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ABSTRACT

Hydrodynamic loads on the platforms of floating offshore
wind turbines are often predicted with computer-aided engi-
neering tools that employ Morison’s equation and/or potential-
flow theory. This work compares results from one such tool,
FAST, the National Renewable Energy Laboratory’s wind turbine
computer-aided engineering tool, and the high-fidelity computa-
tional fluid dynamics (CFD) package, OpenFOAM, for the OC4-
DeepCwind semi-submersible analyzed in the International En-
ergy Agency Wind Task 30 project. Load predictions from Hydro-
Dyn, the offshore hydrodynamics module of FAST, are compared
with results from OpenFOAM. HydroDyn uses a combination of
Morison’s equation and potential-flow theory to predict the hy-
drodynamic forces on the structure, at a small computational cost
compared to CFD. The implications of the assumptions in Hydro-
Dyn are evaluated based on this code-to-code comparison.

1 INTRODUCTION

There is great potential for the growth of wind energy in
offshore locations where the structures are exposed to a variety
of loading from waves, current and wind [1,2]. A variety of
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computer-aided engineering (CAE) tools, based largely on en-
gineering models employing potential-flow theory and/or Mori-
son’s equation, are currently being used to evaluate hydrody-
namic loading on floating offshore wind turbine platforms [3,4].
Evaluation of the validity of these tools is a necessary step to-
ward proper modeling. In this work, the open-source computa-
tional fluid dynamics (CFD) package, OpenFOAM, is used to
provide high-fidelity simulations of wind turbine platforms in
steady current and waves to assess the validity of potential-flow
and Morison solutions. The volume-of-fluid (VOF) approach in
CFD simulates the flow of two immiscible fluids, by advecting
a fluid volume fraction and tracking the location of the fluid in-
terface. Forces and moments on the structure are evaluated by
integrating pressure and viscous stresses along the surface of the
body.

FAST [5], which employs engineering models, is the Na-
tional Renewable Energy Laboratory’s (NREL) wind turbine
CAE tool. In this paper, hydrodynamic load predictions from
FAST’s hydrodynamics module, HydroDyn, are compared with
results from OpenFOAM for a fixed semi-submersible platform.
Future work will examine loading predictions when the body
is subject to full 6 degree-of-freedom motion, including radi-
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ation added mass and damping. The OC4-DeepCwind semi-
submersible analyzed in the International Energy Agency (IEA)
Wind Task 30 project is used for this study [6]. The effects of the
wind turbine are neglected.

HydroDyn uses a combination of Morison’s equation with
potential-flow theory to predict loads on offshore structures, in-
cluding floating platforms. Morison’s equation is more valid
for small members where viscous and inertial effects dominate.
Potential-flow theory is more appropriate for larger members
where radiation and diffraction effects are more important. The
interaction between the individual components of the structure is
neglected. This means that the loads on the individual compo-
nents are summed, but the large components do not influence the
hydrodynamic loads on the small components and vice-versa. In
CFD simulations the forces and moments are predicted entirely
by the flow field such that interaction effects are intrinsically ac-
counted for, but with large computational expense.

To study the implications of the assumptions in HydroDyn,
both FAST and OpenFOAM were used to simulate a series of
cases using a variety of wave and current conditions. Simula-
tions of the semi-submersible are performed in each tool, and
load predictions are compared. To specifically address the is-
sue of body-size classification as well as component interaction,
three meshes are used in the CFD study of the semi-submersible.
The first mesh contains the entire semi-submersible geometry.
The second and third meshes contain only the small and only the
large members, respectively. The assumptions in HydroDyn are
assessed based on the comparison of load predictions against re-
sults from OpenFOAM. Even though HydroDyn is used in this
study, the results are likely applicable to other engineering codes
that employ similar models.

2 ANALYSIS SPECIFICATIONS

The OC4-DeepCwind semi-submersible platform geometry
is selected in this study because it is composed of both small
and large components relative to the waves encountered in the
ocean environment, meaning that viscous drag, static pressure,
dynamic pressure, and inertial loads all contribute to the loading
on the structure. (Radiation added mass and damping are ne-
glected in this study of a stationary platform.) The specifications
of the semi-submersible geometry are outlined here, followed by
a description of the simulated environmental conditions. Simula-
tions performed in OpenFOAM are conducted at 1/50th the scale
of the prototype semi-submersible, such that the dimensions of
the CFD mesh match the dimensions of the semi-submersible
employed in the the DeepCwind tank testing campaign. The
FAST simulations are carried out with full prototype scale length
dimensions, but are effectively treated at model scale because of
the chosen drag coefficients. To properly compare the HydroDyn
results with those from OpenFOAM, the drag coefficient used
in FAST is derived from the model-scale Reynolds number, and
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FIGURE 1. The model-scale semi-submersible, built at 1/50th the
size of the prototype, from the DeepCwind tank tests with component
definitions labeled [6]. Note: SWL is the still water line

the drag coefficient is chosen to be 1.0. All dimensions, forces,
and other data from OpenFOAM are presented at prototype scale,
scaled using Froude scaling relationships. The Froude number is
given by Fr = ;’—z, where u is the fluid velocity, g is gravity, and
L is the characteristic structure length. The scaling relationship
between model and prototype is upheld by Fryno4e1 = Frprototype-
Although the Froude scaling method cannot be applied in con-
junction with Reynolds number scaling, it does properly scale
inertial effects [7]. This inconsistency was avoided by using a
model-scale Reynolds number for the FAST simulations.

2.1 Semi-Submersible Specifications

Discussions of the tower or turbine properties are neglected
because these simulations omit the wind turbine. The semi-
submersible structure, built at model scale and used in the Deep-
Cwind tank tests, is shown in Fig. 1 with labeled components.
The three large cylinders are referred to as the offset columns,
and are split into the upper and base columns. The center of
the semi-submersible consists of a single main column that is
connected to the offset columns with pontoons and cross braces.
Additionally, the still water line (SWL) is indicated on the right
offset column. The dimensions of the individual components, at
prototype scale, are given in Table 1.

2.2 Representative Geometries

HydroDyn predicts wave and current loads on off-
shore structures using Morison’s equation in conjunction with
potential-flow theory. For small members, where it is assumed
that viscous and inertial forces dominate, Morison’s equation
is most appropriate. For the larger members, where diffraction
effects become dominant, potential-flow theory is more valid
(based on a preprocess using a panel method such as WAMIT).
To study the implications of the applicability of Morison’s equa-
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TABLE 1. Specifications of the semi-submersible structure [6]
Depth of platform base below SWL (total draft) 20.0 m

Centerline spacing between offset columns 50.0 m
Length of upper columns 26.0 m
Length of base columns 6.0 m
Diameter of main column 6.5m
Diameter of offset (upper) columns 12.0 m
Diameter of base columns 24.0m
Diameter of pontoons and cross braces 1.6 m

tion and potential-flow theory as they relate to the component
size, CFD simulations are performed on three representative ge-
ometries that include all components, only the small components
and only the large components. High-fidelity results from the
three CFD meshes are compared against results from HydroDyn
where distinction between body size alters the limits of applica-
bility for the CAE model equations. In OpenFOAM, the validity
of the model equations does not change based on structure size,
so the representative geometry is changed instead.

First, a mesh representing the entire semi-submersible plat-
form is generated. The surface of the semi-submersible is shown
in the top of Figure 2, where an increased level of refinement can
be seen around the SWL. This mesh is referred to as the “Full
Geometry” throughout this study. Next, the offset columns are
isolated from the pontoons, cross braces, and main column, to
generate the geometry shown in the bottom right of Fig. 2, where
again, a region of increased mesh refinement exists around the
SWL. This mesh is referred to as “large components only.” Fi-
nally, the cross braces, pontoons, and main column compose the
“small components only” mesh, which is shown at the bottom
left of Fig. 2. The following sections give more detail on catego-
rizing the individual components as small or large.

2.3 Environmental Conditions

The semi-submersible is simulated in a variety of environ-
mental conditions to examine a range of loading regimes. First,
a series of current-only cases are carried out. The current veloc-
ity ranges from 0.3 m/s to 1 m/s at prototype scale, and these
velocities are scaled down to model scale with Froude scaling.
This range of current velocities is selected because it matches
the conditions most likely to be found in the ocean environment.
The values for the current velocities are given in Table 2, at both
model and prototype scale. Additionally, the Reynolds numbers
for each of the four major components of the semi-submersible
are given at each of the current velocities.

Confidence in the ability to predict loads on bodies in steady

v il

FIGURE 2. The surfaces of the semi-submersible from the full ge-
ometry, large components only and small components only numerical
meshes for CFD, in clockwise order from the top

flow, such as current, is high. A more detailed discussion of vali-
dation cases is given in Section 3.2.4, where Fig. 4 demonstrates
the ability to predict the drag coefficient of a vertical cylinder
over a range of Reynolds numbers. For added clarity, the ranges
of Reynolds numbers at model and prototype scale are indicated
in Fig. 4.

In addition to simulating the semi-submersible in a range of
current conditions, a variety of wave conditions are investigated.
The properties for three simulated wave cases are shown in Ta-
ble 3. The simulated wave cases span a wave height range from
1.95 m to 2.75 m, and a range of periods from 7.5 s to 8.8 s, at
prototype scale. The wave simulations carried out in this work
fall between sea states 3 and 5.

2.4 Categorization of Component Size

The four major components of the semi-submersible can be
mapped onto a plot of the Keulegan-Carpenter number versus the
diffraction parameter, which depend on both the wave parame-
ters and structure size (in the transverse direction). Mapping the
components by Keulegan-Carpenter number and diffraction pa-
rameter classifies each member as small versus large by the dom-
inating physics in that loading regime. The Keulegan-Carpenter
number and diffraction parameter are calculated for each of the
four components - pontoon, main column, upper column, and
base column - over the range of sea states simulated here. The
regions where each semi-submersible component fall are illus-
trated in Fig. 3, where the sea state increases upward and toward
the left. The figure demonstrates that the base columns and the
upper columns, which comprise the offset columns, fall mostly
in the diffraction-dominated region for the sea states considered
here. The pontoons fall almost entirely in the inertia and drag
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TABLE 2. Current Conditions. The current velocities for the three
cases are given at model and prototype-scale. The Reynolds numbers
for the four major components of the semi-submersible are presented at
model and prototype scale

Case 1 Case 2 Case 3
Model-Scale Vel. 0.042 (m/s) 0.084 (m/s)  0.14 (m/s)
Model-Scale Re.
Pontoons 1,356 2,713 4,524
Main Column 5,512 11,024 18,382
Upper Columns 10,176 20,352 33,936
Base Columns 20,352 40,704 67,872
Prototype-Scale Vel. 0.3 (m/s) 0.6 (m/s) 1.0 (m/s)
Prototype-Scale Re.
Pontoons 480,000 960,000 1,600,000
Main Column 1,950,000 3,900,000 6,500,000
Upper Columns 3,600,000 7,200,000 12,000,000
Base Columns 7,200,000 14,400,000 24,000,000

TABLE 3. Simulated regular wave conditions at prototype scale

Simulated Case T (s) H (m)
Regular 1 7.5 1.95
Regular 2 7.7 2.35
Regular 3 8.8 2.75

dominated region. The main column spans both sides of the di-
vide between inertia-, drag- and diffraction-dominated regimes.
The classification of structures in Fig. 3 demonstrates the
relationship between structure size and dominating physics. The
figure is divided by a vertical line that separates the inertia- and
drag-dominated regime where Morison’s equation is valid, from
the diffraction-dominated regime where a panel method code is
more appropriate. First, the figure shows that the base and up-
per columns should be considered as large components, because
they are largely dominated by diffraction effects. This is con-
sistent with the decision to include those members in the large
components only mesh discussed previously. In addition, the
pontoons/cross braces fall in the inertia- and drag-dominated re-
gion, which justifies including those members in the small com-
ponents only mesh. The potential-flow approach is valid every-
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FIGURE 3. Classification of small versus large structures and their
limits of applicability. The vertical axis shows H /D, which is equivalent
to the Keulegan-Carpenter number, and the horizontal axis is the diffrac-
tion parameter. The four major components of the semi-submersible are
mapped onto the figure over a range of sea states from 3 to 5, which
encompass the range of environmental conditions studied in this paper.
Adapted from Chakrabarti [7]. H is the wave height, L is the wave length
and D is the characteristic structure diameter

where except where viscous effects are important. For this rea-
son, the main column can be modeled with potential-flow theory
or Morison’s equation, and was classified as a small component
in this work. This selection of small and large components is not
unique. Second, Fig. 3 illustrates that the simulated wave prop-
erties divide the individual components into different dominant
load regimes. This allows us to study the assumptions made in
HydroDyn where model equations are based on the size of indi-
vidual components.

3 METHODS
3.1 FAST

FAST is a nonlinear aero-hydro-servo-elastic CAE tool used
for wind turbine design. The new FAST (version 8) modulariza-
tion framework, which is used in the research presented in this
paper, breaks the code into several modules including HydroDyn
for hydrodynamics. HydroDyn uses a WAMIT potential-flow
panel method model as a preprocessor and internal frequency-
to-time-domain transforms for time-domain-based potential-flow
solutions, as well as an internal Morison’s equation solver for
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drag effects [5]. In addition, the new release of HydroDyn adds
the capability to calculate Morison’s equation for multiple inter-
connected and (nonvertical) platform members.

The WAMIT model developed for this platform is a high-
resolution surface model that includes all platform members.
This model is used to solve the radiation problem, which gener-
ates a body-oscillation frequency-dependent set of coefficients,
and the diffraction problem, which generates a vector of wave-
frequency dependent coefficients. In this research, the platform
is fixed, so there are no forces from radiation, which is caused
by platform motion. Furthermore, in current-only cases, there
are no waves, so the total force contribution from potential-flow
theory is zero.

Morison’s equation in its full form includes a term for
diffraction-induced wave excitation forces (with a long wave-
length approximation), radiation-induced added mass, and vis-
cous drag forces. Only the viscous drag force term of Morison’s
equation is calculated in this research because the other forces
are computed using the potential-flow model. Using the new ca-
pabilities of FAST 8, a viscous drag coefficient is specified for
every member of the platform. FAST outputs a viscous force
prediction per unit length for several nodes along each member.
The resulting viscous forces are integrated along the length of
each member and summed to produce a resulting total force from
Morison’s equation. The Morison solution treats each member
as an isolated component, neglecting the effects of direct interac-
tion between members. This is not the case for WAMIT, where
the diffraction solution includes the effects of direct interactions
between members.

3.2 OpenFOAM

This section describes the finite-volume fluid mechanics
solver implemented in the open-source CFD software package
OpenFOAM described by Weller, et al [8].

3.2.1 Governing Equations The incompressible
Navier-Stokes equations, derived from the first principles of
conservation of mass and momentum, are solved in the finite-
volume framework where the continuous partial differential
equations have been recast into a system of linear algebraic
equations. The Navier-Stokes equations are employed with a
Newtonian relationship between stress and strain.

The VOF approach models multiphase flows, where the fluid
phase is identified with a dimensionless scalar function ¢. The
indicator function, ¢, represents the volume fraction, where a
zero value represents fluid “a,” and a value of one represents
fluid “b.” The fluid volume fraction is advected with the flow
via a transport equation. The transport equation is solved simul-
taneously with the mass and momentum conservation equations.
Information from cells with a mixed volume-fraction is used to
reconstruct the interface between phases.

Initial development of the method can be attributed to Wood-
ward and Noh [9], Hirt and Nichols [10], and deBar [11].
The indicator function, «, is given by [12],

0 for a point inside fluid “a”
o= 0< o<1 fora point inside transitional region
1 for a point inside fluid “b”.

The indicator function, which is chosen to be the volume frac-
tion, is advected with the flow, obeying a transport equation of
the form,

a
5, TU-V)a=0. (1)

Because of numerical diffusion, issues arise with convect-
ing a step function such as the volume fraction. To combat these
issues, compression of the interface can be achieved via an artifi-
cial compression term. This term, first proposed by Weller [12],
is shown in the third term in Equation (2).

%+V.(Ua)+v-(Ura(l—a)):O. 2)

3.2.2 The Numerical Domain and Boundary Con-
ditions As mentioned previously, three meshes are generated
representing the full geometry, small components only, and large
components only. Each mesh consists of roughly 3 million cells,
with increased mesh refinement located around the SWL and
near the surface of the semi-submersible body. The model-scale
domain begins roughly 9.4 m from the body, extends 4 m past the
body in the wave propagation direction, and is 6.3 m wide. The
domain depth is 4 m, which matches the depth of the DeepCwind
tank tests, and classifies the waves in the deepwater region. At
prototype scale, this is equivalent to a mesh that begins 470 m
from the body, extending 200 m behind the body, with a depth of
200 m, and a domain width of 315 m. The bottom and sides of
the domain are treated as no-slip boundaries. The inlet is treated
with varying velocity, volume fraction, and pressure gradient, ac-
cording to the wave theory being simulated.

A wave library developed for OpenFOAM by Jacobsen, et
al, is used in this work [13]. The wave library contains a variety
of wave theories, including first-, second-, and fifth-order Stokes
waves, as well as cnoidal, solitary, and bichromatic waves. In
addition, irregular waves can be generated from the Pierson-
Moskowitz and JONSWAP spectra. In this study, only Stokes
first order wave theory and steady currents are used.

The time-varying velocity, volume fraction, and pressure
gradient are prescribed on the inlet boundary throughout the sim-
ulation. Initial conditions can be prescribed as the user wishes.
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The simulations presented here have an initially quiescent flow
field (i.e. zero velocity everywhere in the domain).

When modeling waves in a numerical domain, it is impor-
tant to avoid the spurious reflections off numerical boundaries.
Jacobsen’s wave generation toolbox [13] includes the ability to
specify relaxation zones as a method to mitigate artificial wave
reflection in the computation domain. Explicit relaxation of the
velocity and volume function is implemented to lessen the non-
physical reflection of waves off boundaries such as outlets. Re-
laxation is accomplished via a weighting function that is placed
in user specified relaxation zones [13]. This work implements
relaxation zones at the domain outlet.

Turbulence is modeled with the Spalart-Allmaras one-
equation model [14], with a Spalding wall function at the semi-
submersible boundary [15].

3.2.3 Forces and Moments Calculation The load on
the body is predicted by integrating the pressure and viscous
stresses along the body in a discretized manner. The pressure and
viscous forces from each cell face on the surface of the body are
summed to find the total pressure and viscous force, respectively.
The pressure and viscous forces are then combined to yield a to-
tal force on the body. The total moment on the body is calculated
as the sum of the moments resulting from pressure and viscous
stresses, where moment arms are calculated as the distance from
face centers to the structure center of gravity. The total moment
is determined in the same manner as the total force. The results
are stored as three component vectors, in the x, y, and z direc-
tions and in the roll, pitch, and yaw directions for the forces and
moments, respectively.

3.2.4 Establishing Confidence in the Computa-
tional Fluid Dynamics Models Experimental tests of the
model-scale semi-submersible were carried out at the Maritime
Research Institute Netherlands (MARIN) under the DeepCwind
project, but only for the case of the freely moving body [16]. The
simulations carried out in this work model the structure as fixed
in place, therefore we cannot directly compare these numerical
results to the tank test data. In the absence of experimental data
to validate the semi-submersible work against directly, compara-
ble experiments to the case of a fixed semi-submersible in waves
and current are used in their place. The CFD model has been
validated against a suite of experimental work published in the
literature. Uniform flow past a vertical, stationary cylinder is
simulated and the drag coefficients across a range of Reynolds
numbers are compared to experimental work [17-19]. The case
of uniform flow past a stationary cylinder is comparable to the
current cases studied in this work. The results from these CFD
simulations in OpenFOAM are shown in Fig. 4 alongside various
experimental results. The results from this work agree with the
experimental results in the literature, establishing confidence in

—Experimental Work
# Numerical Work (OpenFOAM

Model Prototype

Drag coefficient

10% 10* 10
Reynolds Number

FIGURE 4. Drag coefficient versus Reynolds number for a stationary,
vertical cylinder in uniform flow. Experimental results from [17-19]
are shown in black lines and these CFD results are shown in pink
stars. Model and prototype Reynolds numbers are shown for the semi-
submersible in the three current velocities.

the ability of the method described here The ranges of Reynolds
numbers for the semi-submersible in the three current velocities
simulated in this study are indicated in the figure as well, at the
model and prototype scales. The CFD work in this paper is sim-
ulated at model scale, where the experimental and numerical re-
sults are in excellent agreement.

In addition to validating uniform flow past a stationary body,
load predictions in propagating waves are validated in this work.
Niedzwecki carried out experiments with a cylinder of radius
0.057 m in a tank with a depth of 0.91 m [20]. Regular waves
with a variety of wave properties were generated at the inlet. The
experimental work presents the maximum force in the inline di-
rection as a function of the scatter parameter (the wave number
times the structure radius).

Wave heights and periods in OpenFOAM were varied to
match the wave properties used experimentally. Two meshes
were generated and used in simulations, with 1.8 and 2.3 million
cells each, including boundary layer refinement on the surface of
the cylinder. The time step was controlled by setting the maxi-
mum Courant number to 0.5. The gradient term was discretized
with a first-order Gauss scheme, and a total variation diminish-
ing (TVD) scheme was used to discretize the convection term
to achieve accuracy and boundedness. Figure 5 shows the nu-
merical versus experimental results for the maximum force in
the inline (wave propagation) direction. It can be seen that for a
range of scatter parameters, the predicted maximum inline force
predicted by OpenFOAM is in good agreement with the experi-
mental measurements presented by Niedzwecki [20].
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FIGURE 5. Inline force on a stationary, vertical cylinder in propa-
gating regular waves versus the scatter parameter. Experimental results
by Niedzwecki [20] shown in black asterisks, our CFD results are rep-
resented with red circles. rho is density, g is gravity, a is the cylinder
radius, d is water depth, H is the wave height and & is the wave number.

4 RESULTS AND DISCUSSION

Following the validation exercises, simulations of the semi-
submersible in current and regular waves are carried out in both
OpenFOAM and FAST in each of the environmental conditions
described in Section 2.2. OpenFOAM simulations are conducted
with each of the three representative geometry meshes at model
scale. FAST simulations are performed at prototype scale. All
results from OpenFOAM have been scaled to prototype scale us-
ing Froude scaling.

The current cases are dominated by drag effects, which are
calculated with Morison’s equation. The loading on the structure
in regular waves is dominated by diffraction, and the contribu-
tions from Morison’s equation are negligible. First, the results
for the semi-submersible in current are presented, followed by
results for the structure in regular waves.

4.1 Current Results

Inline and transverse force predictions are presented for
the semi-submersible in a current with velocity of 0.6 m/s in
Fig. 6. OpenFOAM results are presented from simulations with
the three representative geometry meshes described earlier. Re-
sults from the large component only mesh, small component only
mesh and the full geometry mesh are shown by the solid blue
line, dashed red line, and light blue line, respectively. Force
predictions from FAST are represented by the dash-dotted black
line.

The inline force prediction from FAST is larger than any of
the inline force results from OpenFOAM. One possible reason
for these differences is due to the numerical treatment of shad-
owing effects. The simulations in OpenFOAM naturally account
for shadowing effects, in which downstream members are shad-
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FIGURE 6. Inline and transverse force results from OpenFOAM and
FAST. Results from the large components only, small components only
and full geometry meshes are shown for OpenFOAM. FAST predicts
a larger inline force, but smaller transverse force compared to Open-
FOAM.
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FIGURE 7. Inline force predictions from FAST and OpenFOAM for
only the small components, and only the large components in a current
of 0.6 m/s. FAST predicts a larger force on both small and large compo-
nents.

owed by upstream members, decreasing the load. These shadow-
ing effects are not accounted for in FAST, and each member is
assumed to interact with an undisturbed flow. Future work will
examine the shadowing effect in more detail. The discrepancy
may also be due to the fact that OpenFOAM predicts drag co-
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efficients that are between 2.0% and 8.4% lower than the value
of 1.0 used in FAST. It may also be the case that a drag coeffi-
cient of 1.0 in FAST is not appropriate for all members. FAST
predicts a constant zero force in the transverse direction, which
is not representative of the true time-varying physics that result
from vortex shedding, just as it is expected from the Morison
formulation. The results from OpenFOAM properly capture the
time-varying nature of the transverse force, unlike the FAST re-
sults that do not model the vortex shedding and associated lift
forces.

In addition to looking at the total hydrodynamic loading on
the semi-submersible, forces on individual components are ex-
amined. The total forces on the small components, which include
the pontoons, cross braces, and main column, are summed from
the FAST output and compared to the results from the Open-
FOAM simulation with the small components only mesh. Addi-
tionally, the sum of the forces on the large components in FAST
are compared to the results from the large components only mesh
in OpenFOAM. The comparison of inline forces in a current of
0.6 m/s is shown in Fig. 7. For both the small and large compo-
nents, FAST predicts larger inline forces, where the difference is
greater for the case of large components. This is consistent with
the expectation that Morison’s equation predicts forces more ac-
curately for small components. Again, the larger predicted forces
from FAST may be the result of neglecting shadowing effects of
upstream members sheltering downstream members, or also the
difference in drag coefficients between FAST and OpenFOAM.

Figure 8 summarizes the overall effect of the velocity on the
force predictions from the three steady current cases by compar-
ing the mean of the forces in the inline and transverse directions.
In current, FAST predicts constant forces in the inline and trans-
verse directions. OpenFOAM predicts oscillating forces, which
more closely match the physics. Error bars on the OpenFOAM
results indicate the standard deviation from the mean because of
the time-varying nature of these signals. Only the full geome-
try results from OpenFOAM are considered here. Again, FAST
predicts a larger inline force than OpenFOAM, which could be a
consequence of shadowing effects being neglected in FAST.

FAST predicts a zero transverse force across all current ve-
locities. OpenFOAM shows a slight nonzero mean that results
from noise in the transverse force signal. The standard deviation
in the transverse force prediction from OpenFOAM (shown by
the error bars in Fig. 8) demonstrates that the two codes are in fair
agreement for the mean transverse flow predictions. Transverse
force prediction in OpenFOAM does capture lift forces, which
are not computed in FAST because it uses Morison’s equation.

The full geometry load prediction from OpenFOAM does
not equal the sum of the results from the large components only
and the small components only meshes. This is likely due to
the complex flow patterns that result from the fluid interacting
with the structural components in the interior region of the semi-
submersible. The accelerating flow around and through the full
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FIGURE 8. Trends in the inline and transverse force predictions in
steady current. The mean of the inline and transverse forces from both
codes is plotted against increasing current velocities. Error bars on the
OpenFOAM results illustrate the standard deviation from the mean be-
cause the inline and transverse forces are actually oscillating signals.
FAST predicts a larger inline force at all three current velocities. FAST
predicts a zero transverse force across all currents; while OpenFOAM
has a slightly nonzero mean transverse force because of noise, with stan-
dard deviations that encompass the prediction from FAST.

geometry mesh results in an increased load prediction on the
structure.

4.2 Regular Wave Results

The current-only cases provide insight about the Morison’s
equation component of FAST. The regular wave cases shed light
on the potential-flow theory portion of FAST. Load contributions
from Morison’s equation are negligible compared to diffraction
forces for the regular wave cases investigated in this work. FAST
calculates the diffraction forces from coefficients produced in
WAMIT. Contributions from Morison’s equation and diffraction
are compared in Fig. 9. Radiation forces are omitted from the
figure because they are zero for this case of the nonmoving struc-
ture.

OpenFOAM and FAST results from the Regular 2 wave
case, with properties given in Table 3, are shown in Fig. 10.
The inline-force results from FAST and the full geometry case
in OpenFOAM show excellent agreement. Previously with the
steady current simulations there was sizable disagreement be-
tween the inline force predictions, but now the load contributions
from drag are negligible compared to contributions from diffrac-
tion. The semi-submersible is now in a regime where diffraction
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FIGURE 9. Inline forces from FAST. The solid black line shoes the
forces resulting from Morison’s equation, and the red dotted line repre-
sents loading from diffraction, calculated in HydroDyn. The plot illus-
trates that drag forces calculated with Morison’s equation are negligible
compared to diffraction for the semi-submersible in Regular 2 waves.

effects are dominant, unlike in the current cases. The diffraction
forces from WAMIT include the interaction between members
such that shadowing should play a lesser role. Again, the dif-
fering drag coefficients in FAST and OpenFOAM may be the
cause for discrepancy in force predictions. As was the case for
current, FAST predicts a constant zero transverse force; Open-
FOAM gives a time varying transverse force. The heave forces
are also presented, where FAST predicts a slightly larger force
compared to OpenFOAM for all representative geometries. As
expected, the large components only and small components only
meshes predict smaller heave forces, which is a direct result of
their smaller volume and surface area.

Results from the two codes are compared across the range
of wave heights simulated in this study, and are illustrated in
Fig. 11. The means of the inline, transverse, and heave forces
from both FAST and OpenFOAM'’s full geometry mesh are
shown in the plots from top to bottom, respectively. The er-
ror bars indicate the standard deviation from the mean force.
The inline force predictions from FAST and OpenFOAM are
in excellent agreement across the range of wave heights. The
transverse force predicted by OpenFOAM grows with increasing
wave height, yet remains zero in the FAST output. The heave
force prediction is larger in FAST than OpenFOAM, across all
wave heights studied here. Unlike with the current cases, where
the absence of shadowing effects in FAST may be the source of
large discrepancies in inline force results between the two codes,
the inline force predictions from the two codes agree well for
the semi-submersible in waves. Again, the lack of a lift force in
FAST causes disagreement between the two codes, just as it did
for the current cases. The discrepancy in lift force predictions is
more important for the current-only cases, and less important for
wave cases where drag and lift forces are negligible compared to
diffraction loads. Even though the OpenFOAM results demon-

Inline Force in Regular 2 waves

z

o

o

L

[0}

£

=

150 160 170 180
Time, s
10° Transverse Force in Regular 2 waves
2210

z —— Large components only

8 1t - - - Small components only

ﬁ Full geometry

g [0 e R e e e e = | ~ _ FAST

@

i

=

) , , , , , ,
140 150 160 170 180 190
Time, s
107 Heave Force in Regular 2 waves
157

z

810t

8

g

© 5F

[}

T

o) st S Pl
140 150 160 170 180 190

Time, s

FIGURE 10. Inline, transverse and heave force results from Open-
FOAM and FAST. Results from the large components only, small com-
ponents only and full geometry meshes are shown for OpenFOAM.
FAST and OpenFOAM show excellent agreement for the inline force,
while the transverse flow prediction is much greater from OpenFOAM
than it is from FAST. The heave force prediction is larger in FAST than
it is in OpenFOAM.

strate that the transverse force is of smaller magnitude than the
inline force, the loading in the transverse direction should not be
ignored.

5 CONCLUSIONS

A code-to-code comparison was carried out between the Hy-
droDyn module in FAST, a CAE tool for assessing hydrodynam-
ics loads on offshore wind turbines, and OpenFOAM, a high-
fidelity CFD software package. A fixed semi-submersible was
simulated in current-only and waves-only conditions to assess
differences in load predictions in the two codes. Confidence in
the ability to accurately model rigid bodies in current and wave
conditions with OpenFOAM, based on previous validation exer-
cises, is high.

First, a series of current-only cases were simulated in FAST
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FIGURE 11. Trends in the mean inline, transverse, and heave force

predictions in regular waves. The mean values of the inline force predic-
tions with increasing wave height are demonstrated in the top plot. The
mean transverse and heave forces are given in the middle and bottom
plots, respectively. Standard deviation from the mean in OpenFOAM
is illustrated with error bars. Excellent agreement was found between
FAST and OpenFOAM inline loading predictions. The transverse force
prediction from FAST is zero for all wave heights, and increases with in-
creasing wave height in OpenFOAM. The mean heave force prediction
is larger from FAST for across all wave heights studied here.

and OpenFOAM. Comparison of load predictions from the two
codes showed larger drag forces from FAST than from Open-
FOAM. This may be the result of the natural simulation of shad-
owing effects in OpenFOAM, where downstream members are
shielded by upstream members, or from differences in the drag
coefficient. HydroDyn uses Morison’s equation, which does not
account for lift forces that occur because of vortex shedding, un-
like OpenFOAM, which captures the time-varying force in the
transverse flow direction.

Next, wave-only conditions were simulated for a range of
wave heights and periods. In these cases, the inline-force predic-
tions from FAST and OpenFOAM were in excellent agreement,
but again, the FAST results did not capture any lift forces. The
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magnitude of the transverse force is smaller than the inline force,
but it is still significant.

The ability to capture shadowing effects and transverse
forces from vortex shedding would enhance HydroDyn’s load
predictions, and other engineering codes that employ similar as-
sumptions and theories. Future work will examine the role of
shadowing in load predictions from each code, as well as further
investigate the drag coefficients in each code.

Future work will simulate the semi-submersible with free
6-DOF body motion in FAST and OpenFOAM. Results will be
compared to experimental results from the DeepCwind project
carried out at MARIN to validate the improvements made in
FAST 8 and provide further insights into the physics by inves-
tigating high-fidelity results from OpenFOAM. OpenFOAM will
also supplement the experimental data set by simulating extreme
conditions not simulated in the wave tank.
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