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Abstract
With the advancement of high-performance computation capabilities in recent years, high-fidelity modelling tools such as
computational fluid dynamics are becoming increasingly popular in the offshore renewable sector. To justify the credibility
of the numerical simulations, thorough verification and validation is essential. In this work, preparatory heave decay tests for
a freely floating single cylinder are modelled. Subsequently, the surge and sway decays of a linearly moored floating offshore
wind turbine model of the OC4 (Offshore Code Comparison Collaboration Continuation) phase II semi-submersible platform
are simulated. Two different viscous-flow CFD codes are used: OpenFOAM (open-source), and ReFRESCO (community-
based open-usage). Their results are compared against each other and with water tank experiments. For the single-cylinder
decay simulations, it is found that the natural period is accurately modelled compared to the experimental results. Regarding
the damping, both CFD codes are overly dissipative. Differences and their potential explanations become apparent in the
analysis of the flow field data. Meanwhile, large numerical uncertainties especially in later oscillations make a distinct
conclusion difficult. For the OC4 semi-submersible decay simulations, a better agreement in damping can be achieved,
however discrepancies in results are observed when restricting the degrees of freedom of the platform. Flow field data again
reveals differences between the CFD codes. Meanwhile, through the effort to use similar numerical settings and quantify
the numerical uncertainties of the CFD simulations, this work represents a stepping stone towards fairer and more accurate
comparison between CFD and experimental results.

Keywords Computational fluid dynamics (CFD) · Floating offshore wind turbine (FOWT) · OC4 · Decay test · Verification
and validation

1 Introduction

Computational fluid dynamics (CFD) has become an inte-
gral part in the design process for numerous fields such as
in the design of aircrafts, automobiles, submarines, and oil
platforms, to name a few. Recently, with the progress in
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the field of floating offshore wind energy, CFD has taken
a major role in advancing the design and analysis for float-
ing offshore wind turbines (FOWT)—as seen in the efforts
of several research initiatives (OC [3-6], IEA Wind tasks,
etc.). To simulate accurately the flow around a FOWT, the
underlying physics needs to be captured in the numerical
model. The model has to account for the following physical
mechanisms: the interaction of the rotor with the wind and
associated wake aerodynamics, the interaction of the floating
platformwith the waves and the corresponding hydrodynam-
ics, the non-linear effects of platform motion on the rotor
and vice-versa, and the interaction of the structure with the
local flow field. Each mechanism plays an important role
in the performance and stability of the FOWT and needs to
be accurately modelled. Additionally, the non-linear interac-
tions have to be captured using accurate coupling techniques.
A fully coupled simulation of a FOWT has been successfully
done by Liu et al. (2017) who highlighted the effects of the
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wind turbine forces on platform motion and vice-versa the
motion of the platform on aerodynamic performance.

The application of CFD in the field of FOWT can be
diverse from analysing platform hydrodynamics, to turbine
aerodynamics along with wind farm control and layout
optimisation. Given the extensive literature on turbine aero-
dynamics from onshore analyses, FOWT researchers have
focused primarily on the hydrodynamics of the FOWT
platform. Dunbar et al. (2015) performed a study of the
hydrodynamics of the DeepCwind semi-submersible (also
called the OC4 semi-submersible) using OpenFOAM with
a tightly coupled CFD/6 DoF solver. The results were suc-
cessfully compared with low-fidelity model (FAST) results.
A similar comparison with OpenFOAM was also performed
by Benitz et al. (2014) where the model was validated for
uniform flow past a stationary cylinder using experimental
data. The OC4 platform was also studied by Zhang and Kim
(2018) with StarCCM+ for model validation, by Burmester
et al. (2020) for heavy decay, Wang et al. (2021) for pitch
decay, and Wang et al. (2020) for regular waves—all using
ReFRESCO, by Tran and Kim (2016) for decay tests and
under regular wave conditions, and by Liu and Hu (2014)
under rough sea conditions. Apart from semi-submersible
structures, which have received significant focus from the
FOWT community, CFD has also been successfully used to
study other FOWT platforms such as buoy-type WEC (Jiang
et al. 2020, 2021), or the hywind spar floater (Beyer et al.
2013; Quallen and Xing 2016)

The studies performed by Burmester et al. (2020) and
Wang et al. (2021) included verification and validation stud-
ies with ReFRESCO for surge and pitch decay. The method
of Eça and Hoekstra (2014) was found to be robust when
compared to alternatives but at a larger computational cost
(Burmester et al. 2020). Additionally for pitch, a sensitivity
study was done by Wang et al. (2021) to modify the coef-
ficients for the mooring lines. The coefficients were seen to
diverge from reference values given in Gueydon (2016) by
Burmester et al. (2020b).

The current state-of-the-art experimental methods, while
still improving, still require numerical inputs to emulate real-
life conditions. This involves a strong reliance on numerical
methods which can provide either the aerodynamic forces
on the rotor or the hydrodynamic forces on the platform. For
performing CFD analyses, there are numerous codes that are
commercially (ANSYSFluent, StarCCM,Fine/Marine), and
openly (OpenFOAM, Incompact3D, NEK5000) available.
These include comprehensive programs capable of simulat-
ing a wide variety of flows (OpenFOAM, ReFRESCO), and
more specialised codes focused on specific numerical meth-
ods and/or particular flow physics (Incompact3d, YALES2).
Given thewide variety of choices, a comparative study is cru-
cial to understand the strengths and shortcoming of different
codes/solvers. Any comparative effort of codes should also

be substantiated by a verification and validation study. In
this work, we focus on two CFD codes, namely the open-
source generalist code OpenFOAM, and the community-
based maritime-focused code ReFRESCO, which have been
extensively used for FOWT analysis (Burmester et al. 2020;
Wang et al. 2021, 2020) are studies with ReFRESCO and
(Liu et al. 2017; Dunbar et al. 2015; Benitz et al. 2014) are a
few examples with OpenFOAM).

A stringent effort has beenmade across this study to ensure
that the numerical setup and solver settings are similar across
the two codes to ensure an accurate comparison. The compu-
tational mesh for all cases is commonly generated ensuring
that both codes have identical initial grid setup. The case
study consists of the surge and sway decay tests in still water
of the OC4 semi-submersible platform designed by Robert-
son et al. (2014) and experimentally studied by Gonçalves
et al. (2020). The availability of experimental data from
Gonçalves et al. (2020) makes a validation study possible
for the OC4 platform in contrast with the study by Benitz
et al. (2014) whose numerical set-up could not match with
the available experimental data.

The numerical results from this study will be compared
with the experimental data. A preliminary verification and
validation study is performed for the decay simulation of
a single circular cylinder in heave and compared with the
data from Palm et al. (2016). This flow was also used for
validation by Rivera-Arreba et al. (2019) to further study the
OC5 semi-submersible platform.

The layout of the article is as follows: Sect. 2 summarises
the underlying numerical methods of the two CFD codes.
In Sect. 3, the concepts of code verification and validation
are briefly explained and results are presented on the single
circular cylinder under heave decay. The results of the decay
tests for the OC4 semi-submersible in surge and sway are
presented in Sect. 4. Finally, Sect. 5 summarises the major
outcomes of the research and recommendations for future
work.

2 Numerical methods

The governing equations are the incompressible, multi-
phaseNavier–Stokes equationswith the conservation ofmass
(assuming no phase change),

∂ρ

∂t
+ ∂(ρui )

∂xi
= 0, (1)

and the conservation of momentum,

∂(ρui )

∂t
+ ∂(ρui u j )

∂x j
= − ∂ p

∂xi
+ ∂

∂x j

(
μ

(
∂ui
∂x j

+ ∂u j

∂xi

))

+ρ fi , (2)
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both in index notation. Herein, ρ denotes the density, t the
time, u the velocity, p the pressure, μ the dynamic viscosity,
and f the body force.

AReynolds averaging is applied for turbulent flows result-
ing in the incompressible Reynolds-averaged Navier–Stokes
(RANS) equations, i.e.

∂ui
∂xi

= 0, (3)

∂(ρui )

∂t
+ ∂

∂x j

(
ρuiu j + ρu′

i u
′
j

)

= − ∂ p

∂xi
+ ∂

∂x j

(
μ

(
∂ui
∂x j

+ ∂u j

∂xi

))
+ ρ f i . (4)

The contributions of the turbulent small scales ρu′
i u

′
j , also

called Reynolds stresses, need to be additionally modelled to
close the system of equations. In this work, the k − ω SST
model developed by Menter et al. (2003) is adopted across
all simulations.

2.1 ReFRESCO

ReFRESCO1 is a community-based, open-usage, viscous-
flow CFD code developed for maritime applications. It
solves multi-phase, unsteady, incompressible, viscous flows
using the Navier–Stokes equations, integrating turbulence
models, cavitation models and volume-fraction transport
equations for different phases (Vaz et al. 2009). The equations
are discretised using a finite-volume approach with cell-
centred collocated variables, in strong-conservation form.
A pressure-correction equation based on the SIMPLE algo-
rithm is used to ensure mass conservation (Klaij and Vuik
2013).

For time integration, implicit first and second-order back-
ward schemes are implemented. In this work, the first
order Euler scheme was used, as it was also available in
OpenFOAM—a stringent effort has been made to apply sim-
ilar settings/solvers across the codes. Picard linearisation is
applied to non-linear terms, and the resulting linearised sys-
tem of equations is solved by iterative solvers as specified in
Table 1.

The free surface was modelled with the volume-of-fluid
(VOF) method, assuming a single continuum fluid with in
time and space variable density ρ and dynamic viscosity μ

(Klaij et al. 2018). The ratio of the two phases air and water
in a cell is determined by the air-volume fraction α,

ρ = αρa + (1 − α)ρw, μ = αμa + (1 − α)μw. (5)

1 https://www.marin.nl/en/facilities-and-tools/software/refresco;
ResearchGate: https://www.researchgate.net/project/ReFRESCO-A-
open-usage-multi-phase-viscous-flow-CFD-code-for-the-Maritime-
World.

The transport equation reads,

∂α

∂t
+ ∂

∂x j
(αu j ) = 0. (6)

The convection term of this equation, important for the accu-
racy of the free-surface sharp representation is discretised
using a Superbee scheme (Klaij et al. 2018; Roe 1985). To
damp waves originating from body motion and to avoid non-
physical reflections at the far-field boundaries, absorption
zones are applied. Therefore, an additional source term qi is
added to the momentum equation,

qi = ρ fb (̂ui − ui ), (7)

where ûi designates the theoretical initial wave orbital veloc-
ities and fb a body force function thatmay either take a cosine
or exponential form (Rapuc et al. 2018).

The motion of the rigid floating bodies is described by the
structural equations-of-motion in all six degrees of freedom,
accounting for external hydrodynamic, restoring and linear
viscous mechanical damping forces (first, second and third
term, respectively),

M �̈x = �fh − C �x − D �̇x, (8)

where �x is the state vector containing the three transla-
tional components surge, sway and heave, and the three
rotational components roll, pitch and yaw. M denotes the
mass matrix, D the damping matrix (set to zero assuming
rigid bodies) and C the stiffness matrix. The influence of
moorings canbemodelled via the latter.ReFRESCO includes
an implementation for spring moorings with linear stiffness.
For more sophisticated approaches, couplings with external
codes can be established, using e.g. quasi-static or dynamic
mooring methods (Burmester et al. 2020b). The interac-
tion between flow solution and rigid body motion is based
on a backward-difference, second-order, implicit, predictor-
corrector scheme described in Rosetti and Vaz (2017).

For handling body motions within the computational
mesh, ReFRESCO offers moving grid, deforming grid, slid-
ing interfaces, overset and adaptive grid methods. In the
present case, the deforming grid algorithm based on radial
basis function interpolation is applied (de Boer et al. 2007).
Since the implementation of the code is face-based, unstruc-
tured grids consisting of cells with an arbitrary number of
faces and containing h-refinement (hanging nodes) can be
adopted. The unstructured hexahedral meshes created for the
present test cases are described separately in Sects. 3.1 and
4.1.
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2.2 OpenFOAM

OpenFOAM2 is a widely used open-source code for CFD.
Based on a finite-volume discretisation methodology, the
code is capable of handling a wide variety of fluid simula-
tions from low-fidelity, laminar flows to high-fidelity direct
numerical simulations of turbulent flows.

For the purpose of this work, the interFoam solver within
OpenFOAM is employed. This solver was developed for
incompressible, isothermal, immiscible fluids (air and water,
for instance) with volume-of-fluid (VOF) phase-fraction-
based interface capturing—the VOF method is identical to
ReFRESCO, see Eq. (5). The solver is capable of handling
mesh motion and topology changes as well as adaptive re-
meshing. The pressure–velocity coupling is handled through
the PIMPLE solver which combines the SIMPLE algorithm
(mainly used for the steady state in OpenFOAM) with the
PISO algorithm. The combination allows for the study of
transient flows but with larger time steps, a restriction oth-
erwise strictly imposed by the PISO algorithm. The solvers
employed for the different equations are tabulated in Table
1—an effort has been made to employ similar solvers across
the codes.

The generation and absorption of free-surface waves in
OpenFOAM is handled through the waves2Foam external
toolbox. The toolbox, initially developed by Jacobsen et al.
(2012), was further extended to model the interaction of
waves with a permeable medium by Jensen et al. (2014).
In this work, the wave absorption capabilities of the plug-
in are employed to reduce/remove spurious wave-reflection
from the boundaries. This is achieved through an explicit
relaxation zone technique based on a weighting between the
computed solution and a target velocity field as,

φ = (1 − wR)φtarget + wRφcomputed, (9)

where φ can be velocity or the free-surface and wR is an
exponential weight calculated as Fuhrman et al. (2006),

wR = 1 − exp(σ P ) − 1

exp(1) − 1
, (10)

where the exponent P is set to a default 3.5. Depending on the
fluid domain, the relaxation zone can be rectangular, semi-
cylindrical, or cylindrical in shape and can accommodate
mesh motion.

The rigid body motion is handled through the sixDoF-
RigidBodyMotion solver within the dynamicMotion solver
of OpenFOAM. In the sixDoFRigidBodyMotion solver, the
structure is assumed to be rigid-body capable ofmoving in six
degrees of freedom (three in translation—surge, sway, and

2 https://openfoam.org/.

Table 1 Numerical schemes

Equations ReFRESCO OpenFOAM

Time integration Euler Euler

Pressure

Solver BCGS PBiCG

Preconditioner Block–Jacobi DILU

Momentum

Solver BCGS PBiCG

Preconditioner Jacobi DILU

Convection scheme Limited QUICK Upwind

Diffusion scheme Central differencing Central differencing

Free surface

Solver BCGS PBiCG

Preconditioner Jacobi DILU

Convection scheme Superbee Upwind

Turbulence

Solver GMRES Smooth

Preconditioner Block–Jacobi Gauss–Seidel

Convection scheme Upwind Upwind

Pressure coupling

Solver SIMPLE PIMPLE

heave; three in rotation—roll, pitch, and yaw). The second-
order, explicit, sympletic solver is used for rigid bodymotion.
It is possible to restrict the motion to limited degrees of
freedom using inbuilt motion constraints. Reaction forces
on the body, through moorings, or springs, can be prescribed
through restraints that account for all reactionary forces aside
from fluid interaction.

3 Free-floating single cylinder

Solution verification and validation is undertaken in this sec-
tion focusing on the case study of the free-floating single
cylinder experimentally studied in Palm et al. (2016). This
case study was also used for validation purposes by Rivera-
Arreba et al. (2019). The numerical setup, described in Sect.
3.1, is followed by the verification and validation study in
Sects. 3.2 and 3.3 respectively.

3.1 Numerical setup

The freely floating single cylinder is placed in a rectangular
domain measuring x = 12m, y = 5m, and z = 1.8m
with the cylinder placed at the origin (0, 0, 0). The inlet is at
x = −6m, the outlet at x = 6m and the sides of the domain
are at y = ±2.5m. Two wave absorption zones are defined
at the inlet and outlet extending up to 3m into the domain
(see Fig. 1).
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Fig. 1 Single free-floating cylinder domain and boundary names. The wave absorption zones are indicated as grey boxes

The mesh is created using the commercial software HEX-
PRESS3 with refinement boxes defined around the cylinder
with a total of five refinement steps. Moreover, five refine-
ment steps are applied in vertical direction throughout the
whole domain to avoid hanging nodes at the water surface.
Three different discretisations are used in the grid refinement
study, with the fifth refinement step achieving a resolution of
50, 66, and 82 cells per cylinder diameter (cpd) respectively,
see Fig. 2. The final number of cells for the three discretisa-
tions is contained in Table 2.

The cylinder diameter is D = 0.515m with a height H =
0.4m. It has a total mass of m = 35.85 kg with an inertia
of Iyy = 0.9 kgm2 resulting in the draft of 0.172m and the
position of the centre of mass above keel KG = 0.0758m.
The transport properties for the two phases are given in Table
3. The boundary conditions are tabulated in Table 4.

3.2 Verification study

Solution verification aims at estimating the numerical uncer-
tainty of a simulation result whose exact solution is, usually,
not known. Commonly, the numerical error consists of the
sum of the round-off error, the iterative error and the dis-
cretisation error. The round-off error originates from the
incapability of computers to represent real numbers with infi-
nite accuracy. However, with double precision, the round-off
error may be neglected. The iterative error arises from the
solution procedure of the non-linear systemof equations gov-
erning the flow. The influence of the iterative error may also
be neglected provided its value is two to three orders infe-
rior to the discretisation error (Eça and Hoekstra 2009), that
therebybecomes the dominant component. Themethodology
and theoretical background for determining the discretisa-
tion error based on grid refinement studies is explained in
detail in Eça and Hoekstra (2014). In short, the results for

3 https://www.numeca.com/product/omnis-hexpress.

an evaluation parameter φ are plotted over the relative step
size hi/h1, a non-dimensional discretisation parameter. In
the present work, the ratio of the resolution of the refinement
box is chosen:

hi
h1

= cpd1
cpdi

, (11)

where cpd1 = 82 is the finest resolution deployed here. A
similar expression is derived for the temporal discretisation:

ti
t1

= �ti
�t1

, (12)

with �t1 = 0.001 s being the smallest time step. A least
squares fit is, then, applied to extrapolate the solution at step
size 0 for a, theoretically, infinitesimal fine discretisation.
Depending on the observed order of convergence and the
difference between actual and extrapolated result the uncer-
tainty U	 is determined for each discretisation, also taking
into account a safety factor and the standard deviations of
the fit. The unknown exact solution is then expected in the
interval

φi −Uφ ≤ φexact ≤ φi +Uφ. (13)

The verification study is performed for a series of numer-
ical heave decay tests allowing all six degrees of freedom,
starting at an initial offset of 0.076m. The evaluation param-
eters considered in the uncertainty analysis are the natural
period Tn, the linear damping coefficient b and the heave
amplitudes. The simulation time is set to 5 s to capture four
full oscillations. The natural period is calculated as average
out of the first four oscillations. The linear damping coeffi-
cient is determined from a least-squares fit of the exponential
function

y = a · e(−bx) (14)
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Fig. 2 Mesh refinement around
the cylinder for different
discretisations

(a) 50 cpd

(b) 66 cpd

(c) 82 cpd

through the absolutes of all peak values y (positive and
negative) at corresponding time x with intercept a. The least-
squares fit is performed using the optimize.least_squares

function of SciPy Python module, see e.g.4 The results of the

4 https://mmas.github.io/least-squares-fitting-numpy-scipy.
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Table 2 Cylinder test case spatial discretisations

cpd 50 66 82

# cells 0.53e6 1.20e6 2.21e6

Table 3 Transport properties for air and water for the free-floating
cylinder decay tests

Fluid Transport model Kinematic viscosity
ν (m2/s)

Density
ρ (kg/m3)

Water Newtonian 1e−6 1000

Air Newtonian 1.5e−5 1.2

Table 4 Free-floating cylinder case-study boundary conditions

Boundary ReFRESCO OpenFOAM

Inlet Inflow/outflow zeroGradient

Outlet Inflow/outflow zeroGradient

Atmosphere Pressure totalPressure

Bottom Slip wall Slip wall

Front Slip wall Slip wall

Back Slip wall Slip wall

Cylinder No-slip wall No-slip wall

Table 5 Cylinder natural heave period Tn and linear damping coeffi-
cient b for different spatial and temporal discretisations

hi
h1

ti
t1

ReFRESCO OpenFOAM

Tn (s) b Tn (s) b

1.667 2 1.113 0.640 1.112 0.507

1.667 1 1.114 0.653 1.112 0.493

1.333 2 1.112 0.653 1.112 0.532

1.333 1 1.113 0.664 1.112 0.516

1 1 1.111 0.653 1.112 0.546

two codes for three spatial and two temporal discretisations
are displayed in Table 5, with their respective uncertainties in
Table 6. The exponential fitting curves are displayed in Fig.
3. A close fit is achieved for all five cases of both codes, with
all R-squared values exceeding 0.99. Thus it is concluded,
that describing the cylinder’s heave decay process by linear
damping is sufficiently accurate.

Following trends are expected in the discretisation uncer-
tainty study: the uncertainties decrease with a higher resolu-
tion/cpd and they also decrease with a lower time step. This
can be observed for the uncertainties of the natural period in
ReFRESCO and the damping’s uncertainty in OpenFOAM.
In the other two cases that trend does not become so clear. For
the uncertainties of the natural periods in OpenFOAM it may
be due to the fact that the results for the natural period itself
do not differ until including the third digit after the decimal.

Table 6 Grid- and time-step-based uncertainties for cylinder natural
heave period UT and linear damping coefficient Ub

hi
h1

ti
t1

ReFRESCO OpenFOAM

UT (%) Ub (%) UT (%) Ub (%)

1.667 2 0.8 33.8 0.6 42.2

1.667 1 0.5 32.8 0.6 36.0

1.333 2 0.6 36.1 0.7 27.5

1.333 1 0.2 35.0 0.7 20.3

1 1 0.2 33.7 0.6 14.5

While all uncertainties related to the natural period are below
1%, the uncertainties of the damping are considerably higher.
It is also noted that the damping coefficient in ReFRESCO
is generally more pronounced than in OpenFOAM. This will
be further discussed in the validation study. The uncertain-
ties of the peak amplitudes are displayed as bars in Fig. 5.
While the uncertainty values are relatively small in the first
two peaks, they tend to continuously increase over time until
in the last period they are of a magnitude similar to the peak
itself.

To reduce uncertainties, likely it would have been ben-
eficial to include even coarser meshes or time steps ( hih1 ,
ti
t1

> 2). Potentially less accurate/more different results
could have increased the order of convergence for the finer
discretisations, resulting in lower uncertainties. Meanwhile,
the PISO solver of OpenFOAM diverged at larger time
steps (the maximum Courant number observed in the cur-
rent cases already was about 1.3), and ReFRESCO showed
unphysical/numerical reflection problems for coarser spatial
discretisation. With those limitations due to the CFD codes,
the discretisation uncertainty analysis remains limited to the
five test cases presented here.

To conclude the verification study, the L2 residuals are
considered as a metric for the iterative error for the above
setup. With the residual being the change of flow variable
φ between consecutive iterations ri = φi − φi−1 and rmax

being the maximum residual in iteration i over all N cells:

L2 =
√∑N

i=1(
ri

rmax
)2

N
(15)

ForReFRESCOthe convergence criterion of L2 <1e−6 is
fulfilled in almost all iterations while for OpenFOAM, a con-
vergence level of 1e-8 is satisfied for all quantities (see Fig.
4). With the residuals being of such a small order compared
to the discretisation error, the iterative error becomes negli-
gible. Hence, the overall numerical error is taken as equal to
the discretisation error.
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(a) ReFRESCO (b) OpenFOAM

Fig. 3 Exponential least-squares fitting of cylinder heave decay

(a) ReFRESCO (b) OpenFOAM

Fig. 4 Residuals at the end of each time step

3.3 Validation study

The heave decay motion of the free-floating cylinder is now
compared to experimental data from Palm et al. (2016). The
simulation data from the finest temporal and spatial reso-
lution is used in Fig. 5, which exhibited the overall lowest
discretisation uncertainties in the previous verification study.
The numerical values of natural period and damping coeffi-
cient are given in Table 7.

Both OpenFOAM and ReFRESCO predict accurately the
natural period. The difference to the experimental value is
way below 1% and within the numerical uncertainty. Both
CFD solutions are over-damped with ReFRESCO having
the strongest damping—the calculated damping coefficient
exceeds the experimental value by 26%, while for Open-
FOAM the difference is only 6%. Again, this lies within the
numerical uncertainty of each code, but the large discrepancy

Fig. 5 Free-floating cylinder heave decay motion from OpenFOAM
and ReFRESCO compared with experimental data. Uncertainties in the
peak values are shown as bars
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between the codes may additionally point to a modelling dif-
ference/error. To investigate this further, flow field data of
the simulations is analysed and compared: Fig. 6 presents
the vorticity magnitude in the water phase seen from the
side at different time instances. One can instantly see that
ReFRESCO is producing clearly visible vortex structures at
the cylinder’s lower edge. In OpenFOAM, the vortices are
a lot less pronounced. The difference is equally visible con-
sidering the size of the high-flow-speed region (Fig. 7) and
the low-pressure region below the cylinder’s edge (Fig. 8).
Also the free surface elevation seen from above in Fig. 9
reveals differences between the codes: the waves developing
in ReFRESCO are higher than in OpenFOAM. Meanwhile,
in OpenFOAM some minor wave reflection seems to occur
in a close radius around the cylinder, which may be due to
the abrupt change of cell size that is inherent to the method-
ology how HEXPRESS creates the unstructured meshes. As
the same mesh was used for both codes, future work should
investigate if OpenFOAM reacts generally more sensitive to
such abrupt cell size change or if the reflection issue can be
mitigated from the beginning by increasing the dimension
of the refinement box around the cylinder. Meanwhile, the
wave damping zones at the inlet and outlet are working reli-
ably in both codes, potential wave reflection at the boundaries
is not observed. In any case, both the larger vortex structures
and the higher wave height may be a cause why ReFRESCO
proves to be more dissipative in this test case than Open-
FOAM. Further research is necessary to identify the source
of this discrepancy, which may well lead to a revision of the
numerical setup in future investigations. While the choice
of numerical settings in this paper was mainly driven by the

Table 7 Cylinder natural period Tn and linear damping coefficient b in
heave decay

ReFRESCO OpenFOAM Experiment

Tn (s) b Tn (s) b Tn (s) b

1.111 0.653 1.112 0.546 1.109 0.517

effort to have a similar setup for both codes, it is possible that
this common setup is not the best for the performance of the
codes, especially in the case of ReFRESCO. Amore detailed
parametric study is currently in elaboration, that will addi-
tionally cover decay tests in pitch degree of freedom. A first
overview of the work in progress is available in Amaral et al.
(2022), where several aspects influencing the hydrodynamic
damping are identified. Furthermore, the study unveils a high
sensitivity of the cylinder’s behaviour regarding its mechan-
ical input properties.

4 OC4 semi-submersible floater

The OC4 semi-submersible platform was designed by
Robertson et al. (2014) for phase II: hydrodynamic studies for
the Offshore Code Comparison Collaboration Continuation
project. The original design for the semi-submersible was
developed for the DeepCwind project and further optimised
in the OC4 project work. This platform, in a scaled-down
version (1:72.73), was experimentally studied by Gonçalves
et al. (2020) in a towing-tank. In this work, the scaled-
down model is numerically studied with OpenFOAM and

Fig. 6 Vorticity field around cylinder, side view. Left ReFRESCO, right OpenFOAM
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(a) t = 1 s (b) t = 2 s

Fig. 7 Velocity field around cylinder, side view. Left ReFRESCO, right OpenFOAM

(a) t = 1 s (b) t = 2 s

Fig. 8 Dynamic pressure field around cylinder, side view. Left ReFRESCO, right OpenFOAM

ReFRESCO and compared to Gonçalves et al. (2020) exper-
imental decay tests in surge and sway.

4.1 Numerical setup

The semi-submersible platform is placed in a cylindrical
domain (see Fig. 10) with a height of 28D, and a diame-
ter of 42D, where D is the diameter of the upper column of
the scaled-down semi-submersible measuring D = 0.165m.
The origin (0, 0, 0) is at the static free-surface at a height of

16D from the bottomand12D from the top. The scaled-down
submersible has a mass of 36.7 kg with a moment of inertia
of Izz = 4 kg m2. The height of the platform is 0.44mwith a
draft of 0.275m, and a KG of 0.134m. The boundary condi-
tions are tabulated inTable 8.Nodamping zoneswere applied
as in the previous test case.Meanwhile, inReFRESCOanon-
reflecting boundary condition was described at the domain
side as already done by Burmester et al. (2020b).

The mesh is created using HEXPRESS with a refinement
setup based also on the work of Burmester et al. (2020b),
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Fig. 9 Free surface elevation
around cylinder, top view. Left
ReFRESCO, right OpenFOAM

(a) t = 1 s

(b) t = 2 s

(c) t = 3 s

Burmester et al. (2020a) and can be inspected on Fig. 11.
The boundary layer is capturedwith a fine viscous layermesh
conforming to y+ < 1. Detail refinement is also carried out
on the surface of the platform focusing on sharp edges and
intersections. The resultant mesh contains ∼ 11.5 million
hexahedral cells.

Four mooring lines represented by linear springs are
attached to the platform via a rigid plate on top of the
platform. The plate is not geometricallymodelled in the com-
putational mesh, but considered in the mechanical properties
of the platform. In equilibrium conditions, two springs are
attached to the anchor and the platform in the x = 0 plane
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Fig. 10 OC4 semi-submersiblemodel domain and boundary conditions

Table 8 OC4 semi-submersible boundary conditions

Boundary ReFRESCO OpenFOAM

Side Sommerfeld zeroGradient

Bottom Slip wall Slip wall

Atmosphere Pressure totalPressure

Platform No-slip wall No-slip wall

(referred to as front and back springs) and two springs in the
y = 0 plane (referred to as left and right springs). The attach-
ment location on the body and anchor points along with the
spring parameters are tabulated in Table 9.

The solver setup is identical to the cylinder test cases
(Table 1), again with the k − ω SST turbulence model acti-
vated for modelling the turbulent small scales. The transport
properties for the two phases (air and water) are also iden-
tical to the cylinder case, given in Table 3. Surge and sway
decay simulations are performed for the semi-submersible
platform with the two codes. The simulated motion is ini-
tially restricted to a single degree of freedom (1 DoF) for
each decay test focusing on the primary motion that is to
be captured. An initial offset of one upper-column diame-
ter (D = 0.165m) is enforced on the numerical platform
model. Each simulation is run for a total of three periods.
In ReFRESCO, a fixed time step of 0.002 s is chosen. In
OpenFOAM, to achieve a stable simulation, an adjustable
time-step hat to be deployed with an initial value of 0.0025 s
and amaximumCourant number limitation of Co < 2 and an
interface based Courant number limitation of Coα < 0.25.

4.2 Validation study

The experimental surge and sway decay validation data sup-
plied by Gonçalves et al. (2020) is depicted on Fig. 12. For
each DoF, three decay tests were performed. To determine

the linear damping coefficient, the exponential least-squares
fitting as described in Sect. 3.2 is utilised again. Figure 13
shows the fitted curves determined over seven oscillations
(15 peaks), the initial displacement peak was not considered.

It becomes clear that over the duration of the seven oscil-
lations, linear damping alone is not accurate enough to
describe the semi-submersible’s surge and sway decay. The
linear model underestimates damping towards the start of
the experiment and tends to overestimation in later stages.
Alternatively, in literature enhanced decay analyses also
considering a quadratic damping component were already
conducted for the OC4 platform, see e.g. the p − q method
applied by Burmester et al. (2020b), Wang et al. (2021).
Meanwhile, for the current work with the shorter simula-
tion duration of 30 s covering only 3 periods, and for the
sake of comparison between codes and experiment, the linear
damping method is considered sufficient. The experimental
damping coefficients presented below are hence determined
using only the first six peaks (except initial displacement),
and additionally averaged over the three decay tests.

The decay motions extracted from the CFD simulations
are plotted in Fig. 14 together with experimental data, while
the numerical values for the natural period and damping coef-
ficient are presented in Table 10.

In surge, the natural periods achieved with the 1 DoF
simulations match very well with the experiment, show-
ing less than 1% difference for ReFRESCO and less than
2% in the case of OpenFOAM. Where in the cylinder test
case, ReFRESCO was overestimating the damping, it is now
underestimating the damping coefficient by 14%. Opposed
to that, OpenFOAM overestimates by 36%. The large dif-
ference motivated a second OpenFOAM simulation, where
platform motion in all 6 DoF was permitted. Indeed, this
resulted in a damping coefficient much closer to the experi-
ment (less than 9% difference). Meanwhile, it also affected
the natural period of the system, that is less accurately pre-
dicted in the case of 6DoF. The additional degrees of freedom
are apparently leading to an overall less stiff system.

Looking at the vorticity field (Fig. 15), ReFRESCO
reveals a higher level of vorticity around the structure com-
pared to OpenFOAM, as was already the case in the cylinder
simulations. But also in between the OpenFOAM simula-
tions with 1 and 6 DoF small differences are visible, which
likely contributes to the different results for natural period
and damping coefficient in Table 10. In a similar manner the
velocity field obtained by ReFRESCO is way more dynamic
than in OpenFOAM, as is the 6 DoF simulation compared to
the 1 DoF simulation in OpenFOAM (Fig. 16).

In contrast to the cylinder test case, the free surface ele-
vation around the surging platform (Fig. 17) is a lot less
pronounced in ReFRESCO than in OpenFOAM. A possible
reason is the choice of a non-reflecting Sommerfeld bound-
ary condition in ReFRESCO and numerical wave reflection
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(a) x-z plane (b) Free surface plane

(c) Platform surface

Fig. 11 Mesh refinement around the OC4 platform

Table 9 Semi-submersible mooring line parameters under equilibrium conditions

Springs Anchor coordinates (m) Attachment coordinates (m) Stiffness (N/m) Damping (Ns/m) Rest length (m)

Front (2.4, 0, 0.375) (0.49, 0, 0.17) 7.4556 0 0.8

Back (−2.4, 0, 0.375) (− 0.49, 0, 0.17) 7.4556 0 0.8

Left (0,−1.59, 0.375) (0,− 0.49, 0.17) 9.4176 0 0.425

Right (0, 1.59, 0.375) (0, 0.49, 0.17) 9.4176 0 0.425

at the boundaries in OpenFOAM. For a better comparison
between codes, future setups should investigate the use of
damping zones as was the case in the cylinder study. Mean-
while, the study by Burmester et al. (2020b) suggests that

the use of damping zones has only a very small influence on
the floater motion and and has rather cosmetic affects on the
appearance of the flow solution.
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(a) Surge (b) Sway

Fig. 12 OC4 model experimental decay time series. Data supplied by Gonçalves et al. (2020)

(a) Surge (b) Sway

Fig. 13 Exponential least-squares fitting of OC4 model decay experiments. The initial displacement peaks seen in Fig. 12 are not considered. Data
supplied by Gonçalves et al. (2020)

(a) Surge (b) Sway

Fig. 14 OC4 model decay motion from OpenFOAM and ReFRESCO compared with experimental data
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Table 10 OC4 model natural
period and linear damping
coefficient in surge and sway
decay

ReFRESCO OpenFOAM 1DoF OpenFOAM 6DoF Experiment

Tn (s) b Tn (s) b Tn (s) b Tn (s) b

Surge 9.50 0.050 9.55 0.079 9.79 0.053 9.43 0.058

Sway 9.36 0.051 9.33 0.056 9.59 0.054 9.62 0.054

Fig. 15 Vorticity field around surging OC4 platform, cut in plane z = − 0.1m at t = 12 s
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(a) ReFRESCO (b) OpenFOAM 1 DoF

(c) OpenFOAM 6 DoF

Fig. 16 Velocity field around surging OC4 platform, cut in plane z = − 0.1m at t = 12 s

The shift in natural period for 1 vs 6 DoF already
observed forOpenFOAM’s surge decays is also present in the
sway decay (Table 10). The OpenFOAM 6 DoF simulation
matches the experimentally determined natural period almost
spot on. The 1DoF simulations underestimate the experimen-
tal value by around 3%. Regarding the damping coefficient,
the 6 DoF setup of OpenFOAM manages to exactly repro-
duce the experimental value, the 1 DoF simulations are off

by around 4–5%. The discrepancy between 1 vs 6 DoF is
thus a lot less pronounced than in surge.

Regarding the flowfield of the swaydecay simulations, the
vorticity field (Fig. 18) and the velocity field (Fig. 19) result-
ing from the two OpenFOAM simulations look more similar
than in surge motion. And while in the figures represent-
ing ReFRESCO the areas of elevated vorticity and velocity
are still considerably larger than compared to OpenFOAM,
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Fig. 17 Free surface elevation
around surging OC4 platform,
top view at t = 12 s

(a) ReFRESCO

(b) OpenFOAM 1 DoF

(c) OpenFOAM 6 DoF

the difference is less drastic. Altogether those observations
match with the results for natural period and damping coef-
ficient in Table 10, which lie closer together across all codes
than for the surge decay.

Concerning the free surface elevation in sway decay
(Fig. 20), the observations are transferable from the surge
decay,withOpenFOAMcases revealing higherwaves than in

ReFRESCO. Still the spread in the results is less pronounced
than in surge, as mentioned in the previous paragraph. This
raises the assumption, that the waves only play a minor role
in the surge and sway decay motion of the OC4 model.

To complete the comparison, a 6DoF setup inReFRESCO
can be considered in future work. In any case, as this analysis
has shown and as a general recommendation, the suppression

123



Journal of Ocean Engineering and Marine Energy

Fig. 18 Vorticity field around surging OC4 platform, cut in plane z = − 0.1m at t = 12 s

of degrees of freedom should be carefully approached and
validated in simulations of floating structures. In doubt, one
should rather tend to not restrict the DoF, as effects such as
vortex-induced motions may be suppressed. From the point
of view of computational effort, the solving of a few addi-
tional equations of motion should not significantly weigh in
compared to solving the Navier–Stokes equations for mil-
lions of cells.

5 Conclusions

In this work, a comparative study of two CFD codes, Open-
FOAM and ReFRESCO, has been performed for the hydro-
dynamic surge and sway decay study of a semi-submersible
platform used in floating offshorewind energy. A prior verifi-
cation and validation study has been undertaken by studying
a free-floating single cylinder in heave decay. The natural
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(a) ReFRESCO (b) OpenFOAM 1 DoF

(c) OpenFOAM 6 DoF

Fig. 19 Velocity field around swaying OC4 platform, cut in plane z = − 0.1m at t = 12 s

period was accurately predicted by both codes and numerical
uncertainties below 1% were achieved. As a second evalu-
ation parameter, the damping coefficient was considered. A
simple linear damping model was found to fit well the decay
motion. Meanwhile, both codes predicted higher damping
than in the experiment, especially ReFRESCO. The larger
radiated waves and dissipated vortices observed in the flow
field data were identified as potential contributors. With pro-

gressing simulation time, the numerical uncertainties of the
heave amplitudes were seen to increase drastically, compro-
mising a close comparison between CFD and experimental
results. While in this work as close as possible numerical set-
tings were selected, for future investigations it is suggested to
run a broad numerical parametric study with the objective to
quantify the uncertainty and sensitivity to these parameters,

123



Journal of Ocean Engineering and Marine Energy

Fig. 20 Free surface elevation
around swaying OC4 platform,
top view at t = 12 s

(a) ReFRESCO

(b) OpenFOAM 1 DoF

(c) OpenFOAM 6 DoF

to improve the individual performance of each code and to
decrease the uncertainties attached to the damping.

The study on theOC4 semi-submersible platformwas per-
formed with a scaled down (1:72.73) model of the original
design. The model was studied experimentally by Gonçalves
et al. (2020) equipped with linear spring moorings. Numeri-
cal results were compared with these experimental measure-
ments for surge and sway decay tests. A verification study
dedicated to the OC4 model was not conducted in this study

due to resource limitations but performed in referenced lit-
erature for similar setups. The linear damping model turned
out to be too inaccurate to describe the decay motion over
the long experimental duration, but acceptable for the sake of
comparison over the shorter simulation time. The decay tests
in ReFRESCO and OpenFOAM were initially performed
with restricted body motion (1 DoF). The switch to a 6 DoF
setup in OpenFOAM affected the natural period, damping
and flow field. Within the present OpenFOAM simulations,
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the restriction of non-primary bodymotions led to an increase
in both natural period and damping. Ultimately, the 6 DoF
setup proved to be the better compromise compared to exper-
imental results. For ReFRESCO, the 6 DoF OC4 simulations
are still to be conducted in future.

Overall, the present work suggests that existing numer-
ical codes are capable of predicting the natural period for
hydrodynamic decay motions with high accuracy. However,
the damping of the motion is more difficult to reproduce
and may require careful tuning of the numerical setup. The
restriction of motions of a floating body needs to be thor-
oughly assessed, as a geometrically symmetric model may
still produce asymmetric flow and body motion.

Finally, this work intended to highlight the importance
of verification studies to determine numerical uncertainties
and assess reliability of the CFD results to create a good
foundation for the comparison with experimental results.
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