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There are considerable studies to optimize the lift coefficient with the plasma Multi Dielectric Barrier Discharge
(MDBD) actuators over the airfoil profiles, either in terms of location or in terms of the number of actuators used.
All of these studies focused only on the upper side of the airfoils, ignoring the lower one, which can also undergo
significant change on one hand, and on the other hand, the majority of studies don’t take control efficiencies into
consideration. For this reason, this study performs tests on both sides (upper and lower surfaces) by changing the location
and the number of activated actuators on the airfoil profile, where the first step is to ensure the optimal configuration on the
upper surface and then test the lower surface by means of two control configurations: “With” (which induces flow velocity)
and “Inverse” (which reduces flow velocity), by installing five actuators on the upper surface and five others on the lower
surface of the NACAOQ015 airfoil profile of 150 mm chord length, where the latter are disposed symmetrically to the upper
ones placed uniformly at chordal locations x/c = (0.1, 0.3, 0.5, 0.7, 0.9). The actuators are activated by means of 7 kV in
“steady state” (100% duty cycle), with a flow Reynolds number Re =~ 35000, representative of low-to-moderate
Reynolds aerodynamic applications such as UAVs and wind-tunnel conditions. The ANSYS Fluent program is adapted for
this process, in collaboration with a user-defined function (UDF) compiled with the integrated electric potential module to
carry out the computation. The results show promising values in lift and efficiency, especially by identifying three relevant
flight modes compared to the baseline mode. The first is the Max Lift Mode, which is detected at 15° and reaches an
extreme lift coefficient with a notable lift force gain; the second mode reaches its best values at 10°, also with a maximum
lift gain force, where it is remarkable that the actuator near the trailing edge with “Inverse” configuration contributes to
improving the result; and finally, the High Efficiency Mode is also detected at 10°, with maximum efficiency and lift
coefficient, and a net lift force gain.
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placement strategy’. Collectively, these

efforts

The control of boundary layer separation has long
been recognized as a key challenge in aerodynamics, as
it directly affects lift, drag, and overall efficiency.
Among the various approaches, active flow control has
gained significant attention due to its adaptability and
absence of moving mechanical parts, making it highly
reliable and responsive'. Within active methods,
dielectric barrier discharge (DBD) plasma actuators are
of particular interest because of their fast response, low
power consumption, and silent operation without
electrode erosion’.

Extensive experimental research has examined the
performance of DBD actuators under different
conditions. Studies have highlighted the influence of
applied voltage®, operating frequency and waveform®,
actuator geometry”, dielectric material selection®, and
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underline the sensitivity of actuator performance to
both electrical and geometric parameters.

In parallel, numerical models have been developed to
better capture the underlying plasma—flow interactions.
Hydrodynamic models have described actuator flow
coupling®, while subsequent improvements incorporated
ion dynamics’ and chemical reactions'. Further
refinements addressed pressure dependence for in-flight
applications'', photoionization effects'?, and simplified
representations for practical s1mulat10ns13 14

Despite these advances, the use of multiple
actuators has shown limitations in efficiency due to
increased power demand without proportional
aerodynamic benefits'”. This motivates the present
investigation, which evaluates plasma actuation on
both upper and lower surfaces of a NACA 0015
airfoil. The approach employs the Spalart—Allmaras
turbulence model'® within  ANSYS  Fluent'’,
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integrating potential field calculations and charge
density distributions based on Gaussian boundary
conditions'®. By systematically varying actuator
placement and number, over 800 cases are analyzed to
identify configurations that maximize lift while
minimizing energy consumption. The proposed
methodology is supported experimentally by".

2 Computational scheme
2.1 Governing Equations

To evaluate the effect of body force produced by
actuators, this work examines more than 800 test
cases covering various actuator configurations.
A simplified plasma model is applied for that, by
computing the electric field via the potential module
in Fluent and the charge density from a Laplace
equation. Their product provides the induced body
force, added to the momentum equation as a UDF like
a source term:

2.1.1 Plasma Body Force Equations
To determine the plasma body force, the steps of
computation are as follows:

2.1.1.1 Potential Equation
The spread of the electric potential in both fluid
and dielectric domain is described by:

V. (VD) = 0 (1)

The symbol €& denotes the medium permittivity,
which in air is assumed to be equal to the vacuum
permittivity :(e; = 8.854 X 10712Fm~1);while in the
dielectric layer g4 = 5gp; and ®is the electric field in
the medium with the unit[V] or [kg.s73A™1].

2.1.1.2  Electric Field

After solving the potential using Eq. (1), the
corresponding electric field applied to the fluid and
dielectric zones is computed from the expression

E=-AD 2

2.1.1.3  Electric Density

Tocompute the generated electric volume density,
we use also the Laplace equation since it is very
simple and faster inspiring from Orlov'", Suzan &
Huang® models.

V.(,Vp)=0 .3

The neglected source term is here accounted for by
incorporating it into the boundary condition, which
allows proper calibration.
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2.1.1.4  Electric Body Force

Multiplying the electric density from Eq. (3) with
the electric field from Eq. (2) provides the body force
at each computation cell, which is required as a
source term in the momentum equation.

F, =p.E .4

And from this stage, it becomes straightforward to
calculate the total induced body force required to
evaluate the airfoil efficiency:

E, o = 2P a;r-E-Veell .5

Py ‘I8 fluid density, Vcell : is the cell volume.

2.1.2 Gas Dynamics Equations

2.1.2.2  Continuity Equation

The continuity equation guarantees mass
conservation by imposing a divergence-free condition
on the velocity field in incompressible flow, thereby
ensuring constant fluid density and eliminating any net
mass accumulation within the computational domain.
u, ... 6

L_0
0X;

i

2.1.2.3. Momentum Equation

The momentum equation expresses Newton’s
second law applied to a fluid element, describing how
the rate of change of momentum is governed by the
balance between inertial, pressure, viscous, and added
plasma body forces. By incorporates the effects of
turbulence and flow unsteadiness, providing a
fundamental framework for analyzing fluid motion,
aerodynamic loads, and energy transfer mechanisms
within the flow field.

fu.  du p 0 ou, oy, 7
2 s B PN IR ks B f+F
p{ o tu ax,] o T ox {(wu.){ax Yan | [1PE R

i

u; : Mean velocity; p: density; p : mean pressure.
u: Molecular dynamic viscosity.
U : Turbulent (eddy) dynamic viscosity (given by SA
below).
fi : Other body forces (gravity, etc.).
Fy ;i : Plasma induced body force per unit volume.
This latter we introduce it through a user-defined
function (UDF).

2.1.2.4 Turbulence Equation
For modeling the gas dynamics, a mass-averaged
approach was applied to describe the motion of the
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gas throughout the fluid domain over the airfoil. In
this framework, the incompressible RANS Spalart-
Allmaras formulation is considered as follows:

i[ v]+i[ ;/uj:G +L L [ + VJQ +C ov
2 p o, pvy; v - ox, n+p ox, b2P ox,

Where ¥ denotes the turbulent kinematic viscosity
except in the near-wall region. G, and Y,, represent,
respectively, the production and destruction terms of
turbulent viscosity, both mainly active in the near-
wall zone. The coefficients oV and Cy, are model
constants. All parameters of the Spalart—Allmaras
formulation applied in this work retain Fluent’s
default values'”, except for the Courant number, set to
250, which improves numerical stability and
accelerates steady convergence, The term SV denotes
the turbulence source term, implemented through a
user-defined function (UDF).

-Y, +S 8

2.1.3 Airfoil Profile Efficiency

Since the interaction of the plasma actuator is
implemented as an explicit source term inside the
momentum equation using UDF text which is
interpreted with ANSYS Fluent, the computed
aerodynamic forceis:

Fii =S e-Pu-ClU? ...9

profile

Sprofile : 1s the chordale surface of the airfoil

profile. Cl : is the lift coefficient of the airfoil and u is
the free streamvelocity.
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And by using Eq.(5) we have the following
equations:

_ AFliﬂ 10
Mg = F
b,total
where:
AFy, = Fliﬁ,total _Fliﬂ,basclinc .

Flift baseline : The lift force obtained without control.
Fiift total : The lift force obtained with control.

3 Test Case Configuration

3.1 Computational Domain

The computational domain is a C-type grid
extending 20 chord lengths in the normal direction
and 25 chord lengths downstream of the trailing edge
toward the outlet. These dimensions were chosen to
minimize boundary effects and to ensure accurate
resolution of the flow field and wake structures
around the airfoil, as recommended in similar plasma-
based flow control studies®’. The configuration of
these test cases is illustrated in Fig. 1.

3.2 Mesh Formulation

The fluid domain was discretized using a structured
mesh of approximately 25 x 600 computational
cells”, including 100 layers in the wall-normal
direction and 500 cells distributed along the airfoil
cross-section. The first cell height was set to e =
5.1073 mm, corresponding to Y+€ [5,30], which
ensures an adequate near-wall resolution and

Velocity Inlet

05 1 15 2 25 3
CoordinateX

Pressure
Outlet

Fig. 1 — Demonstration of the fluid computational domains
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yields lift coefficient values Cl in good agreement
with available experimental data". For the dielectric
region, a single cell layer was employed across the
thickness of 130 um, while 10 transverse cells were
introduced per electrode which assure the stability and
reliability and in order to accurately capture the local
electric field distribution and ensure proper coupling
with the plasma actuator.

3.3 Computational Program

The simulation was performed using the density-
based solver with second-order upwind discretization
of the 2D finite volume method. The coupled
algorithm was applied for the flow equations to
improve stability and convergence, while the plasma
model was computed separately in another Fluent
session using the SIMPLE algorithm, which is more
efficient for solving electrostatic potential fields. The
plasma results were exported as CSV files and
imported as user-defined scalars (UDS) to be
introduced as source terms in the flow solution.

3.4 Actuator Geometry

The electrode dimensions were taken from', with
both the exposed and covered electrodes having a width
of 7 mm and a length of 150 mm. The dielectric layer
beneath the electrodes had a thickness of 130 pm.
The actuators were uniformly distributed along the
chord at positions x/c= (0.1, 0.3, 0.5, 0.7, 0.9) on both
the upper and lower surfaces of the airfoil.

3.5 Boundary Conditions

3.5.1 Fluid Model

The working fluid was incompressible air, modeled
as steady-state, with a free-stream velocity of u = 3.8
m/s", corresponding to a Reynolds number of
Re = 35,000. This velocity was imposed at all inlet
boundaries, as illustrated in Fig. 1. A pressure outlet
condition was applied at the domain exit, while the
airfoil surface and actuator walls were treated as no-
slip boundaries.

3.5.2 Plasma Model

The plasma boundary conditions consist of two
parts. The first corresponds to the potential module,
where the applied voltage is set to ®pp, = 7000V at
the anode of an activated actuator and ® = 0 V at the
cathode, while for deactivated actuators and

. D o
elsewhere a zero-flux condition — = 0 is imposed.

on
For the electric charge

density, a Gaussian
distribution is prescribed as:
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It is necessary to calibrate p__ = 0.00153 C/m?
to reach the value of 50% of lift growth which it
means an error = 0% by using the actuators
x/c = 0.1, while it set to bep App = 0 for deactivated

pApp = pmaxe

actuators and the rests of boundaries the used
Gaussian coefficients in this caseis 0 = y = 1. And x
is the location.

Meanwhile we distinct two configurations of
plasma boundaries condition Fig. 2:

3.5.2.1 Normal Configuration:

The standard orientation in that induce the flow
which the cathode and anode are arranged
conventionally, applied to all sides of airfoil.

3.5.2.2 Inversed Configuration:

Identical to the normal case, except that the electrode
polarity is reversed on the lower surface, i.e., the
electrodes are interchanged. This configuration can
decelerate the local fluid flow™.

4 Results

The first stage of the computation consists of
extracting the lift coefficients and their corresponding
efficiency for angles of attack of 0°, 5°, 10°, 15°, and
20°, wusing 320 Fluent test cases with the
aforementioned boundary configurations.  After
processing, the results are presented in the graphs
below. Figure 3 (a) shows the effect of actuator
activation by number, where the configuration
(UL5+DLI5) gives the maximum value. In
comparison, Fig. 3 (b) demonstrates that a single
actuator located appropriately provides a value
comparable to that obtained in Fig. 3 (a) These findings
highlight the influence of activation strategy.

The local actuator efficiency by the following term:

nLocal = OaSPUOOzCl/F cee 13

electric

And the corresponding values are reported in Table 1.
The total efficiency control system is defined by:

nToml = Oa SpUJOZCl/F . 14

electric nLoca]

The maximum values in Tables 1 and 2 are Niocal =
Npota) = 2:64 with Cl = 0.27. And by contrast, the

peak lift coefficient of Cl = 0.37 corresponds to the
lower total efficiency: ny .., = 1.82.
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The net lift gain is determined as follows:
AF . =F -F - ... 15

Net lift, total lift,baseline electric

While the Table 3 shows that several actuator
configurations achieveng ... > 1 with the best case
yielding of AFyet = 0,22 N correspond to Cl = 0,27.

At the A.O. A=5°, we applied the same
aforementioned process. Figure 4 (a) illustrates the

1°t Configuration

D =y p =05 a—=°" Parp

a_ =0, N =05
P = Papp P=Dup =05
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variation of lift coefficient with the number of activated
actuators, where the configuration (ALL+DNIS)
provides the peak value. Where the graph shows that this
configuration outperforms the other tested cases. In turn,
Fig. 4 (b) presents the variation of lift coefficient
with actuator location, where it is observed that the
configuration (ALL+DLIS) achieves superior Case of
activation (ALL+DLIS) gives a best results.

The rest of boundaries: i =0,p= 0=
on m?

L
O——OP Papp

Y
S e [N X‘ J/7r

D=, p=

——09 Papp

( T =0 = Pap

=5 = 0P = Papp
f o= tb,,, Pp=

“f& p—

= Dpppp = S==0,p=papp

=00 =Py ' —=0,
an —_— = P =Py
®=0p,p=05 an P TPuw - "
2 9p=p
--------------------- Fa 0P =P
_______________ ®= OA,,va—; a
- e = - - L — ]| e eeeccocococ oo ———-———————-—
! 1 1 - 1
Surface : - J-- Surface
) -7
Anode g ' .-

Cathode

Cathode

L - 1
b < @ =0V
- 17 [l
_____________________ L e 1 i i i T, 2
® =Dy p = e
L N I
R ki B Anode
B cCathode
- Surface

2" Configuration

. =0y p=05 .
on = 0P =Pap D= Dpppp =05

3
O =,,p=05

C

o]
The rest of boundaries: a— =0,p=0=
on m?

Fig. 2 — Illustrations of the electric boundary conditions actuators “With” and “inverse” configurations
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Results compared with the case in Fig. 4 (a),
reaching a coefficient of lift Cl = 0,91.This outcome
is further justified by the efficiencies reported in
Tables 4 and 5, where the maximum value of
efficiency ny .., = 2,57 is consistently obtained.

(a) 05 8- OFF
- UL
- DU
0.4 DO
e~ ULS+DLI
- ULS+DLW
0.3 F—e- awL+ou
—— ALL+DLW
0.2
5]
0.1
0.0 e
-0.1
=0.2

10 15 20 25 30 35 40 45 50
X/C

[ e o
- UN
- DM
0.4F . oww
8~ ULS+DNI
—8— ULS+DNW
0.3 - ALL+On
—8— ALL:DNW
0.2
(9]
0.1
o0 \
-0.1f
—0.2}

10 15 20 25 30 35 40 45 50
N

Fig. 3 — Lift Coefficient (a) by location(b) by number for angle of 0°
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However, the Table 6 highlights a different results,
showing that the highest net lift gain of AF,q =
0,31N corresponds to the configuration (UL5+DLIS),
with a lift coefficient of C1 = 0.86.

The first stage of the computation consists to
extract the lift coefficient and their lift efficiency for
the subsequent angle of attack of 0,5,10,15,20° by
mean of 137 tests of the tree aforementioned test
The first

At the angle of 10° the same steps described
previously were applied. Fig. 5 (a) illustrates the
variation of lift coefficient with the number of
activated actuators, showing that the configuration
(ALL+DNI5) provides the peak value with Cl = 1.37.
In turn, Fig. 5 (b) presents the variation of lift
coefficient with actuator location, where it is clearly
observed that the configuration (ALL+DLIS) achieves
the maximum value Cl = 1.39 with only 6 actuators

To justify these results, the local and total
efficiencies reported in the Tables 7 and 8 indicate
thatn, 1 = Nporan = 315, which is the highest
value obtained for the configuration (UL3+DLIS)
with Cl = 0,84. Meanwhile, theTable 9 provides
further insight, showing that the peak of net lift force
gain with the wvalue AFye = 0,35N which it
corresponds to the control configuration (ALL+DLIS)
witha Cl = 1,39.

At the angle of 15°, the same procedure applied for
the previous cases was followed. Figure 6-a shows
the variation of lift coefficient with the number of
activated  actuators, where the configuration
(ALL+DNWS) produces the peak value with Cl =
1.03. In turn, Fig. 6 (b) illustrates the variation of lift
coefficient with actuator location, showing that the

Table 1 — The variations of the obtained local actuator lift efficiency at angle of 0° the orange in the maximum (DLI5)

ACT UN UL DNW DLW DNI DLI UL+ UL5S+ UL5S+ UL+ ALL+ ALL+ ALL+ ALL+

X/C DNW DLW DNI DLI DNW DLW DNI DLI
1 1,01 1,01 -1,03 -1,03 0,64 0,64 -0,78 -0,78 0,13 0,13 -0,19 -0,19 0,14 0,14
2 032 1,11 -0,32 -1,13 0,62 0,70 -0,64 -1,27 0,49 0,26 -0,46 -0,26 0,55 0,30
3 020 132 -020 -1,35 1,16 0,68 -0,46 -1,24 0,60 0,29 -0,84 -0,38 0,79 0,19
4 0,14 1,54 -0,13 -1,53 09 190 -048 -1,51 0,56 0,86 -1,33 -0,58 0,95 0,41
5 0,44 225 -041 0,00 0,86 2,64 -0,71 -2,13 0,63 1,39 -2,04 -1,12 1,31 0,87

Table 2 — The variations of the obtained total airfoil lift efficiency at angle of 0° the orange in the maximum (DLIS)

ACT UN UL DNW DLW DNI DLI UL5S+ UL+ UL5S+ UL5S+ ALL+ ALL+ ALL+ ALL+

X/C DNW DLW DNI DLI DNW DLW DNI DLI
1 1,01 1,01 -1,03 -1,03 0,64 0,64 0,73 0,73 1,19 1,19 0,15 0,15 0,37 0,37
2 0,66 1,11 -0,68 -1,13 0,63 0,70 0,27 0,49 0,96 1,25 0,07 0,12 0,38 0,40
3 0,51 1,32 -0,52 -1,35 0,81 0,68 0,09 0,51 0,87 1,27 -0,01 0,07 0,36 0,38
4 041 1,54 -042 -1,53 0,84 190 -0,02 0,37 0,80 1,55 -0,09 0,00 0,34 0,42
5 042 225 -042 0,00 0,85 2,64 -0,14 0,06 0,78 1,82 -0,22 -0,21 0,34 0,49
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0.6 0.6
0.5r 0.5
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10 15 20 25 30 35 40 45 50 10 15 20 25 30 35 40 45 50
X/C N
Fig. 4 — Lift Coefficient (a) by location (b) by number for angle of 5°
Table 3 — The variations of the net lift force gain AF,.[N] at angle of 0°the orange is the maximum (UL5+DNI5)
ACT UN UL DNW DLW DNI DLI UL5+ UL5S+ UL5+ UL5+ ALL+ ALL+ ALL+ ALL+
X/C DNW DLW  DNI DLI DNW DLW DNI DLI
1 0,13 0,13 -0,14 -0,14 0,09 0,09 0,20 0,20 0,32 0,32 0,25 0,25 0,30 0,30
2 0,18 0,15 -0,18 -0,15 0,17 0,09 0,11 0,13 0,38 0,33 0,22 0,24 0,35 0,32
3 020 0,18 -021 -0,18 032 0,09 0,05 0,13 0,46 0,34 0,17 0,23 0,38 0,30
4 022 021 -022 -020 045 025 -0,02 0,10 0,54 0,41 0,10 0,20 0,41 0,33
5 0,28 0,30 -0,28 0,00 056 035 -0,11 0,02 0,62 0,48 0,01 0,13 0,45 0,40
Table 4 — The variations of the obtained local actuator lift efficiency at angle of 5°the colored is the maximum (ULS)
ACT UN UL DNW DLW DNI DLI ULS5+ UL5+ ULS5+ ULS+ ALL+ ALL+ ALL+ ALL+
X/C DNW DLW DNI DLI DNW DLW DNI DLI
1 0,24 0,24 -0,13 -0,13 0,22 0,22 -0,55 -0,55 0,50 0,50 -0,23 -0,23 0,22 0,22
2 1,27 0,40 -0,01 -0,17 0,18 0,27 -0,28 -0,68 0,09 0,56 -0,52 -0,38 0,31 0,20
3 0,93 1,15 -0,02 -0,32 0,26 0,27 -0,27 -0,87 0,22 0,45 -0,91 -0,58 0,38 0,10
4 0,66 1,67 0,06 -0,45 0,48 0,98 -0,24 -1,06 0,14 0,97 -1,27 -0,78 0,21 0,27
5 0,81 2,57 -0,25 0,00 0,71 2,30 -0,43 -1,65 0,66 1,73 -1,87 -1,32 0,16 0,86
Table 5 — The variations of the obtained total airfoil lift efficiency at angle of 5° the colored is the maximum (ULS)
ACT UN UL DNW DLW DNI DLI UL5+ UL5+ UL5+ UL5+ ALL+ ALL+ ALL+ ALL+
X/C DNW DLW DNI DLI DNW DLW DNI DLI
1 024 024 -0,13 -0,13 022 0,22 1,01 1,01 1,54 1,54 0,61 0,61 0,69 0,69
2 0,75 040 -0,07 -0,17 0,20 0,27 0,58 0,94 1,05 1,56 0,48 0,59 0,60 0,69
3 081 1,15 -0,06 -0,32 0,22 0,27 0,37 0,85 0,85 1,51 0,38 0,55 0,54 0,67
4 0,78 1,67 -0,03 -045 028 098 025 0,75 0,70 1,77 0,29 0,52 0,46 0,70
5 0,78 2,57 -0,07 0,00 037 230 0,13 0,46 0,70 2,15 0,20 0,43 0,41 0,80

control type (UL3+DLIS) achieves a value of Cl =
0.92 with only six actuators, comparing with Ten in
the configuration (ALL+DNWS5) in Fig. 6(a).

To justify these results, the efficiencies reported in
Table 10 shows that the highest local efficiency of
NLocal = 1,09 is obtained by the configuration (UN2),
while their corresponding total efficiency Sin Table 11
is reduced ton ... = 0,90. It is therefore evident that

Nrotal < 1, Which indicating that the flight under this

condition is energetically unfavorable. Furthermore;
The Table 12 confirms this trend, showing that the
greatest net force value is negative, with AFyer =
—0,02N at the configuration (UL2).

Eventually atthe angle A. O. A=20 the same
procedure was performed. Figure 7 (a) displays
the variation of lift coefficient with the number
of activated actuators, where the configuration
(ALL+DNWS5) provides the peak value with
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Fig. 5 — Lift Coefficient (a) by location (b) by number for angle of 10°

Table 6 — The variations of the net lift force gain AF,,;[N] at angle of 5° the colored is the maximum (UL5+DLI5)

ACT UN UL DNW DLW DNI DLI UL5S+ ULS+ ULS+ ULS+ ALL+ ALL+ ALL+ ALL+
X/C DNW DLW DNI DLI DNW DLW DNI DLI

1 0,03 0,03 -002 -0,02 0,03 0,03 027 0,27 0,41 0,41 0,49 0,49 0,55 0,55
2 0,20 0,05 -0,02 -0,02 0,05 0,04 0,23 0,25 0,42 0,42 0,45 0,47 0,56 0,55
3 033 0,15 -0,02 -0,04 0,09 0,04 0,20 0,23 0,45 0,40 0,40 0,44 0,57 0,53
4 041 0,22 -0,01 -0,06 0,15 0,13 0,16 0,20 0,47 0,47 0,35 0,42 0,55 0,56
5 0,52 034 -0,05 0,00 0,25 031 0,11 0,12 0,56 0,57 0,27 0,35 0,54 0,64
Table 7— The variations of the obtained local actuator lift efficiency at angle of 10° the colored cell is the maximum (UL3)
ACT UN UL DNW DLW DNI DLI UL3+ UL3+ UL3+ UL3+ ALL+ ALL+ ALL+ ALL+
X/C DNW DLW  DNI DLI DNW DLW DNI DLI
1 298 298 035 035 -0,12 -0,12 0,25 0,25 0,00 0,00 -0,09 -0,09 0,20 0,20
2 0,95 293 0,33 036 -0,13 -0,24 0,18 0,23 -0,06  -0,05 -0,22 -0,24 0,35 0,36
3 0,93 3,15 0,33 032 -0,12 -0,26 0,18 0,15 -0,15 -0,14 -0,42 -0,39 0,44 0,42
4 1,24 2,06 0,27 023 -0,15 -0,24 0,16 0,06 0,05 -0,05 -0,65 -0,55 0,53 0,62
5 1,32 1,08 -0,03 -0,05 0,15 -0,07 -0,17 -0,27 0,29 0,20 -1,13 -1,07 0,99 1,18

Table 8 — The variations of the obtained total airfoil lift efficiency at angle of 10° the colored cell is the maximum (UL3)
ACT UN UL DNW DLW DNI DLI UL3+ UL3+ UL3+ UL3+ ALL+ ALL+ ALL+ ALL+

X/C DNW DLW DNI DLI DNW DLW DNI DLI
1 2,98 2,98 0,35 0,35 -0,12 -0,12 1,70 1,70 1,58 1,58 0,73 0,73 1,27 1,27
2 1,97 2,93 0,34 0,36 -0,13 -0,24 1,19 1,69 1,03 1,55 0,61 0,71 1,11 1,30
3 1,62 3,15 0,33 0,32 -0,13 -0,26 0,94 1,65 0,74 1,51 0,48 0,65 0,98 1,31
4 1,53 2,06 0,32 0,23 -0,13 -0,24 0,79 1,60 0,60 1,55 0,53 0,80 0,89 1,34
5 1,49 1,08 0,25 -0,05 -0,07 -0,07 0,63 1,44 0,55 1,67 0,52 0,88 0,84 1,44

Table 9 — The variations of the net lift force gain AF, ;[N] at angle of 10° the colored cell is the maximum (ALL+DLI5)

ACT UN UL DNW DLW DNI DLI UL3+ UL3+ UL3+ UL3+ ALL+ ALL+ ALL+ ALL+
X/C DNW DLW DNI DLI DNW DLW DNI DLI

1 0,26 0,26 -0,09 -0,09 -0,15 -0,15 0,19 0,19 0,15 0,15 0,18 0,18 0,22 0,22
2 0,26 0,26 -0,18 -0,09 -0,30 -0,16 0,08 0,18 0,01 0,15 0,03 0,16 0,10 0,24
3 0,25 0,29 -0,27 -0,09 -0,45 -0,17 -0,03 0,17 -0,14 0,14 -0,13 0,14 -0,02 0,25
4 0,28 0,14 -0,36 -0,10 -0,60 -0,17 -0,14 0,16 -0,27 0,15 -0,30 0,12 -0,14 0,27
5

0,32 0,01 -0,50 -0,14 -0,72 -0,14 -0,30 0,12 -0,36 0,18 -0,49 0,05 -0,21 0,35
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Fig. 6 — Lift Coefficient (a) by location(b) by number for angle of 15°
Table 10 — The variations of the obtained local actuator lift efficiency at angle of 15° the colored cell is the maximum (UN2)
ACT UN UL DNW DLW DNI DLl UN2+ UN2+ UN2+ UN2+ ALL+ ALL+ ALL+ ALL+
X/C DNW DLW DNI DLI DNW DLW DNI DLI
1 0,72 0,72 0,29 0,29 -0,06 -0,06 0,33 0,33 -0,03 -0,03 0,35 0,35 0,03 0,03
2 1,09 0,84 0,30 0,34 -0,09 -0,17 0,28 0,36 -0,09 -0,10 0,61 0,34 -0,03 -0,08
3 0,89 0,66 0,30 033 -0,12 -0,18 0,29 0,30 -0,11 -0,14 0,84 0,32 -0,15 -0,13
4 0,50 0,66 0,28 024 -0,14 -0,18 0,22 0,30 -0,13 -0,14 1,01 0,22 -0,26 -0,13
5 0,21 048 -0,04 -0,02 0,07 -0,04 -0,04 0,04 0,02 -0,05 1,01 -0,02 -0,26 -0,06
Table 11 — The variations of the obtained total airfoil lift efficiency at angle of 15° the colored cell is the maximum (UN2)
ACT UN UL DNW DLW DNI DLI UN2+ UN2+ UN2+ UN2+ ALL+ ALL+ ALL+ ALL+
X/C DNW DLW DNI DLI DNW DLW DNI DLI
1 0,72 0,72 0,29 0,29 -0,06 -0,06 0,71 0,71 0,59 0,59 0,51 0,51 0,57 0,57
2 0,90 0,84 0,29 0,34 -0,07 -0,17 0,61 0,72 0,42 0,57 0,45 0,49 0,48 0,55
3 0,90 0,66 0,30 0,33 -0,09 -0,18 0,54 0,70 0,03 0,56 0,45 0,51 0,41 0,55
4 0,80 0,66 0,29 0,24 -0,10 -0,18 0,49 0,70 0,24 0,56 0,42 0,49 0,35 0,55
5 0,68 048 0,23 -0,02  -0,07 -0,04 041 0,62 0,21 0,58 0,39 0,48 0,31 0,56
Table 12 — The variations of the net lift force gain AFo([N] at angle of 15° the colored cell is the maximum (UL2)
ACT UN UL DNW DLW DNI DLl UN2+ UN2+ UN2+ UN2+ ALL+ ALL+ ALL+ ALL+
X/C DNW DLW DNI DLI DNW DLW DNI DLI
1 -0,04 -0,04 -0,09 -0,09 -0,14 -0,14 -0,11 -0,11 -0,16 -0,16 -0,30 -0,30 -0,34 -0,34
2 -0,03 -0,02 -0,19 -0,09 -0,29 -0,16 -0,21 -0,11 -0,31 -0,17 -0,40 -0,30 -0,48 -0,36
3 -0,04 -0,05 -0,28 -0,09 -0,44 -0,16 -0,31 -0,12 -6,86 -0,18 -0,50 -0,30 -0,63 -0,36
4 -0,11 -0,05 -0,38 -0,10 -0,59 -0,16 -0,41 -0,12 -0,61 -0,18 -0,61 -0,32 -0,78 -0,36
5 -0,21 -0,07 -0,52 -0,14 -0,71 -0,14 -0,55 -0,15 -0,74 -0,17 -0,74 -0,35 -0,91 -0,35

Cl = 0.99. While in Fig. 7 (b) shows the variation of
lift coefficient with actuator location, and it is
remarkable that the configuration (ALL+DLWI)
achieves a comparable result to that in Fig. 7 (a), with
Cl = 0.92 using only six actuators instead of ten.

To examine these results, the efficiencies presented
in Tables 13 and 14 are considered. It is observed that

the maximum efficiency value of ng .., = 0.73 is
obtained in both cases, but sincen; .., <1, the
configuration is not energetically favorable. In
addition, Table 15 confirms this conclusion, as the
greatest net lift force value is negative, with AF, o =
—0,04N. These outcomes indicate that at 20° the
flight condition becomes inefficient, and the control
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Fig. 7 — Lift Coefficient (a) by location (b) by number for angle of 20°
Table 13 — The variations of the obtained local actuator lift efficiency at angle of 20° the colored cell is the maximum (UN1)
ACT UN UL DNW DLW DNI DLI UL1+ UL1+ UL1+ UL1+ ALL+ ALL+ ALL+ ALL+
X/C DNW DLW DNI DLI DNW DLW DNI DLI
1 0,73 0,73 0,26 0,26 -0,06 -0,06 0,26 0,25 -0,02 -0,02 0,30 0,30 0,01 0,01
2 0,37 0,47 0,28 0,32 -0,07 -0,14 0,27 0,33 -0,07 -0,73 0,56 0,34 -0,05 -0,09
3 0,35 047 0,28 0,33 -0,09 -0,16 0,28 0,35 -0,09 -0,16 0,79 0,33 -0,14 -0,14
4 0,26 0,42 0,21 0,24 -0,10 -0,16 0,20 -0,49 -0,12 -0,17 0,96 0,24 -0,26 -0,14
5 0,19 0,33 -0,02 0,00 0,03 -0,04 -0,01 0,03 0,00 -0,06 0,98 0,00 -0,29 -0,08
Table 14 — The variations of the obtained total airfoil lift efficiency at angle of 20°the colored cell is the maximum (UNT1)
ACT UN UL DNW DLW DNI DLI UL1+ UL1+ UL1+ UL1+ ALL+ ALL+ ALL+ ALL+
X/C DNW DLW DNI DLI DNW DLW DNI DLI
1 0,73 0,73 0,26 0,26 -0,06 -0,06 0,49 0,49 0,35 0,35 0,36 0,36 0,32 0,32
2 0,55 0,47 0,27 0,32 -0,06 -0,14 0,42 0,53 0,21 0,00 0,35 0,37 0,26 0,30
3 0,48 0,47 0,27 0,33 -0,07 -0,16 0,38 0,54 0,14 0,28 0,33 0,37 0,22 0,29
4 0,43 0,42 0,26 0,24 -0,08 -0,16 0,35 0,12 0,09 0,28 0,32 0,35 0,18 0,29
5 0,38 0,33 0,20 0,00 -0,06 -0,04 0,29 0,38 0,07 0,33 0,29 0,31 0,16 0,30
Table 15 — The variations of the net lift force gain AF, ;[N] at angle of 20° the colored cell is the maximum (UN1)
ACT UN UL DNW DLW DNI DLI ULI+ UL1+ UL+ ULI+ ALL+ ALL+ ALL+ ALL+
X/C DNW DLW DNI DLI DNW DLW DNI DLI
1 -0,04 -0,04 -0,10 -0,10 -0,14 -0,14 -0,14 -0,14 -0,17 -0,17  -0,51 -0,51 -0,55 -0,55
2 -0,12 -0,07 -0,20 -0,09 -0,28 -0,15 -0,23 -0,13 -0,32 -0,27  -0,61 -0,50 -0,69 -0,56
3 -0,21  -0,07 -0,29 -0,09 -043 -0,16 -033 -0,12 -046 -0,19 -0,71 -0,50 -0,83 -0,57
4 -0,31 -0,08 -040 -0,10 -0,58 -0,15 -043 -0,23 -0,61 -0,19  -0,82 -0,52 -0,98 -0,57
5 042 -009 -053 -0,13 -0,70 -0,14 -057 -0,17 -0,74 -0,18 -0,95 -055 -1,12  -0,56
strategy cannot provide a useful aerodynamic Where the Fig. 8 shows the variation of liftfor

advantage.

The second stage of this computation consists to
compute the lift coefficients and their efficiencies for
the subsequent angles of attack of (0°,5°,10°,15°,20°)
by mean of 100 tests of the following controlling
types (ALL, ULS, DLIS, ULS + DLIS, ALL + DLIS),
since it gives interesting results compared to the rest
controlling types, and this by changing the force scale
(F/FO0) from (1 to 5) by 1.

the first angle we can see that the types (DLIS),
(UL5+DLI5) provide a important values with a
reached peak by activating only one actuator in
(DLIS), with Cl = 0,86 and force scale F/F0O = 5.

To investigate this value, we introduce the
Table 16 which illustrates their related total
efficiencies, and we find that the obtained result
(lift coefficient peak) isn, .., = 1,70.
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Table 16 — Total efficiency by multiplying F/F0 at 0°

UL5+ ALL+

F/FO ALL ULS DLI5 DLIS DLIS
1 0,42 2,25 2,64 1,82 0,49

2 1,12 4,90 4,96 3,16 1,04
3 0,17 1,10 2,10 1,06 0,19
4 0,13 0,93 1,85 0,91 0,13
5 0,11 0,83 1,70 0,81 0,10
Table 17 — Net force gain by multiplying F/FO0 at 0°

ULS5+ ALL+

F/FO ALL UL5 DL5I DLIS DLIS
1 -0,39 0,17 0,22 0,22 -0,40

2 -1,02 0,12 0,37 0,16 -1,17
3 -1,66 0,04 0,44 0,05 -1,96
4 -2,32 -0,03 0,45 -0,10 -2,77
5 -2,98 -0,11 0,47 -0,26 -3,61

While the peak value of the total efficiency at this
angle is obtained by controlling type (DLIS) at
F/FO =2 of m,., =496, which corresponds to a
value of only Cl = 0,48.

Table 17 shows the net gain; we can see that the
best is the same obtained in high lift coefficient with
the type (DLIS), F/FO = 5 with AF¢; = 0,47N.

Figure 9 shows the variation of lift for the
second angle (A.O.A=5°) with the same
controlling configurations, and it is remarkable that
the controlling type (ULS5+DLIS) provides the
highest results for nearly all F/FO, with a peak
C1=1,38, and secondly the type (DLIS) with
Cl = 1,34, while the control (ALL+DLI5) reaches
its peak at F/FO = 2 and then decreases

Therefore, the control by (ULS) ranks in third
place but remains far from the other best classified
controlling types.
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Table 18 — Local efficiency by multiplying F/F0 at 5°

UL5+ ALL+

F/FO ALL ULS DLI5 DLIS DLIS
1 0,78 2,57 2,30 2,15 0,80

2 0,46 2,06 2,51 1,66 0,50

3 0,34 1,62 2,31 1,32 0,30
4 0,27 1,38 2,06 1,10 0,23
5 0,23 1,22 1,82 0,95 0,17

Table 19 — Net force gain [N] by multiplying F/FO0 at 5°

ULS+ ALL+

F/FO ALL ULS DL5I DLI5 DLI5
1 -0,15 0,21 0,17 0,31 -0,16
2 -0,72 0,28 0,40 0,35 -0,81

3 -1,32 0,25 0,53 0,25 -1,67
4 -1,94 0,20 0,56 0,10 -2,48
5 -2,58 0,15 0,54 -0,07 -3,32

To analyse these values, the Table 18 illustrates
their efficiencies, we find that the value of the
obtained maximum lift coefficient gives M iora1 =
0,37, while the best value of the total efficiency is
obtained by the control type (UL5) at F/FO = 1 with
Neotal = 2,07, corresponding to Cl = 0,68,

This indicates that not always the maximum Cl
gives the appropriate control but the effect is rather
defined by the best compromise between lift and
efficiency.

Table 19 shows the net gain, it is evident that the
best is the same obtained in the high lift coefficient by
the control (DLI5), F/FO = 4 with AF,,¢ = 0,56N.

In the A.0.A=10° we study the selected control
types (ALL,UL3,DLI5,UL3+DLI5,ALL+DLIS) , since
they present the most significant values, and by the
Fig. 10 it is observable that the controlling type
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Table 20 — Total efficiency by multiplying F/F0 at 10 °©

UL3+ ALL+

F/FO ALL UL3 DLI5 DLIS DLIS
1 1,49 3,15 -0,07 1,67 1,44

2 0,95 2,33 0,47 1,82 0,90
3 0,70 1,95 0,77 1,60 0,60
4 0,56 1,69 0,72 1,36 0,45
5 0,46 1,50 0,65 1,21 0,36

Table 21 — Net force gain [N] by multiplying F/F0 10 °

UL3+ ALL+

F/FO ALL UL3 DLI5 DLIS DLIS
1 0,32 0,29 -0,14 0,18 0,35

2 0,07 0,35 0,14 0,44 0,16
3 -0,60 0,38 -0,09 0,48 -0,96
4 -1,18 0,37 -0,15 0,38 -1,75
5 -1,79 0,33 -0,24 0,28 -2,58

(UL3+DLIS5) provides the highest value with Cl =
1,74 at the range of F/FO =5, and secondly the
control type (ALL) with Cl = 1,69, followed by the
control (ALL+DLIS), while the controls (UL3) and
(DLIS) give lower values, which reveals that the use
of one actuator alone is not sufficient for the control
at this angle.

To wverify the obtained results, we introduce
directly Table 20 which illustrates the correspondent
total efficiencies of the lift coefficients, where the
value of the maximum lift coefficient gives n .., =
1,21, so it is clear that the flight with this value is
close to the minimum (.., = 1).

While the best efficiency value is obtained in the
controlling type (UL3) at F/FO = 1lwithn, A =
3,15, corresponding to Cl = 0,84. To choose the
acceptable maximum lift coefficient, Table 21
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Fig. 11 — Lift Coefficient by force augmentation at 15 °©

Table 22 — Total efficiency by multiplying F/F0 at 15 °©

UN2+  ALL+

F/FO  ALL UN2 DLI5 DLIS DLIS
1 0,68 0,90 0,04 0,58 0,56
2 1,04 1,48 0,01 1,08 0,75
3 0,94 1,44 0,41 1,26 0,79
4 0,80 1,31 0,47 1,19 0,65
5 0,68 1,25 0,42 1,03 0,53

indicates the net lift force gain, where we can see that
the best obtained value appears for the control type
(UL3+DLI5), F/F0 = 3, with AF,; = 0,48N, which
corresponds to a lift coefficient Cl = 1,49.

And then for the angle of attack A.0.A=15° we
verify the selected flow control types via
(ALL,UN2,DLI5,UN2+DLI5,ALL+DLIS), which are
the best control types at this angle, where after
Fig. 11 it is clear that the controlling type (ALL) and
then (ALL+DLIS) provide approximately the highest
results for all ranges of F/F0, with the peak value
obtained at F/FO = 5 by the (ALL) control type with
Cl = 2,29. We can also see that the type (UN2+DLIS)
at F/FO=5 gives an interesting value with Cl = 2,14
by using only three actuators.

To understand the behavior of these values, we
refer to the total efficiencies in Table 22, which
illustrates these results, where the corresponding
value of the maximum lift coefficient givesn ., =
0,68, so it is inconvenient to fly with this value even
if Cl is maximum since the efficiency n .., < 1.

Meanwhile, the best total efficiency is obtained in
(UN2) at F/F0=2 byn,, = 148, atCl= 118,
which is near the efficiency peak, and after this value
this later begins to decrease. It is not able that even
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Table 23 — Net force gain [N] by multiplying F/F0 15 °

UN2+ ALL+
F/FO ALL UN2 DLI5 DLIS DLI5
1 -0,21 -0,03 -0,14 -0,17 -0,35
2 0,06 0,26 -0,26 0,07 -0,40
3 -0,13 0,35 -0,24 0,31 -0,50
4 -0,54 0,33 -0,28 0,30 -1,12
5 -1,07 0,33 -0,39 0,07 -1,87
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Fig. 12 — Lift Coefficient with the force augmentation 20 °

with the decrease of efficiency the value remains
Nyotal = 1> Which reveals an additional lift force gain.
Table 23 indicates that the peak is by the control
(UN2), F/F0=3 with AFe = 0,47N and Cl = 1,45.
Eventually, by studying the flow control at the
angle of attack A.O.A=20° with the best selected
control  types (ALL,UL1,DLI5,UL1+DLIS5,ALL+
DLI5), we obtain the lift coefficients by force
augmentation in Fig. 12, and it is apparent that the
control type (ALL) provides the peak value at
F/FO0 =5 with Cl = 2,03, followed by the control
type (ALL+DLIS), while the other controlling types
remain with small values, especially in the case of
using one actuator only, where the activation of
actuator number has a remarkable effect at this angle.
By investigating the related total efficiencies
depicted in Table 24, the first remark is that for all
control types with several activated actuators, the total
efficiency remains inferior to one, showing that the
control is not convenient with these values, and the
second remark is that there is an increase of efficiency
in the control type (UL1) by augmentation of the
force scale F/F0 until the maximum value F/F0 = 5,
where it reaches mn, ., = 1,05, corresponding to

Cl =1,23.

Table 24 — Total efficiency by multiplying F/FOof 20°

(UL1+  (ALL+

FFO  (ALL)  (ULD)  (DLIS) - 5  DLI)
1 0,38 0,73 0,67 0,33 0,30
2 0,42 0,63 -0,02 0,15 0,36
3 0,49 0,71 0,11 0,19 0,42
4 0,52 0,97 0,37 0,12 0,41
5 0,53 1,05 0,16 0,11 0,41

Table 25 — Net force gain by multiplying F/F0 20 °©

F/FO  (ALL)  (UL1)  (DLI5) (ULI+ (ALL+
DLI5)  DLI5)
1 0,42 -0,04 -0,04 -0,18 -0,56
2 0,77 -0,10 0,27 -0,91 -1,03
3 -1,01 0,12 0,36 -1,30 -1,40
4 -1,29 -0,02 -0,34 -1,48 -1,90
5 -1,57 0,03 -0,56 -1,99 2,36

Table 26 — Additional best results of force on the actuator”
F/FO CI(10°) n(10°) Af(10°) CI(15°) n(15°) Af(15°)
(UL2+ (UL2+ (UL2+ (UL2) (UL2) (UL2)
DL5I) DLSI) DLS5I)

084 1,56 042 067 084 0,11
1,66 2.8 1,51 080 1,09 0,29
1,55 1,70 136 1,04 151 0,60
1,67 142 1,51 124 1,63 0,87
1,76 123 164 138 158 1,05

[ N S R

Table 25 explores the next verification by
computing the net force gain, where we can see that
all forces with any control type give negative values
except (UL1) at F/FO = 5, which provides AF, o =
0,03N with Cl = 1,23.

Finally it is convenient is to investigate the effect
of force multiplication on the adjacent best actuators
and we introduce in the Table 26 directly where the
best obtained results are observed in (10°,15°), that
give a peak values obtained in (UL2+DLIS) for 10° at
F/FO = 3 and (UL2) in 15 ° when F/F0 = 3.

xBy studying the angles (2.5°,7.5°,12.5°,17.5°) in
same way like first angles we earn the Fig. 13 which
compare the selected best values of each parameter,
we observe that there are 4 flights modes the first is
Max lift mode but n ., < 1then saturation mode

Nrotay = 1 and high efficiency and high net lift gain
modes with Nrotal > 1.
By ignoring the max lift mode since np .., <1 we

will have the Table 27 that explore the efficiencies
and gains of the 2 left convenient flight modes:

After all that analyses it is possible to conclude that
the A.O.A 10° get a max efficiency and net lift force
gain that let us investigate behavior of their flow.
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Figure 14 shows the effect of velocities and flow
pattern and it is observable that in the upper surface
the flow is attached in both (b) & (c) comparing to (a)
while in lower surface we observe the effect of

Table 27 — Total efficiency by multiplying the Fb of 20°"

Flight mode High High gain
Efficiency mode lift AF ¢t mode
A.O0A Nrotal AFye¢[N] Nrotal AF et [N]
0° 4,96 0,37 1,70 0,47
2,5° 2,73 0,36 1,95 0,51
5° 2,57 0,21 2,06 0,56
7,5° 2,33 0,18 2,13 0,45
10° 3,15 0,29 2,83 0,97
12,5° 2,34 0,36 1,72 0,76
15° 1,63 0,34 1,58 0,39
17,5° 1,26 1,17 1,26 1,17
20° 1,05 0,03 1,05 0,03
Table 28 — Drag coefficient for the three selected cases
Mode of Control Drag Coefficient
Base line 0,11
Highest efficiency 0,07
Up + down 0,07
3
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Fig. 13 — The selected better value for each angle

Magnitude Velocity [m/s]: 0.5 1 1.5 2 25 3 3.5 4 45 5 E
e 0 o

1145

(DLI5) on (c) which reducing the flow velocity and
generate little turbulence which create convenient
additional force but this let us inquire about the drag
coefficient since it decelerates the flow, the Table 28
comparedrag coefficient of the three cases.

Through the results of this Table, we can conclude
that the is no augmentation of the drag coefficient
in the third case due to the fluid flow reduction
comparing to the obtained addition force gain.

5 Appendix

Table 29 — Drag coefficient for the three selected cases

Abbreviations Signification
UN Up by number
UL Up by location
DLW Down by location (with)
DNW Down by number (with)
DLI Down by location (inverse)
DNI Down by number (inverse)
BU+DLW Best up + Down by location (with)
BU+DNW Best up + Down by number (with)
BU+DLI Best up + Down by location (inverse)
BU+DNI Best up + Down by number (inverse)
ALL+DLW All activated + Down by location (with)
ALL+DNW ALL + Down by number (with)
ALL+DLI ALL + Down by location (inverse)
ALL+DNI ALL + Down by number (inverse)
Nth The activated actuator number

Table 30 — The flow control types of the selected convenient
flight modes in obtained in the Table 27
High High gain

A.O.A e FFO e ede PO
0° (DL5I) 2 (DLIS) 5
2,5° (DL5T) 1 (DLI5) 4
50 (UL5) 1 (DLIS) 4
7,5° (UL5) 1 (DLIS) 3
10° (UL3) 1 (UL2+DLI5) 2
12,5° (UL1) 2 (UN2+DLIS) 4
15° (UL2) 4 (UL2) 5
17,5° (UL1) 5 (UL1) 5
20° (UL1) 5 (UL1) 5

[ [ ]

Magnitude Velocity [m/s]: 0.5 1 1.5 2 25 3 3.5 4 45 5
= =

Magnitude Velocity [m/s]: 0.5 1 1.5 2 25 3 35 4 45 5

Fig. 14 — Velocity contours of the selected modes of controls (a) baseline, (b) highest efficiency, (c) highest gain lift force
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6 Conclusion

This work has presented a detailed numerical
analysis of active flow control on NACAO0O015 airfoil
using ten plasma DBD actuators. The investigation
was carried out in two main stages: the first examined
different actuator configurations on both the upper
and lower surfaces, while the second assessed the
effect of multiplying the generated body forces
up to five times, resulting in over 800 test cases.
The combined results lead to several meaningful
conclusions. On the upper surface, activating only one
actuator proved sufficient to obtain optimal
performance, highlighting the efficiency of localized
control. On the lower surface, the placement of a
single actuator near the trailing edge produced an
additional lift contribution. From the overall
evaluation, three relevant flight modes were
identified: the high efficiency mode, the maximum
net lift gain mode, and the high lift (saturation) mode.
The first two modes reached their best results at an
A.O.A of 10°, while the last was found most effective
at 15°. Importantly, the configurations that altered
the bottom near trailing edge achieved significant lift
improvements with negligible drag increase,
confirming the promising potential of plasma-based
actuation for efficient acrodynamic performance.
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