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A B S T R A C T

A critical challenge to the practical deployment of wave energy converters (WECs) is their vulnerability to 
extreme wave loads. This study proposes a novel design for an oscillating body-WEC, called adjustable draft WEC 
(ADWEC), which aims to enhance resilience under extreme wave conditions while maintain extraction efficiency 
at normal sea states. The present numerical simulations focus on the interaction between regular extreme waves 
and ADWEC in both fixed and dynamic conditions. It is found that the excitation force is highly sensitive to wave 
nonlinearities, appearing as an asymmetric excitation force in the horizontal direction and a double-peak phe
nomenon in the vertical direction. Increasing the draft can significantly reduce vertical loads and heave motion, 
thereby enhancing survivability by mitigating impact forces and buoyancy fluctuations. A shallower draft allows 
for greater heave amplitude and higher energy conversion, particularly under short-period conditions. The 
present findings reveal that the draft of the ADWEC has significant effects on the wave loads, hydrodynamic 
performance and energy extraction, which provides guidance to the practical design of WECs for survivability.

1. Introduction

As estimated, about 22 billion tons of carbon dioxide are expected to 
be emitted by 2025 (International Energy Agency, 2021), and there is 
still no strong sign of holding back global climate change (Li et al., 
2023). To mitigate this threat, various ocean energy technologies are 
currently under research and development, which are expected to play 
an increasingly important role in the energy transition (Rui et al., 2025; 
Sun et al., 2024; He et al., 2025). Ocean energy includes wave energy 
(Shi et al., 2023; Jahangir et al., 2024), tidal energy (Xu et al., 2025) and 
ocean thermal energy (Keiner et al., 2024). Among these, wave energy 
stands out as one of the renewable resources with the highest energy 
density, with a technical potential of about 5600 TWh/yr (Maheen et al., 
2023). Despite variation in the design and principle of operation, WECs 
can be primarily classified into oscillating body/flap (Wang and Dong, 
2022; Jin et al., 2024; Benites-Munoz et al., 2024), oscillating water 
column (Cheng et al., 2022a; Xie et al., 2024; Ko and Tsai, 2025), and 
overtopping device (De Barros et al., 2023), which can be adapted to 

different marine environments and application scenarios (energy supply 
for islands, buoys, and marine pastures, or coupled with offshore engi
neering structures). However, compared to offshore wind and solar 
energy with mature design specifications and extensive engineering 
experience, wave energy technology is still in the “research and devel
opment” or “early deployment” stage (Rodríguez Claudio et al., 2018). 
The commercialization of WECs currently faces two main bottlenecks: 
low power production efficiency and poor survivability under harsh 
oceanic environments (Ransley et al., 2017).

One of the major hurdles for WECs to be used on a large scale is the 
higher levelized cost of electricity (LCOE) (Zhou et al., 2023). In this 
sense, enhancing the power capture efficiency has become one of the key 
factors in boosting the techno-economic competitiveness of WECs. A 
recently proposed WEC concept, namely adjustable-draft oscillating 
body, has demonstrated its potential in the power improvement by 
varying its hydrodynamic characteristics to match different incident sea 
states. Wen et al. (2018) combined the wave spectrum with the power 
spectrum of buoy and further utilized the Taguchi design method to 
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develop a truncated conical WEC, incorporating the response surface 
method to determine the optimal draft depth. Along the same approach, 
Al Shami et al. (2019) employed numerical methods to investigate the 
effect of seven parameters, including draft, on the resonant frequency 
and bandwidth of a two-body WEC. Wang and Ringwood (2021) pro
posed an optimization method for a three-body articulated oscillating 
body-WEC to achieve optimal performance in a specific sea area, sug
gesting that the downstream buoy should have a larger draft.

The adjustable draft system can also contribute to the design of 
power take-off (PTO) systems. For instance, Tan et al. (2023) proposed 
an adjustable draft mechanism for point absorber WECs, which showed 
the potential of reducing the PTO size and a 20 % increase in output 
power compared to a fixed-draft buoy. Subsequently, Tan et al. (2022)
investigated the effect of adjusting the buoy draft of a spherical buoy on 
the excitation force and explored its impact on the design of the PTO 
system. As an extended application of a single device, Cheng et al. 
(2022b) studied three oscillating body-WECs arrayed in a straight line 
and revealed that a smaller draft is more beneficial for capturing energy 
in short waves.

The above investigations on the draft of WECs demonstrated the 
advantages in terms of improved capture bandwidth (Li et al., 2023). 
However, due to changes in the motion patterns and wetted surfaces, the 
reliability of WECs with the adjustable draft system can be significantly 
impacted, particularly with regard to the survivability under extreme 
loading conditions. Thus, on top of maximizing the conversion effi
ciency, WECs must consider survivability solutions for extreme condi
tions (Musiedlak et al., 2020). Transient shocks and structural overload 
caused by the highest sea states may lead to catastrophic damage, and 
design experience gained from traditional large-scale offshore engi
neering structures is not easily applicable to wave energy devices with 
stronger dynamic response (Lou et al., 2019). The presence of nonlinear 
phenomena such as wave breaking, wave impact, and overtopping in
troduces greater uncertainty for the adjustable draft WEC. Studying the 
behavior of devices in extreme sea conditions is key to ensuring their 
survivability (Stuhlmeier et al., 2018).

A deep understanding of the immense fluid loads experienced in 
challenging environments can consolidate the design iteration cycles. 
Zhu et al. (2023) experimentally investigated a point-absorber WEC that 
can move in surge, heave and pitch, under focused waves. They showed 
that as the peak frequency increases, the heave and surge responses 
decrease, while the mooring force remains relatively insensitive to fre
quency. Giannini et al. (2022) proposed a preliminary design method for 
offshore WECs, emphasizing structural stability under harsh sea states. A 
nearshore pendulum-type WEC was developed and numerically assessed 
under 100-year return period lateral and longitudinal loads. The results 
indicated that the novel structure is lighter in weight and exhibits su
perior performance under extreme lateral loading conditions. Giannini 
et al. (2024) conducted physical experiments on their novel WEC, and 
their experimental results showed that the extreme loads in survival 
mode were reduced by 65 % compared to operational mode. Kamarlouei 
et al. (2024) developed a torus-shaped WEC and determined the optimal 
design parameters using optimization codes. The results indicate that 
the incorporation of a moonpool structure enhances survivability 
compared to conventional oscillating body-WECs. Stansby and Moreno 
(2020) investigated the hydrodynamic response of an array of oscillating 
body-WEC with mooring systems using a time-domain linear dif
fraction–radiation model, highlighting that the interaction of excitation 
and radiation forces between larger buoys is critical to the response of 
the system. Guo et al. (2018) studied the excitation force modeling of a 
1:50 scale cylindrical oscillating body-WEC in a wave tank, revealing 
strong correlations between experimental and numerical results under 
various wave conditions. Shahroozi et al. (2022, 2023) investigated 
mooring line tension and motion response of oscillating body WECs 
under 50-year return period extreme sea states in moderate water 
depths, using WEC-Sim software simulations and physical experiments, 
and found that constant PTO damping effectively reduced peak mooring 

loads. Tagliafierro et al. (2022) studied a tensioned-moored WEC system 
using a smoothed particle hydrodynamics (SPH) method, and found that 
adjusting the PTO damping according to the actual sea state could 
prolong the service life. Ropero-Giralda et al. (2020) also utilized SPH to 
study the effect of high sea states on the dynamic response and critical 
region loads of the WEC system. They demonstrated that fully sub
merging the WECs during high sea states is more effective in protecting 
the devices than fixed modes or enlarged structural dimensions, and that 
an optimal submergence depth exists.

In summary, for fixed-draft WECs, the survivability of the system has 
been a major focus in the literature and has been investigated through 
numerical and experimental methods across different sea states. How
ever, for adjustable-draft WECs, previous studies have mainly focused 
on the enhancement in the energy conversion capability of the buoy 
with an optimized draft depth, but the possible adverse impact of the 
adjustable draft on the increase in hydrodynamic loads under extreme 
sea states (and on the survivability and structural integrity of the sys
tem) remains rarely explored. Additionally, when subjected to large 
wave-induced loads, the system may be influenced by nonlinear dy
namic response, leading to changes in the dynamic response and 
structural load-bearing capacity of the device.

This paper aims to investigate the survivability of an oscillating 
body-WEC integrated with an adjustable draft system under extreme sea 
states using computational fluid dynamics (CFD) simulations, focusing 
particularly on the effects of draft variation on wave loads. For this 
purpose, the study first examines the wave excitation on this novel de
vice under both regular and extreme wave heights, which reveals the 
contribution of the variable draft system in modulating the hydrody
namic loads. Finally, this study examines the improvement in the motion 
and energy capture performance from integrating the adjustable draft 
system with the oscillating body-WEC. Furthermore, to accurately cap
ture the nonlinear phenomena, a fully nonlinear numerical wave tank 
(NWT) based on CFD was developed to analyze the influence of wave 
parameters and draft on the overall wave loads and dynamic response of 
the system. The structure of this paper is as follows: Section 2 presents 
the three-dimensional non-linear CFD model and the associated math
ematical equations. In Section 3, numerical convergence of the model is 
verified, followed by a comparison with experimental results to validate 
the numerical model. In Section 4 the numerical results from the 
simulated model are presented and discussed. Finally, the conclusions 
are summarized in Section 5.

2. Methodology

2.1. Conceptual design of the ADWEC

A schematic of the adjustable draft WEC (ADWEC) is shown in Fig. 1. 
The device includes a spherical buoy of radius R, which is allowed to 
perform heave motion under the constraint of the PTO system. The PTO 
system consists of a hydraulic cylinder, a high-pressure gas accumulator, 
a low-pressure gas accumulator, and a hydraulic motor. The bottom of 
the buoy is connected to the hydraulic cylinder through a thin rod, and 
the oscillating motion of the buoy drives the hydraulic piston. The hy
draulic oil is compressed by the reciprocating motion and stored in the 
accumulator then subsequently generating electrical power. To main
tain proper flow direction, the rectifying valve system restricts liquid 
from leaving the high-pressure gas accumulator E and prevents backflow 
into the low-pressure gas accumulator D. The PTO system is simplified as 
a linear damping system neglecting friction loss. In this system, the draft 
of the WEC is controlled by adjusting the ballast water through a ballast 
pump inside the buoy.

The ADWEC proposed in this study has innovations in both structural 
design and functional implementation compared to conventional oscil
lating body-WECs. The conventional oscillating body-WECs typically 
employ a fixed draft design, resulting in essentially fixed hydrodynamic 
characteristics that limit adaptability to varying sea states. This is 
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particularly critical under extreme sea states, where devices often face 
excessive responses and overwhelming loads. Adjusting the floater 
configuration can incur high operational and maintenance costs. The 
ADWEC enhances adaptability by incorporating an internal ballast tank 
and ballast pump to dynamically adjust the buoy draft in response to 
changing sea states. This approach facilitates an optimized balance be
tween energy capture performance and structural survivability. More 
importantly, this adjustment not only changes mass distribution of the 
device, but also substantially affects its restoring force, waterplane area, 
and nonlinear hydrodynamic coupling characteristics, thereby modi
fying natural frequency and dynamic response behavior of the system. 
However, the influence of extreme loading conditions on the coupled 
dynamic require further clarification. The synergistic ability of structure 
and hydrodynamics enables ADWEC to have stronger adaptability and 
engineering practicality in complex environments. It overcomes the 
limitations of conventional devices in response control and environ
mental adaptability, offering significant value for practical deployment. 
In this setup, the buoy draft can be adjusted freely within its diameter 
range 2R. However, for buoys with relatively large draft, the buoy may 
completely submerge and then emerge during its motion, further lead
ing to jumping out of the free surface. Under extreme sea conditions, this 
process could result in destructive consequences, such as structural 
damage, loss of energy conversion efficiency, or even complete system 
failure, for both the buoy and the PTO system. On the other hand, studies 
have shown that when the buoy draft is less than R, it is more likely to 
strike the water surface, leading to strong impact loads (Tan et al., 
2023). Therefore, adjusting the buoy draft could help to avoid the 
aforementioned problems. In fact, reasonable minimum and maximum 
values of the draft are R and 1.5R, respectively (Tan et al., 2022).

To reduce the adverse impact of ballast water sloshing on the motion 
performance of the ADWEC, multiple ballast segments are installed in
side the buoy. Each segment is either completely filled with water or 
completely emptied. Since the PTO is fixed to the seabed, the buoy draft 
will affect its stroke. Therefore, a hydraulic clamp is installed to adjust 
the length of the rod accordingly and the excess is stored in the buoy.

2.2. Numerical method

2.2.1. Governing equations for the flow
The interaction between extreme waves and ADWEC contains not 

only strong wave nonlinearity but also nonlinear fluid-structure inter
action, such as large amplitude movements of the structure. Based on the 
incompressible viscous flow theory, a fully nonlinear 3D numerical 
model was developed using Star-CCM + software to accurately simulate 
the coupled process. The continuity equation and Navier-Stokes 

equations form the foundation for studying the hydrodynamic charac
teristics of the floating body. Due to incompressibility, the density of the 
fluid is constant. Mass conservation in the fluid domain is expressed by 
the continuity equation: 

∂u
∂x

+
∂v
∂y

+
∂w
∂z

= 0 (1) 

where u, v, and w denote the velocity components in the x, y, and z di
rections, respectively.

The Navier-Stokes equations are expanded in the x, y, and z di
rections as follows: 

∂(ρu)
∂t

+∇⋅(ρuv) = −
∂ρ
∂x

+
∂τxx

∂x
+

∂τyx

∂y
+

∂τzx

∂z
+ Fx

∂(ρv)
∂t

+∇⋅(ρvv) = −
∂ρ
∂y

+
∂τxy

∂x
+

∂τyy

∂y
+

∂τzy

∂z
+ Fy

∂(ρw)

∂t
+∇⋅(ρwv) = −

∂ρ
∂z

+
∂τxz

∂x
+

∂τyz

∂y
+

∂τzz

∂z
+ Fz

(2) 

where ρ is the fluid density, Fx, Fy, and Fz represent the body forces in the 
x, y, z directions, respectively. For a Newtonian fluid, the viscous stress 
and the deformation rate of the fluid can be expressed as: 

τxx =2μ ∂u
∂x

-
2
3
∇⋅v 

τyy =2μ ∂v
∂y

-
2
3
∇⋅v 

τzz =2μ ∂w
∂z

-
2
3
∇⋅uv (3) 

τxy = τyx = μ
(

∂u
∂y

+
∂v
∂x

)

τxz = τzx = μ
(

∂u
∂z

+
∂w
∂x

)

τyz = τzy = μ
(

∂v
∂z

+
∂w
∂y

)

where μ is dynamic viscosity.
In the numerical solution, the Finite Volume Method (FVM) is used 

for spatial discretization of the Navier-Stokes equations since it is 
particularly suitable for solving flow problems with complex boundary 
conditions and irregular geometry. This method divides the computa

Fig. 1. Sketch of the three-dimensional adjustable draft WEC (ADWEC).
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tional domain into a large number of cells and directly integrates the 
mass, motion as well as energy conservation equations over each cell, 
ensuring that the physical quantities strictly satisfy the conservation 
laws. The Eqs. (1) and (2) can be represented by the general transport Eq 
(4). 

d
dt

∫

V
ρϕdV +

∫

A
ρvϕ⋅da =

∫

A
Γ∇ϕda +

∫

V
SϕdV (4) 

where ϕ represents an unknown variable (velocity component or pres
sure), A is the surface area of the cell, da denotes the surface vector, Γ is 
diffusion coefficient and Sϕ is source term. The terms, from left to right, 
are the transient term, the convective flux, the diffusive flux, and the 
source term. Fig. 2 illustrates the discretization of the transport equation 
on two polyhedral cells. The second-order midpoint method calculates 
the integral as the product of the unknown variable stored at the grid 
center and the cell face area. 
∫

A
Jϕ ⋅ da ≈

∑

f
Jϕ

f ⋅af (5) 

where Jϕ is either the convective or the diffusive flux of fluid property ϕ, 
af is the surface area vector of face f of the cell, and 

∑
f is the sum over 

all cell faces of the cell.

2.2.2. Motion and energy conversion of the ADWEC
The floating body is treated as a rigid body undergoing only heave 

motion, and its equation of motion is expressed as: 

(m+ az)β̈+ bptoβ̇+ cptoβ= fg + fw (6) 

where m is the mass of ADWEC, az is the linear added mass, ̈β, β̇ and β are 
the acceleration, velocity and displacement in the heave direction, 
respectively, bpto and cpto are damping and stiffness coefficients of the 
PTO system, respectively, fg is the gravitational force on the ADWEC, 
and fw is the wave force. The resonance frequency is defined as the 
natural frequency of the system when the inertial force and the restoring 
force are in equilibrium, which is calculated as: 

ωn =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
cpto + cz

m + az

√

(7) 

The optimal PTO damping coefficient of a single body bopt involving 

a single-mode motion with the wave frequency of ω can be obtained as 
(Cheng et al., 2023): 

bopt =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
(m + az)ω2-

(
cpto + cz

))2

ω2 + bz
2

√

(8) 

where bz is the radiation damping coefficients of the floater. cz = ρgAw is 
the restoring force coefficient (Aw being the wetted surface of the 
ADWEC). The average wave energy conversion rate is given by: 

Ep =
1
nT

∫ t+nT

t
Fβ̇dt =

bpto

mT

∫ t+nT

t
(β̇)2dt (9) 

where n is the number of wave periods, T is the wave period, t is the time, 
F is the combined external force on the ADWEC. The expression for the 
average energy flux rate Ew of linear waves is: 

Ew =
1
8

ρgH2
I ωR
k

(

1+
2khw

sinh 2 khw

)

(10) 

where HI is incident wave height, hw is water depth, and k is wave 
number. The power generation performance of the ADWEC is measured 
by the conversion efficiency η, expressed as: 

η= Ep
/
Ew (11) 

2.3. Computational domain and mesh

2.3.1. Numerical wave tank and boundary conditions
A 3D numerical wave tank was established to simulate the interac

tion between the ADWEC and 50-year return wave conditions from 
different sea areas, as shown in Fig. 3. The radius of the spherical 
ADWEC is R. The initial draft is the same as the radius while the origin of 
the Cartesian coordinate system is established at the geometric center of 
the device. In the NWT, the x-axis represents the direction of wave 
propagation, the y-axis the transverse direction, and the z-axis the ver
tical direction. The length of the NWT in the x direction is chosen as 8 
times the wavelength (λ). The damping zone of 1.5λ is set at the rear end 
of the wave tank to eliminate the effects of wave-device interactions or 
wall reflections on the incident waves, providing a stable simulation 
environment. Furthermore, the z direction comprises both the gas and 
liquid phases. The height of the fluid domain is determined based on the 
water depth, while the gas phase is one-third of the water depth. Wave 

Fig. 2. Schematic for discretization of transport equations (Cheng et al., 2023).
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probes are installed upstream and downstream of the device to check the 
incident waves and reflected waves at the end of the flume, respectively 
(Zhang et al., 2021). The Volume of Fluid (VOF) approach is used to 
track the free surface motion (Masoomi et al., 2023). Reynolds Averaged 
Navier-Stokes (RANS) equations are used to describe the turbulent 
motion of the fluid (Gao et al., 2023). A turbulence model, specifically 
the SST k-ω model, is introduced to close the RANS equations (Cheng 
et al., 2024).

Reasonable boundary conditions are critical to numerical simula
tions. The boundary locations and settings for the NWT are also given in 
Fig. 3. The left boundary condition is set as a velocity inlet, where fifth- 
order Stokes waves are applied to control the volume fraction and ve
locity of the multiphase (fluid and air phases) to generate extreme sea 
states. The right boundary is the pressure outlet, where the pressure is 
specified as the hydrostatic pressure of a fifth-order wave. The bottom 
boundary and the object surface are impermeable to water, so that these 
walls have no-slip condition. The front and back boundaries are sym
metry planes.

2.3.2. Mesh generation
Both computational efficiency and modeling accuracy primarily rely 

on the mesh quality, in particular the mesh quality near the free surface 
and around the floating body. Fig. 4 shows the mesh for the present 
study. In particular, the free surface is divided by hexahedral cells based 

on the wave height, developing refinement and transition zones to 
ensure numerical stability. Since the overset mesh technique can flexibly 
handle large-amplitude motions, this approach is employed to apply 
finer mesh to the floating body. The overset mesh requires further 
definition of the background region and the overset zone adjacent to the 
ADWEC. These two zones can interact freely, by overlaying multiple 
small local cells on the background, allowing the overset mesh to cap
ture details of the flow. Especially during object motion, the local cells 
can adapt to changes without the need to redevelop the entire mesh. It is 
worth noting that the complex flow characteristics under high sea states 
require the use of prism layer cells to meet the y + requirements of the 
turbulence model. Typically, 10–20 layers are applied along the surface 
of the body as a form of body-fitted mesh (shown in green). The complex 
air-water interface region is divided into simpler subdomains by dis
cretizing mesh elements as described above. The flow in each subdomain 
is computed independently. The matching and coupling at the inter
section of adjacent domains are performed using interpolation methods, 
which are dynamically identified based on the types of zones involved. 
Cells can be active, inactive, or dependent, corresponding to solved, 
ignored, and interpolated zones, respectively.

Fig. 3. Sketch of the NWT and boundary condition settings for ADWEC in Star-CCM+.

C. Xi et al.                                                                                                                                                                                                                                        Ocean Engineering 343 (2026) 123255 

5 



3. Verification and Validation of the numerical results

3.1. Convergence test of the numerical wave tank

The width of the NWT in the y-direction affects wave propagation, 
body interactions, and the boundary effects of the fluid. In particular, 
the waves reaching the front and back boundaries may reflect, which 
may lead to inaccuracy in the numerical solution. To mitigate this effect, 
a convergence study is conducted on the width of the NWT. For the 
baseline model, the length L of NWT is 140 m, height H is 80 m, and the 
water depth hw is 50 m. On this basis, four different widths are 
considered, with mesh blocks and corresponding mesh sizes specified in 
Table 1. Although a hydrostatic wave is used, mesh refinement and mesh 
transition along the water depth direction are still required. Hexahedral 

cells for these blocks are generated in the pre-processing step using the 
trimmed cell mesher. Differently, the overset mesh of buoy makes 
additional use of the surface remesher, which triangulates its surface to 
improve the overall quality. Prismatic layer mesher is used to accurately 
solve for the near-wall fluid. The heave free-decay of a 10 m diameter 
spherical WEC designed by Ocean Energy Systems (OES) Task 10 
(Wendt et al., 2017) was simulated in the NWT. Its mass is 261799 kg, 
and at equilibrium position, the buoy had 5 m draft with its center of 
gravity located 2 m below the clam water surface. The initial displace
ment of the buoy is 0.1D and PTO damping is neglected. The blocks of 
the free surface cover the tank in both the x and y directions, where the 
height z of the refinement zone is 4 m, using △zre = zre/20, △xre =

4△zre, △yre = 6△zre (re denotess refinement zones) full scale to 
describe the mesh resolution. Two times the cell size of the refinement 
zone in each direction is used as the basis for meshing the transition 
zone. Based on the experimental study of the OES, the time step △t =
Theave/400 was chosen, where Theave is the period of the heave 
free-decay motion. Four models with different widths of NWT were 
studied, i.e., Case 1 (width = 80 m), Case 2 (width = 100 m), Case 3 
(width = 120 m), Case 4 (width = 140 m).

Fig. 5 shows the corresponding heave decay of the buoy for the four 
models. Case 1 with a width of 80 m is significantly different from the 
other three models after 15 s, showing an increasing trend in displace
ment. This difference can be attributed to rapid successive reflections of 
heave-induced radiation waves between the front and back walls. When 
the width is increased to 100 m in Case 2, the motion response at the 
same time is significantly reduced, though it still shows slight differ
ences compared to the results of Case 3 and 4. The models with widths of 
120 m and 140 m show good agreement in both phase and motion 
amplitude. The maximum relative error between Case 1 and Case 4 is 
10.0 %, and the maximum relative error between Case 2 and Case 4 is 
0.75 %. The results indicate that simulations with widths of 120 m and 
140 m are appropriate. To achieve a balance between computational 
efficiency and the accuracy, the wave tank width from Case 3 was 
adopted in this study.

Fig. 4. Model mesh generation in side view.

Table 1 
Mesh block and mesh size.

Block x or R 
range 
(m)

y range 
(m)

z range 
(m)

Mesh size Prism 
layer

Numerical 
wave tank

[-70, 
70]

Case1: 
[-40, 
40]

[-50, 
30]

Minimum absolute 
size = 0.5 m

/

Case2: 
[-50, 
50]
Case3: 
[-60, 
60]
Case4: 
[-70, 
70]

Free surface 
refinement

[-70, 
70]

[-10, 
10]

[-2, 2] △zre = zre/20, 
△xre = 4△zre, 
△yre = 6△zre

/

Free surface 
transition

[-70, 
70]

[-10, 
10]

[-10, 
8]

△ztr = 2△zre, △xtr 

= 2△xre, △ytr =

2△yre (tr is 
transition zones)

/

Overset 6 / / Roverset/60 15
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3.2. Validation against experiment by OES Task 10

The OES Task 10 proposed by the International Energy Agency (IEA) 
aims to numerically model various WECs and evaluate the accuracy of 
numerical codes (Wendt et al., 2017). To analyze and validate the ac
curacy of the numerical model presented in this study, comparisons are 
made with the experimental results (Kramer et al., 2021). The geometry 
is regular, but taking the intersection between the sphere and the free 
surface into account both geometrical non-linearities as well as hydro
dynamic non-linearities will be included. Firstly, the pre-defined NWT 
and mesh dimensions are implemented. Then, validations are performed 
for initial displacements of 1 m and 5 m, respectively, so as to prove the 
proficiency of the established NWT.

Fig. 6 presents the comparison of free decay results for different 
initial heights. As shown in Fig. 6(a), the present results are in good 
agreement with experimental results at an initial displacement of 0.1D 
(D denotes the diameter of the sphere). Additionally, the initial position 
0.5D (the buoy is completely in the air) gives a large nonlinear distur
bance of the free surface. At the same time, this comparison can further 
validate the ability of the present model to capture the strong nonline
arity of buoys in extreme sea states. The results of the present CFD model 
are compared with the experimental results from OES, showing a very 
good agreement in trend between the two results, as illustrated in Fig. 6
(b). Therefore, the present numerical framework is able to accurately 
model the strong nonlinear disturbances and the motion response of the 

floating body.
Subsequently, the present numerical model was compared with 

scaled experimental results by Andersen and Kramer (2023) to further 
validate the accuracy of the present model in simulating the interaction 
between regular waves and structures. The wave excitation forces were 
obtained by using a force sensor mounted on top of a fixed sphere with a 
diameter of 0.3 m. The submerged volume of a buoy is half its total 
volume. Test wave period is T = 6.6 s while wave height is HI = 0.6 m. 
Fig. 7 displays the time series of the vertical wave excitation force on the 
buoy, non-dimensionalized by the initial buoyancy force Fb0 of the 
sphere. As seen in Fig. 7, the good consistency demonstrates that the 
present model can accurately predict the wave excitation forces, 
exhibiting good agreement with experimental results.

4. Parametric study of the ADWEC

Based on the NWT dimensions and mesh details described in Sections 
3, this section examines detailed interaction between extreme sea states 
and the ADWEC device. The focus is placed on assessing the effects of 
varying draft on wave excitation forces in the fixed mode, RAOs in the 
motion mode, and the corresponding impact on energy capture perfor
mance. The selection of extreme sea state refers to the shutdown con
ditions of the WaveStar device (Ghafari et al., 2021). Specifically, a 
wave height of 5 m was adopted as the input condition in this study 

Fig. 5. Comparisons of heave decay for different NWT width.

Fig. 6. Comparisons of heave decay between the present solutions and the experimental results.

Fig. 7. Comparisons of the vertical excitation force between the present solu
tions and the experimental results.
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(Karmer et al., 2011). All test sea states are based on regular waves, and 
the detailed sea states used in the tests are provided in Table 2. The 
ADWEC is designed based on OES TASK 10, with a spherical geometry of 
diameter 2R = 4 m. In calm water, the initial draft is equal to the radius 
of floater, i.e., d = 2 m. Its mass is 16,755 kg. The center of gravity of the 
device is located 0.8 m below the free surface. In the initial state, the 
gravitational and buoyant forces are balanced, resulting in zero pre
tension in the PTO system. In practical applications, minimizing initial 
pretension is beneficial as it helps reduce mechanical wear and fatigue in 
PTO components.

4.1. Effect of wave nonlinearity

CFD is an essential tool for gaining in-depth understanding of the 
strong nonlinear effects induced by large wave heights under extreme 
sea states. First, the excitation force on a fixed buoy is simulated and 
presented in Fig. 8, where time series of forces in the x (Fx) and z (Fz) 
directions are displayed. Here, the results presented correspond to three 
regular wave tests with wave heights HI/R = 1.0 and 2.5 and wave 
periods of T = 8 s, 10 s, and 12 s. With increasing wave height from 2 m 
to 5 m, both Fx and Fz exhibit significant amplification at the peaks. As 
shown in Fig. 8(a)–(c) and (e), waveforms of Fx become sharper across 
different periods, which is due to the Stokes waves stronger nonlinear 
structural features for HI/R = 2.5.

Compared to HI/R = 1.0, all three cases of HI/R = 2.5 have a clear 
asymmetry in the excitation force of the wave propagation direction, i. 
e., the absolute values of the peaks are larger than those of the troughs. It 
indicates that Fx is most sensitive to waveform asymmetry induced by 
higher-order waves. This may be a nonlinear enhancement of the hori
zontal particle velocity at the wave crest. Additionally, during the 
transition between positive and negative wave excitation forces, a 
relatively steady time range with Fx = 0 is formed, followed by a sharp 
rise. This is because Fx primarily originates from the dynamic pressure, 
where the velocity is the key factor, and the velocity variation is very 
small in the transition zone from trough to wave front. Comparison of 
the maximum and minimum values of Fx shows that wave loading on the 
floater decreases with increasing wave period. Shorter wavelengths tend 
to generate more concentrated horizontal force.

Fig. 8(b)–(d) and (f) present the time series of vertical wave excita
tion forces acting on the ADWEC for different periods at HI/R = 1.0 and 
2.5. Compared with Fx, Fz has a better symmetry and is less affected by 
the incident wave asymmetry. Since the draft of ADWEC is equal to its 
radius, the geometric symmetry causes pressure variations near the free 
surface to cancel out in the vertical direction. With increase in the wave 
period, the peak value of Fz increases. The maximum Fz for periods 3.54, 
5.32, and 7.09 at HI = 0.1 are 1.29 × 105 N, 1.50 × 105 N and 1.57 × 105 

N, respectively. Fz at large wave heights is significantly different from 
that at small wave heights. In a single wave period, Fz first reaches its 
maximum, followed by the appearance of local peaks as the wave 
propagates, while the minimum is not instantaneous and it remains 
stable for a certain period of time. The horizontal coverage of the inci
dent wavelength is much larger than the diameter of the sphere, leading 
to a horizontally progressive enhancement of vertical excitation forces 
across different regions of the sphere, which forms two consecutive but 
staggered peaks. In other words, this phenomenon results from the 
combined effects of local wave-structure interaction and strong wave 
nonlinearity, which warrants particular attention under extreme 
conditions.

4.2. Effect of the draft

Based on the findings in Section 4.1, neglecting nonlinear features 
such as peak values, local secondary peaks, and Fz = 0 during the 
interaction between extreme waves and the ADWEC may lead to a sig
nificant underestimation of structural impact risks. By adjusting the 
draft, the coupling effect between the structure and waves is altered, 
which directly affects the survivability. In order to investigate the in
fluence of different drafts on the excitation force characteristics, three 
different drafts of dB = 1.0R, 1.25R and 1.5R are considered, as shown in 
Fig. 9.

Fig. 10 displays the variation in the maximum Fz with draft under 
regular wave conditions representing severe sea states (wave height HI 
= 5.0 m). Wave period is non-dimensional according to the acceleration 
due to gravity g and the water depth hw = 50 m. The maximum Fz 
represents the peak value over the time series. As shown in Fig. 10, the 
maximum value of the vertical excitation force on the ADWEC increases 
with increasing wave period under the same draft. The primary reason is 
that the wavelength of the long-period wave is larger, and the extended 
time for the stronger wave pressure near the wave peak to act on the wet 
surface of the sphere. It is noteworthy that increasing the draft signifi
cantly reduces the peak of the wave excitation force. This indicates that 
increasing the submergence depth of the ADWEC can substantially 
improve the loading response. As wave-induced dynamic pressure is 
gradually reduced along the direction of increasing water depth, a deep- 
draft ADWEC significantly reduces the peak vertical excitation force by 
suppressing slamming effects and dynamic buoyancy fluctuations. Draft 
is further emphasized as a critical parameter in the excitation response 
and survivability of the regulatory device.

To quantify the response characteristics of vertical excitation with 
different drafts under strong regular waves, the peak and trough values 
of each time series of Fz were extracted, and the peak-to-trough ratio q 
was calculated as: 

q=
⃒
⃒
⃒
⃒
Fz-max
Fz-min

⃒
⃒
⃒
⃒ (12) 

Fig. 11 displays the q value of the Fz as a function of wave period and 
draft. It can be concluded that for all wave period ranges, a greater draft 
has a positive effect on the slamming of the device. This is because the 
pressure of the wave peak is difficult to propagate to the deeper regions 
when the draft increases, avoiding periodic slamming, especially at dB =

1.5R with q≪1. Meanwhile, when the structure maintains a short draft 
(dB = 1.0R), the q value approaches 1 as the wave period increases, 
indicating more symmetric dynamic loading. This is beneficial for stable 
operation and efficient PTO energy capture in practice.

4.3. Motion response

So far, the effect of the ADWEC in a fixed state has been studied. 
Nevertheless, this represents only a part of the overall boundary load 
analysis of the structure and does not encompass all cases. In practice, 
the device can absorb some wave energy through motion, thereby 
attenuating the concentrated loading of the excitation force. The 
amplitude of motion, capture efficiency and absorbed power for 
different drafts are examined based on the heave motion of the device. 
The optimal damping coefficient for different wave periods of the floater 
can be calculated using Eq. (8), with specific parameters shown in 
Table 3.

Fig. 12 displays the amplitude of motion, capture efficiency and 
absorbed power of the ADWEC as a function of the wave period and 
draft. As shown in Fig. 12(a), with increase in the draft, the motion 
response consistently decreases, with the motion at dB = 1.5R being the 
lowest among the three cases. The total mass of the floater is directly 
related to the displaced volume of water and a deeper draft results in 
greater inertia, thereby suppressing heave motion under the same 

Table 2 
Test sea states.

Wave height (m) Wave periods (s)

General conditions 2m 8 10 12 14 16
Extreme sea state 5m

C. Xi et al.                                                                                                                                                                                                                                        Ocean Engineering 343 (2026) 123255 

8 



excitation force. Comparing the three drafts, it is seen that the motion 
amplitude decreases with increasing period at dB = 1.5R and then sta
bilizes, while the opposite is true for dB = 1.0R and dB = 1.25R. This 
indicates that an excessively deep draft helps to improve the disturbance 
resistance and survivability of the device in long-period waves.

The variations in the absorbed power for all three drafts are similar, 
consistently decreasing with increasing period, as shown in Fig. 12(b). 
For the ADWEC, the case with dB = 1.0R yields the highest energy 

capture, reaching a maximum of 76089 W. This is because the frequency 
of long-period waves is far from the natural frequency of the device, 
making it difficult to match the maximum response range even with 
optimal damping. Compared to dB = 1.0R, when the device draft is 
further submerged, the device capture energy is reduced because the 
wave dynamic energy is mainly concentrated at the free surface and 
decays exponentially with water depth. As plotted in Fig. 12(c), 
throughout the entire range of tested wave periods, the capture 

Fig. 8. Numerical estimated horizontal and vertical excitation forces on ADWEC (normal HI/R = 1.0 and extreme HI/R = 2.5 conditions) for three regular wave tests 
(T = 8 s (a and b), 10 s (c and d), and 12 s (e and f)).

Fig. 9. Schematic of different drafts for ADWEC.
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efficiency shows a significant decreasing trend with increasing period, 
reflecting the coupled effect of lower excitation frequency from long- 
period waves and reduced heave response.

In addition, the incident energy increases with longer wave periods, 
while the captured energy by the device actually decreases, ultimately 
decreasing the efficiency. Therefore, under normal conditions, main
taining a shallow draft enhances the heave response of the floater, which 
allows for improved energy conversion efficiency. It can be noted that 
the capture efficiency is highly dependent on the WEC draft. An increase 
of the WEC draft leads to lower capture efficiency. For instance, the 
capture efficiency of the WEC with a buoy draft of 1.0R is higher than 
that of 1.25R and 1.5R buoy drafts over a test range of wave periods. The 

largest draft corresponds to the lowest capture efficiency. A shallow 
draft enables the device to respond more rapidly to wave excitation, 
thereby enhancing the relative displacement and velocity between the 
buoy and the system. In contrast, a deeper draft increases the submerged 
volume, which reducing heave motion due to greater added mass, ulti
mately reduces energy transmission efficiency. In other words, although 
a deeper draft may reduce energy capture efficiency due to deviation 
from resonance, the associated reduction in hydrodynamic loads en
hances the structural survivability of the device under extreme sea 
conditions. This demonstrates that draft not only changes the waterline 
area but also significantly influences the coupled dynamic response of 
the system. Whereas in extreme sea states, a deeper draft can be actively 
adopted to reduce structural loading at the expense of energy capture, 
thereby improving survivability.

5. Discussion

This paper proposes a novel WEC by integrating ballast tanks and 
ballast pumps into the oscillating body-WEC to enable draft adjustment. 
By adjusting its draft, the ADWEC can vary hydrodynamic characteris
tics, contributing to improved energy capture efficiency under regular 
sea states and reduced nonlinear load impacts under extreme conditions. 
However, the PTO system was simplified as an ideal model in this study. 
In practice, the actual PTO systems may be more complex due to their 
designs and types, which might lead to different nonlinear characteris
tics. For instance, in hydraulic PTO systems, the coupling of the hy
draulic circuit with the other components makes the PTO force profile 
highly nonlinear. Therefore, further development of more realistic PTO 
systems is required to incorporate the effects of nonlinear forces into the 
research.

In this work, only regular waves are considered in the case study for a 
preliminary assessment. Given the real sea conditions when compared to 
other approaches, it is attractive to apply the CFD modelling to random 
and focused waves, which are characterized by strong nonlinearity be
tween the waves and buoys. Thus, the next phase of this work is to 
introduce focused and random waves to each draft condition, and to 
evaluate the advantages of this configuration in terms of energy 
extraction or substitution benefits. Besides, the present numerical model 
has only been developed for an oscillating body-WEC with a single de
gree of freedom. However, as demonstrated by Ma et al. (2022), 
extending the modelling to multi-degree-of-freedom systems is feasible. 
Further verification is required to evaluate whether the present con
clusions are directly applicable to a more practical 6-degrees of freedom 
scenario.

6. Conclusions

Excessive loading and strong nonlinearity of waves in extreme sea 
states seriously threaten the survivability of WECs. For commercial 
viability, a desirable design of the WEC is to allow for rapid adjustment 
of its hydrodynamic performance under dynamic sea states. In this 
study, a new oscillating body-WEC, i.e., the ADWEC, is proposed, whose 
main body is a spherical oscillating body with internal ballast tanks to 
control the draft, and the excess PTO link rods can be hidden inside the 
buoy.

An accurate CFD model of wave interaction with the ADWEC was 
established, and the model was then applied to investigate the hydro
dynamic performance of the ADWEC numerically. The strong nonline
arity associated with large wave heights significantly affects the form of 
the wave excitation force acting on the buoy, while adjusting the draft 
can effectively reduce the loads. On this basis, the motion and energy 
capture performance of the buoy with different drafts were further 
investigated. The main conclusions can be drawn as follows. 

(1) Unlike small wave heights, waves under extreme sea state (HI =

0.1) produce a significant nonlinear excitation effect on the WEC 

Fig. 10. Variations of the peak vertical wave excitation force Fz-max of ADWEC 
versus wave period T(g/h)1/2 for different draft.

Fig. 11. Variations of the q factory of ADWEC versus wave period T(g/h)1/2 for 
different drafts.

Table 3 
The optimal PTO damping coefficient bopt.

Wave periods dB = 1.0R dB = 1.25R dB = 1.5R

8s 132000 119000 86700
10s 176000 161000 122000
12s 218000 201000 156000
14s 218000 241000 188000
16s 301000 280000 220000
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at a fixed state. The horizontal excitation force Fx of the ADWEC 
exhibits strong asymmetry and amplification near the peak load. 
In comparison, although the vertical force Fz generally shows a 
more symmetric waveform, it also presents a continuous but 
time-staggered double-peak phenomenon during the wave peak 
phase. As the wave period increases, Fx is markedly reduced due 
to the decrease in horizontal thrust for long-period wave, while Fz 
shows relatively minor variation.

(2) The present numerical results indicate that adjusting the draft has 
a strong impact on the structural response and survivability. 
Similarly, in the fixed mode, the maximum vertical excitation 
force Fz decreases as the draft increases. This effectively mitigates 
wave impact and large fluctuations in dynamic buoyancy. 
Moreover, the defined q value also indicates that a deep-draft 
buoy (dB = 1.5R) has a q-value less than 1, demonstrating a 
suppressing effect on impact loads.

(3) In the case of a constant wave height, as the draft increases, the 
displaced volume and mass also increase, enhancing its inertia. 
Consequently, heave motion is notably reduced, particularly at 
dB = 1.5R (the largest dB considered in this study), where the 
response to long-period waves is further suppressed, displaying 
more powerful stability. Shallower drafts, on the other hand, can 
more effectively couple to the region of high energy near the free 
surface and achieve higher power absorption. In terms of energy 
conversion, the efficiency of all draft configurations decreases 
with increasing wave period. Overall, a shallow draft induces 

enhanced energy efficiency, while a deep draft contributes to 
improved survivability.
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Shahroozi, Z., Göteman, M., Engström, J., 2022. Experimental investigation of a point- 
absorber wave energy converter response in different wave-type representations of 
extreme sea states. Ocean Eng. 248, 110693.
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