
  

 

Abstract—This paper presents the evaluation process of 

aerodynamic load on wind turbine blade using Fluid Structure 

Interaction (FSI) method. The aerodynamic loads are 

determined using 3D Computational Fluid Dynamics (CFD) and 

are applied to the wind blade structure with the help of an 

interface which relates the FSI interaction. The interface shares 

the identical surface topology. The steady and transient CFD 

analyses with k- SST turbulence model are performed for 1-way 

and 2-way interaction, which are defined by using the interface 

between fluid and structure domains. A parameterized 3D CAD 

models for National Renewable Energy Laboratory (NREL) 

Phase VI wind blade are used for the analyses. The verification 

of CFD results are performed by comparing with experimental 

data, which were obtained from NREL. The calculated and 

verified aerodynamic loads are applied to the wind blade 

structural model. The effective structural stiffness was derived 

from the frequency based eigen-value analysis. The static and 

time dependent transient structural analyses were performed. 

From the mesh-sensitivity parametric studies, the wind power 

coefficient or torque value is found to be strongly affected by the 

fluid mesh characteristics. The structural mesh characteristic 

was important in the mapping process of CFD aerodynamic load 

to the structure. 

 

Index Terms—Wind energy, wind blade, FSI, CFD, NREL 

Phase VI, airfoil. 

 

I. INTRODUCTION 

The design of wind blade is highly dependent on the 

evaluation of aerodynamic wind load. To increase the wind 

turbine power coefficient, it should extract more wind kinetic 

energy. Hence the understanding of the aerodynamics around 

the blade is that much important to obtain the optimum wind 

blade shape. 

There are well known approaches to calculate the 

aerodynamic load of wind blade. Wind tunnel tests are 

considered as the most exact and practical method and are 

sought for validation by researchers. However, it needs 

comprehensive equipments and knowledge to perform the test. 
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The researchers can utilize the publicly reported 2D airfoil 

wind tunnel test results to design their wind blade. The 

practical and more important data of 3D wind blade wind 

tunnel test is very difficult to obtain and rarely available. 

Moreover, the wind blade is highly shape sensitive especially 

for the twist angle and the varying span-wise sectional shape. 

The 2D airfoil aerodynamic coefficients such as lift and drag, 

with various angles of attack do not correspond to the 3D 

results. The idea of using 2D wind tunnel test data for 3D 

simulation and design is not desirable. 

The alternatives are to use computational methods like 

Blade Element Momentum method (BEM) [1], Vortex 

method (VM) [2] and Computational Fluid Dynamics (CFD) 

[3]-[8] to calculate the aerodynamic load of 3D wind blade. 

However, BEM and VM are basically dependent on the 

accuracy of wind tunnel test data until now.  

Even though, CFD is known to be very difficult to apply in 

the unsteady aerodynamic phenomenon, it can calculate the 

sectional airfoil aerodynamic coefficient independently using 

high end computational software and hardware with 

comprehensive turbulence models. Verifications of CFD 

results are necessary though before applying to practical 

projects. Also, the surface pressure obtained from CFD can be 

directly applied as the structural load using an interface to 

connect fluid flow and structural analyses called as Fluid 

Structure Interaction (FSI) [9]. 

In this study, we introduce a process of FSI where results 

from CFD are directly applied to structural analyses and vice 

versa with the use of an appropriate interface. The interface 

between the two physical domains can transfer the mutually 

needed data. Through this systematic FSI analysis process, 

the aerodynamic effects of the fluid domain on the structure 

can be easily seen. The structural analysis and design are 

performed through the interface by explicitly loading the 

aerodynamic loads to the FEM structural model automatically 

without calculating any sectional aerodynamic coefficients.  

 

II. AERODYNAMIC OF WIND BLADE AND WIND TUNNEL  

The wind loading is one of the most general external 

loading conditions which any structure will experience during 

their service time. Usually these structures are designed to 

minimize the aerodynamic wind load. These works are geared 

towards saving structural material and produce optimized 

economical structural design. In contrast to general structural 

system, the wind blade is designed to maximize the 

aerodynamic load. A turbine system is a mechanically rigid 

multi-body system which converts the wind energy to rotating 

torque energy. In order to produce maximum efficiency, 

large-scale structural systems of wind turbine with tower and 
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base foundation are needed. The fundamental power 

generation and control system are also essential. The 

complexities and difficulties come from these highly technical 

assemblies. Among all the components of a wind turbine 

system, the shape sensitive rotating wind blade is the most 

important part to increase the power generation rate (power 

coefficient).  

A wind blade shares the aerodynamic theory with airplane 

wing and helicopter blade. These systems utilize the higher 

lifting force to rotate and to lift. The airplane wing stays 

stationary when it is in operating condition. The wind blade is 

closer to the rotating helicopter blade. However, the high 

speed rotating helicopter blade should be thin and should 

have small angle of attack. As a result, there are little unsteady 

turbulent phenomenon compared with wind blade system.  

To determine the optimized wind blade shape which 

generates the maximum power in low operating inflow wind 

speed, we need to evaluate the aerodynamic force coefficient 

which will rotate the wind blade about primary axis. Airplane 

wing has constant sectional airfoil shape along the span-wise 

dimension because of nearly constant angle of attack around it. 

However, the wind blade rotates in induced angular velocity 

and hence it has linearly varying rotating velocities. The 

calculated angles of attack along the span are shown to have 

nonlinear values. The wind blade may also have nonlinear 

twist angle to minimize the angle of attack and turbulence 

around the blade wall along the span.  

Since the blade is rotating and has nonlinear twist angle, the 

surface stream on the suction surface flows toward the 

direction of the tip from the root side. Because of the reported 

2D airfoil wind tunnel test data for various angles of attack are 

shown to have noticeable errors compared with 3D wind 

tunnel test data, the wind blade cannot be designed based on 

2D aerodynamic theory and design codes. These codes are 

based on 2D wind tunnel tests and 2D BEM formulations. 

Comprehensive 3D aerodynamic data should be taken into 

account in wind blade design process. To meet these 

requirements, the real scale 3D wind tunnel studies are 

essential. The NREL Phase VI wind blade is a well known 

publicly accessible 3D wind tunnel test project. From these 

rigorous experimental wind tunnel tests, accurate quantitative 

aerodynamic and structural measurements on a full scale wind 

turbine blades were performed to provide the needs of 

accurate 3D aerodynamic forces which takes into account the 

inflow turbulence and shear across the rotor plane.  

BEM is frequently preferred in wind blade design code 

because of its simplicity and overall accuracy. However, it 

depends on the aerodynamic force coefficients from 2D or 3D 

wind tunnel test data and has limitation only for asymmetric 

cases. It shows difficulties when taking into account the 

unsteady and nonlinear transient rotor yaw and rotating wake 

flow effects like any other numerical methods. VM is an 

ongoing active research area, which considers the 3D 

unsteady flow effects. Even though they have appealing 

numeric advantages, the aerodynamic coefficient of 3D wind 

tunnel test data should be used for evaluating the accuracy of 

aerodynamic analysis and application. Even though CFD has 

a similar difficulties and limitations, it can easily be applied to 

the change of shapes of wind blade around a reference shape. 

III. CFD FOR FLUID STRUCTURE INTERACTION 

The wind loading is one of the most general external 

loading conditions which any structure will experience during 

their service time. Usually these structures are designed to 

minimize the aerodynamic wind load. These works are geared 

towards saving structural material and produce optimized 

economical structural design. In contrast to general structural 

system, the wind blade is designed to maximize the 

aerodynamic load. A turbine system is a mechanically rigid 

multi-body system which converts the wind energy to rotating 

torque energy. In order to produce maximum efficiency, 

large-scale structural systems of wind turbine with tower and 

base foundation are needed. The fundamental power 

generation and control system are also essential. The 

complexities and difficulties come from these highly technical 

assemblies. Among all the components of a wind turbine 

system, the shape sensitive rotating wind blade is the most 

important part to increase the power generation rate (power 

coefficient).  

 

IV. CONCEPT OF FLUID STRUCTURE INTERACTION 

The FSI are used in wide range of multi-physical problem 

in which the fluid effects are dominant but difficult to evaluate 

for structural part. Especially high curvature free shape of 3D 

wind blade is a challenging problem to apply on the FSI 

simulation, because of its difficulty in evaluating the 

aerodynamic force of the surface.  

 

Fluid field
Structural 

field
CouplingCoupling

Pressure

Deformation, Displacement

11--way interactionway interaction

22--way interactionway interaction

Pressure

 
Fig. 1. Concept of fluid structure interaction. 

 

The fundamental pre-requirements for FSI are the 

verification of pressure loading value from CFD and the 

definition of interface between fluid and structural domain. 

As shown in Fig. 1, the interface transfers data from fluid to 

structure or structure to fluid. These interactions are called as 

1-way. If the interface transfers the data to both sides 

sequentially, we call it as 2-way. Fluid domain transfers the 

pressure or temperature to the structure, and structure 

transfers usually the displacement to the fluid. From these 

interactions, the fluid domain updates the domain mesh from 

structural deformation. The structural part deforms due to the 

pressure or temperature load from the fluid domain. Unlike 

the BEM or VM methods, the structural part can be modeled 

using FEM procedure. The response of the structure relies on 
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the material and solid modeling quality. The surface of 

structural part should share identical topology with CFD 

domain.  

The rotating wind blade are vibrating with its frequency to 

the direction of first eigen-mode shape which is independent 

to the wind flow direction but dependent to the local axis. The 

vibrating frequency of wind blade is dependent on the 

stiffness and mass of blade. If the tower is considered, the 

vibrating model of tower will be coupled with blade. Lift 

causes bending in the flap-wise direction while air flow 

around the blade cause edge-wise bending. Flap-wise bending 

involves tension on the pressure (upwind) side and 

compression on the suction (downwind) side. Edgewise 

bending involves tension on the leading edge and 

compression on the trailing edge. Hence, 3D wind blade may 

experience the unsteady transient of fluctuation and vortex 

shedding. CFD is one of the options to capture these unsteady 

effects, even though it has numerical difficulties and 

limitations. To consider the time dependent unsteady effect of 

fluctuation and vibration in numerical method, the fluid 

domain must be changed along with structural vibration in 

transient analysis. Hence, to simulate these problems, the 

interface should take into account the interaction of both sides 

using 2-way FSI. The 1-way FSI is used for steady static 

problem and 2-way is for unsteady transient problem.  

 

V. FSI SIMULATION FOR NREL PHASE VI WIND BLADE 

The comprehensive information about the unsteady 

aerodynamic experimental data for NREL Phase VI wind 

turbine blade (Fig. 2 and Fig. 3) is publicly accessible 

[10]-[13]. Providing full scale, 3D aerodynamic behavior for 

Horizontal-axis wind blade (HAWT) was the primary 

objective of this work. The wind turbine and wind blade 

undergo complex aerodynamic phenomena in field operation 

[12], [13]. This phenomenon is not considered in wind turbine 

design codes which are derived from the steady state 2D wind 

tunnel airfoil test. To provide the needs of accurate 3D 

aerodynamic force which considers the inflow turbulence and 

shear across the rotor plane, the wind tunnel test was 

performed by NREL using Phase VI wind blade [12], [13]. 

From the rigorous experimental wind tunnel tests, accurate 

quantitative aerodynamic and structural measurements on a 

full scale wind turbine blades were performed. The wind 

tunnel test data can be used for reference values. There are 

number of research works which were reported to show the 

accuracy and applicability of CFD for 3D wind blade [4]-[8].  

To meet the purpose of this paper, the FSI simulations were 

performed. The fluid domain aerodynamic effects are tested 

by using CFD and shows excellent agreement with reference 

values of NREL wind tunnel test [4]-[8], [12], [13]. The 

overall numerical procedures were performed using 

commercial software Ansys. The fluid field domain 

aerodynamic loads are determined by using Ansys-CFX and 

those are transferred to the wind blade structure by the FSI 

interaction. The interface shares the identical surface 

topology. The steady and transient CFD analyses are 

performed for 1-way and 2-way interaction. 

As shown in Fig. 4 and Fig. 5, a parameterized 3D CAD 

model and fluid domain meshes for NREL Phase VI [12] are 

used for the CFD and FSI analyses. The calculated 

aerodynamic loads are applied to the wind blade structural 

model which was developed approximately according to the 

reported structural information [12]. Fig. 6 shows the 

eigen-mode shapes of structural model to estimate and verify 

the stiffness and mass quantity of it. The assembled overall 

structure comprised of wind blade, shaft, nacelle and tower. 

The effective structural stiffness was derived from the 

frequency based eigen-value analysis and shows good 

agreement with experimental data [12] for natural frequency. 

 

 
(a) NASA Ames research centre full scale aerodynamic complex. 

 

 
(b) Full scale NREL Phase VI wind turbine blade. 

Fig. 2. NASA Ames research center full scale aerodynamic complex : NREL 

Phase VI wind turbine blade [12],[13]. 

 

 
(a) Aerodynamic force coefficient conventions.  
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 (b) Surface pressure tap and probe locations.  

Fig. 3. Surface pressure tap location and aerodynamic force coefficient 

conventions: NREL Phase VI wind blade [12], [13]. 

 

 

 
(a) NREL Phase VI wind blade. 
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(b) Twist angel section. 
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(c) Twist angle distribution along span ratio. 
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(d) Taper (chord length) distribution along span ratio. 

Fig. 4. NREL Phase VI wind blade model for CFD. 

rotating domain

ambient domain

 
Fig. 5. Fluid domain and blade mesh representation. 

 

1st mode shape

(1.696Hz)

 
(a) 1st mode shape 

2nd mode shape

(1.698Hz)

 
(b) 2nd mode shape 

3rd mode shape

(6.05Hz)

 
(c) 3rd mode shape 

4th mode shape

(6.8Hz)

 
(d) 4th mode shape 

Fig. 6. Structural FEM model verification from eigen-value analysis. 

 

Fig. 7 and Fig. 8 show the 1-way and 2-way FSI simulation 

process respectively. The verified CFD results are used for 

wind blade pressure load and transferred to the structural 

surface load. Only the interaction of wind blade surface 

considered to verify the wind blade aerodynamic load. The 

static and transient structural responses were tested using 

1-way and 2-way FSI respectively. In 2-way FSI simulation, 

as shown in Fig. 8(a) simultaneous interactive calculating 

processes are performed to match the interface domain. 

Hence, the FSI simulation is strongly related to each other in 

2-way case.  

 

 
Fig. 7. 1-way FSI process: steady state fluid/static structure. 
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Fluid fieldFluid field Structure fieldStructure field
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Interface loadInterface load
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(a) 2-way FSI process. 

 
(b) Isometric view. 

 
(c) Side view. 

Fig. 8. 2-way FSI results :pressure and velocity contour. 

 

Only 7m/s wind speed case is considered with 72 rpm 

rotating velocity to show the numerical characteristics of this 

study. From the mesh-sensitivity parametric studies, the wind 

power coefficient or torque value of wind blade is found to be 

highly dependent on the fluid mesh characteristics. The static 

structural responses using 1-way FSI are found to be in good 

agreement with the results obtained by using sectional 

aerodynamic force which is based on the BEM formulation. 

The supporting tower has little effect on the overall stability 

but it increases the displacement for static and transient cases. 

The time dependent vibration of wind blade shows the mode 

composition of natural frequency. However, the fundamental 

vibrating motion of wind turbine is dominant to that of tower 

not wind blade because of lightweight nature of wind blade. 

 

VI. CONCLUSIONS 

The evaluation of aerodynamic interaction of NFEL Phase 

VI wind blade using FSI is presented. The CFD results are 

shown to be in excellent agreement with wind tunnel test data 

using k- SST turbulence model. The assumed structural 

FEM model produced similar natural frequency on the 

experiment. From the 1-way and 2-way FSI simulation for 

static and transient analysis respectively, the dominant 

vibrating motion of overall turbine blade is not blade but 

tower, and the time dependent transient vibrating motion of 

wind blade finally converged to the static motion. The FSI 

interface transferred the surface pressure to the structure and 

structural displacement to the fluid accurately and 

successfully. The wind power coefficient of wind blade is 

highly affected by the fluid mesh quality. The structural mesh 

characteristic was important in mapping process of CFD 

aerodynamic load to the structure. 
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