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NUMERICAL INVESTIGATION ON COUPLED AERO-

HYDRO-ELASTIC RESPONSES AND WAKE 

INTERFERENCE OF FLOATING WIND TURBINES 

ABSTRACT 

With the rapid development of offshore wind power industry, offshore wind turbines 

are advancing toward the direction of large-scale, deep-sea area and clustering. The floating 

wind turbines have gradually moved from conceptual design to engineering applications. 

Compared with land-based wind turbines or shallow-sea fixed wind turbines, floating wind 

turbines are subject to more complex wind-wave-current loads. At the same time, there are 

strong interactions between the wind turbine, the floating platform, and the mooring system, 

which makes the coupled aero-hydrodynamic responses of floating wind turbine show 

significant unsteady characteristics. As the size of the wind turbine blade increases, the 

characteristics of slender-long-thin blades become more prominent, resulting in the 

continuous increase of the structural deformation of flexible blades, which further affects 

the coupled responses of floating wind turbine. In addition, due to the scope of wind farm 

layout and construction cost, there is significant wake interference phenomenon in floating 

wind farms, which will worsen the inflow conditions of downstream floating wind turbines, 

thereby changing the coupling response of downstream floating wind turbines. Due to the 

adverse sea conditions, complex coupled aero-hydrodynamic responses, significant blade 

structure deformation, and mutual interference of floating wind turbine wakes, the 

promotion and application of floating wind farms still face greater challenges. It is necessary 

to carry out numerical investigation on the aero-hydro-elastic coupling response of floating 

wind turbines, explore the coupled dynamic response characteristics of floating wind 

turbines under combined wind and wave loads, analyze the complex wake interaction 

characteristics between floating wind turbines. This is of great significance for deepening 

the understanding of the coupling response mechanism of floating wind turbines and 

optimizing the overall performance of floating wind farms. 

This thesis focuses on the numerical investigation of coupled aero-hydro-elastic 

responses and wake interference of floating wind turbines under combined wind-wave loads. 

In order to improve the calculation efficiency, the actuator line model is used to calculate 



Error! Use the Home tab to apply  1 to the text that you want to appear here. 

 IV  

the aerodynamic performance of wind turbine, and the actuator line model is extended to 

the simulation of the nacelle and the tower. Furthermore, the actuator line model is modified 

to consider the influence of platform motion and blade deformation on the aerodynamic 

responses. Based on the equivalent beam theory and the one-dimensional finite element 

method, a blade structural deformation model is established. The CFD method is used to 

predict the hydrodynamic performance of the floating platform, and the piecewise 

extrapolating method is applied to solve the mooring system. Then the hydrodynamic 

calculation model is established for the floating platform. Using the two-way coupling 

method, a couped aero-hydro-elastic calculation model for floating wind turbines is 

established by combing the the aerodynamic model, the hydrodynamic model, and the 

structural deformation model. 

According to the coupled response calculation model for the floating wind turbines 

mentioned above, based on the existing two-phase flow CFD solver, the wind turbine 

aerodynamic performance calculation module, the wind turbine control system module and 

the blade structure deformation calculation module are developed. The hydrodynamic 

calculation module of the floating platform is modified, so that it can perform numerical 

simulation on any number of floating structures. Furthermore, the data interface between 

different calculation modules is developed, and a coupled aero-hydro-elastic response 

solver FEWT-SJTU is established for the floating wind turbines. Subsequently, a series of 

standard calculation examples are performed to verify the reliability of the calculation 

modules and the coupling calculation, including: aerodynamic responses of single wind 

turbine and two tandem wind turbines under different blade tip speed ratios, free-decay test 

of the floating platform and its motion responses under regular waves, wind turbine 

aeroelastic response simulation, and coupled aero-hydro-aeroelastic simulation for the 

floating wind turbine under uniform wind and regular waves. Numerical results show that 

the calculation results of the FEWT-SJTU solver are in good agreement with the published 

experimental data and other numerical results, indicating that the solver has high reliability 

in the simulation of aero-hydro-aeroelastic responses of floating wind farm. 

In this paper, the FEWT-SJTU solver is used to carry out a numerical study on the 

aero-hydro-elastic coupling response of a floating wind turbine under the combined wind 

and wave loads. Firstly, in order to study the coupling effects between the aerodynamic load 

of the wind turbine, the motion response of the floating platform and the deformation 

response of the blade structure, a series of calculation conditions are designed, and the 

influence of the aerodynamic load, platform motion and blade deformation on the coupling 

performance of the floating wind turbine are analyzed. Secondly, the coupled aero-hydro-

aeroelastic responses of the floating wind turbine under different inflow conditions are 
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discussed, and the influence of wind shear effect, inflow wind speed and sea conditions on 

the overall performance of floating wind turbine is discussed. Then, numerical simulations 

are performed for the coupled response of the floating wind turbine considering the control 

system under the combined wind and wave loads, and the influence of torque control and 

pitch control on the aerodynamic loads, platform motion responses and structural 

deformation responses are analyzed. 

Furthermore, the FEWT-SJTU solver is used to numerically simulate and analyze the 

complex wake interaction characteristics between two floating wind turbines in different 

layouts. Under the condition of tandem arrangement, the coupling response of two floating 

wind turbines under different motion states, different inflow wind speeds and different sea 

conditions are simulated. The influence of the motion status, inflow wind speed and sea 

conditions on the aerodynamic load coefficient, blade root bending moment, yaw moment, 

blade structure deformation response, platform motion and mooring tension of the 

downstream floating wind turbine are analyzed and discussed. Moreover, the flow filed 

characteristics, such as three-dimensional vortex structure, time-average wake velocity 

distribution, turbulent kinetic energy and Reynolds stress are analyzed. For the condition of 

two floating wind turbines with offset layout, simulation and analysis discussion are also 

carried out to investigate the influence of platform movement, inflow wind speed and sea 

conditions on the interference characteristics of the turbine wake and the coupled aero-

hydro-elastic response characteristics of the downstream floating wind turbine. 

Finally, in order to study the wake interference effects between multiple floating wind 

turbines, the FEWT-SJTU solver is used to perform coupled aero-hydro-elastic simulation 

for the floating wind farm consisted of nine floating wind turbines under shear wind and 

regular waves, and the control system of the wind turbine is considered. The coupled aero-

hydro-elastic responses of the floating wind turbines at different flow and lateral positions 

are compared and analyzed. The influence of the superimposed wake effects of the first two 

rows of floating wind turbines on the coupled response characteristics of the third row of 

floating wind turbines such as aerodynamic load, blade root bending moment, yaw moment, 

blade deformation, platform movement, and mooring tension are discussed. In addition, the 

three-dimensional vortex structure, vorticity distribution, time-average wake velocity, 

turbulent kinetic energy and Reynolds stress in the wake field are analyzed. 

 

Keywords: floating wind turbine, coupled aero-hydrodynamic responses, flexible blade 

deformation, wake interference, actuator line model, fluid-structure coupling, CFD 
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Fig. 1-1 Global cumulative installed wind capacity from 2001 to 2019 
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Fig. 1-2 Change trend of the foundation of offshore wind turbine with water depth 

 

҉ № Ȃ ̆ ̆

̆ ҉ № Ҍ 30 Ȃ

Ῥ ̂National Renewable Energy Laboratory̆NREL̃

̆ ҉ץ80% ҉ ᵝԍ 60 ľ Ŀ̆ ᶫ



Error! Use the Home tab to apply  1 to the text that you want to appear here. Error! Use the Home tab to 

apply  1 to the text that you want to appear here. 

 3  

Ữ ⌠ԅ 4000 GWȂ ╠̆ ҉ Ҭ Һ ̆

ᵖ № ғ̆ ̆

└ԅ ᴨ Ȃ 1-2 ԅ ҉ ל

̂Butterfield , 2007̃ Ȃѿ ҹ̆ ԍ 30 ῤץ ̆

ᵞ̕ ԍ 30 ⌠ 60 ῤץ ̆ ץ

҈ ̕ ԍ 60 ̆ ԍ ▲

҉ ̆ ̆ ᵞ ̆ ҉

Ȃҍ ̆ Ҍ ғ̆ Ҋ ̆

ⱴ Ȃ ̆ ᵬ ̆ Ҍ

ֽ ץ ̆ ᾧ ҙ ֟ Ҍ≠ Ȃ ̆

̂Floating Offshore Wind Turbine, FOWT̃ ץ ̆

⌠ ҉ ᵬ ⁞ץ̆ ҉ᵬҙ ̆ ᵞ

̂Vorpahl ̆2013̃ Ȃ ᵬҹ

̆ ҹ Ȃ 

 
(a) Hywind Scotland (b) WindFloat Atlantic 
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Fig. 1-3 Typical commercial floating wind farms 
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Fig. 1-4 Complicated environment loads acting on the floating wind turbine 
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Fig. 1-5 Influence of platform motion on inflow wind condition for floating wind turbine 
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̆ ᴪ ꜚ ֟ Ȃ 

 

1-6 Ѓ Е BingЄ 

Fig. 1-6 Structural deformation of the wind turbine blade large wind turbine 

 

̂4̃ ԑ ₮ 

≠ ȁ ᵞ Ȃ ԍ

└̆ № Ҍ ᾧ ᴪᵝԍῒ ׆̆ ֟

ԑ Ȃ ԍ҉ ̆Ҋ ῀ ⁞

̆ ⱴ̆ ᶏ ₮ⱳ Ҋ ̆ Ꞌ ̆ ᴪ ᵞ

Ꞌ ̆ ѿ ⱴ Ȃ 1-7 Lillgrund

҉ ̆ ԑ № ₮Ȃ ̆ ԍ ̆ Ҭ

⁞ ԅ 23%̆ 45%̂ Nilsson , 2015̃ Ȃ

Ҭ̆ ꜚ ᴪᶏ ⱴ ̆ ѿ ⱴ▲ԅҊ

Ȃ ҉ ֟ҙ ̆

̆ ԑ ṿ № Ȃ 
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1-7 Lillgrund Ҳ Ѓ Е BingЄ 

Fig. 1-7 Wake interaction phenomenon in Lillgrund wind farm 

 

҉ ̆ ֟ҙ ̆ ҹ ҉

Һ Ȃᵖל ԍ ’ ᴆ ⱷȁ ꜚ- ꜚ ȁ

ץ ԑ ̆ ҳ

Ȃ ꜚ- ꜚ- ṿ ̆

ᵬ Ҋ ꜚⱬ №̆ ԑᵬ ̆ ⱴ

ץ ᴨ ΐ № ӈȂ

ꜚ- ꜚ- ѿ ȁ ̆ ⌠

ȁ ҩ ץ̆ ᵣ ԑᵬ Ȃ

҉ ῏ ԅ ᵬ̆Ҋ ꜚ- ꜚ ȁ

ꜚ ץ Ҭ ԑᵬ ҈ҩ ῤ ׃

Ȃ 

 ꜠- ꜠  

ȁ ῒ̆ ꜚⱬ

ꜚⱬ ȁ ꜚⱬ ץ ԋ ӊ Ȃ ׆≢№

ꜚ ȁ ꜚⱬ ץ ꜚ- ꜚ ҈ҩ

׃ Ȃ 
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 ꜠  

╠̆̓͂ ԍ ꜚ ṿ Һ ̔ ꜚ ̂Blade Element 

Momentum, BEM̃ȁ ̂Wake Vortex Method, WVM̃ ᵣⱬ

̂Computational Fluid Dynamics, CFD̃ Ȃ 

    

1-8 ꜠ Ҳ ᵩ ┼ᵩ 

Ѓ Е BingЄ 

Fig. 1-8 Fluid control volume in BEM 

1-9 WVMҲ ⅎ  

Ѓ Е BingЄ 

Fig. 1-9 Vortex distribution on blade in WVM 

 

ꜚ Glauert̂ 1930, 1935̃ ₮̆ Wilson Lissaman̂1974̃

ԍ ꜚ ȂBEM ѿ ꜚ ̂Froude, 

1878̃ Ȃ ѿ ꜚ Ҭ̆ ҹ ̆ ₃ᵥ ꜚ

ῃ Ȃ ҉ ꜚ ̆ ץ ⌠ ꜚⱳ

ⱬȂ ҹѿ ↓ ᾝ̆ Ẋ

ᾝӊ ԑҌ ̆ ҈ ҹԋ ꜚ Ȃ

BEM ѿ ꜚ Ҍ ᵝ

̆ ԋ ⱬ ҍ ꜚ ῏ ѿ ᾝ҉

ꜚ ̆ ꜚ Ȃ BEMҬ̆ Ẋ ҹ

̆ҹԅ ḱ ̆ ₮ԅҌ ḱ ̂Glauert, 1935; 

Vries, 1979; Shen et al., 2005̃ȂBEM ̆ ̆ ԋ

ꜚ ╠ Ҋ̆ ῀ ΐ ̂Hansen et al., 

2006̃ ̆ ԍ ҍ№ ̆ ῏ԍ ᴆ

ԍ ꜚ ̆ FASTȁBladed Ȃᵖ ̆BEM

Ҥ ᶭ ꜚ Ҍ̆≠ԍ Ȃ B̆EM

῀ ᴆҊ ꜚ ‰ ̆

’ ₮ԅҌ ḱ ̂Holierhoek, 2013̃ ̆p ׅΐ Ҍ ̆

└ԅῒ Ҭ Ȃ 



Error! Use the Home tab to apply  1 to the text that you want to appear here. Error! Use the Home tab to 

apply  1 to the text that you want to appear here. 

 9  

ҹԅ ῀ ’Ҋ ꜚ ‰ ̆ Ḡ

̆ ῏ ῀⌠ ꜚ Ҭ̂Dumitrescu Cardos, 

1998; Kocurek, 1987; Coton Wang, 1999̃ Ȃ ∆ ԍ

ץ ̂Landgrebe, 1969; 1972; Egolf, 1973; Kocurek, 1977̃̆

ꜚ ̆ ѿ ԍל ȂWVM

Ҍ ↨ҹ№ץ ȁ ץ ̂Free Vortex 

Method, FVM̃ȂῒҬ̆FVM ȂGohard

̂1978̃ ₮ԅ ꜚ FVM S̆picic Morinô 1984̃ ȁJohmson

̂1995̃ ԍ ῀ ᴆҊ ꜚ ԅ№ Ȃ

Van̂2003̃ ҹԅ ץ ᵬ ҉ ꜚ ̆

FVM ҍ ̆ ₮ԅѿ ȂGupta ̂2006̃

FVM ꜚ ̆ ԅ ꜚ Ȃ ѿ ̆

Qiu ̂2014̃ ԍ FVM ⱬ ԅѿ ṿ№ ̆ Ẓ

ץ ꜚҊ ꜚ ԅ № Ȃ ̆ ῤ

Ӟ ԍ ԅ ῏ Ȃ ̂2010̃ №≢ ԍ ף

FVM ̆ ҍ ṿ ̆ ԅ

̆ ӊ ԍ ץ Ẓ ’Ҋ ꜚ ̆

̂2012̃ ԍ FVM Weissinger-L ⱬ NEEL Phase VI

ץ ꜚ ԅ № ̆ ̆ ԅ

̆ ῀ ᴆҊ ꜚ Ȃ

̂2016̃ ₮ԅѿ ԍ FVM̆ ᵀ- FVM Ҭ

└ ̆ ԅ ̆ ԍ ꜚ

Ҋ ꜚ ԅ Ȃ

ץ ’Ҋ ꜚ ̆ᵖῒ ‰ ץ

̆ Ӟ ⌠ ⱬץ ꜚ№

̆ ѿ

Ȃ 

ҍ BEMץ ԍל FVM C̆FD Ҍ

ꜚ ̆ ₃ᵥ ̆ └҈ Ҍ

ꜚ Navier-Stokeŝ N-S̃ ̆ ץ ⱬץ ꜚ№ ̆

ꜛԍⱴ ꜚ ץ ᴨ Ȃҹԅ

̆ ‰ Ḥ ̆CFD № ̆ғ
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№ Ȃ ԍ └̆CFD ֽ ԍ ԋ

S̆hur ̂1999̃ ȁTravin ̂2002̃ № ̂Detached Eddy Simulation, 

DES̃ ԋ ꜚ ԅ ṿ Ȃ ̆ ץ ⱬ

̆CFD ԍ ꜚ ȂSørensen Hansen

̂1998̃ CFD ԍ ꜚ ̆ k-ɤ SSTң

̂Menter, 1994̃ RANS ̆№≢ ץ ҈ ԅ Ȃ

῀ ԍ 10 m/s ̆ ṿ ҍ ȂJohansen Sørensen

̂2002̃ №≢ ԍ RANS DES NREL Phase VI ꜚ ԅ

̆ ԋ ⌠ ꜚ ≢ ȂChaviaropoulos ̂2000̃

ԍ RANS ԅ ҈ ̆ ῒ

ꜚ ̆ᵖ ꜚ№ № Ȃ ѿ ̆Fleig

̂2004̃ ҹԅ Ҭ └̆

̂Large Eddy Simulation, LES̃ ҈ ץꜚ ԅ

ṿ ̆ ҉ַȂ 

 

(a) ⅎ  (b) Ԝ  

1-10 ԓ ₉ᵫ CFD ЃCheng , 2016Є 

Fig. 1-10 CFD simulation based on the wind turbine geometry model 

 

ῤӞ CFD ꜚ ԅ ῏ Ȃᴋ

̂2011̃ ԍ RANS k-ɤ SST ҉ ԋ ꜚ

ṿ № ̆ ꜚⱬ ꜚ ̆

ԅ Ȃ ̂2014̆ 2015̃ ԍ ᴆ OpenFOAM ᴋ ᾝ

̂Arbitrary Mesh Interfacĕ AMĨ̆№≢ ң ҈ ꜚ

̆ ԅ Ȃ ̆ RANS ῀

ᴆҊ ҈ ꜚ ṿ № ̆ ῀ ᴆ ꜚ ץ

Ȃ ̂2013, 2014̃ AMI OpenFOAM Ҭ
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pimpleDyMFoam NREL 5-MW ꜚ ṿ ̆ ԅ῀

ⱬ№ ץ ꜚ№ Ȃ ̆ № ԅҌ

ꜚ ṿ Ȃ ̂2015̃ ԍ RANS ꜚ

ԅ ṿ ̆ ꜚ №̆

ԅ ꜚ Ȃ 

 

1-11 Ғ ᵩ Ⱶ Ѓ  Ї2018Єדּ

Fig. 1-11 Schematic diagram of different body force models 

 

CFD ‰ץ ꜚ ̆ ү Ḥ ̆

ᵖῒ № ̆ ֽ ԍ ꜚ ̆

ԍ ̆ ԍ ₃ᵥ CFD ᴪ ⌠

└Ȃҹ ̆ ῏ ₮ԅ ᵣ ⱬ ̆ ҍ CFD ̆ ӊ

ԍ Ȃᵣ ⱬ ᵣ ⱬ

ȁ ̆ף ץ ᾧ ׆̆ ⁞

̆ Ȃ ᵣ ⱬ Ҍ ҹ҈№ץ

̔ ꜚ ̂Actuator Disk Model, ADM̃ ȁ ꜚ ̂Actuator Line Model, 

ALM̃ ꜚ ̂Actuator Surface Model, ASM̃ȂADM ΐ

ף ̆ N-S ̆

ꜚ Ȃ ԍ ADM ҹ ̆ RANS LES ̆

ṿ № ̂Leclerc , 1999; Ammara , 2002; Réthoré

, 2009; Wu Porté-Agel, 2011; 2015̃ Ȃṿ ̆ADM ꜚ

Ẋ ̆ ΐ Ȃҹԅᵣ ҈

̆Sørensen Shen̂ 2002̃ ₮ԅ ALM̆ ᵣ ⱬ ף

̆ ꜚȂIvanell ̂2007̃ ALM ҍ LES

ҍ Ȃ ᵌ ̆Troldborg ̂2007̃ ҈

̆ ṿ ҍ ȂNing Wan

̂2019̃ ԍ ALM LES Ҍ ῀ ᴆҊ ꜚ
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№ Ȃ ῤ ̂2016̃ ҹԅ ALM ԍ ꜚ

Ҭ̆ ALM ԅ ̆ ₮ԅ ꜚ ̂Unsteady Actuator Line 

Model, UALM Ȃ̃ ѿ ҹ̆ԅᵣ ꜚ S̆hen

̂2007̃ ₮ԅ ASM̆ № ᵣ ⱬ ₱ ⌠ ̆

Ȃp ̆ ᴪ ⱴ

̂Shen , 2009̃ Ȃ 

ᵣ B̆EM ȁ ̆ᵖ ῀ ’ ̆ FVM

̆ ץ ῀ ᴆҊ ꜚ ̆p ‰

ץ ȂCFD ץ ‰ ̆ ⌠

ꜚ ̆p № Ȃr ⱬ ᵬҹѿ ̆

ⱬץ ꜚ№ ̆p ꜚ ̆

⌠ ҈ ̆ Ӟ ̆ ԍ

Ȃ 

 ꜠Ⱶ  

̆ ῒ ꜚⱬ Һ Ṣ ԅ

῏ ̆ ̔MorisonῈ ȁל ץ

CFD Ȃ 

MorisonῈ ѿ ⱬ ̆ Morison 1950

₮̆Һ ԍ ᴆ ҍ ғ

̂Morison, 1950̃ Ȃ ᵬ №

ⱬ ⱴ ⱬ̆ ᵣ ⱴ ⱬ

Ȃҹԅ ῀ ⌠ ̆Rainey

̂1989̃ Morison ̆ Ҭ ⱬ ̆ ⱬ ֽ

̆ ԅ ᴆ ԍ 1/10̆ ᵣ ꜚ

1/5̆ ꜚ 1/20̆ 1/30 Ȃ ̆ҹԅ

ΐ ⌠ ꜚⱬ ̆Honĝ 2005̃ ѿ

MorisonῈ ԅ ̆ᶏῒ ⌠ΐ ᴋ Ȃ

ῤ ԍ Morison Ὲ Ҍ ҉ ԅ ̆

ԅү ȂCheng ̂2002̃ MorisonῈ

’Ҋ ꜚⱬ ̆ Ҍ ̆ ҍ

ȂLee ̂2005̃ Morison ΐ
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ꜚⱬ ̆ ҍῒ ṿ ≢ ȂZaaijer̂ 2006̃ ≠ Morison

Ὲ ꜚⱬ ԅ ̆ Ḡ ╠ Ҋ ᵞԅ

̆ Ҍ ᴆҊ ꜚⱬ ̆ ҍ

̆ ԅ Ȃṿ ̆ ԍ MorisonῈ ‰

̆ ӞҌ ԍ ꜚ ̆ └ԅῒ

ꜚ № Ҭ Ȃ 

ҍ Morison Ὲ ל̆ ꜚⱬ ΐ

ᴨלȂҌ ԍ ץ ᵣ ̆

ῒ̆ ꜚ № ̆ ץ ⱴ

Ȃ ̆ ᵬ ҉ ᵣ ҹ ̆

ȁ ȁ ⱬ ל̆ ץ ⱬȁ῀ ⱬȁ ⱬ

ꜚⱬ Ȃל ῒ ȁ

ԍ ꜚⱬ Ȃ ╠ ꜚⱬ № ᴆ

ԍל ̆ A̔QWĂWAMIT̂Lee Newman, 2006̃ F̆AST̆

Orcaflex ȂKarimirad ̂2009, 2010̃ ԍל OC3̂ Offshore Code Comparison 

Collaboratioñ Ҭ Spar ’ ᴆҊ ꜚⱬ № ̆

ԅ ȂBrommundt̂ 2012̃ ל

ῤ ̆ ԍ ꜚⱬ ᴨ

ȂZhang ̂2013̃ ԍל ԅ ȁ ȁ

ᵬ Ҋ ꜚⱬ № ̆ ȁҌ ↕

ᵬ Ҋ ꜚⱬ ԅ ̆ ҍ SEASAM ᴆ Ȃ

Han ̂2017̃ FAST ᴆ ⱬ ̂Submerged Tension Leg Platform̆

STLP̃ Ҍ ↕ ᵬ Ҋ ԅ № ̆ ԅ ⱬ

ῒ ꜚ Ȃ ῤ Ӟ ԍל ꜚⱬ

ԅ ṿ № Ȃ ↨̂2014̃ NREL 5-MW ԅ

̆ ԍל ῒ Ҍ ꜚⱬ № Ȃ

ᵥ ̂2015̃ ₮ԅѿ ̆ ҈ ל MorisonῈ

ꜚⱬ № ̆ AQWA ᴆ ԅ Ȃ

̂2017̃ ҈ ῀ ᴆҊ ԅ №

̆ ԅ ᴆȁ ȁ ῒ ꜚ Ȃ ל №

ꜚⱬ ΐ ѿ ᴨ̆לp ῒ ꜚ ̆ ₯ȁ

̆ ‰ ̆ ⱬ Һ ꜚⱬ Ӟ ⌠
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Ȃ 

CFD ҈ Ҍ ⱬ ̆ ‰ץ ᵣ

ȁ ȁ ȁ ץ ₯ ̆ ᵬ ҉

ꜚⱬ ץ ү Ḥ ׆̆ ꜚⱬ ‰ Ȃ

Bredmose ̂2010; 2011̃ ԍ CFD ᴆ OpenFOAM ԅ

ȂZhao Wan̂ 2015̃ ԍ OpenFOAM VOF̂Volume of 

Fluid̃ OC4̂ Code Comparison Collaboration Continuatioñ Ҭ DeepCWind

ꜚⱬ ԅ№ ̆ ԅ ꜚ Ȃ

Tran Kim̂2015(b)̃ №≢ CFD ל DeepCWind ↕

ᵬ Ҋ ꜚⱬ ԅ №̆ ԅ ̆

ҍ ԅ ȂCheng Wan̂ 2015̃ ԍ OpenFOAM

CFD naoe-FOAM-SJTU OC4 Phase IIҬ ꜚⱬ

̆№ ꜚ ҍ ꜚ ῏ ȂHuang ̂2021̃

↕ ᵬ Ҋ ꜚⱬ ԅ№ ̆ ԅ ᴆ ꜚⱬ ̆

№ ԅῒ ’Ҋ ꜚ Ȃ ῤӞ CFD

ꜚⱬ ԅ Ȃ ̂2018̃ ԍ OpenFOAM ԍ

Ҭ ᴆҊ STLP ꜚ ̆ STLP

№̆ ԅ῀ ᴆ ꜚ Ȃ ̂2019̃

ꜚ ̆ ԍ CFD ԅ Ҍ

ᴆҊ ꜚⱬ Ȃ ҕ ̂2019̃ ԍ ҙ CFD ᴆ STAR-CCM+ ԅ

ṿ№ ̆ ԅ ȁ ꜚ ̆ ҹ

⁞ ꜚ ₮ԅ ῏ ᴨ Ȃ ̆ CFD

‰ץ Ҭ ꜚⱬ ̆ᵖῒ ԍ

MorisonῈ ל Ȃ 

ҹԅ └ Ҭ ꜚ Ḡ̆ ̆ №

Ȃ ⱬ ꜚⱬ № Ȃ ╠ ṿ№

ҹ№ץ ⱬ ꜚⱬ Ȃ ⱬ ̔ ȁҬ ⱬ

ȁ № Ȃꜚⱬ ̔ № ȁ ȁ ᾝ

Ҭ ̂ , 2020̃Ȃ ⱬ № ̆ ̂ ᴯ, 2009̃̆

Ҋ ⱬ̆Ҍ ̆

ғҌ ԍ ꜚ ̆Һ

∆ ᶏ ̂Kurian , 2013̃ Ȃ Ҭ
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ⱬ № ̆ᵖ ⱬ ԍῒ ᵣᵬ

ⱬ ѿ ᴆ̆ ץ ᵣᵬ ⱬ Ȃ Ӟ ԍ ԅ

ⱬȁ ҍ ꜚ ȁ ᴆӊ ῏ ̆

’Ҋ ꜚⱬ ԅ№ ̂Korkut , 1970; Gault Cox, 1974; 

Wennersberg, 2009; , 2007; , 2009; ԍ , 2010; ԍ , 2018̃ Ȃ ̆

Ҭ ⱬ ԍ ⱬҍῒ ⌠ ⱬ ғ̆ ȁ

ᵈ ’̆ ץ ⱬ ᵣ ℗ ⱬ̂ Berteaux, 

1976̃ Ȃ 

 

1-12 ⅎ ⅎ  

Fig. 1-12 Classification of mooring system analysis methods 

 

ԍ ⱬ ̆ ꜚⱬ № ⱴ‰ ꜚҍ

ⱬӊ ῏ ̆ ץ ᵈ ̆ ԍ ▲ ꜚ

ⱬ Ȃ ̆ ꜚⱬ ᶏ

ⱴ ̆ᵖ ԍ ⱬ ȂAblow Schechter

№ ԍ ꜚⱬ ̂Ablow Schechter, 1983̃ȂHuanĝ 1994̃

Ҭ № ̆ ₮ԅѿ ꜚ ṿ ̆

ῒ ԅ ȂGarrett ̂1982̃ ԍ ᾝ ԅ

҈ ȂThomas Hearn̂ 1994̃ № ԅ ꜚⱬ ̆

ԅ ҍ ԑᵬ ȂBenassai ̂2014̃ ԍ ᾝ

ԅ ṿ №̆ ԅ ꜚȁ ץ

ӊ ῏ ȂHall ̂2015̃ Ҭ DeepCWind

ԅ ȂLee ̂2018̃ ₮ԅ ԍ ᵣ

ᾝ ̆ ᵣꜚⱬ Ȃ ̆ ῤ

̂1999̃ ԍ № ᵞ ⱬ Ҋ ꜚⱬ ԅ№ Ȃφ

̂2006̃ ԍ ᾝ ꜚⱬ № ̆ ң
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Ҍ № ꜚⱬ ᴨԍ № Ȃ ̂2011̃

ԍ ᾝ № ̆

ԅ҈ Ȃ 

ᵣ ̆MorisonῈ ȁ ̆ᵖ ̆ ‰

̆ Ҍ ԍ ꜚ Ȃל

̆ ̆ ץ ꜚⱬ ̆ Ӟ

ԍ ῏ ᴆҬȂp ל ₯ȁ ꜚ

‰ ȂCFD ̆Ҍֽ ‰ץ ꜚ ̆

ץ ү Ḥ ̆p Ȃ ԍ № ̆ ⱬ

̆p ̆ ‰ ꜚ ץ ’Ȃ

̆ꜚⱬ № ̆ ⱴ ̆ᵖ Ӟ Ȃ 

 ꜠- ꜠  

ꜚ- ꜚ ῏ ꜚⱬ ҍ

ꜚⱬ ӊ ԑ Ȃ ̆ ȁ ȁ ȁ

ⱬ ȁᵬҙ ᵬ Ҋ̆ ꜚ ȁ ꜚ ץ ⱬӊ

ᴪ֟ ԑ ̆ ꜚⱬ № Ȃ̓͂ ԍ

ꜚ- ꜚ ҹң№ץ ̔ ṿ ȁ

Ȃ 

ṿ ҩ № ṿ № ̆ ץ

ꜚⱬ ΐ̆ ȁ ᵞȁ ̆

̆ ԍ ҩ Ȃ

ṿ Һ ꜚ ȁ ꜚⱬ

╠̆ №≢ ԅ׃ ̆ ҌῬ Ȃ ҉ ꜚⱬ ȁ

ꜚⱬ ץ ̆ ₮ԅ

ṿ№ ᴆ̆ FAST̂Jonkman, 2016̃ȁHAWC2̂ Bose, 

2010̃ ȁBladedȁAeroDyn/SIMO/RIFLEXȁSLOŴLemmer , 2018̃ ȁDARwind

̂Chen , 2019̃ ȁFOWT-UALM -SJTÛ Cheng , 2019̃ Ȃ 1-1 ╠ῖ

ꜚ- ꜚ № ᴆ ԅ ̂ , 2020̃ ̆ Ҭ ῏ Ώ

ӈ Ҋ̔DŜ Dynamic Stall̃ ꜚ ̆Airy ̆MÊMorison 

Equatioñ Ὲ P̆F̂ Potential Flow̃ ל ̆QSCÊ Quasi-Static 

Catenary Equations̃ ‰ ŬDFD̂ User-Defined Force-Displacement 
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Relationships̃ ӈ ⱬ-ᵝ ῏ F̆EM̂ Finite Element Method̃

ᾝ Ȃ 

1-1 ῝ ꜠- ꜠ ⅎ ᴌЃ , 2020Є 

Table 1-1 Typical coupled aero-hydrodynamic simulation tool for FOWTs 

ᴆ   ꜚⱬ  ꜚⱬ   

FAST NREL BEM/GDW+DS 
Airy+ME, 

Airy+PF+ME 
QSCE 

GH Bladed DNV GL BEM+DS Airy+ME UDFD 

ADAMS MSC+NREL+LUH BEM+DS 
Airy+ME, 

Airy+PF+ME 

QSCE, 

UDFD 

HAWC2 Risø-DTU BEM+DS 
Airy+ME, 

Airy+PF+ME 

QSCE, 

UDFD 

AeroDyn/SIMO/RIFLEX NTNU BEM Airy+ME 
QSCE, 

MBS 

SESAM.SIMA DNVS BEM 
Airy+ME, 

Airy+PF+ME 

QSCE, 

FEM 

3Dfloat IFE-UMB BEM Airy+ME 
FEM, 

UDFD 

DARwind UNew+SJTU BEM PF+ME 
QSCE, 

FEM 

SLOW Uni. Stuttgart BEM PF+ME QSCE 

SIMPACK/HydroDyn SIMPACK BEM/GDW PF+ME QSCE 

FOWT-UALM -SJTU SJTU ALM/CFD CFD QSCE/FEM 

 

ԍ҉ № ᴆ ꜚ- ꜚ ԅ

῏ ᵬȂNielsen̂ 2006̃ HAWC2 SIMO/RIFLEX Hywind Spar

- - ᵬ Ҋ ꜚ ԅ № ̆

ԅ ȂJonkman̂ 2007̃ FAST ᴆ

ԅ ṿ ̆ ԅῒ ’Ҋ ץ ꜚⱬ ̆ ԅ

№ ȂBae ̂2010̃ CHARM3D FAST ᴆ Ҍ ᵬ ᴆҊ

ⱬ ꜚⱬ ԅ № ̆ ꜚ ҍ

ꜚӊ ᴆҊ ⱴ ̆ғ ᴪ

Ꞌ ȂJonkman Mathâ 2011̃ ԍ FAST ᴆ№≢ SparȁTLPץ

ԅ ꜚⱬ ̆ № ԅҌ

ȂBachynskî 2014̃ AeroDyn/SIMO/RIFLEX Ҍ

№ ̆ ȁSpar ץ

ⱬ ̆ ԅ῀ ῀ ӊ ᵣ
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ȂShen̂ 2017̃ ԍ FAST ᴆ ⱬ

ԅ № Ȃ ῤ Ӟ ԍ № ᴆ ԅ

№ Ȃ ̂2017̃ FAST ᴆ OC3 Ҭ Spar

ꜚⱬ ԅ № ̆ ԅ ӊ ᵬ Ȃ

̂2018̃ 100 m ᴆҊ ᵬ 6-MW ԅѿ Spar

̆ FAST ᴆ ꜚ- ꜚ ԅ ṿ№

Ȃ ̂2018̃ FSAT ᴆ ѿ ΐ ľ Ŀ

ṿ ̆ ԅҌ Ҋ ľ

Ŀ ꜚ Ȃ ҉ № № ᴆҬ̆ ꜚⱬ ԍ BEM̆

ꜚⱬ ↕Һ ԍל ̆ ᶏ № ᴆΐ ᴨ̆לp

ᶏ ῒ ῀ ’ ᴆҊ ̂Roddier , 

2010; Sebastian Lackner, 2013̃ Ȃ 

 

(a) ԓ ЃLiu , 2017Є (b) ԓ ꜠ ЃCheng , 2019Є 

1-13 ԓ ALM ꜠- ꜠  

Fig. 1-13 Coupled aero-hydrodynamic simulation for FOWT based on geometric model and ALM 

 

CFD ṿ ΐ ȁ ץ ү Ȃ ԍ

№ ̆ ⌠ - ᵬ ȁ ԑᵬ ץ - ң

̆ CFD ԍ ῀ ’ ᴆҊ

ꜚⱬ ṿ ȂRen ̂2014̃ Fluent ᴆ TLP

҉ NREL 5-MW ꜚ- ꜚ ԅ CFD ṿ ̆

ԅ ȂTran Kim̂2016(a); 2018̃ STAR-

CCM+ ᴆ Һ ̆ ₮ԅ ꜚ- ꜚ ꜚⱬ
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̆ OC4 Ҭ DeepCWind ᵬ Ҋ ꜚⱬ

ԅ ṿ № ̆ FAST ץ ̆ ԅ

ȂQuallen ̂2014; 2016̃ ‰ ⱴ῀⌠ң

CFD ᴆ CFDShip-Iowa V4.5Ҭ̆ ₮ԅѿ ꜚ- ꜚ № ̆

└ ̆ OC3 Ҭ Hywind Spar ↕

ᵬ Ҋ ꜚⱬ ԅ № ̆ ԅ └

ȂCheng ̂2019̃ UALM̂Li , 2015(a)̃ ҍ naoe-FOAM-

SJTU ̂Shen , 2012̃ ̆ ԅѿ ꜚ- ꜚ

ṿ ᴆ FOWT-UALM -SJTŬ ҍῒ ṿ ᴆץ

̆ ԅ ᴆ ‰ ȂLiu ̂2017̃ ԍ OpenFOAM

₮ԅѿ ꜚ- ꜚ CFD№ ΐ̆

ᵣ ꜚ῏ ̆ DeepCWind ᵬ Ҋ

ꜚⱬ ԅ № Ȃ ῤ҆ Ӟ ꜚ-

ꜚ ꜚⱬ ԅѿ ↓ ᵬ̂ , 2015; 2016; , 2017; 

Huang , 2017; Cheng , 2019̃ Ȃṿ ̆ CFD ꜚ-

ꜚ ȁ ̆ᵖῒ Ȃ 

ԍῃ ȁ CFD № ҹ̆ԅ⁞ ȁ

ѿ̆֓ ₮ Ȃ

ң ѿ̔ ꜚ ̆ ꜚ ꜚ

ԋ̕ ꜚ ᵬҹⱬ ⱬ ᵬ ҉̆ ꜚ

ꜚ ȂVaal ̂2014̃ ADM

ꜚ ̆ ԅ ꜚ ꜚ

ȂTran ̂2014̃ ȁTran Kim̂ 2015(c); 2016(b)̃ ꜚҊ

ꜚ ԅѿ ↓ ṿ №̆ ԅ ȁ

ץ - ꜚ ꜚ ȂCheng ̂2016̃ ԍ OpenFOAM

ꜚҊ NREL 5-MW ꜚ № ̆

ꜚ̆ ԅ ꜚ ꜚ ̆

№ ԅ ȂNematbakhsĥ 2013; 2014̃ ꜚ ҹⱬ

ⱬ ᵬ ҉̆ ₮ԅ № ̆ ԍ

↕ ᵬ Ҋ TLP ԅ ṿ Ȃ ѿ ̆ Spar

Ҍ ’ ᴆҊ ꜚⱬ ԅ № ȂHuang ̂2019 №̃

≢ ⱬ FOWT-UALM -SJTU ᴆ Spar ↕
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ᵬ Ҋ ꜚⱬ ̆ № ̆ ⱬ

ᴪ ᵀ ꜚ ꜚ ṿ Ȃ ῤ ̂2016̃ ԍ ꜚ

Ҍ ꜚ ṿ Ҋ ꜚ ԅ №

Ȃ 2016̃̂שּׂ ԍ OpenFOAM ꜚҊ ꜚ ṿ

̆ ԅ ꜚ ṿ ꜚ Ȃ 

ԍ ṿ№ ̆ ȁ ȁ ᵬ

Ӟ ̆p ṿ ⱴ Ȃ

ṿ ‰ Һ ӊѿ̆Ӟ ׆

ȂUtsunomiya ̂2009̃ қ֤ NMRÎNational Maritime Research 

Institutẽ ԅ ᶛ ҹ 1̔22.5 Spar ̆ ꜚ ҹ

ⱬ̆ ῒ Ҍ ᴆҊ ꜚ ȂRoddier ̂2010̃ ᶛ ҹ 1̔

105 ̆ ꜚ ȂMartin ̂2011̃

ῌ MARIN ᶛ ҹ 1̔50 ꜚⱬ Ȃ

Azcona ̂2014̃ Ҭ Concrete Star Wind Floater

ԅ ̆ └ ȂSandner ̂2015̃ ᶛ

ҹ 1 6̔0 OC4 DeepCWind ̆ └

ף ᵬ ̆ ԅῒ ↕ ȁҌ ↕ ץ ’Ҋ Ȃ ῤ

̂2016̃ ⱬ WindStar TLP system̂ Zhao , 2012; 

2016̃ ҉ ֜ ԅ ҹ 1̔50 ȂChen ̂2018̃ ҉

֜ ҹ 1̔50 ԅ ̆№≢ ₃

ᵥ ᵌ ⱬ ᵌ ԅ ̆№ ԅҌ ᵌ ᴆ

Ȃ ѿ ̆ 1-2 ΐ ף ԅ

̂Martin , 2012; Koo , 2014; Goupee , 2016; Duan Hu, 2016; Nielsen , 2006; 

Robertson , 2013; Wan , 2017; Michailides, 2016; Sauder , 2016; Yu , 2017; 

Schnepf, 2019̃Ȃṿ ̆ ̆

ᵖ ᴪ ҳ ȁ Ҭ └ ȁ ҍⱴ ȁ

̂ , 2020̃ Ȃҹԅ ҉ ⱴ

̆ѿ֓ ԅ ῏ ̆ Ὲ

Hywind ̂Stiesdal, 2009̃ ȁPrincipal Power WindFloat

ȁBlue HῈ ⱬ ̂Bilgili , 2011̃ ץ

IdeolῈ Floatgen ҉ ̂Zamora-Rodriguez, 2014̃ Ȃ

ᴇṿ ̆ᵖ Ӟ № Ȃ 
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1-2 ῝  

Table 1-2 Typical model test researches for FOWTs 

ᵝ    

Hydro Oil & Energy 2006 5-MW Hywind 1:47 

Principle Power 2010 WindFloat model 1:67 

University of Ulsan 2011 OC3-Hywind FOWT 1:128 

WindSea Company 2012 WindSea Model 1:64 

Marine 2012 Spar, Semi-submersible and TLP 1:50 

GustoMSC 2014 Three-column semi-submersible 1:50 

SJTU 2014 Spar type, semi-type 5-MW 1:50 

NTNU 2015 STC 1:50 

MARINTEK 2016 Braceless semi-submersible 5MW-CSC turbine 1:30 

DHI 2017 Triple Spar 1:60 

NMRI Japan 2019 OPTIFLOW Concept 1:80 

 

ᵣ ̆ ╠ ꜚ- ꜚ ṿ ᴆ № ԍ

BEM ל ⌠ ̆ ̆ᵖ ῀ ’ ᴆҊ

‰ ȂCFD ץ -

- Ҋ ꜚⱬ ץ ṿ ̆ᵖ ȁ

ᶏ Ҍ Ȃ ̆ ץ ץ ⱴ

‰ ῒ̆ Ӟ ⱴ ̆p ȁ ȁ

ғ Ȃ 

 ꜠  

ꜚ ῖ - ̆ ⌠ ꜚ ȁ

ץ ԋ ӊ ᵬ Ȃ ꜚ ꜚⱬ

ꜚⱬ ̆Ҋ Һ ץ

- ׃ Ȃ 

  

╠̆῏ԍ ҹң№ץ ̔҈ ᾝ

̂ three-dimensional Finite Element Method, 3D FEM̃ ѿ ̂one-

dimensional Equivalent Beam Model, 1D EBM̃ȂῒҬ̆3D FEM

№ ̆1D EBM Ȃ 
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└ᵬ ῒ̆ № Ҍ̆

ȁ↨ ȁ Ҍ Ȃҹԅ‰ ̆

3D FEM ҈ ᾝ ̆ ӈҌ

Ȃ ᴆ̆ ANSYSȁAbaqus̆

3D FEM ̆ Ȃ ԍ

ꜚ № ̆ ҙ ᴆ ҈ ᾝ

№ ȁ Ȃҹԅ ̆Berg Resor̂ 2012̃ ANSYS

ԅѿ ᾝ № ╠ ᴆ NuMAD v2.0̆ ᴆΐ ȁ

ᵬ Ȃ3D FEM ‰ץ ῤ ⱬ№ ץ

̆ № ̆ CFD ̆

ꜚ № ȂBazilevs ̂2011̃ ҈ ᾝ

CFD ꜚ ṿ ̆ № ԅ ҍ

ꜚ ῏ Ȃ ̆Bazilevs ̂2012̃ Ҍ ᵣҍ ᵣӊ

- ₮ ꜚ № ̆

ԅ ṿ № ȂYu Kwon̂ 2014̃ ԍ 3D FEM CFD ԅ ꜚ

№ ̆ NREL 5-MW ῀ ᴆҊ ꜚ

ԅ№ ̆ ԅ ꜚ Ȃṿ ̆ ԍ 3D 

FEMҍ CFD ꜚ ṿ Ȃҹԅ⁞

̆ № 3D FEMҍ BEM ̆ ԍ ꜚ

ȂVerelst̂ 2010̃ Abaqus ᴆ ԍ BEM WT_Perf̂ Buhl

, 1997̃ ꜚ ԅ Ȃ ̆ᵖ

Ҍ Ȃ 

⌠ 3D FEM ̆ҹԅ ̆

ֲ ₮ 1D EBM Ȃ ԍ ԍῒ

ңҩ ̆ ῖ ᵣ ̆ 1D FEM

№ Ȃ1D FEM ҹ№ץ

̂Wang 2̆016̃ Ȃ Ẋ ̆ ԍ ’̆

ȁ ̆ᵖ ̆ ᵞȂҍ ̆

‰ץ ₃ᵥ ’̆p ⱴ ̆ Ȃ

̔Euler-Bernoulli Timoshenko ȂEuler-Bernoulli

ԅ ◄℗ ̆ Ẋ ̆ ̆

Ȃ ̆Timoshenko ԅ ◄℗ ̆
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̆p ̆ Ӟ ⱴ‰ Ȃ ԍ

ԍ ᵣ Ĕuler-Bernoulli Timoshenko ≢Ҍ ̆ Euler-

Bernoulli ῒ ԍ Ȃ ̆

Һ ԍ₃ᵥ ̂Geometrically Exact Beam Theory, GEBT̃

̂Hodges, 2003̃ȂGEBT ↨ Ҍ ẠῒזẊ ̆ῒᵝ - ῏

ԍᴋ ᵝ ꜚ̆ ₃ᵥ № ̆ ԍ

ȂWang ̂2014̃ ԍ GEBT BEM ₮ԅ

№ NAM_WTB̆ ץ ץ

₃ᵥ ’̆ ԅ Ȃҍ 3D FEM 1̆D EBM

̆ ̆ № ꜚ № Ҭ 1D 

EBM Ȃ 

ѿ ̆ 1D EBM ̆ ꜚⱬ

̆ ҹѿ ↓ ᾝȂ ҈ ̔

ⱴ ȁ ᵣꜚⱬ ̂Multi -Body Dynamics, MBD̃ ȁѿ ᾝ ̂one-

dimensional Finite Element Method, 1D FEM̃Ȃ ⱴ ѿ ↓ ⱴ

̆ ᶏ̆ ꜚⱬ Ȃ ⱴ ץ ᵞ

⁞̆ ̆ ̆ ꜚ

№ ᴆ̆ FLEX5 Ȃṿ ̆ ԍ ⱴ ⱴẊ ̆

₃ᵥ ‰ Ҍ̆ ԍ ’Ȃ ̆

ⱴ ҉ ‗ԍ∆ ̆

ᾝ ⌠Ȃ ̆ ⱴ ⌠ └ Ҍ̆ ԍ ꜚ

̆ Ȃ ԍ ⱴ ̆MBD

̆p ץ ꜚ ̆ ꜚ

ȂMBD ҹѿ ↓ ᾝ̆ ҩ ᾝӊ ⱬ ꜚ

῏ ̆ ꜚ ᵣ ꜚⱬ Ȃ ԍ

Ȃ ̔Chen ̂2019̃ ԍ↨ MBD

ꜚ № ̆ ꜚ № Ȃ

Liu ̂2019̃ ԍ MBD CFD ԅ ꜚ

Ȃ↔ ̂2018̃ ̂2019̃ ԍ MBD ꜚ

ԅ№ ̆ ₮ԅ MBD ꜚᴰ Ȃ1D FEM ҹ

ѿ ↓ ᾝ̆ ῤⱬ ᵝ ῏ Ҍ ᾝ̆ ᴆ

Ȃҍ ⱴ MBD ̆1D FEM ץ ⱴ‰ ̆
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̆p ̆ Ӟ ̆

ԍ ꜚ № ̂Hansen , 2006̃ Ȃ 

ᵣ ̆3D FEM № ⱬ№ ‰ ӊѿ̆

ᵖῒ № ̆ └ԅῒ ꜚ № Ҭ Ȃ

1̆D EBM ғ̆ ̆ ԍ ꜚ №

Ȃ ̆ ҈ Ҭ̆ ⱴ ̆p ̆

‰ ⌠ ꜚ ֽ̆ ԍ ғ̆ ԍ ꜚ

ȂMBD ꜚ ΐᴨ̆לp Ȃ ̆

1D FEM ̆ ̆ Ӟ Ȃ 

 -  

ꜚ ҍ ̆ ₮ԅҌ

ꜚ Ȃ 1-14 ԅῖ ꜚ №

Ȃ ҉ ѿ̆ ↓ ꜚ № ᴆ ₮ ̆

ԍ ꜚ Ȃ 1-3̂ Wang , 2016̃ ԅ

ꜚ № ᴆ̆ ֓ ᴆ 1D EBM Ȃ 

 

1-14 ꜠ ⅎ  

Fig. 1-14 Module compositions of the coupling aeroelastic analysis models 

 

ԍ҉ ꜚ № ᴆ̆ ꜚ

№ ȂMurtagh ̂2004̃ ᾝ ᵬ Ҋ

ꜚ № ̆ ԅ ↨ ̂Kane , 1987̃

ȂLiu Ren̂ 2011̃ ꜚ ₮ԅѿ

̆ ץ ץ ↨ ̆

ԍ № ԅ ȁ ꜚ ȂJeong ̂2013̃

ԍ ₃ᵥ Ẓ Ҋ ꜚ ̆

№ Ҍ ῀ Ẓ Ҋ ꜚ ץ ꜚ ̆ Ẓ ᴆҌ
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ᴪ ꜚ ֟ Ҍ≠ ȂGebhardt Rocciâ 2014̃ ᵣ ꜚ

ⱬ ᾝ ȁ ȁ ῤ ᵣ ꜚ №

̆ ‰ץ ⌠ ↨ ȁ ȂNg ̂2016̃

ꜚ ̆ ԅҺꜚ

└ ꜚ ꜚ ȂPonta ̂2016̃ ΐ

₮ԅѿ ꜚ ̆ ԍ

BEM ⌠̆ NREL 5-MW ԅ

Ȃ ῤ ᶃ ̂2011̃ BEM ԅ ꜚ

̆ Ҍ ῀ Ҋ ꜚ ԅ № Ȃ

̂2014̃ BEM MBD NREL 5-MW ꜚ ԅ

ṿ №̆ ԅῒ Ȃ ₮ ̆ ꜚ

№ ᴆҬ ꜚ BEM FVM̆ ≠ԍ ̆ᵖ

‰ ⌠ ꜚ ꜚ ץ Ȃ 

1-3 ῝ ꜠ ᴌЃWang , 2016Є 

Table 1-3 Typical aeroelastic calculation software for the wind turbine 

ᴆ  ᵝ ꜚ   

ADAMS/WT Mechanical Dynamics Inc. BEM MBD 

FAST NREL BEM ⱴ  

FLEX5 Technical University of Denmark BEM ⱴ  

GAST National Technical University of Athens Free-wake vortex 1D FEM 

GH-Bladed Garrad Hassan Ltd. BEM ⱴ  

HAWC2 Technical University of Denmark BEM MBD 

PHATAS Energy research Centre of the Netherlands BEM 1D FEM 

 

ҹԅ ҹ Ḥ ̆ CFD

ꜚ ̆ 1D EBM ꜚ № ȂHsu Bazilevŝ 2012̃

CFD ԍ ALE-VMS ᵞ FEM ȁ

ԅ № ̆№ ԅ ꜚ ץ ꜚ

ȂLi ̂2015(b)̃ ԍ CFD MBD ԅ ꜚ

̆ Ҍ ῀ ᴆץ ◄℗ Ҋ ꜚ ԅ

№ ȂHeinz ̂2016̃ ԍ CFD ᴆ EllipSys3D ꜚ ᴆ HAWC2

NREL 5-MW Ẓ ῀ ᴆҊ ꜚ ԅ ṿ ̆

№ ԅ ꜚ ȁ ץ Ȃ ̆ DTU 10-MW

ꜚ ԅ № ȂDai ̂2017̃ 3D FEM CFD
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Tjæreborg Ҍ Ẓ ῀ ᴆҊ ꜚ ԅ ṿ ̆ Ẓ

ꜚ ȁ ȁ ⱬ№ ȁץ ῤ ⱬ Ȃ ԍ

CFD ̆ѿ֓ ALM ꜚ

⁞ץ ̆ 1D EBM ꜚ Ȃ

ᴪ ꜚ ̆ᵖᶭ ‰ץ ȂMeng

̂2018̃ ԍ ALM 1D FEM ԅ ꜚ № EAL̂Elastic 

Actuator Linẽ ̆ ԍ Ҍ Ҋ NREL 5-MW ꜚ

№ ̆ ҍ FAST ᴆ ̆ ԅ Ȃ

Ma ̂2019̃ ALM ꜚ ̆ ԍ GEBM 1D FEM

̆ ₮ԅ ꜚ ̂Actuator Line Finite-element 

Beam Method, ALFBM̃ ̆ ԍ ALFBM ꜚ ̆

ꜚ ץ Ȃ ῤ ↔ᴯ̂ 2011̃ ԍ

ԅ ̆ CFD

⌠ ⱬḤ ̆ 3D FEM ꜚ ԅ№ Ȃ

̂2012̃ ԍ BEM 1D EBM ԅѿ ꜚ

̆ ̆ ԍ ᾠ ꜚ

ԅ № Ȃ 

ᵣ ̆ ꜚ 1D BEM

̆ғ Һ 1D FEM MBD̆ῒ

̆ғ Ȃ ԍ ꜚ ̆ BEM FVM ̆ ̆ᵖ

̆ Ȃ CFD ̆ ץ ⱴ ȁү Ḥ ̆

≠ԍ ᴨ ̆ᵖ № Ȃ ̆ALM

Ὶץ ‰ ̆ ѿҩҌ Ȃ ῒ

Ҭ̆ALM № Ȃ 

 ԝᵲ  

Ҭ̆ ԍ ⌠ └̆ ӊ

ԑ ̆ 10%~20%̂ Barthelmie , 2007̃ Ȃҹ

ԅⱴ ԑᵬ ̆ ᵞ ̆ Ҭ

ԑᵬ ԅ ῏ Һ̆ ̔ ȁ

ṿ ȂҊ ңҩ ׃ Ȃ 
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ԑ ӊѿȂ

̆ ῤ ῀ ᴆ̆ Ṣꜛ ȁת ȁ

Ἕ ̂Particle Image Velocimetry, PIṼ ̆ ץ

⌠ ꜚ ̆ ⱴ ꜚ Ȃ

̆ Ӟ ṿ ȂAlfredsson Dahlberĝ 1981̃

ұ↓ ҈ ӊ ԅ ̆№ ԅ ԑ

ꜚⱳ ₮ ȂVermeulen̂ 1982̃ ԑᵬ ԅ ̆

ԅҌ ῀ ᴆҊ ꜚ ץ ̆ ᴪ

ⱴ ԍ ̆ғ ᴪ ꜚȂ

̆ ⱬ ҍ ῏῏ ̆ Ҋ

ȂKrogstad Eriksen̂ 2013̃ ȁPierella ̂2014̃ ȁKrogstad ̂2015̃ ҹԅ

╠ ṿ ‰ ̆ ԅѿ ↓

№̆≢ ȁұ↓ ң ȁ ↓ ң Ҍ Ҋ ꜚ

ԅ ̆ Ҍ ṿ ԅ

̆ ῃ ṿ ץ ⌠ ԑ Ҭ

Ҍ ȂDou ̂2019̃ Ҍ Ẓ ȁ ץ Ḳᴀ Ҋ

ҍ ꜚ ῏ ԅ ̆ Ẓ ᴪ ꜚ

Ҋ ̆ ᴪᶏ Ẓ ȂAli Cal̂ 2019̃ ↓ ̂3¦4̃

̆ ת ԅҌ

№ №̆ ԅ ԑᵬ Ҋ Ȃ ҹ̆ԅ

῀ ᴆҊ ꜚ ̆ ῀

̆ ♥ȁ ̆ № ׆̆

῀ ᴆҊ ȁ ̂Maeda , 2017; Tian , 2018; Yang

, 2020̃ ȂTian ̂2019̃ Ҭ ԅ ῀ Ҋ ꜚ

̆ Ꞌ Һ Ҭԍ ̆ ᵞ

Ȃ ̆ ᾧ ғ̆ Ҭ ҍ̆

’Ҋ ≢ ׆̆ Ȃ ̆ ⌠

└̆ ץ ̆ ⌠

ԑᵬ № Ȃ 

ץ ⌠ ᴆҊ ̆ ᾧԅ
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Ҭ ȁγ ῀ ῒ̆ Ȃ Ҍ

└ Ḃ̆ԍ ׆̆ ץ № Ҭ

ԑᵬ Ȃ ̆ ̆ ԅ ԍᴰ

̆ ᾣ ̂Li , 2017̃ ȁ ץ ֲ ̂Platis

, 2018̃ ȁ ̂Hasager , 2015̃ Ӟ ԍ

̆ ֓ ΐ ȁ№ ȁ ᴨ ȂBarthelmie

̂2006̃ ԍ ҉ Ҍ ᵝ ԅ ҹ̆

ṿ ԅ ᶫԅ ȂLarsen ̂2010̃ ᾣ

Tjæreborg Risø ԅ ̆

ԅ№ ȂHansen ̂2016̃ ԍ ҍ └

҉ ԅ№ ̆ ᴆᴪ

№ ̆ ᴟᴪᶏ ֟ Ҥ ȂMenke

̂2018̃ ᾣ ⱳ ҹ 2 MW ̆

ῒ № ҍ ℗ ῏ȂWildmann ̂2018̃

יּ 12 ̆

ԅ№ ̆ ԅң

Ȃ ̆p ԍ

‰̆ ѿ Ȃ ≠̆

ץ ᵣ ’Ȃ ̆ ȁ

Ȃ 

ᵣ ̆ ҹץ ṿ ᶫ ̆p

ׅΐ ѿ Ȃ ᴪ ⌠ ȁγ ғ̆

῀ ᴆ̆ └Ȃ ⌠Ҍ

̆ ‰ ̆ғ ᵝ ̆ ȁ Ȃ 

 ẅ  

ԍ ̆ ṿ ᵞ ғ̆ ⱴ ’ ᴆ̆

ҹ ȁү Ḥ Ȃ ̆ ṿ

ԍ ԑᵬ Ȃ

ṿ ̔ CFD Ȃ 

ԍ Ẋ ⌠ №

ΐ̆ ̆ ̆ ғ ̆
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ԍ ᴨ ̆ ᵀ ᴆ

ԍ ̆ WAsP̆ WindFarm ȂJensen ̂1983̃ ȁKatic

̂1986̃ ₮ԅ ῖ ѿ ĺĺPark ̆ Ẋ

Ҋ ғ̆ ῤ № Ȃ ̆ ץ

⌠ ȂSørensen ̂2008̃ ԍ

Park Ҭ ԅḱ Ȃ ⌠ ҉

F̆randsen ̂2006̃ Ẋ № ΐ ᵌ ̆ ԍ

ꜚ ⌠ԅ Frandsen Ȃ ҉̆Tian ̂2015̃

№ ῤ № Ẋ ̆ ѿ ⌠ԅԋ

̆ RANS ԅ Ȃ ̆ ῤ ≠ ̂2011̃ Ӟ

ԍ Ẋ Park ԅ ̆ ₮ԅѿ ̆

ԍ ↓ ԅ ṿ ȂAinslie ̂1988̃ ԍ

Ẋ N-S ̆ ₮ԅѿ ̆ ԍҌ ᴆ̆

Ҭ ҍ ⱬ ץ ῏ȂBastankhah Port

ª-Agel̂ 2014̃ ᵌ ῤ № Ẋ ̆

ꜚ ̆ ₮ԅѿ Ȃ ҉̆ ѿ ԅ

Ẓ ̂Qian Ishihara, 2018̃ Ȃ

҉̆ ԑᵬ ѿ̆֓ ԅ ̆ ӊ ԍҌ

’ ᴆҊ ȂStevens ̂2015̃ ₮ԅѿ

CWBL̆ ԍ Horns Rev Nysted ⱳ ̆

ҍ LES ȂGebraad ̂2016̃

₮ԅ FLORIS ̆ Ẓ ꜚⱳ ̆

Ẓ └ᴨ Ȃ ̆ ԅ

Ẋ ̆ Ẋ ȁ Ẋ ȁ № Ẋ

̆ ҍ Ҭ ≢̆ ‰

Ҭ ԑᵬ Ȃ 

ԍ ̆CFD Ҍ Ẋ ̆

└҈ Ҍ ꜚ N-S ̆ ץ ꜚ Ḥ Ȃ ԍ

ԍ ₃ᵥ CFD ̆ѿ ᵣ ⱬ

Ȃ ҈ ᵣ ⱬ Ҭ̆ADM ALM ԍ ̆

ԍ ȂTroldborg ̂2010̃ LES ALM

ң ԑ ԅ ṿ ̆№ ԅҌ Ҍ



Error! Use the Home tab to apply  1 to the text that you want to appear here. Error! Use the Home tab to 

apply  1 to the text that you want to appear here. 

 30  

Ҋ ԑ ̆ ԅ ◄℗

ȂSanderse ̂2011̃ RANS LES ̆

LES ץ ⌠ ȂChoi ̂2013; 2014̃ ԍ CFD

ANSYS CFX№≢ ұ↓ ң ҈ ӊ ԑ

ṿ ̆ ԅ Ҋ ꜚ Ȃ ̆ CFD

ҍ ̆ ѿ ԑ Ȃ

Ivanell ̂2007̃ ȁWu Portª-Agel̂ 2015̃ ԍ LES ADM 80

Horns Rev ṿ ̆№ Ҋ Ҋ ꜚ

ȂMachefaux ̂2012̃ LES ADM ң ԅ

ṿ ̆ ҍ Horns Rev ԅ ȂChurchfield ̂2012̃ ȁ

Nilsson ̂2015̃ ȁRai ̂2017̃ ALM LES Lillgrund

ԅ ṿ № ̆ ԅ ῀ ᴆȁ ԑ

ץ ꜚ Ȃ ῤ ԑ Ӟ ԅ

ᵬȂ ̂2011̃ ȁ ̂2016̃ ԍ Fluent ᴆ№≢ ң

Ҍ ᴆȁҌ ᴆҊ ԑᵬ ԅ ṿ №̆ ԅ

ȁ ץ ῀ ᴆ Ҋ ꜚ Ȃ 2018̃ ;2017̂שּׂ

ң ԑ ԅѿ ↓ ᵬ №̆ ԅ ȁ

ȁ ꜚ ץ Ȃ M̆iao ̂2016̃ ȁ

̂2019̃ ╠ ԍẒ ᴆҊ ԑ ԅ ṿ

Ȃ 

ӊ ԑ ԅ ᵬ̆

ᵖ ԑ ṿ № Ȃ ԍ

ץ ꜚ ̆ ȁBEM FVM ‰

̆CFD ╠ ԑᵬ ҹ

Ȃ ⌠ ԍ ₃ᵥ CFD ṿ

№ ̆ѿ ꜚ Ȃ

Huang ̂2018(a); 2018(b)̃ ȁHuang Wan̂ 2019̃ ԍ ꜚ

ꜚ ̆ naoe-FOAM-SJTU

ꜚⱬ ̆ ѿ Ҍ ȁҌ ȁҌ ꜚ Ҋ ң

ԅ ṿ ̆№ ԅҌ ’ ᴆҊң Ҋ

ꜚ ȁ ꜚ ץ Ȃ 

҉ ̆ ̆ ̆ ԍ
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ᴨ ̆p ‰ ԑᵬ Ȃ ̆

CFD ⱴ ȁ‰ ̆ғ ⌠ ꜚ

҈ ̆ ԍ ԑ ṿ

Ȃ 

 Ӏ ᵲ 

ꜚ- ꜚ- ץ Ҭ

ԑ ṿ Ȃ ԍ CFD ȁ ꜚ

̆ ₮ԅ ꜚ- ꜚ- Ȃ ң

CFD ҉̆ ԅ ꜚⱬ ȁ └

̆ ԅ ꜚⱬ ̆ ԅ ꜚ- ꜚ-

FEWT-SJTŬ ѿ ↓ ṿ ԅ Ȃ ѿ ̆

ԍ ᵬ Ҋ ꜚ- ꜚ- ץ

ӊ ԑ ԅ ṿ № Ȃ Һ ᵬ

Ҋ̔ 

̂1̃ ꜚ- ꜚ- Ȃ

̆ ꜚ ꜚ Ȃ ꜚ ᶏ̆ӊ ץ

ꜚ ̆ ѿ ꜚ ̆ ӊ ԍ

Ȃ ԍ ѿ ᾝ ̆ ԅ

̆ ꜚ ̆ ꜚ Ȃ ѿ ̆

CFD ꜚ ꜚⱬ ̆ ԍ№

Ȃ ӊ ⱬȁᵝ Ḥ ᴰ ̆ ԅ ꜚ-

ꜚ- Ȃ 

̂2̃ ꜚ- ꜚ- Ȃ ԍ ᴆ

OpenFOAM̆ №≢ ꜚ C++

ᴆ̆ ԅ ꜚⱬ Ȃ ̆ ԍ └ └ ̆

ԅ └ Ȃ ѿ ̆ ԅ ң CFD Ҭ

ꜚⱬ ᶏ̆ӊ ץ ᴋ ṿ Ȃ

ӊ ̆ ԅ ꜚ- ꜚ- FEWT-

SJTUȂҹԅ ̆ ԅѿ ↓ ṿ ̆ ̔Ҍ

Ҋ ꜚ ȁұ↓ ң ԑᵬ ȁ
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⁞ ꜚ ȁ ↕ ᵬ Ҋ ꜚ ȁҌ ᵬ Ҋ

ȁ ꜚ- ץ ꜚ- ꜚ- Ȃ 

̂3̃ ꜚ- ꜚ- Ȃ ᾢ̆ FEWT-SJTU

ᵬ Ҋ ꜚ- ꜚ-

ṿ № Ȃ ꜚ ȁ ꜚⱬ ץ

ӊ ᵬ ̆ ԅҌ ’ №̆ ԅ ꜚ ȁ ꜚ ץ

Ȃῒ ̆ Ҍ ῀ ᴆҊ ꜚ- ꜚ

- ̆№ ԅ ◄℗ ȁ῀ ץ ’ ᴆ ᵣ

Ȃ ̆ └ └ ᵬ Ҋ

ṿ №̆ ԅ └ ꜚ ȁ ץꜚ

Ȃ 

̂4̃ ӊ ԑᵬ Ȃ ᾢ̆ ԍ FEWT-SJTU

ᵬ Ҋң ӊ ԑ ṿ ̆№ ԅұ↓

↓ ᴆҊ̆ ꜚ ȁ͂ ץ ’ ᴆ Ҋ ꜚ

ȁ ꜚ ȁ ץ Ȃῒ ̆ Ҭ

ꜚ- ꜚ- ṿ ̆ ◄℗ ץ

└ ̆№ ԅ ӊ ԑ Ҋ ꜚ

ȁ ꜚ ץ ̆ ѿ ԅ Ҭ ȁ

ȁ ꜚ ץ ⱬ Ȃ 

 ∕  

ᵬ Ҋ ꜚ- ꜚ-

ץ ӊ Ȃҹԅ‰

̆ Ὶ ̆ ꜚ ꜚ Ȃ CFD

ѿ ᾝ ̆ ԅ ꜚ- ꜚ- ̆

ԍ OpenFOAM ԅ Ȃ Ҍ

’ ᴆҊ ץ ԅ ṿ № Ȃ

Һ ⇔ Ҋ҈ҩץ ̔ 

̂1̃ ₮ԅѿ Ὶ ꜚ- ꜚ-

̆ ȁ ץ └ ⱬ ꜚ ҍ ԍ ᾝ

- ̆ ԅ ̆ ԅΐ
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ṿ ̕ 

̂2̃ ԅΐ Һ ֟ FEWT-SJTU ̆

ԅ ⱬ ꜚ ȁ └ ץ ̆ ԅ

ṿ ̆ ԅ └

̆ ‗ԅ ṿ Ҭ ̆ ԅ

ṿ ⱬ̕ 

̂3̃ ⱳ ԍ Ҍ ῀ ᴆȁҌ Ҋ

ṿ ̆ῒ ҹ

҉ ᶫԅ Ȃ ̔ ᴪ ꜚ

Ҋ ̕ ꜚᴪᶏ ꜚ ֟ ꜚ̕ ꜚ ᴪ

ⱴ ⁞ ̕ ⱴᴪ ꜚ ꜚ ꜚ ṿ̕ └

└ ץ ᵞ ꜚ ꜚ ṿ̕ ᴪ ᵞҊ ῀

̆ Ȃ 
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ԑ  ꜠- ꜠- ẅ  

ꜚ- ꜚ- ѿ ȁ ̆

⌠ ꜚ ȁ ꜚⱬ ץ ӊ

ԑᵬ Ȃ ꜚ- ꜚ- ṿ ̆

ṿ Ҭ ‰ ̆ ғ -

- ᵬ ץ̆ - Ȃ ꜚ- ꜚ-

̆ ₮ѿ ꜚ

ꜚ ̆ CFD № №≢ ꜚⱬ

̆ ԍ ᾝ ̆

ȁ ȁ ץ ӊ ԑᵬ Ȃ №≢ ꜚ

ȁ ꜚⱬ ȁ

ץ ꜚ- ꜚ- ׃ Ȃ 

 ꜠  

ꜚ ṿ Һ -ꜚ ȁ ȁ ԍ

₃ᵥ CFD ץ ᵣ ⱬ Ȃ -ꜚ ̆ ꜚ

ᴆҊΐ ̆ ԍ ᴆҬ̆ FASTȁ

Bladed Ȃᵖ ԍ -ꜚ ԍ‰ Ẋ ̆ ꜚ

‰ Ȃ ԍ ῀ ᴆ̆p ‰ ץ

ȂCFD ҈ Ҍ Navier-Stokeŝ N-S̃ ץ

ꜚ ‰ ̆ ץ ⱬ№ ȁ

ү ̆ᵖ CFD Ȃ ᶏ ⱬ

Ҋ̆ CFD ṿ ᴇׅף Ȃץ ꜚ

ҹף ᵣ ⱬ ̆ ԅ҉ ң ᴨ ̆ ꜚ

ף ̆ ᾧԅ ⁞̆ ԅ ̆

ꜚ ΐ̆ ̆ ԍ

Ȃ ꜚ ꜚ ̆ ⌠ Έ

ץꜚ ῀ ᴆ ̆ ₮ԅѿ ꜚ ĺĺ ꜚ
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̂Elastic Actuator Line Model, EALM̃ ȂҊ ꜚ ᵣ

ⱬ ׃ Ȃ ̆ ң └ Ȃ 

 ꜠  

ꜚ ѿ ꜚ ῒ̆Һ 2-1 ̔

ᾢ ҹѿ ↓ ᾝ̆ ҩ ᾝ ѿҩ ꜚ

ף ̆ ԍ ᵬ ꜚ ҉ ⱬ̆ ꜚ ҉ ⱬ

№̆ ⌠ ꜚ ̆ ҩ ꜚ ҉ ꜚⱬ ⌠ ̆

Ȃ ꜚ ∆ ̆ ⌠ ꜚ

ꜚ Ȃҹԅ ᴆҊ

ꜚ ̆ ꜚ ҉ ԅ ̆ ₮ԅ ꜚ

Ȃ 

 

2-1 ꜠  

Fig. 2-1 Basic diagram of actuator line model 

 

 

2-2 ԓ ꜠ ꜠  

Fig. 2-2 Calculation flow chart of the aerodynamic loads based on EALM 

 

ꜚ ꜚ 2-2 Ȃ ᾢ
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Ȃҹԅ‰ ῏ ̆ ӈ

ԅ҈ Ҍ ̂ ȁ ᵣ ᵣ ̃̆ 2-3

̂ã Ȃṿ ̆ ԍ ꜚ̆ ҩ ᵣ

Ҍ Ȃ ᵣ x ᵞ ץ̆ ҹ y̕

̆ҍ ҹ ̕z x y

ᵝ ⌠̆ ̆ ҹ Ȃ 

 

2-3 ꜠  

Fig. 2-3 Basic diagram of EALM for floating offshore wind turbine 

 

2-3̂c̃ ̆ ῀ ╤ ȁ

╤ȁ ꜚ ⱴ ╤ ץ ⱴ ╤Ȃ

╤ ץ Ҋ ̔ 

 ╤ ╤ ╤ ╤ ╤  (2-1) 

 ╤ ɱϽὶ (2-2) 

ῒҬ̆ɱ ̆ὶ ⌠ ȂẊ

ҊΈ ꜚ ҹ ȟ ὼȟὼȟὼȟ‰ȟ—ȟ‪̆ῒҬ ף

ꜚ̆ ף ꜚȂ ꜚ ⱴ

ҹ̔ 

 ╤ ȟ Ɫ Ɫ ● ●  (2-3) 

 ╤ ╙ Ͻ╤  (2-4) 
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ῒҬ ╤̆ ȟ ӈ Ҋ ꜚ ⱴ ̆

╙ ⌠ ᵣ ҊȂ● ●№≢

ᵝ Ҭ ᵝ Ȃ ̆ ⱴ ╤

Ӟ ⌠ ᵣ Ȃ 

῏ ̆ ץ ⌠ ῀ ‰̔  

 ‰ ÔÁÎὟȾὟ  (2-5) 

ῒҬ̆Ὗ Ὗ№≢ ╤ ᵣ Ҋ x y Ȃ

ѿ ̆ ‌: 

 ‌ ‰ —  (2-6) 

 — — — —  (2-7) 

ῒҬ̆— ף ̆— ҹ ᵝ ̆— ҹ

Ȃ 

Ḥ ̆ ꜚ Ҭ ṿ̆ ץ ⌠ ⱬ ὅ

ⱬ ὅȂ ѿ ̆ ҉ ꜚ █ ץ Ҋ ̔ 

 █ ╛ȟ╓ ”ȿὟ ȿὧὔ ὅ▄Ἐ ὅ▄Ἆ  (2-8) 

ῒҬ̆╛ ╓№≢ ᵬ ꜚ ⱬ ꜚ ⱬ̆” ̆ὧ

ף ̆ὔ ҩ ̆▄Ἐ ▄Ἆ№≢ ᵣ Ҋ x

y ᵝ Ȃ 

ṿ ̆ ԍ ᵬ ҉ ꜚ ̆

ԍ ꜚ ̆ ḱ ḱ Ȃ

ḱ Ὂ ӈҹ̔ 

 Ὂ ÃÏÓÅ  (2-9) 

 Ὢ  (2-10) 

ῒҬ̆Ὑ ҹ Ȃ 

ḱ Ὂ ӈҹ̔ 

 Ὂ ÃÏÓÅ  (2-11) 

 Ὢ  (2-12) 

ῒҬ̆Ὑ ҹ Ȃ 

ḱ ꜚ ץ ҹ̔ 

Ὢ ὪϽὊ ϽὊ  

ᾝ҉ ⌠ ꜚ №̆ ץ ⌠
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⌠ ꜚ ⱬὝץ ⱳ ὖ̔  

 ╣ В В ╓░ (2-13) 

 ╜Ἥ В ╛░►░ (2-14) 

 ╟ В ╜▄░  (2-15) 

ῒҬ̆╛░ ף≢№░╓ ᵬ ꜚ ᾝ҉ ⱬ ⱬ̆ὔ ꜚ

̆►░ i ҩ ꜚ ⌠ ̆╜Ἥף ᵬ ҉ Ȃ 

҉ ׃ ԅ ꜚ ᵬ ҉ ꜚ Ȃ

Ҍֽ ̆ Ȃҹԅ ̆ Ṣױ ꜚ

̆ ꜚ Ȃ 

 

2-4 ꜠  

Fig. 2-4 Basic diagram of the nacelle of wind turbine based on EALM 

 

ꜚ ̆ ԅѿ֓ ̆ 2-4̂b̃

Ȃ ѿҩ ᵣ ף ғ̆ ᵣ ҍ

҉ Ḡ Ȃ ᵌ ̆ ⅞№ҹѿ ↓ ᵣ

ᾝ̆ ҩ ᵣ ᾝ ѿҩ ꜚ ף Ȃ ₮ᵬ ֓ ꜚ ҉

ꜚⱬ̆ № ⌠ᵬ ҉ ꜚ Ȃ ⌠ ꜚⱬ ⌠ ̆

₮ Ȃ ⌠ Һ ῀ ֟ ᵬ ̆

ꜚ ֽ ῒ ⌠ ꜚ ⱬȂ 

῏ 2-4̂ c̃ Ȃץ ╠ ѿҩ ꜚ

ᵬҹ ꜚ ̆ ץ Ҋ ̔ 

 ╤ ╤ ╤  (2-16) 
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ῒҬ̆҉ n ̂nacellẽ ΏȂ╤ ף ╠ ῀ ̆╤

Έ ꜚ ╠ ⱴ ̔ 

 ╤ Ɫ Ɫ ● ●  (2-17) 

҉ Ҭ ●̆ ╠ ѿҩ ꜚ Ҋ ᵝ Ȃ ѿ ̆

⌠ ꜚ ⱬ ץ ҹ̔ 

 █ ”ȿὟ ȿὅὃ▄  (2-18) 

ῒҬ̆ὅ ⌠ ꜚ ⱬ ̆ ᵌԍ ⌠ ⱬ ̆ѿ ṿҹ

0.5̆ ὃ ҉ ̆▄ ᵝ

Ȃ ⌠ ⱬ №⌠ ҩ ꜚ ҉̆ ץ ⌠ ҩ ꜚ ҉ ꜚ

ⱬ̔ 

 ╓ ”ȿὟ ȿὅὃ  (2-19) 

ῒҬ̆ὔ ꜚ Ȃ 

 

2-5 ԓ ꜠  

Fig. 2-5 Basic diagram of the tower of wind turbine based on EALM 

 

ԍ ꜚ ҍ ᵌȂ ᾢ

҉̆ ҹѿ ↓ ᵣ̆ ҩ ᵣ ѿҩ

ꜚ ף Ȃ ҩ ꜚ ̆ ץ ṿ ⌠ᵬ ᾝ

҉ ⱬ ׆̆ ⌠ ҩ ꜚ ꜚ ̆ ѿ № ץ
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ᵬ ҩ ҉ ꜚ Ȃ ҩ ᾝ҉ ⌠ ꜚ ᵬ ԍ ̆

₮ Ȃ 

2-5 ԅ ꜚ Ȃ ѿ ᾝ

ꜚ ῏ 2-5̂c̃ ̆ ᾝ ╤ ҹ̔ 

 ╤ ╤ ╤  (2-20) 

ῒҬ̆҉ t ̂tower̃ ΏȂ╤ ᾝ ῀ ̆╤ ԍ

Έ ꜚ ᾝ ⱴ ̔ 

 ╤ Ɫ Ɫ ● ●  (2-21) 

ῒҬ ●̆ i ҩ ꜚ ᾝ ᵝ Ȃ ᾝ

̆ ץ ⌠ ‌̔ 

 ‌ ÔÁÎὟȾὟ  (2-22) 

ῒҬ̆Ὗ Ὗ№≢ ᵣ Ҋ x y

Ȃ ҹ ̆ῒ ⱬ ὅҹ 0̆ ⱬ ὅҹ 0.5̆

ᾝ ⌠ ꜚ ҹ̔ 

 █ ”Ὗ ὅὨÄὬ▄  (2-23) 

ῒҬ̆Ὠ ̆ÄὬ ҩ ᾝ ̆▄

ᵝ Ȃ ѿ ̆ ᵬ ᾝ҉ ꜚ ⌠ ̆ ץ

Ȃ 

 ᵩ Ⱶ  

⌠ᵬ ȁ ҉ ꜚ ӊ ̆ №

№ ꜚ ҉ Ҭ ⌠ Ҭ ҍ ׆̆

Ȃ ⌠ ꜚ ҉ Ҭ ᵬ ҉ᴪ ṿ

̆ ̆ ꜚ ҉ Ҭ ⌠ ӊ╠̆ ᵣ ⱬ

ᵬ ꜚ ҉ Ҭ ᾣ ̆ ᵬ ꜚ ҉ Ҭ №

ץ ꜚ ҹҬ ҉̆ 2-6 Ȃ ᵣ ⱬ

Ҭ̆ ᾢ ꜚ ̆ ᵣ ⱬ ץ̆ ᾧ ҩ

Ҭ ̆ ⌠⁞ Ȃr ⱬ № ̆

ῒ ץ Ҋ ̔ 

 Ὑ ‐σÌÏÇρπ (2-24) 

ῒҬ̆‐ҹ ̆ҍ ꜚ ᵝ ץ ῏Ȃ ᵣ

ⱬ № ̆ ₱ ῒҬ ҩ ҉№ ᵣ ⱬ̔ 
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 █Ⱡ █ṧ– (2-25) 

 – Ὠ ȾὩὼὴ  (2-26) 

 █Ⱡὼȟώȟᾀȟὸ В █ὼȟώȟᾀȟὸ ȾὩὼὴ  (2-27) 

ῒҬ̆█Ⱡ ҉ ꜚ № ҉ ᵣ ⱬ̆█ ╛ȟ╓ ╠

⌠ ᵬ ҉ ꜚ ף–̆ ↕ ₱ ̆‐ѿ ṿ

ҹ 2Ṑ 0.25Ṑ̆Ὠף ῤ

ὼȟώȟᾀҍ ꜚ ὼȟώȟᾀӊ Ȃ ᵌ ̆ᵬ ҉

ꜚ Ӟ ץ ҉ ᵣ ⱬ ᵬ ⌠ Ҭ ҉Ȃ 

 

2-6 ᵩ Ⱶ  

Fig. 2-6 Schematic diagram of body force projection 

 

ṿ ҉̆ № ₱ ̂ 2-26̃ ᵣ ⱬ № ̆ ץ

ꜚ ҹҬ ҉ ᵣ ⱬ ̆ ᵣ

ᵣ ⱬ№ Ȃҹ ̆ ץ № ₱ ̔ 

 – Ὠ
Ⱦ
Ὡὼὴ  (2-28) 

ῒҬ ‐̆ № ҍ̆ ῏ ‐̕

№ ҍ̆ ῏ ‐̕ №

̂Gao Wang, 2020̃ Ȃ 

 ┼  

ҹԅḠ ῀ ᴆҊ ῃȁ ̆ └ ᴪ ῀

ᴆ ̆ ȁ Ȃ └

└ └ȂῒҬ̆ └ѿ ԍ῀ ԍ℗῀ ᵖ
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ԍ ’̆ ᶏ̆ ᶃ Ҋ ̆

׆ ̕ └↕ѿ ԍ῀ ԍ ᵖ ԍ℗₮

’̆ ᶏ̆ ⱳ Ҋ Ḡ̆

₮ⱳ Ȃ 

└ 2-7 ȂẊ ᵞԍ ῀ ᴆҊ

̆῀ ҹό̆ ҹ ̆ ꜚ ҹὓ ̆

ҹ ̆ ҹὓ ̆ ԍѿ Ȃ

ӊ ̆ԋ ӊ Ҋ῏ ̔ 

     ϽὙ  (2-29) 

 ὓ ὓ ϽὉ ȾὙ  (2-30) 

ῒҬ̆Ὑ ף ӊ ᴰꜚ ̆Ὁ ⌠ ᴰꜚ

Ȃ ῀ ό ⌠ό ̆ ꜚ ӊ ⌠ὓ ̆ᵖ

Ҍᴪ ┴Ạ₮ ̆ ׅ Ḡ  ̆

̆ Ḡ  ̆ ὓ ӞҌᴪ Ȃ

̆ ꜚ ὓ ὓ ӊ ῏ ̆

 ᶏӊ ⌠ Ȃ  ɝ  ץ Ҋ ̔ 

 ɝ  ὓ ϽὉ ὓ ϽὙ ȾὍ (2-31) 

ῒҬ Ὅ̆ף ᴰꜚ ꜚ Ȃ ̆ Ӟ Ȃ

ᶃⱳ Ҭ ῏ ̆ Ӟᴪ ׆̆

ҍ ꜚ ӊ ṿ̆ ⌠ Ȃ ҹ̆ԅ⁞

ꜚ ꞉ ̆ ᵞ ₱ ̂Jonkman

, 2009̃ Ḡץ̆ Ȃ ῏₱

Ҋ ̔ 

 ώὸ ρ ‌ὼὸ ‌ώὸ ɝὸ (2-32) 

ῒҬ̆ώὸ ὸ ┴ Ḥ ̆ὼὸ ὸ ┴ Ḥ ̆ώὸ ɝὸ

҉ѿ ┴ Ḥ ̆‌ ᵞ ̆ ץ Ҋ ̔ 

 ‌ ÅØÐς“ὝὪ  (2-33) 

ῒҬ̆Ὕ ̆Ὢ ̆ ῏ ̂Jonkman , 2009̃

₮ ṿҹ ѿ 0.25ṐȂ҉׆ Ҭ ץ ₮̆ └

Һ └ ꜚ ӊ ꜚ

̆ᶏ ᶃ Ҋ ̆ Ȃ 
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2-7 ┼  

Fig. 2-7 Procedure of the rotational speed control of wind turbine 

 

ҍ └Ҍ ̆ └Һ ҹԅḠ ₮ⱳ ̆ ᵞ

ᴆҊ ꜚ ̆ ѿ Ḡ ̆

ꜚ Ȃ └ 2-8 ȂẊ ѿ ץ┴

̆   ⌠  ̆ ꜚ ὓ ҍ ὓ ԍ

Ȃ ῀ ⱴ̆ ꜚ ὓ ᴪ ԍ ὓ ̆ └ ҹ

ԅ ꜚ ᴪ ̆ ᴪᶏ  

 ̆ └Ȃ ῖ PID̂Proportion Integral 

Differential̃ └Ȃ ῏ ̆ № ̂Differential̃

ԍ └ ̂Jonkman , 2009̃ ̆ ֽ ᶛ ̂Proportioñ

№ ̂Integral̃ Ȃ ɝ— ץ Ҋ ̔ 

 ɝ— ὑὙ ɝ  ὑ᷿Ὑ ɝ Äὸ (2-34) 

ῒҬ̆ɝ ף ҍ ӊ ṿ̆ └ ῀Ḥ

̆ὑף ῀Ḥ ᶛ ̆ὑף ῀Ḥ № Ȃ 

 ὑ Ὃὑ— (2-35) 

 ὑ Ὃὑ— (2-36) 

ῒҬ ף̆  ף̆‚ ̆‫ ף ԋ

̆ — πף ᴆҊ ҹ 0£ ₮ⱳ ̆

Ὃὑ—ף ḱ Ȃṿ ̆ └ Ҭ̆ ᴪ ꜚ

ҍ ӊ ṿ Ҍ ̆p ᵣ ̆ ᴪ

̆ Ӟ └ Һ Ȃ 
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2-8 ┼  

Fig. 2-8 Procedure of the pitch angle control of wind turbine 

 ꜠Ⱶ  

№̆ῒ ꜚⱬ

ꜚ ⱳ ₮ΐ № Ȃ ԍ

OpenFOAM ҍ ꜚⱬ naoe-FOAM-SJTÛ Shen , 2012̃

ꜚⱬ № Ȃ ⌠ naoe-

FOAM-SJTU ԍ ҍ Ҭ Ҋ̆ ֽ Έ

ꜚ ȁ ⱬ ץ ׃ Ȃ 

 ꜠ ┼  

Έ ꜚ ⌠ң ̔

ᵣ ̆ 2-9 Ȃ ̂ὼȟώȟᾀ̃ Ҋ Έ

ꜚ ȟ ὼȟὼȟὼȟ‰ȟ—ȟ‪ ף≢№̆ ȁ ȁ

ȁ ȁ Έ ꜚ ̆ ᵣ ̂ὼȟώȟᾀ̃ҊҌ

҉ ꜚ ҹ ȟ όȟὺȟύȟὴȟήȟὶȂ ꜚ

Ҭ̆ⱬ ץ ᵣ Ҋ Ȃ 

 ȟ ἔ Ͻ ȟἔ Ͻ  (2-37) 

 ἔ

ÃÏÓ—ÃÏÓ‪ ÓÉÎ‰ÓÉÎ—ÃÏÓ‪ ÃÏÓ‰ÓÉÎ—ÃÏÓ‪ ÓÉÎ‰ÃÏÓ‪
ÃÏÓ—ÓÉÎ‪ ÓÉÎ‰ÓÉÎ—ÓÉÎ‪ ÃÏÓ‰ÓÉÎ—ÓÉÎ‪ ÓÉÎ‰ÃÏÓ‪
ÓÉÎ— ÓÉÎ‰ÃÏÓ— ÃÏÓ‰ÃÏÓ—

 (2-38) 

 ἔ

ρ ÓÉÎ‰ÔÁÎ— ÃÏÓ‰ÔÁÎ—
π ÃÏÓ‰ ÓÉÎ—
π ÓÉÎ‰ȾÃÏÓ— ÃÏÓ‰ȾÃÏÓ—

 (2-39) 
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2-9 ῏ ꜠ Ҳ  

Fig. 2-9 Coordinate systems in the calculation of 6DOF platform motions 

 

Έ ꜚ ̆ ᾢ ᵬ ҉ Ȃ

2-10 ̆ ⌠ № ̆ ̔ ⱬάἯȁ ꜚⱬ╕ ȁ

ⱬ╕ ⱬ╕ Ȃ 

 

2-10 ᵲ ҏ  

Fig. 2-10 Schematic diagram of the loads acting on floating support platform 

 

ԍ Ҋ ̆ ῒ ѿ ⌠

ᵣ Ҭ ҍ ꜚ Ȃ 

 ╕ ὢȟὣȟὤ ἔ Ͻ╕ (2-40) 

 ╜ ὑȟὓȟὔ ἔ Ͻ╜  (2-41) 

ῒҬ ╕̆ ╕№≢ ᵣ Ҋ Ҋᵬ ╜̆ ╜
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ᵣ Ҋ Ҋᵬ Ҭ ⱬ Ȃ 

↨ᵣ ꜚῈ ̆ ץ ⌠ ꜚ ̔ 

ừ
Ử
Ử
Ừ

Ử
Ử
ứ

ό ὢȾά ὺὶύή ὼ ή ὶ ώ ὴή ὶ ᾀ ὴὶή

ὺ ὣȾά ύὴ όὶώ ὶ ὴ ᾀ ήὶὴ ὼ ήὴὶ

ύ ὤȾά όή ὺὴ ᾀ ὴ ή ὼ ὶὴή ώ ὶήὴ

ὴ ρȾὍὑ Ὅ Ὅήὶάώ ύ όή ὺὴ ᾀ ὺ ύὴ όὶ

ή ρȾὍὓ Ὅ Ὅὶὴάᾀ ό ὺὶύή ὼ ύ όή ὺὴ

ὶ ρȾὍὔ Ὅ Ὅὴή άὼ ὺ ύὴ όὶ ώ ό ὺὶύή

 (2-42) 

ῒҬ̆ὍȟὍȟὍף ꜚ Ȃ 

⌠ ᵣ Ҋ ꜚ ̆ ꜚ №

⌠ ᵣ Ҋ ꜚ ̆ ̆ ₮

Ҋ Έ ꜚ Ȃ 

ѿ ̆ ꜚ ץ ꜚ Ȃ ꜚ

Ҭ̆ Ҭ Ḡ Ҍ ̆ ӊ ԅ Ȃ

ᵝ ץ Laplace Ȃ 

 Ͻɳ‎ɳ╤Ἧ π (2-43) 

ῒҬ̆╤ ԍ ꜚ ꜚ Ȃ‎ ̆ ꜚ

⌠ Ҭ r ṕ ̆ ρȾὶȂ 

̆ ᵝ Ӟ ץ ᵝ Laplace Ȃ 

 Ͻɳ‎ɳ╧Ἧ π (2-44) 

ῒҬ̆╧ ᵝ ̂Shen , 2012; , 2014̃ Ȃ 

  

Һ └ ꜚ ̆ Ȃ ╠

ץ Spar ҹ ѿ Ȃ

ṿ ꜚ └ Ҍ №ҹ̔ ⱬ№ ꜚ

ⱬ№ Ȃ ӈ̆ ⱬ№ ⱬ ⱬ

Ҍ̆ ꜚ̆ ꜚⱬ№ ↕ ꜚⱬ

№ Ȃ ⱬ № ̔ ȁ ȁ№ ̕ꜚ

ⱬ № ̔ Ҭ ᾝ Ȃ ṿ

̆ № ̂Piecewise Extrapolation Method, PEM̃

Ȃ 
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2-11 ᾣ Ⱶⅎ  

Fig. 2-11 Schematic diagram of the forces acting on a mooring segment 

 

№ № ҩ ᾝ̆

ҩ ᾝ ⱬ № ̆ ᴆ̆ɰ ⌠ ҩ ᾝ

ⱬ Ȃ 2-11 ԅ ѿҩ ᾝ ⱬ ’̆ Ҭ ᾝ

ⱬ ’̆ ץ ᾝ ⱬ ̔ 

Ὕȟ Ὕȟ ὊÄίϽÃÏÓ• ὈÄίϽÓÉÎ• ”ὫὃɝᾀϽÃÏÓ•

Ὕȟ Ὕȟ ὊÄίϽÓÉÎ• ὈÄίϽÃÏÓ• ύÄὰ ”ὫὃɝᾀϽÓÉÎ•
 (2-45) 

ῒҬ̆Ὕף ⱬ̆•ҹ ⱬҍῒ № ̆Ὂ Ὀ№≢ ᾝ

⌠ ᵣⱬ℗ ⱬ ⱬ Ä̆ὰ Äί№≢ ᾝ ᵈ╠ ύ̆

ᾝ Ҭ ̆”ҹ ᵣ ̆Ὣף ⱬⱴ ̆ὃ ᾝ ̆ɝᾀ

ҹ ᾝңҩ ӊ Ȃ ᾝ ⌠ ᵣⱬ ץ Morison Ὲ

̔ 

 
Ὀ ”ὅ Ὀ Ὗ

Ὂ ”ὅ “Ὀ Ὗ
 (2-46) 

ῒҬ ὅ̆ ὅ №≢ ᾝ ℗ ⱬ Ὀ̆ ҹ ᾝ ̆

Ὗ Ὗ№≢ף ᾝ ℗ № Ȃ ̆

ץ Ҋ Ὲ ̔ 

 Ä Ä ρ  (2-47) 

ῒҬ̆Ὁὃף ↨ ̂↔ ᴰ, 2014̃ Ȃ 
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CFD ṿ ԍ ң ̆ῒҬ ῏

ӊѿ ᵥ‰ Ȃ VOF̂ Volume of Fluid̃

Ȃ ῤᵣ № ̆ ԅ

̆ ᾧԅ ṿ ғ̆ └ ṿ ̆

ԍң Ҭ Ȃ 

VOF Ҭ̆ ᵣ № ‌ ң ֜ ᵝ ҉ң ᵣ

̆‌ ṿ 0 ⌠ 1 ӊ Ȃ ԍ ṿ ң ̆

‌ πף ᵝ ᵣҹ ̕‌ ρ↕ ᵣҹ ̕ π ‌ ρ ̆

ң Ȃ ᵣ ” ꜚⱬ ‘ ץ

Ҋ Ὲ Ȃ 

 ” ‌” ρ ‌” (2-48) 

 ‘ ‌‘ ρ ‌‘ (2-49) 

ῒҬ ”̆ ”№≢ ̆‘ ף≢№‘ ꜚⱬ Ȃ

̆ᵣ № ‌Ӟ ҉ ⱬὪ̆ΐᵣ Ὲ ҹ̔ 

 Ὢ „‖​‌ (2-50) 

ῒҬ „̆ ⱬ ⱬ 2̆5ŅҊ ֜ ⱬ ҹπȢπχσὯὫȾ

ί̕‖ף ̆ Ҋ ̔ 

 ‖ ​Ͻ
ȿ ȿ

 (2-51) 

VOF ԍ ᵣ № ‌̆ ΐᵣ ץ ῏ԍ‌

Ȃ 

 Ͻɳἣ‌ Ͻɳἣ‌ρ ‌ π (2-52) 

 ἣ ‌ἣ ρ ‌ἣ  (2-53) 

 ἣ ἣ ἣ  (2-54) 

ῒҬ ἣ̆ף Ҭ ἣ̆ ἣ№≢ ἣ̆ ҹľ

ĿȂ ҉ ῏ԍᵣ № ̆ ԍ ἣ ץ ҉

̔ 

 ἣȟ ἶÍÉÎὅ
ȿȿ

ἡ
ȟÍÁØ

ȿȿ

ἡ
 (2-55) 

ῒҬ̆Ҋ fף ᾝ҉ ̆ὅף ף‰̆ ᾝ҉

ἡ̆ ᾝ ῒ̆ ҹ ᾝ ἶ̆ף ң ҉
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̆ ץ ң ᾝ ᵣ № ̔ 

 ἶ
ᶯ

ᶯ
Ͻἡ (2-56) 

ῒҬ̆‏ ף Ҍ ↕ ̆ Ҋ ӈ̔ 

‏ 
В Ⱦ

Ⱦ (2-57) 

ῒҬ̆ὔ ̆‐ ѿҩ ̆ ṿҹρ ρπ̆ὠ ᾝ ᵣ

Ȃṿ ֲ̆ ֽ ῤ ᵬ ̆ ᵣ Ҍ

̂ , 2019̃ Ȃ 

  

Ҍ ̆

ҹ№ץ ҈̔ ᾝ ѿ Ȃ҈ ᾝ ‰ץ ΐ

ⱬ№ ’̆ᵖ

№ ғ̆ Ȃ ⌠ ԍ ᵣ ̆ ץ

̆ ̆ ץ ԇ

Ҍ Ȃ ԍ҈ ᾝ ̆ѿ

ȁ ̆ ԍ Ȃ ѿ

Euler-Bernoulli Timoshenko Ȃ ԍ ◄℗ ̆ҹԅ

̆ Euler-Bernoulli ̆ ѿ

ᾝ Ȃ 

  

ץ̆ ҹҺ̆◄℗ Ҍ ̆ ץ Euler-

Bernoulli Ȃ ᵬѿ ѿ

̆ Ẋ Ҋץ ᴆ̔ 

̂1̃ Ẋ ̔ ԍ

̕ 

̂2̃ Ẋ ̔ ׅ ̆ғ ╠ ԍ

ׅ ԍ Ȃ 

ԍ ΐ ₃ᵥ ̆ ̔ ȁ ↨

̆ ‰ ꜚⱬ ̆
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̆

Ȃ 

 

2-12  

Fig. 2-12 Schematic diagram of structural model for wind turbine blades 

 

ᾝ ̆ ⅞№

ᾝᵣ ̆ 2-12 Ȃ ҩ ᾝ ңҩ ̆ғ ҩ

ᵝ ΐ ҈ҩ №̆≢ ȁ‏ ‏ Ȃ‏

ᾝῤ Hermite ₱ ̔ 

 ώὼȟὸ •ώ •ώ •ώ •ώ  (2-58) 

ῒҬ̆ώ ώ ҹң ᵝ ̆ώ ώ ҹң ̆•ȁ•ȁ• •

Hermite ̆ Ҋ̔ 

 

ừ
Ừ

ứ
• ρ σὩ ςὩ

• ὼσὩ ςὩ

• σὩ ςὩ
• ὼὩὩ ρ

 (2-59) 

ῒҬ̆ὼҹ ᾝῤ ѿᵝ ̆Ὡ ὼȾὒ ᵝ ̆ὒ ᾝ

Ȃ 

̆ ץ └ ꜚⱬ ̔ 

 Ἑ◐ Ἅ◐ ἕ◐ ╕ὸ (2-60) 

ῒҬ̆ Ἑȁ Ἅ ἕ№≢ף ᵣ ȁ ᵣ

ᵣ↨ ╕̆ ᵬ ᾝ҉ ᴪ̆ ̆
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ף◐ ᵝ ῃ ̆ ᵝ ̔ 

 ◐

◐
◐
◐Ᵽ

 (2-61) 

ῒҬ̆◐ȁ◐ ◐Ᵽ№≢ף ῃ ᾝ ᵝ ȁ

ᵝ ᵝ Ȃ ҉ └

Ҭ̆ѿ ᵣ Ἅ ᵬ ᵣ Ἑ ᵣ↨ ἕ ̔ 

 Ἅ ╪ Ἑ ╪ ἕ (2-62) 

ῒҬ̆ὥ ὥ ᶛ ̆ ꜚ ̔ 

 
ὥ
ὥ

ς“Ὢ Ὢ
ρȾς“

 (2-63) 

ῒҬ ף̆‚ Ὢ̆ Ὢ№≢ ѿ ꜚ ԋ ꜚ Ȃ 

  

ҹԅ ꜚ ̆ ᴪ ѿ ғ̆

Ҍ ᴪ ᵝ Ҍ ̆ 2-13 Ȃ

ᴪ ֟

Ȃ 

 

2-13 -  

Fig. 2-13 Schematic diagram of coupled bending deformations along flap-wise and edge wise 

directions 

 

Ҋ ץ Ҭ ѿ ҹᶛ № Ȃ ᵣ

ὢ-ὕ-ὣҊ̆ ὢ ҹ ̆ ὣ ҹ

Ȃҹԅ Ḃ ̆ 2-13̂ b̃Ҭ ӈԅѿ Ὡ-έ-Ὡ̆
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ҍ ῏ ᴪ̆ ᵝ Ҍ Ȃ Ҭ̆

Ҋ ѿ⌠ ᵣ Ҋ ȂẊ

Ὡ Ὡ №ҹὓ ὓ ̆ Ὡ Ὡ ᵝ №≢ҹώ ώȂ

̔ 

 
ὓ
ὓ

ÃÏÓ— ÓÉÎ—
ÓÉÎ— ÃÏÓ—

ὓ

ὓ
 (2-64) 

 
ώ
ώ
ḙ
ÃÏÓ— ÓÉÎ—
ÓÉÎ— ÃÏÓ—

ώ

ώ
 (2-65) 

ῒҬ̆ὓ ὓ№≢ҹ ὢ ὣ ̆ώ ώ№≢ҹ ὢ ὣ

ᵝ —̆ ҍ ᵣ ӊ Ȃ EulerïBernoulli

̆ᵬ ҉ ҉ ῏Ҋץ ̔ 

 
ὓ
ὓ

ὉὍ ὉὍ
ὉὍ ὉὍ

ώ
ώ

 (2-66) 

 
ὓ

ὓ

ὉὍ ὉὍ

ὉὍ ὉὍ

ώ

ώ
 (2-67) 

ῒҬ̆ὉὍ ὉὍ№≢ ὢ ὣ ↨ ̆ὉὍ ὉὍ ὢ ὣ

↨ Ὁ̕Ὅ ὉὍ№≢ Ὡ Ὡ ↨ Ὁ̆Ὅ ὉὍ Ὡ

Ὡ ↨ Ȃṿ ѿ̆ Ẋ Ҋ Ҍ ↨ Ҍ

̆ ὉὍ ὉὍ πȂ ҉ ̂2-59̃~̂ 2-62̃ ̆ ץ ⌠

̂ὢ̃ȁ ̂ὣ̃ץ ңҩ ҉ ↨ ̔ 

 

ὉὍ ὉὍÃÏÓ— ὉὍÓÉÎ—

ὉὍ ὉὍÓÉÎ— ὉὍÃÏÓ—

ὉὍ ὉὍ ὉὍ ὉὍ ÓÉÎ—ÃÏÓ—

 (2-68) 

Ҍ ץ ҉ ⌠ ↨

Ȃ 

 

2-14 -  

Fig. 2-14 Schematic diagram of coupled bending-torsional deformation of wind turbine blades 
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ԅ҉ - ̆ Ҭ - ȁ

- ̆ Һ ԍ ꜚẒ Ẓ Ȃץ

ѿ ҹᶛ̆ Ҭ - Ȃ

2-14 ̆ ◄℗Ҭ ȁ ץ ꜚҬ Ҍ ȂẊ ᵬ

ҹ ӈ ⱬ̆ ⱬȁ ⱬ ᵬ̆ ꜚ ⱬ ҹ ӈ ꜚ

ⱬ̆ ⱬȁ ⱬ Ȃ ԍ ӈ ⱬ ӈ ꜚⱬ ᵬ Ҍ ◄℗Ҭ

̆ ̆ ֓ ӈⱬ ◄℗Ҭ ᴪ̆֟ ⱴ ׆̆

- ȁ - Ȃ 

2-14Ҭ̆ ף ◄℗Ҭ ̆҈ ף ̆

ף ꜚҬ Ȃѿ Ẋ ◄℗Ҭ ȁ ꜚҬ ᵝԍ

҉̆ ѿᶷ̆ ꜚҬ ╠ ѿᶷȂ

╕ἵ ╜ἵҹᵬ ӈ ⱬ ⱬ ̆╕Ἡ ╜Ἡҹᵬ ꜚҬ ӈ

ꜚⱬ ꜚⱬ ̆↕ ⌠◄℗Ҭ ץ ҹ̔ 

 ╕ἼἷἼἩἴ╕ἵ ╕Ἡ (2-69) 

 ╜ἼἷἼἩἴ╜ἵ ╜Ἡ ╜ἵ ╜Ἡ (2-70) 

 ╜ἵ ╕ἵ ▀ἵ (2-71) 

 ╜Ἡ ╕Ἡ ▀Ἡ (2-72) 

ῒҬ ╜̆ἵ ╜╪№≢ ԍ Ẓ ꜚẒ ̆

Ҭ - Ȃ 

  

ᾝ └ ꜚⱬ Ȃ ԍ

ᾝ ̆ ҹ ѿ ↓ ᾝ ᾝᵣ ̆ Ҍ

҉ ᾝ ᵝ ᵝ ᵣ Ȃ╠ ⌠̆ ᾝ

ңҩ ̆ ҩ ΐ ҈ҩ ף≢̆№

ץ Ȃ ᾝᵣ ꜚⱬ ̆ ץ

Ҍ ҉ ’Ȃ 

ᾝ ѿ 2-15 Ȃ ᾢ

Ḥ ̆ ᾝ ᾝ ӈ ᾝ ӈ↨ ῒ̆

῏ ̆ ᵣ ӈ ᵣ ӈ↨ ̆ ̆ ⌠

ᵣ ᵣ ӈ ̆ ᾝ ⌠ ӈ ̆ ⱬȁ

ꜚⱬץ ⱬ ̆ ᵣ ӈ ̆ ̂2-60̃ ̆



Error! Use the Home tab to apply  1 to the text that you want to appear here. Error! Use the Home tab to 

apply  1 to the text that you want to appear here. 

 55  

ꜚⱬ ̆ ꜚⱬ ̆ ⌠ Ȃ

Ҋ №≢ ᾝ ȁ ׃ Ȃ 

 

2-15  

Fig. 2-15 Solving procedure of the structural deformation of wind turbine blades 

 

ԍ ᾝ̆ Hermite ₱ ⱳ ץ ⌠ῒ Ȃ

ᾝ ᾝ ӈ ̔ ᾝ ̆ ᾝѿ ᾝԋ

ȂῒҬ̆ ᾝ Ⱨ Ҋ ̔ 

 Ⱨ

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ ὒ ὒ ὒ ὒ

ὒ ὒ ὒ ὒ

ὒ

ὒ

ὒ

ὒ

ὒ

ὒ

ὒ

ὒ Ứ
ủ
ủ
ủ
ủ
ủ
Ủ

 (2-73) 

ῒҬ̆‘ ‘ ҹ Ὥҩ Ὥ ρҩ ᵝ ̆ ᵝҹὯὫȾάȂ ̂2-73̃

Ҭ ‘ ѿ Ὓ̆ ץ ⌠ ᾝ ѿ ╢Ȃ ᵌ ̆

̂2-73̃ Ҭ ‘ ԋ ὐ̆ ץ ⌠ ᾝ ԋ ╙Ȃ

ᾝ ӈ ᵝ ῏ ̆ ץ ⌠ ᵣ ӈ ȂҊ

ץ ҹᶛ ᵥ ᾝ ⌠ ᵣ Ȃҹԅ Ḃ ̆ ᾝ

Ҭ ӈ Ҋ̔ 

 Ⱨ

ụ
Ụ
Ụ
Ụ
ợ
‘ ‘ ‘ ‘

‘ ‘ ‘ ‘

‘

‘

‘

‘

‘

‘

‘

‘ Ứ
ủ
ủ
ủ
Ủ

 (2-74) 

ῒҬ ҉̆ Ὥף Ὥҩ ᾝȂ ᾝ ҹτ τ Ҋ̆ Ҭ ңҩ ף≢№

ᾝ ᵝ ̆ 1ҩ ף ̆ 2ҩ ף ↓ Ȃ ᵣ

Ⱨ 2-16 Ȃ 
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2-16 ᵩ  

Fig. 2-16 Schematic diagram of the generation of global mass matrix 

 

ᵌ ̆ ᾝ ᵣѿ ╢ ᵣԋ ╙ ץ ҉

⌠Ȃ ѿ ̆ ᾝ ᵣ ӈ

╜ҹ̔ 

 ╜

Ⱨ ╢●
Ⱨ ╢◐

╢● ╢◐ ╙
 (2-75) 

ῒҬ̆╢● ╢◐№≢ ᵣ Ҋ ὼ ̂ ̃ ώ ̂

̃ ᵣѿ Ȃ 

ᾝ ӈ ᾝ↨ ̔ ᾝ ↨ ȁ ᾝ₃ᵥ↨ ᾝ

↨ ȂῒҬ̆ ᾝ ╚ ҹ̔ 

 ╚

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ

Ứ
ủ
ủ
ủ
ủ
ủ
Ủ

 (2-76) 

ῒҬ̆ὉὍ ᾝҬ Ὥҩ ᵝ ↨ ̆ ῀ ̂2-63̃ ⌠ Ҍ

↨ №̆≢ ץ ⌠̔ ᾝ ↨ ╚ ̆

ᾝ ↨ ╚ ץ̆ ᾝ ↨ ╚ Ȃ ѿ ̆

ץ ᵣ ↨ ╚ ̆╚ ╚ Ȃ 

ᾝ ᾝ₃ᵥ↨ ╚ ҹ̔ 
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 ╚

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ       

ὒ ὒ

ὒ ὒỨ
ủ
ủ
ủ
ủ
ủ
Ủ

 (2-77) 

ῒҬ̆ὔ Ὥҩ ⱬ̆Һ ⱬ Ȃ ᵌ

̆ 2-16 ᾝ₃ᵥ↨ ̆ ץ ⌠ ᵣ₃ᵥ↨

╚Ȃ 

ᾝ ᾝ ↨ ╚ ҹ̔ 

 ╚

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ       

ὒ ὒ

ὒ ὒỨ
ủ
ủ
ủ
ủ
ủ
Ủ

 (2-78) 

ῒҬ Ὃ̆ὐף ᾝҬ Ὥҩ ᵝ ↨ Ȃ ᾝ ↨ ╚

ᵝ ῏ ץ ⌠ ᵣ ↨ ╚Ȃ 

Ҍ ҉ ᵣ↨ ̆ ץ ⌠ ᾝ

ᵣ ӈ↨ ╚ҹ̔ 

 ╚

╚ ╚ ╚
╚ ╚ ╚

╚
 (2-79) 

ᵣ ╜ ᵣ↨ ╚ ̆ ץ ⌠

ᵣ ӈ ╒̆ ῒ ҹ̔ 

 ╒

╒
╒

╒
 (2-80) 

 ╒ ╪Ⱨ ╪ ╚╔ ╚╖  (2-81) 

 ╒ ╪▄Ⱨ ╪▄╚╔ ╚╖  (2-82) 

 ╒ ╪╙ ╪╚  (2-83) 

ῒҬ̆╪̆╪̆╪̆╪̆╪ ╪ ҹ ̆ҍ Ҍ ҉

ѿ ȁԋ ꜚ ῏̆ ץ ̂2-63̃ ₮Ȃ 

ᾝ ӈ ᾝ ̔ ᾝ ȁ

ᾝ ᾝ ȂῒҬ̆ ᾝ ╕



Error! Use the Home tab to apply  1 to the text that you want to appear here. Error! Use the Home tab to 

apply  1 to the text that you want to appear here. 

 58  

ҹ̔ 

 ╕▄

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ ὒ

ὒ

ὒ

ὒỨ
ủ
ủ
ủ
ủ
ủ
Ủ

 (2-84) 

ῒҬ̆Ὢҹᵬ i ҩ № ⱬ̆άҹᵬ i ҩ

№ ⱬ Ȃ ̂2-84̃ Ҭ Ὢ ά ҹ № ⱬὪ №

ⱬ ά ̆ ץ ⌠ ᾝ ᾝ ╕Ȃ 

ᾝ ᾝ ╕ ҹ̔ 

 ╕▄

ụ
Ụ
Ụ
Ụ
Ụ
ợ ὒ

π

ὒ

π Ứ
ủ
ủ
ủ
ủ
Ủ

 (2-85) 

ῒҬ̆άף ᵬ i ҩ ᵝ ⱬ Ȃ ᾝ

ᵝ ῏ ̆ ץ ⌠ ҉ ᵣ ̆ 2-17 Ȃ

Ҭ̆Ὂ ҉ Ὥ ᾝ ̆Ҋ ᾝ ᾝ Ҭ ᵝ Ȃ

ץ ⌠ ᵣ ╕ȁ ᵣ ╕

ᵣ ╕Ȃ 

 

2-17 ᵩ  

Fig. 2-17 Schematic diagram of the generation of global loading matrix 

 

Ҍ ᵣ ̆ ץ ⌠ ᵣ ӈ

↨ ̆ῒ ҹ̔ 

 ╕

╕
╕
╕╙

 (2-86) 

ҹԅ ᾝ ӈ ╕ȁ╕ ╕╙̆ Ҋ ⱬ ’

№ Ȃ Ҭ ⌠ Һ ꜚⱬȁ ꜚ ȁ ⱬȁ ⱬ

ȁ ⱬ̆ 2-18 Ȃ ҉ ⌠ ꜚⱬ ꜚ ̆

ΐᵣ 2.1Ҭ ԅ׃ Ȃ ᵬ̆ ҉ ꜚ ץ
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Ҋ ̔ 

 ὓ ”ȿὟ ȿὧὅ  (2-87) 

ῒҬ ὓ̆ ᵬ ᵝ ҉ ꜚ ”̆ Ὗ̆

̆ὧ ̆ὅ ꜚ Ȃ ѿ

̆ᵬ ҉ ⱬ ץ Ҋ ̔ 

 ╕ἵ ‘▌ (2-88) 

ῒҬ̆‘ҹ ̆ ᵝҹ kg/m̆▌ף ⱬⱴ Ȃ ⱬ Һ ԍ

Ẓ ̆ ץ ̂2-66̃ ₮Ȃ 

ᵬ ҉ ⱬ ץ Ҋ ̔ 

 ╝► ᷿Ⱨⱷ ►
╡

►
ⱷἬ► (2-89) 

ῒҬ̆╝►ף ҹὶ ⌠ ⱬ̆Ὑף ̆ⱷ

Ȃṿ ҉̆ ᵬ ҉ ӈ ⌠

ᵣ Ҋ̆ ѿ ҍ Ҍ ӈ Ȃ 

 

2-18 └  

Fig. 2-18 Schematic diagram of the loads acting on the wind turbine blades 

 

MCK̂ῒҬ̆M ̆C ̆K ↨ ̃

̆ ץ Newmark-ɼ └ ꜚⱬ ̆ ѿ

⌠ ’ȂNewmark-ɼ ΐ ȁ ᶭ ̆

ԍ - Ҭ ꜚ ȂҊ ꜚⱬ

׃ Ȃ 

̂2-60̃ ̆ Ҭ ◐ȁ◐ ◐̆ ῒ ԅ

̆ Ҍ ̆ ᾟң Ȃҹ ̆Newmark-ɼ ᾝ

ᵝ ◐ ◐ יּ ̆ ὸ ┴ ᵝ ȁ ὸ
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ɝὸ ┴ ᵝ ȁ ⱴ ӊ ῏ ᾟ Ȃ ᾟ Ҋ ̔ 

 ◐◄ ◐◄ ◄ ρ ‎◐◄ ◄ɝὸ ‎◐◄ɝὸȟπ ‎ ρ (2-90) 

 ◐◄ ◐◄ ◄ ◐◄ ◄ɝὸ ◐◄ ◄ɝὸ ‍◐◄ɝὸȟπ ‍ ρ (2-91) 

ῒҬ̆‍ ‎ ҍ ῏ ̆ ‎ πȢῠ ‍ πȢςυπȢυ ‎ ̆

Newmark-ɼ ᴆ Ȃ ̂2-85̃ ̂2-86̃̆ ץ ὸ ┴ ◐◄

ⱴ ◐◄ ҉ѿ ┴ ᵝ ◐◄ ◄ȁ ◐◄ ◄ ⱴ ◐◄ ◄ ̔ 

 ◐◄ ὥ ◐◄ ◐◄ ◄ ὥ◐◄ ◄ ὥ◐◄ ◄ȟπ ‎ ρ (2-92) 

 ◐◄ ◐◄ ◄ ὥ◐◄ ◄ ὥ◐◄ȟπ ‍ ρ (2-93) 

ῒҬ̆ὥ~ὥ ‍ȁ‎ץ ɝὸ ῏ ̆ Ҋ ₮̔ 

ὥ
ρ

‍ɝὸ
ȟὥ

‎

‍ɝὸ
ȟὥ

ρ

‍ɝὸ
ȟὥ

ρ

ς‍
ρ 

 ὥ ρȟὥ ςȟὥ ɝὸρ ‎ȟὥ ‎ɝὸ (2-94) 

ѿ ̆ ̂2-87̃ȁ̂2-88̃ ῀ ̂2-55̃Ҭ̆MCK ץ ҹ̔ 

 ╚◐◄ ╕◄ (2-95) 

 ╚ ╚ ὥ╜ ὥ╒ (2-96) 

╕◄ ╕ ◄ ╜ ὥ◐ ◄ ὥ◐ ◄ ὥ◐ ◄ 

 ╒ὥ◐ ◄ ὥ◐ ◄ ὥ◐ ◄ (2-97) 

ῒҬ̆╚ ף≢№◄╕ ↨ Ȃ ̂2-95̃ ץ ⌠

ὸ ┴ ᵝ ◐◄Ȃ ѿ ̆ ᵝ ◐◄ ῀ ̂2-92̃ ץ ⌠ὸ ┴ ⱴ

◐◄̆ Ῥ ᵝ ◐◄ ⱴ ◐◄ ῀ ̂2-93̃ ץ ⌠ὸ ┴ ◐◄Ȃ 

 ꜠- ꜠-  

ꜚ- ꜚ- ṿ ꜚ ȁ

ꜚⱬ ץ̆ Ȃ ̆ ҍ

ӊ ԑᵬ ȁ ꜚ ҍ ӊ - ᵬ Ӟ

ṿ Ҭ Ȃ╠ ȁ ȁ ̆

ץ ṿ ԅ׃ ̆Ҋ - ң ꜚ └ ȁ

῀ ץ ꜚ- ꜚ- ׃ Ȃ 

 ᵩ ┼  

ṿ ꜚȂ ᵬҙ
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ᵞ̆ѿ ԍ 0.3 ̆ Ẋץ ꜚ Ҍ ᴆȂ ̆ ѿ

ᵬҌ ᵣ̆ ץ Ҍ N-S ṿ Ҭ

- ң ꜚȂ ᵣ └ Ҋ̔ 

 ẗɳἣ π (2-98) 

Ћ”ἣ

Ћὸ
ẗɳ”ἣ ἣ ἣ ὴɳ Ἧẗὼɳ” ẗɳ‘ ἣɳ ἣɳ ẗɳ‘  

 █ █ █ (2-99) 

ῒҬ̆ἣף Ҭ ף”̕ ң Ҭ ᵣ ̆ ץ ̂2-48̃

₮̕ἣף ̆ ̕ὴף Ҭ ꜚ ⱬ̆ ԍ

ⱬ⁞ ⱬ̕Ἧף ⱬⱴ ̕‘ ף ᵣ ꜚⱬ ̆ ץ

̂2-100̃ ₮̕█Ɑף ⱬ ֽ̆ ֜ ֟ ᵬ ̕█▼

ף ֽ̆ ῤ ᵬ ̕█Ⱡף ᵣ ⱬ ̆ ȁ

҉ ꜚⱬ ⌠ ֟ Ȃ 

 ‘ ”’ ’  (2-100) 

ῒҬ̆’ף ꜚ ף’̆ Ȃ 

҉̆ ∆ ᴆ ᴆ ץ ҉ ᵣ └ ̆

ⱬḤ ̆ DNŜ Direct Numerical Simulatioñ ȂDNS

Ҭ ̆ № ̆

Ҍ̆ ԍ ꜚҊ Ȃ Ҍ ң ꜚ ѿ̆

ᴪ Ҭ ̆ ᵣ └ Ȃ

Ҍ ̆ ṿ №ҹ RANŜReynold-Averaged 

Navier-Stokes̃ LEŜLarge Eddy Simulatioñ ң Ȃ 

RANS Ҭ ꜚ̆ ό№

ό ꜚ ό̆ ⱬҍ ῏

Ȃ ң ῒ̆Ҭ SST k-‫ң

̆ Ҋ̔ 

 ϽɳἣὯ Ὃ ‍ᶻὯ‫ Ͻɳ’ ‌’ Ὧɳ (2-101) 

 Ͻɳἣ‫ ‎Ὓ ‍‫ Ͻɳ’ ‌’ ‫ɳ ρ Ὂ ὅὈ  (2-102) 

ῒҬ Ὧ̆ ꜚ ̆‫ Ὂ̆ ₱ ῒ̆ ‰ k-‫

̆ k-‐ Ȃ 

LES ꜚҬ֟ Ҍ №

ȂῒҬ̆ ̆ ֒ ↕
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Ȃ ҹὰ ₱ Ὃ ὼ ̆ ό

№ץ ҹ ό ֒ ό ̆ SGS Ȃ

Smagroinsky ֒ ̆ ԍ SGS ⱬ† Ҋ̔ 

 † ς’ Ὓ † ‏  (2-103) 

 Ὓ  (2-104) 

ῒҬ̆’ ף ֒ ̆ Ҋ ӈ̔ 

 ’ ὅЎ ςὛὛ
Ȣ

 (2-105) 

ῒҬ̆ὅף Smagroinsky ̆Ўף Ȃ 

ṿ ̆ LES ץ ̆ᵖῒ

̆ Ȃҹԅ Ꞌ̆ RANS ꜚ- ꜚ

ṿ Ȃ 

 ῇ  

ҹԅ ᵬ Ҋ ꜚⱬ ̆ ᾢ

῀ Ȃṿ ̆ Ҭ ῀ ῀ ӊ ᵬ Ẋ̆

׆ ῀ ԍ Ȃ ԍ῀ ̆ ԍ

̆ ῀ ҉ ᵣ № ῀Ȃץѿ Stokes

ҹᶛ̆ ῀ όὼȟώȟᾀȟὸ –ὸ ҹ̔ 

 ό ὸ ὃ●‫ὩÃÏÓ‍ÃÏÓ▓Ͻ ‫ὸ ɿ (2-106) 

 ό ὸ ὃ●‫ὩÓÉÎ‍ÃÏÓ▓Ͻ ‫ὸ ɿ (2-107) 

 ό ὸ ὃ●‫ὩÓÉÎ▓Ͻ ‫ὸ ɿ (2-108) 

 –ὸ ὃÃÏÓ▓Ͻ● ‫ὸ ɿ (2-109) 

ῒҬ ὃ̆ ̆▓ ●̆ ῀ ̆‫ ̆ɿ ∆

ᵝ ̆‍ Ȃ 

ԍ῀ ̆ ԍ ̆ ῤᴪ

̆ ῀ Ҭ ◄℗ Ȃ ◄℗

Ȃ ◄℗ ҹ̔ 

 όᾀ ό  (2-110) 

ῒҬ̆όᾀף ҹᾀ Ȃό Ὄ ̆ѿ

ҹ Ȃ‌ ◄℗ ̆ ῏̆ ṿ ҹ 0.1~0.3Ȃ

◄℗ ҹ̔ 
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 όᾀ
ᶻ

ὰὲ  (2-111) 

ῒҬ̆όᶻ Ȃ‖ף – ̆ѿ 0.4Ȃᾀ ̆ ѿ

ṿҹς ρπmȂ 

  

ꜚ- ꜚ- ṿ Ҭ̆ ң ᵬ

̔ - - ӊ ᵬ ȁ ꜚ ҍ ӊ

- ᵬ Ȃ 2-19 ԅ ꜚ ҍ ꜚ ӊ

Ȃ ȁ ӊ ᵝ ȁ ⱬ ᴰ

̆ ̔ ԍ ꜚ ꜚ ̆ ԍ ꜚ

ᵝ ῀ Ȃ ̆ Έ ꜚ

̆ ꜚ ᵬ Ȃ ̆ ꜚ ᴪҹ ᶫ

ᵝ Ḥ ̆ ⱬӞᴪ ҍ⌠ Έ ꜚ Ȃ 

 

2-19 - -  

Fig. 2-19 Coupling effects between the wind turbine, floating platform, and mooring system 

 

ᵌ ̆ ꜚ ҍ ӊ ᵬ ץ ȁ

ᵝ ᴰ Ȃ 2-20 ԅ - Ȃѿ

̆ ꜚ ̆ ԍ ꜚ ᵝ

̕ ѿ ̆ ꜚ ᵬҹ ᴪ ҍ

Ȃ 

҉̆ ⌠ - - ӊ ᵬ ꜚ

ҍ ӊ ᵬ ץ Ȃ 
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2-20 ꜠ ғ  

Fig. 2-20 Coupling effects between the wind turbine aerodynamics and blade structural deformation 

  

Һ ꜚ- ꜚ- ṿ Ҭ ῏ ṿ

ԅ׃ ̆ ꜚ ȁ ꜚⱬ

ȁ ץ̆ ꜚ- ꜚȁ ꜚ-

Ȃ 

ꜚ ṿ ̆ ₮ԅѿ ꜚ ̆

ץ Έ ꜚ ץ ꜚ

Ȃ׃ ԅ ꜚ ᵬ ȁ ҉ ꜚ

ѿ ̆ № ῀ ȁ ȁ ṿ ⱬ ȁ ⱬȁץ

№ ꜚ Ȃ ѿ ҹ̆ԅ ̆ ᵣ ⱬ

⌠ ꜚ ⌠ Ȃ ׃̆ ԅ └ └ Ȃ 

ԍ ꜚⱬ ̆ ԍ OpenFOAM

Һ ң CFD naoe-FOAM-SJTU Ȃ׃ ԅ Έ

ꜚ ̆ ⱬ№ ȁ ȁ ꜚ └ Ȃ

׃ ԅ ̆ № ⱬ

ԅ׃ Ȃ ̆ ṿ Ҭ ׃̆ ԅ ԍ

VOF Ȃ 

Һ̆ ׃ ԅ ̆

ȁ ᾝ ₱ ȁ ꜚⱬ ̆ ᾝ ̂ ȁ

↨ ȁ ȁ̃MCK ץ ᾝ ԅ׃ Ȃ ̆

׃ ԅ ꜚⱬ Newmark-ɼ Ȃ ̆ Ҭ -

ȁ - ȁץ - Ӟ ԅ Ȃ 

ꜚ- ꜚ- № ̆ ᾢ׃ ԅ ȁҌ
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- ң └ ̆ῒ ԅ ̆ ṿ

Ҭ ῀ ԅ ̆ ׃ ԅ ṿ Ҭ

ꜚ- ꜚ ȁ ꜚ- Ȃ 
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Ҏ  FEWT-SJTU  

╠ ῤ ꜚ- ꜚ -

₮ѿ֓ ᴆ̆ FASTȁBladed Ȃ ⌠ ̆ ֓ ᴆ

BEM ל № ̆

ꜚ- ꜚ Ȃ ̆ ᴆ № ̆ ӎ

Ҭ ӊ ṿ ⱳ Ȃ CFD ᴆ

OpenFOAM ң naoe-FOAM-SJTU ҉̆ ԅ

ꜚ- ꜚ- FEWT-SJTUȂ

ꜚⱬ ṿ ̆ ⌠ү ꜚ- ꜚ Ḥ Ȃ

Һ FEWT-SJTU Һ ⱳ ȁ ꜚ- ꜚ-

ץ ׃ Ȃ 

 Ӏ ꜗ  

 

3-1 FEWT-SJTU  

Fig. 3-1 Basic framework of the FEWT-SJTU solver 

 

FEWT-SJTU OpenFOAM naoe-FOAM-SJTU ҉

Һ̆ ꜚⱬ ȁ ꜚⱬ ȁ OpenFOAM ̆

ῒ 3-1 Ȃ ꜚⱬ Һ ⱳ ꜚ

̆ ̕ ꜚⱬ Һ Έ ꜚ
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ⱬ̕ Һ ̕

OpenFOAM Ҭ ȁ ᴆȁ ץ ṿ ȂῒҬ̆ ꜚ

ⱬ Һ Һ ̆ ꜚⱬ naoe-FOAM-SJTU

҉ḱ ȂҊ №≢ ⱳ Ȃ 

 ꜠Ⱶ  

ҹԅ‰ ̆ Ὶ ̆ ╠ ׃

ꜚ ȁ Ȃ ԍ OpenFOAM ̆

ꜚ ѿҩ C++ ᴆ̆ ῀ȁ ₮ ̆ ꜚⱬ ̆

ꜚ Ȃ ꜚⱬ 3-2 Ȃ 

 

3-2 ꜠Ⱶ  

Fig. 3-2 Basic composition of the aerodynamic module 

 

3-1 ꜠Ⱶ Ӏ ꜗ ⃰  

Table 3-1 Main functions of the aerodynamic module 

₱  ⱳ  

aeroParaInitizlize ꜚⱬ Ҭ ῏ ∆  

findPointControlProcNo ף ȁ ꜚ └ ᾝ 

computePointWindVectors ṿ ҩ ꜚ └ ᾝ  

updateTurbinesControlled ȁ  

rotateBlades  

yawNacelle Ẓ ᵝ  

findSearchCells ᵣ ⱬ ᾝ 

updateBladeAlignedVector ᵣ  

computePointForce ȁ ꜚ ҉ ꜚ  

computeBodyForce ꜚ ҉ ꜚ ⌠  

printOutputFiles ₮ ᴆ 
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ꜚⱬ Һ ⱳ ȁ ̆ ꜚ

ץ Ȃ 3-1Ҭ↓₮ԅ ꜚⱬ Ҭ Һ ⱳ ₱ ̆Һ ̔

ꜚ ∆ ȁ ꜚ └ ᾝ ȁ͂ ṿ ȁ └ ̂Һ

ȁ̃ ȁ Ẓ ȁr ⱬ ȁ

ᵣ ȁ ꜚ ȁr ⱬ ᴆ ₮ ̆ ҩ₱ Һ ⱳ

Ҭ ԅ׃ Ȃ 

 

3-3 ꜠Ⱶ  

Fig. 3-3 Calculation procedure of the aerodynamic module 

 

ꜚⱬ ꜚ 3-3 ̆Һ ꜚ

∆ ȁ ꜚ ȁᵣ ⱬ ȁ Ȃΐᵣ Ҋ̔ 

̂1̃ ᾢ ∆ ̆ ᴆ̆ ∆ ̆

ѿҩ ̕ 

̂2̃ῒ ᵝ ̆ ȁ

∆ ꜚ ᵝ ̆ ῀ ̆ ᵣ ⱬ̕ 

̂3̃ ṿ ̆ ꜚ ῀ ̆ └ ̆

̆ ⌠ ╠ ┴Ҋ ᵝ ̆ ꜚ

ᵣ ⱬ ̆ ᵣ ̕ 

̂4̃ ꜚ № ̆ ̆

ԋ ꜚ ̆ ṿ ⱬ ̆ ⌠ᵬ ꜚ ҉
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ꜚ Ȃ ᵌ ̆ ץ ᵬ ҉ ꜚ ̕ 

̂5̃ ↕ ₱ ̆ ᵬ ꜚ ҉ ꜚ ⌠ ̆

ᶏ ⌠ ᵣ ⱬᾣ № ꜚ ̆ ᵣ ⱬᵬ

ҹ ⱴ⌠ꜚ Ȃ ̆ ꜚ Ώ῀ ₮ ᴆ̕ 

̂6̃ ̆ ԍ PISO ᵣ └ ̆ Ҭ ⱬ̆

Ḥ Ȃ∞ ╠ ┴ ԍ ̆ ↕̆ ῀Ҋѿҩ

̆ ↕ Ȃ 

Ҋ └ ΐᵣ ׃ ̆ 3-4 Ȃ └

└ ΐᵣ Ҋ̔ 

̂1̃ ╠  ȁ ꜚⱬ ὓ ̕ 

̂2̃ ҍ ӊ ᴰꜚ Ὑ ̆  ̆

ᶃⱳ Ҭ ӊ ῏ ̆ ὓ ̕ 

̂3̃∞ ҍ ҍ   ῏ ̆    ̆↕

└̕ ↕ Ḡ Ҍ ̆ ῀̂5̃̕ 

̂4̃ ҍ ӊ ṿɝ ̆ ῒᵬҹ ῀Ḥ ̆№≢ ῒ

ᶛ № ̆ ⌠ ̆ ҩ Ҋ

└̆ ̕ 

̂5̃ ꜚ ὓ ҍ ὓ ӊ ṿ̆ ⌠ ⱴ

ɝ ̆ ╠ Ҋ └̆ Ȃ 

 

3-4 ┼  

Fig. 3-4 Flow chart of the control system of wind turbine 
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̆ ╠ ꜚⱬ Ҍֽ ץ ̆ ץ

ṿ Ȃ ҍ ѿ ̆

ᶭ Ҭ ꜚ ̆ ᵬ ꜚ ҉ ᵣ ⱬ

⌠ ҬȂ 

 ꜠Ⱶ  

FEWT-SJTU ꜚⱬ naoe-FOAM-SJTU ҉

⌠ Һ̆ Έ̔ ꜚ ȁ ṿ ȁ OpenFOAM

ȂΈ ꜚ Һ ᵬ Ҋ ꜚ ̆

ꜚ ᵣ Ҭ Έ ꜚ̕ ṿ Һ ⱳ

ṿ ȁ ץ ҹ̆ ꜚⱬ ᶫ ̕

Һ ⱬ̆ ̕OpenFOAM Һ ᶫ

ȁ ץ Ȃ ꜚⱬ 3-5 ̆ῒҺ

ⱳ ₱ ҍ naoe-FOAM-SJTU ΐ̆ᵣ ̂Shen

, 2012̃ ̆ ҌῬ Ȃ 

 

3-5 ꜠Ⱶ  

Fig. 3-5 Basic composition of the hydrodynamic module 

 

ꜚⱬ ꜚⱬ

3-6 ̆ Ҋ̔ 

̂1̃ ᾢ ∆ ̆ ȁ ⱬȁ ꜚ ̆

῀ ̕ 

̂2̃ ҉ѿҩ Ḥ ᴆ̆ VOF

̆ ԍ PISO └ - ⱬ ̆ ⌠

ⱬ̕ 
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̂3̃ ⱬ № ⌠ᵬ ҉ ꜚⱬ ̆ ⱬ ⱬ ̕

ꜚḤ ץ ᵝ Ḥ ̆ № ⌠

ⱬ̕ 

̂4̃ Έ ꜚ ̆ ⌠ ╠ ┴ ᵝ ȁ ⱴ

Ḥ Ȃ ̆ Laplace ̆

Ҭ ꜚ̕ 

̂5̃ ȁ ⱬץ Ḥ ̆ ₮ ᴆȂ∞

ԍ ̆ ̆↕ ῀Ҋѿ ̆ ↕ Ȃ 

 

3-6 ꜠Ⱶ  

Fig. 3-6 Calculation procedure of the hydrodynamic module 

  

ѿ ᾝ ̆

ȁ Ȃ ̆ ԍ ᴆ OpenFOAM̆

ѿҩ C++ ᴆ̆Ḃԍҍῒ ⱳ Ȃ

3-7 ̆Һ ̔ ȁ ȁMCK

֜ԑȂ Һ ᾝ ȁ↨
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̕ ⱳ ᾝ ̆ Ҍ ҉

M̕CK Һ ԍ Newmark-ɼ

ꜚⱬ ̆ ⌠ ’̕ ֜ԑ Һ ⱳ

ꜚ ץ̆ ₮ ’Ȃ 

 

3-7  

Fig. 3-7 Basic composition of the structural deformation module 

 

3-2↓₮ԅ Ҭ Һ ⱳ ₱ ̆ ̔ ȁ

∆ ȁ ᵣ ȁ ᵣ↨ ȁ ᵣ ȁ ᵣ

ȁ ꜚⱬ ȁ ץ ₮ Ȃ 

3-2 Ӏ ꜗ ⃰  

Table 3-2 Main functions of the structural deformation module 

₱  ⱳ  

readStructureInfo Ḥ  

structureParaInitialize ∆  

massMatrix ᵣ  

stiffnessMatrix ᵣ↨  

dampingMatrix ᵣ  

loadingMatrix ᵣ  

equationSolve └ ꜚⱬ  

structuralUpdate Ḥ ̆  

printStrucutreFiles ₮  

 

3-8 ̆ΐᵣ

Ҋ̔ 

̂1̃ ᾢ ᴆ̆ ȁ↨ ȁ ῏

Ḥ ̆ ∆ ̕ 
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̂2̃ Ḥ ̆ ᾝ ̆ ᾝ

ᾝ↨ ̆ ᵣ ᵣ↨ ̆

↨ ⌠ ᵣ ̕ 

̂3̃ ᵬ ҉ ̆ ꜚⱬȁ ꜚⱬ ȁ ⱬȁ ⱬ

ⱬ̆ ᵣ ̕ 

̂4̃ ԍ Newmark-ɼ ꜚⱬ ̆ MCK № ↨

̆ ̆ ⌠ ᾝ ᵝ ȁ ⱴ ̕ 

̂5̃ Ḥ ̆ ᵝ ץ ̆

Ώ῀ ₮ ᴆȂ∞ ԍ ̆ ↕ ῀ѿҩ ̆

↕ Ȃ 

 

3-8  

Fig. 3-8 Calculation procedure of the structural deformation module 

  

ꜚ- ꜚ- ṿ Ҍֽ ꜚ ȁ

ꜚⱬ ̆ - -

ӊ ᵬ - ᵬ Ȃ҉ №≢ FEWT-SJTU

Ҭ ꜚⱬ ȁ ꜚⱬ ԅ׃ ҹ̆ԅ
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ꜚ- ꜚ- ̆ ѿ ̆ ҩ

Ȃ 

 ꜠- ꜠  

ꜚ- ꜚ - - ң

ԑᵬ Ȃѿ ̆ ꜚ ̆ ꜚ ⱬ̆ᴪ ᴰ ⌠ ̆

Έ ꜚ ̆ ꜚ ᴪ ѿҩ ⱴ ̆

῀ ᴆ̆ ꜚ Ȃ ѿ ̆ ꜚ ᴪ

ⱬ̆ ⱬ ᴪ ᵬ ԍ ̆

Έ ꜚ Ȃҹԅ - - ӊ ̆

ꜚⱬ ꜚⱬ Ȃ 

ꜚⱬ Ҭ ꜚ ꜚ ̆ Ҋץ׆

̔ 

̂1̃ᵣ ⱬ Ȃ ҩ Ҭ̆ ᾢ ꜚ

ꜚ ᵝ ̆ Ῥ ᵣ ⱬ ̕ 

̂2̃῀ Ȃ № ̆ᾢ ꜚ

ⱴ ̆ Ȃ 

FEWT-SJTU Ҭ ꜚⱬ naoe-FOAM-SJTU ҉

⌠ ̆ ΐ ⱳ ̆p

ꜚ ꜚ Ȃ ̆ ꜚⱬ ῀

ᴆ̆ ⱴ ҩ ꜚⱬ ⱳ Ȃΐᵣ Ҋץ׆

̔ 

̂1̃Έ ꜚ Ȃ ᵬ ҉ ̆

ꜚ ⌠ᵬ ⱬ ⱬ ̆ ҍ ꜚ ̕ 

̂2̃ ῀ Ȃ Ҭ ῀ ḱ ̆ ҉ץ

ᵝ ⱴ Ὲ ̆ ῀ ῀ Ȃ ̆

ḱ ̆ᶏ ῀ ץ ₮̆ Ḡ ̕ 

̂3̃ ҩ Ȃ ꜚⱬ Ҋ̆ ҩ

ⱳ Ȃ 

̆ ╠ ѿ └ ꜚ- ꜚ ̆ᵖ

ҍ ӊ ᵬ ̆ ѿ ̆ 3-9

Ȃ Ҭ̆ ꜚⱬ ᾢ ꜚⱬ ᴰ ҉ѿ ┴̂ὸ Ўὸ̃



Error! Use the Home tab to apply  1 to the text that you want to appear here. Error! Use the Home tab to 

apply  1 to the text that you want to appear here. 

 76  

ꜚ ̆ ᵝ ꜚ ⱴ ̆ ₮ ╠ ┴

̂ὸ̃ ꜚ ̆ ᴰ ꜚⱬ ̕ ꜚⱬ ╠ ┴̂ὸ̃ ꜚ

ȁ ̆ Έ ꜚ ̆ ╠ ┴̂ὸ̃

ꜚ Ȃ 

 

3-9 -  

Fig. 3-9 Coupling calculation of the wind turbine and the floating platform 

 ꜠-  

- ᵬ Һ ᵣ ꜚ ӊ

ԑ Ȃ ԍ ̆ ᵝ ȁ ᴪ

̆ ⌠ ꜚ ̕ ӊ̆ ꜚ ᴪᶏ Ҍ

҉ Ȃҹԅ FEWT-SJTU Ҭ ꜚ

ҍ ӊ ᵬ ̆ ῏ Ȃ 

ꜚ Һ ᵣ ᵝ ȁ ῀

҉̆ Ҋץ׆ץ ꜚⱬ ̔ 

̂1̃ᵣ ⱬ Ȃ ᵣ ⱬ ӊ╠̆

ᵝ ̆ ᵝ ̕ 

̂2̃ Ȃ ӊ╠̆

̆ ̕ 

̂3̃ Ȃ ̆ ԍ

ⱴ Ȃ 

ѿ ̆ ꜚ Һ ӊѿ̆

̆ ᵬ ҉ ꜚⱬ ꜚⱬ Ȃ ╠

⌠ԅ ꜚ ̆Ҍ Ῥ ḱ Ȃ 

- ѿ Ȃ №≢
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Ҍ └ Ȃ ̆ ԍ ԍ

̆ҹԅ Ḃ ᴰ ̆ ҍ Ȃ 3-10

ԅ - Ҭ̆ ҍ ꜚ ԑᵬ Ȃ ҩ

Ҭ̆ ᾢ ҉ѿҩ ̂ὸ Ўὸ̃ ꜚ

╠ ̂ὸ̃ Ҋ ̆ ᵝ ᴰ ꜚⱬ

̕ ꜚⱬ ’̆ ̆

ⱴ ̆ ╠ Ҋ̂ὸ̃ ꜚⱬ Ȃ 

 

3-10 -  

Fig. 3-10 Fluid-structure coupling calculation of wind turbine blades 

 ᵩ  

ԍ҉ ̆ ̆ ץ ꜚ- ꜚ-

ṿ ̆ 3-11 Ȃ Ҋ̔ 

̂1̃∆ ῏ ̆ ȁ ȁ ꜚ

̆ ῀ ̕ 

̂2̃ Ḥ ̆ ᾝ ̆

ᵣ Ȃ ⌠ ̆ ⱬ ⱬ̆ ҉ѿҩ

ꜚ ̆ ᾝ ̆ ᵣ Ȃ ԍ Newmark-ɼ └

ꜚⱬ № ↨ ̆

⌠ ’̆ ᵝ ᴰ ꜚⱬ ̕ 

̂3̃ ꜚ ץ ҉ѿҩ ꜚ ̆

ᵝ ̆ ꜚ └ ᾝ ᵣ ⱬ ̆ ꜚ ⱴ

̆ ⱴ №̆ ̆ ̆

ṿ ⌠ ⱬ ̆ ⌠ ꜚ ̆ ᴰ ꜚ

ⱬ Ȃ ̆ ꜚ ⌠ ̆ ⌠ ⌠ Ҭ ᵣ ⱬ ̕ 
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̂4̃ ҉ѿ ꜚ ̆ ̆

ᵬ ҉ ꜚⱬ №̆ ᾝ҉ ⱬ ’̆ №

ⱬ̆ ᴰ ⌠ ꜚⱬ Ҭ Έ ꜚ ̕ 

̂5̃ ⱬḤ ̆ ᴆ̆ ԍ VOF

̆ ꜚⱬ ᴰ ᵣ ⱬ ⱴ⌠ ᵣ └ Ҭ̆

PISO ᵣ └ - ⱬ ̆ ⌠ ⱬḤ ̆

ᵬ ҉ ꜚⱬ ̆ ꜚ ̆

Έ ꜚ ̆ ̆ Ҭ

ꜚ ̕ 

̂6̃ ȁ ȁ ꜚ ῏Ḥ ̆ ₮ ̆ ∞

ԍ ̆ ̆↕ ῀Ҋѿҩ ̆ ↕ Ȃ 

̆ Ҭ ╠ Ҋ Ҭ

ᶏ ꜚ ҉ѿҩ ⌠ Ȃ 

FEWT-SJTU Ҍֽ ץ ꜚ- ꜚ-

ṿ ̆ ̆ ҍ

ѿ ̆ ꜚⱬ ȁ ꜚⱬ ץ Ҭ̆ɰ

Ȃ 

 

3-11 ꜠- ꜠-  

Fig. 3-11 Solving procedure of coupled aerodynamic-hydrodynamic-aeroelastic responses of the 

floating wind turbines 
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 FEWT-SJTU  

ꜚ- ꜚ- FEWT-SJTUҺ ꜚⱬ ȁ

ꜚⱬ Ȃҹԅ ̆ ᾢ

№≢ ̆ ꜚⱬ ȁ ꜚⱬ

Ȃῒ ̆ ӊ ̆ ꜚ-

ꜚ- ꜚ- Ȃ 

 ꜠Ⱶ  

FEWT-SJTU Ҭ ꜚⱬ ꜚ ꜚ

̆ ץ ꜚ Ȃ №≢

ң ṿ ̆ ץ ῒ ṿ ̆

ꜚⱬ Ȃ 

̂1̃  

 

(a)  (b)  

3-12 ŅBlind testņ Ҳ ЃKrogstad Eriksen, 2013Є 

Fig. 3-12 Wind turbine model in ñBlind testò 

 

ԍľBlind testĿ ꜚ Ȃ

̂NTNŨҬ ̆ Ҍ ṿ ꜚ

‰ Ȃ 3-12 ԅ Ҭᶏ ̆ῒ ҹ S826̆

ҹ 0.894 m̆ ҹ 0.817 m̆ Һ 3-3 Ȃ Ҍ

̂Tip Speed Ratio, TSR̃Ҋ ꜚ ԅ ̆῏ԍ
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Ḥ ץ ῏ ̂Krogstad Adaramola, 2012; Krogstad

Eriksen, 2013̃ Ȃ 

3-3 ŅBlind testņ Ӏ  

Table 3-3 Main parameters of the wind turbine model in ñBlind testò 

 ṿ ᵝ 

 3 -- 

 S826 -- 

 0.894 m 

 0.817 m 

 0.09 m 

 0 deg 

 

 

(a) Ḹ  (b)  

3-13  

Fig. 3-13 Schematic diagram of the computational domain for single wind turbine 

 

3-4 ꜠  

Table 3-4 Parameter setting for aerodynamic performance calculation of single wind turbine 

ᶛ  1 2 3 4 5 6 7 8 9 10 

(rpm) 427 641 855 1068 1282 1495 1709 1923 2136 2350 

TSR 2 3 4 5 6 7 8 9 10 11 

 

FEWT-SJTU Ҭ ꜚⱬ ľBlind testĿ Ҭ

ṿ ̆ ᴆ Ȃ ṿ 3-13

̆ Ҭ ̆ ҹ 12.0 m̆ ҹ 2.7 m̆ ҹ 2.0 

m̆ Ҭ ̆ ῀ 3.6 m ᵝ Ȃҹԅ

̆ Ҍ Ҋ ꜚ Ȃ ӈ

Ҋ̔ 
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 ὝὛὙ  (3-1) 

ῒҬ R̆ף ̆Ὗ ῀ Ȃ Ҭ̆῀ Ḡ 10 m/s

Ҍ ̆ Ȃΐᵣ ’ 3-4

Ȃ 

Ҭ № 3-14 ̆ ̂ Ĩȁ ̂IĨ

ⱴ ̂ IIĨȂῒҬ̆ ҹ 0.064 m 0.064 m 0.064 mȂҹԅ‰

ꜚ ̆ ̆ ῒ

2 ⱴ Ȃⱴ ҹ̔ x ҉׆̆ ╠ D/4̂D = 0.894 m

̃ ⌠ ̕ y ׆̆ ᶷ 1.0D ⌠ ᶷ 1.0D ̕

z ׆̆ Ҋ 0.7D⌠ ҉ 0.7D̆ⱴ ҹ̔0.016 m 0.016 

m 0.016 mȂҹԅḠ ⱴ ӊ ̆ ң ӊ ֜

1 ⱴ ̆ⱴ ҹ̔ x ҉׆̆ ╠ D/4 ⌠ ̕

y ׆̆ ᶷ 1.1D ⌠ ᶷ 1.1D ̕ z ׆̆ Ҋ 0.8D⌠ ҉

0.8D̆ⱴ ҹ 0.032 m 0.032 m 0.032 mȂ ҹ 539҆Ȃ 

 

3-14 ⅎ  

Fig. 3-14 Grid distribution in computational domain for single wind turbine 

 

ҹԅḠ ṿ ̆ ɝὸ CFL ᴆ̆ ̔ 

 ρ (3-2) 

ῒҬ̆Ὗ ꜚ ̆ɝὼ Ȃ ԍ ̆

ꜚ ҉ ҉ └ ᴆȂҹ ̆ ҹ 1.3 ρπ sȂ

̆ ṿ Ҭ̆῀ Ḡ ̆ ҹ 10 m/s̆ ⱬ ҹ 0̕ ₮

̆ ⱬ ᴆ̕ ҉Ҋ ̆ ᴆ̕ ̆

OpenFOAMҬ ӈ ᴆ̆ ԍ ҹ Ȃ 

3-15 ԅ ꜚⱬ ⌠ Ҍ Ҋ ꜚ

Ȃ ῏ ӈ Ҋ̔ 

ὅ
ὖ

πȢυ”“Ὑό
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ὅ
Ὕ

πȢυ”“Ὑό
 

ῒҬ̆ὅ ὅ№≢ף ⱳ ⱬ ̆ὖ Ὕ№≢ ꜚⱳ

ꜚ ⱬ̆Ὑ ̆” ̆όף ῀ Ȃ׆ Ҭ ץ

₮̆ ⱴ̆ ⱳ ԅᾢ ⁞ ̆

⌠ 6 ̆ ⱳ ⌠ ̆ ҹ 0.46Ȃҍⱳ Ҍ ̆

ⱬ ⱴ Ȃ ̆ 2~4 ӊ ̆

ⱳ ⱬ ₮ ԅѿҩ Ȃ

̆ ץ Ҍ Ҋ ṿ ⌠ ҍ ṿ

ȂῒҬ̆ ᶃ ̂TSR = 6̃ ̆ⱳ ץ3%

ῤ̆ ⱬ ῤ̆ץ5% ԅ ꜚⱬ ꜚ

Ȃ 

 

(a) ꜠ꜗ  (b) ꜠ Ⱶ  

3-15 Ғ Ґ ꜠  

Fig. 3-15 Aerodynamic load coefficients of single wind turbine at different tip speed ratios 

 

̂2̃ң  

ԍľBlind test 2Ŀ ң ꜚ Ȃ

̂NTNŨ Ҭ ̆ Ҍ ṿ ұ↓

ң ԑᵬ ҉ ‰ Ȃ Ҭ 3-16

̆ң ұ↓ ̆ ҹ 2.682 m̆҉ ῀ 1.788 mȂң

ΐ ғ̆ NREL S826 ̆ᵖң

≢̆ ῏ 3-5Ҭ↓₮Ȃ ҉Ҋ

ԍҌ Ҋ ԑᵬ ԅ ȂҌ ’Ҋ̆
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῀ Ḡ 10 m/s̆ ҹ 0.3%̆ ҉ ҹ

6̆Ҋ ҹ ҹ 4Ȃ῏ԍ Ḥ ץ ῏

̂Adaramola Krogstad, 2011; Pierella , 2014̃ Ȃ 

 

(a)  (b)  

3-16 ŅBlind test 2ņ Ҳ ЃPierella , 2014Є 

Fig. 3-16 Wind turbine model in ñBlind test 2ò 

 

3-5 ñBlind test 2òӀ  

Table 3-5 Main parameters of the wind turbine model in ñBlind test 2ò 

 ҉  Ҋ  ᵝ 

 3 3 -- 

 S826 S826 -- 

 0.944 0.894 m 

 0.817 0.817 m 

 0.13 0.09 m 

 0 0 deg 

 6 4 -- 

 

FEWT-SJTU Ҭ ꜚⱬ ľBlind test 2Ŀ Ҭұ↓ ң

ԑ ṿ Ȃ Ҭ

̆ 3-17 Ȃ ҹ 11.14 m̆ ҹ 2.7 m̆ ҹ 1.8 m̆ ң

ᵝԍ Ҭ ̆ ұ↓ ̆ ӊ ҹ ҹ 3D̂ D=0.894 m

Ȃҹԅ ̆ Ҭ῀ Ḡ ҹ 10 m/s̆

ҍ Ḡ ѿ ̆№≢ ҹ 6 4Ȃ 



Error! Use the Home tab to apply  1 to the text that you want to appear here. Error! Use the Home tab to 

apply  1 to the text that you want to appear here. 

 84  

 

(a) Ḹ  (b)  

3-17 ҷ∆ ҩ  

Fig. 3-17 Computational domain for two wind turbines in tandem layout 

 

Ҭ ’ 3-18 ȂῒҬ̆ ̂ Ĩ ҹ̔

0.064 m 0.064 m 0.064 mȂҹԅ ץ ԑᵬ ̆

⌠ ̆ ҉Ҋ ῒ ̂ IIĨ

2 ⱴ ̆ⱴ ҹ̔ x ҉׆̆ ╠ D/4̂D = 0.894 m

̃ ⌠ ̕ y ׆̆ ᶷ 1.0D ⌠ ᶷ 1.0D ̕ z

׆̆ Ҋ 0.7D⌠ ҉ 0.7D ⱴ̆ ҹ 0.016 m 0.016 m 0.016 

mȂ ҹԅḠ ̆ ֜ ̂ IĨ 1 ⱴ ̆

ⱴ ҹ̔ x ҉׆̆ ╠ D/2 ⌠ ̕ y ׆̆ ᶷ

1.1D ⌠ ᶷ 1.1D ̕ z ׆̆ Ҋ 0.8D⌠ ҉ 0.8D̆ⱴ

ҹ 0.5ṐȂ ҹ 596҆Ȃ 

 

3-18 ҷ∆ ⅎ  

Fig. 3-18 Grid distribution in computational domain for two wind turbines in tandem layout 

 

ҹԅ CFL ᴆ̆ ṿ Ҭ ȁ͂ ץ ̆

ṿ ҹ 1.3 ρπ sȂ῏ԍ ᴆ̆῀ Ḡ

Ҍ ̆ ҹ 10 m/s̆ ⱬ ᴆҹ 0̕₮ ⱬ ᴆ̕ ҉Ҋ ̆

ᴆ̕ ̆ OpenFOAMҬ ӈ ᴆȂ 

ṿ ⌠ ұ↓ ң ꜚ 3-6 Ȃҍ

̆ ץ ꜚⱬ ᵞᵀԅ҉ ꜚ ̆ ⱳ

ⱬ ̆ᵖ ᵣ ҍ ṿ ̆Ҍ 3%̆ ҹ
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ῤȂ ԍҊ ̆ ṿ ҍ ṿ ѿ ⱳ̆ ⱬ

ṿ ᵀԅ 7%Ȃ ѿ Һ ṿ Ҭ ‰

ᵬ ̆ ҉ ԍ ṿ̆

ԅҊ ῀ ̆ᶏ Ҋ ꜚ ԍ ṿȂ 

3-6 ҷ∆ Ґҩ ꜠  

Table 3-6 Comparison of aerodynamic load coefficients for two wind turbines in tandem layout 

ꜚ   ṿ ṿ  

ⱳ  
҉  0.463 0.457 -1.30% 

Ҋ  0.124 0.133 7.25% 

ⱬ  
҉  0.885 0.862 -2.60% 

Ҋ  0.366 0.391 6.83% 

 

 

(a) x/D = 1 (b) x/D = 2.5 

 

(c) x/D = 4 

3-19 ҷ∆ ҩ Ὺ  

Fig. 3-19 Mean velocity deficit profiles along a horizontal line for two wind turbines in tandem layout 
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ѿ ̆ ῤҊ № Ȃ 3-19 ԅ

Ҋ Ҍ ᵝ № ’Ȃ ץ

₮̆ Ҍ ̆ ṿ ⌠ ҍ ΐ

№ ̆ל U № Ȃ Һ ԍ҉

ᵞ Ȃ ̆ ԍ ̆ ⌠ №

Ҍ ’̆ ṿ Ӟ ⌠ԅ ѿ Ȃṿ ̆ ԍ ╠ ꜚ

ⱬ Ҭ ꜚ ̆ ‰ ᵣ ῒ₃ᵥ

̆ ̂x = 1D̃ № ҉̆ Ҭ

̆ ҍ ѿ Ȃp ᵣ ̆ ꜚ

̆ № ̆ ṿ ҍ ṿӊ

ῤ̆ ԅ ꜚⱬ ң ԑᵬ ҉ ‰

Ȃ 

 ꜠Ⱶ  

ҹԅ FEWT-SJTU ꜚⱬ ꜚ ҉

̆№≢ ԍ Ҭ ⁞ ꜚ Ҭ Έ

ꜚ ṿ ̆ ץ ῒ ṿ ȂҊ №≢ ṿ

ȁ ’ȁ ⁞ ꜚ Ҭ

ꜚ ׃ Ȃ 

̂1̃  

ṿ OC3 Ҭ Hywind Spar Ȃ ѿ

̆ 130 m̆ 120 m̆ ҹ 320 

m̆ ңҩΐ Ҍ ᵣ Ҭ ᵣ Ȃҹԅ └

ꜚ ̆OC3-Hywind Spar ̆ 3 ̆

№ ̆ ң ҹ 120£̆ ҹ

853.87 mȂ Һ 3-7 3-8 ̆ΐᵣḤ

ץ ῏ ̂Jonkman, 2010; Jonkman Musial, 2010̃ Ȃ 

̂2̃ №  

Ҭ ’ 3-20 Ȃ ҹ 536 m̆

ҹ 200 m̆ ҹ 264 mȂҹԅ⁞ ṿ ̆ Ҭ

ҹ 224 m̆ 70%̆ ꜚ ץ Ȃ

⌠ ⱬ ꜚ ̆ Ҭ ҉ץ ҹ 40 mȂ
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ᵝԍ Ҭ ╩ ҉̆ ῀ 158 m̂ 1Ṑ ̃Ȃ ̆ҹԅ

̆ ₮ ╠ ̆ ҹ 200 mȂ 

3-7 OC3-Hywind Spar Ӏ ЃJonkman, 2010Є 

Table 3-7 Main properties of the OC3-Hywind Spar platform 

 ṿ ᵝ 

 120 m 

 10 m 

ᵣ  4 m 

ᵣ  12 m 

ᵣ҉  6.5 m 

ᵣҊ  9.4 m 

 7.466 106 kg 

 89.916 m 

 4.229 109 kgϽm2 

 4.229 109 kgϽm2 

 1.642 108 kgϽm2 

 

3-8 Ӏ ЃJonkman Musial, 2010Є 

Table 3-8 Main properties of the mooring system 

 ṿ ᵝ 

 3 -- 

 120 deg 

 902.2 m 

 0.09 m 

 77.7 kg/m 

Ҭ  689.1 N/m 

ᵈ↨  3.842 108 N 

 320 m 

Ҭ  853.87 m 

 70.0 m 

⌠ Ҭ  5.2 m 

ⱴ ↨  9.834 107 NϽm/rad 

 

Ҭ № ’ 3-21 Ȃ ̆

ҹ 2 m̆ z ̆

̆ №≢ҹ 20 m 10 mȂ Ҭ x
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y ҉ ҹ 8 mȂ ̆ҹԅ⁞ ṿ ̆

ԅ 2 ⱴ ̆ⱴ ҹ̔2 m 2 m 0.5 mȂ

̆ Ӟ ԅⱴ ̆ ᾧ ҹ ꜚ Ȃ

ҹ 66҆Ȃ 

 

3-20 ẅ  

Fig. 3-20 Computational domain for hydrodynamic simulation of floating platform 

 

 

3-21 ẅ ⅎ  

Fig. 3-21 Grid distribution for the hydrodynamic simulation of floating platform 

 

ꜚⱬ Ҭ̆ ῀ ῀ ᴆ̆ ‗

₮̆ ⱬ ᴆ̆ ᴆ̆ ᴆ̆

OpenFOAMҬ ӈ ᴆȂ ̆ ԍ CFL ᴆ ṿ

̆ ҹ 0.01 sȂ 
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̂3̃ Ҭ ⁞ ꜚ  

ꜚⱬ ҉ OC3-Hywind Spar Ҭ ȁ

⁞ ꜚ ṿ Ȃ ╠̆ ꜚ⌠ ∆ ᵝ ̆

ṿ ̆ ᴪ ⱬ ⱬ ᵬ Ҋ ⌠

ᵝ ̆ ᵝ ꜚȂ ԍ ᵬ ̆ ꜚ ᴪ

⁞̆ ⌠ Ȃ ⁞ ꜚ ̆ ץ ⌠

Ḥ Ȃҹԅҍῒ ṿ ̆

Ҭ̂Jonkman Musial, 2010̃ ̆ ⁞ ꜚ ṿ Ҭ̆

∆ ᵝ ҹ 21 m̕ ⁞ ꜚ ṿ Ҭ̆

∆ ẁ ҹ 10£̕ ⁞ ꜚ ṿ Ҭ̆ ∆ ᵝ

ҹ 5 mȂ 

 

(a) ꜠ (b) ꜠ 

 

(c) ꜠ 

3-22 ⁯ ꜠  

Fig. 3-22 Time history curves of the floating platform in free-decay test 
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3-22 ԅ Ҍ ҉ ⁞ ꜚ Ȃ ץ ₮̆

ԍῒ ᴆ ̆ ꜚⱬ ⌠ ⁞ ꜚΐ

⁞ ̆ל ꜚ Ӟ ԍῒ ṿ Ȃ Һ ԍ ╠ ꜚⱬ

ԍ CFD ꜚⱬ ̆ᴪ Ȃᵖ ᵣ

̆ ꜚⱬ Ҍ ҉ ⁞ ꜚ ҍῒ ṿ

ᴆ ̆ ԅ ꜚⱬ ꜚⱬ ҉

Ȃ ѿ ̆ ԍ ⁞ ꜚ ᵝ ̆ ץ ⌠ Ҍ

҉ ꜚ ̆ 3-9 Ȃҍ FAST ᴆ ⌠

F̆EWT-SJTU Ҭ ꜚⱬ Ẓ ̆ᵖ

Ẓ ῤ̆ץ5% ꜚⱬ ꜚⱬ ҉ΐ

‰ Ȃ 

3-9 Ғ ꜠  

Table 3-9 Natural period of the floating platform along different directions 

ᴆ ̂s̃  ̂s̃  ̂s̃  

Bladed 127.6 30.7 29.0 

FAST 123.7 31.0 29.6 

ADAMS 125.0 31.2 29.9 

FEWT-SJTU 127.7 31.4 30.7 

 

̂4̃ ↕ ᵬ Ҋ ꜚ  

ꜚⱬ ҉ OC3-Hywind Spar ↕ Ҭ ꜚ ṿ

Ȃ ҹѿ Stokes ↕ ̆ ҹ 6 m̆ ҹ 10 s̆ ҹ

156 mȂҹԅḂԍ ῒ ṿ ̆ ṿ Ҭֽ

ȁ ꜚ Ȃ 

 

(a) ꜠ (b) ꜠ 
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(c) ꜠ 

3-23 ∑ ᵲ Ґ ꜠  

Fig. 3-23 Time history curves of the floating platform in regular waves 

 

↕ ᵬ Ҋ ꜚ 3-23 Ȃ ↕ ᵬ Ҋ̆

ȁ ץ ₮ ꜚ ̆ ꜚ ҍ

Ȃ׆ Ҭ ץ ₮̆ Ҍ ṿ ᴆ ⌠ ꜚ ΐ ѿ

ᵝ ̆p ꜚ ṿ ꜚ ̆ ╠ ꜚⱬ ҍῒ ṿ ᴆ

̆ ѿ ԅ FEWT-SJTU Ҭ ꜚⱬ

ᵬ Ҋ ꜚⱬ ҉ Ȃ 

  

Ҋ №≢ ң Ҍ ’ FEWT-SJTU Ҭ

‰ №̆≢ҹ̔ ᵬ Ҋ ꜚⱬ ∆

Ҋ ꜚⱬ Ȃ 

̂1̃ ᵬ Ҋ ꜚⱬ  

ᾢ FEWT-SJTU Ҭ ᵬ Ҋ

ꜚⱬ ̆№≢ ң Ҍ Ҭ ᵬ Ҋ

ꜚⱬ ̂Behdinan , 1998̃ Ȃ 3-24 ̆ῒ

Һ 3-10Ҭ↓₮Ȃ Ҭ ⱴ ̆ῒ Ҋ̔ 

 Ὂ ὸ
υȢπ ρπὸ π ὸ πȢς

ρȢπ ρπ πȢς ὸ
 (3-3) 

 Ὂ ὸ

υȢπ ρπὸ π ὸ πȢς

ρȢπ ρπ υȢπ ρπὸ πȢς ὸ πȢτ
π πȢτ ὸ

 (3-4) 
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ῒҬ̆Ὂ ὸ Ὂ ὸף ᵬ Ҭ ̆ ᵝҹ lbȂ 

3-10 Ӏ  

Table 3-10 Main structural properties of the cantilever beam 

 ṿ ᵝ 

 120 ÉÎ 

 4.567 ρπ ÌÂ ÓȾÉÎ 

 3 ρπ ÐÓÉ 

 100 ÉÎ 

 

 

3-24  

Fig. 3-24 Schematic diagram of the cantilever beam 

 

ԍ ̆ ⅞№ҹ 40ҩ ᾝ̆ ҹ

0.01s̆ ΐᵣ 3-11 Ȃ ң ’̆ ԅᵬ

Ҭ Ҍ ̆ Ӟᵣ ₮ң ’ Ҍ Ȃ

Case 1 ԍ ꜚ C̆ase 2 ԍ ꜚ ̆ ԍ

Ҭ ꜚⱬ Ȃ 

3-11  

Table 3-11 Calculation parameters of structural responses of the cantilever beam 

ᶛ  Ҭ   ῏  ↨ ῏  

Case 1 Ὂ 0.01s 0 0 

Case 2 Ὂ 0.01s 0 0.003 

 

3-25̂ ã ԅ Ҭ Ὂ ᵬ Ҋ̆ ҉ ᵝ

Ȃ ̂3-1̃ ̆ 0~0.2 s ῤ̆ Ҭ Ὂ ׆ 0

⌠ ṿρȢπ ρπ lb̆ Ὂ Ḡ Ҍ Ȃ Ὂ ᵬ Ҋ̆

ᵝ ҹңҩ№ץ ̔ 0~0.2 s ῤ̆ ᵝ

Ὂ ̕ ԍ 0.2 s ̆ ᵝ ᵝ

Ȃ Ҭ ṿ ̂Behdinan , 1998̃ ̆ ץ

̆ ╠ Ҭ ץ ꜚ

̆ΐ Ȃ 
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(a) Ҳ Ὂᵲ Ґ (b) Ҳ Ὂᵲ Ґ 

3-25 ᵣ  

Fig. 3-25 Time history curve of the displacement at the free end of cantilever beam 

 

Ҭ Ὂ ᵬ Ҋ̆ ҉ ᵝ

3-25̂ b̃ Ȃ ̂3-2̃ ̆ Ҭ Ὂ №ץ

ҹ҈ҩ ̔ 0~0.2 s ῤ̆Ὂ׆ 0 ⌠ ṿρȢπ ρπ lb̕ 0.2~0.4 s

̆Ὂ׆ ṿ⁞ ҹ 0̕ 0.4 sӊ ̆Ὂ Ḡ ҹ 0Ȃ Ὂ ᵬ Ҋ̆

ᵝ Ӟ ҹ҈ҩ№ץ ̔ 0~0.2 s ῤ̆

ᵝ Ὂ ⌠ ṿ̕ 0.2~0.4 s ̆ ᵝ Ὂ

⁞ ׆ ṿ ᵞ⌠ ṿ̕ 0.4 s ̆ ᵝ ᵝ

̆ ԍ ᵬ ῒ̆ ⁞ Ȃ ҍ

Ҭ ṿ ̂Behdinan , 1998̃ ̆ ץ ԋ ̆

╠ ꜚ ҉ΐ Ȃ 

̂2̃ ∆ Ҋ ꜚⱬ  

ῒ FEWT-SJTU Ҭ ∆ Ҋ

ꜚⱬ ̂Hwang , 2014̃ Ȃ ᵬ ̆ᴪ ⌠

ᵬ ̆ ῒ ꜚ ₮ ̆ ’

’ Ȃ 3-26 ̆

̆ Ȃ∆ № ῒ̆ ҹ  ̔

 όὼ όὧ  (3-5) 

 ὧ  (3-6) 

Ὢὼ ÃÏÓὯὰÃÏÓÈὯὰÃÏÓÈὯὼ ÃÏÓὯὼ  
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    ίὭὲὯὰίὭὲὬὯὰίὭὲὬὯὼ ίὭὲὯὼ (3-7) 

ῒҬ ό̆ὼ № ∆ ό̆ ∆ ̆ ṿ

ҹ 0.01 m/s̆ ὑ ”̆ ὰ̆ ̆

Ὧ ̆ ṿҹ 1.875Ȃ 

 

3-26  

Fig. 3-26 Schematic diagram of the cantilever beam 

 

Һ 3-12 Ȃ ԍ ꜚⱬ

̆ 40ҩ ᾝ ̆ ҹ 0.005 s̆ Ҍ

Ȃ 

3-12 Ӏ  

Table 3-12 Main structural properties of the cantilever beam 

 ṿ ᵝ 

ὰ 0.2 m 

” 1 ρπ ËÇȾÍ  

ὑ  3.25 ρπ ÐÁ 

 

 

3-27 ᵣ  

Fig. 3-27 Time history curve of the displacement at the free end of cantilever beam 

3-27 ԅ ҉ ᵝ Ȃ׆
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Ҭ ץ ₮̆ ∆ Ҋ̆ ᵝ ̆

ԍҌ ⱬ ᵬ ̆ ᵝ Ḡ Ҍ Ȃ ҍ Ҭ

̂Hwang , 2014̃ ̆ ץ ԋ ̆ ╠

Ҭ ΐ Ȃ 

  

╠ №≢ ꜚⱬ ȁ ꜚⱬ ץ

ԅ ̆Ҋ ӊ Ȃ ̔ ꜚ-

ꜚ- ꜚ- Ȃ 

̂1̃ ꜚ-  

ҹԅ ꜚⱬ ̆ FEWT-SJTU

῀ ᴆҊ NREL 5-MW ꜚ № ̆

ῒ ṿ Ȃ 

3-13 NREL 5-MW Ӏ ЃJonkman , 2009Є 

Table 3-13 Main properties of the NREL 5-MW wind turbine 

 ṿ ᵝ 

ⱳ  5 MW 

 ҉  -- 

 3 -- 

ȁ  3̆126 m 

 90 m 

℗῀ȁ℗₮ȁ  3̆25̆ 11.4 m/s 

℗῀ȁ  6.9̆ 12.1 rpm 

ᵞ ᴀ ȁ  5̆̂2.5̆2.5̆ 2.5̃  deg 

 5 m 

 87.6 m 

ȁ ȁ  1.1 105̆2.4 105̆3.4746 105 kg 

 

NREL 5-MW Ῥ ҉ ѿ

Ȃ ᴰ ҈ ̆ ҹ҉ ̆

ҹ 90 m̆ 126 m ῒ̆Һ 3-13 Ȃṿ ̆

ΐ ₃ᵥ ҈ ῒ̆ ̂ ȁ ↨ ȁ

̃ ₮ Ȃ 3-28 ԅ ȁ

↨ ↨ № ’Ȃ῏ԍ NREL 5-MW ꜚ
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Ḥ ῏ ̂Jonkman , 2009̃ Ȃ 

 

(a)  (b) −  

 

(c) −  (d) −  

3-28 NREL 5-MW ⅎ ‟ 

Fig. 3-28 Span-wise distribution of the structural parameters of the NREL 5-MW wind turbine blade 

 

ꜚ Ҭ ’ 3-29 Ȃ

ҹ 6D̂D = 126 mף ̃̆ ҹ 3DȂ ᵝԍ

Ҭ ᵝ ̆ ҹ̂0̆0̆0̃̆ ῀ 1D̆ Ҭ ȁ ץ

ҹ 1.5DȂ № 3-30 Ȃ Ҭ̆ Iף

̆ ҹ 8 mȂҹԅ ̆ II III Ҭ

ԅⱴ ̆ⱴ №≢ҹ 4 m 2 mȂῒҬ̆ⱴ II ҹ̔x

׆̆҉ ╠ 0.5D ⌠ y̆ z ҉̆ ׆ ᶷ 1D ⌠

ᶷ 1Dᵝ ̕ III ⱴ ҹ x̔ ҉ ׆̆ ╠ 0.25D ⌠

̆y z ҉̆ ׆ ᶷ 0.7D ⌠ ᶷ 0.7Dᵝ Ȃ Ҭ

ҹ 322҆Ȃ 
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3-29  

Fig. 3-29 Schematic diagram of the layout of calculation domain 

 

 

3-30 Ҳ ⅎ  

Fig. 3-30 Schematic diagram of the grid layout in calculation domain 

 

῀ ᴆ̆ ҹ 11.4 m/s̆ ҹ 12.1 rpm̆

ҹ 0£̆ Ḡ Ҍ̆ └ └Ȃ

῀ ῀ ᴆ ₮̆ ᴆ ҹ ⱬ ̆

ᴆ̆ ңᶷ ᴆȂ 

3-31 ԅ NREL 5-MW ῀ Ҋ

№ ’Ȃ׆ Ҭ ץ ₮̆ № ̆

ᵝ ҹ 5 m̕ ̆ ҹ 0.6 mȂ ̆

ꜚ № Ҭ Ȃ

≢ Һ̆ ң ѿ̔ ⌠ ꜚ ҉ №

ԍ № ̆ԋ ↨ ԍ

↨ Ȃ ₮ ̆ל

̆ Ȃ ᵌ ̆ Ӟ ⱴ



Error! Use the Home tab to apply  1 to the text that you want to appear here. Error! Use the Home tab to 

apply  1 to the text that you want to appear here. 

 98  

̆ ҹ 3 degȂ ̆ Ҭ ԅ ԍῒ ṿ

⌠ ’Ҋ NREL 5-MW ’̂Li , 2020̃ Ȃ ᵣ ̆

ҍῒ ṿ Ȃ ѿ ̆ 3-14 ԅ

ԍҌ ṿ ⌠ ꜚ ̆ ̆

ꜚⱳ ⱬȂ ץ ₮̆ ⌠ ꜚ ҍῒ

ṿ ⌠ Ẓ ̆ ῤ̆ץ5% FEWT-SJTU

҉ΐ Ȃ 

 

(a)  (b)  

3-31 Ғ ҏ  

Fig. 3-31 Deformation of the wind turbine blade along span-wise direction 

 

3-14 NREL 5-MW ꜠  

Table 3-14 Aeroelastic responses of the NREL 5-MW wind turbine 

ṿ  
̂m̃ ̂m̃ ̂deg̃  

ꜚⱳ

̂MW̃ 

ꜚ ⱬ

̂kÑ 

CFD-CSD 4.72 0.63 3.06 5.22 656.43 

BEM-GEBT 4.49 0.57 2.96 5.30 678.44 

EALM -FEM 4.50 0.57 2.96 5.23 658.48 

 

̂2̃ ꜚ- ꜚ-  

FEWT-SJTU Ҭ ӊ ̆ ꜚ-

ꜚ- ṿ ̆ FAST ᴆ ̆

ᵣ ҉ ‰ Ȃ 

NREL 5-MW OC3-Hywind Spar Ȃ

ῒҬ̆ ȁ Һ 3-7ȁ 3-8 3-13 Ҭ↓




































































































































































































































































































































































































