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Abstract: The present research enhances the efficiency of an airfoil section from the DTU-10MW
Horizontal Axis Wind Turbine (HAWT) via Active Flow Control (AFC) implementation and when
using synthetic jets (SJ). The flow around two airfoil sections cut along the wind turbine blade and
for a wind speed of 10 m/s is initially simulated using the CFD-2D-RANS-Kω-SST turbulence model,
from where the time-averaged boundary layer separation point and the associated vortex shedding
frequency are obtained. On a second stage of the paper, and considering one of the two airfoil sections,
the boundary layer separation point previously determined is used to locate the SJ groove as well
as the groove width; the three remaining AFC parameters, momentum coefficient, jet inclination
angle, and jet pulsating frequency, are parametrically optimized. Thanks to the energy assessment
presented in the final part of the paper, the study shows that a considerable power increase of the
airfoil section can be obtained when attaching the former separated boundary layer. The extension
of the optimization process to the rest of the blade sections where the boundary layer is separated
would lead to an efficiency increase of the HAWT. The Reynolds numbers associated to the respective
airfoil sections analyzed in the present manuscript are Re = 14.088 × 106 and Re = 14.877 × 106, the
characteristic length being the corresponding chord length for each airfoil.

Keywords: computational fluid dynamics (CFD); active flow control (AFC); synthetic jet; boundary
layer; aerodynamic efficiency; parametric optimization

1. Introduction

The number of articles tackling Active Flow Control (AFC) applied to airfoils is rising
sharply [1–5]. The AFC technology basically consists of adding or subtracting momentum
to/from the main flow in order to interact with the boundary layer and delay its separation.
Its main advantage over passive flow control approaches is that it is not creating a drag
penalty in off-design conditions.

The different AFC techniques were divided by Cattafesta and Sheplak [6] into three
categories: (1) moving body actuators [7], (2) plasma actuators [8–11], and (3) fluidic actua-
tors (FA). From these three categories, FA are the only ones capable of generating large
momentum coefficients, and this is why they were chosen for the present research. In some
particular FA designs, the origin of the self-sustained oscillations was recently unveiled
in [12–14]. From the different FA, Zero Net Mass Flow Actuators (ZNMFA), also called
synthetic jet actuators (SJA), have the advantage of not requiring external fluid supply,
being particularly effective in controlling the separation of the boundary layer [15–18]. The
use of pulsating flow has the advantage of coupling with the boundary’s layer natural
instabilities and so being more energetically efficient [19–21]. In fact, in order to minimize
the energy required in AFC implementations, it is needed to somehow optimize the dif-
ferent parameters associated with each particular AFC application; nowadays, the most
common methodology employed to tune the AFC-associated parameters is a parametric
optimization, although the use of optimizers is increasingly accepted [22–24].
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Active Flow Control implementation in Vertical (VAWT) and Horizontal Axis Wind
Turbines (HAWT) is recently gaining momentum [1,5,25–32], although so far, the bases to
optimize the five AFC-associated parameters along the blade are not being established.
Among the different devices employed in AFC applications on (WT), synthetic jets (SJ)
appear to be particularly effective, as they combine the use of periodic forcing (blow-
ing/suction) with a sufficiently large momentum coefficient Cµ, which is defined as
Cµ = (hρjet(U2

j ) sin θ)/(Cρ∞(U2
∞)), where h is the jet width, ρjet and ρ∞ are the jet and far

field densities, respectively, Uj is the maximum jet velocity, C is the airfoil chord, U∞ is the
free-stream velocity, and θ is the jet inclination angle with respect to the adjacent surface,
a combination that appears to be particularly effective in delaying the boundary layer
separation. The non-dimensional frequency associated with periodic forcing is defined as
F+ = f C/U∞, with f being the boundary layer natural dimensional frequency.

A thorough experimental work employing SJ on wind turbine blade sections was
undertaken by [25], where it was established that AFC-SJ was capable of delaying airfoil
stall and proved that a significant reduction of wind turbine start-up velocity was possible.
In [26,33], SJ were employed to control the fluid flow vibration induced on turbine blades;
they observed that the boundary layer reattachment obtained when applying AFC was
having associated lower amplitude lift and drag dynamic coefficients and with it smaller
structural vibrations. The use of SJ to enhance the performance of VAWT was experimen-
tally addressed in [27]; they obtained a considerable reduction of the noise generated while
increasing the power generated by the turbine as well as its safety. Similar experimental
studies using SJ but on a VAWT S809 and a HAWT S809 airfoil were performed by [28]
and [31], respectively. The former study demonstrated that lift, drag, and pitching moment
hysteresis could be significantly reduced. In the later research they observed that a 10.6%
power input reduction to drive the rotor was achieved when a total of 20 SJA along each
blade were employed.

Due to the high cost associated with experimental studies and the increasing trustwor-
thiness of the computational simulations, the current tendency is to simulate the perfor-
mance of any device. In this direction are going the 2D-URANS numerical simulations on
VAWT performed by [1,29]. In both cases a straight-bladed WT was investigated, although
the second one was of Darrieus type. Three different SJ locations were investigated in
the later research, while in the former, not just the location but also the number of holes
of the SJ were considered. A net power increase was obtained in both investigations; a
power coefficient increase of 15.2% was obtained in [1]. A numerical investigation on
the S809-HAWT airfoil aerodynamic enhancement using SJ was undertaken by [30]. Lift
increase was observed for a wide range of injected flow angles. As previously performed
by [1], Wang et al. [32] placed the SJA at the airfoil trailing edge and numerically studied
the aerodynamic characteristics improvement on a straight-bladed VAWT. They evaluated
the performance of several configurations of dual synthetic jets actuators (DSJA) to improve
the power capacity of the WT and observed that the power coefficient could be increased
by 58.87% when the juxtaposition-type DSJA was used. One of the latest pieces of research
on AFC applications to HAWT with S809 airfoils is the one performed experimentally
by Maldonado et al. [5]. Two rotors with blade aspect ratios of 7.79 and 9.74 and having
20 SJA distributed along the span of each blade were analyzed at four different turning
speeds and three pitch angles. The rotor with a higher aspect ratio was found to be more
aerodynamically efficient, and thanks to the use of AFC, unsteady bending and unsteady
torsion could be reduced by 36.5% and 22.9%, respectively.

In all the research just presented on WT, the five AFC parameters—SJ position, width,
injection angle, frequency, and momentum coefficient—were chosen without performing a
previous optimization, which appears to be the necessary task if minimum energy for the
actuation is to be used. In fact, when aiming to optimize the different AFC parameters, the
following considerations gathered from previous investigations are needed.

When experimentally studying the flow control on the NACA-0025 airfoil at Re = 105

and AoA = 5◦, Goodfellow et al. [34] observed that the momentum coefficient was the
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primary control parameter. When analyzing the effect of jet position in controlling the
boundary layer separation [35], it was observed that the maximum effectiveness was ob-
tained when placing the jet groove close to the boundary layer separation point, either
downstream or upstream. The same observations were made by Amitay et al. [36] and Ami-
tay and Glezer [37] which observed that locating the actuator near the boundary layer
separation point, a lower momentum coefficient was needed to reattach the separated flow.
Furthermore, Feero et al. [38] observed that the required Cµ to reattach the boundary layer
was the lowest for excitation frequencies in the range of the vortex shedding frequency. The
same observation was made by Tuck and Soria [39] then they reported optimal actuation fre-
quencies of F+ = 0.7 and 1.3, the highest one being most effective in combination with an op-
timum momentum coefficient of Cµ = 0.0123. Kitsios et al. [40] conducted a LES study on a
NACA-0015 airfoil at Re = 8.96× 105 and noticed that the optimal pulsating frequency coin-
cided with the baseline shedding frequency ( fwake). This was also experimentally confirmed
by Buchmann et al. [41] and corroborated using (3D-DNS) by Zhang and Samtaney [42].
Numerical studies on the NACA-23012 airfoil at Re = 2.19 × 106 were performed by [43,44]
and concluded that maximum lift was obtained when F+ = 1, the jet was placed nearby
the boundary layer separation point, and tangential injection/suction was observed to be
particularly effective.

The numerical work performed in the present manuscript describes a novel methodol-
ogy based on parametric analysis optimization to maximize the aerodynamic efficiency of a
given airfoil section. The method is applied to an airfoil section belonging to the DTU10MW
Horizontal Axis Wind Turbine (HAWT). By considering the methodology here outlined
and extending it to all Wind Turbine (WT) airfoil sections where the boundary layer is
separated, the energy required to attach the boundary layer in all WT sections shall be
minimized, therefore maximizing the energy increase obtained by any WT. It is particularly
interesting to highlight that the attachment of the boundary layer along the blade span
not only increases the aerodynamic efficiency of the blade and the wind turbine power
but also decreases the downstream wake generated by the wind turbine. Many recent
studies [45–47] are analyzing the power loss suffered by wind turbines placed in wind
farms due to the wake generated by turbines located upstream; therefore, the wind turbine
wake reduction proposed in the present research may lead to a decrease of the distance
consecutive wind turbines can be located in wind farms as well as a power increase of wind
turbines placed downstream.

The remainder of the paper is structured as follows: The problem formulation, numer-
ical methods, and mesh independence study are presented in Section 2. Section 3 serves to
define the WT’s main characteristics and the airfoils selected to be simulated via CFD. The
baseline case study of the different sections, the complete parametric analysis of the chosen
airfoil, and the energy assessment are to be found in Section 4. The research performed is
summarized in Section 5.

2. Numerical Method
2.1. Governing Equations and Turbulence Model

The Navier–Stokes (NS) equations under incompressible flow conditions take the
following form:

∂ui
∂xi

= 0 (1)

∂ui
∂t

+
∂uiuj

∂xj
= −1

ρ

∂p
∂xi

+ ν
∂2ui

∂xj∂xj
(2)

As Reynolds number increases, the mesh and the associated time step NS equations
require drastic decreases in order to reach the Kolmogorov length and time scales, but
reaching such scales involves extremely large computational times; such simulations are
called Direct Numerical Simulations (DNS). Due to its drawbacks, nowadays DNS is just
used for research purposes and for relatively small Reynolds numbers. For highly turbulent
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flow and to obtain reasonably accurate results, turbulence models are still needed. The use
of Large Eddy simulation (LES) as a turbulence model is a very good option in 3D flows, yet
it still requires very fine meshes and large computational times; therefore, LES simulations
require supercomputers to shorten the computational time. As a result, simulations at large
Reynolds numbers still need to be performed using Reynolds Averaged Navier Stokes
(RANS) or URANS unsteady-RANS turbulence models. Their precision is not as accurate
as LES or DNS, but the computational time needed shortens drastically.

Under incompressible flow conditions, the only variables associated with the NS
equations are the pressure and the three velocity components, which are generically called
ϕ. In order to be able to apply URANS models, each variable from the NS equations needs
to be substituted by its average ϕ̄ and a fluctuation ϕ′ term.

ϕ = ϕ̄ + ϕ′ (3)

After the substitution, the resulting NS equations (considering just two dimensions)
take the following form:

∂ūx

∂x
+

∂ūy

∂y
= 0 (4)

∂ūx

∂t
+ ūx

∂ūx

∂x
+ ūy

∂ūx

∂y
= −1

ρ

∂p
∂x

+ gx +
1
ρ

∂

∂x

(
2µ

∂ūx

∂x
− ρ(ū′

x)
2
)
+

1
ρ

∂

∂y

(
µ

(
∂ūx

∂y
+

∂ūy

∂x

)
− ρu′

xu′
y

)
(5)

∂ūy

∂t
+ ūx

∂ūy

∂x
+ ūy

∂ūy

∂y
= −1

ρ

∂p
∂y

+ gy +
1
ρ

∂

∂x

(
µ

(
∂ūy

∂x
+

∂ūx

∂y

)
− ρu′

yu′
x

)
+

1
ρ

∂

∂y

(
2µ

∂ūy

∂y
− ρ(ū′

y)
2
)

(6)

It is now relevant to consider the concept of the apparent Reynolds stress tensor (τapp),
which comprises a symmetric matrix encompassing the time-averaged fluctuations in the
x, y, and z directions. It is important to observe that in the case of two-dimensional flows,
this matrix explicitly consists of four terms, whereas in three dimensions, it expands to a
3 × 3 symmetric matrix.

Some RANS turbulence models are based on solving the Navier–Stokes equations by
incorporating the concept of turbulence viscosity (µt), which can be mathematically imple-
mented into the momentum equations described above using the subsequent definition
(called the Boussinesq hypothesis):

µt =
−ρu′

xu′
x

2
∂ūx

∂x

=
−ρu′

yu′
y

2
∂ūy

∂y

=
−ρu′

xu′
y

∂ūx

∂y
+

∂ūy

∂x

(7)

The X and Y momentum terms of the NS equations can therefore be expressed as
follows:

∂ūx

∂t
+ ūx

∂ūx

∂x
+ ūy

∂ūx

∂y
= gx −

1
ρ

∂p
∂x

+
1
ρ

∂

∂x

(
2(µ + µt)

∂ūx

∂x

)
+

1
ρ

∂

∂y

(
(µ + µt)

(
∂ūx

∂y
+

∂ūy

∂x

))
(8)

∂ūy

∂t
+ ūx

∂ūy

∂x
+ ūy

∂ūy

∂y
= gy −

1
ρ

∂p
∂y

+
1
ρ

∂

∂x

(
(µ + µt)

(
∂ūx

∂y
+

∂ūy

∂x

))
+

1
ρ

∂

∂y

(
2(µ + µt)

∂ūy

∂y

)
(9)

We have chosen to use the k-ω SST turbulence model, which relies on using the k-ω
model near the wall, the k-ϵ model far away from the object, and a blending function
between these two. Mathematically, µt is calculated as follows:

µt =
ρk
ω

−→


ρ : density
k : turbulent kinetic energy
ω : turbulent kinetic energy specific dissipation rate

(10)
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As stated, this model is a two-transport equation model in order to solve k and ω. The
transport equations used to define each parameter are as follows:

D(ρk)
Dt

= τij
∂ui
∂xj

− β∗ρkω +
∂

∂xj

[
(µ + σkµt)

∂k
∂xj

]
(11)

D(ρω)

Dt
=

γ

νt
τij

∂ui
∂xj

− βρω2 +
∂

∂xj

[
(µ + σωµt)

∂ω

∂xj

]
+ 2ρ(1 − F1)σω2

1
ω

∂k
∂xj

∂ω

∂xj
, (12)

where the turbulent stress tensor τij is defined as

τij = µt

(
∂ui
∂xj

+
∂uj

∂xi
− 2

3
∂uk
∂xk

δij

)
− 2

3
ρkδij (13)

The SST model combines the constants of the k-ω and k-ϵ turbulence models, defined
as ϕ1 and ϕ2, respectively, using a blending function F1, which depends on the distance of
the first cell to the wall. The generic values taken by the different constants ϕ are blended
as follows:

ϕ = F1ϕ1 + (1 − F1)ϕ2, (14)

where F1 is the blending function defined as

F1 = tanh
(
(arg1)4

)
, (15)

being the argument arg1 given by

arg1 = min

(
max

( √
k

0.09ωy
,

500ν

y2ω

)
,

4ρσω2k
CDkωy2

)
. (16)

The constants ϕ1 and ϕ2 employed by the corresponding turbulent model are hav-
ing the following values: σk1 = 0.85, σω1 = 0.5, β1 = 0.075,β∗ = 0.09, κ = 0.41,
γ1 = β1

β∗ − σω1κ2/
√

β∗. σk2 = 1.0, σω2 = 0.856, β2 = 0.0828, γ2 = β2
β∗ − σω2κ2/

√
β∗.

For an in-depth understanding of the proposed k-ω SST turbulence model, the reader
should refer to [48,49].

2.2. Non-Dimensional Parameters

Reynolds Number
The Reynolds number is defined as the ratio of inertial to viscous forces. Mathemati-

cally, it is expressed as follows:

Re =
ρurelC

µ
(17)

where urel is the relative velocity, C the chord length, and µ the fluid absolute viscosity.
Aerodynamic Coefficients
The most common aerodynamic coefficients are the lift Cl and drag Cd ones, which

are mathematically expressed as follows:

Cl =
L

1
2

ρu2
relC

Cd =
D

1
2

ρu2
relC

(18)

L and D represent the lift and drag forces, respectively.
The aerodynamic efficiency is the ratio between the lift and drag coefficients:

η =
Cl
Cd

(19)
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Pressure Coefficient
It characterizes the relative pressure field (p − p∞) along the body.
It is mathematically expressed as

Cp =
p − p∞
1
2 ρu2

rel

(20)

where ((1/2)ρu2
rel) is defined as the dynamic pressure.

Friction Coefficient
The friction coefficient, also known as the skin friction coefficient or tangential friction

coefficient, evaluates the frictional force per unit area τw acting on a surface in contact with
the fluid.

C f =
τw

1
2 ρu2

rel

(21)

Momentum Coefficient
It represents the momentum associated with the jet divided by the incoming fluid

momentum. According to reference [34], Cµ is the primary AFC parameter. Mathematically
it is expressed as follows:

Cµ =
h
(
ρu2

max
)

sin θjet

C
(
ρu2

rel
) (22)

where (h) is the jet width, (umax) is the maximum jet velocity, and (θjet) is the jet inclination
angle with respect to the airfoil surface.

Forcing Frequency
The forcing frequency, given as a non-dimensional number, is defined as follows:

F+ =
f
f0

(23)

where f is an arbitrary frequency and f0 is the vortex shedding frequency (the frequency at
which vortices are shed from the airfoil).

Courant–Friedrichs–Levy Number
The Courant number, often denoted as CFL, quantifies how the numerical scheme/setting

correctly captures the propagation of the information in the flow due to its velocity. Mathe-
matically, it is defined as the fluid velocity measured at any given mesh cell multiplied by
the simulation time step and divided by the mesh cell length scale (∆x).

CFL =
u∆t
∆x

(24)

For time-dependent simulations, the Courant number is an important parameter in order
to ensure the stability of the system, and it is recommended to keep it below 1.

Dimensionless Wall Distance
The dimensionless wall distance y+ represents the distance from the wall to the first

mesh cell, y, normalized by a characteristic velocity uτ and the relative viscosity of the fluid
ν. Mathematically, it is expressed as follows:

y+ =
uτy

ν
(25)

where uτ is the friction velocity, defined as

uτ =

√
τw

ρ
(26)
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2.3. Numerical Domain and Boundary Conditions

For computational domains relatively small in respect to the bluff-body characteristic
length, the flow around the bluff-body is affected by the boundary conditions defined at the
boundaries. Conversely, if the domain is chosen to be too large, there may be excessive mesh
cells, resulting in longer computational times and poor simulation efficiency. Therefore, it
is crucial to choose an appropriate domain size that balances the need for accurate results
with computational efficiency.

Based on the previous research undertaken by [22,24,50], the computational domain
employed in the present research has the following dimensions: 10C from the domain inlet
to the airfoil leading edge, 15C from the trailing edge to the domain outlet, and 10C from
the body surface to both the upper and lower limits of the domain, C being the airfoil chord;
see Figure 1.

Figure 1. Schematic view of the meshing domain within its general dimensions.

Two points, P and Q, delimiting the inlet and outlet boundaries, have been imple-
mented in Figure 1. The outlet boundary extends from P to Q in a clockwise direction,
and from P to Q in a counterclockwise direction is to be found the inlet boundary. The
curvilinear shape of the domain at the inlet has been selected to facilitate the simulation of
various angles of attack without altering the mesh geometry. It should be noted that the
airfoil has been horizontally positioned, and by adjusting the inlet velocity components,
any required angle of attack can be obtained. This approach not only allows flexibility in
the simulation but also ensures that the mesh remains consistent throughout the analysis.

The present research focuses on simulating external aerodynamics with transient
turbulent flow (aerodynamic forces change over time) and at large Reynolds numbers of the
order of O(107). Additionally, the angle of attack is relatively high for the two baseline case
sections studied, which, particularly for the section placed nearest the blade root (Section 54
of the DTU-10MW-HAWT), is expected to produce the separation of the boundary layer at
some point along the chord, generating the corresponding vortical structures and vortex
shedding. Moreover, since the relative velocity in both sections studied does not exceed
the incompressible flow limit, which is commonly accepted as M < 0.3, the flow will be
considered as incompressible across the entire study. The flow solver contained in the
OpenFOAM package, which fulfills the needs for the present research, is PisoFoam (Pressure
implicit with splitting operator). This solver is particularly well suited for simulating
unsteady turbulent flow and is widely used in aerodynamic simulations due to its accuracy
and efficiency.

Section 54 with a wind speed of 10 m/s was chosen to perform the mesh independence
study. Notice that the Reynolds number is almost the same in both sections, and the angle
of attack is much larger in this particular one. The main data relative to the two sections
studied, Sections 54 and 81, are presented in Table 1, which includes the airfoil type, the
radius versus the turbine main axis, the section number, the chord length, the Reynolds
number, the angle of attack, and the relative velocity, which is the vectorial magnitude
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obtained from the combination of the wind and turning speeds and when considering the
axial (a) and angular (a’) induction factors. Figure 2 introduces the approximate location of
the two sections under study as well as their respective profile.

Table 1. Main characteristics of the two sections studied (Sections 54 and 81).

Airfoil Type FFA-W3-301 FFA-W3-301
Radius (z) 31.42 m 53.43 m

Section Number (N) 54 81
Chord length (c) 6.06 m 4.44 m

Reynolds number (Re) 14.08 × 106 14.87 × 106

Angle of Attack (α) 17.79 deg. 10.01 deg.
Free-stream velocity (urel) 34.40 m/s 49.61 m/s

Figure 2. Three-dimensional view of the DTU10MW blade with the two sections studied.

The different boundary conditions employed to simulate section 54, regardless of the
mesh density considered, are outlined in Table 2. It’s worth noting that these specific values
are based on the k-ω SST turbulence model, aligned with the corresponding chord length
and a turbulence intensity at the inlet of 0.1 % and according to [48,49]. In this paper, all
simulations were performed using air at sea level based on the International Standard
Atmosphere (ISA). The two relevant air parameters, density and kinematic viscosity, are
summarized in Table 3.

Table 2. Summary of the boundary conditions for the baseline case. Section 54 at u∞ = 10 m/s.
The different parameters represent the turbulence kinetic energy k (m2/s2), the turbulence specific
dissipation rate ω (s−1), the turbulence kinematic viscosity νt (m2/s), the pressure P (Pa), and the
incoming fluid relative velocity urel (m/s).

Simulation Parameters

k (m2/s2) ω (s−1) νt (m2/s) P(Pa) urel (m/s)

Inlet 1.78 × 10−3 6.95 × 10−3 2.25 × 10−1 zeroGrad. ux = 32.75; uy = 10.51

Outlet zeroGrad. zeroGradient zeroGradient 0 zeroGrad.

Front and back empty empty empty empty empty

Wall 10−20 ohmegaWallFunc.
value 10−5

nutLowReyWallFunct.
value 0 zeroGrad. 0

Table 3. Density and kinematic viscosity values at sea level and according to ISA conditions.

Density (ρ) 1.225 kg/m3

Kinematic Viscosity (ν) 1.48× 10−5 m2/s
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2.4. Mesh Assessment

The blade considered in the present research is the DTU-10MW offshore HAWT and
consists of six different airfoil types, which, seen from the central axis to the blade tip,
see Figure 3, are FFA-W3-600; FFA-W3-480; FFA-W3-360; FFA-W3-301; FFA-W3-241; and
NACA0015. Note that DTU implemented a Gurney flap at the trailing edge of the FFA-
W3-600 airfoil type, so in terms of meshing, this modification must be considered. The
mesh independence study was performed using Section 54, which belongs to the FFA-W3-
301 airfoil type. For a wind speed of 10 m/s, the Reynolds number associated with this
section is Re = 14.08 × 106, and considering the angle of attack associated, boundary layer
separation is expected to occur.

Figure 3. Blade diagram with the different airfoil profiles along the blade span.

For the FFA-W3-301 airfoil family, a C-type body-fitted structured mesh has been
chosen for the region close to the airfoil. The C-type mesh comprises a curvilinear line
surrounding the solid geometry, which is closed on the leading edge of the airfoil but open
on the trailing edge. The region between the airfoil and the C-line is where the structured
mesh is allocated; this region is usually called the “halo.” The halo thickness employed in
the present research and measured perpendicular to the airfoil surface is about 3.2% of the
chord; this value was kept constant for the two airfoils considered. A general view of the
computational domain with the hybrid mesh employed is presented in Figure 4a. A zoomed
view of the structured mesh zones at the airfoil’s leading and trailing edges is presented
in Figure 4b, where the details of the mesh at the trailing edge are observed. A small,
rectangularly structured domain has been employed at the trailing edge region to properly
capture the vortical structures due to possible flow detachment. The remaining portion of
the computational domain has been designated with a non-structured mesh; see Figure 4a.
This choice is rooted in the understanding that a certain level of reduced accuracy in regions
distant from the airfoil surface is acceptable. Furthermore, opting for a hybrid mesh enables
a more favorable balance between computational efficiency and accuracy of the results.
Notwithstanding this, a heightened cell density has been strategically implemented in the
vicinity of the airfoil to attain the desired level of precision.

The implementation of the AFC technology using synthetic jets (SJ) requires the
modification of the mesh in the location where the SJ is to be implemented. Figure 5b
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presents a zoom view of the mesh around the SJ, and Figure 5a introduces the main
SJ-associated parameters that will be tuned via the corresponding parametric optimization.

(a) Overall view (b) Zoomed views

Figure 4. Full view of the mesh in the computational domain (a), zoomed view of the structured
mesh in the leading ((b) top) and trailing ((b) bottom) edges for FFA-W3-301 airfoil type.

(a) (b)

Figure 5. Synthetic jet position and associated parameters (a). Detailed view of the AFC mesh
implementation in Section 54. (b)

To ensure maximum accuracy in the simulated results, a thorough investigation of
the mesh density is required, particularly in the halo region near the airfoil surface where
the boundary layer develops and it is likely to separate. In this region, a drastic velocity
and shear stress evolution in the normal direction to the airfoil surface is to be expected.
Due to the lack of prior experimental investigations considering the Reynolds number and
the airfoil type chosen and noting that the previous numerical investigations performed
by reference [51] presented the time-averaged value for Cl and Cd, a mesh independence
study was performed to ensure a dissociation between mesh resolution and the outcomes
produced, thus establishing a robust foundation for further analysis. The assessment for
mesh independence involves generating four distinct meshes, all sharing identical overall
geometries (depicted in Figure 4a), while varying the targeted y+ values. For the purpose
of result validation, the approach chosen involves examining the time-averaged Cl and Cd,
as well as the distributions of Cp and C f along the chord for each mesh resolution. This
comparative study seeks to identify the y+ value at which substantial result deviations
are absent.
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The simulations carried out encompassed a 28 s duration, wherein the average lift and
drag coefficients were derived from a sampling window spanning the concluding 8 s of the
simulation. The numerical outcomes of the averaged aerodynamic coefficients, coupled
with the corresponding relative error denoted as ErrorCl in percentage and versus the value
obtained by [51], are presented comprehensively in Table 4. The number of cells used for
each mesh, the minimum and maximum y+ at the airfoil surface, the airfoil efficiency η, as
well as the boundary layer separation point denoted as xs/C, are presented in the same
table. Upon careful examination, it becomes evident that as the maximum y+ is reduced,
the error in the lift coefficient drastically drops, becoming negligible between the two
finest meshes. For instance, the discrepancy stands at 4.45% between the Cl obtained for
maximum y+ = 4.29 and the value obtained by [51]; such discrepancy is reduced to 2.51%
when comparing the reference value and the one obtained in meshes C and D. It is relevant
to note that meshes C and D generate identical results for Cl and for the boundary layer
separation xs/C, and minor discrepancies are observed in the Cd values generated by these
two meshes. A discrepancy of around 32% is observed when comparing the reference Cd
with the one obtained in mesh C; this large discrepancy is understood when noting that the
airfoil chord used in reference [51] was the unity, the Reynolds number being Re = 107. In
the present study, the chord associated with Section 54 is 6.2 m, and the Reynolds number
is 12.7× 106, therefore clarifying why the drag coefficient, is a bit larger in the present study.
Considering the notable accuracy achieved by Mesh C and the manageable computational
time entailed in its simulation, it has been judiciously chosen as the preferred candidate for
subsequent simulations.

Table 4. Time-averaged aerodynamic coefficients for different meshes at wind speed = 10 [m/s]. The
different columns respectively represent the mesh name, the number of cells of the respective mesh,
the minimum and maximum y+ values, the lift coefficient, the error versus the one obtained by [51],
the drag coefficient, and the aerodynamic efficiency.

Mesh Ncell Min y+ Max y+ xs/C Cl Cl Error [%] Cd η(Cl /Cd)

A 100K 0.513 4.29 0.39 1.5312 4.45 0.11975 12.79
B 172K 0.169 0.98 0.41 1.5408 3.85 0.11881 13.04
C 191K 0.064 0.71 0.42 1.5623 2.51 0.10625 14.71
D 215K 0.039 0.49 0.42 1.5623 2.51 0.09985 15.64
[51] 1.6025 - 0.08 20.03

For a visual and perhaps more precise comparison of the outcomes, an illustrative
representation has been generated to showcase the variation in pressure and friction co-
efficients across the chord length and for the four distinct tested meshes, as exhibited
in Figure 6a,b. Examining the pressure distribution over both the upper and lower sur-
faces of the airfoil reveals a remarkably uniform behavior across all the meshes. Notably,
there exists a consistent and gradual pressure recovery on the upper surface. The sole
discernible divergence in pressure coefficients among all the meshes manifests near the
1.5 m = x/C = 0.24 mark along the chord. Nevertheless, the graph depicting Cp presents
a strikingly analogous pattern for all the meshes. In the realm of the friction coefficient
graph, as depicted in Figure 6b, distinctions emerge among the meshes. Notably, the lower
y+ meshes, namely Mesh A and B, exhibit some variations in the boundary layer separation
point, xs/C. Conversely, Mesh C closely mirrors the C f trends observed in Mesh D, aligning
with the minor errors observed in the averaged aerodynamic coefficients. This alignment
renders Mesh C the optimal selection for future simulations.
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(a) (b)

Figure 6. Pressure (a) and friction (b) coefficients comparison for the four meshes evaluated in
Section 54.

3. Main Parameters Definition of the DTU 10MW RWT

In order to increase the accuracy of the 2D-CFD simulations, it is important to consider
the flow’s three-dimensional effects over the airfoil section under study. Two induction
factors, axial (a) and tangential (angular) (a′), which consider some flow three-dimensional
effects, are used to more precisely calculate the axial and radial velocities for 2D simula-
tions [52]. The decrease in streamwise velocity from the free-stream conditions to the rotor
plane is called the axial velocity deficit, and the fraction by which it is reduced is called
the axial induction factor (a). The tangential induction factor (a′)considers the increase
of the tangential speed in the rotor plane. Figure 7 introduces the typical velocity and
force components acting on a generic HAWT airfoil, and considering the corresponding
induction factors, the main angles associated are also depicted. The aerodynamic forces
(lift and drag) are decomposed into radial and tangential directions. For the present study,
the values of the induction factors corresponding to each of the two airfoil sections studied,
Sections 54 and 81, were obtained from [53].

Figure 7. Wind, rotor velocities, and forces on a generic blade section.

Additionally, for the computation of essential metrics such as net force, torque, angle
of attack, and relative wind speed for each blade section, as described by Formulas (27)–(30)
from [54,55], the framework necessitates the establishment of two distinct angles. These
angles serve as pivotal factors in the analytical processes. The initial angle, referred to as
θ, corresponds to the angle formed between the section chord and the plane of rotation,
designated as the section twist angle. This angle, which is different for each section, is
defined in the design process of each HAWT and cannot be modified. In fact, and in order
to obtain the maximum power for each given wind speed, HAWT traditionally uses the
blade pitch angle, not depicted in Figure 7; note that the pitch angle is constant for all
blade sections and just depends on the wind speed. For the present DTU10MW RWT,
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when the wind speed is 10 m/s, the pitch angle is zero. Lastly, the other angle that plays a
crucial role in the calculations is labeled as φ and characterizes the inflow angle. This angle
quantifies the divergence between the relative wind speed of each blade section and the
plane of rotation, as delineated in Figure 7. Notice that the angle of attack (AoA) is given as
α = φ − θ.

Based on the information just presented, the relation between the relative velocity urel ,
the free stream velocity u∞, and the tangential one Ωr, r being the section (airfoil) radius
and Ω standing for the wind turbine turning speed, is given as Equation (27).

urel =

√
(Ωr(1 + a′))2 + (u∞(1 − a))2 (27)

The equation defining the angle of attack (given in degrees) for any blade section takes
the following form:

α = arctan
(

urel(1 − a)
Ωr(1 + a′)

)
· 360

2π
− θ (28)

For a given section, the resultant force acting on the rotor plane direction (T) and the
force acting in a plane perpendicular to it (N), are expressed as.

T =
1
2

Cρu2
rel(Cl sin φ − Cd cos φ) (29)

N =
1
2

Cρu2
rel(Cl cos φ + Cd sin φ) (30)

From Equation (29), several insights can be derived regarding the significance of lift
and efficiency across different parts of the blade: when dealing with high inflow angles
at the root region (close to 90 deg.), the contribution of the lift coefficient becomes more
significant than that of drag in torque generation. Conversely, at the tip, the drag coefficient
(and hence the aerodynamic efficiency) plays a more prominent role, making it crucial
to enhance efficiency in this region. Based on the Angles of Attack (AoA) associated
with each section and the aerodynamic data provided by reference [56], it is estimated
that approximately 40% of airfoils will experience separated flow at a wind speed of
10 m/s, making it a good regime for enhancing the aerodynamic capabilities via AFC
implementation. It should be noted that other wind velocities also have a high number of
airfoils in post-stall conditions, which opens a door into improving the WT efficiency and
power generated.

4. Results
4.1. Baseline Case Results Summary

Delving into the results of the baseline case simulations, it will initially present the
numerical values encompassing the time-averaged lift Cl and drag Cd coefficients, the peak-
to-peak (PTP) variations of the parameters PTPCl and PTPCd , the aerodynamic efficiency η,
the non-dimensional boundary layer separation points xsep/C, and the dimensional vortex
shedding frequencies f0. For the specific numerical values already mentioned, the reader
should refer to Table 5, where the comparison of the lift and drag coefficients obtained from
previous research work [51,53] is also presented.

From the data presented in this table, several key insights can be gleaned about the
behavior of the blade’s middle sections at moderate wind speeds. It becomes evident
that they share common traits such as a heightened lift-to-drag ratio and rather small
peak-to-peak oscillation magnitudes. Furthermore, it is noteworthy that the oscillation
frequencies remain relatively subdued for Section 54, whereas for Section 81, and due to the
fact that there is no boundary layer separation, small vortical structures are just appearing
at the airfoil trailing edge, the oscillations occur at a much more rapid rate. The comparison
of the lift coefficient of Sections 54 and 81 with previous reference values shows errors of
7.5% and 1.6% versus the ones given in reference [53]; respectively, such Cl discrepancies
are of 2.5% and 16% when compared with the respective values obtained in [51]. As already
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presented in Table 4, the Cd error versus the present Section 54 and the results from [51] is
of around 32%, this error being of 330% when compared with [53]. The already reported
differences in chord length and Reynolds number between the present research and the
one from [51] clarified the origin of the discrepancies. To understand the origin of the Cd
discrepancies versus the 3D results presented by [53], it needs to be noted that in their
research no boundary layer separation was observed in this particular section, probably due
to the much coarser mesh they used; then their reported y+ was around 2, while it is around
0.7 in the present simulations. Note as well the large discrepancies in the lift and drag
coefficient values presented in these two [51,53] references, therefore indicating that much
more accurate simulations are needed to properly determine the boundary layer dynamics
as well as the force coefficients; the present research is a small step in this direction.

In order to have an illustrative overview of the data presented in Table 5, Figure 8
provides the time-averaged of the streamlines at the upper surface of the two airfoils
studied as well as the time-averaged of the pressure fields. The location where the fluid has
a maximum acceleration, the area where time-averaged pressure is minimum, is almost
the same for both sections. The vortical structures forming on top of Section 54 and its
associated boundary layer separation point can now be clearly seen. The very small vortical
structures having a frequency of around 28.8 Hz are not spotted from the view presented
of Section 81. Yet this information is obtained from the Fast Fourier Transformation (FFT)
of the dynamic lift signal.

(a) Section 54

(b) Section 81

Figure 8. Velocity fields given as time-averaged streamlines and time-averaged pressure fields for
Sections 54 and 81.

Table 5. Summary of the main parameters of the baseline case simulations at a wind speed of 10 m/s.
Including the averaged aerodynamic coefficients, the PTP values, the separation point, and the vortex
shedding frequency.

Ref. Section Cl Cd η = (Cl /Cd) PTPCl PTPCd xsep/c f0(Hz)

Present
54

1.5623 0.10625 14.71 0.281 0.104 0.423 7.1
[51] 1.6025 0.08 20.03
[53] 1.45273 0.02467 58.88

Present
81

1.2097 0.0296 40.86 0.0038 0.0011 - 28.8
[51] 1.45 0.016 90.62
[53] 1.23 0.014 87.85
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Delving into the post-processing graphs, Figure 9a,b present the pressure and friction
coefficients comparison for the two sections studied, from where it is seen that a high lift
coefficient is directly linked to a large pressure coefficient below the airfoil and a particularly
low pressure coefficient on the airfoil upper surface. In Section 54, there is a pronounced
suction peak on the upper surface near the leading edge, followed by a rapid pressure recovery
and subsequently, a nearly constant value of Cp. This observation suggests a potential flow
separation near that particular location. The friction coefficient becomes negative once the
boundary layer is separated, and the pressure on the airfoil upper surface approaches the
atmospheric one. The pressure coefficient distribution for Section 81 also includes a high
suction peak at early chord coordinates followed by a smooth pressure recovery, which
appears to point out that no flow separation is to be expected. The friction coefficient also
shows a smooth decrease along the airfoil chord but does not become negative.

(a) (b)

(c) (d)

Figure 9. Post-processing results for Sections 54 and 81. Pressure coefficient distribution along
upper and lower airfoil surfaces (a). Tangential friction coefficient distribution along airfoils upper
surfaces (b). Mean velocity distribution tangent to the airfoils upper surfaces and as a function of the
normalized wall normal distance (c). Fast Fourier Transform (FFT) of lift coefficients (d).

The velocity field tangent to the airfoil surface, as well as the FFT of the dynamic
lift coefficient for both sections, are introduced in Figure 9c and 9d, respectively. As
discussed previously, when the friction coefficient reaches a null value at a certain point
along the airfoil surface, it indicates flow separation. This phenomenon is illustrated in
Figure 9b, where the friction coefficient of Section 54 is observed to intersect the 0 value at
an x coordinate of 2.566 m from the leading edge. In contrast, the C f of Section 81 is not
showing any x-axis crossing, indicating there is no flow separation. The boundary layer
separation point is further seen in Figure 9c, where the velocity distribution tangential to
the airfoil surface is shown along the chord; notice that the velocity field is already negative
nearby the wall at a position x/c = 0.5 and further downstream, as previously observed
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in Figure 9b. Finally, Figure 9d presents the vortex shedding frequency read from the lift
coefficient. Notice that, as expected, when the boundary layer is separated, the vortex
shedding frequency associated is much smaller, Section 54, than when the separation occurs
at the airfoil trailing edge, Section 81.

4.2. Airfoil Section Chosen for the AFC Implementation

From the two sections analyzed, only Section 54 presents flow separation; this section is
therefore chosen for AFC implementation via a parametric analysis. AFC is capable of reducing
drag and increasing lift forces; its implementation shall generate a reduction in aerodynamic
loads on the blade’s downstream direction while increasing the torque generated.

The placement of the AFC groove is based on previous research works [35–37], where it
was concluded that the optimum location for the groove was in the vicinity of the boundary
layer separation point. Which for the chosen section occurs at x = 2.566 m, x/C = 0.423
(approximately 42 % of the airfoil’s chord). As defined in Equation (22), the groove width is
directly related to the jet momentum coefficient. For the present study, a width of h = 0.5 %
of the airfoil chord was selected, a dimension widely accepted in the literature [23,24,50].
In the present parametric study, jet position and jet width were kept constant across the
entire set of CFD simulations; therefore, the remaining three AFC parameters, momentum
coefficient, jet inclination angle, and jet pulsating frequency, are the ones to be optimized.
The parametric optimization employed consists of maintaining constant the jet inclination
angle and jet pulsating frequency while changing the jet momentum coefficient until
obtaining the maximum efficiency of the airfoil. The optimum value of the momentum
coefficient, as well as the previous value of the jet frequency, will be kept constant on the
second step of the process; different values of the jet inclination angle are evaluated until
obtaining the one generating the maximum airfoil efficiency. On the final stage of the
process, the changing variable will be the jet pulsating frequency.

To perform the parametric study, it is needed to modify the existing baseline mesh of
Section 54, implementing a slot in the upper surface of the airfoil upwind of the separation
point (x/c = 0.4), as depicted in Figure 5a. A zoomed view of the mesh implemented in
the vicinity of the jet groove has been previously introduced in Figure 5b.

4.3. Momentum Coefficient Cµ Optimization

Synthetic jet actuators (SJA) generate zero net mass flux, which means that the mass
flow through the AFC groove must be equal during both the suction and blowing phases. In
order to achieve this statement, the time-dependent velocity profile for the AFC simulations
is often chosen to be a sinusoidal trigonometric function, which is usually expressed as

ujet(t) = umax · sin(2π f · t) (31)

where f is the synthetic jet actuation frequency, umax is the maximum SJ outgoing/incoming
velocity, and t is the time.

Based on previous studies [39–44], for optimum performance, the synthetic jet actua-
tion frequency should be the same as or a multiple/submultiple of the vortex shedding
one. This is why in our parametric analysis we will initially set the SJ pulsating frequency
constant and equal to the vortex shedding one, which was f0 = 7.1 Hz. The second pa-
rameter which will be initially kept constant is the jet inclination angle. A reasonable
initial guess would be to inject the flow almost tangentially to the airfoil surface, taking
advantage of the Coanda effect [57]. Thus, by injecting the pulsating flow tangentially to
the airfoil surface, the Coanda effect can help to maintain the incoming flow attached to the
airfoil. Based on several previous studies [22,23], we have decided to start the parametric
analysis, maintaining a constant 10-degree SJ injection angle. At this point, four AFC
parameters are initially set, and the parametric optimization starts via evaluating the effect
of the momentum coefficient on the flow dynamics. The relation of the maximum velocity
amplitude (umax) and the momentum coefficient can be extracted from (22). According
to [43], relatively low momentum coefficients for AFC at high Reynolds numbers can lead
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to improvements in the aerodynamic forces of airfoils. Kim and Kim [43] numerically
investigated flow separation control with SJAs on a NACA23012 airfoil at Re = 2.19 × 106,
and they found that as momentum coefficient increased, lift improvement in comparison
to the one obtained at small Cµ decreased. Moreover, to prevent reaching compressible
flow effects on the groove exit, Cµ should be kept low. Therefore, momentum coefficients
ranging between Cµ = 0.0001 and Cµ = 0.01 have been selected as an initial guess for the
present application.

Table 6 presents a comprehensive overview of the AFC simulations for all Cµ evaluated
as well as for the baseline case, offering numerical insights into the averaged lift and drag
coefficients, aerodynamic efficiency, and peak-to-peak values for lift and drag coefficients.
Notably, the data reveal that the momentum coefficient yielding the highest lift force is
Cµ = 0.007, the drag being particularly small under these conditions. Significantly, it is
observed that there is a reduction in the amplitude of lift and drag coefficient oscillations
when compared with the baseline case. It’s worth noting that for the iterative process involving
the momentum coefficient, this reduction isn’t exceptionally pronounced; however, it can
be deduced that, especially for high lift coefficients and low drag coefficients (i.e., high
efficiencies), there is a slight decrease in the PTP values when compared with lower efficiency
scenarios. In conclusion, it can be affirmed that delaying the boundary layer results in lift
enhancement and drag reduction, accompanied by a dampening of the fluctuations of lift and
drag forces.

Table 6. Time-averaged Cl , Cd, η and peak-to-peak PTPCd , PTPCd aerodynamic values obtained for
the different Cµ considered. Jet inclination angle (θjet = 10 deg.), forcing frequency (F+ = 1), groove
width h = 0.005C, and groove position x/C = 0.4. For comparison, the baseline case values are
presented in the last row. (Red color indicated the optimum values).

Cµ Cl Cd η PTPCl PTPCd

0.0001 1.947 0.073 26.678 0.122 0.047
0.0003 1.926 0.087 22.169 0.154 0.063
0.0005 2.000 0.089 22.550 0.244 0.095
0.0007 2.006 0.086 23.279 0.237 0.091
0.001 2.203 0.068 32.299 0.222 0.082
0.003 2.305 0.050 46.342 0.188 0.075
0.005 2.352 0.048 48.982 0.160 0.064
0.007 2.450 0.050 48.712 0.144 0.046
0.01 2.269 0.069 33.084 0.086 0.039

BCS S54 1.562 0.106 14.71 0.281 0.104

To gain further insight into the relationship between the lift coefficient and the momen-
tum coefficient, Figure 10a is presented. The graph illustrates that at very low momentum
coefficients, the jet fails to inject sufficient energy into the boundary layer, and the BL is
likely to remain separated. As the momentum coefficient increases, the jet becomes more
effective in energetically injecting air; a delay in the boundary layer separation is to be
expected under these conditions. However, at excessively high momentum coefficients,
where the jet velocity is very high, boundary layer tripping is likely to occur, and the
boundary layer separation is promoted. The drag coefficient graph, Figure 10b, reveals a
minimum value at Cµ = 0.005, but it is followed by a slightly larger Cd value for Cµ = 0.007.
In terms of aerodynamic efficiency, Figure 10c demonstrates that the maximum efficiency
is achieved at Cµ = 0.005. This reinforces the selection of the momentum coefficient that
yields maximum lift (Cµ = 0.007), as it also exhibits a high efficiency, almost the same as the
one obtained with Cµ = 0.005. Note that the respective peak-to-peak values for Cl and Cd
are also implemented in Figure 10. Note as well that all peak-to-peak amplitudes obtained
for the lift and drag coefficients, regardless of the momentum coefficient considered, are
smaller than the respective peak-to-peak amplitudes obtained in the baseline case simula-
tions; see Table 6, clearly indicating a decrease of the dimension of the downstream vortical
structures, which is linked with a delay of the boundary layer separation.
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(a) (b) (c)

Figure 10. Lift coefficient (a), drag coefficient (b), and aerodynamic efficiency (c) variation as a
function of momentum coefficient; the vertical bars characterize the corresponding peak-to-peak
amplitude. Constant jet angle (θjet = 10 deg.) and forcing frequency (F+ = 1).

4.4. Jet Injection Angle Optimization

To optimize the jet inclination angle (θjet), the momentum coefficient obtained in the
previous subsection (Cµ = 0.007) will be kept constant, along with SJ pulsating frequency
( f0 = 7.1 Hz) (F+ = 1), the groove position (x/C = 0.4), and width (h = 0.5%C). Ten
different jet inclination angles ranging between 2 and 50 degrees were simulated. Table 7
presents the time-averaged values for the aerodynamic coefficients and their respective
peak-to-peak amplitudes corresponding to each jet angular position evaluated. From these
data, it is highlighted that the optimal angle obtained from the parametric optimization is
θjet = 5 deg., with its associated efficiency of η = 41.067; however, it should be mentioned
that θjet = 2 deg. yields a higher lift coefficient, although the efficiency drastically decays to
η = 16.151. Concerning the oscillations of the lift and drag coefficients in relation to the
jet angle, it can be observed that the lift coefficient’s PTP values remain relatively stable
for injection angles below 25 degrees. Furthermore, in the case of the drag coefficient,
oscillations decrease notably within the region of minimum drag, specifically within the
range of jet angles where 5 ≤ θjet ≤ 20. The observed reduction in PTP values for both lift
and drag coefficients, see Table 7, signifies an improvement in the dynamic forces, which
reduce vibration when compared with the baseline case.

When exploring the lift coefficient as a function of the jet angle in Figure 11a, it is
observed that the lift keeps increasing as the jet angle decreases, suggesting a delay of the
boundary layer separation. Additionally, studies such as [58–60] have extensively explored
the effects of tangential flow injection and have demonstrated its ability to promote flow
reattachment and lift increase. The Coanda effect refers to the tendency of a fluid jet to
adhere to a nearby surface due to the curvature of the solid body. By decreasing the jet
angle, the airflow is directed closer to the airfoil surface, effectively leveraging the Coanda
effect to enhance boundary layer reattachment. Thus, regarding the results obtained in this
research, the observed increase in lift coefficient with decreasing jet angle aligns with the
predictable outcomes of previous research.

(a) (b) (c)

Figure 11. Lift coefficient (a), drag coefficient (b), and aerodynamic efficiency (c) variation as a
function of the jet angle; the vertical bars characterize the corresponding peak-to-peak amplitude.
Constant momentum coefficient (Cµ = 0.007) and forcing frequency (F+ = 1).
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Table 7. Time-averaged aerodynamic coefficients Cl , Cd, and η, and their respective peak-to-peak
values PTPCl and PTPCd , for a set of different jet inclination angles θjet. Momentum coefficient
(Cµ = 0.007), forcing frequency (F+ = 1), groove position (x/C = 0.4), and width (h = 0.5%C) are
kept constant.

θjet Cl Cd η PTPCl PTPCd

2 2.633 0.163 16.151 0.163 0.087
5 2.537 0.062 41.067 0.090 0.050
7 2.490 0.057 43.510 0.085 0.041
10 2.450 0.050 48.712 0.114 0.046
15 2.345 0.052 45.297 0.092 0.035
20 2.249 0.057 39.114 0.110 0.036
25 2.225 0.066 33.505 0.110 0.070
30 2.242 0.063 35.466 0.075 0.028
40 2.033 0.082 24.795 0.309 0.111
50 2.079 0.070 29.592 0.095 0.036

BCS S54 1.562 0.106 14.71 0.281 0.104

When considering the choice of θjet = 5 deg. as the optimal jet angle for the AFC
implementation, it is essential to examine the effects on drag coefficient and aerodynamic
efficiency, Figures 11b and 11c, respectively. The drag coefficient remains relatively low for
most of the studied jet angles; however, as the injection direction approaches tangential
flow, the drag coefficient experiences a notable increase, even higher than the baseline case,
leading to a rapid decrease in aerodynamic efficiency. Considering the airfoil efficiency in
Figure 11c and Table 7, it is obvious that the maximum efficiency is obtained at θjet = 10◦,
but as explained before, the final jet inclination angle chosen is based on a trade-off between
maximum lift and maximum efficiency.

4.5. Forcing Frequency Optimization

At this point, the two previously optimized AFC parameters, momentum coefficient
Cµ = 0.007 and jet angle θjet = 5 deg., are going to be held constant. Being the remaining
parameter to be optimized, the jet pulsating frequency f . Eight different non-dimensional
frequencies are analyzed in this part of the study; their values range between 0.1 ≤ F+ ≤ 10.
The results obtained after the corresponding CFD simulations are presented in Table 8,
where the baseline case data are introduced in the last line for comparison. Based on
the information presented, it can be concluded that the optimal value for the jet non-
dimensional forcing frequency is F+ = 3. This choice is supported by the highest lift-to-
drag ratio, excellent lift capabilities Cl , and a particularly low drag coefficient Cd.

Figure 12a is presenting the lift coefficient and its peak-to-peak amplitude for the
different pulsating frequencies evaluated. The first thing to observe is that variations of the
pulsating frequency are slightly modifying the lift; a small decrease in lift is observed when
considering the smallest forcing frequencies. However, once the forcing frequency reaches
approximately F+ = 2, the lift coefficient remains relatively constant suggesting that the
optimal value for the forcing frequency should be greater than 2 (F+ ≥ 2). Moreover, it
is important to mention that at higher forcing frequencies, the peak-to-peak values for
the lift coefficient increase significantly, which indicates the presence of larger amplitude
fluctuations and thus, higher structural loads. When checking the drag coefficient values
obtained at the different pulsating frequencies evaluated, Figure 12b shows minimum drag
values are observed at F+ = 0.1 and around F+ = 3. It therefore seems that an analysis
of the aerodynamic efficiency needs to be made in order to determine the optimal forcing
frequency. From Figure 12c it can be seen that there is a high aerodynamic efficiency at
F+ = 0.1, although it will not be chosen as the optimal value due to its lower lift coefficient.
In contrast, regarding the remaining values for frequency, there is an efficiency peak at
F+ = 3, which offers a significant increase in lift coefficient, leading to an increase in
torque generation while maintaining a low drag coefficient (see Figure 12b). Additionally,
the amplitude of oscillation at this frequency is relatively low, suggesting that it will
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have minimal impact on structural loads. It is relevant to highlight that the optimization
methodology just introduced may not generate the optimum AFC values, but it allows
obtaining rather close ones.

Table 8. Time-averaged aerodynamic coefficients Cl , Cd, and η, and their respective peak-to-peak
PTPCd and PTPCd amplitude, as a function of the SJ non-dimensional pulsating frequency. Momentum
coefficient (Cµ = 0.007), jet angle (θjet = 5 deg.), groove position (x/C = 0.4), and width (h = 0.5%C),
are kept constant.

F+ Cl Cd η PTPCl PTPCd

0.1 2.499 0.043 56.643 0.214 0.065
0.5 2.524 0.067 37.856 0.059 0.057
1 2.537 0.062 41.067 0.090 0.050
2 2.569 0.050 51.325 0.218 0.085
3 2.571 0.048 53.563 0.147 0.063
4 2.576 0.052 49.897 0.381 0.086
5 2.557 0.056 45.532 0.269 0.099
10 2.560 0.099 25.932 0.557 0.110

BCS S54 1.562 0.106 14.71 0.281 0.104

(a) (b) (c)

Figure 12. Lift coefficient (a), drag coefficient (b), and aerodynamic efficiency (c) variation as a
function of forcing frequency; the vertical bars characterize the corresponding peak-to-peak amplitude.
Constant momentum coefficient (Cµ = 0.007) and jet angle (θjet = 5 deg.).

4.6. Velocity and Pressure Fields for the Optimal θ, Cµ, and F+ Values

In the present section, the streamlines, contours, and the pressure fields for the baseline
case and the optimum AFC parameters implementation obtained from the parametric
optimization are compared in Figure 13. It is evident that the AFC implementation has
effectively reattached the flow on the entire airfoil and so has been able to maximize its
aerodynamic performance. The location of the SJA is defined in Figure 13b. A comparison
of the pressure contour fields between the baseline and the optimum actuated case shows
a much larger low-pressure area on the airfoil upper surface than the one observed for
the baseline case, therefore explaining the effect of the actuation on the pressure field and
the associated lift increase, which is of 64.59%. It is as well remarkable to highlight the
lift peak-to-peak amplitude reduction when applying AFC, such reduction being of 47.6%.
This considerable boost in lift performance seen in Table 8 will be later used for the energy
assessment and torque improvement of the DTU 10MW RWT. Remarkable improvements
can also observed in the drag coefficient when comparing the actuated case with the baseline
case. Specifically, there has been a notable reduction in this parameter, amounting to an
averaged decrease by 54.71%. Moreover, the drag peak-to-peak amplitude has decreased
a 39.42% when compared with that of the baseline case. Such lift and drag peak-to-peak
values decrease is extremely beneficial when considering the life expectancy of any WT,
then sharply reduce the potential vibrations that could impact the blade. To determine the
effects of these oscillatory drag and lift coefficients, a comprehensive structural analysis is
required; however, it is out of the scope of the present work. The aerodynamic efficiency, as
shown in Table 8, clearly demonstrates the positive impact of the AFC implementation on
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the airfoil’s lift-to-drag ratio. The reattachment of the flow, coupled with the increase in lift
coefficient and the decrease in drag coefficient, has contributed to the mentioned significant
efficiency improvement (264.12%).

The non-dimensional turbulence viscosity fields for the baseline case and the optimum
AFC parameters implementation are introduced in Figure 14. The locations where the
Reynolds stresses are particularly high, which are the airfoil trailing edge (for the AFC case)
and the area where the boundary layer is separated as well as the downstream zone (for
the baseline case), are now clearly observed. In fact, an inverse relationship between the
lift generated by the airfoil section and the area covered by high-turbulence viscosity can
be established. For the case of optimum AFC parameters implementation, it is now seen
that small vortical structures are expected at the airfoil trailing edge; turbulence viscosity is
particularly large at this point, highlighting the particularly large momentum interchange
between the fluid particles. It appears as if the boundary layer was about to separate just
before the airfoil trailing edge.

(a) (b)

Figure 13. Streamlines of temporal average velocity field and contours of averaged pressure in Section
54 for the baseline case (a) and optimum AFC implementation case (b).

(a) (b)

Figure 14. Streamlines of temporal average velocity field and contours of non-dimensional turbulence
viscosity in Section 54 for the baseline case (a) and maximum lift case (b).

In order to further clarify the effect of the synthetic jet on the flow just downstream
of the groove location, the SJ oscillation period has been divided into six equal time steps
and presented in Figure 15. At the initial time shown in this figure, what we called time
(0/6)T, the outgoing jet velocity is maximum, ujet(t) = umax, and the turbulence viscosity
is particularly high at the jet exit and downstream of it. The streamlines are suffering a
particularly high curvature under these conditions. As the outgoing jet velocity decreases,
(1/6)T and (2/6)T, the streamlines curvature as well as the turbulent viscosity downstream
of the injection area also decrease. When the suction phase starts (3/6)T, the streamlines just
upstream of the jet location start bending inwards, with this bending curvature maximum at
(4/6)T, which coincides with the maximum incoming jet velocity. The turbulence viscosity
around the jet location during the suction phase appears to be particularly low.
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Figure 15. Instantaneous velocity streamlines and non-dimensional turbulence viscosity at different
phases of the synthetic jet for the maximum lift case in Section 54. F+ = 3, Cµ = 0.007, θ = 5◦.

The pressure coefficient analysis, as shown in Figure 16a, provides insights into the
behavior of the actuated and baseline cases, and a comparison between the two reveals
notable differences. In the actuated case, there is an evident increase in the suction peak
near the leading edge in reference to the baseline case. Moreover, the pressure recovery on
the upper surface of the airfoil is smooth, indicating the absence of flow separation. This is
in contrast to the baseline case, which exhibits a sharp gradient of the pressure coefficient,
suggesting the presence of separated flow. Notice as well that the pressure below the
airfoil is higher in the AFC case than in the baseline one. The analysis of the tangential
friction coefficient (C f ) in Figure 16b provides valuable insights into the flow behavior
along the airfoil’s surface. In the case of the AFC implementation, it is observed that the SJ
generates a sudden rise of the friction coefficient, which prevents it from becoming negative
at any point along the chord of the airfoil, which suggests that the flow remains attached
throughout the entire airfoil. In contrast, in the baseline case, flow separation is clearly
observed at x/c = 0.423.

Figure 17 provides a comparison between the time-averaged velocity profiles tangent
to the airfoil for both the AFC (actuated) and baseline cases. Regarding the AFC case, it
is observed that the velocity distribution is positive at all points, therefore matching the
profile of a non-separated flow. Moreover, the increase in velocity near the jet injection
region is clearly visible, indicating the impact of the synthetic jet on the external flow. On
the other hand, the baseline case exhibits a negative velocity distribution pattern from
x/c = 0.423 to x/c = 1, indicating the occurrence of flow separation in all this zone.
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(a) (b)

Figure 16. Pressure and tangential wall shear stress coefficients between the baseline case and the
optimal AFC implementation on Section 54.

Figure 17. Mean velocity profiles tangent to the airfoil surface at several streamwise locations, from
x/C = 0.1 to x/C = 0.99, and as a function of the normalized wall normal distance. Comparison of
the baseline with the optimum AFC case.

4.7. Energy Assessment

The present section determines the energy gained by the AFC implementation in
Section 54. The power required by the synthetic jet to delay the boundary layer separation
is compared with the power increase obtained from this airfoil section due to the AFC
implementation and considering an airfoil span of 1m. The power required to activate the
synthetic jet is defined as follows [19,22]:

Wj =
1
2

ρj Aj sin θjetu3
j (32)

where ρj states for the density of the exiting fluid (in this case air at sea level ISA conditions,
ρj = ρ∞ = 1.225 kg/m3), Aj is the cross-sectional flow area of the synthetic jets (Aj =

h · extrusion length = h · 1 = 0.03045 m) and u3
j is the jet time dependent velocity profile

defined as follows [19,61]:

u3
j =

1
T/2

∫ T/2

0
u3

max sin3(2π f t)dt =
4

3π
u3

max (33)

T being the SJ oscillation period.
The incremental torque represents the difference between the torque generated by the

actuated section and the baseline one. It is initially essential to determine the resultant
aerodynamic force (Frot) for both cases, which is obtained by decomposing the lift and drag
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forces in the plane of rotation using the inflow angle (φ). It is important to note that the
provided aerodynamic coefficients are time-averaged values, ensuring a representative
analysis of the aerodynamic forces.

Frot AFC =
1
2

ρ∞u2
relc(cl AFC sin φ − cd AFC cos φ) (34)

Frot BSC =
1
2

ρ∞u2
relc(cl BCS sin φ − cd BCS cos φ) (35)

By considering the forces generated by the airfoil section in both the actuated and baseline
cases, the increase in torque ∆Q can be determined.

∆Q = QAFC − QBCS = zS54 · (Frot AFC − Frot BCS) (36)

zS54 represents the z coordinate of the improved section, its value being 31.42 m.
At this stage, the increase in output power resulting from the lift and drag improve-

ment on the studied airfoil section can be expressed as follows,with Ω denoting the wind
turbine angular velocity in radians per second (rad/s).

∆W = ∆Q · Ω (37)

To evaluate the net power (WG) obtained by the AFC implementation on the studied airfoil
section and when considering a span of 1m, the power needed to delay the boundary layer
separation on this section (Wj) must be considered; the resulting equation reads

WG = ∆W − Wj (38)

The numerical values for the previous equation give the following:

WG = 27.982 − 1.794 = 26.188 kW (39)

If WG becomes negative, it means that the AFC implementation could improve the lift and
aerodynamic efficiency of the section but without a net power saving to the theoretical wind
turbine composed of this single airfoil section. In contrast, whenever the power balance
becomes positive, there is a gain in total energy and enhanced aerodynamic capabilities
of the mentioned section. In the current case, the power required by the synthetic jet to
fully attach the flow to the airfoil represents 6.41 % of the power gained resulting from the
increased lift and reduced drag achieved through the AFC implementation. Therefore, it
can be concluded that the AFC implementation via synthetic jets on Section 54 (DTU 10MW
RWT) at a wind speed of 10 m/s greatly increases the power output of a theoretical wind
turbine composed of this single section having a span of 1m. The present study needs to be
performed on the rest of the DTU 10MW RWT airfoil sections where the boundary layer is
separated to be able to properly determine the power gain this particular WT could obtain
at the studied wind speed.

5. Conclusions

This paper clarifies that to be able to improve the performance/efficiency/power gen-
erated in any wind turbine, it is essential to analyze the flow around each airfoil, including
not just the aerodynamic forces (which is what has been conducted until now) but also the
boundary layer separation point and the vortex shedding frequency/ies associated. Once
this first step is accomplished, the flow can be reattached in any section via the use of AFC.
The present research presents a parametric analysis with the aim to optimize three AFC
parameters, the momentum coefficient, jet inclination angle, and pulsating frequency, asso-
ciated with an SJA and when applied to a wind turbine section. The procedure followed to
perform a parametric optimization of any airfoil is established and presented. A maximum
airfoil efficiency increase versus the baseline case of 264% is obtained for Cµ = 0.007; F+ = 3,
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and θjet = 5◦ and when the groove was located at x/C = 0.4269, being its width of 0.005C.
The paper further proves that the AFC implementation, in a single airfoil section so far
and thanks to the parametric optimization performed, requires about 6.4% of the energy
increase experienced by the turbine due to the implementation of the AFC technique out-
lined in this paper. The peak-to-peak amplitude reduction of the time-dependent lift and
drag coefficients versus the baseline case clearly indicates that the fluctuation forces on the
blade can be drastically decreased when AFC is applied.
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