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Abstract

A study of the aerodynamic performance of a NACA 643418 airfoil with trailing edge serrations

is presented. For the prediction of the changes in lift due to the serration installation, an empirical

law is derived that can be extended to typical cambered airfoils for wind turbine applications.

The law is deduced from 2D and 3D Reynolds-averaged Navier–Stokes simulations (RANS) of

the flow over the airfoil. Lift and drag together with the changes in the wake flow due to the

presence of the serrated edges are investigated. An additional study of the sensitivity of the

results at Rec = 3 · 106 with respect to the turbulence modeling is carried out by using three

different RANS models: Spalart–Allmaras, k-omega SST, and Transition SST. Results show that

the changes in lift due to trailing-edge extensions are approximated by the effect of a split plate

with reduced length.
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1 INTRODUCTION

In the last decade, wind turbine noise has become one of the main deterrents to the growth of new machines close to populated areas, as well

as one of the major reason of annoyance for users of wind energy.1 Wind turbine noise is mainly produced by the interaction of the blade edge

with the incoming wind. The main sources of noise are divided into inflow turbulence-noise and airfoil self-noise.2 The inflow contribution is

determined by the interaction of the blade with the turbulent flow structures of the incoming flow (ie, atmospheric or wind turbulence), while the

self-noise component is usually referred to as the one created by the interaction of the boundary layer of the blade with its trailing edge. In wind

turbines, the contribution resulting from the passage of a turbulent boundary layer over the trailing edge is the dominant one.3,4 A considerable

amount of research has been dedicated to the reduction of trailing-edge noise using passive mitigation devices such as for example, serrated

trailing edges,5-8 porous surfaces,9,10 and brushes.11

Serrated trailing edges have become recently very popular in industrial applications, because of their simple manufacturing, installation, and

maintenance. These three factors give a clear advantage to serrations with respect to other solutions, either too complex or requiring additional

mechanical actuation. While the efficacy of these devices in reducing noise has already been assessed by many studies (eg8), the change in

performance due to the physical installation of these add-ons is not enough publicly documented.

This approach has been widely adopted mainly because of the possibility of retrofitting machines that are already operational with ‘‘ad hoc’’

tuning of the operational regimes for noise regulations limits. However, modern wind turbine blades have already largely surpassed radii of

50 m.12,13 With such large dimensions, the blade geometry has to be developed from the design phase taking into account both aerodynamic and

aeroacoustic requirements. In the last decade, researchers have decided to focus their studies on the understanding of the physical mechanism

of the noise reduction, before looking into the change in performance because of the installation of the device. The study from Moreau et al,5

for example, analyzed the noise reduction mechanism of sawtooth trailing-edge serrations on a flat plate at low to moderate Reynolds number.

Besides, a 3 dB reduction of the broadband noise levels at low frequencies were measured, and a significant attenuation (of up to 13 dB) of blunt

vortex-shedding noise at high frequencies without modifying the directivity of the radiated noise was achieved. Several others populate the
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panorama of studies on the noise attenuation capabilities of these geometries, as for example, Gruber et al,7 which performed wind tunnel tests

for over 30 sawtooth geometries on a NACA 65(12)-10 airfoil, obtaining noise reductions between 4 and 6 dB in all test cases. Other experimental

investigations on trailing edge serrations focused on full scale applications of wind turbine blades: Oerlemans et al8 tested, for example, serrated

trailing edge extensions in a real-wind turbine of 94 m of rotor diameter and obtained noise reductions of 3.2 dB due to these passive devices.

When comparing the availability of information about the effectiveness of these devices with the needs to actually predict their impact on the

blade performance, few works are targeting the design of serrations, which, on the other side, often show neutral or even positive effects on the

total turbine load. One of the main reasons for this imbalance lays in the large variety of profiles used by industrial manufacturers, which makes the

scaling with respect to the blade shape extremely challenging. One of the most interesting works concerning the aerodynamic impact of serrations

is presented by Liu et al,14 who performed experimental tests on symmetric and asymmetric airfoils with different serrated trailing edges. In their

work, the authors showed that the installation of trailing edge serrations can significantly change the aerodynamic performance of the airfoil. A

second reason that might justify the relatively low abundance of studies upon the aerodynamic aspects of serrations can be attributed to the

substantial complexity of their flow. Recent experimental and computational investigations, in fact, (eg other studies15-18) have shown that the

flow over the serrated trailing edge is rather complex. Computational studies carried out by Jones et al15,18 from direct numerical simulations on

a symmetric airfoil (NACA0012) with add-ons have been highlighting the positive effects that serrations have shown in breaking up the turbulent

structures convecting into the wake, especially through the development of extra horseshoe vortices originating at the serration location.

In this manuscript, a detailed numerical study of the aerodynamic performance of trailing-edge serrations together with their installation

effects is performed for a NACA 643418 airfoil at high-Reynolds number (Rec = 3 · 106). Two- and three-dimensional simulations are carried out

with the intent of quantifying the change of aerodynamic performance because of serrations. A comparison between the 2D simulations of the

airfoil (with and without trailing-edge extensions) and the 3D ones is accomplished to derive an approximation of the aerodynamic characteristics

based on a simplified model. Installation effects by simulating different plate thicknesses have been performed comparing 2D simulations for the

three different turbulence models. The analysis is then extended to the influence of the flap angle (angle between the chord of the airfoil and the

installed add-ons) carried out in the second section of the results, just 2D simulations have been performed. Three different flap angles between

2.5◦ and 10◦ have been simulated with the aforementioned turbulence models. In the last two sections of the results, a complete analysis of the

flow statistics around the trailing-edge extensions has been performed together with a comparison between the aerodynamic coefficients for

the three different turbulence models. Three-dimensional simulations of the clean airfoil with a straight edge, the airfoil with a split plate, and the

airfoil with a serrated trailing edge have been carried out. For these geometries, aerodynamic coefficients have been studied, and an analysis of

the influence of the results with respect to turbulence viscosity-ratio and turbulence intensity has been included. The results are finally used to

derive a numerical law for the prediction of the change in lift and drag because of installation of serrations in a family of NACA six-digit airfoils.

2 COMPUTATIONAL TEST CASE

The computational test case employs a NACA 643418 airfoil. The profile is typically used in wind turbine blades at Rec > 1 · 106.19 The trailing

edge of the original airfoil profile has been modified from sharp to a thickness of 0.2% of the chord, which corresponds to a conventional measure

for airfoils of about 1.5 m chord found at a radius of about 75% of the blade length in 3 MW machines. The airfoil has been first simulated in a 2D

configuration with a chord (c) of 1 m and subsequently extruded into a 3D wing. Serrated trailing edges have been modeled by periodic inserts

of length of 2h = 0.187 c and amplitude of 𝜆 = 0.140 c as shown in Figure 1. The values correspond to the ones found in literature in the work of

Gruber et al7 providing with about 5 dB of noise reduction (at a Reynolds number of 413.000).

FIGURE 1 Serrations extensions with length of 2h and amplitude of 𝜆
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In the 2D simulations, the effect of the serrated trailing edge has been modeled by a split plate. In the original configuration, the simulations

have been carried out with a split plate having the same length and flap angle of the serration geometry. The noise reduction has been found

increasing as 𝜆 is reduced. A relation between serration length and amplitude of 𝜆

2h
= 0.75 is reported suitable to obtain a good noise reduction

in the mid-frequency range with small-noise penalties in the high one. A first study has been carried out with a flat-plate length equal to the

serration one (0.187 c) and a flap angle of 5◦. An analysis of the flap angle has also been performed. Three different flap angles have been

calculated: 2.5◦, 5◦, and 10◦. Figure 2 shows the different geometries simulated, with and without trailing edge extensions.

The sensitivity of 2D and 3D simulations to the modeling of turbulence has been assessed by studying the changes of loading with respect to

different turbulence models. The chosen models for the present studies vary from the most simple Spalart–Allmaras one, to the k-omega SST,

and the Transition SST ones. The one-equation Spalart–Allmaras model solves the modeled transport equation for the kinematic eddy turbulent

viscosity.20 This model was originally designed for aerospace applications involving wall-bounded flows, and it showed good results for boundary

layers subjected to adverse pressure gradients. The Spalart–Allmaras model was developed for aerodynamic flows, and it suffers in the correct

reproduction of free shear flows, especially plane and round jet flows. In addition, it is relatively inaccurate in the prediction of homogeneous,

isotropic turbulence. The main advantages are its robustness, fast convergence, and computational time.

The k-omega shear stress transport (SST) model is a two-equation eddy-viscosity model with the feature of being able to represent the

k-epsilon characteristics in the freestream, and, thereby, avoiding the reported k-omega sensitivity of the solution to the inlet freestream

turbulence properties. One of the main reported features of the k-omega formulation is the possibility to use it in the inner parts of the boundary

layer (absence of damping functions at the wall, due to the turbulent cascade modeling via omega) features, which makes the model quite

reliable in the prediction of developing boundary layers. Menter21 demonstrates that the SST model shows a better agreement with experimental

data for adverse pressure boundary layer flows than the original k-omega model of Wilcox. The k-omega SST model modifies the turbulent

viscosity definition to account for the transport of the principal turbulent shear stress. This feature gives the SST k-omega model an advantage

in terms of performance over both the standard k-omega model and the standard k-epsilon model. Other modifications include the addition

of a cross-diffusion term in the omega equation and a blending function to ensure that the model equations behave appropriately in both the

near-wall and far-field zones.

The transition SST model is based on the coupling of the SST transport equations with two other transport equations, one for the intermittency

and one for the transition onset criteria, in terms of momentum-thickness Reynolds number. This model was developed by Menter et al22 to

improve how among many parameters, the freestream turbulence, pressure gradients, and turbulent length scale affect the transition of the

boundary layer to turbulent flow.

In the present test cases, an inflow condition with low turbulence has been imposed in the far field. The incoming flow conditions have been

uniformly set for all the models with equivalent parameters to obtain a turbulent intensity of 0.1% of the freestream and a turbulent viscosity

FIGURE 2 NACA 643418 original geometry and a detail of the trailing edge extensions
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ratio equal to 1. Boundary layer transition has not been forced to a turbulent one but rather left to the effect of the airfoil curvature and pressure

gradient. Reference values of ambient pressure equal to a gauge pressure of 0 Pa, density of 1.225 kg∕m3 , and temperature of 288.16 K have

been prescribed. With an additional dynamic viscosity of 1.79 · 10−5 kg∕m · s and a wind speed of 44 m∕s, a Reynolds number of 3 · 106 has been

obtained.

3 AIRFOIL MESH

The multiblock meshes are generated using ICEM CFD. The particular typology of the mesh allows changing the resolution within the domain, as

well as optimizing the number of elements needed for the computation. C-type grids are used for the discretization of both 2D and 3D domains.

The domains extend for 10 c upstream and 20 c downstream the airfoil. The quality of the meshes is evaluated with a dedicated ICEM algorithm.

The parameter used for the evaluation of the mesh quality is based upon the determinant of the Jacobian matrix of the mesh elements in the

domain. In particular, the ratio between the smallest and the largest determinants gives an estimation of the amount of degenerated elements.

The presence of degenerated or inverted elements will determine a ratio of 0 or negative, whereas a regular distribution of similar elements will

drive the ratio to 1. In all tested configurations, the ratio is kept between 0.7 and 1. As additional verification parameters, the skewness of the

mesh elements (following Eriksson model23) is monitored and kept within the range 0.7 to 1.

Modeling of the boundary layer is assessed by estimating the nondimensional wall distance of y+ with respect to the airfoil flow at the tested

Reynolds number. For these simulations, a y+ with a maximum value of 1 is desirable. Taking into account the incoming flow conditions, for

obtaining this value ,the first element of the boundary layer must be located at y/c = 8.6 · 10−6 from the wall. A wall function with a growing

ratio of 1.2 is applied to increase the spatial resolution from the inner boundary layer size to the one in the outer region. Details of the mesh are

presented in Figure 3.

In order to limit the number of computations needed for the study, an analysis of the sensitivity of the mesh to the number of cells has been

carried out. The flow around the clean airfoil configuration has been evaluated by using the one-equation Spalart–Allmaras model, while the

k-omega SST formulation has been used for the more complex geometry of the airfoil with trailing-edge extensions. The drag coefficient has

been chosen as one of the most relevant parameter for monitoring of the convergence of the results because of its sensitivity to transition,

separation, and to the fluctuations in the viscous regions of the flow.

Figure 4 shows the results from the sensitivity analysis of the mesh. For the Spalart–Allmaras simulations, the convergence of the solution is

monotonically reached with 0.1 ·106 elements, while for the k-omega SST model, corresponding to the NACA64418 with trailing-edge extension,

the converged solution has been reached with 0.14 · 106. Richardson extrapolation method24,25 has been used for analysis of the converged

FIGURE 3 Topology of the airfoil mesh and details of the airfoil, the plate end, and the airfoil leading edge, first element sited at y/c = 8.6 ·10−6
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FIGURE 4 Grid sensitivity study for the airfoil using Spalart–Allmaras model and for the airfoil with a trailing edge plate using k-omega SST
model. Drag coefficient for different meshes at angles of attack = -5◦, 0◦, and 5◦. The vertical line and the red points show the selected grids
[Colour figure can be viewed at wileyonlinelibrary.com]

results. With this methodology, the numerical solution for a given grid, Φi, can be calculated as a function of the exact solution, Φ0, a constant, 𝛼,

and the observed order of accuracy of the numerical method, p, using the following equation:

Φi = Φ0 + 𝛼 · hp
i
. (1)

Eça and Hoekstra26 observed that more than a grid triplet is necessary for carrying out this estimation. In this study, more than four meshes

are used for the sensitivity analysis. Comparing the converged drag coefficient obtained with Richardson methodology and the actual mesh

values, differences of about 1% were calculated for that specific number of cells, N. Since the different meshes have been obtained by reducing

the size of the largest element in the far field and by increasing the number of cells around the airfoil contour and in the boundary layer (keeping

constant the y+ element), this entails that a maximum resolution of 40 cells in the boundary layer and 620 in the airfoil contour are sufficient for

an accurate representation of the flow field.

All 3D meshes adopted in this study have been consequently obtained by extrusion of the 2D meshes along the z axis. For the airfoil with

the trailing edge serrations, a new 3D unstructured mesh has been prepared based on the previous extrusion to adapt to the periodic triangular

geometry. This mesh ensures a good boundary layer characterization using a structured mesh near the airfoil contour. In this part, the first

element size, the number of layers, and the growing ratio have been fixed. To ensure that the boundary layer is well discretized, the meshes have

been obtained by considering a span-wise minimum resolution of 8.6 · 10−6m corresponding to the flow structures of the size of y/𝜆 = 0.4 as in

the study of Arce et al.16

4 LIFT AND DRAG RESULTS

The change of the aerodynamic performance due to the installation of the trailing-edge serrations is analyzed with respect to the NACA 643418

with a straight trailing edge. The analysis of the performance features a first comparison of the 2D and 3D simulations. In this respect, the

similarities of the serration geometry to a 2D flap are investigated, with the aim of tackling the level of complexity needed to accurately

approximate the change in lift and drag of the periodic geometry. The analysis continues with the sensitivity of the turbulence modeling in the

2D and 3D meshes and concludes with the effect of the flap angle of the serration in the airfoil performance.

4.1 Aerodynamic forces

In this section, the aerodynamic coefficients for the original airfoil, the airfoil with the split plate, and the airfoil with serrated trailing edge

extensions are presented. In Figure 5, lift and drag coefficients are shown for the three different turbulence models. It must be noted that for all

the simulated cases, the aerodynamic coefficients, lift and drag, are obtained using the chord of the original airfoil without including the length

of the plate or serrations. The results of the serrated trailing edge have shown that for all the studied angles of attack, the serrated extensions do

not significantly change the lift coefficient of the airfoil, but they cause increased drag coefficient regardless of the turbulence model analyzed.

http://wileyonlinelibrary.com
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FIGURE 5 Aerodynamic coefficients for the original airfoil, with a split plate and with a serrated trailing edge, for three different turbulence models

On the other side, the split plate originate a lift enlargement caused by the increase in the effective area of the airfoil. The plate significantly

affects the lift coefficient over the positive angles of attack.

When comparing the drag coefficient plots in Figure 5, notable differences can be found between the fully turbulent models (Spalart– Allmaras

and k-omega SST) and the transitional model (Transition SST). The drag coefficient obtained with the Transition SST model presents lower-drag

values because of the more realistic representation of the boundary layer of the airfoil, simulating the natural transition from laminar to turbulent

flow. These results are consistent with Menter et al27: in this work, it was demonstrated with different experiments that the Transition SST model

shows a better agreement with real flows than the fully turbulent models. Different geometries were tested and in all the studied cases, the drag

coefficient shows lower values than the fully turbulent models and a very good agreement with the experimental results.

4.2 Boundary layer

In this section, a comparison of the boundary layer thickness (𝛿) between the original geometry and the airfoil with a serrated trailing edge is

presented. Results are shown for the Transition SST model, however, all tested turbulence models present the same trends. Figure 6 compares

the boundary layer thickness of the airfoil, the airfoil with a split plate, and the airfoil with trailing edge serrations in two different positions, the

trailing edge suction and pressure side (location 1 of Figure 7). In this figure, it is shown that the boundary layer thickness is modified by the

presence of trailing edge extensions, ie, for an angle of attack of 2◦, 𝛿∕c on the suction side is about 0.0185 on the airfoil, 0.0268 on the airfoil

with a split plate, and 0.0205 on the serrated airfoil and on the pressure side is 0.0132 on the airfoil, 0.02214 on the airfoil with a split plate, and

0.013 on the serrated airfoil and for an angle of attack of 6◦, 𝛿∕c on the suction side is about 0.0272 on the airfoil, 0.0385 on the airfoil with a

split plate, and 0.038 on the serrated airfoil and on the pressure side is 0.009 on the airfoil, 0.0174 on the airfoil with a split plate, and 0.0128 on

the serrated airfoil.

Comparing the boundary layer thickness at different positions along the teeth just in the suction side (see Figure 7 and Table 1) for an angle

of attack of 2◦, it is shown that the boundary layer thickness changes slightly from the middle of the teeth to the root in the spanwise direction.

Analyzing the distribution of the boundary layer thickness along the teeth length for this cambered airfoil, it is found that on the suction side, this

value increases from root to tip. These results show a good agreement with the experimental results carried out by Gruber et al28: in this work, a

comparison of the boundary layer profiles between the unserrated baseline, and the serrated edge has been displayed for the NACA 65(12)-10

cambered airfoil.
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FIGURE 6 Comparison of the nondimensional boundary layer thickness at different angles of attack for the airfoil with and without trailing edge
extensions at the airfoil trailing edge on the suction and pressure side for the Transition SST model

FIGURE 7 Serration scheme with the points in which 𝛿s∕c has been obtained for 𝛼 = 2◦ [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Nondimensional
boundary layer thickness

Point 𝜹s/c

1 0.0205

2 0.0203

3 0.0195

4 0.021

5 0.023

4.3 Wake development

An analysis of the flow in the wake of the airfoil, the airfoil with the split plate, and with the trailing edge serrations is presented. As in the

previous section, only results for the Transition SST model are displayed.

The wake velocity and turbulent kinetic energy (TKE) profiles for the three studied geometries at 𝛼 = 6◦ are shown in Figures 8 and 9. Four

downtream locations are analyzed, x = 1.3 c, 1.4 c, 2.2 c, and 3.2 c. It can be observed that the tooth tip and the end of the split plate are located at

x = 1.187 c. For the serrated case, two different positions are studied, the tooth tip and the tooth root, for this case, two flow profiles are displayed.

In Figure 8 , it can be observed that the flow at the tip position of the serrated geometry follows similar wake profile to that of the original

geometry but with a slightly lower velocity deficit. This means that the tip has a fuller wake compared with the original airfoil. For the case of the

split plate, the profile is also similar but with a higher velocity deficit. This higher velocity deficit of the split plate is due to the larger effective

chord length. The root flow shows a different behavior from the tip flow, it has a smaller velocity deficit, and the dip location is moved upwards

http://wileyonlinelibrary.com
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FIGURE 8 Nondimensional velocity magnitude in an X–Y plane for the different studied geometries, nondimensional values of velocity
magnitude at different streamwise positions (x = 1.3 c, 1.4 c, 2.2 c and 3.2 c) have been included for the Transition SST model [Colour figure can
be viewed at wileyonlinelibrary.com]

because of the flow through the serrations valleys. These differences between the tip and the root flow gradually disappear at far-wake locations.

The presence of serrations produces a minor deficit of velocity but an enlargement of this deficit along the y-axis as it is shown in the work of

Liu et al.14

The wake profiles show different behavior for the case of the serrations and for the case of the plate. These differences are mainly caused for

the 3D motion existing between the teeth of the serrations, in the case of the plate, this motion is practically two dimensional. The 3D effects

of the flow passing through the serrations and moving from the pressure to the suction side produce a wide and short wake, meanwhile, the

plate due to higher effective length origins a narrow and long wake, and its effect is still appearing in x = 3.2 c, but for the serrations case at this

position, the velocity deficit has almost disappeared.

The turbulent kinetic energy profiles at different wake locations are displayed in Figure 9. The wake profiles of the original airfoil show the two

shear layers originating from combination of the boundary layers on the pressure and suction sides of the airfoil. The effect is more evident for the

airfoil with the split plate because of the increase in the effective chord of the airfoil. For the tip and root flow, just a single peak was obtained as

the two-boundary layer mix together. A significant different turbulent kinetic energy profile appears for both positions compared with the original

airfoil. Lower values and high-TKE dissipation are shown for these locations as a result of a three-dimensional near-wake flow. As in the previous

case, the root flow shows an upward moved peak position caused by the flow moving upwards from the serrations valleys. These results shows

that the use of serrations produces significant changes on the TKE of the flow, enlarging the high-TKE region along the y-axis and producing a

less- turbulent far wake. All these results show a good agreement with the measurements carried out by Liu et al14 for the NACA 65(12)-10 airfoil.

Results of several cross-flow planes at different locations, x = 1.005 c (root tooth), x = 1.093 c (middle tooth), and x = 1.187 c (tip tooth) are

presented in Figure 10, where the streamwise vorticity component, wx, for the serrated geometry at an angle of attack of 6◦ is displayed. As in

the previous part, the results represented correspond to the Transition SST model. The presence of streamwise vortex pairs emanating from the

serrations is evident from these results. Strong variations between negative and positive streamwise vorticities are shown between the teeth

resulting from the pressure differences between the two sides of the serrations, and these results coincide with the experimental data from Arce

et al16: in this study, vortex pairs generated between the teeth that produce a vigorous motion are measured. Other studies like the one of Jones

et al18 have shown that in the presence of serrations, the flow is highly three dimensional, they reported the formation of horseshoe vortices

in the space between serrations, exacerbated by the presence of a mean flow motion through the serrations from the suction to the pressure

http://wileyonlinelibrary.com
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FIGURE 9 Nondimensional TKE in an X–Y plane for the different studied geometries, non-dimensional values of TKE at different streamwise
positions (x = 1.3 c, 1.4 c, 2.2 c and 3.2 c) have been included for the Transition SST model [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 10 Streamwise vorticity component in a Y–Z plane at different locations for the Transition SST model [Colour figure can be viewed at
wileyonlinelibrary.com]

side. These three-dimensional structures are generated at the root of the teeth, at the middle of the teeth (x = 1.093 c), the structures are fully

formed, and they dissipate in the wake.

4.4 2D model of lift and drag changes

In order to obtain a simplified model that can be easily extended to several airfoil shapes, a comparison of the 2D airfoil performance with the

ones obtained from the full 3D test cases is carried out. Experimental data from Abbott and von Doenhoff19 and additional numerical data from

XFOIL29 are used to consolidate the study. In particular, a first analysis of the lift and drag performance of the clean NACA airfoil is carried out

in Figure 11, where the experimental lift and drag coefficients obtained from Abbott and von Doenhoff19 are directly compared with the ones

obtained from XFOIL. The best agreement with the experimental results at the Rec = 3 · 106 is obtained by imposing a free transition model with

a Ncrit = 9 in XFOIL. Figure 11 shows a relatively good agreement between the experimental and the numerical data for this particular airfoil,

allowing using XFOIL for a more extended comparison with different angles of attack and with serrations. Because of the particular conformal

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
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FIGURE 11 Comparison between XFOIL and experimental results from Abbott and von Doenhoff for the airfoil without any trailing edge
extension at a Rec = 3 · 106

transformation that generate the NACA six-series airfoil, typically about 50% of the entire airfoil is covered with laminar flow at relatively high

Reynolds. This allows the creation of the low-drag region that can be appreciated in Figure 11. Although retaining optimal drag characteristics

for a large range of angles of attack, the transition from laminar to turbulent flow is abrupt (at a Cl of about 1). This effect is generally ascribed to

the vicinity of the pressure minimum of the airfoil to the transition point. The presence of a slight overprediction of the maximum lift coefficient

as well as an underprediction of the drag coefficient (for all angles of attack) is a common disagreement derived from the nonexact boundary

layer representation between XFOIL and experimental results.30 This last underestimation of the drag coefficient in the prestall regime has been

often reported as a main mismatch of the skin friction coefficient of the airfoil surface. Nevertheless, the main features corresponding to the drag

coefficient change due to transition and separation, the linear region of the lift coefficient in prestall conditions, and the cambered asymmetry

of the flow is well represented by XFOIL in comparison with the experimental data available from literature, allowing using the software for

validating the CFD simulations in the remainder section.

Figure 12 represents the computational Cl-Cd and the lift coefficient versus angle of attack curves pertaining to the turbulence model

Transition SST. In the same graphs, the results from the NACA 643418 with a split plate and with the serrated geometry are compared. It has to

be noted that a 3D computation of the airfoil with a split plate at the trailing edge has additionally been carried out. Since the results have been

found almost exactly the same as for its 2D counterpart (due to the two-dimensionality of the flow), that simulation has not been included in

the manuscript. In this figure, results from XFOIL have been included for validating the CFD case of the airfoil with a split plate. It is important

to remark that for all the simulated cases, the lift and drag coefficients are calculated using the chord of the original airfoil without including the

length of the plate or serrations.

From analysis of Figure 12, the main change of performance given by the serrated configuration with respect to a split plate consist of a change

of

• slope of the lift coefficient and

• drag profile location.

From the results obtained it can be assumed that the serration behave as a reduced flap of lower area. The change in slope of the lift coefficient

is indeed consistent with a finite extension of the airfoil camber proportional to the length of the serration. Such extension can also represent

the finite increase in drag due to the larger airfoil sectional area (ie, equivalent thickness per unit chord) seen by the flow. The same differences

between the 2D and 3D simulations have been appreciated for all turbulence models. Once adopting linear thin airfoil theory (TAT),31 the relation

between the airfoil lift without add-ons (Cla) and the one with installation of the split-plate (Clap) can be formalized by the following equations:

Cla = 2𝜋𝛼 + Cl0 (2)



402 LLORENTE AND RAGNI

FIGURE 12 Aerodynamic information of the 2D NACA 643418 with a split plate, 3D NACA 643418 with serrations both for the Transition SST
model and XFOIL simulations for the NACA 643418 with a split plate

Clap = 2𝜋𝛼(1 + l∕c) + 2𝜋𝛽l∕c + Cl0, (3)

where the lift coefficient is obtained as a function of the angle of attack 𝛼, the flap angle 𝛽 , the chord c, and the plate length l. For validating this

equation, a comparison between experimental data obtained from Abbott and von Doenhoff19 and results obtained from the previous equation

is presented. In Figure 13, the lift coefficient of different NACA airfoils with a flap length of 0.2 c and a flap angle of 60◦ is compared. In these

graphs, a good approximation of the lift coefficient for all the cases is presented.

Once the validity of the Equation 3 is proved using experimental data, the same methodology for obtaining the lift coefficient for the airfoil

with serrations Clas can be applied.

Clas = 2𝜋𝛼(1 + ls∕c) + 2𝜋𝛽ls∕c + Cl0 (4)

With Equation 4, it is possible to obtain an accurate estimation of the lift coefficient of an airfoil with serrations from the 2D results of the

airfoil with a split plate. For this purpose, a relation between the equivalent serration length and the plate length must be obtained. In Figure 14,

different lift coefficients calculated using Equation 4 with different equivalent serrations lengths have been compared with the CFD simulations.

Focus on the angles of attack ranging from 0◦ to 6◦ in which the TAT is more precise, it is clear that a reduced serrated length shows a better

agreement than the equivalent serrated area (ls = 1∕2 · l). Looking into Figure 14, it can be concluded that ls = 1∕8 · l is an adequate approximation

for calculating the serrated lift coefficient from the split plate data, although more simulations are recommended to extend its validity to other

airfoils and flap angles.

4.5 Effect of the turbulence modeling in the serration flow

In the previous section, a comparison of the 3D serrated airfoil and a 2D simplification was carried out. Although the performance results seem to

be rather similar with different turbulence models, previous studies have shown significant variations when comparing different computational

RANS-based methods for airfoil flows.32 In Figure 15, the polar data for the 3D serrated airfoil and for the 2D simplification are shown for each

turbulence model.

The lift coefficient is almost the same for the three turbulence models, the drag coefficient instead shows larger deviations especially when

comparing the Spalart–Allmaras and k-omega SST models (as in the previous sections, the lift and drag coefficients have been obtained using the

chord of the original airfoil without including the length of the plate or the serrations). More representative of the actual flow behavior is the
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FIGURE 13 Lift coefficient comparison between predicted and experimental data for different NACA six-digit airfoils

FIGURE 14 Lift coefficient for the NACA 643418 with serrations obtained from the thin airfoil theory with different serrations lengths and from
3D CFD simulations

Transition SST model, due to its intrinsic modeling of the laminar to turbulent transition of the boundary layer. While indeed the first two models

are modeling a fully turbulent flow at the current cell resolution, the last one simulates more accurately the boundary layer characteristics of the

airfoil in the linear angle of attack regime. It has to be noted that the Spalart–Allmaras model shows rather larger differences in the case of the

airfoil with a split plate, but these differences are smaller in the case of the serrated airfoil, the reason of this variance is the lower accuracy in

the prediction of the boundary layer size.

4.6 Influence of the flap angle

The effect of the mounting angle of the serration is here studied as a change of the flap angle of the geometry, angle between the

serration/split-plate geometry and the chord of the airfoil (𝛽). Three flap angles have been simulated for the present test case, namely, 2.5◦, 5◦,

and 10◦. For this analysis, TAT has been used as in the previous section. With this theory, the lift coefficient for the airfoil with serrations mounted
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FIGURE 15 Aerodynamic information of the 2D NACA 643418 with a split plate and 3D NACA 643418 with serrations for the three turbulence
models

FIGURE 16 Lift coefficient of the NACA 643418 with a split plate mounted at different flap angles obtained with the thin airfoil theory and with
CFD simulations

at different flap angles can be predicted following Equation 4. In this formula, an increase in the flap angle produces an upward displacement of

the lift curve maintaining the same Cl − 𝛼 slope.

In Figure 16, the lift coefficient for the airfoil with a split plate mounted at different flap angles obtained with the TAT and with CFD simulations

has been displayed (the lift coefficient has been calculated using the chord of the original airfoil without taking into account the length of the

plate). In this case, the same tendency is shown for both methods, but larger differences are presented for the CFD simulations. These differences

between methods might be caused by the simplifications made by the TAT. Higher differences in lift coefficient are expected from the CFD

simulations regardless of the turbulence model used.

Regarding the drag coefficient, only CFD simulations are presented because the TAT predicts zero drag force. As in the previous case, the

results are independent of the turbulence model. The same trend is observed in the Spalart–Allmaras, the k-omega SST, and the Transition SST

models. Focus on the Transition SST model, which is the most similar to reality, the drag coefficient curve for each flap angle has the same shape

but shifted along the angle of attack. In Figure 17, the drag coefficient for the different flap angles are displayed.

With this information, it is clear that there is a relation between the aerodynamic performance of the airfoil with serrations mounted at different

flap angles. It is possible to obtain the lift coefficient for different flap angles without repeating the CFD simulations using the Equation 4 based

on the TAT. This relation is dependent on the length, shape, and flap angle of the serrations so for extrapolating the results to other geometries,

more simulations should be done.
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FIGURE 17 Drag coefficient of the NACA 643418 with a split plate mounted at different flap angles obtained from CFD simulations (Transition
SST model)

5 CONCLUSIONS

A theoretical study on the NACA 643618 airfoil with serrated trailing edge extensions have been carried out to analyze the impact of these

devices on the aerodynamic performance of the original airfoil geometry. For this analysis, 2D and 3D RANS simulations using different turbulence

models have been performed. From these simulations, a prediction law for the lift coefficient of the airfoil with serrated trailing edge extensions

has been derived. With this equation, the lift coefficient of the serrated airfoil can be easily predicted. The aerodynamic forces of the airfoil have

been obtained from the simulations. Results show that the addition of trailing edge serrations changes significantly the aerodynamic performance

of the airfoil. Although slightly changes are observed on the lift coefficient, the drag coefficient is increased for the presence of the serrations.

The velocity profiles are also modified, and notable differences are observed between the flow on the root and tip position, showing an upwards

displacement of the dip position of the root flow due to the movement of the flow through the serrations valley. The analysis of the cross-flow

plane shows the presence of streamwise vortices emanating from the serrated edge. This three-dimensional flow and vortices influence the

turbulent energy decay at the wake region bringing down the turbulence level significantly compared with the original airfoil.

The analysis of the turbulence effect in the serrations flow has also been investigated. From this work, it is demonstrated that the impact

of the different turbulence models used are limited to the drag coefficient. The transition model shows lower-drag coefficient than the fully

turbulent because of the better modeling of the boundary layer flow, including the natural transition from laminar to turbulent. This more accurate

representation of the boundary layer allows for lower-drag values more similar to the experimental results than the fully turbulent. This study is

complimented with the analysis of the flap angle influence on the aerodynamic forces over the airfoil. The effect of this mounting angle on the

lift coefficient can be predicted with a derived law that shows and increment of the lift values as the flap angle is augmented.
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