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An experimental study of a direct-current, nonequilibrium glow plasma discharge in the presence of a Mach 2.85

supersonic flow is presented. The discharge is generated with pinlike electrodes flush-mounted on a plane surface

with sustaining currents between 25 to 300 mA. In the presence of a supersonic flow, two distinct discharge modes

(diffuse and constricted) are observed depending on the flow and discharge operating conditions. The effect of the

discharge on the flow (“plasma actuation”) is characterized by the appearance of aweak shockwave in the vicinity of

the discharge. The shock is observed at low powers (�10 W) for the diffuse discharge mode but is absent for the

higher power (�100 W) constricted mode. High-speed laser schlieren imaging suggests that plasma actuation is

rapid as it occurs on a time scale that is less than 220 �s. Rotational (gas) and vibrational temperature within the

discharge are estimated by emission spectral linefits ofN2 andN
�
2 rovibronic bands near 365–395 nm.The electronic

temperatures are estimated by using the Boltzmann plot method for Fe(I) atomic lines. Rotational temperatures are

found to be high (�1500 K) in the absence of a flow but drop sharply (�500 K) in the presence of a supersonic flow

for both the diffuse and constricted discharge modes. The vibrational and electronic temperatures are measured to

be about 3000 K and 1.25 eV, respectively, and these temperatures are the same with and without flow. The gas

temperature spatial profiles above the cathode surface are similar for the diffuse and constricted modes indicating

that dilatational effects due to gas heating are similar. However, complete absence of flow actuation as indicated

visually by the shock indicates that electrostatic forces may also play an important role in high-speed plasma-flow

actuation phenomena. Analytical estimates using cathode sheath theory indicate that ion pressure within sheath can

be significant, resulting in gas compression within sheath and a corresponding expansion above it. The expansion, in

turn, may fully negate the dilatational effect in the constricted case resulting in an apparent absence of forcing in the

constricted case.

I. Introduction

T HERE is much recent interest in plasma-based localized
aerodynamic flow actuation using single dielectric-barrier

discharges (DBD) [1,2], direct-current (DC) glow discharges [3–5],
DC filamentary discharges [6,7], and RF discharges [8]. The use of
plasmas for flow-control applications is particularly promising
owing to the potential for achieving high-bandwidth actuation
without moving mechanical parts. Plasma actuation is achieved
through one or more of three basic mechanisms: 1) rapid gas heating
of the flow achieved by volumetric Joule heating (dilatation effect),
2) electrohydrodynamic (EHD) forcing by imparting directed
momentum to the bulk flow using electrostatic force generated by
interaction of charge particles with an external electric field, and
3) magnetohydrodynamic (MHD) forcing, which relies on the
generation of a Lorentz force on the bulk flow owing to the
interaction of electrical currentswith an externally imposedmagnetic
field.

In low-speed flows at atmospheric pressures, DBD-type actuators
with asymmetric electrode/dielectric configurations have been used
successfully for aerodynamic flow-control applications. Owing to
the current limiting behavior of dielectric covered electrodes, these
actuators are characterized by pulsed operationwith 1–10 kV applied
voltages at frequencies of �10 kHz and low peak current densities

(�1 A=m2) [9–11]. DBD discharges generate low (room)
temperature plasmas and rely on the EHD forcing mechanism. The
main weakness of DBD actuators is the relatively small actuation
effect as characterized by the induced flow velocity. For example,
Roth [2] and Leonov et al.[7] have estimated induced velocities of
about 10 m=s and less, in DBDs. In particular, Leonov et al. [7]
comment that induced flow velocities higher than about 10 m=s are
not possible in practice because increased DBD current results in
increased gas heating and surface heating rather than EHD forcing.
Results from the numerical studies of Shyy et al. [12] support the
preceding estimates; they found that the maximum induced flow
speeds were about 15 m=s and the maximum effect was obtained at
very low freestream velocity (�2 m=s).

Dilatation effects produced by gas heating in DC discharge have
been shown to be much more effective in supersonic flow actuation.
For example, Menart et al. [3] have shown that a diffuse DC glow
discharge with an input power of about 50 W in a streamwise
electrode arrangement (with cathode upstream) can increase the
surface pressure in the immediate vicinity of the cathode by about
10%. Surface pressure measurements [3] and global force
measurements on plasma-actuated surfaces [13] showed a linear
trend with input power. However, a glow discharge is subject to
instabilities especially at high pressures and high-current conditions
[14]. The effectiveness of a diffuse glow discharge is therefore
limited to currents of a few hundreds of milliampere. At higher
currents, the glow transitions to a thermal arc. The arc itself is quite
effective in supersonic flow actuation, albeit at much higher power
inputs than the glow. For certain conditions, such as those studies by
Yano et al. [15], a DC glow discharge in the presence of a supersonic
flow did not show any detectable actuation of the flow, reflecting the
relatively weak forcing effects that are often realized with plasma
actuators in supersonic flows.

Flow actuation by large power deposition using filamentary arcs
has been explored by Leonov et al. [6]. They used an array of small
radius electrodes with input currents as high as 1–5 A at input
voltages of several kilovolts. The power input in these discharges is a
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few kilowatts and is much higher than in glows. For these arc
discharges, the static pressure over the wall surface in the immediate
vicinity of the discharge was measured and static pressure increases
owing to the plasma discharges were found to be insignificant [6].
Similar pressure measurements were conducted by Menart et al. [3]
whose results provide the same conclusions. However, schlieren
imaging showed generation of weak shock waves at the location of
the arc discharge and the formation of a separation zone immediately
downstream of the electrodes [7].

Because dilatation effect produced by gas heating is significant in
a nonmagnetized DC discharge, gas temperature information in the
discharge is of great interest. In recent work of Stanfield et al. [16],
temperature measurements in a diffuse glow discharge using
emission spectroscopy found peak rotational temperatures to be
around 380 K at 50 mA current input. A spatial profile of the
temperature perpendicular to the surface above the cathode showed
that the temperature decreased sharply to near freestream values of
about 45K at an elevation of about 3mmwith the peak occurring just
above the cathode. These results indicate that gas heating takes place
in only a small portion of the glow plasma volume near the cathode.
In a filamentary arc discharge, gas temperatures as high as 3000–
5000 K were measured [7], which is an order of magnitude higher
than the case with a diffuse glow discharge [16]. However, as
discussed previously, flow actuation by arcs is not significantly
greater thanflowactuation by diffuse glows, despite themuchgreater
power inputs. Magnetic fields can potentially be applied to increase
the effectiveness of plasma discharge by imposing a Lorentz force on
the ionized flow. The effect of Lorentz forcing of a supersonic flow
by an imposed magnetic field was explored recently, but even in this
situation dilatation effects due to gas heating was shown to be the
primary mechanism of flow actuation [5].

Measurements of the gas temperature using optical emission
spectroscopy are common in plasma applications. Several methods,
such as the Boltzmann plot of spectral line intensities, are used to
evaluate the rotational, vibrational, and electronic temperatures of
atomic/molecular species. For air plasma, the rotational bands ofN�2
first negative system or N2 second positive system are often used to
determine the gas temperature [17]. In anN2 spectrum, line strengths
are usually determined by fitting the measured spectra to synthetic
spectra, rather than by using theBoltzmann plot, owing to the overlap
of rotational lines [17,18]. For example, Chelouah et al. [19] provide
a reasonably good estimate of temperature usingN2 andN

�
2 bands by

this fitting procedure.
In this paper, we study the coupled interactions between a DC

glow plasma discharge with pinlike electrodesmounted on a surface,
and a Mach 2.85 aerodynamic flow. Flash-lamp schlieren and high-
speed laser schlieren imaging is used to visualize flow actuation by
the discharge. Electrical measurements, synchronized with imaging,
provide correlation between discharge structure and flow actuation
phenomena and time-resolved current-voltage behavior. Non-
intrusive optical emission spectroscopy (OES) is used to provide
quantitative measurements of the gas temperature, molecular species
vibrational temperature, and atomic species electronic temperature.
We report different stable glow mode operation of the discharge
depending on the discharge conditions. We also find the plasma
actuation is highly dependent on the discharge mode and we
speculate on the role of electrostatic forcing in addition to gas heating
in the overall plasma actuation phenomena. This study therefore
provides more evidence on the importance of electrostatic forcing
alluded to by others in the literature [20].

II. Experiment Setup

A. Wind Tunnel

The experimental workwas conducted in aMach 2.85wind tunnel
with a test section that has a cross-sectional area of 25 cm2. For our
experiments, a splitter plate was inserted which extended from the
plenum section into the test section, (Fig. 1). The acrylic splitter plate
was 6.0 mm thick and the discharge electrodes were installed about
25 mm upstream of the trailing edge. The tunnel was equipped with
adjustable upper and lower test section walls, which enabled the

mean pressure gradient to be set. The tunnel was fed by a high-
pressure tank and the air was discharged into a 1000 ft3 vacuum tank.
The vacuum tank was evacuated to a pressure of 5–10 torr by using a
Stokes microvacuum pump (model 412H-11) and Roots Conners-
ville rotary positive vacuum pump (RGS-HVB). The test section
pressure was maintained in the range of 15–25 torr for all
experimental runs. The freestream static temperature was about
110 K.

B. Plasma Discharge

A DC plasma was generated between two steel pinlike electrodes
(diameter, 3=32 in:). The electrodes are flush-mounted on a ceramic
plate (Macor or Mesco) that was inserted at the trailing edge of the
splitter plate. The electrodes were oriented in the streamwise
directionwith one electrode upstream and the other downstreamof it.
The interelectrode distance measured between the electrode centers
was 0.3 in. The electrodes are located about 4.5 in. downstreamof the
wind-tunnel nozzle exit and about 8 in. from the leading edge of the
splitter plate.

Both cathode downstream and cathode upstream configurations
were studied in this work. The discharge was generated by 1.2 kW
high-voltage, high-current DC power supply (Spellman,
SL2PN1200), which was rated to deliver a maximum current of
600 mA and a maximum voltage of 2 kV. A variable ballast resistor
whose resistance ranged from 0 to 25 k� was connected in series to
the ground electrode andwas foundnecessary to provide control over
the discharge operating regime. The discharge current was measured
by measuring the voltage drop across an 11 � resistor connected in
series to the discharge andwas recorded using a data acquisition card
(DAQcard-AI-16E-4). The transient discharge current measurement
was synchronized with the high-speed laser schlieren imaging
system.

C. Imaging

Flash-lamp schlieren imaging and laser schlieren imaging were
used to visualize the flowfield structure in the supersonic flow. The
flash lampwas pulsed at 60 Hz using a delay generator, and the pulse
duration of about 2 �swas small enough to provide an instantaneous
snapshot of the flow. The flow was imaged through acrylic windows
on each side of the test section. The light was collimated and focused
by 3 ft focal length concave mirrors. The schlieren images were
captured using a Pulnix TM 6710 camera with a framing rate of
60 Hz, triggered internally, and had an exposure time of 16 ms. The
images (512 � 480 pixel resolution) were acquired for 30 s once the
tunnel was started. The optical setup for laser schlieren imaging was
similar to that for flash-lamp schlieren, except that a steady-state
helium-neon laser (5 mW) was used as the light source and a high-
framing rate charge-coupled device (CCD) camera (Kodak Ektapro
4540mx)was used as the detector. The resolution of the CCD camera

x z

y

high pressure

DC power supply

vacuum

spectrometer

collection opticsplasma actuator

Fig. 1 Schematic of experiment setup for DC plasma-discharge
supersonic flow actuation studies.

SHIN ET AL. 1597



was 256 � 256 pixels and the framing rate was 4.5 kHz (integration
time of 222 �s). The start of the image acquisition was controlled
using a delay generator and the imageswere acquiredwith an internal
trigger.

D. Spectroscopy

Optical emission spectroscopy was used to obtain temperature
information of the plasma discharge. The light emitted from the
discharge was collected with a 1 in. focal length confocal lens
(diameter, 1 in.) through a fused-silica side window and was focused
onto a fiber optic cable with a 400 �m core. The fiber optic was
connected to the entrance slit (5 �m slit width) of a 1=4 m imaging
spectrometer (Spectra-Physics, MS260i). Collection optics (lens and
fiber optic) were mounted on a translation stage to provide position
control for the spatial temperature profile. No apertures were used for
spectroscopic measurements. The nominal spectral resolution of the
setup was 0.13 nm with a 1800 lines=mm grating. A study was
performed to measure the spatial resolution of the optical setup by
scanning a 25 �m pinhole back-illuminated by a flash lamp across
the object plane. The spatial resolution was limited by the fiber optic
cable core diameter and the magnification of the system, and was
nominally 400 �m.

III. DC Plasma Discharge in Mach 2.85 Flow

The plasma discharge was ignited at interelectrode voltage drops
between 500–1000 V depending on the test section pressure. The
power supply provided the capability to establish a set-point current
through the discharge by automatically varying the source voltage,
and set-point currents were varied from 25 through 300mA. Figure 2
shows laser schlieren images of 100 mA plasma discharges at
different test section pressures in the absence of a flow. A diffuse
luminous discharge is observed for pressures of 16.8, 20.32, and
25.4 torr. The luminosity is present only in the immediate vicinity of
the cathode. As pressure increases at a fixed current of 100 mA, the
volume of the luminous part of the discharge decreases. Further
increase in pressure beyond a certain value extinguished the
discharge, which indicates that higher voltages than could be
delivered by the power supply were needed to sustain the plasma.

It is not uncommon to observe DC discharges with luminosity that
is restricted to the cathode region. For example, in a certain range of
pressures and in certain geometric configurations, a DC glow
discharge may have a bright luminous cathode layer corresponding
to the negative glow region, whereas the positive column remains
less luminous or even dark [14]. The negative glow provides an
indirect visual indication of the spatial extent of the sheath-bulk
plasma-interface region. As the pressure increases and mean-free
paths decrease, the characteristic dimension of the glow discharge
decreases; this, in turn, is associatedwith a corresponding decrease in
the spatial extent of the negative glow region. The observations in
Fig. 2 are consistent with the preceding description of negative glow
DC discharges, and thus provide some evidence that our discharge is
in fact a nonequilibrium glow. It is useful to note that thermal arcs
have vanishingly small sheaths and in general have a bright luminous
positive column that extends from the cathode to the anode surfaces.

For a fixed pressure, the discharge current has a significant effect
on its structure. Figure 3 shows luminosity images of the discharge
with increasing currents in the absence of a flow at a fixed test section
pressure of 15 torr. At 50 mA current, a luminous cathode layer
(similar to Fig. 2) is observed with the positive column being dark
(Fig. 3a). As the discharge current increases, the luminous cathode
layer increases in size (Fig. 3b) and a further increase in current
(Fig. 3c) results in amode changewhere a diffuse discharge (with the
luminous cathode layer) is replaced by a relatively constricted
discharge. The constricted discharge mode is characterized by a
luminous positive column region that spans the entire length between
the cathode and the anode. A mode change of this nature in which
diffuse glow discharge self-constricts above a certain threshold
current iswell documented in the literature (see [21], p. 474). It is also
well established that the constrictedmode is not necessarily a thermal
arc because the discharge continues to be nonequilibrium in the

a)

b)

c)
Fig. 2 Laser schlieren image of plasma discharge in absence of flow.

Test section pressures a) 16.8 torr, b) 20.32 torr, and c) 25.4 torr.

Electrode locations are shown as gray blocks with cathode on the right in
each image.

a)

c)

b)

Fig. 3 Visible luminosity images of the discharge in absence of flow at a

fixed pressure of 15 torr. Input currents are a) 50 mA, b) 150 mA, and

c) 200 mA.
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constricted mode, with the charge densities remaining well below
typical densities for an arc. The constricted mode is therefore a
nonequilibrium glow mode, albeit with higher charge densities than
the diffuse glowmode.Aswill be discussed later, we also confirm the
glow nature of the constricted mode by measuring highly disparate
electrons, and heavy species temperatures. This mode change can
therefore be characterized as a diffuse-to-constricted glow mode
transition. At even higher current (>300 mA), secondary parasitic
discharges occurred between the electrodes and the grounded test
section walls, thereby establishing a practical upper limit to the
currents we could run the discharge at.We also note that operation of
the discharge does not cause a significant increase in the electrode/
surface temperatures for both the diffuse and constricted discharge.

Figure 4 presents visible true color images of the discharge for
different conditions in the presence of the supersonic flow. The flow
is from the left to the right in each image (the cathode being on the
left). Figure 4a is for a 100 mA discharge with a test section static
pressure of 16 torr; Fig. 4b is for 150mAand 25 torr, and Fig. 4c is for
150 mA and 15 torr. For the lower current and lower pressure case
(Fig. 4a), the diffuse discharge with the luminous cathode layer
(negative glow) is observed. The cathode layer has a distinct bluish
color as seen in the image. Increasing the current and test section
pressure to 150mA and 25 torr, respectively, results in amodewhere
only the positive column in a relatively constricted discharge is
visible (Fig. 4b). The positive column has a distinctive pink color
indicating that different species are excited in the positive column
compared with the luminous cathode layer in the case of the diffuse
glow. For conditions with the same current (150 mA) as in Fig. 4b,
but at lower pressure (15 torr), the discharge exhibits a bistable state
in which both the diffuse mode (with a luminous cathode layer) and
the constrictedmode (with a luminous positive column) are possible.
The discharge is observed to switch rapidly between these two
modes, giving a visual (time-averaged) appearance that both a
constricted positive column and a diffuse cathode layer occur
simultaneously. Schlieren imaging (both flash-lamp and laser)
applied to this bistable discharge shows individual images that
resemble both Figs. 4a and 4b, and occasionally show images of the
“mixed mode”with both constricted positive column and the diffuse
cathode layer visible in the same image.

In all cases studied so far with supersonic flow, the overall
discharge structure can be characterized by either one of the two
modes (diffuse or constricted), with a third bistable state comprising
a combination of the diffuse and constricted modes. It is convenient
to classify the two modes as mode d (for diffuse glow discharge with
the luminous cathode layer, as in Fig. 4a) andmode c (for constricted

glow discharge with a luminous positive column, as in Fig. 4b), and a
mode m (for bistable/mixed mode where both the cathode layer and
the positive column are luminous in a time-averaged sense, Fig. 4c).
Figure 5 provides a schematic illustration of the luminous regions
corresponding to each mode.

At pressures greater than about 25 torr, the discharge remains
largely in the constricted mode c, whereas the discharge remains
mostly diffuse (mode d) at lower pressures. Note that the size of the
luminous region of the discharge does not change substantially either
in the presence or absence of flow, as long as the discharge remained
diffuse (mode d). It can be inferred from the preceding discussion that
there is a definite pressure and current range overwhich the discharge
remains diffuse and the current range is wider in the presence of flow
due to aerodynamic stabilization [14].

Figure 6 shows representative time traces of the discharge current
(I) and discharge voltage drop (V) transients during a short (2 s)
period of a typical run. These transients are all for cases with the
discharge in the presence of the supersonic flow and with a constant
test section pressure of 16 torr. As shown in Fig. 6a, at a relatively
low-power supply set-point current (75 mA), the discharge current
and voltage drop across the discharge of about 0.5 kVwere relatively
steady. The discharge total resistivity under these conditions was
therefore about 6:6 k� and the total power dissipated in the
discharge was about 37 W. Schlieren images taken under these
conditions confirm that the discharge was a diffuse mode d
discharge. Figure 6b shows the case of a high set-point current of

Fig. 4 Images of different discharge structures in the presence of flow.

mode d mode mmode c

acac ac

Fig. 5 Different modes of a DCdischarge in a supersonic flow. Labels a

and c denote the anode and cathode, respectively.
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about 300mA, and it is seen that a steady discharge corresponding to
mode c is obtained. Here the discharge potential drop is about 1 kV
and the discharge current is at the set-point current of 300 mA. The
discharge resistivity in this constricted mode is about 3:3 k�, which
is half the resistance of the diffuse mode. The total discharge power
is, however, 300 W, which is about an order of magnitude greater
than for the diffusemode. For an intermediate power supply set-point
current of 150 mA (Fig. 6c), the current-voltage transient reflects the
bistable mode m discharge. The discharge is seen to abruptly
transition from onemode to another with relatively long time periods
on the order of hundreds of milliseconds, during which the discharge
remains in a particular mode. It is clearly seen from the transients that
during periods when the discharge remains at the set-point value of
about 150 mA, the discharge voltage can be either close to 1 kV or
around 0.4 kV, reflecting the high resistivity (mode d) and low
resistivity (mode c) states, respectively. Immediately following a
mode transition (as indicated by sharp spikes in the current transient,
which occurs almost instantaneously on the transient time scale
shown in the figure), the power supply responds by either increasing
or decreasing the power supply voltage to maintain the current at the
set-point value. The discharge voltage transient is determined by the
response time of the power supply, which is on the order of 10 ms.
These transient profiles are also consistent with the schlieren images
of the mixed mode m discussed earlier. For these intermediate
current conditions, individual schlieren images occur in one of
mode d or mode c, and occasionally images having both a luminous
cathode layer and positive column are observed as a consequence of a
mode transition during the exposure time of the image. Regardless, it
must be emphasized that the bistable mixed mode m at intermediate
currents or pressures is a consequence of the nature of the power
supply being used in our study, which tries to control the discharge
current to a set-point value.

IV. Plasma-Induced Flow Actuation

As we have seen, a DC glow plasma discharge can exhibit
different modes in the presence of a supersonic flow depending on
the discharge operating conditions and flow conditions. These
dischargemodes are also observed to have different interactions with
the oncoming supersonic flow and consequently “actuate” the flow
differently. Figure 7 shows three flash-lamp schlieren images of the
flowfield structure of the Mach 2.85 supersonic flow in the presence
of the DC glow discharge. The discharge current is 100 mA and
pressure is 16 torr for Fig. 7a, 150 mA and 20 torr for Fig. 7b, and
150mA and 16 torr for Fig. 7c. The discharge is in mode d in Fig. 7a,
mode c in Fig. 7b, and mode m in Fig. 7c. For conditions
corresponding to the diffuse dischargemode d (Fig. 7a), a perceptible
effect of the discharge is observed on the flow through a weak
oblique shock originating from the discharge region. Theweak shock
is completely absent in the case of a constricted mode c occurring at
higher pressures and currents (Fig. 7b), indicating that the flow is
unaffected by the discharge for this condition. This, however, does
not preclude the possibility that the constricted mode c discharge
does affect the pressure profiles in the near discharge region,
although clearly the effect of this near discharge interaction is not
evident in a far-field shock emerging from the discharge region. The
schlieren image for the mixed mode m (Fig. 7c) also indicates the
presence of a discharge-induced shock. For operating conditions
corresponding to Fig. 7c, the shock is observed to be present for
images with the discharge in mode d and absent for images with
discharge in mode c, indicating that for all conditions it is necessary
for the discharge to remain in the relatively low power (�10 W)
diffuse mode d rather than the higher power (�100 W) constricted
mode c to produce a visible effect of plasma-flow actuation. This
observation is also consistent with surface pressure measurements of
Kimmel et al. [5], who found that an increase of surface pressure just
downstream of the cathode was much higher in the case of a low-
current diffuse discharge compared with a more constricted
discharge at higher currents. Our observations were highly
repeatable and were confirmed through multiple experimental runs.
Therefore, based on our schlieren imaging evidence of a shock

emerging from the discharge region and consistent observations on
the surface pressures measured by Kimmel et al. [5], we take the
visible weak shock as measure of the effectiveness of plasma-flow
interaction. We must also note that generation of discharge-induced
flow actuation (discernible as shocks originating at the discharge
location) has, however, been reported at much higher power (a few
kilowatts) in filamentary arcs [22] where gas temperatures are high
and dilatation effects are expected to be the only dominant
mechanism of flow actuation in the absence of magnetic fields [5].

With high-speed laser schlieren, instantaneous snapshots of the
discharge structure were recorded. For conditions corresponding to
the bistable discharge mode m in Fig. 7c, the frame-by-frame
schlieren images reveal that a discharge-induced shock appears
within one frame after the discharge switches from the constricted
mode c to the diffuse mode d. Similarly, the shock disappears within
one frame after the discharge switches from diffuse mode d to
constricted mode c. This indicates that the discharge mode switch
occurs within the time period of 222 �s of each frame of the camera
as was confirmed by the electrical characteristics of the mode m
discharge in Fig. 7c. More important, these images show that flow
actuation occurs on time scales shorter than the framing rate of the
laser schlieren imaging, indicating that �100 �s flow actuation is
indeed possible with plasma actuators. Clearly, either electrostatic
forcing or rapid volumetric gas heating is responsible for the fastflow
actuation phenomena. Also, the rapid time scales of actuation
conclusively eliminate surface heating as the cause of flow actuation.
More important, our results indicate that to obtain significant flow
actuation in a surface localized DC glow discharge, the plasma must
be operated in a relatively low-power diffuse mode d, which implies
a limited set of pressure and discharge power conditions under which
glow discharge based supersonic flow actuation is possible.
Operating at higher powers resulted in a constricted discharge mode
that was found to be relatively ineffective in flow actuation. For
conditions under which the diffuse mode d glow discharge is not
stable (higher pressures and higher powers), flow actuation is more
effectively achieved at much higher powers (�kWs) where
filamentary arcs are generated [6].

f lowf low
weak shockweak shock

a)

f lowf low

c)

f lowf low

b)

weak shockweak shock

Fig. 7 Flash-lamp schlieren imaging of flow interaction with the DC

discharge. Weak shocks waves are observed in a) and c) but not in b).
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V. Spectroscopic Measurement

As mentioned in the preceding section, in the absence of an
external magnetic field, the actuation of supersonic flow in the DC
glow discharge is achieved either by electrostatic forcing or
dilatational effects owing to gas heating. To provide further insights
into the potential role of dilatational effects, it is important to know
the translational (gas) temperature of heavy species in the plasma.
Because relatively high-pressure plasmas, such as the one
investigated in this study, enable a fast rotational-translational
energy transfer, the rotational temperature of the bulk gas can be
assumed equal to the gas temperature. Nonintrusive optical emission
spectroscopy of the discharge is commonly used to estimate the
rotational temperature of molecular species in a discharge. In this
paper, nitrogen band systemswere studied because they can be easily
identified in nitrogen carrying plasmas [23] and extensive reference
data are available in the literature [17,24–27].

Figure 8 shows the emission spectrum of nitrogen rovibronic band
systems in the wavelength range from 365 to 395 nm, in the
Mach 2.85 supersonic flow. The spectrum ismeasured just above the
cathode surface. The set-point current is 50 mA and the discharge is
in the diffuse mode d. TheN�2 first negative system B2��u ! X2��g
at 391.44 nm (0–0) andN2 second positive systemC

3�u ! B3�g at
380.49 nm (0–2), 375.54 nm (1–3), and 371.05 nm (2–4) are
observed. Rotational lines are much more distinguishable for theN�2
band compared with the N2 bands. The corresponding emission
spectra of the constricted mode c discharge at a current of 75 mA are
shown in Fig. 9. Figure 9a is the spectrum measured above the
cathode and Fig. 9b ismeasured just above the surface approximately
midpoint between the anode and the cathode. Just above the cathode
(Fig. 9a), emission from theN�2 (0–0) band ismuch stronger than that
from theN2 bands and the spectrum is similar to that taken at the same
location for the diffusemode d discharge (Fig. 8). The intensity of the
N�2 band decreases significantly when measured in the positive
column for the constricted mode c discharge (Fig. 9b). The
differences in the relative intensities of theN�2 (0–0) band and theN2

bands in different regions of the discharge are reflective of significant
compositional differences in the different regions of the discharge;
here, the positive column and the cathode layer. This is also
responsible for the different luminous colors of the positive column
and cathode layer as seen in the discharge structure images in Fig. 4.
Note that theN2 bands can be observed in most of the cases due to its
large oscillator strength and large population in air [28].

Rotational temperatures were estimated by fitting synthetic
spectra to the measuredN2 andN

�
2 rovibronic emission spectra. The

N�2 rotational band was simulated assuming Hund’s coupling case b
and accounting for the intensity alternation owing to nuclear spin
[29]. The N2 rotational band was simulated using a representation

intermediate between Hund’s coupling cases a and b because the N2

band conforms to Hund’s case a at low rotational quantum numbers
and case b at high rotational quantum numbers [29]. The resulting
spectral lines were convolved with a Gaussian instrument
broadening profile whose full-width at half-maximumwasmeasured
as 0.083 nm using an He-Ne laser. Doppler broadening was
estimated to be three orders of magnitude smaller than instrument
broadening. Stark broadening can be shown to be negligible under
the relatively low electron density (<1013 cm�3) conditions
expected in a glow discharge. Figure 10 shows spectral fits of N�2
andN2 rotational bands of the 50mAdiffuse mode d discharge in the
presence of a flow with test section static pressure of 16 torr. Almost
all the peaks and valleys of the rotational lines match well in the N�2
fit. However in the N2 fit, only the overall shape and line positions
agree. This is because the gas temperature was low and hence the
rotational lines were weak, and the N2 lines were not resolved well
with the spectrometer used [23]. In the procedure used, the generated
synthetic spectra at certain temperatures were compared with
measured spectra using a fixed line width and the error between two
spectra was calculated. The error is obtained by considering running
average of spectral line intensities near thewavelength of interest and
it is represented as

"i � 11 � Ii=
Xj�i�5
j�i�5

Ij

The errors were evaluated at various temperatures and the
temperature estimate was taken at minimum error. Typical average
error over a band is about 6–8%. For the spectrum shown in Fig. 10,
rotational temperatures were estimated as 430 K for the N�2 fit and
400 K for the N2 fit, respectively. Note that the freestream
temperature of the Mach 2.85 supersonic flow is 110 K indicating
that Joule (gas) heating of the flow is not negligible.

The estimates of rotational (gas) temperature at different currents
are shown in Fig. 11 for a fixed test section static pressure of 16 torr.
The solid line shows the temperature in the absence of a flow and the
dotted line in the presence of a flow. The error bars represent 95%
confidence intervals which are evaluated by assuming that statistical
errors follow the Student t-distribution. The same error scheme will
be used for temperature plots hereafter. The discharge structure was
maintained in mode d for both cases. Currents beyond 125 mA are
not included because higher currents result in mixed mode m or
constricted mode c discharge structures. In the absence of a flow,
temperatures were measured to be in the range of 1200–1800 K
exhibiting a nearly monotonic increase with increasing current,
except for the highest current of 125 mA, where the temperature
drops slightly. In the presence of a flow, the temperatures are much
lower, about 500 K, and show a slight increase with increasing
current. The ambient gas temperature is at room temperature for
cases without flow. For cases with supersonic flow, the freestream
gas temperature drops significantly to about 110 K. Both the lower
freestream temperature and convective effects in the flow explain the
significantly lower gas temperatures of the discharge in the presence
of a flow.However, the temperature increase caused by the discharge
is still five times larger than the freestream temperature in the
presence of a flow, indicating a significant gas heating by the plasma.

To provide insights into the volumetric extent of the gas heating,
spatially resolved profiles of the measured rotational temperatures
are shown in Fig. 12 for a diffuse mode d discharge (16 torr) and a
constricted mode c discharge (30 torr) in the presence of the
supersonic flow. These temperatures are again obtained using the
spectral fitting ofmeasured emission spectrum at different elevations
(y direction; see Fig. 1) above the cathode. Note that the base
elevation (0 mm) indicates where the spectral line intensity is
detectable above the noise and this elevation is not necessarily the
physical surface elevation. Also, the highest elevations for which
temperature results are shown are the locations beyond which the
spectral line intensities become tooweak to estimate the temperature.
The first data point is at 0.7 mm owing to the low signal below that
elevation, and this location shows a temperature of about 800 K for
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bothmodes. At greater elevations above the cathode, the temperature
drops to about 500 K at 2 mm for both modes. At elevations greater
than 2mmdata are not available for the constrictedmode, but data for
the diffuse mode indicate that the temperature drops more gradually
as shown in the figure. The gas temperature was alsomeasured above
the surface midway between the cathode and the anode for the
constricted mode discharge and a similar profile is observed. Gas
temperature measurements at the same midway location were not
possible for the diffuse mode because of very weak emission at the
location. Overall, results in Fig. 12 provide some insights into the
dilatational effects due to gas heating in the diffuse mode and the
constricted mode. Although the visible spatial extents of the
discharge are much different for the diffuse mode and the constricted
mode, the gas temperature profiles appear to be quite similar for the
two modes. This similarity in the gas temperature spatial profiles
provides some evidence that both the diffuse and the constricted
modes produce similar dilatational effects on the flow.

Although rotational temperatures are nearly the same as the gas
translational temperature, vibrational temperatures of molecular
species can be significantly different from the translational
temperature owing to much weaker vibrational-translational energy
transfer. Once the rotational temperature was found by fitting theN2

or N�2 rotational bands, band heads for (0–2), (1–3), and (2–4)
vibrational transitions were matched by adjusting the vibrational
temperature. Electronic moments and Frank–Condon factors for

fitting different vibrational transitions were taken from the literature
[25]. Figure 13 shows vibrational temperature profiles at different
set-point currents. The solid line is for the case of the absence of flow
and the dotted line is in the presence of the supersonic flow. The test
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section pressures are set at 15 torr to ensure that the discharge
structures remain in the diffuse mode d discharge for both cases.
Vibrational temperature estimates are about 2700 K for the no-flow
case and slightly higher for the cases with the flow. Importantly, the
vibrational temperatures are significantly higher than the rotational
temperatures, which emphasizes the high degree of nonequilibrium
in the discharge. It can be also observed from Fig. 13 that the
vibrational temperature, unlike the rotational temperature, remains
almost constant with increasing current.

Electronic populations were assumed to be in equilibrium with a
single characteristic electron temperature. In the constricted mode c
discharge, several atomic transition lines of Fe(I) were observed
owing to erosion of the electrodes. In the case of the diffuse
discharge, the metal lines are not distinguishable, presumably owing
to much lower erosion rates in this mode. These lines were used to
estimate the electron temperature by making a linear fit to the
Boltzmann plot as shown in Fig. 14. The lowest electronic transitions
are around 3 eV and the highest about 6 eV, providing a reasonable
range of energies to characterize the electron energy distribution
function. The electron temperature was found to be approximately
1.25 eV for all discharge conditions considered. The estimated
electron temperature for the discharge in this report is quite similar to
those reported in the literature [30,31].

VI. Discussion on DC Plasma Actuation Mechanism

As shown in the preceding section, significant gas heating is
evident from our experimental results, which suggests that
dilatational effects play an important role in flow actuation. The
fact that both diffuse mode d and constricted mode c discharges have

similar gas temperature spatial profiles (Fig. 12) implies that both
modes produce similar dilatational effects on the flow. The dilatation
effect due to gas heating is essentially an isotropic phenomena that
causes a local high-pressure zone which imitates the presence of a
surface bump. Consequently, if dilatation is the only mechanism by
which plasma-flow actuation occurs, then one would expect the
emergence of a weak shock from the discharge zone for both modes.
However, the complete absence of any detectable flow actuation in
the constricted mode c discharge suggests the possible importance of
electrostatic forcing as an additional mechanism that influences the
overall supersonic flow actuation phenomena.

A rough estimate of electrostatic forcing effect for the diffuse
mode d and constricted mode c discharge can be obtained using a
collisional cathode sheath theory. The cathode directed drift motion
of positive ions in the sheath can cause a compression of the gas
within the sheath and a corresponding expansion of the gas above the
sheath. We expect that the pressure increase within the sheath and
expansion outside itmust be a significant fraction of the total pressure
if the electrostatic forcing effect is to be substantial. We assume a
one-dimensional, planar, collisional DC sheath for simplicity and
assume the Child’s law sheath approximation of large cathode
potential fall to be valid [32]. This approximation precludes the
presence of all negatively charged particles in the sheath and only
positive ions are accelerated through the cathode potential drop by
mobility limited ion transport. Neglecting the contribution of
secondary electron emission to the total discharge current, the
number density of ions in the sheath is estimated as

ni �
J0
e�iE

(1)

where �i is the ion mobility which can be assumed a constant for a
fixed pressure,E is the electric field in the sheath, and J0 is the current
density at the cathode. The sheath electric field is governed by the
Poisson’s equation as

dE

dy
� e

"0
ni �

J0
"0�iE

(2)

where y is defined in the direction perpendicular to the electrode
surface and the sheath edge plane, with y� 0 located at the sheath
edge. Integrating once and assuming the electric field at the sheath
edge is zero, we obtain an expression for the sheath electric field as

E�
�
2J0
"0�i

y

�1
2

(3)

Integrating again, we get an expression for the sheath thickness

 0

 200

 400

 600

 800

 1000

 0  0.5  1.0 1.5  2.0 2.5 3.0

diffuse

constricted

distance above surface (mm)

ro
ta

tio
na

l t
em

pe
ra

tu
re

 (
K

) 95% confidence intervals

Fig. 12 Measured rotational temperatures as a function of the

transverse distance above the cathode in a Mach 2.85 supersonic flow.

Set-point current is 50 mA for both cases.

 0

 500

 1000

 1500

 2000

 2500

 3000

 3500

 0  20  40  60  80  100  120  140

current (mA)

vi
br

at
io

na
l t

em
pe

ra
tu

re
 (

K
)

flow
no flow

95% confidence intervals

Fig. 13 Measured vibrational temperature in the presence of a Mach

2.85 supersonic flow. The discharge conditions are the same as in Fig. 12.

3 3.6 4.2 4.8 5.4 6
9

9.5

10

10.5

11

11.5

12

ln
 (

I /
 (

g*
A

/λ
))

E (eV)

 
Te = 1.24 eV

Boltzmann fitting for electronic temperature

Fig. 14 Boltzmann plot of five different Fe(I) emission lines for

estimation of electronic temperature.

SHIN ET AL. 1603



ts �
�
"0�i
2J0

�1
3

�
3Vc
2

�2
3

(4)

which is a function of the cathode voltage drop Vc, the ion mobility,
and the current density. The gas compression in the sheath is
equivalent to the ion pressure rise in the sheath due to electrostatic
forcing. Using the dominant terms in the ion momentum equation in
the collisional sheath (ion pressure gradient and the electrostatic
force), i.e.,rpi � eniE, the total ion pressure rise across the sheath is
estimated as

�pi �
J0
�i
ts (5)

We can now make an estimate of the ion pressure (gas
compression in the sheath) for both the diffuse mode d and
constricted mode c discharges. A pressure of 16 torr with an ion
mobility of 9 � 10�3 m2=V � s (N�2 ion drifting inN2) is assumed for
both cases. For a diffuse mode d with low current, say I � 50 mA
(J0 � 1:1 � 104 A=m2) and a high cathode sheath voltage drop of
Vc � 1000 V, the sheath thickness is predicted to be about 0.2 mm
and the ion pressure rise is about 245 Pa (about 1.84 torr). On the
other hand, for constricted mode c, with a higher current of say
I � 300 mA (J0 � 6:7 � 104 A=m2) and a lower voltage sheath
voltage drop of V0 � 300 V, the sheath thickness is about 0.05 mm
and the ion pressure rise is about 367 Pa (2.76 torr). Clearly, the ion
pressures rise and, hence, the gas pressure rise in the sheath in both
the diffuse and constrictedmodes are comparable to the total pressure
of 16 torr. The pressure rise, however, occurs in a much smaller
cathode sheath thickness in the constricted case compared with the
diffuse case. The corresponding expansion above the sheath occurs
at distancesmuch closer to the cathode surface in the constricted case
compared with the diffuse case. We speculate that the expansion
above the cathode sheath due to electrostatic forces in the sheath are
responsible for either partly or fully negating the effect of dilatation.
It is therefore plausible that in the constricted case, the expansion
above the cathode sheath due to electrostatic forces almost fully
negates the dilatation effect resulting in a complete absence of a
shock and in the diffuse case, only a partial negation of the dilatation
occurs resulting in the visible shock. A definitive discussion on the
role of electrostatic forcing must, however, await more detailed
experimental and theoretical investigations.

VII. Conclusions

DC glow plasma discharges were generated with pinlike
electrodes in the presence of a Mach 2.85 supersonic flow. Different
discharge structures like diffuse (mode d), constricted (mode c), and
mixed (modem)were observed exhibiting different interactionswith
the oncoming supersonic flow. The diffuse mode d discharge is
produced when currents and test section pressures are low. Higher
currents (≳150 mA) and higher pressures (≳25 Torr) drive the
diffuse discharge into the constricted mode c discharge. The
particular power supply we are using (current controlled) causes a
bistable mixed mode at intermediate currents and pressures, where
the discharge switches rapidly between the diffuse and constricted
modes. In mode d, only the cathode layer with the negative glow is
visible, whereas inmode c the positive column is also visible. Visible
flow actuation was obtained for discharges in the diffuse mode d, as
evidenced by the presence of a weak oblique shock originating at the
cathode location on the surface. No such actuation was observed in
the case of the constricted mode c discharge. High-speed laser
schlieren imaging confirms that plasma actuation of the flow is
achieved at high-bandwidth (of �100 �s or less actuation response
time).

Rotational, vibrational, and electronic temperatures in the
discharges were estimated by using optical emission spectroscopy.
N�2 first negative and N2 second positive rovibronic band systems
were observed in both diffuse and constricted discharges. A
significant decrease in the intensity of theN�2 systemwas observed in
the positive column with constricted discharges, whereas the N2

systemwas detected over the entire discharge volume. The rotational
and vibrational temperature estimates were obtained by fitting
synthetic spectra to the measured one. Gas temperatures (assumed to
be equal to the N2 and N�2 rotational temperatures) of a diffuse
discharge in the absence of a flow were estimated around 1200–
1800 K at set-point currents of 25–125 mA. In the presence of
supersonic flow, gas temperature drops to near 500 K, remaining
almost constant with increasing currents. Vibrational temperatures
were measured to be as high as 3000 K, which is significantly higher
than the rotational temperatures. Electronic temperaturewas found to
be as high as 1.25 eV by Boltzmann fitting of Fe(I) atomic lines. The
electronic temperature could only be estimated for the constricted
mode because mode d did not exhibit sufficient emission from Fe(I).
The disparate rotational, vibrational, and electronic temperatures
confirm that both the diffuse and constricted mode discharges are
glow discharges and not arcs. Spatially resolved gas temperature
above the cathode surface showed very similar temperature profiles
for the diffuse and constricted mode discharges resulting in very
similar dilatational forcing effects for both discharge modes.

Finally, we discuss the role of electrostatic forcing in the cathode
sheaths. A analytical model for collisional cathode sheaths confirms
that significant gas pressure increases (compression) are obtained for
both diffuse and constricted modes within the sheath. However, the
cathode sheath thickness for the constricted mode is much smaller
than the diffuse mode discharge. The compression within the sheath
must be accompanied by a corresponding expansion outside the
sheath, which can partially or fully negate the dilatational effect due
to gas heating. We speculate that in the constricted case, the
expansion above the sheath almost completely negates the
dilatational forcing, resulting in the absence of a shock emerging
from the discharge zone.
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