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Experiments are conducted in a wave tank to investigate wave scattering by a
three-dimensional submerged horizontal rectangular plate in a channel. The free-surface
elevation around the plate is presented for various water depths and depths of
submergence of the plate. The wave forces and moments are obtained using an underwater
load measuring system. The numerical simulations are performed with a parallelized
three-dimensional boundary element method. The numerical set-up follows closely the
set-up of the laboratory experiments. The numerical results are compared with the
experimental results for non-breaking waves. In most cases a good agreement is found
for the free-surface elevation, the vertical force and the moment. A physical interpretation
of the flow around the plate is provided. The pressure distribution on the lower surface of
the plate differs from the linear distribution from the leading edge to the trailing edge that
is obtained in the equivalent two-dimensional problem. The reflection by the lateral walls
is investigated.

Key words: wave scattering, wave-structure interactions

1. Introduction

The interaction of a solitary wave with a three-dimensional (3-D) submerged horizontal
plate in a channel was recently investigated experimentally by Wang et al. (2020) and
numerically by Geng, Liu & Dias (2021). It was shown that when the wave approaches
or leaves the plate, the channel flow underneath the plate contributes to the positive
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peaks of the vertical force. As the wave crest approaches the centre of the plate, the
negative force caused by the dynamic pressure on the upper surface of the plate dominates.
Here we consider again the propagation of waves above a submerged horizontal plate
in a channel but from the point of view of wave scattering. The incoming waves are
nonlinear periodic waves. The problem of wave scattering by a submerged plate has been
widely studied. In the framework of linear potential wave theory, the method of matched
asymptotic expansions was applied by Siew & Hurley (1977) to give the first-order
reflection and transmission coefficients for the scattering of long waves by a submerged
plate. Patarapanich (1984) studied numerically forces and moments exerted on the plate by
using a finite element method and then compared the results with those of Siew and Hurley.
Patarapanich & Cheong (1989) conducted experiments and reported optimal conditions
for the submerged horizontal plate to minimize the wave transmission. The method of
eigenfunction expansion was used by Liu & Iskandarani (1991) to study short-wave
scattering by a submerged plate. This method was extended by Cheong, Shankar &
Nallayarasu (1996) to the complete range of water depths. Dong et al. (2018) further
modified the method to allow for a varying bathymetry. Another approach to study the
problem is to use an integral equation method. Parsons & Martin (1992) investigated the
variation of the reflection coefficient as a function of the angle of inclination of the plate
by using hypersingular integral equations.

The study of nonlinear effects is relatively scarce. Kojima, Yoshida & Nakamura (1994)
reported nonlinear wave forces exerted on a submerged horizontal plate to the second
order. Brossard & Chagdali (2001) presented an experimental study of higher harmonics
induced by a submerged plate. Two moving wave probes were used to separate the reflected
waves from the incident waves. Liu, Huang & Tan (2009) developed a desingularized
boundary element method (BEM) to study the nonlinear wave scattering by a submerged
thin plate. Higher harmonics were extracted and compared with experimental results from
Brossard & Chagdali (2001). Simulations based on the Navier–Stokes equations can also
be found. Pinon et al. (2017) used a two-dimensional (2-D) Lagrangian vortex method
to study the velocity and vorticity field around the plate. The numerical work was the
continuation of the experimental study by Poupardin et al. (2017).

For the 3-D case, several methods have been used to study wave scattering by a
submerged circular disk due to the simplicity of its shape. Yu & Chwang (1993) proposed
a theoretical solution to the problem using an eigenfunction expansion approach. They
investigated the phenomenon of wave focusing behind the plate. Farina & Martin (1998)
studied this problem in deep water and reduced it to a hypersingular integral equation
over the surface of the disc. They discussed the relationship between the scattering
cross-section and the added mass. Both cases are restricted to open-sea conditions and a
circular shape. However, when the structures are located inside a harbour or some naturally
formed confined offshore area, the scattered waves are reflected by the lateral walls and
interact with the incoming waves. In the present paper, we describe a series of experiments
that were conducted in the Tsunami Basin for Offshore Regions (Wang, Fang & Liu 2018)
to better understand how the lateral walls on both sides of the channel affect the wave
field. A thorough investigation of wave scattering by a 3-D submerged rectangular plate
is performed. Numerical simulations, which use a parallelized fully nonlinear BEM, are
performed to compare and further explore the phenomena observed in the experiments.
Both the experiments and the numerical simulations are novel.

The main objective of this paper is to investigate the loads on the submerged horizontal
plate. The layout of the paper is as follows. In § 2, we review the experiments. The
numerical method is then briefly described in § 3. Section 4 provides comparisons of the
numerical results with the experimental results for the free-surface elevation, the forces
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Figure 1. Side view of the wave flume and plate used for the laboratory experiments. The parameters that can
be adjusted in the experiments are the wave height H, the water depth h, the distance from the bottom to the
lower surface of the plate B and the depth of submergence of the plate G. The plate is 10 cm thick.

and the moments. A parametric study is performed. Conclusions and a discussion of our
results are presented in § 5.

2. Description of the experiments

The experiments were conducted in the Tsunami Basin for Offshore Regions in Shanghai
Jiao Tong University. A detailed description of the set-up is provided by Wang et al. (2020).
Even though Wang et al. (2020) focus on solitary waves, the experimental set-up is the
same. In the experiments, each case is repeated three times. The maximum relative error
is less than 5 %. The standard deviation is from 1 % to 2.6 %. In general, the smaller the
wave amplitude, the larger the statistical error probably caused by electrical noise. The
wave flume is 42 m long and 4 m wide with a piston-type wavemaker installed at one end.
The plate-type structure is made of organic glass. It is 200 cm long, 78 cm wide, 10 cm
thick and mounted on the bottom in the middle region of the flume (see figure 1). Four
piezoelectric force balance units are installed inside the plate. A dynamometric system is
used to measure wave loads on the structure. The constant water depth is denoted by h.

The free-surface elevation is measured by resistance-type wave gauges (WGs). Twenty
WGs are spread around the plate; their exact locations and labels are shown in figure 2.
Taking the centre of the plate as the origin (0, 0) of the horizontal (x, y)-plane, we list the
(x, y)-coordinates of all the WGs in table 1.

We use the classical wavemaker theory for plane waves produced by a piston-type
wavemaker; it is explained, for example, by Dean & Dalrymple (1991). Time is denoted
by t. The wave produced by the wavemaker propagates along the positive x-direction. To
obtain a periodic wave elevation η(x, t) with wave height H, wavenumber k and angular
frequency ω (or period T = 2π/ω), that behaves like

η(x, t) = H
2

cos(kx − ωt) (2.1)

far away from the wavemaker, the horizontal displacement s(t) of the wavemaker must be
defined by

s(t) = S
2

sin ωt, (2.2)

where S is the stroke of the wavemaker.
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Figure 2. Top view of the wave flume and plate used for the laboratory experiments (all distances are in cm).
The locations of the 20 WGs, labelled 1 to 20, are shown. They lie along four lines in the direction of the wave
and five lines across the wave flume. The four squares indicate the locations of the four three-component force
balance units.

WG1 (−145, −95) WG5 (−105, −95) WG9 (0, −95) WG13 (105, −95) WG17 (145, −95)

WG2 (−145, −45) WG6 (−105, −45) WG10 (0, −45) WG14 (105, −45) WG18 (145, −45)

WG3 (−145, 0) WG7 (−105, 0) WG11 (0, 0) WG15 (105, 0) WG19 (145, 0)

WG4 (−145, 45) WG8 (−105, 45) WG12 (0, 45) WG16 (105, 45) WG20 (145, 45)

Table 1. Coordinates of the twenty WGs (in cm). The coordinates (0, 0) correspond to the centre of the plate.

The ratio of wave height to stroke is given by

H
S

= 2(cosh 2kh − 1)

sinh 2kh + 2kh
, (2.3)

where the wavenumber k satisfies the dispersion relation

ω2 = gk tanh kh. (2.4)

3. Numerical method

Numerical models of 3-D potential flow wave propagation can be divided into three main
categories: (i) BEMs; (ii) finite element methods; (iii) spectral methods. Methods (i)
and (iii) reduce the water wave problem from one posed inside the entire fluid domain
to one posed on the boundary alone, thus reducing the dimension of the formulation.
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Figure 3. Sketch of the computational domain. The free surface Γf (t) is defined by the position vector x(t).
Lateral boundaries are denoted by Γr1 and Γr2, where Γr1 is the boundary for the wavemaker and Γr2 are other
impermeable walls. The bottom and the structure are denoted by Γb and Γs, respectively. Tangential vectors at
point x(t) are defined as (s, m) and the outward normal vector as n.

These approaches are summarized for example in Grilli et al. (2010). The present study
uses a boundary element numerical wave tank (known as NWT) code, which has already
been used by Geng et al. (2021). The code uses a BEM to compute field variables. The
16-node quadrilateral elements provide global third-order precision. Since the numerical
wave tank was fully explained in Geng et al. (2021), we only provide a summary of the
main features (see also Grilli et al. 2001).

3.1. Mathematical formulation
The computational domain is shown in figure 3. The velocity potential φ(x, t) is used to
represent the 3-D flow, which is assumed to be inviscid and irrotational. Here x = (x, y, z)
denotes a point inside the fluid domain, with z the vertical coordinate. The continuity
equation in the fluid domain is the 3-D Laplace’s equation for φ, i.e.

∇2φ = 0. (3.1)

Green’s second identity transforms Laplace’s equation (3.1) into an integral equation on
the boundary,

α(xl)φ(xl) =
∫

Γ

{
∂φ

∂n
(x)G(x, xl) − φ(x)

∂G
∂n

(x, xl)

}
dΓ, (3.2)

where x and xl are the coordinates of points on the boundary, G is the 3-D free space
Green’s function G(x, xl) = 1/4πr and (∂G/∂n)(x, xl) = −(1/4π)(r · n/r3), ∂/∂n is
the normal derivative with the normal vector pointing out of the domain and α(xl) is
proportional to the exterior solid angle made by the boundary at the collocation point xl.
The boundary Γ consists of the free surface, the flat bottom, the six sides of the submerged
horizontal plate, the wavemaker and the end of the wave tank.

At a point x on the free surface, φ satisfies the nonlinear kinematic and dynamic
boundary conditions, written in a mixed Eulerian–Lagrangian form, with the material
derivative D/Dt ≡ ∂/∂t + ∇φ · ∇, as follows:

Dx
Dt

= ∇φ, (3.3)

Dφ

Dt
= −gz + 1

2
∇φ · ∇φ, (3.4)
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where g is the acceleration due to gravity. At the wavemaker moving with velocity U , the
normal velocity is continuous over the surface of the wavemaker,

∂φ

∂n
= U · n. (3.5)

At the bottom and other fixed parts of the boundary, the no-flow condition ∂φ/∂n = 0 is
prescribed.

3.2. Time integration
Second-order explicit Taylor series expansions are used to express both the new position
and potential on the free surface. First-order coefficients are given by the boundary
conditions (3.3) and (3.4). The pairs ∂φ/∂t, ∂2φ/∂t∂n are computed by solving another
integral equation similar to (3.2). For the evaluation of the tangential derivatives, a
fourth-order interpolation scheme is employed.

The time step is adapted by finding the minimum distance between two nodes on the free
surface. In order to maintain the stability when strong nonlinear free-surface deformations
occur, an equally spaced regridding method is adopted every 10 time steps, starting when
the first wavefront arrives at the leading edge of the plate.

3.3. Spatial discretization
The boundary is discretized into N collocation nodes and M high-order elements are used
to interpolate in-between q of these nodes. Within each element, the boundary geometry
and the field variables are discretized using polynomial shape functions. We choose cubic
reference elements (q = 16), which provides C2 continuity in-between elements.

The integral equation (3.2) is transformed into a sum of integrals over the boundary
elements, each one being calculated on the reference element. The associated discretized
boundary integral equation leads to a sum on the N boundary nodes,

α(xl)φ(xl) =
N∑

j=1

(
KD

lj
∂φ

∂n
(xj) − KN

lj φ(xj)

)
, (3.6)

where l = 1, . . . , N. Here KD
lj and KN

lj are Dirichlet and Neumann global matrices,
respectively.

In terms of the intersecting parts of different boundaries, such as between the free
surface and the lateral boundary, boundary conditions and normal directions are generally
different. Therefore, double nodes are used to represent these corners and the continuity
of the potential is imposed.

3.4. Convergence
A convergence test is conducted using meshes with three different resolutions. Table 2
shows the number of nodes on the free surface. A comparison of the results is shown in
figure 4. It can be seen that the numerical results obtained using mesh 2 are close to those
from mesh 3 but slightly deviate from those obtained using mesh 1. Therefore, mesh 2 is
considered to be sufficient to reach a convergent solution in our model.
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Figure 4. Comparison of the hydrodynamic load on the plate as a function of time t with three different mesh
resolutions. (a) Horizontal force Fx; (b) vertical force Fz.

Mesh no. Number of nodes

1 3856
2 6321
3 9386

Table 2. Number of nodes for different meshes on the free surface tested for convergence.

3.5. Wave generation
For the numerical wave generation, a simple exponential ramp function is applied on the
horizontal displacement s(t) provided by (2.2) to make the generation smooth. A similar
method can be found in Yan & Ma (2007) and Liam, Adytia & van Groesen (2014),

s(t) = S
2

sin ωt(1 − e−βωt), (3.7)

where β is a constant that was adapted for the various periods we considered.
How the wavemaker is ramped exactly in the experiment is unknown. Therefore, a slight

deviation between the numerical and experimental results is expected at the beginning.

4. Results

As shown in figure 1, G is the depth of submergence and B is the distance from the bottom
to the lower surface of the plate. Two different water depths (h = 50 and 60 cm) and three
depths of submergence (G = 20, 30 and 40 cm) were used in the laboratory experiments.
For each combination of h and B, three different ratios of wave height to water depth were
investigated. Finally, for each ratio, five different wave periods (T = 1.2, 1.4, 1.6, 1.8 and
2.0 s) were tested. The combinations are summarized in table 3.

The set of experiments contained both non-breaking and breaking cases. The list of
non-breaking cases is provided in table 4. Since the boundary integral equation method
cannot handle broken waves, the comparison with experiments involving broken waves
is left for future work. Note that in some cases that are borderline between breaking and
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B (cm) h (cm) B (cm) h (cm) B (cm) h (cm)

20 50/60 30 50/60 40 60

Table 3. Experimental cases. For each combination of B and h, there are three values of the ratio of wave
height to water depth H/h (0.1, 0.2 and 0.3) and five values of the period T (1.2, 1.4, 1.6, 1.8 and 2.0 s).

B (cm) h (cm) H/h T (s) H/L

20 50 0.1 1.2, 1.4, 1.6, 1.8, 2.0 0.0244, 0.0195, 0.0163, 0.0140, 0.0123
50 0.2 1.2, 1.4, 1.6, 1.8, 2.0 0.0489, 0.0389, 0.0325, 0.0280, 0.0247
60 0.1 1.2, 1.4, 1.6, 1.8, 2.0 0.0283, 0.0222, 0.0184, 0.0157, 0.0138
60 0.2 1.2, 1.4, 1.6, 1.8, 2.0 0.0566, 0.0444, 0.0367, 0.0314, 0.0275
60 0.3 1.4, 1.6, 1.8, 2.0 0.0666, 0.0551, 0.0471, 0.0413

30 60 0.1/0.2 1.2, 1.4, 1.6, 1.8, 2.0

Table 4. Non-breaking experimental cases.

non-breaking, the numerical simulations led to wave breaking while no wave breaking was
observed during the experiments.

4.1. Surface elevation
In this section, the free-surface elevation at selected WGs, normalized by the wave height
H, is compared with experimental measurements. The numerical and experimental results
are synchronized using the data of WG3, which is located on the middle line upstream of
the plate. When WGs are symmetrically located, like WG2 and WG4, the results of only
one WG are shown below. In fact, these WGs were used to check the symmetry of the
measurements.

Figure 5 shows comparisons between experimental and numerical results in the case
B = 20 cm, h = 50 cm, H/h = 0.1 at six selected WGs (five of them, WG3, 7, 11, 15,
19, are along the x-axis, which coincides with the centreline of the plate; WG13 is off
one of the downstream edges of the plate) for three different wave periods (1.2 s, 1.6 s,
2 s). Figure 6 is the same as figure 5, except that B = 30 cm, h = 60 cm, H/h = 0.2.
Unfortunately the physical wavemaker software package that includes the algorithm used
to generate the regular waves is a ‘black box’. Even though the time ramp used in the
experiments to gradually generate the waves is different from the algorithm used in the
numerical simulations, the overall agreement is uniformly good. It can been seen that
the wave amplitudes are not always constant. For example, in figure 5, the free-surface
elevation at WG11 decreases as a function of time for T = 1.2 s while it increases for
T = 2 s. The wave amplitude also increases at WG7 for T = 1.2 s. The free-surface
elevations at WG3 and WG7 for T = 2 s even decrease first before increasing again. At
WG19 for T = 1.2 s, the wave amplitude first increases and then plateaus at a constant
value. These changing wave amplitudes are the result of the interaction between the
reflected scattered waves from the lateral walls and the incoming wave. The varying
wave field above the plate has a great influence on the hydrodynamic loads on the plate,
especially the vertical force.

Due to shoaling, the wave amplitude at WG11, which is the only WG located above
the plate, is normally the largest and can be as large as two to three times the incoming
wave amplitude depending on the depth of submergence. However, in the middle column
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Figure 5. Comparison of the free-surface elevation at six selected WGs (WG3, 7, 11, 13, 15, 19) when B =
20 cm, h = 50 cm, H/h = 0.1: T = 1.2 s (a,d,g,j,m,p); T = 1.6 s (b,e,h,k,n,q); T = 2 s (c, f,i,l,o,r). The solid
and dashed lines represent the experimental and numerical results, respectively.
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Figure 6. Same as figure 5 when B = 30 cm, h = 60 cm, H/h = 0.2. The box on the third line and third
column indicates the largest discrepancy between experiments and simulations.
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Wave scattering by a submerged plate in a channel

of figure 6 that corresponds to T = 1.6 s, the wave amplitudes at WGs 15 and 19 are even
larger than that at WG11. This phenomenon depends on the ratio of the wave length to the
length of the plate.

In figure 6, at WG19 for T = 2 s, one observes nonlinearities that are typical of reflected
waves interacting with the incoming wave. There is a strong crest/trough asymmetry at
WG11 for T = 1.2 s. The largest discrepancy between experiments and simulations occurs
at WG11 when T = 2 s (see the box in the plot on the third line and third column of
figure 6). The experimental values plateau while the numerical values keep increasing.
The numerical values are the largest of all our simulations. The large amplitudes are due
to 3-D effects leading to waves developing into jets that often characterize wave breaking
in crossing seas. The topic of 3-D wave breaking has been recently revisited by McAllister
et al. (2019), who showed experimentally the formation of upward projected jets that do not
limit wave crest height under crossing-sea conditions. Longuet-Higgins & Dommermuth
(2001a,b) also studied numerically the breaking of standing waves and the consequent
formation of jets.

4.2. Horizontal force, vertical force and moment
The nonlinear hydrodynamic loads are calculated by integrating the pressure distribution
along the structure’s surface,

F =
∫

pn dS, (4.1)

M =
∫

px × n dS, (4.2)

where F and M are the hydrodynamic force and moment, respectively, x is the vector of
coordinates from the centre of the plate.

To obtain the pressure distribution on the structure, Bernoulli’s equation is used:

p
ρ

= −gz − 1
2
∇φ · ∇φ − ∂φ

∂t
. (4.3)

As anticipated because of the symmetries involved in the experiments and reproduced
in the numerical simulations, it was checked that the lateral force Fy, the yaw moment Mz
and the roll moment Mx are negligible. Therefore, this section presents the comparisons
of the horizontal force Fx, the vertical force Fz and the (pitching) moment My between the
numerical and the experimental results. The overall agreement is satisfactory except for
the horizontal force Fx in the case when the wave period is T = 1.2 s and for the vertical
force Fz when T = 2 s. Examples for B = 20 cm, h = 50 cm, H/h = 0.1 and B = 30 cm,
h = 60 cm, H/h = 0.2 are shown in the top row of figure 7 (T = 1.2 s). We also show
results for T = 1.6 s and T = 2 s in figures 8 and 9. We selected some other cases where
poor agreement was obtained. In figure 10, the horizontal force in the experiment is much
larger than the numerical force at the beginning. The reason why this is happening eludes
us. A typical WG measurement is shown as well. It can been seen that the free-surface
elevation at this particular WG (and in fact at all WGs – not shown in the figure) is small
at the beginning.

The vertical force shows several different patterns, for example increasing in
figure 11(a,c), and fluctuating like a wave group in figure 11(b,d). Since the pattern is
not periodic, the maxima of the vertical forces cannot be defined, as opposed to the case
of solitary waves, as shown in Geng et al. (2021).
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Figure 7. Horizontal force Fx (a,b), vertical force Fz (c,d) and moment My (e, f ) when B = 20 cm, h = 50 cm,
H/h = 0.1 (a,c,e) and B = 30 cm, h = 60 cm, H/h = 0.2 (b,d, f ). Here T = 1.2 s (solid line, experimental;
dashed line, numerical).

Unlike the vertical force, the time history of the pitching moment shows a consistent
periodicity. Since the plate is relatively thin, the pressure distributions on the upper and
lower faces are the key contributors to the moment. Compared with the variable behaviours
that we highlighted for the vertical force, we can conjecture that the pressures also fluctuate
along both sides of the plate but that the way they are distributed somehow maintains
unchanged the magnitude of the moment.

4.3. Description of the hydrodynamic loading process
We choose the case B = 30 cm, h = 60 cm, H/h = 0.1, T = 1.8 s (see figure 12) to
analyse the basic hydrodynamic loading process and how the reflected scattered waves
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Figure 8. Same as figure 7 for T = 1.6 s.

alter the wave field. Selected time points are marked A, B, C, D, E and F. Figure 13 shows
a sequence of numerical results at these key times of the loading process within one wave
period.

The first column in figure 13 shows the pressure distribution in the middle line of the
plate’s upper and lower faces. If we define the upper surface pressure as Pupper and the
lower surface pressure as Plower, their difference is defined as Plower − Pupper. The vertical
force and pitching moment can be calculated from the following expressions:

Fz =
∫

S
(Plower − Pupper) dS, My =

∫
S
(Plower − Pupper)x dS, (4.4a,b)

where S denotes the surface area of the plate.
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Figure 9. Same as figure 7 for T = 2 s.

The loading process starts with the wave crest reaching the leading edge of the plate. The
previous wave cycle leaves a hollow on the free surface and a low pressure area covering
almost half of the trailing edge side of the plate, which leads to the maximum vertical
force. As the wave propagates, it focuses above the plate and alters the upper surface
pressure distribution, leading to the minimum moment and the zero-crossing point for the
vertical force subsequently. When the centre of the focused wave is moving close to the
centre of the plate, the pressure distribution is balanced on both sides, which yields the
zero-crossing point for the moment. Wave focusing continues and leads to an increase of
the upper surface pressure even further, giving the minimum vertical force. In the end, the
focused wave reaches its peak near the trailing edge and is ready to decrease and leave the
plate.
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Figure 10. Horizontal force Fx and free-surface elevation at WG11 when B = 20 cm, h = 60 cm, H/h = 0.1,
T = 1.2 s (solid line, experimental; dashed line, numerical).
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Figure 11. Vertical force Fz and moment My when B = 20 cm, h = 50 cm, H/h = 0.1, T = 2 s (a,c) and
B = 20 cm, h = 50 cm, H/h = 0.2, T = 1.8 s (b,d) (solid line, experimental; dashed line, numerical).

By analysing the basic loading process, it can be seen that the ratio of the wavelength
to the plate length is a key parameter. Different ratios mean different relative positions of
the focused wave above the plate, which has a great impact on the moment exerted on the
plate.

To analyse how the lateral walls change the hydrodynamic load on the plate, we mark
with letters I to VI several times of interest in figure 14. The pressure distribution along
the plate at times corresponding to points I and VI is presented in figure 15. It can be
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Figure 12. Selected times over one wave period for the vertical force (a) and the moment (b): A, maximum
of Fz; B, minimum of My; C, zero-crossing of Fz; D, zero-crossing of My; E, minimum of Fz; F, maximum of
Fy (solid line, experimental; dashed line, numerical). The parameters are B = 30 cm, h = 60 cm, H/h = 0.1,
T = 1.8 s.

seen that from the time corresponding to point I to the time corresponding to point VI
the pressures on both surfaces increase together but their differences decrease. However,
the change of the pressure difference is almost symmetrically distributed along the plate.
Combining these two effects explains why the amplitude of the vertical force decreases
while the magnitude of the moment remains unchanged.

4.4. Parametric study
Since the results in the previous sections showed an overall good agreement between
experimental and numerical results, we now investigate the effects of different parameters
on the hydrodynamic loading process. One of the key parameters is the ratio between the
wavelength and the width of the channel defined by

λ = λ
′

b′ , (4.5)

where λ′ is the wavelength, b′ is the width of the channel and λ is the non-dimensional
wavelength. As shown by Renzi & Dias (2012), the hydrodynamic behaviour varies at
special values of λ, i.e. λ = 1, 1/2, 1/3, . . ., which are known as the cutoff wavelengths
of the transverse sloshing modes in a channel (see, for example, Shemer, Kit & Miloh
1986). The sloshing modes are transverse standing waves bouncing back and forth between
the lateral walls. They have a wave length λ′m related to the channel width b′, satisfying
mλ′m/2 = b′. Due to the symmetry of our problem, we only have the even sloshing modes.
The first two even modes are plotted in figure 16. In the following discussion, the width of
the channel b′ is fixed as 4 m and the water depth is set to be 60 cm. The wavelengths of
the first two sloshing modes are λ′2 = 4 and λ′4 = 2 m. Their corresponding wave periods
are 1.8653 and 1.1582 s. To demonstrate that the frequency of the first sloshing mode is
not related to the incoming wave, we show in figure 17 the spectrum of the wave elevation
at WG11 when the wave period is 1.4 s. As can be seen, the frequency of the first sloshing
mode, around 0.536 Hz (T = 1.8653 s), is captured apart from the main frequency of the
incoming wave.
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Figure 13. Sequence of numerical results illustrating the loading process. The parameters are B = 30 cm,
h = 60 cm, H/h = 0.1, T = 1.8 s. (a,d,g,j,m,p) Pressure distribution on the upper and lower faces of the plate
and their difference; (b,e,h,k,n,q) snapshot of the free surface; (c, f,i,l,o,r) top view of the free surface. See
figure 12 for the significance of the times A–F.
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Figure 14. Vertical force Fz showing a decreasing trend when B = 30 cm, h = 60 cm, H/h = 0.1, T = 1.8 s
(solid line, experimental; dashed line, numerical).
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Figure 15. Numerically calculated pressure distribution at times corresponding to points I and VI (solid line,
pressure distribution on the upper face of the plate; dashed line, pressure distribution on the lower face of the
plate).

To understand how the sloshing modes affect the hydrodynamic behaviour at these
cutoff wavelengths, two representative cases are investigated: λ = 1 and λ = 1/2 when
B = 30 cm, h = 60 cm and H/h = 0.1.

Figure 18 shows the free-surface elevations around the plate when λ = 1/2. It can be
seen that wave focusing above the plate is intensified and the wave amplitude at WG13 is
compressed. A physical interpretation is that the transverse sloshing mode when m = 4
shares the same frequency as that of the propagating wave while its phase coincides, so
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Figure 16. The first two even sloshing modes (solid line, m = 2; dashed line, m = 4).
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Figure 17. Fourier analysis of the wave elevation at WG11 when B = 30 cm, h = 60 cm, H/h = 0.1 and
T = 1.6 s. The red circle indicates the frequency of the first sloshing mode.

that when the standing wave reaches its peak in the middle line, the propagating wave
also reaches its crest. When this sloshing mode reaches its crest in the centre, it has a
trough at one quarter of the channel and cancels the crest of the incoming wave. Because
WG13 is located close to that point, it explains why the free-surface elevation at WG13 is
compressed. To illustrate the effects of this transverse sloshing mode more clearly, we plot
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Figure 18. Free-surface elevation at 15 selected WGs when B = 30 cm, h = 60 cm, H/h = 0.1, λ = 1/2,
T = 1.1582 s.
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Figure 19. Free-surface elevation at five additional numerical WGs given in table 5 when B = 30 cm,
h = 60 cm, H/h = 0.1, λ = 1/2, T = 1.1582 s.

NWG1 (105, −195) NWG2 (105, −150) NWG3 (105, −100) NWG4 (105, −50) NWG5 (105, 0)

Table 5. Additional numerical WG coordinates.

the elevations at additional numerical WGs that correspond to the nodes and antinodes of
the standing wave (see figure 19 and table 5). It can be seen that the wave amplitude of
these five numerical WGs follows the standing wave pattern, which also demonstrates the
resonance between the incoming wave and the transverse sloshing mode.

Figures 20 and 21 show the free-surface elevations around the plate when λ = 1. The
resonant behaviour present in the case λ = 1/2 is no longer present. This is due to the
phase difference between the sloshing mode when m = 2 and the incoming wave, even
though these two components have the same frequency. The phase difference between
the sloshing mode and the incoming wave is determined by the speed of the scattered
wave travelling to the lateral walls and the distance between the plate and lateral walls.
The hydrodynamic loads when λ = 1/2 and λ = 1 are plotted in figure 22. Due to the
resonance, the vertical force increases abruptly at some point when λ = 1/2.

As shown in figure 23, the interaction between the sloshing modes and the incoming
wave always occurs on the downstream side of the plate. Since in these two cases the
length of the plate is fixed at 2 m, it is possible that this complex interaction will have little
effect on the hydrodynamic loads in the case of a wavelength of 4 m (λ = 1). To illustrate
this, two more numerical experiments are conducted. We fix both the length of the plate
and the wavelength at 4 m. The other parameters remain unchanged except that the widths
of the channel are set at 4 and 8 m. The vertical forces exerted on the plate are shown in
figure 24. When the width of the channel is equal to 4 m, we see from the vertical force that
at the beginning the sloshing mode is not established yet. Then it gradually develops and
starts to change the hydrodynamic load completely. In this case λ = 1, the only parameter
that changes is the length of the plate from 2–4 m. It is yet more evidence that the complex
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Figure 20. Free-surface elevation at 15 selected WGs when B = 30 cm, h = 60 cm, H/h = 0.1, λ = 1,
T = 1.8653 s.
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Figure 21. Free-surface elevation at five additional numerical WGs given in table 5 when B = 30 cm,
h = 60 cm, H/h = 0.1, λ = 1, T = 1.8653 s.

interaction happens on the downstream side. By increasing the length of the plate, we
enable the interaction to have a great impact on the hydrodynamic load on the plate.

Comparing the hydrodynamic loads in two different channel widths in figure 24, we
find that the vertical force amplitude when the channel width is equal to 4 m is almost
double the one when the width is equal to 8 m. One can imagine that when the width of
the channel is equal to the width of the plate, the problem becomes purely 2-D. On the
other hand, when the width of the channel goes to infinity, the problem tends to that of
open-sea conditions.

5. Discussion and conclusion

Wave scattering by a 3-D submerged horizontal plate in a channel was investigated both
experimentally and numerically. While several studies of the 2-D problem can be found in
the literature, the 3-D problem has been essentially untouched. It is clear that the flow and
the loads differ in the 3-D context. For the 3-D problem, the pressure distribution on the
lower surface is very sensitive to the phase difference between the sloshing mode generated
by the presence of the plate and the incoming wave. This phase difference is determined
by the speed of the scattered wave travelling to the lateral walls and the distance between
the plate and lateral walls. Numerical results show that the pressure distribution differs
from the linear distribution from the leading edge to the trailing edge that can be revealed
from the 2-D problem (Lo & Liu 2014). Additionally, a local hump and a pit appear near
the crest and the trough of the waves, respectively, propagating over the submerged plate
of finite span.

The agreement between experiments and simulations was found to be good overall,
even if some discrepancies were observed. Because of that, we were also able to consider
numerically more cases than were considered experimentally. In particular, we studied the
effect of the channel width. It is important to understand this effect since submerged plates
can be found either in the open ocean or inside harbours and naturally formed confined
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Figure 22. Horizontal force Fx, vertical force Fz and moment My when B = 30 cm, h = 60 cm, H/h = 0.1:
λ = 1/2, T = 1.1582 s (a,c,e) and λ = 1, T = 1.8653 s (b,d, f ).

offshore areas. Resonances can occur, leading to modified loads on the plate. It is clear
that care should be taken when employing the results obtained in a wave tank to predict
the loading of the plate in the open ocean. The same comment was made by Renzi & Dias
(2013) in their study of wave energy converters, and in particular of oscillating wave surge
converters having the shape of a plate. In ocean engineering, wave scattering by offshore
structures under open-sea conditions is usually studied experimentally in a wide tank.
The scattered wave field is absorbed by active absorption wavemakers at all boundaries.
The wave generation process continues until a steady state is reached. However, in the
experiments presented here, the scattered wave field is reflected by the lateral walls to
investigate channel effects rather than being absorbed. The reflected wave field keeps
propagating both upstream and downstream and eventually changes the characteristics
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Figure 23. Snapshots of free surface when λ = 1/2 and λ = 1.
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Figure 24. Vertical force exerted on the plate when the channel widths are equal to 4 m (a) and 8 m (b).

of the incoming regular waves. Therefore, the experimental method used in wide tanks
cannot be applied in our case.

In the present framework of a submerged horizontal plate, we were also able to study
the effect of the thickness of the plate in a companion paper by Geng et al. (2021) that was
restricted to solitary waves. Since the effect was found to be weak, it was not considered
in the present paper. The other effect that was not considered in the present paper is the
effect of wave breaking. Indeed, the potential flow solver that we used does not allow us
to simulate cases where the incoming wave breaks when it hits the plate. A CFD solver
should then be used. This is left for future work.
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