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A B S T R A C T

This study focuses on wave diffraction loads influenced by heave plates at deep and shallow submerged depths.
An extensive experimental campaign is conducted on a fixed vertical and free-surface piercing circular cylinder
with five different circular plates, including a perforated plate. The horizontal and vertical wave forces are
studied in monochromatic and bichromatic waves. The results show that the heave plate significantly influences
the forces varying in time and representative harmonics, including sum- and difference-frequency components.
The study found that wave steepness and submerged depth of the plate contribute to the nonlinearity of
the loads and that the porous plate reduces the loads compared to the solid plate. Corresponding results
from a boundary element method (BEM) solver, HydroStar, provide a reasonable prediction of the harmonics.
However, the first harmonic of the vertical force is underpredicted at low frequencies, specifically where the
BEM results indicate the cancellation of the forces. Dedicated computational fluid dynamics (CFD) simulations
are carried out to investigate the discrepancy, and it is observed that flow separation occurs around the edge of
the plate. A simplified approach based on Morison’s equation is employed to model the flow separation effects
using a quadratic drag force calculated with a constant drag coefficient. The approach shows that viscous drag
is the dominant contributor to vertical wave forces on the heave plate in the low-frequency regime.
1. Introduction

Predicting wave loads exerted on a floating wind turbine (FWT) is
necessary for the design of substructures, mooring lines, and power
cables. The loads significantly influence dynamic responses of the FWT
system, potentially leading to extreme responses, drift motions, and
vibrations due to system resonance. Therefore, accurately evaluating
the wave loads acting on FWTs is crucial for designing systems that
can operate robustly for production in harsh offshore environments
throughout their design life.

Installing a heave plate is a practical solution to reduce the re-
sponses of the floating system. In particular, plates are widely used
on semi-submersible floaters (Roddier et al., 2010; Lopez-Pavon et al.,
2015; Pegalajar-Jurado et al., 2018; Robertson et al., 2020) as well
as in barge-type floaters (Choisnet et al., 2016). The heave plate
increases both the hydrodynamic damping of the system and the added
mass. The increase in added mass can move the natural frequency out
of the wave frequency range. These attributes have been confirmed
through numerous experimental and numerical studies (e.g. Tao and
Thiagarajan (2003a,b)), focusing on the motion-induced hydrodynamic
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loads represented by the added mass and damping. Although this
well-established knowledge has been handed on to the floating wind
communities, further investigation is still needed regarding the effects
of the heave plate on wave loads, especially for configurations that are
relevant for FWTs.

The wave loads in ocean engineering are commonly categorized
into three different frequency regimes (DNV-RP-C205, 2010): wave
frequency (WF), low frequency (LF), and high frequency (HF). The
dominant contribution to the wave loads comes from the wave fre-
quency regime, where the waves carry most of their energy. Accord-
ingly, the design of the FWT systems aims to avoid having their natural
frequencies fall within the wave frequency range by adjusting their
natural frequencies to be lower or higher than the wave frequencies.

Nonlinear wave-wave and wave-body interactions result in low- and
high-frequency wave loads, which become more prominent with higher
wave nonlinearity. Although the wave loads at low and high-frequency
regimes are comparatively smaller than those at the wave frequency
regime, they are still critical factors to consider in engineering, such as
https://doi.org/10.1016/j.oceaneng.2024.118970
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Ocean Engineering 312 (2024) 118970 
station-keeping and fatigue assessment, because of their ability to trig-
ger resonant behavior. Specifically, the low-frequency wave loads are
known as ‘‘mean drift loads’’ or ‘‘slowly varying drift loads’’, which can
cause significant horizontal and vertical motions of moored structures.
On the other hand, the high-frequency wave loads can excite high-
frequency resonant responses of stiff systems (e.g., tendons of tension
leg platforms), commonly referred to as ‘‘ringing’’ in the transient state
and ‘‘springing’’ in the steady state as described in Molin (2023).

The wave loads on a fixed body can be evaluated using a diffrac-
tion theory based on the potential flow hypothesis. This diffraction
approach does not take into account the contribution of the motion
response to the wave load. The loads are decomposed into the zeroth-,
first-, second-, and higher-order components by using the perturbation
series with respect to the wave steepness parameter (𝜀 = 𝑘0𝐴 with
wavenumber, 𝑘0, and wave amplitude, 𝐴).

Analytical solutions can be found for a fixed vertical circular cylin-
der. For the first-order wave loads, McCamy and Fuchs (1954) and Gar-
rett (1971) solved the linear diffraction problem on bottom-mounted
and truncated cylinders. The theory was extended by Kim and Yue
(1989) to the pure second-order wave loads on the truncated cylinder
in regular waves. Kim and Yue (1990) presented the second-order sum-
and difference-frequency loads using an interaction of two wave fre-
quency components called bichromatic waves. Furthermore, Malenica
and Molin (1995) presented a complete third-order wave load theory
on the bottom-mounted vertical cylinder to investigate the ringing
phenomenon. Faltinsen et al. (1995) introduced the FNV (Faltinsen,
Newman and Vinje) method to compute the higher-order wave loads.

Dedicated wave tank testing campaigns were conducted to study
the linear and nonlinear wave loads acting on a fixed model in regular
waves with angular frequency 𝜔 = 2𝜋∕𝑇 where 𝑇 is the wave period.
The loads measured by a force transducer are interpreted using Fourier
analysis, resulting in obtaining the harmonic components (0th, 𝜔, 2𝜔,
𝜔, . . . ) and compared with the corresponding order of nonlinearity
rom the potential flow theory. For instance, Mavrakos and Grigoropou-
os (1994) presented the horizontal wave forces and moments on a
runcated cylinder obtained using Fast Fourier Transform (FFT). The
igher harmonics of the wave loads (up to the fifth harmonic) ob-
ained by the Fourier transform were reported by Boo (2006) for the
runcated cylinder and by Kristiansen and Faltinsen (2017) for the
ottom-mounted cylinder. Both considered various wave steepnesses
nd compared the harmonics with the corresponding orders computed
y the FNV method.

Besides, the slowly varying drift forces, which are in the low-
requency regime, can also be measured by generating the bichromatic
aves in the wave tank. Fonseca et al. (2011) carried out experiments
ith a fixed buoy in monochromatic and bichromatic waves. The wave

oads were reported as the first harmonics of two wave components
𝜔1, 𝜔2) as well as the difference frequency component, |𝜔1 − 𝜔2|. The
armonic components were obtained by the standard Fourier analysis
s well as by the least-square methods using the second harmonic
pproximation.

These theoretical and experimental methods have been extensively
sed in many applications to estimate the wave loads acting on floating
ind turbines. In particular, numerous engineering models are time-
omain solvers relying on a hydrodynamic database calculated using
inear potential flow theory. However, engineering models have dif-
iculties in modeling the heave plate of a floater and often require
alibration of hydrodynamic coefficients based on experimental data or
omputational fluid dynamic (CFD) simulations. Despite these efforts,
he models tend to underpredict the nonlinear wave loads, as reported
n Lopez-Pavon et al. (2015), Simos et al. (2018), Robertson et al.
2017, 2020), Robertson and Wang (2021), Fonseca et al. (2022).
herefore, further research is needed to understand better the wave

oads on floating wind turbines equipped with heave plates.
This wave diffraction study aims to experimentally investigate the

ffect of heave plates on wave diffraction loads and provide as com-

rehensive an understanding as possible of the domain of validity of s

2 
ngineering models. A fixed vertical and surface-piercing cylinder is
tudied with and without a circular plate. Five heave-plate configura-
ions, including porosity with varying diameters and a constant plate
hickness, are tested with two submerged depths. Two types of long-
rested waves, monochromatic and bichromatic waves, are used to
nvestigate the influence of heave plates on wave loads in the different
requency regimes. The detail of the experimental setup and wave
est parameters, defined by the wave amplitudes and frequencies, is
escribed in the following Section 2.

Section 3 introduces boundary element methods (BEMs) based on
otential flow theory, used as a support for the experimental campaign.
eave plate modeling is addressed using source and dipole methods,
articularly for thin plates. The computations of linear and nonlinear
ave diffraction loads are briefly outlined in collaboration with numer-

cal schemes. Section 4 presents experimental data analysis, examining
orce time series and harmonic content using FFT for all configurations.
he measured wave loads are approximated with harmonic components
btained from monochromatic and bichromatic waves. The correspon-
ence between the measured wave loads and theoretical computation is
lso presented in this section. The results are provided in Section 5. The
ffects of heave plates on wave loads are investigated with respect to
he wave steepnesses, submerged depths, and porosity. The harmonic
ontent of experimental measurements is systematically compared with
he corresponding order from the potential flow theory.

Detailed discussion is made in Section 6. The consistency of the
resent study is first shown on a solitary vertical circular cylinder by
omparison with the existing literature. Further investigation employs
n incompressible Navier–Stokes (CFD) solver to numerically visualize
he flow field around the heave plate, particularly flow separations. A
implified Morison equation is used to model the flow separation as
he viscous drag forces. Additionally, we discuss the determination of
he drag coefficients for different wave steepness and plate diameters.
s a result, this section identifies three different vertical wave force
egimes based on experimental and numerical investigation. Finally,
he conclusions are given in Section 7.

. Experimental setup

The experiments are carried out in the hydrodynamic and ocean
ngineering tank of Ecole Centrale Nantes (see Fig. 1). The main
imensions of the tank are 48.4 m in length, 30.0 m in width, and 5 m
n water depth ℎ. The tank is equipped with a flap-type wave maker
composed of 48 flaps mounted on a hinge) to generate the waves
nd an absorbing beach with 9.7 m of length to reduce the reflected
aves. The wave maker can generate regular waves with periods from
.5 s to 5.0 s, and the maximum wave height is limited to 1.0 m. A
exapod is utilized to restrain an experimental model mounted on a
ripod installed in the middle of the tank. The model is located 17.2 m
way from the wave maker in a longitudinal direction and 15.0 m away
rom each side of the tank.

This study examines two types of waves: monochromatic and
ichromatic waves. The monochromatic waves, also known as ‘‘regular
aves’’, allow us to measure the loads in different harmonics excited by
single wave frequency, 𝜔. On the other hand, the bichromatic waves

re composed of two sets of regular waves (𝜔1 and 𝜔2) designed to
obtain the loads occurring at a sum frequency (𝜔+ = 𝜔1 + 𝜔2) and
ifference frequency (𝜔− = |𝜔1 − 𝜔2|) by using the interaction of two
ave components.

.1. Experimental model

The experimental model is designed as a single vertical circular
ylinder with a circular heave plate attached at the bottom to minimize
nterference caused by any geometrical complexity. This model has
hree main components, as illustrated in Fig. 2(a): an outer cylinder

hell, base plate, and heave plate. The cylinder shell and heave plate
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Fig. 1. Experimental setup and incident waves propagating in positive 𝑥-direction in the ocean engineering tank at Ecole Centrale Nantes.
Fig. 2. General arrangement of the experimental model and beam structure.
are directly connected to the base plate to facilitate the change of heave
plate configurations.

Fig. 2(b) illustrates the internal structure of the model. The base
plate of the model is linked to a rigid beam structure through a force
transducer. The beam structure is mounted on the hexapod using an
interface plate. This arrangement enables measurement of the total
load exerted on the cylinder and plate. Moreover, the shell and beam
structures can be separated into three smaller parts to adjust the
draft easily. All parts are well-connected and completely waterproof,
ensuring the safety of the sensors located inside the cylinder. The model
installed on the hexapod is shown in Fig. 4.

Five plate configurations are selected, represented by the cylinder
diameter 𝐷𝑐 and plate diameter 𝐷𝑑 (see Fig. 3). The plate diameter
ratios (𝐷𝑑∕𝐷𝑐) are adapted from real FWT projects, mostly semi-
submersibles: e.g. Floatgen (Choisnet et al., 2016), DeepCwind (Robert-
son et al., 2020), HiPRWind (Lopez-Pavon et al., 2015), and WindFloat
platform (Roddier et al., 2010). In addition, a porous plate with poros-
ity ratio 𝜏 = 10% is considered for the diameter ratio, 𝐷 ∕𝐷 = 2.9.
𝑑 𝑐

3 
The plate thickness 𝑡𝑑 is 5 mm for all configurations. The effect of
plate aspect ratio (𝑡𝑑∕𝐷𝑑) is not considered, as the plate is thin for all
configurations. Furthermore, deep (𝑑∕𝐷𝑐 = 2.2), and shallow (𝑑∕𝐷𝑐 =
0.7) drafts are examined to investigate the free surface effects where
𝑑 is the submerged depth of the model. The main dimensions of the
model are given in Table 1.

The heave plate is made of stainless steel to provide sufficient
stiffness, while the other parts of the model are made of aluminum.
Natural frequencies of the model are measured in both dry and wet con-
ditions using hammer tests conducted inside and outside the wave tank.
Each configuration has different natural frequencies due to variations
in total mass and the plate’s diameter. Multiple modes are observed,
particularly because of the plate. The wet mode generally appears at a
lower frequency than the dry mode due to the added mass of the fluid.
Additionally, the frequency at the deep draft is slightly lower than at
the shallow draft. Therefore, the lowest natural frequency is observed
at around 5 Hz for the largest plate (𝐷𝑑∕𝐷𝑐 = 3.5) at the deep draft
(𝑑∕𝐷 = 2.2). This value serves as a reference for the signal processing.
𝑐
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Fig. 3. A truncated circular cylinder with various heave plates mounted at the bottom of the cylinder including a solitary cylinder (𝐷𝑑∕𝐷𝑐 = 1.0).
Table 1
Dimensions of experimental models: the truncated circular cylinder with and without heave plates.
Parameter Unit Model A Model B Model C Model D Model E

𝐷𝑐 m 0.35 0.35 0.35 0.35 0.35
𝐷𝑑 m 0.35 0.53 1.00 1.00 1.23
𝑡𝑑 m 0.005 0.005 0.005 0.005 0.005
𝑑 m 0.775, 0.250 0.775, 0.250 0.775, 0.250 0.775, 0.250 0.775, 0.250
𝜏 – 0.0 0.0 0.0 0.1 0.0
𝐷𝑑∕𝐷𝑐 – 1.0 1.5 2.9 2.9 3.5
𝑑∕𝐷𝑐 – 2.2, 0.7 2.2, 0.7 2.2, 0.7 2.2, 0.7 2.2, 0.7
Note – Truncated cylinder Cylinder with heave plate
Fig. 4. Picture of the truncated circular cylinder with the heave plate (𝐷𝑑∕𝐷𝑐 = 3.5)
mounted on the hexapod in the wave tank.

2.2. Instrumentation

This study focuses on wave loads exerted on the cylinder and the
plate. A six-component force transducer (HBM: MSC10-BG2) is installed
between the heave plate and the beam structure. The nominal forces of
the transducer are 2 kN for 𝐹𝑥 and 10 kN for 𝐹𝑧, with linearity deviation
and relative hysteresis less than 0.03% of sensitivity computed based
on ITTC (2002). The data is acquired at a sampling rate of 200 Hz. The
loads measured by the transducer include the gravity loads 𝐹

(𝑊 )
= 𝑚𝐠

(where 𝑚 is the model’s mass and 𝐠 is the acceleration due to gravity),
the hydrostatic buoyancy at rest 𝐹

(𝑆)
, and the wave-induced loads. The

inertia loads do not contribute to the measured loads since the hexapod
firmly restricts body motions. Therefore, the wave loads, hereafter
referred to as 𝐅, are obtained by subtracting the buoyancy and weight
contributions from the measured loads. These unbalanced forces are
eliminated from the measurements during the zeroing process, along
with the initial offset of the sensor.

Fig. 5 presents the load convention expressed in the body-fixed
reference frame {𝑏}, which is identical to the Galilean reference frame
{𝑂} for the fixed body. The forces and moments measured by the
transducer at 𝑂𝑡 are converted to the ones at the origin of the reference
system, 𝑂 , located on the free surface. The 𝑧-axis of the reference
𝑏

4 
Fig. 5. Load convention for the fixed body in the wave tank: 𝐹𝑥 , 𝐹𝑧 ,𝑀𝑦 stand for the
measured forces and moments at the origin of the body-fixed reference, 𝑂𝑏, converted
from the ones measured by force transducer at 𝑂𝑡.

frame is aligned with the cylinder axis and points upward in the
positive direction. Additionally, the 𝑥-axis is aligned with the wave
direction.

2.3. Test conditions

One single vertical cylinder is tested with all heave plate configura-
tions in two immersed drafts: deep (𝑑∕𝐷𝑐 = 2.2) and shallow (𝑑∕𝐷𝑐 =
0.7). Two types of long-crested waves (monochromatic and bichromatic
waves) are generated by the wave maker in a single wave direction of
the positive 𝑥-axis.

For the monochromatic wave test, the regular wave periods 𝑇 are
selected from 0.9 s to 3.0 s, which is under the operation limitation
of the wave maker. The periods correspond to a non-dimensional
wave frequency, 𝜔2𝐷𝑐∕𝑔 ranging from 0.2 to 1.7. Furthermore, three
wave steepnesses (𝐻∕𝜆 = 0.02, 0.04, 0.06, where 𝐻 and 𝜆 stand for
wave height and wavelength) are chosen to investigate the nonlinear
effects on the wave loads. Table 2 presents the selected regular wave
parameters, including the wave scatter parameter (𝜋𝐷𝑐∕𝜆) and the
Keulegan–Carpenter numbers given by 𝐾𝐶 = 𝜋𝐻∕𝐷𝑐 . Fig. 6 presents an
example of a wave field around the cylinder equipped with the largest
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Table 2
Monochromatic waves with three wave steepness.
𝜔2𝐷𝑐∕𝑔 𝐻∕𝜆 = 0.02 𝐻∕𝜆 = 0.04 𝐻∕𝜆 = 0.06

𝜋𝐷𝑐∕𝜆 𝐻∕𝐷𝑐 𝐾𝐶 𝜋𝐷𝑐∕𝜆 𝐻∕𝐷𝑐 𝐾𝐶 𝜋𝐷𝑐∕𝜆 𝐻∕𝐷𝑐 𝐾𝐶

1.74 0.87 0.07 0.22 0.86 0.15 0.46 0.84 0.22 0.68
1.41 0.70 0.09 0.28 0.69 0.18 0.56 0.68 0.27 0.84
1.16 0.58 0.11 0.34 0.57 0.22 0.68 0.56 0.32 1.02
0.98 0.49 0.13 0.40 0.48 0.26 0.81 0.47 0.39 1.21
0.83 0.42 0.15 0.48 0.41 0.31 0.99 0.40 0.45 1.42
0.63 0.31 0.20 0.63 0.31 0.40 1.26 0.30 0.60 1.89
0.35 0.18 0.34 1.08 0.17 0.71 2.24 0.17 1.07 3.36
0.16 0.08 0.80 2.51 0.08 1.57 4.94
Fig. 6. A snapshot of the diffracted waves around the truncated cylinder with the
heave plate (𝐷𝑑∕𝐷𝑐 = 3.5) at the shallow submerged depth (𝑑∕𝐷𝑐 = 0.7, 𝑑 = 0.25 m).
A regular wave (𝜔2𝐷𝑐∕𝑔 = 0.35, 𝐻∕𝜆 = 0.04) propagates from the front to the back.

heave plate (𝐷𝑑∕𝐷𝑐 = 3.5) at the shallow draft (𝑑∕𝐷𝑐 = 0.7) in a regular
wave (𝜔2𝐷𝑐∕𝑔 = 0.4, 𝐻∕𝜆 = 0.04). A video is available in Appendix A.

All the wave steepnesses are examined at the deep draft with the
solitary cylinder (Model A) and the cylinder with the single plate
(Model C). Only one wave steepness (𝐻∕𝜆 = 0.06) is considered for the
other configurations. On the other hand, at the shallow draft, all the
steepnesses are tested for all the configurations. However, some wave
frequencies could not be tested with the plate due to the large wave
amplitude with 𝐻∕𝜆 = 0.04 and 0.06.

The regular waves are first calibrated in the tank without the model.
A reference wave gauge is installed at the target position 𝑥𝑡𝑎𝑟𝑔𝑒𝑡 = 17.2
m. An amplification factor is used to calibrate the waves to ensure that
the generated waves reach the target wave heights within a range of 5%
error. These factors depend on the wave frequency and height and aim
to correct the small deviation of the wavemaker linear transfer function.
The measured wave heights, including all nonlinearities, are used to
non-dimensionalize the results.

The heave plate effects on the slowly varying drift loads are studied
using bichromatic waves with the solitary cylinder (Model A) and the
heave plate (Model C). Three primary wave frequencies 𝜔1 are selected
from the monochromatic waves, and the secondary wave frequencies
𝜔2 are set to have a difference frequency 𝜔− = 1.2 rad/s, which
corresponds to 𝜆𝜔−∕𝐷𝑐 ≈ 124 assuming deep water. The wave steepness
of each wave component in bichromatic waves is designed to be 0.02,
which corresponds to the one in the monochromatic waves.

The same amplification factors obtained from the regular wave
calibration are used to generate bichromatic waves. The bichromatic
waves are generated without the model, and the wave elevation is
measured at the target position. In contrast to the regular waves, the
individual wave heights cannot be measured. Hence, the measured
first-harmonic amplitude, 𝐴𝑗 of each wave frequency (𝜔𝑗), is used for
non-dimensionalization. The test parameters of bichromatic waves are
given in Table 3.
5 
Fig. 7. Monochromatic and bichromatic wave conditions in difference wave force
regimes (Chakrabarti, 1987).

Fig. 7 summarizes the wave conditions of the monochromatic waves
(symbols with face colors) and bichromatic waves (symbols without
face colors). The selected wave conditions are designed to investigate
the different wave force regimes introduced by Chakrabarti (1987),
including the diffraction, inertia, and drag force regimes. All the waves
are below the wave-breaking criteria. The wave components of the
bichromatic waves are in a similar frequency range as the monochro-
matic waves.

3. Numerical model

This section presents a numerical model to evaluate the wave
loads on the truncated cylinder with the heave plates used in the
experimental study. Perfect fluid (inviscid and incompressible fluid)
and irrotational flow assumptions are employed, where the flow can
be described by a velocity potential, 𝛷(𝐱, 𝑡). In the boundary value
problems (BVPs), the whole fluid domain is governed by the Laplace
equation (∇2𝛷 = 0). The velocity potential satisfies the boundary
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Table 3
Bichromatic waves with a difference frequency 𝜔− = 1.2 rad/s.

Primary wave component (𝜔1) Secondary wave component (𝜔2)

𝜔2
1𝐷𝑐∕𝑔 𝜋𝐷𝑐∕𝜆 𝐻1∕𝐷𝑐

a 𝐾𝐶 𝜔2
2𝐷𝑐∕𝑔 𝜋𝐷𝑐∕𝜆 𝐻2∕𝐷𝑐

a 𝐾𝐶

0.35 0.18 0.31 0.99 0.67 0.33 0.19 0.59
0.83 0.42 0.13 0.41 1.30 0.65 0.08 0.24
1.16 0.58 0.08 0.25 1.70 0.85 0.07 0.21

a 𝐻1 = 2 × 𝐴1, 𝐻2 = 2 × 𝐴2.
Fig. 8. Discretization of a truncated circular cylinder with a heave plate surrounded by a free surface for the first- and second-order computations in boundary element method:
ody (yellow), free surface (blue). Heave plate modeling is given with plate thickness, 𝑡𝑑 (a), and zero-thickness (b) for source and dipole distribution methods.
b

d

𝐅
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conditions on the free surface, bottom, body surface, and radiation
conditions. The boundary conditions are developed using Taylor se-
ries expansions suggested by Stokes and a perturbation series for the
potential at corresponding orders (see, Malenica and Molin (1995)).

A commercial software, HydroStar (Bureau Veritas, 2020), is uti-
lized to solve the BVPs for the first- and second-order problems. The
software discretizes the boundary with panels to solve boundary in-
tegral equations with a free surface Green function, known as the
panel method. A single wave direction is considered in the positive 𝑥
direction.

3.1. Modeling the heave plates

In the panel method, heave plates can be modeled either by con-
sidering their thickness or assuming zero thickness. For the first case,
the panels are modeled on the top, side, and bottom of the plate. A
source formulation is used to solve the boundary integral equation by
defining the velocity potential as a source distribution. On the other
hand, the plate can also be modeled as a zero-thickness plate if the
thickness is sufficiently small (thin plate) or the plate has porosity. A
direct formulation is used to define the velocity potential by source
and dipole distributions. Both the top and bottom of the panel are
then considered as wetted surfaces. Furthermore, the porous effect can
be modeled using Darcy’s law, where the porosity is considered as a
pressure drop condition linked to the water particle velocity (Chwang,
1983).

An example of the panel model discretization on the cylinder and
the heave plate is given in Fig. 8. In this study, we use the source
approach on the solid heave plate by modeling the panels four times
6 
smaller than the thickness as illustrated in Fig. 8(a). On the other hand,
the porous plate is modeled as a zero-thickness plate (see Fig. 8(b)) to
use the direct approach. The free surface is modeled with a radius of
10𝐷𝑑 for the second-order computation. For the second-order computa-
tion, only the source method is available in HydroStar. Therefore, the
second-order loads on the perforated plate cannot be computed in this
study.

3.2. Computation of wave loads

In the potential flow theory, the wave loads are mathematically
described for the monochromatic and bichromatic wave cases. The
loads are evaluated with different orders of magnitude by introducing
a perturbation series with respect to the wave steepness parameter
(𝜀 = 𝑘0𝐴) as described in Kim and Yue (1989, 1990), Malenica and
Molin (1995).

The wave loads are computed by integrating the pressure on the
wetted body surface, 𝑆𝐵 .

𝐅 = ∬𝑆𝐵

𝑝𝐧𝑑𝑆 (1)

where the pressure is from the Bernoulli equation: 𝑝 = −𝜌𝑔𝑧 − 𝜌 𝜕𝛷
𝜕𝑡 −

1
2𝜌 (∇𝛷)2. In this study, the contribution of radiation potential induced
y the body motion is discarded in total velocity potential.

In monochromatic waves, the wave loads are decomposed with the
ifferent orders as,

(𝑡) = 𝐅(0) +Re{𝐅(1)𝑒−𝑖𝜔𝑡} + 𝐅
(2)

+Re{𝐅(2)𝑒−2𝑖𝜔𝑡} +𝐎(𝜀3) (2)

here 𝐅(0) is the hydrostatic force at the rest position, and 𝐅(1), 𝐅
(2)

,
𝐅(2) stand for the first-order, second-order mean drift and second-order
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double frequency forces, respectively. The mean drift forces can be
evaluated using the near-field method (Pinkster and Van Oortmerssen,
1978), far-field method (Maruo, 1960; Newman, 1967), and middle-
field method (Chen, 2007). The second-order double frequency loads,
𝐅(2), are dealt with following the bichromatic theory.

Additional terms appear for bichromatic waves due to the interac-
ions of the two wave frequency components.

(𝑡) = 𝐅(0) +Re{
2
∑

𝑗=1
𝐅(1)
𝜔𝑗
𝑒−𝑖𝜔𝑗 𝑡} +Re

2
∑

𝑗=1

2
∑

𝑙=1
{𝐅(2),−

(𝜔𝑗 ,𝜔𝑙 )
𝑒−𝑖𝜔

−𝑡

+ 𝐅(2),+
(𝜔𝑗 ,𝜔𝑙 )

𝑒−𝑖𝜔
+𝑡} +𝐎(𝜀3) (3)

here 𝜔− = 𝜔𝑗 − 𝜔𝑙 and 𝜔+ = 𝜔𝑗 + 𝜔𝑙. Superscripts + and − stand for
he sum- and difference-frequency contributions.

The second-order terms in the above Eq. (3) can be written in
uadratic form,

(2)(𝑡) =𝐴2
1𝐟

(2),−
(𝜔1 ,𝜔1)

+ 𝐴2
2𝐟

(2),−
(𝜔2 ,𝜔2)

+Re{2𝐴1𝐴2𝐟
(2),−
(𝜔1 ,𝜔2)

𝑒−𝑖𝜔
−𝑡}

+ Re{𝐴2
1𝐟

(2),+
(𝜔1 ,𝜔1)

𝑒−2𝑖𝜔1𝑡 + 𝐴2
2𝐟

(2),+
(𝜔2 ,𝜔2)

𝑒−2𝑖𝜔2𝑡 + 2𝐴1𝐴2𝐟
(2),+
(𝜔1 ,𝜔2)

𝑒−𝑖𝜔
+𝑡}

(4)

where 𝐟 (2),+(𝜔1 ,𝜔2)
, 𝐟 (2),−(𝜔1 ,𝜔2)

are Quadratic Transfer Functions (QTFs) for sum-

and difference-frequency components. 𝐟
(2),−
(𝜔1 ,𝜔1)

, 𝐟
(2),−
(𝜔2 ,𝜔2)

are the mean
drift forces in unit wave amplitude from the difference frequency
contribution, and 𝐟 (2),+(𝜔1 ,𝜔1)

, 𝐟 (2),+(𝜔2 ,𝜔2)
are the second-order double frequency

loads from the sum frequency contribution where 𝜔𝑗 = 𝜔𝑙.

4. Analysis of the experimental data

4.1. Signal processing

The measured force time series is filtered out by a low-pass filter
using a 4.5 Hz cut-off frequency. The cut-off frequency is lower than
the first wet natural frequency of the plate, which was obtained from
the hammer tests (e.g., 5 Hz for the largest plate, 𝐷𝑑∕𝐷𝑐 = 3.5 at the
deep draft, 𝑑∕𝐷𝑐 = 2.2). This ensures that we keep the harmonics of
interest associated with the wave frequency. For instance, the highest
frequency wave is 1.1 Hz (𝜔2𝐷𝑐∕𝑔 = 1.74), which allows up to the third
harmonic.

The time series is reduced by selecting a time window with an
integer number of wave periods, 𝑁 . The transient period and wave
reflection from the wave-absorbing beach are carefully extruded by
considering the first wave arriving time and wave returning time at the
model location. For example, in monochromatic waves, the window is
30𝑇 in length for the short wave period, but for the long wave, the
window is limited to 5𝑇 due to the high group velocity. On the other
hand, for the bichromatic waves, the length of the time window is
chosen as 10𝑇 −, where 𝑇 − = 2𝜋∕𝜔−.

4.2. Wave loads in monochromatic waves

Fig. 9 shows an example of the horizontal and vertical force time
series on Model E (𝐷𝑑∕𝐷𝑐 = 3.5) at the deep draft with a single wave
frequency (𝜔2𝐷𝑐∕𝑔 = 1.74) and the wave steepness (𝐻∕𝜆 = 0.06).
The measured signal is compared to the filtered signal, where the
higher frequency response is discarded above the cut-off frequency. The
filtered signals present satisfactory periodicity, specifically exhibiting
sinusoidal behavior in the horizontal forces and the secondary peaks in
the vertical forces.

Fourier analysis is used to obtain the harmonic content from the
raw time history within the selected window (𝑁𝑇 ), allowing for precise
capture of the zeroth harmonic and minimizing energy losses of each
harmonic content in the regular waves. The results of FFT clearly show
that the wave loads are distributed to the zeroth and higher harmonics

of the horizontal and vertical forces. Additional peaks appear in the

7 
FFT, which correspond to the wet natural frequencies of the model. The
structural response affects the harmonics of the measured loads located
near the natural frequencies. However, below the cut-off frequency,
these structural contributions are negligible, and this is the limit of
our experimental setup. It is worth noting that the first harmonic in
the vertical forces is comparable to the second harmonic, which can
be observed as the secondary peak in the force time history shown in
Fig. 9 (bottom). In general, the first harmonic is the most dominant,
and the first four harmonics, including the zeroth harmonic, account
for above 95% of the total harmonic amplitudes.

Therefore, the wave loads in monochromatic waves can be approx-
imated by the following equation,

𝐅(𝑡) ≈ 𝐅 +Re{𝐅(𝜔)𝑒−𝑖𝜔𝑡} +Re{𝐅(2𝜔)𝑒−2𝑖𝜔𝑡} +Re{𝐅(3𝜔)𝑒−3𝑖𝜔𝑡} +𝐎(4𝜔) (5)

here 𝐹 is the hydrodynamic contributions of the mean loads, so-called
mean wave drift loads. 𝐹 (𝜔), 𝐹 (2𝜔), 𝐹 (3𝜔) are corresponding to the first-,
second-, and the third-harmonic components of the Fourier series.

4.3. Wave loads in bichromatic waves

In Fig. 10, an example is provided highlighting the difference-
frequency contribution in the horizontal and vertical forces acting on
Model C (𝐷𝑑∕𝐷𝑐 = 2.9) with the bichromatic wave set (𝜔2

1𝐷𝑐∕𝑔 =
0.83 and 𝜔2

2𝐷𝑐∕𝑔 = 1.30) at the shallow draft. In the time series, the
interaction between the two wave components can be observed as a
beat with the frequency 𝜔−. The forces are slowly varying in time with
the difference frequency, which is called the slowly varying wave drift
forces. All the peaks identified from FFT correspond to the interactions
of two wave components, as shown in 𝑥-axis up to the third interaction
(e.g., 3𝜔1,2, |2𝜔1 ± 𝜔2|, |2𝜔2 ± 𝜔1|), which is comparable with the sum
and difference frequency contributions. The minor peaks correspond to
higher interactions.

In bichromatic waves, the least squares procedure (Fonseca et al.,
2011; Li and Bachynski-Polić, 2021) is utilized to obtain the first
and second harmonic components of 𝜔1, 𝜔2, as well as the sum-
and difference-frequency components (𝜔+, 𝜔−) from the force time
series. This method is more convenient than standard Fourier analysis
for extracting the harmonic components from the time history in the
bichromatic waves, as there is no condition on the length of the time
window.

The following equation then approximates the wave loads in the
bichromatic waves up to the second interaction of two wave compo-
nents:

𝐅(𝑡) ≈ 𝐅 +Re{𝐅(𝜔1)𝑒−𝑖𝜔1𝑡} +Re{𝐅(𝜔2)𝑒−𝑖𝜔2𝑡} +Re{𝐅(2𝜔1)𝑒−2𝑖𝜔1𝑡}

+ Re{𝐅(2𝜔2)𝑒−2𝑖𝜔2𝑡}

+ Re{𝐅(𝜔+)𝑒−𝑖𝜔
+𝑡} +Re{𝐅(𝜔−)𝑒−𝑖𝜔

−𝑡}

(6)

where 𝐹 (𝜔+), 𝐹 (𝜔−) are the sum- and difference-frequency forces. The
harmonic content of interest, i.e. the one present in Eq. (6), is well
indicated by the least-squares fitting procedure given in Fig. 10.

4.4. Correspondence of wave loads in theory and experiments

The harmonic components measured in the experiments given in Ta-
ble 4 correspond to the wave loads evaluated in different orders by the
theory. This study mainly focuses on the influence of the heave plate
on the mean drift forces, the first and second harmonic forces, and the
sum and difference frequency forces. These contributions are dominant
to the wave loads and are of interest in engineering applications.

In this study, the QTFs are computed numerically using the com-
mercial BEM solver HydroStar (Bureau Veritas, 2020). The middle-field
method (Chen, 2007) is used for the difference frequency components
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Fig. 9. Time series and harmonic content of horizontal (top) and vertical (bottom) wave forces on a vertical cylinder with the largest plate 𝐷𝑑∕𝐷𝑐 = 3.5 (with the lowest natural
requency) in monochromatic waves of the non-dimensional wave frequency (𝜔2𝐷𝑐∕𝑔 = 1.74) and wave steepness (𝐻∕𝜆 = 0.06) at the deep draft (𝑑∕𝐷𝑐 = 2.2).
Fig. 10. Time series and harmonic content of horizontal (top) and vertical (bottom) wave forces on a vertical cylinder with a heave plate (Model C, 𝐷𝑑∕𝐷𝑐 = 2.9) in bichromatic
waves (𝜔2

1𝐷𝑐∕𝑔 = 0.83 and 𝜔2
2𝐷𝑐∕𝑔 = 1.30) at the shallow draft (𝑑∕𝐷𝑐 = 0.7).
o compute the mean drift forces and slowly varying drift forces. The
um-frequency wave loads are computed by the near-field method. The
anel models for the cylinder and heave plate are used by following
he description in Section 3.2. A constant porous parameter 𝜅 = 5 is

employed to implement 10% of porosity of the plate (Model D) for both
deep and shallow drafts.
8 
5. Results

5.1. Wave loads in monochromatic waves

This section presents the horizontal and vertical wave loads acting
on the cylinder without (𝐷 ∕𝐷 = 1.0) and with heave plates (𝐷 ∕𝐷 =
𝑑 𝑐 𝑑 𝑐
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Table 4
Correspondence of wave load between harmonics and orders of wave load up to the second interaction of the wave components in the experiment
and potential flow theory.

Wave type Experiments Harmonics Theory Orders (𝜀 = 𝑘0𝐴)

No waves 𝐅(𝑊 ) 0th (weight) – –
𝐅(𝑆) 0th (buoyancy) 𝐅(0) 0th

Monochromatic waves
𝐅 0th (or mean) 𝐅

(2)
2nd mean

𝐅(𝜔) 1st 𝐅(1) 1st (linear)
𝐅(2𝜔) 2nd 𝐅(2) 2nd double freq.

Bichromatic waves

𝐅 0th (or mean) 𝐴2
1𝐟

(2),−
(𝜔1 ,𝜔1 )

+ 𝐴2
2𝐟

(2),−
(𝜔2 ,𝜔2 )

2nd mean
𝐅(𝜔) 1st of 𝜔1 , 𝜔2 𝐅(1)

𝜔 1st (linear)
𝐅(2𝜔) 2nd of 𝜔1 , 𝜔2 𝐴2𝐟 (2),+(𝜔,𝜔) 2nd double freq.
𝐅(𝜔+ ) 1st at 𝜔+ 2𝐴1𝐴2𝐟

(2),+
(𝜔1 ,𝜔2 )

2nd sum freq.
𝐅(𝜔− ) 1st at 𝜔− 2𝐴1𝐴2𝐟

(2),−
(𝜔1 ,𝜔2 )

2nd difference freq.
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1.5, 2.9, 3.5), including the perforated plate. All results are obtained with
regular waves at deep (𝑑∕𝐷𝑐 = 2.2) and shallow (𝑑∕𝐷𝑐 = 0.7) drafts.
irst, the time series of non-dimensional wave loads 𝐹 (𝑡)∕𝜌𝑔𝐷2

𝑐 (𝐻∕2) is
resented together with Fourier series results up to the third harmonics.

Next, the amplitude of the first and second harmonics, as well as
he mean value of the forces, are plotted with respect to the non-
imensional wave frequency 𝜔2𝐷𝑐∕𝑔 called a harmonic operator. The
mplitudes of each harmonic are non-dimensionalized with

′(𝜔) = 𝐹 (𝜔)

𝜌𝑔𝐷2
𝑐 (𝐻∕2)

, 𝐹 ′(2𝜔) = 𝐹 (2𝜔)

𝜌𝑔𝐷𝑐 (𝐻∕2)2
, 𝐹

′
= 𝐹

𝜌𝑔𝐷𝑐 (𝐻∕2)2

(7)

here superscript indicates the harmonic components, overline stands
or the mean value of the forces, and 𝐻 is the measured wave height
f calibrated waves.

Three different wave steepnesses are provided for Model A
𝐷𝑑∕𝐷𝑐 = 1.0) and C (𝐷𝑑∕𝐷𝑐 = 2.9) at the deep draft and for all
onfigurations at the shallow draft. Each configuration is represented
y a different symbol and color. The type of symbol describes the wave
teepness (×: 𝐻∕𝜆 = 0.02, ○: 𝐻∕𝜆 = 0.04, and ∙: 𝐻∕𝜆 = 0.06). The
irst-, and second-order hydrodynamic loads computed by HydroStar
re given in solid lines for comparison.

.1.1. Time series and harmonic components
One selected time series of wave loads is shown with a single wave

omponent (𝜔2𝐷𝑐∕𝑔 = 1.0, 𝐻∕𝜆 = 0.06) at deep and shallow drafts. The
oad time series of all configurations are synchronized and displayed
uring five wave periods in the periodic state. Furthermore, the Fourier
eries are obtained using the time series of thirty wave periods.

Fig. 11 presents the horizontal wave forces on the cylinder with
ll heave plates at deep and shallow drafts. The measured forces show
ood repeatability in time in general. At the deep draft, the behavior of
he horizontal forces in time is almost identical in terms of the ampli-
udes and phase. However, heave plate effects can be clearly recognized
n the Fourier series. Especially the first harmonic of the horizontal
orce increases with the diameter of the heave plate. Furthermore, the
orces with the porous plate are slightly lower than with the equivalent
olid plate.

The effect of the heave plate on horizontal forces is more noticeable
t shallow draft. In the time series, the positive peaks are higher and
harper with the heave plates, while the phase is shifted compared to
he solitary cylinder (Model A). The porosity effects are more noticeable
n the time series, reducing the amplitude of the forces as compared to
he equivalent solid plate ones. The effects of the plate can also be seen
n the zeroth and higher harmonic components, with the same trends
s for the first harmonic components.

The corresponding non-dimensional vertical wave forces are given
n Fig. 12. In contrast to the horizontal forces, the effects of the
late can be seen clearly at both deep and shallow drafts. At the
eep draft, the peak of vertical forces with the plate appears earlier
 p

9 
han the solitary cylinder. In the time series, the porous plate reduces
he forces but also shifts the forces compared to the equivalent solid
late. Moreover, porosity tends to flatten the peaks in the vertical
orces for both drafts. In general, the first harmonics of the vertical
orces are significantly affected by the plates. Interestingly, the small
eave plate (𝐷𝑑∕𝐷𝑐 = 1.5) decreases the first harmonic of the vertical
orces compared to the solitary cylinder. The porous plate reduces all
armonics of the vertical forces compared to the equivalent solid plate.

.1.2. Harmonic operators of horizontal wave forces
Fig. 13 shows the amplitude of the first-, and second-harmonic

omponents, as well as the mean value of horizontal wave forces at both
he deep (𝑑∕𝐷𝑐 = 2.2) and shallow (𝑑∕𝐷𝑐 = 0.7) drafts. The measured
orizontal forces exerted on the truncated cylinder without the plate
Model A), given in blue color, indicate a monotonic behavior with
espect to wave frequency. Generally, wave steepness has minor effects
n the non-dimensional horizontal forces compared to the influence of
ave frequency. The measured forces are well-described by the first-,
nd second-order potential flow theory at both drafts.

The presence of the plate affects the first harmonic components. At
eep draft, the plates slightly increase the horizontal forces compared
o the solitary cylinder for 0.2 < 𝜔2𝐷𝑐∕𝑔 < 1.8. In contrast, at the shal-
ow draft, the forces increase significantly with increasing the diameter
f the plate. Notably, significant wave steepness results in decreased
orces for large heave plates at the frequency where non-dimensional
ave forces are maximized. Therefore, potential flow theory tends to
verestimate the forces when 𝐻∕𝜆 > 0.02. It is worth noting that the
ffect of heave plates is mitigated at high wave frequency where the
avelength is very short compared to the cylinder.

Similar to the first harmonics, the influence of the plate on the
econd harmonics and mean drift forces is not important at the deep
raft. However, at the shallow draft, the plate has also a dominant
mpact on the second harmonics and the mean of the horizontal forces.
ignificant peaks are measured around 𝜔2𝐷𝑐∕𝑔 = 0.8 for the second
armonic horizontal forces at the shallow draft for Model C and E. The
eaks increase with increasing the plate diameter and decrease with
ncreasing the wave steepness. The potential flow method predicts the
eneral tendency well, but the magnitude is overestimated around peak
requency. Furthermore, the plates at the shallow draft strongly affect
he horizontal mean drift forces, while there is almost no difference at
he deep draft. Increasing the plate size leads to an increase in the mean
orizontal force, particularly at the peak frequency (𝜔2𝐷𝑐∕𝑔 ≈ 1.2). On
he other hand, the porosity of the plate has a negligible effect on the
ean horizontal force.

However, the perforated plate (Model D), shown in orange, reduces
he first and second harmonics of the horizontal forces compared to the
quivalent solid plate (Model C) shown in green. The reduction is more
isible at the shallow draft: for wave frequency 𝜔2𝐷𝑐∕𝑔 = 1.2, porosity
ecreases the load by approximately 30%. The potential flow describes
ell, in general, the first harmonics of the experimental measurements
ith the porous parameter (𝜅 = 5) in Darcy’s law to represent the
orosity factor 𝜏 = 10%.
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Fig. 11. Non-dimensional horizontal wave forces at deep (top) and shallow (bottom) drafts at the non-dimensional wave frequency (𝜔2𝐷𝑐∕𝑔 = 1.0) with wave steepness (𝐻∕𝜆 = 0.06).
Fig. 12. Non-dimensional vertical wave forces at deep (top) and shallow (bottom) drafts at the non-dimensional wave frequency (𝜔2𝐷𝑐∕𝑔 = 1.0) with wave steepness (𝐻∕𝜆 = 0.06).
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.1.3. Harmonic operators of vertical wave forces
The measured harmonics of the vertical wave loads are summa-

ized as the harmonic operators in Fig. 14. The first harmonics are
onotonically decreasing with increasing wave frequency on the soli-

ary cylinder (Model A) at the deep and shallow drafts. As the wave
requency increases, the forces decrease and converge to zero. This
s because the vertical forces are exerted only on the bottom of the
ylinder. The water particle velocity decreases exponentially and can-
ot influence the cylinder bottom at high frequency. However, at
ow frequency, the non-dimensional vertical forces reach around 0.8
𝐹 (𝜔)
𝑧 ∕𝜌𝑔𝐴𝑤(𝐻∕2) = 1) dominated by incident wave forces known as

roude–Krylov forces.
On the other hand, with the heave plate, the vertical forces not only

ct on the bottom but also on the top of the plate. As a result, the
 a

10 
mplitude of the first harmonic on the small plate (Model B) is lower
han that of the solitary cylinder (Model A) at both drafts. In addition,
ith the large heave plates (Model C, D, and E), the first harmonics of

he vertical forces are significantly increased in high-frequency regions.
he forces decrease as the wave frequency decreases in low-frequency
egions.

Interestingly, the potential flow theory indicates that the vertical
orces are canceled out in these frequency regions, where the forces
n the bottom and top of the plate are equal. However, the theory
nderestimates the forces compared to the experimental measurements
round the cancellation frequency. The underestimation of the first
armonic of the vertical forces is more significant with higher wave
teepness (𝐻∕𝜆) with the large heave plates. The wave steepness effects
re dominantly visible in the low-frequency region with the solid plate.
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Fig. 13. Non-dimensional horizontal wave forces at deep (top) and shallow (bottom) drafts (×: 𝐻∕𝜆 = 0.02, ○: 𝐻∕𝜆 = 0.04, ∙: 𝐻∕𝜆 = 0.06, and −: HydroStar). Note that only 0.02
of wave steepness was tested for heave plates (Model B, D and E) at the deep draft (𝑑∕𝐷𝑐 = 2.2).

Fig. 14. Non-dimensional vertical wave forces at deep (top) and shallow (bottom) drafts (×: 𝐻∕𝜆 = 0.02, ○: 𝐻∕𝜆 = 0.04, ∙: 𝐻∕𝜆 = 0.06, and −: HydroStar). Note that only 0.02 of
wave steepness was tested for heave plates (Model B, D and E) at the deep draft (𝑑∕𝐷𝑐 = 2.2).
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Fig. 15. Non-dimensional horizontal wave forces on the truncated circular cylinder without (𝐷𝑑∕𝐷𝑐 = 1.0) and with the heave plate (𝐷𝑑∕𝐷𝑐 = 2.9) in bichromatic waves
𝜔2
1𝐷𝑐∕𝑔 = 0.83 and 𝜔2

2𝐷𝑐∕𝑔 = 1.30) at deep and shallow drafts.
Fig. 16. Non-dimensional vertical wave forces on the truncated circular cylinder without (𝐷𝑑∕𝐷𝑐 = 1.0) and with the heave plate (𝐷𝑑∕𝐷𝑐 = 2.9) in bichromatic waves (𝜔2
1𝐷𝑐∕𝑔 = 0.83

nd 𝜔2𝐷𝑐∕𝑔 = 1.30) at deep and shallow drafts.
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hereas it is much less significant in the high frequency (𝜔2𝐷𝑐∕𝑔 >
). Further discussion of the first harmonic of vertical wave forces is
rovided in Section 6.

For the porous plate, the effects are visible in the whole frequency
ange by decreasing the vertical forces, notably at the shallow draft.
he potential flow theory is generally aligned with the experimental
easurement, especially with the lower wave steepness (𝐻∕𝜆 = 0.02).
he first harmonic on the porous plate (Model D, 𝜏 = 0.1) is predicted
ell by Darcy’s law with the porous parameter (𝜅 = 5), especially

or the lower wave steepness (𝐻∕𝜆 = 0.02). However, significant
ifferences exist in low-frequency regions.

The presence of a heave plate tends to increase the second-harmonic
omponents at deep and shallow drafts, largely for the larger plates.
he second harmonics of the vertical forces at the deep draft generally

ncrease with respect to the frequency. At the shallow draft, on the
ther hand, only the cylinder alone and with a small heave plate show
similar trend as for the deep draft. With the larger plate, the second
armonics show fluctuations with respect to the frequency. The second-
rder theory predicts the general trend of the second-harmonic vertical
orces. The porous plate reduces the second-harmonic vertical forces
ompared to the equivalent solid plate (Model C) at the deep and
hallow drafts.

Lastly, the mean drift forces exerted on the solitary cylinder and
he cylinder with the small plate (Model B) show negative forces at the
eep and shallow drafts. With the large heave plates, the mean drift
orces are increasing more significantly at the shallow draft. The porous
late decreases the mean forces by 50% compared to the equivalent
olid plate at the shallow draft.

.2. Wave loads in bichromatic waves

The horizontal and vertical wave forces acting on the cylinder

ithout (Model A) and with heave plate (Model C) are examined at m

12 
eep (𝑑∕𝐷𝑐 = 2.2) and shallow (𝑑∕𝐷𝑐 = 0.7) drafts in the bichromatic
aves.

The harmonic amplitudes of the forces at 𝜔1, 𝜔2, 𝜔+, 𝜔− are non-
imensionalized with,

′(𝜔𝑗 ) = 𝐹 (𝜔𝑗 )

𝜌𝑔𝐷2
𝑐𝐴𝑗

, 𝐹 ′(𝜔+,−) = 𝐹 (𝜔+,−)

𝜌𝑔𝐷𝑐𝐴1𝐴2
(8)

where 𝜔𝑗 represents the wave frequency components. 𝐴1 and 𝐴2 are
the first harmonics of the wave amplitude corresponding to each wave
frequency.

5.2.1. Time series and harmonic components
Figs. 15–16 show one example of wave-loads time series in bichro-

matic waves together with the amplitudes of first-, and second-
harmonics of 𝜔1 and 𝜔2 as well as the sum- and difference-frequency
components, 𝜔+ and 𝜔−. The amplitudes of the forces are obtained
using the least-square method given in Eq. (6).

In the time series, it is clear that the behavior of horizontal forces
presents envelopes repeated in 𝑇 −, regardless of the presence of the
late and the drafts. At the deep draft, the forces are almost the same
ithout or with the plate. However, at the shallow draft, the forces are

ignificantly influenced by the plate, resulting in an increased ampli-
ude. On the other hand, the amplitude and the phase of vertical forces
f Model C are increased and shifted compared to Model A in both
rafts. This is consistent with the trend observed with monochromatic
aves.

.3. Harmonic operators of the first harmonics

Fig. 17 shows the first harmonics of horizontal and vertical wave
orces in bichromatic waves represented by the symbols with the solid
ace colors. For comparison, the first harmonics from the monochro-

atic waves with the wave steepness of 𝐻∕𝜆 = 0.02 are plotted with
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Fig. 17. First harmonic wave loads on the truncated circular cylinder with and without heave plate at deep and shallow drafts (lines: HydroStar, symbols without fill: monochromatic

waves 𝐻∕𝜆 = 0.02, symbols with fill: bichromatic waves).
Fig. 18. Wave loads at sum frequency 𝜔+ on a truncated circular cylinder with and without heave plate at deep and shallow drafts in bichromatic waves (lines: HydroStar

(near-field), symbols with colors: bichromatic waves).
symbols without face color. The first-order wave forces from potential
flow theory are presented in solid lines with colors corresponding to
the configuration and the drafts.

In bichromatic waves, the first harmonics of the forces are generally
close to the measurements in monochromatic waves. As the frequency
increases, the vertical forces on the solitary cylinder decrease and
converge to zero. It is important to note that the vertical forces on
the heave plate (Model C) are similar in magnitude to the regular
wave ones at the low frequency, where the potential flow theory
underestimates the forces.

5.3.1. Sum- and difference-frequency components
Wave loads at the sum and difference frequencies in bichromatic

waves are shown with the symbols in Figs. 18–19. The second-order
sum- and difference-frequency wave forces evaluated by QTFs using
HydroStar are given in solid lines for comparison. Similar to the second
harmonic in the monochromatic waves, the horizontal forces are less
affected by the presence of the plate at the deep draft but significantly
affected at the shallow draft. The effect of the plate is noticeable on the

vertical forces at both deep and shallow drafts.

13 
In the difference-frequency components, the slowly varying forces
on the solitary cylinder and cylinder with the plate are identical at the
deep draft. The forces on the cylinder with the plate are significantly
increased at the shallow draft, which is a similar tendency to the mean
drift forces in monochromatic waves.

In general, the potential flow theory predicts well the horizontal and
vertical wave forces at the sum and difference frequencies. However,
the theory tends to overestimate the horizontal forces at sum frequency
and underestimate the vertical forces at difference frequency. This is
again similar to what was obtained for the second harmonic and mean
of monochromatic waves, where the second-order horizontal forces
were higher than those in the measured second harmonics, and the
zeroth-order vertical forces were lower than the measurements in the
low-frequency region.

6. Discussion

In the previous section, potential flow theory, commonly employed
in engineering models, was seen to generally predict the wave loads

at the 0th, 1st, and 2nd harmonics. However, there are differences
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Fig. 19. Wave loads at difference frequency 𝜔− on a truncated circular cylinder with and without heave plate at deep and shallow drafts in bichromatic waves (lines: HydroStar

(middle field), symbols with colors: bichromatic waves).
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between the experimental measurements and theoretical predictions
when the cylinder is equipped with the heave plate. Of particular
interest is the underestimation of the first harmonics that dominate the
wave loads. Therefore, the focus of this section is to provide a more
detailed understanding of the first harmonic wave loads.

6.1. Wave loads on a vertical circular cylinder in literature

This section places the present experiments on a truncated vertical
circular cylinder (Model A) within relevant experimental databases
in the literature. The experimental databases available in the litera-
ture mainly concentrate on horizontal wave forces, with only limited
discussion on vertical wave forces.

Fig. 20 illustrates the first harmonics of wave loads exerted on the
vertical circular cylinder with respect to the non-dimensional wave
frequency 𝜔2𝐷𝑐∕𝑔. The cylinder configurations in the literature are
represented by the draft ratio 𝑑∕𝐷𝑐 . For instance, the present study
considers two draft ratios: deep draft (𝑑∕𝐷𝑐 = 2.2) and shallow draft
(𝑑∕𝐷𝑐 = 0.7). Previous studies examined the bottom-mounted cylinder
(𝑑∕𝐷𝑐 = 3.9, Kristiansen and Faltinsen (2017)) and the truncated
cylinder (𝑑∕𝐷𝑐 = 1.5, Sung et al. (2007) and 𝑑∕𝐷𝑐 = 3.0, Boo (2006)).

For comparison, the potential flow theory on the bottom-mounted
circular cylinder (McCamy and Fuchs, 1954) and on the truncated
cylinder (Garrett, 1971) are presented in solid lines. In general, the
first harmonic wave loads, non-dimensionalized as 𝐹 (𝜔)∕𝜌𝑔𝐷2

𝑐 (𝐻∕2),
are described well by the linear potential flow theory, which evaluates
the forces analytically.

The outcomes of the present experiment are consistent with the
general trend in the literature. Increasing the draft ratio increases
the non-dimensional horizontal forces. This can be attributed to the
increase in the wetted body surface. Eventually, the horizontal forces
acting on the truncated cylinder are close to those acting on the bottom-
mounted cylinder. Conversely, decreasing the draft ratio leads to an
increase in the non-dimensional vertical wave forces. As confirmed in
Section 5, the vertical forces on the solitary cylinder decrease with
increasing wave frequency and converge to zero.

6.2. Wave loads on a vertical circular cylinder with a heave plate

In this section, we focus on the underestimation of the first har-
monic of the vertical wave forces in the low-frequency region, as
observed in Section 5. To begin with, we investigate the flow field in
regular waves by solving the incompressible Navier–Stokes equation
 p

14 
with a CFD solver foamStar. The flow is visualized around the heave
plate, where flow separation is expected. The vertical wave forces
evaluated in the CFD are compared with the experimental measure-
ments. Furthermore, attempts are made to overcome the underpredic-
tion of potential flow solutions by introducing the viscous drag term of
Morrison’s equation.

6.2.1. CFD simulations
The CFD simulations are carried out using the foamStar solver,

hich is an in-house library co-developed by Bureau Veritas and Ecole
entrale de Nantes. The library is based on the interDymFoam which is a
tandard multiphase solver in OpenFOAM. The detailed computational
lgorithms and applications of the solver are presented in Monroy et al.
2016), Choi et al. (2020), Kim (2022), Descamps (2023). The Volume
f Fluid (VOF) method is used to capture the free surface in the two-
hase flow. The regular waves are generated using wave2Foam with the
ree surface 𝑘−𝜔 SST turbulence model as well as the Crank–Nicolson
ime integration scheme to minimize the wave dissipation during its
ropagation.

Spatial refinement is considered around the free surface as 𝜆∕𝛥𝑥 =
∕𝛥𝑦 > 80 and 𝐻∕𝛥𝑧 > 15. Relaxation zones are taken with wavelength,
, for the incoming waves, 2𝜆 for wave reflections at the back of the
omain, and 0.5𝜆 on the side. In total, about 5 million cells are used
ith the symmetric computational domain. The time step 𝑑𝑡 is taken as
∕𝑑𝑡 = 500.

Fig. 21 presents the flow field with Model C (𝐷𝑑∕𝐷𝑐 = 2.9) in the
egular waves (𝜔2𝐷𝑐∕𝑔 = 0.35, 𝐻∕𝜆 = 0.04) at the deep draft. The
agnitude of the flow velocity field is illustrated along with the vector

f the flow. A strong flow separation is observed at the edge of the
late in CFD. This flow separation is not considered in the potential
low theory.

.2.2. Engineering approximation of viscous forces using a Morison-type
ormulation

A simplified method is presented to investigate the effect of the
ertical wave forces from flow separation. The contribution of the flow
eparation can be modeled using viscous drag forces from the Morison
quation. The first-order vertical wave forces can be defined here as,
(1)
𝑧 = 𝐹 𝑝

𝑧 + 𝐹 𝑣
𝑧 (9)

here 𝐹 𝑝
𝑧 is the first-order hydrodynamic forces computed by the

𝑣
otential flow theory (Han et al., 2024) and 𝐹𝑧 is the viscous drag force
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Fig. 20. Non-dimensional first harmonics of horizontal and vertical wave forces on a vertical circular cylinder. Lines are the results using the linear potential flow theory:
(a) McCamy and Fuchs (1954) for a bottom-mounted cylinder and Garrett (1971) for a truncated cylinder. Symbols are the experimental measurements: (1) Kristiansen and
Faltinsen (2017) for the bottom-mounted cylinder (◦), (2) Boo (2006) (▵), (3) ITTC 27th OEC (2014), Sung et al. (2007) (▿), and (4) the present study (□,◊) for the truncated
cylinder. The transparency of the face color means the wave steepness.
Fig. 21. Magnitude of non-dimensional flow velocity (|𝐔|∕(𝐻∕2)𝜔) and free surface (black solid line) around the cylinder with the heave plate (𝐷𝑑∕𝐷𝑐 = 2.9) at the deep draft
(𝑑∕𝐷𝑐 = 2.2) in the monochromatic waves (𝜔2𝐷𝑐∕𝑔 = 0.35, 𝐻∕𝜆 = 0.04) propagating in positive 𝑥-axis (left to right).
from the Morison equation defined as

𝐹 𝑣 = 1
2
𝜌𝐶𝐷𝑆𝑑𝑈𝑧|𝑈𝑧| (10)

where 𝑆𝑑 = 1∕4𝜋𝐷2
𝑑 is the plate’s surface area and 𝐶𝐷 stands for the

drag coefficient.
The flow velocity 𝑈𝑧 is computed using the linear velocity potential

of the incident wave, 𝜙𝐼 ,

𝑈𝑧(𝑡) =
𝜕𝜙𝐼 = Re

{

−𝑖𝑔𝐴𝑘0 sinh 𝑘0(𝑧 + ℎ)
𝑒𝑖(𝑘0𝑥−𝜔𝑡)

}

(11)

𝜕𝑧 𝜔 cosh 𝑘0ℎ

15 
where the wave number 𝑘0 is decided by using the linear dispersion
relation, 𝜔2 = 𝑘0 𝑔 tanh 𝑘0ℎ. The reference position is at the center of
the submerged circular plate (𝑥 = 0, 𝑧 = −𝑑).

Fig. 22 shows an example of the vertical force time history on
Model C in regular waves with the non-dimensional wave frequency
(𝜔2𝐷𝑐∕𝑔 = 0.35) and wave steepness (𝐻∕𝜆 = 0.04) at the deep draft
(𝑑∕𝐷𝑐 = 2.2). The drag coefficients on Model C (𝐷𝑑∕𝐷𝑐 = 2.9) are
obtained iteratively by targeting the amplitude of the measured vertical
forces, resulting in constant values of 17, 23, and 28 for the three wave
steepnesses, respectively.
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Fig. 22. Time series of non-dimensional vertical wave forces on the cylinder with the heave plate (𝐷𝑑∕𝐷𝑐 = 2.9) at the deep draft (𝑑∕𝐷𝑐 = 2.2) in the regular waves (𝜔2𝐷𝑐∕𝑔 = 0.35,
∕𝜆 = 0.04): experiment (solid line), CFD (dashed line), potential flow theory (dashed-dot line), and simplified method with 𝐶𝐷 = 23.0 (dotted line).
t
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The CFD result is in very close agreement with the experiment,
hile the potential flow theory largely underestimates the amplitude
nd has a phase discrepancy. An important improvement of the poten-
ial flow prediction is obtained by including the viscous drag forces
Eq. (9)), but there is still some inconsistency in the phase.

There are two possible reasons for this difference. The first reason
s a time lag due to the distribution of vortices, which has a certain
nertia inducing a force not in phase with the excitation velocity. The
econd reason is the reference position of the flow velocity. The drag
orces are related to the flow separation that occurs at the edge of the
late, which is far from the reference position. This aspect is left for
uture research focusing on engineering design models.

Fig. 23 shows the prediction of the first harmonic operator for
ertical forces in three wave steepnesses using the simplified method,
.e. potential flow theory with added viscous drag and CFD. The CFD
imulations accurately capture the vertical forces in that low-frequency
egion as well as the effects of wave steepness. Similarly, the simplified
ethod predicts well the first harmonic amplitude over the entire

requency range using the constant drag coefficient corresponding to
ach wave steepness. It is worth noting that at the deep draft (𝑑∕𝐷𝑐 =
.2), the drag coefficient depends on wave steepness and not frequency.
he contribution of viscous drag forces appears in the low-frequency
egion (𝜔2𝐷𝐶∕𝑔 < 1.0), and it is most significant at the cancellation
requency of about 𝜔2𝐷𝑐∕𝑔 = 0.1.
.2.3. Vertical force regimes on a cylinder with a heave plate at the deep
raft

This section examines the vertical wave forces based on the size of
he heave plate. The CFD simulations, described in Section 6.2.1, are
onducted with seven representative plate diameter ratios: 𝐷𝑑∕𝐷𝑐 =
.0, 1.5, 2.0, 2.5, 2.9, 3.5, 4.0. A single regular wave, with wave steepness
∕𝜆 = 0.04 and non-dimensional frequency 𝜔2𝐷𝑐∕𝑔 = 0.35, is consid-

red where strong flow separation is observed. This study is limited to
he deep draft, 𝑑∕𝐷𝑐 = 2.2.

The drag coefficients for different plate diameter ratios are provided
t the top of Fig. 24. The coefficients are determined using the sim-
lified method described in Eqs. (9)–(11) with reference to the CFD
esults. The values are interpolated for diameter ratios ranging from 1.0
o 4.0. For small plates (𝐷𝑑∕𝐷𝑐 ≤ 1.5), where the difference between
he diffraction theory and CFD is negligible, the coefficients are set to
ero. It is also noted that the coefficient is converged to a constant value
or large plates (𝐷𝑑∕𝐷𝑐 ≥3.5).

The simplified method provides global responses that correspond to
he wave frequency as shown at the bottom of Fig. 24. From the results,
hree distinct force regimes can be identified:
 w

16 
Fig. 23. Non-dimensional vertical wave forces on the cylinder with heave plate
(𝐷𝑑∕𝐷𝑐 = 2.9) at the deep draft (𝑑∕𝐷𝑐 = 2.2): potential flow theory (solid lines),
he potential flow theory with viscous drag (dashed, dashed-dot, and dotted lines),
xperiments (symbols with face colors), CFD (symbols without face colors).

∙ Region I: Diffraction. This region is governed by the potential flow
theory. This is valid for the high-frequency region 𝜔2𝐷𝑐∕𝑔 ≥ 1.0
for all plate diameters, and over the whole range of frequency for
small heave plates with 𝐷𝑑∕𝐷𝑐 < 1.5.

∙ Region II: Viscous drag. This is where viscous drag dominates,
and the plate cancels out the hydrodynamic vertical forces in the
linear potential flow theory (0.1 ≤ 𝜔2𝐷𝑐∕𝑔 ≤ 0.5).

∙ Region III: Diffraction + viscous drag. In this region, both poten-
tial and drag forces contribute to the vertical wave forces.

. Conclusions

Wave loads on a fixed vertical and surface-piercing circular cylinder
ith a circular plate were investigated experimentally. The study ex-
mined five different plate configurations, including a perforated plate
t deep and shallow submerged depths (𝑑∕𝐷𝑐 = 2.2, 0.7). The waves
sed in the experiment were monochromatic waves with three wave
teepnesses (𝐻∕𝜆 = 0.02, 0.04, 0.06) and bichromatic waves. The waves
ere carefully calibrated before testing.
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Fig. 24. Top: Determination of drag coefficients for diameter ratios 𝐷𝑑∕𝐷𝑐 ranging
rom 1.0 to 4.0 with a reference frequency 𝜔2𝐷𝑐∕𝑔 = 0.35 and wave steepness 𝐻∕𝜆 =
.04 at the deep draft 𝑑∕𝐷𝑐 = 2.2. Bottom: Vertical wave excitation forces for non-
imensional wave frequency 𝜔2𝐷𝑐∕𝑔 at the deep draft.

Horizontal and vertical wave forces exerted on the cylinder with
he heave plate were of particular interest. A force transducer was
sed to measure wave loads, mitigating sources of error from wave
eflection and structural responses. Measured force time histories were
xamined to provide insights into the influence of the plate diameter
nd submerged depth. Fourier analysis and least-squares fitting were
tilized to obtain the harmonic content from the load time series
nduced by the monochromatic and bichromatic waves.

A boundary element method solver based on the potential flow
heory (HydroStar) was used to evaluate the first- and second-order
oads for comparison. Panel models for solid plates were made by
onsidering the plate’s thickness, and the source distribution method
as used to solve a boundary integral equation. The perforated plate
as modeled using Darcy’s law by assuming a zero-thickness plate with
porous parameter, with a mixed approach (dipole + source methods).

In the present study, a significant effect of the heave plate was
bserved on the wave loads, particularly on the harmonic contents. The
ollowing outcomes can be highlighted:
17 
• Heave plate diameter: The diameter ratio of the plate (𝐷𝑑∕𝐷𝑐)
significantly affects wave loads by altering the force amplitude
and shifting the phase. The boundary element method used in this
study provides reasonable agreement with the corresponding har-
monics of experimental measurements. However, there are some
inconsistencies observed in the harmonic content, particularly in
the first harmonic of the vertical force. The BEM solver predicts
the cancellation of first-order vertical forces in low-frequency
regions but the experimental results show significant amounts of
first-harmonic forces at these frequencies.

• Perforated plate: The perforated plate with 10% porosity effec-
tively decreases the wave loads, which is more noticeable at the
shallow draft. The panel method with porous parameter predicts
well the first harmonic of the wave loads at the deep and shallow
drafts.

• Wave steepness: The non-dimensional horizontal forces tend to
decrease as the wave steepness increases. This trend is more
pronounced for the large plates (𝐷𝑑∕𝐷𝑐 = 2.9, 3.5), whereas it is
negligible for the solitary cylinder. On the other hand, the first
harmonic of vertical forces with the large plates increases with
increasing wave steepness in low-frequency regions.

• Submerged depth: The effect of the submerged depth is closely
related to the wave steepness, as there is an interaction between
the plate and the free surface. At the deep draft, horizontal forces
are less affected by the heave plate and the wave steepness, but
at the shallow draft, it becomes significant.

• Nonlinear loads: Mean drift and second harmonic loads, cor-
responding to the second-order loads, are found to be more
pronounced at the shallow draft and clearly distinguished with
respect to the plate-to-column diameter ratio (𝐷𝑑∕𝐷𝑐). This find-
ing emphasizes the importance of analyzing the higher-order
loads, which anticipate inducing significant mooring tensions or
structural vibrations when the floating body is equipped with
heave plates near the free surface.

Further investigation of the first harmonics of wave loads was
arried out. The results from the present experiment on the solitary
ylinder (𝐷𝑑∕𝐷𝑐 = 1.0) were found to be consistent with the general
rends in the literature.

CFD simulations were carried out to investigate the vertical forces
n the heave plate (𝐷𝑑∕𝐷𝑐 = 2.9) at low wave frequency, for which
he potential flow solver did not predict well the experimental result.
t was observed that flow separation occurred around the edge of the
late. A simplified viscous approach using Morison’s equation was used
o model the contribution of the flow separation. The drag coefficient
f Morison’s equation was determined using experimental and numer-
cal (CFD) results for the desired wave steepness at low frequencies
here viscous drag is dominant. This approach permitted to provide
n accurate prediction of the first harmonic vertical force amplitude
ompared to the experiment despite some remaining inconsistencies in
he phase of the time series. In conclusion, a classification of vertical
orce regimes on the vertical circular cylinder with the heave plate,
onsidering the constraints of the thin plate and deep draft condition.
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