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Summary 

Wind turbines are used around the world as a source of 
renewable energy. While the operating principle of a 
wind turbine is simple, the detailed aerodynamic and 
mechanical behavior of the system is quite complex. Of 
particular interest to blade designers is the coupled in-
teraction between the rotor aerodynamics and the re-
sponse of the structure. Including this interaction effect 
in the design process will allow for a better prediction of 
the blade loading and deflection. 

In this Technology Brief, a fully coupled fluid-structure 
interaction analysis of a wind turbine rotor is presented. 
Abaqus/Standard and STAR-CCM+ are directly coupled 
through the SIMULIA co-simulation engine. With this 
approach, a high fidelity modeling strategy can be used 
to develop an accurate understanding of the blade dy-
namics. 

Background 

It is well known that the airflow around a wind turbine 
blade induces a number of complex aerodynamic phe-
nomena. As a result, accurate estimates of the blade 
service loads are not easily predicted. A number of de-
sign methods have evolved over the years, each using 
differing levels of simplification and approximation.     

Computational fluid dynamics (CFD) is a powerful ana-
lytical technique and is a regularly used tool in the de-
sign of wind turbines. By directly coupling a CFD analy-
sis to a structural finite element analysis, the strengths 
of both tools can be applied simultaneously, allowing 
designers to capture the real-time interaction of fluid 
and structural behavior.    

The analysis presented here is based on a robust, seam-
less, easy-to-use fluid-structure interaction (FSI) solu-
tion using Abaqus and STAR-CCM+, where Abaqus/
Standard is used for the structural simulation of the 
blade and STAR-CCM+ is used for the fluid simulation. 
The SIMULIA Co-Simulation Engine (CSE) allows the 
two programs to be directly coupled without third-party 
interface software. We will demonstrate one-way and 
fully coupled simulations. 

In the one-way sequentially coupled simulation, the 
blade wind loads are first computed in STAR-CCM+. This 
is followed by an Abaqus/Standard static structural 
analysis. The results are then used to define and run a 
stable, fully coupled bi-directional analysis. The fully 
coupled analysis determines the nonlinear blade defor-
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mation behavior caused by stochastic variations of wind 
loads (arising from turbulence) that are in turn affected 
by blade deformation.   

Geometry and Model 

In this study, the structural model of the blades (Figure 
1) is created in Abaqus/CAE. A single blade is approxi-
mately 48m in length and modeled with 18,471 S4R 
composite shell elements. The blades are connected to a 
rigid hub with a kinematic coupling constraint.  

The CFD model contains a rotating region in the immedi-
ate vicinity of the blades, and a fixed region far away 
from the blades. The two regions interact through a slid-
ing boundary and the dynamic mesh capability in STAR-
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CCM+. Partitioning the CFD domain into two regions 
permits use of appropriate mesh densities for different 
regions of mechanics significance. The rotating region 
contains of 639,780 cells (circular disc-shaped region 
around the blades in Figure 2) and the stationary region 
is meshed with 58,700 cells. Both domains are discre-
tized with a polyhedral mesh, which is a powerful capa-
bility in STAR-CCM+ that allows accurate solutions to be 
obtained in a relatively efficient manner. 

Typical representative conditions are chosen: wind in-
flow velocity of 9 m/s and a blade tip speed of 60 m/s,  
yielding a blade tip speed ratio of 6.7 and a rotation rate 
of 12 RPM. The blades are assumed to be in steady-
state rotation at the start of the analysis, and the tower 
and drive train effects are ignored. A fixed blade pitch 
angle is used, and constant magnitude wind loads are 
specified with a fixed angle of attack of 14°.  

Analysis Approach 

The complete three step workflow, building from indi-
vidual Abaqus-only and CFD-only analyses to the defini-
tion of the fully coupled FSI analysis, is summarized in 
Figure 3.  

It is important to ensure the stability of both the struc-
tural and CFD simulations in a fully coupled FSI analysis. 
To this end, it is advantageous to understand the dy-
namic characteristics of the structural model and then 
tune the FSI analysis attributes to ensure overall analy-
sis stability.  

In the first step of the workflow, the dynamic character-
istics of the blades were studied in Abaqus/Standard 
and a first natural bending frequency of 0.962 Hz was 
obtained for the structural model alone. Based on this 
result and a blade rotation period of 5 seconds (12 
RPM), the flow and blade speed assumptions were likely 
to yield a stable model.  

The first step was completed by performing a CFD 
analysis that used a rigid blade assumption; the STAR-
CCM+ 6-DOF solver was used for this purpose. The 6-
DOF analysis provided useful information about appro-
priate mesh morpher settings used in the fully coupled 
co-simulation.  

The second step further prepared for the fully coupled 
simulation by performing a Moving Reference Frame 
(MRF) analysis in STAR-CCM+, again with rigid blades. 
This determined the fluid steady state corresponding to 
a blade rotation speed of 12 RPM. To develop some 
comparative results, a one-way sequential FSI analysis 
was then conducted by exporting the wind pressure ob-

Figure 1: Wind turbine structural model geometry 

Figure 2: CFD mesh representation 

Figure 3: Three-step simulation workflow 

tained from the MRF analysis to serve as loading in an 
Abaqus/Standard static analysis. 

A fully coupled bi-directional FSI analysis was then per-
formed in the third step using the fluid state determined 
in the second step as the initial condition. A constant 
coupling step size of 0.05s was chosen to capture all 
essential dynamic behavior caused by blade bending and 
vibration. Pressure and wall shear stress fields were ex-
ported from STAR-CCM+ while nodal displacements 
were exported from the Abaqus structure model. The 
outer surface of the blade geometry defined the cou-
pling interface for the two models.   

For all CFD analyses, a segregated flow model with k-ω 
turbulence was used. For both the bi-directional FSI and 6-
DOF analyses, the STAR-CCM+ implicit unsteady solver is 
used to advance the solution in time; the MRF solution is 
steady state. The Abaqus/Standard implicit dynamic solu-
tion procedure was used for the bi-directional FSI analysis. 

Results and Discussion 

One-way Sequential Coupling 

The steady state pressure field obtained from the STAR-
CCM+ MRF analysis was used to load the blade in a 
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static Abaqus analysis. This provided qualitative insight 
into the structural behavior of the blades, such as the 
location of peak stresses and the magnitude of bending 
deflection (Figures 4 and 5). 

Bi-directional Coupling 

A fully coupled bi-directional FSI analysis allows more 
accurate assessments of the blade stresses and dynamic 
displacement. Peak stresses and their locations on the 
blade in the bi-directionally coupled analysis are shown 
in Figure 6. A dynamic analysis yields higher magni-
tudes of stress compared to the one-way sequential 
static analysis. Figure 7 shows the oscillatory displace-
ment of a blade tip through a single rotation, a dynamic 
behavior that can be studied only in fully coupled FSI 
analysis. Peak pressure distribution in the wake region 
for the deformable blade is on average 10% higher than 
that of a rigid blade. Figure 8 shows the contours of 
pressure and velocity magnitude in the air. 

Figure 9 compares the torque at the turbine hub for the 
CFD-only 6-DOF and fully coupled FSI analyses. Note 
that the inclusion of blade flexibility and fluid-structure 
interaction modifies the time history and magnitude of 

Figure 4: Mises stress (MPa), sequentially coupled FSI 
analysis 

Figure 5: Bending deflection (mm), sequentially coupled 
FSI analysis 

Figure 6: Peak Mises stress (MPa), fully  

coupled FSI analysis 

Figure 7: Blade tip displacement through one full rotor 

revolution, fully coupled FSI analysis 

Figure 8: Velocity and pressure contours, fully coupled FSI 
analysis 

the torque. The curves indicate that the initially chosen 
wind speed and rotation rate conditions are not fully 
compatible with a steady state condition. However, the 
physics captured by the fully coupled FSI solution will 
allow the steady state condition to emerge naturally as 
the simulation progresses. 

Consistent with the higher torque, the out-of-plane 
force distribution along the leading edge of the deform-
able blade in a fully coupled FSI analysis is higher, on 
average, when compared to that of the rigid blades, as 
shown in Figure 10.  

Summary 

For the analysis of wind turbine blades, this Technology 
Brief has demonstrated the advantages of the fully cou-
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pled Abaqus-STARCCM+ co-simulation technique. When 
compared to CFD-only analyses, more physically mean-
ingful simulations are permitted by the inclusion of 
structural flexibility and true fluid-structure interaction. 

The improved fidelity of fluid pressure and velocity dis-
tribution in the vicinity of the blades allows designers to 
better understand the turbine operating conditions as 
well as tune blade pitch angles during simulation to op-
timize turbine output. This simulation approach provides 
the necessary analysis framework to investigate blade 
stresses and displacement histories and can be extended 
to include other components of the turbine system. 

Figure 9: Torque output comparison between fully coupled 

FSI and CFD-only analyses 

Figure 10: Representative force distribution on the blade 

leading edge: comparison of rigid and elastic blade models 

Visit the SIMULIA Resource Center for similar materials. www.3ds.com/simulia-resource-center 

http://www.3ds.com/simulia
http://www.3ds.com/products/simulia/resource-center/
tui
Typewritten Text



Dassault Systèmes, the 3DEXPERIENCE Company, provides business and people with virtual 

universes to imagine sustainable innovations. Its world-leading solutions transform the way 

products are designed, produced, and supported. Dassault Systèmes’ collaborative solutions 

foster social innovation, expanding possibilities for the virtual world to improve the real world. 

The group brings value to over 150,000 customers of all sizes in all industries in more than 80 

countries. For more information, visit www.3ds.com.  

 

CATIA,  SOLIDWORKS, SIMULIA,  DELMIA, ENOVIA,  GEOVIA, EX ALEAD, NETV IBES,  3DSWYM, 

3DVIA are registered trademarks of Dassault Systèmes or its subsi diaries in the US and/or  

other countries. 
 

Europe/Middle East/Africa 
Dassault Systèmes 
10, rue Marcel Dassault 

CS 40501 
78946 Vélizy-Villacoublay Cedex 
France 

Asia-Pacific 
Dassault Systèmes 
Pier City Shibaura Bldg 10F 

3-18-1 Kaigan, Minato-Ku 
Tokyo 108-002 
Japan 

Americas 
Dassault Systèmes 
175 Wyman Street 

Waltham, Massachusetts  
02451-1223 
USA 

Visit us at 

3DS.COM/SIMULIA 

Delivering Best-in-Class Products 

Virtual Product Design  

3D for Professionals 

Realistic Simulation 

Virtual Production 

Global Collaborative Lifecycle Management 

Information Intelligence 

Dashboard Intelligence 

Social Innovation 

Online 3D Lifelike Experiences 

Virtual Planet 




