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Rotational and Vibrational Temperature Distributions

for a Dielectric Barrier Discharge in Air
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Spatially resolved rotational and vibrational temperatures for N, and rotational temperatures for NJ, as a
function of voltage, have been obtained for an asymmetric surface mode dielectric barrier discharge using emission
spectroscopy. The rotational temperatures were obtained from a nonlinear least-squares fit of a two-temperature
theoretical spectrum with the measured spectra of the N,(C*II,, — B*I1,) and N (B>X} — X>X}) electronic band
systems. The vibrational temperatures were obtained by applying the Boltzmann plot method to the Ay = -2
sequence of the N, (C*I1, — B*II ¢) electronic band system. It was observed that the rotational temperatures for N,
and N3 decreased in the induced flow direction and increased with increasing voltage. Values started at 390 + 10 K
and decreased to 340 = 10 K for N, and started at 500 + 15 K and decreased to 450 + 15 K for N7 . The vibrational
temperatures also decreased in the induced flow direction from 3250 to 2850 £ 300 K. A difference in rotational
temperatures between N, and N was observed for all voltages studied, and these differences increased with
increasing voltage. The rotational temperatures of both species fluctuated in the spanwise direction. These
fluctuations damped out in the streamwise direction and were weakly correlated with the attachment points of the

microdischarges on the edge of the exposed electrode.

Nomenclature
AY = Einstein coefficient for a vibrational transition
Afjj = Einstein coefficient for a rovibrational transition
c’ = speed of light
d = diameter of fiber bundle
D¢ = effective diameter of lens
Fj = rotational energy of the J' energy level
fi = focal length of front lens
I = focal length of back lens
g = gap distance between lens 1 and lens 2
gy = degeneracy of the J' energy level
G®) = energy of the v’ energy level
; = Planck’s constant
3,’, = intensity of a rovibrational line
J = upper-state rotational quantum number
J’ = lower-state rotational quantum number
k = Boltzmann constant
L = plasma depth
L;‘:/ = theoretical vibrational band
Lj: = theoretical rotational line
M, = magnification at location A
My = magnification at location B
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n = total number of data points
NEie = number of fit parameters
Ny = number of molecules in the v’ vibrational level
v
Ny y = number of molecules in the v" and J' ener:
v',J gy
level
P(A,N) = instrumental line shape
0, = rotational partition function
v = vibrational partition function
S = rotational line strength
T = temperature
Tt = rotational temperature
Toiv = vibrational temperature
v = upper-state vibrational quantum number
v’ = lower-state vibrational quantum number
Wi (A) = spectral line _
v = measured data point
X; = fit to the measured data point
y(x; p
Vo0, = spectroscopic constant
0 = collection cone angle
Ao = wavelength
A;]J = wavelength of a rovibrational line
o? = standard deviation of the noise in the
measurement
D(A, )»;f, ) = line shape function
X2 = chi squared statistical parameter
Xz = normalized chi squared called reduced chi
squared
w, = spectroscopic constant
W, Xe = spectroscopic constant

I. Introduction

SYMMETRIC surface mode dielectric barrier discharges

(ASDBDs) can be used as flow control devices that, through
momentum coupling, are capable of altering the gas flow around
them [1]. This simple promising concept has spurred an abundance
of work needed in developing a quantitative and qualitative under-
standing necessary for the applications of ASDBDs to flow control.
It has been shown that ASDBDs are capable of suppressing flow
separation [2-3], controlling the boundary layer [6], aiding lift
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enhancement and roll-control [7], controlling the wake of a circular
cylinder [8,9], reducing drag [10], and influencing lift and con-
trolling flow separation for micro air vehicles [11]. Modeling work
on the fundamental operation of an ASDBD has also been done
[12-21]. Other studies have shown the effect of ASDBDs on
the electrode surface [22], studied the chemical kinetics [23,24],
measured the induced velocity [25-27], measured the thrust
produced [28,29], studied the effects of operating frequency on
efficiency [30], and studied the fundamental operations of the device
[1.31-33].

Because dielectric barrier discharges (DBD) have a number of
promising uses, it is important that the fundamentals are understood.
In this paper, the rotational and vibrational temperatures for an
ASDBD, which is a particular type of DBD, are determined by means
of emission spectroscopy. Emission spectroscopy has been used to
determine the rotational and vibrational temperatures for a variety of
gas mixtures; however, there has been little work with pure air, and
no attempts have been made to spatially resolve these temperatures
within the discharge [34—41]. This work is the first to provide spatial
resolved rotational and vibrational temperature profiles in an air
ASDBD.

Chipper et al. [34] conducted spectroscopic studies for a planar
dielectric barrier discharge (PDBD) operating in He/Air and He/N,
gas mixtures. The electrodes in a PDBD are parallel, separated by a
gap and insulated with a dielectric material. They used emission
spectroscopy to determine the rotational temperature from a
Boltzmann plot of the B> — X*XF electronic band system of N5
as a function of the ratio of N, and He flow rates. They report
rotational temperatures ranging from 400 to 440 K depending on
flow conditions. In their work, the presence of He significantly
altered the discharge by aiding ionization through Penning ionization
reactions. The inclusion of Penning ionization causes a larger plasma
density, which leads to a more diffuse discharge [35]. This type of
discharge is ideal for surface treating applications at atmospheric
pressure. Luque et al. [36] investigated PDBDs operating in
CH,/CO, gas mixtures and determined the rotational temperature at
a single location within the discharge. The rotational temperature
was determined from a Boltzmann plot of the AZA — X?T1 electronic
band system of CH. Motret et al. [37] used emission spectroscopy to
determine the rotational temperature within a PDBD operating in an
environment composed of argon and water vapor. They obtained the
rotational temperature from OH by using the Boltzmann plot method
and found this temperature to be 450 £ 10 K. Pellerin et al. [38]
determined the rotational temperature in a PDBD operating in an
environment composed of argon and CF,. They determined this
temperature from the A3T1 = X"T1, electronic band system of C,
by numerically minimizing x2. Tomai et al. [39] used the same
electronic band system and method for determining temperature as
Pellerin et al. [38] for a PDBD operating in an environment of CO,.
Nersisyan and Graham [40] measured the rotational and vibrational
temperature from the B2X} — X?%} and C*TI,, — B*T1, electronic
band systems of N; and N,, respectively, within a PDBD operating
in air with helium flowing through the interelectrode gap. The
rotational and vibrational temperatures were found to be 360 + 20
and 2700 4 900 K, respectively, by minimizing x>. Bibinov et al.
[35], determined the rotational temperature for a PDBD operating in
a He/N, environment by comparing the measured spectra with a
calculated spectra. They found a rotational temperature for N, and
N3 to be 310 £ 10 and 600 K, respectively. It was also determined
that the rotational temperature for N, remained constant as a function
of the nitrogen partial pressure, whereas N did not. In their work,
the total pressure remained constant at 1 atm. They attributed this
nonequilibrium phenomena to the long-lived metastable species N,
(A3Z;F), which in a mixture of N, /He is not easily quenched. It was
also concluded that the rotational temperature carries information
about the influence of metastable reactions on the chemical kinetics
in DBDs. Stefanovic et al. [42] showed a similar discrepancy
between the rotational temperature of N, and N as observed by
Bibinov et al. [35] for a PDBD operating in air at atmospheric
pressure. His results will be discussed later on in Sec. V. In all the

cases mentioned, the DBD studied had a different configuration than
that used for flow control applications.

The only investigation found to make rotational and vibrational
temperature measurements in an ASDBD, operating in pure air, is
Borghi et al. [41]. Borghi et al. measured the rotational temperature
as a function of frequency and the vibrational temperature as a
function of voltage and frequency. They show that the rotational
temperature increases with increasing frequency from 290 to 375 K,
and the vibrational temperature increases from 3400 to 3800 K. In
this case, as well as all the measurements made in nonpure air DBDs
described in the preceding paragraph, no attempts were made to
spatially determine the rotational or vibrational temperatures within
the DBD. In this paper, spatially resolved rotational and vibrational
temperatures are presented for ASDBDs operating in atmospheric
air, which is important for aerodynamic applications.

In this work, emission spectroscopy is used to map the rotational
and vibrational temperatures of the discharge region for an ASDBD
operating in atmospheric air at an ambient temperature of 295 K. The
temperatures are obtained from the C3T1, — B*TI ¢ €lectronic band
system of N, and from the B — X2} electronic band system of
N3 The translational temperature is inferred from the measured N,
rotational temperature by assuming the two are in equilibrium. This
isavalid assumption at the temperatures and pressure involved in this
work because the rotational energy levels are closely spaced and
allow for rapid energy transfer between the two energy modes [43].
The rotational temperatures are obtained from a two-temperature fit
by numerically comparing the measured spectra of the 0-1, 0-2, 1-3,
2-4,3-5,0-3, 1-4, 2-5, 3-6, 4-7, and 4-8 vibrational transitions of
N, and the 0-0 and 1-1 vibrational transitions of NJ to calculated
spectra. The comparisons were done quantitatively using the
statistical parameter x%, which was minimized iteratively by
adjusting the fitting parameters using a program called N2SPECFIT
[44,45]. Each of the two rotational temperatures obtained (one for N,
and one for NJ) corresponds to the calculated spectrum that best
matches the measured spectrum. This method has been used
successfully in the past to determine the thermal boundary layer of a
DC glow discharge on top of a flat plate in a Mach 5 flow [45]. The
vibrational temperature was obtained from a Boltzmann plot of the
relative upper vibrational state number densities for N, determined
by N2SPECFIT.

II. Experimental Facilities

The ASDBD, experimental facilities, and the experimental setup
are given in the following two subsections.

A. Asymmetric Surface Mode Dielectric Barrier Discharge

The ASDBD used in this work is shown in Fig. 1 and consists of
two copper electrodes; one exposed and one insulated beneath a
1-mm-thick glass plate. As can be seen from Fig. 1, there is a 2 mm
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Fig. 1 Electrodes shown with and without a DBD. The glow is over the
encapsulated electrode. All dimensions are in millimeters.
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Fig. 2 Optical collection system.

overlap between the exposed and encapsulated electrode. This was
done to reduce arcing. The width of the encapsulated electrode is
10.7 mm, and the width of the exposed electrode is 4.4 mm. The
length of the region where the electrodes overlap in the spanwise
direction is 38.1 mm.

A discharge is established over the encapsulated electrode by
placing an oscillating voltage of sufficient strength between the two
electrodes. An induced flow, moving across the encapsulated
electrode and away from the exposed electrode, is generated as a
result of the asymmetry of the electrodes. The asymmetry is crucial
because it results in the ions having a nonzero net momentum flux.
The net momentum flux is imparted to the neutrals by collisions
inducing a flow. The phenomena responsible for establishing the
induced flow is known as an electrohydrodynamic (EHD) effect.

The voltage and current of the ASDBD are measured with an
oscilloscope. In this work a sinusoidal voltage at 5000 Hz is applied
to the exposed electrode, and the encapsulated electrode is grounded.
Four different peak-to-peak voltages were used: 8000, 9600, 11200,
and 12800 V. An Agilent 33220A function generator produces the
initial voltage waveform and sends it to a Crown CE1000 power
supply via a BNC connection. The function generator is capable
of many different waveforms including those specified by the user
and has a maximum peak-to-peak voltage output of 5 V. The power
supply voltage output is further amplified with a Corona Magnetics
Inc CMI-5012 step-up transformer. The transformer is directly
attached to the DBD and is capable of delivering up to 20 kV at
5 kHz. The voltage waveform is measured using a Tektronix P6015A
high-voltage probe and is connected to a Tektronix TDS 3034B
oscilloscope with a BNC cable. The high-voltage probe is capable
of measuring peak-to-peak voltages up to 20 kV and has a bandwidth
of 75 MHz. The discharge current is obtained by measuring the
voltage drop across a 100 Ohm resister with a Tektronix P6139A
probe. Both probes are designed for the oscilloscope and are properly
compensated.

900000
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800000
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B. Collection Optics and Spectroscopic System

Figure 2 shows the optical collection system, which directs the
emitted radiation from the ASDBD to the spectrometer and deter-
mines the spatial resolution of the measurements. It is important to
know the dimensions of the collection volume because all measure-
ments obtained are averages over this volume [45,46]. The emitted
radiation from the DBD is collected and collimated by a Newport
KBX250 biconvex lens with an effective focal length of 250 mm.
The collimated radiation is focused with a Newport KBX1000
biconvex lens with an effective focal length of 1000 mm onto a
Roper Scientific LG-455-020-1 fiber optic bundle. The fiber optic
bundle channels the collected radiation into a % meter Acton 2756
spectrometer where it is diffracted and focused onto an Andor DU
440-BU CCD camera. The spectrometer has a resolution of 0.023 nm
at a wavelength of 435.8 nm using a grating of 1200 grooves per mm.
The spectral response of the system was calibrated using a Newport
63976 tungsten halogen lamp. The magnification of the system is
four resulting in a predicted spot size at locations A and B in Fig. 2
of 0.25 and 0.45 mm, respectively. The predicted dimensions are
slightly smaller than the actual spot size because of aberrations and
other optical inefficiencies. The entrance slit of the spectrometer has
a height and width of 4 mm and 15 pm, respectively. It is assumed
that any light gathered by the fiber optic bundle is delivered to the
spectrometer.

III. Rotational Temperature Determination

The program N2SPECFIT is a procedural code used to analyze
the measured spectra. It is capable of determining the rotational
temperature for the first and second positive electronic band systems
of N, and the first negative electronic band system of N3, along with
the upper-state number densities of the various bands within these
band systems. The details of this code are given in [47]. The pro-
gram assumes the rotational distribution is Boltzmann and calculates
spectra for an initial rotational temperature. Note that no assumption
is made about the vibrational distribution. The initial temperature is
iterated along with the upper-state number density of each band until
the numerical spectra matches the measured spectra. Comparison
between the two spectra is done statistically with x3, and the
converged solution corresponds to the minimum x%. Note, this can
be done using a different rotational temperature for each electronic
band system included in the fit. Figure 3 shows the agreement
between one of the measured spectra from this work and the corre-
sponding calculated spectra. The measured and calculated spectra
essentially lie on top of one another indicating an accurate fit. The
spectroscopic constants used by N2SPECFIT for this work are those
tabulated by Gilmore et al. [48] and Laher and Gilmore [49].

The standard deviation of the noise, used in determining Xlze» is
determined from a range in the measured spectra scan that has no
spectral structure. The instrumental line shape used by N2SPECFIT
is best approximated with a Gaussian distribution and was obtained
by measuring and curve fitting the spectra of a mercury discharge
tube for the transition at 435.833 nm.
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Fig. 3 Example of measured N, and N3 spectra overlaid with the fitted spectrum generated by N2SPECFIT. The transitions of N7 are labeled and all
other transitions are for N,. The transitions are labeled as v'-v” above the band heads.
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IV. Vibrational Temperature Measurement Technique

The Boltzmann plot method was applied to the 0-2, 1-3, and 2—4
vibrational transitions of the C3TT, — B*TI ¢ €lectronic band system
of N, to obtain the vibrational temperature. The Boltzmann
distribution for the vibrational energy levels are given as
NU’ _ GXp(— Gli;;)i:w

N 0. M

where
2 3
GW) = (v’ + %)w’e - (v’ + %) KXo, + (v’ + %) Yol ... (2)

The spectral response of the spectroscopic system has been
accounted for with a relative calibration, which means that the
measured spectral transitions need to be taken relative to another
measured transition. In this work, the population distribution is
relative to the vV = 0 energy level. The fraction of N, _ is given as

Nyoy _ &P Glrron) )
N 0,
Dividing Eq. (1) by Eq. (3) gives
Ny . N he
N = exp[(G(v =0) - G)) kwa] @

Taking the natural logarithm of both sides of Eq. (4) results in an
equation of a line in the form y = mx

0 Ny \ _ L (G =0) = G))hc 5)
"\Woso) T k
The vibrational temperature is determined by plotting (n( My v

Nv’ 0

and setting the slope equal to T_l. Error bars for
vibrational temperature are determined by tracking the sensitivity of
the uncertainty associated with measuring the upper-state number
density (N,/) using an uncertainty analysis on Eq. (5).

(GW'=0)-G())hc
k

V. Results

Rotational and vibrational temperatures were measured through-
out the discharge region of an ASDBD generated with a sinusoidal
voltage for four different voltages at a frequency of 5000 Hz. The
peak-to-peak voltages investigated were 8000, 9600, 11200, and
12800 V. The optical line of sight, as indicated in Fig. 4, was
perpendicular to the electrodes (looking down on the electrodes)
providing spatial resolution in the spanwise and flow directions of
the ASDBD. The measurements were taken after the ASDBD ran
for 30 min in order to reach a quasi-steady operational state.

Figure 4 shows the measured rotational and vibrational tempera-
tures for the N, (C3I1, — B*T1 o) €lectronic band system correspond-
ing to an applied peak-to-peak voltage of 12,800 V. The rectangle
with a dashed white perimeter indicates the region in the discharge
where temperatures were measured. This region and the corre-
sponding temperature contour profiles are one-to-one images. Each
contour profile contains 152 measured points with spacing between
points in the flow direction of 0.14 mm up to a location of 1.10 mm
from the edge of the exposed electrode, after which the spacing
is increased to 0.28 mm. The spacing in the spanwise direction is
3.17 mm. The rotational temperature results show the rotational
temperature is greatest where the exposed and encapsulated elec-
trode meet 465 £ 10 K and then decreases to a minimum of 345 +
10 K as you go across the encapsulated electrode to the edge of the
discharge. The vibrational temperature profile in Fig. 4 shows
that the maximum vibrational temperature of 3250 K corresponds to
the same spatial location as the maximum rotational temperature.
The vibrational temperature is seen to decrease from the maximum
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Fig. 4 The rotational temperature profile (top) and vibrational
temperature profile (bottom) for the region of the discharge within the
dashed box.

’ L2838

value in the gap down to a minimum of 2850 K at the edge of the
discharge.

Figure 5 shows a comparison between the best-fit Boltzmann
distribution and the actual measured relative distribution of the
vibrational energy levels for the C3TI, electronic state of N,. It is
seen that the actual distribution deviates from the Boltzmann
distribution; however, this deviation is small and the vibrational
distribution of the C3T1,, state can be approximated by a Boltzmann
distribution.

These rotational and vibrational results also show nonuniform
temperatures with large fluctuations in the spanwise direction. This is
emphasized in the line profile plots in Figs. 6-8. Each line represents
the rotational temperature (left figure) and vibrational temperature
(right figure) along a constant y coordinate. Figure 6 shows these
fluctuations have a maximum rotational and vibrational temperature
of 460 and 3250 K at a y location of 0 mm (the edge of the exposed
electrode) and then damp out in the induced flow direction. A
prominent temperature peak occurs in the profiles between
0.14 <y <0.82 mm. It is also observed that the minimums and
maximums of the rotational and vibrational temperature profiles
correspond to the same location. Figure 7 shows the fluctuations for
y coordinates from 1.0-2.5 mm. In this figure it is seen that the
fluctuations are beginning to damp out. In Fig. 8, which shows the
rotational and vibrational temperature line plots with y-coordinates
between 2.5—4.0 mm, the fluctuations are completely gone as is the
temperature gradient in the flow direction.

An explanation of the spatial variation of the rotational and
vibrational temperatures can be obtained by visual observation of
the discharge as shown in Fig. 9. This figure shows four successive
images of the ASDBD separated in time by 30 s. Note, the attachment
points of the microdischarges within the plasma (bright spots located

Measured Distribution
I Boltzmann Distribution V=2

N2(C) Vibrational Energy (103 1/cm)

Fig. 5 The best-fit Boltzmann distribution of the measured vibrational
distribution for the vibrational energy levels in the C*II,, electronic state
of N,. The vibrational quantum number is indicated above the measured
point.
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Fig. 6 Line plots of the rotational temperatures as a function of spanwise and flow direction for the first 1.0 mm across the encapsulated electrode. The
error of each measured rotational and vibrational temperature is £10 and £300 K, respectively.

4631 ——y=1.09
- —m—y=137
< y=164
[} 4434 y=1.91
% —x—y=2.18
b 4234 —e—y=246
£

403
K
=

383
S
2 e
&
£ 363

—
343

0 5 10 15 20 25 30 35 40
Spanwise Direction (mm)

3240.00 ——y=1.10
—— y =137

3190.00 y=164
y=1.91

3140.00
—*—y=2.18

—e— y=246

3090.00

3040.00

2990.00

A

5 10 15 20 25 30 35 40
Spanwise Direction (mm)

2940.00

Vibrational Temperature (K)

2890.00

2840.00
0

Fig. 7 Line plots of the rotational temperatures as a function of spanwise and flow directions for the 1.0-2.5 mm range across the encapsulated electrode.
The error of each measured rotational and vibrational temperature is £10 and +£300 K, respectively.

463 ——y=273
. —=—y=3.00
< 443 y=328
g y=355
§ 4231 —%—y=23.82
©
aQ
£ 4031
[
©
C 3834
k<]
5 —%——%
é:) 3634 =

343

0 5 10 15 20 25 30 35 40
Spanwise Direction (mm)

3240.00 —y=278
—=—y =300
< 319000 y=3.28
£ 3140001 y =355
= —*—y =382
S 3000.001
Q.
QE) 3040.00
'_
T 2990001
-% 2940.00 W
5 - / — X
S 2890.00
s
2840.00 ——
0 5 10 15 20 25 30 35 40

Spanwise Direction (mm)

Fig. 8 Line plots of the rotational temperatures as a function of spanwise and flow directions for the 2.73-3.82 mm range across the encapsulated
electrode. The error of each measured rotational and vibrational temperature is £10 and 300 K, respectively.

between the encapsulated and exposed electrode) remain approxi-
mately fixed spatially and appear to change only weakly with respect
to time. In Fig. 6 the rotational temperature peaks occurring at
y = 14.1 mm corresponds well with the attachment point in Fig. 9.
Other local temperature maxima in the x direction correlate less
strongly with the attachment points. Correlation with the alignment
of the attachment points was done by shining a laser through the
back side of the collection optics and noting the position of the line
of sight.

These microdischarges may have some effect on the flow struc-
ture. Figure 10 shows PIV (particle image velocimetry) measure-
ments from a similar ASDBD experiment that show spanwise
periodic regions of higher and lower velocity within the induced
flow [50]. These PIV results were obtained from a 2000 Hz square
wave but were also evident for a 5000 Hz sine wave. In this
experiment, the velocity fluctuations could not conclusively be
correlated with attachment points in the discharge. The possibility
remains that they may be due to fluid dynamic instabilities in the
induced flow.

The next set of results, shown in Figs. 11-15, are for the same
optical line of sight as the previously presented results. The rotational

<+<———Induced Flow Direction

0.0 9.9 29.8
<4——— Spanwise Direction ——

Fig. 9 Images of the DBD taken in 30 s intervals. The dimensions given
in the spanwise direction are in millimeters.

14.1

19.8 39.7
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Fig. 10 Velocity contour plot obtained from PIV measurements for a
square wave [50].

and vibrational temperatures are still obtained from the C*IT, —
BTl ¢ band system of N,, and rotational temperatures for N3 are
obtained from the B*S} — X?F electronic band system. In these
results, only the line profile at y = 0 mm is measured. In addition,
a new ASDBD had to be built for these results, but it was made so
that the dimensions are the same as the first model. Even though
the dimensions were kept the same, the attachment points of the
microdischarges changed locations. It was observed that the loca-
tion of the attachment points remained approximately in the same
location as a function of time, as was the case with the first DBD.
However, using new electrodes resulted in the observed fluctuations
in temperature shifting to new locations.

Figure 11 shows the rotational temperatures for N, as a function of
voltage. It is seen that the rotational temperature increases from a
minimum of 320 10 K to a maximum of 390 & 10 K as the
voltage is increased. The measurements again show fluctuations in
the spanwise direction.

Figure 12 shows the corresponding rotational temperatures for
N; forall four voltages at the same induced flow direction coordinate
of 0 mm. The rotational temperature of N; also increases with
increasing voltage from a minimum of 430 &= 15 K to a maximum
of 760 & 15 K. Figure 13 gives the corresponding vibrational
temperatures, which range from 2380-2540 K. The rotational
temperatures of N, and N3 are seen to be drastically different from
one another. The deviation in rotational temperatures increases as
the voltage is increased. This was observed by obtaining the average
temperature of each species for each voltage setting and then taking
the difference. Figure 14 shows the relationship between the average
temperature difference vs the discharge voltage. It should be noted
that the rotational distribution of each species is well approximated
by the Boltzmann distribution, as can be seen in Fig. 3.

Stefanovic et al. [42] found the same deviation in rotational
temperature  between N,(C*I1, — B*II,) and Nf(B’Z) —
XZZ;) for a parallel PDBD operating in dry air. The mechanism
responsible, according to Stefanovic et al., is related to the populating
kinetics. Stefanovic et al. argued that the lifetime of Ni (B*Z;

—e— V = 8,000; N2

—=— V = 9,600; N2
V = 11,200; N2
V = 12,800; N2

390

380
370
360 4 I

3501 - /

340 -

Rotational Temperature (K)

330

320

0 5 10 15 20 25 30 35
Spanwise Direction (mm)

Fig. 11 Line plots of the rotational temperatures as a function of

voltage at an induced flow direction coordinate of 0 mm for N,.

species is around 0.1 ns, and because the main production
mechanism is

NL(X'Ef) + e — Nf (B2Z]) + 2e (6)

the spontaneous emission of Nj (BT} — X?X}) occurs on a
similar time scale as the lifetime, therefore only occurring during the
active time of the microdischarge. The main production mechanism
of N,(C3I1,), identified by Stefanovic et al., occurs from direct
electron impact of the ground state and the energy pooling reaction

NL(APE]) + No(APE)) — Ny (CUIL) + No(X'E)) (D)

According to Stefanovic et al., the production of the metastable
species N,(A3X7F) is predominantly produced by recombination
reactions, effectively delaying the emission of the C3TT, — B3TI ¢
transition of N,. This means that the emissions of these two
electronic band systems occur at different times within the discharge.
They performed a computational study of the Navier—Stokes
equations to see if the gas temperature could change during this time
and found that after the current pulse, arapid jump in temperature and
pressure occurred. They showed that the temperature change causes
the gas to expand radially outward from the microdischarge on a time
scaleof 0.1-1 ps. This expansion process causes the gas temperature
to drop. Stefanovic et al. argue that the deviation in temperature
between the two emitting species occurs because spontaneous
emission from the Nj (B>S,) — X*>%}) electronic band system
occurs predominantly before this expansion process when the gas
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Fig. 12 Line plots of the rotational temperatures as a function of
voltage at an induced flow direction coordinate of 0 mm for N7
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Fig. 15 Line plots of the rotational temperatures for N, (top) and N5
(bottom) as a function of voltage in the induced flow direction.

temperature is hot; whereas the N,(C*I1, — BI1,) band system
lags behind and emits after the expansion when the gas temperature is
cooler. One problem with this explanation comes from Kozlov et al.
[51] who shows that the spontaneous emission from N (B*Z; —
X?57F) lags the emission from N, (C*I1, — B*I1,) within an atmo-
spheric pressure air PDBD by several nanoseconds. This is signi-
ficantly smaller than the characteristic time of expansion and does not
appear to be enough time for the microdischarge region to cool
noticeably. Also, the emission of both transitions occurs at the same
time current is flowing through the microdischarge. This would
indicate that the microdischarge region is still heating when emission
from N,(C*I1, — B*I1,) is occurring.

There is another possible explanation for the deviation in rota-
tional temperature between N, and NJ. Some regions within the
discharge, such as the sheath, are not effectively shielded by the dis-
charge from the applied electric field. In these regions, ions could
pick up extra energy from the electric field, and, although some of the
energy is transferred to the neutrals, it may be possible for the two
species to be out of equilibrium with each other. To conclusively
determine the exact mechanism or mechanisms for the discrepancy
in rotational temperatures requires more investigation.

The final results are shown in Fig. 15 and correspond to the
rotational temperatures of N, and N3 in the induced flow direction

as a function of voltage. Results show the rotational temperatures
of both species decrease in the induced flow direction and are
again different from one another. The difference in temperature
decreases slightly for each voltage as a function of increasing
y coordinate.

VI. Conclusions

The rotational and vibrational temperature profiles for the
discharge region of a pure air asymmetric surface mode dielectric
barrier discharge have been spatially resolved in the induced flow
direction, as a function of voltage, for N,. The rotational temperature
for N7, within the discharge, has also been spatially resolved in the
induced flow direction. The rotational temperature of N, ranged from
393 to 342 + 10 K for a peak-to-peak voltage of 12,800 V and 341 to
325 £ 10 Kforapeak-to-peak voltage of 8000 V in the induced flow
direction. Similarly, N5 ranged from 497 to 447 & 15 K for a peak-
to-peak voltage of 12,800 V and 439 to 420 £ 15 K for a peak-to-
peak voltage of 8000 volts. The vibrational temperature ranged from
3250 to 2850 £ 300 K for a peak-to-peak voltage of 12,800 V. The
reason for the discrepancy in rotational temperatures between the
two species is still unknown, but a couple of possible explanations
have been presented in this paper. The determination of the actual
mechanism requires additional investigation.

In addition to resolving the rotational and vibrational temperature
profiles for the discharge region of a pure air asymmetric surface
mode dielectric barrier discharge in the induced flow direction, these
temperatures have been spatially resolved in the spanwise direction
also. Rotational temperature profiles, for both species, fluctuated in
the spanwise direction, and these fluctuations damp in the induced
flow direction. There appears to be some correlation between the
attachment points of the microdischarges at the edge of the exposed
electrode and local temperature fluctuations.
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