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a b s t r a c t

Vortex generators (VGs) are commonly-used effective flow separation control devices, and are proved to
have potential to improve the aerodynamic performance of large wind turbines. In this paper, the flow
physics of VGs and how their size affects the aerodynamic performance of a blunt trailing-edge airfoil
DU97-W-300 have been investigated using CFD simulations. Based on wind turbine dedicated airfoil
with and without VGs respectively, three-dimensional numerical models were established and further
validated through the comparisons between the numerical results and the experimental data. The effects
of VGs' size were analyzed from several perspectives, such as trailing-edge height, length, short and long
spacing between an adjacent pair of VGs. The results indicate that drag penalty is more sensitive to the
increase of VG height than lift; an increment of VG length leads to negative effects on both lift and drag;
increases of the spacing between an adjacent pair of VGs have positive impact on suppression of
separated flow. Additionally, the flow field characteristics were further revealed by the analysis of
streamlines and vortices in the wake region.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

In order to achieve strong structure for large wind turbine
blades, thick airfoils have been designed and researched to absorb
large bending loads, which are applied from middle to the root
sections of blades in recent years [1,2]. Comparedwith normal thick
airfoils, blunt trailing-edge airfoils are dedicated wind turbine air-
foils, which are able to be adopted in larger section area, to produce
more lift, and to be less sensitive to leading edge roughness [3].
Therefore, blunting trailing-edge airfoils could further improve
both the structural strength and the aerodynamic performance of
large wind turbine blades.

However, the comparatively high airfoil thickness simulta-
neously increases drag penalty, which is mainly caused by flow
separation at large angles of attack. Due to increasing angles of
attack, adverse stream-wise pressure gradients increase corre-
spondingly and lead to a separation of flow. Airfoil thickness in-
creases from tip to root, as well as the reduction of wind velocity,
which is not ideal for low Reynolds number flows [4]. It is partic-
ularly problematic for flow separation in the region near the hub
, yqliu@ncepu.edu.cn (Y. Liu).
[5]. Consequently, the efficiency of wind turbines is diminished by
the drag penalty resulting from flow separation [6]. Thus, it is a
crucial objective to study the flow separation control methods for
better aerodynamic performance of wind turbines.

Vortex generators (VGs), first documented by Taylor [7], are
widely-used effective flow separation control devices. In 1990,
Afjeh [8] predicted the aerodynamic performance of a horizontal-
axis wind turbine equipped with VGs. In 1995, Øye [9] indicated
that a stall-regulated wind turbine power increased nearly 24% by
using VGs (from 850 kW to 1050 kW) through field tests. The first
industrial application was implemented by UpWind Solutions, Inc.
[10] in 2012 and the result showed that the mean Annual Energy
Production (AEP) increase experienced within the 3 month time
period was in the range of 2.1e2.5%. And then, a relation between
wind speeds and the impact of VGs on AEP was pointed out.
Therefore, VGs are effective devices for wind turbines to increase
power output and studies are required for VGs to further improve
wind turbine performance.

Many researches have been carried out towards VGs on wind
turbines. Lin [11] reviewed the research on low-profile VGs to
control boundary separation, and summarized the features of
different types of VGs and their applications. He also pointed out
that VG is applicable to control flow separation at a relatively fixed
point, and its installation location should not far away from the
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Nomenclature

Latin symbols
a short spacing between adjacent vortex generators

(mm)
b long spacing between adjacent vortex generators

(mm)
c airfoil chord length (m)
Cd drag coefficient (dimensionless)
Cl lift coefficient (dimensionless)
Cl,max maximum lift coefficient (dimensionless)
d length of vortex generator (mm)
ds the height of first grid layer (m)
h trailing-edge height of vortex generator (mm)
l span-wise length (m)

Cl/Cd lift-to-drag ratio (dimensionless)
Re Reynolds number (dimensionless)
U∞ wind speed (m/s)
x, y, z Cartesian coordinate system
yþ dimensionless wall distance

Greek symbols
a angle of attack (�)
b angle of incidence of VG vanes (�)
r air density [assumed 1.225 kg/m3]
m dynamic viscosity (Pa s)

Abbreviations
CFD computational fluid dynamics
VG vortex generator
DUT Delft University of Technology
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point of separation. The performance of VGs on DU91-W2-250 was
experimentally evaluated by Velte et al. [5] using Stereoscopic
particle image velocimetry (PIV). Velte and Hansen [12] also
investigated the flow behind VGs by Stereoscopic PIV near the stall.
Mueller-Vahl et al. [13] investigated the optimization of VG
configuration in both experimental and numerical way. Their
conclusions were drawn through their observations on force
measurements and PIVmeasurements. Advanced CFDmodels were
established by Xue et al. [14] to capture the micro-scale physics of
VGs, and their models were proved to be suitable to uncover the
performance of tiny VGs. Yang et al. [15] conducted simulations of
aerodynamic performance affected by VGs on blunt trailing-edge
airfoils, and they indicated that VGs could also function efficiently
on a DU airfoil.

However, the above investigations only focus on blunt trailing-
edge airfoils or performance of VGs on sharp trailing-edge air-
foils. The present researches on blunt trailing-edge airfoils equip-
pedwith VGs are limited and rare, particularly for parametric study.
Therefore, it is significant to have parametric investigations of VGs
on blunt trailing-edge airfoil for wind turbines.

To solve the above problem, the study on effects of VGs on airfoil
DU97-W-300 has been carried out using CFD simulations in this
paper. The organization of the rest of paper is as follows. Section 2
describes the geometric considerations for the blunt trailing-edge
airfoil and VGs. Section 3 illustrates the CFD simulations. In Sec-
tion 4, the impact of VGs' sizes, including trailing-edge height,
length, and short and long spacing between adjacent VGs, on
DU97-W-300 has been discussed. Section 5 presents the final
conclusions.
Fig. 1. Schematic of the counter-rotational configuration and the co-rotational
configuration.
2. Geometric description

2.1. Blunt trailing-edge airfoils

Blunt trailing-edge airfoils (DU series) were developed by DUT
for wind turbines using RFOIL, a modified version of XFOIL [16]. A
representative and base airfoil DU97-W-300 with a thick trailing
edge of about 1.74% chord has been adopted in this paper, and its
maximum thickness locates around 30% chord. Airfoil DU97-W-300
is widely suited to 40% span-wise position of a wind turbine blade,
and could smoothly transit to the other airfoils. Additionally, its
design goal of the maximum lift coefficient Cl,max is in the range of
1.5e1.6 at a Reynolds number of 3 � 106 [17,18].
2.2. Vortex generators

Vortex generators are utilized to suppress the flow separation
caused by adverse pressure gradients and turbulence [19], increase
lift [20,21] and reduce drag [4] through generating discrete stream-
wise vortices to energize the slower moving boundary layer with
the high-momentum fluid in free stream and in the outer part of
the boundary layer [22,23].

Optimization of VGs has been investigated by several authors
with the consideration of following variables, but not limited to:
type, shape, size, patterns (orientation of adjacent VGs) and loca-
tion. In this paper, size parameters, including height, length, short
and long spacing between adjacent vortex generators, are the key
research objectives. Other govern variables were determined ac-
cording to the optimal solutions in Refs. [11,13,17,24].

Fig. 1 portrays two main configurations of VGs, the counter-
rotational configuration and the co-rotational configuration. The
adjacent VGs in the co-rotational configuration have all equal an-
gles of incidence to the flow, while the adjacent VGs in the counter-
rotational configuration possess equal, but opposite angles of
incidence. The rotational directions of vortices generated by a pair
of VGs depend on their array configurations. The counter-rotational
configuration has been proved to be more effective to suppress the
flow separation in several aerodynamic applications [24e26]. The
same result for wind turbines was obtained by our early study [27].



Table 1
The main parameters of VGs.

Case no. H [mm] d [mm] a [mm] b [mm] b [�]

VGs1 5 17 10 25 16.4
VGs2 6 17 10 25 16.4
VGs3 6 17 12 30 16.4
VGs4 6 20.4 12 30 16.4

Fig. 3. Geometry of the airfoil DU97-W-300 with VGs.

Fig. 4. Mesh in the local region around VGs.
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The chord-wise position of VGs was emphasized and experi-
mentally researched in a recent study by Mueller-Vahl et al. [13],
who concluded that the range of x/c ¼ 15e20% was ideal to realize
smooth post-stall lift as well as low drag.

In this paper, VGs are located at 20% chord position in the
counter-rotational configuration (see Fig. 3).

3. Simulation methods

3.1. Numerical models

The configuration of VGs with five primary variables in Fig. 2 has
been adopted. Table 1 presents the geometric parameters of four
delta VGs models. In four cases, VGs1 is the benchmark model,
developed and proved to be efficient by DUT. In order to compare
with the experimental results [17,18], the models of straight blade
sections are of the same size (0.6 m in chord-wise and 0.216 m in
span-wise). Five pairs of VGs, which means five cycles, have been
arranged to simulate the interaction between the VGs (see Fig. 3).

In all of the four models, the long spacing between adjacent
vortex generators b is approximately five times of the height of VGs
considering the relevant conclusions provided by Mueller-Vahl
et al. When the VGs are positioned too close together, a quick
decay of vorticity occurs and the flow cannot remain attached to the
suction side of the airfoil due to the interaction of the neighboring
vortices. On the other hand, spacing the VGs too far apart impairs
their ability to suppress flow separation in the intermediate region
[13].

The common CeH computational domain has been adopted and
the flow domain in the wake is 30 times the chord length. The
boundary conditions have been defined as follows. The inlet and
outlet have been defined as velocity inlet and pressure outlet,
respectively. The airfoil surface, as well as VGs, has been defined as
wall. The front and back have been defined as symmetry. The
computational domain was meshed with hexahedral structures
grids (except for the region between adjacent VGs) and the total
number of grid nodes is 2.32 million. The numbers of grid nodes of
trailing-edge height h, length d, short spacing a, long spacing b and
the hypotenuse of VG are 25, 66, 12, 30 and 33, respectively. Un-
structured grids were utilized in the region between adjacent VGs.
Fig. 4 shows the geometry of a model with VGs and the local region,
where was determined by the analysis of VGs affecting region
depicted by Yang et al. [15]. Inside this region, the impact of VGs on
flow field is significant, and thus the grids are correspondingly
denser than those in external computational domain. In the case of
VGs1, the height of first cell layer ds is 0.21 mm, indicating yþ
equals approximately 40. In other cases with VGs, ds are of the same
value (0.16 mm), indicating yþ of the first grid away from the blade
surface is about 30, as required for Spalart-Allmaras turbulence
model with standard wall function.

The Steady-state computations have been carried out using a
commercial CFD solver Fluent. In this study, Reynolds-Averaged
NaviereStokes (RANS) equations have been solved with the
Fig. 2. Geometric parameters of VGs.
Spalart-Allmaras turbulence model, which has been confirmed
efficient in Refs. [19,25]. The governing equations used a second-
order upwind discretization and solved using the SIMPLE algo-
rithm. Based on the simulation methods, four cases (refer to
Table 1), as well as clean model were established and calculated in
the range of angles of attack from 0.97� to 20.9� at Re¼ 3 � 106 and
Re ¼ 2 � 106 (Case VGs1 only).
3.2. Validation of the numerical simulations

The simulation results of the clean model and the typical case
with VGs (VGs1) have been validated through the comparisonwith
the experimental data [17]. As shown in Fig. 5(a), the CFD results of
lift coefficients are well matched with wind tunnel experimental
data, and they have an excellent agreement at the stall angle of
attack. The drag coefficient curve is consistent with the one plotted
using experimental data within a mean relative error limit of 8%.
Fig. 5(b) shows that the lift coefficient curves of the simulation
coincide well the experimental data. The simulation results of drag
coefficients are slightly higher than the experimental results, which
might be caused by the limitations of the turbulence model. For
numerical simulations, it is difficult to precisely calculate the drag
coefficients due to their small values and a mean relative error limit
(less than 10%) is acceptable. In these two cases, the stall angle of
attack and lift coefficients are well simulated, and the differences
from the numerical and experimental results of drag coefficients
are acceptable. Therefore, the CFD simulations merit the further
study.



Fig. 5. Comparison between CFD results and experimental data for DU97-W-300. (a)
Lift coefficients and drag coefficients of the clean model at Re ¼ 3 � 106. (b) Lift co-
efficients and drag coefficients of VGs1 at Re ¼ 2 � 106.
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4. Results and discussion

In order to investigate the parametric effects of VGs on the blunt
trailing-edge airfoil DU97-W-300, aerodynamic properties, such as
stall angles of attack, lift coefficients, drag coefficients and lift-to-
drag ratios, have been presented. Additionally, the two-
dimensional and three-dimensional streamlines and vortices in
the wake region have been analyzed to help further explain the
results.
Fig. 6. Impact of VG trailing-edge height on DU97-W-300 at Re ¼ 3 � 106. (a) Com-
parison of lift coefficient curves. (b) Comparison of drag coefficient curves. (c) Com-
parison of lift-to-drag ratio curves.
4.1. Effects of VG trailing-edge height on DU97-W-300

As shown in Fig. 6, the impact of VGs on the blunt trailing-edge
airfoil performance is presented through the comparison between
cases with and without VGs. In Fig. 6(a), it is clear to see that the lift
coefficients increase linearly with the angle of attack until flow
separation begins to have effects. For cases with VGs (VGs1 and
VGs2), the lift coefficient curves are generally consistent with that
of the clean model before stall, while there is a slight drag penalty
resulting from the induced friction by adopting VGs. As the angle of
attack increases, stall phenomenon appears and VGs help the airfoil
increase the stall angle of attack compared to the clean model
approximately from 12� to 17�. The maximum values of lift coeffi-
cient Cl,max, which occur just prior to the stall, are pronouncedly
increased by using VGs. Beyond the stall angle, a large decrease in
lift and a precipitous increase in drag are yielded due to the sepa-
rated flow and VGs are seen to be beneficial for the reduction of
pressure drag caused by flow separation (more description later), as
shown in Fig. 6(b). Additionally, the lift-to-drag ratio presented in
Fig. 6(c) indicates that the airfoil is positively influenced by VGs at
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high angles of attack at an inevitable cost of a decrease in the (Cl/
Cd)max.

Fig. 6 also shows the effects of VGs' height on airfoil perfor-
mance. Compared with VGs1, VGs2 possesses a larger trailing-edge
height h, and other parameters are of the same values. The com-
parison of lift coefficient curves is given in Fig. 6(a). The trailing-
Fig. 7. Impact of VG length on DU97-W-300 at Re ¼ 3 � 106. (a) Comparison of lift
coefficient curves. (b) Comparison of drag coefficient curves. (c) Comparison of lift-to-
drag ratio curves.
edge height is evaluated considering both lift increase and drag
penalty. A better performance of lift is achieved in the case of VGs2,
where a higher value of Cl,max is yielded at a ¼ 17.2� compared to
VGs1. However, VGs2 produces a larger increase in drag due to the
excessive friction caused by the larger height, as shown in Fig. 6(b),
which in turn has a negative impact on the lift-to-drag ratio.
Fig. 8. Impact of short and long spacing between adjacent VGs on DU97-W-300 at
Re ¼ 3 � 106. (a) Comparison of lift coefficient curves. (b) Comparison of drag coeffi-
cient curves. (c) Comparison of lift-to-drag ratio curves.



Fig. 9. Comparison of three-dimensional streamlines among models with and without VGs. (a) Three-dimensional streamlines of the clean model at a ¼ 12.37� and a ¼ 17.2� . (b)
Three-dimensional streamlines in the case of VGs3 at a ¼ 12.37� and a ¼ 17.2� .

Fig. 10. Comparison of two-dimensional streamlines among models with and without VGs. (a) Two-dimensional streamlines of the clean model at a ¼ 12.37� and a ¼ 17.2� . (b)
Two-dimensional streamlines in the cases with VGs at a ¼ 17.2� .
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4.2. Effects of VG length on DU97-W-300

The impact of the different length of VGs on the airfoil is given in
Fig. 7. VGs3 and VGs4 are twomodels with the same size, except for
length. The length of VGs4 (20.4 mm) is larger than that of VGs3
(18 mm). At angles beyond static stall angle, VGs3 performs better
to ameliorate the lift coefficients and the maximum lift coefficient.
Meanwhile, the drag of VGs4 increases compared to VGs3, indi-
cating that drag increases corresponding to extension of length.

Fig. 7 also shows a comparison between VGs1 and VGs4 with
respect to lift and drag. VGs4 is 6/5 times as large as VGs1 in all
dimensions, sharing a similar geometry. VGs1 present a much
better performance in lift increase and drag decrease at high angles
of attack. Although VGs4 produces stronger vortices for its larger
Fig. 11. X-velocity contours in the downs
dimensions (see Fig. 11), it doesn't mean that it owns a better flow
separation control performance.When the angle of attack is around
15�, a sharp, precipitous increase in drag coefficients occurs in the
case of VGs4 resulting from its failure to suppress the separated
flow (refer to the streamlines in Fig. 10). Generally, VGs1 is superior
to VGs4 in aerodynamic performance improvement of airfoil DU97-
W-300 in addition to the maximum lift-to-drag ratio.
4.3. Effects of spacing between adjacent VGs on DU97-W-300

The impact of short and long spacing between an adjacent pair
of VGs on DU97-W-300 is given in Fig. 8. The ratio between the
short spacing a and the long spacing b is two to five. The spacing
tream region of VGs, at a ¼ 10.31�.
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parameters a and b in the case VGs3 are 6/5 times the VGs2's,
respectively.

As shown in Fig. 8(a), the lift coefficients of VGs2 and VGs3 are
mainly consistent with each other at all the angles of attack beyond
stall in addition to a¼ 21�. The drag coefficients of VGs2 are slightly
larger than VGs3's in the range of about 12�e18� angles of attack
(see Fig. 8(b)). Cd of VGs2 surges at a ¼ 21�, which is mainly a result
of the abrupt flow separation on the suction side of the airfoil. In
the case of VGs3, a relatively smooth transition in drag is presented
due to the larger spacing. The (Cl/Cd)max in the case of VGs3 is higher
than that of VGs2 for the decrease in drag, as can be seen in Fig. 8(c).
4.4. Analysis of flow field around VGs

In order to further explain the aerodynamic performance of VGs
on the blunt trailing-edge airfoil, the flow field around VGs has
been analyzed. Fig. 9 shows the comparison of three-dimensional
streamlines between models with and without VGs at typical an-
gles of attack. In Fig. 9(a), at a relatively low angle of attack
a ¼ 12.37�, the flow moves smoothly over the suction side of the
airfoil. As angle of attack increases, flow for the clean model cannot
remain attached to the suction side of surface and it tends to
gradually separate from the trailing edge toward the leading edge.
Inside the separated region (in dark blue, in the web version), it is
clear to see the reversed flow which is in an opposite direction to
the free stream. Compared to the clean model, there is no obvious
flow separation in the case of VGs3 at the same angles of attacks, as
shown in Fig. 9(b).

Additionally, compared with the clean case, flow can be
attached well to the surface at a ¼ 17.2� in the cases with VGs,
except the case of VGs4, as can been seen in Fig. 10. In the case of
VGs4, vortices are easily observed and the velocity in the wake of
VGs decreases quickly. The capability of momentum exchange be-
tween boundary layer and free stream is diminished, and conse-
quently the ability to control flow separation is limited in this case
in contrast with other models with VGs. The overall larger
dimensional parameters are thus not responsible for a better flow
separation control performance.

The X-velocity contours in the wake region of VGs when
a ¼ 10.31� are presented for four cases, as shown in Fig. 11. Three
span-wise positions X ¼ 0.14 m, X ¼ 0.18 m and X ¼ 0.22 m (cor-
responding to 23% chord, 30% chord and 37% chord, respectively)
were selected. As X increases, counter-rotating vortices gradually
expand in the downstream region. Flow in the intermediate region
between a converging pair of VGs (upwash region) is in a lower
velocity than that between a diverging pair of VGs (downwash
region). The flow in opposite directions generates two counter-
rotating vortices between a converging pair of VGs, as can be
seen at X ¼ 0.18 m in Fig. 11. In this way, the induced vortices help
energize the slower moving flow near the surface with high-
momentum air in free stream. The comparison among the four
cases shows that the VGs with relatively larger trailing-edge height
generate stronger vortices. Appropriately enlarging the spacing
between an adjacent pair of VGs has positive influence on keeping
the vortices attached to the suction side of the airfoil and
expanding the span-wise region affected by vortices.
5. Conclusions

In this paper, the three-dimensional models with and without
VGs were established and validated to be capable of analyzing the
parametric effects of VGs on the blunt trailing-edge airfoil DU97-
W-300. The main conclusions were:
1) VGs are effective to produce a significant increase in both the
maximum lift coefficient and the static stall angle of attack for
the blunt trailing-edge airfoil. The drag pronouncedly decreases
beyond stall by using VGs at a cost of a slight drag penalty before
stall.

2) An increment of VG trailing-edge height is beneficial for VG to
generate vortices with higher momentum, which brings an in-
crease in lift as well as the maximum lift coefficient of the airfoil
DU97-W-300. However, a drag penalty is also yielded, which
leads to a reduction of lift-to-drag ratio.

3) Extending of VG length leads to negative influence on both lift
and drag.

4) An appropriate enlargement of both long and short spacing
between an adjacent pair of VGs contributes to keeping the
vortices attached to the suction side of the airfoil and expanding
the downstream area affected by vortices in span-wise, which
has positive influence on flow separation control.

5) VGs in larger dimensions generate stronger vortices, which
doesn't necessarily lead to a better control of flow separation.

The further study will focus on the combined impact of two VGs'
parameters on blunt trailing-edge airfoils.
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