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Abstract A quantitative interpretation of the schlieren technique applied to a non-thermal
atmospheric-pressure oxygen plasma jet driven at low-frequency (50 Hz) is reported. The
jet was operated in the turbulent regime with a hole-diameter based Reynolds number of
13,800. The technique coupled to a simplified kinetic model of the jet effluent region
allowed deriving the temporally-averaged values of the gas temperature of the jet by
processing the gray-level contrast values of digital schlieren images. The penetration of the
ambient air into the jet due to turbulent diffusion was taken into account. The calibration of
the optical system was obtained by fitting the sensitivity parameter so that the oxygen
fraction at the nozzle exit was unity. The radial profiles of the contrast in the discharge off
case were quite symmetric on the whole outflow, but with the discharge on, relatively
strong departures from the symmetry were evident in the near field. The time-averaged gas
temperature of the jet was relatively high, with a maximum departure of about 55 K from
the room temperature; as can be expected owing to the operating molecular gas. The
uncertainty in the temperature measurements was within 6 K, primarily derived from
errors associated to the Abel inversion procedure. The results showed an increase in the gas
temperature of about 8 K close to the nozzle exit; thus suggesting that some fast-gas
heating (with a heating rate ~0.3 K/us) still occurs in the near field of the outflow.
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Introduction

Nowadays a very active field in plasma physics is the development of non-thermal plasma
sources [1, 2]. Typical sources for atmospheric-pressure non-thermal plasmas include
corona discharges; dielectric barrier discharges, and glows (with or without a superim-
posed gas flow) [3-5]. The non-equilibrium state is characterized by the presence of
energetic electrons, that produce in turn ions and highly active chemical reactive species,
but without the generation of excessive heat which could damage substrates (typically the
gas temperature in the effluent is less than 100 °C). Owing to these features, non-thermal
plasmas have found widespread use in a variety of industrial applications such as pollution
control applications, volatile organic compounds removal, car exhaust emission control
and polymer surface treatment (to promote wettability, printability and adhesion) [4, 5];
and more recently (for sub—60 °C plasmas); also in plasma biology and plasma medicine
[1, 6, 7]. For decades, non-thermal plasmas have been used to generate ozone for water
purification [5].

Among different kind of non-thermal atmospheric-pressure plasma sources, low-current
(~0.1 A) plasma jets have rapidly gained importance in various plasma processing
applications (including biomedical applications) because they can operate in open air
providing plasmas without spatial confinement [5, 8-11]. An afterglow containing elec-
trons, ions and relative long-lifetime radicals dragged from the confined discharge by a
relatively large gas flow; is formed at the outflow of those sources. The gas temperature
largely depends on the gas type. It increases with the number of internal energy modes
(e.g., molecular gases), and decrease with increased thermal conductivity. A variety of
plasma jets using quasi-stationary (low-frequency) or pulsed power sources operating at
quite different voltages, frequencies, and pulse widths, and with different working gases
have been reported in the literature (see for instance [1] and references therein).

Consequently, a proper knowledge on the gas temperature and mixing level with the
ambient air due to diffusive particle fluxes into the afterglow becomes important not only
for the plasma processing application, but also for understanding basic chemical mecha-
nisms in non-thermal plasma jets. Optical methods represent a versatile tool for performing
non-intrusive, quantitative measurements in transparent media [12]. In particular; refrac-
tive techniques allow the investigation of the gas density distribution in transparent flows
by measuring its index of refraction (or its spatial derivatives). These refractive techniques
can be divided into two groups: the interference methods, based on the difference in length
of the light ray paths, and the methods based on the angular deflections of the light rays,
such as shadowgraph and schlieren. The schlieren technique is based on the angular
deflection undergone by a light ray when passing through a region characterized by
refractive index non-homogeneities. In fluids, these non-homogeneities are generally
caused by density or temperature variations; therefore the measured optical data can be
processed in order to gain information on such variables. An extensive description of the
schlieren technique can be found elsewhere [13, 14].

A relative large number of papers have been devoted to qualitatively investigate the
plasma flow and its interaction with the ambient air (mainly fluid dynamics characteristics)
in a variety of non-thermal plasma jets by using schlieren images [15-23]. For plasma
sources operated at higher temperatures, as nanosecond repetitively pulsed discharges [24],
flames [25] and thermal arcs [26-28]; also quantitative schlieren techniques have been
used to determine the gas temperature and plasma composition. However, quantitative data
from schlieren images in non-thermal plasma jets are very scarce. Only recently, a
quantitative schlieren diagnostic in a non-thermal atmospheric-pressure argon plasma jet
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driven at high-frequency (~0.9 MHz) was reported [29]. It was found that the change of
the index of refraction due to the mixing of argon and air is of the same order of magnitude
as the change due to the gas temperature variations.

In this work, a quantitative interpretation of the schlieren technique applied to a non-
thermal atmospheric-pressure oxygen plasma jet driven at low-frequency (50 Hz) is
reported. The technique allowed measuring the temporally-averaged values of the gas
temperature of the fully turbulent jet by processing the gray-level contrast values of a
digital schlieren image recorded at the observation plane for a given position of a trans-
verse knife-edge located at the exit focal plane of the optical system. To the best of the
author’s knowledge neither experimental nor numerical investigations on non-thermal
atmospheric-pressure plasma jets operating with pure oxygen as the feed gas have yet been
reported.

Experimental Arrangement
Non-thermal Plasma Source

The experiments were carried out using a non-thermal atmospheric-pressure plasma jet.
The device consisted in two coaxial electrodes through which the gas flows axially. The
outer (grounded) electrode (i.e., the nozzle) was made of aluminum with a hole of 1 mm
diameter; while the inner (rod-type) electrode was made of copper. The jet was driven at
low-frequency (50 Hz). Dry oxygen (O, purity in excess of 99.5%) was used as the feed
gas at a (measured) gas flow rate of 10 NI min~'. A scheme of the device indicating
several geometric dimensions is shown in Fig. 1. When the discharge was turned on, the
visible plasma jet had a typical length <10 mm.

The ac power supply was a high-voltage transformer (25 kV, 100 mA, and 50 Hz) with
a high-dispersion reactance (75 £ 0.5) kQ connected to a variable autotransformer to
control the discharge current. The electric circuit used to generate the atmospheric pressure
non-thermal plasma jet is also presented schematically in Fig. 1. Because of the high-
impedance of the transformer provides an intrinsic current limitation, the use of external
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Fig. 1 Schematic of the device showing several dimensions. Also the jet electric circuit is shown
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ballasts was not necessary. The discharge current was inferred from the measurement of
the voltage drop across a shunt resistor (100 Q) connected in series with the discharge,
while the discharge voltage was measured by using a high-impedance voltage probe
(Tektronix P6015A, 1000X, 3pf, 100 MQ). Both electrical signals were simultaneously
registered by using a 4-channel oscilloscope (Tektronix TDS 2004C with a sampling rate
of 1 GS/s and an analogical bandwidth of 70 MHz).

The discharge voltage U(t), together with the discharge current i(¢) are shown in Fig. 2a,
while the time-resolved power deposition inside the discharge chamber is presented in
Fig. 2b. The discharge current exhibits multiple sharp spikes (because of development of
ionization instabilities in the plasma) of relative large amplitude superimposed on a
sinusoidal profile (with a frequency of 50 Hz); almost independent of the discharge
characteristics; since the current amplitude is controlled by the transformer impedance.
The voltage signal also has a frequency of 50 Hz and decreases when the current increases;
thus leading to a negative slope in the voltage—current characteristic of the discharge. All
these features suggest that this discharge regime may be considered to be a high-pressure

glow-type discharge operating in constricted (filamentary) mode [30, 31]. The jet operating
power was calculated as:
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P:—/i(r) U(t)dt, (1)

where 7 is the discharge period. The resulting power was about 22 W. As it is well known,
only a fraction of the discharge power is expended in heating the gas, while an important
remaining part of this power is dissipated by thermal conduction and several processes on
the electrode sheaths (typically the cathode in this case). Since this is a very short discharge
in the axial direction (~1 mm), the heat conduction to the electrodes dominates over the
radial conduction, and typically takes about 50% of the deposited power (e.g., [32]). So,
including the surface electrode losses, it can be safely assumed that about 40% of the
power deposition is available for heating the gas flow through convection. Considering that
the transit time of a volume element of gas through the discharge (~ 107%s) is very short
as compared to the power deposition period (with a main frequency of 100 Hz as it is
shown in Fig. 2b), it can be inferred from the instantaneous power values given in Fig. 2b,
that the gas temperature at the nozzle exit should presents a 100 Hz oscillation with a
maximum value of about 420 K and an average value close to 350 K; for the typical gas
mass flow values of this experiment.

Optical System

A parallel-beam mirror schlieren system was used in this research. As the parabolic mirrors
(M8, 152 mm in diameter) were not identical, a typical (coma free) Z-system [13, 14]
could not be employed. Figure 3 shows a schematic of the chosen experimental setup. In
order to minimize the coma aberration of the system (the coma aberration grows in pro-
portion to the offset angle and to the inverse square of the mirror f/no—for a given offset
angle—[13]); the offset angle of the second parabolic mirror (f/2) was reduced to zero by
mounting the light sensor (camera) on the optical axis of the second branch of the system.
In spite of the fact that this configuration blocked a considerable part of the center of the
test region, the effluent of the plasma jet was successfully investigated with the peripheral
zone of the field. Also to reduce both astigmatism and coma, the offset angle of the first
parabolic mirror (f/8) was restricted to its minimum practical value. With all of these
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Fig. 3 Optical system
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precautions, a uniform darkening of the schlieren image at the exit focal plane of the
optical system was obtained as the knife-edge was advanced.

The point light source was constructed by focusing the light from a green LED
(dominant wavelength 530 nm) through a best-form lens (focal length 200 mm) on a
pinhole with 1.0 mm diameter. Between the focusing lens and the pinhole, a diffusion disc
was placed in order to achieve a homogeneous lighting in the test region. The pinhole was
placed in the focal point of the first parabolic mirror (f; = 1200 mm), which creates the
collimated light test region of the schlieren system. After passing through the test region in
which the plasma jet was placed, the collimated light was again focused by the second
parabolic mirror (f; = 300 mm) onto the knife-edge plane. The knife-edge (positioned
parallel to the z direction) was adjusted so that the detected intensity signal was approx-
imately ~48% of the signal without the knife edge. A band-pass filter centered in a
wavelength of 530 nm with a full width at half maximum FWHM of 40 nm (placed
between the second parabolic mirror and the knife edge) was used to block the light
emitted from the plasma jet. The schlieren images (with a size of 640 x 480 pixels) were
acquired with a charge-coupled device Lumenera digital camera with an exposure time of
80 ms. These images were stored in BMP format and digitized by an 8-bit gray-level frame
grabber. According to the magnification of this optical system, the spatial resolution in the
schlieren image was about ~0.036 mm (36 pixels corresponded to 1 mm).

In addition to the quantitative schlieren diagnostics, the average gas temperature was
also measured using a k-type thermocouple located inside the plasma jet.

Experimental Results and Discussion
Kinetic Model of the Effluent

Schlieren visualization of plasma jet is based on the fact that the plasma represents a
transparent medium for the LED light (i.e., the light frequency > plasma frequency). As
for every optical medium, the refractivity (n—1, being n the refraction index of the
medium) is the characteristic parameter. Since for a given wavelength of illumination n
depends on the plasma composition and its density or pressure, the measurement of the
plasma jet refractivity leads to conclusions on those plasma parameters. The plasma
refraction index (at a given wavelength) can be described for the Lorenz—Lorentz equation
[14],

2

n
n2 T 2 sz o, (2)

where N is the gas particle density, and «; and x; represents the mean polarizability and the
molar fraction of species i; respectively. The plasma polarization depends both on the
bound and the free electrons [14]. However, the influence of the free electrons becomes
important only at ionization degrees of a few percent. Because the electron densities in the
effluent of atmospheric-pressure non-thermal plasma jets are of the order of 10'°~10"" m™~
(depending on the experimental conditions and the specific point in the jet) [1]; the con-
tribution of the free electrons was neglected. Furthermore, the contribution of the ionized
species was also neglected (the ion refractivity can in general be neglected as compared
with the electron refractivity since both densities are the same [12]). With regard to the
contribution of the excited states to the plasma refractive index, their influence can also be
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ignored in the visible region of the spectrum because in the studied gas (and also in air
[24], argon [29] and other gases); the resonance spectral lines are situated in the vacuum
ultraviolet region of the spectrum [12]. The contribution of other reactive particles as O
and O deserves a discussion.

In the effluent, almost all O atoms produced in the glow discharge region are rapidly
converted into ozone [1, 2], since the O association with O, through the three-body
reaction,

O+ O + O, — Oy + O3,

1.25
@) s ®)

ks = 6.9 x 107 < T

at low-gas temperatures (close to room temperature) is much faster than the reactions,
O+ 03 — 0O, 4+ 0O,

4
ky = 2.0 x 1077 exp<—&7€)0) m3s~! )

and

O+ 0+ 0 — 0y + Oy,

ks = 2.45 x 1078 7700 mbs~! ®)

The rate coefficients k3—ks were taken from [33]. T is the gas temperature. Under the
present conditions, more than 99% of the atomic oxygen is converted into O5 through
reaction (3) during a time of At ~ 10 ps (i.e., at a distance z = u At ~ 2 mm from the
nozzle exit, being u the mean gas flow velocity in the jet outflow). Note that the length-
scale for diffusive losses (D An'? (being D = 0.27 x 10~* m?/s the diffusion coefficient
of the ground state atom OCP) at room temperature [34]) is much shorter than 1 mm; so
that diffusion phenomena are not relevant in this conditions. Therefore, except in the near
field of the outflow (z <2 mm), the density of the atomic oxygen can be neglected;
instead, the presence of the ozone should be considered there.

It should be noted that the atomic oxygen can be also created in the far field by
collisions between the molecular metastable O,(a) and O3 through the reaction [1, 2],

O3+02(a)+02—>02—|—02+0,

1.25
ke = 9.7 x 107" exp (7?) m’s~! ©)
however, the rate coefficient [33] of reaction (6) is quite low at room temperature; thus
explaining why O,(a) and O; are long living species as compared with the typical time-
scale (107*=107" s) of the gas movement along the jet.

Notice that the discussion of the chemistry in the jet outflow was based on the
assumption that the gas temperature is near room temperature. Since the chemistry con-
sidered occurs on a fast timescale (e.g. microseconds), the relevant gas temperature could
be substantially higher than the (time-averaged) measured values. Not only the low-fre-
quency fluctuation of the input power, but also the temporal averaging arising from the
procedure itself (the turbulent flow was measured on timescales much larger than the

@ Springer



52 Plasma Chem Plasma Process (2018) 38:45-61

Kolmogorov-timescale) can cause deviations from the real instantaneous value of the gas
temperature at a given point in the jet outflow.
The O density at the nozzle exit was estimated as:

2 X kg [Oz]Ne Tflow s (7)

where 7.,y is the transit time of the gas through the discharge and kg is the rate coefficient
of the electron-impact dissociation reaction,

e+ 0, - e+ 0; — e+ OCP) + OCP),
ks = f(T.)

being O,* the pre-dissociative excited state of O, with an energy threshold of 6 eV
[35, 36]. The rate coefficient kg was evaluated as a function of the effective electron
temperature T, by solving the electron Boltzmann equation with the help of the BOLSIG+
code [37]. In (7) the density of the heavy particles is denoted by square brackets and the
density of electrons by N.. Note that (7) actually represents the upper-limit of the O density
at the near field of the outflow as recombination processes were neglected there. Note also
that the thermal dissociation of O, through the reaction,

(8)

0, + 0, — 0, +0(CP) + O(’P),
224 9
ko =3.7 x 10714 exp(— @) [1 — exp(— TO)}m’%s*l ©)

(being the rate coefficient ko9 taken from [38]) does not play a relevant role because the gas
temperature in the glow discharge region is not high-enough (~ 1000-2000 K, on the basis
of measured values [39, 40]). Being N, ~ 10"8-10"° m™3 and 7. ~ 0.8-1 eV (which are
typical values for atmospheric-pressure glow-type discharges in molecular gases at current
levels of 10-200 mA [30, 41, 42]) and T4ow ~ 10™* s (the characteristic length scale of
the discharge is 1 mm, while the gas flow velocity in the inter-electrode gap is around
10 m/s), the OCP) density at the nozzle exit results ~1 x 10** m™>; thus corresponding to
a relatively low dissociation degree of about 2 x 107,

The estimated atomic oxygen density can be compared with the numerical results in a
non-thermal atmospheric-pressure glow discharge (200 mA) in a preheated (2200 K) air
flow [41]. For a transit time of the gas through the discharge of 100 ps, an atomic oxygen
density of about 4 x 10 m™ (corresponding to a dissociation degree of about 6 x 107°)
was found. The difference being attributed to the enhancement of the high-energy
threshold processes involving electrons owing to superelastic collisions with vibrationally-
excited nitrogen molecules; and also due to the dissociation of excited electronic states of
oxygen molecules that are produced during the quenching of the electronic excited states of
N, molecules [35, 36, 41].

OCP) density measurements in an atmospheric-pressure plasma jet operating at room
temperature (with an rf power level of ~10-25 W) with noble gases containing small
admixtures of O, were reported [43]. The results shown that the O atom density in the near
field of the effluent increases with a steep slope with an increasing amount of O, in the
plasma up to a maximum of 2 x 10?° m™ at about 0.6% O, admixture (i.e., an oxygen
dissociation degree of about 7 X 107%). Beyond this value, the O density decreases with
the increase of the O, admixture. The reason of that is related to the fact that large
concentration of molecules significantly changes the energy distribution function of the
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electrons (due to rotational and vibrational molecular excitations); thus reducing the
amount of the electron energy which can be used for the oxygen dissociation [1, 43].

Calculations performed on the basis of the estimated value of dissociation at the nozzle
exit yield a negligible error (much less than 1 K) in the derivation of the gas temperature in
the whole field of the outflow. An atomic oxygen polarizability o(O) = 0.77 A3 for a
wavelength of 480 nm [44] and an ozone polarizability «(O3) = 3.06 A3 for a wavelength
589 nm [14], was used. Furthermore, estimations show that the gas temperature mea-
surement is not seriously affected by the ozone density up to oxygen dissociation degrees
of at least 10> (i.e., an atomic oxygen density ~10** m™~> under the conditions consid-
ered). As quoted before, since almost all O atoms produced in the enclosed discharge are
rapidly converted into ozone in the near-field of the jet outflow, an ozone density of about
2 x 10 m™ would result in a maximum error of only 2-3 K; being in this case the
uncertainty in the temperature nearly equal to that derived from a 10% change in the
average oxygen molar fraction when the penetration of the ambient air into the effluent
(due to turbulent diffusion) was taken into account.

Data Processing
For gases the refraction index n = 1, therefore (2) becomes the so called Gladstone—Dale
relation [13, 14],

_pTr

n—1= %Zx,- (n— 1), = in (n = 1), (10)

»T

being (n—1);, the reference refractivity for species i at density N,. Note that in the second
equality in (10) the density was replaced by the pressure p and the gas temperature 7 by
using the ideal gas law. Apart from the wavelength, the refractive index of air depends on
the temperature. The room temperature was measured to be T, =~ 293 K. For the calcu-
lation of the air refractive index the web application provided by National Institute for
Standards and Technology NIST [45] was used and yields (n—1),;., = 2.713 x 10~*. For
oxygen a refractivity (n—1),, = 2.567 x 10~ for a wavelength 546 nm was used [46].

It is well known that when a light ray passes through a non-homogeneous medium, it
suffers a deviation in its trajectory by a certain angle ¢ that depends both, on the refractive
index gradient and on the thickness of the medium under test. Such ray path deviations
through a non-homogeneous medium is expressed as [13],

1dn
oe — 4 11
& /ndf ¥y (1n)

where y is the optical axis direction (see Fig. 3) and ¢ can be either x or z coordinate,
depending on the direction in which the knife blocks out the light. Since in this work the
knife-edge was positioned parallel to the z direction, the analysis was done for the x
direction (i.e., visualizing only the x-component of the refractive index gradient of the jet)
When the measuring range of the schlieren system has not been exceeded [13, 14], the
contrast C of the light pattern on the schlieren image (defined as the ratio of the differential
illuminance at a given image pixel to the value of its background level illuminance) is the
output of the schlieren system. As the parallel light beam passes the test region in y-
direction, the signal is integrated in y-direction. By assuming circular symmetry in the
plasma jet, the contrast is given by [13, 14]:
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1 — 1
C = k

—~

a o0
~ ZSa/n(r)dy, (12)
0

where the last approximation in (12) follows from the fact that » is quite close to unity. / is
the intensity measured on the schlieren image with the reference schlieren object in the test
region, Iy is the reference intensity (without any schlieren object); but with the knife edge
inserted, r is the radial coordinate (measured from the jet axis) and S (= 0C/0¢) [13] the
sensitivity of the schlieren system.

A calibration was performed without the schlieren object to find the relation between
the contrast C and the deflection angle ¢,. The procedure consisted in measuring /, without
the knife-edge mounted and then measuring /. as a function of the knife-edge position (x)
and normalizing Iy by I,. The result is shown in Fig. 4. As expected, the use of a circular
aperture leads to a non-linear behavior, but only for /Iy near 0 and 1. As in the present
experiment the intensity ratio was measured to be [/l = 0.48, and the contrast in all
experiments C < 0.4 was small enough (see below); the background illumination level was
linear with respect to the degree of the knife-edge cutoff (the measuring range is indicated
by dashed lines in Fig. 4). Recalling the definition of contrast given by (12) and expanding
L /1, to first order in x, the sensitivity of the schlieren system can be determined from the
slope of the linear part of the calibration curve (indicated with a red line in Fig. 4) as:

N d (I(x)/1)/dx
S~ fo 41}/((/0/(]0 ;

where the approximation for small angles (Ax = f> ¢,) was used. For the present condi-
tions the sensitivity of the experiment was calculated to be S = 3000 % 300. The relative
large error value in the sensitivity of the system is due to the strong dependence of the
sensitivity on the knife-edge position x, thus small errors significantly affect the obtained
densities and temperatures results. However, as the molar fraction of oxygen at the nozzle
exit is known to be xo = 1, the sensitivity of the schlieren system was fitted so that xo = 1
close to the nozzle exit. This calibration method proved to be more accurate than the direct
calculation of the sensitivity according to (13).

Using the experimental C data and the Abel inversion technique [12], (12) can be
inverted to obtain the radial profile (for a given z value) of the effluent refraction index,

(13)

Fig. 4 Image illumination as a 1.0
function of the knife-edge + f
position
0.8+
0.6+
~ 044
0.2

Ll o
01 02 03 04 05
Knife-edge position [mm]
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n(r) —n(c0) = —é /%xizwdx, (14)

r

being n(oo) the refraction index of the surrounding medium (air). Note that (14) does not
require any differentiation of the experimental data C(x). This turns out to be one of the
major advantages of schlieren techniques over interferometry [26]. Finally, replacing the
Eq. (10) in (14), the time-averaged gas temperature of the plasma jet can be calculated
from:

in (n — 1)i,r
T(r) =T, . (15)

1 it C(x)
n(oo -3 fn (x2 r2>|/2
r

The precise determination of the gas temperature of the plasma jet through (15) requires
the previous knowledge of the time-averaged molar fraction of the oxygen in the jet. If the
flow regime does not change from laminar to turbulent when the discharge is turned on
(i.e., if the diffusion phenomena does not significantly changes), this can be achieved by
measuring the contrast when only the gas flow is turned on (but the plasma is not ignited);
by assuming some hypothesis about the thermodynamic state of the gas. The simplest
assumption of an isothermal flow was assumed [29]. Gas temperature measurements inside
the jet (when the discharge is off) by using a thermocouple supported such an assumption.
Therefore, the time-averaged molar fraction of the oxygen was calculated from the gas
contrast by assuming 7 = T,. Then, the discharge was turned on and the plasma contrast
was measured to calculate the gas temperature.

Under the present experimental conditions the Reynolds number (based on the scale
length given by the nozzle-hole diameter) was about 13,800. As this number is greater than
3000 [47], the jet has a fully turbulent structure (regardless the presence of the discharge).
The constancy of the cone angle of the jet between the discharge off (Fig. 5a) and the
discharge on (Fig. 5b) cases also reinforces this assumption. The non-influence of the
discharge on the cone angle of the jet can also be better observed by comparing the contrast
radial profiles (at a given axial distance from the nozzle exit) obtained with the discharge
off (Fig. 6a) and when the discharge is turned on (Fig. 6b). In this situation, the effective
diffusion coefficient is obtained by adding to the molecular diffusion coefficient, a tur-
bulent one,

D, ~ 0.009 du, (16)

being d the nozzle-hole diameter and u the mean-velocity of the gas flow at the nozzle exit
[32]. Since D, & 1.9 x 10~ m?s is two orders of magnitude greater than the oxygen
molecular diffusion coefficient (=0.187 x 10™* (77300)*? m?/s) for T ~ 300400 K [48];
the diffusion phenomena in the jet only depends on the gas flow velocity. As the gas
pressure at the inlet of the jet device was kept constant during the experiments, the
momentum of the jet (~N u?) does not vary during the discharge ignition Therefore, an
absolute difference of 20% in the gas density (or in the temperature, as the results show)
produced only a 10% of change in the gas flow velocity; yielding a similar change in the
average oxygen molar fraction of the jet. Such a difference of 10% would result in a
maximum error less than 2 K according to Eq. (15).
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Fig. 5 Schlieren image contrast obtained for an oxygen gas flow of 10 NI/min a with the discharge off and
b when the discharge is turned on

In order to determine the contrast of a schlieren image, the intensity / for each pixel was
measured for the discharge on and discharge off cases and then its difference with the
background light intensity Iy, normalized by I;. The relative time-averaged intensities were
obtained by averaging 10 images, each captured with an exposure time of 80 ms. Figure 5
shows both (time-averaged) contrasts for the gas flow (a) when the discharge is turned off
and (b) when the discharge is turned on (plasma jet).
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Fig. 6 Contrast radial profiles along the lines shown in Fig. 5 obtained a without the discharge and b when
the discharge is turned on

In Fig. 6 the contrast radial profiles along the lines indicated in Fig. 5 obtained for an
oxygen gas flow of 10 Nl/min (a) with the discharge off and (b) when the discharge is
turned on are shown. The profiles shown in Fig. 6a demonstrates that the signal in the
plasma off case is quite symmetric, both in the near and in the far field of the outflow.
However in the plasma on case, showed in Fig. 6b, relative strong departures from the
symmetry are evident in the near field. As expected, in the far field (at distances larger than
5 mm from the nozzle exit) the asymmetry vanishes. These results suggest that the
asymmetry in the plasma contrast profiles is caused by the presence of the discharge itself
inside the jet device. For the plasma jet operating conditions a filamentary glow-type
discharge in a gas flow with relatively high-gas temperature (~ 1000-2000 K) [39—41, 49]
likely exists in the inter-electrode gap. It can be expected, therefore, that the cold-gas
streamlines entering the high-temperature zone become tilted as they undergo refraction in
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the layer where the temperature abruptly increases (because of the expansion of the gas
upon heating); thus causing local asymmetries in the plasma flow (which rapidly vanish in
the far field due to diffusive processes).

Results

Previous to applied the Abel inversion procedure (to find the radial profiles of the oxygen
molar fraction and gas temperature), the contrast data were smoothed (by taken an arith-
metic average of subsequences of ~ 10 terms) and then interpolated with a high-order
polynomial function to keep the errors to a minimum. The results of the inversion are
shown in Figs. 7, 8 and 9. Figure 7 shows the time-averaged radial profiles (along the lines
indicated in Fig. 5) of the oxygen molar fraction obtained by the schlieren measurement.
As quoted before, the experimental sensitivity S was fitted so that the oxygen molar
fraction was 1 at the nozzle exit. The sensitivity obtained in this way gave a value
S = 3049 (which coincides within the experimental error with the S value obtained from
the calibration curve). As expected, the inferred profiles of the oxygen molar fraction drop
more gently in the far field since they are governed by diffusion phenomena. As it can be
seen, the air rapidly penetrates the plasma jet reaching a molar fraction of 25% 12 mm
away from the nozzle exit. This is also showed in Fig. 9. The uncertainty in the molar
fraction measurements (within 10%) was primarily from errors associated to the Abel
inversion procedure through some asymmetry of the gas contrast field.

Figure 8 shows the time-averaged radial profiles (along the lines indicated in Fig. 5) of
the plasma jet gas temperature obtained by the schlieren measurement; while the axial
profile but with a finer resolution in the near-field of the jet outflow is shown in Fig. 9.
According to what was discussed in the Experimental arrangement Section, this temper-
ature values represent a temporally averaged values of a gas temperature which should
perform a 100 Hz oscillation between the ambient value and a maximum of about 420 K.

As expected, the time-averaged gas temperature of the jet was near to the room value
with a maximum departure of about 55 K. The uncertainty in the temperature measure-
ments was within 6 K. (mainly from errors associated to the Abel inversion procedure
through the asymmetry of the plasma contrast in the near field and the above uncertainty in
the molar fraction radial profiles). It is worth to noting that in the Abel inversion of the

Fig. 7 Radial profiles of the 1.0 1: axial distance = 0.3 mm
oxygen molar fraction along the 0.9 T 2: 1.0 mm
lines shown in Fig. 5 ] 3: 5.0 mm
ON 08- 4: 9.0 mm
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contrast, values obtained for a specific radial position depend on all the data obtained for
radii larger than such a specific position; therefore, small deviations may therefore add up
towards the axis.

The point that for low-gas temperatures the change of the index of refraction due to the
mixing of the working gas and the air is in the same order of magnitude as the change due
to the gas temperature is not problematic provided that the flow regime does not change
from laminar to turbulent when the plasma is turned on. On the contrary, the gas flux (with
plasma turned off) can be used to precisely calibrate the system in the sensitivity region of
interest [29].

Also thermocouple measurements with a low-spatial resolution (~1 mm) at ~3 mm
from the nozzle exit were performed. While a deviation between both techniques was
expected as the probe was probably perturbing the plasma (owing to its finite size), the
thermocouple measurements showed good agreement with the schlieren measurements
(within 5 K).

The results showed an increase in the gas temperature of about 8§ K in the region
between 0 and ~5 mm away from the nozzle exit. These results suggest that in the near
field some gas heating still occurs. It is worth noting that this increase is not related to any
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heating process inside the discharge chamber, but, because of the high-gas heating rate
value (0T /0t = u0T/0z ~ 0.3 K/ms) associated with this phenomenon, it would be a
consequence of several fast gas heating mechanism [50, 51] resulting from the energy
release during the quenching of the long-lifetime electronically excited particles dragged
by the gas flow from the enclosed discharge. The electron—ion recombination heating could
also play a role. The same behavior was previously reported but for a non-thermal
atmospheric-pressure argon plasma jet [29]. Both experimental and numerical work would
be needed to clarify such a point.

Conclusions

A quantitative interpretation of the schlieren technique applied to a non-thermal atmo-
spheric-pressure oxygen plasma jet driven at low-frequency (50 Hz) was reported. The jet
was operated in the turbulent regime, with a hole-diameter based Reynolds number of
13,800. The calibration of the optical system was obtained by fitting the sensitivity
parameter so that the oxygen fraction at the nozzle exit was unity. The results have shown
that:

1. The radial profiles of the contrast in the discharge off case were quite symmetric in the
whole outflow, but in the discharge on case, relative strong departures from the
symmetry were evident in the near field. These results suggest that the (high-gas
temperature) filamentary glow-type discharge inside the jet device cause local
asymmetries in the plasma flow which rapidly vanish in the far field due to diffusive
processes.

2. The gas temperature of the jet was near to the room value, with a maximum departure
of about 55 K. The inferred temperature values represent temporally averaged values
of a gas temperature which should perform a 100 Hz oscillation between the ambient
value and a maximum of about 420 K. The penetration of the ambient air into the jet
due to turbulent diffusion was taken into account. The uncertainty in the temperature
measurements was within 6 K, primarily derived from errors associated to the Abel
inversion procedure.

3. The results showed an increase in the gas temperature of about 8 K in the region
between 0 and 5 mm away from the nozzle exit. The same behavior was previously
reported but for a non-thermal atmospheric-pressure argon plasma jet. These results
suggest that some gas heating still occurs in the near field of the outflow. Both
experimental and numerical work would be needed to clarify such a point.
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