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ABSTRACT 
This paper describes experimental investigations focused on the glow discharge created 

by a plasma actuator and used to shock wave modification over a flat plate in a Mach 2 

air flow. The model is equipped with a plasma actuator composed of two electrodes. A 

weakly ionized plasma is created above the plate by generating a glow discharge with a 

negative dc potential applied to the upstream electrode. ICCD images of the discharge 

without and with the Mach 2 flow show the influence of the flow field on the discharge 

morphology. In addition, ICCD images of the modified flow revealed that when the 

discharge is ignited, the shock wave angle increased with the applied voltage. Thermal 

measurements of the flat plate surface carried out with an IR camera showed that the 

spatial temperature distribution is not uniform along the plate and its maximum, near 

the leading edge, increases with the applied voltage. Previous results showed that 

surface heating is responsible for roughly 50% of the shock wave angle increase, 

meaning that purely plasma effects must also be considered to fully explain the flow 

modifications observed. The focus of this paper is the study of the properties of the glow 

discharge to better understand the interaction between the supersonic flow and the 

purely plasma effects which are responsible of flow field modifications, in particular 

ionization degree and thermal disequilibrium upstream the model. 

   Index Terms  — Glow discharges, plasmas, shock waves, flow control. 

 

1   INTRODUCTION 

 OVER the past two decades, there has been considerable 

research into the use of plasma-based devices in flow-control 

applications (i.e., plasma actuators), both numerically and 

experimentally. Many flow regimes are concerned, from low-

speed subsonic airflow to hypersonic flow, including moderate-

velocity subsonic, transonic, and supersonic flows. Several 

reviews are available for high speed flow regimes and testify to 

the considerable research effort into active flow control research 

using plasma actuators. For instance, one can refer to the work 

of [1-4]. In addition, the reader can refer to the works of [5-9] 

which concern the use of plasma actuators at low- and 

moderate-speed flow regimes.  

Plasma actuators are extensively deployed for flow control 

applications because of their ability to achieve flow actuation 

without moving mechanical parts and with a high-bandwidth. 

From a general point of view, a plasma actuator is a simple 

electrical device based on the use of a gas discharge. A wide 

variety of different types of plasma actuators has been studied in 

the literature. Among the ones most commonly used are those 

based on a surface dielectric barrier discharge (dbd) with linear 

[10] or serrated electrode design [11], surface dbd with multiple 

electrodes [12], bulk direct current (dc) glow discharge [13], 

surface dc discharge [14], arc discharge [15], dc filamentary 

discharge [16], corona discharge [17], and radio frequency 

discharge [18], for instance. The main limitation in using a 

particular type of plasma actuator is often driven by the flow 

conditions, especially by the pressure condition. In rarefied flow 

regimes, corona and glow discharges are mainly used as this 

regime implies low pressures. 

Flow control research in the compressible regime plays a 

major role in many applications such as aerospace, defense and 

transportation. Under supersonic flow conditions, thermal 

effects, including surface and bulk (i.e., gas) heating, are 

commonly interpreted as the main physical mechanisms 

responsible for aerodynamic effects resulting from electrical 

discharges created in the air flow [2, 19]. While many 

experimental studies have been undertaken at high speed flows, 

the interpretation of some of the experimental results remains 

problematic [20-24], especially for experiments in which a 

change in the discharge polarity leads to different aerodynamic Manuscript received on 31 March 2015, in final form 20 November 2015, 
accepted 7 December 2015. 



 

effects [21, 24]. Analysis of the investigations carried out to 

date highlights the fact that the results of many studies are 

attributed to purely thermal effects. In such cases, the flow 

modifications are due to thermal mechanisms of interaction 

coming from the energy release of the discharge. However, 

when the ionization degree is relatively high (> 10
-5
, [25]), other 

types of effects must be considered to explain the observed flow 

modifications [26]. 

The scope of this paper is to analyze the behavior of a glow 

discharge operating in the abnormal regime to understand how 

the coupling between the plasma and the flow takes place and 

induces the modification of the shock wave. This study follows 

previous works presented in [13, 27, 28], where it was shown 

that the surface heating of the flat plate surface contributes to 

the increase in the shock wave angle. For the experimental setup 

studied in the present work, it is now confirmed that the purely 

thermal effect at the flat plate surface only accounts for almost 

half of the total shock wave modification when the plasma 

actuator is used [28]. This means that surface heating is 

overlapped with purely plasma effects. Therefore, other 

properties of the glow discharge than surface and gas heating 

are considered to explain the observed flow modifications. 

This paper presents experiments carried out to gain a 

better knowledge of the plasma properties of the discharge 

used to modify the flow around a flat plate. Measurements 

of electron properties (i.e., temperature and density) with a 

Langmuir probe are conducted in order to quantify the level 

of the ionization degree, which is known to have the ability 

to significantly modify gas properties such as the isentropic 

exponent  [29]. In particular, the positions upstream of the 

leading edge of the flat plate are surveyed, since a necessary 

condition to achieve a noticeable plasma effect is to alter 

flow properties upstream the model [30]. A simplified 

theoretical model is introduced in order to link the plasma 

properties to the flow ones. This allows the modification of 

the flow properties by the discharge to be estimated, and 

shows that the ionization degree has a sufficiently high level 

to modify the flow properties in the vicinity of the shock 

wave. 

2  EXPERIMENTAL SETUP 

2.1 THE MARHY WIND TUNNEL 

MARHy is a low density facility located at the ICARE 

laboratory and used for both academic and industrial 

researches. This wind tunnel was built in 1963, and until 

2006 ‘MARHy’ was known as the ‘SR3’ wind tunnel of the 

‘Laboratoire d'Aérothermique’ (former name of ICARE). 

Figure 1 presents a schematic view of the facility presenting 

the three main parts: the settling chamber with a diameter of 

1.3 m and a length of 2.0 m, the test chamber with a 

diameter of 2.3 m and a length of 5.0 m, and a third 

chamber in which a diffuser is installed. The diffuser is 

connected to the pumping group by a vacuum gate. A 

powerful pumping group with a total capacity of 

153,000 m
3
.h

-1
 ensures the low density flow conditions in 

continuous operating mode. When supplied with different 

nozzles, the wind tunnel generates subsonic, supersonic and 

hypersonic flows from Mach 0.8 to Mach 21, and covers a 

large range of Reynolds numbers from 10
2
 up to 10

5
, for a 

reference length of 10 cm. The present study is carried out 

with a Mach 2 contoured nozzle, giving a uniform flow 

distribution through the test section with a core of 12 cm in 

diameter. The nominal operating conditions, detailed in 

Table 1, are: 63 Pa for the stagnation pressure and 8 Pa for 

the static pressure of the test section, corresponding to a 

geometric altitude of 67 km. The subscripts 0 and 1 stand for 

the stagnation condition and the free stream one, 

respectively. The Mach number M1 of the gas flowing out of 

the nozzle is defined with the following relation: 
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where p0 is the stagnation pressure, p1 is the static 

pressure of the test section, and  is the isentropic exponent 

of the flow (for an unionized air,  = 1.4). 

 
Figure 1. Schematic view of the MARHy wind tunnel without the 

pumping group. 

 

Table 1. Operating conditions. 

Stagnation conditions Free stream conditions 

     p0 = 63 Pa      P1 = 8 PA 

     T0 = 293 K     T1 = 163 K 

     0 = 7.44e-4 kg.m-3     1 = 1.71e-4 kg.m-3 

     1 = 1.10e-5 Pa.s 

     U1 = 511 m.s-1 

     M1 = 2 

     1 = 0.375 mm 

     qm = 3.34e-3 kg.s-1 

 

2.2 FLAT PLATE AND PLASMA ACTUATOR 

A schematic view of the experimental arrangement is 

presented on Figure 2. The model under investigation is a 

flat plate mounted in the test section, 174 mm downstream 

the nozzle exit. The flat plate is made of quartz with 

100 mm long, 80 mm wide, and 4 mm thick and presents a 

sharp leading edge of 15°. The Reynolds number (ReL = 

U1×L / 1) based on the flat plate length L and calculated 

with the experimental inflow conditions (Table 1) is 

ReL = 794. The Knudsen number (KnL = 1 / L) based on the 

same experimental conditions is KnL = 0.004, corresponding 

to the slip-flow regime or slightly rarefied regime. 



 

 

Figure 2. Schematic view of the flat plate with the plasma actuator. 

The plasma actuator is composed of two aluminum 

electrodes (80 mm long, 35 mm wide, 80 m thick), flush 

mounted on the upper surface of the flat plate with a gap of 

20 mm separating both electrodes (Figure 3). The active 

electrode is set at the leading edge of the plate and is 

connected to a high voltage dc power supply (Spellman, 

SR15PN6) through a resistor (Rs = 10.6 k), while the 

second one is grounded. The glow discharge is generated 

with a negative dc potential applied to the active electrode, 

acting as a cathode. The power supply operates in stabilized 

voltage mode meaning that the high voltage Vs is fixed and 

the discharge current IHV depends on the plasma impedance. 

The voltage applied to the active electrode, VHV, is then 

calculated with the following relation: VHV = Vs-Rs×IHV. The 

discharge is ignited in air. 

 

Figure 3. Dimensions of the flat plate with the plasma actuator. 

2.3 MEASUREMENT DIAGNOSTICS 

2.3.1 PRESSURE MEASUREMENT 

 

The Mach 2 air flow is set by the difference between the 

settling chamber pressure and the test chamber pressure. To 

ensure a good operating mode during experiments, the wind 

tunnel parameters are continuously acquired. Specially the 

stagnation pressure p0 and test section pressure p1 were 

measured with two MKS Baratron capacitance manometers 

(Type 627D) with 0-10 Torr and 0-0.1 Torr ranges, 

respectively. Both manometers are connected to a MKS 

control unit (PR 4000B) with a 12-bit resolution. According 

to the information provided by the manufacturer, the 0-

10 Torr (0-0.1 Torr) pressure transducer has a signal 

accuracy of  p0
acc

 = ±0.12% ( p1
acc

 = ±0.15%) of the 

reading, and a time response below 20 ms (40 ms). 

 

2.3.2 VISUALIZATION OF THE DISCHARGE 

 

A PI-MAX Gen-II ICCD camera (1024×1024-pixel array) 

equipped with a VUV objective lens (94 mm, f/4.1) is used 

to collect through a quartz window located at the wall of the 

test section chamber the light emitted from the weakly 

ionized plasma. Due to the rarefaction level of the flow, the 

natural flow field around the plate is experimentally 

visualized through the glow-discharge flow visualization 

technique. A description of this visualization method can be 

found in [31]. This technique is applied to analyze the flow 

field of the natural case (without actuation). When the 

plasma actuator is used, this technique is not employed 

because the bright visible emission of the discharge itself 

allows visualization of the flow around the flat plate and the 

shock wave. 

2.3.3 SURFACE TEMPERATURE 

MEASUREMENT 

An infrared thermography camera is used to measure the 

surface temperature of the flat plate during experiments 

when the plasma actuator is switched on. In this study, the 

thermal images are obtained with a FLIR ThermaCAM 

SC3000 camera. The spectral range of the IR camera lies 

between 8 m and 9 m. The IR camera is placed on top of 

the wind tunnel and focused the entire surface of the flat 

plate through a fluorine window (CaF2), compatible with the 

IR wavelength range of the camera. The camera is equipped 

with a QWIP-type IR photo-detector composed of a 

320×240-pixel array, cooled down at 70 K by a Stirling 

cryocooler. For each experimental case, the temperature 

measurements are performed once thermal equilibrium had 

been reached (≈15-20 min, [32]). The surface temperature 

along the flat plate is obtained by post-processing 100 

images recorded at 1 Hz with the IR camera. The emissivity 

of the flat plate surface is determined using the direct 

emissivity measurement method [33]. This consists in 

measuring locally the surface temperature simultaneously 

with both the IR camera (Tcam) and a K-type thermocouple 

flush mounted on the flat plate surface. 

2.3.4 MEASUREMENT OF ELECTRON DENSITY 

AND TEMPERATURE 

Since the pioneering work of Irvin Langmuir in 1924 [34], 

electrostatic probes are used as a fundamental diagnostic 

tool for measuring local properties of the plasma, in 

particular electron density ne and electron temperature Te. 

Although the electrostatic probe devices are relatively 

simple, the theory underlying the probe response is rather 

complicated because probe theories depend on plasma and 

probes characteristics like the mean free path , the probe 

radius R, and the Debye length D. For the present paper we 

focus on the collision-less or classical Langmuir probe 

theory. The validity of using this theory in our flow and 

discharge conditions will be discussed in Section 5.4. 

The Langmuir probe measurements are performed with a 

single plane probe made with a tungsten wire of circular 

section (1 mm in diameter) insulated within an alumina tube 

of 3 mm in external diameter. The probe is mounted 

vertically on a 3-axis traversing system and is connected to 

a voltage generator delivering periodic triangular signals 

with adjustable rise and fall times. In our experiment 

conditions, the probe measurements are carried out with a 



 

100 Hz bias voltage applied to the tungsten wire. 

Depending on the plasma properties, various positive and 

negative bias voltages are tested. The collected probe 

current is measured through a resistor (100 ) adapted to 

the plasma impedance. Probe signals (current and applied 

potential) are recorded simultaneously with a digital 

oscilloscope (Tektronix DPO4034, 350 MHz, 2.5 Gs/s, 

8 bits). In this study, a single probe configuration is used, 

consisting on one small electrode surface (i.e., the tungsten 

wire) inserted into the plasma. 

3  MORPHOLOGY OF THE GLOW DISCHARGE 

WITHOUT FLOW 

To better understand the coupling between the glow 

discharge and the rarefied flow, we first focus on the 

analysis of the glow discharge morphology without the 

Mach 2 flow but with the same static pressure condition. 

When the high voltage is switched on, gas above the 

cathode is ionized and a weakly ionized plasma is created. 

Figure 4 shows an image obtained with the ICCD camera 

without post-processing (Figure 4a) and with the contrast 

enhanced with ImageJ program [35] (Figure 4b). The static 

pressure into the test chamber is set to p1 = 8.0 Pa. The 

voltage applied to the active electrode is VHV = -1.43 kV, 

giving a discharge current of IHV = 18 mA and, hence, a 

plasma resistance of RHV = 79.4 k. 

 

 

Figure 4. Image of the discharge (VHV = -1.43 kV and IHV = 18 mA) 

without flow for a static pressure of p1 = 8.0 Pa: (a) raw image, and (b) 

post-processed image (contrast enhancement). 

The plasma discharge exhibits a plume-like shape 

directed in the wall-normal direction, and is divided into 

three main distinct zones. The first region corresponds to 

the negative glow, giving to the active electrode (i.e., the 

cathode) a glowing aspect. As the thickness of this region is 

small, typically less than 1 mm, it is very difficult to observe 

it on Figure 4. The second region is the Faraday's dark 

space, corresponding to the large oblong-like dark area 

around the cathode [36]. Without the Mach 2 flow, the 

Faraday's dark space has a thickness of about 15-20 mm, 

and then overtakes the leading edge of the flat plate (see 

Figure 4b). The third region corresponds to that beyond the 

Faraday's dark space, called the positive column. In 

comparison to the negative glow and the Faraday's dark 

space, the positive column is the largest and most 

homogeneous region and can be detected as the most 

luminous region. Because the active electrode is flush 

mounted on the flat plate surface, the plasma is mainly 

present above this electrode and is directed into the wall-

normal direction. In the experimental conditions of this 

study, the mean free path is rather large in comparison to 

the electrode gap. Therefore, the charged species are 

collected by metallic parts of the wind tunnel (grounded), 

ensuring the current looping, rather than be collected by the 

downstream electrode, even if this electrode is grounded. At 

higher static pressure (typically, for p1 > 100 Pa), the 

discharge morphology changes and the plasma begins to 

establish between the active electrode and the grounded 

one. 

 

Figure 5. Image of the discharge (VHV = -0.79 kV and IHV = 18 mA) 

without flow for a static pressure of p1 = 24.0 Pa; image without post-

processing. 

The influence of the static pressure on the morphology of 

the glow discharge has also be studied. Figure 5 shows an 

image of the discharge with the static pressure set to 

p1 = 24.0 Pa. The applied voltage is tuned to obtain the 

same discharge current than those obtained with a static 

pressure set to p1 = 8.0 Pa. In this case, the applied voltage 

is decreased (VHV = -0.79 kV) to keep constant the current 

(IHV = 18.0 mA). This observed behavior is characteristic of 

a glow discharge operating in an abnormal regime at a low 

pressure and is consistent to experimental measurements 

reported in the literature (for instance, see [37-39]). It 

corresponds to the fact that collisional processes are more 

efficient at higher pressure, thus requiring a lower applied 

voltage to have the same current [40]. As observed, an 

increase in the static pressure p1 induces a shrinking of the 

Faraday's dark space because the mean free path increases 

with the static pressure. For p1 = 8.0 Pa, the mean free path 



 

2e N   between electrons and nitrogen molecules is 

2e N   = 1.09 mm, while it is equal to 
2e N   = 0.36 mm for 

p1 = 24.0 Pa. The mean free path 
2e N   is calculated in 

considering a total scattering cross section for electron 

collisions with nitrogen molecules of 
2

tot

e N   = 25.7e
-16

 cm
2
 

[41]. The lower applied voltage contributes also to this 

shrinkage. In addition, the size of the positive column is 

smaller in comparison to the case with p1 = 8.0 Pa. These 

results show that the discharge morphology is strongly 

affected by the local pressure value of the region around the 

active electrode. 

4  THE BASELINE FLOW FIELD 

The flow field around the flat plate is first investigated 

without the plasma actuator working, corresponding to the 

study of the natural flow around the flat plate (namely, the 

baseline flow). In this case, the shock wave is 

experimentally visualized with the discharge flow 

visualization technique. Figure 6 shows an image of the 

baseline flow around the flat plate visualized with the ICCD 

camera. This image results from the averaging and post-

processing of 150 snapshots of the flow field recorded with 

the ICCD camera. The contrast is enhanced with ImageJ 

program in order to distinguish the shock wave position 

more precisely than is possible from the raw image. The air 

flows from the left to the right. 

 

Figure 6. Image of the natural flow field around the flat plate obtained 

with the glow-discharge flow visualization technique (exposure time of 

50 ms). The free stream Mach number is 2. 

The shock wave is readily recognized on the image 

captured with the ICCD camera and its shape obeys to an 

hyperbola fitted with the following equation: 
2/1

2

3

21 1


























c

z
ccx      (2) 

where x and z are the shock wave coordinates in the 

Cartesian coordinate system (centered on the leading edge), 

and c1, c2 and c3 are the geometric coefficients of the 

hyperbola. The shock wave angle  corresponds to the 

angle of the hyperbola asymptote (i.e., the Mach angle). The 

coefficients c1, c2 and c3 are estimated by fitting (least 

squares method) the shock wave position on the ICCD 

images, enabling the shock wave angle to be calculated. For 

the baseline flow, the value of the shock wave angle is 

off = 36.71° ±0.68°. For a given experimental configuration 

(VHV, IHV), the value of  is obtained by repeating (three 

times) the analysis of the same series of images. The total 

uncertainty  is calculated according to [42] in 

considering a confidence interval of 95% (see [28] for 

further details). The shock wave is slightly detached from 

the leading edge of the plate because of the rarefaction 

effects. The magnitude order of the shock wave stand-off 

distance is 1-2 mm. For the baseline flow, the longitudinal 

distribution of the surface temperature measured with the IR 

camera along the flat plate is homogeneous: Tw ranges 

between 286.7 K and 288.8 K with an average value of 

≈ 287.4 K. 

 

 

Figure 7. Electrical characterization of the plasma actuator in a Mach 2 

air flow: (a) current-voltage characteristic and (b) power consumption 

versus the applied voltage. The free stream Mach number is 2. 

5  DISCHARGE CHARACTERIZATION IN A 

RAREFIED MACH 2 FLOW 

5.1  ELECTRICAL PARAMETERS 

A negative dc potential is applied to the active electrode, 

generating a glow discharge. Figure 7 shows the current-



 

voltage characteristic (IHV - VHV). The 2D xy-plots were 

produced in Python, using the NumPy and Matplotlib 

environment [43, 44]. The error-bars represent the total 

uncertainty estimated according to [42] and the error 

propagation law suggested by [45]. The discharge ignites at 

around Vign = -0.36 kV ±0.01 kV, and can be sustained 

down to around VHV ≈ -2.5 kV. Within this range the 

discharge current increases with the applied voltage as 

 nHVignHV VVaI  ,       (3) 

where Vign is the ignition voltage in kV, and 

a = 69.2 mA.kV
-n

 ±0.9 mA.kV
-n

 and n = 1.28 ±0.03 are the 

best-fit parameters with their corresponding standard errors 

obtained by fitting (least-squares method) the experimental 

data to a given model. The standard errors of best-fit 

parameters were calculated with the Python-based Kapteyn 

package [46] by taking into account errors both in x and y 

using the effective variance method (i.e., weighted fits). The 

shape of the IHV - VHV characteristic is typical of a glow 

discharge operating in the abnormal regime, for which the 

current is increased by increasing the applied voltage [36]. 

The relationship between VHV and IHV (i.e., the values of a 

and n in relation (3)) depends on the pressure, the gas, and 

the discharge configuration (for instance, see [39]). The 

power consumed by the plasma actuator is estimated with 

IHV and VHV and evolves as 

 nHVignHV VVaP        (4) 

where a = 91.5 W.mA
-n

 ±3.3 W.mA
-n

 and n = 1.87 ±0.08 

are the best-fit parameters with their corresponding standard 

errors. The plasma resistance Rp, calculated from VHV and 

IHV, is presented in Figure 8. The plasma resistance has a 

decreasing trend and tends to Rp ≈ 20 k for high values of 

the discharge current. This behavior is similar in terms of 

both value and shape to those reported in the literature. For 

an abnormal glow discharge at a pressure below 10 Torr, 

the plasma resistance decreases with the applied voltage, 

and ranges typically between 10 k and 100 k [38, 39]. 

The decreasing plasma resistance with the applied voltage is 

a typical property of such a type of discharge [36], 

explaining why the voltage-current characteristic (see 

Figure 7a) has a positive slope (i.e., n > 1 in relation (3)). 

 

Figure 8. Plasma resistance Rp versus the applied voltage VHV. The free 

stream Mach number is 2. 

5.2  SURFACE TEMPERATURE 

As already observed in previous works, one of the plasma 

actuator effects is the heating of the surface plate inducing a 

modification of the flow field around the plate [13, 28, 32]. 

The main contribution to the cathode heating is the 

bombardment of energetic neutrals and returning ions, in 

particular positive ions [36]. Because the flat plate is 

beveled, the electric field is stronger in the vicinity of the 

leading edge [32]. This non-uniform distribution of the 

electric field above the cathode induces an intensification of 

bombardment by ions, and thus an increase in the surface 

temperature of the cathode in this region. The longitudinal 

distribution of the surface temperature is therefore not 

constant along the flat plate, as evidenced by the infra-red 

camera measurements presented in Figure 9. Over the range 

of electrical configurations tested with the plasma actuator, 

the maximum surface temperature Tw,max evolves with the 

applied voltage as a power law [28]. 

 

Figure 9. Longitudinal distribution of the surface temperature Tw in the 

case of the plasma actuator. The free stream Mach number is 2. 

 

Figure 10. ICCD image of the flow field modified by the plasma actuator 

(VHV = -1.44 kV and IHV = 37 mA). The solid line represents the shock 

wave shape of the baseline flow. The free stream Mach number is 2. 

5.3  DISCHARGE MORPHOLOGY 

Figure 10 shows an image obtained with the ICCD 

camera of the flat plate with the plasma actuator operating 

in a Mach 2 air flow. One can observe that the discharge 

exhibits the same three distinct regions as those described 

previously (see Section 3). However, the plasma discharge 



 

exhibits a plume-like shape slightly slanted in the upstream 

direction. Because a shock wave is present around the flat 

plate, the Faraday's dark space is slightly slanted in the 

upstream direction. The Faraday's dark space has a variable 

thickness, ranged approximately between 5 mm and 15 mm. 

The thickness depends on the longitudinal position along 

the flat plate (i.e., along the X-axis) because the developing 

laminar boundary layer induces different wall-normal 

variations of the pressure (i.e., along the Z-axis) [27]. The 

shock wave position corresponds to the oblique gradient of 

luminosity observed into the positive column above the flat 

plate. 

5.4 ELECTRON POPULATION ANALYSIS 

Measurements of the electron density ne and temperature 

Te of the plasma are performed with a Langmuir probe. For 

the present study, the analysis is done using the collision-

less or classical Langmuir probe theory which implies 

2NeD R           (5) 

where D is the Debye length, R is the probe radius, and 

2e N   is the mean free path between neutral and electrons. 

The electron current is related to the electron density and 

electron temperature by the following equation 
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where me is the electron mass and As is the probe surface. 

Nevertheless, the classical Langmuir theory has to be 

verified afterward in order to check that the Debye length, 

the Langmuir probe diameter, and the mean free path 
2e N   

satisfy the relation (5). For an electron temperature ranging 

between 0.2 eV (2321 K) and 2.5 eV (29,010 K), and 

electron densities varying from 10
8
 cm

-3
 to 10

13
 cm

-3
, the 

Debye length decreases from 2 mm till 2 m. The 

elementary electric charge q = 1.6022×10
-19

 C and the 

Boltzmann constant kB = 1.38065×10
-23

 J.K
-1

 are used to 

express the temperature in eV. The mean free path 
2e N   

estimated for a range of gas temperature of 300-1000 K, 

and a gas pressure of 8.0 Pa, is ranged between 0.46 cm and 

1.54 cm. The comparison between these three parameters is 

then verified for a large set of plasma parameters, giving 

confidence on the use of the classical probe theory in our 

flow and discharge conditions. The plasma is also 

characterized by the floating potential f and the plasma 

potential p. The former is the potential for which the ionic 

current counterbalances the electron current (i.e., the total 

current is null), and the latter is obtained from the maximum 

of the first derivative of the probe characteristic. 

The plasma parameters (f, p, ne, and Te) are measured in 

the vicinity of the cathode, especially in the region upstream 

the flat plate. Horizontal and vertical probe characteristic 

profiles have been carried out for -1.13 kV and 30 mA. 

Results are presented on Figures 11 and 12, respectively. 

  
 

 

Figure 11. Langmuir probe measurements along the X-direction at 

z = 15 mm: (a) measurement positions, (b) electron density ne, and (c) 

electron temperature Te. Electrical parameters of the discharge: VHV = -

1.15 kV and IHV = 30 mA. The free stream Mach number is 2. 

  
 

 

Figure 12. Langmuir probe measurements along the Z-direction at x = -

5 mm: (a) measurement positions, (b) electron density ne, and (c) electron 

temperature Te. Electrical parameters of the discharge: VHV = -1.15 kV and 

IHV = 30 mA. The free stream Mach number is 2. 

Even if the measurement positions presented in 

Figure 12a are located upstream the flat plate, and therefore 

the cathode, the electric field is strong enough to ionize the 

flow upstream the model. The electrons have indeed their 

mobility which obeys to the electric field configuration and 

not to the density of the heavy particles (i.e., the shock 

wave). In addition, it may be noticed that the electron 

density profile presents a maximum at z = 0 mm, illustrating 

the inhomogeneous scattering of the light emitted by the 

discharge. The electron temperature is ranged between 1 eV 



 

(11,605 K) and 4 eV (46,419 K), showing the strong non-

thermal equilibrium state of the flow as the gas temperature 

remains around 300 K. This point could be of interest to 

explain the modification of the flow field, since the 

disequilibrium between electrons and heavy particles (i.e., 

ions and neutrals) is a key parameter to evaluate the strength 

of the different thermal transfers [36]. 

 

 

Figure 13. Electron parameters versus the applied voltage, at x = -5 mm 

and z = 10 mm: (a) electron density, and (b) electron temperature. The free 

stream Mach number is 2. 

Figures 13a and 13b show the variation of the electron 

density ne and the electron temperature Te according to the 

applied voltage, respectively. The measurement position is 

upstream the flat plate, at x = -5 mm and z = 10 mm. The 

increase in the electron density and temperature values with 

the applied voltage can be described, respectively, by 

 nHVigne VVan        (7) 

and 

   
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where a = 2.71×10
12

 cm
-3

.V
-1

 ±0.29×10
12

 cm
-3

.mA
-1

 and 

n = 1.21 ±0.13 is the best-fit slope with its corresponding 

standard error in relation (7), and a = 4.55 eV ±0.04 eV, 

b = 7.82 mA ±1.02 mA, and n = 1.05 ±1.05 are the best-fit 

parameters with their corresponding standard errors in 

relation (8). The temperature T1 is expressed in eV in 

relation (8) (T1 = 0.014 eV). The increase in ne with the 

applied voltage corresponds to a linear increase of the 

electron density with the discharge current that is consistent 

with the classical behavior of this type of discharge. The 

electron temperature has a different behavior. For a 

discharge current higher than 30 mA, the electron 

temperature exhibits a plateau and tends to remain constant 

at Te = 4.55 eV (52,801 K). 

From the electron density values one can determine the 

local ionization degree i defined as the ratio of the electron 

density to the local total density, defined as follows 
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where nh is the density of heavy particles which depends on 

the local pressure (i.e., neutral particles) in m
-3

 and ne is the 

electron density in m
-3

. The ionization degree of the flow 

upstream the flat plate can be determined from the electron 

density values of Figure 13 and the local total density of the 

free stream. At p = 8.0 Pa and T = 162.8 K, the neutral 

density is nh = 3.56×10
21

 m
-3

. The variation of the ionization 

degree with the applied voltage is plotted on Figure 14. It 

can be observed that for a large part of the applied voltage 

values experimentally tested, the ionization degree of the 

plasma upstream the flat plate ranges between 10
-4

 and 10
-3

. 

This range is much higher than the one estimated by [47] 

(1.2-3.0×10
-7

), for which the shock wave modifications 

were attributed to only thermal effects. 

 

Figure 14. Ionization degree i as a function of the applied voltage VHV, at 

x = -5 mm and z = 10 mm. The free stream Mach number is 2. 

6  ANALYSIS OF IONIZATION DEGREE IN 

THE SHOCK WAVE ANGLE INCREASE 

The plasma discharge induces a modification of the shock 

wave deflecting it outward from the flat plate surface as 

illustrated in Figure 10. Figure 15 shows the variation of the 

shock wave angle with the applied voltage. It can be seen 

that for higher applied voltage, greater is the increase in the 

shock wave angle. 

In rarefied flow regime, the boundary layer developing 

over the flat plate surface is thick and then can be affected 



 

by thermal effects, especially those induced by a 

modification of temperature at the model surface. As a 

consequence, displacement effects of the boundary layer 

appear, inducing an increase in the boundary layer 

thickness, and therefore an increase in the shock wave 

angle. In the case of the plasma actuator, the glow discharge 

created above the flat plate surface induces an increase in 

the surface temperature, leading to a displacement effect 

experimentally measured [28]. In the case of the baseline 

flow, 99 = 11.7 mm, whereas 99 = 18.7 mm for a plasma 

discharge with VHV = -1.47 kV and IHV = 39 mA, showing 

the displacement effect induced by the plasma actuator. 

 

Figure 15. Shock wave angle  versus the applied voltage VHV. The free 

stream Mach number is 2. 

Another possible effect produced by the plasma discharge 

is bulk heating of the gas above the flat plate surface, 

inducing an increase in the thermodynamic temperature. 

This thermal effect has been studied experimentally and 

numerically with a Monte Carlo simulation [48, 49]. 

Investigations have shown that bulk heating is too low, an 

increase of around 10 K is reported, to have an influence on 

the flow field properties and thus to modify the shock wave 

angle. 

In a previous work [28], the part of the surface heating 

into the total shock wave angle modification is estimated. 

Experiments have been carried out with a heating element 

used instead of the plasma actuator to reproduce the surface 

thermal effects. It is observed that for the same surface 

temperature distribution, first the pressure field above a flat 

plate equipped with a plasma actuator is different to the one 

obtained with the heating element and secondly that the 

shock angle increase is also higher with the plasma actuator 

than with the heating element. It appears that other 

processes must be considered to fully explain the shock 

wave modification experimentally measured. In a previous 

work [26], the authors have shown that a Mach 2 flow field 

around a cylinder was modified by a plasma actuator placed 

at the stagnation point on a circular cylinder. In this case, 

the ionization degree is strong enough to decrease the value 

of the isentropic coefficient of the gas, leading to an 

increase in the shock wave stand-off distance. Although the 

nature of the shock wave is different (weak shock wave in 

this study, strong one in [26]), the conclusions drawn in [26] 

lead us to believe that the ionization degree could play a key 

role to explain the observed modifications over the flat 

plate, since the flow conditions are the same and the plasma 

actuator devices are similar. 

From this assumption, measurements of the plasma 

properties (Te and ne) have been achieved with a Langmuir 

probe in order to estimate the ionization degree induced by 

the discharge, in the vicinity of the cathode and upstream 

the model. We think that the shock wave is modified by the 

upstream flow conditions that are influenced by the 

ionization of the incoming flow. The vertical profile 

measured 5 mm upstream to the flat plate leading edge 

shows that the electron density values are not negligible, 

since ne is ranged between 1.0×10
12

 cm
-3

 and 1.4×10
12

 cm
-3

 

near the flat plate (see Figure 12). On the contrary, the 

electron temperature, ranged between 3.0 eV (34,814 K) 

and 4.5 eV (52,220 K), increases when approaching the flat 

plate. The longitudinal profile measured at z = 15 mm 

clearly shows the increase in the electron density just over 

the cathode region with the decrease in the electron 

temperature (see Figure 11). This behavior denotes first that 

the electron population has enough energy to ionize the gas 

flow far from the active electrode, and secondly that the 

electrons are free to move in the opposite direction of the 

supersonic flow. These properties of electrons lead to a 

modification of the nature of the incoming gas flow just 

before interacting with the flat plate. The modification of 

the flow results into a change in the isentropic exponent of 

the gas flow. Indeed, in the case of an ionized gas, the 

isentropic exponent *
 of a diatomic plasma in non-local 

thermodynamic equilibrium is given by [29] as 
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where cp
*
 and cv

*
 are the heat capacities of the plasma [29], 

i = ne / nh is the ionization degree with ne the electron 

density and nh the neutral particle density, and  = Tgas / Te 

is the thermal disequilibrium between the gas temperature 

Tgas and the electron temperature Te. The ionization energy 

ion used in the calculations of cp
*
 and cv

*
 corresponds to that 

of the predominant ionized species N2
+
 (15.7 eV, [50]). 

As the isentropic exponent value depends on the electron 

temperature and the ionization degree, one can evaluate the 

modified value of *
 as a function of the applied voltage. 

Figure 16 shows the theoretical variation of *
 as a function 

of the applied voltage VHV. The curve shows a noticeable 

variation of *
 with VHV, since its value decreases from 1.4, 

corresponding to the unionized air (i.e., at VHV = 0 kV), 

down to 1.365 at VHV = -2.5 kV. The values corresponding 

to the experimental configurations tested range between 

1.37 and 1.38. The lower isentropic exponent upstream the 

flat plate has a direct influence on the interaction between 

the supersonic gas flow and the flat plate and, then, on the 

shock wave. 



 

 

Figure 16. Isentropic exponent * of the plasma upstream the flat plate as 

a function of the applied voltage VHV, at x = -5 mm and z = 10 mm. The 

free stream Mach number is 2. 

 

Figure 17. Mach number M1
* of the plasma flow upstream the flat plate 

as a function of the applied voltage VHV, at x = -5 mm and z = 10 mm. The 

free stream Mach number is 2. 

A modification of the isentropic exponent leads to a 

change in the velocity of the flow and the Mach number 

[29, 51]. To evaluate this effect we used the Barré de Saint-

Venant equation to estimate the flow velocity upstream of 

the flat plate when the plasma actuator is switched on. This 

equation can indeed be applied to non-isentropic flows as it 

is the case in our experimental case with the plasma 

discharge. This equation can be written as follows 
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where U1 is the gas flow velocity upstream the flat plate, 

c1 is the speed of sound,  is the isentropic exponent, and K1 

is a constant calculated with the baseline flow conditions. 

The mass flow conservation law allows the following 

equation to be written 
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where U1
*
 is velocity of the ionized gas flow, c1

*
 is the 

modified sound speed in the plasma, and *
 is the isentropic 

exponent for the ionized gas flow. Then, the Mach number 

of the ionized flow M1
*
 is determined as the ratio of the 

flow velocity to the speed of sound calculated with ionized 

flow conditions. Values are reported on Figure 17 as a 

function of the applied voltage. As expected, the Mach 

number decreases when the discharge voltage increases thus 

when the ionization degree of the gas increases. 

With regards to our experimental conditions the Mach 

number varies from 1.97 and 1.90 over the applied voltage 

range. As the shock wave angle is proportional to the 

inverse of Mach number, the decrease in the Mach number 

due to the lower ionization degree of the gas flow 

contributes to the increase in the shock wave angle observed 

experimentally. 

7 CONCLUSION 

In this study, it is evidenced the influence of the plasma 

actuator on the modification of the flow field and specially 

the increase in the shock wave angle. In previous works of 

our group, it was experimentally observed that the increase 

in the surface temperature of the flat plate with the applied 

voltage of the plasma actuator induces an increase in the 

shock wave angle. Concerning the bulk heating induced by 

the dc glow discharge, previous works of our group lead us 

to consider that such a type of heating does not play a 

significant role in the modification of the rarefied Mach 2 

flow field above the flat plate. 

This investigation focuses on the analysis of the glow 

discharge properties that can take part on the flow field 

modification. The analysis of the glow discharge produced 

by the plasma actuator without the supersonic flow showed 

that its morphology depends strongly on the stagnation 

pressure of the test chamber. As consequence, a strong 

coupling occurs with the supersonic flow that will have an 

influence on the interaction between the Mach 2 flow and 

the flat plate. Measurements with an electrostatic probe are 

performed and show that, firstly, the glow discharge 

produces sufficient electron density to modify the gas flow 

properties and, secondly, that this modification can extend 

upstream of the flat plate (i.e., in the opposite direction of 

the Mach 2 flow). The plasma effects result into the 

modification of properties of the incoming flow before it 

interacts with the flat plate. In particular, a decrease in the 

Mach number is expected with the simplified theoretical 

model proposed in order to explain the increase in the shock 

wave angle. Future improvements will be considered to gain 

a better understanding of the coupling between the plasma 

and the flow. 
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