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Spectroscopic Temperature Measurements in
Direct Current Arc Plasma Jets Used in Thermal
Spray Processing of Materials

S. Semenov and B. Cetegen

(Submitted 29 June 2000; in revised form 19 September 2000)

An experimental study was conducted to determine the plasma temperature field and its parametric
variation with respect to plasma operating conditions using emission spectroscopy. The focus of our study
was the direct current (DC) arc plasma systems used in thermal spray processing of ceramic materials. A
commercial plasma system (Metco 9M series) was operated with mixtures of argon and hydrogen in the
power input range from 12 to 36 kW. Temperature measurements were based on the detection of emission
line intensities from Ar-I neutral species. Spatially resolved measurements were obtained of the plasma
temperatures in axisymmetric plasma jets using Abel deconvolution. The variation of plasma axial and
radial temperature distributions was measured as a function of the plasma input power, the total gas flow
rate, and the binary gas composition of argon and hydrogen. Time-averaged plasma gas temperatures were
found to increase with increasing plasma input power, increasing hydrogen content of the plasma gas, and
decreasing total gas flow rate. Plasma temperatures decrease progressively with increasing distance from
the nozzle exit. The peak temperatures near the nozzle exit are in the range of 12,500 to 14,000 K. The radial
temperature profiles show an approximately self-similar decay in the near field of these plasma jets. It was
also determined from time resolved intensity measurements that there are significant fluctuations in the
argon emission intensity with increasing hydrogen fraction in the mixture. These fluctuations with a typical
frequency of 5.2 kHz are attributed to the arc root instabilities observed before. Finally, the measured
plasma temperature field is empirically correlated in terms of radial and axial coordinates, plasma electrical
input power, plasma efficiency, and gas composition. These temperature data can be used to validate
numerical simulations as well as in choosing locations where different materials can be introduced into the
plasma jets. This is particularly important for “nanostructured” materials, which loose their structure upon
melting as a result of being exposed to high plasma temperatures.

; e ! tems commonly used in this field, an electrical arc is formed be-
Keywords ﬁ:gnosncs’ imaging, plasma spectroscopy, temperature tween the anode and cathode of a plasma nozzle assembly
through which an inert gas flows, as shown schematically in Fig.
1. In order to control the plasma properties, small amounts of hy-
1. Introduction drogen or helium gas are used as well. Materials are typically in-
jected external to the plasma nozzle, as shown in Fig. 1. So far,
One of the well-known applications of plasma processing is axial injection of materials inside the plasma nozzle has been dif-
the application of high-temperature materials onto substrate surficult and problematic at best, although there are some new DC
faces to form high-temperature resistant coatiigfis process arc plasma systems which are capable of axial injection of pow-
commonly referred to as “plasma thermal spray” has been in ex-ders. In material processing by plasma jets, one of the key
istence for many years. The process involves introduction of theprocess parameters is the plasma temperature field to which the
coating material into a plasma jet in the form of a powder streammaterial is exposed as it is injected into the plasma stream, ne-
or wire feed and subsequent heatup and melting of this materiaFessitating a knowledge of the plasma thermal environment. An
before impacting onto a substrate to be coated. Typically, theaccurate knowledge of the plasma thermal environment is even
materials suitable for plasma thermal spray process are thos#nore important when high value nanostructured coating materi-
with high melting temperatures that require heating sources withals are used in plasma thermal spraying due to the temperature
temperatures significantly higher than those obtained in com-sensitivity of these materials to phase transformation and loss of
bustion of hydrocarbon fuels in oxygen, limited to adiabatic nanostructure upon melting.
flame temperatures of about 2500 K. In plasmas, gas tempera- A detailed and complete knowledge of plasma temperature
tures up to 15,000 K can be attained, thereby enabling meltingfield and its dependence on the plasma operating parameters
of ceramic materials. In the direct current (DC) arc plasma sys-such as nozzle configuration and design, electric power input,
and plasma gas flow rates therefore are needed. This knowledge
is a prerequisite for accurately determining particle heatup in

S. Semenovand B. Cetegen,Mechanical Engineering Department, ~Plasma thermal spray processes. Due to the very high tempera-
University of Connecticut, Storrs, CT 06269-3139. Contact e-mail: tures attained in DC arc plasma jets, a spectroscopic technique
cetegen@engr.uconn.edu. is most suitable for measurement of plasma temperatures. Al-
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Nomenclature Metco 4MP Powder
transition probability of toj transition, st Metco OSMC Feed Unit
water specific heat, J/(Kg) Control Unit
nozzle diameter, m Powder Injection Port
statistical weight of an atom in theexcited state
Plank constant, 3
absolute intensity of the emission line, W#(s)
Boltzmann constant, J/K
emission source depth, m
water mass flow rate, kg/s
n; electron population of thé& atom excited state
electrical input power, W
intensity ratio
absolute temperature, K Plasma gas Cathode
centerline plasma temperature, K channel Water channel
ambient temperature taken as 300 K Nozzle (Anode)
argon volumetric flow rate, #s 0
mole fraction
axial distance, m
partition function
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Greek symbols

& excitation energy, J
Nl plasma torch efficiency
A wavelength, nm Fig. 1 Experimental setup showing the Metco DC arc plasma syste
Vi photon frequency for electron transition froto j level, components and the nozzle detail

Hz

Subscripts

o ] temperature defined by the kinetic energy of the bulk neutral
ij different energy levs species.

In the plasma literature, temperature measurements ha
been made using emission spectroscopy of excited plasma g
species. The employed techniques include the Boltzman
though probing techniques have been applied to measure plasmmethod#23 the modified Boltzmann methdtithe absolute in-
temperature and species such as enthalpy pbbliesiy use is  tensity methodf! the method based on measurement of the in-
cumbersome at best and such techniques are not conducive to tensity ratio of two line&2 and Thomson laser-light
situ monitoring and control of plasma state, particularly when scattering’#! In this study, the Boltzmann method was adopted
one considers the feedback control of plasma thermal environ-to measure plasma temperature field based on the population
ment. For example, the nonintrusive optical techniques such asAr-I species distributed in different electronic states. While these
emission spectroscopy can be employed to monitor the plasméechniques had been used in thepadfor plasma characteri-
gas temperatures upstream of the powder injection point. zation, we have extended this measurement technique in th

In general, different types of plasma temperature have beerstudy to the determination of plasma temperatures along thi
identified. These include (1) electron temperature determinedslices across the plasma width (or diameter), thus allowing cap
from the kinetic energy of the electrons, (2) gas temperature re-ture of the temperature profiles along the full radial extent of the
flecting the kinetic energy of the neutral atoms or molecules, (3) plasma jet. The radial distributions of plasma temperatures ar|
excitation temperature related to the population of the variousparticularly useful for external transverse injection of powder
electronic energy levels, and (4) ionization temperature govern-into DC arc plasmas in determining particle heatup. Our effort
ing the ionization equilibrium. These different measurements in in this study focused on the effects of plasma electrical powe
a plasma environment can have different values unless theinput, plasma gas composition, and total plasma gas flow rate o
plasma is in local thermodynamic equilibrium. All temperatures the temperature field of the Ar;ilasmas. The experimental re-
approach a common value when the condition of local thermo-sults are presented in empirical correlations that can be useful fg
dynamic equilibrium (LTE) is reached. In the atmospheric pres- comparisons with calculations as well as using the experimentd
sure plasmas studied here, the LTE exists because of (1) thtemperature data for thermal spray process optimization. In th
small values of the parametetP, whereE is the electric field following, we first describe the commercial plasma system thal
strength andP is the pressuré, and (2) existence of excitation was used for the described measurements. This is followed by
equilibrium among different energy levels, as shown later from description of the optical setup for the temperature measurg
our measurements. Since LTE exists in the studied plasmas, thments. The experimental results are presented and discuss
measured excitation temperatures also correspond to the gasubsequently.
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Table 1 Ar-l neutral species electronic transition

_ |

parameters i = g PNV (Eq 2)
A, nm A;108,s(a (b E;, cnr(c . L . .

' @) o) : © wherel is the emission source dep#,is the transition proba-
418.188 0.56 3 118,459.662 bility of i {01 ” dv is th ¢ ition f
419103 0.54 3 118.407.494  Dility of i to] transition, andhy is the energy of transition from
419.832 2.57 1 117,563.020 i toj. Combining Eq 1 and 2 and taking the natural logarithm
420.067 0.97 7 116,942.815  yields
425.118 0.11 3 116,660.054
425.936 3.98 1 118,870.981 O O ah
426.629 0.31 5 117,183.654 i - NO_ & Eg 3
427.217 0.80 3 117,151.387 In% Ajvin lnDniD kT (Ea3)

(a) Transition probability of theto j transition from Ref 10
(b) Statistical weight from Ref 14

S ; Based on this relation, a plot of the left-hand side versus the ex-
(c) Excitation energy in wavenumbers from Ref 14

citation energysg;, would yield a linear relationship with a slope
of (—1/KT) since all other terms in Eq 3 are constants. This plot
is often referred to as the Boltzmann plot. Another variation of
. this technique is to use two line intensities with sufficiently dif-
2. Experimental ferent excitation energies to determine the temperature directly

from
2.1 DC Arc Plasma System
A stationary plasma jet was produced by a commercial DC T = — 2781 (Eq 4)
arc plasma system (Metco, model 9M, Westbury, NY) consist- kin2e%Ve 10
ing of the plasma torch (Metco, model MB) equipped with a GH UAGIL

water-cooled copper anode nozzle, the plasma control unit
(Metco, model 9MC), and the plasma power supply (Metco as was subsequently employed in our study.
model 9MCD), as shown schematically in Fig. 1. In this config-
uration, a gas mixture of argon and hydrogen passes through the 3 Optical Setup for Emission Spectroscopy
arc gap, where a continuous DC arc heats the gas stream before
it exits through an 8.0 mm diameter nozzle. The argon-hydrogen  The experimental setup for spectroscopic measurements of
gas mixtures had a volumetric fraction of argon ranging betweenplasma temperature is schematically shown in Fig. 2. A multiple
80 and 100%. The remaining portion was hydrogen used tolens assembly (Tamron 70-210 SP) with a variable focal length
change the arc breakdown characteristics as well as thermafvas used to image the plasma radiation onto the entrance slit of
properties of the plasma. The plasma input poRgcan be de- a 0.5 m path length spectrometer (McPherson model 216.5,
termined based on the measured potential difference acrosé\cton, MA). The typical focal depth of the imaging optics was
anode and cathod&Y, and the controlled and measured current, 30 mm. The vertically oriented spectrometer slit had a nominal
I, asP, = I(AV). The plasma gun was operated at three nominal width of 50um. Inside the spectrometer, the collimating mirror
input power levels of 12, 24, and 36 kW with total gas flow rates reflects plasma light on a dispersion grating with 2400 lines/mm.
between 2.83 and 4.25%h. In all experiments, plasmas dis- Spectrally dispersed in the horizontal image plane, the plasma
charged into atmospheric air. radiation is focused by a cylindrical mirror onto a 1033317
pixel CCD camera (Photometrics model CE200, Tucson, AZ) at
the output port of the spectrometer. The thermoelectrically
cooled, 12-bit readout CCD camera was used to capture the
spectrally dispersed plasma emission. Analysis of the acquired
Among the different techniques for temperature measure-spectral images was performed using optical multichannel
ment, the spectral emission from the excited Ar-I neutral speciesanalysis software on a Macintosh computer. Before performing
was selected due to the strong emission of Ar-1 species in the visthe experiments, the spectral calibration of the spectrometer sys-
ible region ranging from 418 to 427 nm, as listed in Table 1, ob- tem including the CCD chip spectral sensitivity was checked
tained from Wieset all® Up to eight Ar-I emission lines can  using the scattered light at different emission wavelengths of an
be detected with the optical setup described below. Properly cor-Argon ion laser. The throughput rate of the optical system was
rected emission intensities can be used to determine the tempe@lso checked by traversing the light source along the slit length

2.2 Spectroscopic Technique for Plasma Tempera-
ture Measurements

atures based on the Boltzmann distribution given by and recording the spectrometer output. It was found that the
throughput of the optical system had a maximum variation of

= n (- & 1.4%.
LY exp(- &/KT) (Ea1) In the experiments, the CCD camera exposure time typically

ranged between 70 ms and 5 s. Thus, the determined tempera-
wheren,; is the population of thigh excited stateg; is the known tures represent time-averaged values over these time periods. A
statistical weight or degeneracy of the excited sEitethe par- sensitivity study was performed to determine the influence of
tition function, & is the excitation energy, k is the Boltzmann time averaging in temperature measurements at several loca-
constant, and is the absolute temperature The absolute inten- tions. It was found that the plasma temperature field was rea-
sity of the emission line can be written as sonably repeatable within 4% for averaging times between 70
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Fig. 2 Schematics of the diagnostics setup used in the emission spectroscopy

background emission is superimposed on the spectral emissid
intensities of Ar-l lines in the measurements. A proper data
analysis procedure involves subtraction of this background in
tensity from the spectral line intensities, as described in the ne
section.

Uncertainty in the temperature measurements was assess
based on the uncertainties in the spectral constants for Ar-I tra
sitions as well as in the measurements. It was found that te
perature uncertainties can approach 30% based on t
time-averaged intensity data when uncertainties in the transitio
probabilities reported in the literature and used in this work arg
combined with the measurement uncertainty of the line emis
sions. The uncertainties at high-intensity and high-temperatur
1 regions are dominated by the uncertainties in transition proba

bility, whereas the uncertainty in the lower temperature regiong
| | is controlled by the uncertainty in the measured intensities
kR 418.188 nm 420067 rnm Based on the uncertainty of the measured spectral intensitig
alone, the uncertainty in the determined temperature is aroun
Fig. 3 An example of the Ar-l emission spectrum imaged at the exit 109%.
plane of the spectrometer Finally, argon emission intensity at= 420.07 nm was
recorded by a fast photomultiplier detector to characterizg
) plasma fluctuations. These fluctuations were recorded as a fun
ms and 1.0 s. Up to 20 spectra were taken at some locations ttjon of plasma power and gas composition to reveal the time de

Due to the line-of-sight nature of the emission measurements ot possible in the experimental setup described earlier.

the measured emission intensities need to be deconvoluted it

order to determine local intensities. In the time-averaged mea-

surements along a radial chord of the plasma, this deconvolutior3. Results and Discussion

takes the form of Abel's inversion using the assumption of ax-

isymmetryt¥ For the plasma jets studied without the transverse  Experimental results on the plasma temperature field b
particle injection jet, the assumption of axisymmetry is a good emission spectroscopy are described and discussed in this se
one. Hence, the measured emission intensities and the backtion. First, the results obtained based on the full Boltzmann speq
ground intensities were first deconvoluted using an “onion-peel-tral analysis are presented. The procedure of experimental da
ing” Abel’s inversion scheni® after which the temperature reduction involved Abel’s inversion of the measured Ar-l emis-
calculations were carried out using Boltzmann distribution. In sion lines and background intensities. Figure 3 shows an imag
the emission intensity measurements, there appears a broadbarof the spectrometer output where up to 10 Ar-I emission lineg
background emission due to high-temperature plasma. Thiscovering 404 nm< A < 435 nm can be identified. After the

A16.384 nm 420,192 pm
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Fig. 5 Three examples of Boltzmann plots at three different locations in a 12 kW @#aéina jet

Abel’s inversion of these line intensities and the associateddifferentiation approach of Daghl. Boltzmann plots at several
background intensities, the absolute intensitles; |neasured different locations in the plasma are shown in Fig. 5. As seen in
—lbackgrouna WeETE USed to construct the Boltzmann plots. Exam- this figure, the resulting Boltzmann plots are of very high qual-
ples of the distributions of the measured line-of-sight emission ity with the slope of the linear relationship through the data pro-
intensities and the background intensity are shown in Fig. 4(a).ducing an unambiguous plasma temperature. The three
These data were first smoothed out by a ten-point moving aver-examples of Boltzmann plots were obtained from different re-
age scheme and then deconvoluted using an onion-peelinions of the plasma, demonstrating the good capability to mea-
Abel's inversion schemd.The inverted intensities are shown in  suring temperatures over a wide range.

Fig. 4(b) corresponding to those shown in Fig. 4(a). In allthe de-  For rapid diagnostic use of this technique for temperature
convolution schemes, the inverted data suffer from some degresmeasurements in practical plasma systems, two Ar-I emission
of scatter near the centerline. This required additional smooth-lines with sufficiently different excitation energies were chosen
ing of the data in these regions. The particular onion-peeling ap-in the subsequent measurements. This two-color version of the
proach produced similar results to the two-point numerical technique can be used to obtain temperatures explicitly, as given

330—Volume 10(2) June 2001 Journal of Thermal Spray Technology
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the line-of-sight intensity data resulted in significantly more

16000 T e :.::“:a:;euidi::h scatter compared to the examples shown in Fig. 5. S
15000 - ~ BN M ° '1 Figure 6 shows the axial variation of plasma temperatures a 2
X 000 L O b three plasma power input levels of 12, 24, and 36 kW with an &S
g 13000 1-e T~ \'\ —v—36kW argon volume fraction of 0.8 and an argon flow rate of 2.8Bim s,
B 12000 T ~ Without the Abel’s inversion of the line intensities, the deter- %
o ~ mined plasma temperatures are not localized, but they are influfls)
g 100 N N enced by differing temperature regions across the plasma crosg
2 10000 AN section. These results in Fig. 6(a) show a rapid decay of tempera
] 9000 =5 ture with increasing downstream distance due to entrainment o
= 8000 \ : cool ambient air into the plasma jet. In this case, the temperature
3 7000 : — closest to the nozzle exit situated ne@ = 0.0 range between
& c000d. - 13,000 and 17,000 K, which are too high compared to other mea
© o I surements of temperature in similar plasma systems operatin
4000 i . under comparable conditiofsThis is believed to be due to the
00 05 10 15 20 25 30 35 40 errors introduced as a result of using the line-of-sight integrated
Axial distance, z/d plasma intensities in the temperature calculation. The centerling
@) plasmatemperature distributions obtained after the intensities ar
first deconvoluted using Abel’s inversion are shown in Fig. 6(b).
16000 Itis found thatthe initial plasmatemperatures are now in the morg

Total Gas Flow Rate: 2.83 m¥h

Y, =08, Plasma Input Power reasonable range of 12,500 to 14,000 K as a function of the plasm

) power input. These values are consistent with the other reporte
P plasma exittemperatures under comparable conditions using si
—¥— 36kW ilar plasma system&’9|tis also noted that the axial temperature
decay rates are different, with the highest power plasma showing
a more gradual decay of plasma temperature as compared to t
lowest plasma power. This may be due to the changes in plasm

, ! properties (density and viscosity) and their influence on the en

8000 1 \} trainment characteristics of the plasma. The axial temperaturg
\‘\ decay in the plasma jet becomes an important factor in determin
o \, ing the axial location at which the powders are injected into the
plasma for material processing and thermal spraying of coatings|

14000

12000 {--1>

10000 - MG e D

6000

Centerline Temperature, K

4000 ‘ ; , For example, injection of a ceramic powder transversely into the|
0 ! Axial distaznce, 2d 4 plasmaa/d = 1.0 versug/d = 2.0 could have up to 2000 K tem-

b perature differences. This may translate into significant differ-

(0) ences in particle heatup as well as different particle material

Fig. 6 Axial distribution of plasma temperatures at three different thermodynamic states resulting in melting and vaporization.

plasma input power levels. Total plasma gas flow+a283 ni/h and The measured plasma temperatures also depend on t
argon mole fractios= 0.8: @) based on the line-of-sight intensities and plasma gas mixture and the total volumetric gas flow ratg

(b) based on the Abel deconvoluted local intensities. The representativethrough the plasma nozzle. Figure 7 shows the axial variation o

teé;g'gﬂt(’aasri rflgo""" are based on the uncertainty in the measured line ingye niasma centerline temperature for three values of argon mo
fraction (0.8, 0.9, and 1.0) and three different total gas flow rate
for a 36 kW plasma power input. It is seen that the measure

by Eq 4. The line pair chosen for these measurements is at wavetemperatures increase with increasing hydrogen content of th

lengths oA = 420.067 nm andl, = 418.188 nm. This selection  gas mixture. The temperatures also decrease with increasi

was based on the stronger intensities of these lines compared ttotal gas flow rate. These variations are related to the change

others as well as the significantly different excitation energy lev- the enthalpy of the plasma stream, as affected by the plasma hd

els of these transitions, as indicated in Fig. 5. The additional ad-input, gas flow rates, and composition, as well as the fluctuation

vantages include the small wavelength separation enabling thediscussed later.

observation of these lines simultaneously by the spectrometer In this work, plasma efficiency was determined from the

negligible variation on the CCD detector quantum efficiency due measured heat loss to the cooling water in the plasma torch as

to small wavelength separation, and the absence of line overlaj .

with adjacent lines. Ny =1- m,GATy (Eq 5)

The data reduction procedure for the measurements to be dis Ry

cussed was as follows. The radial line intensities were first de-

convoluted using an onion-peeling Abel's inversion wheren, is the plasma efficiency, andAT, are the measured

proceduréy The deconvoluted intensity profiles for the two water mass flow rate and temperature rise across the cooli

emission lines as well as their respective backgrounds were usechannel C,, is the specific heat of the cooling water, &#ds

to calculate the intensity rati®&= (1, — l1pac)/(l2 — l2pac) at the measured electrical input power. Measured plasma efficie

each radial location. It was found that Boltzmann plots based oncies are shown in Fig. 8(a) as a function of input power. The re
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Y,
sults are also compared with the measurements of Dila#ati *
the low power range. Itis found that efficiency increases slightly (b)
with increasin_g power, and the agreement with Dilqwari data is_, Fig. 8 Plasma thermal efficiency as a function a&f plasma input
reasonable given the degree of data scatter. In Fig. 8(b), effi-power andtf) plasma gas composition
ciency is shown as a function of plasma gas composition at three
input power levels. It is observed that the efficiency increases
somewhat with increasing hydrogen content, although the data
scatter is significant. as expected. The rate of radial decay decreases with increasing

One of the main objectives of our plasma thermal character-downstream distance. Because of the high degree of uncertainty
ization was to provide a useful correlation for the plasma tem-in the radiant temperature measurement at the tail ends, the full
perature field for the practitioner. To this end, correlation of radial temperature profiles were not possible to obtain. If the sim-
plasma temperatures was sought in terms of plasma power, effiilarity of the radial profiles is explored, itis found that the collapse
ciency, gas flow rates, and composition. Figure 9 shows four dif-of the data is achieved wheh ¢ T..)/(Ty — T.) is plotted versus
ferent empirical correlation parameters in the formPg)(Va, z/ld, whered is the nozzle diameter and, ¥ 300 K, as shown in
wherePy, = P, for the following values of the exponemtl, Fig. 11. While the degree of data collapse is somewhat poor for
1/2, 1/3, and 1/4. The basic form of this parameter relates to the12 kW plasma, the similarity of the radial profiles exists in the
energy density of the plasma. As shown in Fig. 9, it was found near field of the plasma jet. Itis also interesting to note that the ra-
that the parameteP{mn,)4/V4 provided the best overall corre-  dial spread of the profiles is small and such that the nozzle exit di-
lation at all three axial locationZ & 5, 10, and 20 mm) for the  ameter is a sufficient length scale to collapse the data. It should be
plasma centerline temperature data. The correlation coefficientcautioned here also that these profiles represent partial profiles as
r2, was highest for all measurement locations for this particular the employed measurement technique cannot resolve the low-
parameter. Currently, we do not have a plausible physical ex-temperature regions. With these radial and axial distributions, the
planation as to why this particular combination gives the bestplasma temperature field can be empirically correlated as
correlation of the experimental data. (Pymy V4 1 O 0.r2Q

Radial distributions of plasma temperature are shown in Fig. T = %.4&]]06 ¢ 7ol =t ZSOOH.=_><pD 420
10 for 12, 24, and 36 kW Ar/Hplasmas. In all cases, the peak Var (2 +9.137 d
temperatures at the centerline decay with radial distance outwards (Eq 6)

332—Volume 10(2) June 2001 Journal of Thermal Spray Technology
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Fig. 9 Correlation of measured plasma centerline temperatures at different input powers, gas flow rates, and compositions

The ability of this correlation to reproduce the measured data isemission lines X = 420.067 nm) was monitored by a fast
judged to be better than 20% for the 36 kW power input level. It photomultiplier detector. Figure 12 shows the photomulti-
should be noted that this correlation should only be used in theplier output voltage that is proportional to the line emission
parameter region of the experiments in this study. intensity. In this figure, the background intensity level was
In order to explore the effects of plasma fluctuations, a subtracted from the raw signal in the same way as discusse
set of experiments were performed, where one of the Ar-I earlier. In Fig. 12(a), the large amplitude intensity fluctua-
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Fig. 10 Radial temperature distributions at different axial locations along the, Alddma jets with argon mole fraction of 0.8 {2 kW, p) 24
kW, and €) 36 kW. The lines through the data represent the radial distribution in Eq 6

tions (up to 135% of the mean, peak to peak) are observedtemperatures in Hseeded plasmas based on emission spec-
for the case of 20% volume fraction of,HThese fluctua- troscopy.

tions with a frequency of 5.2 kHz are believed to be a result

of the arc root instabilities and the associated “cold” and

“hot” spots going through the measurement volume. As the 4, Conc|uding Remarks

steady-state measurements of temperature are biased towar

the higher temperatures, the apparent increase of temperaturc A comprehensive characterization of temperature field in
in the time-averaged measurements is believed to be due tcargon/hydrogen DC arc plasma jets has been conducted using
these high amplitude fluctuations. For the case of pure argonthe emission spectroscopy of Ar-l species. The experiments
shown in Fig. 12(b), the fluctuation amplitude is much less, involved imaging plasma radiation along a radial chord onto a
whereas the frequency has increased to about 34 kHz. In thisspectrometer, which resolved it into its spectral features.
case, the time-averaged temperature measurements are nBoltzmann distribution of the excited Ar-1 species was the
affected as much by the fluctuations. These fluctuations basis of temperature measurement. The variation of plasma
could lead to overestimation of the time-averaged plasma axial and radial temperature distributions was measured as a
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Fig. 11 Normalized distribution of radial temperature profiles at different axial locafigrnis the centerline temperature at that axial location, and
T is the ambient temperature taken as 300aK12 kW, @) 24 kW, and €) 36 kW

function of plasma input power, total gas flow rate, and the bi- and correlation will be useful for model comparisons as well
nary gas composition of argon and hydrogen. The time-aver- as in choosing locations where different materials can be in-
aged plasma gas temperatures increase with increasing plasmtroduced into the plasma jets. This is particularly important for
input power, increasing hydrogen content of the plasma gas, nanostructured materials that loose their structure when melte
and decreasing total gas flow rate. Plasma temperatures deupon being exposed to high plasma temperatures. Finally
crease progressively with increasing distance from the nozzletime-resolved measurements of Ar-l emission intensities
exit. The peak temperatures near the nozzle exit are in theshowed that addition of hydrogen results in the amplification
range of 12,500 to 14,000 K. The radial temperature profiles of fluctuations in the emission intensity at a frequency of
show an approximate self-similarity in the near field. Based on about 5.2 kHz. This suggests that Ay/plasma temperatures
these temperature measurements, an empirical correlation owill have a higher degree of fluctuation than will those of pure
the temperature field is given. It is anticipated that these dataargon.
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