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ws | T Kl'”et'c and potential elnergles: Goal is the best possible matching (with small restoring
The scaling law that is commonly used for testing —V o T = 5Mea (Xia cop + Zincog) + 5Mp (Xbcop + 25 cog) - MaALTix cross-terms) of the full-scale w; and back-scaled
floating offshore wind turbines in wave tank facilities A e model w;" platform pulsations (i = 1: surge, i = 2: pitch,
assumes the same Froude number (Fr) for the full- SR R 27 i = 3: heave), respectively solutions of the problems
scale and the scaled models. This results in a large / V:%KFAXlgA—l—g(MFAZFA,COg—I—Mpr’COg) —(W)ME, +KE =0, —(wM)2MY,,, + KM
mismatch in the Reynolds number (Re) and |z | W v, ay, "
consequently in highly different model rotor ' 2 Aerodynamic forces: 5. bmepnage Wi B rulecale sieadyequilbie
aerodynamics. This paper proposes an innovative way Lp VA ACE (A, B.) M, — JB My dy.  atrated wind speed V,
of scaling, here referred to as "aerodynamic scaling”. I o L paV2ACE (A, B.) cos 6p dq lq=q M.upw Model with upward
A R s amyny TEEER
—2PaViaACE (4, B) sin p 1 dqle=g Jdq lg=g Jq lg=g
Letti_ng n, be the geometry sc_:aling, the "aerodynamic =y Vot = VeosOp — Xea — Xp cosfp — Zpabp vupw OB 9 Fj; 9 Fy 0 Fot.upw
scaling” involves scaling time with n, = 2n;. / . | | 4 " Jqle=g Oq |q=q“ 0q |lq—q Jq |q:q~
Scaling factor % Damping forces: Constraints g.(ps) < 0 prevent collision of upward
Quantity Symbol  Fr “Aerodynamic Fp = {—CraXra,0,0,0}" moorings with model blades for a wide range of platform

scaling scaling “* Moorings forces F,; computed with a TI0LODS, _ :
Reynolds number| Re n; lnl quasi-static approach [4]. 4. Simulation results

2 1
2 2 S I _ — _
=roude number o 1 ln—l % Buoyancy forces:  dr(r) = 229" Simulations of full-scale anc! model (n, = ;) free
4" cos Up decays and responses to irregular waves (Hs =

1 0 3.37m, Ts = 7.03 s) with ODE of Matlab.
Mach number Ma VI 2 N y 0  Steady wind V. (approx. 11 ™/ for full-scale).

Table 1: Fr scaling vs. “Aerodynamic scaling” Fy—{ 2[5 dR(R)dz+ [5' dFy(R1)dz+3pugmR3Ly “ Waves scaling: u" =1/, u" and u" =1/,, u".

RO 2[5 dFy (R )xu(2) dz+2 [ dFy (R )x(2) dz + ... A Rp——

% Models are characterized by a lower Re mismatch 5 AR (R )xa() det [ dF (Ro)va(2) d Sianificant mismatch betwen foll 31—
(see Tabl_e 1)_: bette_r quality of_the aerodyr_lamlcs and % Hydrodynamic forces (Morison’s equation): <cale and model -
proper fluid kinematics (same tip speed ratio) [1]. 0 < equilibria @ ovér wind speed —

% Unlike Fr scaling, model blades chord can be kept 2[5 dFy(Ry,2)dz+2 [} dFy (Ry,2) dz+ .. o |qatform a?]d T RACI)DS
unchanged: possible to equip the model with aero- o 5 “P

| B ..t Js dFy(R1,z)dz+ [; dFy(R2,2)dz N S S
elastically scaled blades [2] and perform tests by = Y

Zfﬁa dFW(Rl,z)zdz—l—fo dFy (Ry,2)zdz+ ...

Platform heave RAQ Platform pitch RAQ « 10°Tower fore-aft RAQ

focused on FOWT aero-servo-hydro-elasticity.

% Possible to reuse wind tunnel wind turbine models. “-+fngw(RhZ)ZCgJFfeade(Rzaz)ZdZ I - peses |

CONS E o fl B

** Model Fr Is not preserved (see Table 1) model dF (1, 2) = —pu (Cm+1)wwnga(z)+prDm(z)|v(z)y ST O =S | | O B (21 15 B S S
restoring forces due to gravity are '/,, times lower 0(2) = —u (2) + Xp + 260p 8/ S [/ O [ | .\ S Y %, VA |

- - - Frea. Hz) Frea. [H] Frea. [Hz) Frea. (7]

1t{])f\cnesvlvhat IS required to balance the aerodynamic 1(2), u(2): waves acceleration and velocity WITH UPWARD MOORINGS AND TUNED &

% Under the hypothesis of full-linear dynamic system, * The drive-train shait dynamics equation is added The RAOs and time histories of the platform motions
model platform displacements are 1/,, times greater to the EOM: during a free decay simulation with an initial pitch
than the full-scale ones. (IR+Ig)Q+T1(Q)+Tg—%paVélACp (A,B:) =0 perturbatlon%cleelxr‘ly ?hO.Wt"E |rjn:pquved:matcut). S

— Scaled

Simple example (sin 8p = 6p):
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, T, and f. outputs of torque and pitch closed-loop 3 M i ‘.,
* Thrustforce: T = 1/2 pAV=Cy controllers [4], Q is the rotor speed. il
* Bodies weight — Buoyancy: W = Mg _ _ |
. Moments equilibria: TZ, = W sin 8p Zp 3. Match full-scale platform restoring properties / . o
L 20y /[ * The optimal configuration that provides
. gF _ 2PV “T4H . . . - - -
» Full-scale platform pitch: 65 = 4 oZs How to improve the model platform restoring properties: , these results |s_dep|cted on t_he figure.
1 sznf/ oy “ tune the downward moorings mass per unit length p, | * Upward moorings properties: I}f’u =
— n n . . — —
. Model pitch: oM = 2P ng TTHT < add three pre-tensioned upward moorings connected A_&Fﬁ 75N, Teq = 501;/;VEAu = 1.52-10*V/m,
" 3 .y .y | —_ —_
Mn; gZpn; to the facility ceiling. EAq =170 -10%Y/m, Ly = 4.1m.
. Platform heave RAO . Platform pitch RAD a0 Platform surge RAO « 1o°Tower fore-aft RAO
N Fr scaling “Aerodynamic scaling” R S S WU N Y e O R [~ Fuliscaie ]
Op | m_1 m_ 1 mooring : sl qEel B
65 n% 1 n? 4nl 7311; //- _ /1200450 X Downwind ul’f' '.‘ij VI EQ' jEE ................... .................... .................. - """""""""""""""""""""""
W ) \\\?.1 " "‘z’éj ' moorings 0.5 ookl | SRR SR S
¢ '/ ] 0 : : 0 . : : 0 : : . 0 : ; :
° . . ’ . _\\\ 0 D.U5Freg.1[Hz]l’_l.15 0.2 0 D.EISFrng[HZ]EHS 0.2 0 D.D5Fre3.1[Hz]D.15 0.2 0 D.DEFrecl;I.1[Hz]D.15 0.2
«* Mismatch between full-scale and model relative M Y ' ' ' '
placement of platform modes wrt. rotor harmonic. v ! 7 e Ima S N 5. Conclusions
. . . stiffness « Measures to overcome the mismatches are neither
A solution that overcomes these drawbacks Is here EA:; stn‘fnes_ . .
T,: pretension expensive nor complicated.

presented.

« Useful approach for tests focused on wind turbine

2. Simulation model T, = _‘@(|ZO +D| —|Lo|) + T ’fo "13’, aeroelasticity, control and CFD validation.
L Ly+D

_ _ _ _ _ et « Same wind turbine models used for wind tunnel tests
< NREL offshore 5-MW Wind Turbine, OC4-DeepCwind The following constrained optimization problem can be used also in wave-wind tank tests.

floating semi- submersible platform, three slack, o (o (p) oM\ & & M.upw
catenary lines mooring system. Ps:afgr?,inzww( oF ) - ZWK(l_Sij)Kij,;e/l,upw(pS)v References
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