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Abstract
In the present study, a simulation about the effects of vortex generators on horizontal axis wind turbine rotor blade was
numerically conducted using a static coupled CFD–CSD method. A Navier–Stokes CFD flow solver based on unstructured
meshes was used to obtain the blade aerodynamic loads. A FEM-based CSD solver employing a nonlinear coupled flap-lag-
torsion beam theory was utilized to calculate the blade elastic deformation. The coupling of the CFD and CSD solvers was
accomplished in a loosely coupled manner by exchanging the information between the two solvers at infrequent intervals.
The static coupled CFD–CSD method was applied to the NREL 5 MW reference wind turbine rotor under steady axial
flow conditions. Triangular counter-rotating vortex generators were adopted to control flow separation and radial flow in the
inboard section of the NREL 5 MW reference rotor blades. They were installed on the inboard part of the blade from 0.2 to
0.4 R. As a result of the flow analysis considering the counter-rotating vortex generators, strong vortices were generated by
counter-rotating vortex generators. It can be seen that the regions where flow separation and radial flow occur in the inboard
sections were reduced compared to the baseline wind turbine. For this reason, the maximum power improvement due to
counter-rotating vortex generators was 1.04% at the rated wind speed.

Keywords Computational fluid dynamics · Computational structural dynamics · Horizontal axis wind turbine · Vortex
generators

List of Symbols

Cp Surface pressure coefficient
c Blade chord length
Fn Sectional normal forces, N/m
F t Sectional tangential forces, N/m
R Rotor radius of blade
u Spanwise deflection
v Lead-lag deflection
w Flap bending deflection
θ Rigid pitch angle, degree
φ Torsional deformation at elastic axis, degree
Ω Rotor rotational speed
βp Precone angle, degree
⇀

Q Vector of conservative variables
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−→
F ,

−→
G Flux vectors

�n Normal vector
˜K Preconditioning matrix
U Strain energy
T Kinetic energy
W Virtual energy
M Mass matrix
G Gyroscopic matrix
K Stiffness matrix

1 Introduction

Over the past decades, wind turbine rotor blades have been
becoming more and more larger to produce more power and
reduce facility construction cost. For large-scalewind turbine
rotor blades, the thickness ratio of inboard airfoils corre-
sponds to 30–40% of the chord length to withstand blade
loading. With the high aerodynamic efficiencies of modern
wind turbine rotor blades, the power loss of wind turbine
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rotor blades occurs due to the flow separation and radial flow
generated in the inboard sections [1].

Recently, researchers have shown interest in reducing the
power loss of wind turbine rotor blades. Chow et al. [1]
installed various fence configurations on the inboard section
of the NREL 5 MW rotor to limit the radial flow component
and minimize flow separation to increase rotor power. They
investigated the aerodynamic characteristics of the NREL
5 MW rotor according to fence height and position change.

Among flow control techniques, vortex generators are
popularly employed because it is easy to install and effective
to delay flow separation. Vortex generators are aerodynamic
devices that vary in shape and arrangement. They create
streamwise vortices that mix the high momentum of the
outer region into the low momentum region near the surface,
making the flow more resistant to separation in an adverse
pressure gradient. For DU 30 airfoil used on the inboard
section of the NREL 5 MW rotor, Timmer and van Rooij [2]
performed thewind tunnel test to investigate the vortex gener-
ator effect. As a result, trailing edge separation is suppressed
and the stalling process of the DU 30 airfoil is delayed. Also,
the effects of vortex generators on newly designed in-house
thick wind turbine CAS airfoil series were investigated by
Zhang et al. [3].

Through numerical simulations as well as experiments,
studies on the vortex generator were performed. Sorensen
et al. [4] carried out numerical simulations of FFA-W3-301
and FFA-W3-360 with varying vortex generator positions.
Troldborg et al. [5] compared the results of numerical simu-
lations ofDTU10MWwind turbineswith andwithout vortex
generators installed on the inboard part of the blade. Vortex
generators were modeled using the BAY model instead of
fully gridded CFD. The simulations on the DTU 10 MW
turbine showed that vortex generators may effectively delay
flow separation and therefore can improve the aerodynamic
characteristics of the inner part of the blade. Additionally,
the influence of different vortex generator configurations on
the DTU 10 MW rotor performance was investigated [6].

Florentie et al. [7] conducted numerical studies on vor-
tex generators using body fitted mesh method and source
term models. Flow analysis was performed on the flat plate
and airfoil, and the results were compared according to each
method. Although the direction and magnitude of the force
are slightly different from the body-fitted mesh method, the
source termmodels represent the vortex generator character-
istics well.

Tian et al. [8] studied the application of an array of vor-
tex generators to control flow separation and alleviate blade
contamination problems of wind turbines. Blade element
method (BEM) computations were carried out to determine
the aerodynamic rotor performance. The case study of an
NREL 5 MW wind turbine demonstrated that total power
loss per year due to the leading edge contamination could go

up to 6.6%. It suggested that vortex generators could be used
to improve wind turbine performance and increase annual
energy production (AEP) by 1% by delaying the flow sepa-
ration and mitigating the soiling effect.

Numerical studies with vortex generators are mostly
limited to two-dimensional airfoils. In addition, BEM com-
putations were performed to predict the aerodynamic perfor-
mance of wind turbine blades considering vortex generators.
Since this method is a two-dimensional analysis, it is difficult
to accurately predict the three-dimensional flow separation
near the root of the wind turbine. Prediction of the accurate
flow separation area is necessary to understand the effect
of vortex generators on wind turbine performance. To pre-
dict the accurate flow separation, the three-dimensional CFD
method is essential. For large wind turbines, the structural
deformation is significant, thus affecting the flow separation
region. Therefore, it should be accompanied by the CSD
analysis.

In the present study, the flow analysis was performed
to investigate the change of flow characteristics according
to vortex generators on the wind turbine rotor blade using
a coupled CFD–CSD method. A Navier–Stokes CFD flow
solver based on unstructured meshes was used to obtain the
blade aerodynamic loads. The blade elastic deformation was
calculated using a FEM-based CSD solver which employs
a nonlinear coupled flap-lag-torsion beam theory. Valida-
tion of the CFD–CSD coupled method was made for the
NREL 5 MW reference rotor blade under steady axial flow
conditions. Vortex generators were used to improve the per-
formance of the NREL 5 MW reference rotor blade, and
counter-rotating vortex generators, which are known to be
effective among various vortex generators, were applied [9,
10]. Counter-rotating vortex generators were installed in the
region where flow separation and radial flow occurred. The
flow characteristics of the NREL 5MW reference rotor blade
with and without vortex generators were compared.

2 Numerical Method

2.1 CFD Solver

An incompressible Navier–Stokes CFD solver based on
unstructured meshes was utilized to analyze the flow around
NREL 5 MW reference wind turbine rotor [11]. The equa-
tions for wind turbine applications are the corresponding
incompressible equations with an artificial compressibility
method [12] as:
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where
⇀

Q is the solution vector of primitive variables.
⇀

F
(−→
Q

)

and
⇀

G
(−→
Q

)

represent the inviscid and viscous fluxes of

these variables, respectively. ˜K is the preconditioning matrix
introduced to accommodate the artificial compressibility into
the governing equations. A node-based unstructured finite-
volume method (FVM) was used for the discretization of the
governing equations. The computational domain consists of
a finite number of median-dual control volumes formed by
connecting the cell centroid, face and edge midpoints of all
cells sharing the particular node. The convective flux terms
were computed by Roe’s flux difference splitting method
[13], while the diffusive ones were calculated based on a
modified central differencing [14]. The time integration was
made implicitly using the linearized Euler backward differ-
encing. The pointGauss–Seidelmethodwas used to solve the
linear system of equations at each time step. The correlation-
based transition k −ω SST model [15] was used to estimate
the turbulent eddy viscosity considering the laminar–turbu-
lent transition effect. To consider mesh movement by blade
deformation, mesh deformation techniques were used [16,
17].

For boundary conditions, the no-slip boundary condition
was applied on the rotor blade surface. At the inflow bound-
ary, the flow variables were set to the freestream values, and
at the far-field boundary, the characteristic boundary con-
dition with the Riemann invariants was applied. Since the
rotor has periodicity between the blades under axial flow
conditions, calculations were made for a single rotor, and the
periodic boundary condition was imposed between the other
blades. The flow solver was parallelized using MeTiS and
MPI libraries to reduce the flow analysis time.

2.2 CSD Solver

The blade structure was modeled as a nonlinear
Euler–Bernoulli cantilever beam subjected to spanwise
deflection, lead-lag bending, flap bending, and torsional
deformation [11]. The blade deformation was assumed to
be moderate, retaining the geometric nonlinearities up to
second order [18]. The equations of motion were derived
based on Hamilton’s principle. Figure 1 shows the blade
coordinate frame and the blade deformation kinematics.
The rectangular coordinate system x, y, z is attached to the
undeformed blade. The x axis is the same as the elastic
axis, and the y axis indicated the leading edge. When the
blade deforms, the point P on the undeformed elastic axis is
shifted to the point P′ by axial deflection, lead-lag bending,
flap bending, in the x, y, z directions, respectively. Then, the
blade cross-section containing P′ experiences rotations of
rigid pitch and elastic torsion regarding the deformed elastic
axis.

Fig. 1 Coordinate system and deformation kinematics

Fig. 2 Finite element showing nodal degrees of freedom

The discretized governing equations of the blade elastic
motion were obtained using a finite-element method. The
blade is divided into a number of finite elements, and each
element involves 15 nodal degrees of freedom as shown in
Fig. 2. The distribution of deformation over each element can
be represented by appropriate interpolating polynomials. In
the present study, the Hermite polynomial was used for the
lead-lag and flap bending deflections to secure the continuity
of both displacement and slope between the elements. For the
axial and elastic torsion deformations, the Lagrangian poly-
nomial was used to guarantee the displacement continuity.
The discretized form of the model can be written as:

t1
∫

t2

[

N
∑

i�1

δUi − δTi − δWi

]

dt � 0. (2)

Here, the subscript i denotes the ith beam element, and
N is the total number of finite elements on the blade. δUi,
δTi and δWi are the variation of strain energy, the variation
of kinetic energy, and the virtual work done by the external
aerodynamic loads, respectively. After applying the interpo-
lating polynomials, these elemental energy variations can be
expressed in the following matrix form in terms of the nodal
displacement, qi, as:

Mi q̈i + Gi q̇i + Kiqi � F0,i + FNL,i + Faero,i

qTi � {u1,v1, w1, φ1, v
′
1, w

′
1, u2, φ2, u3, u4, v2, w2, φ3, v

′
2, w

′
2}i ,
(3)
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Fig. 3 Static coupled CFD–CSD analysis

whereMi,Gi andKi are the elemental mass, gyroscopic, and
stiffnessmatrices, respectively, andF0,i andFNL,i are the ele-
mental constant and nonlinear vectors. Faero,i indicates the
applied aerodynamic loads acting on the ith element of the
blade, which is to be provided from the CFD calculation.
The finite element assembly process for the elemental matri-
ces and vectors was utilized to obtain the global nonlinear
equations of motion of the blade. The equation is as follows:

Mq̈ + Gq̇ + Kq � F0 + FNL + Faero. (4)

When the turbine rotor operates at axial flow conditions,
the blade airload remains unchanged, so Eq. (4) can be
reduced to static equilibrium equations by ignoring the time
derivative terms as:

Kq � F0 + FNL + Faero. (5)

2.3 CFD–CSD CouplingMethod

Figure 3 shows the entire procedure for the static CFD–CSD
coupling. Initially, the CFD simulation is performed on the
initial mesh for the undeformed blade. Once the flow solution
converges to a steady state, the cross-sectional airload at each
spanwise position is calculated as the pressure and skin fric-
tion on the surface, which is provided to the CSD solver. The

blade elastic deformation is calculated using Eq. (5). In con-
sideration of the blade elastic deformation, the CFD mesh
points are newly constructed using the mesh deformation
techniques. Using such a newly constructed computational
mesh, flow simulation is performed again to calculate the
sectional aerodynamic loading on the deformed blade. This
iteration is conducted until a converged static equilibrium
blade deformation is obtained.

3 Results and Discussion

3.1 NREL 5MWReferenceWind Turbine

To capture the flow separation occurring at the NREL 5MW
reference rotor blade, the flow analysis was performed and
the results were compared with those of other researchers.
This wind turbine configuration consists of three blades,
which control the power through various speeds and pitch
angles. It has a power rating of 5 MW at the rated wind
speed of 11.5 m/s. The rotor has a radius of 63 m and uses a
series of DU airfoils except the NACA 64–618 airfoil section
at the outboard region. The blade is set at a precone angle of
2.5°.

In Fig. 4, the computational mesh was generated to per-
form the flow analysis for the NREL 5 MW reference wind
turbine. A single blade grid was constructed by applying
the periodic boundary condition. To capture the boundary
layer on the blade surface more accurately, a hybrid mesh
topology was used as shown in Fig. 4b. A total of 32 layers
of prismatic cells were packed on the blade surface with a
stretching ratio of 1.28, and the remaining flow domain was
filledwith tetrahedral cells. The computationalmesh contains
approximately 5.4 M prismatic cells and 2.9 M tetrahedral
cells, and the number of nodes is about 3.2 M. For the CSD
calculations, 49 finite elements were used along the span
to model the structure of the blade. The elastic axis was
assumed to be located at 1/4-chord as reported by NREL
[19].

Initially, the CFD calculation for the NREL 5 MW ref-
erence wind turbine was performed at the rated wind speed
of 11.5 m/s. The CFD–CSD calculation was performed until
the difference in the blade deformations was less than 0.2%.
In Fig. 5, the history of blade tip deformations during the
CFD–CSD coupled iteration is presented. It can be seen that
the calculation converges in the fourth iteration. To investi-
gate the performance of the rotor blade aerodynamic loads,
additional CFD–CSD coupled calculations were made at the
wind speeds of 4, 6, 8, 10, 15 and 20m/s. The rotor speed con-
trols are based on the data reported by NREL [19], whereas
the pitch control angles at the wind speeds above the rated
were predicted based on the results of the present CFD–CSD
coupled calculations. Table 1 shows the rotational speed of

123



International Journal of Aeronautical and Space Sciences (2019) 20:325–334 329

Fig. 4 Computational mesh for the CFD calculation. a Surface mesh. b
Hybrid mesh topology. c Boundary conditions

the NREL 5 MW reference wind turbine according to wind
speed.

In Fig. 6, the predicted flapping deflection and rotor torque
are presented for the various wind speeds. In the region con-
trolled by the rotational speed, the torque increases as the
wind speed increases, and the torque is maintained constant
in the region controlled by the pitch control. The present
CFD–CSDcoupled results compare verywellwith the FAST-
Aerodyn results [19].

The streamlines on the blade surface are presented as
shown in Fig. 7. The flow separation and radial flow occur
in the inboard part of the NREL 5 MW reference rotor. As

Fig. 5 History of blade tip deformation

Table 1 Rotational speed for
steady axial flow conditions

Wind speed
(m/s)

RPM

4 7.2

6 7.9

8 9.2

10 11.4

11.5 12.1

15 12.1

20 12.1

rotational speed of the wind turbine increases, the area of the
flow separation and radial flow becomes larger. In case of the
rated wind speed of 11.5 m/s, the flow separation and radial
flow occur approximately up to 0.4 R of the blade. As the
pitch control is applied, it can be seen that the area of the
flow separation and radial flow are reduced compared to that
of the rated wind speed of 11.5 m/s.

3.2 Vortex Generator

As can be seen in Fig. 8, the counter-rotating vortex genera-
tors were adopted to improve the wind turbine performance.
They are more effective in controlling the flow separation
than co-rotating vortex generators [9, 10]. Counter-rotating
vortex generators used in the DTU 10 MW reference wind
turbinewere applied [5] as shown in Fig. 8. The parameters of
them are presented in Table 2, and themaximumchord length
(cmax) of the NREL 5MW reference wind turbine rotor blade
is about 4.64m. Based on the flow analysis results at the rated
wind speed of 11.5 m/s where the region of flow separation
and radial flow is the widest, counter-rotating vortex gener-
ators were installed. The counter-rotating vortex generators
were located linearly between the chordwise position of 0.5 c
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Fig. 6 Flapping deflection and
torque for various wind speeds.
a Flapping deflection. b Torque

Fig. 7 Streamlines on the
surface for various wind speeds

Fig. 8 Configuration of
counter-rotating vortex
generator. a Side view. b Top
view
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Table 2 Parameters of
counter-rotating vortex
generators

h l a b β

0.01 cmax 0.04 cmax 0.045 cmax 0.055 cmax 16°

Fig. 9 Blade surface with
counter-rotating vortex
generators. a Solid modeling
with counter-rotating vortex
generators. b Surface mesh near
counter-rotating vortex
generators

at the spanwise position of 0.2 R and the chordwise position
of 0.2 c at the spanwise position of 0.4 R. A total of 30 pairs
of counter-rotating vortex generators were installed in the
inboard section of the NREL 5 MW wind turbine blade.

3.3 Flow Analysis with Counter-RotatingVortex
Generators

The surface modeling was performed to conduct the flow
analysis of the NREL 5 MW reference rotor blade consider-
ing counter-rotating vortex generators as shown in Fig. 9a.
To capture the vortices generated by counter-rotating vor-
tex generators, the grid was densely constructed in the place
where they were installed. The computational mesh for the
flow analysis contains approximately 6.7 M prismatic cells
and 4.9 M tetrahedral cells, and the number of nodes is about
4.3 M. The surface mesh near counter-rotating vortex gen-
erators is presented in Fig. 9b. The boundary conditions are
given same as shown in Fig. 4c.

In Fig. 10, the streamlines on the blade surface with
counter-rotating vortex generators are presented. It is shown
that due to counter-rotating vortex generators, the areas
where flow separation and radial flow occur are reduced. In
particular, the effect of counter-rotating vortex generators is
largest at the wind speed of 11.5 m/s, and the area of flow
separation and radial flow decreases from 0.4 to 0.3 R posi-
tion of the blade. As shown in Fig. 11, the strong vortices
were created by counter-rotating vortex generators. The high
momentum of the outer region ismixedwith the lowmomen-
tum region near the surface, making the flow more resistant
to separation at the adverse pressure gradient.

In Fig. 12, the chordwise surface pressure contours with
and without counter-rotating vortex generators are extracted
at 0.35 R, 0.60 R and 0.9 R point of the blade at the rated
wind speed of 11.5 m/s. At the 0.35 Rwhere counter-rotating
vortex generators are installed, the suction peak is increased,

and the strong vortices generated by counter-rotating vor-
tex generators cause the flow to attach to the surface. For
this reason, the force generated by the pressure difference
between the upper surface and the lower surface of the air-
foil increases. In addition, vortex generators affect not only
the inboard region, but also the outer region.At 0.9R position
of the blade, the suction peak is slightly decreased compared
to the case without vortex generators.

Since the flow characteristics are changed in the inboard
region by the effect of counter-rotating vortex generators,
it affects the blade deformations. Figure 13 shows the blade
deformations in the spanwise direction with and without vor-
tex generators at the rated wind speed of 11.5 m/s. As the
force acting on the inboard section is increased by counter-
rotating vortex generators, the lead-lag, flapping and torsion
deformation are slightly larger compared to the results with-
out counter-rotating vortex generators. Especially, it is shown
that at 0.9 R location of the blade, due to the slight increase
of the nose down torsional deformation compared to the
case without vortex generators, the suction peak decreases
as above mentioned.

Figure 14 compares the normal and tangential forces along
the span of the blade from 0.2 to 1.0 R with and without
vortex generators. The tangential and the normal forces are
increased in the inboard section by counter vortex generators
at the wind speeds of 4, 6, 8, 10, 11.5, 15 and 20 m/s. The
tangential and normal forces are increased the most at the
rated wind speed of 11.5 m/s.

In Fig. 15, the flap bending moment and power are com-
paredwith andwithout vortex generators. Due to the increase
of normal force and tangential force by vortex generators, the
flap bending moment and power increase. For a flap bending
moment, it increases approximately 0.06, 0.24, 0.30, 0.37,
0.45, 0.17 and 0.31% at wind speeds of 4, 6, 8, 10, 11.6, 15,
and 20 m/s. The power due to vortex generators increases
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Fig. 10 Streamlines on the
surface with counter-rotating
vortex generators for various
wind speeds

Fig. 11 Vorticity contours in the
inboard section at the rated wind
speed of 11.5 m/s. a Without
vortex generators. bWith vortex
generators

Fig. 12 Chordwise surface pressure distribution with and without counter-rotating vortex generators at the rated wind speed of 11.5 m/s. a 0.35R.
b 0.60R. c 0.90R

about 0.02, 0.50, 0.89, 0.86, 1.04, 0.51 and 0.80% at wind
speeds of 4, 6, 8, 10, 11.6, 15, and 20 m/s.

4 Conclusion

In the present study, a simulation about the effects of vortex
generators on horizontal axis wind turbine rotor blades was
numerically conducted using a coupled CFD–CSD method.
The blade load was calculated using CFD solver based on
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Fig. 13 Spanwise distribution of blade deformations with and without counter-rotating vortex generators at the rated wind speed of 11.5 m/s. a
Lead-lag deflection. b Flapping deflection. c Torsional deflection

Fig. 14 Spanwise distribution of
normal and tangential force with
and without counter-rotating
vortex generators at various
wind speeds. a Normal force. b
Tangential force

unstructured meshes. A FEM-based CSD solver based on
a nonlinear coupled flap-lag-torsion beam theory was used
to obtain the blade elastic deformation. The coupling of the
CFDandCSD solverswas accomplished in a loosely coupled
manner.

Validation of the CFD–CSD coupled method was made
for the NREL 5 MW reference rotor blade under steady
axial flow conditions. It was found that the results are in
good agreement with those of other researchers. Through

the flow analysis, it is shown that the flow separation and
radial flow occur in the inboard region. Based on this,
counter-rotating vortex generators, which are known to have
a good flow control effect, were installed in the inboard
area.

As a result of flow analysis of the NREL 5 MW refer-
ence wind turbine rotor blade considering counter-rotating
vortex generators, flow separation is delayed due to strong
vortices generated by counter-rotating vortex generators, and
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Fig. 15 Flap bending moment
and power for various wind
speeds. a Flap bending moment.
b Power

the areas where flow separation and radial flow occur are
reduced. The lead-lag, flapping and torsional deformations
are slightly increased by counter-rotating vortex generators.
It is confirmed that the normal and tangential force acting on
the blade in the inboard region where counter-rotating vortex
generators are applied are increased by the effect of counter-
rotating vortex generators. For this reason, the power and
flap bending moment due to the vortex generators increases
at wind speeds of 4, 6, 8, 10, 11.5, 15 and 20 m/s.
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