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In this study, the effect of artificial very-large-scale motions (AVLSMs) generated by a
dielectric-barrier-discharge plasma actuator (DBD-PA) array on the bursting phenomenon
in the near-wall region (y < 40 in the present study) was experimentally investigated. The
DBD-PA array was embedded in the wall where the turbulent boundary layer (TBL) was
fully developed. A hot-wire rake consisting of nine I-type probes was used to measure
the streamwise fluctuation velocity throughout the TBL at two positions downstream from
the DBD-PA array. At both measurement positions in the streamwise direction, it was ob-
served that the negative artificial very-large-scale motions (nAVLSM) flanked on two sides
by positive motions (pAVLSM) could extend to above 0.36 height from the wall. The burst-
ing phenomenon was detected using the variable-interval time-averaging technique. It was
observed that the bursting phenomenon in pAVLSM was suppressed, whereas it was en-
hanced in nAVLSM. Further investigation showed that the bursting frequency normalized
by the inner variables in nAVLSMs is the same as that of pAVLSMs only at the secondary
measurement position, which is far from the DBD-PA array. These results suggest that the
quasi-steady quasi-homogeneous (QSQH) theory only holds when the TBL is sufficiently
developed.
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I. INTRODUCTION

In the turbulent boundary layer (TBL), the bursting phenomenon has attracted the most atten-
tion over the last several decades, because this process is strikingly violent and produces the most
turbulent kinetic energy. As observed by Kline et al.!, the bursting phenomenon can be explained
as a near-wall low-speed streak lifted away from the wall by an accompanying quasi-streamwise
vortex (QSV). The lift-up of the low-speed streak (namely “ejection”) is usually followed by a
“sweep” event, which refers to the entry of a high-speed fluid from upstream?. Further investiga-
tion has shown that ejection events (termed to as ‘bursts’ in Lu & Willmarth (1973)) account for
77% of the Reynolds stress throughout the TBL, whereas sweep events provide 55%. Notably, the
total Reynolds stress provided by ejection and sweep exceeds 100% because other motion types
provide an opposite Reynolds stress>. Reynolds stress is primarily important for skin friction®*.
As estimated by Airbus, for one airplane (A320 type), even a 1% drag reduction is expected to
reduce the annual operating costs substantially®. Therefore, controlling the TBL and suppressing
the near-wall bursting phenomenon to reduce skin friction are of great engineering and economic

interest.

In recent years, attention has shifted from the near-wall to the logarithmic region, where a sec-
ondary peak was found in the pre-multiplied power spectra of the streamwise fluctuation veloc-
ity in the high-Reynolds-number case®. A secondary peak exists at a large wavelength, suggest-
ing that large-scale structures contribute the most to turbulent production in the logarithmic re-
gion”. These large-scale structures include large-scale motions (LSMs)'?, very-large-scale mo-
tions (VLSMs)!!, and large-scale streamwise vortices flanked on one side or symmetrically on
the two sides of the LSMs!>"14. These natural LSMs and VLSMs have been proven to have a
significant modulation effect on near-wall fluctuation velocity signals'>~!°. To demonstrate the
modulation effect of natural large-scale structures, the quasi-steady quasi-homogeneous (QSQH)
theory has suggested that the friction velocity fluctuates in unison with large-scale structures, i.e.,
the local friction velocity increases when positive structures exist and decreases when negative
structures appear, by which the large-scale structures modulate the amplitude and frequency of
the near-wall streamwise fluctuation velocity signal?®22. A further study by Chen et al.?® found
that the bursting phenomenon frequency normalized by the local inner variables was the same for
different types of large-scale structures, which provides experimental support for the QSQH the-
ory. However, the applicability of QSQH theory to artificial very-large-scale motion (AVLSM)
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has never been examined.

In the present study, we aimed to investigate the effect of AVLSMs on the near-wall bursting
phenomenon. If the QSQH theory still works in a modified wall-bounded turbulent fluid flow
case, the bursting frequency under different AVLSMs should remain constant when normalized
by the local friction velocity. In this case, the bursting frequency will increase under positive
AVLSMs (pAVLSMs) and decrease under negative AVLSMs (nAVLSMs) because the friction
increases under pAVLSMs and decreases under nAVLSMs. However, if the QSQH theory fails,
the investigation results may provide new insights into the suppression of the near-wall bursting

phenomenon.

To control the structures in TBL, both passive and active flow control methods have proven

useful. For example, in the passive flow control case, Kevin et al.>*

used a herringbone-patterned
riblet surface to induce large-scale motion at a fixed position on a plate in TBL. For the active flow
control case, Tang et al.?> found that the synthetic input of a piezoelectric actuator can affect the
amplitude modulation effects in TBL. Their further investigation indicates that the piezoelectric
actuator can reorganize the near-wall small-scale intermittent bursting events?®. Cheng et al.?’
used a plasma actuator array to create large-scale streamwise vortices (LSSVs) to stabilize the
near-wall low-speed streak and subsequently suppress the near-wall bursting phenomenon in a
TBL. Owing to the external energy injection, the active control approach is expected to achieve
a more effective result in creating AVLSMs and suppressing the bursting phenomenon than the
passive ones. Therefore, in the present study, we decided to create AVLSMs using a dielectric
barrier discharge plasma actuator (DBD-PA) array, which is easy to fabricate and embed in the
wall. Although the DBD-PA used in the present study is similar to that used by Cheng et al.?’,
the approach for suppressing the bursting phenomenon is different. The artificial LSSV created
by Cheng et al.?’ have a size comparable to the near-wall low-speed streak, and therefore were
used to directly control the near-wall bursting phenomenon. However, the AVLSMs created to
examine the QSQH theory in the present study must have a much larger scale than the near-wall

bursting-related structures and therefore were expected to last longer in the streamwise direction

and affect the bursting phenomenon in a larger area.
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II. EXPERIMENTAL APPARATUS AND CONDITIONS

The experiment was performed in a blowout type boundary layer wind tunnel (Eiffel-type).
The test section had a length of 2600 mm and a width of 520 mm. The TBL in the present study
was developed on a flat plate. To reduce heat loss from the hot-wire when recording fluctuation
velocity signal near the wall surface, the flat plate used in the experiment is a Bakelite plate with
low thermal conductivity. The plate sized 2100 mm in length, 520 mm in width, and 8 mm in
thickness. To avoid disrupting the flow, the tip of the flat plate was modified into a parabolic
shape. A 1.0 mm diameter tripping wire was installed 50 mm downstream from the leading edge
to promote the transition to turbulent flow. Throughout the present study, we use x, y, and z to refer
to the streamwise, wall-normal, and spanwise directions, respectively. The variables normalized

by the inner scale, i.e., kinematic viscosity v and friction velocity uz, are denoted by superscript +.

=
g Tripping wire ~ Plasma actuator Hot-wire probe
R
KA s
\ | ‘ =N
N ot U Am im0
X
A 1815 mm e X
50 mm 2100 mm

FIG. 1. The schematic of the test section.

In order to create the AVLSMs, a spanwise DBD-PA array shown in Fig.2 was adopted in the
present study. The DBD-PA is constructed by a dielectric sandwiched between two electrodes
in a specific arrangement as shown in Fig.3. When a high voltage, high frequency alternating
current (AC) power is supplied to the two electrodes of the DBD-PA, the air near the electrodes
will be ionized and accelerated by the electric field between the electrodes, creating an ionic wind.
The ionic wind collides with neutral particles and then generates a jet away from the exposed
electrode?®>?. The DBD-PA array module is embedded at x = 1,730 mm to x = 1,830 mm as
shown in the schematic of test section, i.e., Fig.1. The dimensions of the DBD-PA array is shown
in Fig.3. The quartz glass plate used as dielectric is 0.5 mm thick and its top surface is in the same

plane with the wall of the turbulent boundary layer. Copper foil tape with a thickness of 0.07 mm
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was used as the electrode.

FIG. 2. DBD-PA array used in the experiment.
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FIG. 3. Schematic of the DBD-PA array module used in the experiment.

The freestream velocity U., was approximately 11 m/s with a turbulent intensity of 0.4%. The
measurement equipment was a hand-made hot-wire rake (Fig.4) operated by the hand-made con-
stant temperature anemometer circuits>3. The roll-off frequency of the anemometer system esti-

mated by a sine wave test was 10 kHz. The hot-wire rake comprised nine I-type hot-wire probes
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with 4 mm spacing which are numbered from 1 to 9 as shown in Fig.4. The viscous scaled length of
the hot-wire was [ = u;l/v = 15, and the length to diameter ratio was [ /d = 200, suggesting that
the hot-wire probe used in the present study has the ability to capture the smallest fluctuation of the
streamwise velocity in the TBL3!. To investigate the flow field modified by the DBD-PA array,
the streamwise fluctuation velocities of 69 points ranging from y = 0.16 mm to y = 79.96 mm at
two streamwise positions were measured by the rake. The first position in the x-direction was set
to x = 1,855 mm (denoted by “L1”), while the second position in the x-direction was x = 1,895
mm (denoted by “L2”), so that the distance between the rake and the downstream edge of the upper
electrodes of the DBD-PA was approximately X /0 = 1 and X /6 = 2, respectively. Here, X is the
streamwise distance between the hot-wire rake and the downstream edge of the upper electrodes of
the DBD-PA as shown in Fig.1. § is the boundary layer thickness. At both streamwise positions,
the boundary layer thickness was about 8 = 39.9 mm, at which wall-normal distance the mean
streamwise velocity is 99.5% of the freestream velocity. The friction velocity was approximately
ur = 0.45 m/s, and the Reynolds number based on the friction velocity was Re; = u;6 /v = 1,170.
At all measurement positions, the streamwise fluctuation velocities were measured in two condi-
tions. In the one, DBD-PA was turned on (denoted by “PAON”), while in the other, DBD-PA was
turned off (denoted by “PAOFF”). In each case, at each position, the friction velocity was estimated
for each probe individually. The normalized data of each position in each case shown in the paper
was normalized by u; estimated at the same position of the same case. The measurement data were
recorded by a 16-bit A/D converter. The sampling frequency was 20 kHz and the sampling number
was 262,144 (about 13.1 s). The DBD-PA array was operated by a square-wave voltage signal with
an amplitude of 6.0 kV, and a frequency of 5.0 kHz generated by a high voltage/frequency power
supply (PSI-PG1040F, KlI-tech).
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FIG. 4. Multi-channel hot-wire probe used in the experiment.

The mean streamwise velocity and the root-mean-square (RMS) streamwise velocity measured
by the rake at X /8 = 1 when the DBD-PA array was turned off, are shown in Fig.5 and Fig.6,
respectively. Since similar results have been confirmed, the results measured at X /8 = 2 under
the same condition will not be shown here. The height of each probe in wall-normal direction and
the friction velocity were estimated by fitting the mean velocity with the Musker profile*? given
by Eq.(1) within a range of 0 < y™ < 100. Specifically, the cumulative errors between the inner-
variables normalized mean velocity profile measured in the experiment and the Musker profile
were calculated. The height of the probe and the friction velocity u; were estimated by choosing
the values with which the minimum value of cumulative errors was obtained. The constants used
in the Musker profile were the same with Musker3?, i.e., k = 0.41 and s = 1.093 x 1073. Both the
mean velocity and the turbulent intensity measured by each probe in rake fit well with each other.
The mean velocity profile also fits well with the one measured by Degraaff & Eaton’ in a fully
developed turbulent boundary layer. The Reynolds number based on the momentum thickness of
Degraaff & Eaton (Reg = 2900) was similar to that in the present study (Reg = 3050). This result
suggested that the TBL at X /0 = 1 has already been fully developed. This result also indicates that
the DBD-PA module itself has nearly no influence on the TBL. As shown in Fig.5, the near-wall
region (y© < 40) and the logarithmic region (40 < y* < 200) was determined according to the
mean velocity profile. The position of each probe at the nearest point to the wall is not the same,

indicating that all the probes are not perfectly in the same plane. However, the maximum height
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13 difference between probes in the wall-normal direction is only 0.15 mm, which is about 0.37% of
1« the boundary layer thickness. Therefore, when the experimental results are discussed on a § scale,

155 the error caused by the height difference between probes could be negligible.

+)2
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FIG. 5. The mean streamwise velocity profile measured at X /0 = 1 when the DBD-PA was turned off.
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FIG. 6. The root-mean-square streamwise velocity profile measured at X /0 = 1 when the DBD-PA was

turned off.

III. CHARACTERISTICS OF ARTIFICIAL VLSMS (AVLSMS)

The distribution of the difference between the low-pass filtered instantaneous velocity when
the DBD-PA array was turned on and the mean velocity when it was turned off, as measured by
the rake at different heights, are shown in Fig.7 and Fig.8 for the results of X/ = 1 and X/6 =
2, respectively. The cutoff frequency was feuors = 26 /Upaorr, Where & is the boundary layer
thickness, and Upaprr Was the mean velocity measured when the DBD-PA was turned off. For
both streamwise positions, there is a low-speed region that exists for a long time in the middle of
the rake, flanked by high-speed regions on both sides. The normalized duration time (TA}L, LSMs =
Tav1smsUw/ 8) of these low- and high-speed regions using the freestream velocity U, and boundary
layer thickness 8 is greater than 10, i.e., TAJ{, sy > 10. As the measurement height increased, these
nAVLSMs gradually exhibited meandering characteristics and were occasionally interrupted by
pAVLSMs. The meandering of the AVLSMs at a higher position may be attributed to the spanwise
velocity components of the counter-rotating streamwise vortices generated by the DBD-PA arrays,
as shown in Fig.10, which will be explained later. Moreover, at X /6 = 1, the nAVLSMs (i.e., the
blue regions) were more concentrated at the center of the rake at y/6 = 0.01 than at X /8 = 2.
This result suggests that the AVLSMs in the near-wall regions became weaker as the streamwise

distance increased.
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To calculate the averaged width in the spanwise direction of these AVLSMs, the AVLSMs were
recognized by choosing the regions where |(u — Upaorr)L| > KUs. Here, KU, is the threshold
value. In the present study, three different threshold values, i.e., 0.001U, 0.005U. and 0.01U.,
were used. An example of the recognized AVLSMs is the regions framed by solid lines shown in
Fig.7 and Fig.8. The averaged width in the z direction of these AVLSMs calculated using the three
different threshold values are shown in Fig.9(a) and (b) for the results of X/8 = 1 and X /6 = 2,
respectively. Although the averaged width profile of AVLSMs changes with the selected threshold
value, the tendency of these profiles is consistent for each structure when measured at the same
streamwise position. For the positive structures, its width reaches to the maximum at y/6 = 0.02
for the X /6 = 1 case and y/6 = 0.03 for the X /& = 2 case, respectively. Beyond this position, its
width gradually decreases with the increasing of wall-normal distance until y/6 =0.11 for X /6 =1
caseand y/8 =0.13 for X /6 = 2 case, respectively. For the negative structures, its width decreases
rapidly and then reaches the minimum at y/8 = 0.02 for the X /6 = 1 case and y/d = 0.03 for the
X /8 = 2 case, respectively. Beyond this position, the width of nAVLSMs gradually increases
with the increasing of wall-normal distance until y/d = 0.11 for X /6 = 1 case and y/d = 0.13
for X /0 = 2 case, respectively. To compare with the results of natural ones, the width of VLSMs
measured at five different heights in logarithmic region by Chen er al.?*> was also plotted in Fig.9
(a) and (b). Although the threshold value to detect the AVLSMs adopted in the present study is
different from that to detect the VLSMs in Chen er al.?3, the width of nAVLSMs is significantly
higher than natural nVLSMs, while the width of pAVLSMs is similar to the natural pVLSMs.

To investigate the characteristics of the AVLSMs in more detail, the mean velocity difference
profiles between the cases when the DBD-PA was turned on and turned off measured at the two
streamwise positions are shown in Fig.10. The right graph is symmetry around the z/6 = 0 axis,
while the left one seems to be symmetry around the z/6 = —0.05 axis. This difference might be
caused by the misalignment between the center of the plasma actuator array and the hot-wire rake
when measured at X/8 = 1. However, since the width of the hot-wire rake (32 mm) is larger
than the width of one period of the plasma actuator array (25 mm) in the spanwise direction, the
misalignment does not affect our investigation of the characteristics of AVLSMs and their effects on
the bursting phenomena in one spanwise period. In both streamwise positions, it can be confirmed
that the low-speed region flanked on the two sides by the high-speed region can reach a height
of approximately 0.36. This result indicates that the jets generated by the DBD-PA array formed

large-scale streamwise vortices. In other words, in the region where the velocity direction of these
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artificial vortices was upward, the low-speed fluid near the wall was blown up and formed the low-
speed region. In contrast, in the region where the velocity direction of these artificial vortices was
downward, the high-speed fluid from the outer layer was transported near the wall, thus forming
the high-speed region. Compared to the case on the left in Fig.10, the magnitude of the high-
speed and low-speed regions in the right one weakened. This result indicates that the artificial
large-scale vortices weakened when they were transported downstream. Additionally, as the height
increased, the width of the low-speed region first contracted and then slowly increased until y/d =
0.3. The opposite is true for the high-speed regions. Interestingly, this change is not consistent
with the change of width of the extracted nAVLSMs as shown in Fig.9. This incoincidence could
be caused by the meandering of AVLSMs at the higher position as shown in Fig.7 and Fig.8.
Although the flow field is statistically symmetric, the spanwise velocity components of the artificial
large-scale streamwise vortices are not always symmetric because the flow field is turbulent. The
spanwise fluctuation velocity can drive the AVLSMs to meander and therefore enhance the mixing
of the lifted low-momentum fluid with the induced high-momentum external fluid. Therefore, the
wide low-speed region at the higher position shown in Fig.10 does not represent the position of

nAVLSMs but could be the result of the averaging of nAVLSMs and pAVLSMs.
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FIG. 7. The distribution of the difference between the instantaneous velocity when DBD-PA array was
turned on and the mean velocity when DBD-PA array was turned off measured by rake at different heights.

Black contour line: |(u— Uripaorr)L] = 0.01Uw. (X/6 =1)
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FIG. 9. The averaged width of the recognized AVLSMs using different threshold values: (a) results of
X/86 =1; (b) results of X /6 = 2.
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FIG. 10. The mean velocity difference profile: (a) measured at X /0 = 1; (b) measured at X /6 = 2.
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FIG. 11. The turbulent intensity difference profile: (a) measured at X /6 = 1; (b) measured at X /0 = 2. x:

local maximum value; *: local minimum value.

IV.  EFFECT OF AVLSMS ON TURBULENT INTENSITY

The turbulent intensity difference profiles between the cases when the DBD-PA was turned
on and turned off, measured at the two streamwise positions, are shown in Fig.11. Note that the
near-wall and logarithmic regions, separated by dotted lines in Fig.11, were estimated when the
DBD-PA was turned off as shown in Fig.5 in section II. By comparing these results with the mean
velocity difference profiles shown in Fig.10, it can be found that turbulent intensity does not change
significantly in the low-speed regions at the range of y/6 < 0.05 for X/6 =1 and y/d < 0.1 for

X /8 =2; however, it increases at the higher positions, i.e., the red regions in Fig.11. In high-speed
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regions, the turbulence intensity decreases significantly. Similar results were observed by Yao
et al.3* and Cheng et al.>’. The change in turbulent intensity in the present case was completely
different from that in the natural LSMs or VLSMs case. In the near-wall region in the natural TBL,
the turbulent intensity increases under high-speed large-scale structures but decreases under low-
speed structures owing to the modulation effect of LSMs and VLSMs. In the logarithmic region of
anatural TBL, the turbulent intensity does not change significantly inside large-scale structures but
increases or decreases at the backsides of low-speed/high-speed large-scale structures, owing to the
enhancement of hairpin vortices®>. In the present case, the change in the turbulent intensity in the
near-wall and logarithmic regions can be explained as follows. The near-wall high-turbulent fluid
flow is lifted up by the counter-rotating artificial large-scale streamwise vortices, and low-speed
regions are formed, whereas the flow with low turbulence from the outer region is transported into

the near-wall region by the artificial vortices, and high-speed regions are formed.

Additionally, it was observed that the positions of both the maximum (represented by x) and
minimum values (represented by *) in the turbulent intensity difference profile measured at X /6 =
2 (Fig.11 (b)) are higher than those measured at X /8 = 1 (Fig.11 (a)). This result indicates that the
overall position of the large-scale artificial vortex generated by the DBD-PA array moves upward
with an increase in the streamwise distance from the DBD-PA array. Furthermore, compared to
Fig.11 (a), the magnitude of the maximum and minimum values in Fig.11 (b) decreased, suggest-
ing that the large-scale artificial vortex weakens with the increasing streamwise distance from the

DBD-PA array.

Further investigation of the effect of AVLSMs on the fluctuation energy of turbulence was
performed by calculating the pre-multiplied power spectrum of the streamwise fluctuation velocity
measured by the rake. The results for the natural TBL case measured at X /8 = 1 are shown in
Fig.12. The result measured at X /8 = 2 when the DBD-PA was turned off was confirmed to be
similar and is therefore not shown here. The inner energetic peak, which is due to the near-wall
cycle of low-speed streaks and QSVs, can be clearly identified, whereas the outer peak is absent
because of the insufficient Reynolds number®. Nevertheless, this does not mean that VLSMs did
not exist in the present study. The elongated low- and high-speed regions that are longer than
34 in the streamwise direction can be easily observed from the fluctuation velocity distributions

measured in the logarithmic region, as shown in Fig. 10 in our previous study®>.
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FIG. 12. Pre-multiplied power spectrum of the streamwise fluctuation velocity measured at X /6 = 1 and

z/0 = 0 when the DBD-PA was turned off. White star: inner peak.

The pre-multiplied power spectra of the two spanwise positions measured at X/0 = 1 and
X /8 =2 by the rake when the DBD-PA array was turned on are shown in Fig.13. The inner peaks
are denoted by black stars, while the outer peaks are denoted by red stars. To compare with the
natural TBL case, the inner peak of the natural TBL case is also plotted in Fig.13, which is denoted
by the white stars. It can be found that the wall-normal position of the inner peak when DBD-PA
was turned on does not change significantly when measured at X /0 = 1, while it becomes higher
when measured at X /6 = 2. This result suggests that the structures related to the near-wall cycle
have been transported to a higher position together with the AVLSMs at X /8 = 2. In addition, the
wavelength of the inner peak becomes smaller significantly when measured at z/6 = 0, suggesting
that the streamwise length of the structures related to the near-wall cycle becomes shorter under
nAVLSMs. Moreover, the fluctuation energy in the near-wall region in the nAVLSMs, i.e., the
z/0 = 0 in Fig.13, does not change significantly. However, in pAVLSMs, i.e., at z/8 = 0.4, the
fluctuation energy in the near-wall region was substantially suppressed at X /6 = 1 but returned to
a high level at X /6 = 2. This can be explained as follows: At X /8 = 1, the high-speed fluid flow
transported from the outer region is at a low-turbulent level, which caused a partial laminarization

of the boundary layer. And the boundary layer was developing into a turbulent state downstream
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of X/& = 1. Therefore, the fluctuation energy in the near-wall region at X /8 = 2 reached a high
level. Moreover, the outer energetic peak (denoted by the red star in Fig.13) with a wavelength of
Ay/ 6 = 2 appeared in the logarithmic region in all the four cases, and the fluctuation energy of the
outer peaks in Fig.13 (a) and (¢) are significantly larger than that of Fig.13 (b) and (d), respectively.
These outer peaks might have been caused by the AVLSMs, and the enhanced magnitude of the
Fig.13 (a) and (c) cases was considered to be caused by the lifted near-wall low-speed streaks and

QSVs. The reasons for this are discussed in the next section.
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FIG. 13. Pre-multiplied power spectra of the streamwise fluctuation velocity when the DBD-PA was turned
on: (a) measured at X /6 = 1 and z/6 = 0; (b) measured at X /6 = 1 and z/6 = 0.4; (c) measured at X /§ =2
and z/8 = 0; (d) measured at X /8 = 2 and z/8 = 0.4. Black star: inner peak; red star: outer peak; White

star: inner peak of the natural TBL case.
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V. EFFECT OF AVLSMS ON BURSTING PHENOMENON

To investigate the effect of AVLSMs on the near-wall bursting phenomenon, the bursting fre-
quency in the near-wall region under different conditions was calculated using the variable interval
time averaging (VITA) technique. Both the QSV and hairpin vortex can alter the VITA events in
the near-wall and logarithmic regions in a natural TBL, respectively,>*8. To distinguish their ef-
fects, the term “bursting” only refers to the VITA event caused by QSV, whereas the term “VITA
event” refers to the one caused by QSV or hairpin vortex in the present study. The VITA technique

1.3, in which the nor-

adopted in the present study was the same as that described by Chen et a
malized time-window is 7+ = Tu2 /v = 20 and the detection threshold value is 1.0u2,;. It should
be noted that the VITA event detection threshold value used in the cases in which the DBD-PA
was turned on is the same as that in the case in which it was turned off, so that the detected VITA
events would have the same level of strength. As a result, the occurrence frequency difference
profiles of the VITA events measured at the two streamwise positions between the cases when the
DBD-PA was turned off and turned on are shown in Fig.14. It can be seen that the VITA event fre-
quency increased/decreased in the regions where the mean velocity decreased/increased as shown
in Fig.10. This is consistent with the changes in the turbulent intensity, as shown in Fig.11, sug-
gesting that the enhanced outer peak appearing in the pre-multiplied power spectra in Fig.13 (a)
and (c) is highly related to these increased VITA events. Although the VITA frequency was not cal-
culated by Cheng ef al.?’, the strength of the VITA events in the near-wall region was observed to

be impaired when the turbulent intensity decreased but was enhanced when the turbulent intensity

increased. Therefore, the present results are consistent with those reported by Cheng et al.?’.
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FIG. 14. The VITA event frequency difference profile: (a) measured at X /8 = 1; (b) measured at X /& = 2.
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To investigate the structures related to these increased VITA events in more detail, the ensemble-
averaged fluctuation velocity distributions when VITA events were detected by the center probe
of the rake in three cases (L1 PAOFF, L1 PAON, L2 PAON) were calculated and are shown in
Fig.15. For all these cases, the symmetrical “Y-shape” high-speed region could be confirmed,
except for the one measured at X /6 = 1 and y/6 = 0.01 when the DBD-PA was turned on, i.e., the
L1 PAON case, which was considered to be caused by the insufficient spanwise resolution of the
rake. The distance between the two branches of the “Y-shaped” pattern increased with the distance
from the wall, suggesting that the size of the structures related to the detected VITA events also
increased with the wall-normal distance. Although the patterns near the walls, i.e., the cases of
y/0 < 0.05 in Fig.15, are similar to those at higher positions, i.e., the cases of 0.10 <y/d < 0.21
in Fig.15, the vortices causing them are different. The near-wall VITA events, i.e., the bursting
caused by the QSVs, have stronger ejection and sweep than those caused by hairpin vortices at a
higher position. In a natural TBL, it is known that the near-wall bursting frequency is significantly
higher than the VITA frequency in the logarithmic region (50 Hz vs. 30 Hz ) and can be scaled with
local inner variables, as described by Chen ef al.?3. Moreover, the distance between the high-speed
regions, i.e., the branches, in the L1 PAON case, seems to be narrower than that of the L1 PAOFF
ones in the range of 0.05 < y/8 < 0.15. The smaller size of the “Y-shape” pattern could be the
result of a smaller structure lifted from the near-wall region. However, the size of the “Y-shape”
high-speed region in case of L2 PAON does not change significantly when compared to the case
of L1 PAOFF. These results support the statement in Section IV, i.e., the outer peak appearing
in the pre-multiplied power spectra shown in Fig.13 (a) and (c) was enhanced by the lifted near-
wall low-speed streaks and QSVs. We suppose that as these lifted QSVs move downstream, they

rapidly deform and develop into large hairpin vortices.
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FIG. 15. Ensemble averaged fluctuation velocity distributions when VITA events were detected by the center
probe of the rake. Left column: measured at X /8 = 1 when the DBD-PA was turned off; Middle column:
measured at X /0 = 1 when the DBD-PA was turned on; Right column: measured at X /6 = 2 when the

DBD-PA was turned on.

As discussed by Chen ef al.?3, in natural TBL, the near-wall bursting frequency is a constant
when normalized by the local friction velocity, as suggested by the QSQH theory. The same pro-
cedure was performed to verify whether the QSQH theory still holds for artificial large-scale struc-
tures. In the procedure, VITA events of each position were re-detected by VITA technique, in
which the friction velocity and the R.M.S value measured at the same position were used to calcu-
late the time-window and the detection threshold values. The friction velocity when the DBD-PA
was turned on was estimated by fitting the mean velocity profile with a Musker profile in the range
of 0 < y* < 10 as shown in Fig.16 (a) and (b) for the results measured at X /8 = 1 and X/ = 2,
respectively. For both cases, the mean velocity profile also fits well with the linear sublayer pro-
file,i.e., UT = y™, in the range of 0 < y* < 7 as shown in the zoomed graph in Fig.16. This result
suggests that the friction velocity was accurately estimated. The spanwise profiles of the friction
velocity in four cases (L1 _PAOFF, L1 PAON, L2 PAOFF, L2 PAON) are shown in Fig.17. At

X /8 =1, it was found that the friction velocity decreases in the low-speed region and increases
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in the high-speed region. This tendency is the same as that observed in the natural TBL. How-
ever, at X /8 = 2, the friction velocity does not change significantly in the high-speed regions,
but decreases in the low-speed regions. Therefore, although the near-wall bursting phenomenon
was suppressed under the pAVLSMs at X /6 = 1 as previously mentioned, the skin friction under
the pAVLSMs at X /6 = 1 appeared to increase. However, the total skin friction, which was esti-
mated by calculating the mean value of the friction velocity within a range of —0.31 <z/6 <0.31
(one period of the DBD-PA array in the spanwise direction), decreased by 0.92% at X /6 = 1 and
4.3% at X /8§ = 2. The normalized near-wall bursting frequency Fre® = Fre v /u (Fre: burst-
ing frequency), measured at the two streamwise positions, is shown in Fig.18. When measured at
X /8 = 1, the bursting frequency is not constant at any wall-normal position, even when it is very
close to the wall. However, at X /8 = 2, the bursting frequency became constant at y/6 = 0.04
(approximately under y* = 50) when normalized with the inner variables. This result can be ex-
plained as follows: As mentioned in section IV, at X /& = 1, the pAVLSMs have transported the
low-turbulent flow from the outer region into the near-wall region, which caused a partial lami-
narization of the boundary layer (see Fig.13 (b)). Therefore, the normalized bursting phenomenon
frequency in the high-speed region does not obey the predictions of the QSQH theory. However,
at X/6 = 2, the boundary layer has been developed into a higher turbulent level close to that of
the fully developed TBL (see Fig.13 (d) and Fig.12). Then, the normalized burst phenomenon fre-
quency in the high-speed region follows the prediction of QSQH theory again. This result suggests
that the QSQH theory is valid only when the TBL is sufficiently developed.
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FIG. 16. The mean streamwise velocity profile when PA is turned on: (a) measured at X/0 = 1 and (b)
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FIG. 17. The spanwise distribution of friction velocity estimated in the four cases. Blue break line: measured
at X /8 = 1 when the DBD-PA was turned off; Red solid line: measured at X /0 = 1 when the DBD-PA was
turned on; Green break line: measured at X /0 = 2 when the DBD-PA was turned off; Yellow solid line:

measured at X /8 = 2 when the DBD-PA was turned on.
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V1. CONCLUSION

AVLSMs were successfully created in TBL using a DBD-PA array. In this study, the charac-
teristics of AVLSMs were investigated. The nAVLSM flanked on two sides by pAVLSMs could
be detected continuously for a long duration, i.e., TAT, sms > 10. The nAVLSM was observed to
meander in a higher position. The mean velocity difference between cases in which the DBD-PA

was turned on and off suggests that the AVLSM could extend to a height of y/§ = 0.3.

Moreover, the effect of AVLSMs on the turbulent intensity was investigated in detail. The
turbulent intensity difference results and the pre-multiplied power spectrum results suggest that
the turbulent intensity was suppressed in the pAVLSM, whereas it was increased in the nAVLSMs.
This result could be explained by the fact that the pAVLSM transported the outer low-turbulent
flow into the near-wall region, and the nAVLSM lifted the near-wall high-turbulent flow to a higher

position.

Further investigation indicates that the change in the VITA event frequency in AVLSMs is
consistent with the change in turbulent intensity. However, although the near-wall bursting phe-
nomenon was suppressed under the pAVLSMs, the friction velocity increased. Overall, the friction
velocity decreased by 0.92% at X /6 = 1 and 4.3% at X /6 = 2. Moreover, it was found that the
near-wall bursting frequency normalized by the local inner variables is not uniform under AVLSMs
when the turbulence intensity in the pAVLSM shows low values. However, it became the same in
the downstream region, where the turbulence in the pAVLSM was developed. This result suggests

that the QSQH theory is valid only when the TBL is sufficiently developed.
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