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Abstract

In this research, the effect of Gurney flap and trailing-edge wedge on the aerodynamic behavior of blunt trailing-edge
airfoil Du97-W-300, which is equipped with a vortex generator is studied. To do this, the role of Gurney flap and trailing-
edge wedge on the lift and drag coefficient and also aerodynamic performance of the airfoil is studied. Validation of the
numerical model is done by comparing the results of the model to the results of the experiment. Results show that before
stall, the Gurney flap leads to an increase in the aerodynamic performance in a wider range of angle of attack. Numerical
findings reveal that the maximum increment in aerodynamic performance is obtained at a low angle of attack when a
trailing-edge wedge is employed. It is found that for the highest considered values of Gurney flap and trailing-edge wedge
heights, where the highest values for the lift occur, the higher aerodynamic performance at low angle of attack is obtained
when a trailing-edge wedge is used, and at high angle of attack, the Gurney flap results in higher aerodynamic performance.
It is also shown that when high aerodynamic performance is concerned, addition of Gurney flap to the airfoil leads to the
higher value for the lift.
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1. Introduction

Thick airfoils are common in wind turbines as they are subjected to relatively high loads in operation. The most
significant issue associated to the thick airfoils is the drag penalty due to flow separation especially at high angles of
attack. To overcome this difficulty, Vortex Generators (VGs), which was first introduced by Taylor [1], could be used
to mitigate the separation region on the airfoil surface and so increase the airfoils aerodynamic behavior [2-4]. In this
context, some devices such as the Gurney flap or trailing-edge wedge have also received attention by researchers, as
these devices could enhance the aerodynamic behavior of the airfoils [5].

There are several works in the literature focused on the effect of VGs on the aerodynamic behavior of airfoils.
Mueller-Vahl et al. [6] investigated the effects of VGs' size, spanwise spacing, and also chordwise position of VGs on
the aerodynamic behavior. They found that a decrease in the adjacent VGs led to an increase in the static stall angle and
the maximum obtained lift. In their research, they also obtained the optimum chordwise position of the VGs. Velte and
Hansen [7] conducted experimental research to study the flow behind VGs on a DU 91-W2-250 airfoil near the stall. It
was shown that the existence of VGs resulted in a much less separated boundary layer, and on average, the employment
of VGs caused an attached flow on the airfoil surface. Zhao et al. [8] proposed a parameterized VVGs array model for the
VGs in a counter rotating arrangement on a wing. In this research, they investigated the inter-effects between arrays and
estimated the maximum generated circulation of the wings. Prince et al. [9] performed a research to examine the effect
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of air jet VGs on the performance of a wind turbine. They showed that VGs could suppress the trailing edge separation
onset and enhance the maximum output power, while decreasing the sensitivity to the unsteadiness, which may occur in
the wind speed. Suarez et al. [10] focused on the impact of rod VG on the blade of a horizontal axis wind turbine. They
indicated that this device could reattach the flow to the blade and enhance the aerodynamic behavior of the turbine. They
also showed that the rod VG could prevent penetration of separation toward the blade tip. Zhu et al. [11] conducted a
study to examine the effect of single-row and double-row VGs on the dynamic stall of a wind turbine airfoil. Their
research revealed that the considered VGs could delay the dynamic stall onset and increase the maximum lift coefficient
of the airfoil. They also indicated that the double-row VGs resulted in more suppression of the flow separation than the
single-row ones.

Some studies have been conducted to examine the effect of Gurney flap or trailing-edge wedge on the aerodynamics
of the airfoils. Nikoueeyan et al. [12] studied the aerodynamic coefficients of a wind turbine airfoil in the presence of
Gurney flap. They found that the static lift and moment coefficients were similar to those of the dynamic pitching case
where the attached flow regime occurred. Twele and Weinzierl [13] conducted a parametric study of Gurney flaps for
wind turbine blades. In this work, they found that improvement in aerodynamic behavior could be attained when
relatively small Gurney flap heights at specific blade positions were employed. Zhang et al. [14] investigated the impact
of Gurney flap at the inboard part of the blade. Their work revealed that this deployment could effectively enhance the
power coefficient of the blade. Gao et al. [15] performed a research to study the effect of trailing-edge wedge on the
aerodynamic behavior of an airfoil which was equipped with VGs. Their study showed that the employment of both
devices led to better performance than separate devices. Yan et al. [16] compared the effects of Gurney flap and also
trailing-edge wedge on the aerodynamic of an airfoil. They indicated that at a certain Gurney flap and trailing-edge
wedge height, the trailing-edge wedge could results in a better performance than the Gurney flap.

Exploring the above mentioned works, one could see that although the effect of VGs, Gurney flap or trailing-edge
wedge have been examined in some researches, however, the impacts of Gurney flap and trailing-edge wedge on the
aerodynamic behavior of the airfoils equipped with VGs have not been studied yet, which is the motivation for the
present work. The objective of the current work is to illustrate the change in the lift coefficient, drag coefficient and
aerodynamic performance (i.e., lift to drag ratio) of an airfoil equipped with VGs in the presence of Gurney flap and
trailing-edge wedge. For this purpose, the blunt trailing-edge airfoil Du97-W-300 is considered for numerical calculation
and results are obtained and discussed at different angles of attack and various heights of Gurney flap and trailing-edge
wedge.

2. Problem Description

In the current work, as mentioned earlier, a blunt trailing-edge airfoil Du97-W-300 which is equipped with VG is
considered for numerical calculations. The considered airfoil has a chord length of c=0.6 m [17], maximum thickness to
chord ratio of k=30% [17] and width of w=70 mm. The concerned airfoil has a thick trailing edge with thickness of
1.74% of the chord length [17]. The considered airfoil is equipped with VGs in counter-rotational configuration. In
counter-rotational configuration, the adjacent VGs have a same incident angle to the flow but opposite. Exploring
literature reveals that this configuration has a good potential in suppression of flow separation [18, 19]. The VGs are
located at the distance of 20% of the chord length from the leading edge, as this location could lead to a best performance
[6]. Figure 1 represents the considered blunt trailing-edge airfoil Du97-W-300 equipped with two pairs of counter-
rotational VGs.

Flow direction
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Counter-rotational arrangment

Figure 1. Blunt trailing-edge airfoil Du97-W-300 equipped with two pairs of counter-rotational VGs
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Figure 2 depicts the geometric parameters of the VGs. The considered geometric parameters could lead to a good
aerodynamics behavior of the airfoil [17].

10 mm

Figure 2. The geometric parameters of the considered VGs

In the current work, the Gurney flaps and wedges are attached to the airfoil at the trailing edge. Three different height
to the airfoil chord ratios of H/c=0.5, 1 and 2% are considered for the Gurney flap and trailing-edge wedge. The length
of trailing-edge wedges along the airfoil chord are also considered to be 1/c=2% of the airfoil chord. Figure 3 represents
the geometric parameters of the considered Gurney flaps and trailing-edge wedges.
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Figure 3. Geometric parameters of the considered (a) Gurney flaps and (b) trailing-edge wedges
To assess the effect of Gurney flap and tailing-edge wedge on the aerodynamics behavior of the airfoil equipped with

VGs, lift coefficient (Cy), drag coefficient (Cp) and also aerodynamic performance of the airfoil (C;/Cp) are obtained
and compared. Lift and drag coefficients are defined as the followings:
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where L and D are lift and drag forces of the airfoil and p and V are air density and free stream air velocity, respectively.
In the present work, results are obtained at angle of attack range of a=5°-20°. Flow Reynolds number is also considered
to be Re=pVc/u=3x10° (where u stands for the air viscosity), which is in the operating Reynolds number of the wind
turbines [5].

3. Numerical Procedure

In order to investigate how Gurney flap and trailing-edge wedge affect the aerodynamics behavior, a steady 3-D
analysis is performed. The flow is assumed to be incompressible and turbulent with constant properties. Simulation of
turbulent flow around the airfoil is accomplished using Spalart-Allmaras turbulence as this model leads to results with
appropriate accuracy in 3-D flow around turbine blades [20, 21]. Thus, the governing equations would be the steady
incompressible form of the continuity and momentum equations along with the Spalart-Allmaras turbulence model.
Numerical calculation is carried out using finite volume technique utilizing the commercial computational fluid
dynamics software, ANSY'S Fluent.

Figure 4 shows the computational domain used for numerical simulations. The velocity is set for surface A and surface
B is set as pressure outlet. Surfaces C and D are set as symmetry. The distances of airfoil from the front and rear of the
computational domain are chosen to be 10 and 20 times of the airfoil chord, respectively. The domain size study shows
further increase in the domain size has no effect on the results. The no slip condition is imposed on the airfoil, vortex
generators, Gurney flap and trailing-edge wedge surfaces.

30c / |
»|

Figure 4. Computational domain used for numerical simulations

In this research, second order upwind scheme is utilized for discretization of the governing equations and SIMPLE
algorithm is implemented for the pressure-velocity coupling. Residuals are also considered as the convergence criterion
and iteration is stopped as they reach less than around 10,

4. Grid Study and Validation

The mesh is generated using ANSYS Meshing. Unstructured gird topology is used in the vortex generators region
and structured grid topology is generated near the airfoil surface. Figure 5 depicts the generated grid for the whole
domain. Figure 6 also presents near field pictures of the grid in the regions of vortex generators, Gurney flap and trailing-
edge wedge.
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Figure 6. Nearfield pictures of grid in the regions of (a) vortex generators, (b) Gurney flap and (c) trailing-edge wedge

To perform grid independent study, lift and drag coefficients of the airfoil equipped with VGs for three grid levels
are obtained and compared. The first grid level has around 910,000 computational cells. The second and third grid levels
are obtained by 30% increase in the computational cells relative to the prior grid level. So, the second and third grid
levels have around 1,180,000 and 1,530,000 computational cells, respectively. Exploring the generated grids shows that
for the three grid levels, maximum value of y* (=ym/v, where T stands for wall shear stress and v is fluid kinematic
viscosity) is around y*=1. Figure 7 presents the obtained lift and drag coefficients of the airfoil for the three grid levels.
Figures 8 and 9 also present the lift and drag coefficients of the airfoil equipped with VGs in the presence of Gurney flap
and trailing-edge wedge with H/c=2% for the considered grid levels. These figures confirm that the second grid level
has enough accuracy for numerical calculations.
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Figure 7. Lift and drag coefficients of the airfoil equipped with VGs for the three grid levels. Grid level I (solid), Grid level
11 (dashed), Grid level 111 (dashed dot dot)
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Figure 8. Lift and drag coefficients of the airfoil equipped with VGs in the presence of Gurney flap with H/c=2% for the
three grid levels. Grid level I (solid), Grid level 11 (dashed), Grid level 111 (dashed dot dot)
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Figure 9. Lift and drag coefficients of the airfoil equipped with VGs in the presence of trailing-edge wedge with H/c=2% for
the three grid levels. Grid level | (solid), Grid level 11 (dashed), Grid level 111 (dashed dot dot)

To validate the numerical model used for simulation of flow, aerodynamic coefficients of the airfoil equipped with
VGs are compared with those of experiment. For more validation, comparison are also made for the clean airfoil (in the
absence of vortex generators) in the presence of Gurney flap and trailing-edge wedge with those obtained from
experiment. Figure 10 compares lift and drag coefficients of the airfoil equipped with VGs with those of the experiment
[5] at Reynolds number of 3x108. This figure shows a good agreement between the current research and experiment.
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Figure 10. Comparison of lift and drag coefficients of the airfoil equipped with VGs with those of the experiment

Figure 11 shows lift coefficient of the clean airfoil in the presence of Gurney flap attained from the present work and
experiment [5]. Consistent with experiment, results are obtained for the airfoil DU93-W-210 at Reynolds number of
2x108, As shown in Figure 11, there is a good concordance between the current research and experimental results.
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Figure 11. Lift coefficient of the clean airfoil in the presence of Gurney flap attained form the present work and experiment

Our numerical results also reveals that for the clean airfoil DU93-W-210 in the presence of trailing-edge wedge, the
maximum lift to drag ratio at Reynolds number of 2x108 is 117.3. Referring to the work conducted by Timmer and Rooij
[5], one could see that the maximum lift to drag ratio is reported to be 125.1, which is close to that of the present research.

5. Numerical Results and Discussion

5.1. Effect of Gurney Flap

Figure 12 presents lift coefficient, drag coefficient and aerodynamic performance of the airfoil equipped with VGs
in the presence of Gurney flap at different Gurney flap heights. The abbreviations V.G and V.G+G.F stand for the
equipped airfoil (clean airfoil in the presence of vortex generators) and the equipped airfoil in the presence of Gurney

flap, respectively.
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Figure 12. Lift coefficient, drag coefficient and aerodynamic performance for the airfoil equipped with VVGs in the presence
of Gurney flap

As Figures 12(a) and 12(b) represent, employment of Gurney flap leads to the increase in the airfoil lift and drag.
These figures also reveal that the airfoil lift and drag increase as Gurney flap height increases. To explain more, flow
structure at the middle plane for the equipped airfoil in the absence and presence of Gurney flap at different heights at
stall angle of attack are presented in Figure 13. As this figure indicates, employment of Gurney flap leads to trapping the
air ahead of Gurney flap and consequently generation of recirculation zone. This zone gets bigger as Gurney flap height
increases. This phenomenon causes the pressure below the airfoil surface around the trailing edge and so the airfoil lift
and drag to increase.
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Figure 13. Flow structure at the middle plane for the airfoil equipped with (a) VGs and for the airfoil equipped with VGs in
the presence of Gurney flap at heights of (b) H/c=0.5%, (c) 1% and (d) 2%
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Exploring Figure 12(a) shows that at stall angle of attack, the maximum lift increment which is associated to the
Gurney flap height of H/c=2% is 13%. As Figure 12(c) represents, employment of Gurney flap with height ratio of
H/c=1% could enhance the aerodynamic performance before stall. This means that the increase in the airfoil lift is
superior to the increase in the airfoil drag before stall when Gurney flap with height ratio of H/c=1% is employed. Figure
12(c) also reveals that at stall region, the deterioration in aerodynamic performance associated to the Gurney flap height
ratio of H/c=1% is minor compared to the other Gurney flap height ratios and aerodynamic performance of airfoil at this
Gurney flap height ratio is nearly equal to that of the airfoil equipped with VGs. Results indicate that before stall,
maximum increment attained for the aerodynamic performance which occurs at angle of 5 degrees is 3.4%.

5.2. Effect of Trailing-edge Wedge

Figure 14 shows lift coefficient, drag coefficient and aerodynamic performance of the airfoil equipped with VGs in
the presence of trailing-edge wedge at different trailing-edge wedge heights. The abbreviation V.G+W is used for the
airfoil equipped with VGs in the presence of trailing-edge wedge.
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Figure 14. Lift coefficient, drag coefficient and aerodynamic performance for the airfoil equipped with VGs in the presence
of trailing-edge wedge

As presented in Figures 14(a) and 14(b) represent, as expected, addition of trailing-edge wedge to the airfoil results
in the increase in the airfoil lift and drag and the airfoil lift and drag increase as trailing-edge wedge height increases.
For better understanding, streamlines at stall angle of attack in the middle plane for different wedge heights are presented
in Figure 15. This figure reveals that the presence of trailing-edge wedge results in deflection of streamlines below the
airfoil and this deflection increases as wedge heights increases. This means that the pressure below the airfoil increases
as trailing-edge wedge is employed and this increment increases as wedge height increases. Thus, one could conclude
that employment of trailing-edge wedge causes higher airfoil lift and drag and an increase in the wedge height leads to
the increase in the airfoil lift and drag.
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Figure 15. Flow structure at the middle plane for the airfoil equipped with (a) VGs and for the airfoil equipped with VGs in
the presence of trailing-edge wedge at heights of (b) H/c=0.5%, (c) 1% and (d) 2%

Figure 14(a) exhibits that at stall angle of attack, maximum lift increment which corresponds to the wedge height of
H/c=2% is 12.5%. As Figure 14(c) represents, employment of wedge could enhance the aerodynamic performance at
low angles of attacks (below 5 degrees) and aerodynamic performance increases as wedge height decreases. This
indicates that the increase in the airfoil lift is superior to the increase in the airfoil drag at low angles of attacks when
trailing-edge wedge is employed. Numerical findings show that maximum increment for the aerodynamic performance
which is associated to the wedge height of H/c=0.5% is 7.1% and appears at angle attack of 2.5 degrees.

As mentioned earlier, at stall angle of attack, the maximum lift increment for the airfoil equipped with VGs is 13%
in the presence of Gurney flap while in the presence of trailing-edge wedge, the maximum lift increment is 12.5%. Since
the lift increment for the airfoil is mainly due to increase in the pressure on the airfoil lower surface around the trailing

edge, the pressure coefficient (i.e., cp = (p — pm)/%pvz, where p and p,, stand for the pressure on the airfoil surface

and pressure in infinity, respectively) a stall angle of attack on the pressure side around the airfoil trailing edge for the
airfoil equipped with VGs in the presence of Gurney flap and tailing-edge wedge are presented in Figure 16. This figure
is provided for Gurney flap and wedge height of H/c=2%. As Figure 16 represents, employment of Gurney flap leads to
a higher pressure on the airfoil lower surface than the trailing-edge wedge. This issue could also be confirmed by
exploring Figures 13(d) and 15(d). Comparison of these figures reveals that, contrary to trailing-edge wedge,
employment of Gurney flap results in trapping the air and generation of recirculation zone. This effect causes the Gurney
flap to lead to a higher pressure below the airfoil surface than the wedge. Thus, as the lift is a strong function of pressure,
higher lift increment is obtained when Gurney flap is used.
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Figure 16. Pressure coefficient a stall angle of attack on the pressure side around the airfoil trailing edge for the airfoil
equipped with VGs in the presence of Gurney flap and tailing-edge wedge

As one could see in Figure 12(c), employment of Gurney flap leads to improve in the aerodynamic performance
below 12.5°. Exploring Figure 14(c) reveals that using trailing-edge wedge causes the aerodynamic performance to
improve below around 7.5°. This means that before the stall, Gurney flap leads to improve in the aerodynamic
performance in a wider range of angle of attack than the trailing-edge wedge.

For more illustration regarding the effect of Gurney flap and trailing-edge wedge on the aerodynamic behavior of the
airfoil equipped with VGs, aerodynamic performance of the airfoil where the highest lift occurs are compared. Referring
to Figures 12(a) and 14(a), one could see that Gurney flap and wedge with height of H/c=2% results in the highest value
for the lift. So, for this Gurney and wedge heights, aerodynamic performance of the airfoil are presented and compared
in Figure 17.
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Figure 17. Comparison of aerodynamic performance of the airfoil equipped with VGs in the presence of Gurney flap and
trailing-edge wedge at height of H/c=2%

Figure 17 reveals that although employment of Gurney flap and trailing-edge wedge at height of H/c=2% causes the
lift of the airfoil equipped with VGs to increase, however, addition of these high lift devices results in deterioration of
the aerodynamic performance. This figure shows that at low angles of attack, employment of trailing-edge wedge leads
to a better aerodynamic performance and at high angles of attack, the Gurney flap results in a better performance.

Referring to Figures 12(c), one could see that the Gurney flap at height of H/c=1% vyields the highest airfoil
performance before stall. Exploring Figure 14(c) shows that the trailing-edge wedge with height of H/c=0.5% and below
around 7.5 degrees results in the highest performance. Comparison of Figure 12(a) with 14(a) reveals that, when high
aerodynamic performance is concerned, addition of Gurney flap at height of H/c=1% to the airfoil equipped with VGs
leads to the highest lift.
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6. Conclusions

In the present work, the impact of the Gurney flap and trailing-edge wedge on the aerodynamics of the airfoil Du97-
W-300 equipped with VGs is examined numerically. Various heights for the Gurney flap and trailing-edge wedge are
considered. The appropriateness of the considered numerical model is confirmed by the comparison of the obtained lift
and drag coefficients with those of the experimental work. The findings of the research undertaken are as follows:

o Employment of Gurney flap with height ratio of H/c=1% results in the highest value for the aerodynamic
performance and the maximum increment for the aerodynamic performance is 3.4%. For trailing-edge wedges,
the height ratio of H/c=0.5% leads to the highest aerodynamic performance, and the maximum increment for the
aerodynamic performance is 7.1%.

o Before stall, the addition of Gurney flap to the airfoil equipped with VGs leads to the enhancement of the
aerodynamic performance in a wider range of angle of attack while the enhancement in aerodynamic performance
associated to the trailing-edge wedge occurs in a narrower range of angle of attack.

o At the highest value of lift, employment of the trailing-edge wedge results in a higher aerodynamic performance
at low angles of attack, while at high angles of attack, better aerodynamic performance is observed when the
Gurney flap is employed.

o Before stall, when high aerodynamic performance is desired, employment of Gurney flap with height ratio of
H/c=1% is preferred as the highest value for the lift is obtained for the Gurney flap at this height ratio.
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