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Abstract. This study investigates how the instantaneous wetted surface affects hydrodynamic radiation loads and wave fields
of floating offshore wind platforms. A direct time-domain Rankine source boundary element method compares a linear for-
mulation evaluated at the mean body position with a body-exact formulation that updates the wetted body surface and free
surface intersection at each time step. The free surface boundary conditions remain linearised about the mean water level in
both cases, so differences in their responses relate to the treatment of the instantaneous wetted surface. Radiation problems are
considered for a vertical cylinder as a reference geometry, as well as for the OC3-Hywind spar buoy and UMaine VolturnUS-S
semi-submersible in surge, heave, and pitch motion. The unsteady pressure loads contain higher-harmonic contributions absent
in the linear formulation, following a symmetry-dependent structure for the axisymmetric cylinder and spar, with a leading
second harmonic in heave and leading third harmonics in surge and pitch motion. These scale with the square and the cube of
the motion amplitude, respectively, and the unsteady pressure contribution to the second harmonic in heave of the spar buoy
reaches 99-126 % of the linear fundamental at the largest motion amplitude for the investigated wave numbers. Including the
quadratic term in Bernoulli’s equation reduces the total second harmonic to 56-73 % of the fundamental for the same cases.
For the spar, the radiated wave field shows corresponding higher-harmonic content. For the non-axisymmetric VolturnUS-S,
the unsteady pressure second harmonic reaches 3.7 % of the fundamental in surge, 18 % in heave, and 19 % in pitch. For the
axisymmetric geometries, the second-harmonic contributions of the quadratic term vanish in surge and pitch due to symme-
try. The quadratic term in Bernoulli’s equation differs only slightly between the linear and body-exact formulations but is not
negligible, as it acts nearly out of phase with the unsteady pressure second harmonic. The results show that the instantaneous
wetted geometry with linearised free surface boundary conditions introduces symmetry-dependent higher-harmonic radiation
loads. The body-exact formulation provides a basis for further development of accelerated weak-scatterer simulations coupled

with flexible structural models for the hydroelastic analysis of floating offshore wind platforms.

1 Introduction

Floating offshore wind (FOW) is expected to expand significantly over the next decade (Williams et al., 2026). To reduce the
levelised cost of electricity (LCOE), increasingly large wind turbines are being developed together with larger floating support

structures (Abdelmoteleb et al., 2022; Ran et al., 2023). Platform optimisation aims to reduce material use and structural
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mass (Abdelmoteleb et al., 2022; Ran et al., 2026). These developments can lead to more flexible floating structures, making
hydroelastic effects increasingly important for the analysis and design of floating offshore wind turbine (FOWT) platforms (Ran
et al., 2023; Abdelmoteleb et al., 2027). High-fidelity numerical approaches, such as computational fluid dynamics (CFD) and
fully nonlinear potential flow solvers, can describe the resulting fluid—structure interactions in greater detail. However, their
computational cost limits their use in routine design and optimisation studies (Ran et al., 2026). This motivates the development
of efficient engineering models that can capture important hydrodynamic effects while remaining suitable for system-level
analysis and design.

System-level models for FOWT platforms, used for evaluating a large number of design variations, typically use simpli-
fied hydrodynamic representations based on potential flow theory, Morison’s equation, or a hybrid of both (Gao et al., 2023;
Ran et al., 2026). Morison’s equation suits slender structural members, while potential flow methods are preferred for large-
volume bodies where wave diffraction and radiation are dominant (Faltinsen, 1990; Kvittem et al., 2012). In practice, both
are often combined, with potential flow coefficients describing radiation and diffraction and Morison drag terms accounting
for viscous loads (Kvittem et al., 2012; Souza and Bachynski-Poli¢, 2022; Wang et al., 2022). In conventional potential flow
applications, radiation, diffraction, and wave-excitation coefficients are calculated using frequency-domain boundary element
method (BEM) solvers for a fixed reference geometry and boundary conditions linearised about the mean free surface level
(Kvittem et al., 2012; Ran et al., 2026). Frequency-domain models are commonly used in design optimisation, as they evaluate
many design iterations more efficiently than time-domain simulations (Ran et al., 2026). In time-domain simulations, the co-
efficients are converted into a time-domain representation using the Cummins equation (Cummins, 1962; National Renewable
Energy Laboratory, 2026). Structural flexibility can also be represented through distributed structural models, in which the
hydrodynamic and hydrostatic loads are distributed over the structure rather than applied at a single platform reference point,
for example through modal or multi-body approaches (Borg et al., 2017; Ran et al., 2026; Bergua et al., 2026; Abdelmoteleb
et al., 2027). However, the hydrodynamic model is still based on a linearised geometry, assuming that platform motion or
deformation is small, so that the geometry is not recomputed as the body moves or deforms (Borg et al., 2017; Teng et al.,
2018; Abdelmoteleb et al., 2027). Thus, while these approaches can often effectively represent the overall system response,
they typically do not account for changes in the hydrodynamic problem associated with the instantaneous body configuration
(Kvittem et al., 2012; Abdelmoteleb et al., 2027; Bergua et al., 2026).

OpenFAST (Jonkman, 2013) uses potential flow and Morison-based hydrodynamic models in its HydroDyn module (Na-
tional Renewable Energy Laboratory, 2026). Similar hydrodynamic modelling approaches are used in tools such as HAWC2
(Larsen and Hansen, 2023; DTU Wind Energy, 2026). Frequency-domain BEM solvers such as WAMIT (WAMIT, Inc., 2026),
OrcaWave (Orcina Ltd., 2026), ANSYS AQWA (ANSYS, Inc., 2025), and NEMOH (Babarit and Delhommeau, 2015) are
commonly used to calculate hydrodynamic coefficients for floating bodies.

The limitations of engineering-level hydrodynamic models have been investigated in a series of international benchmark
studies. The OC3 and OC4 projects established reference configurations (Jonkman, 2010; Robertson et al., 2014a) and com-
pared responses obtained with different simulation tools (Jonkman and Musial, 2010; Robertson et al., 2014b). The subse-

quent OCS project systematically compared simulations with physical experiments and identified discrepancies in predicting
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low-frequency responses of the DeepCwind semi-submersible (Robertson et al., 2017). During Phase I of the OC6 project,
Robertson et al. (2020) investigated these discrepancies and reported persistent underprediction of low-frequency surge and
pitch responses. Wang et al. (2022) subsequently improved OpenFAST’s predictions of this global response through modifi-
cations to the modelling of viscous drag forces, achieving good agreement with the OC6 experimental measurements. This
approach has since been adopted in QBlade-Ocean (Behrens de Luna et al., 2024). More recently, OC7 has extended the
comparison to flexible floating structures and member-level loads. For the UMaine VolturnUS-S semi-submersible platform,
Bergua et al. (2026) reported that platform motions and mooring line tensions were accurately reproduced, with member-level
loads showing reasonable overall accuracy. Discrepancies in the predicted pontoon torque were attributed to potential flow
models neglecting higher-order effects of the instantaneous wetted surface. This motivates hydrodynamic models that directly
resolve the instantaneous wetted surface.

Direct time-domain potential flow methods provide a viable framework for addressing this limitation, resolving local pres-
sure and motion nonlinearities associated with the instantaneous body configuration. While convolution-based time-domain
methods transform precomputed frequency-domain coefficients to the time domain, direct time-domain methods solve the hy-
drodynamic boundary value problem at each time step (Watai et al., 2016; Teng et al., 2018). Crucially, solving in the time
domain enables body-exact formulations that explicitly evaluate the boundary conditions and resolve the spatially distributed
hydrodynamic pressure field on the instantaneous wetted surface. Compared to fully nonlinear BEM, the weak-scatterer for-
mulation provides a more efficient alternative by linearising the fluid perturbation induced by the structure around the incident
wave field. Related Rankine source approaches have been applied to seakeeping problems using solvers such as SWAN-4
(Huang, 1997), LAMP-4 (Shin et al., 2003), and WISH-3 (Kim et al., 2011). Furthermore, the WS_CN solver developed at
Ecole Centrale Nantes has demonstrated the weak-scatterer formulation for wave energy converters (Letournel, 2015), inter-
acting bodies (Wuillaume, 2019), and the hydroelastic response of a bottom-fixed offshore wind turbine (Leroy et al., 2021).

For floating wind applications, a major challenge is the computational cost of repeatedly solving the time-domain BEM
problem as the body configuration changes. The fast multipole method and other accelerated BEM techniques provide a pos-
sible means of reducing this computational cost. The time-domain Rankine source solver BEMUseRS (Olsmats Baumeister
et al., 2026) has been developed to provide a computationally efficient hydrodynamic framework for floating offshore wind. Its
long-term objective is to incorporate a weak-scatterer formulation for incident-wave interactions and, subsequently, coupling
to flexible structural models for hydroelastic analysis. Establishing a body-exact time-domain formulation is a crucial step to-
wards this objective. In the present work, the instantaneous wetted body surface and waterline intersection are updated during
prescribed body motion, allowing evaluation of the hydrodynamic boundary-value problem and pressure distribution on the
moving geometry. The resulting higher-harmonic radiation loads and wave fields are investigated to characterise the effects of
the instantaneous wetted surface before extending the formulation to incident waves and structural deformation.

BEMUseRS was cross-verified against frequency-domain results by Olsmats Baumeister et al. (2026). Building on that
verification, this work quantifies the higher-harmonic radiation loads and wave fields arising from the instantaneous wetted
surface in the body-exact formulation, relative to the corresponding linear solution, for motion amplitudes and frequencies

representative of floating offshore wind platforms. Radiation problems are considered for a vertical cylinder, the OC3-Hywind
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spar buoy, and the UMaine VolturnUS-S semi-submersible, in surge, heave, and pitch motion. Mesh sensitivity is assessed
for the free surface and body discretisations. For the cylinder, motion amplitudes and radiation wavelengths are varied to
investigate the effects of the instantaneous wetted geometry. The platform cases extend this analysis to representative floating
wind geometries over a range of frequencies and motion amplitudes. The higher-harmonic content in the radiated wave field
and hydrodynamic loads is quantified against the corresponding fixed-geometry linear solution and related to the amplitude

and symmetry of the prescribed motion.

2 Methodology
2.1 Hydrodynamic boundary value problem

This study employs a BEM based on potential flow theory, assuming an inviscid, incompressible, and irrotational ideal fluid.
A Rankine source formulation represents the perturbation velocity potential and its normal derivative as source and dipole
distributions over the wetted body and free surfaces. The source and dipole strengths are determined by solving a linear
boundary value problem (BVP) for the perturbed velocity potential, ¢,. Boundary conditions are enforced on the mean free
surface, Spg (z = 0), and the wetted body surface, Sg(t). The body boundary condition ensures non-penetration flow, while

the free surface conditions derive from the linearised kinematic and dynamic fluid constraints, expressed as

99

—8; =—gny, onSpg: z=0,

onp  O¢p

—_— = — M = 1
Bt B onSpg: 2=0, (1
% =U-n, onSp,
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where 7),, is the perturbed free surface elevation, and g is the gravitational acceleration. Here, U denotes the prescribed body
velocity, which corresponds to rigid-body motion in the present study, and n is the unit normal vector on Sg, pointing out of
the body into the fluid. To satisfy the radiation condition at the domain boundary, an artificial absorbing beach (Huang, 1997)
is applied in an outer domain of the free surface by adding damping terms to the kinematic condition,

O 0% ey + 2, @
where the damping coefficient v(r) is zero in the inner region and increases from the inner edge of the beach to the outer
boundary.

Two nondimensional parameters are used to assess the limitations of the underlying modelling assumptions. The Keulegan—
Carpenter (KC) number, which for a pure radiation problem, where the relative flow velocity is the body velocity, reduces to
KC =27 A/D, where A is the motion amplitude and D the characteristic body dimension, measures the motion amplitude
relative to the body size. For KC values of order unity or larger, depending on geometry and flow conditions, flow separation

becomes increasingly important (Faltinsen, 1990). Here, KC is therefore used as an indicator of potential theory limitations

rather than a strict applicability threshold. For rotational motion, the displacement increases with distance from the rotation
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centre, so KC is evaluated with the local lever arm. Since the kinematic and dynamic free surface boundary conditions are
linearised about z = 0, their applicability depends on the radiated wave steepness k7, where 1 denotes the radiated free surface
elevation amplitude. Larger values suggest that neglected nonlinear free surface effects may become relevant, regardless of
KC.

The free surface and body boundary, S = SpsUSp, are discretised into flat triangular panels. The velocity potential, ¢,,, and
its normal derivative, o, = 0¢,,/On, are approximated on the elements with a linear distribution, ensuring continuity between
elements. A collocation scheme enforces the boundary integral equation at each node, resulting in the linear system H¢ = Go.

The source and dipole kernels for the influence coefficient matrices G and H are evaluated analytically using the linear-
strength flat triangular panel formulation by Newman (1986). When a receiver node coincides with a source panel, the 1/r
singularity in the single-layer integral is resolved using a Duffy-type polar coordinate transformation, while the double-layer
contribution vanishes for all coplanar receivers. The diagonal self-influence coefficient of H, representing the solid angle
enclosed by the fluid domain at each collocation point, is calculated from the dihedral angles between the panels at the node
using the Gauss—Bonnet relation for a spherical polygon (Manti¢, 1993). The continuity of the velocity potential at sharp
body edges with double or triple nodes is ensured by enforcing equivalency in the linear systems for the influence coefficient
matrices. At the waterline interface where the body meets the free surface, the boundary integral row of the body node n; is
replaced with the direct constraint ¢, (n1) = ¢,(n2), enforcing equality with the known free surface potential at the coincident
free surface node ns.

To solve the system, a Neumann condition (9¢/0n = U -n) is enforced on the body boundary, and a Dirichlet condition
from the previous time step is applied to the free surface. Rearranging the known quantities yields a mixed linear system. As
the influence coefficients depend on geometry, their matrices are updated whenever geometries change. Free surface quantities
are integrated over time using a two-step Adams—Bashforth (AB2) scheme, initialised with an explicit forward-Euler step. A
smooth ramp function is applied to the body displacement, velocity, and acceleration over the first three oscillation periods to
avoid initial numerical transients.

To evaluate the hydrodynamic pressure on the body, the time derivative of the perturbation potential (0¢,/9t) is obtained
by solving an acceleration BVP (Letournel, 2015; Wuillaume, 2019). Influence coefficient matrices from the above described
potential BVP are reused. The spatial gradient V ¢,, is evaluated using B-spline interpolation of the velocity potential. Pressures

are calculated using the unsteady Bernoulli equation,
P(t) =P+ Py=—p—L - |V, |?, 3)

and integrated over the wetted surface to yield the hydrodynamic force

F(t) = —//PndS. @)

Sp(t)
The unsteady and quadratic-velocity pressure contributions, P, and P, are evaluated separately to isolate the effect of the
instantaneous wetted surface on each. The loads obtained by integrating P, and P, are referred to as the P, and P, loads.

Hydrostatic pressure is excluded, so the results are purely hydrodynamic.
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2.2 Linear and body-exact formulation

Two variants of the time-domain solver BEMUseRS are implemented, both assuming rigid-body motion for the study con-
ducted here. The linear formulation calculates the hydrodynamic influence coefficient matrices once at the mean body po-
sition. In contrast, the body-exact formulation solves the BVP on the instantaneous wetted surface, requiring updates to the
body mesh, the body-free-surface intersection, and therefore the influence coefficient matrices at each time step. The kinematic
and dynamic free surface boundary conditions remain linearised about the mean water level, z = 0, in both the linear and the
body-exact approach. Thus, the linear formulation provides a reference that excludes the instantaneous wetted geometry effects
present in the body-exact formulation. Higher-harmonic components absent from the linear reference quantify the nonlinear
response associated with the instantaneous wetted surface treatment.

The free surface is discretised using a conformal mesh. For the body-exact formulation, the conformal free surface mesh
around the body is updated at each time step to follow the moving waterline. Waterline nodes are repositioned to the cur-
rent body-free-surface intersection, identified by a bisection search along the body contour. The conformal mesh nodes are
redistributed between the moving waterline and the fixed outer boundary, allowing the mesh to follow body motion. Only the
constrained Delaunay region of the VolturnUS-S mesh (Sect. 3) remains fixed. Free surface quantities such as wave elevation,
velocity potential, and previous time derivatives for time integration are interpolated onto the updated node positions using
a radial basis function interpolation scheme with the thin-plate-spline kernel ¢(r) = r?logr. The kernel is augmented with a

quadratic polynomial, and interpolation is local, using each node and its first- and second-order mesh neighbours.
2.3 Solver implementation and strategy

BEMUseRS is implemented in C++. Linear algebra operations use the Eigen library (Guennebaud et al., 2010). To avoid
evaluating costly transcendental functions across all panel pairs, the influence coefficient matrices are assembled using a hybrid
integration scheme. Far-field interactions are computed with low-order numerical quadrature, while near-field and singular
interactions use the analytical formulations described above. The influence coefficient matrices are assembled in parallel using
OpenMP (Dagum and Menon, 1998).

The choice of matrix solver depends on the formulation. For the linear formulation the system matrix is constant throughout
the simulation, so it is factorised once and reused at every time step. For the body-exact formulation the matrix is reassembled
at every time step and is solved by LU decomposition with partial pivoting.

The time-domain solver BEMUseRS is implemented in the open-source library BEMUse (Saverin and Griiter, 2022; Ucar
et al., 2025), developed by the Numerical Fluid Mechanics Group at the Institute for Fluid Dynamics and Technical Acoustics,
Technische Universitit Berlin, which also provides a frequency-domain BEM solver based on a free surface Green’s func-
tion formulation. BEMUseRS shares geometry handling, surface discretisation, and numerical integration with the frequency-
domain solver and was cross-verified against it in Olsmats Baumeister et al. (2026). All body-exact results below are compared

to this cross-verified linear solution.
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ISCUSSIONS

3 Numerical setup and reference cases

To systematically evaluate the body-exact formulation, three geometries are considered: a vertical cylinder with a radius of 1 m
and a draft of 5 m, the OC3-Hywind spar buoy, and the UMaine VolturnUS-S semi-submersible (Jonkman, 2010; Allen et al.,
2020). The cylinder serves as a reference geometry for studying the numerical behaviour of the body-exact formulation, while
the two platform geometries provide benchmark cases. Figure 1 compares the body discretisation of the linear and body-exact

formulations for the VolturnUS-S at maximum pitch. In the linear formulation, the discretisation is fixed at the mean position,

while in the body-exact formulation, the hull follows the prescribed rotation as the discretisation is adapted at each time step.

(a) Linear formulation (b) Body-exact formulation

Figure 1. UMaine VolturnUS-S geometry for the linear and body-exact formulations at a pitch motion of 6y = 6°.

For the cylinder and OC3-Hywind spar, the free surface is discretised using a conformal mesh. For the VolturnUS-S semi-
submersible, conformal meshes are used around the surface-piercing columns and connected through a constrained Delaunay
triangulation (CDT). The CDT consists of an inner region for wave propagation and a coarser outer region corresponding to
the absorbing beach, where numerical damping is applied.

Radiation is investigated in surge, heave, and pitch. For the cylinder, translational motion amplitudes of A = 0.1, 0.2, and
0.4 m and pitch amplitudes of 8y = 3°, 6°, and 12° are considered at wave numbers k£ = 1.5 and 3.0 m~! using the deep-water
dispersion relation. These cases vary motion amplitude and radiation wavelength systematically. For the spar, translational
amplitudes of A = 0.4, 1.6, and 3.2 m and pitch amplitudes of 6y = 3°, 6°, and 12° are considered at wave numbers k& = 0.02,
0.05, and 0.10 m~!. For the semi-submersible, the same wave numbers and translational amplitudes are used, while the pitch
amplitudes are limited to 6y = 2°, 4°, and 6°. The platform wave numbers correspond to periods of 6.3 to 14.2s through
k = w?/g, covering the moderate to severe periodic sea states defined for the OC3-Hywind spar (Jonkman, 2010). For the
cylinder, higher wave numbers are selected to test the numerical formulation at shorter radiation wavelengths relative to the
body dimensions. All studied wave numbers, along with their corresponding angular frequencies and periods, are summarised

in Table 1.
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Table 1. Oscillation frequencies used in this study, with the radiated wavelength from the deep-water dispersion relation w? = gk.

Em '] wilrads™'] TJ[s] A[m] Geometry

0.02 0.44 14.19 314.20 Platforms
0.05 0.70 897 125.70 Platforms
0.10 0.99 6.34  62.80 Platforms
1.50 3.84 1.64 4.19  Cylinder
3.00 543 1.16 2.09  Cylinder

For the VolturnUS-S, the translational cases correspond to 0.2 < KC < 1.6, while pitch yields larger local values at the
outer columns, up to KC = 2.7, due to their distance from the rotation axis. For the OC3-Hywind spar, the translational cases
yield 0.3 < KC < 2.1, while the 120 m draft results in larger local values during pitch motion due to the long lever arm, up
to KC ~ 17 at the platform base. These pitch amplitudes test the body-exact formulation and exceed the motion a moored
spar would reach at these frequencies. The radiated steepness k7 remains below 0.14 for the OC3-Hywind spar and reaches
0.28 for the VolturnUS-S in surge at the highest wave number and motion amplitude. The cylinder cases also reach relatively
large radiated wave steepness and, for pitch, KC = 3.3 at the base. These values suggest that viscous separation and neglected
nonlinear free surface effects may become relevant for some investigated conditions. Throughout this study, the reported
loads represent inviscid potential flow radiation responses and do not account for viscous separation or nonlinear free surface
boundary conditions.

The hydrodynamic response is evaluated using radiated free surface elevations, hydrodynamic forces, and moments. Fourier
analysis is used to investigate the higher-harmonic components generated by the body-exact formulation. A separate evaluation
shows that the P, load differs only slightly between the linear and body-exact formulations. The analysis therefore focuses on
the P, load to assess the influence of the instantaneous wetted geometry, and the effect of P, on the total load is summarised at
the end of each platform section. Spectral analysis is performed over the final five oscillation periods. The mean is subtracted
from each signal, followed by a discrete Fourier transform using a rectangular window. The resulting spectrum is converted to a
single-sided amplitude spectrum, and the amplitude of the nth harmonic is taken from the discrete frequency bin closest to n f1,
where f; denotes the frequency of the prescribed body motion. For the free surface elevation, the frequency content is derived
from a spatial average of the Fourier spectra across all probe positions along the positive x-axis, extending from the body to
two fundamental wavelengths, 2. Spatial averaging is used because the harmonic amplitudes vary with position, so the result
does not depend on a single probe location. The spectrum at each probe position is computed from the mean-centred signal
using the described procedure. The spatially averaged spectrum is formed as the mean of the individual spectral magnitudes
across all probe positions in this range. The spatial averaging reduces the influence of individual probe locations but removes

information about the spatial distribution of the harmonic amplitudes.
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The integrated loads computed from P, in the linear formulation include only the fundamental frequency f;. Any spectral
content at higher harmonics is therefore treated as numerical background. The linear spectral level serves as a reference for
assessing the higher-harmonic response of the body-exact formulation. The linear spectral level is removed from the body-exact

amplitude, denoted BDExact in figures and tables, by power subtraction,

‘chorr(nflﬂ = \/|qBDExact (nf1)|2 - ‘qLinear (nfl)‘Q (5)

where ¢ denotes a force, moment, or free surface elevation. This assumes that the background and the harmonic are uncorre-
lated, and it is applied only where the body-exact amplitude exceeds the linear one.

Under the deep-water dispersion relation, a freely propagating component at n.f; has the wave number k,, = n?k; and the
wavelength \,, = \; /n?, and is therefore resolved with progressively fewer points per wavelength than the fundamental. This

limitation is quantified in Sect. 4.

4 Mesh sensitivity study

Spatial convergence is assessed by refining the free surface and body discretisations. Free surface resolution is parameterised
by the number of points per wavelength (PPW), where the reference wavelength is that of the radiated wave at the oscillation
frequency, \; = 2mg/w?. For the cylinder and OC3-Hywind spar, increasing PPW refines both the free surface and body
meshes simultaneously. For the VolturnUS-S, free surface and body discretisations are controlled separately, with the body
mesh defined by a target panel size, Ag. The body mesh remains fixed during the free surface refinement study and is then
refined separately at the selected free surface resolution.

In each mesh study, the wave number and motion amplitude are fixed while varying the spatial resolution. Translational
motion is prescribed with amplitude A and pitch with amplitude 6, using the linear formulation. Wave elevation profiles are
shown as 7peax /A, and force and moment amplitudes are normalised by the finest-mesh result, assessed over the final five
periods. The OC3-Hywind spar in heave motion illustrates wave elevation convergence in Fig. 2. The surge, heave, and pitch

profiles show no significant differences from PPW = 25 onward, which was adopted for subsequent simulations.
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Figure 2. Peak wave elevation along the positive z-axis radiated by the OC3-Hywind spar buoy under heave motion at (a) k = 0.02 m™*, (b)
kE=0.05m"!, and (c) k= 0.10 m™*, for free surface resolutions PPW 10-PPW35. The selected resolution PPW25 is highlighted. Results

are obtained with the linear formulation and normalised by the motion amplitude.

Figure 3 shows the convergence of surge force I, heave force I, and pitch moment M,,, with the number of radial node
rows on the bottom surface, Ng, replacing PPW as the horizontal axis for heave. At PPW = 25, surge and pitch loads are
within 0.4 % of the finest-mesh result. The smaller heave force, governed by pressure integration over the flat bottom surface,
is more sensitive to body discretisation, so the bottom surface is refined separately, and Ng = 10 is selected, within 1% of the

finest bottom discretisation (Nz = 16).

(a) Surge F}, (b) Heave F, (c) Pitch M,
w1004 T § T T T i T T \ '
g ; | 1001 ! o9 Z 100
2 100.2 | ! Zm 3
3 = 3
® 100 [ s B 1 ® 995
3 P 3
2 998 ' E 06 =
£ " % & 99
99.6 | | | ] | | |
< 10 15 20 25 30 35 < T
PPW PPW
—0— [ =0.02m™! —0—k=0.05m"! E=01m™!

Figure 3. Mesh convergence of radiation loads for the OC3-Hywind spar buoy at k = 0.02, 0.05, and 0.10 m™": (a) surge force F}, with
varying PPW, (b) heave force F’, with varying number of radial node rows on the bottom surface, N g, and (c) pitch moment M,, with varying

PPW. Results are obtained with the linear formulation and normalised by the finest-mesh result.

The adopted PPW = 25 is based on the fundamental radiation wavelength \;, and the effective resolution decreases for the

higher harmonics, giving 6.25 and 2.78 points per wavelength at 2 f; and 3 f7, respectively. The third harmonic is therefore
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close to the Nyquist limit of two points per wavelength, and the wave-field analysis is restricted to 2f;. Linear calculations
at the 2 f; wave number confirm that the wave elevation profiles remain unchanged from PPW = 25 onward. At the 2 f; and
3f1 wave numbers, the integrated loads change by less than 1% between PPW = 20 and 30, and Ny = 10 is within 1% of
Np =16 at 2 f;. These calculations do not establish convergence of the nonlinear harmonic amplitudes.

For the VolturnUS-S, the free surface mesh sensitivity is shown in Fig. 4 for heave excitation. A resolution of PPW = 10
was selected, as further refinement led to minor changes while significantly increasing computational costs. The body mesh
was then refined from Ag =6 to 2 m (Fig. 5), and A = 3 m was adopted as a compromise between spatial resolution and
computational cost, with integrated loads within 2% of the finest mesh. The loads vary stepwise rather than smoothly with
A p, because the number of panels around the column circumference changes only at certain values of Ag. At PPW = 10,
the free surface resolution corresponds to approximately 2.5 and 1.1 points per wavelength at 2 f; and 3 f1, respectively. The
higher-harmonic wave components are therefore not sufficiently resolved for quantitative analysis, limiting the VolturnUS-S

assessment to integrated loads.

(@) k=0.02m™!

(b) k=0.05m™!

(©)k=01m™!

T T T T T T
0.15 B 0.6 B
< i
~ 0.1 0.4 |
[
< 0.05 : 09 \W”’*%
0 \ W“Tww | | | | | |
100 200 300 400 50 100 150 200
x [m] x [m]
PPW6 PPW8 —— PPWI1O (selected) - ¢ -PPWI2 ——PPWI4

Figure 4. Peak wave elevation along the positive z-axis radiated by the UMaine VolturnUS-S under heave motion at (a) k= 0.02 m™!,
(b) k=0.05m™!, and (¢) k= 0.10 m~*, for free surface resolutions PPW6-PPW 14 and a body panel size of Ag =3 m. The selected

resolution PPW10 is highlighted. Results are obtained with the linear formulation and normalised by the motion amplitude.
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Figure 5. Mesh convergence of radiation loads for the UMaine VolturnUS-S at PPW = 10: (a) surge force F3, (b) heave force F,, and (c)
pitch moment My, with varying body panel size Ap. Results are obtained with the linear formulation and normalised by the finest-mesh

result (A = 2 m).

For the cylinder, the convergence study yields PPW = 10 and Ny = 8, with the heave force within 1.4 % of the finest-mesh

result. No separate convergence figures are provided for the cylinder.

5 Higher-harmonic radiation response
5.1 Cylinder

The cylinder results show which harmonics the body-exact formulation produces under systematic variation of motion ampli-
tude and radiation wavelength. Figure 6 shows time series of the surge force, heave force, and pitch moment at k = 3.0 m ™!
for the three motion amplitudes investigated. In surge and pitch, the body-exact response remains symmetric and close to the
harmonic linear response, while in heave it becomes increasingly asymmetric as the motion amplitude increases. The corre-
sponding spectra for surge, heave, and pitch are compared in Fig. 7. The linear formulation contains only the fundamental
component at f;. The body-exact formulation produces additional harmonic components whose magnitude increases with mo-
tion amplitude. Heave shows a pronounced component at 2 f1, while surge and pitch primarily contain odd harmonics at 3 f;

and 5 f1. No comparable even-harmonic peaks are resolved above the linear spectral background for surge and pitch.

12



290

https://doi.org/10.5194/wes-2026-195

Preprint. Discussion started: 29 October 2026

(© Author(s) 2026. CC BY 4.0 License.

(a) Surge
-10°
T T T T
72y I\ A\
1 7" \ 1 ‘\ ,' “
] \‘ ’l 1 \
— 17/ \} I/ \ r"\\‘\
E 0 ;’,-\\\ j¢~~“‘* j'as‘“
4 \ 4
8 N L\
& ~ N N
\4 W/ \‘ ,'l
\ LRy \
—1 \J \J \ /|
1 \J \J "/
\ \ \ \
14 15 16 17
Time [s]

= ===BDExact A =0.1m | 65 = 3°

Linear A = 0.1m | 6 = 3°

(b) Heave

r 3
\:\~
=G
7
S
dez---i.

= = = =BDExact A = 0.2m | 6 = 6°

Time [s]

Linear A = 0.2m | 6 = 6°

WIND
ENERGY
SCIENCE

eawe)

european academy of wind energy

(c) Pitch
-10°
[ [ [ [
5 7:’“ ”‘\ :"‘
R Il \ r A
= 72X Pa\! [N
g 7\ N A
Z /e \\‘ N 7N,
= 0o’ 1Y '/ X ,/'
\ N
=) ~ N Y
Wi \/} WA
Vo \ ) 'I
L/ |}
—5 \V \/ vV
| | | |
14 15 16 17
Time [s]

= = = =BDExact A = 0.4m | 6 = 12°

Linear A = 0.4m | 6 = 12°

Figure 6. Time series of the hydrodynamic radiation loads for the cylinder at k = 3.0m™': (a) surge force F, (b) heave force F, and (c)

pitch moment M,,. Translation amplitudes are A = 0.1, 0.2, and 0.4m, and pitch amplitudes are o = 3°, 6°, and 12°. BDExact denotes the
body-exact formulation. The last two periods are shown.
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Figure 7. Hydrodynamic load spectra for the cylinder at k = 3.0m™': (a) surge force F;, (b) heave force F., and (c) pitch moment M,
Translation amplitudes are A = 0.1, 0.2, and 0.4m, and pitch amplitudes are 8y = 3°, 6°, and 12°.

The harmonic structure arises from the symmetry of the integrated loads. Surge and pitch change sign under motion reversal,

while upward and downward heave motion do not produce equivalent wetted geometries. The cylinder therefore provides a

controlled demonstration of the harmonic response introduced by the instantaneous geometry. Additional spectra for k£ =

1.5 m~! are provided in Appendix A. The more systematic dependence on motion amplitude is studied for the OC3-Hywind

spar buoy in Sect. 5.2.
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5.2 Spar buoy

Representative time-domain responses of the OC3-Hywind spar are shown in Fig. 8. The surge case at k = 0.10 m~! remains
close to harmonic for all motion amplitudes, and the low-frequency pitch case at k = 0.02 m~! deviates only slightly from
the linear response. In contrast, the heave case at k = 0.10 m~! becomes increasingly asymmetric with motion amplitude and

shows the strongest deviation from a purely harmonic response among the investigated load cases.

(a) Surge, k =0.10m ™! (b) Heave, k =0.10m ™! (¢) Pitch, k = 0.02m ™!
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Figure 8. Time series of the unsteady-pressure contribution to the hydrodynamic radiation loads for the OC3-Hywind spar buoy: (a) surge
force Fj, at k =0.10m™*, (b) heave force F, at k =0.10m™*, and (c) pitch moment M, at k =0.02 m™'. Translation amplitudes are

A =0.4, 1.6, and 3.2m, and pitch amplitudes are 8y = 3°, 6°, and 12°. The final two periods of each plotted time window are shown.

The hydrodynamic load spectra of the spar in surge, heave, and pitch are shown in Fig. 9 for the three wave numbers
investigated. The OC3-Hywind spar exhibits the same symmetry-based harmonic structure observed for the cylinder. Heave
shows a pronounced contribution at 2 f;, while surge and pitch contain predominantly odd higher harmonics, with the leading
additional contribution at 3f;. The harmonic structure is maintained across the investigated wave-number range, while the
magnitude of the higher-harmonic components increases with motion amplitude. Consistent with the time series, the higher

harmonics are pronounced in heave, whereas in surge and pitch they remain small relative to the fundamental response.
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Figure 9. Hydrodynamic radiation-load spectra for the OC3-Hywind spar buoy in surge (a—c), heave (d—f), and pitch (g-i), at k = 0.02, 0.05,
and 0.10m ™! from left to right.

The amplitude dependence of the leading higher-harmonic components is shown in Fig. 10 together with reference slopes.
At all three wave numbers, the heave second harmonic grows with the square of the motion amplitude, and the surge and pitch

third harmonics grow with its cube.
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Figure 10. Higher-harmonic radiation load amplitudes against motion amplitude for the OC3-Hywind spar buoy: (a) surge force F), at 3 f1,
(b) heave force F, at 2f1, and (c) pitch moment M, at 3 f;. Dashed lines indicate reference power-law scaling of A* for surge, A? for heave,

and 6 for pitch.

The higher-harmonic contribution is largest for heave. At the largest motion amplitude, the second harmonic reaches 99—
126 % of the fundamental over the investigated wave-number range. In contrast, the third-harmonic components of surge and
pitch remain below 1% of the fundamental. Further harmonic amplitudes are listed in Table B1 in Appendix B.

The higher harmonics discussed above stem from the P, load. Values of the second-harmonic P, load above 100 % do not
represent a physical load on their own, since P, and P, are parts of the same pressure field. For the total load, PP, must also
be considered. Although the load from P, differs only slightly between the two formulations, its second harmonic in heave,
at the largest oscillation amplitudes across the investigated wave numbers, reaches 43—-53 % of the linear fundamental, and
acts nearly out of phase with the second harmonic of the load from P,. The total second harmonic is therefore reduced from
99-126 % to 5673 % of the fundamental (Table B2). In surge and pitch, the second-harmonic contributions of F; vanish due

to the symmetry of the body and motion.
5.2.1 Radiated wave field

Wave elevation time series at z = 40 m are shown in Fig. 11 for the same cases as the loads in Fig. 8. In the body-exact solution,

the crests and troughs become asymmetric as motion amplitude increases, while the linear solution remains harmonic.
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Figure 11. Time series of the radiated wave elevation at = 40m for the OC3-Hywind spar buoy: (a) surge at k = 0.10m™", (b) heave at

k=0.10m™ ', and (c) pitch at k = 0.02 m~!. Translation amplitudes are A = 0.4, 1.6, and 3.2m, and pitch amplitudes are 6y = 3°, 6°, and

12°. The final two periods of each plotted time window are shown.

The radiated-wave spectra are shown in Fig. 12. The body-exact spectra show peaks at all multiples from 2 f; to 5f7. These

peaks grow with motion amplitude, while the linear spectra contain only the fundamental above the numerical background.
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Figure 12. Radiated wave-elevation spectra for the OC3-Hywind spar buoy in surge (a—c), heave (d—f), and pitch (g-i), at k = 0.02, 0.05,

and 0.10m™* from left to right.

These higher harmonics are limited by the spatial resolution discussed in Sect. 4. Linear calculations at the second-harmonic

wave number show that a free wave at 2f; is resolved at PPW = 25 for all three degrees of freedom. This indicates ade-

quate resolution but does not confirm convergence of the nonlinear 2 f; amplitude. Components above 2f; are interpreted

qualitatively.
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Representative time series are shown in Fig. 13, for the same frequencies as the spar with surge at k = 0.10 m~?!, pitch at

k=0.02m~!, and heave at k = 0.10 m~!. As the motion amplitude increases, the body-exact loads increasingly deviate from

the harmonic linear response.
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Figure 13. Time series of the unsteady-pressure contribution to the hydrodynamic radiation loads for the VolturnUS-S semi-submersible: (a)

surge force F at k= 0.10m ™%, (b) heave force F, at k =0.10m™*, and (c) pitch moment M, at k = 0.02m ™ *. Translation amplitudes

are A = 0.4, 1.6, and 3.2m, and pitch amplitudes are 8y = 2°, 4°, and 6°. The final three periods of each plotted time window are shown.

Figure 14 shows the radiation load spectra for the VolturnUS-S. Unlike the axisymmetric cylinder and spar, the VolturnUS-S

also exhibits even harmonics in surge and pitch. The higher harmonics increase with motion amplitude, while the linear re-

sponse contains only the fundamental.
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Figure 14. Hydrodynamic radiation-load amplitude spectra for the UMaine VolturnUS-S in surge (a—c), heave (d—f), and pitch (g—i), at

k=0.02, 0.05, and 0.10m "' from left to right.

As discussed in Sect. 4, the VolturnUS-S free surface resolution is insufficient for a quantitative assessment of propagating

higher-harmonic waves. The nonlinear analysis of this platform is therefore limited to the integrated hydrodynamic loads.

At the largest motion amplitude, the second harmonic reaches 3.7 % of the fundamental in surge, 18 % in heave, and 19 %

in pitch, with the highest values at k£ = 0.05m~" for surge and heave, and at k = 0.10m~" for pitch. Figure 15 shows that

the second harmonics increase with the square of the motion amplitude, except for surge at k = 0.10 m~*, where the growth

weakens at the largest amplitude.
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Unlike for the axisymmetric bodies, forward and backward displacements of the three-column platform do not produce
equivalent wetted geometries, so the loads do not simply change sign under motion reversal. Hence, the second-harmonic
contributions of F; do not vanish in surge and pitch. At the largest motion amplitude and the wave numbers with the highest
second harmonics (k = 0.05m ™! for surge and heave, k = 0.10m ™" for pitch), including P, reduces the total second harmonic
load from 3.7, 18, and 19 % to 3.4, 15, and 12 % of the fundamental in surge, heave, and pitch, respectively (Table C2 in
Appendix C).

(a) Surge, 2f; (b) Heave, 2 f; (c) Pitch, 2f;
—6— k =10.02 ‘ B —— k =0.02 i —— k =0.02 ‘ ‘ ]
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Figure 15. Second-harmonic radiation load amplitudes for the UMaine VolturnUS-S semi-submersible: (a) surge force F’, (b) heave force
F., and (c) pitch moment M, with varying motion amplitude. Dashed lines indicate reference quadratic scaling, A? for surge and heave and

62 for pitch.

6 Conclusions

This study shows that accounting for the instantaneous wetted geometry introduces amplitude-dependent higher-harmonic
contributions to hydrodynamic radiation loads under linear free surface boundary conditions. These contributions are absent
from the radiation loads calculated from the unsteady-pressure term in the fixed-geometry linear formulation. Using a direct
time-domain Rankine source boundary element formulation, the influence of instantaneous wetted geometry was investigated
for a vertical cylinder, the OC3-Hywind spar buoy, and the UMaine VolturnUS-S semi-submersible. The results demonstrate
that the magnitude and harmonic structure of these contributions depend on body geometry, motion symmetry, and amplitude.
This is relevant to the discrepancies in structural loads that recent code comparisons attributed to the instantaneous wetted
surface. The body-exact formulation directly resolves this effect from pressure on the moving geometry.

For the vertical cylinder and the OC3-Hywind spar, the integrated radiation loads exhibit a clear symmetry-dependent har-
monic structure. Heave is dominated by a second-harmonic contribution, while surge and pitch predominantly show odd higher
harmonics, with the leading contribution at 3 f;. For the spar, the heave second harmonic scales approximately quadratically
with motion amplitude, while the leading surge and pitch third harmonics scale approximately cubically. The strongest nonlin-
ear response occurs in heave, where the unsteady pressure second harmonic reaches 99—-126 % of the fundamental at the largest

motion amplitude across the investigated wave numbers, while the surge and pitch third harmonics remain below 1 %.
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The non-axisymmetric VolturnUS-S semi-submersible exhibits even and odd harmonics in surge, heave, and pitch. Its second
harmonic reaches 3.7 % of the fundamental in surge, 18 % in heave, and 19 % in pitch, growing with the square of the motion
amplitude, except in surge at the highest wave number. The loss of axisymmetry changes which harmonics appear without
altering the order of the producing mechanism.

The second-harmonic P, load changes only slightly between the linear and body-exact formulations relative to the unsteady
fundamental. It is therefore not a primary source of differences between the two formulations, although its magnitude can be
comparable to that of the P, load second harmonic and significantly affects the total second-harmonic load. Acting nearly out
of phase with the P, second harmonic load, it reduces the total second harmonic load of the spar in heave from 99-126 %
to 56-73 % of the linear fundamental load, and that of the semi-submersible to at most 3.4, 15, and 12 % in surge, heave,
and pitch, respectively. For axisymmetric geometries, the P, second-harmonic contributions vanish in surge and pitch due to
symmetry, but reappear for the VolturnUS-S.

The radiated wave field also develops higher-harmonic content in the body-exact formulation. The effective spatial resolution
decreases with increasing harmonic order, limiting quantitative interpretation to the second harmonic for the spar buoy. For the
semi-submersible, the higher-harmonic wave field is not assessed quantitatively. Once incident waves are included, resolving
the higher-harmonic content of the wave field near the platform can support assessments of local wave conditions, for example
for vessel access during maintenance.

This study investigates the higher-harmonic radiation response resulting from the body-exact treatment of the instantaneous
wetted surface in BEMUSseRS. Since the body-exact formulation resolves the pressure distribution on the instantaneous wetted
surface, the distributed hydrodynamic loads can be mapped directly onto structural nodes once a structural model is coupled,
rather than being applied at a single platform reference point. Future work will extend the solver to interactions with incident
waves through a weak-scatterer formulation and investigate matrix-free acceleration techniques. The long-term objective is
to couple the solver with flexible structural models to enable computationally efficient hydroelastic analysis of floating wind

turbine platforms.
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Figure A1 shows the cylinder’s load spectra at k = 1.5 m~!. The harmonic structure matches that at k = 3.0 m~! (Fig. 7).

Heave displays a leading second harmonic, while surge and pitch contain odd harmonics at 3 f; and 5f;.
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Figure Al. Hydrodynamic load spectra for the cylinder at k = 1.5m™': (a) surge force F;, (b) heave force F,, and (c) pitch moment M.
Translation amplitudes are A = 0.1, 0.2, and 0.4 m, and pitch amplitudes are 8y = 3°, 6°, and 12°.

23



385

https://doi.org/10.5194/wes-2026-195 WIND

Preprint. Discussion started: 29 October 2026 e WE\ ENERGY
Auth 2026. BY 4.0 Li .
© " Or(S) O 6 CC O reense european academy of wind energy S C I E N C E

Appendix B: OC3-Hywind harmonic data

Table B1 lists the fundamental and leading higher-harmonic load amplitudes of the OC3-Hywind spar for all motion ampli-
tudes and wave numbers. Table B2 shows the contributions of P, and F; to the second-harmonic loads at the largest motion

amplitude. All ratios refer to the linear fundamental. In surge and pitch, the P, contributions vanish by symmetry.

Table B1. Leading higher-harmonic load amplitudes of the OC3-Hywind spar buoy from P, in the body-exact formulation, in percent of
the linear fundamental |§™™°*"(f1)|. The amplitudes are background-corrected by power subtraction of the linear spectral level (Eq. 5). The
leading harmonic is 21 in heave and 3 f; in surge and pitch. |¢~™°*"(f1)] is given at the largest motion amplitude. Forces in N, moments in

N m. Motion amplitudes: A =0.4, 1.6, 3.2m and 6y = 3°, 6°, 12°.

Ratio [%]
DOF  k[m~1] |gMirear(f)|  small mid large

Surge  0.02 5.003 x 106 0.007  0.123 0.400
0.05 1.246 x 107 0.009  0.135 0.416
0.10 2.485 x 107 0.010  0.172 0.471
Heave  0.02 1.509 x 105 1571  62.83  125.61
0.05 3.652x 10> 1495 59.78  119.61
0.10 7.009 x 10° 1240  49.59 99.30
Pitch 0.02 1.523 x 10°  0.031  0.124 0.495
0.05 3.816 x 10°  0.039  0.156 0.624
0.10 7.680 x 10°  0.059  0.238 0.950

Table B2. Second-harmonic (2 f;) radiation loads of the OC3-Hywind spar buoy in heave at the largest motion amplitude from P,, P,, and

their sum, in percent of the linear unsteady fundamental (Table B1).

Py [%] P, [%] Total [%]
DOF k[m~!] Linear BDExact BDExact BDExact

Heave 0.02 52.90 52.90 125.61 72.72
0.05 49.36 49.37 119.61 70.25
0.10 43.03 43.05 99.30 56.26
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Appendix C: VolturnUS-S harmonic data

Tables C1 and C2 provide data for the VolturnUS-S. Unlike the spar, P, contributes to second-harmonic loads in all three

degrees of freedom.

Table C1. Leading higher-harmonic load amplitudes of the UMaine VolturnUS-S from P, in the body-exact formulation, in percent of the
linear fundamental |qLine‘“( f1)|. The amplitudes are background-corrected by power subtraction of the linear spectral level (Eq. 5). The
leading harmonic is 2f; in all degrees of freedom. |G¥"®"(f,)| is given at the largest motion amplitude. Forces in N, moments in N m.

Motion amplitudes: A = 0.4, 1.6, 3.2m and 6y = 2°, 4°, 6°.

Ratio [%]
DOF  k[m~'] |glirear(f1)|  small mid  large

Surge  0.02 8.487 x 106 0.286 1.10 213
0.05 1.964 x 107 0.364 152 374
0.10 3.693 x 107 0.699 1.95 2.52
Heave  0.02 1.712 x 107 170 676 13.49
0.05 3.777 x 107 226  9.10 1834
0.10 7.547 x 107 2.01 798 16.01
Pitch  0.02 2.501 x 108 520 1041 1557
0.05 6.386 x 108 4.83 9.68 14.56
0.10 1.043 x 10° 6.26 1254 18.86

Table C2. Second-harmonic (2 f1) radiation loads of the UMaine VolturnUS-S at the largest motion amplitude from P,, P,, and their sum,

in percent of the linear unsteady fundamental (Table C1).

Py [%] P, [%] Total [%)]
DOF k[m~1'] Linear BDExact BDExact BDExact

Surge 0.02 0.51 0.50 2.13 1.66
0.05 0.33 0.31 3.74 3.44
0.10 0.73 0.78 253 1.80
Heave 0.02 1.71 1.67 13.49 11.83
0.05 3.54 3.60 18.34 14.90
0.10 2.77 2.88 16.01 13.36
Pitch 0.02 5.24 5.24 15.57 10.37
0.05 4.89 4.87 14.56 9.69
0.10 6.93 6.94 18.86 11.93
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Code availability. The time-domain Rankine source solver BEMUseRS is implemented within the BEMUse framework (Saverin and Griiter,
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