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ABSTRACT

This work examines the physics and scaling of nanosecond dielectric barrier discharge
plasma actuators (ns-DBD) for active ow control (AFC). These actuators have been
successfully employed in a number of high speed ow control applications in recent
years, but many open questions remain. The ns-DBD ow control mechanism is
thermal in nature which is fundamentally di erent than momentum-based devices
(e.g. synthetic jets and ac-DBD plasma actuators). This research aims to shed light
on ns-DBDs for AFC by studying the actuator in a canonical low-speed turbulent
mixing layer. It is hypothesized that a key amplitude scaling parameter for ns-
DBD plasma actuation is the initial incoming boundary or shear layer thickness (in
contrast to the boundary layer edge velocity used for momentum-based devices). In
this work, the shear layer thickness near the actuator is relatively large compared
to other ns-DBD works in literature and it is shown that burst mode forcing, which
increases the rate of energy deposition, is required to control the ow. These burst
mode studies are leveraged to enable further understanding of AFC with ns-DBDs.
The required fundamental forcing frequency at which burst mode forcing is carried
out is well known from linear stability theory, but it is shown that the timescale
of energy deposition (inverse of carrier frequency) should be shorter than the local
ow convective time scale to accelerate mixing layer growth. However, increasing
the level of energy deposition does not monotonically increase the mixing layer
growth. Above a threshold pulse energy, the mixing layer growth relaxes back to
the baseline level due to a stabilizing e ect which is explained here by linear stability
analysis (LSA) of the mixing layer ow subject to mean heating. Under high levels
of mean heating the ampli cation rate of disturbances is shown to be reduced. The
mechanism by which the ns-DBD actuator excites the mixing layer is related to

the creation of a wake-like e ect in the local velocity and/or density pro le. This
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time varying disturbance introduces cross-stream perturbations which are ampli ed
downstream leading to mixing layer growth. This behavior is directly contrasted
with an ac-DBD plasma actuator, which is a momentum-based device, to further
clarify the ns-DBD mechanisms. The mean ow response to actuation is matched
for the two actuators at a single downstream location to gauge scaling of relevant
parameters (carrier frequency, energy per pulse, etc). The similarity between local
behavior is found to extend to the global ow, both in the mean and uctuating
components. However, the ns-DBD requires approximately six times more electrical
energy to achieve the same control as the ac-DBD in this speci ¢ case. Hence, this
work demonstrates that ns-DBD plasma actuation has greater e cacy in ows with

a thin boundary/shear layer near the location of actuation.
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CHAPTER 1

Introduction

Dielectric barrier discharge (DBD) plasma actuators are a class of plasma-based ow
control devices that have become very popular in the eld of AFC in the last few
decades (Samimy et al., 2018; Little, 2019). The most common type of geometry, the
asymmetric DBD, is shown in Fig. 1.1. It consists of a layer of dielectric material,
such as Kapton, sandwiched between two electrodes typically copper tapes. Under
the application of a high voltage di erence between the ground and high voltage
electrodes, the near surface air is ionized which creates a di use plasma discharge
(Corke et al., 2010). The discharge characteristics vary based on the input voltage

signal applied to the DBD plasma actuator.

Figure 1.1: Asymmetric dielectric barrier discharge plasma actuator

In the U.S., the earliest use of dielectric barrier discharge (DBD) plasma-based
actuation for aerodynamic ow control can be traced back to the work of Roth et
al (Roth et al., 2000). They showed that an asymmetric ac-DBD plasma actuator
(driven sinusoidal/AC voltage) induces a net movement in the air adjacent to the
actuator surface. These devices quickly became popular due to desirable character-

istics such as simple and a ordable construction, no moving parts, low pro le, fast
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response, etc. DBD plasma actuators have been the subject of intense study over
the past few decades (Corke et al., 2010; Adamovich et al., 2012; Kotsonis, 2015;
Moreau, 2007). They are usually categorized into two types based on the input
voltage wave form: ac-DBD plasma actuators (driven by AC signals with discharge
time scale in milliseconds) and ns-DBD plasma actuators (driven by DC pulses with
rise time on the order of 1 - 100 ns).

Ns-DBD's have gained popularity in the last decade for their capabilities in
high-speed ow control (Samimy et al., 2018; Little, 2019). The control mecha-
nism for such actuators is believed to be thermal energy deposition (joule heating)
(see Little (2019) and references therein), which is fundamentally di erent from
momentum-based devices that dominate the eld of AFC (Corke et al., 2010; Kot-
sonis, 2015; Moreau, 2007). Energy deposition in the form of thermal perturbations
is a compelling forcing strategy due to various demonstrations of ns-DBDs, arc dis-
charges, and focused pulsed lasers for controlling high-speed shear ows (Samimy
et al. (2018); Little (2019) and references therein).

Momentum based actuation is one of the most widely used actuation strategies
in ow control (Cattafesta and Sheplak, 2011). Although ZNMF momentum-based
actuators, like the ac-DBD plasma actuator, have proven e ective in controlling
many ows they still come up short when applied in high speed ows (unfortu-
nately, this is generally where most practical applications lie). This is due to the
fundamental nature of momentum based amplitude scaling requirements. Successful
control requires that momentum based actuators be scaled with either the veloc-
ity ratio (r / Uy ) or the momentum coe cient (C / U2 )(Seifert and Tilmann,
2009). Hence, momentum based actuators often become prohibitive as their ampli-
tude/power requirements ramp up with the speed of the ow. Another bottleneck
in high speed applications is that such devices also require high frequency capability
as well. The combined requirement of high bandwidth and high amplitude actua-

tors is one of the major barriers to the realization of AFC at high speeds. This has
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motivated the study of thermal energy deposition based actuators, like the ns-DBD,
that produce control using a fundamentally di erent mechanism.

Despite the demonstrated potential of thermal perturbations, many questions
about fundamental physics and scaling remain unanswered. This work aims to
elucidate the ow physics associated with ns-DBDs and more generally, thermal
perturbations for aerodynamic ow control. A mixing layer is chosen for investiga-
tion due to its fundamental nature in the eld of ow control and uid dynamics in
general. The 2-D mixing layer isolates and/or simpli es many complex features of
AFC scenarios. In addition, mixing layer excitation forms the basis for much AFC
knowledge (Greenblatt and Wygnanski, 2000).

The mixing layer is susceptible to low amplitude perturbations, and has been
studied extensively (e.g. Oster and Wygnanski (1982); Ho and Huerre (1984); Gaster
et al. (1985a); Lifshitz and Degani (2010)). The relationship between ow eld be-
havior and actuation parameters is well understood using actuators based on me-
chanical displacement and/or momentum addition (Oster and Wygnanski, 1982;
Seifert et al., 1993). Previous work has shown that the e cacy of thermal pertur-
bations for aerodynamic ow control is highly dependent on the initial shear layer
thickness (Little, 2019). Briey, ns-DBD plasma actuators were unsuccessful in
controlling a low speed turbulent mixing layer U, = 11.8 m/s & r = 0.28) with a
relatively thick initial shear layer ( o = 2.5 mm) in both single frequency and burst
mode operation ( 3kHz) at the frequency of the most ampli ed wave from linear
stability analysis (LSA) (Ely and Little, 2013b,a; Lehmann et al., 2016). A similar
lack of control authority was also shown for turbulent boundary layer separation
over the simple de ected ap of a high-lift airfoil (Little and Samimy, 2010).

In contrast, ac-DBDs performed as expected in the cited study based on known
amplitude scaling arguments for such devicedJ{ or U? from C and velocity
ratio respectively) (Ely and Little, 2013b). Previous to this study, Ns-DBD's (and
more generally thermal energy deposition type actuators) were well established in
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their ability to control ows at much higher speeds and Reynolds numbers (Samimy
et al., 2007; Roupassov et al., 2009; Little and Samimy, 2010). Therefore, the
lack of ns-DBD control authority in these ows was surprising given the perceived
high amplitude nature of thermal energy deposition. Parameters a ecting control
of turbulent shear layers with thermal perturbations were somewhat clari ed by
contrasting the mixing layer to the ow downstream of a backward facing step (BFS).
Control authority at substantially lower pulse energies compared with the mixing
layer case was achieved by reducing the initial shear layer thickness despite a greater
free stream velocity (30.5 m/s). (Lehmann et al., 2016; Akins et al., 2015). This
reinforced the idea that the responsiveness of the ow to ns-DBD plasma actuators,
and thermal perturbations in general, scales with the initial shear layer thickness,
and that freestream velocity, which is often considered paramount for judging AFC
capabilities, is secondary. Indeed, most successful AFC demonstrations using pulsed
thermal energy deposition to date have considered relatively thin { < 1 mm)
turbulent, and in some cases laminar, initial shear layers (e.g. Samimy et al. (2007);
Popov and Hulsho (2012); Correale et al. (2014); Kelley et al. (2014); Lehmann
et al. (2016); Singhal et al. (2017); Correale and Kotsonis (2017)). In contrast, there
have been large variations in freestream Mach number in these studies (Mach 0.01
to 2.5). Additionally, the boundary layer state (laminar/turbulent) and freestream
velocity are not major players in predicting possible control authority at least in the
range surveyed in this research group (up to U = 30 m/s) (Ely and Little, 2013a;
Akins et al., 2015).

This work aims to demonstrate the relationship between the ns-DBD actuation
and the ow response to shed light on how thermal energy deposition couples with
the ow eld leading to AFC. This is also contrasted with the di erences in ex-
cited ow when using ac-DBD plasma actuators which are based on the mechanism
of momentum addition. A comparative scaling between these di ering actuation

mechanisms will be a useful addition leading to potential AFC applications.
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CHAPTER 2

Background

2.1 Turbulent mixing layer and active ow control

Mixing layers are one of the most ubiquitous basic shear ows, appearing in a whole
host of applied & natural phenomena such as boundary layer separation, cavity ows,
sound production in jets, internal combustion engines, atmospheric & aquatic ows
etc. A mixing layer is de ned as the merging of two uids with di erent densities or
velocities. For research purposes, they are usually created with a partition usually
referred to as a splitter plate. A typical plain mixing layer is shown in the gure
2.1.

Figure 2.1: A spatially developing plane mixing layer (Ho and Huerre, 1984)

The canonical 2-D mixing layer ow is locally convectively unstable (up to small
counter ow such that jrj = jU;=U,j < 0:136) (Huerre and Monkewitz, 1985). A
necessary condition for instability is the presence of infection points in the velocity
pro le (Rayleigh's criterion) as well as the stronger Fj rtoft's criterion which a

mixing layer satis es (Schmid and Henningson, 2001). The primary instability in
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this ow is the Kelvin-Helmholtz instability which leads to the formation of vortices
downstream of the splitter plate trailing edge. The interaction of these vortices with
the mean ow determines the dynamics of the mixing layer growth.

The primary instability associated with the mixing layer is convective in nature
which is extrinsically dynamic, implying that a periodic perturbation introduced
into the ow will convect and grow downstream. If the perturbation is then taken
away, the mixing layer returns to its baseline state. This was experimentally known
for convective laminar ows as far back as 1944 from the seminal work by Schubauer
and Skramstad (1947), who used a vibrating ribbon to perturb a laminar boundary
layer and provide evidence for the existence of Tollmien-Schlihcting waves. This
was one of the rst demonstrations of active ow control. This lead to the use
of periodic forcing as both an investigative tool as well as a method to control
transition and separation in laminar ows. However, once transition to turbulence
occurs it was believed that its dynamics would become unalterable since turbulence
is a random process. The fact that turbulent shear layers are governed by dynamics
of large organized vortical structures - known as 'coherent structures' - was a major
breakthrough in active ow control and turbulence. It was therefore apparent that
modifying these structures would facilitate control of turbulent ows (Greenblatt
and Wygnanski, 2000; Joslin and Miller, 2009).

Figure 2.2: Mixing layer between helium and nitrogen aRe/ 8 (atm) x 10 (m/s)
(Brown and Roshko, 1974)

Coherent structures were rst discovered in turbulent mixing layers in the ex-
perimental work by Brown & Rohsko (Brown and Roshko, 1974). They showed the
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presence of large scale organized structures at high Reynolds numbers. Figure 2.2
shows the presence of these large scale structures even at high Reynolds number as
seen from the presence of smaller scales. These structures were also seen to merge to
form larger structures in a process called vortex merging. Increasing the Reynolds
number of the ow did not lead to a disappearance of these large scale vortical
structures which suggested that the process governing these was inviscid. In fact
it was shown that an inviscid linear instability model is able to accurately predict
the phase distribution of disturbances in the initial downstream regions observed in
experiments (Gaster et al., 1985b). The amplitude was under-predicted in this anal-
ysis as it did not account for the interaction between the coherent and the random
components (Reau and Tumin, 2002).

To study vortex merging, weak (low amplitude) forcing was used in order to lock
the unstable frequency to the forcing signal preventing the natural spatial jitter
in unforced mixing layers. This however resulted in the change in growth rate of
the mixing layer meaning that even low level forcing was su cient to alter the
development of the ow downstream (Oster and Wygnanski, 1982; Ho and Huerre,
1984). Since these coherent structures are responsible for most of the momentum
transfer across the mixing layer, low amplitude forcing at unstable frequencies can
modify their dynamics which will a ect all of the downstream behavior.

Momentum thickness, which is a measure of shear/boundary layer thickness, is
the typical length scale used to study mixing layer growth. Itis de ned for a mixing

layer as:

UU11UU1

X) = d 2.1
()1U2U1 Uzuly (2.1)

While for an unforced mixing layer the growth in is linear with downstream dis-
tance. The mixing layer growth in excited cases be classi ed in three regimes as
described by Weisbrot and Wygnanski (1988) and shown in gure 2.3.



24

Figure 2.3: Variation in momentum thickness and width of the mixing layer as a
function of downstream distance (Weisbrot and Wygnanski, 1988)

Region | grows linearly (but at a faster rate than the unforced case) as pre-
dicted by linear stability theory assuming quasi-parallel assumption associated with
the slow divergence of the shear layer in the cross stream direction. The slope of
the linear growth region is related to this divergence and can be approximated as
d =dx = 0:046&, wherer is the velocity ratio (Reau and Tumin, 2002). In region
Il the instability waves roll up into discrete structures which causes mixing layer
growth to plateau or decrease depending on the level of excitation. These discrete
structures eventually merge through vortex pairing which again leads to a linear
growth in region IIl. Note that the linear growth in this latter region is not as fast
as in region | and is comparable to the unforced case.

The momentum balance between the mean and the turbulent components in the
ow can be understood from the balance of terms from the x-momentum equation

for a two dimensional mixing layer:

@
@

—@ @ _
Uax' Vay (2.2)

0/Q
<



25

The mean shear leads to energy transfer to the turbulent component, which
consists of the random and coherent uctuations. This ampli es the vortices in
the ow and increases the width of the mixing layer downstream. The transfer of
momentum between the mean and uctuating components can then be understood
by looking at the sign of the Reynolds shear stress termu@?9).

Referring back to gure 2.3, in region | the energy transfer is from the mean to
the uctuating component of the ow, so the sign of the Reynolds Stress term is
positive (-u%°> 0). In region Il the sign of the Reynolds stress term is reversed,
indicating a transfer of energy back from the uctuating to the mean component.
Hence in this region the vortex growth saturates. Finally, in region Ill stochastic (or
incoherent uctuating component) turbulence becomes dominant which is associated

with a return to the baseline growth rate.

@) (b)

Figure 2.4: Momentum thickness variation with (a) amplitude (b) frequency for a
velocity ratior = 0.6, f =40 Hz and A = 1.5 mm (Oster and Wygnanski, 1982)

The relationship between forcing parameters and the growth rate of the mixing
layer was studied in detail by Oster and Wygnanski (1982). Figure 2.4(a) shows
the e ect of increasing amplitudes for a xed velocity ratio and forcing frequency.
Region | exceeds the baseline linear growth with some indication of non-linear trends

at high amplitudes. Region Il shows a noticeable plateau and even negative growth
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for large amplitudes.

Figure 2.4(b) examines the e ect of changing frequency while keeping other
parameters constant. Region | shrinks with increasing frequency as larger vortices
start forming further upstream. These e ects highlight just how much the mixing
layer behavior changes from the baseline because of periodic forcing.

Mixing layers are ubiquitous in many ow situations. Mixing layers are funda-
mental to many ows of practical interest such as ow over a de ected ap, separated

ow over an airfoil (see gure 2.5), ow over a cavity etc.

(@) (b)

Figure 2.5: Separated ow over a NACA 0012 airfoil at = 18 (a) average veloc-
ity eld (b) vorticity eld (Little et al., 2019)

Mixing layers thus form the basis for much of boundary layer separation con-
trol which is a major area of research in AFC (Greenblatt and Wygnanski, 2000).
With the boom in AFC applications in aerodynamics came a requirement for more
robust actuation methods. Conventional actuation methods like a moving surface
(vibrating ribbon, ap etc.) or mass ux injectors (blowing, sweeping jets etc.) have
limitations like slow response, moving parts, limited operation time, model integra-
tion requirements etc. To counter some of these problems, a slew of new actuation
techniques have been developed in recent times.

A useful way to classify actuators is by whether they introduce mass ux into
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the ow. Nonzero net mass ux actuators either inject or remove uid to create
perturbations. Zero net mass ux (ZNMF) actuators on the other hand only access
the working uid and don't rely on an external source to add or remove uid. Some
examples of ZNMF devices are synthetic jet actuators, plasma actuators, combus-
tion driven devices etc (Cattafesta and Sheplak, 2011). ZNMF actuators have seen
signi cant rise in applications. Combined with additional properties such as no
moving parts and a fast time response, plasma actuators have become especially
popular actuator (Corke et al., 2010).

2.2 Plasma based actuation for active ow control

Plasma actuators have received signi cant attention from the ow control commu-
nity in the last two decades. Many factors have contributed to this rise in interest -
low-cost construction, rapid time response and high spatio-temporal actuation ex-
ibility - which has led to widespread use in many areas of ow control (Little, 2019;
Samimy et al., 2019; Thomas et al., 2019).

A variety of plasma actuators exist in literature (Cattafesta and Sheplak, 2011),
but the most popular type is the dielectric barrier discharge (DBD) plasma actua-
tor. DBD plasma actuators consist of a layer of dielectric material placed between
two electrodes. The geometry most commonly employed is the asymmetric DBD
plasma actuator (see gure 1.1). Other types include capillary electrode discharge,
microcavity plasma array etc. A detailed description of DBD con gurations can be
found in Brandenburg (2017). These actuators are driven by either high-voltage ac
or dc pulses typically in the rangeO(1 - 30 kV) and frequencies up tdO(35 kHz)
(Arndt et al., 2020). The application of voltage gives rise to an electric eld which
ionizes the near surface air creating a non-thermal or cold plasma i.e a state of
plasma in which the electron temperature is much higher than the ion temperature.
All DBD plasma's are non-thermal in nature.

DBDs dier from the more canonical corona discharge which occurs when a
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conductor at a large voltage cause electrical breakdown of the local air. The DBD
plasma discharge is di erent because of the presence of a dielectric next to the high
voltage electrode. Because of this, the electric eld is limited as charge accumulates
on the dielectric dampening the discharge. The discharge characteristics depend on
the driving signal which determines the polarity of the electrodes and the movement
of the charged species (Dawson and Little, 2014).

Irrespective of the type of driving signal, the morphology of most common DBD
discharges is characterized by the presence of micro-discharges. These give rise to a
number of randomly created, short lived laments. These laments deposit charge
on the dielectric layer which suppresses the further build-up until either the voltage
is further increased or reversed (Kogelschatz, 2003; Kotsonis, 2015). The study of
DBD discharge characteristics and morphology is an active area of research and the
detailed mechanism by which plasma and ow couple (i.e how the physics of the
plasma discharge transfers energy/momentum to the ow) is still an open question
with experimental and computational e orts underway (Leonov et al., 2016; Zhu
et al., 2017).

DBD plasma actuators have been used in wide range of ow control applica-
tions such as airfoil stall mitigation (Little et al., 2019; Starikovskiy et al., 2019),
leading edge separation control (Roupassov et al., 2009; Little et al., 2012; Kelley
et al., 2014), turbulent drag reduction (Corke and Thomas, 2018), shock modi -
cation (Nishihara et al., 2011; Zhao et al., 2015) and many more. The primary
motivation for this wide range of applications is that these actuators can operate
over a wide range of single or multiple frequencies with a very short time response
(Adamovich et al., 2017).

DBD plasma actuators can be divided into two categories based on the driving
voltage. The rst and most popular of these is the ac-DBD plasma actuator. On the
application of an ac voltage the ionized particles collide with the neutral ambient

air molecules, the integrated e ect of which is a resulting body force on the sur-
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rounding air. This force creates a near surface electric (or ionic) wind (Corke et al.,
2010). Similar to other momentum based actuators (e.g. synthetic jets, unsteady
blowing etc. ), this induced wind acts as a perturbation which ampli es the intrin-
sic instability of the mean ow, redistributing momentum in the ow for controlling
transition, separation, noise etc.

The maximum time averaged velocity of electric wind is typically less than 10
m/s (Benard and Moreau, 2014) in quiescent air. The thrust/body force produced

by these actuators is known to scale with the applied voltage as:

T=V

rms

Where n varies from 2 to 3.5 depending on the dielectric thickness (Thomas
et al., 2009; Cattafesta and Sheplak, 2011).

Since ac-DBDs are momentum based actuators, the required power output for
e ective control scales with eitherU; (velocity ratio) or U? (momentum coe cient)
as for other momentum based actuators (Seifert and Tilmann, 2009). This implies
that scaling these actuators for high speed ows requires larger power supplies thus
limiting its e ectiveness in high speed ows. Indeed high speed and high Reynolds
number ow control is one of the fundamental challenges for plasma based actuation
as laid out in a road map by the plasma actuator community (Adamovich et al.,
2017).

The second category of DBD actuator is the nanosecond dielectric barrier
discharge (ns-DBD) plasma actuator. Experimentally studied rst in 2008 by
Starikovskii and group (Roupassov et al., 2009), these actuators are driven by short
nanosecond scale high voltage pulses. Although the discharge morphology appears
similar to ac-dbds, with the formation of micro discharges which then transition to
streamers (discrete channels of plasma discharge which deposit electrons on to the
dielectric), the time scale of the voltage rise is much smaller. This leads to input

energy thermalization or joule heating which typically happens at two di erent time
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scales - 'fast gas heating' which occurs over time scale of 0.11s and 'slow gas
heating' which occurs over 50 500s (Leonov et al., 2016). See gure 2.6 for
ow structures associated with these di erent heating regimes. Unlike ac-DBDs,
ns-DBDs transfer little momentum to the ambient air (Adamovich et al., 2012) and
the mechanism through which energy couples to the ow is through joule heating
(Little, 2019).

Figure 2.6: Schlileren images in quiescent air from ns-DBD plasma actuation at
di erent time delays. The compression wave in the initial images is from fast gas
heating and small 'bumps' closer to the surface of the actuator later on in time
are from slow gas heating (Leonov et al., 2016)

The fast and slow gas heating timescales give rise to di erent e ects in the ow.
The fast heating results in a weak cylindrical compression wave that propagates from
the surface of the actuator whereas the slow heating is seen as ‘thermal bumps' which
are regions of low density (Leonov et al., 2016). Since the time scale of the weak
compression wave is much smaller than typical ow time scales, it is hypothesized

that the slow heating e ect is responsible for excitation of ow instabilities in most



31

cases (Correale et al., 2014).

Ns-DBD plasma actuators gained the attention of researchers when they demon-
strated e ectiveness in separation control up to low supersonic speeds (Roupassov
et al., 2009). The use of thermal perturbation based actuation for high speed ow
control was already known for a di erent kind of actuator - localized arc lament
plasma actuator (LAFPA) (Samimy et al., 2007). Hence, the e ectiveness of ns-
DBD for high speed ow control was exciting but not surprising. However, unlike
other thermal perturbation based actuation methods (LAFPA, laser energy depo-
sition etc.), ns-DBDs carry over all the advantages associated with DBD actuation
such as low-pro le, larger span, uniform disturbances, spatially distributable, etc.

Despite the rise in popularity of ns-DBD actuation, which has seen an increase in
their application in various AFC demonstrations, a lack of proper scaling has proven
to be a challenging hurdle in propagating their use on a larger scale. Since ns-DBD
plasma actuators work by thermally perturbing the ow, they don't scale in the
same way as ac-DBD plasma actuators or other momentum-based devices (Little,
2019). Hence, a key next step in their maturity is to shed light on the proper scaling

parameters relevant to AFC whic is the subject of this dissertation.

2.3 Preliminary work on ns-DBD study on turbulent shear ows

The aim of this section is to present an overview of ns-DBD research done in our
lab upon which this dissertation is predicated.

As discussed earlier the study of ns-DBD plasma actuation on a turbulent mixing
layer makes logical sense, this canonically well understood ow serves as a test bed
on which plasma actuation parameters can be studied. An earlier study by Ely and
Little (2013b) explored how ac-DBD and ns-DBD plasma actuation e cacy scales
with ow parameters of a low-speed mixing layer. Surprisingly, ns-DBD actuators
were unsuccessful in exciting ow instabilities in the frequency range surveyed (car-
rier frequencyf . <=3 kHz) see gure 2.7. This was an unexpected result as ns-DBD
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control authority in faster ows at larger Reynolds numbers showed positive results
in the past (Roupassov et al., 2009; Little and Samimy, 2010; Little et al., 2012).

Figure 2.7: Mixing layer momentum thickness as a function of downstream dis-
tance under ns-DBD and ac-DBD actuation (Ely and Little, 2013b; Little, 2019)

A survey of the literature on successful applications of ns-DBD plasma actuators
in ow control problems reveals one common factor. The initial boundary/shear
layer thickness close to the location of the actuator is usually aroun@(0.1 mm)
(Little, 2019; Singh and Little, 2020b). The free stream velocity in these studies
varies widely. Also, the boundary layer state (laminar/turbulent) was not indicative
in predicting control authority (Ely and Little, 2013a; Akins et al., 2015).

This observation leads to the hypothesis that the relevant scaling parameter for

ns-DBD plasma actuation (and thermal perturbations in general) is some measure
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of the initial boundary/shear layer thickness. The local momentum thickness ()
is a suitable measure of this thickness due to its rigorous de nition for unbounded
ows (say compared to the more traditional 99 % boundary layer thicknessgg).
To understand the e ect of initial shear/boundary layer thickness near the point
of actuation on control authority, a backward facing step geometry was chosen on
which the initial momentum thickness was much smaller ¢  0:15mm).

Ns-DBD actuation yielded successful control in this shear ow, the excitation
ampli ed coherent structures in the ow and there was an increase in the width of

the shear layer as seen in gure 2.8.

Figure 2.8: Backward facing step ow momentum thickness as a function of down-
stream distance under ns-DBD actuation (Akins et al., 2015; Little, 2019)

An interesting result in this study was the observation that past a certain thresh-

old pulse energy, the control authority deteriorated and the momentum thickness
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went back down to unforced levels. Such an observation had not been made in
any past works on ns-DBDs, generally an increase in pulse energy has been associ-
ated with a stronger perturbation leading to greater control authority. This will be
explored further in Chapter 7.
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CHAPTER 3

Experimental Setup & Methods

3.1 Mixing layer facility

The facility used in these experiments is an open circuit suction wind tunnel with a
304.8 mm x 304.8 mm x 914.4 mm (12 in x 12 in x 36 in) closed test section. The
experiments used two test sections, the rst test section is constructed of acrylic
walls that are held together with an aluminum frame. A set of plate glass walls was
used for Schlieren imaging. A second redesigned test section uses a bolted aluminum
frame with recesses for acrylic windows. Both test sections have the same dimensions
and a similar ow quality (veri ed by matching momentum thickness of mixing layer

vs downstream distance).

Maximum velocity in a clear test section is 10 m/s. The wind tunnel inlet
contraction ratio is 9:1 with a honeycomb and multiple screens for ow conditioning.
The diuser is 2.4 m (94 in) long with an equivalent conical angle of approximately
8 degrees. A rubber connection is used between the fan and the di user to minimize

vibration. A schematic of the test section is shown in gure 3.1.
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Figure 3.1: Mixing layer test section with wake rake (Singh and Little, 2020a)

An aluminum splitter plate is used to separate the two streams with dimensions
of 304.8 mm x 304.8 mm (12 in x 12 in) and thickness of 9.52 mm (3/8 in). An
acrylic trailing edge with a 50.8 mm (2 in) long taper on the top and bottom surface
of approximately 5.5 degrees is attached to the splitter plate. The taper on the top
surface of the splitter plate also contains a recess of 0.51 mm (0.02 in) such that
DBD actuators can be installed ush with the surface. With the actuator installed,
the trailing edge of the splitter plate has a thickness of approximately 2.8 mm (0.11
in). The leading edge of the splitter plate employs a droop constructed of two pieces
of sheet metal mounted to the bottom and top surface of the plate. A wooden dowel
rod is used as a leading edge. The droop extends 76.2 mm (3 in) upstream and 31.75
mm (1.25 in) under the plate. Its purpose is to eliminate boundary layer separation
on the high speed side. The splitter plate is attached to the side wall of the tunnel
using dowel pins and extends 304.8 mm (12 in) into the test section length.

A head loss device in the form of two polyurethane Iters and a honeycomb is
used to generate the velocity di erence between the two streams. Each Iter layer
is 6.35 mm (1/4 in) thick and is cut to Il the space under the splitter plate. A
honeycomb cell is used for further velocity reduction and ow conditioning on the
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lower side of the splitter plate. With the fan at maximum power and the Iters and
honeycomb in place, the velocity on the bottom surface of the plate i& = 3.3 m/s

and on the upper surface, the velocity i$J, = 11.8 m/s. The velocity ratio of the

two streams is r = (U;=U,) = 0.28.

Reynolds number based on the total plate lengthRe_, including droop (402.5
mm (15.85 in)) on the high speed side is approximately 0.28 xé.(Reynolds number
based on shear layer momentum thicknessy(= 2.5 mm), Re , at x = 50 mm (20 mm
downstream of wake region), and the freestream velocity di erence is approximately
1530. The boundary layers approaching the trailing edge are turbulent, and the
spectra at x= 1.58 mm &= o = 0.632) contains a broad, small amplitude peak
(Little, 2019) consistent with the frequency of the most ampli ed wave from linear
stability theory (St=0.03).

The turbulence intensity in the free stream on the high speed side is 2% while on
the low speed side is 5% atx = 180. The boundary layer approaching the trailing
edge is turbulent. The growth rate of the baseline mixing layer id =dx = 0.016.
This is slightly lower than the expected growth rate for a fully developed mixing
layer as given by Ho and Huerre (1984) as=dx 0:022. We attribute this to the

relatively small size of the facility which imposes a favorable pressure gradient.

3.2 PIV

A LaVision 2D PIV system (DaVis 8.3.1) is used to obtain spatially resolved velocity

data. A Quantel Evergreen dual head laser illuminates submicron seed particles
(PeaSoup) introduced into the entire laboratory to provide homogeneous seeding in
the open-loop tunnel. The laser repetition rate is 15 Hz. A 5 megapixel sSCMOS
camera captures data near the trailing edge of the splitter plate and two cameras

are used downstream in the developed mixing layer.
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3.2.1 PIV parameters in chapter 5

For each image pair, subregions are cross-correlated using decreasing window’{(64
322 pixel?) in the downstream and (32-16 pixel?) near trailing edge in x-y and
x-z planes) multi-pass processing with 50% overlap. The resulting velocity elds
are post-processed to remove vectors with correlation peak ratio less than 1.5 and
correlation coe cient below 0.5. Removed vectors are replaced by an interpolation
procedure using neighboring vectors. A 3 x 3 Gaussian smoothing Iter and a
polynomial Iter are also applied to the calculated velocity eld. Time-averaged
data is produced from 500 instantaneous samples in both the near trailing edge (x-y
and x-z planes) and downstream data. Phase averaged data is acquired by syncing
the acquisition to the plasma/laser excitation waveform.

Phase-averaged images are created using approximately 50 samples in the down-
stream and 125 images in the near trailing edge (x-y and x-z planes). For the
downstream data, the error relative to freestream velocity is 1% for the time av-
eraged data and 3% for the phase average data. For the near trailing edge data,
(x-y and x-z) the relative error is< 1% for the time averaged data and& 2% for the
phase average data. The uncertainty in measurement is based on a 95% con dence
interval using the maximum standard deviation in the mixing layer and the average
velocity on the high and low speed side.

The spatial resolution (non-dimensionalized by,) for the downstream data is
0.296 and for the near trailing edge data is 0.038 in the x-y plane and 0.133 in the

X-z plane.

3.2.2 PIV parameters in chapter 6

The image pairs are processed using decreasing window, 64 x 64 pixels to 32 x 32
pixels in the global ow and 32 x 32 pixels to 16 x 16 pixels in the near trailing edge

region and multi-pass processed with 50% overlap. The spatial resolution in the
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former case is 1.77 mm, while in the latter case it is 0.57 mm. Time-averaged data
are produced from 1000 instantaneous samples, while the phase-averaged data use
400 samples per phase in global ow case. Time-averaged data are produced from
500 instantaneous samples while the phase-averaged data is made of 250 samples per
phase for the near trailing edge case. The resulting velocity elds are post-processed
to remove vectors with correlation peak ratio less than 3 and correlation coe cient
below 0.15.

For the global ow eld, the error based on a 95% con dence interval relative to
the mean velocity (05(U, + U,)) is < 0.77% for the time averaged data ang 1.6%
for the phase averaged data. Near the trailing edge, the relative error4s1.6% for
the time averaged data and 2.2% for the phase averaged data. The much larger
sample size for the time-averaged data in the global ow eld is motivated by the
need for su cient convergence of second order statistical quantities (e.g. Reynolds
stress, Turbulent Kinetic Energy, etc). Based on the variance of the velocity eld, the
error in Reynolds stress based on a 95% con dence interval (assuming Chi-Square
distribution) is < 5% of the mean velocity (G6(U; + U,)).

3.3 Schlieren Systems

3.3.1 Z-type schlieren

A Z-type schlieren mirror system is used for ow visualization. The use of schlieren
allows a non-intrusive observation of the density gradients generated by the heating
of the air from ns-DBD plasma actuator. The system consists of two spherical
mirrors with diameter 254 mm (f/10). The light source used for the experiment is
a 532 nm LED (Lightspeed Technologies HPLS-36-7500) with a pulse width of 10
S. A rectangular source slit (500m wide) is used for uniform illumination. The
imaging camera used is a 12 MP Point Grey Grasshopper series CCD camera. It

has a pixel resolution of 3.1m. The minimum exposure time of the camera is 40s.
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Since the camera is operated with a pulsed light source the exposure time can be
reduced at the cost of lower brightness. A Tektronix AF6310 function generator is
used to trigger the camera and the LED in sync with the ns-DBD plasma actuator.

3.3.2 Background Oriented Schlieren (BOS)

The background oriented schlieren system uses the same camera and software setup
as the one used in the 2-D PIV experiment. A random dot pattern of black dot's on
white background was used as the target. The dot pattern was illuminated with an
Quantel Evergreen dual head laser (same as the one for the PIV experiment) with

a di user attachment to create an incoherent light source which is required to avoid

di raction patterns in the image (Settles, 2001).

Figure 3.2: Background oriented schlieren setup

A schematic of the BOS setup is shown in gure 3.2. Two sets of images are
acquired when the ow in on, without actuation and with actuation. A cross-

correlation is performed in order to determine the movement of dots which happens
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as a result of the change in the refractive index during actuation. The net move-
ment of the particles in the x (streamwise) and y(cross-stream) direction is directly
proportional to the gradient of the refractive index in those directions. Since the
refractive index is proportional to the density (Gladstone -Dale relationship, see
chapter 7), the density and temperature eld can be solved for (Venkatakrishnan
and Meier, 2004).

3.3.3 Wake Rake

The velocity across the shear layer is measured from a wake rake built in-house. The
rake has 16 total pressure probes while the static pressure is measured separately
by a probe in each free stream.

The spacing is 5.08 mm (0.2 in) between the 14 total pressure probes in the
middle of the rake, while the remaining two pitot-static probes are spaced further
apart - 72.25 mm (2.84 in) from the middle on either side. This larger spacing
ensures that the probes are in the free streams on either side of the mixing layer.

A DSA 3217 pressure scanner with a range of 1 psid is used to collect data
at a sampling frequency of 62.5 Hz. For each actuation case, two separate runs
are performed to test repeatability. 1875 samples are collected for each run which
typically amounts to 30 seconds of data collection. The maximum error based on a

95% con dence interval and relative to the mean velocity (&(U, + U,)) is < 2.6 %.

3.4 Electrical characterization

The ns-DBD plasma actuator consists of a copper tape electrode covered with three
layers of 2 mil thick kapton tape dielectric. Another copper tape layer on top forms
the high voltage electrode. The actuator is operated by applying high voltage across
its electrodes. This arrangement is used on the trailing edge of a splitter plate which

serves as the mixing layer origin. The actuator reference (interface between high
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voltage and ground electrodes) is placed 1/16 inch away from the trailing edge
with the ground electrode wrapped around the trailing edge and the high voltage

electrode on the low speed side. This arrangement is shown in Fig. 3.3. The
optimal arrangement of the actuator was discussed in past works (Lehmann et al.,
2016; Singh and Little, 2016).

@) (b)

Figure 3.3: Plasma actuator installed on the splitter plate trailing edge in (a)
Default con guration and (b) Alternative con guration. Dotted red arrows indi-
cate direction of momentum-based perturbations when present. (Singh and Little,
2020a)

Two con gurations are used in this study. The default con guration (Fig. 3.3a),
has the actuator reference (interface between high voltage and ground electrodes)
1/16 inch away from the trailing edge with the ground electrode wrapped around
the trailing edge and the high voltage electrode on the low speed side. Unless stated
otherwise, this con guration is used in all experiments. The other con guration
(Fig. 3.3b) is similar in construction to the default type, except that it is ipped
such that the actuator reference location is now on the high speed side.

High voltage nanosecond pulses are produced using a nanosecond pulse generator
designed and built by Transient Plasma Systems. It is capable of delivering 20 kV
pulses with rise time of less than 100ns on loads comprised of 2.5 kOhm resistor in

parallel with 20 pF capacitance. The maximum pulse repetition rate is 10 kHz. The
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pulse generator is powered by a 600 V DC power supply which uses a standard 120 V
outlet. Input signals to the pulse generator are created by using a Tektronix AF6310
function generator. The current and voltage across the actuator are measured by
using a homemade shunt current probe and a Tektronix P6015 high voltage probe
respectively. The output wave-forms are acquired using a Tektronix TDS 2024

oscilloscope.

(@) (b)

Figure 3.4: Sample ns-DBD forcing waveforms

Representative current - voltage and energy - power waveforms are shown in Figs.
3.4 (a) & (b). The rise time of the voltage is of the order of 80 ns and the fall time is
much longer owing to impedance mismatch. The fall time is of no consequence since
the current generated drops o quickly and an accurate energy estimate is hence
limited to the rst 150 ns.

AC pulses are produced by the same function generator (Tektronix AF6310),
which is then ampli ed using a QSC PLX3602 ampli er and the output voltage is
then stepped up using a CMI-5525-2 transformer (Corona Magnetics). The trans-
former is capable of generating voltages upto 45 kyat frequencies of upto 3 kHz.
Since this study required higher frequency operation (9kHz) the maximum output

voltage was smaller (20 k) but su cient for the study. A 47 nF capacitor is placed
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between the actuator and transformer grounds. By using a Tektronix P6111B volt-
age probe, the charge and voltage across the capacitor is tracked over a cycle. The
area inside the charge-voltage (Q-V) plots gives the electrical energy output.
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CHAPTER 4

Preliminary Study on Thermal Forcing

4.1 Baseline Characterization

The velocity spectrum of the baseline mixing layer is shown in gure 4.1.

Figure 4.1: Velocity spectrum in the center of the mixing layer at x = 180
(U =11:8 m/s, U, =3:3 m/s and ¢ =2:5 mm) (Little, 2019)

There is a well developed inertial sub-range as seen by comparing to the -5/3
slope. The existence of the -5/3 slope over approximately two decades indicates that
the mixing layer is turbulent. The presence of a broad subtle peak between 10-30
Hz range is also noteable and later it will be shown that this range of frequencies is

susceptible to forcing. This range is consistent with estimates from linear stability
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theory (Michalke, 1965) and contains the most ampli ed frequency at St = 0.032 at
the measurement location.
Momentum thickness is a measure of the shear/boundary layer width. In mixing

layers, it is de ned as:

zZ, _

u Uy u U
X) = 1 d 4.1
09 1 U U U U y (4.1)

The baseline turbulent mixing layer growth is characterized by its momentum thick-
ness () as a function of downstream distancex) shown in gure 4.2. The growth
rate of the mixing layer studied here isl =dx = 0:016.

Figure 4.2: Baseline momentum thickness as a function of downstream distance.
(U =11:8 m/s, U, =3:3m/sand ¢ =2:5mm)

This is slightly lower than the expected growth rate for a fully developed mixing
layer as given by Ho and Huerre (1984) at=dx 0:022. This is attributed to the
relatively small size of the facility which imposes a favorable pressure gradient.
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Figure 4.3: Baseline vorticity thickness as a function of downstream distance.
(U =11:8m/s, U, =3:3m/sand o =2:5mm)

The vorticity dynamics of the mixing layer are characterized by the vorticity
thickness parameter de ned as:

(U2 Uy

= -—_= 4.2

"= T “2)

The baseline mixing layer vorticity thickness as shown in gure 4.3 is linear and,

similar to momentum thickness, re ects the linear spread of the shear layer.

4.2 Thermal Excitation of Shear Flows

Studies on thermal actuation of low-speed ows are relatively rare in literature.
However, a thermal perturbation technique to study stability of shear ows was
developed by Liepmann et al. (1982). They developed surface mounted heating

strips to introduce passive (steady heating) and active thermal perturbations. To
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understand the e ect of heating we look at the laminar boundary layer equations.

The momentum equation along x-axis is :

u@u+ v@u - d, @ Qu (4.3)

@x @y dx @y @y
To understand the e ect of wall heating, this equation can be written at the wall

assuming no-slip condition as:

dp, @ @T @u
&+— (4.4)

@T @y, @y,

The second term on the right hand side acts like a pressure gradient term g).

0=

Hence the e ect of steady heating can be thought of as an e ective pressure gradient

term:

dp . @ @1 @u
dx effective @T @yw @yw

Liepmann et al. (1982) also describe periodic heating as an e ective non-

(4.5)

vanishing wall normal velocity perturbation at the location of heating ¢, =
l% % W). Hence, wall heating is thought to be equivalent to introduction
of wall normal velocity perturbations.
Whether the e ect of fast thermal energy deposition (as in the case of ns-DBD
actuation) can be described this way is not entirely certain. Since, Liepmann et al.
(1982) use only changes in the mean eld, this description of thermal energy depo-

sition might be overly simplistic albeit insightful.

4.2.1 Laser energy deposition in a Low-Speed Mixing Layer

Using laser ablation on an aluminium trailing edge creates a thermal perturbation
similar to ns-DBD plasma actuation. The motivation behind using the laser is to
increase the strength of the thermal perturbation relative to a xed initial shear layer
thickness. In order to scale these two di erent actuation methods, the compression

wave strength created during actuation is used to determine how comparable the
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energy coupled to the ow is (Singh and Little, 2016; Little, 2019). By comparing
the wave strength intensity di erence from schlieren images of the laser and ns-DBD
acquired at di erent phase delays. The laser energy source is determined to be 6

times stronger than the maximum ns-DBD achievable amplitude (Little, 2019).

Figure 4.4: Laser energy deposition step up using an aluminum trailing edge

The experimental setup used for this experiment is shown in gure 4.4. An Nd-
YAG laser with a repetition rate of 10 Hz was used to create thermal perturbations
by striking an aluminum trailing edge, this ablates and deposits thermal energy at
the aluminum surface by irradiating it (Lazar et al., 2008). This translates to a

non-dimensional frequencyF * (= f (=Uayg) = 0.10.
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(@) (b)

Figure 4.5: Schlieren images in quiescent ow for (a) single laser pulse (b) single
ns-DBD pulse

The laser pulse energy is approximately 320 mJ spread over a 10 cm line which
is about 1/3 span of the tunnel. The laser creates a compression wave which is very
similar to that created by single frequency ns-DBD plasma actuation (see gure 4.5).
The presence of a 'hot spot' close to the actuation region is visible in the schlieren

images.
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Figure 4.6: Momentum thickness as a function of downstream distance for laser
excitation (U; =11:8 m/s, U, =3:3 m/sand ¢=2:5mm

To understand the e ectiveness of the actuation, the momentum thickness is
shown as a function of downstream distance in gure 4.6. The larger mixing layer
spread is indicative of the control authority. Hence a strong amplitude thermal
perturbation can change the mixing layer dynamics. To understand how this change
is brought about we look at the cross-stream velocity uctuations in the downstream

region.
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Figure 4.7: Cross-stream velocity uctuations in the downstream region under
laser energy deposition

The presence of coherent structures in the mixing layer can be seen in the cross-
stream velocity uctuations in gure 4.7. Th presence of alternating positive and
negative uctuations indicates undulations in the shear layer (similar to gure 2.2).
These perturbations arise near the trailing edge and grow in strength and size as

they convect downstream.

@) (b)

Figure 4.8: Cross-stream velocity uctuations in the near trailing edge region un-
der laser excitation (Little, 2019)
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Figure 4.8 shows these vertical velocity uctuations originating at the mixing
layer trailing edge. These observations conrm that with large enough thermal
energy deposition on the trailing edge, an e ect similar to a wall jet perturbation
can be created (although it is not due to addition of momentum in the shear layer).
A more detailed physical explanation for the creation of these perturbations will be

demonstrated in Chapter 5.

4.2.2 Ns-DBD Actuation of a Low-Speed Mixing Layer

The use of ns-DBD plasma actuation on this low-speed mixing layer € 0.28, U,

= 11.8 m/s) initially yielded no control authority, both with single frequency and
burst mode forcing at carrier frequencies of up to 3 kHz for all surveyed amplitudes
(0.3 mJem Q 2.5 mJ/cm) (Ely and Little, 2013a). The lack of control au-
thority in these conditions is believed to be due to the thickness of the initial shear
layer near the point of actuation (o, = 2:5 mm), which is an order of magnitude
larger than typical values in other successful ow control studies using these ns-DBD
plasma actuators (o 0:1 mm). It was hypothesized that by increasing the energy
deposition, either by increasing the pulse energy or carrier frequency, the mixing
layer could be controlled. This was demonstrated initially through the use of a high
energy laser (estimated at 30 mJ/cm per pulse) that was formed into a line source
across the splitter plate trailing edge as described in the previous section (Little,
2019).

To verify that the same result could be achieved using ns-DBD actuation, a new
pulse generator capable of carrier frequency of up to 10 kHz was employed. Single
pulse energy was limited to 2.2 mJ/cm - this is much lower than the energy deposited
by the laser which was 6 mJ/cm - hence only burst mode forcing was carried out. No
e ects on the mixing layer were observed up to carrier frequencies of 5 kHz. However,
at higher carrier frequencies the mixing layer growth was accelerated. The role of

these actuation parameters is discussed in more detail in the next section.
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