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The primary objective in aircraft transportation is to minimize turbulent drag, thereby conserving energy and reduc-
ing emissions. We propose a sector-shaped counter-flow dielectric barrier discharge plasma actuator, which leverages jet
synthesis for drag reduction. A drag control experiment was conducted in a low-speed wind tunnel with a controlled flow
velocity of 9.6 m/s (Re = 1.445 x 10%). This study investigated the effects of varying pulse frequencies and actuation volt-
ages on the turbulent boundary layer. Using a hot-wire measurement system, we analyzed the pulsating and time-averaged
velocity distributions within the boundary layer to evaluate the streamwise turbulent drag reduction. The results show that
the local TDR decreases as the pulse frequency increases, reaching a maximum reduction of approximately 20.97% at a
pulse frequency of 50 Hz. In addition, as the actuation voltage increases, the friction coefficient decreases, increasing the
drag reduction rate. The maximum drag reduction of approximately 33.34% is achieved at an actuation voltage of 10 kV.

Keywords: plasma flow control, turbulent boundary layer, turbulent drag reduction
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1. Introduction

With global efforts towards carbon peaking and carbon
neutrality, countries are seeking ways to decrease carbon emis-
sions and enhance energy utilization. In civil aviation, reduc-
ing flight drag is crucial for improving fuel efficiency. Tur-
bulent frictional drag constitutes a significant portion, com-
prising more than one-third of the total flight drag.!'! Hence,
reducing turbulent frictional drag can yield up to a 10% re-
duction in total flight drag, thereby enhancing fuel efficiency
and potentially saving approximately $3 billions.>! In addi-
tion, decreasing turbulent frictional drag can improve the ma-
neuverability and endurance of large military transport aircraft
and high-altitude, long-endurance unmanned aerial vehicles
(UAVs).

Both passive and active control methods are available for
turbulent drag reduction (TDR).[*>! Passive TDR techniques,
including vortex generators,®! Gurney flaps!” and grooves,!®!
utilize simple and fixed equipment and are typically limited to
specific scenarios. Conversely, active TDR techniques, such as
wall blowing/suction, ! synthetic jets!!*!!l and DBD plasma
actuators, '?! introduce energy into the flow field, allowing for
dynamic flow control through adjustable actuation parameters.

The main objective of controlling the turbulent bound-
ary layer (TBL) is to regulate its coherent structures. Dielec-
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tric barrier discharge (DBD) control is an active flow con-
trol method utilizing plasma pneumatic actuation. Various
plasma actuators and numerous different actuation methods
have been proposed as innovative approaches to achieve flow-

13-16] Choi’s research team explored the influ-

field control.!
ence of spanwise oscillation on the plasma generated above the
DBD plasma actuator.!'”1°1 This method primarily disrupts
the near-wall coherent structures of the TBL and has proved
to be highly effective. These studies have demonstrated the
flow control performance of the DBD actuator. However, the
output momentum generated by conventional DBD actuators
is relatively weak.

By adding a third electrode to the traditional DBD actu-
ator, Liu was able to improve jet direction control, which can
be regulated by connection to a DC power source. With in-
creased actuation intensity, Liu achieved control over different
discharge modes in a wind tunnel. The results showed that,
under optimal operating conditions, sliding discharge was im-
proved by 3%. Wang studied the three-dimensional effects
of plasma actuators with various electrode shapes, includ-
ing linear, triangular, serpentine and square configurations. [>!
Numerical results show the electron temperature and three-
dimensional plasma force vectors for four actuator shapes:
linear, triangular, serpentine, and square. Subrata introduced
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a horseshoe actuator configuration, and the numerical re-
sults demonstrated that these electrode shapes have a signif-
icant three-dimensional effect on the adjacent airflow.*!l Ko-
rnilov introduced a distinct approach known as the near-wall
micro-blowing technique to enhance TBL coherent structure
control.??] Jin integrated the near-wall micro-blowing method
with DBD control to develop a novel actuator called the annu-
lar dielectric barrier discharge (A-DBD) plasma actuator, [>]
combining the benefits of DBD stabilized discharge and
micro-blowing with potent zero-mass blowing and suction
control effects. This technique induces localized blowing and
suctioning to alter the vortex structure within the TBL. The
A-DBD plasma actuator generates a wall-normal jet through
interaction with counter-tangential streams, significantly af-
fecting the entire flow field. Its application in TDR greatly
enhances control effectiveness compared to previous methods.

However, the influence range of a single annular DBD
plasma actuator is limited. Although the array structure is used
to expand the range of action, the arrangement of the ring array
does not allow interaction between individual actuators and
lacks overall control. To this end, this paper proposes a sector-
shaped counter-flow DBD (SSC-DBD) plasma actuator, which
transforms the original annular electrode into a C-port-shaped
electrode and arranges the actuators symmetrically based on
jet synthesis. This design aims to expand the influence range
of the actuator and enhance its efficiency. According to exist-
ing research, oscillatory actuation and pulse actuation can sup-
press the band structure of turbulent boundary layers. In this
study, at an inflow velocity of 9.6 m/s (Re = 1.445 x 104), we
investigate changes in the boundary layer downstream from
the plasma actuator. The focus is on the effects of different
actuation frequencies f and voltages V' on controlling the tur-
bulent boundary layer over a flat plate, with a brief analysis of
the drag reduction mechanism.

2. Experimental system
2.1. Sector-shaped counter-flow DBD plasma actuator

The SSC-DBD plasma actuator consists of a symmet-
ric set of C-shaped exposed electrodes with sector angles of
240° and a ring-shaped buried electrode, separated by a 1 mm
PCB board with a dielectric constant of 4.7 (Fig. 1). Both
electrodes are made of 0.05 mm thick copper foil. They are
aligned along the same axis without any horizontal spacing.
Due to the absence of horizontal spacing, plasma discharge
from the high-voltage electrode is directed towards the ground
electrode, forming a plasma jet through the sectors. The an-
nular exposed electrode has a width of 2 mm and an inner
radius of 10 mm, while the covered electrode has a width of
20 mm. To prevent arc discharge between the electrodes, a
0.3 mm thick Kapton insulating tape is applied over the buried
electrode for additional insulation.

(a) Exposed
electrode

Kapton
Dielectric
insulation

Covered
electrode
(b) Plama jet Nl

Exposed
electrode

0.05 mm\

Covered
Vac  GND electrode

Fig. 1. (a) The structure diagram of an SSC-DBD plasma actuator with a
240° sector angle, (b) electrical connection, (c) plasma discharge region
(top view).

A CTP-2000K low-temperature plasma experimental
power supply, rated at 500 W, was used, providing sinusoidal
output voltages ranging from 0 to 30 kV and frequencies be-
tween 5 kHz and 20 kHz. The experiment was conducted in
both steady and unsteady modes. A digital pulse modulator
generated control signals with varying pulse frequencies and
duty cycles. The timing of these control signals was adjusted
to create the driving waveform shown in Fig. 2 for pulsed oper-
ation. The pulse frequency (f,) and duty cycle (7) are defined
by

1
= 1
fp T7 ( )
T.
r:%xm%. )

The voltage and current data of the plasma actuator are col-
lected by the Tektronix P6015A and Pearson Model 2877, re-
spectively. These signals are then transmitted through 1 MQ
and 50 Q coaxial cables to the DPO2024 oscilloscope for dis-
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Fig. 2. Pulse modulation waveform diagram.

2.2. Wind tunnel experimental setup

The experiment was conducted in a low-speed wind tun-
nel at Northwestern Polytechnical University, as illustrated in
Fig. 3.1 The wind speed was adjustable from 0 to 20 m/s, with
a fixed incoming velocity of 9.6 m/s (Re = 1.445 x 10*) and
background turbulence below 0.3%. The experimental sec-
tion measured 670 x 720 x 200 mm and featured a rectangu-
lar cross-section with the lower wall machined from a single
block of acrylic sheet. A 130 mm x 130 mm square step was
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integrated into the lower wall panel to install fixed experimen-
tal equipment. The upper wall plate, constructed of rigid steel,
housed a rectangular measuring port measuring 670 mm in
length along the flow direction and 220 mm in width across the

Power section , Diffuser ,Static ,Damping

| Contraction

,4—1 140——>|4—480—-}«380»]=31 6»,4—670—>|<—800—>|<—l 500—»{4—1000—»'4—2000-»'
|

spreading direction. Through this port, the top section of the
wind tunnel accommodated a 3D displacement-measuring sys-
tem with a hot-wire sensor, enabling the collection and analy-
sis of flow-field data.

Test section Exit section

Entry
I

Measure window |

N L -

PN
o0
=
STS >

=

Fig. 3. Schematic diagram of the low-speed wind tunnel.[*)

To ensure the complete development of the TBL within
the wind tunnel’s test section, a 50 mm wide strip of 120-grit
sandpaper was affixed to the wall, 150 mm downstream from
the converging section outlet. This strip of surface roughness
acts as a transition element to facilitate the full development of
the TBL in the experimental section. The flat model was con-
structed from the same insulated plexiglass sheet as the side-
walls for safety reasons. In the subsequent section, the model
was positioned within a square step, and to prevent experimen-
tal errors caused by surface irregularities, its upper surface was
aligned flush with the lower wall. The schematic diagram of
the lower wall panel is shown in Fig. 4.

Observation

window — __ _ _ _ Profile
038((: Hot wire
g’:‘*—;’- ~ 1
777777 < ﬁagn;aétuators
Top e :
T
z = 720
Transition. L IE. - —. . 2] e — =2
roughness trip = o R
= Test point
1820 80

Fig. 4. Schematic diagram of the experimental layout.

For this experiment, a matrix arrangement of 2 x 6 ex-
posed electrodes was implemented, as illustrated in Fig. 5. The
gap between the exposed electrodes is Ad = 3 mm, and the ra-
dius of the covered electrodes is »r = 10 mm. The distance
between the centers of the adjacent actuators is d = 30 mm,
with a separation of 4 = 25 mm between neighboring actua-
tors. The covered electrodes are embedded in the center of

the actuators and protected by a 0.3 mm thick Kapton layer to
prevent arcing during discharge.

Ad

Fig. 6. SSC-DBD actuator installation and plasma discharge experiment
diagram.

For acquiring pulse velocity distribution profiles, a hot-
wire velocity probe (55P15), coupled with a Dantec Stream-
Line thermostat, was used for data acquisition. In this ex-
periment, precise probe positioning was crucial for accurate
data acquisition. The hot-wire probe was placed at the actua-
tor’s central axis, with data collected 20 mm downstream from
the actuator for subsequent analysis. The main components of
the hot-wire anemometer included a central unit and a calibra-
tor. The S5P15 probe was calibrated for velocity voltage using

025205-3



Chin. Phys. B 34, 025205 (2025)

an automatic calibration unit designed explicitly for hot-wire
anemometers, covering a calibrated velocity range, as shown
in Fig. 6.

3. TDR experimental results with sector-shaped
counter-flow dielectric barrier discharge

In this experiment, the fixed incoming velocity of the
wind tunnel was set at 9.6 m/s (Re = 1.445 x 10*). The bound-
ary layer thickness (8) in the uncontrolled state was deter-
mined to be 58.50 mm based on the analysis of experimen-
tal velocity data. The Clauser (1956) equation was employed
in this study to fit the velocity within the logarithmic region
of the boundary layer using the least-squares method.??! The
equation is as follows:

ut =2.44Iny" +4.9. 3)

The correlation involving the friction velocity uz; and the time-
averaged arrangement of (y;,u;) obtained from the measure-
ments can be established, where i corresponds to varying nor-

Yildi U;
= — 4
o). @

RR=1-+t ®)

mal distances,

From Eq. (4), it is evident that each time-averaged sequence
(vi,u;) in the logarithmic region corresponds to a friction ve-
locity value ug;, with u;; being the only unknown variable.
By performing least-squares fitting on all time-averaged se-
quences in the logarithmic region, the goodness of fit R> ap-
proaches 1, and the optimal friction velocity value u; is ob-
tained.

The friction coefficient Cr and the wall shear stress 7, =
pu2 are obtained by fitting the velocity profile to the Eq. (6)
described. The DR rate is used to quantify the amount of drag

reduction
2
TW Ur
Ci=——=2(— 6
)@
DR = 1 — =" 100%. %
Tw—off

In the above equation, DR represents the drag reduction rate.
When DR > 0 indicates that the system’s actuation reduces
drag; DR < 0 indicates that the plasma actuation increases
drag. Ty _off represents the wall shear stress at the measure-
ment point when the plasma actuator is turned off, while 7y, _op
represents the wall shear stress when the actuator is turned on.

Figure 7 illustrates the boundary layer velocity distri-
bution with the device turned off. The figure reveals that

the velocity distribution within the logarithmic region (50 <
yT < 200), measured 20 mm downstream from the actuator,
closely follows the classical logarithmic law (Clauser’s equa-
tion). This suggests that the boundary layer in the measure-
ment region has adequately developed into the TBL. Conse-
quently, this indicates that the actuator is correctly positioned,
its influence range precisely matches the TBL, and its place-
ment does not hinder the normal development of the boundary

layer.
30
20 =h
+§ -DU' ‘?'DM’{?EEEEEF
10- o e Plasma off ...
3 — u'=2.44Iny"+4.9
0 1 L1 a1l 1 i1 111l 1
10t 102 103
y+

Fig. 7. Influence of SSC-DBD plasma actuator arrangement on TBL.

3.1. TDR experimental results with plasma actuation

3.1.1. Turbulent drag reduction control effect at dif-
ferent pulse frequencies

When investigating TDR at various pulse frequencies, all
other parameters were kept constant, with the actuation volt-
age fixed at 9 kV. Velocity distributions at different frequen-
cies were standardized using the corresponding internal scales
of the boundary layer ur, resulting in overlapping velocity dis-
tributions. This consistency arises from the use of specific in-
ternal scales for dimensionless scaling.

Previous research has identified a coupling frequency
where matching the pulse frequency of the plasma driver
with the intrinsic frequency of the incoming flow enhances
flow control effectiveness, similar to resonance.?*! To lever-
age this phenomenon for optimizing flow control parameters
and effectiveness, we examined the impact of actuation on
turbulent friction resistance across different pulse frequen-
cies. The incident flow velocity was kept constant at 9.6 m/s
(Re = 1.445 x 10*), with the actuation voltage set at 9 kV and
a duty cycle T of 50%. This analysis builds upon prior ex-
perimental investigations involving various pulse frequencies
(fp = 50 Hz, 100 Hz, 200 Hz, 400 Hz and 800 Hz), demon-
strating varying degrees of effectiveness in reducing frictional
resistance.

However, when different pulse frequencies are applied,
changes in the velocity distribution within the boundary layer
become evident. Notably, a significant decrease in velocity is
observed in both the buffer layer and the logarithmic region.
After actuation, the jet interacts with the flow near the wall.
The actuator-induced reverse vortex creates a “virtual barrier”
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effect near the wall, lifting away downstream vortices and co-
herent structures adjacent to the wall. As a result, frictional
drag from interactions between downstream vortex sweeping
events is mitigated. Simultaneously, the regeneration of down-
stream vortices near the wall is hindered, leading to reduced
velocities in the buffer layer and logarithmic region. Ulti-
mately, this contributes to achieving TDR.

Figure 9 compares the velocity distributions across vari-
ous boundary layers at different pulse frequencies, alongside
that of an uncontrolled boundary layer. Here, u™ represents the
dimensionless flow velocity and y* denotes the dimensionless
wall distance,

_ e

®)
. €))

where v represents the kinematic viscosity of air and u; is
the wall friction velocity. These velocity distributions were
processed dimensionless using the internal scale of the uncon-
trolled boundary layer. The phenomenon observed in Fig. 9
illustrates changes in velocity distributions after applying var-
ious pulse frequencies. This change is characterized by a ve-
locity deficit, indicated by a downward shift in velocity pro-
files within the logarithmic zone compared to the uncontrolled
boundary layer. Notably, lines representing different pulse
frequencies show significant downward shifts to varying de-
grees, indicating different levels of streamwise velocity reduc-
tion within the boundary layer across various pulse frequen-
cies. However, the velocity distribution of the boundary layer
changes after applying different pulse frequencies, and the ve-
locities of the buffer layer and the logarithmic region decrease
significantly. Figure 8 presents a schematic diagram of the

30

classical wall turbulence layered model. The blue line repre-
sents the logarithmic distribution predicted by Clauser’s clas-
sical theory, while the black points indicate the time-averaged
velocity measured at the specified points when the actuator
is off. The close agreement between the two confirms the
validity of the model. In contrast, the colored points depict
the time-averaged velocity measured after the actuator is acti-
vated, with the degree of offset indicating the drag reduction
effect. Compared to the velocity profile without actuation, an
upward displacement of the velocity curve corresponds to an
increase in friction velocity, indicating higher surface friction
resistance and increased drag. Conversely, a downward dis-
placement corresponds to a decrease in friction velocity, re-
flecting reduced surface friction resistance and drag. The rela-
tionship is described by

Toi = PUz;. (10)

A greater degree of offset signifies a more effective drag re-

duction.
A
Peripheral
zone
Flow 200f-—-———=""""""¢f-—"—""~"~"~"~"~—~——-
— Logar%thmic
_ region
. / Inner zone
| e— >
 Buffer layer

Viscous sublayer

Fig. 8. Schematic diagram of the classical wall turbulent layered model.
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Fig. 9. Comparing boundary layer velocity distributions across various pulse frequencies. (a) f, = 50 Hz, (b) f, = 100 Hz, (c) f, = 200 Hz,
(d) fp =400 Hz, (e) f, = 800 Hz, (f) velocity distributions across various pulse frequencies.
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Furthermore, beyond y* > 200, the boundary layer ve-
locity distribution closely resembles that of the uncontrolled
boundary layer, highlighting the localized impact of plasma
aerodynamic actuation within a specific operational range,
particularly in the logarithmic region of the TBL and its adja-
cent areas. In addition, increasing pulse frequency correlates
with an initial increase followed by a tapering of velocity re-
duction within the 300 < y* < 1000 range. Across different
frequencies, the velocity distributions show substantial over-
lap, indicating consistent patterns across all five frequencies.
These findings suggest that the limited operational scope of
plasma actuation may be due to this observed trend.

3.0 (a') —_— Plasma off]|
: e 5 v f=50Hz
. [ o 1 i 4 £=100 Hz
2.5 %% -3 T £,=200 Hz
- xh- - =y o £,=400 Hz
2.04 Yt v * £,=800 Hz
$ \ R
.
~ -
3 1.5
1.0
Peak ot
0.54 Logarithmic region : :
0 T T
102 103
y/o
1
(b) Plasma 0;;
0.124 =] v f,=50 Hz
Ty A f=100 Hz
1 - [,=200 Hz
0.10 Ay . jE=400 Hz
A ©_f,=800 Hz
0.084 '
:s
~ 0.061
3
0.041 Peak
0.021
0 T T
107! 10°

y/d

Fig. 10. Dimensionless velocity fluctuation distributions under various
pulse frequencies: (a) inside the TBL, (b) outside the TBL.

Velocity fluctuation distributions inside and outside the
TBL were analyzed using dimensionless methods. Figure 10
present comparative results of these distributions across vari-
ous pulse frequencies. Both actuated and un-actuated scenar-
ios adhere to classical TBL theory, where root mean square
velocities initially increase and decrease.!*>! However, varia-
tions in peak values are evident. Specifically, at a frequency
of 50 Hz, post-actuation, longitudinal vortex positions rise,
promoting their migration to higher regions. The peak at
50 Hz (the line in the peak) is the highest among the groups
used. This fosters fluid mixing between low-velocity and high-
velocity zones, leading to deviations in peak velocity fluctua-
tion distributions and contributing to drag reduction. Remark-
ably, 50 Hz demonstrates the most effective drag reduction

among the tested frequencies. None of the pulse frequencies
yield velocity fluctuation distributions with peaks lower than
the baseline, indicating increased frictional resistance. Nev-
ertheless, these differences in drag reduction effectiveness do
not result in drag increase phenomena across the tested fre-
quencies. Analysis suggests that when the applied pulse fre-
quency exceeds optimal control parameters, the generation of
jet-induced coherent structures becomes more frequent. This
intensifies velocity fluctuations within the buffer and logarith-
mic zones, reducing drag reduction efficiency or potentially
causing drag increase phenomena.

Table 1 shows the variation of the boundary layer cor-
relation parameters at different pulse frequencies. Combined
with Fig. 11, it illustrates the variations in resistance reduction
rate and friction coefficient across different pulse frequencies.
The most significant localized reduction in resistance, reach-
ing 20.97%, occurs when the incoming flow velocity is 9.6 m/s
(Re = 1.445 x 10%), the actuation voltage is 9 kV and the
pulse frequency is 50 Hz. However, as the pulse frequency in-
creases, the reduction in resistance gradually diminishes. For
instance, at a pulse frequency of 800 Hz, the applied actuation
results in only a 3.4% drag reduction.

Table 1. Parameter comparison of boundary layer with different pulse
frequencies.

f (Hz) uz (m/s) Ty (Pa) Cy DR
Off 0.2838 0.09544 0.00331 -
50 0.2523 0.07543 0.00261 20.97%
100 0.2607 0.08054 0.00279 15.61%
200 0.2719 0.08761 0.00304 8.2%
400 0.2749 0.08955 0.00310 6.17%
800 0.2790 0.09224 0.00320 3.35%
52 22
o 20.97% v I
3.1 Mmzo r20
. F18
. 0.00310
_ 3.0- .10.61% L16
g 0.00304 ri4 x
= 2.940.00279 12 =
S L1o A
07
9.84 . 8:20% s
\. 6.17% 6
2.7 3.35% [
v 0.00261 .
F2
2.6 T T T T T T T T T
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Fig. 11. The drag coefficient and drag reduction ratio under various pulse
frequencies.

A corresponding matching frequency is essential to
achieve optimal control efficacy. If the pulse frequency ex-
ceeds the incoming flow frequency, it amplifies the energy and
spatial scale of actuation-induced flow structures beyond what
is necessary for the incoming flow. This discrepancy might in-
duce the formation of secondary longitudinal vortices, inten-

025205-6



Chin. Phys. B 34, 025205 (2025)

sify longitudinal vortices near the wall, and consequently re-
duce the thickness of the viscous sublayer. As a result, control
effectiveness may decrease or even lead to complete failure.

3.1.2. Turbulent drag reduction control effect at dif-
ferent actuation voltages

This section investigates how different actuation strengths
affect turbulent frictional resistance while maintaining a con-
stant incoming velocity of 9.6 m/s (Re = 1.445 x 10*) and a
carrier frequency of 10 kHz. The primary objective is to exam-
ine the variations in TBL frictional resistance under different
actuation voltages.

Figure 12 depicts the comparison of velocity distributions
within the boundary layer under various applied actuation volt-
ages, normalized using the internal scale of the boundary layer
without actuation. Significant changes in the velocity distribu-
tions within the boundary layer are discernible after applying
different actuation voltages, particularly in the buffer layer and
logarithmic region. A decrease in controlled velocity com-
pared to the baseline flow velocity signifies a reduced wall
friction velocity under controlled circumstances. This reduc-
tion in controlled velocity correlates with a decrease in surface
frictional resistance, where a larger deviation indicates a more
pronounced decrease in resistance.

In the region where y* < 80, the actuation application
leads to varying degrees of downward deviation in velocity

ing actuation voltage gradually reduces the velocity deviation
within the buffer layer and logarithmic zone, thereby dimin-
ishing control effectiveness. This indicates that, for a given in-
coming flow rate, stronger actuation does not necessarily yield

better outcomes. 2627

I Instead, an optimal actuation strength
exists, maximizing drag reduction, similar to findings in prior
studies on drag reduction in flat-plate boundary layers.*8! Be-
yond yT > 175, the effectiveness of the actuator diminishes,
with velocity distributions within the boundary layer con-
trolled and uncontrolled, mainly overlapping. This suggests
that the current actuator configuration and parameters primar-
ily influence near-wall longitudinal vortex structures within
the buffer layer, viscous sublayer and logarithmic region.

In previous experiments, when the input energy matched
the strength of the flow field, the jet interacted with the near-
wall flow, facilitating mass and momentum transport, and in-
fluencing the boundary layer flow. This process inhibited the
regeneration of longitudinal vortex structures, leading to a ve-
locity deficit in the buffer layer and logarithmic region, ulti-
mately achieving the goal of TDR. However, if the applied
intensity exceeds a certain threshold, it amplifies the intensity
of longitudinal vortices in the near-wall region, resulting in in-
creased wall friction resistance. Nonetheless, in this scenario,
the selected actuation voltage does not exceed this threshold,
as depicted in Fig. 12. There is no noticeable upward shift in
the plot line after actuation, nor any indication of increased

distribution. However, in the 80 < y* < 175 range, increas-  drag.
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Fig. 12. Comparing boundary layer velocity distributions at various actuation voltages.
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Fig. 13. Flow direction velocity fluctuation distributions at various actuation voltages.

Figure 13 depict the comparative results of velocity
fluctuation distributions under different actuation voltages.
Specifically, figure 13 illustrates the boundary layer’s dimen-
sionless inner and outer scales without actuation. In this state,
the root mean square velocity demonstrates the classical pat-
tern of increasing and then decreasing with height, consistent
with TBL theory. Notably, figure 13 shows that the peak-
controlled pulsation velocity increases with higher actuation
voltage and blowing intensity. This increase corresponds to
an upward shift in the spatial location of the longitudinal vor-
tex structure, which progressively moves upwards as actuation
voltage and blowing intensity increase.
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Fig. 14. Comparing boundary layer velocity distributions across various
actuation voltages.

Table 2 shows the variation in the boundary layer’s cor-
relation parameters at different actuation voltages. The subse-
quent analysis systematically estimates the surface friction co-
efficient and drag reduction rate using the viscous sublayer law
fitting established earlier. Figure 14 illustrates the variations in
drag reduction rate and friction coefficient under different ac-
tuation voltages. Notably, an optimal localized drag reduction
of 33.34% is achieved at an actuation voltage of V,, = 10 kV.
Significantly, no trend of the friction coefficient gradually in-
creasing or the drag reduction effect gradually decreasing is

observed with increasing actuation voltage. This absence of
such a phenomenon suggests that the selected voltage param-
eter has not yet reached its threshold. Consequently, the figure
shows a continuous increase in drag reduction rate with the
rise in actuation voltage.

Table 2. Parameter comparison of boundary layer with different actuation
voltages.

V (kV) ug (m/s) Ty (Pa) Cr DR
Off 0.2838 0.09544 0.00331 -
0.2658 0.08372 0.00290 12.28%
0.2579 0.07882 0.00273 17.41%
0.2484 0.07312 0.00253 23.39%
10 0.2317 0.06362 0.00221 33.34%

3.2. Analysis of resistance reduction mechanism

The upward jet flow removes the low-speed streaks near
the wall, leading to a reduction in speed in this region com-
pared to the uncontrolled boundary layer, thereby inducing
a drag reduction effect. The jet interacts with the turbulent
near-wall flow, and the induced jet works to disrupt the self-
sustaining streamwise vortices in the turbulent boundary layer
by interrupting the sweep events of these vortices, as illus-
trated in Fig. 15.

Streamwise vortex
Induced vortex

Low-speed streak

~— A~ AT Ejection B
I ]

Fig. 15. Schematic diagram of the blowing TDR strategy.

When the SSC-DBD is activated, it generates vortices
perpendicular to the wall, which evolve into large-scale
streamwise vortices (LSSVs) in the near-wall region of the
boundary layer. These vortices suppress wall interactions by
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inhibiting the development of streamwise vortices and streak
structures near the wall. The perpendicular vortices restrain
the spanwise movement of the streaks, stabilizing them and
creating a riblet-like effect. This virtual riblet effect reduces
drag and lowers turbulence intensity, with the drag reduction
increasing as the virtual riblet effect becomes more dominant,
ultimately achieving the goal of turbulent drag reduction.

4. Conclusion

In summary, the experiment evaluates the actuator’s drag
reduction effectiveness under different environmental condi-
tions by adjusting various parameters. The wall friction veloc-
ity Uy is determined through logarithmic zone velocity fitting
and velocity data are normalized. Based on a comprehensive
analysis of boundary layer velocity distribution, the following
conclusions are drawn.

(i) The drag reduction effect is most effective when there
is a coupling relationship between the plasma pulse frequency
and the natural frequency of the external flow field. Various
pulse frequencies of plasma aerodynamic actuation were em-
ployed to achieve localized drag reduction control, and the
drag reduction rate gradually decreased as the actuation fre-
quency increased. The maximum local drag reduction rate
reached approximately 20.97% at f, = 50 Hz. Compared with
previous studies, [*?! the effect increased by 1.23 times.

(i1) When the inflow velocity is constant, the actuation in-
tensity needs to match the inflow intensity. In this experiment,
with an inflow velocity of U. = 9.6 m/s (Re = 1.445 x 10%),
the friction coefficient gradually decreases as the actuation
voltage increases, and the drag reduction effect gradually im-
proves. Based on this analysis, an optimal actuation voltage of
Vpp = 10 kV is identified, resulting in a maximum drag reduc-
tion effect of 33.34%. We compared our results with the ring
actuator under a 7 m/s incoming flow, which showed a drag re-
duction of 17.72% at a Vj,, of 8 kV. Our results demonstrated
a drag reduction effect 1.88 times greater.

(iii) Under the drag reduction conditions of this exper-
iment, the logarithmic velocity distribution of the turbulent
boundary layer exhibited a significant downward shift, with
the logarithmic velocity decreasing notably.

This paper investigates the application of the SSC-DBD
plasma actuator for reducing drag in the turbulent boundary
layer (TBL). This innovative approach enhances plasma con-
trol over incoming flow velocity, representing a significant ad-
vancement in TBL drag reduction compared to previous meth-
ods. Future research will incorporate high-speed particle im-
age velocimetry (PIV) to visualize flow changes and monitor

alterations in coherent structures within the TBL induced by
plasma pneumatic actuation. This comprehensive study aims
to elucidate the underlying mechanisms of the plasma actuator,
focusing on vortex development processes and their implica-
tions for drag reduction efficiency. Ultimately, this research
will enable more precise and effective drag reduction control.
The development of induced vortices on both sides has not
been fully explored, and the drag reduction parameters in this
study should be validated in future research to examine the
differences and evolution of the induced vortices.
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