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The dynamic response of a zero pressure gradient turbulent boundary layer (TBL) to an active flow control
actuator was experimentally studied using continous laser particle imaging velocimetry (PIV). In previous ex-
periments using a single hot-wire, it was shown that the synthetic large-scale structure (LSS) introduced by the
plasma-based actuator, located in the outer region of TBL, had a strong modulating and reorganizing effect on the
near-wall turbulence. In the study reported here, an actuator, optimized for the experimental TBL, was placed at
the upper boundary of the log-linear region of the TBL to produce a spanwise uniform, periodic synthetic LSS in
order to study the response of the TBL to these large-scale perturbations. Planar PIV over a narrow streamwise
region was used to measure the time-resolved, two-dimensional velocity downstream of the actuator at a series of
streamwise point locations. Using PIV, the modulating effect of the synthetic LSS on the near-wall turbulence is
described in more detail. The results are discussed and compared with previous hot-wire measurements and

numerical simulations of the actuated TBL.

1. Introduction

It is now widely recognized that vortical large-scale structures (LSS)
play a key role in governing the dynamics of wall bounded turbulent
flows. The effect of these LSS in turbulent boundary layers (TBL) on
technologically relevant flow properties (e.g., friction drag, noise gen-
eration, aero-optical distortions, flow separation etc.) have been
extensively documented (Robinson, 1991; Guala et al., 2006; Hutchins
and Marusic, 2007). The influence of the LSS on the TBL dynamics was
shown to increase with Reynolds number (Hutchins and Marusic, 2007).
The dynamics of the LSS have also been shown to be correlated with the
near-wall small-scale turbulence (Hutchins and Marusic, 2007; Mathis
et al.,, 2011). It was demonstrated that the large-scale structures alter
turbulence characteristics by imposing mean velocity changes on the
near-wall region, referred to as superposition, and they also directly
modulate the amplitude and organization of the near-wall turbulent
motions (Hutchins and Marusic, 2007; Andreolli et al., 2023). These
findings suggest the potential effectiveness of flow control strategies
focused on altering the LSS dynamics to achieve desired technological
goals (e.g., reduced drag, noise reduction and separation control). Such
strategies could lead to significant performance gains and cost savings.
However, to date, this potential remains largely unrealized due, in large
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part, to an incomplete understanding regarding the production, subse-
quent development and then interaction of these LSS within both the
inner and outer regions of the TBL.

In general, the prevailing views of TBL dynamics fall into two broad
groups: (1) those that focus on the influence of outer layer LSS on the
near wall turbulence generation mechanism; the so-called” top-down”
mechanism, and (2) those that view the near wall mechanism as largely
autonomous, and the outer LSS as a consequence of the near-wall tur-
bulence; the “bottom-up” mechanism. Several different models have
sought to couple the two regions, with one of the oldest and most
notable being the Attached Eddy Model (de Silva et al., 2016), which
suggests self-similar eddies as a typical topology of the structure. Mathis
et al (Mathis et al., 2011) also modelled these interactions using a
correlation-based statistical model where the near-wall effects are pre-
dicted from the statistics of the large-scale structures. Both models have
proven incredibly useful in understanding the structure of turbulent
flows but are limited in that they are statistical in nature and fail to
capture the underlying dynamic interaction of the structures. Resolvent
analysis is a recent method that overcomes this limitation by looking at
spatial-temporal interactions in wall-bounded turbulent flows, thereby
providing insight into the dynamics of the structures (McKeon and
Sharma, 2010). Resolvent analysis has proven successful in identifying a
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key wavenumber-frequency “kernel” or “skeleton” of turbulent pipe
flow and answering fundamental questions about the structure of wall-
bounded turbulent flows, see e.g., (Sharma and McKeon, 2013).

A majority of studies and models regarding the relationship between
the near-wall and outer layer large-scale structures deal with natural,
un-manipulated TBLs and apply various conditional averaging tech-
niques to study their interactions (Mathis et al., 2011). We take the view
that to clarify the dynamics of the large-scale structure, one needs to
analyse the flow’s response to an external large-scale perturbation. Such
a dynamic systems approach in which the boundary layer is perturbed
using an actuator is particularly well suited to gaining insights regarding
the underlying flow physics which is essential for the design of novel
active flow control strategies.

More specifically, this approach would artificially introduce a well-
defined perturbation with a given frequency and/or spatial scale that
allows quantification of the nonlinear TBL response. This approach then
allows, for instance, the study of triadic interactions between various
scales of motion. It also provides a well-defined phase reference by
which to perform a phase-locked analysis. In this manner, periodic
perturbations have been experimentally introduced into a turbulent
boundary layer through a dynamic (temporally oscillating) wall
roughness, which provides a reference phase to isolate synthetic large-
scale structures and small-scale flow structures (Jacobi and McKeon,
2011; Jacobi and McKeon, 2013; McKeon et al., 2018). Results of these
dynamic roughness experiments showed that the synthetic large-scale
motions had a strong effect on triadically coupled small-scale motions,
and a phase-locking or reorganizing effect was observed in the near-wall
structures of the TBL as a result (McKeon et al., 2018). In contrast,
instead of introducing the perturbation very close to the wall, Ranade
et al. (Ranade et al., 2019) performed an experimental study where the
perturbation was introduced in the outer region, as a forced shear layer,
and the turbulence inside the boundary layer was found to be both
amplified and modulated by the external forcing. In summary, the
introduction of prescribed periodic perturbations has proven to be an
effective way to characterize turbulent boundary layer dynamics.

2. Approach and experimental set-up

In previous work (Lozier et al., 2021; Lozier et al., 2020), large-scale
spanwise vorticity was introduced into the outer region of the TBL using
a novel flow control device, which was termed the Active Large-Scale
Structure Actuator (ALSSA), see Fig. 1(a). The ALSSA device was
configured to produce a spanwise uniform, plasma-induced, pulsed jet
along the top surface of the actuator that introduces coherent spanwise
vorticity into the TBL at a specified frequency and user-selected wall-
normal location. To isolate the interactions of interest, the experimental
studies were performed at Rey = 1770, which is low enough that there
were no significant naturally occurring organized energetic large-scale
structures in the outer region of the turbulent boundary layer, as
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demonstrated in Fig. 3(a) (Hutchins and Marusic, 2007; Lozier et al.,
2021). This approach allows for the controlled introduction of a syn-
thetic and periodic large-scale structure into the TBL, thereby emulating
a higher Reynolds number flow. The fixed forcing frequency provides a
well-defined reference by which to phase-lock the measurement of the
TBL response and provides a clear separation between the large-scale
structure and the resulting changes to the TBL dynamics. The key
advantage of using the plasma-based ALSSA method of actuation is that
it introduces the periodic structure at a user-selected location away from
the wall without directly interfering with the canonical near-wall tur-
bulent structures at the point of actuation.

The experiments presented here were performed in a low-turbulence,
subsonic, in-draft wind tunnel located at the University of Notre Dame.
To create a canonical turbulent boundary layer, a 2-meter-long by 0.6-
meter-wide boundary layer development plate was installed along the
centre height of the tunnel test section. The key canonical turbulent
boundary layer parameters, measured at x = 3§ downstream of the
actuator location, are summarized in Table 1. The experimental ca-
nonical TBL was measured to have a log-linear region from y™ ~ 50 —
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Fig. 1. (a) Picture of plasma-based ALSSA device and (b) schematic of experimental PIV set-up.
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Fig. 3. Premultiplied streamwise velocity energy spectra for (a) canonical (b)
plate-only and (c) plasma on cases. Cross marks inner peak (y* = 15,
A7=1000). Open circle marks theoretical location of outer peak (y* = 3.9Re}/?,
4}= 2700). Dashed line represents actuator plate location x = 35, H" = 200,

fp = 80Hz.

Table 1

Turbulent boundary layer parameters.
d Uy U, Ce¢ Rey Re;
33.4 mm 6.95 m/s 0.304 m/s 0.0039 1,770 690
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200 as seen in Fig. 4(a). The friction velocity (u.) was deduced using the
Clauser chart method with an approximate relative error of &,, =
+0.09%. The resulting estimation of the friction velocity for the
experimental canonical boundary layer was u, = 0.304 & 0.027m/s.
The ALSSA device used in these experiments was built from a 2 mm
thick (0.066) rectangular sheet of Ultem dielectric polymer. To create
the spanwise uniform plasma jet, electrodes made from thin copper foil
were installed on both sides of the actuator plate. The alternating cur-
rent dielectric barrier discharge (AC-DBD) plasma jet produced on the
top side of the actuator plate was generated using a high voltage AC
source. This source provided a 40 kV peak-to-peak sinusoidal waveform
excitation to the electrodes at a frequency of 4 kHz which resulted in a
quasi-steady plasma jet. The streamwise length of the actuator was
chosen to be L = 32mm(< 1) to both minimize the wake downstream of
the actuator plate and prevent any arcing between the plasma elec-
trodes. The spanwise length of the actuator plate was W = 25¢cm(85)
wide to ensure a primarily spanwise-uniform actuation. Symmetric
airfoil-shaped vertical supports were used to position the actuator plate
at a fixed wall-normal distance of H/5 = 0.3(H" = 200). To introduce
periodic forcing, the sinusoidal waveform creating the plasma jet was
modulated by a square wave at the forcing frequency, f, = 80Hz(f,6/
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Fig. 4. (a) streamwise mean velocity and (b) streamwise turbulence intensity.
PIV turbulence intensities corrected for spatial averaging (Lee et al., 2016).
Vertical dashed line indicates actuator location. Dotted line is canonical DNS
data (Jiminez, 2010). Green triangles represent LES data for LEBU (Chan et al.,
2022) x = 85,H" = 200,f, = 80Hz. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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U, = 0.4) with a fifty percent duty cycle. These actuation parameters
were chosen for the present experiments because they were shown in
previous work (Lozier et al., 2021; Lozier et al., 2020) to produce the
greatest modulation effect in the near-wall region. A schematic of the
experimental set-up is shown in Fig. 1(b). To quantify the effect of the
synthetic large-scale structure on the near-wall turbulence a time-
resolved, planar PIV system with a continuous laser source was used.
To perform PIV measurements, the flow was seeded with Di-Ethyl-
Hexyl-Sebacate (DEHS) particles (diameter < 1 pm) at the tunnel
inlet. The measurement region was illuminated with a 2 W continuous
532 nm laser (Laser Quantum Excel), formed into a light sheet
(< 1mmspanwise thickness) and directed through the top of the test
section. Because the source was a continuous laser, the laser sheet was
focused onto a small streamwise region (Ax = 6mm, Ax = 0.25)to
achieve the light intensity required to perform PIV measurements. Fig. 2
presents an instantaneous velocity vector field measured using this PIV
technique and shows the limited streamwise extent of these measure-
ments. Additionally, because there was no pulse provided by the laser
source to create short exposures of the particles and short interval image
pairs, a high-speed camera was used. Images were captured with a
Phantom v2512 high-speed camera using a 5us exposure at a resolution
of 384 x 280 pixels. This exposure time resulted in a balance between
light intensity and the sharpness of particle images with the continuous
laser source. The frame rate of the camera was 20 kHz (= 100U, /&)
which resulted in particle displacements between successive images (~
4px) that were suitable for the intended spatial resolution of the mea-
surement. Processing of particle images and the calculation of velocity
vectors were done using DaVis 10 software. Interrogation windows of
16 x 16px? with 25% overlap were used for the vector field calculation.
The resulting spatial resolution of the computed velocity vector fields
was AxT = Ay" =15 as shown in Fig. 2. The error in the calculated
velocity, estimated by the DaVis software, was ey < 0.005U,
(ev < 0.1u,).

The PIV acquisition and plasma forcing were triggered simulta-
neously such that the collected data was phase-locked to the plasma
actuation cycle. The measurements presented here were taken at
streamwise locations of x = 3,5, and85 downstream of the trailing edge
of the actuator. The actuator was fixed 140cm downstream of the
leading edge of the boundary layer development plate. This continuous
laser, planar PIV configuration resulted in measurements of the two-
dimensional velocity field at specific streamwise locations that were
time resolved and which were also spatial resolved in the wall-normal
direction.

3. Results

The premultiplied streamwise velocity energy spectra for the ca-
nonical and actuated turbulent boundary layers, measured immediately
downstream of the actuator, are presented in Fig. 3 for reference. These
spectra were originally measured in previous work using hot-wire
(Lozier et al., 2021).

In each case the inner peak in the premultiplied spectra lines up well
with the expected location marked by a white cross (Sharma and
McKeon, 2013). In the canonical spectra, Fig. 3(a), there is no large-scale
outer peak present in the spectra as expected for a low Reynolds number
TBL. The expected location of a natural large-scale structure (Hutchins
and Marusic, 2007) is indicated by the white circle demonstrating that
there is no significant naturally-occurring large-scale structure present
in the canonical experimental TBL. In Fig. 3(b) the addition of the
actuator plate causes a moderate reorganization of energy in the outer
region consistent with the introduction of the plate’s wake. In Fig. 3(c)
the addition of plasma forcing creates a clear strong peak in the spectra
representing the synthetic periodic large-scale structure introduced by
the actuator. The peak is strongest just above the actuator location,
marked by the dashed line, and corresponds to a streamwise wavelength
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of 27 = 2100(A = 2.56). This peak location is expected given the pa-
rameters of the actuator. There is an additional peak extending through
the log-region of the TBL, at the same wavelength.

Profiles of the streamwise component of mean velocity and turbu-
lence intensity in inner variable scaling, extracted from PIV data ob-
tained at x = 86§ are shown in Fig. 4.

In Fig. 4(a) the canonical mean velocity profile measured using PIV
matches the DNS results for a canonical turbulent boundary layer with
similar Reynolds number (Jiminez, 2010). There is a slight deficit in the
mean velocity profile around the actuator location which extends to-
wards the wall when the actuator plate and plasma forcing are added.
This effect is mostly due to the presence of the actuator plate which
creates a wake within the boundary layer. The addition of plasma
forcing does not make a significant impact on the mean velocity profile
measured at this downstream measurement location (Lozier et al.,
2020). In Fig. 4(b) the streamwise turbulence intensity profiles
measured using PIV have been corrected for spatial filtering effects,
which are predicted for under resolved PIV measurements where spatial
resolution leads to a loss of measured small-scale energy (Lee et al.,
2016). The corrected canonical streamwise turbulence intensity profile
agrees well with the DNS results. When the actuator plate is added there
is a deficit in turbulence intensity created around the actuator location
and within the log-region. Qualitatively, this deficit is consistent with
the changes in turbulence statistics for a large eddy breakup (LEBU)
device (Chan et al., 2022) positioned at a similar wall-normal location in
a TBL with similar Reynolds number, shown as green triangles in Fig. 4
(b). Without active plasma forcing, the ALSSA device is similar in size
and location to a common flat plate LEBU device configuration
(Alfredsson and Orlii, 2018). Specifically, in (Chan et al., 2022; Chan
et al., 2021) a LEBU with a streamwise length of L = 0.95 was simulated
at a wall-normal position of H* = 221 in a TBL of Re, = 480, which is
very similar to our experimental case of the TBL modified by the actu-
ator plate alone. The slight difference in turbulence intensity deficit
between the LEBU data and experimental plate only data is due to a
difference in measurement location downstream of the plate. There is a
slight recovery of turbulence intensity in the regions above and below
the actuator location when active plasma forcing is added (Lozier et al.,
2020). The center of the plasma jet was measured to be at y* = 265
(Lozier et al., 2021; Liu et al, 2022), which is above the wall-normal
location of the actuator plate, y*™ = 200. The effect of the plasma forc-
ing in a time averaged sense appears small as evidence in the profiles of
turbulence statistics. But the plasma forcing inherently creates tempo-
rally dependent fluctuations, and as such, the phase-locked measure-
ments presented later provide a better measure of the true effect of the
plasma forcing.

In addition to the streamwise velocity components, wall-normal
components of velocity have been directly measured using PIV and
will be discussed here. The wall-normal turbulence intensity, Reynolds
stress, and turbulence production are presented in Fig. 5. In Fig. 5(a) the
measured wall-normal turbulence intensities have been compensated
for spatial filtering again (Lee et al., 2016). The corrected canonical
profile agrees well with the DNS results in shape but is slightly lower in
amplitude across the log-region, even after correction. This difference in
amplitude is likely from an underprediction of wall-normal velocity
magnitudes that stem from a decrease in wall-normal sensitivity of the
PIV measurements in a streamwise dominant flow, like the TBL. When
the actuator plate is added there is a significant decrease in wall-normal
turbulence intensity around the actuator location which extends to-
wards the wall and above the actuator location. This reduction in wall-
normal turbulence intensity around the plate location was also
measured for LEBU devices (Chan et al., 2022) under similar experi-
mental conditions, shown as green triangles in Fig. 5(a). When plasma
forcing is added there is a recovery of turbulence intensity that occurs
within the log-region and above the actuator. These results are consis-
tent with the changes observed in the streamwise component of
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mean turbulence production ( - Wg) PIV turbulence intensities corrected for
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represent LES data for LEBU (Chan et al., 2022) x = 85,H" = 200, f, = 80Hz.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

turbulence intensity as well. It is expected that for both the streamwise
and wall-normal velocity components there will be a reduction in tur-
bulence intensity around the actuator location due to the presence of the
thin actuator plate and an increase or recovery of turbulent fluctuations

International Journal of Heat and Fluid Flow 103 (2023) 109194

in the region of the plasma forcing (y© = 265) which occurs directly
above the actuator as described above.

In Fig. 5(b) the measured canonical Reynolds stress (—wv') is
consistently lower than the DNS data due to a combination of the spatial
attenuation effects for both components of velocity as described earlier,
which cannot be empirically compensated in this case. When the actu-
ator plate is introduced, there is a decrease in the Reynolds stress around
the actuator location that extends through the log-region. A reduction in
Reynolds stress around the plate location was also measured for LEBU
devices (Chan et al., 2022) under similar experimental conditions,
though the results are not compared here because the PIV measurements
are uncorrected. When the plasma forcing is activated, there is a slight
recovery of the Reynolds stress at and below the actuator height.

In Fig. 5(c) the measured canonical mean turbulence production ( -

ﬁ/%ﬁ) matches the DNS results well. When the actuator is added there is

a decrease in turbulence production at and below the actuator location
that extends into the near-wall region. When the plasma forcing is added
there is a slight increase in the mean turbulence production for this
measurement location.

It is noteworthy that the profiles of mean velocity, turbulence in-
tensity, and Reynolds stress presented here show different behaviour
than the results seen in other forced turbulent boundary layers, specif-
ically from bottom-up actuation schemes (Huynh and McKeon, 2019). In
those studies, it was shown that for a wall actuated TBL case there are
generally increases in the turbulence intensity and Reynolds stress in the
log and outer regions of the TBL. In the present experiment, the presence
of the actuator plate resulted in a decrease in these statistical quantities
while the plasma jet created a slight increase or recovery of these
quantities immediately above the actuator, in the region of plasma
forcing, and in the log-region. The result here was an overall decrease in
turbulence intensity and Reynolds stress for the current actuation
scheme in contrast to the bottom-up schemes.

Since the PIV measurements were phase-locked to the plasma forc-
ing, a phase-locked analysis (Ranade et al., 2019) of the PIV measure-
ments was performed, where a triple phase-locked Reynolds
decomposition of the streamwise velocity is used,

ulx,y, 1) = U(x,y) +u(x,y,p) +u'(x,y,0,n) @

Here u is the instantaneous streamwise-component of velocity, U is
the time mean component of velocity, u is a phase dependent or modal
velocity component, ¢’ is a fluctuating turbulent component, ¢ is the
phase, and n is a number of single actuation period realizations. For the
analysis presented here, the response of the TBL is primarily charac-
terized by the root mean square (RMS) of the phase-dependent, fluctu-
ating component of velocity, u,, (x,y,¢). It is convenient to remove the
phase-average from this quantity and investigate only the residual
phase-dependent term, or the changes in the fluctuating RMS,
AU ms(y, ¢) where,

Au,rm)‘(y7 ¢) = u/rm\'(ya ¢) - <u’rrn\‘(ya ¢)>d) (©))

and,

ol

Uy (5,3,0) = ([ (x,3,0,m) %)) &)

This new quantity Au,, will be used to quantify the response of
small-scale turbulence to the synthetic LSS produced by the actuator and
will be referred to in discussion as the residual turbulence. The same
decomposition was also applied to the wall-normal, v-component, of
velocity in later analysis. The same approach has been used to analyze
hot-wire data in the previous studies (Lozier et al., 2021; Lozier et al.,
2020).

Phase maps of the streamwise and wall-normal components of the
modal velocity are shown in Fig. 6. For reference, the wall-normal
location of the actuator is indicated by the dashed line. There are
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Fig. 6. Phase-dependent variations in (a) streamwise and (b) wall-normal
components of modal velocity. Actuator location indicated by horizontal
dashed line x = 85,H" = 200,f, = 80Hz.

strong modal fluctuations around the actuator location that extend all
the way to the near-wall region, as well as to the region above the
actuator, for both the streamwise and wall-normal components. The
strongest variations are between the wall-normal location of the plasma
forcing, y© = 265 (Lozier et al., 2021; Liu et al., 2022), and the center of
the log-region, y™ ~ 100 where, theoretically, naturally occurring LSS
would be present in higher Reynolds number canonical boundary layers
(Guala et al., 2006). The positive fluctuations in wall-normal modal
velocity appear to slightly lead the positive fluctuations in streamwise
modal velocity by a phase shift of z/2. At this downstream location the
fluctuations in both components of modal velocity have consistent phase
across the wall-normal extent of the measurement making the fluctua-
tions appear in a vertical column shape. These results are consistent with
the hot-wire results presented in (Lozier et al., 2021; Lozier et al., 2020).
In addition, the measured modal velocity agrees very well with the re-
sults of a linear spatial input—output analysis of the actuated TBL (Liu
et al., 2022). The modal velocity, representative of the large-scale
response of the TBL to these synthetic outer-layer LSS, is also similar
to the large-scale response of the TBL to dynamic roughness observed in
(Huynh and McKeon, 2019).

The streamwise and wall-normal components of the residual turbu-
lence are presented in Fig. 7. Based on the results from previous work the
phase map of residual turbulence in Fig. 7(a) can be divided into two
regions for analysis. The positive fluctuations in residual turbulence
above the actuator location are a signature of the convecting synthetic
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Fig. 7. Phase-dependent variations in (a) streamwise and (b) wall-normal
components of residual turbulence. Actuator location indicated by horizontal
dashed line x = 85,H" = 200,f, = 80Hz.

LSS (Lozier et al., 2021; Lozier et al., 2020). The region of positive
fluctuation below the actuator will be referred to as the region of
modulated turbulence. At this downstream location the two regions of
the residual turbulence map have blended together and are not as
spatially distinct compared to measurements immediately downstream
of the actuator. The size, shape, and amplitude of the modulated tur-
bulence, especially within the log-region, obtained using PIV is consis-
tent with the results obtained with a hot-wire (Lozier et al., 2021; Lozier
et al., 2020). The region of modulated streamwise turbulence is slightly
leading in phase the positive fluctuations in streamwise modal velocity.
This region is also nearly in phase with the wall-normal modal velocity
near the wall. This phase relationship between the residual turbulence
and wall-normal fluctuations in modal velocity suggests a possible
mechanism by which transport of turbulence towards or away from the
near-wall region is contributing to the modulation effect.

In Fig. 7(b) there are weaker regions of wall-normal residual tur-
bulence, relative to the streamwise component, both below and above
the actuator location. These wall-normal fluctuations in turbulence
appear to have an inverse phase relationship when compared to the
streamwise modal velocity.

The phase-locked decomposition process described above can also be
used to study the phase-dependent changes in the Reynolds stress ( —uv).
The results are shown in Fig. 8. There are strong fluctuations in the
Reynolds stress around the actuator location. Above the actuator these
fluctuations are in phase with the streamwise modal velocity. Near the
wall the Reynolds stress appears to be /4 ahead in phase compared to
the streamwise modal velocity, while in the log-region, fluctuations in
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Fig. 8. Phase-locked variations in Reynolds stress (—uv) Actuator location
indicated by horizontal dashed line x = 85, H" = 200,f, = 80Hz.

Reynolds stress become in phase with the streamwise modal velocity.

These fluctuations in the modal velocity, residual turbulence, and
Reynolds stress within the near-wall and log-region highlight the
modulating effect of the synthetic LSS which can induce large-scale
velocity fluctuations in the region between the actuator and the wall
(Hutchins and Marusic, 2007; Andreolli et al., 2023). The strong changes
to turbulence characteristics within the log-region, where natural
coherent LSS would theoretically exist, reinforces previous observations
that the actuated TBL behaves similarly to a higher Reynolds number
canonical boundary layer (Lozier et al., 2021; Lozier et al., 2020) when
exciting scales of motion close to the natural LSS.

Next, the phase-locked variations in spanwise vorticity and the re-
sults of quadrant splitting the modal velocity fluctuations are presented
in Fig. 9. The phase dependent spanwise vorticity , is computed as,

v du
B == > @
AD(y,9) = 0:(y, ¢) — (@:(y, 9)), ®

From Fig. 9(a) the mean-removed spanwise vortical signature of the
LSS above the actuator plate can be seen as well as the changes in
induced vorticity in the near-wall and log-regions. The fluctuations in
spanwise vorticity match the phase of the streamwise modulated re-
sidual turbulence near the wall and are n out of phase with the
streamwise modal velocity above the actuator.

It should be kept in mind that a later phase corresponds to a farther
upstream spatial location, if a frozen flow assumption is used,

Xp = Xmeas —% % Ue (6)

Here xp is the streamwise pseudo-spatial coordinate, Xmeqs is the
measurement location, and U, is an appropriate convective velocity. The
convective velocity in this case is based on the phase speed of the large-
scale phase-locked fluctuations, and will be discussed in detail later.

From Fig. 9(b) the quadrant analysis shows that the fluctuations in
the modal velocity in physical space follow a Q4—Q1—Q2—Q3 pattern.
The quadrants were determined using the streamwise and wall-normal
modal velocities to determine the pattern of large-scale motions in the
actuated TBL. The observed quadrant sequence corresponds well with
the dynamics of the large-scale structures observed in canonical turbu-
lent boundary layers. This pattern has also been found to play an
important role in the dynamics and transport of near-wall turbulence at
smaller scales (Nagano and Tagaw, 1995). Both the vorticity and
quadrant analysis results are consistent with the results of the spatial
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Fig. 9. Phase-locked variations in (a) spanwise vorticity and (b) fluctuating
velocity quadrants. Actuator location indicated by horizontal dashed line x =
85,H" = 200,f, = 80Hz.

input-output analysis (Liu et al., 2022). These results demonstrate that
the synthetic LSS introduced by the plasma actuator have a very similar
dynamic effect on the turbulent boundary layer compared to naturally-
occurring LSS in higher Reynolds number boundary layers.

Using the measurements of the streamwise modal velocity presented
in Fig. 6(a), the phase speed of phase-locked fluctuations at each wall-
normal position were estimated by tracking the time t, at which a
maximum or minimum in the modal velocity signal arrived at each
streamwise measurement station. This time ¢, is related to the phase ¢,
= (% +n)T, @)
where T, is the forcing period. The average phase speed, u,, over a
specific region can be found by dividing the streamwise separation be-
tween two measurement locations by the difference in computed arrival
times. The same technique was applied to both the current PIV mea-
surement and the previous hot-wire measurements (Lozier et al., 2021).

The computed phase speeds of fluctuations in the phase-locked
quantities are shown in Fig. 10 as blue circles, along with the esti-
mates of the phase speed from the hot-wire data as red squares. The
mean velocity profile, presented earlier in Fig. 4(a), is shown as a solid
black line in Fig. 10. Above the actuator location the phase speed follows
the mean velocity profile over the wall-normal range of the current
measurements. Below the actuator the phase speed is nearly constant,
u, 19u, 0.84U,, and is similar in magnitude to the local mean velocity
measured above the actuator at the location of plasma forcing (y* =
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Fig. 10. Profiles of phase speed across boundary layer. Solid black line in-
dicates mean streamwise velocity. Actuator location indicated by vertical
dashed line x = 85,H" = 200,f, = 80Hz.

265). This nearly constant phase speed below the actuator suggests that
any fluctuations below the actuator that are phase-locked with the
plasma forcing are moving at nearly the same speed as the synthetic LSS
produced by the actuator. This is additional evidence showing the
modulating effect of the synthetic LSS especially within the log-region of
the TBL.

Finally, using equation {6}, relating an upstream spatial location to
phase, and the phase speeds computed earlier, the phase dependent
measurements of quantities of interest can be reconstructed into a
pseudo-spatial map to visualize the streamwise development of features
in the modulated TBL. These pseudo spatial reconstructions are pre-
sented in Fig. 11 and Fig. 12.

In Fig. 11(a) the reconstructed streamwise modal velocity has a
smooth transition between the reconstructed data from the measure-
ment locations of x = 3 and56, reinforcing the observation that the phase
speed is the most appropriate analogy of convective velocity when
converting phase dependence for space. There is a gap in the data
downstream of x = 55 where the reconstructed data sets do not overlap.
This gap is due to the specific magnitude of the phase speeds in this
experiment and the fact that only a single period of phase was used to
reconstruct the pseudo spatial field for each measurement location.

In Fig. 11(b) the reconstructed map of residual turbulence is pre-
sented. The reconstructions of the modal velocity and the residual tur-
bulence match well with previously reconstructed hot-wire data. In the
map of the residual turbulence the streamwise evolution of the shape
and amplitude of the region of modulated turbulence below the actuator
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can be clearly seen. The region of modulated turbulence starts out
distinct from the signature of the LSS above the actuator but by the
farthest downstream locations the positive or negative fluctuations in
the residual turbulence have become a continuous region that spans
most of the wall-normal extent of the measurement region as observed in
the phase maps presented earlier. The peaks in residual turbulence
fluctuation have been identified by black diamond markers in Fig. 11(b)
to estimate the shape of the region of modulated turbulence below the
actuator. At this downstream location the peaks in residual turbulence
follow the dotted line marking a 20° inclination from the wall which was
found to be a characteristic inclination of LSS in higher Reynolds
number canonical TBLs (Hutchins and Marusic, 2007). The wall normal
components of modal velocity and residual turbulence are shown in
Fig. 12. The observations about the streamwise development of these
wall-normal turbulence quantities are consistent with their streamwise
counterparts. Farther downstream, the fluctuations become more uni-
form across the wall-normal extent of the measurement region.

The pseudo-spatially reconstructed results for the wall-normal and
streamwise modal velocity agree well with the results of the spatial
input-output analysis (Liu et al., 2022). Both the phase and amplitude
are consistent around the actuator location and importantly also within
the log-region and near-wall region.

4. Conclusions

The spatial-temporal response of the TBL to a periodic large-scale
disturbance in the outer region was experimentally investigated using
continuous laser based planar PIV. The Reynolds number of the exper-
imental canonical TBL was low enough that there were no significant
naturally occurring large-scale structures present in the outer region.
Instead, the plasma actuator was used to introduce a synthetic periodic
large-scale structure. The periodic nature of the synthetic LSS allowed
implementation of phase-locked analysis to quantify the TBL response at
multiple streamwise point locations. The PIV measurements were
demonstrated to be consistent with the previous experimental work and
numerical simulations, and provided new data, in the form of the wall-
normal velocity, that contributed to further analysis of the actuated
boundary layer. In terms of statistical quantities, the plasma-based
actuation approach resulted in each turbulent Reynolds stress compo-
nent decreasing in the log and outer regions. Phase-locked analysis of
the modal velocity and residual turbulence showed good agreement
with previous experimental work using hot-wires, as well as numerical
simulations of the actuated TBL using a spatial input—output approach.
Analysis of the phase-locked variations in Reynolds stress showed that
the LSS have a predominantly modulating effect inside the log-region
and on the near-wall turbulence. Specifically, the LSS induced velocity
inside the log-region which contributes to the modulation of the near-
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Fig. 11. Pseudo-spatial reconstruction of (a) streamwise modal velocity (b) streamwise residual turbulence. Black diamonds represent peak streamwise residual
turbulence intensity. Dotted black line is 20° inclination from wall H* = 200,f, = 80Hz.
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Fig. 12. Pseudo-spatial reconstruction of (a) wall-normal modal velocity and (b) wall-normal residual turbulence H* = 200, f, = 80Hz..

wall turbulence. These observations, along with the canonical patterns
shown in the quadrant splitting analysis demonstrate that the TBL is
responding to the presence of LSS in a manner dynamically consistent
with a higher Reynolds number canonical boundary layer. The phase
speed of fluctuations in these phase-locked quantities was also computed
and found to be consistent with previous experimental work. The con-
stant phase speed below the actuator, related to the convective speed of
the synthetic LSS, was observed, which provided more evidence of the
modulating effect of the synthetic LSS. Reconstruction of the PIV results
into a pseudo-spatial streamwise coordinate allowed for visualization of
the development of turbulence characteristics. This reconstruction also
highlighted the need for spatially resolved measurements over the entire
downstream region to provide more information of the TBL response to
the actuation.
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