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1 Abstract

The Spar Torus Combination (STC) concept combines a spar floating whirtetand a torus-shaped heaving-body wave
energy converter (WEC). Numerical simulations have shown éiy@osiynergy between the WEC and the spar floating
wind turbine under operational conditions. However, it is challengingaintain structural integrity under extreme wind
and wave conditions, especially for the WEC. To ensure thévability of the STC under extreme conditions, three
survival modes have been proposed. To investigate the performatiee $TC under extreme conditions, model tests
with a scaling factor of 1:50 were carried out in the towsugk of MARINTEK, Norway. Two survival modes were
tested. In both modes, the torus WEC was fixed to the spar. In thedide, the torus WEC is at the mean water surface,
while in the second mode, it is fully submerged to a specifiedigmosithe measurements in the model tests were the 6
degrees of freedom (D.O.F.s) rigid body motions, mooring line tensaoiisthe forces between the spar and torus in 3
directions (X, Y and Z). The wind speed was also measured by a $etisort of the model and the wind force on the
wind turbine disk was measured by a load cell installed on ttpedabwer. This paper describes the model test set-up for
the two survival modes, the test results and the numerical mdaete$ults from the entire test matrix of model tests and
numerical simulations are presented and compared. The numeridid eggee well with the test results for the survival
mode with the WEC fully submerged for which the linear hydrodynaogidd dominate. In addition, several nonlinear
phenomena were observed during the tests, such as wave slammimguMetability and vortex induced motion. These
nonlinear phenomena were not captured by the present numerical modiet avatk on a refined hydrodynamic model

is still ongoing.

Key words: Spar Torus Combination; Combined Wind and Wave Energy Convertaptdviodel Test; Survival Mode;
Numerical model; Uncertainty Analysis.

2 Introduction

Wind energy is becoming an increasingly important source of rénevenergy. By June 2014, about 337 GW wind
power generation capacity has been setup in the world (The World Wiad)\EAssociation, 2014). The installed
offshore capacity in Europe has reached more than 8 GW by the end ofTA@1Buropean Wind Energy Association,
2015). Offshore wind technology has been rapidly developed in recenst wéh a trend towards larger scale wind
turbines, increased water depth, with sites further fromestiod larger wind farm size. Large scale wind turbines asich
the National Renewable Energy Laboratory (NREL) 5 MW reference twibéhe (Jonkman et al., 2009) and the DTU 10
MW reference wind turbine (Bak et al., 2013), have been desmm@re being used in comparative studies by several
research groups. The support structures for the offshore winchaarlare mostly bottom-fixed so far, but there are
increasing interest in developing floating wind turbines. eBavmodel tests for floating wind turbines have been
performed: model tests on concepts with the NREL 5 MW winkirtaratop three generic floating platforms, i.e., spar,
tension leg and semi-submersible (Goupee et al., 2012; Jonkman, 201Q)5& scaling ratio have been tested in
Maritime Research Institute Netherlands (MARIN). Son@aiypes have also been tested: Hywind with a 2.3 MW wind
turbine was launched in 2009 (Stiesdal, 2009); WindFloat with a 2Mid turbine was installed in 2011 (Principle
Power Website, 2015); and two floating wind turbines were iestati Japan in late 2013, a semi-submersible with 2
MW downwind turbine (Fukushima Offshore Wind Consortium, 2013) and a sparawdt MW wind turbine (GOTO
FOWT Website, 2015).

Wave energy also represents an energy resource witheapatgntial and with a much higher power density than wind
power. The worldwide overall resource which is around 2 TW fee@tame order of magnitude as the world’s electricity
consumption (Cruz, 2008). The research on wave energy was intensifieg #870s and was spurred by the famous
cam-shaped floating body known as Salter duck developed by (Satér 2002). Up to now, many offshore Wave
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Energy Converters (WECs) concepts or prototypes have bekrobproposed, they can generally be categorized as
oscillating bodies, oscillating water column, overtopping device (Falcdo,.2010)

Commercial wind or wave farms usually occupy large oceanespd-or this reason, combining the wind and wave
energy converters in the farm configurations would be benkefmighe utilizing the space and energy. In the view of
investment reduction, it would also be beneficial for the wind and wave ermrggriers to share the infrastructures such
as support structure, power substations, mooring system and caébesEU FP7 Marine Renewable Integrated
Application Platform project (MARINA Website, 2015) is one o€ls projects that addresses the integration of wind and
wave energy devices on a single platform with focus on floatomgepts for deep water application. Several combined
wind and wave energy converter concepts have been proposedhthiihisigoroject, with a focus on the spar-torus
combination (STC) concept; the semi-submersible flap concept ($lEGha oscillating water column (OWC) array with

a wind turbine installed. The SFC (Luan et al., 2014; Michailetesl., 2014) uses a 5 MW semi-submersible floating
wind turbine with three flap-type WECSs that are installed @ntlinee pontoons. Functionality and survivability tests of
the SFC with a 1:50 scale ratio have been performed in the besi at Ecole Centrale De Nantes (ECN), France. The
OWC array platform has been proposed by the Hydraulics andiwariResearch Centre in University College Cork
(HMRC/UCC). The OWC arrays include 20 OWC chambers with 1009\stalled in each arm facing the main wave
direction, and a wind turbine is installed on top of the structure. The ST€atascthe focus in this paper.

The STC concept (Muliawan et al., 2012), which is shown in Figurembioes a spar floating wind turbine and a torus-
shaped heaving body wave energy converter. The wind turbindedstathe STC is the NREL 5MW reference turbine,
while the WEC in the STC is inspired by the WaveBob (WaveBob,)26ddcept, which was developed between 1999
and 2013. In the STC concept, the torus WEC can move along the cyirierspar to absorb the wave energy. Rollers
and mechanical brake system are installed between thergp#treatorus. The roller can allow the relative heave motion
between the two bodies and restrict the relative horizontabmdetween them for operational conditions, while the
mechanical brake can restrict the relative heave motimhkeep the two bodies moving together for survival conditions.
An end stop system is also incorporated to limit the excessive relative imetion under operational conditions. The end
stop system, roller and mechanical brake system are shofigure 1. The wind turbine and WEC can share the same
floater, cables and mooring systems. The offshore site coedider design is located 30 km from the west coast of
Norway (Li et al., 2013).

Numerical simulations (Muliawan et al., 2013b) have shown a posijivergy between the two bodies under operational
sea states. However, under extreme conditions, the structubjésted to severe wind and wave loads. Under extreme
conditions, the rotor of the FWT can be parked, and the blade can be feattwetied wind to reduce the wind loads. The
heave natural period of the WEC in the STC is around 6s wittlangping applied, but in operational condition with
power take off (PTO) damping applied, the natural period of the vl @crease from 6 s to 13 s, which coincides with
the periods of waves with significant energy. Considering the large water atea of the torus as compared to that of the
spar and the natural period which is close to the main wakiedpeunder extreme conditions, the structure will
experience significant responses in severe waves due to mesorfaeveral alternative survival modes have been
considered for the STC concept (Muliawan et al., 2013a):

— Mode I: the WEC PTO system is released, the wind turbiparised, and the torus moves freely along the spar. The
motion is only limited by the end stop system. This is referred tihe released survival mode. This mode will result
in extremely large end stop forces and is not considered to be a dhltiers so it will not be discussed further here.

— Mode II: the WEC PTO system is released, the wind turlsingarked, and the torus is locked mechanically to the
spar at the mean water level (MWL). In this mode, the two b@die$ocked and can move together. This is referred
to as the MWL mode hereafter.

— Mode lll: the WEC PTO system is released, the wind turtsrgarked, and the torus is locked mechanically to the
spar. By adding ballast to the torus or the bottom of the #patwo bodies are submerged to a specified position. In
this mode, the torus is totally submerged (SUB) in the water. This moderigdeto as the SUB mode hereafter.

The three survival modes are shown in Figure 1:
3 STC modd and test facility

Model tests for the survivability of the STC were perforrmethe towing tank of MARINTEK, Norway. The tests were
carried out to validate the numerical model and to investipatperformance of the STC survival modes under extreme
conditions. The MWL and SUB modes were the focus for invegtigjaiossible strategies for survivability (Wan et al.,
2014). The measurements from the model tests were the motions, moocies and interface forces between the spar
and the torus.
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In the model test, geometrical similarity, kinematic samifly and dynamic similarity need to be satisfied. If theule
number Fn=U/(gL9", is kept the same between the full scale and model scattuses, the Froude scaling is followed,
which ensures the ratio of the inertia and gravity forcesaénee between the model scale structure and the prototype. In
the Froude number, U is the characteristic velocity, gegythvitational acceleration and L is the characteristigth of

the model. The STC model was downscaled by Froude scaling watioaof 1:50. The scaling factors for the different
variables are listed in Table 1. For extreme sea stam® are usually large H/D and smdll/L applied, where H is the
wave height, D is the characteristic dimension and L is wave length. ForGhddSZ0 m for the torus and 6.45 m for the
spar, assuming H=30 m, then H/D<5, drag may become relatively impastanmpared to smaller waves.

The dimensions of the STC model are shown in Table 2, tlfis doa the different survival modes are listed in Table

and the weights are listed in Table 4. All of the valireshis paper are presented at the full scale unlessvasiee
specified. The simulation model is at the model scale, buethdts are up-scaled to the prototype scale. The model test
results were also up-scaled. In the SUB mode, the whole modedubanerged by 26 m compared with the MWL mode.
In this case, the distance from the bottom of the torus to ithevater line (SWL) would be 30 m in the SUB mode,
compared to the torus draft of 4 m in the MWL mode. This draft @haag be modified in the prototype by changing the
ballast.

The model test facility and layout are shown in Figure 2. dagng tank is 260 m long, 10.5 m wide and with two
different depths of 10 m and 5.6 m. The depth is 10 m from the wawer imade a 85m distance, and is 5.6 m in the other
part of the tank (MARINTEK, 2014). The maximum wave height andewzeriod range can be generated by the wave
maker is 0.9 m and 0.8 — 5 s respectively in model scale. The mquated in the position with 10 m water depth. The
coordinate system of the model test is set as follows: theeetion is positive downward, and the x direction is positive
in the wave maker direction. The origin is assumed to be at the oitensef the still water surface and the central line of
the cylinder. Four resistance-type wave probes were used tadise The first is located 15.5 m in positive x direction,
the second and fourth are located 2 m in the positive and negativectiattiy respectively, and the third is located 0.77 m
in the positive x and 2.67 m in the negative y direction. Two rdvians with four fans in each row are installed in front
of the model to generate wind. To reduce the lateral mean wiradl spel the occurrence of large turbulent eddies,
honeycomb structures were used. The wind generated can be assuntedt @osg the vertical direction. The wind
velocity sensor was installed between the fans and the STC.mdidble control and electronic devices, e.g., computers
for recording data, controlling the wave maker, wind generatiamiaga position, and cameras, as well as the A/D
converters, channel amplifiers and so on are all located on thelgaatform. Pictures of the test facilities are shawn
Figure 3.

The STC model is shown in Figure 5, each part of the model andatiegiahused are illustrated. The coordinate system
is also shown. The still water levels for the MWL and SU@les are shown with blue lines in Figure 5 and Figure 6.The
tower and main buoyant part of the floater are composed of PVC mateddheacylinder in the middle part of the model
(i.e., the upper part of the spar floater) is composed of alumaliapn The aluminum alloy has a low weight but high
stiffness that allows the installation of load cells betwéhe two bodies. The torus is made of two materials: tleeigor
composed of Dyvincell, and aluminum alloy plates are located on the top and bottoroarkthe

Eighteen HBM DF-2S water-proof bending load cells were combinddrestalled to measure the forces between the spar
and torus as shown in Figure 6. These load cells rigidly conndutetivo bodies and measured the total forces and
moments in the global x, y and z directions. The eighteen loadweik installed at six positions and for each position,
there were three load cells combined. Three of the positi@ns located on the top of the torus and they were 120
degrees apart with respect to the vertical axis of thada#; the other three positions were located on the bottom of the
torus with the same x and y coordinates of the top ones. At eaitbbmadtree load cells were combined orthogonally to
measure the forces in three local directions. The totaé$oatong the three global directions were then calcufeted
these load cell measurements. For each load cell, the me&uweavas assumed to be applied on the center of the load
cell, and then the moment could be derived by knowing the distartte dbrce applied position to the origin of the
coordinate system for MWL mode. For a single load cell, theimeandity, the hysteresis error and the creep over 5 mins
are all between -0.05% to +0.05% of the sensitivity.

The catenary delta line mooring system was deployed in the prototypevas is Figure 1. The mooring line tension was

provided by the mooring line weight in water and the catemagygeometry. To limit the yaw motion of the prototype, a
delta shape mooring configuration in each fairlead part wasoykapl In the model test, the mooring system was
simplified as 3 rigid bars connected by 3 linear springs. Thisguoation can provide yaw stiffness as the delta mooring
configuration in the prototype.

The motions of the model were recorded using the Qualisys sgstgmwere tracked by 3 reflection balls and 8 cameras.
The reflection balls are installed on top of the tower as shoviaigure 5. By hammering test, the tower first and second
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flexible mode is around 7 Hz and 19 Hz in model scale, which is mgbler than the wave frequency range (around 0.3
Hz — 1 Hz) and horizontal mooring stiffness of the model which is around 0.07 Hz,Hleatower is rigid enough.

The wind tests were performed to model the correct mean wind trdedg forces on the turbine. The wind thrust curve
is shown in Figure 4. The wind power is not considered. After cutoat speed 25 m/s, the wind turbine will be parked
and the blades will be feathered to the wind, so thesaliswind drag on the blade, and there is no centrifugal fauoe
gyro moment. At rated wind speed of 11.4 m/s, the thrust force onttirereached the maximum value. Two disks of
different diameters were used to model the two different ttiouses based on the drag formulation on the flat plate:
F = 0.5pAC,;V?, whereF is the thrust force on the disk;is the disk are&C, is the drag coefficient, which is assumed to
be 1.9 according to the DNV rule (DNV, 201f)is the density of the air; and V is the relative winded#y. In the test,

the wind velocity and wind thrust were both downscaled by Froudengcdlhe diameter of the disk can be calculated
based on the prototype thrust curve and the designed wind velbo#ydiameter of the large disk is 185 cm, and the
diameter of the small disk is 15 cm. The small disk islueemodel the thrust force under extreme wind conditions, and
the large disk is used to model the thrust force under operationditions. The centrifugal forces, rotation moment and
aerodynamic damping and so on were not taken into account. It $feulated that, in the operational sea states tested,
the STC was still in the survival conditions, i.e., the MWL &uB modes. The wind probe was installed between the
fans and model at a height of approximately 75 m above the MWL.

4 Test matrix

The test procedure is described below. The test procedure applied to hdiNithend the SUB mode.

First, hammering tests were performed before and aftengutte model in the water by hitting the model with a hammer
at several locations on the spar or torus. The main purpole bAmmering tests was to identify the eigen frequencies of
the torus local vibration, and the torus global vibration with @sfmethe spar in the 6 degrees of freedom (D.O.F.s).
Such mode would be excited when the bottom slamming occurs for the MWL modieiwkves.

Second, decay tests were performed for the 6 D.O.F.s oigidebody motions. The natural periods and damping levels
can be determined from the measured decay curves.

Third, regular wave tests were performed to determine thefémafunctions of various response parameters, such as the
motions, interface forces between the spar and torus, and moorifanseri$e wave periods varied from 7s to 23s, and
two sets of wave heights were tested with H=2 m and H=BanH=2 m, the waves are mostly linear waves, while for
H=9 m, the waves vary from linear waves to tffeosder Stokes waves (DNV, 2010). For H=9 m, the viscous effect
should be important as compared to H=2 m. In the numerical model, linear waweithassumed.

Fourth, tests in irregular waves with no wind were consideragkelsea states were selected based on the metaocean dat
of the western coast of Norway. For extreme sea statesOitMAnethod (Winterstein et al., 1993) was used to establish
the 3D 50-year contour surfaces of Uw (mean wind speed at 1@mthdils and Tp for the selected sites, and then a
condition with maximum Uw and a condition with maximum Hs arecteteas the extreme sea states. At last, one
operational sea state (Hs=2.75 m, Tp=11 s) and two extrem&atesa(sis=13.5 m, Tp=15 s and Hs=15.3 m, Tp=15.5 s)
were chosen as the testing sea states. All of the gethevates follow the Joint North Sea Wave Observation Project
(JONSWAP) spectrum, which covered the energy between 8@ san full scale, and several tests were perforfoed
each sea state using different seeds.

Fifth, wind only tests and combined irregular wave/wind tesieevperformed. Based on the irregular wave tests, wind
condition was considered, with the Uw=33.3 m/s for extreme s&a aftdds=13.5 m, Tp=15 s, and Uw=31.4 m/s for
extreme sea state of Hs=15.3 m, Tp=15.5 s. For the operatiorsthtmaa wind velocity of 11.4 m/s was selected. Only
constant and uniform wind fields were used for the combined irmegiaae/wind tests. First, the wind only tests were
performed to investigate the wind effects without waves. Tiienwave was incorporated and the wave conditions were
the same as those in the pure irregular wave tests. Ftedisewith wind, the large wind disk was used for operational
wind conditions, and the small disk was used for extreme winditomms. In the two extreme sea states, two mean wind
velocity with very small difference in model scale was resfijibut due to the step voltage control of the wind generating
system and the open space condition, it was difficult to gentdiratdesired mean wind speeds with high accuracy so
finally the same mean wind speed of 38 m/s in full scale was genevatbé fwo extreme sea states.

5 Numerical modelling

To simulate the complex system including the spar, the torus ainddhbeling effect as well as the mooring system and
wind loads, an integrated analysis is needed. A nonlinear modelding the viscous Morison drag and quadratic
damping terms to predict the motion and force responses are ihcladthis case, a frequency domain model is not
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applicable. The simulations in this paper are based on thedhybguency- and time-domain model (Naess and Moan,
2013) in model scale.

The hydrodynamic properties of the test model, i.e., the linearaggaitforces for each body in the 6 D.O.F.s, added
mass, potential damping and coupling terms of the two bodieslatdated in the frequency domain using the software
Sesam/Wadam (DNV, 2011). The frequency domain motion equation can be expsessed a

—0?(M + A(w) )x(w) + i0C(w)x(w) + Rx(w) = F(w) (1)

in whichM is the structural mass matrik{w) is the frequency domain added mass magi(ixy) is the frequency domain
displacement€C(w) is the potential damping coefficients matixis the restoring coefficient matrix; afidw) is the
external force. Equation 1 is based on linear potential théfospme nonlinear effects should be incorporated, a time
domain model is needed. The equation of motion for a rigid floating bodydeoimgj the quadratic viscous damping with

6 D.O.F.s can be written in the time domain as:
(M + A(e0))%(t) + Bxlx| + [J k(t — ©) x(t)d + Rx(t) = f(t,x,%) )
in whichA(c0) is the added mass matrix at infinite frequengyk andx are the displacement, velocity and acceleration

in time domain, respectivelyB is the quadratic viscous damping coefficients mak{x) is the retardation function,
which is based on the added mass and potential damping matriftand) is the summation of the external force in
time domain related to the displacement and velocity.

The motion equation in the STC model has 12 D.O.F.s due to the two-body model. Tdi@mexorces in the simulation
include the Froude-Kryloff forces and diffraction forces, whichcaleulated using the 1st order potential flow theory by
the panel method, while the drag force is simulated by assefislender elements with specified Cd values accotding
Morison’s equation. The wind thrust force is simulated by tlag dorce on the disk, and it is calculated based on the
measured wind velocity and the disk area. The wind drag fancthe tower is modelled by a clump force applied at the
middle point of the tower above the still water plane. Thehaeical couplings are modeled as linear spring-damper
systems. Due to the mechanical coupling, a small time stepdsiughe time domain calculation. The mooring system is
modeled by linear springs. The time domain model is modelled anedsisi Simulation of Marine Operation (SIMO)
(MARINTEK, 2007), which was developed by MARINTEK. The motion ecurafior the STC model can be expanded
and rewritten based on equation 2 as:

M+A@),, Al [xl(t) +[(B)n 0 Hxl(tnxl(tn N ft[kn(t—r) kyp(t—1) [xl(ﬂ] i
A(0),4 (M+A(00))22 X,(0) (B)22] 1%, (D) %2 (D] o LK21(t—1) hy(t— Dl %, (1)

R)i1 0 [x(O] _ [fwindp] , [F11 O], [F21 (O [fdrag (t)] [fcoup“ng1(t)]
+[ (R)zz] [xz(t) _[ ]+[f12(t)]+[fzz(t) fdrag ()| ™ [feoupling (¢

in which the subscript 1 or 11 signifies the variables of body I)(sp#bscript 2 or 22 signifies the variables of body 2
(torus); subscript 12 or 21 signifies the coupling termsvéen the spar and the torus. The vertical (heave) quadratic
damping of the spar and torus are modelled by the quadratic dampirig amathe left side of equation 3, while the
horizontal drags are modelled by Morison drag forces and ardisihy the drag term on the right sid&ind(t) is the

wind drag on the tower and didié; (t) andf?, (t) are the T and 2“ order wave forces applied on the spar, respectively;
fdrag_(t) andfdras, (t) are the total Morison drag forces on the spar and torus, tegpeche interface forces between
the two bodies can be expressedf#@¥Pling, = R'(x,(t) — x,(t)) + B'(%,(t) — %,(t)), whereR’ andB’ are the
stiffness and damping coefficients matrix of the load cells, respégtandfcouprling, — —gcouple

Considering the long cylindrical body of and the Re number wiismiller than 1x£pthe flow in the horizontal plane

is in subcritical flow region (DNV, 2010). During the numericamngiations, the quadratic coefficient Cd=1.2 in
Morison’s formula is used for the horizontal direction, &u¥1.9 is used for the vertical direction, where sharpexsr
exist. In addition, the wave forces and drag forces on the delbaing bars are also taken into account by assuming
Cd=1.2. These drag coefficients were chosen based on the estRegteolds number and the structural shape of the
model. Due to the complex shape of the model, the selection of Cd canpbé&a, so other Cd values were also
considered to evaluate the uncertainties.

To account for the™ order effect in the STC, Newman'’s approximation (Faltinsen, J1893sed to estimate the slow-
drift motions. The mean drift forces are calculated based on the presegration method, and the low frequency part of
the wave force spectrum is calculated by SIMO based ol sea state spectrum according to Pinkster’s formula
(Pinkster, 1975) as:

3)
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whereF;(w + p/2) is the mean wave load in directiofor frequencyw + p/2; S(w) andS(w + u) are the wave spectral
values for the frequenciesandw + p, respectivelyf, is the incoming wave’'s amplitude; aAdw + p/2)/{? is the
mean drift force transfer function. The second order forceth&STC were calculated by considering the model as one
body, and the forces were applied on the spar in the SUB mode and on the torlWitheode.

6 Comparison of test and numerical results

The test results for the SUB and MWL survival modes aesgnted and compared with the numerical results in this
section.

6.1 Decay tests and the comparison with smulations

The 6 D.O.F.s decay tests were performed, and the natural pefidde rigid body motion and damping ratios are
presented in Table 5 for both the MWL mode and the SUB mode. Themaien decayed rapidly due to the
supercritical damping level, so the natural period and dampimg d¢é\the yaw were not identified. In the MWL mode,
the roll and pitch decays were strongly coupled with the surdesavay motions, so the pitch and roll damping ratios
were not identified clearly. The numerical results agree verywithl the test results.

6.2 Regular wave tests and the comparison with simulations

Regular wave tests were performed to determine theferafumctions between the responses and the incident waves as
well as possible nonlinear effects due to large waves.r@qidts show the responses to sinusoidal waves for different
wave periods and wave heights. Several wave periods and twe heights were tested for each survival mode. The
small wave height is 2 m, and the large wave height is 9 m. Ndtsttbagly nonlinear phenomena were observed during
the regular wave tests. Slamming and green water assvdlathieu type instability were observed for the MWL mode.
The vortex induced motion (VIM) was observed for the SUB mode. &fpalar wave test matrix and the occurrence of
nonlinear phenomenon are shown in Table 6, where the cases for the nonlineareplassr@nwith colored background.

‘Slamming’ (Faltinsen, 1993) often refers to impulse loads Wigh pressure peaks that occur during impacts between
the body and water and represent local liquid-structure impaletisiming is dangerous for the WEC and the interface
between the torus and spar because the impact will induceldadge which depend on the local relative structure-fluid
velocity and the local geometry in the impact region (desalaingle). When the torus and the spar are locked together,
the heave natural period of the STC is 12.7 s, which is lb¢atthe frequent wave period region. Moreover, due to the
small draft of the torus (4 m), water exit and entry phenonoérihe torus are expected to occur. Under small wave
heights (H=2 m), water exit was observed only for waves Wit periods close to the heave natural period, i.e.,
approximately T=12 s and T=13 s. However, due to the snatlaind height of the torus, slamming and green water can
be observed with the large wave height (H=9 m) for most of the wave periods

Mathieu-type instability (Haslum and Faltinsen, 1999; Koal €t2004) is a kind of instability that occurs when the wave
excitation period is half of the pitch natural period, the piegonance is exited. This is due to the influence of the heave
motion on the pitch restoring term, which becomes time varying.ifi$tiability was observed for T=17 s and 19 s, which
represent relatively long waves. In these cases, the gerigitch motions evolves gradually from the wave period to
twice the wave period, while the pitch amplitude also increasesdnsaant value.

For the SUB mode, the VIM was observed. The VIM usually happtiesn there is current passes a cylinder, and the
vortex shedding frequency is close to the resonant frequency ohdtion and causes the resonance. In the tests, the
transverse motions (sway and roll) and the yaw motion inategrselually for large wave periods of T=23 s and T=25 s.
The nonlinear phenomena observed during the test will not be discussedaptigiue to the lack of space.

The steady-state response amplitude of every channel was dbyidbé input wave amplitude to obtain the Response
Amplitude Operator (RAO) in the numerical simulations. To obtiantest results, the RAO was calculated by dividing
one cycle of the steady-state model response by the corresparaiadieight at the model position. Even in the steady
state of the regular wave test, due to the variations of thétmploe wave maker, the wave height is not exactly the same
but varies slowly with a small change in amplitude, so ¢éspanse also varies. In this case, the scatter of theldi2aéd

on 20 wave cycles was investigated. The standard deviation (STD) is ahdlerror bars in Figure 7 and Figure 8.

For the SUB mode, the numerical results were considerethdamio wave heights. The RAO of each channel for the
SUB mode and a comparison with the test results are plotted in Figilie RAOs for large waves are smaller than those
for small waves due to the significant effect of damping near sumaat period.
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In the regular wave tests for the MWL mode, there is no stnontinear effect for small waves. The RAOs from the tests
and simulations considering only small waves are plottédguare 8. The comparisons show a small inconsistency in the
resonant area (approximately T=13 s), where nonlinear phenomégraexi and entry occur. Regular wave tests were
also performed for the large wave height (H=9 m), but strong nanmlpleenomena were observed. The heave resonant
motions at the natural period of 13 s were excited for the MWL naoakthe vertical force RAO follows the heave RAO.
For the STC, the surge is partly induced by the pitch, and theyadjgrfellow a straight line in RAO results because the
resonant period is away from the wave period.

For both the SUB and the MWL modes, large discrepancies of the RAO compé#oismu®ring line tension appear. The
mooring line 1 tensions are the most significantly underetiinby the numerical simulations. This is because the
relatively large-size springs were used for the mooringslime this test and the mass of the mooring line 1 is
approximately 4 times greater than the mass of mooring 2 orimgo®r The mass of the springs were not taken into
account in the numerical simulations in SIMO, i.e., the inertia effiettte mooring springs was not considered.

Figure 9 shows the configuration of the mooring spring systereirtgst, in which one end of mooring spring 1 was
connected to the mooring bar and the other was connected by t raeel bar that was fixed to the carriage, while
mooring lines 2 and 3 were connected by ropes to the side walls of the tank. Mooring disenbdeled by 4 springs that
were series-parallel connected, while mooring lines 2 and 3heaehonly one spring. Thus, the mass of mooring line 1,
which was approximately 1.5 kg in model scale, was approximéteiges that of mooring 2 or 3. In addition, the rope
for mooring line 1 was quite long. Because of the large weigtitthe length of the rope, mooring spring 1 was curved
under static conditions, which caused problems in measuring thengdorces, as shown in the left figure of Figure 9.
One problem was that the measured force includes the dyrmdfeat of the mooring springs; another was that the
measured force was not exactly horizontal but it was inclined.

During the tests, the spring 1 not only provided stiffnessreTalso exists wave excitation loads on the spring as well as
the inertia effect of the spring, which induce dynamic loads ondhagef in addition to the restoring forces. As dynamic
excitation forces, the mooring line 1 force RAO and the exwitdbrce RAOs of the spar and the torus in surge (F1) and
heave (F3) directions in the MWL mode are compared in ititg figure of Figure 9. In 12 s and 13 s, there was
slamming observed, so the mooring line forces will not batin€he percentage of mooring line 1 force RAO in non-
slamming region compared with the F1 force RAO for the gp&om 0.7% in 21 s to 7.3% in 14 s, with the mean
percentage of 2.8%. Considering the linear relationship betwediormand external forces by different excitation
components in each wave frequency, the mean discrepancies on roatisad by the dynamic mooring forces is under
2.8%. Considering the incline of the mooring line 1, the horizontedida is smaller than the measured mooring line
tension, which makes the discrepancies even smaller. So it camd¢laded that the effect of the mooring dynamic effect
to the motion of the STC is limited. However, the dynamieatffs important to consider when looking at the mooring
line tension. The mooring dynamic effect will be further discussed in tregtaimty part of this paper.

6.3 Irreqular waves and wind conditions

The test matrix for irregular waves and wind is shown ind&bThere are irregular wave only tests, wind only tests and
the irregular wave+wind tests for both the MWL mode and the 8idBe. Only constant and uniform wind speed was
considered. The response of the STC with irregular waves wi@sl t;n one operational sea state and two extreme sea
states. Realizations with different seeds were caoigdor each sea state, and the number of realizations is shown i
Table 7. The recorded effective time for each test was rharelt.5 hours at the full scale.

For the wind cases, the large wind disk was used for the mpedatvind conditions, and the small disk was used for the

extreme wind conditions to model the correct thrust force.\ildve conditions in the wave+wind tests were the same as
those used in the wave only tests. Cases Al to A3 refer todigalar wave only tests, B1 and B2 refer to the wind only

tests, and C1 to C3 refer to the irregular wave only plus wind tests.

All of the generated waves followed the 3-parameter JONSWpéttrum with the given Hs, Tp and peakedness
parametery. The higher is thg value, the sharper is the JONSWAP spectrum shapeh&dwb selected extreme sea
state,y=3 is suggested by (DNV, 2010). For the operational sea gtdiés suggested. The measured wave spectrum and
input wave spectrum are compared in Figure 10. In addition, thistise property of the generated waves are
investigated, and the probability distribution function (PDF) amahudative distribution function (CDF) are shown in
Figure 11 and compared with the Gaussian distribution.

6.4 Irreqular wavetests and the comparison with simulationsfor the SUB mode




O©CO~NOOOTA~AWNPE

The numerical simulation time series and spectral resultthéoEUB mode in A1 are compared with the test results in
Figure 12. The simulation model considered tharid 2° order wave forces. The resonant frequencies are 0.061 rad/s for
surge, 0.134 rad/s for heave, and 0.242 rad/s for pitch. The simulajmmse time series agree well with the test results;
both the amplitudes and phases show good agreements. Largé&eemaxcy motion responses and small low-frequency
motion responses in surge and pitch are observed in the testraatisins. There is no wave energy at 0.134 rad/s. But
there is significant response in heave, due to the second-oagterl@ads. The slow drift motions in surge and pitch are
also observed in the simulation that considers only therder wave potential and this is due to the quadratic viscous
effect by the drag element forces around the instantaneousufifeee that gives d%order effect. But, the magnitude is
smaller than that obtained from the test. THerter simulation failed to predict the slow drift for heawile the 2°
order model captured this effect. There are no observablerémuedncy responses in the interface forces in x direction
(FX) and z direction (FZ).

Figure 13 compares the responses from the tests, the simulzgetson the*lorder wave forces and simulations based

on the 2° order wave forces in the extreme sea state A3. The respumgesties under sea state A3 is similar to that
under Al. Comparisons of the response time series and speg@serted. The time domain comparison shows good
consistency between the tests and simulations, and the frequenayndalist shows good consistency in the wave

frequencies. However, in the low frequency part, the surge ande hmations are slightly underestimated by the

simulations. The time and frequency domain comparisons of the sedteces are also presented and show that"the 2

order wave force has a negligible effect on the force channels.

Figure 14 plots the mooring line force spectrum from the testissimulations based on th&drder and %' order wave
force for sea state A3. In the test results, there andfisant peaks in the resonant frequencies of surge and pitelne Th
are also obvious responses in the wave range for the mooringuspedtthe tests, especially for mooring spring 1. In
the simulation, the slowly varying responses in surge and gisgnant frequencies dominates the mooring line tensions,
while the mooring line tension responses in wave frequencysignificant. The reason for the large wave frequency
responses in the mooring line 1 for the tests is due to the mooring dynantaehtioned above.

6.5 Irreqular wavetests and the comparison with simulations for the MWL mode

Irregular wave tests were also performed for the MWL maae the cases are shown in Table 7. In cases Al and C1
(operational sea states), little slamming occurred. In cd8eé3 and C3 (extreme sea states), ¢heitations were so
large that water exist and entry problems were observedagdarge slamming forces were measured. This seofion
the paper presents the simulation results and compares thettevitist results. However, the current numerical model
doesn’t include the slamming force.

The resonant frequency is 0.064 rad/s for the surge, 0.174 rad/s for the pitch and 0488 ttael heave under the MWL
mode. Plots of the test results, the simulation results comgjdenly the 1st order wave loads and the simulation results
considering the land 2° order wave loads for case Al are shown in Figure 15 and Figutla the simulations, the'1
plus 2° order model gives good results compared to the tests; howevdsisttbeder model failed to capture the large
slow-drift motion. The WEC has a large water plane areaghwteflects large waves, s8 drder force should be larger
(as compared to the SUB mode) according to Maruo’s formula (MAUR60) considering that the WEC is locked on
the spar and no wave power was absorbed.

In the MWL mode, the heave natural period was in the wave regidrnthe resonant heave motion was excited, but
because the excitation was small in the operational sea thimte were few slamming problems. In the surge and pitch
response spectra, there are two clear peaks which correspbediaural frequencies in surge and pitch. In the interface
force spectra, the peaks are mostly in the wave frequenionreond the low frequency part is not as significant as in the
motion spectra. For the mooring force spectrum, mooring line & kage value in the wave frequency region, which is
the same as in the SUB mode.

In extreme sea states A2, A3, C2 and C3, the resonant heave masidarge, and strong nonlinear phenomena were
present, such as slamming and green water. The simulatioot capture these phenomena. However, the comparisons
between the simulation results and test results are stfepted to investigate the difference. Due to the largechea
motion in the extreme sea states, the WEC continually exiteer@teded the water, which induced large water impact
forces. The slamming and green water together with the clarngsyancy force had effects on the motion responses.
The results for the motion responses are shown in Figure 17. Figure 18 Badoree response results. The test results in
Figure 17 show that the slow drift motion is still dominant but isasagignificant as that in the operational sea states and
that due to the exit and entry from the water, the motiomsestuced compared with the motions without slamming, as
shown in the simulation results. This process can be describelibasst when the WEC goes out of the water, there will
be suction force on the WEC bottom. And then, both the hydrostatic anadiggdmic forces will disappear. Only the
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gravity force and the inertial force will act on the STChil, when the WEC re-enters the water, there is significant
slamming force in addition to the normal hydrostatic and hydrodyn&ories. When the WEC is fully submerged, the
WEC top surface also becomes wet and there will be additiyalbstatic and hydrodynamic pressure loads on this
surface.

Figure 18 shows clear force peaks due to the impact of the,veatérthe impact forces are very high frequency
components with high values (not shown in the spectral plot), whiegltrédical to the ultimate strength and fatigue
damage to the structure. The spectrum plot also shows thatthiat®n gives significantly higher values in the low
frequency range of Fx and over predicts the values in the wave freqaegey

Further investigation on the water exit and entry problems is needed.

6.6 Wind tests and the comparison with ssimulations

In the prototype under extreme conditions, the turbine is parkedharuade is feathered to reduce the wind load. The
wind thrust curve shows that the wind thrust on the rotor is greatker operational cases than under extreme conditions.
In extreme test cases, the absolute mean wind velocity isxaptely 38 m/s, and the turbulence intensity measured is
approximately 0.3, which is high in offshore conditions.

In this model test, no intention to study the behavior of the STCrundaulent wind was made. Only constant and
uniform wind conditions were considered. The main purpose to congiddrconditions is to study its effect on the
motions under the same wave conditions. The wind only tests and wingimlkations are compared first to validate the
simulation model with wind. The mean values of the results laogrs in Table 8 for case B2 in the MWL. The
simulation and test results for the time series under egtreave and wind conditions are then compared. In the
simulations, the measured wind time series were used aspiltefor the calculation of the drag on the tower. The force
on the rotor was modelled as a constant thrust that waslatgld from the mean wind velocity. This is because in
extreme wind conditions, the wind drag on the tower is largertthet on the rotor. The mean drag on the rotor is around
73 kN under U=38 m/s, while the mean drag on the tower is 350 kikéddBUB mode, and 566 kN for the MWL mode.
The wind time series can only be applied on the model oneitirtie2 simulation. It would be better to apply the wind
time series on the tower. The simulation results and tedtsésiusea state C3 in the MWL mode are plotted in Figure 19.
The effect of wind on the motion in the time domain for casén@3e SUB mode is shown in Figure 20. The simulation
considered the" order wave effect. Since only constant and uniform wind conditiegre considered, it is observed
from the tests that only the mean values of the respohsagi€ due to the presence of wind. The numerical simulations
give reasonable estimates of wind loads and induced motion respéustger study is needed to investigate the
behaviour of the STC in turbulent wind conditions.

6.7 Response statistics

The statistical values (mean, standard deviation, maximum arichom) of the responses are important parameters that
indicate the performance of the structure. In this sectionmgdmonse statistics for different sea states are peekertie
statistical values are the expected values of the gtati&ir all the realizations of the same sea state doceethe
statistical uncertainty. Each simulation corresponds to one inotull scale. The statistical values from tests and
simulation results of the MWL mode and the SUB mode in operationalagegAl), extreme sea state | (A2) and Il (A3)
as well as the extreme sea state Il + wind casesdf@3presented in Figure 21-24 respectively. The simulationlmode
considered the second order wave forces.

From Figure 21 to Figure 24, several conclusions can be made:

— In operational sea states, responses of motions and intésfaes are significantly reduced in the SUB mode than
those in the MWL mode. There are good comparisons between simulation aedukst

— In extreme sea states, there are large deviations betiv@simulation and test results for the MWL mode due to the
strongly nonlinear phenomena, especially the motion and force.pBadkdinear model over predicted the motion
extremes while under predicted the forces extremes in the MwWde. The responses of every channel are
significantly greater than those under operational conditions.

— In extreme sea states with wind, the surge and pitch exdrintbe wave propagation direction increase signifigantl
in the presence of extreme wind. The surge and pitch respansasddy the wind in the SUB mode is smaller than
that in the MWL mode. The effect of wind on the heave motioregigible compared to that on the surge and pitch
motions.
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— The mean drift motion due to waves in the SUB mode is not signifiwhile the mean drift motion due to waves in
the MWL mode much larger. However, the wind is the main sodrteedarge mean drift motions in both modes in
extreme conditions, especially for the SUB mode because there is insighifiean wave drift.

The expected values of STDs for the realizations from tegissimulation results are compared and shown in Table 9.
The values are calculated from (SIM.-TEST)/TEST. Th&edihces are mostly under 10%, except for the wind case C3
for the SUB mode. This may be due to mean wind drag applied orotite which should be dynamic wind drag
calculated from wind time series. The STDs of the extreme cas#efMWL mode is not presented.

6.8 Extreme values estimation

The extreme values from tests and simulations for the MWILSJB modes under sea states A3 and C3 are compared
and shown in Table 10. The extreme values are the 1.3 timbe ofidan of the maxima of all the realizations for the
extreme sea states I, i.e., A3 or C3, considering the sess ®atection method. Such characteristic values can be
considered as the long-term extreme values using the contoumétieod. The positive extremes (extreme +) and
negative extremes (extreme -) in the cases with drowttwind are all listed. The relative differences of #std results
between the MWL mode and SUB mode, which are calculated from (I8WR)/SUB are presented. The differences
between tests and simulation results under the SUB mode, which is caléidat€SIM.-TEST)/TEST are also shown.

All of the responses for the MWL mode are significantly greaterttase for the SUB mode, and the relative differences
for the forces are even greater (all are more than 350%)ynthue to the slamming impact forces. The test with wind

shows a negative relative difference for pitch due to tmelimduced pitch that gives a positive extreme value in the
MWL mode but a negative extreme value in the SUB mode. Th@amson between simulation and tests results under
the SUB mode shows the differences that are mostly under 20%, excephaasies test results are small.

Mooring tension extremes are critical values for the mooring@sysdesign. During the tests, there was dynamic effect for
the mooring line 1. The mooring tension varied around the pretengpbiedy and the tension range of each realization
for mooring line 2 and 3 under the extreme sea state A3agtimated. The mean value and STD of these tension ranges
are presented in Table 11, and the factor of 1.3 is applied. ISUWBemode, the mean value for the tension range is
around 1/5 of that in the MWL mode. In this case, the fatigue darfaagthe mooring system will be significantly
reduced in the SUB mode. But in the tests, all the mooring stiffeessumed to be linear, i.e., the mooring line tension
will be increased linearly with the horizontal displacemémprototype catenary mooring system, the mooring stiffness is
nonlinear.

7 Uncertainty analysis

All measurements include errors, and results are meaningkbssit knowledge of the level of errors. The total error of a
measurement has two components: a fixed bias error and a randmisi¢m) error. Bias errors are systematic errors,
which are constant for the entire test. Bias errors ardlyisuraaccumulation of several individual bias errors, suches t
incorrect calibration of the equipment, installation error of the testimdel and improper use of the measurement device.
Random errors are observed in repeated measurements that agremtexactly and can be caused by several error
sources, such as noise, external disturbances and other unknown $tamdesn errors vary between different tests, and
the error distribution can be measured by several precisioresdeom repeated tests (ASME, 1985). As was suggested
by the International Towing Tank Conference (ITTC) Quality Marawel Recommended Procedures (ITTC, 2008), a
complete uncertainty analysis of test data should be performedy®ud the complexity of the model and tests as well as
the time limitations and costs of the towing tank or oceambpdss difficult to quantify many error sources, such as the
calibration error, installation error and model manufacturingréZhu et al., 2011). For offshore hydrodynamic tests, the
Data Reduction Equation (DRE) is also difficult to establishhis section, several important uncertainties factors in the
numerical model and the testing model are identified and their effiedtee interpretation of the test results are discussed.

Different model parameters will affect the numericalutss Significant influence is observed for the quadratic drag
coefficients effects to the responses, but only in resonamtrrefhe effect of the load cell existence on the responses is
found to be insignificant. Also the effect of the 2nd order waaeld was found to have the marginal importance. These
results are omitted in the paper. The mooring dynamic effects are eshalyd presented here.

There are also many factors that affect the accuratlyeomodel test results. The uncertainty in model fabricathoh a
installation, as well as the uncertainty in the analysis ofélgalar and irregular wave test results are discussdiuei
following section.

7.1 Effect of mooring spring dynamics

Figure 7 and Figure 8 show that the mooring force is underg¢etibg the simulation model. This is due to the mooring
dynamic effect, which was not accounted for in the numericallatrons. To estimate the dynamic effect of the mooring
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in the numerical simulations, a simple clump weight was addewbtwing spring 1 to simulate the mass of the spring.
The hydrodynamic excitations of the springs were not considert inumerical model. In the model tests, the spring
consisted of a distributed mass rather than a clumped mastheaspring could experience transverse deformations that
could not be simulated in the numerical model.

To consider the added mass, spring 1 was modelled as a 2 kgnnmagdel scale. Figure 25 shows the mooring force
spectrum and compares the results between the tests andisimsuldth and without the mooring dynamic effect in the
MWL mode for the operational sea state. The force spectrumdorimg line 1 shows that resonance of the clumped
mass was excited with the 2 kg mass, and the resonant freqi@ensyad/s) was close to the special frequency (0.52
rad/s) that was observed in the tests. With the clumpess im the simulations, the mooring line 1 force spectrum was
reduced, while the force spectra for mooring lines 2 and 3 sedeia the low frequency region compared to the cases
without the clumped mass. This indicates that in the loguiacy region, mooring lines 2 and 3 carry more tension, and
mooring 1 carries less tension due to the presence of the clungssg which transfers some of the potential energy into
kinetic energy. Because mooring line 1 was slightly inclirted, measured tension should be greater than the real
horizontal tension, which means that the measured mooring line 1 forceispshbuld be greater than in the real cases.

A dynamic mooring cable solver should be used to fully estithaténfluence of the mooring system. In the simulation
model, the clear spectral peak that shows the resonance a@titheed mass demonstrates that the special spectral peak
observed in the test is mainly due to the dynamic effect ofptiegs The underestimation of the mooring forces by the
simulations might also be caused by neglecting the hydrodynami@atexts and the incline of the mooring springs
caused by the large weight and long rope.

7.2 Uncertainty in model fabrication and installation

Careful checks and measurements were performed on the mbdehtian and geometry. The random geometric error
was approximately 1%, which is equivalent to an errotes$ than 1 cm for every 1 m. The weight precision was
calculated from the static trim test as approximately Q\#6ch indicates that there is less than a 0.5 kg dewiditom

the required weight and draft.

The most critical parts of the installation and calibratiorthef test were the load cells. The total forces between two
bodies were calculated based on all of the load cells assuming ¢imaiaad cell measured the local force components (X,
y and z) in the corresponding locations and directions (0°, 120° and 240%. thaadlatively large size of the load cells,
the real measurements were not exactly in the 0°, 120° and 240° directionsd Tibisadiect the vertical force but caused
bias errors in the horizontal forces. In addition, the installatiéribe load cells at the top of the torus were not exactly
symmetric with those at the bottom of the torus.

As discussed previously, the mooring spring used in the test seaa aburce of bias error due to the large weight and the
static deformation angle.

7.3 Uncertainty in reqular and irregular wave test results

The regular wave recordings in the tests showed that the ledglat was not completely stationary even under steady
state conditions but included small fluctuations during the éiftecycles. The frequency was stable, but some cases
contained higher order frequencies in the wave spectra. The resg@mts¢he same properties. To reveal the inherent
variation in the regular wave tests, 20 cycles of responses amalyzed based on the test results. The scatters of the
RAOs were evaluated with error bars to represent the STu2s/ahown in Figure 7 and Figure 8. The coefficient of
variation (CV) of the motion and force responses can be expressed as:

Cy = J/ﬂ1 (5)

wheres andu are the standard deviation and mean value of the RAO ctagghg, for all 20 cycles and can be expressed
as:

o=V — wW2/(N = 1), =YY x; /N (6)

wherex; is the RAO value for the i-th cycle; and N is the numberyofes, which is 20 in this case. The CVs of every
channel for the regular wave periods (13 s and 21 s) for waghtbaf 2 m and 9 m are shown in Table 12. For both
periods, the CVs for the 9 m wave are smaller than those f@rringvave. One reason is the small relative random errors
for the large wave. The relative random error can be expressgfi wheree is the random error, angis the wave
height. For a large wave with the same random error, thtéveel@ndom error is small. The relative random error is
larger for a small wave. The CVs for the RAOs of the nmaptines are quite large for small waves. In general, th
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mooring forces give higher errors than the other channelshveignify that the level of precision for the mooring forces
is lower.

In the irregular wave tests, time series of approximdt@d/ min were recorded, and the last hour of data was analyzed to
reduce the transient of the response at the beginning, so the randoduenimthe transient effect should be limited.

8 Concluding remarks and future work

This paper describes the model tests and the numerical sonslaf the STC concept in two survival modes. The
simulation and test results are compared, and the resultbefd8UB mode and MWL mode are also compared. The
conclusions can be summarized as follows:

The test results show that strong nonlinear phenomena, such asrsjagneen water and Mathieu instability, occur for
the MWL mode, which are quite challenging for the structurabiitie of the connection part of the spar and the torus
due to the large impact forces. In addition, there are gsitge motions for the MWL mode, which induces large inertial
loads in the system. In the SUB mode, the WEC is submerged\vatbhe which significantly reduces the extreme loads
on the WEC, and the natural period of the heave motiorifiedloutside of the range of frequent wave periods. Thus, the
motions and forces between the bodies are significantly reduced. The SURIswmaile can be assumed to be a potential
solution for ensuring survivability of the STC.

The numerical model agrees well with the model tests foSth8 mode. In the MWL mode, the simulation model can
predict the response well if there are no strongly nonlinear phergsgch as slamming and green water. Under extreme
conditions, the simulation over-predicts the motions but under-predéectsices. A nonlinear slamming model is needed
to predict the slamming force and the effect on the motion responses.

The 2 order effect on the motions is not significant in the SUB satwnode of the STC concept, but is dominant for
the MWL mode. The simulation model that considers only therder wave can predict the responses in the SUB mode.
For the MWL mode, the simulation model that considers ther@ler wave should be used to predict the motions.

In the cases with wind, the wind-induced mean drift motionuishmmore significant than th&“@rder mean drift motion

in the SUB mode, while the wind-induced mean drift motion and wave-@adonean drift motion are both important in
the MWL mode. The wind drag on the tower in extreme wind cadasger than the wind drag on the disc. By using the
drag disc in the tests, the rotational moment, gyroscopic effect and aemicgaanping are not considered.

The interface forces between the spar and torus are not ésersthe motions to thé“order slow drift effect. In the
MWL mode, the forces are dominated by the first order wavesfamd the ¥ order wave force has an insignificant
contribution to the interface forces under operational sea states, wihiéieértreme sea states, the slamming force excites
the structural frequency responses. In the SUB mode, the inteof@es fare located in the wave frequency region, and
the forces are significantly reduced by avoiding slammingaicts and reducing the wave excitation by completely
submerging the torus.

The discrepancy in the mooring line forces between the dimngaand tests suggests that if elastic springs are ased t
model the mooring system in future tests, the springs should be made as jlssible to reduce the inertia effects.

Several sources of uncertainty in the tests and numeniodéling are analyzed. Some sources of uncertainties are not
presented due to the marginal importance. The existencadthils in the numerical model does not have a significant
effect on the responses, and the viscous drags only become significant wbés thgonance.

Future work is needed in the study of survival modes: Which agasiould be defined as the survival mode, because it
will affect how frequent will the survival mode be activated; Remotercbistneeded to activate the survival mode and if
the survival mode is activated, how much time will it takdincsh the transition phase between operational mode and
survival mode;. It might also be possible to consider othemalige survival modes, e.g., in the survival sea states, a
small PTO damping is applied; or the torus is not lockethé spar, but is submerged alone to change the excitation
forces on the torus and its resonance period.
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Table

Table 1. Froude scaling of the variables.

Variables Symbol | Scale factor Value
Linear Dimensions D A 1:50
Fluid or structure velocity u A2 1:7.07
Fluid or structure acceleration a 1 1:1
Time or period t L2 1:7.07
Structure mass m )3 1:1.25x10°
Structure displacement volume \ 23 1:1.25x10°
Force F 2°S 1:1.25x10°
Moment M ALY 1:6.25x10°

Table 2. STC dimensions.

Spar and Tower [m]
Lower part of spar Diameter 10
Length 108
U t of Diameter 6.45
pper part of spar Length 22
Tower Diameter 5.5
Length 77
Torus
Height 8
Outer diameter 20
Inner diameter 8

Table 3. Drafts of the model for the different survival modes.

MWL mode [m]

SUB mode [m]

Spar and Tower 122

148

Torus 4

30 (From Torus bottom to the MWL)

Table 4. Weight data for the single-body model and the two-body model.

STC MWL mode | SUB mode
Total weight (including ballast) [ton] 10,036.25 11,840.00
Ballast [ton] 4276.25 6080.00
C.0.G. from WL [m] 67.50 100.00
C.0.G. from geometric center of torus [m] 67.50 74.00
Rxx 88.50 114.00
Radius of gyration w.r.t. WL [m] Ryy 88.50 114.00
Rzz 4.50 4.50
Spar and Tower
Total weight (including ballast) [ton] 8891.25 10,695.00
Ballast [ton] 4276.25 6080.00
C.0.G. from WL [m] 76.50 108.00
Rxx 94.50 120.00
Radius of gyration w.r.t. WL [m] Ryy 94.50 120.00
Rzz 4.00 4.00
Torus
Total weight [ton] 1145.00 1145.00
Ballast [kg] - -
C.0.G. from WL [m] 0.00 0.00
RxX 7.00 26.50
Radius of gyration w.r.t. WL [m] Ryy 7.00 26.50
Rzz 7.00 7.00
Table 5. Decay test results.
SUB MWL
D.O.F. T [S] Ti[s] 4 Tss T [s] T [s] g Tis
SURGE 14.42 102 0.034 106 13.86 98 0.04 104
SWAY 13.09 93 0.046 - 13.17 93 0.04 -




HEAVE 6.67 47 0.024 47 1.81 13 0.07 12
ROLL 3.62 26 0.027 - 5.09 36 - -
PITCH 3.63 26 0.023 26 5.18 37 - 39

Comments: T, are the identified natural periods from tests in model scale; & are the damping ratios obtained from the decay tests; T are full scale values of
Tm; T are the natural periods calculated by numerical model in full scale.

Table 6. Regular wave test matrix and the occurrence of nonlinear phenomenon (Colored background).

Test mode MWL SUB
H [m]

T 5] 2 9 2 9
7 - -
9
1 Slamming
12 . - R
13 Slamming and green
14 water - -
15
17 Mathieu
19 instability
21
23
25 - - - VIM

Comment: ‘-’ indicates no wave test for this period

Table 7. Irregular wave and wind test matrix.

Sea States Hs [m] Tp [s] Uw [m/s] Realization Case no.
Operational 2.75 11.0 - 6 (SUB); 3 (MWL) Al
Irregular wave only Extreme 1 13.5 15.0 - 6 (SUB); 3 (MWL) A2
Extreme 2 15.3 15.5 - 6 (SUB); 6 (MWL) A3
wind only Operational - - 11.4 (large disc) 1 (SUB); 1 (MWL) B1
Extreme - - 33.3 (small disc) 1 (SUB); 1 (MWL) B2
Irregular wave Operational 2.75 11.0 11.4 (large di_sc) 3 (SUB); 3 (MWL) C1
only+wind Extreme 1 13.5 15.0 33.3 (small disc) 3 (SUB); 0 (MWL) C2
Extreme 2 15.3 15.5 33.3 (small disc) 3 (SUB); 3 (MWL) C3

Table 8. Comparison of mean values from the simulations and tests under extreme wind conditions B2 for wind
only test for the MWL mode.

MEAN VALUE SURGE [m] HEAVE [m] PITCH [degree]
TEST -17.94 0.01 6.0
SIMULATION -18.36 -0.04 65

Table 9. Comparison of the mean values of STDs between tests and simulations in the MWL and SUB survival

modes.
SURGE HEAVE PITCH FX FZ
OPERATIONAL SEA STATE (SUB, Al) 8% 3% 3% 5% 7%
EXTREME SEA STATE | (SUB, A2) 1% 7% 1% 8% 1%
EXTREME SEA STATE I (SUB, A3) 0% 6% 1% 7% 1%
EXTREME SEA STATE Il + WIND (SUB, C3) 27% 2% 9% 4% 3%
OPERATIONAL SEA STATE (MWL, Al) -8% -11% 1% 0% -11%

Table 10. Comparison of the extreme values from tests and simulations in the MWL and SUB survival modes.

[ Survival mode |

Channels |

Extreme + (Maximum)

Extreme - (Minimum)




TEST SIM. TEST SIM. TEST SIM. TEST SIM.
(NOWIND) | (NOWIND) | (WIND) | (WIND) | (NOWIND) | (NOWIND) | (WIND) | (WIND)

SURGE [m] 12.02 14.81 1.4 444 -18.87 21720 -26.35 -28.85
HEAVE [m] 5.5 458 455 457 -6.48 5.75 6.38 5,70
suB PITCH [degree] 7.89 754 9.26 9.60 -6.08 6.43 371 .90
FX [kN] 2102.86 209620 | 2586.35 | 2650.81 238100 214133 | 207333 | -1843.52
FZ [kN] 4912.78 554065 | 465481 | 545535 26676.89 565055 | -6564.01 | -5522.80
SURGE [m] 13.07 11.78 | 1240 | -1485 4258 290.28 5723 | -102.32
HEAVE [m] 17.27 16.90 14.14 1731 11793 2239 11.96 2210
MWL PITCH [degree] 16.84 39.19 21.96 4188 7.84 -8.26 2.14 250
FX [kN] 11949.77 232641 | 12317.27 | 2746.65 | -16610.39 | -10453.32 | -18933.67 | -10446.40
FZ [kN] 31953.62 2800143 | 3046504 | 2561177 |  -7776441 | 2915131 | -86671.85 | -27495.25
— SURGE 1% - 901% - 126% - 117% -
Re'a¥"et'_3'ﬁ' HEAVE 229% - 211% 5 177% - 87% -
((Mf,fn)_ PITCH 113% - 137% 5 29% - 158% -
misE X 468% - 376% - 598% - 813% -
FZ 550% - 555% 5 1065% T 120% -
— SURGE 15% “459% 9% 9%
Re'a;'L‘J’g Diff. HEAVE 13% 1% 1% 1%
((SIM)-. PITCH 4% 5% 6% 32%
: X 0% 2% 10% 1%
TEST)/TEST FZ 3% 17% “15% “16%

Table 11. The mean value and STD of tension ranges under extreme sea state A3

Under extreme sea states (6 realizations) ME ANMWL STD ME ANSUB STD
Mooring line 2, tension mean range (kN) 1296 135 285 51
Mooring line 3, tension mean range (kN) 1203 126 287 45

Table 12. Coefficients of variation for the RAOs of motions and forces for two wave periods for wave heights of

2mand 9 m.
RAO of channels SURGE | HEAVE PITCH FX FZ M1 M2 M3
Heo m T=13s 3.1% 1.7% 3.0% 2.8% 2.0% 3.6% 17.4% 12.0%
T=21s 3.4% 1.7% 4.1% 2.5% 2.2% 7.4% 10.9% 12.0%
H=9 m T=135s 0.8% 1.0% 0.8% 0.9% 1.0% 1.2% 3.7% 3.5%
T=215s 0.7% 0.7% 0.6% 0.8% 1.0% 1.3% 3.0% 2.2%
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Figure 6. Load cell configurations for the two survival modes (a similar arrangement of load cells was present on the
bottom of the torus).
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numerical simulations and model tests for operational condition Al in the SUB mode.
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Figure 13. Comparisons of the motion and interface force responses in the time and frequency domains between the
numerical simulations and model tests for extreme condition A3 in the SUB mode.
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Figure 14. Mooring force spectra from tests and simulations based on the 1% order and 2™ order wave force in the SUB

mode.
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Figure 15. Comparisons of the motion responses in the time and frequency domains between the numerical simulations
and model tests for extreme condition Al in the MWL mode.
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Figure 16. Comparisons of the interface force and mooring line tension responses in the time and frequency domains
between the numerical simulations and model tests for extreme condition Al in the MWL mode.
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Figure 17. Comparisons of the motion responses of the tests and simulations in the time and frequency domains for

extreme

sea state A3 in the MWL mode.
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Figure 18. Comparisons of the force responses of the tests and simulations in the time and frequency domains for extreme
sea state A3 in the MWL mode.
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Figure 19. Wind effects on the surge and pitch motions for environmental conditions C3 (wave+wind) and A3 (wave only)
in the MWL mode.
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Figure 20. Wind effects on the surge and pitch motions for environmental conditions C3 (wave+wind) and A3 (wave only)
in the SUB mode.
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Figure 21. Response statistics (mean, STD, max. and min.) of test and simulation results in operational sea states (A1)
under the MWL mode and SUB mode.
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Figure 22. Response statistics (mean, STD, max. and min.) test and simulation results in extreme sea states | (A2) under
the MWL mode and SUB mode.
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Figure 23. Response statistics (mean, STD, max. and min.) test and simulation results in extreme sea states Il (A3) under
the MWL mode and SUB mode.
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Figure 24. Response statistics (mean, STD, max. and min.) test and simulation results in extreme sea states Il + wind
case (C3) under the MWL mode and SUB mode.

50000 40000 30000
TEST TEST TEST
— — —  SIM. NOMOGRING DYNAMIC — — —  SIM. NO MOORING DYNAMIC — — —  5IM. NO MOORING DYNAMIC
40000 — — —— SIM. MOORING DYNAMIC — ———  SIM. MOORING DYNAMIC 25000 - SIM. MCORING DYNAMIC
- & 30000 o
2 z z
g = 2. 20000
E E E
5 20000 § g
< ° ]
. 2 20000 2 15000
@ & @
- 4 ™~ el
T, 20000 o o
g £ £ 10000
2 ES 10000 gg
10000
5000
I
A
o Y T T LA T o o
00 02 04 08 08 10 0.4 06 08 10 0.4 06 08 10
Angular Frequency [rad/s] Angular Frequency [rads] Angular Frequency [radfs]

Figure 25. Spectra of mooring line forces in the tests and simulations with and without the mooring dynamic effect in the
operational sea state in the MWL mode.





