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ABSTRACT
In this study, we present a first attempt to control

wall turbulence at high friction Reynolds numbers (Reτ ≈
8000&14400) by means of an array of sinusoidally-shaped,
wall-mounted plasma actuators. While the final aim is to re-
duce friction drag by disrupting the wall turbulence cycle, this
study presents a preliminary effort in assessing whether the
deployed flow control approach is effective in controlling tur-
bulence at high Reynolds numbers. The experiments were car-
ried out in the world-unique Long Pipe facility at the CIC-
LoPE laboratory. High-speed, high-resolution particle image
velocimetry captured the effects of the performed flow control.
The presented results show the potential of these actuators of
having a significant impact on the turbulent statistics and on
the spectral signature of the turbulent fluctuations at both the
tested flow velocities. Specifically, while the streamwise ve-
locity fluctuations near the wall are reduced, those in the loga-
rithmic layer appear to be enhanced.

MOTIVATION
Turbulent skin friction accounts for more than the 50% of

the total drag on an airliner in cruise flight. As such reducing
friction drag is a crucial effort for a cleaner aviation.

Geometric features on the flow-wetted surfaces as the ri-
blets interfere with the wall turbulence regeneration cycle and
showed to reduce friction drag of some percentage points (e.g.
Bechert & Bartenwerfer, 1989; Walsh, 2012). Besides passive
flow control approaches, active ones have also emerged with
the aim of increasing both the level of achievable drag reduc-
tion and their operational range – as active devices allow to
tune some of their control parameters following diverse flow
conditions –. Among the active flow control efforts, oscillat-
ing the wall along the cross- or span-wise direction showed to
effectively disrupt the turbulence coherent structures and the
effect they cause on friction drag (e.g. Jung et al., 1992; Choi
& Graham, 1998). Nevertheless, such a flow control approach
is cumbersome to implement. Because of this, oscillating wall
like forcing approaches have been explored in the literature.
Arrays of wall-mounted plasma actuators (PAs), designed to

induce an oscillating flow or other control flows, can also re-
duce friction drag while simplifying the actuator embodiment
and installation (e.g. Wilkinson, 2003; Jukes et al., 2006; Choi
et al., 2011; Whalley & Choi, 2014; Thomas et al., 2019;
Hehner et al., 2019; Serpieri et al., 2023; Fang et al., 2024;
Wei & Zhou, 2025). With the aim of replicating the oscillation
forcing but with passive means and leveraging on the flow ad-
vection, riblets modulated sinusoidally along the streamwise
direction were also proposed and showed to outperform the
original longitudinal ones (e.g. Peet & Sagaut, 2009; Sasamori
et al., 2014, 2017; Cafiero et al., 2024). Besides these efforts,
wall-normal jets also proved to be capable of weakening the
turbulence larger structures with beneficial effects on friction
drag (e.g. Schoppa & Hussain, 1998; Iuso et al., 2002).

In this study and following the work of Benard et al.
(2024), we combined these different approaches and we de-
veloped an array of sinusoidally modulated PAs inducing wall-
tangential jets in opposing directions, eventually colliding and
forming wall-normal plumes. The aim of the study is to
actively – and with a relatively simple, retrofitting flow ac-
tuator – control the turbulence cycle for aeronautical flows.
The developed PA array was therefore designed to match the
turbulence scales at high friction Reynolds numbers (Reτ ≈
8000&14400) possible in the CICLoPE Long Pipe (LP) fa-
cility.

EXPERIMENTAL SETUP
The CICLoPE LP is a world-unique facility for study-

ing turbulence for aeronautical flows allowing for high (fric-
tion) Reynolds number flows (Reτ > 45000) at still measur-
able scales. It consists of a 111.15 m long pipe and a diame-
ter D = 0.90 m, where dynamically and thermally stable con-
ditions can be generated (Bellani & Talamelli, 2016; Zheng
et al., 2022).

The pipe is equipped with several round access ports
for the installation of measurement instrumentation such as
hotwires, pressure probes or optical equipment. For the
present investigation, we designed and 3D printed an insert
for the access port to accommodate both a bay to flush mount
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Figure 1. Photograph of the flow control and diagnostics in-
sert, seen from inside the pipe (flow from right to left), featur-
ing: the PA array, installed more upstream and operated (see
the plasma discharges glowing in violet) and the optical win-
dows: the upper, circular one for the camera view facing a
≈ 45◦-slanted mirror and the lower, squared one for the laser
light sheet (see the light green beam).

the PA array and to allow for their electrical connections, and
to install the optical elements needed to investigate the con-
trolled flow. These were mounted 25 mm downstream of the
downstream edge of the plasma discharge region (correspond-
ing to 450 lτ at Reτ = 8000 and to 830 lτ at Reτ = 14400,
with lτ = ν/uτ being the turbulence viscous length scale, uτ

the friction velocity and ν the kinematic viscosity) and roughly
centered along the azimuthal direction. A photograph of the
mentioned access port insert, equipped with the operated PA
array, the optical elements and the laser beam, as seen from
inside the pipe, is shown in Figure 1.

The considered array of plasma actuators had an exten-
sion along the streamwise direction of Lx = 65 mm with a
streamwise wavelength of the sinusoidal wave of λx = 32 mm
whereas the array extension and the electrodes spacing along
the spanwise/azimuthal direction were Lz = 60 mm and λz = 6
mm (see Figure 2). These quantities are made non dimen-
sional using lτ for the two different Reynolds numbers and
are reported in Table 1, with the canonical + superscript used
for inner units scaled quantities. The peak-to-peak amplitude
of the wave (a) was a = λz. The array featured silver-paint
electrodes hair-brush deposited on the air-exposed side of a
PET 0.5 mm thick dielectric substrate. To accurately paint
these electrodes, a laser-cut stencil stencil was made from a
black adhesive film. The exposed electrodes were fed with a
high voltage signal supplied by a GBS Elektronik Minipuls 4
powered by a stabilized DC power supply and supplied with
a square wave signal oscillating at a frequency of 9 kHz – as
most of the dielectric barrier discharge (DBD) actuators work
on AC signals –. Two different peak-to-peak voltage ampli-
tudes (Vpp) were considered: 8 and 10 kV, leading to plasma
jets of different strength. The induced velocity consists of two
wall-parallel jets, emitted from the two sides of the exposed
electrodes, eventually meeting around the centerline of the en-
capsulated electrodes and merging into wall-normal outboard-
directed plumes. The actuator induced flow-field was analyzed
from an ad hoc PIV experiment in quiescent air – not discussed
here for conciseness – at the two operated voltages. The result-
ing maximum value of the induced wall normal velocity was
max(VPA) = 0.19 m/s at Vpp = 8 kV, while max(VPA) = 0.23

m/s for the Vpp = 10 kV case. The minimum induced velocity
value was min(VPA) ≈ −0.15 m/s for both the supplied volt-
ages. Also these values are made non-dimensional using the
friction velocity (uτ ) for both the tested flows and are reported
in Table 1. The array encapsulated electrodes were made in-
stead with copper tape covering the whole other side of the
dielectric layer and were electrically isolated with several lay-
ers of Kapton tape. These electrodes were connected to the
ground terminal of the building. The array was mounted on
the 3D printed pipe access insert by means of double-sided
tape. Moreover, to reduce the effect of possible gaps, dips,
and protrusions between the PA array and its bay, Kapton tape
was placed on all the interfaces. The electrical connection of
the PA electrodes was made with adhesive copper-tape strips
between the electrodes and some metallic bolts embedded in
the pipe insert and crossing its whole thickness such to offer
electric connections on the outer shell of the pipe.

High speed planar PIV was deployed to investigate the
flow control effect downstream of the PA array. The opti-
cal configuration replicated the one of Willert et al. (2017),
as shown in Figure 1. In this case, a high-speed camera (Vi-
sion Research T4040) equipped with a tele-macro lens (Nikon
Micro-Nikkor 200/4) observed a narrow wall-normal field of
view (FOV) through an upper round window and a ≈ 45◦ in-
clined mirror. The FOV extended of 2 mm along the stream-
wise (x) direction and of 25 mm along the wall-normal one (y).
It was illuminated with an ≈ 0.20 mm thin light sheet in the
azimuthal direction, formed by a pair of pulsed lasers (Innolas
Photonics/Iradion Nanio Air 532-10-V-SP). Image magnifica-
tion was set to unity, with one camera pixel corresponding to
9.3µm in object space which respectively corresponds to 5.9
and 3.1 pixel per viscous length.

Two different measurement types were performed. The
first type, aimed at obtaining statistically converged velocime-
try data, featured a lower sampling frequency ( fs = 0.8 kHz
for the Reτ = 8000 case and fs = 1.6 kHz for the Reτ =
14400 case) and consisted of 1.0 · 105 samples (Ns), acquired
in frames straddling mode. The related large-eddy turnover
times, computed as Ns Ucl

fs D/2 , with Ucl being the pipe centerline
velocity measured with a Prandtl tube, are reported in Table
1. The second measurement type instead was performed at a
higher sampling frequency ( fs = 30 kHz for the Reτ = 8000
case, leading to an inner-scales non dimensional sampling time
of t+ =

u2
τ

ν fs
= 0.16 and fs = 60 kHz for the Reτ = 14400 case,

leading to t+ = 0.28) to guarantee a Nyquist frequency large
enough to resolve most of the higher-frequency portion of the
turbulent spectra. These measurements consisted of 1.8 · 105

frames, acquired in sequence.
The acquired images were first preprocessed to reduce

light reflections from the wall and the slight wall wobbling
caused by the vibrations of the setup or the slight deformation
of the PA array caused by heating from the plasma discharge
and were batch-processed with a coarse-to-fine iterative cross-
correlation algorithm (PIVview v.4.0, PIVTEC GmbH). The
final interrogation sample size was set to 32× 6 pixel corre-
sponding to a physical size of δx = 300µm and δy = 55µm.
Table 1 presents these quantities in non-dimensional form. The
combination of high spatial and temporal resolutions alongside
the longer acquisitions allowed to resolve and analyze the flow
spectra and statistics with great accuracy and detail.

RESULTS AND DISCUSSION
The performed plasma forcing shows to significantly af-

fect the canonical wall normal profiles of the measurement-
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Flow PIV PA

Reτ uτ Ucl fs
Ns Ucl
fs D/2 δ+

x δ+
y Vpp L+

x λ+
x λ+

z min(V+
PA) max(V+

PA)

[m/s] [m/s] [kHz] [kV] (≈ L+
z ) (≡ a+)

8 000 0.27 7.51 0.8 2086 5.50 1.01 8 1150 570 110 -0.56 0.71

8 000 0.27 7.51 30 – 5.50 1.01 8 1150 570 110 -0.56 0.71

14 400 0.50 14.80 1.6 2055 10 1.83 8 2100 1050 200 -0.30 0.38

14 400 0.50 14.80 60 – 10 1.83 8 2100 1050 200 -0.30 0.38

14 400 0.50 14.80 1.6 2055 10 1.83 10 2100 1050 200 -0.30 0.46

Table 1. Main flow (Flow), flow diagnostics (PIV) and flow control (PA) parameters for the tested cases; quantities with the +
superscript are made non-dimensional with the related flow-case inner scales.

a

Figure 2. Schematics of the PA exposed electrodes and rel-
evant geometric parameters as seen in Figure 1: flow coming
from left to right.

accessible quantities: the velocity components along the
streamwise (U for the time-averaged and u for the fluctuat-
ing terms) and wall normal (V and v) directions as well as the
measured components of the Reynolds’ stresses tensor (⟨uiu j⟩,
with i, j ∈ [1 2]). The mentioned profiles are shown in the left
column of Figure 3 for the Reτ = 8000 unforced flow and in
the right column for the plasma-forced flow at similar bulk
flow conditions and at an input voltage of Vpp = 8 kV. All the
profiles are normalized with the flow inner layer scales of the
unforced flow. In particular, the friction velocity uτ is mea-
sured from the global pipe static pressure measurements (see
(Zanoun et al., 2025)).

For the unforced flow, the agreement with the profiles of
Pirozzoli (2024) obtained with DNS at Reτ = 12000 is very
convincing with only the wall-normal velocity showing some
non-zero, but very small – note that the plotted values are mul-
tiplied by 10 –, values close to the wall. In that region, de-
spite the performed pre-processing, some measurement noise
due to wall reflections and wobbling inevitably influences the
presented data. The profile of the streamwise variance ⟨uu⟩
shows some deviations from the reference numerical data for
y+ > 70, featuring lower values. Nevertheless, this is to be ex-
pected given the experiments’ lower Reynolds number. A fur-
ther slight difference between the experimental and numerical
data is shown from y+ ≥ 10 in all reported quantities, but over-
all the comparison can be deemed very satisfying considering
the measurement challenges at the chosen Reynolds number.
Furthermore, the measurements confirm that the actuator sur-
face, when turned off, has no significant effects with respect to
smooth-wall conditions.

When the PA array is operated at Vpp = 8 kV, all the re-
ported statistic data appear much modified. The U profile fea-

tures a dip in the range 10 ≤ y+ ≤ 150, where also the V com-
ponent appears slightly enhanced, although, as commented,
this quantity is more affected by measurement noise. Moving
to the Reynolds stress terms, the performed forcing appears to
considerably reduce the inner peak of ⟨uu⟩ whereas this term is
much enhanced in the 30≤ y+ ≤ 150 region. At the same time,
also the ⟨vv⟩ and −⟨uv⟩ are augmented by the plasma jets. The
larger −⟨uv⟩ values for the controlled flow is evidence of a
stronger wall-normal displacement of streamwise momentum
from the control jets. The considered actuator in fact intro-
duces regions of up-wash – where the wall-parallel jets over
the encapsulated electrodes collide and lift off the wall – and
down-wash – where, around the encapsulated electrodes, air is
supplied to the control jets from the surrounding fluid. More-
over, these up- and down-wash regions are displaced along the
pipe azimuthal direction as a result of the sinusoidal modu-
lation of the exposed electrodes. Since we measured at only
one azimuthal position of the PA array, these up- and down-
motions cannot be separately inspected. Nevertheless, being
the measurement plane downstream of the actuated region, the
measured air particles have undergone both up- and down-
wash motions. Consequently, the presented data are somewhat
insensitive to the relative positioning of the actuator and laser
sheet. Overall, it seems that the effect of the performed forc-
ing is to shelter the wall region from turbulent events, while
the increased shears from the induced jets enhance the flow
fluctuations in the buffer and early logarithmic layers.

The spectral content of the three measured velocity fluctu-
ations (uu, vv and uv) across the sampled wall-normal domain
can be directly analyzed from the performed high-frequency
measurements. The power spectral density (PSD) distributions
of the three quantities are shown in the top and bottom row of
Figure 4 for the unforced and the plasma-conditioned flows,
respectively. The plasma forcing effectively reduces the ker-
nel of larger uu PSD in the buffer and early logarithmic lay-
ers. These fluctuations feature a frequency content within the
0.01 ≤ f+ ≤ 100 band peculiar of the turbulence near wall
structures, thus showing that the considered actuator has the
authority of weakening their correlation. On the contrary, in-
spection of both the vv and uv PSD distributions evidences an
opposite effect, with the plasma controlled flow showing larger
PSD values in the 30 ≤ y+ ≤ 100 region. The shown PSD dis-
tributions corroborate the statistical Reynolds stresses profiles
previously commented upon.

We consider now the larger Reynolds number flow (Reτ =
14400) where plasma jets of different intensities are deployed
(Vpp = [8,10] kV). This was done to compensate for the ex-
pected reduced authority – in terms of V+

PA (see Table 1) – of
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Figure 3. Time-averaged wall normal velocity profiles (top row) and Reynolds stresses profiles (bottom row) for the unforced flow
(left column) and for the Vpp = 8 kV forced flow (right column) at Reτ = 8000; the gray curves are from the DNS at Reτ = 12000 by
Pirozzoli (2024). The reported friction velocity (uτ ) was measured from the global pipe pressure drop, while the centerline velocity
(Ucl) with a Prandtl tube.

10 4 10 3 10 2 10 1 100

f +
uiuj/u2

Figure 4. High-frequency uu (left column), vv (center column) and uv (right column) PSD distributions for the unforced flow (top
row) and for the Vpp = 8 kV forced flow (bottom row) at Reτ = 8000.

the considered flow actuator on the larger Reynolds number
flow. The statistics wall-normal profiles for the uncontrolled
flow well agree with the reference numerical data which are
not shown for conciseness; whereas those for the Vpp = 8 (10)
kV forced flow are reported in the left (right) column of Figure

5 (respectively). Starting from the time-averaged streamwise
velocity profiles, it can be seen that the weaker-forcing flow
features a small dip in the range 10≤ y+ ≤ 150 – as previously
observed for the forced flow at lower Reynolds number –. This
dip is more pronounced for the stronger-forcing flow. Again
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the V profiles show some non-zero values close to the wall
due to measurement errors. Instead it appears that this quan-
tity is slightly enhanced in the buffer and early logarithmic lay-
ers for the Vpp = 10 kV case. Considering now the measured
Reynolds stresses terms, the forcing shows similar effects to
those already reported for the Reτ = 8000 flow. Namely, the
⟨uu⟩ inner peak is reduced by the plasma jets, whereas the
outer peak is enhanced. Also the ⟨vv⟩ and −⟨uv⟩ peaks are
augmented for the controlled cases. For all the mentioned
quantities, the higher supplied voltage leads to stronger effects.
These cases show that the considered actuator effectively con-
ditions also the higher Reynolds number flow. Moreover, tun-
ing the supplied voltage allowed to compensate for the larger
friction velocity and the related smaller non-dimensional in-
duced velocity (V+

PA).
The wall-normal PSD distributions for the three measured

correlated velocity components are shown in Figure 6 for the
reference unforced flow (top row) and for the Vpp = 8 kV (bot-
tom row) flows – the Vpp = 10 kV flow was measured only
at the lower sampling frequency thus no high-frequency spec-
tra for that case are available. For this higher Reynolds num-
ber, the effect of performed flow control is similar to what dis-
cussed for the Reτ = 8000 case. The induced jets reduce the
correlation of the inner peak streamwise velocity fluctuations.
The effect on the vv and uv spectra is instead milder for this
case and mainly consists of enhanced PSD values further away
from the wall.

CONCLUDING REMARKS
This study discusses the attempts done to actively condi-

tion the wall turbulence mechanisms at large Reynolds num-
bers. To do so, an unprecedented approach is followed: an ar-
ray of sinusoidally-shaped DBD plasma actuators is installed
in the Long Pipe facility of the CICLoPE laboratory. The
pipe facility was operated at friction Reynolds numbers of
Reτ = 8000 and 14 400. Advanced laser velocimetry was de-
ployed just downstream of the controlled flow featuring very
high spatial and temporal resolutions to deliver accurate flow
statistics and spectral analyses.

The considered control successfully influenced the near
wall flow-field with hindering the inner peak of the streamwise
fluctuations while increasing the outer one. Similarly, the wall
normal and the correlated streamwise wall-normal fluctuations
resulted influenced by the plasma wall jets. The deployed con-
trol showed good authority at both the tested flow velocities as
just increasing the supplied voltage amplitude, stronger con-
trol jets could be attained, thus compensating for the higher
friction velocity. The presented study paves the way to active
flow control efforts of turbulent flows of aeronautical interest
aimed at controlling wall turbulence and friction drag.
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Figure 5. Time-averaged wall normal velocity profiles (top row) and Reynolds stresses profiles (bottom row) for the Vpp = 8 kV
forced flow (left column) and for the Vpp = 10 kV forced flow (right column) at Reτ = 14400; the gray curves are from the DNS at
Reτ = 12000 by Pirozzoli (2024). The reported friction velocity (uτ ) was measured from the global pipe pressure drop, while the
centerline velocity (Ucl) with a Prandtl tube.

10 4 10 3 10 2 10 1 100

f +
uiuj/u2

Figure 6. High-frequency uu (left column), vv (center column) and uv (right column) PSD distributions for the unforced flow (top
row) and for the Vpp = 8 kV forced flow (bottom row) at Reτ = 14400.
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