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Abstract: Over the last few years, the advances in size and weight for wind turbines have led to the 
development of flow control devices. The current work presents an innovative method to model 
flow control devices based on a cell-set model, such as Gurney flaps (GFs). This model reuses the 
cells which are around the required geometry and a wall boundary condition is assigned to the 
generated region. Numerical simulations based on RANS equations and with Re = 2 × 10଺ have 
been performed. Firstly, a performance study of the cell-set model on GFs was carried out by 
comparing it with a fully mesh model of a DU91W250 airfoil. A global relative error of 1.13% was 
calculated. Secondly, optimum GF lengths were determined (from 0% to 2% of c) for a DU97W300 
airfoil and an application of them. The results showed that for lower angles of attack (AoAs) larger 
GFs were needed, and as the AoA increased, the optimum GF length value decreased. For the 
purpose of studying the effects generated by two flow control devices (vortex generators (VGs) and 
optimum GF) working together, a triangular VG based on the jBAY model was implemented. 
Resulting data indicated, as expected, that when both flow control devices were implemented, 
higher CL and lower CD values appeared.  

Keywords: flow control; wind turbine; aerodynamics; Gurney flap; vortex generators 
 

1. Introduction 

The optimization of wind turbines is an engaging field of research for both academics and 
industrial parties within the renewable energy business. Recent studies by Chaviaropoulos [1], 
present the critical effect of power performance, especially for offshore projects. Consequently, as 
wind turbines get larger in diameter, apart from the economic benefit of performance enhancement, 
the blade's aerodynamic loads are increasing. Pechlivanoglou [2,3] and its reduction is also of interest. 
Miller [4] performed studies on the implementation of vortex generators (VGs) on a 2.5 MW HAWT 
and reported a maximum increase of 15.2% in the power output. Consequently, both passive and 
active flow control solutions are being considered and implemented thoroughly [5]. Passive flow 
control devices are those ones which do not need any external energy input, whereas active ones 
require external energy inputs to work [6]. 

Vortex generators (VGs) are plates mounted near the leading edge of airfoil. Their main purpose 
is to transfer high amounts of momentum near the surface and adjacent fluid layer, making the flow 
more resistant to the pressure adverse gradient, thereby mitigating the boundary layer separation [7]. 
Vortex generators are small vanes, usually triangular or rectangular, placed in the airfoil suction side. 
They are typically displayed in pairs [8,9] and with an angle of inclination with the inflow. Thanks to 
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these elements, the energy from the outer flow of the boundary layer (higher velocity) is transferred 
into the boundary layer inner region [10]. 

Navier–Stokes equations can be used to simulate the resulting lift force from a vane-type vortex 
generator in the flow field, but they require additional computational uncertainty and processing 
times; see Bender et al [11]. The physical effects of wake downstream vortex generators in a negligible 
streamwise pressure gradient flow were reproduced by Fernandez-Gamiz et al. [12] and Chillon et 
al. [13] by means of numerical simulations. 

As the studies from above confirm the beneficial implementation of VGs to increase 
aerodynamic performance, Fernandez-Gamiz et al. [14] has reported the results for computational 
fluid dynamics (CFD) simulations for sub-boundary VGs with varying geometrical height. 
Additionally, another study from Fernandez-Gamiz et al. [12] reports the self-similarity and helical 
symmetry of the vortices’ trail downstream after the vane. 

Gurney flaps (GFs) are L-shaped permanent flaps located on the pressure side of the trailing 
edge of airfoils; see Kumar [15]. They got their name after US race-car driver Dan Gurney, who, in 
the early 1970s documented their aerodynamics effects. 

The study of Gurney flaps’ implementation and performance has been widely reported, both 
experimentally and numerically. According to Alber et al. [16], who analyzed wind tunnel tests for 
GFs on nine different airfoils and for different GF heights, GFs’ effect on the CL/ CD ratio is likely to 
be favorable as long as small heights are assumed. Moreover, they presented the effect on rotor blades 
computationally; the results suggest an enhanced power performance between 0.8% and 2.0% for 
small GF heights. It has been found that the lift coefficient enhancement is due to the simultaneous 
effects of the flow structure over the airfoil's trailing edge. In contrast with the sharp edge, its 
separation bubbles are substituted for two new thinner vortices by inducing lower drag, but the 
upstream separation bubble will increase it. Nevertheless, the whole aft-loading of the trailing edge 
region will increase such that the airflow is pushed downwards; therefore, the boundary layer 
separation is delayed over the suction side.  

Fernandez-Gamiz et al. [17] reported CFD simulations on a S810 airfoil using Reynold’s 
averaged Navier–Stokes (RANS) equations and the utilization of proper orthogonal decomposition 
for the CFD data aiming to build a reduced order method. The findings suggest that the 
implementation of proper orthogonal decomposition (POD) may be able to deliver numerical results 
at low computational cost. 

The principal goal of the present work is the implementation of a Gurney Flap based on the cell-
set model, on the DU97W300 airfoil. Jonkman et al. [18] presents a widely stated 5 MW wind turbine 
which was developed by NREL, where the DU97W300 airfoil is a component of the turbine. The 
major benefit of the cell-set model is its simple and straightforward implementation contrasted with 
the re-meshing process for a fully mesh model. Furthermore, this model provides flexibility in terms 
of geometrical and dimensional modifications. With the aim of validating the effectiveness of the cell-
set model, a comparison with a fully mesh model has been carried out. VG and GF combinations 
were studied by means of the airfoil’s lift-to-drag ratio (CL/CD), commonly known as the aerodynamic 
performance of the airfoil. The resulting data of the current work show precise error values for the 
validation process for the cell-set model and the application of optimum GF Length calculations. 

The layout of this manuscript is organized in the following way: first, the applied CFD 
methodology is presented. In the subsequent section, different results are shown regarding to the 
simulation setups. Eventually, the last section provides essential and leading conclusions gathered 
from this study. 

2. Materials and Methods  

In this study, with the purpose of analyzing the performance of the cell-set model, two different 
airfoils were used: DU91W250 and DU97W300. These are typically used in multi-megawatt HAWT 
applications [18]. The performance of the cell-set model has been studied through the CFD 
commercial code STAR CCM+v14.02.012 [19].  
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2.1. Cell-Set Model 

The model in which all the simulations were founded is based on leveraging the already 
generated mesh for the corresponding airfoil by using the cells wherein the matching geometry 
would be located. In other words, the required geometry has to be defined, and after that, the cells 
which are around the geometry are selected. The IDs of those cells are used to generate a new cell-set 
region and a wall boundary is assigned to that region. The application of this novel model on a GF 
has been the principal point of this study and it is considered that this has been the first 
implementation of the cell-set model. Figure 1 illustrates a sketch of the construction of a cell-set 
based on the geometry of a GF, for the two-dimensional case on the DU91W250 and for the three-
dimensional case on the DU97W300. 

 
(a) 

 
(b) 

Figure 1. Cell-set construction based on the geometry of a GF: (a) two-dimensional case of a 
DU91W250 airfoil, equipped with a Gurney flap (GF) cell-set; (b) three-dimensional case of a 
DU97W300 airfoil, equipped with a GF cell-set (see Figure 3 for an entire airfoil context). 

2.2. Numerical Setup 

All the cases were performed with a Reynolds number of Re = 2 × 10଺, based on each airfoil 
chord length. RANS equations were used to perform the numerical simulations. In particular, for 
these scenarios, the shear stress turbulence model SST studied by Menter [20] was chosen, wherein a 
union of the properties of the K-epsilon and K-omega models was accomplished. For the pressure-
velocity coupling, the upwind algorithm was employed and the discretization of the mesh was 
performed by a linear upwind second order scheme.  

The dynamic viscosity of the air was set at μ = 1.855 × 10ିହ Pa·s and kinematic viscosity at 𝜈 = 1.51 × 10ିହ mଶ/s. An air density value of ρ = 1.204 kg/mଷ was introduced. 
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An O-meshed computational domain was determined for all the numerical simulations. As 
reported by Sørensen et al. [21], we recommend to set the mesh radius to 42 times the length of the 
airfoil chord. The chord length of the DU91W250 is c = 1 m, whereas the chord length of the 
DU97W300(2D) has a value of c = 0.65 m. The grid domain of the DU91W250(2D) was composed of 
65,348 finite elements; the first cell height was defined as Δz/c of 1.351 × 10ି଺ , by means of its 
normalization with the airfoil chord. Therefore, a maximum skewness angle of 39.4⁰ was formed. For 
the two-dimensional case of the DU97W300, the grid domain was composed of 105,472 finite parts. 
This instance, the first cell height was defined as Δz/c of 7.915 × 10ି଺and a maximum skewness 
angle of 35.78⁰ was generated. Both airfoils had their surface boundary type set as a non-slip 
boundary. Enlarged views of these meshes are represented in Figure 2. 

  

(a) (b) 

Figure 2. Enlarged views of the two-dimensional meshes on the airfoils: (a) DU91W250 airfoil; (b) 
DU97W300 airfoil. 

2.2.1. Setup for Cell-Set Validation (2D) 

Initially, a two-dimensional mesh of the DU91W250 was used in order to verify the performance 
of the cell-set model. For the GF lengths, a range between 0.25% and 2% for the chord length with a 
step of 0.25% for each GF length was defined. The AoAs were taken from 0°⁰ to 5° with a resolution 
of 1° among each simulation and the free stream velocity corresponds to Uஶ = 30 m/s. These ranges 
are based on the parametric study carried out by Aramendia et al. [22]. Results from that study show 
that for AoAs higher than 5°, the implementation of a GF is detrimental. All in all, a total of 48 
different scenarios for this airfoil have been studied, according to the previously defined data. 

2.2.2. Setup for Optimum GF Length Calculation (2D) 

On the other hand, in order to determine which is the optimum GF length for each AoA, a two-
dimensional mesh of the DU97W300 was used. The range of the GF lengths was also taken from 
0.25% to 2% with a step of 0.25%. Nevertheless, for these cases the AoAs reached a wider span: from 
0° to 20.24° according to the experimental data from Timmer [23]. A free stream velocity value of Uஶ = 46.1142 m/s was introduced. Two different flow states were chosen: at AoAs below 15.25°, the 
simulations were run in steady state, while for higher values an implicit unsteady physic was 
introduced. Consequently, as means to reach the optimum GF length values, the summing of 96 two- 
dimensional numerical solutions was performed. 

2.2.3. Setup for Optimum GF Combined with a VG (3D) 

Once the optimum GF lengths were defined, as a means to contrast the effects of the 
implementation of these ones, a VG was added in the suction side (at 30% of the chord length) of a 
clean DU97W300 so the results could be compared to the ones obtained by Timmer [23] and Gao et 
al. [24]; see Figure 3. The VG implementation has been performed by using the jBAY model presented 
in Chillon et al. [13]. A height of 5 mm and a length of 17 mm were defined for the triangular VG 
with an incidence angle of 18⁰ to the oncoming flow. The principal variation for these cases is that a 
volume mesh is being used, instead of the surface mesh used in the two-dimensional cases. Hence, a 
three-dimensional work space is presented and the grid domain grows to 6,644,736 finite elements. 
The maximum skewness angle reached a value of 49.78°. In that instance, the computational domain 
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was also O-shaped, but the radius was reduced to 30 times the chord. Symmetrical boundary planes 
were defined for the lateral walls, and as in the previous cases, non-slip boundaries were applied to 
the airfoil. A farfield free stream state was assigned to the O-wall. The regions close to the trailing 
and leading edge of the airfoil, along with the VG area, were refined with a 1.1 growth-rate.  

 
Figure 3. Sketch of the vortex generator (VG) (jBAY) and the GF (cell-set) setup. Chord value of c = 
0.65 m, VG location at 30% of the chord length, and GF cell-set profile representation. 

2.3. jBAY Model 

In the present study, the jBAY source-term model introduced in Jirasek [25] and founded on the 
BAY model formulated by Bender et al. [11] has been used to model the effects of a VG. According to 
this method, a normal force is applied perpendicularly to the local flow direction; see Figure 4. The 
application of this force reproduces the forces generated by a VG, despite that there is not a meshed 
geometry of the VG. Lift forces are calculated for each cell of the VG region by Equation (1).  𝐋⃗𝐜𝐞𝐥𝐥 = 𝐂𝐕𝐆 ൉ 𝛒ሺ𝐮ሬሬ⃗ ൉ 𝐛⃗ሻሺ𝐮ሬሬ⃗ ൉ 𝐧ሬሬ⃗ ሻ 𝐮ሬሬ⃗ ൉ 𝐭‖𝐮ሬሬ⃗ ‖ 𝐒𝐕𝐆 𝐕𝐜𝐞𝐥𝐥𝐕𝐒  (1) 

where Lሬ⃗ ୡୣ୪୪ is the lift force value for one element; C୚ୋ is the relaxation factor which generally has a 
value around 10, according to Jirasek [25]. The density is defined as ρ, uሬ⃗  is the local velocity, and bሬ⃗  
is a unit factor identified as bሬ⃗ = nሬ⃗  × t⃗ (see vectors represented in Figure 4). The VG surface-area is 
determined as S୚ୋ, Vୡୣ୪୪ is the volume of a one finite element, and Vୗ represents the total volume of 
the cell region; see Fernandez-Gamiz et al. [26] and Errasti et al. [27]. Equation (1) is introduced as a 
source-term field function and it is assigned as the momentum source of the VG region. 

 
Figure 4. Cell-made representation of the triangular VG with the jBAY source-term model. 
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3. Results 

Two key aspects are discussed in this section. On the one hand, the performance analysis of the 
cell-set model on a GF implementation was the first step to verify the effectiveness of the cell-set 
model. On the other hand, the selection of the optimum GF length for each AoA was carried out as 
an actual application of the cell-set model.  

3.1. Cell-Set Performance 

To evaluate the performance of the model, the mesh and results for the DU91W250 presented in 
Aramendia et al. [22] are the basis of this section. Hence, the results obtained with the cell-set model 
can be contrasted with the ones obtained with the fully mesh model. This has been studied by using 
the CL/CD lift-to-drag ratio as a function of the GF length for six AoAs, from 0° to 5°. Figure 5 
represents for each AoA two different values: firstly, the CL/CD values for each hGF obtained from a 
fully mesh (FM) model, and secondly, the same parameters but based on the cell-set model. The 
horizontal black-dotted lines represent the CL/CD ratio of a clean profile (without flow control devices) 
for each AoA.  

 

Figure 5. Lift-to-drag ratio (CL/CD) along the GF lengths for angles of attack (AoAs) from 0° to 5°. 
Quantitative comparison of the CL/CD ratio among the clean airfoil, fully mesh (FM) model and cell-
set (SET) model. Square markers have been used to represent the cell-set curves. 

In Figure 5 it is represented how from the AoAs 0° to 3°, both the cell-set and fully mesh values 
are on the upper part of the clean line. However, for 4° and 5°, the curves cross the clean line. 
Specifically, for 4° of AoA, the lift-to-drag ratio is solely improved for hGF below 1% of chord length. 
In this case a GF larger than 1% of the chord length produces a reduction in the growth of the CL/CD 

value. Consequently, the aerodynamic performance will be increased for angles below 3°. 
As the evidence suggests, the cell-set curves follow the pattern of the fully mesh ones. 

Consequently, in order to measure the performance of the cell-set model, the relative error of each 
case has been calculated (see Table 1) by using the Equation (2). The “min” and “max” parameters 
refer to the minimum and maximum CL/CD values between the fully mesh and the cell-set model. 
After that, Equation (3) was used to determine the average error value of each cell-set GF case. As a 
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result, a global error of 1.13% was calculated, with the purpose of reaching a mean representative 
value for the error of the cell-set model; see Equation (4). The maximum error is 3.715% at 3° and 
1.25% c. 

e௥೔ = ⎝⎛1 − 𝑚𝑖𝑛 ൬𝐶௅೔𝐶஽೔൰𝑚𝑎𝑥 ൬𝐶௅೔𝐶஽೔൰⎠⎞ ∙ 100 (2) 

e௔௩௚ೕ = ∑ 𝑒௥೔ேୀ଺௜ୀଵ𝑁  (3) 

e௚ = ∑ 𝑒௔௩௚ೕேୀ଼௝ୀଵ𝑁  (4) 

Table 1. Relative error (%) for each case. The last row shows average errors for each hGF. 

hGF (% of c) 
AoA [°] 0.25 0.5 0.75 1 1.25 1.5 1.75    2 

0 
1 
2 
3 
4 
5 

 

0.478 
0.325 
0.224 
0.120 
0.680 
0.527 

 

1.391 
1.310 
2.295 
1.293 
1.885 
1.855 

 

0.031 
0.159 
1.561 
0.216 
0.106 
0.016 

 

0.581 
0.913 
1.082 
1.082 
1.053 
0.890 

 

1.816 
2.990 
3.520 
3.715 
3.635 
0.118 

 

0.134 
0.253 
0.392 
0.295 
0.166 
0.095 

 

1.566 
2.248 
2.618 
2.753 
2.664 
2.425 

 

0.082 
0.422 
0.629 
0.687 
0.612 
0.429 

 e௔௩௚ೕ [%] 0.392 1.672 0.348 0.933 2.632 0.222 2.379  0.477 

3.2. Calculation of the Optimum GF Lenghts 

As previously mentioned, the second part of this study consists of performing an actual 
application of the cell-set model. Specifically, the CL/CD ratio was calculated from 0° to 20.24° of AoA 
on the DU97W300 airfoil by means of two-dimensional numerical simulations.  

Firstly, CL lift coefficient and CD drag coefficient curves were determined, as is shown in Figure 
6. Both plots represent nine different curves in which the dashed-blue line shows the curve formed 
by a clean airfoil and the eight remaining continuous curves refer to the CL and CD values obtained 
with each GF length (% of c). A noticeable pattern is created: longer GFs generate higher CL and CD, 
whereas shorter GFs reach lower values.  

  
(a) (b) 

Figure 6. CL (a) and CD (b) curves of the DU97W300 airfoil with different GF lengths (0% to 2% of c). 

Secondly, in order to understand the behavior of the profile, the aerodynamic performance 
variations (CL/CD lift-to-drag ratio variations) for each GF have been analyzed. Figure 7 describes two 
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lines per AoA: black lines represent the CL/CD value of a clean airfoil (neither GF nor VG are 
implemented) for the corresponding AoA, while the triangular-dotted blue curves show the value of 
the CL/CD ratio for each GF length from 0.25% to 2% of the chord length. Table 2 has been introduced 
to present the calculated CL/CD values of each simulation. The clean value is constant for each AoA, 
since there is no flow control device implemented. Nevertheless, those constant clean values have 
been taken as reference values to compare them to the values obtained with the cell-set GFs.  
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Figure 7. CL/CD lift-to-drag ratio from 0° to 20.24° of AoA on the DU97W300 airfoil. Two curves per 
AoA are represented: black curves represent the CL/CD values of a clean airfoil (no flow control 
devices) and the triangular-dotted blue curves show the values of the CL/CD ratio for each GF length 
from 0.25% to 2% of the chord length. 

Table 2. CL/CD lift-to-drag ratio values for the GF implementation on the DU97W300 airfoil. 

hGF (% of c) 
AoA [°] No GF 0.25 0.5 0.75 1 1.25 1.5 1.75 2 

0 
4 
6 

8.24 
9.27 

10.37 
12.45 
15.25 
16.23 
18.29 
19.5 

20.24 
 

12.24 
42.89 
51.49 
53.41 
52.82 
49.41 
39.65 
20.57 
16.30 
9.85 
8.12 
7.09 

 

16.39 
45.77 
53.58 
56.05 
54.70 
51.75 
41.05 
20.70 
15.50 
9.35 
7.53 
6.81 

 

17.75 
46.45 
53.88 
56.07 
54.71 
51.34 
39.69 
20.17 
15.05 
9.09 
7.36 
6.68 

 

18.99 
46.80 
53.83 
55.81 
54.44 
50.94 
39.02 
19.59 
14.55 
8.84 
7.18 
6.54 

 

19.73 
46.85 
53.61 
55.45 
54.02 
50.83 
38.50 
19.18 
14.21 
8.66 
7.06 
6.45 

 

20.45 
46.74 
53.21 
54.93 
53.63 
50.22 
38.26 
18.71 
13.83 
8.47 
6.93 
6.35 

 

20.87 
46.49 
52.75 
54.41 
53.09 
49.89 
37.84 
18.32 
13.53 
8.33 
6.83 
6.27 

 

21.31 
46.14 
52.17 
53.77 
52.47 
48.91 
37.19 
17.90 
13.22 
8.17 
6.73 
6.18 

 

21.77 
45.86 
51.65 
53.16 
51.86 
48.58 
36.71 
17.46 
12.88 
8.01 
6.62 
6.09 

 

It is clearly represented how the curves evolve along with the AoAs. When the AoA is set at 0°, 
the aerodynamic performance is increased due to the GF implementation in the whole GF length 
range. Additionally, at AoA = 0°, longer GFs provide a higher CL/CD value. In contrast, when the AoA 
value is increased, a descending tendency is illustrated on the evolution of the curves. This trend was 
also observed on the study presented by Aramendia et al. [22] for a DU91W250 airfoil. At 8.24° and 
0.5% of hGF a maximum peak value of CL/CD = 56.069 was reached. For higher AoAs, the curves 
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descend to the point that at 16.23° the implementation of a GF only produces a loss in the 
aerodynamic performance. Considering that 15.25° was the last studied angle in which the GF 
implementation improves the performance of the airfoil, it can be concluded that from 16.23° to 20.24° 
of AoA, any GF length of the studied range cannot supply a higher CL/CD ratio than the clean airfoil. 

Taking into consideration the curves illustrated in Figure 7, a selection of the optimum GF length 
for each AoA was carried out. In order to perform the selection, the following criteria were applied: 
as long as the cell-set curve (blue curve with triangular markers), or a section of it, is on the upper 
part of the clean line, the maximum calculated value is chosen. Nevertheless, the cases in which the 
whole cell-set curve is below the clean line (from 16.23° to 20.24° of AoA) are rejected as there is no 
aerodynamic improvement. In Table 3, the optimum hGF values for each AoA and the CL/CD ratio 
reached are presented. Additionally, when AoA is close to 0°, longer GFs are requested, and as the 
AoA increases, lower hGF values are requested in order to achieve the maximum CL/CD ratio. 

Table 3. Optimum GF lengths for each angle of attack. 

AoA [°] max. CL/CD [-] Opt. hGF (% of c) 
0 
4 
6 

8.24 
9.27 
10.37 
12.45 
15.25 

21.77 
46.85 
53.88 
56.07 
54.71 
51.75 
41.05 
20.70 

2 
1 

0.5 
0.5 
0.5 

0.25 
0.25 
0.25 

3.3. Application of the Optimum GFs 

With the aim of studying the performances of the optimum GF lengths on the DU97W300 airfoil, 
a comparison with experimental data from a study made by Timmer et al. [23] and CFD results from 
Gao et al. [24] was carried out. In Figure 8, five curves per plot are represented: a green curve with 
cross markers illustrates the CL and CD values obtained by means of three-dimensional simulations 
in which VG (jBAY) and GF (cell-set) flow control devices have been implemented. The red curve 
with cross markers shows the CL and CD values reached in two-dimensional scenarios wherein the 
optimum GFs have been applied. Black curve with cross markers and the curve formed by blue 
crosses represent the results taken from [24] and [23] respectively, where a VG (with same position 
and dimensions) has been implemented. The continuous black curve shows the CL and CD values for 
a DU97W300 airfoil without flow control devices.  

 
(a) 
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(b) 

Figure 8. Representation of the influences of flow control devices on the (a) CL and (b) CD coefficient 

curves for the DU97W300 airfoil. 

The results of CL coefficients show a noticeable distinction among the curves. Firstly, the clean 
airfoil curve shows its maximum peak before arriving to 12.45° of AoA. However, when the 
DU97W300 has a VG on its suction side, the CL curve remains growing, as it is the principal effect of 
a VG implementation [28,29]. On the other hand, if the optimum GF length is applied for each AoA, 
higher CL values are reached for angles close to 0°. Furthermore, once the AoA goes further 12.45°, 
the GF keeps the curve higher than the clean one, not as much as the VG does though. All things 
considered, the implementation of both flow control devices (VG and optimum GF) at the same time 
generates the highest CL curve in the whole AoA range; see the green curve of Figure 8 (a). Figure A1 
of Appendix A represents the results regarding the pressure coefficient (CP) of the clean airfoil in 
comparison with the flow-controlled airfoil. As previously determined, this flow-controlled case is 
defined as the airfoil with the triangular VG and the optimum GF for each AoA. As expected, slight 
the differences are visible at low AoAs between the clean airfoil and the flow-controlled one. 
However, at higher AoAs an increase on the pressure coefficient is achieved due to the 
implementation of the flow control devices (VG and optimum GF). These results are in accordance 
with the values shown in Figure 8 (a) since there is a direct relation between CL and CP. A small 
discontinuity is observed in the case of the flow-controlled airfoil due to the presence of the VG at 
the position of 30% of the chord length from the leading edge.  

Another essential point is the effect of flow control devices on CD coefficients. From 0° to 12.45° 
there is a minimal variation among the CD curves. Despite this, after 12.45° the profiles with a VG 
present lower values than the clean and the GF airfoils.  

4. Conclusions 

In the present work, the performances of the cell-set model on two different airfoils (DU91W250 
and DU97W300) were researched. This model reuses the cells of a mesh to generate new geometries, 
providing that the location of the cell-set is on a refined part of the mesh. Hence, an approach to the 
real dimensions of a geometry can be reproduced. This is a very flexible model, since the geometry 
can be modified without having to remesh the computational domain. 

Firstly, to determine the performance of the cell-set model, two-dimensional simulations on a 
DU91W250 were performed by means of CFD. A comparison between the cell-set model and a fully 
mesh model was carried out. RANS equations were used at a Reynolds number of Re = 2 × 10଺. The 
length of the GFs varies from 0% to 2% of the airfoil chord length (c) at AoAs from 0° to 5°. The results 
obtained showed that the maximum relative error value was of 3.715% and a global relative error 
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(e௚) of 1.13% was calculated. Consequently, it is considered that the cell-set model is accurate enough 
to implement it in other scenarios.  

Secondly, the DU97W300 airfoil was used with the aim of obtaining the optimum GF length 
(hGF) for each AoA. As in the previous case, hGFs were set from 0% to 2% of c. Nevertheless, a 
broader AoA range was established: from 0° to 20.24°. According to the numerical results, for lower 
AoAs, larger GF are needed to reach the maximum lift-to-drag ratio. As the AoA increases, the 
optimum hGF value decreases. This means that a fixed GF would not reach the optimum 
aerodynamic performance for the whole range of angles-of-attack. Subsequently, an active GF with 
variable length would be desirable. At 8.24° of AoA and 0.5% of hGF a maximum peak value of CL/CD 

= 56.069 was reached, and 15.25° was the last studied angle in which the GF implementation 
improved the performance of the airfoil. Thus, for the remaining AoAs, a GF implementation did not 
optimize the lift-to-drag ratio. 

Finally, three-dimensional simulations were carried out. A triangular VG (based on the jBAY 
source-term model) was introduced on the suction side of a DU97W300 airfoil. At the same time, 
optimum GFs were implemented on the trailing edge for AoAs from 0° to 15.25°. A comparison 
between CFD and experimental data was carried out. As expected, when both flow control devices 
(triangular VG and optimum GF) were implemented, higher CL values and lower CD values were 
reached. However, when the working conditions required lower AoA values, the effect of a GF was 
enhanced. 

Further research in this field will be performed to study the 3D effects due to the implementation 
of the GF based on the cell-set model, and the results should be compared with those obtained by the 
2D simulations presented in this study. Additionally, the effects of different levels of unsteadiness 
due to the incoming turbulence in the atmospheric boundary layer must be included in future studies 
of the implementation of the GF based on the cell-set model.  

Nomenclature 

 Definition Unit 
CFD Computational fluid dynamics - 
GF Gurney Flap - 
VG Vortex generator - 
RANS Reynolds-averaged Navier–Stokes - 
SST Shear stress transport - ρ Local density kg/m3 µ Dynamic viscosity Pa·s 
AoA Angle of attack deg 
c Airfoil chord length m 
hGF Gurney flap lenght % of c e௥೔ Relative error for each case % e௔௩௚ೕ Average relative error for each hGF % e௚ Global relative error % 
CD Drag coefficient - 
CL Lift coefficient - 
CP Pressure coefficient - 
Re Reynolds number - 𝑈ஶ Free stream velocity m/s 
POD Proper orthogonal decomposition - 
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Figure A1. CP pressure coefficient values from 0° to 15.25° of AoA on the DU97W300 airfoil. Green 
circles represent the values reached without flow control devices. Red circles show the pressure 
coefficients (CP) for a DU97W300 airfoil with flow control devices (triangular VG and optimum GF). 
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