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Abstract9

Floating vertical axis wind turbines (VAWTs) are promising solutions for exploiting the wind energy re-10

source in deep waters due to their potential cost-of-energy reduction. The number of blades is one of the main11

concerns when designing a VAWT for offshore application. In this paper, the effect of blade number on the per-12

formance of VAWTs and dynamic behavior of floating VAWTs was comprehensively studied in a fully coupled13

aero-hydro-servo-elastic way. Three VAWTs with straight and parallel blades, with identical solidity and with14

a blade number varying from two to four, were designed using the actuator cylinder method and adapted to a15

semi-submersible platform. A generator torque controller was also designed based on a PI control algorithm.16

Time domain simulations demonstrated that the aerodynamic loads and structural responses are strongly de-17

pendent on the number of blades. In particular, by increasing the number of blades from two to three reduces18

the variation in the tower base bending moment more significantly than increasing it from three to four. How-19

ever, the blade number does not significantly affect the generator power production due to the control strategy20

employed, and the platform motions and tension in mooring lines because of the compliant catenary mooring21

system.22
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1 Introduction26

In the last decades, offshore wind turbine installations are experiencing a rapid growth in shallow waters due to the27

increasing demand for renewable energy production. Most wind turbines deployed are bottom-fixed horizontal axis28

wind turbines (HAWTs) due to their commercial success onshore or near-shore. However, offshore wind farms are29

moving towards deeper waters where floating wind turbines are required in countries such as Japan, United States30

and United Kingdom. Floating HAWTs are now beening widely studied and prototypes have been developed and31

tested, such as the Hywind demo in Norway, the WindFloat demo in Portugal and the floating wind turbines off the32

Fukushima coast of northeast Japan.33

Floating vertical axis wind turbines (VAWTs) are also a promising alternative to harvest wind energy in deeper34

waters. Compared with floating HAWTs, floating VAWTs have lower centers of gravity, are independent of wind35

direction, can provide reduced machine complexity and have the potential of achieving more than 20% cost of36

energy reductions (Paquette and Barone, 2012). Moreover, floating substructures can help to mitigate the fatigue37

damages that are suffered by landbased VAWTs (Wang et al., 2016). In addition, floating VAWTs are more suitable38

for deploying as wind farms than floating HAWTs (Dabiri, 2011), since they are less affected by wake effects. The39

wake generated by a pair of counter-rotating H-rotors can dissipate more quickly than that of floating HAWTs,40

allowing them to be installed in wind farms with smaller separations. Thus, increasing efforts are devoted to the41

development of floating VAWTs, and currently several floating VAWT concepts have been proposed, including42

the DeepWind (Paulsen et al., 2015), VertiWind (Cahay et al., 2011) and Aerogenerator X (Collu et al., 2014)43

concepts.44

Floating VAWTs can be categorized according to the blade configuration, such as the straight-bladed VAWT,45

curve-bladed VAWT, helical-bladed VAWT and V-shaped VAWT. A number of studies have been conducted for46

the straigh-bladed and curved-bladed floating VAWTs to investigate their dynamic response characteristics. Based47

on a 5 MW two-bladed Darrieus rotor designed in the DeepWind project (Paulsen et al., 2015), Wang et al. (2013)48

proposed a floating VAWT concept with this rotor mounted on a semi-submersible platform. Fully coupled aero-49

hydro-servo-elastic simulations were carried out to investigate the stochastic dynamic responses (Wang et al.,50

2016), effects of second order difference-frequency forces and wind-wave misalignment (Wang et al., 2015), and51

emergency shutdown process with consideration of faults (Wang et al., 2014). Using the semi-submersible VAWT52

concept proposed by Wang et al. (2013), Borg and Collu (2015) studied the aerodynamic characteristics of a53

floating VAWT in the frequency domain. Moreover, the dynamic response characteristic of three floating VAWT54

concepts with this two-bladed Darrieus rotor mounted on a spar, semi-submersible and TLP floater are investigated55

by Cheng et al. (2015), and for the spar-type VAWT, a comparative study with the spar-type HAWT is performed56

to demonstrate the merits and disadvantages in the dynamic responses for each concept (Cheng et al., 2016c).57

In addition, dynamic analysis of floating VAWT concepts with straight blades are also conducted. Borg et al.58

(2013) used a wave energy converter as a motion suppression device for a floating VAWT with a two-bladed59

H-type rotor mounted on a semi-submersible; Borg et al. (2015) studied the long term performance of a three60

bladed H-rotor mounted on a semi-submersible. However, the method used by Borg et al. (2013, 2015) did not61

account for the structural elasticity and controller dynamics, and the mooring systems were simplified as springs.62

Anagnostopoulou et al. (2015) performed the concept design and dynamic analyses of a floating VAWT with a63

three-bladed rotor mounted on a semi-submersible for power supply to offshore Greek islands; however, the wind64
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loads acting on the rotor is very simplified in this study.65

The aforementioned dynamic analysis of floating VAWTs considered the curve-bladed rotor with two blades,66

and the straight-bladed rotor with two or three blades. Significant 2P (two per revolution) effects are revealed67

and demonstrated for the two-bladed floating VAWTs. As a matter of fact, choosing the number of blades is68

an important issue when designing a VAWT for offshore application with given blade type, since the number of69

blades may significantly affect the aerodynamic performance of VAWTs and dynamic response characteristics of70

floating VAWT systems. The effect of the number of blades on the aerodynamic performance of VAWTs with71

straight-bladed and curve-bladed blades has been numerically and experimentally studied by several researchers.72

Considering a set of curve-bladed VAWTs with constant solidity and different blade number that varies from one73

to four, the impact of the number of blades on the aerodynamic loads was numerically estimated by Bedon et al.74

(2015) based on the double multiple streamtube method. The considered VAWT was originally developed in the75

DeepWind project (Paulsen et al., 2015), which was mounted on a floating platform. Li et al. (2015) evaluated the76

effect of blade number on the aerodynamic forces on a straight-bladed VAWT using the wind tunnel experiment.77

Considering the number of blades varying from two to five, the tangential and normal forces were quantitatively78

studied as a function of azimuth angle. However, these studies only discuss the effect of the number of blades from79

the aerodynamic point of view and do not reveal its potential impact on the dynamic responses of floating VAWTs80

in a fully coupled way. These dynamic responses include the generator power production, platform motions,81

structural loads and tension in mooring lines etc. To which extent these dynamic responses could be influenced by82

the number of blades for floating VAWTs is still unknown and of great interest.83

This study aims to demonstrate the effect of the number of blades on the dynamic responses of floating VAWTs84

by a series of fully coupled time domain simulations. Firstly, three straight-bladed VAWTs with identical solidity85

and different number of blades are designed using the actuator cylinder flow method. The number of blades86

varies from two to four. A generator torque controller is also designed based on the control strategy established87

by Cheng et al. (2016b). These three VAWTs are then adapted to a semi-submersible platform to achieve three88

floating VAWTs. Using the fully coupled code SIMO-RIFLEX-AC (Cheng et al., 2016b), a series of load cases89

are conducted to identify the floating VAWT systems and to illustrate the discrepancy in the dynamic responses90

of these three floating VAWTs. This study systematically demonstrates the effect of the number of blades on the91

dynamic responses of floating VAWTs and can serve as a basis for the design of floating VAWTs.92

2 Methodology93

In this study, an aerodynamic code based on the actuator cylinder (AC) flow model, initially developed by Madsen94

(1982) and implemented and modified by Cheng et al. (2016a), was used to design three straight-bladed VAWTs95

and a corresponding generator-torque controller. Compared with the conventional double multi-streamtube method96

(Paraschivoiu, 2002), the AC method predicts more accurate aerodynamic loads with similar computational effi-97

ciency (Ferreira et al., 2014; Cheng et al., 2016a). The code SIMO-RIFLEX-AC developed by Cheng et al. (2016b)98

was later used to conduct fully coupled aero-hydro-servo-elastic time domain simulations. The relevant theories99

for the AC and SIMO-RIFLEX-AC code are briefly summarized in this section.100
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2.1 Actuator cylinder flow method101

The AC method is a 2D quasi-steady flow model proposed by Madsen (1982). The model extends the actuator102

disc concept to an actuator surface coinciding with the swept area of the 2D VAWT. In the AC model, the normal103

and tangential forces resulting from the blade forces are applied on the flow as volume force perpendicular and104

tangential to the rotor plane, respectively. The induced velocities are thus related to the volume force based on the105

continuity equation and Euler equation. The induced velocity can be divided into a linear part and a nonlinear part;106

the linear part can be computed analytically given the normal and tangential loads . However, it is to some extent107

time-consuming to compute the nonlinear solution directly. A simple correction is therefore introduced to make108

the final solution in better agreement with the fully nonlinear solution (Madsen et al., 2013).109

The developed AC code (Cheng et al., 2016a) includes the effect of normal and tangential loads when calcu-110

lating the induced velocity, uses a more physical approach to represent the normal and tangential loads and a new111

modified linear solution. The effect of dynamic stall was also incorporated using the Beddoes-Leishman model.112

The AC code was validated by comparison with other numerical models and experimental data and was found to113

be accurate (Cheng et al., 2016a).114

2.2 Fully coupled numerical method115

The developed AC code (Cheng et al., 2016a) was integrated with the SIMO (MARINTEK, 2012b) and RIFLEX116

(MARINTEK, 2012a) codes to achieve a fully coupled aero-hydro-servo-elastic code, namely SIMO-RIFLEX-AC117

(Cheng et al., 2016b), for numerical modeling and dynamic analysis of floating VAWTs. The SIMO (MARINTEK,118

2012b) and RIFLEX (MARINTEK, 2012a) codes were developed by MARINTEK and have been widely used in119

the offshore oil and gas industry. The SIMO-RIFLEX-AC code is capable of accounting for the turbulent wind120

inflow, aerodynamics, hydrodynamics, structural dynamics, control system dynamics and mooring line dynamics.121

It integrates three computer codes: SIMO (MARINTEK, 2012b) computes the hydrodynamic loads acting on the122

platform hull; RIFLEX (MARINTEK, 2012a) models the blades, tower, shaft, struts and mooring lines using123

flexible finite elements and provides links to an external controller and AC; and AC calculates the aerodynamic124

loads acting on the blades. Moreover, a generator torque controller based on the proportional-integral (PI) control125

algorithm is implemented to regulate the rotor rotational speed. The SIMO-RIFLEX-AC code has been verified by126

a series of numerical comparisons with the codes HAWC2 and SIMO-RIFLEX-DMS (Cheng et al., 2016b).127

In this study, a semi-submersible supporting straight-bladed VAWTs was studied. The aerodynamic loads128

acting on the blades were calculated based on the AC method as described above, and the effect of the wind shear129

and turbulence, dynamic inflow and dynamic stall was all taken into account. But the effect of the tip loss, tower130

shadow as well as the drag forces on the struts and tower was neglected.131

The hydrodynamic loads acting on the semi-submersible hull was represented using a combination of potential132

flow and Morison’s equation. Added mass, radiation damping and first order wave excitation forces were obtained133

from a potential flow model and applied in the time domain using the convolution technique (Faltinsen, 1995).134

Additional viscous damping on the hull was included using the Morison’s formula. Morison’s formula was also135

applied to the brace and mooring lines that were not included in the potential flow model.136

In the structural model, the semi-submersible including the braces were represented as a rigid body; the blades,137

struts, tower and shaft were modeled using nonlinear beam elements; and the mooring lines were considered as138
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nonlinear bar elements. A very short tower close to the tower base was used to connect the rotating shaft and semi139

through a flexible joint. The equations of motions were solved in the time domain using the Newmark-β integration140

method (β = 0.256 , γ = 0.505 ) (Bachynski, 2015). Structural damping was included through global proportional141

Rayleigh damping terms for all beam elements.142

3 Floating VAWT models143

3.1 Design of straight bladed VAWTs144

Considering a straight bladed VAWT with a radius of R and height of h, the power can be expressed as (Brusca145

et al., 2014)146

P =
1
2
ρU3

w (2Rh) Cp (1)

where ρ is the air density, Uw is the wind speed, and Cp is the power coefficient. For a specific airfoil type, the147

power coefficient Cp is a function of the tip speed ratio λ, rotor solidity σ and Reynolds number Re, which are148

defined as follows.149

λ =
ωR
Uw

(2)

150

σ =
Bc
R

(3)
151

Re =
cVrel

ν
(4)

in which B is the blade number, c is the chord length, ν is the kinematic air viscosity, and Vrel is the relative velocity152

seen by the airfoil. Assuming the aspect ratio γ is given by γ = h/R, therefore the power can be rewritten as153

P =
ρω3R5γCp(λ, σ,Re)

λ3 (5)

In this study three 5MW VAWTs with straight blades and the NACA 0018 airfoil, as shown in Figure 2,154

were designed. Eq. 5 shows that the power coefficient Cp is one of the crucial parameters and should be firstly155

determined. Large megawatt VAWTs usually operate at very high Reynolds number. Figure 1 shows the power156

coefficient Cp plotted against the tip speed ratio λ as a function of rotor solidity σ for the NACA 0018 airfoil at157

Reynolds number of 8 ∼ 10 × 106. It should be noted here that the Reynolds number experienced by the airfoil at158

a specific position along the blade varies periodically when the rotor rotates. In this study it is assumed that such159

variation in the Reynolds number will not cause much changes in the corresponding lift and drag coefficients for160

the NACA 0018. Due to the consideration of solidity and power coefficient of large megawatt VAWTs in reality,161

such as the design in the FP7 H2OCEAN project (Borg et al., 2015), the solidity of σ = 0.20 is chosen, which has162

a Cpmax = 0.50 corresponding to λ = 3.0.163

Assuming that the rated wind speed is 14.0 m/s and the aspect ratio is set to be 2.05, three optimal designs for164

a rated power of 5.3 MW are given in Table 1. The height of tower top, i.e. the vertical center of blades, is assumed165

to be 79.78 m. The aerodynamic power is estimated considering the wind shear with a power coefficient of 0.14166

according to the IEC 61400-3 (IEC, 2005). In the design process, the chord length is reduced with increasing167
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Figure 1: Power coefficient of a VAWT with straight blades and symmetric airfoil NACA 0018 at high Reynolds number of
8 ∼ 10 × 106 for different rotor solidity σ = Bc

R .

number of blades so as to keep the solidity constant. This can also cause a change in Reynolds number and thus168

affect the lift and drag coefficients, but the impact on the total aerodynamic loads and power is assumed to be169

small. In addition, despite the same solidity number, the mean thrust coefficients have small variation because of170

the different number of blades. Since the modified linear solution in the AC method is sensitive to the mean thrust171

coefficient, the computed rated power does therefore show small deviation from the value of 5.3 MW.172

Table 1: Main parameters of the designed VAWTs

H2 H3 H4

Rated power [MW] 5.21 5.30 5.35
Blade number [-] 2 3 4
Rotor radius [m] 39.0 39.0 39.0
Height [m] 80.0 80.0 80.0
Chord length [m] 4.05 2.7 2.03
Tower top height [m] 79.78 79.78 79.78
Aerofoil section NACA 0018 NACA 0018 NACA 0018
Cut-in, rated and cut-out wind speed [m/s] 5.0, 14.0, 25.0 5.0, 14.0, 25.0 5.0, 14.0, 25.0
Rated rotational speed [rad/s] 1.08 1.08 1.08

3.2 Description of landbased and floating VAWT models173

In this study, three straight-bladed floating VAWTs with a semi-submersible floater are considered. For the straight-174

bladed rotors, the structural properties of the blades, struts, tower and shaft were determined on the basis of the175

Deepwind rotor (Paulsen et al., 2015), which was a 5 MW Darrieus rotor. The blades of the designed straight-176
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Figure 2: The landbased and floating straight-bladed VAWTs with different number of blades.

bladed rotors and Deepwind rotor both used the same NACA 0018 airfoil, but they differed in the chord length. It177

was thus assumed that the structural properties of the blades, such as the mass per unit length, axial and bending178

stiffness, are related to a length scale that is determined using the chord length. In this study, the blades, instead of179

struts, are our concern. To avoid large deformation in the blades at high wind load conditions, the stiffness of the180

blades and struts was increased. The stiffness of the tower and shaft remained the same as the Deepwind design.181

Actually in a realistic design, the struts might be different from the present ones and additional struts, as the dash182

line shown in Figure 2, could be constructed. The mass properties of the three rotors are given in Table 2.183

The OC4 semi-submersible (Robertson et al., 2012) , which was originally designed to support the NREL 5184

MW wind turbine (Jonkman et al., 2009), was used to support the three straight-bladed VAWTs. The considered185

water depth was assumed to be 200 m. The same semi-submersible was used to support the 5 MW Darrieus186

Deepwind rotor and studied by Cheng et al. (2015) and Wang et al. (2016). Due to the difference in the rotor mass,187

the ballast of the semi-submersible was adjusted to maintain the same draft and displacement when supporting188

three different VAWTs. Properties of the three floating VAWT systems are given in Table 2. More details about the189

semi-submersible and catenary mooring system are given by Robertson et al. (2012). The generator was assumed190

to be located at the tower base and its mass was incorporated in the platform mass. Since the difference in the rotor191

mass between the NREL 5 MW wind turbine and three designed rotors is small compared to the displacement of192

the semi-submersible, it is therefore assumed that such modification will not significantly affect the hydrostatic and193

hydrodynamic performance of each floater.194

Although the structural properties of rotors and the substructure is not optimal from an economic point of view,195

they are sufficient to demonstrate and reveal the effect of the number of blades on the dynamics of floating VAWTs.196
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Table 2: Properties of the floating VAWT systems

Semi H2 Semi H3 Semi H4

Water depth [m] 200 200 200
Draft [m] 20 20 20
Diameter at mean water line [m] 12.0/6.5 12.0/6.5 12.0/6.5
Rotor mass, including blades, struts, tower and shaft [ton] 350.1 315.3 287.7
Center of mass for rotor [m] (0, 0, 51.03) (0, 0, 48.14) (0, 0, 45.34)
Platform mass, including ballast and generator [ton] 13761.3 13796.1 13823.7
Center of mass for platform [m] (0, 0, -13.44) (0, 0, -13.43) (0, 0, -13.43)
Buoyancy at the equilibrium position [kN] 139816 139816 139816
Center of buoyancy [m] (0, 0, -13.15) (0, 0, -13.15) (0, 0, -13.15)

3.3 Control strategy for the landbased and floating VAWTs197

In this section, a generator-torque controller is designed for the above VAWTs. Cheng et al. (2016b) demonstrated198

the typical relationship between the reference rotational speed and wind speed for a typical floating VAWT system199

and identified two control strategies, namely the baseline controller and improved controller, in terms of the target200

in the region above the rated wind speed. Herein the improved controller was adopted.201

Considering the 3-bladed VAWT, the rotor power is plotted against the rotational speed as a function of wind202

speed, as shown in Figure 3. For wind speeds below the rated wind speed, the designed rotational speed is deter-203

mined by maximizing the power capture. Regarding wind speeds ranging from 5-10.5 m/s, the rotational speed is204

chosen to make the rotor operating at the optimal tip speed ratio. Moreover for wind speeds ranging from 10.5-14205

m/s, the rotational speed is set to be the rated rotational speed. Therefore the optimized curve rotational speed can206

be obtained for wind speeds below the rated one.207
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Figure 3: The mean aerodynamic power as a function of the rotational speed and wind speed.
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Figure 4: The mean rotor power and rotational speed as a function of wind speed for the improved control strategy.

With respect to wind speeds above the rated one, the improved controller that maintains the mean rotor power208

approximately constant is applied. Given a wind speed, the desirable rotational speed is computed to make the209

mean aerodynamic power achieve a prescribed value, for instance 5.3 MW in this study. In this way the designed210

rotational speed is obtained as a function of wind speed as demonstrated in Figure 4.211

In the implementation of the controller, the generator rotational speed and electric torque are measured and212

low-pass filtered. The controller aims to minimize the error between the measured and filtered rotational speed213

Ωmea and the reference rotational speed Ωre f ,214

∆Ω = Ωmea −Ωre f (6)

in which the reference rotational speed Ωre f is determined on the basis of a look-up table showing the relationship215

of the filtered electric torque and reference rotational speed for wind speeds below the rated one; while for wind216

speed above the rated one, it is determined according to a look-up table of the low-pass filtered wind speed and217

reference rotational speed.218

The rotational speed error ∆Ω is then fed through the proportional, integral and derivative paths to obtain an219

updated value of the required electric torque, as follows,220

T (t) = KG

(
KP∆Ω(t) + KI

∫ t

0
∆Ω(τ)dτ + KD

d
dt

∆Ω(t)
)

(7)

in which KG is the generator stiffness, and KP, KI and KD are the proportional, integral and derivative gains,221

respectively. In this study, the value of KG, KP, KI and KD were determined with reference to the controller222

developed by Merz and Svendsen (2013) for the DeepWind 5MW Darrieus rotor.223

The aforementioned controller is determined using the 3-bladed VAWT. It is also applicable to the 2- and 4-224

bladed VAWTs, as illustrated in Figure 6. Figure 6 shows the mean value of the generator power production of three225
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equivalent landbased VAWTs and three floating VAWTs considered in the steady wind conditions. Description of226

the landbased and floating VAWTs can refer to section 3.2. Obviously all the mean generator power of the three227

rotors follow the pre-calculated power curve very well. Therefore, the designed controller was applied for the228

VAWTs in all simulations.229

4 Load cases and environmental conditions230

A series of load cases (LCs) were defined for the floating VAWT system and used in the time domain simulations,231

as given in Tables 3 and 4. LC1 and LC2 are free decay and white noise wave cases, respectively. They are232

used to identify the three floating VAWT systems and capture the difference in terms of natural periods of rigid233

body motions and response amplitude operators (RAOs). Those differences should be small in order to reveal the234

essential effect of the number of blades on the dynamics of floating VAWTs. LC3 and LC4 are the steady wind235

only cases and the turbulent wind and irregular wave cases, respectively. The wind and wave are correlated and236

directionally aligned. The difference between the 2, 3 and 4-bladed VAWT is mainly related to the aerodynamic237

loads, not very much to the wave loads. Moreover, the aerodynamic loads on a VAWT is not dependent on the238

wind direction. Therefore, the effect of wind-wave misalignment will not change their dynamic performances239

significantly. But the quantitative effect should be studied in the future.240

Table 3: Load cases: free decay and white noise

Load cases (LCs) Response Wind Cond. Wave Cond.

LC1 Decay Decay (Surge, heave, pitch and yaw) - Calm water
LC2 White noise RAO - White noise

The normal wind profile (NWP) was applied in the steady wind conditions, in which the wind profile is the241

average wind speed as a function of height z above mean sea level (MSL) and is given as follows242

U(z) = Ure f

(
z

zre f

)α
(8)

where Ure f is the reference wind speed, zre f is the height of reference wind speed and α is the power law exponent.243

In this study zre f was set to be 79.78 m, which is the vertical center of blades above MSL. The value of αwas chosen244

to be 0.14 for the floating wind turbines according to IEC 61400-3 (IEC, 2005). For turbulent wind conditions,245

the TurbSim (Jonkman, 2009) was used to generate the three dimensional turbulent wind field according to the246

Kaimal turbulence model for IEC Class C. Regarding the irregular wave conditions, the irregular wave history was247

generated using the JONSWAP wave model. The significant wave height and peak period were set based on their248

correlation with wind speed for the Statfjord site in the northern North Sea (Johannessen et al., 2002).249

In the turbulent wind and irregular wave LCs, each simulation lasted 4600 s and corresponded to a one-hour250

dynamic analysis, since the first 1000 s was removed to eliminate the start-up transient effects. Five identical and251

independent one-hour simulations with different seeds for the turbulent wind and irregular waves were carried out252

for each LC to reduce the stochastic variations. The mean value and standard deviation of the dynamic responses253

were obtained by averaging the mean values and standard deviations of five one-hour ensembles.254
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Table 4: Load cases: wind and wave cases

UW [m/s] HS [m] TP [s] TI [-] Wave Cond. Simulation Length [s] ∗

LC3.1 5 - - 0 - 800
LC3.2 8 - - 0 - 800
LC3.3 10 - - 0 - 800
LC3.4 12 - - 0 - 800
LC3.5 14 - - 0 - 800
LC3.6 18 - - 0 - 800
LC3.7 22 - - 0 - 800
LC3.8 25 - - 0 - 800

LC4.1 5 2.10 9.74 0.224 Irreg. wave 3600
LC4.2 8 2.55 9.86 0.174 Irreg. wave 3600
LC4.3 10 2.88 9.98 0.157 Irreg. wave 3600
LC4.4 12 3.24 10.12 0.146 Irreg. wave 3600
LC4.5 14 3.62 10.29 0.138 Irreg. wave 3600
LC4.6 18 4.44 10.66 0.127 Irreg. wave 3600
LC4.7 22 5.32 11.06 0.121 Irreg. wave 3600
LC4.8 25 6.02 11.38 0.117 Irreg. wave 3600

∗ Net simulation time for stochastic wave and wind conditions, i.e. removal of transient start-up.

5 Results and discussions255

5.1 Identification of the properties of floating VAWT systems256

A series of numerical simulations were carried out to identify the floating VAWT systems, including the eigen-257

frequencies of equivalent landbased VAWTs, the natural periods of rigid-body motions of floating VAWTs and the258

RAOs of floating VAWTs subject to wave loads.259

The eigen-frequencies and corresponding eigen modes of the equivalent landbased VAWTs were estimated260

using the code SIMO-RIFLEX-AC. The eigenvalue problems were solved using the Lanczos’ method. The rotors261

were assumed to be parked and the effects of aerodynamic loads and rotation on the eigen-frequencies and eigen-262

modes were not considered here. The results show that the two lowest eigen-frequencies of the 2-, 3- and 4-bladed263

rotors are located outside of the corresponding 2P, 3P and 4P regions, respectively, which indicates that the resonant264

modes of the rotor will not be excited during the normal operation.265

Free decay tests in calm water were carried out using the code SIMO-RIFLEX-AC to estimate the natural266

periods of rigid body motions for the three floating VAWTs. In the free decay tests, the wind turbines were parked267

in the position as shown in Figure 2 and were not subjected to the aerodynamic loads. Here the influence of the268

rotor azimuth angle when parked on the pitch and roll natural periods was neglected since the influence was very269

small. The results are given in Table 5. These three floating VAWTs have identical draft and displacement and270

employ the same mooring system, the natural periods in surge, sway and heave motions are thus almost the same.271

In addition, since the three floating VAWTs have nearly the same rotor masses and the rotor masses are small272

compared to the displacement, the natural periods in pitch, roll and yaw motions are also close to each other.273

The RAOs of floating VAWTs were estimated using the white noise technique. Cheng et al. (2015) stated274
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Table 5: Natural periods of rigid body motions for the three floating VAWTs

Semi H2 Semi H3 Semi H4

Surge/Sway [s] 113.15 113.15 113.15
Heave [s] 17.04 17.04 17.04
Pitch/Roll [s] 21.17 20.68 20.32
Yaw [s] 80.38 80.44 80.49

that the white noise technique can capture the natural frequency of rigid-body motions precisely and predict all275

RAOs accurately except at the resonant frequency of each mode. The white noise waves were created using the276

fast Fourier transform (FFT) with a frequency interval ∆ω=0.005 rad/s. In the white noise simulations, the wind277

turbines were parked as in the free decay tests. The surge and pitch RAOs of the three floating VAWTs are shown278

in Figure 5. It can be observed that the natural periods captured by the white noise technique agree well with those279

from the free decay tests. Moreover, the surge and heave RAOs for the three floating VAWTs agree very well280

over a wide range of frequencies; while visible discrepancy lies in the pitch RAO, especially at the pitch resonant281

frequency. This is due to the different moment of inertia in pitch of the three floating VAWTs. When adapting282

the three rotors with different mass to the semi, the ballast of the semi was adjusted to achieve the same draft and283

displacement for the three floating VAWTs. Consequently, the moments of inertia in pitch and roll of the three284

floating VAWTs differ, and the pitch natural frequency and pitch resonant response exhibit slight differences.285
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Figure 5: Surge and pitch RAOs of the three floating VAWTs for wave loads.

5.2 Steady wind conditions286

The steady wind LCs were used to verify the robustness of the designed controller, and to illustrate the difference287

between landbased and floating straight-bladed VAWTs with different number of blades.288

The robustness of the controller has been investigated and shown in Figure 6. The landbased and floating289

VAWTs can all achieve the pre-calculated power curve at a given wind speed. Figure 6 also presents the mean290
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thrust of the landbased and floating VAWTs. An example of the time history of the thrust and side force acting291

on the rotor for the three floating VAWTs are shown in Figure 7. In general the mean thrust of the landbased and292

floating VAWTs are close to each other, and the small difference, especially in high wind speeds, is mainly due293

to two possible reasons: one is that the effect of dynamic stall on the airfoil is not identical for the 2-, 3- and294

4-bladed VAWTs when operating at relatively low tip speed ratios. This can cause discrepancy in the mean value295

of the resultant forces. Another reason is that when the VAWTs rotate, not only the aerodynamic loads vary, so296

do the rotational speed and the generator torque used to regulate the rotational speed, as illustrated in Figure 7.297

The generator controller responds a little differently to the variation of rotational speed for VAWTs with different298

number of blades.299
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Figure 6: The mean value of the generator power, thrust and aerodynamic torque of the landbased and floating VAWTs with
the improved controller.
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Figure 7: Time history of the thrust and side forces acting on the three floating VAWTs in the steady wind condition with a
wind speed of 10 m/s.

In addition, the 2-bladed VAWT exhibits much more significant variation in the thrust and side force compared300

to the 3- and 4-bladed VAWTs, since its lift and drag forces of each blade reach the maximum and minimum301

simultaneously, causing the thrust and aerodynamic torque varying from approximate zero to double the mean302

value. Consequently, the induced structural responses, for instance the tower base fore-aft and side-side bending303

moments, vary considerably, and the fluctuation of the 2-bladed VAWT is much more notable than that of the 3-304

and 4-bladed VAWTs. This can be observed in Figures 7 and 8. It should also be noted that the 2-bladed floating305

VAWT has a larger standard deviation in pitch motion than the 3- and 4-bladed floating VAWTs, which makes its306
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Figure 8: Time history of the tower base fore-aft and side-side bending moments of the three floating VAWTs in the steady
wind condition with a wind speed of 10 m/s.

rotor weight contributing more to the variation of tower base bending moments as well.307

Figure 9 further compares the mean value and standard deviation of the tower base fore-aft and side-side308

bending moment of the landbased and floating VAWTs in the steady wind conditions. Compared to the landbased309

VAWTs, the floating VAWTs give relatively larger mean value in the fore-aft bending moment, especially at high310

wind speeds, due to the contribution from the tower weight and platform’s pitch motions. In contrast, the landbased311

VAWTs give larger mean value in the side-side bending moment than the floating ones. Regarding the standard312

deviation, both the fore-aft and side-side bending moment of the floating VAWTs are smaller than those of the313

landbased VAWTs. For the 2-bladed semi VAWT, the standard deviation of the fore-aft bending moment can314

reduce up to approximately 40% compared to the landbased one. It implies that the floating substructure with315

compliant catenary mooring systems can help to mitigate the variation in structural responses and thus to reduce316

the fatigue damage at the cost of some pitch motion. This is also demonstrated in the turbulent wind and irregular317

wave simulations. In addition, the 3- and 4-bladed VAWTs present much smaller standard deviations in the tower318

base fore-aft and side-side bending moment than the 2-bladed VAWT.319

5.3 Turbulent wind and irregular wave conditions320

In the turbulent wind and irregular wave conditions, several stochastic dynamic responses of the three floating321

VAWTs are studied, such as the wind turbine performance, platform motions, tower base bending moments and322

tension in mooring lines.323

5.3.1 Wind turbine performance324

Figure 10 shows the mean values and standard deviations of the generator power production, thrust, side force325

and rotor rotational speed for the three floating VAWTs in LC4. It can be found that the mean generator power326

production remains approximately constant above the rated wind speed (LC4.5) because of the robust controller327

implemented. For each LC, the difference in mean generator power among the three floating VAWTs is also very328

small. In addition, the mean values in the thrust and rotor rotational speed of three floating VAWTs are very close329

to each other for each LC as well. Although the mean side force of the 2-bladed semi VAWT is larger than those330
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(a) Tower base fore-aft bending moment

(b) Tower base side-side bending moment
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Figure 9: The mean value and standard deviation of tower base fore-aft and side-side bending moments of the landbased and
floating VAWTs in steady wind conditions.
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(a) Generator power production (b) Thrust

(c) Side force (d) Rotor rotational speed
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Figure 10: The mean value and standard deviation of the (a) generator power production, (b) thrust, (c) side force, and (d)
rotor rotational speed of three floating VAWTs in LC4 with turbulent wind and irregular wave conditions.
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of the 3- and 4-bladed semi VAWTs, the absolute value is all small compared to the mean thrust.331

Visible differences in Figure 10 are observed in the standard deviations, especially in those of the thrust and332

side force. Such discrepancies are mainly due to the different number of blades. The blade number contributes333

considerably to the variation of resultant aerodynamic loads acting on the rotor, as illustrated in Figure 10 (b) and334

(c). The standard deviation in the thrust of the 2-bladed semi VAWT is more than three times larger than that of335

the 3-bladed semi VAWTs at above the wind speed of 10 m/s (LC4.3). For wind speeds ranging from the cut-in336

(LC4.1) to rated (LC4.5) one, the standard deviation in thrust of the 4-bladed semi VAWT is more than 80% of that337

of the 3-bladed semi VAWT. Regarding the side force, the 2-bladed semi VAWT gives more than four times larger338

standard deviation than the 3-bladed one at below the rated wind speed (LC4.5), while the standard deviation of339

the side force for the 4-bladed semi VAWT is approximately half of that of the 3-bladed one.340

Similar to the thrust and side force, the aerodynamic torque varies significantly, especially for the 2-bladed semi341

VAWT. However, the fluctuation in the generator torque is relatively small compared to that of the aerodynamic342

torque, due to the adjustment of the controller. Consequently, the variation in the generator power is relatively343

small as well, as the standard deviation of the generator power shown in Figure 10. Moreover, the difference in344

the standard deviation of the generator power among the three semi VAWTs is much less notable than that of the345

aerodynamic loads. The standard deviation in the generator power of the 3- and 4-bladed semi VAWTs are very346

close to each other, while that of the 2-bladed semi VAWT is visibly larger than those of the 3- and 4-bladed semi347

VAWTs above the rated wind speed. As a whole, the generator power is not sensitive to the blade number due to348

the control strategy implemented.349

5.3.2 Global platform motions350

For the Darrieus type floating VAWTs, the mean value of platform motions are mainly induced by the wind loads351

(Cheng et al., 2015), this also applies to the straight-bladed floating VAWTs considered in this study, as shown352

in Figure 11. For all three floating VAWTs, the trends in the surge and pitch motions follow that of the thrust,353

while the trends in the roll and yaw motions follow that of the side force and generator torque, respectively. These354

three floating VAWTs have very close mean values in the aerodynamic loads, as a result their mean values in the355

platform motions are close to each other as well. The mean motions in surge, pitch and yaw increase as wind356

speeds increase. Moreover, the mean pitch and yaw motions of the 2-bladed semi VAWT are to some extent larger357

than those of the 3- and 4-bladed semi VAWTs above the rated wind speed.358

The standard deviation of platform motions are induced by not only the wind loads but also the wave loads. It’s359

obvious from Figure 11 that the standard deviation of platform motions of the 3- and 4-bladed semi VAWTs are360

generally very close to each other for each LCs. Moreover, the standard deviation of pitch motions of these three361

floating VAWTs are very close to each other for each LCs. However, the 2-bladed semi VAWT gives relatively362

larger standard deviations in surge, roll and yaw motions at LCs with wind speeds above the rated one.363

Power spectral analysis was carried out to identify different contributions from the wind or wave for each mode364

in each LC. The power spectral results are based on only one realization for each LC. Since it has been stated in365

section 5.1 that these three floating VAWTs have almost identical RAOs in surge and heave motions when subjected366

to wave loads, the discrepancy in the standard deviation of surge motions are mainly caused by the wind loads.367

Figure 12 presents the power spectra of surge motions in LC4.2 and LC4.7. The wave frequency response of these368
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Figure 11: The mean values and standard deviations of the surge, roll, pitch and yaw motions of three floating VAWTs in
LC4 with turbulent wind and irregular wave conditions.

(a) LC4.2: Uw=8m/s, Hs=2.55m, Tp=9.74s
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Figure 12: Power spectra of the surge motion of three floating VAWTs in (a) LC4.2 and (b) LC4.7.
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three floating VAWTs are identical and the difference in responses locates at the surge resonant frequency. The369

2-bladed semi VAWT has slightly smaller surge resonant response at LCs with wind speeds below the rated one,370

while it holds a little larger surge resonant response at LCs with wind speeds above the rated one. Moreover, no371

2P, 3P or 4P response is observed in the power spectra of surge motions for the 2-, 3- and 4-bladed semi VAWT,372

respectively. In addition, the more severe the sea state is, the more the wave loads contribute to the surge power373

spectra.374

Power spectra of pitch motions in Figure 13 (b) reveal that the contributions are from the low turbulent wind375

induced response, pitch resonant response and wave frequency response. In a very severe sea state such as LC4.7376

and LC4.8, a very small 2P response is also observed only for the 2-bladed semi VAWT. Due to the identical RAOs377

in the range of wave frequency, the wave frequency pitch response is also almost identical for these three floating378

VAWTs. Moreover, Pitch response with contribution from wave loads increases as the sea state becomes more379

severer, which is similar as the surge response. Regarding the power spectra of roll motions, not only is a notable380

2P response observed for the 2-bladed semi VAWT, but also a very small 3P response is captured for the 3-bladed381

semi VAWT. However, no 4P response is identified for the 4-bladed semi VAWT.382
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Figure 13: Power spectra of the (a) roll motion and (b) pitch motion of three floating VAWTs in LC 4.7.

The power spectra of yaw motions are mainly dominated by the low turbulent wind induced response and yaw383

resonant response, as shown in Figure 14. At LCs with wind speeds below the rated one, the 4-bladed semi VAWT384

gives a litter larger yaw resonant response; while it presents much smaller yaw resonant response at LCs with wind385

speeds above the rated one.386

5.3.3 Tower base bending moments387

It is of great interest to study the effect of blade number on the structural response. In this study the tower base388

bending moment was considered. The tower base bending moment is usually caused by the aerodynamic loads389

acting on the rotor as well as by the mass of the rotor due to the platform’s pitch and roll motions.390

Figure 15 compares the mean value and standard deviation of the tower base for-aft bending moment MFA391
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Figure 14: Power spectra of the yaw motion of three floating VAWTs in (a) LC4.2 and (b) LC4.7.

and side-side bending moment MS S for the three floating VAWTs in LC4. Obviously the discrepancy in the mean392

value of both MFA and MS S for the three floating VAWTs is fairly small, and is much less notable than that in the393

standard deviation. This is due to two possible reasons: one is that the mean value of the aerodynamic loads acting394

on the rotor is very close to each other, and the torque arm resulting in the tower base bending moments is almost395

identical. Another reason is that these three floating VAWTs slightly differ in the rotor mass, and in the mean value396

of the pitch and roll motions of the platform since the pitch and roll motions are mainly wind-induced.397

(a) Tower base fore-aft bending moment (b) Tower base side-side bending moment
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Figure 15: The mean value and standard deviation of tower base fore-aft and side-side bending moments of three floating
VAWTs in LC4 with turbulent wind and irregular wave conditions.

The 2-bladed semi VAWT gives significantly larger standard deviation than the 3- and 4-bladed semi VAWTs398

with respect to both the MFA and MS S , as illustrated in Figure 15. The ratio of the standard deviation of the 2-399

bladed semi VAWT to that of the 3-bladed semi VAWT varies from 2.37 to 3.93 for LC4.2-LC4.7, while the ratio400
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of the standard deviation of the 4-bladed semi VAWT to that of the 3-bladed semi VAWT remains approximately401

constant at 0.8. It indicates that increasing blade number from 2 to 3 blades can decrease MFA more significantly402

than increasing blade number from 3 to 4 blades. A similar conclusion can also be drawn for the MFA. In addition,403

it is also interesting to see that for the 2-bladed semi VAWT the MFA is smaller than the MS S for all LCs except404

LC4.1, and the discrepancy between MFA and MS S can reach more than 20% at LC4.7 and LC4.8. But both 3- and405

4-bladed semi VAWT predict to some extent larger MFA than MS S in LCs with wind speed at or below the rated406

one.407

Power spectral analysis can be used to identify the different contributions to the variation of the MFA and408

MS S , as shown in Figure 16. These three floating VAWTs have very close low frequency turbulent wind induced409

response and wave frequency response, as well as noticeable different responses at the nP (2P, 3P and 4P) frequency.410

Moreover, the nP response is increasingly dominating, especially in LCs with high wind speeds. For the 2-bladed411

semi VAWT, it is seen that not only is the 2P response significant but even the 4P response is visible, while only412

3P and 4P response is captured for the 3- and 4-bladed semi VAWT, respectively.413
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Figure 16: Power spectra of the (a) tower base fore-aft bending moment and (b) side-side bending moment of three floating
VAWTs in LC4.3

5.3.4 Tension in mooring lines414

Identical catenary mooring systems with three mooring lines were use to keep the three floating VAWTs in position.415

The layout of the mooring system is given by Robertson et al. (2012). Among the three mooring lines, the mooring416

line 2 is in line with the wind and wave directions and carries the largest tension when the floating VAWTs are417

subjected to the wind and wave loads. The tension in mooring line 2 is thus studied.418

Figure 18 shows the mean value and standard deviation of the tension in mooring line 2 of the three floating419

VAWTs in LC4. It can be found that the mean value for each LC is very close to each other for the three floating420

VAWTs and visible difference is only observed in the standard deviation, especially in LCs with wind speed at or421

above the rated one. Moreover, the standard deviation is relatively small compared with the mean value, implying422

that the present mooring system could be sufficient even in survival conditions.423

21



2P response

0 1 2 3 4 5
0

1

2

3

4

5

6
x 10

9

Freq [rad/s]

S
(ω

) 
[k

N
m

2
s/

ra
d

]

Semi H2

Semi H3

Semi H4

0 1 2 3 4 5
0

2

4

6

8

10

12
x 10

9

Freq [rad/s]

S
(ω

) 
[k

N
m

2
s/

ra
d

]

Semi H2

Semi H3

Semi H4

(a) Tower base fore-aft bending moment (b) Tower base side-side bending moment

Low freq. turb. 

wind induced

response

Wave freq. 

response

3P response 4P response

2P response

3P response

4P response

Figure 17: Power spectra of the (a) tower base fore-aft bending moment and (b) side-side bending moment of three floating
VAWTs in LC4.7
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Figure 19: Power spectra of the tension in mooring line 2 of three floating VAWTs in (a) LC4.3 and (b) LC4.7.

The difference in the standard deviation can be explored by using the power spectra analysis. Figure 19 gives424

the power spectra of tension in mooring line 2 of the three floating VAWTs for LC4.3 and LC4.7. Generally the425

power spectral density is dominated by the low frequency turbulent wind induced response and 1P response for426

the three floating VAWTs; and the wave frequency response also becomes dominating at LCs with high significant427

wave height. For the 2-bladed semi VAWT the 2P response is also very prominent, especially at LCs with high428

wind speed. In addition, a very small 3P response is also captured for the 3-bladed semi VAWT in LC4.7 and429

LC4.8. But no 4P response for the 4-bladed semi VAWT is observed for all LCs. In LC4.2 to LC4.4, the 2-bladed430

semi VAWT gives the largest standard deviation of tension in mooring line 2 because of the 2P response; while431

in LC4.5 to LC4.8, not only considerably large 2P response but also the low frequency turbulent wind induced432

response contribute to the standard deviation, causing it much larger compared to those of the 3- and 4-bladed semi433

VAWTs.434

6 Conclusions435

This study deals with the effect of the number of blades on the dynamic behavior of floating vertical axis wind436

turbines (VAWTs) with straight parallel blades. Three straight-bladed VAWTs with identical solidity and with a437

blade number ranging from two to four were aerodynamically designed using the actuator cylinder flow method.438

These three VAWTs were then adapted to a semi-submersible platform to establish three floating straight-bladed439

VAWTs, which have identical draft and displacement and use the same mooring system. A generator torque440

controller was also designed and used to regulate the rotational speed based on a proportional-integral (PI) control441

algorithm.442

The dynamic response of the floating VAWTs was then computed based on a series of load cases using the fully443

coupled aero-hydro-servo-elastic simulation tool SIMO-RIFLEX-AC. The floating VAWT systems were firstly444

identified using the eigen-frequency analysis, free decay tests and white noise wave simulations. The natural445
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periods of rigid-body motions and response amplitude operators (RAOs) in surge, pitch and heave are all close to446

each other for the three floating VAWTs.447

Steady wind simulations capture the effect of the number of blades on the structural responses of the landbased448

and floating VAWTs. Floating substructures with a compliant mooring system can help to alleviate the variations449

in the structural responses, for instance in the tower base fore-aft and side-side bending moment. The tower base450

fore-aft bending moment, especially for the 2-bladed floating VAWT, can be greatly reduced above the rated wind451

speed, compared to that of the corresponding equivalent landbased one.452

The impact of the number of blades is further studied using the turbulent wind and irregular wave simulations.453

Stochastic dynamic response analysis shows that the variation of aerodynamic loads such as the thrust and side454

force are strongly dependent on the number of blades; consequently the standard deviation of structural responses455

for instance the tower base bending moment is significantly influenced, which implies that the fatigue damage is456

reduced. Moreover, increasing the number of blades from two to three can significantly decrease the variation457

in the tower base bending moments and hence reduce the fatigue damage, whereas increasing from three to four458

blades has limited additional effect. However, the generator power production is not sensitive to the number of459

blades due to the control strategy used. The proposed control strategy is slightly more suitable for the 3- and460

4-bladed floating VAWT. Moreover, neither the platform motions nor mooring line tension are very sensitive to the461

number of blades either because of the compliant catenary mooring system.462

As a whole, this study demonstrates the effect of the number of blades on the dynamic behavior of floating463

VAWTs using a fully coupled aero-hydro-servo-elastic approach and will serve as a basis for the preliminary464

design trade-offs with respect to the number of blades for floating VAWTs.465
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