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Abstract: Cancellation of the cross-flow vortices in a swept-wing boundary layer is attempted by
plasma actuator array in numerical simulation. The response of the boundary layer to the stationary
excitation by a single actuator section is measured experimentally and compared to the response
obtained from the solution to the parabolized stability equations. A linear approach is shown to be
held within the peak-to-peak magnitude of the stationary cross-flow vortices below 10% of the local
potential flow velocity. Within the linear model, an optimal control strategy and a faster suboptimal
one are developed to calculate voltage amplitude distribution across the electrodes, taking into
account the forcing constraints. Simulation of the cancellation process is performed, showing up to
a 20 dB reduction in the initial spanwise velocity modulation in the boundary layer. The minimal
actuator resolution required for the successive implementation of the control is shown to be in the
order of a quarter of the most amplified wavelength, or 3–4 displacement thickness of the boundary
layer. Linear estimates predict up to a 150 mm (22% of flow acceleration region length) transition
delay for an actuator momentum coefficient of 0.005%.

Keywords: cross-flow instability; laminar–turbulent transition; plasma actuator; dielectric barrier
discharge; control theory

1. Introduction

Turbulent drag is one of the major contributors to airplane total drag at cruise condi-
tions, and thus, extensive research efforts are made to postpone the transition to turbulence
on the airplane wing. The wings of most modern airplanes are tapered, which means that a
three-dimensional boundary layer is formed near the streamlined surface. Swept (that is,
with constant chord) wing configuration is frequently used to simplify the problem and yet
model the behavior of the boundary layer flow.

For the swept configuration, two types of instabilities are present in the boundary
layer: Tollmien–Schlichting (TS) waves and cross-flow (CF) instabilities [1–5]. TS waves
become marginal at certain negative pressure gradients, and the transition to turbulence is
governed by CF modes. CF modes can be understood as counter-rotating vortices, with
their axes slightly inclined to the external streamline. Momentum transfer in these vortices
leads to velocity modulation in the boundary layer, with the typical wavelength ~15–20 δ1.
The instability range for the CF mode spans over zero frequency; therefore, both travelling
waves and stationary vortices are amplified in the boundary layer. Travelling waves are
induced by external turbulence, while the stationary vortices are excited by roughness of
the streamlined surface. In flight conditions, stationary disturbances dominate.

One of the control methods that has been demonstrated in lab studies for the transition
delay is primary disturbance cancellation, which was first demonstrated for TS waves
in [6,7]. Along with the artificial disturbance cancellation, which was demonstrated in
these works, further research has shown the possibility of natural TS wave control [8,9].
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For stationary CF modes, vortex cancellation for the artificial periodic surface roughness
was recently shown in [10].

Plasma actuators have been studied as a flow control device over the last two decades.
Generally, they can be defined as actuators that use electric, magnetic forces or heat release,
which is created in the gas discharge plasma. A detailed review of plasma actuator types,
physics and applications can be found in [11–13]. Gas discharges have historically been used
as a source for the artificial hydrodynamic disturbances in the flow control or aeroacoustics
problems. A more detailed review on this topic can be found in [14]. Most studies are
related to dielectric barrier discharge plasma actuators, which utilize the ionic wind as a
key mechanism of flow forcing.

Plasma actuators were studied as an instrument for the control of swept-wing
boundary-layer instabilities. Transition delay was demonstrated due to cross-flow com-
ponent profile modification by volume force [15,16]. The estimates [17,18] show that this
technique can be energy-efficient even in cruise conditions, in contrast to the 2D boundary-
layer case [19].

It was demonstrated [20] that spanwise-modulated discharge can be used to excite CF
modes. Transition delay via a subcritical mode excitation by using PA has been attempted
by several groups [20–22]; however, no positive results were obtained due to a relatively
high unsteadiness of the barrier discharge, caused by wandering of micro-discharges [23,24].
In contrast, transition delay was demonstrated at a higher freestream turbulence level, in
which travelling CF modes dominate in the boundary layer [25].

CF vortex cancellation by plasma actuators was attempted only theoretically and only
for spanwise-periodic disturbance sources. It was shown that at least with some actuator
configuration [26], vortex array with a constant magnitude can be damped by a periodic
actuator array.

In this work, we tried to demonstrate the fundamental possibility of natural stationary
CFI vortex cancellation by plasma actuators. It is assumed that a multichannel system can
be built by sectioning the buried electrode in a manner of “plasma panel” [27], allowing
control of the spanwise force distribution. An advantage of such a control strategy is
reduced energy consumption compared with the modification of a cross-flow velocity
profile in the boundary layer. Estimates based on force term scaling in Navier–Stokes
equations reveal that both control methods require comparable volume force density
f ′ ∼ ρu2

e /R. However, this force should be applied in the entire volume of the boundary
layer (or in a substantial part of it) for cross-flow velocity reduction [28]. Cancellation of
steady CF vortices requires a similar force density distributed in the short stripe of the
boundary layer that is shorter than that of the steady mode period. The main goal of this
paper is estimation of the possibility and effectiveness of such control and the actuator
resolution required to make it possible.

The paper is structured as follows. In the first section, we describe the response of
the boundary layer to the forcing by a single elementary plasma actuator. The disturbance
structure that was obtained in numerical modeling and experimentation is compared.
In the second section, an approach is proposed for the optimal control design for a line
of elementary plasma actuators. Finally, CFI vortex cancellation is demonstrated in a
numerical experiment based on both the calculated and measured boundary-layer response,
and the results of a parametric study are presented.

2. Experimental and Numerical Approach
2.1. Experiment Design

The experiment was performed in an open-circuit subsonic wind tunnel D-3 in JIHT
RAS. The settling chamber was equipped with a honeycomb, grids and nozzle with con-
traction 9:1. The wind tunnel had a cross-section 300 × 300 mm, and the maximal attained
flow velocity was 50 m/s. With all grids installed, the turbulence level at the position
200 mm upstream of the model leading edge was less than 0.05%. Modeling of the acceler-
ated boundary-layer conditions was carried out on a 12 mm flat plate manufactured from
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polished acrylic glass. The plate sweep angle was 40 degrees, and its leading was shaped to
an 8:1 semi-ellipse. The plate was equipped with a trailing edge flap, which was installed
at 3.5 degrees. The upper wall of the test section was shaped to provide an accelerating
flow in the region X = 200–600 mm. The side walls were designed to follow the streamline
outside the boundary layer.

A plasma actuator (Figure 1b) was constructed in an asymmetric configuration consist-
ing of aluminum corona and copper underlying electrodes that were separated by a 1 mm
thick ceramic dielectric (ε = 10.4). To localize the forcing region, the underlying electrode
was shaped as a strip with a width of 2 mm. Sinuous voltage in the range of 3.0–5.0 kV was
applied to the electrodes from a resonant power source at frequencies 100–110 kHz. The
plasma actuator was mounted parallel to the leading edge at X = 200 mm, downstream of
the neutral point for CFI modes. Prior to the measurements, the actuator was operated for
30 min to stabilize the oxide layer on the electrode [29]. This leads to a more homogeneous
discharge structure and excludes the drift of the actuator characteristics during the run.
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Figure 1. (a) Test section and 2D PIV scheme: 1—curvilinear test section, 2—swept plate, 3—laser
sheet, 4—camera. (b) Co-ordinates system and location of plasma actuator: 1—single-section plasma
actuator, 2—laser sheet, 3—swept plate. (c) Principal scheme of single-section plasma actuator:
1—high voltage electrode, 2—ground electrode, 3—ceramic, 4—plasma, 5—panel.

The characteristics of a plasma actuator with a limited active span of the electrode
were studied in [30] by using a concept of a localized group of micro-discharges. It was
shown that in a quiescent condition, the plasma actuator creates a three-dimensional wall
jet with a pair of counter-rotating vortices at it sides. Quiescent flow can be modeled with
two force components: one normal to electrode edge fx, and the other one parallel to the
edge and directed away from the micro-discharge group, fy. For 190 kHz and 3.2 kV, thrust
of the single actuator section was found to be 5 µN, fy ~ 0.3–0.5 fx. Assuming that thrust
scales linearly with frequency, we obtain for the present condition the typical value of
2.9 µN per section. Heat release, which was again rescaled with frequency, can be estimated
as 0.17 W per section.
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Flow diagnostics was performed by using 2D PIV in a panoramic configuration
(Figure 1a). The flow was illuminated by a two-pulse Nd:YAG laser with a pulse energy of
100 mJ and a wavelength of 532 nm, focused into a 0.3 mm thick laser sheet. Images were
taken by a 16-bit CCD camera with a resolution of 2560 × 2160 pixels. The measurement
plane was located parallel to the plate and moved with a spatial step of 0.1 mm along
the wall-normal co-ordinate. At a frequency of 15 Hz, the statistics of 100 instantaneous
pairs of images were measured. Images were processed with a cross-correlation algorithm
with 16 × 16- to 6 × 6-pixel interrogation window size, which provided an in-plane spatial
resolution of 0.36 mm.

Freestream velocity distribution, boundary-layer profiles and parameters are shown
in Figure 2. Flow velocity scales with chordwise co-ordinate as U~(x−x0) for X < 550 mm.
Spanwise velocity component was found to satisfy sweep condition V ≈ const with the
accuracy of 5%. Boundary-layer profiles were measured in detail at flow velocity 7 m/s,
then the results were scaled to test velocity by using R1/2 scaling. Boundary-layer dis-
placement thickness for 25 m/s is about δ1 = 0.4 mm; its evolution corresponds well to
the boundary-layer calculation. Cross-flow velocity has a typical jet-like profile, with a
maximum attained at z = δ1. The maximum of the cross-flow velocity is in the order of 7%
Ue up to X = 450 mm, then drops due to straitening of the external streamline. In Figure 2,
points correspond to experimental data, and lines correspond to the potential flow and
boundary-layer calculation. One can see that in general, a reasonable likelihood is obtained
between the designed and measured mean boundary-layer flow for X < 450 mm, rendering
the setup that was used adequate for modelling of the swept-wing boundary-layer flow.
Figure 2e shows the growth of the stationary disturbances in the boundary layer, which
was obtained for the most growing wavelength of 6.8 mm.

2.2. Approach to the Cross-Flow Vortex Cancellation

The scheme of the control system for vortex cancellation is shown in Figure 3. Plasma
actuator, which is parallel to the leading edge, has q elementary discharge sections and
is located at the position xa. Amplitudes of body forces induced by the actuator sections
that are necessary for cross-flow vortex cancellation should be found from the measure-
ments of boundary-layer perturbations in the row of similar amount control points located
behind the actuator at distance xc from the leading edge. In order to estimate the natural
perturbations and the response of the boundary layer to each actuator section, the mea-
surements should be performed in the cases of no actuation and for the unit forcing of
each section. For the sake of simplicity, actuators sections and control points are assumed
to be distributed uniformly along the span within the width 2b (see Figure 3). It is also
assumed that perturbations in control points are characterized by a single relevant quantity,
for example, by perturbation of the parallel-to-external streamline velocity component at
distance z = 1.3 δ1. For adequate system operation control, points should be shifted along
the span with respect to the actuator taking into account the disturbances trajectory. The
required shift was obtained from the results of computations of disturbances induced by a
single actuator’s section. For a rather small distance, the disturbance maximum propagates
approximately along the straight lines, with local sweep angle χl

∼= 26.70. In subsequent
theoretical consideration, this shift is taken into account by means of the introduction of
shifted spanwise co-ordinate ys = y + (x− xa) · tg(χl). In shifted co-ordinates, the actuator
and control points are located at the same points ysn = −m · h ; m = −M . . . M.
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Within a certain amplitude of natural disturbances, the boundary layer is interpreted
as a linear dynamic system, with q inputs (sections of plasma actuator). Define the system
output as a vector of p velocity samples, which are calculated or taken by PIV at the
position xc and z ~ 1.3 δ1. We do not specify internal system states; we simply assume that
dimensions for the state vector, input and output are n, q = 2 M + 1 and p. In this case, the
system can be written as follows: { .

x = Ax + Bu + Nw,
y = Cx,

(1)

where x ∈ Rn×1—state vector, u ∈ Rq×1—actuation amplitudes, y ∈ Rp×1—output
velocity vector, and w ∈ Rr×1—external disturbance. A ∈ Rn×n, B ∈ Rn×q, C ∈ Rp×n—
matrices with appropriate dimensions. We consider only time-invariant disturbances, that
is, w = const.

In asymptotically large time, we obtain
.
x = 0, and (1) can be rewritten as{

0 = Ax + Bu + Nw,
y = Cx.

(2)

At zero input (u01 = 0), system output y01 is determined as

y01 = −CA−1Nw1. (3)

Since the natural disturbances are always present in the system, system identification
for stationary disturbances can be performed as follows. We excite the system by forcing
individual actuator sections by unity signal as u = [0 . . . , 1, . . . 0]T . Then, the output vector
is a superposition of system responses to natural and artificial excitation and

y1 − y01 = −CA−1Bu1 = Pu1. (4)

Scanning the inputs, we obtain the equation for the determination of matrix P:

P = (Y−Y0)Iq = (Y−Y0), (5)

where Y =
{

y11...y1q
}

, Y0 =
{

y01...y0q
}

—stacked system responses at consequent channel
excitation, Iq—unity matrix.

Now we assume that the system is forced by external perturbation w2, causing the output

y02 = −CA−1Nw2, (6)

We search for the vector u2, minimizing the output y2. The forced output is now
written as

y2 = −CA−1Nw2 − CA−1Bu2 = y02 − Pu = 0,Pu = y02. (7)

For the considered case, when the velocity is sampled at high resolution and the
number of actuators is limited (q < p), the system (7) is solved by minimization of the cost
function J = ‖Pu2 − y02‖2

2, and the optimal solution is obtained as

u2 =
(

PT P
)−1

PTy02. (8)

Since the control of the disturbances is possible only across the central part of the
actuator panel, we window the output vector with flat-top function by multiplying it
by diagonal matrix Q. Additionally, we add the control penalty to the cost function
J = ‖Pu2 − y02‖2

2 + ε‖u2‖2
2 that gives the optimal control solution as

u2 =
(

PT P + εI
)−1

PTQy02. (9)
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The construction of the plasma actuator limits the control to the positive values. To
account for this, the following procedure is performed. The optimal solution u2 is calculated
in accordance with Equation (9). Then, the control values are shifted by a minimal value of
u2. This leads to the strictly positive amplitude vector ũ2 = u2 + min(u2). Although this
control is suboptimal for u > 0, it does not affect the central part of the control region for
high-enough actuator resolution.

An alternative approach is to perform the quadratic minimization task for J with the
constraint u > 0. The problem was solved via MATLAB routine based on the interior-
point method.

Although the latter approach finds an optimal solution in the positive control value
domain, the former one is much faster and can be used in real-time applications. The typical
time for the solution of regression problem (7) on the Intel Core i9 PC is 0.03–0.07 ms; for
that of the nonlinear optimization task, it is 1 ms.

Despite the rather simple control strategy developed here, the efficiency of its applica-
tion in an experiment strongly depends on the spectrum of “natural” disturbances, pitch of
the actuator sections and control points and other factors. The modeling of such control
by using numerical and experimental models of natural disturbances and boundary-layer
response to actuator forcing is described in the next sections of this paper.

2.3. Numerical Modeling of Cross-Flow Vortex Cancellation by DBD
2.3.1. Numerical Method

Theoretical analysis of both natural and discharge-induced disturbance development is
based on the solution of parabolized stability equations (PSE). Non-dimensional variables
are introduced by using oncoming flow velocity u∞ and characteristic boundary-layer
thickness δ = (νL/u∞)1/2. Values of flow velocity u∞ = 25 m/s and length of flow
acceleration region L = 610 mm will be used for the comparison of theoretical results
with the experimental data. We shall denote the perturbations of streamwise, spanwise
and vertical components of velocity and pressure as u, v, w, p, respectively. Both natural
disturbances, which are produced by surface roughness, and artificial ones, which are
induced by an actuator, are sought in the form of the Fourier integral over spanwise
wavenumber β.

{u, v, w, p}(x, ys, z) =
+∞∫
−∞

{ũ, ṽ, w̃, p̃}(β, x, z)eiβys dβ. (10)

In accordance with PSE approximation, Fourier transforms of perturbations at a large
distance from its sources can be presented in the form of almost periodic functions of x.

{ũ, ṽ, w̃, p̃} = {û, v̂, ŵ, p̂}(X, β, z)eiψ(β,x), (11)

where amplitudes of velocity perturbations û, v̂, ŵ and longitudinal wavenumber
α(X) = dψ/dx are functions of the stretched variables X = x/R.

The substitution of (10) and (11) into linearized Navier–Stokes equations and drop-
ping O

(
R−2) terms gives a set of parabolized stability equations (PSE) for amplitudes of

perturbations, which were derived in [31].
Initial conditions for these equations were set in point x0, which is located well before

the actuator in the form of the eigenfunction of the Orr–Sommerfeld equation. Parabolized
stability equations were solved numerically by a marching procedure in x by using an
implicit second-order finite difference scheme. A collocation method based on Lagger’s
polynomials was applied for its approximation over the vertical co-ordinate. Dependence
of longitudinal wavenumbers on x was found from a condition of minimal change in
amplitudes of the harmonics at each step, similar to [32].

Convergence of a solution for amplitudes and streamwise wavenumber was achieved
at each step via iterations. A similar numerical method with marching upstream was ap-
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plied to solve the adjoint parabolized stability equations that were necessary for computing
the perturbations produced by the volume force in actuator section.

The solution of PSE permits us to find the perturbations in any point if perturbations in
the initial section x0 are given. Fourier transforms of these perturbations can be expressed as

ũτ(β, x) = ũτ(β, x0)C(β, x),

C(β, x) = û(β,x,z0)
û(β,x0,z0)

ei(ψ(β,x)−ψ(β,x0)).
(12)

For brevity, equations will be written for tangential-to-external streamline velocity
component uτ at the vertical co-ordinate z0 = 1.3 δ∗. In this case, the vertical co-ordinate
is omitted.

Natural disturbances are assumed to be generated by the random surface roughness
with flat β spectrum in the region of CF vortex amplification βmin < β < βmax. Fourier
transform of a particular realization of velocity perturbations in the initial section may be
written as

ũri(β, x0) =
ei2πϕr√

2(βmin − βmax)
, (13)

where ϕr is a uniform random function in the interval [0,1]. Disturbances are introduced
within the spanwise interval −br < y < br; then, its spectrum is then given by convolution
(13) with a spectrum window of the rectangular pulse.

Disturbances induced by such roughness model in the control section take the form

ur(xc, y) = Re

 1
π

βmax∫
βmin

ûr(β)C(β, xc)eiβydβ

,

in accordance with (12).
Such solutions that were found for various realizations of the random function ϕr

were used to calculate the natural disturbances in the measurement section.

2.3.2. Actuator Model

In order to find the control perturbations induced by a single actuator section, its
action on the flow was described by the volume force. Longitudinal Fx and spanwise Fy
components of this force were described by the following analytical expressions{

Fx, Fy
}
= ε
{

fx, fy
}
(x, y, z),

fx = A(x)X(y) f (z), fy = A(x)Y(y) f (z), f (z) = z
z0

e−z,

X(y) = 1
2√2π

1
y0

e−
y2
2 , Y(y) = 1

y0
ye−|y|.

(14)

Here, ε is a small parameter characterizing the amplitude of volume force; x = x/x0,
y = y/y0, z = z/z0, and x0, y0, z0 are characteristic lengths of the force domain in
longitudinal, spanwise and vertical directions. This model is based on the results of PIV
measurements of the velocity field induced by an SDBD actuator with crossed electrodes
in [30]. Smooth force distribution over the longitudinal co-ordinate A(x) that is convenient
for the spectral PSE solution approach was introduced.

A(x) = 1
x0

G(x)e−x, G(x) = 0 f or x < 0,

G(x) = σ
2π

[
1 + sin

( 2π
σ (x− ∆

)]
f or− ∆ < x < ∆,

G(x) = σ
2π + x− ∆ f or x > ∆.

Here, σ = 8∆ and ∆ = 0.25 is the length of the smooth junction of the linear function
G(x) = x and G(x) = 0.
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Fourier transforms of perturbations induced by the actuator section ũτa at rather
large distances downstream from it are also described by the solution of PSE with the
proper amplitude.

ũτa(β, x) = a(β, x)ũ0τ(β, x, z) ; ũ0 =
ũτ(β, x, z)eiψ(β,x)

max
z

(
ũτ(β, x, z)eiψ(β,x)

) .

Here, ũτ0 is the solution of PSE normalized to obtain the unit amplitude at the distance
x from the leading edge. This amplitude is found by solving the adjoint parabolic stability
equations, with the solution sought in the form{

u+, v+, w+, p+
}
(x, β, z) =

{
u+

a , v+a , w+
a , p+a

}( x
R

)
eiψ+

,

similar to (11).
These adjoint parabolized stability equations are integrated upstream starting from

the eigenfunction of the adjoint Orr–Sommerfeld equation. Amplitude a(β) can be found
from the Green–Lagrange identity, which is derived by means of term-to-term scalar
multiplication of linearized N-S equations to adjoin velocity components and pressure.
This leads to the expression for amplitude in the form

a =

∫ ∆
−∆

[∫ ∞
0

(
u+∗ F̃x + v+∗ F̃y

)
dz
]
dx∫ ∞

0

[
p+∗u0 + u+∗p0 +

(
U0 − i α+∗+α

R

)
(u+∗u0 + v+∗v0 + w+∗w0)

]
(xr,z)dz

. (15)

Here, α+ = dψ+

dx is the adjoint longitudinal wavenumber. Limits of integration over x
in the nominator of (15) should be large with respect to the longitudinal size of the body
force region. A detailed description of this expression together with the derivation of
adjoint PSE equations can be found in [33].

To compute the perturbations induced by the actuator section, the Fourier transforms
of disturbances {ũ, ṽ, w̃, p̃} were found in 51 grid points βn, which were uniformly dis-
tributed in interval [0.1, 1.5]. For each βn, parabolized stability equations were integrated
starting from eigenfunction found at streamwise co-ordinate x0 = 100. Integration of PSE
was finished at xout = 1000, corresponding approximately to distance 400 mm downstream
of the actuator. After this, adjoint PSE were integrated backward from xout to x0, starting
from the eigenfunction of the adjoint Orr–Sommerfeld equation. The solution in the physi-
cal space was found by means of Fourier integral (11) evaluation via the trapezoid method.
The accuracy of computation of perturbations of streamwise velocity in the far field via this
numerical method is estimated as 2% from its maximal value at the same distance from the
discharge. The accuracy of finding this maximal amplitude is approximately the same.

3. Results and Discussion
3.1. Boundary-Layer Excitation via Single Actuator Section

Boundary-layer response to the stationary localized forcing via the plasma actuator
was measured as follows. A scan of the flow in the wall-normal direction was performed
with a step of 0.1 mm. For each position, the in-plane velocity field was estimated both
with actuation and for the reference case. It was assumed that within some distance to the
actuator, the linear assumption is valid, and thus, the actuated flow is a superposition of
the induced disturbances and natural ones. In this case, the BL response is calculated as
u1(x, y, z)− u01(x, y, z). Figure 4 shows two cross-sections of the flow: one is a plan view
at the height approximately corresponding to the disturbance maximum; the other is in the
cross-flow plane at X = 350 mm. The results are given at the increasing voltage applied to
the actuator section.
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One can see that the actuator creates a narrow set of CF vortices, inducing fringes
of velocity defects and excess in the boundary layer. The number of fringes increases as
one moves downstream. An increase in the applied voltage leads to an increase in the
velocity modulation depth. As one moves downstream, disturbance magnitude increases
up to typical values of 50% pk–pk of the local freestream velocity. At a certain position,
the transition to turbulence occurs at the most intense gradient at the central part of the
wavepacket that can be seen from the growth of short-wavelength perturbations (Figure 4b).
The maximum of the disturbance magnitude is obtained at z = 0.7 mm (Figure 3c), which
corresponds to 1.5δ∗.

Linearity limits for the system were checked during voltage amplitude variation
for the plasma actuator. Figure 3d shows transversal velocity profiles at the positions
X = 400 mm and 450 mm. One can see that the disturbance structure remains conservative
until the disturbance peak-to-peak magnitude reaches 5–7 m/s or 10–15% of Ue. For higher
amplitudes, nonlinear saturation affects the measured shape of the transversal velocity
profile. Above the voltage amplitude 5 kV, discharge filamentation occurs, which also
alters the shape of the observed vortex packet. Below the modulation depth of 10%, the
Ue boundary layer and actuator can be treated as a linear system, with the disturbance
magnitude monotonically scaling with applied voltage and its structure remaining constant.

The structure of the discharge-induced disturbance, which is obtained from the numer-
ical modeling, is shown in Figure 5. One can see that the overall structure of the wavepacket
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is remarkably similar to the experimental data. A detailed comparison (Figure 5b) shows
that the main discrepancy comes from the trajectory of the disturbances in the boundary
layer, which is probably due to the deviation of the model mean flow from the experimental
one. Furthermore, as one moves downstream and at elevated forcing magnitudes, the
disturbance structure is deformed due to nonlinear effects.
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3.2. Modeling of Transition Control via Cross-Flow Vortex Cancellation
3.2.1. Control Simulation by Using Numerically Obtained Boundary-Layer Response

Natural disturbance was induced by random roughness at the position x0 = 61 mm.
Control was performed by an actuator located at xa = 100 mm and reference section
xc = 305 mm. Results were averaged over a hundred realizations of the random roughness
phase vector, according to (13).

Averaged RMS of the stationary disturbances was calculated for controlled and ref-
erence cases for actuator width 2b = 25 and 50 mm, with sections pitch ∆y ∼ 1.5 mm.
Calculations were performed to find optimal control. Figure 6 shows that the control
amplitude penalty decrease ε leads to the higher remaining vortex magnitude at the central
part of the output cross-section; however, peaks are formed at its edges. From the tradeoff
between edge effects and control efficiency in the central part of the span, ε = 0.01 was
determined as optimal, demonstrating up to a 50-times decrease in the amplitude of the
initial signal. A comparison of two computations for wide and narrow control regions
shows that the typical half-width of the edge region at X = 350 mm is in the order of 7 mm.
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Thus, a narrow (25 mm) actuator with 17 sources allows efficient control only in the narrow
region ~15 mm, although the efficiency of this control at the midspan remains unaffected.
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Figure 6. Ensemble-averaged spanwise velocity distributions. (a) For q = 32, b = 50 mm. (b) For
q = 16, b = 25 mm. The dotted line corresponds to the reference case (boundary layer, perturbed by
random roughness).

The effect of the actuator resolution on the system performance is presented in Figure 7.
It can be seen that the attainable reduction in the stationary vortices increases with a
decrease in the pitch of the actuator array, until the value of ∆y = 1.5 mm or 3.5–4 δ1.
This roughly corresponds to 4 actuators per critical disturbance period for the considered
flow conditions.
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3.2.2. Control Simulation by Using Experimentally Obtained Boundary-Layer Response

Control simulation was performed for the set of actuators, which were installed with
a fixed gap at X = 200 mm. The number of actuators was varied, q = 16, 32. The pitch of the
actuator array was ∆y = 1.5 mm to 2.1 mm, which roughly corresponds to 1/5 to 1/3 of the
critical disturbance’s wavelength. The signal was minimized at distance X = 440 mm from
the leading edge. All actuators are assumed to be equivalent; the experimentally observed
response of the boundary layer to the single-channel excitation is taken to formulate the
matrix P in (5).

Optimal solutions, which are found from the two approaches, are shown in Figure 8.
One can see that similar to the numeric estimation, a significant reduction in the CFI vortex
amplitude can be obtained in the central part of the controlled span, and up to a five-times
reduction in the signal RMS is obtained. At the edges of the controlled region, strong
vortices are generated, induced by edge actuator sections. Linear regression with a further
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signal shift leads to higher edge effects, while the constrained optimal solution balances
their magnitude and the performance in the central region. The requirement of u to be
strictly positive leads to some deterioration of the control in the central section. Finally, one
can see that for the CFI vortices created by random roughness, minimization of the signal
RMS (n2) also leads to a comparable reduction in the signal peak-to-peak amplitude (nin f ).
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Figure 8. Modeling of the cross-flow vortex cancellation, which is based on experimentally observed
reference and boundary-layer response. (a) ∆y = 2.1 mm; (b) ∆y = 1.8 mm; (c) ∆y = 1.5 mm. ureg.—
solution of linear regression problem, ureg.o f f set—shifted vector ureg., uopt—solution of constrained
optimization problem.

Modelling of the CF vortex cancellation with a real experimentally observed response
demonstrates a not-so-dramatic effect in comparison to the numeric case. It can be spec-
ulated that the reason is the somehow different spectral composition of the disturbances,
the presence of bias errors in velocity distribution in the experimental data or different
positions of the plasma actuator.

Assuming linear superposition of the natural and actuator-induced vortices, we can
model the velocity distribution in the boundary layer. Figure 9 shows the simulated results
for various approaches that are used for the optimal control evaluation. One can see
that although the control quality decreases as we move downstream, vortex amplitude
reduction is obtained along a substantial part of the chord.
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Finally, we can roughly estimate the energetic efficiency of the method proposed for the
given experimental conditions. Assuming the friction coefficient in a turbulent boundary
layer to be Cft ~ 5 × 10−3, we obtain the local friction for 40 m/s to be τw = 5.2 N/m2

and the skin friction power losses to be Pf = 210 W. For laminar flow, we take the value
Cfl ~ 1 × 10−3. Stability estimates (Figure 2e) for a given boundary layer show that a
ten-times increase for the stationary CF vortex magnitude occurs within 120 mm along
the streamwise co-ordinate. If a transition occurs at a fixed disturbance magnitude, 20 dB
reduction can be recalculated to an approximately ∆Xt = 150 mm shift of the transition
line. That is, for the given conditions, the energy saving due to flow laminarization will
be ∆C f 0.5 ρU3

e ∆Xt = 25 W. The estimated power consumption for the plasma actuator,
based on its resolution and energy input 0.17 W/section, is 113 W/m. For the conditions
of the present experiment, efficiency will be η = 22%. One should note that this value is
based on a rough estimation of the friction coefficient, which was made for a zero-pressure
gradient boundary layer and not taking into account modulation of the flow by cross-flow
vortices. Finally, this estimate does not take into account the nonlinear stage of disturbances
development, which has a considerable length for the swept-wing boundary layer.

Vortex cancellation can be compared with the other approaches considered for flow
laminarization by using plasma actuators. The total thrust induced by the actuator is
1.6 mN/m. Introducing the momentum coefficient as Cµ = Fx/

(
0.5ρU2

e δ1
)
, we obtain,

for the quantities Ue and δ1 taken at the actuator position, Cµ = 0.005. For the base flow
modification strategy, when the cross-flow velocity profile is altered by the actuator, authors
of [16,34] obtain an approximately 50 mm (4% chord) transition shift at Cµ ∼ 0.2− 0.5.
Similar in the order, the results are obtained when the boundary layer is controlled by a
subcritical “plasma roughness” from the leading edge.

Thus, the vortex cancellation approach should demonstrate a superior efficiency
compared to the base flow modification technique. Still, to obtain energetic efficiency above
unity, further optimization of the method will be required.

4. Conclusions

Plasma actuators with a limited discharge span can be used to force the isolated
stationary cross-flow vortex packets in a boundary layer. The disturbance structure in the
asymptotic region is well predicted by PSE calculations, with discharge modelled by a
2-component force domain.

At peak-to-peak disturbance amplitudes <10%, the boundary layer and the actuator
are treated as a linear system. System identification can be performed by measuring
or calculating the boundary-layer asymptotic response to a single section excitation via
step function.

The optimal control strategy is proposed for CFI vortex cancellation, based on the
response function of the boundary layer and measured uncontrolled system output. Since
the admissible control is limited to positive values, the quadratic cost function optimization
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with constraint is used to find a solution. Alternatively, high control quality can be achieved
in the central part of the span by solving the unconstrained linear regression problem and
shifting the result by a fixed value to achieve strictly positive control. The latter approach
appears to be faster, despite exciting strong vortices at the edges of the controlled region.

An evaluation of these algorithms was performed based on simulated boundary-layer
response and simulated natural disturbances introduced near the leading edge, and both
quantities obtained from the experiment. A decrease in the spanwise velocity RMS up to
50 times and up to 5 times was obtained for these two cases, respectively. Minimum actuator
resolution, providing adequate results, corresponds to 1/4 of the spanwise wavelength
estimated for the most growing cross-flow vortices, or 1.5 mm (3–4 δ1) for the conditions of
present study. The analysis presented is linear and, thus, applies only to the disturbances
with amplitude less than 10–15% of local flow velocity. For higher magnitudes, the proposed
approach can give suboptimal results; nonlinear optimization strategies can demonstrate
higher efficiency. Moreover, heat release effects were not taken into account in this study.
For higher flow velocity, they can also contribute to the excitation of the cross-flow modes.
Moreover, average flow heating was not taken into account, although it can slightly affect
boundary-layer stability in certain conditions [35].
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Abbreviation

PIV particle image velocimetry
CFI cross-flow instability
DBD dielectric barrier discharge
U0, U∞ oncoming flow velocity
Ue velocity magnitude at the outer border of the boundary layer
X, Y, Z leading edge co-ordinate system
U, V, W flow velocities in (xyz) co-ordinate system

us, ucf
flow velocities in the boundary layer, parallel and normal to the local potential
flow streamline

δ1, δ2 displacement and momentum loss boundary-layer thicknesses
L length of flow acceleration region, 610 mm
δ = (Lν/U)1/2 reference boundary-layer thickness
R = (u∞L/ν)1/2 Reynolds number
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