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Abstract The ice load is one of the most important factors that cannot be ignoredfétioce wind turbines (OWTS) in

cold regions. The ice-induced vibrations (11Vs) can bring serious fatigue and damage to the OWTs structure. In this paper.
a coupling method of the discrete element method (DEM) and the finite element method (FEM) is adopted to establish
the 1IVs model of monopile-type OWTs. The breakage and failure process of level ice are simulated with the spherical
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DEM with bonding-breaking féect, and the finite element model of monopile-type OWTs is constructed by the beam
element and triangular plate shell element. The DEM-FEM coupled method is adopted to simulate the interaction progres:
between monopile-type OWTs and level ice undefedent ice velocity and ice thickness conditions. The accuracy

of ice load calculated by the DEM-FEM coupled method is verified by comparing with the empirical formula of IEC
(International Electrotechnical Commission) and I1SO (the International Organization for Standardization). By comparing
the displacements and the acceleration of the top of the wind turbine tower and the top of the foundation, the dynamic
response characteristic of the OWTs is qualitatively analyzed. The reason foffdrertte of dynamic characteristics

in different parts of OWTs is structural model characteristic of OWhe lower part is a large $fhess pile foundation

and the upper part is a high flexibility tower, which makes its dynamic characteristic show the characteristics of the main
and subordinate structure. The characteristics of “Main-Subordinate structure” make the tower (subordinate) and pile
foundation (main) show dierent response behaviors under complex ice load, and the vibration period and acceleration
power spectrum density (PSD) offidirent parts of OWTs arefiierent. This study can provide a useful reference for the
OWTs anti-ice design and the fatigue analysis of OWTSs in cold regions.
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Table 1 Main parameters of finite element model

Information of OWTs

Structure Type of element Number
tower beam element 53
pile foundation beam element 20
cone triangular shell element 1406
blade of OWTs triangular element 374
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Table 2 Vibration mode of monopile-type wind turbine

Model 1 2 3 4 5
natural frequengydz  0.290 0.290 1.447 1.447 3.972
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Table 3 Working condition of numerical simulation

Definition Symbol Value
ice velocity(m-s™1) v 01 02 03 04 05
ice thicknesgn h 0.1 0.2 0.3 0.4
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Table 4 Calculation parameters of DEM-FEM simulation

Definition Symbol Value
density of sea icg(kg-m™3) Dice 920
bonding strengttMPa op 0.6
initial ice cover aream axb 40x 60
elastic modulus of ig&Pa Ep 1.0
friction codficient b 0.2
codficient of resilience (=N 0.1
current drag coéicient C4 0.06
density of OWT#kg-m~3) Pwind 7850
elastic modulus of OWT&Pa Ewind 207
Poisson’s ratio of OWTs u 0.3
thickness of conen hcone 0.06
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Table 5 Computational parameters of ice load on conical
structure based on codes 1SO-19906 and IEC6100-3

Definition Symbol Value
ne diameter at
co edla.l eter a D 775
waterlingm
tower diametgm Dr 55
angle of cong®) a 63
density of sea watgr
y ¢ ow 1030
(kgm~3)
friction codficient u 0.1
bending st th of
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) hy 0
seaicém
Ay - 1.95,1.80,1.72,1.65
Ar - 0.09, 0.125, 0.132, 0.165
Az - 0.455
Ay - 2.2
thickness of
h 0.1,0.2,0.3,0.4
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simulation and the empirical formulas
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Table 6 Calculation results of ice load in the DEM-FEM simulation and the empirical formulas

Velocity of icg/(m-s™1)

Thickness of icem 1ISO-19906 IEC6100-3
0.1 0.2 0.3 0.4 0.5 Average value
0.1 23.79 28.49 36.27 38.25 40.68 33.50 48.29 39.67
0.2 52.20 96.38 96.77 91.81 110.99 89.63 166.63 139.63
0.3 130.14 164.29 183.58 197.90 222.83 179.75 349.94 288.42
0.4 255.49 315.46 355.51 345.99 374.07 329.30 597.00 490.59
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Fig. 8 Displacement response of monopile-type wind turbine

B0.1m/s B02m/s B03m/s B0.4m/s B30.5m/s

T-t/s

(a) Bty Tots 4 ) 4 )

(a) Vibration period at top of tower

9 MUMLEHIAR SN )

Fig. 9 Vibration period of wind turbine



% 3 W& 54 He T DEM-FEM RE& J5 VAR 1 XHLES R ke 2l 2> #r 689

B0.1m/s 802m/s B0.3m/s B04m/s §0.5m/s

T-fIs

AT AR T a

h/m
(b) HEAth T 34 50 J1
(b) Vibration period at top of foundation
K9 XAMLES H RS 9] (48)

Fig. 9 Vibration period of wind turbine (continued)
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Fig. 12 Vibration response of monopile-type wind turbine
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Fig. 13 PSD of the ice-inducted vibration acceleration of wind turbine
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