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ABSTRACT

This work describes the overall aspects of the Competition
on Hydrodynamic Modelling of a Rigid Body, a competition out-
lined to evaluate different ways to model and simulate the mo-
tions of a rigid body in waves. The main objective is to deter-
mine a hydrodynamic model for a submerged horizontal cylinder
which best predicts a recorded motion to a specific excitation in
panchromatic waves. A blind study was performed by the com-
petition participants, i.e., the simulation results were obtained
without knowledge of the actual recorded motion of the cylinder.
Only the geometry of the cylinder in solid model and the time se-
ries of the incoming waves were issued to the participants. The
proposed approaches by the participants for modelling the rigid
body and the fluid motions are based on the boundary-integral
equation methods (potential flow theory) with additional viscous
damping forces, where the drag terms are calculated either em-
pirically or via the Navier-Stokes equation method. This paper
describes the details about rationale for choice of the rigid body,
the experimental tests, the competition criteria and an overview
of all modelling approaches proposed by the competition partic-
ipants.
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INTRODUCTION

Studying the motions of a rigid body in fluid has a signifi-
cantimpact on technical applications and scientific research. Re-
gardless of the main purpose of the rigid body, e.g., wave en-
ergy conversion, marine surface vessel or underwater vehicle,
dynamic modelling is an essential part of control design and pre-
liminary testing. Different methods for modelling rigid bodies
and fluid motions have been commonly used, such as analytical
methods, boundary-integral equation methods (BIEM) based on
potential flow theory and computational fluid dynamics (CFD)
codes based on the Navier-Stokes equation method (NSEM).

Two types of BIEM, or boundary element method (BEM),
are commonly used for modeling the interaction between waves
and floating bodies: the weakly nonlinear approach (that can be
solved in the time domain or in the frequency domain) and the
fully nonlinear time-domain approach. The weakly nonlinear ap-
proach uses a perturbation expansion for the solution (the the-
ory of wave radiation and diffraction) and specifies the boundary
conditions at the mean free surface and body-surface through the
use of Taylor series expansion [1]. The same coefficient matrix
for the system of equations is solved at every time step. The fully
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nonlinear time domain approach usually uses a Mixed Eulerian-
Lagrangian (MEL)-type method for modeling surface waves. In
this case, the computational domain is discretised along the do-
main boundaries, including the free surface and the body surface.
The coefficient matrix for the system of equations should be up-
dated at every time step [1]. An extension of the MEL/BIEM to
three dimensions has been presented in [2] by using a high-order
quadratic boundary-element method (QBEM). Viscous effects
calculations for the potential flow solutions are usually added
by including the Morison’s equation [3]. However, the NSEM
models implements a fully viscous solution and the modeling
approach usually involves the calculation of the free surface in a
numerical wave tank and the simulation of the turbulent flow [1].

A systematic review of the methods commonly used for
modeling wave energy converters (WECs) was presented in [1]. @
To demonstrate the utilization of the BIEM and the NSEM (CFD)
methods, the authors have shown a simulation-based example for
modeling the power generation performance of a WEC. How-
ever, little comparison dflifferent modelling approachdsr the
same device has been made in literature, especially where the
objective is real tank test result fidelity.

In this work, we describe the overall aspects of a hydrody-
namic modelling competition, a competition outlined to evaluate | ———>
different ways to model and simulate a rigid body in waves. The | 'ncident wave
rigid body is a submerged horizontal cylinder, and the aim of the
competition is to compare the output of the proposed hydrody-
namic models (i.e., the motions of the cylinder) with a recorded
motion in panchromatic waves. The motions of the cylinder were || W,
recorded previously in 2013 at a wave tank facility, where the
body was subjected only to waves, ocean currents were not con-
sidered during the experimental tests.

This paper describes the characteristics of the selected rigid
body, the experimental tests, the competition outline, the datasetFIGURE 1. Submerged horizontal cylinder: (a) Surface model; (b)
given to the participants, the competition criteria and an overview Schematic of the cylinder and moorings (side view), and definition of
of all modelling approaches proposed by the competition partici- the coordinate system.
pants. Finally, the paper presents a comparison of all the obtained
numerical simulations with an experimental measurement for the
response of the rigid body. The submerged cylinder is augmented to give it a surface

piercing element so that a heave resonance occurs. The reso-
nance period of the device is aroun@ 8 for the heave motion.

—» Surface piercing column

Submerged horizontal
cylinder

Vertical mooring lines

Clump mass

Horizontal mooring lines

(b)

DESCRIPTION OF THE DEVICE AND THE EXPERIMEN- The moorings of the submerged cylinder are vertical lines with
TAL TESTS _ . a clump mass arranged so that a resonance also occurs in surge.
Submerged Horizontal Cylinder Reference [4] reports a comparison between numerical simula-

The hydrodynamic modelling competition does not focus on  tions and experimental results for two different configurations of
any particular type of the rigid body (e.g., wave energy converter, the submerged cylinder. Here, we adopt the configuration de-
marine surface vessel or underwater vehicle). In this framework, scribed in Table 1.
the competition considers a device with a generic shape of the
wetted surface; the device is neither an underwater vehicle nor
any particular wave energy converter. Figure 1 illustrates the ge- Experimental Setup
ometry of the chosen device. The device is a submerged horizon- The experimental tests with the submerged horizontal cylin-
tal cylinder with domed ends, adapted to have surface piercing der were undertaken by Ronan Costello and Davide Padeletti
geometry and connected to a mooring system. at the Kelvin Hydrodynamics Laboratory in the University of
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TABLE 1. Definition of the theoretical parameters of the model.

Quantity Value | Unit
Cylinder diameter 0.2 m
Length of cylindrical surface 0.6 m
Length overall 0.8 m
Submergence of centerline 0.2 m
Column X dimension 0112 | m
Column Y dimension 0150 | m

Displacement volume of cylinder 0.027 | m?®

Mass of clump mass 19.75 | kg

Length of vert. mooring lines | 1.3 m

Tension in vert. mooring lines | 176.7 N

Surge stiffness (moorings) | 1359 | N/m

Heave stiffness (hydrostatic) | 3296 | N/m

Inertia/mass of cylinder 8.9 kg

Strathclyde, Glasgow, UK, between the 9th and 20th of Septem-
ber 2013. Access to the tank facility was through the MARINET FIGURE 2. Photo of the model in tank.
infrastructure access programme. The tank depth wasp

length 76 m, and width 4 m. The model was centered in the

tank and the distance from the model to the wavemaker was 37 m. mental tests:

Figure 2 shows a photograph of the experimental setup. Further
details of the testing are available in [4].

Throughout the tests, unidirectional waves were utilized and
the model orientation was such that the wave crests and cylinder
axis were parallel. Figure 1.b indicates the direction of the in-
cident waves in the model. At rest in still water the axis of the
cylinder was one diameter below the water free surface. The sur-
face piercing geometry is provided by vertical columns of rect-
angular section which extend from the model upwards through
the free surface_. The mooring system comprises vertica}I lines COMPETITION OUTLINE
between the cylinder and a moving clump mass and horizontal
lines, which restrict the motion of the clump mass to heave only. Bod
The horizontal lines extend fore and aft from the clump mass,

e Six camera infrared motion tracking system, which recorded
the 6 modes of motion of the rigid body. The reflectors for
the camera system can be seen in position on the model in
Figure 2;

e Three wave probes, which measured the surface elevation.
The 3 wave probes were positioned: in line with the device,
upstream of the device, and closer to the wavemaker.

The Competition on Hydrodynamic Modelling of a Rigid
y was organized as a special oral session at the OMAE 2015
conference. To enter the competition, the participants submitted

on the waveward side the lines are attached to the tank wall so .
. . . . an abstract to the conference and developed a numerical model
that these lines are fixed length, on the leeward side the lines are . ; . ; .
to describe the motion of the device. The time-series of the surge

passed over tvyo pulleys and attached to a 5kg Mass o that thes%nd heave motions obtained with the models were sent to the
lines have variable length but nearly constant tension. The sig- o .
" . . . N competition committee.

nificant motions of the cylinder are the heave (in #direction,

Fig.1.b) and the surge (in thedirection) motions. Note that the

pitch, sway, roll and yaw motions were neither constrained nor Dataset and additional information

ignored, but were also not significant. More details about the device is available in the paper from
The following instrumentation was used during the experi- Costello et al. 2014 [4]. In addition, the following dataset was
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issued to the competition participants:

e The geometry of the device (and of its wetted surface) in
solid model,

e Atime series of the surface elevation of the incoming waves
(panchromatic waves with peak period 064 s and signifi-
cant wave height of 9833 mm; sampling period of the data:
7.29 ms; total time interval: 51895s).

The coordinate system of the device is defined on the mid-
point of the cylinder axis, as illustrated by Fig.1.b. The pro-
vided time series of the wave elevation was measured by the
wave probe positioned on the centre line of the cylindet (%
y=1.7 m). Notice that the waves were measured with the cylin-
der present, but at a distance of aboitrh from the model, so
that the wave distortion due to reflection or radiation was not sig-
nificant. The waves are unidirectional and propagate along the
x-axis. Figure 3 illustrates 20 s of the recorded wave elevation.

Wave elevation (mm)
100 T

50

-50

~100 s ‘
420 430 435
t(s)

425 440

FIGURE 3. Actual recorded wave elevation in the tank facility.

For the mooring configurations, it is safe to assume the hori-
zontal lines are infinitely long if that is compatible with the mod-
elling approach adopted. The vertical line is attached to bottom
of cylinder and centre line of clump mass. The length of the
vertical tether was.Bm, as indicated by Table 1. However, the
effective attachment points were 25 mm from the cylinder lower
edge and the cylinder radius islOn. Thus, the actual length of
the vertical mooring line is. 25 m.

Criteria

The competition criteria is based on the accuracy of the pro-
posed modelling approach, that is, it is based on a comparison
of the simulated and recordeslirgeand heavemotions of the
submerged horizontal cylinder. Only the second half of the time
series is used for the comparison, the first half is discarded so that
choice of simulation initial conditions does not affect the result.
All the participants have used the given time series of the wave
elevation as an input to their models.

The root-mean-square (RMS) errors (or RMSE) between the
signals obtained with the numerical models and the measured

signals are used as the figure of merit for the entries. The RMS
errors are calculated for about 4 min (between the time interval
from 25644 s to 50291 s). For each of the entries, the RMS er-
rors for the surge and heave motions are added up, so that an
overall balance of the accuracy of the numerical models is ob-
tained. Though, it is also important to be aware of the compu-
tational complexity of the proposed solution. In this sense, the
participants were asked to give an indication of the computation
time and the computing hardware used in their numerical mod-
els.

It is expected a significant effort for modelling approaches
based on CFD codes to do the first step of reproducing the waves
with sufficient accuracy, while this step is almost trivial for fre-
guency domain BEM based models. On the other hand, the vor-
ticity related forces are not completely negligible, so the mod-
elling approaches using potential flow based models has to deal
with this somehow.

REVIEW OF THE MODELLING APPROACH PRE-
SENTED IN REFERENCE [4]

Before showing the competition results and the proposed
modelling approaches by the competition participants, this sec-
tion reviews the modelling approach presented in [4].

The definition of the modes of motion and the sequence of
modes in the matrix equations used in [4] follow the convention
shared by [5], where the six modes of oscillatory motion of a
body are named as shown in Table 2. However, in the numerical
calculations, several modes are suppressed (not calculated) so
that the matrix equations are of sizec3. Then, the three modes
of motion are summarized in Table 3.

TABLE 2. Six modes of oscillatory motion of a body.

Mode Index | Mode Name

Surge

Sway

Heave
Roll
Pitch

O~ W|IN|RF

Yaw

The modelling approach presented in [4] is based on the fre-
guency domain BEM for calculating the non-viscous hydrody-
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TABLE 3. Mode Definitions. (s) surge motion
Mode | Body | Body Mode | Mode Index in Full 200 ‘
Index | No Name | Name | 6*NBODY System toor | R
1 1 | Cylinder | Surge 1 ° < )
-100+
2 1 Cylinder | Heave 3
3 2 Clump Heave 9 _20220 425 430 435 440
(b) heave motion
100 T
50
namic forces described in Cummins’ equation [6], ol I\ e
. "00 . -50
(m+a)é(®) + [ kt=DEDAT+ (c+a)E(H) = Felt) (D) ‘ ‘ ‘
JO 420 425 430 435 440
2 00
Kt-1)= = / b(w) coda(t — 7)]dew, 2)
0

FIGURE 4. Comparison between the simulation results obtained with
wherem € R®<3 is the inertia matrixa., € R®*3 is the added  the numerical model from [4] (blue dashed lines) and the experimental
mass matrix of the system as the frequency tends to infinity, data (red solid lines). The motions are in millimeters.

b € R¥*3 is the radiation damping matrix,c R3*3 is the com-

bined hydrostatic and mooring stiffness matxe R3*3 is the ) . . . )
additional stiffness matrix to represent the vertical tether be- resultant from their numerical simulations. Table 4 summarizes

tween the cylinder and the clump massis the wave frequency, th(_e hydrodynamic modelling appr_oaches and the numerical mod-

& € R¥1s the vector of motions anis € R**! is the vector of elling tools used by each of the six groups.

wave excitation forces. Half of the presented solutions (P3—-P5) used the frequency
For viscous effects calculations, a forBg with quadratic domain BEM for calculating the non-viscous hydrodynamic

damping term following Morison’s equation [3] was added to forces described in Cummins’ equation (1) and included viscous
the right side of eq. (1): damping effects following Morison’s equation [3]. The coeffi-

cients of the viscous forces were tuned based on the experimental
results presented in [4]. Such papers have presented more than
one approach for modelling the dynamics of the cylinder. Nev-
ertheless, here we present only one modelling approach for each
group. In these cases, the approaches with the lowest sum of
drodynamic coefficients for the radiation and diffraction forces the RMS errors are presented. A modelling approach based on
were calculated using the BEM code WAMIT [7]. second-order wave excitations is presented in paper P3, and the
A comparison of the surge and heave motions of the cylin- software Wadam [14] was used to compute the hydrodynamic
der calculated by the competition organisers, with the actual coefficients. Besides, paper P4 has employed the BEM code
recorded motions is illustrated in Figure 4 for the same incident Nemoh [15] and a multi-body approach to determine the heave
wave time series that was issued to the competition participants motion of the device. Paper P5 has simulated the dynamic re-

Fo=—dE®)|E)], (3)

whered € R3*3 is the matrix of damping coefficients. The hy-

(Fig. 3). In this case, with full knowledge of the recorded mo-
tion, the damping coefficients for surgey () and heaved )
modes were adjusted using a simplex optimisation algorithm, so
that minimum surge and heave RMS errors could be obtained.
The RMSE is 134 mm for the surge motion and07 mm for

the heave motion witd; ; =30 Nm~2s? andd, » = 80 Nm 2<%,

HYDRODYNAMIC MODELLING APPROACHES
Following the procedure to enter the hydrodynamic mod-

sponse of the floating system using the numerical modeling tool
FAST [16] and the BEM code WAMIT [7] to calculate the hy-
drodynamic parameters of the model.

The software ProteusDS [17] was employed by paper P6 to
simulate the motions of the cylinder. In addition, this group has
used the BEM code ShipMo3D [18] to compute the rigid body
frequency dependent added mass and linear damping properties,
as well as the wave diffraction loads. In this case, the incident
wave, the hydrostatic forces and the viscous effects are modelled
using a nonlinear method in which the undisturbed fluid pressure

elling competition, six different groups have sent to the compe- field is integrated over the body’s surface. This is achieved by
tition committee the time series of the surge and heave motions discretising the body’s surface into a polygonal mesh with 1600
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TABLE 4. Table of entries for the Competition on Hydrodynamic Modelling of a Rigid Body.

OMAE Paper / ) Numerical Viscous
Paper Modelling Approach

Reference Modelling Tools effects

Fully nonlinear .
P1 OMAE2015-41448/ [8] QBEM Empirical

time domain BEM

in-house CFD code + Solves
WAMIT/SIMO/RIFLEX NSE

P2 | OMAE2015-41732/[9]| Hybrid NSEM/BIEM

in-house code +

P3 | OMAE2015-41752/[10] Frequency domain BEM Empirical
Wadam

P4 | OMAE2015-41821/[11] Frequency domain BEM Nemoh Empirical

P5 | OMAE2015-42288/[12] Frequency domain BEM FAST + WAMIT Empirical

P6 | OMAE2015-42325/[13]] Time domain BEM ProteusDS + ShipMo3D Empirical

panels. motion, P6 has given the best solution (Fig. 5.f). Nevertheless,

Paper P1 has employed the tool QBEM [2], which is based the results presented by paper P5 has the lowest RMS error in
on the potential flow formulation and performs direct time- the overall balance. In general, results obtained from the mod-
domain numerical simulation with fully nonlinear wave-body in-  elling approaches presented by P1, P3, P5 and P6 have showed
teractions. The viscous effects due to flow separation and tur- good correlation with the measured signals and low RMS errors.
bulence are also included by empirical modeling based on the The operating point of the input data (wave elevation with peak
Morison’s equation [3]. Finally, paper P2 has presented a hybrid period of 1.65 s) was away from the resonant response of the
CFD/BIEM numerical approach to model the device. By study- body. Then, the models based on weakly nonlinear approaches
ing the free decay tests with the Navier-Stokes based model, thewere enough to represent the motions of the submerged cylin-
linear and quadratic damping of the cylinder in surge and heave der. However, wrong definitions to the coordinate system or the
directions were determined. The linear damping coefficient was wave probe position have lead to highest RMS errors in the other
given as an input to the BEM, and the quadratic coefficient was results.

used for the viscous hydrodynamic force. More details about the In the coordinate system that was adopted by group P4' the
modelling approaches proposed by the competition participants gngle between the incident waves and the cylinder was, 180
and their simulations can be found in the references [8]-[13].  rather than 0, which means that the waves would be travelling
in a direction opposite to the direction of the actual experimental
setup. This explains the fact that the heave motion shows good
COMPETITION RESULTS correlation with the experimental data (Fig.5.j), but the surge

Figure 5 illustrates 20's of the comparison between the time- Motion is clearly flipped when it is compared to the measured
series of the surge and heave motions of the numerical modelsSignal (Fig. 5.d). In addition, paper P2 has considered a different
from papers P1-P6 and the experimental data. It is important POSition for the wave probe¢ —1.7 m,y=0m), which explains
to mention that such results were obtained without knowledge the Phase delay between the numerical and recorded signals.

of the actual recorded motion. In addition, Table 5 presents the Table 6 presents the computation time of the simulations
obtained RMS errors for the surge motions (RM$§Eand the and the computing hardware used by the groups P1-P6. The
heave motions (RMSH), the sum of the RMSE and the rank- computation time of the frequency domain BEM approaches are
ing of the results. It can be noted that the best RMSE values lower than the time domain BEM or NSEM, as expected. For
were obtained by P4 and P5 (Figs. 5.j and 5.k), and for the surge frequency domain BEM approaches, the hydrodynamic coeffi-
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FIGURE 5. Comparison between the simulation results from P1-P6 (blue dashed lines) and the experimental data (red solid lines). All the motiol

are in millimeters.
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cients are previously calculated in BEM solvers like WAMIT or TABLE 6. Computation time and computing hardware used to run the
Nemoh, and then the same coefficient matrix for the Cummins Simulations at papers P1-P6.

equation is solved at every time step. Nonetheless, for the time Computing Computation
domain BEM, the computational domain is discretised along the Paper Hardware Time
domain boundaries and the coefficient matrix for the system of w :
equations is updated at every time step. The computation time Intel(R) Xeon(R) CPU
for P2 indicates the time for the decay tests in surge and heave in Pl @320GH ~24h
the CFD simulation. z
Intel(R) Xeon(R) CPU
P2 ~168h
TABLE 5. RMSE between the signals obtained with the numerical E5-2687W 0 @3.10 GHz
models (P1-P6) and the measured signals, sum of the RMSE and rank- AMD Phenom(tm) Il
ing of the results. P3 1—2h
RMSE (mm) RMSE.s X6 1055T @2.80 GHz
Paper Rankin .
P RMSE_s | RMSE_h | + RMSE_h 9 P4 Pentlum(R) Dual-Core ~3h
Pl | 19.84 | 1485 34.69 3 CPU E6700 @20 GHz
Intel Core i7-4600M
P2 66.47 34.26 100.73 6 P5 ~210s
P3 | 1589 | 1951 35.40 4 @29GHz
Intel Xeon
P4 82.90 12.06 94.96 5 P6 ~24h
P5 | 1658 | 1211 | 28.69 1 @310GHz
P6 10.84 22.66 33.50 2

motions of the submerged cylinder. In addition, in the overall
balance P5 has showed the lowest sum of the surge and heave
RMS errors. Higher RMS errors for the papers P2 and P4 (surge
motion) are not related to the modelling approach itself, but to

CONCLUSIONS wrong definitions of the wave probe position or the coordinate
This work described the overall aspects of the Competition system.
on Hydrodynamic Modelling of a Rigid Body, a competition out- Overall, the demonstrated level of agreement between the

lined to compare different modelling approaches for the same numerical simulations and the experimental data is very good.
rigid body oscillating in waves. Six groups have entered the The competition participants did not have previous knowledge
hydrodynamic modelling competition and their solutions were about the recorded motions for the results presented in this pa-
based mainly on the potential flow theory (BEM). per, which means that there is still room for further improve-

The results presented by papers P1, P3, P5 and P6 havement. Different choices for the coefficients of the viscous hy-
showed that the numerical models agree very well with the ex- drodynamic forces will probably improve the level of agreement
perimental data at the chosen operating point. The solutions havebetween the signals.
included viscous effects calculations by adding experimentally
derived coefficients to the potential flow solver. P3 and P5 were
based on the freq_uency domain BEM, and P1 and P6 were basedACKNOWLEDGMENT
on the time domain BEM.

It is worth to mention that the best results presented for the
heave motion (P4 and P5) were not necessarily the best results
for the surge motion (P6). Indeed, the solutions of P4 and P5
were based on the frequency domain BEM, while the second one
has used the weakly nonlinear time-domain approach. Since the
operating point of the input data (wave elevation with peak pe- REFERENCES
riod of 1.65s) was away from the resonant response of the body, [1] Li, Y., and Yu, Y.-H., 2012. *“A synthesis of numeri-
the weakly nonlinear approaches were enough to represent the cal methods for modeling wave energy converter-point ab-

This material is based upon works supported by the Science
Foundation Ireland under Grant No. 12/RC/2302 for the Marine
Renewable Energy Ireland (MaREI) Centre.
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