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A Nanosecond Surface Dielectric Barrier Discharge
Operating Under Altitude Conditions for

Aeronautics Applications
Nicolas Benard, Kossi Djidula Bayoda, Arthur Claude Aba’a Ndong, and Eric Moreau

Abstract— The objective of this paper is to investigate the1

influence of environmental conditions on a nanosecond pulsed2

dielectric barrier discharge (NP-DBD). A test chamber where3

pressure and temperature can be changed to match with real-4

istic altitude conditions has been used. Electrical and optical5

characterizations of the NP-DBD are proposed for pressure and6

temperature changes in range related to flow control applications.7

In particular, the influence of low pressure is investigated. The8

results indicate that a reduction in pressure leads to a more9

diffuse plasma layer that further extends with a reducing ambient10

pressure. The energy dissipated by the discharge increases with11

a reducing pressure. Regardless of the pressure level, the heat12

released by the NP-DBD leads to the formation of a pressure13

wave propagating at sound speed. A good correlation was found14

between the extension of the plasma layer and the planar part of15

the produced pressure wave. Similar electrical characterization16

has been conducted when the temperature is reduced, while the17

pressure is maintained at an atmospheric level. It was shown that18

temperature has the minor effect on the discharge characteristics,19

but lower is the temperature and lower is the deposited energy.20

In the final part, the influence of the altitude effect is studiedAQ:1 21

by combining pressure and temperature changes. It results that22

the pressure variation dominates the temperature influence. As a23

result, higher energy deposition is reported when the altitude is24

increased. The effect of changes in the pressure and temperature25

is interpreted as an effect of changes in the gas density. It is26

concluded that the gas density, N, is an important parameter for27

studying DBD under the altitude conditions. Indeed, quantities28

such as the plasma extent and the deposited energy scale29

with N−0.5. However, the gas density does not consider changes30

in the dielectric permittivity, which restricts the use of the gas31

density matching method to altitudes with moderate ambient32

temperature.33

Index Terms— XXXXX.AQ:2

AQ:3

AQ:4

34

I. INTRODUCTION35

PLASMA discharges for flow control have emerged as36

alternative to mechanical systems over the last decade.37

Recently, interest has arisen in the use of nanosecond pulsed38
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dielectric barrier discharges (NP-DBDs) for the manipulation 39

of turbulent flows. Originally applied to ozone generation and 40

the destruction of pollutants, these discharges also have a high 41

potential for mitigating separated flows at regimes approaching 42

realistic conditions for applications in aerodynamics [1]–[5]. 43

The current knowledge is not clear regarding the precise 44

effect of this type of discharge. Some authors suggest that 45

the control mechanism is related to the production of vortical 46

flow structures or to interactions between natural vortical 47

flow structures and a local pressure change imposed by the 48

discharge. Another possible reason for the effectiveness of 49

NP-DBDs is its capability to impose the turbulent flow regime 50

in the boundary layer developing the downstream discharge. 51

Unlike typical ac DBDs for which the electric wind is fully 52

responsible for the control mechanism, the NP-DBDs do 53

not produce electric wind [6]. Instead, the rapid ionization 54

of the NP-DBDs enables rapid gas heating adjacent to the 55

surface, where the plasma layer forms [7]. This gas heating 56

causes a pressure wave to emanate from the discharge region. 57

The pressure wave is initially supersonic but rapidly slows 58

to become an aeroacoustic wave. Roupassov et al. [1] first 59

used NP-DBDs for flow application purposes and studied the 60

generation of pressure waves. Since then, several groups have 61

observed pressure waves from volume [8]–[10] and surface 62

discharges [11]–[13]. 63

The use of plasma discharges for flow control is studied 64

here for practical applications in civil and military aircraft or 65

microaerial vehicles. In this context, they must reliably operate 66

over a wide range of environmental conditions, including 67

variable temperature, pressure, humidity, dustiness, and so on. 68

Among these parameters, the pressure has been documented 69

in several papers as having the strongest effect on discharge 70

properties. For instance, a recent numerical simulation of 71

NP-DBD has shown the impact of the near space conditions 72

(pressure of about 50 mbar and temperature of 216 K) on 73

the development of such a discharge [14]. In this paper, the 74

diffuse character of the discharge, the reduction in breakdown 75

voltage, the increase in ion number density, and finally, the 76

reduction in the induced pressure gradient have been clearly 77

revealed. The main conclusion is that the near space conditions 78

leads to energy deposition over a large domain. The result 79

of nonlocalized energy deposition, and then, a heat release 80

distributed over a large surface is a reduction of the pressure 81

wave signature. The influence of pressure has also been 82

investigated in [15] for surface DBD actuators. The influence 83
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Fig. 1. Schematic of the electrode assembly of the plasma actuator.

Fig. 2. Schematic of the setup for electrical measurements of the discharge.

of voltage amplitude and frequency has been detailed using84

ICCD imaging integrated in time. Relevant scaling laws forAQ:5 85

the plasma layer length, the plasma layer thickness, and the86

ionization front propagation speed have been defined. For theAQ:6 87

authors, all these quantities scale with P1/2 for a pressure88

range from 1300 down to 13 mbar.89

Here, surface plasma actuators excited by repetitive90

nanosecond high-voltage pulses are experimentally investi-91

gated as a function of ambient pressure (1020–265 mbar),92

temperature (+20 °C down to −50 °C), or altitude conditions93

(0–10000 m). Both the electrical characterization and the94

optical visualization of the discharge are performed in most of95

the cases, and some complimentary optical visualizations of96

the induced pressure wave are conducted for varying pressure97

condition.98

II. EXPERIMENTAL SETUP99

As shown in Fig. 1, the plasma actuator consists of a single100

DBD mounted on a flat support plate of PMMA (25 mm thick).101

The electrodes are thin aluminum foils with a thickness of102

about 80 μm and a span of 100 mm. These electrodes are103

asymmetrically adhered onto the dielectric layer with a lateral104

spacing of 1 mm. This dielectric is composed of three layers of105

polyimide film stuck together with a total thickness of 180 μm.106

The air-exposed and grounded electrodes are 15 and 44 mm107

width, respectively. The grounded electrode is encapsulated in108

epoxy resin to prevent plasma formation on the ground side.109

The rear and lateral edges of the active electrode are also110

encapsulated to avoid parasitic discharges, especially at low111

pressure.112

Fig. 2 shows the setup for electrical measurements.113

High-voltage pulses up to ±10 kV in amplitude are produced114

Fig. 3. Image of the altitude chamber, the high-voltage generator, and the
intensified CCD camera used for the visualization of the discharge.

by a commercial generator (DEI PVX-4110) powered by a 115

dc power supply (Matsuda, 10P30, 30 mA). The 10%–90% 116

rise time is 70 ns, the duration of maximum voltage is 160 ns, 117

and the fall time is 60 ns. The pulses are triggered by a delay 118

generator (Stanford model DG645). Here, the voltage ampli- 119

tude is maintained at 10 kV, and pulses are repetitively applied 120

at 10 up to 300 Hz. The measurements presented in this 121

paper concern the 100th pulse applied after switching ON high 122

voltage for each experiment. The current is measured using a 123

passive probe with 400-MHz bandwidth (Bergoz CT-D1.0), 124

and the voltage is measured using a high-voltage passive 125

probe with a bandwidth of 100 MHz and an attenuation ratio 126

of 1000:1 (Lecroy PPE20). 127

As shown in Fig. 3, a dedicated chamber 128

(Sapratin FCH 350) adjustable both in pressure and 129

temperature is used to reproduce the altitude conditions, as 130

shown in Table I. Its volume is 350 l (790 × 690 × 650 cm3, 131

for depth, width, and height, respectively). This chamber 132

can reach temperatures from −50 °C to +120 °C, and the 133

pressure can be varied from about 1 down to 0.01 bar. As a 134

result, altitudes from the ground level up to approximately 135

10 000 m can be reproduced by simultaneously varying 136

pressure and temperature according to Table I. 137

Optical visualization of the discharge is performed using 138

an intensified CCD camera (Princeton, Pi-Max1 Gen2) with 139

1024×1024 pixel2 matrix equipped with a 105-mm macrolens. 140

Optical measurements of the pressure wave caused by the local 141

heat release are obtained by a pulsed shadowgraph system that 142

measures the spatial variation of the refractive index via the 143

deflection of light passing through the fluid adjacent to the top 144

electrode. The intensity of light is proportional to the second 145

derivative of the index of refraction. A single head argon-ion 146

laser source (Spectra-Physics 2016, 514 nm) is pulsed by a 147

high-speed shutter gated at 10 kHz. A system of two lenses of 148

1000 and 600-mm focal length has been used (Fig. 4). Images 149

are collected by an ICCD camera (Pi-Max1) operated with the 150

exposure time of 30 ns. A pulse delay generator (SRS DG645) 151

is used to synchronize measurements with the trigger signal 152

for generating the discharge. 153
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Fig. 4. Photograph of the experimental setup for shadowgraphy images.

TABLE I

PRESSURE AND TEMPERATURE SETTINGS USED TO ACHIEVE
DIFFERENT ALTITUDE CONDITIONS

III. EXPERIMENTAL RESULTS154

In this section, we present the experimental results of both155

discharge and flow characterizations. Our results on discharge156

characterization are organized into three sections according to157

the variable of interest, namely, the pressure, temperature, and158

altitude. This is followed by a discussion on induced pressure159

wave characterization as a function of pressure only, because160

the shadowgraph system cannot be easily accommodated with161

the altitude test chamber.162

A. Effect of Pressure on the Discharge163

Characteristics of NP-DBDs164

First, we discuss how the electrical characteristics of the165

discharge are affected by varying the pressure from 1020 down166

to 265 mbar with the temperature fixed at 20 °C. Fig. 5 (left) 167

shows the applied voltage and total current waveforms 168

at 1020 and 265 mbar. Note that the total current here is 169

the sum of the capacitive current and the discharge current. 170

The current amplitude increases from 1.1 A/cm at 1020 mbar 171

to 2.3 A/cm at 265 mbar for the current pulse produced during 172

the rise time of the applied voltage. For the current pulse 173

corresponding to the fall time of the applied voltage, the 174

current amplitude increases from −0.7 A/cm at 1020 mbar 175

to −1.5 A/cm at 265 mbar. Like the current amplitude, the time 176

of the formation of the air ionization changes with pressure, 177

because the breakdown voltage decreases with decreasing 178

ambient pressure [14], [16]. We observe a delay in the ignition 179

of the discharge equals to −15 ns when the pressure decreases 180

from 1020 to 265 mbar due to the influence of pressure on 181

the breakdown voltage (5.6 and 4.1 kV at 1020 and 265 mbar, 182

respectively). As expected, the applied voltage maintains the 183

same amplitude at all pressures, but it can be observed that 184

its shape becomes distorted at 265 mbar from its nearly ideal 185

trapezoidal profile at 1020 mbar. This could be caused by the 186

plasma-induced reactance that can alter the discharge circuit. 187

Fig. 5 (right) shows the power (per-unit length) obtained by 188

multiplying the current and the voltage, as well as the energy 189

obtained by integrating the power in time. The power during 190

the pulse rise time reaches peak values of 11 and 18 kW/cm 191

at 1020 and 265 mbar, respectively. During the fall time of 192

the pulse, the power is much lower, reaching peak values of 193

only 0.1 and 0.15 kW/cm at 1020 and 265 mbar, respectively. 194

The strength of the pressure wave signature is directly 195

correlated with the discharge energy [7], [12]–[14], this giving 196

motivation for inspecting the changes in the deposited energy. 197

The energy versus time increases up to a maximum value 198

before decreasing to a steady value after the capacitive energy 199

stored in the electrodes has been released during the fall 200

time of the pulse. The final value of the energy increases 201

with decreasing pressure (or increasing air density), as shown 202

in Fig. 6. In this plot, the results for different pulse fre- 203

quencies are compiled. By reducing the ambient pressure, an 204

increase in the deposited energy is observed. Initially, having 205

a nominal value of 0.47 mJ/cm at 1020 mbar (in agreement 206

with [12] and [13]), the rise in deposited energy reaches up 207
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Fig. 5. Measured voltage and current (left) and power per-unit length and energy per-unit length (right) as a function of time at a fixed temperature of 20 °C
and two different pressures (pulse frequency of 10 Hz).

Fig. 6. Measured energy per-unit length as a function of pressure and air density at a fixed temperature of 20 °C.

to 1.16 mJ/cm at 265 mbar. This increase in energy was208

expected according to the results proposed in [14], and it can209

be attributed to a reduced breakdown voltage, an increased210

in charged species mobility, and a higher ion and electron211

kinetic energies at low pressure. At a given applied voltage,212

the frequency has almost no influence on the deposited energy213

in agreement with [15]. As a result, the effect of frequency214

will not be considered later in this paper.215

The dependence of the deposited energy on the pressure216

over the investigated range can be defined as U ∼ P−0.5
217

(where U is the deposited energy and P is the pressure), as218

proposed in [15]. Another scaling law can be defined in terms219

of the gas density rather than the ambient pressure. Initially,220

as proposed in [17], the influence of pressure and temperature221

on an ac DBD actually simply reflects the changes in gas222

density in terms of plasma behavior. Here, for instance, the223

changes in the pressure level produce a reduction in the air224

density of −0.75ρ0. For the present gas density range and in225

agreement with the pressure scaling law defined in [15], the226

empirical relationship U ∼ N−0.5 is accurate (with N , the gas227

density).228

Next, we discuss how pressure affects the propagation229

of the discharge. Fig. 7 shows images for two different230

exposure time intervals that separately show the discharges231

generated during the rise time [Fig. 7 (phase A)] and the fall232

time [Fig. 7 (phase B)] of the voltage pulse, for discharges233

generated at different pressures. During the rise time, the 234

discharge filaments are generally more diffuse in character 235

and more densely spaced along the electrode edge than during 236

the fall time. As the pressure decreases, the discharge extends 237

further during both the rise and fall times due to the increase 238

in mean-free path of electrons. In addition, the discharge 239

length is greater during the fall time at 1020 mbar, but at 240

265 mbar, there is no more difference in the discharge length 241

between the two intervals. 242

Single-shot images acquired at a finer time resolution (5 ns) 243

have been used to determine the speed of discharge prop- 244

agation along the surface, as shown in Fig. 8. During the 245

rise time, we measure the distance traveled by the discharge 246

front from times t1 to t2 and then from t2 to t3. We then 247

average the two displacements when calculating the speed. 248

The same procedure is used to determine the speed during the 249

fall time using images obtained at times t4, t5, and t6. For 250

both the rise and fall times, the speed of propagation does not 251

vary with pressure to within experimental error. The measured 252

speed is ∼0.15 ± 0.10 mm/ns. A similar experiment has been 253

conducted in [15]. They report a large dependence of the speed 254

of ionization front propagation with the ambient pressure 255

which is measured to be 0.5–0.7 mm/ns for atmospheric 256

pressure level and increases up to 4 mm/ns at low pressure 257

(13 mbar). Here, the investigated pressure range is probably 258

too small to cause a significant change in ionization speed. 259
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Fig. 7. Exposure time intervals (200 ns) of the intensified CCD camera for single-shot imaging of the discharge during the rise and fall times of the pulse,
marked phases A and B (top), and the corresponding top-view images at different pressures (bottom).

Fig. 8. Times at which single-shot images were acquired using 5-ns exposure times during the rise and fall times of the applied voltage (left) used to
calculate the average propagation speed of the discharge during the rise and fall times of the pulse as a function of pressure (right).

B. Effect of Temperature on the Discharge260

Characteristics of NP-DBDs261

Here, we discuss how the electrical characteristics of the

AQ:7

262

discharge are affected by varying the temperature over the263

range 20 °C to −50 °C with the pressure fixed at 1020 mbar.264

Fig. 9 (left) shows the current and voltage waveforms obtained265

at 20 °C and −50 °C. There is almost no change in the 266

amplitude of the current with temperature, but the time of 267

ignition of the current pulse during the rise time of applied 268

voltage appears to be affected. At 20 °C, the current begins 269

to increase above 0 at a time t = 55 ns, whereas at −50 °C, 270

the current does not increase until 65 ns. This corroborates 271
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Fig. 9. Measured voltage and current (left) and power and energy (right) as a function of time at a fixed pressure of 1020 mbar and two different temperatures.

Fig. 10. Dissipated energy per pulse at various temperatures and the corresponding air density (1020 mbar). Values averaged over 100 pulses.

Fig. 11. Measured voltage and current (left) and power and energy (right) as a function of time at altitudes of 0 and 10 km corresponding to temperature
and pressures, as shown in Table I.

with an increase in the breakdown voltage at low temperature.272

However, the negative current peaks form at the same time273

regardless of the ambient temperature.274

Fig. 10 shows how the discharge energy changes with275

the gas temperature and air density. In general, the energy276

decreases with the gas temperature, this for the three investi-277

gated frequencies. The changes in energy primarily result from278

the delay observed for the positive current peak. The increase279

in gas density (+0.3ρ0) promotes reduced mean-free path of280

charged species. It results lower ion density and a limited281

extension of the discharge traduces here by a reduction in the282

deposited energy. If the gas density is considered instead of 283

the temperature, we find that the same empirical relationship 284

U ∼ N−0.5 found for pressure in Fig. 6 also applies here. 285

C. Effect of Altitude on the Discharge 286

Characteristics of NP-DBDs 287

In this section, the influence of the altitude (combined 288

effects of pressure and temperature) is investigated. Fig. 11 289

shows the current and voltage waveforms for the altitudes 290

of 0 and 10 km. The global behavior of the discharge current 291
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Fig. 12. Dissipated energy by the discharge at various altitude conditions and corresponding air density.

is not strongly modified by the altitude, but a significant292

increase in the amplitude of both current peaks is observed.293

The effect of altitude is a mixture of the effects of pressure and294

temperature. Like the effect of pressure alone shown in Fig. 5,295

there is a relatively large increase in current amplitude, and the296

ignition time of the negative current pulse remains unaltered297

by altitude. However, like the effect of temperature shown298

in Fig. 9, the ignition time of the positive current pulse is299

greater at higher altitude suggesting an increased breakdown300

voltage with altitude. This was not expected as the change301

in altitude from 0 to 10 km primarily corresponds to air302

density reduction mainly caused by the change in pressure.303

Furthermore, past measurements in altitude conditions for304

ac DBD have shown the domination of pressure on temper-305

ature when the altitude increases [16]. Here, the data may306

deviate from expected results due to the freezing of water307

vapor, but the power generator may also be incriminated.308

Indeed, the voltage curves at 10 km shows strong oscillations309

when the discharge probably develops due to limitation in the310

capacity of the generator. Fig. 12 shows the effect of altitude311

and resulting air density on the discharge energy. Like with312

pressure, a scaling law based on the air density can be defined.313

The deposited energy scales with ∼N−0.5 when the altitude314

is changed.315

Fig. 13 shows the influence of altitude on the deposited316

energy along with the energy curves in Figs. 6 and 10 (effects317

of pressure and temperature, respectively). A comparison of318

the three curves shows that the effect of altitude on discharge319

energy reflects the changes in gas density. Since the pressure320

changes over a wider range than the temperature with altitude321

(i.e., leading to larger changes in air density due to the pressure322

than due to the temperature), the energy curves as a function323

of the pressure and altitude are much closer to each other324

than that as a function of temperature. Overall, the difference325

in energy between the energy curves as a function of pressure326

and altitude differs by 18 ± 8%. It is clear that the increase327

in altitude enhances the energy injected by the NP-DBD.328

If one considers that a significant part of the injected329

energy contributes to the local heat deposition, the present330

results suggest that NP-DBD may have a better effectiveness331

Fig. 13. Dissipated energy as a function of altitude. The energy curves in
Figs. 6 and 10 are also shown for comparison.

in realistic flight conditions or sonic flows. However, as 332

numerically demonstrated in [14], the deposited energy at 333

high altitude increases due to a wider and longer plasma 334

region, while the height of the plasma layer is also enlarged 335

at low pressure [15]. These increases positively influence the 336

deposited energy, but the resulting pressure wave is not neces- 337

sarily reinforced, as the energy deposition is no more localized 338

in a confined region, and a diffuse heat release is promoted 339

instead of a localized one as observed at the ground level. 340

Like for the pressure, an energy scaling law based on the 341

air density can be defined. All results obtained for pressure, 342

temperature, and altitude are compiled into a single plot 343

by considering the gas density (Fig. 14). Again, the 344

deposited energy matches pretty well with the gas density as 345

U ∼ N−0.5. This corroborates with the study in [17] AQ:8346

(conducted for ac DBD) which suggest that the gas density 347

is the only parameter governing the physics of the discharge. 348

However, as shown in Fig. 14 (zoomed-in view), the results 349
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Fig. 14. Compilation of all results plotted according to the air gas density by large (left) and zoomed-in (right) views.

Fig. 15. Top-view images at different altitudes for the same exposure time intervals, as shown in Fig. 7 (200 ns).

Fig. 16. Discharge extent from the edge of the powered electrode as a function of pressure at a fixed temperature of 20 °C as well as altitude.

deviate from the scaling law U ∼ N−0.5 at a high gas density,350

where temperature is negative. It is assumed that this deviation351

originates from the temperature of the dielectric. Indeed, in352

addition to the surrounding gas, a change of temperature also353

influences the permittivity of the dielectric barrier. When354

the dielectric barrier is at low temperature, its permittivity is355

reduced leading to a reduction in the dissipated energy, as356

shown in Fig. 14. It can be concluded that the gas density is 357

a relevant parameter to mimic altitude; however, the influence 358

of temperature on the dielectric is not considered and then 359

this approach is no more valid at low ambient temperature. 360

Next, we discuss how altitude affects discharge propagation. 361

Fig. 15 shows the images of the discharges generated during 362

the rise and fall times of the pulse for different altitudes using 363
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Fig. 17. (a) Voltage and current for an NS-DBD generated by an FID pulse generator. (b) Comparison of the deposited energy for two different pulse
generators.

Fig. 18. Shadowgraphy images of the pressure wave generated by discharges excited using the FID generator at different pressures.

the same exposure time intervals, as shown in Fig. 7. Again,364

during the rise time, the discharge filaments are generally365

more diffuse in character and more densely spaced along366

the electrode edge than during the fall time. As the altitude367

increases, the discharge extends further during both the rise368

and fall times. Comparison with Fig. 7 shows that the dis-369

charge length at a given altitude is about the same as that for370

the corresponding pressure (see Table I).371

Fig. 16 summarizes how the discharge length varies as372

a function of both pressure and altitude. At altitudes from373

0 to 10 km, the variation of discharge length with altitude374

is very consistent with the effect of pressure, as it was also375

verified for the deposited energy (Fig. 13). If we consider376

gas density rather than pressure, the discharge length d thus377

varies as d ∼ N−0.5 and the same power law as the energy378

dependence on gas density, as discussed previously and also379

the same dependence reported in [15] for pressure variation.380

In Section IV, we discuss how the pressure affectsAQ:9 381

shadowgraphy imaging of the flow field, particularly the382

generation of pressure waves by the discharge. We currently 383

only have shadowgraphy images of pressure waves generated 384

by NP-DBDs using a different high-voltage pulse generator 385

(FID model FPG 40-30NK) than that used for obtaining the 386

previous experimental results. The FID generator produces 387

pulses of 10-ns rise and fall times (see Fig. 17): voltage and 388

current for an NS-DBD generated by an FID pulse generator 389

and comparison of the deposited energy for two different 390

pulse generators. Our purpose here is not to discuss the 391

details of the electrical characteristics of NP-DBDs generated 392

by the FID generator, but rather investigate the change in 393

the pressure wave as a function of the ambient pressure, as 394

shown in Fig. 18. Furthermore, the variation of pressure wave 395

behavior with ambient pressure presented in this section can be 396

considered together with the electrical characteristics studied 397

in the previous sections. Although the experiments were AQ:10398

performed using two different high-voltage pulse generators, 399

both generators produce a plasma discharge, whose energy 400

deposition is similar [Fig. 17(b)]. Furthermore, the pressure 401
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Fig. 19. Propagation speed of the pressure wave for different pressure levels.

Fig. 20. Plasma layer extension and length of the planar part of the pressure
wave at different pressure levels.

dependence is expected to be almost the same in both402

the cases, because the discharge energy follows the same403

empirical relationship with gas density, U ∼ N−0.5, whatever404

the generator used and the variation of the discharge extension405

length also follows the same relationship, d ∼ N−0.5.406

The pressure wave is in fact composed of spherical and407

plane wave components, as observed in the previous exper-408

imental [1], [8], [12], [13] or numerical works [14], [18].409

The spherical wave is seen to remain rather unchanged with410

pressure, but the plane wave diminishes in strength and length411

as the pressure increases from 300 to 1020 mbar. No change in412

the propagation speed of the pressure wave has been observed413

over the investigated range of pressure, all propagate at the414

speed of the sound (∼349 m/s) (Fig. 19). The spherical and415

plane waves result from rapid volumetric heating close to416

the electrode edge and along the surface, respectively. Thus,417

the energy dissipation must vary less with pressure close418

to the electrode edge than along the surface. Furthermore,419

as suggested in several papers, such as in [12] or [13], the420

planar part of the pressure wave results from the heat released421

during the propagation of filaments on the dielectric barrier422

surface. This is verified by plotting the plasma extension length423

together with the length of the planar part of the pressure wave424

for pressure from 300 mbar to 8 bar (Fig. 20). Both quantities 425

follow the same behavior with close values. This confirms 426

again the good correlation between the length of the planar 427

part of the pressure wave and the extension of the plasma 428

layer, confirming that the planar component of the induced 429

pressure wave is due to the filaments that propagate along the 430

dielectric surface [12]. 431

IV. CONCLUSION 432

In this paper, we have investigated the electrical characteris- 433

tics generated by NP-DBDs in the air, as a function of pressure 434

(265–1020 mbar), temperature (from -50 °C to 20 °C), and 435

altitude (0–10 km). The altitude conditions were reproduced 436

using the appropriate pressure and temperature conditions. 437

We found that the pressure has a much greater effect on 438

plasma characteristics than the temperature. Temperature- 439

specific effects are limited to an increase in the ignition delay 440

time of the discharge with a decreasing temperature, but no 441

significant influence on the discharge was observed. Since the 442

pressure varies much more than the temperature with altitude 443

(and because the change in pressure produces larger changes 444

in gas density than the change in temperature), the changes 445

in discharge characteristics with altitude closely track those of 446

changes in pressure. One important result is that the deposited 447

energy increases with altitude, suggesting that the NP-DBD 448

can be operated at high altitude and probably be effective for 449

flow control. In fact, most of the variations across all the cases 450

can be explained by changes in the gas density rather than 451

independent pressure or temperature effects, in particular, the 452

deposited energy and the plasma extension scale with N−0.5. 453

This implies that test chambers where only the gas density 454

can be varied are sufficient to simulate altitude conditions 455

only as a first approximation. However, at low temperature 456

as incurred at high altitude, the permittivity of the dielectric 457

barrier is affected by the environmental conditions and the 458

density matching is no more valid. 459

The pressure wave issuing from the fast heat release caused 460

by the filaments of the nanosecond discharge has been char- 461

acterized for low- and high-pressure conditions. In all the 462

cases, a pressure wave propagating at the speed of sound 463

is observed. The primary modifications of the pressure wave 464

topology caused by the pressure relate to an increase in length 465

of the planar part of the wave with increasing pressure. A good 466

correlation is found between the increase of the planar part of 467

the pressure wave and the length of the discharge. 468
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A Nanosecond Surface Dielectric Barrier Discharge
Operating Under Altitude Conditions for

Aeronautics Applications
Nicolas Benard, Kossi Djidula Bayoda, Arthur Claude Aba’a Ndong, and Eric Moreau

Abstract— The objective of this paper is to investigate the1

influence of environmental conditions on a nanosecond pulsed2

dielectric barrier discharge (NP-DBD). A test chamber where3

pressure and temperature can be changed to match with real-4

istic altitude conditions has been used. Electrical and optical5

characterizations of the NP-DBD are proposed for pressure and6

temperature changes in range related to flow control applications.7

In particular, the influence of low pressure is investigated. The8

results indicate that a reduction in pressure leads to a more9

diffuse plasma layer that further extends with a reducing ambient10

pressure. The energy dissipated by the discharge increases with11

a reducing pressure. Regardless of the pressure level, the heat12

released by the NP-DBD leads to the formation of a pressure13

wave propagating at sound speed. A good correlation was found14

between the extension of the plasma layer and the planar part of15

the produced pressure wave. Similar electrical characterization16

has been conducted when the temperature is reduced, while the17

pressure is maintained at an atmospheric level. It was shown that18

temperature has the minor effect on the discharge characteristics,19

but lower is the temperature and lower is the deposited energy.20

In the final part, the influence of the altitude effect is studiedAQ:1 21

by combining pressure and temperature changes. It results that22

the pressure variation dominates the temperature influence. As a23

result, higher energy deposition is reported when the altitude is24

increased. The effect of changes in the pressure and temperature25

is interpreted as an effect of changes in the gas density. It is26

concluded that the gas density, N, is an important parameter for27

studying DBD under the altitude conditions. Indeed, quantities28

such as the plasma extent and the deposited energy scale29

with N−0.5. However, the gas density does not consider changes30

in the dielectric permittivity, which restricts the use of the gas31

density matching method to altitudes with moderate ambient32

temperature.33

Index Terms— XXXXX.AQ:2

AQ:3

AQ:4

34

I. INTRODUCTION35

PLASMA discharges for flow control have emerged as36

alternative to mechanical systems over the last decade.37

Recently, interest has arisen in the use of nanosecond pulsed38
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dielectric barrier discharges (NP-DBDs) for the manipulation 39

of turbulent flows. Originally applied to ozone generation and 40

the destruction of pollutants, these discharges also have a high 41

potential for mitigating separated flows at regimes approaching 42

realistic conditions for applications in aerodynamics [1]–[5]. 43

The current knowledge is not clear regarding the precise 44

effect of this type of discharge. Some authors suggest that 45

the control mechanism is related to the production of vortical 46

flow structures or to interactions between natural vortical 47

flow structures and a local pressure change imposed by the 48

discharge. Another possible reason for the effectiveness of 49

NP-DBDs is its capability to impose the turbulent flow regime 50

in the boundary layer developing the downstream discharge. 51

Unlike typical ac DBDs for which the electric wind is fully 52

responsible for the control mechanism, the NP-DBDs do 53

not produce electric wind [6]. Instead, the rapid ionization 54

of the NP-DBDs enables rapid gas heating adjacent to the 55

surface, where the plasma layer forms [7]. This gas heating 56

causes a pressure wave to emanate from the discharge region. 57

The pressure wave is initially supersonic but rapidly slows 58

to become an aeroacoustic wave. Roupassov et al. [1] first 59

used NP-DBDs for flow application purposes and studied the 60

generation of pressure waves. Since then, several groups have 61

observed pressure waves from volume [8]–[10] and surface 62

discharges [11]–[13]. 63

The use of plasma discharges for flow control is studied 64

here for practical applications in civil and military aircraft or 65

microaerial vehicles. In this context, they must reliably operate 66

over a wide range of environmental conditions, including 67

variable temperature, pressure, humidity, dustiness, and so on. 68

Among these parameters, the pressure has been documented 69

in several papers as having the strongest effect on discharge 70

properties. For instance, a recent numerical simulation of 71

NP-DBD has shown the impact of the near space conditions 72

(pressure of about 50 mbar and temperature of 216 K) on 73

the development of such a discharge [14]. In this paper, the 74

diffuse character of the discharge, the reduction in breakdown 75

voltage, the increase in ion number density, and finally, the 76

reduction in the induced pressure gradient have been clearly 77

revealed. The main conclusion is that the near space conditions 78

leads to energy deposition over a large domain. The result 79

of nonlocalized energy deposition, and then, a heat release 80

distributed over a large surface is a reduction of the pressure 81

wave signature. The influence of pressure has also been 82

investigated in [15] for surface DBD actuators. The influence 83

0093-3813 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Schematic of the electrode assembly of the plasma actuator.

Fig. 2. Schematic of the setup for electrical measurements of the discharge.

of voltage amplitude and frequency has been detailed using84

ICCD imaging integrated in time. Relevant scaling laws forAQ:5 85

the plasma layer length, the plasma layer thickness, and the86

ionization front propagation speed have been defined. For theAQ:6 87

authors, all these quantities scale with P1/2 for a pressure88

range from 1300 down to 13 mbar.89

Here, surface plasma actuators excited by repetitive90

nanosecond high-voltage pulses are experimentally investi-91

gated as a function of ambient pressure (1020–265 mbar),92

temperature (+20 °C down to −50 °C), or altitude conditions93

(0–10000 m). Both the electrical characterization and the94

optical visualization of the discharge are performed in most of95

the cases, and some complimentary optical visualizations of96

the induced pressure wave are conducted for varying pressure97

condition.98

II. EXPERIMENTAL SETUP99

As shown in Fig. 1, the plasma actuator consists of a single100

DBD mounted on a flat support plate of PMMA (25 mm thick).101

The electrodes are thin aluminum foils with a thickness of102

about 80 μm and a span of 100 mm. These electrodes are103

asymmetrically adhered onto the dielectric layer with a lateral104

spacing of 1 mm. This dielectric is composed of three layers of105

polyimide film stuck together with a total thickness of 180 μm.106

The air-exposed and grounded electrodes are 15 and 44 mm107

width, respectively. The grounded electrode is encapsulated in108

epoxy resin to prevent plasma formation on the ground side.109

The rear and lateral edges of the active electrode are also110

encapsulated to avoid parasitic discharges, especially at low111

pressure.112

Fig. 2 shows the setup for electrical measurements.113

High-voltage pulses up to ±10 kV in amplitude are produced114

Fig. 3. Image of the altitude chamber, the high-voltage generator, and the
intensified CCD camera used for the visualization of the discharge.

by a commercial generator (DEI PVX-4110) powered by a 115

dc power supply (Matsuda, 10P30, 30 mA). The 10%–90% 116

rise time is 70 ns, the duration of maximum voltage is 160 ns, 117

and the fall time is 60 ns. The pulses are triggered by a delay 118

generator (Stanford model DG645). Here, the voltage ampli- 119

tude is maintained at 10 kV, and pulses are repetitively applied 120

at 10 up to 300 Hz. The measurements presented in this 121

paper concern the 100th pulse applied after switching ON high 122

voltage for each experiment. The current is measured using a 123

passive probe with 400-MHz bandwidth (Bergoz CT-D1.0), 124

and the voltage is measured using a high-voltage passive 125

probe with a bandwidth of 100 MHz and an attenuation ratio 126

of 1000:1 (Lecroy PPE20). 127

As shown in Fig. 3, a dedicated chamber 128

(Sapratin FCH 350) adjustable both in pressure and 129

temperature is used to reproduce the altitude conditions, as 130

shown in Table I. Its volume is 350 l (790 × 690 × 650 cm3, 131

for depth, width, and height, respectively). This chamber 132

can reach temperatures from −50 °C to +120 °C, and the 133

pressure can be varied from about 1 down to 0.01 bar. As a 134

result, altitudes from the ground level up to approximately 135

10 000 m can be reproduced by simultaneously varying 136

pressure and temperature according to Table I. 137

Optical visualization of the discharge is performed using 138

an intensified CCD camera (Princeton, Pi-Max1 Gen2) with 139

1024×1024 pixel2 matrix equipped with a 105-mm macrolens. 140

Optical measurements of the pressure wave caused by the local 141

heat release are obtained by a pulsed shadowgraph system that 142

measures the spatial variation of the refractive index via the 143

deflection of light passing through the fluid adjacent to the top 144

electrode. The intensity of light is proportional to the second 145

derivative of the index of refraction. A single head argon-ion 146

laser source (Spectra-Physics 2016, 514 nm) is pulsed by a 147

high-speed shutter gated at 10 kHz. A system of two lenses of 148

1000 and 600-mm focal length has been used (Fig. 4). Images 149

are collected by an ICCD camera (Pi-Max1) operated with the 150

exposure time of 30 ns. A pulse delay generator (SRS DG645) 151

is used to synchronize measurements with the trigger signal 152

for generating the discharge. 153
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Fig. 4. Photograph of the experimental setup for shadowgraphy images.

TABLE I

PRESSURE AND TEMPERATURE SETTINGS USED TO ACHIEVE
DIFFERENT ALTITUDE CONDITIONS

III. EXPERIMENTAL RESULTS154

In this section, we present the experimental results of both155

discharge and flow characterizations. Our results on discharge156

characterization are organized into three sections according to157

the variable of interest, namely, the pressure, temperature, and158

altitude. This is followed by a discussion on induced pressure159

wave characterization as a function of pressure only, because160

the shadowgraph system cannot be easily accommodated with161

the altitude test chamber.162

A. Effect of Pressure on the Discharge163

Characteristics of NP-DBDs164

First, we discuss how the electrical characteristics of the165

discharge are affected by varying the pressure from 1020 down166

to 265 mbar with the temperature fixed at 20 °C. Fig. 5 (left) 167

shows the applied voltage and total current waveforms 168

at 1020 and 265 mbar. Note that the total current here is 169

the sum of the capacitive current and the discharge current. 170

The current amplitude increases from 1.1 A/cm at 1020 mbar 171

to 2.3 A/cm at 265 mbar for the current pulse produced during 172

the rise time of the applied voltage. For the current pulse 173

corresponding to the fall time of the applied voltage, the 174

current amplitude increases from −0.7 A/cm at 1020 mbar 175

to −1.5 A/cm at 265 mbar. Like the current amplitude, the time 176

of the formation of the air ionization changes with pressure, 177

because the breakdown voltage decreases with decreasing 178

ambient pressure [14], [16]. We observe a delay in the ignition 179

of the discharge equals to −15 ns when the pressure decreases 180

from 1020 to 265 mbar due to the influence of pressure on 181

the breakdown voltage (5.6 and 4.1 kV at 1020 and 265 mbar, 182

respectively). As expected, the applied voltage maintains the 183

same amplitude at all pressures, but it can be observed that 184

its shape becomes distorted at 265 mbar from its nearly ideal 185

trapezoidal profile at 1020 mbar. This could be caused by the 186

plasma-induced reactance that can alter the discharge circuit. 187

Fig. 5 (right) shows the power (per-unit length) obtained by 188

multiplying the current and the voltage, as well as the energy 189

obtained by integrating the power in time. The power during 190

the pulse rise time reaches peak values of 11 and 18 kW/cm 191

at 1020 and 265 mbar, respectively. During the fall time of 192

the pulse, the power is much lower, reaching peak values of 193

only 0.1 and 0.15 kW/cm at 1020 and 265 mbar, respectively. 194

The strength of the pressure wave signature is directly 195

correlated with the discharge energy [7], [12]–[14], this giving 196

motivation for inspecting the changes in the deposited energy. 197

The energy versus time increases up to a maximum value 198

before decreasing to a steady value after the capacitive energy 199

stored in the electrodes has been released during the fall 200

time of the pulse. The final value of the energy increases 201

with decreasing pressure (or increasing air density), as shown 202

in Fig. 6. In this plot, the results for different pulse fre- 203

quencies are compiled. By reducing the ambient pressure, an 204

increase in the deposited energy is observed. Initially, having 205

a nominal value of 0.47 mJ/cm at 1020 mbar (in agreement 206

with [12] and [13]), the rise in deposited energy reaches up 207
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Fig. 5. Measured voltage and current (left) and power per-unit length and energy per-unit length (right) as a function of time at a fixed temperature of 20 °C
and two different pressures (pulse frequency of 10 Hz).

Fig. 6. Measured energy per-unit length as a function of pressure and air density at a fixed temperature of 20 °C.

to 1.16 mJ/cm at 265 mbar. This increase in energy was208

expected according to the results proposed in [14], and it can209

be attributed to a reduced breakdown voltage, an increased210

in charged species mobility, and a higher ion and electron211

kinetic energies at low pressure. At a given applied voltage,212

the frequency has almost no influence on the deposited energy213

in agreement with [15]. As a result, the effect of frequency214

will not be considered later in this paper.215

The dependence of the deposited energy on the pressure216

over the investigated range can be defined as U ∼ P−0.5
217

(where U is the deposited energy and P is the pressure), as218

proposed in [15]. Another scaling law can be defined in terms219

of the gas density rather than the ambient pressure. Initially,220

as proposed in [17], the influence of pressure and temperature221

on an ac DBD actually simply reflects the changes in gas222

density in terms of plasma behavior. Here, for instance, the223

changes in the pressure level produce a reduction in the air224

density of −0.75ρ0. For the present gas density range and in225

agreement with the pressure scaling law defined in [15], the226

empirical relationship U ∼ N−0.5 is accurate (with N , the gas227

density).228

Next, we discuss how pressure affects the propagation229

of the discharge. Fig. 7 shows images for two different230

exposure time intervals that separately show the discharges231

generated during the rise time [Fig. 7 (phase A)] and the fall232

time [Fig. 7 (phase B)] of the voltage pulse, for discharges233

generated at different pressures. During the rise time, the 234

discharge filaments are generally more diffuse in character 235

and more densely spaced along the electrode edge than during 236

the fall time. As the pressure decreases, the discharge extends 237

further during both the rise and fall times due to the increase 238

in mean-free path of electrons. In addition, the discharge 239

length is greater during the fall time at 1020 mbar, but at 240

265 mbar, there is no more difference in the discharge length 241

between the two intervals. 242

Single-shot images acquired at a finer time resolution (5 ns) 243

have been used to determine the speed of discharge prop- 244

agation along the surface, as shown in Fig. 8. During the 245

rise time, we measure the distance traveled by the discharge 246

front from times t1 to t2 and then from t2 to t3. We then 247

average the two displacements when calculating the speed. 248

The same procedure is used to determine the speed during the 249

fall time using images obtained at times t4, t5, and t6. For 250

both the rise and fall times, the speed of propagation does not 251

vary with pressure to within experimental error. The measured 252

speed is ∼0.15 ± 0.10 mm/ns. A similar experiment has been 253

conducted in [15]. They report a large dependence of the speed 254

of ionization front propagation with the ambient pressure 255

which is measured to be 0.5–0.7 mm/ns for atmospheric 256

pressure level and increases up to 4 mm/ns at low pressure 257

(13 mbar). Here, the investigated pressure range is probably 258

too small to cause a significant change in ionization speed. 259
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Fig. 7. Exposure time intervals (200 ns) of the intensified CCD camera for single-shot imaging of the discharge during the rise and fall times of the pulse,
marked phases A and B (top), and the corresponding top-view images at different pressures (bottom).

Fig. 8. Times at which single-shot images were acquired using 5-ns exposure times during the rise and fall times of the applied voltage (left) used to
calculate the average propagation speed of the discharge during the rise and fall times of the pulse as a function of pressure (right).

B. Effect of Temperature on the Discharge260

Characteristics of NP-DBDs261

Here, we discuss how the electrical characteristics of the

AQ:7

262

discharge are affected by varying the temperature over the263

range 20 °C to −50 °C with the pressure fixed at 1020 mbar.264

Fig. 9 (left) shows the current and voltage waveforms obtained265

at 20 °C and −50 °C. There is almost no change in the 266

amplitude of the current with temperature, but the time of 267

ignition of the current pulse during the rise time of applied 268

voltage appears to be affected. At 20 °C, the current begins 269

to increase above 0 at a time t = 55 ns, whereas at −50 °C, 270

the current does not increase until 65 ns. This corroborates 271
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Fig. 9. Measured voltage and current (left) and power and energy (right) as a function of time at a fixed pressure of 1020 mbar and two different temperatures.

Fig. 10. Dissipated energy per pulse at various temperatures and the corresponding air density (1020 mbar). Values averaged over 100 pulses.

Fig. 11. Measured voltage and current (left) and power and energy (right) as a function of time at altitudes of 0 and 10 km corresponding to temperature
and pressures, as shown in Table I.

with an increase in the breakdown voltage at low temperature.272

However, the negative current peaks form at the same time273

regardless of the ambient temperature.274

Fig. 10 shows how the discharge energy changes with275

the gas temperature and air density. In general, the energy276

decreases with the gas temperature, this for the three investi-277

gated frequencies. The changes in energy primarily result from278

the delay observed for the positive current peak. The increase279

in gas density (+0.3ρ0) promotes reduced mean-free path of280

charged species. It results lower ion density and a limited281

extension of the discharge traduces here by a reduction in the282

deposited energy. If the gas density is considered instead of 283

the temperature, we find that the same empirical relationship 284

U ∼ N−0.5 found for pressure in Fig. 6 also applies here. 285

C. Effect of Altitude on the Discharge 286

Characteristics of NP-DBDs 287

In this section, the influence of the altitude (combined 288

effects of pressure and temperature) is investigated. Fig. 11 289

shows the current and voltage waveforms for the altitudes 290

of 0 and 10 km. The global behavior of the discharge current 291



IEE
E P

ro
of

BENARD et al.: NANOSECOND SURFACE DBD OPERATING UNDER ALTITUDE CONDITIONS 7

Fig. 12. Dissipated energy by the discharge at various altitude conditions and corresponding air density.

is not strongly modified by the altitude, but a significant292

increase in the amplitude of both current peaks is observed.293

The effect of altitude is a mixture of the effects of pressure and294

temperature. Like the effect of pressure alone shown in Fig. 5,295

there is a relatively large increase in current amplitude, and the296

ignition time of the negative current pulse remains unaltered297

by altitude. However, like the effect of temperature shown298

in Fig. 9, the ignition time of the positive current pulse is299

greater at higher altitude suggesting an increased breakdown300

voltage with altitude. This was not expected as the change301

in altitude from 0 to 10 km primarily corresponds to air302

density reduction mainly caused by the change in pressure.303

Furthermore, past measurements in altitude conditions for304

ac DBD have shown the domination of pressure on temper-305

ature when the altitude increases [16]. Here, the data may306

deviate from expected results due to the freezing of water307

vapor, but the power generator may also be incriminated.308

Indeed, the voltage curves at 10 km shows strong oscillations309

when the discharge probably develops due to limitation in the310

capacity of the generator. Fig. 12 shows the effect of altitude311

and resulting air density on the discharge energy. Like with312

pressure, a scaling law based on the air density can be defined.313

The deposited energy scales with ∼N−0.5 when the altitude314

is changed.315

Fig. 13 shows the influence of altitude on the deposited316

energy along with the energy curves in Figs. 6 and 10 (effects317

of pressure and temperature, respectively). A comparison of318

the three curves shows that the effect of altitude on discharge319

energy reflects the changes in gas density. Since the pressure320

changes over a wider range than the temperature with altitude321

(i.e., leading to larger changes in air density due to the pressure322

than due to the temperature), the energy curves as a function323

of the pressure and altitude are much closer to each other324

than that as a function of temperature. Overall, the difference325

in energy between the energy curves as a function of pressure326

and altitude differs by 18 ± 8%. It is clear that the increase327

in altitude enhances the energy injected by the NP-DBD.328

If one considers that a significant part of the injected329

energy contributes to the local heat deposition, the present330

results suggest that NP-DBD may have a better effectiveness331

Fig. 13. Dissipated energy as a function of altitude. The energy curves in
Figs. 6 and 10 are also shown for comparison.

in realistic flight conditions or sonic flows. However, as 332

numerically demonstrated in [14], the deposited energy at 333

high altitude increases due to a wider and longer plasma 334

region, while the height of the plasma layer is also enlarged 335

at low pressure [15]. These increases positively influence the 336

deposited energy, but the resulting pressure wave is not neces- 337

sarily reinforced, as the energy deposition is no more localized 338

in a confined region, and a diffuse heat release is promoted 339

instead of a localized one as observed at the ground level. 340

Like for the pressure, an energy scaling law based on the 341

air density can be defined. All results obtained for pressure, 342

temperature, and altitude are compiled into a single plot 343

by considering the gas density (Fig. 14). Again, the 344

deposited energy matches pretty well with the gas density as 345

U ∼ N−0.5. This corroborates with the study in [17] AQ:8346

(conducted for ac DBD) which suggest that the gas density 347

is the only parameter governing the physics of the discharge. 348

However, as shown in Fig. 14 (zoomed-in view), the results 349
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Fig. 14. Compilation of all results plotted according to the air gas density by large (left) and zoomed-in (right) views.

Fig. 15. Top-view images at different altitudes for the same exposure time intervals, as shown in Fig. 7 (200 ns).

Fig. 16. Discharge extent from the edge of the powered electrode as a function of pressure at a fixed temperature of 20 °C as well as altitude.

deviate from the scaling law U ∼ N−0.5 at a high gas density,350

where temperature is negative. It is assumed that this deviation351

originates from the temperature of the dielectric. Indeed, in352

addition to the surrounding gas, a change of temperature also353

influences the permittivity of the dielectric barrier. When354

the dielectric barrier is at low temperature, its permittivity is355

reduced leading to a reduction in the dissipated energy, as356

shown in Fig. 14. It can be concluded that the gas density is 357

a relevant parameter to mimic altitude; however, the influence 358

of temperature on the dielectric is not considered and then 359

this approach is no more valid at low ambient temperature. 360

Next, we discuss how altitude affects discharge propagation. 361

Fig. 15 shows the images of the discharges generated during 362

the rise and fall times of the pulse for different altitudes using 363
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Fig. 17. (a) Voltage and current for an NS-DBD generated by an FID pulse generator. (b) Comparison of the deposited energy for two different pulse
generators.

Fig. 18. Shadowgraphy images of the pressure wave generated by discharges excited using the FID generator at different pressures.

the same exposure time intervals, as shown in Fig. 7. Again,364

during the rise time, the discharge filaments are generally365

more diffuse in character and more densely spaced along366

the electrode edge than during the fall time. As the altitude367

increases, the discharge extends further during both the rise368

and fall times. Comparison with Fig. 7 shows that the dis-369

charge length at a given altitude is about the same as that for370

the corresponding pressure (see Table I).371

Fig. 16 summarizes how the discharge length varies as372

a function of both pressure and altitude. At altitudes from373

0 to 10 km, the variation of discharge length with altitude374

is very consistent with the effect of pressure, as it was also375

verified for the deposited energy (Fig. 13). If we consider376

gas density rather than pressure, the discharge length d thus377

varies as d ∼ N−0.5 and the same power law as the energy378

dependence on gas density, as discussed previously and also379

the same dependence reported in [15] for pressure variation.380

In Section IV, we discuss how the pressure affectsAQ:9 381

shadowgraphy imaging of the flow field, particularly the382

generation of pressure waves by the discharge. We currently 383

only have shadowgraphy images of pressure waves generated 384

by NP-DBDs using a different high-voltage pulse generator 385

(FID model FPG 40-30NK) than that used for obtaining the 386

previous experimental results. The FID generator produces 387

pulses of 10-ns rise and fall times (see Fig. 17): voltage and 388

current for an NS-DBD generated by an FID pulse generator 389

and comparison of the deposited energy for two different 390

pulse generators. Our purpose here is not to discuss the 391

details of the electrical characteristics of NP-DBDs generated 392

by the FID generator, but rather investigate the change in 393

the pressure wave as a function of the ambient pressure, as 394

shown in Fig. 18. Furthermore, the variation of pressure wave 395

behavior with ambient pressure presented in this section can be 396

considered together with the electrical characteristics studied 397

in the previous sections. Although the experiments were AQ:10398

performed using two different high-voltage pulse generators, 399

both generators produce a plasma discharge, whose energy 400

deposition is similar [Fig. 17(b)]. Furthermore, the pressure 401
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Fig. 19. Propagation speed of the pressure wave for different pressure levels.

Fig. 20. Plasma layer extension and length of the planar part of the pressure
wave at different pressure levels.

dependence is expected to be almost the same in both402

the cases, because the discharge energy follows the same403

empirical relationship with gas density, U ∼ N−0.5, whatever404

the generator used and the variation of the discharge extension405

length also follows the same relationship, d ∼ N−0.5.406

The pressure wave is in fact composed of spherical and407

plane wave components, as observed in the previous exper-408

imental [1], [8], [12], [13] or numerical works [14], [18].409

The spherical wave is seen to remain rather unchanged with410

pressure, but the plane wave diminishes in strength and length411

as the pressure increases from 300 to 1020 mbar. No change in412

the propagation speed of the pressure wave has been observed413

over the investigated range of pressure, all propagate at the414

speed of the sound (∼349 m/s) (Fig. 19). The spherical and415

plane waves result from rapid volumetric heating close to416

the electrode edge and along the surface, respectively. Thus,417

the energy dissipation must vary less with pressure close418

to the electrode edge than along the surface. Furthermore,419

as suggested in several papers, such as in [12] or [13], the420

planar part of the pressure wave results from the heat released421

during the propagation of filaments on the dielectric barrier422

surface. This is verified by plotting the plasma extension length423

together with the length of the planar part of the pressure wave424

for pressure from 300 mbar to 8 bar (Fig. 20). Both quantities 425

follow the same behavior with close values. This confirms 426

again the good correlation between the length of the planar 427

part of the pressure wave and the extension of the plasma 428

layer, confirming that the planar component of the induced 429

pressure wave is due to the filaments that propagate along the 430

dielectric surface [12]. 431

IV. CONCLUSION 432

In this paper, we have investigated the electrical characteris- 433

tics generated by NP-DBDs in the air, as a function of pressure 434

(265–1020 mbar), temperature (from -50 °C to 20 °C), and 435

altitude (0–10 km). The altitude conditions were reproduced 436

using the appropriate pressure and temperature conditions. 437

We found that the pressure has a much greater effect on 438

plasma characteristics than the temperature. Temperature- 439

specific effects are limited to an increase in the ignition delay 440

time of the discharge with a decreasing temperature, but no 441

significant influence on the discharge was observed. Since the 442

pressure varies much more than the temperature with altitude 443

(and because the change in pressure produces larger changes 444

in gas density than the change in temperature), the changes 445

in discharge characteristics with altitude closely track those of 446

changes in pressure. One important result is that the deposited 447

energy increases with altitude, suggesting that the NP-DBD 448

can be operated at high altitude and probably be effective for 449

flow control. In fact, most of the variations across all the cases 450

can be explained by changes in the gas density rather than 451

independent pressure or temperature effects, in particular, the 452

deposited energy and the plasma extension scale with N−0.5. 453

This implies that test chambers where only the gas density 454

can be varied are sufficient to simulate altitude conditions 455

only as a first approximation. However, at low temperature 456

as incurred at high altitude, the permittivity of the dielectric 457

barrier is affected by the environmental conditions and the 458

density matching is no more valid. 459

The pressure wave issuing from the fast heat release caused 460

by the filaments of the nanosecond discharge has been char- 461

acterized for low- and high-pressure conditions. In all the 462

cases, a pressure wave propagating at the speed of sound 463

is observed. The primary modifications of the pressure wave 464

topology caused by the pressure relate to an increase in length 465

of the planar part of the wave with increasing pressure. A good 466

correlation is found between the increase of the planar part of 467

the pressure wave and the length of the discharge. 468
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