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ABSTRACT

In this work measurements of plasma properties, including the fields
of temperature, velocity and plasma composition have been completed for
the Miller SG-100 plasma torch using argon-helium mixtures with the Mach I
nozzle at 1 atm pressure. A computer-controlied system combining both
spectroscopic and enthalpy probe diagnostics has been developed to allow
temperature measurements covering a range from 2000 - 16000K which
includes the plasma flame region which is of interest. The experimental
results expose the dominant eflfects in different spatial areas of argon—heliﬁm
plasma jets. In the center near the nozzle exit the temperatures exceed
10000K, and strong diffusion exists due to the steep radial gradients of
temperature and particle number densities. In the jet tail region where the
temperatures are well below 10000K and decay in axial and radial direction,
the dominant effects in this area are strong cold gas entrainment associated
with turbulence.

Substantial discrepancies between temperatures evaluated from
spectroscopic and enthalpy probe data are particularly severe in the jet fringes
indicating that strong deviations from LTE may exist in the jet fringes. In
addition, entrainment of the cold surrounding gas into the plasma jet causes
severe discrepancies between spectrometric and enthalpy probe data. The
validity of the two diagnostic methods will be discussed.

The temperature profiles in argon-helium plasma jets are flatter and
wider, anc the velocities are higher than in a pure argon plasma jet. These
features of argon-helium plasma jets may be beneficial for obtaining better

performance in the plasma spraying process.
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L INTRODUCTION

Temperature, velocity and plasma composition are very important
plasma parameters for exploiting the optimum operation conditions in high
quality plasma spraying. However, it has been found that the physical
situation in turbulent plasma jets is rather complicated based on a series of
studies in our laboratory 1 - 12, For obtaining precise and reliable results from
experiments the diagnostic methods should be carefully selected in dealing
with different regimes of plasma jets.

The purpose of this work is to determine the piasma properties in the
jet of a commercial torch ( Miller SG-100 torch ) operated in argon-helium
with Mach I nozzle.

A computer-controlled experimental system combining both
spectroscopic and enthalpy probe diagnostics has been developed and
employed for measuring the temperature and velocity fields in the plasma
jets 12, Spectroscopic methods are used for measuring temperatures above
" 9000K whereas enthalpy probes are applied for temperature measurements
between 2000 and 11000K. In the overlapping regime of the two methods, the
temperature profiles from spectroscopic measurements are compared with
enthalpy probe data. Substantial deviations, which are particularly severe in
the jet fringes, have to be expected. In a series of studies 2, 10 - 14 in this
laboratory we have found that strong discrepancies between temperatures
evaluated from spectroscopic and enthalpy probe data impose severe
limitations on the validity of spectrometric temperature measurements in

turbulent plasma jets.



The dominant effects, including diffusion effects and cold gas
entrainment in argon-helium turbulent jets are considered in connection

with the interpretation of experimental results.

II. EXPERIMENTAL SET-UP AND PROCEDURES

A block diagram of the whole experimental set-up is shown in Fig.1.
consisting of three parts: a plasma torch system, an enthalpy probe
measurement system, and a spectroscopic measurement system.

A commerdial d.c. plasma torch ( Model Miller SG-100 with Mach I
setting: anode 2083-155, cathode 1083A-112 and gas injector 1083A-113 ), is
used as the plasma generator mounted in a water cooled chamber with an
opening to the atmospheric environment. A schematic of the plasma torch
is shown in Fig.2.  The torch current is 800A and the primary gas for the
plasma jet is argon with a flow rate of 100 SCFH. The secondary gas is helium
with a flow rate of 47 SCFH.

An OMA III ( Optical Multichannel Analyzer IIT ), Model 1460-V EG&G
PARC, is used to acquire and display spectral data, including the wavelength
and intensity of the spectra emitted by the plasma. For imaging the plasma
jet onto the entrance slit of the spectrometer an optical system has been
designed which is composed of two achromatic lenses and three mirrors as
shown in Fig.3. This optical arrangement is suitable for spectral data

acquisition in radially symmetric light sources. A 2:1 reduced image of the
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plasma jet in side-on observation is cast on the entrance slit of the
spectrometer ( model HR320, Instruments SA Inc; grating: 1800 lines/mm;
entrance slit width: 0.025mm, linear dispersion in first order of the grating: 18
A/mm ). This magnification of the optical system is kept constant during
the scanning procedure. The axial position along the plasma jet is controlled
by proper positioning of mirror 1 and lens 1 which are driven by two stepping
motors which, in turn, are energized by the controller ( Model Velmex
86mm-2 interfaced with the OMA 1460-V ).  The vidicon detector ( Model
1254 in tne OMA system ) is turned by 909 and installed in the exit focal plane
of the spectrometer. The detector controller ( Model 1216 ) is interfaced with
the OMA-1460V and the vidicon detector. This vidicon detector consists of a
two-dimensional photodiode array ( silicon intensified target ) with 512 x 512
elements which is scann'ed by an electron beam from left to right and bottom
to top, called channels and tracks, respectively, covering a scanning pattern of
12.5mm x 12.5mm. The scanning time along one channel requires 60
microseconds. Horizontal scanning is assigned to the location in the plasma,
and the different tracks correspond to the different wavelength of the plasma
radiation. The spectrometer and all optical components are arranged on a
60cm x 120cm optical table.  The optical system has been precisely aligned
with a laser beam.  The advantage of this design is its convenience for
spectral data acquisition and processing and it will also keep the errors
associated with the measurements to a minimum.

The spectral intensity calibrations have been performed by using a
Pyrometric MOLARC lamp ( Model 2371 ) 15, Using a set of neutral filters,
the useful range can be found as a linear relatiznship between the counts
from the two-dimensional vidicon detector and the spectral intensities from

the light source. The transmittance of the Pyrex window of the chamber
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has been calibrated. The noise background in the intensity measurements of
the argon continuum at a wavelength of 431.2nm and of an argon atomic
spectral line at a wavelength of 430.0nm are subtracted from the measured
spectrum. For determining spectral line intensities, the continuum
background is also subtracted from the total spectral intensities. = Radial
distributions of the absolute emission coefficients of the argon continuum or
of an atomic spectral line from the plasma jet are obtained by Abel inversion
16 -17,  Axial distributions of the absolute emission coefficients are obtained
at 2.0mm increments from the nozzle exit of the plasma torch to a distance of
30mm downstream. The applied spectroscopic method based on LTE is valid
in the area of the jet axis and near the nozzle exit within the temperature
range from 9000 to 16000K.

For extending the temperature profiles and isotherms to lower
temperature levels, an enthalpy probe method has been used. An enthalpy
probe is generally considered to be a reliable diagnostic tool in the
temperature range from 2000 to 10000K 7 -8. This diagnostic tool allows
measurements of composition, temperature and velocity in plasma jets.

The enthalpy probe measurement system ( Fig. 1 ) includes a water-
cooled enthalpy probe, a probe cooling system, a gas sampling line, a probe
traversing mechanism and a data acquisition and control unit.

The enthalpy probe with an outer diameter of 3.048mm and a sucking
port of 0.686zam, consists of stainless steel and has been designed in the High
Temperature Laboratory and built by the Physics Department Shop at the
University of Minnesota ( Fig. 4). The cooling water of the probe cooling
system is pressurized by a helium source. Two thermocouples are located at
the coolant channel outlet and inlet for measuring the cooling water

temperature increase. The third thermocouple is installed at the end of the
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sucking port of the probe and connected to an electronic icepoint for
measuring the gas sample temperature. Using the enthalpy probe, the
values of local enthalpies in the plasma can be measured. Enthalpy values
of the jet are obtained from an energy balance applied to the coolin;; water
flowing through the probe and the gas sample continually being extracted
from the plasma. For eliminating external heat transfer to the probe a "tare"
measurement is required. The temperature increases are measured,
respectively, with sample gas flow and without sample gas flow from the
plasma through the probe. This "tare” measurements ( no flow ) are
controlled by two electro-valves connected to the data acquisition unit Model
HF3421A. The gas sampling line shown in Fig. 5 is used to determine the
sample flow rate. A sonic orifice is adjusted to a critical condition for the gas
sample flow around 10 mg/s. During the flow period, the pressure Pgand
the temperature T; immediately upstream of the sonic orifice are measured
with a thermocouple and a piezoelectric pressure transducer, respectively.
During the no-flow period, the stagnation pressure Py and the temperature T,
are also measured. The experimental parameters are averaged for 10
measurements. Before starting the data acquisition, the geometric center of
the plasma jet is found by using a laser beam and a corresponding optical
system. Then the actual center position of the plasma jet is determined by
measuring the stagnation pressures while traversing the probe along two
horizontal directions. Data acquisition is entirely computer-controlled.

For a conversion of enthalpies into temperatures or stagnation
pressures into velocities, knowledge of the thermodynamic state of the
plasma which is based on the modeling work in this laboratory 18 - 19 is

required.



III. EXPERIMENTAL RESULTS AND DISCUSSION

A. TEMPERATURE AND VELOCITY FIELDS

1. Temperature profiles

Temperature measurements for the Miller SG-100 plasma torch with
the Mach I setting have been performed using the spectrometric
measurement system. Spectrometric measurements of the absolute
emission coefficients of the argon continuum and of atomic spectral lines
have been restricted to temperatures above 9000K. This method covers a
range from the nozzle exit to less than 30mm downstream and extends to less
than Smm in radial direction.

Plasma temperatures are determined from absolute emission
coefficients of the argon continuum at a wavelength of 431.2nun or from an
argon atomic line at a wavelength of 430.0nm. The plasma equations based
on LTE and optically thin conditions have been applied 20-22,

Experimental results based on spectroscopic measurements are shown
in Figs. 6 as three-dimensional plots, as two-dimensional plots with the
distance d from the torch nozzle exit as parameter ( Fig. 7 )and as isotherm
field ( Fig. 8).

The enthalpy probe measurements cover an axial range from 30 mm to
55 mm and a radial range from 0 to 10 mm. The profiles of enthalpy,

temperature and isotherms derived from the enthalpy probe measurements
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are shown in Fig. 9 - 13. Downstream the jet flame spreads out to a larger
diameter and simultaneously the temperatures drop below 5000K. The
lower temperatures account for higher densities and lower viscosities in the
plasma, so that the local Reynolds number ( the ratio of inertia and viscous
forces ) increases with distance from the nozzle exit. The spreading
phenomena of the jet flame reflect the turbulent characteristics of the
downstream part of the plasma jet.

Combining the results from spectroscopic and enthalpy probe
measurements, the radial temperature profiles and isotherms of the plasma
jet are shown in Fig. 14 and 15, respectively. The temperature profiles shown
in Fig.14 clearly reflect the entrainment of the cold surrounding gases into the
plasma jet. Strong deviations between spectrometri.c and enthalpy probe data
occur in the jet fringes indicating that cold gas already penetrated into this
region at distances d > 30mm from the nozzle exit. In Fig. 15 the isotherms
are almost parallel in the region near the nozzle exit where the temperatures
exceed 10000K. This behavior reflects the laminar characteristics of the jet
near the nozzle exit region. The transition from laminar to turbulent flow
occurs around 35mm downstream from the nozzle exit.

The axial decay of temperatures along the centerline of the plasma jet is
shown in Fig. 16. The break of the curve at d=30mm indicates a strong
discrepancy between spectrometric and enthalpy probe data in this region
which will be discussed in section B.



2. Velocity profiles

The velocity profiles and velocity isocontours derived from stagnation
pressure measurements are shown in Fig. 17 - 19. Unfortunately, the velodity
measurements shown in these diagrams could not be extended to d<30mm,
because of probe overheating problems. Since the maximum velocity at
d=30mm already reached 600 m/s, it is conceivable that the velocity close to
the nozzle exit may be as high as 800 m/s. Compared with the corresponding
profiles in pure argon plasma jets ( argon flow rate m= 100 SCFH and arc
current I=800 A ), the velocities in the Ar-He jets are approximately 10%
higher and the profiles are approximately 10% wider. This explains why Ar-
He mixtures are frequently used for commercial spraying.

The axial decay of the velocity along the centerline of the plasma jet is
shown in Fig. 20. For comparison with the temperature decay, the centerline

temperatures are also plotted in this figure.

B. COMPARISONS OF TEMPERATURE PROFILES FROM SPECTROSCOPIC
AND ENTHALPY PROBE MEASUREMENTS

1. Strong discrepancies between temperature profiles derived from the

two experimental methods

Temperature profiles and isotherms derived from spectrometric and
enthalpy probe measurements at I = 800A have been shown in Figs. 14 and 15.
As previously mentioned, the strong discrepancies between

temperatures derived from spectrometric and enthalpy probe data are
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primarily due to the entrainment of cold gas into the downstreamn region of
the plasma jet. ' Previous measurements in pure argon 12 have shown that
close to the nozzle exit where the cold entrained gas did not yet reach the core
of the plasma jet, spectrometric and probe data are in good agreement, but
strong deviations still exist in the fringes.

Since the jet appearance as well as the measured isotherms in the case
of Ar-He mixtures indicate that the jet up to around d=30mm is essentially
laminar, the discrepancy of spectrometric and enthalpy probe data cannot be
assodated with gas entrainment. There are indications that this deviation in
the fringes is due to diffusional effects. Because of steep radial gradients close
to the nozzle exit, high energy electrons will diffuse towards the jet fringes
causing collisions with neutral atoms higher population densities of
excited states. These higher population densities lead to an éve:estimate of
spectroscopically determned temperatures, i.e. deviations from LTE 24 occur
in this region. In the center of the plasma jet at d=30mm the percentage of
the temperature deviation is close to 20%. This discrepancy is beyond the
error limits of both spectrometric and enthalpy probe measurements.
Considering the fact that velodties in Ar-He plasma jets are substantially
higher than those in pure argon jets, these high axiai velocities may give rise
to delayed chemical reactions, i.e. the electron population may exceed
equilibrium values in the axis. In other words, the plasma in the jet axis may
approach chemically "frozen" conditions, a situation which is well known
from low pressure plasma jets. Similar as in the previously described case of
diffusion of electrons into tre jet fringes, the higher electron densities in the
axis due to frozen chemistry will lead to higher population densities of
excited states and, therefore, to higher temperatures inferred from

spectroscopy. Although this explanation ;ppears reasonable, measurements
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of electron densities close to the nozzle exit should be made to prove this
point. The observed temperature discrepancies become more severe with
increasing radius and may reach values as high as 45% at a radius of R=3mm
(see Table2 ). These severe deviations have been also observed at different
current settings ( from 300A to 800A ) in pure argon plasma jets with flow
rates of 75 SCFH ( see Table 2).

2. The dominant effects at different locations in the plasma jet and

restrictions on spectroscopic measurements

As previously mentioned, diffusion processes are responsible in the
laminar regime of the plasma jet for the observed temperature discrepancies
in the jet fringes 24, Thermal diffusion due to temperature gradients and
ordinary diffusion due to particle density gradients lead to an overpopulation
of charged particles in the jet fringes. The emission coefficient of the argon
continuum, for example, is directly proportional to the square of the electron
number density. Therefore the spectrometric measurements will indicate
higher temperatures in the fringes of the plasma jet.

The temperature discrepancies based on spectrometric and enthalpy
probe measurements and observed in different regimes of the plasma jet may
be classified as follows:

a) Temperature discrepancies in the fringes close to the anode nozzle exit

(d < 30 mm — laminar regime of the jet ) are believed to be due to

diffusional effects.
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b) Temperature discrepancies in the axis of the jet, but still in the laminar
regime are probably due to a transition towards frozen chemistry,
caused by the high axial velocities in the jet.

c) For temperature discrepancies further downstream (d > 35 mm )
where turbulence governs the behavior of the plasma jet, cold gas
entrainment will be the dominant reason.

These findings limit the validity regime for the application of spectroscopy in
such jets. For the present conditions, this regime comprises the core of the

plasma jet for probably d <20 mm.

3. Error analysis for enthalpy probe measurements

For checking the overall accuracy of the enthalpy probe measurements,
energy and mass balances in the plasma jets have been performed.

The errors in the energy balances are expressed as the percentage
difference between the integrated energy flux and the net power transferred to
the plasma through a certain cross section at a given axial location. A similar
procedure is applied to the mass balance. The mass density profiles of the
plasma jet are shown in Fig. 21 and the energy flux profiles in Fig. 22. The
errors in the energy balance for enthalpy probe measurements are shown in
Table 1. As expected, for the entire range of measurements, the errors are
negative, i.e. some of the energy in the jet fringes is not measured because of
the low sensitivity of the probe in this low temperature region. This error
analysis provides a good confirmation of the validity of enthalpy,
temperature and velocity measurements with this probe method. In our

measurements, the enthalpy probe is also used as a water-cooled pitot tube to
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measure the stagnation pressure during the no-flow period. Then the
Bernoulli theorem is applied to determine the free-stream velocity. The
velocity measurements based on the Bernoulli theorem are valid as long as
the Reynolds number based on the probe diameter remains sufficiently high.
7-8  According to an error analysis 23 on the effect of temperature gradients
in the boundary layer of a pitot tube on the velocity measurements, a water-
cooled probe can be safely used for the measurements of the velocity in
plasma flows. The maximum error due to temperature gradients is less than
10%,probably around 5% or less over the cross section of the thermal plasma
flow.

Therefore, the enthalpy probe method based on the principles of
thermodynamics and heat wansfer for determining temperature and velodty
profiles is a reliable and meaningful diagnostic tool for investigating plasma
properties in argon-helium jets, particularly for those plasma plume areas in
which strong cold gas entrainment is involved and the spectroscopic methods

are no longer valid.

C. PLASMA COMPOSITION PROFILES

The composition profiles for argon-helium thermal plasma at 1
atmospheric pressure have been calculated with the assumption of local
thermal equilibrium ( LTE ). 25

The equilibrium equations include two Saha equations for argon and
helium, Dalton's law, the initial constant ratio of argon to helium, and the

electrical neutrality relation for plasmas :
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N, 1 2Za, @emkN? E; (Ar ) - AE;(n,)

= exP{ - } ’
n, n. Za h3 kT
Nyer 1 2Zges (2rm KT)*? E; (He ) - AE;(n)

= exP{ - } ’
Nye DNe Zhe h? kT

P=lr“+ nAr* + nAl.’ + nHe,,+ nHe}kT >

Ny, + N 100

nHe_., + nHe 47

Dare + DNyges = n ,

where ., Nyp, Napy , Nge and Iy, are the number densities of electrons,
argon atoms, argon ions, helium atoms and helium ions, respectively. P is
the total pressure, k is the Boltzmann constant and T is the temperature. Z,,
and Z,,, are the partition functions of argon atoms and ions, respectively.
Zye and Zye, are thepartition functions of helium atoms and ions. E;is the
jonization potential and AE; represents the lowering of the ionization
potential. m, is the electron mass, and h is Planck’s constant.

The plasma composition in an Ar-He plasma includes five species, i.e.

N,, Ny, Nap, , Nyge and TNy, (unit : particle numbers / cm® ). The
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number densities of particles in an argon-helium ( initially 100 : 47 ) thermal
plasma at atmospheric pressure at different temperatures are shown in Fig.
23. The temyperature and plasma composition profiles assuming LTE and
derived from spectroscopic temperatures are shown in Figs. 24 - 27 for
different distances from the nozzle exit. The temperature and plasma
composition profiles assuming LTE and derived from enthalpy probe
temperatures at d=30mm are shown in Fig. 28.  For d = 2 mm, the steep
radial gradients of temperature cause strong diffusional effects. The electron
number densities near the jet center are higher than the number densities of
argon and helium atoms, since ionization of argon plays an important role
for temperatures around 15000K. For this temperature, however, the
number densities of helium ions and the degree of ionization of helium gas
are still much lower in comparison with those parameters for argon ( see Fig.
24 ) since the ionization potential of helium ( 24.58 eV ) is much higher than
that of argon ( 15.8 eV ).

According to the composition calculations 26 for argon-helium
plasmas at 1 atm in which the diffusion effects were considered, the argon
concentration does not deviate much from the LTE concentration, but the
helium concentrations near the center increase about 50% for higher
temperatures ( Ty = 15000K ). For the lower temperature range ( Ty = 12000K ),
the composition with diffusion effects included almost follows the LTE
composition. These calculations indicate that when we use spectroscopic
methods for determining temperatures of argon-helium thermal plasmas at
1 atm, we should select argon spectra rather than helium spectra in order to

obtain valid results.
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IV. SUMMARY AND CONCLUSIONS

Measurements of plasma properties, including the profiles of
temperature, velocity and plasma composition, have been performed for the
Miller SG-100 plasma torch with Mach I setting and an arc current of 800 A.
An argon-helium mixture has been used with flow rates of 100 and 47 SCFH,
respectively.

An integral measurement system, consisting of a spectroscopic facility
( OMA system ) and an enthalpy probe system, allows measurement of
temperatures covering a range from 2000 - 16000K which matches the entire
regime of a plasma jet ( axial distances within 55 mm and a plasma radius up
to 10 mm ). Data acquisition and processing are computer-controlled. |

The spectroscopic measurements are used to determine the
temperature fields in the core of the plasma jet near the nozzle exit where
temperatures exceed 10000K. In this regime laminar flow prevails and
diffusional effects have to be taken into account. The enthalpy probes are
used to determine temperatures up to 10000K, average temperatures in
turbulent jet regimes ( hot plasma and ccld entrained gas ), and the velocity
fields of the downstream areas where the temperatures fall belc.v 10000K and
where spectroscopic methods are no longer valid. The downstream areas of
the jets are characterized by turbulent flow and strong cold gas entrainment.

Discrepancies between temperatures evaluated from spectroscopic and
enthalpy probe data are particularly severe in the jet fringes indicating that
strong deviations from LTE may exist in the jet fringes or that cold gas

entrainment biases spectrometric measurements..
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In addition, deviations from chemical equilibrium are believed to be
responsible for the observed temperature discrepancies in the axis of the jet
for d =30 mm. In order to prove whether or not the explanation offered for
temperature discrepancies close to the nozzle exit is correct, electron density
measurements should be made using Stark broadening.

The temperature profiles in argon-helium jets with Mach I setting are
flatter and wider, and the velocities are higher compared with those in pure
argon jets. These features are characteristic for argon-helium jets and may be
beneficial for obtaining the desired performance in the plasma spraying

process.
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Miller SG-100 Mach I Plasma Gun

SG-100 40KW MACH 1|
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Current
Voltage
Efficiency

2083-155
1083A-112
1083A-113

1 Atm
Ar: 100 SCFH
He: 47 SCFH

800 A
38V
58.4 %

Fig. 2 Miller SG-100 Mach I plasma gun.
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Fig. 4 Schematic of enthalpy probe.
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Fig. 23 Number densities of particles ( unit in am3 ) in argon-helium (100 :47)

thermal plasma of atmospheric pressure at different temperatures.
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Table1l. Errors in the energy balance of enthalpy probe

measurements

d (mm) Error in the energy balance (%)
30 -12.1

35 -11.6

40 -205

45 -18.2

50 -17.9

55 - 10.3




Table 2. Temperature deviations in plasma jets between spectroscopic
and enthalpy probe measurements:

T —————————
o o e T S D EEN Y G T A W WS T NN GHE VM e G e D TP I WD G Gew D U M S VLS S CEE CHS G e - VD S - T f— D - —— . — N w—— -t w—

Gas Flow Ar:75 Ar:100 Dominant
(SCFH ) | He: 47 Effect

. = - — —— — —— — — D . D . —— — —— —— ——s Y —— v e s o = ———————— — —————

<5% <5% <5% <5% 20% Diffusion,
LTE
2mm 22% 12% 10% 8% 18% 28%
3mm 80% 40% 25% 2% 48% 45% Cold Gas
Entrainment,
Non-LTE

e oo e o it o e S

R = radius from jet centerline,

d = distance from nozzle exit.
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