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ARTICLE INFO ABSTRACT

Article History: We numerically assess how chordwise placement of a single dielectric

. barrier discharge (DBD) plasma actuator affects separation control on a
Received 26 August 2025 cambered NA(g:]A (6412 )aigfoil at o = 12° for Us =p1 and 10 m/s (Re =
Revised 30 August 2025 6.85x10% and 6.85x105, respectively). Steady RANS (SST k-w) is coupled
Accgptet 28 O_ctober 2025 with a Shyy-type body-force model to represent the actuator. In the baseline,
Available Online 08 December 2025 separation forms on the suction side with onset near x/c =~ 0.60 at 1 m/s and
x/c = 0.70 at 10 m/s. Four plasma actuator locations are evaluated: x/c =
Keywords: 0.03 (LEL), 0.10 (LER), 0.40 (TEL), and 0.65 (TER). Simulation results
indicated that placement strongly governs authority by determining where
momentum is added to the boundary layer. A leading-edge actuator at x/c =
Separation control 0.03 consi§tently yield_s the best outcome, de_laying or removing separation,
Momentum injection strengthenlng the suction peak, and promoting smooth pressure recovery,
NACA 6412 espe01_ally at 10_m/s. A d_owr}stream actuator near x/c = 0.65 is the next most
effective, targeting the vicinity of natural separation. LER (x/c =~ 0.10) is the
least effective, especially at 10 m/s, where residual trailing-edge separation
remains. For placements aft of the maximum thickness, very strong
actuation (plasma jet > free-stream) can induce a laminar separation bubble
and increase drag despite lift gains. These findings offer practical guidance
for selecting actuator position and strength on cambered airfoils at moderate
incidence.
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1 INTRODUCTION

Active flow control (AFC) techniques have
garnered significant interest in modern aerodynamics
for their potential to reduce drag, enhance lift, and
improve overall aerodynamic efficiency [1]. Among
these, dielectric barrier discharge (DBD) plasma
actuators are particularly promising due to their rapid
response, absence of moving parts, and ease of
integration with aerodynamic surfaces [2].

DBD actuators function by generating a low-
temperature plasma between asymmetric electrodes
when subjected to a high-voltage alternating current
[3]. The surrounding air is ionized, and the resulting
charged particles are accelerated by the electric field,
producingg a  body  force  known as
electrohydrodynamic (EHD) force. This force
transfers momentum to the near-wall fluid,
generating an induced flow (often described as a
pseudo wall jet) that can suppress or delay boundary
layer separation [4]. The modification of the near-
wall flow structure plays a critical role in delaying or
mitigating flow separation [5].

A key determinant of DBD actuator
performance is its placement on the airfoil surface
[6]. Actuator location influences boundary layer
behavior, vortex shedding, and stall onset, all of
which affect aerodynamic performance. Actuators
placed near the leading edge are typically effective
in delaying separation, whereas those positioned
toward the trailing edge may enhance circulation
and manage wake structures [7]. Optimal placement
depends on several aerodynamic parameters, such as
Reynolds number, angle of attack, and airfoil
geometry [3].

Ogawa et al. [8] used large-eddy simulations to
evaluate DBD plasma actuator performance on an
airfoil at pre-stall angles of attack. Their results
showed that, near stall, DBD actuation promotes
early turbulent transition and facilitates flow
reattachment. At lower angles, vortex-induced
momentum transport helps maintain attached flow.
Wang et al. [9] performed low-speed wind tunnel
experiments to study plasma flow control effects on
airfoil performance. They observed improvements in
both maximum lift and stall angle for symmetric and
high-lift airfoils. Khoshkoo et al. [10] employed
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numerical simulations to investigate the effect of
steady plasma body forces on stalled NACA 0015
flow fields. Their findings confirm the effectiveness
of DBD actuators in mitigating separation at low
Reynolds numbers.

Kelley et al. [11] conducted compressible wind
tunnel tests using AC DBD actuators to suppress
leading-edge stall on a NASA energy-efficient
transport airfoil. They reported effective reattachment
of separated flow, leading to increased maximum lift
and delayed stall. Little et al. [12] studied separation
control on a deflected high-lift airfoil flap at Reynolds
numbers up to 240,000 using a single DBD actuator
placed near the flap shoulder. They concluded that the
actuator enhanced natural vortex shedding, which
improved momentum exchange between the
freestream and separated region.

While previous studies have demonstrated the
general effectiveness of DBD plasma actuators for
flow separation control, the influence of actuator
placement on specific airfoil geometries, particularly
under moderate angles of attack, remains
insufficiently characterized. Moreover, most existing
numerical investigations have focused on symmetric
or generic airfoils, leaving a gap in understanding for
cambered airfoils like the NACA 6412, which are
commonly used in practical applications.
Additionally, the spatial sensitivity of actuator-
induced flow control, especially in streamwise
configurations, warrants further exploration using
high-resolution simulation techniques.

In this work, we investigate how chordwise
placement of a DBD actuator affects the
aerodynamics of a cambered NACA 6412 airfoil at o
= 12°, using computational fluid dynamics (CFD).
Four locations are examined, at x/c = 0.03, 0.10, 0.40,
and 0.65. The actuator is represented with a Shyy-
type body-force. model within steady Reynolds-
averaged Navier—Stokes simulations using the SST
k—o turbulence model. For a 1 m chord and U, = 1
and 10 m/s, the corresponding Reynolds numbers are
Re =~ 6.8 x 10* and Re = 6.8 x 10°. The objective is to
map the placement dependence of separation control
and provide practical guidance for selecting actuator
location and strength to enhance lift and mitigate
separation in low-to-moderate Reynolds-number
regimes.
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2 MATERIAL and METHODS

Flow separation is a fundamental aerodynamic
phenomenon that occurs when the boundary layer is
unable to overcome an adverse pressure gradient
(APG), leading to a reversal of flow near the surface.
Mathematically, this is characterized by the
streamwise velocity gradient normal to the wall,
0u/0y, approaching zero and subsequently becoming
negative [13]. The magnitude of this gradient reflects
the “fullness” of the velocity profile: a more positive
value corresponds to higher near-wall momentum
and a more stable boundary layer.

As illustrated in Figure 1, the shape of the
velocity profile, and by extension, the likelihood of
flow separation, is influenced by multiple factors.
These include external momentum sources (e.g., flow
injection), momentum sinks (e.g., suction), and the
viscous dissipation inherent in the flow. Viscous
effects always act to dissipate momentum, and their
influence is especially critical in the near-wall region
where frictional forces dominate.

Fig. 1. Flow separation due to adverse pressure gradient,
illustrating velocity profile reversal near the wall [14].

Among these influences, the adverse
pressure gradient plays a central role: as
pressure increases in the direction of flow, the
kinetic energy of the boundary layer decreases,
weakening its ability to remain attached.
Understanding the interaction between APG and
flow momentum is essential for designing
effective flow control strategies, such as those
involving plasma actuators. In this context, a
guantitative  understanding of separation
behavior is critical for validating and evaluating

Journal of Technology in Aerospace Engineering / 3
Vol. VV, Special Issue, YYYY

the effectiveness of body-force-based actuation
models in CFD simulations.

2.1 Governing Equations

The computational model used in this study
is based on the two-dimensional, steady-state,
incompressible Reynolds-Averaged Navier—
Stokes (RANS) equations, supplemented with a
body force term to represent the effect of the
plasma actuator [15], [16].

The conservation of mass is enforced via
the continuity equation:

o g—; =0 )
where u and v are the velocity components in
the streamwise (x) and wall-normal (y)
directions, respectively.

The momentum equations in the x- and y-
directions include contributions from pressure,
viscous diffusion, and external forcing. The x-
momentum equation incorporates the plasma
actuator body force f:

1\ dp 2%u . 9%u
;)§+V(@+a—yz)+fx 2

where p is the static pressure, p is the fluid
density (assumed constant for incompressible
flow), v=w/p is the kinematic viscosity, p is the
dynamic viscosity, and fy represents the plasma
actuator body force in the streamwise (x)
direction.

The y-momentum equation incorporates the
plasma actuator body force fy:

()0, (2 o)
uf)x+v6y_ (p)6y+v(ax2+ay2 +fy (3)

The turbulence closure is achieved using
the k—® SST model, which is well-suited for
resolving adverse pressure gradients and flow
separation, conditions critical for accurate
simulation of plasma-induced control. The
turbulent kinetic energy k is governed by:

V- (ouk) = 7. [(u+ i—;) VK| + P = B pok )

where k is turbulent Kkinetic energy, p: is
turbulent viscosity, ok is model constant
controlling diffusion, Py is Production of
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turbulent kinetic energy, B* is Model constant
(B* = 0.09) and o is Specific Dissipation Rate,
described by:

V-(puw)=V-[(u+ 5—;)\7w] + a%Pk — Bpw*+2(1 -

p VkVw
F)—
Op2 W

(5)

where a, B, and ¢ are Model constants. Also, F1
is blending function switching between k-® and
k-¢ models. Here, u: is the turbulent viscosity,
modeled as:

He =p—k'+spz) (6)

w max(—*,—
a*’ aqw.

where S is strain rate magnitude, F, is Second
blending function and a: is model constant (a; =
0.31).

Boundary conditions at the airfoil surface
include the no-slip condition for velocity (u=v
= 0). For turbulent kinetic energy and specific

dissipation rate, the applied boundary
conditions are as below:

k=0 @)
0= G (®)

where u. is the friction velocity. To
incorporate the effect of the plasma actuator, the
force term fx and fy are modeled using the
Shyy-modified body force formulation [17],
which converts the applied electric potential
into a localized momentum source. The User
Defined Function (UDF) used in this study, is as
same as UDF used by Ebrahimi and Hajipour
[16]:

|E| = Eo — kix — kay ©)
F = p.e 9ATE (10)
2 _ (_IElk2  |E|ks )

1= (e e an

where p¢ is charge density of electrons, ec is
elementary charge, 4 is frequency of applied
voltage and AT is discharge time.

Electrode parameters are defined relative to
the airfoil chord: electrode length l/c = 0.07,
thickness to/c = 0.00025, with maximum voltage
of 5.7 kV at the wall (y = 0). These values are
selected to ensure a physically realistic force
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profile and maintain a non-zero actuation effect
in the numerical model.

2.2 Configuration and Numerical Domain

The present study investigates the influence
of plasma actuator location and freestream
velocity on the aerodynamic performance of a
NACA 6412 airfoil. The test cases are
summarized in Table 1. Four actuator positions
are defined relative to the airfoil chord length
and maximum camber location (40% chord for
NACA 6412). The Leading Edge Left (LEL)
position at x/c = 3% is located just downstream
of the leading edge on the upper surface. The
Leading Edge Right (LER) position at x/c =
10% lies further downstream but still upstream
of the maximum camber. The Trailing Edge Left
(TEL) position coincides with the maximum
camber at x/c = 40%, while the Trailing Edge
Right (TER) position at x/c = 65% is situated
between the maximum camber and the trailing
edge.

Table 1. Test cases for actuator placement and
freestream velocity.

Case Actuator Location Freestream
(x/c)x100 Velocity

Baseline i 1 and 10

Airfoil m/s
Leading Edge 30 1 and 10
Left (LEL) m/s
Leading Edge 0 1 and 10
Right (LER) 10% m/s
TrailingEdge 0 1 and 10
Left (TEL) 40% m/s
TrailingEdge 3 1 and 10
Right (TER) 5% m/s

The plasma actuators are arranged in a
spanwise configuration, with electrodes aligned
perpendicular to the freestream direction. This
configuration produces a streamwise-directed
wall jet, directly energizing the boundary layer
and enhancing near-wall momentum. Such an
arrangement is commonly employed for
delaying flow separation and controlling stall
[18]. Figure 2 illustrates the actuator locations
for all test cases.
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Fig. 2. Locations of plasma actuators on the NACA
6412 airfoil (spanwise configuration).

The computational domain employs a C-
type topology, refined around the airfoil using
the Body-of-Influence approach. A structured
guadrilateral mesh with over 620,000 elements
is generated to ensure numerical stability and
computational efficiency. In addition to the
Inflation layers, the Mesh Refinement is applied
to wall surface of airfoil to fully resolve the
viscous sublayer, enabling accurate prediction
of separation and reattachment. The mesh is
shown in Figure 3.

\

Fig. 3. C-type computational domain and mesh
refinement around the NACA 6412 airfoil.

The Shear Stress Transport (SST) k-
turbulence model is employed due to its high
accuracy in simulating flows with adverse
pressure gradients and separation. Near-wall
resolution is verified by evaluating the non-
dimensional wall distance Y*. As shown in
Figure 4, the maximum Y* is 1.6, with an
average of 0.2, which satisfies the requirements
for fully resolving the viscous sublayer in the
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SST k—w model. All simulations are performed
using a steady-state, pressure-based solver with
a coupled algorithm for momentum and
continuity equations.

1.60

Wall Yplus
o -
[ BN
=B =]

o
»
o

o
o
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0 01 02 03 04 05 06 07 08 09 1
X/C

Fig. 4. Distribution of Y* on NACA 6412 airfoil surface.
3 RESULTS and DISCUSSION

3.1 Baseline Cases

As described in Section 2, two free-stream
velocities (U, = 1 and 10 m/s) and four chordwise
actuator locations were examined. We begin with
the baseline airfoil without flow control. Figures 5
and 6 show velocity streamlines colored by U/U... In
both cases a separated wake forms downstream, and
a marked velocity deficit is visible over the suction
side near the trailing edge, which explains the
elevated drag.

u-umag

0 019 037 056 075 093 1.1 13 1.5 17 1.9

Fig. 5. Baseline, U.=1 m/s: velocity streamlines colored
by U/U..

Fig. 6. Baseline, U,=10 m/s: velocity streamlines
colored by U/U..
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The wall-normal gradient of streamwise velocity at
the wall, du/dy, is a compact indicator of attachment.
Figures 7 and 8 reveal that at U, = 1 m/s separation
begins around x/c = 0.60, whereas at U, = 10 m/s it
shifts aft to x/c = 0.70. This later separation at the higher
speed is consistent with a fuller near-wall velocity
profile and greater local momentum, even though the
adverse pressure gradient is stronger at o = 12°.

800,
600",
400} *

, ——,
200}, e
ol}

Separation Point
¥ -

elocity/dy [s"-1)

= -400-

0 01 0.2 03 04 0.5 0.6 07 08 09 1
X/C

Fig. 7. Case Baseline Airfoil 1 m/s, ou/dy velocity derivative

6e+044 Separation Point
29+04M

-2e+04 ——

dX-Velocity/dy [s™-1]

0 01 02 03 04 05 06 07 08 09 1
X/C

Fig. 8. Case Baseline Airfoil 10 m/s, ou/dy velocity
derivative

Surface-pressure  evidence  supports - this
interpretation. Figure 9 compares Cp distributions for
the two baseline conditions. The 10 m/s case exhibits a
deeper suction peak and steeper adverse gradient than
the 1 m/s case, yet the added momentum delays
separation relative to the lower-speed condition.

10,
£ 05(
3 00
» 80
= §-o5
g %
— £ s
(<5} 5720
L 25
01 02 03 04 05 06 07 08 09 1
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20,
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5
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[<S I L
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O %
0 01 02 03 04 05 06 07 08 09 1
x/c

Fig. 9. Baseline Cp distributions at U, = 1 and 10 m/s

3.2 Plasma actuator enabled

For U, = 1 m/s, both LER and LEL remove the
trailing-edge wake and produce attached flow along the
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suction side (Figures 10 and 11). The induced wall jet is
much faster than the free-stream, so it dominates the
near-wall region and overwhelms the incipient
separation. LEL imparts a slightly stronger wall-jet
signature than LER at this speed, which is consistent
with its closer proximity to the leading edge and a
thinner boundary layer at x/c = 0.03.

Velocity Magnitude
[mis]

|
000 087 174 261 348 436 523 610 697 784 871

Fig. 10. LER, U, =1 m/s: velocity contour.

Velocity Magnitude
[ms]

]
000 124 248 372 496 620 744 868 992 11.17 1241

Fig. 11. LEL, U= 1 m/s: velocity contour.

At U, = 10 m/s, placement becomes critical. As
shown in Figures 12 and 13, LER does not fully remove
separation; a residual separated zone persists near the
trailing edge. In contrast, LEL prevents separation and
yields a clean recovery. The mechanism is
straightforward: near x/c ~ 0.03 the boundary layer is
thin and the actuator can energize essentially its full
thickness while also coupling some momentum into the
outer flow. By x/c = 0.10 the layer is thicker and the
same forcing acts on a more developed profile, which
reduces authority.

Velocity Magnitude
[ms]

1
000 234 468 702 936 11.71 1405 1639 1873 21.07 2341

Fig. 12. LER, U. = 10 m/s: velocity contour.
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Velocity Magnitude
[m's]

]
000 258 516 775 1033 1291 1549 1807 2065 2324 2582

Fig. 13. LEL, U, =10 m/s: velocity contour.

The pressure distributions in Figures 14 and 15
corroborate this behavior. For U, =10 m/s, LEL shows
a stronger suction peak (about —6.5 versus —5 for LER)
and no indication of trailing-edge separation. The LER
curve shows recovery that flattens near x/c =~ 0.85,
consistent with residual separation.

Pressure Coefficient
OB WNLIOLAN

01 02 03 04 05 06 07 08 09 1
X/C

Fig. 14. LER, U, = 10 m/s: surface Cp.

o,

Pressure Coefficient
, '

01 02 03 04 05 06 07 08 09 1
X/C

Fig. 15. LEL, U, = 10 m/s: surface Cp.

Figures 16-19 examine the two downstream
placements at 1 m/s. Both TER and TEL suppress
large-scale separation over the airfoil, but each
produces a laminar separation bubble near the leading
edge. From the Cp distribution for TEL (Figure 17),
the bubble extends approximately 0<x/c<0.20. For
TER, the bubble is larger, extending to about x/c ~ 0.4
(Figures 18-19).

Velocity Magnitude
[ms]

]l
000 067 135 202 269 337 404 471 539 606 673

Fig. 16. TEL, U, =1 m/s: velocity contour.
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L o4
v
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Fig. 17. TEL, U, = 1 m/s: surface Cp.

o

This behavior is characteristic of very strong
wall-jet actuation relative to the free-stream.
When the induced jet speed greatly exceeds U
and the actuator is located aft of the maximum
thickness, streamlines upstream are bent toward
the wall at the forcing location. The resulting
adverse near-wall curvature promotes a local
recirculation region that appears as a laminar
separation bubble. The bubble increases pressure
drag even if lift rises.

Velocity Magnitude
[mis]

5 |
000 071 143 214 286 357 429 500 6572 643 7.14

Fig. 18. TER, U, =1 m/s: velocity contour.

Pressure Coefficient
® o BN O N

0 01 02 03 04 05 06 07 08 09 1
X/C

Fig. 19. TER, U, = 1 m/s: surface Cp.

At the higher free-stream speed, TER
outperforms TEL (Figures 20-23). TER sits just
upstream of the baseline separation point and
injects momentum where it is most needed, so
separation is prevented and pressure recovery is
smooth. TEL is less effective because it lies
farther from the incipient separation location; its
forcing does not target the critical region as
precisely. Comparing the Cp curves for TEL and
TER at 10 m/s shows that TER attains a deeper
suction peak and a more monotonic recovery
without trailing-edge signatures of separation.
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Velocity Magnitude
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]
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Fig. 20. TEL, U, = 10 m/s: velocity contour.
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Fig. 21. TEL U, = 10 m/s: surface Cp.

Velocity Magnitude
[ms]

]
000 253 506 759 1012 1265 1518 17.71 2024 2277 2530

Fig. 22. TER, U, = 10 m/s: velocity contour.

Pressure Coefficient

0 01 02 03 04 05 06 07 08 09 1
X/C

Fig. 23. TER U. = 10 m/s: surface Cp.

Generally, for wall-jet-based separation control
and pressure recovery on an airfoil, it is desirable
that the actuator promotes a gradual pressure
recovery without sharp fluctuations in the surface
pressure distribution. This requires selecting an
actuation strength commensurate with the local flow
momentum; in practice, a jet velocity of the same
order as the free-stream is effective, as in the U.,.=10
m/s cases examined here. When actuators of
comparable strength are compared across chordwise
locations, the 10 m/s results show that LEL and TER
provide the most robust separation control and the
smoothest recovery. By contrast, overly strong
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forcing aft of the maximum thickness can bend
upstream streamlines toward the wall and generate a
laminar separation bubble, which increases drag
despite possible lift gains.

Figures 24 and 25 summarize the changes in lift
and drag, normalized by their baseline values. At 1
m/s, using an actuator strength that is far larger than
the local flow momentum can raise Cq4 even when C,
increases, which does not vyield a beneficial
operating point. At 10 m/s the picture is more
favorable: LEL and TER produce the largest lift
gains with concurrent drag reduction, because they
either energize the thin boundary layer early (LEL)
or add momentum right before natural separation
(TER). LER is the least effective across these
comparisons, particularly at 10 m/s, because it
neither  pre-conditions the boundary layer
sufficiently early nor targets separation onset.

Aerodynamic Performance for V=1 m/s

e S ——

LR
e | ——
Baseline -
0 i 2 3 4 5 6 7 8

m(Cd/Cd Baseline ®Cl/Cl Baseline

Fig- 24. C\/Ci gaseline and Ca/Cy Baseline at U = 1 m/s for
different cases.

Aerodynamic Peformance for V=10 nvs

TER e ———
T e ——————————————
LR ——
L e ——
Bascine |
0 02 0.4 0.6 0.8 1 12 1.4
mCd/Cd Baseline mCl/Cl _Baseline

Flg 25 CI/CI Baseline and Cd/Cd Baseline at Uoo = 10 m/S fOI’
different cases.

Two practical lessons follow. First, match

actuation strength to the local momentum level so

that pressure recovery remains gradual; excessive
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forcing aft of the maximum thickness can trigger
laminar separation bubbles and increase drag.
Second, for single-actuator layouts on a cambered
airfoil at moderate incidence, a leading-edge
placement near x/c = 0.03 or a downstream
placement just upstream of the baseline separation
point (here x/c = 0.65) provides the most robust
control.

4 CONCLUSION

This study examined how the chordwise
placement of a single DBD plasma actuator affects
separation control on a cambered NACA 6412
airfoil at o = 12° for U, = 1 and 10 m/s using steady
RANS (SST k—w) simulations with a Shyy-type
body-force model. The results show that actuator
position strongly governs authority by setting where
and how momentum is added to the boundary layer.

* A leading-edge placement at x/c ~ 0.03 (LEL)
consistently provided the best overall outcome,
earlier boundary-layer energization, suppression of
separation, stronger suction peak, and smoother
pressure recovery.

* A downstream placement near x/c = 0.65
(TER) was the second-best option, because it targets
the vicinity of the natural separation onset.

« For actuator placements aft of the maximum
thickness (x/c = 0.40), and at low U.. a very strong
actuation that generates a plasma jet much faster
than the free-stream can induce a laminar separation
bubble and increase drag despite lift gains.

Design guidance therefore favors (i) a
leading-edge actuator for robust, early energization
or (ii) a downstream actuator positioned just
upstream of the baseline separation point. Matching
actuation strength to local momentum is essential to
achieve gradual pressure recovery and minimize
drag penalties. Future work should explore multiple
actuators, unsteady/multi-frequency excitation, and
three-dimensional effects, together with
experimental validation, to generalize these
placement strategies.
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