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ABSTRACT
An investigation into the computation of hydrodynamic

loads on a suspended cylinder in regular waves is presented.
The primary goal was to perform a three-way validation of the
loads between experimental measurements and simulations from
two computational methods. Experimental measurements of the
longitudinal in-line force on a cylinder suspended at a fixed po-
sition were available from the Offshore Code Comparison Col-
laboration, Continued, with Correlation (OC5) project, Phase
Ia. These measurements were compared to computational fluid
dynamics (CFD) simulations based on the solution of Reynolds-
averaged Navier-Stokes (RANS) equations, as implemented in
STAR-CCM+. The study encompassed a sensitivity analysis of
the loads computed in STAR-CCM+ based on wave modeling,
boundary conditions, turbulence modeling, and spatial and tem-
poral discretization. The analysis was supplemented by results
generated with the offshore wind turbine engineering software
OpenFAST, based on a hybrid combination of second-order po-
tential flow and viscous drag from Morison’s equation. The focus
of the investigation was on the assessment of the accuracy of the
computation of first- and higher-order hydrodynamic loads. Sub-
stantial differences were observed in the numerical prediction of
the second and third harmonic force contribution. Local flow
field analysis with CFD was applied to study the physics of wave

∗Address all correspondenceto this author.

run-up and diffraction dynamics to identify the causes.

INTRODUCTION
Simulation-based predictions of hydrodynamic loads on,

and motions of, floating structures of offshore wind turbines have
increasingly been scrutinized in terms of their accuracy, perfor-
mance and reliability. The Offshore Code Comparison Collab-
oration projects OC3, 4 (Continuation), and 5 (Continuation,
with Correlation), which operated under the International En-
ergy Agency (IEA) Wind Tasks 23 and 30, sought to verify the
accuracy of different simulation methods. Procedures relied on
code-to-code comparison (OC3 and OC4) and comparison to ex-
perimental data (OC5) for different wave and wind conditions.
The goal of the present work was to assess the capability and
reliability of a RANS-based CFD method to predict hydrody-
namic loading on a suspended cylinder in regular waves. It ties
in with the report on OC5 Phase Ia, Robertson et al. [1]. A
quintessential finding of OC5 Phase Ia referred to shortcomings
of reduced-order wave and hydrodynamic force models concern-
ing nonlinear behavior of both wave dynamics and forces. It was
observed that common offshore wind analysis tools failed to ac-
curately capture high-frequency loads arising from the impact of
steep wave fronts, with the potential to give rise to transient high-
frequency resonant responses (ringing) of the structure, Stans-
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FIGURE 1. Coordinate system and model orientationof the sus-
pended cylinder [2]. The right-handed coordinate system originated at
the center of the cylinder, or main column, respectively, at the caln-
waterline, with positivex being in direction of propagating waves (head
waves equivalent to 180 [deg]), andzbeing up.

berg [2] and Grue and Huseby [3]. For classic papers on this
issue refer to Morison et al. [4], Faltinsen et al. [5], Kriebel [6],
and Molin [7]. For recent contributions regarding the use of CFD
and experimental methods, refer to Kristiansen and Faltinsen [8]
and Paulsen et al. [9].

The paper is organized as follows. The description of ex-
perimental methods and introduction of test cases is followed by
concise outline of the theory behind the computational methods.
The discussion of results is split into three parts. First, the model-
ing of waves in CFD is addressed. Second, computational results
are compared to experiments. These sections center on sensitivi-
ties of variable parameters and modeling options within CFD and
OpenFAST themselves. The ratio of accuracy to modeling and
computational cost was evaluated. Third, the analysis of local
flow fields available from CFD solutions was used to study the
physical effects responsible for the emergence of higher-order
forces.

EXPERIMENTAL METHOD

The validation exercise drew upon the comparison of results
from physical experiments conducted with a suspended cylin-
der, Stansberg [2]. The cylinder with radiusR=0.38 [m] and
draft d=1.44 [m] was placed 38.6 [m] downstream of the hy-
draulic double-flap long-crested wavemaker at one end of the
tank, which was 80 [m] in total length, 10.5 [m] in width and
was operated at a water depth of 10 [m]. The downstream end of
the tank featured a beach designed to absorb incident waves. The
tank walls contained wave absorbers. The cylinder was mounted
to a stiff carriage and its movement was restricted. The longitu-
dinal force on the cylinder was measured by force transducers.
Fig. 1 introduces the relevant coordinate system. Among the
many experiments with regular and irregular waves and different
cylinder diameters [1], two cases were modeled with CFD, Tab
1.

TABLE 1. Parameters of regular wave tests with the suspended cylin-
der. Water depth isH. Wave period isT.

OC5-Ia Test# H [m] T [s]

8 0.37 1.533

14 0.45 2.114

NUMERICAL METHODS
Computational Fluid Dynamics

The CFD method drew upon the solution of the RANS equa-
tions. The commercial finite volume (FV) method STAR-CCM+
[10] was applied. The fundamentals of finte volume-based meth-
ods are abundantly covered in Ferziger and Perić [11]. The trans-
port of turbulent momentum was taken into account by thekω-
SST model [12]. Forces acting upon the structure were obtained
by integrating the pressure and shear stresses over the struc-
ture’s wetted surface. Hexahedral control volumes (CVs) were
arranged in an unstructured fashion. A semi-implicit method for
pressure linked equations (SIMPLE) algorithm [13] was used for
the segregated solution of the velocity-pressure coupling prob-
lem. The free-surface was modeled using the Volume of Fluid
(VoF) method and a high-resolution interface capturing (HRIC)
scheme to achieve tracking of a sharp interface between water
and air. An implicit three-level time integration scheme of sec-
ond order was applied.

Consistent with wave height and water depth regimes en-
countered in present test cases, regular waves were modeled
based on fifth-order Stokes theory for regular waves along the
lines of Fenton [14]. Volume fraction and wave velocity compo-
nents were prescribed at the inlet boundary, which was set two
wave lengthsλ upstream of the coordinate system’s origin. The
inlet boundary further specified turbulent kinetic energy, turbu-
lent intensity and dissipation rate. The flow field was initialized
with the prescribed wave profile in space. A wall boundary con-
dition was set four wavelengths downstream of the reference sys-
tem which represented the end of a wave damping zone. Model-
ing the actual dimensions of the experimental tank is expensive
from a computational standpoint and can be circumvented by use
of a smaller numerical tank including wave damping. Mitiga-
tion of wave reflections arising from the downstream boundary
of the finite solution domain was achieved through momentum
source terms acting on the vertical velocity componentw as pro-
posed by Choi and Yoon [15]. Parameters of the model were cho-
sen according to Perić and Abdel-Maksoud [16]: linear damping
coefficient f1 = πω, whereω is wave frequency and quadratic
damping coefficientf2 = 0, and damping zone lengthxd = 2λ
with quadratic ramp exponentn= 2.

The bottom boundary was a pressure outlet, with specified
hydrostatic pressure according to the present water depth of 10
[m], unity volume fraction for water, a zero-gradient condition
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FIGURE 2. Side view on themesh of the numerical tank. Waves with
lengthλ propagated from left to right. The damping zone started 2λ
upstream of the outlet.

was inflicted, and velocities were found from the arithmetic av-
erage of neighboring cells. This setup was chosen to prevent low-
frequency oscillations within the numerical tank arising from po-
tential mass imbalance introduced by the Stokes drift [16], be-
cause such a phenomenon were observed for test 8 when the bot-
tom boundary was a wall and the downstream boundary a pres-
sure outlet. The width of the numerical tank equaled the width
of the model tank. Free-slip conditions were chosen for the tank
side walls. The top boundary was a pressure outlet, with atmo-
spheric pressure and unity volume fraction specified for air. The
cylinder represented a no-slip wall and near-wall grid resolution
was set up according to the targeted non-dimensional wall dis-
tancey+ ≤= 1, wherey+ = u⋆y/ν , and whereu⋆ is shear veloc-
ity at the first CV point from the wall at distancey. Kinematic
viscosity isν . Owing to symmetry properties of the cylinder and
anticipated symmetry of the flow about thexz-plane, a symmetry
condition was invoked. The domain extended 0.5λ into the air
phase, seen from the calm waterline.

OpenFAST
The hydrodynamics module HydroDyn of the computational

method OpenFAST for aero-hydro-sevro-elastic simulations of
offshore wind turbines was used to compute the hydrodynamic
in-line force on the cylinder based on the combination of po-
tential flow theory and Morison’s equation; see Jonkman [17].
Linear and second-order wave diffraction forces were computed
based on the panel method WAMIT [18], and, in conjunction
with the viscous drag term of Morison’s equation, constituted the
total hydrodynamic force on the constrained body, which was ap-
plied at vertically distributed nodes of body members. In this in-
vestigation regular waves were generated based on second-order
wave theory. The added mass coefficient in Morison’s equation
wasCa=1. The drag coefficient wasCd=1.

RESULTS
Waves

To ensure an appropriate modeling of waves and to study
the effect of discretization on wave dynamics, the numerical tank

was setup without the structure present. The governing equations
were simplified to cast the dynamics of laminar flow. The wave
steepness encountered in the present investigation was 0.0925
(test 8) and 0.056 (test 14) and far from the deep water break-
ing limit. Furthermore, only one CV extended in the lateral di-
rection, reducing the problem to quasi-2D. The composition of
the numerical grid was based on vertical profiles of wave kine-
matics using layers of different resolution and anisotropic refine-
ment. The resolution around the calm waterline featured 20 CVs
across the distance from peak to trough plus an extension of 5%
of the wave height in both directions. Grid spacing in the hori-
zontal direction corresponded to 100 CVs per wave length. The
mesh was coarsened with increasing distance from the calm wa-
terline. The remaining air phase was discretized by a coarse
mesh, as shown in Fig. 2. The so-defined mesh, denoted by
medium in the remainder, was coarsened and refined according

to ξ ±
(

ξ −ξ/
√

2
)

/2, whereξ is the length of CV in thex-

or z-direction, respectively. The more common use of a refine-
ment factor like

√
2 resulted in unfavorable discretization levels.

The time step wasadjusted to keep the Courant-Friedrichs-Lewy
(CFL) number constant. For simulations with the medium grid, it
corresponded to 500 steps per wave period, which was estimated
based on known wave kinematics and grid spacing to ensure that
the CFL number would be 0.5 on the free-water surface, accord-
ing to specified requirements of the HRIC scheme.

Simulations were run on a desktop workstation, and it took
1 hour to simulate 60s of time using the finest level of discretiza-
tion. Experimental measurements were available for the location
corresponding to the position of the cylinder. One hundred and
twenty wave probes were distributed across the numerical tank
at equidistant locations to record the spatial and temporal resolu-
tion of the prescribed waves. The wave heights recorded at each
wave probe in the numerical tank, except for those within the
damping zone, were averaged over 25 wave periods. This value
was used as a metric for the discretization study, as shown in Ta-
bles 2 and 3. Figs. 3 and 4 draw the comparison of computed
normalized time series of free-surface elevationη at the cylinder
reference location to experiments for both tests. Figs. 5 and 6
show the comparison to the prescribed theoretical profile and to
the experiment over one period for various discretization levels
for test 8. The power spectral density (PSD) of entire time sig-
nals is compared to the experiment in Fig. 7, and Fig. 8 is a bar
plot of the first five peaks of the frequency plot of the normal-
ized absolute Fourier transform. Results confirmed that a coarse
resolution in the wave region was not suitable for modeling the
prescribed Stokes wave. The deviation to theory was -8%, while
the medium and fine grid showed less than±1%, which pointed
to a weak sensitivity to discretization between these points, as
shown in Table 2. The frequency analysis comparison showed a
prominent under-prediction of the second wave harmonic for the
coarse grid. The second harmonic component is approximately
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FIGURE 3. Comparison of experimental andcomputational time se-
ries of free-surface elevation for test 8,H=0.37m,T=1.533s, medium
grid resolution.
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FIGURE 4. Comparison of experimental andcomputational time se-
ries of free-surface elevation for test 14,H=0.45m,T=2.114s, medium
grid resolution.

20% of the dominant first-order component. The first three peaks
and the fifth peak showed monotonic behavior in the change of
magnitude with refined grid and time step. The experimental
result percentage difference was -10% compared to theoretical
wave height.

The above investigation was also conducted for test 14, Figs.
9 to 12, Table 3. The difference between results of the medium
and fine grid was on a similar level than for test 8, while results
of the coarse grid were more favorable than for test 8. The devia-
tion to theory was -2% for the medium and fine grid and -4% for
the coarse grid. The experimental result percentage difference
was -8% compared to theoretical wave height.

In light of observed differences and to establish a better ba-
sis for comparison for the load analysis, a least-square regression
analysis of the theoretical wave profile of Stokes fifth-order wave
and the measurement was performed, where wave elevation and
period were chosen as the unknown regressors. Based on so-
defined curve fitting, a wave height of 0.3327 [m] and period of
1.536 [s] was found to best approximate the measured wave ele-
vation for test 8, while it wasH=0.41 [m] andT=2.1 [s] for test
14.

Forces
The introduction of the cylinder to the numerical tank re-

quired modification of the computational mesh. The wave re-
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FIGURE 5. Sensitivity of free-surfaceelevation to discretization and
comparison to theory, test 8.
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FIGURE 6. Sensitivity of free-surfaceelevation to discretization and
comparison to experiment, test 8.

gion refinement zone was locally extended in the vertical direc-
tion such that its top boundary was at a height equivalent to twice
the wave amplitude to account for wave run-up. Mesh refinement
was also done in the horizontal plane to resolve diffracted waves.
Vertical grid spacing was equivalent to the spacing in the global
wave region, but the size of CVs in the horizontal plane was de-
creased by a factor of 1.4. On and adjacent to the body walls
prismatic CVs were used and arranged in accordance with the
underlying near-wall treatment of the turbulence model. Fig. 13
shows the refinement regions around the cylinder.

The first part of the discussion is about the comparison of
CFD results to measurements, including sensitivity studies on
discretization, wave height (calibrated wave), and viscous ef-
fects. Second, OpenFAST results are compared to measure-
ments, including a comparison of the combined second-order po-
tential flow with Morison equation, and Morison equation-only
method.
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FIGURE 8. Sensitivity of wave harmonics of free-surface elevation to
discretization compared to experiment, test 8.

Computational Fluid Dynamics
Sensitivity to discretization The comparison of the measured
longitudinal force to CFD results based on three different levels
of discretization was carried out by scrutiny of a representative
excerpt from the time series (Figs. 14 and 15), PSD (Figs. 16
and 17) and bar plots related to their peaks (Figs. 18 and 19).
The number of CVs ranged from 4.8·103 (coarse), to 8.7·103

(medium) and 11.3·103 (fine). Simulations were run on NREL’s
high performance computing system and parallelization drew
upon 50·103 cells per core. The simulation of 60s time took 16
hrs (coarse), 31 hrs (medium), and 46 hrs (fine). Figs. 14 and
15 show that differences between various levels of discretization
were again more distinct for test 8. The maximum values of os-
cillating forces are greater for the finest discretization in test 8,
consistent with the findings of the wave-only study. The trend
of forces in the range 0≤t/T ≤0.25 changes with discretiza-
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FIGURE 9. Sensitivity of free-surfaceelevation to discretization
compared to theory, test 14.
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FIGURE 10. Sensitivity of free-surfaceelevation to discretization
compared to experiment, test 14.

tion, where the shape of the curve belonging to the finest grid
resembled the experimental curve best. For test 14, the sensi-
tivity to discretization was weak and all computational results
showed a larger maximum positive force amplitude, consistent
with the wave-only study. Figs. 16 and 17 show the PSD of
the force signals (unfiltered, 50 [s] time record) from which the
non-linearity of the force becomes evident. The quantification of
differences between results relied on the comparison of the first
three peaks of the normalized absolute Fourier transforms tied
to the PSD. The magnitude of the peak at the wave frequencies
is ten to twenty times higher than those of the second and third
peak. Consequently, the relative comparison errors were more
sensitive to deviations. Although the first peak was higher than
the experimental value for both test cases, the second peak was
always under-predicted. Across the variations of discretization
levels, results from the finest level always gave the highest value
for all peaks. Except for the second peak of test 8, monotonic
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FIGURE 12. Sensitivity of wave harmonics of free-surface elevation
to discretization and comparison to experiment, test 14.

behavior was observed in results.
Besides the contribution identified in the wave-only study,

which mainly affected the first peak, the change of results with
changing discretization is attributable to more effects; the inte-
gration of pressure and shear over the cylinder surface for differ-
ent spatial and temporal resolution, and the resolution of wave
diffraction in the region ambient to the cylinder. Flow gradients
increase with wave steepness. Hence, test 8 showed greater sen-
sitivity to discretization.

Wave calibration Computations were run using the finest dis-
cretization and prescribing the wave calibrated to match the mea-
sured wave based on least-squares regression analysis, Figs. 20
and 21. For both tests, forces decreased. The peak at the wave
frequency decreased by approximately 10%, almost proportional
to the decrease of prescribed wave heights. The change of the

TABLE 2. Monopile: H=0.37m,T=1.533s, discretization sensitivity
study.

Grid No of CVs H [m]

Coarse 45735 0.3410

Medium 76519 0.3697

Fine 92753 0.3730

Theory - 0.3700

Experiment - 0.3325

TABLE 3. Monopile: H=0.45m,T=2.114s, discretization sensitivity
study.

Grid No of CVs H [m]

Coarse 39872 0.4285

Medium 52364 0.4411

Fine 68574 0.4404

Theory - 0.4500

Experiment - 0.4102

FIGURE 13. Side zoom-in view onthe mesh around the cylinder.

second and third peak made the agreement with experiments
worse for test 8 and the second peak of test 14, but better for
the third peak of test 14.

Viscous effects In light of the anticipation that the hydrody-
namic force on the cylinder is dominated by pressure, rather than
shear forces, it was of interest to obtain results based on the so-
lution of Euler equations. For this approach, the computational
mesh remained identical, and the fine discretization level was
used. Figs. 22 and 23 show the comparison of RANS and Euler
equations based computations for the first three peaks including
reference to experiments. Test 14 did not show changes in the
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FIGURE 14. Sensitivity of longitudinal hydrodynamic force to dis-
cretization compared to experiment, test 8.
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FIGURE 15. Sensitivity of longitudinal hydrodynamic force to dis-
cretization compared to experiment, test 14.

first and second harmonic force response; the third peak value
was higher than predicted by the RANS method, showing worse
agreement with the experimental value. For the steeper wave of
test 8, the first peak value differed only slightly (less than 2%),
the second peak value almost doubled and the third peak value
was 12% higher.

In inviscid flow, the boundary condition on the cylinder in-
flicts zero normal velocity, while in viscous flow the tangential
velocity component is also zero and the surface has a roughness
to it. Thus, theoretically the wave run-up on the cylinder will
be different and will affect run-up. This in turn will affect the
higher-order force harmonics, as wave run-up on the rear side
of the cylinder is believed to have an influence on wave diffrac-
tion in short and steep waves. Kristiansen and Faltinsen [8] re-
cently showed that if the wave run-up at the rear of the cylinder
is prominent and collapses rapidly, it will collapse laterally and
give rise to an upstream propagating return wave, which inter-
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FIGURE 16. Sensitivity of powerspectral density of the longitudinal
hydrodynamic force to discretization compared to experiment, test 8.
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FIGURE 17. Sensitivity of powerspectral density of the longitudinal
hydrodynamic force to discretization compared to experiment, test 14.

acts with the incident wave field. The resulting change in the
in-line force during the relevant span of the wave period is tied
to higher-order force components and reinforces the contribu-
tions arising from the presence of higher-order components in
the nonlinear wave itself; see Paulsen et al. [9]. Based on ide-
alized large eddy simulation (LES), Kristiansen and Faltinsen
[8] demonstrated how viscous effects alter the pressure field in
the rear of the cylinder, thereby contributing to the above phe-
nomenon. It should be noted that results of the present investiga-
tion represented a general assessment of the relevance of viscous
effects, while a more quantitative assessment requires compari-
son of different modeling approaches to the viscous stress tensor
in the Navier-Stokes equations.

Wave run-up The process of wave-run up on a cylinder un-
der regular wave loading and its relation to the in-line force is
described in the following. Fig. 24 shows the evolution of the in-
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FIGURE 18. Bar plot comparison of thethree greatest peaks of the
longitudinal hydrodynamic force for different levels of discretization,
test 8.
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FIGURE 19. Bar plot comparison of thethree greatest peaks of the
longitudinal hydrodynamic force for different levels of discretization,
test 14.

line force from the RANS simulation using the finest discretiza-
tion level over one wave period, overlaid by the free-surface el-
evation on the front end (circumferential angleΘ=0◦), the rear
side (circumferential angleΘ=120◦) and the rear end (circum-
ferential angleΘ=180◦) over the same time span. The hump in
the second half of the period is associated with the so-called sec-
ondary load cycle. Along the lines of the analysis presented by
Paulsen et al. [9], four time instances were marked and linked to
the force and wave run-up time histories. The force was maxi-
mum at the time of wave impact (a). The disturbance of the inci-
dent wave caused a local run-up at the front of the cylinder, which
was maximum shortly after the force had been. After the run-
up had reached its maximum at the rear end of the cylinder (b),
its collapse lead to aforementioned upstream propagating return
wave, which became evident when looking at the free-surface
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FIGURE 20. Comparison of harmonic componentsof the longitudi-
nal hydrodynamic force between CFD simulations using original and
calibrated wave parameters, test 8.
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FIGURE 21. Comparison of harmonic componentsof the longitudi-
nal hydrodynamic force between CFD simulations using original and
calibrated wave parameters, test 14.

elevation on the side of the cylinder, which saw a secondary in-
crease as the return wave ran through (c). The secondary load
cycle ended when the in-line force was minimum (d). The re-
turn wave dissipated laterally once it had passed the side of the
cylinder and was visible only slightly in the free surface eleva-
tion at the front end. The frequency plot of the free-surface eleva-
tion at the above locations shows the modification of the different
modes compared to the wave harmonics of the undisturbed wave
far away from the structure, as shown in Fig. 25. Fig. 26 pro-
vides insight into the wave run-up along the circumference of the
cylinder at equidistant positions. Fig. 27 is a related scalar plot
at aforementioned time instances (left hand side). On the right
hand side. the scalar quantity shown is the magnitude of vortic-
ity, which is created by the diffraction of the wave and reinforced
by the scattering, especially at the side of the cylinder.
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FIGURE 22. Comparison of harmonic components ofthe longitudi-
nal hydrodynamic force between CFD simulations based on the solution
of Euler’s and RANS equations, test 8.
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FIGURE 23. Comparison of harmonic components ofthe longitudi-
nal hydrodynamic force between CFD simulations based on the solution
of Euler’s and RANS equations, test 14.

OpenFAST
The discussion of results generated with OpenFAST shed

light on the computation of forces based on Morison equation
and the combination of second-order potential flow with the vis-
cous drag term of Morison equation, where the potential flow
solution information stems from application of WAMIT. Analo-
gous to the deviations in wave height encountered between CFD
and the experiment, the wave generated by OpenFAST based
on the parameters of Table 1 did not agree with the experimen-
tal time series. Wave parameters of the underlying wave theory
(Stokes second-order) were calibrated in the aforementioned way
to establish a better basis for comparison. Time series for both
tests 8 and 14 are shown in Figs. 28 and 29; plots of PSD are
in Figs. 30 and 31. Results of the potential flow method showed
larger values in the first-order force response compared to the
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FIGURE 24. Comparison of hydrodynamiclongitudinal force to free-
surface elevation on the front, side, and rear of the cylinder over one
wave period. Time instances a) to d) and their significance: a) Force is
maximum, wave impact. b) Run-up at rear is maximum, beginning of
return flow. c) Beginning of secondary load cycle. d) End of secondary
load cycle.
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FIGURE 25. Frequency plot of free-surface elevation at wave probes
on the front, side and rear of the cylinder compared to the undisturbed
wave, test 8.

Morison equation method, Figs. 32 and 33. Both methods over-
predicted this quantity compared to the experiment. The second
peak value is only present for the potential flow model, consistent
with the underlying models, higher than the experimental value
for test 8, and smaller for test 14. The predicted third-order force
contribution is generally small, especially for test 8, but in good
agreement between both methods and experiment for test 8.

Normalized Responses
Given the different wave theories used in the two computa-

tional methods on the one hand, and observed differences to the
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FIGURE 27. Scalar plot of free-surfaceelevationη (left) and vortic-
ity magnitudeω (right) at time instances a) to d) introduced in Figure
23.

experimental wave record compared to the specified wave char-
acteristics on the other hand, a final comparison is drawn based
on normalized force contributions. The three force harmonics
were normalized with the radius of the cylinder squared times
the respective wave harmonic at the same frequency raised to the
power of the peak. A suitable decimal power was used to estab-
lish the comparison. The normalization rules were:

Peak 1: F́1 =
F1

103R2η1
(1)
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FIGURE 28. Comparison of time seriesof the longitudinal hydro-
dynamic force between OpenFAST methods ’Morison Equation’ and
’Second-order potential flow combined with Morison equation’ to ex-
periment, test 8.
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FIGURE 29. Comparison of time seriesof the longitudinal hydro-
dynamic force between OpenFAST methods ’Morison Equation’ and
’second-order potential flow combined with Morison equation’ to ex-
periment, test 14.

Peak 2: F́2 =
F2

105R2η2
2

(2)

Peak 3: F́3 =
F3

109R2η3
3

(3)

Results of OpenFAST were excluded from the comparison of
the third harmonic, because the respective wave component was
zero, which prohibited application of Eq. (1-3). When examined
in normalized representation, the agreement of the first peak be-
comes more favorable for test 8. For test 14, it remained almost
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to experiment, test 8.
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FIGURE 31. Comparison of power spectraldensity of the longitudi-
nal hydrodynamic force between OpenFAST methods ’Morison Equa-
tion’ and ’second-order potential flow combined with Morison equation’
to experiment, test 14.

the same. The relative comparison errors for the values of the
second and third peak were hardly affected by normalization, as
shown in Figs. 34 and 35. Results of the finest discretization
level in CFD were used.

CONCLUSIONS
Computations of hydrodynamic loads on a suspended cylin-

der in regular waves using RANS-based CFD simulations with
STAR-CCM+ and OpenFAST were compared to experimental
measurements. The focus was on the prediction of higher-order
contributions to the loads.

The effort and cost involved in the modeling of waves in
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FIGURE 32. Comparison of harmonic componentsof the longitudi-
nal hydrodynamic force between OpenFAST methods ’Morison Equa-
tion’ and ’second-order potential flow combined with Morison equation’
to experiment, test 8.
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FIGURE 33. Comparison of harmonic componentsof the longitudi-
nal hydrodynamic force between OpenFAST methods ’Morison Equa-
tion’ and ’Second-order potential flow combined with Morison equa-
tion’ to experiment, test 14.

CFD was addressed. Accurate resolution of waves required fine
discretization in space and time, especially for higher-order reg-
ular waves. The preparation of the numerical tank was found to
take a substantial share in the overall cost of the application. To
study viscous effects, hydrodynamic loads were computed based
on Euler equations in addition to the results stemming from the
solution of RANS equations.

Application of OpenFAST was less time-consuming and did
not require HPC resources, making it attractive for parameter
variation studies, even for the most sophisticated available model
within OpenFAST based on second-order potential flow, given
available hydrodynamic characteristics from WAMIT. Consis-
tent with expectations, the hybrid method based on second-order
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FIGURE 34. Comparison of normalized harmonic componentsof the
longitudinal hydrodynamic force between CFD, OpenFAST and exper-
iment. Normalization based on wave harmonics derived for each single
method, test 8.
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FIGURE 35. Comparison of normalized harmonic componentsof the
longitudinal hydrodynamic force between CFD, OpenFAST and exper-
iment. Normalization based on wave harmonics derived for each single
method, test 14.

potential flow and Morison’s equation gave the best results for
OpenFAST as compared to solving Morison equation only. In
this method, the diffraction force is simplified based on the long
wavelength approximation and tied to the inertia force term. The
third-order contribution stems from the nonlinear drag term. The
magnitude of these force contributions are essentially tied to the
hydrodynamic inertia and drag coefficients, which fail to account
for the anticipated complexity of nonlinear wave diffraction.

Time series of free surface elevation and in-line forces were
compared to experimental measurements. Favorable agreement
was observed for first-order load contributions across all meth-
ods and variations within these methods. Substantial differences
were observed in the numerical prediction of the second and third

harmonic force contribution. Local flow field analysis with CFD
was applied to study the physics of wave run-up and diffrac-
tion dynamics to identify the causes for the observed differences.
Nonlinear dynamics of the free surface are inherently captured
by the CFD method. However, higher-order diffraction dynam-
ics were linked to the run-up and collapse of the wave on the
rear of the cylinder, the accurate prediction of which is sensi-
tive to the computation of pressure in this region. Simplifica-
tions inflicted by the Reynolds-averaging of the Navier-Stokes
equations and two-equation eddy viscosity models are assumed
to introduce modeling errors in the prediction of the flow field
in the rear of the cylinder. Recent research into viscous effects
and turbulence modeling relevant to this problem supported this
assumption [8]. Measurements of wave run-up and sensitivity
analysis with respect to turbulence modeling are considered a re-
quirement to provide final evidence for this hypothesis.
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