep water part. In the previous section a potential flow model for the
deep water part was treated. In this section the shallow water part is presented. This section
begins with a description of the mathematical model and gives analytical solutions for some
cases. Subsequently ....

The wave run-up in the shallow water part of the domain is modeled by the shallow wa-
ter equations. The quasi-linear formulation of the shallow water equations in one spatial
dimension is given by:

ou @ oh ob

- 2 — g2 2.22

ot +u8x +g(‘9x s (2.22)

Oh  J(hu)

— =0 2.23

ot or (223)
where h(z,t) is the depth of the fluid, u(z,t) the velocity, g = 9.81m/s? the acceleration of

gravity and b(x) the topography defined from a certain reference level. The term — g% in the

first equation is the source term.
The domain of consideration is € (L, L, + Lg), see Figure 5 for a sketch of the domain,
with h(z,t) = D(z,t) + b(x).

& L) D(x)

A
Internal boundary €2;

Beach

b(x) D(z) + b(x)

x:Lp x:Lp_I_LS

L

Figure 5: Shallow water domain (domain IT)

The dimensional equations (2.22)-(2.23) are scaled using the following scalings:

L, 2
u=Ud, w=La', t=2t, h=HI b=H and g:g'%a
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where U is the velocity scale, Lg the horizontal scale and H the vertical scale. The dime-
nionless quasi-linear formulation of the shallow water equations in one spatial dimension then
read as:

a_u/ 4+ 811, +g 8h/ / a_b/

ot! A R

O_h/ . I(Wu)

ot ox’
The dimensionless quasi-linear formulation (2.24)-(2.25) can be written in a form, conservative
for b,

(2.24)

=0, (2.25)

ou af(u)
ot tu ox

-9 (2.26)
with u = (hu,h)” and S = (— ghgg,O)T, topographic term S, and transpose (.,.)7

2.3.1 Variational formulation

The Lagrangian functional of the non-linear 1D shallow water equations is given as:

/:/LPHS { (02¢)* + g((h +b)? — b2)> - (b@th} dz dt, (2.27)

with ¢ = ¢(z,t), h = h(z,t), b= b(z) and L the length of the domain in the x direction.

The equations of motion can be obtained using the first variation around ¢ and h:

SL(p + e8¢, h + eh) = d%c(gb +edp,h+e5h)| =0, and (2.28)

e=0

Writing (2.28) out:
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OL(p+edp, h + edh) = d%ﬁ(qﬁ +ed¢p, h + edh)

d [torletLls (1 )
de /to /Lp {§(h +26h)(0:(¢ + £6¢))* + §g<(h + e6h + b)% — b2> n

— (¢ +€09)0r(h + Eéh)} dxdt »

-4 /ttl/LLﬁLs {%m + 0h) ((020)? + 220,60, (36) + £%(8:(09))? ) +

1
+ 5g<h2 + 2hh + 2hb + 2ebSh + £2(h) + B2 — 1?) +

e=0

— ¢Oth — £¢0;(6h) — e6p0sh — 526¢8t(5h)}

11 Lp—I—LS
/ / { (056)2 + 26hDy dDy (56) + he (D (56))2 + £6h(Dy)? + 25260y 60 (56) +
T de to

1
+30h(0,(09))?) + 5 g(h* + 25hdh + 2hb + 26b3h + £2(6h)?) +

— (¢0sh + €0 (6h) + £dpOsh + 625525@(5}1))} :0

- /t:l/Lp+Ls {% (zhamax(w) - 5h(8x¢)2) + %<2h5h + 2b5h) — ¢80, (6h) — 660, h} de di —

. / ! [hamaqs} P / bt [—@5@? dz+

Ly

/ tl/LpHS { (6h)Drp — 6O h + 5h( D2 $)* + ghdh + gbdh — az(ham)(ésb)} dzdt =
_ / [nonos] " ar [ [ o] az s

t1 Lp-i-Ls
/ / {ah o+ - <x¢>2+gh+gb>+<6¢><—ath—ax<hax¢>>}dwdtzo
(2.29)

Because we are considering only domain II in this paragraph, the internal boundary 952; is
taken to be a fixed wall. Then because 0h and d¢ are zero at x = L,, v = L, + Lg, t = 1o,
t = t1 and because of the arbitrariness of §h and d¢, this results in:

016+ 5 (0.0 + g(h + ) =0
— 0k — 0, (hyd) = 0.

Integrating the first equation with respect to x and substituting d,¢ = u this becomes:

0w + Oy ( u? + g(h +b)) = (2.30a)
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Och + Oy (hu) = 0. (2.30b)

2.4 Coupling of the models

The shallow water model and the potential flow model have to be coupled in such a way
that the information is passed correctly from one domain into the other. The coupling is
accomplished by specifying boundary conditions for each model at the internal boundary
between the two domains. In order to determine the internal boundary conditions for each
model, the functional for the whole domain is considered. This functional can be obtained
by adding the functional of the linear potential flow model and the non-linear shallow water
model on the corresponding domains:

B0t /tl/ __W(I)'z d:”dzd”/tl/m { — 391 +<I>8m} dz dt +
t1 pLp+Ls °
/t / { (9:6)° + g((h +0)* — b2)> - ¢5th} dz dt.

The equations of motion can again be obtained by determining the critical point(s) of the
Lagrangian using the first variation around ®, ¢, n and h. This results in:

(2.31)

t1 t1
/ (50)(V2®) dxdzdt+// (—0,® — gny) + (60) (D — V- ny) d:ndt+/ [@577} dz +
0N to
t1 t1 t1
// (0D)(—0,P) dxdzdt—i—/ (0D)(0,P) dzdt+// ) dzdt +
to aQb to an 8QT

1 1 +Ls
n / / (60)(—V® - nyp) dz dt + / / (60)(—,®) dzdt + / [h(‘)xqﬁé(ﬁ] at +
to J 90, to J o9 to Ly

Lp+Ls t1 Ly )
+/L [— qﬁéh ) "dz + /to/o {(6h)(8tqﬁ+ 5(0:0)” + gh + gb) + (06) (~0uh ax(ham))} dzdt =0

P

(2.32)

Because of the arbitrariness of the variations and the fact that the variations are zero at the
boundaries excluded 9f2;, this reduces to:

V2® =0on Q,
—0;® —gn=0and dn— VP -ns =0 ondd,
0,P = 0 on 9%y,
0,® = 0 on 99,
—0,® =0 on 09,

—V& - ny =0 on 0,

/t ! [hama(p} o /t 1/@9}5@)(@@) dzdt on 9,

0

Oyu + Oy ( u® + g(h + b)) = 0 on domain II,
O¢h + 0z(hu) = 0 on domain II.
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The boundary integral on 0f); can be written as:

t1 t1
n [ ouese|  dt =— / / (50)(0,®) dzdt on O, (2.33)
to r=Lp to JOQ;
or
hozpdp :/ (0:®)(0®) dz on 09;. (2.34)
z=Lp 09

Because the depth-averaged shallow water equations are considered, the velocity potential
¢(x,t) represents the depth-averaged velocity potential:

t) = O(z,t) = ! n(w)q) t) d 2.35
P(x,t) = (w’)_m/—mx) (7,2,t) dz, (2.35)
and also

_ 1 n(z)

The waterheight h for the shallow water model at the internal boundary equals 7(L,)+D(L,),
so the left hand side of (2.34) becomes:

(U(Lp)"‘D(Lp))a:c(i)(l/p?z?t)‘s (Lp,z,t) = (2.37)

— (y(L,) + D(L ! 0.5yt [ 5Ly t) de = 2.38

= L) + D) 0Bl t) [ 7 stz (39)

_ / ) 0,8 (Ly, 2, 1)50 (L, 2, 1) dz. (2.39)
~D(Ly)

In the linear potential flow model n = 0, so D +n ~ D. At the internal boundary 9€2; we
then have:

0
/ 0.0 (Ly, 2 8)50(Ly, 2,t) dz (2.40)
D(Ly)

Equation (2.34) then becomes:

n(Lp) _ 0
/ " 9,8(Ly, 2, 1)00 (L, 2, 1) dz:/ 0, ®(Ly, 2,£)0®(Ly, 2,1) d2, (2.41)
~D(Ly) ~D(Ly)

If D+ n is approximate by D for the shallow water model at the internal boundary, the above
equation reduces to

0 0
/ 0:®(Lp, 2,t)6®(Ly, 2, t) dz = / 0:®(Ly, 2,t)0®(Ly, 2, t) dz, (2.42)
—D(Lyp) —D(Lp)
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or

0
/ (0x®(Ly, 2,t) — 0:®(Ly, 2,t))0®(Ly, 2, ) dz = 0. (2.43)
—D(Lyp)

Because of the arbitrariness of the variation, this reduces to the following condition at the
internal boundary:

0:®(Lyp, 2,t) — 0:P(Lyp, 2,t) =0 (2.44)
O0:®(Lp, 2,t) = 0, P(Ly, 2, t). (2.45)

Meaning that the depth-averaged velocity of the shallow water model and the velocity of the
potential flow model have to be equal at the internal boundary.

2.5 Conclusion

Conclusion(s) of chapter 2.
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3 Numerical methods

3.1 Introduction

In this chapter the numerical methods for solving the potential flow model (section 3.2) and
the shallow water equations (section 3.3) are presented. The chapter ends with a comparison
between the numerical solutions and the analytical solutions.

3.2 Linear potential flow model

The potential flow model is solved using a space discontinuous Galerkin method. The time
integration is handled by an implicit time integration method (which one exactly, details?).
In the next subsections numerical solutions of the linear potential flow model are compared
with exact solutions for the case of harmonic waves without a wave maker and linear waves
generated by a wave maker.

3.2.1 Harmonic waves

- Flat bottom.

- Dispersion, dissipation error.

- Initial condition.

- Comparison between analytical and numerical solutions.
- Give table of errors.

3.2.2 Linear waves generated by a wave maker

Exact solutions for the case where linear waves are generated by a wave maker can be for-
mulated for a domain with a flat bottom (so no wave absorber present). Consider a domain
Q= [0,1] x [-H,0] with the wave maker located a z = 0 and solid walls at the bottom and
right boundary. A flap-type wave maker (see section 2.2) over the whole wall is considered,
with the center of rotation located at z = —H, so d =0 and [ = H. This case is represented
by the following set of equations:

V20 =0 inQ, (3.1)

—0® —gn=0 atz=0, (3.2)
on—V&-n, =0 atz=0, (3.3)
0.2=0 atz=—-H, (3.4)

0,P =g(2)T(t) atx =0, (3.5)
-0, 2=0 atz=1 (3.6)

The general solution of the set of equations above for a harmoninic oscillating wave board,
i.e. with T'(t) as:

T(t) = iae ™", (3.7)
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is given by (Westhuis p 87):

_ag > cosh(k;(z + H)) ik a—wt)
O (z,2,t) = " JZ_:OC] coshi(k; H) e\ (3.8)
) = 3Gy (3.9)

3.3 Shallow water model

The waves in the shallow water domain are described by the shallow water equations. The
one dimensional shallow water equations in conservative form are stated as (see (2.26)):

@ . uaf(u)
ot ox
with

hu [ hu?+ igh?
u= ( h > f(u) - ( h’LL ’

and the topographic term S being:

[ —ghd
()

The above equations are discretized using a Godunov finite volume scheme. In order to handle
flooding and drying correctly, the discretization of the shallow water equations according to
Audusse et al. (2004) is applied, which is as follows:

At At
n+1l _ n n n n n
Ve =V g (Fus Uy Ve ) = Feea (UG- ’U<k—%>+)>+_5’f’ (8.11)

=S, (3.10)

with the topographic term

Sy = %giﬁ gh (3.12)

(k+3)-

un = e} g e = Poretien ) (3.13)

(k=3)+’

To ensure that the waterdepths h(k 1= and h( are non-negative, they are chosen as
2

k+3)+
follows:

h(k+%)_ = max(hk + by, — bk+%70), h(k+%)+ = max(th + bgs1 — bk—i—%’O)’ with (3.14)

bk—i—% = max(bk, bk+1).

The HLL flux is used as a numerical flux, which is stated as:
Fr if 0 < Sp,
Wi _ ) SrFL—SiFr+SiSr(Ur—UL) -
FkJr2 RTLTPL JS“R_gLR R—2L)4f S;, <0 < Sg, (3.15)
Fr if 0 > Sg.
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The wave speeds S7, and Sg are approximated as the smallest respectively the largest eigen-
value at the corresponding node.

To ensure stability of this explicit scheme, a CFL stability condition per cell is used for all
eigenvalues A, at each U7:

At
—Ap(UR)

<1 d

where Ay, is the cell width of cell k.

3.3.1 Riemann problem

The Riemann problem consists of a conservation law, in this case hyperbolic partial differential
equations, together with piecewise constant data. It is therefore defined as

U+, =0 (3.17)
with a flux f = f(u) and initial conditions

u ifz <z

u, if 2 > g (3.18)

u(z,tg) = {
For the shallow water equations four types of solutions are considered:
- left shock wave, right shock wave
- left rarefaction wave, right shock wave
- left shock wave, right rarefaction wave
- left rarefaction wave, right rarefaction wave. The characteristics of each of these cases are
depicted in figure 777.

For these cases exact solutions can be obtained (see Appendix 7?? for the derivations), which
makes comparison to the numerical solutions possible. In figures 777 the exact solutions are
plotted against the numerical solutions on different times, for all of the four cases. As can be
seen, there is some smearing at the discontinuities.

3.3.2 Burgers’ solution

The shallow water equations with the topography term S equal to zero take the form of the
Burger’ equation 0;q + g0,q = 0, when one of its Riemann invariants is taken to be constant
as u + 2y/gh = c,with q(t,z) = ¢ — 3\/gh.

The shallow water equations actually reduce to the Burgers’ equation by choosing certain
initial conditions:

The exact solution of the Burgers’ equation is gives as:

A comparison between the exact and numerical solution for the Burgers’ equation can be seen
in figure 777.
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3.4 Coupling of the models

The potential flow code and the shallow water code are ran sequentially. The information
between the codes is exchanged through boundary conditions at the internal boundary. The
shallow water code needs a velocity u and a waterheight h from the potential flow code. The
potential flow code needs only a velocity u from the shallow water code. The algorithm of
the combined codes is described in the flow chart in figure 6. At first the mesh of the whole
domain is generated. After this both codes are initialized. In the next step the average
velocity © = ®, and the waterheight h at the internal boundary of the potential flow part are
computed. These values are necessary to check if the CFL condition is satisfied. If not, the
time step is adjusted. Subsequently solutions of the shallow water are calculated at the new
time step n + 1, with the water height A and u = ®, the average velocity at time step n as
input. Next, solutions of the potential flow code are calculated at time step n + 1, with only
the velocity u from the shallow water code at time step n as an input.

generate
mesh

initialize
both codes

in PF code:
compute P,

and h at int. BC

decrease
time step

condition
holds?,

time step tn+1

~
run SWE codes
input &, =u
and h from PF
code at int. Bg

%7

~

run PF code:

input u = ®,

from SWE code
at int. BC

Figure 6: Flow chart of the coupled codes

3.4.1 Verification

The coupled model is verified by comparing numerical results with exact solutions. Exact
solutions can be obtained for the following situation where there is a flat bottom for the PF
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and SWE domain (see figure 7).

PF domain SWE domain

A
v
A
\

L, L,
Figure 7: Domain for comparison with exact solutions
- Formulate exact solutions.

- Give plots with exact solutions and numerical solutions.
- Give table with errors for different grid sizes.

3.5 Conclusion



4 Experimental validation 20

4 Experimental validation

4.1 Introduction

In this chapter the coupled linear potential and shallow water equations model is validated
with experimental data from the Offshore Basin at MARIN.

4.2 Experimental data

- Describe setup of the Offshore Basin.
- Describe format of available data.
- Compare measurements with target wave patterns.

4.3 Numerical simulation

An exponential distribution of the elements in depth is applied for the potential flow model.
For this, a transformation is used that transforms a uniform grid into a grid that decreases
exponentially with decreasing depth. This transformation holds for a grid pictured in figure
8 and is stated as:

I8

ISy

)

log(
)7

log(
with A < 0. Increasing (§ results in more clustering near the top of the domain.

o

(4.1)

==

z =

>
—_

0 L 0 L

Figure 8: Transformation

- Describe scaling.
- Effect of location of internal boundary.

4.4 Conclusion

Conclusion(s) of chapter 4.
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5 Conclusions and recommendations
5.1 Introduction

Introduction of chapter 6.

5.2 Conclusions

Conclusion(s) of the report.

5.2.1 Recommendations for MARIN

Recommendations for wave dampening in the offshore basin at MARIN.

5.2.2 Future research

Recommendations for future research with respect to the research done in this report.



