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Verification and validation of MoodyMarine:
A free simulation tool for modelling moored

MRE devices

Johannes Palm and Claes Eskilsson

Abstract—This work presents the verification and valida-
tion of the freely available simulation tool MoodyMarine,
developed to help meet some of the demands for early stage
development of MRE devices. MoodyMarine extends the
previously released mooring module MoodyCore (Discon-
tinuous Galerkin Finite Elements) with linear radiation-
diffraction bodies, integrated pre-processing workflows
and a graphical user interface. It is a C++ implementation
of finite element mooring dynamics and Cummins equa-
tions for floating bodies with weak nonlinear corrections. A
newly developed nonlinear Froude-Krylov implementation
is verified in the paper, and MoodyMarine is compared
to CFD simulations for two complex structures: a slack-
moored floating offshore wind turbine and a self-reacting
point-absorber with hybrid mooring.

Index Terms—Linear potential flow, wave-to-wire, moor-
ing dynamics, graphical user interface

I. INTRODUCTION

ELIABLE and affordable numerical tools are re-

quired to evaluate design alternatives along the
development path of a Marine Renewable Energy
(MRE) device. The hydrodynamic evaluation is typ-
ically made with time domain radiation-diffraction
models based on linear potential flow (LPF), but sim-
ulations of higher fidelity are also needed to ascertain
validity in numerical predictions. Many LPF models
are commercial [1], [2], whereas some have been de-
veloped by the research community and are released
as free tools [3]-[5].

The present work has dual purpose. First, this paper
marks the first release of MoodyMarine, a freely avail-
able time-domain simulation tool for floating marine
installations. MoodyMarine does not rely on under-
lying commercial software and comes with an easy
to use graphical user interface (GUI). Secondly, the
paper aims to describe and validate an implementation
of Cummins equation and its mesh-based Froude-
Krylov solver (nonlinear Froude-Krylov correction)
into MoodyMarine.
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The paper provides an overview of available features
and modules in MoodyMarine (Section II), a descrip-
tion of the main governing equations (Section III),
and a verification of newly developed features such
as the non-linear Froude-Krylov (nlfk) force correction
to Cummins equation (Section 1V). Further, validations
of the linearized hydrodynamics model are presented
in Section V for the cases of (i) a moored floating
offshore wind turbine (FOWT) are compared with a
high-fidelity CFD simulation; and (ii) an operational
WEC with hybrid mooring system.

II. MODEL DESCRIPTION

This paper introduces MoodyMarine, a freely avail-
able time-domain solver for marine installations.
MoodyMarine hosts a GUI for MoodyCore, see Fig. 1,
as well as a set of utilities for setting up the work-
flow. MoodyMarine is implemented as a javascript
react-application [6] using threejs [7] for 3D visual-
isation (all 3D figures in this paper has been gen-
erated using MoodyMarine). It has been compiled
as a desktop app for Windows, Linux and Mac us-
ing Electron.js [8]. MoodyMarine is available from
www.moodymarine.se .

The underlying C++ computational implementation
of the software is a mooring module named Moody-
Core, with time-domain modelling of mooring lines
and floating bodies in waves that has been developed
since 2016, see [9]-[12]. The solver is documented in the
MoodyCore v3.0 Manual [13], and is typically operated
from the command line. The module API has over the
years been used to model dynamic moorings in exter-
nal hydrodynamic code packages such as OpenFOAM
[14], [15] and WEC-Sim [16].

Of note is also that an interface to the open-source
radiation-diffraction problem solver Nemoh [17], is
provided as an add-on. The hydrostatics are however
computed internally in MoodyCore. This has the ben-
efit of using a nonlinear geometry during the static
solver stage, to find the moored equilibrium positions
prior to running the pre-processor (Nemoh). Such a
workflow is outlined below:

1) Define environmental properties (water level,
ground, waves... )

2) Define floating body properties with mass and
mesh file (stl, wamit or nemoh format)

3) Assign mooring system.

4) Use the static solver to find the moored equilib-
rium position.
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Fig. 1. Screenshot of MoodyMarine with keywords to content.

5) Use the mesh manipulator to cut the mesh at the
free surface when at equilibrium position.

6) Specify desired Nemoh data and execute
Nemoh'’s pre-processor and Nemoh.

7) Load Nemoh results and run full time-domain
evaluation in MoodyMarine.

8) Post-process the results using either the plotting
features in MoodyMarine or export the data and
plot using python or matlab.

III. GOVERNING EQUATIONS

The governing equations of MoodyCore are de-
scribed below.

A. Wave kinematics

MoodyCore uses the first order velocity potential to
describe the incident wave field from one or several
wave components. To simplify notation, the following
relates to a single regular wave component. The for-
mulation is consistent with the zero-phase convention
used in Nemoh. The wave elevation 7 is

n = acos(kyx + kyy — wt + ¢) 1)
=R (aek2x+kyy—wt+¢) , (2)

with a denoting amplitude, k, and &, the wave number
components in = and y respectively, w as the angular
frequency, ¢ as the wave phase and ¢ as the time. It
relates to a complex incident wave potential ®; as

@ = —i=LZ(Q)ebsrrRvmerte, 3)
_ coshk(h+ ()
h+z
e = (= 1) ®)

where ( is the Wheeler stretched vertical coordinate
[18]. Z(() is the depth variation factor, which is eval-
uated as e*¢ below the deep water limit defined in
moody core as: k¢ < 7.

MoodyCore supports Airy waves as well as first-
order irregular waves based on either the Jonswap
spectrum or by custom definition on a wave-by-wave
mode basis.

B. Floating bodies

MoodyCore uses the following definitions of the
first order potential flow forces on a floating body:

F..q Radiation force from the radiation potential
®,,4, realised through the radiation Kernel
(also known as the impulse response
function) convolution integral with body
velocity. Linearised at the initial body

position.

Fy  Diffraction force from the diffraction potential
®g4r (sometimes referred to as the scattered
potential).

F}Z) Dynamic Froude-Krylov force from the
integral of dynamic pressure in the incident
wave potential ®; over the wetted body

surface.

F}Z) Static Froude-Krylov force, being the
hydrostatic pressure integrated over the
wetted body surface.

F¢,  Total Froude-Krylov force, the sum of

static and dynamic Froude-Krylov forces
Fpp = Fy) + F\.
force,

F.,  Complex-valued excitation

Fop = F{) + Fy

In the fully linear simulation of the Cummins equa-
tion, F,, is used to as external wave forcing for any
wave amplitude, and the linearized hydrostatic force
F}Z) is transformed into a constant restoring stiffness
matrix C times the body displacement Z. When the
nonlinear Froude-Krylov formulation is activated, Fy
is instead used as linearized external wave force, and
the restoring force is evaluated as the total Froude
Krylov force Fy, = FJSZ) + F}Z). The total FK force is
reported in the restoring force output of the body, and
the excitation force output covers only the linearized
diffraction force.



Fig. 2. Heave decay of a sphere. Initial drop heights.

C. Rigid bodies

Mooring elements such as submerged floaters and
sinkers can be modelled using rigid body type objects
which are governed by Morrison’s equation. The rigid
body objects are divided into two categories. One is the
simple point mass with an assigned mass and volume
but with neglected rotational motion (3DoF object). The
other rigid body type also takes the rotation of the body
into account (6DoF object). The rotation is modelled
using quaternions and the variation of the surrounding
fluid is taken into account by integration of the forces
on each slice. 6DoF objects will by default use strip
theory to to compute the drag forces and moments
at each time-step using 7-point numerical quadrature
along the symmetry axis. However, the drag force can
also be computed in decoupled mode, i.e. to compute
rotational drag moment based on the rotation of the
body alone, and compute the translational force based
on the relative velocity of body and fluid, see [11] for
details.

D. Cables

The recent work on floating bodies and GUI origi-
nated from the initial work on mooring cable dynamics
dating back a decade [19]. MoodyCore implements
moorings using the discontinuous Galerkin high-order
finite element formulation of [9], with the addition of
bending stiffness from [11]. Newtons second law of
motion for the mooring lines and dynamic cables is ex-
pressed along the curvilinear abscissa s € [0, L], being
the unstretched line coordinate. The balance between
inertial, internal and external forces is expressed as:

ﬁ:é%@j+ﬁ, ©)

in which 77 = ~y is the cable momentum per meter
(mass per meter v, times velocity ¥) and T is the
internal tension force. f(; represents the external forces
acting on a cable segment and can be divided into:

fo=fat fo+ fo+ fa, @)

where f; is the force fr_gm the added mass and the
Froude—Krylov effect, f, is the buoyancy force, f.
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Fig. 3. Heave decay of a sphere. Submerged volume over position.

represents contact forces (ground interaction) and fd
stands for the drag force.

E. Components

Components may be used to represent springs and
dampers. They can be used to model mass-less taut
moorings, but are also useful for parametrised power-
take-off (PTO) models. A PTO can be simulated as a
simple spring-damper system of orders P, for the
stiffness (K) and damping (C) terms respectively,

P QR ,
Fpro =1 KidL' + 3 CydL. 8)
i=1 j=1
However, two-dimensional lookup tables are also sup-
ported, enabling a large range of passive attenuated
control systems where the control force is interpolated

from predefined values on a control surface F' =
F(dL,dL).

IV. VERIFICATION
A. Sphere decay

A simple decay test using a sphere is used to verify
the behaviour of the Cummins equation and nonlinear
Froude-Krylov correction. Both were evaluated against
experimental data as well as high-fidelity CFD data.
The sphere decay originates from the highly accurate
experimental campaign of Kramer et al. [20], and the
high-fidelity CFD data was validated with a very good
agreement to said experiments in [21]. The sphere has
a density of ps = 0.5p,, a mass of m = 7.00686 kg
and consequently a diameter of D = 0.3 m. It is
free-floating with a hemispherical displacement. Fig. 2
illustrates how the free-floating sphere (DO00) is lifted
to three different drop heights (D01, D03 and DO05)
corresponding to 10%, 30% and 50% of the sphere
diameter.

First, the nonlinear restoring force implementation
is verified against the analytical result during the D05
drop case in Fig. 3, showing a near perfect fit as the nu-
merical and analytical lines are plotted on top of each
other. The mesh used for the nonlinear Froude-Krylov
force in this case was very dense (19800 triangles) to
miminize truncation errors on the geometry.

Secondly, the results of the heave motion for the
D01, D03 and D05 drop cases are shown in Fig. 4 for



o
=
@

—— linear
nonlinear
— cfd

o o
o o
= o

Position (m)
o
o
o

-0.01

-0.02

0.0 0.5 1.0 15 2.0 25 3.0
Time (s)
(a)
—— linear
0.075 nonlinear
— cfd
0.050
E 0.025
s /// B
= 0.000 / \
@ /
S / -
< § =
—0.025 .
—0.050
—0.075
0.0 0.5 1.0 15 2.0 25 3.0
Time (s)
(b)
0.15 linear
nonlinear
0.10 — cfd
—~ 0.05
E //
c /, N
] Z
é =
-0.05
-0.10
0.0 0.5 1.0 15 2.0 2.5 3.0
Time (s)
(©

Fig. 4. Heave decay of a sphere. Drop heights (a) 0.1D, (b) = 0.3D,
and (c) 0.5D.

both linear (lin) and nonlinear (nfk) restoring force ap-
proximations. The nonlinear Froude-Krylov correction
provides a better phase alignment between CFD and
Cummins equation. This is, of course, most clearly seen
for the most nonlinear D05 case. These results are well
in line with the findings of [20], [22].

Finally, the influence of the resolution, i.e. the num-
ber of triangles N of the stl representation, on the
performance of the nlfk implementation is examined.
Please note that it is only the nlfk part that is affected
by the resolution test. All simulations uses the same
hydrodynamic coefficients. The influence of N illus-
trated in Fig. 5 for the D05 case. There are noticeable
differences between the two coarsest mesh sizes (N =
180 and N = 760 triangles), however, the two finer
resolutions are clearly adequate to capture the nonlin-
ear restoring force without noticeable loss of accuracy.
Of note is that the main errors of the coarser meshes
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Fig. 5. Heave decay of a sphere. Mesh dependence of nonlinear
Froude-Krylov force implementation for the D05 case.

are connected with an underestimated displacement
volume, i.e. truncation errors of the volume, which
explains why the net position is lower in these cases.
The dynamic part of the motion is actually captured
with relatively good accuracy for all of the studied
meshes.

B. Ellipsoid

Further verification of the nlfk implementation is ob-
tained with a code-to-code comparison between WEC-
SIM [3] and MoodyCore. The case is the WEC-SIM
demonstration case of a heaving ellipsoid, constrained
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Fig. 7. 3D view of the FOWT.

in other degrees of freedom [23]. The 5 m-major-axis
ellipsoid is half-submerged when at rest, p. = 0.5p,,
with a displacement of 133.4 tonne. The ellipsoid has
center of gravity (CoG) at [0,0,—2] m relative to the
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waterline, and it is attached with a linear damper
of ¥ = 1200 kNs/m, in turn attached to a fix point
12.5m down. Figure 6 show the resulting body motion
and total force on the ellipse respectively during the
analysis of a regular wave H = 2 m, T = 6 s. Both
motion and force compare very well with WEC-Sim
results. Drag effects were omitted in this verification.

V. VALIDATION
A. Moored FOWT

A floating offshore wind turbine (FOWT) was the
topic of the first floating FOWT comparative study
[24]. A slack-moored 1:70 scale model of the UMaine
VolturnUS-S semi-submersible platform [25] has been
experimentally tested tested in the COAST Laboratory
Ocean Basin at the University of Plymouth, UK [26].
However, as the experimental data is not yet freely
available we in this study compare to the CFD sim-
ulations of the system presented in [27].

The FOWT is shown in Fig. 7. It is made up of
equiangularly spaced outer cylinders and a central
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Fig. 8. Results for the benign focused wave case. (a) surge motion, (b) heave motion, (c) pitch motion, (d) tension fore line, (e) tension aft

lines, and (f) wave elevation.



0.100

0.075

S SENe
o o o
S N O
S v o

Surge position (m)

-0.025 "~

—-0.050

-0.075

46 48 50 52 54

— linear

Heave position (m)
/

—-0.08

46 48 50 52 54
Time (s)
0.0 —— linear
\ drag
_05 “‘ cfd
\
\ | _
§—1 0 /\ |4 // AN
kS / /N \ /! A\
§-15 AN / N\
= \ | \ S/ \
* \ J/ \\ s \\ % //
Y \ /
-2.0 \“ \‘\ 1 \/ // -
\ \ X //
\ | \ A
-2.5 \ A\
-30 46 48 50 52 54
Time (s)
(c)

Tension (N)

6.51 %
46 48 50 52 54
Time (s)
A — linear
8.0 \ drag
A —— cfd
/|
7.54 / \ /\
e —— N\ / | /™ ]
| [/ - _
570 T | [ ==
2’ N/ [\ ~
8 I\ |
6.5 \\ ;’
v
6.01 \)“
46 48 50 52 54
Time (s)
(e)
N —— moody
cfd
0.10
|
E o0.05 f
c -
% A\ | ™\
3 - // \ \ -
@ 0.004— ~_ / \ / N -
- ‘ \ ) —
\ “ :
—-0.05] \ \ "
\/ \/
46 48 50 52 54
Time (s)

Fig. 9. Results for the harsh focused wave case. (a) surge motion, (b) heave motion, (c) pitch motion, (d) tension fore line, (e) tension aft

lines, and (f) wave elevation.

cylinder. The outer and central cylinders are connected
by pontoons at the bottom of the cylinders, as well as
with braces at the top of the cylinders. A tower with
a simplified nacelle-rotor is mounted on the central
cylinder. The FOWT is moored with three mooring
lines distanced 120 degrees apart: one seaward line in
the direction of the waves, and two slightly shorter
aft lines. Please note that neither braces nor tower
are included in the following study as they are not
interacting with the water flow. For all basin, mooring
and structure data we refer to [24], [26].

We look here at two focused wave cases. The focused
waves are generated using linear dispersive focusing
described by the NewWave theory [28] based on a
Pierson-Moskowitz spectrum. The benign and harsh
wave cases have peak periods 7, = 1.383 s and
T, = 1938 s, and crest amplitude A., = 0.064 m
Aer = 0.127 m, respectively. Figs. 8 and 9 present
the results in terms of wave elevation, surge, heave
and pitch motion and tensions in the fore and aft
mooring lines. Generally, the fit between CFD and

MoodyMarine is not perfect, as could be expected for
focused waves. The dynamics is captured but there are
discrepancies in the amplitudes.

Starting with the benign case we see that there is too
little dampening in the LPF surge motion compared to
the CFD surge and that the maximum peak in heave is
captured accurately but not the following trough. This
is partly due to the fact that the analytic wave elevation
is symmetric whereas the CFD predicts a shallower
second trough. The pitch is not well captured at all, but
these are small overall pitch motions. The exaggerated
surge motion and the poor match of the pitch is carried
over to the mooring line tensions, where especially the
minimum tension is under predicted by MoodyMarine.

For the harsh wave case the fit is slightly better. We
see that the surge and heave response more closely
resemble the CFD data, whereas the pitch is still off.
However, the tension time-series show a much im-
proved match compared to the benign case. This is
judged to be due to the better prediction of the surge
motion. Finally, for these cases adding Morrison drag



Fig. 10. 3D view of the Waves4Power WEC.

to the FOWT gave little effect as can be seen from
Figs. 8 and 9. The drag force coefficients were estimated
from DNV [29] using C'D = 1.9 applied to the bottom
area of the float for the vertical motion, and CD = 1.0
for the horizontal motion, combined with the projected
area of the four columns.

B. Waves4Power self-reacting WEC

In the final validation case we consider a single WEC
device in full-scale, based on the self-reacting point-
absorber Waves4Power buoy [30]. The Waves4Power
system consists of an axi-symmetric WEC, in which
the PTO reacts against a heave plate inside a tube.
The device is moored with three hybrid mooring legs
consisting of a lower and an upper polyester rope, at-
tached to an intermediate submerged cylindrical buoy,
see Fig. 10

This device has been investigated in detail by [31] us-
ing linear potential flow as well as by CFD simulations
in [10], [15]. In the following we will compare to the
CFD simulations [15]. For all environmental, mooring
and structure data we refer to [15], [31].

We consider here the case of a linear incident regular
wave with ' = 7s and H = 2 m. The water depth
is 90 m. In the simulations the WEC is modelled as
a radiation-diffraction body, the tube is simplified as
being closed, and the PTO is given by a linear damper
working in body coordinate heave. The submerged
buoys are treated as 6DoF Morrison bodies with CM =
0.66 and C'D = 0.73, obtained from comparison to CFD
simulations in [11].

The WEC motion is presented in Fig. 11. The heave
amplitude is slightly larger than predicted by CFD.
The surge offset are clearly visible in both the LPF
and CFD results. The surge amplitude is just like the
heave amplitude slightly larger for the LPF compared
to CFD. These differences are most likely due to under-
resolution of the CFD simulation. The pitch amplitude
is well captured with only minor differences between
MoodyMarine and CFD. In all there is a general good
agreement between MoodyMarine and the CFD solu-
tions, as could be expected for this rather linear test
case.
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Fig. 11. Motion of the Waves4Power WEC: (a) surge motion, (b)
heave motion and, (c) pitch motion.

VI. CONCLUDING REMARKS

We have presented the linear potential flow solver
MoodyMarine. MoodyMarine is a GUI layer on top of
the MoodyCore C++ implementation for time-domain
modelling of mooring lines and floating bodies in
waves. MoodyMarine is distributed as freeware and
can be downloaded from www.moodymarine. se.

The individual components of MoodyCore have
been validated in previous publications. In this work
we showed a verification of the newly developed fea-
ture of nonlinear Froude-Krylov force. Decay tests of
a sphere and an ellipsoid yielded results in line with
other weakly nonlinear codes as well as CFD models.
The use of MoodyMarine for more complex MRE
systems were illustrated by a slack-moored FOWT
and a point-absorber with hybrid mooring. It was
shown that, within the LPF underlying assumptions,
MoodyMarine gave reasonable results compared to



CFD simulations.
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