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Quantitative Schlieren Diagnostic Applied to a
Nitrogen Thermal Plasma Jet
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Abstract— A quantitative interpretation of the schlieren
technique applied to an atmospheric pressure, vortex-stabilized
nitrogen thermal plasma jet generated in a direct-current
nontransferred arc plasma torch (nitrogen gas flow rate of
25 NL/min, power level of 15 kW), discharging into ambient
air is reported. A Z-type, two-mirror schlieren system was used
in the research. The technique allowed inferring the temporally
averaged values of the temperatures and densities of different
species present in the plasma jet in a wide range of radial
and axial distances. Deviations from kinetic equilibrium in the
calculation of the plasma refractive index were accounted for, but
maintaining the assumption of the local chemistry equilibrium.
The influence of several assumptions on the accuracy of the
measurements was considered. The results have shown that for a
distance of 3.5-mm downstream from the nozzle exit, the kinetic
equilibrium is realized (being both electron and gas temperatures
values around 11 000 K), but noticeable deviation from kinetic
equilibrium appears toward the jet border. On the other hand,
a marked deviation from the kinetic equilibrium was found in the
whole far field of the plasma jet, where the electron temperature
remains still quite high (about 10 000 K at 30-mm downstream
of the nozzle exit), well decoupled from the gas temperature
(about 7000 K at the same distance). The obtained results are
in reasonable good agreement with those previously reported by
some of the authors by using a double floating probe method in
the same plasma torch.

Index Terms— Kinetic equilibrium, nontransferred arc plasma
torch, schlieren technique, thermal plasma.

I. INTRODUCTION

ATMOSPHERIC pressure thermal plasma jets generated
in direct-current (dc) nontransferred arc plasma torches

are used in a number of applications such as plasma surface
modifications, spray coatings, material synthesis, and waste
treatment [1]–[6].

Standard dc nontransferred (spraying-type) plasma torches
operate with a central thoriated tungsten rod-type cathode and
a water-cooled annular copper anode. Typical torch currents
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are in the range of a few hundred amperes. The plasma gas
is injected into the gap between the two electrodes and serves
to keep the arc root in a continuous motion over the surface
of the anode. The torch voltage depends on the nature of the
plasma gas and can vary between 20 and 30 V for atomic
gases up to 100 V or more when operating with molecular
gases. As the gas passes around the arc through the anode-
nozzle constriction, it is heated and partially ionized, emerging
from the nozzle as a thermal plasma jet with a specific
enthalpy ranging between 5 and 35 MJ/kg. At the nozzle
exit, the centerline value of the gas temperature is around
10 000–12 000 K (close to the electron one) and the veloc-
ity of a few hundred of meters per seconds [1]. However,
a significant difference in the gas temperature fields (but little
difference of the velocity fields) of the jet outflow could occur
depending on the difference between the specific heat of the
surrounding gas into which the plasma jet expands and that of
the jet [7], [8]. The central core of the plasma jet is usually
close to the local thermal equilibrium (LTE) at atmospheric
pressure, but large deviations from the LTE can exist in the
peripheral zone due to rapid particle diffusion [9].

The dynamics of a thermal plasma jet and its chemical state
(as well as the interactions between the plasma and the injected
material in the plasma-spraying application [4], [5]) are mainly
controlled by the kinetic gas and electron temperatures; thus,
a proper knowledge on the temperature of different species
of the plasma becomes important not only for the plasma
processing application, but also for understanding basic chem-
ical mechanisms in thermal plasma jets.

Temperature measurements in nontransferred dc arc torches
operated at atmospheric pressure have been mostly obtained
using emission spectroscopic techniques (see [10]–[16]). All
these works have assumed the validity of the LTE assumption
to derive the temperature from the excited emitting levels
population. It implies that collisions are the predominant
mechanism and that temperature and concentration gradients
are low, which is not the case in jet fringes. In these regions,
diffusion plays an important role, especially for electrons,
and temperatures deduced from atomic lines are generally
overestimated [2]. Besides, plasma jets are often assumed
axially symmetric (regardless of the method used in the
inversion process [16]), but tomography procedures [17] were
used as well. Temperature measurements of the plume of the
plasma torch were also performed using the laser-scattering
method [8]. This method has the advantages over the emission
spectroscopic that it is only slightly affected by deviations
from LTE. Other methods of temperature measurements that
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have been applied to plasma torches are the enthalpy [18]
and Langmuir [19], [20] probe techniques. Enthalpy probe
measurements are generally possible only at temperatures well
below 10 000 K, and significantly perturb the plasma.

Refractive optical methods represent a versatile tool for
performing nonintrusive, quantitative measurements in trans-
parent media [21]. In particular, refractive 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 [22], [23].

Quantitative schlieren techniques have been used in the past
to determine the gas temperature and plasma composition
in atmospheric-pressure nonthermal plasma jets [24], [25],
nanosecond repetitively pulsed discharges [26], flames [27],
and thermal arcs [28]–[30].

In this paper, a quantitative interpretation of the schlieren
technique applied to an atmospheric pressure, vortex-stabilized
nitrogen thermal plasma jet generated in a dc nontransferred
arc plasma torch discharging into ambient air is reported. The
technique allowed inferring the temporally averaged values of
the temperatures and densities of different species present in
the plasma jet by processing the gray-level contrast values of
a digital schlieren image recorded at the observation plane
for a given position of a transverse knife-edge located at
the exit focal plane of the optical system. To the best of
the author’s knowledge, a quantitative interpretation of the
schlieren technique applied to a thermal plasma jets generated
in nontransferred arc plasma torches is for the first time
reported.

This paper is organized as follows. The experimental
arrangement and the techniques are described in Section II.
The experimental results and its discussion are given in
Section III. The conclusion is summarized in Section IV.

II. EXPERIMENTAL ARRANGEMENT AND TECHNIQUES

A. Nontransferred DC Arc Torch

The experiment was carried out using an atmospheric pres-
sure nontransferred dc arc torch with a water-cooled thoriated
tungsten (2 wt%) rod-type cathode and a water-cooled copper
anode nozzle of 5-mm internal diameter and 30 mm in length.
A schematic of the employed arc torch is shown in Fig. 1. The
arc was vortex stabilized and nitrogen was used as the plasma
gas. The torch was operated in the so-called restrike mode
(see [2], [3]) at 15 kW (150 V, 100 A) nominal power level
with a nitrogen flow rate of 25 NL/min. Two thermocouples
were inserted at the inlet and outlet of the cooling system

Fig. 1. Schematic of the nontransferred arc torch used in the experiment.

Fig. 2. Image of the nontransferred dc arc torch operated with a nitrogen
flow rate of 25 NL/min and a 15 kW (150 V, 100 A) nominal power level.

to measure the temperature difference of the coolant water.
A temperature rise in the coolant water of about 12 °C was
measured for a (measured) coolant flow rate of 3 L/min under
the quoted torch operating conditions.

Fig. 2 shows a photograph of the plasma torch under
the operating conditions mentioned above discharging into
the surrounding air. As it can be seen, under the present
experimental conditions, the length of visible plasma was
approximately 100 mm and the intensity of the plasma at
axial positions beyond 50 mm from the nozzle exit point was
found to decrease substantially. It is worth noting that for the
experimental conditions reported in [10], where a plasma spray
torch operating at power levels of 5–10 kW with an argon gas
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Fig. 3. Schematic of the used Z -type two-mirror schlieren system.

flow of 25 NL/min is discharging into the surrounding air,
the visible flame length was only 28 mm, as determined by a
simple optical measurement.

B. Optical System
A Z -type two-mirror schlieren system was used

in [21]–[23]. Fig. 3 shows a schematic of the chosen
experimental setup. The point light source was constructed
by focusing the light from a red LED (dominant wavelength
630 nm) through a best-form lens (focal length fL1 = 20 mm)
onto a pinhole with 3 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 ( f1 = 1200 mm, f /8), which creates the collimated
light test region of the schlieren system. After passing
through the test region in which the arc torch was placed
(with the streamwise direction of the plasma jet along
the z-direction), the collimated light was again focused
by the second parabolic mirror ( f2 = 1200 mm, f /8) onto
the knife-edge plane. The knife edge (positioned parallel
to the z-direction to provide the best sensibility perpendicular
to the jet axis) was adjusted so that the detected intensity
signal was approximately ∼43% of the signal without the
knife edge.

Because the thermal plasma jet is a very luminous object,
it can severely disturb the schlieren image [22], [23]. In order

to reduce the influence of the plasma glow, a spatial-filter
consistent in a second pinhole of 4 mm diameter placed at the
focal plane of the second parabolic mirror (back to the knife
edge) [31] in combination with a bandpass filter centered in a
wavelength of 632.8 nm with a full-width at half-maximum of
4.4 nm was employed. With all of these precautions, the light
from the plasma jet was greatly reduced. A focusing lens with
a focal length of fL2 = 100 mm was used to control de final
image size independently. The schlieren images (with a size of
640×480 pixels) were acquired with a charge-coupled-device
Lumenera digital camera with an exposure time of 200 ms.
The 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 ∼0.09 mm (nine pixels corresponded to
1 mm).

C. Schlieren Theory

When a light ray passes through a non-homogeneous
medium, it suffers a deviation in its trajectory by a certain
angle ε that depends both on the refractive index n gradient
and on the thickness of the medium under test. Such ray path
deviations through a non-homogeneous medium is expressed
as (see [21])

εξ =
∫

1

n

dn

dξ
dy (1)



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

4 IEEE TRANSACTIONS ON PLASMA SCIENCE

where y is the optical axis direction (see Fig. 3) and ξ can
be either x- or z-coordinate, depending on the direction in
which the knife blocks out the light. Since in this paper,
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).
The parallel light beam that is deflected horizontally (in the
x-direction) moves toward or away from the knife edge, pass-
ing less or more photons, thus resulting in a darker or lighter
point onto the image. In this way, the degree of deflection can
be visualized as a gray-scale image. When the measuring range
of the schlieren system has not been exceeded [21], contrast C
of the light pattern on the gray-scale 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 the y-direction, the signal is integrated into the
y-direction. By assuming circular symmetry in the plasma jet,
the contrast is given by [7], [8]

C ≡ I − Ik

Ik
≈ 2S

∂

∂x

∫ ∞

0
n(r) dy (2)

where the last approximation in (2) follows from the fact that
n is quite close to unity. I is the intensity measured on the
schlieren image with the schlieren object in the test region,
Ik 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 is the sensitivity of the
schlieren system.

Quantitative schlieren imaging relies on the ability to relate
an imaged refractive index gradient, in the form of a pixel
intensity or contrast, to a known refraction angle. The simplest
approach to do this is to place a calibration object with a
known refractive index variation in the field of view, thus
allowing a direct conversion from image pixel intensity to
a corresponding refractive index gradient value. Typically,
a simple lens with known diameter and (long) focal length
is used [32], [33]. The calibration lens must be a “weak” lens
with a long focal length, such that it produces refraction angles
within the range of interest for the schlieren disturbances to
be visualized (i.e., the calibration lens focal length must be
larger than the focal length of the main schlieren optics). For
this paper, a lens of radius RL = 25.4 mm and a focal length
fL = 10 m was used [33]. This calibration lens (located in
the test region) refracts the parallel light and causes it to be
focused to a location beyond the knife-edge position. Although
a portion of the light passes freely on the knife edge, the
portion of light remaining is partially blocked (due to the
refraction angle within the lens), resulting in the intensity
horizontal gradient observed in Fig. 4.

The calibration process begins by identifying the average
background pixel intensity of the schlieren image. The same
intensity value is then identified within the calibration lens
image. The distance of this point from the center of the lens
(measured along the horizontal diameter for vertical knife-edge
cutoff) is defined as r0 because it represents the pixel-intensity
value corresponding to no refraction in the image, and it is the
baseline for all other measurements. This point r0 on the lens

Fig. 4. Typical schlieren image of the calibration lens within collimated light
test region of the schlieren system.

refracts light through an angle εx0 given by
r0

fL
= tanεx0 ≈ εx0 (3)

where the small-angle approximation was used since a weak
lens also results in RL � fL . This calibration lens caused
negligible light losses, so no correction was applied [33].

The refraction angle at any point in the schlieren image
is then quantified by first identifying the location within the
calibration lens image that has the same pixel intensity as
the point of interest. This point in the lens image has a
distance from the lens center of rL and refracts light through
an angle εL . The refraction at the corresponding point in the
schlieren image εx is equal to the relative refraction angle
between the lens positions rL and r0, which after applying (3)
and the small angle approximation becomes

εx = εL − εx0 = 1

fL
(rL − r0). (4)

Once εx is obtained for each point of interest in the schlieren
image, the calibration curve of the schlieren system can be
determined from the corresponding contrast values. The result
is shown in Fig. 5.

Now taking in account that the sensibility is defined as [21]

S ≡ ∂C/∂εx . (5)

It can be obtained from the slope of the calibration curve
(indicated with a red line in Fig. 5). For the present conditions,
the sensitivity of the experiment was calculated to be S =
896 ± 113. The relative large error in the sensibility of the
optical system is related to the lack of uniformity in the
background illumination [27], [33].

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Plasma Refractive Index Model

Schlieren visualization of the plasma jet is based on the
fact that the plasma represents a transparent medium for
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Fig. 5. Calibration curve of the schlieren system.

the LED light (i.e., the light frequency � plasma fre-
quency). As for every optical medium, the refractivity (n − 1)
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 knowledge on those plasma parameters.

The model considers the following species: atomic N and
molecular N2 nitrogen, singly ionized ions N+, and elec-
trons e. The number density of the nitrogen molecular ion
was neglected compared to the atomic ion. For electron
temperature values above 9000 K (i.e., when the electron
contribution to the refractive index becomes important), the
number density of the nitrogen molecular ion is at least two
order of magnitudes lower than that of the atomic ion [34],
so their influence on the chemical composition as well as
in the plasma refractivity can be neglected. Therefore, the
plasma refractivity can be described as a sum of the individual
refractivities as

n − 1 = (n − 1)N2,N + (n − 1)e + (n − 1)N+ (6)

where each individual refractivity contribution can be written
as

(n − 1)e = − 1

4πε0

e2λ2

2πmec2 Ne (7)

for the electrons and

(n − 1)N2,N,N+ = 2παN2,N,N+(λ)NN2,N,N+ (8)

for the neutral particles and ions [22], [23].
In (7) and (8), e is the electronic charge, me is the electron

mass, c is the light velocity, λ is the wavelength of the light
used for probing the plasma, ε0 is the free-space permittivity,
Ne is the electron number density, NN+ is the number density
of the single-ionized nitrogen ion, and αN+ is their polariz-
ability. The polarizability of atomic αN and molecular αN2

nitrogen was taken from [35]. Finally, NN2 and NN are the
atomic and molecular nitrogen number densities, respectively.

On the other hand, the ion refractivity [the last term on the
right-hand side in (6)] can in general be neglected compared
with the electron refractivity since both densities are the same;

however, the neutral refractivity cannot be neglected because
as will be shown later, there are several jet zones in which the
neutral density is by far larger than the electron density.

Deviations from kinetic equilibrium in thermal plasmas
occur because Ne decreases. (The rate of electron energy
loss per unit volume is proportional to Ne.) This means that
the electron temperature Te becomes higher than the gas
temperature Tg , giving a two-temperature plasma characterized
by Tg and Te, or alternatively Tg and θ (with θ ≡ Te/Tg).
In cases in which rates of diffusion or convection are greater
than rates of relevant chemical reactions (including dissocia-
tion, ionization, and recombination reactions), departures from
the local chemistry equilibrium (LCE) can also occur as well
(see [9]). The possible influence of the LCE assumption on
the results is addressed briefly in Section III-C.

To account for the deviations from kinetic conditions, while
maintaining the assumption of LCE, it is necessary to use the
plasma equation of state, the law of mass action, and electrical
quasi-neutrality condition. These equations are written in the
following form.

Dalton’s law

p = k[NeTe + (NN2 + NN + NN+)Tg] (9)

where Tg and Te are the gas (heavy species) and electron
temperature, respectively, k is Boltzmann’s constant, and p
is the pressure.

The law of mass action

N2
N

NN2

= Q2
N

QN2

(
2πkT gm2

N

mN2 h2

)3/2

exp

(
− Ed

kTex

)
(10)

Ne NN+

NN
= 2

QN+

QN

(
2πkTeme

h2

)3/2

exp

(
− Ei

kTex

)
. (11)

Equation (10) is the Gulberg’s–Waage’s equation which
describes the dissociation reaction of the molecular
nitrogen (N2 ↔ N + N) [9], [34]. Here, Ed is the dissociation
energy of the nitrogen molecule (9.76 eV), h is the Planck
constant, and mN2 and mN are the molecular and atomic
nitrogen mass, respectively. Equation (11) is the Saha equation
(in the form proposed in [36]) which describes the ionization
of the atomic nitrogen (N + e ↔ N+ + e + e) [9], [34].
Ei is the ionization energy of the nitrogen atom (14.53 eV).
The dissociation and ionization reactions are governed by
the excitation temperature Tex, which controls the population
of the internal energy states of heavy species [9]. In the
present model, Tg was used as the excitation temperature
for the nitrogen molecule dissociation, while Te was used
as the excitation temperature for the atomic nitrogen
ionization [33]. The partition function of the molecules QN2

for nonequilibrium conditions was calculated according to
the method proposed in [37] using the molecular parameters
taken from [38]. The atomic QN and ion QN+ partition
functions were calculated by using the simplified approach
presented in [39]. In the calculation of the partition functions,
it was assumed that translational, rotational, and vibrational
motions of the heavy species are governed by Tg , but
electronic excitation and translational motion of the electrons
are controlled by Te [9], [34].
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Fig. 6. Refractive index of an atmospheric pressure nitrogen plasma as a
function of the gas temperature calculated under LTE (discontinued line) and
non-LTE (solid line) conditions for λ = 630 nm.

Electrical quasi-neutrality

Ne ∼= NN+ . (12)

The plasma composition model reduces to the set of (6)
and (9)–(12), which is not closed yet, since the number of
unknown plasma quantities is six (Te, Tg , Ne, NN2, NN,
and NN+). To do this, it is supposed that the LTE departure
factor θ can be related to the electron density Ne in according
to [40], [41]

θ = 1 + A ln

∣∣∣∣ Ne

NLTE

∣∣∣∣ (13)

where NLTE is the electron density above which LTE is
assumed (i.e., NLTE ≈ 1023 m−3 in accordance with Griem’s
criterion [9]) and A = −0.2 for a dc N2 plasma jet, in
according to experimental results [42]. This assumption was
also used in a Langmuir probe study of the same dc N2 plasma
jet [19].

The refractive index for an atmospheric pressure nitrogen
plasma as function of Tg , calculated under LTE (θ = 1) and
non-LTE (θ = 2) and for λ = 630 nm, is shown in Fig. 6.

As it can be seen from Fig. 6, the calculated refractive index
profile for θ = 2 presents large departures from that corre-
sponding to LTE for Tg above 5000 K. This phenomenon can
be explained by the increasing excitation temperature (Tex =
Te) at a given gas temperature with the increase of θ . Also it
can be observed high variations in the plasma refractive index
for gas temperature below 2000 K. It then can be supposed
that in this range of temperature notable deviation of light rays
could be observed.

B. Data Processing

In order to determine the contrast of a schlieren image,
intensity I for each pixel was measured and then its difference
with the background light intensity Ik normalized by Ik . The
relative time-averaged intensities were obtained by averaging
10 images, each captured with an exposure time of 200 ms.
The timescale of the plasma fluctuations (mostly caused

Fig. 7. Time-averaged schlieren image contrast of the plasma jet correspond-
ing to a plasma torch operated at a power level of 15 kW and a nitrogen flow
rate of 25 NL/min.

Fig. 8. Contrast radial profiles of the plasma jet along the lines indicated in
Fig. 7.

by the arc restrike mode) determined from the arc voltage
waveform (see [20, Fig. 1]) resulted of about 70 μs. As in
practice, the contrast profiles used for the calculations were
obtained over a time of 2 s, and this time is much larger than
the typical fluctuation period; this averaging almost quenched
the torch fluctuations. The time-averaged schlieren image
contrast for the plasma is shown in Fig. 7.

As it can be seen, a good visualization of the plasma jet
structure and its interaction with the surrounding medium
appears in Fig. 7. In Fig. 8, the contrast radial profiles of
the plasma jet along the lines indicated in Fig. 7 are shown.

The profiles shown in Fig. 8 demonstrates that the schlieren
signal is quite symmetric close to the nozzle exit, but rel-
ative strong departures from the symmetry are evident far-
ther downstream (in the far field of the jet). This behavior
could be related with the development of the turbulence in
the jet. Shadowgraphs of plasma jets with reduced exposure
time [43] reveal the abrupt development of turbulence from
a well behaved laminar flow near the nozzle exit. They show
the typical shear layer instabilities close to the nozzle exit,
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characterized by the formation of vortex rings around the
plasma jet. Farther downstream the vortex structure breaks
down over a relatively short distance, resulting in large-scale
turbulence eddies which rapidly penetrate into the core of the
plasma jet. As high variations in the plasma refractive index
are observed for gas temperature below 2000 K (see Fig. 6),
it then can be expected that the large-scale turbulence eddies
(associated with large scales of time) affect the deviation of the
light rays, thus introducing some asymmetries in the measured
contrast profiles in the far field of the jet.

Using the experimental C data and the Abel inversion
technique [22], (2) can be inverted to obtain the radial profile
(for a given z value) of the plasma jet refractive index

n(r) − n(∞) = − 1

S

∫ ∞

r

C(x)

π(x2 − r2)
1/2 dx (14)

being n(∞) the refraction index of the surrounding
medium (air). Note that (14) does not require any differentia-
tion of the experimental data C(x). This turns out to be one of
the major advantages of schlieren techniques over interferome-
try [28]. Although the plasma jet is not completely axisymmet-
ric, an Abel inversion is nevertheless likely to be acceptably
accurate [44]. There have been attempts to generalize the Abel
inversion to non-axisymmetric distributions (see [45]) and to
use tomographic reconstructions [17], but these methods have
not been applied to schlieren measurements of plasma jets.

In this paper, the two sides of the measured contrast profile
are averaged together. The inversion is performed on a curve
fit of this average profile. If the measured profile is quite
asymmetric, the inversion is performed on each half of the
profile separately and the resulting temperature values from
each half are then averaged [44]. Previous to applying the
Abel inversion procedure, however, the contrast data were
smoothed (by taken an arithmetic average of subsequences
of about 10 terms) and then interpolated with a high-order
polynomial function to keep the errors to a minimum [22].

The entrainment of the surrounding air into the plasma
jet due to turbulence diffusion was not considered in the
plasma refractivity calculation (i.e., a pure nitrogen plasma
was considered). The reason is that for high gas temperatures
the change of the index of refraction due to the mixing of
nitrogen and air is negligible small compared to the change
due to the gas temperature [23].

C. Results

Fig. 9 shows the radial profiles of the electron and
gas temperatures of the plasma jet at a distance of
3.5-mm downstream from the nozzle exit for the given torch
operation conditions. Besides, the equilibrium temperature
profile TLTE is also shown. For comparison purposes, the
corresponding profiles of Te and Tg previously derived by
some of the authors with a double floating probe [20] for the
same dc N2 plasma torch operated at similar conditions are
also shown.

The uncertainties in the temperature profiles of the plasma
jet showed in Fig. 9 are mainly due both the errors associated
with the Abel inversion procedure through the asymmetry of

Fig. 9. Radial distributions of the electron and gas temperatures obtained at
z = 3.5 mm from the nozzle exit. The temperature profile based on LTE
approximation (TLTE) and the experimental results previously derived by
using the double floating probe technique (see [20]) have been also included.

the plasma contrast and to the uncertainty in the sensibility S
of the optical system. The resulting Tg and Te uncertainties at
the jet center are less than 8% and 15%, respectively, while the
uncertainty in TLTE was less than 13%. It is worth noting that
in the Abel inversion of the contrast profiles, 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 toward the axis. Considering
the resulting uncertainties of both Tg and Te, there may be little
difference (if any) between these two temperatures profiles in
the core of the plasma jet (r < 0.8 mm, electron temperature
Te > 9000 K), where the electron density is higher than
1 × 1022 m−3 (as shown in Fig. 10), thus showing that
the LTE assumption is verified there. However, noticeable
deviation from kinetic equilibrium appears toward the jet
border, with a temperature difference Te − Tg in the range
∼3300–6000 K for a radial distance r about 1.5 mm. Since it
was assumed that in non-LTE conditions, the atomic nitrogen
ionization is governed by Tex = Te (instead of Tg) [34], the
equilibrium temperature TLTE results close to Te at the jet
core, where the electron contribution to the refractive index
is dominant, while it is close to Tg at the jet fringes, where
the neutral contributions dominates over the electron one.
Also an examination of Fig. 9 shows that the electron and
heavy particle temperature profiles are in a reasonable good
agreement with those previously reported in [20] by using a
double floating probe method in the same plasma torch, where
marked LTE departures were also found.

The radial profiles of several plasma species number den-
sities in the plasma jet are shown in Fig. 10 with its cor-
responding uncertainty values. For comparison purposes, the
Ne radial profile derived in [20] is also presented. As expected,
the plasma is mainly concentrated in the high-temperature
region (Te about or larger than 9000 K) with a Ne value
at the jet center of ∼6.8 × 1022 m−3 (corresponding to
an ionization degree of about ∼12%). Again, a reasonable
good agreement was found with the double floating probe
measurements reported in [20] on the same arc torch operating
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Fig. 10. Radial distribution of densities of different species of plasma
corresponding to the temperature profiles showed in Fig. 9. Electronic density
values previously derived by using the double floating probe technique
(see [20]) have also been included.

under similar conditions. The atomic number density increases
continuously from the jet center (with values up to ∼5 ×
1023 m−3) to a radial distance of 0.7 mm (where the molecular
concentration becomes important) and then abruptly decrease
at the periphery due to the low-local values of Tex = Tg .

The validity of the LTE (which includes the LCE [9])
assumption in dc plasma jets has been extensively studied
(see [2], [3]). For a dc nitrogen plasma jet at atmospheric
pressure, two different regions have been identified. In the core
of the plasma jet, where the electron density Ne is higher than
4 × 1021 m−3 (electron temperature Te > 8600 K), the LTE
assumption is verified. But in the plume, characteristic relax-
ation times for chemical equilibrium (including vibration–
vibration relaxation times and dissociation times) are greater
than hydrodynamic times and LCE is not realized [11]. How-
ever, as the electron contribution to the refractive index is
only dominant at the jet core, where the LCE assumption
holds, large errors in the obtained temperature profiles are
no expected in the whole plasma jet. Note that for high gas
temperature conditions the change of the index of refraction
of the plasma due to the nitrogen molecules dissociation
is negligible small compared to the change due to the gas
temperature, and that the electron temperature depends only
weakly on Ne [via ln Ne as shows (13)].

The axial profiles of both the electron and gas temperature
together with the LTE-based temperature are presented in
Fig. 11.

As it can be seen from Fig. 11, there may be little difference
(if any) between Tg and Te and TLTE in the near field of the jet
outflow (z < 4 mm away from the nozzle exit, where the LTE
condition is verified), but noticeable deviation from kinetic
equilibrium appears in the far-field, where Te remains quit
high (about 10 000 K), well decoupled from Tg . A temperature
difference Te − Tg around 1300–3400 K appears at an axial
distance z = 30 mm. The results also show a sharply decrease
in the gas temperature of about ∼2000 K in the near field
(in the region between z = 3.5 and 5 mm away from the nozzle
exit). However, for axial distances larger than z = 5 mm,

Fig. 11. Axial distribution of the electron and gas temperatures for the given
torch operation conditions. The profile based on LTE approximation (TLTE)
has also been included.

Fig. 12. Axial distribution of electron density calculated under thermal
LTE Ne(LTE) and NLTE conditions.

Tg drops more gently, decreasing up to about 7000 K at z =
30 mm from the nozzle exit.

These results show that a nitrogen plasma jet is cooled much
more slowly in an air atmosphere than an argon jet operating
under similar power levels (see [10, Fig. 5]). The entrainment
of the ambient air into the argon (due to turbulent diffusion)
cools the torch plume very rapidly, most of the enthalpy going
into the dissociation of oxygen and nitrogen molecules [7], [8].
Note that in the case of the nitrogen plasma jet, peripheral
regions with gas temperatures below 7000 K are recombination
zones, where the exothermic (i.e., electronic-to-translational
energy relaxation) reaction N + N → N2 takes place, thus
leading to a lowering of the gas temperature gradient due to
the local power deposition.

Axial distribution of the electron density calculated under
LTE, Ne(LTE), and non-LTE, Ne(NLTE), conditions, is shown
in Fig. 12. It is seen that in the near field (z < 4 mm away
from the nozzle exit, where the LTE condition is verified) both
Ne(NLTE) and Ne(LTE) profiles collapse to a value of around
7 × 1022 m−3, but marked deviations are found in the far
field, where Ne(NLTE) decreases more slowly than Ne(LTE)
due to a gently decreasing of the ionization process excita-
tion temperature (Tex = Te) as the axial distance increases.
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These results are in the same range (1022–1023 m−3) to those
derived from several spectroscopic and probe techniques in
atmospheric pressure plasma spray jets under typical operating
parameters of plasma torches [2]–[5], [20].

IV. CONCLUSION

A quantitative interpretation of the schlieren technique
applied to a nitrogen thermal plasma jet flowing in ambient air
is reported. The thermal jet was generated by a nontransferred
direct-current arc torch operated with a nitrogen flow rate of
25 NL/min at a 15-kW (150 V, 100 A) power level.

The results have shown as follows.
1) Little differences were found between the axial values

of the electron and gas temperatures in the near field of
the plasma jet (about 3.5-mm downstream of the nozzle
exit), reaching temperature values about 11 000 K, but
noticeable deviation from kinetic equilibrium appears
toward the jet border.

2) Large deviation from kinetic equilibrium were found in
the whole far field of the plasma, where the electron
temperature remains quit high (about 10 000 K at 30-mm
downstream of the nozzle exit), well decoupled from the
gas temperature (about 7000 K at the same distance).

3) A slow decrease of the axial values of the electron den-
sity with the axial distance (up to 30-mm downstream
of the nozzle exit) was found. The obtained electron
density axial values are in the range of 1022–1023 m−3.

4) The obtained results are in reasonable good agreement
with those previously reported by some of the authors
by using a double floating probe method in the same
plasma torch.
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