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In this study, the effect of artificial very-large-scale motions (AVLSMs) generated by a10

dielectric-barrier-discharge plasma actuator (DBD-PA) array on the bursting phenomenon11

in the near-wall region (y+ ≤ 40 in the present study) was experimentally investigated. The12

DBD-PA array was embedded in the wall where the turbulent boundary layer (TBL) was13

fully developed. A hot-wire rake consisting of nine I-type probes was used to measure14

the streamwise fluctuation velocity throughout the TBL at two positions downstream from15

the DBD-PA array. At both measurement positions in the streamwise direction, it was ob-16

served that the negative artificial very-large-scale motions (nAVLSM) flanked on two sides17

by positivemotions (pAVLSM) could extend to above 0.3δ height from the wall. The burst-18

ing phenomenon was detected using the variable-interval time-averaging technique. It was19

observed that the bursting phenomenon in pAVLSM was suppressed, whereas it was en-20

hanced in nAVLSM. Further investigation showed that the bursting frequency normalized21

by the inner variables in nAVLSMs is the same as that of pAVLSMs only at the secondary22

measurement position, which is far from the DBD-PA array. These results suggest that the23

quasi-steady quasi-homogeneous (QSQH) theory only holds when the TBL is sufficiently24

developed.25
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I. INTRODUCTION26

In the turbulent boundary layer (TBL), the bursting phenomenon has attracted the most atten-27

tion over the last several decades, because this process is strikingly violent and produces the most28

turbulent kinetic energy. As observed by Kline et al.1, the bursting phenomenon can be explained29

as a near-wall low-speed streak lifted away from the wall by an accompanying quasi-streamwise30

vortex (QSV). The lift-up of the low-speed streak (namely “ejection”) is usually followed by a31

“sweep” event, which refers to the entry of a high-speed fluid from upstream2. Further investiga-32

tion has shown that ejection events (termed to as ‘bursts’ in Lu & Willmarth (1973)) account for33

77% of the Reynolds stress throughout the TBL, whereas sweep events provide 55%. Notably, the34

total Reynolds stress provided by ejection and sweep exceeds 100% because other motion types35

provide an opposite Reynolds stress3. Reynolds stress is primarily important for skin friction4.36

As estimated by Airbus, for one airplane (A320 type), even a 1% drag reduction is expected to37

reduce the annual operating costs substantially5. Therefore, controlling the TBL and suppressing38

the near-wall bursting phenomenon to reduce skin friction are of great engineering and economic39

interest.40

In recent years, attention has shifted from the near-wall to the logarithmic region, where a sec-41

ondary peak was found in the pre-multiplied power spectra of the streamwise fluctuation veloc-42

ity in the high-Reynolds-number case6. A secondary peak exists at a large wavelength, suggest-43

ing that large-scale structures contribute the most to turbulent production in the logarithmic re-44

gion7–9. These large-scale structures include large-scale motions (LSMs)10, very-large-scale mo-45

tions (VLSMs)11, and large-scale streamwise vortices flanked on one side or symmetrically on46

the two sides of the LSMs12–14. These natural LSMs and VLSMs have been proven to have a47

significant modulation effect on near-wall fluctuation velocity signals15–19. To demonstrate the48

modulation effect of natural large-scale structures, the quasi-steady quasi-homogeneous (QSQH)49

theory has suggested that the friction velocity fluctuates in unison with large-scale structures, i.e.,50

the local friction velocity increases when positive structures exist and decreases when negative51

structures appear, by which the large-scale structures modulate the amplitude and frequency of52

the near-wall streamwise fluctuation velocity signal20–22. A further study by Chen et al.23 found53

that the bursting phenomenon frequency normalized by the local inner variables was the same for54

different types of large-scale structures, which provides experimental support for the QSQH the-55

ory. However, the applicability of QSQH theory to artificial very-large-scale motion (AVLSM)56
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has never been examined.57

In the present study, we aimed to investigate the effect of AVLSMs on the near-wall bursting58

phenomenon. If the QSQH theory still works in a modified wall-bounded turbulent fluid flow59

case, the bursting frequency under different AVLSMs should remain constant when normalized60

by the local friction velocity. In this case, the bursting frequency will increase under positive61

AVLSMs (pAVLSMs) and decrease under negative AVLSMs (nAVLSMs) because the friction62

increases under pAVLSMs and decreases under nAVLSMs. However, if the QSQH theory fails,63

the investigation results may provide new insights into the suppression of the near-wall bursting64

phenomenon.65

To control the structures in TBL, both passive and active flow control methods have proven66

useful. For example, in the passive flow control case, Kevin et al.24 used a herringbone-patterned67

riblet surface to induce large-scale motion at a fixed position on a plate in TBL. For the active flow68

control case, Tang et al.25 found that the synthetic input of a piezoelectric actuator can affect the69

amplitude modulation effects in TBL. Their further investigation indicates that the piezoelectric70

actuator can reorganize the near-wall small-scale intermittent bursting events26. Cheng et al.2771

used a plasma actuator array to create large-scale streamwise vortices (LSSVs) to stabilize the72

near-wall low-speed streak and subsequently suppress the near-wall bursting phenomenon in a73

TBL. Owing to the external energy injection, the active control approach is expected to achieve74

a more effective result in creating AVLSMs and suppressing the bursting phenomenon than the75

passive ones. Therefore, in the present study, we decided to create AVLSMs using a dielectric76

barrier discharge plasma actuator (DBD-PA) array, which is easy to fabricate and embed in the77

wall. Although the DBD-PA used in the present study is similar to that used by Cheng et al.27,78

the approach for suppressing the bursting phenomenon is different. The artificial LSSVs created79

by Cheng et al.27 have a size comparable to the near-wall low-speed streak, and therefore were80

used to directly control the near-wall bursting phenomenon. However, the AVLSMs created to81

examine the QSQH theory in the present study must have a much larger scale than the near-wall82

bursting-related structures and therefore were expected to last longer in the streamwise direction83

and affect the bursting phenomenon in a larger area.84
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II. EXPERIMENTAL APPARATUS AND CONDITIONS85

The experiment was performed in a blowout type boundary layer wind tunnel (Eiffel-type).86

The test section had a length of 2600 mm and a width of 520 mm. The TBL in the present study87

was developed on a flat plate. To reduce heat loss from the hot-wire when recording fluctuation88

velocity signal near the wall surface, the flat plate used in the experiment is a Bakelite plate with89

low thermal conductivity. The plate sized 2100 mm in length, 520 mm in width, and 8 mm in90

thickness. To avoid disrupting the flow, the tip of the flat plate was modified into a parabolic91

shape. A 1.0 mm diameter tripping wire was installed 50 mm downstream from the leading edge92

to promote the transition to turbulent flow. Throughout the present study, we use x, y, and z to refer93

to the streamwise, wall-normal, and spanwise directions, respectively. The variables normalized94

by the inner scale, i.e., kinematic viscosity ν and friction velocity uτ , are denoted by superscript +.95

Plasma actuator Hot-wire probe

x
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y

Tripping wire

30
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m
m

520 mm

50 mm 2100 mm

X1815 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 the96

present study. The DBD-PA is constructed by a dielectric sandwiched between two electrodes97

in a specific arrangement as shown in Fig.3. When a high voltage, high frequency alternating98

current (AC) power is supplied to the two electrodes of the DBD-PA, the air near the electrodes99

will be ionized and accelerated by the electric field between the electrodes, creating an ionic wind.100

The ionic wind collides with neutral particles and then generates a jet away from the exposed101

electrode28–30. The DBD-PA array module is embedded at x = 1,730 mm to x = 1,830 mm as102

shown in the schematic of test section, i.e., Fig.1. The dimensions of the DBD-PA array is shown103

in Fig.3. The quartz glass plate used as dielectric is 0.5 mm thick and its top surface is in the same104

plane with the wall of the turbulent boundary layer. Copper foil tape with a thickness of 0.07 mm105
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was used as the electrode.106
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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%. The107

measurement equipment was a hand-made hot-wire rake (Fig.4) operated by the hand-made con-108

stant temperature anemometer circuits23. The roll-off frequency of the anemometer system esti-109

mated by a sine wave test was 10 kHz. The hot-wire rake comprised nine I-type hot-wire probes110
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with 4 mm spacing which are numbered from 1 to 9 as shown in Fig.4. The viscous scaled length of111

the hot-wire was l+ = uτ l/ν = 15, and the length to diameter ratio was l/d = 200, suggesting that112

the hot-wire probe used in the present study has the ability to capture the smallest fluctuation of the113

streamwise velocity in the TBL31. To investigate the flow field modified by the DBD-PA array,114

the streamwise fluctuation velocities of 69 points ranging from y = 0.16 mm to y = 79.96 mm at115

two streamwise positions were measured by the rake. The first position in the x-direction was set116

to x = 1,855 mm (denoted by “L1”), while the second position in the x-direction was x = 1,895117

mm (denoted by “L2”), so that the distance between the rake and the downstream edge of the upper118

electrodes of the DBD-PA was approximately X/δ = 1 and X/δ = 2, respectively. Here, X is the119

streamwise distance between the hot-wire rake and the downstream edge of the upper electrodes of120

the DBD-PA as shown in Fig.1. δ is the boundary layer thickness. At both streamwise positions,121

the boundary layer thickness was about δ = 39.9 mm, at which wall-normal distance the mean122

streamwise velocity is 99.5% of the freestream velocity. The friction velocity was approximately123

uτ = 0.45 m/s, and the Reynolds number based on the friction velocity was Reτ = uτδ/ν = 1,170.124

At all measurement positions, the streamwise fluctuation velocities were measured in two condi-125

tions. In the one, DBD-PA was turned on (denoted by “PAON”), while in the other, DBD-PA was126

turned off (denoted by “PAOFF”). In each case, at each position, the friction velocity was estimated127

for each probe individually. The normalized data of each position in each case shown in the paper128

was normalized by uτ estimated at the same position of the same case. The measurement data were129

recorded by a 16-bit A/D converter. The sampling frequency was 20 kHz and the sampling number130

was 262,144 (about 13.1 s). The DBD-PA array was operated by a square-wave voltage signal with131

an amplitude of 6.0 kV, and a frequency of 5.0 kHz generated by a high voltage/frequency power132

supply (PSI-PG1040F, KI-tech).133
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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 measured134

by the rake at X/δ = 1 when the DBD-PA array was turned off, are shown in Fig.5 and Fig.6,135

respectively. Since similar results have been confirmed, the results measured at X/δ = 2 under136

the same condition will not be shown here. The height of each probe in wall-normal direction and137

the friction velocity were estimated by fitting the mean velocity with the Musker profile32 given138

by Eq.(1) within a range of 0 < y+ ≤ 100. Specifically, the cumulative errors between the inner-139

variables normalized mean velocity profile measured in the experiment and the Musker profile140

were calculated. The height of the probe and the friction velocity uτ were estimated by choosing141

the values with which the minimum value of cumulative errors was obtained. The constants used142

in the Musker profile were the same with Musker32, i.e., κ = 0.41 and s = 1.093×10−3. Both the143

mean velocity and the turbulent intensity measured by each probe in rake fit well with each other.144

The mean velocity profile also fits well with the one measured by Degraaff & Eaton33 in a fully145

developed turbulent boundary layer. The Reynolds number based on the momentum thickness of146

Degraaff & Eaton (Reθ = 2900) was similar to that in the present study (Reθ = 3050). This result147

suggested that the TBL at X/δ = 1 has already been fully developed. This result also indicates that148

the DBD-PA module itself has nearly no influence on the TBL. As shown in Fig.5, the near-wall149

region (y+ ≤ 40) and the logarithmic region (40 < y+ ≤ 200) was determined according to the150

mean velocity profile. The position of each probe at the nearest point to the wall is not the same,151

indicating that all the probes are not perfectly in the same plane. However, the maximum height152
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difference between probes in the wall-normal direction is only 0.15 mm, which is about 0.37% of153

the boundary layer thickness. Therefore, when the experimental results are discussed on a δ scale,154

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

dU+

dy+
=

(y+)2

κ + 1
s

(y+)3 + (y+)2

κ + 1
s

(1)
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FIG. 5. The mean streamwise velocity profile measured at X/δ = 1 when the DBD-PA was turned off.
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III. CHARACTERISTICS OF ARTIFICIAL VLSMS (AVLSMS)156

The distribution of the difference between the low-pass filtered instantaneous velocity when157

the DBD-PA array was turned on and the mean velocity when it was turned off, as measured by158

the rake at different heights, are shown in Fig.7 and Fig.8 for the results of X/δ = 1 and X/δ =159

2, respectively. The cutoff frequency was fcuto f f = 2δ/UPAOFF , where δ is the boundary layer160

thickness, and UPAOFF was the mean velocity measured when the DBD-PA was turned off. For161

both streamwise positions, there is a low-speed region that exists for a long time in the middle of162

the rake, flanked by high-speed regions on both sides. The normalized duration time (T+
AVLSMs =163

TAV LSMsU∞/δ ) of these low- and high-speed regions using the freestream velocityU∞ and boundary164

layer thickness δ is greater than 10, i.e., T+
AVLSMs > 10. As the measurement height increased, these165

nAVLSMs gradually exhibited meandering characteristics and were occasionally interrupted by166

pAVLSMs. The meandering of the AVLSMs at a higher position may be attributed to the spanwise167

velocity components of the counter-rotating streamwise vortices generated by the DBD-PA arrays,168

as shown in Fig.10, which will be explained later. Moreover, at X/δ = 1, the nAVLSMs (i.e., the169

blue regions) were more concentrated at the center of the rake at y/δ = 0.01 than at X/δ = 2.170

This result suggests that the AVLSMs in the near-wall regions became weaker as the streamwise171

distance increased.172
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To calculate the averaged width in the spanwise direction of these AVLSMs, the AVLSMs were173

recognized by choosing the regions where |(u− ŪPAOFF)L| > KU∞. Here, KU∞ is the threshold174

value. In the present study, three different threshold values, i.e., 0.001U∞, 0.005U∞ and 0.01U∞,175

were used. An example of the recognized AVLSMs is the regions framed by solid lines shown in176

Fig.7 and Fig.8. The averaged width in the z direction of these AVLSMs calculated using the three177

different threshold values are shown in Fig.9(a) and (b) for the results of X/δ = 1 and X/δ = 2,178

respectively. Although the averaged width profile of AVLSMs changes with the selected threshold179

value, the tendency of these profiles is consistent for each structure when measured at the same180

streamwise position. For the positive structures, its width reaches to the maximum at y/δ = 0.02181

for the X/δ = 1 case and y/δ = 0.03 for the X/δ = 2 case, respectively. Beyond this position, its182

width gradually decreases with the increasing of wall-normal distance until y/δ = 0.11 forX/δ = 1183

case and y/δ = 0.13 for X/δ = 2 case, respectively. For the negative structures, its width decreases184

rapidly and then reaches the minimum at y/δ = 0.02 for the X/δ = 1 case and y/δ = 0.03 for the185

X/δ = 2 case, respectively. Beyond this position, the width of nAVLSMs gradually increases186

with the increasing of wall-normal distance until y/δ = 0.11 for X/δ = 1 case and y/δ = 0.13187

for X/δ = 2 case, respectively. To compare with the results of natural ones, the width of VLSMs188

measured at five different heights in logarithmic region by Chen et al.23 was also plotted in Fig.9189

(a) and (b). Although the threshold value to detect the AVLSMs adopted in the present study is190

different from that to detect the VLSMs in Chen et al.23, the width of nAVLSMs is significantly191

higher than natural nVLSMs, while the width of pAVLSMs is similar to the natural pVLSMs.192

To investigate the characteristics of the AVLSMs in more detail, the mean velocity difference193

profiles between the cases when the DBD-PA was turned on and turned off measured at the two194

streamwise positions are shown in Fig.10. The right graph is symmetry around the z/δ = 0 axis,195

while the left one seems to be symmetry around the z/δ = −0.05 axis. This difference might be196

caused by the misalignment between the center of the plasma actuator array and the hot-wire rake197

when measured at X/δ = 1. However, since the width of the hot-wire rake (32 mm) is larger198

than the width of one period of the plasma actuator array (25 mm) in the spanwise direction, the199

misalignment does not affect our investigation of the characteristics of AVLSMs and their effects on200

the bursting phenomena in one spanwise period. In both streamwise positions, it can be confirmed201

that the low-speed region flanked on the two sides by the high-speed region can reach a height202

of approximately 0.3δ . This result indicates that the jets generated by the DBD-PA array formed203

large-scale streamwise vortices. In other words, in the region where the velocity direction of these204
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artificial vortices was upward, the low-speed fluid near the wall was blown up and formed the low-205

speed region. In contrast, in the region where the velocity direction of these artificial vortices was206

downward, the high-speed fluid from the outer layer was transported near the wall, thus forming207

the high-speed region. Compared to the case on the left in Fig.10, the magnitude of the high-208

speed and low-speed regions in the right one weakened. This result indicates that the artificial209

large-scale vortices weakened when they were transported downstream. Additionally, as the height210

increased, the width of the low-speed region first contracted and then slowly increased until y/δ =211

0.3. The opposite is true for the high-speed regions. Interestingly, this change is not consistent212

with the change of width of the extracted nAVLSMs as shown in Fig.9. This incoincidence could213

be caused by the meandering of AVLSMs at the higher position as shown in Fig.7 and Fig.8.214

Although the flow field is statistically symmetric, the spanwise velocity components of the artificial215

large-scale streamwise vortices are not always symmetric because the flow field is turbulent. The216

spanwise fluctuation velocity can drive the AVLSMs to meander and therefore enhance the mixing217

of the lifted low-momentum fluid with the induced high-momentum external fluid. Therefore, the218

wide low-speed region at the higher position shown in Fig.10 does not represent the position of219

nAVLSMs but could be the result of the averaging of nAVLSMs and pAVLSMs.220
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FIG. 11. The turbulent intensity difference profile: (a) measured at X/δ = 1; (b) measured at X/δ = 2. ×:
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IV. EFFECT OF AVLSMS ON TURBULENT INTENSITY221

The turbulent intensity difference profiles between the cases when the DBD-PA was turned222

on and turned off, measured at the two streamwise positions, are shown in Fig.11. Note that the223

near-wall and logarithmic regions, separated by dotted lines in Fig.11, were estimated when the224

DBD-PA was turned off as shown in Fig.5 in section II. By comparing these results with the mean225

velocity difference profiles shown in Fig.10, it can be found that turbulent intensity does not change226

significantly in the low-speed regions at the range of y/δ ≤ 0.05 for X/δ = 1 and y/δ ≤ 0.1 for227

X/δ = 2; however, it increases at the higher positions, i.e., the red regions in Fig.11. In high-speed228
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regions, the turbulence intensity decreases significantly. Similar results were observed by Yao229

et al.34 and Cheng et al.27. The change in turbulent intensity in the present case was completely230

different from that in the natural LSMs or VLSMs case. In the near-wall region in the natural TBL,231

the turbulent intensity increases under high-speed large-scale structures but decreases under low-232

speed structures owing to the modulation effect of LSMs and VLSMs. In the logarithmic region of233

a natural TBL, the turbulent intensity does not change significantly inside large-scale structures but234

increases or decreases at the backsides of low-speed/high-speed large-scale structures, owing to the235

enhancement of hairpin vortices35. In the present case, the change in the turbulent intensity in the236

near-wall and logarithmic regions can be explained as follows. The near-wall high-turbulent fluid237

flow is lifted up by the counter-rotating artificial large-scale streamwise vortices, and low-speed238

regions are formed, whereas the flow with low turbulence from the outer region is transported into239

the near-wall region by the artificial vortices, and high-speed regions are formed.240

Additionally, it was observed that the positions of both the maximum (represented by ×) and241

minimum values (represented byS) in the turbulent intensity difference profile measured at X/δ =242

2 (Fig.11 (b)) are higher than those measured at X/δ = 1 (Fig.11 (a)). This result indicates that the243

overall position of the large-scale artificial vortex generated by the DBD-PA array moves upward244

with an increase in the streamwise distance from the DBD-PA array. Furthermore, compared to245

Fig.11 (a), the magnitude of the maximum and minimum values in Fig.11 (b) decreased, suggest-246

ing that the large-scale artificial vortex weakens with the increasing streamwise distance from the247

DBD-PA array.248

Further investigation of the effect of AVLSMs on the fluctuation energy of turbulence was249

performed by calculating the pre-multiplied power spectrum of the streamwise fluctuation velocity250

measured by the rake. The results for the natural TBL case measured at X/δ = 1 are shown in251

Fig.12. The result measured at X/δ = 2 when the DBD-PA was turned off was confirmed to be252

similar and is therefore not shown here. The inner energetic peak, which is due to the near-wall253

cycle of low-speed streaks and QSVs, can be clearly identified, whereas the outer peak is absent254

because of the insufficient Reynolds number6. Nevertheless, this does not mean that VLSMs did255

not exist in the present study. The elongated low- and high-speed regions that are longer than256

3δ in the streamwise direction can be easily observed from the fluctuation velocity distributions257

measured in the logarithmic region, as shown in Fig. 10 in our previous study23.258
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The pre-multiplied power spectra of the two spanwise positions measured at X/δ = 1 and259

X/δ = 2 by the rake when the DBD-PA array was turned on are shown in Fig.13. The inner peaks260

are denoted by black stars, while the outer peaks are denoted by red stars. To compare with the261

natural TBL case, the inner peak of the natural TBL case is also plotted in Fig.13, which is denoted262

by the white stars. It can be found that the wall-normal position of the inner peak when DBD-PA263

was turned on does not change significantly when measured at X/δ = 1, while it becomes higher264

when measured at X/δ = 2. This result suggests that the structures related to the near-wall cycle265

have been transported to a higher position together with the AVLSMs at X/δ = 2. In addition, the266

wavelength of the inner peak becomes smaller significantly when measured at z/δ = 0, suggesting267

that the streamwise length of the structures related to the near-wall cycle becomes shorter under268

nAVLSMs. Moreover, the fluctuation energy in the near-wall region in the nAVLSMs, i.e., the269

z/δ = 0 in Fig.13, does not change significantly. However, in pAVLSMs, i.e., at z/δ = 0.4, the270

fluctuation energy in the near-wall region was substantially suppressed at X/δ = 1 but returned to271

a high level at X/δ = 2. This can be explained as follows: At X/δ = 1, the high-speed fluid flow272

transported from the outer region is at a low-turbulent level, which caused a partial laminarization273

of the boundary layer. And the boundary layer was developing into a turbulent state downstream274
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of X/δ = 1. Therefore, the fluctuation energy in the near-wall region at X/δ = 2 reached a high275

level. Moreover, the outer energetic peak (denoted by the red star in Fig.13) with a wavelength of276

λx/δ ≈ 2 appeared in the logarithmic region in all the four cases, and the fluctuation energy of the277

outer peaks in Fig.13 (a) and (c) are significantly larger than that of Fig.13 (b) and (d), respectively.278

These outer peaks might have been caused by the AVLSMs, and the enhanced magnitude of the279

Fig.13 (a) and (c) cases was considered to be caused by the lifted near-wall low-speed streaks and280

QSVs. The reasons for this are discussed in the next section.281
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V. EFFECT OF AVLSMS ON BURSTING PHENOMENON282

To investigate the effect of AVLSMs on the near-wall bursting phenomenon, the bursting fre-283

quency in the near-wall region under different conditions was calculated using the variable interval284

time averaging (VITA) technique. Both the QSV and hairpin vortex can alter the VITA events in285

the near-wall and logarithmic regions in a natural TBL, respectively,36–38. To distinguish their ef-286

fects, the term “bursting” only refers to the VITA event caused by QSV, whereas the term “VITA287

event” refers to the one caused by QSV or hairpin vortex in the present study. The VITA technique288

adopted in the present study was the same as that described by Chen et al.23, in which the nor-289

malized time-window is T+ = Tu2
τ/ν = 20 and the detection threshold value is 1.0u2

rms. It should290

be noted that the VITA event detection threshold value used in the cases in which the DBD-PA291

was turned on is the same as that in the case in which it was turned off, so that the detected VITA292

events would have the same level of strength. As a result, the occurrence frequency difference293

profiles of the VITA events measured at the two streamwise positions between the cases when the294

DBD-PA was turned off and turned on are shown in Fig.14. It can be seen that the VITA event fre-295

quency increased/decreased in the regions where the mean velocity decreased/increased as shown296

in Fig.10. This is consistent with the changes in the turbulent intensity, as shown in Fig.11, sug-297

gesting that the enhanced outer peak appearing in the pre-multiplied power spectra in Fig.13 (a)298

and (c) is highly related to these increased VITA events. Although the VITA frequency was not cal-299

culated by Cheng et al.27, the strength of the VITA events in the near-wall region was observed to300

be impaired when the turbulent intensity decreased but was enhanced when the turbulent intensity301

increased. Therefore, the present results are consistent with those reported by Cheng et al.27.302
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To investigate the structures related to these increasedVITA events inmore detail, the ensemble-303

averaged fluctuation velocity distributions when VITA events were detected by the center probe304

of the rake in three cases (L1_PAOFF, L1_PAON, L2_PAON) were calculated and are shown in305

Fig.15. For all these cases, the symmetrical “Y-shape” high-speed region could be confirmed,306

except for the one measured at X/δ = 1 and y/δ = 0.01 when the DBD-PA was turned on, i.e., the307

L1_PAON case, which was considered to be caused by the insufficient spanwise resolution of the308

rake. The distance between the two branches of the “Y-shaped” pattern increased with the distance309

from the wall, suggesting that the size of the structures related to the detected VITA events also310

increased with the wall-normal distance. Although the patterns near the walls, i.e., the cases of311

y/δ ≤ 0.05 in Fig.15, are similar to those at higher positions, i.e., the cases of 0.10 ≤ y/δ ≤ 0.21312

in Fig.15, the vortices causing them are different. The near-wall VITA events, i.e., the bursting313

caused by the QSVs, have stronger ejection and sweep than those caused by hairpin vortices at a314

higher position. In a natural TBL, it is known that the near-wall bursting frequency is significantly315

higher than the VITA frequency in the logarithmic region (50 Hz vs. 30 Hz ) and can be scaled with316

local inner variables, as described by Chen et al.23. Moreover, the distance between the high-speed317

regions, i.e., the branches, in the L1_PAON case, seems to be narrower than that of the L1_PAOFF318

ones in the range of 0.05 ≤ y/δ ≤ 0.15. The smaller size of the “Y-shape” pattern could be the319

result of a smaller structure lifted from the near-wall region. However, the size of the “Y-shape”320

high-speed region in case of L2_PAON does not change significantly when compared to the case321

of L1_PAOFF. These results support the statement in Section IV, i.e., the outer peak appearing322

in the pre-multiplied power spectra shown in Fig.13 (a) and (c) was enhanced by the lifted near-323

wall low-speed streaks and QSVs. We suppose that as these lifted QSVs move downstream, they324

rapidly deform and develop into large hairpin vortices.325
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As discussed by Chen et al.23, in natural TBL, the near-wall bursting frequency is a constant326

when normalized by the local friction velocity, as suggested by the QSQH theory. The same pro-327

cedure was performed to verify whether the QSQH theory still holds for artificial large-scale struc-328

tures. In the procedure, VITA events of each position were re-detected by VITA technique, in329

which the friction velocity and the R.M.S value measured at the same position were used to calcu-330

late the time-window and the detection threshold values. The friction velocity when the DBD-PA331

was turned on was estimated by fitting the mean velocity profile with a Musker profile in the range332

of 0 < y+ ≤ 10 as shown in Fig.16 (a) and (b) for the results measured at X/δ = 1 and X/δ = 2,333

respectively. For both cases, the mean velocity profile also fits well with the linear sublayer pro-334

file, i.e.,U+ = y+, in the range of 0 < y+ < 7 as shown in the zoomed graph in Fig.16. This result335

suggests that the friction velocity was accurately estimated. The spanwise profiles of the friction336

velocity in four cases (L1_PAOFF, L1_PAON, L2_PAOFF, L2_PAON) are shown in Fig.17. At337

X/δ = 1, it was found that the friction velocity decreases in the low-speed region and increases338
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in the high-speed region. This tendency is the same as that observed in the natural TBL. How-339

ever, at X/δ = 2, the friction velocity does not change significantly in the high-speed regions,340

but decreases in the low-speed regions. Therefore, although the near-wall bursting phenomenon341

was suppressed under the pAVLSMs at X/δ = 1 as previously mentioned, the skin friction under342

the pAVLSMs at X/δ = 1 appeared to increase. However, the total skin friction, which was esti-343

mated by calculating the mean value of the friction velocity within a range of−0.31 ≤ z/δ ≤ 0.31344

(one period of the DBD-PA array in the spanwise direction), decreased by 0.92% at X/δ = 1 and345

4.3% at X/δ = 2. The normalized near-wall bursting frequency Fre+ = Fre ∗ ν/u2
τ (Fre: burst-346

ing frequency), measured at the two streamwise positions, is shown in Fig.18. When measured at347

X/δ = 1, the bursting frequency is not constant at any wall-normal position, even when it is very348

close to the wall. However, at X/δ = 2, the bursting frequency became constant at y/δ = 0.04349

(approximately under y+ = 50) when normalized with the inner variables. This result can be ex-350

plained as follows: As mentioned in section IV, at X/δ = 1, the pAVLSMs have transported the351

low-turbulent flow from the outer region into the near-wall region, which caused a partial lami-352

narization of the boundary layer (see Fig.13 (b)). Therefore, the normalized bursting phenomenon353

frequency in the high-speed region does not obey the predictions of the QSQH theory. However,354

at X/δ = 2, the boundary layer has been developed into a higher turbulent level close to that of355

the fully developed TBL (see Fig.13 (d) and Fig.12). Then, the normalized burst phenomenon fre-356

quency in the high-speed region follows the prediction of QSQH theory again. This result suggests357

that the QSQH theory is valid only when the TBL is sufficiently developed.358
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VI. CONCLUSION359

AVLSMs were successfully created in TBL using a DBD-PA array. In this study, the charac-360

teristics of AVLSMs were investigated. The nAVLSM flanked on two sides by pAVLSMs could361

be detected continuously for a long duration, i.e., T+
AV LSMs > 10. The nAVLSM was observed to362

meander in a higher position. The mean velocity difference between cases in which the DBD-PA363

was turned on and off suggests that the AVLSM could extend to a height of y/δ = 0.3.364

Moreover, the effect of AVLSMs on the turbulent intensity was investigated in detail. The365

turbulent intensity difference results and the pre-multiplied power spectrum results suggest that366

the turbulent intensity was suppressed in the pAVLSM, whereas it was increased in the nAVLSMs.367

This result could be explained by the fact that the pAVLSM transported the outer low-turbulent368

flow into the near-wall region, and the nAVLSM lifted the near-wall high-turbulent flow to a higher369

position.370

Further investigation indicates that the change in the VITA event frequency in AVLSMs is371

consistent with the change in turbulent intensity. However, although the near-wall bursting phe-372

nomenon was suppressed under the pAVLSMs, the friction velocity increased. Overall, the friction373

velocity decreased by 0.92% at X/δ = 1 and 4.3% at X/δ = 2. Moreover, it was found that the374

near-wall bursting frequency normalized by the local inner variables is not uniform under AVLSMs375

when the turbulence intensity in the pAVLSM shows low values. However, it became the same in376

the downstream region, where the turbulence in the pAVLSM was developed. This result suggests377

that the QSQH theory is valid only when the TBL is sufficiently developed.378
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