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Abstract

A study emphasizing the effects of passive vortex generators (VGs) on aerodynamic

characteristics of a NACA 4415 airfoil is presented. Both experimental and numerical

works have been carried out on an array of VGs attached to a NACA 4415 airfoil. Lift

and drag measurements are made at various angles of attack by using three‐axis com-

ponent balance system. On the numerical side, Reynolds‐averaged Navier‐Stokes

(RANS) equations have been solved with ANSYS FLUENT 14.5 commercial code with

fully structured mesh and three turbulence models (realizable k‐ε, k‐ω shear stress

transport [SST] and the Spalart‐Allmaras model) at Reynolds number Re = 2 × 105.

Parametric studies have been conducted to find out optimal configurations with

respect to span‐wise separation distance between VGs, along with their location

along the chord. A very good agreement has been obtained between experimental

and computational results indicating that this optimized configuration is robust for

the considered parameters. It turns out that increasing the span‐wise separation

length increases the aerodynamic performances (lift‐to‐drag ratio) at low attack

angles for which low parasitic drag is achieved but conversely degrades it at higher

ones. For the stream‐wise location along the chord, upstream position of VGs

degrades the lift‐to‐drag ratio at low attack angles and conversely improves it at

higher ones.
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1 | INTRODUCTION

Owing to the continuous increase in energy consumption and persisting demand from governments and citizens for a more sustainable energy

production the wind energy has experienced considerable growth in the past decade.

The prospects and main challenges of wind applications are to reach the target of 1000 GW of wind energy by 2030.1 For the offshore market,

this has led to race in building the largest wind turbines, but one now faces critical limits from a technical point of view along with prohibitive prices

toward the goal to reduce the energy cost for the end‐user (CoE).2,3 For the onshore market, size upgrade is not a promising strategy owing to envi-

ronmental issues related to higher noise levels and visual inconveniences. Therefore, for this latter market, engineers investigate the way to increase

the aerodynamic efficiency from classical wind turbines. However, studying aerodynamic performance of full size wind turbine remains a difficult

task since relevant metrology in rotating frame of such sizes is incredibly expensive and difficult. On the computational fluid dynamics side, their

related large size 3‐D highly turbulent flows around moving bodies are also very challenging, so very few works have been published up to now.4
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Therefore, most published studies have been performed on configurations not truly representative to actual wind turbine conditions. Indeed,

either the airfoil shape is different (constant section in the span‐wise direction, no pitch is accounted for, and etc) or the aerodynamic fluid flow is

much simplified (no rotating or helicoidally flow, not relevant turbulence intensity, uniform Reynolds numbers, and etc.). Indeed, the turbulent

nature of wind has a significant effect on the performance of wind turbine blades. However, on the way to optimize aerodynamic performances

of wind turbine, one can nevertheless benefit from the existing amount of knowledge obtained on simpler configurations. Among passive systems

that can be easily embarked on the blades of wind turbines, vortex generators (VGs) are cheap solutions to increase the amount of lift an airfoil can

extract from the wind. They were first developed by Taylor5 in 1947 to prevent boundary layer separation in wind tunnel diffuser.

These passive systems are used in a wide range of aerodynamic applications to control from low‐speed separated flows in adverse pressure

gradient to transonic shock‐induced separations. The usual and most effective devices are the vane‐type VGs6,7 that act as wing stream‐wise vor-

tex. These passive vanes VG's have a wide range of engineering applications, but they are generally used in flow separation control5-8 mixing and

heat transfer applications.9 Their added value in the field of wind turbine has been evidenced for a 1‐MW stall‐regulated wind turbine for which a

25% power increase has been obtained,10 whereas a slightly lower gain of 15% has been reported for a 2.5‐MW tip‐controlled one.11 Aerody-

namic efficiency can also be accompanied by a possible noise reduction provided careful design is carried out.12

These promising results should not hide the difficulty to optimize the overall wind turbine performance in actual operating conditions, in which

the huge variability of meteorological conditions prevent from far ahead optimization of passive systems such as VGs. However, they are much

cheaper and easier to employ than active ones, and furthermore they can eventually be added in a postproduction fix (retro‐fit) to blades of

existing wind turbines (see Figure 1).

There are several parameters that determine the aerodynamic performances of vane‐type VGs for given Reynolds number and airfoil shape:

their shape, height, skew angle, and stream‐wise and span‐wise spacing (see Figure 2). In order to reach good performances over a wide range

of fluid flow conditions, conventional VGs should have a height h of the order of boundary layer thickness δ6,7 to allow for the best interaction

between the boundary layer and induced vortex wakes. As the use of VGs unavoidably results in a drag penalty, some complementary researches

were directed toward smaller and less intrusive designs, the so‐called subboundary layer VGs.13-15 Counter‐rotating VGs of triangular shape are

usually preferred to rectangular ones as they produce lower parasitic drag.15 They are slanted to the main flow direction at a skew angle β. The

optimal skew angle of VGs was found at 18°16; this optimum was tested on a bump in a wind tunnel, which mimics the adverse pressure gradient

on the side of an aerodynamic profile at the edge of separation. Conventional thin‐plate VGs and aerodynamically shaped ones have been tested

on a DU‐91‐W2‐250 airfoil. Shaped VGs designed from a CLARK‐Y airfoil with a thickness to chord ratio of 11.7% have increased by approxi-

mately 4% the Cl/Cd maximum. Moreover, reducing the skew angle, β, from 12° to 9°, the efficiency can be further increased up to about

25%.17 On the other hand, the authors15,18 reported that increasing VGs skew angle does not improve the aerodynamic performance of airfoils,

which is generally chosen in the range 12°≤ β ≤ 15°, since higher skew angles lead to vortex break down and produce excessive drag. The optimal

stream‐wise position of VGs with respect to the airfoil chord is usually in the range of 0.2 ≤ XVG/C ≤ 0.5 (C is airfoil chord length), depending on

Reynolds number and airfoil shape.19-24 Finally, the span‐wise spacing between counter‐rotating VGs has usually also an optimal value. Small spac-

ing increase the lift coefficient and delay by far the static stall angle as vortices merge more efficiently to reduce flow separation.25 But they also

induce a large increase in drag coefficient due to the large number of VGs attached to the airfoil, resulting in a higher front surface area.20,26,27

A synthesis of state‐of‐the‐art bibliography indicates that VGs of vane type with counter‐rotating configuration are passive and cheap devices

that achieve a good solution to delay or remove flow separation, thus increasing aerodynamic performances. However, it turns out that the

stream‐wise (XVG) and span‐wise (λ) spacing have not been received much attention, yet. So, the present work aims at finding at an optimal value

of these parameters for triangular shape VGs in order to improve aerodynamic performance of a NACA 4415 profile with less parasitic drag,
FIGURE 1 Blade of wind turbine equipped with vortex generators (VGs), from another study13 [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 2 Sketch of design parameters for vane‐type vortex generators (VGs) of triangular shape [Colour figure can be viewed at
wileyonlinelibrary.com]
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keeping the value of other VGs parameters from our previous work.15 Complementary experimental and computational approaches have been

carried out in the present work to find out an optimized configuration.
2 | MATERIAL AND METHODS
2.1 | Experimental setup

2.1.1 | Wind tunnel and flow conditions

Experiments were carried out in a horizontal closed‐circuit subsonic wind tunnel (model TE44, see Figure 3). The flow passes through a contrac-

tion cone immediately before entering the 0.457 × 0.457‐m2 test section. Corner fillets are present in both contraction cone and test section to

smooth out corner flow and provide a uniform longitudinal pressure distribution along the 1.2‐m‐long test section. A Pitot tube and a pressure

transducer were used to measure the free stream flow velocity upstream to the airfoil. A wind tunnel balance was used to measure lift and drag

with an uncertainty of +/−0.2 N. A NACA 4415 airfoil is located in the test section of the wind tunnel; it is made of wood (of size: 0.152‐m chord

and 0.454‐m span) and equipped with 13 triangular VGs on the extrados (see Figure 4).
2.1.2 | The TE81 three components balance

The TE81 balance that fits the working parameters of our wind tunnel was chosen to measure lift, drag, and pitching moment exerted on the air-

foil. Measures acquisition is performed with TQ's DATASLIM software that enables to display results on screen and to record them.
2.1.3 | Operating parameters

The fluid flow velocity was set in the test section to 21 +/−0.5 m/s, which corresponds to a Reynolds number of Re = 2 × 105 (built on the airfoil

chord length, at room temperature of 30°C). Counter‐rotating VGs of triangular shape were used with the following parameters: height (h = 5 mm),
FIGURE 3 Subsonic wind tunnel and data‐
acquiring equipment [Colour figure can be
viewed at wileyonlinelibrary.com]
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FIGURE 4 NACA 4415 airfoil equipped with 13 triangular vortex generator (VGs) in wind tunnel section [Colour figure can be viewed at
wileyonlinelibrary.com]
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thickness (e = 0.2 mm), skew angle (β = 13°), internal distance (d = 5 mm), stream‐wise position (XVG/C = 0.4), and span‐wise separation (λ = 0.03 m)

between consecutive VGs to cover the whole profile span (13 VGs side by side). The VGs gluing on the airfoil surface slightly disturbed the local

surface roughness that resulted in slightly increased drag coefficients at low attack angles. Lift and drag coefficients were measured in the range of

airfoil attack angles (α) of 0° ≤ α ≤ 18°.
2.2 | Numerical studies

Computations were performed with FLUENT commercial code, 28 which is part of ANSYS 14.5 package. Turbulent flows around the airfoil are

numerically simulated using the RANS models (Reynolds number: Re = 2 × 105). However, since the related Mach number is very low (Ma = 0.062),

the flow is assumed incompressible, which is a highly reasonable assumption for Ma < <0.3. The steady‐state flow was obtained by solving the

incompressible Navier‐Stokes equations combined with one of three following turbulence models: Spalart‐Allmaras,29 Realizable k‐ε,30 and k‐ω

shear stress transport (SST).31 The aim is to compare these models with respect of the free field experimental measurements for the selected air-

foil. The computational domain was composed of 150 000 cells, taking care of the refinement of the grid near the airfoil in order to enclose the

boundary layer approach. Calculations were done for constant air velocity altering only the angle of attack for every turbulence model tested.
2.2.1 | Computational domain and geometry

First of all, computations have been done on a clean NACA4415 airfoil in 2D. The computational domain is set to a box of size 20C × 3C in the

stream‐wise and vertical directions, respectively (C = 0.15 m, being the airfoil chord length). The airfoil is symmetrically located in the vertical

direction; meanwhile in the stream‐wise direction, the inlet section is located at 8C and the outlet is set at 12C, respectively. The height of the

computational domain is that of the experimental wind tunnel (described in Section 2.1.1). The computation domain is split in two parts for
FIGURE 5 Close‐up view of computational
subdomains created in the vicinity of NACA
4415 airfoil [Colour figure can be viewed at
wileyonlinelibrary.com]
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meshing facilities: around the airfoil to account for different attack angles and outside this former region to match the outer domain boundaries.

The attack angle is managed by rotating the inner domain before coupling the two interfaces, see Figure 5A.

For our NACA 4415 airfoil equipped with triangular shape VGs, a 3‐D computational domain has to be considered, see Figure 5B. The VGs

configurations investigated in the experimental work are all in a counter rotating configuration, and 13 VGs pairs have been used, so the flow

between VGs is considered perfectly symmetric. In order to limit computational requirements (CPU and RAM), only one of the two vanes in a

VG unit is simulated exploiting the geometrical symmetry of a VG unit.6,25 The NACA 4415 airfoil has a size of C = 0.15 m in chord‐wise direction,

and a periodicity is assumed among the 13 the computational width, with λ/2 = 0.0175 m the wavelength in span‐wise direction. This span‐wise

periodicity enables to consider a computational domain spanning only one half‐length in the span‐wise direction (VGs geometry is described in

Section 2.1.3).

A first parametric study has been conducted to investigate the influence of the span‐wise distance between two consecutive VGs pairs λ/

2 = 0.0125, 0.015, 0.0175, and 0.020 m. A second one was carried out to investigate the influence of VGs along the airfoil chord in the range

0.3 ≤ XVG/C ≤ 0.5 (see Figure 6).

Table 1 presents the geometric parameters of VGs used in the present study. Therefore, taking into account 10 attack angles of the airfoil in

the range 0 ≤ α ≤ 18°; this led us to consider a total of 60 geometrical configurations.

2.2.2 | Grid generation

To limit the effort required to generate successful grids on such cumbersome 3‐D computational domains, it is divided into several blocks as

depicted in Figure 5 and performed with the Gambit Meshing tool.32This methodology enables to create a set of VGs configurations and reuse

them as much as possible. As the computational accuracy greatly depends on mesh quality, structured grids have been chosen to control and spec-

ify mesh densities in crucial regions, see Figure 7A. A near‐field zone is defined as a high‐density region close to the airfoil model. 3‐D grids are

generated based on our knowledge from previous 2‐D computations for which the chosen models performs satisfactorily provided the condition

y + <5 is satisfied along the airfoil walls, see Figure 7B.

2.2.3 | Boundary conditions

Boundary conditions have been set as follows: at inlet, a constant velocity (Vinlet = 21 m/s) is prescribed; meanwhile at the outlet, a constant pres-

sure is prescribed. The airfoil walls and VGs ones are modeled as solid walls with a dedicated wall function.29 The two side longitudinal planes have

been defined as symmetry planes, as in previous works.6,25
3 | RESULTS

3.1 | Validation of numerical simulations

All computations have been performed with a second order scheme along with the SIMPLE algorithm for the velocity‐pressure coupling.

3.1.1 | Baseline case (clean airfoil)

Comparison between turbulence models

First of all we have calibrated our numerical model (mesh size) on the 2‐D configuration of a clean NACA 4415 airfoil (no VG) for the same

Reynolds number and attack angles as in our experiments. Validations were carried out by comparing present CFD results with respect to

experimental ones.15 The study was conducted with three turbulence models available in FLUENT code: the Realizable k‐ε model, k‐ω SST model,
FIGURE 6 Vortex generators (VGs) locations along the airfoil extrados [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 1 VGs geometrical parameter

e, mm 0.25

h, mm 5

d, mm 5

l, mm 15

β, ° 13°

λ, m 0.025 0.03 0.035 0.04 0.03 0.30 0.30 0.30

XVG/C 0.30 0.30 0.30 0.30 0.30 0.40 0.50

Abbreviation: VG, vortex generator.

FIGURE 7 Close view of considered meshes
in the vicinity of NACA 4415 airfoil [Colour
figure can be viewed at wileyonlinelibrary.
com]
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and the Spalart‐Allmaras one. As shown in Figure 8A, computational lift coefficients match substantially better to wind tunnel experimental data

with Spalart‐Allmaras model than the two other models used in this study. The agreement is excellent for the overall range of attack angles, except

at full stall angle (α = 18°) where the three turbulent models fail to correctly reproduce actual fluid flow. Elsewhere, the maximum mean relative

error does not exceed 8% for the Spalart‐Allmaras model.

As far as the drag is concerned, it is noteworthy that from an experimental point of view, it is much more difficult to accurately measure it

owing to its small values. The three turbulence models used in this study underestimate the computed drag coefficients with respect to measured

ones up to the attack angle of 14°, where the k‐ω SST models results slightly exceed the experimental ones (see Figure 8B).

So, its uncertainty is comparatively higher than the lift coefficient one; however, computational results always lie within the uncertainty

margin. For this baseline case (clean airfoil without VGs), drag and lift coefficients are suitably computed, as differences between computational

and experimental results never exceed 8%.

From this comparison of turbulence models on our fluid flow configuration, it turned out that the Spalart‐Allmaras model performs better than

the two others ones. This confirms its well‐known good behavior in separated flows thanks to its low‐Reynolds model based on semiempirical wall

functions that well capture boundary layers.6,33-35

Spatial convergence study

Three different grids were considered to perform a grid convergence study on the baseline case to determine how mesh quality affects compu-

tational results: a coarse one (70 000 cells), medium one (140 000 cells), and fine grid (220 000 cells). Since CPU times are highly dependent on the
FIGURE 8 Influence of turbulence model on aerodynamic performances of clean NACA 4415 airfoil (baseline case, Re = 2 × 105) [Colour figure
can be viewed at wileyonlinelibrary.com]
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number of grid cells considered, the accuracy of CFD solutions were analyzed using the Spalart‐Allmaras model on 2‐D fluid flow around the air-

foil. The three meshes generated have near wall resolution y + <5.

Figure 9A presents the lift coefficient versus attack angles for the three meshes with the experimental ones. One can observe that the finer

grid provides closer computational results with respect to experiments. The drag coefficient is plotted versus attack angles in Figure 9B, and

the same trend is observed; that is, mesh refinement improves computational accuracy, and spatial convergence is achieved on that configuration.
3.2 | Sizing the VGs heights

VGs are designed so that their height h is of the order of the local boundary layer thickness δ and should be located before of the mean separation

line. One can note that the baseline separation line for NACA 4415 airfoil is found at approximately 0.55C from the leading edge at stall angle of

α = 12°6,15 (see Figure 6). The boundary layer thickness δ is defined as the distance across a boundary layer from the wall to a point where the flow

velocity has reached 99% the free stream magnitude. Figure 10A shows the velocity profile U for different airfoil attack angles, and Figure 10B

displays the related boundary layer thicknesses δ for the chord‐wise position (X/C = 30%). One can note that the steep development of the bound-

ary layer after α = 12° that indicates a decambering effect due to flow separation, and at α = 16°, δ ≈ 7.5 mm. Therefore, the reference boundary

layer thickness was arbitrarily defined for (α, X/C) = (12°, 30%), where δ ≈ 4.5 mm. This reference condition represents the maximum lift angle for

the clean airfoil, at a position residing ahead of the small trailing edge separation zone,36 giving h/ δ ≈ 1. Nevertheless, in some flow control appli-

cations, the residual drag associated with heights VGs at δ scale could be excessive.13,14
3.3 | Airfoil with VGs case

Unlike the baseline case (clean airfoil), computations of fluid flows around an airfoil equipped with VGs require full 3‐D computations. The 2‐D

medium mesh used for the baseline computations provides good estimates of mesh resolution in the longitudinal cross‐section, but one has

now to define appropriate mesh resolution in the span‐wise direction. As in the previous 2‐D configuration, a grid convergence study was here

again performed for this 3‐D configuration by considering three different grids: with a coarse one (1.2 million cells), medium one (2.8 million cells),

and fine one (4.8 million cells). Three meshes progressively refined in the span‐wise direction were used. Figure 11A presents the lift coefficient

versus attack angles for these three meshes along with the experimental ones. One can observe that the finer mesh provides the closer compu-

tational results with respect to experiments. The drag coefficient is plotted versus attack angles in Figure 11B, and the same trend is observed;

that is, mesh refinement improves computational accuracy. For the considered parameters, computations performed with 20 and 35 cells along

the span‐wise direction give comparable accuracy.

The relative error on drag coefficient versus mesh resolution in the span‐wise direction is plotted in Figure 12 for an attack angle α = 16°. One

can observe that moving from 10 to 35 grid cells in the span‐wise direction enables to halve the computed errors, despite the spatial convergence

is not fully realized on such complex 3‐D fluid flow around the airfoil equipped with VGs. However, further refining the mesh does not improve

substantially the computed accuracy; meanwhile, it significantly increases computing resources (CPU time and RAM). Therefore, the following

computations are done with a mesh featuring 20 cells in the span‐wise direction that achieves the best compromise.
FIGURE 9 Influence of mesh resolution on aerodynamic performances of clean NACA 4415 airfoil (baseline case, Re = 2 × 105, Spalart‐Allmaras
turbulence model) [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 10 Measured velocity profiles and boundary layer thickness versus attack angles (x/C = 0.30, clean NACA 4415 airfoil, Re = 2 × 105)
[Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 11 Influence of mesh resolution on aerodynamic performances of a NACA 4415 airfoil equipped with vortex generators (VGs)
(Re = 2 × 105, Spalart‐Allmaras turbulence model) [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 12 Influence of span‐wise mesh resolutions on relative error of drag coefficient (NACA 4415 airfoil equipped with vortex generators
(VGs), Re = 2 × 105, Spalart‐Allmaras model, α = 16°)
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3.4 | Optimization results on VGs configuration

In the parametric study, two quantities were varied: the spacing between VGs (λ) and their position along the profile chord (XVG/C). In each

parametric study, the angle of incidence (attack angle α) was varied as indicated previously. The spacing between VGs has been tested to

see the effect of the latter on the reduction of recirculation zone that coexists between the pair of VGs. In conclusion of this optimization,

reducing the spacing between VGs reduces the recirculation zone. The idea in optimizing the VGs position is to reduce this drag caused by frontal

surface of VGs.
3.4.1 | Effect of span‐wise spacing (λ)

In this first part, VGs are located at XVG/C = 0.3, and all other geometrical parameters are kept constant to their standard value indicated in

Section 2.2.1. This parametric study aims at revealing solely the span‐wise spacing (λ) effect on aerodynamic performances, so computations

have been carried out for four values (λ/2 = 0.0125, 0.015, 0.0175, and 0.02 m). Reducing the span‐wise spacing between VGs improves the

lift coefficient (up to 28%) for λ/2 = 0.0125 m, and the stall angle is delayed up to α = 16° instead of α = 12° for the baseline case (clean airfoil,

see Figure 13). On the other hand, wider spacing degrades the lift coefficient over a wide range of attack angle and only improves the lift for the

highest ones. Intermediate values of span‐wise VGs spacing's behave in between those two extreme values.

The drag coefficient is plotted versus attack angle in Figure 14. It turns out that higher span‐wise spacing reduce the drag coefficient

for low attack angles (α ≤ 12°), while conversely for higher attack angles lower span‐wise spacing's reduce the drag coefficient even better

than that of the clean airfoil. This behavior comes from the interaction between the vortex generated and the resulting boundary layer

thickness.

The increase in drag observed at small spacing's and the resulting decrease in performance over the linear region is mainly a result of larger

number of VGs attached to the airfoil for these configurations. This trend is confirmed by the lift‐to‐drag ratio, represented in Figure 15, where

one can observe that larger spacing are more helpful to aerodynamic performances at low attack angles, whereas conversely for high ones smaller

VGs span‐wise spacing's are more effective.

In order to further explain the aerodynamic performance of VGs on the NACA 4415 airfoil, the flow field induced by VGs has been more

closely inspected. Figures 16–19 show the main fluid flow characteristics (stream‐wise vorticity and velocity field) over the airfoil extrados in

the wake of VGs located at XVG/C = 0.3 and spaced in the span‐wise direction by λ/2 = 0.0125, 0.015, 0.0175, and 0.02 m, respectively, for

an attack angle α = 12°. It is noteworthy that VGs spacing directly influences how much kinetic energy is extracted from the main flow and

injected into the boundary layer over the profile extrados. Indeed, the higher this latter the more downstream occurs the flow reversal along

the profile chord. Moreover, on can observe that these flow reversals always take place inside inter‐VGs channels where neighbor vortices rotate

in opposite directions,37 see Figures 16b to 19b.

Therefore, reducing the span‐wise spacing between VGs can prevent from the occurrence of any separation region. So one can anticipate it

exists an optimal span‐wise spacing that delays stall angle while not penalizing drag in excess.
FIGURE 13 Influence of span‐wise vortex generators (VGs) spacing (λ) on lift coefficient [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 14 Influence of span‐wise vortex generators (VGs) spacing (λ) on drag coefficient [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 15 Influence of vortex generators (VGs) span‐wise spacing (λ) on lift‐to‐drag ratio (Re = 2 × 105, Spalart‐Allmaras turbulence model)
[Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 16 Main fluid flow iso‐contours and vectors for span‐wise spacing λ/2 = 0.0125 m (XVG/C = 0.3, α = 12°) [Colour figure can be viewed
at wileyonlinelibrary.com]
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FIGURE 17 Main fluid flow iso‐contours and vectors for span‐wise spacing λ/2 = 0.015 m (XVG/C = 0.3, α = 12°) [Colour figure can be viewed
at wileyonlinelibrary.com]

FIGURE 18 Main fluid flow iso‐contours and vectors for span‐wise spacing λ/2 = 0.0175 m (XVG/C = 0.3, α = 12°) [Colour figure can be viewed
at wileyonlinelibrary.com]

FIGURE 19 Main fluid flow iso‐contours and vectors for span‐wise spacing λ/2 = 0.02 m (XVG/C = 0.3, α = 12°) [Colour figure can be viewed at
wileyonlinelibrary.com]
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3.4.2 | Stream‐wise location effect (XVG/C)

The lift coefficient is plotted versus attack angles in Figure 20 for various chord positions (XVG/C). It appears that higher lift coefficients can be

obtained for lower value of VGs position along the chord. On the other hand, the trend is reversed for the drag coefficient (see Figure 21). There-

fore, an intermediate position (XVG/C = 0.4) gives the best lift‐to‐drag ratio for the full range of attack angles (cf Figure 22).

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
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FIGURE 21 Influence of stream‐wise VGs location (XVG/C) on drag coefficient (λ/2 = 0.015 m) [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 22 Influence of stream‐wise VGs location (XVG/C) on lift‐to‐drag ratio (λ/2 = 0.015 m, Re = 2 × 105, Spalart‐Allmaras turbulence model)
[Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 20 Influence of stream‐wise vortex generators (VGs) location (XVG/C) on lift coefficient (λ/2 = 0.015 m) [Colour figure can be viewed
at wileyonlinelibrary.com]
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FIGURE 23 Aerodynamic performances for the optimized configuration (XVG/C = 0.4, λ = 0.03 m, Re = 2 × 105, Spalart‐Allmaras turbulence
model) [Colour figure can be viewed at wileyonlinelibrary.com]
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4 | DISCUSSION

The influence of other VGs parameters were conducted experimentally in our previous investigations.15 The present work came to support pre-

vious observations and to intend to understand the underlying phenomena. The parametric studies presented in Section 3.4 showed that it exists

an optimal value for both the span‐wise spacing between VGs and their location in the stream‐wise direction. For the span‐wise spacing, we have

found that reducing distance between VGs improves the aerodynamic performance at high‐attack angles but degrades it for low‐attack angles.

However in this latter work authors did not report any optimal spacing as in the present work.

For the stream‐wise location, we have found that the optimal VGs location along the chord for the full range of attack angles is about

XVG/C = 0.4. Moreover, moving upstream, VGs increase the drag at small attack angles, but it enables to delay the stall angle. So in order to check

our CFD prediction about the optimal values of span‐wise spacing between VGs and their stream‐wise location along the airfoil chord, we have

carried out experiments on the computationally optimized configuration. It is defined by the following parameters: Reynolds number of Re = 2 × 105,

VGs set at XVG/C = 0.4, and λ/2 = 0.015 m.

Experimental and computed lift and drag coefficients are plotted versus attack angles in Figure 23. It can be noted a very good agreement

between the curve of the coefficient of the numerical and experimental lift with a slight increase in the linear part (see Figure 23A). For the

smallest attack angles (α = 0° and 1°), a small discrepancy can be observed, and it can be attributed to an experimental bias coming from a small

offset of the airfoil attack angle with respect to the wind tunnel air flow.

The drag coefficient is plotted versus attack angles in Figure 23B. An excellent agreement can be noticed for the small attack angles (0°≤ α≤ 8°)

and a fairly good one is obtained for higher values. This slight deviation can be attributed to the airflow complexity arising in the separation region

that takes place after stall angle that the Spalart‐Allmaras turbulence model fails to accurately recover.
5 | CONCLUSIONS

The present work aimed at finding at an optimal configuration for the passive control of airflow on a NACA 4415 airfoil equipped with VGs of

triangular shape. Complementary experimental and computational approaches have been carried out to find out the optimized configuration

that improves aerodynamic performances at Reynolds number Re = 2 × 105. From the computational side, Reynolds‐averaged Navie‐Stokes

(RANS) equations have been solved with ANSYS FLUENT 14.5 commercial code with fully structured mesh and three turbulence models

(Realizable k‐ε, k‐ω SST, and the Spalart‐Allmaras models). A mesh optimization was carried out to reach spatial convergence solutions. For

the experimental side, lift and drag measurements are made at various attack angles by using three‐axis component balance system. Parametric

studies were conducted to find out optimal configurations with respect to span‐wise separation distance between VGs, along with their loca-

tion along the chord, keeping other VGs parameters from our previous work.15 The validation of our numerical results with experimental results

showed a very good agreement indicating that this optimized configuration is robust for the considered parameters. It turns out that increasing

the span‐wise separation length increases the aerodynamic performances (lift‐to‐drag ratio) at low attack angles but conversely degrades it at

higher ones. Indeed, the lower span‐wise VGs spacing, the higher the number of devices that take place along the profile, which generate a

significant parasitic drag at low α. For the stream‐wise location along the chord, upstream position of VGs degrades the lift‐to‐drag ratio at

low‐attack angles and conversely improves it at higher ones. For the present configuration, the overall optimal values are λ = 0.03 m for

span‐wise VGs spacing and XVG/C = 0.4 for the stream‐wise location along the chord. One can expect this work to be beneficial for improving

the blades aerodynamic performances of wind turbines. However, there are much many parameters to optimize accounting for the wind turbine

configuration (rotating blades, variable wind intensity, pitch and variable blade cross section, and etc). As a rotating machine, the maximum

http://wileyonlinelibrary.com
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Reynolds number of a wind turbine is proportional to the blade radius (it reaches up to Re = 25 × 106 in giant windmills).38 In these cases,

airfoils exhibit better performance, such as higher lift coefficient and lower drag ones, resulting in larger lift‐to‐drag ratio at a given angle of

attack.38-40 However, to succeed in this performance improvement, one has to design VG's height according to the local boundary layer thick-

ness. Therefore, specific optimizations are still necessary to appropriately extend the present analyses to wind turbine configurations.
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