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ABSTRACT

We introduce a mechanism of using collocated serpentine shaped plasma actuators for controlling the flow via an input electrical signal to
either advance or delay transition by amplification or annihilation of energetic modes of turbulent structures. A wall resolved implicit large
eddy simulation is conducted to examine the process of turbulent flow control due to this mechanism. Collocation allows for selective super-
position of different energetic modes, which can either subtract or add energy to the baseline flow resulting in turbulent streak manipulation.
Unlike most flow control methods that use either a localized large amplitude forcing or a low amplitude distributed forcing, this mechanism
uses a localized low amplitude forcing to cause reduction in skin friction of more than 53% across the plate. This is achieved by manipulating
strength as well as the spacing between the low-speed turbulent streaks, which are ubiquitous in a turbulent flow field. Reduction in skin
friction drag can result in decreasing fuel consumption and in turn reducing pollution.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0078083

INTRODUCTION

Flow control can be achieved by either reducing or increasing
the turbulence production. The turbulent production is associated
with Reynolds stress in a turbulent flow field. In a wall-bounded tur-
bulent flow, Reynolds stress brings fast-moving fluid toward the wall
(sweeping event) and slow-moving fluid away from the wall (ejec-
tion event). These events are generally associated with streamwise
vortices, which are closely related to elongated low-speed streaks
near the wall (Schoppa and Hussain, 2002). These streaks, also
called Klebanoff modes (Kendall, 1985), are fluctuations arising
from low-frequency filtering of freestream perturbations (Klebanoff,
1971 and Goldstein, 2014) by the boundary layer. In a transitional
flow, these streaks exhibit algebraic or transient growth (Matsubara
and Alfredsson, 2001) and lead to bypass transition due to their non-
modal nature (Andersson ef al, 1999). This type of mechanism is
commonly found in pipe flow (Wu et al,, 2015) and turbomachinery
applications (Wheeler ef al., 2016). The two significant mechanisms
by which streaks break down are via sinuous and varicose modes
(Schoppa and Hussain, 2002), which can be either fundamental
or subharmonic in nature. Manipulating the strength and spacing

between these streaks can significantly reduce drag on a surface.
Drag reduction greater than 30% (Du and Karniadakis, 2000) was
obtained by manipulating the streaklines using spanwise oscillat-
ing Lorentz force in a channel flow (Du and Karniadakis, 2000 and
Altintag and Davidson, 2017). Using similar principles, plasma actu-
ators were found to reduce drag by 45% (Choi ef al., 2011). However,
these large reductions were associated with either a distributed actu-
ation of low perturbation amplitude (Du and Karniadakis, 2000) or
alocalized high perturbation amplitude (Choi e al., 2011) relative to
the bulk flow. A single localized flow control device that can adapt to
the situation where the streaks need to be favorably manipulated to
accentuate or mitigate turbulence in aerodynamic applications has
not been studied before.

Surface Dielectric Barrier Discharge (SDBD) plasma actuators
have increased in prevalence as active flow control devices over the
last three decades (Wang et al., 2013). These actuators are surface
compliant, have a rapid response time with no moving parts, and can
be applied at receptive locations. The standard design involves two
asymmetrically placed electrodes, one exposed and the other encap-
sulated, separated by a dielectric material (Roth et al., 2000). A high
voltage (~kV) alternating current (~kHz) is applied to the electrodes
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across the dielectric material, which ionizes the air surrounding the
exposed electrode. Due to asymmetry of the electrodes, the electric
field accelerates the ionized particles in the required direction, gen-
erating a wall jet via a Lorentzian collisional mechanism, which can
be used to manipulate the background flow field.

This report investigates numerically the use of square serpen-
tine shaped plasma actuators (Durscher and Roy, 2012) to control
turbulent transition by modifying strength and spacing between the
streaks. For the numerical investigation, a wall resolved implicit
large eddy simulation is conducted to study the impact of col-
location of square serpentine plasma actuators on a background
laminar flow over a zero-pressure gradient flat plate. This study
shows how the Klebanoff modes or streaks can be accentuated or
mitigated by using a localized forcing of small amplitude. Plasma
actuators have been used to control transitional flow by manipu-
lating Tollmien-Schlichting (T-S) waves (Grundmann and Tropea,
2008). However, in most practical aerodynamic applications, free
stream turbulence levels are not low enough for T-S wave transi-
tion. Therefore, the present work concentrates on non-modal bypass
transition. We show here that unlike most flow control devices,
serpentine shaped actuators can be used to advance or delay the tran-
sition to turbulence by simply changing the input signal and hence
can control drag, reduce noise, improve turbulent mixing, or control
flow separation.

NUMERICAL METHOD

The governing equations are unfiltered compressible
Navier-Stokes equations (Houba et al, 2019). The modal dis-
continuous Galerkin method is used as an implicit large eddy
simulation (ILES) tool to simulate the turbulent flow field. This
code is implemented in our in-house code called Multiscale Ionized
Gas (MIG) flow code (Bhatia ef al., 2014 and Houba et al, 2019).
We use a third-order accurate spatial scheme with fully explicit
two-step Runge—Kutta time discretization. For temporal resolution,
a non-dimensional time step of At* = ui,-At/v =0.0048 was used,
where ui,- is the inlet friction velocity and v is the kinematic
viscosity. The flow was allowed to convect two times over the entire
streamwise length at a convective speed of around 0.75U , before
the mean flow calculations were started. The mean flow calculations
were done as the flow convected once over the entire streamwise
length. Local Lax-Friedrichs flux was used for the convective
numerical flux, and the local discontinuous Galerkin method is used
for viscous fluxes (Bassi et al., 2005).

The Mach number of the incoming flow is set to 0.5. The
freestream conditions are applied with a static pressure (Poo) of 10
132.5 Pa and a static temperature (Too ) of 273 K. The freestream
velocity (Us ) is 165.61 m/s, and the dynamic viscosity (oo ) based
on Sutherland’s law is 1.716 x 10™> Ns/m?. A Blasius profile corre-
sponding to the Reynolds number, Rex = 3.75 x 10°, is used for the
streamwise and wall normal velocity at the inlet. The wall is kept at
no slip adiabatic conditions. Both top and outlet boundary condi-
tions are obtained by linear extrapolation with the pressure kept at
Poo. The domain is periodic in the spanwise direction.

The streamwise (x direction), wall normal (y direction), and
spanwise (z direction) domain sizes correspond to 4008*, 5987,
and 1567, respectively, where 8 is the inlet displacement thick-
ness. A mesh size of 750 x 64 x 64 is used to resolve the flow. The
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FIG. 1. Schematic of the square actuator design. The forcing terms are applied in
the arrow directions. The wavelength of the actuator A, also defines the spanwise
extent of the domain. A similar procedure is used for the control actuator.

mesh is uniform in the streamwise and spanwise directions, and it is
stretched in the wall normal direction. The top and outlet boundary
elements are stretched to avoid reflections. For mesh convergence,
different mesh sizes were chosen with the mesh size in the wall nor-
mal direction ranging from 48 to 64 and in the spanwise direction
ranging from 32 to 64. The convergence study showed that the mesh
size of 750 x 48 x 64 was adequate to resolve the rms fluctuations
when compared to DNS results.

The actuator is placed at 368™ from the inlet. The forcing func-
tion is modified from Singh and Roy (2008) for general coordinates
as given in Eq. (S1) and Eq. (S2) in the supplementary material.
The forcing terms are applied along the line of actuation shown in
Fig. 1. The control actuator locations are shown in Table S1 in the
supplementary material. The parameter A of Eq. (S2) is obtained by
applying the forcing in quiescent conditions, and the value of A for
which the maximum mean velocity magnitude generated is 10% of
the freestream is chosen. More details on the actuation as well as the
transition mechanism have been described earlier (Das Gupta and
Roy, 2017).

PROBLEM SPECIFICATION

In a transitional flow, the streak locations are random, which
makes it difficult to apply most flow effectors that may suppress
or accentuate turbulence production depending on the applica-
tion. Serpentine actuators are known to produce three-dimensional
flow structures (see Fig. 2) that can enhance plasma coupling with
the flow. A flow visualization picture shows bundling of random
streaklines into a “predictable” arrangement (Fig. 3, experimental
details in the supplementary material), allowing a control actuator
to selectively manipulate them. This is an exciting approach where
a turbulence control methodology with known near wall forcing
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FIG. 2. (a) Time averaged contours of streamwise oriented bound vortical struc-
tures on a y-z plane 12.5 mm from the beginning of the actuator and (b)
corkscrew-like structures of streamtraces colored with vorticity induced by square
serpentine actuators (Durscher and Roy, 2012). Reproduced with permission from
R. J. Durscher and S. Roy, “Three dimensional flow measurements induced from
serpentine plasma actuators in quiescent air,” J. Phys. D: App. Phys. 45, 035202
(2012). Copyright 2012 IOP Publishing Ltd.

can be introduced without flow sensing so that the dominant struc-
tures can be bundled in a deterministic fashion, so are the turbulent
events. Therefore, we propose to perturb the flow using the trip-
ping actuators shown in Fig. 4 to manipulate the incoming random
streaklines, which may then be manipulated by another set of actu-
ators to control transition as needed. The actuator body force is
numerically implemented from force approximation based on first
principles modeling (Singh and Roy, 2008). The forcing method,
numerical details, and mesh parameters (supplementary material)
are the same as those used in Das Gupta and Roy (2017). The cases
studied vary in the arrangement of the control actuator, with both
the pinch regions aligned or pinch and spread regions aligned for the
tripping and control actuator. The tripping and the control actuator
are forced at the same sinusoidal frequency of 1 kHz and amplitude
based on velocity ratio y = 15/ Ues = 0.1, where u, is the maximum
mean velocity magnitude generated by the actuator in quiescent con-
ditions and Ue is the freestream velocity. This gives a root mean
square velocity of the forcing to be around 7% of the freestream
velocity. The distance between the actuators scaled by viscous units
La = urAx/v, where Ax is the distance between two actuators, u; is
the maximum friction velocity for the baseline case, and v is the

Plasma on

Plasma off V=10 kV

=3 kHz
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FIG. 4. Schematic of various control actuator configurations relative to the tripping
actuator. The domain is periodic in the z direction (spanwise). The shaded gray
regions are the pinching region of the actuators where the force vectors, shown as
arrows, point toward each other. The hatched regions correspond to the spread-
ing region where force vectors point away from each other. The control actuator
is located at a distance L, from the tripping actuator (Table S1). Based on the
direction of forces, which are parallel to the streamwise direction, the control actu-
ators for cases A and B are in co-flow arrangement and cases C and D are in
counter-flow arrangement.

freestream kinematic viscosity. The control actuators for cases B
and D are shifted by 1,/2 (Fig. 1) in comparison to cases A and C,
respectively.

RESULTS AND DISCUSSION

The streaklines displayed in Fig. 5 at y/8* ~ 0.5, where &”is
the displacement thickness, show the subharmonic sinuous nature
(Schoppa and Hussain, 2002 and Das Gupta and Roy, 2017) for
all the cases. Cases B and C distribute the energy in the spanwise
direction and create additional low-speed streaks by doubling their
spanwise wavenumber. This reduces the spanwise streak spacing and
therefore the amplitude of the sinuous wavy streak, which makes
them more parallel in comparison to the baseline case. Although
case C is in a counter-flow arrangement, which creates an inflection
region in the boundary layer and should destabilize the flow (Riherd
et al., 2014), it delays the transition. This denotes that the pinch and
spread behavior of the control actuator can overcome the inviscid
instability arising from counter-flow and still delay the transition.

Plasma on

V=10kV,,; ®="5KkHz

I i H\'

L1

FIG. 3. Smoke flow visualization study of a transitional flow affected by a circular serpentine plasma actuator (\Vilkinson 2017). The wind tunnel is operated at 450 rpm (~6
m/s). The wavelength of the electrodes is 10.16 mm, and the width of the electrode is 1 mm. The unit Reynolds number ranges from 0.5 x 10° < Re/m < 3.3 x 10°. The
smoke was generated using a high voltage AC current applied across the wire applied with a mixture of oil (~85% by volume) and soap (~15%). (a) Plasma actuator is turned
off, (b) plasma actuator is run at a voltage V = 10 kVp, and frequency w = 3 kHz, and (c) plasma actuator is run at a voltage V = 10 kV,;, and frequency w = 5 kHz.
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FIG. 5. Comparison of normalized instantaneous streamwise velocity contours
depicting streaklines in the y/6* ~ 0.5 plane. The domain is duplicated three times
in the spanwise direction. Actuators colored in black have co-flow arrangement,
and those in white have counter-flow arrangement. The increase in the streak
strength for cases A and D advances the transition, while the decrease in the
streak strength as well as spacing delays transition for cases B and C.

Cases A and D add energy to the existing streaklines downstream of
the control actuator and advance the transition.

The delay or advance in transition by different cases is depicted
in the skin friction plots shown in Fig. 6. Cases A and D advance
the transition location, while cases B and D delay the transition.
The flow does not become fully turbulent in the chosen domain
for case B. Case B, with the control actuator at Ly = 2500, reduces

8 ' Baseline A
- 61 . Case A
o ' Case B
~— \ . C C
» 4 1% : ase
Q2

0O

81
S 61
* 41
6\2 ]

0 :

0 2 8

4
Rexx’lO’5

FIG. 6. Variation of the skin friction with the Reynolds number based on the control
actuator configuration and location. (a) Comparison of skin friction with baseline for
different cases with the control actuator at L, = 2500. (b) Effect on transition with
a change in the location of the control actuator for case B. Skin friction profiles left
to the baseline case indicate transition advance, while those to the right indicate
transition delay. The transition is complete after the skin friction reaches a peak
and starts decreasing.
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the skin friction along the plate by more than 53% (Table S2 in the
supplementary material). The transition location is determined
using the shape factor H = §*/6 variation along the streamwise
direction (Fig. 7), where 0 is the momentum thickness. The tran-
sition location x; is defined as the location where the shape factor
crosses the value of 1.4, which is typical of turbulent boundary layers
(Schlichting, 1979). The Reynolds number at the transition loca-
tion is given by Reyr = x4+ Uoo /v. Cases A and D both have Rey ~ 6.4
x 10°, and for case C, Rey, ~ 7.75 x 10° in comparison to the baseline
with Rey, ~ 7 x 10°. Therefore, transition delays of 10% (case C) and
advance of 8.5% (case A) can be achieved by altering the direction of
the plasma body force or input signal.

From an experimental point of view, this can be easily achieved
by switching the electric field direction between the exposed and
encapsulated electrodes. The parameter Ls is varied from 1250
to 7500 for case B to investigate how the location of the control
actuator impacts the baseline flow [Fig. 6(b)]. The location closest
to the tripping actuator with L4 = 1250 delays transition by 8.5%,
while the locations beyond La = 3750 have insignificant difference
in the transition location. Therefore, there is an optimal location
where the control actuator should be placed to have the maximum
impact on the flow. This location depends on the forcing frequency,
which determines the duration for which the flow structures gener-
ated exist, and the freestream velocity, which determines how the
flow structures get stretched due to their inclination (Das Gupta
and Roy, 2017).

In Fig. 8, comparison of the excited Fourier components of
the normalized streamwise fluctuations u'/ U between baseline,
case A, and case B is depicted. The plots are constructed using
21 x-planes in the transitional region. Discrete Fourier transform of

— Baseline 4 CaseC | |— Baseline 4« L,=7500
--— CaseA & CaseD| [--- L,=1250 L, =5000
Case B L,=2500 ¢ L, =3750
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FIG. 7. Variation of the shape factor with the Reynolds number based on the con-
trol actuator configuration and location. (a) Comparison of the shape factor with
baseline for different cases with the control actuator at L, = 2500. (b) Effect on
transition with a change in the location of the control actuator for case B. Every
20th grid point is shown.
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FIG. 8. Comparison of normalized streamwise fluctuation amplitudes for different
(w, B)-modes. Case A increases the amplitude for all the (w, 8)-modes after the
control actuator location. Case B reduces the amplitude for (0, 1) and (1, 1)-modes,
but increases it for (0, 2) and (1, 2)-modes.

the fluctuations in an x-plane provides the maximum energy com-
ponent for a specific spanwise mode f. The variation in time of this
particular f mode provides the frequency w. The combination w, 8
shown in parentheses is normalized with the actuator frequency and
wavenumber, respectively. The oblique mode corresponds to the
(1, 1)-mode. The (0, 1)-mode has a higher amplitude than the (0,
2)-mode for Re, < 5.25 x 10°, after which the nonlinear effects add
energy to the higher wavenumber mode and cause the amplitude

ARTICLE scitation.org/journall/adv

of the (0, 2)-mode to be higher than the (0, 1)-mode. This loca-
tion is advanced for cases A and B to Rey ~ 4.75 x 10°. Since case
A increases the fluctuation amplitude for all the (w, 8)-modes, the
transition location is advanced. However, case B reduces the ampli-
tude for the most energetic mode (0, 1) as well as the oblique mode
(1, 1), which results in transition delay. Case B increases the ampli-
tude for (0, 2) and (1, 2)-modes, supporting the doubling of the
spanwise streak wavenumber observed in Fig. 5(c). For case B, the
(w, B)-modes for 8 > 2 have amplitudes that are lower than or sim-
ilar to those of the baseline. Therefore, distributing energy between
different modes results in transition delay for case B.

Since the flow is composed of superimposed coherent struc-
tures with different energy contents, a proper orthogonal decompo-
sition (POD) of the flow field is used to analyze the energy content of
these structures. It should be noted that POD modes comprise mul-
tiple (w, 8)-modes. The procedure followed is the snapshot method
(see the supplementary material) proposed by Sirovich (1987). The
streamwise (¢,) and spanwise (¢,) POD mode contours for a
wall normal plane in the buffer layer are shown in Fig. 9. The
highest energy containing mode (M = 1) has the same spanwise
wavenumber as the actuation but the streamwise wavenumber is
zero indicating a steady mode. The strength of ¢, (M > 1) and ¢,
(M > 1) increases after the control actuator for case A and decreases
for case B. For case A, the sum of the relative energy for all the
modes greater than 5 (Tables S3 and S4) is around 10% more than
the baseline. This suggests that the collocation of actuators in case
A amplifies the energy of the higher modes by reducing it for the
lower modes. For M =1 in case B, the strength of ¢, is increased
since majority of the energy from higher modes (M > 1) are trans-
ferred into M = 1, reducing the nonlinear interaction between the
modes. The staggered pattern of positive and negative ¢, observed

4

-0.001 0.001
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Case A

Case B l

i

Baseline

Case A

Case B l

Case B Baseline
l CasTA l

0.375 0450 0.525
Re x1 0*

FIG. 9. Relative energy content for different energetic modes based on POD analysis. The contours are plotted for y/6* ~ 1. The domain is duplicated two times in the
spanwise direction. The contours are normalized to maintain a similar magnitude after the tripping actuator for all the cases. The increase or reduction in the energy of the
POD modes relative to the baseline case results in advance or delay in transition, respectively. In case A, the lambda structures are stronger and the spacing between
the legs of the structures decreases near the tip, while case B does the opposite. This phenomenon manipulates the spanwise oriented vortices near the tip of the lambda
structures, where the streaks have maximum lift and are unstable, and they contribute to the advancement or delay in transition.
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FIG. 10. Instantaneous plots of the Q-criterion at t = 0.006 9115 s colored by the streamwise velocity show the effect of amplification and attenuation of energetic modes
on enhancing and delaying flow transition to turbulence, respectively. (a) Baseline (Multimedia view), (b) Case A (Multimedia view), and (c) Case B (Multimedia view).
Multimedia views: (a) https://doi.org/10.1063/5.0078083.1; (b) https://doi.org/10.1063/5.0078083.2; (c) https://doi.org/10.1063/5.0078083.3

in M = 2 corresponds to the oblique mode (Das Gupta and Roy, 2017
and Berlin ef al., 1994). For case A, the lambda vortices (M =2, ¢u)
grow. However, case B creates weak lambda structures (M =2, ¢y)
between the strong ones after Rey » 5.25 x 10°, thereby doubling
the spanwise wavenumber. These weak structures gradually become
stronger relative to the upstream lambda vortices as the Reynolds
number increases. This exchange of energy between the structures
and the increase in the spanwise wavenumber lead to transition
delay for case B.

,1:
10 | Control Actuator
w0 Vo=
A T [ Basel
v of ;! —————Baseline
10 _{ -------- Case A
_7%\ — — —— _CaseB
10 [ — — —-CaseC
of === Case D
10 4 5 6 7 8
Re)(><‘|0’5

FIG. 11. Comparison of Reynolds shear stress growth parameters for different
configurations. The collocation of actuators with the pinch plane aligned adds
Reynolds shear stress at the control actuator location. When the pinch and spread
planes are aligned, it reduces the Reynolds shear stress.

The growth parameter y(x,y) is defined in Eq. S(7) of the
supplementary material. Figure 10 shows instantaneous perspec-
tive plots of the Q-criterion colored by the streamwise velocity at
t = 0.0069115 s, demonstrating the effect of amplification and
attenuation of energetic modes on enhancing and delaying flow
transition to turbulence, respectively. Transient evolutions of these
plots are shown as supplementary movies in Figs. 10(a)-10(c)
(multimedia view) for baseline, case A, and case B, respectively.
The growth parameter (7) for Reynolds shear stress depicted in
Fig. 11 shows that the control actuator for case B reduces the local
Reynolds stress by two orders of magnitude compared to the base-
line case. Both cases B and C reduce the growth in the Reynolds
shear stress, while cases A and D increase the Reynolds stress. The
change in the Reynolds stress will alter the turbulent transport and
production.

CONCLUSION

In summary, collocation of plasma actuators can be used to
selectively manipulate the streaklines to advance or delay transition
by altering streak strength and spacing. Aligning pinch planes of the
tripping and control actuator adds energy to the existing streaklines
and advances the transition. However, aligning pinch and spread
planes reduces the energy in the existing streaklines and distributes
it along the spanwise direction by doubling the spanwise wavenum-
ber, resulting in transition delay. Using localized finite amplitude
forcing, a skin friction reduction of more than 53% can be achieved
by reducing the strength of streamwise vortical structures, causing
a reduction in the Reynolds shear stress and therefore turbulent
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production. These results need to be validated with future experi-
ments to confirm the numerical findings and interpretations.

SUPPLEMENTARY MATERIAL

The experimental and numerical details and tabulated data are
given in the supplementary material.
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