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ABSTRACT

This study investigated the performance and aeroelastic
characteristics of a wind turbine blade based on strongly coupled
approach (two-way fluid structure interaction) to simulate the
transient FSI' responses of HAWTZ? Aerodynamic response was
obtained by 3D CFD-URANS approach and structural response was
obtained by 3D Finite element method. Aeroelastic responses of the
blade were obtained by coupling those aerodynamic and structural
models. The analysis model was validated using the experimental
result of performance of NREL phase VI rotor which was conducted
by NASA/AMES wind tunnel. Numerical results consist of torque
and pressure coefficient in different sections of span (over wind
speed of 7 to 15 m/s) which were compared with available
experimental results. The present model was also evaluated with
results of other aeroelastic simulations.

Keywords: Aeroelastic, CFD, FSI, Wind Turbine.
1. Introduction

In order to make wind power industry
competitive with the other sources of energy,
there is need to decrease the cost of power
production of each wunit, i.e. increasing
diameter of wind turbine blade is one way of
reaching this goal. Accordingly, size of
commercial wind turbines through the last
three decades has increased from 10 m (kW
class) to more than 120 m (MW class). As the

diameter of wind turbine increases,
aeroelastic phenomenon becomes more
important. This phenomenon makes the
analysis more complex and the rigid

calculation is not accurate enough for turbine
performance computation.

In order to make robust aeroelastic
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analysis, both aerodynamic and structural
model must be quiet accurate and robust.
Most of the previous aeroelastic
computations have used simple methods for
aerodynamic and structural model such as
blade element momentum method (BEM) by
Glauert [1]. The problems associated with
these methods are that the structural
deflection of blade only considers changing
in angle of attack due to twist of the blade
section; However, changing in radial flow
due to flap wise and edge wise deflections
were ignored.

Therefore, aerodynamic loads such as
torque are calculated from aerodynamic
coefficient of the airfoil section which is
constant, and structural deflection is
estimated by assumption of constant
aerodynamic coefficients. In reality, both the
aerodynamic coefficients and the blade
sections are changing simultaneously [15,
21].
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In two-way fluid structure interaction, a
CFD solver is used along with dynamic mesh
to calculate aerodynamic loads of deflected
blade in each time step. This study applies a
robust approach for aeroelastic analysis of a
wind turbine based on strongly coupled
algorithm to simulate the transient FSI
responses of HAWT. Aeroelastic responses
of blade were obtained by coupling 3D CFD-
URANS approach for aerodynamic and FEM
method for structure model.

Validation test case was provided by
NREL Phase VI unsteady aerodynamic
experiment [2, 3, 4] for 3D CFD analysis.
This test was performed in The NASA-Ames
Research  Centre’s National Full-Scale
Aerodynamics Complex (NFAC) which is the
one of the largest world wind tunnel.
Numerous researchers have investigated
aerodynamic performance of NREL phase VI
numerically, using different types of CFD
methods and grid topologies without
aeroelastic effects [5, 6, 8, 9, 10, 11, 12]. But
for aeroelastic analysis, smaller numbers of
research works have been conducted.
Chaviapolus [13] in 1999 performed
linearized aeroelastic analysis; he coupled 3D
structural solver to 2D CFD solver for
different sections of blade and calculated the
acrodynamic force for each section. Y.H.
Zhao [14] used unsteady vortex lattice model,
to study nonlinear aeroelastic behavior of
airfoil. Abianaki and Nejat [15, 21]
performed a simple and robust aeroelastic
analysis for 2D wind turbine blade by
coupling the XFOIL [24] aerodynamic
software and the MATLAB PDE toolbox for
solving plane stress equation for structural
responses. They showed that in elastic model
of airfoil, the lift and drag coefficients were
lower compared with the rigid airfoil. Gebrad
[16] studied aeroelastic responses of wind
turbine and captured different aeroelastic
phenomena like flutter by coupling unsteady
lattice vortex method and 3D finite element
solver. Jong-Won Lee [17] performed
aeroelastic analysis for NRELS5 Megawatt
wind turbine by coupling Modified Strip
Theory for aerodynamic and 3D finite
element solver and reported the performance
of the elastic wind turbine. Bazilevs [24, 25]
in 2011 conducted a fluid-structure
interaction (FSI) procedure for NREL 5 MW
wind turbine by coupling a FEM and CFD
solvers. The structural solver was based on
the isogeometric rotation-free  Kirchhoff-
Love composite shell and the bending strip

method. Yuweili [26] in 2014 performed
FSI simulation using coupled computational
fluid/ multibody dynamics. They compared
rigid and flexible models for NREL 5 MW.
Carrion [27] in 2014 performed aeroelastic
analysis on NREL phase VI wind turbine by
coupling the compressible flow
solver(HMB2) and modal analysis method
for structural responses.

Nomenclature
Cp Pressure confident
p density
Peo Far field density
V., Far field wind velocity
P, Far field pressure
P Pressure

2.Fluid Structure Interaction (FSI)

FSI is a combination of structural and fluid
flow fields. Those fields are connected by an
interface  called wet surface where
aerodynamic forces act on flexible structure.
Those aerodynamic forces cause structural
deflection and change of the boundary of
fluid domain resulting in the change of flow
pattern. New boundary of fluid needs new
mesh generation via adapting dynamic
boundary method with re-meshing the
geometry in each time step. Two main
strategies for FSI solution are monolithic and
partitioned methods. In monolithic, all
structural and fluid flow equations are solved
simultaneously. In partitioned strategy,
structure and fluid domain are solved
iteratively by two different solvers. In one
way, the aerodynamic part is solved and the
aerodynamic forces are reported to the
structural solver; the stresses and deflections
in structure are computed as the second part.
However, in two ways coupling, the
deflection is sent back to fluid solver and a
new grid is generated for new boundary of
deflected blade. Again calculation of
aerodynamic forces and the resulting
deflections are repeated in a loop until a
convergence criteria is satisfied.

In this project, two ways partitioned fluid
structure interaction was used, data transfer
between fluid solver and structural solver is
shown in Fig.1.
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Fig.1. The coupling algorithm diagram [19]

3.Methodology
3.1.FSI Modelling of NREL Phase VI Rotor

A commercial Navier-Stokes CFD solver,
CFX, was utilized to compute the flow field
for the phase VI rotor. The Solver uses finite-
volume discretization with a second order
advection scheme [18]. The computations
have been performed using Reynolds
Averaged Navier- Stokes (RANS) equations
and the SST turbulence model; for more
details one may refer to the CFX user guides
[18-19].

Wind turbine has a power rating of 20 kW,

it consists of two blades of 5.029 m in radius
(the Blades are twisted and tapered). The
S809 airfoil is used for the blade out board
and for the blade root. For twist and chord
information, one may refer to Ref. [2].
Performance of wind turbine blades were
measured for wind speeds for a range of 7 to
15 m/s, a yaw angle of 0°, pitch angle of 3°
and 72 rpm rotational speed of the rotor.
Operational conditions such as density were
1.233 kg/m’ for the test. As the turbine is an
upwind type, exclusion of tower in the CFD
model has negligible effect on rotor
aerodynamics [24, 22].
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Fig.2.blade geometry

Structural properties of Blade along the
span are well documented in Fig.2.

In order to reduce computing cost, a single
blade is modeled in CFD by using periodic
boundary conditions that is equivalent to 180°
periodic sector of the rotor and the final
torque result is multiplied by a factor of two.

All CFD simulations have been performed
with commercial CFD package ANSYS CFX
version 14.0.

3.2.Computational Mesh Grid

Unstructured mesh with prism layer near wall
of blade with distance of 0.0001 2 as the first
layer has been used for the boundary layer
grid, as seen in Fig.3. The y is less than 2 for
the entire blade in order to accurately
calculate the viscose forces near the wall.
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After performing the mesh independence
study, a mesh of 4,176,132 elements was
employed for numerical simulation as seen in
Figs.3a to 3b.

3.3.Boundary Condition and Setting

At the inlet of domain velocity inlet boundary
condition and for the outlet and the far field,
pressure outlet boundary conditions are set.
The blade surface and hub were defined as no
slip walls. Figure 4 shows the different types
of boundary conditions that were used in
numerical simulation. Selecting the time step
for this simulation is crucial and it is affecting
the convergence rate of simulation. The time
step is chosen in such a way that mesh
deformation for each time step remains within
a predefined length scale; after trying
different time steps, 0.001 s was chosen for
this simulation.

3.4.Structural Model

In order to obtain structural response, ANSYS
Transient Structure solver was employed. The

Fig.3. a) Computational mesh

Fig.3. b) Computational mesh and blade
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Fig. 4. Computational domain, boundaries and blade

solver uses Finite Element model which is
suitable for complex geometries that work
under bending, twisting and tension or
compression. Mechanical property in span-
wise of the blade is changing in span and is
reported in Zahle ef al. [1]. In order to find an
equivalent mechanical property in span wise
of the NREL Phase VI blade, a solid blade
(stiffer than real one) is first generated, then,
by using “super position rule”, a cross section
inner-subpart was subtracted from the initial
solid blade in such a way that our blade
becomes equivalent of the NREL Phase VI
blade. The mechanical properties are reported
in Table 1.

4 Results

After mesh generation and setting the flow
solver parameters as mentioned in the
methodology section in details, the flow field
around the wind turbine blade was simulated

using two-way FSI model. The mechanical
torque (T) was calculated by taking moment
of the forces inserted on the solid surface of
the blade about the flow axis. The unsteady
simulation was continued until the torque
residual reduces by 3 orders of magnitude.
However, the deflections (flap wise, edge
wise and twist wise, i.e. change in angle of
attack) were reported at a single time step.
The torques of the rigid and flexible models
was reported with the same mesh and solver
setting and their results were compared with
the available experimental data in Fig.5.

It was observed from Fig.5 that the flexible
model has followed a consistent trend in
predicting torque according to experimental
results for different wind speeds. The trend of
rigid model is noticeably different as the wind
speed increases compared to the experimental
and flexible model results where the
aeroelastic effects were more present for the
wind turbine operation as seen in the Fig.5;

Table 1. Mechanical property along span [21]

Radius Flap wise EI(Nm"2) edgewise EI(Nm”2)
0.402 473517 473517
0.508 2,320,700 2322100
0.749 1,302,400 1556800
1.006 710,230 1332800
1.257 471,680 1165553
1.509 232,180 997640
2.012 149,420 737010
2.515 123,480 650900
3.018 105,506 583420
3.52 84,468 512420
4.023 65,974 436440
4.526 46,953 387600
5.029 46,953 365070
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Fig.5. Comparison of flexible and rigid blades torque with experimental measurements

especially in 15 m/s wind speed the rigid Flapwise displacement which causes
model has predicted a higher torque. change in pressure distribution on blade is
Decreasing angle of attack due to elastic shown in Figs.6a to 6d for the blade tip for
twisting of the blade is the main reason for different wind speeds.

lower torque shown in Fig.7¢c for 13 m/s.
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It is observed that by increasing the wind
speed, the period of flap wise displacement is
decreased slightly and the magnitude of the
displacement is increased moderately. In 15
m/s wind speed, the highest tip displacement
was noted near 9 cm which is about 2% of the
blade radius. It should be mentioned that for a
5 m radius turbine blade, these aeroelastic
effects are moderate overall, however, for a
large wind turbines with more 50 m radius

these deflections will be quite considerable.

The critical location of blade in bending is
the root of blade undergoing the highest stress.
Structural design consideration is revised after
aeroelastic computation which is quite
important for large wind turbines. Deflection
along the span is shown in Figs.7a to 7c for 13
m/s wind speed. In Fig.7c, the angle of attack
is computed using velocity triangles and is
compared with the angle of attack of rigid
model.

flap wise deflection
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Fig.7. a) Deflection of blade along span in flapwise direction for 13 m/s wind speed

edgewise deflection

1.20E-03
1.00E-03
g.00E-04
deflection[m] & 00E-04
4. 00E-04
2.00E-04

O00E+00 F———r=—r=rT—r

blade span [m]

Fig. 7. b) Deflection of blade along span in edgewise direction for 13 m/s wind speed
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Fig. 7. ¢) Angle of attack comparison between rigid model and flexible model

It is obvious that the flap wise deflection is
larger in magnitude than the edge wise
deflection as mechanical stiffness in edge
wise is more than flap wise. Deflection along
the span behaves like a cantilever beam
exposed to distributed load which is a
practical and simplified model for aeroelastic
computation.

Figure 8 shows the comparison of our
aeroelastic results with other aeroelastic
predictions for the NREL Phase VI wind
turbine. NREL allocated results of different
aeroelastic computing sources for predicting
NREL phase VI wind turbine performance
[20], the aeroelastic results were compared
with other results mentioned in Fig.8.

It seems that the presented results are
reasonably closer to the experimental data
compared with the other approaches results.

Flow field streamlines over the blade
surface are depicted in Fig.9.

Streamlines on the blade of the wind
turbine model
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Fig. 8. Comparison of the present results with results of other aeroelastic models
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Stagnation line in pressure side and strong
radial flow in suction side are clearly obvious;
a more interesting phenomenon is the tip
vortex flow occurring at the suction side near
blade tip reducing the performance of the

turbine blade.
4.1.Comparison of span-wise sectional data

Since the experiment pressure measurements

Com?mis at x/R=30%

3.6 ——F3l
2.6 ® oxp
1.6
0.6
0.4
-1.4
0 02 04,06 08 1

Fig. 10. a) Comparison of FSI and measured pressure
distributions at 7 m/s wind speed at 30% of span
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Fig. 10. ¢) Comparison of FSI and measured pressure
distributions at 7 m/s wind speed at 63.3% of span

are available at five span-wise sections at 30,
46.7, 63.3, 80 and 95% r/R. The pressure
coefficient comparison is made between
computed flexible results in this study and
available experimental data. Cp is defined as

Eq.1.
P-P,
C, = . M
0.5 X po, X (Vio? + (rw)?)
Co@7m/s at x/R=46.7%
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Fig. 10. b) Comparison of FSI and measured pressure
distributions at 7 m/s wind speed at 46.7% of span
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Fig. 10. d) Comparison of FSI and measured pressure
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Fig. 10. e) Comparison of FSI and measured pressure distributions at 7 m/s wind speed at 95 % of span
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5. Conclusions

This study presented a two-way aeroelastic
methodology for wind turbine blade using
Finite element method for structural analysis
and a commercial CFD solver for flow field
computation. The results of this flexible
model were verified against experimental data
for NREL phase VI experimental data. It was
observed that by increasing the wind speed,
the period of flap wise displacement was
decreased slightly and the magnitude of the
displacement was increased moderately. The
flap wise deflection was considerably larger
in magnitude than the edge wise deflection as
mechanical stiffness in edge wise is larger
than flap wise. The angle of attack of sections
of a flexible model was lower compared to the
rigid model reducing the performance of a
flexible model due to aeroelastic effects. This
study was conducted on a relatively small
wind turbine; however as future work the
authors intend to apply their validated
approach for a NREL 5 MW wind turbine for
which the aeroelastic phenomenon will be
quite significant.
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