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ABSTRACT

In this work measurements of plasma properties, inducting 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-controlled 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
J

results expose the dominant effects in different spatial areas of argon-heliz_m

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 t-m'bulence.

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, an_ 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 plasma 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.
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The dominant effects, including diffusion effects and colcl gas

entrainment in argon-helium turbulent jets are considered in connection

with theinterpretationofexperimentalresults.
o

II. EXPERIMENTAL SET-UP AND PROCEDISRES

A blockdiagram of the whole experimentalset-upisshown in Hg.1.

consistingof three parts:a plasma torch system, an enthalpy probe

measurement system,and a spectroscopicmeasurement system.

A commercial d.c.plasma torch( Model MillerSC--100with Mach I

setting:anode 2083-155,cathode1083A-112and gas injector1083A-113),is

used as the plasma generatormounted in a water cooledchamber with art

opening to theatmosphericenvironment. A schematicof theplasmatorch

isshown in Fig.2. The torchcurrentis800A and the primary gas forthe

plasmajetisargonwith a flowrateof100SCFH° The secondarygasishelium

witha flowrateof47SCFH.

An OMA III ( Optical Multichannd Analyzer III ), 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 opticalarrangement issuitablefor spectraldata

acquisitioninradiallysymmetriclightsources. A 2:1reducedimage ofthe
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plasma jet in side-on observationis cast on the entrance slitof the

spectrometer( model HR320, Instr_mentsSA I.nc;grating:1800 lines/mm;

entranceslitwidth:0.025mm,lineardispersioninfirstorderofthegrating:18

,_/mm ). Thismagnificationof theopticalsystemiskept constantduring

. the scanning procedure. The axial position along the plasma jet is controlled

by proper positioning of mirror I and lens 1 which are driven by two stepping

motors which, in turn, are energized by the controller ( Model Velme×

86mm-2 interfaced with the OMA 1460-V ). The vidicon detector ( Model
!

1254 in the OMA system ) is turned by 90o and installed in the exit focal plane

of the spectrometer. The detector controller ( Model 1216 ) is interfaced with

the OMA-144_0V and the vidicon detector. This vidicon detector consists of a

two-dimensionalphotodiodearray(siliconintensifiedtarget)with512 x 512
r

elementswhich isscannedby an electronbeam from lefttorightand bottom

totop,calledchannelsand tracks,respectively,coveringa scanningpatternof

12.5mm x 12.5mm. The scanning thne along one channel requires60

microseconds. Horizontalscanningisassignedtothelocationintheplasma,

and thedifferenttrackscorrespondtothedifferentwavelengthof theplasma

radiation. The spectrometerand allopticalcomponents arearrangedon a

60crex 120cm opticaltable. The opticalsystemhas been preciselyaligned

with a laserbeam. The advantage of thisdesignisitsconveniencefor

spectr_ldata acquisitionand processingand itwillalsokeep the errors

associatedwith themeasurementsto a minimum.

The spectralintensitycalibrationshave been performed by using a

, PyrometricMOLARC lamp ( Model 2371 )15. Usinga setofneutralfilters,

the usefulrange can be found as a linearrelati)nshipbetween the counts

" from thetwo-<limensionalvidicondetectorand thespectralintensitiesfrom

the lightsource. The transmittanceoftheP)-:exwindow of thechamber

4



has been calibrated.The noisebackground intheintensitymeasurementsof

the argon continuum at a wavelengthof 431.2nm and of an argon atomic

spectrallineat a wavelengthof 430.0nn are subtractedfrom themeasured
B

spectrum. For determining spectral line intensities,the continuum

backgroun:iisalsosubtractedfrom the totalspectralintensities.Radial

distributionsof theabsoluteemissioncoefficientsQf theargon continuum or

ofan atomicspectrallinefrom theplasma jetareobtainedby Abel inversion

16-17. Axialdistributionsoftheabsoluteemissioncoefl'_cientsareobtained

at2.0mm incrementsfrom thenozzleexitof theplasma torchtoa distanceof

30turndownstream. The appliedspectroscopicmethod basedon LTE isvalid

in the area of thejetaxisand near the noz_e exitwithinthetemperature

rangefrom 9000 to160001(.

For extending the temperature profilesand isotherms to lower

temperaturelevels,an enthalpyprobe method has been used. An enthalpy

probe is generallyconsideredto be a reliablediagnostictool in the

temperaturerange from 2000 to 10000K 7- 8. This diagnostictoolallows

measurements ofcomposition,temperatureand velocity'inplasma jets.

The enthalpyprobe measurement system ( F/g.I ) includesa water-

cooledenthalpyprobe,a probecoolingsystem,a gas samplingline,a probe

traversingmechanism and a dataacquisitionand controlunit.

The enthalpyprobewith an outerdiameterof3.048mm and a sucking

portof0.686.uun,consistsofstainlesssteeland has been designedintheHigh

Temperature Laboratoryand builtby the PhysicsDepartment Shop atthe

Universityof Minnesota(Fig.4 ). The coolingwater of theprobe cooling

systemispressurizedby a heliumsource. Two thermocouplesarelocatedat

the coolant channel outletand inletfor measuring the coolingwater

temperatureincrease. The thirdthermocoupleisinstalledattheend ofthe



sucking port of the probe and connecteci 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 coolini_ 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

HP3421A. The gas sampling line shown i_ 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 Po and

the temperature To 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 Psr and the temperature Ts

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

lp

A. TEMPERATURE AND VELOCITY FIELDS

1. Temperat'u_ profiles

Temperature measurements for the Miller 5<3-100 plasma torch with

the Mach I setting have been performed using the spectrometric

measurement system. Spectrometricmeasurements of the absolute

emissioncoefficientsof the argon continuum and of atomic spectrallines

have been restrictedto temperaturesabove 9000K. This method coversa

rangefrom thenozzleexittolessthan30mm downstream and extendstoless

than5mm inradialdirection.

Plasma temperatures are determined from absolute emission

coefficientsof theargon continuum ata wavelength of 431.2ntnor from an

argon atomiclineata wavelengthof 430.0nra.The plasma equationsbased

on LTE and opticallythinconditionshave been applied20- 22.

Experimentalresultsba_ed on spectroscopicmeasurements areshown

in Figs.6 as three-dimensionalplots,as two-dimensionalplotswith the

distanced from thetorchnozzleexitas parameter(Fig.7 ),andas isotherm

field(Fig.8).

The enthalpyprobemeasurementscoveran axialrangefrom 30 mm to

55 mm and a radialrange from 0 to I0 mm. The profilesof enthalpy,

temperatureand isothermsderivedfrom the enthalpyprobe 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) increaseswith distancefrom the nozzleexit. The spreading

phenomena of the jetflame reflectthe turbulentcharacteristicsof the

downstream partoftheplasmajet.

Combining the resultsfrom spectroscopicand enthalpy probe

measurements,theradialtemperatureprofilesand isothermsof the plasma

jetareshown inFig.14and 15,respectively.The temperatureprofilesshown

inFig.14clearlyreflecttheentrainmentof thecoldsurroundinggasesintothe

plasma jet.Strongdeviationsbetween spectrometricand enthalpyprobedata

occurin thejetfringesindicatingthatcold gas alreadypenetratedintothis

regionatdistancesd > 30mm from thenozzleexit. In Fig.15 theisotherms

arealmostparallelintheregionnear thenozzleexitwhere thetemperatures

exceed10000K. Thisbehaviorreflectsthelaminarcharacteristicsof thejet

near thenozzleexitregion. The transitionfrom laminarto turbulentflow

occursaround 35mm downstream from thenozzleexit.

The axialdecayoftemperaturesalongthecenterlineoftheplasmajetis

shown in Fig.16. The break of the curve at d--30mm indicatesa strong

discrepancybetween spectrometricand enthalpyprobe data in thisregion

which willbe discussedinsectionB.



2. Velocity profiles

The velocity profiles and velocity isocontours derived from stagnation
#

pressure measurements are shown in Fig. 17- 19. Unfortunately, the velocity

measurements shown in these diagrams could not be extended to d<30mm, a

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 A.--

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 TEMPEKATURE 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 w

enthalpyprobemeasurementsatI= 800A have been shown inFigs.14and 15.

As previously mentioned, the strong discrepancies between

temperaturesderived from spectrometricand enthalpy probe data are

0



primarily due to the entrainment of cold gas into the downs_'e_,'n region of

the plasma jet. Previous measurements in pure argon 12 have shown that

, closetothenozzleexitwhere thecoldentrainedgas didnotyetreachthecore

of the plasma jet,spectrometricand probe data areirtgood agreement,but

" strongdeviationsstillexistinthefringes.

Sincethejetappearanceas weU asthe measured isothermsinthe case

of .4a'-Hemixturesindicatethatthejetup to around d--30mm isessentially

lan'dnar,thediscrepancyofspectrometricand enthalpyprobedatacannotbe

associatedw-ithgas entrainment.There areindicationsthatthisdeviationin

thefringesisdue todiffusionaleffects.Becauseofsteepradialgradientsclose

to thenozzleexit,high energyelectronswilldiffusetowardsthejetfringes

causing collisionswith neutralatoms higher populationdensitiesof

excitedstates.These higherpopulationdensitiesleadtoan overestimateof

spectroscopicallydetern_nedtemperatures,i.e.deviationsfrom LTE 24 occur

inthisregion. Irtthecenterof theplasma jetatd---30mmthepercentageof

the temperaturedeviationiscloseto 20%. This discrepancyisbeyond the

error limitsof both spectrometricand enthalpy probe measurements.

" Consideringthe factthatvelocitiesin Ax-He plasma jetsare substantially

higherthanthoseinpure argonjets,thesehigh axialvelocitiesmay giverise

to delayed chemical reactions,i.e.the electronpopulationmay exceed

equilibriumvaluesintheaxis.Inotherwords,theplasmainthejetaxismay

approach chemically"frozen"conditions,a situationwhich iswell known

from low pressureplasmajets.Similarasinthepreviouslydescribedcaseof

- diffusionofelectronsintothejetfr_.nges,thehigherelectrondev.sitiesin the

axisdue to frozen chemistry'willlead to higher populationdensitiesof

excited statesand, therefore,to higher temperatures inferred from

spectroscopy.Although thisexplanationappearsreasonable,measurements

I0



of electron densities close to the nozzle exit should be made to prove this

point. The observed temperature discrepancies become more severe with

increasingradiusand may reachvaluesas h/ghas45% ata radiusof R--3mm
,#

(seeTable2 ). Theseseveredeviationshave been alsoobservedatdifferent

currentsettings( from 300A to 800A ) in pure argon plasma jetswith flow

ratesof75SCFH (seeTable2 ).

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

restrictions on spectroscopic measurements

As previouslymentioned,diffusionprocessesare responsiblein the

laminarregimeof theplasma jetforthe observedtemperaturediscrepancies

in thejetfringes24. Thermal diffusiondue to temperaturegradientsand

ordinarydiffusiondue toparticledensitygradientsleadtoan overpopulation

ofchargedparticlesinthejetfringes. The emissioncoefficientoftheargon

continuum,forexample,isdirectlyproportionalto thesquareof theelectron

number density.Thereforethe spectrometricmeasurements willindicate

highertemperaturesinthefringesof theplasmajet.

The temperaturediscrepanciesbased on spectrometricand enthalpy

probe measurementsand obser_ledindifferentregimesof theplasmajetmay

be classifiedasfollows:

a) Temperaturediscrepanciesinthefringescloseto theanode nozzleexit

(d < ,,30mm ---laminarreg/meofthejet)arebelievedtobe due to

diffusionaleffects.
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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 turbulencegovernsthebehavior oftheplasmajet,coldgas

entrainmentwillbe thedominant reason.

These findingslimitthevalidityregime fortheapplicationofspectroscopyin

s!._.chjets. For thepresentconditions,thisregime comprisesthecoreof the

plasma jetforprobablyd < 20 mm.

3.Erroranalysisforenthalpyprobe measurements

For checkingtheoverallaccuracyof theenthalpyprobe measurements,

energyand mass balancesintheplasma jetshave been performed.

The errorsin the energy balaxtcesare expressedas the percentage

differertcebetweentheintegratedenergyfluxand thenetpower transferredto

theplasma througha certaincrosssectionata givenaxiallocation.A similar

procedureisappliedto themass balance. The mass densityprofilesof the

plasma jet are shown in Fig. 21 and the energy flux profLles in Fig. 22. The

errorsin the energybalanceforenthalpyprobe measurements areshown irt

Table1. As expected,fortheentirerange ofmeasurements,the errorsare

negative,i.e.some oftheenergyin thejetfringesisnot measured becauseof

- thelow sensitivityof theprobe in thislow temperatureregion. This error

analysisprovides a good confirmation of the validityof enthalpy,

temperatureand velocitymeasurements with thisprobe method. In our

measurements,the enthalpyprobeisalsoused asa water-cooledpitottubeto

12
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measure the stagnationpressureduring the no-flowperiod. Then the

Bernoullitheorentisappliedto determinethe free-streamvelocity. The

velocitymeasurements based on the Bernoullitheorem arevalidas long as J

theReynoldsnumber based on theprobe diameterremainssufficientlyhigh.

7- 8 Accordingtoan erroranalysis23 on theeffectoftemperaturegradients

intheboundary layerof a pitottubeon thevelocitymeasurements,a water-

cooledprobe can be safelyused forthe measurements of the velocityin

plasmaflows. The maximum errordue totemperaturegradientsislessthan

10%,probablyaround 5% or lessover thecrosssectionofthethermalplasma

flow.

Therefore,the enthalpy probe method based on the principlesof

thermodynamics and heat transferfordeterminingtemperatureand velodty

profilesisa reliableand meanin_ diagnostictoolforinvestigatingplasma

propertiesinargon-heliumjets,particularlyforthoseplasma plume areasin

which strongcoldgasentrainmentisinvolvedand thespectroscopicmethods

areno longervalid.

C. PLASMA COMTOS1TION PROFILES

The composition profilesfor argon-helium thermal plasma at 1

atmosphericpressurehave been calculatedwith the assumption of local

thermalequilibrium(LTE )°25

The equilibriumequationsincludetwo Saha equationsforargon and

helium,Dalton'slaw, the initialconstantratioof argon to helium,and the

electricalneutralityrelationforplasmas"

13



na,+ Z 2 ZA_,. (2=n,k'D _ _ ( At" ) - aEc(n,)
-} ,________=__..__ _ -exp { -

• nat rtr ZAr h3 kT

•nHr. I 2 ZH_. (2xm,k'I') 3a Ei (He ) - AEi(he)
{ }____._ ____ .___--- .-exp - , ..................

nil, n, ZHe h3 kT

P=tn,+ nA,.+ nA,+ nile.+ nil,} kT ,

nra..,. + liar 100

nile++ nile 47

nat. + l'tHe.= 1'I..

where n,, liar,nat+,rtH,and nHe_ arethenumber densitiesofelectrons,

argonatoms,argon ions,heliumatoms and helium ions,respectively.P is

thetotalpressure,k istheBoltzmannconstantand T isthetemperature.ZAr

and ZAr+ arethe partitionfunctionsof argon atoms and ions,respectively.

ZHe and ZHe_ arethepartitionfunctionsofheliumatoms and ions. Eiisthe

ionizationpotentialand AE irepresentsthelowering of the ionization

potential,m e istheelectronmass,and h isPlanck'sconstant.

- The plasma compositioninan At-He plasma includesfivespecies,i.e.

ne,rtA,,nAr . ,nile and nile+ (unit'particlenumbers / cm 3 ). The
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number densitiesofparticlesinan argon-helium(initially100 :47 ) thermal

plasma atatmosphericpressureat differenttemperaturesare shown in Fig.

23. The ternFeratureand plasma compositionprofilesassuming LTE and

derived from spectroscopictemperaturesare shown in Figs.24- 27 for

differentdistancesfrom the nozzle exit. The temperature and plasma

composition profilesassuming LTE and derived from enthalpy probe

temperaturesat d=30mm are shown in Fig.28. For d = 2 mm, the steep

radialgradientsoftemperaturecausestrongdiffusionaleffects.The electron

number densitiesnear thejetcenterarehigherthan thenumber densitiesof

argon and helium atoms,sinceionizationof argon playsan importantrole

for temperaturesaround 15000K. For thistemperature,however, the

number densitiesof helium ionsand thedegree,of ionizationof helium gas

aresRllmuch lowerincomparisonwith thoseparametersforargon( seeFig.

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 ( To = 15000K ). For the lower temperature range ( To = 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 profilesof

temperature,velocityand plasma composition,have been performedforthe

MillerSG-100plasma torchwithMach I settingand an arccurrentof 800 A.

An argon-helium mixture has been used with flow rates of 100 and 47 SCFI-I,

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

temperaturefieldsin thecoreof the plasma jetnear the nozzleexitwhere

temperaturesexceed 10000K. In thisregime laminarflow prevailsand

diffusionaleffectshave to be takenintoaccount. The enthalpyprobesare

used to determine temperaturesup to 10000K, average temperaturesin

turbulentjetregimes( hotplasma and coldentrainedgas ),and thevelocity

fieldsofthedownstream areaswhere thetemperaturesfallbelc.710000K and

where spectroscopicmethods areno longervalid. The downstream areasof

thejetsarecharacterizedby turbulentflow and strongcoldgasentrainment.

Discrepanciesbetween temperaturesevaluatedfrom spectroscopicand

enthalpyprobe data areparticularlyseverein thejetfringesindicatingthat

strong deviations from LTE may exist in the jet fringes or that cold gas

entrainment biases spectrometric measurements..

16



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

temperatare discrepancies dose 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-helitm't jets and may be

beneficial for obtaining the desired performance in the plasma spraying

process.
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Miller SG-IO0 Mach I Plasma Gun

Anode 2083-155
Cathode , 1083A-112
Gas Injector 1083A-113

Argon-Helium 1 Atm
Gas Flow Rate At: 100 SCFH

He: 47 SCFH

Current 800 A

Voltage 38 V
Efficiency 58.4 %

Fig. 2 Mil!er SG-100 Mach I plasma gun.
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Table 1. Errors in the energy balance of enthalpy probe
measurements

.

d (mm) Error m the energy balance ( % )

30 - 12.1

35 - 11.6

40 - 20.5

45 - 18.2

50 - 17.9

55 o 10.3



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

Gas Flow At:. 75 A.r:100 Dominant
( SCFH ) He: 47 Effect

t

AT

300A 400A 500A 600A 8(X)A 803A

0 mm <5% <5% <5% <5% <5% 20% Diffusion,
LTE

2 mm 22% 12% 10% 8% 18% 28%

3 mm 80% 40% 25% 22% 48% 45% Cold Gas
Entrainment,

Non-LTE

I ! m m._.,.m m m _n ..,._ !

d (mm) 15 20 25 30 30 30

T (R=0,d) 10660 10850 10910 10120 10900 9150 K

i ii ni i

where, AT = Tspe¢- Tprobe, T = Tprobe,

I = arccurrent,

R = radius from jet centerline,

d = distance from nozzle exit.
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