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A B S T R A C T   

The development of new wave energy converters usually involves small-scale experiments in physical wave 
tanks. The jump to physical models at larger scales is an expensive and time-consuming process that can be 
supported by computational fluid dynamics (CFD) models. Using the CFD approach, it is possible to numerically 
simulate complex flows with high accuracy, once validation with experimental data has been carried out. This 
article describes an approach based on guidelines taken from the literature and adopted to develop and explore 
the capabilities of a CFD-based numerical wave tank for a novel multipurpose wave energy converter, REEFS. An 
incremental validation procedure, using experimental data collected with a piston-type wave tank, was adopted; 
the procedure began with wave-only tests which were followed by wave-structure interaction tests. Snapshots of 
numerical and experimental approaches were used to analyse fluid flow in the envelope of the REEFS converter. 
The results demonstrate that the CFD-based numerical wave tank model can adequately simulate the global wave 
surface profile, as well as local complex phenomena, such as the Venturi aspiration effect, that typically occur 
near the exterior stay vanes of the device. The results encourage the adoption of this model for future REEFS 
analysis.   

1. Introduction 

Ocean waves are an inexhaustible clean source of power with an 
estimated global potential of more than 2 TW [1]. Despite huge scientific 
and technological efforts since the 1970s to develop this power source, 
no commercially competitive solution for wave energy conversion is 
currently on the market. Consequently, new wave energy converter 
concepts which aim to overcome traditional disadvantages, such as 
technological complexity, storm vulnerability, high cost and low pro-
ductivity, are still being proposed. 

1.1. Computational fluid dynamics-based numerical wave tanks 

The development of new wave energy converters (WEC) is a process 
which requires a huge amount of time and money, and only a limited 
number of inventions reach the full-scale testing phase [2]. At low 
technology readiness levels, small-scale experiments in physical wave 
tanks have proven to be suitable and reliable for preliminary proof of 

concept, preliminary investigations on the wave energy converter ca-
pacities and device performance optimisation [3]. However, physical 
wave tanks are not only expensive (in terms of equipment, personnel, 
and space), but also have some limitations which make them laborious 
tools for WEC development (e.g., time-consuming implementation of 
setup and experimental testing, finite number of feasible measurement 
points, instrumentation flow disturbance and measurement errors). 
Computational fluid dynamics (CFD) based numerical wave tanks 
(CNWT), which employ standard two-phase Reynolds-averaged 
Navier-Stokes (RANS) equations using the volume of fluid method to 
track the position of the free surface, have been widely employed to 
support the scaling-up of WECs, providing high-fidelity results [4]. Their 
versatility allows for the study of multiple WEC configurations, at 
different scales, subjected to an infinite variety of hydrodynamic con-
ditions, with the capacity to promptly output detailed fluid flow char-
acteristics at any location of the numerical domain [4]. Although the use 
of CNWT for wave energy applications has not yet reached the level of 
maturity that marine hydrodynamics has, the implementation of 
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verification (i.e. by coding and calculation) and validation procedures 
can result in higher confidence in these numerical solutions [5]. An 
initial code verification process is advised to analyse the correct func-
tioning of the code by evaluating errors and comparing the results with 
an exact solution. When well-established commercial CFD software (e.g. 
ANSYS Fluent and Siemens Star-CCM+) is used for WEC experiments, 
the code can be assumed to have been verified, except in cases where 
specific code development is needed (e.g. for power take-off and 
mooring modules). A second calculation verification, in which the 
error/uncertainty is estimated, is necessary to support analysis of the 
results when the exact solution is unknown. At this point, two different 
groups of errors are identifiable: modelling errors and numerical errors. 
Modelling errors result from simplifications and approximations of re-
ality in the numerical model, in terms of dimensions of computational 
domains, boundary conditions, simplified WEC body geometries and 
turbulence models. Numerical errors, on the other hand, fall into three 
categories: round-off errors, iterative convergence errors, and dis-
cretisation errors. Round-off errors are related to hardware quality, 
which can largely be ignored when using double precision computations 
[6]. In unsteady flow problems, such as in CNWTs for WEC experiments, 
time integration is usually performed with implicit schemes where a 
nonlinear system of equations is solved iteratively at each time step. 
Iterative errors are generally closely linked to time step size and 
convergence criterion, which are usually set by defining a minimum 
residual value for conservation equations and/or limiting the number of 
iterations per time step. A smaller time step requires less iterations to 
converge, but also increases the total number of time steps required for 
the same simulated time. The balance between time step size and 
number of iterations directly affects model efficiency. It is also impor-
tant to understand that, as in any iterative process, these errors propa-
gate to the next time step. The choice of the time step used (temporal 
discretisation) is also dependent on the choice of the mesh size used 
(spatial discretisation). Both errors should be assessed by analysing 
different levels of refinement. Wang et al. [6] highlight the importance 
of assessing the corresponding model accuracy for the next step, with 
Eça et al. [7] affirming that a global numerical model uncertainty below 
5% means that the model can be assumed to be acceptable and reliable. 
After verification, validation is performed by comparing CNWT nu-
merical results with reference data, which can be analytical data, low-to 
mid-fidelity numerical data, third-party CFD-based NWT data, or 
physical wave tank experimental data. According to Windt et al. [4], the 
use of experimental data is the most common strategy for model vali-
dation. When comparing such data with reality, it is important to 
consider the experimental inaccuracies and scale effects associated to 
data produced in physical wave tanks, in order to avoid incorrect 
conclusions. 

1.2. Literature review 

This section presents a review of previous work considered to be 
relevant to the current research. The main objective of this literature 
review is to identify key modelling considerations for the development 
of CNWT based on RANS equations, in order to use them as guidelines 
for the present work. 

The definition of the numerical wave makers for wave generation 
and absorption are of upmost importance, and influence all modelling 
decisions. Gomes et al. [8] developed a 2D CNWT for future WEC 
analysis, focusing on the comparison of two wave generation methods 
(the static boundary and dynamic boundary methods). Their study was 
conducted by performing wave-only test cases with regular waves. A 
mesh convergence analysis was used to assess model accuracy, obtaining 
maximum deviations of 1.2% and 5% when comparing numerical and 
analytical wave amplitude and wave velocity profiles, respectively. Both 
methods proved to be accurate, with the static boundary method 
providing a solution in 75% of the time required by the dynamic 
boundary method. To study the ability to numerically generate and 

propagate regular waves in intermediate depths, Silva et al. [9] devel-
oped a 2D CNWT using a dynamic boundary method for wave genera-
tion and a geometrical beach for wave absorption. Verification and 
validation procedures were considered in their research. During calcu-
lation verification, a maximum relative error of 1% was obtained when 
comparing numerical and analytical free surface elevation. In the second 
part of their research, model range applicability was assessed. The 
CNWT they developed was demonstrated to be accurate within a range 
of theoretical wave steepness from 0.0033 to 0.0335, presenting a 
maximum relative deviation of about 3% and 4% for numerical wave 
height (H) and length (λ), respectively. Marques Machado et al. [10] also 
investigated the generation (by static and dynamic boundary methods) 
and absorption (by geometrical beach) of regular progressive waves in a 
2D CNWT for future WEC experiments. Spatial and temporal conver-
gence studies were employed for calculation verification. The optimised 
model was validated against Stokes 2nd order wave theory, showing a 
maximum deviation of 0.9% from the theoretical elevation of the free 
surface. A more detailed study was carried out by Miquel et al. [11], who 
analysed the performance of different combinations of numerical wave 
makers for the generation and absorption of regular and irregular waves. 
The accuracy of different techniques was assessed using wave-only (2D) 
and wave-structure interaction (3D) test cases. Spatial and temporal 
discretisation was selected on the basis of results from Bihs et al. [12]. 
The authors concluded that a CNWT using the relaxation method for 
wave generation and absorption could achieve lower reflection co-
efficients (<0.1, for regular waves, and <0.01, for irregular waves), but 
at a high computational cost. A combination of the static boundary 
method for both wave generation at the inlet, and for wave absorption at 
the end of the domain, provided higher computational efficiency 
without reducing the accuracy of the results. Similar work was per-
formed by Windt et al. [13], who present a quantitative comparison and 
assessment of the different numerical wave makers, and provide 
generalised assessment metrics and methodologies for both regular and 
irregular sea conditions to isolate general modelling inaccuracies from 
those produced by the numerical wave maker. Convergence analyses 
were used to assess spatial and temporal discretisation uncertainty using 
mean phase averaged wave height. A maximum relative deviation of 
0.10% of the mean phase average wave height from the target value was 
calculated. The authors highlight the dependency of the performance of 
the numerical wave maker on the time step used, and assume that it 
should always be analysed in each case study. With regard to the ac-
curacy of the studied numerical wave makers, the conclusions the au-
thors drew are in accordance with the work of Miquel et al. [11], with 
the relaxation method providing higher accuracy at high computational 
cost, while a combination of the static boundary method for wave 
generation and a numerical beach for wave absorption was demon-
strated to be more computationally efficient without compromising the 
accuracy of the CNWT. 

Focusing on wave-structure interaction problems of wave energy 
sector, Finnegan and Goggins [14] developed a 3D CNWT of a floating 
truncated vertical cylinder (simplified WEC) and considered both linear 
deep-water waves and linear waves for finite depths. Initially, conver-
gence studies on spatial and temporal discretisation were performed for 
calculation verification in a 2D domain, and wave-only simulation cases 
were considered. The numerical results were qualitatively compared 
with linear wave theory and wavemaker theory, resulting in “good 
agreement”. The 3D spatial discretisation was defined on the basis of 
previous results. The simplified WEC body motion response obtained 
closely matched (qualitatively) the analytical results. Similar analysis 
procedures were applied by Kim et al. [15], who developed a 3D CNWT 
to simulate regular waves and current interaction with a fixed offshore 
substructure. Their study was divided into three phases with progres-
sively increasing complexity. First, a calculation verification was 
employed using wave-only test cases and focusing on spatial dis-
cretisation of the numerical domain. A maximum numerical deviation of 
1.85% from the 2nd order Stokes wave, at the wave crest, was obtained. 
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A 3D model was then used for the wave-structure interaction analysis, 
comparing the horizontal wave load on the vertical cylinder with the 
measurements reported by Chakrabarti and Tam [16] and using the 
Morison equation for calculation [17]. A maximum relative deviation 
between experimental, analytical and CFD analysis of around 1% was 
calculated in a wave-structure interaction test case. For the case of wave 
and current interaction with the structure, the analytical horizontal load 
was about 11% lower than that obtained by CFD simulations, demon-
strating the importance of nonlinearity effects caused by wave defor-
mation. Several WECs in the literature use a power take-off system that 
relies on a turbine to convert hydraulic power into shaft mechanical 
power. To analyse the performance of a WEC turbine, Prasad et al. [18] 
developed a 3D CNWT. Calculation verification was performed on the 
basis of a mesh convergence analysis using a 2D model. A maximum 
relative deviation of 0.2% (compared with experimental data) was 
calculated for the mean phase averaged wave height. In a second phase, 
the numerical model, including the turbine, was validated against 
experimental data. The experiments were conducted using a piston-type 
wavemaker tank to generate the prototype regular waves. A capacitance 
type wave gauge was installed at a distance from the wavemaker to 
measure wave properties (H and T). Instrumentation measurement un-
certainties ranging from 1.00% to 2.23% were assessed. A full-scale 
simulation was then carried out using an optimised CNWT model. The 
numerical free surface elevation and pressure were compared with 
theoretical solutions, and good agreement was found by visual inspec-
tion of the graphics. The CFD results of the wave power were also 
compared with field measurements at a location in Fiji, and a maximum 
deviation of about 3.70% was reported. An extensive validation of a 3D 
CFD model for the 1:5 scale Wavestar point-absorber, including cases in 
which an active power take-off system was used, was developed by 
Windt et al. [19]. Their study was divided into four test cases, based on 
an incremental validation procedure: wave-only, wave diffraction with 
fixed WEC, wave radiation in a still tank with the WEC motion being 
driven by a sinusoidal force, and wave-driven motion of the WEC with 
power take-off damping simulations. All test cases were validated 
against physical wave tank data. Spatial and temporal discretisation was 
determined by following the convergence studies outlined in Ref. [13]. 
A maximum normalised root mean squared error of the mean phase 
averaged free surface elevation of about 6% was obtained for wave-only 
simulation. In the most complete wave-structure interaction model, 
numerical and experimental data were compared, and maximum nor-
malised root mean squared errors of 13% for surface elevation, 6% for 
the power take-off cylinder displacement and velocity, 3% for the power 
take-off force and 19% for instantaneous generated power were ob-
tained. The authors concluded that modelling such a complex physical 
system is a challenging task. However, their study proved the potential 
and usefulness of the validated model for future analyses. Another 
CNWT validation was presented by Windt et al. [20]. These authors 
compared the results obtained using the CNWT of the 1:20 scale 
Wavestar WEC against experimental data acquired in a physical wave 
tank, and outlined the opportunity to combine this study with previous 
work presented in Ref. [19] in order to develop a future study of scaling 
effects. As in Ref. [19], a validation procedure with gradual incremental 
complexity was implemented: this procedure included wave-only, wave 
excitation force, free decay, forced oscillation, and wave-induced mo-
tion cases. Spatial and temporal convergence analyses were performed 
for the purpose of model verification, and used to determine the 
required mesh and time step sizes. The comparison between numerical 
and experimental results showed an acceptable level of agreement, 
obtaining a maximum normalised root-mean square deviation of 
10.99% for the free surface elevation and 6.06% for the floater position. 
The authors considered the proposed model to have been validated. 
Following a similar gradual incremental complexity validation proced-
ure, an interesting and innovative multi-domain coupling approach was 
developed by Di Paolo et al. [21,22] for wave-structure interaction 
analysis, with the aim of increasing computational efficiency. The 

solution presented consisted in decomposing the global domain of the 
CNWT into partitioned sub-domains, i.e. a 2D region (near field) for 
wave generation and transformation coupled to a 3D region (far field) 
for complex wave-structure interaction analysis. In part I [21], 
wave-only test cases were employed for calculation verification by 
convergence analysis of spatial and temporal discretisation and valida-
tion of the coupling method. Different wave conditions were considered, 
and a computational acceleration ranging from 1.2 to 5 was observed in 
comparison to full 3D simulations, without reducing the accuracy of the 
results. In the majority of cases, the maximum relative errors of the free 
surface elevation remained below 3%; this slightly exceeded 10% in the 
worst case, and was below 10% in the analysis of velocity profiles. In a 
wave-structure interaction analysis, Di Paolo et al. [22] progressively 
increased the complexity of the problems; they started with the evolu-
tion and breaking of waves on a planar beach, proceeded to the study of 
a wave group impacting on a fixed cylinder installed at the planar beach, 
and finished by replicating a perforated breakwater WEC in a laboratory 
experiment. A maximum computational acceleration of 6.25 was ach-
ieved. With regard to the wave interaction with the WEC analysis, an 
error below of 10% was calculated for the wave reflection coefficient, 
while velocity and pressure measurements were compared qualitatively 
by the visual inspection of graphics, affirming that there was a “good 
match between experimental and numerical (coupled models) results”. 

A summary of the articles reviewed here, which also includes other 
interesting studies, is presented in Table 1. This summary can be used to 
identify and compare the different methodologies, parameters, and 
recommendations presented by the authors, and constitutes a valuable 
guide to novel contributions. 

In terms of CFD software for the implementation of RANS equations 
with a volume of fluid approach, ASNSYS (CFX and Fluent) and Open-
FOAM were identified as the software packages most often used in the 
wave energy sector. A different method to capture the free water surface, 
called the level set method, was implemented by Bihs et al. [12] and 
Miquel et al. [11] using REEF3D software, which allowed the use of 
high-order temporal and spatial discretisation to avoid unphysical wave 
damping. The pressure implicit in the splitting of the operator algorithm 
(also called PISO) was generally applied to achieve pressure-velocity 
coupling. An incremental validation procedure has been widely 
employed for wave-structure interaction problems, starting with 
wave-only simulations in 2D domains for calculation verification before 
moving on to complex 3D analyses. It was also noticed that turbulence 
models were applied in wave-structure interaction problems, especially 
for the analysis of fixed wave energy converters, without referring to any 
details (i.e initial seeding, wall-functions, etc.). With regard to wave 
generation and absorption, different techniques were chosen by the 
reviewed authors, with overall good results; this demonstrates that there 
is no single solution for this problem. Useful generalised assessment 
metrics and methodologies have been provided by Wind et al. [13]. In 
the definition of transient (temporal) formulation and advection 
(spatial) discretisation models, second order schemes proved to be suf-
ficiently accurate for wave generation and propagation in CNWTs, while 
first order schemes produced wave damping, as demonstrated in 
Ref. [9]. Model verification based on the quantification of spatial and 
temporal discretisation errors using convergence studies is the most 
common practice in the literature. Neglecting high-order terms (with a 
volume of fluid approach) causes errors, which can be minimized by 
striking an appropriate balance between mesh and time step sizes. Basic 
mesh and time step convergence studies which demonstrate that the 
solution is “mesh/time step-independent” have been identified. How-
ever, the use of mesh/time step-independent solutions does not neces-
sarily mean that there are no numerical errors. Evidencing the high 
degree of uncertainty of this approach, qualitative assessment of 
convergence is typically performed on the basis of the observation of 
graphs, or convergence is simply defined without further information. 
Quantitative assessment based on the relative variation of a given hy-
drodynamic quantity is always preferable. A structured mesh type, 
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Table 1 
Tabulated overview of the main methodologies, parameters and recommendations identified in the reviewed studies.  

Authors Software Model Test 
cases 

Wave 
generation 

Wave absorption Turbulence Pressure- 
velocity 
coupling 

Mesh type Convergence 
studies 

Spatial discretisation Temporal discretisation Assessment of 
the results 

CPL CPH aspect 
ratio 

method Δt Maximum 
Co 

Gomes et al. [8] ANSYS 
Fluent 

2D 
RANS- 
VOF 

Wave- 
only 

SBM 
DBM 

Limited 
simulation time 

Laminar PISO Structured Spatial 102a 14a 1 INA INA INA Quantitative 

Silva et al. [9] ANSYS CFX 2D RANS- 
VOF 

Wave- 
only 

DBM Geometrical 
sloped beach 

Laminar Coupled Structured Spatial 
+

Temporal 

111 10 4.16 fixed ≤ T/100 INA Quantitative 

Havn [27] ANSYS CFX 2D/3D 
RANS- 
VOF 

Wave- 
only 
+

WSI 

SBM 
DBM 

Geometrical 
sloped beach 

Laminar, k- 
ε, 
SST k-ω 

INA Structured Spatial 
+

Temporal 

≥100 >10 <10 Fixed < T/100 INA Quantitative 

Finnegan and 
Goggins [14] 

ANSYS CFX 2D/3D 
RANS- 
VOF 

Wave- 
only 
+

WSI 

DBM Geometrical 
sloped beach 

Laminar INA Structured Spatial 
+

Temporal 

10a 9a 7.50a fixed ≤ T/50 INA Qualitative 

Seibt et al. [28] Ansys 
Fluent 

2D 
RANS- 
VOF 

WSI DBM No method Laminar PISO Structured Spatial 300a 6a 1 Fixed T/1500 INA Quantitative 

Kim et al. [15] ANSYS 
Fluent 

2D/3D 
RANS- 
VOF 

Wave- 
only 
+

Wave- 
current 
+

WSI 

DBM NB 
+

Cell stretching 

k− ε 
realizable 

PISO Structured Spatial 50 30 18 fixed T/1000 INA Quantitative 

Bihs et al. [12] REEF3D 2D/3D 
RANS- 
LSM 

Wave- 
only 
+

WSI 

RZM NB k-ω Chorin’s 
projection 

Structured Spatial 
+

Temporal 

80 4 1 Adaptative – 0.1 Quantitative 

Prasad et al. 
[18] 

ANSYS CFX 2D/3D 
RANS- 
VOF 

Wave- 
only 
+

WSI 

DBM Cell stretching k-ε INA Structured Spatial INA INA INA Fixed T/250 INA Quantitative 

Ransley et al. 
[29] 

OpenFOAM 2D/3D 
RANS- 
VOF 

Wave- 
only 
+

WSI 

SBM 
+

RZM 

RZM Laminar PISO Structured Spatial 
+

Temporal 

INA 36 1 Adaptative – 0.5 Quantitative 

Eskilson et al. 
[5] 

OpenFOAM 2D/3D 
RANS- 
VOF 

Wave- 
only 
+

WSI 

SBM RZM RNG k-ε SIMPLE/PISO 
(PIMPLE) 

Structured Spatial INA 5 to 
44 

INA Fixed INA 0.01 Quantitative 

Miquel et al. 
[11] 

REEF3D 2D/3D 
RANS- 
LSM 

Wave- 
only 
+

WSI 

SBM 
RZM 

SBM 
RZM 
Geometrical 
sloped beach 

k-ω Chorin’s 
projection 

Structured Spatial 80a 0.8 to 
7.5a 

1 Adaptative – 0.1 Quantitative 

Marques 
Machado 
et al. [10] 

ANSYS CFX 2D RANS- 
VOF 

Wave- 
only 

SBM 
DBM 

Geometrical 
sloped beach 

Laminar INA Structured Spatial 
+

Temporal 

111 21 9.57 Fixed T/200 0.47 Quantitative 

Windt et al. 
[30] 

OpenFOAM 2D/3D 
RANS- 
VOF 

Wave- 
only 
+

WSI 

RZM RZM 
+

Cell stretching 

SST k-ω SIMPLE/PISO 
(PIMPLE) 

Structured Spatial 
+

Temporal 

INA INA 1 Adaptative – 0.5 Quantitative 

(continued on next page) 
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Table 1 (continued ) 

Authors Software Model Test 
cases 

Wave 
generation 

Wave absorption Turbulence Pressure- 
velocity 
coupling 

Mesh type Convergence 
studies 

Spatial discretisation Temporal discretisation Assessment of 
the results 

CPL CPH aspect 
ratio 

method Δt Maximum 
Co 

Wang et al. [6] OpenFOAM 2D/3D 
RANS- 
VOF 

Wave- 
only 
+

WSI 

RZM RZM SST k-ω SIMPLE/PISO 
(PIMPLE) 

Structured Spatial 
+

Temporal 

37a 30 1.29 Fixed T/225 INA Quantitative 

Windt et al. 
[13] 

OpenFOAM 2D RANS- 
VOF 

Wave- 
only 

SBM 
DBM 
RZM 
ISM 

SBM 
DBM 
RZM 
NB 

Laminar SIMPLE/PISO 
(PIMPLE) 

Structured Spatial 
+

Temporal 

1332 20 1 Fixed ≤ T/800 (NWM 
dependent) 

INA Quantitative 

Windt et al. 
[19] 

OpenFOAM 2D/3D 
RANS- 
VOF 

Wave- 
only 
+

WSI 

SBM 
+

RZM 

NB 
+

Cell stretching 

Laminar SIMPLE/PISO 
(PIMPLE) 

Structured Spatial 
+

Temporal 

186 10 4 Fixed ≤ T/990 INA Quantitative 

Windt et al. 
[20] 

OpenFOAM 2D/3D 
RANS- 
VOF 

Wave- 
only 
+

WSI 

RZM RZM 
+

Cell stretching 

Laminar SIMPLE/PISO 
(PIMPLE) 

Structured Spatial 
+

Temporal 

200 10 0.612 to 
2.28 

Fixed T/1400 INA Quantitative 

Di Paolo et al. 
[21] 

OpenFOAM 2D/3D 
RANS- 
VOF 

Wave- 
only 

SBM, 
DBM 

DBM Laminar SIMPLE/PISO 
(PIMPLE) 

Structured Spatial 
+

Temporal 

≥277a 10, 12 1, 4 Adaptative – 0.1, 0.3 Quantitative 

Di Paolo et al. 
[22] 

OpenFOAM 2D/3D 
RANS- 
VOF 

Wave- 
only 
+

WSI 

SBM, 
DBM 

DBM 
Geometrical 
sloped beach 

Laminar, k- 
ω 

SIMPLE/PISO 
(PIMPLE) 

Structured Spatial 
+

Temporal 

≥292a 12, 32 1, 2 Adaptative – 0.1, 0.3, 
0.75 

Quantitative 
Qualitative  

a Estimated based on wave characteristics and mesh sizes. SBM – static boundary method, DBM – dynamic boundary method, RZM – relaxation zone method, ISM – impulse source method, NB – numerical beach, INA – 
information not available, NWM – numerical wave maker. 
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refined around the free surface and the structures, has been found to be 
preferable for ocean wave applications; however, the variety of the re-
sults obtained from spatial convergence analysis (number of cells per 
wavelength, or n.CPL, and number of cells per wave height, or n.CPH) 
indicate that there is no single solution; this means that it is necessary to 
perform analyses on a case-by-case basis. Both fixed and adaptative 
approaches to the temporal discretisation of models have been imple-
mented, the latter being controlled through the Courant Friedrichs Lewy 
condition and the maximum Courant number. The implementation of a 
fixed time step should always be followed by the monitoring of the 
maximum Courant number near the free surface interface, to ensure 
convergence of the simulation. In both methods, different results have 
been reported by different authors, indicating that the process is case 
dependent. 

1.3. Scope of the article 

This paper presents the development and an exploration of the ca-
pabilities of a 3D CNWT model of a novel multipurpose wave energy 
converter known as REEFS [23–26], Renewable Electric Energy From 
Sea, with the objective of helping to increase the technological readiness 
level of this WEC device in the near future. Based on the relevant 
literature, e.g. Ref. [20], an incremental validation procedure will be 
adopted; initially, wave-only test cases will be studied by using a 2D 
model to define spatial and temporal discretisation using convergence 
studies. A comparison of experimental and CFD results will be used for 
model validation. A 3D CNWT, developed on the basis of the validated 
2D approach, will then be implemented to study wave-REEFS interac-
tion; the CFD results will be compared with experimental data reported 
in Ref. [25], which was collected at the piston-type wavemaker tank of 
the Laboratory of Hydraulics, Water Resources and Environment of the 
Civil Engineering Department of the University of Coimbra. The com-
mercial CFD code ANSYS Fluent will be applied in this study, using a 
2.10 GHz Intel® Xeon® Silver 4110 octa-core processor with 64 GB of 
RAM, combined with a GPU NVIDIA® Quadro™ P2000. Conclusions 
will then be drawn to determine whether the accomplished CNWT can 
be considered adequate to support the next development stages of the 
REEFS multipurpose WEC. It is our belief that this study will contribute 
to a better understanding of the numerical modelling aspects involved in 
the wave-structure interaction simulation of this new type of wave en-
ergy converter. The CFD approach is also expected to be applied to the 
development, design and optimisation of a scaled-up REEFS model, 
focusing not only on detailed analysis of the fluid flow around the 
structure but also on detailed structural analysis, coupling CNWT 

Fig. 1. 3D schematic illustration of the REEFS WEC small-scale model.  

Fig. 2. Laboratory facilities: a) piston wavemaker and b) global view of the wavemaker tank.  

Fig. 3. Schematic illustration of the laboratory piston-type wavemaker tank.  

Fig. 4. Schematic representation of the three wave gauges (WR1, WR2, WR3) installed in the piston-type wavemaker tank for the acquisition of free surface 
elevation data. 
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models with finite element representations of the multipurpose wave 
energy converter. 

2. Materials and methods 

2.1. Experimental tests 

2.1.1. Physical wave energy converter model 
REEFS is a novel multipurpose submerged WEC that combines 

electric energy production with coastal protection. The device has been 
under development at the University of Coimbra and was recently 
granted an international patent. The basic working principle of the de-
vice consists of capturing the spatial differentials of kinetic and pressure 
energy in the water mass just below the wave, to generate an inner flow 
that drives a fish-friendly low head hydropower turbine. A small-scale 
physical model (1.5:100), with a length of 132 cm, a width of 30 cm 
and a height of 15 cm, has already been built. It is made of acrylic plates 
with 336 square holes of 37 mm per 37 mm, aluminium profiles, 8 mm 
by 8 mm plastic mesh, plastic film with a 1/12 mm thickness, and iron 
curved stay vanes. Fig. 1 depicts a three-dimensional view of the 
described physical model with positioning relative to the direction of 
wave propagation. 

Experimental tests for proof of concept were conducted in the piston- 
type wavemaker tank at the Laboratory of Hydraulics, Water Resources 
and Environment of the University of Coimbra (LHWRE-UC), using the 
small-scale physical model (1.5:100), as reported in Ref. [23]. The same 
facilities were used to assess, separately, two device functionalities. The 
capacity of REEFS to product electric energy was investigated by Lopes 
de Almeida et al. [24] by carrying out wave-to-water power tests, 
coupling a power take-off unit to the already existing REEFS model, and 

considering regular waves and normal operating conditions. More 
recently, the potential of REEFS for shore protection was evaluated by 
Lopes de Almeida and Santos Martinho [25], based on measurements of 
wave energy dissipation in the device. 

2.1.2. Laboratory facilities 
The wave tank of the LHWRE-UC is 36 m long, 1 m in width and 1.2 

m in height, with a deeper zone (+0.20 m) at the centre of the tank. It is 
equipped with a piston-type wavemaker (see Fig. 2 and Fig. 3) for wave 
generation, and a sloped beach to mitigate wave reflection at one end. 
DHI Wave Synthetizer software [31] was used to generate wave profiles, 
which were transferred to the DHI AWACS active control unit that 
governs the movement of the piston wavemaker. Regular and irregular 
sea states can be generated using this equipment. The side walls and the 
bottom of the tank are made of tempered glass, allowing visual data 
acquisition. 

2.1.3. Wave-only test cases 
A preliminary experimental analysis with wave-only test cases was 

conducted to assess the functioning of the piston wavemaker. Three 
twin-wire resistive HR Wallingford wave gauges [32] were installed 
along the tank (see Fig. 4: x = 3.5 m (WR1); x = 7.0 m (WR2); x = 10.5 m 
(WR3)) to register the free surface elevation time series and evaluate 
incoming wave properties (H and T). The wave gauges were connected 
to a personal computer through a HR Wallingford wave probe monitor 
system [32], and the HR Waves – Data acquisition and analysis software 
program [33] was used for calibration, data processing and monitoring. 
An extension platform was needed to ensure the uniform depth of all the 
wave gauges. A sloped beach was used in a downstream position in the 
tank to mitigate wave reflection. 

The generation and propagation of three regular waves, with a 
period of 0.86 s and wave heights varying of 0.014 m, 0.024 m and 
0.034 m, based the work presented in Ref. [25], was analysed. Table 2 
summarises the respective characteristics of these waves. 

In the first stage, the movement of the paddle wavemaker was 
monitored using a linear variable differential transducer. According to 
Dean and Dalrymple [34], for regular waves, a transfer function can be 
used to relate the piston wave maker stroke (S), the water depth (h) and 
the wave characteristics (H, k), 

Table 2 
Wave characteristics in simulated conditions.  

Wave- 
only tests 

Wave 
height 
H (m) 

Water 
depth h (m) 

Wave 
period 
T (s) 

Wave 
length λ (m) 

Wave 
steepness 
H/λ 

1 0.014 0.275 0.86 1.067 0.013 
2 0.024 0.275 0.86 1.067 0.022 
3 0.034 0.275 0.86 1.067 0.032  

Fig. 5. Comparison of the experimental (blue) and theoretical (red) displacement of the piston wavemaker paddle, for wave-only test case 1.  

Fig. 6. Comparison of the experimental (blue) and theoretical (red) displacement of the piston wavemaker paddle, for wave-only test case 2.  
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H
S
=

2(cosh(2kh) − 1)
sinh(2kh) + 2kh

(1)  

where k is the wave number. Based on the calculated theoretical stroke, 
the experimental wavemaker paddle displacement time series were 
compared with piston wavemaker theory by superimposition, 

x(t)=
S0

2

(
1 − e− 5t

2T

)
sin(ωt), (2)  

where x is the distance along the longitudinal direction [m], t is time [s], 
and S0 is maximum displacement. The results are shown in Figs. 5 to 7. 

The experimental averaged strokes were then calculated and 
compared with the theoretical solution, along with the corresponding 
averaged periods. The maximum deviation from the theoretical solution 
was in the order of 3% in wave-only test case 1 (see Fig. 5). The results 
showed that the wave generation system was well calibrated. 

In the second stage, the accuracy of the experimental setup was 
assessed by comparing the experimental free surface elevation time se-
ries (Figs. 8 to 10) against the theoretical wave profile using Stokes’ 2nd 
order theory [35], 

η=H
2

cos(kx − ωt) +
πH
8

H
λ

cosh(kh)
sinh3(kh)

× [2+ cosh(2kh)]cos[2(kx − ωt)] (3) 

In all experiments, data collection was begun with the free surface at 
rest. The experimental free surface elevation time series exhibited an 
initial transient state. This transient state was caused by the initiation of 
the wavemaker, which produces local acceleration in fluid that was 
initially in a hydrostatic state. The presence of noise in the signals 
collected was also identified during this period; noise faded with time (i. 
e. with the increase of free surface elevation), being more significant in 
test case 1 (Fig. 8) as compared with test cases 2 (Fig. 9) and 3 (Fig. 10). 
The vibrations caused by the wavemaker equipment can introduce small 
water surface instabilities, which may have been registered by the wave 
gauges. After this initial period, a steady state flow was achieved, with 
regular waves presenting the theoretically expected specified charac-
teristics (e.g. a good match between the red and blue curves). A good 
agreement was obtained for the mean phase averaged wave height and 
the period that presented maximum deviations with the reference values 
of about 3.6% and 0.7%, respectively, for the wave-only test case 1. 
These maximum deviations were identified after an initial period of 25 s. 
These results were also in accordance with typical experimental un-
certainties reported in Ref. [4]. 

Fig. 7. Comparison of the experimental (blue) and theoretical (red) displacement of the piston wavemaker paddle, for wave-only test case 3.  

Fig. 8. Comparison of free surface elevation (blue) with analytical solution (red) from 2nd order Stokes’ wave theory, at 3.5 m downstream from the piston 
wavemaker paddle (WR1), for a wave with T = 0.860 s, H = 0.014 m at d = 0.275 m (wave-only test case 1). 

Fig. 9. Comparison of free surface elevation (blue) with analytical solution (red) from 2nd order Stokes’ wave theory, at 3.5 m downstream from the piston 
wavemaker paddle (WR1), for a wave with T = 0.860 s, H = 0.024 m at d = 0.275 m (wave-only test case 2). 
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2.1.4. Wave-structure interaction test cases 
For the exploration of the 3D CNWT model capabilities for wave- 

structure interaction test cases, the experimental data collected by 
Lopes de Almeida and Martinho [25] was used. The test campaign was 
developed at LHWRE-UC with the aim of evaluating the coastal pro-
tection potential of the REEFS device using a (1.5:100) small-scale 
model of the REEFS device. Lopes de Almeida and Martinho [25] ana-
lysed the potential of the novel multipurpose wave energy converter for 
shore protection. The reduction of incoming wave energy density, from 
upstream to downstream of the device, was used as the guiding 
parameter. The variation of the free surface elevation was acquired 
using a laboratory setup with four twin-wire resistive wave gauges, 
installed at P0, P1, P2, and P3 positions, as schematically illustrated in 
Fig. 11 and Fig. 12. 

Small-scale modelling followed the approach adopted in Refs. [23, 
24], i.e. typical values for sea wave heights and periods in the western 
Portuguese coast near Figueira da Foz were converted using the 
geometrical scale of (eL = 1.5 : 100) and the time scale of (eT =

̅̅̅̅̅eL
√

≅

1.22475× 10− 1), assuming Froude similarity. The resulting model pe-
riods varied between 0.73 s, 0.86 s, 0.98 s, 1.10 s, 1.35 s, and 1.45 s, plus 
an exploratory period of 2.08 s, and model wave heights varied from H =
1 cm to H = 9 cm. The water depth was d = 27.5 cm. The study of coastal 
protection energy dissipation potential focused on storm conditions, not 
on operating conditions. Therefore, the power take-off unit was removed 
from the model and the inner flow was blocked to replicate prototype 
turbine shutoff. The waves resulting from the energy dissipation process 
over the REEFS model were irregular (e.g., curve (b) in Fig. 13), which 
necessitated the use of a frequency (f) domain approach. 

A Discrete Fourier Transform (DFT) was implemented to obtain the 
wave energy spectral density function S(f) using the free surface 
elevation time series collected at the wave gauge locations. The Fourier 
Analysis function available in Microsoft Excel [36] was used in these 
computations. Evaluation of the wave energy dissipation was achieved 
by comparing the upstream and downstream zero order moments, mo, of 
the respective wave states, 

m0 =

∫∞

0

f 0S(f )df =

∫∞

0

S(f )df (4) 

The m0 values reported in Ref. [25] were organised by joining the 
results obtained with different wave heights but with a common wave 
period. In Fig. 14, a graph organised in a similar way for wave-only tests 
with T = 0.86 s and numerical wave heights from approximately 0.02 m 
until 0.06 m is presented. This graph was computed using the experi-
mental database of the test campaign described in Ref. [25]. 

2.2. Numerical wave tank 

The development of a CNWT requires the implementation of 
adequate mathematical models, the solution of which is approximated 
by discretisation of space (domain) and time, moving from a continuum 
problem to a discrete level. To ensure the correct prediction of fluid 
motion, the numerical solution method should have certain properties: 
consistency, stability, convergence, conservation of laws, boundedness, 
realisability, and accuracy [37]. In this study, the well-established CFD 
code ANSYS Fluent [38], version 19.2, was used to implement a 3D 
CNWT for wave-structure interaction analysis. The RANS equations 
combined with volume of fluid method, as proposed by Hirt and Nichols 
[39], were applied to solve the two-phase flow problem. A cell-centred 
finite volume method using a mosaic poly-hexacore mesh type, where 
the average variable value is stored in the centre of each cell, was 
employed, approximating the differential equations in order to obtain a 
system of algebraic equations for the variables at the numerical mesh in 
space and time. The setup of the CNWT was based on the papers 
reviewed in Section 1, which provided useful guides. 

2.2.1. Governing equations and solution methods 
The RANS equations express the conservation of mass in Eq. (5), and 

momentum for an incompressible fluid in Eq. (6) [19], 

∇ ⋅ ρu = 0 (5)  

∂ρu
∂t

+∇⋅ρuu = − ∇p +∇⋅T + ρfb, (6)  

where t denotes the time, u the fluid velocity, ρ the fluid density, p the 
fluid pressure, T the stress tensor and fb external forces, such as gravity. 
In all simulations, the PISO pressure velocity coupling algorithm was set 

Fig. 10. Comparison of free surface elevation (blue) with analytical solution (red) from 2nd order Stokes’ wave theory, at 3.5 m downstream from the piston 
wavemaker paddle (WR1), for a wave with T = 0.860 s, H = 0.034 m at d = 0.275 m (wave-only test case 3). 

Fig. 11. Right side view illustration of the experimental setup used to evaluate wave energy dissipation in the REEFS small scale model, where P0, P1, P2 and P3 
represent wave gauges (vertical scale was increased for better understanding of the drawing), according to Lopes de Almeida and Santos Martinho [25]. 
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to solve the RANS in a segregated manner, which allows the use of larger 
time steps in transient simulations, as demonstrated in Refs. [8,15]. The 
volume of fluid method adds a governing equation to the mathematical 
model to determine the volume fraction of each fluid within each cell 
[19], 

∂αVF

∂t
+∇ ⋅ αVFu+∇ ⋅ [urαVF(1 − αVF)] = 0 (7)  

φ= αVFφwater + (1 − αVF)φair (8)  

where αVF represents the volume fraction of water, ur the relative ve-
locity between phases, and φ a specific fluid quantity for an air-water 
problem. The least squares cell based (LSCB) and the body force 
weighted (BFW) schemes were employed for gradient and pressure in-
terpolations, respectively. The second order upwind scheme was 
implemented to obtain the face fluxes whenever a cell was filled with 
water or air (momentum interpolation). When a cell was near the air- 
water interface, the modified HRIC scheme, proposed by Ref. [40], 
was used to calculate the position of the free surface within the cell, as in 
Ref. [15]. The full performance of this method was achieved by limiting 
the maximum Courant number to 0.3, which ensured low diffusion of 
the water-air interface by blending the bounded upwind and bounded 
downwind schemes. The second order implicit time integration scheme 
was defined for time discretisation of the governing equations 
throughout the computational domain. Laminar flow conditions were 
assumed for waves-only test cases. For wave-structure interaction test 
cases, the SST k – ω turbulence model was used with good accuracy in 
the near wall boundary layer and far wall regions, as reported in Refs. [4, 
41]. A maximum residual value of 10− 5 was defined to minimise itera-
tive errors and to ensure solution convergence. Round-off errors were 
avoided by performing double-precision computation. A detailed 
description of the selected solution methods can be found in Ref. [42]. 

2.2.2. Wave generation and absorption 
The accuracy and efficiency of a CNWT is strictly linked to the per-

formance of the numerical wave makers. The selection of the appro-
priate numerical wave maker is case dependent, and it should be 
supported by an assessment of the performance of the available nu-
merical wave makers in a specific CFD toolbox [13]. Based on the 
reviewed literature, both static and dynamic boundary methods showed 

Fig. 12. Top view zoom illustration of the first 9.1 m of the experimental setup used to evaluate wave energy dissipation in the REEFS small scale model, where P0, 
P1, P2 and P3 represent wave gauges and the dash-dotted line SS′ represents a symmetry axis, adapted from Ref. [25]. 

Fig. 13. Experimental (a) upstream (P1) regular wave profile and (b) downstream (P2) random 5 s sample of wave profile, for an incident wave with period, T =
0.86 s, height, H = 0.05 m and depth, d = 0.275 m, drawn using the database of the test campaign described in Ref. [25]. 

Fig. 14. Experimental upstream (P1-Exp) and downstream (P2&P3 - Exp) 
values of m0 for a wave with a period of T = 0.86 s, height of H = 0.05 m and 
depth of d = 0.275 m, impinging over a REEFS model with exterior stay vanes. 
This graph was computed using the database of the test campaign described 
in Ref. [25]. 
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good accuracy in the generation of regular waves. However, the high 
computational costs associated with implementing the dynamic 
boundary method were clearly identified, and the static boundary 
method was thus chosen. The static boundary method defines the ve-
locity and the free surface elevation as Dirichlet boundary conditions at 
the numerical wave maker boundaries of the CNWT. The wave theory 
(or user defined time series) was used to define the wave characteristics 
at the wave generation boundary. In ANSYS Fluent code, the static 
boundary method is available in the open channel flow and the open 
channel wave boundary condition volume of fluid sub-models [42]. The 
generation of incoming waves is achieved by defining a velocity inlet 
boundary condition coupled with open channel wave boundary condi-
tion. This static boundary method allows the generation of (i) regular 
waves (Airy, Stokes up to 5th order, 5th order cnoidal and 5th order 
solitary) and (ii) irregular sea states by a superposition of regular waves 
or by well-known wave spectrums (Pierson-Moskowitz, Jonswap and 
TMA). 

For wave absorption, a pressure outlet boundary condition was 
applied to the far field boundary, allowing the propagating waves to exit 
the computational domain. The mean free surface level was kept con-
stant at this boundary to ensure that no build-up of fluid occurred 
downstream of the CNWT. Similar to the studies of Kim et al. [15] and 
Windt et al. [20], a damping zone with a numerical beach and cell 
stretching, which provides additional damping and reduces the total 
number of cells, was implemented in the vicinity of the far field 
boundary to mitigate wave reflection. For the numerical beach zone, 
damping sinks were introduced to the RANS momentum equation, 
which were equal to zero in the simulation zone and gradually increased 
over the length (linear damping) and height (quadratic damping) of the 
damping zone. According to Perić and Abdel-Maksoud [43], linear (f1) 
and quadratic (f2) damping resistances must be adjusted according to 
the wave parameters. Considering the results obtained by Perić and 
Abdel-Maksoud [43], practical recommendations to calculate effective 
f1 and f2 were presented: 

f1 =Ψ 1ω (9)  

f2 =Ψ 2λ− 1 (10)  

with Ψ1 = π, ω = wave frequency, and Ψ2 = 2π⋅102. 
Considering the wave conditions of the present study, where T =

0.86 s, d = 0.275 m, and λ = 1.07 m, f1 ≅ 23 and f2 ≅ 589 was defined 
in all simulations. Variations of computational grid, wave steepness and 
beach length were also considered in Ref. [43], but only the last 
parameter showed significant impact on the Kr value. A beach length of 
1.5λ ≤ Lb ≤ 2λ is suggested by Perić and Abdel-Maksoud [43] for an 
efficient numerical absorption of regular and irregular waves. A 

reflection analysis, based on the three point method as presented in 
Ref. [44], was performed to determine the accuracy of the numerical 
beach in absorbing incoming waves. A generic 2D computational 
domain with a simulation zone (LS) for data acquisition, with a length of 
LS = 5λ coupled to a numerical beach with a length of Lb = 2λ, was used 
for the analysis. Considering the upper limit of Stokes 2nd order validity 
domain, Stokes 2nd order waves with a wave heigh of 0.05 m, wave 
period of 0.86 s and propagating at a water depth of 0.275 m were 
generated using the static boundary method. After achieving a stabilised 
fluid flow, an average wave height deviation of 0.9 mm was obtained, 
resulting in a reflection coefficient of Kr = 1.8%. Therefore, the nu-
merical beach was shown to be adequate for the present study. 

2.2.3. Computational domain 
Two different computational domains were used to accomplish the 

proposed objectives. For wave-only tests, only bi-dimensional waves 
were considered because the corresponding tri-dimensional wave would 
be cylindrical, propagating parallel to the longitudinal wave tank di-
rection. Thus, a 2D CNWT was implemented (Fig. 15), reproducing the 
physical wave tank zone where experimental data was acquired (Fig. 4). 

The definition of the spatial and temporal discretisation steps was 
addressed by performing convergence studies, using the generic 2D 
CNWT from the wave reflection analysis described in Section 2.2.2. With 
regard to spatial discretisation, the use of a uniform dense transversal 
mesh is not advisable due to the high number of cells and consequent 
high computational costs. A vertical mesh configuration based in layers 
with different refinement levels and mesh grading, parameterised by 
CPH, is recommended [13]. A refined zone around the free surface 
interface of about twice the wave height (2.H) was typically imple-
mented in the reviewed studies. On the other hand, in the wave prop-
agation direction, a uniform spatial discretisation solution 
parameterised by CPL was identified. 

Based on these assumptions and the reviewed literature (i.e., Section 
1), a convergence study was conducted which considered different 
vertical (5, 10 and 20 CPH) and longitudinal (25, 50, 75, and 100 CPL) 
mesh sizes in the interface region, which correspond to a variation of the 
cell aspect ratio from 1.1 to 17.1. The free surface elevation was 
monitored at the middle (WP1) and at the end (WP2) of the simulation 
zone of the generic 2D CNWT (e.g. Fig. 16), and z-positions were 
extracted from the water volume fraction αVF = 0.5 iso-surface, as pro-
posed by Windt et al. [13]. Velocity profile was also cumulatively 
monitored at the WP1 position. The temporal discretisation was kept 
constant at T/200, ensuring the correct analysis of the mesh size. Stokes 
2nd order waves, with a wave height of 0.05 m, a period of 0.86 s, and 
propagating at a water depth of 0.0275 m, were generated using the 
static boundary method. All simulations were initiated with a flat-water 

Fig. 15. Schematic of the 2D CNWT for wave-only test cases (vertical scale is increased for better understanding of the drawing).  

Fig. 16. αVF scalar field in the generic 2D CNWT, at ts = 25s, with location of the two WPs (blue colour corresponds to the water volume, with αVF = 1, and red 
colour to the air volume, with αVF = 0). 
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surface condition and performed for a simulated time of ts = 25s. 
Transient effects were avoided by collecting the data only after steady 
flow was achieved (ts ≥ 15s). 

The numerical mean phase averaged wave height, Hk, was used for 
the convergence study. The Hk was obtained by initially splitting the free 
surface elevation time series at WP1 and WP2 into zero crossing periods, 
determining the corresponding wave heights, and finally computing the 
global mean. The relative deviation of the Hk from the reference theo-
retical value was adopted as the guiding criterion. This criterion was 
designated by wave height relative error (R): 

R=
εNumerical − εReference

εReference
(11) 

Fig. 17 shows the results of the wave height relative error at WP1 (a) 
and WP2 (b). Global convergence trends were verified from the results at 
both locations. As expected, higher quality meshes show lower R values, 
but also increase the CPU time (Fig. 18) due to the increase in the total 
number of cells. A good compromise between minimising CPU time and 
ensuring the quality of the results is recommended. Cumulatively, re-
sults at both locations (WP1 and WP2) must be analysed to identify 
possible numerical wave damping while travelling through the simula-
tion zone. 

Based on the results at WP1 (Fig. 17 (a)), a minimum mesh refine-
ment of 10 CPH and 50 CPL (aspect ratio of 4.27) was demonstrated to 
be accurate enough, with R = 1.1%. However, an increase of the relative 

error to R = 2.3% was verified at WP2 (Fig. 17 (b)), confirming that the 
waves were being numerically damped at a rate of 0.48% per wave-
length. Extrapolating the total wave damping for the total length of the 
2D CNWT (Fig. 15), this would correspond to a total numerical wave 
damping of 6.64%, which is considered high for the present case study. 
The finest mesh configuration, with 20 CPH and 100 CPL and an aspect 
ratio of 4.27, which results in almost null R values at both locations, was 
chosen. The corresponding free surface elevation time series (Fig. 19) 
and horizontal velocity profiles over the water column (Fig. 20), both at 
WP1, were superimposed on the corresponding Stokes 2nd order wave 
theory. A good match between the numerical variation of the free sur-
face elevation and the target solution was verified. Regarding the wave 
velocity profiles, extreme deviations of − 4.3% and 3.1% were obtained 
in the vicinity of the free surface, at the crest and at the trough 
respectively. These results corroborate the previous conclusion that 
there is good agreement between the numerical and theoretical refer-
ence values. 

A temporal convergence study was also carried out, following a 
procedure similar to the spatial convergence study. The phase averaged 
wave height was analysed at WP1 using temporal discretisation steps of 
T/100, T/200, and T/400. The relative errors obtained with the larger 
time step and the smaller time step were R = 4.64% and R ≈ 0%, 
respectively. Since no differences were identified between time steps T/ 
200 and T/400, the larger time step was implemented, avoiding exces-
sive computational costs. A maximum Courant number of 0.27 (<0.3) 
was registered, ensuring the full performance of the modified HRIC 
scheme, as previously mentioned. 

For the wave-structure interaction analysis, a 3D CNWT was used to 
reproduce the experimental setup illustrated in Fig. 12, where a longi-
tudinal symmetry plane can be identified. A preliminary analysis was 
performed to exploit this property, which allowed a reduction of the 
overall cell count to about half, and a consequent reduction in calcula-
tion time. Numerical simulations of a fully 3D domain (Fig. 21a) and a 
3D domain with a symmetry plane (Fig. 21b) were performed to analyse 

Fig. 17. Spatial convergence study results: wave height relative error at WP1 (a) and WP2 (b), for Stokes 2nd order reference waves with T = 0.860 s, H = 0.050 m at 
d = 0.275 m (wave-only test case). Time step: T/200. 

Fig. 18. Comparison of computational costs with different levels of refinement 
around the free surface (2H), for a simulated time of 25 s, generating Stokes 2nd 
order reference waves with T = 0.860 s, H = 0.050 m at d = 0.275 m (wave- 
only test case). Time step: T/200. 

Fig. 19. Variation of the free surface elevation with time at WP1, computed 
with CNWT (red continuous line) and with Stokes 2nd order wave theory (dark 
dashed line), with T = 0.860 s, H = 0.050 m at d = 0.275 m (wave-only test 
case). Mesh refinement: 20 CPH and 100 CPL. Time step: T/200. 
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the validity of this assumption for the present study. The spatial and 
temporal discretisation solutions from previous convergence studies 
were employed. The free surface elevation was monitored one wave-
length (λ = 1.07 m) downstream the REEFS device. Both free surface 
elevation time series are superimposed in Fig. 22. A phase lag was 
observed after approximately 3.7s of simulated time, followed by an 
increase in the wave crest on the symmetric 3D domain at t ≈ 5.2s. The 
implementation of the symmetric boundary condition does not replicate 
the real balanced right and left lateral wall reflection, which leads to a 
more unstable initial wave profile that converges after some seconds to 
the wave profile and celerity of the fully 3D model. However, after this 
peak, the variations of free surface elevation showed similar behaviour, 
with a deviation of the mean phase averaged wave height of approxi-
mately 3.5%. Considering the doubling of computational costs when 
using the fully 3D domain, and the proposed objectives for the present 
study, a decision was taken to consider the symmetric approach. 

The final 3D mesh configuration was generated using a mosaic poly- 
hexacore mesh type [38] with approximately 4.2 million cells. In 
Fig. 23, details of 3D CNWT model mesh configuration are presented. 

3. Results and discussion 

In this section, the numerical results of the tests introduced in Section 
2 are presented and compared with the experimental data to discuss the 
validation of both 2D and 3D CNWT models. 

3.1. Wave-only tests 

In the wave-only tests, three numerical simulations corresponding to 
the tests presented in Table 2 were performed to validate the 2D CNWT. 
The numerical wave gauges were implemented at the same positions of 
the corresponding experimental wave gauges (i.e., WR1, WR2 and WR3 
in Fig. 4). As with the methodology implemented in convergence 
studies, the variation of the free surface elevation was monitored by 
analysing the variation of the z-position of the water volume fraction 
αVF = 0.5 iso-surface. All numerical models were run for a total simu-
lation time of ts = 20 s, which proved to be adequate to achieve a steady 
flow. The experimental and numerical free surface elevation time series 
in all wave gauges were superimposed and the corresponding relative 
deviances used as the guiding criteria. Globally, numerical results 
exhibit a remarkable agreement with experimental data in all test cases. 
In Figs. 24–27, the results from wave-only test case 1 are presented. 
Visual inspection of the graphics shows that the numerical transient flow 
matches the measured experimental data quite well (in terms of peri-
odicity and magnitude). After an initial period, the transient flow 
decreased and tended to a steady state flow, as expected. Quantitatively, 
a maximum relative deviation of experimental and numerical Hk values 
of the about 7% was identified in wave-only test case 1. This could 
partially result from some interference by the incoming and reflected 
waves from the physical beach of the wave tank. The relative deviation 
from experimental data does not exceed the 10% mentioned in Ref. [4] 
as the upper acceptable limit for validation. 

Fig. 20. Horizontal velocity profile at WP1, for a wave crest (a) and for a wave trough (b), computed with CNWT (blue dots) and with 2nd order Stokes wave theory 
(red line) for T = 0.860 s, H = 0.050 m and d = 0.275 m (wave-only test case). Mesh refinement: 20 CPH and 100 CPL. Time step: T/200. 

Fig. 21. Layouts of the (a) fully 3D CNWT domain and (b) symmetric 3D CNWT domain, including boundary conditions, for the wave-structure interaction test cases.  
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3.2. Wave-structure interaction tests 

Wave-structure interaction is a complex hydrodynamic process in 
which non-linear dissipative phenomena occur. The impinging wave 
interacts with a complex structure composed by a rectangular parallel-
epiped with sharp edges covered by an ensemble of fourteen exterior 
stay vanes with smooth curves. The experimental tests reported in 
Ref. [25] show that the resulting wave state is irregular (e.g., Fig. 13 (b)) 
and of random nature. Considering that no information about the exact 
time period after the activation of the wavemaker that corresponds the 
upstream (Fig. 13a) and downstream (Fig. 13b) measured time series as 

provided by Lopes de Almeida and Martinho [25], a comparison based 
on superimposition of the results was not possible. Therefore, an alter-
native criterion was used, based on the evaluation of the zero order 
moments of the resulting wave spectra, which are proportional to the 
wave state energy density. According to this criterion, if a good nu-
merical model of the wave-structure interaction is achieved, then the 
numerical and experimental zero order moments of the resulting wave 
state should match. From the experimental database analysis, five 
incident wave heights from approximately 0.02 m–0.06 m, with a period 
of T = 0.86 s, propagating at a water depth of d = 0.275 m, were 
established for the present study. The corresponding wave-structure 

Fig. 22. Comparison of the results from numerical simulations with fully 3D domain (blue continuous line) and with 3D domain considering the symmetry of the 
problem (red dashed line), generating 2nd order Stokes waves with T = 0.860 s, H = 0.050 m and d = 0.275 m. Mesh refinement: 20 CPH and 100 CPL. Time step: 
T/200. 

Fig. 23. Screenshots of the mesh configuration of the symmetric 3D CNWT model.  
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interaction was then computed using the 3D CNWT model. The REEFS 
WEC was modelled without the turbine module and with the inner flow 
blocked to replicate the non-operating conditions established in the 
experimental study in which the passive coastal protection potential of 
the device was investigated. The numerical wave gauges (WP′1 and 
WP′2) were implemented at the same positions of the corresponding 
experimental wave gauges (i.e., P1 and P2&3 in Fig. 11). At each wave 
gauge the variation of the free surface elevation was numerically 
measured by monitoring the variation of the z-position of the water 
volume fraction αVF = 0.5 iso-surface. All numerical models were run for 
a total simulation time of ts = 30 s, ensuring flow stabilisation for reli-
able data acquisition. A preliminary analysis demonstrated that a time 
step of T/200 was not enough to capture the complex phenomena 
involved in the wave-structure interaction. Thus, a smaller time step of 
T/400 was implemented. The numerical free surface elevation time se-
ries from wave gauges WP′1 and WP′2 (e.g., Fig. 27) were processed 
using the spectral analysis methodology mentioned in Section 2.1.4. 

Fig. 28 presents a comparison between the experimental and nu-
merical zero order spectral moments, m0. The upstream experimental 

(P1 - Exp) and numerical (WP′1 - CFD) values are considerably higher 
than the corresponding downstream experimental (P2&P3 - Exp) and 
numerical (WP′2 - CFD) values, as should be expected given the 
approximated wave energy dissipation originated by the submerged 
breakwater effect of the REEFS model. A small fraction of dissipated 
energy should be attributed to reflected waves; however, a detailed 
assessment of the shore protection capabilities of the REEFS is not an 
objective of the present study. The theoretical curve of m0 (m0 = 1

8⋅H2) is 
very well aligned with the incident wave zero order spectral moments 
(P1 - Exp) and (WP′1 - CFD), showing that the incident experimental and 
numerical regular waves were indeed following linear behaviour, with 
the second order term of Stokes 2nd order waves being nearly negligible. 
The downstream experimental (P2&P3 - Exp) and numerical (WP′2 - 
CFD) zero order moments are well aligned, showing that the energy 
density of the wave state resulting from wave-structure interaction was 
well modelled by the CNWT model. Although this was not the purpose of 
the present study, an average variation of the wave energy density of 
67%, between upstream and downstream relative positions, was calcu-
lated, this being in accordance with the 68% determined experimentally 

Fig. 24. Comparison of numerical (blue line) and experimental (dashed red line) free surface elevation time series at wave probe WR1 (see Fig. 4) for T = 0.860 s, H 
= 0.014 m and d = 0.275 m (wave-only test case 1). 

Fig. 25. Comparison of numerical (blue line) and experimental (dashed red line) free surface elevation time series at wave probe WR2 (see Fig. 4) for T = 0.860 s, H 
= 0.014 m and d = 0.275 m (wave-only test case 1). 

Fig. 26. Comparison of numerical (blue line) and experimental (dashed red line) free surface elevation time series at wave probe WR3 (see Fig. 4) for T = 0.860 s, H 
= 0.014 m and d = 0.275 m (wave-only test case 1). 
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by Lopes de Almeida and Martinho [25]. 
In the approach of the incoming waves to the REEFS, part of the 

energy was locally dissipated and reflected, while the remaining energy 
was transmitted through the submerged breakwater. Similar to Lopes de 
Almeida and Martinho [25], the REEFS impact on wave transformation 
was characterized by classical parameters: reflection (Kr), dissipation 
(Kd) and transmission (Kt) coefficients. 

The reflection coefficient can be defined as the ratio of the reflected 
wave height, Hr, to the incident wave height, Hi, 

Kr =
Hr

Hi
(12) 

The numerical incident and reflected waves were estimated using the 
well-known Goda’s method (Goda and Suzuki [45]), through the anal-
ysis of the free surface elevation time series at two fixed upstream water 
level wave gauges. In agreement with laboratory set-up and considering 
the limitations of Goda’s method for the relative gauge spacing, the 
same P0 and P1 positions (Figs. 11 and 12) were adopted to collect the 
required numerical data. The Discrete Fourier Transform (DFT) tech-
nique was implemented to compute A1, B1, A2 and B2 amplitudes of the 
Goda’s method, obtaining incident and reflected wave amplitudes. 

The numerical reflection coefficients, for the same five numerical 
simulated incident waves from Fig. 28, are presented in Fig. 29. 

From the results presented in Fig. 29, it is verified that wave 
reflection increased with wave height, what was expected considering 

that the relative submergence decreases, i.e. the REEFS obstruction to 
incoming waves is higher. 

Based on the estimation of the transmitted wave height, Ht (Peña 
et al. [46]), the transmission coefficient can be calculated by the 
following equation, 

Kt =
Ht

Hi
(13) 

As verified in Fig. 27, irregular waves were originated in the lee of 
the REEFS, what makes it difficult to identify the transmitted wave 
height. Liang et al. [47] proposed to calculate the transmission coeffi-
cient based on the wave energy spectrum of the incident and transmitted 
waves, 

Kt =

̅̅̅̅̅̅̅̅m0,t
√

̅̅̅̅̅̅̅̅m0,i
√ (14)  

where m0,t and m0,i are the 1st order moments of the transmitted and 
incident wave energy spectrum, respectively. The calculated 1st order 
moments collected at WP′1 (incident wave) and WP′2 (transmitted 
wave), shown in Fig. 28, were used to compute the corresponding 
transmission coefficient values, see Fig. 30. 

While wave reflection increased with wave height, the transmitted 
wave coefficient decreased with wave height (Fig. 30). 

Based on the energy conservation law, the following equation can be 
derived (Seeling and Ahrens [48] and Liang et al. [47]), 

Fig. 28. Experimental and CFD comparison of average wave energy density for T = 0.86 s, at upstream (P1 – WP′1) and downstream (P2&P3 – WP′2) relative 
positions of the REEFS WEC model. 

Fig. 27. Numerical results from the 3D CNWT model with a mesh of approximately 4.2 million cells and a time step of T/400. (a) Upstream (WP′1) regular wave 
profile and (b) downstream (WP′2) irregular wave profile from last 5 s of simulation time, for an incident wave with T = 0.86 s, height, H = 0.05 m, and depth, d =
0.275 m. 
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K2
r +K2

t + K2
d = 1 (15) 

Therefore, the dissipation coefficient was calculated, and the results 
are presented in Fig. 31. 

Comparing the average coefficient values calculated numerically 
(from Figs. 29–31), where Kr = 17%, Kt = 57% and Kd = 79%, with the 
laboratory ones, for the same wave period of T = 0.86 s, from Lopes de 
Almeida and Martinho [25], Kr = 14%, Kt = 46% and Kd = 88%, a root 
mean square of 19% for the global relative difference between CFD and 
laboratorial results can be computed. This can be considered an 
acceptable agreement given the inherent different nature of the two 
studies, the unmatchable monitoring time instants and the different 
duration of the wave experiments which was much shorter in the CFD 
due to the high computational costs. 

The reliability of the numerical model was also assessed using a 
comparison analysis of the numerical and experimental wave surface 
transformation in the REEFS zone. This approach is also of upmost 
importance to globally check the stability and correctness of the hy-
drodynamic behaviour of the CFD model. Fig. 32 presents an example 
with numerical (left side) and experimental (right side) global water 
surface above the REEFS device, for an incident wave with T = 0.860 s, 
H = 0.050 m and d = 0.275 m propagating from left to the right. In 
Fig. 32 (a), it is possible to see that the combined effect of shoaling and 
high drag leads to the formation of partial wave breaking, visible as a 
small protuberance at the centre of both images. In Fig. 32 (b), two crests 
can be observed. The downstream crest of Fig. 32 (b) presents a horse-
shoe shape, resulting from the spreading of the wave breaking identified 
in Fig. 32 (a). The upstream crest of Fig. 32 (b) presents an embryonic 
central protuberance that will evolve to the protuberance previously 
identified in Fig. 32 (a). Between these two crests there is a depression 

that occupies most of the surface above the REEFS device. To some 
extent, all the described features are simultaneously identifiable in both 
the numerical (left side) and experimental (right side) images. 

A complementary snapshot comparison using side views was also 
accomplished. In Fig. 33 (a) and (b), examples of the same incident wave 
seen in Fig. 32 are presented. In all the images in Fig. 33 a protuberance 
caused by wave breaking located above the downstream part of the 
device is clearly identifiable, preceded by a long trough with a tail 
depression located above the initial upstream part of the device. The 
positioning and magnitude of the protuberance, as well as the posi-
tioning and magnitude of the trough, in the numerical simulations 
(upper images), match quite well with the experimental tests (lower 
images). A quantitative analysis of the experimental envelope of the free 
surface elevation is also possible, using the well-known REEFS height as 
reference. At the trough, the numerical depth of the protuberance shows 
a deviation from experimental of approximately 4%, while a maximum 
deviation of 3% was found for height at the top of the crest. 

Due to the curved shape of the stay vanes, horizontal backwards 
water flow was concentrated in the trough zone, causing a localised 
velocity increase. Energy conservation requires that this localised ki-
netic energy increase must be compensated by a localised pressure drop; 
this is commonly known as the Venturi effect. A close look at the 
experimental tests (Fig. 33) demonstrates the presence of this effect, 
easily identifiable as the depression zone at the tail of the trough. This 
phenomenon is clearly captured by CFD (Fig. 34). The velocity vectors 
show a strong magnitude in a backward direction under the trough 
(Fig. 34a), while an opposite direction is identified under the crest 
(Fig. 34b). The basic working principles of the REEFS, i.e., the capturing 
the spatial differentials of kinetic and pressure energy in the water mass 
by the natural opening and closing of the valves, can also be identified in 
the snapshots in Fig. 34. Under the crest, the velocity vectors point in-
ward of the REEFS, forcing the opening of the valves, while under the 
trough an outward movement is observed, closing the valves. 

The contour plots of the velocity field around the REEFS (Fig. 35), at 
different planes, enable a better assessment of the wave-structure 
interaction phenomena. For example, local recirculation zones can be 
observed next to the edges of the exterior stay vanes, generating 
vorticity phenomena. This type of analysis can be helpful for the opti-
misation process, for example in the improvement of the REEFS shore 
protection performance based on the design of the exterior stay vanes. 

The potential of the CFD approach for wave-structure problems is 
well expressed by the analysis presented here. The capacity to solve 
complex 3D fluid flows around structures, with detailed information 
about fluid properties such as velocity and pressure, as functions of 
space and time, offers huge advantages for the future functioning (wave 
power and shore protection) and structural optimisation of the REEFS 
wave energy converter, as a precursor to the jump to physical large-scale 
tests. However, it is important to mention that model verification and 

Fig. 30. Transmission coefficient, Kt, variation with have height for a period of 
T = 0.86 s, with a constant submergence of S = 0.125 m. 

Fig. 31. Dissipation coefficient, Kd, variation with have height for a period of T 
= 0.86 s, with a constant submergence of S = 0.125 m. 

Fig. 29. Reflection coefficient, Kr, variation with have height, for a period of T 
= 0.86 s, with a constant submergence of S = 0.125 m. 
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Fig. 32. Snapshot comparison between CFD (left side) and experimental (right side) free surface above REEFS device for an incident wave with T = 0.860 s, H =
0.050 m at d = 0.275 m. 

Fig. 33. Snapshot comparison between CFD (upper images) and experimental (lower images) lateral views of the free surface above REEFS device for an incident 
wave with T = 0.860 s, H = 0.050 m at d = 0.275 m. 

Fig. 34. CFD snapshots of the α_VF = 0.5 iso-surface (free surface) and the vector representation of the velocity, at the plane y = 0, above REEFS device for an 
incident wave with T = 0.860 s, H = 0.050 m at d = 0.275 m. 
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validation based on experimental data, using small scale models, must 
be always performed. 

4. Conclusions 

This article documents the development and exploration of the ca-
pabilities of a 3D CNWT model of a novel multipurpose wave energy 
converter, REEFS, using experimental data for comparison. The 
following conclusions can be drawn from the results:  

• The complexity of REEFS geometry requires a step-by-step approach 
were an initial numerical calibration based on wave-only test cases is 
suggested.  

• Spatial and temporal discretisation are case dependent and should be 
assessed by convergence studies.  

• The numerical free surface elevations and wave energy densities 
showed acceptable agreements with laboratory measured data, as 
well as reflection, transmission, and dissipation coefficients.  

• The implemented CNWT model, based on RANS-VOF approach, 
showed to be computationally feasible and with acceptable accuracy, 
making it a possible alternative computational tool to support future 
studies of the novel multipurpose REEFS wave energy converter. 
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