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Plasma temperature and radial density profiles of the plasma species in a high energy density cutting
arc have been obtained by using a quantitative schlieren technique. A Z-type two-mirror schlieren
system was used in this research. Due to its great sensibility such technique allows measuring
plasma composition and temperature from the arc axis to the surrounding medium by processing the
gray-level contrast values of digital schlieren images recorded at the observation plane for a given
position of a transverse knife located at the exit focal plane of the system. The technique has
provided a good visualization of the plasma flow emerging from the nozzle and its interactions with
the surrounding medium and the anode. The obtained temperature values are in good agreement

with those values previously obtained by the authors on the same torch using Langmuir probes.
© 2010 American Institute of Physics. [doi:10.1063/1.3291099]

I. INTRODUCTION

Plasma cutting is a process of metal cutting at atmo-
spheric pressure by an arc plasma jet, where a transferred arc
is generated between a cathode and a work piece (the metal
to be cut) acting as the anode. A high-quality cut requires a
narrow, hot, and high-velocity plasma jet, i.e., a high energy
density arc jet. To this end, a new generation of cutting
torches, the so-called “high energy density torch” has been
developed. These torches are characterized by an arc current
intensity in the range of 30—100 A, flat cathodes, oxygen as
the plasma gas, very small nozzle diameters (=1 mm), and
by the generation of an underexpanded supersonic arc jet
with a shock wave close to the nozzle exit.'™

Optical methods represent a versatile tool for performing
nonintrusive, quantitative measurements in transparent me-
dia. In particular, refractive techniques allow the investiga-
tion of the temperature 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, which are 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 angu-
lar deflection undergone by a light ray when passing through
a region characterized by refractive index inhomogeneities.
In fluids, these inhomogeneities are generally caused by den-
sity or temperature variations; therefore, the measured opti-
cal data can be processed in order to gain information on
these fluid variables. Among the optical methods suitable for
evaluating, for instance, temperature fields, the schlieren
technique is attractive for its simplicity, ease of application,
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low cost, and accuracy of the results. Typical schlieren sys-
tems include a pointlike light source, usually a xenon flash
lamp. The light from the source is collimated by a lens,
which is at least as large as the object that is being analyzed.
After the collimated beam passes through the test section, it
is focused by a second lens. A sharp edge (usually a knife
edge) is then placed at the exit focal point of the system.
When the knife edge is placed, let us say, horizontally, a light
ray that is deflected upwards by positive vertical gradients
passes freely to the light detector, whereas a ray deflected
downwards by negative vertical gradients is blocked out by
the knife. Hence, positive vertical density gradients are visu-
alized as light areas and negative vertical gradients as dark
ones. An extensive description of the schlieren technique can
be found elsewhere.” This technique was primarily conceived
as a visualization (qualitative) technique and still only a few
percent of schlieren publications involves quantitative evalu-
ations (i.e., the measurement of gas density or
temperatureﬁ—and also gas velocity7—from schlieren im-
ages) in spite of the fact that digital image processing soft-
ware simplify such evaluations.

The available published works on cutting arc visualiza-
tion techniques are scarce and were summarized in a recent
review.® The published papers on the subject are those by
Bemis and Settles.”'" A study of the fluid dynamic and
plasma dynamic mechanism involved in the formation of
low-speed and high-speed dross was carried out through the
visualization of the plasma cutting front.” A commercial 30 A
oxygen plasma cutting torch was used for the cutting 2.9 mm
thick mild-steel plates. Schlieren imaging was used to reveal
the flows associated with the shielding gas and the rapid
mixing of the plasma jet with the gaseous atmosphere under-
neath the work piece. Ultraviolet (UV) photography revealed

© 2010 American Institute of Physics
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FIG. 1. Schematic of the arc torch indicating several geometric dimensions.

that the electric arc attaches at the kerf bottom leading edge,
where an anode spot forms and radiates strongly in the UV
due to oxygen and iron ions.'”

In this work, a quantitative interpretation of the schlieren
technique applied to a high energy density cutting arc is for
the first time reported. The technique allows measuring
plasma composition and temperature 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 located at the exit focal plane of the optical system.
Also the technique provides a good visualization of the
plasma flow emerging from the nozzle and its interactions
with the surrounding medium and the anode.

The organization of the paper is as follows. In Sec. II,
the experimental arrangement are presented. The procedure
of the quantitative interpretation of the schlieren images and
its results are presented and discussed in Sec. III and the
conclusions are presented in Sec. I'V.

Il. EXPERIMENTAL ARRANGEMENT

The high energy density cutting torch used in this study
consisted of a cathode centered above an orifice in a
converging-straight copper nozzle. The cathode was made of
copper (7 mm in diameter) with a hafnium tip (1.5 mm in
diameter) inserted at the cathode center. A flow of oxygen
gas cooled the cathode and the nozzle and was also em-
ployed as the plasma gas. The gas passed through a swirl
ring to provide arc stability. The nozzle consisted in a
converging-straight bore (with a converging length of 1 mm
and a bore 1 mm in diameter, 4.5 mm length) in a copper
holder surrounding the cathode (with a separation of 0.5 mm
between the holder and the cathode surface). To avoid
plasma contamination by metal vapors from the anode (usu-
ally the work piece to be cut), a rotating steel disk with 200
mm in diameter and 15 mm thickness was used as the
anode."" In this study, the disk upper surface was located at 8
mm from the nozzle exit. The arc was transferred to the edge
of the disk, and the rotating frequency of the disk was equal
to 29.5 Hz. At this velocity, a well-stabilized arc column was
obtained, and no noticeable damage in the lateral surface of
the anode disk was found. Thus, practically no metal vapors
from the anode were present in the arc. A scheme of the torch
indicating several geometric dimensions is presented in Fig.
1. By performing a small orifice (1 mm in diameter) on the
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FIG. 2. Schematic of the Z-type two-mirror schlieren system.

cathode lateral surface the pressure in the plenum chamber
(0.8 MPa) was measured by connecting a pressure meter at
the upper head of the cathode.

A Z-type two-mirror schlieren system was used in this
research.” The system included a 20 mW continuous laser
with a main wavelength of 632.8 nm as the light source. The
laser beam was expanded to a diameter of 50 mm at the first
mirror surface by using an optical expansion system. There
were two parabolic mirrors (100 mm diameter) with focal
distances of ;=900 and f,=1100 mm for the first and sec-
ond mirror, respectively, and a knife edge with x-z movement
that could be accurately controlled by a two-dimensional mi-
crometer. The first mirror serves to collimate the incoming
light, while the second mirror forms an image of the obser-
vation region (nozzle exit, cutting arc, and lateral surface of
the anode in this case) onto a white screen. Figure 2 shows a
schematic of the experimental set-up. The cutting torch was
positioned vertically with the streamwise direction of the
plasma flow along the z direction and the knife edge was
positioned parallel to this direction to provide the best sen-
sibility perpendicular to the arc axis. A band-pass filter cen-
tered at the laser wavelength was used to block the plasma
light emitted from the arc. The schlieren images were ac-
quired with a charge-coupled device Lumenera digital cam-
era, which can provide 30 frames per second at a spatial
resolution of 640X 480 pixels. These images were stored in
BMP format and digitized by an 8-bit gray-level frame grab-
ber.

lll. EXPERIMENTAL RESULTS AND DISCUSSION

Schlieren visualization of arc plasmas is based on the
fact that the arc represents a transparent medium for a laser
light having an appropriate wavelength. As for every optical
medium, the refractivity (n—1, being n the refraction index
of the medium) is the characteristic parameter. Since n is
related to the plasma composition (that in turn depends on
the plasma temperature), the measurement of the arc plasma
refractivity leads to conclusions on that plasma parameters.
The plasma refractivity can be described as a sum of the
individual refractivities of the different species, so it is com-
posed of the contributions due to neutrals, ions, and
electrons'?
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FIG. 3. Refractive index of atmospheric pressure oxygen plasma as a func-
tion of the temperature, calculated under a LTE.

n—-1l=n-1),+n-1),+(n-1),. (1)
Each individual refractivity contribution can be written as
1 e\
(n-1),= 3Mes 2)

daey 2mm,c

for the electrons and

(1= 1).= 20,00 G)
41e,

for the ions and neutrals. In Egs. (2) and (3) e is the elec-
tronic charge, m, is the electron mass, ¢ is the light velocity,
and A is the wavelength of the light used for probing the
plasma. a, , is the polarizability of ions and neutrals, respec-
tively, dependent on the light wavelength, n,, n,, and n,, are
the densities of electrons, ions, and neutrals, respectively,
and g is the free space permittivity. The ion refractivity can
in general be neglected as compared with the electron refrac-
tivity since both densities are the same. On the other hand,
the neutral refractivity cannot be neglected because as will
be shown later there are several zones in which the neutral
density is by far larger than the electron density. Equations
(2) and (3) are valid for electromagnetic waves with frequen-
cies w>w,, where w,=n.e’/(gym,) is the plasma
frequency.l* For the experimental conditions considered here
(thermal plasmas at temperatures of the order of 1 eV and
pressures around the atmospheric value, leading to plasma
densities of about 10> m™) it results wp=1013 s7!, a value
much smaller than the employed optical frequency (
~10" s71). Replacing Eqs. (2) and (3) in Eq. (1), and using
the expression of the plasma frequency, the refractive index
for a partially ionized plasma is given by

2a,n,. 4)
41e,

The refractive index for atmospheric pressure oxygen
plasma, calculated under a local thermal equilibrium as-
sumption (LTE) (Ref. 14) results a function of the plasma
temperature (7), and is shown in Fig. 3. In this computation,
the neutral contribution to the oxygen refractive index was
taken into account using the Gladstone—Dale constant’s’ as-
suming that the polarizability of the oxygen atoms and the
oxygen molecules are similar. For high temperature values
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the electron contribution to the refractive index is dominant,
while in the opposite case (low temperature values) the neu-
tral contribution is the relevant one. For a temperature value
around 10 kK (i.e., when the ionization degree is only =~1%)
both contributions are equivalent.

It is well known that when a light ray passes through an
inhomogeneous medium, it suffers a deviation in its trajec-
tory by a certain angle . This angle depends both on the
refractive index and on the thickness of the medium under
test. The equation of the ray path through an inhomogeneous
medium is expressed as

1d
o= [ 1, )

where y is the optical axis direction and & can be the x or z
coordinate, depending on the direction in which the knife
blocks out the light. Since that in this work the knife edge
was positioned parallel to the z direction, the analysis was
done for the x direction. By considering the approximation of
small &, the measured deviation at the observation plane is
8,=f, tan e = fre. Then, Eq. (5) can be written as

s09=1] 2 %ay. ©

na
Since the arc column presents cylindrical symmetry [i.e., n
=n(r,z)], Eq. (6) can be expressed as

“1dnx
5x(x)=2fzf ————dy, (7)
o narr

where r is the radial coordinate measured from the arc axis.

Ray path deviations &, can alter the local illuminance on
the screen only if the deviations are weak enough so as the
entire image is not moved onto, or off of, the knife edge (i.e.,
when the measuring range of the schlieren system has not
been exceeded).5 When this condition is satisfied, the con-
trast C of the light pattern on the screen is the output of the
schlieren system. Contrast in the schlieren image is a quan-
tity defined as the ratio of the differential illuminance at a
given image pixel to the value of its background level illu-
minance (a reference schlieren image registered without the
presence of the tested medium but with the knife edge at its
reference position). C is related with the ray path deviations
as C(x)=48(x)/a where a represents the height of the image
(measured from the knife edge and without the presence of
the tested medium) that remains unobstructed by the knife
edge.” Then Eq. (7) can be written as

C(x)=2fzf l‘9—'“—641ryz2f—2fda—”’—cdy. 8)
0

aly norr an., arr

where the last approximation in Eq. (8) follows from the fact
that n is quite close to the refraction index of the surrounding
medium n,, (see Fig. 3). The differential illuminance for each
pixel of the image was obtained by subtracting from the
digital schlieren image in the presence of the plasma flow,
the background reference schlieren image. The contrast dis-
tribution in the image was obtained dividing at each pixel
point the differential illuminance by the intensity of illumi-
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FIG. 4. Typical gray-scale schlieren image of the 30 A high energy density
cutting arc. The percentage of the knife edge cutoff was =50% (blocking on
the left side of the laser beam).

nance of the reference image at the corresponding pixel.

A typical 30 A arc schlieren image is shown in Fig. 4. In
this case, the knife edge was located so as to cut =50% of
the unperturbed perpendicular beam. This knife edge loca-
tion provides a great sensibility to the radial gradients of the
refractive index and does not exceed the measuring range of
the system. As it can be seen, a good visualization of the
plasma flow structure and its interaction with the surround-
ing medium and the anode appears in the picture. Since the
knife edge was placed vertically (cutting on the left side of
the image), positive plasma density radial gradients (directed
to the image right side) are visualized as light areas and
negative gradients as dark ones.

By using the Abel inversion technique,'® Eq. (8) can be
inverted to obtain the radial refractivity gradient. Then, using
Eq. (4) and the equation of state (assuming that the arc pres-
sure is uniform along the radius), and assuming also that LTE
is accomplished (so the gas dissociation and ionization can
be evaluated using Saha equation),14 the system becomes
closed and hence radial profiles of the plasma temperature
and composition can be derived.

To invert the Eq. (8), the plasma flow was subdivided
into N differential concentric annulus (see Fig. 5). In order to
obtain a good behavior for the solutions it was found that
N=10 was high enough to obtain smooth radial profiles of
the unknowns. Similar values of N have been successfully

Light ray

FIG. 5. Scheme of the arc section showing the radial discretization used to
invert the Eq. (8).
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FIG. 6. Plasma temperature radial profile obtained at z=3.5 mm from the
nozzle exit. The gray thin lines indicate the limits of the uncertainty range in
the T values. The plasma temperature profile previously obtained by the
authors using Langmuir probes is also shown.

used in inversions of physical quantities.15 Then, a discreti-
zation of the integral in Eq. (8) into a set of N linear equa-
tions was performed

N-1 | ——
2f. on V1™ dy
J v

ang j=; Jr

1.2 2
e NXj Y

N-1
2
= ﬁz z?_n) Ljis ©)
J

ang i=; or

where L.,-I-Exjf:;f’;fgxf[(dy)/\s”x?+y2] and (j=1,2,...,N).
Equation (9) can be expressed in a matrix form as
_ 2f,=on
c=2Lpin (10)
an, dJr

being the geometric coefficient matrix L an upper diagonal

matrix. By inverting L the Eq. (10) can be easily solved to
obtain the dn/dr values at each annulus (in particular, note
that dn/dr),-o=0 because of the problem symmetry). Inte-
grating the obtained Jn/dr profile in the radial direction
(with n=n,, at the outer border of what) and using the refrac-
tive index given by the Eq. (4), the T radial profile can be
derived.

It is worth noting that the knowledge of the arc pressure
is essential for the application of the presented procedure.
This is the reason why in this type of arcs this method can be
applied only to arc sections located below the characteristic
shock front that appears close to the nozzle exit, where the
arc pressure can be considered to reach the atmospheric
value.?

In Fig. 6 the obtained profile of the plasma temperature
corresponding to an axial position located at z=3.5 mm
from the nozzle exit, is presented. The uncertainty in the
plasma temperature profile is mainly due to the uncertainty
in the a value (£2.5%), and the corresponding T profiles
derived from the upper and lower a values are also shown in
Fig. 6 with gray (thin) lines. As it can be seen, the plasma
temperature shows a monotonic decrease from the arc center
(with a peak value ~15 K) up to the unperturbed region
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FIG. 7. Density profiles of the different plasma species corresponding to the
temperature profile showed in Fig. 6. The gray thin lines indicate in each
density profile the limits of its uncertainty range.

(with a gas temperature ~ambient temperature) at =2.2 mm
from the arc axis. For comparative purposes, the plasma tem-
perature radial profile previously obtained by the authors us-
ing an electrostatic probe techniquem_18 is also shown in Fig.
6. As it can be seen, a relatively good agreement between
both profiles is achieved, in spite of the fact that they were
obtained using quite different plasma diagnostic techniques.
However, the quantitative schlieren technique, due to its
great sensibility, can provide accurate values of temperature
in a wider range of radius values, from the arc axis to unper-
turbed zone). The radial range covered by the schlieren tech-
nique is also larger than that covered by spectroscopic tech-
niques (the most employed diagnostic in cutting arcs) which
only can provide the plasma temperature in the hotter region
of the arc (T=10 K, r=0.3 mm).

The radial profiles of the ionized oxygen (n,), atomic
oxygen (ng), and molecular oxygen (”02) densities, are, re-
spectively, shown in Fig. 7 with its corresponding uncer-
tainty ranges (in gray, thin lines) derived from the uncer-
tainty in the 7" values. As quoted before, the densities were
obtained from the temperature profile showed in Fig. 6 by
using the state and Saha equations (for dissociation and ion-
ization) at a plasma pressure of 0.1 MPa. As expected, the
plasma is concentrated in the high temperature region (T
>10 K) within a radius of =0.3 mm. On the other hand, n,
increases continuously from the arc center (where the ioniza-
tion degree is about 50%) to ~0.5 mm (where no, becomes
important) and then abruptly decrease at the periphery.

J. Appl. Phys. 107, 023304 (2010)

IV. CONCLUSIONS

In this work, plasma temperature and radial density pro-
files of the plasma species in a high energy density cutting
arc have been obtained by using a quantitative schlieren
technique. To our knowledge, it is the first time that such
analysis is reported for cutting torches, allowing the determi-
nation of the quoted quantities in a wide range of radial
distances (from the arc axis to the unperturbed surrounding
medium). The obtained temperature values are in good
agreement with those values obtained by the authors on the
same torch using the Langmuir probes technique.
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