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ABSTRACT 1

We consider a haorizontal, submerged plate in shallow water that is allowed to oscillate in the verti- 2
cal direction due to the wave loads. The plate is attached to a linear spring and damper to control thes
oscillations. The focus of the study is on the transformation of the wave field by the submerged oscil-
lating plate. To estimate energy scattering, wave reflection and transmission coefficients are determined
from four wave gauges; two placed upwave and two placed downwave of the oscillating plate. The flow
is governed by the nonlinear Level | Green-Naghdi (GN) equations, coupled with the equations of the
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vertical oscillations of the plate. Time series of water aoef elevation recorded at gauges upwave and
downwave of the plate obtained by the GN model are compared with the available laboratory experiments
and other data, and very good agreement is observed. Wave reflection and transmission coefficients are
then determined for a range of involved parameters, including wave conditions (wavelength and wave
height), initial submergence depth of the plate, plate length, and the spring-damper system attached to
the plate. It is found that a submerged oscillating plate can have a remarkable effect on the wave field,
and that nonlinearity plays an important role in this wave-structure interaction problem. Discussion is
provided on how the wave reflection and transmission coefficients vary with the wave conditions, plate
characteristics, initial submergence depth and spring-damper system properties.

Keywords. Submerged oscillating plates, GN equations, shallow water waves, wave reflection and trans-
mission

1 INTRODUCTION

Submerged oscillating-plates are used in floating structures to reduce heave oscillations, in energy devices
to convert the wave energy.into electricity, and in breakwaters to mitigate extreme wave impact on nearshore
and coastal structures. Wave scattering characteristics by submerged fixed plates have been investigated by many
researchers, see e.g. [1], [2], [3],[4], [5] and [6]. Compared to submerged fixed plates, oscillating horizontal
plates are more efficient to scatter waves, as illustrated by [7], [8] and [9]. Submerged horizontal plates are also
applied as submerged wave energy devices and they modify the wave field, see e.g. [10] and [11] for the effect
of submerged wave energy devices on the wave field. Wave deformation by submerged horizontal plates used in
wave energy devices are investigated by e.g. [12] and [13], and by e.g. [14] and [15] for an array of plates.

Submerged horizontal plates experience oscillatory loads due to wave propagation. The horizontal plate,
if designed appropriately for the purpose, can oscillate in the vertical direction due to the vertical wave-induced
force. Atthe same time, oscillations of the plate also alter the wave field, i.e. wave loads result in plate oscillations,
and the plate oscillations results in formation of waves and wave scattering. Hence, this is a fluid-structure-fluid
problem, understanding of which requires knowledge about the fluid domain, fluid-induced oscillations of the
plate, and the effect of the plate on the fluid domain, and the coupling between these. Wave-induced oscillations
of the plate are affected by various parameters, including wave conditions, initial submergence depths of the plate,
and the attached spring-damper system which is used to.control plate’s oscillations.

Many studies are performed to understand transformation of waves propagating over a submerged fixed plate,
see e.g. [4], [16] and [17]. By comparing surface elevation time series upwave and downwave of the plate, [18]
illustrated that waves scattered by an oscillating plate are different compared to a fixed plate case. However,
investigations of wave scattering by a submerged oscillating plate are very limited.

Wave scattering by oscillating plates were studied numerically by [7], [8] and [9]. In the work of [7], a nu-
merical wave tank was established by use of the linear potential theory, to.investigate how waves are scattered
by a submerged oscillating horizontal plate, and wave reflection and transmission coefficients are calculated to
determine the wave scattering. In that study, the plate was attached to a spring and critical spring stiffness val-
ues were determined to reduce the wave transmission coefficients to near zero. By use of the smoothed particle
hydrodynamics method, wave scattering by an oscillating plate for various initial submergence depths was inves-
tigated by [8]. On the other hand, by use of a computational fluid dynamics method, [9] considered the effect of
wavelength on wave scattering by oscillating plates. These studies, however, are confined to interaction of short
waves with oscillating plates in deep to intermediate water conditions subject to very limited wave-plate cases.

Submerged oscillating horizontal plates, used for mitigation of large waves and for wave energy production
applications, are generally placed in shallow waters. Wave transformation in shallow water over an irregular
seafloor or by an object requires a proper understanding of the importance of nonlinearity, i.e. the ratio of wave
height to water depth, and dispersion, the ratio of water depth to wavelength. The nonlinearity plays an important
role when wave propagates over a freely oscillating submerged plate due to the sudden change of the water depth
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upwave and above the plate. Dispersion, on the other hansks#ue formation of higher oscillatory components:

as the wave passes over the plate towards the downwave region. Thus, the knowledge of proper understanding
of wave nonlinearity and dispersion is essential in the solution of the problem of wave scattering by submerged
oscillating plates. 57

In this study, we use a nonlinear, dispersive approach to study wave scattering by a submerged, osaitlating
horizontal plate, namely through the Level | Green-Naghdi (GN) equations. We follow a similar approach recently
proposed by [19] to study this problem. The wave scattering is investigated by defining wave reflectiom and
transmission coefficients. 61

We consider a plate that is initially at rest. The plate undergoes oscillations due to wave propagations: The
plate is allowed to oscillate only in the vertical direction by use of guide rails and its oscillations are controlled by
a linear spring and damper. A wide range of parameters are considered, including wave condition, plate kength,
initial submergence depth of the plate, spring stiffness and damping coefficient, and their effects on thessvave
reflection and transmission is studied. 66

The Level | GN theory is introduced first, followed by the equation of motion of the plate. Qualitative results
of wave scattering by a submerged oscillating and fixed plate are first shown for a solitary wave. Results of siarface
elevation time series of periodic waves are then compared with the available data. This is followed by discession
on cnoidal wave scattering by an oscillating submerged horizontal plate. Then variations of wave reflection and
transmission coefficients with different variables are presented and discussed, where contributions of higher-order
harmonics are also investigated. Results of the oscillating plate problem are then compared to a fixed, horizontal
plate problem. The concluding remarks section is followed to close the paper. 73

2 THELEVEL | GN THEORY 74

The wave deformation by a submerged oscillating plate is studied here by developing a model basedsn the
Level | GN equations. A right-handed Cartesian coordinate system is used in two dimensionsgvwioings in - 7
the wave propagation direction arglpoints up, against the gravity. The origin of the coordinate system is located
on the still-water level (SWL). The fluid domain is bounded by top and bottom deformable curves, and the flaw is
assumed to be incompressible and inviscid. 79

The Green-Naghdi equations are a set of nonlinear, partial differential equations, introduced originally by[20]
and [21], also to determine nonlinear wave motions. The GN equations satisfy the nonlinear boundary conelitions
and conservation of mass exactly, and postulate the conservation of momentum in an integrated form. These is no
limitation for the irrotationality of the flow, i.e., the flow can be rotational, see [20]. The only assumption made
about the fluid kinematics in the GN equations is the distribution of the vertical velocity over the fluid column,
which determines the levels of the GN equations, see [21]. In the Level | GN model used in this studys the
vertical velocity varies linearly within the water column and thus the horizontal velocity is invariant in the vertical
direction. The Level | GN model is best applied to propagation of long waves in shallow water, see e.g. [4]s419]
and [22]. For higher level GN equations, the vertical velocity field is prescribed in terms of high-order functiens,
see e.g. [23], [24] and [25]. Also, see [26] for refraction and diffraction of waves in shallow water due to uneven
seafloor by the Level | GN equations. 90

The Level | GN equations are expressed by the conservations of mass and momentum statements as (see [27])

N+ {(h+n—-ajur}y, =ag, 1)
92

p.X]_

U1+9ﬂ,xl + T = _6{[2n +C(],X1a + [4n - C(],Xln + (h+ n- C()[(X + 2“],X1}7 (2)
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whereu; and u; are the fluid particle velocities in thg andx, directions, respectivelyp is the pressure on the
top surface of the fluid domaim, is the deformation of the bottom surfaagjs the surface elevation, measured
from the SWL,p is the fluid density andj is the gravitational acceleration. Subscripts after comma indicate
differentiation with respect to the corresponding variabl@sand 6 are the first and second total or material
derivatives of the arbitrary variabBx,t), respectively.

Following the approach proposed by [28] for wave propagation over a fixed, horizontal plate in studying wave
interaction with a submerged oscillating plate, the fluid domain is divided into four regions shown in Fig. 1. (i)
RI, x1 < X, the upwave region from the leading edge of the plate, (ii) RII< x1 < Xt, the region above the
oscillating plate, (iii) RII,X_ < x; < X7, the region below the plate, and (iv) RIX, > X7, the downwave region
from the trailing edge of the plate. Appropriate governing equations and boundary conditions are applied to each
region.

The schematic of the numerical wave tank of wave interaction with a submerged, oscillating horizontal plate
is shown in Fig. 1. A wave-maker of capability of generating solitary and cnoidal waves of the GN theory, see
e.g. [29] and [30], and a wave absorber by use of Sommerfeld’s condition, see [31], are used on the left and right
boundaries of the domain, respectively.

Wave propagation direction

»

Reflected wave  Transmitted wave

Gl GII- T GV — GII GIV SWL
b SVAL AN v Vv . v ‘ v v v
\ | =
| RII | 5
5 | Lp G 2
< R ¢ 5
g RI 1 Oscillating plate } h RIV é
> ! ! o
s ! ! z
= ks Gl =
| RIHJ Tank floor
X, X; *

Fig. 1: Schematic of the numerical wave tank of wave intesactiith a fully submerged horizontal oscillating
plate. The length of the plate is.

In Regions RI and RIV, the seafloor is flat and stationary,d.eq,t) = 0. The top boundary of the domain
is free, i.e.n =n(xy,t), and it is exposed to the atmosphere, i.e. thetop pressure is equal to the atmospheric
pressure, taken g¥xi,t) = 0. Substitutingn = o = ay, =0, p = 0 and the constant water depth= h, into
Egs. (1) and (2), the resulting equations for regions Rl and RIV are given as

Nt +{(h+n)ur}x =0, (3)

_ 1 . .
u1+gr17xl=—§{2n7xm+(h|+n)n7X1}- (4)

The unknowns in Rl and RIV are the free surface elevatigmnd the horizontal velocity;.
In Region RIl above the oscillating plate,= n(xi,t), andp{xs,t) = 0, similar to that in Regions Rl and RIV.
The bottom surface of Region RIl is the oscillating plate. In this study, we assume that the plate is flat and rigid,
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and its oscillations are only allowed in the vertical direntiand that the water depth in Rl is fixedat hy = (g, 116
also known as the initial submergence depth. Therefore, the vertical elevation of the plate in Rl is given as
a(xg,t) = a(t) = {(t), wherel is the instantaneous position of the plate measured fignSubstituting these 1.
conditions into Egs. (1) and (2) gives the governing equations of wave propagation over a vertically oscillating

floor as 120
Nt +[(Co+Nn—Qui] 5, =y, (5)
Uz +gN s = —3{({{+20)Nx +(Qo+N—iix}- (6)

The unknowns in Region RIl arg u; and{. That s, in RIl, the number of unknowns is one more than the number
of the equations. 123

Region RIII consists of a-harizontal, oscillating plate on its top, and a flat, stationary seafloor on the battom,
i.e.n(xy,t) =n(t) anda(xy,t) = 0inRIIl. The plate is assumed to be thin and thus the water depth in this region

is h=hy; =h — {o. Substituting these conditions into Egs. (1) and (2) gives 126
Nt+(h —Zo+n)ury =0, (7)
127
§ ﬁ,xl
Up+— =0, 8
S (8)

in which the unknowns am, u;, andp, i.e. pressure under the plate. Similar to RIl, the number of equations£42)
in RIIlis one less than the number of unknowns (3). Thus two more equations are required to close the system of
equations in Regions RIl and RIII. 130

We assume that the fluid is attached to the plate without any gaps at all timegyi@),= oy (t) = {(t), 1
where subscripts Il and Il refer to the variables in the respective regions.” As shown in Eigs ineasured 1s2
from the plate’s initial submergence depfla, This relation closes the system of equations in RIIl. Substituting

n(xi,t) = {(t) into Eq. (7), and integrating with respectxpgives 134
Uy = Cixg +Co(t), 9)
whereC; is at most a function of time only (independentxgf, given as 135
(1
Ct)=———, 10
1( ) hl — ZO+Z ( )

andC; is the integration constant of time at most. Equation (9) illustrates that the horizontal velocity in Rl vaties
linearly in thex; direction. It is not physical to directly apply Eq. (9) for a very long plate axfor co,we would 137
haveu; («,t) — . Therefore from Eq. (9), we assume thatin RIll varies linearly between two ends of thess
plate i.e. its value is always bounded between the velocities at the leading and trailing edges for any plate tength.
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The momentum equation in RIlI, Eq. (8), can be expanded as

Up g+ Ugls x, + % =0. (11)
Substituting Eq. (9) into Eqg. (11), and integrating with respect tgives

p== (C2+Cuy) % +Calt), (12)

N IO

whereCs = C3(t) is the integration constant of time at most. That is, the top pressure in RIll i.e. pressure under
the plate, varies parabolicly across the length of the plate.

Appropriate jump and matching conditions are enforced at the domain discontinuity curves, where the regions
meet (the leading and trailing edges of the plate) to satisfy the physics of the problem, and demanded by the theory,
see [32]. In this study, the matching and jump conditions at discrete surfaces includes: (i) the continuity of the
surface elevation, and (ii) the Kutta condition, i.e. at the edges of the plate, the pressure above the plate is equal
to that below the plate. See [19] for- more details about the jump and matching conditions used in this study.

In the problem of wave'interaction with a submerged oscillating plate, we assume that the plate is rigid and flat
at all times. The vertical oscillation of the plate is controlled by a linear spring and damper. The plate oscillations
are restricted to the vertical direction by use of guide rails, and hence its acceleration is descidhedThe
wave-induced oscillations of the plate are therefore given by Newton'’s second law as

SE=mly, (13)

wherem is the mass of the plate, arxF = Fy, + Ff + R+ Fp1 is the sum of the external loads on the plate,
including (i) the vertical wave forcery, (t), (i) the friction force between the plate and the guide rd#gt) =

- (%) WFy,, whereF, (t) is the horizontal wave force on the plate ahdspecifies the plate velocity, (i) the

spring force,R(t) = —k({ — o), wherek is the linear spring. constant stiffness, and (iv) the damping force,
Fpr(t) = —Cy4l, WhereCy is the damping coefficient. The plate is initially located at the equilibrium position

(x2 = —Cp) where the weight of the plate, buoyancy and the spring forces are balanced. See [33] for discussion
on nonlinear horizontal and vertical wave forces on the submerged plate. By introducing Eq. (13), we now obtain
one additional equation fd(t), and the system of equations in Regions Il and Il are closed.

The entire system of equations are discretized by use of the finite-difference method. The fluid domain is
discretized into a set of mesh points and all continuous variables are approximated by the discrete values at the
mesh nodes. Spatial derivatives are approximated by use of the second-order central difference method. The
second-order modified Euler method is applied for time-marching, and the Gaussian Elimination method is used
to solve the systems of equations. At each time step, as the external forces are known, the plate oscillation is
determined by use of the fourth-order Runge-Kutta method. See [19] and [31] for more details on the numerical
solutions used in this model.

3 WAVE REFLECTION AND TRANSMISSION COEFFICIENTS

In this study, wave scattering by oscillating plates is determined by the wave reflection and transmission
coefficients. To calculate the reflection and transmission coefficients, the four-gauge method of [34] is applied.
In this approach Gauges Gl and Gll are placed upwave from the leading edge of the plate, and Gauges GllI
and GIV are placed downwave from the trailing edge of the plate, shown in Fig. 1. This method has been used

6 Copyright © by ASME



successfully by [4], [35] and [36] for problems involving rimear wave interaction with structures by the Levels
I GN equations. 174

The surface elevation at a given location (gauge) is split into a series of linear waves of different amplitude,
frequency and phase by use of the Fourier Transform method. The reflected and transmitted wave amplitudes
of the nt" order harmonicAg‘) and A(T”), are decomposed from the surface elevations upwave and downwave,
respectively. To better assess the nonlinear effects, the first three harmonic amphitade® @nd 3) are used toi7s

calculate wave reflectiolGr and transmission coefficientSy, given as 179
A(n) A(n)
C(n) — R (n> — T 14
R AI ) C"I' AI ) ( )

whereA is the incident wave amplitude, and superscfiptrefers ton" order harmonic of the Fourier Transformuso

4 RESULTSAND DISCUSSION 181
Results of the GN model discussed in the previous section for scattering of long waves with a submergeet plate
is presented in this section. Results are given in these sub-sections, namely (i) solitary wave scattering, where we
discuss the effect of submerged oscillating and fixed plate on wave scattering, (ii) comparisons of the results with
available data, and (iii) scattering of cnoidal waves, where we discuss how various parameters affect theswave

scattering. 186
In this paper, all variables are made dimensionless by upegéndh, such that 187
)(l:ﬁa /_na AlZé» H/:E> L%:LP> 6:@7
h h h h h h (15)
t—t,/9 _m e kK e G
h’ ph?B’ pghB’ “ 7% p./ghBh’

where is wavelengthH is wave height, an® is the plate ' width (into the page). Superscripti¢ removed 1ss
hereafter from all variables for simplicity. 189

4.1 Solitary Wave Scattering 190

In this part, solitary wave deformation by an oscillating plate is investigated.' Results are presented in theiform
of solitary wave evolution, i.e. snapshots taken at different times (with equal time intervals) and plotted together.
Shown in Fig .2, a solitary wave with amplitude= 0.2 propagates from left to right and the wave peak reaches
the leading and trailing edges of the plate approximately=at; andt =t,, respectively. For comparison purposess
we also show in this figure evolution of the same solitary wave propagating over the same plate, which is fixed in
place atlg = 0.4. See [22] for the GN model on wave interaction with a submerged fixed plate. 196

The wave undergoes significant deformation as it approaches the oscillating plate. The wave deformatisns are
more remarkable in the case of the oscillating plate when compared to the fixed plate. Shown in Fig.2, we also
find that small waves with decreasing amplitude are reflected upwave when the solitary wave peak apptaaches
the leading edge of the platetatt;. It is found that amplitudes of reflected waves by an oscillating plate ase
significantly larger than those by a fixed plate. It is shown in the figure, compared with the fixed plate, that the
speed of the main wave changes more remarkably when it is passing over the oscillating plate. We can also
observe that the main wave is followed by smaller tail waves when it is passing the plate trailing edge,at 20s
i.e. when the wave is propagating from shallow to deep section. We find that amplitudes of these tail waves are
larger for the case of the oscillating plate than the fixed plate. 205

7 Copyright © by ASME



206 Time series of position of the oscillating and fixed platesamithe solitary wave are presented in Fig. 3.
200 Shown in the figure, the oscillating plate experiences the largest oscillation when the main wave is approaching
208 the leading edge and when it is passing over the plate €tt <t,. We can also observe smaller oscillation
200 amplitudes due to interaction between the plate and reflected small waveswhéer< tz3, and the oscillations
are not remarkable after the main wave is far away from the plate ite- &

|

X Xr

Fig. 2: Solitary wave evolution due to (a) the submerged lasitiy plate (OP) and (b) the submerged fixed plate
(FP) for wave amplitudé = 0.2, Lp = 10,{o = 0.4, m= 4 andk = 12. The red dashed lines are the location of
the leading X ) and trailing ¥7) edges of the plate.

210
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4.2 Comparisons of Time Series

In this section, we compare time series of surface elevation of cnoidal waves propagating over the submerged
oscillating plate calculated by the GN model with the available data, including laboratory experiments, and the
Navier-Stokes (NS) and linear models of [19]. Figure 4 shows the time series of surface elevation, obtained by

the GN, and the available data of laboratory measurements, and the NS and linear models, regprded at2

upwave from the leading edge of the plate, and= Xt + 2 downwave from the trailing edge, for two wave

heightsH = 0.067 andH = 0.133. The length and mass of the plate lase= 1 andm = 0.016, respectively. The

nonlinear GN model shows very good agreement with the laboratory experiments, indicating that nonlinearity is
important in wave interaction with a submerged freely oscillating plate, see [19] for further discussion about the
agreement of the GN model with the available data. The NS and linear approaches predict slightly smaller upwave
amplitude than that of the GN model. The GN and NS models show closer agreement downwave of the plate.
Next, time series of the surface elevation and plate oscillations, calculated by the GN is compared with the NS

model of [19], shown in Fig. 5 fo€y = 0.4, andk = 3, Fig. 6 for{g = 0.6, andk = 3, and Fig. 7 fo{o = 0.4, and

k = 15. The length and mass of the plate Bge= 3 andm = 0.35, respectively. The locations of gauges upwave

8
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-0.02 -

-0.04 |- .

-0.06 | | |
0 50 100 150 200

Fig. 3: Time series of oscillations of the submerged osailpplate (OP) and the submerged fixed plate (FP)
under the solitary waveéd = 0.2, Lp = 10,{o = 0.4, m=4 andk = 12.

----- GN —EXP ---NS =linear

0.2

(a) H=0.067, at x; = X, — 2 (b) H=10.133, at ©1 = X — 2

-0.2

0 0.5 1 1.5 2
t /T
Fig. 4. Comparison of time series of surface elevation of d@aloivaves over a submerged oscillating plate,

recorded upwave (a, b) and downwave (c, d)Ho= 0.067 andH = 0.133 by the GN and laboratory
experiments, and NS and linear models of [IR}= 10, (o = 0.3, andk = 0.041.

9 Copyright © by ASME



25 for Gl and Gl and downwave for Glll and GIV are fixedxat= X, — 6 andx; = X — 3, andx; = X7+ 3 and
X1 = Xt + 6, respectively, and GV is placed above the center of the plate.

0.2 —— GN---NS : : : : : :
(a) GI, at X, — 6 (b) GII, at X, — 3 (c) GIII, at Xy + 3
01t ‘
N B PR 2N / -
\ ,/ *\\ Y N~ K Xo . A AN / A
S ¥ KN /Y NN NN A RS y. SN
= 0 NS /I S s II "\ A TN \ N RN '] \\\ /i . \\ /
RN S N e 7 AR AN ~ ey ]
N4 Neosl! oY S <o N -
-0.1¢
-0.2
0.2 R 0.04
(d) GIV, at Xr +6 (e) GV, at X, + 1.5 (f) Plate oscillations, ¢
017 r r ; .10.02
. - P s o -~ // ’
// f\\\ . /I,\\\ -~ \\. . / RN N \\ ,1'7 i \,I,'P“.‘\ I'\;(/ N "'/"‘\“
< F N d AN RN /7 o ;v INAYs :" y DN s
0 :/ ,\\’\‘1 ’_,,', s\:\_{__ .\\'t _____ ;/ \)..\. _____ ,// ,' '1 \‘I‘| // ,I: NS “ O
- - e ~-7 Voo W ,I' f
\ It ‘\‘\'l B
01 — N Yo -0.02
-0.2 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ -0.04
0 0.5 1 1.5 20 0.5 1 1.5 20 0.5 1 1.5 2
¢ )T ¢ )T ¢ /T

Fig. 5: Comparisons of (a-e) time series of surface elevatiawh(f) plate oscillations by the NS and GN models
for(p=0.4andk=3. T =25H=0.1.

226

227 Shown in Figs. 5, 6 and 7, the GN model predicts the peak of the surface elevation slightly larger in Gl,
28 upwave from the leading edge. In all other gauges, results-of the GN model are in close agreement with the

29 NS model particularly at the downwave gauges. Plate oscillatibnsbtained by the two models are in good
220 agreement in all cases.

221 4.3 Cnhoidal Wave Scattering

232 In this subsection, wave reflection and transmission coefficients are calculated and their nonlinear components
233 Up to the third-order harmonics are considered. All results presented in this section (and the remaining parts of this
232 manuscript) are for cnoidal waves. Results are obtained by use of the GN model, and presented and discussed for
235 arange of variables. Wave Gauges Gl, GllI, Glll and GIV, used in this section, are placed upwave and downwave

236 as shown in Fig. 1, and their locations are determined depending on the wavelengtid @iven in Table 1 for
237 the various conditions considered here.

238 A wide range of parameters, including wavelength, wave height, plate length, initial submergence depth of the
29 plate, spring stiffness and damping coefficients, are considered to investigate their effect on the wave scattering,

20 presented by‘,é{”) andC(r”). Values of these variables are given in Table 2. The length and mass of the oscillating

21 plate arelp = 2 andm = 0.2, respectively, and are constant in all cases in this sed@ige= 0.0, in this section,
242 Unless otherwise stated.
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Table 1: Wave gauge locations with variation of wavelength.

A Gl Gll Gl Glv

6 XL —10 XL—=77 Xr+71.7 Xt +10
8 X, —10 XL —717 Xr+7.7 Xr+10
10 XL —10 XL—-77 Xr+71.7 XT+10
12 XL —10 XL—-77 Xr+7.7 XT+10
16 X, —10 XL —54 Xr+54 Xr+10
20 X, —10 XL —54 Xr+54 Xr+10
24 XL —10 XL—54 XT+54 XT+10

Table 2: Values of variables considered in this study.

Variables Values
WavelengthA 6, 8, 10, 12, 16, 20, 24
Wave heightH 0.1, 0.15,0.2,0.25, 0.3, 0.35, 0.4
Plate lengthLp 1,2,3,4
Initial submergence deptlg 0.2,0.3,0.4,0.5,0.6
Spring stiffnessk 0.3,0.6,1,2,3,4,6,8,10
Damping coefficientCqy 0.0,1.0,5.0

4.3.1 Effect of Wavdength

Figure 8 shows the variation Gé{”) andC(r”) with A /Lp for different initial submergence deptie,= 0.2, 0.4
and 06. Shown in Fig. 8(:&n> andC(vaary nonlinearly with\ /Lp. The nonlinear componen'@éf) andC@, and
Céf) andcf’), play more remarkable roles for longer waves) Atp > 5, in most cases.

Shown in Fig. 8, the smalleﬁ,gl) value is observed at the largest wavelendifiLe = 12), for larger initial
submergence depth&y(= 0.4 and 06). This is because in the presence of long waves, the plate size compared to
the size of the wave is small, hence the plate has smaller effect on the wave. Also, the wave-induced oscillations
are less remarkable when the plate is submerged farther from the free surface. P(é,gi(amﬂcéf) occur at
A/Lp =8 for {p = 0.4 and 06. The peak values mIéf) andCéf’) at{p = 0.2 are larger than that gy = 0.4 and
0.6, which shows that nonlinear effects play a more important role when the plate oscillates closer to the free

surface, and this is of course not surprisiﬁ?é%) is nearly constant with increasing'Lp, while ng) andC?) are
increasing in most cases.

4.3.2 Effect of Wave Height
Figure 9 shows variation cﬁ:g‘) andC(T”) with various wave heights foa€y = 0.0, 10 and 50. Shown in

Fig. 9,Cg') andC%”) vary nonlinearly with wave height. Also, the damping coefficients hardly affect the wave
reflection and transmission coefficients.
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259 Shown in Fig. 9Cél) and Céf) are smallest dl = 0.4 for all cases because of the largest value for nonlinearity.
260 Cél) generally decreases with increasing wave height V\(D&fé is oscillatory fromH = 0.1 toH = 0.4, and its
261 maximum value occur at an intermediate wave height: 0.25. The third-order componen@éf’) andC@, are
2 remarkably smaller in all wave heights. Valuescé}) show less variation with wave heightl], and roughly

263 equals to 0.7 in nearly all caseS(Tz) reaches a maximum value at a relatively larger wave heldjht,0.35, but it
264 becomes much smaller with an increase in wave height.

2

(<]

265 4.3.3 Effect of Plate Length

266 Figure 10 shows the variation Gé{”) andC%”) with various plate lengths fox = 6, A = 12 andA = 24. The
267 length of the plate, as considered here, is betwges 1 andLp = 4, with an interval of 1. The plate density is
invariant and thus its corresponding mass is betwaen0.1 andm = 0.4, with an interval of QL.

(a) A=6 —o—n=1 (b)y A=12 (c)A=24
0.8¢ -m-n =
—-A-n =3
—~ 0.6
=K
00.4*
0.2
---8----m---01
O A A A A
1 :
(dr=6
0.8
— 067
Sk
0.4r
0.2
0 - PO
0 1 2 3 4 5
Lp

Fig. 10: Variation of (a)-(c) wave reflection and (d)-(f) temmission coefficients with plate lengtl for A = 6,
12 and 24, antéH = 0.2 and{y = 0.4 are constant.

268

269 As shown in Fig. 10, we find that wave reflection and transmission vary nonlinearly with plate length. The
270 - second-order and third-order harmonics rarely contribute to wave reflection and transmisgica 6orin this

271 figure,Cél) is reversely changed with plate length fo= 6 whiIeCéel) is almost positively proportional withp for

2722 A =12 and\ = 24. This is mainly because the bottom pressure of the oscillating plate are distributed in a parabolic
273 form. Wave forces acting on the plate vary nonlinearly with increasing plate lengths and thus plate oscillations are
274 not identical even for the sand/Lp, but a different plate length. Note that plate lengths are nondimensionalized

275 by the fixed water depthn.
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4.3.4 Oscillating vs Fixed Submerged Plate 276
In this section, we investigate differences in wave scattering by a horizontal submerged oscillating platezand an
equivalent horizontal submerged fixed plate. Identical wave-plate conditions are used for the fixed and osciating
submerged plates to allow for a direct comparison of the results. The only difference is that we use thezmodel
discussed here for the oscillating plate, while the model of [22] is used for the fixed plate, which utilizes thezievel
| GN theory. See [4] for a parametric study of wave scattering by a fixed, submerged horizontal plate. 281
Figure 11 shows that surface elevation time series recorded in Gauges Gl and Gll upwave, Gauges GdHI and
GIV downwave, and Gauge GV above the center of the oscillating plate are compared to that of the fixedsplate.
Shown in Fig. 11, wave amplitudes scattered by the oscillating plate are slightly larger in Gauge Gl whie the
wave heights scattered by the oscillating plate are smaller in other gauges, particularly in Gauges Gll and GV.

—OP---FP ‘ ‘ ‘ ‘ ‘
(a) GI (b) GII ¢) GIII

-0.2
0.2

d) GIV
0.1

Fig. 11: Comparisons of time series of surface elevationdpb) Gauges Gl and Gll upwave, (c, d) Glll and
GIV downwave, and (d) GV above center of the plate, scattered by the-oscillating plates (OP) and the fixed plates
(FP).A=6,H=0.2,{p =0.5, andk = 3.

285

Figure 12 illustrates variation ﬁg‘) andC(r”), of the oscillating plate and fixed plate wifp for three wave- 2ss
lengthsA =6, 12 and 24. In Fig. 12, we can observe remarkable differences between the oscillating plate ang-fixed
plate for shorter wavelengtiA & 6). However,Cé{n> andC@, of the oscillating plate are much closer to the fixesh
plate for the longer wavelengtih & 24). This is because pressure differences above and below the oscillating
plate are not remarkable for long water waves, and thus the plate oscillations are limited, see [19]. 290

Variation ofCé{n> and(:%n> of the oscillating plate with various spring stiffness ko 6, A = 12 and\ = 24 are 20
shown in Fig. 13. Similar to that in Fig. 8, nonlinearity has more significant effect on longer waves for different
spring stiffness. The oscillating plates with a weaker spring attached té, €L, allow larger oscillations, andzss
this causes larger wave reflection. Also resulté:@f andC%”) by the same submerged fixed plate are presenied
and compared in the figure. We observe that wave reflection and transmission coefficients of the oscillatings plate

15 Copyright © by ASME
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fixed plates (FP) witl{g for A = 6,.12-and 24, anti = 0.2 andk = 3 are constant.

tend to be invariant with increasing spring stiffness. We can also observe that wave reflection and transmission
scattered by an oscillating plate connected to a relatively strong spring, are much closer to those by a fixed plate,
i.e. the wave field scattered by an oscillating plate with a‘strong spring is similar to that by a equivalent fixed
plate.

5 CONCLUDING REMARKS

In this study, a model based on the nonlinear Level | Green-Naghdi equations for wave propagation over
submerged oscillating plates is developed. Attention is confined-to-wave scattering by an oscillating plate in
shallow water. Wave reflection and transmission coeﬁici@ﬁ‘%,andC%”), are determined to evaluate the reflected
and transmitted waves, respectively. To investigate the contributions of nonlinear components to scattered waves,
the first three harmonics are considered in this study.

Time series of surface elevation of the model are compared with the laboratory experiments, the NS and
linear models of [19]. Good agreement is observed between the GN results and experimental data and the other
two numerical results.

Variations ofcg‘) andC(r”) with various parameters, including wavelength, wave height, plate length, initial
submergence depth of the plate, spring stiffness and damping coefficients, are investigated as well in this study.
Overall nonlinear harmonics play an important role to determine wave scattering by the oscillating plate in shallow
water.Céf) andC%z), are remarkable in most cases wf@l@ andC%S), are less significant.

In this study, a wide range of parameters are considered to investigate their effect on wave scattering by
a submerged oscillating plate. It is found th}&) andC%”) vary nonlinearly withA/Lp. Nonlinear harmonic
components play a more remarkable role on the wave scattering for longer waves. Initial submergence depth of
the oscillating plate has more significant influence on the first harm@gicandC{” , than that of the higher-order
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Fig. 13: Variation of (a)-(c) wave reflection and (d)-(f) temnission coefficients of oscillating plates (OP) vs
fixed plates (FP) with spring stiffnegsfor A = 6, 12 and 24, an#él = 0.2 and{y = 0.4 are constant.

components. The effect of wave height @W is-less than that oﬁ:g”. The damping coefficients show smakh-

effect onCé{”) andC(r”) for the cases considered in this study. Plate lengths nonlinearly affect the plate oscillations,
and wave reflection and transmission coefficients are not identical for thedsdmpebut a different plate length. s
Springs, attached to the plate, dominate the performance of wave scattering. It is also found that wave scaitering
is hardly altered with relatively stronger springs, i(ég,‘) andC%”) of the oscillating plate are almost invariantz:
like an equivalent fixed plate. 322
Wave scattering by an oscillating plate are calculated by use of the GN model, and compared with that of a
fixed plate. We find that differences of wave scattering by the oscillating and fixed plates are more remarkable for
shorter waves. Overall, it is observed that an oscillating submerged plate-can have remarkable effect on the wave
field. In almost all cases considered here, the presence of the oscillating plate increases the nonlinearitysof the

flow field. 327
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