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Propagation of a solitary wave over a finite submerged thin plate

Aristos Christou?®, Zhihua XieP, Thorsten Stoesser®*, Pablo Ouro®

% Department of Civil, Environmental and Geomatic Engineering, University College London, Gower Street, WC1E 6BT,
London, UK
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Abstract

For the purpose of this paper, the in-house large-eddy simulation code, Hydro3D, is refined to study wave
structure interaction. First of all, the code is used to develop a numerical wave tank capable of simulating
accurately the generation, progression and damping of solitary waves in a tank. Then, Hydro3d is employed
to simulate a previous laboratory experiment of a wave propagating over an infinitely wide flat plate. The
code’s accuracy is validated by comparing computed waterlevels and hydrodynamic forces on the plate with
measured data for which good agreement is found for a number of conditions (i.e. varying wave steepness
or plate submergence, respectively). Then the study is extended to investigate three-dimensional effects for
which the infinitely wide plate is replaced by a finite square plate. It is found that the pressure difference
between the lower and upper side of the plate drives a span-wise flow and creates unique flow structures
and water-surface fluctuations near the plate due to the three-dimensionality of the problem. A further
three-dimensional study is conducted for which the finite plate is fixed at an angle of attack in respect to the
incident wave and variations in hydrodynamic forces and free-surface elevations are computed. Both vertical
and horizontal forces are reduced when the plate is fixed at 45° degrees and minor water-level fluctuations
appear, reflecting the pattern of the rotational flow near the plate edges. Plots of the velocity vectors, swirl-
strength, pressure and wave elevation and acting forces reveal significant differences between an infinitely
wide and a finite square plate subjected to a solitary wave.

Keywords: 3D NWT, LES, Solitary wave, Wave-structure interaction, Turbulent flow

1. Introduction

The experience of natural extreme events such as tsunami and storm waves due to global warming and
climate change are becoming more frequent phenomena and can have catastrophic consequences for coastal
environments. Extreme waves are found to have a major impact on coastal structures since most of them
are often designed to operate in relatively calm water conditions. An in-depth understanding and analysis
of such structures interacting with extreme waves is necessary to prevent fatal damages and to adopt more

safe and cost-effective designs.
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Bridges, break-waters and wave energy converters are often found near the coast and parts of their design
can be idealised as infinitely wide plates [1]. The simple geometry of a flat plate makes it an ideal benchmark
case for numerical methods. Several studies of solitary waves propagating over submerged or elevated thin
plates have focused on the prediction of wave loads, pressure, flow field and free-surface elevations [2-7].

In a comprehensive review, Yu [8] lists numerical and experimental methods to analyse the behavior of
horizontal fixed plates under periodic and solitary waves. Moreover, the effects of length and submergence of a
horizontal plate and how these can lead to an efficient break-water or wave energy converter are investigated.
Most of the results presented in Yu’s [8] overview were obtained from analytical solutions based on potential
flow theory [9-11]. Relevant studies such as Yu and Chwang [12] examined the 3D effects involved, by
studying the free-surface elevation around a submerged circular disk for various water depths, disk radius
and submergence length. Considering the same problem, Brossard et al. [13] and Rey et al. [14] carried
out laboratory studies to investigate the forces acting on submerged horizontal decks. Similarly, Poupardin
et al. [15] and Lo and Liu [2] conducted velocity measurements in laboratory tests to investigate the flow
field close to a horizontal plate using particle image velocimetry (PIV) confirming the presence of energetic
vortices near the edges of the plate.

Based on velocity potential, results published in Liu et al. [16] obtained from a modified desingularized
boundary integral equation method (DBIEM), were validated with the experimental data of Brossard et
al. [17] for higher harmonic waves propagating over a thin flat plate. Alternatively, Hayatdavoodi and
Ertekin [4, 5] used the level 1 Green-Naghdi (GN) equations to evaluate the forces acting on a submerged
flat plate by solitary and cnoidal waves. The above methods predict the forces and free-surface elevation near
submerged flat plates to a sufficient degree of accuracy. On the other hand, potential low and the models
presented above maybe incapable of accurately capturing complex rotational flows surrounding submerged
objects reported in recent experimental studies [2, 15]. Following the development of Computational Fluid
Dynamics (CFD) and the increase in computing power, several numerical models that solve the Navier-Stokes
(N-S) equations to study coastal engineering problems have recently been developed. Detailed reviews on
the application of the above can be found in Gotoh et al. [18].

CFD is widely adapted to a very wide range of applications such as in hydraulics [19, 20] and coastal
engineering [21] and is usually categorized, based on the turbulent model, in Direct Numerical Simulations
(DNS), Reynolds Average Navier-Stokes (RANS) models, Large Eddy Simulations (LES) or a hybrid of the
latter two, Detached Eddy Simulations (DES). For example, Xie et al. [21] developed a 3D LES NWT based
on the dynamic Smagorinsky sub-grid scale (SGS) model [22] and Volume of Fluid (VOF) method [23] to
study among others, solitary waves interacting with flat plates, reproducing the experimental study of Lo
and Liu [2] where numerical results of waterlevels, pressures and forces acting on the plate, agreed well with
the experimental data. Lo and Liu [2] developed a 2D RANS model coupled with VOF method to capture
the fluid structure interaction of submerged flat plates. Pressure forces, moments and free-surface elevations

have been calculated and compared with experimental data revealing that their model is able to predict
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with reasonable accuracy these quantities. For instance, a non-zero net moment due to an oscillating force
as the wave passes over the plate was observed in the experiment and the numerical predictions agreed well
with the observation. Similarly, Ai et al. [6] developed a non-hydrostatic 2D RANS model to solve only the
liquid phase (water) and they studied solitary waves travelling over suspended structures. Their numerical
results of the free-surface elevation, pressure, forces and moment compared well with experimental data and
they extended their investigation by looking at the effect of plate’s length and submergence on mentioned
quantities for several wave conditions. Alternatively, You et al. [24, 25] studied the interaction of solitary
waves with a horizontal flat plate adopting a Constrained Interpolation Profile (CIP) model to solve the 2D
N-S equations coupled with a Tangent of Hyperbola for Interface Capturing (THINC) scheme to capture the
free-surface. Various wave-heights and plate submergences were considered and numerical results of wave
elevations and forces acting on the plate showed good agreement with relevant numerical and experimental
studies. Few other studies exist in the literature such as Seiffert et al. [3] and Hayatdavoodi et al. [26] in
which the (inviscid) Euler equations coupled with VOF were employed in the form of the open-source CFD
software OpenFOAM to simulate the same problem. To the best of authors knowledge, this is the first time
a 3D large eddy simulation coupled with level-set method is employed to study solitary waves interacting
with a flat plate.

This paper reports on the propagation of a solitary wave over a (more realistic) finite flat plate with the
goal to reveal the effects of three-dimensionality of this wave-structure-interaction problem on waterlevels and
wave loads on the plate. In addition, the flow is visualised and instantaneous flow structures and resulting
pressure variations around the plate are revealed. Therefore, the method of Large Eddy Simulation (LES)
rather than a RANS model, coupled with Level Set Method (LSM), is employed. The results presented in this
study will support future work and help for better understanding of the local flow hydrodynamics involved in
tsunami-like waves interacting with realistic engineering structures. Section 2 describes the methodology and
numerical implementations of the current model followed by validations of the model applied in various plate
submergence and wave steepness conditions, in Section 3. Results and discussion of a fully three-dimensional
wave - finite plate interaction are presented in Section 4. Main conclusion and future work are discussed in

Section 5.

2. Numerical framework

In this study the in-house code Hydro3D, validated for many flows of engineering interest [27, 28],
is employed for the simulations. Hydro3D solves the unsteady, incompressible, viscous spatially filtered

Navier-Stokes equations, written in tensor notation:

ou;
8.731'

=0 (1)
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where u; is the instantaneous filtered velocity in the z; direction and p the filtered pressure. v and p are the
fluid kinematic viscosity and density, respectively. T{?GS is the subgrid scale (SGS) stress tensor and f; the
external forcing term of the Immersed Boundary Method (IBM) acting on the fluid. g; is the gravitational
acceleration and the momentum source term S; in Eq. (2) generates an artificial damping zone to absorb

incident waves.

2.1. Flow solver

In LES, large energetic eddies are resolved (or simulated directly) while small, dissipative turbulence,
smaller than the grid size, is modelled; here by using the Wall-Adapting Local Eddy viscosity (WALE) SGS

model [29], to obtain the eddy viscosity v; and hence 73, Hydro3D discretises the Navier-Stokes equations

j
based on finite differences schemes on uniform staggered Cartesian grids. Convective and diffusive terms are
decomposed using a 4th and 2nd order central differences, respectively. Time advancement is achieved by

the fractional-step method [30] with a 2nd-order Runge-Kutta scheme as follows:

- -1 -1 -1 =1
Wi U ali ( Ou; ) PV o (6uzu3) + au(gi + 5i) 3)

At 0x; \" 0x; o o, 0x;
where «; is the Runge-Kutta coefficients for each step [ and are defined as follows: a1 = 0.5, @ = 1.0. In
the first step (I = 1) the non-divergence free velocity 4; is explicitly calculated. In the final step, the velocity

is updated to u;*, based on the external force f; obtained from IBM and ;:

"t =1+ fi At (4)

In present model IBM has been implemented to generate complex geometries according to Uhlmann [31]
by Kara et al. [32] and validated in [33, 34]. Poisson equation, Eq. (5), is solved for pseudo-pressure p
using an iterative multi-grid technique until the intermediate velocity ;" satisfying the continuity equation,

Eq. (1), as:

o (9p\  0u* 1

The current time-step’s velocity u! and pressure p’, are then evaluated using:

5 1 9p
t o~k -
u; = 1i; Atp oz, (6)
e, VLD (O
PP P g (6% (7)
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2.2. Free surface capture

Hydro3D has been refined by Kara et al. [35] to simulate the flow dynamics of submerged bridges, by
implementing an interface capturing method capable of predicting complex free-surface deformations which
affect significantly the hydrodynamics of the flow [36], [37]. In Hydro3D, the interface of the two phases is
captured using the Level Set Method (LSM) based on Osher and Sethian [38]. In LSM a level set, signed
distance function ¢ is employed to define the interface between the two phases when ¢ equals zero. The

signed distance function is defined as follows:

<0, if z€Qgas
p(z,t) S =0, if zel (8)
>0, if =€ Qiguid
where Qg4s stands for the volume occupied by air, Qqui¢ by water and I' is their interface. Since the
interface moves with the fluid particles, a pure advection equation is expressed as follows and discretised
using a 5th-order weighted essentially non- oscillatory (WENO) scheme [39]:
¢ o¢

In order to avoid discontinuities in density (p) and viscosity (u) between the two phases, a transition
zone in which density and viscosity are smoothly switched between the air and the water, is employed using

the Heaviside function H(¢) as:

=0, it ¢<—e
H@) =5 (14 2+ Lsin™2), if |o|<e (10)
=1, if ¢p>¢

p(®) = pg + (p1 — pg) H(9)

w(P) = pg + (u — pg)H(o)

where notations ; and ; represent gas and fluid variables and ¢ is half the thickness of the transition

(11)

zone. Once the free-surface is obtained, density and dynamic viscosity (p(¢) and w(¢), respectively) are
updated at every cell in the computational domain based on Eq. (10) and Eq. (11). In the current study
e = 2% max(Ax, Ay, Az). Finally, to accomplish that ¢ maintain its property, |V¢| = 1, and avoid non-
conserved issues a re-initialization technique introduced by Sussman [40] is adopted as:,

¢

. s(¢0)(IVo] —1) =0 (12)

where s(¢p) is the smoothed signed function defined as:

b0

o) = Vo)
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where t, is an artificial time calculated based on the grid size multiplied by a factor of less than one.
¢o(x,0) = ¢(x,t) and &, represents one grid size. Equation (12) and Eq. (13) are solved only inside the
transition zone in several inner iterations. In Eq. (12), ¢ is the signed distance function obtained from the

advection equation (Eq. (9)) before applied to re-initialization.

2.8. Wave generation/absorption

First of all, Hydro3D is employed to develop a numerical wave tank (NWT). Dirichlet boundary conditions
for water surface elevation and the three components of the fluid velocity are prescribed to generate waves
at the inlet of the computational domain. These are based on analytical wave theories such as for solitary
waves, Stokes waves, cnoidal waves etc. Here, solitary waves are generated using the Boussinesq theory

presented in Lee et al. [41]:

n(z,t) = Hysech?(K(z — ct — xg)) (14)
u 1, a2 322\ 9%n.

= . — = — (1 - =) —"|= 1

Vad ‘ [n PR 3c? < 2d? ) ot? le=0 (15)
w € 1 on, d? 22\ 03n,

o (1 L 5 (1= o5 ) Shh= 16
Jgd e K 2€”> ot 32 ( 2d2) T 0] (16)
where n is the wave elevation measured from still water-level (n = 0 at z = d), Hy the wave amplitude, d
the water-depth, K = % defines the wave-number, wave celerity ¢ = \/g(Hg + d), 1. :Hﬂo’ € :% and

xo is the initial position of the wave crest. For a solitary wave, wave-period T and effective wave-length A

can be defined as:

_27r
- Kec

At the domain’s outlet, Hydro3D waves are absorbed using the artificial damping method based on Choi

_ 27

T
K

; A (17)

and Yoon [42]. The source term S; generates an artificial damping layer inside which the incident waves are

effectively absorbed and reads:

Si = —a;(f1 + falui)T(X)u; (18)

A blending function T'(X) is used to blend the damping term based on a non-dimensional variable X
which takes values from 0, at the boundary of the effective domain and the damping zone, to 1 at the outflow

boundary of the domain and is set as:

r — Ty

I'(X)= X =

. L (o] (19)

For the purpose of this study a; = 0 for ¢ = 1,2 and a; = 1 for 4 = 3 thus, absorption is only adopted

in the vertical direction. Coeflicients f; and fs tune the absorbing method and have units of 1/s and 1/m,
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respectively. s and z. stand for the start and end coordinate of the absorption layer in the streamwise
direction, respectively and R describes the blending function (i.e R=1, damping increases almost linearly in
the x-direction). In the current study fi; = fo = 40, R = 2 and the length of the damping zone is usually
twice the wave-length. Peric and Abdel-Maksoud [43] presented a method to scale the damping coefficients
according to the generated wave parameters. A solitary wave of different steepness is generated using the
above equations and according to Lo and Liu [2] at a water-depth of 0.2m and compared well with theoretical
results, as shown in Fig. 1. Minor tail waves for high Hy/d ratios presented in the numerical results are also

common in laboratory experiments.

0.4
| — — —-Boussinesq theory (Lee et al.)
| o  Hydro3D,Hy/d = 0.1
03 o  Hy/d=02 o
[ o Hyd=03 7/} N
\
- a!
021 ; ) \
n/d i

S f”“x\x

oot EE

ol
-0.5 -0.25 0 0.25 0.5

Fig. 1: Normalized wave elevation of simulated solitary waves compared with theory for different Hy/d ratios. Similar to Fig.3

in [2]

3. Validation

In this section, the experimental study of a solitary wave interacting with a fixed horizontal plate con-
ducted by Seiffert et al. [3] is reproduced and their data are used to validate the numerical method. Simu-
lation results published in the same study using OpenFOAM, referred to as ’Seiffert et al.” in the following
figures, are also used for comparison. In the laboratory experiment, four different water-depths and several
plate submergences and wave-steepnesses are considered and the forces acting on the submerged plate were
measured. The following section considers a challenging case with a relatively shallow water-depth and

relatively steep breaking waves which serves to validate Hydro3D.

Table 1: Wave-plate parameters

a (m) d (m) Hy/d d/d 0 (m) T(sec) L(m)
0.305 0.086 01-05 02-06 0.0127 221-0.78 2.11—-0.88
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Table 2: Exact steepness ratio Ho/d

Hy/d referred | Hy/d exact
0.1 0.087
0.2 0.177
0.3 0.287
0.4 0.396
0.5 0.505

3.1. Solitary wave interacting with a horizontal fixed plate.

(a) Top view

Y WG1 WG2 WG3
o ° ° 0.lm
X
(b) Side view
I WG1 WG2 WG3
M 2a 3a 4a
N h va
|3 I— 0.2m
+-—>
V4 d o
X
i v
60 12.8m
.Om

Fig. 2: Schematic diagram of the computational domain showing the plate and locations of the wave probes. (a) Top view, (b)

side view. Not to scale.

Figure 2 sketches a solitary wave, normalised amplitude Hy/d, and the submerged plate of submergence
(d"). The water depth is fixed at d = 0.086 m. Three wave-gauges surround the plate of length «, that is
located approximately half-way along the domain in the streamwise direction. WGI is located two plate-
lengths upstream of the Leading Edge (LE) of the plate, whereas WG2 and WG3 are placed two and six
plate-lengths downstream of the Trailing Edge (TE), respectively. Table 1 lists the relevant geometrical and
wave parameters. Five different wave steepnesses, referred to as Hy/d = 0.1,0.2,0.3,0.4,0.5 and two plate
submergences d’'/d = 0.2,0.6 (d’ =0 at z = d) are considered. The exact wave steepness, as measured in the
laboratory, are used in the NWT at the inlet, and these are given in Table 2.

The computational domain size is 12.8m(x) x 0.1m(y) x 0.2m(z). This ensures that the incident wave
is fully developed before it reaches the plate and no reflected waves from the outlet boundary interact with
the plate during the simulated time. Analogue to the laboratory flume the plate extends over the entire
width and periodic boundary conditions are applied in the y -direction representing an infinitely wide plate.

A periodic b.c is used to represent a relatively wide NWT by applying an inflow condition at the south
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boundary according to the simulated kinematics of the north boundary ensuring that mass is conserved over
the spanwise direction. A Neumann boundary condition for the pressure is adopted at all boundaries. The

top of the domain is treated with a slip condition.

Table 3: Numerical cases for convergence and validation tests.

case N, Ny N, Total cells
case 1 2560 20 80 4.4 x 10°
case 2 5120 40 80 1.6 x 108
case 3 5120 40 160 32.7 x 106
case 4 5120 40 240 49.2 x 108

To determine spatial discretization, a mesh convergence study is conducted adopting several grid reso-
lutions, details of which are presented in Table 3. Figure 3 shows the average error of the water surface
elevation recorded by WG1 and WG2 in all four cases. The average error €, is calculated based on the present
model’s numerical results and the experiment conducted by Seiffert et al. [3]. Experimental data are first
applied to a time based interpolation, to share the same temporal discretization as in the simulations and
an instant error e is evaluated based on the following:

€ =

(20)

n(t) — Neap(t) ‘
Neap(t)

The error is then time-averaged to obtain € which is less than 1.5% in all cases.

0.020 0.020

(a) €Wt (b) Ewa2

./l\.\. 0.015

0.015

— . 3

Average Error
o
=]
=)

T
Average Error
o
o
=)

T

0.005

0.005

0.000

1 1 1 1 L 1 1 L 1
1E+07  2E+07  3E+07  4E+07  5E+07 0'000{) 1E+07  2E+07 3E+07 4E+07 5E+07
Total cells Total cells

Fig. 3: Average error between numerical results and experimental data at (a) WG1 and (b) WG2 for all four grid resolutions.

d’'/d =0.2 and Hp/d = 0.3.

In addition to that, convergence tests are applied to all wave-gauge’s locations and forces acting on the
plate as shown in Fig. 4 and Fig. 5, respectively. Figures 3 to 5 show that simulation results converge to

those obtained on the finest mesh and therefore, the mesh resolution of case 3 is adopted in the current
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study, resulting in a uniform grid resolution of Az = Ay = 0.0025 m, Az = 0.00125 m (with an aspect ratio,
AR=2). For temporal discretization, a fixed time-step is used ensuring that the Courant—Friedrichs—Lewy
(CFL) number is always less than one when the maximum velocity according to Eq. (15) is considered,
(i.e. CFL(Umaz) < 1). A fixed time-step of At = 0.001s is adopted for wave-steepnesses of Hy/d = 0.1 to
Hy/d = 0.3 whereas for steeper waves, At = 0.0005s is used to accurately capture wave propagation and
breaking. The domain is divided into 512 sub-domains and memory is shared between blocks by Message
Passing Interface (MPI). For each case of the following section, 512 CPU’s are used and the computational
time needed to simulate ten seconds of wave propagation is 6 and 12 hours for At = 0.001s and At = 0.0005s,

respectively.

3.2. Results and validations.

Recorded time series of the free-surface, vertical (F}) and horizontal (F,) forces of a single case, d’/d = 0.2
and Hy/d = 0.3 are presented in Figs. 4 and 5, based on a non-dimensional time variable t'/T to account
for the different plate locations between the current study and the experiments. ¢ = t — tg, where g is
the instance at which the peak of the wave reaches WG1. Since pressure at each time-step is known, forces
presented below are evaluated by integrating the calculated pressure of each computational cell located at
the surface of the plate.

Figure 4 presents calculated water surface elevations (solid lines), experimental data (open squares) and
simulation results of Seiffert et al. at the three wave gauges. The computed wave elevations at WG1, WG2
and WG3 agree well with the experimental data. The peak of the incident wave before and after it has
passed the plate is well captured by Hydro3D. Moreover, the reflected waves observed after the wave has
reached the plate matches well with what was observed in experiment. At WG2 and WG3 Seiffert et al.
overestimate the peak of the wave, which is mainly due to the neglecting of viscous effects in their model.
Viscous flow inside the boundary layer over the plate dissipates energy due to friction leading to a reduced
wave height downstream of the plate. In their study, Seiffert et al. [3] state that the frictional contribution to

the total horizontal force F). is small, nevertheless the free-surface appears to be affected quite significantly.

10
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Fig. 4: Calculated free-surface elevations (solid lines), experimental data (open squares) and simulation results of Seiffert et al.

(b) WG2

at the three wave gauges (a) WG1, (b) WG2, (c) WG3 for d'/d = 0.2 and Hp/d = 0.3.

0.75

T

(a) Vertical Force

Downward
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& Experiments
Seiffert et al.

(b) Horizontal Force
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Fig. 5: Calculated plate forces (solid lines), experimental data (open squares) and simulation results of Seiffert et al.: (a) vertical

force and (b) horizontal force.

Vertical (F,[N]) and horizontal (F,[N]) plate forces as a function of time as calculated by Hydro3D

11
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(solid lines) are plotted together with experimental data (open squares) and simulation results of Seiffert
et al. in Fig. 5. Hydro3D’s predictions are consistent with the numerical results of [3] and agree well with
the experimental data for both force components. The calculated positive peak horizontal force is slightly
underestimated in all grid resolutions whereas better agreement with the experimental data is observed in
the negative peak of the horizontal force. This inconsistency is probably due to the thinness of the plate and
only very few computational cells are used to integrate pressure. To confirm this, the calculated viscous force
is compared with the pressure horizontal force and results show that the effect of viscosity is considerably
small. A similar phenomenon was reported in Seiffert et al. [3] and thus the same approach is used, based
on the Blasius’ solution, maximum horizontal velocity (from Eq. (15) at z = d, uma. = 0.245 m/s) and
Reynolds number (Re, = tumaza/v = 7.5 x 10%) to quantify the viscous drag force, Fy. By solving Eq. (21),
the resultant viscous force is less than 4% of the maximum calculated horizontal force. In the following
equation C is the frictional drag coeflicient and w the width of the plate.
~1.328

1
Cr = T " 485x 107, Fy =20 <2pu$ma) w = 0.0132N (21)

70 — 70
(a) Uplift (b) Downward
60 ——a—— d/d=0.2, Hydro3d 60
o d'/d = 0.2, Exp.
50k <& d'/d = 0.2, Seilfert et al. o S0k
——&—— d/d =0.6, Hydro3D &
. d'/d = 0.6, Exp. i
_ 40F & d/d=06 Seiffertetal. g~ 401
F.(N/m) 1 1
30 30k
20+ 20
10F 10F
0 0
0.0 0.6 0.0 0.6
500 500
(c) Positive (d) Negative
400 400 F
300 3001 a
F.(N/m?)
200F 200F
100 100k
0 ::.‘ 1 1 1 1 U s 1 1 1 1
0.0 0.1 0.2 0.3 04 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Ho/d Hy/d

Fig. 6: Peaks of vertical and horizontal forces as predicted by Hydro3d and Seiffert et al. and experimental data. (a) peak

uplift force, (b) peak downward force, (c) peak positive force, and (d) peak negative force.
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The peaks of the vertical force per unit width (inside the page) (F.[N/m]) and horizontal force per unit
width per unit plate thickness (§) (F.[IN/m?]) of ten cases, are presented in Fig. 6. Uplift and downward
vertical forces increase with increasing wave steepness and lower plate submergence. In addition, plate
submergence appears to have a more significant impact on the uplift force for steeper waves than wave
amplitude. On the other hand, horizontal forces are not affected by the plate’s submergence as much as
vertical forces. Peak horizontal forces increase with increasing wave steepness. Overall, the resultant peak
forces computed by Hydro3D for all ten cases agree quite well with the numerical [3] and experimental data,
especially in the cases where breaking waves occur. However variations with the experimental data are
observed mainly due to the thinness of the plate and few cells are used to integrate pressure. Furthermore,
the support of the plate to an aluminum strut and the calculation of forces in the experiments may also
induce these discrepancies with the simulations.

Figure 7 plots the space and time evolution of the solitary-wave as it travels along the computational
domain. When the wave reaches the plate’s LE (plate’s centre-line is indicated by the dashed line at
x = 6.1525 m) the wave height increases due to the decrease of the effective water-depth and initial wave
reflections generated from the interaction of the wave with the LE are observed, traveling upstream of the
submerged plate. The wave then breaks at approximately 0.25a downstream of the trailing edge (at © = 6.4
m) and minor free-surface oscillations are generated. Considering the wave-height of the incident wave at
WGI and the maximum elevation recorded by WG2 (Fig. 4a and Fig. 4b, respectively) the wave is reduced
by 30% in height due to energy dissipation in wave-breaking.

In summary, the results presented in this section agree well with the relevant experimental data and

hence Hydro3D is considered validated for such wave-structure interaction problems.
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Fig. 7: Computed free-surface elevation in time and space, n* = n + i % 0.02, 7 is the time-step and the dashed line shows the

centre-line of the plate. d’/d = 0.2, Hyo/d = 0.3.
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4. Wave-plate interaction

Following the case of an infinitely wide plate in Section 3, a more realistic finite plate is studied which
is to be considered a fully three-dimensional, wave-plate interaction problem. A square, submerged plate is
placed in the 3D NWT as shown in Fig. 8a. Plots and figures of the simulated free-surface elevation, vortices

and local flow hydrodynamics are presented and discussed.

4.1. Computational setup

The present study is an extension of one of the cases presented in Section 3.2 with water-depth of
d = 0.086 m, wave amplitude of Hp/d = 0.3 and plate submergence of d’/d = 0.2. Table 4 lists the wave
and plate parameters used for this particular case. The width of the domain is extended to 2.0 m (~ 6.5a)
ensuring that the plate is far away from the side walls to avoid reflections. The length and height of the
flume are kept to 12.8 m (11L) and 0.2 m (2.3d), respectively. The plate is placed midway in the spanwise
direction of the domain, and three wave-lengths away from the wave-maker with 0.305 m in length, 0.305 m
in width and 0.0127 m thickness, see Fig. 8b. Nine wave-gauges are located in the numerical wave tank to

capture the free-surface elevation. The exact position of WG1-WG9 are shown in Fig. 8b.

Table 4: Wave and plate parameters of the 3D case.

a(m) d(m) Hy/d Hy/dexact d'/d ¢ (m) T(sec) L(m)
0.305  0.086 0.3 0.287 0.2 0.0127 1.117 1.164

0.2m ]

(a) 3D view
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North: symmetric boundary (free to slip)
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South: symmetric boundary (free to slip)

(b) Top view

Fig. 8: Computational domain of the 3D wave-plate interaction case. (a) 3D view and (b) a top view schematic diagram of the

computational set-up among with wave representation at the top-left corner

The grid resolution is the same as in the validation section, i.e. Az = 0.0025 m, Ay = 0.0025 m,
Az =0.00125 m (AR=2) and At = 0.0005 s, counting 5120 x 800 x 160 computational cells. Dirichlet and
Neumann boundary conditions are adopted for velocities and free-surface in the inlet and outlet boundaries,
respectively. Neumann conditions for pressure are used in all boundaries and no-slip and free-slip walls are
applied for the floor-bed and top wall, respectively. Here south and north walls act as symmetric boundaries
(free to slip). Again IBM was used to apply the no-slip condition on the plate’s surfaces. In order to
consistently compare the current case with the infinitely wide plate, in the following referred to as 2D case’,
the 2D case has been re-simulated with the plate’s LE located this time at = 3.48m(~ 3L) and wave-gauges
WG1, WG2 and WGS3 in Fig. 2 are relocated to agree with WG4, WG5S, WG6 of the finite plate case, as
shown in Fig. 8b. Due to relatively wide domain and fine uniform grid, simulations of the wave travelling

over the 3D finite wide plate were carried out using 1024 CPU’s and 168 hours of computational time.

4.2. Results and discussion.

4.2.1. 3D finite square plate.

Non-dimensional time series’ of the water-surface and visualisation of local flow hydrodynamics are pre-
sented in this section to study the 3D wave-plate interaction. Six seconds of simulation time is recorded,
enough for the wave to reach the plate, break and reflect as it travels further downstream. In the following

figures, the z— and y— axes are normalised with the plate’s length o and the z— axis is normalised with the

water-depth d.
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Fig. 9: Normalised wave elevations along the centreline (Y/2, WG4-WG6) of the plate and at a lateral distance away from the
centreline of the plate (Y/2 4+ a, WG7-WG9) at (a)x = —2a, (b)z = 2a and (c¢)x = 3a from the LE of the plate.

The non-dimensional wave elevations as a function of dimensionless time at various wave-gauges are
plotted in Fig. 9. Due to the symmetrical shape of the plate, only the elevations recorded by WG4 to WG9
are presented, i.e elevations recorded by WG1 to WG3 at Y/2 — « are identical with those in WG7 to WG9
at Y/2+ «, respectively. The dimensionless time t'/T = 0 is represented by the vertical dotted line in Fig. 9a
and it is the instance at which the peak of the wave reaches the first wave-gauges (WG1,WG4 and WGT).
Upstream of the plate the peaks of the 2D and 3D cases are identical, however wave reflections, starting at
t'/T = 0.7 in Fig. 9a and ¢'/T = 1.3 in Fig. 9b and ¢'/T = 1.7 in Fig. 9c, are quite different. Since the
wave is free to refract in all directions reflected waves in the 3D case are generally lower than in the 2D case.
Except for 2ac downstream of the LE (Fig. 9b), where similar reflections to the 2D case are observed. This
is mainly because WGH is located near the breaking point, and the water surface primarily responds to the
breaking wave. A higher peak in the wave elevation in the 3D case compared to the 2D case is observed,
marked as Point A in Fig. 9b downstream of the finite plate and this feature is explained in more detail
below.

Figure 10 visualises the wave propagation, steepening and breaking as it interacts with the plate in a 3D
view as well as vortex structures around the plate using contours of the swirl strength at various instants in
time. In this study swirl strength is calculated based on the imaginary part of the complex pair of eigenvalues
of the velocity tensor according to Chong et al. [44] and Zhou et al. [45]. At Fig. 10a the wave approaches
the plate and as it gets closer Fig. 10b a slight decrease of the free-surface above the plate (in relation to
the still water level) is observed. Some fluid above the plate is already pushed downstream (due to the
pressure gradient from the upstream wave) causing small clockwise-circulation eddy at the upper corner of
the leading edge. When the wave travels over the plate, (Fig. 10c), the LE eddy gets more energetic and a
counter clock-wise eddy starts to develop on the lower corner of the LE. Small eddies are formed at both
corners of the plate’s trailing edge (TE). What follows is a significant build-up of the wave as it propagates
over the plate, which is due to the rapid decrease of the effective water-depth above the plate and the

subsequent inrush of fluid from below the plate and the lateral sides where the water depth is greater (see
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Fig. 13b and Fig. 13c¢). Just before the wave breaks at Fig. 10e, vortices are shed behind the TE and a set
25 of two opposite rotational eddies are captured. At the same time a strong coupled vortex below and above

the LE is also observed. The wave breaks almost 0.5a downstream of the TE and reflections in all directions

are recorded as the resulting wave propagates further away.As the waves propagates further downstream,

leading and trailing edge eddies still oscillate and interact with the plate and water-surface at Fig. 10f. The

shed eddies interact with the free-surface especially in such cases with shallow submergence depth (d’/d).
w0 Smaller reflected waves are visible and appear to propagate in all directions.
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Fig. 10: Wave Propagation and breaking. Left: Iso-surface of ¢ = 0, Right: Contour of swirl strength and lines of y-vorticty
(dashed lines=negative vorticity). Sliced at y/a = 0.

Figure 11 presents contours of the normalized pressure in the vicinity of the plate at two instants in
time. The hydrostatic pressure has been removed and the remaining dynamic pressure is normalised with
the pressure head Py = pgHy. A pressure difference between the lower and upper side of the plate is obvious
before and after the wave has reached the structure, Figs. 11a and 11b respectively. A similar phenomenon

was also observed and explained in Lo and Liu [2] in a relevant experimental study. The initial pressure
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difference is developed due to the immediate response of the flow below the plate when almost zero velocity
above is recorded as shown in Fig. 12 and hence higher pressure below the plate is observed, Fig. 11a. The
almost uniform flow below the plate, again presented in Fig. 12 is driven by the pressure difference between
the two stream-wise openings of the plate. This initial higher pressure below the plate also explains the
a0 early uplift force recorded in Fig. 5 followed by a downward force due to the weight of the incident wave in

Fig. 11b.
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Fig. 11: Contours of the normalized pressure near the plate. Sliced at y/a = 0.

A span-wise flow, demonstrated in Fig. 13, is observed while the wave interacts with the submerged plate.

The span-wise flow can be explained as follows: When the wave is close to the plate, the higher pressure
below and lower pressure above the plate drives a span-wise flow from the lower to the upper side of the

as  plate. As a result, two clock-wise eddies are generated at the plate’s corners, Figs. 13b and 13c. In addition,

fluid enters the region above the plate due to traveling from the sides of the plate towards the upper surface
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due to the low pressure. The ”additional mass” generates a higher wave elevation above the plate than in
the 2D case. Once the wave has passed the plate, a secondary span-wise flow, this time from the region
above the plate to the region below the plate is observed. As a result, corner vortices are generated again

20 but this time these are rotating in the opposite direction (Figs. 13e and 13f).
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Fig. 12: Profile of the horizontal velocity v = f(z) at /a = y/a = 0.
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Fig. 13: Contour of the swirl strength and velocity vectors. Sliced at x/a = 0. Vector plotted every second cell.

Figure 14 compares the simulated free-surfaces of the finite plate and infinitely wide case, just before
wave-breaking occurs. The wave elevation of the finite plate corresponds to the x — z plane sliced over
the centre-line of the plate. Figure 14 confirms the variations between the two cases and the existence of
three-dimensional effects. When a finite plate is under consideration, a higher wave compared to the 2D
case exists, also captured by WG5S and marked as point A in Fig. 9b, due to the ’additional mass’ brought
by the initial span-wise flow described above. In addition to that, the breaking point of the square-like plate
is located further downstream in relation to the 2D case. This is mainly, due to the flow acceleration as the
wave passes over the plate and the higher wave celerity due to larger wave height, ¢ = \/g(Hy + d). Due to
that, a time-shift in the wave elevation between the finite and infinitely wide plate is also observed in Fig. 9b
and Fig. 9c.

Figure 15 presents the calculated vertical force F, per unit width (a) and the horizontal force F, per
unit width per unit thickness (b), obtained from the finite plate simulation (solid lines) and the infinite plate
simulation (dashed lines), respectively. The differences in F, are due to three-dimensional effects, i.e. in the
form of the spanwise flow from below the finite plate to the upper side of the plate (see Figs. 13a and 13b) in
response to the pressure difference above and below the plate, whereas in the 2D case this flow is prohibited.
Additionally, the larger wave above the 3D plate adds extra weight (downward force) and hence decreases the
vertical force (uplift) on the plate. Quantitatively, the peak uplift of the 3D plate is approximately 40% less
than the peak uplift of the 2D plate. Similarly, a decrease of about 30% in the downward force, is computed
for the 3D case, a result of the span-wise flow (see Figs. 13d to 13f) which increases the pressure below the
plate opposing the weight of the wave propagating above. Furthermore, three-dimensional effects reduce the
‘active’ period of time of forces acting on the plate, due the higher wave celerity over the 3D plate. The
horizontal forces (Fig. 15b) are hardly affected by the geometry of the plate, which is due to plate being so
thin.
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A three-dimensional plot of an isosurface of the Q-criterion (@ = 100) coloured with the horizontal

velocity is presented in Fig. 16. It visualises aforementioned eddies near the plate, both stream-wise and

span-wise eddies. The eddies at the lateral edges of the plate are significantly smaller than the ones near

the leading and trailing edges due to the dominance of the stream-wise flow. An interesting feature is the

occurrence of vortices at the corners of the plate, best observed from the downstream looking upstream,

Fig. 16b, revealing the symmetry of the flow and associated vortex structure.
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Fig. 16: (a) 3D projection and (b) view from TE of the iso-surface of ¢ = 0 and Q-criterion= 100 coloured by horizontal velocity

u at t'/T = 0.81. Iso-surface of ¢ = 0 is shifted upwards for better visualization.

w0 4.2.2. Effect of angle of attack.
In this section, three-dimensional effects of the wave-plate interaction are investigated further by extend-
ing the previous simulations to a solitary wave interacting with a submerged rotated plate. In real offshore

environments, waves approach a structure from different directions. Thus, quantification of the influence
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of wave direction on wave propagation and acting hydrodynamic forces is required to derive generally valid
conclusions from this study. Here, the plate is fixed at 45 degrees relative to the direction of the wave,
for which the wave travels a maximum distance over the plate in the streamwise direction. The wave-plate
interaction is expected to yield complex flow structures that may affect the integral behaviour of the plate.

Figure 17 describes the problem showing the rotated plate (solid red line) and the corresponding angle of

attack 6;.
L 20 . 20 -k a -
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" 0, //\
\\\ \ X
e WG4 @ G-+ ewos e was
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o N
WGl ®WG2 @ WG3

Fig. 17: Schematic diagram of the plate rotated at an angle 8 = 45° (red line) and 6 = 0° (black line).

The same computational set-up as before Section 4.1 and Fig. 8 is adopted and 6; = 45° is chosen
to compute and further understand the complex hydrodynamics and three dimensional effects of a wave
traveling over a rotated finite plate as well as on the forces acting on the plate.

Figure 18 visualises the occurrence of large eddies using the Q-criterion, coloured with the horizontal
velocity u, as well as the evolution of the free-surface as the wave propagates over the rotated plate. The
water surface is shifted upwards for better visualisation. Similarities in the free-surface with the 6, = 0°
case are observed (Fig. 10, left column) especially the main wave evolution and progression. As the wave
builds-up at Figs. 18a and 18b, due to the shape of the plate and hence the lateral changes in effective
water-depth, a forward jet near the front of the wave is observed (Fig. 18c). Wave breaking takes place
downstream of the plate’s TE similar to 6; = 0°. However, it is interesting to observe how the generation
of energetic eddies near the plate’s edges alter the water surface. Due to the relatively low submergence of
the plate (d'/d = 0.2) and the large effective diameter of the eddies, larger than 0.2 z/d at certain times,
fluctuations on the free-surface are built and shaped according to the eddies’ pattern. Vortices are generated
due to the primary streamwise and secondary spanwise flow evolution discussed in section 4.2.1 and plotted
in x — z and y — 2z planes in Fig. 10 right column and Fig. 13, respectively. As the wave approaches the
plate’s LE at Fig. 18a two large clockwise eddies roll-up near the two upstream edges on the upper side
of the plate, as a result of the dominant streamwise flow, which are then detached and propagate over the
structure, at Fig. 18b, reflecting in terms of fluctuations on the free-surface. Similarly, eddies are formed at
the downstream edges at both lateral sides of the plate and grow as the wave builds-up at Fig. 18c. After

wave breaking, (Fig. 18d), most of the vortices have detached from the structure while upstream (LE) eddies
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have a more random shape and smaller eddies embrace larger vortices at the lateral corners of the plate

(marked with point P).
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Fig. 18: Screenshots of the iso-surface of Q-criterion=100 coloured by horizontal velocity u and iso-surface of ¢ = 0 coloured

by normalized elevation n/Hp at several time-steps. Iso-surface of ¢ = 0 is shifted upwards for better visualization.

Figure 19a plots the water surface over the rotated plate, moments before wave breaking occurs, together
with the corresponding non-rotated (6; = 0°) and infinitely wide (2D) plates, sliced at y/a = 0. As discussed
before, the interaction of the wave with the two non-rotated plates (3D and 2D) generates similar water
surfaces, however, differences in the wave elevation are observed when the plate is rotated at 45°. As a result
of the larger streamwise distance between the leading and trailing edge of the rotated plate at y/a = 0, the
wave includes a forward jet and hence breaks at a further downstream location compared to the other two
cases. Figure 19b compares the free-surface of the two finite plates in terms of the distance from the TE,

x* /o, where * /o = 0 at plate’s TE. From this, the characteristic distance from the TE, between the two
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3D cases before breaking occurs is almost the same where the non-rotated plate features a more dominant
forward jet at the peak of the wave. In addition to that, a shallower mean water-level above the structure
is observed when a 6; = 45° plate is considered but in both 3D cases the wave rises up to the same vertical

location before breaking.
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Fig. 19: Calculated water-surface elevation near the plate. 6; = 0° (solid red line), 8; = 45° (solid blue line) sliced at y/a = 0
and infinitely wide plate (solid black line). In (a) dashed-line presents the cross-section of the 6; = 45° plate and in (b) x-axis

represents the distance from the TE z*/a.

Figure 20 shows the time-history of the wave elevation recorded at the nine wave-gauges (see also Fig. 8b).
The water surface variations are almost identical in both cases apart from WG5. This is due to a very similar
wave progression, i.e wave’s build-up, plunging jet and breaking, found in both cases. The main differences
in wave elevation is the breaking location and minor fluctuations observed over the edges of the plate. The
latter appear as a result of the lower eddies which are either stationary or propagating forward and hence
not presented during the time-period the wave-gauges record. Due to the breaking location in #; = 45° case
(i.e closer to WG5 but further upstream, Fig. 18d) a higher peak and unique tail fluctuations are captured
by WG5 in Fig. 20e. Beyond that, the propagation, interaction and reflection of the incident solitary wave
is almost similar in both three-dimensional finite plates. This is mainly due to the relatively long wave
compared to the plate’s length (L/a = 4) and hence the angle of attack does not strongly affect the wave

elevation.
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Fig. 20: Normalised wave elevations recorded by WG1-WG9. 6; = 0° (solid green lines) and 6; = 45° (solid red lines).

a05 Figure 21 compares the vertical force per unit width F, and horizontal force per unit width per unit
thickness F, acting on the 2D and 3D 6; = 0° and 6; = 45° plates. Since the variations between the 2D and
3D cases were discussed in the previous section we now focus on the differences between the two 3D cases.
It is clear that the direction of the wave affects the hydrodynamic forces acting on the structure. In the case

of a solitary wave approaching the plate from exactly 45° degrees, both vertical and horizontal forces are
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reduced. In Fig. 21a the peak uplift force calculated in the 6; = 45° case has been quantitatively reduced by
26% compared to the corresponding #; = 0° uplift force. Similarly, downward peak force has been reduced
by a further 27.5% resulting in a total 66% and 57.5% decrease in uplift and downward force, respectively
compared to the 2D case. As already mentioned, the secondary spanwise flow presented only in the 3D cases
is responsible for the force reduction. The further decrease in vertical force acting on the rotated plate may
be due to the shorter distance the flow must travel from the lower side of the plate to the upper side (initial
uplift force) and from the upper to the lower side (downward force). Moreover, the secondary uplift and
downward forces, from ¢'/T = 1.2 and forward, are also decreased however by a lesser degree.

The same phenomenon is observed in the horizontal force (Fig. 21b) in which the positive peak has been
decreased by 25% and the negative peak by 14%. The reduction in horizontal peak forces is mostly expected
due to the shape of the rotated plate. As the wave approaches, the streamwise flow interacts with the front
face of the structure resulting to high pressure and thus a positive horizontal force. In the case of the 6; = 0°
plate the front face is perpendicular to the direction of the wave resulting to higher pressures compared to
the sloped front face of the 6; = 45° plate. Furthermore, the initial streamwise flow has a greater effect
on the structure than the secondary backward flow, occurring when the wave builds-up and suction occurs

(Fig. 18c), and hence the reduction in the positive peak is greater.
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Fig. 21: Comparisons of the simulated (a) vertical force per unit width, F, and (b) horizontal force per unit width per unit

thickness, F for the 6; = 0° (solid red lines), §; = 45° (solid blue lines) finite plates.

5. Conclusions

In this paper results of numerical simulations of solitary-wave-plate interaction using the in-house code
Hydro3D have been presented and discussed. The code was validated first using experimental data and results
of previous Euler model (no viscous effects) simulations for solitary wave propagation over an infinitely wide
plate. Overall, convincing agreement in wave elevation has been observed. It can also be concluded that
for this particular case, Hydro3D produced slightly more accurate free-surface elevations in comparison with

the (inviscid) Euler model, demonstrating that viscous effects are non-negligible. A parametric validation
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study of horizontal and vertical forces on an infinitely wide submerged plate yielded convincing agreement
between numerical and experimental data. Vertical forces increase with steeper waves and lower plate
submergence albeit submergence is found to have little effect on horizontal forces. Successful validation of
the code allowed studying the effect of finiteness of the submerged plate. Significant differences in the flow
and wave elevations in comparison with the infinite plate have been revealed demonstrating the presence of
three-dimensional effects. Streamwise and spanwise energetic eddies near the edges of the plate have been
observed and visualised. These are the result of lateral and vertical pressure gradients. The former is the
result of a depression of the water surface above the plate as the wave approaches the plate whereas the
latter is the result of different streamwise velocities above and below the plate. The spanwise flow results in
little separation eddies at the lateral edges of the plate. Stronger eddies occur at the corners of the leading
and trailing edges of the plate, a result of streamwise flow separation. Another remarkable outcome of the
current study is the significant decrease in the peaks of uplift and downward force, quantified to be 40% and
30% less respectively, due to the spanwise flow and three-dimensional effects, in case of the finite plate. The
exerted horizontal force, however, remained unchanged when finiteness effects have been examined. Finally
the effect of angle of attack on wave-plate interaction has been examined. Forces are affected by the direction
of the incident wave. Peak lift and drag forces acting on the rotated plate are reduced by approximately
20%in comparison to the original (zero degree) finite plate, whereas water levels around the plate are very
similar. Plate finiteness and direction of the incident wave (or plate rotation) does not affect negatively the

design and cost of submerged structures.
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